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INTERNATIONAL ELECTROTECHNICAL COMMISSION

MARINE ENERGY - WAVE, TIDAL AND OTHER
WATER CURRENT CONVERTERS -

Part 103: Guideli for tl Iy st | I t of
wave energy converters — Best practices and recommended
procedures for the testing of pre-prototype devices

FOREWORD

1] The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprisipg
all national electrotechnical committees (IEC National Committees). The object of IEC is te_promote internationfl
co-operation on all questions concerning standardization in the electrical and electrani¢ fields. To this end anjd
in addition to other activities, IEC publishes International Standards, Technical Specifications, Technical Reports,
Publicly Available Specifications (PAS) and Guides (hereafter referred to as(%IEC Publication(s)”). Thair
preparation is entrusted to technical committees; any IEC National Committee interested in the subject dealt with
may participate in this preparatory work. International, governmental and nop-governmental organizations liaising
with the IEC also participate in this preparation. IEC collaborates closely«with' the International Organization fpr
Standardization (ISO) in accordance with conditions determined by agreement between the two organizations.

2] The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an internationfl
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

3)] IEC Publications have the form of recommendations for intérnational use and are accepted by IEC Nationfl
Committees in that sense. While all reasonable efforts.are) made to ensure that the technical content of IHC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for anpy
misinterpretation by any end user.

4] In order to promote international uniformity, IEC ‘National Committees undertake to apply IEC Publicationfs
transparently to the maximum extent possible in-théir national and regional publications. Any divergence betweg
any IEC Publication and the corresponding national or regional publication shall be clearly indicated in the lattq

P |

5] IEC itself does not provide any attestations of conformity. Independent certification bodies provide conformity
assessment services and, in some areas; access to IEC marks of conformity. IEC is not responsible for afy
services carried out by independent certification bodies.

All users should ensure that they, have the latest edition of this publication.

No liability shall attach to IEC\or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage p
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) ai
expenses arising out \ef the publication, use of, or reliance upon, this IEC Publication or any other IH
Publications.

=

Oa

8] Attention is drawn)to the Normative references cited in this publication. Use of the referenced publications |is
indispensable‘for the correct application of this publication.

9] IEC draws attention to the possibility that the implementation of this document may involve the use of (h
patent(s). JEC takes no position concerning the evidence, validity or applicability of any claimed patent rights
respectithereof. As of the date of publication of this document, IEC had not received notice of (a) patent(s), whi
may be required to implement this document. However, implementers are cautioned that this may not represe
the latest information, which may be obtained from the patent database available at https://patents.iec.ch. IHC
shall not be held responsible for identifying any or all such patent rights

=5 <

This redline version of the official IEC Standard allows the user to identify the changes
made to the previous edition IEC TS 62600-103:2018. A vertical bar appears in the margin
wherever a change has been made. Additions are in green text, deletions are in
strikethrough red text.
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IEC TS 62600-103 has been prepared by IEC technical committee 114: Marine energy — Wave,
tidal and other water current converters. It is a Technical Specification.

This second edition cancels and replaces the first edition published in 2018. This edition
constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

® O O T Q

—

n

S>>

»w »n —

valy g—testdurations)to-alig g-practice :

Introduced guidance and requirements relating to PTO testing and closed-loop contral;
Introduced uncertainty clause in normative part of the document;
Strengthened the document sections relating to Stage 3, the first sea trials;

Updated the data synchronisation requirements to align with best testing practices.

he text of this Technical Specification is based on the following documents:

Draft Report on voting

114/510/DTS 114/523/RVDTS

ull information on the voting for its approval can be found,in“the report on voting indicated [|n
e above table.

he language used for the development of this Technical Specification is English.

his document was drafted in accordance with-ISO/IEC Directives, Part 2, and developed |n
ccordance with ISO/IEC Directives, Part 1.and ISO/IEC Directives, IEC Supplement, available
www.iec.ch/members_experts/refdocs("The main document types developed by IEC ane
bscribed in greater detail at www.iec. gh/publications.

list of all parts in the IEC 62600"series, published under the general title Marine energy
ave, tidal and other water current converters, can be found on the IEC website.

he committee has decided that the contents of this document will remain unchanged until the
ability date indicated®on the IEC website under webstore.iec.ch in the data related to the
pecific document, Atithis date, the document will be
reconfirmed,

withdrawhn;-or

revised:

IMPORTANT - The "colour inside” logo on the cover page of this document indicates

that it contains colours which are considered to be useful for the correct understanding

of its contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

eveloping wave energy converters (WECs) will always be a demanding engineering process.
is important, therefore, to follow a design path that will minimise the risks encountered along
route of increasing technical complexity and fiscal commitment. This document presents a

guide that addresses these issues, the approach being based on a proven methodology adapted
from other technology areas, especially NASA and similar heavy maritime engineering

in

dustries. NASA and similar heavy maritime engineering industries.

tg

oo o

o -

—

€ SCOpE Of the WOrK 1S defined In Clause 1. Normative references and definitions of importa
rms are introduced in Clause 2 and Clause 3 respectively. The core of the document ‘thgn
llows a twin-track approach, relying on:

a structured or staged development approach outlined in Clause 4, and

a set of model specific and goal orientated clauses (Clause 9 to Clause 119 ensuring that
targets are clearly defined and attained with confidence. Testing specific requirements sugh
as test planning (Clause 5), reporting and presentation (Clause 6), characterisation of the
surrounding wave environment (Clause 7), data acquisition and real-time control (Clause 8)),
and testing uncertainty Clause 12 are also included.

he structured development schedule makes use of the ability to-accurately scale wave energy
bnverters such that sub-prototype size physical models can be‘uséd to investigate the relevant
bvice parameters and design variables at an appropriate dimension and associated budget.

he parallel development of mathematical models describing a wave energy converter|s
ehaviour and performance is encouraged, but the ptocedure is not included in the document.

his document is quite exacting in terms ofsboth the approach and requirements for the
bvelopment of wave energy converters since it takes a professional approach to the process.

blowing-theseguidelnes—will-not-guarantee success—but-not folowing-them-wil-be-arecid
55Ut e

Fmao H

QO >

PToVWIT gt o oT—gutGC o Wi ot guaiarrtgC—outo oGt

3 OO oOWiITTg—thor—vwvit

h essential element for any publisffed Technical Specification or International Standard is {o
low an opportunity to provide feedback on its contents to the appropriate TC 114 Working
roup. TC 114 utilizes a standard methodology to allow this.

b submit feedback sueb) as proposed changes, corrections and/or improvements to th|s
bcument, please send an email to the TC 114 Chair using the Contact TC 114 Officers featuile
h the IEC TC 144\Dashboard, accessible at www.iec.ch/tc114. On the right side of the
ashboard under JFurther information select the link to contact the TC 114 Officers. On the
Ibsequent page find and select the Send Email link for the Chair to access the email tool.

omplete\all the required elements within the email pop-up. For the Subject field please includ

D2). In the Message field, mclude text which summarizes your feedback and note if furth

e
e decument title and edition you are providing feedback for (ex: feedback for TS 626001
.
bt

added |nformat|on as needed before forwardlng the subm|SS|on to the remaining TC 114 Officers
for review and then to the appropriate Working Group for their consideration.
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MARINE ENERGY - WAVE, TIDAL AND OTHER
WATER CURRENT CONVERTERS -

Part 103: Guidelines for the early stage development of
wave energy converters — Best practices and recommended
procedures for the testing of pre-prototype devices

Y

Scope

%—eqw—pmeai—are—alee—net—ee#ere@#@s—deeumenp Commercral scale prototype tests aren

pbvered in this document.

This document-deseribes prescribes the minimum test programmes that form the basis of
gpals and minimum test plans are specified. This document“addresses:

¢| Planning an experimental programme, includingsa design statement, technical drawing
facility selection, site data and other inputs asyspecified in Clause 5.

mooring arrangements where appropriate.
deployment site, depending on the stage of development.

motions, device loads and device survival.

uidance on the measurement sensors and data acquisition packages is included but n

bmponents and instrumentation can be at the device developer’s discretion.

n important element of the test protocol is to define the limitations and accuracy of the ra

bfendableyresults of defined uncertainty.

developers and their technical advisors; government agencies and funding councils: te

This part of IEC TS 62600 is concerned with the sub-prototype scale development of wa\e
ehergy converters (WECs). It includes wave tank test programmes, where wave conditions aie
cpntrolled so they can be scheduled, and first-large-scale sea trials, wheresea states occur
naturally and the programmes are adjusted and erX|bIe to accommodate the condltlons “Afull-
sk A
=
c

sfructured technology development schedule. For each testing campaign, the prerequisites

¢| Device characterisation, including the physical device model, PTO components and
| Environment characterisation, conc¢eéerning either the tank testing facility or the sqga

o| Specification of specific test \goals, including power conversion performance, devide

G
d|ctated. Provided that the specified parameters and tolerances are adhered to, selection of the
c

A

dpta and, more_specifically, the results and conclusion drawn from the trials. A methodology
afldressing/these limitations is presented with each goal, so the plan always producgs
d

This’,document serves a wide audience of wave energy stakeholders, including devide

w

centres and certification bodies; private investors; and environmental regulators and NGOs.

2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies.
For undated references, the latest edition of the referenced document (including any
amendments) applies.
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IEC TS 62600-2, Marine energy — Wave, tidal and other water current converters — Part 2:

Marine energy systems — Design requirements for marine energy systems

IEC TS 62600-100, Marine energy — Wave, tidal and other water current converters — Part 100:

Electricity producing wave energy converters — Power performance assessment

IEC TS 62600-101, Marine energy — Wave, tidal and other water current converters — Part 101:

Wave energy resource assessment and characterization

Terms, definitions, symbols and abbreviated terms

1 Terms and definitions

£

apply.

$0 and IEC maintain terminological databases for use in standardization at the followin
ddresses:

Y]

IEC Electropedia: available at http://www.electropedia.org/

ISO Online browsing platform: available at http://www.iso.org/obp

pr the purposes of this document, the following terms and definitions-given-inlEG TS 62600~

g

311

closs-sectional load

compressive ortansile stress narallel to-the ctress ndane and shear cstrases nernendicular to-the
epmpressive-or-tenste-stressparaterto-the-stressplaneana-shearstressperpenaicuiarto-tie
siress-plane

3111

dynamic

fqrces responsible for the object’s motion

Npte 1 to entry: Dynamic side of absorbed\power: “Load measurement” (force, torque, pressure, etc.).

311.2

kjnematic

nmotion of object, irrespective of how this motion was caused

bte 1 to entry:

bte 2 to entry: Theyterms “dynamic” and “kinematic” as defined above are used extensively throughout th
cument. Theselterms are used to ensure that a range of WEC conversion concepts are covered. For exampl
ynamic” side~of;load measurement may refer to forces, torques or pressures, and as such provides a convenie
d concise-means of relating to a range of technologies.

QL Z

d

1.4
pcalload

abhlly lncalicad im

T & W

Kinematic'side of absorbed power: “Velocity measurement” (velocity, angular velocity, flow, etc.].

is

ht

narte lika arcon watar clam avant nr nthor imnaects that could necnir due
T ~J 4 L)

4 r

motion-limitations
345
regular wave
: ‘ . . ‘

3.1.3
operational sea states
wave conditions where the wave energy converter is in power production mode


http://www.electropedia.org/
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347
irregular wave
wave composed of multiple frequency components

3.14
peak distribution
distribution of peak magnitude values

3.1.5

stage—t<of-wave-energy converter-testing>

sfnall-scale testing in the laboratory

Z

1.6
lage 2 <of wave energy converter testing>
edium-scale testing in the laboratory

30w

Z

1.7
tage 3 <of wave energy converter testing>

rge-scale first testing at sea

T 0w

112
" £ the ti jos{ | }

tarval of the time series- inwhich the wave am
teRpaH-othetHeseHesHi-wWreRthe-waveam

5@ W

pte 1 to entry: Stage 1 is equivalent to technology readiness level 3.

pte 1 to entry: Stage 2 is equivalent to technology readiness level 4.

Npte 1 to entry: Stage 3 is equivalent to technology readiness level6.

o

v ot Tt LIRS L)

wh I | o

e
i £ the ti ies{i | }

5P w

3]1.8
torm conditions <of a marine energy converter>
sea state with return period as defined in IEC TS 62600-2

(7]

115
ave-train

T )

‘P;‘W

3.2 Symbols and abbreviated terms

For the purposes of this document, the following symbols and abbreviated terms apply.

g Acceleration due to gravity [m/s?]
H Wave height [m]
H.o Significant wave height [m]
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J Wave energy flux [W/m]
P Wave power [W]
T Wave period [s]
T Wave energy period [s]
T, Wave peak period [s]
T, Zero up-crossing period [s]
| ength scale factor [-]
U Wave direction [rad]
h Density [kg/m?3]
AD Analogue to digital
Centre of gravity
Data acquisition-as-defined-intEC-TS-62600-14

Discrete Fourier transform

Degree of freedom

Fast Fourier transform

Failures mode, effects, and criticality analysis
Inertial measurement unit

Oscillating water column

Power conversion chain

NOTE The power conversion chain is made\up of a drivetrain, generator, storage, and power electronics.
Power take-off

Response amplitude operator

Supervisory control and data acquisition system

Still water level

Technology readinéss level

Ultimate limit state in the context of structural engineering

Wave energyzconverter
4| Staged development approach

41 General

Cladse“4 introduces the staged development of the design for a WEC through physical model
tastinig. Each stage of development is motivated by risk reduction. The primary goals for eadh
stage address elements that shall be completed before proceeding through the user’s pre-
defined Stage Gate for that stage.

Scaled wave conditions produced in the wave tank should be representative of anticipated full-
scale wave conditions at the expected deployment sites, including sea state spectral
characteristics.

Figure 1 shows an overview of the process from the early design concept to the deployment of
the first limited device number array. Each stage is based on a different physical scale range
carefully selected to achieve a set of specific design objectives prior to advancing the device
trials to the next stage. This clause outlines the scope and Stage Gates for Stages 1, 2 and 3,
guiding the development process from Technology Readiness Level (TRL) 1 to 6 (Figure 1).
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Stages 4 and 5 (Figure 1) concern-full commercial scale (or near-full commercial scale) testing
and are not covered in this document.

This document does not dictate a scale for each of the Stages 1 to 3. The model testing scale
heavily depends on the type of WEC developed, the fidelity of the available instrumentation,
and to some extent on the availability of appropriate test facilities. The scales provided in
Figure 1 are included as indicators of previous WEC development efforts.

Every type of WEC will have slightly different requirements so a bespoke programme should be
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Kperimental activities for Stages 1 to 3 are described in detail in Clause 5 to Clause-1
ctivities are to be defined in the context of good engineering practice, where factor of safet
liability or other design philosophy are followed.

at a Stage Gate process is applied at the conclusion of each set of trialstoJevaluate if th
EC has achieved the required experimental objectives before advancing\forward. This dy

rior to each stage and the standards being established by the industry based on the oth
EC’s performances.

set of Stage Gate criteria for the evaluation of the WEC behaviour and performance at th
bnclusion of each testing period are defined. These shall be achieved before advancing to th
ext stage. The criteria are defined as a general framework and allow for a high degree
pXibility to suit the design requirements.

t Stage 1, it should be anticipated that several itefations of a device will be required to optimis
e performance, reliability, safety, and economics. More than one iteration may still be require
Stage 2, and a single implementation should-normally suffice at Stage 3.

N
Cc@ept model; [TRL 1 — 3]

Rggn validation testing in regular waves
sign optimisation trials in irregular waves
xOScaIe guide 1:25 — 100 (small)

N
NN Design model; [TRL 4]
) » Performance verification in realistic seaways
» Component, power take-off and control monitoring
+ Scale guide 1:10 — 25 (medium)

Stage gate 1

Covered.by TS Sub-systems model; [TRL 5 — 6]

« Fully operational converter sea trials
« Evaluate energy production in real seaways
+ Scale guide 1:2 - 5 (large)

though the ordering of the test schedule is of paramount importance, it is equally essentia

ligence should be monitored against the design statement produced by the device developIr

d

e

Stage gate 4

l Solo device proving; [TRL 7 — 8]

< FUlT Size power plant, Technical deployment I —
» Advance pre-production to pre-commercial unit
NOT covered by TS - Scale guide 1:1 — 2 (prototype) N EHanalysis
Go
Multi-device demonstration; [TRL 9] Stage gate 4
. . . . Performance
« Final commercial unit; Economic deployment ¢
« Small array trials of 3 — 5 devices; Grid issues ¢*Hanalysis
« Scale guide 1:1 (full)

IEC

Figure 1 — Staged development approach
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4.2 Stage gates
4.2.1 General

At the conclusion of each stage of device model testing, an evaluation procedure should be
initiated to assess the overall performance of the design. The appraisal may include a technical
and economic review based on three elements of the proposed device design:

e Analysis of the results from the appropriate preceding test programme.

e A comparison with the related device design statement produced at the beginning of the
stage.

| An overall design review by a third party, independent, established engineering company

NDPTE See also Annex A for an informative description of the Stage Gate process.
412.2 Criteria

The review shall follow the same set of evaluation criteria at each Stage which are based gdn
the test goals specified for each Stage in Clause 9, Clause 10 and Clause 11. As the test
sgale enlarges, the complexity of the model and trials increase to(produce more accurafe
results with less uncertainty in the-pretotype data extrapolation. The Stage Gate evaluatign
cliteria reflect this decreasing uncertainty.

The evaluation criteria shall include:

o[ Energy absorption.

¢| Device seakeeping (motions).

| Mooring loads.

o] PTO loads.

¢| Ultimate Limit State (ULS) verification;

The minimum specifications for each Stage Gate criterion that experimental testing cgn
bntribute to are outlined in Clause\9, Clause 10 and Clause 11 and summarised below.

(@}

m
o

ach stage can comprise mofe-than one model testing campaign, using progressively optimise
odels, to maintain releyanee as the device design progresses, and to comprehensively me
He Stage requirements and Stage Gate criteria.

3
\U
~—

—

Z

DTE Physical model testing is often run in conjunction with a mathematical model development, with mode
glidation criteria similar to those listed in Clause 4.

<

'S

3 Stageu
4(3.1 Scope

(0)]

tage’ 1 is intended

to demonstrate that the design has potential and-may can be realised ¢r
. S . g - : . . -

A ey purpose o d(je c g O exXplore dl de ar O

NOTE 1 Stage 1 is often used to explore several device configurations without a detailed design for the—ful
commercial scale prototype.

There are three facets to Stage 1 tests:
e Proof of concept: to verify that the device design concept operates under wave excitation
as predicted and described (under TRL1).

¢ Optimisation of design: to evolve the most favourable device configuration(s) in regular and
irregular waves.

e Device performance: to obtain a first indication of power performance-in-five-sea-states for
the optimised PTO setting of the device.
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A

Il three facets are required to provide input to Stage Gate 1.

For the proof-of-concept phase of Stage 1, the testing-may can rely on an idealised physical
model. This model can be restricted to a limited number of DoF if this can be justified.

T

he PTO can be represented by a simplified, but accurate, mechanism. The selected PTO

mechanism shall provide-a—damping forcing that can be characterised across an appropriate
range of settings.

A
o

m

m

(0]

hd =<

o Z

of

4

ime histories, such as Bretschneider, JONSWAP or ITTC.

generic station keeping system can be used if the mooring behaviour is not an integral pajt
the device hydrodynamic motion and energy conversion scheme.

stablished ocean spectra can be utilised at this stage to generate the irregular wave, excitatign
DTE 2 At Stage 1, parts of the testing are commonly undertaken using non-natural wave\spéctra distributionfs.
is includes white or pink spectra for system identification purposes.

DTE 3 References [1]1, [2], [3] provide guidelines for generic test site data, which_may might assist with the Stage
sea state selection.

—_—

he methodology of testing recommended here follows established best practice for Stage

sting-and-builds—upon-the practices—developed-in[4}-and~5]." The results of this stage af

ssons used to converge on a-fult commercial-scale design,and data to be validated in the ne
age.

-~ 0

3.2 Stage Gate 1
nergy absorption appraisal shall be based on:

a set of power response transfer function)(RAO, for similar wave heights);

power capture prospects estimated-er—-a-minimum—offive from selected sea states, with
details provided in Clause 9.

eakeeping appraisal shall be based on:
the RAO for the dominant-or relevant degrees of motion.
ooring appraisal if implemented:

the time series\and associated analysis (e.g. RAOs) of the mooring line loads.
DTE For a simple model with linear PTO damping, power absorption generally scales with the velocity squaref,

the wave h€ight squared. It can hence be beneficial to express the power response as a quadratic transfer functign
form Pawer/Height?, rather than an RAO that is of the form Power/Height.

4 , \Stage 2

4.2 Scope

T
S

he purpose of Stage 2 testing is to fully evaluate the device design identified in Stage 1.
tage 2 testing can be associated with a significant amount of design variables, particularly in

the PTO description, but shall be based on similar performance indicators as adopted during

S

S

1

tage 1.

tage 2 testing shall specifically address the following key objectives:

Numbers in square brackets refer to the Bibliography.
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e Stage 1 validation: To validate the technical conclusions drawn from the previous test
programme and to identify potential scaling issues between the two stages;

e mooring function check: to verify the proposed-full commercial-scale mooring and anchorage
system design and assess a realistic mooring response;

e device performance: to verify the energy conversion performance;
e device dynamics and kinematics;

e survivability check: introducing storm conditions to observe device response in—survival
extreme conditions, and to discover device-specific failure modes;

o| use the largest scale feasible for available facilities to reduce the influence of scale effecis;

o| if practical the flexible umbilical electrical cable should be incorporated in selected tests.

It|is also recommended that Stage 2 testing incorporates an advanced PTO-simutatien modd|,
ekhibiting an accurate representation of the proposed—full commercial-scale unit, and
introducing a PTO control mechanism by which control strategies can be evaluated.

The primary use of the medium-scale Stage 2 test data shall be to obtain-statistically significant
values that can be scaled to-full commercial-scale values with appropriate factors of safety. ThHe
dpta shall also (i) be suitable to confirm any mathematical or numerical models of the devide
where available; and (ii) be capable of extrapolation beyond oneldeployment location.

Fpr validation of the Stage 1 results, both the wave and the device parameters-need-te should
be as close as possible to those adopted during Stage(1) adjusted to the Stage 2 scale. It |s
r¢gcommended to include a representative set of conditions, including regular and irreguIIr
waves. In selecting these conditions, it is recommendéd to include the range of each paramet

(wave period, wave height and PTO-damping-settings) that supported the main Stage |1
cpnclusions. The medium-scale model-may—haveto can be idealised for parts of the teg
campaign to undertake the comparison to Stage'1 testing. Any deviation between the two Stage
set-ups shall be clearly reported.

4(4.2 Stage Gate 2

Alt Stage 2, the proxy for the annual energy production should be based on a power matrix and
sl|te scatter diagram. This type of approach more accurately determines the performance and
imits the uncertainty.

Energy absorption appraisal shall be based on:

¢| a power response transfer function (RAO, for similar wave heights);

power capture estimate based on a selected number ¢f
standard’/sea states (power matrix), with details given in Clause 9.

(@)

eakeéping appraisal shall be based on:

the RAO for the dominant or relevant degrees of motion.

Mooring appraisal if implemented:

o the time series and associated analysis (e.g. RAOs) of the mooring line loads.

4.5 Stage 3

4.5.1 Scope

The motivation for Stage 3 is to-identifrand-address-issuesof demonstrate in smaller scale the

operating principles in “real world” uncontrolled wave conditions before-risking building a-ful-
commercial scale prototype many times more expensive. Stage 3 sea trials are conducted to
prove the whole WEC system-at-a-sub-protetype-scale to reduce the technical and economic
development risk. The test programme should still concentrate on verifying the device power
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conversion performance in real sea conditions but shall include other validation monitoring, as

specified by the design statement i.e. survivability.

There are several purposes for conducting testing at this stage, ranging from advanced

technical and engineering issues, through to deployment and operation matters and includin

g

environmental monitoring requirements. The key objectives for testing at this larger scale are:

e deployment check: to test at-sea procedures for deployment and retrieval,

e operational check: to verify expected performance in uncontrolled weather and seas with an

efectricattoad;
¢| survivability check: to verify failure mitigation strategies;

o| galvanie-corrosion check: Using-alleys materials representative for the future prototype, 1
monitor the model for symptoms of galvanic corrosion or stress corrosion cracking;

o| fatigue (cyclic) stress evaluation: to install sensors at locations where cyclic stresses-m3
is likely to determine system life.

Tp achieve the Stage 3 objectives, the trials move from the laboratory to.an outdoor test sit
This means that wave conditions are no longer controllable, or prodiced on demand, so s€g
trjal programmes shall reflect this and be robust and adjustable tocaceommodate the natural
ccurring sea state. The selected scale should be large enoughcto include a functioning PT(
ectr|cal generator power electromcs and a downstream energy d|SS|pat|on method —A—le

»el%et—eu##eni—system—. A grld emulator can substltute for Connectlon to a grld.

The selected scale should strongly consider the oveptap of wave heights and periods betwesd

flbor mounted devices, the scale of the model should preferably be chosen as the ratio betwe
the water depth at the anticipated commergjal'site and the water depth at the test site. Th
r¢gcommendation is also advised, though less*critical, for other WECs such that other systen
(mhoorings, umbilical, etc) are representative.

The-testsiteand scale should be-m d
tq scale any other parameters that affect the device and |ts subsystems One
staling of the water level varjatiens and the local currents.

ssue can be th

Al comprehensive sea trial)programme shall be developed for Stage 3 that provides sufficie
cpnfidence to move towards a-full commercial-scale prototype. Tests shall be designed sud
Rat they are of adeQuate duration to enable detailed post-trial inspections to detect symptom
future cyclic failures. The resulting findings of a well-defined set of trials will provide data g
gnificant as-fgl-commercial scale but with a significantly reduced budget and technical risk.

»n O =

Z

DTE Seléctihg an appropriate Stage 3 site is a challenging process, and the perfect site that suits all scaling aj
sting ceiteria might not exist. Some locations offer ideal water depth but not sufficient wave action, some locatio
ket the \wave height criteria but do not scale well in terms of wave periods, and some locations provide the ide
hv€ climate, but only for very limited times during the year. To ensure that all testing objectives can be met, Stage|

=37

the commercial site and the test site when approphiately scaled using Froude scaling. For sej

—
D

sting can be undertaken at more than a single location, where each location can meet part of the overall objective

4.5.2 Stage Gate 3
The Stage Gate in this case includes:

e the evaluation/ and verification of the PTO efficiency and control;

e the evaluation/ and verification of risk and safety management;

e the evaluation/ and verification of the power matrix;

o the assessment of environmental impact;

e the evaluation of installation and maintenance procedures and durations;

o the evaluation of fabrication methodology and cost;
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e the evaluation of mooring loads and survivability;

e the evaluation of structural loads.

NoTFEPartial verifications are often undertaken before sea trials commence. For example,-it
i evaluating the PTO efficiency and control can be undertaken in a
test-stand setup before final device fabrication.

5 Test planning

5(1 WEC similitudes

A

1.1 General

T

br model scale testing of WECs, perfect scaling would come from:

geometric similitude for the WEC and its mooring;

structural similitude for the WEC and its mooring (Cauchy);

hydrodynamic similitude for the WEC and its mooring (Froude, Strouhal, and Reynolds);
PCC similitude for the WEC.

Since not all of these can be met simultaneously, model scale testing of WECs shall general
be based on Froude and Strouhal similitudes for the hull~and structural similitude for th
mooring. If other scaling methods are used, then both Eroude and Strouhal concerns shall 4
afildressed. The importance of each similitude that, cannot be met shall be addressed an
dpcumented as the scale-up is completed. Further<guidance on similitudes outside of PC
s|militude (unique to the testing of WECSs) is given'in’ Annex C.

O oo o<

Vliscous losses and vortex shedding can be significant at small model scales. To mitigate thi
is recommended to minimise their causesd{(sharp edges, narrow fluid gaps). Careful assemb
necessary for small models to limit magnification of viscous forces that are not expected {
b representative of full-scale effects;

o

=
o<

O o

DTE 1 Inaccuracies-may might be introduced through Reynolds, structural, and PCC non-similitudes for the WE(,
d geometric and hydrodynamic non-similitude for the mooring. There are techniques that can specifically addre
lese non-similitudes. However,.ifthey are not addressed, the uncertainty in the scale-up of model data to prototyj
Il be increased. In general, as\the Froude scale factor decreases and as the testing progresses in stage, the
certainty and inaccuracy of scale-up-should-decrease decreases.

(2]

csz=ozZ
®

NPTE 2 Density differences between laboratory testing (typically fresh water) and Stage 3 conditions (typically sq
whter) cause a disckepancy in terms of buoyancy, mass distributions and pressures or forces measure
Hydrodynamic forces Jare appropriately 2,5 % larger in sea-water conditions, and buoyancy—may can chang
sipgnificantly.

