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Abstract

Marine renewable energy as a power source for ocean observation applications has the
potential to allow longer deployment operations due to the consistent, higher, and denser
energy available from this resource. This additionally could encourage deployments in
remote locations where maintenance is costly or resource availability is low if dependent
on solar power. More importantly, gaps in spatial data could be filled. This paper examines
the feasibility of a modular horizontal pendulum wave energy converter to power National
Data Buoy Center’s Self-Contained Ocean Observations Payload (SCOOP) off the coast
of Washington State, U.S. The effect on power output was studied when the pendulum’s
radius arm, mass, and power take-off damping were vatied. Results using Matlab toolbox
WEC-Sim revealed positive correlation between radius arm length and mass to power out-
put, where power maximised for optimal damping values. Seasonal trends in power were
not significant, where a 20 kg pendulum mass was needed to meet the SCOOP base power

2019-3001

1 | INTRODUCTION

The desire to explore how marine applications could benefit
from marine renewable energy (MRE) has increased in recent
years due to the advantages this energy source could provide
compared to traditional methods (e.g battery or solar), includ-
ing consistent, higher year-round power, and the predictable
nature of the resource. The Department of Energy’s (DOE)
Water Power Technology Office (WPTO) has been leading
this front under the Powering The Blue Economy Initiative to
identify at-sea or remote coastal community applications where
MRE could provide a different means to meet power require-
ments while providing these additional benefits [1]. Both the
National Renewable Energy Laboratory (NREL) and the Pacific
Northwest National Laboratory (PNNL) formulated the results
in the report, providing background information and a value
proposition for MRE integration with eight unique markets.
Subsequently, both national laboratories conducted a large out-
reach effort to various stakeholders within the ocean observa-
tion sector of the blue economy, with a main takeaway being

requirement of 5 W throughout the year.

power limitations are a consistent issue across many applications
2, 3].

While MRE could prove to be an answer to these gaps,
the question still remains on how to integrate mechanisms
harvesting energy from the ocean and the end-use applica-
tion. A core challenge to realising MRE-powered blue econ-
omy applications is the nascent state of MRE technology
compared to other renewable sources, with many knowledge
gaps such as the optimal design topology, control methods, or
power take-off (PTO) systems. This is evident by the numerous
operating principles a MRE design could function by. Those
specific to the focus of this paper, wave energy converters
(WECQC), include oscillating water columns (e.g. Ocean Energy),
attenuators (e.g. Pelamis), point absorbers (e.g. PowerBuoy),
oscillating surge converters (e.g. Oyster), and rotating mass (e.g.
Wello Penguin) operation types [4]. Additionally, all these utilise
different PTOs in the form of hydraulics, air turbines, hydro tur-
bines, or ditect mechanical or electrical drive systems to convert
the energy from the waves into electricity. Although there are
various ways to design a WEC, the common goal remains the
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FIGURE 1 Average power requirements of ocean observation sensors and platforms. Abbreviations: ASV (autonomous surface vehicle), AUV (autonomous

underwater vehicle), ROV (remotely operated vehicle). The SCOOP requirement of 5.0 to 16.5 W is within range of similar oceanographic sensors [2]

same; to determine which topology produces the most power
given environmental conditions. The large focus of this goal has
been developing such devices that can supply power to the elec-
tric grid, however as the motivation behind the DOE report,
there is large potential for marine applications to benefit from
being powered by MRE. This effort in research has just begun,
noted by multiple marine energy companies receiving grants on
co-development of marine energy at smaller scales in 2020 from
the WPTO [5], looking to further investigate the questions of
coupling MRE to marine applications. The next essential step,
then, is exploring specific WEC designs and their ability to meet
applications power requirements.

This paper examines coupling a modular horizontal pen-
dulum wave energy converter (HPWEC) to an application in
the blue economy and its feasibility to power this application.
Detailed analysis will cover the effect PTO damping, pendu-
lum mass, and length of the pendulum radius arm values have
on its power output capabilities. Performance is benchmarked
against the requirements of a specific marine application: pow-
ering coastal weather buoys measuring ocean and atmospheric
properties.

2 | APPLICATION CASE STUDY

A detailed application case study analysing the feasibility of
powering weather buoy systems using a modular HPWEC, (i.e.
the WEC is directly connected/integrated onto the buoy as a
distinct device) is presented. The following subsections describe
aspects of the case study in detail including the power range, site
location, design of the weather buoy, community responses, and
additional features considered for simulation such as mooring
and data range.

2.1 | Power range

The power range of interest is based on the requitements of
the self-contained ocean observations payload (SCOOP) sys-
tem found on the National Oceanic and Atmospheric Adminis-
tration (NOAA) National Data Buoy Center’s (NDBC) weather
buoys. SCOOP and similar meteorological and oceanographic
sensor buoys host a variety of sensors reporting values such as
wave height and period, wind speed, and direction, sea tempet-
ature, and air pressure which are used to understand and pre-
dict conditions and changes in the weather, climate, and ocean
environment [6]. Typical power consumption ranges between a
baseline of 5 W and peak of 16.5 W during periodic data trans-
mission bursts [3], which are the basis for evaluating simulation
power outputs in the results section. It is noted that this also
falls within the average power requirements shown in Figure 1
for oceanographic sensors and communications equipment [2].

