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INTERNATIONAL ELECTROTECHNICAL COMMISSION

WIND TURBINES -

Part 1: Design requirements

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object/ of IE is Ao Jpromote
international co-operation on all questions concerning standardization in the electriga {
this end and in addition to other activities, IEC publishes International Standarfls, pecifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides

with the International Organization for Standardization (ISO) i €Co i iti determined by
agreement between the two organizations.

2) The formal decisions or agreements of IEC on technicg
international consensus of opinion on the relevant subjects
from all interested IEC National Committees.

3) IEC Publications have the form of recom
Publications is accurate, IEC cannot be he
misinterpretation by any end user.

njttees undertake to apply IEC Publications
and regional publications. Any divergence

” Independent certification bodies provide conformity
to IEC marks of conformity. IEC is not responsible for any

tion, use of, or reliance upon, this IEC Publication or any other IEC

patent rights? IEC shafl not be held responsible for identifying any or all such patent rights.

ThissConsolidated version of IEC 61400-1 bears the edition number 3.1. It consists of
the third edition (2005-08) [documents 88/228/FDIS and 88/232/RVD] and its amendment
1(2010-10) [documents 88/374/FDIS and 88/378/RVD]. The technical content is identical

to the base edition and its amendment.

In this Redline version, a vertical line in the margin shows where the technical content
is modified by amendment 1. Additions and deletions are displayed in red, with
deletions being struck through. A separate Final version with all changes accepted is
available in this publication.

This publication has been prepared for user convenience.
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International Standard IEC 61400-1 has been prepared by IEC technical committee 88: Wind
turbines.

The main changes with respect to the previous edition are listed below:

— the title has been changed to “Design requirements” in order to reflect that the standard
presents safety requirements rather than requirements for safety or protection of personnel;

— wind turbine class designations have been adjusted and now refer to reference wind speed
and expected value of turbulence intensities only;

— turbulence models have been expanded and include an extreme turbulence model,;

— gust models have been adjusted and simplified;

— design load cases have been rearranged and amended;

— the inclusion of turbulence simulations in the load calculations is &
for extreme load extrapolation has been specified;

— the partial safety factors for loads have been adjusted and s

— the partial safety factors for materials have been a
material types and component classes;

terms of functional characteristics;

— a new clause on assessment of sty

can be found on the IE

The committee @le ded that the contents of the base publication and its amendment will
remain unchange \ i indicated on the IEC web site under

"http://webstore.ieg clated to the specific publication. At this date, the

* withd

* replacethb
*+ amended:

edition, or

The contents of the corrigendum of February 2016 have been included in this copy.

IMPORTANT The “colour inside” Iogo on the cover page of this publlcatlon |nd|cates
thati S . ndin

of its contents Users should therefore prlnt thls publlcatlon usmg a coIour prmter
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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 standard 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 o1 external conditions In ClauSe o.
Compliance with this standard does not relieve any person, organization, or corporation from
the responsibility of observing other applicable regulations.

ed offshore, in
stallations is

The standard is not intended to give requirements for wind turbines iy
particular for the support structure. A future document dealing with offg
under consideration.

3
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WIND TURBINES -

Part 1: Design requirements

1 Scope

This part of IEC 61400 specifies essential design requirements to ensure the engineering
integrity of wind turbines. Its purpose is to provide an appropriate level of protection agdinst
damage from all hazards during the planned lifetime.

This standard is concerned with all subsystems of wind turbipé S atrol and
protection mechanisms, internal electrical systems, mechanica
structures.

This standard applies to wind turbines of all sizes. For s
be applied.

C 61400-2 may

This standard should be used together wit ISO standards

mentioned in Clause 2.

2 Normative references

IEC 60204-199@ X
requirements

IEC 60364-5-84~\Elec}rical installations of buildings — Part 5-54: Selection and erection of
electrical equipment’— Earthing arrangements, protective conductors and protective bonding
conductors

IEC60721-2-1:4982, Classification of environmental conditions — Part 2: Environmental
conditions appearing in nature. Temperature and humidity

IEC 61000-6-1:4997, Electromagnetic compatibility (EMC) — Part 6-1: Generic standards —
Seetion—1—-Immunity for residential, commercial and light-industrial environments

IEC 61000-6-2:4999, Electromagnetic compatibility (EMC) — Part 6-2: Generic standards —
Seetion-2-Immunity for industrial environments

IEC 61000-6-4:14997, Electromagnetic compatibility (EMC) — Part 6-4: Generic standards —
Seetion4—-Emission standard for industrial environments
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IEC 61400-2, Wind turbines — Part 2: Design requirements for small wind turbines

IEC 61400-21:2004, Wind turbines generator—systems— Part 21: Measurement and
assessment of power quality characteristics of grid connected wind turbines

IEC 61400-24:-2002, Wind turbines generator-systems— Part 24: Lightning protection

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

IEC 62305-4, Protection against lightning — Part 4: Electrical and elgCtronic ems within
structures

ISO 76:4987 2006, Rolling bearings — Static load ratings
ISO 281:4998, Rolling bearings — Dynamic load ratings anq
ISO 2394:1998, General principles on reliability for

ISO 2533:1975, Standard Atmosphere

ISO 4354:1997, Wind actions on struct

ISO 6336-2—{(al—parts}, Calculation

Part 2: Calculation of surface durabilit

ity of spur and helical gears -

ISO 6336-3:200 alce
of tooth bending

ISO 81400-4, Wi

3.1

annual average

mean_value of a set of measured data of sufficient size and duration to serve as an estimate
of-the expected value of the quantity. The averaging time interval should be a whole number
of-years to average out non-stationary effects such as seasonality

3.2

annual average wind speed
Vave . -
wind speed averaged according to the definition of annual average

3.3

auto-reclosing cycle

event with a time period, varying from approximately 0,01 s to a few seconds, during which a
breaker released after a grid fault is automatically reclosed and the line is reconnected to the
network
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3.4

blocking (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 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 gxteed
less than or equal to a prescribed amount)

ancE prokability of

3.7

complex terrain
surrounding terrain that features significant variations—i
that may cause flow distortion

errain obstacles

3.8
control functions (wind turbines)
functions of the control and protection
of the wind turbine and/or its environ
operating limits

3.9
cut-in wind speed
V.

1
lowest wind speh b
of steady wind witho

3.10
cut-out wind
Vout

highest w
the case™®

ind turbine starts to produce power in the case

b height at which the wind turbine is designed to produce power in
phout turbulence

3.11
design limits
maximum-or minimum values used in a design

312
dormant failure

faitureof acompomnentor systenmrwhich Termmaims undetected—during normatoperation

3.13
downwind
in the direction of the main wind vector

3.14

electrical power network

particular installations, substations, lines or cables for the transmission and distribution of
electricity
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NOTE The boundaries of the different parts of this network are defined by appropriate criteria, such as
geographical situation, ownership, voltage, etc.

3.15

emergency shutdown (wind turbines)

rapid shutdown of the wind turbine triggered by a protection function or by manual
intervention

3.16

environmental conditions

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

3.17

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

3.18

extreme wind speed
value of the highest wind speed, averaged over ¢ s, Wi
of 1/N ("recurrence period": N years)

ynd a¥eraging time intervals of 1 =3 s
i

NOTE In this standard recurrence periods of X
< surviva

3.19

fail-safe %

design property of an iterd ! its ures from resulting in critical faults
3.20

gust
temporary chang

NOTE A gust may be

3.21
horizontal a
wind turbine

3.22
hub (wind turbines
fixture for attaching the blades or blade assembly to the rotor shaft

3.23
hub*height (wind turbines)

“hub

heightofthecentre of the sweptarea of the-windturbime Totor above the terraim surface (see
3.51, swept area)

3.24
idling (wind turbines)
condition of a wind turbine that is rotating slowly and not producing power
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3.25

inertial sub-range

frequency interval of the turbulence spectrum, where eddies — after attaining isotropy -
undergo successive break-up with negligible energy dissipation

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

3.26

—timmitstate

state of a structure and the loads acting upon it, beyond which the structure no longer
satisfies the design requirement

[ISO 2394, modified]

NOTE The purpose of design calculations (i.e. the design requirement for the limit state)\is to keepythe“probability
of a limit state being reached below a certain value prescribed for the type of stru i i ee 2.2.9 of
ISO 2394).

3.27
logarithmic wind shear law
see 3.62

3.28

mean wind speed
statistical mean of the instantaneous xalue o
period which can vary from a few secnds\No

raged over a given time

Vind sd av

3.29

nacelle
housing which contains th i Y| ments on top of a horizontal axis wind
turbine tower

3.30
network conne
cable terminals ofva sin

the electrical bus gf th

3.32
normal shutdown {&ind turbines)
shutdown:in which all stages are under the control of the control system

3.33
operating limits
set of conditions defined by the wind turbine designer that govern the activation of the control

and protection system

3.34

parked wind turbine

depending on the design of the wind turbine, parked refers to the turbine being either in a
standstill or an idling condition
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3.35

power collection system (wind turbines)

electric system that collects the power from one or more wind turbines. It includes all
electrical equipment connected between the wind turbine terminals and the network
connection point

3.36
—powerlaw for wind shear
see 3.62

3.37
power output
power delivered by a device in a specific form and for a specific purpos

NOTE (wind turbines) The electric power delivered by a wind turbine.

3.38

protection functions (wind turbine)
functions of the control and protection system which e
within the design limits

d turbine remains

3.39

rated power

quantity of power assigned, generall
of a component, device or equipment

under normal operating and external conditions

3.40
rated wind speed
V.

r
minimum wind s

case of steady i
3.41
Rayleigh distyib

wind turbine's rated power is achieved in the

Vref
basic parameter for wind speed used for defining wind turbine classes. Other design related
climatic*parameters are derived from the reference wind speed and other basic wind turbine

class-parameters (see Clause 6)

NOTE A turbine designed for a wind turbine class with a reference wind speed Vg, is designed to withstand

e Ol W e U averdage wina peead w d recu e pPerrioa o U yed d urp ub

height is lower than or equal to V.

3.43
rotationally sampled wind velocity
wind velocity experienced at a fixed point of the rotating wind turbine rotor

NOTE The turbulence spectrum of a rotationally sampled wind velocity is distinctly different from the normal
turbulence spectrum. While rotating, the blade cuts through a wind flow that varies in space. Therefore, the
resulting turbulence spectrum will contain sizeable amounts of variance at the frequency of rotation and harmonics
of the same.
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3.44
rotor speed (wind turbines)
rotational speed of a wind turbine rotor about its axis

3.45
roughness length

20

nvfrapnlcfnﬂ hnighf at which the mean wind epnnrl bhecomes zero if the vertical wind prnfiln IS

assumed to have a logarithmic variation with height

3.46
scheduled maintenance
preventive maintenance carried out in accordance with an established ti

3.47

site data
environmental, seismic, soil and electrical network data for t
shall be the statistics of 10 min samples unless otherwise stz

Wind data

3.48
standstill
condition of a wind turbine that is stopped

3.49
support structure (wind turbines)

3.50
survival wind speed
popular name for the

NOTE In this stath
(see 3.18).

3.51
swept area
projected aré i the wind direction that a rotor will describe during one

a’construction is designed to withstand

d. Design conditions instead refer to extreme wind speed

3.52
turbulence inte
1

ratio ofythe 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

3.53

L_~turbulence scale parameter
Ay
wavelength where the non-dimensional, longitudinal power spectral density is equal to 0,05
NOTE The wavelength is thus defined as A=V}, p/fo, Where foS4(fy) o4°= 0,05.

3.54
turbulence standard deviation

standard deviation of the longitudinal component of the turbulent wind velocity at hub height
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3.55
ultimate limit state
limit states which generally correspond to maximum load carrying capacity

[2.2.10 of ISO 2394, modified]

3.56
___unscheduled maintenance

maintenance carried out, not in accordance with an established time schedule, but after
reception of an indication regarding the state of an item

3.57
upwind
in the direction opposite to the main wind vector

3.58
vertical axis wind turbine
wind turbine whose rotor axis is vertical

3.59
Weibull distribution

Py

probability distribution function, see 3.6
3.60

wind farm

see 3.61

3.61
wind power station

group or groups@ C

3.62
wind profile — w

called a wind farm

(1)

V) =Wz ).(=) (2)
Zr

where

W(z)" is the wind speed at height z;

is the height above ground;

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

r

zg is the roughness length;
a is the wind shear (or power law) exponent
3.63

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

NOTE Often used distribution functions are the Rayleigh, Pg(V,), and the Weibull, P\y(7,), functions.
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R(Vy)=1-exp| -z(Vy 12V, ) |

ave

K (3)
Ry(Vy)=1-exp| (1, /C)' |
cra+L)
With ¥ aye = k (4)
Cnnifk=2

where

P(V,) is the cumulative probability function, i.e. the probability that V<7;

Vo is the wind speed (limit);

Vave Is the average value of 7;

C is the scale parameter of the Weibull function;
k is the shape parameter of the Weibull function;
r is the gamma function.

Weibull function if k = 2 is chosen and C and 7,
for k = 2.

The distribution functions express the ~ ) i
than Vy. Thus (P(V4) — P(V5)), if eva een he specified limits V; and V5, will
indicate the fraction of time that the wi i i ese limits. Differentiating the
distribution functions yield the correspgnding probaRilit\\density functions

3.64
wind shear
variation of wind spee icdlar to the wind direction

3.65
wind shear exponeq
a

at a specified\po
the specified-point

space it is the speed of motion of a minute amount of air surrounding

NOTE . Jtis also the magnitude of the local wind velocity (vector) (see 3.69).

367
wind turbine generator system (wind turbine)

svstem which converts kinetic eneravin the wind into electrical enerav
J g J g7

3.68
wind turbine site
the location of an individual wind turbine either alone or within a wind farm

3.69

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
"parcel" (i.e. the local wind speed)
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NOTE The vector at any point is thus the time derivative of the position vector of the air "parcel" moving through
the point.

3.70

wind turbine electrical system

all electrical equipment internal to the wind turbine, up to and including the wind turbine
terminals, including equipment for earthing, bonding and communications. Conductors local
to the wind turbine, which are intended to provide an earth termination network specifically

—forthewimd—torbimeare-mctuded

3.7

wind turbine terminals
point or points identified by the wind turbine supplier at which the wij
connected to the power collection system. This includes connectio
transferring energy and communications

rbineCmay be
purposes of

3.72
yawing
rotation of the rotor axis about a vertical axis (for horizontsg

3.73
yaw misalignment
horizontal deviation of the wind turbine rotor axi

4.1 Symbols and units
C scale parameter<f th i istri [m/s]

Ct thrust c@ici
Coh coheren \

D [m]
S [s7"]
Jd [-]
Jx [-]
Fy [-]
Fy [-]
Lot expected value of hub-height turbulence intensity at a 10 min average

wind speed of 15 m/s [-]
15 effective turbulence intensity [-]
k shape parameter of the Weibull distribution function [-]

modified Bessel function [-]
L isotropic turbulence integral scale parameter [m]
L coherence scale parameter [m]
Ly velocity component integral scale parameter [m]
m Wohler curve exponent [-]
n; counted number of fatigue cycles in load bin i [-]
N(.) is the number of cycles to failure as a function of the stress (or strain)

indicated by the argument (i.e. the characteristic S-N curve) [-]
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N recurrence period for extreme situations [years]
p survival probability [-]
Pr(Vy) Rayleigh probability distribution, i.e. the probability that V<V [-]
Py (Vo) Weibull probability distribution [-]
r magnitude of separation vector projection [m]
8 the stress (or strain) level associated with the counted number of
cycles in bin i [-]
Sq(f) power spectral density function for the longitudinal wind velocity
component [m2/s]
Sk one-sided velocity component spectrum [m2/s]
T gust characteristic time [s]
t time [s]
14 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 wh [m/s]
VeN expected extreme wind speed (averag
recurrence time interval of
50 years, respectively [m/s]
Vgust ~ largest gust magnitude with a
[m/s]
Vhub wind speed at hib hei [m/s]
Vin cut-in wind sp [m/s]
Vo limit win sution model [m/s]
Vout cut-outﬁ [m/s]
[m/s]
[m/s]
[m/s]
[m/s]
co-ordinatesystem used for the wind field description; along wind
(longitudinal), across wind (lateral) and height respectively [m]
Zhub hub height of the wind turbine [m]
P4 reference height above ground [m]
Zg roughness length for the logarithmic wind profile [m]
a wind shear power law exponent [-]
p parameter for extreme direction change model [-]
) coefficient of variation [-]
r gamma function [-]
% partial safety factor for loads [-]
Ym partial safety factor for materials [-]
A partial safety factor for consequences of failure [-]
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o(t) wind direction change transient [deg]
Ocq angle of maximum deviation from the direction of the average wind
speed under gust conditions [deg]
O extreme direction change with a recurrence period of N years [deg]
Ay turbulence scale parameter defined as the wavelength where the non-
dimensional, longitudinal power spectral density, fS1(f)/0'12, is equal to
005 [l
A T
o estimated turbulence standard deviation [m/s]
&eﬁ effective estimated turbulence standard deviation fm/s]
Owake Wake turbulence standard deviation [m/s]
AT maximum centre-wake turbulence standard deviation [m/s]
Aa standard deviation of estimated turbulence standard dex [m/s]
oy [m/s]
Oy [m/s]
O3 [m/s]
E() -]
Var< > [-]
4.2 Abbreviations
A
a.c
d.c
DLC
ECD
EDC
EOG
ETM
EWM d speed model
EWS wind shear
F fatigue
N normal and extreme (for partial safety factors)
NWP normal wind profile model
NTM normal turbulence model
S special IEC wind turbine class
T transport and erection (for partial safety factors)
U ultimate
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5 Principal elements

5.1 General

The 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;
are taken into account.

5.2 Design methods

turbulence conditions and other wind conditions defined in S S ituations
defined in Clause 7. All relevant combinations of external coRrditi i situations

Data from full scale testing of a wind turbine may be used/to it ease onfldence in predicted

5 d@ssig
Verification of the adequacy of the desig
test results are used in this verification,tr ternal CO nditions durlng the test shall be shown
to reflect the characteristic values a i ipns defined in this standard. The
selection of test conditiong/N g shall take account of the relevant safety
factors.

5.3 Safety classes
A wind turbine s@

e a normal safe

Partial safety
standard.

actorsy for normal safety class wind turbines, are specified in 7.6 of this

Partial)safety factors for special safety class wind turbines shall be agreed between the
manufacturer and the customer. A wind turbine designed according to a special safety class
is-a class S wind turbine, as defined in 6.2.

5.4 Quality assurance

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

It is recommended that the quality system comply with the requirements of ISO 9001.
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5.5 Wind turbine markings

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

e wind turbine manufacturer and country;

e model and serial number;

s—production year,;

e rated power;

e reference wind speed, Vo

e hub height operating wind speed range, V,, — V,,u
e operating ambient temperature range;

e |EC wind turbine class (see Table 1);

e rated voltage at the wind turbine terminals;

o frequency at the wind turbine terminals or frequency rg case t he nominal
variation is greater than 2 %.

6 External conditions

6.1 General

The external conditions described in this I be sansidered in the design of a wind

turbine.

Wind turbines are subje nd electrical conditions that may affect their
loading, durability and ops e \appropriate level of safety and reliability,
environmental, electriga il t 21l be taken into account in the design and

entation.

shall be explicitly \sztat
The environmental divided into wind conditions and other
The extepnal\conditiqns\ are\stbdivided into normal and extreme categories. The normal
externak conditiond~genexally concern recurrent structural loading conditions, while the
extreme externalNconditions represent rare external design conditions. The design load cases

shall consist 0fSpotentially critical combinations of these external conditions with wind turbine
operational 'modes™and other design situations.

Wind—conditions are the primary external conditions affecting structural integrity. Other
environhmental conditions also affect design features such as control system function,
durability, corrosion, etc.

The normal and extreme conditions, which are to be considered for design according to wind
turbine classes, are prescribed in the following subclauses.

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 and turbulence parameters. 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
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wind turbine classification offers a range of robustness clearly defined in terms of the wind
speed and turbulence parameters. Table 1 specifies the basic parameters, which define the
wind turbine classes.

A further wind turbine class, class S, is defined for use when special wind or other external
conditions or a special safety class, see 5.3, are required by the designer and/or the
customer. The design values for the wind turbine class S shall be chosen by the designer and

shecified in the desian documentation Eor such snacial desians the valuies chaosen for the
1 1) T g I 7

design conditions shall reflect an environment at least as severe as is anticipated for the use
of the wind turbine.

intended to cover
hurricanes,

The particular external conditions defined for classes I, Il and Ill are neith
offshore conditions nor wind conditions experienced in tropical storm such
cyclones and typhoons. Such conditions may require wind turbine cla

Table 1 — Basic parameters for wind turb?ec\%f
Wind turbine class | I /m\ \

Vit (m/s) 50 42,5 ’\3\1\@\\a|u AN

A Lret (') 9\16 O specified

B Let (1) | /N /\\0,1\// (\‘\ the

C Lo (<) 0,1\& \/ designer

ref
A designates the ¢

B designate cal
C designates the
1

ref

eters, several other important parameters are required to
conditions to be used in wind turbine design. In the case of
the wind tur' ses\I, through lll;, later referred to as the standard wind turbine
classes, the~value P iti

The design_lifetime for wind turbine classes | to Ill shall be at least 20 years.

For.the wind turbine class S the manufacturer shall, in the design documentation, describe
thexmodels 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

The abbreviations added in parentheses in the subclause headings in the remainder of this
clause are used for describing the wind conditions for the design load cases defined in 7.4.

1 The annual average wind speed no longer appears in Table 1 as a basic parameter for the wind turbine classes
in this edition of the standard. The annual average wind speed for wind turbine designs according to these
classes is given in equation (9).

2 Note that I,¢f is defined as the mean value in this edition of the standard rather than as a representative value.
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6.3 Wind conditions

A wind turbine shall be designed to safely withstand the wind conditions defined by the
selected wind turbine class.

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

The wind regime for load and satety considerations Is divided Into the normal wind
conditions, which will occur frequently during normal operation of a wind turbine, and the
extreme wind conditions that are defined as having a 1-year or 50-year recurrence period.

The wind conditions include a constant mean flow combined, in many cases, with(gither a

For the standard wind turbjne classes, thedra vind velocity field for the turbulence
models shall satisfy the féllowing requirer

be assumed bel i
direction sha g

b)
(5)

The_power spectral densities of the three orthogonal components, S4(f), S5(f), and S5(f)
shall~asymptotically approach the following forms as the frequency in the inertial sub-
range increases:

S,(f)=0,0507 (A, / V) % f 7 (6)

S,(f) =8N =350 (7)

c) a recognized model for the coherence, defined as the magnitude of the co-spectrum
divided by the auto-spectrum for the longitudinal velocity components at spatially
separated points in a plane normal to the longitudinal direction, shall be used.

The recommended turbulence model that satisfies these requirements is the Mann uniform
shear turbulence model in Annex B. Another frequently used model that satisfy these

3 The actual values may depend on the choice of turbulence model and the requirements in b).
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requirements is also given in Annex B. Other models should be used with caution, as the
choice may affect the loads significantly.

