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Abstract—Testing Expertise and Access for Marine En-
ergy Research (TEAMER) is a U.S. Department of En-
ergy Water Power Technologies Office sponsored program,
overseen by the Pacific Ocean Energy Trust, which aims
to advance the state of marine energy technologies. The
program connects technology developers with experts at
U.S. facilities, including numerical modeling and anal-
ysis facilities, like WEC-Sim. The WEC-Sim facility is
supported by the WEC-Sim development team at Sandia
National Laboratories and the National Renewable Energy
Laboratory. WEC-Sim (Wave Energy Converter SIMulator)
is an open-source software for simulating wave energy
converters. WEC-Sim can model the multi-body dynamics
of devices comprised of bodies, joints, power take-off sys-
tems, and mooring systems. Since TEAMER’s first request
for technical support in 2020, there have been 18 TEAMER
awards focused on numerical model development in WEC-
Sim. TEAMER awards for WEC-Sim support have mod-
eled a wide range of wave energy converter archetypes,
including point absorbers, attenuators, oscillating water
columns, and many other novel architectures. A wide va-
riety of studies have been conducted, leading to important
insights for TEAMER partners and software improvements
for WEC-Sim. This article highlights several successful
WEC-Sim TEAMER awards. The awards described herein
include TEAMER recipients Ocean Motion Technologies,
AquaHarmonics, iProTech, East Carolina University, the
University of Michigan, Maiden Wave Energy, and the
University of Massachusetts Dartmouth. The awards of
these seven partners contain a wide range of investigations
and cover the creation of baseline hydrodynamic models,
Power Take-Off (PTO) modeling, geometry optimization in
both boundary element methods and WEC-Sim, and model
tuning and validation.

Index Terms—WEC-Sim, TEAMER, Wave Energy, Numer-
ical Modeling, Industry Support
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I. INTRODUCTION

Established in 2020, the Testing Expertise and Access
for Marine Energy Research (TEAMER) program, is
sponsored by the U.S. Department of Energy Water
Power Technologies Office and directed by the Pacific
Ocean Energy Trust. The TEAMER program aims to
advance the state of marine energy by connecting
technology developers, both within the U.S. and in-
ternationally, with experts at U.S. facilities. Applicants
apply to receive a wide range of technical support from
a TEAMER facility in the following categories:

« numerical modeling and analysis

« laboratory and bench testing

o tank, flume, tunnel and basin testing
e open-water testing

The Wave Energy Converter SIMulator, WEC-Sim,
was established as one of TEAMER's first numerical
modeling and analysis facilities. WEC-Sim is an open-
source software for simulating wave energy convert-
ers, developed jointly by Sandia National Laboratories
(Sandia) and the National Renewable Energy Labora-
tory (NREL), and the WEC-5im facility is supported by
the WEC-Sim development team at Sandia and NREL
[1]. WEC-Sim is commonly used in the field of offshore
renewable energy [2] to model the multi-body dynam-
ics of devices comprising bodies, joints, power take-off
systems, and mooring systems using potential flow-
based hydrodynamic coefficients in the time domain
[3]. Refer to the WEC-Sim documentation for an in-
depth description of the methodology and implemen-
tation [3]. While originally developed to model wave
energy converters (WECs), WEC-Sim has also been
used to simulate a broad range of devices, including
floating offshore wind turbines, hybrid systems, and
floating platforms [4].

Due to the desire for technology developers to
simulate their innovative technologies, and the broad
applicability of the WEC-Sim software, requests for
WEC-Sim support have grown substantially. Since
TEAMER's first request for technical support (RFTS)
in 2020 through RFTS 9 in 2023, there have been
17 TEAMER awards focused on numerical model de-
velopment through the WEC-Sim facility, accounting
for approximately 15% of all TEAMER awards. One
additional award outside of the WEC-Sim facility com-
pleted a WEC-Sim analysis. There are now 75 TEAMER
facilities available, making WEC-Sim one of the single
most requested TEAMER facilities. TEAMER awards
for WEC-Sim support have modeled a wide range
of wave energy converter archetypes including point
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absorbers, attenuators, oscillating water columns, and
many other novel architectures.

