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Fast Ship’s Longitudinal Motion Attenuation
with T-Foil and Flaps

J.M. Giron-Sierral, S. Estebanl, J.M. De la Cruzl,
B. De Andres', J.M. Riola’

'Dept. Arquitectura de Computadores y Automatica. Fac. Fisicas.
Universidad Complutense de Madrid.
28040 Madrid. Spain
e-mail: gironsi@dacya.ucm.es

’Canal de Experiencias Hidrodinamicas de El Pardo(CEHIPAR)
Carretera de la Sierra. El Pardo. 28048 Madrid. Spain

Abstract: The research deals with the design and use of actuators to improve the
seakeeping performances of a fast ship. The research considers heaving and pitching
motions, with heading seas. The ship has active control surfaces (flaps and T-foil). By
means of a scaled down replica and using the CEHIPAR facilities, a control oriented
mathematical model of the ship’s longitudinal motions has been developed. In
addition, a mathematical model of the actuators effect has been developed. All models
are expressed in MATLAB-SIMULINK, and can be easily coupled to study the
behaviour of the ship with actuators. In this way a simulation environment for control
studies has been devised. Using this facility, a study of control alternatives (moving
the actuators) has been done. We include in the paper encouraging results with
optimized PID control.

1. INTRODUCTION

Speed is a current important issue, for fast transportation of passengers and for other applications in
perspective. There are some difficulties to overcome. Some of them are related with vertical (heave and
pitch) motions: slamming, mechanical fatigue, seasickness, etc. This could mean a limit on speed. From
several years ago, our research deals with the study of vertical motions in view of decrease them with control
actions.

For several reasons, mainly related with seakeeping and manoeuvres, there is an increasing trend to include a
variety of actuators (Ryle, 1998), (Haywood, et al., 1995). Concerning vertical motions, control surfaces
working underwater are of specific interest. They can be fixed, or able to move.

Our research deals with a fast ship with the following characteristics: aluminium-made deep V hull, 110m
length, 14.696m beam, 2.405 draught, 1250 passengers (Anonymous, 1996)(Anonymous, 1998). Figure 1
shows a photograph of the ship. The objective of the research is to decrease vertical motions of the ship by
adding a T-foil near the bow and two transom flaps, and by the design of an optimal control to move these
actuators in the most effective way. The motion of the actuators must be synchronized with each incident
wave.

Paper presented at the RTO AVT Symposium on “Novel Vehicle Concepts and Emerging Vehicle Technologies”,
held in Brussels, Belgium, 7-10 April 2003, and published in RTO-MP-104.
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Figure 1: A photograph of the fast ship

In order to accomplish a detailed control study of the problem, the first step is to develop mathematical
models of the longitudinal motions of the ship, and mathematical models of the actuators effects. This has
been done using a scaled down replica of the ship, and achieving a set of experiments at CEHIPAR (“Canal
de Experiencias Hidrodinamicas de El Pardo”, Madrid, Spain).

The mathematical models obtained are satisfactory for the control design purposes. The models are
expressed in MATLAB-SIMULINK, and can be easily coupled to study the dynamic behaviour of the ship
with actuators. A simulation environment has been developed, and a complete control design has been
achieved, obtaining an optimized PID control. This control design has been experimentally tested with the
replica, and encouraging results have been confirmed.

In this paper the main steps of the research will be described: experiments and modelling, study of actuators,
simulation and control design, final experimental results.

2. MODELLING OF SHIP’S LONGITUDINAL MOTIONS

Control design techniques usually require a mathematical model of the plant to be controlled. This model
must be able to predict the dynamic responses of the plant when any excitation is applied. In the case of our
research, we need a mathematical model describing the heave and pitch motions of the ship in response to
incident waves. Since waves can be considered, approximately, as sinusoidal excitations, the most adequate
control oriented mathematical representation is in terms of transfer functions.

