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ABSTRACT

The hydrodynamic coefficients(for maneuvering simulation) of
tanker Esso Osaka were "measured" by applying Extended Kalman
Filter(EKF) with the measurements of surge, sway, yaw
velocities(u, v, and r) and yaw angle Y. Efforts are made in
this thesis to complete the same task with new system models
which require a lesser number of variables to be measured.

Three different models for system identification are tried:
(1) using measurements of u, v, and ¥;: (2) using measurements of
u and y; and (3) using measurement of ¥. And discussions on the
state model are made from the point of view of both physics and
system engineering. And for each model, the analyses on
identifibility are made to predict the possibility of success.
All models are tested by applying EKF technigques. Except for the
model with single measurement Y, the results are very
encouraging. The identification result by using measurements of
u, v, ¥ is not inferior to that acquired by the four measurement
model, which coincides equipped with the conclusion by the
mathematical analysis on these two model approacnhes. This
Success means that all the modern ships equipped with the dual
axis Doppler sonar and gyrocampasses become ships of opportunity
on which simple maneuvers are needed to be carried out during
normal operation at sea in order to get enough measurement data
for identifying the hydrodynamic coefficients. .

The result of identification of the hydrodynamic coefficients
by the two measurements of u and ¢ is also satisfactory for
determining the simulation model of the ship and even though it
is not as good as that acquired through three measurements. This
success result from two measurements is very significant, since
it indicates that most ships can be used as ships of opportunity
for these simple trials.

It 1is confirmed again that the application of system
identificaiton theory to the maneuvering problems of ships has a
bright future. The EKF technique is really very powerful in this
area.
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Chapter 1 INTRODUCTION

Along with the development of science and technology, espe-
cially the wide application of computers, the technique of
simulation has been more and more used. This is also the case in
the study of the maneuverability of marine vehicles. An accurate
mathematical model of a ship is of great importance, since it
describes the dy..amical characteristics properly and realistical-
ly.

With a good mathematical model, one can judge the maneuvering
capacity, hence the operability of the ship, to see if it can-
maneuver adequately in the environment in which it operates. In
other words, to see if it can perform its missions safely and
effectively, especially in the restricted waters, such as in the
harbor, shallow water and so on. After appearance of the giant
ships such like VLCC(Very Large Crude Carriers) and LNG(Liquified
Natural Gas) tanker, the problem of safety has become more
important. Because accidents 1like collisions or groundings of
these types of vessels may cause extensive damage to life,
property and environment,

The correct mathematical models of ships may become the basis
on which modern electronic devices and computer systems on board,
(such as auto pilot, satellite navigator, automatically
controlled power plant system,...) can be properly designed, and
standard procedure of operation of the ships can be properly
developed.

In addition, good mathematical models of the ship can be used
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beneficially by the owners to train pilots on realistic
simulators.

Furthermore, the mathematical models of ships are also helpful
for the design practice. The surface ship is a good example,
since the manerverability study of a surface ship is mainly
concerned with the dynamic stability, the ships' response to the
control surface and the turnning capacity in various environ-
ments. In the design stage, several alternative designs could be
simulated and compared, then the optimal design can be reached.
For the ships already in service, the possibility of improvement
in design can be explored. J.S. kim’s work[15] is an example of
this.

The mathematical models of ships are determined by both their
structures and the values of the parameters in them. Structures
of the models are developed through the application of Newton's
laws of dynamics to the ships and the environments in which they
operate. Professor Martin A. Abkowitz has given a good demon-
stration in his works.[1] Of course, in practice, simplification
and revision during the derivat:ion are always needed, and the
experiences in nydrodynamics are often involved.

After the structure of the mathematical model has been
determined, the most important thing is to find the values of the
parameters in the model correctly, or in other words, to estimate
them either theoretically or experimentally. The traditional
method was through model testing, although the method of using

ships of full scale to do experiment might also be an option.
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However, the full scale ship test is difficult to be carried out
and is also very expensive, while the disvantages of scale effect
from model tests may make model tests not ideal nor satisfactory.
Therefore, efforts were put in searching for new technigques which
can be effectively used in the practice.

When the ship and the environment are together taken as a
system, the technique of "system identification" can be used to
measure the parameters in the mathematical model, by carrying out
very simple sea trials of the ships. Among different methods of
system identification, under the gquidance of professor Matin A,
Abkowitz, the Extended Kalman Filter(EKF) was first chosen for
the ship maneuvering dynamics in M.I.T, and it has worked very
successfully.[2--9].

Among all the work done in this area, the most stimulating
one is the work done by Hwang and Kwok[8,9] on the 280,000-dwt
tanker Esso Osaka in deep water and shallow water respectively
vhich reslly provided a very convincible demonstration. The
effective simulation model was identified and the motion predic-
tions by the model for all the trial maneuvers compare very
favorably with the measured motions of the Esso Osaka. Hence the
EKF has been confirmed as a powerful tool in measuring the
parameters of the model.

However, when Esso Osaka carried out the specially designed
sea trials, four kinds of measurements were required which were
u,v,r and Y respectively, therefore four different kinds of

sensors were required correspondingly. It is well known that not

Page 8



all the ships are equipped with the apparatus which measures sway
velocity v and the yaw rate r, especially the latter. To mount
these special apparatus will not only be expensive but also
time-consuming. For this reason, the example of Esso Osaka would
have no extensive practical significance, because, to use this
kind of technique, there are very few ships of opportunity
existing in the realistic world. A ship of opportunity is on
that can conduct simple trials during a normally -scheduled voyage
with only the normal instrumentation on board. If we can use
only three measurements of u, v and ¥ at the sea trials to get
satisfactory results of identification, there would be more ships
of opportunity, since, some new built advanced ships are equipped
with dual-axis Doppler sonar systems. If we can use only two
measurements of u and y, then most of the ships could become the
ships of opportunity. Since every ship has its gyrocampass and
most of the ships have some kind of the speed log to measure the
surge velocity u. Then, because the identification of the
parameters in the mathematical model----in our case they are
hydrodynamic coefficients--~-can be carried out by means of
simple sea trials, thé effective mathematical model of most ships
can be established economically. So the application of EKF to
the ship maneuvering problem will be of great significance.
Furthermore, if only the measurement of ¥ is needed in order to
get satisfactory identification, Then every ship becomes a ship
of opportunity, since every ship has a gyrocampass. Then the

technique of EKF can applied to all the ships for setting wup
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their mathematical models.