This paper reviews a subset of those TEAMER
awards including support for the following recip-
ients: Ocean Motion Technologies, AquaHarmonics,
iProTech, East Carolina University, the University of
Michigan, Maiden Wave Energy, and the University of
Massachusetts Dartmouth. The TEAMER awards with
these seven partners include a wide range of numerical
modeling and analysis, covering development of base-
line hydrodynamic models, modeling power take-off
systems, geometry optimization, and model verifica-
tion and validation. For each project, the company and
device, the scope of work in the award, type of study
or analysis conducted, and a key result are discussed.
Upon completion, TEAMER awards submit project
data to the U.S. DOE Marine and Hydrokinetic Data
Repository (MHKDR). Project submissions to MHKDR
are noted if available.

II. OCEAN MOTION TECHNOLOGIES

Ocean Motion Technologies (OMT) has participated
in three TEAMER awards for WEC-Sim support, cov-
ering baseline model creation, geometry optimization
in Capytaine [5] and WEC-Sim, and model validation
with experimental data. OMT targets applications for
powering ocean observation, maritime monitoring, off-
shore aquaculture monitoring, and surveillance and
reconnaissance for defense and coastal security. OMT’s
WEC is a hardware attachment that can be installed on
commercial data buoys. The Adaptive Point Attenuator
(APA) can include a set of one, two, three or more
mechanical levers that are positioned to provide omni-
directional energy capture on existing ocean platforms.
A render of a 2-arm APA from WEC-Sim is shown in
Figure 1. As waves interact with the buoy, the lever
arms are excited and move relative to the buoy. This
motion is converted into electricity through OMT’s
power take-off (PTO) system, which consists of a com-
bination of mechanical and electrical components.

9 : " |

Fig. 1. Simulink render of a 2-arm OMT WEC mounted to a
commercial data buoy, modeled in WEC-Sim.

During the first iteration of TEAMER support, re-
searchers at Sandia and NREL supported OMT with
the creation of baseline boundary element method
(BEM) hydrodynamic data and a baseline WEC-Sim
model. The WEC-Sim model was expanded to cover
several iterations of the OMT device and include the
ability for OMT to add their custom artificial intelli-
gence controller in the simulation loop. Figure 2 shows
a portion of the WEC-5im model in Simulink, including

the various bodies, joints, mooring system and custom
controller.

Fixed; constraint(1)
Extension controller

Trans. PTO
Rto(1)
Rot. PTO
ptO( )

Moored base; body(4)

Float; body(1)

N=

Float-side arm; body(5) /.
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Fig. 2. Sample of the Simulink diagram showing the schematic of
how a OMT device is connected to a moored oceanographic data
buoy

The second award built upon the RFTS 1 model-
ing to create a simulation system where geometrical
properties (e.g., float radius, arm length, float ballast)
can be varied. Capytaine and a custom-built meshing
tool were used to iteratively create hydrodynamic data
for various float radii, arm lengths, etc. WEC-5im was
used to model these geometry variations in a variety
of sea states. The overarching goal was to create a
power matrix for each geometry variation and discover
which geometrical configurations resulted in the great-
est power generation.

Simulation results indicate that both changing the
arm length and increasing the radius of the float can
greatly impact the device’s performance in a given
sea state. A larger float radius increases wave excita-
tion and thus the force exerted on the float, causing
increased device/buoy motion and increased power
output. OMT’s current PTO and control system uses a
constant resistive torque. In some sea states, a shorter
arm length increases the rotational velocity of the arm,
increasing power output, while in other sea states the
greater range of motion of a longer arm increases
power output. It was also discovered that device per-
formance depends heavily on the steepness of incom-
ing waves. Increased wave steepness always resulted
in greater power output (within the linear wave theory
assumptions of WEC-Sim). Wave steepness was found
to be as or more important than arm length and float
radius in determining device power output. Figure 3
shows how the device power generation changes with
arm length and wave steepness. As the wavelength
becomes more closely aligned with the arm length, the
device acts more like an attenuator and absorbs more
power.

