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INTRODUCTION N
The design of on outomatic position ond heading contral system faor o drilling
vessel depends an the criteria, which must be sotisfied by. the vessel ond its
cantral system to perform its mission, on the environmental canditions in the - :
area where the vessel will operote ond an the expected behaviour of the vessel
under these environmental conditions. - '

.One criterion is thot the sofety of the crew and ship has to be ensured even in

extremely odverse weather. A secand criterian is that the vessel should have ot
least o specified number of warkoble doys péer year. Drilling operatians have to
be suspended if the bending of the drilling string exceeds o certain volue. This
limit is reoched when the harizantal displacement of the vessel from the pasition,
where the drilling string is vertical, is abaut 6 percent of the woterdepth.

The drilling vessel considered here is the “Pelican”, built by the IHC-Halland
ship yard "Gusto" for the French controctor Somoser. Main dimensians are:
displacement 15,600 tons, length 137 m, beom. 21.35 m and draft 7.32 m.

. The vessel should be oble ta aperate in waters of 50 - 300 m depth, under the

- following weather conditions: current speed 2 kt, wind speed 45 kt with gusts

"up to 65kt and o sea with o mean periad of 12 secands ond o significant wove
"height. of 4.9 m. ' '

To keep the vessel's mations, induced by current, wind ond waves within the
limits, the vessel is fitted with three vorioble pitch thrusters ot the bow ond two
varioble pitch thrusters ot the stern ond two varioble pitch propellers. When
proceeding ot full pawer, using the propellers, the ship will attain @ moximum
farword speed of 13 ki, ' )

The pitch of thrusters ond prapellers is cantralled by an outematic pasition and
heoding contral system, designed to reduce the measured position and heading
errars. The position is meosured by on dcaustic deyice and the heoding by a gyro-
campass.

-

In the present praject, the hull form, the number, lacation and moximum power of
thrusters ond prapellers were fixed. The behaviour of the vessel with outomatic
cantral system wos simulated on o hybrid computer. The simulation pragromme was
used to obtain design data for the outamatic cantrol system; for investigoting the
behaviour of the vessel ond cantral system under the specified eénvironmental
conditions ond to imprave the contral system's effectivensss. The latter objective
wos ochieved by investigating the effect of design porometer variotian an the
behaviaur of the vessel and cantrol system. )

The simulotion was bosed an o mothemotical madel describing the behaviour of
vessel and control system, Necessary data for the mothematical model vere
determined by onalytical computatians and model experiments.

In the fallowing section, o descriptian will be given of the development ond
design of the automatic cantral system. Next the mathematicol model is dealt
with. In the last section the results obtoined with the simulation are given.
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AUTOMATIC CONTROL SYSTEM

Introductory remarks

= the digital controller, of which the output is sent to the propulsors (main

e . .. {devices y
e - " |wind speed o
S wind direction /
_—e— e e m— e
r " , _

The control system is part of a closed-looP system; schemahcolly shown in, -
figure 1. : . : ) l |
The main components are: ‘ |

i

- the measurement subsystem, including all devices for generating the mform- '
dtion to be processed by the controller. _

propellers ondl lateral thrusters) to co'hfrol the pitch of the blodes.,

The ship is controlled in the honzonfol plane in the longitudinal (x) and

lateral (y) direction and about the vertical z-axis (see figure 2). The main
propellers are used to control the longitudinal motions, while the thrusters
control both theilateral and the yawing motion about the z-axis. .

-external disturpances
measuring - wndl waves |current

reference position and ] . ;
05it i { ¢ itch controd|. effective: position
995}29,9'} - {controller p . L eaDTORRNSC S —— ship
reference n‘cognge N voitdge i thrust heading
i uremen

heading nose ‘ l

I - .

| ggital computer -

measuring . o
devices ] i B

-~

! : '
Figure 1. Block diagram of ship and control system.

z - axis. vertically dowmwvard atcof g

A T X x
/H Py N
¢Y ~ 4thr‘;zcz ‘bow
I"wnd?n y M@V_stem thrusters
propeller{s thrusters X = positive longitudinal forte.
: Ye . lateral "
‘IN= yawing moment

agbout 2-axis
vy .

F‘iguré 2. Thruster and propeller arrangement.
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2.2.

2.3..

Requirements
During the actual drilling phase the automatic control system shall at least be
capable of: '

- controlling the propulsors for maintaining a reference-position and heading
under specified adverse weather conditions, with a maximum allowable radial
_position error of 6 percent of waterdepth, B o
~ qvoiding high frequency fluctudtions in the thrust demand (z 0.05 cps), since
this may cause unnecessary wear of the propulsors; moreover the power plant
may not be capable to follow these fluétuations which may result in power
interruptions. ) )
~ controlling the propulsors for ¢changing the position or heading of the ship in
case a new reference position or heading is selected.

The requirements with regard ta the reliability of the system will not be

.discussed in this paper, _ -

External disturbances

The motions of the vessel induced by the waves are oscillatory motions with
frequencies equal to the wave frequencies. At the same time the vesse! drifts off
from its original position in the wave direction. Drift of the ship is aiso induced
by the wind and the current. _ .
The current speed and/or direction may be constant during a considerable period
of time. If changes occur, in case of tidal currents, these changes are slow
compared with fluctuations of wind speed, wind direction and wave forces.

The wind may be treated as a random Gaussian process of which the mean valve
is constant during a certain period of time. The frequency range in which the
ship will respond to wind gusts is roughly between 0 = 0.04 cps.

