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ABSTRACT

This paper reviews models with four degrees of freedom, including
the roll motion, in order to describe the movement of a ship. The effects
of yaw, sway and roll are also taken into account. These models are used
in applications such as the simulation and steering control of a ship, or
the study of sea vessels which act cooperatively.
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INTRODUCGCTION

Computer simulation, which started in the fifties, is now the most widely used method
for evaluating the manoeuvrability of conventional surface ships, submarines and other
craft (Barr, 1993). Simulation is also a widely accepted tool used in ship design and resear-
ch, selection and design of ship equipment, design and research of waterways and harbours
and training of ship officers.

The simulation methods use hydrodynamic coefficients based on data obtained using
captive model tests performed in a towing tank and/or a rotating arm. In marine science,
time domain simulations have been used mainly to predict the controllability and ma-
noeuvrability of all types of sea craft and systems.

For any control design, knowledge of the dynamic characteristics of the device or physi-
cal system to be controlled is essential. In the manoeuvring and control of ships, experience
suggests that it 1s difficult to predict the characteristics of a ship from model tests, due to the
lack of any exact knowledge of the steering and roll interactions (Blanke and Jensen, 1997).
Hence, a great deal of research has been carried out in order to analyse this interaction
(coupling). Knowledge of the dynamics related to yaw, sway and roll is useful both for im-
proving manoeuvring models and, for example, developing roll damping control applications
in which the dynamic couplings between the yaw, sway and roll are of great importance.
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Validation of an autopilot system is performed first by simulation, then by model and
tull-scale trials.

While models of three degrees of freedom for describing ship motion are well-known
(Abkowitz, 1964 and Chislett and Stem-Tejsen, 1965), there have been very few stu-
dies describing the coupling between yaw, sway and roll. Results published by Son and
Nomoto (1981) present the model of a container ship obtained by combining planar
motion mechanism (PMM) data for lateral movements using difterent values of static
heel for the model under test, with independent roll motion tests. Kalstrom and Otterson
(1983) obtained a model by combining a lateral PMM model with theoretical estimates
of roll coefticients, using free sailing model tests to calibrate the roll parameters. Blanke
and Jensen (1997) obtain a full non-linear model of a container ship using the unique
four degrees of freedom roll planar motion mechanism (RPMM) facility at the Danish
Maritime Institute, and the model has also been validated via extensive full scale trials.

This paper describes models of four degrees of freedom used for simulation and con-
trol applications, presenting the hydrodynamic models of two container ships (Son and
Nomoto, 1981) and (Blanke and Jensen, 1997).

SHIP MATHEMATICAL MODEL
DEGREES OF FREEDOM AND NOTATIONS

The movement of a ship, considered as a rigid solid, has six degrees of freedom (DOF)
which means that six independent coordinates are required to determine its position and
orientation. Table 1 shows the description of each DOF and the corresponding nomen-
clature used to describe the ship’s forces and motions. This is the standard notation recom-
mended in SNAME, (1950) for use in ship manoeuvring and control applications.

Table 1: Notation and DOF description

DOF Translation Forces Linear velocity Position
| surge X u X
2 sway Y v y
3 heave Z, w z

Rotations  Moments  Angular velocity  Angles

4 roll K P i)
5 pitch M q §]
6 yaw N r v

The first three coordinates and their derivatives are used to describe the position
and translation movements on the axes xp, yz and 2z , while the other three coordinates
and their derivatives are used to describe the orientation and rotation movements. For
sea vessels, the six different motion components are defined as surge, sway and heave for
translation motions in the three directions and roll, pitch and yaw for rotation motions
around the three axes.
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Using the above notation, the motion of a ship with six DOFs can be described by
means of the following vectors:

e The speed vector which is normally defined in relation to the ship’s coordinates
system:

vz[vr, vZ]T v, =[u, v, w]T v, =[p. g, r]T 1)

e The external forces and motion vector which is also defined in relation to the ship’s
coordinates system:

e=[, 1] =[x 1.z] 1,=[K, M, NT 2

e The position and orientation vector defined with respect to the inertial reference
system:

n=[n.nl] w=[xrz] n=[0.0.y] 3)

