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A B S T R A C T

This article presents the results of a preliminary investigation on the use of the motions of a large-volume semi-
submersible platform as the basis for estimating waves on-site. The main focus of the application is on the harsher
wave conditions, for which other measurement devices are known to present limitations. As a first step in this
investigation, a series of tests were performed with a scaled model in a wave basin. A wide range of waves was
tested in order to evaluate how the estimation errors behave with respect to wave period and amplitude.
Moreover, since the statistical inference relies on a linear dynamic model, the influence of uncertainties on the
unit's RAOs must be assessed. Since the non-linear viscous effect on resonant responses is known to be one of the
main sources of error in this regard, different approaches for predefining the viscous damping levels are tested
and compared. The results attest that, at least in the controlled conditions of the tests, the inference method is able
to provide accurate estimations of the extreme waves conditions that were tested. A simple method for predicting
the damping based on the recorded motions is shown to improve the estimations.
1. Introduction

Directional wave inference obtained from the records of vessels mo-
tions is a technique that has seen its application grow significantly over
the last years. Usually, the main interest in this approach comes from the
fact that this sort of estimation only requires simple instrumentation and
hardware, which can be easily installed on-board and require little
maintenance. Most of the previous works on the method based their
estimations on ships or ship-shaped platforms, due to the fact that these
vessels are known to have significant response even for mild wave
conditions.

The major shortcoming of the method is that only waves that impose
a reasonable level of motions to the vessel may be inferred. This is due to
the fact that the vessel usually acts as a low-pass filter, filtering the high
frequency components that do not excite the vessels first-order responses.
Therefore, the larger the vessel, or the lower its response in waves, the
more restricted will be the estimation range. Themainmotivation for this
paper, however, arises from the fact that, although a semi-submersible is
designed for responding only weakly to the incoming waves, it will still
present significant motions in more severe wave conditions and, in these
situations, it may perhaps provide a reliable account on the sea state that
imposed such motions. For this reason, this method of wave inference is
nuary 2018; Accepted 15 January 20
not intended for providing broad oceanographic records, but rather to be
used as a means for identifying wave conditions that impose considerable
motions on the vessel in which the system is based on.

Another practical reason that motivates the adoption of a large semi-
submersible platform as a motion-based wave sensor is that the
measuring systems that are widely considered as a global standard for
wave data, such as wave buoys (Gemmrich et al., 2016) and wave radar
systems (Fucile et al., 2016), may present some drawbacks in extreme
weather conditions. For instance, wave buoys may be dragged through or
swerve around the 3D peaks of waves (Allender et al., 1989). In addition,
eventual presence of a spike in the raw accelerometer data ( Mackay,
2009) may produce erratic maximumwave height measurements. Rough
sea states and adverse weather conditions are also among the possible
sources of errors in wave measurements from wave radar systems, since
errors can be attributed to the shadowing effects produced by rain, large
waves or sea spray, as well as the inherent bias of the system that could be
increased by extreme sea conditions (Magnusson, 2008). Furthermore,
all of them require important initial investments and/or high mainte-
nance costs.

Consequences of these shortcomings are either way important for
marine operations, engineering design and validation of forecasts of
extreme wave events. In addition, comparisons between estimations
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obtained with wave buoys and wave radars have shown some important
discrepancies (Durrant et al., 2009; Chen et al., 2013; Wijaya, 2009),
highlighting the inherent biasses and differences in the performance of
the sensors.

For the reasons exposed above, if proven feasible for real conditions,
wave estimations obtained from the motions of a semi-submersible
platform may provide an interesting complement to the readings of
other devices in harsh seas. In fact, they are not expected to be affected by
some of the factors mentioned above. On the other hand, it may have to
deal with other problems, as for example the non-linear behavior of the
motions (especially due to viscous damping effects) induced by the flow
on the hull, risers and mooring lines. These aspects will be discussed with
detail in this article.

From a general point of view, there are several approaches that may
be considered for performing the wave inference based on the recorded
motions of a vessel. As a first option, the wave spectrum can be estimated
with a parametric modelling, with some examples of this method pro-
vided by: Hua and Palmquist (1994), where the wave conditions are
estimated using the full-scale data, applying a variational method.
Another work based in this research topic is presented by Tannuri et al.
(2003), who used the data from a moored FPSO with a non-linear
parametric model to estimate the directional wave spectrum. Mon-
tazeri and Nielsen (2014) use the parametric approach to estimate the
directional wave spectrum from full-scale response measurements car-
ried out on a container ship. One additional example of the parametric
modelling approach can be found in Montazeri et al. (2015), which
presents a trend analysis for prediction of sea state parameters using a
JONSWAP model. Finally, Montazeri et al. (2016) is another recent work
in which a parametric model of the directional wave spectrum is cali-
brated to estimate wind sea and swell based on motions of a ship.

Alternatively, another line of works proposes the estimation of the
directional wave spectrum based on non-parametric modelling methods.
The inference is then made using either the wave buoy analogy or the
Bayesian modelling procedure. Regarding the wave buoy analogy, Niel-
sen and Stredulinsky (2012) obtain the estimations from full-scale mo-
tions measurements. The results are comparedwith real wave rider buoys
and radar data. They show that the statistical parameters are accurately
estimated when compared with the wave rider buoy, and the method
provides a slightly better estimation when compared to the wave radar
systems. Furthermore, Nielsen et al. (2016) aim to evaluate a novel
concept for wave estimation using the wave buoy analogy using ship-
board measurements, which in this case is formulated directly in the time
domain combining different techniques and the least squares fitting to
estimate wave amplitude and phase.

The so-called Bayesian modelling procedure has been adopted by
Nielsen (2006), who presented derivations of both parametric and
non-parametric theories. The theories for both methods are applied in
order to obtain the directional wave spectrum from real scale data (radar)
and numerical simulations. The same researcher (Nielsen, 2007) carried
out a detailed study of numerical simulations of time histories, providing
an estimation of the sea state parameters. In this work, two approaches
are considered: the parametric procedure and the non-parametric one.
The paper finally concludes that it is difficult to favor one particular
method, since both of them provide similar results.

Simos et al. (2010) present a complete analysis of the sea states
estimated from the motions of a model scale FPSO. These estimations are
performed using the Bayesian inference method with two hyper-
parameters, as proposed by Nielsen (2008), but with a relevant concep-
tual change. Different from the original proposal, they have set a
pre-calibration of these hyperparameters, meaning that the values of
both were prescribed for each wave estimation. From a conceptual point
of view, although the mathematical structure of the Bayesian model was
preserved, an important feature of the Bayesian approach was aban-
doned, namely the adoption of an information criterion for searching the
best values of the hyperparameters in each estimation event. This
approach, however, led to a much more expedite estimation procedure,
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meanwhile the results obtained in the experimental campaign attested
that the wave conditions could still be inferred with good accuracy.

Later, Simos et al. (2012) used full-scale data from an FPSO operating
in Brazil's Campos basin for a first evaluation of the performance of this
method in field conditions. However, due to the lack of alternative wave
sensors, the comparison of the results was made almost exclusively with
hindcast predictions provided by NOAA for the same region where the
FPSOwas operating. The authors concluded that the method was capable
of inferring the sea states with a good agreement with the NOAA pre-
dictions, despite the inherent limitations concerning the estimation of sea
states with low peak periods.

Bispo et al. (2016) presents the first part of the results from a new
field campaign, started in December 2014. Again, results are obtained
from full-scale FPSO motions using the Bayesian inference approach. The
performance of the motion-based method is checked against the wave
estimations provided by a commercial marine radar system. Comparisons
between both systems attest an adequate identification of mean wave
conditions.

