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INTERNATIONAL ELECTROTECHNICAL COMMISSION

WIND ENERGY GENERATION SYSTEMS -

Part 1. Design requirements

019

FOREWORD

LY vy LY

| national electrotechnical committees (IEC National Committees). The object of IEC ismte’ pro
international co-operation on all questions concerning standardization in the electrical and electronic field
this end and in addition to other activities, IEC publishes International Standards, Technical“Specificat
chnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as
ublication(s)”). Their preparation is entrusted to technical committees; any IEC National_.Committee interg
the subject dealt with may participate in this preparatory work. International,, governmental and
governmental organizations liaising with the IEC also participate in this preparation. lEEC collaborates cl
ith the International Organization for Standardization (ISO) in accordance with )conditions determing]
reement between the two organizations.

he formal decisions or agreements of IEC on technical matters express, asmearly as possible, an internat
cpnsensus of opinion on the relevant subjects since each technical cemmittee has representation fro
interested IEC National Committees.

C Publications have the form of recommendations for internationahtse and are accepted by IEC Nat
ommittees in that sense. While all reasonable efforts are made(to ensure that the technical content of
ublications is accurate, IEC cannot be held responsible far,the way in which they are used or fo
isinterpretation by any end user.

order to promote international uniformity, IEC Nationak Committees undertake to apply IEC Publica
tlansparently to the maximum extent possible in their national and regional publications. Any diverg
between any IEC Publication and the corresponding national or regional publication shall be clearly indicat
the latter.

C itself does not provide any attestation of conformity. Independent certification bodies provide confo
sessment services and, in some areas, actess to IEC marks of conformity. IEC is not responsible fo
services carried out by independent certification bodies.

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

o liability shall attach to IEC or its directors, employees, servants or agents including individual expertg
embers of its technical committées and IEC National Committees for any personal injury, property dama
other damage of any natureswhatsoever, whether direct or indirect, or for costs (including legal fees)
ekpenses arising out of the“publication, use of, or reliance upon, this IEC Publication or any other
ublications.

ttention is drawn to(thesNormative references cited in this publication. Use of the referenced publicatio
ndispensable for th€ cofrect application of this publication.

Attention is drawt\to the possibility that some of the elements of this IEC Publication may be the subjg
pptent rights /IEC shall not be held responsible for identifying any or all such patent rights.

he International Electrotechnical Commission (IEC) is a worldwide organization for standardization-compifising
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This fourth edition cancels and replaces the third edition published in 2005
Amendment 1:2010. This edition constitutes a technical revision.

and

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

edition:

a) general update and clarification of references and requirements;

b) extension of wind turbine classes to allow for tropical cyclones and high turbulence;

c) Weibull distribution of turbulence standard deviation for normal turbulence model (NTM);
d) updated design load cases (DLCs), in particular DLC 2.1 and 2.2;

e) revision of partial safety factor specifications;

f)

major revision of Clauses 8, 10 and 11;
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g) introduction of cold climate requirements, Clause 14;

h) new Annex B on design load cases for site-specific or special class S wind turbine design
or site suitability assessment;

i) new Annex J on prediction of the extreme wind speed of tropical cyclones by using Monte
Carlo simulation method;

i) new Annex K on calibration of structural material safety factors and structural design
assisted by testing;

k) new Annex L on assessment and effects of icing climate;

) new Annex M on medium wind turbines.

The|text of this International Standard is based on the following documents:

FDIS Report on voting
88/696/FDIS 88/701/RVD

Fulllinformation on the voting for the approval of this International Standard can be found in
the feport on voting indicated in the above table.

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

A list of all parts of the IEC 61400 series, published under the general title Wind engrgy
gengration systems, can be found on the IEC website.

Futyre standards in this series will carry the new géeneral title as cited above. Titles of exigting
starjdards in this series will be updated at the time\of the next edition.

The|committee has decided that the contents’of this document will remain unchanged until the
staljility date indicated on the IEC website tinder "http://webstore.iec.ch" in the data related to
the ppecific document. At this date, thezdocument will be
e feconfirmed,

e Wwithdrawn,

o feplaced by a revised edition, or

. lamended.

A bilingual version(of this publication may be issued at a later date.

IMPORTANT — The 'colour inside' logo on the cover page of this publication indicates
that\J)it contains colours which are considered to be useful for the corrgct
understanding of its contents. Users should therefore print this document using a
colour printer.
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INTRODUCTION

This part of IEC 61400 outlines minimum design requirements for wind turbines and is not
intended for use as a complete design specification or instruction manual.

Any of the requirements of this document may be altered if it can be suitably demonstrated
that the safety of the system is not compromised. This provision, however, does not apply to
the classification and the associated definitions of external conditions in Clause 6.
Compliance with this document does not relieve any person, organization, or corporation from
the responsibility of observing other applicable regulations.

Thid document is not intended to give requirements for wind turbines installed offshorg
partjcular for the support structure. For offshore installations, reference is made’ to|the
IEC|61400-3 series.
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WIND ENERGY GENERATION SYSTEMS -

Part 1. Design requirements

age from all hazards during the planned lifetime.

document is concerned with all subsystems of wind turbines such as €ontrol
ection functions, internal electrical systems, mechanical systems and suppoft structurg

document applies to wind turbines of all sizes. For small wind turbines, IEC 61400-2
applied. IEC 61400-3-1 provides additional requirements toCoffshore wind tur
hllations.

document is intended to be used together with the appropriate IEC and ISO stand
tioned in Clause 2.

Normative references

can
bine

ards

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

ent constitutes requirements of this document. For dated references, only the ed
| applies. For undated references, theslatest edition of the referenced document (inclu
amendments) applies.

60034 (all parts), Rotating eleetrical machines

60038, IEC standard voltages

60071-1, Insulation‘eo-ordination — Part 1: Definitions, principles and rules
60071-2, Insulation co-ordination — Part 2: Application guidelines

60076 (@l‘parts), Power transformers

tion
ling

reqy

60204-1, Safety of machinery — Electrical equipment of machines — Part 1: Genleral

irements

IEC 60204-11:2000, Safety of machinery — Electrical equipment of machines — Part 11:
Requirements for HV equipment for voltages above 1 000 V AC or 1 500 V DC and not
exceeding 36 kV

IEC

IEC

60364 (all parts), Low voltage electrical installations

60529, Degrees of protection provided by enclosures (IP Code)

IEC 60664-1, Insulation coordination for equipment within low-voltage systems — Part 1:

Prin

ciples, requirements and tests
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IEC 60664-3, Insulation coordination for equipment within low-voltage systems — Part 3: Use
of coating, potting or moulding for protection against pollution

IEC 60721 (all parts), Classification of environmental conditions

IEC 61000-6-2, Electromagnetic compatibility (EMC) — Part 6-2: Generic standards -
Immunity standard for industrial environments

IEC 61400-3, Wind turbines — Part 3: Design requirements for offshore wind turbines

IEC|61400-4, Wind Turbines — Part 4: Design requirements for wind turbine gearboxes
IEC|61400-24, Wind turbines — Part 24: Lightning protection
IEC|61439 (all parts), Low-voltage switchgear and controlgear assemblies

IEC|61800-4, Adjustable speed electrical power drive systems — Part 4:General requirements
— Rpting specifications for AC power drive systems above 1 000 V“AC and not exceefling
35 KV

IEC|61800-5-1, Adjustable speed electrical power drive’,'systems — Part 5-1: Sdfety
reqyirements — Electrical, thermal and energy

IEC|62271 (all parts), High-voltage switchgear and coentrolgear

IEC|62305-3, Protection against lightning — Part:3: Physical damage to structures and| life
hazard

IEC|62305-4, Protection against lightning — Part 4: Electrical and electronic systems within
struftures

IEC|62477-1:2012, Safety requitements for power electronic converter systems Jand
equlpment — Part 1: General

ISO|76, Rolling bearings_—.Static load ratings
ISO|281, Rolling béarings — Dynamic load ratings and rating life
1ISO|2394, General principles on reliability for structures

ISO|2533,) Standard Atmosphere

ISO 4354, Wind actions on structures

ISO 6336-2, Calculation of load capacity of spur and helical gears — Part 2: Calculation of
surface durability (pitting)

ISO 6336-3:2006, Calculation of load capacity of spur and helical gears — Part 3: Calculation
of tooth bending strength

ISO 12494:2001, Atmospheric icing on structures

ISO 13850, Safety of machinery — Emergency stop function — Principles for design


http://www.iso.ch/iso/en/CatalogueDetailPage.CatalogueDetail?CSNUMBER=7472&ICS1=7&ICS2=60&ICS3=
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ISO/TS 16281, Rolling bearings — Methods for calculating the modified reference rating life for
universally loaded bearings

3 Terms and definitions
For the purposes of this document, the following terms and definitions 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
annual average
medn value of a set of measured data of sufficient size and duration to servg as an estimate
of the expected value of the quantity

Note|l to entry: The averaging time interval should be a whole number of years (e.g. 10) to averaggq out
non-$tationary effects such as seasonality.

3.2
annual average wind speed
Vi_iV( . Lo
wind speed averaged according to the definition of annyal average

3.3
autg-reclosing cycle
event with a time period, varying from approximately 0,01 s to a few seconds, during whi¢h a
bregker released after a grid fault is automatically reclosed and the line is reconnected to| the
network

3.4
blog¢king
<wind turbines> use of a mechanical pin or other device (other than the ordinary mechanical
brake) that cannot be released accidentally to prevent movement, for instance of the rotor
shaft or yaw mechanism

3.5
brake
<wind turbines>-device capable of reducing the rotor speed or stopping rotation

Note|l toeniry: The brake may operate on, for example, aerodynamic, mechanical or electrical principles.

3.6
characteristic value

value having a prescribed probability of not being attained (i.e. an exceedance probability of
less than or equal to a prescribed amount)

3.7

complex terrain

surrounding terrain that features significant variations in topography and terrain obstacles that
may cause flow distortion

3.8

control functions

<wind turbines> functions of the control system that, based on information about the condition
of the wind turbine and/or its environment, adjust the turbine in order to maintain it within its
operating limits


http://www.iso.org/obp
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3.9

control system

<wind turbines> system implementing the turbine control functions, including sensors, logic
elements, actuators, communication networks, and power supplies

Note 1 to entry: The intent of the control system is to control operation of the turbine by active and passive means
and keep the operating parameters within the limits assumed in the structural design. The control system is likely
to include control loops for normal operation as well as alarms and shutdown mechanisms to ensure that limits are
not exceeded.

3.10

cut-in wind qpppd
Vin
lowést 10 min average wind speed at hub height at which the wind turbine starts to~prodquce
powler in the case of steady wind without turbulence

3.11
cutqjout wind speed
VOU

highest 10 min average wind speed at hub height at which the wind\turbine is designef to
proquce power in the case of steady wind without turbulence

3.12
desjgn limits
maximum or minimum values used in a design

3.13
dormant failure
failyre of a component or system which remains undetected during normal operation

3.14
downwind
in the direction of the main wind vector

3.15
eledtrical power network
partjcular installations, sulistations, lines or cables for the transmission and distributiop of
elegtricity

Note|l to entry: The boundaries of the different parts of this network are defined by appropriate criteria, sugh as
geographical situation, ‘ewnership, voltage.

3.16
emgrgency.stop
<wind turbines> rapid shutdown of the wind turbine triggered by manual intervention

3.1
environmental conditions

characteristics of the environment (wind, altitude, temperature, humidity, etc.) which may
affect the wind turbine behaviour

3.18

external conditions

<wind turbines> factors affecting operation of a wind turbine, including the environmental
conditions (temperature, snow, ice, etc.) and the electrical network conditions

3.19

extreme wind speed

value of the highest wind speed, averaged over t in seconds, with an annual probability of
exceedance of 1/N ("return period": N years)
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1 to entry: In this document, return periods of N = 50 years and N = 1 year and averaging time intervals of
t=3 s and t = 10 min are used. In popular language, the less precise term, survival wind speed, is often used. In
this document, however, the turbine is designed using extreme wind speeds for design load cases.

3.20
fail-safe
design property of an item which prevents its failures from resulting in critical faults

3.21

gus

t

temporary change in the wind speed

Note

3.27
hor

wind turbine whose rotor axis is substantially horizontal

3.23
hub

<wind turbines> fixture for attaching the blades or blade assembly tojthe rotor shaft

3.24
hub

Zhup

<wind turbines> height of the centre of the swept area,(3757) of the wind turbine rotor ah

the

3.25
idli
<w

3.26

ineftial sub-range

freq
und

Note

3.217
limi
stat
sati

Note
prob
ISO

1 to entry: A gust may be characterized by its rise time, its magnitude and its duration.

zontal axis wind turbine

height

errain surface

g
d turbines> condition of a wind turbine that is rotating slowly and not producing power,

uency interval of the turbulence spectrum, where eddies — after attaining isotrof

sfies the-design requirement

1 tolentry: The purpose of design calculations (i.e. the design requirement for the limit state) is to kee
hbility, of a limit state being reached below a certain value prescribed for the type of structure in question

ove

y_

brgo successive break-up. with negligible energy dissipation

1to entry: At a typical,10 m/s wind speed, the inertial sub-range is roughly from 0,2 Hz to 1 kHz.

[ state

b of a structure and the loads acting upon it, beyond which the structure no lopger

b the
(see

P304)

3.28
mean wind speed
statistical mean of the instantaneous value of the wind speed averaged over a given time

peri

od which can vary from a few seconds to many years

3.29

medium wind turbine
wind turbine with a rotor swept area or, in the case of a ducted or shrouded turbine, the larger
of the dzuct or shroud entry and exit areas greater than 200 m2 and less than or equal to
1000 m
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3.30
nacelle
housing which contains the drive-train and other elements on top of a horizontal axis wind

turb

ine tower

3.31

network connection point
<wind turbines> cable terminals of a single wind turbine or, for a wind power station, the
connection point to the electrical bus of the site power collection system

3.33

nety
loss]
turb|

3.33
nor

vork loss
of electrical network (grid) for a period exceeding any ride through provision ‘in
ne control system

mal shutdown

<wind turbines> shutdown in which all stages are under the control of the control system

3.34
ope
set

turb

3.35
par

turb
turb

3.36
perf
PL

disc
safg

3.37
pow

rating limits
of conditions defined by the wind turbine designer that. governs the activation of
ne control functions

ed wind turbine
ne being either in a standstill or an idling candition, depending on the design of the
ne

ormance level

ty function under foreseeahle conditions

er collection system

<wind turbines> electric:system that collects the power from one or more wind turbines

Note
conn|

3.38
pow

1 to entry: Itincludes all electrical equipment connected between the wind turbine terminals and the net
pction point,

er,dutput

pow

the

the

vind

rete level used to specify the ability of safety-related parts of control systems to perfoqm a

work

et delivered by a device in a specific form and for a specific purpose

Note

1to entry: For a wind turbine, it is the electric power it delivers.

3.39

primary layer protection function
protection function (3.40) in a protection system with two or more independent layers which
may be implemented as a part of the wind turbine control system and is separate from a
secondary layer protection function (3.52) with a similar purpose

3.40
protection functions
<wind turbine> functions of the control system which ensure that a wind turbine remains

with

in the design limits
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3.41

rate

d power

guantity of power assigned, generally by a manufacturer, for a specified operating condition of
a component, device or equipment

Note

1 to entry: For a wind turbine, it is the maximum continuous electrical power output which a wind turbi

designed to achieve under normal operating and external conditions.

3.42

rate
VI’

d wind speed

ne is

min
cast

3.43
Ray]
Pr

prol

Note

3.44

refdrence wind speed

Vref
bas

Note
basid

Note
withg
heig

3.45
resi

™
fact

stre

3.44
rotd

wing velocity expefienced at a fixed point of the rotating wind turbine rotor

Note
norm
resul
of th

O WiTTd Speed—at Tubheightat witcia witd tuToime s Tated power 1S acieved i
p of steady wind without turbulence

leigh distribution

ability distribution function

1to entry: See 3.68.

c parameter for wind speed used for defining wind turbine classes

1 to entry: Other design related climatic parameters are‘derived from the reference wind speed and
wind turbine class parameters (see Clause 6).

2 to entry: A turbine designed for a wind turbinélclass with a reference wind speed V,; is designé
tand climates for which the extreme 10 min average,wind speed with a return period of 50 years at turbing
tis lower than or equal to V.

stance partial safety factor

br which takes account of ‘possible unfavourable deviations/uncertainties of the mat
ngth parameters and of the-fesistance model including bias in the resistance model

tionally sampled wind velocity

1 to entry: \{The turbulence spectrum of a rotationally sampled wind velocity is distinctly different fron
al turbulence spectrum. While rotating, the blade cuts through a wind flow that varies in space. Thereforg
ting turiulence spectrum will contain sizeable amounts of variance at the frequency of rotation and harm
P same,

the

bther

d to
hub

erial

the
, the
bnics

3.47

rotor speed
<wind turbines> rotational speed of a wind turbine rotor about its axis

3.48
roughness length

Zy

extrapolated height at which the mean wind speed becomes zero if the vertical wind profile is
assumed to have a logarithmic variation with height

3.49

safe-life
design property for a critical system which is either very difficult to repair or may cause severe
damage to life and property


https://iecnorm.com/api/?name=7fea437c3f4128f6095ab776a78d2a46

- 20 - IEC 61400-1:2019 © IEC 2019

Note 1 to entry: Such systems are designed to work for the full system lifetime without requirement of any repairs
or inspections.

3.50

safety integrity level

SIL

discrete level (one out of a possible four), corresponding to a range of safety integrity values
for the control functions, where 4 and 1 belong to the highest and lowest levels, respectively

Note 1 to entry: Target failure measures for the four safety integrity levels are defined in Tables 2 and 3 of
IEC 61508-1:2010. These levels can be used for specifying safety integrity requirements of safety functions
allocated to the systems. A SIL is not a property of a system, subsystem, element or component. As defined in
IEC $1508-1, the phrase "SIL n safety-related system" (where nis 1, 2, 3, or 4) means that the system is potentially
capaple of supporting safety functions with a safety integrity level up to n.

3.51
scheduled maintenance
preyentive maintenance carried out in accordance with an established schedule

3.52
secpndary layer protection function
ded|cated protection function which operates using a layer of monitefing and logic separate
fron) a primary layer protection function (3.39) with a similar purpose

3.53
site|data
environmental, seismic, soil and electrical network datafor the wind turbine site

Note|l to entry: Wind data shall be the statistics of 10 min_.samples unless otherwise stated.

3.54
standstill
congition of a wind turbine that is stopped

3.55
support structure
<wind turbines> part of a windturbine comprising the tower and foundation

3.56
suryival wind speed
maximum wind speed._that a construction is designed to withstand

Note|l to entry: AFhis is a popular expression that is not used in this document. Design conditions instead refer to
extrgme wind speed (3.19).

3.57
sweptlarea

rojected—atrea—perpendicHar—to-the wind direction—that—a—rotor will-describe—duringlone
p J Lad ~ J

complete rotation

3.58

turbulence intensity

|

ratio of the wind speed standard deviation to the mean wind speed, determined from the same
set of measured data samples of wind speed, and taken over a specified period of time

3.59

turbulence scale parameter

Ay

wavelength where the non-dimensional, longitudinal power spectral density is equal to 0,05
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1to entry: The wavelength is thus defined as 4, =V, /f,, where fosl(fo)/a-l2 =0,05.

3.60
turbulence standard deviation

S1

standard deviation of the longitudinal component of the turbulent wind velocity at hub height

3.61
ultimate limit state
limit states which generally correspond to maximum load carrying capacity

3.672
uns
mai
rece

3.63
upw
in th

3.64
ver
win

3.65
Wei

Pw
prol

Note

3.66
win
win
grod

3.67
win
win
mat

Note
(Equ

cheduled maintenance
ntenance carried out, not in accordance with an established time schedul€,] but 3
ipt of an indication regarding the state of an item

ind
e direction opposite to the main wind vector

ical axis wind turbine
turbine whose rotor axis is vertical

bull distribution

ability distribution function

1to entry: See 3.68.

 power station
d farm
p or groups of wind turbines

H profile
l shear law
nematical expression for assumed wind speed variation with height above ground

1 to entpys{Commonly used profiles are the logarithmic profile (Equation (1)) or the power law p
ption (2)).

nfter

ofile

V(z)=V(z). In(Z/ZO)

T (g /)

V@) (2]

r

(1)

(2)
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V(z) is the wind speed at height z;

z is the height above ground;

z is a reference height above ground used for fitting the profile;
is the roughness length;

a is the wind shear (or power law) exponent.

3.68

wind speed distribution
probability distribution function, used to describe the distribution of wind speeds over an
extgnded period of time

Note|1 to entry: Often used distribution functions are the Rayleigh, Po(V,), and the Weibull, P, (V,), funetions

Vo) =1-exp| (Vo 1 2V,,,)

P, (V,)=1- exp[—(vo /C)k} ©

_ Cr@a+ i)
with V gye = k (4)
Cr 12ifk=2
where
PV, is the cumulative probability function, i.e. the probability that V < V;
Vo is the wind speed (limit);
Vave is the average value of V;
C is the scale parameter of the Weibull functién;
k is the shape parameter of the Weibull function;
r is the gamma function.

Both|C and k can be evaluated from real data. The Rayleigh function is identical to the Weibull function if k § 2 is
chosgn and C and V,  satisfy the condition stated in Equation (4) for k = 2.

The |distribution functions express the cumulative probability that the wind speed is lower than V.. [Thus
(P(V]) — P(V,)), if evaluated between the specified limits V, and V,, will indicate the fraction of time that the |wind
speef is within these limitsi-Differentiating the distribution functions yields the corresponding probability density
functions.

3.64
winfl shear
varigtion of wihd speed across a plane perpendicular to the wind direction

3.7(
wintd—speed

Y,

speed of motion of a minute amount of air surrounding a specified point in space

Note 1 to entry: It is also the magnitude of the local wind velocity (vector) (see 3.73).

3.71
wind turbine generator system
<wind turbine> system which converts kinetic energy in the wind into electrical energy

3.72
wind turbine site
location of an individual wind turbine either alone or within a wind farm
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3.73

wind velocity
vector pointing in the direction of motion of a minute amount of air surrounding the point of
consideration, the magnitude of the vector being equal to the speed of motion of this air

upar

cel" (i.e. the local wind speed)

Note 1 to entry: The vector at any point is thus the time derivative of the position vector of the air "parcel" moving

through the point.

3.74

wind turbine electrical system

elegtricat—equipmmeTtITmterTat to—the—witd—turbine, up to_and—mctoding—the—witd—turpine

ternpinals, including equipment for earthing, bonding and communications

Note|l to entry: Conductors local to the wind turbine, which are intended to provide an earth termigation nefwork

spec|fically for the wind turbine, are included.

3.785

winfl turbine terminals

poirft or points identified by the wind turbine supplier at which the wind turbine mayj be

conpected to the power collection system

Note|l to entry: This includes connection for the purposes of transferring epnergy and communications.

3.76

yawling

rotakion of the rotor axis about a vertical axis

Note|l to entry: For horizontal axis wind turbines only.

3.77

yaw misalignment

horigontal deviation of the wind turbine retor axis from the wind direction

4 [Symbols and abbreviated<terms

4.1| Symbols and units
C scale patameter of the Weibull distribution function [m/s]
Cclr turbulence structure correction parameter
Cr thrust coefficient [-]
Coh coherence function [-]
D rotor diameter m]
D standard deviation of terrain variation Az in ith 30° sector m]
Drv 360 standard deviation of terrain variation Az of the 360° circle area [m]
f frequency [s1]
fy design value for material strength [-]
fy characteristic value for material strength [-]
Fq design value for loads [-]
Fy characteristic value for loads [-]
| reference value of the turbulence intensity corresponding to the []
ref 70 % quantile at 15 m/s
It effective turbulence intensity [-]
k shape parameter of the Weibull distribution function [-]
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Ky empirical adjustment factor for TSI1360, k; = 5/3 [-]
Ko empirical adjustment factor for TVI360, k, = 3 [-]
K modified Bessel function [-]
L isotropic turbulence integral scale parameter [m]
Le coherence scale parameter [m]
Ly velocity component integral scale parameter [m]
m Wohler curve exponent [-]
n; countedmumber-of-fatigue—cyctesimtoadHir [-]
N number of cycles to failure.as a function of_th.e stress (or strain) []
indicated by the argument (i.e. the characteristic S-N curve)
N return period for extreme situations [years]
p air pressure [N/m?2]
P(Yo) probability distribution, i.e. the probability that V < V [-]
Pr[Vo) Rayleigh probability distribution, i.e. the probability thatyV < Vv [-1
Ps survival probability [-1
Pwl(Vo) Weibull probability distribution [-1
r magnitude of separation vector projection m]
R radius of circle segment m]
Ro gas constant [3/(kg-K)]
S load function [-1
S the stress (or strain) level asSociated with the counted number of [-]
cycles in bin i
S1(P) power spectral densitycfunction for the longitudinal wind velocity [m%/s]
component
SE hnin minimum value of safety factor for tooth breakage [-]
Sylmin minimum valuge-of safety factor for pitting [-1
Sy one-sided: power spectral density function for wind velocity [m4/s]

component k:
k =(1.~"longitudinal component
k=72 lateral component

k =3 vertical component

T gust characteristic time [s]
t time [s]
\Y wind speed [m/s]
V(z) wind speed at height z [m/s]
Vave annual average wind speed at hub height [m/s]
Veg extreme coherent gust magnitude over the whole rotor swept area [m/s]
Ven expected extreme wind speed (averaged over three seconds), [m/s]

with a recurrence time interval of N years. Vg, and Vggq for 1 year
and 50 years, respectively

Vgust largest gust magnitude with an expected return period of 50 years [m/s]
Vhub wind speed at hub height [m/s]
Vin cut-in wind speed [m/s]
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Vo limit wind speed in wind speed distribution model [m/s]
Vg extreme wind speed (averaged over 10 minutes) with a [m/s]
recurrence interval of 50 years
V100 extreme wind speed (averaged over 10 minutes) with a [m/s]
recurrence interval of 100 years
Vout cut-out wind speed [m/s]
Vv, rated wind speed [m/s]
A reference wind speed [m/s]
Vidi T reference wind speed for tropical-like conditions [m/s]
V(y,z,t) longitudinal wind velocity component to describe transient [m/s]
horizontal wind shear
V(3,t) longitudinal wind velocity component to describe transient [m/s]
variation for extreme gust and shear conditions
X, ¥,z co-ordinate system used for the wind field description; along-wind m]
(longitudinal), across wind (lateral) and height respectively
VAN life factor for contact stress for reference test conditions [-]
Zhub hub height of the wind turbine m]
z, reference height above ground m]
g roughness length for the logarithmic wind profile m]
a wind shear power law exponent [-1
parameter for extreme direction change model [-1
coefficient of variation [-1
gamma function [-1
% partial safety factor fordoads [-1
™ partial safety factorfor resistances [-1
n partial safety factor for consequences of failure [-]
ot wind direction ‘change transient [deg]
Ocq angle oftimaximum deviation from the direction of the average [deg]
A wind(speed under gust conditions
e extreme direction change with a return period of N years [deg]
o; slope of fitted plane for ith 30° sector [deg]
O3do slope of the fitted 360° plane [deg]
01 \|eariin minimum ambient temperature to be expected in hourly average (K]
Omin,operation Minimum allowable ambient temperature for wind turbine [K]
operation
Aq turbulence scale parameter defined as the wavelength where the [m]
non-dimensional, longitudinal power spectral density, fS;(f)/c;2, is
equal to 0,05
p air density [kg/m°]
o estimated wind speed standard deviation [m/s]
Oc representative ambient turbulence standard deviation [m/s]
O“—eﬁ effective estimated wind speed standard deviation [m/s]
Owake wind speed standard deviation in the wake [m/s]
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maximum centre-wake wind speed standard deviation [m/s]
standard deviation of estimated wind speed standard deviation ¢ [m/s]
extreme ambient turbulence standard deviation [m/s]
hub-height longitudinal wind velocity standard deviation [m/s]
hub-height lateral wind velocity standard deviation [m/s]
hub-height upward wind velocity standard deviation [m/s]

ctandardi—

[]

Var[ ]

Jtor oot ote

expected value of parameter inside brackets

variance of parameter inside brackets

4.2| Abbreviated terms

AC
DC
CcC
Cco
DLQ
DWM
ECL
ED(C
EOG
ETM
EWM
EWSH

FMEA
HV
IAC

LTG
LVHRT

abnormal (for partial safety factors)
alternating current

direct current

cold climate

coefficient of variation

design load case

dynamic wake meandering
extreme coherent gust with direction‘change
extreme wind direction change
extreme operating gust

extreme turbulence model

extreme wind speed model
extreme wind shear.

fatigue

failure modesand effect analysis
high voltage

internalarc classification

icing climate

low temperature climate

low voltage ride through

[]
[]

NWP
NTM

TSI
TVI

ULS

normal and extreme (for partial safety factors)
normal wind profile model

normal turbulence model

special IEC wind turbine class

transport and erection (for partial safety factors)

terrain slope index
terrain variation index
ultimate

ultimate limit state
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Principal elements

General

engineering and technical requirements to ensure the safety of the structural,
mechanical, electrical and control systems of the wind turbine are given in the following
clauses. This specification of requirements applies to the design, manufacture, installation
and manuals for operation and maintenance of a wind turbine and the associated quality
management process. In addition, safety procedures, which have been established in the
various practices that are used in the installation, operation and maintenance of wind turbine,

aken into account

Design methods

Thi§ document requires the use of an aeroelastic dynamics model to predict design lo

Suc
turb
defi
sha
this

h a model shall be used to determine the loads over a range of wind speeéds, using
ulence conditions and other wind conditions defined in Clause 6 and-design situat
ned in Clause 7. All relevant combinations of external conditions and design situat
| be analysed. A minimum set of such combinations has been defined as load case
document.

Data from full scale testing of a wind turbine shall be used to increase confidence in predi

des
in7

Verification of the adequacy of the design shall be «made by calculation and/or by testinp.

test

gn values and to verify structural dynamics models and design situations as spec
2.

results are used in this verification, the external conditions during the test shall be sh

to reflect the characteristic values and design.situations defined in this document.
seldction of test conditions, including the test leads, shall take account of the relevant sg

fact

5.3

Aw

DI'S.

Safety classes

nd turbine shall be designed ateording to one of the following two safety classes:

e a normal safety class which applies when a failure results in risk of personal injur

pther social or economic_¢onsequence;

e @ special safety class that applies when the safety requirements are determined by |

egulations and/ar the safety requirements are agreed between the manufacturer and
customer.

Partfial safetyfactors, for normal safety class wind turbines, are specified in 7.6.

Partial, safety factors for special safety class wind turbines shall be agreed between
marjufacturer and the customer. A wind turbine designed according to a special safety c

sha

5.4

nds.
the
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ons
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bcal
the

the
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Quality assurance

Quality assurance shall be an integral part of the design, procurement, manufact
installation, operation and maintenance of the wind turbines and all their components.

Itis

5.5

recommended that the quality system comply with the requirements of ISO 9001.

Wind turbine markings

ure,

The following information, as a minimum, shall be prominently and legibly displayed on the
indelibly marked turbine nameplate:
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wind turbine manufacturer and country;

model and serial number;

production year;

rated power;

reference wind speed, V gy,

hub height operating wind speed range, V;, — Vi

operating ambient temperature range;
° ECwindtrbine class{seeTable 13—
e rated voltage at the wind turbine terminals;

e {requency at the wind turbine terminals or frequency range in the case that the- noninal
ariation is greater than 2 %.

