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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 .control 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 DP'control system, to-enhance the filter process of the extended
Kalman filter, and in the required thruster set-points. The EKF uses the nonlinear equations of low-

- frequency ship motions on the horizontal plane; which are-also presented.

The results.of the model tests show that the use of wave drift force feed forwardisignificantly improves the
positioning accuracy in:sea states with 3.5 m significant wave height or higher. Copyright © 2001 John
Wiley & Sons, Ltd.

KEY WORDS: dynamic positioning; feed forward; model test validation

-1, INTRODUCTION -

1.1 History -

Conventional dynamic positioning (IDP) control for ships that have to stay in position is based,on
feedback of position and heading error and vessel drift and yaw. In the.early 1970s it was found
that applying a real time estimate.of the wind force in the DP control ‘loop. resulted m‘s1gmﬁcant
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 i 1s
the major environmental disturbing force:

In the early 1980s the use of dynamically. positioned tankers for export of.-oil from oﬂ"shore
productlon 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 aﬂected by
second order wave (drift) forces than by wind. This initiated the search for methods to obtain
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1208 A. B. AALBERS, R. F. TAP AND J. A. PINKSTER

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,, ~ 240 m),
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, Cégeléc projects (now Alstom Power Conversion), Harland & Wolff Shipbuilding
and Bluewater Engineering.

The paper is structured as follows:

o Introduction with a summary of the theory of wave drift forces.

o Description of the real time estimation method for the wave drift forces acting on the model
tested vessel.

¢ Description of the DP control system (incl. wave feed forward) used for the model tests.

o Description of the model test set-up, conditions and measurements.

Copyright © 2001 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2001; 11:1207-1237
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o Results. of the tests and discussion thereof, comparing DP: positioning: and' power consump-
tion in the samelcondltrons wrth and without.feed forward of the wave:drift forces in the DP
control.

o .Conclusions.

The model tests were carried out in_the. Wave and Current basm of the Marrtrme Research
Institute Netherlands 'see Frgure 2 i R L '

1.2, Wave drift forces ' ' )

The waves at.sea generate a slowly varymg force -on a.fleating object (e.g.a shrp) so that 1t(dr1fts ,
even in-absence of current and wind. These forces originate from second-order processes in the
interactionbetween the:waves.and the ship-hull.and:have been described.in detail by Pinkster:i1].

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

. The mathematical descrlptlon of the wave drrft force from pressure integration techniques is

F=— lf pgsin-dl + iz-"f-(Mi_%g) + ﬂ —rprdJ‘Izn_:dS = ” p(x:Vepen):idS + H p¢*n-ds
2 Jw R s 2 LT .

ThlS expression is obtained by Tay]or -series expansron of the pressures motrons andasubsequent
forces up to second order. The five contributions are: . . : e

‘., . . . )

Copyright © 2001"John Wiley & Sons; L.td. s Int. J. Robust Nonlinear Control'2001; 11:1207-1237
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1. The first contribution is the drift force contribution from the relative water motion around
the hull, as will be elaborated below.

2. The second contribution is an interaction effect between the vessel’s angular motions:and its
translational bodily accelerations.

'3. The.third contribution is from the: hydrodynamic pressure-in Bernoulli’s: Law.

4, The fourth is caused by interaction :of local itranslations. of the vessel hull in a pressure
gradient.

5. The fifth contribution is due to the so-called ‘set-down’ waves, a strong effect in shallow
water (water depth < 0.5 wave length).

The ﬁrst term of Equation (1) is the most 1mportant contrlbutlon The term stems rfrom the fact
that the pressure near the varying wetted surface due to the motions and diffraction will also give
rise to a second-order contribution. , L .
Basic physics ]earns that thie total force on the vessel is the sum of all pressures acting on the
wetted hull: F = — ” pn-dS. Now, let 'us’'look at the contrnbutlon near thé waterhne of the
vessel, where the pressures vary dueto waves. - -
The pressure in the waterlme is the time derivative of the velocxty potentlal ¢ of the wave

| — pdi = gl - )
which, when inserted will produce ' ' - ‘ S '
Fi= f f [ — pgz + pglndz-dl )
The relative wave height is defined by _ ' f
s, =0 —zw (4)

Substitution of (4) into (3) and evaluation of the integration over z results in ithe first term of
Equation: (1). The term implies. that the wave drift force is proportlonalr w1th the (waterline
integral of the) relative motion squared. g . :

Copyright © 2001 John Wiley & Sons, Ltd. : s Int. J. Robust Nonlinear Control 2001; 11:1207-1237
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In Figure 3 the relative importance of the various contributions is illustrated, according to
computations carried out by Pinkster [1] for regular waves in which the fifth contribution is zero.

