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Abstract: Suffering from actuator failure and complex sideslip angle, the motion control of a sailboat becomes challenging. In this 
paper, an improved double finite-time observer-based line-of-sight guidance and finite-time control (IDFLOS-FC) scheme is presented 
for path following of sailboats. The salient features of the proposed IDFLOS-FC scheme are as follows: (1) Considering the 
problem of actuator failure, an actuator failure model is introduced into the dynamics model of a sailboat. (2) The time-varying 
sideslip angle of the sailboat is accurately observed by the double finite-time sideslip observers (DFSOs), which reduces the 
error in line-of-sight (LOS) guidance. (3) A radial basis function (RBF) neural network is used to fit the uncertainty of the 
model, and the upper bound of the sum of fault effects and external disturbances is estimated based on adaptive theory, so that 
the controller has accurate tracking and interference suppression. (4) According to the Lyapunov method, the system is finite-time 
stable. Finally, simulation was used to validate the effectiveness of the method.
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1 Introduction 

Over recent decades, unmanned surface vehicles 
(USVs) have contributed greatly to marine military and 
commercial fields with their outstanding independent 
capabilities and excellent comprehensive performance 
(Manley, 2008; Liu et al., 2016; Wang et al., 2022). How‐
ever, due to limitations, a traditional USV is not suit‐
able for performing prolonged and complex tasks. An 
unmanned sailboat is assisted by wind, which reduces 
energy consumption and has significant advantages 
in performing large-scale and long-term tasks (Wang 
et al., 2019; Hong et al., 2020). Therefore, research on 
unmanned sailboats for marine exploration and improv‐
ing maritime safety has great potential value.

An unmanned sailboat needs to be equipped with 
navigation and control systems to complete its autono‐
mous navigation tasks. At present, research is carried 
out mainly around the platform body, navigation system, 

and control system of unmanned sailboats, which are 
interrelated and inseparable. The platform ontology pro‐
vides the basic conditions for the autonomous naviga‐
tion of unmanned sailboats, and the navigation system 
and control system play important roles in their auton‐
omous missions.

In navigation, the conventional line-of-sight (LOS) 
guidance strategy is an effective navigation algorithm 
that has been widely used in USVs. Pettersen and Lefe‐
ber (2001) applied LOS to way-point tracking control. 
Liu et al. (2017) proposed an improved LOS guidance 
algorithm that can adjust adaptively according to the 
path tracking error. Li et al. (2023) integrated LOS 
guidance into the formation strategy under the leader-
follower scheme and achieved good results. In actual 
navigation, unmanned sailboats are prone to sideslip, 
which is irregular and difficult to measure, and this 
adversely affects the accuracy of LOS guidance. Xia 
et al. (2019) proposed an LOS guidance law with large 
sideslip angle compensation to obtain the command 
heading angle signal for the control system. Liu (2022) 
designed an improved extended state observer-based 
LOS (ELOS) for estimating complex sideslip angle. A 
finite-time observer-based LOS was designed by Wang 
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et al. (2018), in which the sideslip angle was accurately 
observed at short notice.

In terms of control, path following technology is 
crucial for the implementation of various key tasks, 
which determines the technical level and comprehen‐
sive performance of unmanned sailboats. For the con‐
venience of calculation, most scholars ignored the roll 
motion of USVs (Wille et al., 2016; Viel et al., 2018; 
Dos Santos and Goncalves, 2019). However, due to the 
existence of sails, the roll response of unmanned sail‐
boats needs to be considered. Xiao and Jouffroy (2014) 
proposed a four-degree-of-freedom (DOF) mathemati‐
cal model of a keel-sailboat that took roll moment into 
consideration, but did not consider the influence of 
external disturbance. To ensure the accuracy of path 
following, the influence of external disturbance should 
be considered. Cui et al. (2016) summarized the exter‐
nal disturbance and model uncertainty as aggregate 
uncertainties and observed them using an adaptive dis‐
turbance observer with good results. Ma et al. (2021) 
presented an event-based switched USV control system 
to account for the simultaneous presence of communi‐
cation delays, disturbance, faults, and denial-of-service 
(DoS) jamming attacks. Xu et al. (2020) used a radial 
basis function (RBF) neural network to estimate the 
external disturbance of a USV. In the control domain, 
accurate tracking of the desired path is a prerequisite 
and key for USVs to accomplish various tasks. For the 
trajectory tracking problem of marine aerial-surface het‐
erogeneous (MASH) system, Wang and Ahn (2021) pro‐
posed a coordinated trajectory-tracking control (CTTC) 
scheme and obtained better tracking results. To solve the 
trajectory tracking problem of an asymmetric underac‐
tuated surface vehicle, Wang and Su (2021) designed 
a finite-time unknown observer-based interactive tra‐
jectory tracking control (FUO-ITTC) scheme, and the 
experimental results showed that the scheme has a good 
performance in both transient and steady state track‐
ing. Wang et al. (2021) developed a novel reinforce‐
ment learning-based optimal tracking control (RLOTC) 
scheme for a USV in the presence of complex un‐
knowns, including dead-zone input nonlinearities, sys‐
tem dynamics, and disturbances. Simulation results 
showed that the scheme has significant effectiveness 
and superiority.

