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Abstract: In a experimental research about increasing the comfort of a fast ferry, using 
moving flaps and a T-foil, mathematical models of heave and pitch motions of the ship 
have been determined. Besides this, knowledge about seasickness and waves has been 
gathered. This is important to determine good control of the actuators, to avoid or 
alleviate seasickness of passengers. However this is not all: it is also important to extract 
some criteria for the captain (manoeuvring), for ship designers and for actuators 
engineering. Taking advantage of the models obtained, a study of seasickness prediction 
has been done, and some interesting results have been obtained. Part of these results is 
also valuable as orientation for the control design. The general perspective of the paper, 
to tackle the evaluation problem, is an analogy with filters. Copyright © 2003 IFAC 
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1. INTRODUCTION 

 
Fast ships can suffer large vertical accelerations, and 
sometimes slamming and desk wetness. These 
motions cause, at least, undesirable effects on 
passengers. When the ship is in competition with 
other transportation alternatives, it is worth to look 
for passenger comfort. This is an up to date problem, 
and some new solutions are being applied (Ryle, 
1998; Haywood, et al., 1995). For instance, by using 
moving submerged appendages to counteract the 
effect of waves.  
 
From some years ago, our research deals with the 
optimal control of moving actuators, such flaps and 
T-foil, to attenuate vertical motions of a fast ferry 
(Aranda, et al., 2000, 2001;  De la Cruz, et al., 1998; 
Esteban, et al., 2000a, 2000b, 2001; Giron-Sierra, et 
al., 2002). The case turns out to be a multiobjective 
control optimization problem. The main objective is 
to avoid seasickness, but there are also other 
objectives: to save energy, to avoid slamming and 
deck wetness, to have small cavitation (Esteban, et 
al., 2002). Anyway, it was important for the research 

to get a good insight of the seasickness problem, in 
order to consider it in the framework of 
multiobjective control. 
 
The research of O’Hanlon and MacCawley (1974) 
concludes that seasickness is caused by oscillating 
vertical accelerations of frequencies around 0.17 Hz 
(this is the worst frequency for passengers). Later on, 
in this paper, some more details will be given on 
seasickness. What will be studied below covers two 
main aspects: 

• In what circumstances of sea state, and 
ship’s speed and heading, the ship will move 
with 0.17 Hz. frequency. 

• What will be the dynamic behaviour of the 
ship in frequencies around 0.17 Hz. 

 
The first aspect is important for the captain. The 
second requires some explanation, related to the 
wavelength of waves and the size of the ship. 
Suppose head seas. A ship will always lay on two or 
more waves, when wavelength is shorter than the 
ship’s length. In this case, the ship will “filter” out the 
effect of waves. If wavelength is much larger that the 
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ship’s length, the ship will move: no filtering. The 
question is whether the ship will filter out the 0.17 
Hz. frequency or not, and this is a matter of the ship’s 
design. 
 
The objective of the paper is to make a previous 
evaluation of the risk of seasickness, in a particular 
fast ferry. We shall take advantage of our previous 
research, using the models of pitch and heave 
accelerations developed on experimental and 
theoretical basis (De Andres-Toro, et al., 2000).  This 
evaluation is important as orientation for the control 
design. 
 
The issue will be decomposed into two aspects: the 
excitation (waves), and the response of the ship. A 
short section on the method of this study will precede 
the two subsequent main sections.  
 
 

2. METHOD OF STUDY 
 
Several authors (for instance Lloyd, 1998; Lewis, 
1989) mention that an analogy of signals and filters 
can be useful to get an idea of the seakeeping 
characteristics of a ship. In this study, with a 
particular ship, the analogy proposal will be 
honoured, obtaining practical criteria.  
 
In general, the issue is a matter of frequency bands. 
Figure 1 shows an abstract example, with two 
frequency bands. There is an excitation signal, with a 
specific frequency band (for instance, the left 
frequency band in the figure). In addition, there is a 
system that will respond to excitations inside another 
frequency band (for instance, the right band in the 
figure). It is like humans and sounds, we do not hear 
very low frequencies (nor high).  If both bands are 
separated (top of figure), the system will not respond 
to excitation. If there is some intersection, there will 
be some response. If both match (more or less), the 
system will be largely excited. The labels on the 
figure (good, moderate, bad) correspond to the case 
where the system is a passenger, so the right band is 
around 0.17 Hz. (the seasickness frequency band). 
The left band corresponds to vertical accelerations.  
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Fig. 1. Abstract example with two bandwidths. 
 
The analogy, for this study, can be expressed as a 
chain of three band-pass filters (figure 2). Each filter 

has a bandwidth, around certain frequency values. As 
will be noticed when coming to specific shapes of the 
filter bands, these frequency values correspond to 
peaks of the bands. 
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Fig. 2. The analogy: A chain of filters. 
 
It is important to highlight that given a transfer 
function, supposing a unit white noise is applied to 
the input: the power spectra of the output is given by 
the square of the transfer function gain (Papoulis, 
1977).  
 
