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SUMMARY

The paper presents. the results of model tests for a large tanker in which wave drift force feed forward was
applied' in the dynamic positioning controli system. The estimation method of the nonlinear (second order)
wave drift forces from the measurement of relative water motiOns at the side of a ship hull is presented. The
estimated wave drift forces are used in the DPcontrol.systern, to enhance the filter process of the extended
Kalman filter, and in the required thruster set-points. The EKF uses the nonliñear. equations Of low-
frequency ship motions on the horizontal plane which are also presented

The resultsof the model tests show.that the use of wavedrift forcefeed forwardisignificantly improves the
positioning accuracy in. sea states with 3.5 m significant wave height or higher. Copyright © 2001 John
Wiley & Sons, Ltd.
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1. INTRODUCTION.

1.1; History . . .'

Conventional dynamic positioning (DP) control for ships that have to stay in position is basedon
feedback of position and heading error and vessel drift and yaw. In the. early 1970sit was found
that applying a real time estimate of the wind force in the DP control ioop resulted insignificant
improvement of the DP performance This method called wind feed forward was very effective for
smaller vessels and drill ships having large superstructures so that the wind load on the vessel is
the major environmental disturbing force

In the, early 1980s the use of dynamically. positioned tankers for export of oil from offshore
production sites became an interesting alternative to the use of pipe lines and (bow hawser)
moored export tankers. An example is shown in Figure 1.

These large vessels have a relatively small superstructure and are therefore more affected by
second order wave (drift) forces than by wind. Thisinitiated the search for methods .to obtain
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Wageningen, The Netherlands
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Figure 1. Picture of shuttle tanker behind FPSO.

a real time estimate of the wave drift force on the vessel, termed wave feed forward, to use in
a similar way as the wind force estimate to improve the performance.

The underlying paper describes the methods used for real time estimation of wave drift forces
and the application thereof in a DP control system used during closed-loop DP model tests at the
Maritime Research Institute Netherlands. The vessel represented a large tanker (L '.. 240m),
typical for a shuttle tanker or FPSO, but nowadays also comparable in size with the new
generation drill ships. The model test research was supported by the contributions from industry
and from the European Commission. The industry contributions were from BP Shipping, Gusto
Engineering, Cégelèc projects (now Aistom Power Conversion), Harland & Wolff Shipbuilding
and Bluewater Engineering.

The paper is structured as follows:

Introduction with a summary of the theory of wave drift forces.
Description of the real time estimation method for the wave drift forces acting on the model
tested vessel.
Description of the DP control system (mcl. wave feed forward) used for the model tests.
Description of the model test set-up, conditions and measurements.

Copyright © 2001 John Wiley & Sons, Ltd. mt. J. Robust Nonlinear Control 2001; 11:1207-1237



Results. of the tests anddiscussion thereof, comparing; DP positioning and power consump-
tion in the sameconditionswith and without.feed forwardof the wavedrift forces ;j the DP
control.
.Conclusions

The model tests were carried out in. the. Wave and Current basin ofthe Maritime Research
Institute Netherlands, see Figure 2

1.2. Wave drift forces

The waves atsea genbratea slowly varyjngforceon a floating object (e.g. aship) so that itdrifts,
even in absence of current and wind. These forces originate from second-order processes inthe
interactionbetween the waves and the ship hull and have been described in detail by Pinkster [1]

The following gives a condensed description as far as relevant for the drift force estimation in
the wave feed forward methodology. Use is ñiade of potential theory with (,t) the local time
dependent velocity potential in the fluid (see Reference [2]) The gradient of 4is the local fluid
velocity and the time derivative çb,, is proportional to the local pressure. See the Appendix.

The mathematical description of the wave drift force from pressure integration techniques is

F = - jwL pgsn ±.(Mg)
+JJ

pIV4uI2n.dS
+ iIP)! dS

.(1)

This expression is obtained' by Taylor-series expansion of the pressures, motiöns and subsequent
färces up to second order. The five contributions are:

Figure 2.

I. Aòluál measurement ama
Wavegenerator
WIre mesh package
Beach
Pit (diameter 3.l m.
maximum depth 2.3 rn
below tank bottom)

WAVE AND CURRENT
BASIN (1965)

Partly deepened 1987

Laser tracking device
Monoreilcan'fage
Woi*Jngpond
Confio? mom
Pit (aim. 4.5x4.5 m,
maxImum dépih 5.25 m
below tank bOttom)
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Figure 3'.

The first contribution is the drift force contribution from the relative water motion around
the hull, as will be elaborated below.
The second contribution is an interaction effect between the vessel's angular motions and its
translational bodily accelerations.
The.third contribution is from t'hehydrodynamicpressurein Bernotilli's'.Law.
The fourth is caused by interaction of local translations of' the vessel hull in a pressure
gradient.
The fifth contribution is due to the so-called 'set-down' waves, a strong effect. in shallòw
water (Water depth <0.5 wave length).

The first term of Equation (1) is the most important contribution.: The term stems fromthe fact
that the pressure near the varying wetted surface due to the motions and diffraction will also give
rise to a second-order contribution.

