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NEW RESULTS ABOUT MODEL BASED STUDY OF SEASICKNESS IN FAST FERRIES

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

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

Abstract: As part of a research on increasing the passengers comfort in fast ferries by
using moving actuators, some study was devoted to the application of control-oriented
models to predict seasickness. The key idea is to apply an analogy of three filters. In a
previous paper, some criteria were presented concerning the captain, on how to avoid
navigation parameters inducing seasickness, and also criteria were given for the ship
designer. In this paper new results are presented, linking two seasickness indexes, and
offering a frequency domain method to estimate the comfort of a ship from the beginning

of the ship design. Copyright © 2004 IFAC

Keywords: Ship control, Seakeeping, Human factors.

1. INTRODUCTION

Oscillating vertical motions of certain frequencies
cause seasickness. This is an important aspect that
should be considered in the design and operation of
fast ferries and other passenger transportation
systems. That is why our research on increasing the
comfort of fast ferries by using moving actuators,
such flaps, fins and T-foil, pays attention to the
seasickness issue (Aranda, et al., 2001; Esteban, et al.,
2000, 2001, 2002; Giron-Sierra, et al., 2001, 2002,
2003). In particular a recent contribution (Giron-
Sierra, et al., 2003) is devoted to the filter analogy
which is the basis of this paper. The research
considers ship motions with head seas. A pertinent
reference about ship control is (Fossen, 2002).

The motion sickness incidence index (MSI), proposed
by (O’Hanlon and MacCawley, 1974), gives the
percent of passengers that becomes sick as a
cumulative consequence of suffering oscillating
vertical accelerations. The index can be calculated
from a record of vertical accelerations along time. We
used this index within a ship motion simulation
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environment, to calculate the MSI after simulated two
hour journeys. In parallel we used this index in the
experimental studies with a towed model of the fast

ferry.

Since we have control-oriented models of ship
motions, it would be interesting to be able to derive
information about seasickness impact from these
models. Before a ship was built, we could know at the
design stage how the ship will tend to cause
seasickness, and try to improve comfort within the
design constraints.

There are other ways to model seasickness impact,
such the MSDV (see Lloyd, 1998). This weighted
r.m.s. measure can be obtained from frequency
domain plots of waves excitation, ship motions and a
seasickness model in the form of a pass-band filter.
This point of view suggest the approach taken in this
paper. A new measure will be introduced, not based
in r.m.s. values, but based in areas of frequency
domain response plots. The new measure will be
denoted as seasickness impact area (SIA).
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Using our data, from simulations and experiments, we
established a new result: a relationship between MSI
and SIA. This result opens a way to calculate the MSI
in the frequency domain with control-oriented
models.

The paper starts with a synthesis of our previous
work, considering an analogy of three chained filters.
New graphical representations of this part of the
study are presented. Then, the paper focus on the
new result: the relationship between MSI and SIA.

2. WAVES, SHIP MOTION, AND SEASICKNESS

If the ship vertical motions have a frequency around 1
rad/sec., the corresponding vertical accelerations
cause seasickness. We can study to which extent this
circumstance occurs by considering a chain of three
filters, as suggested by several authors (for instance
Lloyd, 1998; Lewis, 1989). 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). 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
application to our case is that the excitation frequency
band corresponds to encountered waves, and the
response frequency band describes seasickness
impact on passengers. The research of O’Hanlon and
MacCawley (1974) found out that oscillating vertical
accelerations with frequency around 1 rad./sec. cause
seasickness.

Good

Moderate

Bad

Fig. 1. Abstract example with two bandwidths.
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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.

Sickness

Waves Ship

Fig. 2. The analogy: A chain of filters.

Let us consider each filter in particular.

2.1. First filter: ocean waves, sea spectra.
Expressions for power spectra of ocean waves can be

obtained from literature (Fossen, 1994). For instance
the Bretschneider spectrum.

a)S 'T4

T=T,/1.408

47 -H? -16:7°
Sy (@) = . -exp( 4 a ] (mZ'S)
o T

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 w,, the
frequency of this peak. The waves with this frequency
will be seen by a moving ship with another frequency
w., equation (3), and the frequency of peak of the
spectrum is now shifted.