An unmanned sailboat with solar power genera‐
tion equipment can perform long-term operations at sea 
and can complete an information collection task well 

under the normal operation of the system. However, 
long-term work has led to the failure of some equip‐
ment. The presence of sails has caused great distur‐
bance at sea. In particular, the rudder control actuator 
has to be adjusted according to the external environ‐
ment, which increases the wear of the actuator. There‐
fore, it is necessary to study the fault-tolerant control 
of unmanned sailboats. At present, fault control of sur‐
face ships can be solved by robust control. An actua‐
tor robust fault-tolerant control method for a USV with 
unknown model and disturbance was proposed by 
Chen et al. (2016). Considering the failure of the USV’s 
propulsion device, the actuator fault-tolerant controller 
was proposed in combination with the actuator configu‐
ration matrix and the change of the actuator configura‐
tion matrix caused by the rotatable propulsion device. 
Wang and Deng (2020) designed a finite-time fault 
estimation method using a finite-time observer and 
solved the USV trajectory tracking problem under an 
unknown actuator fault, input saturation, and uncer‐
tainty, and proved that the system error is finite-time 
convergent. Wan et al. (2022) designed a fixed-time 
observer to solve the unknown actuator failure prob‐
lem, and a nonlinear fast fixed-time terminal sliding 
mode to improve the speed of system convergence. The 
system error showed fixed-time convergence. Qin et al. 
(2020) designed fault-tolerant control laws through 
tan-shaped Lyapunov functions to limit errors and 
improve the robustness of the system after actuator fail‐
ure. Emami and Banazadeh (2020) studied the prob‐
lem of USV trajectory tracking under sensor failure and 
designed a closed-loop system with fault-tolerant capa‐
bility based on model predictive control. Fu et al. (2018) 
designed a time-varying sliding mode controller with 
neural network estimation for yaw angle and yaw speed 
oscillation caused by thruster faults and disturbances. 
Zhou et al. (2019) designed a network-based fault esti‐
mation scheme, which estimates the state and fault of 
a USV simultaneously in the network environment, and 
proposed a fault-tolerant controller based on a fault 
observer. For sailboats, the existing fault-tolerant con‐
trollers are gradually stable. In practice, the limited time 
stability can make sailboats quickly recover to a normal 
state in the case of actuator failure.

Inspired by the above academic results, this paper 
combines observer and LOS guidance to enhance the 
guidance accuracy, and designs the control law based 
on finite-time theory to realize the accurate tracking of 
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the sailboat on the desired path. The main contribu‐
tions of this paper are as follows:

(1) The designed double finite-time sideslip ob‐
server (DFSO) compensates the time-varying sideslip 
angle in real time, thus improving the accuracy of LOS 
guidance.

(2) Finite-time filter is designed so as to avoid 
repeated derivation of the virtual control law.

(3) The fault model of the unmanned sailboat is 
considered, and a non-singular terminal sliding mode 
with adaptive parameter adjustment is designed to 
enhance the robustness of the system and prevent the 
system from leaving the equilibrium state when the 
actuator suddenly fails.

(4) Considering the problem of model uncer‐
tainty, the minimum parameter estimation method is 
used to estimate the uncertain part of the unmanned 
sailboat model, and a fault-tolerant control method for 
an unmanned sailboat based on an adaptive parameter 
adjustment sliding mode is designed. The error of the 
heading control system is proved to have finite-time 
convergence.

2 Problem formulations 

As shown in Fig. 1 (Shao et al., 2023), the motion 
of an unmanned sailboat can be described in terms of 
body-referenced and inertial-referenced frames. ψ tw and 
U tw are true wind angle and velocity, respectively. {xb, 
yb, zb} denotes the body-referenced frame.

The kinematic and dynamic model of a 4-DOF 
unmanned sailboat can be expressed as follows (Xiao 
and Jouffroy, 2014):

ì

í

î

ï
ïï
ï
ï
ï

ï

ï
ïï
ï

ï

ẋ = u cos( )ψ - v cos( )ϕ sin ( )ψ 

ẏ = u sin ( )ψ + v cos( )ϕ cos( )ψ 

ϕ̇ = p

ψ̇ = r cos( )ϕ 

(1)
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ï
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ï

ï
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ï

ï

ï

muu̇ =FSu +FRu -FKu +mvvr -FDu + dwu
mvv̇ =FSv +FRv -FKv +muur -FDv + dwv

mp ṗ =MSp +MRp -MKp - c || p p -

            aϕ2 - bϕ -MDp + dwp

mrṙ =MSr +MRr -MKr - ( )Xu̇ - Yv̇ uv -MDr -

           d || r r cos( )ϕ + dwr

(2)

where (x, y, ϕ, ψ) denote the position vectors in inertial-
referenced frame, and (u, v, p, r) denote the velocity 
vectors in body-referenced frame. mu=m−Xu̇, mv=m−
Yv̇, mp=Ixx−Kṗ, mr=Izz−Nṙ, where m is the mass of sail‐
boat, Xu̇ and Yv̇ are additional masses, Kṗ and Nṙ are 
additional moments of inertia, and Ixx and Izz are the 
moments of inertia along the xb-axis and zb-axis, respec‐
tively. a, b, c, and d are positive constants. Fij and Mij 
are force and torque (i=R S K H j=u v p r), and 
R, S, K, and H represent rudder, sail, keel, and hull, re‐
spectively. dwi (i=u v p r) are forces generated by the 
external environment.

