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TRACKING CONTROL OF A SHIP BY PI-TYPE
SLIDING CONTROLLER

Ker-Wel Yu* and Chen-En Wu
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ABSTRACT

In this paper, the tracking control of ship maneuvering by a
modified Pl-type sliding controller is investigated. This scheme is
composed of three components. The first component is the equivalent
control, which is designed to assure that the state trajectory of the
system remains in the sliding surface and the nominal system is stable
in the absence of system uncertainties and disturbance. The second
and third components are proportional-type and integral-type variable
structure controllers, respectively. Several numerical examples of
ship handling, namely course keeping, course changing, and course
tracking are given to demonstrate the applicability of the proposed
control scheme.

INTRODUCTION

Asiswell known, ship maneuvering is critical for
marine safety. Inthe past, several design methods, e.g.,
classical PID control, adaptive control [1], and other
modern control technique [6, 8, 9, 12, 13, 16, 17], for
autopilots have been proposed. The maneuvering prob-
lemsincluding course keeping, course tracking, berthing,
and anti-collision were considered in those papers. As
the nonlinear behavior involved in ship maneuvering is
very complicated, characterization of ship maneuvering
behavior by a pure mathematical model is usually
difficult. Inreal case of ship maneuvering, the param-
eter uncertainties and external disturbance should be
considered. Consequently, the robustness of controlled
system is one of the important factors in controller
design.

In recent years, “robust control” is one of the most
popular topicsin control field. Many researchers have
devoted themselves into this subject by utilizing differ-
ent design methodology. One of the famous methods is
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the so-called variable structure control (VSC) [14] with
dliding mode strategy. It has been proven as an effective
and robust control technology and also has been applied
in many practical applications [2, 3, 5, 7, 10, 11, 15].

Recently, Chern and Wu proposed a control scheme
called integral variable structure control (IVSC) [4] in
which an integral controller was added to a variable
structure controller, so that not only the uncertainties,
parameter variations and/or disturbances can be
eliminated, but also resulted in zero steady-state error
under step input. Fung and other co-researchers [7],
based on the integral variable structure control scheme,
developed a switching control law between propor-
tional-type sliding mode controller and integral-type
sliding mode controller. The compensating Pl control-
ler improved design method of 1V SC, not only it inherits
all the advantages of 1V SC, but also it eliminates most
of the major limitations of IVSC. However, the stability
cannot be guaranteed within switching controller motion.
The requirements of system performance just men-
tioned are very important in ship maneuvering. Large
overshoot and steady-state error are not allowed in
course tracking to desired path or navigation in narrow
channel. The main purpose of this study is to construct
a PI-type sliding controller to obtain fast converging
motion with little overshoot.

This paper is organized as follows. Section 2
describes the construction of a Pl-type sliding control-
ler for a class of nonlinear systems. In section 3, three
illustrative examples of ship maneuvering are provided
to illustrate the use of the proposed control scheme.
Finally, brief conclusions are drawn in section 4.

COMPENSATONG PIVSC
Consider a dynamic system described as:
Xi=Xi4 i=1,2,..,n-1, (1a)
X, =—§1ai><i +bU —f(t), (1b)

Y = X;. (1c)
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Here X = [X; ... X,]" isthe state vector, Y is the
controlled output, a and b are constant or time-varying
system parameters, and f(t) is the disturbance. Let

a;=al+Aa;, b=b"+Ab,i=1,2 ..,n, 2
where a’, b° are nominal values, and Aa;, Ab are the
variations of a; and b. Without loss of generality, we

assume that b° > 0 and b° + Ab > 0. Furthermore, assume

[f(t)] = F(1), |Ab] < N,

Aai| < Nair i = 1, o Ny (3)

where F(t) = 0, Np = 0, N, = 0 are the maximum upper
bounds of allowed uncertainties, respectively.

The control function U depends on the switching
function o given by

o:—Kpr—WlK,Z+_ZlciXi (4)
i=

In the defining equation for the switching function,
r isthe desired tracking command, X; - r is the tracking
error, Z istheintegral of the tracking error satisfying Z
=r - Xy, Kp and K, are defined as the gains of propor-
tional and integral controllers, respectively, and ¢;, i =
1, 2, ..., n,withc, = Kp + wy and ¢, = 1, are design
parameters. From (1), we have

é’:—iglaixi + ézci _1X —Kpg =W K, (r —Xy)
+bU —f(t), (5)

where g =T.
Let the control function U be decomposed as

U = UO + UswP + USWIi (6)
where U°, called the equivalent control, is defined as the

solution of the problem ¢ =0 under Aa, = 0, Ab = 0, and
f(t) =0. Thatis

n n
. Ela?xi _igzci _2Xj | +Kpg + WK, (r —Xy)
U=

bO
(7)

