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Motion based wave inference allows the estimation of the directional sea spectrum from the measured motions of
a vessel. Solving the resulting inverse problem is challenging as it is often ill-posed; moreover, inaccuracies
related to the linearity hypothesis behind estimated platform response functions (RAOs) may result in misleading
estimations of the sea states. This work discusses how these inaccuracies affect the estimations obtained by
means of a Bayesian motion based wave inference method (VMB). For this purpose, an heuristic correction,
accounting for the non-linearity related inaccuracies of the estimated RAOs, is included in an expanded Bayesian
inference approach. Then, the resulting inference model is verified by means of a comparison between the
outputs of this novel approach and those obtained without accounting for nonlinearity related inaccuracies in
the RAOs. This assessment has been carried out using the data measured through dedicated model scale ex-
periments of the Equinor’s /?\sgard-B semisubmersible oil processing platform. The results attested that im-
provements are obtained if the linearly related RAOs inaccuracies are taken into account in the VMB, especially
for the sea conditions that excite the non-linear responses of the semisubmersible platform adopted as motion-

based wave sensor.

1. Introduction

The knowledge of the sea conditions is of central importance for a
wide range of offshore and nearshore operations, engineering design
and validation of forecasts of extreme wave events. As a matter of fact,
observed metocean data and analyses provide the oil and gas (O&G)
industry with essential information and knowledge for the design and
engineering of offshore installations, such as platforms and pipelines,
and the adoption of decision support systems.

During the past decades, traditional measuring systems, such as
wave buoys and wave radar systems, have been complemented by new
technologies, examples of which are the vessel motion based wave in-
ference techniques (VMBs).

The main benefits related to the adoption of VMB for the shipping
industry as well as for the O&G industry have been discussed in several
works, e.g. [14,15,18]. As a matter of fact, the VMBs can be adopted in
applications that rely on real-time data, such as decision support sys-
tems for offshore operations as well as a complement to traditional
measurement methods during wave data monitoring campaigns, since
ships and offshore platforms can work together to provide worldwide
information about the sea conditions, even from remote areas, at

anytime. VMBs open up new possibilities for the assessment of the sea
conditions, such as the use of wind turbine floating offshore platforms,
likely to be installed in great number in forecoming years, as wave
Sensors.

Other potential applications for VMBs arise from the adoption of
dynamic positioning systems and remotely-operated O&G floating sys-
tems (see e.g. Brodtkorb et al. [4]) that not only use real-time metocean
data for a safety and effective operability but also to minimize the risks
and impacts that failure scenarios (such as oil spills) may have onto the
offshore and coastal environment and associated human activities.

This growing interest on the VMBs has been also motivated by the
accuracy of the results obtained in different research works (see e.g.
Nielsen [15], Iseki and Ohtsu [9], Bispo et al. [3] and Mak and Diiz
[11]) and by the fact that VMBs collect and process the necessary data
to estimate the sea conditions by means of simple low-cost hardware
that most of the O&G offshore platforms and shipping vessels have al-
ready installed on-board.

At the same time, there are some difficulties associated with mea-
suring the wave conditions through VMBs. Indeed, different drawbacks
may arise for certain sea conditions (usually extreme weather condi-
tions when non-linear responses of the vessel become relevant).
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Therefore, in some sporadic cases, the conventional VMBs followed to
evaluate the unknown sea conditions may result in misleading esti-
mations of the wave spectrum (see [23]).

A preliminary assessment regarding the main impact that inaccurate
estimations of the RAOs may have on the output of a parametric VMB is
provided by Tannuri et al. [20]. The sensitive study carried out by the
authors was based on the emulation of the inaccuracies of the RAOs in a
VLCC by means of adopting erroneous draft conditions of the vessel.
The results obtained attested that the outputs of VMB are linked to the
accuracy of the RAOs and large errors in the estimation of the RAOs
may lead to non-robust estimation of the sea states.

Iseki [8] aims at introducing the RAOs estimation inaccuracies in a
Bayesian VMB by means of a RAO uncertainty matrix. For this purpose
the values of the RAOs errors were assumed normally distributed with
pre-defined values, which were adopted ad hoc to obtain accurate so-
lutions. The accuracy of this very original approach proposed to take
into account for the RAOs error in a Bayesian VMB was attested by the
data obtained during a full scale experimental campaign. Notwith-
standing this, the generality of the proposed approach can be chal-
lenged as a consequence of the methodology adopted to estimate the
values of the RAOs errors.

The present work improves the procedure proposed in [8] by means
of using the coherence functions of the motions to include, in the sea
state computation, a correction accounting for the limitations of the
linear modelling of the RAOs. The inference approach proposed has
been adopted as the main mechanism to assess the possible effects that
may arise when the nonlinearity related inaccuracies in the estimation
of the RAOs are taken into account in the Bayesian VMB. This assess-
ment is based on a comprehensive comparison between the results
obtained using the proposed modified inference approach and the es-
timations drawn through the conventional Bayesian VMB, as adopted
by Mas-Soler et al. [12].

The paper is organized as follows: Section 2 provides a description
of the novel VMB able to account for the limitations of the linear
modelling of the motion RAOs. The description of the semi-submersible
unit adopted as a case study and the main features of the experimental
campaign carried out at TPN-USP (wave basin of the University of Sao
Paulo), have been included in Section 3. Section 4 is devoted to a
comprehensive analysis of the RAOs inaccuracies and their impact on
the performance of the Bayesian VMB. Concerning the main results, the
outputs of the proposed VMB are compared with the results of the
conventional one in Section 5, including an assessment of the estima-
tions obtained for the wave statistics as well as a detailed analysis of the
inferred sea spectra. Finally, the main conclusions drawn from this
study are presented and discussed along with the possible further steps
that should be taken in the continuity of this research.