® o

5]1.2 Power conversion chain (PCC) similitude

In general, measuring and scaling the absorbed power is possible for most devices.

Since the WECs response to the environment can be altered through control strategies
executed through the PTO, the controls shall also be reproduced at model scale, and hence are
considered as part of the PCC similitude.

The PCC is made up of prime movers, generators, storages, and power electronics. Each of
these components has efficiencies based on the state of the system, and limitations (such as
max voltage or torque values) associated with them. The combination of the prime mover and
generator is often referred to as the PTO, and it is often the only item that is represented in
Stage 1 and Stage 2 testing.

A specific goal of the Stage 3 testing is to implement a scaled PCC. However, in Stage 2 and
Stage 1, it is often not possible to scale the physical components down. Hence representational
PTOs that capture the dynamic-kinematic (force-velocity, torque-angular velocity,
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pressure-flow, etc.) characteristics are often used. However, these representational PTOs can

in

troduce frictional effects, like stiction, or non-physical hysteretic effects. Further, these

representational PTOs—may might not be able to imitate limitations that will exist in the
prototype, such as maximum forces or slew rates from the generator.

0]

ne major issue surrounding PCC similitude relates to the inability to truly scale bearing

surfaces such that frictional losses are also scaled. To improve the predictions of power
performance, a friction analysis can be completed to determine the difference in performance

th

at is being lost to the inability to scale frictional losses.

00 g -

o Z

Sy
dé

w » =

A

he ability to mimic the-pretetype anticipated commercial-scale control strategy at model scale
tage 2 and 3, the effect of the control strategy should be demonstrated to be a scaled versign

naracteristics.

NPTE 2 Commonly the efficiencies associated with each component of the PCC are\dependent on the state of t

very important. The way in which this strategy is implemented is not relevant. However; for

the—prototypes commercial-scale approach through the desired dynamic:kinemat|c

DTE 1 It is more common for-PTO-andlerPCC control strategy investigations to be urndertaken from Stage|2
wards.

o

stem. Hence, it is often the case that only the absorbed power (not mechanicalcor ielectrical on which these state

pendent efficiencies act) will be scaled up-te-protetype-level.

the device is an OWC device, special considerations shall-be given to the uncertainty of the
cale-up since the PTO relies on aerodynamics which is fundamentally governed by Reynolds
caling in addition to being subject to air compressibility.

2 Design statement
design statement shall be available prior to device testing.

For Stage 1 laboratory testing programmes the design statement
Shall include:
e clear statement of the testing'goals;

e technical drawing of the éxperimental device indicating the anticipated scaling factor {o
ful commercial scale;

o description of the jexperimental mooring system and its anticipated functionalit
including position~keeping (mooring system does not play an active part in power
absorption) or_active mooring (mooring system plays an active part in power absorption

e supporting ~calculations to provide approximate device physical properties and
behaviour:

Should.dnelude:

[0}

e a-description of any mathematical device model, where available, detailing how th
testing may assist in advancing and refining such model, and verifying that the mod

W

includes the governing physics.

May include:
e technical advantages and improvements the device introduces over other WECs;

o literature review of similar systems.

b) For Stage 2 laboratory testing programmes the design statement

Shall include:
e clear statement of the testing goals;

e technical drawing of the preliminary device design in anticipated—-fult commercial scale
and the experimental design at model scale;

e definition of the anticipated-full commercial-scale PTO and its characteristics;
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e supporting calculations to provide approximate device physical properties and
behaviour;

e technical drawing of the preliminary mooring design in anticipated-full commercial scale
and the experimental design(s) at model scale;

e characteristic site conditions for the anticipated device deployment location, including
typical wave period, wavelength, water depth, significant wave height, spectral
representation and directionality, spreading coefficient (see IEC TS 62600-101 for
details);

3

31 General
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scale (see Annex D Table D.1).
Should include:

e a description of any mathematical device model, where available, detailing how the
testing may assist in advancing and refining such model, and verifying that the mod
includes the governing physics.

W

May include:
e technical advantages and improvements the device introduces over other WECs;
e literature review of similar systems.

For Stage 3, the design statement shall be expanded and_shall be based on engineering
issues in addition to performance based factors. The design‘statement shall include:

e clear statement of the testing goals;

e technical drawings and construction procedurescrelating to the WEC;
e technical drawings of the mooring design;

e control strategies;

e characteristic site conditions for the device deployment location, including typical wave
period, wavelength, water depth,.(significant wave height, and if available spectrgl
representation and directionalityj>'spreading coefficient (see IEC TS 62600-101 f¢r
details). Additionally, an estimate of the anticipated deployment length-reeded requirgd
to sufficiently meet the testing’goals;

e appropriate checks for scaling of operating sea states and extreme seas;
e appropriate checksfép'scaling of water depth, water level and currents;

e characteristic site—conditions relevant to understanding system corrosion including
conductivity and temperature;

e installation‘\procedures;
e operations and maintenance procedures;

o fajlures mode, effects and criticality analysis (FMECA).

Facility selection and outline plan

The selection of the test facility or site shall be based upon the minimum requirements outlined
for each specific testing goal. These testing goals can often be achieved progressively,
requiring an increasingly sophisticated facility and environment. More than one testing goal can
be achieved in one testing campaign, and more than one facility can be used to complete each
development stage.

5.3.2 Stages 1 and 2

To match the testing environment and the testing goal, the following key facility indicators shall
be considered:

Size of tank and wave generation capabilities to define a suitable model scale:
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— wave height and wave period performance curve;

— downstream energy absorption capability (for example beach performance);
— physical tank dimensions, including water depth;

— connection points and tank footprint for mooring system;

— model installation, fabrication and setup facilities;

— regular and irregular wave generation capabilities;

— long and short-crested wave generation capabilities;

— long-term wave stability and wave reflections.
Wind and current capabilities where these are fundamental to the device operation,
Tank instrumentation and data acquisition.

Availability of experienced technical staff to run the facility, assist and advise’througho
the campaign.

tage 2 shall also specifically consider:

The increased scale of the model and the associated change inDfacility size and way
generation capabilities.

The role of wind and current interactions, particularly in addressing station keeping an
mooring loading.

The spatial requirements of a realistic mooring system\feotprint.

ach wave tank is unique in its capabilities and operation, and experienced tank operators shz
e consulted. To ensure all important parameters_are'included, a detailed testing plan shall b
bvised. Feedback on this plan should be obtained from the facility operator prior to testing.
he outline test plan shall specifically consider;

Time required for model set up and calibration.

Time required for wave tank calibration or characterisation.
Number of individual experimental runs, based upon a definition of:
— number of sea states;

— number of device design variables and their range;

— range of regular,wave parameters and number of wave spectra.
Duration of each'sea state.

Tank settling time between experimental runs.

Number, efiexperiments to be repeated for quality assurance and uncertainty analysis in lin
with the specific testing goals.

Device specific test requirements, including sensitivity to directionality and seaworthiness|.

lKogical order of experimental runs.

I

e

An example testing plan is shown in Annex B.

The wave conditions associated with each specific testing goal differ considerably and are
discussed in more detail in Clause 9, Clause 10 and Clause 11. In all cases, some tests should
be re-run to check the repeatability of the test conditions.

NOTE An extensive list of generic wave tank testing requirements is provided in [4].

5.3.3 Stage 3

It is recommended that established sea trial test centres should be utilised to complete Stage 3.
When this is not possible care shall be taken to identify a suitable site. The following list of
requirements should be considered during the-sea—zone site selection:
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Appropriate spatial and temporal wave condition in both amplitude and period.
Appropriate water depth for mooring fidelity.

Sea bed conditions to suit mooring requirements.

Local (rapid) changes in sea bed conditions that are likely to affect testing.
Convenient launch and deployment facilities, and particularly vessel availability.
Local service and maintenance amenities.

Land-based data station.

253

q

0z

Voo < ©
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Appropriate atmospheric and oceanographic conditions, such as the absence of rip current$
large tidal variations, tidal races, hurricanes or excessive suspended sediment.

te appropriateness will be a device specific evaluation so this list shall be regarded as the
inimum requirement. Where necessary the WEC geometric scale should be adjusted to suit
e site wave conditions, see 4.5.1 for details. The minimum scale is only~dictated by the
quirement that the device PCC is fully operational.

DTE There are several recognised, official test centres now established in the world\ These-may can be run by|a
ate or private-concern entity. Archive wave data is generally available for these sites,Jtogether with other faciliti¢s
d expertise to assist the device developer.

hen the prevailing wave conditions are accepted as they oceur; it is essential to develop |a
st programme that accommodates loss of control. The déployment period shall initially He
hsed on an assessment of the site wave conditions expressed as the occurrence scattér
agram. It should then be adjusted as required to fulfil the' full technical programme, including
period of-survival extreme conditions.

tage 3-survival extreme testing is sought to achieve conditions that get close to true-supvivgl
Ktreme conditions. Many interpretations of such testing conditions are possible and are to He
bted in the reporting. Example interpretatjons include:

testing that achieves 80 % of the expected ULS;

testing that achieves the worst<{possible condition for a 1-year period at the Stage |3
deployment location, or

an accelerated exposure-aof the device to high energy seas at a more exposed site with the

proviso that destructive.seas-may might also occur at such sites.-Otherinterpretations—aite
bl . ey

full test plan shallibe produced prior to deployment to ensure all aspects of the design
atement are fulfilled. Results shall satisfy the uncertainty criteria specified for each testing
pal, in particularthe statistical significance for each sea state element of the site wave scatter
agram.

he full-sea trial schedule shall accommodate the variability of the wave climate at the sit
cluding parameters such as:

D

Spectral profile
Multi-modal wave systems
Storm conditions
Unrealistic seaways

Local current

Local wind

Water level variations (or tidal range).

Standard sea states can be used, but site-specific requirements shall be included in this
evaluation where a potential commercial-scale device deployment site has been identified.
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5.

4 Physical model considerations: Absorbing body and mooring system

NOTE Additional guidance on scaling laws relevant to the physical model is given in Annex C.

5.

T

4.1 Stage 1
he Stage 1 model construction should consider the following:

The driving forces should be understood to apply the most appropriate scaling law.

Design to allow individual modification of the key device design parameters.

Lump ballast to obtain the desired mass distribution.

Construction material selection (material properties that have a significant impact on” the
device behaviour shall be scaled, otherwise scaling material properties not required).

The physical model construction enabling accurate measurements of the key-parameters.

Potential use of limited DoF testing in proof-of-concept where it is expected that this dogs
not significantly alter the fundamental device operation.

that
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Mooring simulation to match desired device dynamics.

everal physical models can be used to complete the end gea| of the overall Stage 1 testing.

4.2 Stage 2

he medium-scale physical model shall be less idealised than the Stage 1 model. Supporting
blculations shall identify likely failure points, and_¢ross-sectional and local loads. Model design
hd manufacturing shall enable relevant straincor load measurements at these locations. The
tage 2 model construction should consideriall of the Stage 1 suggestions in addition to tHe
llowing:

The dynamics of the model should-be as close as possible to an exact representation of the
full commercial-scale device.

The mooring system—will-reed—to shall meet both geometric and structural similitude,
potentially requiring two designs to meet the goals of this stage.

DTE Stage 2 models will be significantly more sophisticated than Stage 1 models. As a result, model fabricatign
d model handling, are generally more involved.

4.3 Stage 3

he size for a Stage 3 scaled model should be based on the wave parameters found at the
eployment/ sea trial site and be sufficient to accommodate a fully operational WEC, including

5
T
d
t

e F10U and power eleCtroniCs packK.—+ef—eaevrecesaboveaobdrK\W—Tatihg,—tHSWH-StH IS

Stage 3 device might be a significant model on the order of many tonnes and will require
specialised maritime handling. However, due to the power scaling of 13:°, the electrical output
will be modest, of the order of a few kilowatts. This in turn means it is not necessary for the
scaled device-reed-neot to be grid connected and an alternative method of power dissipation,
for example an on-board grid emulator, can be used.

The Stage 3 model construction should consider the following:

Failures mode, effects and criticality analysis (FMECA).
Identification of ULS loads and factors of safety.

Identification of key-strains load paths within the device structure.
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e Accurate and complete assembly procedures.

e Instrumentation—needed required to record required data streams including sensor
redundancy.

e Supervisory control and data acquisition system (SCADA).

o Efficiencies in the PCC.

e Accurate mooring designs and assembly procedures.

o Safety of workers during commissioning, installation and maintenance.

e[ Construction material selection.

The device can initially be deployed in a partially built condition to investigate specific.design
igsues, but shall be complete before the sea trial programme is concluded. A PTO_simulatign
can initially be installed to validate and verify the system hydrodynamics.

—

The detailed Stage 3 WEC hull design and fabrication is commonly undertaken‘by a speciali
mlarine contractor. Hull design and fabrication are not within the scope of this document, ard
re¢ference should be made to the appropriate guidelines and standards fexmarine fabrication

NPTE If using full-scale materials then a skewed structural scaling will ensue iniocal load measurements.

5|5 Physical model considerations: PTO and closed-loop“control

Z

DTE Subclause 5.5 is written with closed-loop feedback control in fhifid. For devices that do not feature closef
pp feedback control, some of the requirements here only apply in part

o

5{5.1 General

tlis important to recognize that closed-loop absorption control for WECs introduces effects that
e quite different from those in open-loop marine systems such as vessels. At the onset of the
Bsign process, a basic understanding of closed-loop control theory should be developed. This
rcludes aspects of system design suchydsconsidering the modes of drivetrain resonance and
bw these might be excited via closedloop feedback control.

05 Q0

he PTO strongly affects the dgyice performance. In general, the PTO works by applying |a
rce on the WEC that depends\upon the WEC motion. A simple damper, for example, applids
force that is proportional.to,velocity. The force can be applied by a mechanical damper or Hy
sophisticated device that* measures the velocity and generates a force by means of gn
ctuator, which is commanded by a control system. In both cases, the dynamic behaviour ¢f
e coupled PTO-WEE-system differs from the behaviour of the WEC when disconnected from
e PTO. As a_fesult, the developer should characterize the behaviour of the PTO f{o
haracterize its effects on the device once installed and deployed for tank testing or sea trial$.

oS ZTo o ® o

The impflementation of a control system can dramatically improve power absorptign
pgrformance or can, in the extreme case, destroy the device through instability. Therefore, for
ahy device that uses feedback control, close attention shall be paid to the closed-loop dynam|c
pfoperties of the controlled PTO.

NOTE Problems due to stability commonly arise when feedback controllers are implemented. These issues are
often due to the PTO not being properly designed to execute the desired control system, for example not being able
to apply the desired level of damping.

Tuning of mechanical power versus electrical power can lead to very different PTO optimization
outcomes. Each Stage 1-3 testing campaign should clearly identify the PTO optimization
objective, for example to maximize mechanical power or to maximize electrical power at a
defined conversion step.

A PTO and control system will ultimately only function if all system components work in unison.
This commonly includes the PTO hardware (actuators, gearboxes, hydraulic circuits etc.), the
instrumentation feeding into any active control system, and the real-time control system
hardware and software. The PTO design process should identify all critical PTO component,
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and how these can be reliably integrated into an overall system. The PTO hardware (e.g.
actuators) is likely very different between Stages 1 and 2, and Stage 3. The PTO
characterization shall be repeated each time the PTO hardware changes substantially.

5.5.2 PTO and control design considerations for Stages 1 and 2

D

uring a Stage 1 program, the PTO can be represented using a simplified, yet well-

characterized mechanism.

SO0

Ug g 2

n»w=+O0TO W

urina 4 Stang 2 nNranram
T ™ I = FTEYITETET )

Khibiting the proposed (or intended) commercial-scale kinematic and dynamic -ﬂ':)
haracteristics and control strategy. If the commercial-scale or Stage 3 device relies on ggosed
op feedback controller, then a closed loop feedback controller is also recommend& uring

e Stage 2 model testing. (l/
Q

S

DTE 1 The detailed design of the first sea-going (Stage 3) device often takes place followi @jre Stage 2 mod|
sting. As a result, either the Stage 3 or the commercial-scale PTO hardware, or both, mi ot be fully defing
ring the Stage 2 testing. Nevertheless, having a proposed or intended PTO concept in in;ﬁigsrior to Stage 2 mod
sting is key for the success of the overall staged testing approach, such that the inte kinematic and dynamf
O characteristics can be tested during Stage 2. @

thg DTO chall hg ragnrgcgntad 1icina o mageohanicm canahlg I)f
= —t Ha— Fepesehtea—tsiihig—a—mh HeHHSHR—Gapaot
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DTE 2 Matching the kinematic and dynamic behaviour is particularly importantGO e PTO at commercial scale |is
pable of providing significant amounts of reactive power. In this case, the ?n of the WEC will be amplified lpy
e interaction with the controlled PTO, and the wave-body response can & ignificantly different from the cage
here no PTO is included.

5.3 PTO and control design considerations for 8{& 3

uring a Stage 3 program, the PTO shall be rgesented using a mechanism capable ¢f
Khibiting the proposed commercial-scale kin ¢ and dynamic PTO characteristics and
bntrol strategy. If the commercial-scale devicexelies on a closed loop feedback controller, thgn
closed loop feedback controller shall also K&‘ested during the Stage 3 sea trials.

%
he device power can be measured at v’§ous conversion steps, for example mechanical inp{it
pwer, and reported at those points ~§)r each reported power performance value, it shall He
bcumented exactly where in the Q& this power is recorded.

O
DTE While peak power ratings f ;}ége 3 can be several kWs, continuous power flow in many sea states is likgly
the order of several hundred tfs. As a result, efficient electrical power conversion (and potential transmissign

shore) can be very challen@

-

tage 3 is the first e that involves open water sea trials. The Supervisory Control and Daf{a
cquisition Syste CADA) shall be designed such that it can handle autonomous operatign
the WEC. TheﬁA system can rely on manual intervention for certain tasks (e.g. switching
btween variQus' control strategies) but shall be designed such that safety and seakeeping
itical feat do not rely on real-time operator input. The SCADA system shall also undertale
e dat%@quisition purpose, including telemetry requirements and on-board logging. THe

s

ste all have a meta-data function to ensure all files are time stamped and coded 3
)@Qng in IEC TS 62600-100.

A

Il sensors relevant for the power performance measurements shall connect via the SCADA

system.

5.5.4 PTO bench testing

B

ench testing time is significantly less expensive than wave tank testing time (Stages 1 and 2)

or sea trials (Stage 3). The key purpose of a PTO bench test is to identify the main issues and
faults with the PTO design, such that the PTO integrated with the device is pre-tested and
reliable [5]. This can greatly reduce the likelihood of failure of a wave tank or at sea testing.

T

here are two main types or purposes of PTO and control bench tests:
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a) Characterize, verify, and validate an open-loop model of the PTO: This is useful for both the
design of the controller and evaluation of performance and efficiency. With regards to control
design, the model derived from experimental testing is useful also to establish the bounds
on the controller performance (type of controller and range of stability margins);

b) Test control system: Verify closed-loop PTO behaviour before tank testing or sea trials.

It is recommended to undertake the first type, (a) above, for Stages 1 and 2. The second type,
(b) above, should be undertaken for Stage 2.

i

D LILJ \G) [=1RA%] \U) dUUVC olidilT VO UTITUTTIANTIT TUT utagc J. TTIC \)LGSU JIT TUTo UHIT TITOol IGIHUI LWL
apsembly for most WEC developers, likely with actuators capable of delivering and acceptin
several kWs of power. Bench testing of the PTO drive train shall be undertaken pyiof {
integrating the PTO within the Stage 3 WEC model. During this bench testing, the Stage™3 PT
dfive train is likely to exhibit some unique behaviour (e.g. drive train resonances).that cann
bge scaled to a commercial-scale device. Nevertheless, any such (resonant) beliawiour shou
be documented to inform the commercial-scale device design.

o 0o« O

DTE It can be challenging to find a bench test laboratory for every type of Stage 3(RTO. For some shorelife
WC devices, sometimes the WEC system itself is the test bench for the PTO system.

W Oz

s
mple mass-spring-damper systems. Components of the real (physical system can also He
mulated using hardware-in-the-loop techniques. The key to bench testing is that the PTP
ardware and control system are shown to be operating with good stability margins before being
rltegrated into the WEC model for wave tank testing or sédurials.

rnch testing of PTO components can be undertaken using simplifigd” device models, such &

o 0n un

During Stage 3 bench testing, the principal PTO contfol algorithms shall be tested as intendgd
fqr the Stage 3 sea trials. This shall include exgguting those algorithms on the intended sda
trjal computing hardware (SCADA system). It\s ‘acceptable that not all physical sensors aie
pfesent during the bench testing phase, andigsensor signals can be simulated as required.

tlis recommended that the PTO test stand is capable of compliant PTO excitation. In th|s
bntext, compliant refers to the ability~of the PTO test stand to react to the PTO forcing, rather
an rigidly enforcing a motion profite that is not representative of the coupled interactior]s
btween the PTO and the wider WEC system.

o =0

6 Reporting and presentation

1 Reporting of test conditions and goals

6

The test planning-considerations shall be documented in the reporting. This includes the design
statement, testing goals, facility selection and outline plan and physical model characteristics.
Special attention shall be given to identification of each similitude that cannot be obtained,
which should be included in the reporting along with a description of how this misrepresentatign
i§ expected to influence the scaling procedure to full-scale. Where the facility characteristics do
npt.éntirely match the expected-full commercial-scale conditions, this should be noted in tHe
reporting.

The test setup reporting shall identify the still water configuration of the device in the tank, the
location of all sensors, and the mooring attachment points. Additionally, all dry and wet
calibrations that confirm the device properties, sensor properties, and mooring properties shall
be presented.
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6.2 Presentation of results
6.2.1 General

After calculating the required performance indicators, as stated in each independent goal
section, they should be compiled as either model or full-scale values, or both, as appropriate,
and presented in one of three fundamental ways:

a) as RAO curves with error bars;

b) in scatter diagrams;

c) as variable(s) against a set of tested appropriate iso-variables.

The error bars as defined in each independent goal section should be presented with the fesults.
The performance indicators shall be shown in at least one of the fundamental ways; and cgn
also be shown in all of the fundamental ways to elucidate distinct trends.

NPTE 1 It is often helpful to also present subsets of the raw data time series.

NPTE 2 In calculating error bars, the uncertainty analysis in [6] can be helpful.

[=2)

2.2 Wave parameters

The realised wave parameters, as defined in 7.4, shall be repofted.

=

required by the design statement, wave scatter diagrams for targeted location(s) shall be
reported.

Fpr any irregular wave testing, peak distributions-and spectral shapes shall be provided in the
gporting. Key statistical parameters include ‘the spectral moments (m_q, mg, mq, my).
haracteristics derived from peak distributions 'shall include values relevant to the probabilify

ensity function (Rayleigh, Weibull, most rglevant peak distribution), as well as the mean and
edian values.

3203

[=2)

2.3 Response amplitude operators (RAOs) curves

—

he relevant RAO curves for the'performance indicators should be reported.

Using regular waves, the RAO for individual frequencies should be determined as the rat|o
between the amplitude of the relevant performance indicator and the amplitude of the
characterised incident'wave. Clause 9 provides details concerning the number of regular wavdgs
tq be considered: Efror bars should be associated with both the abscissa and ordinate axes.
The appropriate Uncertainty analysis (see Clause 12) shall be carried out to establish the error
bhars to be associated with the final ratio, governed by both the performance indicator standaid
deviation@nd the wave amplitude standard deviation. The regular wave RAO curves combining
multiple-frequencies should be produced for constant steepness sweeps in which, if applicabl
the same control settings are implemented.

D

Using irregular waves, the RAOs should be calculated from the square root of the ratios between
the spectral density of the relevant performance indicator and the spectrum of the incident
waves (e.g. the square root of the transfer function). When calculating the RAO based on
spectra, specific attention shall be placed on the smoothing of spectra prior to calculation of the
RAOs, which can only be done by sacrificing frequency resolution.

NOTE 1 RAOs for both regular and irregular waves can be obtained using the ratio of discrete Fourier transforms
(DFTs) obtained via the fast Fourier transform (FFT) algorithm.

NOTE 2 In order to obtain reliable RAOs based on spectra, the uncertainty of the individual spectral values is
generally sought to be below 15 % (smoothed ordinates or 40-50-subseries (DoFs) in FFT analysis). Furthermore, to
obtain reliable RAO values, only spectral values larger than 2 % of the peak spectral value (after smoothing) are
generally used in the analysis.
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NOTE 3 Long period medium energy sea states provide the optimal results in computing RAOs for wave spectra.
RAOs can be amalgamated from multiple tests.

6.2.4 Scatter diagrams

The performance indicators and standard deviations relevant to irregular environments should
be presented as a bivariate scatter diagram for the chosen sea states. If required by the design
statement, the shading indicating the sea state probability for the commercial deployment
location shall be overlaid on the performance indicator scatter diagram. From these, other
summary statistics such as the average annual value for the performance indicator should also
be_identified

The device power matrix is the most common type of scatter diagram, but other parameters
sfich as device loading-may can also be presented in this format.

Al separate matrix should be developed for each configuration of the device|and for arly
gnificant changes in the operation of the PTO.

n

Z

DTE Optimum power control settings are often established via regular wave trials, and.subsequently adopted fpr
egular wave testing. As a result, an optimised scatter diagram-may can contain ehfries relating to a number pf
ntrol settings.

o =

Fpr Stage 3 sea trails, it-may might not be possible to achieve ‘aJstatistically complete power
matrix. In this case, iteration and extrapolation techniques-can be used to fill in the blank
elements, clearly identifying which data are based on direct,measurement and which are not.

25 Alternative iso-variable curves
2.51 General
irves, such as the points of stress concentration against constant wave steepness values,

Ren these curves should be presented. Error bars should be associated with both the abscisga
ahd the ordinate axes.

6
6
When testing was completed in a way that allows for the presentation of the data as iso-variable
u

Z

DTE In calculating error bars, the uneertainty analysis in [6] can be helpful.
2.5.2 Capture width and-capture width ratio

he capture widths for the/individual tests shall be calculated based on the absorbed power [P
nd the wave energy‘flux J, and the capture width ratios shall be derived by normalising the
bpture widths withya characteristic dimension (typically width) of the tested device;seelES
S-62600-1-forfurfher-definition. The characteristic dimension used shall be clearly stated.-FHe
tha an o

r tyr
tuH

width ratios shall bhe nlotted goaainst kev naramete
A —B 1 aga Key—pa rete
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e t t

fia nlr\all\l the 'Frnnllnnr\\/ doma
YPRHC eqUeRcYy-Gof

-and wave energy period L. Elther the capture widths
bptupesWwidth ratios, or both, shall be plotted against peak period of the spectrum. THe
eastred model scale data should be presented. Predictions for commercial scale can bhe
ricluded. Typically the sea state over a test interval of 20 minutes will be given by the significant
wave height estimate /,,; and wave energy period T,.
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NOTE These calculations can be presented at-pretotype commercial scale or in terms of non-
dimensional parameters, e.g. wave steepness, H, /T, and relative length /, characteristic device

length 1, normalised by wave length (based on T,).

6.2.5.3 Control

Control can be applied in a multitude of ways, from passive linear damping to sophisticated
nonlinear active methods. The power performance data shall be presented in a way which
clearly identifies the influence of control on the power capture. Control parameters shall be
varied such that it is possible to identify the influence of individual parameters on the reported
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results. If nonlinear control is adopted, the power capture data shall be presented over the full
range of the dynamic and kinematic quantities.

6.3 Presentation of performance indicators
6.3.1 General

The characterisation of the performance indicators shall be based on time and/er frequency
domain analysis of the time series of the measured quantities. The analysis of the
measurements shall be carried out on the same stationary part of the time series; this will also
cprrespond to the part of the time series used to characterise the incident wave field |if
characterisation occurred without the model present. Sufficient data points shall be used {o
eptablish the standard deviation fand variability of the requested performance variable.

Processing of the measured variable to produce other quantities of interest, sueh)as velocity
ahd acceleration from position, are encouraged and in some cases required. Signal processing
tgchniques that minimise noise amplified through mathematical conversions, should be followdd
tq obtain the most realistic profiles.

[<2)

3.2 Presentation of performance indicators in regular waves

-

able 1 identifies the statistics that should be obtained for the relévant performance indicatofs
regular waves.

=

Table 1 —Presentation of performance indicators (regular waves)

Performance indicators Stage 1 Stage 2

Lontinuous quantities (for example WEC Average + Std{ Dev. | Average * Std. Dev. <Peak> + Std. Dev.

i d ki ti
ynamics and kinematics) <Peak>@Std. Dev. <Phase of Peak> * Std. Dev. <Peak> to

Average * Std. Dev. Identify onset of

nonlinearity
Discrete events (for example local point €aount and identify Peak magnitude and duration of each event,
Ipads, greenwater occurrence, slamming wave conditions for # of events
gnd impact events) which event
occurred.