1.3. The effect of wave drift forces

Wave drift forces may not be very large in magnitude, but they have a non-zero-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 forces 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 rise-further and the vessel'starts to drift ‘bodily’ from its-position.
A feedback controller will start to generate restoring forces on position error and drift velocity,
but initially these are much smaller than the drift forces acting on the vessel with: its.side largely
exposed. So, large position eiror may be the result. Such.eveiits 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. ' : : L
1.4. Computation. of the wave d"riftforces‘ Jor an irregular sea spectrum
Assume .a known wave spectrum S;(w). The mean drift force in that spectrum can be readily
derived from '

" Figure 5.

Copyright © 2001 John Wiley & Sons, Ltd. hit. J. Robiist Nonlinear Control 2001; 11:1207-1237
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F = 2[ T(w,0)Sj(w)de * . ' : (S)
¢ . 0 C :

"Herein' T (o, ») physically represents the medn ‘wave drift force in a regular ‘wave ‘with
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, w; = w is represented as y in
the continuous formulations. The spectrum of the drift force is found from

- Sk () = 8‘L |T (@, @ + @)I* S(@) Sc(w + p)dw (6)
Since the resolution with respect toithe difference: frequency p must be large.enough, this imposes
the requirement that many, frequenc1es have to'be. calculated.Forexample, if thenatural period of
the system is long (say about 150s), 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, Secuon 2. . , !

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

Based on the-generally 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 appioximately 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 hig‘het.rthan ~the'mean value.

1.6. Wave drift forces in time domain -

The wave drift forces are generated.by second-order wave interaction with the vessel hull. If one
would assume that T (w, w + u) = 1 for all values-of u, then expression (6) would reduce to

S(u) =8 J~S5('(u).S§(w + y)dw ‘(7‘)‘

‘Copyright © 2001 John:Wiley & Sons, Ltd.
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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 + u) 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 Wthh are out of
phase with the wave groups. : : ‘

In the following section the estlmatmg methods for the wave drrft forces in time domain are

described. In these methods use'is made of assuinptions with respect to the character of the wave
drift forces.
" The ﬁrst assumption, used for method 1, is that the wave drift forces are well approxrmated by
the first contribution times a correction factor. In Figure 7, tables are given of the' first
contribution and the total according to computations for a tanker by Pinkster [1]. The transfer
function from contribution 1 is about ttwrce the. tota] Also in other computations 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
islong with respect to the ship. A.-typical, large vessel for which wave feed forward is:considered,
measures about 250,m. A typical wave group consists of about 4 waves. with a total length of

Copyright © 2001 John Wiley & Sons; Ltd. Int. J. Robust Nonlinear Control 2001; 11:1207-1237
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Y wave {(t)

ENVELOPE A(t)

Figure 9,

f

about 4(g/2n) T?, in which T'is the,average wave period of the individual waves in the group. For
a Beaufort 7 sea state in open sea, the wave period is'about 8 s, so a 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: :

]

- . - o
Ce L= Y icos(wt +&) « - (8)
.. 1 - " . .
which may also be written as
{(®) = A(t)cos(wot + &(t) 9
The wave energy is deﬁned by the Hilbert product of the wave height,
CaPo-ftoler ) . (10)

Usmg Equatlon (8); and taking the low-frequency part: only, the wave groups are deﬁned by the
low-frequency filtered part 'of the envelope squared:

» Awm—zzcgwwm W) (6 — ) B un
For the sum of two sine waves the result is shown in Flgure 8. For the wave group. envelope of an
‘lrregular sea an example is given in Flgure 9.