COORDINATE FRAMES

In order to analyse the ship’s motion at sea in six DOEF two coordinate frames are used,
as shown in Figure 1.

surge
0 oy %X

. Body-fixed axes k) w\{l e
K
vaw
b) N
heave
¥ ' w,Z

Figure 1 Coordinate Systems with definition of angles, velocities, forces and moments

The moving coordinate frame xg, yp, z 1s fixed to the ship and is called the body-fixed
reference frame. The origin Oy of the ship’s coordinate system can be selected to coincide
with the Centre of Gravity (CG) if the CG is situated on the main plane of symmetry.
Generally, however, this is not a good choice, since the CG is not located at any fixed point
as the load conditions of the ship change constantly. The most widely used option, allo-
wing a reduction in the complexity of the equation (Fossen, 1994), consists in selecting an
orthogonal coordinate system parallel to the main axes of inertia in order to eliminate the
products of inertia in the motion equations. These requirements are satisfied in practically
all sea vessels, the origin being located at the intersection of the two planes of symmetry.
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The motion of the body-fixed frame is described in relation to an inertial reference axis
xyz, and it is normally assumed that the acceleration of one point of the surface of the
Earth will have little effect on the slow motion of sea vessels. As a result, it can be conside-
red that a reference system located on Earth O__ is an inertial system. Thus, the position
and orientation of the ship is described in relation to the inertial reference system and its
linear and angular velocities in the ship’s mobile coordinate systems.

SHIP MOTION EQUATIONS

Representing the motion equations in the body-fixed reference frame, with the ori-
gin of the coordinates located at the intersection of the planes of symmetry, the motion
equations of a ship, starting from Newton’s equations, can be expressed (Norrbin, 1970),
(Blanke, 1981) or (Fossen, 1994) as follows:

m(zi — v+ gw—(q" +r')x, +(pg—F)y, + (rp+ c}')zu) =X
m(ff —pwtru— (" + p )y +(gr— p)ze + (pg + J"].rg) =Y *)
m[ft—'— qu+pv—(p* +q )z + (rp— @)x. + (qr+ ,f:-‘]yc) =Z

Ip+(I =1)rg+m(y;0v+ pv—qu)—z;(v+ru—pw)) =K
La+ =1)yp+ m(zﬁ (+gw—rv)—x,(Ww+ pv— qz.r)) =M (5)
Li+(I,=1)pg+m(x,(v+ru—pw)—y,(ti+qw-rv)) =N

where (x(;, Y 25 1s the position of the ship’s CG; m is the mass of the ship; u, v, w; 4,
v, w represent the linear velocities and accelerations in the xp, y5 and 2 directions; 1, g, p,
f, 4, p represent the angular velocities and accelerations related to the axes xp, yg and zp.
I, I, and I are the moments of inertia of the ship with respect to the same axes of the
body-fixed frame. The forces and moments XY, Z, K, M and N represent the results of all
external actions on the ship’s body.

These equations can be expressed more concisely in vectorial form by the equation:
My v+ Cpp(V)v =Ty (6)

where M, is the inertial matrix, and Cpz(v) is the matrix of Coriolis and centripetal
terms, both caused by the dynamics of the rigid solid. T, is a generalised vector of the
external motions and forces. These forces and motions can be broken down into several
components according to their origin (Lewis, 1989), (Faltisen, 1990):

rR‘E = TH' * rf".’b' + z-P + Tf'.' (7)
T, hydrodynamic forces and motions produced by the movements of the hull in the

water, normally separated according to their origin into several groups using the equation
Ty =Ty - Tp - Tg (added mass, hydrodynamic damping and restoring forces).
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T : forces and motions caused by the control surfaces (rudders, blades etc.).

Ty forces and moments generated by the propulsion systems (forces produced by the
propellers and thrusters).

Top forces and motions which act on the hull due to environmental disturbances
(waves, winds and currents).

