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Abstract: [ Objectives] To solve lumped uncertainties of Unmanned Surface Vessels (USV) caused by system
modeling errors and parameter perturbations, and path tracking problem of the model including non—zero non-diagonal
terms and controller input saturation, [Methods] a tracking control method of backstepping adaptive path of USV
based on surge—varying Line—of-Sight (LOS) is proposed. First of all, a coordinate transformation is introduced to
transform system model into skew—symmetric form. The controlled system is divided into two subsystems, guidance
subsystem and control subsystem, respectively. In the guidance subsystem, the surge—varying LOS algorithm is
developed to make guidance law of longitudinal speed positively correlated to transverse tracking error and ensure USV
can effectively go towards and keep on the expected path; In the control subsystem, the lumped uncertainties of
system are compensated by constructing backstepping adaptive algorithm. Simultaneously, the auxiliary system is
introduced to deal with the problem caused by saturation of system control input. [ Results] The guidance—control
closed—loop system is proved to be uniformly ultimately bounded by using Lyapunov stability theories. [ Conclusions ]
Simulation results verify the effectiveness and robustness of the proposed method. It has certain reference value for
tracking control of backstepping adaptive path of unmanned surface vessels.
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0 Introduction

Over the past decade, the unmanned surface ves-
sels (USV) have been extensively applied in search
and rescue, scientific research, exploration and com-
mercial fields "~ The main research issues of USV
motion control include flight path tracking, formation
control, and stabilization control, among which the
flight path tracking can be divided into trajectory

tracking and path tracking .

Trajectory tracking
means that USV can reach the designated position at

the specified time. While the path tracking only
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needs to complete geometric position tracking and
does not depend on the time information. In fact,
when a vessel is sailing on the ocean, it is generally
not required to arrive at the appointed place within a
specified time, but sails along the planned route.
Therefore, path tracking is of great significance to

" "made many

navigation practice ”. Wang et al.'
achievements in the research of path tracking guid-
ance based on line—of—sight (LOS)"*", The improve-
ment of LOS is mainly carried out from two aspects:
the first is from the geometrical aspect without con-

sidering the influence of drift angle on the guidance
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course, and the second is from the aspect of how to
obtain a more accurate drift angle with the consider-
ation of the influence of the drift angle on guidance

!. The LOS with an improved drift angle

8, 10, 13
course

can be divided into three categories, namely LOSs
applicable to small drift angle (less than 5°) and
large drift angle, and LOS separately studying the
drift angles of ocean current and transverse motion ™.
Shi et al. "” solved the problem of vessel path track-
ing control with backstepping. In addition, backstep-
ping can also be combined with other methods to
solve the problems of parameter perturbation of sys-
tem model, modeling error and model-free "*. Do et
al. " adopted the neural network based on the back-
stepping and adaptive method to solve the problem
of stable tracking. In order to achieve more complex
control objectives and adapt to more complex exter-
nal environment, many scholars have achieved cer-
tain results using intelligent control methods, such
as reinforcement learning, and sliding mode """,
However, control inputs are inevitably affected by
the actuator saturation. The design of the auxiliary
system is a commonly adopted method to deal with
the saturation of control input, mainly including di-
rect restriction of control input and indirect restric-
tion of system state quantity, so as to restrict the actu-
al amplitude of control input ">, In the above ref-
erences, most models of USV are assumed to be diag-
onal, because the non—zero non—diagonal inertia ma-
trix will make the yaw moment act not only in the di-
rection of yawing but also in transverse motion,
which increases the difficulty of controller design
and destroys the cascade structure of the control sys-
tem. The key to solving the problem is to eliminate
the control moment acting in the transverse motion.
The methods to this problem mainly include methods
of system state transformation, control output trans-
formation, and selection of appropriate coordinate or-
igin of vessel system "%,

Inspired by the above methods, the influence of
drift angle and transverse tracking error on guidance
course is considered to design the guidance law of
surge—varying LOS and the backstepping adaptive
control law with the auxiliary system. Firstly, the co-
ordinate transformation method is introduced to
transfer the non-zero non—diagonal of inertia matrix
into a skew—symmetric form, so as to simplify the de-
sign of the system controller. Then, the guidance law
of surge—varying LOS is designed in the guidance
subsystem to ensure that USV can effectively go to-

watds and Keep, on the ex?ected path.In-the contrel

subsystem, the backstepping adaptive and auxiliary
system algorithm are respectively designed to deal
with the lumped uncertainties and problems of con-
trol input saturation. Next, the guidance—control
closed-loop system is proved to be uniformly bound-
ed using Lyapunov stability theories. Finally, the ef-
fectiveness and robustness of the proposed method

are proved by simulation experiments.