2. Methodology

VMBs are based on the wave buoy analogy, which aim at solving the
linear inverse problem of estimating the sea state given the measured
motions and the transfer function of the platform. A common approach,
see [13], adopted to infer the sea conditions is to assume a linear re-
lation between the wave excitation forces and the vessel responses.
Thus, the cross spectra of the motion time series can be formally ex-
pressed through the following identity,

$,@) = [ 2w, Zi@. HS@. BB, 1)

where Zi(w, B) is the RAO of the ith motion at wave frequency w and

direction of incidence f, Z}(w, ) stands for the complex conjugate of

the jth motion RAO, and S(w, f) is the directional wave spectrum.
The relation given in Eq. (1) can be approximated in discrete form

assuming the integrand to be constant in each slice A = 2?” Thus,
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K
(@) = A8 Y Zilw, BIZ}(@, BIS (@, BY).

k=1 (2)
where §, = —m + (k — 1)Af and K is the number of discrete wave di-
rections considered. Concerning the indices i and j, they correspond to
the N dofs (degrees of freedom) assessed.”

According to Iseki [8] and Tannuri et al. [20] the lack of an accurate
characterization of the floating system, its loading conditions and the
nonlinearity of the motions are among the most relevant effects that
may lead to the misleading estimations of the RAOs. Aiming at ac-
counting for nonlinearity type of inaccuracies, introduced by these and
other effects, Eq. (2) can be rewritten following the proposal provided
in [8],

¢ (@)= AT, [(Zilw, B) + 8:(w, B)-
(Zj(w, B) + Gj(w, B S(w, B, (3)

where §i(w, Br) and §j(w, Bi) stand as the deviations associated to the
estimations of the RAOs for the i and j dofs, respectively. Some authors,
see for example Iseki [8] and Soares [19], adopt a statistical description
of these deviations treating them as errors, which are assumed to be
normally distributed with zero mean. The adoption of this approach has
associated attractive simplifications from a practical point of view.
Nonetheless, in [8], the author pointed out that the errors of the RAOs
may be characterized for being non-normally distributed.

In the present study the deviations described above are not treated
as errors related to the RAOs, as it has been done in previous works.
This is possible since the RAOs are obtained through a comprehensive
study with a well established numerical method. As a matter of fact,
these deviations from the expected behaviour will be referred as non-
linearly related inaccuracies and referred as ¢ to highlight the inherent
difference with the treatment adopted in previous works.

From the calculation of the measured motion spectrum it is ob-
served that the cross-spectrum of motions i, j is Hermitian, i.e. S; = Sj,-,
and, as a consequence, Eq. (3) can be rewritten in matrix form as fol-
lows,

B=(A+0O)x, (4)

where the vector B contains a total of (N> M x 1) elements, which are
related to the measured motion spectra, and M being the number of
discrete frequencies. The RAO matrix is represented by the matrix A,
which is formed by a diagonal of M matrices, each one with
(N*- M) x (K- M) elements. The vector x stands as the unknown sea
spectrum, evaluated at the (K - M) pairs of directions and frequencies.
For a comprehensive description of the quantities B, A and x, the reader
is referred to [15].

Concerning matrix C, it is given by the products of RAOS and their
associated non-linearity related inaccuracies. Also, it presents the same
dimensions as matrix A. Iseki [8] adopts an heuristically constant pre-
defined values for RAOs deviations (once again, referred as errors), 8. In
this study, however, the values of the RAOs deviations have been
computed by means of the coherence functions for each direction and
frequency. The resulting non-linearity related inaccuracies, ¢, of the
RAOs for each frequency and direction pair can be estimated as follows

(see [2]),
1 — 2)05
(—]j) 1Z:1,
V2l (5)
where y; stands as the coherence function for the ith dof of the platform,

which provides a measurement of the causality between the incoming
wave, i, and motion response, &, of the platform (assuming that it can

g =¢(Z) =

't is not uncommon that only three (N = 3) dofs of the floating vessel are
adopted in the VMB, namely heave, roll and pitch. In this case the indices i, j
will vary between 3 and 5 following the normal numbering in seakeeping lit-
erature.
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be modelled as a linear system). The output of the coherence function
ranges between zero and one. Therefore, if 5 and £ are uncorrelated the
sample coherence converges to zero and, otherwise, values equal to one
indicate linearity between the excitation and the response.

The coherence function between 5 and & for a certain frequency, f*,
is defined as follows,

ey _ eS8 )
B0 s ©

where S,¢(f*)Sg, (f*) = Sye (IS () = IS, (F)P. Thus,

12
™) = %
m (F*)Sg (F*) (7)
Eq. (5) provides a straightforward approach to qualitatively char-
acterize the non-linearity related inaccuracies. However, this approach
is dependent on the availability of experimental measurements of the
dynamic responses of the system under study and, therefore, its feasi-
bility may be limited to existence of previous experimental results. This
drawback (usually relevant in preliminary studies) may be overcome
through the adoption of non-linearly estimated RAOs to compute the
coherence functions, although this may result in a higher computer
power needs during the RAOs estimation process.
Returning to the description of the elements of matrix C, they are
given by,

Gjlw. B)= AB[Zi(w. Bej(w. B) + Zi(w. fei(w, B)
+ &i(w, Bg(w, B)]. (8

Note that the values of C tend to zero as the coherence functions
tend to unity. These results agree with the nature of the approach
adopted to model the dynamics of the platform. Under this approach,
when the coherence functions point to a purely linear response (value
equal to 1), it is expected, from a theoretical point of view, that the
RAOs stand as a reliable approach to accurately estimate the responses
of the vessel under study.

