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Effect of mooring line attachment point on parametrically excited
motions and power extraction in the Spar-buoy OWC device

G. Giorgi, G. Bracco &, G. Mattiazzo
Department of Mechanical and Aerospace Engineering (DIMEAS), Politecnico di Torino, Turin, Italy

R.P.F. Gomes
IDMEC, Instituto Superior Técnico, Universidade de Lisboa, Lisboa, Portugal

ABSTRACT: The Spar-buoy is an axisymmetric floating oscillating water column (OWC) wave energy con-
verter. Minimizing the cost of energy requires an efficient power conversion while limiting costs and ensuring
survivability. A critical and challenging design problem is the parsimonious definition of a compliant moor-
ing system, assuring sea-keeping but with small impact on energy extraction. The mathematical model should
be able to articulate parametric resonance (detrimental for power extraction and threatening survivability) and
compute fast enough to extensively investigate the design space for the mooring layout optimization. Consider-
ing a three-line mooring system, alternative design solutions based on different fairlead attachment points are
investigated with a computationally efficient nonlinear Froude-Krylov hydrodynamic model and a quasi-static
inelastic line model. Results discuss the impact of mooring configurations on inducing parametric resonance
(roll&pitch and yaw), on power extraction, and on the peak tension in the mooring lines. From the tested con-

figurations, the most convenient appears to be with the attachment point close to the centre of gravity.

1 INTRODUCTION

Developers of wave energy converters (WECs) are
striving for decreasing the cost of energy and be-
come competitive in the renewable energy market.
One major cost driver is the mooring system, which
has the crucial role of assuring sea-keeping, both in
operational and extreme conditions. However, over-
sizing for safety should be avoided, because the cost
of the mooring lines usually amounts for a signifi-
cant quota of the total structural expenditure (between
10% and 30%) (Xu et al., 2019). Moreover, a spe-
cific challenge of the WEC application case is that the
mooring system should also be compliant with power
absorption. Among several existing design solutions
(Fitzgerald and Bergdahl, 2008), a popular configu-
ration for floating WECs 1s with three lines equally
spread around the device, with each line comprising
of an anchor, a jumper (or riser), and a clump-weight
(Pozzi et al., 2017). Such a system is ideal for WECs
operating in pitch (Bracco et al., 2014; Pozzi et al.,
2018) or heave (Correia da Fonseca et al., 2016), since
it restrains surge with little impact on the degree of
freedom (DoF) exploited for energy absorption. The
relatively large pretension reduces the dynamic loads
and the line shows good performance under extreme
wave excitation (Moura Paredes et al., 2016).

The assessment of the performance of a moor-

ing system is preferably performed experimentally
(Sirigu et al., 2020; Moura Paredes et al., 2016)
or with high-fidelity numerical models (Palm et al.,
2016), because highly nonlinear extreme sea states are
among the main barrage tests for accepting/refusing
a specific mooring design candidate. However, as-
sessing the impact on power conversion efficiency re-
quires fast mathematical models, since a representa-
tive number of sea states should be investigated. Fur-
thermore, optimizing the mooring configuration re-
quires to explore a vast design space, so that a fast
but also representative mathematical model should be
considered.

On the one hand, there exist a large number of
mathematical models for mooring systems (Davidson
and Ringwood, 2017), filling the computation/fidelity
continuum from quick quasi-static to accurate fi-
nite element methods. On the other hand, represen-
tative hydrodynamic models are often too slow to
be used in optimization algorithms (Wendt et al.,
2019). In particular, since floating WECs normally
undergo large motions in order to maximize the ex-
tracted energy, nonlinear models may be required
for reaching appropriate accuracy, especially when
more then one degree of freedom (DoF) is con-
sidered (Novo et al., 2018; Giorgi and Ringwood,
2018a). Furthermore, the mooring system is partic-
ularly important when multi-DoFs systems are stud-
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Figure 1: Section of the Spar-buoy OWC device. Important di-
mensions are tabulated in Table 2, where z¢,¢ is the centre of
gravity and z¢,p is the centre of buoyancy. Four mooring line
fairlead attachment points (AP) are represented.

