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ACTUATOR AND CONTROL DESIGN FOR FAST FERRY USING SEASICKNESS CRITERIA

S. Esteban, J.M. Giron-Sierra, J. Recas,
J.M. Riola, B. de Andres-Toro, 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: Along our research on increasing the passengers comfort in fast ferries by using
moving actuators, frequency domain models to predict seasickness caused by ship
motions in different seas states, have been established. Seasickness can be alleviated by a
correct control of the moving actuators, in this case flaps, fins and T-foil. The capability
of seasickness prediction based on models are useful for actuator and control design
focusing on minimizing seasickness. In particular, there is a frequency band where the
actuation should intervene; while there are other ship motion frequencies with much less
impact on seasickness, so actuators work is not needed and can be saved. The paper is
devoted to actuator and control design based on seasickness models. This study considers
in particular the effect of actuator area and position on seasickness alleviation. The
control design turns out to be nonlinear, due to saturations. A particular actuator and

control design example is studied in detail. Copyright © 2004 IFAC

Keywords: Ship control, Seakeeping, Nonlinear control, Human factors.

1. INTRODUCTION

There are some studies about seasickness which
determined that it is due to oscillating vertical
motions with frequencies around 1 rad./sec. In this
context it is interesting to consider the results of
(O’Hanlon and MacCawley, 1974), including the
introduction of a motion sickness incidence index
(MSI) and a mathematical model relating the MSI
with oscillatory vertical accelerations.

In fast ferries there may be significant oscillatory
vertical accelerations, in response to encountered
waves. By using moving actuators, such flaps, fins
and T-foil, it is possible to alleviate these
accelerations. However the use of actuators has a
cost, and the cavitation due to non-zero angles of
attack of the actuators can destroy them. A correct
control of the actuators motion is the main objective
of our research since time ago (Aranda, et al., 2001;
Esteban, et al., 2000, 2001, 2002; Giron-Sierra, et al.,
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2001, 2002). This is also the target of other research
teams (see for instance Haywood, et al., 1995). A
general view of the ride control problem is in (Ryle,
1998). A pertinent reference for ship control is
(Fossen, 2002).

Part of our research has been devoted to seasickness
prediction, with recent results related with a three
filters approach (Giron-Sierra, et al, 2003) which
allows for an MSI calculation in the frequency
domain.

This paper starts by briefly considering the three
filters approach. Then it establishes a mathematical
framework for control study pertaining ship motions
and actuators effects. It continues with a control
design discussion within this framework, with the
objective of focusing the control action in the
frequencies of interest. Then a particular case study is
detailed, with graphical results.
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2. SEASICKNESS AND SHIP MOTIONS

With respect to seasickness, humans can be
considered as  “filters”.  Oscillating  vertical
accelerations crossing the filter will cause
seasickness. Figure 1 shows the frequency response
of this filter.

Acceleration Weighting Filter

0.8

.

S 0.6
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0.2

0 1 2 3 4 5 6
Frequency (rad/sec)

Fig.1. Seasickness “filter”.

Vertical accelerations are due to the ship response to
encountered waves. The ship can be considered as a
low-pass filter, since short waves have almost no
effect on the ship, because she lays on two or more
waves, but long waves do move the ship. There are
statistical descriptions of ocean waves. From these
descriptions we can deduce filters, with responses to
white noise having same statistical characteristics as
ocean waves. Figure 2 shows a chain of three filters:
waves, ship , and seasickness. If the three filters have
a common band, there will exist ship motions causing
seasickness. We can easily deduce the frequency
response of the chain of three filters. We can also
plot this response: the area under the curve can be
mathematically linked to the resulting MSI (more
area implies more MSI).

Waves Ship Sickness
LUx Va Us

A I =Y i

A A A

Fig.2. Chain of three filters.

The control of actuators should focus on the
frequency response of the chain of three filters.

3. MOVING ACTUATORS AND THE SHIP
Figure 3 shows the ship with the actuators: transom

flaps and a T-foil near the bow. The actuators are
moved by hydraulic cylinders.
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Fig.3. The ship with actuators.

Figure 4 represents the aspects of the control
scenario. In our previous research we obtained, with
experiments using a towed physical model in El
Canal de Experiencias Hidrodinamicas de El Pardo
(CEHIPAR), Madrid, control-oriented models of the
pitch and heave motions of the ship with head seas.
The models are decomposed into wave-to-heave
force, heave force-to-heave motion, wave-to-pitch
moment, and pitch moment-to-pitch motion transfer
functions. Combining the models, we can obtain the
worst vertical acceleration (WVA) that a passenger
can experiment. The WVA is located in a place near
the bow.