The attack angle αs can be described as

αs = αw - δs (3) 

where αw is the apparent wind angle, and δs is the sail 
angle.

The lift and drag forces of the sail Ls and Ds are

ì

í

î

ïïïï

ï
ïï
ï

Ls =
1
2
ρa AsV

2
asCLs( )αs 

Ds =
1
2
ρa AsV

2
asCDs( )αs 

(4)

where ρa is the density of air, As is the sail area, and Vas 
denotes the apparent wind speed. CLs(αs ) and CDs(αs ) 
are coefficients of lift and drag, respectively.

In this study, we ignore ocean current effects, so 
the attack angle of the rudder is αr=−δr, where δr is 
the rudder angle. Then the moment produced by the 
rudder is

MRr =-
1
2
ρw ArV

2
ar| xr |CLr( - δr)  (5)

Fig. 1  Sailboat in different coordinates. Reprinted from 
(Shao et al., 2023), Copyright 2023, with permission from 
Springer Nature
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where ρw is the density of seawater, Ar is the rudder area, 
and xr denotes the projection of the rudder’s center of 
gravity on the X-axis in the body-referenced frame. Var 
denotes the apparent rudder speed and CLr(−δr) denotes 
the lift coefficient of the rudder. Further details of the 
model can be found in (Xiao and Jouffroy, 2014).

3 Sideslip angle observation and LOS guidance

In order to observe the time-varying sideslip angle 
to improve the LOS guidance accuracy, double finite-
time sideslip angle observers are designed in this section.

As shown in Fig. 2, the desired path is parame‐
terized by a variable ω. The tangent angle of any point 
on the path can be described as ψk=arctan(ẏk /ẋk). (xk(ω), 
yk(ω)) is a point on the desired path, and ( xy) is the 

location of the sailboat. Define the position error of a 
sailboat as

é
ë
êêêê

ù
û
úúúú

xe

ye

=
é

ë

ê
êê
ê
ê
ê ù

û

ú
úú
ú
ú
úcos( )ψk sin ( )ψk

-sin ( )ψk cos( )ψk

·
é

ë

ê
êê
ê ù

û

ú
úú
úx - xk( )ω

y - yk( )ω
. (6)

The time derivative of Eq. (6) is

ì
í
î

ïï

ïï

ẋe = ( )ẋ - ẋk cos( )ψk + ( )ẏ - ẏk sin ( )ψk + ψ̇k ye

ẏe =- ( )ẋ - ẋk sin ( )ψk + ( )ẏ - ẏk cos( )ψk - ψ̇k xe.
 (7)

Substituting Eq. (1) into Eq. (7), we have

ì
í
î

ïï

ïï

ẋe =U cos( )ψ -ψk + β + ψ̇k ye - up

ẏe =U sin ( )ψ -ψk + β - ψ̇k xe
(8) 

where U= u2 +[v cos(ϕ)]2  is the combined speed of 

the sailboat, β =arctan[vcos(ϕ)/u] is the sideslip angle, 

and the velocity of the virtual target point is denoted 

by up=ω̇ ẋ2
k + ẏ2

k .

up is designed as

up =U cos (ψ -ψk + β̂ ) + kx xe

ω̇ =
U cos ( )ψ -ψk + β̂ + kx xe

ẋ2
k + ẏ2

k

 (9) 

where kx > 0.
Design the double finite-time sideslip angle ob‐

servers as

ì

í

î

ïïïï

ïïïï

ẋ̂e =-λ1 sig
4
5( )x͂e + ĥ1 + ψ̇k ye - up

ḣ̂1 =-λ2 sig
3
5( )x͂e + ϑ1 sign ( )x͂e 

(10)

ì

í

î

ïïïï

ïïïï

ẏ̂e =-λ3 sig
4
5( )y͂e + ĥ2 - ψ̇k xe

ḣ̂2 =-λ4 sig
3
5( )y͂e + ϑ2 sign ( )y͂e 

(11)

where h1=Ucos(ψ−ψk+β), h2=Usin(ψ−ψk+β), λ i (i=1 2 
3 4), and ϑ j (j=1 2) are tuning parameters. Let x͂e=x̂e−
xe, h͂1=ĥ1−h1, y͂e=ŷe−ye, and h͂2=ĥ2−h2, and then the time 

derivatives of x͂e, h͂1, y͂e, and h͂2 are

ì

í

î

ïïïï

ïïïï

ẋ͂e =-λ1 sig
4
5( )x͂e + h͂1

ḣ͂1 =-λ2 sig
3
5( )x͂e 

(12)

ì

í

î

ïïïï

ïïïï

ẏ͂e =-λ3 sig
4
5( )y͂e + h͂2

ḣ͂2 =-λ4 sig
3
5( )y͂e .