ied, since they potentially provide restraint and cou-
pling between all DoFs. In general, the design, opti-
mization and assessment of a wave energy technol-
ogy require detailed and representative mathemati-
cal models (Sirigu et al., 2020). Moreover, energy-
maximizing controllers greatly benefit from the rep-
resentativeness of such models (Bonfanti et al., 2018;
Sirigu et al., 2019), due to their sensitivity to mod-
elling error (Ringwood et al., 2018, 2019).

This paper focuses on the specific case of the Spar-
buoy device, an axisymmetric floating oscillating wa-
ter column (OWC), shown in Figure 1. This WEC
generates energy from the air flow created by the rel-
ative motion between the floater and the water col-
umn within contained. This device is prone to ex-
perience parametric resonance, which is a highly-
nonlinear phenomenon activated when the incoming
wave has a period about half the natural period of
the roll/pitch DoFs. As a result, despite of a planar
3-DoF external excitation, the floater develops a 5-
DoF response due to internal parametric instability.
Such a phenomenon is shown to be detrimental for
power production (Gomes et al., 2020) and potentially
threatening the device survivability (Giorgi and Ring-
wood, 2018b). However, (Correia da Fonseca et al.,
2016) show experimentally that changing the moor-
ing configuration can hinder the development of para-
metric response. Moreover, also the mooring system
can induce parametric instability in the yaw DoF, as
shown in (Orszaghova et al., 2020).

Although hydrodynamic parametric resonance of
moored devices can be studied through fully-
nonlinear models (Palm et al., 2018), it can also
be articulated by nonlinear Froude-Krylov (NLFK)
force models, which are based on linear-potential the-
ory but consider the time-varying wetted surface to
compute the exact Froude-Krylov (FK) force (Wang
et al., 2019; Tarrant and Meskell, 2016). Traditional
mesh-based approaches are computationally expen-

Table 1: Dimensions (symbols defined in Figure 1) and inertial
properties (mass (M) and inertias (I,;, I, and I,)) of the floater.

Parameter Value
d. [m] 16.00
L. [m] 7.91
L, [m] 5091
ZCoC [m] —31.96
Zcop  [m] —22.14
M [kg] 2.86-106
I, =1, [kgm?] 1.53-10°
I, [kgm?] 1.12-108

sive, since they rely on a numerically discretized wet-
ted surface that needs to be updated at each time
step. However, for axisymmetric geometries there ex-
ist a computationally efficient approach that is able
to compute in real time (Giorgi et al., 2020). Such
a NLFK model is shown able to describe para-
metric instability for a simple spar-type device in
regular (Giorgi and Ringwood, 2018d) and irregu-
lar waves (Giorgi and Ringwood, 2018c). An open-
source demonstration toolbox is available (Giorgi,
2019), providing a ready-to-use implementation of
the method.

This paper implements a 6-DoF NLFK approach to
a 3-line moored Spar-buoy OWC device. The model,
fully described in (Giorgi et al., 2020), comprising of
computationally efficient NLFK force calculation and
quasi-static model for the mooring system, is able to
run in about real-time on a single processor of a con-
ventional laptop. The objective is to investigate alter-
native design solutions based on different fairlead at-
tachment points, studying the impact on both power
conversion efficiency and parametric instability. The
remainder of the paper is organized as follows: Sect. 2
briefly presents the characteristics of the device and
its mathematical model, as well as the method of se-
lection of the different mooring configurations con-
sidered in this work; Sect. 3 presents and discusses
results; finally, Sect.4 provides final comments and
concluding remarks.

