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Robust Adaptive Path Following for Underactuated Surface
Vessels with Uncertain Dynamics
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Abstract: A robust adaptive control strategy was developed to force an underactuated surface vessel to follow
a reference path, despite the presence of uncertain parameters and unstructured uncertainties including
exogenous disturbances and measurement noise. The reference path can be a curve or a straight line. The
proposed controller was designed by using Lyapunov’'s direct method and sliding mode control and
backstepping techniques. Because the sway axis of the vessel was not directly actuated, two dliding surfaces
were introduced, the first one in terms of the surge motion tracking errors and the second one for the yaw
motion tracking errors. The adaptive control law guaranteed the uniform ultimate boundedness of the tracking
errors. Numerical simulation results were provided to validate the effectiveness of the proposed controller for

path following of underactuated surface vessels.
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1 Introduction

Maneuvering of underactuated surface vessels haslong been a
representative control problem due to their underactuated
nature and inherent nonlinearity, and it has attracted wide
atention from the control community for many years.
Congidering the ship maneuvering problems, such as
trajectory tracking and path following issues, the former issue
ams at tracking a reference trgjectory generated by a virtua
vessel, while the latter refers to forcing the vessel to follow a
reference path, which not only can be generated by the virtua
ship but also isagiven path (Do and Pan, 2006).

For the path following problem, the main challenge is that
most ships are usudly equipped with one or two main
propellers for surge motion control along with rudders for
yaw motion control of the ship. There are no side thrusters, so
the sway axis is not actuated. This configuration is mostly
used in marine vehicles (Fossen, 2002). Meanwhile, another
challenge of path following is the inherent nonlinearity of the
ship dynamics and kinematics with the uncertain parameters
and unstructured uncertainties including external disturbances
and measurement noise. To overcome these challenges, many
different nonlinear design methodologies have been
introduced to the underactuated ships. By applying
Lyapunov’s direct method, two constructive tracking solutions
were developed in Jiang (2002), and Do et al. (2002) provided
acontroller for underactuated shipsin order to obtain globally
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exponentia stability. Beha et al. (2002) developed a global
practical tracking controller; Pettersen and Lefeber (2001)
proposed a locd tracking result based on a recursive
technique which was proposed by Jiang and Nijmeijer (1999)
for standard chain form systems. Using the cascaded approach,
Breivik and Fossen (2004) represented a globa tracking
control law. More recently, the backstepping method has been
popularly used for underactuated ships. In Do et al. (20043,
2004b, 2006), the controllers were designed to force an
underactuated surface vessel to follow a predefined path. The
stability analysis was investigated relying on Lyapunov’'s
direct method. In addition to Do et al. (2004a, 2004b), Do et
al. (2006) designed a controller to steer the ship to move on
the reference path with an adjustable forward speed. A robust
adaptive control scheme was proposed for point-to-point
navigation of underactuated ships by using a genera
backstepping technique (Li et al., 2008). Compared with Do
et al. (2004a, 2004b, 2006), the proposed controller has a
certain conciseness and the physical meaning of the tracking
errors is much more clear. In Li et al. (2009a), a smple
control law was presented by using the novel backstepping
and feedback dominance, under the presence of mode
uncertainties, communication delays, and measurement noise.
Furthermore, the control design was verified using a model
ship in atank.

The model predictive control (MPC) methodology was first
used for shipsin Wahl and Gilles (1998), and an MPC rudder
roll stabilization control system was presented by Perez
(2005). Li et al. (2009b) considered the problem of path
following for marine surface vessels using the rudder control,
and introduced a new MPC methodology based on a
linearized 2DOF model for path following implementation
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consideration, while the effectiveness of the MPC controller
was validated on a nonlinear 4DOF surface vessel model. To
improve the performance of Li et al. (2009b), Oh and Sun
(2010) proposed an MPC way-point tracking controller
combined with line of sight guidance algorithm, and the
performance of the controller showed that the designed
scheme out-performed those achieved using the MPC method
alone. Based on the Serret-Frenet frame which was introduced
in Do and Pan (2004b), Wang et al. (2009, 2010) proposed a
path following controller to force underactuated ships under
uncertain parameters to follow a predefined path by using
analytic model predictive control and model reference
adaptive control.

