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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
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Internat 38: Wind

turbines.

This third edition cancels and replaces the second edition published in 1999. It constitutes a
technical revision.

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;
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design load cases have been rearranged and amended;

the inclusion of turbulence simulations in the load calculations is emphasised and a scheme
for extreme load extrapolation has been specified;

the partial safety factors for loads have been adjusted and simplified;

the partial safety factors for materials have been amended and specified in terms of
material types and component classes;

the requirements for the control and protection system have been amended and clarified in
terms of functional characteristics;

a new clause on assessment of structural and electrical compatibility has been introduced
with detailed requirements for assessment, including information on complex terrain,
eartfiquakes and wind farm wake effects.

FDIS Report on votiyg\

88/228/FDIS 88/232/RVE)\

eport on

IEC 61400 consists of the following pax Enerator

systemsg:

Part 1:

Part 2:

Part 11:
Part 12:
Part 13:
Part 14:
Part 21:

Part 23:
Part 24:

nnected

The committee has decided that the contents of this publication will remain unchanged juntil the
maintenance resuttdatemdicatedomrthetHECweb—site under“http-Hwebstoreecch*-imrthe data
related to the specific publication. At this date, the publication will be

reconfirmed;

withdrawn;

replaced by a revised edition, or
amended.

A bilingual version of this publication may be issued at a later date.
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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 of external conditions in Clause 6.Compliance with
this standard does not relieve any person, organization, or corporation from the responsibility
of observing other applicable regulations.

The st
particular for the support structure. A future document dealing with g
under cpnsideration.

hore, in
tions is

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 against
damage| from all hazards during the planned lifetime.

This standard is concerned with all subsystems of wind turbines such’s otection
mechanfjsms, internal electrical systems, mechanical systems and suppoxt

This standard applies to wind turbines of all sizes. For small wi ¢ may be
applied.

This standard should be used together with the appro O)standards meéntioned
in Clauge 2.

2 Normative references

The follpwing referenced documents are ingi able ent. For
= dition of
the refefenced document

IEC 60204-1:1997, Sa

requirements Q

:|General

IEC 602
Require
exceedi

wefy — Electrical equipment of machines — FPart 11:
oltages above 1 000 V a.c. or 1 500 V d.c. [and not

IEC 603 lectricaVinstallations of buildings

IEC 60721- TS assification of environmental conditions — Part 2: Envirdnmental

IEC 61000:6-1:1997, Electromagnetic compatibility (EMC) — Part 6: Generic stanplards —
Section 1: Immunity for residential, commercial and light-industrial environments

IEC 61000-6-2:1999, Electromagnetic compatibility (EMC) — Part 6: Generic standards —
Section 2: Immunity for industrial environments 15

IEC 61000-6-4:1997, Electromagnetic compatibility (EMC) — Part 6: Generic standards —
Section 4: Emission standard for industrial environments

IEC 61024-1:1990, Protection of structures against lightning — Part 1: General principles

IEC 61312-1:1995, Protection against lightning electromagnetic impulse — Part 1: General
principle

IEC 61400-21:2001, Wind turbine generator systems — Part 21: Measurement and assessment
of power quality characteristics of grid connected wind turbines
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IEC 61400-24: 2002, Wind turbine generator systems — Part 24: Lightning protection

ISO 76:1987, Rolling bearings — Static load ratings

ISO 281:1990, 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

1ISO 6336 (all InnrtQ) Calculation of load r‘n,nm‘ify af spur and helical gears

ISO 90(01:2000, Quality management systems — Requirements

3 Terms and definitions
For the purposes of this document, the following terms and<d

3.1
annualrverage
mean value of a set of measured data of sufficig
the expgcted value of the quantity. The awverdg
years to

3.2
annual pverage wind spegt
Vave
wind speed averaged a

3.3 Q
auto-reglosing cyele
event w
breaker
network

3.4
blockin
use of
be relepsed accide
mechanfjsm

approximately 0,01 s to a few seconds, during
Automatically reclosed and the line is reconnectgd to the

or other device (other than the ordinary mechanical brake) tha
ally to prevent movement, for instance of the rotor shaft

mate of
mber of

which a

t cannot
or yaw

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)
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3.7

complex terrain

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

3.8

control functions (wind turbines)

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

3.9

cut-in wind speed
Vi
lowest wind speed at hub height at which the wind turbine starts to

of steady wind without turbulence

ower imghe case

3.10
cut-out|wind speed
Vout

highest wind speed at hub height at which the wind tu
case of [steady wind without turbulence

O,produce powgr in the

3.11
design Jimits
maximum or minimum values used in ad

3.12
dormant failure

failure df a component detected during normal operation

3.13

downwind
in the di

particulgf 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.

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 environmental conditions
(temperature, snow, ice, etc.) and the electrical network conditions
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3.18

extreme wind speed

value of the highest wind speed, averaged over ¢ s, with an annual probability of exceedance of
1/N ("recurrence period": N years)

NOTE In this standard recurrence periods of N = 50 years and N = 1 year and averaging time intervals of t =3 s
and ¢ =10 min are used. In popular language, the less precise term survival wind speed is often used. In this
standard, however, the turbine is designed using extreme wind speeds for design load cases.

3.19
fail-safe
design property of an item which prevents its failures from resulting in critical faults

3.20
gust
tempordry change in the wind speed

NOTE A]gust may be characterised by its rise-time, its magnitude and its dur,

3.21
horizontal axis wind turbine

wind turpine whose rotor axis is substantially horizonts

3.22

hub (wind turbines)

fixture fpr attaching the blades or blade smi he(ro aft

3.23
hub height (wind turbines

Zhub
height gf the centre of the swept

3.51, swept area)

3.24 <>
idling (wind turbire

condition of a wingd

{ufbine rotor above the terrain surfage. (see

ing slowly and not producing power

3.25

inertial

frequen the\turbulence spectrum, where eddies — after attaining isqtropy —
undergq successive kreak<up with negligible energy dissipation

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

3.26
limit state

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

[1ISO 2394, modified]

NOTE The purpose of design calculations (i.e. the design requirement for the limit state) is to keep the probability
of a limit state being reached below a certain value prescribed for the type of structure in question (see ISO 2394).

3.27
logarithmic wind shear law
see 3.62
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3.28

mean wind speed

statistical mean of the instantaneous value of the wind speed averaged over 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 elements on top of a horizontal axis wind
turbine tower

3.30
network connection point (wind turbines)

cable terminals of a single wind turbine or, for a wind power station, the cannec
electrical bus of the site power collection system

n goeint to the

3.31
network loss

loss of network for period exceeding any ride through provisij 5tem

3.32
normal|shutdown (wind turbines)
shutdown in which all stages are under the contrg

3.33
operating limits
set of cpnditions defined by the wind ty
and profection system

at govern the activation of thg control

3.34
parked wind turbine

depending on the~desig
standsti|l or an e‘@ v

3.35
power (¢ bines)
electric ower from one or more wind turbines. It includes all glectrical
equipment connected\bet e wind turbine terminals and the network connection ppint

her in a

3.36
power |
see 3.62

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)

functions of the control and protection system which ensure that a wind turbine remains within
the design limits
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3.39

rated power

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

NOTE (wind turbines) Maximum continuous electrical power output which a wind turbine is designed to achieve
under normal operating and external conditions.

3.40

rated wind speed

VI'

minimum wind speed at hub height
$

case of steady-wind-withou

[OV)
-
=
=
(e
=y
Q
2
>
Q.
—
c
=
=2
>
CD-
(2
-
Q
—
[
o
©
(@)
=
()
=
e
Q
(e
=
[¢)
<
[¢]
(o8
5
—
=y
[0

3.41
Rayleigh distribution
Pgr
probability distribution function, see 3.63

3.42
referente wind speed
Vref
basic parameter for wind speed used for defini
climatic|parameters are derived from

class pgrameters (see Clause 6)

hine classes. Other design related
.ﬁ apd other basic wind turbine

NOTE A| turbine designed for a wind turbine i eference wind speed Vg4, is designed to |withstand
climates jor which the extreme 10 min averag gcurrence period of 50 years at turbine hub
height is lower than or equal to V.

3.43
rotationally sampled
wind velocity experienc
NOTE The turbule@

turbulencé spectrum. VW

resulting furbulence
of the san

e normal
bfore, the
armonics

3.44
rotor spe
rotation

3.45
roughngss length
0

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

3.46
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 be the statistics of 10 min samples unless otherwise stated
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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 construction is designed to withstand

NOTE Il this standard, the expression is not used. Design conditions instead refer{ to extrame{wind speed
(see 3.18).

3.51
swept grea

projected area perpendicular to the wind direction that a rotor wi
rotation

omplete

3.52
turbulepce intensity
1
ratio of the wind speed standard deviafi
set of measured data samples of wind

3.53
turbulence scale parameteg
Ny

wavelen

NOTE T

3.54
turbule
g4
standar

3.55
ultimate
limit stafes wt

[ISO 23p4., 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
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3.59

Weibull distribution

Py

probability distribution function, see 3.63

3.60

wind farm

see 3.61

3.61

wind power station

group orgroups of wind-turbimes, commonty cattedawindfarm
3.62

wind profile — wind shear law

mathemjatical expression for assumed wind speed variation with Hei

NOTE Cpmmonly used profiles are the logarithmic profile (equation 1) or
vie|= v ) NEz0) ™)
In(Zr/ZO)
Z a
Ve =V(z).(—) (2)
Zr
where
V(z) is the wind speed at height z;
z is the height above ground;
2z, i
ZO |
a [
3.63
wind s
probabilj pver an
extende
NOTE O
B (
(3)
H
1
Cr{i+—)
With V qye = k (4)
cm2ifk=2
where
P(Vy) is the cumulative probability function, i.e. the probability that V<V ;
Vo is the wind speed (limit);
Vave is the average value of 7
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C is the scale parameter of the Weibull function;
k is the shape parameter of the Weibull function;
r is the gamma function.