NOTE 1 <Variable> refers to ensemble average of the variable.

NOTE 2 Std. Dev. refers to variability within an experimental run.

(0)]

nce it is not, pessible to produce regular waves in a scaled ocean environment, no regular
wave performance indicators are required for Stage 3. All performance indicators for Stage 3 aile
qund in 6-34-

—h

6(3.3 Presentation of performance indicators in irregular long-crested waves

Foriregutar tong=crested-waves, theemntirety of thetimeseries usedtoestablishthe-mcident
wave field shall be used.

Table 2 identifies the statistics that shall be obtained for the kinematic and dynamic
performance indicators in irregular long-crested waves. These statistics shall be obtained for
the device position, velocity, and acceleration.

Since it is not possible to produce irregular long-crested waves in a scaled ocean environment,
no irregular wave performance indicators are required for Stage 3. All performance indicators
for Stage 3 are found in 6.3.4.
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Table 2 — Presentation of performance indicators (irregular long-crested waves)

Performance indicators Stage 1 Stage 2

Continuous quantities (for example WEC Average * Std. Dev. Average + Std. Dev. <Peak> % Std. Dev.
dynamics and kinematics)

<Peak> + Std. Dev. <Peak> to Average * Std. Dev. Spectral
Peak response: indicate the moments of the
spectrum

Peak distribution: indicate probability
density function parameter values, mean,

median_and agth pnrr\nnfiln

Directional spectral response if applicable

i

q

Discrete events (for example local point Count and identify Peak magnitude and duration of eachevent
bads, greenwater occurrence, slamming wave conditions for # of events
nd impact events) which it happened

N

N

NOTE 1 <Variable> refers to ensemble average of the variable.

NOTE 2 Std. Dev. refers to variability within an experimental run.

= un

(¢

sT o

—

= O

}.

he spectral response (moments of the spectrum)-may can includé measures such as the
andard deviation of the standard deviation. The term spectral‘résponse shall be understoqd

include sufficient spectral properties (moments) to obtain“statistically relevant proceds
easures.

34 Presentation of performance indicators in irregular short-crested waves

pr irregular short-crested waves, the entirety of-the time series used to establish the incident
ave field shall be used.

pble 3 identifies the statistics that shall be obtained for the kinematic and dynam|c
erformance indicators in irregular short~crested waves. These statistics shall be obtained for
e device position, velocity, and acceleration.

Table 3 — Presentation of\performance indicators (irregular short-crested waves)

Performance indicators Stage 2 Stage 3
Continuous quantities (for example Average + Std. Dev. <Peak> + Average * Std. Dev. <Peak> + Std.
EC dynamics and kingmatics) Std. Dev. Directional spectral Dev. Directional spectral response

response Peak distribution: Peak distribution: identify 98t
identify 98th percentile percentile

Discrete events.(foef example local Peak magnitude and duration of | Monitoring required if greenwater or

point loads, greenwater occurrence, each event, # of events slamming was seen in Stage 2.

glamming andtimpact events) Monitoring recommended if impact

event occurred in Stage 2.

N

NOTE™1" <Variable> refers to ensemble average of the variable.

NOTE 2 Std. Dev. refers to variability within an experimental run.

Testing of irregular short-crested waves is not required in Stage 1; hence no performance
indicators are given.

7

Testing environment characterisation

7.1 General

T

he testing environment conditions form an important input for data interpretation and shall be

carefully recorded.
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7.2
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Wave tank characterisation (Stages 1 and 2)

Each wave tank is unique in its operation and wave field characteristics, and the wave tank
operator should be consulted to discuss the specifics.

To define the wave field characteristics, one of the following three methodologies shall be

adopted:

a) calibration of the incident waves undertaken in the absence of the structure;

verrorioTe

into incident, reflected and
analysis (see, among many others, methods noted in [7]).

radiated

by——avaiable—wave—spescifications—ofprevieushy—calibrated—sea—states—in—anr—empty—tank
provided by the tank operator can be assumed to be accurate if measured in the vicinity, of
the location where the model will operate;

c) the wave field can be measured in the presence of the structure; and might be separatgd
(where appropriate) components through dafa

The wave characterisation shall take place at or near the model
tgking into consideration potential global device motions within the mooring constraints.

operation location

—

r-

current is to be used in the model testing, the wave calibration shalt be undertaken with the
irrent operational.

is not acceptable to use assumed (or non-calibrated) waves' as an input to the analysis. For
regular waves some departures from the target sea staie”shape are acceptable, and thede
nall be noted in the reporting.

significant tank effects (seiche or standing wavesy cross-tank oscillations, beach reflection$
e observed during the tests, comments regarding their expected influence should be made|

~

pble 4 identifies the minimum required .measurements for each aspect or type of the incident
hvironment. Additional wave probes are'vecommended if the incident and reflected waves from
e device are to be separated.

Table‘'4 — Environmental measurements

Environmental Stage 1 Stage 2 Stage 3
measurements
Regular Deploy at least 2 Deploy at least 3 N/A
measurements during tests: .
in‘front and one flanking side | Measurements during tests:
of the device. in front, behind, and flanking
one side of the device.
Irregtilar Deploy at least 2 Deploy at least 3 N/A
long~ measurements during tests: .
o crested in front and one flanking side | Measurements during tests:
4 Naves of the device. in front, behind, and flanking
= one side of the device.
Irregular Not required In addition to the Deploy a measurement
short- requirements for the system within 50 m of the
crested irregular long-crested waves, | edge of the watch circle of
waves deploy a cluster of probes the device. This system shall
capable of resolving the be capable of resolving:
various incoming directions. | frequency, direction, and
energy
Current Monitoring not required If applicable, monitor using a | Monitor if current is present
single probe.
Wind Monitoring not required If applicable, monitor using a | Wind data from local station
single probe. or buoy should be recorded
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NOTE 1 Waves in tanks are often not spatially homogenous, so it is important to characterise the wave field in close
proximity of the device deployment location. For slack moored, buoyant devices that can move about the water
surface, particularly in surge, this-may can be an inexact measurement.

NOTE 2 The purpose of including multiple sensors for wave measurements is to capture any tank variation across
the model location.

Early consultation with tank operators is recommended to ensure that the uncertainty
associated with the testing environment is considered appropriately in the test planning and
subsequent data interpretation.

Z

DTE 3 All test tanks will introduce a degree of uncertainty in the test results. Given that each tank is unique in its
eration, the tank operators are normally best placed to estimate this uncertainty, which will also depend on-i}
specific WEC model dimensions.

[e]
(]

the characterisation is carried out with the model absent, special attention-needs-t6 should
e paid to minimise the reflections of the scattered waves (from the model) which are no¢t
resent in the measurements used for the characterisation. Thus, this approach is n¢t
gcommended for testing where the model generates a scattered wave field which cgn
bntaminate the incident wave field through reflections at the wave generators, which is oftgn
He case if the model occupies a considerable part of the wave tank.

=+ 0 3T O =

Some WEC types do not directly respond to the water surfaceelevation (wave elevatign
gcorded at the surface), and calibration of the water surface elevation only-may might not b
ifficient. In such cases, calibration of alternative measures (for example pressures or flu
brticle velocities) should be considered.

T »n =
[eXN«))

~

3 Trial site characterisation (Stage 3)

Prior to any sea trial area being designated a Stage’3 test site, an estimation of the prevailing
wave climate should be obtained following IEC.TS 62600-101.

Rleal-time monitoring of the oceanographic@nd atmospheric conditions shall be undertaken for
the duration of the sea trials. The location of the measuring gauges shall be carefully selectdd
tg minimise contamination of the records from local influences and the device itself.

The data signals can be postxprocessed, but this shall be conducted on a regular, routine
sghedule to ensure record fidelity.

t|/is recommended that-an established test centre is used for sea trials so that long term wave
records are available for test design and planning.

7|4 Wave characterisation

714.1 General

The incident wave field (plus wind and current where appropriate) shall be characterised. The
wlave field characterisations and the terms used in the reporting should be compatible with

7.4.2 Laboratory regular waves

For analysis of regular waves, either time or frequency domain analyses, or both, shall be
applied. In both cases, the analysis shall be carried out on the stationary part of the time series.
Further details on the analysis of regular waves can be found in [9]. Table 5 identifies the
required performance indicators.

7.4.3 Laboratory irregular long-crested waves

For analysis of irregular waves, frequency domain analyses shall be applied. This can be
complemented by a time domain analysis. In both cases the analysis shall be carried out on the
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stationary part of the time series. Further details on analysis of irregular waves can be found in
[10]. Table 5 identifies the required performance indicators.

7.4.4 Laboratory irregular short-crested waves

For analy3|s of directional waves, an advanced frequency domain analysis method shall be
applied.-M - In all cases the analysis shall be
carried out on the statlonary part of the time series. The directional wave spectrum shall be
plotted and inspected, and should be provided in the reporting. Further details on analysis of
directional wave analysis can be found in [11]. Table 5 identifies the required performance
indicators.

4.5 Sea trials

7

The wave analysis shall be conducted as specified in IEC TS 62600-101 Aon "‘Resourde
Alssessment Class 3, Design. The summary statistics and spectral representation shall He
calculated for comparison with the corresponding device behaviour data:” Any possible
cpntamination of the wave record, such as radiated waves from the device, should be noted.

Al bivariate sea state occurrence scatter diagram shall be generated. This table shall be
aligmented with the ability to identify the wave frequencies and _heights (spectral profile) that
cpnstitute each wave system summary statistics. Table 5 identifies the required performande
indicators.

Table 5 — Environmental performance indicators

Environmental performance indicators Stage 1 Stage 2 Stage 3

Regular waves Wave height H, + Std. Dev. N/A
Waveperiod 7, £ Std. Dev.
Wave direction 0, = Std. Dev.

Irregular long- Significant wave height, 7, N/A
crested waves
Zero up-crossing period, T,

Wave Energy period, T,
Peak period, Tp

Wave direction, 6
Repeat time (if any)

Spectral shape

Irregular short- As irregular long crested waves, but including directional
crested waves spreading
Current Not required If required, Surface speed and direction;
speed, profile, two other monitoring points in
and direction the column (speed and
direction)
Wind Not required If required, Speed and direction ~10m
speed and above free surface
direction

NOTE Std. Dev. refers to variability within an experimental run.

For periodic derived sea states (finite repeat time based on inverse fast Fourier transform) the
unique time series duration shall be specified. For fully random generation techniques (white
noise filtering), the water surface time history should be saved for future trials.
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For additional details on Stage 3 environment characterisation, this document refers to the
methods established for open-sea characterisation in IEC TS 62600-101.

8 Data acquisition and real-time control system

8.1 Signal conditioning

Data acquisition is a rapidly evolving field, and this clause only serves as a brief overview. If in
doubt, an experienced instrumentation engineer or the test facility should be consulted.

bn readily be converted to a digital signal close to the signal source. Distributed fieldbys
stems avoid issues with long analogue cable runs and associated noise andcare hende
régcommended where possible. Where long analogue cable runs cannot be aveided, current
Iqops (typically 4 mA to 20 mA) are recommended, or alternatively, sensors:with analogye
vpltage outputs should be calibrated with the cable length included.

Modern DAQ systems often rely on distributed fieldbus protocols, where the analogue-signg
c
s
g

The electrical sensor signals shall be recorded as raw as possible,-without any substantif
filtering or smoothing at the acquisition stage. Aliasing shall be avoided.

Special attention shall be paid to sensors that supply small output-signals (voltages in the ordgr
of mV), as these are susceptible to contamination from electrical background noise (larde
motors, pumps, or wavemaker drives). To ensure that the‘sensor signal is contamination fre¢,
ohe of the following approaches should be adopted:

a) The sensor lead should be kept as short-{0;5.m<%4o-2-m) as possible and the analogue 1o
digital (AD) conversion should be undertakenin‘close spatial proximity to the sensor.

b) An instrumentation amplifier should be placed as close as possible to the sensor, providing

a more robust electrical signal-amplificationto-a-minimum-of-1-\/peaktopeak.

c) Where longer cables are necessary, ‘appropriate measures shall be taken to minimise erro
due to noise and damping of signals.—e-g—by-use-of-. This can rely on techniques such gs
twisted and shielded pairs of wites'and/, or-use-of measuring methods employing long cab
compensation (e.g. 6 wire setup for full-bridge strain gauge measurements).

(2]

[¢]

The DAQ sensor suite should-include all necessary measurements to assess critical sens¢r
glality. For example, sepsors that-may have a sensitivity in their output to other factors sudh
ap temperature or vibration,—-may might need to be corrected for these factors. Thus, thede
aflditional factors-weusld-need-te shall be recorded as well.

[N

It]is reeemmended to discuss EMI noise mitigation measures on instrumentation signals with
the testing facility. For example, shielded cable is recommended for analogue signals runs with
thexsable shield connected to the DAQ ground on the DAQ end.

8.2 Sample rate

Most signal frequencies occur below 5 Hz, so a sample rate in the range of 50 Hz to 100 Hz
shall be considered sufficient in recording surface elevations, mooring forces and device
motions, including velocities and accelerations. Special attention shall be paid when recording
localised impact forces, loads, or pressures, where the signal rise time at laboratory scale is in
the order of several milliseconds. Sample rates in excess of 10 kHz should be adopted if e.g.
impact loads or snap loads in mooring lines are of concern. In such situations, and where large
amounts of sensors are deployed, special attention shall be given to ensure the necessary data
throughput of the DAQ is available.
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If signals are required for real-time feedback control (e.g. force or torque feedback), they should
be recorded sufficiently fast to minimize control phase delays. For Stages 1 and 2, feedback
control signals should be acquired at no less than 500 Hz. For Stage 3, feedback control signals
should be acquired at no less than 200 Hz.

NOTE The appropriate data acquisition rate-may can be affected by the testing scale. Velocities can be higher at the
later Stages due to distance being a direct scale whilst time is the square root.

8.3 Analogue to digital conversion and DAQ system

Il ulldclta:’\illy thc AD bUIIVCID;UII, all applupliatc Illcclbul;lly lculgc aIICJI |cau=utiun th“
selected. To ensure maximum conversion accuracy, the minimum range that does not lead\f
slgnal saturation should be selected (for example £10 V for a sensor that provides outputs
the £10 V range). For matching signal and measuring range a minimum of 12-bit resolution
the AD conversion shall be used. A signal range lower than the measuring rahge is on
allowable if the resolution in the AD conversion is correspondingly increased to’ effective
optaining the same of better signal resolution. Generally, it is recommended to’use the highe
ayailable resolution.

<K< 335300

oY
—

4 Frequency response

he frequency response characteristic of any sensor shall be considered. Special attention shz
b paid if sensors are calibrated statically (for example a force ecalibration using a static weight
nd then used to record dynamically varying physical quantities (for example the impact load
he frequency response of the sensors shall be known and{shall be documented, ideally statin
e -1 dB cut-off frequency. If the frequency responsetof-the sensor is unknown, a dynam
blibration is recommended.

~

OO T o
o Q<

8|5 Data synchronisation

| signals should be recorded and~8ynchronised on a common time base. This can be achievgd
y using the same DAQ system,) although care should be taken that signal pre-conditioning
bes not introduce an excessive phase lag. Where implementing a common time base from|a
aster clock (e.g. GPS_time stamps) is not practical (e.g. due to hardware limitations) |a
bmmon start trigger shall be used for synchronisation. In this case, a means of quantifying
ock drift should be incorporated, such as a common periodic signal (e.g. sine wave) recordgd
h the individual DAR"systems.

A
b
d
n
c
c
o

he time constant of the system and excitation source will determine the accuracy of the
nchronisation. A decision shall be made as to the order of magnitude of the phase Iqg
btween.channels compared with the measurement of interest (e.g. wave period). Lags betwegn
AQ systems (e.g. optical sensors vs. analogue sensors)-may might misalign samples. This
noUtd-be checked during testing and-evelve to obtain an estimate of inaccuracy.-Fhis-should

csAha cansidarad whan caleulating darivad valitas hasad an data from multinlea DAQ suysteam
~J T 7

D gon o

i

8.6 Data recording

Data shall either be recorded in its raw format (commonly tab or comma separated text) or using
binary compression. Unless the amount of generated data is prohibitively large, raw text format
is recommended for ease of processing.

8.7 Recording of supplementary test data

All files shall be stored using a systematic and traceable file naming convention. Supplementary
data relating to each experimental run shall be recorded as part of the file header data or within
an accompanying spreadsheet. This supplementary data should include:
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Purpose of the experiment.

Name of person undertaking experiment.
Time and date of the experiment.

Time and date of the last sensor calibration.
Target wave height, period, direction.
Water depth.

PTO control settings.

t

”n Q

-

€

QO - 0 9z

r

(@]

If applicable, speed and direction of wind and currents.

Location of sensor(s) relative to a well-defined coordinate origin.

Name and physical unit of each of the signals recorded.

If a spreadsheet is used, name and location of any associated data files.
Any additional (visual) observations made during the experiment.

A descriptive identifier associated with any model change, e.g. mQoring angle, mooring
spring stiffness, etc.

is recommended to take photographs of the experimental setup_at'all stages (before, during
hd after the experiment). The photographs should, if possiblef.ctearly show the location of gl
bnsing equipment.

addition, the experimental runs should be video recorded. A time stamp on the viddgo
cordings should be included for synchronisation with sensor data.

DTE Placing an LED connected to the main DAQ triggér in the field of view of the video camera provides|a
nvenient synchronisation measure.

8 Calibration factors

he calibration factor is the relationship*between the recorded signal unit (for example voltage)

nd the actual physical-property(the=Calibrationfactors) quantity (for example force)-shal-He

beumented. Calibration factorsdor all sensors shall be documented.

9 Instrument response-functions

special cases, instrument response functions or compensation factors of non-ideal tegt
bnditions-may might-be required. Any such factors or functions shall be clearly documented

10 Health_monitoring and verification of signals

rigorous “health monitoring of all data shall be undertaken including, but not limited to, the
entification of:

Oudtliers

T

DAQ range saturation

Sensor range saturation

Significant amount of electrical noise
Drastic or unexpected signal gradients
Signal bias and drift.

he health monitoring shall be undertaken on a frequent basis, ideally as the experiment is on-

going (for example during the tank settling time). If any of the above effects are observed, the
issue shall be resolved as quickly as possible, repeating the affected experimental run(s). If this
is not possible, any significant sensor for DAQ issues shall be clearly documented.
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8.11 Special-data-acquisition requirements for Stage 3 sea trials

It is essential that the collected raw data is verified on an ongoing basis since repeating trials
will be difficult. All time stamped records shall be organised and archived as recommended in

IEC TS 62600-100.

The type, number, location, and acquisition frequency of the monitoring sensors shall be tailored
to the type of WEC and PTO under test. The key requirements dictating the instrumentation

pack shall be:

¢| Redundancy of essential sensors.

Alternative route monitoring options.

o| Data collection or control strategies.

It is recommended to rely on industrial grade, off-the-shelf hardware for the,WEC SCAD
system. Such systems are readily available and enable deterministic econtrol and daf
agquisition. Low-latency, low-jitter real-time digital fieldbus communication”for control an
fgedback signals is recommended wherever possible.

NPTE Control theory and control algorithms might not have changed substantially, i recent decades, but the w
injwhich they are computed has. Digital real-time control on industrial grade computing systems is now industry be
piactice for new designs.

The control algorithm for power absorption control commaehly/only represents a small fractig
of the code implementation required for the overall SCADA system. It is recommended f{
cpmmence the design process for (i) the overall, safety system; (ii) any required sta
machines, and (iii) control of auxiliary systems (e.g{ fans, cooling circuits, load manageme
system) well-ahead of the ocean deployment. Myis’ also recommended to test any auxilia
system controls as part of the Stage 3 bench\testing process in addition to the PTO bend
tgsting outlined in 5.5.4.

The safety control system for a Stage 3>device is likely complex, and it is recommended f{
uhdertake a Failure Mode and Effect Analysis to aid the development of the safety system. TH
system should be fault tolerant, such that the overall control system is not susceptible to
s{ngle point of failure.

dnce all controls (absorptien-€ontroller, safety controls, auxiliary controls) have been integrate
to a single system, theirdverall real-time computation might be significantly more burdensom
h the computing hardware from when they operated in isolation during testing. It is heng
¢commended to undertake the control system integration as early as possible, and to allo
Lfficient computing’headroom on the real-time control platform.

w oo =

9 Power performance

911/, Festing goals

2 <

o

Nt

QO @

O

The power performance testing shall produce an estimation of the power produced by the WE

In Stage 1 the WEC’s power production will be primarily investigated through the use of regular
waves to produce a capture width curve (RAQO). In Stage 2 an experimental power matrix will be
produced, sufficiently populated such that an estimate of annual energy production is possible.
In Stage 3 the actual power matrix will be sufficiently populated using scaled PCC as opposed

to a representational one.

The power performance testing shall also provide sufficient data enabling definition of the error

bars for each of the relevant parameters-{Annex-D).

NOTE Power performance testing in Stages 1 and 2 is often done in concert with kinematics and dynamics
operational environments.

in
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For the purpose of power performance trials, the scaled device parameters shall be matched as
outlined in Table 6.

Table 6 — Power performance testing similitude

dominant DoF scaled to-mateh

within—15-% approximate
commercial-scale des&ign.

B
within5-% commercial-scale

design as closely as possible.

Geometric Stage 1 Stage 2 Stage 3
similitude
LEC Majorpropertios—oiprofile Majorpropertios—oitho-profile Allproperties—oitheprofile
scaled to match the produced- | scaled to match full-scale- scaled to-match full-scale-
allowed Major dimensions (length, All aspects of the WECprofile
width, etc.) of the WEC profile | to match commercialt8cale
Major dimensions (length, to match commercial-scale design as closely as/possible.
width, etc.) of the WEC profile | design as closely as possible.
to approximate commercial-
scale design. Constrained DoF
testing allowed.
Mooring Full layout (footprint) not The principle of the mooring to | All.dominant properties
essential. WEC interface should be reguired and scaled to match
similar, while the similitude of ([-ptétetype commercial-scale
the full layout (footprint) is npt_ |*parameters.
essential.
Structural Stage 1 Stage 2 Stage 3
similitude
EC Not essential unless Not essential unless Where possible, match the
fundamental to power fundamental to power fullcommercial-scale materials|
conversion. conversion, and construction techniques,
even if this will result in
skewed scaling for the
structural response.
Mooring Properties proportional to Properties proportional to All-dominant properties-
distances and scaled pre- distances, and scaled pre- relevant and scaled to-match-
tension in at least the tension scaled to match-the- scaling-parameter

All relevant dominant
properties scaled to match
commercial-scale design as
closely as possible.

>0

ypical Froude scale factors at Stages 1 to 3 will result in incorrect Reynolds scaling; if an
becial techniques are.employed to alter the Reynolds regime, these should be documente
nnex C provides(additional scaling guidance.
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9.3 Power conversion chain similitude

9.3.1 General

The PTO and remaining part of the PCC representation shall be aligned with the specific testing

in Stages 1 to 3 as noted in Table 7.

Table 7 — Power conversion chain (PCC) representation

Quadratic if an orifice

plate is used seale parameters.

PCC similitude Stage 1 Stage 2 Stage 3
Drivetrain A mechanism should be A mechanism should be Exact mechanical
used that will result in a used that will result in a equivalent in type and
representative and mostly | representative and fully scaled to match pretotype
modellable response. modellable response. parameter.
Cenerator PTO implementation: PTO implementation: Exact generator
friction based or linear Friction based, linear or equivalent ip’type and
with velocity. non-linear with velocity or | scaled-to_match-pretetype}
PI, PID, MPC. parameter commercial

Controls Simplified controls; Controls equivalent in Exact equivalent in
Coulomb or linear operation; however, operation.
damping. aspects relating to time

within the algorithms-may
might require special
treatment due to_scaling.
Can be Couldmb, ideal
linear, higher order andfor
(re-) active control.

fPower conditioning Not required Not required Grid emulator or grid

T

pr devices based on a hydrodynamic to pneumatic power conversion (such as OWCs), speci
bre shall be taken in considering the appropriate scaling laws.

(¢

During scaled testing, care shall be“taken that losses are reduced before the point
measurement. Special attention shalbe given to reduce friction in bearings and other elemen
of mechanical designs.

DTE 1 Adopting Froude scaling,-power scales with 135, where 1 is the length scale. As a result, a Froude-scaled
W full-scale device yields ratings between 7 W (1:30 scale) to 0,1 W (1:100 scale).

2 Z

4

DTE 2 Where pneumatici\power conversion is required, a direct scaling of the air volume following Froude law W
froduce differences (between the model and prototype behaviour due to air compressibility. This is common
ercome by modifying the volumes above the water line, especially in case of fixed OWCs.

o I

3.2 Stage'1

he size'ofthe small-scale model is commonly such that a scaled-down version of the prototyp

ectrical energy. A system shall be developed that is capable of energy dissipation with

12

-

il
ly

® @

9
T
PITO. cannot be adopted. A generic PTO description can be used. It is not required to produg
e
k

TowT retatiomtothe primary motior:.

If the full-scale PTO characteristic is unknown, a generic PTO simulation can be used, which

shall be noted in the reporting.

A set of fixed step, passive PTO simulators can be used. The PTO damping shall range from

zero (disconnected) to infinity (fixed) and focus on the optimal value.

NOTE The PTO is likely to be of little sophistication. Often, an apparatus that provides a distinctive volume flow
rate to pressure drop relationship is applied. This could be based on an orifice or thin (metal) tubes. The advantage
of a stack of thin tubes is that low Reynolds number flows can be achieved. If the flow remains laminar, the pressure

drop is readily calculated analytically (Hagen-Poiseuille flow).
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The PTO control shall be capable of representing a realistic-ful commercial-scale PTO control.
As a minimum, the PTO characteristics shall be adjustable manually to offer different relations
between the dynamic and kinematic sides of absorbed power. It is recommended to implement
an adjustable damping characteristic, where the adjustment is undertaken though a control
system.

One of the chosen PTO control modes shall be representative for the-full commercial-scale PTO

control, and the similarity to the expected-full commercial-scale PTO control shall be quantified.

9
T
a
P
s

ty
ti
tg

Rleal-time measurement of the incident wave field is required to enablg'decision making on th
pe of trials to be run and the setting of the WEC systems. These shallbe combined with reall-

3.4 Stage 3

he degree of sophistication of the power conversion depends on the type of WEC under te
nd, in particular, the PCC. All devices shall include a control system, which shall\be tested 3
art of the sea trial programme. The PTO control system shall include redundapcy of essenti
bnsors and control hardware.

me communication to the on-board control to adjust the system parameters as required by th
st programme. A detailed log of the events shall be kept.

5t

|

e

e

Al cunervicsorv control—and—data ascauisition—(SCADA) cs¥gtem chall be adonted for overdll
A-SUPEePHSORY—CcoRtror—aRa—Gata—acqtHSiHoR—(o oAlbA)—SyStem—SRaH—pe—aaoptea—+ror—overgH
communication-and-control of the WEC durina-sea tridis his shall also undertake the dala
cpmmuRcation—ahRa—-coRtror—otthe—vweo - auUrHhgSeatHHaS—HSShah—aHSodhaeraketheoaafa
abauisition nurnose —includina-telemetrv reauirements and -on-board loagaina - The svstem sh4ll
apguistHon—purpose—Hhcidadihgtetemetryrequremenisaia-on-boarca1oggihg—he-system-shgh
hbhve a meta-data function-to-ensure all files are time -stampned-and coded-as-spnecified in |1E

Apgvea-hReta-agataHdhctoRto-ehsureatHtHesare e StampeaahnacoaeaasSsSpectHeaHie

>

=P

ee 4.5 for additional Stage 3 PTO and control system requirements.

4 SignalPhysical measurements
he purpose of thelpower performance measurements is to establish power performance
e WEC through ‘measuring the relationship between the dynamics (PTO torque, force

ressure) andwthe kinematics (PTO angular velocity, velocity or flow rate). To achieve this, th
easurements-outlined in Table 8 shall be obtained. In Stages 1 and 2 power shall be measursg
ter the (first conversion stage, through the measured kinematics and dynamics. In Stage
pwer shall be measured at each conversion stage.
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Table 8 — Power performance-signal physical measurements

Signal measurements Stage 1 Stage 2 Stage 3
Kinematics All DoFs contributing to All DoFs contributing to All DoFs contributing to
absorbed power. absorbed power. absorbed power at each
conversion stage?.
Dynamics All DoFs contributing to All DoFs contributing to All DoFs contributing to
absorbed power. absorbed power. absorbed power at each
conversion stage?.
Ataves Beptoyatteast2- Beptoy=tteast= BeptoyaTmessuTeTTeTTt
. ¢ oo, ) ‘ ico. )
E o . o : : '
oRitofing-Rotrequired Monitoring-hotFequirec A this i
expected-to-be-
\ )
I Monitori . Monitori . o ¢
weather station should be}
recorded
q4 After the primary power conversion step, the differentiation between kinemratic’and dynamic is lost. These arg
replaced by voltage and current and the electrical power can be measuréd directly.
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5 Calibration and setup
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nce multiplicatignybetween different quantities is required during the post processing, &
bwer performance signals shall be recorded such that they can be fully time synchronised.