By using intelligent control, Liu et al. (2010) proposed a
stable adaptive neura network algorithm for the path
following of a 3DOF underactuated ship with parameter
uncertainties and disturbances. The diding mode control
method is often used because of its robustness property and
insengitivity to the parameters uncertainties (Slotine and Li,
2006). Bu et al. (2007) developed a straight line control
agorithm by employing an iterative diding mode control
method. Ashrafiuon et al. (2008) presented a diding mode
control law for trgectory tracking of underactuated
autonomous surface vessels by introducing a first-order
diding surface in terms of surge tracking errors and a
second-order diding surface in terms of lateral motion
tracking errors.

Motivated by these recent developments in path following of
underactuated surface vessels, this paper presents a robust
adaptive diding mode control law. In fact, the model of
underactuated systems is usually uncertain, the environmental
disturbances aways exist, and the damping matrixes are
off-diagonal (Fossen, 2002). By taking into account these
challenges, the diding mode control combined with the
backstepping method is used. Two second-order dliding
surfaces are introduced, the first diding surface in terms of
path following position errors and the second in terms of
orientation errors. The stability analysisis performed based on
the Lyapunov theory. The proposed controller can guarantee
that al signals of the underactuated system are bounded.
Moreover, two kinds of reference paths can be followed, a
curve or astraight line. Numerical smulations are provided to
validate the effectiveness of the proposed path following
controller.

2 Problem statements

2.1 Under actuated surface vessel model

For an ocean vessel moving in 6 DOF, the 6 different motion
components are conveniently denoted as surge, sway, heave,
rall, pitch, and yaw, see Fig.1 from Perez (2005).

Considering the path following problem of an underactuated
surface vessdl, the vessdl is moving in the horizontal plane,
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and the heave, rall, and pitch are usualy neglected. The
mathematical model of an underactuated surface vessdl can be
rewritten as (Fossen, 2002)

¢ x
Inertial Frame (ﬁf
7| Roll .
7] Surge
Y A < pK x,,u,X

Body-fixed frame
Heave
Z,,W, A

Fig.1 Reference frames and variables for ship motion
description

X=Ucosy —vsiny

y=usiny +vcosy @
v=r

u=fx, (v)+0,7,+d,

v="17,(v)+d, @)
r=f'y (v)+97 +d,

where x , y and i denote the surge displacement, sway

displacement, and yaw angle in the earth fixed frame;
u,vandr ae the surge, sway and yaw velocities,

respectively; f,eR™ , f,eR™ and f eR"™ ae
unknown constant vectors, n, , n, and n, are known
dimensions,  y,(+)eRY , x()eR" and g (-)eR"

represent the known smooth velocity function vectors;
g, and g, are unknown nonzero constant control coefficients.

Since the control force for sway motion is not available, the
available control inputs are the control force for surge
motionz, and control moment for yaw motionz, , and the
ship model in (1-2) is underactuated (Do et al., 2004a). d,,
d, andd, denote the unstructured uncertainties including

environmental disturbances induced by wave, wind, and
current.

2.2 Path following error dynamics
The genera framework of ship path following is shown in
Fig.2. For path following control, the position and orientation
errors attached to the reference path 2 are introduced as
follows

X=X X Yo =Y =YW =V —VqZ=yX+Ye . (9
wherey, = arcsin(y,/z,) represents the desired orientation;
z,is the distance of path following error; x, and y, denote
the dedred displacement in path £ of the underactuated
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vessd.

YA
(xp24) v,
Y

y L/
0 x Xa >

X
Fig.2 General framework of ship path following

Assumption 1 The reference path £ is smooth, and X, , X,
Ryy Yar Yar Yy, W, andy, areall bounded.

Assumption 2 The unstructured uncertaintiesd,, d, and
d, sy |d[<djm <o
|d,| < d e <o

r max

|d,| <y < and

Assumption 3 The sway velocity v ispassive-bounded.

Remark 1 For the underactuated nature of the ship, the
control force for sway motion is unavailable. Under this
consideration, the sway dynamics should be stable. In fact, the
sway motion of the underactuated ship satisfies a
passive-bounded property (Do et al., 2004a, 2004b; Li et al.,
2008). Detailed andlysisis made in section 4 by considering a
different casefrom Li et al. (2008).