The use of a semi-submersible platform to estimate extreme wave
conditions was initially investigated by Wijaya (2009). As for the present
paper, their work was also based in large part on model-scale tests.
However, the analysis was based on a set of final design tests performed
for the platform, which only comprised a short range of wave conditions.

In the present study, a scaled model of the same semi-submersible
unit was built and tested in a large set of experimental conditions at
the CH-TPN wave basin of the University of S~ao Paulo. The experiments
were specifically conceived for verifying the feasibility of performing the
motion-based estimations, putting special emphasis on more severe wave
conditions.

Next, a brief description of the statistical inference approach is pre-
sented (section 2), followed by the presentation of the semi-submersible
unit adopted as a case study (section 3). Section 4 discusses the numerical
modelling leading to the linear motion RAOs. It also addresses the
importance of a proper damping estimation for predicting the heave
resonant motions and the difficulties imposed by the non-linear character
of the viscous effects. The experimental setup and the main features of
the test campaign are presented in section 5. Section 6 brings the main
results, confronting the directional wave spectra estimated by the model
motions to those obtained from a set of conventional wave probes.
Finally, section 7 draws the main conclusions and discusses further steps
that should be taken in the continuity of the research.

2. Bayesian inference method

The non-parametric approach adopted in this study follows the
Bayesian modelling procedure as proposed by Akaike (1980), which
essentially aims at introducing different kinds of a-priori information to
improve the ill-conditioned problem as well as to reduce the influence of
noise. This central idea was used for the first time by Iseki and Ohtsu
(2000) to estimate the wave spectrum from measured motions of a ship
with forward speed. In their approach, the prior information essentially
concerns the fact that the spreading of wave energy in direction should
happen smoothly. The trade-off between the good fit to the data and the
smoothness of the solution is then controlled through a single hyper-
parameter. Following these works, Nielsen (2008) proposed the intro-
duction of an additional hyperparameter, which, in its turn, controls the
smoothness of the energy distribution regarding the wave frequency.
Common to all these previous applications of motion-based wave infer-
ence is the fact that the determination of the optimal value of the
hyperparameters have been done by minimizing Akaike's Bayesian In-
formation Criterion (ABIC), see e.g. Akaike (1980), despite the expensive
computational cost that is required by this procedure.

Simos et al. (2012) and Bispo et al. (2016) used an approach similar to
the one proposed by Nielsen (2008). In their case, however, applications
were made for moored floating systems (therefore without advance
speed) and a third hyperparameter was included, which avoids excessive
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energy estimation at frequency boundaries. Apart from these differences,
the main modification proposed concerned the estimation of the hyper-
paramters, which in the case of Simos et al. (2012) and Bispo et al. (2016)
are defined prior to the estimations, following the procedure proposed by
Bispo et al. (2012).

The method adopted in the present article follows closely the one
proposed in Simos et al. (2012) for moored floating units. For this reason,
only a short introduction to the method will be presented next. For the
reader who is interested in a more detailed description of the statistical
inference approach, it is important to mention that a concise derivation
of the formulae concerning the Bayesian method can also be found in
Nielsen (2008).

Assuming that the relation between the waves and the ship response
is linear, the directional wave spectrum (Sðω; θÞ) and the RAOs (Response
Amplitude Operators) are related to the cross spectra derived from the
ship motions records (ϕij) through the integral:

ϕijðωÞ ¼ ∫ π
�πRAOiðω; θÞRAO�

j ðω; θÞSðω; θÞdθ: (1)

where RAOiðω; θÞ corresponds to the Response Amplitude Operator of
the motion i at frequency ω and direction of incidence θ. The relation
presented by equation (1) can be rewritten in discrete form assuming the
integrand to be constant in each slice, Δ θ ¼ 2π

K , leading to:

ϕijðωÞ ¼ Δθ
XK
k¼1

RAOiðω; θkÞRAO�
j ðω; θkÞSðω; θkÞ; (2)

where θk ¼ �π þ ðk� 1ÞΔθ.
If a certain range ofMwave frequencies is specified previously, being

Δω ¼ ωM�ω1
M�1 , equation (2) can be expressed in a matrix form as follows:

B ¼ A⋅xþ U; (3)

Here, the vector B contains a total of (N2 � M) elements, which are
related to the spectrum and the cross-spectrum, and can be expressed as:

B ¼

2
664
b1
b2
⋮
bM

3
775; with bm ¼

2
6666664

ϕiiðωmÞ
⋮

Re½ϕijðωmÞ
�

⋮
Im½ϕijðωmÞ

�
⋮

3
7777775
: (4)

The RAO matrix is represented by the matrix A, which has ðN2⋅ MÞ �
ðK⋅ MÞ elements.

A ¼

2
6666664

A1 0 0 ⋯ 0 0
0 A2 0 ⋯ 0 0
0 0 ⋱ ⋯ 0 0
0 0 0 Am 0 0
0 0 0 0 ⋱ ⋮
0 0 0 0 ⋯ AM

3
7777775
; (5)

where the 0 represents the (N2 � K) matrix with null elements. The
other matrices represented in A are given by:
Am ¼

2
6666664

��RAOiðωm; θ1Þj2 ⋯
��RAOiðωm; θkÞj2 ⋯

��RAOiðωm; θKÞj2
⋮ ⋮ ⋮

Re½RAOiðωm; θ1ÞRAO�
j ðωm; θ1Þ

i
⋯ Re½RAOiðωm; θkÞRAO�

j ðωm; θkÞ
i

⋯ Re½RAOiðωm; θKÞRAO�
j ðωm; θKÞ

i
⋮ ⋮ ⋮

Im½RAOiðωm; θ1ÞRAO�
j ðωm; θ1Þ

i
⋯ Im½RAOiðωm; θkÞRAO�

j ðωm; θkÞ
i

⋯ Im½RAOiðωm; θKÞRAO�
j ðωm; θKÞ

i
⋮ ⋮ ⋮

3
7777775
; (6)
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The vector x of equation (3) represents the unknown wave spectrum
evaluated at the (K � M) pairs of frequencies and directions:

x ¼

2
66664

Sðω1; θ1Þ
Sðω1; θ2Þ

⋮
SðωM ; θK�1Þ
SðωM ; θKÞ

3
77775: (7)

Finally, U is a vector with (N2 � M) elements representing the
measurement noise, which is assumed to be Gaussian with zero mean
value and variance σ2.

As suggested by Akaike (1980), the Bayes procedure can be applied in
the singular system presented by equation (3). With such procedure, the
estimation of the vector x is obtained maximizing the product of the
likelihood function LðxjBÞ by the prior distribution, where the likelihood
function represents the probability of occurrence of the spectrum given a
specific measurement B.

As pointed out above, the measurement noise is assumed Gaussian
with zero mean and variance σ2. Therefore (see Akaike (1980)), the
likelihood function is given by:

LðxjBÞ ¼
�

1
2πσ2

�N2
2

exp
�
� 1
2σ2

��B� Ax
��2
�
: (8)

The prior distribution pðxÞ brings information about the unknown
coefficients. In this case, the information known a-priori relates to the
assumption that the wave spectrum is smooth both in direction and
frequency. For implementing this, the method makes use of the second
order differences ε1mk and ε2mk, which are associated to the direction k
and frequency m, and can be simply defined as:

ε1mk ¼ Sðωm; θk�1Þ � 2Sðωm; θkÞ þ Sðωm; θkþ1Þ;
ε2mk ¼ Sðωm�1; θkÞ � 2Sðωm; θkÞ þ Sðωmþ1; θkÞ: (9)

The smoothness condition is equivalent to keeping the following re-
lations as small as possible:

XK
k¼1

XM
m¼1

ε1mk ¼ xTH1x;

XK
k¼1

XM
m¼1

ε2mk ¼ xTH2x:
(10)

where Sðωm; θ0Þ ¼ Sðωm; θKÞ.
The matrices H1 and H2 can be easily computed considering the

definition of the vector x (for more information see Nielsen (2008)).
Finally, one must take care of another practical problem: In fre-

quencies for which part or all the motions of the vessel are null, any
estimation is possible, and therefore invalid. Thus, in order to avoid an
over prediction of the spectrum energy or inconsistent results (due to the
null or very small response of the platform), the total energy of the
spectrum is minimized in a pre-defined range of low and high fre-
quencies. A third hyperparameter (Simos et al., 2012) is then introduced
in order to control the influence of this request in the final solution.