Basic physics learns that the totäl force on the vessel is the sum of all pressures acting on the
wetted hull: F = J'J.ppi.ciS' Now, let us' look at the 'contribution near thé waterliñe of the
vessel, where thé pressures varydue to waves. , '

The pressure in the waterline is the time derivative of the velocity potential of the wave

- = pg( (2)

which, hen inserted will ptódúce

=
1 f H: pgz +g]ndd1 (3)
JWL JZWL

The relative wave height isdefined !by

Sr = ZwL (4)

Substitution of (4) into (3) and evalùation of the 'integration over z results in the first term of
Equation (1) The term implies that the wave drift force is proportional with the (waterline
integral of the) relative motion squared.

o 2

2.6

o

2.5
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In Figure 3 the relative importance of the various contributions is illustrated according to
computations carried ot by Pinkster ['1] for regular waves in which the fifth contribution is zero.

1.3. The effect of wave drfi forces

Wave drift forces may not be very. 'large in magnitude, but they have ,a nonzero mean and are
relatively slowly varying as shown in Figure 4 However with a high wave group passing, the
magnitude may rise quickly to. levels which may be an order of magnitude larger than the mean
level. This is caused by the fact that the wave drift fòrces are proportional to the square of the
wave height. In Section 1.5 the statistical properties of drift forces are discussed.

The effect on a dynamically positioned vessel may be quite significant The passage of a high
wave group may push a ship from its heading exposing more of its side to the incoming waves
The wave drift forces acting on it risefurther and the vessel starts to drift 'bodily' from itsposition.
A feedback controller will start to generate restoring forces on position error and drift velòcity,
but initially these are much smaller than the drift forces acting on the vessel with its side largely
exposed So large position error may be the result Such events occur all too often when the ship
is positioning in a sea state close to its capability limits. In Figure 5 the position plot of such an
event during model testing is shown, in which the vessel only just escaped from a complete drift
off.

1.4. Computation of the wave dr4ft forces for an irregular sea spectrum

Assume a known wave spectrum S1(w). The mean drift force in that spectrum. can' be readily
derived from

h il A
I I ' I

i L il k ¡ i
,. ¡r '' ¶ ' T '

1

F2)

Figure 4.

'Figure 5.

(t)
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Figure 6.

F = 2J T (w, w) S (w) dw (5)

Herein T(w, w) physically represents the mean wäve drift force in a regular .vae iith
frequency w. The magnitude of the wave drift force quadratic transfer function T(w,w + p)can
be determined from sink source potential' theory computations using formula (1) in discretized
frequency domain The difference frequency of two regular waves w1 - w, is represented as p in
the continuous formulations. The spectrum of the drift force is found from .

S)= 8J IT(w, w + p)12 S(w)S(w + p)dw (6)

Since the resolution with respect tothe differencefrequency p must be largeenough, this imposes
the requirement that many frequencieshave tobecalcuiaïed..Fórexaniplè, if thenatural period of
the system is long (say ibout 150 s), a step size is needed of approximately 0.02 rad/s from the
lowest up to the highest frequency with appreciable energy in the wave spectrum.

For the real time estimate of the wave drift force acting on the vessel the spectral descriptions
derived in (5) and (6) are used, see, Section 2.

1.5. Statistical properties of wave drft forces in a given sea spectrum

Based on thegenerally accepted assumption that wave elevation in a seaway follows: a Gaussian
distribution and that the crest and trough heights follow a Rayleigh distribution it was indicated
by Pinkster [1] that the drift forces apptoximately follow an exponential distribution with
a standard deviation equal to the mean. In Figure 6 such a distribution is shown and one can see
that the maximum forces can be much higher. than the mean value.

1.6. Wabe drfl forces intime domain

The wave drift forces are generatedby second-order wave interaction with the vessel hull. If one
would assume that T(w, w + 'p) = i for all valuesof p, then expression (6) would reduce to

S(p) = 8JS(w)S(w + p)dw (7)

'Copyright 2001 John;Wiiey& Sons, Ltd. hit. J. Robust Nonlinear Control 2001; 11:1207-1237



Figure 7.

Figure 8.

This is the wave group spectral density, as can be derived from a 'sum of random phase sine
waves description of a sea The wave drift force quadratic transfer function T(w w + ¡) is
a complex function, of which the real part represents the force component which is in phase with
the wave groups and the imaginary part represents the drift force components which are out of
phase with the wave groups.

In the following section the estimating methods for the wave drift forces in time domain are
described. In these methods use i's made of assumptions with respect to the character of:the wave
drift forces.

The first assumption, used for method 1, is that the wavedrift fordes are well approximated by
the first contribution times a correction factor In Figure 7, tables are given of the first
contribution and the totàl according to computations for a tanker by Pinkster [1]. The transfer
function from contribution i is about twice the, total. Also in other cpmputations for monohulls
such results are found.

