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Finite time trajectory tracking of
underactuated ship based on adaptive
neural network

ZHANG Qiang, ZHU Yaping, MENG Xiangfei, ZHANG Shuhao’, HU Yancai
School of Navigation and Shipping, Shandong Jiaotong University, Weihai 264200, China

Abstract: [Objective] Aiming at the problems of dynamic uncertainty and unknown disturbance in the trajectory
tracking control of underactuated surface ships, a finite time trajectory tracking control scheme based on an adaptive
neural network is designed. [Method] The underactuated variation is carried out by using the method of kinematic
virtual control law transformation and bounded constraints. Under the framework of Backstepping, neural networks
are used to reconstruct unknown dynamics, and an adaptive law is designed to approach the upper bound of unknown
disturbances. The Lyapunov direct method provides a rigorous theoretical analysis that proves that all the signals of
the closed-loop system are bounded, and the tracking error converges to a bounded interval. [Results] The simulation
results show that this control scheme can make an underactuated ship track the desired trajectory in a limited time,
and the convergence speed of the system error is faster than that of the traditional control scheme. The upper and
lower bounds of the error are also smaller. It also shows good robustness in the face of unknown time-varying
interference from the outside world. [Conclusion] The results of this study can provide valuable references for the
tracking and control of ship trajectories and are of great practical engineering significance.
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ship
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jectory tracking control enables surface ships to

0 Introduction track the required reference trajectories. As surface

There is an increasing demand for the exploita- ships are widely used, trajectory tracking control
tion, transportation, and exploration of marine re- has also gained wide attention from scholars both in
sources with the development of science and tech- China and abroad. As surface ships will meet distur-
nology. As an economical and effective tool, sur- bances from various internal and external uncertain-
face ships play a crucial role in marine engineering. ties during navigation, it is quite necessary to take
As a typical control task in ship motion control, tra- into account the influences of these complex factors
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in the design of the trajectory tracking control. As a
result, various advanced control methods have been
applied to the design of trajectory tracking control
schemes.

The field of trajectory tracking of fully actuated
ships sees the application of the trajectory lineariza-
tion control method ™, the control method for dy-
namic surface adaptive neural network control of
ship trajectory tracking based on nonlinear gain re-
cursion sliding mode 1, and the control method for
the minimum parameter adaptive recursion sliding
mode based on Lyapunov function of time-varying
asymmetric obstacles B, and these methods aim to
solve the problem of trajectory tracking control of
surface ships. They have not only served as a solu-
tion to the problem concerning the trajectory track-
ing of fully actuated ships with uncertain conditions
and unknown parameters but also enhanced the
tracking accuracy. As the sea surface is dominated
by underactuated ships, studies in this regard are of
great significance to reducing costs and improving
shipping safety. For the problem concerning the tra-
jectory tracking of underactuated surface ships,
Meng et al.[ solved the robustness problem caused
by the uncertainty of model parameters and un-
known disturbances by introducing the control law
of sliding plane design. Shen et al.®lproposed the
dynamic surface adaptive output feedback control
and ensured the uniformly ultimate boundedness
(UUB) of the ship trajectory tracking error by intro-
ducing an observer. The model predictive control
(MPC) proposed by Liu et al. ¥ achieved the ap-
proximate linearization of the model. However, the
method reported more significant tracking errors
when the external disturbance coefficient became
larger. References [® realized robust adaptive con-
trol by using an observer and proportional integral,
respectively, and Reference [8] also further reduced
the vibration caused by sliding mode control. Dai et
al. [ estimated the unknown disturbances by intro-
ducing a disturbance observer, and Haseltable et
al. [ further improved the accuracy of trajectory
tracking by introducing a neural network to approxi-
mate the nonlinear function.