6 |External conditions

6.1 General

The| external conditions described in Clause 6 shall be considéred in the design of a wind
turbjne.

Wind turbines are subjected to environmental and electrical conditions that may affect tfheir
loading, durability and operation. To ensure the appropriate level of safety and reliabjlity,
environmental, electrical and soil parameters shallshe taken into account in the design |and
shall be explicitly stated in the design documentation.

The|environmental conditions are further divided into wind conditions and other environmgntal
congdlitions. The electrical conditions refer;to the electrical power network conditions. [Soil
properties are relevant to the design of wind turbine foundations.

The| external conditions are subdiyvided into normal and extreme categories. The nofmal
extgrnal conditions generally.concern recurrent structural loading conditions, while |the
extreme external conditions tepresent rare external design conditions. The design load cgses
shall consist of potentially critical combinations of these external conditions with wind turpine
opefational modes and other design situations.

Wingd conditions are"the primary external conditions affecting structural integrity. Other
environmental conditions also affect design features such as control system function,
durability, corfosion.

The|normal and extreme conditions, which are to be considered for design according to wind
turbjnéeclasses, are prescribed in 6.2 to 6.4.

6.2 Wind turbine classes

The external conditions to be considered for design are dependent on the intended site or site
type for a wind turbine installation. Wind turbine classes are defined in terms of wind speed,
wind turbine class I, Il and Ill, and turbulence parameters, turbulence category A+, A, B, and
C. The intention of the classes is to cover most applications. The values of wind speed and
turbulence parameters are intended to represent many different sites and do not give a
precise representation of any specific site, see 11.3. The wind turbine classification offers a
range of robustness clearly defined in terms of the wind speed and turbulence parameters. In
order to allow the use of wind turbine classes for areas, which may experience very high
extreme winds in an otherwise moderate wind climate, a T class reference wind speed is
included. Such conditions may be found in areas subject to tropical cyclones. This reference
wind speed may be used with the average wind speed in class | to Ill and turbulence
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categories A+ to Cl. Table 1 specifies the basic parameters, which define the wind turbine
classes.

Clags T assumes all wind model paramgters to be the same and allows the combinatio

Vref.
A si

Vref

An
in

parameters to what is given in Clause 6.

A fU
con

cusfomer. The design values for the wind turbine class S shall be chosen by the designer

spe
des
of th

Table 1 — Basic parameters for wind turbine classes

Wind turbine class | I I S
Ve (m/s) 10 8,5 7,5
(m/s) 50 42,5 37,5
\
" | Tropical (m/s) Vg 57 57 57 Values
AT Trer ) 0,18 Speciiied by
the designer
A let () 0,16
B les () 0,14
C Lot () 0,12

The parameter values apply at hub height and

V,e Istheannual average wind speed;

Vet is the reference wind speed average over 10 min;

Vref,T is the reference wind speed average over 10 min applicable for areas
subject to tropical cyclones;

A+ designates the category for very high turbulence characteristics;

A designates the category for higher turbulence characteristics;

B designates the category for medium turbul€nce characteristics;

C designates the category for lower turbufenee characteristics; and

is a reference value of the turbulence.intensity (see 6.3.2.3).

T+ with all turbulence categories. It @oes not cover all the areas prone to tropical cyclo
fe assessment based on Clause~11 is needed, as a minimum assessing that Vg is bg
of class T (Vief 1)-

bptional wind turbine class'CC, which may be used for areas with cold climate, is def
Clause 14. The optional wind turbine class specifies additional requirements

rther wind turbinie class, class S, is defined for use when special wind or other exte
jitions or-avspecial safety class, see 5.3, are required by the designer and/or

Cified 4nAsthe design documentation. For such special designs, the values chosen for
gn.conditions shall reflect an environment at least as severe as is anticipated for the
e.wind turbine.

n of
hes.
tlow

ned
and

rnal
the
and
the
use

Wind turbines to be designed for site-specific or very extreme conditions may require wind

turb

ine class S design.

In addition to the basic parameters showed in Table 1, several other important parameters are
required to completely specify the external conditions to be used in wind turbine design. In the
case of the wind turbine classes |5, through lll., later referred to as the standard wind turbine

clas

The

ses, the values of these additional parameters are specified in 6.3, 6.4 and 6.5.

design lifetime for wind turbine classes I to Il shall be at least 20 years.

1 Aturbine class using for example the annual average wind speed of class Il and turbulence category B together
with the T class reference wind speed is designated class IIB,T.
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For the wind turbine class S the manufacturer shall, in the design documentation, describe the
models used and values of design parameters. Where the models in Clause 6 are adopted,
statement of the values of the parameters will be sufficient. The design documentation of wind
turbine class S shall contain the information listed in Annex A. Guidance on turbine class S
design load cases is given in Annex B.

The abbreviations added in parentheses in the subclause headings in 6.3.2.2 to 6.3.3.7 are
used for describing the wind conditions for the design load cases defined in 7.4.

6.3 Wind conditions

6.3.1L General

A wind turbine shall be designed to safely withstand the wind conditions defined” by|the
selgcted wind turbine class.

The| design values of the wind conditions shall be clearly specified~in the degign
documentation.

The|wind regime for load and safety considerations is divided into thechormal wind conditipns,
whig¢h will occur frequently during normal operation of a wind turbine, and the extreme wind
condlitions that are defined as having a 1-year or 50-year return period.

The| wind conditions include a constant mean flow combined, in many cases, with either a
varying deterministic gust profile or with turbulence. In all cases, the influence off an
inclination of the mean flow with respect to a horizontal plane of 8° shall be considered. This
flow] inclination angle shall be assumed to be invariant with height.

The| expression "turbulence" denotes randem variations in the wind velocity from 10[min
averages. The turbulence model, when used; shall include the effects of varying wind sp¢ed,
shegars and direction and allow rotationalh sampling through varying shears. The three vector
components of the turbulent wind velocity are defined as

¢ longitudinal — along the directian of the mean wind velocity,

e lateral — horizontal and notmal to the longitudinal direction, and
¢ tpward — normal to both“the longitudinal and lateral directions, i.e. tilted from the verical
by the mean flow inclination angle.

For |the standard (wind turbine classes, the random wind velocity field for the turbulgnce
models shall satisfy the Kaimal model together with the coherence model described in
Annex C. This_model satisfies the following requirements.

a) [The turbulence standard deviation, oy, with values given in the following subclauses, ghall
be/ assumed to be invariant with height. The components normal to the mean wWind
direction shall have the following minimum standard deviations?2:

— lateral component: o, 2 0,70y;
— upward component: o3 2 0,50y;

b) The longitudinal turbulence scale parameter, A, at hub height z shall be given by

0,7z z<60m
g = (5)
42m z >60m

2 The actual values can depend on the choice of turbulence model and the requirements in b).
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The power spectral densities of the three orthogonal components, S;(f), S,(f), and S;(f)
shall asymptotically approach the following forms as the frequency in the inertial sub-
range increases:

$,(f)=0,0507 (A, /Vy,) * 17 (6)
So(f)=S3(f) =45 Su(f) (7)
C) precogrized—medeltor—the—eohererce—dehredas—the—magnttunde—otthe—ece-speetrum
livided by the auto-spectrum for the longitudinal velocity components at spatjally
beparated points in a plane normal to the longitudinal direction, shall be used.
As an alternative, the corresponding Mann model may be applied as described in‘Arinex C
Other turbulence models may be applied; however, for the standard wind turbine classes (I to
1), [the turbulence model shall satisfy the requirements a) to ¢) and also result in fatjgue
loads that are higher or equal to the fatigue loads generated using the-models in Annex C.|For
Clags S, a validated turbulence model may be applied.
6.3.p Normal wind conditions
6.3.p.1 Wind speed distribution
The|wind speed distribution is significant for wind turbine design because it determines|the
freguency of occurrence of individual load conditions for the normal design situations. [The
megn value of the wind speed for an averaging period of 10 min shall be assumed to follqw a
Rayjeigh distribution at hub height given by
2
e Vo) 2 35 €0 ~7 (Vo / 2V, ) | (8)
whelre, in the standard wind turbine classes, V,,, shall be chosen from Table 1.
6.3.p.2 Normal wind profile model (NWP)
The|wind profile, V(z)..denotes the average wind speed as a function of height, z, above| the
ground. In the casge-of’'the standard wind turbine classes, the normal wind speed profile ghall
be given by the power law:
V (2) =Vaub (2/2up ) 9)

The

1 ‘- 1 [T} [P Py
PUWET Tavww CTAPUTITTIL, &, STidll U€ aAsSSUITITU (U UT U, £.

The assumed wind profile is used to define the average vertical wind shear across the rotor

swe

6.3.

pt area.

2.3 Normal turbulence model (NTM)

For the normal turbulence model, the representative value of the turbulence standard
deviation, ¢, shall be given by the 90 % quantile for the given hub height wind speed. This
value for the standard wind turbine classes shall be given by

01 = lef (0,75Vpyp +b); b=56m/s

(10)
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Values for the turbulence standard deviation o; and the turbulence intensity o/Vj,,, are

shown in Figure 1.

6
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-
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Figure la — Turbulence standard deviation
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Figure 1b — Turbulence intensity

Figure 1 — Turbulence standard deviation and turbulence intensity
for the normal turbulence model (NTM)

30

IEC

Valtes-fot :ref are y;vcn —Fabte—t-

As an alternative to Equation (10), a Weibull distribution shall be assumed for ¢, with Weibull

scale and shape parameters:

k
Ry (01 <og)=1-exp —[%}

where

k =0,27 Vpyp (S/m)+14

(11)
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C =l (0,75Vjyp +3,3 M/ s) (12)

6.3.3 Extreme wind conditions
6.3.3.1 General

The extreme wind conditions include wind shear events, as well as peak wind speeds due to
storms and rapid changes in wind speed and direction.

6.3.3.2 Extreme wind speed model (EWM)

The|EWM shall be either a steady or a turbulent wind model. The wind models shall be‘bgsed
on the reference wind speed, V,4, and a fixed turbulence standard deviation, ;. Ifithe Wwind
turbjne type is designed for a T class reference wind speed, Vo shall be replaced:by V |t in
the pxtreme wind speed model while keeping other parameters.

For [the steady extreme wind model, the extreme wind speed, V5, with a réturn period of 50
yeals, and the extreme wind speed, V., with a return period of 1 year, shall be computed as
a fupction of height, z, using the following equations:

011
Ves0(2) =14Vies (%hubj 13)
and
Ve1(2) = 0i8V,g50(2) 14)

In the steady extreme wind model, allowance for short-term deviations from the mean wind
direftion shall be made by assuming constant yaw misalignment in the range of £15°.

For [the turbulent extreme wind_speed model, the 10 min average wind speeds as functions of
z with return periods of 50 yearstand 1 year, respectively, shall be given by

V50(2) = Vyer (% )0'11 15)

Zhub

Vy(z) =0,8V54(2) 16)

The|longitudinal turbulence standard deviation3 shall be

o1 = 0,11Vhyp (17)

6.3.3.3 Extreme operating gust (EOG)

The hub height gust magnitude V
the following relationship:

gust* shall be given for the standard wind turbine classes by

3 The turbulence standard deviation for the turbulent extreme wind model is not related to the normal (NTM) or
the extreme turbulence model (ETM). The steady extreme wind model is related to the turbulent extreme wind
model by a peak factor of approximately 3,5.

4 The gust magnitude is calibrated, together with the probability of an operation event such as starts and stops,
to give a return period of 50 years.
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. 0.

V, ., =Min{ 1L35(V_,-V .); 3,3 —>— 18
gust { 1' (Vel hub) [1_”_ 071(/%) j} ( )
where
o1 is given in Equation (10);

A1 is the turbulence scale parameter, according to Equation (5);
D is the rotor diameter.

h H ] ] L Ml A () = et FZ WA
T erwma SNTtTU Sllfall T ucTinicu Uy yuativuir (1LJ).

sin(37t/T)(1-cos(27t/T)) forO<t<T
V(2) otherwise

gust

V(z,t) = 19)

{V(z)—0,37v

whefre

V(z)| is defined in Equation (9);
=[0,5s.

An example of the extreme operating gust (V,,, =25 m/s, Class |5, D = 42 m) is shown in
Figyre 2.

36
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EOG wind speed in hub height
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™~
L1

Timet (s) IEC

Figure 2 — Example of extreme operating gust

6.3.3.4 Extreme turbulence model (ETM)

The| €xtreme turbulence model shall use the normal wind profile model in 6.3.2.2 |and

t b 1 M | HTEP H 1 + + <l gl HP H kL
Ur LA~ BAYA~ IR A AR D] IUIIHILUUIIIGI LaUIII'JUIICIII. SLdAriuarug ucT viaturl yIVCII lJy

o,=¢C Iref(0,072(\ﬁ+3j(\4‘—“b—4j+10j; c=2 m/s. (20)
c c

6.3.3.5 Extreme direction change (EDC)

The extreme direction change magnitude, 6,, shall be calculated using the following
relationship:
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6, =t4 arctan % (21)

where

is given by Equation (10) for the NTM;

is limited to the interval +£180Q°:

The|extreme direction change transient, 4(t), shall be given by

is the turbulence scale parameter, according to Equation (5);

is the rotor diameter.

0 for t<O
O(t) =++0,50,(1-cos(zt/T))for 0<t<T
0, for t>T

e

22)

where T = 6 s is the duration of the extreme direction change. The sign shall be chosenp so

that
diref
profjl

ASs @

D =142 m, z;,,p, = 30 m is shown in Figure 3-for varying V,,,.- The corresponding transien

the worst transient loading occurs. At the end of(the direction change transient,

the

tion is assumed to remain unchanged. The wind speed shall follow the normal wind

e model in 6.3.2.2.

n example, the magnitude of the extremé.direction change with turbulence category A,

for

Viud = 25 m/s is shown in Figure 4.
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Figure 3 — Example of extreme direction Figure 4 — Example of extreme direction
change magnitude change transient
6.3.3.6 Extreme coherent gust with direction change (ECD)
The extreme coherent gust with direction change shall have a magnitude of
Veg =15 m/s (23)
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The wind speed shall be defined by

V(z) for t<0
V(z,t)=4V(2)+0,5V,, (1-cos(#t/T)) for 0<t<T (24)
V(2) +V for t>T

where T =10 s is the rise time and the wind speed V(z) is given by the normal wind profile
model in 6.3.2.2. The rise in wind speed during the extreme coherent gust is illustrated in
Figuyre 5 for V.. =25 m/s

50
@
E w0
= ]
&30
=
3 I R
2 20
2]
2
£ 1
= 0

0

-2 0 2 4 6 8 10 12 14
Timet (s) IEC

Figure 5 — Example of extreme cofierent gust amplitude for ECD

The|rise in wind speed shall be assumed t0.0ccur simultaneously with the direction change 6

from 0° up to and including Ocgr where the'magnitude eq is defined by

180° forV,, <4m/s

Ora (o) = 720" (m/s) (m/s) for4m/s<V,, <V, 25)
thb ul re

The|simultaneous direction change is then given by

0 for t<O0
O(t) =1+0,50,, (1-cos(zt/T)) for 0<t<T 26)
10, for t>T

where T = 10 s is the rise time.

The direction change magnitude, 6, g’ and the direction change ¢(t) are shown in Figures 6
and 7, as a function of V,, and as a function of time for V,,, = 25 m/s, respectively.
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Figure 6 — Direction change for ECD Figure 7 — Example af,direction

change transient

6.3.8.7 Extreme wind shear (EWS)

The|extreme wind shear shall be accounted for using the following wind speed transients.

Tramsient (positive and negative) vertical shear:

“ Y
Vi, (ij i(ﬂj 2,5[m/s]+0,2f0, |2 | |(1-cos(22t/T)) foro<t<T
V(zlt) = oo P A 27)
Vi (LJ otherwise
b

hu

Tramsient horizontal shear:

v a+(lj 2,5[m/s]+0,20,| 2 5 (1-cos(27t/T)) for0<t<T
hulf " + D s , 01 Ai T s

V(y,z,t) = 28)
Voo (ij otherwise

Zhub

Wh rafar hoth vartical and harioantal chaay:
CTCTTUT DUTIT VOTUICUT COTO TTOUTTIZUOTICAT JIToTT .

a=0,2;,=6,4,T=12s;
o1 is given by Equation (10) for the NTM,;

Aq is the turbulence scale parameter, according to Equation (5);

D is the rotor diameter.

The sign for the horizontal wind shear transient shall be chosen so that the worst transient
loading occurs. The two extreme wind shears are not applied simultaneously.

As an example, the extreme vertical wind shear (turbulence category A, zj,,=30m,
Viuo = 25 m/s, D = 42 m) is illustrated in Figure 8, which shows the wind profiles before onset
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of the extreme event (t=0s) and at maximum shear (t=6s). Figure 9 shows the wind
speeds at the top and the bottom of the rotor, to illustrate the time development of the shear
(assumptions as in Figure 8).

2,0
15 S 2 40
\ ‘
2 10 Y = T~
o 7o S 30
N 7\ f— —
05 P e
4 | 8 20
0,0 )
2 10
0 10 20 30 40 =
Wind speed V(z,t) (m/s) 0

-2 0 2 4 6 8 1012V14
....... fort=0, Timet (s)

positive for t = T/2

Rotortop  -----+% Rotor bottom

_____ negative for t = T/2 IEC
IEC

Fiqure 8 — Examples of extreme positive Figure 9 — Example'of wind speeds at rdtor
and negative vertical wind shear, wind top and battom, respectively, which
priofile before onset (t = 0, dashed line) illustrate the/transient positive wind shear
and at maximum shear (t =6 s, full line)

6.4 | Other environmental conditions
6.4.[L General

Envjronmental (climatic) conditions other than wind can affect the integrity and safety of wind
turbjnes, by thermal, photochemical, corfosive, mechanical, electrical or other physical action.
Morgover, combinations of climatic canditions may increase their effects.

The| following other environmental conditions, at least, shall be taken into account and|the
resylting action stated in the.design documentation:

e {emperature;

e humidity;

e air density;

e solar radiatien;

e fain, hail,"snow and ice;

e chemically active substances;

e [MTECHamnicatty active particies;

salinity;

lightning;

earthquakes.

An offshore environment requires additional consideration, as per IEC 61400-3.
An optional cold climate class is defined in Clause 14.

The climatic conditions taken into account shall be defined in terms of either representative
values or limits of the variable conditions. The probability of simultaneous occurrence of
climatic conditions shall be taken into account when the design values are selected.
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Variations in climatic conditions within the normal limits corresponding to a 1-year return
period shall not interfere with the designed normal operation of a wind turbine.

Unless correlation exists, other extreme environmental conditions according to 6.4.3 shall be
combined with normal wind conditions according to 6.3.2. A general description on how to
combine design situations with external conditions is given in 7.4.

6.4.2 Normal other environmental conditions

The normal other environmental condition values that shall be taken into account are the

foll wing-

e ambient temperature range of —10 °C to +40 °C;
e felative humidity up to 95 %;

e atmospheric content equivalent to that of a non-polluted inland atmoesphere (see
EC 60721-2-1);

e $olar radiation intensity of 1 000 W/m?2;
e ir density of 1,225 kg/m3.

When additional external conditions are specified by the designér, the parameters and their
valyes shall be stated in the design documentation and shall \conform to the requirements of
IEC|60721-2-1.

6.4.8 Extreme other environmental conditions
6.4.3.1 General

The| extreme other environmental conditions that shall be considered for wind turbine depign
are [temperature, lightning, ice and earthquakes (see 11.6 for assessment of earthqyake
conglitions).

6.4.3.2 Temperature

The|extreme temperature rangesfor the standard wind turbine classes shall be at least -2 °C
to +p0 °C.

6.4.8.3 Lightning

The| provisions of lightning protection required in 10.7 may be considered as adequatg for
turbjne designs«far the standard wind turbine classes.

6.4.3.4 Ice

No migimum ice requirements are given for the standard wind turbine classes. For fold

I' - H . - H H o~ 4.4 A 1
Climatereceregumrements—are IVETT I CTausStt 15 dlTu ATITITA L.
)

6.4.3.5 Earthquakes

No minimum earthquake requirements are given for the standard wind turbine classes. For
consideration of earthquake conditions and effects, see 11.6 and Annex D.

6.5 Electrical power network conditions

The normal conditions at the wind turbine terminals to be considered are listed below.

Normal electrical power network conditions apply when the following parameters fall within the
ranges stated below.


https://iecnorm.com/api/?name=7fea437c3f4128f6095ab776a78d2a46

7

7.1

- 40 - IEC 61400-1:2019 © IEC 2019

Voltage — nominal value (according to IEC 60038) + 10 %.
Frequency — nominal value + 2 %.

Voltage imbalance — the ratio of the negative-sequence component of voltage not
exceeding 2 %.

Auto-reclosing cycles — auto-reclosing cycle periods of 0,1 s to 5 s for the first reclosure
and 10 s to 90 s for a second reclosure shall be considered.

Outages — electrical network outages shall be assumed to occur 20 times per year. An
outage of up to 6 h> shall be considered a normal condition. An outage of up to 1 week
shall be considered an extreme condition.

Structural design

General

The| integrity of the load-carrying components of the wind turbine structure;shall be verffied
and| an acceptable safety level shall be ascertained. The ultimate and\ fatigue strength of
structural members shall be verified by calculations, tests or bothy to demonstrate | the

struftural integrity of a wind turbine with the appropriate safety level!

The|structural analysis shall be based on ISO 2394.

Calgulations shall be performed using appropriate metheds. Descriptions of the calculgtion
methods shall be provided in the design documentation. The descriptions shall include
evidence of the validity of the calculation methods) or references to suitable verificgtion
studies. The load level in any test for strength_verification shall correspond to the sdfety

factprs appropriate for the characteristic loads according to 7.6.

Tower, rotor, and drive train resonances shall be identified for the frequency range up to[and
incliiding 2 times the blade passing frequency excitation. Possible resonances shall be
invgstigated at turbulence levels of.30 % of the NTM category C design turbulence| for
DLQ 1.2, see 7.4.2. If high resonanttoads are found at low turbulence, means shall be tgken

to ajoid the resonances or they shall be included in the design loads.

7.2

Design methodology

It shall be verified thatdimit states are not exceeded for the wind turbine design. Model tedting
and| prototype tests.‘may also be used as a substitute for calculation to verify the structural

des

The|design calculations shall be based on validated methods and recognized codes.

gn, as specified.in 1ISO 2394.

The|desigh methodology assumes that the aeroelastic simulation model used for the spegific

des

gn.Calculations is subsequently validated by measurements. Such measurements shall be

made on a wind turbine that is dynamically and structurally similar to, but may differ in detail
(such as alternative tower designs) from the turbine designed. Requirements for load
measurements can be found in IEC 61400-13.

7.3

7.3.

Loads

1 General

Loads described in 7.3.2 through 7.3.5 shall be considered for the design calculations.

5 Six hours of operation is assumed to correspond to the duration of the severest part of a storm.
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7.3.2 Gravitational and inertial loads

Gravitational and inertial loads are static and dynamic loads that result from gravity, vibration,
rotation and seismic activity.

The allowable tolerances in tower verticality shall be stated in the design documentation and
shall include initial and long term effects due to permanent soil subsidence. The effect of
tower verticality on gravitational loads shall be taken into account separately during the
structural analysis of tower and foundation.

7.3.3 Anrndyn:mir\ laads

Aerpdynamic loads are static and dynamic loads that are caused by the airflow and its
intefaction with the stationary and moving parts of wind turbines.

Thelairflow is dependent upon the average wind speed and turbulence across_the rotor plane,
the Jrotational speed of the rotor, the density of the air, and the aerodynamic shapes of| the
wind turbine components and their interactive effects, including aeroelastic, effects.

It is| not required in the aerodynamic load calculations to account forgeometric tolerancegs in
tower verticality of less than or equal to 3°.

7.3.4 Actuation loads

Actdation loads result from the operation and control of"wind turbines. They are in several
catgdgories including torque control from a generdtor or inverter or both, yaw and pitch
actyator loads and mechanical braking loads. In each case, it is important in the calculatign of
resqonse and loading to consider the range of actuator forces available, including friction. In
partjcular, for mechanical brakes, the range of friction, spring force or pressure as influerjced
by femperature, and ageing shall be takenwinto account in checking the response and|the
loading during any braking event.

7.3.p Other loads

Other loads such as wake loads; impact loads, ice loads, tower loads resulting for example
from vortex-induced vibrations“might occur and shall be considered where appropriate.|For
other loads associated with-eold climate, see Clause 14 and Annex L.

7.4 Design situations and load cases
7.4.L General

Subrlause. 7.4 describes the design load cases for a wind turbine and specifies a minimum
number to-be considered.

For dacian nurnncac tha Lfa of o wwind tirhing caon ha ranracantad hy o caot of (*lo—i n
desigh—purposes—thelife—of a—wind—turbine—can—be—represented—by—a—setofdesig

situations covering the most significant conditions that the wind turbine may experience.

The load cases shall be determined from the combination of operational modes or other
design situations, such as specific assembly, erection or maintenance conditions, with the
external conditions. All relevant load cases with a reasonable probability of occurrence shall
be considered, together with the behaviour of the control system. The design load cases used
to verify the structural integrity of a wind turbine shall be calculated by combining the
following:

e normal design situations and appropriate normal or extreme external conditions;

o fault design situations and appropriate external conditions;

e transportation, installation and maintenance design situations and appropriate external
conditions.
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019

If correlation exists between an extreme external condition and a fault situation, a realistic

com

bination of the two shall be considered as a design load case.

Within each design situation, several design load cases shall be considered. As a minimum,
the design load cases in Table 2 shall be considered. In that table, the design load cases are
specified for each design situation by the description of the wind, electrical and other external
conditions.

If the wind turbine controller can, during design load cases with a deterministic wind model,
cause the wind turbine to shut down prior to reaching maximum yaw angle and/or wind speed,

thern
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same deterministic wind condition change.

br design load cases shall be considered, if relevant to the structural integrity of
Cific wind turbine design.

each design load case, the appropriate type of analysis is stated by "F" and "U
e 2. "F" refers to analysis of fatigue loads, to be used in the cassessment of fat
ngth. "U" refers to the analysis of ultimate loads, with reference to nraterial strength, b
eflection and structural stability.

design load cases indicated with "U" are classified as nofmal (N) or abnormal (A). No
gn load cases are expected to occur frequently. Theurbine is in a normal state or
b experienced minor faults or abnormalities. Abnormalydesign situations are less likel

ation of system protection functions. The type,ofidesign situation, N or A, determines
al safety factor » to be applied to the ultimate.loads. These factors are given in Table
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Table 2 — Design load cases (DLC)

Design situation DLC Wind condition Other conditions Type of Partial
analysis safety
factors
1) Power 1.1 NTM Vi < Vs < Vou For extrapolation of U N
production extreme events
1.2 NTM V. <V, o <V F *
1.3 ETM V. <V, b < Vou N
1.4 ECD V., =V,—2mis,V, U N
V,+2mls
1.5 EWS V. <V, < Vou U N
2) |[Power 2.1 NTM V. <V < Vour Normal control U N
production plus system fault or loss of
occurrence of electrical network or
fault primary layer control
function fault (see
7.4.3)
2.2 NTM Vi < Vi < Vout Abnormal control U A
system fault or
secondary layer
protection function
related fault (see
7.4.3)
2.3 EOG V,,=V,x2mls External orinternal U A
and V electrical fault
out . \
including loss of
electrical network
2.4 NTM Vi < Vs < Vou Control system fault, F *
electrical fault or loss
of electrical network
2.5 NWP V<V, b <V Low voltage ride U N
through
3) |Start-up 3.1 NWP V<V, s <V F *
3.2 EOG V, ;3N V,t2m/s N
and.V;
3.3 EDC Wiy = Vi V, 22 mis U N
and V.
4) Nr?”t?jal 4.1 NWP V<V <V, F *
shutdown 4.2 .|'EOG V,, =V, +2mls U N
and vV,
5) |Emergency stop 5)1 NTM  V,,, =V, £2m/s U N
and vV,
6) |Parked 6.1 EWM 50-year return U N
(standing still~er period
idling) 6.2 EWM 50-year return Loss of electrical U A
period network connection
6.3 EWM 1-year return period Extreme yaw U N
misalignment
6.4 NTM V<07V F *
7) Parked and 7.1 EWM 1-year return period A
fault conditions
8) Transport, 8.1 NTM V.. to be stated U N
assembly, by the manufacturer
maintenance 8.2 EWM 1-year return period U A

and repair
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Key

DLC Design load case

ECD Extreme coherent gust with direction change (see 6.3.3.6)
EDC Extreme direction change (see 6.3.3.5)

EOG Extreme operating gust (see 6.3.3.3)

EWM Extreme wind speed model (see 6.3.3.2)

EWS Extreme wind shear (see 6.3.3.7)

NTM Normal turbulence model (see 6.3.2.3)

ETM Extreme turbulence model (see 6.3.3.4)

NWE Normal wind lr\rnfilp model (see 6 3 2 2)

V, ¥ 2 m/s Sensitivity to all wind speeds in the range shall be analysed
F Fatigue (see 7.6.3)

U Ultimate strength (see 7.6.2)

N Normal

A Abnormal

* Partial safety for fatigue (see 7.6.3)

Whe¢n a wind speed range is indicated in Table 2, wind speedseading to the most adve¢rse
conglition for wind turbine design shall be considered. The range of wind speeds may be
represented by a set of discrete values, in which case the resolution shall be sufficiert to
asslire accuracy of the calculation®. In the definition of the.design load cases, reference is
made to the wind conditions described in Clause 6.

In the further specifications of design load cases {(DLCs) in 7.4.2 to 7.4.9, some DLCs aflow
altefnative formulations. Where alternatives darée. mentioned, the party designing to [this
doctiment shall decide which alternative shall be-used throughout the analysis of the DLC.

7.4.p Power production (DLC 1.1 to 1.5)

In this design situation, a wind turbine is running and connected to the electric load. [The
assiimed wind turbine configuration shall take into account rotor imbalance. The maximum
mags and aerodynamic imbalances (e.g. blade pitch and twist deviations) specified for rotor
marjufacture shall be used in.thé design calculations.

In jddition, deviations. from theoretical optimum operating situations such as yaw
misgalignment and contyol system tracking errors shall be taken into account in the analysgs of
operational loads.

atmpspheric-turbulence that occurs during normal operation of a wind turbine throughoulft its
lifetime ((NTM). DLC 1.3 embodies the requirements for ultimate loading resulting from
extreme turbulence conditions. DLC 1.4 and 1.5 speC|fy transient cases that have Hbeen

Sel ad ac notantiallhy ~vitinal Avianto n tha Lfn Af o apndl rhinao
UUL\-\.A (o o) Puu.lluull_y €HearevertsH-theHe-oa-wa Lululll\.

Desjgn load-cases (DLCs) 1.1 and 1.2 embody the requirements for loads resulting ]:om
u

The statistical analysis of DLC 1.1 simulation data, see 7.6.2.2 and Annex G, shall include at
least the calculation of extreme values of the blade root in-plane moment and out-of-plane
moment and tip deflection. If the extreme design values of the blade root moments derived
from DLC 1.1 are exceeded by the extreme design values derived for DLC 1.3, the further
analysis of DLC 1.1 may be omitted.