The second'assumption is used for the method 2, and comprises that the wave drift forces are to
a large extent in phase with the wave groups This can be acceptable if the length of a wave group
isIongwith respect to theship. Atypical, large'vessel for which wave'feedforward'isconsidered,
measures about 250»rh. A typicâl wave group consists of about 4 waves with a total length of

Copyright © 2001 John Wiley &Sons, Ltd. mt. J. Ròbust Nonlinear Côntrol 200i; i'l:1207-1237
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Figure 9.

about 4(g/2ir) T2, in which Tis theaverage wave period of the individual waves in the groupé For
a Beaufort 7 sea state in open sea, the wave period isabout 8 s, soa typical group length is 350 m.
This indicates that the assumption may be reasonably valid in the sea states of interest.

The Wave groups are described in time domain from the sum of sine waves approach of
describing a sea state:

((t) = cos(w1t + et): » (8)

which may also be written as

((t) = A(t)cos(w0t + c(t)) (9)

The wave energy is defined by the Hubert product of the wave height,

IAl2(t) =

Usiñg'Equàtion (8),ànd tking the low-frequency partOnly, the wave groups are defined by thê
low-frequeñcy filtered part of the envelope squared:

A(t)= :ú)t ( ()i)}
For the sum of two sine waves the result is shown in Figu,re 8. For thewave groupenvelopdf an
irregular sea an example is given in Figure 9

2. WAVE FEED FORWARD: WAVE DRIF± FORCE ESTIMATOR

2.1. A.sumptions .

As'follóws from theprevious section, thebasic assumptions forthe estimation process of thewave
drift forces in real time, according to the two methods that will be described, are respectively:

WAVE Çt)

ENVELOPE A(i)

Copyright 2001JohnWiley.& Sons; Lid: mt. j Robust Nonlinear Contro! 2001; 11:1207-1237
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Method 1: The wave drift forcesare dominated by. the relative motion; contribution.
Method 2: The wave drift forcesare in phase with the envelope of the wave igroups

In bothmethods the wave drift forces are quantified through analysis of the relative motions
along the hull. The first mentioned method is described by Pinkster [3] and requires many
measurement locations around the hull of the vessel. The second approach is derived from the
notion that a good estimate of the wave drift forces can be made if the wave direction with respect
to the vessel is known. The method requires only three measurement locations on the bow and
shoulders of the vessel (assuming that the vessel heading under DP will be with the 'bow into the
waves) The method to estimate the dominant wave direction is first described by Aalbers and
Nienhuis [4].

2.2. Method J. Using full integration along the waterline (with ¡O wave probes)

The wave drift force is estimated by numerical integration of the low pass filtered pressure from
the relative motion squared along the waterline conform the first term in Equation (1)

-- 'WL ndx F21(t,)Cf (12)

in which Cf is a correction factor to tune the magnitudeof the total drift forces to that of the first
contribution in Equation (1).

2.3. Method 2. Based on wave direction measurement and using dr(fl force transfer functions

Measurement probes for the relative water motion at the side of the ship are located at the bow
and at the shoulder on Port and Starboard side. These locations arechosen because for a vessel
under DP in waves the bow is normally heading more or less into the waves The sensor at the
bow is used to measure the average period T. and the 'envelope squared' A(t) of the relative
motion at the bow. The two sensors at Port and Starboard shoulder are used to derive the wave
direction r(t). All these values: T, A(t) andcç(t)are the result of averaging or low-pass filtering
t be applicable in the time scalè of Wave groups instead of individual waves.

Since these filtering or averaging processes are leading to a phase lag the method applies the
information on T. A(t) and øir(t) as if it is valid for the undisturbed wave passing at the vessel
midship. The travel time of the waves from bow to midshipis approximately equal to the phase
lag of the selected filters.

The theoretical basis of method 2 is described below It starts with the basic notion that
with standard numerical tools the mean wave drift force acting on a vessel in a given wave
spectrum (with unit wave height) can be calculated asa function of the averge;(zero uperossing)
wave period and the wave direction. Using the wave envelope squared as modulation functiön,
according to the assumptions derived from the previous sectión, the wave drift force on the
vessel can be evaluated This process is almost real time However, instead of the wave period
and envelope, the relative motion period and envelope are measured, so it is necessary to re-write
the spectral equation (Equation. (5)) for mean wave drift forcé as a function of relative
motions.
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It starts with. the re-formulation of Equation .(5)by substituting the expressiôn for thé mean
wave drift.force transfer functionT (w,co) for a:given 'T2 and r oíthe wave

F( T )' =2f saw) dai

= 2J° S(w)dw

.= 2f S(w)dw

Ç F2>(w)
.= 2m02 i 2 S (w)dw (13)

J S
Herein was used that S(w) = mo5S5(w)*, where S5(w)* is a unit relative motion spectrum
depending on T2,and ocr.,

Now, the estimate of the drift force from the relative motions is based on the following
technique: Assume there is 'for each wave direction oc. and zero-uperossing period T2 a wave
spectrum that generates an unit relative,.motion at the bow with average zero uperossing period
T2. Take for a given wave direction this spectrum to be 'BS(w, T5) with B such that

¡'z, 2

B 4S(w, T)dw' 1. " ' (14)
JO

Hence, the unit spectra of the relative wave height at the bow are given by
.2

* SrS (w, T55) = BS(w, T5) (15)

a
The values of B and T55 can be tabulated as a function of T5 and oc

From Equation (13) follows that the average drift force caused by the unit relative bow motion
spectrum is

2) (T55) =2' i' Ç* (r,s T dr,ì (16)
JO 5r -.