Table 1
General geometric properties in full-scale and model-scale.

J. Mas-Soler et al. Ocean Engineering 153 (2018) 154–172
XK XL

Sðωm; θkÞ2 þ
XK XM

Sðωm; θkÞ2 ¼ xTH3x (11)
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 (kg) 8:27⋅107 46.621
Pitch inertia moment (kg⋅m2) 1:56⋅1011 2.25
Roll inertia moment (kg⋅ m2) 1:21⋅1011 2.23
Heave natural period (s) 24 2.19
Pitch natural period (s) 88 8.03
Roll natural period (s) 74 6.75
GM Roll (m) 3.312 0.027
GM Pitch (m) 3.321 0.027
KB Roll (m) 8.362 0.069
KB Pitch (m) 8.362 0.069
BM Roll (m) 26.855 0.223
BM Pitch (m) 27.063 0.225
KG Roll (m) 31.905 0.265
KG Pitch (m) 32.104 0.267
k¼1 m¼1 k¼1 m¼H

Considering that each one is a Gaussian variable, with zero mean and
variances ðσ1=u1Þ2, ðσ2=u2Þ2 and ðσ3=u3Þ2 for the distributions presented
in equations (10) and (11); the product of the likelihood function (see
equation (8)) by the prior distribution pðxÞ is given by:

LðxjBÞ⋅pðxÞ ¼ C⋅exp
�
� 1
2σ2

�kB� Axk2 þ xT
�
u21H1 þ u22H2 þ u23H3

	
x
��

;

(12)

where C represents a factor that is independent of the unknown in the
model (x). The hyperparameters u1 and u2 control the compromise be-
tween a good fit to the data and the smoothness of the estimated spec-
trum in direction and frequency, respectively. These hyperparameters
should be properly calibrated; some works that have been presented in
the literature deal with the estimation of the optimal hyperparameters for
a specific type of ship -VLCC- (see e.g. Bispo et al. (2012)). In this case, an
extensive sensitivity analysis has been performed in order to obtain the
optimal values of the hyperparameters. Which are equal to: u1 remains
equal as the one presented by Bispo et al. (2012), for u2 the optimal value
is given by 1⋅10�5 and u3 is equal to 0.0035. The almost negligible value
of u2 arises from the narrow differences between the beam and length of
the platform, which produce similar RAOs for roll and pitch motions.
This resemblance maintains the information level provided by these
motions always equilibrated avoiding inconsistent results and therefore
larger values of u2 are no longer needed.

Finally, it should be noticed that the total size of the maximization
problem is defined by the number of directions (K) and frequencies (M)
considered, being the number of variables equal to K � M. From equa-
tion (12) this problem can be interpreted as the minimization of the
following functional:

JðxÞ ¼ jjB� Axjj2 þ xT
�
u21H1 þ u22H2 þ u23H3

	
x: (13)

Which is feasible by means of a conventional quadratic programming
algorithm.

3. Case study

The model employed during the experimental campaign at the CH-
TPN was a precise scale (1:120) model of the Åsgard-B large semi-
submersible processing platform (see Fig. 1). The main dimensions of
the platform are given in Table 1, also a 3D sketch and a photo of the
model are presented in Fig. 2. The structure of the semi-submersible
platform model is mainly composed by a rectangular ring pontoon con-
nected to the deck by six box-shaped columns (4 corner columns and 2
Fig. 1. Åsgard-B floating gas production platform, from Statoil (2014).
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center columns).
Wave inference will be made based on the three most significant

motions, namely heave, roll and pitch. For this reason, an analysis of the
dynamic characteristics of these motions is important. The hydrody-
namic properties of the semi-submersible unit are documented in Wijaya
(2009) with a heave natural period equal to 24s. The natural periods for
the roll and pitch motions are both above the wave frequency range,
being defined as 74s and 88s, respectively.

Since it is known that the estimation of a linearized viscous damping
is an important source of errors concerning the prediction of the resonant
responses, one may realize that this platform indeed has good response
characteristics for being used as a wave sensor. In fact, the very large
natural periods in roll and pitch are well above the periods of the sea
waves, thus increasing the reliability of the RAOs of angular motions
within the wave frequency range. Nonetheless, damping corrections in
heave motion are still necessary, for this motion presents its resonance
inside the range of interest of the current study (focused on large period
waves). These corrections were evaluated considering two different ap-
proaches: a constant external damping equivalent to 5% of the critical
damping (determined experimentally) and a linear damping estimated as
a function of the heave amplitude. Further details about the damping
corrections will be presented in sections 4 and 5, together with results
obtained from decay tests.
3.1. Scaled model

The manufacturing process for the model construction took into ac-
count the geometrical complexity of the hull and the need to keep the
model mass low (in order to guarantee a proper margin for ballast cali-
bration). Considering these restraints, the 3D printing with nylon sin-
tered material was selected as the best method of construction, except for
the deck, which was made of Medium Density Fiberboard (top sides were
not modeled, as the tests did not include wind effects). The main features
of the real scale semi-submersible platform and the model are given in
Table 1. The mass properties of the model (no ballast) were confirmed
experimentally through two bifilar pendulum test (roll and pitch).
Inclination tests in the water weremade in order to verify the metacentric
heights.

The model was moored to the tank by means of a soft spring hori-
zontal system (above the waterline). The objective of the mooring was
only to keep themodel offsets within the range of optical motion-tracking
system. The stiffness of the system was kept as low as possible, in order to



Fig. 2. The 1:120 scaled semi-submersible platform
model.
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have little effect on the first order motions. The overall stiffness in both
horizontal directions was confirmed by means of pull-out tests.

4. Numerical modelling: motion RAOs and external damping

The motion-based wave estimation is strongly dependent on the ac-
curacy of the RAOs, which characterize the dynamic behavior of the
semi-submersible platform. In the present study, the hydrodynamical
properties have been obtained with two different approaches: frequency
and time-domain analyses. The former was performed to obtain the set of
motion RAOs that were used in the wave inference process. On the other
hand, time domain simulations were also made in order to support the
analysis of the non-linear drag effects, especially those associated with
large amplitudes of heave motions near resonance. This section provides
a general description of the procedures followed during the numerical
modelling, including the analysis of the main results.
4.1. Frequency-domain: first-order RAOs

RAOs were computed in frequency-domain using the software
WAMIT. The numerical model was made using the higher-order method,
which allows the approximation of the geometry by B-splines functions.
In our case, the hull geometry was represented by 52 different patches. In
this approach, the velocity potential and the fluid velocity on the body
are described in a continuous manner inside each patch. Fig. 3 shows the
geometry considered in this numerical model.

