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Note: there are several different modes of operation for wave energy converters.

The flow diagram above shows how they might be classified for the purposes of this
document. The green shading indicates how extensively they are covered by the
development and evaluation processes described. Dark green indicates full applicability
whilst lighter shades require increasing degrees of interpretation and modification to
adjust the system to suit the more specific application.
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Foreword
Developing machines that can economically and safely convert the energy flux in ocean
waves into a usable form will, by its very nature, be a technically demanding
undertaking. Not only must the complex hydrodynamics of multiple body fluid
interactions be fully understood to aid in the device design but once these are
established heavy offshore engineering is required to deploy and operate the electricity
generating plants in the harsh environment they must survive in. However, once
successful, the socio-economic and environmental rewards from harvesting this
abundant power resource should justify the effort required to achieving it.
Because the device development process extends from applying fundamental laws of
physics at the concept proving phase to implementing brute strength at the prototype sea
trial stage it lends itself readily to following a structured, phased programme similar to
the National Aeronautics & Space Administration’s (NASA) Technical Readiness
approach. The principle of such a schedule is to sequence the design development
through various levels so the required knowledge is obtained at different stages to
enable the safe transmission along a path of increasing technical complexity and
investment risk. In the case of ocean energy devices the stages can conveniently be
linked to different device scales by following Froude Similitude Laws and geometric
similarity.
Since the rationale for adopting a structured approach is to mitigate the technical and
financial risks required when conducting the device development process a suitable test
programme is associated with each stage. This ensures the correct knowledge gaps are
investigated at the appropriate scale (and cost) and by applying stage gate evaluation
criteria at the conclusion of each test programme design teams can be confident the
project will satisfy any due diligence reviews required to justify further funding.
It should be stressed that following a cautious, patient and controlled development path
is not a slow process, indeed evidence shows adopting a structured programme can
accelerate progress since unpredicted technical problems can often be avoided, or
minimised. The structured plan described in this document is based on 5 Stages, each
incorporated at specific device scales. This approach offers the added advantage that
machine design options can be investigated in the controlled environment of an indoor
hydraulics laboratory where waves can be produced on demand and then proven on
larger sized devices at outdoor sea trial sites where conditions have to be accommodated
as they occur.
A great deal has already been learned about the requirements for wave energy extraction
so as the knowledge base expands from further experience it may become possible to
relax the rigorous methodology described in this technical specification.
This document concentrates on the physical testing of wave energy devices. A parallel
mathematical modelling programme to support the design process is recommended.
It is also recognised and accepted that physical testing does not occur in a vacuum and
so consideration must be given to various external factors such as planning and
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licensing regimes, environmental aspects of ocean energy development and coexistence
with other established ocean uses. The governance of ocean energy is an evolving field
with planning, licensing and monitoring requirements liable to change as new
legislation is enacted and new management regimes, such as Maritime Spatial Planning,
are put in place. Developers are also encouraged to participate and engage with local
communities and stakeholder groups at the earliest possible stage to ensure public
acceptance of ocean energy development from the outset. While these factors are not
discussed in any great detail in this document, developers are advised to be cognisant of
their existence given such factors are likely to assume a more important and strategic
position as a developer moves through the various TRLs and stages outlined here.
It should be stated that following a staged, systematic development plan
is not a guarantee for success, but not following one is probably a
pathway to disappointment, lost time and wasted resources.
This report should be read in conjunction with complementary documents produced, or
in the process of being produced, by the following concerned bodies:
•
•
•
•
•
•
•
•

the International Electrotechnical Commission’s Technical Committee 114 (IEC TC114)
the UK Dept of Climate Change (DECC), via European Marine Energy Centre (EMEC)
Sustainable Energy Authority of Ireland (SEAI), via Ocean Energy Development Unit
(OEDU)
the UK Carbon Trust via Det Norske Veritas (DNV)
the International Standards Organization & British Standards Institute (ISO & BSI)
the UK Engineering & Physics Research Council (EPSRC) via SuperGen Marine Consortium
the European Union, via FP7 project EquiMar (Equitable Testing and Evaluation of Marine
Energy Extraction Devices)
the US Department of Energy (DOE) via National Renewable Energy Laboratory (NREL)

The reports are listed in the Reference section of the Appendices.
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5 Stage Structured Development Plan.
This systematic development plan for wave power converters has been
established over recent years in conjunction with the pioneering wave energy
device groups. Based on their experiences it comprises the best practices and
recommended procedures for the efficient evolution of wave energy converters
from concept to commercialisation. It involves a stepwise approach in the
development of a new idea (or variation of old ideas) for Wave Power
Converters that show to be the most promising.
To incorporate all the different science and engineering necessary to progress a
wave energy converter (WEC) from an idea to a marketable product a 5 stage
plan is proposed, which can be loosely be allied to the 9 TRL system as
indicated.
The Stages and corresponding TRLs are as follows:
STAGE 1: Concept Validation (TRL 1-3):
comprises testing of the idea as
an idealised small scale (circa 1:50) model in a set of monochromatic, regular
waves followed by panchromatic, irregular sea states. The former tests are to
identify and describe the physical processes in relation to the design variables
such that the device geometry can be optimised. The latter are to estimate the
performance potential in realistic seaways. Hull seaworthiness and mooring
suitability can also be established.
STAGE 2: Design Validation (TRL 4):
is a step using a larger, more
sophisticated model (circa 1:10) and tests cover a more extensive number of
sea states, including realistic survival conditions. During this phase engineering
is introduced in the form of a preliminary design and an elementary costing of
the system components is established. Based on the measured power
absorption in a range of sea states the annual energy production is calculated
using a set of generic wave conditions such as shown in Task Report 02-1.1 of
this IEA-OES annex.
STAGE 3: Systems Validation (TRL 5-6):
is a schedule including the
testing of all sub-systems incorporating a fully operational PTO that enables
demonstration of the energy conversion process from wave to wire. If the cost
is acceptable, Stage 3 is entered in more detail with the aim to test the complete
wave energy converter at a selected sub-prototype size (circa 1:4) that can
safely be deployed at sea and produce power. The device is still small enough
to facilitate easier handling and operation but large enough to experience
deployment, recovery and maintenance techniques at sea. The first
involvement with licences, permissions, certification and environmental
requirements will be encountered. Also, design teams will experience
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manufacturing and production and supply chain issues, though the device may
not be grid connected. Productivity remains a key stage gate requirement in
these tests.
STAGE 4: Device Validation (TRL 7-8):
is a critical part of the process
and covers a solo machine pilot plant validation at sea in a scale approaching
the final full size (circa 1:1). This stage is a proving programme of designs
already established rather than actually experimenting with new options. Tests
can be initially conducted at a moderate sea state site prior to extended proving
at an exposed ocean location. This is a very exacting requirement however,
since it involves all components from each sub systems conversion process.
The device as a whole must be proven fit for purpose before this stage is
concluded. The device must also be grid connected before the end of the
proving trials. Heavy engineering operations at sea are involved so health and
safety requirements become important, as do O&M of the plant under realistic
conditions. Since only a single unit is involved environmental impact will be
minimal but monitoring of the machines presence in a given location must be
undertaken.
STAGE 5: Economics Validation (TRL 9): the final stage involves multiple
device testing, initially in small arrays (circa 3-5 machines) which can be
expanded as appropriate. By the conclusion of the previous sea trials, the
technology and engineering of a device should be well established and proven.
The technical risk of Stage 5 should, therefore, be minimized. However, the
consequence of failure would be significant and the financial risks are less
certain since it is the economic potential of the devices deployed as a
generating wave park that are under investigation. Initially the hydrodynamic
interactions of the devices will be investigated, together with the combined
electricity supply stability possible via the power electronics. Availability and
service scenarios will be important issues as more machines are deployed as
will onshore and offshore O&M requirements. Environmental aspects, both
physical and biological, can now be studied in detail as well as the socioeconomic effect the wave park will have on the local area. Early stakeholder
involvement is recommended.

1.1

Stages & Technology Readiness Levels
Technology Readiness Level (TRL) programmes are standard approaches for
product development in established industries. They are particularly important
in American military equipment design and were the cornerstone in NASA’s
very successful moon landing programme.
The principle of such a schedule is to sequence the design development so the
required knowledge is obtained at different stages to de-risk the process as the
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device and testing become more complex and expensive. Figure (i) shows the
relationship between the technical options and the required investment at each
Stage of the process. Initially there are many variable to evaluate but the
funding required is low. As the scale advances few design options should be
involved but the cost of operations increases exponentially.

1

Cost

HIGH

0.8

Options
Time
Scale

Scale

0.6

0.4

0.2

LOW
0
TRL 1-31
STAGE

TRL 4 2
STAGE

TRL 5-63
STAGE

TRL 7-84
STAGE

TRL 9 5
STAGE

Figure (i): Cost Versus Complexity

In the case of ocean energy device development the stages can be linked to
different device scales by following Froude Similitude Laws and geometric
similarity rules.
These accepted and proven modelling laws correctly scale the various
important physical properties such that results at one size can be confidentially
extrapolated to larger and full prototype scales. This in turn means important
information and design criteria can be investigated at appropriate stages of
development to optimise the time and costs involved in the evolution of taking
a design from concept to market. However, as with all engineering solutions
there are practical considerations. Not all physical processes scale as precisely
as would be convenient, and some components cannot be physically modelled
which leads to the proposed staged programme, designed to enable all factors
to be studied at the correct time.
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Figure (ii): 5 Staged Technology Readiness Level Schedule

To accommodate all requirements a 5-stage schedule incorporating 9 TRLs has
evolved as the optimum for the development of ocean energy extraction
devices. Figure (ii) shows the overall structure of the programme which is
presented as a circular schedule since feedback loops and repetition of stages
should be expected. The initial 3 stages basically align with device scales
(lambda) of small (λ=1:50 - 100); medium (λ=1:10 - 25); and large (λ=1:2-10)
scales while the final 2 stages are near full scale devices (λ=1:1 - 2). These
devices can be tested initially in hydraulic laboratories and, at later stages, in
the open ocean.
The borders between stages are not definitive and can often overlap. Test
programmes, however, should still be produced for each stage of development
and merged sections should not be confused with missed stages.
The test programme applied at each stage is very important, but of equal merit
is the stage gate decision procedure that should be implemented at the end of
each test programme. In many ways these essential due diligence processes are
the most difficult parts of the schedule to establish, and achieving agreement
on the recommended evaluation criteria is not an easy task. They can, however,
be linked to the main test requirements specified by the stage scheme.
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Stage Gates
As stated above the Stage Gate elements of the development schedule are the
decision making points when a device is evaluated against criteria set for any
particular stage’s test programme. They represent a continuous due diligence
process that supports the staged development procedure. Until each part of a
particular stage has been successfully achieved the programme should not
progress to the next level.
At present it is often left to individual marine energy device developers to set
their own design acceptance parameters since no consensus on robust, generic
or standard evaluation procedures have been established. This has lead to the
situation were the only measure often applied is the extrapolated estimated cost
per kilowatt (c/kW) of electricity generated. Obviously this value is an
important criteria but it is difficult to apply with any confidence in the early
stages of development though essential in the later stages.
Other factors such as the size, weight, manufacturing, deployment and
operational complexity, power take-off (PTO) survival, hull seaworthiness and
station keeping matters can also be considered. The numbers can be
summarised into single evaluation parameters such as electrical production per
dwt (∆) (kW/tonne (kW/∆)) or per displaced volume (∇) (kW/m3).
As stated above using alternative, robust benchmarks to compare devices, or
even assess a single unit against threshold values, is not a simple, or clear,
undertaking but such a system is necessary if funds and time are to be focused
on the devices offering the greatest potential of large scale deployment.

1.2.1

Design Statement
An essential part of the evaluation section which assists in establishing the
stage gate criteria is to define the design statement for the device. This
procedure entails describing and quantifying the purpose of the wave energy
converter and listing the major design attributes in decreasing order of
importance. The statement should include a measure of cost for the wave
energy converter and a design basis for the foreseen locations of operation.
During this first step the development team with complimentary skills will be
brought together.

1.2.2

Survival & Reliability
Device survival and system reliability are important factors that must be
considered for the start of a programme. Hull seaworthiness and extreme loads
can be monitored and measured in the early stages followed by full systems
survival and component reliability from Stage 3 and beyond. Devices should
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not advance out of a stage until these issues have been fully investigated and
any problems resolved.

Two key factors to success during the sea trials at all stages are (i)
to design the device incorporating reserve buoyancy that would
prevent total sinking in the event of a hull breach. (ii) Ensure
safety and security of the moorings and anchors even if this
requires some built in line redundancy.

1.3

Mathematical Modelling
Although this development programme describes the physical modelling
required it can be seen from Figure (ii) that it is recommended that the
empirical results at each stage are fed back into various theoretical and
numerical models that should be under construction at the same time. The
powerful computer software packages now available have taken over from
practical trials in many sciences but that is not yet the situation in ocean
energy. The non-linear physics and higher order non-linear wave-body
interactions can be difficult to code and, indeed, are not yet totally understood
in some instances. However, where possible, attempts should be made to
develop the control equations which can be validated and calibrated by the
practical experimental data.
Although the main part of this work will be conducted in the frequency and
then the time domain using proprietary software, it is possible to develop fully
empirical programs from the test results. Since these are automatically
calibrated they can be used to expand the test base without actually running
more physical experiments. For example, if the power performance graphs are
known from one set of wave records the transfer function can be applied to the
other seaways of interest displaying a different wave frequency composition.
Examples are shown in Section 2.

1.3.1

Economic Prediction
The mathematical section also includes the economic and business plan
programs which companies should begin writing from the early design stages.
These commercial evaluations obviously require performance details from the
technical test schedules so they become fine tuned as the stages progress. As
with the engineering results the error bands set on the economic criteria can be
quite relaxed initially but must tighten and show progress as the programme
evolves.
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Just as it is important to have common methodologies that facilitate the
comparison of device technologies so too it would be advantageous if a
universal approach to economic evaluation could be available. At present many
different concepts are being investigated by independent groups and companies
but very little real sea experience has yet been achieved at full scale at an
exposed wave site to provide firm economic data to justify the assumptions.
To compare the devices in terms of economic potential a general concept for
costing at each development stage is required to ensure that at least the same
fundamental assumptions are made.

1.3.2

Control Strategies
Perhaps the most important element of the mathematical modelling, is the
improvement of the power take off control strategies which can be
implemented during the different phase of device testing. Since even basic
PTO machines (mechanical and electrical) will require some regulation to
optimise WEC performance, full power converter time domain models should
be activated and fine tuned throughout the stages, especially early TRLs.
It is not within the scope of this document to detail the requirements for
conducting meaningful PTO control trials other than to stress the importance of
obtaining baseline performance figures before applying the various control
strategies. This will enable the improvements gained to be evaluated correctly.
Depending on the type of power take-off to be installed this work can often
begin in Stage 1, which offers the advantage that the wave conditions can be
produced on demand and the model is large enough to accommodate the
required components and sensors. This may be particularly beneficial to
predictive control methods.

1.4

Infrastructure
To be operated efficiently the stage gate system will benefit from a strong,
independent technical support structure which, in general, is only just being put
in place, and even then in a somewhat disjointed manner. Once these impartial
test centres are established and experienced in their craft, developers would be
encouraged to avail of the facilities since they should remove some of the
difficulties encountered at ad hoc test sites, particularly during the prototype
sea trial stages.
Because there is no single establishment that can supply all the services
required at each technology readiness level developers have had to move
between different test centres. A major improvement to this disjointed situation
is being established in Europe where the Commission is in the process of
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funding a major infrastructure project that will network a group of disparate
specialist centres into a distributed all inclusive chain of facilities that can
accommodate each test scale.
There would be several advantages to such a technical network but, of
particular merit, would be the implementation of the established testing
programmes as outlined in this document. At present there is no universally
established experimental protocols so testing centres apply their own. Projects,
such as the EU-supported EquiMar consortium and a US Department of
Energy’s initiative (through NREL) are attempting to correct this deficiency,
by drawing up details for each development stage, including the continuation
stage-gate criteria. Eventually such documents can reside with the Centres to
ensure consistent and comparable results.
A map of the existing and proposed large and full test centres in Europe is
shown in Figure (iii).