6.3.1 Normal wind conditions
6.3.1.1 Wind speed distribution

The wind speed distribution is significant for wind turbine design because it determines the

frequency of occurrence of individual load conditions for the normal design situations. The
mean value of the wind speed over a time period of 10 min shall be assumed to follow @
Rayleigh distribution at hub height given by

BaV) = 1=exp[ -7 (Vo 1 2V, ) | (8)

where, in the standard wind turbine classes, V,,, shall be chosen g

Ve =02V,

ave ref

(9)
6.3.1.2 The normal wind profile model (NWP)

The wind profile, V(z), denotes the average wind spged as a fu
ground. In the case of the standard wind turbine cl

be given by the power law:

of height, z, above the
d speed profile shall

(2)=Vhub (2 zhup)” (10)

The power law exponent, «, shall be agsu to, be

The assumed wind profile
swept area.

age vertical wind shear across the rotor

For the normal Y& representative value of the turbulence standard
deviation, 91, he 90 % quantile4 for the given hub height wind speed. This
value for the¢standa j ine classes shall be given by

(11)

Values for theMturbulence standard deviation oy and the turbulence intensity oq/Vyp are
shown in Eigures 1avand 1b.

Values)for I, are given in Table 1.

4 Note, if other quantiles are desired for additional optional load calculations, they may be approximated for the
standard classes by assuming a log-normal distribution and

E<U1‘thb>:1

ref

(0,75Vhub + c); c=3,8m/s
Var <o‘1 ‘thb> = (Ire, (1,4 m/s))2
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Class A
4 || w——Class B

m— Class C / /
" _—

\
A\
\

0 5 10 15 20 25 30

Vhuo mM/s IEC 124

b \(M/S) IEC 2236/10

on for the normal turbulence model (NTM)
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‘\\\ — Class A
Class B

o
[$,]
|

04
03 \\ m— Class C
g 7 \
o= \
é g 0,2
Ec ~——
0,1
0
0 5 10 15 20 25 30
Vhub M/s

IEC 1247/Q

AQ
A et

o
w

Turbulence intensity
o
N

o
i

6.3.2.1 Extreme wind speed model (EWM)

The EWM- shall be either a steady or a turbulent wind model. The wind models shall be based
on thee reference wind speed, V4, and a fixed turbulence standard deviation, o;.

For the steady extreme wind model, the extreme wind speed, Vg5, With a recurrence period

£ EO0 voora ond th ek MR- a L atbh o o Bariad £ 4 - nl'\ (TN

OToUTyoarsy arrta— oo eXxreme— WG SPCCUTTT ey WHh—a—feeufrrenee PeTTOCU—OT— 1 y\lal, Strrart oT

computed as a function of height, z, using the following equations:

0,11
V@ =147 7] (12)

and V,,(z) =0,8 V5 (2) (13)

In the steady extreme wind model, allowance for short-term deviations from the mean wind
direction shall be made by assuming constant yaw misalignment in the range of £15°.
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For the turbulent extreme wind speed model, the 10 min average wind speeds as functions of
z with recurrence periods of 50 years and 1 year, respectively, shall be given by

Voo@) =V (7, )" (14)
Vi(2) =0,8V5(2) (15)

Tha lonaitudinal turhulanca cstandard daviatianb chall hg-
—Re—eRgHdaar—ttHetheh St eaH-6—6-8 Y HaHO -5 1a++—B6-

G1=O,11thb (16)

6.3.2.2 Extreme operating gust (EOG)

The hub height gust magnitude 7% shall be given for the standard yind e Classes by

the following relationship:

O.
V.=Min3 1,350V, -V, .); 3,3 —————
gust ! { ( el hub) [1+0’1(1€1)j}

where

(17)

O, is given in equation (11);

Ay is the turbulence scale parameter, ascording

D is the rotor diameter.

The wind speed shall be defined by th

Vot = {V(z)—O,B?VQ Brt A1 (18)

otherwise

where
V(z) is defined i i
T'=10,5s.

An example of th
Figure 2:

g gust (Vhyp =25 m/s, Class |y, D = 42 m) is shown in

5 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.

6 The gust magnitude was calibrated to together with the probability of an operation event such as starts and
stops to give a recurrence period of 50 years.
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36
34

32 //\
30
28 \

24 / \ |

22 / \

20

EOG Wind speed in hub height
N
[e)}
I~
1

Timet s 05

Figure 2 — Example of extreme operati

6.3.2.3 Extreme turbulence model (ETM)
The extreme turbulence model shall use the norma dél in 6.3.1.2 and

o =c I, (0,072(@%](@— (19)

c C

6.3.2.4 Extreme direction change (

The extreme direction ¢
relationship:

be calculated using the following

4
0. = t4 arctan

e (20)
where
O, is gi ) for the NTM;
6, is limited F {l £+180°;
Ay is the turbutens ale parameter, according to equation (5); and
D is thesrotor diameter.
Thesextreme direction change transient, 4(t), shall be given by
0 for <0
0(1)=1%£0,50,(T—cos(zt/T))for 0<¢<T 21)
o, for ¢>T

where T =6 s is the duration of the extreme direction change. The sign shall be chosen so
that the worst transient loading occurs. At the end of the direction change transient, the
direction is assumed to remain unchanged. The wind speed shall follow the normal wind
profile model in 6.3.1.2.
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As an example, the magnitude of the extreme direction change with turbulence category A,
D =42 m, z,,, =30 m is shown in Figure 3 for varying V,,,- The corresponding transient for
Viub = 25 m/s is shown in Figure 4.

200 40

100 \

AN

EDC Wind djrection
change

EDC change 6, ddg.

-100 /
0

—200

0 10 20 30 40
Wind speed Vhy, m/s

10
Vimg ¢ IEC 1250/05

peme direction

IEC 1249/05

Figure 3 — Example of extreme direction
change magnitude

6.3.2.5 Extreme coherent gust with direction
The extreme coherent gust with directig Yang gnitude of
Vg =15 m/s (22)

The wind speed shall be defi

(23)

(73]
\g 30
> I R
8 20
(2]
2
= 10
0
-2 0 2 4 6 8 10 12 14
Timet s IEC 1251/05

Figure 5 — Example of extreme coherent gust amplitude for ECD

The rise in wind speed shall be assumed to occur simultaneously with the direction change 6
from 0° up to and including Hcg, where the magnitudeecg is defined by
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180° for 7, <4m/s
O, (Ve )= e 24
b (Fuo) =1 720" m/s fordm/s <V, <V, (24)
hub
The simultaneous direction change is then given by

[ 0 for <0
0(t)=1%0,50,, (1—cos(zt/T)) for 0<¢<T (25)

10, for ¢>T

where T =10 s is the rise time.

The direction change magnitude, Ocg: and the direction change 6(¢
and 7, as a function of V},,, and as a function of time for V},, = 25 K/s)

200 30
—\ 25
150

100 \

[=)

Direction change 6y deg.
ifection change deg

=
OIS
(

S

>

-2 0 2 4 6 8 10 12

Time: s IEC 431/07

Figure 7 — Example of direction change
transient

ggative) vertical shear:

o~
1=
53
VR
:.rl\l |
H N
=3
R
=+

1

Z—Z D %
(—Dh“bj 2,5[m/s]+0,2/3’0'1[A—] (1—cos(2m/T)) forO0<t<T

W(z,t)= (26)
Vi [L] otherwise
Zhub
Transient horizontal shear:
2 Y DY
9% [—] i(%j 2,5[m/5]+0,2f0, (A_j (1—cos(2m/T)) for0<¢<T
2 ul
V(y,z,t)= " 1 (27)

a
z
thb [ ]
Zhub

otherwise
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where for both vertical and horizontal shear:
a=0,2,6=6,4,T=12s;

O, is given by equation (11) for the NTM;
A4 is the turbulence scale parameter, according to (5); and
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.

40
2,0 = L
_ 8 30— =
1,5 R > ( >
\ 12 [0 20 , \
2 / < bo \
P £ N
0.5 g [ = N N
0.0 0 4W 12 14
0 10 20 30 40 Time A\ s

Wind speed ¥(z,t) m/s | __ (] RétoNop N7 .. Rotor bottom

IEC 432/07

positive for t = 7/2

— - — - — negative fort = 7/2
IEC 1254/05

Figure 9 — Example of wind speeds at
rotor top and bottom, respectively,

negative vertical windsheg
before ons@ : illustrate the transient positive wind
maximum ‘slieé

shear
As an example, ertical wind shear (turbulence category A, zy,, =30 m,
Viub = 25 m/ sirated in Figure 8, which shows the wind profiles before onset
of the extre and at maximum shear (=6 s). Figure 9 shows the wind
speeds a ottom of the rotor, to illustrate the time development of the shear

6.4 Other environimental conditions

Environmental (climatic) conditions other than wind can affect the integrity and safety of wind
turbines, by thermal, photochemical, corrosive, mechanical, electrical or other physical
action. Moreover, combinations of climatic conditions may increase their effects.

Thefottowimg—otherenvirommentatconditions,atteast,shatt-betakemmto—account—and—the
resulting action stated in the design documentation:

e temperature;

e humidity;

e air density;

e solar radiation;

e rain, hail, snow and ice;

e chemically active substances;
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e mechanically active particles;
o salinity;

e lightning;

e earthquakes.

An offshore environment requires additional consideration.

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~ot
climatic conditions shall be taken into account when the design values are selected.

Variations in climatic conditions within the normal limits corresponding {0 eqr recurrence

combined with normal wind conditions according to 6.3.1.

6.4.1 Normal other environmental conditions

The normal other environmental condition values tha o.account, are:

e ambient temperature range of =10 °C to +40 2G;

e relative humidity up to 95 %;

e atmospheric content equivalent to ed

IEC 60721-2-1);

e solar radiation intensity of 1 000 W

inland atmosphere (see

e air density of 1,225 kg{m3.

When additional exter

values shall be stated
IEC 60721-2-1.

The extreme temperature range for the standard wind turbine classes shall be at least —20 °C
to +50:5C.

6.4.2.2 Lightning

THhe provisions of fightmmgprotectiom requited 1076, @y be considered as adequate for
turbine designs for the standard wind turbine classes.

6.4.2.3 Ice

No minimum ice requirements are given for the standard wind turbine classes.

6.4.2.4 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 C.
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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.

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

e Frequency — nominal value + 2 %.

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

and 10 s to 90 s for a second reclosure shall be considered.

e Outages — electrical network outages shall be assumed to ocg
outage of up to 6 h7 shall be considered a normal conditio
shall be considered an extreme condition.

7 Structural design

7.1 General

and an acceptable safety level shal
structural members shaII be verified by

ate and fatigue strength of
to demonstrate the structural

Calculations shall be

methods shall i
evidence of the i
studies. The load le

structural desigh, as specified in ISO 2394.

7.3 Loads

Loads-described in 7.3.1 through 7.3.4, shall be considered for the design calculations.

7.3.1 Gravitational and inertial loads

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

7.3.2 Aerodynamic loads

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

7 Six hours of operation is assumed to correspond to the duration of the severest part of a storm.
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The airflow is dependent upon the average wind speed and turbulence across the rotor plane,
the rotational speed of the rotor, the density of the air, and the aerodynamic shapes of the
wind turbine components and their interactive effects, including aero elastic effects.

7.3.3 Actuation loads

Actuation loads result from the operation and control of wind turbines. They are in several
categories including torque control from a generator/inverter, vaw and pitch actuator loads

and mechanical braking loads. In each case, it is important in the calculation of response and
loading to consider the range of actuator forces available. In particular, for mechanical
brakes, the range of friction, spring force or pressure as influenced by temperature_and
ageing shall be taken into account in checking the response and the loading during“any
braking event.

7.3.4 Other loads

Other loads such as wake loads, impact loads, ice loads, ¢ an hall be

included where appropriate, see 11.4.

7.4 Design situations and load cases

be considered, together i i control and protection system. The design
load cases used to verify the str i grity’ of a wind turbine shall be calculated by
combining:

e normal desig@.l normal or extreme external conditions

e fault design situg y ate external conditions;

e transportation) ins on and_maintenance design situations and appropriate external

the design.l0ad casé&s 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 could, during design load cases with a deterministic wind model,
cause the wind turbine to shutdown prior to reaching maximum yaw angle and/or wind speed,

then it must be shown that the turbine can reliably shutdown under turbulent conditions with
the same deterministic wind condition change.

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

For each design load case, the appropriate type of analysis is stated by “F” and “U” in Table
2. “F” refers to analysis of fatigue loads, to be used in the assessment of fatigue strength. “U”
refers to the analysis of ultimate loads, with reference to material strength, blade tip
deflection and structural stability.
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The design load cases indicated with “U”, are classified as normal (N), abnormal (A), or
transport and erection (T). Normal design load cases are expected to occur frequently within
the lifetime of a turbine. The turbine is in a normal state or may have experienced minor
faults or abnormalities. Abnormal design situations are less likely to occur. They usually
correspond to design situations with severe faults that result in the activation of system
protection functions. The type of design situation, N, A, or T, determines the partial safety
factor y to be applied to the ultimate loads. These factors are given in Table 3.

Table 2 — Design load cases

Design situation DL Wind condition Other conditions Type of Partial
c analysis safety
factor
] :
1) Power production 1.1 NTM  Vin < Vhuo < Vout For extrapolation of N
extreme events N
12 | NTM Vi < Vius < Vout O\ N .
13 | ETM ¥y, < Voup < Vout 2NN N N
1.4 | ECD Wy = V-2 mis, 7, AN A N
v, +2 m/s <\ AW
1.5 EWS Vin < thb < Vout \ \
2) Power production 2.1 NTM  Vin < Vhuo < Vout Cc ols teW u N
plus occurrence of A\ loss ofRIec ical network
fault 22 | NTM 7, < P00 < Vs Pr te@ systdm or u A
pfeceding infefnal
electcical fault
2.3 EOG Vhyp =72 mis E\ ternal or internal U A
Vout elevyrical fault including
(\ of electrical network
2.4 N Vin < Koub < Vo\u,) Control, protection, or F *
electrical system faults
including loss of
electrical network
3) Start up b ad | NP W Phgy 30 F -
3\.2\ 0GNY, \5} v+ 2 mis U N
and W,
3.\3\ C K = Vipy Vet 2 mls U N
/\ and Vyut
4) Normal;.Qut\{own\ 1\ W Vin < Vhub < Vout F *
\ 42 WEOG V=V, %2 mis and u N
\/ Vout
5) Emergency. sm\>.1 NTM Vo = V; £ 2 m/s and u N
down Vout
6) Parked\(standing 6.1 EWM 50-year recurrence U N
still oridling) period
6.2 EWM 50-year recurrence Loss of electrical U A
period network connection
6.3 | EWM 1-year recurrence Extreme yaw U N
period misalignment
6.4 NTM thb < 0,7 Vref *
7) Parked and fault 71 EWM 1-year recurrence U A
conditions period
8) Transport, 8.1 NTM  Vpaint to be stated by U T
assembly, the manufacturer
maintenance and
repair
8.2 | EWM 1-year recurrence u A

period
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The following abbreviations are used in Table 2:

DLC Design load case

ECD Extreme coherent gust with direction change (see 6.3.2.5)
EDC Extreme direction change (see 6.3.2.4)

EOG Extreme operating gust (see 6.3.2.2)

EWM Extreme wind speed model (see 6.3.2.1)

EWS Extreme wind shear (see 6.3.2.6)

NTM Normal turbulence model (see 6.3.1.3)

ETM Extreme turbulence model (see 6.3.2.3)

NWP Normal wind profile model (see 6.3.1.2)

V2 m/s Sensitivity to all wind speeds in the range shall be analysed
Fatigue (see 7.6.3)

Ultimate strength (see 7.6.2)

Normal

Abnormal

Transport and erection

*4 » Zz Cc M

Partial safety for fatigue (see 7.6.3)

assure accuracy of the calculation8.
made to the wind conditions described i

mass and aerodymamis_i
manufacture sh 8

.T and 1.2 embody the requirements for loads resulting from
at occurs during normal operation of a wind turbine throughout its
.3 embodies the requirements for ultimate loading resulting from
extreme turbutens onditions. 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_gtatistical 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 these parameters 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 these parameters are not exceeded by the extreme design
values derived for DLC 1.3, the factor ¢ in equation (19) for the extreme turbulence model
used in DLC 1.3 may be increased until the extreme design values computed in DLC 1.3 are
equal or exceed the extreme design values of these parameters computed in DLC 1.1.

8 In general a resolution of 2 m/s is considered sufficient.
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7.4.2 Power production plus occurrence of fault or loss of electrical network
connection (DLC 2.1 — 2.4)

This design situation involves a transient event triggered by a fault or the loss of electrical
network connection while the turbine is producing power. Any fault in the control and
protection system, or internal fault in the electrical system, significant for wind turbine loading
(such as generator short circuit) shall be considered. For DLC 2.1 the occurrence of faults
relating to control functions or loss of electrical network connection shall be considered as

normal events. For DLC 2.2, rare events, including faults relating to the protection functions
or internal electrical systems shall be considered as abnormal. For DLC 2.3 the potentially
significant wind event, EOG, is combined with an internal or external electrical system fault
(including loss of electrical network connection) and considered as an abnormal event., ln)this
case, the timing of these two events shall be chosen to achieve the worstfoading. If afault or

As an alternative to the specification of DLC 2.3 above apd in .3 may instead
be considered as a normal event (i.e. a partial safety facto X to be analyzed
using stochastic wind simulations (NTM - V,,<V,up <% i [ n Internal or external

electrical system fault (including loss of electricgl ngtwy ectign). In this case, 12
response simulations shall be carried out for € \

7.4.3 Start up (DL(

This design sit i
transients from 3 s

occurrences shall

resulting in loads on a wind turbine during the
situation to power production. The number of
the control system behaviour.

7.4.4
This de on includes all the events resulting in loads on a wind turbine during
normal t from a power productlon situation to a standstill or idling

behaviour.

7.4.5 Emergency shut down (DLC 5.1)

Leads arising from emergency shut down shall be considered.

In this design situation, the rotor of a parked wind turbine is either in a standstill or idling
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 considered.

For design load cases, where the wind conditions are defined by EWM, either the steady
extreme wind model or the turbulent extreme wind model may be used. If the turbulent
extreme wind model is used, the response shall be estimated using either a full dynamic
simulation or a quasi-steady analysis with appropriate corrections for gusts and dynamic
response using the formulation in ISO 4354.
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If the steady extreme wind model is used, the effects of resonant response shall be estimated
from the quasi-steady analysis above. If the ratio of resonant to background response (R/B)
is less than 5 %, a static analysis using the steady extreme wind model may be used. If
slippage in the wind turbine yaw system can occur at the characteristic load, the largest
possible unfavourable slippage shall be added to the mean yaw misalignment. If the wind
turbine has a yaw system where yaw movement is expected in the extreme wind situations
(e.g. free 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 turbine is subject to large yaw movements or change
of equilibrium during a wind speed increase from normal operation to the extreme situatioh;
this behaviour shall be included in the analysis.

In DLC 6.1, for a wind turbine with an active yaw system, a yaw misaligy of up'to + 15°

In DLC 6.2 a loss of the electrical power network at an ear, i gntaining the
extreme wind situation, shall be assumed. Unless powerdack-up iN¥ ided for the control
and yaw system with a capacity for yaw alignment for aperiod ofa , the effect of a

extreme yaw misalignment. An extr f i ° t+ 30° using the steady
extreme wind model or a mean yaw misaligom ging the turbulent wind model
shall be assumed.

Deviations from t a parked wind turbine, resulting from faults on the
electrical networ e, shall require analysis. If any fault other than a loss
of electrical produces deviations from the normal behaviour of the wind

turbine in paxked i possible consequences shall be the subject of analysis. The
fault copdition\ shall be xombined with EWM for a recurrence period of one year. Those
conditions.sh \- either turbulent or quasi-steady with correction for gusts and dynamic

response.

In case ofta-fault in the yaw system, yaw misalignment of + 180° shall be considered. For any
other fault, yaw misalignment shall be consistent with DLC 6.1.

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

7.4.8 Transport, assembly, maintenance and repair (DLC 8.1 - 8.2)

For DLC 8.1, the manufacturer shall state all the wind conditions and design situations
assumed for transport, assembly on site, maintenance and repair of a wind turbine. The
maximum stated wind conditions shall be considered in the design if they can produce
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 safety
level. Sufficient margin may be obtained by adding 5 m/s to the stated wind condition.
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In addition, DLC 8.2 shall include all transport, assembly, maintenance and repair turbine
states which may persist for longer than one week. This shall, when relevant, include a
partially completed tower, the tower standing without the nacelle and the turbine without one
or more blades. It may be assumed that all blades are installed simultaneously. It shall be
assumed that the electrical network is not connected in any of these states. Measures may
be taken to reduce the loads during any of these states as long as these measures do not
require the electrical network connection.

Blocking devices shall be able to sustain the loads arising from relevant situations in DLC
8.1. In particular, application of maximum design actuator forces shall be taken into account.

7.5 Load calculations

Loads as described in 7.3.1 through 7.3.4 shall be taken into accoug design load

e wind field perturbations due to the wind turbine itself ( ocit

shadow, etc.);

s, tower

e the influence of three dimensional flow on the bladé
three dimensional stall and aerodynamic tip loss);

aracteristics (e.g.

e unsteady aerodynamic effects;

e structural dynamics and the coupling
e aero elastic effects;
o the behaviour of the control and protestion

shall be required Q
DLC 2.1, 2.2 a
wind speed. Sinc NI

effect on the load sfa

In many cases, t ocal strains or stresses for critical locations in a given wind turbine
component*are governed by simultaneous multi-axial loading. In this case, time series of
orthogofial loads that are output from simulations are sometimes used to specify design
loads:

When 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 based on the derivation of the significant stress as a time history. Extreme and
fatigue prediction methods can then be applied to this single signal, avoiding load
combination issues.

9 Concerning the spatial resolution, the maximum distance between adjacent points should be smaller than 25 %
of A1 (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 should always decrease towards the blade tip.
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Ultimate load components may also be 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 possible
combinations to avoid introducing non-conservatism.

Guidance for the derivation of extreme design loads from contemporaneous loads taken from
a number of stochastic realisations is given in Annex H.

7.6 Ultimate limit state analysis

7.6.1 Method

c\materials, the
pQnhents with

Partial safety factors account for the uncertainties and variability in load
uncertainties in the analysis methods and the importance of stru
respect to the consequences of failure.

7.6.1.1 Partial safety factors for loads and materials

F,=y.F, (28)
where
Fq is the design value for the agg c load response to multiple

simultaneous load components fro arious s » e given design load case;
% is the partial safety factor for log
Fy is the characteristi
1
Jo=—L (29)

Vn Q
where

7m are the partial’safe materials; and

Jfx are the characte \ of material properties.

e possibleunfayvourable deviations/uncertainties of the load from the characteristic value;

e uncertainties in the loading model.
The_partial safety factors for materials used in this standard, as in ISO 2394, take account of

o\ _Jpossible unfavourable deviations/uncertainties of the strength of material from the
characteristic value;

e possible inaccurate assessment of the resistance of sections or load-carrying capacity of
parts of the structure;

e uncertainties in the geometrical parameters;

e uncertainties in the relation between the material properties in the structure and those
measured by tests on control specimens;

e uncertainties in conversion factors.
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These different uncertainties are sometimes accounted for by means of individual partial
safety factors but in this standard as in most others, the load related factors are combined
into one factor y and the material related factors into one factor y,,.

7.6.1.2 Partial safety factor for consequence of failure and component classes

A consequence of failure factor, y,, is introduced to distinguish between:

e Component class 1: used for "fail-safe" structural components whose failure does not
result in the failure of a major part of a wind turbine, for example replaceable bearings
with monitoring.

e Component class 2: used for "non fail-safe" structural components whqse failures may
lead to the failure of a major part of a wind turbine.

for example full scale blade testing.