It has been found by aerospace research that seasickness is caused by oscillating vertical accelerations with a
frequency around 0.17 Hz. An important result established by the modelling research is that the pitch and
heave motions of the fast ship tends to oscillate with a frequency near 0.17 Hz.. Also, the size of vertical
accelerations can be important, and should be considered from the point of view of safety. Figure 2 shows
the distribution of vertical accelerations along the ship. Near the bow it can reach near 1g. The most
comfortable place is near the c.o.g.

8-2 RTO-MP-104
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Figure 2: Vertical accelerations along the ship

Two sources of data have been used to establish the model. One is by using PRECAL (a CFD program for
seakeeping prediction). The other is experimental. CEHIPAR built a scaled down (1/25) replica of the ship.
With the replica, using CEHIPAR facilities, a set of experiments were done at speeds equivalent to 20, 30
and 40 knots. The experiments were done in a basin (150m long, 30m wide, Sm depth) with wavemaker. The
replica was attached to a Computerized Planar Motion Carriage. Data were obtained for regular waves (15
different wavelengths), and for irregular waves (JONSWAP spectra, SSN4, 5 and 6). Sensors in the replica
measured incident waves, pitch and heave motions and accelerations, and drag forces. Videos were taken
showing slamming at certain sea and speed conditions. Figure 3 shows some views of the experiments in the
basin.

Figure 3: Views of the experiments at CEHIPAR

RTO-MP-104 8-3
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The main objective of the calculations with PRECAL and the experimental confirmations, was to obtain
RAOs of pitch and heave motions and accelerations. Figure 4 shows the results at 20, 30 and 40 knots.

3 Wawves to Pitch 1.5 W aves to Heave
—— V=20Knots | '
— V=30Knots
—— W=40Knots 1
a
= 0.5
0 i . ;
1 2 3 4 0 1 2 4
Lambdalpp Lambdapp
W aves to Pitch Acc. Waves to Heave Acc.
1.5 E 0.4 /\
0.3 ——]
1 : \‘\
£
g \ "y 02 s S
® 0.5 . g : —
\\q\ 0.1 Vi
0 : 0
0 1 2 3 4 0 1 2 3 4
Lambda/Lpp Lambda/Lpp

Figure 4: RAOs of pitch and heave motions and accelerations

According with the information given by PRECAL, we have data relating forces and moments to incident
waves, and coefficients of differential equations giving pitch and heave motions in response to forces and
moments. In consequence, the mathematical model was structured into two sub-models: Waves-to-Forces
(and moments), Forces (and moments)-to-Motions. Figure 5 shows the structure of the model. Each block in
the figure is a transfer function.

Figure 5: Structure of the mathematical model of ship’s longitudinal motions.

8-4 RTO-MP-104
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The transfer functions were determined by curve fitting using MATLAB tools for such purposes. There are
six transfer functions corresponding to 20 knots ship’s speed. Another six transfer functions for 30 knots.
And six more for 40 knots. The mathematical models were established from data corresponding to regular
waves, and were validated with irregular wave’s experiments. Figure 6 shows an example of the validation.
It was certified that the models have good agreement with data.

V=40 SSNDS
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1 Simulated
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@y
= 0
a
==

-1

s AAAANAAAAA A AA
ll"" \/ } ”,\ ' U | 'n 'f[ W; L .( |

o 10 20 30 40 50 60 70
t(s)

i

Figure 6: Validation of the mathematical model

More details on the modelling part of the research and the results obtained can be found in (De la Cruz, et al.,
1998), (De Andres, et al., 2000), (Aranda, et al., 2000), (Esteban, et al. 2000a).

3. MODELLING OF ACTUATORS

A general problem when modelling real systems or processes, is that not all of the useful information is
directly available. This section of the paper considers what we know about the actuators, pertaining to the
modelling objectives. Part of the relevant information comes from published or experimental data, and part
has been obtained by putting us in the place of whoever designed the actuators.

Figure 7 shows where the two flaps and the T-foil are located. Both actuators rotate around its bolt. The
motion of the flaps is limited upwards. The wings of the T-foil can freely move upwards and downwards.
The general mission of the actuators is to decrease vertical acceleration.

