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The main task.of IEC technical committees is to prepare International Standards. In excef
circur]\stances, a technical committee may propose the publication of a technical specifi

when

Theg International Electrotechnical Commission (IEC) is a worldwide organization for standardizatien con
all pational electrotechnical committees (IEC National Committees). The object of IEC is to promeotesintern

co-
ina

Pufjlicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Rublication(s)”)

pre
ma

witH
Sta

The formal decisions or agreements of IEC on technical matters express, as-nearly as possible, an intern
consensus of opinion on the relevant subjects since each technical committee has representation f
interested IEC National Committees.

IEQ Publications have the form of recommendations for international*use and are accepted by IEC N

Co

Puljlications is accurate, IEC cannot be held responsible fof ‘the way in which they are used or

mis|

In

trarlsparently to the maximum extent possible in their national and regional publications. Any divergence b
any| IEC Publication and the corresponding national orfegional publication shall be clearly indicated in th

IE] itself does not provide any attestation of conformity. Independent certification bodies provide con

ass
ser

Al

No
me
oth

expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any oth
Pullications.

Attgntion is drawn to the“Normative references cited in this publication. Use of the referenced publica

indi

Attgntion is drawn ta\the possibility that some of the elements of this IEC Publication may be the subject o
rights. IEC shallnot be held responsible for identifying any or all such patent rights.
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

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

Part 3: Measurement of mechanical loads

FOREWORD

peration on all questions concerning standardization in the electrical and electronic fields, ‘To" this 4
ddition to other activities, IEC publishes International Standards, Technical Specifications, Jechnical R

baration is entrusted to technical committees; any IEC National Committee interested;in-the subject de
participate in this preparatory work. International, governmental and non-governmiental organizations

hdardization (ISO) in accordance with conditions determined by agreement bétween the two organiza

hmittees in that sense. While all reasonable efforts are madé, to ensure that the technical content

nterpretation by any end user.

rder to promote international uniformity, IEC National»Committees undertake to apply IEC Publi

Essment services and, in some areas, access to IEC marks of conformity. IEC is not responsible
ices carried out by independent certificatiérnybodies.

isers should ensure that they have the.latest edition of this publication.

iability shall attach to IEC or its.directors, employees, servants or agents including individual expe¢]
nbers of its technical committees and IEC National Committees for any personal injury, property dan
er damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fed

spensable for the correct application of this publication.

prising
ational
nd and
eports,

Their
alt with
liaising

the IEC also participate in this preparation. IEC collaborates closely with the Intérnational Organization for

ions.

ational
fom all

ational
of IEC
or any

cations
etween
b latter.

formity
for any

rts and
age or
s) and
er IEC

jons is

patent

tional
cation

the required support cannot be obtained for the publication of an International Standard,
despite repeated efforts, or

the subject is still under technical development or where, for any other reason, there is the
future but no immediate possibility of an agreement on an International Standard.

Technical specifications are subject to review within three years of publication to decide whether
they can be transformed into International Standards.

IEC TS 62600-3, which is a Technical Specification, has been prepared by IEC technical
committee 114: Marine energy — Wave, tidal and other water current converters.
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The text of this Technical Specification is based on the following documents:

Enquiry draft Report on voting
114/326/DTS 114/336A/RVDTS

Full information on the voting for the approval of this technical specification can be found in the
report on voting indicated in the above table.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list [of all parts in the TEC 62600 series, published under the general tifle Marine enégrgy —
Wave| tidal and other water current converters, can be found on the IEC website.

The cpmmittee has decided that the contents of this document will remain unchanged urtil the
stability date indicated on the IEC website under "http://webstore.iec.ch” in the'data related to
the sgecific document. At this date, the document will be
e regonfirmed,

e withdrawn,

e replaced by a revised edition, or

e amended.
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INTRODUCTION

This part of IEC 62600 outlines specifications for the full-scale mechanical loads measurement
on hydrodynamic marine energy converters (MECs). It is directed at a technology readiness
level (TRL) of 7 to 9, meaning the last prototype or the first production device. This document
also outlines the demands for full-scale structural testing of rotor blades as well as the

interp

retation and evaluation of test results.

In the process of structural design of marine energy converters, thorough understanding and
accurate quantification of the loading is of utmost importance. In the design stage, loads can
be predicted with simulation models and codes. However, such models have their modelling

restrig

Mechanical load measurements can be used both as the basis for design and as(the ba

certifi
- Wa
energ

This @
certify
and re

There
to cag
gener
Convg

tions and uncertainties, and they always need to be validated by measurement.

cation. The design of marine energy converters is covered by IEC 62600-2Marine B
e, tidal and other water current converters — Part 2: Design requirements for n
y systems.

ocument is aimed at the test institute, the marine energy converter manufacturer a
ing body and defines the requirements for mechanical loads ‘tests resulting in cong
producible test results.

exists a large variety of marine energy converter working principles. This documen
ver most hydrodynamic marine energy conyérter working principles. Ther
blised tests are presented at the level of the,cemmon subsystems. For Tidal B
rters (TECs) and for other water current converters, the most common working pri

isatu
for thi
or con
Throu

specific marine energy converter.

This ¢
— Part
scale
alreag
where

There
energ
can b
exper
applig

rbine comprising blades connected to a rotar.shaft. Therefore, detailed tests are spq
s working principle. For marine energy converter working principles that do not fit
npletely in the scope of this document,the technology qualification process is introg
gh the technology qualification process, the user can adapt the test programme tq

ocument is comparable to the‘international wind standards IEC 61400-13: Wind tu
13: Measurement of mechanical loads and IEC 61400-23: Wind turbines — Part 23
structural testing of roter blades. Since testing laboratories and certification [
y have experience with these wind standards, it is convenient to adapt the same me
possible.

is not much published experience with offshore mechanical load measurement on n
y converters:This document is a first step towards a future International Standard
e used(as part of a type certification process of marine energy converters.

ation_of this document.

5is for

nergy
narine

nd the
istent

I aims
efore,
nergy
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MARINE ENERGY - WAVE, TIDAL AND
OTHER WATER CURRENT CONVERTERS -

Part 3: Measurement of mechanical loads

1 Scope

1.1 General

This part of IEC 62600 describes the measurement of mechanical loads on hydrodypamic
maring energy converters such as wave, tidal and other water current converters’ (incjuding
river gurrent converters) for the purpose of load simulation model validation and certifigation.
This gdocument contains the requirements and recommendations for thexmeasuremegnt of
mechanical loads for such activities as site selection, measurand selectign, data acquigition,
calibrgtion, data verification, measurement load cases, capture matrix, post-procepsing,
uncerfainty determination and reporting.

Informative annexes are also provided to improve understanding of testing methodg. The
methdds described in this document can also be used for mechanical loads measurements for
other |purposes such as obtaining a measured statistical representation of loads, |direct
measlirements of the design loads, safety and function-{esting, or measurement of subslystem
or corpponent structural loads.

Through a technology qualification process, the testrequirements can be adapted to the specific
maring energy converter.

This qocument also defines the requirements for full-scale structural testing of subsystgms or
parts with a special focus on full-scale structural testing of marine energy converter rotor ijlades
and f@r the interpretation and evaluation of achieved test results. This document focuges on
aspedts of testing related to an evaluation of the structural integrity of the blade. The pyrpose
of the|tests is to confirm to an.acceptable level of probability that the whole installed prodpction
of a blade type fulfils the design assumptions.

1.2 |Subdivision of imarine energy converter types

There| is a wide variety of marine energy converter types, especially concerning wave gnergy
converters (WECs). For tidal energy converters and other current energy converters (CECs)
the wprking principle of a turbine comprising blades connected to a rotor shaft, is coqimon,
whether seabed mounted or mounted to floating structures. However, there are also other|types
of tidal €nergy converters under development without blades connected to a rotor shaft and

This document aims to cover all types of hydrodynamic marine energy converters, being wave
energy converters (WECs) and current energy converters (CECs). Therefore, this document
provides requirements and recommendations for all wave energy converters and current energy
converters. For wave energy converters and current energy converters with blades connected
to a rotor shaft, the requirements are specified in more detail, since in this case there is more
knowledge about the technical components of the device.

For all wave and current energy converters a subdivision can be made between seabed
(or shore) mounted devices (see Figure 1) and floating devices (see Figure 2). The seabed can
also be ariverbed and the shore can also be a pier, a bridge girder, a canal lock gate or another
artificial construction. The seabed (or shore) mounted devices generally consist of the following
subsystems:

e prime mover;


https://iecnorm.com/api/?name=42ce6ed27f2bbd5748a7f882b394404d

-12 - IEC TS 62600-3:2020 © |IEC 2020

e power take-off (PTO);
e control;

e foundation and/or substructure.

Free surface

——~ Prime T

mover

/ : PTO
Control ! .

Foundation
and/or
substructure

/1111

Seabed or shore

IEC
Figre 1 — General scheme of marine energy converters.fixed to the seabed or shore

There| can be marine energy converter types that do“not fit in this characterization like the
magneto hydrodynamic device (MHD), where the seawater itself is the prime mover. For such

a device the scheme can be reduced to only “foundation and/or substructure”, “power take-off”

and “¢ontrol”. At the oscillating water column device (OWC), air is used to transfer powef from
the mpving seawater to the turbine. Here thecair turbine is the prime mover.

Figure 2 gives a scheme for floating matine energy converter working principles. The flpating
maring energy converters generally cansist of the following subsystems:

e prime mover;

e pgwer take-off (PTO);
e copntrol;

o floating device;

e mooring system,
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Free surface
7| Prime | 1 Floating P
mover device
elepee-eed N .
PTO
Control
Mooring
system

/117

Seabed or shore

IEC

Figure 2 — General scheme of floating marine energy
converters moored to the seabed or shore

Other| configurations of the subsystems in these figures are also,  possible. For example, for
wave lenergy converters the power take-off and prime mover can be inside the floating device.
Also, p marine energy converter can be composed from more than one subsystem of any kind.
The subsystems can also be connected in series, such as‘alternating series of prime njovers
and ppwer take-offs, or in parallel. The floating device-ean also be moored above the sgabed
but bglow the free surface.

Specifl requirements are provided for marine energy converters with one or more hlades
conngcted at a single end to a rotor shaft. The otor forms the prime mover of the marine gnergy
converter. The rotor can rotate with respectto-a substructure. The power take-off connedts the
rotor fo the substructure and houses an efiergy conversion from mechanical power to eleftrical
powel or some other form of transportable power such as hydraulic power. This is also [alled
the drjive train. The power take-off can be housed in a nacelle. The substructure connedts the
powel take-off to the foundation fixed to the seabed or shore (see Figure 3). A dontrol
subsypgtem can be applied to €entrol critical functions like rotor speed, rotor torque and rotor
brakirlg.

Free surface

Blade
Control
Rotor TTa
' | Power take-off
/—\ Substructure
| Foundation

/1117

Seabed or shore IEC

Figure 3 — Marine energy converter with blades connected
to a rotor shaft supported by a fixed substructure

There are also optional mechanical components in a control subsystem for example:
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e mechanism to allow yawing of the rotor towards the direction of the current (e.g. for the ebb
and flood current direction);

e mechanism to allow pitching of the rotor blades for example to optimise power production,

to

shed loads or to adjust to the direction of the current.

The rotor and power take-off can also be supported by a floating device which is connected to
the seabed (or shore) by a mooring system (see Figure 4).

2 N

The fgllowing documents are referred toiin the text in such a way that some or all of theirc
constitutes requirements of this document. For dated references, only the edition cited af
For U

amen

IECT
Termi

IECT
2: Ma

IECT
Asses

Power take-off ) —
Free surface

Eloating
=)

device

Mooring
~ system

Control

I

Seabed or shore IEC

Figure 4 — Marine energy converter<with blades connected
to a rotor shaft supported by a floating device

lormative references

iments) applies.

S 62600-1, Marine.Energy — Wave, tidal and other water current converters — H
nology

S 62600-2:2019, Marine energy — Wave, tidal and other water current converters
rine energy. systems — Design requirements

S 62600-10, Marine Energy — Wave, tidal and other water current converters — P3

bntent
plies.

ndated references, the latest edition of the referenced document (including any

art 1:

- Part

rt 10:

smrent of mooring system for marine energy converters (MECs)

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 62600-200, Marine energy — Wave, tidal and other water current converters — Part 200:
Electricity producing tidal energy converters — Power performance assessment

IEC TS 62600-300, Marine energy — Wave, tidal and other water current converters — Part 300:

Electricity producing river energy converters — Power performance assessment

ISO/IEC 17025, General requirements for the competence of testing and calibration laboratories
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3 Terms and definitions

For the purposes of this document, the terms and definitions given in IEC TS 62600-1 and the
following apply.

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropedia: available at http://www.electropedia.org/

e |SO Online browsing platform: available at http://www.iso.org/obp

3.1

captufre matrix
tabulgr description of the measurand time series as a function of relevant meteorotogical and
oceanographic parameters

4 Symbols, units and abbreviated terms

4.1 |Symbols

B Number of blades

C Constant used in S-N curve formulation

f Frequency [HZ]
Ie Filter cut off frequency [Hz]
Is Sampling frequency [HZ]
F Force [N]
F, Blade flatwise shear force (cherdwise coordinates) [N]
Fy Blade edgewise shear forcg(chordwise coordinates) [N]
F, Blade spanwise (tensile) force (chordwise coordinates) [N]
Fy Blade flapwise shéarforce (rotor coordinates) [N]
Fy Blade lead-lag shear force (rotor coordinates) [N]
F, Blade spahwise (tensile) force (rotor coordinates) [N]
H Reduction factor

-

~.

Index for current speed bin

J Index for number of data sets in the ith current speed bin

L Number of blades instrumented for blade root bending moments

m Slope of S-N curve

M, Blade edgewise bending moment (chordwise coordinates) [Nm]
M, Blade flatwise bending moment (chordwise coordinates) [Nm]
My Blade root edgewise bending moment [Nm]
Mp¢ Blade root flatwise bending moment [Nm]
My, Blade root in-plane bending moment [Nm]
M, Blade torsion moment [Nm]
My Base of tubular column lateral moment [Nm]
M, Base of tubular column normal moment [Nm]
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M, Rotor torque [Nm]
My Blade main shaft torque [Nm]
My Rotor tilt moment [Nm]
M, Blade lead-lag bending moment [Nm]
M, Blade flapwise bending moment [Nm]
Myaw Rotor yaw moment [Nm]
M, Blade torsion moment (rotor coordinates) [Nm]
g Number-ofcyctesfatigue-test

n; Number of cycles in the ith class of the fatigue load spectrum

ng number of calculated cycles for the design service life

N number of cycles to failure at load range level S

N, Number of 10-min data sets in bin i

P Power output of the MEC [

P, Rated power [xﬂ
r Rotor radius [m
rg Radius of strain gauge location [m
Req 1 Hz 10-min equivalent load [Nm]
R, Load of the it" range bin of the fatigue‘load spectrum [Nm]
N Load range [Nm, N]
Vi Bin averaged current speed in_current speed bin i [m]s]
Vi 10-min averaged current speed of data setj in current speed bin i [m]s]
Xy, Vp} zp, ~ Blade coordinates (see“Eigure B.1)

Xn, Yot zn Hub coordinates (see’Figure B.2)

X Bin averaged.variable in question in current speed bin i

Xi.j 10-min avéraged variable of data set; in current speed bin i

Xy, ¥nl zn~ Nacelle coordinates (see Figure B.3)

Xt Vol Tubllar column coordinates (see Figure B.4)

4.2 |Greek symbols

y Partial factor or test load factor

Yef Test load factor

s Partial factor for loads

’m Material factor

Ym2 Material factor for variations in manufacturing process

Ym3 Material factor for environmental factors

n Efficiency of the components between point of main shaft torque [%]

measurement and point of power measurement
o Standard deviation
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o, Standard deviation of the mean in current speed bin i
P Angle for yaw misalignment
0 Rotor speed

4.3 Subscripts

[°]
[rad/s]

df Design load: fatigue

du Design load: static

ef Uncertainty in fatigue formulation of test load
f | oad

If Environmental effects: fatigue

lu Environmental effects: static

sf Blade to blade variation: fatigue test load

su Blade to blade variation: static test load
targe Target loading conditions

test Test loading conditions

4.4 |Abbreviated terms

DAS Data acquisition system

DEL Damage equivalent load

DLC Design load case

FBG Fibre Bragg grating optical strain sensor
MLC Measurement load case

PSD Power spectral density

TI Turbulence intensity

5 General

5.1 Document structure

This document is structured to follow the general process for conducting mechanical loads|tests:

e Clpuse 6 contains’the requirements for the test site, measurement load cases and the

quantities to.be“measured;
e Clhuse 7.¢ontains the requirements on the instrumentation to be used;

e Clhuseé 8 contains the requirements for the calibration factors;

e Clhuseé 9 contains the recommendations for the data verification (both verification lof the

calibrations and verifications to be performed throughout the campaign);

e Clause 10 contains the requirements for the processing of the measured data;

e Clause 11 contains the requirements for uncertainty estimation, and

o Clause 12 contains the requirements for the reporting of the results.