For the ultimate limit state analysis of the wind turp
shall be performed where relevant:

e analysis of ultimate strength (see 7/6.2);

When determinidg \he mtegrity of elements of a wind turbine, national or
international i the Televant material may be employed. Special care shall be
taken when fors from national or international design codes are used
together W y factors from this standard. It shall be ensured that the resulting

Different cades wide the partial safety factors for materials, y,, into several material
factors aécounting for separate types of uncertainty, for example inherent variability of
material-strength, extent of production control or production method. The material factors
given_inthis standard correspond to the so-called "general partial safety factors for materials"
aecounting for the inherent variability of the strength parameters. If the code gives partial
safety factors or uses reduction factors on the characteristic values to account for other
lncertainties these shall also be taken into account

Individual codes may choose different factorisations 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 ISO 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 standard.
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7.6.2 Ultimate strength analysis

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

Vo S(Fy) < R(fy) (30)

The resistance R generally corresponds with the maximum allowable design values of

material resistance, hence R(fy) = f4, whilst the function § for ultimate strength analysis is
usually defined as the highest value of the structural response, hence S(Fy)=F4. The equation
then becomes

1 1 1
Yt s——h vk S— —J
ym}/n 7n 7m

Note that y, is a consequence of failure factor and shall not be tre
materials.

For each wind turbine component assessed and for each
strength analysis is appropriate, the limit state conditign-i

period may be larger than any of th
calculation of characteristi

each wind speed from (7, — 2 m/s) to cut-out and six

ated
6 ach wind speed below (V,40q — 2 m/s). When extracting data,
the designer [ the effect of independence between peaks on the extrapolation

term loads, “a convefgence criterion shall be applied to a probability fractile less than the
mode f\the data for either the short-term or long-term exceedance distributions. For
guidance, see Annex F.

Thé characteristic value for blade root in-plane and out-of-plane moments and tip deflection
may be determined by a simplified procedurel0 The characteristic value may then be

determined by calculating the mean of the extremes for each 10-min bin and using the largest
value, multiplied by an extrapolation factor of 1,5, while maintaining the partial load factor for
statistical load extrapolation, see Table 3.

For load cases with specified deterministic wind field events, the characteristic value of the
load shall be the worst case computed transient value. When turbulent inflow is used, the

10 This approach is considered conservative for 3-bladed upwind wind turbines. Caution should be exercised for
other wind turbine concepts.
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mean value among the worst case computed loads for different 10-min stochastic realisations
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.

7.6.2.1 Partial safety factors for loads

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

Table 3 — Partial safety factors for loads y

Unfavourable loads Favourable11 |gads

Type of design situation (see Table 2)

: All design'situations
Normal (N) Abnormal (A) Transport and erection
m A
1,35% 1,1 1,5 \ \&\9)

For design load case DLC 1.1, given that loads are determined using statistical loa olation at prescribed
wind speeds between V;, and V,, the partial load factor for normal deg i i e % =1,25.
If for normal design situations the characteristic value of the load nse_F, ity can be
calculated for the design situation in question, and gravity is an/Unfavourable artial load factor for
combined loading from gravity and other sources may have th vaI@

7 =11+ 05? % 6

(0,15 forDLCT.1
" 10,25 otherwise

F ..
1_ gravity ; F_ <k
J Fk ‘ gravity ‘ k‘

t 1; ‘F

gravity

>R

partial safety factor for loads is applied to the load
resentation of the dynamic response is of prime
proper representation of non-linear material behaviour

Fq =y¢Fk

The (0ad responses in the tower at the interface (shear forces and bending moments)
factered with y; from Table 3 shall be applied as boundary conditions.

Eor gravity foundations the limit states considering averall stability (rigid body maotion 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 y; = 1,1 for
unfavourable permanent loads and y; = 0,9 for favourable permanent 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

11 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 (30) becomes

7n S (yf,unfavF;(,unfav > yf,favE(,fav ) < R(fd)
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documentation are met on site, a partial safety factor for permanent foundation load y; = 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 y; = 1,0 can be
applied.

Alternatively, the check of capacity of soil and foundation can be based on a partial safety
factor y; = 1,0 for both favourable and unfavourable permanent loads and the check of overall

c+ahi|ihl can ha hacgd an o parfial eafnh/ factar of T 1 1 for unfavaourahlg pnrmanonf laads

and y; = 0,9 for favourable permanent Ioads using in aII cases conservative estimates of
weights or densities defined as 5 % / 95 % fractiles. The lower fractile is to be used when thé
load is favourable. Otherwise, the upper fractile is to be used.

Use of the partial safety factors for Ioads for normal and abnormal design situations specified

of\the general pdrtial safety factor for
iy of t@streth parameter shall be

when applied to characteristic material prgperties

confidence limit12. This value app ies to c with ductile behaviour13 whose failure
may lead to the fallure oRa aqmwr bine, for example welded tubular tower,
comprise:

e yielding of d

e Dbolt rupture in &bo COR ion with sufficient number of bolts to provide 1//] of the

For “non f&fl-safe gchaqical/structural components with non-ductile behaviour whose
failures lead i a-the faildre of a major part of a wind turbine, the general safety factor

e 1,3 forwrupture from exceeding tensile or compression strength.

To derive the global partial safety factors for materials from this general factor it is necessary
to account for scale effects, tolerances and degradation due to external actions, for example
ultraviolet radiation or humidity and defects that would not normally be detected.

Partial safety factors for consequences of failure:

Component class 1: y, = 0,9

12 The characteristic strength parameters should be selected as the 95 % fractile (determined with 95 %
confidence) or the certificate value for materials with established routines for testing of representative
samples.

13 Ductile behaviour includes not only ductile materials but also components which behave like ductile materials
due to, for example internal redundancy.
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Component class 2: 5, =1,0
Component class 3: y, = 1,3

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

The combined partial safety factors for loads, materials and the consequences of failure, y,

Ym» @nd y,, shall be not less than those specitied In /.6.2.T and 7.6.2.2.

7.6.3 Fatigue failure

Fatigue 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 ted.damage
exceeds 1. Thus, in this case, the accumulated damage over the de a turbine
shall be less than or equal to 1. Fatigue damage calculations shalf co ulation,
including effects of both cyclic range and mean strain (or stre idl safety

7.6.3.1 Partial safety factor for loads

The partial safety factor for loads, e 4,0 for norinal and abnormal design
situations.

The partial safety factor
based on 50 % survival p

ast 1,5 provided that the SN curve is
ariation <15 %.

For components with [large ariation for fatigue strength14, i.e. 15 % to 20 %
(such as for ma ¢ posites, for example reinforced concrete or fibre
composites), the jal ust be increased accordingly and at least to 1,7.

derivation of char Frall account for scale effects, tolerances, degradation due
to external dction 8 raviolet radiation, and defects that would not normally be

for the SN curves. In\this case g,, may be taken as 1,1. In cases, where it is possible to
detect critical’ crack~development through introduction of a periodic inspection programme, a
lower vatue of g, may be used. In all cases, g, shall be larger than 0,9.

For\fibre composites, the strength distribution shall be established from test data for the
actual material. The 95 % survival probability with a confidence level of 95 % shall be used
as a basis for the SN-curve. In that case g,, may be taken as 1,2. The same approach may be

usedfor othermrateriats:

Partial safety factors for consequences of failure:

Component class 1: y, = 1,0
Component class 2: y, = 1,15

Component class 3: y, = 1,3.

14 Fatigue strength is defined here as stress ranges associated with given numbers of cycles.
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7.6.3.3 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 7.6.3.1 and 7.6.3.2, 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.

accordance with
ot less than

A minimum value for the partial safety factor for loads, y, shall be chose
7.6.2.1 to obtain the design value. The material partial safety factors s
those specified in 7.6.2.2.

7.6.5 Critical deflection analysis

7.6.5.1 General

cases detailed in Table 2 using the ©

multiplied by the combined partial sg ads material and consequences of

The value of y,,
have been det
1;0. Particula
deflectio

ésting and monitoring in which case it may be reduced-te
paid to geometrical uncertainties and the accuracy of the

Compafent class 2: y, = 1,0
Compenent class 3: y, = 1,3.

The elastic deflection shall then be added to the un-deflected position in the most

unfavarrahla diraction and thao racultina nacitinn camnarad to tha raciiramant for nan
oot e Ho—a e oo —a i a—He— e Sttt §—p O STrB R —66Hparea—o0—He—e gtremeA—o—oh

interference.
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7.6.5.2 Blade (tip) deflection

One of the most important considerations is to verify that no mechanical interference between
blade and tower will occur.

In general, blade deflections have to be calculated for the ultimate load cases as well as for
the fatigue load cases. The deflections caused by the ultimate load cases can be calculated
based on beam models, FE 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 load case 1.1 extrapolation of tip deflection is mandatory according to A.4+1.
Here direct dynamic deflection analysis can be used. The exceedance prghability in the 'most

the requirement for non-interference.

7.6.6 Special partial safety factors

established by measurement or by analysis confirm ¢ yient to a higher than
normal degree of confidence. The valu ia ars used shall be stated in
the design documentation.

8 Control and protection syste

8.1 General

Wind turbine operatio
meets the requiremen
Manual or autom;c
allowing manual iph
where necessar

The control functions of a wind turbine shall control the operation by active or passive means
and keep-the operating parameters within their normal limits. Where selection of control
modé can be exercised, for example for maintenance, each mode shall override all other
coftrol, with the exception of the emergency stop button. Mode selection shall be governed
by-a selector, which can be locked in each position corresponding with a single mode. When
certain functions are controlled numerically, access codes shall be provided to appropriately

select the function.

The control functions may govern or otherwise limit functions or parameters such as
e power;

e rotor speed,;

e connection of the electrical load;

e start-up and shutdown procedures;

e cable twist;
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e alignment to the wind.

8.3 Protection functions

The protection functions shall be activated as a result of failure of the control function or of
the effects of an internal or external failure or dangerous event. The protection functions shall
maintain the wind turbine in a safe condition. The activation levels for the protection functions

shall ha setin such g wWay that the Hneign limits—are-not-exceeded-

The protection functions shall have higher priority than control functions, but not higher thapn
the emergency stop button, in accessing the braking systems and equipment for network
disconnection when triggered.

The protection functions shall be activated in such cases as

e overspeed;
e generator overload or fault;
e excessive vibration;

e abnormal cable twist (due to nacelle rotation by yawing)

shall in general be able to protect the wind turb ¢ : ingle faifure or fault in a power
source or in any non- safe I|fe compo

within the system
condition shall
machine shutdo

All non-fail-safe \companen quired for implementation of non-redundant protection
functions shdll be i ! component class 3 with an appropriate consequences of

In cases of confhct, the protection function shall overrule the control function.

The automatic or remote restart of a wind turbine shall not be possible where the shutdown
was (nitiated by an internal fault or trip that is critical to the turbine safety. If such a fault or
tripsis followed by electrical network interruption or loss of load, automatic restart shall not be
pessible after return of electrical network or load.

An emergency stop button, which will override the control functions, shall bring the rotor to a
complete stop in any wind speed less than the wind speed limit defined for maintenance and
repair, see 7.4.8, and as a minimum to idling mode from any operation condition. In addition,
activation of the emergency stop button shall de-energise the medium- and the high-voltage
systems. Emergency stop buttons shall be provided at every major working place (e.g.
nacelle and tower bottom). Disengagement of any emergency stop button following its use
shall require an appropriate action. Following disengagement, automatic restart shall only be
possible after manual clearance.
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8.4 Braking system
The braking system shall be able to bring the rotor to idling mode or complete stop from any
operation condition. Means shall be provided for bringing the rotor to a complete stop from a

hazardous idling state in any wind speed less than the wind speed limit defined for
maintenance and repair, see 7.4.8.

It is recommended 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
system shall act on the rotor shaft or on the rotor of the wind turbine.

Brakes shall be designed to function even if their external power supply fails. A brake. shall
be able to keep the rotor in the full stop position for the defined wind conditions forsat least
one hour after the brake is applied. During longer periods of grid loss/ i
apply the brake by either an auxiliary power supply or by manual op

9 Mechanical systems

9.1 General

yaw drlves Auxiliary items may be driven b S
All mechanical systems k e dfi } %ﬂ
designed according &
standards shall be used\Partial s b t hall be consistent W|th component class 2 in

7.6.1.2, unless t nt class 3.
Particular care shall’be hat cooling and filtration systems can maintain the
relevant operating ut the operating temperature range when the specified

insufficient
maintained toe

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
thedesign. 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.

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 must be known to avoid a risk.
Any further information that may be necessary shall be given in the operator’s instruction and
maintenance manuals.
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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 information 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 must be so
designed, constructed and equipped as to avoid all potential hazards associated with these

types of energy. Means of isolating or discharging accumulated energy must be included in
such systems. All pipes and/or hoses carrying hydraulic oil or compressed air and their
attachments shall be designed to withstand or be protected from foreseen internal and
external stresses. Precautions shall be taken to minimize risk of injury arising\las a
consequence of rupture.

9.4 Main gearbox

The main gearbox

A _....A\..\“Zhﬁk‘ﬂ.\v- 3989-1. The od-safety factor Sq-shall be at least

9.5" Yaw system

IhU yavv OyOtUm ma_y UUIIO;Q‘l Uf mUGIIO ‘lU ma;nta;n [} f;I\Ud yavv UI;UIIth;UII (Uy hydlau:;u
brakes), means to change that orientation (e.g. electric motors, gearboxes and pinions) and
means to guide the rotation (e.g. a bearing).

Any motors shall comply W|th relevant parts of Clause 10. Eer—yaw—gear—sys%ems—w%h—ma%p#e

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
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system, and easy replacement is possible, the reduction gearbox and the final drive pinion
may be considered to be in component class 1.

The safety against pitting shall be determined in accordance with 1SO 6336-2. The
application of the upper limit 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 bending loads on gear teeth shall be considered in accordance with ISO 6336-3

AnnexB—Minimum-—values—for Cr_ and (’n ara epnr\ifind in—Table 5 These—Vvalues—must-be

achieved by using characteristic loads F, Hence they include the partial safety factor for
consequences, y,, materials, y,, and loads, .

Table 5 — Minimum required safety factor S, and S for the yaw r system

)

Component class 1 CompAoém c

Surface durability (pitting) sy>1,0

Tooth bending fatigue strength sez2 1,1

Static bending strength sg>1,0

replacement intervals.

9.6 Pitch system

The pitch system may consist of means to
electric motors, gearboxe €S

djust\l
K
bearing).

Any motors shall somg ’ of Clause 10. For pitch systems with individual
pitch drives/act e \ : redundancy, these may be considered to be in

component class 2

9.7 Protection\func

available forafurtheremergency stop.

Load calculation shall be based on simulations including an appropriate range of the braking
level:lf the brake is able to slip in the standstill state at the minimum braking level, whenever
the,brake is to maintain the wind turbine in a stationary state, the period of slip in a turbulent
wind must be sufficiently short to avoid overheating and brake performance impairment and

4 HPA | H | £ £
W avuild a TTonN UT TITT.
9.8 Rolling bearings

The basis of rating analysis of rolling bearings shall be ISO 76 and ISO 281. For shaft
bearings, for example main shaft, gearbox, the bearing lives (90 % survival probability) shall
be at least 20 years. The calculation method shall consider the operating conditions. Any
adjustment factors (i.e. a-factors) according to ISO 281 shall be applied with care.
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Particular care shall be taken to ensure that cooling and filtration systems can maintain the
relevant operating conditions throughout the operating temperature range with the specified
maintenance procedures.

For bearings, design loads shall reflect the loads determined in the various load cases in 7.4
and appropriate safety factors in 7.6. The bearing design shall consider the expected amount
of rotation during its lifetime and whether the rotations are continuous as in main shaft

bearinas or oscillatina as in nitch _and vaw haogarinas  FEurtharmore  consideration -shall he
J J Lad J b A ’

given to the potential effect of insufficient lubrication due to small movement.

For slew bearings, the ratio of static rating to design load shall be at least 1,0 according to
ISO 76. The load distribution due to flexibility of the connected part all be garefully
considered.

10 Electrical system

10.1 General

Clause 6.

The electrical s S

the relevant IEC sig ds. ! the design of a wind turbine electrical system shall
comply with the(rey 60204-1. For wind turbines that contain circuits at
nominal voltages \gre 00 V a.c. or 1500 V d.c. the design of a wind turbine

electrical system shs ith the requirements of IEC 60204-11. Fixed installations, not
machine jinstallatignsyshall cgmply with the requirements of IEC 60364. The manufacturer

10.3 Protective devices

A windyturbine electrical system shall, in addition to the requirements of IEC 60364, include
suitable devices that ensure protection against malfunctioning of either the wind turbine or
the) external electrical system that may lead to an unsafe condition or state.

10.4 Disconnect devices

It shall be possible to disconnect a wind turbine electrical system from all electrical sources
of energy as required for maintenance or testing.

Semiconductor devices shall not be used alone as disconnect devices.

Where lighting or other electrical systems are necessary for safety during maintenance,
auxiliary circuits shall be provided with their own disconnect devices, such that these circuits
may remain energized while all other circuits are de-energized.
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10.5 Earth system

The design of a wind turbine shall include a local earth electrode system to meet the
requirements of IEC 60364 (for the correct operation of the electrical installation) and
IEC-84024-14 62305-3 (for lightning protection). The range of soil conditions for which the
earth electrode system is adequate shall be stated in the design documentation, together with
recommendations should other soil conditions be encountered.

The choice and installation of the equipment of the earthing arrangement (earth electrodes,
earthing conductors, main earthing terminals and bars) shall be made in accordance with
IEC 60364-5-54.

Provisions shall be made in any electrical system operating above 10 a.cOjor 1 500

V d.c. for earthing during maintenance.

10.6 Lightning protection

62305-3. It is not necessary for protective measures to exdend
provided safety is not compromised. Guidance is givenin

10.7 Electrical cables

Where there is a probability of rodents
conduits shall be used. Underground
damage by service vehicles or farm equ

Any electrical system|that ¢ ite”a wind turbine shall be disconnected and
the of network power.

If a capacitor ban ipacatlel with an induction generator (i.e. for power factor

correction), a suit S is\cequirgd to disconnect the capacitor bank whenever there is a
loss of networ i excitation of the generator. Alternatively, if capacitors are
fitted, it shalkbe suffici that the capacitors cannot cause self-excitation.

10.9 Protec nst Jightning electromagnetic impulse

The over-voltage _protection shall be designed in accordance with the requirements of
IEC-84342-1+62305>4.

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.

10.10 Power quality

The power quality characteristics of the wind turbine shall be assessed in accordance with
IEC 61400-21.

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

Emissions of conducted disturbances are covered in 10.9.
Emissions of radiated disturbances shall meet the requirements of IEC 61000-6-4.

Immunity to conducted disturbances is covered in 10.6.

C61000-6-Tor
IEC 61000-6-2. The turbine manufacturer shall state which of these two standards applies te
the wind turbine design.

11 Assessment of a wind turbine for site-specific conditions

11.1 General

a) a demonstration that all these conditi
design of the wind turbine, see 11.9;

b) a demonstration of the structural
than those at the site, se

If any conditions are
electrical compatibility

The partial safet@ G

To obtain“the slope of the terrain, planes are defined that fit the terrain within specific
distantes and sector amplitudes for all wind direction sectors around the wind turbine and
pass through the tower base. The—ﬂtted—ptane slope used |n Table 4, denotes the slopes ofe

and—passes-th;eugh—the—wmd—tepbme—tewe#base the dlfferent mean Imes of sectors passing

through the tower bases and contained in the fitted planes. Accordingly, the terrain variation
from the fitted plane denotes the distance, along a vertical line, between-any-surface—point

and the fitted plane and the terrain at the surface points. =, -is-the-hub-height-of-the-wind
bsblnos
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Table 4 — Terrain complexity indicators

) . . . . 15
Distance range from wind Sector amplitude Maximum slope of fitted MaX|mum_ terra_m varl.atlon
- from-a-disc-with-radius 13
turbine plane k s
Shup-fitted-to-the terrain
< 5 Zhub 3600 < 0,3 Zhub
<10 zpyp 30° <10° < 0,6 zphyp
<20 zhyp 30° < 1,2 zpyp

The resolution of surface grids used for terrain complexity assessment must not exceed, the
smallest of 1,5 z;,,, and 100 m.

sectors
energy

The site shall be considered complex, if 15 % of the energy in the
that fail to conform to the criteria in Table 4 and homogeneous, if l¢
in the wind comes from sectors that fail to conform.

khe €nergy comes
from complex sectors, and i, = 1 when more than 15 % ) es from complex
sectors. In between, i varies linearly.

11.3 Wind conditions required for agsessme

deviation of the lo
between in
e flow inclination;

e wind shearl7;

e air density.

direction sectors s be 30° or less. All parameters, except air density, shall be available as
functionstef wind direction, given as a 10-min average.

The-site wind parameters8 shall be either

o’ measured in the range of 0,2 V¢ and 0,4 Vs and extrapolated, or

15 The check criteria is considered fulfilled if the requisite fails over a surface less than 5 Zhup>.

16 The longitudinal component of turbulence may be approximated by the horizontal component.

17 High shear values for extended periods of time have been reported for certain areas in connection with highly
stratified flow or severe roughness changes. The external conditions in Clause 6 are not intended to cover
such cases.

18 Attention should be given to wakes from significant structures within a distance from the wind turbine of 20
times the characteristic length of the structure.
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e calculated from monitoring measurements made at the site, long-term records from local
meteorological stations or from local codes or standards.

If measurements are used, the site conditions shall be correlated with long-term data from
available local meteorological stations unless they can otherwise be shown to be
conservative. The monitoring period shall be sufficient to obtain a minimum of six months of
reliable data. Where seasonal variations contribute significantly to the wind conditions, the
monitoring period shall be long enough to conservatively include these effects.

The value of the standard deviation of the longitudinal component shall be determined using
appropriate statistical techniques applied to measured and preferably de-trended data.
Where topographical or other local effects may influence the turbulence intensityy these
effects shall be represented in the data. The characteristics of the ang eter ~sampling
rate and averaging time used to obtain measured data shall be consjde ey ‘evaluating
the turbulence intensity.

Wake effects from neighbouring wind turbines during po
The assessment of the smtablllty of the wind turbine g

For fatigue calculations,
Annex D.

Generally, the e
to be the same.

A
Teff

11.5 Assessment of other environmental conditions

T:IU fU“UVViIIg UIIV;IUIIIIIUIItai L;UIIL“tiUIIb D;Id“ bU dbbcbbﬁd fUI L;UIII}JaIibUII Vv;til t:lc
assumptions made in the design of a wind turbine:

e normal and extreme temperature ranges;

e icing, hail and snow;

e humidity;

e lightning;

e solar radiation;

e chemically active substances;
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e salinity.

11.6 Assessment of earthquake conditions

There are no earthquake resistance requirements for standard class turbines because such
events are only design driving in a few regions of the world. No earthquake assessment
analysis is required for sites already excluded by the applicable local seismic code due to

+h P i | P | fioa -k +h HP=NH ] A 2| rhbad-balaias P
OTCTT WO AN STTSTTITC A tiUTT.— 1T UT TOCATUTTS WiITCTS U TS STTSTIITO 1TUdU™ CAaST S U SUTTUCU  UCTOW are

critical, the engineering integrity shall be demonstrated for the wind turbine site conditions:
The assessment may be based on Annex C. The evaluation of load shall take account of the
combination of seismic loading with other significant, frequently occurring operational loads:

The seismic loading shall depend on ground acceleration and.lresponse.’ spectrum

b) loads during emergency shutdown
shutdown are equal to those obtain

out through time-domain methods, in which case,
aken to ensure that the operational load is

The evaluation-ofthe resistance of the structure may assume elastic response only, or ductile
energy dissipation. However, it is important that the latter is assessed correctly for the
specificitype of structure in use, in particular for lattice structures and bolted joints.

