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Abstract: A “bolt-on” wave energy converter is designed to provide power for sensors on an
existing oceanographic buoy. The narrow-banded pitch/roll response of the target oceanographic
buoy lends itself to a tuned-resonator design, for which we suggest a novel “pitch resonator” wave
energy converter concept. Using a pseudo-spectral method, the performance of the proposed
wave energy converter is modeled in the range of sea states expected to be present at the target
deployment location to study the effect of flywheel inertia on performance. The results show
that the system can marginally meet the desired power demands, but suggest that related design

concepts may be worth consideration.
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1. INTRODUCTION

Traditionally, wave energy converters (WECs) have been
designed with the goal of maximizing large scale electricity
generation in the service of meeting demand on electric
grids. However, there is increasing interest in utilizing
WECs in so-called “powering the blue economy (PBE)”
applications, such as autonomous sensors, aquaculture
systems, etc. (Hamilton et al., 2021; Cavagnaro et al.,
2020; LiVecchi et al., 2019; Copping et al., 2018; Green
et al., 2019). In PBE applications, the relevant power
levels are generally lower along with the costs and risk
levels. Additionally, the design requirements and drivers
are distinct from grid-scale devices.

While a WEC delivering power to the grid must compete
with other generation technologies capable of producing
power with a levelized cost of energy (LCOE) on the order
of $0.05 per kWh, the PBE competition space looks quite
different. It is not uncommon for oceanographic buoys to
use non-rechargeable batteries, which must be replaced
every few months. For a buoy located even 100 km offshore,
the cost of replacing a battery may be considerable.

The levels of power that are relevant for PBE applications
are quite small — often less than 20 W (Green et al., 2019).
Counterintuitively, very small levels of consistent power
can, in fact, represent a sizeable amount of energy for
the long deployment periods relevant to oceanographic
buoys. If an oceanographic buoy uses just 10 W of power
for an entire year, that would amount to 88 kWh of total
energy. For reference, a Tesla Powerwall 2 (0.12m?3, 114 kg,
~$7.5k) can store 13.5 kWh of energy. Thus, while battery
technology has certainly progressed rapidly in recent years,
collocated power generation remains valuable.

This paper focuses on the design of a small WEC to power
oceanographic sensors on the Coastal Surface Mooring
(CSM) system within the National Science Foundation
(NSF) funded Ocean Observatories Initiative (OOI) Pio-
neer Array. First, we introduce the concept for a “bolt-on”
WEC which can be added to the existing CSM buoy. To
support the detailed design of this device, we next present
a numerical model to predict the WEC’s performance and
apply this model to gain insight into a critical design
aspect of the machine. The model presented here is well-
suited to perform co-design studies on the WEC (note that
the CSM design is considered “fixed”), as it can efficiently
perform design sensitivity and optimization studies where
the control and system design are considered in parallel.

2. BACKGROUND
2.1 Coastal Surface Mooring system

The Coastal Pioneer Array was originally located roughly
130km south of Martha’s Vineyard, MA for its “New
England Shelf” deployment. A second deployment at the
Southern Mid-Atlantic Bight (MAB) between Cape Hat-
teras, NC and Norfolk Canyon (see Fig. 1) is currently
proposed (Plueddemann et al., 2023), where the target
mooring depth of at least one CSM within the array would
be roughly 100m. A detailed analysis of the site condi-
tions for the proposed MAB deployment location were
performed by Plueddemann et al. (2023). For our purposes
in this study, we consider the seasonal wave conditions
at this site (see Table 1). In particular, we will examine
performance using the median wave conditions given the
emphasis on consitent power generation from the WEC.
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Fig. 1. Pioneer Array Coastal Surface Mooring proposed
Mid-Atlantic Bight deployment location (bathymetry
data source: GEBCO Compilation Group 2021).

Table 1. Median seasonal wave conditions

(Hpmo: significant wave height, T.: energy pe-

riod, T},: energy period, J: energy flux, ~:
peakedness factor) at Mid-Atlantic Bight.

Hpmo [m] Ty [s]  Tels] J[kW/m] ~[]

Winter 1.9 8.1 7.0 12.3 1.2
Spring 1.2 7.6 6.5 4.8 1.1

Summer 1.7 8.1 6.9 9.5 1.2
Fall 1.6 8.3 7.1 9.1 1.2

The CSM system (see Fig. 2) is an oceanographic moor-
ing capable of taking measurements at the free surface,
roughly 8 m below the free surface at the “Near Surface
Instrument Frame (NSIF)”, and at the seabed (“Multi-
Function node; MFN” in Fig. 2). The NSIF and MFN
are connected via multiple sections of electromechanical
(EM) stretch hose (Paul, 1995, 2004; Irish et al., 2005;
Grosenbaugh et al., 2006), which allows the buoy to move
relatively freely in waves and currents, preserving the va-
lidity of motion based measurements and reducing loading
in extreme seas. Along with other assets within the Pio-
neer Array, the CSM is designed to take persistent mea-
surements over multiple years to provide oceanographers,
climate modelers, and other researchers with rich open-
source datasets. Photos of the CSM are shown in Fig. 3.