The good prospects resulting from this analysis 1is very
encouraging.,

With all the data of the sea trials of Esso Osaka at hand,
all the three cases mentioned above have been tried by using 3, 2
and 1 measurement data in successive case. Since the identifica-
tion procedures for a same ship in deep water and shallow water
are parallel, only the case of deep water was studied here.

In Chapter2 the mathematical models of the ship systems with
3, 2 and 1 measurements correspondingly are discussed from the
point of view of system engineering. During the discussion,
assumptions are also mentioned.

In Chapter3, brief analyses of the identifibility of the ship
Systems are made. This initial prediction about the success for
different systems was given as the starting point of our work.
And the philosophy of identification for the three different
cases are illustrated briefly. .

Chapter4 gives the results of all the three cases and
comments are made for each one.

The conclusions were summarized in chapter5, and recommenda-
tions for the future work and the practical application of EKF to

the ship maneuver problems are made.
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Chapter 2 SYSTEM MODEL OF SHIPS

It is very clear that when we use the technique of system
identificaion to deal with the maneuverability of ships, we will
not only consider the ship, but take the ship together with the
environment in which it operates as a system. The model
describing the very system is in fact a group of equations. For
identification problems, by and large, the system model consists

of two parts:
1. The state model described by the equations:
x(t) = £lx(t), &(t), w(t), p(t), t] ceeereacssrsse(2,1)
where x(t) : system state vector.
&(t) : input signal.
w(t) : input disturbance.

p(t) : unknown parameters of the system.

2. The observation model or measurement model described by

the equations:
z(t) = hlx(t), &E(t), w(t), p(t), v(t), t] N -3
where besides the symbols defined above,

v(t) : observation noise.

z(t) output signal or observed vector.
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In general, the order of the differential equation f may or
may not be known, and there is always the unknown parameter
vector B(t)' Therefore both of them are to be identified.
Fortunately, for our case, the order of the differential equation
f is known as we will show later. All we need to identify are
the parameters -- hydrodynamic coefficients in the equations. To
complete this task we first should start from setting up the

system models,
2.1 State Variables and Assumptions for the State Model

The state model of a ship system is a group of differential
equations which governing the maneuvering motion of the ship. To
represent a complicated physical system by only a group mathemat-
ical equations, requires comprehensively analytical work, and the
first thing is to make assumptions and define the variables with
physical meanings which will be used in the equations. Proper
assumptions together with carefully chosen variables will make
the physical problems greatly simplified while at the same time
all the main characteristics of the problem are described

authentically.

2.1.1 Coordinates Selected and Variables Describing Ship's

Motion

Strictly speaking, for all kinds of ships including surface
ships, underwater marine vehicles, even the special marine

vehicles 1like hovercrafts, their motions are 6 degrees of
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freedom. To describe motions of a ship, a coordinate system 1is
needed, either it is fixed to the ground or it is fixed to the
ship. Since the forces and moments involved in the dynamics of
the ship system are essentially hydrodynamic, so to make the
calculation of these hydrodynamic loading easier, we prefer to

fix the coordinates onto the ship.

The coordinate system chosen in this work is a Cartisian
Coordinate. Considering the symmetrical property of the geometry
of the ship, the system is located on the ship as shown in Fig.

2.1

fig.2.1 Coordinate system for the ship

The origin is at the midship of x-axis which is the

intersection of the longitudinal centre plane of the ship and the
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calm water surface. The positive directions of x-axis, y-axis
and z-axis point toward bow, starboard and keel respectively.
Therefore this is an orthogonal right hand system.

In this coordinate system, the motion of the ship is, in
fact, described by the negatively relative motion of the environ-
ment. There are six basic motions which can be classified.
Three of them are translational motions which are surge motion
along x-axis described by u, sway motion along y-axis described
by v and heave motion along z-axis described by w. The left
three of them are rotations which are roll motion around x-axis
described by p, pitch motion around y-axis described by g and yaw
motion around z-axis described by r. Therefore, in general, the
mathematical equations derived from the Newton's law are formed

with these six state variables.
2.1.2 Assumptions

The motions of ships are very complicated. The real motions
of ships are of 6 degrees of freedom and there may be
cross-couplings between them, for example, the cross-coupling
between roll and sway, surge and heave, yaw and roll etec.
However, the complexity of the motions depends in a large scale
on the type of ship -- size, shape, displacement,...; the
tightness of the maneuvering -- velocity, acceleration,....
Therefore, for different ships, with correct analysis, the
insignificént factors can be ignored and the problem of

maneuvering motions can thus be simplified. As an example, the
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motions of our object -- the big tanker Esso Osaka were very much

simplified after the following analyses.

1) Tanker Esso Osaka is very large in size(o.a.: 343.00m;
w: 53m, T: 22.05m), and the service speed of it is 1low(1l5
knots), so the motion of it could not be of high Froude
number.

2) For the large merchant ships like Esso Osaka, the
maneuvering problems are mainly concerned with offshore
maneuvering, docking and harbor operation, so the very tight
maneuvers at high speed are most unlikely.
Under the conditons mentianed above, the following assump-

tions will be reasonable.

1) Heaving, pitching and rolling motions are of no signifi-
cance to basic maneuvering of the Esso Osaka, hence can be
ignored. The maneuvering motion of it can thus be taken as
the motion in the horizontal plane, so it has only 3 degreés
of freedom. The corresponding variables for describing it,
or the state variables, are u, v and r.