Moreover, if the kinematics of the ship is to be included, the following equations are
normally used as the vectorial expression of the 6-DOF motion equations:

Mv+C(v)v+D(v)v+g(p) =1 (8)

n=J)v 9)

where M=Mp~+M , is the inertial matrix (including added mass matrix M ),
C(v) = C,,(»v)+C,(v) is the matrix of Coriolis and centripetal terms (including added
mass matrix C,(v)), D(v) , is the damping matrix, gm) is the vector of gravitational
forces and moments and r=r1.+7,+1, is the vector of the propulsion forces and
moments, control surfaces and environmental disturbances.

The concept of added mass 1s usually misunderstood to be a finite amount of water
connected to the vehicle such that the vehicle and the fluid represent a new system with
mass larger than the original system. Added (virtual) mass should be understood as pres-
sure-induced forces and moments due to a forced harmonic motion of the body, which
is proportional to the acceleration of the body (Fossen, 1994).

The term J ., of equation 9 is the transformation matrix used to represent the position
and orientation vector N in the Earth-fixed frame. Equation 9 can be expressed by:

(x| Tely)e®) —sty)c@)+cty)s®)Is@) sy )si)+cly)old)s®O)
y sfyrde(@) ol )e(d)+s@)sO)sty ) —cly )sid)+s(0)sty )eld)
2| -s@) c(0)s(h) o0)c(b)
i |
0 0.,
| L (10)
s
[1] v

Los(@)u®) c@)®) | p
0 c(h) —-s(d) ||l g
0 s(@)/c®) cld)/c®)] r

where s(-) = sin(-), ¢(*) = cos(-), t{*) = tan{").

JOURNAL OF MARITIME REEEAREHIQ



E. LAPEZ, F.J. VELASCO, E. MOYANO & T. M. RUEDA

HYDRODYNAMIC FORCES AND MOTIONS

An important step in the development of maneuvering models is to expand the for-
ces and moments in Taylor’s series. In this way, the hydrodynamic forces and motions are
normally represented as a non-linear function of the accelerations V, velocities v, and Euler
angles included in 1:

T, =f(v, v, 1) (11)

where the function f is calculated through the development in Taylor series of the
functions X, Y, Z, K, M and N as, for example, for force X:

dX X ax X . aX. 8%X , ,8°X ,
= M4 V+...+TH+—.V+...E—:H ‘s T3 U T
dt  ou cov Cii ov o u Cu (12)

and the partial derivatives of the development, termed hydrodynamic derivatives or
hydrodynamic coefficients, are represented by terms such as:

)

_OE . 0 %Y . _ 2N 0K

X —, ¥ . =——y K =1 \
o a8 M T awal] Y T Tt ap (13)

o - 3 i
ou :

evaluated at equilibrium conditions. The initial condition of motion equilibrium is
chosen as straight ahead motion at constant speed (Abkowitz, 1964).

An approximation to the above expressions of equation (11), in stationary state, using
the Taylor development around the state of equilibrium u = uy and v .= v = 0.4,
obtaining a polynomial of the fourth order or lower (Kallstrom, 1982) if there is lateral
symmetry of the ship (Lewis, 1989). In (Abkowitz, 1964) and (Lewis, 1989) it is proposed
that up to the third order of development should be taken. No terms higher than the third
order are included since experience has shown that their inclusion does not significantly
increase accuracy. Moreover, several terms can be discarded due to the lateral symmetry of
ships and by taking into account only terms with acceleration of the first order

The hydrodynamic derivatives can be determined approximately from the hydrodynamics
theory (strip theory) (Lewis, 1989), by experiments using scale models (Lewis, 1989), (Son
and Nomoto, 1981), (Blanke and Jensen, 1997) or by system identification methods carrying
out experiments on the ships (Astrom and Kallstrom, 1976), (Kallstrom and Astrom, 1981).
However, it 1s difficult to determine all of the hydrodynamic coefficients of a ship. To obtain
a good model of the vessel, these coefhicients need to be determined reasonably accurately.