2.2 | Location of interest

The study will be applied to NDBC Station 46041 located 45
nautical miles northwest of Aberdeen, WA, U.S. in a water depth
of 128 m [6]. This site was chosen for two desirable character-
istics. First, the weather buoy at this station hosts the instru-
mentation payload modeled in our case study. Compared to
more power-intensive ocean observing platforms or applica-
tions (Figure 1), these power requirements are generally in the
lower range, providing a low bound to determining what power
needs the modular HPWEC can meet. Second, the location of
the buoy is in the Pacific Northwest of the United States which
is known to have a large wave energy resource [7, 8] making it
an ideal location for the integrated system to be operating in.
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30 TABLE 1  Mass property and dimension values for system components
Type Mass [kg] COG Diameter [m]
3 m buoy 1500 [0,0,—0.03] 1.7
SCOOP 90 [0,0,1.7] 0.3
<0 HPWEC housing 10 [—0.48,—0.64,0.50] 0.6
Pendulum 14-100 [=0.37,—0.54,0.52] 0.4
:
10
5
2
[
x
=

FIGURE 2  End-user priorities for uses of additional power for ocean
observing applications; most occurting theme being longer deployments [2]

An additional note to mention is operation in remote coastal
areas, a theme recorded from ocean application users in a survey
showing responses on possibilities if more power were available
(Figure 2) [2]. The location of Station 46041 is situated along the
coast of Washington State where infrastructure is limited equat-
ing to increased costs to maintain and operate systems due to
difficulty of access. Typical maintenance intervals of these buoys
are 12 to 18 months to keep sensors operational [3]. Currently,
the buoy is powered by solar panels [2, 9], however operations
in the ocean environment leads to salt accumulation which can
impact their lifetime and efficiency [10]. The dependence on
solar has the potential to limit the amount of power provided
which additionally has an affect on the location and duration of
the operation, leading to decrease use in remote areas and gaps
in spatial data such as locations located closer to the poles where
the solar resource availability is limited [3].

Combining 2 HPWEC with the buoy could lead to a longer
operating period, the main desire noted by ocean application
users (Figure 2), as well as removing the need for routine annual
check-ins and opening up the possibility of different operating
locations. As to how the design of the HPWEC accomplishes
this is described later in its respective section.

2.3 | Coastal weather buoy modelling

A buoy like the one used for NDBC Station 46041 can be
divided into two main components: the hull and the instrument
payload. The hull is an AXYS 3 m discus buoy (3 m buoy) [9, 11]
whose dimensions and weight of each separate structure were
available after discussions with AXYS technologies (A. Velasco,
personal communication, February 15 2021). Information

[129,181m)
328m

(11528 in]
293m

SCALE 006 1

FIGURE 3 NDBC buoy with SCOOP payload [11]

specific to the SCOOP payload was found through NDBC pub-
lic presentations and research articles [11, 12]. This led to knowl-
edge of the overall waterline, dimensions, and weight of the
integrated AXYS 3 m-discus SCOOP buoy. Physical modelling
was done in SolidWorks [13] to obtain mass properties such
as moment of inertia (MOI) and center of gravity (COG) after
applying the information from the aforementioned sources. To
acquire the hydrodynamic response of the buoy in various sea
states, it was then simulated in Ansys AQWA [14] using the
aforementioned information to generate the hydrodynamic files
of the coastal buoy. This software simulates the system through
a range of frequencies and outputs responses for each frequency
such as the added mass, radiation damping, Froude—Krylov,
Diffraction, and response amplitude operators. Both solid mod-
eling and hydrodynamic output files are used during power
simulations described in Section 6. General dimensions and
estimated mass properties of the 3 m buoy and the SCOOP pay-
load are reported in Table 1 and Figure 3.
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24 | Mooring

Mooring systems used by NDBC can consist of a combina-
tion of chain, wire, nylon, and other polypropylene materials
depending on the depth and buoy dimensions [15, 16]. Specif-
ically, single-point surface moorings have been used by NDBC
for their 3 m buoys and an all-chain mooring setup for depths
up to 90 m and semi-taut for depths between 60 to 600 m [16].
To stay within the main focus of the paper, chain is used to
represent the entirety of a simplified mooring system. During
simulation, the library MoorDyn was used to include moor-
ing into the simulation [17]. Values needed to run this were
vessel and fixed locations of the mooring, its material, diam-
eter, axial stiffness, weight, and unstretched length. The ves-
sel and fixed locations are known from the AXYS schematics
and the depth of the water, and the type of mooring has been
chosen as chain. The axial stiffness of the chain can be calcu-

lated using elongation properties provided by the manufacturer
[18]:

E = (540 — 4d)x 10" 1)
21 d?

where Z [N/m?] is the elastic modulus, 4 [m?] is the chain area,
and 4 [m] is the chain diameter. The area is multiplied by two to
account for the cross sectional area of two bars. The axial stiff-
ness, /24 is £ multiplied by .4. A 10 to 45 mm diameter chain is
used in depths 2 to 150 m with a mooring scope (ratio of chain
length to water depth) between 1.5 to 4.0 [19]. For JEYCO Stud-
less Chain Grade 3 25 mm diameter chain, £4 = 5.2 %X 10’ N
and the weight of this chain is 12.63 kg/m [18]. For a depth of
128 m with a mooring scope of 2, the unstretched length is then
256 m.