The document also contains a normative annex on rotor blade testing for MECs with blades

connected to a rotor shaft (Annex A).

In addition to the normative clauses above, the document also contains informative annexes for

the following subjects:

e Example coordinate systems for MECs with blades connected to a rotor shaft;
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e Recommendations for design and testing of MECs with respect to ice loading and ice

ac

cretion;

e Offshore load measurement;

e Uncertainty analysis;

e Lo

ad model validation;

e Formulation of test load for rotor blade testing;

o Difference between design and test load conditions for rotor blade testing;

e Determination of number of load cycles for fatigue tests of rotor blades.

5.2

Certa
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Safety during testing

- emergency fault conditions (for example, grid loss). As the purpose ofythé tes
e and respond as intended. Therefore, such tests shall always beyassumed

carried out with personnel inside or on the MEC. If possible, such tests should be in

cation process of 5.3, the test requirements can be adaptéd-to the specific MEC. Al
bst procedures shall be agreed with the MEC manufactdrer before implementat

Fements from existing applicable safety standards-shall be followed.

Technology qualification

cation process should outline how<'the risks associated with not followin
ements, have been mitigated. For teGhnology qualification see IEC TS 62600-2.

ild be noted that in addition to the tests outlined in this document, which are aligne
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a technology qualification process. For example, if the device incorporates

.3). These tests shauld follow the general properties outlined in this document.

A new Technical ;Specification for technology qualification is being developed for marine
b 62600-4).

Load measurement

ally(material stresses cannot be measured directly but are measured as strains a
atérial. In the material there is a three-dimensional set of tension (or compressio

shear

n measurement load cases (MLCs) involve deliberate operation of the MEG\N eqtsreme
irements is to verify loads on a prototype MEC, it shall not be assumedhat the MH
rous and due regard shall be taken for personnel safety. Preferablyy such tests s

bserved from a safe position, usually at a safe distance with the MEC downstream or
considering current or dominant wave direction) of the obsgrver. Through the techn

b that the MEC integrity, and hence that personnel safety, is not compror

developer does not follow the requiréments in this document, then a techn
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deduced and from the stresses the loading can be deduced. Therefore, this process is referred
to as load measurement. For ductile metals the Von Mises yield criterion can be used to reduce
the complex tensor to a single representative stress.

6 Test requirements

6.1

General

In Clause 6 the requirements for the tests are described. These include requirements for:

o the test site;

e the MLCs and the amount of data required for each;
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o the quantities to be measured;

e changes in the MEC configuration.

Through the technology qualification process of 5.3, the test requirements can be adapted to
the specific MEC.

6.2 Test site requirements all WEC and CEC

The bathymetry and the metocean conditions should be capable of fulfilling the requirements of
IEC TS 62600-100, IEC TS 62600-200 or IEC TS 62600-300 as applicable for the MEC. A test
site assessment should be completed according to the applicable standard. If the test site does
not mgetthe Tequirements of this standard, a site survey shoufdbe performedttshould be
noted|that high turbulence and high wave energy flux is better for a mechanical loads)te$t due
to the|necessary excitation of all WEC or CEC dynamics. The test site should reachat ledst the
rated power that the MEC is designed for.

In general, the accuracy requirements for the metocean conditions for a meehanical loads test
are ngt as stringent as for power performance testing. However, if no site) survey is perfprmed
in a complex bathymetry where large correction factors can be expected‘there is increasgd risk
that the test data may not be suitable for model validation.

6.3 |Subsystem or structural component laboratory load tésting

Separjate full-scale testing of subsystems or structural components in a laboratory sholild be
consig¢ered when:

e a pubsystem (or structural component) is used\in a different environment than whigh it is
ceftified for or tested for, or the subsystem (or-structural component) is used in a different
way than it is certified for or tested for;

e the loading of the subsystem or structural component is not well understood;

e the subsystem or structural component is constructed from anisotropic or layered majerials
in(which the stresses are not fully predictable, or in which the production process has
influence on for example the fatigue strength or durability in seawater (for examplg rotor
blades);

e the complex nature of the'subsystem or structural component makes it difficult to pred|ct the
stiesses in the part (for example a gearbox with a shaft under stochastic multi diregtional
loading and complexiinternal dynamic effects);

e THe calculated reserve against fatigue failure is low (see Annex G).

For WECs and-CGECs with blades connected to a rotor shaft, the rotor blades shall be tested as
specified in_ Annex A.

Through<the technology qualification process of 5.3, the necessity of full-scale test|ng of
subsy

6.4 Measurement load cases all WEC and CEC
6.4.1 General

6.4 provides the minimum required MLCs needed for proper model validation. Where applicable
the MLCs are defined in relation to the DLCs, described in IEC TS 62600-2: 2019.

The MLCs define the main external conditions and the operational states of the MEC during the
measurements. The external conditions include oceanographic and meteorological quantities.
The operating states depend on the MEC configuration and shall be specified for each particular
case.
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Due to the stochastic character of the external conditions, measurements of some MLCs shall
be repeated in order to reduce the statistical uncertainty. The minimum number of
measurements at each MLC is specified.

The measured time histories are classified in two ways: one considering steady-state operation
and one considering transient events. During the steady state operation time series, the MEC
should be in a stable condition. For a TEC it can take 5 min or less from start-up and for a WEC
it can take 20 min or more. The averaging period should be as in IEC TS 62600-100, IEC TS
62600-200 or IEC TS 62600-300 as applicable.

Table 1, Table 2 and Table 3 show the minimum MLCs that shall be recorded. The MLCs defined
in the ; MEC
concept, control strategy, and safety strategy. The MLCs should demonstrate that the-ME|C can
reach|the safety and reliability levels that resulted from the model simulation calctlgtions.
Therefore, the simulation model should be validated with the load measurements, and the
simulation calculations should be extrapolated to determine the ultimate limit-state and the
fatigug limit state. Care should be taken that the simulation calculations aré also extrapplated
to the[natural or critical frequencies of all the subsystems.

Thereg|is the following hierarchy in the measurement load cases:

a) Human safety and station keeping (see IEC TS 62600-2:2019,-5.5);
b) Nofmal design category (see IEC TS 62600-2:2019, 7.3.3);
c) Abnormal and extreme design category (see IEC TS 62600-2:2019, 7.3.3);

MLCs|that are required by local, state, regional, natiohal or federal regulations are mandatory.

Through the technology qualification process of,5.3, the MLCs can be adapted to the specific
MEC.

6.4.2 MLCs during steady-state operation
6.4.2.1 General

In the|steady state operation{there are in general two operating states: power productign and
parkefl or idling (see Table T). Important are combinations of currents and waves that can
induc¢ excitation of the natural frequencies or special dynamics of the MEC. For the casge that
the cqgntrol system is_programmed to avoid these excitations, see 6.4.5.

6.4.2.p Powerproduction

IEC TP 62600-100, IEC TS 62600-200 or IEC TS 62600-300 depending on the applicafion of

Duringg power -production, measurements should be performed according to the critgria of
the M%C.

6.4.2.3 Parked

For MECs that have a parked condition, the loads on the parked MEC shall be measured
(see Table 1). It is recommended that measurements be performed at water speed and/or wave
energy flux as high as possible at the site. The combination of currents and waves that apply
the highest loads on the MEC should be aimed for. The same method applies for MECs without
a parked condition.
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Table 1 - MLCs during steady-state operation

MLC MLC DLCs IEC TS 62600-2:2019 Remarks
number Table 7 and Table 8

1.1 Power production |1) In this mode of operation, the MEC is running and
connected to the grid

1.2 Parked 6) When the MEC is parked, the prime mover may be
either in a standstill or idling

6.4.3 MLCs during transient events

6.4.3. General

Thesgq MLCs include all events resulting in loads on the MEC during the transients'from th
operating state to the other. For example, from the operating state standstill or'idling to
produftion and vice versa (see Table 2). Other transients between operating)states than the
ones that are given in 6.4.3.2, 6.4.3.3, 6.4.3.4 and 6.4.3.5 are possible~depending ¢

e one
power

n the

working principle of the MEC and the settings of the control system.
6.4.3.2 Start-up
The normal start-up of the MEC should be performed at around 10 % of rated power and at
rated power. If the MEC operates at more than one fixed rotational or translational speed | start-
up at [he different speeds should be evaluated also.
6.4.3.8 Normal shutdown
This design situation includes all events resulting,in loads on a MEC during the normal trapsient
caused by going from power production to asparked condition. The normal shutdown sholld be
performed at around 10 % of rated power and at rated power.
6.4.3.4 Emergency shutdown
The Ipads during an emergency,'shutdown shall be considered. This shutdown shodld be
performed at rated power.
6.4.3.p Grid failure
The lgads during a_grid failure shall be considered. This MLC should be performed while the
MEC is producingirated power, by disconnecting the MEC from the grid resulting in a shutdown.
Table 2 — Measurement of transient load cases
MLC MLC DLCs IEC TS 62600-2:2019 Target conditions
numberT Table 7 and Table 8
2.1 Start-up 3) Around 10 % of rated power and rated power
2.2 Normal shutdown 4) Around 10 % of rated power and rated power
2.3 Emergency shutdown |5) Rated power
(by pushbutton)
2.4 Grid failure Rated power
6.4.4 MLCs for dynamic characterization

Table 3 provides the measurement load cases that are recommended for the dynamic
characterization of the MEC frequencies. The table also provides the targeted frequencies for
each MLC. Artificial excitation can be an important first test for dynamic characterization under
controlled circumstances, for example in a sheltered harbour.
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Table 3 — MLCs for dynamic characterization

MLC Measurement load| DLCs IEC TS Target frequencies Comment
number case 62600-2:2019
Table 7 and
Table 8
3.1 Power production 1) Prime mover, PTO and Normal operation with relatively

substructure frequencies® | steady power production

3.2 Parked? 6) Prime mover and MEC is parked (standstill or idling)
substructure frequencies®

3.3 Emergency stop 5) Prime mover, PTO and Emergency stop from rated power
substructure frequencies®

3.4 Artificial excitation® Prime mover and The MEC will be brought in
substructure frequencies® | excitation by an artificial.forcq under
controlled circumstances

2 High enough water speed and/or wave energy flux to obtain sufficient excitation, this will be MEC specific.

b Ldw enough water speed and wave energy flux to not have the excitation affected by otherhydrodynamid loads.
Tgsting may be done in a sheltered harbour, for example a decay test for a WEC andya.pulling test for 3 CEC.

¢ D¢pending on the WEC or CEC configuration, the target frequencies can also be foundation frequgncies,
fldating device frequencies or mooring system frequencies.

6.4.5 MLC for abnormal operating condition

In the|case of an abnormal operating condition (accordingto IEC TS 62600-2), such as a dontrol
system failure, the MEC’s electrical, mechanical, and)control system shall transition to @ safe
condifion or state that is safe for humans to service. Therefore, the structural integrity ghould
be safeguarded as well as the station keeping. In‘this MLC, the control system shall be sw|tched
off aff rated power. There should be no_dangerous moving components, vibrations or
accelgrations when the water speed and/of.wave height is deemed acceptable for sprvice
personnel to engage with the MEC.

6.4.6 Capture matrices
6.4.6. General

Capture matrices are used to organize the measured time series. The capture matriceq§ have
two objectives: they are used to specify the minimum required data for each measuremerjt load
case |and can be used to report the test database to demonstrate the minimum| data
requirements have, been fulfilled. The number of bins in the matrices should be adaptged for
each gpecific measurement campaign based on the MEC operating states and control pdints.

6.4.6.p Power production

During«the measurement campaign, the data in the capture matrix should be clagsified
accorﬁmﬂmmTECs

as in IEC TS 62600-200 or the method of bins for rivér energy converters as in
IEC TS 62600-300.

6.4.6.3 Parked

The parked measurement load case has the MEC in the parked state (either standstill or idling
without power production; see Table 4). When more data sets are collected than the minimum
listed in the capture matrix, only the minimum required need to be reported. If there are more
than one parked state or more than one excitation state that can have a relevant influence on
the structural loading, then a separate measurement should be performed for each parked state
or excitation state.
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Table 4 — Capture matrix for parked condition

Parked
Time series record length In a stable condition
Parking modes Normal parked state
Water speed and/or wave energy flux As high as possible
Minimum data requirement 1

6.4.6.4 Transient events

The c
numb
failure

apture matrices for the transient events are given in Table 5 and Table 6. The mif
br of repetitions and the power level are indicated. The emergency shutdown an
should be performed at rated power.

Table 5 — Capture matrix for normal transient events

imum
d grid

Normal start-up and shutdown events

Event Power level: Around 10 % of rated\power Rated poV

ver

Start-(

p Minimum required repetitions: 3 3

Norm4g

| shut-down Minimum required repetitions: 3 3

Table 6 — Capture matrix for other thah normal transient events

Other transient events

Event Target.conditions Minimum required repetiti

bns

Emer

ency shutdown Rated power 3

Grid f]

hilure Rated power 3

6.5
6.5.1

For M
MLCs

Throu
MEC.

Measurement load cases for MECs with blades connected to a rotor shaft
General

FCs with blade's connected to a rotor shaft the MLCs of 6.4 shall be used, except for
that are specified in 6.5.

those

gh thetechnology qualification process of 5.3, the MLCs can be adapted to the specific

6.5.2

MLCs for dynamic characterization

Table 7 provides the measurement load cases that are recommended for the dynamic
characterization of the MEC frequencies. The table also provides the targeted frequencies for
each MLC.
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Table 7 — MLCs for dynamic characterization

2020

MLC number| Measurement | DLCs IEC TS 62600- | Target frequencies Comment
load case 2:2019, Table 7 and
Table 8
3.1 Power 1) Blade, drivetrain and |Normal operation with relatively
production substructure steady rotational speed
frequencies®
3.2 Parked? 6) Blade and MEC is parked (standstill or idling)
substructure
frequencies®
3.3 Emergency stop |5) Blade, drivetrain and |Emergency stop from rated power
substructure
frequencies®
3.4 Artificial Low water speed and |Blade frequencies The artificial excitationsean e
excitation® wave energy flux performed under eontrolled
conditions like,in a-sheltered
harbour.
2 High enough water speed and/or wave energy flux to get sufficient excitation, this will"be’MEC specific.
b Low enough water speed and wave energy flux to not have the excitation affected by other hydrodynamid loads.
Tegting may be done in a sheltered harbour, for example a decay test for a WEC-and a pulling test for a|CEC.
¢ Depending on the WEC or CEC configuration the target frequencies can also be foundation frequencies, floating
deyice frequencies or mooring system frequencies.
6.5.3 Capture matrices
6.5.3.11 General
For MECs with blades connected to a rotor shaft the capture matrices of 6.4.6 shall be|used,
except for those specified in 6.5.3.
6.5.3.p Parked
The pprked measurement load case has the MEC in the parked state (either standstill or iglling).
For MECs where the rotor axis\is-controlled to be in line with or perpendicular to the current or
wave [direction (whichever is-.applicable), yaw misalignment can cause high loading an the
blades. One time series_should be collected with target values of 30° yaw misalignmen, one
with Of° yaw misalignmentiand one with —30° yaw misalignment (see Table 8 and Annex B).
When| more datassets are collected than the minimum listed in the capture matrix, onlly the
minimum required-need to be reported.
Table 8 — Capture matrix for parked condition
Parked
Time series record length 10 min
Parking modes Normal parked state (for example, idling, standstill)
Target yaw misalignment -30 0 30
ma)l(ter speed or wave energy As high as possible As high as possible As high as possible
Minimum data requirement 1 1 1

If there are other operating states or excitation states that can have a relevant influence on the
structural loading these operating states or excitation states should be added.
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6.6
6.6.1

Quantities to be measured for all WEC and CEC

General

The main objective of mechanical load measurements is the verification of the design load
model of the tested MEC type. This is performed by repeating the analysis with the model
parameters adjusted to match the measured site conditions. Therefore, it is essential to have a
good representation of meteorological and oceanographic quantities as well as the operation
quantities in order to compare measured and simulated load quantities.