PN

2. WAVE FEED FORWARD: WAVE DRIFT FORCE ESTIMATOR

2. 1 Assumpttons

As follows from the previous section, thebasic assumptlons for the estimation process of the'wave
drift forces in real time, according to the two methods that will be described, are respectively:

Copyright © 2001 John Wiley.& Sons, Ltd: - Int: J. Robust Nonlinear Control 2001; 11:1207-1237
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Method I: The wave drift forces:are dominated by the relative motion:contribution.
‘Method 2: The wave drift forces-are in phase with the envelope of the wave igroups. i

In both methods 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 déscribed by Aalbeérs and
Nienhuis [4]. '

2.2. ‘Method 1. Using full integration along the waterline (with 10 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):

;pgﬂg [sr‘(x)lzndiczF‘z’(t,a-r)‘Cr B (12)

in which C; is a correction factor to tune the magnitude-of the total drift forces to that of the first
contribution in Equation (1).

2.3. Method 2. Based on wave direction measurement and using drift 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 are chosen 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’ AZ(t) of the relative
motion at the bow. The two sensors at Port and Starboard shoulder are used to derive the wave
direction o, (¢). All these values: T, A2(t) and.«,(t) are the result of averaging or low-pass filtering
to be applicable in the time scale of wave groups instead of individual waves.

Since these ﬁltermg or averaging processes are leading to a phase lag, the method applies the
information on T, AZ(t) and a,(t) as if it is valid for the ‘undisturbed” wave passing'at the vessel
mudship. The travel time of the waves from bow to m1dsh1p 18 approx1mately 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 as‘a function of the averagei(zero upcrossing)
wave period and the wave direction. Using the wave envelope squared as modulation function,
according to the assumptions derived from the previous section, the wave drift force on the
vessel can be evaluated. This process is dlmost real time. However, instead of the wave period
and énvelope, the relative motion period and envelope are measured, so it is necessary to re-write
the spectral equation (Equatlon (5)) for mean wave drift force as .a function of relative
motions. ‘ - :

- Copyright © 2001 John Wiley & Sons; Ltd. Int. J. Robuist Nonlinear Control' 2001; 11:1207-1237
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It starts with.the re-formulation of Equation (5) by substituting the expression for the. mean
wave drift force transfer function. T (w,w)-=: [F® (w)/{2 . Hence, for a given T, and «, of the wave
. ' ‘ L e [ F(z’ . .

et T RN T ) =12 C(w)(sg( )d ol SR
R , . S Ga S
| [
s

[

o l'

Sr

e

Sd)dw‘

S()d

)
_%MIF(@Sﬂ)d. (13)
s2 Co o .
Herein was used that Sy(w) = mp,Ss(w)*, where S;(w)* is a unit relative motion spectrum
depending on T, and o,., |

Now, the estimate of the drift force from the relative motlons is: based on the followmg
technique: Assume there is for each wave direction &, and zero-upcrossing period T, a wave
spectrum that generates an unit relative.motion at the bow with average zero upcrossing period
T.s. Take for a given wave direction this spectrum to be BS,(w, T.) with B such that

o .2 | |
" : T ' j B-s—'zS;'-(w, T,Ydw = 1. - o (14)
0 a r . ' ] S Ca
Hence, the unit spectra of the relative wave height at the bow are given by
S g ‘ ' .
y . S:((U, Tzsv) = BC_ZS((w’ Tz) Sy L (15)
a N . .

Ty o

The values of B and T, can be tabulated as a function of T, and a
"From Equatlon (13) follows that the average dl'lft force caused by the umt relatlve bow motlon
spectrum is .

o . .. F‘z’(Tzs)— J’
. - 0

The value of F‘z’ can be tabulated as a functlon of T, and o, and is a ‘mean drlft force level
indicator’. Multlplymg this mdlcator with; the magnitude of the prevallmg value of the relative
motion spectrum, my,, yields the prevailing value of the average wave drift force

FO0) = mo PO T o) R (1D

F‘Z)(w)

I'

s*m;r;gdw (16)

[

The my, of the relative wave helght and its T, can be determined from averagmg the measure-

ments, with: S R

C os = ATﬁ msdt . R um

In Equation (18) the averaging sperlod AT is a long period, typlcally 0 5th, over Wthh the sea
condition is considered to be stationary in spectral and statistical sense.