2.5 | Datarange

To understand seasonal variation of the power output of the
HPWEC, simulations were performed for each season of the
year, defined as follows: Fall—September, October, November;
Winter—December, January, February; Spring—March, April,
May; Summer—TJune, July, August. NDBC’s yearly data from
each buoy station are publicly available. The year 2019 was cho-
sen due to it having the most recent data with the least amount
of missing values.

3 | HPWEC MODELLING

3.1 | Overview of design

The pendulum-PTO design is straightforward and has been
shown to operate well in both small and large sea states [20)].
The basic components and assembly of this design ate shown
in Figure 4. When developed appropriately, such designs require

Hull Crass Section Generator

FIGURE 4 Basic components and assembly of a HPWEC [20];
pendulum rotates to drive electrical generator

a minimum amount of mechanical parts, possibly eliminating
the need for gearboxes or complex control techniques [21]. The
concept is that rotation of a pendulum attached to a gear-and-
pinion system drives an electrical generator. To charge a battery,
an AC-DC converter is required, where a propetly designed
system will have a combined approximate efficiency of 90%.
Additionally, the round trip efficiency of a lithium-ion battery
is around 86% [22], leading to a total efficiency of 77.4%.

The HPWEC design offers the advantage of a completely
enclosed system that is not subject to the ocean’s harsh envi-
ronment, therefore increasing longevity whereas other PTO
methods’ lifespans are cut short due to corrosion or features
used to mitigate corrosion failing early. An example of such
would be the linear generator point absorber, where principal
components such as the stator, translator, and heaving buoy
are generally exposed to salty conditions. While various seal-
ing approaches can be used to protect sensitive components on
such a point absorber, a dynamic seal separating a dry hous-
ing from a rotating or oscillating component exposed to the
elements is likely required. Reducing friction and heating in
dynamic seals becomes an engineering challenge with failure
creating the potential to shorten the system’s lifespan. This again
speaks well to the fact that the pendulum’s design depends on
an internal moving system. Also, due to the fact that these com-
ponents are within an enclosed system, all major assembly takes
place onshore as opposed to offshore making deployment and
recovery easier. When using a modular version of it, this gives
the user the ability to produce power for their application sim-
ply by loading the device onto their pre-existing platform where
it operates with the motion to the waves. Electrical integration
may be as simple as connecting a single power cotd to the end-
user system. The modular nature of the device also provides the
advantage of not being limited to one application or requiring an
additional separate mooring system as it can operate directly on
the platform. This additionally allows convenient maintenance
of the WEC as it is its own distinct device not integrated into
the system, such as the design proposed by Triton Systems [5,
23]. This would allow removal of the device for maintenance
on the vessel or on land as opposed to working on the buoy or
removing the buoy itself, increasing cost. This makes the pen-
dulum design ideal for remote locations, where maintenance is
costly and potentially dangerous.
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FIGURE 5 Isometric transparent view of HPWEC cylinder housing with
half moon pendulum

Since the advantage of the pendulum-PTO compared to
other PTO designs is its robustness and longevity, this would
pair well with systems deployed for long periods of time (years)
and in remote locations where maintenance and routine check-
ups are not practical options such as the case study location.
Referencing the results of stakeholder surveys (Figure 2) again,
the theme with the highest amount of relevant comments was
‘longer deployments” which aligns well with the HPWECs
design and also with the possibility of operating in “remote sites,
and harsh conditions” [2]. Additionally, most rechargeable sys-
tems utilise solar PV panels, but in the Pacific Northwest, solar
(compared to wave energy) is not amply available year-round
nor is it the most concentrated energy source, requiring more
panels and therefore space to equate to the energy available in
waves [7]. With more power available, better quality sensors that
require higher power, but less calibration and maintenance, may
become viable as well. The above items represent an oppot-
tunity to study the feasibility of utilising a HPWEC to power
such systems.

3.2 | Modular system

This subsection details the basic shape of the modular HPWEC
for the application case study. The design is based on a sim-
ple empty cylinder shape that houses the pendulum-PTO. The
housing radius is 0.3 m and height 0.18 m with a thickness of
0.01 m. The pendulum design considered was a half moon shape
of radius 0.2 m and height 0.15 m. The radius arm length is
the distance from the HPWEC central axis to the pendulum
COG which will be varied in simulation to study the effect
it has on power output. The modular HPWEC is shown in
Figure 5. Dimensions were based on designing the smallest pen-
dulum size with the ability to be physically manufactured within
the mass ranges considered (14 to 100 kg) and to be as close
as possible to the center of a 3 m buoy. Additionally, dimen-
sion and location decisions were chosen to mitigate as much
as possible the effects of the pendulum’s motion on the buoy’s
original hydrodynamics.

Hypothetical volume and mass limits for modular devices on
NDBC 3 m buoys were obtained from NOAA of 0.06 m? and
14 kg, respectively. The volume of the studied modular HPWEC
is 0.02 m® and HPWEC weights used during simulations that

FIGURE 6 Isometric transparent view of the integrated system;
pendulum highlighted in blue, HPWEC housing rigidly connected to 3 m buoy

met the SCOOP power requirement will be compared to the
14 kg limit to examine if this restriction can be met. The model
of the integrated system is shown in Figure 6. General dimen-
sions of the HPWEC housing and pendulum are in Table 1,
noting that the values are taken from its location on the buoy
with a radius arm length of 0.18 m.

