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ARTICLE INFO ABSTRACT

Environmental disturbances and systematical uncertainties are the main obstacles for ship motion control. This
paper devotes to enhancing the control system robustness of underactuated surface ships with model
uncertainties and environmental disturbances. A novel nonlinear robust adaptive scheme with sliding mode
control is proposed for underactuated ships to track the desired path generated by the logical virtual ship in the
presence of unknown plant parameters and environmental disturbances. Compared with the existing results,
the proposed controller is designed based on the combination of PI sliding mode control and the upper bound
estimation of disturbances. With the proposed design, the control scheme could not only obtain a better
performance of the control system, the continuous scheme also reduce the chattering of system by a special
construction of the sliding manifolds. Numerical simulations are given to demonstrate the effectiveness of the
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proposed method.

1. Introduction

Underactuated surface ships have played an important role in the
marine exploration and research, such as dynamic positioning for
offshore oil drilling (Tannuri et al., 2010), underwater pipe-laying
(Fossen, 1994) and so on. Over the last few years, ship motion control
has attracted lots of attention due to its practical applications and
theoretical challenges (Zhang et al., 2015). It is well known that
underactuated surface ships are equipped with propellers and rudders
for surge and yaw motions only, meaning that no actuator is used for
the control of sway motion directly (Zhang and Zhang, 2014), and it is a
challenge for the ship motion control. Control in the presence of
uncertainty is one of the main topics in modern control theory
(Shtessel et al., 2014), as well as in the marine control community.
In the ship motion dynamics, there always exist discrepancies between
the actual dynamics and its models. These discrepancies are mostly
caused by the environment disturbances, unknown plant parameters
and systematical uncertainties. In addition, when the number of
actuators are less than the degree of freedom (Dong and Guo, 2005;
Reyhanoglu, 1997; Pettersen and Egeland, 1997), it also generates the
non-integral constraints in the controller design.

With the above mentioned challenges in the field of ship motion
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control, the so-called robust control algorithms have arose in the
control system community, such as robust adaptive control (Ioannou
and Sun, 2012; Lavretsky and Wise, 2013; Du and Shi, 2016), robust
neural damping (Zhang et al., 2015; Zhang and Zhang, 2015, Hy
control (Cheng et al, 2015; Zou et al.,, 2016; Chang et al., 2015,
backstepping techniques (Li et al., 2015; Liu et al., 2016; Wang et al.,
2015, Network-based technology (Wang and Han, 2016a, 2016b; Wang
and Xiong, 2015), multi-time scale methods (Yi et al., 2016), and
sliding mode control (Xu et al., 2015; Zhang and Chu, 2012; Fossen,
2002), probably, all those algorithms are successful to handle bounded
disturbances and uncertainties.

With the consideration of robustness, sliding mode control has
been widely applied in the field of ship motion control. In Xu et al.
(2015), a novel adaptive dynamic sliding mode control for the
trajectory tracking of underactuated unmanned underwater vehicles
is proposed to handle with environmental disturbances and systema-
tical uncertainties. However, the assumptions that the first-order
derivatives of environmental disturbances and the existence of thruster
are too restrictive. In addition, Li et al. (2008) develops a point-to-
point navigation for underactuated ships. Although such algorithm can
guarantee the closed-loop system to be uniformly ultimately bounded,
that is the trajectories converge to an invariant set rather than the
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equilibrium. Furthermore, in Li and Sun (2009), an adaptive sliding
mode control law combined with backstepping technique is proposed
to solve the trajectory tracking problem, but a simplified simple system
model is investigated. Under the design with rudder angle, it makes
tracking insensitive, especially for small-scale change yaw angle.
Motivated by the above research line, due to the high performance
of sliding mode control in dealing with parameter perturbations and
dynamic uncertainties (Zhang et al., 2014, 2013), a novel design is
developed to solve the problem of the trajectory tracking for under-
actuated surface ships based on the combination of sliding mode
control and backstepping technique. Unlike Li et al. (2008), a
continuous adaptive sliding mode surface term is derived to reduce
the chatting of the closed-loop system. With this proposed design, the
controller can not only guarantee the convergence of states to
equilibrium, but also reduce the chatting of the system. Furthermore,
the algorithm also enhances the robustness to the system uncertainty,
such as systematic uncertainties and unknown parameters. The main
contributions of this paper are twofold.
1). By combination of a novel nonlinear robust adaptive PI sliding mode
scheme and the upper bound estimation of the disturbances, the
proposed algorithm is developed to implement the trajectory tracking
task of underactuated vehicles.
2). An adaptive continuous PI sliding mode scheme is constructed to
stabilize the control system. By using this special property and
structure, the control method could not only eliminate the chattering
of the closed-loop system, but also relax some assumptions in Xu et al.
(2015) (Table 1).