2-

W, =0— -cos( )

The shape of the spectra also change:
S(w)
2:wU-cos(u)
g

S(@,)=
1

It is a matter of frequency of encounter with waves,
which depends on U, the speed of the ship, and p, the
heading angle (let us take 180° for heading seas).
Figure 3 shows, for heading waves (u=180°) the
shifting of the Bretschneider SSN4, SSN5 and SSN6
spectra, caused by several ship’s speeds.
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Fig. 3. Sea Spectra at several ship’s speeds (u=180°)

If we take the square root of these spectra, and
represent them as frequency responses, transfer
functions can be obtained fitting these responses. The
square root of the spectra will be used as input, since
it represents to the amplitude distribution of waves.

2.2. Second filter: ship motions, WVA.

In a previous research, models (transfer functions) of
heave and pitch motions of the fast ferry have been
obtained for head seas (De Andres, et al., 2000). The
models can be combined to determine the worst
vertical motion (WVM) that a passenger can
experiment. This WVM is located in a place near the
bow. From the model of WVM we can obtain a
model of the worst vertical acceleration (WVA) that a
passenger can suffer. This is made according to the
following equations:

WVM = A-sin(et)-dt
WvA= [ [WVM-dt =40 sin(wt)dt
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Hence, the gain of the WV A transfer function can be
obtained by multiplying the transfer function of
WVM by the square of the frequency of encounter.

In (Giron-Sierra, et al., 2003) some figures of the
response of ship motions and accelerations to ocean
waves were presented. It is interesting to reproduce
them here. Figure 4 shows the frequency response of
WVM with an input of SSN5 waves, at ship’s speeds
of 20, 30 and 40 knots. Figure 5 do the same for
WVA. These figures result from the chaining of the
first and second filters.

25

T
------ 20 Knots
=-=- 30 Knots

— 40 Knots

Gain (m/m)
P

-

0.5

0 . . . .
0.5 1 1.5 2 2.5 3
we (rad/s)

Fig. 4. WVM frequency response for SSN5&p=180°.

WVA

------ 20 Knots
=-=- 30 Knots
— 40 Knots ||

Gain (m/m 52)

0.5 1 1.5 2 25 3
we (rad/s)

Fig. 5. WVA frequency response for SSN5&u=180°.

2.2. Third filter: seasickness.

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).

In the studies of O’Hanlon and MacCawley (1974) a
mathematical model of "Motion Sickness Incidence"
(MSI, an index defined as the percentage of subjects
who vomited after two hours of motions) was found,
as expressed in the following equation:
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MSI = 100-{0.5 + ezy‘( 0810

0.4

where erfis the error function,

az| is the mean

vertical acceleration in a chosen place, and 5  is:

fys = —0.819 +2.32(log,, @, )’

where @, is the dominant frequency (rad/sec) of
encounter with waves. Figure 6 shows how the MSI
depends on |az| and the frequency of encounter with

waves.

Motion Sickness Incidence (2 hours)

%
2 IR
20 \\ \

\

W

2
(L) 1 w_ radis)

Fig. 6. The MSI in function of vertical acceleration
and frequency of encounter with waves.

Another way of considering seasickness is the
following. For short cruises (some hours), the
equation below describes the Motion Sickness Dose
Value (MSDV; in m/s*?), (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.

MSDV, =\|[ &2, -di

where aZW2 is the z-axis acceleration weighted by the
Wy frequency weighting as defined in BS 6841:1987
and ISO 8041:1990, and T is the duration of the
motion.

The definition of W;is,

W (0)= (@/0.7)”  @<0.7rad/s
W (w)=1 0.7<w<1.7rad/s

W (w)=01.7/0)" ©>17rad/s

Figure 7 shows the corresponding seasickness
“filter”.
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Acceleration Weighting Filter
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Fig. 7. Seasickness “filter” frequency response.