RUDDER SATURATION AND DYNAMICS

To include the action of the rudder in the model, the simplified model proposed
by Van Amerongen (1982) has been used to represent the steering machine, as shown
in Figure 4, where §_ is the commanded rudder angle and 6 is the actual rudder angle.
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The rudder angle and rudder rate limiters will typically be in the ranges of
—-35°<8.__ £35° and 2.5°/sec<d_._ <7%/sec.

max max

Figure 2 Simplified diagram of the rudder control loop

= IRV T I
rudder rudder rate
limiter limiter

Y

L J

Source: (Van Amerongen, 1982)

DYNAMIC EQUATIONS WITH FOUR DEGREES OF FREEDOM

In some vessels such as container ships, warships or high-speed ferries, as well as the
motions of sway, yaw and surge, the roll motion must also be included in the mathema-
tical model. If the coordinate system Oy is located in the ship to coincide with the main
inertial axes, equation (4) shortens to:

MRB{4):4] v+ CRB{4x4}(v) P= TRBH:([} (14)
where the velocity vector is given by:
T
Vv = [u, v, p, r] (15)

The mass and inertia matrix has the form:

m 0 0 0

0 m —mz; mx

RE(4x4) ~ | —mz, I 0 (16)

0 mx, 0 I

M

The centripetal and Coriolis force is:

i 0 0  mzyr —m(xgr+v)]
0 0 0 mu
CRB{4x4](v): 4
—mzr 0 0 0
m(xgr+v) —-mu 0 0 |

The vector of the total external forces at eh axes xp and yp (X, Y) and the total ex-
ternal motions at the axes zg and y (N'y K) are:

T _[X,Y,K,N]T (18)

RB(4x1) —
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which can be more concisely represented as:

Surge: m(ii—vr—x,r’ +z.pr) =X

Sway: m(vV-ur—z;p +x.r)=Y (19)
Roll: I.p—mz;(ur+v) =K
Yaw: Iy+mxg(ur+v) =N

MODELS WITH 4 DEGREES OF FREEDOM

This section reviews some models, presented by various authors, which can be used
to simulate the dynamic behaviour of a ship. These models include hydrodynamic forces
and motions

SON AND NOMOTO MODEL

Son and Nomoto presented a non-linear mathematical model of a high-speed con-
tainer ship (Son and Nomoto, 1981) in order to study the coupled motions of yaw, sway
and roll. In this model, the basic motion equations were formulated with four degrees of
freedom of equation (19) as follows:

(m+m )iu—(m+m, )vr=X

(m+m v—(m+myur+mo iF—mil p=Y
(L+J)F+ma y=N-Yx, 2

. +J)p- m)_,f_l, v—mJl ur+WGM¢$ =K,

where m y m,, are added mass in the surge and yaw directions, J_ and J the added
inertia about roll and axes respectively. The centre of added mass for m  is denoted by o,
(x-coordinate), while Ix and ly are the added mass coordinates of m _ and my respectively.

The origin of the fixed coordinates of the ship is described as [xg» 0, 0]. The terms for
added mass and inertias are expressly included with their corresponding radius of rotation
rather than including them by means of their hydrodynamic coefficients, as was the case in
equation (19). The metacentric restoring moment in roll was added in the K expression,
where W is the weight of the water displaced by the ship hull and GM is the transverse
metacentric height. The term x - appears in the equation since the hydrodynamic motion
of yaw N is defined around the geometrical centre of the ship. The hydrodynamic forces
and motions are developed using the hydrodynamic derivatives of equations (20).
=X@)+(A-DTN)+ X, vr+ X,V ++ X, r’ + X 0" +cpy, F), send o

= : 3 3 2 2
Y=Y v+Y r+ P;(I) + XL Y A R L Y F R L 4

+ Ymbv:d) " YL¢¢V¢2 + Y;m’"zd) . Yrq}l;,”d]z +(1+a,) F, cosd (22)
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N=N,v+N,r+NGo+Ngp+N,, V+N,_ r+N, Vr+N,_ v+
g (23)
+N,, Vo + N o0 g N, b+ anrdf +(x, +a, x,)F, cosd

K=K v+K r+K$d+K$+K, v +K r'+K, vVr+K, v+
+K, VO +K 07 +K o+ K rd” —(1+a,)z, Fy cosd

(24)

The forces produced by the rudder are represented by the last terms of each equation.
The force of the rudder Fy; is expressed as:

6,13 A, ;4 5
: & (up+ vy )sena, (25)

YOA+225 0
where 0 is the incidence flow angle, 1 and v, are the surge and sway components of
the incident flow velocity in the rudder defined by equations 26, 27 and 28, respectively:

o, =8 +arctan (v, /uy) (26)

. 3 2 (27)
vR . i + CRrr + CRm'r + CRm-'r 4

= u g1+ 8kK, [(nJ?) @9
J=u,V /(nD) (29)
u, =Ccos v[(l -W,)+r {(v + ,\:pr)2 +c,, v+ C;,,.r}:l (30)

Table 2 shows the main features of the ship identified by Son and Nomoto in their
research.

