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As a main part of a research study on the control of active flaps and a T-foil of a high-speed
ferry, a control-oriented model of vertical motlons of the ship has been developed. The
objective of the control is to improve comfort, decreasing the impact of heave and pitch
motions. We have experimental data from a towing tank institution.and simulations with
PRECAL. The model is based on a decomposition of the physic phenomenaiinto two-main
aspects: the coupling of the ship with distance between waves and the dynamics of a
semisubmerged mass. The model can be handled with MATLAB-SIMULINK, which is
useful for studying control strategies. The model shows ‘good agreement (mods!
validation) with the experimental-and simulated data for regular and irregular waves. The
article shows a methodology, based on MATLAB tools, for obtaining control-oriented
models from computer-aided design (CAD)-based programs. That means that the control-

oriented model can-be derived from the ship design, even before the ship is built.

Introduction

IN FAST-FERRY—BASED passenger transportation, speed is most
important. To achieve speed, many solutions are under way, such
as the use of aluminum hulls. But there are vertical accelerations
that cause seasickness and create structural risks, so speed must be
reduced, unless.the ship has the means to alleviate these accelera-
tions. In the case we are dealing with, active control surfaces—
transomn flaps and a T-foil-—are used to counteract the vertical mo-
tions due to sea waves. The problem to be solved is to move the
control surfaces in the most effective way. That means an analysis
in the context of automatic control.

In general, the automatic control study of a problem requires
having a mathematical model of the plant to be controlled. With
this model. nonrisk tests of control stratégies can be tried, and spec-
ifications of control parameters (for instance, proportional integral
differential [PID] controller tuning) can be easily refined.

For a given plant (in this case, a ship), several kinds of models
can be elaborated, according to the objectives of study. For-exam-
ple, a small-scale replica for a towing tank, a computer-assisted de-
sign/manufacturing (CAD/CAM) model for hydrodyriamic studies
on computer, or mathematical models of diverse nature as static or
dynamic aspects are mainly considered. For the automatic control
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perspective, interest is. centered on the dynamic responses of the
plant to stimuliz for instance, the response of the ship to sea waves.
Because models focus on certain aspects, they usually apply sim-
plifications and admit limits on the valid conclusions that can be
reached.

A main objective of our research has been to find a mathemati-
cal model of the ship’s vertical motions, pitching and heaving, with
head seas: The model must be control oriented. The best way to get
a reliable model, for different work conditions, is to consider the
physics of the problem. Taking this approach, a satisfactory con-
trol-oriented model has been obfained, being also useful for a bet-
ter understanding of the ship behavior.

The scientific literature offers several works of interest for this
research. The fundamental knowledge is in the books of Lioyd
(1989), Lewis (1989), and Fossen (1994). Key aspects of the ship
motiots are considered in Korvin-Kroukovski (1955) and Korvin-
Kroukovskiand Jacobs (1957) for regular waves, and completed in
Salvesen et al (1970). The article of Ewing and Goodrich (1967),
on the influence of wave spectra and ship length, presents interest-
ing clues for our modeling purposes. In Van Sluijs and Gie (1972)
we find a set of curves describing the vertical motions of frigates,
which are.relevant (as fast ships) for comparison. Concerning the
problems related to speed, the article of Lewis (1959) makesa good
account, considering also actuators to. alleviate vertical motions.
The article of Ferdinande and De Lembre (1970) describes the
behavior of a ferry similar to the ship pertaining to our research,
only that our ship is aluminum, and the ferry studied by Ferdinande
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and De Lembre is-a conventional one. In the contribution of
Skorupka and Perdon (1993), we get opportune remarks about pas-
sengér comifort. Anonymous references (“126m Long Spanish fast
ferry launched” 1996, “Silvia Ana” 1998) and the contribution of
Moret et al (1993) have design details of the fast ferry we are deal-
ing with, The contribution of De la Cruz et al (1998) presents a
discrete model identified by time series analysis of the response to
irregular waves.

To have a specific target for our research, a. fast ferry operating
between Denmark and Norway during the European summer has
been selected. Using a 1/25 scaled>down replica, $ome series of ex-
periments have been performed by & towing tank institution (Canal
de Experiencias: Hidrodinamicas' de ElPardo [CEHIPAR],

Madrid). The: expenmcutal results obtained constitute the basisto

validate our model; Iri addition, CEHIPAR can supply simulated
data, by using the computer program PRECAL. Using a CAD: de-.
seription of the hull, 'PRECAL predicts the ship’s motions for reg-
ular waves, giving also information on’ hydrodynamic coefficients,
forces, and moments. This information has beer very useful in de-
veloping the control-oriented model.

