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Abstract. Suffering from complex sideslip angles, path following control of
sailboat becomes significantly challenging. In this article, double finite-time
observers-based line-of-sight guidance and finite-time control (DFLOS-FC)
scheme is presented for path following of sailboat. Double finite-time sideslip
observers (DFSO) are employed to observe the time-varying sideslip angle caused
by external disturbances, which improves the accuracy of line-of-sight guidance.
To avoid differential explosion problem caused by virtual control law, we designed
a finite-time filter. The finite-time disturbance observer (FDO) is designed to accu-
rately observe unknown external disturbances, which enables the controller to
have excellent tracking accuracy and precise disturbance rejection. Considering
the rotation limit of actuator rudder angle, we limit the rudder angle. The finite-
time stability of the integrated guidance and control system is strictly guaran-
teed by Lyapunov method. Finally, the effectiveness of this method is verified by
simulation and comparison with the traditional backstepping method.

Keywords: Sideslip Angle Observation - Line-of-sight Guidance - Finite-time
Control - Sailboat - Path following

1 Introduction

As underactuated marine vehicles (USV) play an outstanding role in port protection,
mine countermeasures, reconnaissance and surveillance tasks [1], they have attracted
wide attention in recent years. When performing a mission, most of the USV’s energy
is used for propulsion, which reduces the USV’s endurance, while the sailboat relies on
wind, which reduces energy consumption and is suitable for large-scale and long-term
missions. Therefore, the study of unmanned sailboat is of great significance for marine
exploration and environmental monitoring.

Autonomous navigation is the core technology of unmanned sailboats, and how to
make good decisions and control is a problem to realize autonomous navigation. In
[2], Wang proposed an autonomous navigation scheme for the first time for USV that
integrates waypoint generation, path smoothing and policy guidance, which perfectly
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combined decision-making and control. In terms of control, path following is the key
technology to achieve autonomous navigation, so it is necessary to study path following
control of sailboat. The path following of the sailboat includes guidance and control
goals. Guidance is the specific method to guide the sailboat to reach a certain point or
reference route; control refers to the execution strategy of implementing the guidance.

The technology of line-of-sight (LOS) guidance is widely used in USV. In [3], LOS
was applied to the way-point tracking control. In [4], Li designed integral LOS (ILOS)
for underactuated vessels, which successfully implemented point-to-point navigation.
In actual navigation, the sideslip angle is complex and time-varying, which affects the
accuracy of LOS guidance. In [5], Wan designed a reduced-order state observer, which
can estimate the time-varying sideslip angle online, thus improving the accuracy of LOS
guidance. In [6], Su proposed an improved adaptive integral LOS (AILOS), which con-
structed three adaptive variables to replace the unmeasurable current and sideslip angle,
and adjusted the adaptive variables online according to the tracking error, thus reduc-
ing the error. In [7], the complex sideslip angle is estimated by an improved extended
state observe based LOS (ELOS). The precise observation of sideslip angle is of great
significance to the path tracking of sailboat, but there are still few related studies.

