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Abstract: [Objectives] To improve the course tracking performance and reduce the course error of an underactuated
surface ship, this paper studies a ship course sliding mode control system based on the finite-time extended state ob-
server (FTESO). [Methods] A prefilter is adopted to reduce the influence of the high course change rate during the
steering. The time-varying sideslip angle is estimated by FTESO, and the course error is corrected by the estimated
sideslip angle in a timely manner. To simplify the design of the controller, the external disturbance and internal uncer-
tainty in the yaw direction are estimated by the observer simultaneously and compensated in the controller design.
Considering the input saturation constraint, this paper selects a sliding mode surface with an integral term and de-
signs the sliding mode control law by FTESO, and it finally proves the stability of the control system by the Lyapu-
nov stability theory. [Results] The simulation results show that the proposed control system reduces the course track-
ing error and makes it converge to zero in a shorter time. [Conclusions] The results of this study can provide refer-
ences for the course tracking control design of surface ships.
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tive control ¥, fuzzy algorithm ), and model pre-

0 Introduction dictive control (MPC) algorithm ), have been ex-

With the development of the global marine indus-
try, ship motion control has attracted more atten-
tion, and course tracking is an important perfor-
mance that cannot be ignored from beginning to
end. In addition to the impact of sea-surface distur-
bance, the complexity and uncertainty of ship ma-
neuvering also pose great challenges for the ship
course control. Therefore, the discussion on the ro-
bust control algorithms is of practical significance
to ship course control. At present, multiple control
methods, e.g., state feedback linearization ™), back-
stepping!?, sliding mode control (SMC) Bland adap-
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tensively used in the field of ship control. In order
to solve the practical application problems of high
output energy and intractable nonlinear functions in
the backstepping method, Zhang et al. ¥ modulated
the control error by using the sine function and im-
proved the control performance of the ship autopi-
lot without changing the controller structure. How-
ever, the control design of the nonlinear steering
system of ships is generally affected by nonlinear
impacts of rudder angle, rudder rate, and course an-
gle. In order to simplify the nonlinear steering sys-
tem of ships, Perera et al. [ studied the input-out-
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put linearization control methods based on Lyapu-
nov, Hurwitz, and PID, but they have not yet solved
the problem of complex sideslip angle in the path
tracking control of underactuated surface ships 1.

For the sideslip angle compensation, the most di-
rect way is to use GPS, accelerometer, and other
sensors for measurement °; however, the noise and
high cost of sensors make this method infeasible.
Therefore, Wang et al. [ proposed a line-of-sight
(LOS) guidance law based on extended state observ-
er (ESO) of filter, and the law uses FTESO to esti-
mate the time-varying sideslip angles caused by cur-
rent, wind, and wave disturbances, thereby achiev-
ing path tacking; however, they failed to consider
the rudder saturation. Li et al. [!! designed a novel
ESO which achieves effective ship course tracking
by SMC. Compared with the conventional linear
ESO (LESO), the nonlinear terms of FTESO can
guarantee a finite-time estimation of an extended
state. In order to improve the observational perfor-
mance, Xiong et al. "2 proposed a novel ESO that
reflects the output estimation error by nonlinear
terms and switching terms; on the basis of the struc-
ture of the ESO, the problem affecting the design of
the observer is transformed into a design problem
of the state observer under external disturbances.
Due to the mechanical characteristics, rudder satura-
tion does exist in ship control; therefore, many re-
searchers have conducted extensive studies on the
analysis and the design methods of control systems
with rudder saturation. Liang et al. "3 used FTESO
to estimate the unmeasurable state of the dynamic
positioning ship within finite time and constructed
an auxiliary system to handle and control the satura-
tion state. In addition, the control signal before en-
tering the observer can also be limited by saturation
function, so as to reduce the effect of actuator satu-
ration constraint ['4],

For the nonlinear characteristics and external dis-
turbances in the ship course control, FTESO is used
to estimate the unmeasurable state, and thus the
sideslip angle estimation is obtained on the basis of
time-varying sideslip angle and input saturation,
thereby correcting the course error. Then, a robust
adaptive control method for underactuated ship
course with the consideration of sideslip angle is
studied by designing a sliding mode surface with in-
tegral term and combining with the reaching law,
and the stability of the proposed controller system
is proved by the Lyapunov stability theory.