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

The distribution functions express the cumulative probability that the wind speed is lower than
Vo Thus (P(V4) — P(V5)), if evaluated between the specified limits 7, and 75, will indicate the
fraction of time that the wind speed is within these limits. Differentiating the distribution
functions yield the corresponding probability density functions

3.64
wind shear
variation of wind speed across a plane perpendicular to the wind dir

3.65
wind shear exponent
a
also commonly known as power law exponent, see 3.8

3.66
wind speed
vV
at a spdcified point in space it is the speet otte a minute amount of air surrounding the
specifiefl point

NOTE It|is also the magnitud

3.67
wind turbine generata
system Which cs
3.68

wind tu[bine site
i )

the locati turbine either alone or within a wind farm

3.69

wind ve
vector pointing direction of motion of a minute amount of air surrounding the |point of
considefation, the~qpagnitude 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

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


https://iecnorm.com/api/?name=f0a1637e45c978de0c1c7cd9110ebac8

61400-1 O IEC:2005 -17 -

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 direction

4 Symbols and abbreviated terms

4.1 Symbols and units

C scale parameter of the Weibull distribution function
Cet turbulence structure correction parameter
Ct thrust coefficient
Coh coherence function
D rotor diameter
f frequency
14 design value for material strength
Jx characteristic value for materts :
Fy design value for loads
Fy characteristic value for loads
Lot expected value ¢ eigh
wind speed of 15
Lot effective turbyle
k shape
K modified Be
L
Le
Ly
m
n, counted.number of fatigue cycles in load bin i
N(.) iscthe number of cycles to failure as a function of the stress (or strain)
reheated-by-the-argument{-e—thecharacteristie-S-N-eurve)
N recurrence period for extreme situations
p survival probability

Pr(Vy) Rayleigh probability distribution, i.e. the probability that V<V,
Pw(Vy) Weibull probability distribution

r magnitude of separation vector projection

S 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

Sk one-sided velocity component spectrum

[m/s]

[m]
[s]

[m2/s]
[m2/s]
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gust characteristic time

time

wind speed

wind speed at height z

annual average wind speed at hub height

extreme coherent gust magnitude over the whole rotor swept area

expected extreme wind speed (averaged over three seconds), with a
recurrence time interval of N years. Vg4 and Vg5, for 1 year and
50 years, respectively

largest gust magnitude with an expected recurrence period of oU years

wind speed at hub height
cut-in wind speed

limit wind speed in wind speed distribution model
cut-out wind speed

rated wind speed
reference wind speed

longitudinal wind velocity ca
wind shear

longitudinal wind velocity com
extreme gust and shear condi

partial safety factor for consequences of failure
wind direction change transient

angle of maximum deviation from the direction of the average wind speed
under gust conditions

extreme direction change with a recurrence period of N years

turbulence scale parameter defined as the wavelength where the non-
dimensional, longitudinal power spectral density, f5,(f)/02, is equal to
0,05

estimated turbulence standard deviation
effective estimated turbulence standard deviation

wake turbulence standard deviation

[s]
[s]
[m/s]
[m/s]
[m/s]

[m/s]

[m/s]

[m/s]
[m/s]
[m/s]
[m/s]
[m/s]
[m/s]

[m/s]

[m/s]

[m/s]

[deg]

[deg]
[degd]

[m]
[m/s]
[m/s]

[m/s]
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&T maximum centre-wake turbulence standard deviation [m/s]
ﬁg standard deviation of estimated turbulence standard deviation & [m/s]
g, hub-height longitudinal wind velocity standard deviation [m/s]
o, hub-height vertical wind velocity standard deviation [m/s]
(o hub-height transversal wind velocity standard deviation [m/s]
E< > expected value of parameter inside brackets [-]
Var< > variance of parameter inside brackets [-]

4.2 A|bbreviations

A abnormal (for partial safety factors)

a.c. alternating current

d.c. direct current

DLC design load case

ECD extreme coherent gust with direction chhange
EDC extreme wind direction change

EOG extreme operating gust 6
ETM extreme turbulence mode

EWM extreme wind speed modge

EWS extreme wind

F fatigue

N normal 3 ety factors)

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

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.
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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/or by testing. If test
results are used in this verification, the external conditions during the test shall be shown to
reflect the characteristic values and design situations defined in this standard. The selection of
test conditions, including the test loads, shall take account of the relevant safety factors.

5.3 Safety classes

A wind turbine shall be designed according to one of the following two safety classes:

« a nogrmal safety class which applies when a failure results in risk of person or other

socifll or economic consequence;

injury

e a special safety class that applies when the safety requireme by local
regulations and/or the safety requirements are agreed between\the\manu and the
custpmer.

Partial pafety factors, for normal safety class wind turlfines, ‘g i i .6] of this

standargl.

Partial pafety factors for special safety class wj ' g agreed betwgen the

manufa¢turer and the customer. A wind.{urbine desi ing\Jo a special safety|class is

a class B wind turbine, as defined in 6

5.4

']

uality assurance

Quality |assurance shall design, procurement, manygfacture,
installatjon, operation and \ vind turbines and all their components.

It is rec

The following infgr a y on the

+ refefence windspeed; 7o

* hub height operating wind speed range, Vi, — Vout;
e operating ambient temperature range;

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

¢ rated voltage at the wind turbine terminals;

« frequency at the wind turbine terminals or frequency range in the case that the nominal
variation is greater than 2 %.
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6 External conditions

6.1 General

The external conditions described in this clause shall be considered in the design of a wind
turbine.

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

The enydironmental conditions are further divided into wind conditions and| other envirghmental
conditions. The electrical conditions refer to the electrical power ions. Soil
properties are relevant to the design of wind turbine foundations.

The exfernal conditions are subdivided into normal and e normal
external conditions generally concern recurrent structural loadi extreme
externa iti i es shall
consist turbine
operatig

Wind cg Environ-
mental Lirability,
corrosion,

The nor to wind
turbine ¢

6.2 Wind turbine clg

The external co ite or site
type for[a wind turbineN ind speed
and turbulence paran igns. The
values ¢ bnt sites
and do : turbine
classifigati 8 robustness clearly defined in terms of the wind speed and
turbulen >arame 3 turbine
classes

A furthgr wind "turbigg’class, class S, is defined for use when special wind or other fexternal
conditionsor a special safety class, see 5.3, are required by the designer and/or the cystomer.

The design values for the wind turbine 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 I, Il and Ill 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 | 1 1] S
Viet (m/S) 50 42,5 37,5 Values
A Liet (-) 0,16 specified
B Tres (<) 0,14 by the
C Liet (-) 0,12 designer

In Tablg 1, the parameter values apply at hub height and
14

ref is|the reference wind speed average over 10 min,

A dgsignates the category for higher turbulence characteristics,
B dgsignates the category for medium turbulence characterig
C d¢

Iref is
In addifjon to these basic parameters, several other j uired to
completely specify the external conditions to be ysgd\i i e of the

wind turpine classes |5 through Illg, I3 ~ ‘ ses, the

The de

ribe the
models Rere the models in Clause 6 are adopted,
stateme ‘ ufficient. The design documentation| of wind
turbine i € \ listed in Annex A.

For the

The abbreviations a 5  of this
clause 3 i /.4,

6.3

A wind igned to safely withstand the wind conditions defined by the §elected
wind turpi

The dgsign-values/of the wind conditions shall be clearly specified in the| design

documeptation.

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 extreme wind
conditions that are defined as having a 1-year or 50-year recurrence period.

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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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 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;

— upward — normal to both the longitudinal and lateral directions, i.e. ti
the

1 ! : P ! [T 1 [PENT] [T n !
- IateI'El = NOTIZ0TT1tal diid TTorTal to uie 101rgradiridr aireCuort, dril

ean flow inclination angle.

For the standard wind turbine classes, the random wind velocity fie
shall satisfy the following requirements:

a) the furbulence standard deviation, oy, with values give
be assumed to be invariant with height. The compgo
shal| have the following minimum standard deviatj

hteral component — g, 20,70,

— ypward component — g, = 0,50

b) the Ipngitudinal turbulence scale parameter, height z shall be given by

{0,72 z<60m
N F

The |power spectral g1 Qrthogonal components, S¢(f), S»(f), and S

asymptotically
incrgases:

S,(f

rtical by

models

ﬁs, shall

irection

(5)

(f) shall

b-range

(6)
(7)

divided
d points

uniform
y these

requirements is also 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|:_ﬂ(thb/2Vave)2:| (8)
where, ipthe-standard-wind-turbine-classesshall-bechosen-as

Vave =O’2 Vref (9)
6.3.1.2 The normal wind profile model (NWP)
The wind profile, 7(z), denotes the average wind speed as_ a functionzgf<hei z, ahove the
ground.|In the case of the standard wind turbine classes,<he Wi peed profile shall
be given by the power law:

a

V(3= Vhuo (#/ zhub) (10)
The pov
The ass g _vertical wind shear across the rotor
swept area.
6.3.1.3 | Normal turbuylence
For the hormal turbule bviation,
0, shall be give > for the
standar

oy (11)
Values 1 e shown
in Figur
Values for /{s,areg 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

(0,75V,,, +c); ¢ =3,8mis
(14mis))’

E<a-1‘thb> =1

ref

Var(q‘thb> =(1

ref
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5
Class A
4 || wm——Class B
m— Class C 4/
o 3 > /
IS //

\\
\

Fig

6.3.2

The ext

0
0 5 10 15 20 25 30
Vhuo /s IEC 1246/
e
0,5
0,4
» 03
2
o=
_g % 0,2
P E

1 15 20 25 30

m/s
hub IEC 1247/05

nsity for the normal turbulence model (NTM)
1 — Normal turbulence model (NTM)

onditions

reme-wind conditions include wind shear events, as well as peak wind speed

tM)

5 due to

storms andrapid 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, V4, and a fixed turbulence standard deviation, 0.

