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Abstract

Despite its success in measuring air-sea exchange, the Woods Hole Oceanographic Institution’s (WHOI)
X-Spar Buoy faces operational limitations due to energy constraints, motivating the integration of an
energy harvesting apparatus to improve its deployment duration and capabilities. This work explores
the feasibility of an augmented, self-powered system in two parts. Part 1 presents the collaborative
design between X-Spar developers and wave energy researchers translating user needs into specific
design requirements. Based on requirements like desired power levels, deployability, survivability, and
minimal interference with environmental data collection unsuitable concepts are pre-eliminated from
further feasibility study consideration. In part 2, we focus on one of the promising concepts: an internal
rigid body wave energy converter. We apply control co-design methods to consider commercial of the
shelf hardware components in the dynamic models and investigate the concept’s power conversion
capabilities using linear 2-port wave-to-wire models with concurrently optimized control algorithms
that are distinct for every considered hardware configuration. During this feasibility study we utilize
two different control algorithms, the numerically optimal (but acausal) benchmark and the optimized
damping feedback. We assess the sensitivity of average power to variations in drive-train friction, a
parameter with high uncertainty, and analyze stroke limitations to ensure operational constraints are
met. Our results indicate that a well-designed power take-off (PTO) system could significantly extend
the WEC-Spar’s mission by providing additional electrical power without compromising data quality.

Keywords: ocean observation; autonomous systems; wave energy conversion

1. Introduction

To improve our understanding of the Earth’s changing climate, we need to improve data collection
at sea [1]. Fluxes of heat, moisture and momentum between the ocean and atmosphere constitute a
significant fraction of the global energy balance [2]. Most observations of surface flows are primarily
conducted on terrestrial regions, while satellite measurements provide global assessment of the energy
balance at the top of the atmosphere [2]. In recent decades there have been efforts to improve data
collection at the air-water boundary of the oceans in remote and inhabitable regions. These efforts
aim to fill a gap in the spatially sparse knowledge of the air-sea exchange, which is essential for
understanding the Earth’s energy balance and consequently understanding climate change. Graber et
al. developed the ASIS buoy to enable high-resolution measurements of waves and atmospheric fluxes
in the open ocean [3]. Previous to the buoy development, oceanic surface, oceanic surface meteorology
and air-sea flux estimates have been based on observations from merchant ships and surface buoys [4],
i.e. either spatially limited to near-shore, or temporarily limited. Motivated by ASIS, and to improve
upon its performance in highly energetic sea states Clayson et al. conceptualized a free-drifting spar
buoy system capable of directly measuring air-sea turbulent fluxes and bulk parameters in remote,
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Figure 1. Visual overview of the study. From left to right, a photograph of the deployed X-Spar and the objective
of enhancing its mission through power generation at sea. This objective initiated a collaborative design effort
to establish the functional requirements for an energy converter, as detailed in this manuscript. Following this,
several concepts were pre-eliminated based on these requirements. The feasibility of an internal body wave
energy converter, referred to as the WEC-Spar, is examined and confirmed in the second part of this work,
utilizing commercial off-the-shelf components within the dynamic models using control co-design methods.
Future research will also focus on internal turbines that successfully passed the pre-elimination phase.

inhospitable regions [5]. This novel spar is relatively low-cost and telemeters all data ashore, thus the
system may be considered eXpendable, giving it its name "X-Spar" [6].

The X-Spar has a design life of six months to one year, depending on the specific sensor and
battery package of each deployment. If more electrical power were available, the sensor package(s)
and mission duration of the X-Spar could be dramatically enhanced to provide additional scientific
data over longer mission durations. Longer mission duration would enable understanding seasonal
changes in air-sea exchange. Given the limited payload capacity, simply adding more batteries is not a
feasible solution due to weight and space constraints. Instead, harnessing energy from the operating
environment may be a more effective approach.

It is helpful for the reader to think about this work in two parts. The structure of the study is
visualized in Figure 1 to illustrate how Part 1 serves as foundation for Part 2, as well as the energy
harvesting concepts that warrant future research. Part 1 details the collaborative design between the
X-Spar developers and wave energy researchers, which resulted in functional design requirements for
an energy converter and pre-eliminated concepts violating those requirements for further consideration
during the more detailed design. The bulk of this work, part 2, investigates the feasibility of augmenting
the X-Spar with an internal wave energy converter (WEC) to provide the additional electrical power.
We will call this hypothetical augmented system the "WEC-Spar". While this is not a fully-detailed
design study, it does consider realistic hardware components and their dynamics in wave-to-wire
models and the control co-optimization methods.

The design requirements are detailed in the Section 2 ("Collaborative design"). Section 3.1 ("Dy-
namic Model") presents linear wave-to-wire models. We introduced a numerically optimal controller
and a proportional controller optimized for maximizing average electrical power in Section 3.3 ("Con-
trol"). In Section 4 ("Results"), we describe the different power take-off (PTO) configurations based on
realistic hardware to create a well-matched WEC-PTO system. Within Section 5 ("Conclusions"), we
conclude that the average electrical power levels predicted from the numeric models would improve
the X-Spars mission as intended, but drive-train friction uncertainty and nonlinear control approach
should be investigated in the future.

2. Collaborative design

In an ideal scenario, oceanographers would benefit from a perfectly still platform for their
measurements, while wave energy converter engineers would prefer a system that naturally responds
to the dynamics of ocean waves. But, the X-Spar’s stability requirement also presents a unique
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opportunity; it provides a robust platform that is relatively insensitive to waves to react against. In
theory, provided that the fundamental hydrostatic properties remain unchanged, modifiying the
center section should not compromise data quality while not actively converting wave energy. In
practice, capturing wave energy inevitably requires reactive forces against the X-Spar resulting in larger
than usual motion. These conflicting objectives create a complex design problem that requires close
collaboration between all stakeholders to establish suitable requirements for the energy harvesting
apparatus.

Participatory design offers practices aimed at involving people in the co-design of the technologies
they use [7]. Given the significant engagement of all involved stakeholders, we will refer to our
approach as collaborative design. We intentionally refrain from using the term “co-design” in all other
sections to prevent any confusion with control co-design, which refers to the concurrent design of
hardware and control algorithms.