As a result of this collaboration, the TEAMER fa-
cilities successfully developed several working WEC-
Sim models of OMT’s APA device. The simulations are
robust and enable easier design iteration in the future.
OMT’s third TEAMER award is validating the WEC-
Sim model with experimental data by incorporating
tuned moorings and damping coefficients. WEC-Sim
can provide precise information on the mechanical,
hydrodynamic, and PTO response and loading of the
device. The data and workflow for this work can be
utilized to iterate and improve the device and allow it
to reach a higher technology readiness level. Through
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Fig. 3. Power generation of the OMT device with various arm
lengths in various wave conditions. Y-axis scale is intentionally
redacted.

these awards, the WEC-5Sim facility was able to apply
WEC-Sim to a new device and PTO design, furthering
the adoption of WEC-Sim for marine energy research.

The TEAMER work with Ocean Motion Technologies
is available through the MHKDR [6].

III. AQUAHARMONICS

The AquaHarmonics wave energy converter concept
is an axisymmetric point absorber that operates in a
tension-only condition over a large stroke to eliminate
the need for end stops in normal operating conditions.
The device consists of a floating hull with an interior
PTO that uses an impedance-matching control scheme,
matching with the wave environment to maximize
electrical power capture, improving capture over a
similarly sized passive device. The PTO has a large
hydraulic brake integrated into the assembly that can
be used for latching-type control, as well as a service
brake for in situ repairs of the device and PTO.

The AquaHarmonics wave energy converter PTO
module includes the main PTO drum, which is fixed
to a shaft with rotary seals, and is supported by
bearings in a sealed compartment. The compartment is
integrated around a pneumatic return spring assembly,
which provides the restoring force during operation.
The pneumatic return spring connects to the spring
return belt, which passes over a return drum, and
terminates at the spring return shaft. The spring return
shaft is connected to the main PTO drum via a syn-
chronous belt. Connected in parallel with the spring re-
turn system to the PTO drum is a second synchronous
belt that connects the main PTO drum shaft to the PTO
generator, which is used to generate electrical power.
The main PTO mooring belt terminates at the PTO
drum on one end and is connected at the opposite
end to a guided sliding termination assembly (GSTA),
which allows the belt to terminate and pass loads to
an electrical-optical-mechanical (EOM) cable connected
via a pass-through-type connection. The EOM cable
passes through and is constrained laterally by a fair-
lead integrated into the lower spar section. The EOM
cable connects at standard dive depths to a buoyant

EOM connection assembly, attached to a second EOM
cable that finally connects to the device mooring anchor
on the seafloor. A second pass-through-type termina-
tion allows the electrical and optical part of the EOM
cable to continue to a subsea junction box connected to
the end user’s subsea cable, which can then proceed to
shore in a grid tie connection or standalone condition.
In the event of a large storm, the GSTA also engages
an attenuator at the bottom of the device stroke, which
passes large loads from the EOM cable directly to the
hull structure, bypassing the device PTO. A schematic
of a 1:7 PTO is shown in Figure 4.

Spring Return
Top Pulley

Fig. 4. 1:7 scale AquaHarmonics PTO.

The main objectives of this project were to develop
a WEC-5im numerical model of the 1:7 scale Aqua-
Harmonics device, couple a parametric PTO model to
the WEC-Sim simulation, and couple an energy storage
model to the PTO and WEC-Sim simulation.

Figure 5 compares the high-level schematic of the
device with the WEC-Sim Simulink model, including
the hydrodynamic simulation from WEC-Sim, the PTO
model, and the energy storage model. This model was
used to determine the optimal spring and damping
coefficients to maximize grid power for different wave
conditions. The results for the optimized grid power
are presented in Figure 6.

The time-series results from the simulation are useful
to determine how the dynamics of the device are
affecting the power generation. The time-series results
for the AquaHarmonics WEC are presented in Figure 7.

A challenging aspect of this project was the accu-
rate determination of hydrodynamic coefficients. The
AquaHarmonics WEC has a flooded hull chamber
exposed to water, which complicates the BEM model.
The approach to handle this complexity was to sim-
ulate different defeatured versions of the device with
special methods to modeling flooded WECs, including
a model in which the bottom of the enclosure was
fully open rather than modeling individual small flood
holes. Also, thin walls (0.01 m) can be used for the
hull of the device but require increased thickness at the
bottom of the hull (about 0.1 m) to avoid unexpected
results such as a negative added mass. The WEC-
Sim team’s analysis found that a hull thickness of
approximately 0.03 m eliminated the negative added
mass problem.
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(right).
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Fig. 7. Optimized grid power for the AquaHarmonics system
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The TEAMER work with AquaHarmonics is avail-
able through MHKDR [7].