Forces to Motions
(FtoM)

HFtoH

Waves to Forces

WtoHF

WtoPM

Active
Loop \

V
Hydraulic C:' Control I(::‘ Sensor |

System

Control System

Fig.4. The control scenario.

Since the actuators are attached to the ship, ship
motion cause actuator motion. And the motion of
actuators, causing lift and drag changes, do have an
effect on the ship. This is what is denoted as passive
loop in figure 4. There are at least two parameters that
we can handle to study better passive attenuation of
WVA. The parameters are d,, the location of the
actuator, and A, its area. There is also an active loop
in figure 4, which moves the actuators with respect to
the ship, using hydraulic cylinders. Figure 5 depicts
the main variables for the study of actuators action.

Fig. 5. Variables for actuators action study.
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The equations of interest are the following:
Vg =V, tv,dcos(a,) v, +v,d,; (ifa, 1)

v v
a,, :—arctan( “ZJD -,

exi
Ve Vp

if v, T

Ay =a,ta,+ta

ext?

(1

where ¢, is the actuator’s angle respect to the ship, «,
is the ship’s pitch angle, «,,, is an extra-angle due to
the actuator’s vertical speed v,z respect to the water
flow speed ve. To compute v,z the heave speed vy,
and the pitch speed v, are used.

The equations for the action of the actuators are the
following,

F,=G(4,v.)a, =p A4 v.C,a,
F,=F,
M, =d, F,

2

where F7 is lift force, p is the water density, C; is the
lift coefficient, F), is heave force generated by the
actuator, and M, is its moment with respect to the
c.o.g. of the ship.

4. THE CONTROL PROBLEM

For the sake of clarity, let us consider only one
actuator, a T-foil placed near the bow. The worst
vertical motion (WVM) is measured d; meters in front
of the c.0.g. The following block diagram applies
(figure 6). For more details on ship model see
(Esteban et. al. 2001).

Waves

Active Loop

Control System [€
Fig.6. Block diagram of the control problem.

Using block algebra it is possible to obtain the
following transfer functions:
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WVA(s)  (W2Fh(syFh2H(s)+W2Mp(sy Mp2P(syG(s))s*

1+G2?(S)‘s +CS(s)G, (s)s’

K=4C,V};
K-FI2H(s)+d, |

T1-Kd Mp2P(s)’

G,(5) = K{ FI2H(s) +d, Mp2P(5) Gy (5):

CS(s) = Control SystemTF’,

Waves(s) B

G(s)

3)
The “Control System” block in figure 6 includes
sensors (accelerometers), a proportional controller
and the hydraulic system. The hydraulic system is an
integrator loop with rate and position saturation. We
shall use a method inspired in the describing function
to derive a model for the adequate “Control System”.
There exist a limit frequency @j;,, so for frequencies
above it, the actuators do not saturate. The value of
this limit frequency is,

2
Olim = 21 “)

sat

R

sat

Figure 7 shows the behaviour of actuators to
counteract the WVA, when WVA has frequency @y,

Asat Oy

XN X

>

WVA

S

Fig.7. Control system output & WVA when o= @y,

Figure 8 shows the behaviour of actuators when
WVA has frequency less than wy;,,

A
Asal Ol

-~V

WVA

Fig.8. Control system output & WVA when o <aj;,

And figure 9 shows the behaviour of actuators when
WVA has frequency larger than wy;,,

A

-V

At

wA X X AKX

Fig.9. Control system output & WVA when @ >aj;,
The control signal amplitude and phase for all cases

can be described with the following representation
(figure 10),
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. Amplitude of control signal

A sat

lim

Phase of the CS
A

@O Jim

-pi/2,

Fig. 10. Amplitude of the control signal and phase of
the Control System.

In the top plot we represent the amplitude of control
signal ¢, (see figure 6). This signal is the product of
the control system gain times the WVA amplitudes.
The WVA amplitudes depend on amplitude of waves
for each frequency, and on the corresponding gain of
the ship filter.

We know the desired output of the control system, as
described in figure 10. We need to obtain the gain of
the proportional controller, which is inside the control
system, that best approximate this desired behaviour.

Since there is a closed loop (figure 6), the control
input depends on the total transfer function of the ship
and the behaviour of actuators.

We shall find by iteration the gain and phase of CS(s)
that best fits the curves in figure 10.

5. CASE STUDY

Let us take the fast ferry selected along our research.
The acceleration is measured at the 15" rib, the cog
is 40m aft (d=40m). The T-foil is located at d=40m.,
and its characteristics are: Ry=13.5 °/s, Au—=15 °,
A=13.5 m’ CI=1.836 KN/(m*rad-(m/s)’). A
reasonable value for the maximun proportional gain
of the control is Kcs=0.2 (input in m/s’, output in
rad).