Table 2: Container Ship SR 108 Main Features

Description Symbol  Value units
Length L 175,00 m
Breadth B 25,40 m
Draft fore d; 8 m

aft iy 9 m

mean d 8,5 m
Displacement volume v 21,222 m
Height from keel to transverse metacenter KM 10,39 m
Height from keel to centre of buoyancy KB 46154 m
Block coefficient Ci 0,559
Prismatic coefTicient Cy 0,580
Rudder Area Ax 33,0376 m'
Aspect Ratio A 1,8219
Propeller Diameter D 6,533 m
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Table 3 shows the hydrodynamic coefticients and other parameters of the model

Table 3: Hydrodynamic derivatives and coefficients

a) Only hull parameters

H 0,00792 Yp 0,0 Nvwdy -0,019058

mix  0,000238 Y -0,000063 Nvipdy -0,0053766

my  0,007049 Yowe  -0,109 Nerd -0,0038592

I 00000176 Yrer 000177 Nrog 00024195

Jvoo 0,0000034 Yrvw  0,0214 Kv 0,0003026

iz 0,000456 Yerv  =0,0405 Kr -0,0003026

Jz - 0,000419 Yovp  0,04605 Ko 00 (Fn<0,1)

ay 0,05 hd 0,0034 02 (Frnz 02)

ik 00313 Yrrd  0,009325 Fno (0,1<Fn<0.2)

Iy 00313 Yibo  -0,001368 | Ko -0,000021

KT 0,527-0,455] | Nv -0,0038545 | Kwwy 0,002843

Xun  -0,0004226 | N -0,00222 Krrr -0,0000462

Xun  =0,00311 | Np 0,000213 Krvv -000558

Xun  0,00380 Nb -0,0001424 | Krrv 0,0010565

KXuw  0,00020 | Neve 0001492 Kvwdy -0,0012012

KXo -0,00020 | Newr -0,00229 Kvd -0,0000793

Yv -0,0116 | Nivv -0,0424 Krrg -0,000243

¥r 0,00242 | Nirv 0,00156 Krdd 0,00003569

b) Propeller and rudder parameters

Np 79,10(Fn0.2) | 0,237 £ 0,921

(rpm) 118,64 (Fn0,3) | xH  -048 k 0,631
158,19(Fn04) | cRX 0,71 i 0,088 (v=0)

(1-n 0,825 zR 0,033 0,193 (v= 0)

(l-mp) 0816 cpv 0,0 cRr 0,156

xR -0,5 cpr 0,0 cRrrr -0,275

xp -0,526 T 1,09 clRrrv 1,96

Motion equation (19) can be described as:

(m+m) 0 0 0 i X (m+m yvr
0 (m+m,) ma, -ml, |[v| |Y b (m+m )ur 31)
0 -mJI, (I +J) 0 p K mld ur-WGMo

0 ma, 0 @+ N | v ]

BLANKE AND JENSEN’'S MODEL

Blanke and Jensen presented a non-linear mathematical model of a high-speed con-
tainer ship (Blanke and Jensen, 1997) obtained using a roll planar motion mechanism
(RPMM) with four degrees of freedom.The model was developed in order to predict the
manoeuvring characteristics with more accuracy than that obtained previously in order
to study the coupled motions of yaw, sway and roll. The basic equations of motion with
four degrees of freedom of equation (19) were formulated as follows:

m (it —vr—x r’ +z,preosd)= X
m(V—ur—z;pcosd +x,7)=Y
I .p—mz (ur+v)cosp =K-pgVG,(d)

I Fr+mx (ur+v)=N

(32)
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where V indicates the displacement of the ship, g the gravity constant, & the density of
the water, I, and I_ are the inertia motions of the ship with respect to the axes x; and zp,
m is the ship’s mass and the centre of gravity is assumed to be in the position (x, 0, ).