A~conservative approach to the calculation and the combination of loads on the tower is
provided in Annex C. This procedure shall not be used if it is possible that seismic action will

eauca cianifinant Iaadina Af cteintiirno Athar thaon tha toa A

oo T oTgT oot oot g O ot o CtouT T o otrreT— oot trrictovwoTs
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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 following19:

e normal voltage and range including requirements for remaining connected or
disconnecting through specified voltage range and duration;

e normal frequency, range and rate of change, including requirements for remaining
connected or disconnecting through specified frequency range and duration;

e voltage imbalance specified as a percentage negative phase-sequence voltage, for
symmetric and unsymmetrical faults;

e method of neutral grounding;

e method of ground fault detection / protection;
e annual number of network outages;

e auto-reclosing cycles;

e required reactive compensation schedule;

e fault currents and duration;

e Wi urbine terminals;

y of same;

te shall be assessed by a professionally qualified
2 to available local building codes.

o the{site estimate of extreme 10-min average wind speed at hub height with a recurrence
period of 50 years shall be less than 7,420,

o _the site value of the probability density function of 7}, shall be less than the design
probability density function (see 6.3.1.1) at all values of ¥}, between the wind speed

0,2 Vrgrand 0.4 Vo,

e the representative value of the turbulence standard deviation, 04, (see equation (11))
shall be greater or equal to the site value of the estimated 90 % quantile of the turbulence

19 The turbine designer may need to take account of grid compatibility conditions. The above represent a set of
minimum requirements. Local and national grid compatibility requirements need to be anticipated at the design
stage.

20 Alternatively, the wind turbine site central estimate of extreme 3 s average wind speed at hub height with a
recurrence period of 50 years should be less than Vgs.
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standard deviation at all values of ¥}, between the wind speed 0,2 V., and 0,4 V,

refs and
i.e.

0, 26+1,286, (34)

When the terrain is complex, the estimate of the standard deviation of the longitudinal
component of turbulence shall be increased in order to account for the distortion of the
turbulent flow21. The site flow inclination, taken as the maximum of all directions, shall be

less than that specified in 6.3. Where there are no site data or calculations for the flow
inclination and the terrain is complex, it shall be assumed that the flow is always parallel to
the fitted plane, see 11.2, within a distance of 5 z,,,, from the wind turbine.

ess Ahan that
wWind“shear, it

The site average vertical wind shear exponent «, for direction shal
specified in 6.3.1.2 and larger than zero. Where there are no site datz

(35)

the site specific
and wind far

21 The effect of complex terrain may be included by an additional multiplication with a turbulence structure
correction parameter Cq1 defined as

146,162 +(6,/6,

- 1,375

where ratios of the estimated standard deviations, 6‘i, correspond to hub height values. Where there are no site

data for the components of turbulence and the terrain is complex, results of modelling or Cct = 1+0,15 i where i
is the complexity index defined in Subclause 11.2, may be used .

22 This approach can also be used for the assessment of sector-wise varying turbulence, alone or in combination

with wake turbulence. The standard deviation o-GOf & may be determined as the average of the sector-wise

values.

23 The site specific extreme turbulence may be represented by the maximum centre wake turbulence in the most
severe direction.
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11.10 Assessment of structural integrity by load calculations with reference to site
specific conditions

The demonstration shall comprise a comparison of loads and deflections calculated for the
specific wind turbine site conditions with those calculated during design, taking account of
the reserve 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, wake effects, etc.

Where there are no site data for the components of turbulence and the terrain is complex, ‘it
shall be assumed that the-longitudinal; lateral and upward turbulence-cempeonent standard
deviations relative to the longitudinal component are equal to 1,0 and 0,7, respectively:

normal turbulence, model is replaced by-the—aetual an appropriats
e.g. /45, found in Annex D. This-may-be-estimated-by

~ _7 71
“wake — Teff” hub

For ultimate limit state analysis, DLG
with site specific conditions including

The manufacturer s¥’a wind turbine shall provide an installation manual clearly describing
installation“requirements for the wind turbine structure and equipment. The installation of 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

prevent unauthorised access where appropriate. The operator should identify and eliminate
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, feet, hearing, and head
protection. All personnel climbing towers, or working above ground or water level, should be
trained in such work and shall use approved safety belts, safety climbing aids or other safety
devices. When appropriate, a buoyancy aid should be used around water.
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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, etc.

tmthecaseof atower stanmdingwithoutaacette;,appropriate means statt-betakemtoavoid
critical wind speeds for vortex generated transverse vibrations. The critical wind speeds and
precaution measures shall be included in the installation manual.

12.2 Planning

appropriate, consideration of the following:

e rules for safe execution of excavation work;

reinforcement steel;

e rules for concrete composition,
conduits;

e safety rules for blasting;

e procedures for installatign of tower

12.3 Installation co

During the instalfation
does not present safe

o traffic;
e road surface;
e roadywidth;
e clearance;
o[_jaccess weight bearing capacity;

¢ movement of equipment at the site

12.5 Environmental conditions

During installation, environmental limits specified by the manufacturer shall be observed.
Items such as the following should be considered:

e wind speed;

e snow and ice;

e ambient temperature;
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e blowing sand;

e lightning;
o visibility;
e 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
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

Where there is risk of movement cause
nacelles, other aerodynamic parts and Ji
ground anchors.

12.8 Foundation/anchd

Where specified by the
fixtures and othe@

A wind turbine sha S daccording to the manufacturer's instructions. Inspection
shall be ca im proper lubrication and pre-service conditioning of all

A wind turbine sha
erectionpractices.

be erected by personnel trained and instructed in proper and safe

No part of a wind turbine electrical system shall be energized during erection unless it is
necessary for the erection process. In this case, the energization of such equipment shall be
carried out in accordance with a written procedure to be provided by the wind turbine

suppter:

All elements where motion (rotation or translation) may result in a potential hazard shall be
secured from unintentional motion throughout the erection process.

12.11 Fasteners and attachments

Threaded fasteners and other attachment devices shall be installed according to the wind
turbine 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.
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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
provide information on expected loads and safe lifting points for mponents- and/or
assemblies. All hoisting equipment, slings and hooks shall be tested g ified for safe
load.

13 Commissioning, operation and maintenance

13.1 General

hearing and head pra
water level, sha -
aids or other safety’dey

be provided

External events detected as faults but not critical for the future safety of a wind turbine, such
as loss .and reinstatement of the electrical load, may allow automatic return to normal
operation-after completion of the shut down cycle.

Guards designed to protect personnel from accidental contact with moving components shall
be fixed, unless frequent access is foreseen where they may be movable.

Guards shall

e be of robust construction;

e not be easy to by-pass;

e where possible, enable essential maintenance work to be carried out without their
dismantling.

Provisions shall be made in the design for use of diagnostic fault-finding equipment.
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In order to ensure the safety of inspection and maintenance personnel, the design shall
incorporate
o safe access paths and working places for inspection and routine maintenance;

e adequate means to protect personnel from accidental contact with rotating components or
moving parts;

e provision for securing lifelines and safety belts or other approved protection devices when

climbing or working above ground level;

e 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;

e warning signs for live conductors;
e suitable devices for the discharge of accumulated electricity;

e suitable fire protection for personnel;
e an alternative escape route from the nacelle.

NN

Maintenance procedures shall require safety provisions f6& onnekentening any enclosed

working space, such as hub or blade interior that ep

13.3 Instructions concerning comm

13.3.1 Energization

The manufacturer's instr

mclude the procedures for wind turbine testing after
and functional operation of all devices, controls and
ot be limited to

installation, to
apparatus. Thg

o safe shutdown frdm overspeed or representative simulation thereof;

o function test of protection system.

13.3.3 Records

THeTmamufacturer's-mstructions—statt-mctudethe-mstructiomthat proper records—stattbe—kept
describing testing, commissioning, control parameters and results.

13.3.4 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 shall be
completed.
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These can include, but are not limited to preloading of fasteners, changing of lubrication
fluids, checking 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 perso $ trained or
instructed in this activity;

e safe operating limits and system descriptions;
e start-up and shutdown procedures;
e an alarms action list;
e emergency procedures plan;
o stated requirements that
— when appropriate, approved eyé
— when appropriate, all personnekgcli

e shutdown-hours;
e datexand time of fault reported;
e _date and time of service or repair;

e\_'nature of fault or service;

o action-talkan:
TCTroTtorkeTs;

e parts replaced.

13.4.3 Instructions for unscheduled automatic shutdown

The manual shall require that following any unscheduled automatic shutdown caused by a
fault or malfunction, unless specified otherwise in the operations manual or instructions, the
operator shall investigate the cause before a wind turbine is restarted. All unscheduled
automatic shutdowns should be recorded.
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13.4.4 Instructions for diminished reliability

The manual shall require that action shall be taken to eliminate the root cause of any
indication or warning of abnormality or diminished reliability.

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:

e electrical systems operation;

e co-ordination of operation and maintenance;
e utility clearance procedures;

e tower climbing procedures;

e equipment handling procedures;

e activity during bad weather;

e communications procedures and emergency plans.

13.4.6 Emergency procedures plan

Probable emergency situations shall bg_i ifig 5} o;@atio manual and the required

In preparing the emergency ] 1N all be taken into account that the risk for
structural damage.ma i ituations such as the following:

. overspeeding@

e icing conditions

e brake faiture;
e rotor imbajance;

e loosefasteners;

e |ubrication defects;
o ;sandstorms;

o fire, flooding;

e other component failures.

13.5 Maintenance manual

Each wind turbine model shall have a maintenance manual, which at a minimum consists of
the maintenance requirements and emergency procedures specified by the wind turbine
manufacturer. The manual shall also provide for unscheduled maintenance.

The maintenance manual shall identify parts subject to wear and indicate criteria for
replacement.
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Subjects which should also be covered in the manual include:
e any requirement that inspection and maintenance shall be carried out by personnel

suitably trained or instructed in this activity, at the intervals specified in and in compliance
with the instructions in the wind turbine maintenance manual;

e description of the subsystems of the wind turbine and their operation;

e lubrication schedule prescribing frequency of lubrication and types of lubricants or any

other special 1luids;
e recommissioning procedure;
e maintenance inspection periods and procedures;
e procedures for functional check of protection subsystems;
e complete wiring and interconnection diagram;

e guy cable inspection and re-tensioning schedules and bolt i
schedules, including tension and torque loadings;

e diagnostic procedures and trouble-shooting guide;
e recommended spare parts list;
o set of field assembly and installation drawings;

&

o tooling list.
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Annex A
(normative)

Design parameters for describing wind turbine class S

For wind turbine class S turbines, the following information shall be given in the design
documentation.

Machine parameters
Rated power [kW]

Hub height operating wind speed range V;, — Vot [m/s]
Design life time [years]
Wind conditions

Turbulence intensity as a function of mean wind speed usg ETM

Annual average wind speed [m/s]
Average inclined flow [deg]

Wind speed distribution (Weibull, Rayleigh, mea
Wind profile model and parameters
Turbulence model and parameters
Hub height extreme wind speeds V4 apd [m/s]

Extreme wind sr@n
Electrical networ

Normal supply va [V]
Normal supply ~ a [Hz]
Voltage i [Vl
Maximuf_durati i [days]
Number of etectrical vOrk outages [1/year]
Auto-reclosifig-Cysles {description)

Behaviour\during symmetric and unsymmetrical external faults (description)

Other environmental conditions (where taken into account)

Désign conditions in case of offshore wind turbine (water depth, wave conditions, etc.)
Normal and extreme temperature ranges [°C]
Relative humidity of the air [ %]
Air density [kg/m3]
Solar radiation [W/m?2]

Rain, hail, snow and icing

Chemically active substances

Mechanically active particles

Description of lightning protection system

Earthquake model and parameters

Salinity [g/m3]
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Annex B
(informative)

Turbulence models

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
zero-mean Gaussian statistics. The first model is recommended.

1) The Mann uniform shear model, and

2) the Kaimal spectral and exponential coherence model.
Parameters for the models have been selected to satisfy the gener
given in 6.3.

B.1 Mann (1994) uniform shear turbulence mode

dels in that a three-
es that the isotropic von
mean velocity shear. The

The description of this model differs somewhat from (the previou
dimensional velocity spectral tensor is_defined 2
Karman (1948) energy spectrum is rapidly dj

@11(k1,k2,k3)=§7([]2£ 3) (B.1)
D, (ks ks ky) = : ky — 2k, (4 4 b (B.2)
d>33(k1,k2,k3> (8.3)
. (ki ky k) <, . (B.4)
D (B.5)
D, (ky, kys ey (B.6)
where
400 +00 40
W1,k k) = @ji (r,p. kg) = A1q [ [ [Ri(6462,85) *101e%2927%3%3 45,05,d55
O -0
Rij(51,§2,53): 1 3 E<ui(x1,x2,x3)uj(x1 +051,x9 + L02,x3 +£53)>,

Oiso

= a non-dimensional correlation tensor,
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uq,up,us = the longitudinal, lateral, and upward velocity components respectively,
01,02,03 = the non-dimensional spatial separation vector components,

kq,ko, k3 = the non-dimensional spatial wave numbers for the three component
directions,

k :qu +k22 +k32 = the magnitude of the non-dimensional wave number vector,

ko =\/k2 +2B(k ks + (B(k )1 > = the magnitude before shear distortion,

k2

:C—
g1=C4 k

k
Ca, §2=k—2c1 +Cp,
1

C = ﬂ(k)k12(k12 +kp? ks ks + Bl Jy ))
K2k + 1y

Bl Jeryki? + kg

o kKo’ arntmf Pl + G2\ ,
ko? = (k3 + (K ey Jea (k)

° (k12 +k22)% o WL ko® — (k3 + Bk Jey Ve BLk)

1,453 k*

E(k) = 2
®) (1+42)"

= the non

k

oF = Hypergeowetric function

o2 (= the unsheared, isotropic variance and scale parameters respectively, and

iso

7 = a non-dimensional shear distortion parameter.

While this model is more complex than the von Karman isotropic model, it contains only one
additional parameter, namely the shear distortion parameter, . When this parameter is zero,
the isotropic model is recovered. As this parameter is increased, the longitudinal and lateral
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
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computed by integrating the spectral tensor components. In particular, the non-dimensional,
one-sided spectra are given by

fS() _ o, (47%’]\},"[%#) (B.7)

2 2 ii
0; 0; thb thb

where

o o0

Wi (kq) = _[ _[(I’ij(k11k2’k3 )k pdkcs

Re Ccoherence is given

by
‘[J.q)ij(z;fo?kZ’@&éz\_ikS%d dkS
Coh, (f,8,,08) =" \/““b (B.8)
Unfortunately the resulting own analytical forms and must be carried
out numerically for a| speg ameter, y. Mann (1998) carried out such
integrations and gomps B, e the¥aimal spectral model. A least squares fit to the
Kaimal model g S X \
(B.9)
(B.10)

Note(the resulting lateral variance is slightly less than given in Table B.1. The scale
parameter may be found by equating the asymptotic, inertial-sub-range longitudinal spectra.
Thus,

7

_23 4
S1(f)—>0,4750i§0{?J fézo,osaf[;‘;J 75 =5 020,84, (B.11)

hub hub
In summary, the three parameters required in the Mann model are given by

y=3,9
o, =0,550, (B.12)
[=0,8A,
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where o, 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
transform. Thus, the three-dimensional spatial domain is divided into equally spaced discrete
points and the velocity vector at each point is given by

[ (xy z) ] R W (e ey ke
uZ(XSySZ) = Z el ! C(k19k2ak) nz(khkzsk) (813)
u3(x7.y’z) e ks n3(k1:k25k )
where
[ k¢
22203 E(k,
Clk,kp,k3) zUiso\/WA(?,Z)4 k2&2 —fs—ﬂ/ﬁ
1V2N 34 g ko ks
k2
Uq,Up,u3 = complex vector components

independent realizations of the turbuler

nq,no,n3 = complex Gaussian rand

wave number and have real and imaginhary parts
x,y,z = coordinates of tRe spatjal grid intb

ihdependent for each different
it variance,

B.2 <Kaimal (1972)* spectrum and exponential coherence model

Tthercomponent power spectral densities are given in non-dimensional form by the equation:

£ 9 (£ 4 £ L

1.
J Mk\J T *J k" " hub
- (B.14)
oL (146 L V)

where

f is the frequency in Hertz,

24 Note that the turbulence component variance ratios in Table B.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 B.1.
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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;

o, is the velocity component standard deviation (see equation (B.2));

L, is the velocity component integral scale parameter,

dand with

(B'45)

The turbulence spectral parameters are given in Table B.1.

Table B.1 — Turbulence spectral parameters for}re\ai a

Velocity coyp\n\e{it ir{\d\ex\\(k)\ \/

o
1 NN o
Standard deviation oy o4 / 0,8 oy \ 0,5 oy
Integral scale, L, 8,1 A4 \ } /2 547 0,66 A4
AN A
where o4 and A, are the standard/deviatigh scaleXpar ters, respectively, of the

The following exponential coherence( mo

gel m
autospectrum to account
component:

ed in conjunction with the Kaimal
ructure of the longitudinal velocity

Coh(r, f) =ex (B.16)
where
Coh(r,f) i defined by the complex magnitude of the cross-spectral

r e waghitude of the projection of the separation vector between the two points
ormal to the average wind direction;

A

L. - 8,144 is'the coherence scale parameter.

B.3-~ Reference documents

JC Kaimal, JC Wyngaard, Y lzumi_and O R _Cote Spectral characteristics of surface-

layer turbulence, Q.J.R. Meteorol. Soc., v. 98, 1972, pp. 563-598.

T. von Karman, Progress in the statistical theory of turbulence, Proc. Nat. Acad. Sci., v. 34,
1948, pp. 530-539.

J. Mann, The spatial structure of neutral atmospheric surface-layer turbulence, J. of Fluid
Mech., v. 273, 1994, pp. 141-168.

J. Mann, Wind field simulation, Prob. Engng. Mech., v. 13, n. 4, 1998, pp. 269-282.
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Annex C
(informative)

Assessment of earthquake loading

A simplified, conservative method for the calculation of seismic load is presented here for use
when the need for a complex analysis cannot be readily established.

The principal simplifications are the ignoring of vibration modes higher
bending mode, and the assumption that the whole structure is
acceleration. Ignoring the second mode is a significant non-conservatj iy ation and is

conservative aerodynamic load.

v'11.6. In the

The method for deriving the ground acceleration must sii ‘
© 3010 has been

absence of detailed site data, conservative assumptions s
used as the basis of the terminology here.

The procedure includes the following steps:

seéismic hazard-zoning factor to
igen-frequency assuming a damping

. Yok he desiglr loads or the design resistance for the wind turbine.

Otherwise, a
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Annex D
(informative)

Wake and wind farm turbulence

— Dt Wake effects

Wake effects from neighbouring wind turbines may be taken into account during normal
operation for fatigue calculation by an effective turbulence intensity 7 ¢ , Frandsen (2663,2007). |

The effective turbulence intensity — conditioned on hub height mean wi eed (may be
defined as
1
27 m
Teft Wrup) =1 [ POV )" (0 )0 (D.1)
0
where

Vhuo 1S the wind speed at hub height;

p is the probability density function of wi

I is the turbulence intensity of the combined-of amt

, and

m is the Wéhler (SN-cuxve) the.considered material.

In the foIIowingif ibuiti ..») is assumed. It is also acceptable to adjust
the formulas for ot distripution25. No reduction in mean wind speed inside the

wind farm shall be

if min{d, } >
(D.2)
if min{d, 4510 D:
1
T = O r(‘|—1Vp Y6+ p, i Am(d)wm'p =0,06
o thb thbL N Wi:1 ! [ J o ’
1
Geif 1 . - m
Leff = = (1_NPW)GZ’ +PWZG'II{I(di) ;pw =0,06 (D.3)
Vaub  Vhub i

25 |n the case of non-uniform wind direction distribution pw May be adjusted by a factor equal to the ratio of the
actual probability of the wind direction in the direction of the neighbouring turbines and the probability
associated with uniform wind direction distribution.
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where

A

6. =0+1,286 is the characteristic ambient turbulence standard deviation;

o is the estimated ambient estimated-turbulence standard deviation;
0,972 , "2 . -
6= b +6% 61 = |———+36¢ is the characteristic value of the
\(15+0,3d,\Vp, /) 1 osa)

[~ ver )

maximum center-wake, hub height turbulence standard deviation (&Cshall not
account for farm generated ambient turbulence);

Ct is the characteristic value of the wind turbine thrust coefficient {t
hub height wind velocity. If the thrust coefficient for the neig
are not known, a generic value Ct = 7 ¢ /V},,, can be used;

Q rrespondmg

d; is the distance, normalised by rotor diameter, to neigh L
c is a constant equal to 1 m/s;

Togt is the effective turbulence intensity;

N is the number of neighbouring wind turbine

m is the Wohler curve exponent correspq

structural component.

Wake effects from wind turbines “hidden
example in a row, only wakes from the

\thkfa}v\con iguration N

\2 Nn dWes 1

N2

Inside a wind farm with more than 2 rows

© |0 | N

Inside Jlarge wind farms,—the wind turbines tend to generate their own ambient turbulence.
Thus; when

) tha N mhnr r\'F wand—turh HRes 'Frt\m Hnn SORSH idarad nit to tha “~d Y of tha wind farm o
oo Tt e < —trt Vvt ot

Tt e RHRD TV T T tOT o1t rTo—COoTToTaTT

more than 5, or

b) the spacing in the rows perpendicular to the predominant wind direction is less than 3D

then the following characteristic ambient turbulence shall be assumed instead of &, except
in the expression for 61:

:(3‘) Gl = %(1/0' +0 +O')+1280' (D.4)
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where

s 0,367, Gy = 0,36 Vhub (D.5)

0.2 - d.d
0.2 Jaa, 1+0,2\/ r%T

E1—is—the—thrust—coefficient—d,—and—d;
ion | , . .

In which d, and d; are separations in rotor diameters in rows and separation between rows;
respectively.

O O O O O OO
O O 0O O 0O O O

IEC 1256/05

<
\
\

IEC 2238/10

Figure D.1 — Configuration — Inside a wind farm with more than 2 rows

D.2 Reference documents

S—FRANDSEN S. (20683 2007) Turbulence and turbulence generated-fatigue loading in wind
turbine clusters, Risg report R-1188.
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Annex E
(informative)

Prediction of wind distribution for wind turbine sites by measure-
correlate-predict (MCP) methods

The assessment of the suitability of a wind turbine for a specific site requires the evaluatiop
of the design-critical wind speed parameters at a site. Frequently, there is insufficient~data
even at a single point within a wind farm to carry out the evaluation. However, the extended
data record can be synthesised by extrapolation based on a long-termi record forn another

explanation is taken from “Prediction of extreme wind speed at wi ifesha set of
guidelines prepared under ETSU contract W/11/00427/00” b ;
Climatic Research Unit of the University of East Anglia.

E.1 Measure-correlate-predict (MCP)

sets used for deriving the regressio tio
conservatively covering the.conservatixe g@%&
E.2 Application torannug nd

The above regr@ io pplied to the long-term Met. Station record sector by
sector, for a period (s <
years. The resuly/is 3, fecord for the site, which may be processed into a

The classical™xethod, for the prediction of the extreme wind speed is a Gumbel analysis
modified to[ improve/accuracy (e.g. Best Leiblein Unbiased Estimators (BLUE) method
described\in “The designers guide to wind loading of building structures”, N J Cook,
Butterworths, 1995.). The minimum recommended length of data set is ten years.