(13)

According to Lemma S3 in the electronic supple‐
mentary materials (ESM), there exists a time Tβ1< 

5[V (ξβ1( t0) ) ] 1
5 γβ1 so that x͂eº0 and h͂1º0, "t≥Tβ1 

where V (ξβ1 )=ξ T
β1 Pβ1ξβ1 ξ T

β1= éë
ù
ûx͂

4
5
e  h͂

3
5
1

T

 γβ1 = λmin( )Qβ1  

λmax( )Pβ1 , satisfying Pβ1 Aβ1+AT

β1
Pβ1= − Qβ1, and Aβ1=

é
ë
êêêê ù

û
úúúú-λ1 1

-λ2 0
. There also is a time Tβ2<5[ ]V ( )ξβ2( )t0

1
5 γβ2  

so that y͂eº0 and h͂2º0, "t≥Tβ2 where V (ξβ2 )=

Fig. 2  Path following control geometry of a sailboat. 
Reprinted from (Shao et al., 2023), Copyright 2023, with 
permission from Springer Nature
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ξ T
β2 Pβ2ξβ2 ξ T

β2=
é
ë
êêêê y͂

4
5
e  h͂

3
5
2
ù
û
úúúú

T

 γβ2=λmin (Qβ2 ) λmax (Pβ2 )  sat‐

isfying Pβ2 Aβ2+AT

β2
Pβ2=−Qβ2 and Aβ2=

é
ë
êêêê ù

û
úúúú-λ3 1

-λ4 0
.

Remark 1 For 0 < κ < 1, sigκ (x)= |x|κsign(x), where 
sign(x) is a sign function. For a given matrix A, λmax( A) 
denotes the largest eigenvalue of A and λmin( A) denotes 
the smallest eigenvalue of A.

The estimated value of the sideslip angle is

β̂=arcsin ( )ĥ2 cos( )ψ -ψk - ĥ1 sin ( )ψ -ψk

U
.   (14)

Then the error of sideslip angle is expressed as

β͂ =arcsin( )h͂2 cos( )ψ -ψk - h͂1 sin ( )ψ -ψk

U
.   (15)

Therefore, the observed error of the sideslip angle 
converges to zero in finite time, when t≥max{Tβ1, 
Tβ2 }, β͂º0.

The LOS method tracking angle is expressed as

ψd =ψk - arctan ( )ye

Δ
 -β̂ (16)

where Δ is the look-ahead distance.
Substituting Eqs. (9) and (16) into Eq. (8), it can 

be obtained as

ì

í

î

ïïïï

ïïïï

ẋe=-kx xe+ψ̇k ye

ẏe=-
Uye

y2
e+Δ2

cos ( )β͂+ψ͂ -
UΔ

y2
e+Δ2

sin ( )β͂+ψ͂ -ψ̇k xe.

(17)

Choosing the Lyapunov function V=
1
2

x2
e+

1
2

y2
e, 

the derivative of V is as follows:

V̇=xe ẋe+ye ẏe=-kx x2
e+ ψ̇k ye xe-

      
Uy2

e

y2
e+Δ2

cos ( β͂+ ψ͂ ) - UΔye

y2
e+Δ2

sin ( β͂+ ψ͂ ) -
      ψ̇k xe ye ≤-kx x2

e+2Umax(| ye |+Δ) =
      -kx x2

e-kx y2
e+2Umax(| ye |+Δ) +kx y2

e=

      -kxV+2Umax(| ye |+Δ) +kx y2
e   (18)

where Umax is the maximum of U. Consider the sets Ωs=

{( xeye) | x2
e + y2

e ≤σs}, where σs>0. Eq. (18) can be ex‐

pressed by V̇ ≤-kxV + u and u =2Umax(| ye | +Δ)+kx y2
e, 

which means that the system is asymptotically stable.

4 Heading control 

4.1 Controller design

Considering heading control, Eqs. (1) and (2) can 
be simplified as

ψ̇ = r cos(ϕ) 

mrṙ =MSr +MRr -MKr - ( Xu̇ - Yv̇ )uv -
          MHr - d | r |r cos(ϕ) + dwr (19)

where MRr =Frδr and Fr is the rudder force. For the 
simplification of the rudder lift coefficient, please refer 
to Deng et al. (2020).

Considering the failure problem of the rudder 
actuator of the unmanned sailboat, we define δF

r  as the 
rudder angle of the actuator failure, and the mathemati‐
cal model of the actuator failure can be expressed by

δF
r = (1 - s) δr + δ̄r (20)

where s is the actuator loss efficiency and δ̄r is the 
actuator foundation failure. According to the change 
of s and δ̄r, the actuator will have different degrees of 
failure. When s = 1, the actuator rudder angle com‐
pletely fails and does not have the ability to control the 
steering; when 0<s<1, the actuator rudder angle par‐
tially fails, but still has some ability to control the steer‐
ing; when s=0, the actuator rudder angle does not fail.