In the next section, attention will be paid to the 
excitation (waves) as felt by a passenger in a moving 
ship. The two frequency bands of interest correspond 
to waves, and to seasickness. Then, in another 
section, the ship response to waves will be 
considered. 
 
 

3. SEASICKNESS EXCITATION BY WAVES 
 
 
3.1. Seasickness and frequency. 
 
There are several sources of scientific and technical 
information concerning seasickness. For instance the 
already cited study of O’Hanlon and MacCawley 
(1974), and the standards ISO 2631 or the British BS 
6841 on whole-body vibrations. See also Lloyd 
(1998). For short cruises (some hours), the following 
equation describes the Motion Sickness Dose Value 
(MSDVZ in m/s3/2), (Anonymous, 2001) ABS guide 
for passenger comfort on ships, a cumulative measure 
of exposure to low-frequency that may be used to 
provide an indication of the probable incidence of 
motion sickness. 
 

∫ ⋅=
T

zwZ dtaMSDV
0

2  (1) 

 
where azw

2 is the z-axis acceleration weighted by the 
Wf frequency weighting as defined in BS 6841:1987 
and ISO 8041:1990, and T is the duration of the 
motion. The passenger can be seen as a band-pass 
filter: only oscillating vertical accelerations with 
frequency inside the band-pass cause sickness. Figure 
3 shows the acceleration weighting filter, Wf, there is 
a peak near 1 rad/s (the 0.17 Hz.). 
 
A transfer function has been obtained that fits the 
response of the filter. Figure 3 shows both the data 
(taken from standards) and the transfer function 
fitting. The transfer function is (2): 
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Fig. 3. Seasickness “filter” frequency response. 
 
 
3.2. Waves and frequency of encounter. 
 
Expressions for power spectra of waves can be 
obtained from literature (Fossen, 1994). As it is well-
known, sea spectra suffer changes when seen by a 
moving ship (Lloyd, 1998). For instance, let us take 
the peak of a spectrum, let us denote wop the 
frequency of this peak. The waves with this frequency 
will be seen by a moving ship with another frequency 
we and the frequency of peak of the spectrum is now 
wep. Both are related with the following equation (3): 
 

βcos2

g
Uwww opopep ⋅−=  (3) 

 
It is a matter of frequency of encounter with waves, 
which depends on U, the speed of the ship, and β, the 
heading angle (let us take 180º for heading seas). For 
instance, for heading waves (β=180º) and SSN5 the 
shifting of the Bretschneider spectrum is shown in 
figure 4. 
 

0 2 4 6 8 10 12
0

0.5

1

1.5
Spectra for SSN5

Frequency (rad/sec)

S 
(m

2 /(r
ad

/s
))

vs Waves Frequency                
vs Encounter Frequency for 20Knots
vs Encounter Frequency for 30Knots
vs Encounter Frequency for 40Knots

 
Fig. 4. SSN5 Spectra for several situations (β=180º) 
 

If we take the square root of these spectra, and 
represent them as frequency responses, transfer 
functions can be obtained fitting this response. For 
instance, a transfer function for a Bretschneider 
spectrum of sea state SSN5, as seen by a ship at 30 
knots with head seas, is the following (4): 
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If unit white noise was applied to the input of this 
transfer function, the power spectrum of the output is 
the same as SSN5 seen by a ship at 30 knots 
(however, signals are not similar to the recorded 
SSN5 waves, they only have same energy distribution 
along frequency).  
Figure 5 shows the square root of the spectrum and 
the transfer function for this example (versus 
frequency in rad/s). Notice that there is a peak near 1 
rad/s. Along this study, transfer functions have been 
determined for SSN4, 5 and 6, and ship’s speeds of 
20, 30 and 40 knots.  
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Fig. 5 Transfer function fitting (SSN5 and 30 knots). 
 
 
3.3. Criteria for heading and speed. 
 
As a way to picture the worse heading and speed 
combinations (worse in the sense that it causes severe 
seasickness), the preceding equation can be used to 
tell when wep is 0.17 Hz. (recall that wep is the 
frequency of encounter corresponding to wop: the 
frequency of the peak of a sea spectrum). The 
condition for wep = 1 rad/s=0.17 Hz. Is (5): 
 

βcos
1·

)·1(
2
op

op

w
gw

U
−

=  (5) 

 
Taking the frequencies of the spectra peaks for SSN4, 
5 and 6, a set of curves can be plotted, representing 
the worse combinations of heading and speed. Figure 
6 shows these curves. 
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Fig.6. Headings and speeds causing peak seasickness 
 
Notice that these curves are “universal”, in the sense 
that they do not depend on the ship design. They 
represent a meaning of the excitation seen by the ship 
(and passengers). It can be useful information for the 
manoeuvring decisions of the captain. 
 