Developing WECs to supply power to ocean observing platforms has gained attention in recent
years [8-10]. Several researchers have reviewed existing technologies, possibilities, and studies related
to wave-powered ocean measurement [11-13]. Lindroth and Leijon (2011) note that a challenge for
wave-powered data buoys, which were mostly designed as oscillating water column- (OWC-) type
WECs, included low power generation [12]. McLeod and Ringwood (2022) summarize the applications
since 2011, of which there are eight distinct power take-off (PTO) types presented across 24 publications
[11]. Since 2022, numerous others have presented concepts that explore WECs for Ocean Observation
(OO0) applications. Commonly, electromagnetic energy transducers (i.e., generators) offer higher power
densities compared to PTO’s without them (mW to W based on recent empirical data). While most
generators are rotary machines, two recent successful prototypes deploy linear generators, first in
the form of a fully contained heave oscillator [14], and second a linear generator reacting against two
hydrodynamic bodies’ relative motion [15]. A class with a lot of traction are fully contained pendulums,
for example, a prototype with stable vertical pendulum [16], a 20kg horizontal pendulum studied
numerically [17], and a prototype of a smaller horizontal pendulum [18]. A novel pitch resonator
design [19] is currently undergoing design iterations towards an inverted pendulum to also potentially
enhance an existing ocean observation system.

Ocean glider technologies are another example of ocean scientists using the ocean environment to
sustain Ocean Observation [20]. As opposed to electrically powered ocean measurement technologies
described previously, gliders use either changes in their own buoyancy [21] or mechanical power
from ocean waves [22] for direct propulsion with no conversion to electrical energy. These gliders still
require and are limited by the batteries that power onboard sensors.

The majority of the existing literature on WECs for ocean observation rely on custom components.
Due to the expandable nature of the X-Spar we conceptualize a WEC with mostly commercial off-the-
shelf (COTS) components in this manuscript

2.1. Functional Requirements

In this section we present the functional requirements for an energy converter that meets the needs
of the X-Spar buoy and its users. To achieve this, we employed Quality Function Deployment (QFD),
a structured methodology that translates user needs into technical specifications [23]. The project
partners at WHOI played a crucial role in this process by quantifying the importance of each design
requirement. By systematically investigating and prioritizing these requirements, we aim to establish
a robust framework that supports the development of an energy converter capable of harnessing
energy during deployment effectively, while not jeopardizing the X-Spar’s (i.e., WEC-Spar’s) mission.
This approach is fundamentally different from designing a wave energy converter for maximizing
exportable power. We present the ranked functional design requirements in Table 1.

The most important design requirements are: (1) producing an average electrical power in the
order of tens of Watts, (2) not complicating deployment and recovery operations, (3) enabling X-Spar to
follow waves in extreme sea environments (improving survivability), and (4) not negatively impacting
data quality (by compromising the X-Spar’s motion response). These requirements eliminates solar
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Table 1. WEC design requirements and ratings. Less important requirements are indicated with less tinted

background color.

Requirement Importance Requirement Importance

(1) Produce average power (5) Mechanical survivability | High
above 10 watt

(2) Easy to deploy (6) WEC cost less than 50% X- | High
Spar CapEx

(3) Ability to follow waves in (7) Reliable energy production = Medium
extreme seas

(4) Does not negatively im-

pact data quality

(8) Integrate into future X- Medium
Spar iterations

photovoltaics (location, season, and infrastructure), wind turbines (infrastructure and pitch charac-
teristics), piezo-electric energy transducers (power levels for given infrastructure), and most external
wave energy converters (complicating deployment because of the added infrastructure preventing
horizontal placement on a work boat) as energy sources. However, there are a variety of ocean WECs
that could meet those requirements.

2.2. WEC concepts to augment the X-Spar

Potential WEC concepts are illustrated in Figure 2.

Internal Air Turbine

Internal Body

External Body
&

Internal Water Turbine

Figure 2. Early WEC design concepts considered. Modifications to the X-Spar center section expose the inside
to ocean water and the atmosphere. From left to right: External Body — unchanged X-Spar with torus-shaped
float connected to generator; Internal Body — modified X-Spar with internal floating body connected to generator
(above water or submerged); Internal Air Turbine — modified X-Spar with air turbine and generator above water;
Internal Water Turbine — modified X-Spar with submerged water turbine and generator.

Promising concepts fell into two categories of implementing rigid oscillating bodies and fluid
turbines: air and water. We then explore engineering concerns that could be examined without the
need for complex simulations, as detailed in Table 2.

We do not prioritize investigations of requirements (6) cost, and (7) reliable energy production at
this stage. To assess each concept’s viability based on the criteria in Table 1, we estimate the following
metrics: (5) survivability, and (2) deployability using literature and expert knowledge; requirements (1)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.0985.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 July 2025

d0i:10.20944/preprints202507.0985.v1

5o0f 25

Table 2. Practical engineering concerns for different WEC archetypes powering the X-Spar buoy. Positive impacts

are colored green (dark) and negative impacts yellow (light).

Follow Extreme Moving Impact Fatigue Stiction
Waves Parts CB/CG (5 x 10°
cycles)
External | Wave following Primary No Survivability Rack & pinion
Body if locked, or mover and | impact issue before issue, gear ratio
actively drive-train fatigue trade-off
controlled between
generator size
and cogging
force
Internal | Aids wave Primary No Fatigue Rack & pinion
Body following if mover and | impact needs to be  issue, gear ratio
locked, or drive-train considered  trade-off
actively for design ~ between
controlled generator size
and cogging
force
Internal No impact Least Negative | Lessissues Low stiction:
Air moving on if adequate  same rotational
Turbine parts CB-CG bearings direction
Water No impact Depends on  No or Depends on | Low stiction:
Turbine rectification little type of same rotational
impact rectification | speed

power-conversion, (4) data-quality, and (3) wave-following require more detailed numerical modeling.
We do not include maintainability as a requirement at this feasibility study stage, as it contributes to
operational expenditure (which is necessary to consider for the performance of dedicated WECs [24]).
Given the short X-Spar mission duration of approximately one year, maintenance on the WEC would
only be performed on land after the buoy is recovered.

2.3. Design feasibility study

For the rest of this manuscript we focus exclusively on the X-Spar augmented with the internal
body. We opt for the internal rigid' body over the external body due to its ease of deployment. While
internal turbines present promising concepts, their distinct modeling techniques necessitate further
investigation in future studies ([25] investigates air turbines in spar tubes of similar dimensions).