The above references, however, can only get an
asymptotically stable result when the system time
tends to infinity, without taking into account wheth-
er the ship can achieve finite-time tracking control
under the influence of various uncertainties. Wang
et al. ™ introduced a decentralized controller based
on terminal sliding mode control and proposed a ter-

minal sliding mode control method, which enabled
underactuated surface ships to track and maintain
the desired trajectory fast within a finite time. Ning
et al. M first encapsulated the unknown parameter
dynamics and uncertainties into nonlinear functions
and then identified the nonlinear functions online
via an adaptive fuzzy approach, and thus they ob-
tained a new direct adaptive fuzzy tracking control
method, which enabled the tracking by ships within
a finite time. Sun et al. [*® proposed a robust fuzzy
adaptive definite performance finite-time control
method that was event-triggered. Zhao et al. ' de-
signed the adaptive finite-time control laws with
and without boundary layers for the rigid spacecraft
with unknown upper-bound disturbances, achieved
trajectory tracking within a finite time, and eliminat-
ed the buffeting.

Based on the above analyses, this paper intends
to design a finite-time trajectory tracking control
scheme based on an adaptive neural network under
the influence of dynamic uncertainties and un-
known time-varying disturbances. First, we use the
radial basis function (RBF) neural network to recon-
struct the dynamic uncertainties of the ship and de-
sign an adaptive law to approximate the upper
bound of the unknown disturbances. Due to the
high fitting relationship between the RBF neural
network and the nonlinear function, it is necessary
to improve the approximation accuracy and intro-
duce the finite-time control theory into the control
scheme design to ensure that the system tracking er-
ror can converge to a relatively small area within a
finite time, and thus the convergence speed of the
system error can be improved. Finally, we carry out
the simulation comparison tests to verify the track-
ing effect of the control scheme.

1 Mathematical model of the ship
and problem description

We here consider the following mathematical
model of underactuated surface ships [*3:
X =ucos(y)—vsin(y)
y = usin(y) +vcos () 1)
Y=r

1
u =fu(u,v,r)+_[7u+du]
m

u

V= )+ —d, @
m

v

1
F=fuy,r)+—I[r,+d]
m

"

and
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1
fuwv,r)= J(m‘,vr -Y.r+Xu+X,,uu)

u
1
ﬁ' (ua vyr) - E (va + Y\v\v |v| v+ er\v |r|v+
v
Yr—-mur+Y,, vr+Y,|rlr ©)

1
fu,v,r)y=—[(m,—m,)uv+Y,ur+ N,y+
m,

¥

N, +N,,lrlv+N,,vlv+ N, |r 7|
where X, y, and y serve as the actual tracking trajec-
tory of the surface ship, and they represent the later-
al displacement, longitudinal displacement, and
course angle, respectively; u, v, and r refer to the ac-
tual tracking velocity, and they represent the for-
ward speed, sway speed, and heading rate, respec-
tively; 7, represents the surge control force of the
ship; z, represents the yaw control moment; m,, m,
and m, represent the added mass; d, and d, are the
disturbances; f, (u, v, r), f, (u, v, r), and f, (u, v, r)
are the unknown dynamics; X,, Y,, Y, N,, and N,
stand for the linear damping of the surface ship in
the forward, sway, and yaw dimensions, respective-
ly; Xyglulu, Yulviv, Yidrlv, Yyevir, Nglrlr, and
N, [rlv stand for the nonlinear damping of the sur-
face ship in the forward, sway, and yaw dimen-
sions, respectively.

In order to achieve the design of the controller,
we give the following assumptions, definitions, and
lemmas.

Definition: The nonlinear control system is de-
scribed as follows:

x=/(x), x(0O)=x, xeQcR" @)
where x € R represents the state variable of the sys-
tem; €2, is a sphere containing the origin; f (x) is a
continuous function. For any initial condition x,, if
there is a constant ¢ > 0 and a time regulation func-
tion 0 < T (0) < oo that makes ||x(t)|| < ¢ and t =
T (Xo), then the system can be considered to be sta-
ble in semi-global real finite time 161, Specifically, t
represents the time variable, and T is the time under
the initial conditions.

