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1 Introduction & Background
1.1 Introduction
Understanding the dynamic of the system in extreme wave condition is crucial in assessing reliability and
risk of the wave energy converters. Although advanced numerical methods may capture some of the nonlinear phenomenon such as wave breaking, slamming, overtopping, or effect of engagement of the end-stop
in the simulation models for extreme wave conditions, they are still prone to many human errors and wave
tank experiment is necessary to validate these models and their degree of accuracy.
This work presents one week remote wave tank experiment (scaled 1:20) that is conducted in Plymouth
laboratory, UK. The aim of the experiment was to study extreme forces in extreme wave condition for which
sea states with 50 years return period at the Dowsing site has been selected. The experiment included
friction linear PTO and a hemispherical-bottomed buoy, two load cells to measure the forces from buoy and
PTO translator, Qualysis system to measure the buoy as well as PTO translator position, and wave gauges to
measure the surface elevation.

1.2 Development So Far
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 (DoF) 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
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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

Status








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

1.2.2 Plan For This Access
Refer to the criteria identified as ‘planned for this project’ above
Analysing peak line forces and dynamic of the system in extreme wave condition for selected sea states from
Dowsing site with 50 years return periods in different wave types (regular, irregular, and focused waves), see
Table 1.
For this purpose small wave tank experiment (scaled 1:20) with a friction linear PTO and hemispherical buoy
with diameter of 500 mm and height of 500 mm is utilized.
Some of the aims:

•
•
•

Evaluating the peak forces between different wave types
Evaluating the effect of damping
Evaluating the effect of nonlinearity phenomenon: wave breaking, steepness, slamming, overtopping

Table 1 Sea states.

and etc.

2 Outline of Work Carried Out
2.1 Setup
1. Linear friction PTO with stroke length of 330 mm
2. Hemispherical buoy with diameter and height of 500 mm and 500 mm, respectively, see http://www.ccpwsi.ac.uk/data_repository/test_cases/test_case_005.

3. Wave gauges to measure the surface elevation at the buoy position and front and back of the buoy.
4. Qualysis system to measure the position of buoy in 6 degrees of freedom as well as tracking the
translator position in z axis

2.2 Tests
1. Wave calibration and assembling the experimental setup.
2. PTO dry testing for PTO calibration before and after each tests.
3. Performing the tests for zero and damping PTO of about 27 N for all sea states (for regular waves
only focusing on sea states 9 and 10).
4. Decay test to compute the natural frequency of the system.

2.3 Results
The data yet did not analysed thoroughly at the moment. However, the wave calibration figures may be seen
as below:
Regular waves:
The deviation in regular waves (red dashed-line) is due to steepness of the waves and effect of intermediate
water that leads to the discrepancy with theoretical line (blue line) which is generated based on linear theory.

Figure 1 Regular wave calibration.

Focused waves:

Figure 2Focused waves calibration.

Irregular waves:

Figure 3 Irregular wave calibration.

2.4 Analysis & Conclusions
The analysis of the force data did not yet take place. Therefore, deriving any conclusion at the moment is
not feasible.

3 Main Learning Outcomes
3.1 Progress Made
Achievements vs. plan (see 1.2.21.2.2 “Plan For This Access” above).
Note that any perceived “negative” outcomes are also deemed as progress – mistakes made which can be
prevented in future, technology concepts/paths which are found not to work can be avoided by others in
future etc.

3.1.1 Progress Made: For This User-Group or Technology
This experiment was rather collaborative work between UU who collaborated remotely and Plymouth (UK)
group who performed the tests due to COVID.
Positive out comes:

Plymouth team assisted on building simple friction linear PTO for this purpose and conducting the experiment
together with consultancies from UU.
Challenges:
Despite efforts from both parties (UK and UU), experiment faced some challenges with the summary of challenges
given below:
• Malfunctioning of Qualysis system at the beginning of the tests
• Facing many difficulty to maintain a constant stroke length as desired to capture effect of end stop in
extreme events which affected the schedule.
• At the end of the experiment when packing the buoy it is found that the buoy had leaked and that there was
approximately 1.8 litres of water inside the buoy which influenced both stroke length, draft and equilibrium.

3.1.2 Progress Made: For Marine Renewable Energy Industry
e.g. useful information/learnings/progress for general industry, test setups made which could be reused etc.

3.2 Key Lessons Learned
The key lessons from remote laboratory work:
•
•

Positive side: collaboration with other groups means communication with other researcher and
exchange of knowledge.
Negative side: conducting experiment remotely is rather challenging and acting upon problem
without seeing the issue is rather difficult which may hinder the desired outcomes.

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

4.2 Website & Social Media
Website:
YouTube Link(s):
LinkedIn/Twitter/Facebook Links:
Online Photographs Link:
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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 underpinning Scientific knowledge generated underpinning
observed
and hardware technology concepts/applications.
basic properties of software architecture and
reported.
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
operational results
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