2 SPAR-BUOY OWC DEVICE AND
MATHEMATICAL MODEL

The Spar-buoy OWC device considered in this paper
is the full-scale version of the prototype tested in the
COAST laboratory ocean wave basin in Plymouth,
UK (Correia da Fonseca et al., 2016). Important di-
mensions and inertial properties of the floater are tab-
ulated in Table 2, whose geometrical symbols are de-
fined in Figure 1.

The mooring system, schematically shown in Fig-
ure 2, is composed of three lines (diameter d;, net den-
sity p7) equally spaced in the radial direction around
vertical axis of the buoy at rest. The anchors are
placed on the sea floor, with water depth A, and at
a radial distance R,, relative to the buoy vertical axis
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Figure 2: Mooring system layout with three lines 120° apart. Each line is divided in three segments of length L, Lo, and L3. F¢ is
the net clump-weight force and F'; is the net jumper force. A quasi-static model solves for the tension at the vessel (7},), the tension

at the anchor (7}), and the angles of the three lines (®1, ®1, and ®3).

at rest. Each line is divided in ulterior three segments,
connecting the anchor to a jumper (line of length L),
then to a clump weight (line of length L), and finally
to the buoy fairlead (line of length L3). A quasi-static
model is used to solve for the unknowns of the moor-
ing system, defining a set of 5 nonlinear equations,
shown in (1a)—(1e).

Trsin @3 — T cos ®y — Fo + Fy+ (1a)

—wL(L1+L2+L3):O

Trcos®; —ThcosP, =0 (1b)

Tr cos P3zp—TF sin Pgrp + Forg — Fyry+ (Ic)

+ Wi, (LlTl + LQ’I“Q + L37"3) = O

Licos®; + Lycos Py + Lycos Py —rp =0 (1d)

L1 sin q)l — L2 sin q)g + L3 sin CI)3 — ZF = 0 (16)

where rr and zp are the horizontal and vertical dis-
tances between the buoy fairlead and the anchor, re-
spectively, wy, represents the line submerged weight
per unit length, and all other variables are defined in
Figure 2.

While the density of the jumper (p;) and of the
clump-weight (pco) are considered constant, their
mass (M and M, respectively) is chosen according
to the different mooring configuration. Alternative so-
lutions are considered in this paper, namely changing
the attachment point (AP) of the fairlead, as shown
in Figure 1. One of the configurations tested in (Cor-
reia da Fonseca et al., 2016) is similar to AP2, which
is therefore taken as a reference. Properties af AP2
are tabulated in Table 2. The turbine damping effect

Table 2: Properties of the mooring system AP2.

Parameter Value
d; [mm)] 32
0% [kgm~3] 3.55
M; [kg] 4074
0y [kgm=3]  123.00
Me kgl 36300
pc [kgm—3] 8097.50
Ly [m] 143.28
Lo [m] 37.01
L3 [m] 50.40
R, [m] 211.2
h [m] 80

is simulated by an equivalent orifice plate, whose di-
ameter is optimized for each wave condition within a
selection of 7 possible diameters.

This paper purports to investigate the influence of
the attachment point on the device dynamics. How-
ever, for a fair comparison, all other relevant param-
eters should remain constant. Experiments in (Cor-
reia da Fonseca et al., 2016) show that the draft of
the device has a great influence on parametrically ex-
cited motions. Similarly, (Giorgi et al., 2020) remarks
the importance of the line pretension in modifying
the response of the floater. Therefore, in this study,
the mooring system parameters are chosen in order to
obtain the same draft (L) and line pretension (7},.)
while changing the attachment point, as shown in Fig-
ure 1. The pretension is measured at the mooring seg-
ment attached to the buoy. The first point (AP1) is
above the still water level, symmetric to AP2 relative
to the water free surface; the third point (AP3) is at
a lower level than AP2 and attached at a smaller ra-
dial distance from the axis; finally, AP4 is attached
close to the centre of gravity. The roll/pitch restor-
ing moment provided by the mooring lines greatly de-
pends on the distance (|r,, — r,|), where r, is the po-
sition vector of the mooring attachment point and r,
is the position vector of the centre of gravity. More-
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Figure 3: Maps of pretension (7},,.), with red-dashed-isolevels of the draft of the top cylinder (L), considering variations of jumper
(M y) and clump-weight (M) masses for each AP configuration. The identified pairs are shown by a marker, where L. = 7.914m

and T}, = 3.14 - 10°N.