4 | RESOURCE ASSESSMENT:
QUANTIFYING THE WAVE CLIMATE

To generate power outputs from the integrated system, the sea
state it will be simulated through needs to be calculated. A
resource assessment is used to determine the distribution of sig-
nificant wave height (#4;) and peak period (7)) during year 2019
at NDBC Station 46041. These will help define the most fre-
quently occurring sea states and necessary parameters for devel-
oping an irregular sea state realisation using the Bretschneider
spectrum to be used in power simulations.

4.1 | Bivariate histograms

When representing an irregular sea state, the parameters needed
(#1; and 7;,) are based on a bivariate histogram; a representation
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; NDBC Buoy 46041 Bivariate Histogram - Fall Energy [%] Bretschneider Spectrum for Seasonal Sea States
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FIGURE 7 Bivariate histogram of NDBC Station 46041, Fall; bin 0 ) | | | | |
numbers indicate total occurrences (observed/h) of the sea state over the year; 0 05 1 1.5 2 25 3 35 4 45 5

most frequent lies in bin /7 1.0 to 1.5 m and 7 10 to 11 s, a value of 593
h/year; colour indicates percent of total energy in the sea state

TABLE 2 Most occurring /7, and 7, for each season

Season H,[m] Tp [s]
Fall 1.0-1.5 10-11
Winter 2.5-3.0 12-13
Spring 2.0-2.5 12-13
Summer 0.5-1.0 7-8

of the distribution of sea state parameters. To determine what
sea states NDBC Station 46041 operates in, bivariate histograms
wete made for each of the 4 seasons using historical yeatly data
from the Station’s site page [6]. The data file has a record of
hourly samples. The most frequently occurring sea state val-
ues were used to develop the irregular sea state as opposed to
sea states containing the highest annual energy contribution so
that power outputs during analyses represent the power that is
most frequently generated at this location. The numbers in the
bins on Figure 7 indicate occurrences of the sea state whereas
color indicates the respective percentage of annual energy. As an
example, Figure 7 is the bivariate histogram for the Fall season
with the most occurring sea state taking on /7, and 7}, values
between 1.0 to 1.5 m and 10 to 11 s, respectively (noted by the
593 in the bin) whereas the sea state with the most energy had
bin values of /7= 2.5 to 3.0 mand 7= 12 to 13 s. Table 2 sum-
marises the bivariate histogram bins with the most occurring
sea states for each season. Note that the absence of data in the
15 s wave period bin is an artifact of the non-linear frequency
discretisation utilised by NDBC, which is heavily focused on
resolving the high frequency tail of the spectrum rather than the
low frequency components. The NDBC post-processing results
in no wave periods records between 14.9 and 16.0 s.

4.2 | Building the irregular sea state

Many empirical spectra have been developed to characterise sea
states. The Bretschneider spectrum was chosen based on the
fact that it does not have the hard requirement of needing a fully

Frequency [rad/s]

FIGURE 8  Bretschneider spectrum for NDBC Station 46041 for each
season; frequency range to ensure all frequencies from bivariate histograms
included

developed sea and that it is formulated using two parameters, /7

2 .. .
and wy, (27 f,= T) giving a more accurate representation of the
P

true sea state as opposed to one parameter spectra [20, 24]. The
span of frequencies, », used to generate the spectrum contain
the lowest and highest frequency seen in each season to ensure
all observed data from NDBC Station 46041 during 2019 was
used in the spectrum calculation. The spectrum is realised using

[24]:

4
4 -5 Wiy

_ D 2% 2
S) = TgHs e+ ©)
21
=2 = —
Wy = 27 f, 7 Q)

Figure & shows the Bretschneider spectrum when inputting
Equation (3) with the higher range values of Table 2 for each
season. The wave surface elevation can then be obtained from:

X V2Sw)éw
= ———— ©)

N =7+ Y \Sw)0n * cos(ur +¢) ©)
=1

where 7 are the total frequencies considered, S is the frequency
step, and € is a random phase. The wave surface elevation for the
Fall season is shown in Figure 9. The seasonal surface elevations
developed with these methods will be used in Section 6.

5 | SIMPLIFIED PENDULUM
EQUATION OF MOTION

In this section we demonstrate the derivation of the equation
of motion (EOM) of a horizontal pendulum in only the pitch
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FIGURE 9  Irregular wave surface elevation NDBC Station 46041, Fall
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FIGURE 10 Free body diagram of integrated system to define the
Lagrangian and pendulum EOM; 6 denotes pitch, 3 denotes yaw; radius arm
length rdenotes length between HPWEC COG and pendulum COG; Tpro
denotes torque from PTO

degree of freedom (Figure 10), for simplicity of illustration,
and demonstration of the principal concept of motion. For-
mulation of the full equation of motion for all six DOF is
complex, and therefore, we solve for the motion in that case
numerically using the toolbox WEC-Sim desctibed in Sec-
tion 6.1. The EOM in pitch is found using Lagrangian mechan-
ics of the difference between the integrated system’s total kinetic
and potential energy [25]:

L= K;otal - Ptotal (7)

where L is the Lagrangian, and K, and P, atre the total
kinetic and potential energy, respectively. For the system in

pitch, K, is:
Ko = lm % + ! my, (r cos )? 62 ®)
27P 2P
For the system in pitch, A, is:
Bl = gmyr coscos O )

Combining Equations (8) and (9) into Equation (7) leads to the
Lagrangian in pitch as:
1 2,j,2
L= 5T P+
— mp gr cosP cos O (10)

1
27

(r cos )2 62

where 7, [kg] is the mass of the pendulum, g is gravitational
acceleration (9.81 m/s%),  [m] is the radius arm length, 6 [rad]
and 8 [rad/s] is the angular position and velocity about the y-axis
(pitch), ¥ [rad] and ¢ [rad/s] is the angular position and velocity
about the z-axis (yaw).