Copyright © 2001 John Wiley & Sons, Ltd. : Int. J. Robust Nonlinear Control: 2001 11:1207-1237
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The final stage of the computation is to'make an estimate of the instantaneous wave:drift force,
using the measurement of the relative motion at the bow, as follows:

rF(z)(t) F(Z)(t) Sr, 2 powlLp ' ] (19)

' sr bow'LI; T . ) . . ;
with 57 poulie = 242(t), the envelope squared and s,'howlLP = 2Mysqacrualy- Due to the difference
in time period for which A2(t) and !moqeua are evaluated, the quotient is the ‘modulator’
giving the real time variations of the drift force. The Mos@ealy May slightly differ from the my
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
to: 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 (i) cannot be directly determined in this
approach of method 2/because of lack of information. For, the moment on the:ship changes sign if
a wave group passes; midship. A simplified estimate is used, by using the computations to
associate to each combination of T, and o; a point of application: of F, with respect to the
midships, xr, and then use the estimate:.

MOzxF, SN

as wave drift moment acting on the vessel.

In this computation the wave direction is needed to solve-Equation: (17) The wave direction
o, follows from the relative motion measurements at the sides according to the method of Aalbers
and Nlenhms (31, dcscrlbed in short below. ;

2.4: Wave direction estimator

The wavedirection 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 the:assumption 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.

Thé coinputed: relative'motions aré based ofi 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:

- 1. The computations and. measurements agree quite ,well, over a frequency amtervalw of
0.3 < w < 1.1 rady/s. This frequency interval is wide enough to cover the normal and limit
. operational sea conditions for DP vessels at sea.
2. The difference in relative motion response function at Port and Starboard side for e.g.
a wave direction 30° off the bow is quite: srgmﬁcant and consrstent over the frequency range
of mterest

Forithe vessel under consideration the' measurement locations at the forward shoulders.showed
to: give the :most consistent and distinct difference between. wmdward and lee side: relative
motions. .

Copyright © 2001 John Wiley-& Sons, Ltd: Int. J. Robust: Nonlinear:Control 2001; 11:1207-1237
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Figure 10.

" Thie ration between the two is defined as
AR = IS,_pg(w),dw / fSS_SB'(w) dw for wave d,ire_ctions,fapprc'Jaching.~ from port-(PS)

. o
‘ . '

and

R(a,) = J o= sg(w) da) / Jss_ps'(w) dw for wave directions ‘approaching‘from startboard' (SB)

. @

The graph in Flgure 12 shows the ratlon as a funcuon of wave direction for a range-of wave
spectra with average wave periods covering the operational sea states (5 < T, < 10:s). The error
margins in the graph indicate the standard deviation of the:mean ration value for those spectra.
This:standard'deviation is small so that a reasonable.accuracy ofithe wave direction: estlmateAmay
be expected.
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Figure: 11.

2.5. Implementation = - ' :

The relative wave "height sensclr positions on the model are shown in Figure: 13, where all
positions were used for method 1 and the numbers 1, 5 and 6 for method 2. (Note: the numbering

corresponds to the positions defined for-the numerical preparation work.), Défining s, ; as the

relative wave height of sensor i and s?;|.r as the low- -pass filtered squared relative wave heights,
Equations:(17), (19) and (21) were evaluated The zero upcrossing period T, 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 AT that was also used in determining mo, in Equation (18).

Causal type low-pass filters were used to obtain.the low-frequency quantities (i.e. the envelope
squared A2(t) of the relative motions at bow and shoulders) needed to evaluate the drift force
modulation for Equation (19).and'toiderive the wave direction 4, (t) from Equation (21): The filter
characteristics are shown in the Bode Diagrams of Figure 14, The selected filter has a —3dB
cut-off frequency of 0.016 Hz.

In Figure 1'5: the results are: shown of the LP filtering of the relative motions measured in the
model Test No. 23002, a condition with 6m significant wave helght :approaching-at an angle of
20° off the starboard bow. _ ‘. s . e
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Figure 14.

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
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Section 4. The:dyniamic positioning system in thebasin.(RUNSIM):uses a low-frequency Kalman

filter for low-frequency position control. The control loop is shown- in F1gure»16 and has the

following main components:

o Low-frequency extended Kalman Filter.
o Feed-back position control module:on:basis of PID coeflicients:

e Optimum power thrust allocation.

e 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.

