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ABSTRACT

Based on a line-of-sight (LOS) guidance law for a curve parametrized path, a finite-time back-
stepping control is proposed for the kinematic path-following of an underactuated autonomous
surface vehicle (ASV). Finite-time observer is utilized to estimate the unknown external distur-
bances accurately. The first-order Levant differentiator is introduced into the finite-time filter
technique, such that the output of filter can not only approximate the derivative of the virtual
control, but also avoid the singularity problem of real heading control. The integral terminal slid-
ing mode is employed to improve the tracking performance and converging rate in the surging
velocity control. By virtue of Lyapunov function, all the signals in the closed-loop system can
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be guaranteed uniformly ultimate boundedness, and accurate path-following task can be ful-
filled in finite time. The simulation results and comparative analysis validate the effectiveness

and robustness of the proposed control approach.

1. Introduction

Due to its wide application in different fields, the con-
trol problem of autonomous surface vehicle (ASV) has
attracted great attention from scholars in recent years,
including point stabilization, trajectory tracking, path-
following, platoon formation, etc. [1-5]. The goal of
path-following is to design a control scheme to drive the
ASV to track a predefined geometric reference [6]. The
scheme usually consists of guidance and control subsys-
tems, and a look-ahead-based line-of-sight (LOS) law is
an effective way to provide a desired course such that an
effective control law can be designed to drive ASV to the
desired path [7,8]. Because of the complex model non-
linearity, unknown hydrodynamic coeflicients, external
disturbances and under-actuation characteristics, the
design of ASV motion controller is a difficult task [9].

A variety of advanced control methods have been
developed for path-following control of ASV, such as
cascade control [10], adaptive backstepping control
[11,12], sliding mode control [13-15], fuzzy neural net-
work control [16-18]. There is a common feature that
the control methods are applied to fully actuated ASV,
which has great limitations in practical application. The
underactuated characteristics of the ASV means that
the dimension of the control input is less than the num-
ber of degrees of freedom, leading to the second-order
nonholonomic constraint condition that the accelera-
tion is not integrable, which makes it difficult for ASV
to track the expected path [19].

Nonparametric uncertainties and environmental
disturbances are the challenges of strongly coupled
nonlinear multivariable underactuated ASV systems
[20]. With a surge-guided LOS, a fuzzy disturbance
observer-based path-following control scheme is pro-
posed for an underactuated ASV [21]. A L1 adap-
tive backstepping control scheme is proposed for the
path-following of an underactuated ASV, considering
both the robustness and fast adaptation [22]. A pre-
filter adaptive backstepping controller is designed for an
underactuated ASV to track the predefined path with
a better performance of the waypoint-based navigation
[23]. With the time delay control method and extended
state observer technique compensating for the effects of
time-varying ocean currents, a backstepping control is
used to realize compound LOS guided path-following
of an underactuated ASV [24]. The common point in
the above works is the closed-loop systems are asymp-
totically stable.

Compared to asymptotic stability, finite-time stabil-
ity has faster convergence rate, stronger disturbance
rejection and higher steady precision [25]. A finite-time
command filtered backstepping approach is adopted for
the path-following of an underactuated ASV with para-
metric uncertainties and unknown disturbances [26].
A finite-time path-following controller is established
via backstepping technique, and the unknown distur-
bances are estimated by an adaptive fuzzy system [27].
An adaptive vector-backstepping control is designed for

CONTACT Shuanghe Yu @ shuanghe@dImu.edu.cn @ College of Marine Electrical Engineering, Dalian Maritime University, Dalian, China, 116026

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the posting of the Accepted
Manuscript in a repository by the author(s) or with their consent.


http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/00051144.2023.2298099&domain=pdf&date_stamp=2024-01-08
mailto:shuanghe@dlmu.edu.cn
http://creativecommons.org/licenses/by/4.0/

304 L. JINETAL.

an underactuated ASV with single unknown param-
eter for finite-time convergence of position tracking
errors [28]. However, all the above results can only give
the finite-time convergence to a neighbourhood around
zero. The standard first-order of sliding modes provide
for finite-time convergence with respect to internal and
external disturbances, meanwhile the higher-order slid-
ing modes preserve the main properties of the standard
sliding mode [29]. A continuous finite-time control
scheme using the form of terminal sliding modes is
proposed [30]. A sliding mode control method with
the variable-parameter double-power reaching law is
proposed to weaken the chattering phenomenon [31].