2) Like all ships, Esso Osaka has port-starboard symmetry,
SO no croés-couplings with the vertical motions.

3) The accelerations described by U, ¥ and ¢ are only
linearly related to the hydrodynamic forces and moments.

4) The environment is in the steady mode during a particular
maneuver, which means that the changes in the environment

such as the currents, the water depth and so on, are assumed
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producing little or no extroneous exicitations and therefore

negligible.

The convention of these variables are shown in fig.2.2, where

¥ is the yaw angle and § = r is the yaw rate.

od®)

Ue (6

N

£ig.2.2 Coordinate system and sign convention

2.2 Overview of Governing Equations

The governing equations of the ship system result from the

application of Newton's second 1law. The whole procedure of
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derivation is exactly the same as what is shown in professor

Abkowitz's work[l]. We start from the three basic equations:

. 29 yqn o -
m[ur-rvr-xer ] X(ur.vr,r’ur,vr,r,G,...)

MLV tru txer] = Y (VP Ly e, )

Izi+me[Gr+rur]==N(ﬁr.ﬁr,i,ur,vr,r.d,...) veees(2.3)

where X, Y are the external forces acting in the x and vy

direction respectively, N is the external moment about the

z-axis.

Considering the current with magnitude u and direction of 2.

U = u-u, cos (y-a)
Vi = ViU, sin(y-a)
&r = ﬁ+ucr sin(y-a)

°r=0+ucrc°s(w-a) lnaoooooooo.o-o(zou)
Oof course,uc is taken as constant, because we already made
the assumption in 2.1.2.

The result of the derivation are the simultaneous differen-

tial equations of Ups Vs T with the hydrodynamic coefficients as

the parameters. They are:
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f1

m-X
ﬁr

(IZ‘N?)fz - (me-Y?)fg

r fu

(Y, )3 - (meg-N, )f:

f, ceececncseacss(2.5)

where

o 2
f1 X, Aur+xu (Aur) + X

3 2 2 2
. W (Bup)3+ X, | w2 +Xg82(X | Hmxe)r

ururur VrVr r

+(X_ _#m)v. r+X v S+X_.ré+X 58Au_+X r2Au_+X v_2Au
vrr r Vr5 r ré Gaur r rrur r Vrvr“r r-r

+xv ru vrrAur+X

SAu_+X
ror r

v réAu
vréur r rsur r

fa = Y°+Yvrvr+(vr°m"r)r+Y66+Yv urvrA"r+Yru rAur+Y

. 6Aur

r Su,

+ E S 2
YVrV v vr Yrrr

3 2 2
vy r +Y6665 +Y v.r +Yvr66vr66+y

v_(Au_)2+Y rv
Vrrr Vpuu e e VYT

2 2 2
"'Yr'&s"6 ﬂ'ururr(m‘r) +Y6v v 6"r +Y6rr

Sr+yY §(Au)3+Y_ _.v. rs
Ve SuLu, r

r
vr §'r

fy = No+ervr+(Nr-mxsur)r+N56+Nvru:rAur+NrurtAur+Naur6Aur

-+
Nv V. v

3 3 3 2 2 2
A rv +Nrrrr +"6666 +N v.r +er66vr56+u v (Aur) +er rv,

r VPPT r vrurur r r,\Ir,

2 2 2 2 ’ 2
+Nr56r6 +N rr(Aur) +N6v v évr +N6rr6r +N6u 4 G(Aur) +N v_ré

r"r" rr rr vrra r

£, = (m,Yir)(IzaN})—(me-Nor)(me-Yi)
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But these equations are not suitable for use both in

simulation and system identification for the following reasons:

1) The hydrodynamic coefficients are not constants , but are
the functions of the speed of ships, or in more detail, are
the functions of the relative speed at the points where the
hydrodynamic forces act. While the nondimentionalized coef-
ficients are constant at the low speed range. And further-
more, the nondimentionalization of the hydrodynamic coeffi-
cients also sets up the bridge between the simulation model

- and the full sized ship. Therefore the equations are
prefered to be changed into the form with nondimentionalized
hydrodynamic coefficients.
2) As we noticed the equations (2.1) are the same for all
the ships with motions only in the horizontal plane.
However, there are too many coefficients which degrade the
practical application. At the same time the significance of
the coefficients may be Quite different for different
ships and some of them may be mutually dependent when the
concrete ship is studied in more detail. Therefore, there
is the possibility tHat we can reconstruct the equations
through analyses based on the experiences in hydrodynamics.
In this way, the equations may be simplified and be made
more realistic.,

For our case, the main modifications will be carried out as

follows:
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1) A new variable ¢ had been introduced which is the mean
velocity over the rudder. The purpose of introducing it is
'to make the nondimentionalization of the force and moment

induced by rudder deflection more appropriate.

A Ap-A
T /;‘%[(1-w)ur+kuA,]2 i e a-wh?  (2.6)

where AR is the span area of the rudder.

APis the area of part of the rudder covered by
the propeller culumn as shown in fig.2.3
w ¢ wake fraction.

k is a factor which is a function of distance x

Ya

and k= E_—
Ae .
uA,, = «(1-w)u + /('l-w)zu%% I(t.(nd)2

Kt‘ thrust coefficient of the propeller.

n : rotating rate of the propeller.