2. Problem formulation

According to Fossen (2002); Li et al. (2008), the kinematic and
dynamical equations of underactuated surface ship can be described as
Eq. (1). It has two control inputs: the force in surge degree and the
control torque in the yaw degree (Jiang, 2002).

X = cos(y)u — sin(y)v

y = sin(y)u + cos(y)v
y=r

= @qu (’7’ ’7) + CuTu + Tw)
V= 6/f,Gl. ) + 7y

=0l £, ) + Gt + Ty 1)

where (x,y) denotes the position coordinates of the underactuated
surface vessel model in the earth-fixed frame and y is the yaw angle.
= R(@)(u, v, r) and (u, v, r) are the velocities in surge, sway and yaw
directions. The surge force 7, and the yaw moment 7, are considered as
two available control inputs with the known nonzero constant control
coefficients ¢, and . 6, € R", O, € R"™ and O, € R are unknown
constant vectors with known dimensions n,,n, and n,. £, (¢, n) € R",
£, i, m) € ®|™ and f. (47, n) € M are all known smooth vector fields. z,,,,
7,, and t,,, are the environmental disturbance acting on the surge, sway
and yaw axes, respectively.

For path-following control of underactuated surface ships, we
define the control objectives in Fig. 1. The error variables have been
define as follows (Zhang et al., 2015):

Table 1
Notations.

Il is the norm of a scalar
||-]| is the norm of a vector

P = Z,-,j(<),2‘,<(<),;j the element of (-) in row i and column j

O =0 = (); () is the estimate of (-); (-) is the estimation error
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Fig. 1. General framework for path-following control of underactuated surface ship.

Xe=Xg — X, %=X~
ze=\/m, W=y @

where (x4, y;, ;) denotes the desired position and orientation of an
underactuated surface vessel model in earth-fixed frame, z, denotes the
position error. yg is the ships's azimuth angle, which is defined as
follows (Li et al., 2008):

{0.5[1 — sign(x,)]sign(y,) 7 + arctan(y,/x,), whenz, # 0
l'[/r =

y;, whenz, =0 3)
where sign () is a sign function, which is defined as follows:
sign(x) = -1, x <0
sign(x) =0, x=0
signx) =1, x>0 @
Assumption 1.
1) The environmental disturbances are bounded satisfying

1Tl < T 1Tn | < Tiga 131 < Ty
2) The states of the reference model xg4, %4, X4, Ya, 3, 3, and yy are all
bounded.

Assumption 2. From the Fig. 1, it can be seen that the control
objective is to develop a sliding mode control scheme to let the
underactuated ship track the reference path, which is generated by a
virtual ship as (5): Zhang et al. (2015)

Xa = ugcos (yg)
Yy = ugsin (yy)

Ya = Td

6))

Remark 1. Assumption 2 is introduced in the existing reference
(Zhang et al., 2015), different from given the reference path by x4 and
yq- The advantage of this design not only satisfies the condition 2 of
Assumption 1, but also obtains the reference path just by the variables
ug and rg of the virtual ship, as Fig. 1.