The relevant physical quantities to be determined in order to characterize the loading of MECs
can be_classified into the following:

o load quantities (for example, prime mover loads and substructure loads);

e ogeanographic quantities (for example, current velocity, current turbulence, -wave ¢
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6.6.2
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and wave period);
teorological quantities (for example, wind speed and direction, air density);

eration quantities (for example, power production, rotational spéed, pitch angles
salignment, rotor azimuth angle, operational state).

htory and recommended measurements as listed in Table 9 Table 10, Table 11, Ta
able 13 are found to be important for model validation. <There is a risk in not perfd

mulated and measured data.

ad quantities to be measured should be selected at the following structural areas:

p structural interfaces between the subsystems or structural components;

bse parts of the structure where calculations show the smallest safety factors a
ckling, strength or fatigue life;

b structural areas of uncertainty (e.g. wave slamming loads);

mponent.

gh the technology qualification process of 5.3, the quantities to be measured ¢
bd to the specific MEC.

Load quantities

ads that-shall be measured are listed in Table 9. These are the most important loz

and fi
See

cruci}locations of the MEC structure. With these loads the simulation results can be val

m these loads the loading of the relevant MEC structural components can be dg

nergy

, yaw

ble 12
rming

commended measurements as these may be helpful for explaining differences befween

jainst

bas that can deliver information about the load distribution over a subsystgm or

An be

ds on
dated
rived.

igufe 1 and Figure 2 for a scheme of the subsystems.
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Table 9 — All WEC and CEC load quantities

Load quantities Level of importance
Loads in the prime mover at or near a point where it connects to the PTO Mandatory
Loads in the PTO at or near a point where it connects to the substructure and/or the Mandatory
foundation or to a floating device 2
Station keeping loads in two perpendicular directions @ Mandatory
Prime mover absolute and relative position P Mandatory
PTO absolute and relative position ° Mandatory
Floatifrgdevite apsotuteamdTetative positiom = Mandatory
Loadq exerted on the prime mover. For example, in high stress structural components Recommended
like inf slender parts of the prime mover, or loads at or near connection areas between
structral components of the prime mover
Load pt or near a point where a control action is exerted, for example a brake action or | RecCemmended
an enf stop

a8 |If |a floating device and mooring system is part of the MEC configuration. Station keeping loads chn be
measured in a single direction when the perpendicular loads are shown to be negligible.

b If hpplicable, also a velocity measurement and an acceleration measurement’

6.6.3 Meteorological and oceanographic quantities

Table[10 lists the oceanographic and meteorological guantities to be measured.

Table 10 — Oceanographic and'meteorological quantities

Quantity Level of importgnce
Current speed Mandatory
Current direction Mandatory
Watel| temperature Mandatory
Currept turbulence intensity (for tidal:and other current energy converters) Mandatory
Currept vertical distribution (for tidal"and other current energy converters) Mandatory
Surfage elevation and water. depth? Mandatory
Ice adcretion potential® Recommended
Wind ppeed® Recommended
Wind Hirection® Recommended
Air temperature® Recommended
Air humidity® Recommended
Atmospheric pressure Recommended

2  From the surface elevation measurements the directional wave spectrum should be derived.

b For MECs with structural components above the free surface.

6.6.4 MEC operation quantities

Table 11 lists the operation quantities to be measured.
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Table 11 — MEC operation quantities

Quantity Level of importance

PTO power input and output Mandatory

Position of Prime Mover Mandatory
Operational state control system Mandatory

Control system input data and status Mandatory

Brakes loading (if not possible, brake pressure) @ Recommended

Draft or freeboard of the floating device ° Recommended

End stop loading °© Recommended

2 If B mechanical braking device is part of the braking system.

b floating device is part of the MEC configuration.

bne or more end stops are part of the MEC configuration.

It is
hydra
hydra

powel.

frequd

Contr
opera

necesisary in order to properly categorize recorded data. In those cases where s

opera
meas
mode

Contr
faulte

6.7
6.7.1

In 6.7
conne
and M

The P

ecommended to measure the kinematic component (e.g. lihear or angular ve

ocity,

Llic flow rate or electrical current) and the dynamic component (e.g. force, t

Both components can have a direct influence on, the” loads in the structur

ion, idling, grid connection, emergency shutdown, protection system activation,
ional states (e.g. normal operation and load control) are used during the

5 is implemented.

bl system input data and statuscsignals indicate for example online/offline and faulte
l conditions.

Quantities to be measured for MECs with blades connected to a rotor shaft
General

the load quantities and MEC operation quantities for MEC configurations with |
cted to a roter shaft are described. These are specifications of the general load qua
EC operation quantities in 6.6.

TO ,0f/a MEC with blades connected to a rotor shaft can be supported:

rque,

Llic pressure or electrical voltage) of the PTO input power’as well as the PTO ¢utput

(e.g.

ncies for the kinematic component and stresses for therdynamic component of power).

bl system operational state information (for example, normal operation, load dontrol

tc.) is
bveral
load

irement campaign it is recommended that automatic data acquisition of the different

d/not-

lades
htities

. by
. by

a substructure and/or foundation that is connected to the seabed or shore;

a floating device which is moored to the seabed or shore.

These requirements are valid for a MEC with blades connected to a rotor shaft of which the
PTO is connected with a tubular column to a substructure/foundation or to a floating device. In
case of special designs (e.g. structured supports, hybrid or two part connected blades, active
hydrodynamic controls on the blades, etc.) additional measurements may be required for model

valida

tion.

Through the technology qualification process of 5.3, the MLCs can be adapted to the specific

MEC.
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6.7.2 Load quantities

The loads to be measured are listed in Table 12. These are the basic loads on crucial locations
of MEC construction from which the loading in the relevant MEC structural components can be
derived. The turbine loads are also given in Figure 5.

Table 12 — MECs with blades connected to a rotor shaft load quantities

Load quantities Level of importance
Blade root flatwise bending moment (M) 1 blade mandatory
additional blade recommended
Blade|root edgewise bending moment (M, ) 1 blade mandatory
additional blade recommended
Rotorftorque (M) Mandatory
Base pf tubular column normal moment (M) Mandatory
Base pf tubular column lateral moment (M) Mandatory
PTO absolute and relative position Mandatory
Rotorftilt moment (M,;,) Recommended

Recommended

Rotor|lyaw moment (Myaw)

IEC

Figure 5 — Turbine loads:
rotor, blade and base of tubular column loads

6.7.3 Oceanographic and meteorological quantities

See 6.6.3 for the oceanographic and meteorological quantities.

6.7.4 MEC operation quantities

Table 13 lists the operation quantities to be measured for MECs with blades connected to a
rotor shaft.
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Table 13 — MEC with blades connected to a rotor shaft operation quantities

Quantity Level of importance
PTO power output Mandatory
Rotor speed or generator speed 2@ Mandatory
Yaw misalignment Mandatory
Rotor azimuth angle Mandatory
Pitch position of all instrumented blades turbine Mandatory for all instrumented blades
controller output P Recommended for all blades
Pitch speed-> Mandatary
Operdtional state control system Mandatory
Contrpl system input data and status Mandatory
Brake] status © Mandatory
Brakel moment (if not possible, brake pressure) © Recommended
NOTH Pitch speed can be derived from pitch position

Bn electrical generator with a speed proportional to the rotor speed, is part‘of the PTO.
mechanical blade pitching is part of the prime mover.

B mechanical braking device is part of the primary braking system.

6.8
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No cq:nges that impact the test results should be“made to the test MEC during the tes

MEC configuration changes
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uration where no changes are made with significant impact on loads.

7 Instrumentation

7.1

7.1.1

Load quantities for all WEC and CEC

General

Through the technology qualification process of 5.3, the load quantities can be adapted to the
specific MEC.
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7.1.2 Types of sensors

A load sensor is a device that directly or indirectly measures the load experienced by a system
or component. Typical devices include, but are not limited to:

e strain gauge bridges;

o load cells/torque tubes (including piezoelectric cells).

For MECs, it will seldom be possible to place a load cell in a main load path, except for mooring
and tether loads. For this reason, strain gauges applied to the structure are selected as the
recommended type of sensor and thus 7.1 focuses on the use of electrical and optical strain
gaug i i j lingly.
Load [sensors are calibrated by applying quasi-static loads. It is important to realiz¢ that
o that
the stfain gauge will indicate gross internal loads rather than externally applied loads. In|strain
gaugqg application, it is particularly important to avoid wire temperature effects and gross-
sensifivity and to ensure proper temperature compensation. Cross-sensitivity.is\the undegirable
charagteristic of a measurement system of being sensitive to different load-sources, making it
difficult or impossible for the system to differentiate between them. Fullstrain-gauge bridge
designs offer good scope for reduction of cross-sensitivities and temperature effects and [are to
be preferred for most MEC applications. To allow for evaluation” and correction E the

tempgrature effects it is recommended to measure the surface témperature near strain gauge
locatipns. Dummy strain gauges can be used also to correct for the temperature effect in
postpfocessing. These are strain gauges that are not coupled ‘to the strained surface but are
mountied in the same temperature field (see also Annex D).

Waten ingress to the sensors is likely to adversely affect the strain measurement| It is
reconfmended to install strain gauges inside the-material or inside the structure ¢uring
manufacture if possible. Sensor redundancy is.recommended. Fibre optic strain gaugeq have
been [used in some applications as they are~less sensitive to environmental effectg. For
submerged offshore devices temperature effects might be a relatively minor problem.

shear|webs of rotor blades, might deform plastically and this might change the relation befween
the measured strain and the calculated loading. It is therefore recommended to perform the
calibration of this relation (before and after the loading) in these cases where a plastic
deformation can be expected, and it is recommended to report the measured strain also.[In the
case ¢f bending loads, it.s.recommended to measure the strain at the tension side as well as
at the|compression side.

Durint the loading of structural components, internal parts of the components, such as the

7.1.3 Choice-of'sensor location

In thg process”of selecting sensor positions for the measurement of structural loadd, it is
reconimended to choose a location which;

e h

e provides a linear relationship between stress and load;

A hiah ctrain nar yinit Inad 1oyl
oGSt P eTutr o tTe Ve

[/ o)

e is in a region of uniform stress (i.e. is not subject to high stress/strain gradients, avoids
localized stress concentrations);

e has space to apply sensors;
o allows temperature compensation;
e is made of isotropic material (for example, steel is preferable to composite materials);

e is made of material to which measurement devices can be easily fixed or bonded.
7.1.4 The connection between prime mover and PTO

In the connection between PTO and prime mover there is commonly a rotational shaft or a
translational shaft combined with other mechanical connections like hinges or bearings. For
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MECs with a rotational or a translational shaft the mechanical loads measurement can best be
performed on the shaft itself. If this is not possible then the mechanical loads can be measured
at the other mechanical connections like at or near a hinge or bearing.

7.1.5 The connection between PTO and substructure and/or foundation
7.1.5.1 General

The PTO is most commonly either directly fixed to the substructure and/or foundation or through
a mechanical mechanism for example a yaw mechanism. The mechanical loads can be
measured at or near the fixed connection to the substructure and/or foundation or at or near
the connection of the mechanical mechanism. In some cases, the loads on the mechanism can

be delrlvea from parameters of the mechanism, such as the oll pressure inside a hydraulic
cylinder. Friction effects should be taken into account.
7.1.5.p Substructure mechanical loads

The spbstructure commonly consists of tubular components like columns. These columrls can
be parts of lattice structures. The loads can be measured at the columns, préferably at lochtions
that cpmply with the recommendations of 7.1.3. For substructures with entirely different shapes,
the recommendations of 7.1.3 can also be applied.

7.1.5.B Measurement of foundation loads

It can|be very difficult to measure foundation loads directly.(In general, the foundation material
is not suited (e.g. concrete), or the position is difficult¢to reach (e.g. deep under th¢ free
surfade). In those cases, the foundation loads can best\be derived from loads measured |at the
substfucture or PTO.

7.1.6 The connection between PTO and floating device

For a|moveable connection between the RTO and a floating device 7.1.4 can be applied. In
generpl, the dynamics of a floating device@re more complex than the dynamics of a fixed gevice
due tq the added degrees of freedom-and the dynamics of the floating device and the mooring
system. Care should be taken that these dynamic effects are taken into account.

71.7 Measurement of station keeping loads
71.7.A4 General

In mogt floating MEC.configurations, there are catenary or tensioned mooring lines conngcting
the flgating device:to the seabed or shoreline (see also IEC TS 62600-10). In those casep, it is
mostly possiblexic place a loadcell between the mooring line and the floating device.| Care
should be taken that a failure (i.e. rupture) of the loadcell does not lead to a failure pf the
mooriphg system.

7.1.7.2 Measurement of tether loads

Tether loads can be measured in the same way as mooring line loads. However, in some tether
configurations it is not possible to place a loadcell between the tether and the floating device
or between the tether and the prime mover. In those cases, it might be possible to place strain
gauges on a part of the tether itself. The recommendations of 7.1.3 should be taken into
account.

7.1.8 Prime mover absolute and relative position

Prime mover position should be measured in all relevant degrees of freedom. The relative
position of the prime mover to the PTO, can be measured directly by an encoder or provided by
the MEC controller. If the controller signal is used, the latency should be evaluated and
addressed. The prime mover velocity can be derived from the prime mover position
measurement.
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Prime mover acceleration can lead to high inertia loads being exerted on the PTO. Special
attention should be paid to the resonance frequencies of the prime mover. Accelerometers
should be used to measure PTO acceleration. Care should be taken when selecting the
accelerometers to account for their low-frequency phase shift and amplitude characteristics.

7.1.9 PTO absolute and relative position

The PTO position should be measured in all relevant degrees of freedom. The PTO velocity can
be derived from the prime mover position measurement.

The PTO acceleration will give information about the structural rigidity and the loading between
the PFO—andothert aubayatcllla. e PO flcqucllbica witt givc imformatiomabout-thenatural
frequencies and related excitations. Accelerometers should be used to measure| PTO
accelgration.

When|the PTO can make a controlled movement relative to the substructure or floating device,
the rejative position of the PTO to the substructure or floating device, can bé. measured djrectly
by an|encoder or provided by the WEC or CEC controller. If the controller-signal is useld, the
latengy should be evaluated and addressed.

7.1.1Q Substructure or floating device absolute and relative position

It is rgcommended to measure the position of the substructute or floating device in compliance
with IEC TS 62600-100, IEC TS 62600-200 or IEC TS 62600*300. Alternatively, the position of
the PTO can be measured in a similar manner.