Motivated by the afore-mentioned analyses, an LOS
based finite-time kinematic path-following controller
for an underactuated ASV subjects to ocean currents
is proposed in this paper, and the main contribution is
that the finite-time convergence to precise zero of path-
following error is achieved by the integrated use of LOS
guidance law, finite-time disturbance observer, first-
order Levant differentiator, filter error compensator and
terminal sliding mode [29-31], at the same time, the
differentiation explosion and singularity problems of
fractional-power virtual control are avoided.

The remainder of this paper is organized as fol-
lows. The ASV mode and problem formulation are
presented in Section 2. The disturbance observer design
for the underactuated ASV is presented in Section 3.
Guided LOS motion control of ASV's using finite-time
backstepping technique and the stability analysis of
the closed-loop system are provided in Section 4. The
simulation results are presented in Section 5.

2. Problem formulation

In this section, the mathematical model of an underac-
tuated ASV, the definition of kinematic path-following
error is firstly given, then the control objective is for-
mulated.

2.1. Underactuated ASV model

Neglecting the motions in heave, roll, and pitch,
the three-degree-of-freedom kinematic and dynamic
model of the ASV can be respectively described as:

X =ucosy —vsiny

y=usiny +vcosy (1)
i=r

mut = fu(u,v,1) + 7, + dy

mav = f,(u, v, 1) + d, 2)

ms3t = fr(u, v, 1) + 1, + d;

where x, y, ¢ represent position and the heading angle
of the underactuated ASV in the earth-fixed frame,
u,v,r are the velocities (surge, sway, yaw) of the
ASV in the body-fixed frame, mj;, may, ms3 denote

Figure 1. Path-following in the horizontal plane.

the combined terms of mass and inertia parameters,
di1, d22, d33 denote hydrodynamic damping and fric-
tion terms, 7, and 7, are the control inputs provided by
the thruster, d,, d,, d, represent the bounded external
disturbances induced by waves and wind, and

Sfu(u, v, 1) = mpvr —dpu
fr(u, v, 1) = —myur — dapv
fr(u, v, 1) = (my1 — my)uv — dszr

Assumption 2.1: For the system (2), there exist posi-
tive constants Dy, Dy, Dy, such the}t dy, d,,d, .satisfy the
following conditions |d,| < Dy, |d,| < Dy, |d,| < D.

2.2. Kinematic path-following error

The path-following problem in the horizontal plane is
illustrated in Figure 1, where {I}, {B} and {F} represent
the earth-fixed frame, body-fixed frame and the Serret-
Frenet frame, respectively.

The following variables are defined as:

Y = arctan <%)

%
B = arctan (—) (3)
u
U= vu?+v2
where [x4,y4]" is the desired position vector of the
moving virtual target on the curve parametrized path

in the Serret-Frenet frame, and 0 is the path parameter.
Then, the path-following error vector in the Serret-

Frenet frame is
sinYg | [x— x4
4
ol ] @

Xe| | cosyp
e| |—sinyr
Differentiating x, and y, yield.