Figure (iii): Present & Future European Sea Trial Sites
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Test Programmes

A summary of the tests required at each stage of the development path is
described in the following section. The actual detailed plan, however, will be
bespoke for each particular service so only the principles and generic
components for each stage are included. The document attempts to cover the
programmes required from the fundamental concept stage to the full scale
prototype small array economic sea trails.
Each stage includes 6 sections and 2 notes:
1. Rationale
2. Facilities
3. Methodology
4. Measurements
5. Analysis
6. Presentation
a) Stage Gate Criteria
b) Key Elements to Success

A common theme in each stage that should be emphasised is that
a detailed plan of the tests should always be produced prior to
commencement of the programme.
A sample flow diagram of a typical Stage 1 test plan is shown in the Appendix.
Such a chart shows clearly the steps required to progress through the
programme and has the advantage that gaps or short falls in the test plan can be
identified at an early phase and corrected. Similar diagrams can be generated at
all Stages.
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2.1

STAGE 1: Concept Validation (TRL 1-3)
Addressing the Unknown Unknowns
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Concept Validation

Concept Validation

STAGE 1: TRL 1-3

Scale: 1:25-100

SECTION

TIMETABLE

TRL1: Operation
TRL2: Performance
TRL3: Optimisation

1-3 months
1-3 months
1-3 months

Table 1.1: Stage 1 Format – schedule & budget

BUDGET
(€,000)
5-20
25-75
25-50
Figure 1.1: Idealised Model
[courtesy Oceanlinx Ltd]

PRIMARY OBJECTIVES
• Validate the device concept
• Optimise the device for power production
• Evaluate the power production in irregular seaways
• Draw up the design advantages for the device
• Verify the hull seaworthiness (& survival @ Stage 2)
The first step in the device development process should be a theoretical
evaluation of the concept by a reputable reviewer. Design teams may feel more
comfortable if this initial assessment is supplemented by a very basic set of
physical tests in a wave generating facility to validate the operating principal and
provide empirical results to aid the evaluation.
Following this the basis of Stage 1 is to include all the physical variables that
could influence the overall performance for at least one fundamental geometry of
the device. During tests, it is important to change only one parameter to identify
its contribution to the power absorption. An idealised model that can be easily
and quickly converted to the next configuration will be sufficient together with a
simplified, but effective, applied damping (energy dissipater) unit that will
simulate the power take-off system characteristics. It is preferable if the system
can be set for both infinite and zero damping during early trials to investigate
survival modes. The actual power take-off unit’s operating characteristics may
not initially be known so damping sensitivity trials are required to ensure the
appropriateness of results.
The main purpose of Stage 1 is therefore to unfold the idea and look more deeply
into the possibilities for optimisation of the device. This is improved by
cooperation with skilled technicians having sufficient understanding and
experience in testing of wave energy conversion technologies.
Table 1.1 shows typical durations and budgets required to successfully complete
the 3 TRLs of Stage 1. Figure 1.1 depicts a standard idealised model.
Hull seaworthiness trials can be investigated in the higher sea states possible in
the facility. For full survival trials the same model should be taken to a
specialised Stage 2 test facility with movable floor where full storm conditions
can be simulated at the correct water depth.
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There are three types of wave tanks that can be considered for Stage 1 testing
programmes. Each one can prove useful for different applications of the
processes.
Flumes: are long narrow tanks with a
single wave generating paddle at one
end and a downstream energy
absorbing system at the other. It is
preferable if the wave generator has an
active reflected wave absorption system
to prevent wave build up and
interference. They vary considerably in
size, particularly the width. This is to
enable 2 dimensional testing of a
section of a structure, which can be
valuable for linear mathematical model Figure 1.2: Wave flumes are useful development
validation. This is not a practical option tools
for most buoyant type point absorber WEC when the flume is simply a
contained water volume in which waves can be created on demand.
In modern flumes both monochromatic (regular) and panchromatic (irregular)
waves can be produced but are always long crested (uni-directional). Care must
be taken in model size selection such that reflected radiated waves from the side
walls do not over contaminate the results. In general solo device tests in a flume
can be regarded as array trials where the adjacent device would located at the
width of the flume away.
Towing Tanks: are usually
longer tanks than flumes. The
additional feature is a powered
mobile carriage that can travel up
and down the tank to tow models
through the water as required.
This is rarely a useful feature
during wave testing since devices
are moored, or fixed. Only
towing tanks with advanced wave
making
facilities
can
be Figure 1.3: Towing Tanks have specific advantages [courtesy
considered for performance trials. Strathclyde University]
They could, however, be useful for deployment, recovery or towing
investigations.
Towing tanks can be quite large structures so bigger models can be
accommodated, but still with the 2-D long crested wave restriction.
If side wall interference is negligible, tests can be useful too for the verification
of linear mathematic programs or models.

14

Concept Validation

Basins: might be regarded as the most
useful type of tank since they are
proportionally wide to their length,
sometimes even over square. This
offers the advantage that side wall
effects are lessened, wave approach
direction can be varied and short
crested waves can be generated. Full
mooring configurations can be
accommodated but model handling
can be more difficult than in flumes.

STAGE 1: TRL 1-3

Figure 1.4: Wave basins are the most versatile

artificial wave tanks have the following advantages over natural test stations
• waves can be produced on demand
• environmental conditions are usually more conducive to accurate
testing and sensor longevity
• both regular and irregular seaways can be created
• access and handling of models is easier
• tests are weather independent
• water depths are fixed
• still water between trials can be achieved when required
• test programmes can be shorter although more elaborate allowing for
the testing of a multitude of variables
• waves are correctly scaled in height and period to the model. Results
can therefore be confidently extrapolated to larger and prototype size
machines
artificial wave tanks have the following disadvantages over natural test
stations
• primary wave reflections from downstream beaches will always be
present
• side wall effects must be accommodated
• since water depths are fixed model scale issues may arise, particularly
with regards to mooring configurations
• there is a balance required between accurate and repeatable waves for
performance tests and high energy seas for survival tests
• at the largest model size possible in a tank it may not be possible to
generate survival conditions
[NB: Stage 1 scale devices, built for performance testing, can be adopted and
re-used for failure mode trial, such as in the mooring system or the PTO, in
survival conditions at a Stage 2 facility. Attention may be required to in terms
of setting the correct water depth, particularly with respect to mooring
arrangements
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To achieve each primary objective a separate set of test criteria is required.
These are
• Concept verification (regular waves)
• Performance, response and optimisation (regular & irregular waves)
• Survival testing (irregular panchromatic waves)
Concept verification (regular monochromatic waves): As stated above a
simplified, idealised model can be used for the early validation trials. Care
should be taken to minimise scale and laboratory effects, such as sharp corners
that introduce excessive hydrodynamic damping. This is especially noticeable
since viscosity is a parameter poorly represented by Froude similitude. If the
device is a complex structure, such as multi-hulled, for example, components
can be initially evaluated separately. The number of degrees of freedom of the
body(s) may also initially be limited. Response characteristics are the principal
criteria investigated, including any interactions or interference between the
independent bodies.
Data should be in a form that can validate and/or calibrate any numerical models
being produced in parallel with the physical modelling. A useful introduction in
the early stage is the measurement of the hydrodynamic coefficients,
particularly, viscous damping, added mass, radiated wave damping, forces on
the static bodies, (diffractions forces) etc. However to be conducted accurately
these tests require rather more attention than wave excitation response
monitoring which increases the allocated time and budget. Special and specific
equipment is usually required though sensors and drive mechanisms can be
incorporated in the PTO for these procedures. Free oscillation trials can be used
to determine added mass and damping values at the natural period which can be
used to check the theory.
All the primary design variables should be evaluated during this phase so results
are principally used for comparative purposes rather than to produce absolute
values. Once again this provides the testing with a robustness in the results that
increases confidence levels. These are not exclusively incompatible
requirements, however, and the absolute values should be reasonably accurate
(<10% error). Scale effects are more difficult to quantify and may result in
slightly greater discrepancies, perhaps due to fluid flow patterns around the
models. This will be of particular importance to the theoretical models, which
will not include drag losses. Dye tracing visualisation can be used to observe
this phenomenon but this procedure can be difficult to conduct and especially to
repeat.
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Tests are conducted in single
FLUM E: STA TIC @ OR IFIC E & RESON AN CE
frequency, regular wave fields of
small to moderate amplitude
(steepness) to remain in the linear
regime. Sample higher, finite
waves should be randomly
included to establish higher order
differences in the response
characteristics.
Magnification
Figure 1.5: Device set-up comparisons
Response Amplitude Operators
(RAOs) for each device configuration are used to compare results, as shown in
Figure 1.5.
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Performance optimisation (irregular panchromatic waves): If satisfactory
results are achieved in the concept verification the same model can be employed
for trials in irregular wave excitation. The range of options for the model
configuration and PTO damping settings can be specified from the former trial
results. Seaways should adequately cover a conventional bi-variate scatter
diagram from the anticipated sea area of choice. A strategic selection of the
summary sea state statistics is made based on occurrence, extremes and device
turning options. The offshore engineering recommendation, which can be
adopted for wave energy, is circa 20 independent seaways. An example scatter
diagram and test cases is shown in Figure 1.6. If not known, spectral shape can
be of a classical form such as Pierson-Moskowitz, Bretschneider, JONSWAP
etc. Initially, standard site characteristics, such as specified in OES-IA Annex II
report T02-1.1 can prove useful if there is no identified deployment site.
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Figure 1.6: Typical Scatter Diagram with Selected Test Seas

The duration of a single test can vary but must not be less than the temporal scaling
equivalent to the industrially established 20 - 30 minute full scale measuring period
over which a seaway is regarded as stationary. If the test facility wave generator
signal is produced by Fourier techniques the data generation rate and overall time
can be adjusted to suit later FFT analysis. In other words, a 2n integer to avoid
energy density leakage between harmonic components. A single acquisition period
should correspond to the generation time and avoid time series repeating.
Wave height should be Rayleigh distributed unless the location is in shallow water
when adjustments are required. This probability should be verified prior to the test
schedule beginning.
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POWER; Bretschneider Scatter Diagram; SOLO 650
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Based on the monochromatic wave tests
the requirement of these trials is to
consider all identified relevant device
variables and monitor their influence on
overall response and performance
characteristics, but in this instance by
panchromatic excitation. Results can be
concatenated and presented as shown in
Figure 1.7. From such summary plots it is
possible to validate the actual performance
of a device and verify if it is designed
correctly to be efficient at the selected sea
states.

0.15

0.1

0.05

0
160

150

140

Hs [m
m]

100

60

40

20

2.5

2

1.8

1.5

Pan T

1.2

1

0.8

s]
p [sec

Figure 1.7: A device performance in irregular
waves

Figure 1.8 illustrates another
approach
of assessing the results.
5.25m
The plot shows a typical
performance matrix with the power
4.25m
at different values of Hs as a
3.25m
function of Te. Typical power
2.25m
curves for specific sites can be
1.25m
superimposed. Here the most likely
power curves for Ireland and
Figure 1.8: Power Matrix representing a generic WEC Portugal are shown so devices can
[courtesy Ramboll]
be scaled to the site
Seaworthiness & Survival testing (irregular panchromatic waves): As stated
above it will not always be practical to conduct full survival condition testing at
the same facility that accurate operational trials are run due to wave generating
capability. However, it should be possible to verify the hull seaworthiness in
moderate storm conditions using the same performance model.
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These trials should be constructed along the wave breaking line from the seaway
scatter diagram up to the maximum Hs available. For storm extremes a scaled
equivalent 3-hour duration should be selected to ensure a realistic Hmax is
produced within the water surface elevation time series.
Trials and measurements can be conducted in the same manner as for the
performance tests.
A smaller model can be used at the Stage 1 facility but for a better option it is
recommended that the concept model should be taken to the Stage II test facility
where full storm conditions can be produced, however the water depth and
mooring configuration has to be considered, so a Stage 2 facility with moveable
floor is preferred. Survival trials can then be run in conjunction with the design
model performance trials.
Other oceanographic and atmospheric parameters should be reviewed and if
regarded as important, included in test programmes. these might be:
• tidal elevation or current
• windage
However it might be better to wait until Stage 2 to conduct these supplementary
trials.
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The measurements essential to conduct the Stage 1 test schedule are based
on the primary objectives. Obviously more sensors can be deployed but the
minimum physical properties to monitor are:
• Water surface elevation (waves)
• Vessel motion (translatory or rotational or both)
• Wave induced operating forces
PTO factors
• Wave induced operating pressures
• Overtopping rates
• Mooring forces
Water Surface Elevation (waves): There are various methods available to
measure the waves producing the excitation force on the WEC but the key
point to observe is that the correct reading for the device is recorded. That is,
the beach reflected wave is accommodated. Thus, depending on the type of
machine under investigation it may be one of the following that is required.
• The pure incident wave, in which case the two components must be
separated by a standard (i.e. least squares) technique
• The water surface elevation, in which case the combined incident and
reflected wave should be measured

S(f) [m2/Hz]

[NB: The device radiated wave may also have to be accommodated.]
Figure 1.9 shows an example of
1400
the combined and individual
Measured
Incident
Reflected
1200
components of a measured
seaway.
1000
In either case the water surface
elevation should be calibrated
prior to the introduction of the
400
model at the deployment site.
200
Wave should also then be
0
monitored at a convenient
0
0.5
1
1.5
2
2.5
Frequency [Hz]
station during tests to ensure the
Figure 1.9: Measured, incident and reflected spectrum
correct data was entered into the
generating hardware. Due to water surface instabilities in enclosed tanks the
real time wave measurement should be used as a guide only.
800

600

Care must also be taken with moored devices that surge in the wave field.
Because of the nature of a reflected wave envelope this motion may result in
modified wave encounter in repeat trials.
Vessel motion (translatory or rotational): For buoyant moored WECs it is
usual to measure all 6 Degrees of Freedom of the floating body using a noncontact type motion monitoring system. Such sensors usually measure
distance and rely on signal differentiation to produce velocity and
acceleration. Any contamination on the initial time trace is magnified by
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digital
differentiation
processes such that filtering or
smoothing is required. The
variance and phase must not be
effected. It is often the relative
motion between two sections
of the model that is required so
more than one measuring set is
needed. Figure 1.10 shows a
typical example of the