1 Definition and Lemma

Definition 1: homogeneity. For a continuous scalar
function 7 (x): R*— R,V has homogeneity ¢ ['* with
respect to (7, ..., 7,) when the following condition is
met: for arbitrary real number A > 0, there are a
number ¢ > 0 and a vector (r, ..., r,) € R"> 0, with
r,>0(i=1,2,..,n), to ensure that V{A"x,,---,A™x,)
equals A"V(x,---,x,). For a vector function f{(x):
R” — R”, f has homogeneity d !'Ywith respect to
(ry, ..., r,) € R"> 0 when the following condition is
satisfied: for an arbitrary A > 0, there is (7,
R"> 0, with ,> 0 (i = 1, 2, ..., n) to make f{x) satis-
fied when fi(2"x,,---.A"x,) equals A" fi(x;, -, x,),
withi=1,2,..,nand d>-min{r,,i=1,2, ..., n}.

Lemma 1: suppose that there is a continuously
differentiable function V' (x) > 0: U,— R, U, C U e
R”, then

vy ) €

Vix,t) < —cV*(x,1), Vxe€ U0} (1)
where U stands for the entire state space; set U, is
the domain of the independent variable x; V* is the
a-order power of V; ¢ is time; constant ¢ > 0 and 0 <
o < 1 show that the system is locally stable within
finite time. For an arbitrary initial condition x (¢,) €
U,, the convergence time satisfies T < V'"*(x(t,), t,)/
c(1 = a) 171, and ¢, is the initial time.

Lemma 2: suppose that there is a continuously
differentiable function V' (x) > 0: U, R, U, C U e
R”, then

Vix,t) < —c,VHx, )+, V(x.t), YxeUN\O} (2)
where constants ¢, and ¢, > 0, and 0 < o < | show
that the system is locally stable within finite time.
For an arbitrarily initial condition x (¢)) € {U, N
U,}, the convergence time satisfies 7' < In(1- (c,/c,)
V=4(x,, t))(cy00 = ¢;), and U, = {x|V'7x, 1) < ¢,/
¢,y

Lemma 3: for arbitrary x,e R (i =1, 2, ..., n) and

real number 0 < p < 1, the equation is '
P

n » n n
(Zm] <Z|xi|P<:1‘f’(Z|x,-|] (3)
i=1 i=1 i=1

Lemma 4: for arbitrary x,e R (i =1, 2, ..., n) and

real number p > 1, the equation is 2%
n n r n r
Dl < (Z |x,-|) < n”l(z |x,-|] (4)
i=1 i=1 i=1

2 Model building

Based on the six-degree of freedom (6-DoF)
model of underactuated ships, a 3-DoF underactuat-
ed ship model in the surge, sway, and yaw direc-
tions is; established without the coupling between
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the surge/sway/yaw and the heave/roll/pitch. It is as-
sumed that the inertial matrix, the added mass ma-
trix, and the damping matrix in the model are diago-
nal matrices, and the aforementioned assumption
holds true when the ship possesses three planes of
symmetry. The port and starboard of most ships are
symmetrical; however, it is unnecessary to consider
the up-down symmetry when a ship sails in a hori-
zontal plane. The fore-aft asymmetry of ships
means that the off-diagonal terms of the inertial and
damping matrices are non-zero. However, com-
these off-
diagonal terms are extremely small. On the basis of

pared with the main diagonal terms,

the above settings, the mathematical model of sur-
face ships can be simpliﬁed as [21]

_m 1 1
2o u— Z lul " u+ —T +—1,.,(0)
ml] my my Lo my
m d > d
P= e =y )T 'v+ TM‘(T)
My Ny s My
_ i —mn) ’_Z ,,| .
ma3 sz my
1
r _T‘q’r(t)
ms3 Ms3
y=r

(5)
where i is the actual course in a fixed coordinate
system, (°); u and v are the surge and sway veloci-
ties of the ship, respectively, m/s; r is the yaw veloc-
ity, rad/s; m;; (1 < j < 3) is a positive constant, indi-
cating the inertial coefficient of the ship with added
mass; d,, d,, d, d,, d,, and d,; stand for the hydrody-
namic damping coefficients in the surge, sway, and
yaw directions, respectively; the unknown time-
varying terms t,,,(?), 7,,(f), and 7,,(¢) are the environ-
mental disturbances caused by wind, waves and cur-
rents, respectively; 7, stands for the propulsion of
the surface ship, N, and is provided by propellers or
water jets; 7, is the yaw torque, N'm, and is pro-
duced by changing the speed of each propeller or
water jet, which indicates that course can only be
controlled when the surge speed is non-zero. There-
fore, an independent control system is designed to
control the surge speed in this paper.