It is obtained from Eq. (5) that MRr=−0.6ρw ArV
2

ar× 
|| xr sin(−2δr). By bringing the mathematical model of 

the failure into the mathematical model of bow motion, 
the steering moment considering the actuator failure 
can be derived in the following form:

MRr=λ sin [ -2 ((1- s) δr+ δ̄r ) ] =
          λ sin ( -2δr+2sδr-2δ̄r ) =
          λ sin ( -2δr) cos (2sδr-2δ̄r ) +
          λ cos( -2δr) sin (2sδr-2δ̄r ) =
          λ sin ( -2δr) +λ sin ( -2δr) [cos (2sδr-2δ̄r ) -1] +
          λ cos(-2δr )sin (2sδr-2δ̄r ) 

(21)

where λ=−0.6ρw ArV
2

ar| xr | .
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Therefore, the above equation allows us to write 
MRr as an effective steering moment term and a steer‐
ing failure moment term:

MRr =M C
Rr +M F

Rr (22)

where M F
Rr=λsin(−2δr)[ ]cos ( )2sδr−2δ̄r −1 +λcos(−2δr)×

sin ( )2sδr−2δ̄r  represents the steering failure moment, 

and M C
Rr=λ sin(−2δr ) represents the effective steering 

moment.
Considering the actual situation of the cruise, the 

following assumptions were made.
Assumption 1: The steering failure torque is 

bounded, i.e., there exists a normal number M such 
that M F

Rr≤M.
Bringing Eq. (22) into Eq. (19), the dynamics 

model of the heading motion of the unmanned sail‐
boat can be written as

mrṙ =MSr +M C
Rr +M F

Rr -MKr -
         ( Xu̇ - Yv̇ )uv -MHr - d | r |r cos(ϕ) + dwr.   (23)

Define the heading tracking error as follows:

z1 =ψ -ψd. (24)

The virtual control law α is designed according to 
the heading tracking error z1 and the desired angular 
derivative ψ̇d of the heading as follows:

α =
1

cos( )ϕ
( - k1 z1 + ψ̇d - β1sigγ( z1) )  (25)

where k1 and β1 are positive regulation parameters, 
and γ is a constant with a value range of 0<γ<1.

To improve the accuracy of the estimation of α̇, 
we designed a finite-time filter as

ì

í

î

ï
ïï
ï

ï
ïï
ï

θ̇ = l

l =-ζ1 ||θ - α
1
2 sign ( )θ - α + σ1

σ̇1 =-ζ2sign ( )σ1 - l 

(26)

where ζ1 and ζ2 are two positive regulation parame‐
ters. σ1 is a transition variable. Defining θ as the fil‐
tered value of α , we have θ̇=l, and by Lemma S2 in 
the ESM, the virtual control law estimation error is 
finite-time stable.

The filter output error is defined as

yr = θ - α. (27)

Define the yaw rate error variable z2 of the sail‐
boat as

z2 = r - θ. (28)

The Lyapunov candidate function is selected ac‐
cording to the heading tracking error as

V1 =
1
2

z 2
1 . (29)

The derivative of the Lyapunov candidate func‐
tion with respect to time yields

V̇1 = z1(ψ̇ - ψ̇d) =

        z1[( z2 + yr + α) cos(ϕ) - ψ̇d ] =
        z1 z2 cos(ϕ) + z1 yr cos(ϕ) - k1 z 2

1 - β1( z 2
1 )

γ + 1
2 . (30)

In actual navigation, the heel angle satisfies −π
2

≤
ϕ≤π

2
, so 0<cos(ϕ)≤1, and then Eq. (30) can be written as

V̇1 ≤ z1 z2 + z1 yr - k1 z 2
1 - β1( z 2

1 )
γ + 1

2 . (31)

According to Young’s inequality, the following 
inequality holds:

ì

í

î

ïïïï

ï
ïï
ï

z1 z2 ≤ 1
2

z 2
1 +

1
2

z 2
2 

z1 yr ≤ 1
2

z 2
1 +

1
2

y2
r .

(32)

Then Eq. (31) can be expressed as

V̇1 ≤ 1
2

z 2
1 +

1
2

z 2
2 +

1
2

z 2
1 +

1
2

y2
r -k1 z 2

1 -β1( z 2
1 )

γ+1
2 =

       - (k1-1) z 2
1 -β1( z 2

1 )
γ+1

2 +
1
2

z 2
2 +

1
2

y2
r .  (33)

Considering the large tracking error generated 
after the failure of the sailboat actuator, a robust sliding 
mode controller with adaptive regulation parameters 
was designed by simplifying some of the regulation 
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parameters and adding an integral term according to 
Guo et al. (2021). The adaptive regulation parameters 
were designed to make faster convergence to the slid‐
ing mode surface, and the fault-tolerant controller was 
designed using adaptive parameters.

The sliding surface was designed as

s = z2 + ∫
0

t

a1sigκ1( z2( τ) ) + a2sigκ2( z2( τ) ) dτ (34)

where a1=
η

χ + ( )ω1 - χ e-β2 ||ψe

 a2=
η

χ + ( )ω2 - χ eβ2 ||ψe

 

η > 0, κ1 > 1, 0 < κ2 < 1, β2 > 1, ω1 > η and ω2 < η.
In this sliding surface, two adaptive parameters 

were designed to regulate the sliding mode. When the 
heading tracking deviation is large, a1 will converge 

to 
η
χ

 and a2 will converge to 0, and at this time, 

a1sigκ1( z2) plays the main role in the control. When 

the heading tracking error is small, a1 will converge 

to 
η
ω1

 and a2 will converge to 
η
ω2

, and at this time, 

a2sigκ2[ z2( τ) ] plays its main role in the control, which 

ensures the rapidity of convergence and the robustness 
of the system.