For the steady extreme wind model, the extreme wind speed, V 5y, With a recurrence period of
50 years, and the extreme wind speed, V.4, with a recurrence period of 1 year, shall be
computed as a function of height, z, using the following equations:

0,11
V@ =147 7]
Zhub

(12)
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and 7,,(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°.

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

Vaol@) =V (7, (14)
hub

Vi(2) = 0,8V (2) (15)
The longitudinal turbulence standard deviation® shall be:

o1 F011 Vb (16)
6.3.2.2 Extreme operating gust (EOG)
The huly height gust magnitude 7,6 shall be given for tk rbine clgsses by
the following relationship:

| [

Vaus =M|n11,35(Ve1—thb); 3,3 (17)
where
O, is giVen in equation (11);
/4 is the turbulence scale pa
D is the rotor diameteg.
The wingd speed shall

s(272/T)) f <t <T
v = V(z)i: os(272/T)) for0 ¢ (18)
otherwise

where
V(z) is d
T7=10,5
An exainple~of reme operating gust (¥,,,p, =25 m/s, Class I5, D = 42 m) is shown in
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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0 Z L 6 8
Timet s C 124805
Figure 2 — Example of extreme operating
6.3.2.3 Extreme turbulence model (ETM)
The exjreme turbulence model shall use the normal W f | in 6.3./.2 and
turbulence with longitudinal component standard devia
g, Fc Iref[0,072[@ +3j(@ -4 (19)
C C
6.3.2.4 Extreme direction change
The extreme direction ¢ i be calculated using the fpllowing
relationghip:
3
6, ¥ H4arctan (20)
where
O, is gi
G, is limi
/4 is the turbulense seale parameter, according to equation (5); and
D is thgrotor diameter.
The extreme direction change transient, (t), shall be given by
(0 for <0
() =<+0,58,(1—cos(/x/T))for 0 <t <T (21)
7 for ¢t>T

e

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
Vhub = 25 m/s is shown in Figure 4.

200 40
\ c
2 ,—
. 100 S
) £ E =
2 0 =0 %
2 T Q
o [
S 100
: |l
[a]
L
-2qo
0 10 20 30 40 10
Wind speed Vhyp m/s IEC 1249/05 IEC 1250/05
Figurp 3 — Example of extreme direction Figure eme dirgction
change magnitude
6.3.2.5
The extteme coherent gust with directia
Vegk 15 m/s (22)
The winfd speed shall b
V(4 (23)
where T  profile
model i 3. e in“wind speed during the extreme coherent gust is illusfrated in
Figure 5§
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from 0° up to and including &,

Hcg (V;wb

The sim

o(t

where T

The dirg

7, as a functig

T
IEC 125%05

—2 0 2 4 [§] o 10 12
Timet s

in wind speed shall be assumed to occur simultd
g where the magnituded,
180° for V,, <4m/s

~ 720 mis for4m/s <V, <

hub

hange &

(24)
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0
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22 12
Wind speed Vhyp mM/s >
IEC 1252/05 53/05
Figyre 6 — Direction change for ECD Figure E e of dikection chlange

6.3.2.6 Extreme wind shear (EWS)

The extteme wind shear shall be accour

Transie

—cos(2m/T)) forO<t<T

V(z (26)
otherwise
Transie
pYe

2,5+0,2ﬁa1(xj (1-cos(272/T)) for0<t<T
V0 1 (27)

Vo (ij otherwise

Zhub

where for both vertical and horizontal shear:
a=02;, =64, T=12s;
0O, is given by equation (11) for the NTM;

/14 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.
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8 — Examples of extreme positive and
ive vertical wind shear, wind profile
bre onset (1 = 0, dashed line) and at
haximum shear (¢ = 6 s, full line).

IEC 1254/05

pds at
vely,
wind

- 30 m,
e onset
speeds
e shear

of wind

and the

¢ solarTadiatiom;

e rain,

hail, snow and ice;

* chemically active substances;

¢« mechanically active particles;

 salin

ity;

* lightning;

e earthquakes.

An offshore environment requires additional consideration.
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The climatic conditions taken into account shall be defined in terms of either representative
values or limits of the variable conditions. The probability of simultaneous occurrence of
climatic conditions shall be taken into account when the design values are selected.

Variations in climatic conditions within the normal limits corresponding to a 1-year recurrence
period shall not interfere with the designed normal operation of a wind turbine.

Unless correlation exists, other extreme environmental conditions according to 6.4.2 shall be
combined with normal wind conditions according to 6.3.1.

6.4.1 Normal other environmental conditions

The normal other environmental condition values that shall be taken into
e ambjent temperature range of —10 °C to +40 °C;
* relafive humidity up to 95 %;

« atmgspheric content equivalent to that of a non-pollg
IEC 60721-2-1);

« solaf radiation intensity of 1 000 W/m?;
« air density of 1,225 kg/m3.

e (see

When 4dditional external conditions arg ifie ¢ i the parameters gnd their
values $hall be stated in the design i ceuform to the requirements of
IEC 607]21-2-1.

6.4.2

The ext
are ten
conditiops).

design
thquake

6.4.2.1

The ext
to +50 °

-20°C

6.4.2.2

The prqgvi uate for

turbine

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.

6.5 Electrical power network conditions

The normal conditions at the wind turbine terminals to be considered are listed below.
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Normal electrical power network conditions apply when the following parameters fall within the
ranges stated below.

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

e Frequency — nominal value £ 2 %.

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

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

e Outages — electrical network outages shall be assumed to occur 20 times per year. An

outa 7 1 week
shall be considered an extreme condition.
7 Strpctural design
7.1 Qeneral
The intdgrity of the load-carrying components of the wind t 3 3ll be verified and
an acceptable safety level shall be ascertained. The 9 e strength of sfructural
members shall be verified by calculations and/or test d t e structural integrity of
a wind turbine with the appropriate safety level.
The stryctural analysis shall be based<gn ISQO ¥
Calculafions shall be performed using-appropriate culation
method$ shall be provided in the include
evidencg of the validity of the calcu studies.
The loa factors
appropr
| testing
ructural

Gravitational and inertial loads are static and dynamic loads that result from gravity, vibration,

rotation

7.3.2

and seismic activity.

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.

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 Six hours of operation is assumed to correspond to the duration of the severest part of a storm.
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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, yaw 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, etc. may occur and shall be included
where appropriate, see 11.4

7.4 esign situations and load cases

This subclause describes the design load cases for a wind turbin
number|to be considered.

and ‘specifies\a npnimum

For des|gn purposes, the life of a wind turbine can be repres et of deSign sjtuations
covering the most significant conditions that the wind turbine

The loag@l cases shall be determined from the combinati
situations, such as specific assembly, erectlon 0 external
conditions. All relevant load cases 3 y thall be
considefed, together with the behaviour ofth St . tLgn load
cases uped to verify the structural integri - \ S ining:

I design

« normal design situations and appro
- faultldesign situations gr

e trangportation, external

conditions.

If correlation exi ernal condition and a fault situation, a |realistic
combination of th \ i

Within ¢ ign sity eral dgsign load cases shall be considered. As a minithum the
design be considered. In that table, the design load cdses are
specifie iQn by the description of the wind, electrical and other external

conditio
If the w i er could, during design load cases with a deterministic wind model,
cause t ine 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.

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.
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Table 2 — Design load cases

Design situation DL Wind condition Other conditions Type of Partial
Cc analysis safety
factors
1) Power production 1.1 NTM  Vin < Vhuo < Vout For extrapolation of U N
extreme events
1.2 NTM Vin < thb < Vout *
1.3 ETM  7in < Vhuo < Vout U N
1.4 ECD Vywp=V,—2mls, V,, N
V.+2 m/s
1.5 EWS  7in < Vhuo < Vout N
2) Powef production 2.1 NTM  Vin < Vhuo < Vout Control system fault or N
plus ocgurrence of loss of electrical netwo
fault 2.2 NTM  Vin < Vhuo < Vout Protection syste r U A
preceding internal
electrical fgmt\
2.3 EOG Vi = V=2 m/s and External or nter \}J> A
Vout elect a aul
Iosso
2.4 NTM  Vin < Vhuo < Vout Contro chon F *
el ical fault
inglyding
(/\\ detn&g\
3) Start |ip 31 | NWP <<(hub 2 ( S -
3.2 EOG thb v, \/ U N
and V(;
3.3 | EDC thb Vin, \) u N
OU
Ny
4) Norml shut down | 4.1 ANWR( 7, < N\ P -
PN u N
Vout
5) Emerfgency shu&/ 5.& N o= M/s and U N
down Kout
4
6) Parkdd (standing N E 50-year recurrence U N
still or idling) erigd
2 EW 50-year recurrence Loss of electrical U A
\ period network connection
6.3 \ EWM 1-year recurrence Extreme yaw U N
period misalignment
64 | NTM Fiuo < 0,7 Vior :
7) Parkgd and fault 71 EWM 1-year recurrence U A
conditiops 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-turbttence-medet{see-6-3-2-3)