The linear model provided by Eq. (4) properly takes into account
the inaccuracies that may arise from the estimation of the RAOs.
However, from the point of view of the VMB, this model must also
include the uncertainties related to the measurement of the motions,
which are usually carried out by means of an ordinary set of accel-
erometers connected to a consumer-level PC. A common approach,
followed in the literature (see [9]) to take into account these mea-
surement uncertainties, is the adoption of a linear stochastic regression
model,

B=(A+0Cx+¢&, (9)

being e’ a vector with M - N? elements representing the measurement
noise, which has been assumed to be Normally distributed, with zero
mean value and variance o;.

A straightforward methodology to reconstruct the unknown sea
spectrum from Eq. (9) would be the use of the inverse transform with
the inverse filter, which is possible by using the pseudoinverse of matrix
A. However, the nature of the problem? may lead to misleading esti-
mations of the sea state. In order to properly infer the sea conditions
that induced the measured motions, the adoption of regularization
conditions is needed to give priority to solutions featured with certain
desirable features. First, see for example [15], it is assumed that the sea
spectrum must be smooth and continuous. These conditions can be
formally expressed (in the frequency domain®) as,

2The resulting equation system is usually underdetermined and the pseu-
doinverse of matrix A is ill-conditioned.

3In direction domain this regularization condition is introduced by means of
a similar expression.
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S B) = (5@t B) + S@i1, B)) + & (10)

where S(w;, Bi) is the sea spectrum value that corresponds to the pair of
i frequency and k direction. It is worth to highlight that, once again, the
model provided in Eq. (9) has some associated uncertainties. To ac-
count for them, a Normally distributed noise, e,, with zero mean value
and variance o2, has been adopted. It is possible to show, by means of
Taylor series (see [22]), that this prior noise, ¢, stands as an approx-
imation of A%ZS,;,? (e, B,). Intuitively, the standard deviation of ¢, de-
termines how much the reconstructed function (unknown spectrum)
departs from a line.

Since the absence of boundary conditions may result in the over-
estimation of the sea energy close to the limits of the domain (w x f)
assessed in our problem, some additional conditions are usually
adopted. In direction domain, see once again [15], it is assumed that
the following relation is fulfilled: S(wi B,) = S(wi, B;) and
S(e;, Beyq) = S(w;, B,)- Concerning the frequency domain, the condi-
tion imposed is that the power of the spectrum goes to zero for @ — 0
and @ — oo.

In addition, one must take care of another practical problem re-
garding the limitations due to the frequency insensitivity, i.e. wave
frequencies for which part or all the motions of the platform are null. As
a consequence, all the estimations in this frequency range are valid, and
therefore uninformative of the actual ones. In order to avoid an over-
estimation of the spectrum energy leading to inconsistent results, the
total energy of the spectrum is minimized in two pre-defined ranges of
low and high frequencies.

These regularization conditions can be combined with the modified
linear stochastic regression model by means of the Bayesian inference
approach. As a matter of fact, its core principle is that the posterior
distribution of the variable of interest is the result of updating the ex-
isting prior information on the model parameters using the available
data, where the systematic process of learning from the data is im-
plemented via Bayes theorem. This can be formally expressed as fol-
lows,

P(xIB) « P(BIx)p(x), (11

where P(B|x) is the posterior distribution, P(B|x) is the distribution of
the measured data (i.e. the probability of observing the measured mo-
tions, B, given a sea state, x) and p(x) stands as the prior distribution of
observing the event x.

As the measurement noise in Eq. (9) is assumed Normally dis-
tributed with zero mean and variance o2, following [1], the probability
distribution of the measured data can be written as,

- - 1 2

P(Blx) = Const.x exp(—gz |B— (A + C)x|| ), 12)

Concerning the prior distribution, it can be deduced from the reg-
ularization conditions (i.e. the estimated sea condition must be smooth
and continuous) adopted to properly estimate the sea state. Therefore,
the prior distribution, as a direct consequence of the fact that the prior
noise, €, is Normally distributed with zero mean and variance Uﬁ, is
given by,

p(x) = Const.x exp(—?i_g[x]'(ule + uiH, + ufH;)x]), (13)
where uy, up and uz are known as hyperparameters and stand as the
non-dimensional ratio between the variance of the measurement noise
¢ and the variance of the prior distribution cr; (for each one of the three
regularization conditions adopted). Regarding the matrices H;, H; and
H: they have been deduced from the regularization conditions de-
scribed above (see Eq. 0.

4 The reader is referred to [17] for a detailed description regarding the de-
rivation of these regularization matrices.
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Table 1
General geometric properties of the semisubmersible platform and the model
[22].