3. Controller design

In this section, a practical integral sliding mode controller for path-
following control of underactuated surface ships is proposed. Through
the description of kinematic and dynamic expressed as (1) with
Assumptions 1-2, all the states are guaranteed to be uniformly
ultimately bounded in the closed-loop system. In order to prove the
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main results of the design of the controller, the Lyapunov Candidate
Function (LCF) is given as follows:

=X _sy
= ) (ZL' 5A) (6)

Vi
Remark 2. By choosing the LCF of Eq. (6), the design is to let (z, — &)
respect the error of z,, that means when  — o0, z, — 8. According to
Eq. (3), if we use the z. to design the Eq. (1) directly, it cannot
guarantee the Iyl < z/2 (Yi et al., 2016). The proposed design is
effective in the field of engineering.Based on the description of Eq.
(3), it is obvious to get the derivative of V; with respect to time as:

Vl = (Ze - (SA)Z.e
= (Ze - 6A)(xexe + yg)}g)/ze
Ze = Oa

(ze cosyy (Xg — ucosy + vsiny) + z, siny; (3

= Ze

— usiny — vcosy))

= (20 — On) (g cosyy + Yy sinyy — ucosy, — vsiny,) 7
If we define u, = a, — u, and select the a, as the form:

a, = (g cosyy + ¥, sinyy — vsiny, + k(z, — 64))(cos y,)™! 8)

where k; is a positive constant, and needs to be chosen later.
Substituting Eq. (8) into Eq. (7), Eq. (7) can be rewritten as:

Vi = —ki(ze — 64)% + (20 — Sa)uecosy, (C)]
Consider the following LCF as:

Vo= Vit 2y

F Ve (10)

Then the time derivative of V can be expressed as:

Vo= Vi+ an

In order to stabilize of r,, the stabilizing function ry is introduced.
While, according to Eq. (2), the state variables are defined as follows:

Ve =Yg =
=a.—r
@ = ky, + g (12)
Thus, Eq. (11) can be rewritten as:
Vo= Vi+y(—hky +r)
= — k(e — &) — by + (2 — S)ucosy, + ry; 13)
Then, consider the LCF as follows:
Vi= Vit L2
3= n 2“{: (14)

Based on Eq. (1) and (8), the time derivative of u, can be expressed
as:
U=, — i

T
Q« fu - Cu Ty — Twy

To this end, a practical proportional integral sliding mode control
law can be designed in terms of tracking errors and also can stabilize
the error variable u,. Therefore, the sliding manifold S; can be designed
with the form:

= a, -

(15)

t t
Si=u, + ks / u.dr + f (ze — Op)cosy,dt
0 0

(16)
According to Eq. (15), its derivative becomes:
Si= i + kyu, + (ze—64)cos yy,
= ay — 6uT u - é’uTu - Twy + k3uﬁ + (ZL’ - 6A)COS([/€ (17)

Remark 3. It can be observed that the sliding manifold S; is made up
of the trajectory tracking error z, and the surge velocity error u,.
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Therefore, when the sliding manifold converges to zero, with the design
of control law, the trajectory tracking error z, and the surge velocity
error u, all converge to zero. This novel design is effective to stabilize
the state variables.

According to Eq. 17), it is obvious that
i, = 8y — ksu, — (z, — Sp)cosy,, therefore, the derivative of V3 in (14)
can be expressed as:

Vi= Vot ui,

—ki(ze — 80)? — oy + (ze — &)u. cosy, + 1y,
+ U (S) — k3u, — (zo — p)cos w)

— k(e — 80)? — ko — ksul + roy, + u.S) (18)

In order to stabilize Sy, the error variables of the unknown constant
vectors @, (i = u, v, r) and the error variables of unstructured un-
certainties 7 (j = wy, w, ws), consider the LCF as follows:

Wimax

1 LAt m 1
Vi= Vit —S2+ —0, 716, + —72
2T 2 (19)

Thus, based on Eq. (17), the derivative of V, with respect to time is

. . i ~T A L R
Vi Va4 518+ @u Fu 6, + 711W1max Twimax

— ke = 807 = koy — kel + ry + (e + SOS)
n :
— ki — 8)? — by — kaul + 1y,
+ (ue + Sl)(dl4 - @quu - guTu - Ty + k3ue + (Ze - EA)COS l//()

~T A
+ 9” rll 19“ +

1~ A

;TWlmax Twimax
(20
In this part, the control law of standard sliding mode control can be
divided into two parts. An equivalent control law 7., is used to deal

with the tracking errors, and a disturbance control law 4 to solves the
problem of environment disturbances.