Figure 1.10: Example of Signal Error

escalating signal error.
Wave induced operating force: The instantaneous power of the device is
obtained from the product of the velocity (dx/dt) and the corresponding force
across the PTO simulator. Load sensors must therefore be fitted between the
two inertial parts of the device to measure this force. The practical
consideration for small scale models is obtaining load cells light enough so as
not to influence the body dynamics, particularly if they must be waterproof.
Wave induced operating pressures: In pneumatic devices the power is
obtained from the air flow and the corresponding pressure. The main
consideration for small optimisation models is that the air compressibility is
not scaled. Standards exist for the location of gauge tapping to accurately
measure the pressure drop across the PTO energy dissipating simulator but
these are usually relative to uni-directional steady flow. Experience has shown
that in small scale this measurement position is robust.
Mooring forces: For small models mooring force measurements should be
taken as indicative only, rather than absolute, since not all physical parameters
affecting these forces are scaled adequately. Continuous tension readings can
be made to produce overall patterns in the anchored line behaviour.
Different
mooring
layouts and pre-tensions
can be tried to determine
the best configuration
for
any
particular
device. Figure 1.11
shows a poorly design
option for a device. As
can be seen excessive
snatch loads occur
Figure 1.11: Example of Differing Mooring Loads
regularly in the time history. The average to peak ratio of the line tension is in
excess of 5 which is unacceptable for a well designed mooring. Ratios closer
to the order of two should be possible.
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Overtopping rates: WEC that operate on the wave run-up and overtopping
principal require different measuring methods to evaluate the energy flux
transfer. This can usually be done by measuring the changes occurring in the
reservoir level which is a indication of both the inlet and outlet volumes.
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There are three phases required to a complete analysis programme
• Raw data validation
• Analysed data results
• Summary data comparisons
In general Stage 1 investigations are reasonably straightforward but
extremely repetitive. It can be advantageous to create a standard analysis
package into which individual raw test data can be pasted such that
comparative results are guaranteed. An example of a common spreadsheet
is shown in the appendix of this report.
The analysis package can automatically fulfil the first two requirements of the
programme for each individual test run conducted. Statistical checks of the
time series are used as a validation tool and calculations on the measured
parameters produce the required results, as can be seen in the appendix
spreadsheet.
Direct plots of the parameters produce the time series as discussed below.
Compilation of the summary results from each trial enables the design options
comparisons as described in III Methodology.
Time Domain: Initially time domain analysis can be used to observe the
continuous time history of the properties of the wave energy converter. An
example of this is shown in Figure 1.12 where the instantaneous power
conversion is plotted against a time based abscissa. Such information is
essential to the design of the power take-off and generating module.
These plots may be directly measured properties or, as in this instance, derived
values.
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Figure 1.12: Instantaneous power conversion in irregular waves
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SEA STATE Bretschneider [Tp @ 0.8 - 2.5s]
Tp = 0.8s

Tp = 1 .0s

Tp = 1.2S

Tp = 1.5s

Tp = 1.8s

Tp = 2.0s

Tp = 2.5s

0 .4

0.3 5

ave POW ER [w atts]

0 .3

0.2 5

0 .2

0.1 5

TM0FM4

0 .1

0.0 5

0
0

10

20

30

40

50

60

70

80

90

1 00

1 10

pan w ave h eight [Hs mm]

Figure 1.13: Summary Result Extrapolation
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Time series can also be
summarised as mean, RMS
values
etc.
to
allow
comparison to be made as
described in section III
Methodology. They may also
be used to extrapolate and
interpolate a limited number
of measured records to cover
sea states not tested. An

example is shown in Figure 1.13 from which all the wave scatter diagram
elements can be estimated to provide a power matrix performance for the
device configurations.
Similar force traces can be produced for the mooring lines and the basic load
characteristics obtained. However, it is recommended that the full
investigation of the mooring is conducted in Stage II.
Frequency Domain: Since most WEC are resonant devices it is necessary to
interrogate irregular sea results at a spectral level to fully appreciate the
performance and productivity of machines. This analysis technique becomes
the primary method for sea trail data therefore it will be described in detail in
Stage 2.
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On conclusion of Stage 1 it should be possible to produce the following
documentation to support any due diligence exercises required for
further funding applications
o Presentation of the Idea and Concept for converting the wave energy
o Draft drawing of the converter with its full size dimensions, weight and
material choices
o Data on Performance in a defined set of sea states (power matrix)
o Costing of the basic idea
o Benefits from further R&D at Stage 1 and/or validation, if any
o Indications of the survivability characteristics of the device and mooring
in the form of RAOs and maximum load plots

STAGE GATE CRITERIA:
Stage 1 – Concept Validation testing
• 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

KEY ELEMENTS TO SUCCESS






conduct as many trails as possible
measure as many variables as practicably possible
calibrate numerical models, with the realisation of limitations at this scale
ALWAYS HAVE A DETAILED TEST PLAN
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STAGE 2: Design Validation (TRL 4)
Addressing the Known Unknowns

24

Design Validation

Design Validation

STAGE 2: TRL 4

Scale: 1:10-25

SECTION

TIMETABLE

BUDGET

(incl. Analysis)

(€,000)

Performance

1-3 months

25-50

Survival

1 month

15-25

Maths Model

1-3 months
10-20

Detailed System Device Design (Stage 3)
Hull Design

15-25

Power Take-Off

25-75

Generator & Power Elec

25-50

Mooring & Anchor

15-25

Prelim Site Selection
Table 2.1: Stage 2 Format – schedule & budget

10-25
Figure 2.1: Practical Design Model
[courtesy Ocean Energy Ltd]

PRIMARY OBJECTIVES
• Validate the device design in more extensive seaways
• Develop PTO control strategies for improved power production
• Verify the mooring and anchorage system
• Draw up engineering specification for prototype machine
Following a satisfactory conclusion of Stage 1 the overall dimensions,
configurations, dynamic response characteristics and preliminary power
production should be reasonably understood. Additional data, such as wave
forces, mooring loads and, especially, the devices physical properties phase
relationships, should also have been considered in the initial results analysis,
together with any device specific measurements. This means the overall layout
of the WEC can be established and a naval architects office or engineering
consultancy used to confirm the construction feasibility and establish the
fabrication/manufacturing costs (i.e. mass of steel, etc). Care in this process is
required since it is unfortunately too easy to envisage and model components that
will not be practical to produce. A systems engineering approach is essential.
If the basic economics are still acceptable then the Stage 2 programme can be
undertaken. It should be anticipated that there will be some design changes
imposed by the Stage 1 test programme and device certification issues. If these
are extensive a modified concept model should be re-visited. If minor they can
be included in a larger scale design model and Stage 2 testing begun.
A primary aim at this stage is to establish the performance figures in a more
extensive set of sea states. These may be either generic in nature or site specific,
if known. If the latter is the case measurements from a monitoring station close
to the location are preferable but computer model predictions can be used, with
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Initially some single frequency (regular) wave investigation may be required to
confirm the effects of the changed geometry and verify that the concept and
design models have similar characteristics.
Although large and more difficult to handle Stage 2 models should offer the
advantage that on-board sensors and equipment can be accommodated without
adversely effecting the model behaviour. An example of a Stage 2 model is
shown in Figure 2.1 and 2.2. This means a more sophisticated power take-off
simulator can be considered and in particular control equipment installed.
At the design model scale mooring and anchor systems can be investigated
thoroughly such that agents can use the generated data to engineer a full scale
prototype station keeping design prior to sea trials.
An energy conversion concept that successfully concluded Stage 1 has, in
principle, completed the conceptual design statement of the wave power
converter.
If development has continued
into Stage 2, a more detailed
design of the concept is
required which will typically
include some engineering
disciplines combined with
physical model testing. during
Stage 2 both the prototype and
Stage 3 detailed device design
must be undertaken in
preparation for initial sea
Figure 2. 2. Preparation of Stage 2 Design Model
trails.
[courtesy Wavebob Ltd]

A summary of the type of processes required to design the Stage 3 model is
shown in Table 2.1
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Because of the size of the model and since an important component of Stage 2
testing of a buoyant WEC is the mooring, most trials must be conducted in 3D basins. However, there are certain exceptions and specialist work can
utilise other types of facilities.
Large Flumes and Towing Tanks: bottom standing, fixed or tension leg
moored units can have limited testing in these types of tanks provided attention
is paid to model blockage effects.
There is no international standard for this factor
but a model to flume width radio of between 10 &
30 is recommended, depending on the nature of
the trials.
Waves will be long crested but for point absorber
type WEC this will not be a significant problem.
If a model represents a section of a terminator
type device the trials can become fully 2-D.

Figure 2.3: Design Model in Large
Flume [courtesy Teamwork
Technology]

Towing tanks might be particularly useful for
active control trials on attenuator type devices
which are relatively long to their width. Only
head seas can be tested and side wall effects must
always be considered. An example of a Stage 2
model deployed in a flume is shown in Figure 2.3

Large Basins: Although there are a few exceptions most large basin can
produce regular waves up to 1m (0.5m Hs for irregular seas) in height and 4-5
seconds in period. The temporal limit is usually due to the wavelengths
produced, i.e. 5secs ≈ 40m which is equivalent to a large tank. The wave height
is a function of the power required to generate high waves and the paddle stoke
required to produce them. This results in deeper tanks than might be required
for wave energy device testing. An example of a large basin and the possible
waves that can be generated is shown in Figure 2.4
For model scales in the range of (λ=1:10-15) wave heights can still be restricted
if survival trials are required. The problem of using smaller models is explained
in Stage 1, II Facilities.
Operation in large scale facilities is less versatile than in Stage 1 but more
convenient than open water trials.
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Unless a mobile basin floor is
available water depth can cause a
mismatch in scale between the
model and mooring catenary.
As with Stage 1 facilities waves of
any selected type can be produced
on demand. With modern wave
generators this should include most
classic spectral profiles and the
ability to produce site specific
wave frequency mixes.

Figure 2.4: Survival waves in Large Wave Basin [courtesy
Edinburgh Designs]

Outdoor site testing with medium scale (λ=1:10) models can be practiced but is
not recommended for detailed work since it is important to have easy
interaction with the model set-up and choice of instrumentation becomes
difficult.
Developers
have
successfully conducted
basic tests in protected
waters, such as lakes and
sheltered bays. Such
locations can certainly
be used to observe
extreme motions of
design models following
indoor
performance
testing at a large scale
facility.
Figure 2.5: SEA Clam at Loch Ness [courtesy Coventry University]
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The procedures followed during Stage 2 are extensions to those practiced in
Stage 1 but now concentrated to performance testing of the device in real
seaways. The programmes should also introduce the development of power
take-off control strategies and mooring design.
Performance Evaluation: a more realistic PTO simulator will have been
designed that can dissipate the absorbed energy in a form similar to the
characteristics of the proper machine. Examples of difference types of PTO
systems are shown in Figure 2.6.
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Figure 2.6a: Orifice Plate

Figure 2.6b: Coulomb Damper

Figure 2.6c: Linear Damper

A benchmark setting for the system based on Stage 1 results should be selected
and a full range of sea states run to obtain the power performance of the device.
These should verify the concept model results. Any deviation must be explained
although improved results might be more readily accepted. Some trials can be
conducted in regular waves to aid this process.
Most trials should be
performed in irregular seas
based on real data of a
proposed deployment site
if known, or classical
spectral profiles if no site
measurements
are
available. Figure 2.7 shows
a standard Bretschneider
spectrum and resulting
water surface elevation
history.
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Figure 2.7: Spectral Analysis Report Sheet

Device design variables should be sequentially changed to obtain a full power
matrix for each configuration by which to evaluate the options. The PTO should
also be tested fully undamped (Ø) and at infinity (∞) to simulate the worse case
failure scenarios which could result in excessive body motions and end stop
problems.
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Performance Sensitivity: other resource variables should be included in the
test programme to estimate the WECs sensitivity to them. These should
include:
i) approach direction: a series
of different wave crest approach
angles to evaluate this variable
should be conducted. This may be
achieved in modern facilities by
changing the angle the wavefront
leaves the generation paddles. If
this is not possible the mooring can
be rotated as required. This section
should even be included in axisymmetric point absorbers since Figure 2.8: Extreme Case of Beam Sea [courtesy Ocean
Energy Ltd]
the mooring influence is not nondirectional. Figure 2.8 shows an extreme beam sea case.

iii) spectral profile: since
most WECs are resonant type
devices the frequency mix of the
impinging sea can have a
significant effect on the power
production. An appreciation of
this can be gained by running
different spectral profiles. As in
the case of the crest length a set
of extreme examples can be
applied to verify the devices
sensitivity to this parameter.
Figure 2.10 shows a standard
Bretschneider spectra with a
much narrower and peakier
JONSWAP superimposed.

Bretschneider Spectrum
JONSWAP Spectrum
1.4
1.2
1
S(f) [m2/Hz]

Figure 2.9: Short Crested Sea State
[courtesy IT Power]

ii) crest length: the energy spreading
factor should be varied to confirm the
influence of crest length on a deice
performance. If there is no discernable
difference between long and short crested
seas future trials can continue with plain
waves. An extreme condition can be used,
such as cosine squared (cos2) for this
purpose. Such a sea is shown in Figure 2.9.
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Figure 2.10: Bretschneider and JONSWAP spectrum

Control Strategies: if an active PTO control mechanism is to be included in
the PTO, the Stage 2 programme can be an appropriate place to begin the
investigation of the proposed scenarios. Since design models are in the scale
range of λ = 1:10-15, they are large enough to accommodate the equipment

30

Design Validation

STAGE 2: TRL 4

and sensors required to operate the mechanisms. The details of how the
required operating input is obtained and fed into the system is beyond the
scope of this programme brief but the principals of how the tests should be run
are generic.
Of particular importance is the monitoring regime incorporated into the tests.
The advantage to be extracted is that the trials will include the whole wave
energy conversion chain from the excitation waves to the PTO damping. This
means hydrodynamic feedback can be measured relative to any set control
strategies together with the corresponding device power conversion time
history. These records can be used as the input conditions for the Stage 3
bench test trials of a complete conversion system. Without the design model
test the feedback loops between the waves and the hardware would not be
known.
Mooring Trials: the tension in the mooring lines should be continuously
measured during all performance trials. These test runs will provide the main
data for evaluating the proposed design and provide results to validate a full
scale prototype system.
In addition 3 specific sections are required for the programme. These will
depend on the mooring layout but will be based on the following:
• load–displacement curves for several directions of motion. These to
include head, forward quarter, beam and stern pulls.
• additional extreme wave approach angles that may not be required for
performance trails.
• failure mode test when one or more mooring lines should be
disconnected to simulate the line breaking. The line may be lost before
a wave attack when the model is stationary or dynamically when waves
are present.
Mooring system trials ion Stage 2 are extremely important since they should
generate the data on which full prototype scale design will be based.
High energy, steep waves should therefore be produced but at the design size
model these will probably not be full survival seas unless one of the very
specialised test centres are used. Alternatively, the Stage I model can be
deployed if the water depth, or mooring lengths, can be adjusted.
The final option is to launch the design model in an appropriately scaled
outdoor benign site. If this approach is adopted it should be appreciated that the
wave input is no longer controllable. Stern conditions will still be in the region
of 1½m significant wave height, or 2-3m maximum waves, which are difficult
seas to operate in.
Due to the offshore oil industry a great deal of effort has been invested in
developing accurate computer models for mooring design. These can be
calibrated with the load-extension data and results from less severe seaways. It
could, therefore be a calculated risk to leave extreme survival monitoring of
the mooring until Stage 3.
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Other Environmental Parameters: devices at sea will also be effected by other
atmospheric and oceanographic conditions. In particular:
• wind
• tidal elevation
• tidal current
The effect on any particular device will depend on the type of machine. These
can be theoretically evaluated and omitted from trials if deemed to be of low
significance. The two primary effects these parameters will have are on the
loads applied to the body and the alignment of the device to the waves. Both of
these effects can be simulated to estimate their importance by applying static
offsets to the model during test runs.
The tidal elevation question will mainly be applicable to shallow water devices
which are not fully covered in this document. For deeper water units (25-50m)
the elevation change will be relevant to the moorings but only if the tidal
variation at the foreseen site is large. A typical 2-3m variation, or <10% of the
water depth may not have significant influence on the mooring dynamics.
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Although important at all the programme scales the calibration issues are
particularly sensitive it Stage 2 testing since one of the key parameters being
investigated is the adherence of the various parameters to the applied similitude
laws.
Performance: the monitoring regime for the device energy conversion trials
are the same as during the concept optimisation trials of Stage 1. Basically the
input (wave) power and output (device) power are measured for all device
configurations (applied damping) and all seaways. Also, as in Stage 1 the sea
trails should be pre-calibrated in a model free tank at the point of device
deployment.
Wave Loading: depending on the complexity of the device measurements of
the forces in the hull and critical component parts may be advisable. Although
this leads to a higher complexity factor for the tests due to multiple sensor
connections the data obtained can prove invaluable for future design input.
Strain gauges will form the core of this work to monitor loadings that can be
fed into future design modification. Although not essential there are two
advantages to measuring hull and assembly forces:
• firstly, data to prevent premature failure should be obtained.
• secondly, data to ensure over design or specification will be obtained.
Both of these options will contribute to the reduction of technical risk as progress
advances to the next development stage.
Control: although difficult to run the active control tests fundamentally require
the same measurements as for the fixed applied damping trials. In practice it
would be expected more sensors are used to help evaluate the different
strategies but if the input and output power levels are produced the design
options can be compared.
Moorings: at least one load cell will be
required in each mooring line to provide
all the data required by the design team.
If the system is in two different sections
(i.e. via a surface or subsurface support
buoy) in which on part can experience
snatch loads then more than one sensor
should be connected per line. In the
latter case the data acquisition rate must
be adjusted to ensure the maxima are
not missed.