Properties Full-scale Small-scale
LOA (m) 102.4 0.853

B (m) 96.0 0.800

D (m) 45.0 0.375
Draft (m) 25.0 0.208
‘Width of pontoons (m) 19.20 0.16
Height of pontoons (m) 8.96 0.074
Diameter, corner columns (m) 19.20 0.16
Diameter, center columns (m) 12.20 0.10
Displacement 82700(t) 46.621(kg)
VCG (m) 33.28 0.27

GM; (m) 3.32 0.028
GM7 (m) 3.31 0.028
Pitch inertia moment (kg - m?) 1.56 - 10! 2.25

Roll inertia moment (kg - m?) 1.21 - 10" 2.23
Heave natural period (s) 24 219

Pitch natural period (s) 88 8.03

Roll natural period (s) 74 6.75

Fig. 2. Picture of the model-scale semisubmersible platform during one irre-
gular wave condition at the TPN-USP.

Finally, combining Egs. (12) and (13) by means of Eq. (11), the VMB
problem of finding the unknown spectrum, X, can be reduced to the
minimization of the following functional,

Jx) =|B—(A+ Ox|P? +x"(uH, + ulH, + ulHyx. (14)

which is feasible by means of a conventional quadratic algorithm. Note
that to recover the conventional approach we merely need to disregard
matrix C from Eq. (14).

3. Description of the experimental campaign

The experimental campaign was carried out in the TPN-USP wave
basin using a scaled (1:120) model of the Equinor’s Asgard-B
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Fig. Lﬁssgard—B semisubmersible floating gas
production platform (left) and the 1:120 scaled
semisubmersible platform model (right) (more
detailed information is provided in [22]).

semisubmersible platform (see Fig. 1). The structure of the semi-
submersible platform model is mainly composed by a rectangular ring
pontoon connected to the deck by six box shaped columns. Concerning
the main features of the real scale semisubmersible platform and the
model, they are given in Table 1. The desired properties of the model
were experimentally validated using bifilar pendulum tests, static in-
clination tests, decay tests and regular wave tests, which ensured a
proper calibration of the mass-inertia properties of the model.

The experimental campaign comprised 32 different long-crested
irregular sea conditions, ranging from mild waves with high probability
of occurrence to extremal 100yr-return events, with a full-scale
equivalent time duration of 1.5 hours®, each. Moreover, aiming at in-
creasing the reliability of the assessment of the VMB, two different sea
spectra were adopted, namely Torsethaugen [21] and JONSWAP [7]
sea spectrum. For a comprehensive description of the experimental
campaign and the criteria followed to select the most convenient sea
spectrum for each sea condition tested at the TPN-USP, the reader is
referred to [12]. Aiming at providing a general idea of the waves
generated during the experimental campaign Fig. 2 shows the semi-
submersible platform during an irregular wave test.

The campaign comprised only one draft (operational) and five wave
headings from bow waves to beam waves (in this case: 1807, 1507, 135,
120° and 907). Since one end of the tank acted as an actuator (gen-
erating the waves) and the other end was used as a wave-absorbing
surface for all the sea condition tested, the correct heading conditions
were guaranteed by means of changing the (relative) orientation of the
model in the tank (always keeping the mooring characteristics un-
changed). Finally, it is important to remember that during the tests, the
motions of the model were recorded with an optical tracking system,
that stands as a non-intrusive measurement system with linear dis-
placement uncertainty equal to 0.1 mm.

4. Assessment of the numerical model
4.1. Comparison between the numerical and experimental RAOs

The dependence between the accuracy of the estimations obtained
through VMB and the quality of the RAOs has been highlighted in
Section 2. Tannuri et al. [20] showed that the main inaccuracies con-
cerning the conventional numerically estimated RAOs are due to the
following factors: (i) Non-linearities, that may become relevant for
motions that are strongly dependent on viscous forces as well as when
the vessel response amplitudes reach high values, and (ii) load condi-
tions inaccuracies, due to the fact that the vessel response depends on
its load distribution.

In this work, the hydrodynamic coefficients and RAOs adopted (i.e.
heave, roll and pitch) to estimate the sea conditions were computed by

SThe time series of the sea conditions can be assumed stationary within the
time span assessed during the tests (see [12]).
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Fig. 3. Comparison of the (heave, roll and pitch) RAOs estimated numerically (black, blue and red lines) with the experimental results both transient (green dashed
line) and regular waves with 2%, 4% and 6% steepnesses (colored markers). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

means of the software WAMIT [10]. However, as a direct consequence
of the small potential damping coefficients that characterize the semi-
submersible platforms, non-linear viscous effects may be particularly
relevant close to the heave motion resonance, which occur inside the
frequency range of interest. Such effects are not modeled by the nu-
merical method adopted for computing the RAOs, which is based on
potential flow and assumes a linear dynamic response. In order to avoid
an excessive loss of accuracy using the VMB, a simple estimation of the
external damping was obtained following the proposal derived in [12],
with damping ratio, £, of the heave motion being estimated as,

‘= b, + bZEq“i" Ctn bZEquiv _ szquiv
berit by<<hAuY berit 2w, (M + asz3)
_ ip CaA, lpom (hpunl bpom)
3 (M + az3) (15)

where by is the linear damping coefficient and bf%" stands as a line-

arization of the quadratic damping coefficient. hpon and byone represent
the height and the beam of the pontoons, respectively. lpon is the length
of the pontoons in-between columns, Cy4 the cross-sectional drag coef-
ficient of the pontoon, as; the heave added mass for the heave natural
frequency, M the total mass of the platform and p is the seawater
density. Regarding A,, it stands as a representative amplitude of the
heave motion, and has been computed as,

A; = /28, (w,) Sw, ,

where S,,(w,) is the measured power spectrum of the heave motion at
the natural frequency and dw, is the frequency interval of the spectral
analysis close to the natural frequency (wp,), or 8w, = W41y — Wp—1)-

Since the measured power spectrum of the heave motion is known
from the records of motions of the platform, Eq. (15) allows the esti-
mation of ¢ for each case.