When the rudder is in the middle of the position,
a ship that sails straight along the direction of the
longitudinal section will not be subjected to a later-
al force due to the symmetry of water flow. When
the rudder has an angular deflection, it will be sub-
jected to a lateral force due to the changed symme-
try of water flow, and the point of action of lateral

force will generate a torque around the center of
gravity of the ship. Under the action of the torque,
the ship will deflect relative to the water flow, and a
sideslip angle § between the longitudinal section
and the direction of the flow velocity can be de-
fined as follows.

ﬁzarctan(g) (6)
u

In order to simplify the controller design, this pa-
per will use ESO to estimate the total disturbance in
the yaw direction of the model. Therefore, for the

design of the course controller, the 3-DoF underac-
tuated ship model in Eq. (5) is simplified as

b=r
1 7)
r= fr(t)"' _T — & (t)+ m(t) (
My —m ' d
— Iy i i
where fi{f) = ——uv, g,(1) = |,
3 =
Let
f(t)+ T®
1 1 1 !
W= ——Twuws — Tus = Tyr +f;~(t)
my niyy M3y

Assumption 1: the external disturbance is bound-
ed, namely [7,.(D)| € Tyumax <00, [T (D] € Ty max < 0,
1T0r (D] € T imax < 00,

Assumption 2: since the energy of the external
disturbance is limited, it is reasonable to assume
that the derivative of w is bounded, namely

||| < 4, where 4 is the upper bound of .

3 Control system

3.1 Course prefiltering and sideslip

angle compensation

In order to avoid a large change rate in the ship
course, this paper adds a prefilter to the control sys-
tem to smooth the desired course, thus ensuring the
robustness of the sliding mode controller. The main
function of the prefilter is to filter the originally de-
sired course y, and achieve a smooth transition of
the reference course y, and the course change rate
Yy, thus avoiding the higher requirements for the
control gain and improving the controller perfor-
mance. The form of the second-order prefilter used
in this paper is as follows:

Ya+ A+ Aotpg = A, (8)
where 4; (i = 1, 2, 3) stands for the undetermined
prefilter parameters.

The time-varying sideslip angle caused by exter-



CHU R T, et al. Ship course sliding mode control system based on FTESO and sideslip angle compensation 4

nal disturbance is so small that its influence is usual-
ly ignored with zero value in the ship course con-
trol; however, the sideslip angle has a certain influ-
ence on the tracking error in practice. Therefore, the
course control with sideslip angle correction is tak-
en into account in this paper, as shown in Fig. 1. In
the figure, y, is the actual course; y, is the refer-
ence course after the prefiltering, and w,—w, stands
for the initial course error. In the existence of a side-
slip angle, there is a sideslip angle between the actu-
al motion direction of the ship and the expected tan-
gential direction 1, and then the expected course
W, and the course error e, based on the sideslip an-
gle correction are

Y =Ya—p (9)

€ =¥~V (10)

9}

Fig. 1 The expected course with sideslip angle correction

3.2 Controller

3.2.1 Design of SMC law

In order to ensure the characteristics of automatic
maintenance and tracking in the ship course, a
closed-loop feedback control system is employed to
study the tracking problem in the ship course. Ac-
cording to the principle of SMC, the sliding mode
controller is designed with the idea of error feed-
back. In this paper, the designed sliding mode sur-
face s with the integral term is as follows:

5= e+b1e+b2f0' el’sgn(eydr  (11)

where 0 < p < 1 is a tunable parameter; b, and b,
are tunable gain parameters; 7 is the time integral
variable; e = ¢, stands for the corrected course error.

Buffeting will inevitably occur in SMC. This is
mainly because the gain of the term of discontinu-
ous sign function needs to be sufficiently large to
guarantee robustness. In order to reduce the impact
of sliding mode buffeting, a reaching law is used to
improve the phenomenon. In this paper, the SMC
based on the exponential reaching law is utilized to
ensure that the moving points can reach the sliding
mode within a;limited time.