The Euler—Lagrange equation is used to obtain the EOM for
the angular response of the pendulum:

d oL oL
s % =% )
. mygrsingcos® — m, r> 6% cosPsingh
§=— — (12
p

where ¥ [rad/s?] is the angular acceleration of the pendulum.
After applying the non-conservative torque from the damping
of the PTO:

L Mg sing cos O — r26% cossingh — P

=

13
iy 1 13
where ¢ [Nm/(rad/s)] represents PTO damping. Motor viscous
damping is neglected as its value is small compared to the PTO
damping values considered, explained in detail later in Section 6
numerical modelling. Power from the PTO is then found by:

P= 1y, = (14)
N——
P
where 7, [Nm] is the torque from the PTO.

The equations for a simple pendulum assume a massless
string, the pendulum as a point mass, small oscillations, and
no friction, allowing predictions on period and angular fre-
quency to be made based on knowledge of radius arm length
[26]. Given that Equation (13) is a second-order nonlinear
differential equation for one DOEF, the same cannot be said,
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more so with inclusion of all six DOFs. Changing param-
eters and observing results from numerical simulations ate
used to draw conclusions about the relationship the design
described in Sections 2 and 3 has between power output and
varying PTO damping, radius arm length, and pendulum mass
values.

6 | NUMERICAL MODELLING RESULTS
AND DISCUSSIONS

The integrated system was simulated using an iterative process
of altering the pendulum radius arm length, pendulum mass,
and PTO damping, then checking the effect on power output
to examine the effects these parameters have. For clarity, the
following definitions are reminded of: radius arm as the dis-
tance from the origin of the axis of rotation (centre of HPWEC)
to the COG of the pendulum; mass as the mass of the pen-
dulum; and damping as the damping value of the PTO sys-
tem. Reported power output is the mean power after 20 min
WEC-Sim simulations multiplied by 77.4% for total efficien-
cies as described in Section 3.1. Mass values were based on
the size of the HPWEC housing and pendulum within NOAA’s
hypothetical size constraints (as explained in Section 3.2). This
led to a range starting at NOAA’s weight limitation of 14 kg
to the heaviest weight manufacturing could allow for the size
of the pendulum, 100 kg. Damping values were chosen based
on preliminary simulations to obtain a rough range of values
where the SCOOP base power requirements of 5 W was met
and where global maximums in power were observed. This led
to a range from 1.5 Nm/(rad/s) to 35 Nm/(rad/s). As men-
tioned in Section 5, viscous damping is neglected due to its
small value compared to the considered damping values. Gen-
eral values of viscous damping are around 1X107° Nm/(rad/s)
[27] whereas the lowest value of PTO damping to be used in
simulation is 1.5 Nm/(rad/s). Radius arm values were cho-
sen based on the closest and farthest the pendulum can be to
the axis of rotation while staying within the HPWEC cylinder
housing.

After describing the software model used to calculate power,
results from simulations are then presented. The first parame-
ter investigated is the effect changing the length of the radius
arm has on power performance. This reveals a radius arm value
that maximises power output for the conditions considered in
this case study. This value will be used for the remaining sim-
ulations, allowing only a change in two variables instead of
three. Patterns in mass and damping values are further anal-
ysed in Section 0.3 for each season. Additionally, this section
will show which mass and damping values meet the SCOOP
power requirements and if they are within imposed weight con-
straints. Section 6.4 is a brief note on energy storage, followed
by a comparison between the pitch motion of the 3 m buoy
with and without the addition of the HPWEC, an important
consideration to study the effects on the hydrodynamics of the
3 m buoy and what this could mean for accuracy of sensor
readings.

6.1 | WEC-sim model

To calculate power Equation (14) is used, and as briefly men-
tioned in Section 5, 9 in Equation (14) is found from the six
DOF EOM of the system using WEC-Sim (wave energy con-
verter simulator), an open-source code developed by NREL and
Sandia National Laboratories (SNL) for simulating WECs using
Matlab/Simulink’s Simscape Multibody, a multi-body dynamics
solver. WEC-Sim allows users to upload custom geometry files,
hydrodynamic output files, and setup various PTO and moor-
ing configurations to simulate their design through regular or
irregular sea states [28]. The WEC-Sim model used to repre-
sent the 3 m buoy and HPWEC modular system are described
next.

The SolidWorks files made for each component in the system
were saved as stereolithography files to be used in WEC-Sim as
visualisation. It was also used to determine COG values at the
varying radius arm lengths. MOI values were determined from
the assumption of the inertia of a point mass yielding a value
equal to the mass times radius arm squared (#r%). The hydro-
dynamic files from Ansys AQWA allow WEC-Sim to know the
system’s response for certain frequencies that the user chooses
to simulate the system through, then uses that information to
solve the governing WEC equations of motion in the six Carte-
sian degrees-of-freedom (DOF).