Ty = Tpom + T 21)
Based on Eq. (20) and (21), we choose the 7,,,, as follows:
Thom = [k3ue + (Ze - 6A)COS% - é\quu — U + Sl + au]g;] (22)
Thus, Eq. (20) can be rewritten as:
Vi= = k(e — 8% — koy — ksl + roy;
+ (e + SO, £, + ul = SP
+ (ue + Sl)(_§147d - Twl)
~T A 1. "
+ 914 I, u 9!4 + “Twimax Wimax
n
= kG — &) - k] — (ks — DuZ + ry, — 7
~T
+ (uc + Sl)(_é’u‘[d - TW]) + (ue + Sl)gu J;
+ 5uTE:l(3l4 + l?Wlmu)r ‘?W]ma.r
n (23)

In Eq. (23), based on Assumption 1, we obtain thatlz,, | < 7,,,,.., SO
the equation (u, + Sy)(—{,7s — 7)) can be transferred into the form
below:

(ue + Sl)(_atfd - Twl)
< |ue + Sl |Twl,,mx - (ue + Sl)é‘qu
<

1 2
ETWIHMX Iue + Sll + 6TW1,MX - (ue + Sl)é’qu

< (24)
where § is a small positive constant gain.
If we choose the 4 as:
_G
T4 = ETWlmax (ue + Sl) (25)

The dynamical sliding mode control law 7, has the following form:
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Ty = Tnom + T4
AT e
= [ku, + (ze — dn)cosy, — O, f, — u. + Sy + au]gul
+ gl:1@,, (U, + s1)
45 Mt (26)
Therefore, the derivatives of V, in (23) can be expressed as:
Vi< —ki(ze — &)? = ky? — (s — Dul = S7 + ry,
+ (ML‘ + Sl)@ZfM + ajf;léu + l‘L,:ll‘v'lmwr ?W]max
n
- L? (e + S))* + o1,
45 Wimax \"e 1 Wimax (27)

Based on the description above, the parameters' update laws are
selected as:

O, = LI~f, (e + S — a,(6, — 6,(0))]

A 1 A A
Twimax = N [B(”e + Sl)z - a’(r“’lmax ~ Twimax N1

(28)

Substituting Eq. (28) into the derivatives of V4, Eq. (27) can be
rewritten as:
Vi< =k — 8% = koyl = (ks — DuZ = S7 + 1y + 5ty

~T A~ ~ ~ ~ ~

—ay @u (@u - @u (0)) - arrwlmwc (Twlmux - Twl,mu (0))
—hi(ze = 00 = oy} — (ks = Dl = ST+ 1y + 5t
- augur((;/u + @u - é\u(o))
= @ Bar Botmar T Wimar — Botmar (0))
—hi(ze = 00 = hoy — (ks — Dul — S7
+ 1+ 5Ty — au || Oy 1B
+ 30,310, 5 + 1l 0, = 6, ODIB) = a, | Fuyye 1B

IA

1 ~ 2 ~
+ Ear(” TW]max ”2 + (TW],,,M - TW]max (O))Z)

(29)

In a similar way, consider the LCF as:

_ 1,
B=Vator (30)

According to Eq. (1) and (12), it can be easy to obtained the
derivative of r, with the form:

ho= G-

T
a — @r f; - §'~Tr = Tws

(31)

To this end, a practical proportional integral sliding mode control
can stabilize the error variable r,. Therefore, the sliding manifold S,
can be designed with the form

t t
S =71+ ky f r.dr + / y,dr
0 0

(32)
According to Eq. (31), its derivative becomes:
Sz = J,+ k4r, + Y,
= & — @,Tfr =8t = Ty + kare + g (33)

Remark 4. It can be observed that the sliding manifold S, is made up
of the yaw error r, and the attitude error y,.. Therefore, when the
sliding manifold converges to zero, with the design of control law, the
trajectory tracking error z, and the surge velocity error u, all converge
to zero.

Based on (33), the derivative of r, in (31) can be rewritten as:
=8 — kar, — g, 34)

Therefore, the derivative of V5 in (30) can be expressed as:
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Vi + 1k,

— ki@ — 60)* = koy? — (ks — DuZ — SE+ 1y + STy
~ . ~ .