Due to the uncertainty and complexity of the actual ocean environment, it is dif-
ficult to establish an accurate mathematical model for sailboat [8]. For computational
convenience, the model is usually simplified. In previous studies, most scholars ignored
the rolling motion [9-11], but the sailboat needs to consider the roll response due to
the existence of the sail. In [12], Xiao proposed the four-degree-of-freedom mathe-
matical model of keel-sailboat, took roll moment into consideration. However, external
disturbances are not considered in [12]. To ensure the accuracy of the simulation, the
uncertainty of external disturbances need to be considered [13, 14]. In [15], finite-time
differentiator (FTD) was designed for disturbance estimation, and good observation
results have been achieved. In [16], Wang designed a single-hidden layer feedforward
network based adaptive compensating identifier (SACI), which can compensate for the
overall uncertainty. Neural networks and fuzzy logic systems are also commonly used to
approximate unknown models and external disturbances [17-20], but neural networks
will increase the amount of computation, and fuzzy logic systems are difficult to build.
In [21], Rong devised an adaptive nonlinear disturbance observer (NDO) to observe
the uncertainty of external disturbances and model, and obtained the accurate observa-
tion results. Path following is a key technology in the field of control. Nowadays, the
technology about path following is becoming more and more mature. In [22], a coor-
dinated trajectory-tracking control (CTTC) scheme was designed for path following of
marine aerial-surface heterogeneous (MASH) system, and high tracking accuracy was
obtained. In [16], Wang proposed a finite-time unknown observer-based interactive tra-
jectory tracking control (FUO-ITTC) scheme, which has remarkable performance in
terms of transient and steady-state tracking accuracy. In [23], accurate trajectory track-
ing problem of a surface vehicle disturbed by complex marine environments is solved by
creating a finite-time control (FTC) scheme, and both disturbance observation and tra-
jectory tracking errors can exactly reach to zero in a finite time. But finite-time stability
of heading control system is also not taken into account by the existing methods.
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Driven by the above observations, the double finite-time observers-based LOS guid-
ance and finite-time control (DFLOS-FC) scheme is proposed, and the contributions of
this article are summarized as follows:

(1) The DFSO devised in this paper can observe time-varying sideslip angle, which can
be applied to more complex working conditions.

(2) In order to prevent the large amount of computation caused by the direct derivation
of the virtual control law, a finite-time filter is introduced in this paper.

(3) The finite-time disturbance observer (FDO) is introduced to compensate for external
disturbances, so that the controller has high control accuracy.

This paper is arranged as follows: In Sect. 2, the problem formulation and some
preliminaries are put forward. We design double finite-time sideslip angle observers for
sideslip observation in Sect. 3. Section 4 presents the design and stability analysis of
the sailboat controller. In Sect. 5, the simulation is carried out. Conclusions are drawn
in Sect. 6.

2 Preliminaries and Problem Formulations

2.1 Preliminaries

Lemma 1: ([23]) For system
x=f) (1
Suppose there exist a continuously differentiable function V (x), which satisfies
V() < —aV(x) —bVP () +c 2

wherea > 0,6 >0,0<p < 1,0 < ¢ < o0.
Then the trajectory of system x = f (x) can achieve finite time stability. In addition,
the finite setting time 7T satisfies

1 BoaV' =P (o) + b 1 V=P (19) + 6ob
Ty = maxqto + In 0d (o) + ,t+ lna (o) + 6
: abo(1 —1) b a(l—=10 6ob
3)
Lemma 2: ([24]) The following system:
60 = —AoL!/ Voo |/ " Vsign(a0) + o1
61 = —2LY"oy — 60|V "sign(o) — 60) + o2
: “)
Op—1 = _)\n—lLl/zlan—l - é'n—2|1/2Sign(Jiz—l — 0p—2) +0op

oy € —ApLsign(o,—1 — 6y—2) + [—L, L]

is finite-time stable, where L > 0, A; > 0,i =0,1, 2, ..., n.
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2.2 Problem Formulations

As shown in Fig. 1, taking a 4-DOF sailboat as an example, its motion can be described
by body-referenced frame and inertial-referenced frame. The 4-DOF sailboat kinematic
and kinetic model can be expressed as follows [12]:

X = ucos(y) —vcos(¢) sin(yr)

y = usin(y) 4+ v cos(¢) cos(¥r)

= 5)
¢=p

Y = rcos(¢)

myit = Fsy + Fry — Fgu + myvr — Fpy + dyy

myv = Fs, + Fry — Fxy + myur — Fpy + dyy

mpp = MSp +MRp - MKp - C|P|P - a¢2 - b¢ - MDp + dwp

myi = Mgy + Mgy — Mgy — (Xi — Yy)uv — Mp, — d|r|r cos(¢p) + dyy

(6)

where m, = m — X, my = m —Y;, mp = I, — Kp, my = I; — Nj, and the forces and
torques generated by the rudder, sail, keel and hull of the sailboat are denoted as F;; and
M; (i =R,S,K,D,j=u,v,p, 7). dyi(i = u, v, p, r) are external disturbances. (x, y)
and (¢, ¥) represent the position and direction of the sailing boat respectively. (u, v)
denotes linear velocity and (p, r) denotes angular velocity.

