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1 Introduction & Background
1.1 Introduction
Triton is a two-body, multi-mode point absorber-type wave energy converter (WEC) under development by Oscilla
Power. The WEC comprises a surface float connected to a submerged ring via three tendons. As the surface float
is articulated by waves, these two bodies react against each other to capture mechanical power. Oscilla Power is
working on two variations of the Triton system; a utility-scale (MW) level system, and a smaller community-scale
system targeted at remote locations, called the Triton-C. The Triton-C system is architecturally similar to the utilityscale Triton WEC and geometrically 1/3 the size. The Triton is at TRL 4/5, while the Triton-C is at TRL 4.

1.2 Development So Far
In 2016/17 we completed physical model tests of the Triton system at 1:50 (University of Maine) and 1:20 (US
Navy basin), and in 2018 we completed extreme wave tests at 1:30 (Oregon State University).
In 2017, The Triton system was independently validated as part of the US Department of Energy’s Wave Energy
Prize where it demonstrated a power performance (per unit cost) greater than three times the current state of
the art. Since then, optimization work increased power performance (per unit cost) by a further 50%. From this
work, Oscilla Power has developed the smaller Triton-C to service remote applications that currently rely on highcost diesel generation and have an energetic wave resource. We are working to produce a full-scale prototype
system for open ocean testing in Kaneohe Bay, Hawaii in 2019 and are supported to this end by partial grant
assistance from the US Department of Energy.

1.2.1 Stage Gate Progress
Previously completed: 
Planned for this project:

STAGE GATE CRITERIA
Stage 1 – Concept Validation
Linear monochromatic waves to validate or calibrate numerical models of the system (25 – 100
waves)
Finite monochromatic waves to include higher order effects (25 –100 waves)
Hull(s) sea worthiness in real seas (scaled duration at 3 hours)
Restricted degrees of freedom (DofF) if required by the early mathematical models
Provide the empirical hydrodynamic co-efficient associated with the device (for mathematical
modelling tuning)
Investigate physical process governing device response. May not be well defined theoretically or
numerically solvable
Real seaway productivity (scaled duration at 20-30 minutes)
Initially 2-D (flume) test programme
Short crested seas need only be run at this early stage if the devices anticipated performance
would be significantly affected by them
Evidence of the device seaworthiness
Initial indication of the full system load regimes
Stage 2 – Design Validation
Accurately simulated PTO characteristics
Performance in real seaways (long and short crested)
Survival loading and extreme motion behaviour.
Active damping control (may be deferred to Stage 3)
Device design changes and modifications



Status


















STAGE GATE CRITERIA
Mooring arrangements and effects on motion
Data for proposed PTO design and bench testing (Stage 3)
Engineering Design (Prototype), feasibility and costing
Site Review for Stage 3 and Stage 4 deployments
Over topping rates
Stage 3 – Sub-Systems Validation
To investigate physical properties not well scaled & validate performance figures
To employ a realistic/actual PTO and generating system & develop control strategies
To qualify environmental factors (i.e. the device on the environment and vice versa) e.g. marine
growth, corrosion, windage and current drag
To validate electrical supply quality and power electronic requirements.
To quantify survival conditions, mooring behaviour and hull seaworthiness
Manufacturing, deployment, recovery and O&M (component reliability)
Project planning and management, including licensing, certification, insurance etc.
Stage 4 – Solo Device Validation
Hull seaworthiness and survival strategies
Mooring and cable connection issues, including failure modes
PTO performance and reliability
Component and assembly longevity
Electricity supply quality (absorbed/pneumatic power-converted/electrical power)
Application in local wave climate conditions
Project management, manufacturing, deployment, recovery, etc
Service, maintenance and operational experience [O&M]
Accepted EIA
Stage 5 – Multi-Device Demonstration
Economic Feasibility/Profitability
Multiple units performance
Device array interactions
Power supply interaction & quality
Environmental impact issues
Full technical and economic due diligence
Compliance of all operations with existing legal requirements