1 Mathematical model and hy-
pothesis

1.1 Mathematical model

The mathematical model of USV in the horizontal
plane can be described as !
{’7 =J(w)v (1)
Mv=-C(v)v-D(v)v+z+b
where # is the vessel position and course vector;
J () is the rotation matrix between the geodetic co-
ordinate system and the coordinate system of hull; v
is the velocity vector; M is the inertia coefficient
matrix; C is the Coriolis centripetal force matrix; D
is the damping coefficient matrix; 7 is the control in-
put vector; and b is the external interference vector.

Among them,

TN
n=|Y|, v=|v|, z=|0| b=1b,

7 r 7, ) LbSJ

{mn 0 0 d, 0 0

M={0 m, m,, D=0 dzz dzs
L 0 m32 mSBJ 0 d32 d33J
cosy —siny O
J(y)=|siny cosy O
0 0 1
{ 0 0 —myuv—m,r
C(v)= 0 0 m,,u
Lm22v+ Myl —-myu 0 J

where (X,Y, ) are respectively the longitudinal po-
sition, transverse position and yawing angle in the
geodetic coordinate system; (U, V, ) are respective-
ly the longitudinal, transverse and yawing velocity in

the coordinate system of hull; 7, and 7, represent

u
control force and control moment in the coordinate
system of hull. b, b,, b, are external disturbances
caused by external wind, wave, and current; m,,,
m,,, My, My, and My, are inertial masses; d;;, d,,,
dgs. d,; and dj, are hydrodynamic derivatives.

In order to transform the dynamic state of USV in-
to the "skew—symmetric" form, the following coordi-

L 2
nate tragsformation is introduced-""
\
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X=X+&C0Sy, Y=y+esiny, V=v+er (2)
(X.¥,w) with
(X, Y. w) and substituting Eq. (2) into Eq. (1), we can

where ¢= mzs/m22 . Replacing

obtain

X =UCOS y —Vsiny
y=usiny+Vcosy

w=r

u="f"x,(v) +9; 2(b) +h,z,
V= fvTXv(V) + g\;rl(b)
F=f 2, (v)+ g7 2(b) +h,1,

T
fu:|:& _& 0}

(3)

where
m;, m;,

1 T
g,=|— ©0 0}
|:mll

(V) =[rr —u ]

Y
v
m22

z(v)=[ur v 1]

9,=[0 = o}

- T
m;, dzz dzzmzs_dazmzz
m,,

m22

x(W)=[w v -]
h _ m22

r 2

My Maz — My
-
g ={0 _ m,; m,, }
r 2 2
My Maz =My My Mgg — My

2
m;m,, —m,,

-
d22m23 B dszmzz

2
My, Mgy — Moy

2
My, Myg — Moy
r— 2 2
_dszmzsmzz B dzsmzsmzz + dszmzz B d22m23
2
mzz(mzzmsz - mzz)

and 7, are designed to set the

Control laws: 7,
control objective as making the position of USV
(X,y) converges to the parameterized path set
np(G)ZZ(Xp(G),yp(G))ERq, g>1, so as to make
USV track the desired path. When t— oo, the for-

ward and transverse tracking errors meet X, —0

and y,—0.
1.2 Hypothesis

This paper is based on the following hypothesis:

1) The USV is symmetrical about the Xz plane,
and the heaving, pitching and rolling motions are
very small, which can be ignored. The center of buoy-

ancy of USY coincides with-thelcenter, of-gravity, lan
I

the coordinate system of hull, the coordinate origin is
on the center line of USV, which is a rigid body with
uniform mass distribution.