If the extreme design values of the blade root moments derived from DLC 1.1 are not

exceeded by the extreme design values derived for DLC 1.3, the factor ¢ in Equation (20) for

6 In general, a resolution of 2 m/s is considered sufficient. However, in the wind speed range where the power
curve rises quickly, 2 m/s steps may be too large to assure accuracy.
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the extreme turbulence model used in DLC 1.3 may be increased until the extreme design
values of the blade root moments computed in DLC 1.3 are equal to or exceed the relevant
extremes. The characteristic values of the loads relevant for other turbine components may be
determined from this analysis based on DLC 1.3 with the increased c value. As an alternative
to this analysis, the appropriate characteristic values of all load components relevant for each
specific turbine component may be directly determined or extrapolated from the simulation.

7.4.3 Power production plus occurrence of fault or loss of electrical network
connection (DLC 2.1to 2.5)

7.4.3.1 General

Thig design situation involves a transient event triggered by a fault or by the loss of electfical
network connection while the turbine is producing power. Any fault in the control systeni, or
intefnal fault in the electrical system, significant for wind turbine loading (such @s.generjator
shoft circuit) shall be considered. This design situation is considered to be relevrant for fatigue
analysis as well, see DLC 2.4.

A failure mode and effect analysis (FMEA) or equivalent fault analysis—shall be carried oyt to
detdgrmine fault events relevant for the wind turbine loading.

The|azimuth position for the rotor at the time of a fault may have-significant influence on|the
load level. The azimuth position at time of occurrence for thefault should be random.

Faults in the control system shall be considered in DLE 2.1 and DLC 2.2 as describef in
7.4.8.2. For architectures where turbine safety ig™ensured by two independent set$ of
fungtions (via primary layer control functions and”secondary layer protection functipns,
respectively), the method described in 7.4.3.3 may be used. See Clause 8 for guidance on
idertification of failure modes, assessment of\failure mode return periods, fault exclusipns,
and[measures to avoid common-cause failures.

7.4.8.2 Control system failure (Dlc€"2.1 and DLC 2.2) — Quantitative approach
For |DLC 2.1, the following shall be(considered as normal events:
a) tontrol system failure related events that have an expected failure mode return period [that

s equal to or less than 50 years;

b) ¢ontrol system failure.related events where the expected failure mode return period canpnot
be obtained;

¢) loss of electrical-network connection.

For |events with~expected failure mode return periods between 10 and 50 years, the partial
load factorapplied is found as function of the failure mode return period as stated in Table| 3.

-

For [DLC 2.2, control system failure events or internal electrical and mechanical system fgults
with—expecied faillure mode return period greater than 50 years shall be considered as
abnormal.

Fault events with a return period in excess of 2000 years and fault events that are not
relevant for wind turbine loading may be disregarded. The fault event return period is based
on the statistical calculation of the probability of an event whereby a control or internal
electrical system part is in or enters a failed state such that a structural failure could occur.

7.4.3.3 Control system failure (DLC 2.1 and DLC 2.2) — Two-layer approach

This approach can be used for control system architectures consisting of two or more
independent layers. Within this approach,
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primary layer control and protection functions aim to keep the turbine operating
parameters within their normal operating limits and their design limits, respectively, and

secondary layer protection functions aim to keep the turbine operating parameters within
their design limits. These shall be activated as a result of failure of the primary layer
control functions or as a result of the effects of an internal or external failure or dangerous
event.

For DLC 2.1, primary layer control function faults, activation of primary layer protection
functions or loss of electrical network connection shall be considered as normal events.
Control function faults which lead to exceedance of the limits and the activation of the
secqndary laver protection functions shall be included in DLC 2.2

Prinmpary layer control function faults considered in DLC 2.1 typically include faults relating to

rotof speed, yaw angle, and blade pitch angles.

For|DLC 2.2, rare events that have relevance for the wind turbine loadings;.including fgults
relajing to activation of secondary layer protection functions, shall Be™ considered| as
abnprmal. Such faults may include erroneous activation of actuators, ngn-activation of braking
systems, and blocking of the pitch system. This load case shall at least.address the following:
indgpendent overspeed protection, generator overload/fault protection, uncontrolled blade
pitch protection (blade pitch runaway), uncontrolled yaw protection and excessive vibration or

shogk protection.

7.4.

B.4 Other power production plus occurrence ofAault or loss of electrical netwprk
connection (DLC 2.3 to 2.5)

For|DLC 2.3, the potentially significant wind evént, the extreme operating gust (EOG), is
combined with loss of one or more phases in a multiphase electrical network connection [and
considered as an abnormal event. In this case, the timing of these two events shall be chgsen

to afhieve the worst loading.

As an alternative to the specification-gfyDLC 2.3 above and in Table 2, DLC 2.3 may ins{ead
be ¢onsidered as a normal event (i.e! a partial safety factor for load of 1,35) to be analysed
using stochastic wind simulations:{NTM — V,;, < Vi ,p < Vou1) combined with an interngl or
extgrnal electrical system fault(including loss of electrical network connection). In this case,
12 response simulations shall:be carried out for each considered mean wind speed. For gach
response simulation, the extreme response after the electrical fault has occurred is sampled.
The| fault shall be introduced after the effect of initial conditions has become neglig|ble.
For leach mean wind speed, a nominal extreme response is evaluated as the mean of|the
12 qampled extreme)responses plus three times the standard deviation of the 12 samgples.
The|characteristic.response value for DLC 2.3 is determined as the extreme value among| the

nomlinal extrefme responses.

If a[fault™or loss of electrical network connection does not cause an immediate shutdown |and

the

subsequent loading can lead to significant fatigue damage, the likely duration of [this

SItU hition ~lona vaath tha racyltina fatia domacaotn naormal tavrbhlanen ~conditianc (NIT AN rha”
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be evaluated in DLC 2.4. The manufacturer shall estimate the expected frequency/duration for
the events?.

7

If there is no relevant data/information available, the following frequency/duration can be applied for the below
listed events:

e 10 shut-downs per year for overspeed event;
e 24 hours per year of operation for events with yaw error;
e 24 hours per year of operation for events with pitch error;

e 20 times per year with loss of electrical network connection.
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For DLC 2.5, the event of low voltage ride through (LVRT)8 is considered as normal. The
design low voltage ride through event shall be specified by voltage drop and duration.

7.4.4  Start-up (DLC 3.1 to 3.3)

This design situation includes all the events resulting in loads on a wind turbine during the

transients from any standstill or idling situation to power production.

occurrences shall be estimated based on the control system behaviour.9

The number of

For DLC 3.2, at least four different timing events between the EOG and the start-up event

shal—be—considered—for—each—wind ennnnl The—first hmnnn shall-be-—chosen—so—that

beg|nning of the EOG occurs when the power production reaches 50 % of maximum,_po
The| last timing shall be chosen so that the beginning of the EOG occurs when the “pg
production reaches 95 % of maximum power. At least two additional timings shall .be cho
evely distributed within the interval from 50 % to 95 % of maximum power.

For |each wind speed, the characteristic value of the load may be computed as the avel
valye of the extreme computed transient value for the four defined distinct\points of time.

As
12 qtochastic wind simulations for each mean wind speed with theyETM. For each mean
speed, a nominal extreme response is evaluated as the mean 0f the simulated extremes.

7.4.b Normal shutdown (DLC 4.1 to 4.2)

Thig design situation includes all the events resulting.in loads on a wind turbine during no
trangient situations from a power production situation to a standstill or idling condition.
nurber of occurrences shall be estimated based\oh the control system behaviour.10

For|DLC 4.2, the timing of the gust and the shutdown event shall be chosen such that
EOG gust starts at different times relative to the shutdown, with minimum six events ev
distfibuted from 10 s before the beginning of the shutdown, till the power reaches 50 % of
initigl power production level.

At l¢ast four evenly distributed_rotor azimuth positions shall be applied for each distinct g
of time. For each wind spéed, the characteristic value of the load may be computed as
megn value of the extreme computed loads among all timings and azimuth posit
consgidered.

the

An alternative to the EOG gust, the DLC 3.2 may instead heanalysed using at |
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If, due to the safety and control system, a shutdown event is automatically triggered during

the EOG gustythat event shall also be considered in the analysis.

8

10

Lpw ‘voltage ride through situations are normally defined by the electrical utilities as situations with

grid

d

for a

demand for riding through these situations is that if the wind turbines (especially in wind farms) shut down it

can result in a collapse of the grid.

If historical data on start-ups for similar wind turbines are unavailable, the following annual frequencies for
3.1 can be assumed:

e 1000 start-up procedures at V, ;
e 50 start-up procedures at V;

e 50 start-up procedures at maximum start-up wind speed.

If historical data on shutdowns for similar wind turbines are unavailable, the following annual frequencie
DLC 4.1 can be assumed:

e 1000 shut-down procedures at V, ;

e 50 shut-down procedures at Vv ;

e 50 shut-down procedures at V.

DLC

s for
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As an alternative to the EOG gust, the DLC 4.2 may instead be analysed using at least
12 stochastic wind simulations for each mean wind speed with the ETM. For each mean wind
speed, a nominal extreme response is evaluated as the mean of simulated extremes.

7.4.6 Emergency stop (DLC 5.1)

Loads arising from activation of the emergency stop button shall be considered.

The azimuth position for the rotor at the time of a fault may have significant influence on the
load level. The azimuth position at time of occurrence for the fault should be random.

7.4.57 Parked (standstill or idling) (DLC 6.1 to 6.4)

In this design situation, the rotor of a parked wind turbine is either in a standstill-or igling
condition. In DLC 6.1, 6.2 and 6.3, this situation shall be considered with the_extreme wind
speed model (EWM). For DLC 6.4, the normal turbulence model (NTM) shall be'Considereq.

For|design load cases, where the wind conditions are defined by EWM, either the stgady
extreme wind model or the turbulent extreme wind model may bewused. If the turbylent
extreme wind model is used, the response shall be estimated using either a full dyngmic
simyilation or a quasi-steady analysis with appropriate corrections for gusts and dyndmic
resgonse using the formulation in 1ISO 4354. If the steady exitreme wind model is used,|the
effepts of resonant response shall be estimated from the guédsi-steady analysis above. Iff the
ratig of resonant to background response (R/B) is less than 5 %, a static analysis using|the
stegdy extreme wind model may be used. If slippage, in’ the wind turbine yaw system [can
occlir at the characteristic load, the largest possiblecunfavourable slippage shall be added to
the Imean yaw misalignment. If the wind turbine hHas“a yaw system where yaw movement is
expected in the extreme wind situations (e.g. ffee yaw, passive yaw or semi-free yaw),|the
turbulent wind model shall be used and the.yaw misalignment will be governed by|the
turbulent wind direction changes and the turbine yaw dynamic response. Also, if the wind
turbjne is subject to large yaw movements or change of equilibrium during a wind speed
increase from normal operation to the-extreme situation, this behaviour shall be includefd in
the pnalysis.

In OLC 6.1, for a wind turbine with an active yaw system, a yaw misalignment of up to $15°
using the steady extreme wind-model or a mean yaw misalignment of £8° using the turbylent
extreme wind model shall be' imposed, provided restraint against slippage in the yaw sygtem
can|be assured.

In OLC 6.2, a loss'\of the electrical power network at an early stage in a storm containing| the
extreme wind situation shall be assumed. Unless power back-up is provided for the control
and|yaw systeém-with a capacity for yaw alignment for a period of at least 6 h, the effect ppf a
wind direction/’change of up to £180° shall be analysed.

The| pdrtial safety factors for loads for DLC 6.1 and DLC 6.2 in Table 3 are derived by
assurmmmng—tirat thecoefficent of varratiom of the—ammuatmmaximmommwind—speed s smratterthan

15 %; for other COV, see footnote 31 in 11.3.2.

In DLC 6.3, the extreme wind with a 1-year return period shall be combined with an extreme
yaw misalignment. An extreme yaw misalignment of up to £30° using the steady extreme wind
model or a mean yaw misalignment of £20° using the turbulent wind model shall be assumed.

If for the cases DLC 6.1 with steady extreme wind model, DLC 6.2 and DLC 6.3, yaw
misalignment is evaluated using discrete values, the increment in yaw misalignment shall be
not more than 10° in the sector of the maximum lift force on the blades.

In DLC 6.4, the expected number of hours of non-power production time at a fluctuating load
appropriate for each wind speed where significant fatigue damage can occur to any
components (e.g. from the weight of idling blades) shall be considered.
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7.4.

8 Parked plus fault conditions (DLC 7.1)

Deviations from the normal behaviour of a parked wind turbine, resulting from faults on the
electrical network or in the wind turbine, shall require analysis. As a minimum, failures in the
following systems shall be evaluated: brake system, pitch system, and yaw system. The fault
condition shall be combined with EWM for a return period of one year. Those conditions shall
be either turbulent or quasi-steady with correction for gusts and dynamic response.

In case of a fault in the yaw system, yaw misalignment of £180° shall be considered. If for the
cases DLC 7.1 with fault in the yaw system, yaw misalignment is evaluated using discrete
values, the increment in_yaw misalignment shall be not more than 10° in the sector of the

max

If slippage in the yaw system can occur at the characteristic load found in DLC 7.1,
largpst unfavourable slippage possible shall be considered.

7.4.

For
ass

max

D Transport, assembly, maintenance and repair (DLC 8.1 and 8.2)

DLC 8.1, the manufacturer shall state all the wind conditions“and design situat
wmed for transport, assembly on site, maintenance and repair of a wind turbine.

imum lift force on the blades. For any other fault, yaw misalignment shall be consistent
with{ DLC 6.1.

the

ons
The

imum stated wind conditions shall be considered in the design if they can prodquce
significant loading on the turbine. The manufacturer shall allow-sufficient margin between

the

stated conditions and the wind conditions considered in design to give an acceptable sdfety

levell. Sufficient margin may be obtained by adding 5 m/s €0 the stated wind condition.

In gddition, DLC 8.2 shall include all transport, assembly, maintenance and repair tur
statps which may persist for longer than one \week. This shall, when relevant, includ
partjally completed tower, the tower standing without the nacelle and the turbine without
or more blades. In the case of a tower standing without a nacelle, appropriate means sha
takgn to avoid critical wind speeds forvvortex generated transverse vibrations, or
appfopriate fatigue design load case shall be added1l. It shall be assumed that the elect
network is not connected in any of these states. Measures may be taken to reduce the Ig
during any of these states as longyas these measures do not require the electrical nety

con

Blogking devices shall be able to sustain the loads arising from relevant situations in DLC
Non

by

lifting appliances.

7.5

hection.

this document and should be designed and tested according to relevant standards

lroad calculations

bine
e a
one
| be
the
ical
ads
vork

8.1.

-redundant blocking. devices shall be designed in component class 3. In partictlar,
application of maximum-design actuator forces shall be taken into account. It is recommen
that| standards for (lifting appliances including safety factors/influence factors are addition]
applied when relevant. Unless permanently installed, the lifting appliance itself is not covs

ded
ally
ered
for

Loads as described in 7.3.2 through 7.3.5 shall be taken into account for each design load

cas

e. Where relevant, the following shall also be taken into account:

wind field perturbations due to the wind turbine itself (wake induced velocities, tower

shadow, etc.);

the influence of three dimensional flow on the blade aerodynamic characteristics (e.g.

three dimensional stall and aerodynamic tip loss);
unsteady aerodynamic effects;

structural dynamics and the coupling of vibration modes;

11 Guidance for tower loads from vortex-induced vibrations can be found in IEC 61400-6 (under preparation; stage
at the time of publication: IEC CDV 61400-6:2017).
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e aeroelastic effects;

e the behaviour of the control system of the wind turbine.

Dynamic simulations utilizing a structural dynamics model are usually used to calculate wind
turbine loads. Certain load cases have a turbulent wind input. The total period of load data,
for these cases, shall be long enough to ensure statistical reliability of the estimate of the
characteristic load. At least six 10-min stochastic realizations (or a continuous 60 min period)
shall be required for each mean, hub-height wind speed used in the simulations. However, for
DLC 2.1, 2.2 and 5.1, at least 12 simulations shall be carried out for each event at the given
wind speed. Since the initial conditions used for the dynamic simulations typically have an
effecton the load statistics dllring the hnginning of the simulation Im:-rind' the first 5 s of data
(or [longer if necessary) shall be eliminated from consideration in any analysis iatdrval
invdlving turbulent wind input.

It shall be ensured that during application of a cycle count on the load time-series,|the
rempining residuals from each time series shall be taken into consideration by‘half-cycleg for
fatigue failure mode evaluation. Furthermore, the discretization of the load range shall ensure
a syfficient resolution.

When turbulent winds are used for dynamic simulations, attention,should be given to the [grid
resqglution regarding the spatiall2 and time resolution.

In many cases, the local strains or stresses for critical lQeations in a given wind turbine
component are governed by simultaneous multi-axial leading. In this case, time serief of
orthpgonal loads that are output from simulations are sometimes used to specify design loads.
Whe¢n such orthogonal component time series are\used to calculate fatigue and ultimate
loads, they shall be combined to preserve both phase and magnitude. Thus, the direct method
is bpsed on the derivation of the significant stress as a time history. Extreme and fatjgue
prediction methods can then be applied to, this single signal, avoiding load combingtion
issues.

Ultilmate load components may also:Bé combined in a conservative manner assuming|the
extreme component values occur, Simultaneously. In case this option is pursued, both
minimum and maximum extreme& component values shall be applied in all posgible
combinations to avoid introducing non-conservatism.

Guiglance for the derivation of extreme design loads from contemporaneous loads taken from
a nymber of realizatiofs®is given in Annex I.

7.6 | Ultimate_limit state analysis
7.6.1L Method

7.6.[L.1 General

Partratsafety factorsaccountfortheuncertamties and-vartabitity i toadsamnd-resistances; the
uncertainties in the analysis methods and the importance of structural components with
respect to the consequences of failure.

For the ultimate limit state analysis of the wind turbine, the following four types of analysis
shall be performed where relevant:

e analysis of ultimate strength (see 7.6.2);

12 concerning the spatial resolution, the maximum distance between adjacent points should be smaller than 25 %
of 4, (Equation (5)) and no larger than 15 % of the rotor diameter. This distance is meant to be the diagonal
distance between points in each grid cell defined by four points. In the case of a non-uniform grid, an average
value over the rotor surface of the distance between grid points can be considered as the representative spatial
resolution, but this distance typically decreases towards the blade tip.
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analysis of fatigue failure (see 7.6.3);

stability analysis (e.g. buckling) (see 7.6.4);

critical deflection analysis (mechanical interference between blade and tower, etc.) (see

7.6.5).

Each type of analysis requires a different formulation of the limit state function and deals with
different sources of uncertainties through the use of safety factors.

7.6.1.2 Partial safety factors for loads and resistance

The| uncertainties and variability in loads and resistances (including variability in mater|als)
are ftaken into account by partial safety factors as defined in Equations (29) and (30)_in ‘ofder
to apsure safe design values.
Fa = rh 29)
whefre
Fq | is the design value for the aggregated internal load or lead response to mulfiple
simultaneous load components from various sources for the.given design load case,;
% is the partial safety factor for loads;
Fy | is the characteristic value for the load.
1
Ry =—~Rp 30)
M
whefre
Ry | are the design values for resistances; see Annex K;
| are the partial safety factors13. agcounting for uncertainties in the material paramefters
and resistance models, see Annex K;
R | are the characteristic values.of resistances including load duration effects, scale effgcts,
etc. accounted for by a.conversion factor, see Annex K.
The|partial safety factors for-loads used in this document take account of
a) possible unfavourable deviations/uncertainties of the load from the characteristic vglue,
and
b) pncertainties-in the loading model.
The| partiah'safety factors for resistances y, used in this document, as in ISO 2394, {ake
accpunt(of
o possible—unfavourable deviationsiuncertaintes—of the—strength—of —material—from- the

characteristic value,

possible inaccurate assessment of the resistance of sections or load-carrying capacit
parts of the structure,

uncertainties in the geometrical parameters,

y of

uncertainties in the relation between the material properties in the structure and those

measured by tests on control specimens, and

uncertainties in conversion factors.

13 Alternatively, the partial safety factor for resistance y, can be included as a partial safety factor related to

uncertainty in material parameters and a partial safety factor related to uncertainty in the resistance model
Annex K.

, See
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These different uncertainties are sometimes accounted for by means of individual partial
safety factors; but in this document, as in most others, the load related factors are combined
into one factor, %, and the material and resistance related factors into one factor, y,. Values
of % and y, are given in 7.6.2 to 7.6.5. However, these values may be replaced if it can be
documented that assumptions leading to these values are conservative, in which case a
calibration of load and resistance safety factors may be performed to meet the intended safety
level in this documentl4.

7.6.1.3 Partial safety factor for consequence of failure and component classes

AcC nsequence of failure factor Yo is introduced to diqfinglliqh hetween-

a) fomponent class 1: used for "fail-safe" structural components whose failure does|not
fesult in the failure of a major part of a wind turbine, for example replaceable bear[ngs
vith monitoring;

b) pomponent class 2: used for "safe-life" structural components whose failures may lead to
he failure of a major part of a wind turbine;

c) fomponent class 3: used for "safe-life" mechanical components that link actuators |and
brakes to main structural components for the purpose of implémenting non-redunglant
vind turbine protection functions. Regarding blocking devices, se€ 7.4.9.

Partial safety factors for consequences of failure:

e ¢omponent class 1: y,, = 0,9;
e component class 2: y, = 1,0;

e component class 3: y, = 1,2.

The| consequences of failure factor shall be included in the test load when performing tests
such as, for example, full scale blade testing!

Other values of y, apply for critical deflection analysis, see 7.6.5.

7.6.1L.4 Application of recognized material codes

When determining the structural integrity of elements of a wind turbine, national or
intefnational design codes ‘for the relevant material may be employed. Special care shall be
takgn when partial safety factors from national or international design codes are (Ysed
toggther with partial/safety factors from this document. It shall be ensured that the resulting
safgty level is not lesS'than the intended safety level in this document.

Diffgrent codes subdivide the partial safety factors for resistance, yy, into several material
factprs aceounting for separate types of uncertainty, for example inherent variability of
matgrial strength, extent of production control or production method. If the code gives pdrtial
safdtyAfactors or uses reduction factors on the characteristic values to account for other
unce -

Individual codes may choose different factorizations of partial safety factors on the load and
the material parts of the design verification. The division of factors intended here is the one
defined in 1SO 2394. If the division of factors in the code of choice deviates from that of
ISO 2394, the necessary adjustments in the code of choice shall be taken into account in
verifications according to this document.

14 Annex K provides a guideline for calibration of material partial safety factors.
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7.6.2 Ultimate strength analysis
7.6.2.1 General

The limit state function can be separated into load and resistance functions S and R so that
the condition becomes

n-S(Fg) <Ry (31)

The function S for ultimate strength analysis is usually defined as the highest value of the
strugtural response, hence S(F,) = F4. The equation then becomes

1
mrihes —R 32)
™

Note that y, is a consequence of failure factor and shall not be treated\as a safety factof on
matgrials.

For [each wind turbine component assessed and for each load,ease in Table 2 where ultimate
strength analysis is appropriate, the limit state condition in Egquation (32) shall be verified for
the most critical limit state, identified on the basis of having the least margin.

=

7.6.R.2 Partial safety factors for loads

For [DLC 1.1, a characteristic value of load shall:be determined by a statistical analysis of| the
extreme loading that occurs for normal design<situations and shall correspond to one of|the
follqwing alternatives.

a) [The characteristic value is obtained-as the largest (or smallest) among the average values
bf the 10 min extremes determined“for each wind speed in the given range, multiplied by
1,35. This method can only be “applied for the calculation of the blade root in-plane
moment and out-of-plane moment and tip deflection.

b) [The characteristic value_is;@btained as the largest (or smallest) among the 99th perceptile
or 1st percentile in theJcase of minima) values of the 10 min extremes determined for
bach wind speed in the given range, multiplied by 1,2.

c) [The characteristic value is obtained as the value corresponding to a 50 year return petjiod,
based on load\ extrapolation methods, considering the wind speed distribution givep in
5.3.2.1 and«the’ normal turbulence model in 6.3.2.3. Guidance about load extrapolatign is
jiven in Annex G.

The|design load will be then obtained by multiplying the characteristic loads according to|any
of these alternatives by the partial safety factor for DLC 1.1 defined in Table 3.

For all three alternatives above, data used in the statistical analysis shall be extracted from
time series of turbine simulations of at least 10 minutes in length over the operating range of
the turbine for DLC 1.1. A minimum of 15 simulations is required for each wind speed from
(V=2 m/s) to cut-out, and six simulations are required for each wind speed below
(V, — 2 m/s). When extracting data, the designer shall consider the effect of independence
between peaks on the statistical analysis and minimize dependence when possible. For
guidance on dependency checks, see Annex G.

For load cases with specified deterministic wind field events, the characteristic value of the
load shall be the worst case computed transient value. If more simulations are performed at a
given wind speed, representing the rotor azimuth, the characteristic value for the load case is
taken as the average value of the worst case computed transient values at each azimuth.
Guidance for the derivation of the contemporaneous load can be found in Annex |. When
turbulent inflow is used, the mean value among the worst case computed loads for different
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10 min stochastic realizations shall be taken, except for DLC 2.1, 2.2 and 5.1, where the
characteristic value of the load shall be the mean value of the largest half of the maximum
loads.

Partial safety factors for loads shall be at least the values specified in Table 3.

The approach in 7.6.1.2, where the partial safety factor for loads is applied to the load
response, assumes that a proper representation of the dynamic response is of prime concern.
Where a proper representation of non-linear material behaviour or geometrical nonlinearities
(such as, for example, for foundations) or both are of primary concern, the design load
resperse—Sy—shal-beobtainedfrom—a—strueturalanatysistor-the—eembination—oefthe—depign
loads Fy, where the design load is obtained by multiplication of the characteristic loads-E| by
the ppecified partial load factor y for favourable and unfavourable loads:

Fa = 7R 33)

The|load responses in the tower at the interface (shear forces and bending-moments) factgred
withl » from Table 3 shall be applied as boundary conditions.

Table 3 — Partial safety factors for lpads %

Unfavourable loads Favourable loads1®

Type of design situation (see Table 2)

All design situations
Normal (N) Abnormal (A)

1,35% 1,3 0,9

a | For design load case DLC 1.1, the partial load factorshall be % = 1,25.

If for normal design situations the characteristiei value of the load response F__ .. due to gravity can |pe
. . . . . . . gravit: :

calculated for the design situation in question,«and gravity is an unfavourable load, tﬁe partial load factor for

combined loading from gravity and other sources may have the value

2 0,15 for DLC I'1
7¢ =11+ psand p = )
0,25 otherwise

F .
1- gravity ;|F

gravity = |Fk |

0; |Fgravity| > |Fk|

For design load‘case DLC 2.1, the partial load factor may be calculated from the following expression if fhe
mean time between failures (MTBF), in years, for the considered failure mode has been evaluated (dee
7.4.3.2):

J 135 MTBF < 10
P2 {171-0,155In(MTBE) 10 < MTBF < 50
1,10 MTBF > 50

For design load case DLC 2.5, the partial load factor shall be 1,2.

Use of the partial safety factors for loads for normal and abnormal design situations specified
in Table 3 requires that the load calculation model is validated by load measurements. These
measurements shall be made on a wind turbine that is similar to the wind turbine design under
consideration with respect to aerodynamics, control and dynamic response.

15 pretension and gravity loads that significantly relieve the total load response are considered favourable loads.
In the case of both favourable and unfavourable loads, Equation (32) becomes

7ns(7f,unfav Fk,unfav ! 7f,fav Fk,fav ) < R( fd )
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7.6.2.3 Partial safety factors for gravity foundations

For gravity foundations, the limit states considering overall stability (rigid body motion with no
failure in soil) and bearing capacity of soil and foundation shall be regarded and calculated
according to a recognized standard. In general, a partial safety factor of % =1,1 for
unfavourable gravity loads and »% = 0,9 for favourable gravity loads shall be applied for
foundation load, backfilling and buoyancy. If it can be demonstrated by respective quality
management and surveillance that the foundation material densities specified in the design
documentation are met on site, a partial safety factor for gravity foundation load 5% = 1,0 can
be used for the limit states regarding bearing capacity of soil and foundation. If buoyancy is
calculated equal to a terrain water level, a partial safety factor for buoyancy % = 1,0 can be
applied.

Alternatively, the check of capacity of soil and foundation can be based on a padrtial sgfety
factpr % = 1,0 for both favourable and unfavourable gravity loads, and the check’of overall
staljility can be based on a partial safety factor of % = 1,1 for unfavourable gravity loads |and
% =10,9 for favourable gravity loads, using in all cases conservative estimates of weights or
densgities defined as 5 %/95 % fractiles. The lower fractile is to be used when the load is
favdurable. Otherwise the upper fractile is to be used.

7.6.p.4 Partial safety factors for resistances where recognized design codes are not
available

Parfial safety factors for resistances shall be selected in ‘relation to the adequacy of|the
avajlable material properties test data. The safety leyel.in this document corresponds fo a
partial safety factor for resistances, g, = 1,2 when applied to characteristic material propefties
of 9b % survival probability.16 This value assumes{no’bias (typically systematic conservatism
in the resistance model) and small uncertainty related to the resistance model (coefficient of
variition less than 5 %), see Annex K; and “applies to components with ductile behaviour
whose failure may lead to the failure of a major part of a wind turbine.

To ferive the design values for resistances, it is necessary to account for scale effgcts,
tolefances and degradation due to\external actions, for example, ultraviolet radiation or
humidity. These effects can be taken into account through additional factors on the partial
safgty factor for resistance or:through a conversion factor used to obtain the characterjstic
value of the resistance, see Annex K.

In the following cases.with ductile failure modes, the partial safety factor for resistance,| gy,
shall be not less than

+ 1,1 for materials with a well-defined elastic limit (yield strength is 90 % or less of| the
ultimate*strength), and

+ 1,1for bolt rupture in a connection with sufficient number of bolts to ensure a duftile
failure mode.

F Nonfa Lifal w-\nnlnnninnlln+v-|.n+| al _oconanon o to aagl wtha ReR Adictil]
or STUTC T ettt anrStraetafar COTTPOTTCTItS v TOT uuuLll

lead rapidly to the failure of a major part of a wind turbin
resistance, g, shall be not less than

ahavia mbaoacao fou
DeRAaHOH—WROSEe—ahlres

the partial safety factor for

— 1,3 when materials with no well-defined elastic limit (yield strength is more than 90 %
of the tensile or compression strength) are used, and

16 Alternatively, the characteristic strength parameters can be selected as the 95 % fractile using the Bayesian
approach, see Annex K and ISO 2394. The characteristic strength parameters should be selected as the 95 %
fractile (determined with 75 % confidence) or the certificate value for materials with established routines for
testing of representative samples.
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— 1,2 for global buckling of curved shells such as tubular towers and blades.17

7.6.2.5 Partial safety factors for materials where recognized design codes are
available

The combined partial safety factors for loads, resistance and the consequences of failure, y,
v and y,, shall be not less than those specified in 7.6.1.3, 7.6.2.2 and 7.6.2.4.