NWP Normal wind profile model (see 6.3.1.2)

V2 m/$  Sensitivity to all wind speeds in the range shall be analysed

F Fatigue (see 7.6.3)

U Ultimate strength (see 7.6.2)

N Normal

A Abnormal

T Transport and erection

* Partial safety for fatigue (see 7.6.3) m

N

When g wind speed range is indicat ble 2,(win sp@d ading to the most [adverse
conditio e range of wind speeds [may be
represe ich.case the resolution shall be suff|cient to
assure of\the design load cases refefence is
made tg
7.41 Power produ
In this pesign so nning and connected to the electric lopd. The
assumefd wind t ake into account rotor imbalance. The maximum
mass and aerodyna blade pitch and twist deviations) specified for rotor
manufag¢ture shallbs i ign calculations.
In addit ocetical optimum operating situations such as yaw misalignment
and con ors shall be taken into account in the analyses of opegrational
loads.
Design PLC) 1.1 and 1.2 embody the requirements for loads resulting from
atmosp nee that occurs during normal operation of a wind turbine throughout its
lifetime [NTM). DLC 1.3 embodies the requirements for ultimate loading resulting from extreme

turbulence conditions. DLT 1.4 and 1.5 specity transient cases that have been selected as

potentia

lly critical events in the life of a wind turbine.

The statistical analysis of DLC 1.1 simulation data shall include at least the calculation of
extreme values of the blade root in-plane moment and out-of-plane moment and tip deflection.
If the extreme design values of 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. In this case, the timing of

these tWo events shall be chosen to achieve the worst loading. If a faul{ or Ioss of glectrical
network| connection does not cause an immediate shutdown and the ing can
lead to pignificant fatigue damage, the likely duration of this situatig esulting
fatigue ¢lamage in normal turbulence conditions (NTM) shall be evaltated

7.4.3

This de ring the
transients from any standstill or idling situation v ion. ber of
occurre '

7.4.4

This de \ on a wind turbine during normal
transient situations from a power producti it a standstill or idling condition. The
number

7.4.5

Loads a

7.4.6

In this br idling
conditiop. . . Ie wind
speed model\EW / red.
For dedign~oad N steady
extremg wind¥ngdel ox the turbulent extreme wind model may be used. If the turbulent extreme
wind maqdel is)usedy\iHe response shall be estimated using either a full dynamic simulation or a
quasi-steady analysis with appropriate corrections for gusts and dynamic response uging the

formulation in ISO 4354. 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
situation, this behaviour shall be included in the analysis.
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In DLC 6.1, for a wind turbine with an active yaw system, a yaw misalignment of up to + 15°
using the steady extreme wind model or a mean yaw misalignment of + 8° using the turbulent
extreme wind model shall be imposed, provided restraint against slippage in the yaw system
can be assured.

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

In DLC 6.3, the extreme wind with a 1-year recurrence period shall be combmed with an

extrems  steady
extreme el shall
be assumed.

In DLC G ng load
approprate for each wind speed where S|gn|f|cant fatlgu 3 to any

componients (e.g. from the weight of idling blades) shall be

7.4.7 Parked plus fault conditions (DLC 7.1)

Deviatigns from the normal behaviour of a parked wind Aurline, i ¢ on the
electrical network or in the wind turbing, s quirk S fault other than & loss of
electrical power network produces dew ' rbine in
parked |situations, the possible conseq ¢ j is. The fault
conditio nditions
shall be

In case|of a fault in th .|For any
other faplt, yaw misalig

If slippalge in the largest
unfavoufrable slippagé

7.4.8

For DL . gr shall state aII the wind cond|t|ons and deS|gn situations
assumeg ine. The
maximum 3\ Wi produce

significgnt loading on\the turbine. The manufacturer shall allow sufficient margin between the
stated gqonditions angd’the wind conditions considered in design to give an acceptable safety
level. S¢fficient margin may be obtained by adding 5 m/s to the stated wind condition.

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.
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7.5 Load calculations

Loads as described in 7.3.1 through 7.3.4 shall be taken into account for each design load
case. Where relevant, the following shall also be taken into account:

« wind field perturbations due to the wind turbine itself (wake induced velocities, tower
shadow, etc.);

« the influence of three dimensional flow on the blade aerodynamic characteristics (e.g. three
dimensional stall and aerodynamic tip loss);

* unsteady aerodynamic effects;

» structural dynamics and the coupling of vibration modes;

* aerq elastic effects;

< the behaviour of the control and protection system of the wind turbi

Dynami¢ simulations utilizing a structural dynamics model are u te wind
turbine |oads. Certain load cases have a turbulent wind input. d gata, for
these G of the

charactegristic load. At least six 10-min stochastic realizatior 8 cehtinuoys 60 min period)

shall be| ulations. Howgver, for
DLC 2.1, G h event at the given
wind sp . Si initi iti he d ic s tions typically have an
effect o inni g period, the first 5 § of data
(or longpr i imi i Injany analysis interval ihvolving

turbulen

In man stred a1 locations in a given wind| turbine
compon i 2 ing. In this case, time sgries of
orthogo i e’sometimes used to specify de3|$ loads
When spch orthogonal {es.are Used to calculate fatigue and ultimafe loads,
they shall be combin vase and magnitude. Thus, the direct mgethod is
based ¢n the (@ signifi tress as a time history. Extreme and| fatigue
predictid 3 ed tosthis single signal, avoiding load combination jssues.

Ultimatg \ be combined in a conservative manner assuming the
extreme

7.6
7.6.1
Partial safety factors account for the uncertainties and variability in loads and materjals, the

uncertaiprties-r-the-analysis-metheds—and-the-importance-of-struectural-components—with respect

to the consequences of failure.

7.6.1.1 Partial safety factors for loads and materials

To assure safe design values for the uncertainties and variability in loads and materials are
taken into account by partial safety factors as defined in equations (28) and (29).

Fy =1k (28)

where

F4 is the design value for the aggregated internal load or load response to multiple
simultaneous load components from various sources for the given design load case;


https://iecnorm.com/api/?name=f0a1637e45c978de0c1c7cd9110ebac8

%

Fy

—40 - 61400-1 O IEC:2005

is the partial safety factor for loads; and
is the characteristic value for the load.

L

fdym

K (29)

where

Jd

are the design values for materials;

¥ are the partial safety factors for materials; and

Jx

The patrtial safety factors for loads used in this standard take account of

The partial safety factors for materials used in this standard, as

are the characteristic values of material properties.

posgible unfavourable deviations/uncertainties of the load from the ue;

uncertainties in the loading model.
int of

pOSS om the

char

pOSS , i dd-carrying capacity of
part

unce

* uncH d those
mea

* unce

These different uncertaiptie: iMmes h| safety

factors i 1 nto one

factor

7.6.1.2

A conse

pt result

Comnponent-elass
to thle failure of a

X: used for "non fail-safe" structural components whose failures may lead
ajor part of a wind turbine.

Compenentelass—3+—used-for—ronfait-safe—mechanical-compoenents—thattnl—aetuators and
brakes to main structural components for the purpose of implementing non-redundant wind
turbine protection functions described in 8.3.

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

analysis of ultimate strength (see 7.6.2);
analysis of fatigue failure (see 7.6.3);
stability analysis (buckling, etc.) (see 7.6.4);

critical deflection analysis (mechanical interference between blade and tower, etc.) (see
7.6.5).

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

When determining the structural integrity of elements of a wind turbine, national or international
design codes for the relevant material may be employed. Special care shall be taken when
partial safety factors from national or international design codes are used together with partial
safety factors from this standard. It shall be ensured that the resulting safety level is not less
than the intended safety level in this standard.

Different codes subdivide the partial safety factors for materials, ), into several material
factors 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 facto or materja accounting
for the ipherent variability of the strength parameters. If the code gives paftial safety/fgctors or
uses refuction factors on the characteristic values to account for othlerNunc 5, these
shall al§o be taken into account.

Individupl codes may choose different factorisations of partial{safety \ pbad and
the matgrial parts of the design verification. The division of ints ere is |the one
defined|in 1SO 2394. If the division of factors in the coS 8 that of
ISO 2394, the necessary adjustments in the code o i ; count in
verificatjons according to this standard.

7.6.2 Ultimate strength analysis

The limit state function can be separated e functions S and R so|that the

condition becomes
Vo US(Fy) < R(f3) (30)

The res|stance R gene
resistance, hence R(f]

defined |as the highes
becomeps

Vi F

aximum allowable design values of material
S for ultimate strength analysis is| usually
response, hence S(Fy)=F4. The equatfon then

(31)

For eac pohent assessed and for each load case in Table 2 where [ultimate
riate, the limit state condition in equation (31) shall be veyified for

identified on the basis of having the least margin.

In load ¢ases”involvirig turbulent inflow where a range of wind speeds is given, the exceedance
probability:for the characteristic load shall be calculated considering the wind speed diskribution
given in 6.3.1.1. Because many load calculations will involve stochastic simulations of limited
duration, the characteristic load determined for the required recurrence period may be larger
than any of the values computed in the simulation. Guidance for the calculation of
characteristic loads using turbulent inflow is given in Annex F.