Figure 2.11: Inline Mooring Load Cell

33

Design Validation

STAGE 2: TRL 4

Scale Issues: An important section of the Stage 2 trials is to reduce the error
band on the measured and calculated properties of the device. The main tool
for this is the increased size which is introduced to decrease the scale effect.
The main parameters under consideration that introduce these scale issues are
as follows:
i) viscosity: The idealised model of Stage 1 has been replaced by a design
model that should resemble the envisaged prototype as closely as practical.
This dictates attention must be paid to how the model and water interact to
produce accurate motion measurements. The viscous damping coefficient of
the model should be empirically obtained.
ii) air compressibility: for pneumatic devices the compressibility of
enclosed air volumes must be accommodated. The sensitivity of this parameter
is a function of the applied damping, reducing to zero at the undamped case.
Static devices can resort to compensation reservoirs to minimise the effect.
Buoyant, mobile units must rely on theoretical correction procedures.
iii) moorings: the scaling of the mooring lines can only be an estimation
so it must be approached carefully. Static characteristics can be adequately
resolved by careful selection of materials and stiffness calibration routines.
Dynamic responses are less scalable. Wave induced drag is not well included,
nor is the inertia if the mooring itself. It is preferable to us a distributed mass
to model the lies themselves rather than a point, lumped mass technique.
iv) water surface elevation: if control strategies are to be included in the
test programme thought must be given to how and where the water surface
elevation is to be measured. It will inevitably be the progressive wave that is
required therefore a standard technique of measurement that will allow for the
separation of incident and reflected must be adopted. The location of the
probes will be part of the experimental procedure but if models surge under
wave attach errors may be encounter during test runs.
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Both time and frequency domain analysis are again appropriate for Stage 2
result, with emphasis in this stage on understanding the frequency responses
in more detail.
Time Series: analysis will be used to verify if the mooring arrangement is fitfor-purpose and obtain the maximum loads induced into the lines by the
motion of the floating body. If no monochromatic waves were run spectral
analysis may be used to obtain the RAOs of the important degree of freedom of
the mooring, i.e. surge. Figure 2.12 shows a typical time history of the mooring
line tension during an energetic sea state. The wave induced first order and
catenary spring induced second order motions can clearly be seen.

Figure 2.12: Time Domain Mooring Line Analysis

When combined with
the position of the
device
this
information can be
used to check the
load-extension curves
provided during the
static displacement
trials.
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Figure 2.13: Mooring Load-Extension Curve

Harmonic Analysis: if the WEC is a resonant type device Fast Fourier
Transforms can be applied to the various physical property time series to
obtain the harmonics responses in the frequency domain. Of particular merit is
the power absorption characteristic when the device is exposed to a multifrequency excitation force.
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Figure 2.14: Resonant Response of Stage 2 Device to Wave Input

In general it is found that the performance will be more closely linked to the
spectral characteristics of the device than the wave system. Figure 2.14 shows
an example of this with the wave spectrum in blue and the power output
spectra in red. During these sea states with peak periods below (a), correspond
to (b) and above (c) the natural period of the device, the spectra of the device
power output remains at its resonant period, and only the width and the
magnitude change.
This type of information is essential to the verification of the Preliminary
Device Design and establish that the device is sized appropriately for the
conditions at the proposed wave energy park. Locate any area that requires
modification to tune the WEC to the selected sea states for optimal annual
energy production.
The loads and forces measured in the Stage 2 test programme must also
provide sufficient data for the naval architects to develop the Detailed Device
Design and for a certification body to be able to approve the WEC as fit for sea
trials.
Since the next stage of development will be large scale sea trials an
engineering team should have been brought together to design the preproduction prototype and the Stage 3 device. This will be a continuation of the
preliminary design produced after the Stage 1 trials but now involving all the
components required for a fully operational device. The management team will
have the opportunity to progress a model of the device into an operational
machine.
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In addition to the same performance reports presented in Stage 1 the
output of Stage 2 should contain:
o
o
o
o
o

Verification of Stage 1 results
Detailed design drawings of the Stage 3 unit and a prototype machine
Detailed specification of the proposed power take-off
Engineering approved cost estimates of construction
Site selection criteria for the next stage of the programme

STAGE GATE CRITERIA:
Stage 2 – Design Validation stage gate requirements
• 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

KEY ELEMENTS TO SUCCESS







repeat as many trails as possible
measure as many variables as practicably possible
use a more realistic PTO simulator
Verify survivability
ALWAYS HAVE A DETAILED PLAN
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STAGE 3: Systems Validation (TRL 5-6)
Addressing the Known Knowns
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SECTION

STAGE 3: TRL 5-6

Scale: 1:3-10

TIMETABLE

BUDGET
(€,000)

TRL5: SubSystem Bench 6-12 months
Tests
TRL6: Full
1,000System Sea
6-18 months
5,000
Trials
Table 3.1: Stage 3 Format – schedule & budget

Figure 3.1: Operational Stage 3 Model
[courtesy Ocean Energy Ltd]

PRIMARY OBJECTIVES
• Test a fully operational electricity generating device
• Evaluate the complete PTO design, including the power electronics
module using a grid emulator
• Experience manufacturing and team management
• Develop deployment and recovery methods
• Investigate service and maintenance schedules
• Prepare to permits, licences, and certification applications
• Consider environmental issues
• Benign monitoring of environmental conditions
This stage represents the move from a laboratory test tank were the conditions
are controllable to a natural site were conditions have to be accepted as they
occur. This stage is introduced to reduce both the technical and financial risk that
would be required if the device development went straight from the laboratory
scale model to a full size prototype deployed at an exposed ocean location which
historically has not proven successful. It would typically be a large scale
machine in the region of scale λ=1:4, that could be tested at a benign outdoor
site.
[N.B. The waves are not benign relative to the device.]
The practical incentive for Stage 3 is that sea states are lower for operational
procedures, the test sites involve shorter boat trips using smaller cost effective
vessels and the support services required (harbours, support vessels etc) are more
readily available. The technical motivation is that it is very difficult to bench test
a device’s complete sub-systems, assemblies or components, so this approach
enables the machine to become a serviceable test rig.
An estimate of this stage’s time and budget is shown in Table 3.1 together with
an example of a physical size device at sea (Figure 3.1). The people on deck
indicate the device physical size.
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Devices in Stage 3 are fully operational electricity generating machines being
tested in realistic conditions, and so they offer the opportunity for more that just
power and technology proving. Not only can project management,
manufacturing, deployment, servicing and maintenance techniques be practiced
but also certification and insurance requirements, licensing and permitting issues
together with environmental monitoring requirements will be experienced.
Because the WEC and wave systems hydrodynamic interactions are known from
the two previous stage tests for each applied damping or control strategy it
should be possible to run sensible bench tests of scaled versions of the power
take-off system. This could be the one to be used on the full systems device. A
PTO could be tested whilst the hull is undergoing its first seaworthiness proving
trials.
Alternatively a more extensive range of control strategies could be investigated
on a standard test rig at an arbitrary, convenient size.
Due to the scaling ratios that must be applied to follow similitude laws, the
power production of a systems machine will be relatively small, in the range of
10-25kW for a 1-3MW prototype. This means there is no technical necessity to
grid connect the generator, however grid connection must be modelled in some
form.
Although only a solo WEC will be deployed for a limited period most initial site
investigation and exploration works will require consideration and
documentation of existing environmental conditions. Such activities can form the
basis for the more comprehensive EIA work required at a future stage.
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When selecting a test site for Stage 3 there are several practical requirements
that must be considered and incorporated in the planning.
As stated in Part 1, two national test centres have been established in Europe,
with a third nursery site in development and one under investigation in the
USA. These can offer a convenient location to conduct the important systems
trials. Figure 3.2 shows the Danish site and Figure 3.3 the Irish location with
two devices on station.

Figure 3.2: Nissum Bredning Test Site, Denmark

Figure 3.3: Galway Bay Test Site, Ireland

Wave Climate: probably the most important factor when selecting a large scale
Stage 3 test site are the waves that occur there. The sea states must scale
proportional to represent the full ocean conditions that the prototype will
eventually encounter. This involves adjusting both the height and period.
The height scales linearly whilst the period is a square root term. There are not
many ocean sites that accommodate both these requirements. Land locked lakes
can be considered but this may result in devices smaller than the recommended
quarter scale. Wave conditions should be verified prior to installation of the
device.

Figure 3.4: Bi-variate Scatter Diagram for Benign Test Site and scaled to Full Scale

Ideally a year based scatter diagram should be available such as shown in
Figure 3.4. This can then be compared to a full scale deployment location, such
as that from the North Atlantic. The linear ratio between the wave heights and
the square root ratio between the wave period is obtained to verify that a
particular benign site suits the open ocean requirement and at what scale.
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In the example above this would be 4 for the wave height and √4=2 for the
wave period. The validity of the procedure is shown in Figure 3.4 where the
modified benign site data is superimposed on the North Atlantic scatter
diagram. The device would therefore be scaled to one quarter of the prototype
to suit the test site. Another factor to consider is that the final scale ensures
extreme conditions are represented within an acceptable period of time, perhaps
one year.
If the proposed wave park location is in a lower energy area, such as the North
Sea, the ratios may be closer to 1:2 and 1:4 so the device would be scaled to
half the proposed prototype.
It is important to correctly scale the waves so all measured physical parameters
can be scaled up. If this is not done it is not possible to extrapolate data from the
sea trials in any meaningful way.
Services: although trials are conducted at sea Stage 3 still represents the design
development stage of a device. Access for service, maintenance and
modification is essential. As stated above these deployment stations offer the
advantage that they should be closer to shore than full size berths, due to the
reduced depth requirement, but that does not necessarily mean the type of
facilities required will also be adjacent to the site. Typically the following list
would be some of the main features required before a location should be
considered as a Stage 3 site;
• Local heavy engineering infrastructure
• Tugs or similar vessels capable of handling the device
• Sheltered port with lifting facilities
• Adjacent harbour for service and personnel transport vessels
• On shore data acquisition station
• Grid connection (not essential)
• Low tidal elevation range and currents
Health & Safety: it must always be
remembered that although Stage 3
sites are regarded as having benign
wave conditions, a storm sea, even
at quarter scale, can be a ferocious
environment to operate in. Figure
3.5 shows a systems scale device in
heavy conditions during sea trials.
Failure modes and survival
scenarios should be drawn up prior Figure 3.5: Stage 3 Device in Benign Site Storm [courtesy
to commencement of the test prog- Ocean Energy Ltd.]
ramme. These should include hull breach situations, mooring failure and power
take-off malfunction.
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Stage 3 commences with the aim of testing a complete wave energy converter
in the smallest size that still facilitates operation in the sea and the production
of electricity.
Although still principally the next stage in the engineering design procedure the
true importance of the Systems Model is that it is the last step before a large to
full scale prototype machine is built and installed in the open sea. As such it
represents the final opportunity to quickly, reasonably easily and relatively
inexpensively learn about the inevitable problems still associated with a device,
such as its manufacture operation and deployment techniques.
The importance of the possibility to gain valuable experience when combining a
multi-disciplined device and team of experts should also not be missed. This
will be the first time all the required components, from primary converter to
electrical generators and power electronics will be assembled, albeit at reduced
scale. This means that design teams can experience and develop both technical
and managerial skills to bring these tasks together. It can be noted from past
experience that if this step is neglected there has usually been a high price to pay
later.
Difficulties at this large scale inevitably become expensive and will require
heavy equipment to deal with so the fewer the snags that are exported from the
previous Stages the better.
Programme Planning: The main difference between Systems trials and the
previous two Stages is that the wave conditions are no longer controllable,
selectable or supplied on demand. This means the test schedule must be robust
and capable of accommodating sea states when they occur. At present the
recommended procedure to achieve this is to select the machine settings and
monitor the sea states until the required number of scatter diagram elements have
occurred a sufficient number of times for the results to be statistically valid and
uncertainties reduced.
This step wise procedure is particularly critical if changes have been made to the
device configuration that will make it difficult to return to the previous setting.
For repeatability setting the number of comparable records can be post processed
and if not acceptable further tests can be re-run.
This requirement can be quite critical in terms of the sea states under
investigation. If evaluation is based on the summary sea state statistics, H? & T?,
no allowance is made for the wave frequency mix at the different times, i.e. the
spectral profile. Figure 3.6 shows how the power output of a wave energy
converter can vary with respect to the spectral ordinates when the summary
values indicate the seas were identical. The histogram indicates the difference
between the power output of the target sea state (100%) as opposed to the actual
output from the device due to the various input spectra of the same statistics.
This is evident in the spectral plots which show the target spectrum (bret), input
wave (wave) and the device output power (power) for the three examples
highlighted.
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There is no simple quick solution to the problem of ensuring identical excitation
conditions for comparative testing of a device. As stated in Part 1, the only
possibility is an extended test schedule that allows sufficient time for all the
required wave systems to occur naturally.
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Figure 3.6: Influence of Wave Spectral Shape on Device Power Production

Generating system: due to the high cost of submarine cable and strict
connection requirements to a national electricity supply network the level of
power output may not justify grid connection as explained in next section. It
should also be anticipated and budgeted that breakdown will occur so, in the
absence of a quick release submersible power cable connectors, this independent
operation will also facilitate the removal of the device for repair and refit during
the test schedule. There should be no problem in dumping the small production
of electricity or simulate the network loads, another advantage over a full-scale
unit which could require huge heat exchangers to accomplish the task.
If an established test centre is used that offers a cable connection it would be
sensible to take this option since it means the electrical components can be
standard units rather than specially manufactured. Also, some grant aid is linked
to electricity production, in this case a grid connection could be justified though
even with high feed in tariffs the income from sales will be limited.
Control Strategies: all devices will have some element of control in the
electronics of the power take-off. Setting up a test programme, as described
above, will be essential to evaluate the strategies under investigation to optimize
the performance of a device across all the occurring seaways. It will also be
essential to set a bench mark against which the various options can be compared.
If practical it can be useful to deploy the device pre the operational PTO being
fitted. That is with an energy dissipating unit (applied damping) similar to the
approach used in Stages 1 & 2. This will enable an empirical comparison
between the different Stage results based on only the fundamental design
parameters of the device.
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Only limited settings need be checked, unless a significant discrepancy is
encountered.
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Figure 3.7 shows the power performance results of a device tested at the
different stages having adopted this method. Once this benchmark is established
the efficiency of the PTO can be empirically obtained to validate the time
domain simulation model of the system.
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Figure 3.7: Scaled Power Output from the Previous Stages (1-3)

