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ADVANCES IN THE 6 DOF MOTIONS MODEL OF A FAST FERRY,

J.M. Giron-Sierra, B. Andres-Toro, S. Esteban
J. Recas, J.M. De la Cruz, J.M. Riola

Dep.. A.C.Y.A., Fac. CC. Fisicas. Universidad Complutense de Madrid
Ciudad Universitaria, 28040 Madrid. Spain
e-mail: gironsi@dacya.ucm.es

Abstract: In the present stage of our research on the use of moving submerged
appendages for motions smoothing of a fast ferry, a 6 DOF motions mathematical
model of the ship for control studies is under development. This model is needed
from the very beginning of the next experimental research, because we are going to
use an autonomous scaled physical model of the ship, and we need to design a basic
course control. The actuators for motion smoothing of the fast ferry are two transom
flaps, two lateral fins and a T-foil. These actuators must be considered by the 6DOF
model. In a previous paper we discussed a first principles approach to build the
mathematical control-oriented model, using data from a CFD program. On the basis
of these principles, now we present new developments of the 6DOF model. In
particular, we study the ship dynamic behaviour for heading angles of 180°, 150°
and 90°. Some hints are obtained to predict how the model will change for other
heading angles. Copyright © 2004 IFAC

Keywords: Seakeeping, ship modelling, fast ships.

1. INTRODUCTION

Our research on optimal motion smoothing in a fast
ferry, by using active submerged appendages,
progress along two main steps. The fist step has
been already accomplished, and considers the
simple case of the ship motions with head seas. The
second step is now under way, considering the
general case of any ship’s heading.

During the first step of the research, only transom
flaps and T-foil were considered, for heaving and
pitching motion smoothing (Esteban, et al., 2000,
2002; Aranda et al., 2001; Giron-Sierra, et al.,
2002). Models of heave and pitch motions of the
ship, and models of the actuators were developed.
With these models, a simulation environment for
control design was developed (Esteban, et al.,
2001). The mathematical models and the control
designs were validated with a towed scaled down
replica of the ship, using the CEHIPAR (“Canal de
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Experiencias de El Pardo”, Madrid) facilities: in
particular a 150m x 30m x5m basin with
wavemaker (Giron-Sierra, et al., 2001).

For the second step of the research we add to the
flaps and the T-foil a pair of lateral fins. All six
motions of the ship must be considered. There will
be motion coupling and asymmetries. The research
procedure is modelling, simulation, control design,
and experimental validation for the 6 DOF problem.
A new autonomous scaled down physical model is
under development, to conduct experimental
aspects of the research. We need already a course
control for the physical model, and for the design of
this controller a first 6 DOF mathematical control-
oriented model is needed.

The development of the 6DOF ship motions model
started with a first principles analysis of the
problem. The internal architecture of the model was
defined in terms of block diagrams, and some
details of the block dynamics were obtained. This
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initial part was the content of (Giron-Sierra, et al.,
2003). The data for modelling are obtained using a
CFD program handled by El Canal de Experiencias
Hidrodinamicas de El Pardo (CEHIPAR), Madrid,
for seakeeping prediction. The CFD program
departs from a description of the geometry of the
hull.

This paper describes new advances in the
development of the 6DOF model. Specifically, we
considered a 150° heading angle with respect to
waves. Some criteria were developed to predict
how the heading angle would influence in changes
in the model transfer functions. The criteria were
confirmed by the fitting task. Along this work,
MATLAB tools for transfer functions fitting, such
the routine invfregs, have been very useful. We also
obtained models for 180° and 90°, which are
important to capture primary dynamic behaviours,
being as well interesting for comparison and
verification purposes.

The paper is organized as follows. First, a brief
synthesis of the model architecture, as obtained in
(Giron-Sierra, et al, 2003). Then a section about
modelling studies for 180° and 90° heading angles.
The next section describes in detail the modelling
for 150° heading angle, and the criteria for the
prediction of transfer function changes when the
heading angle change. It is hoped that the findings
of this work could be useful in general, for other
modelling investigations

2. ARCHITECTURE OF THE 6DOF MODEL

Figure 1 shows the fast ferry with the actuators: T-
foil, fins and flaps. We want a 6DOF motions
model where we could study in an easy way the
effect of actuators.

L T - (T T LI TITTI T
\FLAPS \ FINS

S <> %
NN

N

Fig.1. The fast ferry and the actuators.

