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Abstract: Proceeding along a research on the use of moving submerged appendages 
for motions smoothing of a fast ferry, now a 6 DOF motions model of the ship is 
needed for control studies, at least to be able to conduct experiments in a basin. 
During the first steps of the research, restricted to head seas, experience has been 
acquired about modelling heave and pitch motions. In addition, actuators such flaps 
and T-foil, have been modelled. Using the models of the ship motions and the 
actuators, a simulation environment has been developed for control design. After 
these results, the research faces now a more difficult challenge: to smooth the 
motions for every heading of the ship. The set of actuators increases with the 
addition of lateral fins. Experimental data are difficult to obtain: new experimental 
systems, involving the use of an autonomous scaled down replica of the ship, are 
under development. The source of data we have in this moment is a CFD program. 
The purpose of this paper is to combine physical reasoning and the CFD data, to 
develop the basis of a first 6 DOF motions model of the ship. Copyright © 2003 
IFAC 
 
Keywords: Seakeeping, ship modelling, fast ships. 

 
 
 
 

 
1. INTRODUCTION 

 
This research considers the case of a fast ferry with 
several moving submerged appendages for motion 
smoothing.  An optimal control must be designed to 
move these appendages. 
 
 First years of the research were dedicated to the 
use of transom flaps and a T-foil, to alleviate 
vertical motions for the ship moving against head 
seas (De la Cruz, et al., 1998; Esteban, et al., 200a, 
2002; Aranda et al., 2000, 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., 2000b, 2001). Simulations are 
useful to avoid the risks and cost associated with 

experiments with the real ship. The mathematical 
models and the control designs were validated with 
a scaled down replica of the ship, using the 
CEHIPAR (“Canal de Experiencias de El Pardo”, 
Madrid) facilities: in particular a 150m x 30m x5m 
basin with wavemaker (Giron-Sierra, et al., 2001).  
 
Now, the research starts to consider a more difficult 
challenge: to smooth the motions of the ship for any 
heading. In addition to the flaps and the T-foil, 
lateral fins are added (mainly for roll 
compensation). The couplings of motions will be a 
difficulty for control. For instance, roll 
compensation may deviate the ship’s heading.  It is 
also expected that asymmetries in the actuation will 
have collateral effects. For instance, motions of the 
T-foil, to smooth pitch accelerations, may as well 
influence the ship’s heading. 
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The objective now is to repeat the research cycle: 
modelling, simulation, control design, and 
experimental validation, for the 6 DOF problem. 
 
A new autonomous scaled down replica is under 
development, to conduct experiments. The first 
experiments will be devoted to modelling. Once 
models and optimal control were obtained, other 
experiments must be carried out for validation. In 
the previous research, with head seas, the replica 
was fixed to a Computerized Planar Motions 
Carriage; now it moves freely. There is the curious 
situation that we need already a controller for the 
replica, to make the experiments and get modelling 
data; however, to design this controller, a first 6 
DOF model is needed.   
 
Fortunately, another CEHIPAR facility is 
PRECAL, a CFD program that, from the 
description of the geometry of the hull, numerically 
computes seakeeping data. Combining this 
information with some physics analysis, is enough 
to develop a first 6 DOF control-oriented model, 
gaining also interesting insights on details of the 
problem (such are cross-couplings). 
 
Along this work, MATLAB tools for transfer 
functions fitting, such the routine invfreqs, have 
been very useful.  
 
The main orientation of our work is given by the 
control loop represented in figure 1. 
 
 

 
 
Fig.1. A control loop for motion smoothing. 
 
Figure 1 may, for instance, represent the action of 
the T-foil to smooth pitch motion.  The T-foil will 
move to counteract the effect of incident waves, 
one by one. To represent the problem, a two-block 
model of the ship’s motions is used.  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 
decomposition of the ship’s model into two blocks, 
makes easy to include the action of the T-foil (in a 
point were the moments are added). 
 
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 20and 30 knots). 

The paper is organized as follows. First, a brief 
description of modelling aspects concerning 
actuators. Then, the basic structure of the model 
will be presented. This will be followed by a 
section devoted to equations and data. In the next 
two sections, modelling results concerning Waves-
to-Forces, and Forces-to-Motions, will be 
presented. Finally, some conclusions will close the 
paper. It is hoped that the methodological tone of 
this work could be useful in general, for other 
modelling investigations. 
 
 

2. MODELLING OF ACTUATORS 
 
Figure 2 shows the fast ferry with the actuators: T-
foil, fins and flaps.  
 

 
 
Fig.2. Location of the actuators. 
 
The actuators will give lift force, but also drag force 
and some problems (for instance, cavitation). The 
lift force is given by the following equation 
 

   α
α

ρ 2

2
1 UCAF L

L ∂
∂

=        (1) 
 
where α is the wing’s angle, U the ship’s speed, A 
is area of the wing, ρ is density and CL is a 
coefficient. 
 
To determine the coefficients CL for the several 
actuators, a series of experiments have been done 
with the replica in a 300m long channel with quiet 
waters, for several angles α. 
 