The first-order oscillatory component of the wave forces is very large while the
second-order component, the drift force is small. The motions of the ship induced
by the first-order component are roughly in the frequency range between 0.05 =
0.25 cps, depending on the actual sea spectrum. These motions cannot be
effectively counteracted because of the limited thrust of the propulsors.

The drift forces on the other hand are in the same frequency range as

the responses due to the wind gysts.

Considering the requirements and environmental conditions, it may be stated that

. the control system should be designed to reduce the low frequency motions, while

the relatively high frequency motions shoqld be accepted without any counter
Mmeqsure.
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- ond the ship's gﬁy’rqcomposs,

2.4, Measure ment subsystem

The primory saurces of infarmotion are ‘on acoustic position meosurement device
|

The position error is obtained from the (shart baseline) ocaustic system, which
cansists basicolly of on an-board tronsmitter, o transpander on the seobed ond
four hydrophanes mounted belaw the ship's hull. Upan interrogation by the
tronsmitter (twice per second) the tronsponder answers, which signal is received

" by the hydrophanes and ofter carrections for-pitch ond roll, tronslated into two

digital signals indicoting the longitudinal ond loteral distance of the ship's
centre of gravity relative to the tronspander. S o
As the reference positian, the well-heod, daes not coincide with the tronspander,
its position is olso token into occount in order to calculate the position
error relative to the reference positian (see figure 3).

A heoding error signal is obtained by compoaring the octual heoding with o chasen
reference heoding. The heading error is olse ovoiloble in digital form.

The wind speed ond direction are measured ond used to colculote the wind force

_octing an the ship for reosans exploined in the next section. For this pyrpase

sufficient dofo are avoilable from wind tunnel tesfs.-

At this place it must be mentioned that the signals received by the cantroller
will be contomirioted by meosurement naise.

transponder: coordinate system

~f_ .On sca bed fixed to earth
N

reference 'pos'itio_n (well head)

ships centre of gravity
Yo (coinciding with centre
of driihng weli )
Xm.Ym= measured longiludinal’ resp. lateral position
Xret.Yref= relerence position coordinates (depend on dctual
: T heading )
X, y =calcuated longitudinal resp lateral position- error

Figure 3. Axes system.

~
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2.5.
2.5.1.

Contraller

Basic ideas.

Keeping in mind the requirements mentioned eorlierond the remorks made in
section 2.3. same bosic characteristics of the contraller are formuloted first.

. For this purpase the praoblem is reduced to the mations of o ship in only one

~ direction, while the ship is considered to have.o moss (M) ond no-domping,

Non-linearities are nat invastigoted in this phase. The tronsfer function of the
uncaontrolled ship is: (see olsa figure 4): ' :

X(S) = l/N‘ YA rid’ = Fo S A A A <.
3 T2 . : .1
e(s) s _ St M reiion peran

being the Laplace

s being the Loploce transform operotar and X(s), F
t) respectively

(s)
transfarms of the position x(t) and disturbing Forceefe(

)-_/ ‘-

5 ) - VI
L ..f PR t-
Fols) 1 X(s)
. — external Ms2 posiLion
. . disturbances ship

M: mass of ship, ncluding “aaded” mass

Figure 4. Simplified black diagrom of the
uncontralled ship. :

] -

Under sinusaidal steady state conditions_“we maoy write

XGL) - m .

Fe(l"") . w 2

It means that the mognitude varies propartional with w2, |t is abvious that the
*.contral system should improve the ship's behaviour anly in the low frequency

rrange. The octuol range may be determined bosed an the remarks made in section
.2.3., on the wind ond drift force power spectra and an the allowable motion

o omplitude.

CX(s) - /M
F

' The transfer functian of the cantrolled ship (see figure 5) is os for aos the respanse

“to an external disturbonce is concerned:

1

e(S) 52 QO+ HCHt )

B Ms2

in which H, is the tronsfer function of the propulsars ond H. represents the

controller (which is assumed to be analog only for this initiol study).

-5-




L.
dei;t.l Fals)

Xm,(s'ho ; i

1 X(s) -
ref. pos Hc ,

Hy , st

_ controller propulsors ship

d

Figure:S_, Srim[;,lifie_‘d block diagram of the controlled ship.
Also E .:l . | - . | . . . . . .

X(i) - I
Fe(jw) -’M'm'2+Hc (j<) Hy (juw)

‘Now consider the s;ituation for Vw N 0 : -
It is reasonable to suppose that Hy = 1for w » -0,
j The mcgmtude o
3 | X(”*) —]__ for w » 0.
’ Fe(lw) Hc(l (l!) ‘ . .

From thns itis concluded thorch[must be made very large ( IH [ >51) in the

very low frequency range in order to avoid "static" errors under constant
external disturbances. | -

The gain level of the controller, which may be chosen in the frequency range

between w =0 and w =0.3 rad/sec (= 0.05 cps), depends on the stability of
the system. The stability is determined by construchng the Nyquist plol’ of the

open loop tiansfer function:

: H _(5) 1-(5) ‘
™ H (s) = ——
! open T Ms R T
2 . . ) . B . 3 v
‘ and applying the Nyquist.stability criterion. In particular the situation is
1 determined relative to the (=1, Q) point (gam margin, phase= mcrgm) which is
i of arhcular importance when the response to command signals is investigated.
P po PS g g
. Also the-ratio 1 | a5 function of © is deduced from this plot.
' Actually this ratio gives an indication about the effectiveness of the control
y system as far as the response to external disturbances is concerned:

i ' e




x(s)conrrolled wz : | B = . l ; .
: 'X(s)uncontrolled M52 (1 + E‘.’.) ! +  open
| M2 |
" thus ]
(i) cantralled 1 - T
. X(i u)Oncontroll‘ed' | b ‘Hopén s=jw