The floating device acceleration will give information about the loading of the floating device
(e.g. wave loading) and the inertia loading exerted on the PTO and prime mover| This
information can be derived from the spectral.density of the acceleration. Accelerations ghould
be mgasured with accelerometers.

7.1.11 Water pressure measurements

In some MEC configurations water/pressure measurements can be used as a form of diregt load
measyrement on surfaces, especially with wave loading. With the pressure measuremelnt the
relatign between the hydrodynamic loading and the strain measurement can be establ|shed.
Watern pressure can be measured by installing pressure sensors on surfaces. Pressure sgnsors
should be mounted sorthat the sensing element is flush with the surface. Sensors sho;reld be

positipned in flat or cufved surfaces away from obstructions. A stiff connection is requifed so
that the sensor is_held firmly in position. Flexible areas of the structure should be avoided. In
generpl, there are.two types of sensors used. Hydrostatic pressure sensors are used to mgasure
fatigug pressures and impulse pressure sensors are used to measure slam and impact
presstires,The measurement of impulse pressures requires high sample rates and the C£pture

of shqgrt duration timeseries may be triggered by the pressure exceeding a threshold valug¢. The
number.of sensors used will depend on the criticality of the pressure distribution over the
subsystems of the MEC.

7.2 Operation quantities for all WEC and CEC
7.21 General

Through the technology qualification process of 5.3, the operation quantities can be adapted to
the specific MEC.

7.2.2 Electrical power

The MEC’s electrical power output can be measured at any point as long as it is properly
described. Measuring it in compliance with the IEC TS 62600-100, IEC TS 62600-200 or IEC
TS 62600-300 is recommended. Output from the MEC controller is acceptable.
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7.2.3 Hydraulic power

For MECs with a PTO with a hydraulic intermediate stage between mechanical power and
electrical power, it is recommended to measure the hydraulic power (pressure and flow rate).
From the hydraulic power the loads exerted on the PTO can be analysed. Especially, hydraulic
pressure peaks and/or pressure frequencies can be helpful in analysing the PTO loading. Care
should be taken that friction losses are taken into account.

7.2.4 Generator speed

Generator speed can be measured on the generator shaft. Consideration should be given to
assure that the sample rate is high enough to acquire an accurate speed measurement. For
synchfonous generators, generator speed can also be derived from the electrical ireqgency.
Output from the MEC controller is acceptable.

7.2.5 Brake moment or force

The method of measuring the brake moment or force depends on the MEC:\eonfiguratipon. In
some |MEC configurations the brake pressure (hydraulic or spring pressuré) can be megsured
and when the relationship between brake pressure and brake momentr'force is known, the
brake[moment or force can be derived. In other MEC configurations the brake moment dan be
measlired by measuring the torque on the reaction arm, or by measuring shaft torque or force
on both sides of the brake, or through analysis of deceleration time with a known inertia.

7.2.6 MEC status

MEC |status can be measured using controller signals (e.g. grid connection, emergency
shutdpwn, protection system activation).

7.2.7 Brake status

Brake| status should be measured, either.directly (e.g., proximity sensor) or indirectly (brake
presstire or MEC controller; in which cas¢’latency needs to be evaluated).

7.2.8 Draft or freeboard measurement

With the recommended measurements of the floating device draft or freeboard, mechgnical
malfupction can be signalled, at an early stage. The draft measurement could give information
about|a displacement ofsthe centre of gravity, which could for example mean leakage of|water
insidel the floating device or a shift in mechanical loads or weights.

7.3 |Load quantities for MECs with blades connected to a rotor shaft
7.3.1 General

7.3 gives extra specifications for the load quantities of the MEC configurations with Qlades
conndcted to a rotor shaft

Through the technology qualification process of 5.3, the load quantities can be adapted to the
specific MEC.

7.3.2 Blade root bending moments

Flatwise and edgewise bending moments should be measured. For handling and environmental
protection, it is recommended that the sensors be mounted within the blades rather than on the
outer surface, where convenient.

Strain gauge bridges should ideally be applied perpendicularly to a nearly cylindrical blade root,
so that cross-sensitivities are minimized. Regardless of the mounting location, cross-sensitivity
should be measured, and should be addressed (i.e. through correction or increased
uncertainty). For ease of analysis, the set of gauges should be oriented in line with the blade
coordinate system.
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7.3.3 Blade bending moment distribution

Blade bending moment distribution can be measured using additional sets of strain gauges
located at a cross section at least 30 % or as far as practically possible up to 50 % of rotor
radius. Other requirements from 7.1.3 and 7.3.2 also apply. For the bending moment distribution
the coordinate system should be clearly defined.

7.3.4 Blade torsion frequency/damping

The blade’s first torsional frequency and damping can be estimated using strain measured with
a half or full torsion strain-gauge bridge through operational modal analysis. Since neither the
frequency nor the damping rely on absolute magnitude of the measurement, no calibration of
this signal is required.

7.3.5 Rotor yaw and tilt moment

Asymmetrical rotor loads should be measured on the primary load path as-¢close to thqg rotor
shaft ps possible. The preferred method for the measurement of rotor yawand tilt moments is
through two perpendicular bending bridges on the main shaft alongswith the hub azimuth
positipn measurement. It is recommended that the main shaft strainogauges be positioped in
line wjth the instrumented rotor blade.

On sgme MECs, it may not be possible to apply strain gauges\te’the shaft. In such caseg, it is
reconimended to install gauges for bending moments in the-non-rotating system, either ¢n the
shaft-pupport or in the top of the tubular column.

7.3.6 Rotor torque

pairs pf gauges on opposite sides of the shaft. Using the bridge on only one location ¢n the
shaft surface, shear due to bending and trahsverse load will be interpreted as torque. If forque
measlirements on the shaft are not pdssible, PTO bending gauges and yaw positign are
permitted. Power and rotor speed should not be used as a substitute to measure rotor tofque.

The sfrain gauges for measuring the torque of the main shaft should consist of a full bridgf with

7.3.7 Tubular column bending
7.3.7( General

The tubular column bénding is preferably measured at the base where the tubular cplumn
conndcts to the substructure and/or foundation or to a floating device. At the base the bgnding
momgnts have the\highest values. When this is not possible the bending moments cpn be
measlired at the/top where the tubular column connects to the PTO, or at any other logation
along|the tubular column.

The blending moments at the tubular column base should be measured in two perpendicular
direct ; i i i ridges

mounted as close to the base flange as possible while avoiding disturbances from load
introduction effects for the base flange, etc. As a rule of thumb, base bending gauges should
be placed at least one tubular column diameter from any flange.

7.3.7.2 Lattice support structure bending

A lattice support structure, instead of a single tubular column, connecting the PTO with a
foundation or a floating device, will require strain measurements in all supporting legs to arrive
at the resultant base bending load for all current and wave directions. A special assessment of
the strain pattern in the lattice support structure and the consequence for the measurements
should be performed.
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7.3.8 Darrieus style rotor bending

Darrieus (or cross-flow) style rotors have structures that connect the blades to the rotor shaft.
The MLCs and instrumentation should be the same as with the MECs with blades connected to
a rotor shaft with the addition of the measurement of the relevant bending moments in the
connecting structures, plus the radial force in the connecting structures. In the case that the
connecting structures and the simulated loading are the same for every connecting structure,
the measurements can be performed on a single blade connecting structure.

7.3.9 PTO and blade absolute and relative position

If applicable. the accelerometers should be mounted on that part of the PTO that yaws with the
rotor.

If applicable, blade pitch angle should be measured directly by an encoder or provided by the
MEC ¢ontroller. If the controller signal is used, the latency should be evaluated and addressed.

7.4 |Operation quantities for MECs with blades connected to a rotor‘shaft
7.4.1 General

7.4 gives specifications of the operation quantities for the MEC) configurations with Qlades
conndcted to a rotor shaft.

Through the technology qualification process of 5.3, the dperation quantities can be adapted to
the sgecific MEC.

7.4.2 Rotor speed or generator speed

Rotor[speed can be measured on either the*low-speed shaft or high-speed shaft (in case of a
gear bhox). If rotor speed is measured on the low-speed shaft, additional consideration ghould
be giyen to ensure a sufficiently high reSolution of rotor speed is acquired. If rotor speed is
measlired on the high-speed shaft, -additional consideration should be given to assufe the
sample rate is high enough to acquire sufficient resolution. Output from the MEC contrgller is
accepftable.

7.4.3 Yaw misalignment

Yaw misalignment should be derived from wave/current direction and yaw position. Yaw pgsition
can cpme from the coentroller only if calibration verifications are performed regularly. Caution
shouldl be used on:the 360° — 0° transition and the location of the dead band, if present.|Other
measlirementtechniques may be used, when it is documented that the accuracy and uncertainty
of thg measurement technique is equivalent or better to the measurement determined from
current/wave direction and yaw position.

7.4.4 Rotor azimuth angle

Rotor azimuth angle should be measured on the low-speed shaft, high-speed shaft (with reset
on the low speed shaft) or provided by the MEC controller. If the controller signal is used, the
latency should be evaluated and addressed. Caution should be used on the 360° — 0° transition.

7.4.5 Pitch position

For MEC configurations with pitchable blades, the blade pitch angle should be measured
directly by an encoder or provided by the MEC controller. If the controller signal is used, the
latency should be evaluated and addressed.
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7.4.6 Pitch speed

For MEC configurations with pitchable blades, the pitch speed should be measured either
directly or derived from pitch position during post-processing of the data.

7.4.7 Brake moment

How the brake moment is best measured depends on the turbine configuration. Examples are;
verifying brake pressure (hydraulic or spring pressure) with assumed coefficient of friction,
measuring on the torque reaction arm, by measuring shaft torque on both sides of the brake or
through analysis of deceleration time.

7.5 |Oceanographic and meteorological quantities
7.5.1 General

Through the technology qualification process of 5.3, the oceanographic andymeteorolpgical
quant|ties can be adapted to the specific MEC.

7.5.2 Measurement and installation requirements

The r¢quirements given in IEC TS 62600-100, IEC TS 62600-200 or IEC TS 62600-300 ghould
be followed for the installation and measurement of meteogrological and oceanogfaphic
quantjties. If no guidance is given in these standards the instriictions of the manufacturer ghould
be followed.

7.5.3 Sea or river ice loads and ice accretion

Load ests of MECs that should be able to resist'sea or river ice loading and/or ice accietion,
are ngt specified in this document.

Sea of river ice and ice accretion should‘be considered according to Annex C. In additiop, sea
ice lopds should be considered in combination with motions of the prime mover, PTO and
substiucture or floating device, due.to loads from ice, wind, wave or current processes. The
flexibifity of the mooring system should be considered when determining sea ice loads.

If secfions of the mooring system and electrical cable are exposed to sea ice loads, such Iqading
should be considered.

An icg-management system may be used to reduce loading due to ice action. The effect pf ice-
management on'the behaviour of the MEC should be taken into account in the design.

7.6 |Data acquisition system (DAS)

7.6.1 General

A DAS is used to acquire analogue or digital signals from one or more sources and convert
these signals into digital form for analysis or transmission by end devices such as digital
computers, recorders, or communications networks. The ability of the DAS to preserve signal
accuracy and integrity is the main measure of the quality of the system.

7.6.2 Resolution and sampling frequency

For analogue signals the resolution of the A/D converter is the fundamental measure of system
accuracy of the DAS. The number of bits in the A/D converter determines the resolution of the
system. The sampling rate and resolution are sufficient when the highest frequencies that can
be expected, are captured accurately. High frequencies can occur for example because of wave
slamming loads and snatch loads on moorings.
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7.6.3 Anti-aliasing

The DAS should have aliasing protection on all load channels. The aliasing protection has two
equally important purposes: the first is to prevent the creation of aliased frequency components
in the specified frequency range and the second is to sample input waveforms with sufficient
fidelity to support the test objective.

For each analogue channel in the measurement campaign, the following items should be
reported:

e A/D resolution;

e sgmplmg requency, Jg;
e anti-aliasing filter type or anti-aliasing strategy (if done digitally);

e cut off frequency setting for the filter, f.

8 Determination of calibration factors

8.1 Overview

Through the technology qualification process of 5.3, the determination of calibration factofs can
be adppted to the specific MEC.

8.2 General

Clausg 8 provides the calibration methods for the instrumentation in Clause 7. In generaj:

e Limear calibrations are assumed. For the majority of situations this is valid. Any non{linear
belhaviour can be dealt with through application of non-linear calibration coefficients|or by
adding uncertainty in the measurements.

e Al| elements of the measurement chain should be calibrated.

e Calibrations should be performed’ with the same instrumentation used to record the test
data.

For sgeveral sensors, different methods are used for determination of the offset and the
sensifivity.

The galibration process is the characterization of the measurement chain (sensor, cgbling,
electrpnics, etc.)sta*a known external standard. The choice of calibration method is largely
determined by-ttve choice of external standard and should take into account the following
factorg. The calibration method should:

e coveras much of the measurement range as possible;

e minimise disturbances;
e be repeatable;

e be sufficient to determine both the slope, offset and, if necessary, the cross-talk of the
signal.

The best way to ensure measurement accuracy is to measure the full channel response directly
using an external reference that produces a known result. With this technique, all components
along the data path are calibrated together and the accuracy of the full data path can be
determined. For many types of measurements, it is not possible to directly calibrate the full
measurement path simultaneously. The alternative requires system components to be
calibrated separately.
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Several methods exist for calibration of the load sensors and it is recommended to use more
than one calibration method in order to verify the calibration results. Suitable calibration
methods are:

e analytical calibration;

e gravity or buoyancy loads;

e application of external loads.

The preferred method used for calibration is the one that leads to the lowest overall uncertainty
and is a factor of:

e accuracy of used Iinformation;

o the load range covered by the calibration.

Additipnally, the feasibility and cost of the methods will impact which calibration’method would
be used.

All offshore calibrations should be conducted at low wave energy flux and/or current spged in
order|to minimize hydrodynamic loading of the MEC and at low @nd steady rotatiopal or
translational speed in order to minimize inertia effects and hydrodynamic forces.

In case gravity or buoyancy loads are used for calibration of a [oad sensor, the information used
to derjve the applied loads should be provided by the manufacturer. Gravity or buoyancy|loads
can ohly be applied when the load is at least 50 % of the calculated maximum loading [of the
structpiral component. The gravity or buoyancy loads\can generally only be applied fpr the
calibration of the offset.

The rgmainder of this clause provides the requirements for calibrations that are uniqpe for
mechanical loads testing.

8.3 Calibration of load channels for*all WEC and CEC

The cplibration of the load channels’ can best take place in a laboratory environment, where
externjal but known loads can.besapplied to the various parts of the MEC. The parts clan be
loaded for example with winches or hydraulic or electrical actuators connected to load cglls. If
the influence of the (sea)water is necessary for the calibration, this process can take place in
a basin or in a shelteredtharbour.

8.4 Calibration ‘of- non-load channels for all WEC and CEC

The dalibrationjof non-load channels can also best take place in a laboratory environqment,
wherd controlsettings can be applied to the MEC and the resulting measurement of the non-
load ghannels can be calibrated. If the influence of (sea) water is necessary for the calibfation,
this process can take place in a basin or in a sheltered harbour.

For calibration of the oceanographic and meteorological measurement devices refer to
IEC TS 62600-100, IEC TS 62600-200 or IEC TS 62600-300 as applicable.

8.5 Calibration of load channels for MECs with blades connected to a rotor shaft
8.5.1 General

8.5 provides specifications for calibration methods for the load channels for MEC configurations
with blades connected to a rotor shaft. See the overview in Table 14.
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Table 14 — Summary of suitable calibration methods

Measured quantity Analytical External load Gravity or buoyancy
Blade bending moments S,0 (6]
Main shaft torque? S S,0
Main shaft bending S S,0 (6]
Tubular column bending moments? S §,0 O
S : suitable for slope
O : suitable for offset
2  For suitable methods for determining the offset, see 8.5.3 and 8.5.4.
With gxternal loading the offset can generally be determined by applying the load from different

directlons and/or by rotating the structural component under different angles. Fof &xamg
rotating the structural component at three angles of 120° over a full rotation” of 360°
btional loading. Because of the relatively high loads on a MEC, the offset will generally be
small compared to the full measurement range.

gravit

8.5.2 Blade bending moments
8.5.2.{1 Analytical calibration

In gerjeral, the analytical calibration is not feasible for calibration of the blade bending mo
as thg material properties are not well known.