The X-Spar buoys are intended to be deployed in locations all around the world, with specific
locations of interest including the Sargasso Sea (which is south of Bermuda), the Southern Ocean, the
Western Equatorial Pacific — Tuvalu, and the Bering Sea (see Figure 4). This study presents results
specifically optimized for the Sargasso Sea as it is the location with the lowest wave resource, making
it the most challenging site for converting the desired amount of electrical power. The underlying
averaged weekly sea states derived from 14 years (2009-2023) of spectral wave density data collected
from the National Data Buoy Center (NDBC) buoy #41049 are illustrated in Figure 5, along with a
confidence interval that indicates the range within which a respective quantity is expected to fall
with 50% likelihood. Some findings are not tied to the Bermuda conditions, although are generally
applicable as they relate to sea states (as a function of wave energy period T, and significant wave
height H;).

1 While the detailed design is not part of this study, materials such as marine grade polymers, or even cork, might be suitable.
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Figure 3. Schematic representation of the systems: the original system, X-Spar, is shown on the left, while the
augmented system, “WEC-Spar", incorporating a power take-off module for capturing ocean wave energy, is
depicted on the right. Design optimization variables include the cylinder radius r., the cylinder draft d, the
drive-train friction by, the linear to rotary gear ratio N, and the control impedance. The maximal stroke s,y is a
hardware constraint.

3. Internal Body WEC Control Co-Design

For meaningful control co-design it is essential to model all relevant and interacting dynamics.
In the following sections we introduce the full coupled power conversion chain from ocean waves to
electrical power at the load.

3.1. Dynamic Model
3.1.1. Hydrodynamic Model

This study models hydrodynamics by combining empirical and numerical data (obtained with the
Boundary Element Method (BEM)) 2. Specifically, we use system identification techniques to estimate
a coefficient capturing heave damping (bs) present in the X-Spar, since the BEM could not capture the
viscous drag associated with the perforated plate at the bottom of the X-Spar (compare Figure 3). The
X-Spar geometry is then altered and denoted as “WEC-Spar”, to allow for an internal body absorbing
waves, to compute two body hydrodynamics with the BEM, and to add the heave damping to account
for the unchanged perforated plate.

For the system identification, we use data from an onboard inertial measurement unit (IMU)
for velocity and position information as well as pressure readings from a sensor mounted partially
down the spar tube for the relative water depth from a two-day test deployment of the X-Spar in
November 2019 south of Cape Cod. The recorded waves’ peak period ranged from approximately
65 to 10s. The X-Spar’s data acquisition system was never intended to provide information for a
system identification campaign. Consequently, likely due to issues with the phase shift between
distinct sensors, the methods presented by Bacelli et. al [26] could not identify inertia values that we
could validate against the known X-Spar’s rigid body mass. Instead, we chose an approach based
on identifying the X-Spar dynamics based on purely real power spectral densities (PSDs), i.e., the

2 Please note that both the empirical and BEM models are linear and, therefore, cannot accurately represent the system

response under extreme sea conditions, which are likely nonlinear. If the design progresses beyond the feasibility study stage,
extreme responses will need to be investigated using methods other than those that model linear steady-state responses for
average power conversion.
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Figure 4. Design sites shown on a map with the median wave power. This study focuses on the Sargasso Sea
because it has the smallest wave resource, providing a conservative estimate for power conversion capabilities.

Tuvalu, Central Bering Sea, and the Southern Ocean will be future study sites and will likely require different
hardware and controller gains.
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Figure 5. Averaged weekly wave conditions in the Sargasso Sea south of Bermuda from National Data Buoy
Center (NDBC) buoy #41049. Data is average over 14 years, from 2009 to 2023.

results become insensitive to the phase. The major underlying assumptions are, first, that the excitation
PSD (Sexc,data) is equal to the wave height signals PSD, since the X-Spar behaves like a low pass filter.
Second, that the BEM code capytaine can predict the excitation transfer function coefficient (Hexc BEM)
sufficiently well. Together with the PSD of the velocity measurements S, 4,t, averaged over the entire
deployment length, the following expression can be used for the square of the intrinsic admittance (Y;),

Y2 _ Sv,data

idata — 12 .
Hexc,BEM S exc,data

1)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The third assumption is that the X-Spar dynamics can be described by a second order mass-spring
damper system with mass (m), stiffness (kj,), and damping (bs), and consequently, we can state the
model to be fitted either in intrinsic admittance (Y ), or reciprocally as intrinsic impedance (Z; ;)

form,
1 1

Z; it B by +i(mw —ky/w)

Yifit = 2)
Here i denotes the imaginary unit and w the radial frequency vector. All introduced quantities are in
the top axes of Figure 6. After algebraic manipulation of (2), we can define an error model (¢) between
the squared admittance based on data and the manipulated model,

72
e — Y‘zd o — i fit
i,data Z?,ﬁt
- Yi%data - (Rz + I2)
by 3)
wi bj% + (mw —ky,/w)?
and Z = mew — ky/w

bjzf—i— (mw — ky/w)?’

Note that although (2) is complex, the expression (3) is purely real. We solve for the combination of
parameters that minimize the weighted squared error, with a weight proportional to the PSD of the

velocity signals,
. 2
min (wye)*,
bf,mrkh( ve) (4)
where w, « S 4414
qE ————— B e e Velocity PSD
g r S & a2 I (S Excitation PSD
8 2
.f_‘acz %100 —’—"-‘:‘..: sEmwa -ﬁ.’mnm-—-— i - _H&’EC’ BEM
A e . T Z? data
0.05 0.1 0.15 0.2 025
Frequency (Hz)

8 | o - ....'NI

o ““‘ .'0,.

g2 Y7 data

+ »*
ElE ceeeeenne (V5 fit)2
'-% Cg 10_6' I“““‘ E ( ! )
< llll““‘

0.05 0.1 0.15 0.2 0.25

Frequency (Hz)

Figure 6. Averaged power spectral density (PSD) of the onboard X-Spar data to identify the X-Spar intrinsic
admittance and the corresponding heave damping coefficient by.

Which results in following the estimated coefficients capturing heave damping (by), mass (), and
hydrostatic stiffness (ky,).

bp: 207.6Nsm ™!

m: 593.3kg
kp: 629.8Nm~!