RTO-MP-104 8-5
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Figure 7: Ship with actuators.
The actuators offer us lift force (from which torque can be obtained to temper pitching), at the price of drag
force and several degrading phenomena. From literature (Lewis, 1989), (Lloyd, 1998), (Fossen, 1994) and
(Dallinga 1993) we get the main equations about lift and drag forces.
The following data about the flaps are available (Tablel):

Table 1 Flap characteristics

Span 4.8 m

Chord 1.1 m

Area 5.5 m’

Max. angle 15 ©

Lift coefficient 9.19%10 §N/°/m2/knot
Rotational max. 13.5 /s

speed

Distance to the cog  41.6 m

A calculation of forces, for the maximum working angle, obtains the following results (Table 2):

Table 2 Flap maximum forces

U F heave max. Mpitch
(Knots  (KN) max.

) (KNm)

20 606 22422

30 1364 50468

40 2426 89762

It is interesting to compare these results with the heaving forces and pitching torques exerted by the waves
on the ship (Table 3):

8-6 RTO-MP-104
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Table 3 Forces and torques on the ship

SSN U Fheave max. Mpitch
(Knots  (KN) max.
) (KNm)
20 3389 221280
20 6779 387230
20 10169 497870
30 6101 276600
30 13558 442550
30 18981 663830
40 8134 309790
40 16848 553190
40 23727 774470

[ WV, = ") QiU N "o NIV, IR N

The information we got about the T-foil was scarce, so it was decided to consider a design approach, starting
with the analysis of the problem. The dimensions of the ship limit the size of the T-foil, as well as they limit
the size of the flaps. Taking as reference the size of the flaps, and trying to reach a significant percentage of
the values given in table 3, the following design (Figure 8) and results were obtained (Table 4):

A
v

3m

Figure 8: T-foil geometry.

Table 4 T-foil characteristics

Span 3 m

Chord 2.25 m

Area 6.75 m’

Max. angle +15 °

Lift coefficient 6.9%107 g(N/"/rnz/knot
Rotational max. 13.5 °/s

speed

Distance to the cog  58.4 m

(notice that the T-foil has two symmetrical wings: Table 4 describes one of the wings).

RTO-MP-104 8-7
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Joining the efforts of the flaps and the T-foil together, the following table of results is obtained, for several
sea states (Table 5):

Table 5: Total actuation forces and torques

SSN U Fheave max. Mpitch max.
(Knots (KN) (KNm)
)
4 20 606+652  25209+38076
5 20 606+661  25209+38602
6 20 606+661  25209+38602
4 30 1364+1200 56742+70080
5 30 1364+1488 56742+86899
6 30 1364+1488 56742+86899
4 40  2426+1605 100921+
93732
5 40  2426+2558 100921+14938
7
6 40  2426+2631 100921+15365
0

What we need to model is the relationship between control signals, applied to the actuators, and the response
of the actuators in terms of force and torque exerted on the ship. By comparison of tables 3 and 5 the
expected ideal contribution of the actuators for decreasing the vertical accelerations can be obtained. Figure
9 depicts the expected effect of actuators at 20, 30 and 40 knots, and SSN4, 5 and 6. Actuators need high
speed for a significant effect.

HEAVE PITCH
V20 SSN4 V20 SSN4

]

Cancelled

V30 SSN4 V30 SSN4

Remaining

V40 SSN4 V40 SSN4

Figure 9: Expected ideal acceleration reduction.

The model of the actuators is composed of different SIMULINK blocks, which represent the main parts of
the actuator system. This is shown in figure 10.

8-8 RTO-MP-104
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Figure 10: Complete model of the actuators.

There are four main blocks in figure 10: “T-Foil”, “Flap”, “UnderWater?” and “Act2FM”. These blocks are
explained below.