Xe = U cos Y — vsin i cos Yp + usin Y

+ vcos ¥ sin Yf



+ [— sinYp(x — xg) + cos Yr(y — ya) [F
~ (tarSI*YF + tgarcos*Yp)
Ye = —ucos Y — vsiny sin Y + usin
+ vcos ¥ cos Yr
— [cos Yr(x — xg) + sin Yr(y — ya) [k
+ (Usgr SIN YF COS YF — Uggy SIN YF COS YE),
where uy,, = 9, /562 @) + j/i(@) is the velocity of the vir-

tual target along the desired path, which can be further
simplified as

Xe = ucos(y — yp) — usin(y — Yp) tan B

+¢F}’e — Utar (5)
Ye = usin(yy — Yp) + ucos(y — ) tan B
— X,

2.3. Control objective

The objective of this paper is to design an appropri-
ate controller to adjust the motion path of the ASV on
the horizontal surface, so that it can quickly follow the
desired path, which can be realized by two subsystems:

Geometric objective: Given a desired path and the
following error dynamics, the desired heading angle
Y4 and desired angular velocity r; can be given by a
LOS guidance scheme, and then u,, can be designed to
make the ASV converge to and move along the desired
path.

Dynamic objective: Based on the underactuated
ASV model, the longitudinal and heading control laws
7, and 7, can be designed such that the speed tracking
errors u — ugand r — rg converge to an arbitrarily small
neighbourhood around zero in finite time.

3. Nonlinear disturbance observer design

In order to dealing with the external disturbances
suffered by an ASV in (2), a finite-time disturbance
observer is constructed in this section. The following
lemma is given before the design.

Lemma 3.1 ([28]): For the second order systems

. 1
xX] = —p18ig2 (x1) + x2 )
Xy = —pasgn(x;) + L

there exists a constant Ly satisfying|L| (Ly, (1) 1.1Lyy,
W2 > 1.5Ly, the dynamic system is finite-time stable,
where sig¥ (x1) = |x1|%sgn(x1), x1€R, e (0, 1),

-1, ifx; <0
Sgn(xl) = [_17 l]a leI =0
1, ifx;1 >0

The ASV dynamics are described as follows

MO =f(v)+t+d (7)
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whereM = diag(my1, may, m33), v = [u,v,7]T, f(v) =
[fuyfwfr]T: T = [14,0, Tr]T: d= [dusdwdr]T-

Theorem 3.1: Suppose that Assumption 2.1 holds, there
exists D, such thatd < D, D = [Dy, Dy, D,]T, and define
the errors Il = [ n, T1I1, TII, ]T as

M= Mv— MX (8)

XA M1 |:f(v) + 174+ ulsig%(l'[)

t
+ / uzsign(l'l)dt:| )
0

where L1, L, are constants, then the estimated distur-
bance is

t
d=/ wasign(IT)dt (10)
0

Proof: Taking the derivative of (8) yields
= Mo — MX
Substituting equation (7) into the above equation yields
IT = M0 — MX = —pusig? (1)
— /Ot wasign(ID)dt + d

Definer = — fot wasign(T1)dt + d, then.

1= —,ulsig%(l'l) +m (11)
7 = —upsign(IT) +d

Based on Lemma 3.1 and Assumption 2.1, the errors
[T =0,7 =0 are achieved in finite time t;. When
t>tg, — fot wasign(Il)dt +d = d — d = 0. Then the
observer can accurately estimate the disturbance in
finite time. |

4. Controller design

Based on the observed disturbance (10), the kinematic
control, heading and velocity control are respectively
designed in the following, and the curve parametrized
path is exactly followed in finite time.

4.1. Kinematic control design

LOS is a classical guidance algorithm as well as a geo-
metric method. The main idea of LOS guidance is to
mimic the action of the helmsman, which the desired
heading angle is obtained through the actual position of
the ASV looking ahead to the desired position, and then
a control law is utilized to steer the vehicle head for LOS
angle, finally converge to the desired path. LOS Guid-
ance law is independent of the ASV controller design,
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the desired heading course of ASV is dependent on its
current position and the given path.

Theorem 4.1: If a LOS guidance law is employed as

V4 = YF — arctan (tan,B + %) (12)

where A > 0 is the forward view distance parametet,
Y —Yr R Yy — Yr € (—r/2,7/2) and the velocity of
the virtual target along the curved parametrized path is

designed as
Utar = koxe + Urcos(y —yp+ ) (13)

where ko > 0, then the path can be followed asymptoti-
cally.

Proof: Since.