It is important to keep in mind that novel theoretical and numerical
approaches, such as the one adopted in [16], may account for the dif-
ferent non-linear forces with no need of linearization. Therefore, in-
creasing the accuracy of the estimated response functions of the system
under study. The complexity and computational expense, however, are
still nowadays as one of the major perceived barriers to the use of these
techniques.

Regarding the second main cause that may lead to inaccurate RAOs
estimations, the semisubmersible platforms are characterized by a small
value of the metacentric height (GM), which limits its stability prop-
erties. As a consequence, these platforms constantly monitor their GM
values. This feature turns to be an advantage for the semisubmersible
platforms to be used as motion based wave sensors, since they allow the
estimation of the most appropriate set of RAOs at any time. This fact
makes them different to other vessels and offshore platforms, such as
the FPSOs, which present large draft variations that result in the

(16)
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increase of the RAOs inaccuracies as a direct consequence of the sig-
nificant changes of their stability properties, i.e. their GM and the po-
sition of their centre of gravity. This limitation regarding the use of the
FPSO as VMB wave sensor is well illustrated in [3], where the authors
carried out a sensitivity study to assess the RAOs changes of a FPSO in
different loading conditions.

Coming back to present research, the level of agreement between
the motion RAOs obtained from the wave tests (both for transient® and
regular waves) and those computed numerically is illustrated in Fig. 3.
The results provided correspond to a platform heading of 135deg. and
comprise only the three motions that were used for the purpose of wave
inference (heave, roll, pitch). Due to the technical limitations of the
wave basin, the estimations of the RAOs estimated by means of the
regular waves with 4% and 6% steepnesses are limited to a maximum
period equal to 225s.”

First, the heave motion RAOs are provided. They were computed
with ¢ = 5% as well as with ¢ = 3.81% and { = 6.89%. The damping va-
lues 3.81% and 6.89% were estimated through Eq. (15) and correspond
to the amplitudes deduced from the transient wave and the regular
wave with steepness equal to 2%, respectively. In general, numerical
and experimental results show good agreement. However, the results
provided also attest that significant differences in the vertical motions
of the platform may appear due to viscous effects for high wave periods.
These effects include, along with the attenuation of the resonant am-
plification, the suppression of the cancellation point of the RAO. The
later effect results from the velocity dependent drag forces and, there-
fore, it cannot be reproduced by merely adding an external damping
coefficient to the analysis carried out in the frequency domain.

Secondly, the RAOs of the angular motions, also provided in Fig. 3,
show that the numerical estimated RAOs follow the tendency of the
experimental points but lie slightly above them. It is important to keep
in mind that in this case the numerical computations obtained with the
different external damping coefficients drawn the same estimations of
the angular RAOs, since their natural frequencies are equal to 74 and 88
seconds, respectively.

Observation of the results provided in Fig. 3 suggests that a quan-
titative assessment of the accuracy of the numerically estimated RAOs
can be carried out by means of a model for the deviations of the RAOs
with respect to the experimental ones. It should be noticed that a model
using a constant value (in both frequency and direction) for the de-
viations can be an adequate approach to assess the accuracy of the
RAOs evaluated in the present work, due to the fact that the differences
between experimental and numerical results are in general not large.
Moreover, as the data available is limited, it is natural to adopt the
simplest idealization. Therefore, the model adopted for this assessment
can be expressed as follows,

ZA=a-Z+s, 17)

where Z is the measured values of the RAO, Z represents the RAO
numerical predictions and e stands as the experimental stochastic de-
viation, which is assumed to be featured with a zero mean. Since this
representation assumes that the measurement errors are independent of
the frequency. The value of the constant a can be estimated by a direct
minimization of the sum of the squares of the errors.

The estimations of the expected value of the constant, a, have been
obtained using the transfer function computed numerically and those
obtained experimentally through the regular waves. Furthermore, the
narrow differences between the experimental results obtained by means
of three different steepnesses allow the computation of the least squares
adopting the results as different realization of the same process. Thus,

The reader is referred to [5] for a comprehensive description of the main
characteristics of a transient wave.

7The reader is referred to Table A.4 in Appendix A for a comprehensive
description of the regular waves input parameters.
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the objective function for each motion is given by:
A
ZL:, = (X‘Zf + Ejj - (18)

where 21:, is the measurement of the transfer function corresponding to
the ith frequency and the jth regular wave. As a result, for each one of
the 11 different frequencies tested using the regular waves, there are
three measurements (i.e. j = 1, 2, 3), which stand for the steepnesses
equal to 2%, 4% and 6%.

Table 2 provides the values obtained for a, by means of minimizing
the following sum of the squares of the errors,

L= 2= 2 Hy—a H).
i J i J

The results in Table 2 show a tendency of the numerical RAOs to
slightly overestimate the rotational responses of the platform under
study. Nonetheless, the estimated values for the constant @ are almost
equal to one in all the directions assessed and, consequently, the dif-
ferences between the experimental results and the numerical ones can
be assumed negligible.