Fig. 1. Illustration of kinetic variables

The attack angle of sail is
O = Ogy — O @)

where «,, is apparent wind angle, §; is sail angle.
The lift and drag forces of the sail can be written as
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1
Ly = 5 paAsVa,Crs(@y)
2 8
L ®)
D, = EpaAsVaxCDs(as)
where p, is air density, V, is apparent wind speed, Ay denotes the area of the sail, the
coefficients of lift and drag are denoted as Crs(cs), Cps(ts).
Assuming that there is no effect of current, we get oy = —§,.The steering moment
generated by the rudder can be written as

1
Mpr = == Vo, x| Cur(=5;) ©)

where p,, denotes seawater density, A, denotes the area of the rudder, x, denotes the
value of the rudder’s center of gravity on the x-axis in the body-referenced frame. V,,
denotes the apparent speed of the rudder and Cr-(—3§,) denotes the lift coefficient of the
rudder. And one can get more details on the model in [12].

According to the manual sailing experience, the value range of the apparent wind
angle of tacking is 0" ~ 30" and the value range of the apparent wind angle of
windward sailing is 230" ~ #160°. The sail angle is set to 0, the sail angle is set by
linear interpolation and the rotation limit of the sail angle is set as +90°. The apparent
wind angle of gybing is 160" ~ £180°, then the sail angle is set to £90°.

3 Sideslip Angle Observation and Line-Of-Sight Guidance

In this section, double finite-time sideslip observers are designed for sideslip angle
observation.

Yy (g (o),y(w)

Fig. 2. Framework of LOS guidance
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As shown in Fig. 2, o is the path parameter variable, which determines the shape of
the path. (x; (w), yr (@)) is a point on the prescribed path, the tangent angle of any point
on the path can be denoted as ¥, = ac tan(y;( /x}(), and (x, y) is the current position of
the sailboat. Then the position error can be described as

[xe} _ [ cos(Yx) Sin(Wk)i| ) [x _xk(w)i| (10)
Ye —sin(Yg) cos(¥) | Ly — yi(@)

The time derivative of (10) is

{ Fo = (& — ) cos(¥) + ( — ) sin(¥ie) + Yieye an
Ye = —(X — Xi) sin(Yx) + ( — Vi) cos(Yx) + Yk e
Substituting (9) into (11), we have:
{)'ce = U cos( — Vi + ) + Yiye — up (12)
Ye = Usin(y — ¥ + B) — Yuxe

where the resultant speed of the sailboat is denoted as U = /u? + (vcos(¢))Z, B =

arc tan(v cos(¢)/u) is sideslip angle of sailboat, and u, = @,/ x}f + y}f denotes the speed
of the virtual target point.
The speed u;, can be selected as

Uy = UCOS(I// — Y + ﬁ) + kexe

Ucos(lp Y+ B) ¥ kexe (13)

d):

2 2
Xty

where k, is a positive tuning parameter.
Double finite-time sideslip angle observer is designed as

R = —asigh (%) + by + Yiye — up (14)
hi = —apsig?/3 (%) + 01sign(Fe)
)?E = —A3Sig4/56’e) + ilZ - I,bk)ce (15)
hy = —)\.4Sig3/5 (Ye) + V2sign(ye)

where hy = Ucos(¥ — Y + B), ha = Usin(yy — ¥ + B), 1i(i = 1,2,3,4) and
¥j(j = 1, 2) are tuning parameters Xe, N1, Yo and hz are the estimates of x,, k1, y. and
hy. Let Xe = Xe — Xe, hl = h1 R, e = Ve — Ve hz = h2 — hy, the time derivative of
Xe, N1, Ve, ho are