2) The parameter perturbation is slow time-vary-
|Fu|<FumaX<oo and

ing and satisfies

‘Fr‘<FrmaX<oo.

3) The transverse velocity V is passively bounded
and stable ' and satisfies [V| <V, <.
Based on assumption 3 and coordinate transforma-

tion, it can be obtained that the longitudinal velocity

after transformation is bounded and satisfies

V<V Hefr] <00
4) The actual control input z,(i=u,r) is bounded

and satisfies ‘ri ’ < Ty <© . Thus, there is

T T; >T

I’ max

<‘l’-i0<‘[ima>< (4)

imax®

T =4 Tio» ~Timax

“Timaxe  Tio < " Timax

2 Dynamic path error

For the movement of USV in the path tracking pro-
cess, its forward and transverse tracking error vari-

able (Xe, ye) is defined by the connection line be-
tween the normal line at point (XP(Q), yp(e)) on the
parameterized path and point (X,Y), as shown in
Fig. 1. And X, and Y, are respectively the horizon-

tal and vertical coordinates of the tangent system.

North

Fig.1 ~ Geometrical illustration based on LOS guidance

To effectively track the desired path, the path er-
ror variable in the coordinate system of hull is con-

verted to the tangent coordinate system of the de-

X.| T| X=X
M‘R(y") [y—yl (5)

m 3 . m23 H
where X, =X+ m—zzcos Vor ¥ =Y, + m—zzsm 753 R(7,)

sired path:

is the rotation transformation matrix,

_[cosy, -siny,
R(yp)_{sinyp COSyJ (6)

and 7y, is the expected path tangent angle and its ex-

\
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pression is
y, =atan2(y (), X,(0)): =[x x] (7)
Taking the derivative of the forward error X, with

respect to time, we can obtain
%, =| x=% +7. Dx5gin, |cos —(X—x posiny +
e p yp mzz yp yp f)yp yp
y—y —5 M08y lsin +(9-Y; )3, cosy, =
yp yp m22 yp yp yf yp yp -

XCOSy, +ysiny, — ;)p((y— yf)cos Vo — (X— X )sin yp) -

m

1 along —tracking errory,
X, (0)cosy, —y,(0)siny, (8)

m

2

h My My, .
where X, =X —j,—Zsiny; y, =y, +j,—2c0sy,;

My, My,
X, = H.XVP(Q) 3 Y, = éy'p(H) . And then m, is expressed
in amplitude and phase form
m, = Ju? +7*cos(y —y, + ) (9)

where f is the drift angle between the course angle
and  the p=d—y=
atan2(v,u), and it is the four—quadrant form of the
arctangent

arctan (%) e [% —%} )
U(u,v):=u?+v.

Moreover, m, of Eq. (8) can be rewritten as

m, =X,(8)cosy, —y,(0)siny, =

0 yZ(0)+x2(0) cos(yp + ¢) (10)
where ¢ = atanz(—y'p(e), X'p(e)) ==Yy y'p(é?) is the
derivative of yp(49) with respectto 6.

heading angle, namely

function

According to Eq. (10), there is

Ui =M, =0 |y2(6) +x2(6) (11)

where U, is the velocity of the virtual reference

tot

point on the expected path. Thus, there is
X, = JuZ 42 cos(q/— Ve +ﬂ) +Yep = Uy (12)
Similarly, the derivative of the transverse position

error is
Y. = Ju? +%sin(y -y, +#) - x.7, (13)
Since the drift angle f is very small and general-
ly less than 5° ", the non—zero time—varying drift an-
gle in static water can be ignored. Therefore, there is
p~sinf , and then the dynamic position error can be
simplified to
X, = U + 7 cos(y/— ¥, +sin ﬁ) +Y, Ty — Ugg

(14)
y, = Ju’ +\72$in(¢//—yp +5in[)’)—xe;>

p

3 Guidance—control design

The guidance—~coutrol closed=laop degign)consisty

of two parts, namely the guidance subsystem and the
control subsystem. In the first part, the law of
surge—varying LOS is developed to ensure that USV
can effectively go towards and keep on the expected
path. In the control subsystem, considering the
lumped uncertainties and control input saturation,
the backstepping adaptive system and the auxiliary
system are employed to design the law of longitudi-

nal and yawing direction control 7, and t, .