The results of the experiments with the RPMM were formulated with a full adimen-
sional hydrodynamic model using the prime system:

U = (g +u) +v° (33)

In the RPMM model, the relative velocity of adimensional advance in hydrodynamic

terms 1s used:

r U < Unw'm
=—_rom (34)

ua
U

In the reference, it is noticeable that H:, is different from the relative velocity of adi-
mensional advance u’=u/U which is included when the accelerations of equation (32) are
calculated. The terms X,Y, N and K of the hydrodynamic forces were:

X=X +Xu +X u+X u'+X vr+X r*+X,68+X,6"
+X,, 8+ X}, 87+ X J'u:|3+ X+ X 2+ X0 8V + X! oWV (35)
+X:°V’¢|F+Xf V’¢’:+ X¢l¢l+ XI;.¢¢':+X‘;N¢'V‘1+X:. f""'X;IP pl:

i

’ 12 12

]
+X.r.y)n' p Hal 3 XrI'J'

Y=Y +Y u, + XV + Y+ p 4+ YV + 02 4 ¥V |+ 18

Ow *u

i3 1 ] v 12 ] 3 L L
0w + Y, + Yo + ¥, ul + ¥ 0,

A T

+¥167% + YL 8"+ Y, 8l + ¥,

+¥ 0 + Y U + YV + Y, OV Y+ K07 + YV (36)

+YL VO + Y VY Y Yr',_r'|v'| + Y:rv'|r'|+ i ol

P r rrr

¥ L i’ J‘ U ¥ LE] P L # L FF ¥
+¥ p'+ Y, p|p|+}"mp "'Y;m.-"”n"'y,,.wP"«-lp"n|+y.-.u

Pl i

K'=Kj+Kju + K,V +KF+ K p + KV + K7 + K v V|+ K 6

+K 50" + K, 0wy + K, 07w+ Kju! + K u) + K[ + K 0]

+K G, 07wl 4 Ky, 6%, + KL via'+ K 0" + K"+ K 9" + K, v}’

P2

(37)

82 Pope a2 i P P
+K VR K VK P+ K P+ K |

+ K V|| + K] v

"
+K,

+K' p"+ K pul + K pul|plul

e i | e

+K p'+ K p|p

N' = Ny + Npu, + NV + NJF + NLp'+ NV + NV + Ny v v+ N
+N3y0 + Nigy 0™ + N3 8'u] + Nig, 8™, + Noug + Npul” + N up” + Njou, (38)
+N§ 0" + Ny 67ul + Ny oV + N, o7 + Nyp'+ N;ad}': + N Vo'

ey

+N, v+ N 'V + N+ N:w.r'] + N r’|v'| + N '.J'Er"| + N",,.,.V'r':

G

¥ I 1 P ¥
+N,pu, + N, p'+ N’ p

L) r r
P u, | + N.Jr:

¥ ] k] ’ ror
P |+ Nﬂ’ﬂ’p ¥ N,rm o P u,
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where X, is the force in direction xp in the equilibrium condition U = u, and N,
K} and Y}, the motions N, K and the force Y for v =r =p =8 = 0.The terms represent
the effects of wind, waves and currents.

For the design of the controllers, it is difficult to use the non-linear model directly.
For this reason, the non-linear model must be replaced by a linear model, since most
theorems have been obtained using linear theory. It is easy to obtain a linear model from
the non-linear model by eliminating all of the terms whose orders are greater than one
in equation (32).