 

4. SHIP’S RESPONSE AND SEASICKNESS 
 
4.1. Ship’s motions and waves. 
 
In a previous research, models (transfer functions) of 
heave and pitch motions of the fast ferry have been 
obtained for head seas (De Andres, 2000). In this way 
a high order transfer function is obtained that 
describes the motions at the worst place for 
passengers in the ship (the Worst Vertical Motions: 
WVM). (it is the transfer function of the ship “filter” 
in figure 2) for 20, 30 and 40 knots, figure7. 
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Fig. 7. WVM frequency response for SSN5&β=180º. 
 
This figure is similar to pitch motion gains because 
motion suffered by the Worst Placed Passenger is 
mainly owing to pitch motion. 
 
Considering now the chain of waves “filter” 
(Amplitude Distribution) and ship “filter” (WVM), a 
frequency response plot can be calculated. Figure 8 
shows, for instance, the WVM frequency (in rad/s) 
response of the ship for SSN5 at 20, 30 and 40 knots.  
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The resonance peak of the ship is near the excitation 
(waves) peak. The two “filters” considered have a 
common band-pass. Notice also that the seasickness 
band is inside this band-pass. 
 
Considering the relation between waves spectra and 
ship’s length (Ewing and Goodrich, 1967), it is 
interesting to study when the ship sees, depending on 
the heading, a wavelength equal to the ship’s length. 
The resonance of the ship occurs when her length is 
more or less equal the excitation wavelength. For a 
more concrete study, let us take the main wavelengths 
corresponding to the spectra peaks for SSN4, 5 and 6. 
(let us denote these wavelengths as Lw4, Lw5, Lw6). If 
the heading of the ship is, say, 30º with respect to 
waves (we take 180º for head seas), the wavelength 
she sees is longer than the actual wavelength. Figure 
9 shows the wavelengths the ship sees, corresponding 
to Lw4, Lw5, Lw6 , as the heading changes. A dashed 
horizontal line could be added, with the ship’s length, 
to mark when the ship enters in resonance with the 
excitation peak. This is the worst case from the safety 
point of view, since the resonance can mean 
slamming and deck wetness. 
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Fig. 9. Headings and speeds causing peak resonance. 
 
4.2. Ship’s acceleration and waves. 
 
Let us denote as WVA (Worst Vertical Acceleration) 
the vertical acceleration at the same point as WVM. 
From the model of WVM, it is interesting to obtain a 



 

     

model of the WVA. This is made according with 
equations (6). 
 

dttAdtWVMWVA

dttAWVM

)··sin(···

)···sin(
2 ωω

ω

∫ ∫ −==

=
  (6) 

 
Hence, the gain of the WVA transfer function can be 
obtained by multiplying the transfer function of 
WVM by the square of the frequency of encounter 
(figure 10). 
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Fig. 10. Wave to WVA for SSN5 and β=180º. 
 
 
4.3. All three filters. 
 
Given a sea state, and a ship’s speed and heading, the 
three filters of figure 2 can be used to calculate the 
frequency distribution of the signal that crosses the 
final filter, causing seasickness. Figure 11 shows that 
the resonance peak of the ship is near the excitation 
(waves) peak. The two “filters” considered have a 
common band-pass. Notice also that the seasickness 
band is inside this band-pass. 
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Fig. 11. The three filters for SSN5 and 30 knots. 
 
Figure 11 shows the frequency response of the chain 
of three filters, for SSN5, with head seas, at 20, 30 
and 40 knots. This is the particular case of the fast 
ferry subject to research. A lot of energy comes all 
the way from waves to seasickness. 
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Fig. 11. Response of the total filters for SNN5 
 
 

5. ACTUATORS DESIGN 
 

Figure 11 shows the frequency band where control of 
actuators must focus on, in order to avoid seasickness. 
 
From the point of view of actuators design, it is 
important to know the frequency band where the 
actuators should operate. It may imply a challenge for 
the hydraulic systems to be able to respond as fast as 
required.  
 
Another important use of knowing the frequency 
band where control should focus on, is connected 
with forces. Since models have been developed which 
describe the magnitude of forces causing ship 
motions at any frequency (inside the operational 
range), it is possible to estimate the needed forces 
from actuators (across the frequency band causing 
seasickness). This information is useful for the design 
of the actuators dimensions. 
 
 

5. CONCLUSIONS 
 
In this paper the influence of several factors on 
seasickness have been studied. Starting  from 
seasickness research results (it is caused by 
oscillatory vertical accelerations with frequency 
around 0.17 Hz.), two main aspects have been 
studied. First, to determine the combinations of  
heading and ship’s speed,  that causes peak 
seasickness. Second, to represent the impact on 
seasickness of the response of ship to waves 
(depending on the design of the ship, she can filter 
out, or not, the bad frequencies). 
 
This research involves a lot of results for the 
particular ship studied, taking into account several 
headings and speeds. In this paper only a few have 
been reported.  
 
It is important to stress that the spectra used in this 
paper are not the spectra currently encountered by the 
particular ship studied. She sails in coastal waters 
with peculiar characteristics. 
 



 

     

It is hoped that this paper could yield some 
operational and design keys for a more comfortable 
transport of passengers. 
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