9

Alccurate calibration of the PTO arrangement is essential and shall be performed prior {
ekpefimental testing over the design frequency range to fully characterise the dynamic functig
o]
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All sensors used in the experiments shall be statically pre-calibrated for their intended use. If a
sensor is used in a dynamic environment, the time response and cross-coupling characteristics

shall be investigated.

The representational PTO shall be exercised over the expected range of velocity, forces and
frequencies (or equivalently pressures and flow rates). The theoretical dynamic and kinematic
relationship should be compared to the empirical results to determine the acceptability. Plots of
the PTO parameters will highlight the linearity of the response.
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Table 9 — Power performance calibrations
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Dry calibration

Stage 1

Stage 2

Stage 3

Physical model

CoG, locations and
magnitudes of added
ballast, moments of
inertia.

CoG, locations and
magnitudes of added
ballast, moments of
inertia.

CoG, locations and
magnitudes of added
ballast, moments of
inertia.

Wet calibration

Stage 1

Stage 2

Stage 3

Physical model

Floating position

verification-Decav tests to
24

Floating position

verification-Decav tests to
24

Floating position

verification

determine natural period
and damping in DoF used
for power absorption.

determine natural period
and damping in DoF used
for power absorption.

ave sensors

Calibration of wave
gauges shall be done
frequently enough to
ensure changes due to
e.g. temperature changes
are captured.

Calibration of wave
gauges shall be done
frequently enough to
ensure changes due to
e.g. temperature changes
are captured. Checks of
non-linearity shall be
undertaken.

Wave buoy (or-similar)
transfer functions can be
taken from buoy
manufacCturer.

»w 3 =

stem dynamics.

9|6 Wave parameters

t|is recommended to undertake the Stage 1 and Stage 2 décay tests with and without the
ooring system in place. This will confirm the influence of the mooring system on the overa

©

6.1 Stages 1 and 2

—h

o Q

tq those noted in Table 10.

The minimum requirements for the laboratory- (Stages 1 and 2) power performance tests sh3ll
gllow those outlined in Table 10. Sea states shall be selected such that they adequately cover
representative scatter diagram. If the” device performance is highly dependent on wa\e
rectionality, the Stage 2 testing is ggecommended to include directional sea states in additign

Table A0— Power performance wave parameters

Obtain power performance

Stage 1

Stage 2

Regular waves

10 periods per configuration of the
device for 30 waves duration each.
For selected configurations, the
testing should be repeated with at
least one additional wave
amplitude.

10 periods per configuration of the
model for 30 waves duration each.
For selected device configurations,
the testing should be repeated with
at least two other wave amplitudes.

IFregularjong-crested waves at a
nominal/direction

5 operational sea states (for each
tested spectral shape) of 250-waves
duration 1 h commercial-scale

15 operational sea states (for each
tested spectral shape) of-260-wave¢
duration 1 h commercial-scale

H ! 4 o
courvarent eacti

H ! 4 Ia
cootvaret eactiT

Irregular short-crested sea states

Generally outside the scope of
Stage 1 testing.

3 directional sea states-for1-500-
waves-duration of 3 h commercial-
scale equivalent each.

It is important to highlight that all requirements above are minimum requirements. Extended
regular wave testing—may can often be beneficial for mathematical or numerical model

development purposes.

Established sea states can be used, but site-specific requirements shall be included in this
evaluation where a potential device deployment site has been identified.
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NOTE Sea states can be selected randomly across the scatter diagram, or it can be helpful to select iso-periods
and iso-height (or iso-steepness) curves.

9.6.2 Stage 3

For sea trials, the test schedule shall be constructed such that changes to the device
configuration, especially the PTO settings, can be compared across the encountered sea states.
The purpose is to produce relative power matrices for each device setup. The actual bivariate
scatter diagram element selected can vary but attention shall be paid to other parameters of

importance such as spectral shape or wave direction since these two-may might influence the
eﬁpl"gy conversion prm‘pcq

Tp accommodate sea state variability and complete Stage 3 satisfactorily, a robust test plan for
a|sufficiently extended time period shall be required.

9|7 Performance indicators

Viariables of interest to achieve the goals are continuous in nature, hence foreach performande
ridicator, the reporting outlined in 6.3 shall be adopted. Two key aspects shall be computed {o
eet the goals:

53 =

absorbed power and

PTO control characteristics.

The absorbed power P(¢) shall be based on the time-«séries of two measured quantitie
diynamics and kinematics (typically force and velocity, mament and rotational speed, or pressui
ahd flow velocity), multiplied time step by time step/Often the kinematic side of the absorbsg
p
d
a

o

bwer is not measured directly and thus signal processing techniques shall be employed
brive this time series from a measured quantity. Each relevant DoF shall be processe
ccording to 6.3.

O 0 Qo

The characteristics of the PTO control.shall be reported. A scatter plot of the dynamic and
kinematic quantities should be made to\determine the characteristics of the PTO control.

Z

DTE In case of proportional damping PTO control, the points in the scatter plot will be at the diagonal and the
rresponding damping coefficient is derived as the inclination of the diagonal.

(o]

T

br Stage 3 sea trials, thespower conversion calculation shall be based on IEC TS 62600-100Q.

Y

D Kinematics and dynamics in operational environments

—

D.1 Testing'goals

The purpose of this testing is to provide an indication of the device mooring loads, devide
motions;=loading on the device structure, and seaworthiness (for example stability or down
flboding). In Stage 1 the motions and predominant cross-sectional loads are investigated using
RIAO-curves. In Stage 2, local loads are investigated as-needed necessary, as well as mofe
comprehensive measurements of the WEC cross-sectional loads, motions, and mooring
characteristics. These measurements can be placed in a bivariate scatter diagram to obtain
estimates of these values on an annual basis. Lastly, in Stage 3 the loading (local,
cross-sectional, and mooring) and motion characteristics of the WEC will be used to populate
the bivariate scatter diagram.

The kinematics and dynamics testing in operational environments shall also provide sufficient
data enabling definition of error bars for each of the relevant parameters-(Annex-D).
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10.2 Testing similitude

With a progression in staged development, there should be a corresponding progression in the
fidelity of the physical model; incorporating additional detail in the model design so a more
definite design shall be used in Stage 2 over Stage 1. Supporting calculations shall identify
likely failure points, and locations of high stresses, and the model shall be designed and
manufactured to enable relevant strain or load measurements at these locations.

Table 11 defines the parameters that shall be adopted for geometric, structural, and PCC

(2]

militude for testing kinematics and dynamics in operational environments.

reg

o Z

o
kinematics and dynamics.

ften, the only physical system that is required to achieve structural similitude is the moorin
stem. Implementing catenary mooring systems at small scale is problematic as tanks af
ten too small to accommodate the footprint. Alternative configurations, for example using bug
nd sinkers, should be considered. A simple spring mechanism can be adopted to ensur
ation keeping during early experimentation. In the case of active moorings (where€ the moorin
ays an active role in wave power absorption), special attention shall be\placed upon th
ooring characterisation. In all cases, the mooring characteristics, shall be verifig
Kperimentally.

O I Q@

he power conversion mechanisms set WEC testing apart from most-other types of tank testing.
chieving PTO similitude often requires inventive and alternative eonfigurations. Since the gogl
this testing is not to understand the power production, achieving similitude is technically n¢t
quired. However, since the kinematics and dynamics of @ device are partially dictated by the
peration of the PTO, a mechanism shall be implemented that achieves representatie

DTE Often power performance testing (Clause 9) is completed in concert with kinematics and dynamics |n
erational conditions (Clause 10) to obviate this issue.

he hydrodynamic similitudes set the scale of the environment and device to be tested, the
Caled device parameters shall be matched as outlined in Table 6.
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Table 11 — Kinematics and dynamics similitude
requirements (operational environments)

Geometric Stage 1 Stage 2 Stage 3

similitude

WEC ) ) . ) ) . . .

Major properties-of profile nﬁjGEGEEEESﬁBtEEG & | Ati-dominant properties of the

scaledto-matoh-the p E;EOS_EE ’ thin 5.0 profile scaled to-mate 5 OE

allowed Major dimensions (length, All aspects of the WEC profile
width, etc.) of the WEC profile | to match commercial-scale

Major dimensions (lengtin, To matich commercial-scale design as closely as possiple.

width, etc.) of the WEC profile | design as closely as possible.

to approximate commercial-

scale design; constrained DoF

testing allowed.

Mooring Full layout (footprint) not The principle of the mooring to | All dominant properties and

essential. WEC interface should be scaled to matchiscaling
similar, while the similitude of | parameter
the full layout (footprint) is not
essential.
Structural Stage 1 Stage 2 Stage 3
similitude
EC Not essential unless Not essential unless Where possible, match the-full
fundamental to power fundamental to power commercial-scale materials
conversion. conversion. and construction techniques,
even if this will result in
skewed scaling for the
structural response.

Mooring Properties proportional to Properties proportional to All-properties-and-scaled to-
distance and scaled pre- distance and velocity; as well match scaling parameter
tension scaled to-mateh-the- as the scaled pre-tension )
produced-environmentto- scaled to.match-fult All relevant dominant
within15-% approximate the comfdercial-scale design-te- properties scaled to match
commercial-scale design. within 5% as closely as commercial-scale design as

gossible. closely as possible.
PCC Stage 1 Stage 2 Stage 3
similitude

Drivetrain A representative mechanism A representative mechanism Exact mechanical equivalent ir
should be used that will Tesult | should be used that will result | type and scaled to match
in the motions that-should be in the motions that should be scaling parameter.
characterised, characterised.

Benerator Exact generator equivalent in
type and scaled to match
scaling parameter.

Controls Exact equivalent in operation.
Tlypical Ffoude scale factors are of order 1:25 — 1:100 (Stage 1), 1:10 — 1:25 (Stage 2) and 1]2
—|1:5 (Stage 3). This will result in incorrect Reynolds scaling; if any special techniques aie
employed to alter the Reynolds regime, these should be documented. Annex C providgs
afdition scaling guidance.

10.3 SignalPhysical measurements

Kinematic motions in each wave case shall be measured. A full six DoF motion tracking system
is recommended. Six DoF tracking systems require calibration, and this shall be undertaken
with assistance from the tank operator due to its complexity. The six DoF tracking is commonly
based on optical (camera based) techniques, so that no physical interaction takes place between
the motion tracking system and the physical model.

If the model kinematic sensing relies on single DoF sensors (laser displacement sensor or
potentiometer based), then the motion cross-coupling between the various DoFs and the
measured axes (for example the effect of roll on vertical translation) shall be well understood.
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axes accelerometers is non-trivial.
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In the case of multi-axes accelerometers, the placement of the sensor(s) within the model affects the post-
processing. The data post-processing required to determine the six degree of freedom motion from a set of multi-

Table 12 identifies the kinematic measurement on the model and its subsystems in each stage
required to successfully determine the performance indicators.

Table 12 — Kinematic-signal physical measurements (operational environments)

Kinematic Stage 1 Stage 2 Stage 3
maoastiroments
EC AlHindependentand-active | Al-independentDoFsfor- | Global location of WECHin
DoFs forall bodies- all-bodies monitored to- ocean.
; ) . ¢
f scale-ace Faef‘ ef ace Faef[ ef 1 04 ef the
10-% of the majorlength- | major length parameter
All independent DoFs for
All independent DoFs for all bodies shall be
all bodies shall be monitored as accurately
monitored as accurately as possible. A more
as possible. A less accurate measurement
accurate measurement system (e.g. motion
system (e.g. gyro or tracking) is recommendgd\
accelerometer) is
permissible.

Mooring Independent monitoring Recommended, to monitor | Mooring anchor points
not essential. The WEC all attachment points of all | (continuous monitoring no
kinematics can be helpful legs (at optional buoyancy | obligatory, but regular
to identify the mooring chamber, at anchor point)- | checks on position highly
kinematics. i recommended).

accuracy of 1% of the-
B e o
the-device as accurately
as possible.

PTO Not required. Not required. All DoFs contributing to

absorbed power.

n =2

=<

odel movements should be accounted for when determining the range of the six DoF trackin
stem and the associated marker placement on the model where applicable.

g

easurements capturing'the forces, moments, and pressures (the dynamics) in each wave cage
nall be made. The choice of specific sensor should be determined based on:

[

¢| Maximum magnitude.
o| Time resdlution.

o| Accuracy.

| Magnitude resolution.

o| “Weight (it should not influence the mass profile of the device being tested).

o Waterproofing (if required, the sensor shall be sealed against the ingress of fluid).

Sensors should be selected such that they deliver adequate accuracy and resolution for the
expected signal magnitude.

It is recommended to measure local loads (pressures) on key components (see WEC: Local
peints loads in Table 13), particularly where the device is suspected to be susceptive to highly
localised impacts like green water (water rising above the SWL and “sitting” on top of the
device), slam event (device moving out of water and then re-entering, or highly localised fluid
impacts), or other impacts that could occur due to motion limitations (like end-stops).
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Forces and moments acting on the model at points of high stress concentration shall be
recorded (see WEC: Cross-sectional loads in Table 13). There are fundamentally two types of
stress that shall be characterised: Compressive or tensile stress parallel to the stress plane and
shear stress perpendicular to the stress plane. Shear stress can either be characterised by
measuring out-of-plane stresses or by measuring moments. The need to characterise these
stresses depends upon the physical design of the device and the stage of testing. A structural
engineer should be consulted to determine the primary points of stress concentration and their
primary planes.

Table 13 identifies the required dynamic measurements on the model and its subsystems in
epch stage, required to successfully determine the performance indicators. Note that_the
determination of the requirements is often based on performance seen in earlier stages.
Table 13 — Dynamic-signal physical measurements (operational environments)
Dynamic measurements Stage 1 Stage 2 Stage 3
EC: Local loads Sensing not essential; Monitoring recommended | Monitering required if
however green water, if green water or slamming | greénwater or slamming
slamming and/er impact was seen in Stage 1. was seen in Stage 2.
events are to be visually Monitoring required if Monitoring recommended
identified and noted in other impact event if impact event occurred i
final report. occurred in Stage 1¢ Stage 2.
EC: Cross-sectional Cross-sectional loads Cross-sectional.loads Cross-sectional loads

Ipads should are recommended shall are recommended to | shall be measured in 3
to be sensed in primary be measureddm primary DoF.
stress plane. stress plane ‘and shall be

measuréed)in out-of-plane
directions (alternatively
thé bending moments-may
&an be measured).

Mooring Floating: line in Floating: all lines e
predominant wave (including umbilical when B e s
direction at attachment relevant) at attachment S s e e ]
point to WEC to-result-ina | point to WEC to-result-ina | lead
full-scale-accuraey-of- 9
20-%-of be me@sured of be measured as closely |All 16gs to be measured a
approximately‘based on as possible to the closely as possible to the
the expected peak load. expected peak load. expected peak load.
Fixedwieonnection point in | Fixed: connection point in | Fixed: connection point in
one.DoF-nafull-seale- six DoF-with-aful-seale- six DoF-with-aful-seale-
acgliracy-of 20-%of to be | aceuracyof5-%of to be accuracy-of 3% of to be
measured approximately measured as closely as measured as closely as
based on the expected possible to the expected possible to the expected
peak load. peak load (special peak load (special

attention to be paid to attention to be paid to
cross-coupling). cross-coupling).

PTO Not required. Not required. All DoFs contributing to

absorbed power.
Tb confirm that the dynamic measurement sensors did not undergo plastic deformations hy

surpassing their maximum magnitudes, the calibration shall be confirmed after the testing has
taken place.

The environment shall be monitored as specified in Clause 7.

10.4 Calibration and setup

Model setup within the tank and the appropriate calibrations (both dry and wet) are key to
ensuring accurate device response modelling.
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All sensors used in the experiments shall be statically pre-calibrated for their intended use. If a
sensor is used in a dynamic environment, the time response and cross-coupling characteristics
shall be investigated.

Table 14 shall be used to determine the minimum calibration requirements.

Table 14 — Calibration for kinematic and dynamic testing (operational environments)

Dry
—calibration

Stage 1

Stage 2

Stage 3

Physical model

CoG, Locations and magnitudes of added ballast, moments of inertia, location in the tank,

Mooring The location of the The location of the connection Load cell calibrated in all
connection point to the tank point to the tank walls or floor of | DoFs, and cross-coupling
walls or floor of the tank as the tank as well as the length between the DoFssshall be
well as the length and type of [ and type of line shall be documented(
line shall be recorded. recorded.

Load cell statically calibrated | This load cell shall be
in all DoFs. calibrated in all DoFs, and
cross-coupling between the
DoFs shall be documented.
Wet Stage 1 Stage 2 Stage 3
calibration

Physical model

Natural periods, location in
the water column.

Natural periods in all DoF,
location in the water{ yisCous
damping, inclinatjoh, tests to
determine metacentric height.

Natural periods in all DoF,
location in the water
column, viscous damping,
inclination tests to
determine metacentric

oncentration

loads to verify operation\

height.
EC: Local Not essential. A similardmpact to that Select sensor specification
lpads expected will be simulated in based on Stage 2
thextank to verify operation of experience.
sensor (i.e. a drop test for
slamming).
EC: Points of | The primary plane should bé& Each relevant plane should be Select sensor specification
gtress excited with at least 3 known | excited with at least 3 known based on Stage 2

loads to verify operation. Any
cross-coupling should be noted
and quantified.

experience.

ave sensors

Calibration of\wave gauges
shall be dohe/frequently
enough, to ensure changes
due to.e.g. temperature
changes are captured.

Calibration of wave gauges
shall be done frequently enough
to ensure changes due to e.g.
temperature changes are
captured. Checks of non-
linearity shall be undertaken.

Wave buoy (or similar)
transfer functions can be
taken from buoy
manufacturer.

Mooring

Floating: Produce mooring stiffness graph and adjust still water pre-tensions-adjusted to meet

expectations.

Fixed: Operation of the load cell to be verified by exciting the cell with at least 3 known loads if

each DoF.

10.5 Wave parameters

10.5.1

Stages 1 and 2

The minimum requirements for the laboratory (Stages 1 and 2) dynamics and kinematics tests
shall follow those outlined in Table 15. Sea states shall be selected such that they adequately
cover a representative scatter diagram.
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Table 15 — Wave parameters for kinematics and
dynamics testing (operational conditions)

Obtain dynamics and kinematics Stage 1 Stage 2

Regular waves 10 periods per configurations of the | 40 15 periods per configurations of
device for-56 30 waves duration the-medel device for-56 30 waves
each. For selected device duration each. For selected device
configurations, the testing should configurations, the testing should
be repeated with at least one be repeated with at least two other
additional wave-amplitude height. wave-amphitudes heights.

Ifregular long-crested waves at a 5 operational sea states (for each 15 operational sea states (for each

nominal direction tested spectral shape) of-260-waves | tested spectral shape) of-250-waved
duration 1 h commercial-scale duration 1 h commercial-scalg
equivalent each. equivalent each.

lfregular short-crested sea states Generally outside the scope of 3 directional sea states'for-1-500-
Stage 1 testing. waves—duration 3 h ggmmercial-

scale equivalent each

t

omo

is important to highlight that all requirements above are minimum requirements. Devices that
‘e multi-modal might require additional testing to adequately defin€)the device performance.
Xtended regular wave testing-may can often be beneficial for mathématical or numerical mode
bvelopment purposes.
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DTE The power is dependent on both the wave“period and the wave height, and in deep water is given
g2/(64n))TeHm02. Since the wavelength is found through the dispersion relationship which depends only on perig
d depth, when working along a constant steepness line (ratio of H, , to-%;) wavelength associated with Te), th
wer dependence collapses to period and\ steepness value only. By establishing three constant steepness curve|

ferpolation between the constant steepness lines is generally straightforward as all wave heights can |
terpolated for a given period.

o? o a<

D.5.2 Stage 3

pr sea ftrials, the_test schedule shall be constructed such that changes to the devide
bnfiguration, especially the PTO settings, can be compared across a statistically significant
Limber of prevailing sea states. The purpose is to quantify the device behaviour for each devide
ptup.

\

p accommodate sea state variability and complete Stage 3 satisfactorily a robust test plan for
sufficiently extended time period shall be required.

h-6—Perf irdicat

ariables of interest to achieve the goals are both continuous and discrete in nature. The

characterisation of the response shall be based on:

F

T

kinematic measurements: WEC and mooring;

dynamic measurements: WEC local load, WEC cross-sectional load (where specifically
required) and mooring load;

environmental measurements.

or each of these performance indicators, the reporting outlined in Clause 6 shall be adopted.

he characterisation of the discrete response shall be based on counting the number of:
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e slamming events;
e greenwater events;

e impact events.

For each of these performance indicators, the reporting outlined in Clause 6 shall be adopted.

Given that monitoring of a representative PTO is not required for this set of testing, it is not
necessary to present performance indicators; 6.3 identifies these values.

-—

1 Kinematics and dynamics in-survival extreme environments

—

1.1 Testing goals

—

bng term survival is essential for the success of any WEC technology. Testing-under extreme
sform—{survival) conditions shall rely on a statistical representation of the maih performande
indicators. Defining just which seas, or combination of waves, create the ULS is not obvioys
ahd thus shall require a broad scope of environmental conditions.

The magnitude of the ULS condition is dependent upon the deviees response (motions and
Igads) to environmental forcing. Hence there are two aspectS to achieving survivability:
designing the device’s response to the forcing and structural-engineering solutions capable ¢f
wlithstanding the loads and motions. This testing shall provide-statistically significant knowledde
of the loads on the hull and mooring given a device’s response to various incoming
ehvironments. If specific survival strategies, i.e. strategies to alter the device response {o
ehvironmental forcing, are considered they shall be tested.

Due to the scale of the environments that-shalbe are required, dedicated models designgd
specifically for-survival extreme conditions-may'might be required. These dedicated models cgn
bg at a smaller scale than the performangé& model, in order for the tank facility to be able {o
g¢plicate the desired range of extreme“environmental conditions. An additional element that
shall be considered for these models-is the electrical umbilical that transports power from the
WEC to a substation.

—

NPTE Ifsurvivability extreme testing iS conducted at the same facility as operational tests, the water depth is likelly
tg be inadequate, unless a moveable*tank floor is provided or the water level in the tank is adjustable.

There are no specific requirements on the generation of the-survival extreme environment |n
Stage 1 to determine the kinematics and dynamics in-survival extreme environments; howeve

results from this_stage shall be used to qualitatively select appropriate survival strategies. In
Stage 2, local loads and WEC cross-sectional loads along with WEC motions and mooring loads
afe all used«ta characterise the device’s peak responses using the appropriate probabilify
d
f

ensity funetions. In Stage 3, the naturally occurring environment will not only provide data {o
yrther characterise the device response similarly to Stage 2, but additionally will allow for
characterisation of the construction and equipment selected.

1> resti o

Table 16 defines the parameters that shall be adopted for geometric, structural, and PCC
similitude for testing kinematics and dynamics in—survival extreme environments. Stage 2
contains the majority of similitude requirements that are unique from those presented in
Table 11 since at this stage a full testing program to determine statistically significant probability
density functions shall occur.

As stated above, due to the size of the-survival extreme environments, it is often required to
produce models at Stage 2 that are Froude scaled 1:25 — 1:100. Given the role of mooring
systems in these conditions, geometric and structural similitude shall be achieved in Stage 2.
Further, structural similitude for the electrical umbilical shall be achieved so that the influences
of the cable forces on the device motions can be captured in testing.
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Table 16 — Kinematics and dynamics similitude requirements (survival-extreme
environments)

Major dimensions (length,

Major dimensions (length,
width, etc.) of the WEC

Geometric similitude Stage 1 Stage 2 Stage 3
WEC Mai . ‘ " Mai ) ‘ ; } . ‘
scaled-to-match-the- profile-scaled-to-mateh- the profile scaled to-mateh
p'ed'ueesd oe;" ORMEAt o H; osea o-gesign-to-wit g_éuosea o-gesign-to-wit
DoF testing allowed

All aspects of the WEC
profile to match

WIdin, eic.) of the WEC
profile to approximate
commercial-scale design;
constrained DoF testing
allowed.

profile 10 match
commercial-scale design
as closely as possible.

commercial-scale design
as closely as possibles

Mooring

Full layout (footprint) not
essential.

Full layout (footprint) to
match-fult commercial-
scale design-te-within5-%
as closely as possible.

All dominant\properties
and scaled {6 match
scaling\parameter.

Structural similitude

Stage 1

Stage 2

Stage 3

EC

Not essential unless
fundamental to power
conversion.

If determining local load
generation, essential tQ
match structural
properties within the
vicinity of the
measurement.

Where possible, match thg
full commercial-scale
materials and constructior
techniques, even if this
will result in skewed
scaling for the structural
response.

Mooring

Properties proportional to
distance and scaled pre-
tension scaled to-mateh-
el e e
to-within-15-%
approximate commercials
scale design.

Full nonlinear behaviour
to match-full commercial-
scalel design-to-within-
+0-% as closely as
possible.

Full nonlinear behaviour
to match-full commercial-
scale design-to-within-3-%|
as closely as possible.

Electrical umbilical

Not required.

Full nonlinear behaviour
to match-full commercial-
scale design-te-within-
40-% as closely as
possible.

Full nonlinear behaviour
to match-full commercial-
scale design-te-within-3-%|
as closely as possible.

PCC similitude

Stage 1

Stage 2

Stage 3

Drivetrain

benerator

Controls

A nepresentative
mechanism should be
used that will result in the
motions that should be
characterised. Particular
survival strategies-may
might require active
components here, if so,
requirements to follow
Clause 9.

A representative
mechanism should be
used that will result in the
motions that should be
characterised. Particular
survival strategies-may
might require active
components here, if so,
requirements to follow
Clause 9.

Exact mechanical
equivalent in type and
scaled to match scaling
parameter.

Exact generator
equivalent in type and
scaled to match scaling
parameter.

Exact equivalent in
operation

11.3 SignalPhysical measurements

For requirements regarding—signal physical measurements please refer to 10.3 with the

following additions.

Special attention shall be given to the size and weight of the sensors, as scaling requirements
typically lead to small models, especially at Stage 2.

NOTE Fitting suitable sensors with sufficient accuracy and fidelity to the model, without significantly altering the
response, can prove challenging. In practice, accuracy requirements might necessitate a splitting up the testing, so
that each set of tests can focus on a separate aspect at a time.
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Special attention shall also be given to the risk of snap loads in moorings, impact pressures
and forces, which are significantly more likely to occur in—survival extreme environments.
Sufficient ranges, dynamic properties and sampling frequencies shall be used to ensure that
such events are accurately captured.

11.4 Calibration and setup

For requirements regarding calibration and setup please refer to 10.4 with the following
additions.

Special attention shall be given to the fact that motions in-survival extreme conditions are likely
tq be very large; it shall be assured that the motion tracking system is setup and calibrated for
the necessary space. Similarly, the mooring system implementation shall ensure valld
gpresentation of a-full commercial-scale system in all encountered-survival extremefegnditions.

—

It{is recommended that combined wave and current testing forms part of the_supvival extremds
tdsting programme. In the absence of site-specific data, the waves and current can be run c¢-
linear for head and quarter seas. If possible, beam seas should also be ifivestigated.

NPTE Since the current will be more rectilinear in nature, the two excitation forges|(wave and current)-may might
b¢ at an angle of up to 90°.

Rle-calibration of the wave conditions at the device deployment station is required using gn
eptimated current in the range of 0,5 m/s to 1,0 m/s. Single point water surface elevatign
measurements will suffice for this calibration, for both long.and short crested wave conditiong.

Iff a specific deployment site is identified those conditions should be used. If an insignificant
clirrent is present, this combination of environmental loading can be excluded.

11.5 Wave parameters

11.5.1 Stage 1

Full storm conditions-will might not be possible for the small-scale model in the Stage 1 facility,

2]

b the maximum seas possible following the breaking line should be generated.

DTE The key purpose of the\Stage 1 extreme testing is to obtain a first indication of the seaworthiness of the
¢vice, for example if the deviceyis susceptible to capsizing.