Fig. 4 shows the RAOs computed in frequency-domain for the heave,
roll and pitch motions. Results are presented for five different wave di-
rections, from 180deg: (bow seas) to 90deg: waves (one should remind
that the hull is symmetric in both x and y directions). For the sake of
158
illustration, RAOs were computed with external damping equal to 0%
and 5% (dashed black line), which is a typical value for the external
damping and therefore provides a useful reference. Please notice that the
RAOs with 5% of external damping are only provided for the most un-
favorable direction regarding each motion, i.e.: 180deg: for heave and
pitch and 90deg: for roll motion.

The RAOs reflect the dynamic characteristics of the platform that
were emphasized before: the heave motion is the only one with reso-
nance inside the wave-frequency range (therefore, the external damping
effect is only significant for the heave RAO); roll and pitch have natural
periods around 74 and 88 s, respectively, and therefore their motions
within the frequency range are not supposed to be strongly affected by
viscous effects.
4.2. Time-domain analysis: viscous-effects

As explained before, the aim of the time-domain analysis is to eval-
uate the viscous drag forces acting on the pontoons of the platform and its
impact on the motions, especially when large amplitudes are involved.
The impact of the viscous forces on motion RAOs is widely documented
in the literature (see for example Clauss et al. (1992)). In the present case,
as mentioned above, the major influence of the drag forces should be
found in the heave motion. A proper evaluation of these effects is
necessary, especially because heave is the most determinant motion for
the estimation of wave amplitudes.

The software used during this stage was the ANSYS-AQWA Hydro-
dynamic Time Response package. In order to perform the analysis in
AQWA, 11 830 panels were used in the model. In addition, some parts of
the pontoons were modeled as Morison elements in order to introduce
the quadratic drag effects.
Fig. 3. Higher order mesh of the semi-submersible
platform.



Fig. 4. RAOs for the motions of heave, roll and pitch.

Fig. 5. RAO Heave, for the heading of β ¼ 180∘.
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Fig. 5 provides an illustration of the heave RAO. Only the heading
equal to 180∘ is evaluated here, because the heave responses for the other
angles of incidence show only narrow differences if compared to this
direction (see Fig. 4). The WAMIT frequency-domain analysis (with 0%
and 5% of fixed external damping) provides a basis of comparison for the
time-domain study. It can be seen that both codes provide similar results
for the computations in frequency-domain with 5% fixed external
damping.

The figure also presents the results obtained for different regular
wave amplitudes using the AQWA time-domain package (indicated by
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AQWA TD). A first set of results was obtained for a wave steepness of 2%,
without considering the Morison elements on the pontoons (blue circles).
It can be seen that the RAO results obtained this way agree quite well
with the results obtained from frequency-domain. A second set of results
was generated including the Morison elements of the pontoon, for wave
steepnesses of 0:64% and 2% (magenta rhombus and orange squares,
respectively). These results, on the one hand, make the effects of the non-
linear drag on the resonant amplification clear (for periods above 24s);
on the other hand, they also show that the cancelation point (period of
zero heave motion slightly above 22s) expected from the potential flow
analysis ceases to exist when the drag forces are considered. The same
figure presents a set of experimental results obtained in regular wave
tests (green triangles). All the experimental tests, for different wave pe-
riods, were conducted considering a fixed wave steepness of 2%. One
may notice that the experimental results confirm the main trends ob-
tained from the time-domain simulations. As expected, these experi-
mental results attest that a proper consideration of the non-linear viscous
effects is necessary for a good prediction of the resonant motions.

In general, therefore, the experimental results agree well with those
obtained from the time-domain analysis. They attest that the viscous
effects may indeed induce significant differences in the vertical motions
of the platform for high wave periods. These differences include not only
an attenuation of the resonant amplification (that can be emulated by
means of external linearized damping) but also the suppression of the
cancellation point of the RAO. The latter effect results from the differ-
ences in the hydrodynamic exciting force and cannot be reproduced by
merely adding an external damping.

Since it is known beforehand that the heave motion is very important
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for the prediction of wave amplitude, the problem of obtaining a proper
representation of the heave RAOs becomes an important issue, especially
considering the goal of estimating severe sea states with good accuracy.
This is not straightforward task, considering the limitations imposed by
the supposition of a linear dynamic model. For this reason, irregular
wave tests with many of the extreme sea conditions (including 100yr
conditions) were tested in the basin, aiming at quantifying the influence
of the errors in the heave RAO model on the wave estimation. Moreover,
two different approaches for defining the heave damping were tested, the
first considering a mean value (independent of the heave amplitude), as
presented in the frequency-domain results above; the second, with a
simplified model that captures the variation of the linearized damping
values as a function of the motion amplitude that is measured. This
approach will be discussed in more details next.
Fig. 6. Sketch of the wave basin and model (not in same scale), including the
length and stiffness of the mooring lines.
4.3. Variable damping estimation

The reasons why a more refined damping model is needed for the
heave motion were already pointed out. From the experimental data
obtained during the decay tests, it can be observed that the damping
factor is strongly correlated with the motion amplitude. Thus a method to
account for this matter and obtain an estimation of the linearized
equivalent external damping is needed.

A correction for the damping factor in the heave motion can be ob-
tained as follows, using the Morison quadratic drag force formula
(Morison et al., 1950):

FD ¼ 1
2
ρSCD _z

�� _z��; (14)

the linearization of the drag force is obtained using the well-known
method of equivalent energy dissipation (presented, for instance in Fal-
tinsen (1993)) by means of an equivalent drag factor (DEquiv). The drag
factor (D) is linearized as function of frequency (ω) and amplitude (A),
obtaining that:

DEquiv ¼ 8
3π

ωAD; (15)

Then, the drag is rewritten as follows:

FDL ¼ DEquiv _z ¼ DEquivωA: (16)

Finally, the damping ratio can be expressed as:

ξ ¼ ξEquiv
ξCrit

¼ FDL

2ωnMT ðωAÞ ¼
2
3π

ρCDA
lpont

�
hpotbpot

	
ðM þ A33Þ : (17)

where hpont and bpont represents the height and the beam of the pontoon,
respectively. lpont is the length of the pontoons in-between columns. CD

represents the cross-sectional drag coefficient of the pontoon. A33 is the
heave addedmass for the heave natural frequency andM the total mass of
the platform, whose sum is equal to MT . Finally, A stands for the repre-
sentative amplitude of motion.

Therefore, with an appropriate value of CD, an estimation of the heave
external damping can be made based on a certain representative ampli-
tude. In an irregular sea state, waves with different frequencies have
different mean amplitudes. Nonetheless, for the purpose of estimating
the damping, the most interesting frequency is the resonant frequency of
motion. Keeping this in mind, an approximation for the representative
amplitude of resonance heave motion (AH) can be proposed as:

AH ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2SHðωnÞ⋅δωn

p
(18)

where SHðωnÞ is the power spectrum of the heave motion at the natural
frequency and δωn is the frequency interval of the spectral analysis close
to the natural frequency (ωn), or ½ωn � ωðn�1Þ;ωðnþ1Þ � ωn�. In section 5,
the results of this analysis are confronted with the damping estimated
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from the experimental decay tests in heave, showing that a very good fit
is obtained.

It should be noted that, since the heave amplitude AH can be obtained
directly from the platform motion records, the procedure above can be
used for pre-calibrating the damping level prior to each wave estimation
event. In this way, the implementation is quite simple: all that is needed
is a database of RAOs computed for different damping levels, defined
within a specified range. At the moment of the wave estimation, the
inference algorithm computes the heave motion amplitude and selects
the most appropriate heave RAO for that particular estimation.