The curve in figure 7 can be fitted with a transfer
function. The passenger can be seen as a band-pass
filter: only oscillating vertical accelerations with
frequency inside the band-pass cause sickness.

The MSDV can be obtained using the frequency
domain expressions (Perez, et al., 2000):

o0

Ayspy = J'azz (a))sz(a))da)

0

MSDV = p-Ayyp, NT

These authors propose to use a coefficient p that takes
values:

Normal activity: 1

Sat: [0.6,1]
Eating: [1.5,2.5]
Laid on cabin: [0.2,0.6]
Outside activity: [0.5,1]

We define a similar frequency domain index, the
seasickness impact area (SIA), which is only function
of the distribution of the weighted vertical
acceleration amplitude.

SIA = O]AZ (o)W (w)dw

It will be show that this index may be linked to the
MSI by fitting an exponential function.

MSI(%) = a-(1—e" 54
3. ALL THREE FILTERS

Given a sea state, and a ship’s speed, the three filters
of figure 2 can be used to calculate the frequency
distribution of the signal that crosses the final filter,
causing seasickness. This distribution can be squared,
to represent its corresponding power spectrum.

Figure 8 shows the frequency response of each filter
and the chain of three filters, for SSN4, with head
seas, at 20, 30 and 40 knots. Figure 9 do the same for
SSNS5, and figure 10 the same for SSN6.
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Frequencial Distribution for 20Knots SNN4

Frequencial Distribution for 30Knots SNN4

Frequencial Distribution for 40Knots SNN4
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Fig. 8. The three filters at 20 , 30 and 40 knots, for SSN4.
Frequencial Distribution for 20Knots SNN5 Frequencial Distribution for 30Knots SNN5 Frequencial Distribution for 40Knots SNN5
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Fig. 9. The three filters at 20 , 30 and 40 knots, for SSN5.
Frequencial Distribution for 20Knots SNN6 Frequencial Distribution for 30Knots SNN6 Frequencial Distribution for 40Knots SNN6
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Fig. 10. The three filters at 20 , 30 and 40 knots, for SSN6.

4. DERIVING A NEW RESULT

Once the response of the chain of three filters has
been obtained, we can compute the area under the
response curves (the SIA), in the frequency domain
plots. Figure 11 shows for example the curves and the
areas for SSNS. The total area computation refers to
nine cases, for three speeds and three sea states.

Response of the three filters for SSN5

- 20knots, Area=1.3218
=-=- 30knots, Area=1.9684
3.5¢ —— 40knots, Area=2.4488

0 = L L
] 0.5 1 1.5
Frequency (rad/sec)

Fig. 11. Total responses and areas for SSN5 .
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We have performed experimental studies with a
physical model of the fast ferry with which this
research is concerned. These experiments have been
done in El Canal de Experiencias Hidrodinamicas de
El Pardo (CEHIPAR), Madrid. As a result we keep
several records of experimental data about ship
motions and accelerations for SSN4, SS5 and SSN6,
and ship’s speeds of 20, 30 and 40 knots. That is,
experimental time domain data corresponding to the
same nine cases studied in the frequency domain.
With these records we can calculate the MSI for the
nine cases. Figure 12 shows a segment of three of the
experimental records, corresponding to 20, 30 and 40
knots and SSNS5.
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:
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T
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Fig. 12. Three experimental data records at SSNS5.

The new result is established by plotting the MSI and
the total response areas (SIA), and fitting by a simple
expression. The equation of the new result is:

Figure 13 shows the plot which is the basis for the
expression.

MSlvs SIA
80 T T T

70+

60

MSI(%)
5

0 0.5 1 1.5 2 25 3 3.5 4
SIA

Fig. 13. MSI versus SIA plot for the nine cases.

5. CONCLUSIONS

In this paper a new result has been obtained, paving
the way to calculate MSI from control oriented
models. The part of these models concerning the ship,
can be obtained from computer simulations, such
PRECAL, before the ship was built.

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