Table 3: Discriminating parameters across different mooring
configurations.

AP1 AP2  AP3 AP4
Rap [m] 9.28 928  4.08 4.08
zap [m] 2.58 —-2.58 —11 -32
lr,, —ry] [m] 3577 30.81 2135 4.08
ar, [[] 0.88% 0% 0.95% -1.68%
My [kg] 4126 4074 3967 3730
Mc  [kg] 35500 36300 37800 40500

over, since the tension on the lines is highly sen-
sitive to their length, a correction factor a, is ap-
plied to each length (L, Lo, and L3), so that the
length of line j of configuration k is computed as
Ljx = Lj2(1 + ayp). The quantity (1 + o) is de-
fined as the ratio between the distance from the anchor
to the attachment point of configuration AP; with re-
spect to configuration AP2. Finally, Figure 3 shows
the variations of 7}, and L., for different jumper () )
and clump-weight (M) masses for each AP config-
uration. Such maps are used to identify the designed
pairs of L. = 7.914m and T}, = 3.14-10°N. The pa-
rameters of each mooring configuration are detailed
in Table 2.

2.1 Nonlinear hydrodynamic model

A time-domain nonlinear model is implemented to
predict the response of the device for the four differ-
ent mooring configurations. The model requirements
are:

e Fast computation: many iterations are required to
compute the response for a vast number of wave
conditions, 7 control conditions, and 4 different
mooring configurations.

e Ability to articulate parametric resonance: the
objective of the study is to investigate the mutual
dependence of the mooring system and paramet-
ric response.

e Include a fast model for predicting the mooring
force.

e Include other relevant nonlienarities.

Therefore, a computationally efficient multi-DoF
nonlinear Froude-Krylov force model is used, also in-
cluding a quasi-static mooring model, nonlinear kine-
matics, centripetal and Coriolis effects, and viscous
losses in all DoFs via integral representation. Seven
DoFs are considered, 6 for the floater (z: surge, y:
sway, z: heave, ¢: roll, ¥: pitch, and ¢: yaw), and
the seventh for the inner water column elevation. A
power take-off damping force, used for extracting en-
ergy, is modelled by means of an orifice plate, whose
diameter is chosen among a selection of seven for
each wave condition as the one that maximizes power
production. Full details about the mathematical for-
mulation are available in (Giorgi et al., 2020). Such
a model is able to compute in real-time, i.e. the run
time is about equal to the simulated time. An open-
source demonstration toolbox implementing the com-
putationally efficient NLFK force representation is
provided in (Giorgi, 2019).

The mathematical model is used to estimate the nat-
ural periods in each DoF for the different mooring
configuration, which are reported in Table 2.1. Heave,
roll, pitch, and the water column are significantly in-
sensitive to changes of attachment point, suggesting
that power extraction capabilities are likely to remain
similar. Moreover, the region of parametric instabil-
ity also remains about constant, since it is located
around 0.57;, 5. However, the width of the paramet-
ric resonance region and the intensity of parametric
response cannot be inferred simply from the natural
period analysis and need to be assessed through nu-
merical simulation. Changes of natural period appear
in surge and sway, decreasing as the attachment point
sinks deeper. Conversely, a clear increase of the yaw
natural period appears as the radial distance of the at-
tachment point decreases, 1.e. for AP3 and AP4. In
fact, a smaller distance from the axis causes the yaw
restoring torque to proportionally decrease and the
natural period to increase.
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Figure 4: Amplitude of the response for configuration AP2 as a function of 7T, and H,,. The dashed and dash-dotted red lines

correspond to Ty, = % n,5 and T, = T, 5, respectively.