For DLC 1.1 the characteristic value of load shall be determined by a statistical load
extrapolation and correspond to an exceedance probability, for the largest value in any 10-min
period, of less than or equal to 3,8 x 10~7: (i.e. a 50-year recurrence period) for normal design
situations. For guidance see Annex F.


https://iecnorm.com/api/?name=f0a1637e45c978de0c1c7cd9110ebac8

—-42 - 61400-1 O IEC:2005

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 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 ;

Unfavourable loads g Fa\k\rablei9 loads
Type of design situation (see Table 2) /\\
Normal (N) Abnormal (A) Transport (aTr;d erection AlNdesign sftuations
1,35 1,1 0,9

* For des
wind speg

If for norrj

from gra
¥ =11+

0,15
¢_{o,25

5y

1-

C:

—

ity and other sources may have the

CZ
for DLC1.1
otherwise

vity | |
s |F,

gravity

<|F]

|F,

gravity

Ecribed

hlculated
d loading

|5 M x
N

Use of {he partial Safe > s for normal and abnormal design situations s

conside

7.6.2.2

Partial

lation model is validated by load measurementg

safety factors for materials shall be determined in relation to the adequac

pecified
. These
n under

hot

of the

availabl

e malerial properties test data. Ihe value O the general partial sarety T1a

ctor for

materials, ), and accounting for the inherent variability of the strength parameter shall be

y =z 1,1

(32)

9  Pretension and gravity loads that significantly relieve the total load response are considered favourable loads. In

the ca

v, S(

se of both favourable and unfavourable loads, equation (30) becomes

yf,unfavE(,unfav s %,favE(,fav ) < R(fd)
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when applied to characteristic material properties of 95 % survival probability, p, with 95 %
confidence limit10. This value applies to components with ductile behaviour!! whose failure may
lead to the failure of a major part of a wind turbine, for example welded tubular tower, tower
flange connection, welded machine frame or blade connections. Failure modes may comprise:

» yielding of ductile materials;
* bolt rupture in a bolt connection with sufficient number of bolts to provide 1/),, of the
strength following the failing of a single bolt.

For “non fail-safe” mechanical/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 1,2 tr global buckling of curved shells such as tubular towers and bl

e 1,3 for rupture from exceeding tensile or compression strength.

To derive the global partial safety factors for materials from this g i i cessary
to accoulint for scale effects, tolerances and degradation due al (8 bxample
ultraviolet radiation or humidity and defects that would not nora {

Partial dafety factors for consequences of failure:

Component class 1: )5, = 0,9
Component class 2: ), = 1,0
Comporjent class 3: ), = 1,3

7.6.2.3 Partial safety factors for erecognized design codes are
available

The con e, Vo Vo

and ),

7.6.3

Fatigue on. For

examplg damage

exceeds he accumulated damage over the design lifetime of g turbine

shall be . Fatigue damage calculations shall consider the fornmpulation,

includin gyclic range and mean strain (or stress) levels. All partigl safety

factors [load terial and consequences of failure) shall be applied to the cyclic sfrain (or

stress) fange assessing the increment of damage associated with each fatigue cycle. An

example iomvs given for Miner’s rule in Annex G.

7.6.3.1 Partial safety factor for loads

The partial safety factor for loads, K, shall be 1,0 for all normal and abnormal design situations.

10 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.

11 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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7.6.3.2 Partial safety factors for materials where recognized codes are not available

The partial safety factor for materials y,, shall be at least 1,5 provided that the SN curve is
based on 50 % survival probability and coefficient of variation <15 %. For components with
large coefficient of variation for fatigue strengthl2, i.e. 15 % to 20 % (such as for many
components made of composites, for example reinforced concrete or fibre composites), the
partial safety factor y,, must be increased accordingly and at least to 1,7.

The fatigue strengths shall be derived from a statistically significant number of tests and the
derivation of characteristic values shall account for scale effects, tolerances, degradation due
to external actions, such as ultraviolet radiation, and defects that would not normally be
detected.

For welclied and structural steel, traditionally the 97,7 % survival probabjH ll>asis for
the SN [curves. In this case y,, may be taken as 1,1. In cases, where\it is POSSi b detect
critical ¢grack development through introduction of a periodic inspé @ lower
value of|y,, may be used. In all cases, y,, shall be larger than 0,9

material. The 95 % survival probability with a confidence le ke 3 a basis
for the $N-curve. In that case y,, may be taken as 1 c ised for
other materials.

Partial dafety factors for consequence

Component class 1: )5, = 1,0
Compornjent class 2: y;, = 1,15
Component class 3: y, = 1,3

7.6.3.3 Partial mateni

The combined » shall not
be less|than those sp« uantiles

specifiefl in the cogdeh

7.6.4 Stabifi

The loa f “non fail-safe” components shall not buckle under the design load.
For all ¢ glastic buckling under the design load is acceptable. Buckling shall
not occyr i ponent under the characteristic load.

A minimumy yalue for'the partial safety factor for loads, y, shall be chosen in accordapce with
7.6.2.1 tahabhtain the dpqign value The material partial qafpty factors shall be nat lédss than

those specified in 7.6.2.2.

7.6.5 Critical deflection analysis

It shall be verified that no deflections affecting structural integrity occur in the design conditions
detailed in Table 2. One of the most important considerations is to verify that no mechanical
interference between blade and tower will occur.

The maximum elastic deflection in the unfavourable direction shall be determined for the load

cases detailed in Table 2 using the characteristic loads. The resulting deflection is then
multiplied by the combined partial safety factor for loads, material and consequences of failure.

12 Fatigue strength is defined here as stress ranges associated with given numbers of cycles.
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Partial safety factor for loads

The values of y shall be chosen from Table 3.

Partial safety factor for the elastic properties of materials

The value of y,, shall be 1,1 except when the elastic properties have been determined by full-
scale testing in which case it may be reduced to 1,0. Particular attention shall be paid to

geometrical uncertainties and the accuracy of the deflection calculation method.

Partial safety factor for consequences of failure

Component class 1: 5, = 1,0

Component class 2: j;, = 1,0

Comporjent class 3: j;, = 1,3.

The elasgtic deflection shall then be added to the un-deflected ourable

direction and the resulting position compared to the requiremer

Direct dynamic deflection analysis may also be used.An this ca ardcteristic déflection

is determined in a manner consistent with the characteristic ds ermined for each load

case in|Table 2. The exceedance probability in be the

same fpr the characteristic deflecti 4 dcteristic

deflectign is then multiplied by the i ctor and added to the un-deflected

position|as described above.

7.6.6 Special partial safety factor

Lower p Ve been

established by measurer G % normal

degree pf confldeice ial safety factors used shall be stated in th¢ design
em that

Manual [or automatis”intervention shall not compromise the protection functions. Any device

allowing manual intervention must be clearly visible and identifiable, by appropriate marking

where necessary.

Settings of the control and protection system shall be protected against unauthorised

interference.

8.2 Control functions

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 mode
can be exercised, for example for maintenance, each mode shall override all other control, 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.
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The control functions may govern or otherwise limit functions or parameters such as
* power;

e rotor speed,;

» connection of the electrical load;

e start-up and shutdown procedures;

e cable twist;

« alignment to the wind.

8.3 Protection functions

br of the
ions shall
ﬁnctions

The protection functions shall be activated as a result of failure of the ¢
effects pf an internal or external failure or dangerous event. The p
maintain the wind turbine in a safe condition. The activation levels for
shall be|set in such a way that the design limits are not exceeded

her than
network

The pratection functions shall have higher priority than cor
the emergency stop button, in accessing the braking sys
disconngction when triggered.

The profection functions shall be activated in suc
e overspeed;

e gengrator overload or fault;
* excgssive vibration;
e abng

The proection functions shall be afe operation. The protection functigns shall
in genefal be able to p i omany single failure or fault in a powef source

or in arly non-safg:life systems implementing the protection fynctions.
Any single failur{?l ife structural parts of the systems implegmenting
the confrol functions sfia

If two o

led as a

single fai

Measurg ponents
within t v or their
conditio autgmatically monitored; in either case their failure shall result in a nachine

shutdown. Safe-life~xdesigned components shall be inspected at adequate intervals.

All non-fail-safe components required for implementation of non-redundant protection functions
shall be considered in component class 3 with an appropriate consequences of failure partial
safety factor defined in 7.6. All such protection system critical components shall be analysed
for ultimate strength, fatigue, buckling and critical deflection.

In cases of conflict, 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 initiated by an internal fault or trip that is critical to the turbine safety. If such a fault or trip
is followed by electrical network interruption or loss of load, automatic restart shall not be
possible after return of electrical network or load.
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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 em shall be able to bring the rotor to idling mode or complete stop from any
operatign condition. Means shall be provided for bringing the rotor to a domplete stop from a
hazardous idling state in any wind speed less than the wind speéd Aimit-defined for

maintenjance and repair, see 7.4.8.

It is recommended that at least one braking system operate o arodynamic gringiple, as
such acting directly on the rotor. If this recommendation is gne braking system
shall acf on the rotor shaft or on the rotor of the wind turbi

Brakes ghall be designed to function even if their externakpo ils. shall be
able to keep the rotor in the full stop position forthe defj ast one
hour after the brake is applied. During fonger p to apply
the braKe by either an auxiliary power

9 Mechanical systems

9.1 General

2 forthe : PN andard is any system, which does nof{ consist
solely of static sfriistural] componentsiorielectrical components, but uses or transmits| relative
motion fhrough Q D - inks, bearings, slides, gears and other fevices.