7.6.3 Fatigue failure

7.6.3.1 General

Fatipue damage shall be estimated using an appropriate fatigue damage calculatien/|For
example, in the case of Miner's rule, the limit state is reached when the accumulated.damage
exce¢eds 1. Thus, in this case, the accumulated damage over the design lifetime~of“a turbine
shall be less than or equal to 1. Fatigue damage calculations shall consider the.formulation,
incliiding effects of both cyclic range and mean strain (or stress) levels. All partial sgfety
factprs (load, material and consequences of failure) shall be applied to thé cyclic strain (or
streps) range for assessing the increment of damage associated with each fatigue cycle| An
example formulation is given for Miner’s rule in Annex H.

7.6.B.2 Partial safety factor for loads

The|partial safety factor for loads, y, shall be 1,0.

7.6.8.3 Partial safety factors for resistances whére recognized codes are not
available

The|partial safety factor for resistances, g, shalkbe at least 1,7 provided that the SN-curve is
based on 50 % survival probability and coefficient of variation < 15 %. For components with
large coefficient of variation for fatigue .strength18, i.e. 15 % to 20 % (such as for many
components made of composites, for example reinforced concrete or fibre composites)} »y
shall be increased accordingly and at.least to 2,0.

The|fatigue strengths shall be derived from a statistically significant number of tests and|the
deriyation of characteristic valdes shall account for scale effects, tolerances, degradation [due
to gxternal actions, such @s*ultraviolet radiation, and defects that would not normally be
detgcted.

For |welded and structural steel, traditionally the 97,7 % survival probability is used as bgsis
for the SN-curves.”In this case, y, may be taken as 1,25, corresponding to a safg-life
assessment approach, see Annex K. In cases where it is possible to detect critical cfack
development ‘through introduction of a periodic inspection programme, a lower value of gy
may| be used, corresponding to a damage tolerant assessment approach, see Annex K. In all
casgsy syshall be larger than 1,0.

For fibre composites, the strength distribution shall be established from test data for the
actual material. The 95 % survival probability shall be used as a basis for the SN-curve. In
that case, g, may be taken as 1,35. The same approach may be used for other materials.

17 The parametric formulas based on membrane theory in Eurocode 3 Part 6 (EN 1993-1-6:2007) for shell
buckling applicable to tubular steel towers with D/t < 300 include a bias that can be accounted for by reducing
7w for buckling to 1,1.

18 Fatigue strength is defined here as stress ranges associated with given numbers of cycles.
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7.6.3.4 Partial material factors where recognized design codes are available

The combined partial safety factors for loads, materials and consequences of failure shall not
be less than those specified in 7.6.3.2 and 7.6.3.3, with due consideration of the quantiles
specified in the code.

7.6.4  Stability

The load-carrying parts of "non fail-safe" components shall not buckle under the design load.
For all other components, elastic buckling under the design load is acceptable. Buckling shall
not occur in any component under the characteristic load.

A minimum value for the partial safety factor for loads, %, shall be chosen in accordance with
7.6.R.2 to obtain the design value. The material partial safety factors shall be not|less than
thode specified in 7.6.2.4.

7.6.p Critical deflection analysis
7.6.p.1 General

It shall be verified that no deflections affecting structural integrity occur in the depign
congdlitions detailed in Table 2. The maximum elastic deflection i® the unfavourable diredtion
shall be determined for the load cases detailed in Table 2,"“A characteristic value for|the
resylting deflections is determined in a manner consistept\with the other load compongnts.
The|resulting characteristic deflection is then multiplied by*the combined partial safety factor
for Ipads, materials and consequences of failure.

7.6.p.2 Partial safety factor for loads

The|values of x4 shall be chosen from Table 3:

7.6.p.3 Partial safety factor for theelastic properties of materials

The|value of y, shall be 1,1 exceptywhen the elastic properties of the component in question
have been determined by testing and monitoring, in which case it may be reduced. Partiqular
atteption shall be paid to .geometrical uncertainties and the accuracy of the defledtion
calqulation method.

7.6.p.4 Partial safety factor for consequences of failure

The|partial safety.factor for consequences of failure, y,, shall be 1,0.

The| elastic._deflection shall then be added to the un-deflected position in the most
unfgvourable direction and the resulting position compared to the requirement for mon-
inteffefence.

7.6.5.5 Blade (tip) deflection

One of the most important considerations is to verify that no mechanical interference between
blade and tower will occur. The combined safety factor, %,y for blade-tower clearance shall
be at least 1,15.

In general, blade deflections have to be calculated for the ultimate load cases. The
deflections caused by the ultimate load cases can be calculated based on beam models, finite
element models or the like. All relevant load cases from Table 2 have to be taken into account
with the relevant partial load safety factors.

Moreover, for DLC 1.1 a statistical analysis of maximum tip deflection or minimum tower
clearance is mandatory according to 7.4.2. Here, direct dynamic deflection or tower clearance
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analysis can be used. The probability in the most unfavourable direction shall be the same for
this characteristic value as for the characteristic blade loading. For a deflection analysis, the
characteristic deflection is then to be multiplied by the combined partial factors for loads,
materials and consequences of failure and be added to the undeflected position in the most
unfavourable direction and the resulting position compared to the requirement for non-
interference. In the case of direct dynamic tower clearance analysis, the minimum allowable
clearance is determined by multiplying the nominal undeflected tower clearance by the ratio of
the combined partial factors for loads, materials and consequences of failure minus one to the

Yi¥nm —1)
Yin¥m

combined partial factor (i.e.

7.6.p Special partial safety factors

Lowler partial safety factors for loads may be used where the magnitudes of loads: have heen
estgblished by measurement or by analysis confirmed by measurement toa higher than
normal degree of confidence. The values of all partial safety factors used shadll be stated in
the fdesign documentation.

8 |Control system

8.1 General

Wingd turbine operation shall be governed by a control system that meets the requiremen{s of
Cladise 8.

The|scope of Clause 8 is limited to ensuring that the control system provides an appropiliate
level of protection against structural failure of theturbine main components.19

For [special cold climate requirements, seex14.6.

8.2 Control functions

The|control functions of a wind turbine shall control the operation by active or passive mgans
and|keep the operating parameters within the envelope assumed in the structural design.

The|control functions may govern or otherwise limit functions or parameters such as

e power,
e fotor speed,
e ¢onnection‘of the electrical load,

e s$tart-up and shutdown procedures,

e ¢able twist,

e excessive vibrations,
e alignment to the wind, and

e blade pitch angle.

The ability of the control functions to control the turbine during failure-free operation of the
control functions shall be demonstrated in the design load cases (but excluding the DLC 2.1
and 2.2 load cases).

19 Risk assessments may result in requirements for additional control system functionality needed for ensuring
personnel safety. These functions should be designed and evaluated according to recognized methods and
design principles, such as those specified in ISO 13849 or IEC 62061.
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When a control function failure occurs, the wind turbine must maintain a safe mode of
operation, which may include maintaining operation or bringing the wind turbine to a
shutdown.

Turbine behaviour following a fault in the control functions shall be clearly defined, including
any procedures for automatic or manual restart, see 8.7.

8.3 Protection functions

The control system shall make use of protection functions in order to prevent turbine
ctural overloading—due ailure des protectio ctiohs—may-—be-implemented
as either control functions that apply inherently safe design measures?9, or as sepa
secpndary layer protection functions.

Stru" a) alVial ab=TallaTalla e a ) Le-noge nese-prote ala LA ala ma

Where a secondary layer protection function is used to bring the turbine to a safe modp of
operation, it shall overrule the primary layer control function.

Fungtions protecting against structural overloading shall be implemented ‘by means of multi-
chapnel architectures?l with diagnostic coverage to yield sufficiently Gigh mean time betwleen
failJre.

The| ability of protection functions to protect against structural overloading shall|l be
demonstrated in design load cases DLC 2.1 and 2.2, cf. 7.4.3.

8.4 Control system failure analysis
8.4.1L General

Faults or errors in the systems implementing:;the control and protection functions may leald to
a nymber of failure modes, where the failure: mode is defined as the behaviour of the control
systiem in case of a fault or error. Such failure modes may lead to events affecting the turbine
strufture.

EXAMPLE A sensor fault may lead to erreneous pitch action (the failure mode), which may lead to excessive Jrotor
speed (the event).

Failure modes of the contrel system shall be identified according to the requirements in|this
clause and evaluated aécording to the requirements given in 7.4.3.

FMEA or equivalent)fault analysis shall be carried out to determine fault events relevant for
wirrﬂi turbine loading. This may include fault-tree analysis or similar methods to identify |any
conmmon cause failures.

The|setlofjevents addressed in the fault analysis shall include at least the following:

a) excesstrerotot apccd,
b) excessive vibrations;
c) excessive power production;

d) actuator faults, e.g. pitch and yaw actuation faults.

20 SO 12100:2010, 6.2.11 and 6.2.12 provides guidance on applying inherently safe design measures to control
systems.

21 Multichannel architectures include but are not limited to the use of redundancy. A single functional channel with
high diagnostic coverage provided by a separate test channel may suffice if the resulting mean time to
dangerous failure is sufficiently high. The designated architecture for Category 2 systems as per ISO 13849-1
constitutes such architecture.
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8.4.2 Independence and common-cause failures

It may be assumed that independent faults do not occur simultaneously. If independent faults
are assumed, measures against common-cause failures shall be implemented, and there shall
be sufficient diagnostic coverage to protect against dormant failures.22

8.4.3 Fault exclusions

Control system failures subject to fault exclusions23 as described in recognized standards can
be omitted.

All hechanical components of the control system where fault exclusions are applied shall be
consgidered in component class 3 with an appropriate consequences-of-failure partial~sgdfety
factpr (as defined in 7.6). All such critical components shall be analysed for ultimate strenlgth,
fatigue, buckling and critical deflection.

8.4.4 Failure mode return periods

If fdilure mode return periods are claimed in the load calculations (see 7.4.3.2) then tHese
shall be demonstrated by recognized methods.24

For |mechanical components, failure mode return periods need only to be established if fault
exclusions do not apply.

8.4.p Systematic failures

For |protection functions and for control functions®where failure mode return periods higher
tharn 10 years are claimed, measures for avoiding systematic failures2> (including softWare
faildres) described by recognized standards shall be applied.

8.5| Manual operation

Marjual or automatic intervention shall not compromise the control system'’s ability to keep the
turbjne within limits. Any deviceallowing manual intervention shall be clearly visible [and
iderftifiable, by appropriate marking where necessary.

Where selection of contrel mode can be exercised, for example for maintenance, the mode
seldgction shall be governed by a selector, which can be locked in each position correspongding
with{ a single mode.

Setfings of the~control system shall be protected against unauthorized interference.

8.6 | Enrergency stop button function

An enjergency stop button function shall be implemented using recognized methods |and
design principles, such as those specified in TSO 13850, which gives guidance on emergency
stop button availability, location, choice of stop functionality, and reset behaviour.

22 |SO 13849-1 may be used to judge whether the measures against common cause failures are sufficient.

23 Fault exclusions are described in standards such as ISO 13849-2. For mechanical components, fault exclusions
are relevant for “safe-life” components.

24 see IEC 61508-6 or IEC 62061 for suitable methods for demonstrating failure rates, e.g. fault trees, Markov
models, etc. Also, ISO 13849-1 provides simplified methods for assessing the failure rates, including generic
values for components.

25 Measures to avoid systematic failures and software failures are covered within 6.4, 6.10 and 6.11 of
IEC 62061:2005, IEC 62061:2005/AMD1:2012 and IEC 62061:2005/AMD2:2015, or 4.6, Annex G and Annex J
of ISO 13849-1:2015.
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It shall be specified which stop category is chosen. Further, any functionality required from
the control system when the emergency stop button is activated shall be clearly specified.26

The behaviour of all systems impacting the structural loading upon activation of the
emergency stop button shall be clearly specified.

EXAMPLE 1 Disconnection of electrical systems may impact the loading of the drive train.

When the emergency stop function behaviour depends on operating conditions, these
dependencies shall be clearly defined.

EXAMPLE 2 Application of the mechanical disc brake in case of emergency button activation may be conditipned
on the rotational speed and/or wind speed, etc.

Effelcts of activation of the emergency stop button shall be evaluated under DKE .5.1 for all
relejyant operating scenarios (see 7.4).

8.7 Manual, automatic, and remote restart

Medhanisms for restarting the turbine following a stop shall be cleaflydefined and meet| the
follqwing requirements.

Turbine restart behaviour and restart procedures?? following¢a‘eontrol function failure shall be
defiped based on a failure mode analysis (for example viaa fault tree analysis).

If fgilures in functions that define if a restart can occur could influence turbine loads then
thede faults should be considered to be control system fault events as defined in 8.4.1.

The| behaviour following a control function failure may be defined by automatic or manual
progedures, performed locally or remotely.in'the case of remote restart, this shall include|any
rempte inspection needed (for example, via the use of remote cameras and/or SCADA data),
and|suitable criteria that need to be met,before it is deemed safe to allow remote restart.

Automatic restart shall not be allowed unless automatic diagnostics and criteria necessarly to
enstpire that the turbine will remain safe (i.e. within an acceptable risk of turbine damage) after
restprt have been defined.

EXAMPLE Such diagnosties\'may consist of automatic substantiation that the structural design limits for [rotor
speefd and tower top accéleration have not been exceeded.

The| risks and,_tonsequences of an unintended remote restart (for example, due fo a
communicatiofs-system error) shall be considered.

disgblérand lock out the automatic restart function and the remote restart function.

A tqrbine with automatic or remote restart capability shall be provided with a means to logally

The turbine shall not incorrectly restart as a result of external factors such as loss (and
reinstatement) of grid power or external loads or due to maintenance actions.

The number and frequency of remote or automatic restarts that are permissible shall be
clearly defined based on the shutdown assumptions contained in the design loads
assessment. The restart function shall ensure that these limits are not exceeded.

26 This requirement is particularly important when stop category 1 (controlled stop) is chosen.

27 A restart procedure needs to consider the reasons why the turbine shut down to in order to justify that it is safe
to restart the turbine. For example, a restart might not be considered safe without an inspection taking place if
the turbine has been shut down due to excessive mechanical shock.
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The design loads assessment shall consider the consequences of repeated restarts up to the
limits defined above.

The functionality to control the number and frequency of remote or automatic restarts that are
permissible shall not be incorrectly affected by external factors such as loss (and
reinstatement) of grid power or external loads or due to maintenance actions.

8.8 Braking system

It shall be possible to bring the rotor to idling mode or complete standstill from any operation

dition includina lass of nower
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Megns shall be provided for bringing the rotor to a complete standstill in any wind speed Jess
than the wind speed limit defined for maintenance and repair, see 7.4.9, unless thigs is
explicitly discounted based on the results of a risk assessment.

It islrecommended that at least one braking system operate on an aerodynamic principle, as
such acting directly on the rotor. If this recommendation is not met, at least one braking
systiem shall act on the shaft directly connected to the rotor or on the fotor of the wind turbjine.

If a praking system is designed to bring the rotor to standstill upon’emergency stop activation,
it shall be able to keep the rotor in standstill for the defined wind conditions for at least [one
houf after it is applied.

9 |Mechanical systems

9.1 General

A mlechanical system for the purposes of this document is any system which does not corsist
soldly of static structural components, oklelectrical components, but uses or transmits relgtive
motlon through the combination of shafts, links, bearings, slides, gears and other deviges.
Within a wind turbine, these systems may include elements of the drive train such as
geafboxes, shafts and couplingssiand auxiliary items such as brakes, blade pitch contiols,
yaw| drives. Auxiliary items may be driven by electrical, hydraulic or pneumatic means.

All mechanical systems -in"the drive train and in the control system shall be designed
according to IEC or 1S@\standards wherever available. Otherwise, recognized standards ghall
be ysed. Partial safety factors shall be consistent with component class 2 in 7.6.1.3, unjess
the pystems falls intd component class 3.

Partficular care- shall be taken to ensure that cooling and filtration systems can maintain| the
releyant eperating conditions throughout the operating temperature range when the specified
maiptenance procedures are followed.

The remaining life of any component subject to wear in the brake system shall be monitored
automatically and subject to regular inspection. The turbine shall be parked when there is
insufficient material for further emergency stops. All brake devices shall be designed and
maintained to keep the response time within acceptable levels.

Load calculation shall be based on simulations including both the mean braking level and a
minimum braking level that allows for minimum friction and application pressure predicted for
the design. If the brake is able to slip at the minimum braking level, when the brake is applied,
it shall be designed to avoid overheating and brake performance impairment and to avoid risk
of fire.

For cold climate requirements, see 14.7.
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9.2 Errors of fitting

Errors likely to be made when fitting or refitting certain parts that could be a source of risk
shall be made impossible by the design of such parts or, failing this, by information given on
the parts themselves and/or housings. The same information shall be given on the moving
parts and/or their housings where the direction of movement shall be known to avoid a risk.
Any further information that may be necessary shall be given in the operator’s instruction and
maintenance manuals.

Where a faulty connection can be a source of risk, incorrect connections shall be made
impossible by the design or, failing this, precautions shall be taken to avoid faulty connection
by ipformation given on the pipes, hoses and/or connector blocks.

9.3| Hydraulic or pneumatic systems

Where auxiliary items are powered by hydraulic or pneumatic energy, the systems shall bg so
designed, constructed and equipped as to avoid all potential hazards asso€iated with these
typgs of energy. Means of isolating or discharging accumulated energypshall be included in
sucl systems. All pipes and/or hoses carrying hydraulic oil or commpressed air and their
attachments shall be designed to withstand or be protected from,)foreseen internal |and
extdgrnal stresses. Precautions shall be taken to minimize risk” of injury arising as a
congequence of rupture.

9.4 Main gearbox

The|main gearbox shall be designed according to IEC.61400-4.

9.5| Yaw system

The| yaw system may consist of means to_@aintain a fixed yaw orientation (e.g. hydrulic
brakes), means to change that orientation.(e.g. electric motors, gearboxes and pinions) Jand
megns to guide the rotation (e.g. a bearing).

Any[motors shall comply with relevant parts of Clause 10.

Non-redundant parts of the-'gear system such as the final yaw gear shall be considered as
component class 2. When multiple yaw drives ensure sufficient redundancy in the yaw gear
system, and easy replacement is possible, the reduction gearbox and the final drive pipion
may| be considered tobe in component class 1.

The|safety against pitting shall be determined in accordance with ISO 6336-2. The applicdtion
of the upperdimit curve (1) for life factor Zyt, which allows limited pitting, is permissible.
Sufficient tooth bending strength shall be proven in accordance with ISO 6336-3. The reverse
benfling~lpads on gear teeth shall be considered in accordance with ISO 6336-3:2006,
exXB.”Minimum values for Sg and S, are specified in Table 4. These values shal

achleved-b rg—cha = c—loa Hence—S—ahd-S—nclude-the partial-safe

for consequences, y,, materials, », and loads, .

Table 4 — Minimum safety factor Sy i, and Sg i,
for the yaw gear system

Component class 1 Component class 2
Surface durability (pitting) Sh.min = 1.0 Sh.min = 1.1
Tooth bending fatigue strength SF,min >1,1 SF’min =1,25
Static bending strength SF,min >1,0 sF’min =1,2
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However, lower safety factors, Sp and S, may be applicable in cases where efficient
monitoring is implemented. If safety factors below 1,0 are applied, then the maintenance
manual shall reflect anticipated replacement intervals.

9.6 Pitch system

The pitch system may consist of means to adjust blade pitch angle (e.g. hydraulic actuators,
electric motors, gearboxes, brakes and pinions) and means to guide the rotation (e.g. a
bearing).

Any motors—shall complvywith relevant narts—of Clause- 10 For nitch svstems—with-individual
=y g 1 Y

pitch drives/actuators ensuring sufficient redundancy, these may be considered toChg in
component class 2.

For [component class 2, gearboxes and gears shall comply with relevant parts of 9:5.

9.7 Protection function mechanical brakes

Where mechanical brakes are used for a protection function (see 7.4:3.8), they are genefally
frictjon devices applied by hydraulic or mechanical spring pressure.Fhe remaining life of|any
weadring components, for example friction pads, shall be monitered by the control sysiem,
whig¢h shall place the turbine in parked mode when insufficient material is available for a
further emergency stop or braking.

Loafl calculation shall be based on simulations including an appropriate range of the braking
levell. If the brake is able to slip in the standstill state_at the minimum braking level, wheng¢ver
the prake is to maintain the wind turbine in a statiohary state, the period of slip in a turbylent
wind shall be sufficiently short to avoid overheatittg and brake performance impairment an(d to
avold a risk of fire.

9.8 Rolling element bearings
9.8.L General

The| basis of rating analysis oftelling bearings shall be 1SO 76, ISO 281 and ISO/TS 16281.
The| calculation shall consider-the actual operating and lubrication conditions as well as|the
beafing environment. Any life adjustment factor according to 1ISO 281 and ISO/TS 16281 ghall
be gpplied with care.

The| design loads ‘shall reflect the loads determined in the various load cases in 7.4 |[and
appfopriate safety factors in 7.6. The bearing design shall consider the expected amount of
rotafion during(its lifetime and whether the rotations are continuous or discontinuous.

9.8.p Main shaft bearings
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meet or exceed the specified design life of the wind turbine.

9.8.3 Generator bearings

The modified reference rating life L1g,,, (90 % survival probability) of generator bearings shall
meet or exceed the specified design life of the wind turbine.

Generator bearings that can be replaced in the wind turbine without special tools may be
specified for a shorter design life.
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9.8.4 Pitch and yaw bearings

For pitch and yaw bearings, the ratio of static rating to design load shall be at least 1,0
according to 1SO 76. The load distribution due to flexibility of the connected parts shall be
carefully considered.

Bearings used in the pitch and yaw systems are exposed to a discontinuous, oscillatory
motion. Therefore, consideration shall be given to the potential effect of insufficient lubrication
due to small movement.

10 [ETectrical system

10.1 General

The|electrical system of a wind turbine installation comprises all electrical equipment instdlled
in dach individual wind turbine up to and including the wind turbine terminals; referred to
belgw as the "wind turbine electrical system".

Cladyise 10 includes electrical components specific to wind turbine designs that have featlres
and| functions not typically addressed in other system or component standards. Clausg 10
alsg addresses common wind turbine components but it is net ‘intended to be all inclugive.
Spegific components are dictated by the turbine designh-and these components |and
assémblies shall be evaluated for the electrical, mechanical’and environmental installgtion
locdtions and application as defined in 10.2.

The|power collection system is not covered by thisddocument.

10.2 General requirements for the electricahSystem

The| design of the electrical system shall, eAsure minimal hazards to people and livestock as
welll as minimal potential damage to the wind turbine and external electrical system during
opefration and maintenance under_@ll normal and extreme electrical and environmgntal
conglitions (as defined in 6.4.2 and™6.4.3) for the specific area where the equipment opergtes,
incliding additional effects related to the overall turbine and its environmental ratings.
Elegtrical components and subassemblies shall be rated for their electrical conditions jJand
opefating environment.

Elegtrical equipment/stiould be designed to provide protection from potential arc flashes uging
recqgnized nationdl griinternational standards and risk assessment methodologies.

For [cold climate-requirements, see 14.8.

Unléss, otherwise specified in this document, the design of a wind turbine electrical syqtem
shall~\comply with the requirements of IEC 60204-1. For equipment that have input and or
outpgutTircuits atTTonmTat vottages greater tram 1+ 000 vV-ACor—1+500vDC the—appticable
requirements of IEC 60204-11 shall be applied. The manufacturer shall state the design
standard(s) used. The design of the electrical system shall take into account the fluctuating
nature of power generation from wind turbines.

10.3 Internal environmental conditions

The environmental conditions internal to the turbine are likely to be different from the external
environmental conditions.

Environmental conditions shall be determined for the locations in which all major components
and subassemblies within the wind turbine are located and shall be conducted in accordance
with IEC 60721 (all parts). The locations for consideration normally include, but are not limited
to, the hub, tower sections, nacelle, tower base, tower basement.
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The internal environmental conditions are dependent upon the specific environmental control
systems and foreseeable environmental pollution included in a specific turbine design.
Heating, cooling and active ventilation shall be considered.

The manufacturer shall specify the following service conditions for operation, storage and
transportation for each of the turbine subassemblies and major components. Where
applicable, the classifications from IEC 60721 (all parts) shall be used:

e coolant temperature (min./max.);

e ambient temperature (min./max.);

e humidity (min./max.);
e pollution degree;
. ibration;

e ODOVC (overvoltage category);

. Eltitude for thermal consideration, if rated for operation above 1 000 m;

. Ititude for insulation coordination considerations, if rated for operation above 2 000 m
Thepe environmental condition determinations are the basis for 'the insulation coordingtion
defiped in 10.3.

IEC|60664-1 and IEC 60664-3 for equipment having a rated voltage up to 1000 V AC |and
IEC|60071-1 and IEC 60071-2 for equipment having a rated voltage above 1000 V AC ghall
be dised for evaluating the insulation coordination regquirements for the specific wind turbine
equ|pment unless otherwise specified by specific’ component requirements within [this
doctiment. This insulation coordination evaluation shall address the overvoltage catedory,
polltition degree, and environmental conditions<fer the electrical equipment within the turbipe.

Minimum environmental conditions within\thre turbine are to be considered pollution degreje 3.
Spefgific areas where conductive pollution such as slip ring brush dust and brake dust|are
pregent shall be considered pollution-degree 4.

The| pollution degree may be feduced within certain areas of the equipment by the usg of
encapsulation, conformal co0ating, etc. Reduction of pollution degree within the overall
equlpment may also be achieved by the use of enclosures providing protection in accordgnce
withl IEC 60529. Steps‘may be taken to control and reduce the pollution degree at|the
cregpage location by design features or the consideration of the operating characteristics of
the Fomponent or equipment.

Pollption degréee 2 can be achieved by reducing the possibilities of debris accumulgtion
(filtered ventitation) and condensation or high humidity at the creepage locations. Continyous
application* of heat, through the use of heaters or continuous energizing of the equipment
wheh.it’is in use, can be used to control condensation. Continuous energizing is considered to
eXl VVhCII thC C\.{u;lJIIICIIt ;Q UlJCIClth vv;thuut ;IItCIIUPt;UII CVCIy day Cllld 24 hUuID |JCI da Or
when the equipment is operated with interruptions of duration which do not permit cooling to
the point that condensation occurs.

Pollution degree 1 can be achieved by potting, moulding the equipment or circuit or by
enclosing it in an IP 67 enclosure.

Overvoltage category IV shall be applied to determine clearance spacings in general locations
within a wind turbine. Surge protectors that are relied upon to protect control and protection
circuits and other circuits relied upon for the safe operation of the turbine shall include
monitoring circuits or other automatic means to indicate a surge protective device has failed.
Use of surge suppression protection may be used to locally reduce the overvoltage category
to below IV for specific equipment or circuits.
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Direct or nearby lightning strikes can induce high overvoltage conditions in the external
electrical systems and wind turbine electrical systems including equipment circuits throughout
the hub, nacelle and tower. Surge protective devices, if used, shall be installed in close
proximity to the equipment being protected.

10.4 Protective devices

A wind turbine electrical system shall, in addition to the requirements of IEC 60364 (all parts),
include suitable devices that ensure protection against malfunctioning either within the wind
turbine, equipment, subassemblies and components or as consequence of the external
electrical system malfunction that may lead to an unsafe condition or state. These protective
device functions include: short circuit, overcurrent, ground fault, over temperature and|arc
faulf.

10.§ Disconnection from supply sources

Lockable disconnect device or devices shall be provided to disconnect the(equipment from
each electrical source of supply that has a hazardous live voltage or exceeds the valueg for
hazardous energy or from which a hazardous live voltage or energy is~derived. The levels of
hazardous voltage and energy are defined in IEC 60204-1 and IEC 60204-11.

The|emergency stop is not intended to provide a routine disconnect function for this purpose.

Senmiconductor switching devices without additional airxgap disconnect contacts are|not
suitable to meet the requirements of 10.4.

Where lighting or other electrical systems are. hecessary for safety during maintenapce,
auxiliary circuits shall be provided with their own>disconnect devices, such that these cirquits
may remain energized while all other circuits are de-energized.

Cirquits and equipment rated more than. 4,000 V AC or 1 500 V DC shall comply with Claugse 5
of IEC 60204-11:2000.

10.4 Earth system

A wind turbine shall be provided with a local earth electrode system to meet the requirements
of |[EC 60364 (all parts) (for the correct operation of the electrical installation) [and
IEC|62305-3 (for lightning protection).28 The range of soil conditions for which the efarth
eledtrode system js\adequate shall be stated in the design documentation, together with
recqmmendations should other soil conditions be encountered.

The| choice @and installation of the equipment of the earthing arrangement (earth electrofles,
earthing_eenductors, main earthing terminals and bars) shall be made in accordance pwith
IEC|60364-5-54.

Provisions shall be made in any electrical system operating above 1 000 V AC or 1 500 V DC
for earthing during maintenance in accordance with IEC 60204-11.

10.7 Lightning protection

The lightning protection system of a wind turbine shall be designed in accordance with
IEC 61400-24. A risk-based approach shall be applied during the lightning protection system
design with respect to the risk of damage and personnel safety.

The design shall consider the protection of the following areas:

28 Additional considerations are included in IEC 61400-24:2010, Clause 9.
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e rotor blades;

e hub/spinner;

e nacelle;

e tower.

Additional system components such as external transformers and switchgear outside the

scope of this document may also need to be connected and or included in the lightning
protection system.

Therprotectiomof—etectricat—systems—withim—the—turbime—shat—fotow—a—tghtnmg—protegtion
appfoach as set out in IEC 62305-4, with the design incorporating a combination of bonding,
shiglding and surge protection devices.

Desjgn requirements of the lightning protection system are provided in IEC 61400-24.

10.8§ Electrical cables

Elegtrical cables shall be rated for the electrical, flammability, mechanjcal and environmegntal
applications where they are used and shall be installed in a mannerfor which they are rated.
Where there is a probability of rodents or other animals damaging_cables, armoured cablels or
congluits shall be used.

e (Cables shall be protected or rated to mitigate the possible risk of fire in the event of| the
fault.

e (Control cables shall be segregated and or protected from power cables unless insulgtion
{ailures are specifically addressed in the faultianalysis.

e (Cable clamps, supports and strain reliefs 'shall be suitable for the cable type so ap to
prevent damage to the cable insulation;

e (Cables shall be protected or suitablytocated to prevent damage from abrasion and wear.
10.9 Self-excitation

Any| electrical system that cap‘talone self-excite a wind turbine shall be disconnected |and
rempin safely disconnected.-in:the event of loss of network power.

If a|capacitor bank is«€@nnected in parallel with an induction generator (i.e. for power factor
correction), a suitable switch is required to disconnect the capacitor bank whenever therelis a
loss| of network power, to avoid self-excitation of the generator. Alternatively, if capacitors|are
fittef, it shall bessufficient to show that the capacitors cannot cause self-excitation.

10.10 Protection against lightning electromagnetic impulse

The| «Overvoltage protection shall be designed in accordance with the requirementg of
IEC*623654-

The limits of the protection shall be so designed that any lightning electromagnetic impulse
transferred to the electrical equipment will not exceed the limits governed by the equipment
insulation levels.

10.11 Power quality

The procedures in IEC 61400-21 can be used to demonstrate compliance with the
requirements of the operator of the public distribution or transmission network.
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10.12 Electromagnetic compatibility

For immunity to radiated and conducted disturbances, all electrical components installed in
the wind turbine shall meet the requirements of the relevant product standards and shall not
be less than the greater of requirements of IEC 61000-6-2 or the requirements defined during
the functional safety evaluation of the control system in Clause 8.