I{ is also possible to apply the method of independent storms (MIS), a derivative of the
Gumbel method, which utilises more than one data point per year from a data set, also

described by Cook—T s method tam be usedfor data setsthatare as shortas severmr years:.
MIS selects individual storms peak wind speeds by application of thresholds and time filters
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.
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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.

The selection of the relavant recurrence neriod in the extrame valile analvusis shaould account
Lad J

for the number of events per annum.

The gust factors should be estimated from the site-measured data, or by theoretical methods.

E.4 Reference documents

9,
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Annex F
(informative)

Statistical extrapolation of loads for ultimate strength analysis

F.1 Statisticalextrapolation-efloads General

Failure of a structure occurs when the stress at a critical location exceeds the resjstance
capacity of the component material. Assuming that local stresses are refateth\to the loading

loading,-ere the adequacy of the structure can be assessed
comparing the extreme values of the loading with the ultimate
suitable factors of safety.

The methods have
attention may be necepgsa

load feedback. V@ S

ext — e ’ ext — s 3

26 Figures in square brackets refer to Clause F.6.
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whe#e—f{—%} he probab
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10 N ON
T T L T\ e“\\_)\l>
—& - 50- xtr(?mK’
4 ———mmd load
T
102 Q@

Computed long-term
exceedance probability

N
<DI

w
T

IS

Probability of exceeding normalized
bending moment
>

1 L I
1,5 2,0 25 3,0 3,5 4,0

@C) Normalized bending moment

IEC 1257/05

poration

Data used in extrapolation methods are extracted from time series of turbine simulation over
the operating range of the turbine in specified wind conditions. Data may be extracted by
choosing the global individual response extremes from each simulation or some subset
created by breaking the simulation into blocks of equal time or ensuring a minimum time
separation between extremes.

Establishing independence among the individual load response extremes is important for
some methods of extrapolation. When extracting, the designer must consider the effect of
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independence between peaks on the extrapolation and minimize dependence when possible.
If the method chosen for extrapolation is sensitive to independence assumption (e.g. the
method involves transforming probability functions between time bases), the designer should
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

indaenandant and thils rgaiiirg a2 minimum timg sanaratiaon haotwaoaon individual rgsnansg
g < g

extremes of three response cycles (defined by three mean crossings over the block size). If a\\
systematic statistical approach is desired, the designer may test for independence usi
standard estimation techniques (e.g. [5],[6]) and then minimize dependence in a com@ d

manner. N

D
Peak over threshold methods may also be employed, but the designé dreful that
truncation errors and correlation introduced by the threshold do p6 hape of

the empirical distribution dramatically.

F.3 Load extrapolation methods

F.3.1 General

value of the aggregated distribution function.
ylations, the probability of the 50-year load is

mean wind speed.

For global e m
3,8 x 107,

b) Data aggregatio

Two diff, cases are regarded for aggregation of simulated short-term distributions of
extre or a specific observation period 7T into an empirical distribution of the long-term
extr. S for the same period: extrapolation from global extremes, and from local extremes.

{é%’l Global extremes

The short-term distribution of global extremes in the observation period, T, is denoted

(s|V;T) (F.1)

short term

where s stands for load response. From this, and by use of the long-term distribution of the
mean wind speeds, the long-term distribution of extreme values is obtained:

long term (S T) .[ " F;hort —term (S | V’ T)f(V)dV (F2)
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The extreme load response, s,, of the desired return period, T, is obtained from the following
equation:

I T,
Eong term(sr’T)_l_F’ N:? (F3)

The practical implementation of these formulas would typically be to use discrete wind speed

values. Then one has QY

C)C.)

F;ong term S T) Z short— term(S|I/k;T)pk’ pk :f(l/k)AVk’I/m SI/l <. <VM SKJQ'\?F“-)
(1/

7

Fshort—term(Ski | Vk)= (F.5)
where s, denotes the i extreme value sample fro € ; is s;;'s rank among
the n, extremes arising from wind speed k. For \elopwrents, it is worth noting

that an equivalent expression for the epapirical Q{sthpwuti ion i
F, (F.6)

where an indicator fungtio

(F.7)

ical probability of having values less than or equal s;;. Note
that the spe 'f|c '@' Qn o 'the indicator function ensures that the event that identical
extreme~Nalues shog ealized is accounted for.

from independent local extreme values in the period (assuming the extremes are

Now&@ért-term distribution of global extremes in the observation period, T, is obtained
)
po@ e, otherwise a change of signh may be made):

o (AT F (7T

m
do
+

=+ short—term \® 17 5>%"J Flocal \W T >+

The long-term distribution, defined in (F.9), and the extreme load response, s,, of the desired
return period, T,, are established as described in the previous subclause. Strictly, n should be
a random number for which a distribution (dependent on V) must be assumed. However, n
has for wind turbine applications limited variation compared to its mean value. Consequently,
replacing »n by its mean value (conditional on V), as implicitly done above, is sufficiently
accurate. The approximation may be accepted if, when applying the formulas proposed in the
following, one uses an s-value representative of the wind speeds that contribute most to the
specific load response under consideration. Based on the approximation one has the
following expressions:
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long term (S T) I " F}ocal (S | V’ T)nf(V)dV (Fg)
1 T
F;nng term(srﬁT)_l_Na N:? (F10)

F 34—t eat-distributi

\
n
There are advantages to aggregating data from all wind speeds and then fitting a distribur@
to the combined data. One method for accomplishing this is to compute a num
simulations, where the number of simulations per bin is determined hy the WelN (or
appropriate) distribution of wind speed.

szms(V) Dtalpk’ pk:f(I/k)AI/k’I/mSI/l<

Once simulations are completed and maxima are extracted, a

ds that are dominated by high wind
extract large extreme values in the tail
¢, additional long-term distributions can be

e—fow probability wind speed bins. The total
3l wind speed distribution. But, a number of new

F.4 Cg

F.4.1

In the ext of turbine extreme loads, the importance of different wind speeds varies
depen on the load that is being extrapolated. Some loads are dominated by wind speeds

nea @ted while others are dominated near cut-out or other wind speeds. It is important that
t esigner examines the dominant wind speeds closely to ensure that a sufficient number
imulations are carried out to ensure stability of the method. A minimum of 15 simulations

IS necessary for each wind ennnr‘l from (I —2 mJ/s) to cut-out and six simulations are
T 7

dled
necessary for each wind speed with 7 below (Vrated — 2 m/s).

In addition to a minimum number of simulations for the wind speeds (V,4cq — 2 M/s) to cut-
out, an additional convergence criterion shall also be applied according to 7.6.2. The
recommended number of simulations is determined by calculating a confidence interval for
the resulting empirical 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 global maxima is smaller than 15 % of the estimate of the 84 % fractile. This
interval may be estimated using bootstrapping methods [3], the binomial estimation method
[4], or it may be inherently estimated as a part of the extrapolation method employed.
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If the extremes are obtained using any other method (e.g., block maxima) that results in m
extremes per 10-minute simulation, on average, then the 84 % fractile above needs to be
replaced by p where

bt

p =(084) (F.13)

THE cOnvergence criterton snoutd be applied maividualty 1o each short-term foad distribution
whether the long-term distribution is to be established using aggregation of wind speed da A
before fitting or whether fitting parametric distributions to data from each wind speed”i

carried out before aggregation. '\Q

In the procedure that involves aggregation before fitting, empirical long~{erm di Hﬂvtlons for
the loads following aggregation of all wind speed bins can be estab Ring use of
similar convergence criteria as proposed above for short-term dis{ib appeopriate
fractile at which to impose the convergence criterion should ke’ fractile

corresponding to any apparent “knee” (often observed) in the ical {e ermydistribution
to ensure that convergence is checked closer to the tail of (i '

F.4.2 Load fractile estimate

The desired load fractile, ip, corresponding to g _probability, p, is estimated

as follows.

Rank order all the loads data such X if we have m such values from
simulations. Note that m wi simulations if global maxima are used.
For any specified p, ig to find some integer i (where 2<i<m), such
that

(F.14)

es, m, must be available (for which a sufficient number of
so that the above inequality results and a value of ; found.

A sufficient
simulations

The load frac estiate’is then computed by (linear) interpolation as follows:

@)
Q~®’ S, =S, +[pm+1)=(i=D](S,~S,,); where 2<i<m (F.15)

F@ Confidence bounds

N .onfidence bounds are estimated such that the 90 % confidence interval on the 84 % fractile

A

Sys4 . is as follows.

50.84,0.05 —50.84,0.95
So.84

<015 (F.16)

A~

The interval, <SO.84,0_05,§0_84,0_95>, represents the desired 90 % confidence interval.
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F.4.4 Confidence intervals based on bootstrapping

Using the bootstrap procedure to form confidence intervals, [3] and [7], begins with taking the
initial set of data on p global maxima (m4, my, mg, my, ms ... m,) and randomly resampling
these data with replacement to form a new set (m4, m, m3*, m4 mg ... m, ') or a bootstrap
resampling of the same size as the original sample. Note that bootstrap resamplings will
be composed of repeated values from the original sample since, for each resampling,

data arg samnlad randamiv with rgnlacagmant Thg nraocass is ragnagatad sa as ta farm 2 laorag
14 4 1 - 14 14 )

number, Ny, of bootstrap resamplings. From each of these sets of p data, individual estimates
of the 84 % fractile can be obtained. From these N, estimates, constituting the set, (/4, /55
Iy, lg . .. le), confidence intervals can be found in the usual manner by ordering the-data.
These can then be used for the numerator of Equation (F.16). The esfimate of thé\84 %
fractile that is obtained from the original data represents the denominator(of Equatian’™(F.16).

F.1 provides values of k and I" as well
the estimate confidence bounds in E

Mo S
Q N 9 |14 ] o050 0,32
\/‘§\b§}\ 16/ 10 | 15 | 0,27 [ 0,19
"o 17 11|16 [ 0,10 | 0,03
XEN| " 18 11 | 16 [ 0,87 | 0,96
b\§\> 19 12 [ 17 [ 0,58 | 0,90
2 20 13 [ 18 | 0,35 | 0,83
S 21 14 | 19 | 0,16 | 0,76
P 22 14 | 20 | 1,00 | 0,69
= 23 15 | 21 | 0,69 | 0,60
; 24 16 | 22 | 0,45 | 0,50
: 25 17 | 23 [ 0,25 | 0,39
E 26 18 | 24 [ 0,08 [ 0,26
§ 27 18 | 25 | 0,85 | 0,12
8 28 19 | 25 | 0,58 | 0,98
'g 29 20 | 26 | 0,36 | 0,91
S 30 21 [ 27 | 0,18 | 0,83
- 31 22 [ 28 | 0,02 | 0,75
°-5’ 32 22 [ 29 | 0,75 | 0,66
- 33 23 [ 300,51 | 0,56
34 24 [ 310,31 [ 0,44
35 25 [ 32 | 0,13 | 0,32
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The parameters in Table F.1 are used with a design equation that is tailored to give the 90 %
confidence interval for the 84" percentile ten-minute maximum. The design equation can be
written as follows:

(5 = x,)= (xl* X )+ B(x(m)* X )_ A(x(kﬂ)* _xk*) (F.17)

wihara 1% L* 4 ond D ara ac ~Avan in Tahla E 41 Ao A fiinatinn ~fthn niimhor Af cimulatinne ki
\ARRAS2 B~ e ooTe-TT o oo o ot o ot oo o o T O oot o oot

A RS TR LA e = A~ § s — =

and x;, x(+1)s, X+, and x(+1)- are obtained from the rank-ordered simulated extremes. Th?
estimate can then be inserted into Equation (F.16) to determine if the convergence crite)
are met, where

A A

S084.005— 5084095 & X, — X,

F.5 Inverse first-order reliability method (IFORM)

The theory for the [use WEFS : (IFORM) technique (which relies on

transformation of p i 0 standard normal random variables [8]) is well-
documented, -’@a {
under NTM conditigns

a) a) Carry o qtions fOr the wind speed bins (7,44 — 2 M/s) to cut-out.

c) c) Refine
b). Agaic,g‘ the design dominating wind speed(s), v*, which produce the largest
loads. €nsSure that the number of simulations at the important wind speed (s) is sufficient
sua@ét the width of the 90 % confidence interval on the 84 % fractile of the empirical

Io@ istribution of global maxima is smaller than 15 % of the estimate of the 84 % fractile.

%) Perform short-term analysis only for the bin(s) identified in step c). The desired fractile
\Q/ of the load distribution for this bin is derived and depends on the target probability level.

Using Rayleigh CDF, compute Uy = @~ 1[F(v*)].

For probability of exceedance in 10 min once in 50 years, pt = 3,8 x 10-7. This corresponds
to g =4,95.

Solve U, = [B2 - U,2]'/2.
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Derive the load fractile Pg = ®@(U,), see Table F.2.

The long term load is the Ps fractile of the short-term distribution for the wind speed bin, v*.
To reach the appropriate fractile, extrapolation may be required.

Table F.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

~
p* 1-Pg,class 1-Pg,class 1-Pg,class C)
5 5.77E-07 4.74E-07 4.16E-07 O
6 3.85E-07 3.72E-07 3.73E-07
7 3.87E-07 4.14E-07 4.55E-07
8 5.13E-07 5.93E-07 7.02E-07
9 8.50E-07 1.05E-06 1.33E-06
10 1.71E-06 2.25E-06
11 4.14E-06 5.79E-06
12 4.83E-07 4.14E-07
13 3.71E-07
14 4.52E-07
15
16
17 > -05
18 4.93E-05
3.71E-07
4.73E-07
9.10E-07
2.48E-06
5.79E-06 9.31E-06
2.67E-05 4.76E-05
1.68E-04 3.34E-04

[11 Wind Energy, Vol. 11, Number 6, November-December 2008, Special Issue on Design

(2]

(3]

(4]

Load Definition

MORIARTY, P.J., HOLLEY, W.E., BUTTERFIELD, S.P. (2004) “Extrapolation of Extreme
and Fatigue Loads Using Probabilistic Methods”, NREL-NWTC, Golden, CO.

EFRON, B. and TIBSHIRANI, R. J., (1993) “An Introduction to the Bootstrap”, Chapman
and Hall, New York.

HOGG, R. V. and CRAIG, A. T., (1995) “Introduction to Mathematical Statistics”, 5th Ed.,
Prentice Hall, Englewood Cliffs, New Jersey.
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Annex G
(informative)

Fatigue analysis using Miner’s rule with load extrapolation

G.1 Fatigue analysis

Fatigue failure results from an accumulation of damage due to fluctuating loads. For this-kind

afige and

(G.1)

where §.is the load range for the ith cysle, & i mber of cycles to failure for a
e.argument (i.e. the S-N curve). In this

expression, it has been further assum ss at the failure location is linearly
related to the Ioadmg Ty e S-N curve selected for design is

in determining the cu e 6 . Thys, the desired minimum level of reliability
may be expected whe

For the life of a will be many cycles of varying sizes resulting from a broad

obtained from i ON'S g of a duration that is significantly shorter than the turbine

lifetime. For €achi iti it may be assumed that the load is modelled by a stationary
random prace the expected damage for a given wind speed, V, and a specific time
period,

(G.2)

where nST(S|V,T) is the short term load spectrum defined as a density function for the

number of cycles. In this case, the expected number of cycles in any load range interval

Sg
(S,.Sg) during the time period T is given by .!. ne- (S T)dS

Sa

The expected damage from 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

27 For ease of presentation, the effect of variation in the midpoint load level for each cycle is neglected. This
restriction will be eliminated later when the issue of varying midpoint levels is addressed through the use of an
equivalent cyclic range.
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ng: (S|V.T)

T

Lifetime ¢ o
E(D)="— [ E(D.T)p(V)aV |
V;

Vin in

="'fe;me p(V)dsav (G.3)

where p(V) is the probability density function for the hub-height wind speed prescribed for
the standard wind turbine classes in 6.3.1.1.

Now _definina the lona-term load snectrum.
I b~ ) o ~ )

Vout

Lifetime
e (8)==—— [ ns: (SP.T)p(V)av, (G.4)
Vm
then gives
K S
E(D):j””—()ds. (G.5)
o N(5)
In many cases, it is convenient, for practical purposes, to djvi d and wind
speed values into discrete bins. In this case, the expected be approximated by
(D=3 55
Ik 7, (G.6)
where n, is the expected number of cles i™wind speed and the kth load

bins, and S, is the centre value for the s, from the above definition,

Lifetime " * 57" @)

(G.8)

where y=vy; khe product of all three general partial safety factors for load, materials,
and conseqlences ailure, respectively. In discrete terms this equation results in
n.
> —4 <. (G.9)
Jik N(7 Sk)

Im cases where significant damage occurs in more than one load case from Table 2 the

dadlrnage fractions forattthe toad cdases, Colmnputed using the teftsideof equalion. (G.Y), Must
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, Sqq as for cycles at any given cyclic range and midpoint value. Thus,
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defining a family of S-N curves for varying midpoint values, N(S,M), the equivalent damage
equation

N(Seq:Mo)=N(S,M) (G.10)

is solved for Seq given values for S,M and the selected constant midpoint level M. In
mathematical terms, this can be stated as

S =N (N(S.M).M,) (G.11)

where the inverse refers to solution for the first argument in the function, N, given the second
argument. Typically, M, is chosen to give R values (the ratio of maximum_load to minimum

maximum or mlnlmum Ioad value for the given cycle can
which case, the simple, high-cycle S-N curve may not be
values, the local stress or strain may transition from a

spectrum is statistically ¢
variable. This advantage
time series load data

tracked separatel
An additional prac;i

me/and may therefore be correlated. The small cycles can
ical approximations to the tail of the distribution. It is therefore

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:

AY |

dlo £ HX| H | 1 lo 1 U | 1 HX| H L HA | |
d) OSTITUL UTT TTITITIIUT TITMUPUITTUTTVTT ao 1T TITTalT TUaUu TCVTT CUTTOSTUTTITTY alt WiTlu SspJgTTuso,

b) 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;

c) use the rain flow method to identify the midpoint and range for each simulated load cycle;

d) determine the equivalent range for each load cycle in relation to the selected reference
midpoint level;

e) determine an analytical fit for the short-term probability distribution of equivalent load
cycles, FST(S|V,T) for the data above the selected threshold. Guidance for one method for
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fitting the distribution may be found in Moriarty and Holley, 2003. The distribution type
selected should be checked to see if the fit to the data is acceptable and whether there is
sufficient data for reliable estimation of the behaviour of the tail compared to the data;

f) determine the expected number of lifetime cycles in each bin using the data when the
load bin is below the threshold and the fitted load distribution when the load bin is above
the threshold. This results in

, ( if S, is below the i threshold)

Lifetime
n, zL

JP‘ (G.12)
T ! ( [S +—| j [S ——| )j if S, is above the j" threshold

where m, is the number of simulation fatigue cycles counted in the

speed bin and k" load bin below the threshold, MJ. is the nufmb

data~for the\/th wind

r (of _fatigue cycles

counted in the simulation above the threshold, and P, =

fraction of time the wind speed is in bin j for the
distribution.

The first issue 4@0
results computed™b

or load range. An
endpoints for the<bi

value u
Lifetime

T
largest cycle obsérued in the simulation data. This results because the total simulated load
time histery‘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.

G:2 Reference documents

Dowling, N.E., Fatigue Failure Predictions for Complicated Stress-strain Histories, J. of
Materials, v.7, n.1, Mar., 1972, pp. 71-87.

Matsuishi, M. and Endo, T., Fatigue of Metals Subjected to Varying Stress, Proc. Japan Soc.
of Mech. Engrs., n. 68-2, 1968, pp. 37-40.

Miner, M.A. Cumulative Damage in Fatigue, J. of Applied Mech., v.12, 1945, pp. A159-A164.

Moriarty, P. J. and Holley, W. E., Using Probabilistic Models in Wind Turbine Design, Proc.
ICASP9, San Francisco, CA, July 6-9, 2003.
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Annex H
(informative)

Contemporaneous loads

Ht—Generat

Detailed structural analyses of wind turbine components commonly use a finite elemen{_or
other suitable model for determination of the local stress or strain resulting from the |dading
applied 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 AQwer topleading). In
this case, there are six load components defining the boundary conditions(fordoaying, three
forces, F,, F,, and F., and three moments, M,, M,, and M.. i 3
axes are taken to be in the loading plane and the z axis norma

AL PRy [
Max N \ X/
N

L
aZ
K

Max

LW H
TVITIT.

Max

Max

In this table, each column represents a load component value delineated by the heading at
the top. Each row represents contemporaneous values (i.e. all values occurring at the same
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time) and the shaded cell shows the specific component that has either a maximum or
minimum value as indicated on the left. These maximum and minimum values are intended to
cover the full range of values for that particular load component. The detailed structural
model is then exercised using each of the rows to determine resulting 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
Fp=yF2+F? and Mg =M% +M?

The angular directions of these resultants are also defined as

N

(H.1)

Or =arctan(Fx /Fy) and 6y, =arctan(M (H.2)

factor \is then also applied to all contemporaneous load components to this selected
m m of this time series.

° each load component one load case series is obtained to be used for extreme design
(load analysis.

AN For minimum values the procedure is applied accordingly

H.3 Averaging

The approach comprises the following steps.
e For a load case consisting of more than one realisation the ultimate positive load is
calculated as the mean of the maximum of each realisation.

e Contemporaneous loads are calculated as the mean of the absolute contemporaneous
values of each realisation. Signs on the contemporaneous loads are applied in
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accordance with the signs of the contemporaneous loads of the realisation with the
highest load.

The ultimate negative load is calculated as the mean of the minimum of each realisation.
Contemporaneous loads are calculated in the same manner as in the positive case.

The ultimate absolute load is taken as the maximum of the absolute values of the means
of the maximum and means of the minimum loads described above with corresponding
contemporaneous values.
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

WIND TURBINES -

Part 1: Design requirements

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object/ of IE is Ao Jpromote
international co-operation on all questions concerning standardization in the electriga {
this end and in addition to other activities, IEC publishes International Standarfls, pecifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides

with the International Organization for Standardization (ISO) i €Co i iti determined by
agreement between the two organizations.

2) The formal decisions or agreements of IEC on technicg
international consensus of opinion on the relevant subjects
from all interested IEC National Committees.

3) IEC Publications have the form of recom
Publications is accurate, IEC cannot be he
misinterpretation by any end user.

njttees undertake to apply IEC Publications
and regional publications. Any divergence

” Independent certification bodies provide conformity
to IEC marks of conformity. IEC is not responsible for any

tion, use of, or reliance upon, this IEC Publication or any other IEC

patent rights? IEC shafl not be held responsible for identifying any or all such patent rights.

ThissConsolidated version of IEC 61400-1 bears the edition number 3.1. It consists of
the third edition (2005-08) [documents 88/228/FDIS and 88/232/RVD] and its amendment
1(2010-10) [documents 88/374/FDIS and 88/378/RVD]. The technical content is identical

to the base edition and its amendment.

This Final version does not show where the technical content is modified by
amendment 1. A separate Redline version with all changes highlighted is available in
this publication.

This publication has been prepared for user convenience.
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International Standard IEC 61400-1 has been prepared by IEC technical committee 88: Wind
turbines.