Ç (2)(w)
I 2'

The value of can be tabulated as a function of T55 and oc and is a mean drift force level
indicator Multiplying this indicator with the magnitude of the prevailing value of the relative
motion spectrum, m05, yields the prevailing value of the average wave drift force

F2(t) = m0 Tzs;'ocr) '

The m'5 of the relative wave height 'and its T55 can be determined from averaging the, measure-
ments, with: . . .

rnos=f.'$dt '
' (18)

Iii Equation ('18) the averaging period AT is a long period,' typically '5th, over which' the sea
condition is considered to be stationary in spectral and statistical sense.

Copyright © 200i' John Wiley & Sons, Ltd. tnt. J. Robüst Nonlinear Control'2OO1 11:1207i237
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The final stage of thecomputation'is tomake an estimate ofthe instantaneous wavedrift force,
using the measurement of the relative motion 'at the bow, as follows:

= 21(t)
SbowILp

bow IEP

with Sb0wILp = 2A(t), the envelope squared; and SbowILp = 2mos(actuai). Due to the difference
in time period for which A(t) andmos(ac(uaÎ) are evaluated, the' quotient is the modulator'
giving the real time variations of the drift force The mos(actufll) may slightly differ from the m0
of the theoretical spectrum used in Equation (18) since the actual wave spectrum normally
deviates from the theoretical spectra. The long-term average (say 0.5 h) of the 'modulator' is close
ta 1.

The subscript j = 1, 2 stands for the components in x and y direction with respect to the ship.
The moment component in the horizontal plane (çlv) cannot be directly determined in this
approach of method 2because of lack of information For the moment on the ship changes sign if
a wave group passesj midship. A simplified estimate is used, by using the computations to
associate to each combination of T2 and a point of application of F with respect to the
midships, XF,, and then use the'estirnate:.

M (t) XF,FY ,. (20)

as wave drift moment acting on the vessel.
In this computation the wave direction is needed to solve Equation (17) The wave direction

OEr follows from the relative motion measurements at the sides according to the method of Aalbers
and Nienhuis [3], described in short below.

2.4: Wave direction estimator

The wave direction with respect to the vessel can be estimated from the difference in the relative
motion at windward side and lee side. This estimation is based on theassumption that there exists
in good approximation a wave-frequency independent ratio between the two. In the research
framework for these DP model tests, computations and wave tests were carried out to demon-
strate the accuracy of this assumption.

The compute& relative motions are based on the pressure in the water line for the potential
theory computations. In Figures 10 and 11 examples are given of computed relative motion
response functions, together with the measured data from regular wave tests and irregular wave
tests. From, these. results two conclusions can be drawn:

i.. The computations and, measurements agree quite wel1 Over a frequency .intervaF of
0.3 <w < 1.1 rad/s. This frequency interval is wide enough to cover the normal and limit
operational sea conditions for DP vessels at sea.

Z The difference in relative motion response function at Port and Starboard side for e.g.
a wave direction 30° off the bow is quite significant and consistent over the frequency range
of interest. ' . ,

Forthe vessel under' consideration the' measurement locations at 'the forward shoulders.showed
to: give the most conSistent and 4istinct difference between. windward and lee 'side' relative
motions.

(19)

Copyright 3 2001 John Wiley.& Sons, Lt& tnt. J. Robust Nonlinear.Co5trol 2001; i.1:l207-i237
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Ïhe ration between the two is defined as

R(r) = JSs_ ps(°)) do)/ jss_sú(w) dw for wave directions approaching from port(PS)

and

R:(r) f s5 5(w)dw/f5sPS (w) dw for wave directions approàching'frbm startboard(SB)

(21)

The graph in Figure 12 shows the ration as a function of wave direction for a range of wave
spectra with average wave periods covering the operational sea states (5 < T < lOEs). The error
margins in the. graph' indicate the standard deviation ofthe mean ration value for those spectra.
Thisstandard'deviationis smalisothata reasonableaccuracy ofthe wave directionestimatemay
be expected.
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2.5. Implementation

The relative Wave 'height sensör positions on the model are shown in Figure 13, whére all
positions were used for method '1 and the numbers 1, 5 and '6 foi method 2. (Note: the numbering
corresponds to the positions definedfor"the numerical'preparation work.)'1efining Sr,i as the
relative wave height of sensor t and s ILF as the low pass filtered squared relative wave heights
Equations (17) (19) and (21) were evaluated The zero uperossing period T05 of the relative wave
height at the bow is determined by counting the number of periods and computing the average
period length over the time period .i\T that was also used in determining m05 in Equation (18).