Status































1.2.2 Plan For This Access
The Triton-C and Triton are architecturally very similar, however the PTO characteristics (e.g. travel) are different
for the two systems. So far, scaled numerical models of the Triton system have been used to evaluate the TritonC system, however physical model testing with the specific PTO characteristics of the Triton-C is needed to provide
thorough validation, and to determine performance in realistic and directional seas. Physical modelling of the
Triton-C is also needed because, due to its smaller size, it will experience more nonlinear effects in large waves
(e.g. nonlinear buoyancy). These nonlinear effects are not captured in the linear numerical model, and hence the
accuracy of the numerical model needs to be assessed in these large wave conditions.
In this access, we plan to test a 1:10 physical model of the Triton-C to enable accurate representation of PTO and
allow high fidelity system characterization and numerical model validation, supporting design activities for the
2019 Hawaii deployment. This large scale (1:10) is facilitated by the small size of the prototype system (50kW)
making the model construction manageable (~1 m hull length). The Hydrodynamic and Ocean Engineering Tank
at École Centrale de Nantes (ECN) was identified as one of the few facilities that meets the water depth
requirements (at least 3 m) and wave making capability (up to Hs = 0.5) to complete these tests.

The primary purpose of the testing at ECN is to provide validation and calibration of the Triton-C numerical model.
By testing at the proposed scale, this will enable high fidelity results and hence subsequently allow accurate
prediction of engineering loads and power output. Furthermore, testing in realistic wave conditions will allow
increased accuracy for power performance and cost of energy prediction.

2 Outline of Work Carried Out
2.1 Setup

Figure 2.1 Image of the 1:10 Triton-C physical model undergoing wave testing at EC Nantes.

A 1:10 physical model of Triton-C was tested at the Hydrodynamic and Ocean Engineering Tank at ECN in France
in May 2018. The 1:10 scale Triton-C model used in these tests was an adapted 1:30 scale Triton model that was
previously tested in March 2018 and updated with a different PTO. The model hull was constructed from 3Dprinted ABS with fiberglass coating for water tightness. The reaction ring was also 3D-printed in ABS in sections
and lead ballasted to give correct mass properties when submerged. Three spring-damper units housed inside the
surface float, one for each tendon, were used to represent the force characteristics provided the Triton-C PTO.
Three representative rubber springs connecting the WEC to the basin sidewalls were used to approximate the
pretension and stiffness of the actual mooring system.
The physical model was instrumented with a number of sensors to provide a comprehensive characterization of
system loads, motions, and power absorption. The model had 46 analog sensors including 32 hull pressure
transducers, 14 load cells, and 3 position encoders. An optical motion tracking system (Qualysis), provided by
ECN, was used to track the 6 degree-of-freedom motion of the hull and reaction ring. Six resistive wave gauges,
provided by ECN, were used to measure the wave field. All experimental data were sampled on a concurrent time
basis.

2.2 Tests
2.2.1 Test Plan
Before the model was installed, one of the wave probes was located at model’s position and all the test waves
were calibrated. Wave calibrations were completed covering 7 regular waves (30-200cm/0.9-5s), 6 long crested
irregular waves (75-375cm/1-4s Tp), and 2 short crested seas (75-375cm/1-4s Tp). For the irregular waves, the
test duration was 512 s. For the regular waves, the tests provided a minimum of 20 consistent cycles.
After wave calibration, the model was installed in the basin, followed by initial free decay tests for different degrees
of freedom (heave, pitch and roll). Mooring offset tests were completed to determine restoring force profiles.
The regular, irregular, and short-crested wave tests were run from 3 different directions, 0, 45 and 90 degrees
(where 0 degrees is head-on and 90 degrees is waves coming in perpendicular to the float from the port side).
This spread of incident wave directions is approximately representative of the climate at the future Triton-C
deployment location in Hawaii. To achieve the different wave headings, the model was moored at 0, 45, and 90
degree orientations for each group of tests. The test plan included some repeats to confirm consistent operation.