MATLAB isa “de-facto” standard for the automatic control stud-
ies on computer (Sbahxan & Hassul 1993; Hanselman & Littlefield
1997). As a part of the MATLAB environment, SIMULINK paves
the way to developing models by combining building blocks that are
displayed as drawings in 8 Windows screen (Dabney & Harman
1998). The connections between blocks help one to see the interac-
tions- in' the model (and. the pr}ncxplcs of the model) With
SIMULINK there is a very convenient framework for automatic
control studies: once a model is depicted, simulations can be run,
and behaviors of the plunt {controlled ornot) can be observed. Inour
case, a SIMULINK expression of our modelhas been obtained that
makes it easy to connect the control actaators (flaps, T-foilj and to
analyze the results of different automatic control strategies.

In summary, this article describes how to obtain from the results
of a CAD-based program such as PRECAL control-oriented mod-
els in MATLAB-SIMULINK. The results are validated with ex-
perimental data.

The “Methodology of research” section shows the organization
of this article, highlighting the main steps of the résearch.

Methodology of research

The article focuses on a fundamental part of a research study on
improving comfort in a fast.ferry. In particular, seasickness is con-
trary to comfort and is‘caused by vertical accelerations. In conse-
quence, heave dnd pitch vertical motions must be attenuated, using
active actuators (flaps and T-foil in our case) and designing a con-
troller to command thern. It is necessary, for the design and tuning
of the controller, to have a control-oriented model (COM) of the
problem. For convenience to-the research objectives, the COM will

consist of a set of transfer functions {the concept of transfer func-
tion will be explained in the next section). This COM is also needed
to study stability and robustness of the controlled system; that is,
the ship with actuators and controlier. The purpose of this article is
to obtain a COM of the full-scale ship. A computer fluid dynamic
(CFD) program has been used as the starting point of the research.
With the data obtained by the CFD program, it has been possible to
get a satisfactory.COM model. Experiments with a scaled-down
replica of the ship has been done to validate the data provided by
the CFD and to validate the COM of the ship. At the end of the re-
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sedrch, experiments ‘with actuators and control action have been

«done to-validate simulated results, too:

Figure 1 shows a diagram with' the main steps of the modeling
methodology described in‘the article. It is interesting to explain these
steps, as a guide for the article-contents. They are the following:

1. The starting data are the gain$ and phases provided by a CFD
program. In this case, PRECAL has been used because it was
available at CEHIPAR institution.

* A mesh of the real dimensions hull and its main characteristics
has been programmed on PRECAL,

+ A set of expériments with head seas and:regular waves has
‘béen simulated on PRECAL, Several ship'speeds (20, 30, and
‘40 'knots) and several wavelengths have been considered.

+.». PRECAL computes the guins and phases. of this vesse! for

. each ship speed and wayelength. With these data, itis possible

. lot curves of heave force, pitch moment, héave motion, and

,~p1tch motion, versus wavelengths of the regular waves. The
-curves are the inital information required to détermine trans-
fer functions of waves'to heave force, waves'to pitch moment,
waves to heave motion, and waves to pitch motion.

2. Several steps are necessary to obtain the COM from the data
provided by PRECAL.

« Waves to heave force and wives to pitch moment data are given
with respect to the wave frequency, It is necessary. to change
them to encounter frequency. COMs are a function of the exci-
tation frequency, equivalent to encounter frequency in this case.
The phases generated by PRECAL are not causal because they
are computed with respect to the wave measured at the center
of gravity of the ship. However, the wave starts to cause a ship
motion when it drrives at the bow, Therefore, the phase must
be measured just from this moment. The phases generated by
PRECAL must be recomputed with respect to the bow.

.

Experimental
Results

I

Control
Tuning

R

Fig.1 Methodology of this article

JOURNAL OF SHiP RESEARCH 219




* A linear COM is‘identified from the data: the gains and phases
are fitted by transfer functions: It is shown that it is possible to
obtain siraple transfer funictions with good agreement in a wide
range of frequencies. Four transfer functions (waves. to heave
force, waves to pitch moment, waves 1o heave motion, and
waves to pitch motion) are obtained for each speed condition.

Experimental validation of the COM. A scaled-down replica of
the ship has been used for experimental tests at CEHIPAR
basin. The records of the experirents are scaled up to real ship
dimensions.

* Regular wave experiments with the scale replica have been
done to validate the gains and phascs data generated by PRE-
CAL.

» Irregular wave experiments with the scale replica have been
done to validate the identifiecd COMs. So, the models have
been obtained with regular waves and have been validated
with irregular waves, The results corroborate that linear mod-
els are good enough for the research purposes.

4. Applications of COMs. Some controller studies and results are

briefly described.