3.1 Guidance law of surge—varying LOS
design

To design the guidance law of surge—varying LOS,

the guidance law of longitudinal velocity is firstly de-

1
uy =k JA% +y? (15)

where A is the forward distance of LOS guidance,

. 3
signed as '

{k.A}>0,and k is a positive control parameter.
Restricted by the characteristics of vessel actua-
tor, the thrust produced by the propeller and the yaw
moment produced by the rudder cannot be infinite,
and thus the maximum velocity of USV is bounded,
namely 0<kA<u,<u,, <. Therefore, when the
initial transverse velocity is too high, the saturation
limit on the guidance law of longitudinal velocity is

needed, namely

umax’ ud >umax
Ug=sat(u,)=4uys kKA<ug<u, ~ (16)
kA, u,<kA
The expected design course is
A
W, :yp(@) +arcsin Ye - —-sing  (17)
1+(4y,)

In fact, the expected course angle y, can be accu-
rately tracked by the practical course w . Therefore,
we can obtain

v =7,(0) = va—7,(0) =

A\ gnp (s

1+(0.1y,)

arcsin| —

In the first equation of Eq. (14), U, can be re-

tot
garded as a virtual control law to stabilize the for-

ward position errors. Therefore, the design of it is
umtzklxe+Ucos(y/—yp+sinﬁ) (19)
where K, is a positive design parameter.
Substituting Eq. (17) and Eq. (19) into Eq. (14),
there is
X, ==K X, +Y.7,
Ay, .

Jlf(Aye)z :

y,=-U (20)
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Lyapunov function is constructed as

Vlz%xf+%y§ (21)

Taking the derivative of V, with respect to time
and combining with Eq. (20), we can obtain

V,=—k X2 -k, y: (22)

AU

where 0< ky: = <oo. Since
1+(Ay,)

U<U,,, ,we can see that V,<0.

0<U,, <

3.2 Controller design

In this section, it is assumed that the external dis-
turbance to the USV can be ignored. In this case,

Eq. (3) can be rewritten as
U:(fuT +AfuT)xu(V)+(hu +Ah,)z, =
fuT){u(V) +h,7,+F,
V= (] +AF) 2, (v) =1, 2, (v) +F, (23)
P=(f"+Af7)x,(v)+(h, +Ah )z, =
fT7.(V)+h,1, +F,

Variable errors y,,r, and U, are defined as
wi=y—w,, ri=r—ry, u:=u-u,  (24)
where ry=-K w, +y, and K, is the positive design
parameter.
Considering the actuator saturation, the nominal
law of longitudinal control and the law of yaw control

are designed as
Ty = _(/luue +f g, (V) —u, +F, - kuoXu) (25)
T,o = —(/lrl’e iy, + T (V) - P +F, - krer) (26)
where {lu, A Koo kro} >0.
To analyze the influence of control input satura-
tion on the system, the following auxiliary systems

are designed.

u,Az, | +0.5p2 A1’
| e u| u u

)'{uz_kxuxu_ ¥ h(Xu)+puATu (27)
r,Az,|+0.5p> Az’
sz_kzr)(r_‘ - Tr,+){ P h(xr) +p,At, (28)
0, | 2] <4
X =i
where h()(i)z l—COS[%Sin[%X'g —X}D’ ){a<‘xi|<xb
1, |Xi‘>xb

where i=u,r ; {klu,pu, er’pr} >0, Ar, =1, -7, ;
Aty =1,~7,; x, and y, are positive constants, and
Xb >Xa .

The adaptive law of the lumped uncertainty is de-

signed as
I

(29)

where {fu, ¢ 8, 9r} >0.

4 Stability analysis

1) Theorem. Egs. (14)-(19) and Egs. (25)-(29) are
combined to make all signals of the guidance—con-
trol closed—loop system uniformly bounded. More-
over, the tracking error signal (X—Xp, Y=Y, ¥ — l//d)
will converge to the sphere with the origin as the cen-

ter of the sphere and a radius of mzz/m22 .