Copyright © 2001 John Wiley & Sons, Ltd.
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3.2. The EKF

The condmon for appllcatlon of the extended Kalman filter (EKF) is that the underlymg system is
observable and controllable. For the present applncatlon of a dynamically posmoned 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

Xy+1 = A%y + By + Gy
ka + Uk ° (22)

where {w,} and {1} are white noise, uncorrelated w1th xo and with each other The matrix Gy is
the projection of the system noise on x; . :
The Kalman filter can be formulated in different ways, here is .chosen for the recursive-a priori
formulation. The states are estimated recursively from the measurements-according to Lewis [5]:
t

xk+l = Axk + Buy + AKy(yx — H%p) (23)

Here ~ denotes an estimate and k indicates that all information of k = 1, ... ;k is used: So the next

state estimate equals the original model (22) corrected by a fraction of the prediction error, in

which the Kalman gain K, is defined by
K, = peH"(HPeH™ + R)™! 24

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

Pe.\ = A[P; — PeHT(HPLHT + R)™ ' HP{] AT + G, QG (25)

Now the covariance matrix and state vector need only to. be initialized. When P, has a large
value, the filter converges fast: The value of x, 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 EKF is
described in detail by Nienhuis et-al. [6]. The:main aspects are reviewed.below, :

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

(M +a11)% = (M + ar2)y) + Fi + Fr,
(M + a2) + az6¥ = — (M + a1 )%y + F, + Fr,

862§ + Lo+ age)f = Mo+ My, R (26)
With the notion that ' represents the thruster forces, this is a state equation in the form'of *
=filx)+LM) . ‘ Lo (27)
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The:state equation has to be written .in discrete-lineanized' form of Equation.(22) with use of

T _df ,
o ! Ay e = 1 . ‘ 28
and
Ak =1+ ApeAt , (29)

in which [ is the unit vector:

3.4. Feed forward control
The external forces acting on-a dynamically positioning vessel at sea are caused by

1. Current.

2. Waves.

3. Wind.

4. Thrusters.

5. 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 f;(u) in Equation (27). Secondly, knowing the LF
displacement and velocities, the hydrodynamic reaction forces can be. calculated 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

?lhr = - {'_:win + ’Fwav + l—:'cur + '_:reac} (30)

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

:I_:wav + ‘Ecur = {?lhr + ‘F;eﬂc +r:wm} B . '.‘ i (31)

In wave drift force feed forward DP control, with the wave drift force-estimate available:according
to Section 2, Equation (31) can be. further elaborated. It is.possible to take out.the quite strongly
varying external force F,;,. Hence, the remaining.estimate for the very slowly varying current
force is _ . .

IEc:ur = - {'—':wav + ?ihr + '_:reﬂc +:'_:wm} . . V (32)

i .

The environmental force values are used in Equation (25) for F,, F, and M,
Furthermore, the wave drift force.estimate is used directly in the PID feed back leop by adding
the forces: F,, F, and M, to the required positioning forces from the PID controller.. The force
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components.due to-wind aré treated in the.same way. The.advantage 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=1..3for F,, F,and M, modes:

AT .
Freq,j = — Pij_,' — D,-J%j - (1‘/AT)J‘ IjAXj dt + kl Fwin,j —+ kz:me,_j (33)
! | 1o
with &, and k, the fractions to which feed forward is applied.

3.5. Allocation

The two azimuthing thrusters are requrred to deliver the above derived forces from the PID i
controller as.follows: : (

Ty cosay 4+ T,€o80 = Fregy -
Tl sin oy + Tz-Sin"az = Freqy v (34)
Tixjcosa; + Trxycos0, = M,

in which T, o and x are the thrust, azimuth angle and longltudmal posrtlon of the thrusters 1
and2.

One addltlonal equation is needed to solve the four unknowns, hence a power minimization
requirement is apphed on the followmg éxpression for the total power of the thrusters

P =T+ T3 6 ?