Within p wind turbi ay include elements of the drive train $uch as

gearboxes, shafts/and i ) auxiliary items such as brakes, blade pitch contrpls, yaw
drives edriven by electrical, hydraulic or pneumatic means

All mechanj LER g drive train and in the control and protection system ghall be
designefhaccording o IECNSO standards wherever available. Otherwise, recognized standards

shall bg used. Partral safety factors shall be consistent with component class 2 in|7.6.1.2,
unless the systems falls into component class 3.

Par‘“cul care _sna pe akKen o—ensure na Vn--n ~Talal I 2 n- S em canin n: a|n the
relevant operating conditions throughout the operating temperature range when the specified
maintenance procedures are followed.

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

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

Errors likely to be made when fitting or refitting certain parts that could be a source of risk shall
be made impossible by the design of such parts or, failing this, by information given on the
parts themselves and/or housings. The same information shall be given on the moving parts
and/or their housings where the direction of movement 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 block —

9.3

Where & Bt be so
designefd, constructed and equipped as to avoid all potential h these
types of energy. Means of isolating or discharging accum uded in
such systems. All pipes and/or hoses carrying hydraulk ir apd their
attachmients shall be designed to withstand or be protegctes 6 inje external
stresseg. Precautions shall be taken to minimize rig isi ence of
rupture.

9.4 Main gearbox

The majn gearbox is to be considered a

Gears ghall be designed usi [ ' 6336-1
to 1ISO ¢ es.shatl be derived according to ISO 6336-5 and they
shall af least corresgend “t ality. All relevant manufacturing toleranges and
displacgments shall M D thexcalculation of the face load distributiopn factor
according to ISO®6 !

The safety factor S itting se cdlculated according to ISO 6336-2 using eitherf method
A or B. ¢/applied for the fatigue calculation. The calculatgd safety
factor S . actor Sy includes the partial safety factor for consequence,
materia q

The safgt
The dirg
safety factor Sg ins

h bending shall be calculated according ISO 6336-3 method A or B.
Il be used. The calculated safety factor Sg shall be at least 145. This
s the partial safety factor for consequence, material and load.

ude

For scuffing, Tatigue Toads have no significance, but even few high fransient loads are able to
initiate this failure especially with insufficient initial surface finish and at high lubricant
temperature. The safety against scuffing shall be calculated using a relevant method, for
example as described in ISO/TR 13989-1. The calculated safety factor Sq shall be at least 1,3.

Particular care shall be taken to ensure that the cooling and filtration systems can maintain the
relevant lubrication state throughout the operating temperature range following the specified
maintenance procedures.
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9.5 Yaw system

The yaw system may consist of means to maintain a fixed yaw orientation (e.g. hydraulic
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 with relevant parts of Clause 10. For yaw gear systems with multiple
yaw drives ensuring sufficient redundancy, the gears may be considered to be in component
class 1. The safety factors Sy and Sg may then be reduced to 1,1 and 1,25. Otherwise
component class 2 shall be used.

9.6 Piteh-system

The pitgh system may consist of means to adjust blade pitch angle (& g tuators,
electric [motors, gearboxes, brakes and pinions) and means to Lati (e.g. a
bearing].

Any motors shall comply with relevant parts of Clause 10 3 : individual

pitch dfives/actuators ensuring sufficient redundancy, b be in

componient class 2.

9.7 Protection function mechanical brakes

Where mechanical brakes are used fd devices
applied | by hydraulic or mechanical s < wearing
components, for example friction pad moxjtored by the control and protection

system,|which shall place the turbine in ilable for
a furthef emergency stop.

Load cdlculation shall [be i i i [ i braking
level. If|the brake js al ~ henever
the brale is to ' urbulent
wind myst be su t and to
avoid a fisk of fire.

9.8 R

The bagi pr shaft
bearing shall be
at least hs. Any
adjustment factors (| e» a-factors) according to ISO 281 shall be applied with care.
Particular—care—shatrbe—taken—to—ensure—that uuu“llg ard—fitration systems—can mrairtain 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 bearings
or oscillating as in pitch and yaw bearings. Furthermore, consideration shall be 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 parts shall be carefully
considered.
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10 Electrical system

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; referred 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 degign of the electrical system shall ensure minimal hazards to pé jvestock as
well as|minimal potential damage to the wind turbine and externg i during
operatign and maintenance under all normal and extreme exterpal\c i ined in

S

Clause 6.

The ele with the

relevant 3Y tem shal| comply
with the i circuits at [nominal
voltages d i system
shall ¢ not machine

e manufacturer shpll state
shall take into accpunt the

installat
the des
fluctuati

10.3 P

A wind S include
suitable i i mdlfunctioning of either the wind turbine or the
externa ) S

urces of

Where [lighti > other electrical systems are necessary for safety during mainfenance,

auxiliary eircuits shail be provided with their own disconnect devices, such that these| circuits
may renhain nnnrgiﬂmd while all other circuits are dn-nnnrgi7nd

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 61024-1 (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.
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Provisions shall be made in any electrical system operating above 1 000 V a.c. or 1 500 V d.c.
for earthing during maintenance.

10.6 L

ightning protection

The lightning protection of a wind turbine shall be designed in accordance with IEC 61024-1. 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 |
conduitg shall be used. Underground cables shall be buried at a sujta

damage by service vehicles or farm equipment. Underground cables shall,'if

conduit

10.8 Slelf-excitation

Any electrical system that can alone self-excite a wind

remain

bafely disconnected in the event of loss of netwoark

ables or

o avoid
ted by a

ted and

If a cap or (i.e. for powegr factor
correcti bank whenever there is a
loss of Witernatively, if capacitors are
fitted, it

10.9 P

The ov accordance with the requirements of
IEC 61312-1.

The limjts of thte esigned that any lightning electromagnetic [impulse
transferfed to the\e i ill not exceed the limits governed by the equipment

insulatign levels.

10.10 |
The po cteristics of the wind turbine shall be assessed in accordafpce with
IEC 614
The prpcedures EC 61400-21 may be used to demonstrate compliance with the

requirements of the operator of the public distribution or transmission network.

10.11 Electromagnetic compatibility

Emissio

Emissio

ns of conducted disturbances are covered in 10.9.

ns of radiated disturbances shall meet the requirements of IEC 61000-6-4.

Immunity to conducted disturbances is covered in 10.6.

Immunity to radiated disturbances shall meet the requirements of IEC 61000-6-1 or IEC 61000-
6-2. The turbine manufacturer shall state which of these two standards applies to the wind
turbine design.
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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 wind
turbine site. It shall be shown that the site-specific conditions do not compromise 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
roaches may be used:

two app

a) a de | for the
design of the wind turbine, see 11.9;
b) a demonstration of the structural integrity for conditions, each eqgua bre than
thosg at the site, see 11.10.
If any ¢onditions are more severe than those assumed in Q ral and
electrical compatibility shall be demonstrated using the secghd~approach:
The partial safety factors for loads in 7.6.2.1 assumg normal
and extfeme wind conditions has been carried out a hents in
this clayse.
11.2 Assessment of the topographical comp
The complexity of the site is charactefised hy t from a
plane. A site that fails to conform to all the i omplex.
The fitted plane slope, {dsed\i , denot fits the
topographic variations i i istance frd ugh the
wind turbine tower basexA i’variation from the fitted plane denptes the
distancg, along a werti rface point and the fitted plane. z,,, is|the hub
height df the win@f
<\ errain complexity indicators
h from
MAENY fitted
NN

Distahce r ; Maximum terrain variation,
ur 9 Max slope of fitted plane a disc with radius 1,3 z,,,
(\ to the terrain

% \/ < 0,3 zphyp

< A0z <10° < 0,6 Zpyp

<20 Zhub < 1,2 Zhub

The resolution of surface grids used for terrain complexity assessment must not exceed z,, .

11.3 Wind conditions required for assessment

Values at the 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;

* wind speed probability density function p(¥}, ) in the range of V;, to Vg
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« ambient turbulence standard deviation J (estimated as the mean value of the standard
deviation of the longitudinal component’3) and the standard deviation J_of Jat Vy,,
between V;, and V,,; and V},, equal to V.

+ flow inclination;
e wind shearl4;
* air density.

Where there are no site data for the air density, it shall be assumed that the air density is
consistent with the ISO 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
directio
functionss of wind direction, given as a 10-min average.

The sitgl wind parameters15 shall be either

* meapured in the range of 0,2 Vs and 0,4 V' and extrapolate

e calctylated from monitoring measurements made at thé m local

metgorological stations or from local codes or standard

If measjrements are used, the site conditions shall bé torrétated i long-term data from
available local meteorological stations unless th ise be shown to be consegrvative.
The mohitoring period shall be sufficignt to Qbita i gix months of relialjle data.
Where g$easonal variations contribute sig S i ditions, the monitoring period
shall be|long enough to conservatively in

The valpie of the standard &« component shall be determingd using

appropr ate statistical techiniq and preferably de-trended datal Where
topogra d i tHe turbulence intensity, these effe¢ts shall
be represented in the s . 1 isti of the anemometer, sampling rpte and

averaging time data shall be considered when evalualing the

turbulerice inten§

11.4

Wake ) sidered.
The asgessm i bke into
accountithe™deterigi multiple
wakes \ nes, for

The incifeasé in loading generally assumed to result from wake effects may be accountgd for by
the use of an effective turbulence intensity, which shall include adequate representation of the
effect on loading of ambient turbulence and discrete and turbulent wake effects.

For fatigue calculations, the effective turbulence intensity I, may be derived according to
Annex D.

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

14 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.

15 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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For ultimate loads, /. may be assumed to be the maximum of wake turbulence intensities from
neighbouring wind turbines as defined in Annex D.