In the heading dynamics model, f(×) is difficult to 
obtain exactly. In this study, we considered the model un‐
certainty and used a neural network for approximation.

f (×)=W T H(x)+ ε (35)

where x=[ψ r ϕ]
T
 is the input to the neural network. 

H( )x =[h1( x)  h2( x)  hp( x) ] is the activation func‐

tion with Gaussian function as the candidate. p is the 
number of nodes in the hidden layer of the network, 

and the expression is hp( )x =exp
é

ë

ê
êê
ê ù

û

ú
úú
ú− ( )x - c j

T
( )x - c j

2b2
j

, 

j=1 2  p where cj ∈R3 is the center of the recep‐
tive field and bj ∈R3 is the width of the Gaussian func‐
tion. W is the ideal weight matrix, and ε is the esti‐
mated error.

The uncertainty term is expressed as

f (×)=MSr-MKr- ( Xu̇-Yv̇ )uv-MDr-d|r|r cos(ϕ) .  (36)

Directly using the RBF neural network to approxi‐
mate the uncertainty term, the weight matrix needs to 

be learned online in real time, and the computation is 
large. To solve the problem of the large computation of 
the neural network, the minimum parameter method is 
used instead of a neural network algorithm, as follows:

ϑ =  W
2
. (37)

Define the one-parameter adaptive law as

ϑ̇̂ = μ é
ë
êêêê1

2
s2 H T( x) H ( x) - σϑ̂ù

û
úúúú  (38)

where μ and σ are positive constants.
Define the error ϑ͂=ϑ̂−ϑ, and estimate the upper 

bound on the sum of fault effects and external distur‐
bances based on adaptive theory. Design φ=M 2, and 
then the estimated error is: φ͂ = φ̂−φ. The adaptive law 
is designed as

φ̇̂ = ϕ0( s2

2λ2
- ϕ1φ̂)  (39)

where ϕ0 and ϕ1 are constants, ϕ0>0 and ϕ1>0.
In summary, the rudder angle control law for the 

design of an unmanned sailboat is

αM = [ θ̇ - a1sigκ1( z2) - a2sigκ2( z2) -

          k2 s - k3sigγ( s) ]mr -
1
2

sH T( x) H ( x) -
φ̂s
2λ2



(40)

δ′r=arcsin ( )2αM

-1.2ρw ArV
2

ar || xr

 (41)

where k2 and k3 are two positive regulation parameters. 
The rudder angle rotation limit is set as

δr =

ì

í

î

ïïïï

ï
ïï
ï

δ′r || δ′r <
π
6


π
6

sign ( )δ′r  || δ′r ≥ π
6

.
(42)

4.2 Stability analysis

Design the Lyapunov candidate function as follows:

V2 =
1
2

s2 +
1

2μ
ϑ͂2 +

1
2ϕ0

φ͂2. (43)

The derivative of the Lyapunov candidate func‐
tion with respect to time yields
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V̇2 = sṡ +
1
μ
ϑ͂ϑ̇̂ +

1
ϕ0

φ͂φ̇̂ =

        s[ ṙ - θ̇ + a1sigκ1( z2) + a2sigκ2( z2) ] +
        ϑ͂ é

ë
êêêê1

2
s2 H T( x) H(x)- σϑ̂ù

û
úúúú +

        φ͂ ( s2

2λ2
- ϕ1φ̂) . (44)

Bringing in the heading control law, the following 
inequality is obtained:

V̇2 ≤-k2 s2 - k3( s2)
γ + 1

2 - σϑ͂ϑ̂ - ϕ1φ͂φ̂. (45)

According to Young’s inequality, the following 
equations hold:

-σϑ͂ϑ̂=-σϑ͂ ( ϑ͂+ϑ) ≤-σϑ͂2+
σ
2
ϑ͂2+

σ
2
ϑ2=

             -
σ
2
ϑ͂2+

σ
2
ϑ2=-

σ
4
ϑ͂2-

σ
4

é
ë
êêêê ù

û
úúúú|| ϑ͂ - ( )ϑ͂2

γ
2

2

+

             
σ
4 ( ϑ͂2 ) γ- σ2 ( ϑ͂2 )

γ+1
2 +

σ
2
ϑ2 ≤

             -
σ
4
ϑ͂2-

σ
2 ( ϑ͂2 )

γ+1
2 +

σ
4 ( ϑ͂2 ) γ+ σ2 ϑ2  (46)

-ϕ1φ͂φ̂=-ϕ1φ͂( φ͂+φ) ≤-ϕ1φ͂
2+

ϕ1

2
φ͂2+

ϕ1

2
φ2=

                -
ϕ1

2
φ͂2+

ϕ1

2
φ2=-

ϕ1

4
φ͂2-

ϕ1

4
é
ë
êêêê| φ͂ |- ( φ͂2)