If none of the thrusters is overloaded (Te Tm“) ‘the above allocatron is solved Wlth a Newton
Raphson iteration method. In case of one or both thrusters being overloaded the solutlon is
stralghtforward

4. MODEL TEST SET-UP

The set-up in the basin is shown in Frgure 17, and the tanker body plan in Flgure 18. The
photograph of Flgure 19 shows the azimiithing thruster arrangement. The measuremeiits during
the ‘tests were:

_e Six d.o.f. motions of the ship- model.
e Nozzle theust, unit thrust, RPM, torque and azimuth ang]e of each thruster
o Relative: water motions at 10 locatlons

The x;-y and z' motion as well as the ‘yaw angle are measured with respect to-a basm ﬁxed
co-ordinate systern, pitch-and roll are‘measured witla vertical reference gyroscopéin the model.

The wave conditions during the tests représent 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 Table I the test conditions.are rev1ewed and in Table II the
vessel particulars are given. ' " :

The test' duration corresponded to 1'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 I. Test review.

The model tests with the DP tanker were carried outin a series of environmental conditions with
wind, waves and current covering the normal and limit operational conditions. The heading

Copyright © 200! John Wiley &: Sons; Ltd:

'Ifregular sea “'S\;vell-- Wind Current

Required  Test Dir. Hg Tl Duration Dir. Hg Ti Dir, - -VW Dir. vC
heading condition (deg) (m), (a) (min) (deg) (m) (s) (deg) (kn) (deg) (kn)
60 1 180 20 6.0 30 — — — 180 v 15 180 1.0
20 2 180 20 6.0 60 — 180 15 180 1.0
20 3 180 2.0 6.0 60 — — — 180 15 90 1.0
20 4 180 35 70 60 — — — 180 30 180 1.0
20 "5 180. 35 70 . 60 270. 20 8.0 180 30 —

20 6 180 6.0 9:0 60 — — — 180 45 180 1.0

0 7 1800 60; 90 30 — — — 180 45 180 1.0
10 8§ 170 100 1035 60 — — — — — —

0 9 180 - 10.0- 105 60 — — — — — —

5. DISCUSSION OF THE RESULTS

- 5.1. Scope

Int. J. Robust Nonlinear Controli2001; 11:1207-1237
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Table II. Main particulars- and stability data of the tanker.

Designation v v ‘Unit ' : Maghitude
Length between perpendiculars m 242,70
Breadth waterline m 38.54
Depth m 20.85
Draft fore m 11.27
Draft mean m 11.46:
Draft aft m 11.65
Displacement weight TF 86 127
Centre of gravity above base m 11.69
Centre of gravity forward of AP ‘mm 125.17
Transverse matacentric height. m 4.32
Longitudinal metacentric  height m 372.50
Transverse radius of gyration m 12.22
Longitudinal radius of gyration m 54.36
Vertical radius of gyration m 54.36
Waterline area m? 8207.40

set-points for the DP control were selected on basis-of normal practice: with the bow of the vessel

‘more or less into the waves and windi Note that the wave and wind directions.are:collinear 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 1-9 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 véssel was only just capable of

keeping its position.

5.2. Residlts

In Figures 20 and 21 the time traces of a répresentative 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.

Condition-5 is a cross-sea condition:(3.5:m wind sea and.a 2m swell) and the time traces show
that: .

e the position accuracy in X, Y and ¥ are better for the tests'with Feed Forward,
o 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:

e the position accuracy in X, Y and ¥ are much better for the tests with Feed Forward;
e 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 the motions in the horizental
plane and of the delivered thrust. The mean value of the motions. is not an indicator of the

Copyright © 2001 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 2001: 11:1207-1237
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positioning performance, because thé DP system 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
immediately used in the required thrust. ‘ '

The results will have to be considered with some care because for the tests with method 2 in
conditions 1 and 4, the PID coefficients were 50 per cent lower than for the.comparison: tests.

5.4. Discussion - <. Coe ' o

The results of the tests give as'general conclusion that the use.of wave feed forward improves the
position standard deviations significantly for virtually the same thrust, The tests with method 2 in
conditions 1 and 4 show deviating results because the PID coefficients were 50'per cent lower.
This not only leads to larger positionerror, but also to significantlyimore.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 better positioning results than method 2,
while for both methods the largest improVeménts were found in the X motion. This can be
explained from: a detailed analysis of the wave feed forward estimates as given below:
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In Figure 25 the time trace.of the estimated wave drift forces in X, Y .and ‘¥ are given from
methods 1 and 2 in.condition 6. The.values for X and Y in method 2 are higher than formethod 1,
while magnitude and character of the estimated drift moment from method 2 is quite different
from that of method' 1. The larger value 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 6:m
wave conditions). The saime observation may-apply to the Y force estimate. More important
though is the difference in moment estimate. The simplification-of Equation (19).ignores the fact
that when a wave group passes the ship, the drift 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).