10.13 Power electronic converter systems and equipment

The converter shall be evaluated for the environment in which it is installed as defined by
Table 18 of IEC 62477-1:2012. The interior of a turbine is not considered to be a conditioned
spaI:e. If the converter is installed within a conditioned space, it shall be evaluated for’Ithat
envlronment. The pollution degree shall be chosen with respect to ingress of moisture-from
huntidity and condensation due to extended durations of de-energization. The envirenmgntal
serVice conditions defined in IEC 62477-1 may be modified to accommodate the spécific |end
application within the turbine.

IEC|61800-4 shall be applied for converters operating above 1 000 V AC gor 1’500 V DC.

Conyverter controls and protection shall additionally comply with the applicable requirements in
Cladise 8.

10.14 Twist/drip loop

Wiring that is subject to movement, flexing, or twisting during operation of the wind turbine
shall be investigated for suitability in the application gonditions of use and rated life.

If operation of the wind turbine may result in>twisting of flexible cables, such as|the
conpecting cables between rotating parts (nacelle) and parts of the fixed structure (towdr or
fourdation), the operational conditions of.use shall not cause damage to the conductorg or
theif insulation. The evaluation shall address service life, electrical and environmgntal
opefating conditions of the subassembly:

Conttrols that prevent damage to ‘cehductors or their insulation including rotational limits ghall
be donsidered part of the controlsystem.

Where multiple cables are grouped or tied together, the assembly loading shall be distriblited
sucl that the individual.cables are not subjected to loads that exceed their individual ratings.

The| cable support;-assemblies shall be designed for the mechanical loading and torsipnal
forcps of operation.

Cable sjzé;and temperature rating shall be evaluated based upon the operating temperature
of the/assembly including representative size and number of cables fully twisted, carrying

maximum normal current and including electrical terminations similar in distance in the |lend
application.

10.15 Slip rings

Slip rings shall comply with 10.2 and the applicable portions of IEC 60204-1 and shall be
rated for the electrical and environmental conditions to which they are subjected within the
turbine. The slip rings shall be rated for normal operating and abnormal (overload) conditions
to which they may be subjected. The normal rating of a slip ring is based upon the circuit
electrical loads. The overload rating shall be based upon source circuit fault current capacity
and may account for overcurrent protection if provided.

Slip rings used in safety critical power and control circuits shall be provided with means to
address failure and wear.
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10.16 Vertical power transmission conductors and components

Vertical power transmission systems that are run up the tower, such as bus bar-based
systems and cable-based systems, shall comply with the respective component standards.
These are IEC 61439-1 and IEC 61439-6 for bus bar-based systems and IEC 60364-5-52 for
cable-based systems.

The conductors and components shall comply with their applicable standard with regards to:
operating temperature range, environmental conditions, electrical isolation, electrical impulse
withstand and short circuit withstand capabilities as necessary for the electrical and
environmental conditions within the turbine.

Verfical power transmission equipment shall be constructed with sufficient mechanical
strength to withstand the foreseeable mechanical forces (deflection, movement and. loading)
for its use as determined from the results of the design load cases for the specificxcomponent
within the specific turbine. Sections of vertical power transmission .conductors |and
components shall be suitably attached to the tower or to components of the-tower intendeld to
support the assembly.

The| evaluation of these vertical power transmission systems shall{account for the following
congitions:
a) ptatic loading on system components;

b) Expected deflection and forces on the transmissionsiassemblies and support structure
resulting from bending of the tower under anticipated extreme conditions;

c) pxpected force direction and magnitude of displacement of the assembly;

d) fpomponent fatigue, loosening of fasteners;

e) pegradation, wear, deformation and creep,of polymeric electrical insulating materials;
f) |oss of electrical conductivity or electrical isolation;

g) pperation for the intended turbing,life span or specified maintenance period for|the
hssembly.

The|lassembly may be evaluated.by testing, analysis or a combination of the two.
Scaled testing may be used-to represent the complete system.

The| mechanical and\structural suitability of the power transmission assembly and suppofting
members may bge ‘addressed via analysis per the design load case evaluation. The degign
load cases shall-specifically include and address the forces on the assembly, subassemblies
and|components including insulating and conducting materials.

Consideration of short circuit conditions for vertical power transmission systems should
inclyide./electrical, thermal and mechanical effects on components as well as instglled
systems.

If the analysis method does not include effects of abrasion/wear and material creep on the
polymeric electrical insulation, testing may be necessary.

10.17 Motor drives and converters

Motor drives and converters shall comply with the applicable portions of IEC 61800-5-1.

Pitch and yaw motor drive and converter controls shall additionally comply with the applicable
requirements in Clause 8.
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10.18 Electrical machines

Electrical machines shall comply with relevant parts of IEC 60034 and shall have a duty rating
suitable for the intended application29.

The turbine generator shall be rated for continuous operation (duty S1 according to
IEC 60034-1).

The combination of an electrical machine powered by a frequency converter drive shall have
coordinated electrical and isolation ratings.

10.19 Power transformers

Power transformers included within or as part of a turbine system shall comply with
IEC|60076 (all parts).

Low voltage transformers within the wind turbine shall either be fully encl@sed, including all
terminations, or they shall be located in dedicated areas behind barriers or panels as required
in recognized national or international standards and codes. High voltage (HV) transformers
withiin the wind turbine shall comply with the requirements for restricted accessibility and Jock
out ps defined in 10.21.

10.20 Low voltage switchgear and controlgear

Low voltage switchgear and controlgear operating up to 1 000V AC or 1500V DC ghall
comply with IEC 61439-1 and other parts of the IEC 61439 series and shall be rated for| the
eledtrical and environmental conditions to which it is. subjected within the turbine.

All enclosures for switchgear and controlgear” shall be provided with cautionary mark|ngs
reqyired by IEC 61439-1 and other applicable parts of the IEC 61439 series.

10.321 High voltage switchgear

High voltage (HV) switchgear opérating above 1 000 V AC or 1 500 V DC shall comply with
IEC|62271 (all parts) and shallvbe rated for the electrical and environmental conditions to
whigh it is subjected withinthe turbine.

HV |switchgear shall.fbe located in areas of the turbine only accessible by author|zed
pergonnel. Cautionary’markings shall be posted on the turbine access, hatch or door to Wwear
appfopriate personnel protection equipment for the hazards inside the area beyond|the
acce¢ss, hatcherdoor.

HV pwitchgear installed in areas accessible to normal maintenance personnel shall be metal
enclosed-and specified for internal arc containment classification (IAC). The IAC shal| be
clagsification A as defined in IEC 62271-200 for all equipment sides where personnel may
reasonably have access.

HV switchgear shall be tested, rated and marked for the IAC fault current with a duration of
not less than 1 s.

HV switchgear shall be installed in accordance with the manufacturer’s ratings and
instructions. Pressure relief vents shall output without obstruction and without risk to
personnel or equipment.

29 consideration should be given to interconnection cable length, the drive voltage waveform, the use of insulated
bearings and shaft earthing arrangements.
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Switchgear configured for automatic operation shall be switchable to lock out and disable the
automatic operation.

As required by 10.4, HV switchgear and associate controls shall be provided with a means to
be locked in a safe state.

SF6 switchgear shall be installed in areas with sufficient ventilation so as to avoid hazard to
personnel in the event of a leak.

10.22 Hubs

Equjpment within the hub shall be provided with enclosures rated for the electrical|and
environmental application in accordance with IEC 60529 to protect electrical components from
damage. Electrical cabinets and enclosures shall be provided with doors or coyvers’ that|are
seclirely fastened.

Wiring associated with the control systems shall be mechanically protected4rom damage [due
to hpb rotation, service personnel interaction and unintended impacts within the hub.

11 |Assessment of a wind turbine for site-specific conditions

11.1 General

Wingd turbines are subject to environmental and electrical conditions including the influencle of
neafby turbines, which may affect their loading, durabijlity and operation. In addition to these
congitions, account has to be taken of the seismic,“topographic and soil conditions at the wind
turbjne site. It shall be shown that the site-specific conditions do not compromise |the
struptural integrity. The demonstration requires”an assessment of the site complexity, [see
11.4, and an assessment of the wind conditions at the site, see 11.3. For assessmert of
struftural integrity, two approaches may he*used:

a) p demonstration that all these conditions are not more severe than those assumed for the
Hesign of the wind turbine, seec11.9;

b) @& demonstration of the structural integrity for conditions, each equal to or more seyere
than those at the site, see11.10.

If ahy conditions are_more severe than those assumed in the design, the structural |and
eledtrical compatibilityzxshall be demonstrated using the second approach.

The| partial safetyfactors for loads in 7.6.2.2 assume that the site assessment of the nofmal
and|extreme.wind conditions has been carried out according to the minimum requirements in
Clajise 11.

11.3 JAssessment of the topographical complexity of the site and its effect on
turbutence

11.2.1 Assessment of the topographical complexity

A site shall be assessed for the topographical complexity of the terrain, since it may cause
distortion, and hence deviation, of the turbulence structure from the design conditions.

The complexity of the site is characterized by the slope of the terrain and variations of the
terrain topography from a plane, and it may be assessed according to the following procedure.

To obtain the slope of the terrain, planes are defined that fit the terrain within specific
distances and sector amplitudes for all wind direction sectors around the wind turbine, see
Figures 10 and 11. The fitted planes do not need to pass through the tower base. The slope
denotes the angle between a horizontal line and the different mean lines of sectors projected
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vertically on the fitted planes. Accordingly, the terrain variation from the fitted plane denotes
the distance, along a vertical line, between the fitted plane and the terrain at the surface

points.

The resolution of surface grid and its original source map used for terrain complexity

assessment should not exceed 50 m.

The circle sectors shall be 30°. For the circle sectors with radius 5z, the area used to fit the

plane may be extended 2z,,,, downwind of the wind turbine position, see Figure 10.

C

2

Mean line of
sector A

£

20 Zhub

IEC

hdius 2073,

digs 10z, ,

d;uc SLhub
radius 5z, , extended 2z, , behind the wind turbine position

Figure 10 — Examples of 30° sectors for fitting the terrain data
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Figure 11 — Terrain variation (Az) and terrain slope (6)

Using thus defined slope and terrain variation, terrain slope indices (TSI) and terrain varigtion
indiges (TVI) for each circle area are given by the following equations:

12
TS|30 = Z fEnergy(i) |9(|)|

i=1
12 .
~A\Dry (i)
TVigg = Z fEnergy(')' Tl\:{/ 34)
i=1

TSl = kq - P60
Drv360
TVI A—
360571 "R
whelre

TSIy, TSl369 are the terrain slope indices calculated from 30° sectors and 360° circle area,
respectively;

TVI30,TVIggo are the terrain variation indices calculated from 30° sectors and 360° cjrcle
area, respectively;

i is the wind sector index (1, 2, ........ , 12);

fEnergy(i) isthe percentage of the wind energy coming through ith 30° sector,
ZfEnergy(i) =1

a(i) is the slope of fitted plane for ith 30° sector;

0360 tS-the-stope-of-the-fitted-366<—¢cireteptane;

Dy (i) is the standard deviation of terrain variation in ith 30° sector;

Dtv360 is the standard deviation of terrain variation of the 360° circle area;

R is the radius of the circle area;

Ky is the empirical adjustment factor for TSl3gq, k; = 5/3;

ko is the empirical adjustment factor for TVlggq, ky, = 3.

TSIy is the mean absolute value of the slopes of the twelve sector-wise fitted planes
weighted by energy inflow. Similarly, TVI;, is the mean value of the twelve sector-wise
standard deviations of terrain variation normalized by the circle radius, weighted by the
energy inflow.
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TSl3g0 is the slope of the fitted 360° circle plane adjusted by an empirical factor k;.

TVI3eq is the standard deviation of terrain variation in 360° circle area, normalized by the
circle radius and adjusted by an empirical factor k.

Terrain is assessed for terrain complexity by means of two indices TSI and TVI for each of the
three circle areas (5z,,, 10z;,,,, and 20z,,,). For both indices, three complexity categories
low (L), medium (M) and high (H) are defined, see Table 5. If the TSl35 and TVI;, values as
well as the TSl;g4 and TVi,g values for all three circle areas are below the threshold value for
category L, the site is assessed as not complex If not, the site is assessed as complex and
aSS IICU UlicT Uf thC lhICC \JUIIIPICAILy La(ll.C\JUI ICQ, I_, IVI Ul I I, dClJCIIdIIIu UTl LhC hlu 'leSt

catggory TSI or TVI for any of the circle areas.

Table 5 — Threshold values of the terrain complexity categories L, M and"H

Threshold values (lower]imit)
Rpdius of circle Sector amplitude of fitted Terrain slope index Terrain variation index
area plane (TSI) (TVI)
L M H L M H
52, 360°
5z
b 10° 15° 20° 2% 4% 6 %
10z, 30
20z,

11.3.2 Assessment of turbulence structure.at'the site

The|turbulence structure, i.e. the ratios of the'three components of turbulence, of a site ghall
be determined primarily from measuremgnts at the site. When there are no site data, it may
be gstimated by an appropriate flow model.

Alternatively, it may be estimated:from the complexity of the site. Values shown in Taljle 6
may| be assigned depending, ontthe complexity category defined according to the procedure
des¢ribed in 11.2.1.

Table 6 — Values of lateral and vertical turbulence standard deviations
relative to the longitudinal component depending on terrain
complexity category L, M and H

Category
L M H
o,lo; 0,85 0,93 1,00
oilo; 0,60 0,65 0,70

The turbulence structure correction parameter C~q, which may be used in the assessment of
the structural integrity by reference to wind data in 11.9, may be defined by the following
equation30;

CCT = \/l+(&2 /6'1)2 +((3'3 /8'1)2 /\/1+ (02 /0'1)2 +(O'3 /0'1)2

30 If C. is less than 1, C.; = 1,0 shall be used.
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in which o;, o, and o5 are values of the three components of turbulence, at hub height and at
wind turbine location, averaged over a wind speed range between 0,6 V, and 1,6 V.. The
design values for the Kaimal and Mann models can be obtained from Annex C.

When there are no measured site data, the values in Table 7 may be used for C1 depending
on the complexity category of the site.

Intefpolation between the values in Table 6 and Table 7 is allowed.

11.3 Wind conditions required for assessment

11.3.1 General

Table 7 — Values of turbulence structure correction parameter
depending on terrain complexity category L, M and H

Category
L M H
Cer 1,05 1,10 1,15

The| site wind parameters shall be either measured and .éxtrapolated, or calculated uping

app
locdl meteorological stations, simulation models or local codes and standards). Simulg

models shall be validated against representative data:

11.3.2 Wind condition parameters

The|following parameters shall be derived fot<he position of the wind turbine at hub height

31

32

vind speed probability density function, p(Vy,,p);

vind speed standard deviation ¢ from the ambient turbulence (estimated as the m
alue of the standard deviation of the longitudinal component) and the standard devia

5—0 of ¢ at all wind speeds required in 11.9 or 11.10;

pxtreme ambient~wind speed standard deviation32, &lETM, with a return periog
b0 years;

Q, W oong .

Tlhe Yoad partial safety factors for DLC 6.1 and DLC 6.2 are derived by assuming that the coefficient of variption

opriate methods (e.g. monitoring measurements madé. at the site, long-term records from
tion

extreme 10 min average wind speedsl, V¢, at hub height with a return period of 50 years;

ean
tion

of

be

L1 ! H| PR~ Y-\ WA 1 £l 4L i 4l 4. o
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increased linearly by a factor n from 1,0 at COV = 15 % to 1,15 at COV = 30 %. If > 1,0 an adjusted value of
the extreme 10 min average wind speed of Vg, :\/; V5, can be used in the assessment of the structural
integrity, see 11.9 and 11.10. COV of the annual maximum wind speed can approximately be obtained

assuming a Gumbel distribution and assuming that for example 50 year and 100 year return values of the

speed, V., and V,,,, are available. The parameters « and g are obtained from:

V100 ~Vs0 : 1 1
a=—"—>— f=Vgg-ap with  pygp =-In| -In| 1-—— and psy=-In| -In[1-—
P100 — Pso % % 10 100 50 50

COV is determined from
4 1

COV =—=

(e
# e B 05772

a

wind

The extreme ambient wind speed standard deviation &,y may be derived using an appropriate extrapolation

method, for example, the IFORM method, or estimated by:
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e flow inclination;

e wind shear33;

e air density.

Where there is no site data for the air density, it shall be assumed that the air density is
consistent with ISO 2533, suitably corrected for annual average temperature.

The bin width of any wind speed used in the above shall be 2 m/s or less, and the wind
direction sectors shall be 30° or less. All measurements, except air density, shall be available

as f

unction of wind direction, given as a 10 min average.

Atte
a di
0rog
four|

Inr
eva

Fo
Icin

=

11.3

The

wind resource assessments differ in many respects, and therefore a balance needs tg

four
of a
into

ntion should be given to wakes from significant structures and orographic obstacles*w
stance from the wind turbine of 20 times the characteristic length of the structure or

times higher than the height of the structure or the orographic obstacle.

bgions prone to hurricanes, cyclones and typhoons, the extreme wind speed shal
uated by appropriate methods, for example as given in Annex J.

cold climate, additional parameters should be derived for the(position of the wind turb
) condition may be assessed according to Annex L.

.3 Measurement setup

requirement for and use of measurements for wind turbine site suitability assessment

d between the amount and the quality of measurements.34 Furthermore, for the purpg
wind turbine site suitability measurement campaign, additional criteria should be tg
consideration.

fhe measurement system should_bg¢' installed in locations broadly representative of
ajority of site areas (e.g. forest;-ridge lines, plains, valleys, slopes and obstacles).

thin
the

raphic obstacle. The influence can be neglected if the bottom edge of the rotar’is at Igast

be

ine.

and

be
ses
ken

the

he exact number and location of measuring systems recommended is very site-spegific
nd depends upon the terrain, extent and ground cover of the proposed wind farm as well
s the expected compleXity of the flow regime and the on-site validation of the flow mopdel

o be used in the analysis.

'he wind conditionvmeasurement heights as well as the number of sensors should
chosen to be representative. Measurements should be performed at a range of hei
vithin the proposed turbine rotor’'s swept area. Consideration should be giver
surroundin@-terrain and vegetation.

he veriieal separation distance between the sensors should enable a robust analysi
he vertical wind shear, for example a separation of at least one third of the rotor diamg

A\ ‘temperature as well as pressure sensor should be installed.

be
jhts
to

s of
ter.

e 10 minutes averaging time, based on at least 1 Hz (mean, standard deviation and
maximum wind speed, mean of wind direction and mean temperature) should be used.

should be used and their performance relative to unheated sensors considered.

If measurements are performed in a cold climate zone, then additional heated sensors

\Y

- A oA v
o

33 Shear values with high variability have been reported for certain areas in connection with highly stratified flow,
complex terrain or severe roughness changes. In this case using the average wind shear may not be sufficient.

34 |EC 61400-12-1 and IEA Recommendation 11 illustrate best-practice guidelines for measurement equipment
installation and setup.
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e In complex terrain, all wind components should be measured, for example with a
3D-ultrasonic anemometer.

11.3.4 Data evaluation

The recommendations with respect to data coverage and period are the following.

e The measurement period can deviate depending on the quality of data and the reliability of
the correlation to a reference long term source. Where seasonal variations contribute

significantly to the wind conditions, the monitoring period should be long enough to include
these effects (the minimum to capture seasonal effects would be 12 months).

o he data coverage in each month should be sufficiently high to adequately represent the
onthly variation in wind conditions.

During data evaluation, a quality check and filtering should be performed and dacumentefl. A
medsure-correlate-predict (MCP) procedure may be performed to extend the data.

The|average value of the wind speed standard deviation &, i.e. the standard deviation off the
londitudinal turbulence component, and its standard deviation 5‘6 shalbh be determined uping

appfopriate statistical techniques applied to measured and preferably linearly de-trended
datg.

A Idng-term assessment is normally required for the estimation of the extreme wind spg¢ed,
lond-term mean wind speed as well as air density, but onlyif the available long term sourge is
appfopriate and sufficiently reliable.

Alteynative methods can be used. Theseys methods should aim to improve [the
representativeness of the measurements for the\site.

The|above mentioned methods and procedures shall be documented.

11.4 Assessment of wake effects<from neighbouring wind turbines

Wake effects from neighbouring_wind turbines during power production shall be considefred.
The| assessment of the suitability of the wind turbine at a site in a wind farm shall take [into
account the deterministic and turbulent flow characteristics associated with single or multiple
wakes from upwind maechines, including the effects of the spacing between the machines| for
all gmbient wind spegds*and wind directions relevant to power production.

The|increase in.loading generally assumed to result from wake effects may be accounted for
by the use of @h-added turbulence approach, or by using more detailed wake models. In either
cas¢, the wake model shall include adequate representation of the effect on loading of
ambientturbulence and discrete and turbulent wake effects.

For faticuin ocaloplatinne thn Affantihnn trirbhiilansan it~ nciyy | na-aaL riviad ~cony din tO
fatigte—ealetations—the—effectiveturblence—tte RSty o ray rived—aeeoreiny

The added turbulence for fatigue and ultimate loads may be assumed to be the same.

The DWM model described in Annex E is generally applicable to both fatigue and extreme
load cases.

11.5 Assessment of other environmental conditions

The following environmental conditions shall be assessed for comparison with the
assumptions made in the design of a wind turbine:

e normal and extreme temperature ranges;
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cing, hail and snow;

humidity;
i

ightning;

solar radiation;
chemically active substances;

salinity.

11.6 Assessment of earthquake conditions

The
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b)
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fe are no earthquake resistance requirements for standard class turbines because
nts are only design driving in a few regions of the world. No earthquake assessn

weak seismic action. For locations where the seismic load cases describéd below
cal, the engineering integrity shall be demonstrated for the wind turbine site conditi
assessment may be based on Annex D. The evaluation of load shall take into account
bination of seismic loading with other significant, frequently occurring,operational load

irements as defined in local codes. If a local code is not ayailable or does not give
nd acceleration and response spectrum, an appropriate evatuation of these parame
| be carried out.

ground acceleration shall be evaluated for a 475-yearreturn period.

earthquake loading shall be superposed with.ogerational load that shall be the largest

mean loads during normal power productiondetermined at V,
oads during emergency stop at V,, and

oads during idling or parked condition"at no wind and V.

partial safety factor for load for all load components shall be 1,0. The material s4
pr for steel can be set to 1,0,

seismic load evaluation_may be carried out through response spectrum methods, in w
b the operational doad is added using the SRSS (square-root-sum-of-squares
valent load combination arising from the seismic loading.

seismic load\evaluation may be carried out through time-domain methods, in which d
cient simdlations shall be undertaken to ensure that the operational load is representd
e time.averaged values referred to above.

number of tower natural vibration modes used in either of the above evaluations sha

ysis is required for sites already excluded by the applicable local seismic code’ dug

quch

nent
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bNS.
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D.

seismic loading shall depend on ground acceleration and response specfirum
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consecutive modes with a total modal mass of 85 % of the total mass shall be used.

de,

The evaluation of the resistance of the structure may assume elastic response only, or ductile
energy dissipation. However, it is important that the latter is assessed correctly for
specific type of structure in use, in particular for lattice structures and bolted joints.

the

The acceleration response spectrum at the engineering bedrock and seismic response
evaluation method are described in Annex D. The response spectrum method shall not be
used if it is possible that seismic action will cause significant loading of structures other than
the tower.
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11.7 Assessment of electrical network conditions

The external electrical conditions at the wind turbine terminals at a proposed site shall be
assessed to ensure compatibility with the electrical design conditions. The external electrical
conditions shall include the following35;

11.4 Assessment of soil conditions

normal voltage and range including requirements for remaining connected or
disconnecting through specified voltage range and duration;

normal frequency, range and rate of change, including requirements for remaining
connected or disconnecting through specified frequency range and duration;

oftage mbatance Specifiedas a Percentage  Negative  phase-sequence vottage] for
Eymmetric and unsymmetrical faults;

method of neutral grounding;

method of ground fault detection/protection;

annual number of network outages;

huto-reclosing cycles;

equired reactive compensation schedule;

ault currents and duration;

phase-phase and phase-ground short-circuit impedance at'the wind turbine terminals;
packground harmonic voltage distortion of the network;

presence of power line carrier signalling if any and4requency of same;
ault profiles for ride-through requirements;

power factor control requirements;

amp rate requirements; and

bther grid compatibility requirements.

The| soil properties at a proposed site shall be assessed by a professionally qualified

geotechnical engineer, with reference to available local building codes.

11.9 Assessment of structural integrity by reference to wind data

11.9.1 General

It is| possible toveomplete the assessment of structural integrity by comparison of the wind
pargmeter values for the site to those used in design. The assessment can be performmed

separately-for the fatigue load suitability and the ultimate load suitability.

11.9.2.¥ Assessment of the fatigue load suitability by reference to wind data

A wind turbine is suitable for a site with respect to fatigue loading when the following
conditions are all satisfied.

a)

35

The site value of the wind speed probability density function at hub height p(Vy,,,) shall be
less than or equal to the design probability density function at all values of V,,, between
the wind speeds V,, and 2V,,.. If the turbine has been designed with the wind speed
distribution in 6.3.2.1 and the shape parameter k of the site-specific Weibull wind speed
distribution is greater than or equal to 1,4, then, k shall fulfil the following equation, which

The turbine designer may need to take account of grid compatibility conditions. The list represents a set of
minimum requirements. Local and national grid compatibility requirements need to be anticipated at the design
stage.
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b)

c)

d)

depends on the site-specific mean wind speed at hub height normalized by the design
mean wind speed, see Figure 12:

V. ; v .
6,5x —veste  _45<k<-60x—2e® .80 (35)
Vave,design Vave,design

3,2+

2,84~

2,64

2,47

)

2,27

1,8

1,6

1,4 \ \ \ \ T \ \ \ \
0,8 0,82 0,84 0,86 0,88 0,9 0,92 0,94 0,96 0,98

-

Site specific mean wind speed at hub height\normalized by the design mean wind speed

IEC

Figure 12 — Possible combinations of normalized mean wind speed and
Weibull shapeparameter k (shaded area)

\n adequate assessment of .the ambient turbulence intensity and wake effects can be
performed by verifying that_the wind speed standard deviation o; from the nogmal

urbulence model (NTM)\used in design is greater than or equal to the effective wind
speed standard deviation o (see Annex E) between the wind speeds V,,, and 2\
.e.

ave,

o1 > Ot (= leftVhup ) 36)

Suidance Jfor calculating I can be found in Annex E. In case of complex terrain,|the
bstimated 90 % quantile of the wind speed standard deviation, i.e. c}c, shall be incregsed

n‘etder to account for the distortion of the turbulent flow. This can be done by additipnal

ti P ato a gt od v v v, 6 Patfa CT o v v

The site flow inclination, taken as the wind energy weighted mean from all directions, shall
be between —-8° and +8°. Where there are no site data or calculations for the flow
inclination, it shall be assumed that the flow inclination is equal to the slope, 6, for the 30°
sector within a distance of 5z,,, or the 5z,,,, area extended by 2z, downwind of the
wind turbine position from the wind turbine, see 11.2.

The energy weighted average over all wind directions and wind speeds during power
production of the vertical site wind shear exponent « shall be in the range of 0,05 to 0,25.
Where there are no site data for the wind shear, it shall be calculated taking topography
and roughness of the surrounding terrain into account.

The average site air density shall be less than the one specified in 6.4.2 for wind speeds
greater than or equal to V,. As an alternative, for an air density greater than the one
specified in 6.4, it shall be demonstrated that the following condition applies:
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2 2
Pdesign *Vave,design = Psite % Vave,site (37)

11.9.3 Assessment of the ultimate load suitability by reference to wind data

A wind turbine is suitable for a site with respect to ultimate loading when the following
conditions are all satisfied.

a) The design value of the wind speed standard deviation, o;, (see Equation (10)) shall be

greater than or equal to the site value of the estimated 90 % quantile36 of the wind speed
standard deviation at all values of V,,,,, between the wind speeds 0,6 V., and 1,6 V,, i.e.

o1>0+128c, 38)

n case of complex terrain, the estimated 90 % quantile of the wind speed standard
jeviation shall be increased in order to account for the distortion of the turbulent flow. This
may be done by additional multiplication with a turbulence structure correction paramieter
o7 as defined in 11.2.

b) The site estimate of the extreme 10-min average wind speed Vgg-at hub height with a
eturn period of 50 years shall be less than or equal to V. Alternatively, the wind turbine
bite central estimate of extreme 3 s average wind speed at hb, height with a return period
pf 50 years shall be less than V.. For Class S turbines{ both the extreme 3 s avefage
vind speed and the extreme 10 min average wind speed,shall be assessed. V., shall be
modified according to Footnote 24 when the coefficientiof variation of the annual maximum
vind speed is larger than 15 %. If the average site air density is different from the [one
Epecified in 6.4.2, it shall be demonstrated that thiefollowing condition applies:

2 2
Pdesign % Vref = Psite X V50,hub 39)

c) It shall be demonstrated that the site-specific extreme ambient wind speed standard
leviation does not exceed the ETM~model in 6.3.3.4.

d) |In case of wake situations, it shall be demonstrated that the maximum centre-wake wind
Epeed standard deviation in the“most severe direction does not exceed the ETM modegl in
5.3.3.4. Alternatively, it cap be demonstrated that the ambient site-specific extreme
furbulence does not exceed the ETM model used for DLC 1.6 in Annex B and that|the
minimum site-specific. inter-turbine distance does not fall below S, from DLC 1.6.|For
jetermination of the\site-specific turbulence, the site-specific conditions, the frequendy of
he wake situationsyand the wind farm layout shall be accounted for.

11.10 Assessment of structural integrity by load calculations with reference to site-
specificiconditions

The| demonstration shall comprise a comparison of loads and deflections calculated for|the
spegific'wind turbine site conditions with those calculated during design, taking account of the
resgrve” margins and the influence of the environment on structural resistance. [The
calculations shall account for variations of wind conditions with mean wind direction and
speed as well as for wake effects, vertical wind shear, mean wind flow angle, etc.

For the fatigue loading, a comparison of damage equivalent moments and damage equivalent
load of the load duration distribution of the driving torque is sufficient for verification of
components. For ultimate loading a comparison of contemporaneous loads is not required.

Turbulence structure shall be based on site-specific values. Where there are no site data for
the components of turbulence and the terrain is complex, values for the ratios of the

36 The right hand side of Equation (38) represents an approximation of the 90 % quantile.
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components assigned for each complexity category in 11.2 may be used. As an alternative,
the longitudinal turbulence intensity may be increased by the C factor.

In the case of wake effects, it shall be verified that structural integrity is not compromised.
This may be performed using a wake model, for example see Annex E, with the turbulence
model adjusted to the site-specific parameters.

Since for fatigue load calculations, Il 4 as defined in Annex E depends on the Wdhler curve
exponent m of the material of the considered component, the loads on structural components
with other material properties shall either be recalculated or assessed with the appropriate
Val A>3 Uf LILLIE)

Fatipue load calculations shall be performed, if one of the criteria in 11.9.2 fails.

Ultimate limit state analyses shall be performed if one of the criteria in 11.9:3 fails. As a
minimum, the following ultimate design load cases shall be assessed: DLGC 1.1, DLC [1.3,
DLG 6.1, and DLC 6.2. If the design load cases for the standard classgs*“are adequate| no
further evaluations need to be performed.