The CSM is currently equipped with two Superwind
SW350 wind turbines (rated 350 W each) and four 12V
Kyocera KD-140 photo-voltaic solar panels (rated 140 W
each) which provide power to a battery bank. The typ-
ical system electrical load is 50-100 W depending on the
specific sensor package, duty-cycling, and data telemetry
rates. Due to various factors, including lulls in wind and
solar resources as well as damage to the wind turbines and
solar panels, the existing wind turbines and solar panels
meet the full power demand of the CSM roughly 70% of
the time, sometimes forcing the system to be manually
throttled by shutting off lower priority operations. While
the wind and solar resources will be somewhat different,
based on an analysis of data collected during the New
England Shelf deployment, it appears that an additional
electrical generator capable of producing 10-20 W would
be sufficient to give the CSM close to 100% up-time (Coe
et al., 2023). Additionally, diversifying the electrical gener-
ation sources for the CSM is expected to generally produce
a more robust system.
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Fig. 2. Coastal Surface Mooring system diagram.

Analysis of data collected during the New England Shelf
deployment shows that the pitch and roll responses of
the CSM are very narrow-banded with a peak response
of roughly 3s (see Fig. 4). In deep water, a 3s wave is
approximately 14 m long — assuming a breaking steepness
of 1/7, we should not expect waves of this period to exceed
2m in height. In practice, this means that the pitch/roll
motion of the buoy generally saturates at an amplitude of
~ 15° for even moderate sea states.

2.2 Pitch resonator concept

A number of design concepts were considered for WECs
that could suit the needs of the CSM (Coe et al., 2023).
Based on various considerations, the “pitch resonator”
concept shown in Fig. 5 was selected. A flywheel with
a moment of inertia Jy,, reacts against the buoy via
a restoring stiffness (ks) and electric motor/generator
(Tpto)- Viscous and Coulumb friction between the buoy
and flywheel are captured by by and p., respectively. The
subscripts ‘0’ and ‘fw’ relate to the buoy and flywheel,
respectively. Note that Fig. 5 also illustrates the dynamics
of the buoy’s pitch motion, where the buoy’s inertia Jp,
the hydrostatic restoring effect is kj, and the radiation
damping effect is B(w). The buoy is excited by a torque
from the waves (7.), causing both the buoy and flywheel
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Fig. 3. Pioneer Array Central Surface Mooring sys-
tem components (source: Woods Hole Oceanographic
Inst.).

to rotate — these absolute rotations are 6 and ¢ in Fig. 5,
respectively.

The linear dynamics system illustrated in the lower portion
of Fig. 5 will be familiar to many readers from basic
textbooks on dynamics (see, e.g., example problem A-5-
2 in Ogata, 2004). The system is significantly more simple
than similar moving mass WEC concepts that employ
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Fig. 4. Coastal Surface Mooring roll/pitch intrinsic
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Fig. 5. Pitch resonator wave energy converter concept (up-
per: physical appearance; lower: equivalent dynamic
system shown as linear motion system).

pendulums (Cordonnier et al., 2015; Nicola et al., 2017;
Pasta et al., 2021; Gioia et al., 2022; Dizon and Brekken,
2022), because the center of gravity is located at the axis
of rotation, thus avoiding chaotic behavior (Shinbrot et al.,
1992; Dizon and Brekken, 2022).

The equations of motion for the pitch resonator system as
illustrated in Fig. 5 can be expressed as
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(1a)

The notation in (1) follows Fig. 5, with the addition
of gearings adjacent to the spring and motor (N; and
Ns, respectively). The electrical power from the mo-
tor/generator torque is captured with a 2-port impedance
model (Michelén Strofer et al., 2023).

)] |2 Za(w) \FkTNz o
{V(SJ>)] _\/EkTNQ Zj(w) [[I]( )] ?

Here, V(w) is the load voltage and I(w) is the load
current. The PTO velocity (the difference between 6 and
$) is U(w). The motor torque constant is k.. The drive-
train and motor winding linear impedances are Z;(w) and
Z(w), respectively.

For the linear case where we give some closed-form ex-
pression for the PTO torque (e.g., a general impedance
or some band-limited feedback control law), we may solve
(1) analytically. However, given the applied nature of this
project, we are interested in modeling the system dynamics
with some additional nonlinearities, such as constraints on
the PTO torque. Additionally, the spring envisioned for
use in this system is a magnetic spring (Hossain et al.,
2021; Che et al., 2021, 2022) with a periodic torsional
response as shown in Fig. 6.