O.SUAO + (l=w)u
(1-w)u
I, g |
AR-AP <’ f d (l=w)u J
— — e — ' o
Upe + (1=9)u AR ;
'\ ! : v

] e H%
k"ma + (l=w)u

£fig.2.3 Geometrical relationship between the propeller

and the rudder
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The more interésting thing is that this physically meaningful

modification covers the effects represented by )(u 55" X X
r

Yeur » ¥ » Ng and N .
6ur Gurur 6ur Gurur

removed and as the result, the model becomes simpler.

vraur' rsur'
Thus all these terms have to be

1.0 ”"—ﬂ
0.8

" 0.6

A

k=

qu
0.4
0.2

-2.0 -1.0 0.0 1.0 2.0 x/O.SD
fig.2.4 Function k = k(x)

2) Esso Osaka is propelled by a single propeller, hence at
Zzero serge speed, the sway force Y and yaw moment N are not
zero, there are the bias factors Yo and Ny. To account for
this phenomenon, u. is not suitable for the use of the
nondimentionalization of Y, and Ny, and based on the

hydrodynamic analysis, O.SuA is used instead. And
[--]
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3) The coefficients of X force are reset through replacing

uu’ “uuu
suitable for simulation and identification.

X&, X' X! withlu,nz, n and Cp to make the equations more

n., N,and nsare artificial coefficients resulted from the
mathematically logical anaylsis. These three new coeffi-
cients satisfy the following relationship:
(1-t)T-—-—-'>n1uz+nznu+n3n2 cerieniee..{2.7)
where t is the fhrust deduction factor.
T is the thrust.

ﬂl,nz, N, have no physical meaning, and the relation
expressed here is purely based on the numerical skill.

CR is resistance coefficient which 1is related to R, the
resistance of the ship in the straight course acting ¢<n the
ship hull, propeller and other appendages. And the relation
between them is

(1-t)T-R =2 (1°t)KtDnzd“° % cRsuz e e ceecee (2.8)

where S 1is the wetted surface of the ship and append-

ages.

4) A new variable e is created to replace §.

: v rlL
-~ - — o cem—
e § C

2¢ Y ¢ °)

e is called the inflow angle to the rudder. With the
introduction of e, three new formed force and moment

derivatives xee, Yeee and Neee are used to replace the
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higher order force and moment derivatives involving in the

following way:

2 .
) PN +Xv 6vr6+xr6r6+X6surGSAuri-xvraurvraAu +X rGAur

1) r r rsur

. ré2

38

Yoo 83+Yo  SAu +Y 8v _2+Y.  §p2+ 2
) Gur r Gvrvr rserlt Ysururs(Aur) +Yr

2
Yvrssvrs +Yvrr6vrr6

- Yeeeeee

NessS N,  SAu_#N. ~§(Au_)2+N  v_ré 4y
088 Su,"r Sugup, - T v,rs r erGVrGG

2 2 2
Hpssrs +"6vrvr6vr Nserdr

— Neeeeee

The benefit in simplifying the model is very obvious.
5) With the relation V. ® kr, based on the analysis on the
properties of the nonlinear hydrodynamic coefficients
involving vrand r, all thevr, r cross-correlated third order

sway force derivatives acceptably merge into a new item

Yore .[2]
i.e. Y, vorY ey 2.y voisy ol
Yvr_r'r r VeV T VeVp¥p r rer
= Yy prtkYpy | +KYy y y 4T v r2
Verr ey v HK v v rer/kV,r
Yvrrrvrrz ............'.......'.......(2'10)

Page 23



6) Hydrodynamic analysis showes that the higher order
partial derivatives of forces and moment to u.together with

vrand/or r are the items accounting for the effect of

propeller overloading and they can be replaced by the items
containing only the first order derivatives of the forces

and moment to §. The detail is as follows:

Y V. AuU_+Y _ prAu +Y r{du,)2+Y v_(Adu.)?
Vel P Ty R ey g T v et

-

Y
S (c- 3 e yo(e- 2
= 7 lecp) S Lo r-vilec)§ L2y

N v_Au_+N_ rau_+N r(Au_)2+N v, (Au )2
Vol f r .rur r ru.u, r Vauu et e

1y 8. _N*(c-cq) & L3V
= g5 (c-cg)g L? r=Nile-cg) 5 L7V,
where co is the wvalue of the mean velocity over the
rudder corresponding to the equilibrium propeller

loading at forward speed u .

r?'ur ’

7) To reflect the speed loss effect, new item Xvrvr2r2 is

X Xy vrurare negligible and omitted.

added and there is:
; 22 _ .. -2+, 2.2
Yover'r T =X2 2 [%'L4U Iv.°r ceeeees(2.11)
r
2.3 State Model

Under the assumptions we made and after the modifications
mentioned above the final form of the state model of Esso Osaka

is shown as follows.
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ur-uc-r-sin(w-a)

- . L -a
VU T cos (y=-a)

f
r- meXs

Up

. %4[(15N;,)f2-(mxsp¥'-,)f3]
= 7]4— [(m-Y;,r) f3-(me-N;,r)f2] Ceeerretenaserennans eeee(2.12)
where

fy = oy 1§ 121 o ngf8 L3Inu ng8 L In?-cargsu 2 1exa2 [§ 1212

< °* [~
- [} <'.
[

= R

Vd 2 » o,
* XZal§ L2cPlee (xppmexg) 8 L4062 + (¥, ;)0 Clv,r
v 24 2
' xvi 2 [§ LYl B2
u
o0 12 (_A®27,cv” 0 - y-(c- 2
f, = Yo[% L (_2_.) ]+{Yvr[2- LZUr]vr YG(C co)% Lo}
Ys .o 2.2
Hug ) (G L3 dreg (e §L7rd + g T3 LS
» -1 3,.v- P, 3 -h.2 - -1 2
+Yvr3[% L2 vy, 2,05 L%, 2 Hervr[% v 1rlv
+y- 2 L5y ! Jrd+y- [ 12 ¢?7e°
r3['2' . ro a3 %
3 . ) 3
f3= Nﬂ% L (’?)2]"'{"\'5% L%r]vr'NG(c°c0) FLYd
HNZ-m"xgu) [ L% Ireg: (c-co)f L% v 1anzrg L3c206
-T2 13113 - 4, < - 05 =11.2
+N"r3 I3 LU v rmv%r[% L'u.™ ] erHervr[-z L, Irv,
- 6 "1 -
2 L0, ]r3+Ne3[§ L3 ¢23e3
-, o 3 L d rd - - - Lk R -
g = (Y2 )0 L) (A LT (nogon: )8 L4 R LY

r r

U, = u-u, cos(y-a)

vV ® v+u; sin(y=-a)
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A A,-A
c= /EI;L [(l-w)ur_-"kuAm]2 + —E—R—-E (*i-w)zu‘,,2

2.,.2
U= +
r ur vr

U.: the current velocity which is taken as constant.