Q Z

—

1.5.2 Stage 2

@)

efining just which seas, or combination of waves, create the ULS is not obvious and thus shg
gquire a broad-scope of environmental conditions in Stage 2. The parameters that shall b
bried incldde: energy, spectral shape, heading, spreading, current and wind. The propose
bployment location shall be used to determine the long-crested 50-year return period sea-stafe
nd the heading of this sea state in accordance with IEC TS 62600-2.

o< 3
[eXN¢})
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sea states is as follows:

e Create deviations from the baseline storm conditions to include 2 deviations in heading, 2
deviations in spread, 2 deviations in spectral shape, and 2 deviations in energy.

e These deviations shall interrogate the device’s response to as many unique conditions as
possible.

e The deviation in heading should cover as close to 90° as possible.

e Deviations in spread should move from long-crested waves to a cos2s, with s of 3, spectral
shape to a wide and finally to a bimodal spectrum with the equivalent single mode
description.
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e The deviations in energy should move off the peak of the return contour (the point of
maximum-H; [ ,g) by + 30 %.

This series of experiments will result in a total of 12 unique environments, each designed to
test the sensitivity of the device’'s response to a unique aspect of a sea-state’s potential
variation. Since each parameter has a total of three tests (the baseline with two deviations)
iso-variable trends of a considered device response can be obtained as mentioned in 6.2.5.
These trends should indicate the sensitivity of the device’s considered responses to alterations
of the 50-year return period sea-state for the parameters tested.

Extreme environments are often nonlinear; hence accurate trends-may might not be resolvgd
wlith only three data points. These recommendations should be expanded upon given a device|s
sensitivity and the need to obtain broader data for other purposes.

n addition to the above series, the device should be tested in a series of increasing enerdy
along a constant steepness line. All parameters except energy shall be equivalent (heading,
bread, and spectral shape), however, the energies along this constant steepness line should
crease to at least twice the 50-year return contour. This will result inCa”series of 3 unigye
hergies by which to evaluate and interpolate the device’s response. This constant steepnegs
e
)
e

5 »

sting should be an expansion upon the largest constant steepness _sweep executed for th
tage 2 tests in Clause 10, thus providing three additional values-by-which to establish a trendl.
t| is possible that those previous tests—may have been performed for distinct sea-sta
arameters, and thus these distinctions should be noted and-accounted for if possible.

AN

—

he largest energy sea-state executed for the Stage 2:tests in Clause 10 shall be repeated,

atching exactly the sea-state parameters used-in-the-Stage2-tests-in-Clause10.

3

ombining results from the operational environfment with results from the-survival extreme
hvironment is considered best practice and.isyhence recommended here. This practice allows
fqr many important comparisons to occur (correcting for scaling): 1) the difference in results ft
the same measurement locations, 2) thévdifference in motions, 3) the effect of adding tHe
mbilical, and 4) the influence of the frue geometrically scaled mooring on the design. Sugh
bmparisons-may-be are made possible both through the repeat sea-state but also through the
ifclusion of the data points into theiconstant steepness sweep.

0

o C

nalysis of the device’s response to the 12 sea-states tested above shall result in th
ptermination of the extreme condition that the device shall derive the ULS from. Once th
bndition is determined; alast series of tests shall be performed to include the simulated effec
wind and current<The baseline wind and current conditions shall be determined for th
{te from historicdl data in accordance with I[EC TS 62600-2. Three additional tests shall b
bnducted to determine the influence of these environmental parameters: wind and curren
bllinear withvheading, wind and heading collinear with current at unique heading, and last
ind and clsrent at a unique heading from the incident sea-state.

® D wvwwnu d

—

S 00 ®WOoOO0QaX
<

he duration of all 15 tests shall be such that statistically significant data are obtained, i.e. shgll
brgenerated to simulate 3 h equivalent storm conditions.

o -

11.5.3 Stage 3

Before the Stage 3 sea trials have been completed, the WEC shall be exposed to extreme
waves in high energy seas. A survival strategy shall be available, including the option to remove
the device during such conditions.

Stage 3-survival extreme testing is sought to achieve conditions that get close to true-survival
extreme conditions. Example interpretations of such testing conditions include:
a) testing that achieves 80 % of the expected ULS;

b) testing that achieves the worst possible condition for a 1-year period at the Stage 3
deployment location, or
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c) an accelerated exposure of the device to high energy seas at a more exposed site with the
proviso that destructive seas-may might also occur at such sites. Other interpretations are
possible and are to be noted in the reporting.

11.6 Performance indicators

Variables of interest to achieve the goals are both continuous and discrete in nature.

The characterisation of the continuous response shall be based on:

¢| kinematic measurements: WEC, location of mooring line seabed contact, if relevant any
other mooring bodies kinematics, and the umbilical kinematics;

¢| dynamic measurements: WEC local loads, WEC cross-sectional loads(where specifically
required), mooring loads, and umbilical loads;

e¢| environmental measurements.

Fpr each of these performance indicators, the reporting outlined in Clause 6. shall be adopted.
The characterisation of the discrete response shall be based on counting the number of:

¢| slamming events;
o| greenwater events;
¢| snap events in the mooring;

¢| snap events in the umbilical.

The reporting requirements for the performance indicators in Clause 6 mainly focus on the fU
time history of data. In the case of obtaining relevant ‘statistics for-survival extreme condition
the full time history is not primary, rather only thédistribution of peak values which will follow
re¢levant distribution (Weibull, Gumbel, Gammaetc.) that are of importance. These distribution]
wlill establish the quantile for the various performance indicators from which the ULS will b
determined.

oY

O »n Q

(0)

iven that monitoring of a representative PTO is not required for this set of testing, it is npt
bcessary to present performance-indicators; 6.3 identifies these values.

>

-_—

2 Uncertainty

—

P.1 General

inimizing and Quantifying the uncertainty associated with any model testing experiment |s
hdoubtably key: However, the magnitude of what can be considered an accepted uncertainfy
rongly depends on the context of the experimental data. If, for example, an experiment |s
hdertakén)in a highly mature field such as propulsion or vessel drag, only a few percent |n
rfopni@ance improvements over the state-of-the-art can make the difference between succegs
hd/faiture of an experiment.

VT CWC =

In the wave energy field, many of the Stage 1 to Stage 3 testing campaigns seek to introduce
novel design concepts, rather than making incremental improvements over a baseline design.
As aresult, a higher level of uncertainty than in other, more mature, fields can be acceptable.

While good experimental practices remain key to low uncertainty, lower uncertainty is also often
associated with higher campaign costs. For example, repeats of experiments cost basin time.
Purchasing a 0,1 % accuracy force gauge would be more costly than a 1 % accuracy gauge
of otherwise similar construction. A balance should be struck between (a) the ultimate
objectives the experiments will satisfy; (b) acceptable uncertainty, and (c) cost.
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12.2 Main sources of uncertainty
12.2.1 General

The scaled development programme described in this document is structured to de-risk the
extensive process of engineering a wave energy converter from concept to commercial
deployment. However, there are still several basic sources of uncertainty encountered at each
of the stages of the testing:

e The variability of measured physical properties during testing (12.2.2);

| The differences between the realised tank model and the ideal designed commercial s@ e
device (12.2.3);

Y
e¢| The inability to scale all physical properties within one of the standard similitude a@ggches
(12.2.4);

Q
e| Procedural difference between testing facilities, for example the way in w}g&r wave fields
are calibrated or characterized (12.2.5). '\Q

P.2.2 Variability of measured physical properties including cont@éignals

—

Measurement uncertainty of physical properties is encountered i%&?fields of science, and
hence not extensively covered in this document. %

NPTE Methods to quantify typical measurement errors are well describ @ several publications including [6], [12

(131, [14] and [15]. N

Wave energy testing for Stages 1 and 2 is most (@0mmonly undertaken in establishgd
hydrodynamics laboratories. It is recommended t?ﬁﬁNEC technology developers consult wilh
r
]

—

the facility staff in the selection of sensors and ators, as well as the sensor and actuat
wliring. Quality instrumentation and actuat ontrol is highly experience based. It
recommended that experienced instrumen n and control engineers review the physicgl
nmodel setup prior to Stages 1 and 2 testi\@
\.

Al Stage 3, the risk and consqu@&s of failure are significantly higher. A single poorly
tgrminated wire (e.g. for a feedbacKsignal) or a single signal sign inversion in a feedback logp
can lead to device destructioqhoTo lower both risk of failure and uncertainty, experiencgd
ifstrumentation and control iheers shall review the physical model setup prior to deployment
aj sea. It is recommended ork alongside experienced instrumentation and control engineefs
throughout the Stage 3 \.@ development process.

1R.2.3 Differen@etween model built and expected full-scale device

Fpr model tes Stages 2 and 3, the model design and built shall be representative of the
planned co rcial-scale device, with details provided in 5.4 and 5.5. This is less relevant at
Stage 1, @ he definition of the commercial-scale device might still be very conceptual.

ce, particularly the Stage 2 model realisation that faithfully represents the anticipatgd
.‘o.-- haracteristi an be difficult to implement, as the material used and tHhe
space available for ballasting might vary, and the technology used for the PCC will, in most
cases, be different. Some variations of the dynamic characteristics between the designed
commercial-scale device and the realised Stage 2 model are therefore expected. These
differences shall be documented and their potential impact on the device behaviour should be
described to facilitate the interpretation of the results.

Adoption of model test results at a later stage in the development process shall take into
account the potential variation on the design of the commercial scale device since the
completion of the model tests, as well as an assessment of the uncertainty due to these
variations.
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12.2.4 Scale effects and device scale

For most wave energy model tests, Froude scaling is by far the most important scaling method.
However, Reynolds scaling might also be relevant, for example if air flow through a turbine or
duct is part of the WEC operating principle. Scaling similitude for wave energy testing is covered
in Clause C.1.

Due to scale effects (see Clause C.1), errors will be introduced when up-scaling the
experimental data. This source of uncertainty is the basis of increasing the physical model size
to_the largest size suitable for each stage. Figure 1 indicates 1:25 — 1:100 (Stage 1), 1:10 —
25 (Stage 2) and 1:2 — 1:5 (Stage 3) as approximate scales. However, no exact model e
g¢commendation can be provided, as the optimum scale strongly depends on the com erci -
Cale device size and the device design. b‘%‘

Fpr Stages 1 and 2 it is recommended to design each model as large as can rr%onably e
atcommodated by the testing facility. Material cost is unlikely to be a large contributing factgr
dbring Stages 1 and 2, and campaign cost will be dominated by staff time,\ testing facilify
c

Dsts. ,
QQ

NPTE 1 For small physical models, with only a few tens of Newtons of excitation foré&? instrumentation and contro
b¢come increasingly challenging if not impractical. Friction between moving com nts and other auxiliary forcing
effects become difficult to distinguish from the (desired) hydrodynamic force hile very small models can seem
aftractive from a handling and material cost perspective, the extra time effort ired for instrumentation and contrjl
cdn more than offset the savings in other areas of model fabrication. O

n S o

Material and fabrication costs at Stage 3, including anc 7 moorings, structural components,
ahd PTO equipment, can be significant. For Stage 3, i€JS recommended to build at a scale ¢f
approximately 1:2 — 1:5, bearing in mind that the r%&el shall be large enough to accommodate
the physical PTO hardware. Q
N\

NPDTE 2 The Stage 3 scale can sometimes be diﬁ@éd by the availability of off-the-shelf components. Fpr
miny Stage 3 campaigns, custom components (fo@xample, a custom wound high-torque motor) can prove cofst
pfohibitive for a single prototype fabrication. \"Q

1R.2.5 Procedural effects . ®$
4\
Many errors and inconsistencies@riving uncertainty in WEC model testing are procedural, rath¢r

—
=

an due to sensors or actua(g.[ ccuracies.
‘\\C)

he methods relating tpgéa state definition can differ between testing facilities. This can he

vercome through exact'sea state definition and sea state calibration. However, in many casqs

Ccurate sea state(ﬁﬁration can add significantly to the campaign cost. If the campaign allows

a

e

~ 0 O -

gqr some flexibilityyih the tested sea state conditions, then it is recommended to perform a s¢
ate charac@zation rather than a calibration. A characterization determines the sea staf
hrameter :g. significant wave height, peak period, and spectral shape) actually achieved,
thert eeking to attempt an exact pre-determined sea state through wave tank calibratiof.

o O »

N D‘@ testing is undertaken as part of a contest where several devices (potentially tested across multiple facilitief)
aqe\n competition, then comparison between results is greatly eased by undertaking sea state calibration at ea¢h
contributing facility, rather than simple characterization.

Setting up device mooring lines during Stages 1 and 2 can be challenging, and procedures
might differ between facilities. It is recommended to make use of simple mooring setups that can
be well characterized in terms of, for example, mooring stiffness. Unrealistically stiff or poorly
connected mooring lines can introduce large load spikes that increase uncertainty.

Inadequate use of sensing equipment is a common cause of errors and uncertainty. For example,
using an inclinometer (meant for static angles) for dynamic tests will give erroneous results due
to incorrectly resolving the gravitational acceleration in a dynamic sense. Where possible, it is
recommended to use redundant measurement systems, for example inertial based sensors (in
the WEC) in combination with global optical motion tracking.
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Insufficient record keeping is a very common cause of uncertainty. For example, making

a

change to a damping setting which is not noted in the experimental log would lead to erroneous
subsequent interpretation of the experimental data. A detailed log shall be kept for all
experimental activity. This log should include a separate entry (e.g. separate column in a table)
for each parameter that is expected to be changed during the experimental campaign. For each
test, each parameter should be logged, even if not changed between the previous and

subsequent tests.

12.3 Accepted levels of uncertainty

Ak noted in 12.1, WEC model testing particularly at Stages 1 and 2 can be associated_wif
gher levels of accepted uncertainty than what is common in more mature technology._fie
Tp provide some guidance: Q‘

=

™
o| By its very nature, Stage 1 testing is highly exploratory. An uncertainty of ord (3/% for th
device power capture and device loads is considered acceptable. The subsequent Stage

unlikely and of relatively low consequence.

/
o| During Stage 2 testing, it should be borne in mind that the te%@l@&results will direct
inform the Stage 3 sea trial design. The accepted level ncertainty should B
differentiated between power performance and loads as follo s(b

— For extreme load measurements, an uncertainty of undq 10 % should be targeted.

should apply higher factors of safety than d otherwise be recommendg

(see IEC TS 62600-2). 6\
— For power performance estimates, an unce%{ﬁty of up to 15 % is acceptable.

eo| For Stage 3, there will be a significant olnt of uncertainty in both the condition
(uncontrolled environment) and in the te@logy (which is likely being tested for the fir
time). System commissioning and bench testing of the PTO (outlined in 5.5.4) shall suppo
characterisation of the response and\\eglmation of the uncertainties.

NPTE 1 During early stage testing, the PTO e@iency is likely poor. For Stages 1 and 2, the experimental apparat
isjunlikely to overcome the net losses in the‘q%tem, and little or no net (electrical) power is produced. During Stage
s¢me net power might be produced, but all PTO efficiency is likely to remain low. Efforts are hence focused

then be applied during subsequent.benth testing of larger scale PTO units.

QS)
NPTE 2 An uncertainty exan‘@}calculation associated with the laboratory testing of WECs is provided in [6].

testing remains in a laboratory setting, where failure (e.g. mooring Iine'\QS kage) is bof

10 % uncertainty in the load values cannot be achie gd) the subsequent Stage 3 desig

increasing certainty in capturing the f and motion response of the WEC. These force and motion responses c3

e
2
h
y
e
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Annex A
(informative)

Stage Gates

A.1 Overview

An essential part of the structured (TRL) development scheme is the continuous assessment
apd evaluation of how the device is performing relative to initial expectations and the prevailing
industrial standards. The due diligence exercised defines the Stage Gate process and should
cpmbine the developers design statements and the uncertainty relevant to the appropriafe
Stage (TRL) of testing. At a minimum, the Stage Gates should be applied at the conclusion ¢f
efch specific scale test programme, but additional evaluation, relevant to the goal-orientdd
trjals, are recommended. It is also recommended that a 39 party technical reviewlis conductdd
oh the evolving design to ensure the device can be engineered and will achieve certificatign
atus when at the-pretetype commercial scale.

[2]

A.2 Design statements

Als stated in Clause 5, at the beginning of the test programmeé\a design statement should He
pfoduced listing the expected behaviour and performance) metrics for the device undégr
development. As the testing progresses through the Stagesi.the specification for the device wijll
become increasingly detailed and the uncertainties of the. trial data will reduce.

The design statements should begin at TRL1, the.theoretical evaluation of the concept, and
cpntinue into TRL2, the mathematical simulations section of the staged development
pfogramme. Although not part of the physicaliesting schedule, these TRLs are important sinde
they encourage the device developers to consider a wider overview of a new device than just
the energy conversion aspect of the design: It is not difficult to conceive a method of converting
the wave hydrodynamic energy into a_mechanical form from which electricity can be produced,
bt to do this safely and economically in real, directional seas, and survive storm conditions (s
npt trivial. The design statement~and appropriate Stage Gate criteria support the devide
developer to consider these important aspects of successful wave energy device design from
the initial concept.

The basic rationale for the staged development process is to reduce the technical and financial
risk of developing aswave energy device by investigating the appropriate device parameters at
the suitable geometric scale. To achieve this, an increasing level of sophistication shall He
incorporated in the test procedure as the device advances through the five Stages (9 TRLs), ¢f
which only thefirst three are covered in this document. This ordered approach also reduces tHe
uhcertainty.of the-full-seale commercial-scalepredictions in two ways. Firstly, by strategically
applying\more criteria into the Stage Gate evaluation and secondly by progressively increasing
the physical S|ze of the deV|ce modeI As descrlbed in Annex D, predlctlon errors can also He
reduced—by during the

aJlelbllls DbdlU LUOL beIUUUIU.

A.3 Stage Gate criteria

Stage 1 (TRL3): At the small-scale model (Stage 1), the design statement can be quite basic
and the evaluation criteria restricted. Combined, these two specifications result in wide
uncertainty of the analysed performance matrix results. Among others, construction methods,
PTO manufacture, routine servicing and maintenance and deployment can be considered
briefly. The primary Stage Gates, as described in 4.3, can concentrate on the behaviour and
power conversion ability of the device in a selected number of wave conditions.
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Stage 2 (TRL4): During the medium-size device programme (Stage 2), a more sophisticated
model, measuring specification and design regime, shall be adopted. All previous device metrics
shall again be applied together with a full-third-party engineering techno-economic review of the
device. The combination of the advanced test procedures and operational estimates result in
reduced uncertainty of the full economic evaluation of the device. The advanced test
requirements are specified in 4.4 and these are used as the basis to specify the Stage Gate
criteria in 4.4.2.

Stage 3 (TRL5 and TRL6) The large-size model is a fully operational unit deployed at sea and
testing in naturally occurring wave conditions

A.4 Uncertainty factors

The underlying principle of the increasing scale (or staged) development programmeJis intendgd
g naturally decrease the degree of uncertainty. The three primary sources ofrevdluation errgr
ate:

—

Measurement inaccuracy during the testing.

Limited test programmes.

Scale factors during the prediction process.

Measurements: it is never possible to fully remove, physical parameter measurement
inaccuracy, or discrepancy, during a<practical test campaign. However,
they can be controlled and reduced by following the recommendations f
this document. As the staged programme advances, improved sensors and
data acquisition methods afe) recommended together with increasgd
calibration verification. An_imiproved model is also recommended by tHe
document. An important aspect for controlling the monitored parameter
uncertainty is to include statistically viable repeat testing.

Test programme: the test specification is advanced as the trials move through the stages.

This includes bath the environmental conditions the model is exposed {o
and the number of trials to conduct. Improper test planning and executign
can introdtice bias errors into the test results.

Scale factors: although Froude similitude laws should enable accurate values for mo$
physical properties to be obtained, two concerns exist even at the smallgr
scale models. Firstly, not all parameters do follow the Froude similarify
rules and, secondly, the adjustment factors required to estimate full-scale
values can be large. For example, the device power scales with the length
scale to the power of 3,5, such that the results measured in a 1:50 mod¢
multiply by a factor of 883883. Such multipliers do not instil confidence |n
the prediction to full size, and even if they are accepted in percentage
accuracy, the absolute variability is still significant. The progressiye
increase in model scale is designed to reduce the scale factor distrust.

Each of the above factors shall be included in the Stage Gate appraisal process as specified in
4.3.2,4.4.2 and 4.5.2.

Annex C and Annex D provide background information on performing recommended uncertainty
estimates.
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A.5 Thirdparty Concept review

It is not uncommon that device concepts, tested as idealised small models, particularly in
Stage 1, can initially prove successful as energy converters but-may might have inherent
technical problems that make full size, prototype engineering impractical. The initial design
might also create difficulties when advancing to a stage requiring certification and insurance
before sea trials can be undertaken. It is recommended that detailed engineering reviews of the
device are undertaken as part of the Stage Gate process, even at the initial concept scale, to
reduce the possibility of this failure mode occurring after considerable effort has been invested

in~the_device dn\/nlnpmnni‘

These engineering reviews can be undertaken internally if the development team Has th
appropriate skill set but since the range of evaluation criteria is quite broad, including nav
afchitects, power take-off specialists, mooring designers, power electronics and communicatid
e
a
a

=20

>5Q S

Kperts, the use of established engineering consultants is recommended. Besidespossessin
wider range of experience, the independence of a consultant can prove advantages whg
tempting to secure the next phase of funding.
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Sensors

Annex B

- 61—

(informative)

Example test plan

Calibration

and set-up

Stage 1 WEC

Device optimisation

Device concept

Primary
configuration

PTO damp B

Primary variables

Regular
10 periods
3 heights

Irregular
5x1h
equivalent

o Z

Device performance

Mooring options

Device,seakeeping

Mooring options

Storm waves 3
hours

Irregular
5 x 3 h equivalent

Regular, Irregular
20 frequernicies 5x1h
3 heights equivalent

Regular Irregular
10 periods 5x1h
3 heights equivalent,

DTE The test plan is important to ensure all the“device variables and environmental conditions are included
ch Stage of development and to facilitate the initial time estimates to conduct the test programme.

Figure B.1 — Example test plan

at
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Annex C
(informative)

Physical modelling guidance

C.1 Similitude

C.1.1 General

This annex provides general guidance on similitude in physical modelling.

Cl.1.2 Geometric similitude

Geometric similitude is the reproduction of the WEC geometry, mass distribution, and centres ¢f
blioyancy gravity and metacentre at distinct scales. Geometric similitude for the mooring syste

i often not met in model scale testing due to the size of the testing facilities.” However, sing
the main influence of the mooring system on the WEC is related to the_pre-tension and th
stiffness curve in relation to an external environment, geometric similitude of the moorin
system is not viewed as critical in most scaled testing.

Q ® ® 3

C.1.3 Structural similitude

Structural similitude is the reproduction of the structures response to external load, for example
hydro-elasticity. The non-dimensional Cauchy number relates the influence of the inertial forcds
tq the elastic forces. Here, the stiffness and stresses{induced in an elastic structure through tHe
interactions with the environment are desired to.be) reproduced. Clearly for “rigid” structurgs
(WECs to be built with materials with large Yourg’'s moduli), the elastic nature of the WEQs
response-may might not be dominant. However,for structures that are designed to be built with
deformable materials, which are central to.the WECs response in the environment, it is clear
that structural similitude will be dominant

Structural similitude for the WEC isWiewed as critical in Stage 3 testing. Additionally, there afe
particular designs and sub-system-tests in Stage 2 that will also require structural similitudé.
However, in most Stage 1 and Stage 2 tests, the model is generally considered a rigid structure
hence resulting in structural Aon-similitude.

specific goal of a Stage 2 test may be to determine the slamming pressures that are to He
xpected in-survivakextreme conditions. This goal would require that a portion of the structure
q modelled to represent the elastic properties of the prototype. If this does not occur, the

e

o >

measured pressures cannot be directly scaled-up. Further, it could be that a “rigid” prototyp
ekhibits largetelasticity along a particular dimension, for instance very long WECs. In this casg,
specific model building techniques can be adopted to mimic the longitudinal bending Ry
breaking\the structure into segments and introducing the elasticity at the segment connectign
ppints.

Structural similitude for the mooring system is viewed as critical in Stage 2 and Stage 3 testing.
In these Stages, the pre-tension, stiffness curve as well as the loads experienced by the WEC
at the connection points, shall be reproduced in order to increase the accuracy of the scaled-up
results. It is possible that the only way to achieve full structural similitude for the mooring
system, in—survival extreme tests for instance, is to achieve geometric and hydrodynamic
similitude.

Cc1.4 Hydrodynamic similitude

Selection of an appropriate hydrodynamic scaling law is based on an evaluation of whether
gravity or viscous forces are dominant. Several scaling laws are described in the following
sections. Table C.1 provides scale-up values based on Froude or Reynolds scaling laws and


https://iecnorm.com/api/?name=8292869bc7b12a0850efc6de38f51fed

IEC TS 62600-103:2024 RLV © IEC 2024 -63 —

geometric similitude where A is the geometric scale. Table C.1 assumes that density and gravity
do not change between the prototype scale and the model scale.

Froude similarity: the non-dimensional Froude number relates the influence of inertial forces to
gravitational forces. Froude scaling is used in model scale WEC testing because the majority
of forces experienced by a WEC device are inertial and gravitational. Typical Froude scale
factors are of order 1:25 - 1:100 (Stage 1), 1:10 — 1:25 (Stage 2) and 1:2 — 1:5 (Stage 3), where
these ranges may also overlap between stages.

rces to the viscous forces. Fundamentally, this means that a model cannot meet both Freude

staled model is smaller by a factor of 11:°. Hence, while the prototype flow regime.may He
tyrbulent, the model may be laminar. The drag coefficients in laminar flow are normally higher

than those found in turbulent flow. Hence the scale-up is generally expected to Underestimate
the true performance of the WEC. The level of underestimation is directlyyrelated to tHe
dpminance of viscous losses in the design. Currently there is no guidance’ on the relatign
between underestimation, the WEC scale, and the WEC design elements~The larger the scale
of the WEC device, the less dominant the scaling mismatch will become.
Sjignificant additional guidance and background on scaling laws ecan-be found in [16].
Table C.1 — Scale laws
Characteristic Parameter Froude scaling Reynolds scaling
Beometric Length A A
Area 12 52
Volume 23 23
Environment Wave height and length A A
Wave period 0.5 12
Wave frequency 70,5 172
Power density (per unitlength) 225 24
Kinematic Translational displacement A A
Angular displacement (rad) 1
Translationakyvelocity 0.5 21
Angular-velocity 70,5 172
Translational acceleration 1 )3
Angular acceleration 21 24
Volume flow 125 A
Pynamic Mass 23 23
Force A3
Torque 24 A
Pressure A 172
Power )35 21
Framstatiomatstiffrress 72 Y
Angular stiffness 24
Translational damping )25 A
Angular damping )45 23

C.2 Model instrumentation and data acquisition

C.21 General

The purpose of this clause is to provide guidance concerning the following key sensing aspects:
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Sensor appropriateness.

Sensor alignment and positioning.
Sensor / model interactions.
Sensor calibration best practice.

Drift and environmental sensitivity of sensors.

ach of the above aspects will be discussed in the context of the relevant physical quantity to be

recorded. The description is limited to the most commonly used techniques, and an experienced

t3

In

W =0 C QT =TV O

(@)

[e

cl.

nk operator should be consulted tor any specialised instrumentation.

2.2 Water surface elevation

most wave tank laboratories, the surface elevation measurement relies on _gonductive ¢r
bpacitive wave probes. Conductive types-need-to should be calibrated dajly during model
sting. If capacitive types are used, the calibration in commonly checked atregular intervals,
least twice weekly. If used within their recommended minimum immersjon depth (to avold
robe end effects), both types of probes are expected to exhibit linearbehaviour. The probe
hearity can be confirmed through calibration. Calibration normally includes a minimum of thrde
pints, with five points being recommended. Surface elevation praobes are small devices, and
b not generally interact with the physical model and the incident wave field. The frequent|y
sed resistive type wave probes drift with changing water témperature and water chemica
bmposition (conductivity). Additional calibrations are recommended if the water conductivity |s
ely to change significantly during testing. A recommended good practice is to recalibrafe
plect sensors at the end of the test program to quantify‘drift.

.2.3 PTO

ery accurate measurements of both the applied*"PTO dynamics (force, pressure or similar) and
e PTO kinematics (velocity, flow rate or similar) are required. Special attention shall generally
b paid to accurately record the phasingbetween these two signals.

ptical encoders are commonly use@to measure the kinematic component of the PTO. Wheile
bssible, it is recommended to _Use absolute rather than incremental encoders. It is nt
hcommon for encoders to misS\pulses, e.g. due to a dirty disc, resulting in loss of accuracy for
cremental encoders.

an incremental encoder is used, then it is recommended to also measure the index pulse o
at an absolute pasitidon can be referenced.

.2.4 Device.and mooring loads

here mooring loads are of concern, these are often measured using an inline (single Dok
ad cell.xThe load cell calibration can be confirmed as part of the dry testing.

~

W

here the WEC is attached directly to the sea bottom, a six DoF load cell is recommended {o

record the foundation loads. This type of load cell requires calibration in all DoFs, and cross-
coupling between the DOFs often arises.