Concerning the responses of the heave motions, the numerically
computed RAOs underestimate the measured motions with constant
errors that are close to 20%. The observed discrepancies are a direct
consequence of the suppression of the cancellation point of the heave
RAO due to non-linear effects, which are velocity dependent and,
therefore, they cannot be reproduced through the analysis carried out
in the frequency domain.

19

4.2. Consistency of the VMB model

In order to assess the impact of the RAOs inaccuracies on the con-
sistency of the VMB in a simple manner, this section provides a com-
parison of the norms of the differences between the measured motions
and the estimated ones by means of the numerically computed RAOs
(see Eq. (20)) and the norms of the differences between the measured
motions and the expected ones if the RAOs inaccuracies are taken into
account (see Eq. (21)).

Ny = ||B - Ax|?, (20)
Ny=|B—-(A+Ox|. (21)

Fig. 4 shows the comparison of the results obtained through Eq. (20)
(rhombus markers) and (21) (square markers), for all the 32 different
sea conditions and five headings tested during the experimental cam-
paign. In order to provide an effective comparison of the outputs, the
results have been sorted according to the mean wave period (T}).
Furthermore, it is important to highlight that the norm values have
been divided by the (measured) variance (mg) of the corresponding sea
condition. This normalization allows a meaningful comparison of the
outputs, which are related to the energy that each sea state presents.

Regarding the quality of the estimations of the platform responses,
Fig. 4 shows that the sea conditions characterized by large peak periods
render the largest differences between the expected responses of the
platform and the measured ones. These results are in agreement with
the theoretical framework, since the non-linear drag effects become
more relevant close to the resonance of the heave motion.

Overall, it is possible to state that the results in Fig. 4 attest

Table 2
Values obtained for a, according to the heading direction and response motions
assessed.

Heading (deg)

Motion 90 120 135 150 180
Heave 1.17 1.17 1.18 1.20 1.20
Roll 0.96 0.93 0.93 0.91 -

Pitch - 0.94 0.95 0.94 0.95
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Fig. 4. Comparison between the norms of the differences of the measured motions and the estimated ones, including (square markers) and non-including (rhombus

markers) of the RAOs inaccuracies.

significant improvements when the RAOs inaccuracies are taken into
account to compute the norm (i.e. Eq. (21)). As a matter of fact, these
improvements become more relevant for sea conditions featured with
large peak periods than those with short peak periods, due to the impact
of non-linear drag effects in this frequency range. These differences are
in agreement with the observations provided in [12], where the authors
pointed out that the semisubmersible platforms can be adopted as re-
liable VMB sensors even for sea conditions characterized with short
peak periods.

Returning to the RAOs inaccuracies, we must keep in mind that the
values of the norm in Eq. (20) will tend to zero if the proper experi-
mental RAO is adopted as the dynamic model of the platform and,
therefore, increasing the accuracy of the estimations of the sea condi-
tions. Notwithstanding this, the observed reduction of the differences
between the measured motions and the expected ones, when taking into
account the RAOs inaccuracies, attests the accuracy of the proposed
VMB.

5. Results

In the following, the effectiveness of the modified Bayesian ap-
proach discussed in Section 2 has been assessed by means of a com-
prehensive comparison against the conventional approach, as provided
by Mas-Soler et al. [12].

Regarding the values of the hyperparameters, their optimal values
were determined by means of an extensive sensitivity analysis. Thus, it
was determined that: u; and uj are equal to 0.0035 and 1-1075, re-
spectively. These values are the same ones adopted in [12]. None-
theless, us was set equal to 1-10~7. The value adopted for the third
hyperparameter stands as a direct consequence of the adoption of
matrix C. As a matter of fact, the use of this error matrix avoids the over

estimation of the sea energy when the platform presents non-linear
response amplitudes and, therefore, larger values of us (if compared
with the values adopted in [3] and [12]) are no longer needed.

First, the quality of the estimations has been checked considering
the main statistical parameters of the sea states, i.e. the mean wave
period (T}), significant wave height (H;) and mean wave direction (6).
Aiming at providing an effective and proper visual formatting for the
comparison of the results, the following arrangement is adopted: A
representation of the distribution of the ratio between the value of the
estimation and the measured value, for all the heading conditions
(H = 90, 120, 135, 150, 180), in terms of box-plots. The sea wave sta-
tistics H,, . T;,, and 6y, stand for the significant wave height, mean wave
period and mean wave direction obtained from the measurements in
the basin using a set of conventional wave probes. Returning to the box-
plots in Figs. 5-7, they have been estimated using a nonparametric
representation of the probability of the estimations obtained with dif-
ferent heading for each statistic assessed in this work (i.e. H, T; and
6,,). In this study, the box-plots report the following quantities for each
sea condition tested:

1. The lower and upper limit of each box indicate the 25% and 75%
percentile levels;

2. The central mark indicates the 50% percentile level;

3. The bars indicate the estimated 5% and 95% percentile levels while
the remaining data-points outside of these limits are likely outliers.