γ
2ù
û
úúúú

2

+

                
ϕ1

4
( φ͂2)

γ
-
ϕ1

2
( φ͂2)

γ+1
2 +

ϕ1

2
φ2 ≤

                -
ϕ1

4
φ͂2-

ϕ1

2
( φ͂2)

γ+1
2 +

ϕ1

4
( φ͂2)

γ
+
ϕ1

2
φ2.      (47)

In summary, it can be obtained that

V̇2 ≤-k2 s2-
σ
4
ϑ͂2-

ϕ1

4
φ͂2- k3( s2)

γ+1
2 -

σ
2 ( ϑ͂2 )

γ+1
2 -

     
ϕ1

2
( φ͂2)

γ+1
2 +

σ
4 ( ϑ͂2 ) γ+ σ

2
ϑ2+

ϕ1

4
( φ͂2)

γ
+
ϕ1

2
φ2. (48)

Design the Lyapunov function as

V3 =V1 +V2 =- ( )k1 - 1 z 2
1 - k2 s2 -

σ
4
ϑ͂2 -

ϕ1

4
φ͂2 -

β1( )z 2
1

γ + 1
2 - k3( )s2

γ + 1
2 -

σ
2 ( )ϑ͂2

γ + 1
2 -

ϕ1

2
( )φ͂2

γ + 1
2 +

1
2

z 2
2 +

1
2

y2
r +

σ
4 ( )ϑ͂2

γ

+

σ
2
ϑ2 +

ϕ1

4
( )φ͂2

γ
+
ϕ1

2
φ2. (49)

For a heading control system, there exists a con‐
stant σs>0, such that the system error satisfies the set 

{z 2
1 + z 2

2 + y2
r + s2+ ϑ͂2+ φ͂2 ≤ 2σs} then there exists a con‐

stant c1 such that c1>
1
2

z 2
2 +

1
2

y2
r +

σ
4 ( ϑ͂2 ) γ + σ

2
ϑ2 +

ϕ1

4
( φ͂2)

γ
+
ϕ1

2
φ2 then Eq. (49) can be simplified as

V̇3 ≤-a3V3 - b1V
γ + 1

2
3 + c1 (50)

where a3=min{ }k1-1 k2 
σ
4
 
ϕ1

4
 and b1=min{β1·2

γ+1
2  

}k3·2
γ+1

2  σ·2
γ-1

2  φ·2
γ-1

2 . Therefore, according to Lemma 

1 in the ESM, it can be proved that the error of the 
unmanned sailboat heading system is finite time stable.

When the system error is calibrated to the sliding 
surface, we have s ( t)º0 and ṡ ( t)º0 then

ż2 =-a1sigκ1( z2) - a2sigκ2( z2) . (51)

Therefore, the convergence of the system is dis‐
cussed when the error is stabilized to the sliding mode 
surface. The Lyapunov candidate function is defined as

V4 =
1
2

z 2
2 . (52)

The derivative of V4 yields

V̇4 =-z2[a1sigκ1( z2) + a2sigκ2( z2) ] =
        -a1sigκ1 + 1( z2) - a2sigκ2 + 1( z2) . (53)

V4 is bounded when t tends to infinity, and then 
we have

1
2

z 2
2 =V4 <¥. (54)

In addition, the following inequalities are given by

| z2 |
1 + κ1 ≤ | z2 |

2
+ 1

| z2 |
1 + κ2 ≤ | z2 |

3
+ 1.

(55)

We have

| z2 |
1 + κ1

2 ≤ 2V4 + 1 <¥

| z2 |
1 + κ2

2 ≤ 2V
3
2

4 + 1 <¥. (56)
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From Eq. (53), we can obtain:

∫
0

t

| z2 |
1 + κ1 + | z2 |

1 + κ2dτ =V4(0) -V4( t) <¥. (57)

Therefore, combining Eqs. (56) and (57), from 
Barbalat’s theorem, we have

lim
t®¥

z2( t) = 0. (58)

The control algorithm in this study is shown in 
Fig. 3. When the unmanned sailboat is subject to exter‐
nal interference caused by wind and waves, and the 
rudder actuator has a failure that will reduce its perfor‐
mance, the controller respectively designs the adaptive 
adjustment parameter sliding mode and fault-tolerant 
adaptive items to compensate for the actuator failure 
and external disturbance. This improves the robustness 
of the actuator in case of its failure, and achieves a 
more accurate path following control.

5 Simulation studies 

To demonstrate the feasibility and effectiveness 
of the proposed improved double finite-time observer-
based line-of-sight guidance and finite-time control 
(IDFLOS-FC) scheme, simulation study is conducted 
on the sailboat. To reflect more realistic working con‐
ditions, we have added wind and wave disturbance 
forces (Fossen, 2011). The wind speed was set to 5 m/s 
and the wind angle was set to 5° . The height of the 
meaningful wave was set to 0.7 m, and the desired path 
is designed as

ì
í
î

xk( )ω = 70sin(0.01ω)+ 0.7ω

yk( )ω = 0.7ω.
(59)

The hydrodynamic parameters were chosen as fol‐
lows: m=25900 kg Izz=24760 kg ×m2 ρw=1025 kg/m3, 
Ar=1.17 m2, and xr=−8.2 m. The initial position of the 
unmanned sailboat in the simulation was (−25 m, 0 m), 
the initial longitudinal velocity was 1 m/s, and the ini‐
tial values of the remaining states were set to zero. The 
control parameters were set to: kx=0.1, λ1=4, λ2=40, 
λ3=4, λ4=40, ϑ1=0.05, ϑ2=0.05, Δ=30, ζ1=0.09, ζ2=
0.001, k1= 0.4, k2= 0.2, k3= 0.1, η = 0.9, χ = 0.5, ω1=2, ω2=
0.5, β2=30, κ1=1.5, κ2=0.5, μ=5, σ=0.01, ϕ0=2, ϕ1=0.01, 
and λ=0.5.