Table 4: Natural periods in all degrees of freedom for the 4 dif-
ferent mooring configurations.

AP1 AP2 AP3 AP4
T,1 [s] 1524 149.0 1363 126.2
T,o [s] 152.8 1494 137.1 127.7

T,3 [s] 103 103 103 103
Tha [s] 189 190 193 192
T,5 [s] 191 19.1 193 19.2
T, [s] 241 241 369 36.8
T,- [s] 137 137 137 13.7

3 RESULTS

A refined set of regular waves has been considered,
propagating in the positive direction of = (see Fig.
2), with wave periods (1;,) from 5 s to 20 s, with step
0.25s, and wave heights (H,,) from 0.5m to 5.5m,
with step 0.5 m. However, the maximum wave steep-
ness is limited to 6%. In fact, note that in Figure 4,
as well as in all following contour plot figures, the top
left corner presents no data, since those points real-
ize a combination of 7, and H, with a steepness
higher than the 6% threshold. The effect of current
has been neglected, since potential installation sites
of the Spar-buoy device are characterized by low cur-
rents (Teillant et al., 2016). Figure 4 shows the am-
plitude of the response for configuration AP2, also
highlighting where the wave period is 7, 5 and T}, 5.
The most remarkable result is the evident paramet-
ric resonance happening, as expected, at T, around
s, 5. Simulations show that the range of wave peri-

ods where the roll DoF is internally excited widens
as the wave height increases, since greater incoming
energy overcomes the internal damping more effec-
tively. Since sway is coupled with roll, there is also
a clear peak of the sway amplitude response across
the same range of periods. Furthermore, note that also
pitch engages into parametric resonance, since they
have the same natural period due to the axisymmetric
shape of the floater. Unlike roll, the range of wave pe-
riods in the pitch response with large amplitudes does
not widens with the increase of H,,. It is likely that the
external excitation of pitch due to wave action limits
the level of energy capable of being absorbed by this
mode, and in this case, the energy surplus is trans-
ferred to roll. Although the impact on the heave re-
sponse is less evident, it can be noted that, when para-
metric resonance occurs, there is a drop in the heave
amplitude, which is ultimately detrimental for power
extraction. Finally, an isolated peak of yaw response
can be found, suggesting that yaw can also be sub-
ject to a parametric-resonance-type effect due to the
mooring system, similar to (Orszaghova et al., 2020).

The impact of different mooring configurations
on power conversion efficiency is presented in Fig-
ure 5, showing significant insensitivity of the pro-
duced power. Note that there is a clear drop of ab-
sorbed power around the parametric resonance period
(T, ~ %TM) region (red dashed line). Figure 6 con-
siders the different roll, pitch, and yaw amplitudes for
different mooring configurations. Moreover, an equiv-
alent angle ¢ is defined in order to measure the overall
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Figure 5: Produced power as a function of the wave period 7T, and wave height H,,, for different mooring configurations. The dashed

and dash-dotted red lines correspond to T, = 3

multi-DoF rotation:

6(t) = max [LA (Ry Ry Ry)| 2)

where A computes the eigenvalues of the complete ro-
tation matrix, obtained as the product of the single ro-
tations matrix for yaw, pitch, and roll, according to the
3-2-1 convention (Giorgi et al., 2020). The last row of
Figure 6 shows the mean of 4(¢) as a metric for the
maximum rotation amplitude.