5. Experimental setup and tests performed

5.1. General

The model tests were carried out in the Numerical Offshore Tank
(TPN) facilities, in the university of S~ao Paulo (USP). The wave basin is a
squared (14:0m� 14:0m� 4:1m) tank able to generate and absorb
waves from 0:5Hz to 2:0Hz, by means of a set of 148 flap-type wave-
makers. Fig. 6 shows a sketch of the wave basin and one of the horizontal
mooring arrangements adopted during the experimental campaign.

The model was placed in the middle of the basin and its horizontal
excursions were restricted by a soft mooring system. The campaign
comprised only one draft (operational) and five wave headings from bow
waves to beam waves (in this case: 180∘, 150∘, 135∘, 120∘ and 90∘).
During the tests, the motions of the model were recorded with a Quali-
sys® optical tracking system.

5.2. Free floating decay tests

Decay tests were performed in still water for motions in the 6 DOF, in
order to determine the natural periods and the damping characteristics of
the semi-submersible platform model. For each motion, tests with four
different initial amplitudes were carried out, with 3 repetitions each.

For avoiding spurious excitation of motions other than the ones being
tested, a specific set up was used for the decay tests. This set up essen-
tially comprised a set of bars and pulleys with a high resistance wire, used
for moving the model and keeping it in the required initial position for
each test. After releasing the model, all the motions were tracked by the
Qualisys® optical system.

The method adopted for characterizing the non-linear damping in
each test is essentially the one described in Faltinsen (1993), which
considers a linear and a quadratic damping term. The former is supposed
constant, while the later is expressed as a function of the motion



Fig. 7. Estimated damping ratios for heave, roll, pitch and yaw (from left to right and top to bottom).

Fig. 8. Damping linearly estimated factor (black points) confronted with the
experimental results presented in Fig. 7 (blue triangles) which are linearly
fitted with the red line, for Heave motion. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of
this article.)
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amplitude. For illustration purposes, Fig. 7 presents the results obtained
in tests for four different motions (namely, heave, roll, pitch and yaw). In
this case, however, instead of presenting linear and quadratic damping
coefficients, the results are combined and expressed in terms of the
critical damping ratio for each amplitude.

5.2.1. Variable damping model: a comparison with the results from decay
tests

Given the geometry of the semi-submersible platform, with the pon-
toons placed at relatively large depth, a comparison between damping
estimations obtained from tests in waves and in calm water (decay tests)
is illustrative. For doing this, the method proposed in the previous section
for computing the heave damping from drag estimations was applied.
The results were generated considering all the 32 different irregular
waves tested in the wave basin. For each one of them, a representative
resonant amplitude was obtained according to equation (18) and the
damping ratio computed with equation (17). The damping ratios ob-
tained from the irregular wave tests as a function of the resonant heave
amplitudes may then be compared to the estimations derived from the
decay tests (see Fig. 7). The agreement between the different methods is
shown in Fig. 8, next. One may note that the damping ratio estimated
from the irregular wave tests (black dots) indeed presents narrow dif-
ferences with the linear fitting (red line) of the data obtained in the heave
decay tests performed in calm water (blue triangles).

The small differences between the experimental results and the
output of the variable damping model are attested by the comparison of
161



Table 2
Linear (p1) and quadratic (p2) damping coefficients given by the experimental results and
the estimations obtained with the variable damping model.

Experimental Model

p1 �1:0e� 4 2:0e� 17
p2 2:2e� 2 2:0e� 2
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the linear and quadratic damping coefficients. The values of these co-
efficients have been obtained following the procedure proposed by Fal-
tinsen (1993), which assumes that the motion can be written as:

€xþ p1 _xþ p2 _xj _xj þ p3x ¼ 0; (19)

By fitting the results obtained in the decay tests and those of the
damping model according to this procedure, the coefficients obtained are
given in Table 2, where the linear damping coefficient is named p1 and
the quadratic damping coefficient is given by p2.

Despite the differences in the linear coefficient, it is clear that the
damping is dominated by the quadratic term, especially for the larger
amplitudes/velocities of motion. The agreement regarding p2 is indeed
remarkable, once again attesting the conclusions derived from the
graphical representation of the results.

The good agreement obtained with the variable damping model also
attests that the heave damping is dominated by the platformmotions and
that the effects of the wave induced flow on the damping force are indeed
small, even for the largest wave amplitudes that were tested. In this
Fig. 9. Comparison of the (heave, roll & pitch) RAOs estimated numerically (black
waves with 2% of steepness (green triangles), for the heading of 135∘. (For interpr
the Web version of this article.)
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sense, the good fit with the decay data indicates that the method pro-
posed represents a proper means of estimating the resonant heave
damping in waves.
5.3. Wave tests

5.3.1. Transient and regular wave tests
Transient wave tests were used to verify the accuracy of the motion

RAOs obtained with the numerical model. For this reason, the wave
steepness was kept below 4% during all the tests. The range of periods for
the generation of the transient waves was set from 8 to 24 s (in real scale),
with a constant wave amplitude equal to 1:68m. These tests had a full-
scale equivalent duration of 240 s, thus comprising at least ten waves
cycles for each condition.

In addition, a set of 33 tests in regular waves was carried out for a
better evaluation of the non-linear effects on the RAOs. Again, the wave
period ranged from 8 to 24 s, but different wave amplitudes were tested
considering wave steepness of 2%, 4% and 6%.

Fig. 9 illustrates the level of agreement obtained between the motion
RAOs derived from the wave tests (both for transient and regular waves)
and those derived numerically. Results correspond to a wave heading of
135deg: and comprise only the three motions that were used for the
purpose of wave inference (heave, roll and pitch). It can be seen that the
agreement for the angular motions is good for the whole range of fre-
quencies. As mentioned before, this was indeed expected because neither
roll or pitch resonate in the wave frequency range. For the heave motion,
line) with the experimental results, both transient (red dashed line) and regular
etation of the references to color in this figure legend, the reader is referred to



Fig. 10. JONSWAP and Torsethaugen spectrum for Hs ¼ 1m and Tp ¼ 12:6s.

J. Mas-Soler et al. Ocean Engineering 153 (2018) 154–172
on the other hand, the agreement is good for wave periods up to 20 s. As
anticipated in section 4.2, discrepancies rise for larger periods and are
associated to viscous effects within the resonant range.

Regarding the use of the heave motion for wave inference, part of
these discrepancies will be mitigated with the use of a proper damping
model, which should provide a better adjustment of the resonant
amplification for wave periods around the natural one. Another source of
error, however, namely the one related to the motions observed closer to
the numerical cancellation point, are more difficult to mitigate when
using the linear frequency-domain results.

5.3.2. Irregular wave tests
The selection process of irregular waves (sea states) was based on the

wave statistics for the Åsgard field, in the Norwegian sea (from Mathie-
sen and Nygaard (2013)). A set of 32 sea conditions with corresponding
peak periods (Tp) and significant wave heights (Hs) was selected (see
Table 3), ranging frommild waves with high probability of occurrence to
extreme 100yr-return events. Following the recommendation proposed
in Torsethaugen et al. (2004), for a proper representation of each sea
condition, the limiting spectral peak period (defined by the relation

Tpf ¼ 6:6H1=3
s ) was estimated using the theoretical significant wave

height value. Then, if the expected peak period of the sea (Tp) was located
within a band given by Tpf � 2 seconds, the JONSWAP standard model
was adopted to generate the spectrum; otherwise, the spectrum was
generated using the Torsethaugen spectrum. Fig. 10 provides a com-
parison between the Torsethaugen spectrum and an equivalent JONS-
WAP spectrum for the same significant wave height and peak period. One
should note that the Torsethaugen spectrum is a bimodal sea spectrum
composed by a swell (energy around the peak in the low frequency range)
and a wind sea (energy components given in the high frequency range).