¢ the direction angle of the current.

In the appearance of the model, 4 variables are involved,
i.e. u, v, r and y except for the case of
u.=0
in which ¥ disappears. For this reason, the system is easily
taken as a system with four state variables. This can be seen in
the work done on Esso Osaka before, when the model of the system

was expressed in the space form,
u.) =T o-.ooolo.0000..ooco.ocoo'oocoouoa.-ccn(2.13)

is added then there is

X=2Ax+y
ur
v .

is the state vector.

(]
(]

r
Ip l...l....l".."‘..'..l.'Ot....l...o’(2014)

But we must keep in mind that it is not true if we examine it
seriously. First, physically, since the motion of the ship is of
only three degrees of freedom, there should only be three
independent variables to describe the state of this dynamic

system. Second, even start from the point of view of the system
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engineering, since r and ¥ are not independent to each other, so

4 is in fact a pseudo number, and
b =1

is not a state equation. As it will be shown later on, the
understanding of this number is helpful in the study of the

identifibility of our system.
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2.4 Measurement Model
2.4.1 Different Measurement Models

Measurement model is another important part of the system
model of a given system. With the same state model the different
measurement model can consist the different system models which
behave quite different in the view of point of system identifica-
tion.

Hwang and Kwok in their work used a four measurement model as

follows:

E - g&...‘........0......‘Q.ﬁ.........‘.......(4.1)

where z = [a is. the vector of the same order of X, so the
v

matrix H is a unit matrix:

1000
g (0100
2= 1loo1o
0001

Thus, they set up a fourth order system model with full state
measurements. With this model Hwang and Kwok very successfully
identified the linear and nonlinear hydrodynamic coefficients for
Esso Osaka by means of using EKF for the cases of deep water and
shallow water respectively. The reéults are very encouraging in
deed, since that was the first time of successfully "measuring"
the hydrodynamic coefficients of a real ship by the technique of

EKF. However, it 1is not so attractive for the practical |use,

Page 28



since the requirement of four measurements can only be met by
very few ships. Vessels are not commonly equipped with the
equipment of measuring sway velocity and only the very special

ships have heading rate gyros.

To explore the possibility of using less measurements to do
the same identificaion, we need to change the measurement model,
and therefore may change the state model as well. Nevertheless,
in order to compare with the four measurement model directly, we
keep the state model unchanged. In our plan, three different
cases are to be studied according to the practical situations of
the ships, so we shall set up three different measurement models
combining the same state model to compose three different system
models and then examine them one by one.

For three measurements,ur, v. and ¥ are the output variables

r
to be measured, the measurement model is in the form:

2 = Hx

E,

(

.

Joo
"

oro
o Yo Neo)

aXeNe)
N—et

1
0
0

oocnoooooooooononcooooooaooo-(2016)

For the case of two measurements, vris omitted from consider-
ations, even though for some modern ships the onboard dual-axis

Doppler sonar system is available. Because all ships are
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equipped with gyrocampasses but not Doppler scnar systems. In

this case the measurement model becomes:

[

He[1000
- 0001 ..0.'..!....00l!....l'..o10010(2.17)

While for one measurement, we keep the yaw angle as the
variable to be measured. One can argue that almost every ship is
equipped with the equipment for measuring surge velocity, why
don't you choose tu‘to form the single measurement model? The
reason is that though almost any ship has the equipment for
measuring both u.,and ¢, the ship with accurate speed log or sonar
will have the gyrocampasses with high accuracy while the opposite
may not be true. And also we know that the more information we
have the better we can make the system identification, so when we
have the data of two variables we will not throw off the data
with higher accuracy. With this idea, the single measurement

model will be:

z = Hx
z =1
,Ii=[0001 ] oonoocoooooooavcoooono--oou(2.18)

2.4.2 The Relation Between State Model and Measurement Model.
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A system model consists of state model and measurement model.
These two submodels are not independent, on the contrary, there
is the mutual influence between them. From the autbmatic control
theory it is well known that different state models may differ in
the requirement of the kind of the variables to be measured, and
also may differ in the requirements of the accuracy of the
measurements, or in other words, differ in the allowance of the
noise of the measurements. On the other hand, different measure-
ment model may cause changes in the state model. Take our case
as an example, if we are not going to use the dual-axis Doppler
sonar systeﬁ, but only measure the velocities of the ship
relative to.the water, then the equations involving u and v will
not be included in the state model, and then ¥ will immediately
disappear, the model hence only have three state variables.

Therefore, strictly speaking, when we change the measurement
model, we should examine the state model carefully to see if
there is any necessity of modification. And at the same time we
should reexamine the design of the sea trials for the measurement
of the variables to see if some revision is needed. Neverthe-
less, for our situation, because our work is of:exploring and we
are not going to conduct a series of new sea trials but to make
use of the data already obtained from the fou; measurement sea
trials, so we are not going to change the state model as used by
Hwang[8]. But we should keep in mind that this is not the best

choice.
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Chapter 3 IDENTIFICATION TECHNIQUES
3.1 Premises

It is obvious that the system corresponding to our ship and
the environment in which it operates is a nonlinear system. It
is well known that the Ralman filtering technique belongs to the
category of linear system. Although the EKF technique developed
directly from it can be uséd for the nonlinear systems, it is not
applicable to all the nonlinear systems. From the point of view
of system engineering, analyses on the system model of Esso bsaka
have been made and the results confirm the possibility of
successful application of EKF to it. In this thesis the analyses
will not be repeated while the useful conclusions are listed as

follows:

1) To compare with the 4 second measuring time interval, the
time constant of Esso Osaka is much larger, therefore the system
model describing the dynamics of Esso Osaka can be taken as time
invariant.