The main changes with respect to the previous edition are listed below:

— the title has been changed to “Design requirements” in order to reflect that the standard
presents safety requirements rather than requirements for safety or protection of personnel;

— wind turbine class designations have been adjusted and now refer to reference wind speed
and expected value of turbulence intensities only;

— turbulence models have been expanded and include an extreme turbulence model,;

— gust models have been adjusted and simplified;

— design load cases have been rearranged and amended;

— the inclusion of turbulence simulations in the load calculations is &
for extreme load extrapolation has been specified;

— the partial safety factors for loads have been adjusted and s

— the partial safety factors for materials have been a
material types and component classes;

terms of functional characteristics;

— a new clause on assessment of sty

can be found on the IE

The committee @le ded that the contents of the base publication and its amendment will
remain unchange \ i indicated on the IEC web site under

"http://webstore.ieg clated to the specific publication. At this date, the

* withd

* replacethb d edition, or

* amended:

The_contents of the corrigendum of February 2016 have been included in this copy.
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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 standard 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 o1 external conditions In ClauSe o.
Compliance with this standard does not relieve any person, organization, or corporation from
the responsibility of observing other applicable regulations.

ed offshore, in
stallations is

The standard is not intended to give requirements for wind turbines iy
particular for the support structure. A future document dealing with offg
under consideration.

3
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WIND TURBINES -

Part 1: Design requirements

1 Scope

This part of IEC 61400 specifies essential design requirements to ensure the engineering
integrity of wind turbines. Its purpose is to provide an appropriate level of protection agdinst
damage from all hazards during the planned lifetime.

This standard is concerned with all subsystems of wind turbipé S atrol and
protection mechanisms, internal electrical systems, mechanica
structures.

This standard applies to wind turbines of all sizes. For s
be applied.

C 61400-2 may

This standard should be used together wit ISO standards

mentioned in Clause 2.

2 Normative references

IEC 60204-1, S4
requirements

electrical equipment’— Earthing arrangements, protective conductors and protective bonding
conductors

IEC60721-2-1, Classification of environmental conditions — Part 2: Environmental conditions
appearing in nature. Temperature and humidity

IEC 61000-6-1, Electromagnetic compatibility (EMC) — Part 6-1: Generic standards -
Immunity for residential, commercial and light-industrial environments

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

IEC 61000-6-4, Electromagnetic compatibility (EMC) — Part 6-4: Generic standards —Emission
standard for industrial environments

IEC 61400-2, Wind turbines — Part 2: Design requirements for small wind turbines
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IEC 61400-21, Wind turbines — Part 21: Measurement and assessment of power quality
characteristics of grid connected wind turbines

IEC 61400-24, Wind turbines — Part 24: Lightning protection

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
structures

ISO 76:2006, Rolling bearings — Static load ratings

ISO 281, Rolling bearings — Dynamic load ratings and rating life

ISO 2394:1998, General principles on reliability for structures
ISO 2533:1975, Standard Atmosphere
ISO 4354:1997, Wind actions on structures

ISO 6336-2, Calculation of load capacity of spur and 1 G art 2: Calculation of
surface durability (pitting)

ISO 6336-3:2006, Calculation of load [ ) ical gears — Part 3: Calculation
of tooth bending strength

annual average wind speed
V.

ave
wind(speed averaged according to the definition of annual average

3.3
L —auto-reclosing-cycle

event with a time period, varying from approximately 0,01 s to a few seconds, during which a
breaker released after a grid fault is automatically reclosed and the line is reconnected to the
network

3.4

blocking (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


http://www.iso.ch/iso/en/CatalogueDetailPage.CatalogueDetail?CSNUMBER=7472&ICS1=7&ICS2=60&ICS3=
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3.5
brake (wind turbines)
device capable of reducing the rotor speed or stopping rotation

NOTE 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/ax i Obstacles
that may cause flow distortion

3.8

control functions (wind turbines)
functions of the control and protection system that based
of the wind turbine and/or its environment, adjust the i
operating limits

3.9

cut-in wind speed
Vi

lowest wind speed at hub height at whig ! ine starts to produce power in the case
of steady wind without turbulence

3.10
cut-out wind speed
V

out
highest wind spt '
the case of steadywi

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

downwind

in the direction of the main wind vector

3.14

electrical power network

particular installations, substations, lines or cables for the transmission and distribution of
electricity

NOTE The boundaries of the different parts of this network are defined by appropriate criteria, such as
geographical situation, ownership, voltage, etc.
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3.15

emergency shutdown (wind turbines)

rapid shutdown of the wind turbine triggered by a protection function or by manual
intervention

3.16
environmental conditions

characteristics of the environment (\Alind, QH‘H‘IIHQ, fnmpnrohlrn, hllmirﬁi'y, nfr\_) which may

affect the wind turbine behaviour

3.17

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

al ‘conditions

3.18

extreme wind speed
value of the highest wind speed, averaged over ¢ s, with apra predabili exceedance
of 1/N ("recurrence period": N years)

NOTE In this standard recurrence periods of N = 50 years and/N =

3.19
fail-safe
design property of an item which preve

3.20
gust
temporary change in t

3.21
horizontal axis v

fixture for atte ' e blades or blade assembly to the rotor shaft

3.23

hub height (wind turbines)

Zhub

height of the centre of the swept area of the wind turbine rotor above the terrain surface (see
3:51, swept area)

3.24
idling (wind turbines)
condition of a wind turbine that is rotating slowly and not producing power

3.25

inertial sub-range

frequency interval of the turbulence spectrum, where eddies — after attaining isotropy —
undergo successive break-up with negligible energy dissipation

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



https://iecnorm.com/api/?name=6be545682ae8fdf0ae875731221d7c62

-12 - IEC 61400-1:2005
+AMD1:2010 CSV © IEC 2014

3.26

limit state

state of a structure and the loads acting upon it, beyond which the structure no longer
satisfies the design requirement

[ISO 2394, modified]

NOTE The purpose of design calculations (i.e. the design requirement for the limit state) is to keep the probability

ISO 2394).

3.27
logarithmic wind shear law
see 3.62

3.28

mean wind speed
statistical mean of the instantaneous value of the wind speed averaged;® a given time
period which can vary from a few seconds to many years

3.29

nacelle
housing which contains the drive-train and other e e
turbine tower

op a horizontal axis wind

3.30
network connection point (wind turbines)

3.31
network loss

loss of network @ i

3.32
normal shutdo
shutdown in whi

3.33
operating
set of conditia
and protection system

ed by the wind turbine designer that govern the activation of the control

3.34

parked wind turbine

depending on the design of the wind turbine, parked refers to the turbine being either in a
Standstill or an idling condition

3.35

power collection system (wind turbines)

electric system that collects the power from one or more wind turbines. It includes all
electrical equipment connected between the wind turbine terminals and the network
connection point

3.36
power law for wind shear
see 3.62
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3.37
power output
power delivered by a device in a specific form and for a specific purpose

NOTE (wind turbines) The electric power delivered by a wind turbine.

3.38
protection functions (wind turbine)

within the design limits

3.39

rated power
quantity of power assigned, generally by a manufacturer, for a specifieq operat
of a component, device or equipment

g condition

NOTE (wind turbines) Maximum continuous electrical power output which a wind g achieve

under normal operating and external conditions.

3.40

rated wind speed
Vr

minimum wind speed at hub height at which a wind

case of steady wind without turbulence

¥er is achieved in the

3.41

Rayleigh distribution

Pg

probability distribution function, see 3.8

3.42
reference wind speeg
V

ref
basic parameter gfining wind turbine classes. Other design related

climatic parametersé i reference wind speed and other basic wind turbine

wind velocity-expertenced at a fixed point of the rotating wind turbine rotor

NOTE _The turbulence spectrum of a rotationally sampled wind velocity is distinctly different from the normal
turbulence spectrum. While rotating, the blade cuts through a wind flow that varies in space. Therefore, the
restlting turbulence spectrum will contain sizeable amounts of variance at the frequency of rotation and harmonics
of.the same.

3.44
rotor speed (wind turbines)
rotational speed of a wind turbine rotor about its axis

3.45

roughness length

20

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


https://iecnorm.com/api/?name=6be545682ae8fdf0ae875731221d7c62

- 14 - IEC 61400-1:2005
+AMD1:2010 CSV © IEC 2014

3.46
scheduled maintenance
preventive maintenance carried out in accordance with an established time schedule

3.47
site data
environmental, seismic, soil and electrical network data for the wind turbine site. Wind data

shall he the statistics of 10 min camplne unless othaerwise statad

3.48
standstill
condition of a wind turbine that is stopped

3.49
support structure (wind turbines)
part of a wind turbine comprising the tower and foundation

3.50
survival wind speed

popular name for the maximum wind speed that a co nedto withstand

NOTE In this standard, the expression is not used. Desi

(see 3.18).
% dire

1 to the mean wind speed, determined from the
d speed, and taken over a specified period of time

ead refer to extreme wind speed

3.51

swept area
projected area perpendicular to the (win
complete rotation

ti t a rotor will describe during one

3.52
turbulence intensity
1

ratio of the win
same set of measure

NOTE The wavéleagth is\thus defined as A=V}, p/fo, Where foS4(fy) o4°= 0,05.

3.54
turbulénce standard deviation

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

—3-55
ultimate limit state
limit states which generally correspond to maximum load carrying capacity

[2.2.10 of ISO 2394, modified]

3.56

unscheduled maintenance

maintenance carried out, not in accordance with an established time schedule, but after
reception of an indication regarding the state of an item
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3.57
upwind
in the direction opposite to the main wind vector

3.58
vertical axis wind turbine
wind turbine whose rotor axis is vertical

3.59

Weibull distribution

Py

probability distribution function, see 3.63

3.60
wind farm
see 3.61

3.61
wind power station
group or groups of wind turbines, commonly called a x

3.62
wind profile — wind shear law

mathematical expression for assumed wi height above ground

NOTE Commonly used profiles are the logarithimic profileNeguatiom\1) or the power law profile (equation 2).

_ |n(Z/Zo)
V(z) = V(z, )'—In(z,/zo) (1)
V)= V(Zr).(if“ (2)
where
V(z)
zZ
Zr
20
(04
3.63

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

NOTE Often used distribution functions are the Rayleigh, Pg(V,), and the Weibull, P\y(7,), functions.

a

R(Vy)=1-exp| -7 (1, 120,,.)" |

k (3)
Ry (V) =1-exp| (1, /C)' |
1
) 3 Cri+—)
With V aye = k (4)
Cr/2if k=2
where

P(Vy) is the cumulative probability function, i.e. the probability that I'<V;
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is the wind speed (limit);

is the average value of J;

is the scale parameter of the Weibull function;
is the shape parameter of the Weibull function;

RIS

is the gamma function.

Weibull function if k = 2 is chosen and C and V.

ave Satisfy the condition stated in (equation 4)
for k = 2.

The distribution functions express the cumulative probability that the peed (s lower
than V. Thus (P(V4) — P(V,)), if evaluated between the specified h and/ V,, will
indicate the fraction of time that the wind speed is within these [if ' iating the
distribution functions yield the corresponding probability density fur

3.64
wind shear

3.65

wind shear exponent
14

also commonly known as power law exx

3.66

wind speed
V

at a specified point in|s
the specified point

NOTE Itis also th'

3.67
wind turbine geq
system which

3.68
wind turbin

the location of<a iddal wind turbine either alone or within a wind farm

3.69

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

NOTE The vector at any point is thus the time derivative of the position vector of the air "parcel" moving through
the point.

3.70

wind turbine electrical system

all electrical equipment internal to the wind turbine, up to and including the wind turbine
terminals, including equipment for earthing, bonding and communications. Conductors local
to the wind turbine, which are intended to provide an earth termination network specifically
for the wind turbine, are included
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3.7

wind turbine terminals

point or points identified by the wind turbine supplier at which the wind turbine may be
connected to the power collection system. This includes connection for the purposes of
transferring energy and communications

3.72

—yawing
rotation of the rotor axis about a vertical axis (for horizontal axis wind turbines only)

3.73
yaw misalignment
horizontal deviation of the wind turbine rotor axis from the wind directio

4 Symbols and abbreviated terms

4.1 Symbols and units

C scale parameter of the Weibull distribution functio [m/s]
CeT turbulence structure correction parameter

Ct thrust coefficient

Coh coherence function

D rotor diameter [m]
f frequency [s71]
14 design value for materi [-]
Jx characteristic value fo [-]
Fy design value { [-]

Fy charact@
1 expecte 3

wind speedQ

eff

k [-]
[-]
L entCe integral scale parameter [m]
L coherence_scale parameter [m]
Ly velocity component integral scale parameter [m]
m Wohler curve exponent [-]
n counted number of fatigue cycles in load bin i [-]

N(.) is the number of cycles to failure as a function of the stress (or strain)
indicated by the argument (i.e. the characteristic S-N curve) [-]
N recurrence period for extreme situations [years]
p survival probability [-]
Pr(Vy) Rayleigh probability distribution, i.e. the probability that V<V [-]
Py (Vo) Weibull probability distribution [-]
r magnitude of separation vector projection [m]

the stress (or strain) level associated with the counted number of
cycles in bin i [-]
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Sq(f) power spectral density function for the longitudinal wind velocity

component [m2/s]
Sk one-sided velocity component spectrum [m2/s]
T gust characteristic time [s]
t time [s]
4 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 areg [m/s]
VeN expected extreme wind speed (averaged over three seconds

recurrence time interval of N years. Vg, and Vggo for 1

50 years, respectively [m/s]
Vgust ~ largest gust magnitude with an expected recurrence p

[m/s]

Vhub wind speed at hub height [m/s]
Vin cut-in wind speed [m/s]
Vo limit wind speed in wind speed distributj [m/s]
Vout cut-out wind speed [m/s]
v, rated wind speed [m/s]
Viet reference wind speed [m/s]
V(y,z,t) longitudinal wind x

wind shear [m/s]
V(z,1) longitudinal

for extreme g [m/s]
X,y z co-ordi ewind field description; along wind

(longitudirialy, a [) and height respectively [m]
Zhub [m]
z [m]
Zg [m]
a [-]
B [-]
1) coefficient of variation [-]
r gamma function [-]
% partial safety factor for loads [-]
o partial safety factor for materials [-]
7 partiatsafety factorforcomsequencesof faiture =1
o(t) wind direction change transient [deq]
Ocg angle of maximum deviation from the direction of the average wind

speed under gust conditions [deg]
O extreme direction change with a recurrence period of N years [deg]
Ay turbulence scale parameter defined as the wavelength where the non-

dimensional, longitudinal power spectral density, fS1(f)/a12, is equal to

0,05 [m]
o estimated turbulence standard deviation [m/s]
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&eff effective estimated turbulence standard deviation [m/s]
Owake Wake turbulence standard deviation [m/s]
oA'T maximum centre-wake turbulence standard deviation [m/s]
AU standard deviation of estimated turbulence standard deviation & [m/s]
o hob=tretghttongitadimat-wind-vetocity-standarddeviation frrsi
Oy hub-height transversal wind velocity standard deviation [m/s]
O3 hub-height vertical wind velocity standard deviation [m/s]
E< > expected value of parameter inside brackets [-]
Var< > variance of parameter inside brackets [-]

4.2 Abbreviations
A abnormal (for partial safety factors)
a.c. alternating current
d.c. direct current
DLC design load case

ECD extreme coherent gust

5 Principal elements

54 General

The 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,
are taken into account.
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5.2 Design methods

This standard requires the use of a structural dynamics model to predict design loads. Such a
model shall be used to determine the loads over a range of wind speeds, using the
turbulence conditions and other wind conditions defined in Clause 6 and design situations
defined in Clause 7. All relevant combinations of external conditions and design situations
shall be analysed. A minimum set of such combinations has been defined as load cases in
this standard.

Data from full scale testing of a wind turbine may be used to increase confidence in predicted
design values and to verify structural dynamics models and design situations.

Verification of the adequacy of the design shall be made by calculation(and/ok byrtesting. If

factors.

5.3 Safety classes

e a special safety class that applies
regulations and/or the safety require
customer.

Partial safety factors, fo
standard.

Partial safety f S
manufacturer an e

an integral part of the design, procurement, manufacture,
aintenance of the wind turbines and all their components.

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

5.5 Wind turbine markings

Thefollowing information, as a minimum, shall be prominently and legibly displayed on the
indelibly marked turbine nameplate:

e wind turbine manufacturer and country;

e model and serial number;

e production year;

e rated power;

o reference wind speed, Vs

e hub height operating wind speed range, Vi, — Vouts

e operating ambient temperature range;

e |EC wind turbine class (see Table 1);
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e rated voltage at the wind turbine terminals;

e frequency at the wind turbine terminals or frequency range in the case that the nominal
variation is greater than 2 %.

6 External conditions

6.1 General

The external conditions described in this clause shall be considered in the design of a wind
turbine.

shall be explicitly stated in the design documentation.

The environmental conditions are further divided
environmental conditions. The electrical conditions ref
conditions. Soil properties are relevant to the design o

extreme external conditions represen{ rars i itions. The design load cases
shall consist of potentially critical combigatit f 1| conditions with wind turbine

affecting structural integrity. Other

environmental conditions\ als® sfes such as control system function,

The normal and 2
turbine classes, are’ pr's

wind turbinge classification offers a range of robustness clearly defined in terms of the wind
speed.and turbulence parameters. Table 1 specifies the basic parameters, which define the
wind(turbine classes.

A further wind turbine class, class S, is defined for use when special wind or other external

f\r\nrhhnne oF—a cnarﬂal ea'Fc.'hl class S06- RQ aFre rmnunrnrl h\l I-ha Hacu\nar onrl/nr' I-ha
i b ™ It

\aa—a-a—

customer. The design values for the wind turblne class S shall be chosen by the designer and
specified in the design documentation. For such special designs, the values chosen for the
design conditions shall reflect an environment at least as severe as is anticipated for the use
of the wind turbine.

The particular external conditions defined for classes |, Il and lll are neither intended to cover
offshore conditions nor wind conditions experienced in tropical storms such as hurricanes,
cyclones and typhoons. Such conditions may require wind turbine class S design.
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Table 1 — Basic parameters for wind turbine classes1

Wind turbine class I 1l 1| S
Viet (m/s) 50 42,5 37,5 Values
A Tret (<) 0,16 specified
B Tref () U, 1% By the
C Lres (-) 0,12 designer

In Table 1, the parameter values apply at hub height and
V

ref
A designates the category for higher turbulence characteristics,

is the reference wind speed average over 10 min,

B designates the category for medium turbulence characte

the wind turbine classes |, througk
classes, the values of these additional p

For the wind turbine classS th¢ alt, in the design documentation, describe
the models used and ers. Where the models in Clause 6 are

adopted, statement parameters WI|| be suff|C|ent The design
documentation (@

The design- values of the wind conditions shall be clearly specified in the design
documéntation.

The“wind regime for load and safety considerations is divided into the normal wind
conditions, which will occur frequently during normal operation of a wind turbine, and the
eéxtreme wind conditions that are defined as having a 1-year or 50-year recurrence 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 of an

1 The annual average wind speed no longer appears in Table 1 as a basic parameter for the wind turbine classes
in this edition of the standard. The annual average wind speed for wind turbine designs according to these
classes is given in equation (9).

2 Note that I,¢f is defined as the mean value in this edition of the standard rather than as a representative value.
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inclination of the mean flow with respect to a horizontal plane of up to 8° shall be considered.
This flow inclination angle shall be assumed to be invariant with height.

The expression "turbulence" denotes random variations in the wind velocity from 10 min.
averages. The turbulence model, when used, shall include the effects of varying wind speed,
shears and direction and allow rotational sampling through varying shears. The three vector
components of the turbulent wind velocity are defined as:

— longitudinal — along the direction of the mean wind velocity;
— lateral — horizontal and normal to the longitudinal direction, and

— upward — normal to both the longitudinal and lateral directions, i.e. tilted from the yertical
by the mean flow inclination angle.

For the standard wind turbine classes, the random wind velocity ,f
models shall satisfy the following requirements:

— lateral component — o, 20,70,
— upward component - o, = 0,50,
b) the longitudinal turbulence scale p

3 0,7z z<60m
"l42m z=60m
The power spectral d

shall asymptotically
range increases:

S,(/)= o,os@/

Cc) a recogn

del in Annex B. Another frequently used model that satisfy these
requirements’is alsd given in Annex B. Other models should be used with caution, as the
choice,may affect the loads significantly.

3 The actual values may depend on the choice of turbulence model and the requirements in b).
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6.3.1 Normal wind conditions
6.3.1.1 Wind speed distribution

The wind speed distribution is significant for wind turbine design because it determines the
frequency of occurrence of individual load conditions for the normal design situations. The
mean value of the wind speed over a time period of 10 min shall be assumed to follow a
Rayleigh distribution at hub height given by

PR(thb):1_exp|:_7z.(thb/2Vave)2:| (8)

where, in the standard wind turbine classes, V,,, shall be chosen as

Vave = 0’2 Vref (9)
6.3.1.2 The normal wind profile model (NWP)
The wind profile, V(z), denotes the average wind speed as q f i ) [ z, above the
ground. In the case of the standard wind turbine classes,<he Nwi peed profile shall
be given by the power law:

V(2)=Vhub (2 zhub)” (10)
The power law exponent, «a, shall be assu
The assumed wind profile is used to d o vertical wind shear across the rotor
swept area.
6.3.1.3 Normal turbulence mgo
For the normal tur ) repyesentative value of the turbulence standard
deviation, 91, sh i

value for the standg

Values for I gdre~given in Table 1.

4 Note, if other quantiles are desired for additional optional load calculations, they may be approximated for the

standard classes by assuming a log-normal distribution and
E{04| Vg ) = Lo (0, 75V, +¢); ¢ =3,8m/s

Var <o‘1 ‘thb> = (Ire, (1,4 m/s))2
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——Category A
—— Category B

/ = Category C
35

4,5

(m/g)
3

15 /
,1 //
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NHERRN
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0 N
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:: 0 5 \@§>5 20 25 30
hdb  (m/s) IEC 2237/10

ence intensity for the normal turbulence model (NTM)

o
N

o
w

Turbulence intensity
(=]
N

iguré 1 — Normal turbulence model (NTM)

6.3.2 d conditions

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

6:3:2.1 Extreme wind speed model (EWM)

The EWM shall be either a steady or a turbulent wind model. The wind models shall be based

on the reference wind speed, V.4, and a fixed turbulence standard deviation, oy.



https://iecnorm.com/api/?name=6be545682ae8fdf0ae875731221d7c62

- 26 - IEC 61400-1:2005
+AMD1:2010 CSV © IEC 2014

For the steady extreme wind model, the extreme wind speed, V,gq, with a recurrence period
of 50 years, and the extreme wind speed, V¢, with a recurrence period of 1 year, shall be
computed as a function of height, z, using the following equations:

0,11
nM@ﬂAm{7gJ (12)

and V,,(2) =0,8 V4 (2) (13)

In the steady extreme wind model, allowance for short-term deviations from the mean wind
direction 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 sp as functions of
z with recurrence periods of 50 years and 1 year, respectively, shall be gi

Veo@) =V (7, )"
Vi(z)=0,8V(2)

The longitudinal turbulence standard deviation5 shall be:

01:0,11thb (16)

6.3.2.2 Extreme operating gust (EQ

The hub height gust magnitude 7 gndard wind turbine classes by

the following relationship:

(17)

gust

V. =Min{ 1,35(V,, -

where

 sin(Bxt/T)(1-cos(2zt/T)) forO<¢<T

: (18)
V(z) otherwise

where
V(z)s defined in equation (10)
7510,5 s.