Annex B provides definitions of the aforementioned ultimate and fatigue load cases for site-
spegific conditions. If relevant, other load cases in design situations 1), 6), and 7) in Table[B.1
shoyld be considered. Design situations 2), 3), 4), 5), and/8)~in Table B.1 only need tg be
considered when the control system behaviour and transpofrt, assembly, maintenance |and
repair procedures are site-dependent.

12 |Assembly, installation and erection

12.1 General

The| manufacturer of a wind turbine shall provide an installation manual clearly describing
installation requirements for the windturbine structure and equipment. The installation pf a
wind turbine shall be performed by personnel trained or instructed in these activities.

The| site of a wind turbine facility shall be prepared, maintained, operated and managed so
that|work can be performed in a safe and efficient manner. This should include procedures to
preyent unauthorized access where appropriate. The operator should identify and elimiphate
existing and potential hazards.

Checklists of planned activities shall be prepared, and logs of completed work and results of
that|work should\be kept.

When appropriate, installation personnel shall use approved eye, foot, hearing, and Head
protection. All personnel climbing towers, or working above ground or water level, should be
trai I imbj i her
safety devices. When appropriate, a buoyancy aid should be used around water.

All equipment shall be kept in good repair and be suitable for the task for which it is intended.
Cranes, hoists and lifting equipment, including all slings, hooks and other apparatus, shall be
adequate for safe lifting.

Particular consideration should be given to installation of the wind turbine under unusual
conditions, such as hail, lightning, high winds, earthquake, icing.

In the case of a tower standing without a nacelle, appropriate means shall be taken to avoid
critical wind speeds for vortex-generated transverse vibrations unless the appropriate fatigue
design load case has been analysed, or the resulting loads shall be included in the fatigue
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analysis. The critical wind speeds and precaution measures shall be included in the
installation manual.

12.2 Planning

The assembly, erection and installation of wind turbine and associated equipment shall be
planned in order that the work is carried out safely and in accordance with local and national
regulations. In addition to procedures for quality assurance, the planning shall include, where
appropriate, consideration of the following:

rules for safe execution of excavation work;

jetailed drawings and specifications of the work and inspection plan;

ules for the proper handling of embedded items, such as foundations, bolts, anchors
einforcement steel;

conduits;
safety rules for blasting;

procedures for installation of towers and other anchors.

12.3 Installation conditions

During the installation of a wind turbine, the site shall be ‘m&intained in such a state th
doep not present safety risks.

12.4 Site access

Accgss to a site shall be safe and the following.shall be taken into account:

barriers and routes of travel,
{raffic;

oad surface;

oad width;

Clearance;

Lccess weight bearing capacity;

ovement of equipment at the site.

12.3 Environmental conditions

Dur

ng installation, environmental limits specified by the manufacturer shall be obser

Iten)s such-as the following should be considered:

vid’speed;

and

ules for concrete composition, delivery, sampling, pouring, finishing and placemeryt of

at it

ed.

snow and ice;
ambient temperature;
blowing sand;
lightning;

visibility;

rain.

12.6 Documentation

The manufacturer of a wind turbine shall provide drawings, specifications and instructions for
assembly procedures, installation and erection of the wind turbine. The manufacturer shall
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provide details of all loads, weights, lifting points and special tools and procedures necessary
for the handling and installation of the wind turbine.

12.7 Receiving, handling and storage

Handling and transport of wind turbine generator equipment during installation shall be
performed with equipment confirmed to be suitable to the task and in accordance with the
manufacturer's recommended practice.

Wind turbines are often sited on hilly terrain. Therefore, heavy equipment shall be set down in
such—a—mannerthat it cannot-shift—A cnifnhly ci7nd, leval In\Jl down area is prnfnrrnd for all
hanflling and assembly operations. Where this cannot be provided, all heavy equipmentrghall
be decurely blocked in a stable position.

Where there is risk of movement caused by the wind with risk of consequent damage, blages,
nacelles, other aerodynamic parts and light crates shall be secured with ropes ‘and stakes, or
groynd anchors.

12.§ Foundation/anchor systems

Where specified by the manufacturer for safe installation or assémbly, special tools, jigs [and
fixtyres and other apparatus shall be used.

12.9 Assembly of wind turbine

A wlind turbine shall be assembled according to the Ymanufacturer's instructions. Inspedtion
shall be carried out to confirm proper lubrication and pre-service conditioning of| all
components.

12.10 Erection of wind turbine

A wWind turbine shall be erected by @ersonnel trained and instructed in proper and $afe
eredtion practices.

No part of a wind turbine electrical system shall be energized during erection unless [t is
necessary for the erection process. In this case, the energization of such equipment shall be
carrjed out in accordance-with a written procedure to be provided by the wind turbine supplier.

All ¢lements where-maotion (rotation or translation) may result in a potential hazard shall be
seclired from unintentional motion throughout the erection process.

12.11 Fasténers and attachments

Threaded)fasteners and other attachment devices shall be installed according to the wind
turane manufacturer's recommended torque and/or other instructions. Fasteners identified as
critical shall be checked and procedures for confirming installation torque and other
requirements shall be obtained and used.

In particular, inspection shall be carried out to confirm the following:

e proper assembly and connection of guys, cables, turn buckles, gin poles and other
apparatus and devices;

e proper attachment of lifting devices required for safe erection.
12.12 Cranes, hoists and lifting equipment

Cranes, hoists and lifting equipment, including all hoisting slings, hooks and other apparatus
required for safe erection, shall be adequate for safe lifting and final placement of the loads.
Manufacturer's instructions and documentation with respect to erection and handling should
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provide information on expected loads and safe lifting points for components and/or
assemblies. All hoisting equipment, slings and hooks shall be tested and certified for safe
load.

13

Commissioning, operation and maintenance

13.1 General

The commissioning, operation, inspection, and maintenance procedures shall be specified in

the

wind turbine manual with due consideration of the safety of personnel.

The|design shall incorporate provisions for safe access for inspection and maintenance of all

components.

The| requirements of Clause 10 also cover electrical measurement equipment temporarily

inst

hlled in the wind turbine for the purpose of measurements.

When appropriate, operation and maintenance personnel shall use’approved eye, foot,
heafing and head protection. All personnel climbing towers, or working above ground or water
levdl, shall be trained in such work and shall use approved safety-belt, safety climbing aids or

othgr safety devices. When appropriate, a buoyancy aid should be used around water.

13.2 Design requirements for safe operation, inspection and maintenance

The|normal operation of a wind turbine by the operating personnel shall be possible at grdund
level. A tagged, local, manual override on the ‘automatic/remote control system shall be

pro

ided.

External events detected as faults but not.¢ritical for the future safety of a wind turbine, quch

as
ope

oss and reinstatement of the electrical load, may allow automatic return to nofmal
ation after completion of the shutdewn cycle.

Guards designed to protect personnel from accidental contact with moving components ghall

be flxed, unless frequent access is foreseen where they may be movable.

Guards shall

a)
b)
c)

Pro

be of robust copstruction,

hot be easy.to\by-pass, and
where pessible, enable essential maintenance work to be carried out without their
Hismantling.

isions shall be made in the design for use of diagnostic fault-finding equipment.

In order to ensure the safety of inspection and maintenance personnel, the design shall
incorporate

safe access paths and working places for inspection and routine maintenance,

adequate means to protect personnel from accidental contact with rotating components or
moving parts,

provision for securing lifelines and safety harnesses or other approved protection devices
when climbing or working above ground level,

provisions for blocking rotation of the rotor and yawing mechanism or other mechanical
motion, such as blade pitching, during servicing according to wind conditions and design
situations specified in DLC 8.1, as well as provisions for safe unblocking,

warning signs for live conductors,
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e suitable devices for the discharge of accumulated electricity,
e suitable fire protection for personnel, and

e an alternative escape route from the nacelle.

Maintenance procedures shall require safety provisions for personnel entering any enclosed
working space, such as hub or blade interior, that ensure any dangerous situation will be
known by standby personnel to immediately initiate rescue procedures if necessary.

13.3 Instructions concerning commissioning

13.3.1 General

The|manufacturer shall provide instructions for commissioning.

13.3.2 Energization

The| manufacturer's instructions shall include a procedure for initial energization of the wind
turbjne electrical system.

13.3.3 Commissioning tests

The| manufacturer's instructions shall include the procedures._for wind turbine testing after
installation, to confirm proper, safe and functional operatioh of all devices, controls |and
apppratus. These shall include, but not be limited to,

o safe start-up,

o safe shutdown,

o s$afe emergency stop,

o safe shutdown from overspeed or représentative simulation thereof, and

e [est of protection functions, see Clause 8.
13.3.4 Records

The| manufacturer's instruction's)shall include the instruction that proper records shall be kept
desgribing testing, commissioning, control parameters and results.

13.3.5 Post commisSioning activities

At the completion, of installation, and following operation for the manufacturer recommended
running-in period, the specific actions that may be required by the manufacturer shal|l be
completed.

Thepe/can include, but are not limited to, preloading of fasteners, changing of lubricgtion
fluids M¢hecking other components for proper setting and operation and proper adjustment of
control parameters.

The wind turbine site should be refurbished to remove hazards and prevent erosion.

13.4 Operator’s instruction manual
13.4.1 General

An operator’s instruction manual shall be supplied by the wind turbine manufacturer and
augmented with information on special local conditions at the time of commissioning as
appropriate. The manual shall include, but not be limited to

e any requirements that the operation shall be performed by personnel suitably trained or
instructed in this activity,
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13.4.2 Instructions for operations and maintenance records

The| manual shall state that operations and maintenance records shall be kept and sh

incl
[ )

13.4.3 Instructions for unscheduled automatic shutdown

The| manual shall require that following any unscheduled automatic shutdown caused |
faulf or malfunction, uniess specified otherwise in the operations manual or instructions,
operator shall investigate the cause before a wind turbine is restarted. All unsched
autgmatic shutdowns-should be recorded.

13.4.4 Instruetions for diminished reliability

The| manual shall require that action shall be taken to eliminate the root cause of

indi
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safe operating limits and system descriptions,

start-up and shutdown procedures,

an alarms action list,

emergency procedures plan, and

stated requirements that

— when appropriate, approved eye, feet, hearing and head protection shall be used,

— when appropriate, all personnel climbing towers, or working above ground or w

019

ater

level, shall be trained in such work and shall use approved safety harness, safety

climbing aids or other safety devices,
+ when appropriate, a buoyancy aid should be used around water, and

+ the manual shall be available to the operation and maintenance personnel i
language that can be read and understood by the operator.

lide the following:

vind turbine identification;

bnergy produced,;

bperating hours;

Ehutdown hours;

late and time of fault reported;
late and time of service or repair;
hature of fault or service;

action taken;

parts replaced.

Cation/or warning of abnormality or diminished reliability.

buld

y a
the
hled

any

13.4.5 Work procedures plan

The manual shall require that the wind turbine shall be operated according to safe working
procedures, taking account of the following:

electrical systems operation;

co-ordination of operation and maintenance;
utility clearance procedures;

tower climbing procedures;

equipment handling procedures;

activity during bad weather;
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e communications procedures and emergency plans.

13.4.6 Emergency procedures plan

Probable emergency situations shall be identified in the operations manual and the required
actions of the operating personnel prescribed.

The manual shall require that where there is a fire or apparent risk of structural damage to the
wind turbine or its components, no one should approach the wind turbine unless the risk is
specifically evaluated.

Inp
stru

13.9
Eac

the
mar

The
repl

Sub

reparing the emergency procedures plan, it shall be taken into account that the risk
ctural damage may be increased by situations such as the following:
pverspeeding;

cing conditions;

ightning storms;

parthquakes;

proken or loose guy-wires;

brake failure;

otor imbalance;

oose fasteners;

ubrication defects;

bandstorms;

ire, flooding;

pther component failures.

Maintenance manual

h wind turbine model shall have a maintenance manual, which at a minimum consisf]
maintenance requirementsitand emergency procedures specified by the wind tur
ufacturer. The manual shall also provide for unscheduled maintenance.

maintenance manual shall identify parts subject to wear and indicate criteria
hcement.

ects whichyshould also be covered in the manual include the following:

. E/ny requirement that inspection and maintenance shall be carried out by perso

uitably trained or instructed in this activity, at the intervals specified in and in complig

for

s of
bine

for

hnel
nce

ith-the instructions in the wind turbine maintenance manual;

description of the subsystems of the wind turbine and their operation;

other special fluids;

recommissioning procedure;
maintenance inspection periods and procedures;
procedures for functional check of protection subsystems;

complete wiring and interconnection diagram;

schedules, including tension and torque loadings;

diagnostic procedures and trouble-shooting guide;

lubrication schedule prescribing frequency of lubrication and types of lubricants or any

guy cable inspection and re-tensioning schedules and bolt inspection and preloading
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e recommended spare parts list;
o set of field assembly and installation drawings;

e tooling list.
14 Cold climate

14.1 General

efined as meteorological icing leading to rime and/or glaze ice accretion on thé
ne. For ice type definitions, see 1SO 12494. For simplicity, cold climate conditiofis will be
treated here as IC and LTC conditions unless stated otherwise.

The| impact of cold climate on the structural integrity or safety systems of the wind turpine
shall be assessed.

14.32 Low temperature and icing climate
As 4@ minimum, the following effects on a wind turbine from a LTChall be considered:

a) fomponent materials;

b) Rir density;

c) start-up procedures;

d) Yiscosity of oils and lubricants.

As @ minimum, the following effects from an IC shall be considered:

e TfTeduced turbine performance due to iced blades;

e inhomogeneous ice distribution on\wind turbine blades;
¢ jce shedding from blades;

e jcing effects on wind measurements;

e increased sound levels;

e prolonged standstills:
14.3 External conditions for cold climate
14.3.1 General

The| external conditions for cold climate deviate from normal climate external conditjons
(6.4]12)in.terms of ambient temperature, air density, and icing.

14.3.2 Wind turbine class for cold climate

The external conditions to be considered for design are dependent on the intended site or site
type for a wind turbine installation. As a consequence of LTC effects in cold climate
conditions, minimum ambient temperature conditions shall be assumed which are intended to
represent many different sites and do not give a precise representation of any specific site.
Wind turbine class for cold climate is defined in terms of ambient temperature as follows:

O min,operation = —30 °C Minimum allowable ambient temperature for
wind turbine operation (instantaneous value)

O1year,min = —40 °C Minimum ambient temperature to be
expected in hourly average (return period 1
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Oth

year) = minimum dimensioning temperature
Omean = —5 °C Yearly mean ambient temperature

er environmental conditions are according to normal environmental conditions (6.4.2).

14.4 Structural design

For LTC, the air density of 1,225 kg/m3 shall be used for structural design in order to allow the

use

The| effect of the actual air density at the site37, as influenced by temperature and_altit
shall be considered during the site suitability analysis.

14.5 Design situations and load cases
14.3.1 General

Cold climate conditions result in specific design situations for a wind(turbine. In IC, the ef
of ige accretion on blade aerodynamic coefficients and on the blade*mass distribution ng
to be considered. In LTC, low ambient temperatures (14.3.2) resulting in higher air dens
than in normal climate conditions (6.4.2), selection of suitdble materials (14.5.3) and
resylting consequences shall be taken into account in turbineddesign.

Ice
tem

In

operational point shall be assessed. As a minimum, the following shall be considered:

Higher loading may béva consequence of aforementioned effects. Higher loading during i
may also be a consequence of imbalances resulting from altered rotor aerodynamics

add

14.3.2 Lo@ad calculations

For

by |

of wind turbines designed according to standard wind turbine classes.

accretion on rotor blades often occurs for tempgratures higher than minimum amh
beratures (14.3.2).

old climate conditions, altered turbine “performance resulting to a shift in tur

Iinfavourable turbine controller behaviour, for example, due to incorrect generator tof
and pitch setpoints caused by different aerodynamic performances of the blades;

ncrease in start-stop cycles;
change in stall behaviour .of turbine blades;

bigenfrequency changes_due to additional blade ice mass.

tional ice mass:“Further guidance can be found in Annex L.

ide,

fect
eds
ties
the

ient

bine

que

Cing
and

cted

cotld.climate conditions, the turbine controller behaviour and loads are primarily affe

Ceffects resulting from ice accretion on the rotor blades and LTC effects resulting from

increased air density. Further guidance can be found in Annex L.

14.5.3 Selection of suitable materials

For LTC effects in cold climate, all load calculation shall be matched to the modified
temperature range to take material properties into account. One air density according to 14.4
may be used for all cold climate temperature ranges.

Ultimate strength verifications for components38 that are exposed to the ambient temperature
shall be considered for 0in operation €Xcept for loads derived from DLC 7.1, 8.1 and 8.2 to be

37 An air density of 1,3 kg/m3 may be more representative for sea-level sites.
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considered With 0;year min- Alternatively, the minimum temperature for DLC 8.1 may also be
defined by the manufacturer. Fatigue strength verifications shall be considered for 0,,o4-

14.6 Control systems

In addition to normal climate requirements for control systems stated in Clause 8, the
components of the control system shall be designed under consideration of a shift in turbine
operational point due to icing of the turbine, the specified ambient temperatures during
operation and standstill as defined in 14.3.2. Cold climate conditions are especially to be
considered in the following situations:

hen ensuring safety of the turbine controller behaviour during cold climate conditions;

. hen a start procedure shall be implemented to set the wind turbine safely back, on{line
fter an event leading to the turbine being cooled off to minimum ambient lepergtion
emperature Opnin operation OF below (due to grid failure, maintenance, or othey);

. hen the effect on wind turbine dynamics of different air density values shall be takenl|into
ccount;

e in case of safety critical energy storages, for example in the hub;

e |n case of ice/low temperature effects on sensors and data processing.

If operation of the iced turbine is not considered in the load assumptions, measures have to

be faken to prevent operation of the iced turbine. These measures need to be redundant; a

single failure shall not lead to unintended operation of an iced turbine.

14.7 Mechanical systems

In addition to normal climate requirements for tnechanical systems stated in Clause 9,|the

medhanical systems of the wind turbine shall be“designed under consideration of the ambient

temperatures during operation and standstilhas defined in 14.3.2.

It shall be assured that the oil temperature in the gearbox has reached a temperature to ayoid

damnage before power can be transmitted. For a cold start procedure, see 14.6.

14.8 Electrical systems

In gdddition to normal climate requirements for electrical systems stated in Clause 10,[the

eledtrical installation of.the wind turbine shall be designed under consideration of the amhbient

temperatures during(operation and standstill as defined in 14.3.2.

Cold climate cenditions are especially to be considered in the following areas:

. aterials-in the electrical components;

e grid-return at minimum standstill ambient temperature 61yca; min, @s defined in 14.3.2;

o Startprocedureasdefimedmi4-6:

38 Minimum temperature and corresponding load cases for components that are not exposed to the ambient
conditions shall be defined by the manufacturer.
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Annex A
(normative)

Design parameters for external conditions

A.1 Design parameters for describing wind turbine class S

A.l.1 General

For

the

follgwing information shall be given in the design documentation for all conditions thatdfffer

fron} conditions for the wind turbine classes as defined in 6.2. Remaining conditions may

stated by reference to the appropriate wind turbine class.

A.1)2 Machine parameters

Rat¢d power

Hubl height operating wind speed range Vj, — V
Desjgn life time

A.1f3 Wind conditions
General:

Air density

Huby height extreme wind speeds V., and Vg5
Tu
Tur

Extneme gust model and parameters_for’1- and 50-year return periods

=

Iulence model and parameters

ulence intensity mean and standard.deviation as a function of mean wind speed

Extdeme direction change model ahd parameters for 1- and 50-year return periods
Extdjeme coherent gust model and parameters
Extijeme coherent gust with.direction change model and parameters

Extjeme wind shear model and parameters

Aggregated or sector-wise (30° or less):

Annual average wind speed
Flow inclination
Wind'speed distribution (Weibull, Rayleigh, measured, other)

[ye

(kg

be

flkw]

m/s]

ars]

m/s]

m/s]

[°]

Wind profile model and parameters

Sector turbulence intensity mean and standard deviation as a function of mean wind speed

Wake effect model and parameters (effective turbulence intensity or dynamic wake

meandering)

A.l.4 Electrical network conditions
Normal supply voltage and range

Normal supply frequency and range
Voltage imbalance

Method of neutral grounding

Method of ground fault detection/protection

A\
[Hz]
A\
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Annual number and maximum duration of network outages

Auto-reclosing cycles

Required reactive compensation schedule

Fault currents and duration

Phase-phase and phase-ground short-circuit impedance at the wind turbine terminals
Background harmonic voltage distortion of the network

Presence of power line carrier signalling if any and frequency of same

Fault profiles for ride-through requirements

Power factor control requirements
Ranp rate requirements
Other grid compatibility requirements

A.1f5 Other environmental conditions (where taken into account)
Normal and extreme temperature ranges

Relative humidity of the air

Solgr radiation

Rain, hail and snow

Icing model and parameters

Chegmically active substances

Medhanically active particles

LigHtning, including description of lightning protection'System

Salihity

Fouhdation:

Foupdation stiffness and damping

Earthquake model and parameters:

A.2| Additional design parameters for describing cold climate wind turbine

class S (CCrS)

See|Table A.1,

[°C]
[ %]
Wym?]

Taple A<l>="Design parameters for describing cold climate wind turbine class S (CC}S)

External conditions

Symbol Unit Description
Hminvoperation [K] Minimum allowable ambient temperature for wind turbine operation
61year’mm [K] Minimum ambient temperature to be expected in hourly average
200 in operation) [kg/m?3] Air density for cold climate design load cases associated with the minimum

allowable ambient temperature for wind turbine operation emin’operation

p(é)lyearymm) [kg/m?3] Air density for cold climate design load cases associated with the minimum

ambient temperature to be expected in hourly average 0

lyear,min
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The air densities used for load calculation and in the determination of the power curve should
be calculated by applying the ideal gas law39.

The following equation applies:

p(0) == (A1)

Ro x 0

with

p = 101325 N/m< (at sea level);

Ro § 287 J/(kg-K);

6= 91year,min + 35 K to calculate p(elyear,min);

= 9min,operation + 25 K to calculate p(emin,operation)'

Coryections for different altitudes can be applied.

The|air density of 1,225 kg/m3 can be used for structural design inrorder to allow the usg of
wind turbines designed according to standard wind turbine classes

The|effect of the actual air density at the site, as influenced ®y, temperature and altitude, ghall
be qonsidered during the site suitability analysis

39 The temperature value 0, min Can be set to 0, .. .. +35K and 6. .. - can be set to
6min‘0peration + 25 K for determining the air density accordingly. This increase by +35 K and +25 K, respectively,
is equivalent to definitions of the normal climate conditions in 6.4.2 and 6.4.3.2. The standard air density for
normal climate conditions is 1,225 kg/m? referring to +15 °C. The ambient temperature range for normal climate
is =10 °C to +40 °C, being +15 °C + 25 K. The extreme temperature range for normal climate is —20 °C to

+50 °C, being +15 °C * 35 K.
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Annex B
(informative)

Design load cases for special class S wind turbine design
or site suitability assessment

B.1 General

The design load cases for special class S wind turbine design or site suitability assessment
are |determined from the combination of operational modes or design situations with|the
applicable class S external conditions with design parameters as specified in Annex A.

In design situation power production, the analysis for NTMg and ETMg may be performed for
each sector with wind conditions determined for each sector or for all \séctors uking
aggregated wind conditions. For other design situations, the analysis is-performed for all
secfors using aggregated wind conditions. The aggregation of wind conditions shall be cafried
out puch that proper fatigue and extreme loads are maintained, or the design parameters ghall
be ¢hosen conservatively. Consideration should be given to the potéential variation in wind
shear, density and other parameters that can affect fatigue loading"en the wind turbine.

Walke effects, earthquake loading and icing shall be considefed’in load cases as specified for
othgr conditions, if appropriate.

When a wind speed range is indicated in Table B.1,<wind speeds leading to the most adv¢rse
condlition for wind turbine design shall be considered. The range of wind speeds may be
represented by a set of discrete values, in which case the resolution shall be sufficiert to
asslire accuracy of the calculation.40 In the definition of the design load cases, referende is
made to the wind conditions described in Clatise 6.

As stated in 11.10, for site suitability@ssessment, the following ultimate design load cases
shall be assessed as minimum: DLC-1.1, DLC 1.3, DLC 6.1, and DLC 6.2. If the design |oad
cases for the standard classes are-adequate, no further evaluations need to be performef. If
releyant, other load cases indesign situations 1), 6), and 7) in Table B.1 should| be
congsidered. Design situations\2), 3), 4), 5), and 8) in Table B.1 only need to be consid¢red
when the control system“-behaviour and transport, assembly, maintenance and repair
progedures are site-dependent.

B.2| Power production (DLC 1.1to 1.9)

In this design situation, a wind turbine is running and connected to the electric load. [The
ass%Amed wind turbine configuration shall take into account rotor imbalance. The maximum

mags @nd aerodynamic imbalances (e.g. blade pitch and twist deviations) specified for rotor
manufacture shall be used in the dpqign calculations

In addition, deviations from theoretical optimum operating situations, such as yaw
misalignment and control system tracking errors, shall be taken into account in the analyses
of operational loads.

Design load cases (DLC) 1.1 and 1.2 embody the requirements for loads resulting from site-
specific atmospheric turbulence that occurs during normal operation of a wind turbine
throughout its lifetime (NTM). For DLC 1.2, wake effects are additionally considered — see
Annex E for guidance. DLC 1.3 embodies the requirements for ultimate loading resulting from

40 |n general, a resolution of 2 m/s is considered sufficient.
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extreme site-specific turbulence conditions. DLC 1.4 and 1.5 specify transient cases that have
been selected as potentially critical events in the life of a wind turbine.

The statistical analysis of DLC 1.1 simulation data shall include at least the calculation of
extreme values of the blade root in-plane moment and out-of-plane moment and tip deflection.
If the extreme design values of the blade root moments derived from DLC 1.1 are exceeded
by the extreme design values derived for DLC 1.3, the further analysis of DLC 1.1 may be
omitted.

If the extreme design values of the blade root moments de

rived from DLC 1.1 are

not

exceeaeamny € ee—6€ GH—varte et v, 2, O, e €10 A Gt 'fOf
the |extreme turbulence model used in DLC 1.3 may be increased until the extreme, depsign
valdes of the blade root moments computed in DLC 1.3 are equal to or exceed the releyant
extremes. The characteristic values of the loads relevant for other turbine components may be
detdrmined from this analysis based on DLC 1.3 with the increased extreme turbulence. As an
altefnative to this analysis, the appropriate characteristic values of all load' compongnts
relepant for each specific turbine component determined from the simulatign-may be directly
extrapolated.
Table B.1 — Design load cases
Design Type of Partial
; 9 DLC wind condition4! Other_conditions ypeo safely
situation anaIyS|s f
actors
1) |Power Forsextrapolation of
production 11 NTM Vin < Vihu < Vour extfeme events U N
1.2 NTM;  Vih <Viue < Vout Wake effects F *
1.3 ETM,  V,, <V, ,p < Vo U N
ECD. V, ., =V —2fls
hub !
1.4 Sove 42 mis v N
1.5 EWS, Vi, < Vi < Vou U N
1.6 ETM Vg =V, £ 2m/s Wake effects U N
and V
Ice formation
1.7 NFMS V. <V, <V U N
s in - Thub  Tout Wake effects
1.8 NTM, V., =V, Earthquake plus grid U N
loss
2) |Power Normal control system
production fault or loss of electrical
plus 2.1 NTM. Vi < Vi < Vout network or primary layer U N
occurrenge control function fault
of fault (see 7.4.3)
Abnormal control
system fault or
2.2 NTM N < \/ < \L secondary lavor Ll A
S mn hub out RS T
protection function
related fault (see 7.4.3)
External or internal
EOG V., . =V +£2m/s electrical fault including
hub
23 ° anléj Voutr loss of electrical U A
network
Control system fault,
2.4 NTMg  Vih <Viue < Vour electrical fault or loss of F *

electrical network

41 For Class S design, the wind conditions (gust amplitudes, turbulence intensity, etc.) are defined by the
designer, as stated in Annex A.
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: Partial
Design DLC Wind condition4! Other conditions Type O.f safety
situation analysis f
actors
Low voltage ride
2.5 NWP V<V, <Vou through U N
3) Start-up 3.1 NWP_ Vi <V, < Vou F *
3.2 EOG, V,,p=V,t2m/s U N
and V.
33 EDC, V,,=V,t2mis U N
and V.
4) INormal
shutdown 4.1 NWPS Vin < thb < Vout F )
4.2 EOG, V., =V,t2mis Y N
and V.
5) |Emergency NTM Vi =V, £ 2 mis
stop 51 ° anLéI Voutr ) N
6) |Parked
(standing EWM_ 50-year return
still or 6.1 ° period U N
idling)
EWM_ 50-year return Loss of electrical
6.2 s ? . U A
period network connegtion
6.3 EWM, l—y(_ear return E)_(tre_me yaw U N
period misalighment
6.4 NTMg Vi <07V o *
6.4 NTM, Vi <07V Ice formation U N
Extreme temperature
6.6 NTM, Vi <07V range U N
Earthquake plus grid
6.7 NTMg Vi < 0,7 Vi l0SS U N
7) |Parked and
fault 71 EWM, 1-y§ar return U A
. period
conditions
8) |Transport,
NTM V__.  to be stated
t
assembly, 8.1 ° bythe U N
maintenance manufacturer
and repair
EWM_ 1-year return
8.2 s period U A
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The following abbreviations are used:

DLC Design load case

ECD, Site-specific extreme coherent gust with direction change. When site-specific values are not
available, it may be assumed to be identical to the ECD defined in 6.3.3.6.

EDC, Site-specific extreme direction change. When site-specific values are not available, Equations (21)
and (22) in 6.3.3.5 may be used, using site-specific representative ambient turbulence standard
deviation &, in place of o;.

EOG, Site-specific extreme operating gust. When site-specific values are not available, Equations (18)
and (19) in 6.3.3.3 may be used, using site-specific representative ambient turbulence standard
devaton—e—-prace—of

EWM, Site-specific extreme wind speed. When site-specific values are not available, Equations “([L3)
through (17) in 6.3.3.2 may be used, with site-specific extreme wind speed with 50 years retrn
period in place of V.

EWS, Site-specific extreme wind shear. When site-specific values are not available, Eqbations (27) gand
(28) in 6.3.3.7 may be used, using site-specific representative ambient turbulence standprd
deviation c}c in place of o, and site-specific wind shear exponent in place of 5 0,2.

NTM, Site-specific representative ambient turbulence intensity, as a function (of, hub height wind spepd,
G N (s€€ 6.3.2.3).

ETM, Site-specific extreme ambient turbulence intensity as a function of hub height wind speged
5-1,ETM/thb (see 6.3.2.3 and footnote 25).

NWP, Site-specific wind profile model. When site-specificik wind speed profile is not availaljle,
Equation (9) in 6.3.2.2 may be used with the site-speCific wind shear exponent at hub heigh{ in
place of a = 0,2.

V. ¥ 2 m/s Sensitivity to all wind speeds in the range shall g ahalysed.

F Fatigue (see 7.6.3)

U Ultimate strength (see 7.6.2)

N Normal

A Abnormal

* Partial safety for fatigue (see 7.6.3)

In OQLC 1.6, the assessmehnt)of loads resulting from the ambient site-specific ETMg model in

conmbination with an inter-turbine wake condition shall be assessed. The inter-turbine spaging

S sHall cover the worstiloading conditions between a minimum spacing S,;, (to be defined by

the manufacturer) and’S = 20D, where D is the turbine rotor diameter.