5.3.3. Wave calibration
Wave calibration tests were performed in the absence of the semi-

submersible model and the evaluation of the wave spectrum within the
Table 3
Input parameters used for all the sea tests conditions.

Wave ID Sea Spectrum HsðmÞ TpðsÞ Wave Steepness (%)

STA-IRR-01 JONSWAP 3,50 9,50 2,48
STA-IRR-02 JONSWAP 3,50 11,50 1,70
STA-IRR-03 TORSETHAUGEN 3,50 13,50 1,23
STA-IRR-04 TORSETHAUGEN 3,50 15,50 0,93
STA-IRR-05 TORSETHAUGEN 3,50 18,50 0,65
STA-IRR-06 JONSWAP 4,50 10,50 2,61
STA-IRR-07 JONSWAP 4,50 12,50 1,84
STA-IRR-08 TORSETHAUGEN 4,50 14,50 1,37
STA-IRR-09 TORSETHAUGEN 5,50 9,50 3,90
STA-IRR-10 JONSWAP 5,50 11,50 2,66
STA-IRR-11 JONSWAP 5,50 13,50 1,93
STA-IRR-12 TORSETHAUGEN 5,50 18,50 1,03
STA-IRR-13 JONSWAP 6,50 12,50 2,66
STA-IRR-14 TORSETHAUGEN 6,50 16,50 1,53
STA-IRR-15 JONSWAP 7,50 11,50 3,63
STA-IRR-16 JONSWAP 7,50 13,50 2,64
STA-IRR-17 TORSETHAUGEN 7,50 18,50 1,40
STA-IRR-18 JONSWAP 8,50 12,50 3,48
STA-IRR-19 JONSWAP 9,50 12,50 3,89
STA-IRR-20 JONSWAP 9,50 14,50 2,89
STA-IRR-21 TORSETHAUGEN 9,50 16,50 2,23
STA-IRR-22 TORSETHAUGEN 9,50 18,50 1,78
STA-IRR-23 JONSWAP 10,50 14,50 3,20
STA-IRR-24 JONSWAP 11,70 14,00 3,82
STA-IRR-25 JONSWAP 11,70 15,70 3,04
STA-IRR-26 TORSETHAUGEN 11,70 18,10 2,29
STA-IRR-27 JONSWAP 14,10 15,70 3,66
STA-IRR-28 JONSWAP 14,10 16,90 3,16
STA-IRR-29 TORSETHAUGEN 14,10 19,30 2,42
STA-IRR-30 JONSWAP 16,40 16,90 3,68
STA-IRR-31 JONSWAP 16,40 18,10 3,21
STA-IRR-32 TORSETHAUGEN 16,40 19,50 2,76

163
test zone was performed by means of an array of three wave probes. The
quality of the waves generated in the basin was checked considering the
main statistical parameters. Each condition was repeated at least twice.
In this calibration procedure, the maximum frequency of the spectrum
was 2Hz, corresponding to 5.5 s in full-scale. The procedure has guar-
anteed that errors in the values of Tp and Hs were lower than 5% for all
tests.

5.3.3.1. Experimental measurements of the directional wave spectrum. In
order to provide a reference for evaluating the accuracy of the sea con-
ditions estimated using the motion-based wave inference algorithm, an
array of eight wave probes has been used to measure the directional wave
spectrum in the CH-TPN basin in the absence of the semi-submersible
model. The procedure adopted to measure directional waves follows
the one proposed by Nwogu (1989), applying the Maximum Entropy
Method (MEM). A good explanation of the procedure adopted for esti-
mating the spectrum from the wave records can be found in Tannuri et al.
(2007). The disposition of the wave probes is similar to the one proposed
in Stansberg et al. (1998), with six wave probes placed in the vertices of a
regular hexagon with a circumradius equal to 0:4m, plus two central
ones. Fig. 11 provides a view of the wave probes arrangement installed in
the basin.

For illustrative purposes, Fig. 12 presents the results obtained with
MEM method for the irregular waves generated in four different tests,
which were selected among the 32 tests in order to provide a represen-
tative sample of the whole range of periods that was tested. In these polar
plots, the wave energy in each wave frequency (radial coordinate in rad/
s, with values given in real scale) is depicted for all wave directions (as a
convention, the wave direction in the tank was considered as 180deg). In
addition, the main statistical parameters for each wave condition are
presented at the top of each figure. It should be stressed that, instead of
the peak period, the mean central period T1 will be used for evaluating
the results. The reasons for that are explained in the next section.

All waves generated in the basin were long-crested, meaning that no
directional energy spreadwas considered in the wave generation. For this
reason, one may realize that the wave spectra measured with the MEM
method have energy concentrated in a very narrow range around the
mean direction (the directional resolution considered in the spectral
analysis corresponded to Δθ ¼ 5deg, the same that was employed for the
motion-based wave inference, whose results will be presented next).

6. Results: wave inference based on the motions of the model

In the following, the main results obtained with the wave inference
method based on the motions of the semi-submersible model are



Fig. 11. Lay-out of the wave probes array and picture of the
array before the installation in the wave basin.

Fig. 12. Irregular sea estimation using MEM for
the tests: 6, 12, 15 and 30 (full-scale).
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presented and confronted to the measurements performed in the wave
basin with conventional wave probes.

It is worth remembering that the motion basis adopted for the anal-
ysis comprised only three motions, namely heave, roll and pitch. The
mathematical algorithm was implemented in MATLAB® 2014a. Twenty
different wave frequencies were considered, with a spatial resolution of
Δθ ¼ 5 degrees (corresponding to M¼ 20 and K¼ 72, see section 2).
Moreover, three different sets of RAOs were employed as alternatives for
modelling the heave motions: one with a constant external damping
coefficient corresponding to 5% of the critical damping, a second one
obtained with the variable damping method computed according to the
procedure presented in section 4 and, also, the RAOs obtained with the
time-domain analysis considering the pontoon drag forces (see Fig. 5).
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Regarding the values of the hyperparameters, an extensive error analysis
was carried out to determine the most favorable values. As a result, the
calibration of u1 was made based on the period of the motions, according
to the procedure defined by Bispo et al. (2012), whereas for u2 the best
value was given by 1⋅10�5 and for u3 it was equal to 0.0035. With this set
of input parameters, the mean computational time required for the
estimation of one wave condition, using a conventional desktop PC, was
around 30 s.

For all the results showed ahead, the motion-based wave estimations



Fig. 13. Results of the wave inference method with constant and variable damping factor for the heading 90∘. These figures refer to the relative values of the
significant wave height and the mean centroid wave period. Empty and blue markers stand for the Torsethaugen and JONSWAP spectrum respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 14. Results of the wave inference method with constant and variable damping factor for the heading 135∘. These figures refer to the relative values of the
significant wave height and the mean centroid wave period. Empty and blue markers stand for the Torsethaugen and JONSWAP spectrum respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 15. Wave spectra estimated using variable
damping for the heading 90∘.
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have been made considering the first 30min of data acquisition,1 period
of time that is typically assumed as the length of the stationary period
(e.g. Soares and Fricke (2011)).

In Fig. 13 and Fig. 14 the reliability of the estimations was evaluated
by means of relative errors. Accordingly, the vertical axes of these figures
provide the relative errors for the following statistics:

� Significant wave height (Hs), that leads to the following relative error,

ηHs
¼ jHm � Hsj

Hm
; (20)

where Hm stands for the significant wave height obtained from the
measurements in the basin (with wave probes) and Hs is the value of the
significant wave height estimated by means of the motion-based method;

� Mean wave period (T1), which relative error is given by,

ηT1 ¼
jTm � T1j

Tm
; (21)

where Tm is the mean wave period measured in the basin and T1 is the
value estimated with the motion-based method. It must be emphasized,
once more, that the platform is expected to filter certain part of the en-
ergy placed in high frequency range. For this reason, T1 has been adopted
as a reference for the errors instead of Tp, obtaining a better indicator of
the distribution of the energy in the different frequencies.