Le ) 1Sig4/5 (~e) ~1
~ 16

| = —Aosig¥d (&)
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{ﬁe = —h3sig*Ge) + I a7

hy = —usig’> Ge)

According to [25], there is a finite time 0 < Tg < oo that makes X, = x,, }Azl =h,
Ve = Ve, IA12 = hy. The estimated sideslip angle is

i i ) — h sin(y —
,3:arcsin<2"°s(“’ Yi) =y sin(y ww) a8)
U
Then the error of sideslip angle is expressed as
~ h - — Iy si —
ﬂ:amm( 2 cos(yr wk)U 1 sin(y wm) 19

Therefore, the observed error of sideslip angle converges to zero in finite time.
The LOS method tracking angle is expressed as

N

Ya = i —arctan (%) - & (20)

where A denotes a look-ahead distance.
Substituting (13) and (20) into (12), we have

Xe = —kyXe + @Z/kye

: . - N 21
o=~z cos(B 4 ) — LB sin(B 4 9) — Y @

Choose the Lyapunov function V| = %xﬁ + % y?, and the derivative of V| gives:

Vl = XeXe + Yede
Uy? .
Je = cos(B + ¥)

Vi +A
AYe

U o
— e sin(B + ) — Yixee

Vi +A

< — xxz + 2Umax ([yel + A)
= - kxxg - kxyg + 2Umax ([yel + A) + kxyg
= —kVi + 2Umax(Iyel + A) + kyy? (22)

= — xxz + 1ﬁkygxe -

where Upax is the maximum of U, consider the sets Q; = {(xe, ye)|x3 + y? < oy },
where oy is a positive constant. (18) can be expressed by V1 = —k Vi + Ac,and A, =
2Umax (Iye] + A) + kuyz.
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4 Heading Control

4.1 Finite-Time Controller Design

The 4-DOF model of the sailboat is simplified to:

Y = rcos(¢) 23)
myi = Mg, + F,.8, — Mg, — (X;;, — Yy)uv — Mp, — d|r|rcos(¢p) + dwr
Simplification of rudder lift coefficient in this paper refer to [16].
The tracking error is defined as:
=Y =Yy (24)
Choosing the following appropriate virtual control laws:
1 ; .y
oy = (=kiz1 + Yq — P1sig’ (z1)) (25)
cos(¢)

where ko is tuning parameter.
To avoid the “explosion of complexity”, we replace 8 with «,, and the finite-time
filter is devised as

6=1
[ = 21160 — ay|2sign(@ — a,) + oy (26)
o1 = —{sign(og — 1)

Lemma 3: ([26]) In the absence of input noise (a, = a,0), the filter is stable in finite
time by choosing appropriate parameters ¢; and ¢, and meet:

o1 =00, = dp (27)

Lemma 4: ([26]) Considering that the input noise satisfies |, — 9| < «, the
following inequality can be realized in finite time:

lor — a0l < w1k

. | (28)
Il — a0l < @k
where @, w» are positive constants.
Define tracking error of «;:
yr=0—0 (29)
Define error variable z; as follows
n=r—=0 (30)

The finite-time disturbance observer is devised as follows:
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mr; = Ay + Mgy + Mgy — Mgy — (X;; — Yi)uv — Mp, — d|r|rcos(¢)
Ay = —asLysig2(m — myr) + dyr 31)
dyr = —AeLgsgn(dy, — A1)

where As, Ag, L are positive constants.
Define error:

meF = myF — myr (32)

glwr = dyr — dyr (33)
Derivation of the above error gives:
s 1/2 . 1/2 A ~ _
myr = ASLd sig /2 (myr — myr) + dyy + Mgy + Mg, — Mk,
— Xy, — Yo)uv — Mp, — d|r|rcos(¢p) — m,7
= — )\5L;/2sig]/2(mr?) + dyr (34)