If

fluid impact pressures are of concern, these are best recorded using a pressure sensor or

small-footprint load cell. This type of sensor can be integrated into the hull of the device. It is
important to note that each sensor is characterised by a distinct frequency response. With
pressure rise times in the order of several milliseconds at laboratory scale, the sensor response
may affect the measurements.
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Recommendations on calibrations

Most sensors and instrumentation applied in model testing require calibration, most notably
wave probes. Commonly applied calibration routines for typical WEC testing related sensors are
described in Table C.2.

Where appropriate (for example load cells) tare readings should be taken daily. To avoid
thermal drift, the sensor should be powered on for at least ten minutes before taking the tare
reading.

Table C.2 — Sensor calibrations

Type

Method

Notes

Capacitive wave probe

Use 3 to 5 point calibration, most
commonly with linear fit.

Insulation characterjstics (dielectric
constant, thickness; etc.) will affect
response per unit length.

A sufficientlength should be
immersed-at.all times.

Resistive wave probe

Use 3 to 5 point calibration, ideally
daily, most commonly with linear fit.

Based)on’ known immersion to
voltage  relationship.

Nenlinear towards the probe end.

A sufficient length should be
immersed at all times.

|
!

Distance sensor (laser or
otentiometer)

Recommended to confirm
relationship using a mechanical
reference height gaugeé:

Known distance to voltage
relationship available from data
sheet.

B

Pressure cell (piezoelectric)

Follow manufacturerssupplied
method.

|

oad cell (strain gauge)

Calibrate against set of reference
weights using supplied data sheet
sensitivity value (mV/V).

If a multi-axis load cell is used,
each axis requires calibration.

I‘

Nulti-degree of freedom motion
Facking system

Shalldbe calibrated in 3-dimensional
space.

Fairly advanced calibration which
should be left to experienced
system or tank operator.

hertial Measurement Unit (IMU)

Move in known trajectories with
known rates in 3-dimensional
space.

A

A\ccelerometer

Move in known trajectories with
known rates in DoF.

Tilt sensor

Measure response for series of
known angular offsets.

B

Pressure gauge

Both static and dynamic calibrations
using pumps.
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Annex D
(informative)

Uncertainty Scale effects
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Table D.1 describes the typical multipliers for each of the 5 Stages of

5

scale raised to 3

development.
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Table D.1 — Scale example for absorbed power

Stage Typical scale (example) Froude multiplier for Power per MW
absorbed power (example)
(example)

1 1:50 883 883 1w

2 1:15 13 071 77 W

3 1:4 128 7,8 kW

4 1:1.5 4 250 kW

g 1:1 1 1 MW

Als can be seen from these values the influence of the scale is quite significant on ithe pow

cpnversion of the various models such that any discrepancies in the testing can'result in large
efrors when the results are scaled up. Theoretically, if tests are conducted correctly and
carefully the percentage error should remain the same throughout the scales and only the
a
c
a

bre being required when evaluating early Stage results. The ITTG provides guidelines f
5sessing uncertainty for scale up and extrapolations, [14] and [15};

r

pbsolute value seems different. However, in practice, the uncertainty of-the data leads to extija

r

(4]
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

MARINE ENERGY - WAVE, TIDAL AND OTHER
WATER CURRENT CONVERTERS -

Part 103: Guideli for tl Iy st | I t of
wave energy converters — Best practices and recommended
procedures for the testing of pre-prototype devices

FOREWORD

1] The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprisipg
all national electrotechnical committees (IEC National Committees). The object of IEC is te_promote internationfl
co-operation on all questions concerning standardization in the electrical and electrani¢ fields. To this end anjd
in addition to other activities, IEC publishes International Standards, Technical Specifications, Technical Reports,
Publicly Available Specifications (PAS) and Guides (hereafter referred to as(%IEC Publication(s)”). Thair
preparation is entrusted to technical committees; any IEC National Committee interested in the subject dealt with
may participate in this preparatory work. International, governmental and nop-governmental organizations liaising
with the IEC also participate in this preparation. IEC collaborates closely«with' the International Organization fpr
Standardization (ISO) in accordance with conditions determined by agreement between the two organizations.

2] The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an internationfl
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

3)] IEC Publications have the form of recommendations for intérnational use and are accepted by IEC Nationfl
Committees in that sense. While all reasonable efforts.are) made to ensure that the technical content of IHC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for anpy
misinterpretation by any end user.

4] In order to promote international uniformity, IEC ‘National Committees undertake to apply IEC Publicationfs
transparently to the maximum extent possible in-théir national and regional publications. Any divergence betweg
any IEC Publication and the corresponding national or regional publication shall be clearly indicated in the lattq

P |

5] IEC itself does not provide any attestations of conformity. Independent certification bodies provide conformity
assessment services and, in some areas; access to IEC marks of conformity. IEC is not responsible for afy
services carried out by independent certification bodies.

All users should ensure that they, have the latest edition of this publication.

No liability shall attach to IEC\or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage p
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) ai
expenses arising out \ef the publication, use of, or reliance upon, this IEC Publication or any other IH
Publications.

=

Oa

8] Attention is drawn)to the Normative references cited in this publication. Use of the referenced publications |is
indispensable‘for the correct application of this publication.

9] IEC draws attention to the possibility that the implementation of this document may involve the use of (h
patent(s). JEC takes no position concerning the evidence, validity or applicability of any claimed patent rights
respectithereof. As of the date of publication of this document, IEC had not received notice of (a) patent(s), whi
may be required to implement this document. However, implementers are cautioned that this may not represe
the latest information, which may be obtained from the patent database available at https://patents.iec.ch. IHC
shall not be held responsible for identifying any or all such patent rights

=5 <

IEC TS 62600-103 has been prepared by IEC technical committee 114: Marine energy — Wave,
tidal and other water current converters. It is a Technical Specification.

This second edition cancels and replaces the first edition published in 2018. This edition
constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

a) Revised several numeric values (e.g. test durations) to align with best testing practice;
b) Introduced guidance and requirements relating to PTO testing and closed-loop control;
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c) Introduced uncertainty clause in normative part of the document;

d) Strengthened the document sections relating to Stage 3, the first sea trials;

e) Updated the data synchronisation requirements to align with best testing practices.

The text of this Technical Specification is based on the following documents:

Draft Report on voting

114/510/DTS 114/523/RVDTS

T

» n —

ull information on the voting for its approval can be found in the report on voting indicated |n
e above table.

he language used for the development of this Technical Specification is English

his document was drafted in accordance with ISO/IEC Directives, Part 2)\and developed [n
ccordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC. Supplement, available
www.iec.ch/members_experts/refdocs. The main document types;developed by IEC ane
bscribed in greater detail at www.iec.ch/publications.

list of all parts in the IEC 62600 series, published under the.general title Marine energy
ave, tidal and other water current converters, can be found on the IEC website.

he committee has decided that the contents of this document will remain unchanged until thHe
ability date indicated on the IEC website under. Wébstore.iec.ch in the data related to the
pecific document. At this date, the document willbge
reconfirmed,

withdrawn, or

revised.

MPORTANT - The "colour inside" logo on the cover page of this document indicateg
that it contains colours which are considered to be useful for the correct understanding
pf its contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

eveloping wave energy converters (WECs) will always be a demanding engineering process.
is important, therefore, to follow a design path that will minimise the risks encountered along
route of increasing technical complexity and fiscal commitment. This document presents a

guide that addresses these issues, the approach being based on a proven methodology adapted
from other technology areas, especially NASA and similar heavy maritime engineering

in

dustries.

tg

Q

o - oo o

Q -
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—

€ SCOpe of the wWork 1s defined In Clause 1. Normative references and defimnitions of importa
rms are introduced in Clause 2 and Clause 3 respectively. The core of the document ‘thgn
llows a twin-track approach, relying on:

a structured or staged development approach outlined in Clause 4, and

a set of model specific and goal orientated clauses (Clause 9 to Clause 119 ensuring that
targets are clearly defined and attained with confidence. Testing specific requirements sugh
as test planning (Clause 5), reporting and presentation (Clause 6), characterisation of the
surrounding wave environment (Clause 7), data acquisition and real-time control (Clause 8)),
and testing uncertainty Clause 12 are also included.

he structured development schedule makes use of the ability toraccurately scale wave enerdy
bnverters such that sub-prototype size physical models can be‘uséd to investigate the relevant
evice parameters and design variables at an appropriate dimension and associated budget.

he parallel development of mathematical models describing a wave energy converter|s
bhaviour and performance is encouraged, but the procedure is not included in the document.

his document is quite exacting in terms ofsboth the approach and requirements for the
bvelopment of wave energy converters since. it takes a professional approach to the process.

n essential element for any published Technical Specification or International Standard is {o
low an opportunity to provide feedback on its contents to the appropriate TC 114 Working
roup. TC 114 utilizes a standard_methodology to allow this.

p submit feedback such as._proposed changes, corrections and/or improvements to th
bcument, please send an.email to the TC 114 Chair using the Contact TC 114 Officers featur
n the IEC TC 114 Dashboard, accessible at www.iec.ch/tc114. On the right side of th
ashboard under Further information select the link to contact the TC 114 Officers. On th
Ibsequent page find“and select the Send Email link for the Chair to access the email tool.

® DO O w

omplete all the required elements within the email pop-up. For the Subject field please include
e document-title and edition you are providing feedback for (ex: feedback for TS 6260041
D2). Inthe Message field, include text which summarizes your feedback and note if further
formation can be made available (note attachments are not allowed). The Chair may requegt
Hded-information as needed before forwarding the submission to the remaining TC 114 Officefs

= Q

r review and then to the appropriate Working Group for their consideration
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MARINE ENERGY - WAVE, TIDAL AND OTHER
WATER CURRENT CONVERTERS -

Part 103: Guidelines for the early stage development of
wave energy converters — Best practices and recommended
procedures for the testing of pre-prototype devices

Y

oo o> o QN

Q —

(@)

Scope

his part of IEC TS 62600 is concerned with the sub-prototype scale development of wa\e
hergy converters (WECSs). It includes wave tank test programmes, where wave conditions are
bntrolled so they can be scheduled, and first sea trials, where sea states oCeur naturally and
e programmes are adjusted and flexible to accommodate the conditions, ‘Commercial-scale
rototype tests are not covered in this document.

his document prescribes the minimum test programmes that formthe basis of a structurgd
chnology development schedule. For each testing campaign,~the prerequisites, goals and
inimum test plans are specified. This document addresses;

Planning an experimental programme, including a design statement, technical drawings,
facility selection, site data and other inputs as specified in Clause 5.

Device characterisation, including the physical device model, PTO components and
mooring arrangements where appropriate.

Environment characterisation, concerning,*either the tank testing facility or the sda
deployment site, depending on the stage of development.

Specification of specific test goalsy including power conversion performance, devide
motions, device loads and device;survival.

uidance on the measurement-sensors and data acquisition packages is included but nt
ctated. Provided that the specified parameters and tolerances are adhered to, selection of the
bmponents and instrumentation can be at the device developer’s discretion.

n important element, of the test protocol is to define the limitations and accuracy of the raw
hta and, more specifically, the results and conclusion drawn from the trials. A methodology
Hdressing these “imitations is presented with each goal, so the plan always producqs
efendable results of defined uncertainty.

o

his document serves a wide audience of wave energy stakeholders, including devig
evelpopers and their technical advisors; government agencies and funding councils; teg
bntres’ and certification bodies; private investors; and environmental regulators and NGOs.

—

2

T

Normative references

he following documents are referred to in the text in such a way that some or all of their content

constitutes requirements of this document. For dated references, only the edition cited applies.
For undated references, the latest edition of the referenced document (including any
amendments) applies.

IEC TS 62600-2, Marine energy — Wave, tidal and other water current converters — Part 2:
Marine energy systems — Design requirements for marine energy systems
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IEC TS 62600-100, Marine energy — Wave, tidal and other water current converters — Part 100:
Electricity producing wave energy converters — Power performance assessment

IEC TS 62600-101, Marine energy — Wave, tidal and other water current converters — Part 101:
Wave energy resource assessment and characterization

3 Terms, definitions, symbols and abbreviated terms

34 T | definiti

T

br the purposes of this document, the following terms and definitions apply.

D

$0 and IEC maintain terminological databases for use in standardization at the following
afldresses:

IEC Electropedia: available at http://www.electropedia.org/

ISO Online browsing platform: available at http://www.iso.org/obp

1.1
ynamic
grces responsible for the object’s motion

a0 W

Z

bte 1 to entry: Dynamic side of absorbed power: “Load measurement? (force, torque, pressure, etc.).

3/1.2
kjnematic
nmotion of object, irrespective of how this motion4was caused

Npte 1 to entry: Kinematic side of absorbed power: “Velocity measurement” (velocity, angular velocity, flow, etc.].

Npte 2 to entry: The terms “dynamic” and “kinematic” as defined above are used extensively throughout thiis
dgcument. These terms are used to ensure that a range of WEC conversion concepts are covered. For examplg,
“dynamic” side of load measurement may refér to forces, torques or pressures, and as such provides a conveniept
amd concise means of relating to a range @f, technologies.

3/1.3
operational sea states
wave conditions where theywave energy converter is in power production mode

w

1.4
pak distribution
stribution of peak magnitude values

QT

3|1.5
lage1 <of wave energy converter testing>
mall-scale testing in the laboratory

[Z2K]

Note 1 to entry: Stage 1 is equivalent to technology readiness level 3.

3.1.6
stage 2 <of wave energy converter testing>
medium-scale testing in the laboratory

Note 1 to entry: Stage 2 is equivalent to technology readiness level 4.

3.1.7
stage 3 <of wave energy converter testing>
first testing at sea

Note 1 to entry: Stage 3 is equivalent to technology readiness level 6.
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3.1.8

- 11 -

storm conditions <of a marine energy converter>
sea state with return period as defined in IEC TS 62600-2

3.2

Symbols and abbreviated terms

For the purposes of this document, the following symbols and abbreviated terms apply.

g Acceleration due to gravity [m/s?]

. Wave-height Raad

1,0 Significant wave height [m]

y Wave energy flux [W/m]

p Wave power W]

I Wave period [s]

e Wave energy period [s]

o Wave peak period [s]

I, Zero up-crossing period [s]

! Length scale factor [-]

) Wave direction [rad]

h Density [kg/m3]
AD Analogue to digital
CoG Centre of gravity
DAQ Data acquisition

FT Discrete Fourier transform

oF Degree of freedom
FFT Fast Fourier transform
FMECA Failures mode, effects, and criticality analysis
IMU Inertial measurément unit

WC  Oscillating water column
PICC Power conversion chain

NOTE_\The power conversion chain is made up of a drivetrain, generator, storage, and power electronics.
PITO Power take-off
0] Response amplitude operator

SICADA Supervisory control and data acquisition system
SWL Still water Tevel
TRL Technology readiness level
ULS Ultimate limit state in the context of structural engineering
WEC Wave energy converter
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4 Staged development approach

4.1 General

Clause 4 introduces the staged development of the design for a WEC through physical model
testing. Each stage of development is motivated by risk reduction. The primary goals for each
stage address elements that shall be completed before proceeding through the user’s pre-
defined Stage Gate for that stage.

Q lad araas adition ol Atk AL taonl baowld b P atatiag £ ntialaaotad £.01]
) dAITCU WaAave UUTITUTLIVITO HIUUUUUU mmrure vwdadave JdiTin oTTuuIiu ve IUPIUOUIILGLIVU Ul GIILIUIPGLUU LAY
sgale wave conditions at the expected deployment sites, including sea state specirgl
characteristics.

n

gure 1 shows an overview of the process from the early design concept to the deployment of
He first limited device number array. Each stage is based on a different physical,scale range
prefully selected to achieve a set of specific design objectives prior to advancing the devide
als to the next stage. This clause outlines the scope and Stage Gates for"Stages 1, 2 and 8,
)
e

~ ~—
= O

Liding the development process from Technology Readiness Level (TRL) 1 to 6 (Figure 1J).
tages 4 and 5 (Figure 1) concern commercial scale (or near commercial-scale) testing and ar
bt covered in this document.

S (paQ

This document does not dictate a scale for each of the Stages . to 3. The model testing scale
hgavily depends on the type of WEC developed, the fidelity of the available instrumentation,
aphd to some extent on the availability of appropriate testfacilities. The scales provided |n
Fjgure 1 are included as indicators of previous WEC development efforts.

Every type of WEC will have slightly different requirements so a bespoke programme should b
dfawn up around these basic testing requirements: The necessary and recommended goals an
e
A

o

Kperimental activities for Stages 1 to 3 ate)described in detail in Clause 5 to Clause 11.
ctivities are to be defined in the context of good engineering practice, where factor of safet
reliability or other design philosophy are:followed.

Although the ordering of the test schedule is of paramount importance, it is equally essentig
that a Stage Gate process is applied at the conclusion of each set of trials to evaluate if the
WEC has achieved the required experimental objectives before advancing forward. This due
d|ligence should be monitored-against the design statement produced by the device developIr
pfior to each stage and(the standards being established by the industry based on the othe¢r
WEC’s performances,

Alset of Stage Gate’ criteria for the evaluation of the WEC behaviour and performance at the
copnclusion of each testing period are defined. These shall be achieved before advancing to the
next stage. The criteria are defined as a general framework and allow for a high degree ¢f
flexibility ¢oysuit the design requirements.

At Stage 1, it should be anticipated that several iterations of a device will be required to optimije
the'performance, reliability, safety, and economics. More than one iteration may still be requirgd
at Stage 2, and a single implementation should normally suffice at Stage 3.
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Concept model; [TRL 1 — 3]

« Design validation testing in regular waves
+ Design optimisation trials in irregular waves
+ Scale guide 1:25 — 100 (small)

Design model; [TRL 4]

» Performance verification in realistic seaways

» Component, power take-off and control monitoring

+ Scale guide 1:10 — 25 (medium)

Stage gate 1

Performance
Technica review
analysis

Go

Sub-systems model; [TRL 5 — 6]

« Fully operational converter sea trials
« Evaluate energy production in real seaways
+ Scale guide 1:2 - 5 (large)

Covered by TS

Stage gate 3

D\

Solo device proving; [TRL 7 — 8]

* Full size power plant; Technical deployment
» Advance pre-production to pre-commercial unit
« Scale guide 1:1 — 2 (prototype)

:

NOT covered by TS

» Final commercial unit; Economic deploy t
» Small array trials of 3 — 5 devices; Grid‘({ S
+ Scale guide 1:1 (full) CH

Figure 1 — Staged development approach

IS

2
2.1

Stage gates

General

O\

Multi-device demonstration; [TRL %‘T,O

) Performance
4 Operation. review
clanalysis
\J

Stage gate 4

Go

Stage gate 4
Performance

Economic review
analysis

Commercial readiness

IEC]

At the conclusion of each stage of device model testing, an evaluation procedure should b
ritiated to assess the overall performance of the design. The appraisal may include a technic

hd economic review based on three elements of the proposed device design:

Analysis of the results from.the appropriate preceding test programme.

stage.

DTE See also Annex A for an informative description of the Stage Gate process.

2.2 Criteria

th

| A comparison with the related device design statement produced at the beginning of th

¢| An overall desjgtrreview by a third party, independent, established engineering company

The review shall follow the same set of evaluation criteria at each Stage which are based g
edest goals specified for each Stage in Clause 9, Clause 10 and Clause 11. As the te

A

n
51

cale _enlarges the complexity of the model and trials increase to produce more accura
7 7 Lig J ™

e

results with less uncertainty in the data extrapolation. The Stage Gate evaluation criteria reflect

this decreasing uncertainty.

The evaluation criteria shall include:

e Energy absorption.

e Device seakeeping (motions).

e Mooring loads.

e PTO loads.

e Ultimate Limit State (ULS) verification.
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The minimum specifications for each Stage Gate criterion that experimental testing can
contribute to are outlined in Clause 9, Clause 10 and Clause 11 and summarised below.

Each stage can comprise more than one model testing campaign, using progressively optimised
models, to maintain relevance as the device design progresses, and to comprehensively meet
the Stage requirements and Stage Gate criteria.

NOTE Physical model testing is often run in conjunction with a mathematical model development, with model
validation criteria similar to those listed in Clause 4.

4[3 Stage 1
4{3.1 Scope

Stage 1 is intended to demonstrate that the design has potential and can be-realised ¢r
trgnsitioned up to TRL3. A key purpose of Stage 1 testing is to explore initial design choices.

Z

DTE 1 Stage 1 is often used to explore several device configurations without a detailed design for the commercip
ale prototype.

[

There are three facets to Stage 1 tests:
e| Proof of concept: to verify that the device design concept ep€rates under wave excitatign
as predicted and described (under TRL1).

¢| Optimisation of design: to evolve the most favourable deyice configuration(s) in regular and
irregular waves.

¢| Device performance: to obtain a first indication of\power performance for the optimised PTPD
setting of the device.

All three facets are required to provide input.to,Stage Gate 1.

pr the proof-of-concept phase of Stage«l, the testing can rely on an idealised physical modd|l.
his model can be restricted to a limited number of DoF if this can be justified.

— T

The PTO can be represented by, a simplified, but accurate, mechanism. The selected PTP
echanism shall provide forgcing that can be characterised across an appropriate range ¢f
bttings.

0 3

Al generic station keeping system can be used if the mooring behaviour is not an integral pajt
of the device hydredynamic motion and energy conversion scheme.

m

stablished acean spectra can be utilised at this stage to generate the irregular wave excitatign
ime histories; such as Bretschneider, JONSWAP or ITTC.

—

NPTE 2 At Stage 1, parts of the testing are commonly undertaken using non-natural wave spectra distributionfs.
This{incltdes white or pink spectra for system identification purposes.

NOTE 3 References [1]1, [2], [3] provide guidelines for generic test site data, which might assist with the Stage 1
sea state selection.

The methodology of testing recommended here follows established best practice for Stage 1
testing. The results of this stage are lessons used to converge on a commercial-scale design
and data to be validated in the next stage.

T Numbers in square brackets refer to the Bibliography.
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4.3.2 Stage Gate 1
Energy absorption appraisal shall be based on:

o aset of power response transfer function (RAO, for similar wave heights);

e power capture prospects estimated from selected sea states, with details provided in
Clause 9.

Seakeeping appraisal shall be based on:

the RAO for the dominant or relevant degrees of motion.

Mooring appraisal if implemented:

the time series and associated analysis (e.g. RAOs) of the mooring line loads.

NPTE For a simple model with linear PTO damping, power absorption generally scales with_the, velocity squaref,
ol the wave height squared. It can hence be beneficial to express the power response as a quadratic transfer functign
of form Power/Height?, rather than an RAO that is of the form Power/Height.

4 Stage 2
4.1 Scope

4

4

The purpose of Stage 2 testing is to fully evaluate the device design identified in Stage
Stage 2 testing can be associated with a significant amouft of design variables, particularly n
e PTO description, but shall be based on similar performance indicators as adopted during
Stage 1.

—
o

Stage 2 testing shall specifically address the follewing key objectives:
o| Stage 1 validation: To validate the technical conclusions drawn from the previous test
programme and to identify potential sealing issues between the two stages;

| mooring function check: to verify the proposed commercial-scale mooring and anchorage
system design and assess a realistic mooring response;

¢| device performance: to verify the energy conversion performance;
¢| device dynamics and kinematics;

o| survivability check: introducing storm conditions to observe device response in extreme
conditions, and to.discover device-specific failure modes;

o| use the largest scale feasible for available facilities to reduce the influence of scale effects;
o| if practicalthe“flexible umbilical electrical cable should be incorporated in selected tests.
It|is also reéommended that Stage 2 testing incorporates an advanced PTO model, exhibiting

ah accurate representation of the proposed commercial-scale unit, and introducing a PTP
cpntrol mechanism by which control strategies can be evaluated.

The primary use of the medium-scale Stage 2 test data shall be to obtain statistically significant
values that can be scaled to commercial-scale values with appropriate factors of safety. The
data shall also (i) be suitable to confirm any mathematical or numerical models of the device
where available; and (ii) be capable of extrapolation beyond one deployment location.

For validation of the Stage 1 results, both the wave and the device parameters should be as
close as possible to those adopted during Stage 1, adjusted to the Stage 2 scale. It is
recommended to include a representative set of conditions, including regular and irregular
waves. In selecting these conditions, it is recommended to include the range of each parameter
(wave period, wave height and PTO settings) that supported the main Stage 1 conclusions. The
medium-scale model can be idealised for parts of the test campaign to undertake the
comparison to Stage 1 testing. Any deviation between the two Stage set-ups shall be clearly
reported.
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4.4.2 Stage Gate 2
At Stage 2, the proxy for the annual energy production should be based on a power matrix and

site scatter diagram. This type of approach more accurately determines the performance and
limits the uncertainty.

Energy absorption appraisal shall be based on:

e a power response transfer function (RAO, for similar wave heights);

4 41 4 I <l 1 teo el o £ o | | ot L ool
o PUWTT LApPUUTT TolllTTalt vdoTU UTTh a STITUITU TIUTITUTT UT otdliuaru oCTd oldlTo (PUWTT TTTAatliA

with details given in Clause 9.

(0]

eakeeping appraisal shall be based on:

the RAO for the dominant or relevant degrees of motion.

Mooring appraisal if implemented:

the time series and associated analysis (e.g. RAOs) of the mooring lineJoads.
5 Stage 3
5.1 Scope

he motivation for Stage 3 is to demonstrate in smaller s€ale” the operating principles in “real
orld” uncontrolled wave conditions before building a commercial scale prototype many timgs
ore expensive. Stage 3 sea trials are conducted to prove the whole WEC system to redude
e technical and economic development risk. The-t&€st programme should still concentrate gn
prifying the device power conversion performance in real sea conditions but shall include othér
blidation monitoring, as specified by the design, statement i.e. survivability.

<<=z3sH H »

o

There are several purposes for conductifg testing at this stage, ranging from advance
gchnical and engineering issues, through to deployment and operation matters and including
hvironmental monitoring requiremepts. The key objectives for testing at this larger scale are:

o =

¢| deployment check: to test at<sea procedures for deployment and retrieval,;

¢| operational check: to verjify-expected performance in uncontrolled weather and seas with gn
electrical load;

¢| survivability check: to verify failure mitigation strategies;

e| corrosion check?*Using materials representative for the future prototype, to monitor the
model for symptoms of galvanic corrosion or stress corrosion cracking;

o| fatigue (eyclic) stress evaluation: to install sensors at locations where cyclic stresses |s
likely toydetermine system life.

Tp achigve the Stage 3 objectives, the trials move from the laboratory to an outdoor test sité.
This¢{means that wave conditions are no longer controllable, or produced on demand, so sga
tl di Progrdarimiics bha” Icﬂcbt thlb alld bU IUIUubt dIICII adjuata'uic tU abbUIIIIIIUUIdtU tilU Ildtulai y
occurring sea state. The selected scale should be large enough to include a functioning PTO,
electrical generator, power electronics and a downstream energy dissipation method. A grid
emulator can substitute for connection to a grid.

The selected scale should strongly consider the overlap of wave heights and periods between
the commercial site and the test site when appropriately scaled using Froude scaling. For sea-
floor mounted devices, the scale of the model should preferably be chosen as the ratio between
the water depth at the anticipated commercial site and the water depth at the test site. This
recommendation is also advised, though less critical, for other WECs such that other systems
(moorings, umbilical, etc) are representative.
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The scale should be used to scale any other parameters that affect the device and its
subsystems. One issue can be the scaling of the water level variations and the local currents.

A comprehensive sea trial programme shall be developed for Stage 3 that provides sufficient
confidence to move towards a commercial-scale prototype. Tests shall be designed such that
they are of adequate duration to enable detailed post-trial inspections to detect symptoms of
future cyclic failures. The resulting findings of a well-defined set of trials will provide data as
significant as commercial scale but with a significantly reduced budget and technical risk.

o
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gsting criteria might not exist. Some locations offer ideal water depth but not sufficient wave action, some locatiofs
meet the wave height criteria but do not scale well in terms of wave periods, and some locations provide the idefa
whve climate, but only for very limited times during the year. To ensure that all testing objectives can be met,/Stage| 3
sting can be undertaken at more than a single location, where each location can meet part of the overallobjective
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5.2 Stage Gate 3
The Stage Gate in this case includes:

o| the evaluation and verification of the PTO efficiency and control,;

¢| the evaluation and verification of risk and safety management;

¢| the evaluation and verification of the power matrix;

o| the assessment of environmental impact;

¢| the evaluation of installation and maintenance procedures and durations;
¢| the evaluation of fabrication methodology and cost;

¢| the evaluation of mooring loads and survivability;

¢| the evaluation of structural loads.

Plartial verifications are often undertaken before sea trials commence. For example, evaluating
the PTO efficiency and control can bexundertaken in a test-stand setup before final devide
gbrication.