IV. IPROTECH

This section presents the development of numerical
models for a novel WEC concept called the Pitching
Inertial Pump (PIP), developed by iProTech. The goals
of this project include exploring the PIP’s design space
and understanding its characteristics. Two types of
models were developed to achieve these goals:

o A fast WEC-Sim model with a linear PTO model.

o A separate WEC-Sim model with a detailed

component-level model of the hydraulic PTO cir-
cuit (using PTO-Sim).

Linear PTO Model

spring-damper PTO

Hydraulic PTO Model

WE LS o

Fig. 8. Sketches of the PIP WEC; two approaches were taken to
modeling the PTO; a rotational spring-damper with fixed coefficients
and a hydraulic component-level model using PTO-Sim. The PTO-
Sim model in Simulink is shown in the bottom image.

The ultimate aim was to assess the performance of
the PIP system, identify parameters for optimization,
and improve the understanding of the PIP WEC’s
behavior.

Python scripts were developed to take descriptions
of the PIP’s geometry (i.e., draft, nose angle of attack,
etc.) and turn them into a series of vertices in 3D space.
The connections between each vertex were also defined
in order to create quadrilateral panels. The points and
panels were saved to a .nemoh mesh format. Cosine
spacing was used to refine the mesh close to its edges.
These Python scripts enabled the modeling team to
easily and quickly generate meshes of the PIP WEC
for a range of geometry variables.

The open-source Python package Meshmagick was
used to take the .nemoh mesh file and compute prop-
erties such as the hydrostatic stiffness matrix, cen-
ter of buoyancy and shell inertia properties, which
are necessary for the time-domain simulations. The



KEESTER et al.: REVIEW OF TEAMER AWARDS FOR WEC-SIM SUPPORT

open-source Python package Capytaine was used to
compute hydrodynamic coefficients (excitation, added
mass, and radiation damping) for each geometry across
a range of frequencies. The MATLAB tool BEMIO was

used to convert the Capytaine output files into WEC-
Sim inputs.
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Fig. 9. Comparison of the linear PTO model results (varying the
damping coefficient) and the component-level PTO-Sim model.

With the faster, linear PTO model, power response
curve comparisons for PIP variable investigations were
conducted. The impact of each variable on the PIP
WEC’s performance was quantified. Parameters such
as device draft, nose length/angle of attack, center of
gravity were all varied to explore their influence on
the PIP’s performance. This has offered insights into
potential optimization strategies.

The development of a numerical model for the PIP
WEC has enabled a comprehensive design space ex-
ploration, leading to a better understanding of the sys-
tem’s behavior and potential optimization strategies.
Despite some limitations in the current workflow, the

results provide valuable insights into the PIP WEC
concept.

The separation of meshing, hydrostatics, and hy-
drodynamic coefficient computations and time-domain
hydrodynamic simulation made it difficult to automate
the modeling workflow for optimization studies. It is
not generally possible to obtain accurate drag coef-
ficients in oscillating flow without performing high-

fidelity simulations/experiments, which should be per-
formed to validate particular cases. Hence, the power
outputs may overestimate actual performance. Future
work my focus on improvement in these areas.

