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Nonlinear Observer Design for Dynamic Positioning

Control of a Surface Vessel
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1. Introduction

Dynamic positioning system(DPS) has been
applied on vessel since the 1960s, and today DPS
1s equipped on many new vessels which are
freight transport and offshore exploration etc.
The trend on DPS was discussed on a survey
paper by Sorensen”. The main objective of the
DPS is to make sure that the ship maintains the
fixed position and heading or follows a
predetermined track in the horizontal plane by
this  paper,

maneuvering problem of vessel in harbor area is

using propulsion system. In
considered with DPS system. As well known,

ship berthing operation requires high accuracy
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for tracking mission to avoid collision between
ship and the other moving vessel in this area
and between ship and jetty. Unfortunately, in
harbor area, DPS performance cannot guarantee
the safety for ship berthing. The reason is that
controllability of propulsion system considerably
reduces at slow or dead speed. So the propulsion
system of heavy vessel is provisionally not used
in berthing operation and slow motion control of
ship. Therefore berthing job is usually done by
To this
drawback and try to build up an automatic
ship berthing,
approach by wusing autonomous tugboats as

assistance of tugboats. overcome

system for we propose an

shown in Fig. 1. In this approach, the tugboats
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are attached to the mother ship at fixed direction.
Then the mother ship motion control will be
done by the combination of only pushing forces
from the tugboats. To design the controller for
ship berthing, the motion of ship in the presence
of environmental disturbances is considered.
Environmental disturbances affecting the ship
into two parts: slow

motion are separated

frequency components and wave frequency
components. However, only the slow frequency
disturbances due to wind, wave and current
should be processed by propulsion system. The
high frequency disturbances are out of the
bandwidth of actuator response and should be
eliminated in the feedback loop of controller. This
is done by using a nonlinear passive observer

' The advantages of the

proposed by Fossen”
nonlinear observer are that it includes the wave
filter,

frequency

state estimation for the slow
disturbances. Additionally, it can
estimate the low frequency position and velocity

bias

of the ship from noisy position data measured by
DPS system and gyro compass. Notice that the
velocity measurement of ship i1s almost not
available on vessel system. With uncertainty and
complexity of ship dynamics and environmental
disturbances, the authors propose a robust
controller by using sliding mode control(SMC)
technique. The SMC technique has been applied
for path following control of ship in restricted

water” and trajectory tracking of underwater

Fig. 1 Controlled system by using tugboats

vehicle” etc. The SMC presented in this paper
guarantees robust performance and remarkable
stability with nonlinear observer to cope with

. . 516
disturbances, based on our previous results )

2. System and Disturbance Model

The dynamic positioning of a surface ship can
be described by the following model”

Mv+Dv=1+R"(p)b, 1
n =Ry,
where 5= [z,y, )" €ER® represents inertial

position (x, v) and heading angle ¢ in the earth
v=lu, v, r|TER?

sway and yaw rate of ship

fixed coordinate frame and,
describes surge,
motion in the same frame. The rotation matrix in
vaw R(p) describes the kinematic equation of
motion, that is

cose —sing 0
R(p)=|sing cosy 0. (2)
0 0 1
The inertia matrix including added mass
M<ER?*? is written as
m—X, 0 0
0 - N, L—N,

where m is the vessel mass and 7, is the

moment of inertia about the vessel fixed z-axis.
For control application, we can assume that
M=0.

For a stable ship following a straight line,

De R¥™ is considered as positive damping

matrix. The linear damping matrix is defined as

-X, 0 0
0 _]V’U_NT

where 7, € R is the control input composed of
forces and moments provided by the propulsion
system. It may include the main propellers of
the ship, bow and stern thrusters. In this paper,
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it 1s considered that the propulsion system is
replaced by the tug boats. The vector 7, is the

result of combined efforts of four tugboats. This
vector 1s defined as follows:

T = Bla)f )

f = [fla f27 f37 f4]TEF
represents the thrusts produced by

where the  vector

several
tugboats.
Furthermore, 0 < f; < fuax, Vi€ (1,....4).
The
B(a)ER?*** captures the relationship between
all four tugboats and the mother ship. The i-th
column of matrix B(a) is defined as

geometric configuration matrix

cos (a;)
sin(a;)
—1;,cos (a;) +1;, sin ()