The wings are moved by hydraulic cylinders. There 
are limits on the maximum speed the cylinders can 
move, and in maximum angles (when the angle of 
attack pass a limit, lift force no longer increases but 
decreases). To consider all this, a SIMULINK 
model has been defined. Figure 3 shows the 
structure of this model. The output of this model 
must be coupled to a SIMULINK block with 
equation (1). 

 
Fig.3. SIMULINK model of hydraulic cylinders. 
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3. BASIC STRUCTURE OF THE MODEL 
 
In this model there are two sources of cross-
couplings. One is due to actuators. The other are 
intrinsic, as described by the standard equations of 
ship motions. Let us briefly show a first structural 
idea of the model, divided into two parts: Waves-
to-Forces and Forces-to-Motions. Both parts are 
connected to form the complete model. 
 
Figure 4 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. 
In the case of the T-foil, at present it is decided to 
use both its wings with the same angle. Instead, the 
two flaps are independent. Some of the influences 
depicted in the figure are indirect, and may not be 
considered in first steps of the research. 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). 
 

 
 
Fig. 4. Structure of the Waves-to-Forces part. 
 
Figure 5 shows the other part of the model, Forces-
to-Motions. As shall be described in the next 
section, motions such pitch or sway are the result of 
a combination of forces. What is represented in the 
figure is mainly the cross-couplings. 
 

 
Fig. 5. Structure of the Forces-to-Motions part. 

4. EQUATIONS AND DATA 
 
The starting point for the model development is the 
set of equations given by Lloyd (1998) (see also 
Fossen, 1998) , to describe the six ship’s motions. It 
is a set of six differential equations. Take, for 
instance, one of these equations: 
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             (2) 

 
(this equation corresponds to heave; a33 and a35  

are added masses, b33 and b35 are damping 
coefficients, c33 and c35 are restoring forces) 

 
Using the Laplace transform, the equation can be 
expressed  as follows: 
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To simplify expressions, let us define the following 
polynomials: 
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In this way, the following expression of equation 
(3) is obtained: 

 
          )()()( 353 sFXsBXsA =+        (6) 
 

The same procedure is applied to the rest of 
equations. In this way, the complete set of 
equations, in the Laplace domain, is the following: 
 

)()( 11 sFXsS =                  (surge) (7) 
 

)()()( 353 sFXsBXsA =+          (heave) (8) 
)()()( 553 sFXsDXsC =+ .           (pitch)  (9) 

 
)()()()( 2642 sFXsGXsFXsE =++ (sway)  (10) 
)()()()( 4642 sFXsJXsIXsH =++   (roll)    (11) 
)()()()( 6642 sFXsMXsLXsK =++  (yaw)  (12) 

 
In these equations, the definitions of the 
polynomials are the following: 
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From these equations it is possible to deduce the 
Forces-to-Motions models (section 6). 
 
PRECAL 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. Waves 
with high frequency are always very small. 
Actually, at the scale of the CEHIPAR basin, these 
waves can be centimetres or even millimetres high 
(very difficult to generate with precision). In this 
study, only waves sufficiently large for 
experimental testing at CEHIPAR are considered. 
Therefore there is a high frequency limit of 4 
rad./sec for the generation of PRECAL data. 
 
A set of 12 headings: 0º 15º, 30º, etc., and three 
ship’s speeds (20, 30 and 40 knots) have been 
studied with PRECAL. 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, PRECAL gives 
the values of added masses and damping 
coefficients for each frequency of encounter (these 
parameters change with frequency). 

In general, the RAOS obtained by PRECAL are 
difficult to analyze. There are cross-couplings 
which appear in the form of several peaks, 
sometimes standing clearly out so the shape of the 
RAOS has several “mountains”. An important 
aspect of our modelling research is to help 
understand what is happening. 
 
 

5. WAVES-TO-FORCES MODELS 
 
For the Waves-to-Forces model there are not 
equations like (7..12) to help. The alternative is to 
use the Waves-to-Forces data offered by PRECAL, 
and apply MATLAB tools for transfer function 
fitting. However, these tools need some preliminary 
information on a plausible structure of the transfer 
function. Here, it is interesting to think about the 
problem in terms of basic physics. For instance: 

• There are motions having the maximum 
amplitude before the wave’s crest arrives 
to the c.o.g. That can be considered by a 
zero at the origin. 

• When the ship’s length is shorter than 
wavelength, longitudinal motions should 
be large. When this wavelength is shorter 
than ship’s length, the ship can rest on top 
of two or more waves, and “filters out” the 
motions. There is a resonance peak (see 
figure 7) marking the transition from both 
situations (that is when ship’s length is 
similar to the wave length). This peak will 
be followed by a second, smaller peak 
marking the transition from two to three 
waves. The peaks can be modelled with 
complex poles, and the valley between 
them with a complex zero. 