Z

A ! il 4 b —t oL . ool 1 PN 4.0 AN 1 .
ATT CAAITIPIC UT UIT TAUTITIC UPTIdllily gust \thb—LJ 7S, Uidss IA, D= "5 T1T) 1S5 STTOWIT 111

Figure 2:

5 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.

6 The gust magnitude was calibrated to together with the probability of an operation event such as starts and
stops to give a recurrence period of 50 years.
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36
34

32 /N
30 /
28 \
" / \

24 / \ |

22 / \

20

EOG Wind speed in hub height

Timet s 05

Figure 2 — Example of extreme operati

6.3.2.3 Extreme turbulence model (ETM)
The extreme turbulence model shall use the norma dél in 6.3.1.2 and

o =c I, (0,072(@%](@— (19)

c C

6.3.2.4 Extreme direction change (

The extreme direction ¢
relationship:

be calculated using the following

4
0. = t4 arctan

e (20)
where
O, is gi ) for the NTM;
6, is limited F {l £+180°;
Ay is the turbutens ale parameter, according to equation (5); and
D is thesrotor diameter.
Thesextreme direction change transient, 4(t), shall be given by
0 for <0
0(1)=1%£0,50,(T—cos(zt/T))for 0<¢<T 21)
o, for ¢>T

where T =6 s is the duration of the extreme direction change. The sign shall be chosen so
that the worst transient loading occurs. At the end of the direction change transient, the
direction is assumed to remain unchanged. The wind speed shall follow the normal wind
profile model in 6.3.1.2.
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As an example, the magnitude of the extreme direction change with turbulence category A,
D =42 m, z,,, =30 m is shown in Figure 3 for varying V,,,- The corresponding transient for
Viub = 25 m/s is shown in Figure 4.

200 40

100 \

AN

EDC Wind djrection
change

EDC change 6, ddg.

-100 /
0

—200

0 10 20 30 40
Wind speed Vhy, m/s

10
Vimg ¢ IEC 1250/05

peme direction

IEC 1249/05

Figure 3 — Example of extreme direction
change magnitude

6.3.2.5 Extreme coherent gust with direction
The extreme coherent gust with directig Yang gnitude of
Vg =15 m/s (22)

The wind speed shall be defi

(23)

(73]
\g 30
> I R
8 20
(2]
2
= 10
0
-2 0 2 4 6 8 10 12 14
Timet s IEC 1251/05

Figure 5 — Example of extreme coherent gust amplitude for ECD

The rise in wind speed shall be assumed to occur simultaneously with the direction change 6
from 0° up to and including Hcg, where the magnitudeecg is defined by
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180° for 7, <4m/s

o (V. . )= o 24
b (Vo) 7200 mfs for 4m/is <V, <V, (24)

ref
hub

The simultaneous direction change is then given by

( 0 for 1<0
0(t)=1%0,50,, (1—cos(zt/T)) for 0<¢<T (25)
10, for t>T

where T =10 s is the rise time.

The direction change magnitude, Ocg: and the direction change 6(¢
and 7, as a function of V},,, and as a function of time for V},, = 25 K/s)

200 30 (\
—\ 25
150

100 \

[=)

Direction change 6y deg.
ifection change deg

=
OIS
(

S

>

-2 0 2 4 6 8 10 12

Time: s IEC 431/07

Figure 7 — Example of direction change
transient

ggative) vertical shear:

o~
1=
53
VR
:.rl\l |
H N
=3
R
=+

1

Z—Z D %
(—Dh“bj 2,5[m/s]+0,2/3’0'1[A—] (1—cos(2m/T)) forO0<t<T

W(z,t)= (26)
Vi [L] otherwise
Zhub
Transient horizontal shear:
2 Y DY
9% [—] i(%j 2,5[m/5]+0,2f0, (A_j (1—cos(2m/T)) for0<¢<T
2 ul
V(y,z,t)= " 1 (27)

Zhub

Vb (i] otherwise
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where for both vertical and horizontal shear:
a=0,2,6=6,4,T=12s;
O, is given by equation (11) for the NTM;

A4 is the turbulence scale parameter, according to (5); and
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.

40
2,0 = L
_ 8 30— =
1,5 R > ( >
\ 12 [0 20 , \
2 / < bo \
P £ N
0.5 A = N N
0.0 0 4W 12 14
0 10 20 30 40 Time A\ s

Wind speed ¥(z,t) m/s | __ (] RétoNop N7 .. Rotor bottom

IEC 432/07

positive for t = 7/2

— - — - — negative fort = 7/2
IEC 1254/05

Figure 9 — Example of wind speeds at
rotor top and bottom, respectively,

negative vertical windsheg
before ons@ : illustrate the transient positive wind
maximum ‘slieé

shear
As an example, ertical wind shear (turbulence category A, zy,, =30 m,
Viub = 25 m/ sirated in Figure 8, which shows the wind profiles before onset
of the extre and at maximum shear (=6 s). Figure 9 shows the wind
speeds a ottom of the rotor, to illustrate the time development of the shear

6.4 Other environimental conditions

Environmental (climatic) conditions other than wind can affect the integrity and safety of wind
turbines, by thermal, photochemical, corrosive, mechanical, electrical or other physical
action. Moreover, combinations of climatic conditions may increase their effects.

Thefottowimg—otherenvironmmentatconditions,atteast,shatt-betakemmto—account—and—the
resulting action stated in the design documentation:

e temperature;

e humidity;

e air density;

e solar radiation;

e rain, hail, snow and ice;

e chemically active substances;
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e mechanically active particles;
o salinity;

e lightning;

e earthquakes.

An offshore environment requires additional consideration.

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~ot
climatic conditions shall be taken into account when the design values are selected.

Variations in climatic conditions within the normal limits corresponding {0 eqr recurrence

combined with normal wind conditions according to 6.3.1.

6.4.1 Normal other environmental conditions

The normal other environmental condition values tha o.account, are:

e ambient temperature range of =10 °C to +40 2G;

e relative humidity up to 95 %;

e atmospheric content equivalent to
IEC 60721-2-1);

e solar radiation intensity of 1 000 W

inland atmosphere (see

e air density of 1,225 kg{m3.

When additional exter

values shall be stated
IEC 60721-2-1.

The extreme temperature range for the standard wind turbine classes shall be at least —20 °C
to +50:5C.

6.4.2.2 Lightning

THhe provisions of fightmmgprotectiom requited 1076, @y be considered as adequate for
turbine designs for the standard wind turbine classes.

6.4.2.3 Ice

No minimum ice requirements are given for the standard wind turbine classes.

6.4.2.4 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 C.
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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.

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

e Frequency — nominal value + 2 %.

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

and 10 s to 90 s for a second reclosure shall be considered.

e Outages — electrical network outages shall be assumed to ocg
outage of up to 6 h7 shall be considered a normal conditio
shall be considered an extreme condition.

7 Structural design

7.1 General

and an acceptable safety level shal
structural members shaII be verified by

ate and fatigue strength of
to demonstrate the structural

Calculations shall be

methods shall i
evidence of the i
studies. The load le

structural desigh, as specified in ISO 2394.

7.3 Loads

Loads-described in 7.3.1 through 7.3.4, shall be considered for the design calculations.

7.3.1 Gravitational and inertial loads

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

7.3.2 Aerodynamic loads

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

7 Six hours of operation is assumed to correspond to the duration of the severest part of a storm.
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The airflow is dependent upon the average wind speed and turbulence across the rotor plane,
the rotational speed of the rotor, the density of the air, and the aerodynamic shapes of the
wind turbine components and their interactive effects, including aero elastic effects.

7.3.3 Actuation loads

Actuation loads result from the operation and control of wind turbines. They are in several
categories including torque control from a generator/inverter, vaw and pitch actuator loads

and mechanical braking loads. In each case, it is important in the calculation of response and
loading to consider the range of actuator forces available. In particular, for mechanical
brakes, the range of friction, spring force or pressure as influenced by temperature_and
ageing shall be taken into account in checking the response and the loading during“any
braking event.

7.3.4 Other loads

Other loads such as wake loads, impact loads, ice loads, ¢ an hall be

included where appropriate, see 11.4.

7.4 Design situations and load cases

be considered, together wi f i control and protection system. The design

load cases used to venfy the str i yrity’ of a wind turbine shall be calculated by
combining:

e normal desig@.l normal or extreme external conditions;

e fault design situa y ate external conditions;

e transportation) ins on and_maintenance design situations and appropriate external

the design.l0ad casé&s 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 could, during design load cases with a deterministic wind model,
cause the wind turbine to shutdown prior to reaching maximum yaw angle and/or wind speed,

then it must be shown that the turbine can reliably shutdown under turbulent conditions with
the same deterministic wind condition change.

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

For each design load case, the appropriate type of analysis is stated by “F” and “U” in Table
2. “F” refers to analysis of fatigue loads, to be used in the assessment of fatigue strength. “U”
refers to the analysis of ultimate loads, with reference to material strength, blade tip
deflection and structural stability.
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The design load cases indicated with “U”, are classified as normal (N), abnormal (A), or
transport and erection (T). Normal design load cases are expected to occur frequently within
the lifetime of a turbine. The turbine is in a normal state or may have experienced minor
faults or abnormalities. Abnormal design situations are less likely to occur. They usually
correspond to design situations with severe faults that result in the activation of system
protection functions. The type of design situation, N, A, or T, determines the partial safety
factor y to be applied to the ultimate loads. These factors are given in Table 3.

Table 2 — Design load cases

Design situation DL Wind condition Other conditions Type of Partial
c analysis safety
factor
] :
1) Power production 1.1 NTM  Vin < Vhuo < Vout For extrapolation of N
extreme events N
12 | NTM Vi < Vius < Vout O\ N .
13 | ETM ¥y, < Voup < Vout 2NN N N
1.4 | ECD Wy = V-2 mis, 7, AN A N
v, +2 m/s <\ AW
1.5 EWS Vin < thb < Vout \ \
2) Power production 2.1 NTM  Vin < Vhuo < Vout Cc ols teW u N
plus occurrence of A\ loss ofﬁlec ical network
fault 22 | NTM 7, < P00 < Vs Pr te@ systdm or u A
pfeceding infefnal
electcical fault
2.3 EOG Vhyp =72 mis E\ ternal or internal U A
Vout elevyrical fault including
(\ of electrical network
2.4 N Vin < Koub < Vo\u,) Control, protection, or F *
electrical system faults
including loss of
electrical network
3) Start up b ad | NP W Phgy 30 F -
3\.2\ 0GNY, \5} v+ 2 mis U N
and W,
3.\3\ C K = Vipy Vet 2 mls U N
/\ and Vyut
4) Normal;.Qut\{own\ 1\ W Vin < Vhub < Vout F *
\ 42 WEOG V=V, %2 mis and u N
\/ Vout
5) Emergency. sm\>.1 NTM Vo = V; £ 2 m/s and u N
down Vout
6) Parked\(standing 6.1 EWM 50-year recurrence U N
still oridling) period
6.2 EWM 50-year recurrence Loss of electrical U A
period network connection
6.3 | EWM 1-year recurrence Extreme yaw U N
period misalignment
6.4 NTM thb < 0,7 Vref *
7) Parked and fault 71 EWM 1-year recurrence U A
conditions period
8) Transport, 8.1 NTM  Vpaint to be stated by U T
assembly, the manufacturer
maintenance and
repair
8.2 | EWM 1-year recurrence u A

period
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The following abbreviations are used in Table 2:

DLC Design load case

ECD Extreme coherent gust with direction change (see 6.3.2.5)
EDC Extreme direction change (see 6.3.2.4)

EOG Extreme operating gust (see 6.3.2.2)

EWM Extreme wind speed model (see 6.3.2.1)

EWS Extreme wind shear (see 6.3.2.6)

NTM Normal turbulence model (see 6.3.1.3)

ETM Extreme turbulence model (see 6.3.2.3)

NWP Normal wind profile model (see 6.3.1.2)

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

Ultimate strength (see 7.6.2)

Normal

Abnormal

Transport and erection

*4 » Z Cc M

Partial safety for fatigue (see 7.6.3)

assure accuracy of the calculation8.
made to the wind conditions described i

mass and aerodymamis_i
manufacture sh 8

.T and 1.2 embody the requirements for loads resulting from
at occurs during normal operation of a wind turbine throughout its
.3 embodies the requirements for ultimate loading resulting from
extreme turbutens onditions. 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_gtatistical 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 these parameters 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 these parameters are not exceeded by the extreme design
values derived for DLC 1.3, the factor ¢ in equation (19) for the extreme turbulence model
used in DLC 1.3 may be increased until the extreme design values computed in DLC 1.3 are
equal or exceed the extreme design values of these parameters computed in DLC 1.1.

8 In general a resolution of 2 m/s is considered sufficient.
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7.4.2 Power production plus occurrence of fault or loss of electrical network
connection (DLC 2.1 — 2.4)

This design situation involves a transient event triggered by a fault or the loss of electrical
network connection while the turbine is producing power. Any fault in the control and
protection system, or internal fault in the electrical system, significant for wind turbine loading
(such as generator short circuit) shall be considered. For DLC 2.1 the occurrence of faults
relating to control functions or loss of electrical network connection shall be considered as

normal events. For DLC 2.2, rare events, including faults relating to the protection functions
or internal electrical systems shall be considered as abnormal. For DLC 2.3 the potentially
significant wind event, EOG, is combined with an internal or external electrical system faulit
(including loss of electrical network connection) and considered as an abnormal event., ln)this
case, the timing of these two events shall be chosen to achieve the worstfoading. If a*fault or

along with the resulting fatigue damage in normal turbulence
evaluated in DLC 2.4.

using stochastic wind simulations (NTM - V,,<V,up <%
electrical system fault (including loss of electrica
response simulations shall be carried out for €

7.4.3 Start up (DL(

This design sit i
transients from 3 s

occurrences shall

resulting in loads on a wind turbine during the
situation to power production. The number of
the control system behaviour.

7.4.4
This de on includes all the events resulting in loads on a wind turbine during
normal t from a power produc’uon situation to a standstill or idling

behaviour.

7.4.5 Emergency shut down (DLC 5.1)

Loads arising from emergency shut down shall be considered.

In this design situation, the rotor of a parked wind turbine is either in a standstill or idling
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 considered.

For design load cases, where the wind conditions are defined by EWM, either the steady
extreme wind model or the turbulent extreme wind model may be used. If the turbulent
extreme wind model is used, the response shall be estimated using either a full dynamic
simulation or a quasi-steady analysis with appropriate corrections for gusts and dynamic
response using the formulation in ISO 4354.
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If the steady extreme wind model is used, the effects of resonant response shall be estimated
from the quasi-steady analysis above. If the ratio of resonant to background response (R/B)
is less than 5 %, a static analysis using the steady extreme wind model may be used. If
slippage in the wind turbine yaw system can occur at the characteristic load, the largest
possible unfavourable slippage shall be added to the mean yaw misalignment. If the wind
turbine has a yaw system where yaw movement is expected in the extreme wind situations
(e.g. free 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 turbine is subject to large yaw movements or change
of equilibrium during a wind speed increase from normal operation to the extreme situatioh;
this behaviour shall be included in the analysis.

In DLC 6.1, for a wind turbine with an active yaw system, a yaw misalig of up'to + 15°

In DLC 6.2 a loss of the electrical power network at an ear ToN: gntaining the
extreme wind situation, shall be assumed. Unless powerdack-up iN¥ ided for the control
and yaw system with a capacity for yaw alignment for aperiod ofa , the effect of a

extreme yaw misalignment. An extr f i ° t+ 30° using the steady
extreme wind model or a mean yaw misaligom ging the turbulent wind model
shall be assumed.

a parked wind turbine, resulting from faults on the
electrical networ e, shall require analysis. If any fault other than a loss
of electrical produces deviations from the normal behaviour of the wind

turbine in paxked i possible consequences shall be the subject of analysis. The
fault copdition\ shall be xombined with EWM for a recurrence period of one year. Those
conditions.sh \- either turbulent or quasi-steady with correction for gusts and dynamic

response.

In case ofta-fault in the yaw system, yaw misalignment of + 180° shall be considered. For any
other fault, yaw misalignment shall be consistent with DLC 6.1.

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

7.4.8 Transport, assembly, maintenance and repair (DLC 8.1 — 8.2)

For DLC 8.1, the manufacturer shall state all the wind conditions and design situations
assumed for transport, assembly on site, maintenance and repair of a wind turbine. The
maximum stated wind conditions shall be considered in the design if they can produce
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 safety
level. Sufficient margin may be obtained by adding 5 m/s to the stated wind condition.
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In addition, DLC 8.2 shall include all transport, assembly, maintenance and repair turbine
states which may persist for longer than one week. This shall, when relevant, include a
partially completed tower, the tower standing without the nacelle and the turbine without one
or more blades. It may be assumed that all blades are installed simultaneously. It shall be
assumed that the electrical network is not connected in any of these states. Measures may
be taken to reduce the loads during any of these states as long as these measures do not
require the electrical network connection.

Blocking devices shall be able to sustain the loads arising from relevant situations in DLC
8.1. In particular, application of maximum design actuator forces shall be taken into account.

7.5 Load calculations

Loads as described in 7.3.1 through 7.3.4 shall be taken into accoug design load

e wind field perturbations due to the wind turbine itself ( ocit

shadow, etc.);

s, tower

e the influence of three dimensional flow on the bladé
three dimensional stall and aerodynamic tip loss);

aracteristics (e.g.

e unsteady aerodynamic effects;

e structural dynamics and the coupling
e aero elastic effects;
o the behaviour of the control and protestion

shall be required 3
DLC 2.1, 2.2 a
wind speed. Sinc NI

effect on the load sfa

In many cases, t ocal strains or stresses for critical locations in a given wind turbine
component*are governed by simultaneous multi-axial loading. In this case, time series of
orthogofial loads that are output from simulations are sometimes used to specify design
loads:

When 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 based on the derivation of the significant stress as a time history. Extreme and
fatigue prediction methods can then be applied to this single signal, avoiding load
combination issues.

9 Concerning the spatial resolution, the maximum distance between adjacent points should be smaller than 25 %
of A1 (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 should always decrease towards the blade tip.
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Ultimate load components may also be 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 possible
combinations to avoid introducing non-conservatism.

Guidance for the derivation of extreme design loads from contemporaneous loads taken from
a number of stochastic realisations is given in Annex H.

7.6 Ultimate limit state analysis

7.6.1 Method

cNmaterials, the
pQnents with

Partial safety factors account for the uncertainties and variability in load
uncertainties in the analysis methods and the importance of stru
respect to the consequences of failure.

7.6.1.1 Partial safety factors for loads and materials

F,=y.F, (28)
where
Fq is the design value for the agg c load response to multiple

simultaneous load components fro arious s » e given design load case;
% is the partial safety factor for log
Fy is the characteristi
1
Jo=—L (29)

Vn Q
where

Ym are the partial’safs materials; and

Jfx are the characte \ of material properties.

e possible.unfayourable deviations/uncertainties of the load from the characteristic value;

e uncertainties in the loading model.
The_partial safety factors for materials used in this standard, as in ISO 2394, take account of

o\ _Jpossible unfavourable deviations/uncertainties of the strength of material from the
characteristic value;

e possible inaccurate assessment of the resistance of sections or load-carrying capacity of
parts of the structure;

e uncertainties in the geometrical parameters;

e uncertainties in the relation between the material properties in the structure and those
measured by tests on control specimens;

e uncertainties in conversion factors.
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These different uncertainties are sometimes accounted for by means of individual partial
safety factors but in this standard as in most others, the load related factors are combined
into one factor y and the material related factors into one factor y,,.

7.6.1.2 Partial safety factor for consequence of failure and component classes

A consequence of failure factor, y,, is introduced to distinguish between:

e Component class 1: used for "fail-safe" structural components whose failure does not
result in the failure of a major part of a wind turbine, for example replaceable béarings
with monitoring.

e Component class 2: used for "non fail-safe" structural compone
lead to the failure of a major part of a wind turbine.

wind turbine protection functions described in 8.3.

The consequences of failure factor shall be included jr
for example full scale blade testing.

e analysis of ultimate strength (see 7.6
e analysis of fatigue failure (see 7.6.
¢ stability analysis (buc

e critical deflection anal
7.6.5).

Each type of an
different sources 0

When deter ini g national or

taken wh W\l 3 factors from national or international de3|gn codes are used
afety factors from this standard. It shall be ensured that the resulting

safety level(is,notNesg’than the intended safety level in this standard.

Different-codes subdivide the partial safety factors for materials, y,, into several material
facters’ accounting for separate types of uncertainty, for example inherent variability of
material strength, extent of production control or production method. The material factors
given in this standard correspond to the so-called "general partial safety factors for materials"

£ 4L

' £ o H + ralalit o + o + 1 Al H ol
GUUUUIILIIIH LAYA] uaure Imimrreroiit Vallqulllly vl uare DLIUIIHLII PGIGIIIULUIO. LLELLLA A "AA% ] UIVUD 'JGILIGI
safety factors or uses reduction factors on the characteristic values to account for other
uncertainties, these shall also be taken into account.

Individual codes may choose different factorisations 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 ISO 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 standard.
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7.6.2 Ultimate strength analysis

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

Vo S(Fy) < R(fy) (30)

The resistance R generally corresponds with the maximum allowable design values of
material resistance, hence R(fy) = f4, whilst the function S for ultimate gth analysis is
usually defined as the highest value of the structural response, hence & e ‘equation
then becomes

1 1
reFg <—— (31)

’n ¥m

Note that y, is a consequence of failure factor and sha g safety factor on

materials.
For each wind turbine component asses € s, in Table 2 where ultimate
strength analysis is appropriate, the lmit state con(dition, ation (31) shall be verified for

In load cases involving turbulent inflo rapge of wind speeds is given, the
exceedance probability fo i ad shall be calculated considering the wind
speed distribution given oad calculations will involve stochastic
simulations of limited durati tic Joad determined for the required recurrence

period may be larger than &8s computed in the simulation. Guidance for the
calculation of c : | ent inflow is given in Annex F

For DLC 1.1 the e~ of load shall be determined by a statistical load
extrapolation and xceedance probability, for the largest value in any 10-

of at least 10min in Iangth over the operating range of the turbine for DLC 1.1. A minimum of
15 simulations™ is™xequired for each wind speed from (V404 — 2 M/s) to cut-out and six
simulations.are required for each wind speed below (V1.9 — 2 m/s). When extracting data,
the designer must consider the effect of independence between peaks on the extrapolation
and-minimize dependence when possible. The designer shall aggregate data and probability
distributions to form a consistent long-term distribution. To ensure stable estimation of long-

tefm loads, a convergence criterion shall be applied to a probability fractile less than the

mt\nlt\ AF I»Inr\ data Fr\v- n{lnnv- {-hn nlnr\v-é» "f\v'm oF Innn {-nrm oaxeceadanca—dictriby +r\n¢\ Ear
Cotor TOT LRAC RA—exeeeaanece—aiStHeuHeRS—+61

guidance, see Annex F.

The characteristic value for blade root in-plane and out-of-plane moments and tip deflection
may be determined by a simplified procedure!0. The characteristic value may then be
determined by calculating the mean of the extremes for each 10-min bin and using the largest

10 This approach is considered conservative for 3-bladed upwind wind turbines. Caution should be exercised for
other wind turbine concepts.
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value, multiplied by an extrapolation factor of 1,5, while maintaining the partial load factor for
statistical load extrapolation, see Table 3.