Rl

Basic structure of a control-oriented model

A muodel architecture must be defined for a complete model of
the ship with actuators and control. Figure 2 shows this architec-
ture. It is based on.decomposition into waves to forces and forces
to motions, inspired by the structure of the information given by
PRECAL. The model of the ship’s vertical dynamic behavior. de-
noted as waves to motions in the figure, is formed with four blocks.
Two of the blocks give the forces generated by waves (waves to
forces). These blocks are waves to heave force (WioHF) and waves
to pitch moment {(WtoPM). The other two blocks give thé motions
caused by the forces. These blacks are heave force to heave motion
(HF1oH) and pitch moment to pitch motion (PMtoP).

The structure of waves to motions provides an easy and nataral
way of including the action of the control and the actuators. In fact,
the actuators should counteract the forces and moments generated
by waves. Figure 2 shows the complete architecture, coupling a
generator of waves and models of sensors, controller, and actuators
10 the waves to motions model of the ship's behavior. The actuators
must generate lift force opposite to the waves heave force and'a
moment opposite to the waves pitch moment.

Controiter I

2 . Architecture of the complete modsl. HFtoM = heave force to
i PMtoP = pitch moment to pitch motion; WioHF = waves
M = waves to pitch moment

The architecture of the complete model can be easily translated
to SIMULINK diagrams, for control studies.

In view of building this architecture, the main research task is to
obtain mathematical expressions for the WtoHF, WtoPM, HFtoH,
PMtoP blocks. PRECAL does not provide us with forces to mo-
tions data; however, it is possible to deduce these data, as will be
described in the *“Treatment of data” section,

There are several alternatives for the mathematical expression of
control-oriented models. In this case, waves can be considered ap-
proximately as a sinusoidal input, with a frequency of encounter, to
the plant. It seems natural to use-transfer functions for the models,
because transfer tunctions correspond:to studies in the frequency
domain. This domain has many. advantages for control analysis
(Kuo 1987). Given a system with a single input u(f) and a single
output y(/), the transfer function of the system is the relation
showed by equation (1):

s)

G(s) = Tis) (1)
where ¥(s) is the Laplace transform of the.output, y(¢), and U(s) is
the Laplace transform of the input. #(r). The transfer function G(s)
is dimensionless and is a quotient of polynomials in s (that is the
Laplace operator). Knowing the éxpression of G(s) is sufficient to
be able to calculate the response of the systemto any input. The re-
sponse of the system to sinusoidal'input is easily determined by a
simple substitution of s by, jw (where jiis, the imaginary unit and @
is frequency in rad/s) in the expression of G(s). The response of a
system to sinusoidal input covering a range of frequencies is called
frequenicy response of the system and is typically studied plotting
gain, G = ! Gljw) l, and phase, y= ZG(jw), versis frequency of
the sinusoidal input. These graphical representations aré very use-
ful for control design. In this paper the complex notation, G * ¢”, is
used, too. PRECAL gives us the necessary data to obtain trangfer
functions. The frequency of the input signal is the frequency of en-
counter with waves. ' ‘

The ship and data obtained with PRECAL

The target of this research is an aluminum fast ferry, Figure 3
shows a photograph of theship:

Table 1 summarizes the main characteristics of the ship and the
scaled-down dimensions of the replica made by CEHIPAR. The
replica will be used to validate this research.

The ship characteristics have been programmed on PRECAL.,
and it has been used to reproduce on computer the experiments
with regular waves. The charadtéfistics of the simulated experi-
ments are shown in Table 2.

Along this research it was found that the conventions used
by navai engineers for the signs of phases are different from the
convention used by control engineers. For.control engineers; nega-
tive phase means time delay and positive phase a prédiction of
the future. In this article the convention of control-enginéers is
used. PRECAL provides s the frequency response data showen in
Figs. 4 and 5.

All the plots are referenced to the frequency of encounter. Be-
cause: PRECAL data about waves to heave force and waves to
pitch moment aré given with respect to waveléngths, it has been
necessary to calculate the corresponding frequencies of en-
counter,
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Fig.3 Photographoftheship

