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1 Introduction & Background
1.1

Introduction

Climate change is an imminent threat and our current renewable energy sources are
running into limitations. Solar panels take up valuable space and provide very little
electricity in winter. Wind turbines cause resistance in the local population even when
placed at sea. A form of renewable energy that does not suffer from these problems is
ocean wave energy. There is a lot of space in the oceans and wave energy harvesting
will cause no horizon pollution if build low enough.
A new type of wave energy converter is
tested in this Marinet2 call 5 and
described in this report. The WEC
consists of floating pontoons. Its name
comes from a floating plant: Frogbit.
Mechanisms are in place between the
pontoons to harvest energy from the
relative movement. The pontoons that can
be seen on the right are 12.5 by 2.5 by
2.5 meter, the same size as a shipping
container and can be transported in the
same manner. The Frogbit combines a high efficiency (in simulation) with low cost and a
PTO (power take-off) mechanism specifically designed for survivability. This work is
not confidential so not much more can be said about the mechanisms in between the
pontoons or the manner of operation, as this is intellectual property. The results of
the study can however be made public and can be viewed in this report.
Before this study, a computer model for real waves was made and verified with prior
research. An experimental setup is however a must when researching wave energy
converters. The Marinet2 call was therefore an amazing step in the continuations of the
development of the Frogbit.

1.2
1.2.1

Development So Far
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

Status










STAGE GATE CRITERIA
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
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.

Status






















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









1.2.2

Plan For This Access

The plan for this access is firstly to compare the numerical model of the WEC to real-life experiments. This
is done firstly by free decay experiments of a loose pontoon. Then, monochromatic waves with a steepness
of 0.02 and 0.04 are used to measure the linear wave response and then 0.06 to see how the model holds
up with steeper waves.
Secondly, the plan is to measure power performance by using the whole system including PTO in irregular
waves and measuring forces on the PTO and velocities of the bodies.
Thirdly, it was the plan to optimize the PTO through a real time optimisation program. This was not
possible in the end due to technical difficulties. We were however able to optimise the configuration of the
PTO.

2. Outline of Work Carried Out
2.1

Setup

The wave and current flume of UCC was used. This is a long and narrow tank. It has a Camera system
(Qualisys) for measuring rigid bodies, a wave maker and pumps to create a current.
Multiple setups were used throughout the two weeks of testing, as multiple different experiments were
done. The first experiments were free decay experiments. Hereby only one pontoon was used as can be
seen in Figure 1. It was secured to the sides of the tank using rope and springs and an initial position was
given with the use of a prodding device (a stick).
The second setup was the same as Figure 1, only here the pontoon was measured under monochromatic
waves and therefore three wave gauges were put in front.
After that, tests were done with two loose pontoons behind each other and monochromatic waves. The
experiments after that were done with the same setup (see Figure 2), only then the PTO (power take-off)
mechanism was placed and the relative motion between the pontoons turned into electricity. In these final
tests, random waves were used to simulate the North sea using a JONSWAP spectrum. Load cells were
used to measure forces on the PTO, to be later used to compute the CWR (capture width ratio).

Figure 1: Setup with one pontoon.

Figure 2: Schematic drawing of the setup with two pontoons and PTO mechanism.

2.2
2.2.1

Tests
Test Plan

The test plan that can be found in Table 1. The actual tests were quite similar to this test plan, only we did
use the final two days as well for testing as we ran into some technical difficulties during the tests with our
electrical equipment. First of all, we had some randomness in the behaviour of the PTO that we did not see
beforehand. We did some tests and we figured out that it was due to the breadboard that we used.
Probably because of resistance and/or inductance in the board. We decided to solder everything together
and this solved the problem. The second problem that we had was that we had envisioned that we could
change the damping coefficient by changing our electrical setup, but this turned out to be working much
less well than we had envisioned. This was probably due to our tests beforehand being at a lower speed
than the actual experiments. The extra speed probably introduced more friction and therefore the
changing of the damping coefficient of the electric generator had less effect.
Table 1: Test plan.