Active Control: if the WEC
is to use a wave frequency
active control system it can
be advantageous to test the
components and software on
a dry test rig, similar to that
shown in Figure 3.8. The
input signal to the rig can be
the motion measurement
obtained from previous stage
tests or from the Stage 3
Figure 3.8: WEC Drive Train Test Rig
devices at sea. Once checked
on the test rig, the scenarios can be transposed to the WEC and the two sets of
results compared.
PTO Components: it is essential that all parts of the PTO system are verified
prior to deployment at sea. Providing adequate power for this purpose can be a
problem but even if only limited activation can be achieved this will still provide
valuable confirmation of the operation of the units. Each sub-system should be
run-up with the external power supply to validate operation and control
equipment.
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Two separate measuring systems are required during Stage 3 sea trials:
• system monitoring and control, including operational security
• performance parameter logging
Only the second data acquisition system is described below.
Separate autonomous data acquisition systems may be involved, such as wave,
current and tidal elevation gauges. It is important to synchronise these different
systems to agree to tolerances.
As stated previously, the WEC is unlikely to be grid connected unless there is a
specific requirement for it or the sea trials are being conducted at an established
test centre that offers this facility. Also, if the output of the converter is pumped
fluid to a shore based power take-off, the situation will be different to that
described below. An advantage of not having a submarine connection is that it
is easier to recover or move the test device. Since Stage 3 is the first time an
operational unit is under sea trials the requirement to return it to harbour should
be anticipated.
Data Acquisition: Without a connection to shore the data acquisition hardware
will be located on the hull, including primary logging and storage. This
autonomy has the advantage of security from short term data transmission fall
out but could suffer from gross loss if there is not a real time verification
method to check sensors, system operation and fidelity. A telemetry system can
be employed to overcome this threat by routinely delivering sections of the
logged files to shore. On board video is a useful tool but can cause bandwidth
problems if run continuously.
The principal guideline for data acquisition should be to install as many sensors
as possible. Using modern digital memory storage should facilitate this
approach, and enable continuous measurements of all parameters. These can be
sub-divided later to appropriate time slots required for analysis. A key concern
however is to ensure each system is time stamped so that synchronisation with
wave, current and water level measurements, which are typically measured
using separate gauges, is consistent. The test scale and time history
characteristics of the property being measured must be consulted when selecting
the acquisition specification. Ideally the set-up will be an up-scaled version of
the previous Stage 2 specification, which was related to the final full size
requirements.
Sensors: the final selection of transducers fitted to the WEC will be a bespoke
package specific to the device. There are standard guidelines that should be
implemented.
• The basic sensor configuration must reflect the primary objectives of
this stage
• The instantaneous power must be measured at each phase of the
conversion process from wave to wire
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The quality of the produced electricity must be monitored (grid
standards)
All physical parameters necessary to safely advance the design to the
prototype device stage must be included
The adjacent and concurrent wave conditions must be recorded
The lifespan of sensors on battery packs which will be independent of
the onboard PTO system, should be carefully considered due to device
inaccessibility (especially if using a cellular or satellite telemetry
system)

Wave Field: although the wave climate should have been established prior to
use of the site real-time measurements during the sea trials must be conducted.
It is probable that this will be done on a separate acquisition system so
synchronisation with device monitoring is essential.
Attention should be paid to ensure the selected
wave recorder and data rates are appropriate to
the wave conditions being monitored. i.e. scaled
in accordance to the device whilst maintaining
the requirements for accurate sea state and
spectral definition. Different types of wave
recorders can be deployed but each should
adhere to the same acquisition rate and duration.
Ideally a directional recorder (Figure 3.9) will be
deployed on a station close to and up wind of the
test berth but unaffected by the presence of the
device or local topography and bathymetry.
Figure
3.9:
Directional
Following Buoy

Surface

If active control is part of the test programme the
developer must decide on the optimal sensor
location which will be a function of the system
under investigation.
Tides: if the device in question is of deep draft,
then the influence of the local current may be of
interest. This can be studied at various depths by
an ADCP, as shown in Figure 3.10. This Figure 3.10: Acoustic Doppler Current
instrument can also be used to measure the wave Profiler
field on the surface, as a complimentary reading to the surface following buoy.
[NB: other wave and tidal sensors are available]
Power Chain: to be able to evaluate the independent conversion efficiencies
along the power chain it is important to monitor the power in each phase. This
data will also be an important feedback to the numerical models being
developed to simulate the power take-off system and its control strategies.
Duplication of sensors should be considered or a back-up option to derive any
parameter from the combination of one or more alternative sensor records.
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All the sea trial records are based on irregular wave excitation therefore the
data analysis package must reflect this requirement. It must also be multidisciplined, accommodate physical properties ranging from the water surface
profile to the electrical supply fluctuation, both in amplitude and frequencies.
The instantaneous values of device based properties can be calculated but
only a fixed duration summary of the wave energy flux is possible. This
requirement shapes the analysis techniques used.
Wave and Sea State Evaluation: only the wave height, period and directional
headings are available as an instantaneous time history for review and
comparison with the WEC results corresponding to these excitation forces. For
further insight into the cause and effect of operation of the WEC, the summary
analysis results over a selected time period of the wave data must be analysed.
The basic form of this is to produce the significant wave height and a
representative period (Te, Tp, Tz etc) that describes the hydrokinetic power in
the prevailing conditions. The device power output matching that sea state in
time can be compared to estimate the efficiencies (See Figure 3.6).
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Figure 3.11: Directional and Non-directional Variance Density Spectra

Such results however only reveal a small part of the situation. Other important
factors that will dictate the device, and in particular the PTO design, can be
derived. Criteria such as the period of wave energy flux below a minimum
threshold level, (when the machine would not be functioning), to the durations
that the energy is above survival limits, will influence the power conversion and,
more importantly, how the electricity supply is fed into the (potential) grid, or
can be quickly disconnected if required.
The water surface time history should also be spectrally analysed to investigate
the device response from the frequency perspective, as described in Stage 2. the
non-directional spectrum will give an indication of the frequency mix of the
measured sea sate, however, if possible directional measurements and analysis
should be conducted to derive the directional components of the impinging sea
states, as shown in Figure 3.11. When conducting any comparative response
analysis between the wave measurements and device responses the spatial and
temporal relationship between the two measurements must be accommodated.
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Power Matrix: a useful and convenient format to evaluate machine performance
is to create a power map that relates the converted energy to a corresponding
element of the sea state scatter diagram. Figure 3.12 shows an example of such a
chart for the maximum power output at each significant wave height and period
combination of interest.
To populate the diagram two factors are important.
• A sufficient number of elements have measured results in them to reduce
the interpolation errors required to fill the blank blocks
• A sufficient number of observations are present in each sea state element
so that a true representation is obtained. This requirement relates to the
variability in power production levels due to different spectral profiles of
the seas that can occur.
The second caveat requires a
sensitivity analysis to be performed
to establish how many readings are
required for a statistically stable
result to be generated and what the
error bands are if this number is not
achieved.
The usefulness of the method can
be improved by including not only
the average result but also the maximum and minimum values recorded and the
standard deviation of all readings observed.
Figure 3.12: Power Matrix
[courtesy Pelamis Wave Power]

This analysis technique is also sensitive to the dimensions imposed on the scatter
diagram bins. Experience indicates that half a metre in significant wave height
and one second in the period are acceptable at full scale. This statement has been
quantified by taking the average of the product of each individual record in a bin
and comparing it with the average of the number of records multiplied by the
summary statistics for that bin. The difference was not significant.
Response Amplitude Operator: although normally obtained from single
frequency trials the motion RAOs can be calculated from a pair of irregular
signal via Fourier analysis techniques. Since the ratio of the two components is
obtained by comparing the frequency responses of the individual signals it is not
important that the phase information is missing.
Operations Log: a detailed account of the activities at sea should have been kept
during the trial programme. Component failures, downtime, repair actions and
other non direct power conversion information for each sub-system should be
diligently recorded. This information can be post processed to obtain a variety of
statistics describing the device performance at sea to evaluate if the machine and
systems are fit for purpose. This is represented graphically in Figure 3.13.
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Rationale for
Test Programme
Test Programme
•
•
•
•
Sensors &
Equipment

Parts
Insurance
Services
Faults
Resource
Mooring
Electric
Hydro

Device

Location

Notes

History

Notes
Figure 3.13: Stage 3 Reporting Structure
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Figure 3.14: Mooring Analysis at TRL 5-6 Test Site
could include hull strain,
slamming, green water ingress to power take-off systems etc. An example of
such an analysis is shown in Figure 3.14. This information is essential for the
verification of the prototype design. The data can be beneficial in two ways.
Firstly to ensure the theoretical loads are high enough and that material selection
is safe. Conversely to ensure the estimates are not too conservative so the hull is
over designed and unnecessarily heavy and expensive.

[NB: this work should have begun in Stage 2]
Time domain can be used for most of this analysis to obtain maximum recorded
values and frequencies for fatigue considerations. Off-shore industrial codes can
then be used for the prototype design certification process.
Predictive Control: the analysis techniques required if active control is applied
to the PTO system will be extensive and specific to the type of control applied,
i.e. predictive, estimated etc. As such they are beyond the scope of this
document.
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A full suite of documentation should accompany the Stage 3 sea trials,
including:
o
o
o
o
o
o
o
o
o
o

Performance characteristics as a verified power matrix
Verification or design modifications required for the mooring
Systems and component reliability data
Draft service and maintenance manual
Initial environmental impact assessment
Improved economic prediction for the production of electricity
Deployment, recovery and decommissioning methodologies
Detail design drawing of the prototype device
Certification specification for review by qualified society
planning consent documents

STAGE GATE CRITERIA:
Stage 3 – Systems Validation stage gate requirements
• 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.

KEY ELEMENTS TO SUCCESS









install as many useful sensors as can be technically justified
ensure wave measurement is conducted simultaneously with device measurement
be prepared to accommodate major re-fit of key components
extend the sea trials until all identified operation combinations are covered
ensure the waves are correctly scaled
includes seasonal variation in environmental impacts/sensitivities
ALWAYS HAVE A DETAILED TEST PLAN
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STAGE 4: Device Validation: (TRL 7-8)
Addressing the Knowns
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Device Validation:
SECTION
TRL7: Solo Prototype,

STAGE 4: TRL 7-8

Scale: 1:1-2 (Power rating)

TIMETABLE

BUDGET
(€M)

6-12 months

10-15

1-5 years

>10

Sheltered Site
TRL8: Solo Prototype,
Exposed Site
Table 4.1: Stage 4 Format – schedule & budget

Figure 4.1: Full Scale Operational Device
[courtesy Teamwork Technology BV]

PRIMARY OBJECTIVES
• Validate the electrical power production, including power quality
• Test the PTO control strategies, including grid disconnection on
demand
• Prove the engineering in all systems (inc corrosion effects)
• Confirm the production design, build schedule and materials
selection
• Establish and demonstrate the deployment and recovery techniques
(heavy engineering)
• Full decommissioning strategies will now be required
• Monitor the service and maintenance requirements (record failure
rates)
• Estimate the economics (based on bespoke manufacture costs)
• Carry out environmental impact studies (including Appropriate
Assessment where necessary)
• Device array studies at Stage 1 & 2 scale should commence
Prototype scale testing commences in Stage 4. The importance of these sea trials
can not be over stated since they must progress the device from a pre-production
to a pre-commercial machine. As shown in Table 4.1 prototypes would be
expected to be at, or close to, a full size but are still a solo machine. It can also
be seen that both the required budget and duration increase significantly in line
with the shear scale of operations. This can be seen by the device in Figure 4.1
were offshore operations are now very serious activities.
It is not possible in this short brief to describe all the requirements necessary for
proving the device at this stage since it involves full systems engineering
processes to verify the completed device as fit-for purpose, under all technical
departments. These would range from the overall design to individual component
suitability, through to electrical production and quality of supply. Effectively the
machine has to satisfy the complex ‘wave-to-wire’ performance requirements
WECs must achieve if they are to be commercially successful. However, it
should not be expected that a bespoke single unit could ever repay the project
cost, therefore final economic potential must still be a (confident) estimate.
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Even these full size prototype devices need not initially be connected to a
national distribution network. However, to prevent redundant engineering, the
device must be electrically connected to a grid emulation system. Eventually, at
this stage, the simulation pack must be removed and the WEC grid connected.
It would be recommended that an established test centre should be used to
conduct initial proving trials once these establishments expand with supply and
support services. This should reduce the challenges facing unproven heavy
engineering operations at sea as well as alleviating permitting, licensing and
conflicts with other ocean use issues.
It is expected that during Stage 4, as the device may not be grid connected, it can
be deployed at a sheltered full scale location. This will improve accessibility
during the initial deployment process and gradually bring components up to
operational range.
Established centres should offer easier grid connection that includes performance
monitoring instrumentation. Use of the centres could also satisfy the requirement
for an independent reviewer to oversee and validate the data collection
methodology. It is anticipated that service vessels and support industries will set
up in these areas and quickly gain important experience in their fields, which
device developers should then benefit from.
In the extended Stage 4 site trials, the device is now grid connected at an
exposed full scale site. This location may be the intended wave park site.
Environmental impact issues can begin to be addressed, and will be essential
during these sea trial programmes. Depending on whether the chosen
deployment site is a recognised test centre or an ad hoc deployment site, the
environmental impact implications may be different between countries.
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Full scale sea trials will probably be conducted at an established centre or
a location close, and similar in wave conditions, to a proposed generating
park site. Local device fabrication facilities may not be essential since solo
prototype machines can be transported in.
Sea Trial Test Centre: As described in Part 1 several countries, particularly in
Europe and the USA, have attempted to support their indigenous wave energy
industry by creating open water test centre for full size prototype device
deployment. Each country offers slightly different facilities but in general the
raison d’être is to make it technically and financially easier for companies to
undertake the extensive, expensive Stage 4 development programmes. The
following list outlines the principle requirements of a test centre:
• Correct met-ocean conditions (wave climate, water depth, low current,
no ice etc) for both types of sites
• Electrical grid connection and sub-station
• Adjacent wave monitoring equipment (more than one sensor)
• Convenient connection mooring berths
• On-shore data receiving facility with internet connections
• Local launch, recovery & facilitating harbour with service vessels
• Suitable travel and communication infrastructure
• Experienced engineering yards with mobile operating capability
• Agreed simplified licensing and consenting regime
• Agreed procedures for environmental monitoring
• Agreeable berth leasing charges, personnel fees, equipment hire, etc.