8.5.2.p Gravity or buoyancy loads

Gravify or buoyancy calibration of the blade bending sensors requires knowledge of the
mass |[moment at the instrumented cross section. It is achieved by exposing the sensg
well-defined moment caused by gravity or-buoyancy. This can be done by either idling thg
at different pitch angles, or by fixing the‘blade in a horizontal position and pitching the bl
differgnt pitch angles. In general gravity or buoyancy loads will only be suitable for calib
the offset.

8.5.2.8 External loads

During a calibration of the‘blade bending moment sensors with an external load, a know
is apglied at a knowp-lecation along the blade and in a known direction. The yoke that
the external load en:the blade should not damage the blade. Therefore, this informatf
required:

maximumypermissible edgewise load at the blade yoke position;
maximum permissible flatwise load at the blade yoke position;

rotor cone dngie.
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The following hardware is required:

blade yoke;

cable;

pulling device;
calibrated load cell;

calibrated strain gauge measuring system.

Calibration procedure:

fasten the blade tip yoke to the blade;
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o fasten the cable to the yoke;

e fix

e pu

the rotor in a stable position;
Il the cable in two perpendicular directions for the flatwise and edgewise bending;

e record the applied force and the measured strains with the same measuring system;

2020

o find the sensitivity from the correlation of the applied load and the strain gauge output.

Other
8.5.3

8.5.3.
Analy
bridgs
momeg

be pe
chara

8.5.3.

The o
rotor
rotatig

8.5.3.

During a calibration through application of an external load, the scaling factors are deter

by ap

load dell see 8.5.2.3) and recording the sensor’s'response to the applied moments.

If the
symm

momegnt on a non-rotating shaft to calibrate the yaw moment on that same shaft).

8.5.3.

Besid
calibr

speed, taking the drive’ train efficiency and the turbine’s power consumption into accounf.

The o
flux a

8.5.4

8.5.4.

methods can be used if these can lead to the same accuracy of results.

Main shaft moments

1 Apalytical calibration

ical calibration is done by scaling the sensor output to material strain by gaugef

configuration and measurement chain, and then scaling the measured stra
nts using cross-section geometry and material properties. An analytical ‘¢alibratig
rformed on shafts with near constant cross-sectional properties and wellsknown m
cteristics and thus only for areas with minor stress concentration factors.

R Gravity or buoyancy loads (bending only)

rotation. The expected moment range at the measurement location during a slow
n should be provided by the turbine manufacturer.

3 External load

plying a known moment on the main shaft (e.g. by pulling on a blade using a cali

etric, the obtained scaling factors can also be used for other directions (e.g. using

# Calibration of torque through power and rotor speed

htion, the rotor_torque could also be calibrated by measuring power output and

ffset of thé-shaft torque signal can be determined by slow rotations at low wave €
nd/or eurrent velocities below start-up of power production.

actor,
ns to
n can
pterial

ffset of the signal can be determined from the azimuth averaged signals during the slow

rotor

mined
prated

external load can only be appliedin one direction and the structure is geometfically

he tilt

bs the earlier mentioned methods of applying an external load or performing an analytical

rotor

nergy

Tubular column bending moments

1 Gravity or buoyancy loads

Typically, the PTO and rotor have a centre of gravity that is not directly above the neutral axis
of the tubular column. For MECs with an actively controlled yawing mechanism, this distance
causes an overhang moment which can be used for the calibration of the offset of the tubular
column bending sensors. The average value of the sensor output during the yaw rotation is the
offset value. Gravity or buoyancy calibration of the tubular column bending sensors requires
knowledge of the MECs head (PTO and rotor) mass moment with regard to the tubular column
axis1. 360° yaw rotations of the PTO will expose each sensor to the negative and positive gravity
or buoyancy moment during one revolution.

1 Note that the gravity or buoyancy moment may be dependent on the blade pitch angle if applicable.
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8.5.4.2 Analytical

Analytical calibration is done by scaling the sensor output to material strain by gauge factor and
strain gauge bridge configuration and then scaling the measured strains to moments using cross
section geometry and material properties.

8.5.4.3 External loads

The tubular column can be loaded by a known external load at a defined location and direction
to calibrate the slope. The offset can be derived from external loading in three or more directions
divided evenly over 360°.

8.6 Calibration of non-load channels for MECs with blades connected to a rotor J;haft
8.6.1 Pitch angle

For MECs with pitchable blades, calibration of pitch angle is performed relative to a refgrence
mark @t the blade root (normally 0°), which can also be used as a reference for placing the
blade|bending sensors. All instrumented blades should be pitched to at/ least 2 well dgfined
positipns at which the signal output and true angle can be correlated ~The two positions ghould
at leapt be 80° apart from each other. Calibration of the referencé mark to a physical|origin
shouldl be performed as well. Alternatively, this should be traceable through documentafion. If
the pifch angle is measured through the turbine controller, checks should be performed redularly
to ver|fy the slope and offset.

8.6.2 Rotor azimuth angle

The s|ope of the signal is typically derived by performing a few slow shaft rotations and sgaling
the signal range of the saw tooth shaped signal or'number of pulses to match the 360° [range
or coynting the number of pulses in a rotor reyglution.

For thie derivation of the offset a few methods are available using:

e a level on a defined surface on the shaft or hub;

e anlinclinometer on a defined Gurface on the shaft or hub;

e rofor azimuth positions defined by applying the rotor lock if applicable;

o the¢ blade bending moenient signals and looking for the location of the maxima and njinima
during a slow rotor'rotation.

8.6.3 Yaw angle

The yaw anglé.can be calibrated to a reference mark on the substructure or floating devic¢. The

positipn of the substructure and/or floating device can be calibrated by using a positjoning
system with’ an accuracy equal or better than a differential GPS. The differential GPS dan be
supp e and

method and the same coordinate system should be used for the calibration of wave and/or
current direction and substructure and/or floating device.

8.6.4 Oceanographic and meteorological

The same external reference and method and the same coordinate system should be used for
the calibration of wave and current direction and yaw angle.

8.6.5 Brake moment or force

The calibration method for the brake moment or force depends on the method used to measure
it. If the load is measured through:
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e strain gauges, an analytical calibration should be used for the derivation of the sensitivity.
For derivation of the offset value measurements should be used when the brake is not

plied;

e pressure, calibrated instruments should be used in combination with an assumed coefficient

friction.
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plied etc.). The results of this verification should be reported in‘the test report.
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9.3

Verification checks for all WEC and CEC

This subclause provides requirements and recommendation of verification checks that can be
used to fulfil the data verification requirements.

The following checks are applicable to all measured quantities:

¢ Measurement values outside operational limits of sensors, data transmission and acquisition
system should be excluded.

e Special attention should be paid in cases of extreme weather or operating conditions.

e Valid data should be based on suitable calibrations as described in Clause 8. The first part
of the data verification is a formal check that calibrations have been carried out correctly.
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9.4

9.4.1 General

Sensor drift may be identified from measured data statistics. If the offset of a sensor is
drifting, the normal operation data can become scattered or show two or more trend lines
when plotting e.g. the 10-min mean values as a function of current speed or wave energy
flux.

Zero drift due to temperature should be checked, documented and accounted for. If any data
correction is applied, it should be reported and taken into account during uncertainty
estimations. Drift is best identified by monitoring signal levels in low current speed or wave
energy flux conditions.

Erroneous application of sensor calibration constants: attention should be paid in cases
where changes in sensors, amplification or acquisition settings are made during the
measuring period.

THe frequency contents of signals should be checked to assure the proper frequencies show
up (e.g. natural frequencies, frequencies related to rotational speed) and to get anindifation
ofthe signal to noise ratio and if applicable the noise source. The signal to noise relation is
sufficient when the analogue signal conditioning appropriately removes the-hoise optside
the relevant frequencies.

Presence of noise: valid data should not be affected by noise to such an extent thpat the
target signal/noise relationship is not met for any significant frequency-of the relevant gignal.
Cqrrective actions may be essential in order to compensate forresence of noise.

Data should be verified for presence of spikes. For each measuring channel a thrgshold
shiould be defined that will characterize a spike attributed ‘to-hoise. Isolated spikes may be
recovered by using the two adjacent valid measurements and an interpolation fofmula.
Records including numerous isolated spikes or unrecoverable adjacent spikes shoild be

relected. If spikes are removed from the data series, the procedure should be rec¢rded.
Data sets where spikes have been detected should not be used for the summary statistics
ofthat channel, unless the spikes have beencorrected.

Data should be inspected for presence of flat spots/dropouts. Rejection criteria will vary for
edch signal.

Unrealistic differences between comparable quantities: in these cases, a comparison|of the
recordings of the two independent sensor sets should be made. If unexplainable differgences
arg observed, the instrumentation’ should be re-checked and the suspect data shodild be
exicluded.

Data time series may be& accepted as valid even though some channels are not|valid,
prpvided such other channels are not listed as mandatory quantities in Table 9, Tabjle 10,
Tgble 11, Table 12 and\Table 13, whichever is applicable. These data sets can thus bg used
to[fulfil the capture‘matrix requirements.

Verification.checks for MECs with blades connected to a rotor shaft

9.4 provides specifications of verification checks for MECs with blades connected to g rotor

shaft.

9.4.2 Blade moments

Below are examples of verification checks for blade moments:

The bending moments should correspond to the gravity or buoyancy moments when the
MEC is idling at low current speed or wave energy flux.

If the bending moment of more than one blade is measured, the bending moments of the
different blades at the same radius from the hub centre should have the same 10-min mean
and standard deviation.

Below rated speed, the sum of the 10-min mean values of the in-plane bending moments at
the blade roots times a factor dependent on the rotor diameter and strain gauge location
should be close to the main shaft torque:
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- r B L
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where
M, is the 10-min mean main shaft torque (Nm);

My; ; is the 10-min mean in-plane blade root bending moment of blade i (Nm);

is the number of blades on the MEC turbine;
is the number of blades instrumented for blade root bending moments;
is the rotor radius (m);
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is the radius of strain gauge location (m).

s formula assumes the centre of hydrodynamic force to act at 2/3R.
ring a slow rotor rotation, the phase of the blade signal should corfespond wi
quence of the blades.
ring a pitch rotation the phasing of the blade signals should mateh the circumfe
sition of the gauges used for the measurements.

Main rotor shaft

are examples of verification checks for main rotor shaft signals:

e power output could be checked against the main rotor shaft torque signal at
wer. Using the following formula:

P=My Q2 -n

ere
is the power (W);
is the main shaft torque (Nm);

is the rotor speed (rad/s);

is the efficiency of.the components between point of main shaft torque measur
and point of power measurement.

e two bending/mements in the main rotor shaft, 90° azimuth phase apart, should
b same meanwand amplitude when the MEC is idling at low current speed and wave ¢
x. The meanwalues of the two bending moments in the main shaft should be close t
en the MEC is idling at low current speed and wave energy flux. The phase diffg
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tween-the signals in the rotating frame should correspond to the angle between tH
ain gauge bridges.
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Below are examples of verification checks for measuring signals at the tubular column:

e |If applicable, a yaw rotation at low current speed and wave energy flux should be performed
at intervals. The two bending moments in the tubular column at the same level, should show
data with an approximate sinusoidal shape (offset by some angle) that should have the same
mean and amplitude when the MEC is yawing through 360° at low current speed and wave
energy flux. The amplitude should represent the rotor overhang moment of the machine.
The mean values of the two bending moments in the tubular column should be close to zero
when the MEC is yawing through 360°. The yaw position at which the maximum and
minimum of each bending signal occurs should correspond to the circumferential location of
the strain gauges.
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A time series containing a yaw rotation can be used to verify the correctness of the
coordinate transformation of the tubular column bending moments. All bending moments in
the PTO coordinate frame should be relatively constant, one transformed signal should be
close to zero and the other should be equal to the rotor overhang moment of the machine.

e The bending moment versus current speed and/or wave energy flux may be checked for
realistic values.

10 Processing of measured data

10.1 Overview

Through the technology qualification process of 5.3, the processing of measured data~dan be
adaptgd to the specific MEC.

10.2 |General

Clausg 10 provides the post processing requirements used to derive the results that sHall be
reporfed. Specifically, the following are discussed: time series analysis, summary load
statisfics, load spectra based on rainflow counted ranges and estimation of equivalent lopds.

One o¢f the first steps in data processing may be to calculate’the required measurgment
quant|ties from the measured signals (e.g. water density fromiwater temperature). The post
procegsing that is described below will be performed on the~required measured quantitigs and
not ngcessarily the measured signals.

10.3 |Load quantities

The bpsic product of a measurement loads campaign is the calibrated and validated time peries
data. [However, these time series should be.post-processed to provide summary stafistics,
damage equivalent loads and cumulative rainflow spectra to provide an index to the actudl data
sets.

For the load quantities (Table 9“or Table 12), the following should be computgd for

all nofmal 10- min operation data sets. Other intervals than 10 min can be used:

e the 10-min file statistics*(minimum, maximum, mean and standard deviation);

¢ the binned 10-min statistics for each bin of the capture matrix;

o the 10-min damage equivalent load for a single fatigue exponent;

o the cumulativerainflow spectrum for all normal operation data sets;

e the identifieation of MEC natural frequencies using PSD of example data sets ¢uring
operationyidling/transient event.

10.4 LCurrent speed-and/orsea state trend detection

Slow variation in current speed and/or sea state, for example steady increase in current speed
during a 10-min data set, is not part of common simulated current field models and results in
non-representative high turbulence intensity. In this case the correlation between loads and
turbulence intensity may be misleading. Trended data sets should not be rejected, nor should
the current speed or sea state be detrended. Parameters indicating the degree of trending
should be reported.

Methods for detecting trended data should be based on a form of high pass filtering to detect
the influence on the turbulence intensity caused by low frequency changes. Any detection
method used should be described in detail in the report.
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Similar effects may also appear for other oceanographic or meteorological quantities. Further
data which are not reproducible in simulation such as yaw activity etc. should be taken into
account. The manufacturer should include all of these effects for proper correlation between
measurement and simulation data in the course of model validation.

10.5 Statistics

For each 10-min file the 10-min statistics (mean, maximum, minimum and standard deviation)
should be calculated for all signals. Other time intervals are possible.

For signals that are angular measurements that pass through the 360° — 0° transition, (e.g. PTO
yaw o, f ot f TOTT); f f f erage
should be used to compute the mean of the signal and special care should be taken to_gnsure
that there are no data points sampled during a 360° — 0 ° transition.

10.6 [Rainflow counting

To degtermine damage equivalent loads (DEL) and the cumulative rainflow spectra, the load
quant|ty time series should be rainflow counted. Only the ranges should'be used and means
should be ignored in further post processing.

The uped method should be clearly reported along with the used parameters including:

e reference to the applied rainflow cycle counting method;
e number of used range bins;

e usle and value of minimum range threshold.

The number of divisions of the load range should be at least 100 in order to achieve sufficient
resolytion. Remaining half cycles should be ceunted as 0,5.

10.7 [Cumulative rainflow spectrum

The rainflow cycle counts of individual 10-min records should be assembled to form a gingle
cumulative rainflow spectrum .for; power production for each load quantity. Other intervals
than 10 min can be used. The cumulative rainflow spectrum is determined by summing all the
indiviqual rain flow cycle counts of each file in the power production capture matrix} This
spectfum is not intended.\to estimate the fatigue life of the MEC, thus no current spged or
turbulence weighting is_applied, nor is the design life of the MEC used.