The foregoing deals with the steady state perfarmance of the cantrol system in
 response ta sinusdidal inputs. It is also impartant to know the transient behaviour
of the system. An insight can be obtained by solving the characteristic equation

of the cantralled system: o ' '

2, . . N, (s) N
Ms + HcHt = 0; in gene_rC_JJ: HC(S) = —Dc(s) -1 Ht(s_) =-Dt(s) :

thus

2 P P
Ms Dth + NcNt Q, provided that Dc + 0, Dt + 0.

The roots give an indication about the damping ratios, resanant frequencies and
time constants. For an exact knowledge of the respanse to for example a unit
imguls or unit step function alsa the numeratars of the transfer function of the
cartralled ship should be taken into account.

In the previous part of this section, the controlled vesse! was idealized to a
iinear system to deduce some basic characteristies. However, same of the
neglected aspects are of prime impartance:

- saturation of the propulsars may accur since the ovailable power to generate.
thrust is limited : '

- the pitch rate of change of the propulsors is limited

"~ the motians are cross-coupled, e.g. a lateral motian causes a yawing moment
and vice versa N ‘ :

- the devalaped thrust may deviate from the required thrust in many cases due to
redsons, to be discussed later. '
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2.5.2. ‘Wina‘ feed fonfvord.

It will be shown in section 4 that the wave induced "high frequency™ motions
alane may make up half of the allowable mations under certain canditians.
Since this part cannat be reduced, severe limitations are impased on motians
due to wind and low frequency wave drift forces. To overcome this difficulty at
least partially, wind feed forward compensatian is used:

Wind speed and direction relative to the ship are measured. Fram this wind forces - '-

in x and y direction and the moment about the z=axis are caléulated using
wind tunnel test data. Pitch settings required to counteract these farces are

deduced. . ‘
A revised schematic black diagram including wind feed forwaid is presented in

figure 6. .

Fu (sl |Fat(s)

— — — - wind other
l text. .
- disturbances
] .
i

X, .o1(5)=0 ) 9 _X(s) -
. ref.pos - g Ms
. chntrouer __pnopulsor"' s :

: Figure 6. Simplified black diagram of the controlled
ship, including wind feed forward.

—l— |
X
z

E_ We may write:: o

R T R
X =t U+ WA gy e M1l g
T
. “ Ms2 , . Ms
F - :
inwhichH = _cl“’ and F. . is the calculated force to counteract F_;
, w E w _ w
F"] =F -F . ,
e e w
E N Fw '
fHH=-TarH = = — orF, == — the influence of wind is
w ot W Ht w t

* reduced to zero. .
Faor low frequencies, when H = 1, it is sufficient to make HW as close ta =1 as
passible, depending an the accuracy of the wind meters and the wind tunnel
data. A filter ta suppress relatively high frequency components of the measured
wind signal makes the feed forward compensation less effective.




2.5.3.

ot

Heading control priority.

During adverse weather conditions saturation of groups of propulsors may occur.
A typical situatian is given in figure 7. -

C e .

S - Ryt wind . . o .
R Py ©_wo ' -
5 Fyp} / waves .
R s > M

N ’ - . ' . )
y \ current _ _

F)'s =thrust dgvelopgd Dby stern  thrusters

R Fyp, = max. thrust deveioped by bow thrusters
- aFy, = excess thrust dgmond

Figure 7. Example of saturation of prapulsors, -

Suppase that, due to @ wind gust, the thrust demand at the bow exceeds the
thruster capabilities. In that situation the ship is likely to make a large heading
error away from the wind. If this happens the lateral wind force' and moment

" increase even more as a result of which the ship is unable to hold its position:
‘Obviously, such a situatian should be avoided. This can be achieved by giving

the heading control priority at the cost of positian control.

" If however the stern thrusters might saturate first in the same situation, the ship

will head up into the wind, so that the lateral wind force and moment decrease.

. In that situation heading control priority is less useful, although rather large

2.5.4.

heading errors may accur, if priority is not given.

Conh_'ol'ler.

The digital controller has roughly the following functions (see figure 8):

- filtering of the incoming position, heading error and wind information
calculation of required thrust based on position and heading error information
.caleulation of required thrust based on wind information

calculation of required thrust per prapeller and per thruster

calculation of heading priority contral if cpplicable '

calculation of the ¢arresponding pitch ¢ontrol voltages for main prepellers,
stern and bow thrusters. |

1
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- " y par . conirol' hoiding [ servo. ~
error ‘°"“’°“°" *||PropeiRrsi propaitgr | €Urva |yvoltoge: _davucr? mdchanising
wing total required .
,m::”"d wind 3’“ i feac thrust (x dirgction)
and direction 1 torwara
" y-contrel channal S
y.- position [2°o) H tota! required . . :
fliter |— i bow thrusters
error : contraer| ¢ /'-hru_st (y giraction) bow ‘o
o T o
- pieh Hoiren | 275or Ipiteh
thrust t—==—=p{ Order L——p
. wind curve |control] hoiding fsarv
—» fead - _ . CUrve lioitage [ device | mech,
forward cakuation | bow [he u:!,l"”' T .
T of required control
: __'thrus{ per | stern 5”0!’!(, .
. § > P thruster _appiicabis
Y- DeosiGa titer Fo piteh 1 oien [2972 {Biten
errof controtier thrust ordar |Pit
. control| hoiaing | serv
. curve | voltage | gavice [mech.
T .
wind \totul required -starn thrusters
— - : feed momant :
forward about z-oxis

Figure 8. Block diagram of digital cantraller.