For the study of the motions of roll and yaw the surge equation is not considered due
to the small coupling between the motions of yaw, sway and roll with the surge motion.
Thus. the linear model has only five states X = [v b ¥ ¢) ] ]]r and, if the rudder angle
u =[3] is defined as input, the linear model can be expressed as:

x=Ax+Bu
(39)
where the matrixes A and B are defined by:
A=M"'F B=M'G
(40)
with
Y AY A Y YA Y - mA s 0]
K. +K, A K +K A" K +m'zgAu' K, —p'g'V'GM' 0
F=|N,+N, Au' N +N, A’ N} +m'xzAu' N, 0 (41)
0 I 0 0 0
0 0 I 0 0
[ ¥ +% Au' ]
K +K; A
(42)

G=| N, + N, A

L.3T]
0
0

CONCLUSIONS

Mathematical models of ships are used both in the simulation and in the design of
control systems in applications such as ship steering control or the study of sea vessels
which act cooperatively.

A review has been made of several models of four degrees of freedom which take into
account the yaw, sway and roll couplings. These models are useful in some types of ships
such as warships, container ships, fast ferries, etc. These models obtain a better agreement
between the results predicted in simulation and those obtained experimentally.
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APENDICE: MODELOS MATEMATICOS DE BURQUES PARA
SIMULACION Y CONTROL DE MANIOBRA

RESUMEN

En este articulo se revisan modelos con cuatro grados de libertad,
que incluyen el movimiento de balance, para describir el movimiento de
un buque. Asi, se tienen en cuenta los acoplamientos de guifiada, aba-
timiento (desplazamiento lateral) y balance. Estos modelos se utilizan en
aplicaciones como la simulacion y control del gobierno de un buque, o
el estudio de vehiculos marinos que actian cooperativamente.

Palabras clave: Modelos matematicos. Movimiento del buque.
Maniobra. Simulacion.

INTRODUCCIAON

El conocimiento de las dinamicas relacionadas con la guinada, el desplazamiento lateral
del buque y el balance, es til tanto para mejorar los modelos de maniobra como también,
por ejemplo, esencial para desarrollar aplicaciones de control de amortiguamiento de ba-
lance en las que los acoplamientos dinamicos entre dichos movimientos son muy impor-
tantes. En este articulo se describen modelos de buques de cuatro grados de libertad que
se pueden utilizar para la simulacidon del comportamiento de maniobra y en aplicaciones
de control. Se han incluido los modelos hidrodinamicos de dos buques contenedores (Son
and Nomoto, 1981) and (Blanke and Jensen, 1997) obtenidos utilizando modelos cautivos
en un canal de ensayos hidrodinamicos que incluyen el movimiento de balance.

METODOLOGIA: MODELDODS MATEMATICOS DE BUQUES

En primer lugar se presenta la notacion estandar utilizada en la descripcion del movimien-
to de vehiculos marinos en seis grados de libertad (GDL) y que se muestran en la tabla 1.

Tabla 1: Notacion y descripcion de los GDL

GDL  Traslaciones Fuerzas Velocidades lineales Posiciones

1 avance X u X

2 abatimiento Y v ¥

3 arfada Z W Z
Rotaciones  Momentos Velocidades angulares .‘ingulus

4 balanceo K P 0

5 cabeceo M q &

6 guifiada N 5 W

Asi, el movimiento de un buque en seis GDL se puede describir con los vectores:
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v:[u, v, W, p, q,r]r T:[X, Y,Z, K, M, N]T l]z[x,y,z,(b,{},w]r (1)

.

y las ecuaciones del movimiento que se definen de forma vectorial por las ecuaciones:

Mv+C(v)v+D(v)v+ gy =1

#=J(n)v (2)

donde M es la matriz de inercia y C(v) la matriz de Coriolis y términos centripetos
(incluyendo en ambas las matrices de masas afadidas). D(v) es la matriz de amortigua-
miento, g(n) un vector de fuerzas y momentos debidos a la gravedad y el empuje y T un
vector de las fuerzas y momentos de la propulsion, superficies de control y perturbaciones
ambientales. Las masas afiadidas (virtuales) deben entenderse como las fuerzas inducidas
de presion y los momentos debidos a un movimiento armoénico forzado del casco que es
proporcional a su aceleracion. El término J(1) es la matriz de transformacién utilizada para
representar el vector 1 de posicidn y orientacion.