. Atanf +
sin(y — yr) = - b
JA2 4 (Atan B + )2
(14)
A
cos(Y — yp) =
JAZ 4 (Atan B + )
Consider the Lyapunov function candidate
1
V=02t (15)

Differentiating (15) and utilizing (14) yield

2
Uye

JA2 4+ (e + Atan )2

V = —koxez —

where u > u;, > 0, then V is bounded, x, and y, are
asymptotically stable. ]

4.2. Heading control design

In order to eliminate the differentiation explosion of
the traditional backstepping control and singularity of
finite-time control, the LOS guidance law and the finite
time filter are introduced into heading control to enable
the ASV reach the desired target in finite time.

Lemma 4.1 ([24]): For the first order Levant differen-
tiator is

B1=Z

z=—h|p — alisign(f — o) + f2
B2 = —bhsign(By — 2)

(16)

where o is input signal, I} and I, are positive constants,
the output signal By and By of the command filter can
be used to estimate a and ¢, i.e. By =, z=p1 = @&,
in finite time by choosing appropriate parameters and
without noise in .

The filtering error B; — « is generally ignored in
the traditional dynamic surface technique, which will

inevitably affect the control accuracy. Therefore, the fil-
tering error compensation mechanism is introduced for
improving the performance of closed-loop system.

Lemma 4.2 ([25]): Let the input noise satisfy the
inequality o — ag| < 0. Then the following inequalities
are established in finite time for some positive constants
o1 and oy depending exclusively on the parameters of the
differentiator,

—ao| < o1k =
B .ol_ 1" =01 (17)
|,31 —060| S 02k2 =Q)
where 01 and g, are positive constants.

Lemma 4.3 ([26]): An extended Lyapunov condition of
finite-time stability can be given

V() + V() + VP (x) <0,0<y <1 (18)
where the settling time can be estimated by
1 hvi—y h
n (x0) + h» (19)

T< n
T hi(1-y) hy

Define the angle tracking errors zi, z; and the track-
ing error compensations @y, @y as

21=vY —VYaz=r—p (20)
w1 =21—0,0=2—{ (21)

The virtual control law is defined as
a = —kizi + g — silo | sign(@y)  (22)

where kj and s; are positive constants, 0 < y < 1. Fil-
tering error compensation is presented as

&1 =—kitsi + (B —a) + & — pisign(g)  (23)
0 = —kalo — &1 — pasign(L) (24)
where k;, p1 and p; are positive constants.
Consider the Lyapunov function candidate
1 2
Vi = M3 (25)

Differentiating (25), utilizing (20)-(24), we can obtain

Vi = myzwi (w2 — ki — s1|o |V sign(w)

+ p1sign(£1)) (26)
From (2) we have
M3y = fr + T, + dy — m33f1 + kamssla
+ m3381 + m33025ign(52) (27)

where f, = f,(u,v,r) = (m11 — ma)uv — dasr.



The heading tracking control law is constructed as
follows:

T, = —(my — mp)uv + dazr — dy + maz i

— m33z1 — ma3kazy — m33sy|wa|” sign(ws)
(28)

where k; and s, are positive constants.

Theorem 4.2: For the underactuated ASV (1)(2) with
the finite-time commander filtering (16), filtering error
compensation mechanism (23)(24) and the heading con-

trol law (28), the heading steering task v = g can be
fulfilled in finite time.

Proof: Consider the Lyapunov function candidate
1 2
Va=Vi+ omsm, (29)

Differentiating (29) yields

Va = w1(m2 — ko — 1| | sign(w)
+ p1sign(¢1)) + o (fy + T + dr — m33py
+ kams38y + m33ly + mazpasign($z))  (30)
Substituting (28) into (30) yields
V) = myzw (o — koo — 1| | sign(o)
+ p1sign(¢1)) + @a(dy — dy — m3skaa
— ms33w]
— m33sy || sign(wz) + mszpasign(sy) (31)
Simplifying (31) yields
Vy = —myskio® — myskaoy?
— ma3s o | |7 sign(wy)
— m33s@2| w2 sign(w) + mzzw p1sign(£r)