Lemma 1: In terms of a system x= f (x), f (0) =
0, x e R", where f(x) represents a continuous func-

Reference

trajectory n, Virtual

control
law

+

racking
error z,

tion, if there is a continuous Lyapunov function V:
D — R that can satisfy the following conditions: V
represents a positive definite function, and there is a
real number p, > 0, p, > 0, ne (0, 1), and an open-
loop neighborhood near the origin satisfies
V(x)+p,V(x)+p,V"(x) <0, then the system is stable
in finite time, and the stability time T, is [*7]
T = 1 lnprI_q (x)+p2 5)
pi{l=m) e
Lemma 2: For any given continuous smooth
function h(x) defined on the compact set © ¢ Rr [8-19,
hx)=WTs(x)+e, VxeQ (6)
where ¢ represents the approximation error, and for
all x € Q, there is a vector & > 0, which meets |¢| <
&*; W* represents the weight vector under ideal con-
ditions; s(x) is the central function. In general, the
ideal neural network weight is an unknown vector,
which needs to be estimated. It can be interpreted as
W that can minimize |¢] on x € @ c R, i.e.

W: = arg“minRr% {sul£)|h(x) - WTS(X)I} (7

Lemma 3: For any a > 0 (a is a constant) and
x € R, the following relationship is satisfied 2%
X

0 < |x| —xtanh( ) <0.278 5a (8)
a

2 Design of the controller

The flow of trajectory tracking control is shown
in Fig. 1. In order to solve the problem of underac-
tuation, we adopt the method in Reference[21].
First, we define the tracking error of underactuated
surface ships as follows:

X. =X —X|

{yc:y_yl (9)
'ﬁr = lp—l/’l

e (10)

where x;, y;, and y, represent the expected lateral
displacement, expected longitudinal displacement,
and expected course angle in the tracking process;
u, and r, represent the expected forward speed and
the expected heading rate during the tracking, re-
spectively.

“Uncertain
‘ disturbance

1

| Actual
| trajectory 5

Fig. 1. Trajectory tracking control flow chart
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We let
x| xx
Z"’_[yc}_[y—yl] (11)
By deriving Eq. (11), we have
zc=ugA¢)+vgJ¢)—(;i) (12)
_| cos(e) [ —sin(gp)
where & (v) _[ sin{p) &9 _{ cos(p) ]

To stabilize the errors z,and w,, we construct the

1 1
Lyapunov function V, = Eze2+§!//ez, with the virtual

variables o and «, designed, as shown in Eq. (13).

kinz, :
(XZ—kHZC—;f—VgV(lp)"'( xl )
lIzell” + &2 N
k . (13)
¢, = k- —Ve Ly,

VIl +6?

where Ky, K5, Ks1, Kgp, and o are adjustable parame-
ters.

We design the desired forward speed, heading
rate, and course angle according to Eq. (13):

1 = ||a]]

k.
r=—kyy.— n

Vel + 62

Y = arctan (e, @,)

+n (14)

where w; is obtained through the inverse solution of
u; =llell; a, and a, are the components of « in the x
and y directions.

By deriving Eq. (10), we can obtain

1
ue =f;,(u,v,r)+ _(Tu+du)_ul =

fow,v,r) + L —1 + Ty,
11¢ (15)
iﬂt‘ :f;'(uyv’r)—'__(T,-"'dr)—i‘] =
m

¥

TI’ .
v+ —-rm+1,,
m

¥

For unknown dynamics f,(u, v, r) and f.(u, v, r),
they are reconstructed by the RBF neural network,
ie.,

g T

{fu(u,v,r) = Wqur(n)+su (16)

fwy,r=W om+es,

where the network input signal n =(x, y, w, u, v, n)T;

o () represents the central function in the adaptive

law of the weight of the neural network; the matri-

ces of the weight of the neural network are W, =

(Wu17 Wy, 0, Wuh)T and Wr = (erl Wig, *ovy th)Tl

respectively; ¢, and g represent the approximation
errors of the neural network.

In order to stabilize u, and r,, we design a control
law, as shown in Eq. (17):

kaou,
T, =m,|—-ku.————

Ve | + 62

VAVlfrr (n) + 1, — Tanh (u—C ) 3,1]
w“ (17)
[ kyr,
T, =M, _k4lrc_ e——

2
Vlirell +¢?

Wio () —y. +u - Tanh( re )3,]
@

r

where 6, = &,+7,.;6, =& +74,; §, and §, represent
the upper bound estimation of disturbances; W, and
W, are the weight estimation value of the neural net-
work; ¢, Ky, Koy, ks, and k,, are the adjustable pa-
rameters of the controller.