§=é+bié+bylel’sgnle) = -k, s —kysgn(s)  (12)

The control law is solved as follows:

T, = ’7133( — () + gD+, — bié — byle|"sgn(e) —

1
—1,., (1) —kysgn(s) —k; s (13)
May
where k, and k, are positive constants.
1
In view of the Lyapunov function V = Esz, its de-

rivative can be taken, and the following equation is
obtained.

. k
V =55 = s(—k s — kosgn(s)) < —k 8" —ky 5] < _EIV
(14)

3.2.2 ESO design

To ensure tracking accuracy, FTESO is used to
estimate and compensate for the total disturbance
terms composed of the uncertainty and the external
disturbance. The system structure is obtained by
combining with the sliding mode controller, as

shown in Fig. 2.

Environmental
disturbance
Control Actual

Expected Corrected
torque

course course error | Sliding mode Ship course
controller model

Disturbance

estimation Course estimation
Sideslip
angle . FTESO
estimation| Estimated
value of
ship speed

Fig.2 Control system of the ship course

Here, 5 equals [u, v, r]T; # is the state vector of
the system expansion, which contains unknown ex-
ternal disturbance and internally unmodeled dynam-
ic terms; the observer estimation error 2; = 77— #}; the
extended state error z, =w —w. Then, the FTESO in
the following form is obtained:

ﬁ = fu,v,r)y+t+glu,v,r+
W+ msig™(z)) +nsgn(z,)) (15)
W = mysig(z)) + nasgn(z,)

where
Ny,

vr
nty,

fav,ry=|_m
my

0
3

u— Z Rl
nty,

d,

my,

=2

3
L,
msy» =y myy
&)
sig"(z)) = |z, ["sgn(z))

glu,v,r) =
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T

[ 1 1
T=|—"Ty 07 — T

my, ms3

and1 <ay <l =2y =1, m;>0,n,>00(=12),

are the observer design parameters.
The observer stability is proven as follows.
The equation of the observational error system of
FTESO is
21 = Zo —imsig®'(z,) —n sgn(z,)
{22 =W —m,sig™(z,) —n,sgn(z))

put aside temporarily the two terms,

(16)

Let's
—m8gn(z;) and W —n,sgn{zy) in Eq. (16), the error
system can be expressed as
{?1 iZz‘"?liigdl(Zl) (17)

22 = —mysig(21)

Let 0 = a,0,. According to definition 1, it can be
inferred that the system (Eq. (17)) has a homoge-
neity a, —1 with respect to weights (1, «,). The dif-
ferentiable function can be defined as V, = Z'PZ,
and ¥V, > 0, where Z=[Z7,Z}]"= [[sig-(z))]",
[sig™ (z.)]"]", and P is the solution of the Lyapunov
equation ATP + PA = -I, with I, (i = 2, 3, 4, ...) be-
ing the i-th-order identity matrix. The system ma-

trix can be defined as

_ —n'l113 Ig
| -md; O

and A is the Hurwitz matrix. It is known from the
Reference [15] that V, is the Lyapunov function of
the system (Eq. (17)), and LV, is the Lie deriva-
tive of V, along the vector field f, by making f, be
the vector field of the system (Eq. (17)). Therefore,
it can be inferred that ¥, and L, ¥V, have homogene-
ity 2/c and 2/ + (a,—1) with respect to weights (1,
a,), respectively. The following inequation can be

obtained from the Literature [22]:
L;V,<-aV,* (18)

oy o
Where ¢\ =— max L, V(Z);e=1+—-— <1,
\Z:V,=1} 2 2

The Lyapunov function of the error system (Eq.
(16)) is designed as follows.
V,=2"'PZ (19)
The derivative of Eq. (19) is taken and
—diag(|z1|(5’1))nlsgn(zl)

o
—diag (lZzl(%'il)) [W —nysgn(z))]

ooy

Vl = Lfry V,y + 2ZTP

(20)
By substituting Eq. (18) into Eq. (20), this paper
obtains

3
2n] ||Z|| /imax(P) (Z |Z1 ym|(lrl)]

. . =1
V] < —C V] “+ z +
a

3
24+ m) ||Z||Al.m(P>(Z |zz,m|('"'~l)] o)

m=1

o

where 1,,,(P) is the largest eigenvalue of P. Accord-

ing to Lemma 3 and the inequation (a+b+c¢)* <
3(a*+b*+c?) , the following inequation can be

achieved:

3 3 1-o
(Z 'Zl’m'(“)] < 3”(2 Izl,mlf) <3z )
m=1

m=1

3 3 l-oa,

m=1 m=1
(22)
By substituting Eq. (22) into Eq. (21), the follow-
ing equation is obtained:

. X3 T A (PINZITT
Vi< e Vit 1 A P Z]| N

o
2%3 7 U+ m) b PIZI ™
<
o,
—CIVIS+C2V|17% +C3V117% (23)
where
2x3%n, Amax(P)
oA (P)
2 X 3 HTI (A + nl)”-max(P)
C3 = e
a’alﬂ;f (P)
o o,
In consideration of 0<1—§ < I_T <e<l,

Eq. (23) will be further analyzed in two cases.