1 .

The acoustic position=error signdls are received twice per second. This corresponds

with a sampling frequency

w.s 2" . = 12.28 rcd/sec..
0.5 L

-

The computation-cycle time is made equal ta the sampling periad:

T = 0.5 sec. Because the dxgnrcl output is passed through a digital=analag
converter, equivalént ta a zero arder hold circuit, which azts as a low pass
filter, only signals with frequencies well below the sampling frequency are |

recavered.

Position- and heading error filters.

- Figure 9 represents the shape of the ideal magnitude-curve of both the pasitian
and heading error filters. In this way both the high frequency wave motians and
measurement noise are filtered aut. Although a realizable filter may not fallow
this ideal curve, a close approximation is aimed at. A second very impartant
requirement to be met is a small phase-shift in the low frequency range, since
a phase-shift tends to make the system less stable. In practice a campramise
between both requnremems has to be accepted. The maximum phase-shift ta.be
allowed can be determined using the methads described in the beginning of
section 2.5. However, due ta all simplifications anly an approximation will be

abtained. .

-10-
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 PID-controller. e

T 104 : ,
My oasiréed shape ol

magnitude curve

rmg\itudg 57

2 a6
- —e (feQuency W
(rodisec)

.Figure 9..-Magnitude versus freque_nc‘y plot of filters.

The deviations from the "ideal™ mcgnitude curve that can be tolerated, depend
among other things on the noise level in the error signals, and last but not
least on the basic PlD-controIler whlch is discussed in the next section,

The second function (colculahon of required thrust) is fulfilled by PlD-controllers,

one for each channel. In the frequency range of interest, all three may be
considered to be "true three term" controllers. Although the actual controller is
digital, the Laplace-transform is used to illustrate its behaviour:

;(ié—;z = Kx [‘] +'lvfl‘s Ty s]

o i x

vih-;vhicsh:'. Fx = requued force in x direction.

Kx = gain constant, -Tix and Td are time con;tants. It is shown that r

" consists of a part proportional with the position error :tself the integral value-

of the position error to cope with very low frequercy disturbances and constant
forces, and the derivative of the position error. The latter term introduces the
necessary damping in the system. '

From a stability point of view the integral time constant T1; should be made as -
large as possible. :

The actual value depends, however, also on the environmental condmons the .
system hcs to cope with, e.g. tidal-currents.

. Control "zones".

To improve the system it was degided to introduce control “zones" for control of
the x and y motions. | '

-1~
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These zanes ore defined:qs follows: -

zone .A :positionerrots 0 b | x| ¢ Xpi 0. § |y | ¢ _'yA
zZone B‘:., " " W ‘.XA< IXI < XBi')'A'< IYI < _YB
zone C: :" _ . | "‘,l > Xgi oy i Y

For each zane dlfferent goin ond time constonts moy be used buf the integral
'grm B rab et bl = . )

K, ~ K

| . o et
— 1 Tesp -T—Y- is kept constont in all zanes.

'x ly

The smallest volues are Used in zane A.

In zane B only 1d,,. respechvely T4, is increosed, while in zone C bath
K.ond T4, (respechvely Kyond T4 ) ore increosed.

Due to the low goin in zane A relatively lorge stability margins ore guoronteed .
in the critical Frequency range.

Once the ship moves out of zane A due to low frequency forces, the increased-
goin is used ta oppase these motians, while ot these lower frequencnes still on
acceptable stobllnty morgm is maintoined.

-Tronsfer funchons of fllters ond PID -cantrallers.

For the actual design the z-transform techmque has been employed. The -
z=transform is closely re;loted to the Loploce-transfarm ond is preferably used
in cose of digital contral systems.

The general form of the z-transfer functions far the filters and PID-cantrollers

is identical far oll threej contral chonnels.

-

M R
U. _(vz-zk)_v_ .
Filter: ‘

N-,

PID-contraller : H. ](z)'= K [1+
P Tpid- 27, z-1 ' 1 z

" in which formula T denotes the sqmplmg period (T = 0.5 sec). The. secand term

in the lotter farmulo denotes ogoin the integral contral octian, while. the third
one represents the derlvo.xve cantrol octian.

The product of the two transfer functions yields the reletionship between the
required thrust (ar mament) ond the position (ar heoding) error.

For the x-channel it means '

F () R

-12-




" Required thrust per propeller and thrusters, .~ .u. .,

From these tronsfer functions the difference equotions ore deduced ond used
to program the computer. L o E ‘
The pole-zero configurations of the filters are initiolly determined before the
simulotion fokes place. The same applies t6 the gain and time constonts of the
PID-controllers. The final configurotions depend of course on the simulotion
findingss ' ’ C o -

The output of the»P‘lD'-controllers plus the wind F.e'é'd Forword compensdtion
represent the ‘total required thrust in x and y direction ond moment about the

z=oxis. The demand in x direction is evenly distributed betwéen the twa moin

propellers. The thrust required ot bow and stern is determined in such a woy
thot the loteral thrust does not creafe on unwonted moment ond vice versa,
In this procedure it is ossumed thot the thrust demond will be fully met. _
However, it has been stoted already that o number of externol foctors make
that the developed thrust is not equdl to the demanded thrust. o
One teoson may be soturotion of either the bow of the stern thrusters. In that

" cose the ¢oniroller initiates the heading priority=mode, the function of which

hos been exploined éorlier, ond odjysts the thrust demand of both the bow ond
stern thrusters occordingly. o U _ i
Once the required thrust per propeller ond thruster has been calculated, the

corresponding setting of the pitch of the propulsors is determined using manufoct=

urer's thrust=pitch relotionship doto,”
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MATHEMATICAL MODEL ~ .