Table 2 Regularwaves characteristics

Table 1 Characteristics of the ship~ Moep - }?(m) ’ T@
SR N . ~ - 035 ., 0963 4566
Chamctcr§st:c Sm%m Rep]aca’ 051 ’ - 1403 Py
Length Hom 4dm a7 1928 02
. 080 2.200 7,508
Beam 3 14696 m. 0.588 m el - A
S 091 2.503. 8007
Draught : . 2405m ) 0.096. 0 103 . 2833 2519
wog ., L Em 0.3084m 115 Co3ae o emi
Deadweight 475 was . . 198 ] 4520 8,496
Power 4% S650kW o e s%s 10.002
Load SRR - 1,250 passengers Sym A130 0 ) 11.008
o Boos ; 204 5610 11989
e IR T 240 6,600 13.003
Speed - H0kagrs ‘ : 278 Teas- 13,995
- . ; 3.19 8773 14.992
363 9.983 15.992
i Wavas’t&,l-l@avef'om o ‘ Waves to Pitch urgon'lont
10000 T~ T 0 20 Knots 150 0 20 Knofs Tig: 2Knota | | «0 20Knots
2000 b~ i) e 30 Knows <z 30 Knots 8 ¢« 30 Knots . 30 Knots
“£3+ 40 Knots. 150! g5 4p Knots. 1= | <&~ 40 Knots £~ 40 Knots v
7 ! H i
8000 -+ o p i
760D b--v 50 150}
T 8000}~ o =
§ 400 § 1oer B g
P —) : 2
H k 80 b 4 .' 100
3000 &1 il
i
4 i
2000 i
Y4,
1000 i
L .l 50
° % 1 .2 3 [ 3
we (rad/s) wo (radis)
Fig. 4 Wavestoforces frequency response
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- 'Waves to Heave
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Treatment of data: correction of phases

Transfer functions must be causal. That means that the order of
the numerator polynomial must be less than the order of the de-
nominator polynomial. This causality is reflected in the phases of
transfer functions. In the case of the ship, the input to'the plant (the
waves) should be considered in the moment when it interacts with
the ship (not waiting until the waves to.reach the center of gravity
of the ship). Because the conventional way of studying the ship’s
motions takes the center of gravity as reference, the PRECAL
phases for:waves to forces and waves to motions are noncausal.

To get causal relationships, a correction of phases has been
applied, moving the reference to the bow. The time for a head wave
to move from the bow to the center of gravity is calculated, and
time is expressed as phase. This phase is subtracted from the
PRECAL phase. The equations for this correction process are as
follows:

=8
Vw - W, (2)
Ve = Vaup + V., (for head seas) 3
2
M= % @
Wy
2nV,
W= (5)
Aoow—co,
Yoow = Yeog ™ We ___b_o%v,:_c_z_ 6)

where V,, is the speed of the waves, g is the gravity acceleration, w,,
is the wave frequency, V. is the ship speed relative to the wave,
Vinip 15 the speed of the ship, A, is the length of the wave, w, is the
encounter frequency, Y., is the phase of the wave measured on the
bOW, Yoo 15 the phase of the wave measured on the center of
gravity, and dpgy.coq 15 the distance from the bow to the center of
gravity.

Figure 6 shows the corrected phase of waves to forces and waves
to.motions. These may be compared with Figs. 4 and 5.

Flg: 5 ‘Waves to motion frequency response © ..

Obtaining the models

There are powerful tools offered by MATLAB that are useful for
obtaining the models in the form of transfer functions. In particular
the: invfreqs routine, which is included in the signal toolbox, is a
fast way for mean squares fitting of a transfer function to frequency
domain data. Some initial guess of the order of the transfer function
denominator helps to find the best fitting. In the case of the gains
and phases we are handling, the slope of the curves gives an indi-

‘cation of the minimumi order of the denominator.

Given a transfer function, the roots of the denominator are called
poles, and the roots.of the numerator are called zeros. Poles with
positive real parts imply instability. Unstable poles are undesirable.
Looking at frequency response plots, complex poles are related to
resonance peaks and zeros to valleys.

Using invfreqs, the task of obtaining models has been achieved
in two steps: First, the models for the waves to forces are obtained,
and then the models for the forces to motions. This has been done
for 20, 30, and 40 knots (a total of 12 wansfer functions). In the fol-
lowing, only the results for 40 knots will be shown (the method is
also easily applied for the other speeds).

Waves to forces models

The dpplication of invfregs to the corrected gains and phases of
the waves.to forces data is fairly direct, with fast results. The ap-
pendix contains 2 MATLAB program for this purpose. Figure 7
shows the fitting of a transfer function for waves to heave force.

According to the best fitting, as shown in'Fig. 7, the model of
waves to heave force at 40 knots is the following transfer function,
equation (7):

698 57 + 724.8 5* + 15,840 5°

+ 5,948 5% + 59,260 s — 1,913
s¢ 4+ 1.93 5%+ 9.135 s* + 10.81 &*
o 17025 + 75375 + 2,984
where Fa(s) is the Laplace transform of the heave force and w(s) is

the Laplace transform of the wave measured just when it catches
the bow up.