1) When ¥, = 1.,V < Vf+c,Viand ¢, = ¢, +
c;; it can be inferred from lemma 2 that the time
needed for V; to converge to V; = 1 can be ex-
pressed as &1 <In[1 —=(cy/c)V|*(0)]/(c.e—c.).

2) When V, < 1, V, <—¢,V\*+¢,V,' %, and the pa-
rameter ¢, satisfies 9<co<1—=% | and then
Vi<-—ceVi-le(l-c) V" —clv, . If

1

e—1+% . e
Ve > ( —~ holds true, then V, <—cixV\*,
0

and Vi s
C4

il —co)

monotonically  decreasing;  if

, in accordance with lemma 1, the

Vi)

following equation can be obtained 7, < ceo(l—2)

Cy )l
c(1-c¢qg)

within a finite time 7 = ¢, + #,, and the estimation er-

Eventually, V/; will converge to V, < (

ror can be expressed in the following form

“ ) (24)

1
1Zll < ( |
VAmm(P) Cl(l_cﬂ)
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According to Lemma 3, there is

3 3
1T 1 9
ezl < D Azml™) + > (2o ml ™)™ <

m=1 m=1

3 3
310{2 (|zl,::z|~5>”} +30on (Z (zz,nsz'] <

m=1 m=1
3z + 3 ) (25)
Finally, the estimation error of velocity and the
ESO error can converge into the compact set Q

which is expressed as

31_7 Cy 71_1
Q=1(z, )21, 22) < rr( ) +
{( 1 2)(z1, 22) T \ad—c)

S
Amin(P)(rw1 ((.1(1 - C()) (26)
3.3 Analysis of system stability

The design of the sliding mode controller based
on FTESO is expressed as the following theorem.

Theorem 1: for the ship course control system
(Eq. (17)), an ESO (Eq. (15)) is designed; the slid-
ing mode surface is expressed by Eq. (11) by using
the estimated sideslip angle B = arctan (v/21), and
the sliding mode controller is designed as follows:

7, = May(— W, + 8,(1) + Wy, — by &,—

bsle,|"sgn(e,) — ki s — kasgn(s)) (27)

.2 1
where Wi = fr(t) * m_”Twr 5 wda = wd _ﬁ 5 éu = l& - de 5
é, =7, . System tracking error asymptotically

converges to zero.

Proof: the Lyapunov function is chosen as

1
V: ESZ (28)

Let e, = le.|"sgn(e,) and take the derivative of v,
and substitutes Eq. (27) into Eq. (28), then the fol-
lowing equation is obtained after rearrangement.

V=58 = sl — Yaa + b1 (& — i) + bale [ sgnle,)] =

s[w, —Ww,)+ (g () —-g.(D)+ b (r —7)+
by(e, — &,) — kaysgn(s) — ki s] < —ki 5 — ko s|+
[(w, =W,) + (8,(0) = §,(0) + bi(r — ) + bale, — &y)1s1
(29)

Since FTESO ensures that all estimation errors
are sufficiently small, k&= (w,— W,)+ (g, (1) - §,()) +
b(r —7) +by(e, — &,) can be guaranteed as long as an
appropriate &, is chosen; therefore,

V< —kst=-2kV (30)

For a better control effect, a steep saturation func-

tion is chosen and defined as

1, s>g
1
sat(s) = 4 ks, |s|<€|,k=£— (31)
1
—1, 5§ < =&

to approximate the sign function in the controller; ¢,

is the minimum value. In the limiting case where ¢,
tends to be zero, the saturation function is approxi-
mately the sign function, and the control law is tak-
en as
7, = Mas(—W, + 8,(0) + g, — by &,—
byle.["sgn(e,) — ki s — kysat(s)) (32)
Therefore, the control system is asymptotically
stable, and }E}Q“ =0; then, it is known from Eq. (11)
that the course tracking error e, converges to zero

asymptotically. The proof is complete.