Control objective: Under Assumptions 1-3, the objective of
this paper is to seek the adaptive diding mode control
lawsz, and 7, to force an underactuated surface vessel with

uncertain parameters and environmental disturbances to
follow areference path 2 .

3 Control design

In this section, the procedure to design an adaptive diding
mode controller for an underactuated surface vessel in the
presence of uncertain parameters and environmental
disturbances is presented. The diding mode control is chosen
for its robustness property (Slotine and Li, 2006). It can be
seen from Eq.(2) that the control force for sway motion is
unavailable. The main difficulty is that the surge and yaw
motion control law must be designed to control the ship’s
3DOF plane motion in surge, sway, and yaw directions. Since
position variables cannot be defined in the body-fixed frame,
theintegral of surge and yaw velocities are used.

3.1 Surge control law z,
Step 1. Thefirst equation of (2) can be rewritten as

u:( fuT+AfuT);(u(v)+(Qu+Agu)z'u+au+Adu

=f, 7, (v)+§,7,+d, +F 4

u u u

where F, =Afy, (v)+Ag,7, +Ad,, A(s)denotesthe
uncertain part of () .

From the equation (3), theresult is
X, = Z,CO8Yy , Yo = Z SNy, . ©)
Define the surge vel ocity error asfollows
u=u-eo,. (6)

Consider the following Lyapunov function candidate
1
V,==27
(=57 @)
Differentiating (7) by using (2) and (5) yields

V=22, = XX+ VY. =
,(u, cosy, + a, Cosy, - ®
vsiny, — X, Cosy, — Y, Siny,)
The stabilizing function ¢, is selected as

a,= (oosz//e)fl(—klze +vsiny, + X, cosy, + Y, siny,) (9)
where k =0. Substituting (9) into (8), it iseasy to get
V, =k Z + 7, cosy, (10)
Differentiating (6) along with (4) and (9) yields
U,=u—d, =z (v)+8,7,+d,+F,—a, (11)

Step 2. Adaptive control law design

Considering the underactuated nature of the vessdl, the first
diding surface is defined in terms of the surge motion
tracking errors

S =U+ ﬂljue(r)dr (12

where A, > 0, taking the time derivative of s leadsto

§ =0, + AU, 13

In order to achieve the adaptive diding mode control law,
consider the following Lyapunov function candidate

1 1z,
V2=_%2+_Fu2§111§1>0 (14)
2 2
where F,=F, —F,istheestimated error, F, isthe estimated

valueof F, .
Taking the time derivative of V, by using (10) and (11) yields
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V,=s§—FRET+RRG"=
%.(ue + //ilue) - Ifu FAU§171 + Ifu F.u§14 =
S_L( f7 7. (v)+8,7,+d, +F, -, +/11ue)—
- A . 15
I:u Fu‘f{1 + I:u Fu‘f{1 = ( )
%( fuT/?//u (U) + guru + au + F’\u - du + ﬂlue) -
F(F-ds)at+ FRS?
The surge motion adaptive control law 7, is chosen asfollows:
o= (gu )71|:_ I?uT/‘Ku (‘l)) - c’ju + du -
ﬂ'lue - I:Au - kz(sl + kSSQn(%))J

where k, andk; are positive constants.

(16)

Then the adaptive law can be selected as

F=&s, &>0 (17)

However, since the sign function in Eq.(16) is discontinuous,
there must be the chattering in the control system. In order to
weaken the chattering, saturation function is used as follows

s/&.|s/a]<1
syn(s).|s /&|>1’

Hence, the adaptive diding mode control law (16) is rewritten
as

sat(s/si):{ i=12,6>0 (18)

W= gl:1|:_ fuTIu (1.)) - d\u + du - ﬂlue -
F—k (s +ksa(s/z))]
Substituting Eq.(17) and Eq.(19) into Eq.(15), theresult is
V, =5(-k8 —kksat(s /) + FRET <
_kzs.z - kzkslsil + 'fuliu‘ffl

(19)

(20)

3.2 Yaw motion control law 7,

Step 1. Similar to Eq.(4), the yaw motion error dynamics can
be rewritten as

f :(fArT jLAfrT)/z,r(u)+((jr +Ag,)7, +&, +Ad, =
fTTXT (U) + ngr + ar + Fr
Ve=T-Y, 1)
where F, =Af"y, (v)+Ag,7, +Ad,