Figure 2 shows the main approach for the model
architecture. It may describe, for instance, the
action of the T-foil to smooth pitch motion. A two-
block model of the ship’s motions is introduced.
One of the blocks gives the pitch moment caused
by waves. The other block gives the pitch motion
caused by the pitch moment. The action of the T-
foil is an opposite pitch moment. Notice that the
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decomposition of the ship’s model into two blocks
makes easy to include the action of the T-foil

—>| Waves-to-Forces Forces-to-Motions

Actuator [¢— Controller

Fig.2. Main concept of model architecture.

The two-block decomposition (Waves-to-Forces,
and Forces-to-Motions) will be applied to establish
the complete model. The particular case of 40 knots
of ship’s speed will be followed along the paper
(the methodology is similar for 20 and 30 knots).
There is a section devoted to modelling of actuators
in (Giron-Sierra, et al., 2003).

Applying the idea of two-block decomposition, the
complete 6DOF model can be divided into two
parts. Figure 3 shows the structure of the Waves-to-
Forces part. There are blocks linking waves to
torques (related to pitch, roll and yaw), and blocks
linking waves to forces (related to surge, heave and
sway). Notice the expected influence of actuators.
Although the fast ferry has no rudder, some means
of course control should be represented in the
model (for instance the use of waterjets for change
of heading).

| FLAPS || T-FOIL |

WtoT
PITCH

WtoT Fd

M
=

Fé
WtoT )
YAW
WtoF 5 Fi
SURGE
WtoF - K3
HEAVE
WtoF 5 2
SWAY

|RUDDER|| FINS |

Fig. 3. Structure of the Waves-to-Forces part.
Figure 4 shows the other part of the model, Forces-

to-Motions. Motions such pitch or sway are the
result of a combination of forces.
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F1 FtoM X1
SURGE ’
F3
> FtoM X3
» HEAVE >
Fs > TtoM Xs,
> PITCH
F2 »> FtoM X2
< SWAY ’
F4 .
TtoM X4,
ROLL
Fo6
> TtoM X6,
| YAW

Fig. 4. Structure of the Forces-to-Motions part.

The set of equations given by Lloyd (1998) (see
also Fossen, 2002), are used to describe the six
ship’s motions. It is a set of six differential
equations. Take, for instance, one of these
equations:

(m+azy) X3 +by3 X3 +c33 x5+ )

+ays X5 +bys X5+ 035 x5 =13

(this equation corresponds to heave; a3; and ass
are added masses, by; and b;s are damping
coefficients, ¢33 and c;5 are restoring coefficients)

Using the Laplace transform, the equation can be
expressed as

A(s) X5 +B(s) X5 =F5(s) ()
where
A(s)=(m+ay, )s* +byy s +C35 (3)

B(s)=ass s> + bys s +C35

The same procedure is applied to the rest of
equations. The complete set of equations, in the
Laplace domain, is the following (see Giron-Sierra,
et al., 2003, for more details):

S(s) X, =F(s) (surge) (4)

A(s) X3 + B(s) X5 =F5(s)
C(s) X5+ D(s) X5 =Fs5(s).

(heave) (5)
(pitch) (6)

E() X, +F(s) X, +G(s) X¢ =F,(s) (sway) (7)
H() X, +1(s) X4 +J(s) X =F,(s) (roll) (8)
K(s) X, +L(s) X4 + M(s) X =Fg(s) (yaw) (9)

From equations (4..9) it is possible to obtain
expressions linking motions to forces. For example,
denoting:

D(s)
Iy3(8) =

A(s) D(s)— B(s) C(s)

(10)
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B(s)
A(s) D(s) = B(s) C(s)
It is possible to write:

X3 (=55 () F5 (5)-T55 () Fs (s)  (12)

[35(s) =

(11

With similar algebra, the set of equations (4..9) can
be transformed to the following:

X, (s) = I (s) Fi(s)
X3 (s)=T33 (s) F3 ()= T35 (s) F5 (s)
X5 (s)=T'ss (s) Fs5 (s)—T's3 (s) F5 (s)
X5 (5)=Tp () Fy (5) =Ty (8) Fy (5)—T'p6 (5) F (5)
X4 (9)=Dyy (8) Fy (5) =Ty (8) F (8) =Ty (5) Fs (5)
X (5)=T66 (5) Fs (5) =Ty () F (5) =Tgy () Fy ()

(13)

Equations (13) are the basis for the Forces-to-
Motions model, and show clearly the cross-
couplings that are represented in figure 5. A source
of difficulty is that parameters (added masses,
damping) vary with the frequency of encounter
with waves.