We design the following adaptive law:

WM =Yw [uco— - /l\r U, WM]
{A Voo 1) = A ] 8)
W” =Y, [réo—( T]) - /Iw,”rc”Wr]
(qu = yd,, (Tanh (ﬁ)ue - Adu(csu)
w,
(19)

3, =4 (Tanh (i) Fo—Ag SU)
w

where W, represents the estimated value of W,, and
W, is bounded. In addition, there is a compact set

Qw, = [WIIW,I <W./2}, where W, > 0, and it repre-
sents the upper bound of |jo(5)||. Since W, and
W, are bounded, the weight estimation error of the

neural network (WM:WU—W“) is also bounded in
the system. The design parameters Ky, Ky, Ku1, Ky,
Yw.,Yw,Ya, and Ya, are larger than zero.

3 Stability analysis

In order to verify the stability of the underactuat-
ed ship controller, the Lyapunov function presented
in Eq. (20) is designed

1 =2

1 | I 1
V=-z"z.+ =y +-u’+-r'+—39,
2Z % ZW" 2u 2r 2y,

1 =»2
+—90,

2)/11,

(20)

2

where s, =8, -6, 8, =56, -6,
Deriving Eq. (20) with respect to time, we have

= ES

. T. . . . 1 2 = 1
V=z z.+¥ Y. +udi . +ri.—06,y, 6,-0,y, 0.

(21)
where
.
. Z. kiaz,
ZcTZc = _ZchllZc - —122 +ZcTAc <
Viizell” +¢?
T
Z. k122 .
- zeTkllze - 7172 + zeTAe (22)
Vllzell” +¢?
7 k l'/lcz
Y= —kny. - — +r,

NIARTS (23)
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T
. . Z. kipz
chZe +¢e¢e = _Z:Tkllz: - 37’764_
Vllz|I” +¢*
ko’
* 2 El
Z:Tdt _kl]w: - - +¢€r&‘

VIlP +2 (24)

According to the proof in Reference [21], we let
ki =min{ky ks, ), 4. =ug, ) —ug, "), and there
is 4.7 that meets||4.]| < 4.". Here, 4.” is a constant.

We scale #.t.—6,y;'0, and r.—8,7,'0, as fol-
lows:
kynu,

Vileee|*+¢2

= A ue &
ucuc—&,yd”‘éu:uc[—kg,uc— —Tanh( )6,,+

w,

Wl () +6,

-3, [Tanh( K )ue - /ldugzz:| <

u

2
hon— kxu, _ Ay, =2
0 Ue

-0, +
ViudP+¢2 2

1o )
ZIIWucr(n)II +u,

_ A, -
8- Tanh( e )51,} + 218

w,

(25)

rei'e_é‘ryd,ilgr = re[_kAIre_

kpr.

2
Vilrll” +¢?

[« %103

o+

—1/1€—Tanh( T )

ZD-Y

W,T o(n)+40,

_(zsr [Tanh( re ) L —/L,,:i,] <
w,
k42"e2
VilrF +¢2
/1,] = 2 1 ~ 2
We— —0, +—||WS +
rif > 4|| Lol

r. [5, - Tanh(ﬁ)&

¥

2
_k4lre -

Ai, 2
+50; (26)

where 4,4, w,, and o, are adjustable parameters
in the design of the adaptive law.
According to Lemma 3, we have
u. [&, —Tanh( B )&,

u

<0278 5@,6,

@7)

rﬁ

>

r. [6, - Tanh( )(_5,} <0.278 5@,6,

Since W,, W, and ¢ () are bounded, there is 7 >
0, and |W,"|| < 7., IW,' || <, are satisfied, Accord-
ing to Egs. (25)-(27), we have

5 S» _13 L 2 kzz"ez
u.u, — Ityd,, u < - o U — -

Vil + 62

/l,]“ = 2 /ld” 2 - 1 2
?6” + 76,1 +0.278 523',,6;,, + Zﬂ'u (28)
= A o
rere - (_Sryd,_lar < _k-"llrez - klkir; - relpe_
Viirll" +¢*
Ay, =2 1,
7’6, +0.278 5,6, + i (29)