—ay ” @u ”% + Eau(” @u ”% + ” @u - @u(o)”%)

Vs =

IA

+ %ar(” ?Wlmax ”% + (Twlmax - ‘?Wlmax(o))z)

—day ” ?W]max ”% + re(SZ - k4re - l//e)

— kG = 00)? = kow? — (ks — DuZ — S+ 8Ty
~ 1 ~ ~

—ay 10, 15 + 34, 6, 15 + 1| 6, = B, (0)]3)

1 ~ 2 ~
+ Ear(” Twimax ”2 + (T"Vl”ulx - TW]maX(O))z)

+ 1,80 = karl = ay || By 1B (35)
Consider the LCF as:
Vo= Vs + lSZZ + 1878 + L?&,Sm
2 2 2 (36)

Therefore, based on (33) and (35), the derivative of Vg in (36) can
be rewritten:

Ve =

Vs + 528, + 5:‘1)_1@; + L‘T’mmﬂ‘%mm
43
<~k — &) — ky? — (s — Du?

2 S 12 ~ 2
- Sl + 5TW1,MX —ay ” @M ”2 — ay ” Twimax ”2

- k4rez

1 ~ A~ .
+ 5l O, I3 + 1l & = B, O)[3) + 752
1 ~ ~
+ Ear(” Twimax ”% + (Twlmm = Twimax (0))2)

+8,8+ 6, 1716, + L%WSW Fwamar + 7S
16}
—ki(ze — &)* — kQWE — (ks — Du? — kyr?

2 S 12 ~ 2
- Sl + 6fwlmax —ay ” @u ”2 — ay “ Twimax “2

1 ~ A~
+ 2@l Ol + 11 6, — BuO)I)
1 ~ N
+ Ear(” Twl,,,ax ”% + (Twlmm - Twlm,u (0))2)

~T A 1, <
+ 6r I r l@f + —Tw3max "W3max
72

+ (re + S2)(dr - @rT.f; - Cr'[r — Tws + k4re + lllg) (37)

In a similar way, the control law of standard sliding mode control
can be divided into two parts. An equivalent control law 7., to deal
with the tracking errors, and a disturbance control law g, to solve the
problem of environmental disturbances.

Ty = Tnom + Tar (38)
Based on (37) and (38), we choose the Tunom as follows:
Trnom = [k4re + Y, — é\rr.f; + dr —re+ SZ] Z:r_l (39)

Substituting (39) into (37), the derivative Vg can be rewritten:
Vo < =k =807 —hoyl — (s — Dl = (ks = Drf = ST = S3

~ 1 ~ ~
+ ‘sTwlmmL —day ” @u ”% + Eau(” @u ”% + ” @u - @u (O)”%)

1
~ 2 ~ 2 ~
—ar ” Twlm,/,x ”2 + Ear(” TWlmax ”2 + (TWlmax - Twlma)-(o))z)

~T | A 1. Py ~T
+ @r rr 1("')r + ]/_TWSmM Trmax + (re + SZ)@u ﬁ
2

+ (re + SZ)(_CI'Tdr - TW3) (40)
In Eq. (40), based on the Assumption 1, we obtain thatlz,,| < 7,,5,,.,
then the equation (r, + S,)(—¢, 74 — 7,3) can be transferred into the

form below:
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(re + SZ)(_Cerr - Tw3)
< |r€ + SZITW}max - (re + Sz)grrdr

1 2
< 15 Wamax Ire + $21° + 62730 — (e + S$2)E 70y

(41)
if we choose the g4, as:
-1
dr = r_Aw e T+ S
i = gy e ¥ 5D 42)

Thus, the dynamical sliding mode control law 7, has the following
form:

T = Tom t Tar

lkar + v, — B, f + &, — re + $,1¢!

g's
457 Tw3mm (re + S2)

(43)

Substituting Eq. (43) into Eq. (40), the derivative Vi can be
rewritten:

Vo< —ki(z — 60)? — byl — (ks — Du? — (ks — D12 — SE — 83

2 1 5 12 o) 2
+ 5Tw1max - ay ” @u ”2 + Eau(” 914 ”2 + ” Qu - 914(0)”2)
~ 2 1 ~ 2 A~
ar ” Twimax ”2 + Ear(” TWimax ”2 + (TWlmu)r ~ Twimax (O))z)
~T A 1~ " ~T
6, 1,6,+ 7 DWmax WWimar + (. + $2)0, f,