Figure 4.3: Example of a Prototype Test Facility, EMEC, Scotland

With a series of test centres established it could become customary to use more
than one during a device’s passage from pre-production through to precommercial. Such action may be required to satisfy future clients of the product
that the published performance figures for the WEC are inter-site portable. The
option may also be utilised by the developer to enable testing to begin in
moderate conditions before transferring a device to a more severe wave climate.
The decision as to whether the same machine can be transported between sites
will be a practical and economic one decided by the company, having evaluated
towing/carriage costs against manufacturing a new unit.
55

Device Validation

STAGE 4: TRL 7-8

Ad Hoc Test Stations: until the national and private test sites are fully
operational, product developers may prefer to conduct proving trials at sites
close to a proposed wave farm project location or off their own country’s coast.
Besides possessing most of the criteria listed above the location must offer an
electricity grid passing close to the submarine cable landfall or use a grid
emulator alongside. For a solo device this will probably be a low voltage
distribution network connection.
A serious consideration for the selection of a non-established site is how to
obtain sufficient historical wave data to classify the site, particularly from an
operational safety and survival perspective. The overall wave climate is
required to probabilistically estimate the deployment, recovery, service and
maintenance weather and seaway windows.
Licensing, permissions, environmental impact assessments and engagement
with local stakeholder groups must all be addressed prior to installation of the
cable and device. It is probable that unfamiliarity with OE developments will
necessitate much more investment of time and resources into public
engagement and outreach activities. This could lead to longer lead times than
may be required at a test centre.
A local nursery site with low to moderate wave conditions where the WEC
behaviour can be safely experienced by the operators should be considered.
This reduced wave climate zone will be particularly useful for establishing
emergency control strategies, which will initially be conservative.
A site close to an offshore breakwater may be ideal in providing a sheltered inwater routine maintenance and re-fit berth.
Grid Emulator: If a grid connection is not possible or available at this time, the
effects of such an exercise can be modelled electronically by a system with
similar voltage, frequency, import and export capacity and impedance as
expected when grid connected. The grid emulator package will have the
following characteristics:
• the connection voltage and frequency must be at similar levels to those
for which the device is designed to operate when connected to an
electricity network.
• loading capacity must be at least as high as the device peak electrical
output
• import capacity must be at least as high as is required by the device
under normal operation
• the impedance presented to the device must be within the range
expected when grid connected.

56

Device Validation

STAGE 4: TRL 7-8

If devices performed to expectation only power monitoring and systems safety
surveillance programmes would be required. This is unlikely to be the case in
the early stages so a sea trial plan that can accommodate improvisation and
rapid adjustment is essential.

Both phases of Stage 4 should be about proving the device rather than
testing sub-systems. The functionality of the WEC ought to have been fully
investigated in Stage 3 so TRL 7 is used to demonstrate the integrity and
viability of the combined systems in a full size machine. The extended
duration TRL 8 will then support these findings with component reliability
and longevity data. The latter will be achieved by deploying the device at a
selected test station(s) exhibiting seaways realistic to the specified design
criteria. The duration of the sea trials will be a variable, depending on the
stage of transition of the machine from the pre-production device to the precommercial version. Routine returns to shore, or sheltered anchorage, for
routine inspection, re-fit or maintenance should be programmed into both
the technical and budgetary plan. This service schedule may not be possible
for fixed and bottom mounted WECs when strategic planning to comply
with these on going activities must be considered in even greater detail
before deployment/installation.

Land Operations: prior to the
launch of the device extensive tests
on the power take-off and control
should be conducted. The various
sub-systems can be investigated
independently to ensure fidelity to
the design parameters. If possible
the secondary conversion system
(i.e. air turbine, hydraulics, linear Figure 4.4: Oyster onshore test rig
[courtesy Aquamarine Ltd]
generator) should be driven by an
extreme actuation system, if such an operation is feasible. Actuation to full
power levels may be limited for large (>500kW) machines but fundamentals
can still be verified at lower power levels.
Sea Operation (TRL 7): an important requirement of Stage 4 is to gain
operational experience of the WEC, not only with regards to optimising
power production but also in respect to control of the machine when in
survival or failure modes. Initial deployment in a moderate wave climate
could be considered, or at least one not so severe as where the actual
generating park may be located.
This option is made more possible if connected to a fully certified electricity
grid emulation system is utilised rather than an actual network. This would
negate the requirement of a subsea cable for exporting the energy and open
up more nursery sites.
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Other location requirements can be considered such as;
• Proximity of device service port
• Proximity of personnel service harbour
• Support infrastructure
• Availability of archive wave data
• Accessibility from land
Alternatively an established test centre located in a moderate wave climate
could be the first port of call.
As recommended in Stage 3, the Stage 4 device should be extensively fitted out
with sensors to include all parameters of interest with back-ups for the essential
measurements. It should be expected, therefore, that numerous small problems
with the machine will be encountered at the beginning of Stage 4. Being located
at a more accessible station will prove beneficial in sorting these niggle factors
out during shakedown.
A full installation and recovery risk analysis for all operations at sea will have
been drawn up during the planning stage, including health & safety
considerations. These should now be practiced, adjusted as required and finally
verified prior to commencement of the open ocean deployment at the exposed
site.
Although the sea area selected initially for Stage 4 (TRL7) will not facilitate
storm survival and performance results the sea state scatter diagram should
cover the elements required for key performance of the device to be established.
The monitoring programme should be designed to enable these scatter diagram
boxes to be extensively populated over the periods of deployment. A sensitivity
table can be produced relating the number of readings to the uncertainty this
produces in the results.
During device shakedown all measured data should be instantly available to the
operator for safety reasons. The system control data can be status reporting
whilst the operational records should be full time histories from all sensors.
This should always include an off-station warning for moored WECs.
Ocean Operation (TRL 8): when sufficient experience and operational results
have been obtained in early Stage 4 trials, the WEC can be deployed in a more
exposed energetic open ocean site. This can involve the transportation of the refitted pre-production machine or a new pre-commercial device. The decision
will depend on the number of modifications that have been, or require to be,
made and the cost of the transportation between sites relative to the price of
manufacture.
The technical risks by this stage should be minimal so autonomous operation
will be expected and recovery intervals can be extended relative to the
experiences gained at the sheltered location. Telemetry of all on-board
monitoring files is essential if operator intervention is still required otherwise
summary and status messages may suffice, but the approach should still be
cautious rather than expeditious.
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Although the principal purpose of Stage 4 is to verify the life-cycle suitability
of components and sub-assemblies and populate the higher energy power
matrix elements some original activity is required. Verification of survival
control scenarios are experienced for the first time as are maximum load
conditions, such as in mooring lines. The use of on-board video can be
beneficial to observe the device behavior in storm seas.
Environmental Issues: these can be considered during both sections of Stage 4
sea trails. Obviously no long term effect will be obtained from early trials but
baseline, installation and recovery effects on the local flora and fauna can be
studied in the benthic and pelagic zone. On-going monitoring at the exposed
site will begin to indicate if there may be changes expected in the established
indigenous wildlife due to the device. Where testing takes place outside
existing national test sites, additional effort and consideration must be given to
other ocean uses such as fisheries, recreation, etc.
While such issues will be addressed in the EIA it is recommended that
developers engage with existing stakeholders and the local population at the
earliest possible stage. This can be achieved through participation in local
coastal management for a where these exist or indeed through the normal
planning process.
Array Interactions: if third party studies have not furnished sufficiently
detailed generic recommendations for wave park layout and device spacing,
specific tests should be conducted in Stage 4 in preparation for Stage 5
activities.
This work should be conducted at Stage 1 or 2 scales as appropriate. Stage 1
trials will be to investigate the interaction of the device motion. Stage 2 trials
will primarily be concerned with control strategies to optimise this interaction.
Large basins can be used for
design scale model array
interaction trials. This will
be an extension of array
trials conducted in Stage 1
and include the ability to
control each device in the
array. There are several
advantages to conducting
this work in the controlled
environment of a hydraulics
laboratory. Both wave and
motion records pre and post
Figure 4.5: Array Testing at Stage 2 [courtesy SuperGen Marine]
the array can be easily
measured to furnish the data required for full analysis of the interaction
phenomena. Spacing, layouts and the number of devices will also reasonably
easily varied to optimise each of these parameters.
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Early prototype machines should be extensively instrumented, including
duplicate and redundant sensors and dual data acquisition systems. Active
operational communication should be on a separate SCADA (supervisory
control and data acquisition) system to the measurement and monitoring
system. The mantra should be:

The cost of losing data can be more expensive
than the price of obtaining it.
Duplication & Redundancy: although the cost of obtaining data during
operation is high the price for not monitoring all variables will be higher. Past
experience has shown that even following extended sea trials of devices the
amount of usable information, when all sensors were operational in the wave
conditions and device configuration required can be limited. A measuring
campaign that still leaves important decisions to extrapolation and
guesstimation cannot be regarded as successful.
The two recommended solutions to this problem are to employ duplication of
essential sensors such that the risk of failure and loss of recording is
minimised. This approach is particularly useful were replacement and renewal
of the transducers is not possible at sea or without a major re-fit. The less
expensive approach is to adopt redundancy in the system such that
indispensible physical properties can be (accurately) derived from other
independently measured parameters. As with duplication, the threat of losing
both sensors is considerably reduced.
Instruments should be located where they can be easily calibrated and replaced
during routine maintenance. Particular attention to positioning will be required
if the exchange operation is to be performed at sea.
Wave Data: close proximity directional wave records should be regarded as
essential during proving sea trials (TRL 7) and important during the endurance
phase (TRL 8). The monitoring instrument should be capable of measuring the
water surface time history, from which all other required summary wave data
can be obtained. The criteria for recording this physical property can vary,
depending on specific requirements such as predictive forecasting for control.
The basic requirements can be taken as;
• Acquisition rate: > 1-2Hz
• Record duration: > 20min < 30min
• Record frequency: i) continuous
ii) every hour
iii) every 3 hours
If the location of the wave gauge is flexible it should be deployed upstream of the primary wave approach direction and the shortest distance
from the devise to avoid contamination from perturbations caused by the
hull motions. The wave conditions must be available in (quasi) real time to
facilitate operator tuning or control decisions based on sea state
requirements.
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Device Monitoring: the complete list of the sensor pack that will be required
on any particular type of device will be a bespoke decision made by the
developer. There are, however, generic recommendations that should be
accommodated. Besides the fundamental guidance of monitoring as many
useful physical properties as practically possible, the following conditions
should be considered:
• All phases of the energy flux conversion should be monitored
• Sub-systems requiring design verification should be instrumented
• Critical actions and responses should be recorded and logged
• Parameters required for decision making must be recorded
• Vital parameters should have duel monitoring systems
• Sub-systems that are likely to experience more significant reliability
issues should be instrumented
Data Acquisition, Telemetry and Logging: the number of recording channels
and bandwidth available to the selected telemetry system will dictate some
aspects of the logging and transmission protocol. For security it is advisable to
log all raw variables on-board, even when they are also immediately
transmitted to the shore station. Error states should be coded so that the source
of the error can be quickly identified.
The on-board SCADA/PLC (Programmable Logic Controller) system that is
autonomously controlling the electro-mechanical parts of the power take-off
can be set to record all events to the on-board logger and transmit the status
marker to shore.
The operational parameter recording system can file all data on board but also
transmit the full time series during TRL 7 and the summary statistics during
TRL 8. Since sea trials can be conducted a few or several nautical miles off the
coast the telemetry system must be selected based on the distance
requirements. If power is tapped off the generation system there should not be
problems with battery life but emergency back-up should still be incorporated
in the circuitry.
Digital video cameras are useful additions to the instrument pack but are
bandwidth consuming appliances when streamed to shore. The picture quality
can be reduced or time laps photography, rather than continuous recording, can
be employed to reduce the overhead. They may also be placed on a separate
transmission system for data safety.
Extreme emergency events, such as drifting off station, power take-off
malfunction, grid loss, hull breach or survival mode failure, etc should all be
on a priority warning circuit.
Environmental Monitoring: even though these TRLs involve only a solo
machine that will have limited environmental impact the principles governing
the physical and biological effects should be monitored. Baseline data prior to
instillation is an important part of the early monitoring procedure. A full
monitoring methodology should be agreed with the relevant authorities and
concerned stakeholder groups. Early pro-action rather than reactive action in
this requirement will be beneficial.
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As in the previous Stages a high degree of signal processing is required to
interpret the technical aspect of these sea trials. Observational logs are also an
important aspect of the programme, particularly the initial sheltered water
proving trials. These will include analysis techniques to unravel the automated
operational status files generated by the SCADA/PLC.
Both time domain and frequency domain analysis techniques are required to
investigate and summarise the data from the two phases of sea trials. A
particularly important aspect that must be accommodated is to produce empirical
results that can be used to calibrate and validate the electrical system simulation
packages and the economic business plan of the company.
Test Programme: the excitation forces will again have been produced by the
uncontrolled irregular seas that occur naturally at the test site. The duration of the
sea trials should have been gauged on ensuring sufficient data has been collected
to represent a statistically significant selection of the reference sea state scatter
diagram and that each seaway (Hs – Te) combination of interest is sufficiently
populated for each device configuration setting of interest. This will result in
many independent power matrices based on each device configuration from
which the optimal control settings for all sea states can be selected. The annual
power production for the solo device can then be calculated and that of a
generating park of multiple units deduced.
One difficulty that must be accommodated during detailed analysis, particularly
in the time domain, is that the wave measurements and device responses can not
be exactly synchronised because of the spatial separation between the two units.
So, even when the two logging clocks are concurrent there will be a delay before
the waves at the buoy appear at the device, at which time there may be a slight
change in the water surface time series due to the multi-frequency mix of a real
seaway. This means full matching from the time history is complex.
Exported Power: as specified in IV: Measurements, the power conversion should
be monitored at each phase of the processes, particularly in the TRL 7
programme which will be investigating the efficiencies of the complete power
train to ensure the various components are matched and performing as predicted.
For the purposes of evaluating the devices economic potential the export power
should be the net value obtained at the output terminals when the device is
connected at network AC voltage and frequency.
In TRL 7 the continuous time series should be recorded in sets equivalent to the
duration of the seaway files (>20<30 minutes). In TRL 8 this may be reduced to
the summary values of average, maximum, minimum and standard deviation over
the same period.
[NB. Some correction due to cable losses etc may be required if power
measurement takes place onshore rather than onboard].
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The power matrices can be generated from this data for each of the variables
as shown in Figure 4.5 and the same statistics repeated for the whole
population. The power matrices should continually be up-dated as more
recordings are obtained.
The
power
matrix
approach is not an agreed
or justified standard at
this
time
and,
as
described in Stage 3,
there are other summary
approaches such as the
power curves that can
furnish
useful
information
and
comparisons. The IEC
Figure 4.5 Power Matrices for One Device/Power Take-Off TC114 has a project team
Configuration [courtesy Pelamis Wave Power Ltd]
reviewing this aspect of
defining WEC performance. Once they have reported on the matter their
recommendation will become the approach to adopt for 3rd party review.
Annual Energy Productivity: the final set of power matrix will be a
compilation of all the measurements based on the optimal settings for each
element of the scatter diagram, that is all sea states. A single element will be
the average of all the power values appropriate to that sea state.
The annual power productivity is generated by convoluting the optimised
average power matrix with a year long collation of occurring sea states at, or
close to, the device deployment.
If this process is to be utilised to predict the performance at any sea area of
interest a sensitivity review of the similarity of the spectral profile at an
alternative site is necessary.
Because the power matrix scatter diagram method is based on a selected bin
approach there are arguments that it introduces unnecessary errors by that
required averaging. An alternative under review in the IEC TC114 is to sum the
product of each individual sea state and a weighted device power matrix value.
Uncertainty: there are several degrees of uncertainty involved in this
procedure which must be qualified and accounted for:
• Each power matrix element should be populated with as many records
as possible to reduce any spectral shape bias
• If a widespread of readings are obtained a technical explanation must
be sought. This may be a function of the wave systems frequency mix.
• Population sensitivity estimates should be produced for each power
matrix element and when found to be too wide more records should be
obtained. This is particularly applicable to TRL 8 and the higher energy
seas
• Each power matrix variable should be consulted when evaluation the
uncertainty of the results
• Initial assessment of power quality should be conducted (pre-array)