=L max{a;) (33)

hub

1,

It should be noted that for wind turbine spacing less than 3 diameters the validity of such
models is uncertain and caution shall be exercised.

11.5 Assessment of other environmental conditions

The follpwing environmental conditions shall be assessed for comparisopith th sstptions
made in| the design of a wind turbine:

« normal and extreme temperature ranges;
¢ icind, hail and snow;
e humjdity;

¢ lighthing;

* solaf radiation;
* chemically active substances;

* salinity.

11.6 j

There dre no earthquak Se such
events pre only desigr bssment
analysig is required for site X y to their
weak seismic action. Feg JOR 9 critical,
the engineering@g' strated for the wind turbine site conditions. The
assessn e > The evaluation of load shall take accounft of the

combinati isie ding\with otler significant, frequently occurring operational Igads.
The sei i all-depengd on ground acceleration and response spectrum requirements
as defimed i s . a local code is not available or does not give the| ground
accelergdj spectrum, an appropriate evaluation of these parameters [shall be
carried

The grojuind acceleration shall be evaluated for a 475-year recurrence period.

The earthquake loading shall be superposed with operational loading that shall be equal to the
higher of

a) loads during normal power production by averaging over the lifetime;

b) loads during emergency shutdown for a wind speed selected so that the loads prior to the
shutdown are equal to those obtained with a).

The partial safety factor for load for all load components shall be 1,0.

The seismic load evaluation may be carried out through frequency domain methods, in which
case, the operational loads are added directly to the seismic load.
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The seismic load evaluation may be carried out through time-domain methods, in which case,
sufficient simulations shall be undertaken to ensure that the operational load is representative
of the time averaged values referred to above.

The number 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,
consecutive modes with a total modal mass of 85 % of the total mass shall be used.

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 cons%rvative approach to the calculation and the combination of ower is
provided in Annex C. This procedure shall not be used if it is possibte i tion will
cause s|gnificant loading of structures other than the tower.

11.7 AJ:sessment of electrical network conditions

The exfernal electrical conditions at the wind turbine at shall be
assessqd to ensure compatibility with the electrical désign sonui |ons N he” external glectrical
conditiops shall include the following16:

hnecting

« normal voltage and range including
thro:Egh specified voltage range any

« normal frequency, range and g requirements for rgmaining
connected or disconnecting through/ specified frey range and duration;

e voltgge imbalance spexfi - e age\ _ne€gative phase-sequence voltpge for
symnetric and unsymix N

. met:[od of neutral grounding
*  method of gr@
¢ annyal numbe p

e auto

* pres ine carrier signalling if any and frequency of same;

|ence of power

« faultlprofiles for ride-through requirements;

« power factor control requirements;
¢ ramp rate requirements; and

e other grid compatibility requirements.

11.8 Assessment of soil conditions

The soil properties at a proposed site shall be assessed by a professionally qualified
geotechnical engineer, with reference to available local building codes.

16 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.
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11.9 Assessment of structural integrity by reference to wind data

It is possible to complete the assessment of structural integrity by comparison of the wind
parameter values for the site with those used in design. A wind turbine is suitable for a site
when the following conditions are all satisfied:

« the site estimate of extreme 10-min average wind speed at hub height with a recurrence
period of 50 years shall be less than V,'7;

+ 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 I}, between the wind speed

0,2 Vigsand 0,4 V.

* the fepresentative value of the turbulence standard deviation, 01, (se€¢ equaii 1)) shall
be greater or equal to the site value of the estimated 90 % quafiti bulence
stangard deviation at all values of V', ,, between the wind speed 0 (ref» @nd
i.e.

o, 20+1,280, (34)

When the terrain is complex, the estimate of the st 3 daviatio the longitudinal

component of turbulence shall be increased in ord a distortion of the

turbulent flow18. The site flow inclination, taken as the imuk | directions, shall be less
than thgt specified in 6.3. Where there are no sj < clination
and the| terrain is complex, it shall bg \ tha i ays parallel to the fitted

plane, see 11.2, within a distance of 5

The sitd average vertical wind shear exponent a pecified
in 6.3.1 3 shall be
calculatgd taking topograp

The avgrage site air dg greater

than or

nd spe
i.e.:

Qcts can be performed by verifying that the tugbulence
turbulence model is greater or equal to the egtimated
tandard deviation (including both ambient and wake

ed 0,2 V.o and 0,4 V.o (or when the turbine propefties are

(35)

17 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 V5.

18 The effect of complex terrain may be included by an additional multiplication with a turbulence structure

correction parameter C1 defined as

o A14(G,/0)' 46,/ 6
o 1,375

where ratios of the estimated standard deviations, OA'l 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 = 1,15 may be used .
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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 component standard
deviatiops are equal

In case |of wake effects it shall be verified that structural integrity is i for DLC
1.1 and 1.2 in which gy in the normal turbulence model is repface gl wake
turbulence. This may be estimated by

Jwa e :IeffV;mb +1’28 a-c (36)
where I} for fatigue load and extreme load calculations
Since fgr fatigue load calculations, I as defin Br curve
exponent m of the material of the congidered load% on structural components
with otHer material properties shall éither\bé ropriate

value of{ m.

For extieme load calculations, it is petmitted\{e account the frequency of the wake
situations and modify the Jgad extrapslation iR, DEC 1.4, accordingly.

12 Assembly, inst

12.1 (eneral

The m4dnufacture
installat
wind turpi

shall provide an installation manual clearly dgscribing
d turbine structure and equipment. The installatjon of a
by personnel trained or instructed in these activities.

The site ' turbine facility shall be prepared, maintained, operated and managed so that
work c3 \ed™n a safe and efficient manner. This should include procedures to
prevent i access where appropriate. The operator should identify and gliminate
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.

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.
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Particular consideration should be given to installation of the wind turbine under unusual
conditions, such as hail, lightning, high winds, earthquake, icing, etc.

In the case of a tower standing without a nacelle, appropriate means shall be taken to avoid
critical wind speeds for vortex generated transverse vibrations. The critical wind speeds and
precaution measures shall be included in the installation manual.

12.2 Planning

The assembly, erection and installation of wind turbine and associated equipment shall be
planned in order that the work is carried out safely and in accordance with local and national
regulations. In addition to procedures for quality assurance, the planning shall include, where
appropr|ate, consideration of the following:

* ruleg for safe execution of excavation work;

« detajled drawings and specifications of the work and inspection plan

e ruleg for the proper handling of embedded items, such as ors and
reinforcement steel,
* ruleg for concrete composition, delivery, sampling, pouringyXinighi ment of

conduits;

« safety rules for blasting;

e procedures for installation of towers a

12.3

:Lstallation conditions

During paintained in such a state thaft it does

not pregent safety risks.

12.4 Slite access

Access fo a siteb

e barrfers and routé
« traffic;

e road
e road
e clear

* accgss weight bealing capacity;

« movement of equipment at the site.

12.5 Environmental conditions

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

e wind speed;

e snow and ice;

e« ambient temperature;

¢ blowing sand;

e lightning;

e visibility;

e rain.
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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

Handling and transport of wind turbine generator equipment during installation shall be
performed with equipment confirmed to be suitable to the task and in accordance with the
manufacturer's recommended practice.

Wind turbines are often sited on hilly terrain. Therefore, heavy equipme down in
such a |manner that it cannot shift. A suitably-sized, level lay-dow i d for all
handling and assembly operations. Where this cannot be provided ipment shall

be secufely blocked in a stable position.
Where there is risk of movement caused by the wind with blades,

nacelleq, other aerodynamic parts and light crates shall be € i > bkes, or
ground anchors.

12.8 Fpundation/anchor systems

Where $pecified by the manufacturer
fixtures land other apparatus shall be used

gembly, special tools, |jigs and

A wind |turbine shall be assem\ \
shall bg carried out

ents.
rection o; )

e manufacturer's instructions. Ingpection
ation and pre-service conditioning of all

onnel trained and instructed in proper and safe jerection

el€ctrical system shall be energized during erection unlgss it is
process. In this case, the energization of such equipment [shall be
with a written procedure to be provided by the wind turbine sypplier.

otion (rotation or translation) may result in a potential hazard ghall be
securedlfrom-unintentional motion ’rhrmlghml’r 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.

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;

« proper attachment of lifting devices required for safe erection.
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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 components and/or
assemblies. All hoisting equipment, slings and hooks shall be tested and certified for safe load.

13 Commissioning, operation and maintenance

13.1 General

The commissioning, operation, inspection, and maintenance procedur cified in

the wind turbine manual with due consideration of the safety of persong

hall bespe

The degign shall incorporate provisions for safe access for insp ce of all

components.

The requi i T¢ ~ ent temporarily
installed i

When appropriate, operation and mainteQance pg , ,|hearing
and heg 9 3 er level,
shall be or other

safety devices. When appropriate, a bugyancy

The normal operation ¢f a wi i - i i ground
level. A tagged, local, manya Ehall be
providedl.

External| events dejek a iti i ine,|such as
loss andl relnstat [ peration
after co

Guards |desig tQ p otect personnel from accidental contact with moving components shall
be fixed S

Guards fshall

® be robustconstruction;
¢ not be easy to by-pass;

« 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.

In order to ensure the safety of inspection and maintenance personnel, the design shall
incorporate

- safe access paths and working places for inspection and routine maintenance;
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« adequate means to protect personnel from accidental contact with rotating components or
moving parts;

« provision for securing lifelines and safety belts or other approved protection devices when
climbing or working above ground level,

* provisions for blocking rotation of the rotor and yawing mechanism or other mechanical
motion, such as blade pitching, during servicing according to wind conditions and design
situations specified in DLC 8.1, as well as provisions for safe unblocking;

e warning signs for live conductors;
« suitable devices for the discharge of accumulated electricity;
e suitable fire protection for personnel;

e an alternative escape route from the nacelle.