B (041; ) = ’ (6)

where the angle «; defines the force direction of

the i-th tugboat. Measuring it clockwise, it is
of the body fixed
coordinate frame. The location of the i—th contact

relative to the x—axis

point in the body fixed coordinate system is at
(15> 1,;). Thus the control input vector 7, can be
expressed by the form of the geometric
configuration matrix B(a) and thrust vector f

as

T
coy sy — lylcoz1 + 1,504 f1

—1,, + 1., .
= Cly Sy 2y COly 2050 | | f2 7)

Cliz Sz — l3y cay+ Iy, sas| | f3
coysay —lycaytly,sa,) [fy

where sa; = sin(a;), ca; = cos(a;). In this paper,
the contact positions between the ship and the
tugboats as well as tugboat directions are
assumed to be fixed. The adequate set (f;) is
control  allocation

solved by using the

8-10
approach )

2.2 Low frequency environmental disturbance

The low frequency environmental disturbances
applied for marine control application can be
modelled as a first order Markov model as
following:

b=—T 'b+un, )

where b €R® is the vector of bias forces and
moment, nER® is the vector of zero-mean
Gaussian white noise. 7€ R*® is the diagonal
positive bias time constants matrix and ¥ € R**?
1s the diagonal matrix scaling the amplitude of
white noise disturbances n. This model can be
used to describe slow varying environmental
forces and moment due to second order wave
drift,
dynamics etc.

ocean current, wind and unmodelled

2.3 Wave induced motion

The ship motions comprise two components.
They are the low frequency motion 1= [z, y, ¢|”
and the wave induced motion 1, = [, , Yus Pu) .
The second component induces the oscillation on
motion and should be eliminated from the
feedback loop of controller. To filter out wave
frequency components, a wave induced motion is

proposed as following”:

&gl (o 17[&], [0 B 3
& [921 922] [52 * [22}10’ n=10 1] [52} @
with

51’ §2€R3’

2= — diag{a)gl, w%m ‘Ug‘a}v

2= — diag{241w317 2<2w(2J27 2<3w(2J3 }a

Y= diag{al7 095 03},
where ¢, (i =1~ 3) is the relative damping ratio,
wy;(i=1~3) is the dominating wave frequency
and o0,(i=1~3) is the parameter related to
wave intensity. In equation (9), w is assumed to

be a vector of zero mean Gaussian white noise.

3. Nonlinear Observer and SMC
Controller Design

3.1 Nonlinear observer design
As mentioned before, to filter out the wave
frequency component and estimate the bias term

of low frequency as well as velocity of ship from
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noisy position measurements, the passive

nonlinear observer is introduced in this paper.
The observer structure can be modified as

follows”:
5 = Q§ + Kle
'rA’ - R(Y)‘A’ + K.y,
b=—-7"'"b+ lKsy,

Mv=—-Dv+R"(y)b+7+ %RT(y)IQ y, (10)
y=nt+Ié
where y=y—y 1is the error between the
measured and estimated position and heading.
K SR K, R, K, SR>, K, R
are observer gain matrices. Where the observer
gain K, is the function of dominating wave

frequency  component  w,= (wy;, Wy, Wo3]”,

whereas the gain matrices are independent on
w,. In practice, v is a positive value and
observer gain matrices can be chosen as

following structure.

(k111 0 0 |
0 ko 0
k.
0 0 Fkizs 2 000
K, = k JKy= | 0 Ky 0 |, (11)
ur 0 0 0 0 k
0 kiso O 28
| 0 0 Kygs |
k311 0 0 k411 0 0
K3 = 0 k322 0 3 K4 - 0 k422 0 . (12)
0 0 ks 0 0 Ky

Notice that all element of observer gain
matrix must be positive to satisfy the globally
stable proposed

exponentially property  of

observer.

3.2 Sliding mode controller(SMC) design

With insensitivity to dynamic variation and
robustness to environmental disturbances, SMC
is introduced in this study.

Definition 1: The measure of tracking is
defined as

s=¢;+/17~), (13)

where A €R**? is diagonal positive design
matrix, n=mn—mn, is the Earth-fixed tracking
error. The desired trajectory in the Earth fixed
denoted by

ne= 74, yq, p4]. Notice that the convergence of

coordinated frame 1is vector

s to zero implies that the tracking error 75
approaches to zero.
Definition 2: The virtual reference trajectory

1s defined as

To simplify the development of controller

design, the system model represented in equation
(1) is rewritten as follows:

Myp+Dn=r1. (15)

Where the transformed system  matrices
MR, Der*™ and rER® are

calculated as follows:

M = R(p)MR" (), . (16)
D = R(p){DR"(p)~ MS(p)R" ()},
T = R((p)TC,

And, the skew symmetric matrix S(p) € B33
in equation (16) is defined as follows:

0
0 0f. (17)
00

The differential equation of the sliding mode is
derived by
Ms=-Ds+(r —Mnu—Dn,). (18)

Letting s =0, then the equivalent control can
be obtained by

T,=Ds+Mn, +Dn,. (19)

And the control input of SMC is defined as

T = Teq + T (20)

where T control

sw

part. To

guarantee that the sliding mode s tends to zero

1s switching

in infinite time. The dynamics of sliding mode is
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chosen to have the following form
s=—Gs— Ksgn(s), (21)

where GER?**? and K € R**? are the designed
diagonal positive matrices.
Based on equation (21), the 7,, can be chosen

as
Tow=—M {Gs + Ksgn(s)}. (22)
Totally, the control input is designed as
r=Ds+Mmn +Dn—M{Gs+Ksgn(s)} (23)

A non-negative Lyapunov function is chosen
to analyze the stability of system. It is given by
in general form

V= %STS. (24)

Then the derivative of V along the trajectory
of system 1is

V=s"s (25)
=s'M {~Ds+(r—Mn—-Dn,)}

Substituting the control input = in equation
(23), then we have

V=—s'Gs —s'Ksgn(s) < 0. (26)

that equation (26)
non—positive time derivative of the Lyapunov
Based on the
it 1s possible to conclude that the
stable. To
reduce the chattering in SMC controller, the

It means gives the

function candidate.
stability,

control

Lyapunov

system 1s asymptotically

discontinuous signum function in equation (23) is
replaced by the saturation function as following:

{SatEVg =
sat(y) = sgn(y)
where ¢ is a boundary layer thickness.

At last and totally, the control input will be
calculated as

if Iyl <1, 27
otherwise,

r.= RY(p){D's+Mn +Dn, (98)
— M (Gs+ Ksat(s/5)}.

4. Simulation Results

To evaluate performance and robustness of
proposed method, a computer simulation has been
done. The case study is based on the model ship
which was made by ourself and shown in Fig. 2.
The ship length is 2.05[m], and the mass is
24.5[kg]. The origin of the body fixed coordinate
frame coincides with the center of gravity.

Fig. 2 A model ship used for simulation

The
evaluated as following:

mnertia and damping matrices are

25.70 0 0
M= { 0 41.70 0.65‘, (28)
0 0.65 5.26
17.40 O 0
D = 0 6.70 0.50].
0 0.50 1.78
As a Dberthing simulation, the ship is

maneuvered from point A0, 0) with 30 ° heading
angle to point B(10, 10) with 0° final heading
angle. Where the reference route and velocity are
generated from a second order reference model
given by

2

ci=(1,.,3) (29
2+ 2¢w,,; s+ w?

w

Usi (S) =
with w,;= 0.01, w,,= 0.015, w,s= 0.01, & = G
=(,;=1.0. And the slow varying bias term in
equation (8) and SMC parameter are chosen as
following:

T = diag[100, 100, 100], (30)
A = diagl0.1, 1, 1],
G=[I], K=1[I]x10 3.
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In the result, the ship motion is shown in Fig.
3. From this figure, it is clear that good tracking
performance can be achieved in the presence of
Notice that the thrust produced
from tugboat is activated with only pushing

disturbances.

(10,10,0)

X direction[m
R R S N

Y direction[m]
Fig. 3 Ship motion by using nonlinear passive
observer with SMC control
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Fig. 4 Wave disturbances estimation results
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Fig. 5 The thrust forces produced from each tugboat

direction. Fig. 4 shows parameter estimation
performance of designed nonlinear observer. As
shown in this figure, it is clear that the wave
disturbances can be estimated from the noisy
position measurement data with high accuracy.
From the control input, the force which is
supplied from each tugboat is solved by using
control allocation technique given in the previous

results®? It satisfies the pushing force
constraint(0.5[N]) of the tugboat also, as shown

in Fig. 5.

5. Concluding Remarks

In this paper, the authors proposed a new
approach for dynamic positioning problem in the
harbor area by using nonlinear observer and
sliding mode controller. The nonlinear observer
has shown that the wave frequency disturbances
can be accurately estimated. And the low
frequency motion of ship can be reconstructed
from measured position data with noise. The
designed controller shows good performance and
This
result guarantees that we can achieve good

robustness to environmental disturbances.
control performance in the experiment study.
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