+ m33 proasign(r) + wa(dy — d,)

IA

1
— min {2k1 — p1,2ky — p2 — —}
mss3
y m33 o2 N m332>
2 2

N p1m33sign®(L1)

myzw?  mapzwr®\ 2
X +
2 2
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2
pamazsign®(§2) 1
+ 2 + 2
then (32) is further derived as

(d, — dy)? (32)

. y+l
Vo< —uiVo— Va2 + Ky (33)

where

. 1
n1 = mln{2k1 — p1,2ky — p2 — —}

ms3
1-y 1-y

. 1y 2 1y Iy 2 1y

M2 = min §2s1| = ms3z 2 ,28| = ms3 2
2 2
K — pimsssign®(§1) | pamsssign®(L2)
| =
2 2

1 -
+ _(dr - dr)z
2
when t < t4,

t
e,=dy—d,=d, — f wasign(I1,)dt
0

pimzssign®(£1) | pamsssign® (L)
2 2

< ms33 01 ms33 02

- 2 2
ms33 01 ms33 02
— =,
2 2 !

Since sign(I1,), d, are bounded, then e, is bounded.
Besides, €2, is a positive constant.

When t > tg,

K <

do—d, =0

_ pimassign®(§1) | pamazsign® (L)
2 2
m m
< map B0 _
2 2

K

y+1
2

Vi< —uiVa— Va2 + Ky,

The compensation tracking error z; converges in
finite time to

2
K K, \ 751
|| < max { |2, 2(—2>V (34)
M1 n2

Suppose the Lyapunov function is chosen as.

1 1
V= 5412 + 5@22 (35)

Differentiating (35) yields:
V=08 + 00 = —kii’ — ko’ + 0B —a)
— p181sign(§r) — pagasign(&)

Based on Lemma 4.1 and Lemma 4.2, we have 0 <
|B — ag| < o1 in finite time.

V* < k16 — ko’ + lallpr —al — pilal



308 (& LJNETAL

— p2l&2|
—ki81? — ko &o® + (01 — p)IC1| — P21t

IA

IA

1 1
— min{2ky, 2k, } (“?12 + —522)
2 2
— V2min{o; — p1, p2)
1 1 \?
1
X <5C12 + 5422> < —u3V* — pg(V)2

s = +/2min{o; —
01, p2}. Based on Lemma 4.3, V* is finite-time stable,

where 3 = min{2ky, 2k,},

1
: e 0 s * _ 2 u3 (V)2 +ug
i.e. {1 = & = 01in finite time t* = s In . )

Moreover, the finite-time stability of V, is guaran-
teed, @ and z; = ¥ — ¥4 converge to zero in finite
time. |

4.3. Velocity control design

The desired velocity of ASV is assumed to be u,, the
control objective is to design the propulsion torque 7,
to make u converge to uy in finite time. The velocity
tracking error is defined as.

Zy = U— Uy (36)

Choose the following integral terminal sliding mode

t
Sy :zu—zu(0)+c/ Zdt =0 (37)
0

wherec > 0and 0 < y; < 1.
Differentiating (37) yields
my) di Ty dy

Su=—vr— —u+ +
mi miy mip myp

— iig + czl!
(38)

To improve the convergence rate and dynamic
response, a terminal reaching law is employed as

Su = —Slsu — 82|Su|y25ign(su) (39)

where €1 > 0, &2 > 0. The velocity tracking controller
is designed as

Ty = my1(—e18y — £2Sy["sign(Sy,) + ttg — czy)
— mpvr + djju — ;lu (40)

Theorem 4.3: For the underactuated ASV (1)-(2) with
the integral terminal sliding mode (37), terminal reaching
law (39) and the velocity tracking control law (40), the
task u = ug can be fulfilled in finite time.