For load cases with specified deterministic wind field events, the characteristic value of the
load shall be the worst case computed transient value. When turbulent inflow is used, the
mean value among the worst case computed loads for different 10-min stochastic realisations
shall be taken, except for DLC 2.1, 2.2 and 5.1, where the characteristic value of the load

shall ha the mean valiio of the |argnef half of the-maximum-loads-

7.6.2.1 Partial safety factors for loads

Partial safety factors for loads shall be at least the values specified in Tab

Table 3 — Partial safety factors for Ioads/yf\ “

Unfavourable loads FW loads

avouyra
Type of design situation (see Table 2) \ \ \/

( | design situations
Normal (N) Abnormal (A) Tr%d\e%h\
1 I ( @\/5 \/ 0,9

For design load case DLC 1.1, given that loads 4 ed\using, sta@cal lod extrapolation at prescribed
ityations shall be y =1,25.

7 =11+ 95
0,15 for DLC1.1

= {0,25 otherwi@

ructural analysis for the combination of the design loads F4, where
bained by multiplication of the characteristic loads F\, by the specified
£for favourable and unfavourable loads,

partial load factor y
Fy =y Fy

The load responses in the tower at the interface (shear forces and bending moments)

£ 4 ol N £ b i | 2 [ [H| lo ol HH
1aCtiurcu witrl }/f MU TdUTC o ollidll VT dPpIlicUu as buutiuary CUTIUTUUTTS.

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 y; = 1,1 for

11 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 (30) becomes

yn S(yf,unfavﬂ,unfav 97f,favF;<,fav ) < R(.fd)
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unfavourable permanent loads and y; = 0,9 for favourable permanent 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 permanent foundation load y; = 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 y; = 1,0 can be
applied.

Alternatively, the check of capacity of soil and foundation can be based on a partial safety
factor y; = 1,0 for both favourable and unfavourable permanent loads and the check of overall
stability can be based on a partial safety factor of y; = 1,1 for unfavourable permanent loads
and y; = 0,9 for favourable permanent loads, using in all cases conseryative estimates of
weights or densities defined as 5 % / 95 % fractiles. The lower fractile is fo be™wsed when the
load is favourable. Otherwise, the upper fractile is to be used.

confidence limit12. This ve \ ponents with ductile behaviour13 whose failure
may lead to the ~ ‘ ind turbine, for example welded tubular tower,
tower flange connectjo 1 rame or blade connections. Failure modes may
comprise:

e yielding of du

e Dbolt ruptlre i .\. ection with sufficient number of bolts to provide 1// of the
strength. following the\ailing of a single bolt.

For “non chanical/structural components with non-ductile behaviour whose
failures lead-rapidly to the failure of a major part of a wind turbine, the general safety factor
for materials-shall be’not less than:

e 1,2or global buckling of curved shells such as tubular towers and blades, and
o <133 for rupture from exceeding tensile or compression strength.

Vo derive the global partial safety factors for materials from this general factor it is necessary

to account for scale effects, tolerances and degradation due to external actions, for example
ultraviolet radiation or humidity and defects that would not normally be detected.

Partial safety factors for consequences of failure:

12 The characteristic strength parameters should be selected as the 95 % fractile (determined with 95 %
confidence) or the certificate value for materials with established routines for testing of representative
samples.

13 Ductile behaviour includes not only ductile materials but also components which behave like ductile materials
due to, for example internal redundancy.
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Component class 1: y,=0,9
Component class 2: 5, =1,0
Component class 3: y, = 1,3

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

The combined partial safety factors for loads, materials and the consequences of failure, y,
Ym» @nd y,, shall be not less than those specified in 7.6.2.1 and 7.6.2.2.

7.6.3 Fatigue failure

The partial safety factor for loads,
situations.

For component

(such as for many“cp

derivation of‘\charasteri
to exterpralNactions

for the SN, curves. In this case g, may be taken as 1,1. In cases, where it is possible to
detect critical crack development through introduction of a periodic inspection programme, a
lowe( value of g,, may be used. In all cases, g, shall be larger than 0,9.

For fibre composites, the strength distribution shall be established from test data for the
actual material. The 95 % survival probability with a confidence level of 95 % shall be used

as a basis for the SN-curve. In that case g,, may be taken as 1,2. The same approach may be
used for other materials.

Partial safety factors for consequences of failure:

Component class 1: y, = 1,0

Component class 2: y, = 1,15

14 Fatigue strength is defined here as stress ranges associated with given numbers of cycles.
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Component class 3: y, = 1,3.

7.6.3.3 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 7.6.3.1 and 7.6.3.2, 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, y, shall be S ance with
7.6.2.1 to obtain the design value. The material partial safety fac P
those specified in 7.6.2.2.

7.6.5 Critical deflection analysis
7.6.5.1 General

It shall be verified that no deflections affectj
conditions detailed in Table 2.

multiplied by the combined partial safet ads, material and consequences of

x@or 0

and monitoring in which case it may be reduced. Particular
ometrical uncertainties and the accuracy of the deflection

Companent class 1: y, = 1,0

Compenent class 2: y, = 1,0
Component class 3: y, = 1,3.

The elastic deflection shall then be added to the un-deflected position Iin the most
unfavourable direction and the resulting position compared to the requirement for non-
interference.

7.6.5.2 Blade (tip) deflection

One of the most important considerations is to verify that no mechanical interference between
blade and tower will occur.

In general, blade deflections have to be calculated for the ultimate load cases as well as for
the fatigue load cases. The deflections caused by the ultimate load cases can be calculated
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based on beam models, FE 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 load case 1.1 extrapolation of tip deflection is mandatory according to 7.4.1.
Here direct dynamic deflection analysis can be used. The exceedance probability in the most
unfavourable direction shall be the same for the characteristic deflection as for the
characteristic load. The characteristic deflection is then to be multiplied by the combined

egfnfy factor for |r\9rle, materials and conseguences of failure and he added to the un

deflected position in the most unfavourable direction and the resulting position compared to
the requirement for non-interference.

7.6.6 Special partial safety factors

the design documentation.

8 Control and protection system

8.1 General

allowing manual intervention must be
where necessary.

em/shall be protected against unauthorised
interference.

8.2 Control fu; i

The control functions i e shall control the operation by active or passive means

mode can b ample for maintenance, each mode shall override all other
control, of*the emergency stop button. Mode selection shall be governed
by a seles{or,™w 2 locked in each position corresponding with a single mode. When

select the function

The conirol functions may govern or otherwise limit functions or parameters such as
e power;
o[ jrotor speed,;

¢ _connection of the electrical load;

e start-up and shutdown procedures;
e cable twist;

e alignment to the wind.

8.3 Protection functions

The protection functions shall be activated as a result of failure of the control function or of
the effects of an internal or external failure or dangerous event. The protection functions shall
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maintain the wind turbine in a safe condition. The activation levels for the protection functions
shall be set in such a way that the design limits are not exceeded.

The protection functions shall have higher priority than control functions, but not higher than
the emergency stop button, in accessing the braking systems and equipment for network
disconnection when triggered.

The protection functions shall be activated in such cases as

e overspeed;
e generator overload or fault;

e excessive vibration;

e abnormal cable twist (due to nacelle rotation by yawing).

The protection functions shall be designed for fail-safe operatiory

source or in any non-safe-life component within the syste
functions. Any single failure in the sensing or non-safe-li

within the systems implementing protection shallf&il to a safe condition or their
condition shall be automatically monitored; i case their failure shall result in a

functions shall be considered i 1 ant~elass 3 with an appropriate consequences of
failure partial safe C i iIMNZ. uch protection system critical components shall
be analysed for @». ; G i buckling and critical deflection.

In cases of conflief,\{f i tion shall overrule the control function.

An emergency stop button, which will override the control functions, shall bring the rotor to a
complete stop in any wind speed less than the wind speed limit defined for maintenance and
repair,)see 7.4.8, and as a minimum to idling mode from any operation condition. In addition,
activation of the emergency stop button shall de-energise the medium- and the high-voltage
systems. Emergency stop buttons shall be provided at every major working place (e.g.
nacelle and tower bottom). Disengagement of any emergency stop button following its use

shall require an appropriate action. Following disengagement, automatic restart shall only be
possible after manual clearance.

8.4 Braking system

The braking system shall be able to bring the rotor to idling mode or complete stop from any
operation condition. Means shall be provided for bringing the rotor to a complete stop from a
hazardous idling state in any wind speed less than the wind speed limit defined for
maintenance and repair, see 7.4.8.
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It is recommended 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
system shall act on the rotor shaft or on the rotor of the wind turbine.

Brakes shall be designed to function even if their external power supply fails. A brake shall
be able to keep the rotor in the full stop position for the defined wind conditions for at least
one hour after the brake is applied. During longer periods of grid loss, it shall be possible to

anphsthe hrakae by gither an auxiliary nower sunplvyor by maniial aonaration
PPy b4 P A PPy Y 1 T

9 Mechanical systems

9.1 General

A mechanical system for the purposes of this standard is any systepw

All mechanical systems in the drive train and in the cobniroland preteCtion system shall be
designed according to IEC/ISO standards e Otherwise, recognized
standards shall be used. Partial safe

Particular care shall be taken to ensure t

ns throughoyt t
maintenance procedures @ all¢ )

The remaining life of a
automatically a
insufficient mate
maintained to keep, X

avoid risk o

9.2 Errors of fitting

Errors Jikely to be made when fitting or refitting certain parts that could be a source of risk
shalt*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 must 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 information given on the pipes, hoses and/or connector blocks.
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9.3 Hydraulic or pneumatic systems

Where auxiliary items are powered by hydraulic or pneumatic energy the systems must be so
designed, constructed and equipped as to avoid all potential hazards associated with these
types of energy. Means of isolating or discharging accumulated energy must be included in
such systems. All pipes and/or hoses carrying hydraulic oil or compressed air and their
attachments shall be designed to withstand or be protected from foreseen internal and
external stresses. Precautions shall be taken to minimize risk of injury arising as a

consequence of rupture.

9.4 Main gearbox

The main gearbox shall be designed according to ISO 81400-4, until a ar document is

published in the IEC 61400 series.

9.5 Yaw system

brakes), means to change that orientation (e.g. electric
means to guide the rotation (e.g. a bearing).

component class 2. When multiple yaw
system, and easy replacement is possibt Q e lion géarbox and the final drive pinion

The safety against pitt g : n accordance with 1SO 6336-2. The

The reverse be g atl be considered in accordance with ISO 6336-3
Annex B. Minim 3 are specified in Table 5. These values must be
achieved by using « « Hence they include the partial safety factor for

red safety factor S and S for the yaw gear system

N
<\ \ \ > Component class 1 Component class 2
stura ility (pitting) sy 21,0 sy = 1,1

Tooth beM fatigue strength sp> 1,1 >1,25
Static bending strength sg21,0 sp 21,2

Lower safety factors may be applicable in cases where efficient monitoring is implemented. If

QQ'FQ"‘\JI factors below 1’{'\ are qpplinrl, then the maintenance manual must reflect nnfinipnfnd

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).
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Any motors shall comply with relevant parts of Clause 10. For pitch systems with individual
pitch drives/actuators ensuring sufficient redundancy, these may be considered to be in
component class 2.

9.7 Protection function mechanical brakes

Where mechanical brakes are used for a protection function, they are generally friction
devices applied by hydraulic or mechanical spring pressure, The remaining life of any

wearing components, for example friction pads, shall be monitored by the control and
protection system, which shall place the turbine in parked mode when insufficient material.is
available for a further emergency stop.

Load calculation shaII be based on S|mulat|ons including an approprlate ange Qf the-braking

to avoid a risk of fire.

9.8 Rolling bearings

d ISO 281. For shaft
bearings, for example main shaft, gearbox, the bea ing li es ( wyival probability) shall
be at least 20 years. The calculation ¢ operatmg conditions. Any

For bearings, design lopa : e teads determined in the various load cases in 7.4
and appropriate safet i 7.6 Fhe bearing design shall consider the expected amount
of rotation duri veth he rotations are continuous as in main shaft
bearings or oscilig and\yaw bearings. Furthermore, consideration shall be

given to the potentjdl ficlepd lubrication due to small movement.

For slew bea static rating to design load shall be at least 1,0 according to
ISO 76. The due to flexibility of the connected parts shall be carefully
considerégd

10 Electrica

10.1 General

The—electrical system of a wind turbine installation comprises all electrical equipment
installed in each individual wind turbine up to and including the wind turbine terminals;
réferred to below as the "wind turbine electrical system".

The power collection system is not covered by this standard.

10.2 General requirements for the electrical system

The design of the electrical system shall ensure minimal hazards to people and livestock as
well as minimal potential damage to the wind turbine and external electrical system during
operation and maintenance under all normal and extreme external conditions defined in
Clause 6.
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The electrical system, including all electrical equipment and components, shall comply with
the relevant IEC standards. Specifically, the design of a wind turbine electrical system shall
comply with the requirements of IEC 60204-1. For wind turbines that contain circuits at
nominal voltages greater than 1000 V a.c. or 1500 V d.c. the design of a wind turbine
electrical system shall comply with the requirements of IEC 60204-11. Fixed installations, not
machine installations, shall comply with the requirements of IEC 60364. 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 Protective devices

A wind turbine electrical system shall, in addition to the requirements of IEC 60364, include
suitable devices that ensure protection against malfunctioning of either, wind turbine or
the external electrical system that may lead to an unsafe condition or

10.4 Disconnect devices

system is ad with

recommendation

together

10.6 Lightning protection

The.lightning protection of a wind turbine shall be designed in accordance with IEC 62305-3.
It-is.not necessary for protective measures to extend to all parts of the wind turbine, provided
safety is not compromised. Guidance is given in IEC 61400-24.

10.7 Electrical cables

Where there is a probability of rodents or other animals damaging cables, armoured cables or
conduits shall be used. Underground cables shall be buried at a suitable depth to avoid
damage by service vehicles or farm equipment. Underground cables shall, if not protected by
a conduit or duct, be marked by cable covers or suitable marking tape.
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10.8 Self-excitation

Any electrical system that can alone self-excite a wind turbine shall be disconnected and
remain safely disconnected in the event of loss of network power.

If a capacitor bank is connected in parallel with an induction generator (i.e. for power factor
correction), a suitable switch is required to disconnect the capacitor bank whenever there is a
loss of network power, to avoid self-excitation of the generator. Alternatively, if capacitors are

fitted, it shall be sufficient to show that the capacitors cannot cause self-excitation.

10.9 Protection against lightning electromagnetic impulse

The over-voltage protection shall be designed in accordance with equirements of

IEC 62305-4.

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

10.10 Power quality

IEC 61400-21.

The procedures in IEC 61400-21 ma

Immunity to i C shall meet the requirements of IEC 61000-6-1 or
IEC 61000-6.2. T ine qufacturer shall state which of these two standards applies to

11 Assessment of a wind turbine for site-specific conditions

11.1 General

Wind\turbines are subject to environmental and electrical conditions including the influence of
nearby turbines, which may affect their loading, durability and operation. In addition to these
conditions, account has to be taken of the seismic, topographic and soil conditions at the

windturbine—site—Ht-shall-be-shown-that-the-site epnr\iﬁr\ conditions do-not r\r\mprnmien the

structural integrity. The demonstration requires an assessment of the site complexity, see
11.2, and an assessment of the wind conditions at the site, see 11.3. For assessment of
structural integrity two approaches may be used:

a) a demonstration that all these conditions are no more severe than those assumed for the
design of the wind turbine, see 11.9;

b) a demonstration of the structural integrity for conditions, each equal to or more severe
than those at the site, see 11.10.
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If any conditions are more severe than those assumed in the design, the structural and
electrical compatibility shall be demonstrated using the second approach.

The partial safety factors for loads in 7.6.2.1 assumes that the site assessment of the normal
and extreme wind conditions has been carried out according to the minimum requirements in
this clause.

— tt2—Assessmentof thetopographicat comptexity of thesite

The complexity of the site is characterised by the slope of the terrain and variations of the
terrain topography from a plane.

To obtain the slope of the terrain, planes are defined that fit the
distances and sector amplitudes for all wind direction sectors around
pass through the tower base. The slope, used in Table 4, denotes/h

mean lines of sectors passing through the tower bases and cqntaine fittedplanes.
Accordingly, the terrain variation from the fitted plane denoteg th \g a vertical
line, between the fitted plane and the terrain at the surface pQin

Table 4 — Terrain complexify indjcator,

Maximum terrain variation 15

yaN
Distance ranqe from wind Sector amplitude M l\\m/s(!
turbine pl

ope,of fitted
e
N
<5 zpup 360° U\/ < 0,3 zpyp
o

<10 zpyp 30° 10 < 0,6 zpyp

< 20 zpyp 30° a < 1,2 zhup

The resolution of surf ids™ rain cgrhplexity assessment must not exceed the

The site shall be 5 % of the energy in the wind comes from sectors
that fail to conform t g 4 and homogeneous, if less than 5 % of the energy
in the wind comeg sfors\that fail to conform.

Valuesratithe wind turbine site of the following parameters shall be estimated:

¢ the extreme 10-min average wind speed at hub height with a recurrence period of 50
years;

e wind speed probability density function ‘n(th.u) in the range of Vi” to Vuui.

e ambient turbulence standard deviation & (estimated as the mean value of the standard
deviation of the longitudinal component?6) and the standard deviation &_of &at ¥},
between V,, and V, ,; and V,,, equal to V g;

e flow inclination;

15 The check criteria is considered fulfilled if the requisite fails over a surface less than 5 znu,°.

16 The longitudinal component of turbulence may be approximated by the horizontal component.
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e wind shearl7;
e air density.

Where there are no site data for the air density, it shall be assumed that the air density is
consistent with the 1ISO 2533:1975, suitably corrected for annual average temperature.

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

£ i £ H alali i + 4.0 H
TuricuvuIrTe Ur wirnmu Ui uuyult, HIVUII ao d TUTITIIN GVCIOHU.

The site wind parameters18 shall be either

e measured in the range of 0,2 Vs and 0,4 V', and extrapolated, or

e calculated from monitoring measurements made at the site, long-terq Ys*from local
meteorological stations or from local codes or standards.

If measurements are used, the site conditions shall be correl
available local meteorological stations unless they can {othe
conservative. The monitoring period shall be sufficient to obtai

e be own to be
a innmurn of\six months of
conditions, the

effects shall be represented in the data istics”/of the anemometer, sampling
rate and averaging time used to obtai shall be considered when evaluating
the turbulence intensity.

Wake effects from neighbsunoy wi s during power production shall be considered.
The assessmen itak(li f d turbine at a site in a wind farm shall take into
account the detenw ow characteristics associated with single or multiple
wakes from upwingd\ I ' i ing the effects of the spacing between the machines, for
all ambient wind §peg i ctions relevant to power production

by the uge ofa e ctlve urbulence intensity, WhICh shall include adequate representation of

For fatigue ‘calculations, the effective turbulence intensity I+ may be derived according to
Annex Dx

Generally, the effective turbulence for fatigue and various ultimate loads cannot be assumed
to_be the same.

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:

17 High shear values for extended periods of time have been reported for certain areas in connection with highly
stratified flow or severe roughness changes. The external conditions in Clause 6 are not intended to cover
such cases.

18 Attention should be given to wakes from significant structures within a distance from the wind turbine of 20
times the characteristic length of the structure.
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e normal and extreme temperature ranges;
e icing, hail and snow;

e humidity;

e lightning;

e solar radiation;

® r‘hpmirnlly active substances:

e salinity.

11.6 Assessment of earthquake conditions

npines bgcause such
arthquakgeyassessment

There are no earthquake resistance requirements for standard class
events are only design driving in a few regions of the world. No,g

The seismic loading shall depend on ground( ag
requirements as defined in local codes. If a log@ e
ground acceleration and response sp
shall be carried out.

available or does not give the

'

The earthquake loading §
the higher of

a) loads during@
b) loads during

shutdown are eqt

sufficienf \\simulations shall be undertaken to ensure that the operational load is
represéntative of the time averaged values referred to above.

Thernumber of tower natural vibration modes used in either of the above evaluations shall be
selected in accordance with a recognized seismic code. In the absence of such a code,

oL _0/ £ 4l 4+

' 2l H A ftaotal ol £ +ol ball b 2l
CUTTOTULULIVT TTTUUT O WILIT a tuldl 1TTTUuUdl TTTdoo UT Ou /70 UT UTT 1ULWdAT TTTdoo olldll VT UoTU.

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 the
specific type of structure in use, in particular for lattice structures and bolted joints.

A conservative approach to the calculation and the combination of loads on the tower is
provided in Annex C. This procedure 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 following19:

e normal voltage and range including requirements for remaining connected or
disconnecting through specified voltage range and duration;

e normal frequency, range and rate of change, including requirements for remaining
connected or disconnecting through specified frequency range and duration;

e voltage imbalance specified as a percentage negative phase-sequence voltage, for
symmetric and unsymmetrical faults;

e method of neutral grounding;

e method of ground fault detection / protection;
e annual number of network outages;

e auto-reclosing cycles;

e required reactive compensation schedule;

e fault currents and duration;

Ne Wi urbine terminals;

y of same;

te shall be assessed by a professionally qualified
2 to available local building codes.

e the{site estimate of extreme 10-min average wind speed at hub height with a recurrence

period of 50 years shall be less than 7,,20;

o _the site value of the probability density function of 7}, shall be less than the design
probability density function (see 6.3.1.1) at all values of ¥}, between the wind speed

0,2 Vrgrand 0.4 Vo,

e the representative value of the turbulence standard deviation, 04, (see equation (11))
shall be greater or equal to the site value of the estimated 90 % quantile of the turbulence

19 The turbine designer may need to take account of grid compatibility conditions. The above represent a set of
minimum requirements. Local and national grid compatibility requirements need to be anticipated at the design
stage.

20 Alternatively, the wind turbine site central estimate of extreme 3 s average wind speed at hub height with a
recurrence period of 50 years should be less than Vgs.
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standard deviation at all values of V,,, between the wind speed 0,2 Vs and 0,4 7,

refs and
i.e.

0, 26+1,286, (34)

When the terrain is complex, the estimate of the standard deviation of the longitudinal
component of turbulence shall be increased in order to account for the distortion of the
turbulent flow21. The site flow inclination, taken as the maximum of all directions, shall be

less than that specified in 6.3. Where there are no site data or calculations for the flow
inclination and the terrain is complex, it shall be assumed that the flow is always parallel to
the fitted plane, see 11.2, within a distance of 5 z,,,, from the wind turbine.

ess Ahan that
wWind“shear, it

The site average vertical wind shear exponent «, for direction shal
specified in 6.3.1.2 and larger than zero. Where there are no site data

standard deviation ¢4 from the normal turbulence
90 % fractile of the turbulence standard devi
turbulence) between the wind speeds (
known, between 0,6 V. and V), i.e.:

0'1 2 Ieff ) thb

Furthermore, it shall b
wakes does not exc

including the wa ef
the site specific D

and wind farm layoW

the reserve_margins \and the influence of the environment on structural resistance. The

21 The effect of complex terrain may be included by an additional multiplication with a turbulence structure
correction parameter Cq1 defined as

146,162 +(6,/6,

- 1,375

where ratios of the estimated standard deviations, 6‘i, correspond to hub height values. Where there are no site
data for the components of turbulence and the terrain is complex, results of modelling or Cct = 1+0,15 i, where i
is the complexity index defined in Subclause 11.2, may be used .

22 This approach can also be used for the assessment of sector-wise varying turbulence, alone or in combination

with wake turbulence. The standard deviation &Gof o may be determined as the average of the sector-wise

values.

23 The site specific extreme turbulence may be represented by the maximum centre wake turbulence in the most
severe direction.
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