The mass of 593.3 kg is 97.9% of the buoy’s measured dry weight of 606 kg. The identified stiffness kj,
under-predicts the analytical stiffness of 729.8 Nm~! by 13.7%. Using these identified coefficients, we
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Figure 7. Intrinsic impedance Bode diagram of the identified system from the X-Spar deployment, the tuned
X-Spar BEM response, and the same tuning applied to the BEM results of the altered WEC-Spar geometries for
different cylinder radii (r., compare Figure 3).

may plot the squared fitted admittance model (Y; fit)z in the bottom axes of Figure 6 along with the
underlying data. Based on Figure 6, we find that the parametric model has good agreement with the
data for 0.06 < f <0.17Hz (5.9 < T <16.75).

For the rest of this study we will use the estimated heave damping coefficient by = 207.6N's m~!
assuming the perforated plate remains unchanged and rely on BEM results to compute the frequency
dependent quantities that describe the hydro-dynamics for varying geometries in terms of the intrinsic
impedance,

Zi:B(w)+bf+i(w(m+A(w))—ﬁi‘). (5)

Here, A(w) is the added mass, B(w) is the radiation damping. Aside from the validation of the
known parameters, we also compare the X-Spar’s intrinsic impedance obtained from BEM augmented
with by (dashed line) with the identified second order model (dotted line) in Figure 7. The goodness
of fit, quantified at 78.18%, indicates that our BEM model adequately predicts the hydrodynamic
behavior, thereby providing a solid basis for proceeding with further analyses. Next, we obtain the
hydrodynamic coefficients for the two body system (WEC-Spar and internal rigid cylinder) for two
distinct radii of the cylinder (r;) and three different values for the cylinder draft (d.). The intrinsic
impedance of the two distinct WEC-Spar geometries is also plotted in Figure 7. As expected, increasing
the diameter reduces the natural frequency, as seen by the decreasing frequency of the phase’s zero
crossing. For linear models, two-body dynamics can be reduced to an equivalent single-mode system
[27]. We reduce the two body dynamics (Z;v) relative to the PTO degree of freedom, which is the
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Figure 8. Equivalent hydrodynamic impedance Zeq Bode diagram observed at the PTO of the WEC-Spar system
for different geometry dimensions.

relative heave velocity Av = Kv between WEC-Spar and internal cylinder, with kinematics K = [1, —1].
We state the equivalent dynamics as,

(KZ7'K") "' Ao = (KZ7'KT) "V KZ Fexe —Fpto

Zeq Zeq

F eq,exc

ZquU = Feq,exc - Fpto- (6)

Here, Fpy, is the linear PTO force, which acts equal and opposite on WEC-spar and cylinder with
force vector Fpio = KTPptO. The superscript T denotes a matrix transpose. The equivalent intrinsic
impedance for the six considered geometries are illustrated in Figure 8.

3.1.2. Power take-off (PTO) model

For any study concerning wave energy conversion, either practical design or on a feasibility level
like this, it is important to consider realistic PTO dynamics and losses due to the dynamically-coupled
nature of the problem. Furthermore, any study should consider the final desired form of power, in this
case electricity, as the objective. If one instead would focus on the maximization of wave absorption (i.e.
mechanical power) one would obtain vastly different design configurations both in terms of control
trajectories (higher force amplitudes) and requirements for the hardware [28].

Ideally, a detailed design study would consider a variety of different hardware options, but for
this scoping level effort we choose one representative commercial off the shelf generator. Specifically, a
Maxon brushless, 900W, motor with Hall sensors and encoder (IDX 70 L 3). To model the generator’s
dynamics, we use the manufacturer provided winding resistance R, = 0.0718 (2, and inductance
Ly = 0.0002 H ~ 0 to quantify the winding impedance Z,,. We will neglect the imaginary part of Z,,

3 _IDX70LABSTD4Y558B - IDX 70 L, (070 mm, brushless, 900 W, with integrated brake, Hall sensors and Encoder EASY INT
1024CPT, https:/ /www.maxongroup.com/maxon/view /product/motor/ecmotor/IDX-MOTOR/IDX-70-MOTOR/IDX-
70-L-MOTOR/IDX70LABSTD4Y558B
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since the electrical current dynamics are orders of magnitude faster (due to the small inductance) than
the hydrodynamics .
Zw = Ry + jwLy = Ry )

This generator’s torque constant is kr = 0.164Nm A~!. To convert the relative motion between
the WEC-Spar and the internal cylinder into rotary motion, a ball screw mechanism presents a
robust solution. Ball screws are back-drivable* a characteristic that is essential for the oscillating
power conversion and for reactive control®, while their low friction is an additional benefit for power
conversion efficiency. A priori estimates suggeste that the suitable gear ratio N for the conversion from
linear to rotary motion is in the range of 50rad m~! to 70rad m~!, which will be investigated in the
following sections. This would translate to a screw lead of about 0.125m to 0.09 m, which is a rather
large lead for most common applications, but should still yield very low friction. We note that many
ball screws have linear to rotary gear ratios on the order of hundreds of rad m~!. Quantifying the
actual amount of viscous and Coulomb friction in the drive-train is uncertain, especially for varying
screw leads. In the future, we would determine the friction experimentally, but for this study we
considere the drive-train friction coefficient b; as a free variable in order to investigate the sensitivity
of the average power to a change in b;. The drive-train dynamics are captured with the drive-train

) . (8)

We consider the drive-train moment of inertia (J;) (which also contains the generator’s moment of

impedance (Z;),

Zg= by +—j( wlg —
—~— —~—

*d
w
varied constant VO

energy storage

inertia) to be constant and do not consider any additional stiffness k;. For future studies, those energy
storing components are promising variables to improve the power flow from wave to kinetic energy
and will warrant studies taking a flywheel and rotational springs into consideration.

3.2. WEC-Spar PTO multi-port model

We capture the PTO and control dynamics with a multi-port model [29]. We relate the mechanical
power variables with the inverse transmission matrix ([b]) to compute the electrical power variables,
the output voltage (Vout, effort) and current (Iout, flow), respectively,

lvout] — [b] Fpto]
Tout Av
1 Zw N2(k2+Z4Zy) ©)
. o —Luw T d&w
with [b] = N l 1 N2Z,
The active power at the load per frequency is then given by
1 *
Py = E?R{Voutlout}. (10)

4 In most ball-screw applications back-driving is an unwanted effect when no actuation is desired, but a linear force causes a

torque that overcomes the ball screw’s static friction and causes motion. Ball screw back-drivabilityv depends on its screw

lead and its friction.