By substituting Egs. (24), (28), and (29) into Eq.
(21), we have

T
. Ze k1o i
V < _ZeTKlIZc - 3723 + ZcTAc -
llz.Il" + ¢
k32¢32

2 2
Kllwé - _kzlllé -

VIl +¢2

/ldN: 2 /l

kaou’ 5 5
o, 5.+ 840278 50,5,

VielP+¢2 2

5 kyr.? Ay =2 Ay -
kgrt- ——— %% +—'éll,+

VirdP+¢2 2 2

0.278 5,8, + A < —z. k1 2Ze — kol Z || — k1 e —

=2 /l )
Kl — ko u? = ki) = S8, + S2 80+
2 2
0.278 5,8, + ¢ [K12 + Kz | + A (30)

1 1 .
where A=4."+ Zﬂ',,z + Zn,,z, Ky =minf{ky, Ky}, K2 =

min{ky, ks, }, k1 = min{ky, kg }, and «y, = min{ky, ks }.

According to Young's inequality, we have

Ay, = Ag, 22 Ay
Tl <=8, Tl
) ll&.l 7 6.1 + T

d,

16
Substituting Eqg. (31) into Eq. (30), we can fur-
ther obtain

(1)

/ld =~ /ld =~ 2
— 6.l < =18, +
7 161 < gl

’ 2
Vv < _ZcTKI 1Z¢ _KIZHZCH —K2|Llc2 _Klllllc _K|2||¢C||_

3 Ay =2 Ay = A, <
KnTe” — kyllueell = Tfs = 7”6“” + 7(5”"'

_ A =2 A, = A, -
0.278 5@,8, — k5 Irll j"«s = =16, + %63+

- 1
0.278 5,6, + T (A, + )+ sk +an]l+A<

~T ~ ~T ~
- p_21 (z:Tze ST R SV | /l,flé,,) -

1 LN (L =r= (1N
(EZeTZe) +(Eue2) +(2_“6Z6u)+(§¢e2) +

1 2 % 1 =T~
) 53

P2

+0<—p,V-p,Vi+6 (32)

) K
p1 = min {2K11,2K21, EAKV} (33)

Y Ky i
P =20 min (K12 kn, oAy () (34)

Ky = min {/’.d“, /"dl } s KV = min {'}/d“ s V4, } (35)
_Kifzm |z = =
== (62+62)+0.278 5(@.8, +w,5,) +

K
é + ¢k +knl+A (36)

From Eg. (32), we have
V<-noV-U-mpV—-pVe+0 (37)
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where n = min {n,, 7,}, 0 < < 1.
a
According to Eq. (29), we have V > % and then
1

V<-(-mpV-p,V: (38)
According to Lemma 1, it is known that the sys-
tem will be stable in the area Q‘:{V: V< %}
within a finite time, and the stabilization time is
< 4 ]n[(l—t)mW 0)+p,
(I=0p P2
where V (0) is the initial value of V.
According to Eqg. (22), the above calculation
proves that for ¥r> T, the system error will con-
verge within a finite time.

(39)

4 Simulation research

In order to verify the effectiveness of the control
scheme design in this paper, we use the Cybership 2
ship model of Norwegian University of Science and
Technology as the controlled object for the comput-
er simulation test. This model has a total length L of
1.255 m and a mass m of 23.8 kg, with other hydro-
dynamic parameters presented in Reference [22].

In the simulation analysis, we compare the con-
trol scheme in this paper with the control scheme
based on the adaptive neural network without finite
time. In the simulation diagram, we set the control
law designed in this paper as Control law 1 and the
control law used for comparison as Control law 2.
The virtual control law, control law, and adaptive
law of the control law used for comparison are
shown in Egs. (40)-(43).

a=—k\Z.— "’gv(‘//)"'( ):Cl )

Y (40)
@, = —ky .+
T, = lnu|: - kZlue - WJG—(’/]) +
u —Tanh(ﬁ):iu]
wy
(41)
T, = m,{ —kyr.—Wlo(n+
A=, —Tanh(i)fs,
W,
Wu =9, [u.c(n)-A, |u. Wu
{A o o) = A W, w2
Wf = yw, [rc(r( 77) - /lw, ||rc||Wr]
A u. EN
0, =7 (Tanh( )ué -, 6u)
@,
) ” ) (43)
o, =y, (Tanh(—e)rr - /1,,,;5”)
@,