Similar to the previous procedure, the Lyapunov function
candidate is defined asfollows

1
V,=2u (22)

Letr,=r — ¢, , and thetime derivative of Eq.(22) along with
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Eq.(21) satisfies
Vs =y =y, (. +a, ~v,) (23)
Then the stabilizing function ¢, is selected as
o =-Ky.+y,.k, >0 (24)
Substituting Eq.(24) into Eq.(23), it is easy to have
V, =k 4y, (25)
Step 2. Adaptive control law design
The second dliding surface is defined in terms of the yaw
motion tracking errors
S, =re+/12_t[re(r)dr (26)
0

The time derivative of Eq.(26) aong the solution of Eq.(21)
satisfies
$, =l Al =
£T A 1 . (27)
flr, (v)+6,7,+d +F —a, +Ar,
The Lyapunov function candidate is considered as follows
1 1-
V,==+=F%" 28
4 232 2 r 52 ( )

where F. =F, — Ifr isthe estimated error, and lf, isthe
estimated value of F, .

Differentiating Eq.(28) by using Eq.(25) and Eq.(27) yields
VA = %SZ - ﬁr I’:.\ré:2_l-i_ F~r 'jr§2_1 =
SZ( 1’:\r-rlr (U) + ngr + d\r + Fr _dr +ﬁ'zre)_ F~r I’:.\r§2_l+ F~r 'irfz_1 =
%( f‘I’TXT (1)) + QTTI' + ar + Ff _dr +22r8)_
'fr (FAr _§ZSZ)§£1+ F~r 'ir§271
(29)

The yaw motion control law 7, is selected as

7. = g;1|:_ frT/?v/r (v)_ar +dr _ﬂ’zre_

F k(s +kst(s/s,))]

where k; and k; are positive constants.
Choosing an adaptive law asfollows

F=&s,6>0 (31)

By replacing the eguations of Eq.(30) and Eq.(31) into Eq.(29)
given by

V,=5,(-kss, —kkssat (s, /6,)) + R R&' <

2 N (32
kS —kks[s,|+ RS,

4 Sability analysis

4.1 Theorem 1.
Assuming that the Assumptions 1-3 hold, the diding mode
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control lawsz, andz, are derived as in Eq.(19) and Eq.(30),
and adaptation laws are given by Eq.(17) and Eq.(31). The
control objective of path following for underactuated surface
vessels in the presence of uncertain parameters and
unstructured uncertainties is solved, and systems (1) and (2)
are asymptotic stability.

Proof. Define a Lyapunov function candidate
1 1 1- 1~

V, =V, +V, == +=s +=F +=F%&" 33

5 2 4 231 282 2 u§1 2 rfz ( )

Differentiating Eq.(33) aong with Eq.(20) and Eq.(32), the
resultis

vs S_kzs.z _kssg _kzkalgl_kskelszl"'
PG HRRS (34

There are two kinds of conditions about the uncertain
parameters F, and F, , which are discussed as follows.

1) If the uncertaintiesF, and F, are dowly varying with time,

theresultisF, =0, F. =0, and Eq.(34) isrewritten as

V; S k.87 — keSE — koky|s| — koks|s,[ <0 (35

According to the diding mode design and the Lyapunov
theory, systems (1) and (2) are asymptotic stability.

2) If the uncertainties F,and F, are varying fast with time

but with bounded norm, which means that F,F,&'<0),
F.F &' <0, equation (34) isderived as

<- k

Vi 2% kss; — koko[s| — keS| + @)

RR&T+RRE<0

Systems (1) and (2) are uniformly ultimately bounded. It can
be seen from (36) that the tracking errors converge to a
bounded domain, and it can be adjusted by changing the

control parameters k,, Kk, , ks, k; , and the adaptation gains &,

&, . Generally, in order to weaken the chattering, the control
parametersk,, ksare selected to be smdler andk,, k;are
larger. If the adaptation gains&,, &, arelarge, it will resultin
faster adaptation, but it will increase the chattering.

4.2 v-Dynamics stability

According to the underactuated surface vessdl (1-2), the
control force for sway motion is not available. In order to
design the controller, the stability of the vessel’s sway
dynamics should be guaranteed, which means that the sway
velocity of the vessdl is passive-bounded (Do and Pan, 2006,
Li et al., 2006).