Fi(s) _
w(s)

M

Ginonp(s) =
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Fig. 6 Corrected phase of waves toforces and waves to motions

Waves to Heave Force Phase Waves to Pitch Moment Phase
40 i momcmes s—— 50 - o
w0 20 Knots & 20 Knots
£01-- | P 30 Knots 30 Knots
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T ) S~
400 v
0
g.izo
g-m 100
£ 160
A% 460
200
200}
220
240 25 L
0 [ 1 2 3
we {rad/s)
10000 - SO — ¥
O Data 0 O Dats
000 by o] = Mol —— Moda}
Stii=154:9056 4t Stds2.1839

+100 %

Gain (kN/m)

_ Phasa(deg)

] 1 2 3

we (rad/s} 2 we{radis)

Fig. 7. Fitting ot waves 1o-heave force model

Table 3 Polés and zeros of the waves:to heave force model

Waves to Heave Phase
50 s

Waves to Pitch Phase

@ 20 Knots
5. 30 Knots

0+ 20 Knots

Phase (deg)

Gain (kN)

04| O Dama
— Mode!
02 Stdnd275.7411 ’ 200 : 1
[ 1 2 3 0 1 2 3
we (rad/s) we (rad/s)

Fig.8 Fitting of waves o pitch moment model

Table 4 Poles and zeros of the waves {o'pitch motion modal

- - Poles Frequency Zeros Frequency
Poles Prequeney 28108 Fréguency
= T & ~0.1237 £2.74861  275vads =0,1090 = 2.6370i 2.6% rad/fs
—0.2375 + 235811 23T mdis 0 - - 0:1591 ® 219061 220 vad/s “=0.5115 * 1.6893 1 1777 radls ~19.2149 19:21 rad/s
~0.4750 +°1.3666 i 1:4S:gadls - 0.3760':4.1855 i 4207adls ~0.7026", 0.70 rad/s +0:2708 0.27 rad/s
—(.2521 *+ 04361 i Q.50 adls +0,0321 0.03 radss ~0.5530 0.55 radls

Table 3 shows the valués of the zeros and poles of this transfer
function: There are no poles with a positive real part, meaning
no unstability. problems. The poles with 2.37 rad/s frequency
correspond 1o a small resonance peak (between 2 and 3. rad/s) in
Fig. 7.

Figure 8, equation (8), and Table 4 correspond to the waves t©
pitch moment model:
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The transfer function obtained for waves to pitch moment-at 40
knots is the following, equation (8):
32,780 5%+ 628,200 ¢ + 193,200 s?
+ 4,289,000 s ~— 1,189,000
5+ 2.5265° + 1292 5% + 22758
+ 3853 5% +32.93 5 +9.166

Fss) _

wis) ®

GWro)"M =
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where Fy(s) is the Laplace transform of the pitch moment and w(s)
is.the Laplace transform of the wave measured Jjust when it catches
the bow up.

Table 4 shows the values of the zeros and poles-of this transfer
function. Again, there ar¢ no poles with a positive real part, mean-
ing no instability problems. The poles with 177 rad/s frequency
correspond to the big gain peak (between 1 and 2 rad/s) in Fig. 8.

Itis possible to obtain a simpler approximate model, by cancel-
lation of poles and zeros at high frequencies (disregarding the small
peaks at the bottom of the curves).

Forces to motions models

Although PRECAL does not give data about forces to motions,
it is possible to obtain it by manipulating the other information
given by PRECAL. Let us consider the following expression (9),
where Guyy,u(s) is the waves to motions transfer function, Gy, {s)
is the waves 1o forces transfer function, G Froas) 18 the forcées to
motions transfer function:

Givam(s) = Cuord) * Gropals) = Grppmsls) = “?yﬁ"&@ ®
wror(s)

1f we represent the gain () and phase (A) as complex:numbers,
as G « e¥,itis easy to obtain the Gy transfer function by division
of gains and subtraction of phases. In this way, we can plot the data
points of Gyas. and use invfregs for fit the transfer fuiiction in the
complex domjain. :

Figure 9 shows the fitting for force to heave motion maodel, and
Table 5 the zeros and poles map. of the transfer function (again,
some pole-zero canceling could bé applied).

The transfer function obtained for heave force 1o heave motion
at 40 knots is equation ( 10):

Xa(s)

Gitrrars) = m

= —4315- 1075 + 2779 - 107% 52
_ —2.046 107 5 4+ 1.526 - 10~°
s+ 07057 5 + 8507 67 + 3437 5 + 16.66

10

0y T T

Gain (m/kN)
Phase (deg)

Tabie § = Poles and zeros of the heaye force to heave motion modef

Poles Frequency ~ZRTOS. Frequency:
~0.0666 £ 220407 2,30 radss ~0.0508 + 232447 2.33 radk
~0.2862 % 175531 178 radis +6.5418 6.54 radfs

we {rad/s)

Fig.8 Fitting of heave force to heave motion model
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Fig. 10~ Fitling of pitch moment to piteh motion model

Table 6 Poles and zeros of'pitch moment 1o pitch motion mode!