Furthermore, it should be noted that the Y force-estimate is quite dependent on the wave
direction estimate from the relative motion sensors on the starboard and port side shoulder. In
Tabled1I the results are given of the wave direction estimates for several tests.and compared with

the actually measured values. The comparison shows that the direction. estimateis surprisingly

good. If for the cross sea an energy averaged wave direction is cdlculated; viz. 202.1°%; the result is
also good. ‘ ' :

A shortcoming of the wave direction estimating: method is that for'wave d1rect10ns more or less
beam on to the vessel the function R(a):of Figure.12.may give.an-undefined solution. On the:other
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hand:it;must-beé realised- that the wave drift forces for wave:directions-around beam on-are quite

similar.in magnitude. So, the error inwave dlrectlon does not necessarlly lead to serious: €ITOrS: in

the: drlft )forcerestlmates e 0ol . . L S
[ . I ' '

I ~. 6. CONCLUSIONS: - D S

The’ DP: control method:- with* wave drnft force feed forward was experlmentally tested and-

a.number of conclusions could be drawn: +
. @ The realtime wave drift force estimation methods 1 and 2 were 'somewhat dlﬂerent in
quality, which was found back in the results, where the method 1, using 10 wave probes
around the vessel, gave better results. The drift moment estimate of method 2 was too coarse,
although the wave direction estimate was.quite good: T T :
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Figure 23.

e The application of wave drift force feed forward lead to improved positioning for the same
power.

e 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.

e 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 1 body surface
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z.=depth-ce-ordinate . .-- -« -~ -, . ‘ T T
d = water-depth : . o
t =.tiine Tt : Co Co. N g B oo ;
.= time denvatlve o : o -

X g = translational acceleration in G
x = vector of local translations of a pomt :on the sh1p hull
gc vector of vessel angular motions ) S ' - . Lo
= frequency of oscillation
= length of vessel
B = breadth of vessel
= gravitational constant
{, = wave amplitude .
S = mean wetted area of vessel Vo . L
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Figure 26.
@ . Ce o
F(x,t) = force vector e
M = mass matrix of vessel -
' S, = relative wave height at WL T
F; = mean drift force inmodei T S oo
¢ = second-order potential e

Copyright © 2001 John.Wiley & Sons, Ltd. Int. J. Robuist Nonliiear Control'2001; 11:1207=1237




1236 A. B. AALBERS, R. F. TAP AND J. A. PINKSTER

WAYE SPECTRUM
Hecsured H'I-TD- 6.06 m 3 T1 = 10.0 &
"""""" Theoraticol | P.H.) j4¥n = 6.00 m ; T: =« 9.00 s
<0
@ 10,0
v
z
2
&
§ ., /\\
0.0 2 RSEECLS FRUNNN
0.0 0.5 1.0 1.5
MAVE FREOUENCY IN RRD/S
Figure 27.
Table III.
Estimated wave direction Measured wave direction
Test no. Condition Mean Standard dev. Mean Standard dev.
24501 1 188.4 0.30 180 1.31
23702 4 179.2 0.99 180 0.98
249301 5 197.6 0.88 Cross-sea 1.24
23201 6 185.6 0.52 180 1.98
25201 8 184.7 0.33 180 4.64
5501 9 183.6 0.18 180 2.14

A?(t) = envelope squared of wave

o, = wave direction relative to ship

B(T,,a,) = correction coefficient

Sr(u) = spectral density of wave drift force at prad/s

T (w;, 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
zwy = depth co-ordinate at waterline
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State-space variables

state vector of position and velocity in the horizontal plane
thruster forces
= observed vessel motions
= thrust of thruster i
= azimuth angle of thruster i
a; = added mass for mode of motion i
Fr,, Fr,, M, = total thruster forces in x and y- dlrecuon and total thrustler moment about z-axis
respectively

I‘< I 1
I
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