. . .
1 B . .. . qm - - . . . A
BT

General - -

An impartont part of the mathematical model of the cantralled vessel are the
equotions of motian of the ship. Their solution hod to be anticipated to same
extent in the set up of the madel, which resulted in the black-diagrom of
figure 10. The underlying ideq of this set up is the assumption thot the high

" and low frequency ship motions may be determined separately. Afterwards, -

the twa types of motions ore summed ond the result is assumed to represent

the motion of the ship in cose bath the high and low frequency exciting

farces act an the ship ot the some time. The high frequency motians ore the
lineor wave induced ship motions, which take ploce with the wave frequency..
These motians are determined independently from the nan-lineor law frequency
mations, which ore coused by current, wind, thrusters, propellers and the waove
induced drift forces. The separation of the high ond low frequency motions is

o cansequence of the toals preseptly availoble for the determination of these
motions. T o -3

A mothematical model of the vessel with autamic contral system con anly be

- C .. o e ot
- o

- mode if the charocteristics of all its companents are known.

However, the mathematical model is also o toal needed for determining the
doto necessary ta design these companents. This iteration pracess may eventuoally
lead to on aptimization of the camplete system. In the following sectiansa
brief descriptian will be given of the principles used for the madelling of the

_Gomponents of the drilling yesse] with autamatic pasition ond heading contral.

i G PR B L [

AT RISV LA I C T SR v
< T X [T PRI SR
P, N Y
M) .
. H i H
; o . i wind current woves
N -
Yerr Y 3
B
*— \
1 snip
{high traguency
motions )
T T T
forcs forcs’ forca
A - A
LT selnid |9 0]2
comrol propul- snip
\tm'.1 =TS Fres | fow fraquency Yo
motions )
..

|

Sive I mpl e 1g

e 2ot J-,./-:—‘J-l Yo

9,-;;—[-/l!vcf¢ ]

!/1-,4--1- C— 0
Sty wmm b ——————d

e o )30 et - —_

Figure 10. Block diogrom of mathematical madel
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3.2,

Low frequencfship motions

| .Hyd rodynamic forces.

These motians are obtained by solving the equations of mation of the ship in
the harizantal plane. The farces acting an the ship may be subdivided into:

- the hydradynamic forces caused by the ship motions relative to the water

- the forces generated by the thrusters and propellers

- the wind forces : o

- = the wave induced drift fbi"ces

-

The. hydrodynamic forces in the harizontal plane are nc;n-linecr fun_ctions of
the surge, sway and yaw motians of the ship; see figure 11 for definitions of

the motians. These farces are analogaus ta those used far investigating ship

manoeuvring as described in references [1] end [2]. ' _
A minor difference between the abave forces and thase dcting on @ manoeuvring
ship is caused by the fact that in the present case the sway velacity may be -

‘large. compared ta the velacity in the surge directian.

Far the present case the coefficients were estimated from measurements an

~ship models similar to the investigated ane, supplemented with static tests
- with a captive model. . B T '

- Thruster and propeller forces.

Propellers are used to generate the farces needed in the longitudinal direction

of the vessel. A lateral farce and a yawing moment may also be generated,
however, in case of an ablique flow inta the prapeller. This force and mament
may be large: in a 2 kt current the lateral farce may amount to 20 to 55
percent of the langitudinal farce, depending on the current direction and the

~ prapeller pitch.

Ship motions ' Current and
: ' wave direction

ge,
r’_____________,.‘——75£:§x : /\

_/ direction of

—
1 ~ roll
1 . ? advance of
heave, z ' , waves or -
o _ current

. current , wave
- yaw, § . direction B, g
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Alsa the developed thruster forces ond moments are influenced by the current.
This influence is illustroted far the baw thrusters in the figures 12, 13 ond 14.
Note in particular the large longitudinal farce: -

Interoction effects between the stern thrusters and the propellers odd to the
cor'nplexity of the system. The total loteral farce generated by the thrusters
does not anly depend on the rpm ond pitch of the thrusters, but also i the
propeller thrust; vononons of up ta 30 percent of the nominal value cccur.
Vice versq, the thrustiof the propellers is SIgmflcontly mfluenced by the
aperation of the thrusters.

The mathematicol made! of the thruster and propeller forces generored by the
propellers ond thrusters includes the intefactians and current effect mentioned
obave. The madelling wos based an quonmohve doto obtained from an extensive
series of madel tests. .

Wind farces.

Both the direction ond magnitude of the wind speed change continuausly in

time. OFf the instontoricaus wind speed anly the harizantal companent is of
interest. This harizontal wind speed is divided into o component in the averoge
wind direction ond o campanent perpendiculor to this direction. Bath campanents
moy be considered to be rondam variables, the lotter ane having a zero mean.
Observations indicote! that bath campanents hove o nofrmal ar Gouss prabability

distribution. ‘
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- Figure 12. Longitudinal farce verses drift ongle.