Causal type low-pass filters were used to obtain the low-frequency quantities (i.e. the envelòpe
squared' A(t) of the relative motions at bow and shoulders) needed to evaluate the drift force
modulation for Equation (19) and'toderive the wave direction ;(t) from Equation (21) The filter
characteristics are shown in the Bode Diagrams of Figure 14 The selected filter has a - 3 dB
cut-off frequency of 0.0i!6 Hz. .

in Figure 15 the results are shown of the' LP filtering.of the 'relati e motions measured in the
model Test No 23002 a condition with 6 m significant wave height approaching at an angle of
20° off the starboard boW , .
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3. DP CONTROL SYSTEM

3.1. DP model test configuration

The model tests were carried out using a tanker hull form at scale 1-50, equipped with a single,
large size azimuthing thruster at the bow and at the stern. Each model thruster represented
a combination of several thrusters in reality. More details of the physical modelling is given in

03

.0

04
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Section 4. Thedynamic positioning system in thebasin(RUNSIM)uses a i wfrequéncy Kalman
filter for low-frequency position control. The control loop is shown in Figurer16 and has the
following main components:

Low-frequency extended Kalman Filter.
Feed-back position control modUle on basis of ND coefficients;
Optimum power thrust allocation.
Wave drift force feed forward.

Although it would have been quite feasible with the available information from the feed forward
module, there was no automatic heading optimisation implemented The reason was that
a straight comparison of DP performance on the same heading setpoint could be made between
conventional and feed forward control.
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3.2. The EKF

The condition for application of the extended Kalman filter (EKF) is that the underlying system is
observable and controllable For the present application of a dynamically positioned vessel these
conditions are assumed valid.

The EKF is based on a nonlinear system- and measurement model in which x is the
low frequency vessel position, velocity and force vector in the horizontal plane The'description of
the linearized and discrete system is

= Ax,. + Bu,. + G,.w,.

y,.=Hx,.±vk . (22)

where {w,.} and {V,.} are white noise, uncorrelated With x0 and with each other. The matrix G,. is
the projection of the system noise on i.

The Kalman filter can be formulated in different ways, here ischosen for the recursivea priori
formulatihn. The states are estimated recursively from the measurements according to Lewis [5]:

= + Bu,. +A'K,.(y,. - H.) (23.)

Here denotes an estimate and k indicates that all information of k = 1, ... ,k is used; So the next
state estimate equals the originali model (22) corrected by a fraction of the prediction error, in
which the Kalman gain K,. is defined by

K,. ßrHT(HPrHT + R)1 (24)

In Equations (24) and (25), the R. and Q matrices are the cóvariance of the system and
measurement noise w,. and Vk of the.state equations in (22). The error covariance matrix Pr is also
calculated recursively

PhI = A[Pç_PrHT(HPrHT + RY'HPr]AT + G,CQG,.T (25)

Now the covariance matrix and state yector need only to be initialized. When P0 has a large
value, the filter converges fast. The value of x0 can be deduced from the first measurement.

3.3. The mathematical ship model

The vessel in question is a large tanker-type hull and the mathematical model in the EK.F is
described in detail by Nienhuis et al [6] The main aspects are reviewed below

The low-fl equency equations of motion are (taking for ease of interpretation that xis surge y is
sway and ii.' is yaw of the vessel in an earth-fixed, right handed co-ordinate system with the z-axis
upward).

(M+aI)5=(M+a22l)+FX±FT
(M + a22) + a26 = - (M + aii) + F + FT

a62j) ±(6.+ a66),= M,+ Mr.. . . (26)

With the n6tionthatu represents the thruster forces, this ia state equatioh in the iformbf

=j1(x)+f2(u) . . (27)

Copyright © 2001 JohnWiiey& Sons, Ltd. tnt. J. Robust Nonlinear Control 2001; 1i:i207i237
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The state equation. has to be written .in discrete linearized form of Equation(22) with use of

A
1df1

LF MLF

'4kLF = I + ALFL\t

in which I is the unit vector.

3.4. Feed forward control

The external forces acting on a dynamically positioning vessel at sea are caused by

Current.
Waves.

3t Wind.
Thrusters.
Hydrodynamic reaction forces.

For some applications, e.g. DP-assisted moored FPSOs and pipe-laying vessels, additional
external forces exist. These are not considered here but can be treated in a similar way.