2.3 Results

Figure 2.2 Numerical model of Triton-C

The primary objective of the tank tests was to allow numerical model validation of performance in irregular waves.
A numerical model of the Triton-C system was developed using the commercial hydrodynamic code Orcina
OrcaFlex. The model, shown in Figure 2.2, was based upon the utility-scale Triton model, which was validated
from the US Wave Energy Prize physical model tests. The code solves for the multibody dynamics of the coupled
marine and PTO systems, using hydrodynamic coefficients derived from potential flow simulations. Hydrodynamic
properties of the reaction ring, including viscous drag, were informed through laboratory experiments and CFD.
The regular waves and free decay tests described in the Test Plan were first used to calibrate the numerical model.
Free decay tests were used to confirm model configuration and mass properties, and provide confirmation of drag
and other numerical model parameters. The regular wave tests were used to develop RAO’s of the system to
confirm numerical model accuracy.
After validating the numerical model, performance in irregular waves was evaluated. The irregular sea states listed
in Table 2.1, which were tested at ECN, were recreated in the OrcaFlex model. Comparisons between the ECN
experiments and the numerical model are presented below. Figure 2.3 presents the mean mechanical power
absorbed by the Triton-C at 0° and 45° wave incidence. Figure 2.4 shows time history comparisons for bow PTO
displacement and surface float pitch. Here, the measured incoming waves in the ECN tests were used as a time
history input so that the exact surface elevation experienced by the physical model in the tank is recreated in the
numerical model. The incoming waves were measured during wave calibration at the position where the model
would later be placed or in-line with the model during tests with the model present.

Sea #
1
2
3
4
5
6
7
8

Tp [s]
4.5
10.5
6.3
5.5
9.5
13.5
11.2
8.5

Hs [m]
0.75
0.75
0.75
1.58
1.75
1.75
3.75
3.75

Table 2.1 Irregular sea states (at full-scale) tested with the 1:10 Triton C physical model

Figure 2.3 Mean mechanical power for different sea states at 0° and 45° wave incidence

Figure 2.4 Numerical and experimental time history comparison in the most commonly occurring sea at Kaneohe Bay, Hawaii

2.4 Analysis & Conclusions
The average absorbed power for each sea state is presented in Figure 2.3 demonstrating good agreement between
experiments and simulations. The mean absolute error is within 10%, averaged over all sea states. A similar level
of agreement was observed for other statistical parameters like maxima and standard deviations of body motions,

tendon tensions, and PTO travel. The time-resolved dynamics are also captured fairly well by the numerical model.
In Figure 2.4 time histories between the experiments and numerical model are compared for the most commonly
occurring sea state at Kaneohe Bay, Hawaii.
The agreement between experiments and simulations lends validation to the numerical modelling approach used
and the resulting performance metrics ascertained for the Triton-C.

3 Main Learning Outcomes
3.1 Progress Made
3.1.1 Progress Made: For This User-Group or Technology
The primary purpose of the testing at ECN was to support validation of the Triton-C numerical model. This project
successfully achieved that purpose, and has provided important validation of the numerical modelling approach
and Triton-C technology. By testing in realistic wave conditions using a substantial (1:10) physical model, this
project has produced high fidelity results and will subsequently enable accurate prediction of engineering loads,
power output, and cost of energy production.

3.1.1.1

Next Steps for Research or Staged Development Plan – Exit/Change & Retest/Proceed?

Using the numerical model that was validated through this project, the next step in the development plan is to
reduce the risk associated with the 2019 Triton-C deployment in Hawaii. The long term goal is to reduce the cost
of energy from the Triton-C system, enabling it to produce energy at a lower-cost than existing energy sources in
remote applications and isolated coastal communities.

3.1.2 Progress Made: For Marine Renewable Energy Industry
This project has demonstrated the utility of performing scaled physical model testing to calibrate/validate
numerical models during the device development process. This project has also demonstrated that moderatefidelity numerical models (e.g. time-domain approaches based on potential flow hydrodynamics) can produce fairly
accurate predictions of power, motions, and loads (to within approximately 10%), even in large wave conditions
where nonlinearities might occur.

3.2 Key Lessons Learned







If shipping a model to a test basin, budget for delays, particularly through customs.
If temporarily importing a model from outside the EU, obtain appropriate documents for customs
clearance before shipping (e.g. ATA Carnet)
Bring 1-2 spare sensors for each critical measurement
Clearly mark the desired waterline on the physical model
Ensure that the same parameters are used for sea state definitions between User-Group and test facility,
e.g. period for spectrum (peak, mean, energy or zero-crossing period)
Write a number of analysis routines in advance of the testing and estimates of their outcomes. This will
enable quick analysis and comparisons and will highlight any clear divergence from expectations which
could indicate faults in the model tests.

4 Further Information
4.1 Scientific Publications
List of any scientific publications made (already or planned) as a result of this work:


N/A

4.2 Website & Social Media
Website: www.oscillapower.com
YouTube Link(s): N/A
LinkedIn/Twitter/Facebook Links: N/A
Online Photographs Link: N/A

5 References
N/A

6 Appendices
6.1 Stage Development Summary Table
The table following offers an overview of the test programmes recommended by IEA-OES for each Technology
Readiness Level. This is only offered as a guide and is in no way extensive of the full test programme that
should be committed to at each TRL.