WEC-Sim’s wecSimInputFile.m initialisation script has mul-
tiple classes that allow users to define components in their sys-
tem. Examples of relevant inputs users can make ate briefly
described. The bodyClass script defines each body (device) in
the system and allocates the appropriate hydrodynamic and
visual file to it. Users can define the COG (if 2 non-hydro body),
mass, and MOI to the body with their own inputs. The script
wavesClass allows users to define the sea state they want to sim-
ulate their device in. This was used to import the irregular wave
surface elevation for each season derived from Section 4 with
a ramp up time of 100 s. The script constraintClass defines the
location and orientation of constraints determining how bodies
move in relation to one another or to the global coordinate sys-
tem such as being fixed or moving in all 6-DOF. The script pto-
Class defines the PTOs stiffness, damping, location, and orien-
tation. The script mooringClass with lines.txt specific to Moor-
Dyn defines the stiffness properties, locations, and connection
points of the mooring system.

The WEC-Sim Simulink Simscape Multibody model
describes how devices of the user’s system interact with
each other and works with the initialisation script to define
properties of the blocks in the model. Figure 11 is the Simulink
model for the integrated system of this case study. Shown is
every component of the integrated system having its own body
block (3 m buoy, HPWEC cylinder housing, pendulum) defined
by their respective COG, MOI, mass, hydrodynamic (if a hydro
body) and visual files. The constraint blocks describe how the
follower (F) is connected to the base (B). For example, the 3 m
buoy is connected to the seabed with a 6DOF block meaning it
is free to translate or rotate in any of the 6-DOFs with respect to
the seabed. The HPWEC cylinder housing has a fixed constraint
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FIGURE 11 WEC-Sim simulink model of 3 m SCOOP buoy with
modular HPWEC; describes how devices of user defined system interact with
each other

on the 3 m buoy to resemble it being rigidly connected to the
buoy, and the pendulum has a rotational PTO which allows it
to spin around the HPWEC’s central axis defined as location in
the ptoClass. Inside the PTO block are values for stiffness and
damping that the user can change to influence power output
and motion response. Finally, the force of the mooring is repre-
sented using the MoorDyn library as calculated in Section 2.4.
Various radius arm, mass, and damping values were run through
this model and the initialisation sctipt in calculating and observ-
ing the effects on power and motion response, described next.

6.2 | Radius arm choice

To study the effects radius arm length have on power output, the
value is changed between lengths of 0.09 to 0.18 m for the Sum-
mer sea state. Summer was chosen as it has the lowest energy
sea state and is expected to produce the lowest power output
out of all seasons. Results are shown in Figures 12 and 13 for
= 0.09 m and = 0.18 m, respectively.

The trend of increase in power was consistent with increase
in radius arm length and was evident across the Fall, Spring,
and Winter sea states. To simplify the remaining simulations,
the longest radius arm allowed within the size of the HPWEC,
0.18 m, is used for the remaining simulations as it allowed for
the highest production of power. It is important to note that
the pendulum’s ever changing COG has a direct effect on the
hydrodynamics of the 3 m buoy in its response to the sea state.
Drastic behavior of this is evident by the “NaN” (not a num-
ber) value in Figure 12 caused by singularities encountered when

7 b d g u Y b 17

0
. NaN
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FIGURE 12 HPWEC Power outputs for the Summer sea state when the
radius arm length is 0.09 m; observed lower power results for decrease in length

HPWEC Mean Power Output, Summer, r = 0.18 m  Fower [W]
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FIGURE 13 HPWEC Power outputs for the Summer sea state when the
radius arm length is 0.18 m; observed higher power results for increase in
length

solving the governing equations. This could be a result of non-
linear hydrodynamics not included in simulations and is an
important topic for future work.

6.3 | Mass and damping effect on seasonal
power outputs

Now that the radius arm value that yields the highest power
output across all sea states has been determined this variable
can be fixed, simplifying the remaining simulations to explore
the effect of damping and mass values on power output for all
seasons. This is shown in Figures 14—17 for Fall, Winter, Spring,
and Summer seasons tespectively.

85U80|7 SUOWIWIOD BAIE8.D 8|qed!(dde auy Aq pausenob ae Ssoiie YO 8sn JO S3|Nn 10} Aeiq1 8UI|UO /8|1 UO (SUONIPUOD-PUB-SWLBH WD A8 | 1M AeIq 1 BU1UO//:SANY) SUORIPUOD pue swie | 8y} 89S *[£202/90/62] Uo ARiqiTauluo A8|im ‘@inisu| eLows N 8| pyeg Ad 89z2T 26d/6v0T 0T/10p/LL00" A8 1M Ake.q 1 jpul U0 Yo Jessa i //:Sdny Woly papeoiumod ‘T ‘TZ0Z ‘vZyTZSLT



DIZON ET AL. 3363
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FIGURE 14 HPWEC Power outputs for the Fall irregular sea state; 5 W
base requirement met for masses 20 kg and over and varying damping ranges
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FIGURE 15 HPWEC Power outputs for the Winter irregular sea state;
5 W base requirement met for masses 14 kg and over and varying damping
ranges