63

Device Validation

STAGE 4: TRL 7-8

The reporting at the conclusion of Stage 4 will be divided into two parts;
• Commercially sensitive material for internal consumption
• Publicly available reports required to promote the device
The decision on what information will be in which section will be up to
the company.
Typical documents that should be reviewed are:
• Sea trial log of what proving trials were achieved
• Full power matrix with data including estimates of uncertainty
• Operational and service log of all events requiring intervention
• Design modification identified during the sea trials
• Successful control strategies to optimise performance
• Successful survival scenarios, including re-tuning options
• Deployment and recovery manual for installation and maintenance
operation
• Estimated device production costs and electricity generation price
• Environmental Impact Assessment documentation

STAGE GATE CRITERIA:
Stage 4 –Device Validation stage gate requirements
• 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

KEY ELEMENTS TO SUCCESS







extend the sea trials until sufficient data is available
ensure convenient support infrastructure is available
measure the wave field in more than one location
ensure sufficient Cash Reserve are available for unexpected events or delays
ALWAYS HAVE A DETAILED TEST PLAN
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STAGE 5: Economics Validation: (TRL 9)
Addressing the Future
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Economics Validation:

STAGE 5: TRL 9

Multiple Full Scale Devices (3-5)

SECTION

TIMETABLE

BUDGET
(€M)

TRL9: Multi-Device
Array, Exposed
Ocean Site

1-5 years

10-25

Table 5.1: Stage 5 Format – schedule & budget

Figure 5.1: Operational Array
[courtesy Pelamis Wave Power Ltd]

PRIMARY OBJECTIVES
• Verify the multi-device park configuration interactions
• Validate power conditioning equipment associated with array output
aggregation
• Subsea cable installation, interconnectors and substation construction
• Quantification and qualification of power supply quality to the grid
• Investigate electrical control interaction
• Precise proof of economic feasibility
• Establish component lifecycle, maintenance and service operations
• Consenting, licensing, permits, certification, insurance health & safety
aspects
• Multiple device/wave park environmental impact assessment
• Marine growth & corrosion monitoring
• De-risked business plan
• Early engagement with stakeholders
• Navigational risk assessment
Stage 5 is the final step toward proving the viability of a WEC as a commercial
product. When a device successfully completes the rigorous technical sea trails
of Stage 4 the solo pre-production converter should have evolved into a precommercial machine ready for economic demonstration. By this stage matters
have advanced to project rather than product development and will involve
groups specialising in this type of investment, especially utilities, energy
companies and offshore engineering consultants. Even government and public
body support that has enabled products to match this stage will have
proportionately reduced.
For the first time a number of devices will be deployed on station at the chosen
location, an aspect of the development that will introduce new challenges to the
device team. The technical risks in this stage should be contained since it mainly
involves combining several machines that have already been proven. However,
although the likelihood of major failures is reduced, the consequence of
breakdowns can be considerable. FMECA (Failure Mode, Effects and
Criticality Analysis) should be re-run with respect to multiple device arrays.
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The financial risks are less certain
since it is the economic prospects
that are under review. The
campaign to secure the high level
of investment required for this
stage will only be assuaged by
successful results from the previous
stages and if devices produce
power to the expected levels. This
decision should have been one of
the primary stage gate criterion at
the conclusion of Stage 4.

STAGE 5: TRL 9

Figure 5.2: Subsea Electrical Cables
[courtesy EMEC]

Economic predictors suggest that ocean energy parks will only become
commercially viable when large arrays of devices (50-100MW) are deployed.
However, the purpose of this stage is to test a small groups of WECs that, if
successful, can be expanded into fully commercial electricity generating stations.
The project, therefore, may not be fully economically viable in itself but the data
generated during the extended deployment should provide compelling evidence
as to whether the park can be expanded into a commercial electricity generating
station.
Besides the fiscal accounting an important aspect of stage 5 will involve the
environmental impact evaluations. At present the governing legislation is rather
ad hoc, adapting and adopting policies developed for other industries. This
means there is a need for early and strong consultation with appropriate
regulators (i.e. environment agencies, planning authorities etc.) which will lead
to a best practice approach for industry. Particular emphasis should be placed on
the cumulative impacts of a number of devices.
Many of these may prove inappropriate and Draconian measures, such as
whether a WEC will be regarded as a manned or unmanned vessel by the
certification and insurance community. Early re-evaluation will be important.
Obviously a small 3-5 machine array will not have the same impact as a full
(circa) 100 device park, both with respect to influences on the physical processes
or the biological footprint, but well considered and executed monitoring
programmes, involving experts from the correct disciplines, will provide baseline
information that can be extrapolated and give confidence to stakeholders.
Environmental effects on the machines must also be carefully monitored,
especially marine growth and corrosion issues and the influence of this on power
production.
Decommissioning of machines should be considered in the EIA and any
environmental management plan for the site/project.
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STAGE 5: TRL 9

A primary factor dictating where Stage 5 proving trials can be conducted will
be the capacity of the submarine cable and the landfall grid connection
specification. If a dedicated sea area is selected these requirements will be
programmed into the plan. If an established test centre is to be used the
selection is limited to only a few options.
There is only one site dedicated to pre-commercial sea trails for small array
testing at present, the Wavehub in Cornwall, England, which should be
operational in 2012-13. However, there are other test centres available with high
capacity subsea cables and a robust grid connection, such as the Spanish
BIMEP, the Portuguese’s Pilot Zone, the Irish WEC etc where it may be suitable
for the deployment of a cluster of devices and where device interaction
investigation can take place.
Construction/Assemble Facilities: if only a small number of devices are to be
deployed, circa 3-5, or each WEC has only a limited power rating, then it may
still be practical to transport the machines from a distant fabrication yard to a
convenient assembly quayside.
This local re-grouping facility
will be an essential requirement
for all array proving sites. Long
sea journeys from the service
port to the deployment site
should be avoided, especially if
towing of large devices is
involved. In the early stages of
the industry’s development it
should be expected that the
Figure 5.3: Device array in Dock before deployment
onshore and safe anchorage
[courtesy Pelamis Wave Power Ltd]
facilities may require upgrading and expansion investment.
Support Infrastructure: if the project plan is to expand the array into a
dedicated electricity producing power station more extensive on-shore facilities
will be required with consequent additional planning consent requirements (and
possibly additional EIA requirements. In this scenario a local construction yard
that can fabricate the large heavy sections of the WEC (i.e. hull, mooring,
anchorage etc) would prove valuable. High technology components, such as the
primary conversion power take-off, secondary conversion generator and the
control and power electronic equipment can be imported and fitted out at the
support shipyard.
The requirement will be for reliable, high quality heavy engineering and
associated quayside and water based skills. Support vessels and service craft will
be an essential requirement that would be better berthed in the vicinity of the
wave park since emergency action may be required for fast response times.
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STAGE 5: TRL 9

Figure 5.4: Oyster in ship yard and being deployed on site [courtesy Aquamarine Ltd]

The failure mode scenarios will have been tried and tested in Stage 4 and should
have evolved to allow a damaged device to remain safely at sea until it can be
serviced or returned for repair. It would be financially punitive to have these
ships on stand by for long periods of time as, until a complete park is installed,
there could be limited use for them on a daily basis.
Electrical Substation: A dedicated substation will be required at this stage to
facilitate grid connection of the device array. The grid operators will impose
strict quality control measures on the electricity supplied, so this will need to be
monitored and managed effectively. It is probable that a partner will be the
national utility which should make conforming to these requirements
considerably easier. Cable landfall planning applications and permissions,
including EIA, will of course be required. In many countries the time to obtain
these permits depends on the capacity of the electrical cable and duration of
installation.
If the device pumps a fluid ashore, such as pressurised water, then a reservoir
and power plant will be required in addition to grid connections. Permitting for
this approach may take longer.
Wave Monitoring: at the limited number of machines phase the adjacent sea
conditions will still require monitoring to evaluate the array performance. The
ocean surface footprint of 3-5 machines will not be extensive so a single wave
gauge may suffice though more would be recommended for redundancy. In
order to appreciate the array interaction mechanism and effect it will be
necessary that a directional type of wave recorded is used. If predictive control
is utilised, the control strategy employed will to some extent dictate the location
and type of wave measuring instrumentation used.
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Array interaction studies should have been performed in the previous TRL, at
the Design Model Stage 2 scale when models are large enough to
accommodate the equipment and instrumentation required to control the
devices. The results must now be confirmed at full scale in the uncontrolled
conditions found in the open ocean.
The two main technical considerations in Stage 5 are:
• Multiple device physical interactions through the support medium
• Multiple electricity source aggregation through interconnection
and/or power conditioning
It is important to establish if either, or both, of these effects produce a result that
is greater than the individual parts, or at worst, no less.
The array layout will have been investigated during Stage 2 at both the Concept
and Design models as shown in Figure 5.5. The interactions for both control and
unrestricted devices will be known and the optimal spacing and configuration
fixed.
Array Interactions: obtaining accurate motion data from the individual full size
unit that can be used to establish the degree of communication between them
will be a difficult task. This is because the excitation force causing that motion
is constantly varying, both spatially and temporally, so each device will
naturally be receiving a slightly different diffraction force time series. There is,
therefore, no baseline to operate from in the time domain. The alternative is to
use the summary integrated statistics obtained from the harmonic analysis of the
time histories since the results should be more stable in the frequency domain.
It would be anticipated
that the array is located
within the imaginary
boundary of the spatial
homogeneity of a single
wave system, traditionally
referenced as at least
several kilometres. The
Figure 5.5: Wave Park [courtesy Pelamis Wave Power Ltd]
wave front energy flux impinging on each device should, therefore, be the same.
Under these restraints the power output from each device should be similar
therefore these can be compared to infer the influence of the near neighbours.
Intelligent Power Electronics: the raw energy output from a single WEC will
inevitably be an unsteady supply since the input flux is also irregular.
Mechanical inertial storage, hydraulic accumulators and the electrical storage in
combination with power electronic converters can all be used to smooth this
supply but with power spikes expected to be in the ration of 4 between the
maxima and mean it will be a challenge to produce network quality output.
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The supply from each device will exhibit these irregularities but the phase
between the peaks and troughs will be different. The anticipation, therefore, is
that when combining this naturally varying output, the signals will be naturally
filtered of the extremes and require less suppression to comply with network
regulations. An example is shown in Figure 5.6 which shows the individual
power signals on top and the accumulated power to the grid on the bottom.
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Figure 5.6: Superposition of 5 Irregular Signals

Routine O&M with Health & Safety: the proving trials of Stage 4 will have
produced operational, maintenance and service manuals that can now be
verified, or modified as required to accommodate multiple device installations.
These documents should be up-dated continually as the park capacity expands
and economies of scale begin to appear. Health and safety consideration will be
paramount during this time as best practices are established and introduced into
the international arena to encourage the development of the wave energy
industry.
Failure
rates
and
breakdown should be
rigorously logged into
standard presentation
forms especially if the
device design has been
modified. It is possible
that different variants of
the WEC will be
deployed in the initial
limited device array so
comparisons between
the models can be
made.
Even
more
Figure 5.7: Onboard O&M [courtesy Wavebob Ltd]
careful recording and
analysis will be required in this instance.
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Environmental Issues:
the impact of the devices
on the environment and
the environment on the
devices
should
be
dutifully
monitored,
again especially if the
park
expands
in
capacity.
Existing
legislative measures can
be tested (and modified
if found not to be
Figure 5.8: Influence on wave measurement [courtesy NDBC]
adequate).
It is important, therefore, that the project developers keep close repute with the
regulators, informing them of problems and difficulties that arise during the sea
trials. External activities in this field will undoubtedly be underway so
communications with the conservation community should be actively
maintained on a shared exchange of data and information. Initially unforeseen
problems may be pre-empted by local knowledge, such as the example shown
in Figure 5.8. Such scenarios can be mitigated through dialogue exchange with
local interest groups.
Financing: this document has concentrated on the technical aspects of
developing wave energy devices. However, by Stage 5 a major issue, already
highlighted as a non-technical barrier, is the comprehensive funding that is
required to move into the demonstration phase of the development schedule.
This requirement should be expected to stay active throughout the lifetime of a
particular proving trial project and companies should safeguard themselves
against insufficient financing, or even cash flow problems, damaging an
otherwise promising enterprise.
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Like wind turbines wave energy converters will be fitted with numerous
warning sensors and status transducers. These will be monitored and
recorded continuously. For the purposes of the Stage 5 evaluation, specific
measurements will be made to quantify the power performance, together with
detailed monitoring of the availability, capacity factor and maintainability of
an array of WECs.
Array Interaction: it will not be easy to accurately monitor the interaction of
the various devices in the uncontrolled open ocean environment. Separating the
incident, reflected and radiated wave components of the wave system or
measuring them independently will be challenging. It is probable that a semiempirical solution will be required in which the combined wave fields are
measured and the radiated wave is inferred from the devices body motion. The
algorithms and codes can be checked deterministically during a period of swell
dominated sea were the conditions are quasi monochromatic, or at least very
narrow banded.
Alternatively a stochastic approach can be adopted and the array effect derived
from comparison of the different device power outputs. No additional
measurements other than already required to monitor this parameter are needed.
Exported Power: it is recommended that the power supplied to the grid should
be monitored from one machine and the combination of all units. The electrical
supply should be monitored on each solo device post the power conditioning
hardware. It should also be recorded post all the supplies being aggregated
through the transformer to establish if there is any natural smoothing of the
independent device irregular supply, or indeed if the combined supply exhibits
worse characteristics pre-export to the grid. If the latter is the case it is
anticipated some losses must be incurred to clean up the supply via a second
power conditioning system.
Environmental: although there are no recognised standards in place, ideally the
EIA monitoring programme should begin a minimum of 12 months before
device deployment, so that a baseline study of the existing environmental
conditions can be achieved. The monitoring requirements for any impact
assessment studies will vary from country to country and should be
programmed to be on-going for a considerable period of the proving trials. It
should be anticipated that these requirements may even restrict early activity or
the number of devices that can initially be deployed. It should certainly be
expected that the intensity of monitoring will increase as the number of devices
deployed in the park expands.
This may be particularly applicable to the physical environment and the
downstream effects that removing the energy from the wave field has on the
adjacent shoreline.
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The measurement regimes required for these studies have not yet been
identified on a widespread, common basis.
Life Cycle Analysis: critical components and assemblies should be
automatically monitored and the system should include warning indicators that
will ideally predict failure prior to the actual event. Other less vital components
can be recorded by visual inspection during routine service or maintenance
activity. As with all logging requirements the important element is that a
standard reporting method is introduced at the beginning of operations and
continued throughout sea trials.
Wave Prediction & Power Forecasting: modern 3rd generation wave prediction
models are now regarded as extremely accurate at uncomplicated bathymetries’
and exposed sites in moderately deep (50-200m) water. Since the sale of
electricity into the energy market is based on short term offers the prospect of
utilising the sea state forecasts at the site should be investigated. A convenient
adjacent forecasting model grid node should be selected and the wave model
output for this station routinely obtained. This output is usually on a 6 hour
basis with up to 7 day forecasts per output. The theoretical seaways can be
compared against the measured waves and the robustness of the methodology
evaluated, as shown in Figure 5.9.
The upper time trace
shows that at the
investigated station
very
accurate
forecasts
are
predicted up to 48
hours in advance.
This predictability
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22 Jan 05
29 Jan 05
of the resource will
be advantageous to
WaveBuoy
Buoyweather +24hr
Buoyweather +48hr
Buoyweather +1week
network operators.
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4
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Figure 5.9: Measured and Predicted Summary Statistics [courtesy Met Eireann
7 days warning.
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Such information will be vital to the wave park operator for service and
maintenance operations.
+1Hr

+13hr

+25hr

+47hr

Sig. Wave Height [m]

Sig. Wave Height [m]