10.8 |Damage equivalent load (DEL)

The dpmage_equivalent load (DEL) is the weighted average rainflow range, with the S-Nicurve
slope|m,, fonthe relevant material as the weighting exponent. Material fatigue propertig¢s are
assunlled to be described by a log-log formulation such as:

N=C-§™ (3)

where

N is the number of cycles to failure at load range level S;

C and m are material properties.

The S-N-curve slope, m, should represent the relevant materials, for example, values of 3 or 5

for welded steel, 6 or 8 for nodular cast iron, and 10 or 12 for glass fibre-reinforced plastic. For
example, the 1 Hz damage equivalent load for a 10-min time series is defined by the expression:


https://iecnorm.com/api/?name=42ce6ed27f2bbd5748a7f882b394404d

IEC TS 62600-3:2020 © |IEC 2020 - 47 -

;
Req = (ZR,-’" n; /600)/" (4)

where

R., is the 1 Hz 10-min damage equivalent load;

eq
R; is the load of the ith range bin of the fatigue load spectrum;
n, is the number of cycles in the ith range bin of the fatigue load spectrum;

m is the S-N-curve slope for the relevant material.

10.9 'e'UTI‘EITl‘Sp'E'E'd'UTW'ave eITeTgYy fhux bimmring

Statislical data may be further processed by applying the "method of bins"{using for
example 0,1 m/s current speed bins and by calculation of the mean values of the current gpeed
and the mean values of the parameters in question for each current speed bin ace¢ording|to the
formulas:

1 &
Vl' = _Zvi,j
N; &
j_
1 U
xl' = _in,j (5)
N; =
j_
wherg
v, is the bin averaged current speed in current speed bin i;
Vi is the 10-min averaged current speed of data set; in current speed bin i;
X; is the bin averaged variable inquestion in current speed bin i;
X is the 10-min averaged variable of data set j in current speed bin i;
N;  Jis the number of 10 min.data sets in current speed bin i.

The sfandard deviationof-the means is calculated by:

13
Txi :\/72(&/ % f (6)

i =1

where

Oyi

is the standard deviation of the mean in current speed bin i.

The minimum of minimums is calculated by taking the lowest 10-min minimum of all data sets
in the bin.

The maximum of maximums is calculated by taking the highest 10-min maximum of all data sets
in the bin. A comparable method may be used for wave energy flux binning.
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10.10 Power spectral density (PSD)

PSD calculations should be performed on the load quantities in Table 9 or Table 12 for the
dynamic measurement load cases. The following information on the analysis should be
reported:

o reference to the PSD algorithm used;

o frequency resolution;

e number of lines in the spectrum;

e windowing type;

o lemgth of applied window;
e averaging and/or overlapping.

11 Uncertainty estimation

The upcertainties for all reported quantities should be evaluated and reported. The unceftainty
evaluation should consider all relevant sources of uncertainty which occur in the measurgment
results.

Through the technology qualification process of 5.3, the uncerfainty estimation can be adapted
to the|specific MEC.

Depending on the considered signal, uncertainties ,can be introduced by the sensor |itself,
installlation effects, calibration, signal conditioning, data acquisition system, or other soufces.

Attenfion should be paid to calculated channels which combine multiple signals. Hgre all
assocjated signals should be taken into ac¢count and their combined uncertainty shoyld be
considlered.

Guidance on uncertainties is providedyin informative Annex E.

12 Reporting

The results of the mechanical loads test should be reported in a report containing the following
information:

Through the technology qualification process of 5.3, the reporting can be adapted to the specific
MEC.

a) Introduction including:

N =
- ~

+ + | 2N oo
(ol UUJG\J[IVG,
test period.

b) An identification and description of the specific MEC configuration under test,
including:

1) MEC make, type, serial number, production year and structural characteristics;
2) For a MEC with blades connected to a rotor shaft:

i) rotor diameter;

ii) rotor speed or rotor speed range;

iii) if applicable blade data: make, type, serial numbers, number of blades, fixed or
variable pitch, and pitch angle(s);

iv) type of support substructure or tubular column;
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c)

3)
4)
5)
A

description of control system (device and software version);

photograph of test MEC;

any changes made to the test MEC during the test period classified per 6.8.
description of the test site, including:

bathymetry of the location;

geographical location with sufficiently detailed information to allow the reader to
the test machine;

test site map showing the surrounding area covering a radial distance of at least 20
the MEC (e.g. rotor) diameter and indicating the topography, location of the

locate

times
MEC,

CH
Cq

In

1)

2)

focation of oceanographic and meteorotogical measuring devices, significant obs
other MECs and the measurement sector (if applicable);

if site calibration is performed, the site calibration results including the limits of th
measurement sector if applicable and the rationale for any changes from-the res
the site assessment.

annel list.
ordinate system used for the test.
strumentation:

description of data acquisition system (sample rate;” filters, synchronizat
applicable);

for each channel:

i) details of instrumentation (make, model, serial number);

ii) details on signal conditioning;

iii) for each instrument, its actual locatien“and orientation, mounting details;
iv) the slope, offset, their derivation method and calculation;

checks); for loads channels;also the inputs used for the calibration and their sd
(e.g. manufacturer or measured);

vi) any changes made to-the instrumentation or calibration during the test
covered in the report.

ta verification checks per requirements of Clause 9.

ta rejection critefia (e.g. measurement sector, MEC status signals) and data classifi
iteria for data togo in different capture matrices).

st processing methods, such as:
filtering during post processing;
despiking;

description of calculated channels;

cles,

b final
ilts of

on if

v) calibration data (actual measuyred data or calibration sheet cover page, end fo end

urces

beriod

Cation

rainflow cycle counting method;
current speed trend detection method;
any additional data treatment.

Results: at a minimum the following results should be included in the test report (except
where marked as optional):

1)

for the test period:

i) plots of oceanographic and meteorological conditions as a function of time (see

Table 10);

iif) For TECs and other water current converters: Tl as a function of current speed;

iii) For TECs and other water current converters: Tl detrended and as-measur
function of current speed (ratio, difference or both);

ed as
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scatter plot of oceanographic conditions as a function of wave direction (10-min
averages, or other intervals if necessary);

a) wave height;
b) wave period;
c) wave energy vertical distribution in case of submerged WECSs;

scatter plot of oceanographic conditions as a function of current direction (10-min
averages, or other intervals if necessary);

a) current speed;
b) TI;

for the power production steady state MLC (see 6.4.2.2):

i)

v)

vi)

c) current vertical distribution;

capture matrix according to IEC TS 62600-100, IEC TS 62600-2¢0 or
IEC TS 62600-300;

time series of oceanographic and meteorological quantities (thandatory sigrals in
Table 10), MEC operation quantities (mandatory signals in(fable 11 or Tabje 13)
and mandatory loads identified in Table 9 or Table 12;

scatter plots (e.g. 10-min maxima, minima, mean, standard deviation and DEL’s
(loads only) as a function of mean current speed and-sea state) of oceanogfaphic
and meteorological conditions (mandatory signalssin Table 10), MEC opergtional
data (mandatory signals in Table 11 Table 9 or Table 12), with binned values ¢n top
of the scatter plots (mean of means);

frequency spectra indicating the frequencies values of found peaks in the speg¢trum;
cumulative rainflow spectrum for loads.in' Table 9 or Table 12;

table with mean of means, maximumZof 10-min maxima, minimum of 10-min ninima
and bin averaged damage equivalent loads (e.g. for current speed in 0,1 m/g bins)
for all oceanographic signals;{mandatory signals in Table 10, all WEC o1 CEC
operation quantities) mandatory signals in Table 11 or Table 13 and all|loads
quantities (Table 9 or Table 12) (optional);

vii) plots of power production as a function of current speed (CEC) or wave energy flux

viii)items above for any other mandatory signals.

(WEC) (optional);

for the parked steady state MLC (see 6.4.2.3):

i) capture _matrix linking to filenames (see Table 4 or Table 8);

i) timesseries for example for yaw misalignment, if applicable;

for transient MLCs (see 6.4.3):

i) (_capture matrices, including reference to the file identifier containing the eventg (see
Table 5 and Table 6);

ii) for one of each type of event: time series of mandatory oceanographic and
meteorological, MEC operation quantities, and load quantities identified in Table 9,
Table 10,Table 11, Table 12, Table 13 (whichever applicable);

iii) table with statistics of each channel during the transient (recommended);

for dynamic MLCs (see 6.4.4 or 6.5.2):

i) spectra for each MLC for the targeted load quantities;

for abnormal operating condition MLC (see 6.4.5):

i) description of the behaviour of the MEC after switching off the control system:;

ii) time series and frequency spectra of mandatory oceanographic and meteorological,

MEC operation quantities, and load quantities identified in Table 9, Table 10,Table
11, Table 12, Table 13 (whichever applicable and for the operation quantities:
whichever is available after switching off the control system);
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k) Uncertainty per the requirements of Clause 11:

1)

2)

for measured quantities:

i) a table of values of the uncertainty sources that were used in the estimation of the

total standard uncertainty of the quantity (for guidance see Annex E);

ii) a statement of the total standard uncertainty of the measured quantity (percentage

and constant);
for binned results:

i) a table with the total standard uncertainty for the bin-averaged value of the

measured quantity as a function of bin-average current speed or sea state;

[) D¢
m) R¢
It is rq

I —a table with the totat Standard uncertainty for the bim-averaged vatue of the O
the measured quantity as a function of bin averaged current speed of sea-sta

for damage equivalent loads and cumulative rainflow spectra:

EL of
e;

i) the statement of the total standard uncertainty of the 10-min DEL for-the megsured

quantity (percentage only);
i) uncertainty of the cumulative rainflow spectrum (percentage.on the ranges).

viations from the Technical Specification.

ferences.

commended that the information from items d), €) and f)\are made available early|in the
measlirement campaign as an instrumentation and calibratianreport. See Annex F for guigance

on rej

orting methods.
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Annex A
(normative)

Full-scale structural laboratory testing of rotor blades

General

This annex provides specifications for the laboratory testing of WEC or CEC rotor blades. This
annex focuses on aspects of testing related to an evaluation of the structural integrity of the
rotor blade. The purpose of the tests is to confirm to an acceptable level of probability that the

whole
tested

The fq

— static load tests;

- fa

— static load tests after fatigue tests;

- te

Throu
blade

NOTE
power
yokes
and tak
investig
preven
Hydrau
only a

A.2

Two different coordinate systéems may be used for reference during structural testing. Th

showr
A2, r

installed production of a blade type fulfils the design assumptions. Rotor blades sH
as specified. All the tests in this annex can be performed in a laboratory.

llowing tests are considered in this annex:

igue tests;

5ts determining other blade properties.

gh the technology qualification process of 5.3, the full-scale structural testing of
5 can be adapted to the specific MEC.

The rotor blades of MECs are much shorter and stiffer than typical wind turbine blades due to the
Hensity of the marine environment compared to wind. This also leads to differences in testing metho
r saddles that introduce the loading to the blade may+artificially stiffen the blade at load applicatior]
e up a relatively larger area of the blade. This reduges the available area of the blade for instrumentat
ation during structural testing. The shorter blades.with greater stiffness also exhibit higher natural freq

ic loading might be necessary and this will,lead to higher energy expenses. To keep the testing aff
mall number of tests are mandatory.

Coordinate systems

in Figure A.1, references the local blade chord directions. The second, shown in
bferences the glabal rotor plane directions.

all be

rotor

higher
is. The
points
on and
encies

ing the application of resonant testing of composite blades due to internal heating within the stjucture.

brdable

b first,
Figure
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Key
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Derformed
O\ blade axis
N\
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Underformed \\‘\

__ blade axis

IEC

[orsion angle

Flapwise translation

L ead-lag translation
Flatwise shear force
Fdgewise shear force

A\xial force

Fdgewise bending moment
Flatwise bending moment
[orsion moment

L oads are along and perpendicular to the local blade chord directions

Figure'A.1 — Chordwise (flatwise, edgewise) coordinate system
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g X

AN
\~
N

Zx\ Derformed
O\ blade axis

o\

O

O\
Underformed ™. ™. M
blade axis . /
IEC
1 Flapwise translation
2 L ead-lag translation
Fy Flapwise shear force
Fy | ead-lag shear force

F, Bpanwise force
My Lead-lag bending moment
M, Flapwise bending moment
M, Torsion moment

L oads are along the rotor plane reference directions

Figure A.2 ~Rotor (flapwise, lead-lag) coordinate system

A.3 | General principles

A.3.1 Purposeof tests

The fundamental purpose of a MEC blade test is to demonstrate to a reasonable level of
certaipty’that a blade type, when manufactured according to a certain set of specificationp, has
the prescribed reliability with reference to specific limit states, or, more precisely, to verify that
the specified limit states are not reached and the whole population of blades therefore possess
the load carrying capability and service life provided for in the design.

Additionally, tests determining blade properties should be performed in order to validate some
vital design assumptions used as inputs for the design load calculations. It has to be pointed
out that the required blade property tests do not cover all design assumptions.

Normally, the full-scale laboratory tests dealt with in this annex are tests on a limited number
of samples; only one or two blades of a given design are tested, so no statistical distribution of
production blade load carrying capability can be obtained. Although the tests do give
information valid for the blade type, they cannot replace either a rigorous design process or the
quality system for series blade production. Furthermore, the tests described in this annex are
not intended to be used for the testing of mechanism functions nor to establish basic material
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strength or fatigue design data for blades and/or components (see IEC TS 62600-2 for MEC
design).

A.3.2 Limit states

To establish and evaluate the test load, a certain amount of information about the design should
be known. Usually the blades are designed according to a standard or code of practice such as
IEC TS 62600-2 defining the limit states and partial safety factors, which have to be applied to
obtain the corresponding design values. The partial safety factors reflect uncertainties and are
chosen in order to keep the probability of a limit state being reached below a certain value

prescribed for the structure. According to this, a blade should pass the test if the limit state is
not reached when the blade is m(pnqpr'l to the test load rpprpqpnfnfivp of the dpeign load.

The bpsis for establishing the test loads is the entire envelope of blade design loads! derived
accordling to IEC TS 62600-2 or equivalent. The representative test load can be higher than the
designh load to account for other influences, for example, environmental-effects| test
uncerfainties, and variations in production (see Clause A.7).

The determination of the actual margins to the limit states might be_désirable becausg such
margips can provide a measure of the actual safety factors obtaingdZor the resistance jof the
test Hlade. However, interpretation of such values is not straightforward and probabilistic
methqds have to be applied. In this annex, only the ultimate linit'state and fatigue limi{ state
are dealt with.

A.3.3 Practical constraints

The practical execution of the tests is subject to many constraints of a technical and econhomic
naturg. Some of the most important are listed below:

o the distributed load on the blade can be simulated only approximately;
o the time available for testing is generally one year or less;

e only one or a small number of blades can be tested;

e celrtain failures are difficult todetect.

The test will be a compromise)because these constraints should be dealt with in such p way
that the final test results can-be used for evaluation of the defined limit states.

testing will normallyx.be one of the first blades from series production which will be subject to

As re;ards the interpretation of the results, it should be borne in mind that the blade usgd for
evolufionary maodifications. Even minor modifications could compromise the validity of the|tests.

A.3.4 Results of test

The design loads form the bhasis of the test loading According to the design calculatian, the
blade shall be able to survive the design loading. In these design calculations, a number of
assumptions are implicitly being made:

o the stresses or strains are calculated accurately or conservatively estimated;

o the classifications of strength and fatigue resistance of all relevant materials and details are
estimated accurately or conservatively;

e the strength and fatigue formulations used to calculate the strength are accurate or
conservative;

e the production is according to the design.
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In the case in which a full-scale test is used as final design verification, the validity of the
assumptions mentioned above are checked simultaneously. When a blade fails during testing,
at least one of these assumptions has been violated, although without further analysis it might
not be clear what caused this unexpected failure.