Poles Fregueney Zeros Frequency
=348 = 1.6196i 166 radts +18.9632 18.96 radss
=0.5341 0.53 rad/s ~0.1613 (.16 rad/s

where X(s) is the Laplace transform of the heave motion and Fiy(s)
is the Laplace transform:of the heave force.

Figure 10 and Table 6 show the results for pitch moment to pitch
motion model.

The transfer function of pitch moneit to pitch motion is the fol-
lowing, equation (11):

Fis(s)
_ TB626 - 1077 R + L6232 105 5 + 2.639 - 106
- S+ 1231 + 31165+ 1.466

Gorr(s) =
un

where Xs(s) is the Laplace transform of the pitch motion and Fi(s)
is the Laplace transform of the pitch moment,

Onee the four models at 40 knots have heen obtained, these
models ean be combined, according to the structure of Fig. 2, to get
the model of pitch and heave motions with any input of waves.

The models are very good for the range of encounter frequency
(10.7, 3} radfs) used for the fitting, This range covers the frequen-
cies for sea state number (SNN)4. 5, and 6 at 20, 30, and 40 knots.
1t is really strange to think that afast-ferry with passengers could
affront more than SSNS (at 40 knots and SSNS, this could mean
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around 50% of passengers will vomiit). On the othier hand, ships
with lengths around 100 6 do not have problems with-SSN3 or
less. So, the ship will work in this range of frequency, and the mod-
cls are very good for this range.

Itis known that pitch and heave motions ar¢coupled (Havelock
1955). The wives to motions data given by PRECAL contain this
coupling. It conseguénce, this coupling remaing implicitly as part
of the forces to motions models, equations (10).and (1 1) A more re-
fined datafitting; with higher-order transfer functions, would show
more explicitly the coupling in the form.of conmon complex poles.

Of course, the behavior of the ship is nonlinear. However, the
obtained results (as shown in Figs: 11 and 12) are well approxi-
miated by linear models, For the control community, it is not essen-
tial that the model is perfect, because it is assumed that model pa-
rameters will change, and there: will be also unmodeled dynamics
due to passengers’: distribution and weight, presence-of wind,
changes in ‘Water densify, changes iri sea spectra;and so forth. All
these uncertainties are precisely the basis of the robust control ap-
proach, which is able to.design controllers that withstand perturba-
tions and parameter changes:
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Fig. 11 Photograph of the experiments

Validation

An extensive series of experiments have been done, with the
125 scal;:d-down replica, to validate several results of the research.
Both regular and frregular waves have been geperuted, and the sea-
keeping tedts Have beén done with speeds corrésponding to 20, 30,
and 40 real scale knots.

The main experimental information has been obtained in a tank
(150 % 30 X 51m) with a wave generator of 60 blades, The scaled-
down replica is moved by a computerized planar motion carriage
(CPMC); heave and pitch motions are free; and surge, roll, yaw,
and sway motions are not allowed. There is a set of sensors in the
replica, connected o data-processing systenis on the CPMC. Wave
height, and vertical elevation and acceleration in five frames of the
ship are measured with the sensors. The experimental data are dig-
itized and saved as Computer data-files. With these data files, the
temporal evolution of the measured variables can be recovered
and analyzed, for instance, to obtain the gains and phase diagrams.
Figure 13 shows 4 picture-of the replica during experiments in
CEHIPAR.
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The following validation tasks have been achieved:

* Experiments with the regular waves of Table 2. The results
have been compared with the gain and phase data given by
PRECAL, for the same waves of Table 2. The results of this
validation have been satisfactory: the data caleulated by PRE-
CAL agree with experiments in the frequency range of this
study. Because there are 15 wavelengths and three ship speeds,
a set of 45 runs of the replica along the basin has been done for
this validation.

Experiments with irregular waves (Table 7), corrésponding to
the JONSWAP spectrum. This spectrum has been selected be-
cause the fast ferry selected for the research operates in coastal
waters. The objective of the experiments with irregular waves
is to validate the models for the normal operation of the ship.

.

The same waves of the CEHIPAR experiments with the replica
(as-saved on computer files), are applied to the model. Figures 11
and 12 compare the experimental and the modeled motions and ac-

celerations. Both figures represent the behavior at the real scale of.

the ship. For the complete record of waves and responses, the agree-
ment between the replica and the model is good enough (mote than
sufficient for control design). Of course, there are differences, due
to nonlinearities and bias, but this has few implications for control
efficacy. What it is important is that phases are well captured (there
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Fig. 12 . Vertical motions validation -

is no delay between experimental data and model), because it is cru-
cial that actuators must be synchronized o the effects of waves.