By using real time estimates of the forces on the ship the quality of the filter can be improved
In this way external forces can be taken into account before their effect is noticed in the form of
position error and drift velocity. This is done in three steps. Firstly, the thruster forces and
moment are taken into account by the term f2 (u) in Equation (27). Secondly, knowing the LF
displacement and velöcities, the hydrodynamic reactión forces can becalculated on the assump-
tion that the added mass and coupling terms in Equation (26) are constant Thirdly the
environmental forces have to be estimated and used as a measurement When the ship stays on
the same position the sum of all forces equals 0. So, the basic assumption is

Fthr = - {win ± wav + cur ± reac} (30)

In conventional DP control systems the current and wave forces andiFwav) are not known.
The required thrusterforce(Fh1) is known.from the allocation algorithm and the wind force(F)
can be estimated from the measured wind speed and direction (wind feed forward). Therefore
Fcur and F0 are estimated jointly as the so-called 'rest force':

FW3 + Fcur = - Wthr +Freac +Ê} (31)

In wave drift force feed forward DP control, With the Wave thiftforce.estithateavailableäccording
to Section 2 Equation (31) can be further elaborated It is possible to take out the quite strongly
varying external force Hence, the remaining estimate for the very slowly varying current
force is

Êcur = - {wav ± Fthr + Freac ± wjn } (32)

The environmental force values are used in Equation (25) for F5, F, and M.
Furthermore,the wave drift forceestimate is used directly in the PI'Dfeed back loopby adding

the forces F5, F5 and M to the required positioning forces from the PID controller. The force
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components .due .to wind are treated in 'thesame way. The.advantáge thereof is that thruster
action will try to immediately compensate the effects of the varying wave drift and wind force.
This is expected to improve vessel position keeping The PID feedback control equation is, with
j = i ... 3 for F, F and M modes:

('AT

Freq.j = PjAX (i/AT) ¡Ax dt + k1 + k2:Fwav.j (33)
JO.

with k1 and k2 the fractions to which feed forward is applied.

3.5. Allocation

The two azirnuthiñg thrusters are required to deliver the above derived forces from the PID
controller as. .follows

T1 cos'1 + T2cosz2 = Freqx.

T1 sin1 + T2.sin.2 = Freqy (34)

T1 x1 cos1 + .T2x2 CO5 = Mreqz

in which T,. a and x are the thrust, azimuth angle and longitudinal position of the thrusters 1
and2.

One additional equation is needed to solve the four unknowns hence a power minimization
requirement is applied on the following expression for the total power of the thrusters

P= T'3 ± T'3 '..' . . (35)

If none òt the thrusters is overloadèd (T Tm),'the äbove allocaiion is solved with a NeWton
Raphson iteration method. In case of one or both thrusters being overloaded, the solutiòri is
straightfòrward. .

4 MODEL TEST SET-UP

Thé set-up in the badin is shown in Figure 17, and the tánker body plan in Figure f8. The
photograph of Figure 19 shows the azimuthing thruster arrangement The measurements during
the tests werè:...

, Six d.o.f. motions oíthe ship model..
Nozzle thrust unit thrust, RPM, torque and azimuth angle of each thruster
Relativ.ewater motions at iO,locations. , . ,.

The x,y and z motion as well as the .yáw angle are measured' with respect to a basin fixed
co ordinate system pitch and roll are measured with a vertical reference gyroscope in the model

The wave conditions during, the tests represent Pierson Moskowitz-type irregular sea spectra.
The.set-up allows to also. test in cross-seas, utilizing wave generators at two sides of the basin to
make a typical wind sea and a swell. In Tàble I the test conditions.äre reviewed and in Table il the
vessel particulars are, given.

The test dutation 'corresponded to i' h full scale, and the measurements 'were statistically
analysed. Furthermore time traces and position plots: were made for presentation of the results.
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Figure 19.

Table 1. Test review.

5. DISCUSSION OF THE RESULTS

5.1. Scope

The model testswith the DP tanker werecarried outin a series of environmental conditions with
wind, waves and current covering the normal and limit operational conditions The heading

Copyright © 2001' John Wiley & Sons; Ltd ¡nr J. Robust Nonlinear Conrrol2O01; ll:120,71237

Required Test
heading condition

Irregular sea . Siel1 Wind Current

Dir.
(deg)

H5
(m),

TI
(a)

Duration Dir.
(mm) (deg)

H5
(m)

Ti
(s)

Dir.
(deg)

- VW
(kn)

Dir.
(deg)

VC
(kn)

60 1 180 2.0 6.0 30 180 15 180 1.0
20 2 180 2.0 6.0 60 180 15 180 LO

20 3 180 2.0 6.0 60 180 15 90 1.0
20 4 180 3.5 7.0 60 - - - - 180 30 180 1.0
20 5 180 3.5 7.0 60 270 2.0 80 180 30 -
20 6 180 6.0 9:0 60 - - 180 45 180 1.0
.0 7 180 60; 9:0 30 180 45 180 1.0

10 8 170 10.0 lOES 60 - - - -
0 9 180' 10.0 lOES 60 -
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Table H. Main particulars and stability data of the tanker.

Length between perpendicüläi's rn 242.70
Breadth waterline rn 38.54
Depth rn . 20.85
Draft fore . m 11.27
Draft mean m '1 l46
Draft aft rn 1165
Displacement weight TF 86 127
Centre ofgravity above base m - 11.69
Centre of gravity forward of AP mm 125.17
Transverse matacentric height. rn 4.32
Longitudinal metacentric height rn 372.50
Transverse radius of gyration m 1122
Longitudinal' radius of gyration rn 54.36
Vertical radius of gyration m 54.36
Waterline area rn2 8207.40

set-points for the DP control were selected on basisof normal practice: with the bow of the vessel
more or less into the waves and wind Note that the wave and wind directions are colhnear except
for the cross sea, where the swell direction is perpendicular to the wind. In most conditions, the
current is parallel to the wind and waves,although one condition was tested with a cross current.