5 The desire to provide reactive power at certain times is why we do not consider a hydraulic linear-to-rotary motion transducer.

Supplying reactive power with hydraulic machines necessitates more complex hydraulic circuits, and we are not aware of
any off-the-shelf components suitable for the immediate application. However, the dynamic model utilized in this work
could also simulate a hydraulic PTO with different parameters, particularly for the damping control. Hydraulic systems
offer the advantage of achieving larger gear ratios without a significant increase in friction compared to ball screws.
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The superscript * denotes the complex conjugate. The active power (10) is electrical power, which
becomes fully defined if we modulate the output current I,y as a function of the rotational speed
(NAv) with controller,
— Iout
NAv’
which in turn determines the load impedance that relates the electrical power variables with each
other.

(11)

_
e
:Vout

Zy —Zw

(12)

Iout .

While this study focuses on analysing electrical power, but also touches upon how well the WEC
multi-port system is matched. For more detailed discussions on the concept of bi-conjugate impedance
matching (albeit with different WECs) the readers are referred to [29]. Thus, we state the definition of
the input and output impedance [29], respectively,

k2 N2
Zin=N?Zj+ ——— 13
in d + Zf I Zw ( )
k2 N2
Zout = Zop + ——F————. 14
out w + Zeq + Nz Zd ( )

3.3. Control

For any WEC-PTO configuration considered in this work, we utilize controllers that maximize the
average electrical power at the motor leads, subject to the controller’s restrictions. The one exception is
explained in Section 4.4 ("Stroke Limitation with Control"), where the optimized control damping gain
is intentionally perturbed for demonstration purposes. Optimizing the control algorithm (software)
for every different WEC-PTO configuration in the considered hardware design space is a fundamental
principle in control co-design. The linear multi-port models enable the definition of a numerically
optimal controller, which we will use as a reference and benchmark for the upper limit of power
conversion. For most of this study, we use a simple damping control to obtain conservative estimates
for power performance, while using a control law that could easily be implemented in hardware.
There are several control archetypes, such as Proportional-Integral and Model Predictive Control, that
could be feasible. However, if optimized for average power, they would all fall somewhere between
the considered optimized damping and the numerically optimal control in terms of performance.

3.3.1. Numerically optimal control

The numerically optimal controller ensures that the load impedance perfectly matches the output
impedance,

Z0 =75 (15a)

COpt _ k T

= 15b
Ziw+ Zw (156)

Consequently, the average electrical power flow to the load is maximized. However, in all likelihood,
CoPt will be acausal (depending on Z,,;, but it is the case for most heaving WECs) and thus cannot be
directly implemented in hardware.
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3.3.2. Optimized damping control

For the simple damping control law, or “P control” (for proportional control ) we will use a gain K,
as the control impedance (CP) that modulates the current (I,,;) proportional to the rotational velocity
and defines the damping load impedance (Z})

CP — KP (163)

Iout = C°’NAv = K,NAv (16b)
k

Zp = Ki ~ Zg (16c)

The numeric value of the damping gain maximizes the average electrical power (Peje.) for the consid-
ered WEC-PTO configuration in the considered sea state, i.e.

rrlg,n - elec(zf)
s.t. (17)
0<K, < ke
P~ R{Zu}

3.4. Metrics

Metrics were already introduced during the definition of the design requirements warranting this
more detailed numerical campaign. These metrics are now be defined in the mathematical sense. The
average electrical power (P,e.) will be given the most emphasis and is defined as the sum over the
frequency spectrum of the power at the load (P;),

Ny
Petec = Z Pf(wi)- (18)
i=1

The annual energy A, is then the sum of the weekly average power P, ojec scaled by hours per week
hZU/

52
A = hw Z Pw,eleC‘ (19)
w=1

Also in great detail, we will address the maximal stroke that can be expected over time. First, we
integrate the PTO velocity (i.e., the relative velocity) in the frequency domain, spro = i%’, to receive
the frequency domain PTO stroke complex amplitudes spto. Next, we use random phase realizations
to generate N, = 500 trajectories, each with a repeat period of 100s as dictated by our chosen
frequency spacing of 0.01 Hz. For each random trajectory we determine the maximal value of the

stroke magnitude and take the 90" percentile,

th . N A a
S = 90thpercent11e(max ( [|sl(t)| 1$2(6)] -~ |sN,(t)] |)> (20a)
with §,(t) = F~Ysproe'“?} (20b)
In a similar manner, we examine the maximum velocity that the WEC-Spar may experience. To achieve

this, we first simulate the system using equivalent dynamics, then used the PTO force spectrum to
compute the dynamics of the two-body system,

v =Z; (Fexe — K" Foto) (21a)

1

UWEC—Spar = [1,0]v (21b)
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The 90" percentile of the maximal WEC-Spar velocity is obtained equivalently to (20). Further, we
compare the WEC-Spar’s velocity with the X-Spar’s velocity. The X-Spar’s velocity can be computed
by using the same wave amplitude spectrum, the BEM quantities introduced in Section 3.1.1 ("Hydro-
dynamic Model"), and no external forces. The last metrics detailed in Section 4 ("Results") quantify the
power reflections and losses throughout the WEC-Spar. The input and output transmission coefficient

are,
Zin — Z2, |
1-Ty=1— |~} 22
in ‘ Zin & Zeq (22)
Zy— 75 2
1-Tou=1—|>—>°ut 2
out ‘ZE ¥ Zout ( 3)

These transmission coefficients quantify how well the respective input and output impedance is
matched across the frequencies. The transmission coefficients do not capture dissipative losses (such
as mechanical friction and winding resistance). Those loss effects are however captured in the the
wave-to-wire efficiency Gr, and the PTO efficiency Gp

4. Results

This section highlights aspects of the proposed WEC augmentation of the X-Spar buoy to extend
its mission life: some are metrics for the design requirements, others help foster an understanding of
the system. The most prevalent metric that we consider is the average electric power Py (measured at
the motor leads) that different WEC configurations could convert from ocean waves, usually averaged
over one week of time.