Proof: Consider the Lyapunov function candidate
1
Vi =28’ (41)

Differentiating (41) and utilizing (40), we have
V3 = Susu

250

== the proposed finite-time
the desired path
backsteppin
200 - pping
_
r'/ g
/
150 /(!
7~
E o~
=
100 s/
/{l)
- ol
50 | 7~
\.\‘4
0 L I . .
0 50 100 150 200 250
x(m)

Figure 2. Path-following curve.

e hackstepping
the proposed finite-time

xe(m)

0 »u\- VaN Do

" o~ v

0 50 100 150 200 250
time(s)

Figure 3. Position error along x-axis.

= Su(_glsu - 82|Su|y25ign(su)
1 N
i)
mii

Su
miy

= _Slsu2 - 828u|Su|y25ig”(Su) + (dy — au)

oo} (3)
— min 281,——2 —
mii 2

1\ 2 S22\ 7
—a(3) (%)
2 2

1 7\2
+ E(du - du)

IA

The above formula can be expressed as

nt
2

. 1
Vi3 < —1V3 —2V3 + K3

-y
i 1 _ 1\ 2 _
where k] = min {281, <= }, o =26(3) % Kz =

%(du —d,)? Whent <tge,=d,—d, =d, — fot 2
sign(I1,)d(t). Since sign(IT,) and d, is bounded, then
e, is bounded and K3 = %euz < Qp, Q; is a positive
constant. V3 converges to a specified compact set in
t <tz. When t > t4, K3 = 0, according to Lemma 4.3,
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Figure 4. Position error along y-axis.
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Figure 5. Heading position error.
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Figure 6. Longitudinal control.

V3 is finite-time stable. Then along the integral termi-
nal sliding mode (37), z, = u — u4 converges to zero in
finite time. n

5. Simulation results

In order to verify the effectiveness and robustness of
the proposed path-following controller, numerical sim-
ulations are carried out with a ASV model, whose
parameters are my; = 25.8kg, may = 33.8kg,m33 =
2.76kg; d11 = 0.72kg/s, dzp = 0.86kg/s, dz3 = 1.9kg/s.
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Figure 7. Yawing angular control.
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Figure 9. d, estimation.

A desired curve parametrized path is parameterized
by x4 =10sin(0.16) + 6, y; = 6. The initial posi-
tion of ASV is [x(0), ¥(0), ¥ (0)] = [0m, 25m, Orad], the
parameters of the disturbance observer and controller
are 1 = 20, M2 = 6, ll = 200, lz = 4000, k() =1, kl =
0.05, k, = 120, p; = p = 10,¢ = 0.05,6; = 2.5,8, =
0.01, A = 10. Unknown disturbances in the exter-
nal environment are d, = 2sin(0.5¢ + 0.37), d, =
2¢0s(0.5¢ 4+ 0.17), dr = 2c0s(0.5t 4+ 0.27). The pro-
posed control method is compared with the dynamic
surface backstepping method by the same finite-time
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Figure 10. d, estimation.

disturbance observer. The results show that the under-
actuated ASV moves along the desired path as shown
in Figure 2, the path-following errors converge to zero
in finite time as shown in Figures 3-5, and the bet-
ter transient and steady performance is given with our
proposed method. As observed in Figures 6-7, the pro-
posed control inputs of the vehicle are more desirable
with lower amplitude and smoother variation. Lastly,
the estimated performance of the finite-time observer is
shown in Figures 8-10, and the results demonstrate fast
and accurate estimations of disturbances (d,, d,, d,).

6. Conclusion

A finite-time control approach has been proposed for
the kinematic path-following problem of the underac-
tuated ASV exposed to disturbances. The LOS guide
approach is utilized for the backstepping control frame-
work with finite-time filter and finite-time disturbance
observer. The differentiation explosion and control sin-
gularity problem with finite-time backstepping con-
trol is avoided. The theoretical analysis and simu-
lation results show that faster convergence rate and
higher tracking precision is achieved with the proposed
scheme. Our further research work in this direction will
focus on relaxing the assumption of the known bound
of disturbance variation and extending it to fixed-time
control and prescribed-time control.
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