2) The process noise w is modelled as zero mean, white and
Gaussian distributed. The reason is that the process modelled
here is basically of low order and involves slow speed dynamics.

3) The measurement noise n is also assumed to be zero mean,
white and Gaussian distributed. Because, the noise sources are
independent and during the sea trials the time constants of all
the sensor dynamics are shorter than 1 second, while the time

interval used in filtering is 4 seconds which is quite safe for
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our assumption.
All these treatments were proven acceptable by the identifi-

cation work done on Esso Osaka before.
3.2 Identifibility

The problem of identifibility for the nonlinear system is
quite complicated, but at the same time it is very important.
Everyone likes to6 know the possibility of success before he
starts to work. Although our work is an exploratory work and we
shall try each of our models anywvay, we still liké to know the
nope of success for each case. And it is also hoped'to get some
experiences on predicting the identifibility of a ship system
like ours.

Hwang in his work demonstrated how to analyze the
identifibility of the parameters by engineering analysis. Based
on the analysis, suggestions were made of dividing the
hydrodynamic coefficients into different groups, designing dif-
ferent sea trials for different groups and using some special
technique like parallel processing to improve the results of
identification and so on. No doubt, all these analyses are valid
for our work, because the system of the ship doesn't change, nor

the objectives of identification.
3.2.1 Identifibility of a Time-invariant Linear System

In this thesis, we try to start from a different angle to

consider this problem. We consider a linear system:
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i' 1 ...’00......0'...‘00...000C..OO(3.1)

1>
[t
+

E’ ! 00..0...0'..'..000000000.0-0100(302)

0
1
+

where w and vy are white-noise with correlation matrices:
Efww'] = 0
E{yy'] = R
.The Ralman filter is described by:

=3+5(E-§3) oooooaoooooo;oaovnoncoo'0(303)

Iy

where K = pc'R"
and P = AP + PAT + Q - PCTR-CP Cerenrerneaeees(3.0)

The vector £ 1is the estimation of x, and the matrix P is the

covariance matrix of the errors e in the estimates. And

-3- cooooooocoooo.ooooo-cooooo-ooooc(305)

0>

Then we approach our problem by considering two sub problems.
The first one is whether our system is identifiable by applying
the Kalman filtering, in other words, if the solution of the P

matrix of equation (3.6) approach a stable steady state at which

é=0 c.‘.!....‘.'......."'..00...ll.‘....(3‘6)
The second problem is that because our system can not be
exactly described by our model, P matrix in the filter calcula-

tion is not the actual covariance matrix, but a calculated o=&.
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So we like to know whether when approaches a stable steady

P
state the actual covariance matrix P also approaches a satisfac-
tory stable steady state. If not, we shall say that there exists
divergence of the Kalman filter. Then the result of the
identification in this case is still unacceptable. There are two
kinds of divergence of the Kalman filter, according to
Fitzgerald. In his paper{[1971], both of them were discussed
theoretically in details and illustrated by examples. The
methods of predicting the possibility of divergence are also
provided.

After making the.structure of the problem of identifibility

clear, the following procedure is designed for our work:

i) Taking the systems of Esso Osaka as a linear time
invariant system to make a primary prediction of whether
they are identifiable, that is, to try the first problem by
using linear system theories. Details are in the next
section.

ii) Although we can follow the methods in Fitzgerald's paper
to check the divergence of the filter, the work involving
too many calculations of matrices makes us prefer the other
choice. That is to check the accuracy of the identification
by directly simulating the maneuver of Esso Osaka with the

identified hydrodynamic coefficients.
3.2.2 Primary Analysis on the Identifibility of Our Systems

For linear time invariant system with the system model:
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S e e

X = Ax + BE + ¥ ceevsrtsrcrenscssesceneas(3.7)
i=Cx+! occoooo--u--oocccnoocctococcc(3-8)

the sufficient condition for it to be identifiable is that the
system is stable and observable. While for a stable linear
time-invariant system the observability can be surveyed by the
following rules:
oA kAT L (309)
Assume A is n x n matrix,

C ism x n matrix,if A of rank n, than the system 1is

observable.

Our systems are stable systems since the stability of the
systems is only related to the characteristics of matrix A, and
it does not change for all the cases. And from the analyses in
Chapter2, our systems can be approximated as linear, time

invariant. Follow the formula:

x(t) = £lx(t), g(t), wlt), p(t), t]

av r 3!1)] cccoccooooo-oooc000(3010)

we can start to make tedious but straightfoward algebraic
calculation. Since we consider the system as time invariant, to
make the problem simple, we choose t = 0 in calculating the

partial derivatives. The final result of matrix A is:

9.100048x10" 9.21502459x10" 2.61012284x16" 0

A= 0 3.393093071 -3 2.78326392x10_2 0
0 7.56308300x10° -9.78519310x10 OJ

0 0 1 0

.‘.."....."..".!.....'.C.(3'11)
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This is a 4 x 4 matrix. The ranks of the checking matrices

corresponding to the three system models are:
n = 4 for the model of measuring u, v and /8
n = 4 for the model of measuring u and y.
n = 3 for the model of only measuring only V.

From this result we can draw the conclusion that our models
with three and two measurements are identifiable, while the
identifibility of the sysﬁem with only measuring ¢ is in doubt.
Because the principle of observability only checks the condition
of sufficiency, the result of n = 3 does not mean that the system
is surely unidentifiable, though from engineering experiences it
is most likely unidentifiable. Anyway, it worth a try even
for the single measurement model.