Power outputs consistently increased with higher pendulum
mass values and a constant damping value with the exception of
certain damping values at 50 kg, Power maximised for certain
ranges of damping with a constant mass, decreasing once the
damping was too high as the direct negative impact it had on
speed ultimately lowered the power. These two observations can
lead to general ranges of damping desired for mass ranges. For
example, during the Fall season (Figure 14) power was generally
maximised for a damping range of 10.5 to 21.0 Nm/(rad/s) for
heavier masses (50 kg and above) and 1.5 to 10.5 Nm/(rad/s)
for lighter masses (50 kg and below). Power outputs were seen
to decrease when below or above these damping ranges for
the corresponding mass range, again, due to the dependent
relationship of speed and damping and their trade-off on power

14 20 30 40 50 60 70 80 90 100
Mass [kg]

FIGURE 16 HPWEC Power outputs for the Spring irregular sea state;
5 W base requirement met for masses 14 kg and over and varying damping

ranges
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FIGURE 17 HPWEC Power outputs for the Summer irregular sea state;
5 W base requirement met for masses 20 kg and over and varying damping
ranges

output. Interestingly, while a power increase was evident with
mass increase, the magnitude of power did not significantly
change throughout the four seasons. For example, the power
values in the lowest energy sea state, Summer, are similar to that
of the highest energy sea state, Winter. This aligns well with [19]
where tank tests were conducted on a pendulum WEC, con-
cluding that larger waves resulted in higher mean power outputs
only a portion of the time. This is true when observing Fig-
ures 15 and 17 where Winter generally outperforms Summer,
but not significantly in magnitude for each mass and damping
combination. Although seasonal power trends are typically
common among WEC devices, the absence of outstanding
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variability could prove to be an advantage to users when choos-
ing sensors to operate within their rated power conditions.

Finally, it is evident power outputs in every season other than
Winter and Spring do not produce the base SCOOP power
requirement of 5 W within the presently-assumed mass con-
straint of 14 kg. Therefore the minimum mass value to meet the
base power requirement yeatly is examined. A minimum mass
of 20 kg is capable of meeting the base requirement of 5 W for
all seasons of the year. The damping value may change per sea-
son to capture more energy or stay at 3.5 Nm/(rad/s) to meet
the base requitement.

Another important observation is the effect of inertia on
the system’s power performance. This study showed that an
increase in inertia from heavier masses led to a higher power
output, however in this particular case study the problem was
restricted in ways such as the assumption of a point mass for
MOI and limitations in mass and radius length values due to
NOAA size constraints and physical manufacturing capabil-
ities. It is key to continue further simulations in the future
that have a broader focus with less restrictions on using dif-
fering pendulum designs and MOIs to better understand the
inertia effect on the dynamics of the integrated system and
its response to the sea state as well as the effects on power
output.

6.4 | Energy storage

The current power system for the SCOOP is a 10.8 V 1.34
kWh battery [29]. The range of energy ripple produced by
the HPWEC was determined by integrating the power time
series after removing the average power, representing the energy
leftover to be stored. To establish the upper storage capacity
needed, the time series was taken from the season that pro-
duced the highest power using the earlier defined yearly mass
value of 20 kg, This corresponds to the Winter season with a a
3.5 Nm/(rad/s) damping value to produce the highest power.
The power, power ripple, and energy ripple time seties of this
scenario is shown in Figure 18. The battery capacity needed to
meet the energy range is:

E
Batt,, = ———— (15)
3600— * 17
hr
where Batt.,, [Ah] is the capacity of the battery, £, [J] is the

maximum energy to be stored, and [ [V] is the voltage of the
SCOOP power system (10.8 V). This results in a battery capac-
ity of 0.03 Ah. To get units of Watt-hours, the battery capac-
ity is multiplied by the voltage of the SCOOP power system,
yielding a value of roughly 0.5 Wh. The existing system of 1.34
kWh is sufficient then to buffer the output from the HPWEC.
It is also noted that while the yearly mass value of 20 kg
does not produce the peak power requirement of 16.5 W for
any season, the accumulation from energy storage would allow
supply of peak power when needed for periodic data transmis-
sion bursts.
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FIGURE 18 Power, and power and energy ripple time series of HPWEC
in Winter sea state with a pendulum mass of 20 kg and damping

3.5 Nm/(rad/s); 0.5 Wh energy storage capacity needed for HPWEC, SCOOP
1.34 kWh sufficient to buffer

TABLE 3 RMSE values for Winter and Summer sea states with 20 kg and
100 kg pendulum masses

Mass Damping
Season [ke] [Nm/(rad/s)] RMSE
Summer 20 3.5 0.2828
100 17.5 0.3190
Winter 20 3.5 0.3248
100 14 0.3485

6.5 | Comparing pitch motion between 3 m
buoy with and without the HPWEC

With the addition of the HPWEC on the 3 m buoy, the response
to oncoming waves will differ from without the HPWEC. As a
result, the SCOOP payload on the buoy will have different sen-
sor readings of environmental conditions, possibly leading to
false representations of the true conditions. To study the effect
of the HPWEC on the 3 m buoys response to sea states, the root
mean square error (RMSE) values for the pitch motion of the
3 m buoy with and without the HPWEC are shown in Table 3
for the lowest and largest sea states (Summer and Winter). Addi-
tionally, Table 3 shows the difference in RMSE when the mass
of the pendulum is 20 kg versus 100 kg. Each scenario used
the damping value that maximised power from the results in
Section 6.3 for Summer and Winter, and a radius arm of 0.18 m.
Figure 19, Figures 20-22 depict the time series of pitch motion
for an arbitrary time range for these cases.