2.8 Pseudo-spectral model

A pseudo-spectral model for the pitch resonator WEC’s
performance was developed using WecOptTool'!. In this
model, a solution for the optimal control trajectory can be
obtained by defining a constrained optimization problem,
in which the system dynamics are enforced as an equality
constraint in residual form and the average electrical power
is the objective function (Michelén Strofer et al., 2023).
Additional state and input constraints may be included if

1 https://sandialabs.github.io/WecOptTool

Table 2. Key system parameters.

Parameter Value
Flywheel moment of inertia, Jg,, [kg m?] 5..40
PTO spring, ks [Nm/rad] 188..1880
PTO viscous friction, by [Nms/rad] 0.5
PTO Coulomb friction, b [Nm)] 0.5
PTO spring gear ratio, N1 [ ] 0.333
PTO motor gear ratio, No [ ] 0.5
Motor torque const., kr [Nm/A] 3.512
Motor winding resistance €] 0.304
Motor winding inductance [H] 0

desired. This analysis approach provides an ideal means of
performing control co-design studies, in that the control
algorithm and system design may be efficiently optimized
together.

For the pitch resonator device examined in this study,
we apply constraints on the maximum motor torque.
Additionally, we include the nonlinear spring torque as
illustrated in Fig. 6. The equations of motion from (1) are
also extended to include this nonlinear spring torque and
constrain the maximum motor torque to 120 Nm. Table 2
captures key parameters of the system as modeled herein.

3. RESULTS

For illustrative purposes, a time history for a regular wave
with H =0.5m and f = 0.325 Hz (the resonant frequency
of the system) is shown in Fig. 7. From Fig. 7, we can see
that the PTO design is nearly achieving the biconjugate
impedance matching condition (Bacelli and Coe, 2021) for
this input frequency, but does still utilize some reactive
power.

The flywheel moment of inertia is a high-level design vari-
able. Heuristically, we expect that increasing the flywheel
moment of inertia produce more power; however, given the
desire to provide a “bolt-on” solution to the existing CSM
system, limitations on space and buoyancy/stability will
constrain the flywheel’s size and weight. Here, we consider
how the power produced varies for a range of flywheel
inertias (Jf, < 40kgm?) when properly matched with the
appropriate spring stiffness to achieve the desired resonant

frequency (fy).

ks = (27Tfn)2=]fw (3)

Note that (3) disregards the fact that the spring is nonlin-
ear (see Fig. 6). Given the nonlinear nature of the model
at hand, we solve the pseudo-spectral problem for the
irregular sea states using a frequency vector designed to
sparingly capture the wave spectra and harmonics pro-
duced in the WEC response (f = [0.075,0.15, . ..2.25] Hz).
A convergence study was employed to determine that
20 phase realizations could be used to robustly estimate
average power for a given sea state.

The results of this analysis are shown in Fig. 8. As
expected the higher inertia designs produce more power;
more critically, we can see that, for the configuration
modeled here, at flywheel moment of inertia on the order
of 25 to 30 kg m? is needed to produce 10 W in the median
wave conditions. Additionally, we can see that the median
seasonal conditions in the winter months may produce
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Fig. 7. Time history of buoy and pitch resonator response

in a regular wave with H = 0.5m and f = 0.325Hz
for a system with 25kgm? flywheel.

roughly twice the power as the median conditions in the
spring months.

4. DISCUSSION AND CONCLUSION

This paper examines the performance of a novel pitch
resonator WEC concept on an existing oceanographic buoy
in need of additional electrical power for scientific sensors.
The expected performance is near the desired range and
this model can be further applied to understand trade-
offs between mass versus power, volume versus power,
and related concepts. Comparing the results for irregular
wave conditions (Fig. 8) with the sample results for a
regular wave (Fig. 7), we also see that the pitch resonator
performs much better in the regular wave simulation.
Given the general nature of high quality factor tuned-
mass-damper systems, this is somewhat expected, however

0
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S . ~
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207 — Mean \\\\
T T T T 1
10 20 30 40 50
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Fig. 8. Electrical power produced in median seasonal wave
conditions at the Mid-Atlantic Bight deployment lo-
cation using pitch resonator WECs with different lev-

els of flywheel inertia.

the discrepency here is quite strong. In this analysis,
the numerical optimal control is utilized, so the results
represent an upper bound for system performance. As
such, related concepts with unbalanced flywheels are being
considered and will be analyzed in future work. Additional
work will assess the avoided cost of energy for this system
based on field testing performance.
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