5| Test planning

[3))

1 WEC similitudes

[2))]

1.1 General

n

br model scale testing of WECs, perfect scaling would come from:

| geometric-similitude for the WEC and its mooring;
o| structural similitude for the WEC and its mooring (Cauchy);
e| Hhydrodynamic similitude for the WEC and its mooring (Froude, Strouhal, and Reynolds);

AL

ortheWEE-

o —PCC—simititudef
Since not all of these can be met simultaneously, model scale testing of WECs shall generally
be based on Froude and Strouhal similitudes for the hull and structural similitude for the
mooring. If other scaling methods are used, then both Froude and Strouhal concerns shall be
addressed. The importance of each similitude that cannot be met shall be addressed and
documented as the scale-up is completed. Further guidance on similitudes outside of PCC
similitude (unique to the testing of WECSs) is given in Annex C.

Viscous losses and vortex shedding can be significant at small model scales. To mitigate this,
it is recommended to minimise their causes (sharp edges, narrow fluid gaps). Careful assembly
is necessary for small models to limit magnification of viscous forces that are not expected to
be representative of full-scale effects.
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NOTE 1 Inaccuracies might be introduced through Reynolds, structural, and PCC non-similitudes for the WEC, and
geometric and hydrodynamic non-similitude for the mooring. There are techniques that can specifically address these
non-similitudes. However, if they are not addressed, the uncertainty in the scale-up of model data to prototype will be
increased. In general, as the Froude scale factor decreases and as the testing progresses in stage, the uncertainty
and inaccuracy of scale-up decreases.

NOTE 2 Density differences between laboratory testing (typically fresh water) and Stage 3 conditions (typically sea
water) cause a discrepancy in terms of buoyancy, mass distributions and pressures or forces measured.
Hydrodynamic forces are appropriately 2,5 % larger in sea-water conditions, and buoyancy can change significantly.

5.1.2 Power conversion chain (PCC) similitude

i

n

V)

=

general, measuring and scaling the absorbed power is possible for most devices.

nce the WECs response to the environment can be altered through control strategie
Kecuted through the PTO, the controls shall also be reproduced at model scale, andyheénce are
bnsidered as part of the PCC similitude.

(2]

he PCC is made up of prime movers, generators, storages, and power electronics. Each ¢f
ese components has efficiencies based on the state of the system, and timitations (such 4gs
ax voltage or torque values) associated with them. The combination-ofjthe prime mover and
enerator is often referred to as the PTO, and it is often the only item that is represented |n
tage 1 and Stage 2 testing.

o

specific goal of the Stage 3 testing is to implement a scaléd PCC. However, in Stage 2 an
tage 1, it is often not possible to scale the physical components down. Hence representationa
TOs that capture the dynamic-kinematic (force-velocity, torque-angular velocit
ressure-flow, etc.) characteristics are often used. However, these representational PTOs ca3
troduce frictional effects, like stiction, or nonzphysical hysteretic effects. Further, thes
presentational PTOs might not be able to imitate’limitations that will exist in the prototyp
ich as maximum forces or slew rates from the generator.

NANOEE=N

ne major issue surrounding PCC simititude relates to the inability to truly scale bearing
irfaces such that frictional losses are”also scaled. To improve the predictions of power
erformance, a friction analysis cancbe completed to determine the difference in performande
at is being lost to the inability to-scale frictional losses.

he ability to mimic the anticipated commercial-scale control strategy at model scale is vely
nportant. The way in which-this strategy is implemented is not relevant. However, for Stage|2
hd 3, the effect of the.control strategy should be demonstrated to be a scaled version of the
bmmercial-scale approach through the desired dynamic-kinematic characteristics.

DTE 1 It is more'‘common for control strategy investigations to be undertaken from Stage 2 onwards.
DTE 2 Comimonly the efficiencies associated with each component of the PCC are dependent on the state of the

stem. Hence, it is often the case that only the absorbed power (not mechanical or electrical on which these state
pendent efficiencies act) will be scaled up.

the device is an OWC device, special considerations shall be given to the uncertainty of the

DTO valin hinkh £ ndnm +ﬂ|=\'
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scaling in addition to being subject to air compressibility.
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5.2

Design statement

A design statement shall be available prior to device testing.

a)

For Stage 1 laboratory testing programmes the design statement
Shall include:
e clear statement of the testing goals;

e technical drawing of the experimental device indicating the anticipated scaling factor to
commercial scale;

o description of the experimental mooring system and its anticipated functionalit
including position keeping (mooring system does not play an active part in)power
absorption) or active mooring (mooring system plays an active part in power absorption

e supporting calculations to provide approximate device physical propefties and
behaviour.

Should include:

e a description of any mathematical device model, where available, detailing how th
testing may assist in advancing and refining such model, and(verifying that the mod
includes the governing physics.

[0}

W

May include:

e technical advantages and improvements the device introduces over other WECs;
e literature review of similar systems.

For Stage 2 laboratory testing programmes the design statement

Shall include:

e clear statement of the testing goals;

e technical drawing of the preliminary-device design in anticipated commercial scale and
the experimental design at model Scale;

o definition of the anticipated comimercial-scale PTO and its characteristics;

e supporting calculations to\'provide approximate device physical properties and
behaviour;

e technical drawing of.the preliminary mooring design in anticipated commercial scale and
the experimental design(s) at model scale;

e characteristic site conditions for the anticipated device deployment location, including
typical waye~period, wavelength, water depth, significant wave height, spectral
representation and directionality, spreading coefficient (see IEC TS 62600-101 for
details);

>

e indicate the scale to be used on the above site conditions to fit the model tests at eadg
scale (see Annex D Table D.1).

Should include:

cerintion f oy, aoth tioal AdAaoviinn pandal ahara ool lakbl daotoilina Ay b
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testing may assist in advancing and refining such model, and verifying that the model
includes the governing physics.

May include:
e technical advantages and improvements the device introduces over other WECs;

e literature review of similar systems.
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c) For Stage 3, the design statement shall be expanded and shall be based on engineering

g O

33

o — [3,] QT

€

issues in addition to performance based factors. The design statement shall include:
e clear statement of the testing goals;

e technical drawings and construction procedures relating to the WEC;

e technical drawings of the mooring design;

e control strategies;

. characterlstlc site conditions for the deV|ce deployment Iocatlon mcludmg typ|cal wave

representatlon and d|rect|onallty, spreadlng coefﬂment (see IEC TS 62600 101 for
details). Additionally, an estimate of the anticipated deployment length required {o
sufficiently meet the testing goals;

e appropriate checks for scaling of operating sea states and extreme seas;
e appropriate checks for scaling of water depth, water level and currents;

e characteristic site conditions relevant to understanding system cearrosion including
conductivity and temperature;

e installation procedures;
e operations and maintenance procedures;

o failures mode, effects and criticality analysis (FMECA).
3  Facility selection and outline plan
3.1 General

he selection of the test facility or site shall be based upon the minimum requirements outlingdd
r each specific testing goal. These testing.goals can often be achieved progressivel
quiring an increasingly sophisticated facilityxand environment. More than one testing goal cgn
e achieved in one testing campaign, and-more than one facility can be used to complete eadgh
bvelopment stage.

3.2 Stages 1 and 2

b match the testing environnient and the testing goal, the following key facility indicators shg
e considered:

Size of tank and wave generation capabilities to define a suitable model scale:
— wave height and wave period performance curve;

— downstream energy absorption capability (for example beach performance);
— physieal tank dimensions, including water depth;

— connection points and tank footprint for mooring system;

<, ~model installation, fabrication and setup facilities;

— long and short-crested wave generation capabilities;

— long-term wave stability and wave reflections.

Wind and current capabilities where these are fundamental to the device operation.
Tank instrumentation and data acquisition.

Availability of experienced technical staff to run the facility, assist and advise throughout
the campaign.
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tage 2 shall also specifically consider:

The increased scale of the model and the associated change in facility size and wave

generation capabilities.

The role of wind and current interactions, particularly in addressing station keeping and

mooring loading.

The spatial requirements of a realistic mooring system footprint.

Each wave tank is unique in its capabilities and operation, and experienced tank operators shall

b
d
T

oo -

Z

E-consuited. To ensure att Important parameters are nciuded, a detalted testing pran snatt
evised. Feedback on this plan should be obtained from the facility operator prior to testin
he outline test plan shall specifically consider:

Time required for model set up and calibration.

Time required for wave tank calibration or characterisation.

Number of individual experimental runs, based upon a definition of:

— number of sea states;

— number of device design variables and their range;

— range of regular wave parameters and number of wave spectra.

Duration of each sea state.

Tank settling time between experimental runs.

Number of experiments to be repeated for quality assurance and uncertainty analysis in lin
with the specific testing goals.

Logical order of experimental runs.

n example testing plan is shown in AnnexB.

he wave conditions associated with each specific testing goal differ considerably and ar
scussed in more detail in Clause 9, Clause 10 and Clause 11. In all cases, some tests shou
b re-run to check the repeatability of the test conditions.

DTE An extensive list of geheric wave tank testing requirements is provided in [4].
3.3 Stage 3

is recommended)that established sea trial test centres should be utilised to complete Stage
hen this is<not possible care shall be taken to identify a suitable site. The following list
quirements-should be considered during the site selection:

Appropriate spatial and temporal wave condition in both amplitude and period.

Appropriate water depth for mooring fidelity.

Device specific test requirements, including sensitivity to directionality and seaworthiness|.

e
) .

A"

Sea bed conditions to suit mooring requirements.

Local (rapid) changes in sea bed conditions that are likely to affect testing.
Convenient launch and deployment facilities, and particularly vessel availability.
Local service and maintenance amenities.

Land-based data station.

Appropriate atmospheric and oceanographic conditions, such as the absence of rip currents,

large tidal variations, tidal races, hurricanes or excessive suspended sediment.
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ite appropriateness will be a device specific evaluation so this list shall be regarded as the

minimum requirement. Where necessary the WEC geometric scale should be adjusted to suit
the site wave conditions, see 4.5.1 for details. The minimum scale is only dictated by the
requirement that the device PCC is fully operational.

NOTE There are several recognised, official test centres now established in the world. These can be run by a State
or private entity. Archive wave data is generally available for these sites, together with other facilities and expertise

to
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When the prevailing wave conditions are accepted as they occur, it is essential to develop a

assist the device developer.

Ased on an assessment of the site wave conditions expressed as the occurrence scatt¢
agram. It should then be adjusted as required to fulfil the full technical programme, including
period of extreme conditions.

tage 3 extreme testing is sought to achieve conditions that get close to' true extrenie
bnditions. Many interpretations of such testing conditions are possible and are to be noted
e reporting. Example interpretations include:

=}

testing that achieves 80 % of the expected ULS;

testing that achieves the worst possible condition for a 1-year period at the Stage |3
deployment location, or

an accelerated exposure of the device to high energy seas at a more exposed site with the
proviso that destructive seas might also occur at such sites.

full test plan shall be produced prior to deployment*to ensure all aspects of the design
atement are fulfilled. Results shall satisfy the uncertainty criteria specified for each testing
pal, in particular the statistical significance for each’/sea state element of the site wave scatter
agram.

he full sea trial schedule shall accommodate the variability of the wave climate at the site
cluding parameters such as:

Spectral profile
Multi-modal wave systems
Storm conditions
Unrealistic seaways

Local current

Local wind

Water leyel\variations (or tidal range).

tandard\sea states can be used, but site-specific requirements shall be included in th|s
valuation where a potential commercial-scale device deployment site has been identified.

5

AN tef derations—Absorbima-bod , .

NOTE Additional guidance on scaling laws relevant to the physical model is given in Annex C.

5.4.1 Stage 1

T

he Stage 1 model construction should consider the following:

The driving forces should be understood to apply the most appropriate scaling law.
Design to allow individual modification of the key device design parameters.
Lump ballast to obtain the desired mass distribution.

Construction material selection (material properties that have a significant impact on the
device behaviour shall be scaled, otherwise scaling material properties not required).
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e The physical model construction enabling accurate measurements of the key parameters.

o Potential use of limited DoF testing in proof-of-concept where it is expected that this does
not significantly alter the fundamental device operation.

e Mooring simulation to match desired device dynamics.

Several physical models can be used to complete the end goal of the overall Stage 1 testing.

5.4.2 Stage 2

The medium-scale physical model shall be less idealised than the Stage 1 model. Supporting
calculations shall identify likely failure points, and cross-sectional and local loads. Model design
aphd manufacturing shall enable relevant strain or load measurements at these locations: The
Stage 2 model construction should consider all of the Stage 1 suggestions in addition to the
fqllowing:

The dynamics of the model should be as close as possible to an exact representation of the
commercial-scale device.

The mooring system shall meet both geometric and structural similitude; potentially requiring
two designs to meet the goals of this stage.

Z

DTE Stage 2 models will be significantly more sophisticated than Stage 1 models. As a result, model fabricatign
d model handling are generally more involved.

)

4.3 Stage 3

he size for a Stage 3 scaled model should be based_on the wave parameters found at the
Eployment/ sea trial site and be sufficient to accommodate a fully operational WEC, including
e PTO and power electronics pack. This Stage 3“device might be a significant model on tHe
der of many tonnes and will require specialised maritime handling. However, due to the powér
caling of 13:5, the electrical output will be modest, of the order of a few kilowatts. This in tuTn
eans it is not necessary for the scaled device to be grid connected and an alternative methqd
power dissipation, for example an on-board grid emulator, can be used.

O3®wWo=*a - o

The Stage 3 model construction should consider the following:

o| Failures mode, effects and criticality analysis (FMECA).

¢| Identification of ULS Joads and factors of safety.

¢| Identification of key'load paths within the device structure.

o| Accurate and complete assembly procedures.

¢| Instrumentation required to record required data streams including sensor redundancy.
o| Supervisory control and data acquisition system (SCADA).

o| Efficiencies in the PCC.

o| Accurate mooring designs and assembly procedures.

o —Safety of workers during commisstoning, mstaifation and maintenance.
e Construction material selection.
The device can initially be deployed in a partially built condition to investigate specific design

issues, but shall be complete before the sea trial programme is concluded. A PTO simulation
can initially be installed to validate and verify the system hydrodynamics.

The detailed Stage 3 WEC hull design and fabrication is commonly undertaken by a specialist
marine contractor. Hull design and fabrication are not within the scope of this document, and
reference should be made to the appropriate guidelines and standards for marine fabrication.

NOTE If using full-scale materials then a skewed structural scaling will ensue in local load measurements.
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5.5 Physical model considerations: PTO and closed-loop control

NOTE Subclause 5.5 is written with closed-loop feedback control in mind. For devices that do not feature closed-
loop feedback control, some of the requirements here only apply in part.

5.5.1 General

It is important to recognize that closed-loop absorption control for WECs introduces effects that
are quite different from those in open-loop marine systems such as vessels. At the onset of the
design process, a basic understanding of closed-loop control theory should be developed. This
includes aspects of system design such as considering the modes of drivetrain resonance and
hpw these might be excited via closed-loop feedback control.

he PTO strongly affects the device performance. In general, the PTO works by applying [a
rce on the WEC that depends upon the WEC motion. A simple damper, for exampl€, applids
force that is proportional to velocity. The force can be applied by a mechanical-damper or Qy
sophisticated device that measures the velocity and generates a force by .-means of gn
ctuator, which is commanded by a control system. In both cases, the dynamic behaviour ¢f
e coupled PTO-WEC system differs from the behaviour of the WEC when disconnected fropn
e PTO. As a result, the developer should characterize the behaviour of the PTO f{o
haracterize its effects on the device once installed and deployed forytank testing or sea trials.

OO0 D D

The implementation of a control system can dramatically <improve power absorptign
pgerformance or can, in the extreme case, destroy the device through instability. Therefore, for
apy device that uses feedback control, close attention shail.be paid to the closed-loop dynamjc
ploperties of the controlled PTO.

NPTE Problems due to stability commonly arise when feedback controllers are implemented. These issues afe
often due to the PTO not being properly designed to execute)the desired control system, for example not being abje
to apply the desired level of damping.

Tuning of mechanical power versus electrical power can lead to very different PTO optimizatign
oltcomes. Each Stage 1-3 testing campaign should clearly identify the PTO optimizatig
opjective, for example to maximize mechanical power or to maximize electrical power at
defined conversion step.

Q 5

AlPTO and control system will ltimately only function if all system components work in unison.
This commonly includes therPTO hardware (actuators, gearboxes, hydraulic circuits etc.), the
instrumentation feedingcinto any active control system, and the real-time control systen
hhardware and software. The PTO design process should identify all critical PTO componenit,
aphd how these can<be reliably integrated into an overall system. The PTO hardware (e.g.
aftuators) is likély) ‘'very different between Stages 1 and 2, and Stage 3. The PTP
characterization‘shall be repeated each time the PTO hardware changes substantially.

5|5.2 PTO and control design considerations for Stages 1 and 2

During ya Stage 1 program, the PTO can be represented using a simplified, yet well-
characterized mechanism.

During a Stage 2 program, the PTO shall be represented using a mechanism capable of
exhibiting the proposed (or intended) commercial-scale kinematic and dynamic PTO
characteristics and control strategy. If the commercial-scale or Stage 3 device relies on a closed
loop feedback controller, then a closed loop feedback controller is also recommended during
the Stage 2 model testing.

NOTE 1 The detailed design of the first sea-going (Stage 3) device often takes place following the Stage 2 model
testing. As a result, either the Stage 3 or the commercial-scale PTO hardware, or both, might not be fully defined
during the Stage 2 testing. Nevertheless, having a proposed or intended PTO concept in mind prior to Stage 2 model
testing is key for the success of the overall staged testing approach, such that the intended kinematic and dynamic
PTO characteristics can be tested during Stage 2.
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NOTE 2 Matching the kinematic and dynamic behaviour is particularly important if the PTO at commercial scale is
capable of providing significant amounts of reactive power. In this case, the motion of the WEC will be amplified by
the interaction with the controlled PTO, and the wave-body response can be significantly different from the case
where no PTO is included.

5.5.3 PTO and control design considerations for Stage 3

During a Stage 3 program, the PTO shall be represented using a mechanism capable of
exhibiting the proposed commercial-scale kinematic and dynamic PTO characteristics and
control strategy. If the commercial-scale device relies on a closed loop feedback controller, then
a closed loop feedback controller shall also be tested during the Stage 3 sea trials.

The device power can be measured at various conversion steps, for example mechanical inpsIAt
ppwer, and reported at those points. For each reported power performance value, it shall Qe
dpcumented exactly where in the PCC this power is recorded.

NPTE While peak power ratings for Stage 3 can be several kWs, continuous power flow in many.sea states is likgly
ofl the order of several hundred Watts. As a result, efficient electrical power conversion (and potential transmissign
tog shore) can be very challenging.

Stage 3 is the first stage that involves open water sea trials. The Supervisory Control and Dat
Acquisition System (SCADA) shall be designed such that it can handlg"autonomous operatio
of the WEC. The SCADA system can rely on manual intervention for certain tasks (e.g. switchin
between various control strategies) but shall be designed suCh-that safety and seakeepin
clitical features do not rely on real-time operator input. The SCADA system shall also undertak
the data acquisition purpose, including telemetry requiréments and on-board logging. Th
system shall have a meta-data function to ensure all files are time stamped and coded 3
specified in IEC TS 62600-100.

nw ®O DQQ S5 O

All sensors relevant for the power performance“measurements shall connect via the SCADA
system.

)]

5.4 PTO bench testing

us]

lench testing time is significantly less expensive than wave tank testing time (Stages 1 and 2
[ sea trials (Stage 3). The key purpose of a PTO bench test is to identify the main issues and
gults with the PTO design, such that the PTO integrated with the device is pre-tested and
gliable [5]. This can greatly reduce the likelihood of failure of a wave tank or at sea testing.

= —h O

There are two main typesor purposes of PTO and control bench tests:

a) Characterize, verify, and validate an open-loop model of the PTO: This is useful for both tHe
design of the(controller and evaluation of performance and efficiency. With regards to contrpl
design, the'model derived from experimental testing is useful also to establish the boungs
on the controller performance (type of controller and range of stability margins);

b) Testeontrol system: Verify closed-loop PTO behaviour before tank testing or sea trials.

tlisrecommended to undertake the first type, (a) above, for Stages 1 and 2. The second typf

abavs hawld b wadartal nfaor Oto 2
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Both (a) and (b) above shall be undertaken for Stage 3. The Stage 3 PTO is the first larger PTO
assembly for most WEC developers, likely with actuators capable of delivering and accepting
several kWs of power. Bench testing of the PTO drive train shall be undertaken prior to
integrating the PTO within the Stage 3 WEC model. During this bench testing, the Stage 3 PTO
drive train is likely to exhibit some unique behaviour (e.g. drive train resonances) that cannot
be scaled to a commercial-scale device. Nevertheless, any such (resonant) behaviour should
be documented to inform the commercial-scale device design.

NOTE It can be challenging to find a bench test laboratory for every type of Stage 3 PTO. For some shoreline
OWC devices, sometimes the WEC system itself is the test bench for the PTO system.
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Bench testing of PTO components can be undertaken using simplified device models, such as
simple mass-spring-damper systems. Components of the real physical system can also be
simulated using hardware-in-the-loop techniques. The key to bench testing is that the PTO
hardware and control system are shown to be operating with good stability margins before being
integrated into the WEC model for wave tank testing or sea trials.

During Stage 3 bench testing, the principal PTO control algorithms shall be tested as intended
for the Stage 3 sea trials. This shall include executing those algorithms on the intended sea
trial computing hardware (SCADA system). It is acceptable that not all physical sensors are
present during the bench testing phase,  and sensor signals can be simulated as required

t|is recommended that the PTO test stand is capable of compliant PTO excitationIn/th|s
bntext, compliant refers to the ability of the PTO test stand to react to the PTO forcing,*rather
an rigidly enforcing a motion profile that is not representative of the coupled-interactior|s
btween the PTO and the wider WEC system.

o =0

6 Reporting and presentation

1 Reporting of test conditions and goals

6

The test planning considerations shall be documented in the reporting. This includes the design
statement, testing goals, facility selection and outline plan and physical model characteristics.
Special attention shall be given to identification of each/similitude that cannot be obtained,
which should be included in the reporting along with a description of how this misrepresentatign
i expected to influence the scaling procedure to full-scale. Where the facility characteristics do
npt entirely match the expected commercial-scaleconditions, this should be noted in the
re¢porting.

The test setup reporting shall identify the stilkwater configuration of the device in the tank, the
Iqcation of all sensors, and the mooringdattachment points. Additionally, all dry and wet
calibrations that confirm the device properties, sensor properties, and mooring properties sh3gll
be presented.

2 Presentation of results

2.1 General

pction, they shouldibe compiled as either model or full-scale values, or both, as appropriat
nd presented in-one of three fundamental ways:

1%

6
6
Affter calculating the. réequired performance indicators, as stated in each independent gog
a

a) as RAO curves with error bars;

b) in scatter diagrams;

(¢

as'variable(s) against a set of tested appropriate iso-variables.

Theerror bars as defined in each |ndpnpndpnt nnal section should bhe nrpqpn’rpd with the results.

The performance indicators shall be shown in at least one of the fundamental ways, and can
also be shown in all of the fundamental ways to elucidate distinct trends.

NOTE 1 It is often helpful to also present subsets of the raw data time series.

NOTE 2 In calculating error bars, the uncertainty analysis in [6] can be helpful.
6.2.2 Wave parameters

The realised wave parameters, as defined in 7.4, shall be reported.

If required by the design statement, wave scatter diagrams for targeted location(s) shall be
reported.
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For any irregular wave testing, peak distributions and spectral shapes shall be provided in the
reporting. Key statistical parameters include the spectral moments (m_q, mqg, m4, my).

Characteristics derived from peak distributions shall include values relevant to the probability
density function (Rayleigh, Weibull, most relevant peak distribution), as well as the mean and
median values.

6.2.3 Response amplitude operators (RAOs) curves

The relevant RAO curves for the performance indicators should be reported.

Using regular waves, the RAO for individual frequencies should be determined as the rat|o
between the amplitude of the relevant performance indicator and the amplitude/of/the
characterised incident wave. Clause 9 provides details concerning the number of regular'wavdgs
tq be considered. Error bars should be associated with both the abscissa and ordinate axes.
The appropriate uncertainty analysis (see Clause 12) shall be carried out to establish the error
bhars to be associated with the final ratio, governed by both the performance indicator standaid
deviation and the wave amplitude standard deviation. The regular wave RA® eurves combining
multiple frequencies should be produced for constant steepness sweeps in\which, if applicabl¢,
the same control settings are implemented.

Using irregular waves, the RAOs should be calculated from the square root of the ratios betwegn
the spectral density of the relevant performance indicator and_the spectrum of the inciden
waves (e.g. the square root of the transfer function). When, calculating the RAO based dn
spectra, specific attention shall be placed on the smoothing<«f spectra prior to calculation of the
RIAOs, which can only be done by sacrificing frequency resolution.

—

Z
(7]

DTE 1 RAOs for both regular and irregular waves can be @btained using the ratio of discrete Fourier transforn
FTs) obtained via the fast Fourier transform (FFT) algorithm.

—
Cl

NPTE 2 In order to obtain reliable RAOs based onispectra, the uncertainty of the individual spectral values |is
g¢nerally sought to be below 15 % (smoothed ordinates or 40-50-subseries (DoFs) in FFT analysis). Furthermore,
olptain reliable RAO values, only spectral values™@arger than 2 % of the peak spectral value (after smoothing) a
generally used in the analysis.

® O

NPTE 3 Long period medium energy sea,states provide the optimal results in computing RAOs for wave spectrp.
RAOs can be amalgamated from multiple tests.

2.4 Scatter diagrams

6

The performance indicaters and standard deviations relevant to irregular environments should
be presented as a bivariate scatter diagram for the chosen sea states. If required by the design
statement, the shading indicating the sea state probability for the commercial deployme}t
Igcation shall be overlaid on the performance indicator scatter diagram. From these, othg¢r
stimmary statistics such as the average annual value for the performance indicator should alqo
bg identified;

—

he device power matrix is the most common type of scatter diagram, but other parameters
ich,as device loading can also be presented in this format.

(2]

A separate matrix should be developed for each configuration of the device and for any
significant changes in the operation of the PTO.

NOTE Optimum power control settings are often established via regular wave trials, and subsequently adopted for
irregular wave testing. As a result, an optimised scatter diagram can contain entries relating to a number of control
settings.

For Stage 3 sea trails, it might not be possible to achieve a statistically complete power matrix.
In this case, iteration and extrapolation techniques can be used to fill in the blank elements,
clearly identifying which data are based on direct measurement and which are not.
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6.2.5 Alternative iso-variable curves
6.2.5.1 General

When testing was completed in a way that allows for the presentation of the data as iso-variable
curves, such as the points of stress concentration against constant wave steepness values,
then these curves should be presented. Error bars should be associated with both the abscissa
and the ordinate axes.

NOTE In calculating error bars, the uncertainty analysis in [6] can be helpful.

2.5.2 Capture width and capture width ratio

he capture widths for the individual tests shall be calculated based on the absorbed power |P
hd the wave energy flux J, and the capture width ratios shall be derived by normalising tHe
bpture widths with a characteristic dimension (typically width) of the tested)'device. THe
naracteristic dimension used shall be clearly stated. Either the capture widthsfer-Capture width
tios, or both, shall be plotted against peak period of the spectrum. The measured model scale
hta should be presented. Predictions for commercial scale can be included. Typically the sda
ate over a test interval of 20 minutes will be given by the significant wave height estimate A},

nd wave energy period T.

MY VOTITO0O0MN 4 O

NPTE These calculations can be presented at commercial scale or in terms\of non-dimensional parameters, e.
whve steepness, H, /T, and relative length /, characteristic device length 1, normalised by wave length (based on T

— =

2.5.3 Control

bnlinear active methods. The power performafice” data shall be presented in a way whig
early identifies the influence of control on the power capture. Control parameters shall b
pried such that it is possible to identify the influence of individual parameters on the reporte
results. If nonlinear control is adopted, thelpower capture data shall be presented over the fy
range of the dynamic and kinematic quahtities.

6
Control can be applied in a multitude of ways, from\passive linear damping to sophisticate
n
c
v

[eNN J= o}

3 Presentation of performance indicators
3.1 General

6

6

The characterisation of (the performance indicators shall be based on time and frequend
dpmain analysis of .the time series of the measured quantities. The analysis of th
nmeasurements shallibe carried out on the same stationary part of the time series; this will alg
cprrespond to the_part of the time series used to characterise the incident wave field
characterisation“eccurred without the model present. Sufficient data points shall be used f{
eptablish the 'standard deviation and variability of the requested performance variable.

50 <

(e}

Processing of the measured variable to produce other quantities of interest, such as velocify
ahdsacceleration from position, are encouraged and in some cases required. Signal processing
tgchniques that minimise noise amplified through mathematical conversions should be followdd
to obtain the most realistic profiles.