NASA Technology Readiness Levels1

1

https://www.nasa.gov/directorates/heo/scan/engineering/technology/txt_accordion1.html

NASA TRL Definition Hardware Description Software Description Exit Criteria
TRL Definition
Hardware Description
Software Description
1
Basic principles
Scientific knowledge generated
Scientific knowledge generated
observed and
underpinning hardware technology
underpinning basic properties of software
reported.
concepts/applications.
architecture and mathematical formulation.

Exit Criteria
Peer reviewed publication
of research underlying the
proposed
concept/application.
Documented description
of the application/concept
that addresses feasibility
and benefit.

2

Technology
concept and/or
application
formulated.

Invention begins, practical application is
identified but is speculative, no
experimental proof or detailed analysis is
available to support the conjecture.

Practical application is identified but is
speculative, no experimental proof or
detailed analysis is available to support the
conjecture. Basic properties of algorithms,
representations and concepts defined.
Basic principles coded. Experiments
performed with synthetic data.

3

Analytical and
experimental
critical function
and/or
characteristic
proof of concept.

Analytical studies place the technology
in an appropriate context and laboratory
demonstrations, modelling and
simulation validate analytical prediction.

Development of limited functionality to
validate critical properties and predictions
using non-integrated software
components.

Documented
analytical/experimental
results validating
predictions of key
parameters.

4

Component
and/or
breadboard
validation in
laboratory
environment.

A low fidelity system/component
breadboard is built and operated to
demonstrate basic functionality and
critical test environments, and
associated performance predictions are
defined relative to the final operating
environment.

Key, functionally critical, software
components are integrated, and
functionally validated, to establish
interoperability and begin architecture
development.
Relevant Environments defined and
performance in this environment predicted.

Documented test
Performance
demonstrating agreement
with analytical predictions.
Documented definition of
relevant environment.

5

Component
and/or
breadboard
validation in
relevant
environment.

A medium fidelity system/component
brassboard is built and operated to
demonstrate overall performance in a
simulated operational environment with
realistic support elements that
demonstrates overall performance in
critical areas. Performance predictions
are made for subsequent development
phases.

End-to-end software elements
implemented and interfaced with existing
systems/simulations conforming to target
environment. End-to-end software system,
tested in relevant environment, meeting
predicted performance. Operational
environment performance predicted.
Prototype implementations developed.

Documented test
performance
demonstrating agreement
with analytical predictions.
Documented definition of
scaling requirements.

6

System/subsystem model or
prototype
demonstration in
an operational
environment.

A high fidelity system/component
prototype that adequately addresses all
critical scaling issues is built and
operated in a relevant environment to
demonstrate operations under critical
environmental conditions.

Prototype implementations of the software
demonstrated on full-scale realistic
problems. Partially integrate with existing
hardware/software systems. Limited
documentation available. Engineering
feasibility fully demonstrated.

Documented test
performance
demonstrating agreement
with analytical predictions.

7

System
prototype
demonstration in
an operational
environment.

A high fidelity engineering unit that
adequately addresses all critical scaling
issues is built and operated in a relevant
environment to demonstrate
performance in the actual operational
environment and platform (ground,
airborne, or space).

Prototype software exists having all key
functionality available for demonstration
and test. Well integrated with operational
hardware/software systems demonstrating
operational feasibility. Most software bugs
removed. Limited documentation available.

Documented test
Performance
demonstrating agreement
with analytical predictions.

8

Actual system
completed and
"flight qualified"
through test and
demonstration.

The final product in its final configuration
is successfully demonstrated through
test
and analysis for its intended operational
environment and platform (ground,
airborne, or space).

All software has been thoroughly
debugged and fully integrated with all
operational hardware and software
systems. All user documentation, training
documentation, and maintenance
documentation completed. All functionality
successfully demonstrated in simulated
operational scenarios. Verification and
Validation (V&V) completed.

Documented test
performance verifying
analytical predictions.

9

Actual system
flight proven
through
successful
mission
operations.

The final product is successfully
operated in an actual mission.

All software has been thoroughly
debugged and fully integrated with all
operational hardware/software systems.
All documentation has been completed.
Sustaining software engineering support is
in place. System has been successfully
operated in the operational environment.

Documented mission
operational results
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