In this variety of test conditions, numbered V-9 with 'increasing severity, test condition 1 is
a short test with the heading set point at 60° Test conditions 8 and 9 were additional and
represent an extreme storm sea but without wind in which the vessel was only Just capable of
keeping its position.

5.2. Results

In Figures 20 and 21 the time traces Of a representative part of the teSts in conditions 5 and 6 are
shown, for conventional DP, for 'method 1 (with 10: relative 'motion probes)and method 2 (with
three relative motion' probes) respectively.

Conditión5 is a cross-sea condition (15m wind sea and a 2 m swell) and the time traces 'show
that:

the position accuracy in X, Y and W are better for the testswith Feed Forward;
the thrust delivered by the two thrusters is about the same.

Condition 6 'is a storm condition with 6 m seas The time traces show that:

the position accuracy 'in X, Y and '1' are much better for the tests with Feed Forward;
the thrust delivered by the two thrusters is slightly more (Method 2) or about the same.

In the next paragraphs the result of the test series will' be discussed in more detail'.

5.3. Summarized statistical results

Figures 22-24 show the mean and standard deviation values of t'he motions in the -horizontal'
pläne and of the delivered t'hrust. The mean value of the motions is not an indicator of the

Copyright © 2001' John Wiley& Sons, Lid. mt. J. Robust Nonlinear Control 2001; 11:1207-1237
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Figure 20. Continued

pösitioning performance, beause the DPsystem in the basin did not use the error integration of
the PID controller, which would normally minimize the mean position error. So, for conventional
control the mean position error is proportional with the mean environmental' load (minus the
wind force estimate which is in feed forward) on the vessel Reduction of the mean position error
is found for the feed forward systems because the estimated wave drift force and wind force is
immediàtely used inthe required thrust.

The results will have to be considered with some care because for the tests with method 2 in
conditiOns i and 4, the, PID coefficients were 50 per cent lower than for the comparison tests.

5.4. Discussion ' '- '

The results of the tests give as general conclusionthat the usé of wàve feed forward improves the
position standard deviations significantly for virtually the same thrust The tests with method 2 in
conditions i and 4 show deviating results because the PID coefficients were 50' per cent lower
This not only leads to larger positionerror, but also to significantlymore delivered thrust. So, for
these tests control was far less. optimised than the 'other tests.

It can also be observed that method I gives slightly bétter positioning results than method 2,
while for both methods the largest improvements were found in the X motion This can be
explained from a detailéd' analysis of the Wave feed forward estimates as, given below:

Copyright ©2001'John Wilëy.&Sons,.Ltd. lut. J. Robust Nonlinear,Cbntrol 2001; i1':i207r-i237
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Figure 21. Continued

In Figure 25 the time trace of the estimated wave drift forces in X, Y and 'P are given from
methods i and 2 in condition 6 The values for X and Y in method 2 are higher than for method i
while magnitude and character of the estimated drift moment from method 2 is quite different
from that of method 1 The larger valûe of the X force estimate of method 2 may be the reason
why in some of the tests an over-compensation of the mean position error is found, suggesting
that the X force estimate is too high. A possible cause is that the numerical procedure assumed
PM spectra, while the basin spectra deviated somewhat as shown in Figures 26 and: 27 (3 and 6m
wave conditions) The same observation may apply to the Y force estimate More important
though is the difference in momentestimate. The simplificationof Equation (19), ignores th fact
that when a wave group passes the ship, thedrift moment exerted on the vessel will change sign
when the group passes the midship. The Y force keeps the same sign and so does the estimate for
the moment from Equation (19).

Fürthermore, it should be noted that the Y fòrceestimate is quite dependent on the wave
direction estimate from the relative motion sensors on the starboard and port side shoulder. In
Table,HI the results are given.of the wave directión estimates for several testsandcompared with
the actually measured values The comparison shows that the direction estimate is surprisingly
good. If for the cross sea an energy averaged wave directiOn is cálculated viz. 2O2.19, the result is
also good.

A shortcoming of the wave directionestimatingmethod is that forwave directions more orless
beam on to the vessel the function R()of.Figurel2.maygiveanundefined solution. On theother

.M.

Cond. 8
Method 2

Copyright © 2001 JohnWiley & Sons, Ltd mtf. Robust Nonlinear Control 200!; i1i207-1237



1232 A. B. AALBERS,R:'F. TAP AND J A. PINKSTER.

cRrmÑ4ccvftÀJnr1oN mc wavc rcco roio STSlErIs
S1WdJTIcMNT'WñVc )!0&1T 2.0 M -

- o u?I. i -- ----,---- iti 2 . r--*-- cGCITII2
ItVYFU X

,tiI WtLX Y

-t

I1 YM.X.Z

'(9) (2) (1)

ST ILYIATIJ 'X

M
E

STGD a'IiiTION Z

(Ò) (2) d.
Figure 22.