Annex E provides guidance on the use of appropriate wake models for DLC 1.6. If an added

wakge turbulence model is used, the maximum centre-line wake turbulence intensity shall be

applied.The use of a meandering wake model (e.g. DWM) shall consider at least five mean
— Ao : — wn-1[ D ]

wakg offset angles 6,16 = 0°; * G up-tin: £ Ghub-tip X 1.5, where 6,p.1ip = SIn (T :

NE

The number of transient events for DLC 2.4, DLC 3.1 and DLC 4.2 may be site-dependent,
and that should be considered in the analysis of site-specific loads. If there is no information
available, the number of events suggested in 7.4.3, 7.4.4 and 7.4.5 (footnotes 7, 9 and 10)
may be used.
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Annex C
(informative)

Turbulence models

General

Two turbulence models are given here for design load calculations. The turbulent velocity
fluctuations are assumed to be a stationary, random vector field whose components have

zerd

1)
2)
Par

give

C.2

The
dim

resy

-mean Gaussian statistics. The first model 1s recommended.
Mann uniform shear model.
Kaimal spectral and exponential coherence model.
hmeters for the models have been selected to satisfy the general turbulenee requirements
nin 6.3.
Mann [3] uniform shear turbulence model
description of this model differs somewhat from the previous models in that a thyee-
bnsional velocity spectral tensor is defined. The modeltassumes that the isotropic [von
Karan [2] energy spectrum is rapidly distorted by a uniform, mean velocity shear. [The
Iting spectral tensor components are given by
E(ko) R
Pl kooks) = (16 —f <@kills + ANk + 0 +i)cF (o)
7Kg
_Eko) 4@ 2 2 2y,2 - 5
Do ke, ko k3) = 2 10 ky —2ka (k3 + B(K)ky)oo + (ki +k3)5 (€.2)
A
_E(ko) (L2 2 R
%3(k1:k2’k3)——4ﬁk4 (kl +k2) (£.3)
_ E(ko) 2,2 o
D (kyKa k3) = A —kika — Ky (kg + B(K)k )G —ka (k3 + B(K)ky)gy + (ki +k3)418> (€.4)
Ko
e I R ey c.5)
A7k2K2 \ J
E(ko)
(ko) == 2 alka + 00K+ (6 +1)ce (C.6)
Ko

where

By (ki,ko ks ) = @5 Ky, ko kg ) =

~+00 +00 +00
13 [ ] ] Ri(60.62,85)e "% 226 9% d 5,0 5,d 03

8r
—00 —00 —00
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Rij (61,62,63) = 0_12 E<ui (X1, %0, X3 )Uj (X + €81, %0 + L5, %3 +M3)>
ISO

= a non-dimensional correlation tensor;
uy,Up,u3 = the longitudinal, lateral, and upward velocity components, respectively;
61,00,03 = the non-dimensional spatial separation vector components;

ki,ko,k3 = the non-dimensional spatial wave numbers for the three component directions;

k = Jk? + ko + kg2 = the magnitude of the non-dimensional wave number vector;

ko \/kz +2/(k)kiks +(,B(k)k1)2 = the magnitude before shear distortion;
k k
17 Cl—k—ZCZ, ) =k—2C1+C2;
1 1
B(K)k (k12 ko kg (kg +ﬁ(k)k1))
Cl E )
|<2(k12 n k22)
Co ¥ koko” arctan BR)lake kg’
(klz +k22)% ko? — (ks + B(K) k) ka8 (K)
4
E(k =% = the non-dimensional, von Karman isotropic energy spectrum;
1+k?)”
A= -
1

2 1 17 4 2
2 T 17 2 L
K \/2F1(3,6,3, k )

o0
= a hon-dimensional distortionime inversely proportional to kZIE(p)dp ;
k

-F, F Hypergeometric function;
aéo,f = the unsheared, isotropic variance and scale parameters respectively;
y = @ non-dimensional shear distortion parameter.

While this-model is more complex than the von Karman isotropic model, it contains only [one
add(tional’parameter, namely the shear distortion parameter, y. When this parameter is zgro,
the jsotropic model is recovered. As this parameter is increased, the longitudinal and laferal
velocity component variances increase while the upward velocity component variance
decreases. The resulting turbulent eddy structure is stretched in the longitudinal direction and
tilted relative to the 1-2 plane.

Assuming that the random velocity field generated by the model is convected past the turbine
at the hub-height wind speed, the velocity component spectra observed at a point may be
computed by integrating the spectral tensor components. In particular, the non-dimensional,
one-sided spectra are given by

FSi(f) _ oo [47sz }Vn[zw j (C.7)

o? o2\ Vhub Vhub

where
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o0 00

k)= [ | @y (kuka ks ) dkatks

—00 —00

019

= the one-dimensional, wave number autospectrum for i = j, or cross-spectrum for i # j, and

400 +00 +00

{2 = gy j J- j @;; (g, ko, k3 )dkydkydks = the component variance.

—00 —00 —00

Similarly, for spatial separations normal to the longitudinal direction the coherence is given by

[ [ 7 g k) e 1292 6iKa%s gy

Vhub

2 /f 2 /f
Vhub Vhub

COhij(f,f52,f53) =

C.8)

Unfprtunately, the resulting integrals do not have known analyticahforms and shall be carried
out humerically for a specific value of the parameter, . Mann [4]carried out such integrat|ons
and| compared the results to the Kaimal spectral model. A least squares fit to the Kajmal
model gave the shear parameter
y=39 (C.9)
with[ the resulting variance relations
012 =3;25 aéo 92 0,7
2 2 01
g5, =165 ojgy 1 = . (C{10)
o3
2 2 =3
o3 =0,85 ojg, oy 0.5
Not¢ the resulting latéral variance is slightly less than given in Table C.1. The sgale
pargmeter may be found by equating the asymptotic, inertial-sub-range longitudinal spegtra.
Thup,
2 -2
2 | 2n¢ A -5 2 M A *E/
S1(f) > 0,475055, f /3 =0,05 01 f 73=10~084; (Cl11)
Vhub hub
In summary, the three parameters required in the Mann model are given by
y =39
Oiso = 0,55 04 (C.12)
1=0,8 4

where o7 and A; are specified in 6.3.

For three dimensional turbulent velocity simulations, the velocity components are determined
from a decomposition of the spectral tensor and an approximation by the discrete Fourier
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transform. Thus, the three-dimensional spatial domain is divided into equally spaced discrete
points and the velocity vector at each point is given by

uy (%, Y,2) kg ykg +7kg My (kg k2. K3)
U (xy,2)|= > e ! Clky,ka,k3) || no(ky, ka,k3) (C.13)
uz(xy,2)| fakeks N (ky,ka.k3)
where
2721%E (ko) ka¢1 kg —kil1 + Bk —k2
Clkukakg) | = 0iso,[————3 7 | kal2 —kg = Bk —ki¢2 ky
NiNo N34 kg 5 5
Ko“ko Kok
—_— -— 0
LK k? |
Ug,Ub, U3 = complex vector components whose real and imaginaryJparts are indepeng@lent

realizations of the turbulent velocity field;

ng,nh,ng = complex Gaussian random values that are independent for each different wave
number and have real and imaginary parts with unit variance;

X Y,z = coordinates of the spatial grid points;
N, INo,N3 = the number of spatial grid points in the three directions;
A = the spatial grid resolution.

In this expression, the notation Z means the summation over all dimensionless wave
kq,ko ks
numrbers in the grid and may be aceomplished using FFT techniques. In cases when|the
spatial domain is smaller than 8/~in any dimension, an adjustment is recommended for| the

spectral tensor factorization, [C(kl,kz,k3)]. This procedure is detailed in Mann [4].

The|Mann model parameters derived herein to represent the Mann sheared turbulence mpdel
are |based on conforming to the external conditions defined in Clause 6 and whereby|the
resylting wind spectra_are equivalent to the Kaimal spectra.

For |site-specificvanalysis, the shear distortion (anisotropy) parameter y, dissipation fagtor,

2
ae’B  andithe length scale, I, may be determined based on high frequency site-spegific
megsurements of the wind spectra F (kl), F,(kl), F,(kl) and F,,(kl) at one fixed point. [The
Marin tnodel turbulent wind field needs to be then generated based on the three model
parameters derived from the measured specira.

C.3 Kaimal [1]42 spectrum and exponential coherence model

The component power spectral densities are given in non-dimensional form by
Equation (C.14):

42 Note that the turbulence component variance ratios in Table C.1 and the equation form for the upward velocity
component differ somewhat from the original Kaimal spectral model. The longitudinal scale has been chosen to
approximate the original Kaimal spectrum and, for the lateral and upward scales, to satisfy the spectral
requirements in 6.3 for the asymptotic inertial subrange and the variance ratios given in Table C.1.
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f S (f 4f L 1V
Ok (1+6f L /thb)é
where
f is the frequency, in hertz;
k is the index referring to the velocity component direction (i.e. 1 = longitudinal,
2 = lateral, and 3 = upward);
S is the single-sided velocity component spectrum;
Oy is the velocity component standard deviation;
Ly is the velocity component integral scale parameter;
and|with
o0
of =[S (f)df (cl15)
0
The|turbulence spectral parameters are given in Table C.1.
Table C.1 — Turbulence spectral parameterscfor the Kaimal model
Velocityycomponent index, k
1 2 3

Standard deviation, o, o, 0,80, 0,50,

Intpgral scale, L, 8,14, 2,74, 0,661,

o, [and A, are the standard deviation and scale-parameters, respectively, of the turbulence as specified in 6.3.
The| following exponential coherence model may be used in conjunction with the Ka|mal
autgspectrum to account fofvthe spatial correlation structure of the longitudinal velqgcity
conmponent:

05
2 2
Coh(r, f) = exp —12((frlvhub) +(012r/1L) J (Cl16)
whefre
Cohi(rsh) is the coherence function defined by the complex magnitude of the crpss-
Qpnr‘frnl rh:neihjl of the Inngifndinnl wind \lnlnnify r\nmpnnnntc at two epnt a||y
separated points divided by the autospectrum function;
r is the magnitude of the projection of the separation vector between the two
points on to a plane normal to the average wind direction;
f is the frequency, in hertz;

L. =

8,14, s the coherence scale parameter.
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Annex D
(informative)

Assessment of earthquake loading

General

There are two approaches to evaluate the seismic loading on wind turbine. One approach is
the dynamic simulation in time domain and the other approach is the response spectrum

method (RSM). Tn time domain approach, the ground accelerafion at the surface is estimated

fron[1 the response spectrum at the engineering bedrock, or the time history of thergtgqund

mot

spe¢trum may be based on local building codes [1-7]. Special care is required when'respd
spe¢trum method is used for wind turbine support structures due to its low damping ratio

In A

desg¢ription of the structure model in Clause D.3, seismic load evaluation methods
Clayse D.4 and additional load in Clause D.5. An example of time_domain simulatio
des¢ribed in [9-10].

D.2

The
475

The

whe
peri
res

on specified in the local building codes. The site-specific parameters of therespgnse

nnex D, the design response spectrum is first presented in Clause D.2~followed by

Design response spectrum

acceleration response spectrum shall be selectedat the engineering bedrock fq
year return period. In general, the response spectrunm-is given by local codes.

acceleration response spectrum may be defined according to Equation (D.1):

a{h(ﬂo —1)TT—B} (0<T <Tg)

aofo (TBsT <TC)

?C (T <T <Tp)

ST o

D

ERYE

Sa0(T) = (T K1 D.1)

aoﬂo{

nse

[8].
the
in

n is

re ap.is-the peak ground acceleration at the engineering bedrock for a 475-year return

bdy ,\dg is the acceleration response magnification ratio for the region where accelerg

tion

onsSe becomes constant and may be taken as 2 to 3; T is the fundamental natural period

of the structure; Tg, T, Ky and K, are dependent on tectonic, geological and soil condition.
Tg may be taken as 1/5 to 1/2 of T.. T can be taken as 0,3 s to 0,5 s for stiff and hard soil
conditions, 0,5 s to 0,8 s for intermediate soil conditions and 0,8 s to 1,2 s for loose and soft
soil conditions. K; and K, are the exponents that can vary between 1/3 and 2. These
parameters can be determined by local design codes as shown in references [2], [3], [4].

The

design response spectrum can be written as in Equation (D.2) [2].
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aOG{l+(F§/30 —1)TT—J (0<T <Tg)

aOGng‘ﬁO (TB <T <TC)
Ky (

Sa(T:6)= 80GsF; A [TT—C (Te <T <Tp)

T V(T 2
239GsF, fo (T—] (?D) (o <T)
D

whe
stru

Soil
prog
typi
use

The

wind turbine [8]:

whe
0,85

D.3

For

re Gy is the soil amplification factor and Fe is the damping correction factor of

cture. These parameters are described in Clause D.2.

amplification factor G4 explains the difference of seismic wave amplification during
agation through the soil where a structure is built. Local desigh codes usually dg
cal soil types and their amplification factor. Those valued inNocal design code may
| for the seismic load evaluation of the wind turbine.

following damping correction factor may be used for the seismic response analysi

,
R e

;
0,15I0910—+0,3
2 [ 15y ]
Fr(¢Ty)=| —2a8
c(eT7) [—3+1oog]

(-0,07T+0,7r+0,5)
] (¢ <5%)

(& >5%)

re y is a value to consider uncertainty in seismic loading, and a value between 0,5
can be used considering local requirement.

Structure model

gen
tow

(FigEre D) can be used in which the mass and the inertia moment of rotor, gear box

the estimation of seismic load on wind turbine, simplified N degree of freedom m

rator’are lumped at the top of tower (node N), and tower mass is distributed along

D.2)

the

its
fine
be

5 of

D.3)

and

pdel
and
the

r»The bottom of the tower can be fixed to the ground for the load estimation of to

ver.

More complicated model may be needed for the load estimation of the foundation, which is

out

of scope of Annex D.
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Concentrated mass
of nacelle and rotor

i=N-1

IEC

Figure D.1 — Structure model for response spectroom method

D.4| Seismic load evaluation

Using the response spectrum, maximum acceleration (Aij), force (Fij) and displacement Dij)
corresponding to jth mode at ith node can be calculated as follows.

Aj =7jxijSa(Tj’§j) D.4)
Fij :7jxijsa<Tji§j)mi D.5)
2
T.
Dj =7jxijsa(Tj'§j)(jJ D-6)

whefre Xij is(the jth mode shape obtained from eigenvalue analysis, Sa (Tj,g“j) is the amplijude

of respanse spectrum for natural period Tj and damping ratio i of jth mode, and 7j is| the

modahparticipation factor for jt" mode.

N
2K

Zi:lxil2

(D.7)

where N is the number of nodes in the model.
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The total acceleration ( A°?), displacement ( D@y shear force (Q°®') and bending moment

(MitOta') considering all the relevant modes at it" node can be calculated by using complete
guadratic combination (CQC) method [Equations (D.8) to (D.11)].

Aitotal _ (D.8)

Ditotal _ D.9)

ZZPJI Dy Di

j=11=1

fotal _ ZZ‘/’J' [z,:k] J[kz J (Q.10)

j=11=1

Mol ZZPJI {Z' N =2 HZFH _zk] (D.11)

j=1l=1

whelre

8./¢;6(¢ + X4 ) X

(1—xj2,) +A¢ 16X ) (1+ x]-",)+4(§j2 +§|2)x2

Pl = (D[ 12)

whefre g and ¢, are the.damping ratios for jth and It modes, respectively, and X is the fatio

of the jth mode natural/frequency to the It mode natural frequency.

D.5| Addijtional load

Theltorsional moment of the tower (M!) can be calculated by using Equation (D.13) [8].

Additional bending moment caused by geometrical non-linearity, such as p — 4 effect, can be
calculated by using maximum displacement, see [8].

L=1IM, AL (D.13)

where M, is the mass of the nacelle and rotor, A, is the maximum acceleration at the nacelle
and L, is the distance between rotor centre and centre of gravity of the nacelle and rotor.


https://iecnorm.com/api/?name=7fea437c3f4128f6095ab776a78d2a46

D.6

[1]
(2]

(3]

[4]
[3]
[6]

[7]

[8]

[9]

[10]

- 110 - IEC 61400-1:2019 © IEC 2

Reference documents

ISO 3010, Basis for design of structures — Seismic actions on structures

019

Eurocode 8, Design of Structure for Earthquake Resistance; Part 1: General Rules,

Seismic Actions and Rules for Buildings, EN-1998-1:2004

ASCE 7-05, Minimum Design Loads for Buildings and Other Structures, American

Society of Civil Engineers, Reston, Virginia, USA, 2006

BSL, The Building Standard Law of Japan, The building centre of Japan, 2004
AlJ, Architectural Institute of Japan, Seismic Loads Commentary, 2004

IBC, International Building Code, International Code Council, Falls €hurch, Virg
2009

nia,

UBC-97 Uniform Building Code, International Conference of Buijlding Officials (ICBO),

1997

Y. Takei and T. Ishihara, Seismic Load Evaluation of \AWind Turbine Support Struct
Considering High Structural Damping and Additional Mode, Proc. Of Grand Renew
Energy Conference, 2014

D. Witcher, Seismic analysis of wind turbin€s in the time domain, Wind Energy, No.

p. 81-91, 2005

I. Prowell, A. Elgamal, C.-M. Uang,~*E. Luco, H. Romanowitz, and E. Duggan, SH
table testing and numerical simutfation of a utility-scale wind turbine inclu
operational effects, Wind Energy, DOI: 10.1002/we.1615

ires
hble

ake
ling



https://iecnorm.com/api/?name=7fea437c3f4128f6095ab776a78d2a46

IEC 61400-1:2019 © IEC 2019 -111 -

Annex E
(informative)

Wake and wind farm turbulence

E.1 Added wake turbulence method

Wake effects from neighbouring wind turbines may be taken into account during normal
operation for fatigue calculation by an effective turbulence intensity I+ [1]. The effective
turbpTence intensity — conditioned on hub height mean wind speed V,,,, — may be defined &s

27
leff (Vhub) = j PO V)™ (0 Vhyp )dO (E-1)
0

whefre
p s the probability density function of wind direction;

I is the turbulence intensity of the combined ambient and wake flows from wind directiogn 6,
hnd

m s the Wohler curve exponent corresponding to the material of the considered strucfural
component.

The|approach is applicable for regular as well as irregular wind farm layouts.

In the following, a uniform distribution p(9|vhub) and a regular rectangular wind farm layout

are jassumed. It is acceptable to adjust the-formulas for other layouts and other than uniform
distfibution.43 No reduction in mean windispeed inside the wind farm shall be assumed.

If mjn{d;} > 10D:

Iyt = (E-2)
' Vhub
If mjn{d,} < 10D:
1
‘;eff 1 ~m . ~m m
loft = = (1-N py)od + DWZO'T (di)| :pw =006 (E-3)
Vhllh Vhllh ;4
= = |
where
D is turbine diameter;
&C = 8-+],288-O, is the representative ambient turbulence standard deviation;
c is the estimated ambient turbulence standard deviation;

43 In the case of non-uniform distribution or non-grid wind farm layout, the formula should be modified accordingly,
maintaining the concept implied in the more general Formula (E.1). It should be taken into consideration for
each neighbour affecting wind turbine, the sector disturbed and their associated probability of occurrence
conditioned on hub height mean wind speed.
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o is the estimated standard deviation of the ambient turbulence
standard deviation;
2 is the representative value of the maximum centre-wake, hub
b= |—Vhub 52 peignt turbul tandard deviati 5. shall not tf
T = >+ 0¢ ght turbulence standard deviation (o, shall not account for
15 0,8d; farm generated ambient turbulence);
1 CT
Ct is the characteristic value of the wind turbine thrust coefficient
for the corresponding hub height wind velocity. If the thrust
coetficientfortheneighbouringwindturbines—are—notkhnown, a
generic value Cy = 7 ¢ /V,,, can be used,;
d; is the distance, normalized by rotor diameter, to neighbouring
wind turbine no. i;
c is a constant equal to 1 m/s;
Lt is the effective turbulence intensity;
N is the number of neighbouring wind turbines, see Table E.1.

Wake effects from wind turbines "hidden" behind other machines need not be considered

for

example in a row only wakes from the two units closest to the machine in question are t¢ be
takgn into account. Dependent on wind farm configuration\_the number of nearest wind
turbjnes to be included in the calculation of I is as given inTable E.1.
Table E.1 — Number (N) of neighbouring wind turbines
Wind farm configuration N
2 wind turbines 1
1 row 2
2 rows 5
Inside a wind farm with more than 2 rows 8
The|wind farm configurationnis-illustrated in Figure E.1 for the case "Inside a wind farm with
morg than 2 rows" and a regular layout.
Insigle large wind farms, wind turbines tend to generate their own "wind farm ambient"
turbulence. Thus, when
a) fhe number-of wind turbines from the considered unit to the "edge" of the wind farm is
more than'5, or
b) the.spacing in the rows perpendicular to the predominant wind direction is less than 30,
the thc fU::UVV;IIy ICPICDCIIth;VC V\I;Il\jl fGlIIII alllb;cllt tU|bu:C||\,c oha” bC GODUIIICd ;IIDtCa Of
o except in the expression for oy :
A [ o - -
O-C_E wto® +o0|+128 0, (E.4)
where
- 0,36V,
- hub (E.5)

Ow =
1+0,2 /df%
T
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in which d, and d; are separations in rotor diameters in rows and separation between rows,
respectively.

E.2
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Figure E.1 — Configuration — Inside a windMarm
with more than 2 rows

Dynamic wake meandering model

1 General

e effects from neighboring wind turbines may be taken into account for fatigue and
ulations by application of the Dynamic Wake Meandering (DWM) model [2], [3] and [4
Cribes the changes in the mean flow field~over the wind farm as well as the changes in
ulence intensity and turbulence structure compared to ambient conditions.

DWM model is composed of three parts, see Figure E.2:

A model of the wake deficit-fermulated in the meandering frame of reference;
h stochastic model of the)downstream wake meandering process;

h model of the selfcsinduced wake turbulence described in the meandering framg
reference.

immary description of recommended sub-models, their synthesis and their extensio
Multiple wake case are given in the following.

LS
]. 1t
the

e of

n to
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Velocity Wake Wake added
deficit meandering turbulence

¥ v ¥
Wake flow field

IEC

Figure E.2 — The three fundamental parts of the DWM modgl

E.22 Wake deficit

The| mean wake deficit expands and attenuates with downstream distance from the wake
gengrating rotor. The recommended modelling of the wake déficit is based on the thin shear
laygr approximation of the Navier-Stokes equations in their<rgtational symmetric form with| the
pregsure term disregarded. Taking an eddy viscosity approeach for the Reynolds stresses,|the
systiem of equations to be solved is:

10 aU (r,x) ~
y 2V (rx) AV(EX) U (r.x) :V_Ti(rMJ E.7)
oX or r or or

wheffe U and V denote #the mean wake velocities in the axial and radial directipns,

respectively. The eddy viscosity, v, includes contributions from both the ambient turbulgnce
and|the wake self-generated wake turbulence:

2 VT

Vhub Vhub

=0,023 F(x
thb 1(X)[

jo's 0016 Fy (7)) [1_ Umm(i)J T

whefreormalized spatial variables are introduced as

r=—.;x=—">- (E.9)

and F; and F, are filter functions depending on the axial coordinate, R, is the wake radius,
and U,,;, is the minimum wake velocity. The empirical filter functions, accounting for the near
field pressure influence (i.e. F,) and the lack of equilibrium between the mean shear flow field
and the turbulence field in the near and intermediate wake regime (i.e. F;), are given by


https://iecnorm.com/api/?name=7fea437c3f4128f6095ab776a78d2a46

IEC

61400-1:2019 © IEC 2019 - 115 -

7312 /83/2)

[ )~(f/2 ) Sin(Z;zx

0,0625 ;0

<

0,025 x-0,0375 4

Fz(x) = - 3 - - (E
0,00105 (x—12)" +0,025 X—0,0375 ;12<X<20

The

incléiding the part of the wake expansion dictated by the pressure recovery inxthe boun

con

initial wake radius is approximated by

Rw (0) = D(1-0,4542 ) /1+8m (g}

whe

with
usin
indy

E.2,

The
wak
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prog
stod
defi

The
wak
trac

{1 ;20 < X

pressure influence is implicitly taken into account by the introduction of F, and-furthe

Jitions associated with the system of differential Equations (E.6) and ((E.7). Thus,

re a,, denotes the mean induction over the rotor, and

C+ being the rotor thrust coefficient. The initial wake deficit to be developed downstr
g Equations (E.6) and (E.7) is thustobtained from a blade element momentum far-
ction prediction combined with thewradial scaling given by Equation (E.12).

3 Meandering

wake meandering part_is based on the fundamental presumption that the transpo
es in the atmospheric boundary layer can be modelled by considering the wakes to ag
bive tracers driven by the large-scale turbulence structures. Modelling of the meande
ess consequently’ includes considerations of a suitable description of the "car
hastic transport” media (i.e. the large scale turbulence field) as well as of a suit
nition of the cut-off frequency defining large-scale turbulence structures in this context

stochastic modelling of wake meandering is established by considering a cascad
e deficit releases "emitted" at consecutive time instants in agreement with the pas

m=——-% (E}

. <
- ;0<x<8 (E.10)

11)
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prianalogy. The propagation of each "emitted" wake deficit is subsequently modelled.

and

the collective description of these constitutes the wake meandering model in space and time.

Adopting Taylor's hypothesis, the downstream advection of each wake deficit "release" is
dictated by a suitable advection velocity often taken as the ambient mean wind speed. As for
the dynamics in the lateral and vertical directions, each considered wake cascade-element is
successively displaced according to the large scale lateral and vertical turbulence velocities at
the instantaneous wake deficit position. In mathematical terms, the wake deficit dynamics in
the lateral direction, y, and in the vertical direction, z, are thus described by the following
differential equation system:

d
d—i/:vc(y,z,t) (E

.14)
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dz

E:Wc(y,z,t) (E

re v, and w, are the spatially dependent large scale turbulent velocities at time t.

.15)

The recommended spatial averaging, defining the large scale part of the turbulence, may be
expressed in terms of a cut off frequency using Taylor’'s frozen hypothesis:

Uy,

f (E
\
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b that with this formulation the large scale part of the turbulence is assumed unaffecte
bresence of the wind farm.

A Wake induced turbulence

e induced turbulence includes contributions from conventional hechanically gener
Llence, caused by the wake shear, as well as from the blade shed and trailed vort
nly in terms of tip and root vortices gradually breaking downsdownstream of the w
brating rotor. Thus, this turbulence contribution is considered-independent of the amBb
ulence.

a length scale comparable with the characteristic size’ of the wake deficit, the basic D
in scales implies that the wake induced turbulence meanders with the wake deficit.
ced small scale turbulence is consequently{formulated in the meandering framsg
rence. Although violating the second orderstatistics (i.e. the cross correlation),
bmogeneity of the induced turbulenceis approximated by simple scaling
ogeneous and isotropic turbulence field‘with a length scale equal to one rotor diam
a turbulence standard deviation equal*to 1 m/s. Rotational symmetry of the induced W
ulence intensity is assumed, resulting'in a scaling coefficient that for a given downstr
nce only depends on the radial coordinate. The empirical scaling factor, k,,, depend
deficit depth, (V,up — Umin). .atythe considered downstream distance, as well as on
e deficit radial gradient oU /or

Kyt (X,F) = 0,6 [1- U()N(’F)L 0,35 |‘3U(§vf)|

thb‘ thb‘ 0

5 Wakge-superposition

e superposition is important when dealing with wind farm flow fields. This i
plicated process that calls for simplification. Wakes (including associated small s
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17)
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eninduced turbulence) from the turbines in question are treated individually, and their

correlated meandering is then subsequently modelled. Referring to ambient wind speed
conditions, two different approaches are applied for the wind regimes corresponding to below

and

above rated power, respectively.

e Below rated wind speed: For a turbine with the rotor centre located at the spatial position,
X, within the wind farm, the temporally varying flow field at the rotor polar coordinate (r,6)
is determined by the dominating wake among contributions from all upstream turbines at
any time:

Ut(r,¢9,t|x):MilN(uLi (r.0.tx)) (E

.18)

where (r,6,t|x) denotes a temporal coordinate combined with a spatial coordinate in a polar
frame of reference centred at the spatial position x, and where each individual wake flow
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E.2

For
win

field is given by U ; = (U; + uj)e; + vie, + wieg, with g, j = 1, 2, 3, being unit normal vectors
in the longitudinal, transversal and vertical flow directions. The parameter i includes all
upstream turbines relative to the spatial position x for a given mean wind direction. Note
that with the recipe formulated in Equation (E.18), the induced small scale turbulence,
associated with the wakes contributing to Uy, is aggregated in a non-consistent manner.
However, since the induced turbulence contributions are small scale this does not
compromise the present application.

Above rated wind speed: Using the nomenclature introduced above, Equation (E.18) is
replaced by a summation of the deficit contributions of all upstream turbines:

Up(r.t[x) = > Uy (r.6.tx) (Bl19)

16 Model synthesis

each rotor in a wind farm, the inflow wind field is composed of the ambient, undistufbed
d field with relevant (see Equation (E.18)) wake deficits and wake jinduced small stale

turbulence linearly superimposed. The undisturbed wind field is the site-specific mean wind

spe

bd consisting of a deterministic part (i.e. the mean wind shedr)y,"and the conventipnal

turbulent part with ambient turbulence characteristics. The resulting“inflow wake effects t¢ be

sup

primposed consist of stochastically moving wake deficits, (V,,fy— U), and associated wake

inddced turbulence contributions, respectively, and added according to the recipe formulated
in Hquation (E.18). Note that the wake deficit meandering‘\is by far the dominating wake

effeft.
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Annex F
(informative)

Prediction of wind distribution for wind turbine sites
by measure-correlate-predict (MCP) methods

F.1 General

The assessment of the suitability of a wind turbine for a specific site requires the evaluation of
the design-critical wind speed parameters at a site. Frequently, there is insufficient data,gven
at @ single point within a wind farm to carry out the evaluation. However, the extended”data
recqrd can be synthesized by extrapolation based on a long-term record for another“location.
Thel| MCP methods are a means to create that extended record. The following explanatign is
takgn from [2]. Further information can be found in [3], [4] and [5].

F.2] Measure-correlate-predict (MCP)

Thel MCP method takes a number of forms in which the averaging period and directipnal
natyre of the data vary. One version is described here, based upen the concurrent hourly ¢lata
fron} the wind turbine site and a nearby reference meteorological station (Met. Station). These
datg are cross-plotted and used to derive sector-wise lineanregression equations; the sedtors
beirlg consistent with those used by the Met. Station, typieally 30° sectors. The data sets ysed
for fleriving the regression equations should be as lonhg as possible, at least conservatiyely
covering the conservative part of any seasonal variations.

F.3] Application to annual mean wind speed and distribution

The| above regression equations are applied to the long-term Met. Station record sectof by
secfor, for a period sufficiently long to €liminate short-term variations, probably at least sqven
yeals. The result is an hourly mean record for the site, which may be processed info a
prolyability distribution for site assessment.