Figures 11a and 11b shows that five iterations are
enough to obtain a satisfactory solution. The first
iteration is done with CS(s) = 0. With the amplitude
of WVA and the desired control output we obtain the
CS(s) gains for each frequency. We close the loop
and compute the new amplitude of WVA, and so on.

Notice in figure 11a that the control system gain has
been limited to 0.2 rad/(m/s”) at frequencies over 2
rad./sec. This is because at frequencies over 2
rad./sec. the waves are small and do not deserve much
actuator action.
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Fig. 11a. Iterations to obtain CS(s).

Control System Output Amplitude

0.5 1 1.5 2 25 3
Control Phase
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Fig. 11b. Iterations to obtain CS(s).

The research considers nine cases, combining sea
states SSN4, SSN5 and SSN6, and ship’s speeds of
20, 30 and 40 knots. The following figures shows, for
the nine cases, the frequency response of the chain of
three filters considered in section 1of this paper. The
curves correspond to the ship without actuators, with
fixed actuators, and with controlled moving actuators.

Figure 12 shows the results for 20 knots. Figure 13

the results for 30 knots, and figure 14 the results for
40 knots.
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Total response for 20Knots SNN4

Total response for 20Knots SNN5

Total response for 20Knots SNN6

4 4 4
-~ Ship Ship — —ship
- +Actuators +Actuators ___ +Actuators
35 —_ +Control 35 —_ +Control 35 ___ +Control
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Fig. 12. Comparison of effects at 20 knots.
Total response for 30Knots SNN4 . Total response for 30Knots SNN5 Total response for 30Knots SNN6
4 4 -
-~ Ship Ship - Ship
- +Actuators +Actuators === *Actuators
35 +Control 38 __ +Control 35 __ +Control
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s g s°
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Fig. 13. Comparison of effects at 30 knots.
Total response for 40Knots SNN4 Total response for 40Knots SNN5 Total response for 40Knots SNN6
4 4 -
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35 TControl 3.5/ — +Control 35 — +Control
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Fig. 14. Comparison of effects at 40 knots.

The higher the speed of the fast ferry, the more Now it is possible to study other locations and sizes

effective actuators are. It can be easily noticed of the actuators, and compare results. For instance,
comparing the effect of controlled actuators at 20 figure 15 shows, at 40 knots, the effects of doubling
knots, with the curves at 40 knots. the size of the actuators. Compare with figure 14 the

MSI values of the ship with controlled actuators.

Total response for 40Knots SNN4 Total response for 40Knots SNN5 Total response for 40Knots SNN6
4 4 4
- Ship Ship - Ship
+Actuators - +Actuators - +Actuators
35 +Control 35 — +Control 35 __ +Control
T Area 1.2712, MSI_27.6685 Area,2.4475, MSI, 55.8659 Area,3.3807, MSI,70.1769
3 Areaa0,78745’ MS|=11,3726 3 Aleaa1.563!i. MSIESS.D:HG 3 Areaaz.3054, MSI353.171E
Areac!).ZWGB, MS|co MBED.GDZDS, M5|c4.1959 Areac1.0935, MSIEZZ.D733
25 25 25
2 2 2
15 15 15
1 1 1
0.5 0.5 0.5
0 0 0
o 0.5 1 15 2 25 3 o 0.5 1 15 2 25 3 o 0.5 1 15 2 25 3
Frequency (rad/sec) Frequency (rad/sec) Frequency (rad/sec)

Fig. 15. Doubling the size of actuators, 40 knots.
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The following figures (figure 16) display how
different combinations of controlled actuator location
and size make decrease or increase the MSI. This can
be helpful, for instance, to choose the rib where to
anchor the actuator.

Controlled MSI for 40Knots SNN4

s, (%)

20 60

10
Area of the actuator 15

40
Actuator distance to c.o.g.
20 60

Fig. 16. MSI vs location and size of controlled
actuators, 40 knots.

6. CONCLUSIONS

The control of moving actuators focusing on
seasickness alleviation has been introduced. Also,
criteria concerning actuator design has been elicited.
A particular case study has been presented.

At the beginning of our research, some years ago,
actuator design and location in the ship where
dictated by the shipbuilder company. We were
curious about other possibilities for better control
results in view of the most important objective: to
improve passenger comfort. Now we opened a way to
make a study on this aspect. We think that the method
devised for this problem may also be useful for other
control cases with nonlinearities.
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