4.1. Parameter space

The design parameter space for the WEC-Spar PTO co-optimization considered in this study
is presented in Table 3 below. While the parameter space is not all-encompassing, it covers enough
of the design space to identify trends that will help inform further design directions. We create a

Table 3. WEC and PTO Design Parameter Space

] Parameter \ Value Range \
radius cylinder 7. 0.1and 0.15m
draft cylinder d, 0.1,0.15and 0.2 m
friction coefficient by 0.0001, 0.005, 0.01 and 0.05 Nms rad !
ball screw gear ratio N 55, 60, 65 and 70 rad m !
control impedance C | opt. damping C” or numerically optimal controller C°Pt

multi-dimensional dataset encompassing all dimensions of the WEC and PTO parameter space, along
with three dimensions to represent wave spectra. We populate all coordinate combinations of the
dataset by sweeping over all combinations, as illustrated by the nested loops in Figure 9. If the
sole objective were to find the globally optimal solution, then the brute-force method would not be
computationally efficient, as it captures many suboptimal solutions. However, during the feasibility
study stage, we aim to explore trends in the design space to guide future efforts.
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WEC-Spar control co-design

WEC-Spar PTO control co-optimization IWEC-Spar deployment study

_y.Case study
’ Wave parameter space Hg, T¢, v i‘? Sargasso Sea’s weekly wave conditions
exc

q WEC-Spar geometry space r¢, d. i

H PTO parameter space by, N

Sec.4.2. Sensitivity to drive-train friction by

cqa cq,cxc

[b] Sec.4.3. Stroke limitations (spio = Av/iw)

q Control optimization C*, or C"’pt Sec.4.4. Stroke limitations with control

Sec.4.5. Control damping K, versus friction bg

Store solutions in (Hs, Tt, 7, T¢, de, ba, N, C) space Sec.4.6. Annual deployment
Pelec, Av, Fpto are of paticular interest in this study Sec.4.7. WEC-Spar total metrics

Figure 9. Visualization of the WEC-Spar control co-design study structure.

For this study we evaluate the co-optimization dataset for the average weekly wave conditions in
the Sargossa Sea (Figure 5) and study the metrics presented on the right side of Figure 9 throughout
the next sub-sections.

4.2. Sensitivity to drive-train friction

As previously discussed, the friction coefficient of the ball-screw is uncertain. Consequently, b is
considered a free variable in this study.

by=0.001, P =14.63W,
(N=60, dc=0.1m, r=0.15m)
by=0.005, P =14.21W,

20 (N=65, d.=0.15m, r.=0.15m)
by=0.01, P =13.41W,
(N=65, d.=0.1m, r.=0.15m)

10 + by=0.05, P =8.36W,
(N=65, d.=0.1m, r.=0.15m)

30 more friction bq=0.001, P =22.96W
(N=70, d¢=0.2m, r.,=0.15m)
by=0.005, P =19.47TW

20 (N=70, d.=0.2m, r.=0.15m)
by=0.01, P =16.72W
(N=70, d.=0.2m, r,=0.15m)
10 by=0.05, P =8.86W
(N=65, d.=0.1m, r.=0.15m)

30

P control

Weekly average power (W)

Optimal control

10 20 30 40 50
Week in calendar year

Figure 10. Weekly average power for enforced drive-train friction coefficient b; and two distinct control approaches
(damping control and numerically optimal control). The legend labels indicate the sub-optimal configuration for
the respective friction and control.

While the actual magnitude of mechanical friction cannot be arbitrarily selected in practical
applications, permitting its variation allows us to assess the sensitivity of the average power to changes
in friction. For the annual average power trajectories plotted in Figure 10, we fixed the friction b; is
fixed to each value in the variable space and only considered either a numerically optimal controller
(matches the output port impedance, Zy = Z3 ;), or a simple damping controller- ("P" for proportional
control). The remaining parameters were then optimized for maximizing annual energy A,. There
are three main takeaways from this analysis. First, if the drive-train (ball screw) friction exceeds
by > 0.05Nmsrad?, the average power would drop below the desired 10 W. Second, for low-to-
medium friction 0.001 Nmsrad ! to 0.0l N msrad (i.e. an order of magnitude increase in friction),
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the average power does not drop substantially, quantified at 8.4%, when altering the configuration and
the optimal control parameters. Third, the optimal control becomes less impactful in terms of more
power, as drive-train friction is increased.

4.3. Stroke limitations

For a real-world WEC and its components, it is vital to operate within specified limits, such as
stroke length and allowable forces. In this subsection, we demonstrate that the simulated dynamics
remain within the limitations, ensuring that performance levels are not overestimated due to excessive
motion amplitudes.

For linear feedback controllers, one generally must compromise between optimal performance
and constraint handling, but in this sub-analysis we only consider the proportional control and
investigate the subset of solutions that have the optimal annual energy, while being within different
levels of PTO stroke smax, specifically 1.4m, 1.2m, and 1.0 m. Currently, we anticipate that a stroke
length of 1.2 m is possible to realize in hardware. Figure 11 demonstrates that the configurations from

=}
%A 20 —— P cntrl, Smae = 1.4m, P =14.63W
g E 5 —— P cntrl, Smaz = 1.2m, P =14.21W \/\m
S5 P cntrl, smaz = 1.0m, P =8.36W
>
2§ 107 N A—Y
P2
g T T T T T
Config: (bg=0.001, N=60, d.=0.1m, r.=0.15m) sttt Sz = 1.4m
——— Config: (by=0.005, N=65, d.=0.15m, r.=0.15m) *ttt Smaz = 1.2m
Config: (bg=0.05, N=65, d.=0.1m, r.=0.15m) Smaz = 1.0m
SE
'j'é =
<2
e
Q=
2w
£ ¥
o <
S

10 20 30 40 50
Week in calendar year

Figure 11. Weekly averaged power and 90th. percentile of the maximal observed stroke for three sub-optimal
configurations to stay within three distinct values of PTO stroke smax. The levels of PTO stroke limit are illustrated
with the dashed lines.

the previous solution space also appear in this analysis and we learn that, for example, the lowest
considered drive-train friction value would not satisfy the stroke constraint (albeit only marginally
at week 10, as seen for the darkest (blue) line.) Of course, if a low-friction scenario can be achieved
in practice, we would not dismiss this drive-train configuration. Instead, we would explore other
variables to influence the maximum stroke.

For example, in future studies, we will formulate the limitations as constraints in mathematical
optimization problems. Another approach involves using nonlinear control, which increases the PTO’s
opposing force more than proportionally as a function of the stroke. This method can help maintain
compliance with operational limits without compromising performance during normal operation. As
a last resort, brakes could be installed to dissipate the converted kinetic energy as heat, rendering it
unusable.