Under the same conditions, when U° is substituted
into (1), the “nominal system” is guaranteed to be stable
if we choose the parameterscy, ..., ¢, _ 1, Wy, and K, such
that the following polynomial is Hurwitz:

Sn+Cn_1Sn_l+...+Cls+W1K|. (8)

The components Ug,p, the proportional-type

control, and Ug,,, the integral-type control, are used to
eliminate the influence due to the plant parameter varia-
tionin Aa;, Ab, and disturbance f(t) in order to guarantee
the existence of a sliding control. They are given by

Uswp = ¢1p(X1—1) + igzd}.pxi (9a)
and
Usw =¢1|(X1—K|Z)+i§2¢},,Xi * nor (9b)
where
| pp ifXy=1) >0,
O Voo on
o if X;o>0,
¢ip:{’;; it Xo<0, 120, (10b)
_ [ pu, ifX,~K,2) 0>0,
%= ¢y, 1106, —K 2) 0<0, (113
L if X,o>0,
o ={§“', i Xo<0, 1= 2N (11b)
and
_ | prer if 5>0.
¢no—\gnov if o<0. (11C)

For the existence of a sliding motion of the closed-
loop trajectories on the switching surface o = 0, we must
have [11]

lim oo <0. (12)

o—0

Substituting equations (7) and (9) into equation (5)
leads to
o :—,ZlAaixi —f(t)
1=
n n
+B _Zlaioxi _.chi ~1X; +Kpg + WK, (r —Xy)
I = =

. b(¢1p(x1—r> . ézsv.pxi)

+b(¢1|(X1_K|Z)+i§2¢nXi +¢no) (13)

where B = Ab/b°. Then we have
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¥ < Q7a9 K 1 X, —
7= 2 2 +‘QW1 I)S'gn[( 1—1) ol ) :w o
T 204Ny
+0°+Np) g1p) 03 1) 0 ¢_|={gi.. %<0
" =g, if Xjo0>0,
Na , [Qa?]] _
+((2+ 2)990[()(1 K,2) o] Naj+‘Qai0‘+‘QCi_1‘+€ |
0 Gi = 200, ,i=2,..,n, (16b)
+({O7+Np) ¢y) X, -K,2) o
n [ if 0<0,
+i§2((Nai +QaiO+QCi—l)Sign(XiO) ¢“°_\—gno, if 0>0,

:2F(t)+2\QKpg\+Nal\r\+\Qa9r\+Na1\K|z\+\Qa9K|z\+2g

+(b0+Nb)¢|p+(bo+Nb)¢i|)XiU oo 2% +Np)
(16c)

+ (F(t)+QKpg ‘ + Nglr + Qzlr where ¢ is a small positive number.

ILLUSTRATIVE EXAMPLES
+| NaKiZ | Qa%K,z The nonlinear ship dynamic model [6] relates the
2 2 yaw angle ¢, to the rudder angle §;, as shown in Figure
1, according to
. Ky K

. +2H(@) = 9, 17
-sgn(a)+(b°+Nb)¢m)a)}, 14 A A 4

i i 17) issh
where Q = Ny/b®. To satisfy (12), we let The linearized model of system (17) is shown as

follows:
é :fglP’ ?f (X1=r)o <0,
1w \—glp, if X,—r)o>0, XA
_Nal+‘Qag‘+2‘QW1KI‘+2£
Sip = 2(b0+Nb) ) (15a)
(b - Sips if Xi0<0,
P —Gips If Xj0>0,
Na +|Qaf| +]Qci_y[+e 5
Sip = 2(b°+N ) 1 =2,..,n,(15b)
b
zfglli if X,-K,2)o0<0, Y

Py ;
\_gll’ if X,-K,2)o0>0, Fig. 1. Motion in the horizontal plane.
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X1 =X, (18a)

>‘<2=—$ ax2+$5,, (18b)
where K isthe gain, T isatime constant and H(¢,) = a@,
+ Bpd (a and B are constants) is a nonlinear function in
¢ determined experimentally from the standard spiral
test. The original nonlinear system can be piecewisely
linearized under some cruise conditions. In thisresearch,
the nominal cruise speed is set to be 20 knots. The
nominal rudder angle, heading angle and the change rate
of heading angle are set to be zero degree in this
simulation. Furthermore, for a more complete descrip-
tion of the ship model, the rudder servomechanism has
to be taken into account. For instance, a natural con-
straint of the steering machine is given by

—Omax < 0 < Omax, (19)

where dpmax = 35 (degree) is the maximum rudder angle.