Next, to verify the control effect of the controller 
designed in this study under the condition of actuator 
failure, we designed two test schemes as follows:

Scheme 1: The rudder actuator fails at 80 s, and 
the fault factor suddenly changes from 0 to 0.4, and 

an additional failure δ̄r=
π
60

cos(0.1t) is generated at 

the same time. Set the wind direction to due north.
Scheme 2: The rudder actuator fails at 80 s, and 

the fault factor suddenly changes from 0 to 0.8, and an 

additional failure δ̄r=
π
10

cos(0.1t) is generated at the 

same time. The wind direction is set to 
π

600
t.

5.1 Simulation results of Scheme 1

The simulation results are shown in Figs. 4–10. 
The simulation effect of path following is shown in 
Fig. 4, which shows that the designed IDFLOS-FC 
scheme quickly converged to the desired path in about 
20 s, and had high path following accuracy. Fig. 5 
shows the control performance of the unmanned sail‐
boat after the effect of the actuator rudder failure. Both 
the lateral and longitudinal errors of IDFLOS-FC are 
stabilized in a short time. Fig. 6 shows that the designed 
DFSO has good observation of the time-varying side‐
slip angle. Fig. 7 shows the heading tracking error 

Fig. 3  Framework of sailboat control
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converged to 0 at about 10 s. Fig. 8 shows the curve of 
the rudder angle over time and Fig. 9 shows the curve 
of the sail angle over time. Fig. 10 shows the change 
of roll angle with time. The maximum roll angle of 

the sailboat did not exceed 30°, which is in line with 
the actual navigation.

5.2 Simulation results of Scheme 2

The simulation results are shown in Figs. 11–17. 
Fig. 11 shows that the designed IDFLOS-FC scheme 
can accurately track the desired path even if a fault is 
added. Fig. 12 shows that the lateral and longitudinal 
errors of the designed IDFLOS-FC scheme converged 
to zero in about 50 s. Fig. 13 shows that the designed 
DFSO accurately observed the sideslip angle even when 
the fault was increased. The heading tracking error 
converged to 0 in about 10 s (Fig. 14). After increas‐
ing the fault, the heading tracking deviated, but still 

Fig. 10  Variation of sailboat roll angle

Fig. 9  Control input δs

Fig. 8  Control input δr

Fig. 7  Heading angle tracking error

Fig. 6  Estimation (a) and error (b) of the sideslip angle

Fig. 5  Path tracking error (xe, ye)

Fig. 4  Path following performance of the sailboat
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maintained good tracking ability under the control law. 
Fig. 15 and Fig. 16 show the curves of the rudder angle 

and sail angle over time, respectively. Fig. 17 shows the 
change of roll angle with time, which was in line with 
the actual navigation.

In summary, the overall IDFLOS-FC scheme can 
achieve exact path following together with accurate 
sideslip angle observation in the presence of actuator 
failure, time-varying sideslip angle, and unknown exter‐
nal disturbances.

6 Conclusions 

In this study, an IDFLOS-FC scheme was designed 
to solve the problem of controlling the path following 

Fig. 11  Path following performance of the sailboat of 
Scheme 2

Fig. 12  Path tracking error (xe, ye) of Scheme 2

Fig. 13  Estimation (a) and error (b) of the sideslip angle of 
Scheme 2

Fig. 17  Variation of sailboat roll angle of Scheme 2

Fig. 16  Control input δs of Scheme 2

Fig. 15  . Control input δr of Scheme 2

Fig. 14  Heading angle tracking error of Scheme 2
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of a USV in the case of actuator failure and under the 
influence of a time-varying sideslip angle and unknown 
external disturbance. With the help of DFSO, the time-
varying sideslip angle is accurately observed. A slid‐
ing model with adaptive parameter adjustment was 
designed. The sum of fault torque and disturbance force 
is estimated by an adaptive method, and the uncertain 
part of the model is estimated by a minimum parameter 
estimation method. Combining the backstepping method 
with finite-time theory, a finite-time controller based on 
DFLOS was established to stabilize the path following 
error and heading following error in finite-time. Simula‐
tion results show that the proposed IDFLOS-FC scheme 
can achieve accurate path following of an unmanned 
sailboat under the condition of actuator failure, time-
varying sideslip angle, and unknown external distur‐
bance, and can accurately track the desired path when 
adding faults. These results demonstrate the reliability 
and superiority of the IDFLOS-FC scheme.
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