Day

Activities

1

Setup, calibration

2

Monochromatic waves single pontoon

3

Monochromatic waves single pontoon, monochromatic waves double pontoon

4

Monochromatic waves double pontoon

5

Random waves with PTO config #1

6

Random waves with PTO config #2

7

Random waves with best config PTO

8

Random waves with best config PTO

9

Break-up of setup, spare day

10

Spare day

2.3
2.3.1

Results
Single pontoon movement

An example of the movement of a pontoon in simulation versus the real movement measured in an
experiment is depicted in Figure 3. One can see that prediction of the period is accurate for both and for
amplitude is accurate for surge and somewhat underestimated for heave. The results of the
monochromatic wave tests can be summarized using the RAO (response amplitude operator). The RAO is
calculated by dividing the amplitude of the movement by the amplitude of the wave height. The RAO of
heave and surge are respectively shown in Figure 4 and Figure 5 for three different wave steepness’s. The
RAO of the simulation does not change with steepness because it is a linear model.
One can see that the RAO in simulation is about 10% higher for heave for the short and medium waves
and accurate for long waves. The RAO in simulation for surge is accurate for medium waves but
overestimates the short waves with about 10% and underestimates long waves with about 10% as well.

Figure 3: Movement of a single pontoon in the horizontal (x) and vertical (z) direction. Simulated and measured in experiment. Under monochromatic
waves with a height of 0.045 m and a period of 1.2 s.

Figure 4: Response amplitude operator of the vertical movement (heave).

Figure 5: Response amplitude operator of the horizontal movement (surge).

2.3.2

Power capture

Power capture was measured by measuring the forces on the PTO mechanism using load cells provided by
UCC and multiplying these forces with the velocities of this mechanism. The velocities were computed by
taking the differential of the coordinates that we measured using the Qualisys camera system. A
measurement board also measured the current and the voltage going over the generator. The (very small)
generator however has a variable and low efficiency, so this was more for having a proof of concept that
electric power was produced than for measuring the amount of power harvested from the waves. The
power capture including losses in the generator is shown in Figure 6. One can see that more power is
produced for the first sea state in the experiment versus the simulation, but that less power is produced in
all the other sea states. The reason for this will be explained in Paragraph 2.4.

Average captured power including losses (W)

Power capture
4.5
4
3.5
3
2.5
2

Experiment

1.5

Simulation

1
0.5
0
0.05 m,
0.9 s

0.05 m,
1.1 s

0.07 m,
1.1 s

0.07 m,
1.3 s

0.09 m,
1.3 s

0.11 m,
1.3 s

0.11 m,
1.5 s

0.17 m,
1.5 s

0.15 m,
1.7 s

Significant wave height, peak period

Figure 6: Average captured power in experiments and computer simulation. The losses in the power take-off mechanism are
also in this data, so electric power production will be lower than these figures.

Another way of representing the amount of power produced (including losses) is the CWR and is shown in
Figure 7. The CWR is the amount of power produced divided by the amount of power in the waves. The
power in the waves per meter was calculated using the following formula [1]:
𝑃

=

𝜌 𝑔
4𝜋

𝑆 (𝑓)
𝑑𝑓
𝑓

Where 𝑃 is the average power per meter in the sea state, 𝜌 is the density of water, 𝑔 is the gravitational
acceleration of earth, 𝑆 (𝑓) is the variance spectral density of the sea state and 𝑓 is frequency in Hz.
One can see that the CWR for experiments goes steadily down as significant wave height and peak period
go up, but for the simulation it is highest for waves with a peak period of 1.3 s.
The CWR can also be visualized in a power matrix, which is depicted in Table 2.
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Figure 7: Capture width ratio in experiments and computer simulation.

Table 2: Power production matrix. Capture width ratio in percentage for experiments (not in brackets) and simulation (in
brackets).

Wave height \ Peak period
0.05 m
0.07 m
0.09 m
0.11 m
0.148 m
0.174 m

2.4

0.9 s
37.6 (27.1)

1.1 s
30.4 (34.9)
32.18 (41.5)

1.3 s

1.5 s

26.0 (48.7)
22.2 (47.1)
18.5 (45.6)

14.9 (41.9)

1.7 s

10.3 (26.3)
10.0 (39.2)