Velocity U is relotive to water.
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To set up o mothematical model of the wind variotions the energy spectra of

both companents have to be known. Some infarmation is ovailoble from
literoture  [3] [4]. Using this infarmotian shoping filters are designed,
that praduce the desired rondom signals from o white-naise type input.
The wind induced farces and moments acting on the ship were determined

= by tests in o wind tunnel. Results for ane wind speed are given in the figures

15, 16 ond 17. The effect of the notural wind gradient wos not measured in
the .funnel, but insteod determined fram empirical formulas. Bath methads give
opproximative results, because the octuol wind grodient vories in time.

The meosurements in the wind tunnel represent steody-state caonditians, while

. os mentioned before in the reol case the wind speed is not canstant at all.

Yet in the simylotion the wind forces ond moment acting on the ship were
colculated from the instontoneous wind speed and direction ond usmg the
wind tunnel measurements.

It is not known if this procedure intraduces mre thon o negllgxble errar.

Anyhow no other meons are ovailable to avercome this difficulty.
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Figure 15. Longitudinal wind farce versus relative
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Wave induced drift farces.

These drift forces are colculoted using o pracedure described m reference [5] .

It moy be opplied to @ ship held fixed in space of to o vesiel which is free to
perform the high frequency wave induced motions in oll six degrees of freedam.
The figures 18 ond ‘-19_ind'i'cote the impartance of these high frequency mations
on the drift force ond the drift moment. The magnitude of the drift faorce on a
ship with position and heoding contral moy be expected ta lie between. the
values found for the coptive ond the free ascillating vessel, probobly claser to

the latter. :

The drift farce in irregulor seos, which controry to the regulor.wave cose,
varies in time, moy be derived from regular wove dota, following o pr

described in [6] .

The figures 20 ond 21 show the influence

acedure .

of the meon period of the sec an the

mean volue of the drift force and the drift mement. In these graphs the curves
represent cambinatians of wove periods ond heights mast frequently found on
‘the North Atlantic. The ather investigated sea candition hos the chaorocter of

a swell.
80r- . Mean drift force o 7
704 ! 4
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‘Figure‘ 18. Meon drift force in regulor beam
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In the present calculotions the effect of current on the drift force is taken into
account by correcting for the changes in the frequency of encounter between
the ship and the waves. Apart from this, it is assumed that the current does not
.affect the drift force. This approach may, on theoretical ground, raise object= -
ions. However, current speeds are small, and so is their effect on the motions.
Although few experimentdl data were available for a yolidation, these data
indicated that the approach used here yields accepiable results.

The figures 22 and 23 indicate that the largest drift forces and moments occur

‘in bow seas. The marked difference between the forces in bow and quartering

seas is caused by the asymmetry of the investigated vessel.

The irregular seas discussed above are long-crested. In reality the sea will be
short-crested, Figure 24 shows the effect of the short-crestedness on the mean
drift force. In the short-crested sea waves come from various directions over

-an angle of 180 degrees. The wave energy had o casine squared distribution

over this angle. In this case the wave direction is defined to be the direction
of advance of the wave with the largest energy. In this study only long-crested

seas are conudered for simplicity reasons.




Summarizing, the equations of the low frequency ship mohons are in the
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3.3. .H.vigh,frequqnéy,ship motions

e d)

. The high frequency ship motions were analytically defermined from the equations
of motion in six degrees of freedom of a ship proceeding in waves of an arbitrary
direction. The six coupled linear differential equations used are given in refer-
ence[7]. The coefficients were determined from the two dimensional potential
theory using strip method. A correction was applied to the roll damping, to take
into account the viscous damping caused by bilge keels, in @ manner described
in the references [8] and [9] For the computations, computer programmes \were

© used which were developed by the Shipbuilding Laboratory of the Delft
University of Technoloq[ ‘The motions in irregular seas were obtained from the
regulcr wave behaviour using the linear supermposition principle.

b

e

o d

% The effect of the thruster and propeller forces on the high frequency motions was

- neglected. Thxs is justified, since the propeller and thruster forces are small

o compared to the high frequency hydrodynamic forces.,

i In beam waves of 1 m amplitude the exciting force amplitude may amount to
1400 tons, which is very large compared with the 75 tons maximum thrust

- generoted by all thrusters combined.

3 :
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3.4.
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3.5.

The modelling of the prooulsors

In cose of vorioble pitch ond constont rpm propulsors it moy seem to be sufficient
to introduce the operoting chorocteristics of the pitch control system. In proctice
however, the rpm will not be constont due t¢ the frequency voriotions of the
electric power supply. A porollel.simulotion study wos executed to detérmine
if the omplitude of the rpm voriotion in operoting conditions would show the
necessity to include the power plont in the model of the totol system.
In the present cose the power is generoted by o number of porollelled diesel
generotor units. The moin loods on. these diesels ore the drilling operofions and
the electro motor driven propulsors. Peok loods ore to be expected from the
drilling operotions ond possibly from ropid pitch chonges of the propulsors.
The mathematicol model of the power plont mcludmg the loods, consists of the
three ports
- the diesel generotor units with rpm control.
- the electric motors of the propulsors ond their loods.

- the electric lood of the drilling equipment ond moin electricol system.
As o result of the study, the power plont wos not included in the simulotion of
the totol system.

It is of greot importonce thot the pitch control system of the propulsors is

included in the totol system model, becousa the time log between commond

signol ond the resulting blode position hos on unfovouroble influence onthe _ . __
stobility of the totol system. The pitch control system is on electro-hydroulic '
servo system with on electro-mechonicol pitch feedbock. The system con be

described odequotely by o second order differentiol equotion with o constroint

. on the rote of chonge of the pitch. The pitch control system of the thruste_rs is

on on-off control with o deod zone ond o lood correction circuit.