The “T-Foil” block simulates the behaviour of the T-foil: movement of the wings and vertical forces that
they provide. The block itself is composed of a set of SIMULINK blocks, as it is shown in figure 11.
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Figure 11: “T-Foil” block.
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The actuators are moved using hydraulic cylinders. The block “Hydraulic System” simulates this behaviour.
Figure 12 shows the SIMULINK model of this block.

(OPeT2F —>@+ b -
Ref e :

S sum ain |'”“T'"”"'-In’tegra’mr Angle

Figure 12: “Hydraulic System” block.

The input is a control signal; the output is the fins angle. There are two saturations, one for the positions of
the T-foil (-15°,15°) and other for the rotational velocity (-13.5°s,13.5%s).

The lift force created by an actuator is a function of angle and speed of the water stream:
1 oC
F,=—pA—LU’a (1
L2 P oa

This equation is put into a SIMULINK block (figure 11 uses a copy of this block to calculate T-foil lift
force).

For experimental research on actuators and its effects on the ship, scaled down versions of flaps and T-foil
were built and added to the replica. Figure 13 shows a view of the replica with the actuators, out the water.
Figure 14 shows with more detail the flaps and the T-foil.

Figure 13: A view of the replica with actuators.

8-10 RTO-MP-104
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R4d

Figure 14: Detail of the flaps and the T-foil.

An industrial PC, power interface electronics and electric motors to move the actuators were added to the
replica. Experiments were run at CEHIPAR (in the channel with quite waters) to determine the C; coefficient
of flaps and T-foil (equation 1). . Figure 15 shows the experimental results.

a At Moment induced by the T Fail
= 20 Knots
s = 30 Knots —
4 fff*
z I ) NE——
{H M)

n e
2 ————
a 1‘“__.....-0""‘"-‘;‘—_;-"‘
£ ff

-15 <10 S el Ang‘l."a{"] 5 10 15

%20t Moment induced by the Flap =

=20 Hnate
- 1N Pt
AT H st 5

o
(F NI e =

Flap Angle(™

Figure 15: Lift forces generated by flaps and T-foil (experimental data).

The effective angle (“Efect. Ang.” signal) of the fins in figure 11 is not only the physical angle with respect
to the hull. There are two components more. One component is the pitch of the ship, and the other is due to
the vertical velocity of the T-foil. The “Extra Ang.” block using heave velocity, pitch velocity and the ship
velocity calculates this last component.

The model also detects cavitation problems, and gives on/off information about it. This work is made by the
“Cavitation func.” block, which interpolates the cavitation curve. For a given velocity it returns the
maximum angle before cavitation arising. If the effective angle is greater than this maximum angle then “T-
FoilCav” signal is activated.

The “Flap” block of figure 10 is simpler than the “T-Foil” block. It has not the “Extra Ang.” block because
the stream of water comes to it parallel to the hull. The values in the block are taken from table 1.

RTO-MP-104 8-11
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Two of the blocks in figure 10 have not been explained up to now. One of them, named "UnderWater?",
detects when the T-foil loses efficacy (when it gets near the surface, or even emerges), and informs about it
with an on/off output. This calculation is done using the heave and the pitch of the ship, the wave, the
draught of the ship and the depth of the T-foil. The output “Depth” of the block “UnderWater?” goes to
another block (a switch) that disconnects the T-foil forces when the T-foil is not submerged. The last block
“Act2FM” converts the lift forces of the flaps and the T-foil to total vertical heave force and pitch torque
using the distance to the centre of gravity.

More details on the model of actuators can be found in (Esteban, et al., 2000b):

4. COUPLING THE ACTUATORS MODEL WITH THE SHIP MODEL
All models (ship and actuators) are expressed in SIMULINK. It is easy to couple them according with the

structure of figure 16. Recall that the model of the ship motions is decomposed into two main blocks:
Waves-to-Forces and Forces-to-Motions. The actuators must counteract forces caused by incident waves.

Waves

Ref-Flap

Ref-Tfoil
g Actuators

Motions

Figure 16: Structure of the combined model (ship+actuators).