T. VTT' -

PtRtV4 CVMUJRTION or-nC WBV( rito roiwo SYSTtltS
5lGNIFlCT IIVE ClOut 2O M - T)luJST LCVCLS

- ItIo, t---..--- ,aomni 2

tiTlt3

(0) (2) (1)

T-çrT

s'r.,rn T2 - TT

tti,tj' YFUL -- T-t

mc vto ,no SItIO

(0) (2) (1)

(0) WITHOUT

- METHOD i (lOreI. mot.probes)

iMETHOD 2 ( 3 reI, mol. pnbes)

handit must-'bèrealised' thatthe Wave-drift forces for wavedirectionsaround beam onare quite
similarin magnitude. So, the error in wave direction does not necessarily lead to seriouserrorsin
thedrift forceestirnates.''- -. - I . - - -

6. CONCLUSIONS

The DP control method'With' wave drift .force feed orward was expeimentally tested and
a.numberof conclusions could be drawn: - -

The reaJtime wave drift force 'estimation methods i and 2 were somewhat, different in
quality, which was. found back in the results, where the method 1, using 10 wave probes
around thevessel,gave-better-results.The'drift moment estimate'ofmethod 2 wastoocoarse,
although the 'wave direction! estimate Wasquite good: - - . -
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The application of wave drift force feed forward lead to improved positioning for the same
power.
The wave drift force estimates were calculated in a 'plug on' computation module, outputting
the results to the EKF and to the required force for the thrusters. The advantage of this
set-up is that it can be easily switched on and off.
Further developments are needed to improve the wave drift force estimation and to allow
method 2 to be used for all ship headings.

APPENDIX: NOMENCLATURE

= velocity potential
n = normal vector I body surface

PtRFORTVV CVfIUSTT ION TIC WIVE rEco rae STSTDIS
SIG1IIIICWIT IfIVE 4IGIII 3.5 II - MISST LEVU..5

CITI4 4

II IITJZ - T-W?

ST. YIflTIT4I T-5F?

4TXi,1J VITJ. - T-RIT

(0) (2) (1)

(0) WITHOUT

METHOD 1 (10 ml. mot, probes)

METhOD 2 ( 3ml. mot, probes)

Copyright © 2001 John Wiley & Sons, Ltd. mt. J. Robust Nonlinear Control 2001; 11:1207-1237



1234 A. B. AALBERS, R F. TAP AND J: A: PINKSTER

pcRr0Rp1TX EVAUIITI'l (W sic HAVE (tED rO0 5551EM5
SIGNIFICHAT HAVE I191T 8.0 M - MOIIHA5 -

H ITIH5---O---- 0IT(0T

IcOITuJ.E X -

i8 VmJ Y.

,AVIrTXJI Z

(0) (2) (1)

a
STFHATVT VIATIGN Y

-

STF. l'TIG Z

PERFHAIW4CE CVm. Tie-s' Tic HAVE .FtC0.rGN,O SY5TtT5
SIGNIFICVAVT HAVE (cIGHT 8.QM - - THAU5TILVO.5

H. IOITIIO6---O---- HAIT( 7

Figure 24

z. depth-co-ordinate.........
d = Water depth
t=.time - -: .........

time derivative'
translatiónal acceleration in G

x = vector of local translations of a point on the ship hull
= vector of vessel angular motions

w = frequency of oscillation
L length of vessel
B = breadth of vessel .

. :

g = gravitational constant
= wave amplitude

S. = mean wetted area Of vessel
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F(x, t) = force vector
M = mass matrix of vessel
Sr= relative wave height at W'L
F, = mean drift force 'in mode i

= second-order potential.
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10.0

5.0

0.0

A2 (t) = envelope squared of wave
OEr = wave direction relative to ship
B(T, OEr) = correction coefficient
Sp(4u) = spectral density of wave drift force at prad/s
T(w1, w) = quadratic transfer function
p = pressure
p = density of water
F, F, M = forces in x and y direction, and moment about z-axis respectively
ZWL = depth co-ordinate at waterline
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WAVE SPECTRUM
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Estimated wave direction Measured wave direction

Condition Mean Standard dey. Mean Standard dey.

1 188.4 0.30 180 1.31
4 179.2 0.99 180 0.98
5 197.6 0.88 Cross-sea 1.24
6 185.6 0.52 180 1.98
8 184.7 0.33 180 4.64
9 183.6 0.18 180 2.14

0.0 0.5 l.a 1.5

lOWE rocounicy IN ROO/O

Figure 27.

Table III.

Test no.

24501
23702
249301
23201
25201
5501
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State-space variables

x = state vector of position and velocity in the horizontal plane
u = thruster forces
y = observed vessel motions
T. = thrust of thruster i

= azimuth angle of thruster i
a1 =- added mass for mode of motion i
F.,-, FT, M = total thruster forces in x and y direction and total thrustler moment about z-axis

respectively
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