The data for modelling are obtained with a CFD
program, which predicts the responses of the ship
for regular sinusoidal waves. A set of 25
wavelengths of incident waves has been defined,
covering the frequency range of interest, given the
characteristics of the ship. The ship’s motions will
have a resonance peak when the wavelength of
incident waves is near to the ship’s length. The
range of interest is below and up this peak. A set of
12 headings: 0° 15° 30° etc., and three ship’s
speeds (20, 30 and 40 knots) have been studied with
the CFD program. The results are expressed by a
data base, and six RAOS, corresponding to the six
DOF motions, for each heading and speed. Each
RAO has 25 data points. The RAOS describe the
motions versus wave wavelength. There are also
data that could be used to plot RAOS of forces
versus wave wavelength. Finally, the CFD program
gives the values of added masses and damping
coefficients for each frequency of encounter (these
parameters change with frequency).

3. MODELS FOR 180° HEADING

For the Waves-to-Forces model there are not
equations to help. The alternative is to use the
Waves-to-Forces data offered by the CFD program
and apply MATLAB tools for transfer function
fitting. These tools need some preliminary
information on a plausible structure of the transfer
function. From basic physics some important hints
can be elicited (Giron-Sierra, et al., 2003), and a
structure of two complex poles and a complex zero
(and a zero at the origin when applicable) is
decided for all Waves-to-Forces fittings.
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Table 1 shows the poles and zeros of the surge,
heave and pitch Wave-to-Forces transfer functions,
at 40 knots. The 180° heading angle (head seas)
excites primary resonances in the surge, heave and
pitch dynamics.

Table 1. Surge, heave and pitch Waves-to-Forces
transfer functions at 40 knots, 180° heading.

SURGE | HEAVE PITCH

KG 0.33457 | 1.174 0.29584
Zero at origin | yes no yes
Complex 1.4433 | 15073 | 1.4925
pole: wn

Complex 0.51107 | 0.91158 | 0.94216
pole: delta

Complex 2.262 2.2918 2.5807
Zero: wn

Complex 0.07503 | 0.00999 | 0.0724
zero: delta

HE Complex | 5 3617 | 45581 4.0553
pole: wn

HE Complex | 35035 | 026309 | 0.38292
pole: delta

Transfer functions for the I';j terms in equations
(13) have been determined. For instance:
0.00055

T 5(540.015)

(KG Wf;l W,2;2 /W) (s* 425, w_s+w?)

1 (14)

with:
KG=0.00035,z, =0.027, w, =0.995,5, =0.39
Wy =0.17 ,5171 =0.04
sz =104’6P2 =0.4
(KGw,)

_(s2+25p wps-i-w;)

44

(1)
with:
KG=0.000013

w, =1.04,6.=0.032
B (KGW; W;z /z%7) (5+2) (s> 4265, w, s+n#)
66_s(sz-i-Zé‘pl wpls+wf,l) (s2+25p2wp2s+w[2,2)
19
with:
KG=0.0000007,z, =0.06,w, =0.995,5, =0.34

w, =0.17,8,, =0.2
w,, =1.04,5,, =0.37

Table 2 shows the poles and zeros of the sway, roll
and yaw Wave-to-Forces transfer functions, at 40
knots.

Table 2. Sway, roll and yaw Waves-to-Forces
transfer functions at 40 knots, 90° heading.

337
(S2+25p1 W1 s+w12ﬂ) (s? +20,, wp2s+w12)2)

(15)
with:
KG=0.00008, w, =1.16,5, =0.47
Wy :0.98,51,1 =0.55
Wpo :1.66,51,2 =0.195

_(KGwyy Wiy IW2) (2428, w, s+w?)
(52 +26, W, s+w12,l) (s* +28,, W, s+w§2)

(16)

55

with:
KG=0.000000115,w, =0.92,0,=0.42
Wy = 0.77, §p1 =0.46

W, =1.66,5,, =0.205

4. MODELS FOR 90° HEADING

The 90° heading angle excites primary resonances
in the sway, roll and yaw dynamics.