Application

There has been throiighout the paper-an insistence on the use of
the models, just described, for control purposes. Therefore, it is in-
teresting to devote a section to a brief overview of the control part
of this research. The aspects covered after the development of the
ship’s vertical dynamics model were the following:

* Developnient of actuators models

* Development of a simulation environment for safe control de-
sign studies

* Establishment of control optimization criteria

¢ Design of an optimal control, using-the simulation environ-
ment

* Intlusion of actuators-and control in the scaled replica

* Experimental validation at CEHIPAR of the optimal contro}
design.

The complete set of research tasks needed around 3 years of

computer and experimental work. A brief description of the main
aspects is presented next.
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Table7 lrregularwaves expefiments
SSN A ) T(s)
4 190 38
5 325 97
6 4.50 12.4
Models of the actuators

The actuators considered in this research are two transom flaps
and a T-foil. The actuators can move by means of hydraulic cylin-
ders. The T-foil has two moving wings. Figure 14 shows where the
actuators are placed.

These actuators will give lift force, as a function of the actuator’s
angle  and the fluid’s speed U, according to equation (12):

aCy

atud S0NS 5]
aaUa

Fi=%pA a2
where A is aréa‘of the actuator, p is'the water density, and C, is the
lift coefficient.

The angle « is with respect to the water flow. We can measure
the angle B of the actuator with respect to the ship keel. At any
time, the ship itself has an angle ¢ with respect to the waterline.
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Fig. 14 Adding Haps and T-foil to the fast ferry

From the model of ship’s motions, we can determine ¢, By adding
B and o, we can obtain in real time o

Experiments were carried out, using in this case a 300 m long
channel with caim waters at CEHIPAR, to determine the coeffi-
cients for the flaps and the T-foil (Esteban et al 2000). Notice that
the equation of lift force is nonlinear. There are limit angles for the
actuators; beyond them lift force decreases. Usually, the actuators

JOURNAL OF SHIP RESEARCH 227




are moved by hydraulic cylinders. There will be a limit on the max-
imum speed the cylinders can move. The dynamic of the hydraulic
cylinders can be modeled with an integrator block with two satura-
tions, one at the input (for'rate limit) and other at the output (for B
angle saturation). A local feedback loop has been devised, This
loop, which includes hydraulic cylinders and actuators, forms the
actuator subsystem. The input of the subsystem is the desired actu-
ator’s angle By, and the outputs are the heave force and pitch mo-
ment (easily computed from Fy) being applied to the ship (Fig. 2).
The model also-considers efficacy loss when actuators emerge, and
computes accumulated cavitation,

Simulation environment for control design

All the models have been expressed as SIMULINK blocks. The
main reason ix that SIMULINK offers important facilities for sim-
ulation and control study. SIMULINK is an interactive simulation
development fool, based on the use of blocks. There is a set of
blocks (linear and nonlinear functions) that can be selected with the
mouse, and connected according to the structure of Fig. 2. To make
the complete model more realistic, several observations from ex-

periments were translated to the SIMULINK model. Noise from
sensors was recorded from experiments and included in-the model.
Simulation is:to.run experiménts on niodels. In this case, all the
excitations used. by CEHIPAR, regular dnd irregular waves, were
recorded as seen by the replics. The excitation block inthe simula-
tion includes these records. A menu window is devised for the user
to select-any combination of waves and speed. Once the excitation
is specified, the experiment (the same run at CEHIPAR) can be car-
ried out, and the behavior of the ship can be observed on the com-
puter screen-and recorded on disk, The visualization capabilities of
SIMULINK, and the GULinterface of MS-Windows, were very use-
ful in developing an interactive simulation environment (Fig. 15).

Aspects.of the control design

The main objective of the research is to-alleviate vertical aceel-
erations. Thinking about passengers, it is important to avoid sea-
sickness. The research of O’Hanlon and McCawley (1974) links
seasickness to the amplitude of vertical accelerations with a fre-
quency around 0:17 Hz. This research established the motion sick-
ness incidence (MSI) index 'and a mathematical model. The MSI

Fig. 16 Simulstion environment
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index is the percent of passengers who will be sick (vomiting) af-
ter 2 hours ‘of sailing. When the ‘actuators move, to counteract the
effect of incident waves, there will be secondary effects. One is me-
chanical fatigie, and this is a reason to save motions of actuatots
{for instance, when waves are small enough to be ignored). An-
other issue is cavitation, which is related to-speed and the angle of
attack, and .that can destroy the actuators, Cavitation should be
minimized. Indeed, there aré clear réasonis to avoid slammiag and
deck wethess, All these criteria coristitite 2 multiobjective opti-
mization problet t6 be considered for the control design. :

The simulation gnvironment caleulates and records; for any ex-
periment, a set of indexes measuring the accumulated cavitation ef-
fect, the wear of actiatorsdie to motions; the time actuators remiin
at angle limits, the MSI, and the number of bow emergences.