The relative errors in the wave statistics are presented as a function of
the (measured) mean period (T1) of the waves in each test, given in the
lower horizontal axis. The upper axis indicates the corresponding
1 Time span that assures that a minimum number of 200 wave cycles are used to es-
timate the wave conditions, as suggested in ITTC (2014).
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(measured) significant wave heights, in meters. In this way, the reader
can assess the agreement obtained with the motion based method for
different wave periods and heights. Moreover, it should be noticed that
these figures present three sets of results, that correspond to the esti-
mations obtained using the different RAOs described above. Finally, it
must be realized that the results are clustered into two different sets with
different colors, indicating whether the waves generated in the basin
corresponded to a JONSWAP (blue) or Torsethaugen (empty-red) power
spectrum.

The figures referred above only include information for waves coming
from 90∘ and 135∘, because other headings conditions tested during the
experimental campaign did not provide any meaningful new information
(see Fig. 19).

Fig. 15, next, presents a polar plot for the directional wave spectra
estimated in a few selected cases among the beam sea tests. Once again,
the results include conditions that are representative of cases with low
and high peak periods (for an easier comparison, the maps correspond to
the same sea states presented before in Fig. 12). In this figure, the ac-
curacy regarding the estimation of the mean wave direction (θ) can be
assessed (reminding that the expected wave direction in the tank is 180∘).
In addition, one may also evaluate the results in terms of the energy
spreading, both in frequency and direction. Fig. 16 provides the same
results for the tests with quartering sea conditions (heading of 135∘).

Figs. 17 and 18 show the 2D wave spectra estimated (dashed blue
line) for sea conditions 6, 12, 15 and 30 (see Table 3). Also, aiming at
providing a reference for the posterior analysis, the sea spectra obtained
from the wave probes records are also included in these figures (black
lines).

In addition to the graphical results, Table 4 provides the mean values
of the errors obtained not only for beam and quartering wave conditions,
but also for the other wave headings adopted in the tests. It presents the
mean relative errors for significant wave height, mean wave period, peak
period and also the absolute error of the estimated direction. It should be



Fig. 16. Wave spectra estimated using variable
damping for the heading 135∘.
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realized that the results displayed for each heading combines all the tests
within a certain range of peak wave period. This was made in order to
allow an easier evaluation of how the errors behave as the wave period
changes. Finally, the results are presented separately for JONSWAP and
Torsethaugen spectra.

The presentation of the results is concluded with Fig. 19, that was
conceived in order to provide a practical way for the analysis involving
the five different headings and all the 32 different sea conditions tested
during the experimental campaign. In this case, once again, only the
results with the variable damping method are presented. Moreover, one
may infer not only the mean errors and how they change with the wave
period, but also the variations induced by the different wave headings.

Based on these figures and on the results in Table 4, a detailed dis-
cussion of the performance of the motion-based method will be presented
next.

6.1. Discussion

Many aspects of the results presented above deserve attention. First,
by inspecting the error statistics obtained with the wave inference
method (Table 4), it can be concluded that the overall agreement with
the expected values is indeed very good for all the different headings.
Considering the whole range of wave periods tested, the maximum errors
involved in the prediction of wave height and mean wave period are
around 10% for JONSWAP seas, and 15% for the conditions corre-
sponding to the bimodal Torsethaugen spectra.

Regarding only the significant wave height, the inference method
usually underestimates the experimental values, the errors being below
16% for the most unfavorable headings (90∘ and 180∘) and below 7% for
the most favorable one (135∘). It must be stressed that the underesti-
mation observed is indeed consistent with the expected bias of the
method, since part of the energy in the high frequency wave components
is filtered as these waves do not impose motions of the hull. It is also
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important to observe that the level of underestimation and the differ-
ences between the headings tend to decrease as the wave period in-
creases, favoring the results for the most severe sea states. This trend can
be readily attested by observing the variation of the errors in Fig. 13 and
also by comparing the errors for different period ranges in Table 4.

The results obtained for the predicted mean wave periods (T1) are
also consistent with the bias of the method. Since energy is filtered from
the wave components with higher frequencies, the mean frequency of the
estimated spectrum tends to be lower than the real one and, conse-
quently, the mean period tends to be higher. Nonetheless, the results
show that differences are not large, the errors being always below 15%.
Once again, the errors decrease for larger wave periods, as should be
expected. On the other hand, Table 4 also provides the relative error
concerning the estimated peak period (Tp). The results show that the
peak period is always estimated accurately, with an error below 4%.
Another important characteristic of these estimations is that there is no
significant variation between the outputs obtained with different head-
ings and for different wave periods, attesting that the prediction of (Tp) is
less sensitive to these factors.

Figs. 13 and 14 also allow an assessment of the influence of the
different heave RAO models on the motion-based predictions. It is
interesting to realize that the main influence arising from the consider-
ation of pontoon drag effects occurs in the estimation of the significant
wave height. Neither the mean wave direction nor the mean wave period
are substantially changed by the use of alternative RAOs. Moreover, one
may realize that the discrepancies in the wave height predicted by the
different models increase for larger periods. This was already expected
and happens due to the fact that these waves induce resonant heave
motions that are more pronounced. For the larger periods, results indi-
cate that the variable damping model provided the smallest errors in the
wave height, if compared to the other models that were tested (constant
damping or the RAOs corrected by means of time-domain simulations).

Regarding the shape of the wave spectrum, the relative errors (for



Fig. 17. Comparison between the estimated sea spectrum and the measured by means of an array of conventional wave probes, for the heading 90∘.
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significant wave height and mean period) are amplified by Torsethaugen
model for all the wave headings. Again, this is not surprising since,
compared to the JONSWAP model (see Fig. 10), the Torsethaugen
spectrum places a larger amount of energy in the high frequency range, in
which the dynamic response of the model is less pronounced. Figs. 17 and
18 reflect this filtering effect in the high frequency range, for both
heading conditions. Furthermore, both figures show an example of a
100yr condition (test case 30) which attests that for the most extreme
conditions only a small amount of energy is filtered from the sea spec-
trum, due to the large peak periods typically observed in these situations.
Regarding the energy distribution in the frequency range, one may
realize that it changes according to the wave heading, resulting in the
variations of the estimations of T1 showed in Table 4. Nevertheless, as
mentioned before, the peak period is always captured correctly by the
method.

Furthermore, the whole set of results shows that the most unfavorable
headings are those of bow (180∘) and beam (90∘) waves. Once again, this
was expected because these are the situations when only 2 of the 3
motions used for the estimations are excited by the waves (for the 180∘

heading, there are no significant roll motions; for the 90∘ heading there
are no significant pitch motions). On the other hand, the most favorable
conditions are those closer to 135 (or 45) degrees, when all the 3 motions
are excited and thus the amount of information available for the esti-
mations is larger.