F.4 Application to extreme wind speed

The| classical methdd)for the prediction of the extreme wind speed is a Gumbel analysis
modified to imprové accuracy (e.g. Best Leiblein Unbiased Estimators (BLUE) method
desg¢ribed in [1)..Fhe minimum recommended length of data set is ten years.

It i also.possible to apply the method of independent storms (MIS), a derivative of|the
Gumbel( method, which utilizes more than one data point per year from a data set, plso
des¢rilied by Cook [1]. This method can be used for data sets that are as short as four years.
M| S-setectsdividuat storms—peak witdspeeds by appticatiomof threstotds—amdtimefilters
to ensure that all values are from independent events.

The sector-specific regression coefficients are applied to a table of the maximum hourly wind
speed at the Met. Station, by year for basic Gumbel and by storm event for MIS, and by
sector. A similar table is therefore built up for the wind turbine site. The maximum value in
each year for the candidate site is extracted for use in a Gumbel analysis.

The use of the coefficients is appropriate here since they have been formed from hourly mean
data and are being applied to hourly mean data. In this method, there is no assumption that
the maximum value at the candidate site occurs in the same sector as the maximum at the
reference site. By using the sector-specific regression coefficients, the maximum at the
candidate site can be more accurately determined, taking account of the inter-site
relationships.
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The selection of the relevant return period in the extreme value analysis should account for
the number of events per annum.

The gust factors should be estimated from the site-measured data, or by theoretical methods.

Users of these methods for estimation of extreme wind speed should note that the resulting
accuracy depends significantly on data quality and actual local conditions compared to the
reference station. As a result, correlations from a regression analysis may be poor. In cases
where existing local codes are recognized as applicable by authorities having jurisdiction, the
extreme values obtained using such codes should be considered as minimum values for

d Lerb—a—arafarano + MNMOCD
es YT T PTCTCTCTIC T TOIvIirGC T +
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Annex G
(informative)

Statistical extrapolation of loads for ultimate strength analysis

G.1 General

Failure of a structure occurs when the stress at a critical location exceeds the resistance
capacity of the component material. Assuming that local stresses are related to the loading so
that[The siress progressively increases with increased loading, the strength of a strucfural
component can be defined in terms of an ultimate load that causes failure. Given therseryice
loading, the adequacy of the structure can be assessed by comparing the extreme,valugs of
the |oading with the ultimate load resistance, applying suitable factors of safety.

For|wind turbines, loading depends on the turbulent wind inflow for a(variety of wind
conglitions. Thus, it is necessary to analyse the extreme values of the loading on a statistical
basis in order to determine a suitable characteristic load.

For|a given wind condition, it is reasonable to model the shortsterm load response gs a
statlonary random process. Given that loads can be represented ‘as such processes, methods
are [ described in the following for the extraction of data” for extrapolation and |oad
extrppolation. Convergence criteria also are proposed and\ah alternative for estimating|the
lond-term loads using the inverse first-order reliability method (IFORM) is given.

The| methods have been tested for a 3-bladed/ horizontal-axis upwind turbine. Special
atteption may be necessary for other wind turbine.concepts and/or control schemes inclugling
load feedback. More information and guidance’can be found in [1].

G.2 Data extraction for extrapolation

Data used in extrapolation methods, are extracted from time series of turbine simulation pver
the |loperating range of the turbiné in specified wind conditions. Data may be extracted by
chopsing the global individual response extremes from each simulation or some subset
cregted by breaking the simulation into blocks of equal time or ensuring a minimum fime
separation between extremes.

Establishing independence among the individual load response extremes is important for
some methods of\extrapolation. When extracting, the designer should consider the effeg¢t of
indgpendence’_between peaks on the extrapolation and minimize dependence when possjble.
If the method ‘chosen for extrapolation is sensitive to independence assumption (e.g.|the
method jinvolves transforming probability functions between time bases), the designer shpuld
attempt to’ statistically test for independence.

A simple approach to ensure independence is to assume that the global extreme in each ten-
minute simulation or local extremes from intervals no shorter than three response cycles are
independent and thus require a minimum time separation between individual response
extremes of three response cycles (defined by three mean crossings over the block size). If a
systematic statistical approach is desired, the desigher may test for independence using
standard estimation techniques (e.g. [5], [6]) and then minimize dependence in a controlled
manner.

Peak over threshold methods may also be employed, but the designer should be careful that
truncation errors and correlation introduced by the threshold do not influence the shape of the
empirical distribution dramatically.
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G.3 Load extrapolation methods

G.3.1 General
The 50-year return period load of a wind turbine may be defined as the extreme loading that

- 1
has an annual probability of exceedance of ———— =0,02 per year.
50 years

The suggested approaches of extrapolation of extreme events for determination of the
50-year load can be divided into the following procedures.

1) Parametric fitting and aggregation afterwards

b Subdivide the operational range of the turbine into discrete wind speeds_and perform
time domain simulations at the normal turbulence (NTM) level.

b Estimate an extreme value (parametric) distribution [2] for every wind speed
realization.

b Aggregate all distributions according to the long-term distributionyfunction of the mean
wind speed.

b Predict the 50-year value of the aggregated distribution fuhction.

For global extreme from ten-minute simulations, the prebability of the 50-year lodd is
approximately 3,8 x 107,

2) pPata aggregation first and fitting afterwards

b Subdivide the operational range of the turbine into discrete wind speeds [and
performance of time domain simulations at.noermal turbulence (NTM) level.

b Aggregate all relevant extremes from\all time series according to the long-ferm
distribution function of the mean .wifd speed within the operational range of|the
turbine.

b Estimate one (aggregated) distribution function for all extremes.
b Predict the 50-year value from the resulting distribution function.

Two different cases are-fegarded for aggregation of simulated short-term distribut|jons
of extremes for a spegific observation period T into an empirical distribution of|the
long-term extremes for the same period: extrapolation from global extremes, and from
local extremes.

G.3|2 Global extremes

The|short-ternmdistribution of global extremes in the observation period, T, is denoted

~

Fshort-term (5 |V T ) 5.1)

where s stands for load response and V is the mean wind speed for the observation period.
Using the long-term distribution of the mean wind speeds, the long-term distribution of
extreme values is obtained:

Vout
I |n( Fshort-term (SIV;T )) f(V)av

I:Iong—term (S;T) =e'in (G.2)

This equation is derived assuming that the exceedances of the value s form a composite
Poisson point process with independent increments. The extreme load response, s,, of the
desired return period, T,, is obtained from Equation (G.3):
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T

Tyr \yr T
Rong-term (S;T) = [1_%J ~1l-— (G.3)
r

for sufficiently small values of L

r

The practical implementation of these formulas would typically be to use discrete wind speed
values. Then one has

M

Fong- term ST H( short-term S|Vk ))pk’
k=1

Pk = f(Vk)AVk' Vin V1 <...<Vy < Vot

—~
G)
N

~

For small short-term exceedance probabilities, this may be conservatively approximated ag
M
Iﬁong-term (S;T) ~1- Z(l_ I:short-term (Slvk;T)) Pk
k=1
M

—~
G)
Ul

~

Z short;term Slev )pk
k=1

The| latter equivalence results becausé the exceedance probability outside the opergting
range is assumed to be zero.

The|distribution Fgy,ot-term May-be obtained by fitting to the empirical distribution

- I

Fshort-term (Ski |Vk) =

I
[EEN
>

=~

—~
G)
(=)

~

wherre s; denates the ith extreme value sample from wind speed k and r; is sy;'s rank among
the h, extremes arising from wind speed k. For the following developments, it is worth ngting
that|an, equivalent expression for the empirical distribution by use of a summation is

~ M1
I:short—term (Ski |Vk) = gl N 1 (Skj Skl) =1.., Nk (G-7)

where an indicator function I(x) has the expression

I(X)_{lfor X<0 (G.8)

“]o for x>0

The task of the indicator function is to pick out all values less than or equal to s,; in order that
they can contribute to the empirical probability of having values less than or equal to s,;. Note
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that the specific definition of the indicator function ensures that the event that identical
extreme values should be realized is accounted for.

G.3.3 Local extremes

Now the short-term distribution of global extremes in the observation period, T, is obtained
from n(V) independent local extreme values in the period (assuming the extremes are positive,
otherwise a change of sign may be made):

c (sNT)V—E (cl\/-T\n(V)
SHOr-=terr\ =17 / 10Cal \ ™7 /

A~

9)

The| long-term distribution, defined in Equation (G.9), and the extreme load response, s, of
the [desired return period, T,, are established as described in G.3.2. Strictly, n(should he a
random number for which a distribution (dependent on V) should be assumed. However, nlhas
for wind turbine applications limited variation compared to its mean valuey Consequeftly,
replpcing n by its mean value (conditional on V), as implicitly done above, is sufficigntly
acclirate. The approximation may be accepted if, when applying the formulas proposed inf the
follgwing, one uses an s-value representative of the wind speeds thatycontribute most to| the
spetific load response under consideration. Based on the approximation, one has|the
follqwing expression:

Vojutn(V )ll’l( F|ocal(5|V T )) f (V )dV

I:|ong-term (S;T) =¢'in (GJ.10)

G.3/4 Long-term empirical distributions

Thefe are advantages to aggregating data from all wind speeds and then fitting a distribdtion
to the combined data. One method fer accomplishing this is to compute a numbef of
simyilations, where the number of simulations per bin is determined by the Weibull| (or
appfopriate) distribution of wind speéd.

Neims (Vk) 2 Niotar Pk P = (Vi JAVi, Vin <Vp <. <V < Vot (Gl11)

Onde simulations are-completed and maxima are extracted, all maxima from all wind spgeds
are combined into a single distribution and ranked such that

~ rl R
. Si )= Jd=1,..,n G.12
I:Iong term( |) N 1 total ( )

h &l + +a =+l + 1 1 Ll HZ~ | &l &l H 3 1
W LA >3 DI UTTIULTO UITT TUT TALUCTTITT vAaruco OQIIIPIC UVCT Al wirmtu DPCCUQ Aartu II 1o DI < TATTN All Ong

the ny,, extremes arising from the combined distribution.

One potential disadvantage of this method is that loads that are dominated by high wind
speeds may have very few simulations from which to extract large extreme values in the tail of
the empirical distribution. To address this issue, additional long-term distributions can be
calculated using additional simulations for the low probability wind speed bins. The total
simulation time per bin should follow the original wind speed distribution. But, a number of
new long-term empirical distributions can be formed using randomly bootstrapped data from
all bins, in which a large number of simulations are available. Once a number of long-term
distributions are formed, they can be averaged to form a single aggregate long-term
distribution that can be used for extrapolation to lower probability levels.
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G.4 Convergence criteria

G.4.1 General

In the context of turbine extreme loads, the importance of different wind speeds varies
depending on the load that is being extrapolated. Some loads are dominated by wind speeds
near rated while others are dominated near cut-out or other wind speeds. It is important that
the designer examine the dominant wind speeds closely to ensure that a sufficient number of
simulations are carried out to ensure stability of the method. A minimum of 15 simulations is
necessary for each wind speed from (V, — 2 m/s) to cut-out and six simulations are necessary
for each wind speed with V below (V, — 2 m/s)

In apldition to a minimum number of simulations for the wind speeds (V, — 2 m/s) to cutsout, an
add|tional convergence criterion shall also be applied according to 7.6.2. The recommended
nurrlber of simulations is determined by calculating a confidence interval for the resulting
emgirical distribution. The number of simulations deemed sufficient is that for which the width
of the 90 % confidence interval on the 84 % fractile of the empirical load distribution of glpbal
maxima is smaller than 15 % of the estimate of the 84 % fractile. This interval may| be
estimated using bootstrapping methods [3], the binomial estimation miethod [4], or it may be
inhgrently estimated as a part of the extrapolation method employed!

If tHe extremes are obtained using any other method (e.g. hlock maxima) that results jn m
extremes per 10-minute simulation, on average, then the.8%4 % fractile above needs tq be
replaced by p* where

0" = (0.84)'m (Gl13)

The|convergence criterion44 should be applied individually to each short-term load distribytion
whejther the long-term distribution is to be“established using aggregation of wind speed @lata
befqre fitting or whether fitting parametric distributions to data from each wind speefl is
carrjed out before aggregation.

In the procedure that involves, aggregation before fitting, empirical long-term distributiong for
the [loads following aggregation of all wind speed bins can be established by making use of
similar convergence criteriavas proposed above for short-term distributions. The appropiiate
fracfile at which to impose the convergence criterion should be higher than the fragtile
corresponding to any apparent "knee" (often observed) in the empirical long-term distribytion
to epsure that convergence is checked closer to the tail of this empirical distribution.

G.4|2 Load{fractile estimate

The|desired load fractile, ﬁp, corresponding to a non-exceedance probability, P, is estimated

as fpllows.

Rank order all the loads data such that S; < S, < ... < S if we have m such values from
simulations. Note that m will be equal to the number of simulations if global maxima are used.

For any specified p, make sure it is possible to find some integer i (where 2<i<m), such that

44 The criterion should only be evaluated where the 84 % fractile is much larger than 0. For example, blade flap
moments away from tower for outboard sections might be problematic at certain wind speeds; i.e. criterion
should be handled with a certain engineering judgement.
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i—-1 i
<p< G
m+1 P m+1 (

14)

A sufficient number of extremes, m, should be available (for which a sufficient number of
simulations will have to be run) so that the above inequality results and a value of i found.

The

load fractile estimate is then computed by (linear) interpolation as follows:

S =S . +[pm+D—(I-DIS, =S, .): where 2<i<m (G

15)

G.4

Confidence bounds are estimated such that the 90 % confidence interval on the_84 % frad

So8

The

G.4
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Nb’
84 9
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is o

A mlinimum nymper of 25 bootstrap resamplings may be sufficient to determine a reason

1., Inp), confidence intervals can be found in the usual manner by ordering the data. TH

3 Confidence bounds

i, is as follows:

A A
S0,84:0,05— 50,84:0,95
A

So0,84

interval, <SAO,84;0’05,SA0’84;0’95>, represents the desired 90 % confidence interval.

4 Confidence intervals based on bootstrapping

g the bootstrap procedure to form confidence intervals [3, 7] begins with taking the in
of data on p global maxima (mq, m,, M3, m,, mg ... mp) and randomly resampling th

with replacement to form a newsset (m;* my*, mg*, my* mg* ... my*) or a boots
mpling of the same size as the_original sample. Note that bootstrap resamplings wil
posed of repeated values fromythe original sample since, for each resampling, data
pled randomly with replacement. The process is repeated so as to form a large num
of bootstrap resamplings.(Erom each of these sets of p data, individual estimates of
o fractile can be obtained. From these N, estimates, constituting the set, (I4, I, I3

then be used for the'numerator of Equation (G.16). The estimate of the 84 % fractile
btained from the eriginal data represents the denominator of Equation (G.16).

<0,15 (Gl

tile,

16)
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estimate of(confidence bounds. However, a larger number closer to 5 000 will lead to npore
religble estimates.
G.418 Caonfidence intervals based on the binomial distribution

Confidence intervals based on the binomial distribution [7] are computationally less intensive
than those computed using the bootstrap procedure. This saving is simplified by tabulating
parameters for calculating a binomial confidence interval that will result for most common
situations. For the load fractile equal to 0,84 and 90 % confidence interval, Table G.1
provides values of k" and I" as well as two other values, A and B, needed for interpolating the
estimate confidence bounds in Equation (G.17), below. The number of simulations is of the
order of 15 to 35 for each wind speed bin.
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Table G.1 — Parameters needed to establish
binomial-based confidence intervals

*

*

The
con
writ

whe
and

No. of sims. k | A B
15 9 |14 |o050 |0,32
16 10 |15 | 027 |o0,219
- 17 11 |16 |00 |0,03
(]
o 18 11 |16 | 087 |09
(0]
= 19 12 |17 | o058 |0,90
S |20 13 |18 |035 |0,83
(]
a |21 14 |19 |o016 |0,76
=
3 o 14 |20 | 100 |o0,69
s |23 15 |21 | 069 |060
5 24 16 |22 |045 |o0,50
F
> 25 17 |23 |025 |0,39
2 W
= 26 18 |24 |008 |0.26)
@ N
o 27 18 |25 |o085 | 612
(]
s 28 19 |25 o,5g/})o,98
C A yi
S 29 20 |26 | 036 |o001
S 30 21 | 274018 o83
g PN
< 31 22 tv8 | 002 |o075
L N
32 ‘Z\Q\ 29 | 0,75 | 0,66
33 23 |30 | o051 |o056
N
34 24 31 031 [o044
35 25 |32 | 013 |0,32

parameters in Table G.1 are used with a design equation that is tailored to give the 9
idence interval for the 84th percentile ten-minute maximum. The design equation canp be

en as follows:

(% —xk):(xl* —xk*)+ B[x(m)* —xl*j—A[x(kﬂ)* — X+

) e

re I*.k** A, and B are as given in Table G.1 as a function of the number of simulations
Xy X(j+1)% X @Nd Xgiqy+ are obtained from the rank-ordered simulated extremes.

esti

0 %

17)

run
Ihis

naté can then be inserted into Equation (G.16) to determine if the convergence criferia

are

G.5

met, where

N

S0,84;0,05—50,84,095 = X| — X

Inverse first-order reliability method (IFORM)

(G

.18)

An alternative to typical loads extrapolation methods is the use of IFORM to estimate long-
term loads. In this method, turbulence and wind turbine response simulations are carried out
for NTM conditions. A minimum of 15 simulations should be carried out for wind speeds
(V, — 2 m/s) to cut-out. The wind speed(s) that yields the highest load is (are) then identified.
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Extrapolation of the short-term load distributions to a probability level consistent with the
definition of a 50-year return period yields the 50-year load for use with DLC 1.1.

The convergence criteria for IFORM should be the same as for the other extrapolation
methods, except that the designer need only estimate confidence intervals for the load
distributions from identified important wind speeds (often only one).

The

theory for the use of the inverse FORM (IFORM) technique (which relies

on

transformation of physical random variables to standard normal random variables [8]) is
well-documented, see for example [9], and can be applied to estimate long-term wind turbine

loadt

Ino

a)
b)
c)

d)

adaer MNTAM ocaon

HA-Cl b Aitiana.
oot Tivr S oOmaTtroT ST

rder to implement IFORM for wind turbine extreme loads, use the following steps,

Carry out 15 simulations for the wind speed bins (V, — 2 m/s) to cut-out.
dentify which bins yield the largest load maxima.

Refine the search by performing another 15 simulations for the bins’identified in stef
\gain, identify the design dominating wind speed(s), v*, which praoduce the largest lo
Ensure that the number of simulations at the important wind speed(s) is sufficient g
hat the width of the 90 % confidence interval on the 84 % dfractile of the empirical
jistribution of global maxima is smaller than 15 % of the estimate of the 84 % fractile.

he load distribution for this bin is derived and dependsion the target probability level.
} Using Rayleigh CDF, compute U; = &~ 1[Px(v*)]

p For probability of exceedance in 10 min“gnce in 50 years, py=3,8 x 1077,
corresponds to g = 4,95.

b Solve U, = [#2 - U,2]1/2,
b Derive the load fractile Pg = #(U,); see Table G.2.

b The long term load is the Pg fractile of the short-term distribution for the wind sp
bin, v*. To reach the appropriate fractile, extrapolation may be required.

b).
nds.
uch
oad

Perform short-term analysis only for the bin(s) identified i step c). The desired fractile of

This

eed
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Table G.2 — Short-term load exceedance probabilities as a function
of hub-height wind speed for different wind turbine classes
for use with the IFORM procedure

G.6

[1]

(2]

(3]

v* [m/s] 1-Pg,class | 1-Pg,class I 1-Pg,class Il

5 5,91E-07 4,95E-07 4,42E-07

6 4,86E-07 4,24E-07 3,94E-07

7 4,26E-07 3,90E-07 3,80E-07

8 3,94E-07 3,80E-07 3,91E-07

) 35,01E-07 5,9UE-07 4,24E-07

10 3,83E-07 4,17E-07 4,84E-07

11 3,97E-07 4,64E-07 5,78E-07 n

12 4,24E-07 5,35E-07 7,20E-07

13 4,66E-07 6,38E-07 9,33E-07Abv‘

14 5,26E-07 7,85E-07 1,26B-06

15 6,08E-07 9,97E-07 1,75E-06

16 7,20E-07 1,30E-06 12,54E-06

17 8,71E-07 1,75E-06 = ‘b '3,82E-06

18 1,08E-06 2,43E-06 5,93E-06

19 1,36E-06 3,46E-06 r‘\\\v 9,54E-06

20 1,75E-06 5,06E<06 1,59E-05

21 2,31E-06 7@%«66 2,74E-05

22 3,10E-06 1,47E-05 4,89E-05

23 4,25E-06 0:\Vi,86E-05 9,02E-05

24 5,93E-06 3,03E-05 1,73E-04

25 8,45E-06 1" 5,06E-05 3,42E-04
Reference documents
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Annex H
(informative)

Fatigue analysis using Miner’s rule with load extrapolation

Fatigue analysis

Fatigue failure results from an accumulation of damage due to fluctuating loads. For this kind
of macroscopic view of fatigue, there is general agreement that an increment of damage
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maximum of the load time history is paired with the local minimum that completes=-a
(rain-flow cycle counting, see [1] or [2]). Each of these cycles is characterized by
bd extreme values (or equivalently by the range and midpoint values, i.e. the .differq
veen and the mean of the two paired cycle extremes). If the damage accumulates ling
independently for each cycle [5, 3] then the total damage, D, will be givenby4>

res{ts from each hysteresis cycle displayed In the local stress-strain diagram. Thus,. €
I

re S; is the load range for the ith cycle, and N( ) is the(number of cycles to failure f
Etant amplitude loading with the range given by the argument (i.e. the S-N curve). In
ession, it has been further assumed that the local, stress at the failure location is ling

pciated with a given survival probability (often 85'9%) and level of confidence (often 94
etermining the curve from materials data. Thus, the desired minimum level of relial
be expected when the damage sums to unity:

the life of a wind turbine, there will be many cycles of varying sizes resulting from a b
e of wind conditions. Thereforefor design purposes, a load spectrum should
mated. The largest cycles for this\spectrum will be estimated from a smooth fit to the

ined from simulations or testing of a duration that is significantly shorter than the tur
me. For each wind condition, it may be assumed that the load is modelled by a statio
om process. Thus, the exXpected damage for a given wind speed, V, and a specific

pbd, T, will be given by
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re nST(S|V,T) is the short term load spectrum defined as a density function for
betof cycles. In this case, the expected number of cycles in any load range intg
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(Sa.Sg) during the time period T is given by InST(S|V ,T)dS. The expected damage from

Sa

normal operating loads for the whole turbine life is then given by extending the time interval to
the full lifetime and integrating over the range of operating wind speeds, so that

45 For ease of presentation, the effect of variation in the midpoint load level for each cycle is neglected. This
restriction is eliminated later when the issue of varying midpoint levels is addressed through the use of an
equivalent cyclic range.
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ifAti Vout e - Vout @ n Siv.T
E (D)=t [ (D, T)p(v)av = | | STRS |S )p(V)deV (H.3)
Vln Vin 0 ( )

where p(V) is the probability density function for the hub-height wind speed prescribed for the
standard wind turbine classes in 6.3.2.1.

Now, defining the long-term load spectrum

OUt
nr(S)= —L'fe;'me [ nsr(SV.T)p(v)av (H.4)
Vln
ther gives
£(p)= [Ty (H.5)
s

In many cases, it is convenient, for practical purposes, to divide the ranges of load and wind
speged values into discrete bins. In this case, the expected:damage can be approximated by

=(0)=25(s,) T

whefre Njk is the expected number of lifetime load cycles in the jt" wind speed and the kth |oad
bing, and S, is the centre value for the k¥*load bin. Thus, from the above definition,

AV
LAY ASi
Vi+ ésw é

njkzm | [ nst(SNV.T)p(V)dsdv (H.7)

T
AV ASy
V-4 8%

whefre AVJ- is the width of the jth wind speed bin and ASy is the width of the kth load bin.

Utiliging these“results, and considering the requirement from 7.6.3 that the safety factors be
applied to-the load, the limit state relation for fatigue analysis becomes

jn”—ds <1 (H.8)

where y = ys7,7, is the product of all three general partial safety factors for load, materials,
and consequences of failure, respectively. In discrete terms, this equation results in

njk
Zwsl (H.9)

ik
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In cases where significant damage occurs in more than one load case from Table 2, the
damage fractions for all the load cases, computed using the left side of Equation (H.9), should
sum to be less than or equal to one.

The formulation up to this point has ignored the effect of the variability in the midpoint levels
for each load cycle. One simple way of dealing with this variability is to define damage
equivalent load cycles with a fixed midpoint value. In this case, the damage done by the
equivalent cycles is exactly the same as that done by the cycles with varying midpoints. Thus,
failure will occur (on average) for the same number of constant amplitude cycles for the
equivalent cyclic range, Seq, as for cycles at any given cyclic range and midpoint value. Thus,
defining a family of S-N curves for varying midpoint values, N(S,M), the equivalent damage
equption

N (Seq:Mo)=N(S,M) (H|10)

is golved for S, given values for S,M and the selected constant, midpoint level M.
In mathematical terms, this can be stated as

Seq =N"H(N(S,M),Mg) (H 11)

q

whefre the inverse refers to solution for the first argument in the function, N, given the sedond
argyment. Typically, M, is chosen to give R values (the-fatio of maximum load to minimium
load) for the equivalent load cycles that are in the¢middle of the range of values obsefved
direftly in the load data. Often, an acceptable valué/is’the mean load considering all operdting
wing speeds. Fortunately, in most cases where the S-N curves are defined analytigally
(e.gl power law or exponential forms), the equivalent cyclic load range is easily computed.
Carg should be taken, however, as the range becomes large. Depending on the midpoint
valde, the maximum or minimum load value for the given cycle can get close to the siatic
strepgth, in which case the simple, high-cycle S-N curve may not be applicable. Also/ for
larger range values, the local stress_@rstrain may transition from a compression-compreskion
or tension-tension dominated case to a tension-compression case, which could have a
diffgrent analytical S-N curve representation. It is important to utilize the proper S-N relgtion
in determining the equivalent.gyclic range. For a given load time history, the rain flow cygles
are ffirst identified. Then a §et'of equivalent constant-midpoint cycles is computed considering
the |proper S-N relation for each cycle. The distribution of these equivalent cycles is fhen
estimated giving a new:short-term equivalent load spectrum. This new spectrum is then ysed
to define the numberiof cycles used for the damage fraction for each load and wind speed |bin.
The|main advantage’ of using this method is that the estimation of the equivalent spectrum is
stat|stically mere*robust than tracking the midpoint levels as an independent variable. This
advantage results because many more load cycles are counted from typical time series |oad
datq for each’load and wind speed bin than when midpoint bins are also tracked separately.

An pdditional practical issue that arises in determining the short-term load spectrum is|the
large number of small cycles determined by the rain-flow method. These small cycles can
often occur at nearby points in time and may therefore be correlated. The small cycles can
also distort the shape of analytical approximations to the tail of the distribution. It is therefore
recommended to only consider cycles above a threshold when approximating the tail of the
short-term distribution. A threshold value of at least the 95th percentile typically works well in
practice. Lower threshold values may be appropriate if the small cycles have been eliminated
or if the increased number of data points used for the fitting process is expected to yield
significant additional statistical reliability.

For practical wind turbine design applications, it is necessary to estimate the short-term
equivalent load spectrum from dynamic simulation data and then compute the lifetime
damage. One method of accomplishing this task is given by the following procedure.

a) Select the reference midpoint level as the mean load level considering all wind speeds.
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From the simulation data for a given wind speed, extract the sequence of local maxima
and minima. The sequences of local maxima and minima from multiple time series for the
same wind conditions may be concatenated into a single series.

b) Use the rain flow method to identify the midpoint and range for each simulated load cycle.

c) Determine the equivalent range for each load cycle in relation to the selected reference
midpoint level.

d) Determine an analytical fit for the short-term probability distribution of equivalent load
cycles, Fgt (S |VT) for the data above the selected threshold. Guidance for one method for
fitting the distribution may be found in [4]. The distribution type selected should be

fhecked to see If the 1It to the data IS acceptable and whether there IS sufficient daig for
eliable estimation of the behaviour of the tail compared to the data.

e) Determine the expected number of lifetime cycles in each bin using the data when'the |oad
bin is below the threshold and the fitted load distribution when the load bin\is ‘above| the
hreshold. This results in

My if S, is below the'j™ threshold

Lifetime
Ny = ( jpj 28, 8, o " (HL.12)
T Mj Fl S+ |Vj,T -F| S, ——|Vj,T if S, is.above the j~ threshold
2 2

vhere m;, is the number of simulation fatigue cycles counted in the data for the jth wind
speed bin and kth load bin below the threshold, M; is the number of fatigue cycles counted
in the simulation above the threshold, and

AV AV
(V| \VA ]
_,{14} _”[1*4}
P. =e -e

2Vave 2Vave

s the fraction of time the wind speed.is in bin j for the assumed Rayleigh wind speed
Histribution.

1) Sum the damage using the left\hand side of Equation (G.9).
P) Sum the total lifetime damage from all fatigue load cases.

In uping this procedure, care“should be taken that

¢ {he resolution of thetwind speed and load range bins is sufficient for the desired numefical
precision, and

o sufficiently large/values of load range are used to adequately represent the tail of|the
ong-term |gad ‘distribution.

The| first issue may be addressed by approximating the error as half the difference between
resylts computed by two different bin resolutions skipping data from every other wind sgeed
or Igadrange. An alternative would be to compute the damage summation using the endpqints

for the-b ok ad-o ety o—bound eSHHt- econd He—ay be
addressed by progressively increasing the highest load range bin value until a negligible
increase in the lifetime damage is observed. Note because the ratio Llfe;ﬂ is a large

number, the largest required load bin may be significantly larger than the largest cycle
observed in the simulation data. This results because the total simulated load time history is
much smaller than the turbine lifetime, and statistical extrapolation is required to accurately
estimate damage from the tail of the long-term load distribution.
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Annex |
(informative)

Contemporaneous loads

1.1 General

Detailed structural analyses of wind turbine components commonly use a finite element or
other suitable model for determination of the local stress or strain resulting from the loading

app[ied to the component. Such analyses often define a suitable Interface plane where|the
applied loads are acting (e.g. the yaw bearing interface, defining the tower top leading).
In this case, there are six load components defining the boundary conditions for loading, three
forcps, Fy, Fy, and F,, and three moments, M,, M, and M,. For convenience herethe x,y gxes
are |taken to be in the loading plane and the z axis normal to the plane. Te, describe|the
extreme loading situations, a load matrix is often defined as shown in Table |4,
Table 1.1 — Extreme loading matrix
F, F, F, M, M, M, Fr 6 Mg 6,

Max.

Min.

Max.

Min.

Max.

Min.

Max. *\\(:

Min. $

Max.

Min.

Max.

Min.

Max.

Max.
In this table;~eéach column represents a load component value delineated by the heading at

is then exermsed using each of the rows to determine resultlng local stress or strain values,
which are compared to an appropriate failure criterion. When the structural stiffness and
strength in response to loading in the plane is similar for the different loading directions, the
most extreme loading can result when both x and y components are large in magnitude but
not at their very largest values. Thus, the in-plane vector resultant values are also displayed
in the additional columns on the right and the rows at the bottom. These in-plane resultants
are defined as

Fr=yF2+F2 and Mg = M2 + M2 (1.1)

The angular directions of these resultants are also defined as
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