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Abstract. An integral sliding mode controller with neural network was investigated for ship navigation, which
realizes the accurate and stable tracking of the ship in the steering process, on the basis of backstepping method. First

of all, an integrator sliding surface were designed with the sliding mode variable structure control technology.
Secondly, radial basis function neural network was applied to approximate the system nonlinear function and
uncertain parameters. Furthermore, a nonlinear damping law was introduced to overcome the bounded outside
interference. Finally, on the basis of the above, the system control law was deduced by using the backstepping
method. The simulation results show that the neural network can accurately approximate the nonlinear function and
uncertain parameters of the ship, and the controller output is smooth and the heading output is not sensitive to
perturbation of parameters and external disturbance, and the controller has strong robustness.

1 Introduction

The factors that affect the performance of ship motion
control are nonlinearity of ship motion system function,
uncertainty of ship model parameters and unknown
disturbance.

It is well known that the most advantage of sliding
mode control [1] is able to overcome uncertainty of the
system, which has highly robustness for uncertain
dynamic system with outside disturbance, especially
effectiveness for control of modelless system. It is an
important method for suppressing high frequency
switching that causes chattering of control input. And the
variable structure control system algorithm is simple, fast
response, and robustness to external noise and parameter
perturbation. Therefore, it is useful for ship steering
control. The integral link [2] joined into the algorithm of
sliding mode control can also effectively eliminate the
bounded interference outside so that the original
controller has a stronger anti-jamming capability.

With the rapid development of computer technology,
the performance of intelligent control [3], as the
representative of neural network, has been improved
greatly. The nonlinear function and the uncertain
parameters can be arbitrarily identified by neural network
with a universal approximation performance. The neural
network [4] was used to infinitely approach and
compensate the interference outside and the uncertainties
of controlled system can reduce buffeting; The controller
parameters were optimized online by genetic
optimization method, so that the buffeting is reduced. A
ship course RBF neural network sliding mode control
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algorithm is devised in literature [5], where sliding mode
control based on the design of a hyperbolic tangent
function for new reaching law can speed up the
approaching speed and RBF neural network solves the
problem of parameter variation and external disturbance.
Global finite-time heading control of surface vehicles is
designed in literature [6], which uses continuous control
law to ensure the stability of the whole finite time closed-
loop control system and provide accurate ability of
heading control with excellent anti-jamming capability.
In literature [7], taking into consideration of the
uncertainty of ship model parameter, a control algorithm
based on RBF neurol network which approximates the
uncertainty has been derived by using backstepping
method.

Ship course response model has significant nonlinear
characteristics, and backstepping [2] is a very effective
method used to deal with the problem about nonlinear
system controller design. It uses the system's structural
properties, recursively constructs the entire system
Lyapunov function, and makes the controller being more
flexible and robust, but also reduces the difficulty and
energy. Backstepping refers to the control system consists
of a number of integrators in series, the state feedback
controller is pushed through the integrator to the
beginning of the control input, by way of coordinate
transformation, systematic structure step by step and
stabilization control Lyapunov function, so as to make
the system asymptotically stable equilibrium point. Then,
ship course sliding mode controller is designed in this
paper by using backstepping method..
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2 Problem description

Considering the problem of ship maneuvering. the Bech
[3] nonlinear model of ship motion nonlinear response
was selected in paper, and its mathematical expression is:

TTHH T+ D)+ M) = K Z5+0)+q, (D)

Where, A , 7} and 75 represent ship follow index, K
represents ship turning index, (9 represents ship course,
6 represents rudder angle, , represents ship external
interference. And #A(¢)
regard to ¢ , which can be approximated as follows,
H(p) =0y + o+ o’ +o,9’.

Make the following settings:

N =Q X =5=Q=r,x,=1,=0=/,
a= 1—+1—, b= 1—,c= il

71 TZ Tl TZ 7‘1 72
Obviously, it is difficult to solve the system control

is nonlinear function with

,u=ﬂ5+5.

input # which contains derivative items 7;5 , therefore,
make the following setting » = o , + LQ 5 .
Tl 72
Therefore, formula (1) can be converted into the
following format:

o=,
X, = X,
r, = fo)tcutw 2
yo=

Where, X, , X, and -5 are system variable, p is the actual
output of the system, o represents ship external
interference, « is the control input of system, /(x) is
system function, /()=-b(a, +a,x, +o,x,° +ox,’ )-ax, .
Based on above, the goal of this article is to seek
control law x which is able to make the system
output p asymptotically tracking expected course ¢, , the

tracking error will be infinitely close to zero, that
is e=y—¢@, —> 0, and the stabilization time will be

reduced as much as possible.

3 Dteering control design based on
backstepping

The design steps of the ship course controller contain the
following steps.

(1) According to the characteristics of system (2), the
following sliding surfaces are defined.

Z = 40,

_ (3)
2y = Ay-0
Z3 = X3-0,

Where, ¢ is the expected course, o, and o, are virtual
stabilization function, z is the heading error. & is the

integral term which can be able to eliminate the static
error caused by the uncertain interference term in the
control process.

(2) The second step, Lyapunov function is
constructed to prove the asymptotic stability control
system by wusing backstepping method. The first
Lyapunov functionis constructed.

1
yl = ? le (4)
According to (3), it is obtained (5).
Z=5+01-), (5

It can be inferred formula (6) by derivation formula

4).

W =z5=z5]z+0-¢,] (6
It can be obtained (7) , according to (5) and (6).
V, = -k 2% +22, D

Based on the above, it can be obtained (8) by
considering formula (5) and (7).