Again, transfer functions for the I terms in
equations (13) have been determined. For example:

B (KGW;Z;I W,272 /lef) (S+Zl)(S2 +25, wzs+wf)

22_s(sz +26, W, s+14)[2]1 ) (s +26,,w,, S+WIz]2 )

(17
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SWAY | ROLL YAW
KG 0.10188 | 0.32389 | 0.2
Zero at origin | yes yes yes
Complex 1.103 | 0.99286 | 0.79121
pole: wn

Complex 0.30205 | 0.37 0.6
pole: delta

Complex 22325 |2 0.91082
ZCro. wn

Complex

zero: delta 0.1 0.4 03

HE Complex | » 1h67 | 27 2
pole: wn

HF Complex

bole: delta 0.1 0.25 0.5

Indeed the other I'; terms exist, and have been
modelled with transfer functions.

5. PREDICTION OF TRANSFER FUNCTION
VARIATION WHEN HEADING CHANGES

Note that sections 3 and 4 focused on “pure”
resonance peaks (corresponding to complex poles)
of the six motions. Now let us analyze what should
happen when the ship’s heading change. There are
resonance peaks of the Waves-to-Forces part and
resonance peaks of the Forces-to-Motions part.
Figure 5 shows a possible situation, with a main
peak with frequency wr of Waves-to-Forces and
another main peak with frequency w,, of Forces to
Motions.
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Waves-to-Forces
w|:i Forces to Motions

WM
i

Magnitude

we
Fig.5. Resonance peaks of Waves-to-Forces and
Forces-to-Motions.

The key equation to be considered relates the
frequency of waves w, with the frequency of

encounter with waves w, ,
wg U
g
where U is ship’s speed and f is heading angle.

cos 3 (20)

We=W, —

An analogy for the Forces-to-Motions part could be
the mass-friction-spring system. The resonance will
take place for a certain frequency of encounter with
waves. This frequency can change if added masses
and other coefficients in equations (4..9) vary in
function of heading angle. Let us denote as w)y the
frequency of resonance of Forces-to-Motions with
head seas, and wy the frequency of resonance of
Forces-to-Motions with another heading angle.

For heave, pitch and surge, the Waves-to-Forces
part depends on the relationship between the
distance of successive wave crests and the ship’s
length. The resonance takes place when the distance
between wave crests are similar to the ship’s length.
Now, for example, consider a heading change from
180° to 120°. The distance between wave crests as
seen by the ship increases, waves with shorter
wavelength  (higher frequency) are needed for
resonance. Let us denote as wyy the frequency of
waves that excites the Waves-to-Forces resonance
with head seas, and wy the frequency of waves that
does the same with another heading angle. For non
perpendicular to waves headings, we can establish

the following relationship:
2

2 Won
Wox _|COS ﬁ| (21)

Since the ship is moving, she sees a frequency of
encounter with the waves that excites the Waves-to-
Forces resonance. Let us denote as wpy the
frequency of encounter with waves causing
resonance of Waves-to-Forces with head seas. Like
wise, let us denote as wpy the frequency of
encounter with the waves causing resonance of
Waves-to-Forces with another heading angle.
Reasoning with equations (20,21) we can establish
the following relationship:
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Wwory (1=leos )
Wrx =Wppg + (22)

|cos ,B|

Consequently, the peak of Waves-to-Forces in
figure 5 moves to the right when heading change
from 180° to another angle. Supposing the peak of
Forces-to-Motions do not move, the heading angle
where both peaks coincide are 131.08° for heave,
and 129.19° for pitch.

Equation (22) is useful to predict where Waves-to-
Forces complex poles will be at 150° heading angle,
based on the values found at 180° heading angle.

6. MODELLING FOR 150° HEADING ANGLE

With the help of predictions made with equation
(22) the Waves-to-Forces transfer functions for
150° heading angle have been obtained. Table 3
shows the results for surge, heave and pitch;
compare with Table 1. The predictions have been
confirmed. Table 4 shows the results for sway, roll,
and yaw; compare with Table 2.

Table 3. Surge, heave and pitch Waves-to-Forces
transfer functions at 40 knots, 150° heading.

SURGE | HEAVE | PITCH
KG 0.38 1.14 0.31
Zero at origin | yes no yes
Complex 14511 | 1.556 1.5038
pole: wn
Complex 0.51107 | 091158 | 0.94216
pole: delta
Complex 2.1 2.05 24
ZCro:. wn
Complex 0.07503 | 0.0099 0.0724
zero: delta
HE Complex | 5 130¢ | 46535 4.1442
pole: wn
HF Complex
vole: delta 0.6 0.4 0.6

Table 4. Sway, roll and yaw Waves-to-Forces
transfer functions at 40 knots, 90° heading.