Moreover, the results have been clustered into two different sets
with different colors, indicating whether the waves generated in the
basin corresponded to a JONSWAP (blue) or Torsethaugen (red) power
spectrum. This approach allows a proper comparison between the re-
sults obtained with different headings.
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Table 3

Expected properties of the measured sea conditions (see [12]).
Test Spectrum Type Hyp, Tim Direction
6 JONSWAP 4.53 9.06 90/135°
12 Torsethaugen 5.54 10.48 90/135°
15 JONSWAP 7.50 9.60 90/135°
30 JONSWAP 16.21 13.73 90/135°

Figs. 5-7 attest that for sea conditions with measured mean wave
periods larger than 10.1 s, the approach taking into account the RAOs
inaccuracies provides improved estimations for both H, and T if
compared with the ones reported in [12]. This tendency is well illu-
strated by the fact that the estimations obtained with the proposed
approach for mild to extreme sea conditions are characterized with
errors always below 10% for both the mean wave period and significant
wave height, respectively, while the conventional approach resulted in
estimations characterized with errors below 14% and 12%, once again,
for the estimations of Hy and T;. Notwithstanding this, it is important to
highlight that the outputs of the proposed approach are characterized
with larger spreading of the estimation according to the different
headings assessed. This is mainly a direct result of the fact that the
inaccuracies regarding the heave RAO are different, in the frequency
and direction domain, when compared with the errors estimated for the
roll and pitch motions, which result in similar error distributions (see
Table 2).

Concerning the estimations of the milder sea conditions (mean wave
periods lower than 10.1s), the modified approach results in an over-
estimation of the significant wave height, with larger errors than the
ones obtained by means of the conventional approach. This can be
explained by the fact that these sea states present large amounts of
energy in the frequency range where the platform responses are ex-
pected to be small, therefore associated to the increase of the in-
accuracies of the RAOs and resulting in slightly lager errors on the es-
timation of the of sea wave energy distribution.

In a similar way, the estimations of the mean wave direction present
the same pattern regarding the differences that arise between the out-
puts obtained with the heading conditions tested. Concerning the esti-
mations of the directional sea spectra, Figs. 8 and 9 show the estimated
directional sea spectra for wave conditions listed in Table 3. The col-
orbar in these figures represents the power spectral density. The di-
rection (deg.) and frequency (rad.s~!) are provided by the angular and
radial direction dimensions of the sea spectrum, respectively.

The sea conditions described in Table 3 were selected among the 32
tests carried out during the experimental campaign in order to provide
a representative sample of the whole range of periods that was tested,
and their main characteristics (H; and T;) correspond to the measure-
ments obtained by means of conventional wave probes.

Regarding the directional spectra included in Figs. 8 and 9, the wave
energy in each wave frequency (radial coordinate in rad/s, with values
given at full scale) is depicted for all wave directions (as a convention,
the actual wave direction in the tank was considered as 1807). In ad-
dition, the main statistical parameters for each wave condition are
presented at the top of each figure.

The results obtained show that the energy spreading in the direction
domain (the directional resolution considered in this study is equal to
AB = 5) is larger for the estimations obtained with the modified ap-
proach than those obtained by means of the conventional inference

12
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technique. However, the waves generated at the wave basin were long-
crested and, therefore, the obtained results with the conventional ap-
proach are in better agreement with the expected dispersion of the
energy than the ones obtained taking into account the RAOs in-
accuracies.

The differences are a direct result of the adoption of the estimated
inaccuracies of the RAOs, which are always larger than zero and, as a
consequence, they force the method to spread the energy in order to
minimize the error between the measured motions of the platform and
the estimations. Furthermore, it is worth to remember that since the
first and second hyperparameters are maintained unchanged in the
modified approach, the effect that they may have on the energy
spreading is the same in all the results provided. The authors hy-
pothesize that the modified VMB may provide improved (i.e. better
estimations than the conventional VMB) for short-crested sea condi-
tions. As a matter of fact, the tested sea conditions tested stand as a
limiting case for the wave inference problem to be solved and, fur-
thermore, the modified VMB provides estimations of the sea spectra
with large energy spreading (which can be explained by the non-zero
inaccuracies introduced by the method in all the frequency-direction
pairs). Therefore, the inference of short-crested sea conditions may lead
to improved result for the developed VMB, since the spreading of the
energy will be smaller than for long-crested sea states and it may result
in better estimations of the total energy of the sea spectra.

Figs. 10 and 11 show the energy spectrum in frequency-domain for
the sea conditions previously assessed in Figs. 8 and 9 (see Table 3).
These figures include the wave spectra estimated using the conven-
tional approach (dashed blue line) and the estimations obtained by
means of the modified proposal (red dashed-dot line). Also, aiming at
providing a reference for the estimations obtained, the sea spectra ob-
tained from the wave probes records are included in these figures (black
continuous lines).

From the results obtained concerning the sea spectrum in frequency-
domain, one may realize that the modified approach outputs less ac-
curate results than the conventional ones for mild sea conditions (i.e.
testf 6), in both heading conditions evaluated.

Regarding the estimation obtained for the Torsethaugen sea condi-
tions, the use of the proposed approach resulted in an improvement of
the estimated energy distribution, even close to the cancelation points.
As a matter of fact, the estimations obtained of test# 06, 12 and 15
through the conventional approach in beam sea conditions show a
significant discrepancy (close to 0.13Hz) between the measured wave
spectra and the estimations. These differences can be linked to the
points of minimum response that the roll and pitch RAOs present close
to 7.5s (see Fig. 3).

The extreme sea conditions evaluated in Figs. 10 and 11 have been
estimated quite accurately using both approaches (conventional &
modified). This is because the platform motions are characterized by
larger amplitudes and, as a consequence, the errors for the estimations
obtained of the directional sea spectra are lower than the ones obtained
for mild sea conditions. This is in agreement with the results shown in
Figs. 5 to 7 and in Section 4.2, which show a clear improvement of the
estimations for the wave conditions that correspond to the extreme sea
events.