Analysis & Conclusions

Monochromatic waves with different steepness’s were used for the single pontoon experiments. Steepness
is the wave height divided by the wavelength. For deep water, a steepness of 0.04 and lower is considered
to still behave linearly, while above it goes out of the linear domain [2]. Therefore, since our model is linear,
we have chosen to use a wave steepness of 0.02 and 0.04, together with 0.06 to test if there would be a
difference between the linear and non-linear domain. There actually is not much difference for long and
medium waves between all three different wave types, but for the short waves there are some differences.
The differences between 0.02 and 0.04 are however about the same as for 0.04 and 0.06 so one cannot say
this is due to the linear or non-linear domain. The one thing we can conclude is that the movement of the
pontoon in medium and long waves is behaving the same in the linear and non-linear area up until a
steepness of at least 0.06.
Regarding the prediction of the surge of the pontoons we can conclude that it performs very well for
medium waves. We are happy with that outcome since these waves are the most important to us. The
prediction of the long wave behaviour is somewhat underestimated and the short wave somewhat
overestimated, so overall the power performance that the model predict will be most probably evened out

by that and be accurate. The heave prediction is less important for our PTO mechanism, as mostly the
horizontal movement is used for energy generation. Heave is overestimated for the most part but
predicted well for long waves.
For the power capture, a big difference is seen between the optimized model and the experiments. As
explained in the beginning of this chapter, due to technical problems, it was not possible to change the
damping coefficient of our generator. Therefore, it was not possible to optimize for the sea states. Indeed,
it follows from the data in Figure 7 that the PTO mechanism was optimized for the sea state with the
shortest waves. As a result, only for the three sea states with the shortest waves was there a high CWR.
Still, the CWR in experiments never fell below 10%. We are therefore confident that when it is possible to
optimize the PTO for the sea state, very similar results to the simulated power capture will be found.

3. Main Learning Outcomes
3.1
3.1.1

Progress Made
Progress Made: For This User-Group or Technology

The plan for this access was firstly to generate enough data to be able to validate the numerical model.
That we have achieved! The model was actually pretty good at predicting the behaviour of the pontoons,
longer waves were underestimated but shorter waves overestimated. Medium waves, the most important
in this work, were very accurately predicted.
Secondly, the plan for this access was to measure the amount of power that could be captured from the
waves. This was also achieved! A side note however was that we could not change the damping coefficient
of our PTO (power take-off) mechanism. This caused us to be unable to set the correct damping coefficient
and therefore we could not optimise for the right wave. It seems from the data that the damping was stuck
such that it was optimized for short waves.
Thirdly, the plan for this access was to use a realtime optimisation algorithm to optimise the damping
coefficient for the waves. We could not do this because as mentioned we could not set the change the
damping coefficient
1.1.1.1

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

The results of this study are encouraging! Therefore, we would like to continue with this concept. Our next
step is to solve the problems that we had with our setup and be able to change the damping coefficient.
After this has been successful, we would like to test again and see how much more power can be captured
when we can optimize the damping coefficient.
Our midterm objectives are to test a 1:5 scale test and thereafter a 1:1-2 prototype at sea. These
experiments have the goal to test the real PTO mechanism, moorings, installation, survivability, as well as
further validating the model. In this stage patents will be filed for the key systems. Small investors and/or
subsidies are necessary and a collaboration with a university is preferable. The TU Delft and UCC have
shown interest in this regard. The goal is to have close contact with future clients at this point.
The long-term objectives are to reach TRL 8-9: A wave pilot farm will be installed at the location of the first
client. If that is successful, the next milestone is to scale up the production of the WECs by creating a
factory, as the first will most likely be made by hand. When the factory is complete, the sale of WECs can
begin globally.

3.1.2

Progress Made: For Marine Renewable Energy Industry

When one player in the marine renewable energy industry succeeds, it is a boost to the rest of the industry
because marine energy (excluding offshore wind) is not widely accepted. Successes will encourage
governments and companies to start investing in the whole sector. The positive results of this study
encourage us to continue working on the concept and going to the next phase of development. We hope
that this success also encourages other wave energy converter developers to start with their own idea or
to join us in the development of our concept.

3.2
-

Key Lessons Learned
Electronics were the biggest contributor to faults in our system
Doing tests in real life is critical to understanding your technology
Tagging on to this, one can never foresee all the problems that are going to arise beforehand
Therefore, having spare parts of most critical systems is very useful

-

Also, being pragmatic in your choices is helpful. We made our pontoons of wood, in favor of the
more ‘professional’ material steel. This choice allowed for easy mounting of the markers for the
camera system using nails on any place we liked. This would have been more difficult if steel had
been used.

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
Scientific knowledge generated underpinning
observed and
underpinning hardware technology
basic properties of software architecture and
reported.
concepts/applications.
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/sub-system
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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