1 ~ 2
T&TWSmux (re + S2) + 621“’3max

(44)
Therefore, the parameters' update laws are selected as:
0, = LI~/ (. + $2) = bu(6, = 6,(0))]
?wsnm =n [4%32 (e + 8% = by B = Bz ()] (45)

Substituting Eq. (45) into Eq. (44), the derivative Vs can be
rewritten as

Vo< =k — &) — ky? — (s — Dul — (ky — D2 — S7 = 7

~ 1 ~ ~
+ (STwlmux —ay ” @u ”% + Eau(” @u ”% + ” Qu - @u(o)”%)
~ 1 ~ -
—ar ” TWimax ”% + Ear(” TWlmax ”% + (Twlmax - Twlmw((o))z)

A~ 1 N
+ e+ D8, f R (e 5P+ 82T
46,

~ 8 £+ $) - b8, @, + 6, - 6,(0))
1
+ _?""3711% (re + SZ)Z - br%w}mux (?W'Snmx + TW}mwc - ;[\W}mwc (0))
46,
— ke — 63 — kow? — (ks — DuZ — (ks — )12 — SP — 83

~ 1 ~ —~
+ ST + 2T wgmer — @ || Ou B + Sau(ll 8, 5+ 1l 6. — 8. (03)

1
& 2 ~ 2 ~
—ar ” TWimax ”2 + Ear(” TWimax ”2 + (Twlmax - Twlmax(o))z)

- bu 5:‘(@; + Qr - é\r (O)) - br%lwgmax (ﬁv}mm + Twimax — fw3ma,¥ (0))
— k(e = &) — ko = (ks = i = (ks = D1l = S = 87

IA

~ 1 ~ ~
+ 67»1/1,,1“,( + 527W3mux — ay ” 6u ”% + Eau(” @u ”% + ” Qu - 9;«(0)”%)
v 1 ~ ~
—ar ” TW]max ”% + Ear(” TWlmax ”% + (Twl,,w - Twlmm (0))2)
a 12 ~ 2 1 a3 112 o) 2
- bu “ @r ”2 - br ” Tw’},,mx ”2 + Ebu(” @r ”2 + ” @V - @r(o)llz)
1 ~ ~
+ 56Ul B I+ Gz = Bz O))
(46)

Theorem 1. Consider the uncertain system (1) with Assumptions (1)
— (2) and the control laws (26), (43), and the parameters updating
laws (28), (45), therefore, all the variables are guaranteed to be
uniformly ultimately bounded stable in the closed-loop system.
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Proof. Consider the LCF of the closed-loop system

1 1 1 1
V=Vi= —(z0— &)*+ —y> + —ul + =S¢
6 2( ) Ve T3 o
1 ~1 ~ 1 1
+ = u r_l@u+ ﬁ%] 7:32
3 2, e 3

W3max

1 1~ ~ 1

+ =SP4 -0, 710, + —72
2 2 2y, 47)
Based on Eq. (46), the derivative of V with respect to time is

V< —hGe =) —ky — (ks — Dl = (ks = D1} = SF = 83

~ 1 ~ ~
+ 6Tw1m,1x + 627w3,,,ax —ay ” Qu “% + Eau(“ Qu ”% + ” @u - @u(o)“%)
~ 2 1 ~ 2 ~ 2
—ar ” TWimax ”2 + Ear(” TWimax ”2 + (TWlmax ~ Twimax (O)) )
x5 ~ 1 ~ ~
- bu ” @r “% - hr ” Twimax “% + Ebu(” Qr ”% + ” @r - @)(0)”%)

1 ~ N
+ Ebr(” Tw3max ”% + (TWSmux = Twimax (0))2)

(48)

Therefore, it is obvious that the derivative of V with respect to time
can be rewritten as:

V<-AV+o (49)
where A and @ are positive constants satisfying
A= min{k, kn (& = 1), 1, @y arp (ky = 1, 1, by boy)
Q= Ftun + B2t + 5l B, 1B + 116, = 8,0)1F)
] S0 B 1B+ Gty = B O)
+ 2181+ 16, - 6,01
4 200 i B+ (G = B 0)
> 0 (50)
[m]