As expected, the pitch response of the 3 m buoy has changed
when the HPWEC is fixed onto its platform . The effect is
slightly more dramatic in the Winter versus Summer seen by
the increase in RMSE values compared between the two sea
states due to the more energetic sea state present in Winter.
The use of a heavier mass also results in a larger RMSE due
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Pitch response, Summer, mass 20 kg, ¢ = 3.5 Nm/(rad/s) Pitch response, Winter, mass 20 kg, ¢ = 3.5 Nm/(rad/s)
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FIGURE 19  Pitch motion of 3 m buoy with and without the HPWEC for
the Summer sea state with a pendulum mass of 20 kg, damping of

3.5 Nm/(rad/s), and 0.18 m radius arm; RMSE = 0.2828 over entire
simulation time; arbitrary time range shown

Pitch response, Summer, mass 100 kg, ¢ = 17.5 Nm/(rad/s)
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FIGURE 20 Pitch motion of 3 m buoy with and without the HPWEC for
the Summer sea state with a pendulum mass of 100 kg, damping of

17.5 Nm/(rad/s), and 0.18 m radius arm; RMSE = 0.3190 over entire
simulation time; arbitrary time range shown

to the different COG and its influence as it changes location
according to the pendulums motion, thus changing the COG
of the entire integrated system. Future work will include more
detailed analysis on the impact the HPWEC has on the buoy
and accuracy of sensor measurements.

7 | CONCLUSION

MRE as the main power source for marine applications has
received positive feedback by users in this sector [2]. Compared
to solar, battery, wind, or diesel generators, it has been identified

Time [s]

FIGURE 21 Pitch motion of 3 m buoy with and without the HPWEC for
the Winter sea state with a pendulum mass of 20 kg, damping of

3.5 Nm/(rad/s), and 0.18 m radius arm; RMSE = 0.3248 over entire
simulation time; arbitrary time range shown

Pitch response, Winter, mass 100 kg, ¢ = 14 Nm/(rad/s)
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FIGURE 22  Pitch motion of 3 m buoy with and without the HPWEC for
the Winter sea state with a pendulum mass of 100 kg, damping of 14 Nm/
(rad/s), and 0.18 m radius arm; RMSE = 0.3485 over entire simulation time;
arbitrary time range shown

as an advantageous alternative [1, 3]. To further these studies,
this paper investigated the feasibility of a specific WEC design
powering one of these applications. The HPWEC design was
chosen for its robustness and was applied to NDBC SCOOP
weather buoys as a low bound for determining power require-
ments that this design can meet. This paper analysed the effects
pendulum mass, radius arm length, and damping of the PTO
had on the seasonal power output of the HPWEC. Increases
in mass and radius arm equated to higher power output, a con-
sistent trend seen for every season, while ranges of damping
that maximised power wetre dependent on the mass value and
sea state.
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The most notable finding related to power performance was
that in order to meet the SCOOP base power requirement of
5 W for the entire year, the mass of the pendulum (and there-
fore the modular HPWEC) was over the considered mass con-
straint of 14 kg, calling for a minimum value of 20 kg, Although
the 20 kg pendulum mass is required to meet the base SCOOP
power of 5 W, another scenario to consider would be using
both the HPWEC and solar panels already installed on the 3 m
SCOOP buoys to supply power to the payload. This way, solar
could be the main power source in the lower sea state seasons
with the additional production by the HPWEC. The HPWEC
could then be the main source in the higher sea state seasons.
This would effectively add supplementary power to the current
solar panel power source of the 3 m SCOOP buoy while main-
taining the possibility for longer deployments and remote area
operation. With a combined system, the weight of the HPWEC
could decrease as it is not the sole supplier of power, thus meet-
ing the mass constraint.

It was confirmed that the addition of the HPWEC on the 3 m
buoy changed the buoy’s motion when compared to operation
without it as a result of the changing COG associated with the
rotational movement of the pendulum. The RMSE between the
pitch response of the 3 m buoy with and without the HPWEC
showed a clear change in buoy behaviour, increasing with larger
sea states and mass. This will have effects on the sensor data
output and is important to further study to ensure the addi-
tion of a modular device such as the HPWEC still permits the
buoy to record accurate data readings. Also, the possible non-
linear hydrodynamic behaviour of the 3 m buoy caused by the
changing COG is another feature to study as this can affect
the power output and buoy motion as well. Furthermore, the
findings in this paper hold for a system with a certain range of
considered values for one pendulum design due to restrictions
on size and weight. To better understand pendulum influence
and the associated inertial properties on the 3 m buoys hydro-
dynamic response, a variety of designs should be studied. Future
work will focus on a better understanding of this behavior lead-
ing to more accurate results of power output and buoy motion,
possibly reducing or increasing the range of masses and size
constraints considered. This will further aid understanding the
feasibility of using HPWECs to realise the benefits they may
provide.
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