In order to simulate the sea state, the disturbanc-
es are calculated by Eq. (44):
d,=0.1+0.01(sin{—1.17) + 1.5sin(—0.81))
{dv =0.01(1.2sin(0.16) + 1.5sin(—0.1¢)) (44)
d, = 0.1+ 0.02(—sin(2¢) — 4sin(t))
When the model parameters are unknown, we set
the parameters k;; = 0.1, k;, = 0.1, k,;= 0.2, k,, = 0.1,
ks = 0.2, k3, = 0.05, ky; = 0.4, ky, = 0.05,74 =0.1,
vo =14 =17, =7, =200 and 4,, = A, =0.0025,
The simulation test adopts the circular trajectory
equation, as shown in Eq. (45):
{x, =25sin(0.010)
y1=25-25c08(0.01x1)

Under the circular trajectory, the initial position
and speed of the ship are expressed as follows: (X,;
Yo Wo: Ug: Vo To) = (0; 10; 0; 0; 0; 0).

Figs. 2-9 show the simulation results under the
circular trajectory. Specifically, Fig. 2 compares the
actual trajectories of Control law 1 and Control law
2 and their reference trajectories, and it is indicated
that the actual trajectories in the proposed control
scheme are closer to the reference trajectories with-
in a finite time.

Figs. 3-6 compare the position tracking, course
angle tracking, and speed tracking of ships under
different control laws. It can be seen that the con-
troller designed in this paper can ensure that it is
closer to the desired trajectory within a finite time.

(45)

50 - -
-Reference trajectory
——Control law 1
40 + ——Control law 2
30
&
T ool
10 +
0 : ; i ; i
-30 =20 -10 0 10 20 30

x,/m

Fig. 2 Actual and reference trajectories of ship in (x, y) plane

T T I T

5465~ | ——x,

455 — Control law 1
92.989 862 |—— Control law 2

FR— s

‘ ]
100 120 140 160 180 200

20 - 100 195 200,

0 20 40 60 80
ts

60 T T T T T
12 —-=M

= 40 F lg;{// —— Control law 1]
i — 3925, |

= 2L 6 e s o | —— Control law 2|

39.20

. 25 2627 69.272 69.276
— | | ‘ .

80 100 120 140 160 180 200
s

0 20 40 60

Fig.3 Actual and reference positions
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Fig. 7 shows the time history curves of pose er-
ror. It is indicated that the upper and lower bounds
of the error in the designed control scheme are
smaller, and under the finite-time control scheme,
X, and y, converge at about 29 s, and w, converges
at about the 10 s, while the pose error of the com-
parison scheme converges at about 50, 55, and 28 s,
respectively. This suggests that the designed control
scheme in this paper has a faster convergence speed.

According to the time history curves of speed er-
ror in Fig. 8, the convergence of the speed error of
the control scheme designed in this paper has im-
proved to some extent, and its upper and lower
bounds are also smaller.

Fig. 9 presents the curves of control input with
time. It can be seen that the input of the control law
designed in this paper displays no obvious increase
compared with the one used for comparison.

5 Conclusion

The finite-time trajectory tracking control
scheme based on an adaptive neural network pro-
posed in this paper has solved the problems of un-
known disturbances and dynamic uncertainties in
the trajectory tracking of underactuated ships, and
the control accuracy of the system and the conver-

\
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gence speed of the system error have been im-
proved. Using the RBF neural network, we recon-
struct unknown dynamics and design an adaptive
law to approximate the upper bound of external dis-
turbances. Through the Lyapunov theory, it is
proved that all signals of the underactuated ship sys-
tem are bounded. The simulation comparison with
the adaptive neural network control law without fi-
nite time is carried out, and the result shows that the
control scheme designed in this paper has better
tracking performance. In subsequent work, we will
study how to simplify the complexity of the algo-
rithm while improving tracking accuracy.
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