WaveBuoy

14
13
12
11
10
9
8
7
6
5
4
3
2
1
0
01 Jan 05

74

Economics Validation

STAGE 5: TRL 9

A primary analysis during Stage 5 sea trials will be the economics of
operation and consequently the price of electricity production. At present no
standard economic model exists on which to estimate a project and it is
anticipated the wave park development team would have its own system of
evaluating the financial viability. This aspect is, therefore, not addressed in
this document.
The two main technical aspects considering the array factors will require careful
analysis to offer insight into the physical and electrical interactions of a multiple
device wave park.
Device Interaction: the simple solution to the analysis of this effect is to
monitor the output of each device and compare them together. Since the spatial
coverage will be relatively small compared to the size of the wave system it
could be expected that each device would perform similarly. It is only if this is
not the case that more in-depth investigations are required.
The model trials of Stage 4 will have furnished indicators as to optimal device
spacing and park layouts and the prototype sea trials actual device production
figures. However, if performance figures are different (lower) from expectations
several factors, which may be difficult to separate, could be contributors. The
interactions between units may be more complex than the model tests predicted
or, if the test site is different from the solo sea trails, the seaway wave frequency
combinations (spectral shape) may be different. At this stage it may be prudent
to deploy each device separately to evaluate solo performance figures at the
specific deployment location.
Electrical Aggregation: In terms of the electrical system, this development
stage introduces a new dimension to the performance analysis. The presence of
inter-device or device-to-collector-point cabling is an entirely new factor in the
development process. This cabling can be of significant physical length and thus
inevitably increases the overall power loss in the system. While this additional
loss may not be significant, comparison of the sum of the measured individual
device power outputs and the shore side aggregated power measurement is an
important element and should be included in the updated economic analysis.
The inter-connection of several devices can also introduce electrical interaction
between the device generators and control systems. This is more likely in
devices utilising direct grid-connected generators. Generators connected through
power electronics converters tend to be more immune to electrical interaction
due to their highly controlled current characteristics. An examination and
correlation of device time series current outputs should reveal any significant
cross-coupling that may exist. Changes in output which do not correspond to
similar increases/decreases in the wave energy input or controller response of
the device may be traceable to electrical coupling through the cabling network
of the response of other devices.
The aggregation of the power outputs of the devices and any smoothing effect of
the array response on the power output is a unique element of this development
stage.
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The potential smoothing
effect on aggregated power
output is illustrated in Figure
5.10 for a modelled seven
device array of converters. .
The practical implications of
the extent of the aggregation
power smoothing are chiefly
concerned with grid code
compliance.
Power Figure 5.10: Comparison between the power of a single WEC and
the average of a 7 device array [courtesy ECN]
fluctuations in the electrical
network cause corresponding fluctuations in the local voltage supply. These
fluctuations must lie within the regulatory limits – typically ±3% of nominal
voltage. Analysis of the voltage profile at the point of common coupling to the
electricity network over a range of operating conditions, and particularly at high
output is sufficient to validate this.
Low frequency voltage fluctuation can also lead to visual flicker, and most grid
codes specify the requirement of compliance with IEC61000-4-15 for short term
and long term flicker measurements. This standard provides relevant detail as to
the measurement and evaluation of flicker.
The installation of any additional shore-based compensation equipment for
improvement of power quality or enhancement of power smoothing will be
carried out at this development stage, and such equipment should be tested and
validated in terms of performance and impact on efficiency and power quality.
.
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Having completed the device design phase in the previous Stages, proof
of electricity production, economic viability and profitability is now
required:
o
o
o
o
o
o
o
o
o

short term wave conditions forecast to predict electricity sales
short term electricity forecast for grid utility planning
long term wave climate estimates to predict park profitability
long term electricity estimates for grid extension planning
solo and multiple device power matrices
evaluation of device potential at other selected sea areas
Environmental Impact Assessments
Component lifecycle analysis
accuracy of wave predictions to enable O&M planning

STAGE GATE CRITERIA:
Stage 5 –Economics Validation stage gate requirements
• 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

KEY ELEMENTS TO SUCCESS

 the quality control of the electricity supplied to the grid is of primary importance
 ensure ample supply of spare components are available
 Ensure adequate funds are at the developers disposal & reserves can be mobilised
quickly in the event of unforseen difficulties
 ALWAYS HAVE A DETAILED TEST PLAN
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References & Recommended Reading
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Technology Readiness Levels
The following description presents an overview of the relationship between the test
Stages and Technology Readiness Levels. This is only offered as a guide and is
indicative of the overlap and simultaneous work that is allowed throughout the
development stages.
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STAGE5

ECONOMICS VALIDATION
TRL9: MultiMulti-Device Array (3(3-5)

λ: 1:1

STAGE GATE

λ: 1:1-2
TRL8: Solo Prototype, Exposed, Grid Connected
TRL7: Solo Prototype, Sheltered, Grid Modelled

DEVICE VALIDATION

STAGE4

STAGE GATE

STAGE3

SYSTEMS VALIDATION
TRL6: Full System Sea Trials
TRL5: SubSub-Assembly Bench Tests
STAGE GATE

STAGE2

DESIGN VALIDATION
TRL4: SubSub-Systems Assessment
STAGE GATE

STAGE1

CONCEPT VALIDATION
TRL3: Device Optimisation
TRL2: Performance Convergence
TRL1: Confirmation of Operation

λ: 1:21:2-10

λ: 1:101:10-25

λ: 1:251:25-100

The TRL system is designed to coherently focus the objectives of the device going forward.
For WEC development, the TRLs are grouped according to the scale of the device
undergoing testing, however, overlap does exist between phases to allow a smooth
transition toward commercialisation.
This development protocol is based on the nine TRLs introduced by NASA, but adopted for
the wave energy industry here. The TRLs are grouped according to Froude scaling laws

applied to the WEC model, and focused on five stages of
development. These stages are explained in detail in the core
of this document.
The initial Concept Validation stage involves the validation of
the device concept at small scales across TRL1-3. By
completion of the TRLs the decision stage gate for the next
stage can be negotiated successfully.
During the Design Validation stage which comprises TRL 4, a
brief return to TRL 3 may be required for further optimisation,
or if a significant change to the operational method is
required. It may only be possible to model the sub-systems at
this scale, therefore the planning of TRL5 should begin during
this stage
The success of TRL5 in the Systems Validation stage relies on
the appropriate implementation of the previous TRLs. By
incorporating Froude scaling throughout the development,
transition from TRL4, through TRL5 & 6, to TRL7 should be
a coherent and logical exercise.
The penultimate stage, Device Validation, should be a larger
scale model of the TRL6 device, however work should be
conducted on both array simulation and grid connection issues
to ensure a successful deployment campaign.
Finally, the operational prototype is replicated for a small
wave park at the Economic Validation stage, where the array
simulation from the previous stage can be applied.
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Stage Development Summary Table
The table following offers an overview of the test programmes recommended 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.
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STAGE 1

DEVELOPMENT
PROTOCOL

Objectives/
Investigations

Output/
Measurement

CONCEPT VALIDATION
TRL 1:
Confirmation of
Operation
Op. Verification
Design Variables
Physical Process
Validate/Calibrate
Maths Model
Damping Effect
Signal Phase

TRL 3:
Device
Optimisation
Hull Geometry
Components
Configurations
Power
Take-Off
Characteristics
Design Eng. (Naval
Architects)
Vessel Motion Response Amplitude Operators & Stability
Pressure / Force, Velocity RAOs with Phase Diagrams
Power Conversion Characteristic Time Histories
Hull Seaworthiness; Excessive Rotations or Submergence
Water Surface Elevation Abeam of Devices

Primary Scale (λ
λ)

Device
Excitation / Waves
Specials
Maths Methods
(Computer)

TRL 2:
Performance
Convergence
Real Generic Seas
Design variables
Damping PTO
Natural Periods
Power Absorption
Wave to Devise
Response Phase

λ = 1 : 25 - 100 (∴ λt = 1 : 5 - 10)

STAGE 3

STAGE 4

SYSTEMS VALIDATION

TRL 4:
Sub-Systems
Assessment
Final Design
Accurate PTO
[Active Control]
Mooring system
Survival Options
Power Production
Added mass

TRL5:
Sub-Assembly
Bench Tests
PTO Method Options
& Control
Inst. Power
Absorption
Electricity
Production & Quality

TRL 6:
Full System Sea
Trials
Scale effects of
Overall Performance
Characteristics
Mooring &
Anchorage Security
Environmental
Influences & Factors

Motion RAOs
Phase Diagrams
Power v Time
Wave Climates @
head, beam, follow

PTO Forces &
Power Conversion
Control Strategies

Incident Wave Field
6 D of F Body
Motion & Phase
Seaworthiness of
Hull & Mooring
[Survival Strategies]

λ = 1 : 10 - 25

2D Flume or 3D Basin

Facility
Duration –inc
Analysis
Typical No. Tests
Budget (€,000)

STAGE 2
DESIGN
VALIDATION

3D Basin

λ = 1 : 2 - 10
Power Electronics
Lab

Benign Site

DEVICE VALIDATION
TRL 7:
TRL 8:
Solo, Sheltered,
Solo, Exposed,
Grid Emulator
Grid Connected
Oper & Mains Procedures
Electrical Output Quality
Grid Supply, Stability & Security
PTO Performance at all phases
Control Strategy
Seaworthiness, Survival & Lifecycle
Analysis
Device Array Interaction (Stages 1 & 2)
Full On-Board
Array Interaction
Monitoring Kit for
Annual Power Prod.
Extended Physical
Elec. Power Perfrm.
Parameters
Failure Rates
Power Matrix
Grid
Supply forecasting
EIA reviews
λ=1:1-2
Sheltered Full Scale
Site

Exposed Full Scale
Site

STAGE 5
ECONOMICS
VALIDATION
TRL 9:
Multi-device
Array (3-5)
Grid Connection
Array Interaction
Maintenance
Service Schedules
Component Life
Economics
Service,
Maintenance &
Production Monitor,
Telemetry for
Periodic checks &
Evaluation
λ = 1:1, Full size
Open Location

1-3months

1-3months

1 3 months

6 – 12 months

6 – 18 months

12 – 36 months

1 – 5 years

250 - 750

250 - 500

100 - 250

100 - 250

50 - 250

Continuous

Statistical Sample

1–5
25-75
25-50
Idealised with Quick Change Options
Distributed Mass
Minimal Drag
Simulated PTO (0-∞ Damping Range)
Design Dynamics
Std Mooring & Mass Distribution
Monochromatic
Panchromatic Waves (20min scale)
+ve 15 Classical Seaways Spectra
Linear (10-25∆ƒ)
Long crested Head Seas
(25-100 waves)
DofF (heave only)
Short Crest Seas
Storm Seas (3hr)
2-Dimentional
Angled Waves
Finite Regular
Solo & Multi Hull
As Required
As required
Hydrodynamic, Numerical Frequency
Finite Waves
Domain to Solve the Model Undamped
Applied Damping
Linear Equations of Motion
Multi Freq Inputs

50 - 250
1,000 – 2,500
Final design
Advanced PTO
Full Fabrication
(internal view)
Simulation
True PTO & Elec
Mooring Layout
Special Materials
Generator
Deployment -Pilot Site Sea Spectra
Extended Test Period
Long, Short Crested Classical Seas
to Ensure all
Select Mean wave Approach Angle
Seaways inc.
Power Take-Off
Device Output
Salt Corrosion
Bench Test PTO & Repeatability
Marine Growth
Generator
Survival Forces
Permissions
Time Domain Response Model & Control Strategy
Naval Architects Design Codes for Hull, Mooring & Anchorage
System. Economic & Business Plan

10,000 – 20,000
2,500 – 7,500
Grid Control Electronics or Emulator
Operational MultiEmergency Response Strategies
Device
Pre-Production
Pre-Commercial
Full Scatter Diagram for initial Evaluation
Continuous Thereafter
Time & Frequency Domain Analysis
Grid Emulator
Stakeholder Consult. Small Array (UpQuick Release Cable Health & Safety
grade to Generating
Service Ops
Issues
Station)?
Economic Model
Grid Simulation
Array Interaction
Electrical Stab.
Wave forecasting
Market Projection
Array Interaction
for Devise Sales

≤ 15 €c / kW

≤ 10 €c / kW

EVALUATION [Stage Gates]
Absorbed
Power
Converted [kW]
Weight, [tonnes]
Manufacturing Cost [€]

Capture [kW/tonne] or [200-50 m^3]
[kW/m^3]

Production [c/kW]

< 25 €c / kW

≤ 5 €c / kW
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Test Plan Flow Diagram (Stage 1)
It can be advantageous to draw the test plan as a flow diagram as in the following examples.
These visualised plans should ensure that no element or test variable is overlooked in the
programme prior to commencement of the work. They also provide the foundation to
estimate time and budgets required to conduct the test phase. They can also prove to be a
useful tool in coordinating the multi-disciplinary design teams requirements.
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GENERIC WEC
SET-UP

20m

Optimal
Damping

Seakeeping
(3hrs)

Performance

Portland

Damping

3rd Scale

10m

Baffle
B#1

Heave Plate

B#2

Panchromatic

Depth

D#0

D#1

D#2

D#∞

D#3

Head
Seas

Quarter
Seas

8 P’s

1

P1 – P??

Monochromatic

2

3

1

Height

Long Crested
Monochromatic

Angled
θ#1

L

3

Wave
Short Crested

M

2

Panchromatic

Head Sea

S

Panchromatic

Size

θ#2

Angled
θ#3

H1
5 B’s

Panchromatic

Portland
H2

H3

Classic

M
f1 – f11

Portland

5 B’s

8 P’s
θ#1

f1 – f11

θ#2

θ#3

f1 – f11

P1 – P15

Test Plan for Stage 1

GENERIC WEC

PHASE I Model

PHASE II Model

Concept

Design

Model
Manufacture

Data
Analysis

Instrumentation
Motions
Forces
Pressures

Set-Up

STATIC

Draught
C of G
Metacentre
etc

PERFORMANCE &
SEAKEEPING
MOORING

DoF

Zero

Roll
Pitch
Heave

Monochromatic

Viscosity

F01 – F15

STATIC

Set-Up
DYNAMIC

PTO
DAMP

DYNAMIC

1

2

3

Data
Analysis

Model
Modification

PERORMANCE
MOORING
PTO
DAMP

DoF

Infinite

Draught
C of G
Metacentre
etc

Panchromatic
Benbecula

Roll
Pitch
Heave

Zero

Viscosity
Monochromatic

OPTIMAL

Infinite

Panchromatic
Benbecula
Long Crested

Short Crested

Cos2

Bretschneider

Cos2

B (7)

B01 – B20

B (7)

Long Crested

Short Crested

Bretschneider
B01 – B20

F01 – F15

Test Plans for Stage 2

84

Analysis Spreadsheet for Stage 1 & 2
Wave energy device test programmes at all stages will primarily be successful if extensive
data is obtained during each test programme. Analysis of this broad range of data becomes a
routine process repeated many times for each particular stage. Therefore, a standard
analysis sheet such as that shown following, can ensure efficient use of the operators time
and should minimise calculation errors.
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Data Spreadsheet: Raw Record Section

Data Spreadsheet: Verification & Analysis Section

Data Spreadsheet: Summary Results Section
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Example of Sea Trial Recording Log
During the final proving stages, the recording of all instrumentation both on and off board
the device is essential. This can more easily be facilitated with the use of pre-formatted
record logs, or an overall monitoring programme which is checked and validated regularly
by both the technicians and project leaders.
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An example of the recording log for the environmental variables, in this case recorded by
three separate instruments. It is recommended that these measurements are taken
concurrently with onboard WEC measurements.

This is an example of the record log for the onboard device instrumentation readings. This
is expansive and device dependant.
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