‘The propeller pitch control system on the other hond is continuous.

Modelling of the~control system

The functionol description of the digitol controller hos olreody been given in
section 2,5.. e

The computer, instolled on boord corries out o number of odditionol tosks in

view of operotiono| requirements. The controller os used in the simulotion is o
more or less simplified version, becouse it only fulfills the primory functions.
One reoson is thot the: moin purpose of this simulotion wos to investigote the
system performonce under the most severe weother conditions. Under those
conditions ol propulsors ond other components ore ossumed in operotion.

The consequences of foilure of one or more components hos not been investigoted.

Though it is odvontogeous to hove the octuol on-boord computer ovoiloble for
the simulotion this is not o necessity. However, the on-boord computer ond the
simulotion computer must hove the some word length or the simulotion computer
must be progrommed to hove the some occurocy os the on-boord computer.

The progromme moy be odopted ond made more flexible for simulotion
purposes, becouse it must be possible to chonge porometers relotively

eosy ond olter ports of the programme during the evoluotion.

The ocoustic meosurement system wos not simuloted due to insufficient
informotion. As on opproximation, meosurement noise wos introduced

with the meosurement signols.

=25~
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4.2,

SIMULATION

Simulotion programming

" The simulotion wos performed on o EAI 690 hybrid system.

Figure 25 shows o detoiled block diogrom of the simulotion set-up. -

. The low frequency equotions of motion ond the thruster ond propeller servo

systems ond the thrust relotions' were progrommed on the onolog machine while
using the digitol mochine for function generotion. '

The high freq
were generotéd ond stored on t

uency wove motions ond the low frequency drift force voriotions
he disc as functions of time in odvance ond

ployed bock during the simulotion runs. L :

d ond direction vorictions were generoted by noise generotos
with shoping filters. The position ond heoding were colculoted digitolly.
The simulotions were performed at o time scole of 1: 5, thot meons one hour
in reolity wos simuloted in 12 minutes. .

The wind spee

The simulotion progrom was used for:

- estoblishing the situotions where propeller ond thruster forces ore in e'quili-‘
brium with the meon current, wind ond wove drift forces.

- determining the motions of the ship while ossuming thot the controller is
copoble of keeping the ship in the equilibrium position mentioned obove -
ond the ship only moves obout the equilibrium position due to the high
frequency wove forces.

- determininé the motions in operoting conditions.

Equilibrium ppsifiors

The equ,ilibrigfrn posi'tio'ns ore determined for the situotions where the thrusters
ond propellers operote with for instonce 80 percent of the maximum pitch. The
moximum thrust is not chosen to be oble to cope with voriotions in the forces.

Figure 26 shows in which oreo
wove ond wind directions,

's equilibrium is possible for combinations of
for o certoin seo stote ond o wind speed of 45 k.

Figure 27 shows the influence of current, ot one current speed (2 kt) but ot
vorioble direction, the seo ond wind conditions ofe os before. -

These results g
vessel. |t must be mentioned however, t
moy be considerobly lorger thon the meon volues. If for exomple the voriotions

ive o certoin understanding of the copobilities of the drilling

hot the voriotions in the octing forces

of the wove drift force ore considered, the following con be stoted.
Assuming the sea spectrum to be norrow, o common ossumption, the loteral ond
logitudinol drift forces hove exponentiol probobility distributions with
stondord deviotions equol to the meon. This implies thot in &4 percent of the
time the meon values ore exceeded. A value exceeded only 5 percent of the
time is three 'times the meon force. To which extend this results in too lorge. -

motions will be determined loter on.
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Motions in the wove frequency ronge

* Comporison of the ovoiloble thruster ond propeller forces with the omplitudes

of the oscilloting port of the wove forces shows thot it is impossible to counter=
oct the oscilloting ship motions induced by the woves. Therefore the controller

>sh0u|d not reoct fo motions of the wove frequencies, which is occomplished
sufficiently by using wove filters. In the ideol situotion when the thrusters ond

propellers ore copoble to concel the low frequency forces continuously ond the
thrusters ond propellers do not reoct to the position deviotions coused by the

- high frequency wove forces, then these motions ore the only motions performed

by the ship. A better result con not be ebtoined. The motions in this situation

~ were found by solving the set of equotions for the meon equilibrium position.

with the eorlier mentioned programme. [7]
In figure 28 29 ond 30, the significont surge, swoy ond yow motions (d0uble

omplitude) ore shown os o function of ‘the wove direction, in two irregulor
long-crested seas with on equol significont wove height of 4.9 m.

Motions in operoting conditions

In the foregoing sections equilibrium positions in certoin conditions were .

.determined ond motions in the wove fréequency ronge were colculoted, ossuming

on ideol control. In reolity however, the ship will move os o result of the slow

variotion in wind, current ond wove forces. In oddition to thot, ideol filters

ore not feosible ond the controller will reoct. to the ship motions in the wove .

frequency ronge. This does not offect the ship's motions, but omong other

things, leods to o lower effective thrust ond to power modulotion.

The simulotions in this port hod the objectives:

- to evoluote ond if heeded ond possible, to improve the control system. The
criterio are thg position ond heoding errors, system stobility and power
modulotion. '

= to determine the copobilities in position keeping of the controlled ship in
- relotion with the seo ond wesother conditions.

= to determine if the controlled ship con meet the required specnflccmons of

position keepmg.