4.4. Stroke limitations with control

In the next analysis, we show that several parameters influence the maximum stroke, one of
which is the active control mechanism. Previously, our optimization efforts focused on maximizing
average electrical power through controller adjustments. Figure 12 shows sub-optimal solutions
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concerning power output, demonstrating how these alternatives can further constrain the stroke while
still facilitating electrical conversion, even if the average power flows through the system change. We
use Sankey diagrams to visualize the average power flows from wave to wire. More details on the
calculation of the numeric quantities in the diagrams are available in Appendix A. Starting from the
optimal damping control value, visualized with the lightest hue and in the top Sankey power flow
diagram, we increase the damping value by 50% and 100%, respectively, and simulate the response
during the highest energy sea state at Week 10.

From the first subplot (left, top corner) we learn that an increased PTO damping marginally
reduces the WEC-spar velocity across all frequencies, but especially around 0.25 Hz where the internal
cylinder responds most. This also results in a decrease of electrical power across all frequencies (right,
lower corner).
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Figure 12. Illustration of the impact of increased PTO damping on velocity, power transmission, PTO stroke and
electrical power conversion based on performance metrics (fop) as well as Sankey average power flow diagrams
(bottom, refer to Appendix A). Increasing the control damping (from its optimal value for maximizing average
electrical power) causes power reflection within the PTO (top right axis) resulting in less electrical power (middle
right axis), but increases the total absorbed power (Sankey diagrams), while reducing the WEC motion (left axes).

A notable observation can be drawn from the output power transmission coefficient (upper right
axes) in combination with the Sankey diagrams: as control damping increases (starting from the
optimal), less power is transmitted to the load (or equivalently, more power is reflected from the load).
Specifically, although higher damping leads to a reduction in the conversion of wave excitation, it
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simultaneously allows for an increase in the absorbed power entering the system. However, this power
does not reach the load, as it is reflected back and ultimately dissipated within the PTO. Consequently,
the hardware must exert additional effort to stay within the stroke limitations. Our analysis indicates
that increasing the damping reduced the maximum stroke during this sea state by approximately 23%,
while also resulting in a 35% decrease in average power. It is worth noting that nonlinear control
may present a viable alternative, potentially mitigating the trade-off associated with average power
reduction.

4.5. Control damping versus friction

We compare the effects of friction versus control damping based on power, power transmission,
and efficiency based on Figure 13. This comparison starts with the original configuration from Figure 12
and illustrates a significant damping increase alongside an increase in drive-train friction (to the highest
value tested b; = 0.05Nmsrad!).
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Figure 13. Illustration of the impact of control damping versus drive-train fiction based on power, power
transmission coefficients, and efficiencies. While added friction and unnecessarily high damping show similar
trends, the output transmission coefficient highlights that a bad controller mostly causes deficits in electrical

power because the power cannot enter the load.

There are a few notable conclusions from Figure 13. First, as noted in Section 3.1.2 ("PTO Model"),
the absorbed mechanical power is misleading if it were used as an objective. Both increasing the
friction or increasing the damping (from its optimized value), caused an increase in mechanical power
absorption, but results in a deficit in converted electrical power. We cannot draw any quantitative
conclusions from the magnitude of any quantity presented in Figure 13 because of the arbitrary
perturbations. However, for the WEC-Spar, increased PTO friction and control damping cause similar
trends across most measures, as both contribute to greater resistance against the relative velocity. The
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notable difference lies in the opposite trend observed in the output power transmission coefficient. For
an increased drive-train friction (represented by the green line), the optimized damping control for
the specific configuration is better able to match the WEC-Spar’s output impedance. The increased
friction broadens the total system response, allowing the damping control to effectively match it over
a wider range. However, a better-matched output in isolation could be misleading regarding the
objective of maximizing electrical power, as evidenced by the significant decrease in efficiency and,
consequently, average electrical power. The “wrong" controller primarily causew the difference in
converted electrical power by mismatching the load to the overall system dynamics, preventing the
absorbed power from effectively entering the load.

4.6. Annual deployment

This section details how much the X-Spar missions could be extended or enhanced if the aug-
mented WEC-Spar system were deployed. Again, we use the Sargossa Sea as a case study due to
its relatively low wave energy resource (compare Figure 4). We formulate a hypothetical scenario
in which the objective is to collect a full year’s worth of data. In this context, we aim to determine
the maximum average power Psen that sensors could draw so that the battery would not run out of
charge until the end of the year-long mission with start week s;,. For simplicity, we assume this load is
constant. We compute the energy stored in the battery B(W) in week W as a cumulative sum of the
difference between the varying weekly generated power and the constant sensor draw.

By + ha Zuvyzsw (Py,elec — Psen) ,if B(W) < Beap

B(W) =
Bcap ’ else.

(24)

The conditional function ensures that the weekly battery charge does not exceed the full battery
capacity Bcap- In practice additional electrical power could be dissipated across a resistor as heat. We
assume the initial state of the battery By to be fully charged. The optimization problem that maximizes
the average power draw, while ensuring that the battery never fully discharges, is,

min  — Peen
(25)
st. B(W) <0 VW.

We use the configuration that naturally stays within the smax < 1.2m and choose different deployment
start dates (see Figure 14). The battery capacity Bcap that is currently installed on the X-Spar is 18 kW h,
which equates to 2.05 W average power over an entire year. The installed capacity is obtained with
multiple D-Cell non-rechargeable batteries. Rechargeable D-Cell batteries are available from multiple
manufacturers off the shelf, but will likely come at a higher price point.
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Figure 14. Annual battery energy trajectories with maximum average sensor draw Psen, to sustain operation for an
entire year for different deployment starts. The dash-dotted lines illustrate the rate at which the battery would be
depleted assuming the increased sensor draw, but no additional generation.

We can see from the results of the different battery energy trajectories that the allowable average
power ranges from 15.2 W to 16.2 W, which would enable a substantial improvement of the sensor
suite that the WEC-Spar could power. We recall that the current power requirements of the X-Spar are
significantly lower, so this additional available power could enable additional sensors. However, it is
important to note that the average electrical power is measured at the motor leads, and additional losses
will occur in the circuits responsible for battery charging and sensor operation. These losses are not
currently accounted for; however, since they do not impact the hydrodynamic and electromechanical
processes, they will likely not influence the optimal WEC design.