If no discernible damage to the blade has occurred during the test and the blade structure and
the test loading has been evaluated correctly, this gives a strong indication that the blade design
will fulfil its requirements. It should be noted that the blade property tests make it possible to
check some of the main design assumptions used for the design calculations.

A.4 _Documentation and procedures for test blade

The Rlade manufacturer shall record traceable documentary evidence for the_desigh and
constiuction of the test blade. The records should cover:

e unlique identification;

e relevant drawings and specifications;

e lamination plans (for composite blades) and work instructions;

o lisfing of manufacturer, type and identification number for all important materials used;

e sulpplier’s certificate and blade manufacturers laboratory acceptance report for all important
materials used;

e cufring history thermographs for thermosetting resins.and adhesives at critical locatiopns;
e differential scanning calorimetry or other control of curing;
o manufacturing quality record sheets signed by responsible person;

e w¢gight and balance report detailing totalcmass and centre of gravity. This report ghould
in¢lude information about any loose items*fitted during weighing, e.g., root joint elements;

e relevant reports on manufacturing deViations.
Repairs should also be documented.;The records should cover the above list. Repairs may be:

e representative examples for-Tepair procedures for manufacturing defects and in-service
dgmage that are qualified'with the test blade;

e repairs performed due-to damage caused by test loads higher than the target loads.

Specipl blade modifications can be present for test purposes. During the fatigue tests the|loads
may hlave to be nfaghified to complete the test within an acceptable time-frame. In some ¢ases,
the reguired magnification of the fatigue loads may lead to failure of areas not considered to be
testeq. In thése’cases, special blade modifications can be considered. Modification migtt also
be ddie t0,load introduction reinforcements. All special blade modifications should be
docur‘Fented.

A.5 Blade test program

A.5.1 Areas to be tested

No single test can load the whole blade optimally. All critical areas should be loaded at least to
the target loads. The following potential critical areas should be considered:

o those parts of the blade where calculations show the smallest safety factors against
buckling, strength or fatigue life or the highest uncertainty;

e if there is a hydrodynamic braking device (or another blade system), that part of the blade
incorporating this device, particularly where the structure is affected by this device.
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For blades that are suspended at a single end near the hub, achieving a proper load distribution
in the outermost part of the blade is difficult. In most cases, this is not a major problem since
the safety margin in a blade typically increases when approaching the tip.

In case the bolts used for connecting the blade to the hub or blade bearing, form an integrated
part of the blade root (e.g. in case of T-bolt connections), full-scale testing of the blade should
include the proper blade bolts with the intended pretension.

Flatwise and edgewise tests may be sufficient, but that should be evaluated (see Annex G).

A.5.2 Test program

The telst program for a blade type shall be composed of at least the following tests (See|Table
A.1). The tests concentrate on the blade root, since this is the location with generally'the h|ghest
loads |and the highest stresses and also the highest stress concentrations. When.other pIrts of
the bLade comply more to A.5.1 then these parts of the blade should also.te tested in a
comparable way to the tests described in Table A.1.

Table A.1 — Blade test program

Measurement quantities Level of importance
Blade|natural frequency in air Mandatory, béfore the tests and recommer|ded
after each static and fatigue test

Mass |and centre of gravity Mandatory

Static|blade root flatwise bending moment (M,) Mandatory

Static|blade root edgewise bending moment (M) Recommended

Fatigye blade root flatwise bending moment (M) Mandatory

Fatigye blade root edgewise bending moment (M) Recommended

Static| post fatigue blade root flatwise bending-moment (M,) Mandatory

Static|post fatigue blade root edgewise _bending moment (M) Recommended

The tg¢sts should be performed in the order as stated in Table A.1.

It is recommended, te_test the natural frequency of the blade after each static or fatigu¢ test,
becauyse it can give information about internal plastic deformation of the blade.

Testirlg of other blade properties could be of interest (see A.9.9).

The flatwiSe and edgewise tests can be exchanged for flapwise and lead-lag tests, if fldpwise
and lead-lag tests can better fulfil A.5.1. Furthermore, a representative load case applied at the
correct vector along the blade may replace both flatwise and edgewise or flapwise and lead-

lag.

All tests in a given direction and in a given area of a blade should be performed on the same
blade part. The flatwise and edgewise sequence of testing may be performed on two separate
blades. However, if an area of the blade is critical due to the combination of flatwise and
edgewise loading, then the entire test sequence should be performed on one blade.

MECs vary strongly in their blade design. Most blades are suspended at one end with a single
blade root to the hub of a rotor. However, there are also blade designs that are suspended at
both ends of the blade. This can for example be the case with the Darrieus type of rotor. For
this kind of rotors, the test program should be formulated based on A.5.1.
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The test program should include blade inspection (see Clause A.10).

A.6 Test plans

A.6.1 General
Test plans shall be established for all the individual tests in the blade test program. The test

plans should include a blade description, specification of loads, conditions and the
instrumentation to be applied in the test.

A.6.2 —Blade-deseription

The bjade description in the test plan should be sufficient to ensure that the blade-will [fit the
test sftand and avoid unintended overloading during storage, handling, lifting, mounting and
testing in the laboratory.

The fgllowing information should be supplied:

o blade geometry (preferably in form of a drawing):
— | blade length;
— | chord and twist distribution;
— | pre-bend or sweep;

e mass and centre of gravity;

e blade surface condition;

e blade mounting details:
— | bolt pattern (including tolerances) and‘interface dimension;
— | bolt size, type and grade;
— | bolt clamping length;

— | bolt pretension or torque procedure;

. Iif]:ng and handling procedures;
¢ maximum expected deflections under load;

o propfile geometry atdoad introduction points.

Additipnal information” (such as the stiffness of the mounting structure) may be required
depending on the test specifics.

A.6.3 Loads and conditions

The tgst.plan should include the target loads, test loads, application methods and sequepce of
the tests to be conducted. Environmental conditions that may affect the execution of the tests
should also be given in the test plan (see A.7.4).

A.6.4 Instrumentation

The position and orientation of load cells, strain gauges, deflection transducers and other
sensors should be specified in the test plan.

A.6.5 Expected test results

It is recommended that predictions (deflections, strains, etc.) are provided corresponding to all
sensor measurements to enable and assist planning, evaluation and quality control.
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A.7 Load factors for testing

A.71 General

In testing, various load factors should be taken into account. Those arising from the design are
discussed in A.7.2 and A.7.3. Apart from these, additional test load factors should be applied
to account for effects introduced by the test methodology. These test load factors are discussed
in A.7.4.

A.7.2 Partial safety factors used in the design

I th <l H l | P Y | fo4 £ 4 L ££: o o)\l + | + | alacl A d'
n e utTolrgrivaivuiativiio, paitidl odiTly TaUlUlo (Ul CUTITTIVITTITS ) TIave 1TU UT TTTUTUUTuU. ALU Jr Ing

to IEQ TS 62600-2, these include:

Ym: material factors;

Ts- partial load factors.

In thel design calculation, both the partial safety factors (y,, and v;) have to be applied. The
produft of these partial factors is an important figure for the overall safety level of the design.
Both 1}, and y; have to be incorporated in the test load. The partial safety factors above ghould

be us¢d for at least one of the two required static tests (pre or gost'fatigue). For the other|static
test, the factors can be set to 1,0.

A.7.3 Factors on materials

Materjal conversion factors take into account specific. differences between the conditions|of the
materjal in the structure and the conditions for which the strength and fatigue formulation were
derivgd. See IEC TS 62600-2 for the formulatioty of the material factors. The static and fatigue
test Igads should include the material factors for manufacturing and for environment. |n the
case ¢f a composite material these are the-factors y,, and y,3.

A.7.4 Partial factors on loads

During the design, the partial factors on loads y; take into account the uncertainties in the |oads-

formulation. Therefore, the-test blade should be able to resist the design load including the
appropriate partial factors\for loads. The number of cycles that a MEC turbine blade pefforms
during its design life. (can vary strongly. The design life load cycles should be calcplated
includling the load variation over the cycles.

If thelle is no failure probability distribution data available for the particular blade design and
particular manufacturing procedure, the following test load factors should be used:

for statictests: y, = 1,1;

for fatigue tests: y; = 1,1.

The static load factor above should be used for at least one of the two required static tests
(pre or post fatigue). For the other static test, y,, can be set to 1,0.

The more the fatigue test is accelerated, i.e. the lower the number of cycles in the fatigue test,
the larger the uncertainty associated with the conversion from the fatigue design loads to the
fatigue test loads. The reduction factor H. gives the relation between the number of cycles

during the service life (ny) and the number of cycles in the fatigue test (ny):
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is the reduction factor;
is the number of calculated cycles for the design service life;

is the number of cycles in the fatigue test.

2020

(A1)

The reduction factor H, should be accounted for by applying the test load factor y.to the fatigue
design loads. The value of y.is given for different values of H,in Table A.2 (see also Annex I).
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able A.2 — Recommended values for y,; as a function of the reduction factor K
Reduction factor (H) Yo
100 1,065
50 1,050
20 1,035
10 1,025
5 1,015
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A.7.5

Application of load factors to obtain the target load

For the tests, the design load is compiled into a target load. The test load should ideally be
equivalent to the target load. The determination of the target loads should be based on
appropriate strength and/or fatigue formulations and elastic properties for the materials used in

the ar

eas to be tested.

The target load for the static test is defined as:
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Fiarget-u = Fdu - Ysu-7u (A.2)
where
Fiarget-u IS the target loading;
Fqu is the design loading (including partial factor for loads y% and y,, (see A.7.2);
Ysu is the test load factor for blade to blade variation (see A.7.4);
Nu is the test load factor for environmental effects, if applicable (see A.7.4).

The target load for the fatigue test is defined as:

Fiargetf = Faf - Vsf -Yef - Vif (A.3)
wherg
Fiargefs is the target loading;
Fys is the damage equivalent design loading (including partial factor for loads y aphd #y)
(see A.7.2);
st is the test load factor for blade to blade variation (see A.7.4);
Yof is the test load factor for reduction of the testdoad cycles (see A.7.4);
Nt is the test load factor for environmental. effects, if applicable. Alternatively, the

environmental effects can be accounted-for in the conversion from design loads to
damage equivalent design loads, if applicable (see A.7.4).

The determination of the damage equivalent design loads for fatigue includes appropriafe S-N
formulation(s), cycle counting procedures, an appropriate damage summation model, Rivalue
effectg, i.e. ratio between minimumCand maximum value during a load cycle, and all|other
relevgnt information.

A.8 | Test loading and test load evaluation

A.8.1 General

For each test, the'target loads should be defined in the test plan. Sufficient information ghould
be prqvided toallow the test load to be accurately assessed against the target load. In prigciple,
the six loadecomponents should be given, including phase and frequency information required

to generate)combined load cases. The load components flatwise and edgewise momenits are
the faf 'miost important components. Flatwise and edgewise shear loads will normally implicitly
be taken care of because of the moments. Only for more specialized blades will the torsion and

lengthwise forces have to be taken into account. The coordinate system relevant for the load
components should be clearly specified (see Clause A.2). Effects of changes in load direction
should be carefully considered when preparing the test plans and reports, and when estimating
uncertainties. It is recommended to monitor the blade displacement and rotation in all six
degrees of freedom as well as the loading vector in the x, y and z direction.

Since the test should prove that the blade can survive the target loading, the test loading should
be evaluated. It should be checked in which areas of the blade the severity of the test loading
is indeed equal to or more severe than the target loading. Because the severity of the test
loading compared to the target loading will vary over the blade area, in principle the evaluation
has to be done at all locations of the blade area that are to be tested (see also Annex G).
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If applicable, loads on critical mechanical and electrical blade subsystems (e.g., hydrodynamic
braking subsystem, monitoring subsystem, hydrodynamic control subsystem, etc.) are often
different in character from the general loads on the blades and may need extra specification
and specific tests. In the case of mechanisms, it is unlikely that sufficient loading conditions will
be present in the standard tests to qualify the subsystem integrity. Additional testing may be
necessary to simulate special loading cases, including torsion and radial loading. For systems
whose failure may result in unsafe operation of the MEC, special consideration should be given
to verify the appropriate level of structural integrity. The accumulated damage should not cause
functional failure of these subsystems. Loads for testing of blade subsystems are not covered
further in this document.

A.8.2 — Influence-ofload-introduction—— 0000 @ @

In the|case where the test load is introduced as concentrated forces at a restricted~numper of
locatipns (e.g. at actuator positions), the sections where the load is applied are disturbgd and
may He strengthened over a certain area by the load introduction fixtures. Therefore, at|these
areas|the blade may not be properly tested and should not be considered-inythe analysis or
evaluation. The length (in the longitudinal direction) of the disturbed area canbe estimated from
calculgtions or measurements.

Withopt further analysis, it could be assumed that this affected areasmight extend as mych as
three puarters of the chord length on either side of the fixture. In yoke or saddle design, special
attentjon should be given to buckling sensitive areas (e.g. trailing edge in compression).

Also, [f special modifications are made for test purposes-{see Clause A.4) the above-mentioned
considerations are relevant.

In gemperal, MEC blades are relatively stiff and the maximum loading does not lead to| large
deflegdtions that influence the load direction. However, with some slender blade designs, [larger
defleqtions might influence the load direction\The finite distance between attachment points for
an acfuator system in the laboratory andsen the blade-yoke implies that load direction angles
will cHange when loading these slender_blades. A longer distance normally reduces this change.
The change in angle will result in a ehange to the load direction relative to the blade ax|s and
the mpment arm for calculation of the applied root moment and thereby also the moment gt any
point petween the root and the léad application point.

In the|case of a single axial load with the deformation perpendicular to the load, such as|{when
the lopd is applied in thelead-lag direction and the blade also deforms in the flap dirgction,
chandes in the load direction may also occur. Yokes not loaded perpendicular to the blade axis
at high load may slip due to tangential forces. Such loading of yokes may also result ir} local
pryind forces that.unintentionally overload the blade structure.

Multiple lead introduction points could be used to minimize adverse loading condjtions,
espedially at the higher load levels. Care should also be taken to space yokes away from gritical

areaslia-be tested so that they are neither supported nor adversely influenced by the load

introduction fixtures.

A.8.3 Static load testing

In static load testing, the area to be tested should be loaded to each of its most severe design
load conditions while taking into account the variations in a population of manufactured blades
and differences between the laboratory and the design environmental conditions (see A.7.4).

If different load distributions or orientations are needed to represent the different extreme load
cases in the areas to be tested, each of these should be applied.

It should be noted that the blade may be most vulnerable to certain failure modes when a
resultant load, which is not necessarily the highest in magnitude, is appropriately applied in a
particular direction.
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For each load, the blade shall withstand the maximum load for the specified load duration. Since
most common blade materials exhibit a reduction of strength with duration of load, the duration
of the test load should be at least as long as the peak design load. If the design load information
provides a well-defined duration for the peak load on the blade, the test load and duration
should be based directly on that. If no duration of constant test load is stated, then 30 s should
be the minimum value. For TECs the recommended minimum duration of the test load is 6 h,
about equivalent to half of a single tidal cycle in a diurnal tidal pattern.

In general, all locations will be regarded as sufficiently tested if the loading during the static
load test is equal to or higher than the target load. In case of failures caused by loads higher
than target loads, repair is allowed before a fatigue test.

If the plade is tested with combined loading, it is not intended to combine maximum lead)|n one
directjon with maximum load in the other direction. Instead, the maximum load in phg dirpction
should be combined with an appropriate load in the other direction. Ideally the, actuatofs are
aligngd to deliver the correct test load vectors.

At least one actuator should be used that is capable of applying the test toad in the x|and y
direct|on.

A.8.4 Fatigue load testing

On th¢ areas to be tested, a test loading has to be generated giving a fatigue damage equipalent
to thelfatigue damage caused by the target loads. The fatigue-test loads will generally be chosen
in sugh a way that, for practical reasons, the test time~is reduced. To test areas around the
whole| blade cross-section, various combinations of flatwise and edgewise loading mpy be
emplqgyed.