2) Proof. Lyapunov function is constructed as

_ 12,1 2, 1 2 12 152
V—Vl+2we+2huue+Zhrre+2)(u+2;(r+
1 =2, 1 =2
2e F”+2§rF' (30)

Taking the derivative of the function V with re-
spect to time and combining Eqgs. (22)-(29), we can
get
v:_klxz - ky y: - kwl//ez +y.r, +

f Ty (v F
ue[ u ZU( ) u udj+

T+
fly (v F ~ A ~ A
I’{Lr()+rr+h—r—I’d—z//ej—FuFu—FrFr+

u u

h “ " h

[ c lu,Az,|+0.5p; A7}
ol K Xu ™
Au

h(;{u) +puAruJ +

|ueArr|+0.5pfArr2
Xr

Xr[—kﬂxr - h(x.) +prAfrJ (31)

After simplification, there is
V=—k Xt =K, Y =K,y =AU —Ari =k, i -
K2l + Kool + &, FyFy Kol 2, +
9, F F, —|uAr, [h(x,) —san(u.Az, )] -
0.5p; Az h(x,) + puAT, 3, —0.5p; Atih(x,) +
p, ATy, —|reArr|[h(Xr)—sgn(reArr)] (32)

According to Cauchy inequality, there is
k2 A R
Kooy S —2UZ + 252 FF <—%F2+1F2

2 2 utu u 2 umax

a2, 1 = 1po 1
Kolere S5+ 520 FR S-SR +5FL,
pUATuXU <%piATuz+%Xuzi prATrXr <%p5A‘[I’2+%Xr2

(33)
Substituting kq. (33) iute.Eq.32), we can achieve
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7 2 2 2 I(uzO 2 erO 2
V<kX] =k, Y2kl = | A= =2 ful—| 2, -2 |r -

(kxu - 1))(5 - (er - ]-))(r2 - |ueAru ‘[h(){u) - Sgn(ueATu)] -

It Ar, |[h(;(r) - sgn(reArr)] - [ h(;(”) - %jpjmj -

[h(}{r)_l\]pzArz_19L.F~2_9r|:~2+‘9u|:2 _,,_i':z
2 r="r u r

N

When h()(u) = h()(r) =1, there is

7 2 2 2 kL120 2 kr20 2
Vg_klxe_kyye_kwl//e_ ;{u_T U, — ir_7 re—

L 3 - g
2 u 2 r 2 u 2
(kyu_l)){u (kyr_l)){r _?Fu _7Fr +?Fumax+
9
ijmax <=2k V+ZE, (35)
k2 k2
H u0 r0
where kvl = mln{kl, ky’ k‘//’ /lu - 7, /lr - 7, k;(u -1 ,
"9u ‘gr - '9u 2 ‘gr 2
er - 1’7’7} =1 T 7Fumax + 7Frmax .
When h(x,)<1 and h(x,)<1, according to
12,1,2 1.2,1,2
< = = <= =
u,Ar, 2ue + ZAT“ and r,Ar, 2I‘e + 2Arr , we
can obtain

y 2 2 2 kuzo_l 2
V<_k1Xe_kyye_ky/We_ j‘U_T U, -

2" 2 2 T2 T2
‘i“ Floa %Ffmax <-k V+E,  (36)
where Kk, = min{kl, K, K, 2, — k“2°2_ L, kfzf’z L
klu—l,kﬂ—l,%,%} ; Evzz(%ﬁ+%JArf+
[%f + %Jmf + %ijax + %Ffmax . Combining Eq.
(35) with Eq. (36), we can obtain

V<-2kV+Z, (37)

Vv
where k, = min{kvl, kvz} ; &, = max{Evl, Evz}- The
2 2

design parameters satisfy A,> 7”0, A, > Tro’ k,>1.
k,>1.According to Eq. (37), it can be found that
Z0) it =
< I v
Vv [v (0) 2kvje T (38)

Therefore, it can be concluded from the above

equations-that-V ~is-bounded, and- the system, exrror
I

signals  X_, Y., W, Ug. I, Xy X,» Fy, and F, are uni-

formly bounded and stable.