Using the model of the ship with actuators, we can study some aspects of its dynamics. For instance, Figure
17 (a) shows the pitching response of the ship when a step is applied to the flaps and the T-foil (with the
sign changed in order to add torques). It is possible to see that the pitch of the ship is changed one degree by
the actuators. Different characteristics of the transient response can be studied, for example the rise time is
about 2 seconds. Figure 127 (b) shows the heaving response to the same excitation.

L meters
Ship’s pitching step response

Ship’s heaving step response

02}

04}

-06 1

Angle (°)

-0.8

. . . . . . . . ¥ . . . . . L L .
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

Time(sec) Time(sec)
(a) (b)

Figure 17: . Ship’s response to steps in the actuators (a) pitch, (b) heave.
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5. SIMULATION AND CONTROL DESIGN

It is easy to extend the SIMULINK model of ship+actuators to include a controller. Figure 18 depicts a block
diagram with all main elements: the ship, the actuators and the controller. It is a feedback loop.

+
——| Waves-to-Forces —'®—' Forces-to-Motions >

a

Actuator Controller |«

Figure 18: Block diagram with the ship+actuators+controller.

Simulation is to experiment on models. In this case, we have a computer model of the ship with controlled
actuators. On the basis of this model, a simulation environment has been created (Esteban, et al., 2001).
Waves recorded at CEHIPAR experiments are included in the simulation environment. By means of a simple
window with a menu, the user can select a ship’s speed (20, 30 or 40 knots), a regular wave (there are 15
wavelengths to choose) or a sea state (SSN4, 5 or 6) with irregular waves (JONSWAP spectra). In this way,
the user can select and run an experiment (the same that can be run at CEHIPAR with the replica). During
computer experiments, several windows can be opened to see the main signals: pitch and heave motions and
accelerations, motion of the actuators. Figure 19 shows the main screen of the simulation environment.

Eie Edi Wew Simulation Fomal Tgols ' ®_Tooks Window Lelp

DzE@ sme |- | H&(xArs 200

wAe — 140 T e : = .
e Flap= 0.0 REHVWAIE=TAE 11 . T-Foil=-8.0
WAz | .l L L ——
120 Time= 50.0 £ ?‘“ﬂ
WVA ; Y VRS
i i MS1s = 5 %
CwliCpl =1 Shi
it BO  experdeS mat
SignalzAct WA Controlada 1.4274, WA, Sin Contral 1.7313, Mejora 17 .6 %
BOF  MSI Controlado 421065, MSI Sin Control 50.4168, Mejora 165 %
WA
visE 40
Displayer nl
Versién 1.1
12-T-2000 2
| I »]
Fieady fo0% [ | loded5 &

Figure 19: Main screen of the simulation environment.
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There is a window in figure 19 showing with animated graphics a moving ship and moving actuators. Figure
20 zooms on another window with the SIMULINK complete environment. The block denoted as “Control
Process” is editable by the user. In this way, the user can define any controller, and test its effects by running
experiments in simulation.

Waves

[ELEC Aotoators

- od— |FiRp e S eneors Ehip|qm
Version 2 |

14-1-2000 Control Process

SensorShip

Signalsact

Displayer

Figure 20: The window with the SIMULINK heart of the simulation environment.

Several control designs have been done. In the beginning, the main objective was to alleviate, as much as
possible, seasickness. An index denoted as MSI (“Motion Sickness Incidence”), which is the percent of
passengers that will vomit during a two hours cruise, is used as a measure. There is a mathematical model
relating vertical accelerations along the cruise with MSI (O"Hanlon and MacCawley, 1974) (Lloyd, 1998).
This model was included in the simulation environment, so two hours cruises can be simulated, and the final

MSI is obtained.

In practical terms, it is expected that the controller to be used is a conventional PID (“Proportional, Integral
and Derivative”) controller. This controller was tested in the simulation environment. The input of the
controller is an accelerometer put at the worst place for passengers (near the bow). It was discovered that the
integral action was not useful. Using a fast, batch version of the simulation, several values of the
proportional and derivative constants of the PD controller were tested. Figure 21 (a) and (b) shows the effect
of different values of these constants on MSI. Best tuning can be easily observed on the 3D plots. The
control of the flaps and the control of the T-foil, have different optimal tunings (two PD must be used).