6.3.2 Presentation of performance indicators in regular waves

Table 1 identifies the statistics that should be obtained for the relevant performance indicators
in regular waves.
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Table 1 —Presentation of performance indicators (regular waves)

Performance indicators Stage 1 Stage 2

Continuous quantities (for example WEC Average + Std. Dev. | Average + Std. Dev. <Peak> + Std. Dev.

dynamics and kinematics
y ! ! ics) <Peak> + Std. Dev. <Phase of Peak> + Std. Dev. <Peak> to
Average + Std. Dev. Identify onset of

nonlinearity
Discrete events (for example local point Count and identify Peak magnitude and duration of each event,
loads, greenwater occurrence, slamming wave conditions for # of events
and impact events) which event
occurred.

INOTE 1 <Variable> refers to ensemble average of the variable.

INOTE 2 Std. Dev. refers to variability within an experimental run.

= w»

ave performance indicators are required for Stage 3. All performance indicators for Stage 3 aj
fqund in 6.3.4.

[=2)

3.3 Presentation of performance indicators in irregular, long-crested waves

pr irregular long-crested waves, the entirety of the time series used to establish the incide
ave field shall be used.

= T

—

pble 2 identifies the statistics that shall be obtained for the kinematic and dynam

= O

He device position, velocity, and acceleration.

= N0))

D irregular wave performance indicators\are required for Stage 3. All performance indicato
r Stage 3 are found in 6.3.4.

—h
Pa

Table 2 — Presentation of performance indicators (irregular long-crested waves)

nce it is not possible to produce regular waves in a scaled ocean environment, no regular

brformance indicators in irregular long-crested mrayves. These statistics shall be obtained for

nce it is not possible to produce irregulardong-crested waves in a scaled ocean environment,

e

Nt

C

S

Performance indicators Stage 1 Stage 2

Continuous quantities (for example WEC Average * Std. Dev. Average + Std. Dev. <Peak> * Std. Dev.

i d ki ti
ynamics and kinematics) <Peak> + Std. Dev. <Peak> to Average * Std. Dev. Spectral

Peak response: indicate the moments of the
spectrum

Peak distribution: indicate probability
density function parameter values, mean,
median, and 98" percentile

Directional spectral response if applicable

Discrete events (for example local point Count and identify Peak magnitude and duration of each event
|0ads, gTeenwater OCCUTTENCE, Samming Wave conditions for #ofevents
and impact events) which it happened

NOTE 1 <Variable> refers to ensemble average of the variable.

NOTE 2 Std. Dev. refers to variability within an experimental run.

The spectral response (moments of the spectrum) can include measures such as the standard

deviation of the standard deviation. The term spectral response shall be understood to includ
sufficient spectral properties (moments) to obtain statistically relevant process measures.

e
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6.3.4 Presentation of performance indicators in irregular short-crested waves

For irregular short-crested waves, the entirety of the time series used to establish the incident

w

ave field shall be used.

Table 3 identifies the statistics that shall be obtained for the kinematic and dynamic
performance indicators in irregular short-crested waves. These statistics shall be obtained for
the device position, velocity, and acceleration.

Performance indicators Stage 2 Stage 3
Continuous quantities (for example Average + Std. Dev. <Peak> + Average * Std. Dev. <Peak>+ Std.
EC dynamics and kinematics) Std. Dev. Directional spectral Dev. Directional spectral.response

response Peak distribution: Peak distribution: idertify/98th
identify 98th percentile percentile

Discrete events (for example local Peak magnitude and duration of | Monitoring requited if greenwater or

point loads, greenwater occurrence, each event, # of events slamming was seen in Stage 2.

glamming and impact events) Monitoring(reeommended if impact

event occurred in Stage 2.

N

N

NOTE 1 <Variable> refers to ensemble average of the variable.

NOTE 2 Std. Dev. refers to variability within an experimental run.

5 -

N

N

O -

~

o m

—

psting of irregular short-crested waves is not required in Stage 1; hence no performande
dicators are given.

Testing environment characterisation

1 General

he testing environment conditions form an important input for data interpretation and shall be
brefully recorded.

2 Wave tank characterisation (Stages 1 and 2)

ach wave tank is unique in its operation and wave field characteristics, and the wave tarnk
berator should be-Consulted to discuss the specifics.

b define the‘wave field characteristics, one of the following three methodologies shall He
Hopted:

calibration of the incident waves undertaken in the absence of the structure;

if” available, wave specifications of previously calibrated sea states in an empty tark

prn\/ir'lnr'{ hy the tank npnrnfnr canbe assumed to be accurate if measured in the \lir\inify bf

the location where the model will operate;

c) the wave field can be measured in the presence of the structure; and might be separated

T

into incident, reflected and radiated (where appropriate) components through data
analysis (see, among many others, methods noted in [7]).

he wave characterisation shall take place at or near the model operation location,

taking into consideration potential global device motions within the mooring constraints.

If

current is to be used in the model testing, the wave calibration shall be undertaken with the

current operational.
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It is not acceptable to use assumed (or non-calibrated) waves as an input to the analysis. For
irregular waves some departures from the target sea state shape are acceptable, and these
shall be noted in the reporting.

If significant tank effects (seiche or standing waves, cross-tank oscillations, beach reflections)
are observed during the tests, comments regarding their expected influence should be made.

Table 4 identifies the minimum required measurements for each aspect or type of the incident
environment. Additional wave probes are recommended if the incident and reflected waves from

t <l H 4 o |
C UTvVvIiLT arc tuv vt oTpyaraitcu.

Table 4 — Environmental measurements

Environmental Stage 1 Stage 2 Stage 3
measurements
Regular Deploy at least 2 Deploy at least 3 N/A

measurements during tests:
in front and one flanking side
of the device.

measurements during tests:
in front, behind, and flanking
one side of the device.

Irregular Deploy at least 2 Deploy at least 3 N/A
long- measurements during tests: .
o crested in front and one flanking side | Measurements during tests:
3 waves of the device. in front, behind, and-flanking
= one side of the devjce.
Irregular Not required In addition to the Deploy a measurement
short- requirements(for the system within 50 m of the
crested irregular léng-crested waves, | edge of the watch circle of
waves deploy @ cluster of probes the device. This system shal
capable of resolving the be capable of resolving:
various incoming directions. | frequency, direction, and
energy
Current Monitoring not required If applicable, monitor using a | Monitor if current is present
single probe.
ind Monitoring not required If applicable, monitor using a | Wind data from local station

single probe. or buoy should be recorded

(0]

NPTE 1 Waves in tanks are often'not spatially homogenous, so it is important to characterise the wave field in clo
pfoximity of the device deployment location. For slack moored, buoyant devices that can move about the wat
surface, particularly in surge; this can be an inexact measurement.

14
=

DTE 2 The purpose of including multiple sensors for wave measurements is to capture any tank variation across
e model location.

5 Z

m

arly consultation with tank operators is recommended to ensure that the uncertainty
ssociatedywith the testing environment is considered appropriately in the test planning and
Ibsequent data interpretation.

n Q

NPTE3 All test tanks will introduce a degree of uncertainty in the test results. Given that each tank is unique in its
operation, the tank operators are normally best placed to estimate this uncertainty, which will also depend on the
specific WEC model dimensions.

If the characterisation is carried out with the model absent, special attention should be paid to
minimise the reflections of the scattered waves (from the model) which are not present in the
measurements used for the characterisation. Thus, this approach is not recommended for
testing where the model generates a scattered wave field which can contaminate the incident
wave field through reflections at the wave generators, which is often the case if the model
occupies a considerable part of the wave tank.

Some WEC types do not directly respond to the water surface elevation (wave elevation
recorded at the surface), and calibration of the water surface elevation only might not be
sufficient. In such cases, calibration of alternative measures (for example pressures or fluid
particle velocities) should be considered.
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7.3  Trial site characterisation (Stage 3)

Prior to any sea trial area being designated a Stage 3 test site, an estimation of the prevailing
wave climate should be obtained following IEC TS 62600-101.

Real-time monitoring of the oceanographic and atmospheric conditions shall be undertaken for
the duration of the sea trials. The location of the measuring gauges shall be carefully selected
to minimise contamination of the records from local influences and the device itself.

T a—data cianale can ha nact nracaccad hut thic chall K
He—aata—StghHaHS—6a o e—poSt+pProeessSea ottt S—SHaT—

s¢hedule to ensure record fidelity.

)
®
®
i
©
b
e
®
®
)
D
&
o
®

It{is recommended that an established test centre is used for sea trials so that long_term waJe
records are available for test design and planning.

7|4 Wave characterisation
714.1 General

The incident wave field (plus wind and current where appropriate) shall be characterised. The
wlave field characterisations and the terms used in the reporting ‘should be compatible with
those defined in [8]. For the purpose of visual inspection, sample time histories of the water
stirface elevation should also be made available in the reporting where possible.

4.2 Laboratory regular waves

bplied. In both cases, the analysis shall be carried out on the stationary part of the time series.
urther details on the analysis of regular waves can be found in [9]. Table 5 identifies the
required performance indicators.

7
Fpr analysis of regular waves, either time or frequency domain analyses, or both, shall he
a
F

4.3 Laboratory irregular long-crested waves

bmplemented by a time domaintanalysis. In both cases the analysis shall be carried out on the
ationary part of the time series. Further details on analysis of irregular waves can be found in
[10]. Table 5 identifies therequired performance indicators.

7
Fpr analysis of irregular waves, frequency domain analyses shall be applied. This can be
c
s

4.4 Laboratory irregular short-crested waves

e
pplied. In all cases the analysis shall be carried out on the stationary part of the time serie$.
he directional wave spectrum shall be plotted and inspected, and should be provided in the
reporting{ Further details on analysis of directional wave analysis can be found in [11]. Table|5
identifies“the required performance indicators.

7
Fpr analysis of directional waves, an advanced frequency domain analysis method shall i
a
T

714.5  Seatrials

The wave analysis shall be conducted as specified in IEC TS 62600-101 for Resource
Assessment Class 3, Design. The summary statistics and spectral representation shall be
calculated for comparison with the corresponding device behaviour data. Any possible
contamination of the wave record, such as radiated waves from the device, should be noted.

A bivariate sea state occurrence scatter diagram shall be generated. This table shall be
augmented with the ability to identify the wave frequencies and heights (spectral profile) that
constitute each wave system summary statistics. Table 5 identifies the required performance
indicators.
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Table 5 — Environmental performance indicators

Environmental performance indicators Stage 1 Stage 2 Stage 3

Regular waves Wave height H, + Std. Dev. N/A
Wave period 7, £ Std. Dev.
Wave direction 6, £ Std. Dev.

Irregular long- Significant wave height, #,_, N/A
crested waves

£cT0 UpP-Crossing period, IZ
Wave Energy period, T,

Peak period, Tp

Wave direction, 6

Repeat time (if any)

Spectral shape

Irregular short- As irregular long crested waves, but including directional
crested waves spreading
Current Not required If required, Surface speed and direction;
speed, profile,/ | two other monitoring points in
and direction the column (speed and
direction)
ind Not required If cequired, Speed and direction ~10m

speed and above free surface
direction

N

NOTE Std. Dev. refers to variability within an experimental rumn.

> C M

3

o)

(o]

D
d

M

pr periodic derived sea states (finite repéat time based on inverse fast Fourier transform) th
nique time series duration shall be specified. For fully random generation techniques (whif
bise filtering), the water surface time history should be saved for future trials.

pr additional details on Stage-3 environment characterisation, this document refers to th
ethods established for open-~sea characterisation in IEC TS 62600-101.

Data acquisition and real-time control system

1 Signal conditioning

ata acquisition is a rapidly evolving field, and this clause only serves as a brief overview. If
pubt, antexperienced instrumentation engineer or the test facility should be consulted.

odéern DAQ systems often rely on distributed fieldbus protocols, where the analogue sign

B

c

n readily be converied 1o a digital sighal Close 10 the Signhal source. DIsTributed Tieldbu

S

systems avoid issues with long analogue cable runs and associated noise and are hence
recommended where possible. Where long analogue cable runs cannot be avoided, current
loops (typically 4 mA to 20 mA) are recommended, or alternatively, sensors with analogue
voltage outputs should be calibrated with the cable length included.

The electrical sensor signals shall be recorded as raw as possible, without any substantial
filtering or smoothing at the acquisition stage. Aliasing shall be avoided.
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pecial attention shall be paid to sensors that supply small output signals (voltages in the order

of mV), as these are susceptible to contamination from electrical background noise (large
motors, pumps, or wavemaker drives). To ensure that the sensor signal is contamination free,
one of the following approaches should be adopted:

a) The sensor lead should be kept as short as possible and the analogue to digital (AD)

conversion should be undertaken in close spatial proximity to the sensor.

b) An instrumentation amplifier should be placed as close as possible to the sensor, providing

a more robust electrical signal.

YWheretonger cabtes are necessary, appropriate measures safttbe takem to mmmise errors
due to noise and damping of signals. This can rely on techniques such as twisted~and
shielded pairs of wires, or measuring methods employing long cable compensation’(e<g. |6
wire setup for full-bridge strain gauge measurements).

he DAQ sensor suite should include all necessary measurements to assess critical sensor
Lality. For example, sensors that have a sensitivity in their output to other‘factors such gs
mperature or vibration, might need to be corrected for these factors. Thus; these additional
ctors shall be recorded as well.

is recommended to discuss EMI noise mitigation measures on instrumentation signals with
e testing facility. For example, shielded cable is recommended for-analogue signals runs with
e cable shield connected to the DAQ ground on the DAQ end!

2 Sample rate

ost signal frequencies occur below 5 Hz, so a sample rate in the range of 50 Hz to 100 Hz
nall be considered sufficient in recording surfaCe*elevations, mooring forces and devide
otions, including velocities and accelerations, Special attention shall be paid when recording
calised impact forces, loads, or pressures, where the signal rise time at laboratory scale is |n
e order of several milliseconds. Sample rates in excess of 10 kHz should be adopted if e.g.
hpact loads or snap loads in mooring lines“are of concern. In such situations, and where larde
mounts of sensors are deployed, specialattention shall be given to ensure the necessary dafa
roughput of the DAQ is available,

signals are required for real-time feedback control (e.g. force or torque feedback), they should
e recorded sufficiently fast'to- minimize control phase delays. For Stages 1 and 2, feedbadk
bntrol signals should be.acquired at no less than 500 Hz. For Stage 3, feedback control signals
hould be acquired at no‘less than 200 Hz.

DTE The appropriate data acquisition rate can be affected by the testing scale. Velocities can be higher at the lat
ages due to distance being a direct scale whilst time is the square root.

14
=

3 Analogue to digital conversion and DAQ system

undertaking the AD conversion, an appropriate measuring range and resolution shall He
blected. To ensure maximum conversion accuracy, the minimum range that does not lead {o
gnal saturation should be selected (for example +10 V for a sensor that provides outputs |n

e 10U V range). For matching signal and measuring range a minimum oOT TZ-DIT resolution In

the AD conversion shall be used. A signal range lower than the measuring range is only
allowable if the resolution in the AD conversion is correspondingly increased to effectively
obtaining the same of better signal resolution. Generally, it is recommended to use the highest
available resolution.
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8.4 Frequency response

The frequency response characteristic of any sensor shall be considered. Special attention shall
be paid if sensors are calibrated statically (for example a force calibration using a static weight),
and then used to record dynamically varying physical quantities (for example the impact load).
The frequency response of the sensors shall be known and shall be documented, ideally stating
the —1 dB cut-off frequency. If the frequency response of the sensor is unknown, a dynamic
calibration is recommended.

b
S

Mo o =

Diata shall either be recorded in its raw format (commonly tab or comma separated text) or using

5 Data synchronisation

| signals should be recorded and synchronised on a common time base. This can be achjeved
y using the same DAQ system, although care should be taken that signal pre-conditioning
bes not introduce an excessive phase lag. Where implementing a common time base from|a
aster clock (e.g. GPS time stamps) is not practical (e.g. due to hardware limitations) |a
bmmon start trigger shall be used for synchronisation. In this case, a means of quantifying
ock drift should be incorporated, such as a common periodic signal (e.g. sine wave) recordgd
h the individual DAQ systems.

he time constant of the system and excitation source will determine the accuracy of the
nchronisation. A decision shall be made as to the order of maghitude of the phase Iqg
btween channels compared with the measurement of interest (e.gowave period). Lags betwegn
AQ systems (e.g. optical sensors vs. analogue sensors) might\misalign samples. This should
e checked during testing to obtain an estimate of inaccuracy.

6 Data recording

nary compression. Unless the amount of generated data is prohibitively large, raw text format
recommended for ease of processing.

7 Recording of supplementary test-data

| files shall be stored using a systematic and traceable file naming convention. Supplementa
hta relating to each experimental run shall be recorded as part of the file header data or with
h accompanying spreadsheet."This supplementary data should include:

o<

Purpose of the experiment.

Name of person undertaking experiment.
Time and date ©f)the experiment.

Time and date’of the last sensor calibration.
Targetwave height, period, direction.
Watenrdepth.

PTO control settings.

It

[T applicable, speed and direction of wind and currents.

Location of sensor(s) relative to a well-defined coordinate origin.

Name and physical unit of each of the signals recorded.

If a spreadsheet is used, name and location of any associated data files.
Any additional (visual) observations made during the experiment.

A descriptive identifier associated with any model change, e.g. mooring angle, mooring
spring stiffness, etc.

is recommended to take photographs of the experimental setup at all stages (before, during

and after the experiment). The photographs should, if possible, clearly show the location of all
sensing equipment.
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In addition, the experimental runs should be video recorded. A time stamp on the video
recordings should be included for synchronisation with sensor data.

NOTE Placing an LED connected to the main DAQ trigger in the field of view of the video camera provides a
convenient synchronisation measure.

8.8 Calibration factors

The calibration factor is the relationship between the recorded signal unit (for example voltage)
and the actual physical quantity (for example force). Calibration factors for all sensors shall be

P |
deUIIIUIILUU.

8/9 Instrument response functions

=

special cases, instrument response functions or compensation factors of nen-ideal tegt
bnditions might be required. Any such factors or functions shall be clearly documented.

(@}

o]

10 Health monitoring and verification of signals

Al rigorous health monitoring of all data shall be undertaken including;-but not limited to, tHe
dentification of:

o| Outliers

| DAQ range saturation

¢| Sensor range saturation

¢| Significant amount of electrical noise
o| Drastic or unexpected signal gradients

¢| Signal bias and drift.

The health monitoring shall be undertakemon a frequent basis, ideally as the experiment is on-
gping (for example during the tank settling time). If any of the above effects are observed, tHe
sue shall be resolved as quickly as possible, repeating the affected experimental run(s). If th|s
i not possible, any significant sensor or DAQ issues shall be clearly documented.

T

8|11 Special requirements for Stage 3 sea trials

It]is essential that the collected raw data is verified on an ongoing basis since repeating tria
wlill be difficult. All time stamped records shall be organised and archived as recommended
IEC TS 62600-100:

S5 wn

—
Q.

he type, number, location, and acquisition frequency of the monitoring sensors shall be tailore
q the type of WEC and PTO under test. The key requirements dictating the instrumentatio
bck shall-be:

—
>

©

Redundancy of essential sensors.

e Alternative route monitoring options.

e Data collection or control strategies.

It is recommended to rely on industrial grade, off-the-shelf hardware for the WEC SCADA
system. Such systems are readily available and enable deterministic control and data
acquisition. Low-latency, low-jitter real-time digital fieldbus communication for control and
feedback signals is recommended wherever possible.

NOTE Control theory and control algorithms might not have changed substantially in recent decades, but the way
in which they are computed has. Digital real-time control on industrial grade computing systems is now industry best
practice for new designs.
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The control algorithm for power absorption control commonly only represents a small fraction
of the code implementation required for the overall SCADA system. It is recommended to
commence the design process for (i) the overall safety system; (ii) any required state
machines, and (iii) control of auxiliary systems (e.g. fans, cooling circuits, load management
system) well-ahead of the ocean deployment. It is also recommended to test any auxiliary
system controls as part of the Stage 3 bench testing process in addition to the PTO bench
testing outlined in 5.5.4.

The safety control system for a Stage 3 device is likely complex, and it is recommended to
updertake a Failure Mode and Effect Analysis to aid the development of the safety system The
system should be fault tolerant, such that the overall control system is not susceptible.to |a
s|ngle point of failure.

(@)

nce all controls (absorption controller, safety controls, auxiliary controls) have been|integrate
rto a single system, their overall real-time computation might be significantly more burdensom
op the computing hardware from when they operated in isolation during testing. It is heng
g¢commended to undertake the control system integration as early as possible, and to allo
spfficient computing headroom on the real-time control platform.

SO0

—

9| Power performance

91 Testing goals

N

The power performance testing shall produce an estimation.6f the power produced by the WEC.
In Stage 1 the WEC’s power production will be primarily_investigated through the use of regular
wlaves to produce a capture width curve (RAQO). In Stage 2 an experimental power matrix will e
pfoduced, sufficiently populated such that an estimate of annual energy production is possiblé¢.
In Stage 3 the actual power matrix will be sufficiently populated using scaled PCC as opposgd
tq a representational one.

he power performance testing shall also-provide sufficient data enabling definition of the error
ars for each of the relevant parameters.

o -

Z

DTE Power performance testing in. Stages 1 and 2 is often done in concert with kinematics and dynamics |n
erational environments.

o

2 WEC and mooring similitude

9
Fpr the purpose of power performance trials, the scaled device parameters shall be matched gs
oltlined in Table 6.
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Table 6 — Power performance testing similitude

Geometric Stage 1 Stage 2 Stage 3
similitude
WEC Major dimensions (length, Major dimensions (length, All aspects of the WEC profile
width, etc.) of the WEC profile | width, etc.) of the WEC profile | to match commercial-scale
to approximate commercial- to match commercial-scale design as closely as possible.
scale design. Constrained DoF | design as closely as possible.
testing allowed.
Mooring Full layout (footprint) not The principle of the mooring to | All dominant properties
Ebbﬂlllidi. ‘V‘V’EU illl.b‘ll’dbﬂ bilUUid IUb' Ib‘quilﬂd alluI bbdiﬂd 119) Illdl.b;l
similar, while the similitude of | commercial-scale parameters.
the full layout (footprint) is not
essential.
Structural Stage 1 Stage 2 Stage 3
similitude
EC Not essential unless Not essential unless Where possible; match the
fundamental to power fundamental to power commercial-scale materials
conversion. conversion. and construction techniques,
even.if this will result in
skewed scaling for the
Structural response.
Mooring Properties proportional to Properties proportional to All relevant dominant

distances and scaled pre-
tension in at least the
dominant DoF scaled to
approximate commercial-scale
design.

distances, and scaled pre»
tension scaled to match
commercial-scale design.as
closely as possible.

properties scaled to match
commercial-scale design as
closely as possible.

9|3

©

5 =

>0

3.1

General

Table 7 — Power conversion

ypical Froude scale factors at Stages 1 to 3 will\result in incorrect Reynolds scaling; if arly
pbecial techniques are employed to alter the Reynolds regime, these should be documented.
nnex C provides additional scaling guidance.

Power conversion chain similitude

he PTO and remaining part of'the PCC representation shall be aligned with the specific testing
r Stages 1 to 3 as noted in Table 7.

chain (PCC) representation

PCC similitude

Stage 1

Stage 2

Stage 3

Drivetrain A mechanism should be A mechanism should be Exact mechanical
used that will resultin a used that will result in a equivalent in type and
representative and mostly | representative and fully scaled to match prototype
modellable response. modellable response. parameter.

Cenetator PTO implementation: PTO implementation: Exact generator
friction based or linear Friction based, linear or equivalent in type and
with \/nlnr‘if\/ non-linear with \/nlnr*ify Qor scaledto-mateh
Quadratic if i PI, PID, MPC. commercial scale

uadratic if an orifice parameters.
plate is used.
Controls Simplified controls; Controls equivalent in Exact equivalent in

Coulomb or linear
damping.

operation; however,
within the algorithms

might require special

linear, higher order or
(re-) active control.

aspects relating to time

treatment due to scaling.
Can be Coulomb, ideal

operation.

Power conditioning

Not required

Not required

Grid emulator or grid
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For devices based on a hydrodynamic to pneumatic power conversion (such as OWCs), special
care shall be taken in considering the appropriate scaling laws.

During scaled testing, care shall be taken that losses are reduced before the point of
measurement. Special attention shall be given to reduce friction in bearings and other elements
of mechanical designs.

NOTE 1 Adopting Froude scaling, power scales with 13-, where 1 is the length scale. As a result, a Froude-scaled 1
MW full-scale device yields ratings between 7 W (1:30 scale) to 0,1 W (1:100 scale).

NPTE 2 Where pneumatic power conversion is required, a direct scaling of the air volume following Froude law\will
infroduce differences between the model and prototype behaviour due to air compressibility. This is commen|ly
oyercome by modifying the volumes above the water line, especially in case of fixed OWCs.

3.2 Stage 1

9

The size of the small-scale model is commonly such that a scaled-down version-of the prototyge
PITO cannot be adopted. A generic PTO description can be used. It is not required to produde
electrical energy. A system shall be developed that is capable of energy dissipation with |a
khown relation to the primary motion.

Iff the full-scale PTO characteristic is unknown, a generic PTO simulation can be used, whigh
shall be noted in the reporting.

>

Al set of fixed step, passive PTO simulators can be used.<The PTO damping shall range fro
zero (disconnected) to infinity (fixed) and focus on the optimal value.

NPTE The PTO is likely to be of little sophistication. Often{ an*apparatus that provides a distinctive volume flqw
rdte to pressure drop relationship is applied. This could be baseéd on an orifice or thin (metal) tubes. The advantag
ofl a stack of thin tubes is that low Reynolds number flows can be achieved. If the flow remains laminar, the pressu
difop is readily calculated analytically (Hagen-Poiseuillesflow).

® o

9(3.3 Stage 2

he PTO control shall be capable ofsepresenting a realistic commercial-scale PTO control. As
minimum, the PTO characteristics shall be adjustable manually to offer different relatiors
btween the dynamic and kinema@atic sides of absorbed power. It is recommended to implement
h adjustable damping characteristic, where the adjustment is undertaken though a contrpl
stem.

w0 T -

One of the chosen PTO control modes shall be representative for the commercial-scale PTPD
bntrol, and the similarity to the expected commercial-scale PTO control shall be quantified.

(@}

3.4 Stage\3

he degree of sophistication of the power conversion depends on the type of WEC under tegt
hd, in particular, the PCC. All devices shall include a control system, which shall be tested gs
Art.of the sea trial programme. The PTO control system shall include redundancy of essential

nsors-and control hardware

T O - ©

Real-time measurement of the incident wave field is required to enable decision making on the
type of trials to be run and the setting of the WEC systems. These shall be combined with real-
time communication to the on-board control to adjust the system parameters as required by the
test programme. A detailed log of the events shall be kept.

See 4.5 for additional Stage 3 PTO and control system requirements.
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4 Physical measurements

The purpose of the power performance measurements is to establish power performance of
the WEC through measuring the relationship between the dynamics (PTO torque, force or
pressure) and the kinematics (PTO angular velocity, velocity or flow rate). To achieve this, the
measurements outlined in Table 8 shall be obtained. In Stages 1 and 2 power shall be measured
after the first conversion stage, through the measured kinematics and dynamics. In Stage 3
power shall be measured at each conversion stage.

Table 8 — Power performance physical measurements

Signal measurements Stage 1 Stage 2 Stage 3
Kinematics All DoFs contributing to All DoFs contributing to All DoFs contributing to
absorbed power. absorbed power. absorbed power ‘at each
conversion-stage?.
Dynamics All DoFs contributing to All DoFs contributing to All DoEs*eontributing to
absorbed power. absorbed power. absarbed power at each

conyetsion stage®.

g

After the primary power conversion step, the differentiation between kinematic and:dynamic is lost. These ar{
replaced by voltage and current and the electrical power can be measured directly-

nce multiplication between different quantities is required ;during the post processing, {ll
pwer performance signals shall be recorded such that théy,can be fully time synchronised.

5 Calibration and setup

ccurate calibration of the PTO arrangement is essential and shall be performed prior {o
Kperimental testing over the design frequency.range to fully characterise the dynamic functign
the PTO. The minimum set of calibration.requirements are outlined in Table 9.

| sensors used in the experiments shall be statically pre-calibrated for their intended use. If|a
bnsor is used in a dynamic environment, the time response and cross-coupling characteristigs
nall be investigated.

he representational PTO.shall be exercised over the expected range of velocity, forces and
equencies (or equivalently pressures and flow rates). The theoretical dynamic and kinemat|c
lationship should be compared to the empirical results to determine the acceptability. Plots ¢f
e PTO parameters:will highlight the linearity of the response.
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