4. Analysis the passive-boundedness of sway motion

In this part, we will discuss the boundedness of the velocity of sway
velocity. As we known, the dynamical equations of the sway have been
proposed in existing work (Zhang et al., 2015; Li et al., 2008). In this
paper, based on our previous work (Zhang et al., 2015), we will discuss
the boundness of the sway velocity with a similar procedure.
Nevertheless, this paper and Zhang et al. (2015) had different back-
ground. In this paper, we focus on the system uncertainty and
unknown parameters in the ship motion control, while Zhang et al.
(2015) only considered known parameters.

Consider the dynamical equation of sway in (1). v can be rewritten
as follows:

v =00f, Gl ) + 7w, (51)

©, € R" is an unknown constant vector with a known dimension n,,.
£, (i, m) € ®™ is a known smooth function vectors. z,, is the environ-
mental disturbance, which has effects on sway.

Considering the LCF as:

1
V, = -2
2v (52)

According to Eq. (51), differentiate Eq. (52) as follows:
Vv = (QlT.f;/ (']! 'I) + Twz)v (53)
From the references (Fossen, 1994; Zhang et al., 2015; Zhang and
Zhang, 2014), we know that O] f, @}, n) = —"ur — 92, where the

m22 m22
inertia and damping parameters mi;, Mmoo and do» are all positive
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constants. According to the kinematic and dynamical equations of the
underactuated surface ship, the environment disturbance z,, in Eq. (1)
can be defined as 2.

m22
Thus, Eq. (53) can be written as follows (Zhang et al., 2015).

; my dr dy,
Vv, — Ly — 22292 4 2y
my mp2 mp2
d. d, m
= -2y Ty
L)) nmy - My 54)

Based on the design of the control system, the variables u and r are all
uniformly ultimate bounded, and according to the Assumption 1, the
D2 < Ty It
is easy to get the upper bound ¢ > Id,,, — my url, where & is a positive

constant.

environmental disturbances in the sway satisfy Iz,,| = |

Thus,
d i 2 2
(ﬁ_ﬂw)vsﬂs"__,_é_
my  my my  4myp  mp (55)

Therefore, Eq. (54) can be written as
my

. dzz dw
Vo= — —Hury — 22 ¢ 2
my my my;

(- L)ee s

v

my  4my my
1 2
= = 2(@ _ )Vv + i
my  4my ma (56)
According to Eq. (56), if vl > M, V, < 0, therefore, v satisfies the
(d22—0.25)2

passive-boundedness property, and when 1 - oo, the v can be guaran-
teed uniformly ultimately bounded.

Remark 5. Based on Assumption 1, we haveanalyze the passive-
boundedness of sway motion. According to (1), ©, € R is a unknown
constant vector with known dimensions n,, but in the ship motion
control system, 6!f, (i, n) = —:—;ur - :1—2222\/, where the inertia and
damping parameters my;, Mmoo, and ds» are all positive constants.
Therefore, Based on this property, we have expanded in our previous
work (Zhang et al., 2015) to analysis the passive-boundedness of sway

motion.
5. Numerical simulations

In this Section, the experiments of the control system are executed
in MATLAB R2016a on the computer. Some numerical simulations are
included to demonstrate the efficiency and effectiveness of the pro-
posed scheme. Consider an underactuated surface vessel model with
the model parameters (Zhang et al., 2015; Li et al., 2008; Do et al.,
2004). The physical properties of the underactuated surface ship is
38 m length, and the mass is 118 x 10° kg, comparative example with
the reference (Li et al., 2008), and following the design parameters in
Li et al. (2008). The parameters of the ship are m;; = 1.2 x 10°kg,
my = 1.779 x 10° kg, msy3 = 6.36 x 10" kg, dy = 2.15 x 10* kg/s,
dy, = 1.47 x 10° kg/s, and d33 = 8.02 x 10° kg/s. The environmental dis-
turbances in the simulations are choose as: 7,,=1.1X 10°[1
+0.35sin(0.2t) 4+ 0.15¢0s(0.51)] , 74, = 2.6 X 105[1 + 0.3cos (0.41) + 0.2sin(0.11)]
and 7,,, = 9.5 X 107[1 + 0.3cos(0.3¢) + 0.1sin(0.5¢)] (Zhang et al., 2015).
The desired reference trajectories are generated by the virtual ship (5),
and we assume that the value of u; = 6 m/s, and the value of r4 can be
divided into three scenarios, which are shown below (Zhang et al.,
2015):

exp (0.005¢/300) rad/s, t < 30s
Ty = 0 rad/s, 30s <t < 70s
0.05 rad/s, t> 70s 57)