SWAY | ROLL YAW
KG 0.29 0.105 0.0565
Zero at origin | yes yes yes
Complex 1103 |17 1.75
pole: wn
Complex
pole: delta 0.43 0.37 0.235
Complex 1.9 3 0.6
Zero: wn
Complex 0012 |03 0.125
zero: delta
HF Complex 29 5 35
pole: wn
HF Complex
pole: delta 0.2 0.6 0.25
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We also found the transfer functions of the I'; terms
in equations (13), for 150° heading angle. I';; is
practically the same than I';; at 180° heading angle.
The rest of I have same transfer function structure
than at 180° heading angle, with modified values:
| PP

KG=0.00008, w, =0.88,0, =0.51

w1 =0.78,5 ,, =0.56

Wy =1.7,5,,=0.235

Iss:
KG=0.000000115,w, =0.92,6, =04
W =0.78,5p1 =0.44
W :1.7,51,2 =0.22
Iy
KG=0.00035,z, =0.036, w, =1.02,5, =0.34
Wy :0.2,5],1 =0.24
Wy =1.08,5p2 =0.37
Ly
KG=0.000015
w, =1.08,0, =0.024
Lee

KG=0.0000007,z, =0.082,w, =1.02,0, =0.34

W, =0.2,8, =0.25
w,, =1.08,8,, =033

Figure 6 shows the model and data agreement for
Waves-to-Sway force. Figure 7 idem for Waves-to-
Roll moment. Figure 8 idem for I's5 . Figure 9 idem
for F53'

Fig.6. Model and data agreement for Waves-to-
Sway force, at 40 knots and 150° heading.

Fig.7. Model and data agreement for Waves-to-
Roll moment. at 40 knots and 150° headine.

Fig.8. Model and data agreement for Pitch moment-
to- Pitch motion, at 40 knots and 150° heading.
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Fig.9. Model and data agreement for Heave force-

1

to- Pitch motion, at 40 knots and 150° heading.

7. CONCLUSIONS

Advances in the development of a 6DOF ship’s
motions model have been presented. Specific
emphasis has been put in 180° 90° and 150°
heading angles at 40 knots. The model is required
for a good multivariable control design, taking into
account possible difficulties related to motion
coupling.

REFERENCES

Aranda, J., JM. Diaz, P. Ruiperez, T.M. Rueda and
E. Lopez (2001). Decreasing of the motion
sickness incidence by a multivariable classic
control for a high speed ferry, In Proceedings
IFAC Intl. Conf. Control Applications in Marine
Systems CAMS2001, Glasgow.

Esteban, S., J.M. De la Cruz, J.M. Giron-Sierra, B.
De Andres, J.M. Diaz and J. Aranda (2000). Fast
ferry vertical acceleration reduction with active
flaps and T-foil, In Proceedings IFAC Intl.
Symposium Maneuvering and Control of Marine
Craft MCMC2000, Aalborg, 233-238.

Esteban, S., B. De Andres, J.M. Giron-Sierra, O.R.
Polo and E. Moyano (2001). A simulation tool
for a fast ferry control design, In Proceedings
IFAC Intl. Conf. Control Applications in Marine
Systems CAMS2001, Glasgow.

Esteban, S., B. Andres-Toro, E. Besada-Portas,
J.M. Giron-Sierra and J.M. De la Cruz (2002).
Multiobjective control of flaps and T-foil in high
speed ships, In Proceedings IFAC 2002 World
Congress, Barcelona.

Fossen, T.I. (2002). Marine Control Systems,
Marine Cybernetics AS, Trondheim.

Giron-Sierra, J.M., S. Esteban, B. De Andres, J.M.
Diaz and J.M. Riola (2001). Experimental study
of controlled flaps and T-foil for comfort
improvement of a fast ferry, In Proceedings
IFAC Intl. Conf. Control Applications in Marine
Systems CAMS2001, Glasgow.

Giron-Sierra, J.M., B. Andres-Toro, S. Esteban, J.
Recas, E. Besada, J.M. De la Cruz and A. Maron
(2003). First principles modelling study for the
development of a 6DOF motions model of a fast
ferry, In Proceedings IFAC MCMC 2003,
Gerona, Spain.

Lloyd, A.RJM. (1998). Seakeeping: Ship
Behaviour in Rough Weather, A.R.M.J. Lloyd,
Gosport, Hampshire, U.K.

CAMS 2004



	Main Menu
	Table of Contents
	Index of Authors
	********************
	Search CD-ROM
	Search Results
	Print
	SESSION.PDF
	Main Menu
	Index of Authors
	********************
	Search CD-ROM
	Search Results
	Print