As on illustrotion, o port of o recording of o simulotion run is shown in figure
31. The significont wove height wos 4.9 m, the meon period 12 seconds, the
wove direction wos 150 degrees, the current speed 2 kt ond the direction 210
degrees. The wind speed had o meon volue of 45 kt, (Beaufort 9), gusting to
65 kt, while the direction varied within 20 degrees oround 150 degrees.

This situotion is morked with on A in figure 27.

~
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Recorded are channel

1 the l'Olel position error (R), channel 2 the longitudinal

position error (x), channel 3 the latetal position error (y), channel 4 the heading

error (), channels 5,

6 and 7 the pitch=- dlcmeter ratio of the. prOpeIIers (_) ,

bow thrusters (f.) and stern thrusters ( ) ; chcnnel 8 fhe total power demond

from propellers ana thrusters N One centimeter on the recording is equal to

50 seconds in reality.

From the recording it can be seen that clth0ugh the equuhbnum position is

barely possible,

ell under operating

condmons with wave drift forces, wmd speed cnd wind direction variations.

The stern thrusters saturate from time to time and the propellers once on this
part of the recording,
errors.

but this did not Ieod to excessive position and heading

Wi

N

-

— significant surge‘(m)(douﬂe amplitude)

o

Qurge

()

—= wave directon (deg).

Figure 28. Influence of wave direction on the

significant surge motion.
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FINAL REMARKS S -

In this poper it hos been exploined how in the design stoge the behoviour of a
drilling vessel with outomotic posmon ond heoding control con be investigoted
by meons of simulotion.

" The objective wos to ochieve design doto for the control system ond to investi~

gote if the set criterio con be mef in the given énvironmentol conditions.

 The ogreement of the simuloted process with the behoviour of ship ond control

system in reolity depends on the exoctness of the mothemoticol model.

Seo triols are necessory to determine the ogreement of simulotion results with
reolity. Results of these tests moy indicote to which extent the mothematicol
mode! has to be improved. .

The presented results ore obtoined from investigotions by TNO-IWECO for
the drilling vessel déscribed in [l O] This ship wos built by IHC-Hollond for
the controctor Somoser, Poris. The outomotic control system wos monufoctured
by Alcotel, Poris. The Alcotel design, which differs from the TNO=IWECO
design, wos olso simuloted by TNO=-IWECO.

- TNO-IWECO wos ossisted by |HC=Hollond, the Netherlonds Ship Reseorch

Centre TNO, the Shipbuilding Loborotory of the Delft University of Technology
ond the Europeon Computotion Centre of Electronic Associotes Inc., Brussels.
Model tests were performed ot the Netherlonds Ship Model Bosin, WOQenmgen
ond ot the Institut fur Schiffbau der Universitat Homburg.
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List of symbols ” | ‘ . : -

fe('t) | external or disturbing force acting on ship (in the time domain)
Fe(s) ' “Laplace transform of f (t) -
Fw(s) ch(cce transform of wmd force
H o transfer function
L - ship's moment of inertia
zz
K gain constant
m ship's mass \
M total mass, i.e. ship's mass plus added mass
N 'yawing moment about z-axis
Nérop moment about z-axis developed by propellers
Ni | added moment of inertia due to f
Nt - power demand 7
Nth'r 'Nthr moment about z-axis developed by bow and stern thrusters,
I respectively '
NV " added nmioment of inertia due to v
N low frequency wave drift moment about z-axis
~ waves . | ' '
N ., - wind moment about z~axis
wind _ , ,_
n ,nb,n rpm of propellers, bow and stern thrusters, respectively
( ) ,(—) AR) pitch-diameter ratio of prOpel]er, bow and stern thrusters,
Dp"*D’b"'D
. respectively
R radial position error relative to well head
(A - yawing velocity and cccelercmon about z~ cx1s, respectively
S | “wave spectral density
s Laplace transform operator
T sampling period
Tp nominal thrust developed by propellers
Ts nominal thrust deyveloped by stern thrusters -
u ship’s velocity relative to the water
U, v - component of U in x and y direction, respectively
d,. Voo " acceleration inx and y direction, respectively
VC ' current veloci'ry, relative to the earth
VW " wind velocity, relative to the ship
r .

-35-



|

X, Y
X Y
prop’ prop

X Y
thr.b fhr.b ‘

xth_r.,’Ythr.
s s

) Y
waves’ waves

x_wir.\d"Ywind
X., Y.
v’ v
X+ Y
v’ Cvr
TXpYe 2

X z
o' Yo o

,xAl YAI .

List 6f'symbo|s (continued)

Laplace transform and z-transform of position errorrx(tv),'-
respectively L

Force acting on ship inx and y direction, respécfively

Force developed by propellers in x and y direction
respectively '

Force developed by bow thrusters in x. and y direction,
respectively -

* Force developed by stern thrusters in x - and y direction,

respectively ‘ o

low frequency wave drift force in x and y direction,

respectively

wind force in x - and y direction, respectively

|

ad'dled mass in x and y direction respectively

added mass in x and y direction due to v and r

- -coordinate. systerh fixed to the ship with origin in the ship's

[ . .ye . L . .
centre of gravity; also position error's. in X, y and z direction

coordinate system, fixed to the earth

control zone-boundaries

z-transform operator
drift angle

pitch, roll and yaw angle -

_ wave direction relative to the ship .

time| constant, used in derivative control equation
time|constant, used in integral control equation .
current direction relative to the earth

wave direction relative to the earth
wind|direction reldtive to the ship

frequency, radians per second

sampling frequency, Ead_ians per second