An secelerometer was puf at the Worst place for passengers, neat
the bow. There the MSLreaches its maximum value. The fccelera-
tion measu;eg} there. is denoted as worst venica; #cceleration

(WVA), This signal is the input signal used by the controller. The
output-of £ ler is a desired actuator’s angle Bret: which in

torn is given as-control input to the actuators Subsystem (the:sub-
systeim generates 4 lift force torreduce the WVA),

Part of the sccelerometer output is noise. A filter his been de-
signed to eliminate noise thit is-out of the frequency band of ship
motions. In the real ship; sensors will be:ihe same, and the noise
due to mechanical vibrations will be of lower. frequency, but the
frequency of ship motions will be lower, too {the filter can be eas-
ily redesigned). An interesting difference between the scaled-down
replica and the ship is that there’ will be vibrations inthe ship due
10 machinéry. The filter will be also useful to avoid this noise: -

Experimental validation: control results

The scaled replica was equigped with transom flaps and a T-foil.
An embedded computer on board, a comnplete set'of sensors, and
computer interface electronics'for handling. signals and actuators
power were added. Several rung in the CEHIPAR basin were done
with the replica + actiiators: + control, for'irregular waves corre-

40 knots SSN4 (25+4m)
T Bhip, Moan WVA=0.82,MSI=7.08% . .
== Ship+Actuators, Mean WVA=0,62,MSi=4.20%
. ShipéActuatorerControl, Mean WVA=0,18,MS{=0.05%

-

i e,
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Fig. 16 Experimental results
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sponding to SSN4, 5,.and 6, and at 20, 30, and 40 knots. Irwas cor-
roborated that predisted control efficacy was coincident with the
experimental results. o ;

“The results of the optimal controller are fairly good, especially
for high speeds. For instance, at 40 kots and SSN4, the MSI is're-
duced from 7.98% without the stabilizalion system 10:0.05% with
the optimized stabilization system; Moreaver, the videos taken dur-
ing experiments at CEHIPAR show that slasaming was completely
suppressed. B :

Figure 16 compares-experimental results in-irregular waves for
the replica without actuators with fixed actuators and with moving
controlled actuators.

Conclusions

: Vertical-accelerations of fast sﬁips, due to waves, can be allevi-
ated by moving actuators and 2 well-designed control of the sctua-
tor motions..A good model of the vertical motions of the ship is re-

quired for analytical and simulated development of the actuators

contol. . ;
From both experimental and sirulated data, a control-oricnted
model of fasi-ferry vertical motions has been elaborated. The

‘model expression. is. in the formi.of wransfer functions. Transfer
functions exhibit clear advantages for automatic control analysis

and éan bé translated to SIMULINK block diagrams, to build sim-
ulation énvirohments. :

“The mode] has béen developed for pitch and ‘heave motions and
heading seds, The experimental basis i8'd series of tests made by
CEHIPAR with o replica of the ship and the results of the program
PRECAL. The same experiments made with the replica, as
n computer files, allow us to validate the model ob-
taiied; With satisfactory resulls. .

* Other parts of the fesearch; cofigerning actuators, control design,
and experiments; ace described in De la Cruz et al (2004), Esteban
et al (2000), Esteban et al (2001), Aranda et al (2001), Polo et al
(2001), and Giron-Sierraet al (2001).

The article shows'a methodology, based on MATLAB tools, for
developing control-Griented todels of ship motions, using experi-
‘ments and CAD-based programs.
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Appéﬁdix '

This MATLAB program obtains a transfer function that fitted 1o
a frequency response, : :

%ga: gains; . e ‘
%ph: phases (deg). Negative, phase means'to be delayed;
Few: frequencies of encounter (radfs);

OrdN=3; %(Nuinerator order, selected by the user)
OrdD=6; %(Denomiriator order, selected by the uger)
%Fitling using least squares - 7

cmp=ga *exp(*ph*pi/l80): . .
[B.A)=invfreqs(cmp,w.OrdN,OrdD)
syse=tf(B,A); %Make a LTI system. .

“%Plotting and Evaluating the RAO and Phase -

{mf,ff]=bode(syse,w); nif =squecze{mi)f=squeeze(tt);
figure; R
subplot(1.2,1)+of(w,ga,*0" w,mE,*~")pid on;
siibiplot(1,2,2)+0l(w,ph, 0", w,ff."")pid on;

JOURNAL OF SHIP RESEARCH