ter desalination system. The zero-waste discharge de-
salination system is based on reverse osmosis (RO) and
supercritical water technology [9]. The device extracts
wave energy using an oscillating surge wave energy
converter (OSWEC), for a desalination system. This
project used numerical models, including WEC-Sim,
to verify and validate ECU’s design. The numerical
models of the supercritical brine recycling from the RO
system were implemented using a co-simulation that
coupled WEC-Sim, in MATLAB Simulink, with Aspen
Plus.
Figure 11 shows a WEC-Sim model with a double-
acting rotary actuator PTO system. Figure 11 shows
a Simulink model of this PTO and the corresponding
WAMIT mesh of the bodies. The design flowchart
is shown in Figure 12 with the validation workflow
for numerical modeling for the device deployment
at Jenette’s Pier in Nag’s Head, North Carolina. The
color of each block represents the main simulation
activities—data collection, the development of an ana-
lytical solution, and structural properties estimation—
to generate a numerical model in WEC-Sim that in-
cludes a detailed double-acting rotary PTO with the RO
system. Exploration of the design space helped identify
the pertinent device configuration with representative
PTO parameters. The scope of the numerical modeling
efforts were limited to the flap’s thickness, which could
theoretically increase generated power.
Figure 13 shows the optimal PTO damping for var-
ious flap thicknesses and wave periods. Overall, the
optimal damping coefficients do not vary significantly
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Rotational PTO | &

Fig. 11. Sketches of ECU’s OSWEC WEC-Sim model (left) with
double-acting rotary actuator PTO (top right). An example of
WAMIT mesh is shown in the bottom right image.
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Fig. 12. Design flowchart used for ECU’s OSWEC small-scale device

with model thickness for a given wave period. For
wave periods of 3.5-8.2 s the optimal damping coef-
ficients are relatively flat-lined. The maximum differ-
ence in optimal damping for a given wave period is
1.03 MN m s/rad, and occurs at periods of 7 s. While
this is only a 16% difference between devices, it is
expected that there is a high variability in the designs
at this period because it is near the device’s resonant
period of 7.59 s. Greater damping is required for the
thinner OSWECs and generally at lower wave periods.
Initially, it was hypothesized that the damping needs
of each device could change as the result of different
wave heights recorded at the location. Yet there was
no apparent correlation to the change in wave height
to the overall trends of each device’s damping range
as seen between the wave periods 11.7-12.8 s.

After the optimal damping range was selected for
each period, a power matrix was created by simulating
all wave states used in this study. A parametric sweep
of flap thickness is shown in Figure 14. The highest
device performance was observed at a wave-height of
1.75 m. Furthermore, devices with a flap thicknesses

Full Model Thickness [m]
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Fig. 13. Estimated optimal damping [N-m-s/rad] range for each
device

ranging from 0.321-0.642 m showed peak performance
at wave periods of 4.7 s and 9.3 s, while the thicker
flaps, with thickness of 0.8025-0.963 m, performed their
best at a wave period of 9.3 s. In general, the power
performance increased with flap thickness.

'ave Period, Tp [s] Flap Thickness|

35 4.7 5.8 7 8.2 9.3 105 | 11.7 12.8
2 24116 32544 22323 | 22659 | 21966 | 26525 | 28339 | 29740 | 26347 0.321
¥ _ 24913 35033 24512 25829 | 25604 | 32458 | 32730 | 31607 | 26752 0.4815
TE| 1 25422 36984 26332 28663 | 28746 | 36812 | 34810 | 31653 | 26828 0.642
i 25868 38801 28133 | 31959 | 31538 | 39321 | 35410 | 31548 | 26694 0.8025
= 26197 29897 | 34203 | 34331 | 81126 | 35853 | 31889 | 26559 0.963

Fig. 14. Simulated average power with respect to flap thickness and
wave period at a wave height of 1.75 m

The TEAMER work with East Carolina University
will be available through the MHKDR at a later date.

VI. UNIVERSITY OF MICHIGAN

This section presents the development of a numerical
model for the University of Michigan (UM) floating
oscillating surge wave energy converter (FOSWEC).

Fig. 15. Sketch of the UM FOSWEC.

Estimates from the Reference Model 5 design have
shown the mooring/foundation costs to be about
11.1% of the total capital expenditure [10]. The mooring
configuration can also have a large influence on the
system performance. Hence, the mooring system is a
critical part of the proposed system, which will impact
performance and levelized cost of energy. The goal of
this TEAMER project was to perform a comprehen-
sive mooring analysis of the University of Michigan’s
FOSWEC, considering both the technical and economic
aspects.

Geometry parameterization and mesh generation
were conducted using custom Python scripts, Gmsh,
and Meshmagick. Parameterizations of the FOSWEC