4 Analysis of simulation results

In order to verify the effectiveness of the pro-
posed controller, the entire course system was con-
sidered. In this paper, the modeling tool Simulink in
Matlab was employed to build the entire system
model, and simulation applications were carried
out. The relevant parameters in the model (Eq. (5))
can be found in the Literature [22], i.e., m,; = 120 X
103, my, = 177.9 x 10°, my; = 636 x 105, d, = 215 x
102, d,=147 x 10°, d. = 802 x 10*,d,, = 0.2d,, d,s =
0.1d,;d,=0.2d,d;=0.1d;d,=02d,.,d,=0.1d,.
In this paper, the parameters selected for the design
are shown in Table 1. Surge speed was controlled
by an independent control system, and the PID con-
troller designed based on ESO in this paper was
used to make the ship surge at a speed of 7 m/s; in
addition, the input constraint for yaw control was
7, =7 x 108N'm. The initial velocity was set to 6 m/s,
and the expected course angles were 20°, =20°, and
0°, respectively; the simulation step size and simula-
tion time were set to 0.01 s and 150 s, respectively.
Suppose that the environmental disturbances in the
= 150 x 10%dr, 7,, = 900 x 10°dr,
=2 x 10°x (1 + 0.3co0s(0.4¢ )), where dr is
the tertiary wave model and is expressed as follows:

dr = y(s) = h{s)w(s) (33)
where y(s) stands for the expression of the tertiary

simulation are t

and

wy

wave model; w(s) refers to the process of zero-
mean Gaussian white noise with a power spectrum
density of 0.1; A(s) is the transfer function of a sec-
ond-order wave, and

his) = Kws/ (s* + 2wyl s +wy) (34)
where { is the damping factor; w, is the wave fre-

quency, w, = 4.85/T,, and T, is the wave period;

K, = 2{w,0,, and o, 0.018 5T, k3 with h,; being
the significant wave height. The specific parameters
are given as follows: 7, =4's, h,;;, = 0.8 m, {= 0.1,
K,=0.053;0,=0.218, w,=1.21,and ¢, = 0.2.
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Table 1 The parameters under different control methods

Controller Observer
Control
method ki ks P by by m1 o om om m
With sideslip
angle 20 3 06 48 0.1 10 300 001 0.01 0.75
Without

10 2 06 5 03 15 350 0.01 001 0.75

sideslip angle

To ensure the reliability of simulation results, this
paper makes a simulation comparison between the
linear ESO-based backstepping method and the
FTESO-based SMC method proposed in this paper,
and the simulation results are shown in Fig. 3-
Fig. 7. Identical initial conditions and relevant pa-
rameters in different simulation models are kept
consistent. In the figures, "SMC+FTESO-sideslip
angle correction" is the SMC method considering
sideslip angle correction; "SMC+FTESO-non-side-
slip angle correction" is the SMC method without
considering sideslip angle correction, and "back-
stepping+LESQO" stands for the backstepping meth-
od combining with linear ESO.

It can be seen from Fig. 3(a) that the ship with
the consideration of sideslip angle correction can
reach the expected course faster (the expected value
is reached within 4 s after the course change). How-
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Fig.3 Comparison of heading angles and yaw torque of the
controllers without input constraint

ever, for the method without considering sideslip
angle correction and the conventional backstepping
method, they take 8 s or even longer to reach a sta-
ble state. Fig. 3(b) shows the yaw torque of the con-
troller without considering input saturation. It can
be seen from the figure that the torque is far beyond
the limit of the normal use of the rudder when the
ship's course changes. In order to solve this prob-
lem, this paper adds input constraints when design-
ing the course controller with sideslip angle correc-
tion.

Fig. 4 shows the comparison of the courses and
errors of three different controllers after input satu-
ration (with constraints). It can be seen from the fig-
ure that after the control input is constrained, the
courses and errors remain unchanged.
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Fig. 4 Comparison of course angles and errors of the

controllers with input constraint

Fig. 5 shows the sideslip angle values estimated
by the observer. It can be seen from the figure that
the sideslip angle has always existed in the course
of ship sailing, and it will change abruptly when the
course changes, although its value is small. There-
fore, the ship course with the sideslip angle correc-
tion can improve the performance of the course con-

trol and reduce the course error.
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.7 The estimated values and errors of velocity in the surge, sway, and yaw directions with input constraint
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The yaw torque with input constraint is shown in
Fig. 6. It can be seen from the figure that the yaw
torque has been reduced accordingly.