Ly =kz + 2z, (8)
Therefore, it can be obtained (9).
o, =-4 ("’121_"22)4'(/'5/ Y
Similarly, according to (8), it is obtained (10).
5 =1-6,=510,-G; (10)
The second Lyapunov function is constructed.
v, =V +%zj (1D

It can be inferred formula (12) by derivation formula
(11).
yz = y] +255
) . (12
=-hz t5ztz, (Zl+62-61)
Making the following setting.
0, =-k,z,-2,+0, (13
It can be inferred formula (14) by (13) converted into
(12).
7 :'@Zzl '4722224_2223 (14)
Therefore, it can be obtained (15) by considering
formula (10) and (13).

Z =-khz-5+ 5 (15

It is also acquired (16) by considering formula (13)
and (15).

6, =(£1)z-(h+h) 5+, (16)
And the third Lyapunov function is constructed.
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2 2 -z (k + ) ~ Q7
It is easy obtained (18) by formula (3). 2 n)z
z, = f(0) + cuto-o, (18) It can be inferred formula (28) by considering formula

It can be inferred formula (19) by derivation formula
(17).
V, =V, tz,z,+AE z,
:_klzzl 'kzzz2 +Z3 (Zz +23 +)“§ )
=-h2\-k 5402+ AE 2,
+z,[ /(x) + cutw-0, ]

(3) The RBF network is used to adapt the system
function /(x) , and its algorithm is (20).

(19

4, =exp(= H H , /=12,
24 (20>
S =Wh@)+e
Where xis the network input, 7 represents one of the first
input network input layer, ; is a hidden layer of the
T
network the first network input, &= [/1/] is high

Gaussian function, W s the ideal for weighting value,
& isideal for neural network approximation error.

() = h(x) (1)

Where, /7 is network connection weight adjustment error,

thereis W =W —-W .
Therefore, the compensation control law is described
as formula (22).

It - .
o= [— S()-0-AE+0 -z, —1’323] (22)
The global Lyapunov function is constructed.
1 an
V=Vtsy W' W (23)

It can be inferred formula (24) by derivation formula
(23).

V=V+y W (24)

It can be obtained formula (25) by considering
formula (19) and (22).

V=h 2 ko 2,2,
+[/(x)-jATx)] %WWW
k2 Z AV (W he,)

In order to ensure system asymptotically stable, the
following adaptive law is designed.

W = ;—h% (26)

(25

(4) In order to eliminate the uncertain interference
term in equation (19), the nonlinear damping law [9] was
designed.

(25) and (27).
V=-hz, k2, -k, 2,112,

+(a)+8) z+ W (yW-hz,) (28

Therefore, it is established thatV < 0, and the system
(2) is asymptotically stable.
It is easy obtained formula (29) by theorem

«“ xyﬁn,thr%yz”.

oz, Snzg-i-%HwHi (29)

Where, @ =0+¢€ .
The fitness law of the network weights is still adopted
formula (26), therefore, the formula (30) can be acquired.

S g 2 2 > 2
V=-hz -ky2-kz-n5toz

1
S-@ZZI-/@Z?/%Z?LE”W”?O (30)

Shaty ||w||

In order to ensure that the system (4) is asymptotically
stable, it is only need to prove the establishment which is

1
kzy > %HwHi . Proof slightly, see the literature [8].

4 Simulation

Ship course continuous tracking control simulation is
carried out by applying the above control algorithm.

4.1 Simulation Object and Conditions Setting

Effectiveness of control algorithm is verified through
simulation of training vessel “YUKUN”. It is known that
the parameters of the ship
are: 7-7,=9238 , 7I+7,=29%4 , K=79%6 |,
=10064,0,=0,0,=1,,=0,0,=30, 4 =1, a,=30,
K =02, 7=64 .Outside interference is approximately
substituted by white noise driven waves pope [9].
A required mathematical model which can represent
ship’s actual performance [10] is selected as following
@ (£+2)+0.19, (4 +1)+ 0.0025,, (£)
=0.0025¢,(4)

Where, ¢, (4) represents the characterize performance of

3D

ship heading. ¢.(4#) is a processed input signal, and
@, (#) = (sigrn(sin(m £ /500))+ )z /12 , whose range is
from 0 ° to 30 ° and period is 500s.

4.2 Simulation Results and Analysis
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Simulation was executed by Matlab/ Simulink, whose
results were shown in figure 1 and figure 2.

Figure 1 depicts the curves of ship course and desired
course, although the system parameter is changing, it
rarely affects the tracking performances, which primarily
affected by outside interference completely inhibited in
the paper. Through the simulation demonstrated in Figure
1, it can be concluded that the time complexity of the
algorithm presented in the paper is substantially
approximately linear order A7), and the proposed
algorithm frequency time 7(») is approximately 51.

Figure 2 depicts the curves of control rudder angle,
which is smooth and no buffeting and met the actual
needs of the project.

Overall, the control system is stable, reliable, and
which has strong robustness.
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Fig.1. Curves of ship course and desired course
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Fig.2. Curve of control rudder angle

5 Conclusion

A ship steering neural network controller based on
integral sliding mode was designed by using the
backstepping algorithm, based on the Bech ship motion
mathematical model, for ship 's large scale maneuvering
problem. The results show that the output of the
controller is smooth and no jitter, and the heading output
is not sensitive to the perturbation of the ship parameters

and the external disturbance. Therefore, it has strong
robustness.
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