The initial conditions of the closed-loop system are similar to the
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Fig. 2. The trajectory tracking path with perturbations effect.

one used in Li et al. (2008), which is defined as follows:
[x(0), y(0), w (0), u(0), v(0), r(0)]
=[-80, 20, 0, 0, 0, 0]
6,(0)=0.760,, 6,(0)=0.76,
‘?Wlmux (O) = 0'7Ter7m,x’ TWlmux = 2

:[\WS/ua.x (0) = 0'7TW3max’ TWimax = 3 (58)

and the design parameters are considered as:

lq:OOOl, k2: 15, k3: 11, k4: 1.1
L,=3x10"%, L=5x1072 yp=p=1
a,=02, a =005 b,=2x105 b =1 (59)

The simulation results are shown in Figs. 2—4. Fig. 2 shows the
path-following trajectory in the comparative reference (Li et al., 2008)
and the proposed algorithm, and we observe that the underactuated
surface ship can follow the reference trajectories accurately and
smoothly under the nonzero-mean time-varying disturbances and the
systematical uncertainty. The desired reference paths consist of
straight lines and circles can make the simulation experiment more
suitable with the practice requirements. The desired reference trajec-
tories can represent somewhat realistic performance in the problem of
trajectory tracking or path following. Fig. 3 shows the tracking error
between the actual and the desired vehicle, which is defined as
e= (2 +?), it can be seen that the tracking error e can quickly
converges to the origin in presence of the nonzero-mean time-varying
disturbances. Furthermore it can be also observed that the tracking
error in sway direction . converges to the equilibrium, and it reduces

150 - T T T
== The proposed algorithm
The algorithm in [26] 2
100 |- 1 u
= Ne—————
£
)
50 0 v
120 140 160 18
fo) S N — . . - .
0 20 40 60 80 100 120 140 160 180
0.1 T T T T T
0 ——aa e
)
® | 0.05 |
%m -0.1
=0
-0.2 H
0
70 75 80 85
03 1 1 | I 1 L I I
0 20 40 60 80 100 120 140 160 180

Time (s)

Fig. 3. Tracking error and attitude error with perturbations effect.
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Fig. 4. Control inputs with perturbations effect.

the chattering of . than Li et al. (2008). The control inputs are shown
in Fig. 4, simulation results show that the thruster outputs are smooth,
it can reduce the consumption of thrust, and also reduce the damage of
the propeller thrust through the continuous scheme in special con-
struction of the sliding manifolds. All of the above simulation results
show that the effective of the proposed method are sufficiently
demonstrated, especially in the practice of marine engineering.

6. Conclusion

In this paper, a practical proportional sliding mode controller is
designed to solve the problem of trajectory tracking of underactuated
surface vessels. By combining the adaptive continuous sliding mode
control with backsteeping technique, the method can effectively solve
the problem of system chattering and trajectory tracking. In the design
of control scheme, in order to solve the unknown disturbances in the
ship motion control, the method of estimating the upper bound of
unknown disturbances is explored. In the design of controller, the
sliding mode control is used to enhance the robustness of the control
system to the systematical uncertainties, and the special construction
of the continuous sliding manifold can reduce the chattering of the
system. In order to reduce the complexity of the feedback law, the
output of the controller is divided into two parts, which includes an
equivalent control part to solve the systematical uncertainty and a
disturbance control part to solve the unknown disturbances. The global
stabilization of the overall system is discussed based on the Lyapunov
stability theory. In comparison with the controller design in Li et al.
(2008), the control algorithm can not only reduce the chattering of the
error variable of ., but also make the y, have a better performance
and a small error, thus being more effective to be applied in the
practical ship motion control.
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