According to the final course tracking effect, the
SMC method designed in this paper gives itself no
significant advantages compared with the conven-
tional linear ESO-based backstepping method; how-
ever, the analysis from the perspective of the ob-
server shows that the FTESO designed in this paper
has better observational performance. Fig. 7 shows
the estimated velocities and errors of the two ob-
servers in the surge, sway, and yaw directions. The
estimated error of the yaw velocity with the FTESO
maintains within +4x107°rad/s, while the conven-
tional LESO has a maximum error of 1.4 x1073 rad/s
in the initial time and becomes stable within
+6x1075 rad/s after an adjustment of 0.98 s. The esti-
mation performance of the observer for the surge
velocity u and sway velocity v is also important due
to the sideslip angle correction. The estimation er-
ror of the FTESO for the surge velocity always
maintains within £4x1073m/s while the traditional
LESO has a maximum error of 1.12x107 m/s in the
initial time and a convergence time of 0.99 s, and
the error stably fluctuates within £6x107°m/s. Al-
though the observational error of LESO in estimat-
ing the sway velocity v can eventually stay around =+
2x1077m/s, its convergence time of 1.15 s is still
longer than that of FTESO, i.e. 0.06 s; moreover,
the error at the initial moment reaches 4.3x1073 m/s,
while the maximum estimation error of FTESO is
only 6.68x1073 m/s.

5 Conclusions

In this paper, the sideslip angle correction is con-
sidered in the design of the course tracking control-
ler with the 3-DoF motion model of the underactuat-
ed ship on the water surface as the object; unlike
the direct calculation of sideslip angle by using rela-
tive speed, FTESO is used for real-time estimation
of the sideslip angle, thereby greatly improving the
ship's course tracking performance. The simulation
results show that the observational performance of
FTESO is excellent compared with that of the con-
ventional linear observer. The estimation of the to-
tal disturbance term is compensated in the design of
the reaching law-based sliding model controller,
which weakens the buffeting effect and guarantees
a strong anti-interference capability of the course
control system when the course tracking error con-
verges to zeroy; Moreover, the saturation function is

used to constrain the yaw torque in the paper, which
is of excellent practical significance. Although cer-
tain constraints are imposed on the input torque in
the paper, there is still room for improvement, and
the following study will continue to study the input
saturation and enhance the control accuracy by im-
proving the algorithm.

References

[11 WUR,DUIJL, SUNY Q, et al. Ship course tracking
control based on the state feedback linearization and
ESO [J]. Journal of Dalian Maritime University, 2019,
45 (3): 93-99 (in Chinese).

[2] ZHANG X K, ZHANG Q, REN H X, et al. Linear re-
duction of backstepping algorithm based on nonlinear
decoration for ship course-keeping control system [J].
Ocean Engineering, 2018, 147: 1-8.

[3] PERERA L P, SOARES C G. Pre-filtered sliding mode
control for nonlinear ship steering associated with dis-
turbances [J]. Ocean Engineering, 2012, 51: 49-62.

[4] SHEN Z P, ZOU T Y. Adaptive dynamic surface course
control for an unmanned sailboat with unknown con-
trol direction [J]. Journal of Harbin Engineering Uni-
versity, 2019, 40 (1): 94-101 (in Chinese).

[5] ZHU D J, MA N, GU X C. Adaptive fuzzy compensa-
tion control for nonlinear ship course-keeping [J]. Jour-
nal of Shanghai Jiao Tong University, 2015, 49 (2):
250-254, 261 (in Chinese).

[6] WANG D W, FU Y. Model predict control method
based on higher-order observer and disturbance com-
pensation control [J]. Acta Automatica Sinica, 2020,
46 (6): 1220-1228 (in Chinese).

[71 PERERA L P, SOARES C G. Lyapunov and Hurwitz
based controls for input-output linearisation applied to
nonlinear vessel steering [J]. Ocean Engineering,
2013, 66: 58-68.

[8] HU C, WANG R R, YAN F J, et al. Robust composite
nonlinear feedback path-following control for underac-
tuated surface vessels with desired-heading amend-
ment [J]. IEEE Transactions on Industrial Electronics,
2016, 63 (10): 6386-6394.