(Niwr = —)»eL,zsign(fAiwr — A1) — dyy (35)

According to the lemma 2, the error of disturbance observation converges to zero in
a finite time.
The control law is chosen as

ay = — Ms, + Mg, + (Xi, — Yi)uv + Mp, + d|r|r cos(¢)
+(—kazo — kasig? (z2) + O)m, — dyyy (36)

!/ 2
8, = arcsin( u (37

— )
—1.2pAgv2,|x/|

Considering the rotation limit of the actuator rudder angle, limit the rudder angle:

8, (8, <Z
=1, N, (38)
gSlgn(Sr), 8, = £
4.2 Stability Analysis
Select the following Lyapunov function:
1 1
V= Ez% + 5z§ (39)

Taking the derivation of the Lyapunov function, we get:

V=2 —Ya) + 2202 — 0)
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= 21[(z2 + yr + @) cos(¢) — Yral + 22(22 — 6)
= 7122 cos(®) + 21y, cos(¢) — k127 — B1(23) i kaz3 — k3 (zl)yT (40)

It is known that the heel angle of the sailboat is bounded and will not exceed plus or
minus %, s0 0 < cos(¢p) < 1, the formula (36) can be simplified to:

. +1 +1
V<an+tuyn—kd—-pE) T —khd -k (41)

According to Young’s inequality

1,1,

2122 < —z77 + 5% (42)
1 1

2iyr < =25 + =7 (43)
2 2

By Lemma 3 and Lemma 4,y, is a bounded value, so it has |y,| < d;.We have

. 1 1 1 1 +1 +1
Vi< +-m+=24+ =y —kizl - Bi (zf)yT - kzz% - k3(zf)yT
2 2 2 2
2 2 v+l l
< — (k1 — Dz = B1(z}) ) — (k2 — —)Zz - k3(zl) + 2d1 (44)

From formula (40), the following inequality can be obtained:
. y+1
V<—-aV-bV7T +c¢ 45)

where a = min{k; — 1,kr — 1}, b = m1ni,312 T k2’ } ¢ = 3d}, according to
the lemma 1, it can be known that the heading tracking system is stable in a limited time.

As shown in Fig. 3, DFLOS-AFC scheme and manual experience controls sail are
combined for path following of sailboat.

Finite-time
Disturbance

Observer Disturbance
1 d
‘/’d;[ Virtual ] Headlng o, ]
DFLOS Control Law Controller Sailboat

B Lo 6 [Ts.
Finite-time Sail
DFSO ] [ Filter ] Controller

Fig. 3. Framework of sailboat control

(%, (@)1y (@)

Desired
Path
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S Simulation Studies

To verify the feasibility of DFLOS-FC scheme, simulation study is conducted with 12 m
class sailboat in [10]. The unknown external disturbances are assumed as follows

dyu = 500[0.2 cos(0.17) + 0.4 sin(0.5¢ + %) +0.8sin( + %)]
dyyy = 600[0.2 sin(0.17) + 0.4 cos(0.5 + %) +0.8sin(t + %)]

7 7 (46)
dup = 100[0.25in(0.10) + 0.8 5in(0.5¢ + ) + 0.4 cos(t + 7))

dyyy = 200[0.2 sin(0.17) + 0.4 sin(0.5¢ + %) +0.8sin(r + %)]

The wind speed and the wind angle are set to S5m/s and v, = 0° respectively, and
the parametric reference path is devised as

{xk (w) = 70sin(0.01w) + 0.7w @7)

yi(w) =0.7w

The design parameters of the DFLOS-FC scheme are chosen as follows: k, = 0.1,
Al =4,k =40, A3 = 4, i = 40, ¥1 = 0.05, ¥ = 0.05, A = 30, k&1 = 0.9,