4.7. WEC-Spar total metrics

For this last result section we investigate sea states beyond the median conditions (compare
Figure 5) and consider any sea state that appears in the histogram for the Sargasso Sea location.
Figure 15 shows the average power, maximum PTO stroke, maximum PTO velocity, and difference
between the original X-Spar and the proposed WEC-Spar velocity as a function of the significant wave
height and energy period. Many of those sea states will be found in other locations, but the optimal
configuration underlying the results in Figure 15 is optimal in terms of the average weekly sea states
South of Bermuda. These mean sea states are illustrated with the blue round scattered markers on top

of the bivariate histograms.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.0985.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 July 2025 d0i:10.20944/preprints202507.0985.v1

22 of 25

— )
100 = 3
— £
—
= 50 & 2
w ) 1 9
s 2% ¥ >
- g %
RS 0o = 0
.eb <t =
[eb}
s —
wn
[<b) — 1.0 ~
o }
< 1.0 g £
= 2 05 o
+ Qo 'S
o 0.0
cgs 05 & %
= v 05 -
or— <
= =
3 0.0 = 103
) A

Energy Period T, (s)

Figure 15. Different metrics for variable sea states for the optimal configuration for South Bermuda staying
within the stroke constraints for the mean annual conditions. a) average power, b) 90/ percentile of the maximal
WEC-Spar velocity, ) 90'h percentile of the maximal PTO stroke, and d) the difference between WEC-Spar and
X-Spar 90" percentile maximal velocity (positive values indicate WEC-Spar velocity > X-Spar velocity.)

The first thing to notice in Subplot ¢) —for the maximal stroke —is that the stroke limit of 1.2 m is
just maintained for the most energetic sea states (compare Subplot a) ) for the mean weekly conditions.
We manually colored the bins beyond the stroke limit black. For those more energetic sea states, the
right approach would be to compromise between power and motion and choose sub-optimal control
in terms of electricity conversion (compare Section 4.4("Stroke Limitation with Control")). Subplot a)
illustrates that the sea states of concern would yield more than 30 W of electrical power, far exceeding
the desired power levels. Increasing the control impedance would also decrease the maximal velocity
that would be experienced and is presented in Subplot c). We also compare the WEC-Spar’s velocity
with the X-Spar’s velocity in Subplot d). Generally, the WEC-Spar’s velocity is greater at lower periods
(especially around 5s), this is where the X-Spar has very little response to the waves. The WEC-Spar
responds less in the more energetic sea states which should, in theory, improve survivability. However,
the extreme wave response should be studied in more detail in future studies.

5. Discussion

This study investigated the feasibility of augmenting the X-Spar buoy with a WEC to extend its
mission and enhance its operational capabilities, a variant named the WEC-Spar. Our project team
included the the X-Spar developers, who took on the function of “customers" during the QFD process
to translate the X-Spar needs into design requirements, including desired power levels, deployability,
and the need to avoid negative interference with data collection. We iterated on various designs,
some of which might be feasible and will require future analysis. This study ultimately focused on an
internal rigid body that met established criteria. We investigated the power conversion capabilities
using linear wave-to-wire models simulated in the Sargossa Sea south of Bermuda, characterized by its
moderately low wave resource, leading to conservative power estimates. The results indicated that a
well-designed PTO system can significantly improve the WEC-Spar’s mission by providing additional
electrical power, while not impacting data quality and, theoretically, improved extreme sea following
capabilities.

We want to emphasize that this is not supposed to be a detailed design study, but a feasibility
study that goes beyond wave absorption to electrical power, by considering feasible PTO components
and controllers. We sought to find a compromise between extensive design space exploration and
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the practical integration of real-world off-the-shelf components, such as the generator selected for the
evaluations and the envisioned ball screw drive-train transmission to convert linear to rotary motion.
Friction is a parameter that is often challenging to quantify. Therefore, we investigated the sensitivity
of average power to variations in drive-train friction. Notably, when friction exceeds 0.05 N ms rad?,
the average power dropped below the target threshold. Conversely, for low to medium friction levels,
the average power remained relatively stable, suggesting that design optimizations can mitigate the
impacts of friction to some extent. Further research is required to quantify the expected friction of the
envisioned ball screw drive-train experimentally.

We analysed the maximum stroke versus its limitations to ensure the validity of the results
obtained from the linear models. The importance of staying within operational constraints for surviv-
ability will be the subject of future studies.

Our simulations confirmed that while a well matched PTO is desirable for maximizing average
power, intentionally mismatching the load impedance by increasing the control damping beyond
optimal values for power conversion provides an avenue to reduce the operating stroke. When moving
closer to real word implementation, it is essential to consider the trade-offs between power output and
stroke limitations.

Furthermore, our broadly-applicable findings regarding control damping versus friction illustrate
that both factors contribute similarly to resistance against relative velocity, impacting power transmis-
sion and efficiency. The distinction in output power transmission coefficients emphasized that a poorly
matched controller can lead to significant deficits in electrical power conversion, as absorbed power
fails to effectively enter the load.

Future work will immediately focus on more detailed design studies, decreasing uncertainty in the
input variables and increasing the parameter space. Looking ahead, future research directions include
the design of nonlinear feedback controllers that increase the damping more than proportionally when
approaching the stroke limitations.

In conclusion, this study enhances our understanding of PTO systems in wave energy converters
(to some extend in general) and lays the groundwork for future research and development aimed at
improving the mission capabilities of the X-Spar buoy.
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Appendix A Sankey power flow diagram calculations

The calculation of the numeric values found in the Sankey power flow diagrams in Figure 12
is summarized in Table Al. The first three rows shall only be used as references and not design
objectives and are thus illustrate with a more transparent background. They assume optimal control
for maximizing the absored power from the waves, which is mechanical power. The interested reader is
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referred to Falnes’” book on Ocean Waves and oscillating Systems chapter 6.3 [30]. These benchmark
quantities only dependent on the potential wave-body interactions, but do not consider the PTO
dynamics. Generally, the optimal WEC-PTO-control configuration for average electrical power is
distinct from the design maximizing the mechanical power [28]. The actual average power flows
obtained for every single configuration considered in this work are Excitation Power, Radiated power,
Absorbed power, Mechanical Power, PTO-Loss Power, and Electrical Power.

Table A1l. WEC-Spar average power calculation for the quantities found in Sankey diagrams in Figure 12 .

. o 5 5 2| Fegexc|?
Optimal Excitation = 2x max. Absorbed ngct = 2P = W

Deficit Absorbed Ppabs = PI2X — Pyps
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