[91] BEVLY D A, RYU J, GERDES J C. Integrating INS
sensors with GPS measurements for continuous estima-
tion of vehicle sideslip, roll, and tire cornering stiff-
ness [J]. IEEE Transactions on Intelligent Transporta-
tion Systems, 2006, 7 (4): 483-493.

[10] WANG N, SUN Z, YIN J C, et al. Finite-time observer
based guidance and control of underactuated surface
vehicles with unknown sideslip angles and disturbanc-
es [J]. IEEE Access, 2018, 6: 14059-14070.

[11] LI'Y, BAI X E, XIAO Y J. Ship course sliding mode
control system based on a novel extended state distur-
bance observer [J]. Journal of Shanghai Jiao Tong Uni-
versity, 2014, 48 (12): 17081713, 1720 (in Chinese).

[12] XIONG S F, WANG W H, LIU X D, et al. A novel ex-
tended state observer [J]. ISA Transactions, 2015, 58:



CHU R T, et al. Ship course sliding mode control system based on FTESO and sideslip angle compensation

10

[13]

[14]

[15]

[16]

[17]

309-317. trol, 2006, 51 (5): 858-862.
LIANG K, LIN X G, CHEN Y, et al. Adaptive sliding [18] SHEN Y J, XIA X H. Semi-global finite-time observ-
mode output feedback control for dynamic positioning ers for nonlinear systems [J]. Automatica, 2008, 44
ships with input saturation [J]. Ocean Engineering, (12): 3152-3156.
2020, 206: 107245. [19] HARDY G H, LITTLEWOOD J E, POLYA G. In-
AN L, LI'Y, CAO J, et al. Proximate time optimal for equalities [M]. Cambridge: Cambridge University
the heading control of underactuated autonomous un- Press, 1952.
derwater vehicle with input nonlinearities [J]. Applied [20] ZOU A M, DE RUITER A H J, KUMAR K D. Distrib-
Ocean Research, 2020, 95: 102002. uted finite-time velocity-free attitude coordination con-
PERRUQUETTI W, FLOQUET T, MOULAY E. Fi- trol for spacecraft formations [J]. Automatica, 2016,
nite time observers: application to secure communica- 67:46-53.
tion [J]. IEEE Transactions on Automatic Control, [21] DO K D, JIANG Z P, PAN J. Robust adaptive path fol-
2008, 53 (1): 356-360. lowing of underactuated ships [J]. Automatica, 2004,
ROSIER L. Homogeneous Lyapunov function for ho- 40 (6): 929-944.
mogeneous continuous vector field [J]. Systems and [22] BHAT S P, BERNSTEIN D S. Geometric homogenei-
Control Letters, 1992, 19 (6): 467-473. ty with applications to finite-time stability [J]. Mathe-
HONG Y G, WANG J K, CHENG D Z. Adaptive fi- matics of Control, Signals, and Systems, 2005, 17 (2):
nite-time control of nonlinear systems with parametric 101-127.
uncertainty [J]. IEEE Transactions on Automatic Con-

v », -

vy Al

T FTESO HIEE M2
» > NN Y
FEAEADC 1r] 1 B A2 )
fift B st , X 4e”
tEBEEAE MERASEH IR ARERTLE LERE, L 201306

 E. [ B9 ] S H T SRS AA I BRI RE L W/ I 58 22 IS — i B A B A ] IR 2 UL

#x (FTESO) B AR AL 1) M L4 O vk o [ s | i 2, SR P 00 90l 8 i/ 9 9P % i) P A58 K A ) 28 fL A< 52 0
™ SRODR 25 LN e X IR 22 S5 A AT A 3T, SRS S Al Tt A B A S M IEA I R 25 o O AR P R de ST,
FT 5 1) b 9 SR S 0 N SR 5 ST e UL 3 R A O A P ] s BT AT A o I BRSO A A
T, 25 FTESO BETH I B4l e, JF 25 i i AT R 249 3R, 5 26 300 5k 2 25 4 O TR U ) 42 o 2R e O AR ik o

(4R ] D7 BAR R, T 50 04 2 1 75 32 ok K T A A0 FE 66 1 52 et F) Ak ) P i/ O 1 B8R B 58 22 R WL B2 0,

[ 3% | TS0 R AT K T AL 1 B 42 o B H RS

SRR LI 5 PR WL s AT BRI [ SRS LI A 5 AT AN 2R