500 T T T
1 south wind
400 |- 1
300 b
g L ]
= 200
100 b
0 f —— Desired path
f = = Backstepping
-------- Finite-time Backstepping
-100 I I 1 1 L
-100 0 100 200 300 400 500

Y/m

Fig. 4. Path following performance for sailboat
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B1 =001,y = 0.6, = 0.09, & = 0.001, As = 10, ¢ = 10, Ly = 20, kp = 3,
k3 = 0.1. Initial position of sailboat is [—25 m, O m], and the remaining initial values
are set to 0.

The simulation results of DFLOS-FC scheme are provided in Figs. 4, 5,6, 7, 8,9 and
10. In Fig. 4, the DFLOS-FC scheme achieves better performance in path following. As
shown in Fig. 5, both along- and cross-track errors of DFLOS-FC can converge to zero
in a shorter time. Compared with the traditional backstepping method, DFLOS-FC has
better convergence effect and does not produce jitter. In Fig. 6, The convergence speed of
DFLOS-FC s faster than that of traditional backstepping method. The estimated sideslip
angle is shown in Fig. 7. Figure 8 shows that the designed finite time disturbance observer
can accurately observe external disturbance. The variation of rudder angle and sail angle
with time is shown in Fig. 9. As shown in Fig. 10, the maximum roll angle does not
exceed 30°, which is in line with the sailing practice.

The presented results clearly indicate that the proposed DFLOS-FC schemes work
well for path following of sailboat.

5 r T T T T 7
0 et o £ o £ e e
-
5 7 i
g 4
/
o -10F s i
= !
-15 kl!
H ++=-Backstepping
20! o .
= Finite-time Backstepping
225 ! ! ! 1 ! T T T
0 20 40 60 80 100 120 140 160 180 200
t/s
15 I I
o1 --=-Backstepping
10 l.} ol ==~ = Finite-time Backstepping H
N 0.1
£ 5L A 0.2 4
N 1\ 50 100 150
X \
N o
0+ e TV T T T s £ s s e £ 8 e s -
_5 1 1 | 1 1 1 1 1 1

0 20 40 60 80 100 120 140 160 180 200
t/s

Fig. 5. Path tracking error (x., ye)
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St
h
Iy
'
o Iy = = L mememem A L o ¢ s 4 e o o e ¢ o ¢ o e ¢ —
-
S I
S
_5E
g ---- Backstepping
! — Finite-time Backstepping
_10 L L L 1 L T T
60 80 100 120 140 160 180 200

0 20 40
t/s

Fig. 6. Heading tracking error (¥,)

L 1 1 L

1 1 L

60 80 100 120 140 160 180 200
t/s

4L L

Fig. 7. Sideslip angle observation

300 : :
_dwr

200 = dur 1
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Zh ol

=

=
100 -
200 .
-300 | 1 | | |

60 80 100 120 140 160 180 200

0 20 40
t/s

Fig. 8. External disturbance observation
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Fig. 9. Control inputs §, and s

L 1 1 L L 1

0 20 40 60 80 100 120 140 160 180 200
t/s

-30 1 L

Fig. 10. Variation of sailboat roll angle

6 Conclusion

In this paper, considering the problem of accurate path following of sailboat under no
upwind sailing, a LOS guidance framework based on double finite-time sideslip angle
observers is proposed. The time-varying sideslip angle is accurately estimated by the
DFSO, and the observation error can converge to the origin at short notice. The simu-
lation results show that the designed DFLOS-FC has higher path tracking accuracy and
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smaller horizontal and vertical tracking errors. In the heading control system, the external
disturbance is estimated by finite-time disturbance observer to reduce the computational
complexity of the system. Eventually, Compared with the ordinary backstepping method,
the designed DFLOS-FC converges faster and has a good convergence effect.
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