Las fuerzas y momentos hidrodinimicos se suelen representar como una funcién no
lineal de las aceleraciones V, velocidades v, y los angulos de Euler incluidos en M:

Ty =f(v, v, n) 3)

donde la funcién f se calcula mediante el desarrollo de Taylor de las funciones X, Y,
Z,K, My Ny las derivadas parciales del desarrollo, denominadas derivadas o coeficientes hi-
drodinamicos, estan evaluadas con el buque navegando en avante a una velocidad constante
(u=ugandv = V= Opx1)-

Las derivadas hidrodinamicas pueden determinarse de forma aproximada a partir de la
teoria hidrodinamica, por experimentos con modelos a escala 0 mediante identificacion de
sistemas realizando experimentos en los buques. Para obtener un buen modelo del buque
hay que determinarlos con una exactitud razonable. Para incluir en el modelo la accion
del timoén, se ha utilizado el modelo simplificado sugerido por Van Amerongen.

En algunos buques como por ejemplo buques contenedores, de guerra o en los ferries
de alta velocidad, se debe incluir también el movimiento de balance en el modelo mate-
matico. La ecuacion del movimiento en cuatro grados de libertad es:

Avance: m(ti—vr—x.r’ +z.pr) =X
Desp. lateral: m(©v —ur—z;p +x,7) =Y
Balanceo : [ p-mz,(ur+v) =K 4)
Guinada: Lr+mx,(ur+v) =N

JOURNAL OF MARITIME REEEAREHI 19



E. LAPEZ, F.J. VELASCO, E. MOYANO & T. M. RUEDA

En este trabajo se realiza una revision de algunos de los modelos, que se pueden utilizar
para simular el comportamiento dindmico de un buque. En primer lugar se presenta el
modelo de Son y Nomoto expresado por la ecuaciéon (5) que es un modelo matematico no
lineal con cuatro GDL. El modelo incluye el desarrollo de las fuerzas y momentos hidro-
dinadmicos, la fuerza del timon, las principales caracteristicas del buque y los valores de los
coeficientes hidrodinimicos y otros parimetros del modelo.

(m+m iu—(m+m yr=X
(m+m)—(m+mur+mo F-ml p=Y (5)
(L +J)r+ma v=N-Yx;
. +J)p-mlI v—milur+WGM¢$ =K,

El segundo modelo presentado corresponde al modelo de Blanke y Jensen que corres-
ponde al modelo matematico no lineal de un buque contenedor de alta velocidad. El
modelo se desarrollé con el objeto de predecir las caracteristicas de maniobra con una
mayor precision que la obtenida anteriormente, con el fin de investigar los movimientos
acoplados de guinada, desplazamiento lateral y balance. Las ecuaciones basicas del movi-
miento con cuatro GDL de la ecuacion (4) las formularon como sigue:

m (it —vr— xﬁr: +zgpreosg)=X
m(V—ur—z;pcosd +x,r)=Y (6)
I p—mz (ur+v)coshp =K —-pgVG.(9)

[ r+mx (ur+v)=N

Para el disefio de controladores es dificil utilizar directamente el modelo no lineal. Por
esta razon, debe reemplazarse por un modelo lineal. Es facil obtener un modelo lineal a
partir del modelo no lineal eliminando todos los términos cuyos érdenes sean mayores que
uno en la ecuacién (6). Para el estudio de los movimientos de balance y guifada, la ecua-
ci6én de avance no se considera debido al pequefio acoplamiento entre los movimientos
de guinada, desplazamiento lateral y balance con el movimiento de avance. Por lo tanto,
el modelo lineal tiene sélo cinco estados v p #dw |

CONCLUSIONES

Los modelos matematicos de buques se emplean tanto en simulaciéon como en el dise-
no de sistemas de control en aplicaciones tales como el control del gobierno de un buque,
o el estudio de vehiculos marinos que actlan cooperativamente.

Se ha efectuado una revision de diferentes modelos de cuatro grados de libertad, que
tienen en cuenta los acoplamientos de guinada, desplazamiento lateral y balance. Estos
modelos estan indicados en algunos tipos de buques tales como buques de guerra, conte-
nedores, ferries de alta velocidad, etc. Con ellos se obtiene una mejor adecuacion entre los
resultados previstos en simulacion, y los obtenidos experimentalmente.
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