Maintenpnce procedures shall require safety provisions for personpe i nclosed
working| space, such as hub or blade interior that ensures any dg i iorpwill be
known Ry standby personnel to immediately initiate rescue proced

13.3 Inpstructions concerning commissioning

The manufacturer shall provide instructions for commj§sioning

13.3.1 | Energization

The manufacturer's instructions shall
turbine electrical system.

13.3.2 | Commissioning te

The mgnufacturer's ingtru
installatlon, to confir

apparatys. Thes@all
« safe|start-up;

+ safe

+ safe
+ safe

* funcfic

13.3.3

hall inA~
ot

The ma tufaetiirar'c inctriintinne ida tha
dRoaCtore—o—HStraCtons G tHe

S atHbe kept
describing testing, commissioning, control parameters and results.

I
oG e

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.

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.
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13.4 Operator’s instruction manual
13.4.1 General

An operator’s instruction manual shall be supplied by the wind turbine manufacturer and
augmented with information on special local conditions at the time of commissioning as
appropriate. The manual shall include, but not be limited to

e any requirements that the operation shall be performed by personnel suitably trained or
instructed in this activity;

« safe operating limits and system descriptions;

¢ startrupand-shutdeownprecedures:
e an alarms action list;

e emefrgency procedures plan;

« stated requirements that

=

bhen appropriate, approved eye, feet, hearing and head protectiogyshall ke dseq,

\
Ievel, shall be trained in such work and shall
gids or other safety devices,

13.4.2

The manual shall state should

include the following:

« wind turbine igdéxtifisa
e enengy produ

» operffating hours
e shut
* date
* date
e natu

* actign taken;

* 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.

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.
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13.4.5 Work procedures plan

The manual shall require that the wind turbine shall be operated according to safe working

procedures, taking account of the following:

« electrical systems operation;

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

¢ tower climbing procedures;

* equipment handling procedures;

e activity during bad weather;

e communications procedures and emergency plans.

13.4.6 | Emergency procedures plan

Probable emergency situations shall be identified in the ope and’the

actions pf the operating personnel prescribed.

The mahual shall require that where there is a fire of appa i ctural damag
wind tugbine or its components, no one should ap the)wind turbine unless th
specifically evaluated.

structural damage may be increased by situations.st the following:

* overspeeding;

¢ icind conditions;

e lighthing storms;

¢ earthquakes;

e broklen or loose ire
e brak

* rotof i

e failure;

* |oos
e |ubri
¢ sand

« fire, [floeding;

into account that the

required

e to the
b risk is

risk for

¢ 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:

* 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;

« lubrication schedule prescribing frequency of lubrication and types of lubricants or any other
special fluids;

e recommissioning procedure;

¢« maintenance inspection periods and procedures;

« procedures for functional check of protection subsystems;
e complete wiring and interconnection diagram;

e guy |cable inspection and re-tensioning schedules and bolt ionhand\_preloading
schgdules, including tension and torque loadings;

« diaghostic procedures and trouble-shooting guide;
« recommended spare parts list;

« set of field assembly and installation drawings;
¢ toolipg list. Z
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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 ppwer [KW]
Hub height operating wind speed range V;, — V¢ [m/s]
Design life time [years]
Wind conditions

Turbulepce intensity as a function of mean wind speed used for

Annual average wind speed [m/s]
Averagq inclined flow [deg]
Wind sgeed distribution (Weibull, Rayleigh, measured

Wind prpfile model and parameters

Turbulepce model and parameters

Hub hei [m/s]
Extremg

Extremg

Extremg

Extremg

Extremg

Electrig

Normal [V]
Normal [HZz]
Voltagel|i [V]
Maximu power network outages [days]
Number outages [1/year]
Auto-re

Behavig yametric and unsymmetrical external faults (description)

Other e ccount)

Design 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/m?3]
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 IKaimal spectral and exponential coherence model.

Paramelers for the models have been selected to satisfy the gener bulen quipements
given in|6.3.

B.1 Mann (1994) uniform shear turbulence mode

The description of this model differs somewhat from (thge preyiou dels in that g three-
dimensipnal velocity spectral tensor is defined P es that the isotrgpic von
Karman| (1948) energy spectrum is rapid 8 mean velocity shgar. The
resulting spectral tensor components are gi

O, [k ky k) = ig’ﬂ‘:; (k2 ~K2 ~2k (K, (B.1)
D, )(ky, ko ky) = ! FEH : (B.2)
(O (0. A A A (B.3)
D, ks k) (B.4)
D, (B.5)
D, (B.6)

+00 +00 +00

\ 1 _ _ _
q’ij(k1yk2yk3)=q’ji(k«kz'ks):FJ. J. IRij(51’52153)e k191,~1k202 k393 45, 15, d 55

—00 —00 —00

Rij(a-1'52153)= 0_1 5 E<ui(x1’x21x3)“j(x1 +10y,xp +109,x3 +f53)>,
ISO

= a non-dimensional correlation tensor,
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uq,up,us = the longitudinal, lateral, and upward velocity components respectively,
01,00,03 = the non-dimensional spatial separation vector components,
kq,ko, k3 = the non-dimensional spatial wave numbers for the three component
directions,
k= k12 +k22 +k32 = the magnitude of the non-dimensional wave number vector,
ko = \/k [ +2,8(k)k1k3 + (ﬁ(k)k1 )2 = the magnitude before shear distortion,

k k
{1=Ci1—2Cy, {p=-2Cy+Cy,

k4 ki
¢ - Bl
C2 =

2
1 ;
E(k)=- tropic energy spectrum,
Blk)=
= a nonid - tiontime inversely proportional to kZJ.E(p)dp ,
k

2F 4 - Hypergeometric function

aéo,f = the unsheared, isotropic variance and scale parameters respectively, and

% = 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, y. 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.
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Assuming that the random velocity field generated by the model is convected past the turbine
at the hub-height wind speed, the velocity component spectra observed at a point may be
computed by integrating the spectral tensor components. In particular, the non-dimensional,
one-sided spectra are given by

S _ e [ 4mf ), [ 272f
0—_2 JZ ( thb JLIJ”( thb j (B7)

where

yiva \
Wi (kq) = | ] @ilka.k2, k3 Jdkodks

= the onle-dimensional, wave number autospectrum for i=j, or cross r N jf and

+00 +00 +00
02 =, j j j¢ii(k1,k2,k3)dk1dk2dk3 = the component
Similarly, for spatial separations normal to the | itydi i i e coherence is giyen by

[o

(B.8)

Coll; (f,£0,,0 ) =

Unfortumpately the resultingu doynot™have known analytical forms and must bg carried
out numerically parameter, ). Mann (1998) carried out such
integrat Kaimal spectral model. A least squares {it to the

y= (B.9)
with the
0.2
1
022 (B.10)
a3

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,

S,(f) - 0,47502

iso

% g 5
{g} 7% 20,0502 [V/\_j F =08, (B.11)

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

y=39
o-isu = 0’550—1
1=0,8A,

where o; and A, are specified in 6.3.

(B.12)

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

transfor

u1,u2,u3
realizati

nq,Nn2,n3
wave ny

d the velocity vector at each point is given by

xayaz) xky+yhky +zks n1(k15k25k3)
nyz)|= ) e ! Clky, kyske3) || 1y (ks Koy Key)
X, Y,2) it ny(ky,key, key)

values that are independent for each
parts with unit variance,

X,z
N1,Ny, KX er of spatial grid points in the three directions, and
A patial grid resolution.

discrete

pendent

Hifferent

In this expression, the nofation Z means the summation over all dimensionless wave

k1,k2 k3

numbers in the grid and may be accomplished using FFT techniques. In cases when the spatial
domain is smaller than 8¢ in any dimension, an adjustment is recommended for the spectral
tensor factorization, [C(k1,k2,k3)]. This procedure is detailed in Mann (1998).
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B.2 Kaimal (1972)" spectrum and exponential coherence model

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

T (1461 L, /%)

where
fis the frequency in Hertz,

k is the index referring to the velocity component direction (i.e. 1 = longitudinal, 2 = lateral,
and 3 = upward);

S, is thp single-sided velocity component spectrum;

O, is the velocity component standard deviation (see equation (B.2));
L, is the velocity component integral scale parameter,

and with

ot |= [ s.(r)ar

O —38

(B.15)

The turulence spectral parameters are

Table B.1 — Turbulence spectral parameters for the Kaimal model

( \ \) V?\Itﬁty component index (k)
N
N al 2 3

Standard deviation/ak\ \ x \‘Q X 0,8 gy 0,5 py

Integralfscale, L, \/ \ \ \8\1 /N 2,7 Ay 0,66 |1,

standar \Iéviation and scale parameters, respectively] of the

where

turbulen

The fol rence model may be used in conjunction with the| Kaimal
autospek ount for the spatial correlation structure of the longitudinal |velocity
compongent:

0,5
Coh(%/)=exp —12((f E}/thb)z +(O,'|2r/LC )2) —‘ (B-16)
where
Coh(r,/) is the coherence function defined by the complex magnitude of the cross-spectral
density of the longitudinal wind velocity components at two spatially separated
points divided by the autospectrum function;
r is the magnitude of the projection of the separation vector between the two points

on to a plane normal to the average wind direction;

19 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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