But we must bear in mind that for an utterly new system, 1if
we want to make the analyses on observability as mentioned
before, we have to consider the effect of the a priori informa-
tion on the results. Because some of the parameters of the
systems are to be estimated, so:before the identification, their
values are far from accurate. As to our case, the prediction of
observability is based on the successful work of identifying the
parameters by the model with full(four) state variables being
measured. Therefore it 1s convinient and no this kind of

problem.
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3.2.3 An Alternative Analysis on the Identifibility of the Three

Measurement Model

The state model for Esso Osaka, as mentioned in Chapter2, is
of pseudo-4th order, because the yaw velocity r and the yaw angle
Y are not independent, r is the time derivative of V. To
achieve good results of identification, the accuracies of the
measureﬁents of r and ¥ should match each other, otherwise it
will increase the process noise of the system. Because the

unmatching measurements of r and ¥ will infuluence the equation
b= r

directly. Generally speaking, it is not difficult to get very
accurate measurements for modern ships as the data for Esso Osaka
already showed. The measurement data of r for Esso Osaka
acquired by ;he special heading rate gyro are also very accurate,
and thus with these data, the hydrodynamic coefficients of the
mathematical model of Esso Osaka were very successfully
identified. Since in the state equations, yaw velocity r is more
directly involved, it seems more important to compare it with yaw
angle ¥. However, we know, with the accurate measurement of v,
we can derive the yaw velocity r from it by mathematics with
enough accuracy. So from this sense, the three measurements of
u, vand ¥ is not inferior to the four measurements of u, v, r
and ¥ for the latter can be derived from the former.

Thus based on the success of using four measurements, before

we start to try the system model with three measurements, we can
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predict the identifibility by another way which is very simple.
For our case, the data of u, v and y which we shall use in the
three measurement model are the same of those obtained from the
sea trials designed for the four measurements. Then we use the
data of Y to derive the data of r*, and compare r with r*, I1f
they are properly consistent to each other, there should be no
doubt about the identifibility for the new system.

Fig.3.1l shows -the two curves of r and r*. just as we
expected, they are very consistent to each other. Therefore, the
successful result of the identification by using the three

measurement model is not unexpected.

0.0012
i

YA SFEED(RAD/SEC)
-0.0037  0.0002

0000t 9.3048 -9.0010
2 A A

R s e e =
fig.3.1 Curves of r and r*
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3.3 Identification Technique Applied

In our work, the method used for identification is called
State-Augmented Extended Kalman Filtering. The change in the
measurement model changes the structure of the system model;
hence the completed program has to be changed. However, the
principle and the procedure of the estimation of the hydrodynamic
coefficients have not been changed. The theory of EKF will not
be discussed in this thesis. Reference could be made to Gelb's
work[3]. Here we only want to discuss some technical problems

related to the application of EKF very briefly.

1) From Hwang and Kwok's work[8,9], the parallel processing
method and the method of exaggerated over- and under- estimated
initial guess have been proved the very useful remedy for the
simultanecus drift phenomenon. In our work we use the same
technique. The brief idea is that for each measured variéble, we
shift the phase of the data file to get a new data file, then we
use these two files as the input at the same time. Since the
simultaneous drift is caused by the cancellation effect between
the contribution of hydrodynamic coefficients such as Yv and ¥r;
and Nv and Nr. While for two different maneuvers the contribu-
tion of the same coefficient is of different pattern, so if the
measurement data of two different maneuvers are processed at the
same time, the phenomenon of simultaneous drift may be improved.

2) To help further, we use the the technique of exaggerated

over- and under- estimated initial guesses as well, that is, over
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estimate one of Yv and Yr to a large extent and under estimate
the other as initial quesses, and the same thing is applied to Nv
and Nr. In this way we hope we can prevent the improper
simultaneous drifting phenomenon to appear early and give enough
time for the estimation curves of the hydrodynomic coefficients
to keep a steady level.

These two technigues are illustrated in great detail in
Hwang's work[8].

3) when we choose the identified values from the curves of
the coefficients, the analyses based on engineering experiences
are always made. We shall see which part of the curve more
likely approaches the true value of the coefficients from the
point of view of the maneuveribility.

4) For the final check of the validity of the identified
values, we simulate the maneuver by using the state model of Esso
Osaka with the identified hydrodynamic coefficients as the
parameters. fhen we compare the simulation curves with the
measured maneuvering of the ship to determine if the results of

the identification are satisfactory or not.
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Chapter 4 RESULTS OF THE IDENTIFICATION BY DIFFERENT SYSTEM
MODELS

The measurement data of the 10-10°zigzag maneuver of Esso
Osaka during the sea trials are used for the identification of
the linear hydrodynamic coefficients. The measurement data of 35
circle maneuver are used for the identification of the nonlinear
hydrodynamic coefficients. The linear hydrodynamic coeffjcients
are first to be identified and the accuracy of the identification
is checked by the simulation of the 1dle’zigzag maneuver. The
qualified values of linear hydrodynamic coefficients are put into
the state model and fixed, then the modified models are used to
identify the nonlinear hydrodynamic coefficients. The identified
results are also checked by the simulation of 35° turning
maneuvering.

4.1 Results of the Three and Two Measurement Models

The.results of the identification by the three measurement
and two measurement model are very successful. Not only are the
procedure of the identification for these two models very smooth,
but the values of the estimation of the hydrodynamic coefficiénts
are also satisfactory. The simulation of the dynamics of Esso
Osaka in both ldle'zigzag maneuveripg and 35°turning maneuvering
by using the values identified from each model was made. The
results of the simulation are satisfactory, because they are
highly consistent to the measurements.