Proportional At:ticm‘m

Flap TFoil

i

i S J

Vi s 0
: B | oSN S
gl R

- 1 Proportional Action 40 A .
20 perivative Action 80 30 20 Derivative Action

60 30

(a) (b)

Figure 21: Effect of PD proportional and derivative parameters on MSI, (a) for flaps, (b) for T-foil.
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In a second stage of the control design, other objectives were considered. For instance, it is unnecessary to
move the actuators when waves are really small. It is also important to avoid, as far as possible, cavitation,
since it can destroy actuators. The problem was put as a multiobjective optimization problem (Esteban, et al.,
2002). Genetic algorithms were used under a Pareto set framework, to obtain a good compromise for the PD
tuning. Figure 22 shows how the genetic algorithm searches in the three surfaces (three objectives: MSI,
motion of actuators, cavitation) for the best control of the T-foil.
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[
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Figure 22: Multiobjective optimization of the T-foil control using genetic algorithms.

Once a control design was optimized and tested in the simulation environment, it was experimentally
checked at CEHIPAR (Giron-Sierra, et al., 2001). Using an automatic control code generation tool
developed during the research (Polo, et al., 2001), the optimal control was put into the PC controlling the
replica, and experiments with irregular waves were run. It was observed that slamming was completely
avoided for SSN4. For SSNS5 there is a lot less slamming than without control. Figure 23 shows
measurements of vertical accelerations at the worst place for passengers, at 40 knots and SSN4. The figure
compares measurements for the ship without actuators, with fixed actuators, and with moving controlled
actuators. The MSI without actuators is 7.98%. It falls to 0.06% using moving controlled actuators.
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40 knots, SSN4 (1.25-2.5m)
—— W ithout Actuators, MAA15=0.82,MSI=7.98%
—— W iithout Control, MAA15=0.62,MSI1=4.29%
—— Controlled, MAA15=0.15,MSI=0.05%

— N
— ] ~ w0
|

Filtered Acc15)m/s
=]
wn

Scaled replica t(s)

Figure 23: Vertical accelerations at the worst place with 40 knots and SSN4, without actuators,
with fixed actuators, and with moving controlled actuators.

Finally, figure 24 shows the results for 40 knots and SSN5. The MSI without actuators is 47.67%. It falls to
12.86% using moving controlled actuators.

40 knots, SSN5 (2.5-4m)
—— W iithout Actuators, MAA15=1.62,MS1=47.67%
—— W ithout Control, MAA15=1.37,MSI1=40.29%
—— Controlled, MAA15=0.60,MS1=12.86%

L |
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Figure 23: Vertical accelerations at the worst place with 40 knots and SSN5, without actuators,
with fixed actuators, and with moving controlled actuators.

Thinking in terms of the captain decision to start a cruise or not, depending on the sea state, let us consider
that an MSI above 10% forbids the cruise. Figure 24 shows when this limit is attained at 40 knots, in
function of the wave’s significant height. The effects of the moving controlled actuators are clear: the
operational range of the ship is extended.
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Figure 24: MSI at 40 knots in function of wave’s significant height.

6. CONCLUSIONS

The problem of decreasing vertical motions of a fast ship, by using control surfaces, has been considered.
Taking the case of a particular fast ship, a model of a set of actuators (flaps and a T-foil) has been developed.
The model is control-oriented and can be easily coupled with a model of the ship. The result is a model of
the ship with actuators, which can be used to study control strategies.

The complete model was used to study PID control of the ship. A multiobjective optimization criterion has
been employed to tune the controllers. The results of the control are encouraging, as shown in several
figures. It has been shown that moving controlled actuators can have an important stabilization effect.

An interesting real-time use of the models developed is the prediction of ship motions. This can be useful for
some operational purposes.
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