 
Since it is advisable to keep models as simple as 
possible, the basic structure of two complex poles 
and one complex zero (and a zero at the origin 
when applicable) is retained as the pattern for all 
fittings. Table 1 shows the results for a ship’s speed 
of 40 knots. Heave, pitch and surge have been 
considered with head seas. The other three motions 
correspond to seas perpendicular to heading. 
 

 
Table 1. Transfer functions of Waves-to-Forces at 40 knots. 

 
 Zero at 

origin 
Complex 
Pole: wn 

Complex 
Pole: delta 

Complex 
Zero: wn 

Complex 
Zero: delta 

HF Complex 
Pole: wn 

HF Complex 
Pole: delta 

KG 

SURGE yes 1.4433 0.51107 2.262 0.07503 3.3617 0.35038 0.33457 
HEAVE no 1.5073 0.91158 2.2918 0.00999 4.5581 0.26309 1.174 
PITCH yes 1.4925 0.94216 2.5807 0.0724 4.0553 0.38292 0.29584 
SWAY yes 1.103 0.30205 2.2325 0.1 2.4087 0.1 0.10188 
ROLL yes 0.99286 0.37 2 0.4 2.7 0.25 0.32389 
YAW yes 0.79121 0.6 0.91082 0.3 2 0.5 0.2 



Let us present some illustrative results of this 
modelling part. Figure 6 shows the agreement 
between PRECAL data and the transfer function for 
heave. Figure 7 is the same corresponding to surge. 
Notice how the PRECAL data covers only a certain 
bandwidth. The last datum suggests in both figures 
a second high peak. Anyway, modelling errors at 
high frequencies are not relevant for the research on 
actuators control (waves are really small at high 
frequencies). 
 

 
Fig.7. Model and data agreement for Waves-to- 

Heave force. 
 

 
Fig.8. Model and data agreement for Waves-to- 

Surge force. 
 
The results obtained are also useful to evaluate and 
compare how large are forces and torques. This is 
important for actuators design. Figure 9 shows a 
comparison of heave, surge and sway forces. Figure 
10 shows a comparison of pitch, roll and yaw 
torques. 
 

 
 
Fig.9. Comparison of heave, sway and surge forces. 
 

 
 
Fig.10. Comparison of  pitch, roll and yaw torques. 
 

6. FORCES-TO-MOTIONS MODELS 
 
From equations (7..12) it is possible to obtain 
expressions linking motions to forces. For example, 
denoting:  

)()()()(
)()(33 sCsBsDsA

sDs
−

=Γ       (14) 

 

)()()()(
)()(35 sCsBsDsA

sBs
−

=Γ      (15) 

It is possible to write:  
 
  )()()()()( 5353333 sFssFssX Γ−Γ=      (16) 
 
With similar algebra, the set of equations (7..12) 
can be transformed to the following: 
 

)()()( 111 sFssX Γ=  
)()()()()( 5353333 sFssFssX Γ−Γ=  
)()()()()( 3535555 sFssFssX Γ−Γ=  

)()()()()()()( 6264242222 sFssFssFssX Γ−Γ−Γ=
)()()()()()()( 6462424444 sFssFssFssX Γ−Γ−Γ=
)()()()()()()( 4642626666 sFssFssFssX Γ−Γ−Γ=

 
      (17) 

These equations 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. Certain Ѓ terms can be unstable at 
certain frequencies. Table 2 shows, for example, the 
pole-zero structure (number of poles, number of 
zeros) of these Ѓ terms at a middle frequency. The 
asterisk marks unstable poles or zeros. 
 

Table 2. Pole-zero structure of Ѓ terms 
Gammas Zero  

at 
origin 

Real 
zeros 

Complex 
zeros 

Pole 
 at 
origin 

Real 
poles 

Complex 
poles 

SURGE(11)    1 1  

HEAVE(33)   1   2 

HEAVE(35)  2*    2 

PITCH(55)   1   2 

PITCH(53)  1 +1*    2 

SWAY(22)  1   1* 1 

SWAY(24) 1 1   1* 2 

SWAY(26)  1* 1  1* 2 

ROLL(44)      1 

ROLL(42)  2    2 

ROLL(46)  2    2 

YAW(66)  1   1 1 

YAW(62)   1  1 2 

YAW(64) 1 1   1 2 
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Figure 11 shows how are the variations of poles and 
zeros of Γ55   (pitch) with frequency of encounter. 
Figure 12 shows the same concerning Γ35  (the 
influence of heave force on pitch). 
 

 
Fig.11. Variation of poles and zeros of  Γ55   with 

frequency of encounter. 
 

 
Fig.12. Variation of poles and zeros of Γ35   with 

frequency of encounter 
 
For the control point of view, it is interesting to 
know when these transfer functions are unstable. 

 
 

7. CONCLUSIONS 
 
The basic aspects of the development of a 6DOF 
ship’s motions model have been presented. The 
complete development requires more space. 
 
The results have been validated with the Waves-to-
Motion data given by PRECAL. Indeed, this is not 
enough, we should require experimental 
confirmation. However, the model is enough for 
controlling the replica and progress in the 
modelling development using experimental results. 
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