The comparison between the simulations by using the values of

hydrodynamic coefficients obtained from ship model test, four
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measurement model and three measurement model. The result of

comparison is not surprising:
(1) 1t is confirmed again that the method of making identifi-
cation with EKF is greatly superior to the method of ship
model test. However, model test results can be used to
predict maneuverability before the ship is built.
(2) In system identification by applying EKF, the three
measurement model 1is not inferior to the four measurement
model at all. The reason is that as we mentioned in
Chapter2 and chapter 3, these two models are of the same
order and the measurement of the yaw angle 1is highly
accurate. When the measurement of yaw velocity r is accu-
rate enough, there is no essential difference between them.
And we can further imagine that in case the measurement of r
is not accurate enough, the inconsistency between r and @
will increase the process noise of the system model and thus
may make the identificaition result by the four measurement

model inferior to that of the three measurement model.

The simulation of the dynamics of Esso Osaks by using values
of the hydrodynamic coefficients from the two measurement model
is not as good as that from the three measurement model. But
compared with the simulation of using the values of hydrodynamic
coefficients from model test, it is still quite satisfactory.
Considering the significance of avoiding the measurement of sway

velocity v, this result is very encouraging.
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4.2 Result of the One Measurement Model

Although the one measurement model gave the result of
identification of the linear hydrodynamic coefficients, we had to
stop at this stage. Because the values from the residual test
during the identification are not valid, and the 10-10° zigzag
maneuvering simulation by using these identified values of the
hydrodynamic coefficients is unsatisfactory. It is not difficﬁlt

to understand it physically.
4.3 One Attempt of Using r Derived from ¥

From the one measurement model, an attempt by using the r
derived from ¥ was tried. The motivation is that since the state
model of the system of the ship involves directly r not ¥, and we
are very confident about getting very accurate value of r from v,
because of the highly accurate values of y. We hoped that if the
appearance of |y in the state model caused large process noise, by
pretreating ¢y into r, it might be mended. However the result
turned out negative.

All these results are presented by tables and figures in this

chapter.
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Coefficients

Measurements

& Current (4) (3) (2)
Uy VX, ¥ Uy Vo9 u, 9 Uy Yy P
6 Y, -0,02608 -0,02551 -0,02401 | -0,02569
7 Y, 0,00365 0,00339 0.,00340 0,00321
12 N -0,01406 -0,00613 -0,01393 | -0,01286
13 N, -0,00480 -0,00247 -0,00699 | -0.,00630
14 N =0,00283 -0,00233 -0,00337 | -0.00322
21 X M 0.02660 0.,02328 0,02013 0,02121
38 86. 5° 74,9° 76.9° 78.7°
39 c(ft/s)| 0.958 1,119 1.212 1,138
15 N,.. 0,00337 0,00240 0.00260 0,00237
20 X, -0,000996 -0,00211 -0,00124 | -0,00142
22 X pp | =0.00278 -0,00467 -0,00446 | -0,00454
31 Ngee 0,00116 -0,00051 0,00084 | -0,00043
35 Yope -0,03985 -0,03335 -0,04817 | -0,03259
38 T ou.6° 80,4° 88,49 | 86.9°
39 Cc(ft/s)| 1.042 0.985 1,179 1,077

Tabled4,1 Results of Identification with Different Measurements
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Chapter 5 CONCLUSIONS AND SUGGESTIONS
5.1 Conclusions

From our work, the following conclusions can bé drawn:

l) For displacement surface ships 1like Esso Osaka, their
dynamics in horizontal plane can be very well described by a
linearized model of third order. With measurements of only the
surge velocity u and yaw angle y, the main linear and nonlinear
hydrodynamic coefficients can be identified satisfactorily by
using EKF. Hence, with further work on different type of ships,
we can expect that in the future, the simulation technique may be
extensively applied to most of the ships equipped only with
gyrocampass and a surge speed measuring device like speed log or
Doppler sonar. Because, with them, through very simple sea
trials during normal operation, the hydrodynamic coefficients can
be "measured" with satisfactdry accuracy.

2) The result of using three measurements u, v and ¥ is even
better, and does not differ from that of using four measurements
of u, v, r and Y. For the modern ships installed with dual axis
Doppler sonar and heading rate gyro, three measurement ’is
recommended. The results are better than that of the two
measurement model, while no more work is involved during the sea
trials.

3) With our state model and the already designed sea trials,
the hydrodynamic coefficients of the ship can not be well

identified by merely using the measurement of ¥ with EKF.
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4) Through our work, EKF is again confirmed to be a powerful
tool in the identification of the hydrodynamic coefficients in
the maneuvering simulation model. Aiso the skills of parallel
processing and over- and under- estimated initial guesses are

proved very useful during the identification.
5.2 Suggestions

The following suggestions are raised for achieving further
improvements on the application of system identification theory
to ship maneuvering study:

1) It 1is worthwhile to see if the following trade-coff is

valuable. We change the model structure by eliminating ¢

from the state model:

= ur- (V - Vr‘)r

s e

[
= _vr-l-(u - ur)r

< e

v = %4£(IZ-N;.)fz'("'xs“’i)f3] e (501)

re g LY ) Fym(megoNg )]

and then in the measurement model use r = { instead of V.

In this way the model of the system will be more
standardized and the process noise of the state model can be
decreased while the measurement noise does not increase at

the same time. This will do good to the whole system. But
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at the same time, since the current speed ue and current
direction angle o are also eliminated from the model, we can
not identify the current directly.

2) As we mentioned in Chapter3, because of the mutual
influence between state model and measurement models, when
we try to‘pse measurements of less numbers of variables,
work on the state model 1is also needed to improve the
efficiency of the process, including engineering and mathke-
matical analyses to see what modification is needed. Also
from our work and the work done by Hwang and Kwok[8,9], .we
know that state model of Esso Osaka does have some inadequa-
cy which is apparent when the nonlinear hydrodynamic coeffi-
cients were identified. Modifications and revisions are
needed for future development,

3) The sea trials may need new designs when the system model
is modified. And because this is a new area, more practices
on the ships with different sea trials designs are needed.
Through comparison of the results, more effective designs
may be developed.

4) A similiar study can be carried out on the different
types of ship in order to make the application of system

identification technique more practical.
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