The roll response (first row in Figure 6) shows a
general decrease in both severity and width of the
parametric resonance region as the attachment point
moves deeper along the buoy. This suggests that the
higher restoring torque due to a longer distance from
the centre of gravity may contribute to feed energy
into the generation of parametric instability, once this
is triggered. However, such phenomenon is weak,
since differences across mooring configurations are
small. Conversely, the pitch response (second row in
Figure 6) shows a slight increase for deeper AP. This
may still be due to the lower restoring force that al-
lows the external excitation to drive the floater fur-
ther away from equilibrium. The yaw response (third
row in Figure 6), which is not externally excited, still
shows a response due to parametric excitation of the
mooring system. Furthermore, the smaller distance of
the attachment point from the axis, hence the smaller
yaw stiffness, makes the severity of the yaw response
significantly larger in AP3 and AP4. Finally, the mean
equivalent maximum rotation angle (last row in Fig-
ure 6) shows that the highest values are obtained for
AP1 and AP3. However, while the peak in API is
mainly due to the roll response, the peak in AP3 is
due to the large yaw response.

Apart from the dynamic response of the floater, one
major criterion that drives the design of a mooring
system, therefore the choice of one configuration, is
the maximum tension it has to withstand both dur-
ing normal operation and extreme conditions. This
paper considers regular waves that cover both oper-
ational and survivability regions, although extreme
conditions are likely to appear in panchromatic waves

1T, 5 and T, = T, 5, respectively.

due to constructive interference between frequency
components. However, the qualitative and quantita-
tive indications from regular waves can give mean-
ingful characterization of the mooring configuration
behaviour. Therefore, Figure 7 shows the maximum
mooring tension (7},), happening in the segment at-
tached to the buoy of the front mooring line facing
the incoming wave, for the different mooring config-
urations, with the color bar corresponding to the wave
height. Note that all configurations have the same pre-
tension, since this parameter was fixed in the design,
as shown in Figure 3. The acceptability of the tensions
reported in Figure 7 depends on the tensile properties
of the mooring lines, which should be appropriately
selected. Curves going beyond the limit of the ver-
tical axis represent instances when the line becomes
fully stretched, with all the three segments aligned.
The only configuration that does not incur in these ex-
treme loads is AP4. Furthermore, AP4 presents over-
all lower tensions across all investigated wave condi-
tions. This is probably due to the reduced distance be-
tween the attachment point and the centre of gravity,
as shown in Table 2.

4 CONCLUSIONS

The design of a compliant and cost-effective moor-
ing system for wave energy converters is a challeng-
ing task, requiring representative and fast mathemat-
ical models. In the specific case of the Spar-buoy
OWC device, parametrically excited motions are dif-
ficult to model and can affect both power conver-
sion efficiency and mooring loads. However, appro-
priate design of the mooring system can help to coun-
teract the development of parametric instability and
decrease structural loads. This paper shows how a
nonlinear Froude-Krylov force modelling approach is
able to articulate parametric resonance in a compu-
tationally efficient way, making an extensive investi-
gation of different mooring solutions in a wide range
of wave conditions. However, such a method can be
simply applied to any axisymmetric floater and assist
a vast variety of applications, including optimization,
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Figure 6: Amplitude of roll (first row), pitch (second row), yaw (third row) response. The forth row represents the mean maximum
equivalent rotation, as defined in (2). The dashed and dash-dotted red lines correspond to 77, = %Tn,5 and T, = T, 5, respectively.

power conversion assessment, identification and con-
trol, thanks to real-time computation.

In this paper, the focus is on evaluating alternative
design solutions based on the position of the attach-
ment point of the fairlead of each mooring line. In par-
ticular, the impact on parametrically excited motions
and power extraction is of interest. Results show that
power conversion efficiency is significantly insensi-
tive to the attachment point. However, the design solu-
tion with a deeper attachment point close to the centre
of gravity seems to be more convenient because it re-
sults in lower overall rotations, lower parametric res-
onance and, most importantly, lower mooring tension
and absence of events where the line becomes fully
stretched. Furthermore, its mooring lines are shorter,
hence less expensive. Finally, this study shows the
potential development of yaw response induced by a
parametric excitation of the mooring system. Such a
response is influenced by the radial distance of the at-
tachment point from the axis of the floater.
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