5 Numerical simulation

To verify the effectiveness of the proposed track-
ing control of the backstepping adaptive path based
on the surge—varying LOS, two groups of compara-
tive experiments are taken on USV dynamic model
Eq. (3) and Eq. (23) (Fig. 2-Fig. 6). Considering the
input saturation, the simulation results of the im-
and LOS without

surge—varying (traditional LOS) are compared in the

proved surge-varying LOS
first group. The longitudinal velocity is set to the con-
stant velocity of 0.1 m/s during the stable sailing. In
the second group, the simulation results of the cases
considering and not considering the input saturation
are compared. Parameters of USV are shown in Ref-
erence [17]. The maximum value of longitudinal con-
trol input is set as 4 N, and the maximum control mo-
ment of yawing is 0.3 N+m.
150
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Guidance path of
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30y,
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— = . traditional LOS
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-110
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----- No input saturation

Eal
= = = Expected path
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50 100 150 200
x/m
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Fig.2 Performance comparison of the path following

The initial state of the usv is
[x(0) y(0) y(0)] = [0 20 /7] ,
[u(0) v(0) r(0)] =[0 0 O] .

The design parameters of the controller are
k=1,k =05,k =01,2,=3.2,=1.x)=0.01, x, =

\
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0.1.k,=2, k,=2, p,=1,p,=1,k,=001,k,=
0.1,94,=01,9,=01,u,,=03.

The expected reference path is
x,(0)=0,y,(0)=1000sin(0.050) .

From the simulation results, the surge-varying
LOS is better than the traditional LOS, and it has a

faster convergence velocity and better transient and

sinusoidal

steady—state tracking performance [Fig. 2 (a)]. Simul-
taneously, the simulation results of the second group
show that the desired path tracking performance of
controller can be achieved with the control input
saturation considered or not. However, with consider-
ing it, the controller can satisfy the system input satu-
ration limit and has better tracking performance
[Fig. 2 (b)]. From Fig. 3 (a), when the expected path
curvature is large, the transverse error of surge—vary-
ing LOS increases. Thus, accelerating of longitudinal
velocity leads to the increase in the longitudinal con-
trol input, and thus achieving a better tracking ef-
fect. When the input saturation is taken into consid-
eration, the system can still achieve a good tracking
performance. While without considering it, the con-
trol input of system significantly exceeds the maxi-
mum of actuators, which will lead to difficulties in
achieving an effective tracking performance (Fig. 3)
for the actual system. In Fig. 4 (a), compared with
the traditional LOS, the surge-varying LOS has a
faster convergence speed and thus the tracking
speed of the whole system is increased. In Fig. 5, the
change trends of system velocity state in the process
of path tracking are compared, and it is found that
due to the large horizontal position error in the early
stage, the longitudinal velocity is high. As the posi-
tion error decreases, the system speed stabilizes in a
constant value related to the forward distance A.
Fig. 6 is the estimate of a mixed unknown item,
where lfu is close to 0, and FAr eventually approach-
es zero because the yawing error finally converges to

Z€Tr0.

6 Conclusions

The control method of backstepping adaptive path
based on the surge—varying LLOS proposed in this pa-
per solves the lumped uncertainties of USV and the
path tracking problem of system inertial matrix with
non-zero non—diagonal terms and controller input
saturation. The coordinate transformation is intro-
duced to transform the system model into the
skew—symmetric form, which simplifies the design of

the, controllér, In the-guidance Subsystem, the guid-
I

ance law of surge—varying LOS is developed to en-
sure that USV can effectively go towards and keep
on the expected path and make guidance law of longi-
tudinal speed positively correlated to the transverse
tracking error. Therefore, the convergence time of
system error is reduced and the robustness of the sys-
tem is enhanced. In the control subsystem, the
lumped uncertainties and the problem caused by the
saturation of control input of system are solved by
constructing the backstepping adaptive method and
the auxiliary system, which makes USV reach the de-
sired path tracking performance. According to Lyapu-
nov  stability theories, the guidance—control
closed-loop system is proved to be uniformly bound-
ed. The simulation results verify that the proposed
method can effectively track the expected path, meet
the system characteristics of dynamic and actuator
saturation, and have robustness on the system model-
ing error and parameter perturbation. The problem of
interference on the skew—symmetric model system
compensated by the observer will be further re-

searched.
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