When the mean wave direction is concerned (see Figs. 15 and 16),
although the estimated spectra present a somewhat larger spreading of
energy if compared to those obtained from the wave probes (see Fig. 12
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for a proper comparison), the prediction of the mean direction was very
accurate for all the conditions tested. This is because only long crested
sea conditions were tested during the experimental campaign. In short
crested seas, one may expect that the filtering effects of the platform
dynamics on the high frequency energy components, may, in some cases,
lead to poorer estimations of the mean wave direction. On the other
hand, the larger spreading of wave energy observed when using the
Bayesian inference method is related to the calibration of the hyper-
parameter u1, which controls the level of smoothness of the spectrum
with respect to the wave direction. In this case, the pre-calibration of the
hyperparameter was made seeking to improve the accuracy in the pre-
diction of the main statistical wave parameters (T1 and Hs), a procedure
that ultimately led to a somewhat larger wave spreading. This trade-off
between accurate energy predictions and smoothness of the spectrum
is a particular feature of the present version of the Bayesian inference
method. At the present moment, an investigation on alternative prior
distributions is being made, as an attempt of improving this trade-off.
However, in face of the good results obtained so far, this is considered
to be a secondary aspect.

Finally, to conclude the discussion of the main aspects, some addi-
tional comments regarding the prediction of the most extreme conditions
must be made. In fact, it is important to realize that the 100yr wave
conditions could be captured by the motion-based method with errors
lower than 5% in both wave height and period (for the JONSWAP
model). These conditions involved waves with Hs over 16m and peak
periods close to 20 s. Obviously, one must remind that these good results
were obtained in model scale, in very controlled conditions. When



Fig. 18. Comparison between the estimated sea spectrum and the measured by means of an array of conventional wave probes, for the heading 135∘.
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considering the estimations made aboard a real unit, other factors like
the presence of risers and mooring lines and the effects of wind and
current on the motions, for example, will certainly impose a more
demanding scenario for the predictions. Nonetheless, the favorable re-
sults obtained in the tests are certainly promising enough to motivate the
continuity of the research, during which these other factors must be
properly addressed.

7. Conclusions

An experimental study about the usefulness of employing a semi-
submersible platform for motion-based estimations of local sea spec-
trum was presented and the results were evaluated by means of an
extensive set of model-scale tests performed in a wave basin. For this
purpose, a (1 : 120) scale model of a semi-submersible unit has been
tested in five different headings, comprising waves that ranged from
typical to severe wave conditions representative of the Åsgard field, in
Norway. Waves were generated considering both, unimodal (JONSWAP)
and bimodal (Torsethaugen) spectral models. The directional wave
spectra estimated from the model motions were directly confronted to
the experimental measurements obtained bymeans of conventional wave
probes.

A Bayesian inference model with three hyperparameters (as proposed
by Simos et al. (2012)) was adopted for the estimations. This method
includes the addition of a third hyperparameter, which indeed improved
the results, compared to those obtained with only two hyperparameters.
The predictions considered a basis composed of three motions
170
(heave-roll-pitch), which proved to be appropriate for all the sea condi-
tions tested.

Results have shown that all the wave conditions tested could be
accurately inferred from the Bayesian method, keeping the errors below
reasonable limits. The errors were larger in the most unfavorable con-
ditions, which correspond to the ones with small motions (small periods
or mild seas) and in the cases when the sea only excited two of the three
motions (bow and beam waves). The errors are reduced in the cases were
the platform presents larger motions, or provide more information,
which were given when the heading was close to 135∘ and for the more
severe wave conditions (when the wave induce more pronounced mo-
tions). All the results confirmed the expected biases of overestimating the
wave period while underestimating the wave height, deviations that are
progressively smaller as the wave period increases.

The analysis of the results with RAOs obtained from different ap-
proaches also highlighted the importance of a proper modelling of
transfer functions of motion. In the experimental setup, a soft mooring
system was used and the major source of drag was the platform itself. In
this condition, the results obtained when using the variable external
damping method (a damping ratio proportional to the recorded heave
amplitude in each test) proved to be a good option for dealing with ef-
fects of the non-linear viscous damping.

So far, as a general conclusion, one may state that the results obtained
with the small-scale tests indicate that semi-submersible platform indeed
may be considered as a good choice for the motion-based wave inference.
In addition, the results for more severe sea states are promising, even
when the RAOs are modeled in a conventional linear analysis in



Fig. 19. Box plot showing the ratios between the estimated (using the variable damping RAOs) Direction, Significant wave height and Central period and the
corresponding value measured using the waves probes. On each box, the central mark represents the median, the edges of the box are the 5th and 95th percentiles,
finally the whiskers extend to the most extreme values obtained in each case.

Table 4
Mean of the relative errors obtained for Hs, T1, Tp and absolute errors in wave direction. Results presented for each wave heading and combining the tests within different ranges of Tp .

Tp JONSWAP Torsethaugen

T1 (%) Tp (%) Hs (%) Δθð�Þ T1 (%) Tp (%) Hs (%) Δθð�Þ
H90 9,50-11,50 8,06 2,07 7,53 0,14 12,29 3,83 12,27 0,34

12,50-14,50 7,36 1,96 5,40 0,21 11,30 2,95 6,57 0,18
15,50-16,90 5,47 1,43 2,94 0,14 8,96 2,35 6,92 0,31
18,10-19,50 1,70 2,21 2,99 0,75 10,44 3,01 9,30 0,29

H120 9,50-11,50 8,05 2,27 7,08 0,59 12,96 3,83 9,95 0,16
12,50-14,50 7,06 1,96 3,81 1,08 10,73 2,79 4,12 1,03
15,50-16,90 5,91 1,43 3,71 0,98 8,90 2,35 6,97 0,85
18,10-19,50 2,66 2,21 3,46 1,90 10,13 3,01 6,76 1,04

H135 9,50-11,50 7,43 2,07 4,22 2,27 12,08 3,83 6,3 1,12
12,50-14,50 6,44 1,96 1,89 0,97 9,63 2,79 2,4 1,19
15,50-16,90 4,93 1,43 2,23 0,94 7,82 2,35 4,78 0,90
18,10-19,50 2,03 2,21 2,71 1,06 8,74 3,01 5,45 1,08

H150 9,50-11,50 8,92 1,87 7,40 1,31 13,56 3,83 10,91 1,44
12,50-14,50 7,90 1,96 4,00 0,56 12,47 2,79 6,79 0,77
15,50-16,90 5,90 1,43 3,83 0,31 9,77 2,35 6,55 0,56
18,10-19,50 2,94 2,21 3,70 0,00 10,84 3,01 8,04 0,63

H180 9,50-11,50 9,84 2,09 8,45 0,43 14,19 3,83 15,35 0,52
12,50-14,50 8,78 1,96 5,56 0,67 13,26 2,79 7,19 0,59
15,50-16,90 6,75 1,43 4,94 0,63 10,69 2,35 8,39 0,43
18,10-19,50 3,40 2,21 4,92 0,86 12,73 3,01 10,33 0,67
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frequency domain.
Naturally, a substantial amount of future work threads arise from the

topics discussed in this paper. On the one hand, an experimental analysis
of the effects the moorings and risers may have on the motions of the unit
is envisaged, and the same is true regarding the action of wind and
current. The impact that these effects may have on the wave frequency
motions and, as a consequence, on the motion-based inference must be
properly quantified. A field campaign, supported by alternative wave
sensors such as buoys or wave radars, is also desirable for a proper
validation of the method.

Finally, further attention should also be paid to the mathematical
approach of the problem, which, in principle, could be modified in order
to include the uncertainty in the prediction of the RAOs. A first step in
this attempt was made by Iseki (2012), who addressed this challenge
with an error matrix, C, composed of products of the response functions
and the estimation errors, achieving a modified likelihood function by
the summation of the RAO matrix (A) and this error matrix (i.e.
B ¼ ½Aþ C�xþ U). However, different approaches may be proposed,
based on alternative prior distributions. Investigations on this topic are
currently being made.
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