Finally, it is important to highlight that the estimations obtained by
means of the modified approach in all the cases have underestimated
the energy close to the peaks of the wave spectra. This is a direct result,
as it has been pointed out previously in this section, of the adoptions of
the RAOs inaccuracies, which always present values larger than zero.
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Fig. 10. 2D estimated sea spectra for heading 90°.

Thus, it is expected that the amount of energy close to the peak of the
spectrum will be smaller than the measured one.

6. Conclusions

This work has provided a general assessment of the effects that
nonlinearity related inaccuracies on the estimations of the RAOs may
induce on the outputs of the Vessel Motion Based wave inference ap-
proach (VMB). For this purpose an improved Bayesian VMB, which
takes into account the limitations of the linear modelling the RAOs, has
been developed. The improvements of the proposed methodology have
been assessed by means of a comprehensive comparison against the
estimations obtained with the conventional approach, using the data
from a controlled model scale experimental campaign with the
Equinor’s Asgard»B semsisubmersible platform, that was carried out at
the TPN-USP.

The comparison has shown that the proposed VMB approach may
lead, in some sea conditions, to the improvement of the estimations,
specially those that correspond to mild to extreme sea states. This im-
provement is in agreement with the one observed regarding the con-
sistency of the VMB for those sea conditions featured with large peak
periods, if the RAOs inaccuracies are included in the platform motion
model.
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On the negative side, the adoption of the modified VMB to take into
account the RAOs nonlinearity related inaccuracies results for the
Asgard—B floater in directional estimations of the sea spectrum char-
acterized by a larger energy spreading, both in frequency and direction
domain, than the conventional one. However, the experimental cam-
paign only included long crested sea conditions, which stand as a lim-
iting case for the prior beliefs introduced in the inference problem (i.e.
that the inferred directional sea spectrum must be smooth both in fre-
quency and direction). As a matter of fact, the use of short crested sea
states may result in the improvement of the directional sea spectra
estimations if the proposed VMB is adopted. Investigating this matter
has been left for future work.

Another drawback of the developed approach is its dependence on
previous existing experimental results to compute the coherence func-
tions. Although this shortcoming can be overcome by means of using
non-linear methods to estimate the responses of the platform under
certain conditions, such as time domain simulations. This alternative
approach, however, may result in an increase of the computer power
needs and total computing time. The assessment of the feasibility (in
time and computer power costs) of these alternatives have been left as a
thread of future work.

Together with better estimations in mild and extreme seas, a further
advantage of the novel proposed method is the improvement of the
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Fig. 11. 2D estimated sea spectra for heading 135",

estimations obtained close to frequency ranges where more than one
motion presents RAOs cancellation points. This improvement may be
relevant for the use of other types of vessels for motion based mea-
surement systems, such as FPSOs, whose motions are characterized for
presenting several RAOs cancellation points in the wave frequency
range of interest, that may lead to misleading estimations of the sea
states if the conventional approach is adopted.

It is also important to highlight the proposed VMB requires a small
optimal value for the third hyperparameter. This hyperparameter aims
at avoiding the overestimation of the energy close to the limits of the
frequency range of interest. Accounting for the RAOs nonlinearity re-
lated inaccuracies has been shown to be a suitable approach to avoid
the estimation of too large amounts of energy in the frequency range
where the platform motions are characterized by non-linear response
amplitudes. The systematic assessment regarding the sensitivity of the
prior distribution hyperparameters to the RAOs inaccuracies has been
left as a future work, since it entails a dedicated experimental campaign
including short-crested sea conditions. Another future work thread that
arises from this study is the use of the RAOs inaccuracies in the ap-
proach proposed in [6], which incorporates the measurement from
onboard wave-probes to improve the estimations in the high frequency
range of the sea spectra, and will also include the use of the in-
accuracies related to the RAOs of the wave-probes.

Overall, it is possible to conclude that the adoption of a metho-
dology that takes into account the inaccuracies of the RAOs due to the
linearization of the seakeeping problem may lead to improvement of
the estimations obtained through the VMB. As a matter of fact, these

15

improvements are linked to the sea conditions that excite the non-linear
responses of the vessel motions adopted as motion-based wave sensors.
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Appendix A. Test Matrices: Regular Wave Specifications
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Main features of the regular waves tested during the experimental campaign are included in the following table.

Table A1
Input parameters used for regular wave conditions.

Wave Tp(s) H(m) Steepness (%)
wo1 8,0 2,0 2
wo2 9,6 2,9 2
Wwo3 11,1 3,9 2
Wwo4 12,7 5,0 2
Wo5s 14,2 6,3 2
Woe6e 15,8 7.8 2
wo7 17,3 9.4 2
wos8 18,9 11,1 2
Wo09 20,4 13,0 2
w10 22,0 15,1 2
wi1 24,0 15,7 2
wiz2 8,0 4,0 4
wi3 9,6 57 4
W14 11,1 7,7 4
wis 12,7 10,0 4
Wie 14,2 12,6 4
w17 15,8 15,6 4
w18 17,3 18,8 4
w19 18,9 223 4
W20 20,4 26,1 4
w21 22,0 30,1 4
w22 8,0 6,0 6
w23 9,6 8,6 6
w24 11,1 11,6 6
w25 12,7 15,0 6
w26 14,2 18,9 6
w27 15,8 23,3 6
w28 17,3 28,0 6
w29 18,9 33,0 6
W30 20,4 371 6
w3l 22,0 39,0 6
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