To reduce the number of cycles during the testythe load normally has to be increased to pbtain
a reagonable compromise between testing as realistically as possible and obtaining al more
reasopable testing time.

The r:Fagnification should lead to<ithe appropriate theoretical equivalent fatigue dgmage
accunulation, having the following-timitations in mind:

o the maximum values of the stresses or strains might surpass the static strength pf the
material and consequéntly lead to static damage or failure;

e the stresses or strains may be so high that the usual assumption of the linearity befween
fofces and stresses no longer applies, such as in the case of buckling;

o infernal heating of the highly stressed areas.

low lopd/magnification factor. In that case, only the intermediate load cycles can be incrgased
furthef,nand the test loading becomes more and more a constant-amplitude loading| as a
consequence.

Espegiallyinthe case of variable amplitude loading, these limits can be reached at a relFively

The mean loads applied during fatigue testing should be as close as possible to the mean load
at the operating conditions that are most severe to the fatigue strength.

Locations will be regarded as sufficiently tested if the theoretical damage (e.g. Miner
summation) during the fatigue test is equal to or higher than the theoretical damage based on
the target load.

The theoretical test damage can be evaluated by accumulation of the damage from all partial
tests.
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When a certain area of the blade fails after it has been subjected to theoretical damage due to
the test load that is equivalent to or higher than the damage due to the target load, that area
has passed the test. In principle, testing of the blade can continue to reach equal severity for
the other areas. This is only valid for the areas that are not affected by stress redistribution due
to the damage.

In case of failures caused by loads higher than target loads, repair is allowed. The
consequences of any repairs should be evaluated.

At least one actuator should be used that is capable of applying the test load in the x and y
direction.

A.9 | Test requirements

A.9.1 Test records

All tegt activities shall be noted in a log.

A.9.2 Instrumentation calibration

All indtrumentation used to collect data for evaluation of test resulis should be calibrated.|In the
case pf applied sensors and gauges that cannot be independéntly calibrated, specificptions
shouldl be traceable and the remaining chain should be calibrated. Procedures for contrplling,
calibrating, maintaining and inspecting measuring and test equipment should be developgd and
implemented in accordance with ISO/IEC 17025 or equivalent. When possible, an end-fo-end
calibration of the system should be made, verifying\performance of all system componefts. In
the prpcedures, it should be addressed that recalibration has to be done for sensors that|might
be dafnaged as a consequence of a catastrophig, blade or equipment failure during testing.

During the loading of rotor blades internaliparts like the shear webs, might deform plastically
and tHis might change the relationship between the measured strain and the calculated loading.
It is therefore recommended to perfaorm the calibration of this relationship before and after the
loading, in these cases where a plastic deformation can be expected. It is also recommgnded
to repprt the measured strain segparate from the calculated stress, forces or bending moments.

A.9.3 Measurement uncertainties

All deyice uncertainties-should be listed in the test report.

In addition, the fallowing uncertainties should be estimated and reported:

e uncertainties in magnitude, direction and location of any applied load;

e uncértainties in magnitude, direction and location of displacement;

e uncertainties in magnitude, direction and location of the measured strain.
A.9.4 Root fixture and test stand requirements

In case the root area and fixture are considered for testing, deviations between the test stand
and the MEC blade assembly should be evaluated.

The measured deflection of the blade should be corrected for deformation of the blade root
fixture and the test stand. For the measured natural frequencies, damping and mode shapes,
the effect of the test stand should be considered. For relatively rigid test stands (contribution to
tip deflection less than 1 %), the effect of the test stand can be ignored, provided sufficient
measurements have previously been carried out to document this claim.
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A.9.5 Environmental conditions monitoring

Environmental records may be necessary to quantify effects on the test blade such as stiffness
variations, strain gauge drift (particularly on single element bridges) or drift in other sensors.

As a minimum, the temperature should be recorded at the blade (inside or outside; whichever
is possible) to evaluate the difference between ambient temperature and blade temperature.
These records should be kept at time intervals sufficient to monitor fluctuations during all tests.

For materials influenced by moisture, the ambient humidity should be recorded at intervals
sufficient to monitor fluctuations during the test.

A.9.6 Deterministic corrections

The test may be influenced by gravitational loads that are not part of the test load or megsured
by thg instrumentation. These tare loads should be properly accounted for during the tegt and
procegsing of the test data. Tare loads can result from the masses of:

e the blade itself;
. lojd introduction fixtures (actuators, whiffletree apparatus, clamping structures, etc.)

e caples, slings, and transducers;

e syptem damping.

Tare [loads and their location with respect to the~blade coordinate system should be
documented.

As the¢ blade deflects, the load direction relative\to the blade orientation can change. These
load direction changes should be taken into acgount.

Loadd not acting through the elastic axis €ither due to deflection, pre-bending or test set-up will
causg torsion moments in the blade:» These moments can be significant and shodld be
consitLered when specifying the test\load. The applied loads may be intentionally offsef from
the elastic axis to give a prescribed torsion moment. The elastic axis is the imaginary line,
lengtwise of the blade, along'which transverse loads are applied in order to produce bgnding
only, yith no torsion at any seetion.

A.9.7 Static test

Testirlg using staticloads is undertaken to obtain two separate types of information. One|set of
information relates to the blade’s ability to resist the loads that the blade has been degigned
for. The second set of information relates to blade properties, strains and deflections 3rising
from the applied loads. For convenience, the two sets of information are usually obtained guring
the sgmeé-static test, although this is not a requirement.

During the static load tests the following should be measured (or derived from measurement)
and recorded:

e magnitude and direction of the applied load(s) at the load levels where strains are measured;

e atime signal — to assure minimal time at a load level (see A.8.3). This can be in the form of
an actual time signal or can be derived from the sample rate.

The strains in the rotor blade should be measured in areas of interest. Strain gauges are the
preferred device used for these measurements. Depending on the areas of interest, strains in
one or more directions should be measured. For composite rotor blades the strains at the
following areas of interest should be measured:

e the main load carrying structure (e.g. spar cap, beam flange) in the upper and lower shell,
at four cross sections distributed over the area to be tested. The direction of strain
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measurement is typically longitudinal to the blade spanwise axis, but can be in other
directions as required by model verification;

o the trailing and leading edges at the position of the maximum chord length and at a quarter
of the blade length measured from the blade root. The direction of strain measurement is
typically parallel to the edges of the blade, but can be in other directions as required by
model verification;

o the composite webs at the blade root area and on a web section with high calculated strain.
Shear strain is the important strain measurement required and typically strain gauge
rosettes are used;

e the two highest loaded connecting bolts, if the bolts are an integral part of the area to be
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A.10 Test results evaluation

A.10.1 General

Before starting the test program, after each test and at frequent intervals during the fatigue test,
the outside of the blade should be visually inspected.

Infrared or ultrasonic inspection and recording of sound emission may be used to supplement
the visual inspection.

Inspection results should be documented in a log. Observations should be accompanied by
appropriate documentation.

If applicable, critical electrical mounted or imbedded systems should be inspectedfand checked
for proper function periodically throughout the test program.

Irreversible property changes of the blade are considered as damage. The following types of
damage are defined:

¢ damage in the form of catastrophic failure of the test blade;

e ddgmage in the form of permanent deformation, loss of stiffness or change in other|blade
prpperties;

e superficial damage.

Obselfved damage should be considered by the designer in a failure evaluation (see AJ10.5).
For detailed investigations after the test, the blade-may be sectioned.

A.10.2 Catastrophic failure

Catastrophic failure is disintegration or_collapse of a component or the complete test plade.
Catasfrophic failure results in loss of vital function which impairs safety. The following
obseryations can be considered ascatastrophic failure:

e breaking or collapse of thesprimary blade structure;

e complete failure of structural elements such as internal or external bond lines, skins,|shear
webs, root fastenersqetc.;

. mtjor parts become-separated from the main structure.

Catasfrophic fajlure'is normally readily observed.

Obsenvations“should be documented by description in writing and recording in the fqrm of
photographs and/or videos.

A.10.3 Permanent deformation, loss of stiffness or change in other blade properties

The mass, centre of gravity and natural frequencies measured before the static test (see A.5.2,
and A.9.9) should be evaluated against the design assumptions. Other measured blade
properties as described in A.9.7 (strain distribution and deflection) should be evaluated both
after the static test and after the post fatigue static test.

The measurement of loads, deflections, strains and/or natural frequencies according to A.9.7
and A.9.9 should be evaluated to detect possible loss of stiffness and/or permanent
deformation.
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A.10.4 Superficial damage

Marking of time and extent of damage on the blade surface should be used for reference when
observing progress of damage throughout the test program.

The following examples of observations can be considered as superficial damages:

e small cracks in laminate or bond lines of composite blades;

e gelcoat cracking;

e paint flaking;

o SUrrace pubDIES],

e minor panel buckling without permanent deformation or damage;

e snpall delaminations of composite blades.
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Observations made from the previous full-scale test should be considered, since these may
indicate the correctness of the design assumptions and be valuable in assessing the need for
retesting. Given the level of change, needs for renewed full-scale testing may only comprise a
limited full-scale test, e.g. static test only, fatigue test only, test in one direction only, etc.

In general, adjustments and improvements that obviously strengthen the blade tend to reduce
the need for renewed full-scale testing. Furthermore, changes only affecting areas with large
safety margins should be less prone to trigger the need for renewed full-scale testing. However,
changes that influence the loading of the MEC turbine and thereby influence the design
assumptions for the blade should be considered.

Some examples of adjustments and improvements in production and design typically requiring,
or not requiring, renewed full-scale testing are given in Table A.3.
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Table A.3 — Examples of situations typically requiring or not requiring renewed testing

Adjustments and improvements typically
requiring renewed full-scale testing

Adjustments and improvements typically
not requiring renewed full-scale testing

Modified profile shape around significant tested areas
(for example, largest chord)

Modified blade tip shape

Shortening of some layers of fibres

Prolongation on some layers of fibres

Shift to a new type of resin or new type of fibres (e.g.
shift from polyester to epoxy or from glass fibres to
carbon fibres)

Minor adjustments in raw materials as a part of the
continuous development by the material supplier or shift
to a new supplier of identical materials. In the latter case
testing on coupon level may be needed

Shift tqgaTew typeof core materiat-witirdifferemt-yourg
or shear modulus in sandwich constructions. (Often
combirjed with a change in core material thickness)

Modificatiomrof thechamferamgteimsome tore g terials
in sandwich construction.

Major ¢hanges in stacking sequences in sandwich Minor changes in stacking sequences in_massive
constryctions laminates

Shift tq a new production method (e.g. hand lay-up to Minor changes in the production process (e.g.
injectign) adjustments on curing cycle)

Besidgs adjustments and changes to the blade structure, it may be-the’ case that the design

loads

for a certain blade change after the full-scale test of the blade-has been completed. In

this case, renewed full-scale testing will only be needed if the design loads increase. When the
design loads change, a new evaluation of the test loads against the design loads shodild be

conduycted.
A.12| Reporting
A.12. General

The tgsts shall be documented in a report containing enough information to make the tesgs and

their esults comprehensible.

A.12.2 Test report content

The tgst report(s) should include the following items, depending on the type of test:

e table of contents;
e contractor for the tést;
e d

e Dblade identification;

tes and locations for the tests;

e blade deseription;

o testset<up and procedures;

e description of test foad;

o test equipment used (including make, model, serial numbers, etc.);

o reference to calibration records of measurement equipment;

e |ocations of sensors and measurement points;

e blade specific calibration details (tare loads, strains, etc.);

e estimated uncertainties;

e description of inspections, repairs and observations;

e summary of tests and test results;

e deviations from test plans, laboratory procedures or normative references;

o list of references (test plans, laboratory procedures, normative references).
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A.12.3 Evaluation of test in relation to design requirements
The evaluation of the test in relation to the design requirements should at least include:

e evaluation of test loads including test load distribution;
e evaluation test results with respect to the DLCs (IEC TS 62600-2);
e evaluation of blade stiffness.
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Annex B
(informative)

Example coordinate systems for MECs with
blades connected to a rotor shaft

B.1 General

This informative annex gives an example of a coordinate system for MECs with blades
connected to a rotor shaft that are supported by a tubular column to the seabed or riverbed, or

to a flpating device. All coordinate systems are right-handed Cartesian systems.

B.2 | Blade coordinate system

The bjade coordinate system is fixed to the blade. In general, its origin is the~centre of the|blade
flangg (see Figure B.1).

zp-ayis Parallel with the pitch (longitudinal blade) axis, pointing-towards the blade|tip.

yp-axis Parallel to the zero-pitch line at the blade «toot, supplied by the Rlade
manufacturer and pointing towards the trailing.edge. If this line is non-exidtent,
then the y,-axis is parallel to the chord line at’70 % of the blade span, poipting

towards the trailing edge.
xp-axis Defined such that the system x y, z.is<right-handed.

Current or wave
direction

Figure B.1 — Blade coordinate system

B.3 Hub coordinate system

To transform the blade coordinates into the hub coordinate system, the cone and the pitch
angles and the distance between blade flange and rotor centre have to be taken into account.
One blade should be chosen as the reference blade.
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The hub coordinate system rotates with the main rotor shaft. The origin is on the main shaft in

the plane perpendicular to the main shaft that contains the blade coordinate origin of the
reference blade (see Figure B.2).

x,-axis Parallel to the main shaft, positive in the current or wave direction.
zp-axis Parallel to the rotor disk plane through the reference blade origin.
yp-axis Defined such that the system xy, y, z, is right-handed.

= IEC

Figure B.2 — Hub coordinate system

B.4 | Nacelle coordinate system

When|transforming the hub coordinates“into the nacelle coordinate system, the rotor agzimuth

and ti|t angles and the relative position of the hub origin and nacelle origin have to be|taken
into agcount.

The njacelle coordinate system’ has its origin on the yaw axis at the closest point to thg main
shaft gentre axis (see Figure'B.3).

X -axis Parallel with the horizontal projection of the rotor axis.
yp-axis Horizontal, defined so that x,, y,, z, form a right-handed system.
z,-ayis Vertical, pointing up.

The npgelle coordinate system yaws with the nacelle.
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B.5

In order to transform the nacelle coordinates to the tubular:column coordinates, the n

yaw, t
to be

IEC

Figure B.3 — Nacelle coordinate system

Tubular column coordinate system

acelle

It, shaft off-set and distance between the nacelle origin and the tubular column bas¢ have

aken into account.

The tdbular column coordinate system has its ofigin at the centre of the tubular column base

(see R
Zt'aX

xt-aX

yt-aX

igure B.4).

S Co-axial with the tubular column axis.

s To be defined as convenient (i.e. according to the site and the shape of the
tubular column cross=séction).

S Defined by right-hand system of z; and x;.

i

&/ | -
G5y

N

&

e - -""

Figure B.4 — Tubular column coordinate system
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B.6 Yaw misalignment

The yaw misalignment is defined as the angle between the horizontal projections of the centre
line of the rotor shaft and of the current or wave direction. It is defined as the yaw position
minus current or wave direction.

In Figure B.5, the yaw misalignment is shown to be positive.

Current or wave direction Current or wave direction

Rotor pla

S -~
Top view . Top view IEC
a) Rotor directed towards the current or waves b) Rotor directed from the current or wavds
Figure B.5 — Yaw¢misalignment

B.7 | Cone angle and tilt angle

The cpne angle and tilt angle are shown in Figure B.6.

Cone angle | . Cone angle
! :.Ro.tor plane Rotor plane -L

3

\

| e ¥ Tilt angle
Tilt angle - AL Current or wave * il S
\r - — direction | o \}
N o gy __—-'_"f._-i = SR P A A
C_urre_ t arwave Shaft Shaft — | 1
directipn \ i

;r'
",J :: : | \\\(' Rotor directed

Rotor directed towards ! |
the current or waves - | | towards the current
| | orwaves

IEC !
IEC

Figure B.6 — Cone angle and tilt angle
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