To show that v is bounded, the Lyapunov function candidate is

defined by V, =%v2 , and differentiating it yields

; My,
V,=— + <
" Tm, (mzz ;mzzl i j
—pN, + Uy (37)
where p2=2—dV, y2=—ﬁurv
m, m,,

Let/iz—— rewriting (37), theresult is
P

<A+ (0)-4)e™ (38)

Hence, the sway velocity is passive-bounded.

5 Numerical simulation

In this section, numerical smulation is provided to show the
effectiveness of the proposed control law and the accuracy of
stability analysis. In this paper, considering a monohull ship

with a mass of 118x10°kg and a length of 32m, the

dynamics model and its hydrodynamic coefficients with
parameters uncertainties are adopted from Do and Pan (2006).
The simulation results are convenient to compare with Do and
Pan (2006) and Li et al. (2006). In the smulation, the
reference path is generated by avirtua ship asfollows

Xg = Uy COS(Wy) — Vg SIN(/y)
Yg = Uy SIN(yy) + v, cos(yy)
Yy="Tq

Vo =1, 2,(V)

(39

.
where Zv(vd)=[—udrd,—vd,—|vd|vd,—|vd|2vd} , u, =5,

e0.005t/ 300 t <50s
ry=40, 50s<t<170s
0.025,t >170s

Theinitia conditions are chosen as:
[%:(0),¥4(0),,(0),v,(0),] =[0,0,0,0]
[X(0), ¥(0),y(0),u(0),v(0),r (0)] =[0,200,0,0,0,0]
wmaxo = 0.7d yrex =2+ 0, o =0.7d d__.=3

qu = 07 fu ! frO = O7fr 1 guO = 07gu ! grO = O7gr

The control parameters selected for the smulation are;
k=06, k,=2, k;=01, k,=2, k=4, k,=0.2,
A=3, ,,=6, =001, £=005,£=15, £=20

The simulation results of ship path following control are

depicted in Figs.3-8. Fig.3 shows the postion and the

orientation of the vessal path following under the proposed

control law. It is clearly seen that the vessdl follows a

reference path with high accuracy, in the presence of

uncertain parameters and unstructured uncertainties. Fig.4
displays the ship path following position errorsx,, Y., the

d

umax ?
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orientation error y, . The path following velocity errors
U,,V,,I, are plotted in Fig.5. From Figs.4 and 5, it can be

seen that the path following errors and the velocity errors are
simultaneously convergent to zero with fast convergence rate
except the sway velocity error v, which exponentialy

convergesto asmall value beforethe 170 s. But after the 170 s,
the sway velocity convergesto avarying periodically, because
thereference pathisacircle.

The control inputs 7, and 7, are given in Fig.6, and they

converge to a bounded domain. Because the disturbance in
yaw motion is larger than the one in the surge dynamics, it is
obviously shown that the control moment for yaw motionz, is

more noise than the control force for surge motionz, . There
is a larger magnitude inz, a the 170 s, since the reference
path is changed from a straight line to a circle. From a
practical viewpoint, the control inputs 7, and 7, are il
redistic with the magnitude restrictions. In Li et al. (2006),
the control input 7, is much more noise than the one in this

paper.

Finaly, the estimationsf,, f, g, and g, ae shown in

Figs.7-8. The amplitude of f and g, have an obvious
change at the 170 s. Because of the larger disturbance in yaw
dynamics, it can be seen that the estimation of g, is much

more noisethan g, .
600

--------- Reference patfl
— Real path
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400
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200
2
100 —
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y/m
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x/m

Fig.3 Position and orientation of the vessel in the xy plane.
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6 Conclusions

In this paper, a robust adaptive scheme was proposed for path
following of underactuated surface vessels with uncertain
parameters and unstructured  uncertainties  including
exogenous disturbances and measurement noise. The diding
mode control method, together with the backstepping design,
led to an adaptive diding mode control law. It was noted that
in order to design the diding mode control law, two
second-order diding surfaces in terms of the path following
position errors and orientation errors were chosen. The
stability anadysis was performed based on the Lyapunov
theory. The effectiveness of the designed controller was also
validated by the numerical smulations. Based on the ideas of
this paper, future work will consider the rudder saturation and
rate limits.
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