In general, the environmental disturbance of the
ship steering should be considered, especially the wave,
which can affect the yaw angle of ship heading. For
simplicity of illustration, the disturbance f(t) in (1b) is
generated by

f(s) = h(s)w(s), (20)

where w(*) is a zero-mean Gaussian white noise and the
transfer function h(s) is given by

h)=—, oS

S2+20ms+ wf (21)

In (19), ¢ is the damping coefficient, wq is the
dominating wave frequency, and K, = 28wgd,, is the

25 T T T T T T T T T
H : H H H - proposed PIVSC method
-- traditional ¥'SC method
desirad input

1 B T

a1
T

b
3
i
i
1
a
1

o

heading angle {degree)

= 1
0 2} 10 15 20 25 30 35 40 45 50
lime (second)

Fig. 2. Simulation resultsfor set point control.

gain constant with §,, representing the wave intensity
[6]. We then take F(t) in (3) as F(t) = [f(t)|.

The conventional maneuvering problems can be
classified into four types, namely course keeping
handling, course changing handling, course tracking
handling, and special motion handling (for instance,
marine search handling, rescue handling). In thissection,
the handling problems of course keeping, course
changing, and course tracking, will be investigated by
using the proposed PI controller. The related parameter
are given as Ny = 0.0206, N, = 0.0022, K = 0.093, T =
8.7, a=9.42, =224, wy= 1.0, £=0.1, 62=10, @, =
0.188, Kp = 10, C, = Kp + Wy, and K| = 15. The
proportional-gain Kp and integral-gain K, are chosen by
the designer. In our experiment, the larger the propor-
tional-gain will produce slower response but smaller
over-shoot, whereas the larger integral-gain will pro-
duce faster response but larger over-shoot.

In the first simulation, the course keeping problem
is considered. The main goal of course keeping han-
dling isto keep the heading angle of vessel on the fixed
direction. The desired output is set to be twenty degree.
The output responses by using the proposed controller
(solid line) and by using traditional variable structure
controller (dotted line) are shown in Figure 2. From
Figure 2, the rise time and overshoot of the output
response by using the proposed controller is reasonably
well as compared with that by using the traditional
variable structure controller.

The course changing handling usually occurs in
the collision avoidance problems. For course changing,
autopilot control may require large heading angle change
and the heading angle of the vessel must turn to the
desired direction as soon as possible. In the next
simulation of course changing, the vessel isrequired to

25 T T T T T I T I I
: : : : i | — proposed PIVSC method
-=-- {raditional ¥'SC method
0 : desn"ed |npurl
..I
| F
I|: ¢
B 18-
2 :
= )
@
= 10--f--
i |
= }
= I
g gl
B Sk
|
of- i
5 i i i i i i i i i

0 20 40 B0 a0 100 120 140 160 180 200
time (second)

Fig. 3. Simulation resultsfor command change control.
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L 1 1
proposed PIVSC method
- desired input

heading angle {degree)

] 100 200 300 400 500 BOO 700 8OO SO0 1000
time {second)

Fig. 4. Simulation resultsfor tracking control.
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Fig. 5. Simulation resultsfor fixed Kp but varied K.

track a sequence of step functions of heights 20, 0, and
20, respectively, in every 50 second. The simulation
results are shown in Figure 3. It is apparent that the
performance of the proposed controller is quite good.
The problem of ship maneuvering in restricted
water, such as harbors, canals, river inlets, etc., is of
major concern from the viewpoint of marine safety. It
is very important for a shipmaster to make a ship-
handling plan before approaching such maritime space
just mentioned. The vessel must navigate in the desired
course precisely for safety. This is one form of the
course tracking problems. In the final simulation of
course tracking handling, the desired heading angle ¢q
is 5sin(0.17t/180). The simulation results are shown in

30 T T T T T T I I T
¥ ! | i 1 ' — Kp=15 , Ki=15
Kp=10 , Ki=15
! : o bbb |- KB Kimt5 ]
=) e i el A Kp=2 , Ki=15

8]
(=]
T

heading angle (degree)
7]

=]

o 5 10 15 20 25 30 35 40 45 5l
time (second)

Fig. 6. Smulation resultsfor fixed K, but varied Kp.

Figure 4. It is obvious that the desired angle and the
actual angle responses are almost identical.

The choice of parameters Kp and K is based solely
upon our experience. Figure 5 shows the simulation
results for fixed Kp but varied K, and Figure 6 shows the
simulation results for fixed K, but varied Kp. We wish
to point out that some global optimizer, e.g., genetic
algorithm, may help determining better Kp and K,. This
constitutes an interesting future research topic.

CONCLUSION

In this paper, the marine vessel maneuvering prob-
lems have been solved by using the variable structure
control with proportional and integral controllers. Sev-
eral ship handling simulations have been made to illus-
trate our main ideas. We firmly believe that the pro-
posed controller is useful not only for the course keep-
ing problems, course changing problems, and course
tracking problems, but also for the maritime search
problems and rescue problems.
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