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INTERNATIONAL ELECTROTECHNICAL COMMISSION 

____________ 

 
WIND ENERGY GENERATION SYSTEMS –  

 
Part 1: Design requirements 

 
FOREWORD 

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

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

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

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications 
transparently to the maximum extent possible in their national and regional publications. Any divergence 
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in 
the latter. 

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

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

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

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

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of 
patent rights. IEC shall not be held responsible for identifying any or all such patent rights. 

International Standard IEC 61400-1 has been prepared by IEC technical committee 88: Wind 
energy generation systems. 

This fourth edition cancels and replaces the third edition published in 2005 and 
Amendment 1:2010. This edition constitutes a technical revision. 

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

a) general update and clarification of references and requirements; 
b) extension of wind turbine classes to allow for tropical cyclones and high turbulence; 
c) Weibull distribution of turbulence standard deviation for normal turbulence model (NTM); 
d) updated design load cases (DLCs), in particular DLC 2.1 and 2.2; 
e) revision of partial safety factor specifications; 
f) major revision of Clauses 8, 10 and 11; 
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g) introduction of cold climate requirements, Clause 14; 
h) new Annex B on design load cases for site-specific or special class S wind turbine design 

or site suitability assessment; 
i) new Annex J on prediction of the extreme wind speed of tropical cyclones by using Monte 

Carlo simulation method; 
j) new Annex K on calibration of structural material safety factors and structural design 

assisted by testing; 
k) new Annex L on assessment and effects of icing climate; 
l) new Annex M on medium wind turbines. 

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

FDIS Report on voting 

88/696/FDIS 88/701/RVD 

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

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

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

Future standards in this series will carry the new general title as cited above. Titles of existing 
standards in this series will be updated at the time of the next edition. 

The committee has decided that the contents of this document will remain unchanged until the 
stability date indicated on the IEC website under "http://webstore.iec.ch" in the data related to 
the specific document. At this date, the document will be  

• reconfirmed, 

• withdrawn, 

• replaced by a revised edition, or 

• amended. 

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

 

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

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

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

This document is not intended to give requirements for wind turbines installed offshore, in 
particular for the support structure. For offshore installations, reference is made to the 
IEC 614003 series. 
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WIND ENERGY GENERATION SYSTEMS –  
 

Part 1: Design requirements 
 
 
 

1 Scope 

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

This document is concerned with all subsystems of wind turbines such as control and 
protection functions, internal electrical systems, mechanical systems and support structures. 

This document applies to wind turbines of all sizes. For small wind turbines, IEC 61400-2 can 
be applied. IEC 61400-3-1 provides additional requirements to offshore wind turbine 
installations. 

This document is intended to be used together with the appropriate IEC and ISO standards 
mentioned in Clause 2. 

2 Normative references 

The following documents are referred to in the text in such a way that some or all of their 
content constitutes requirements of this document. For dated references, only the edition 
cited applies. For undated references, the latest edition of the referenced document (including 
any amendments) applies. 

IEC 60034 (all parts), Rotating electrical machines 

IEC 60038, IEC standard voltages 

IEC 60071-1, Insulation co-ordination – Part 1: Definitions, principles and rules 

IEC 60071-2, Insulation co-ordination – Part 2: Application guidelines 

IEC 60076 (all parts), Power transformers 

IEC 60204-1, Safety of machinery – Electrical equipment of machines – Part 1: General 
requirements 

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

IEC 60364 (all parts), Low voltage electrical installations 

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

IEC 60664-1, Insulation coordination for equipment within low-voltage systems – Part 1: 
Principles, requirements and tests 
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IEC 60664-3, Insulation coordination for equipment within low-voltage systems – Part 3: Use 
of coating, potting or moulding for protection against pollution 

IEC 60721 (all parts), Classification of environmental conditions 

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

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

IEC 61400-4, Wind Turbines – Part 4: Design requirements for wind turbine gearboxes 

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

IEC 61439 (all parts), Low-voltage switchgear and controlgear assemblies 

IEC 61800-4, Adjustable speed electrical power drive systems – Part 4: General requirements 
– Rating specifications for AC power drive systems above 1 000 V AC and not exceeding 
35 kV 

IEC 61800-5-1, Adjustable speed electrical power drive systems – Part 5-1: Safety 
requirements – Electrical, thermal and energy 

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

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

IEC 62305-4, Protection against lightning – Part 4: Electrical and electronic systems within 
structures 

IEC 62477-1:2012, Safety requirements for power electronic converter systems and 
equipment – Part 1: General 

ISO 76, Rolling bearings – Static load ratings 

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

ISO 2394, General principles on reliability for structures 

ISO 2533, Standard Atmosphere 

ISO 4354, Wind actions on structures 

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

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

ISO 12494:2001, Atmospheric icing on structures 

ISO 13850, Safety of machinery – Emergency stop function – Principles for design 
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ISO/TS 16281, Rolling bearings – Methods for calculating the modified reference rating life for 
universally loaded bearings 

3 Terms and definitions 

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

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

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

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

3.1  
annual average 
mean value of a set of measured data of sufficient size and duration to serve as an estimate 
of the expected value of the quantity  

Note 1 to entry: The averaging time interval should be a whole number of years (e.g. 10) to average out 
nonstationary effects such as seasonality. 

3.2  
annual average wind speed  
Vave 
wind speed averaged according to the definition of annual average 

3.3  
auto-reclosing cycle 
event with a time period, varying from approximately 0,01 s to a few seconds, during which a 
breaker released after a grid fault is automatically reclosed and the line is reconnected to the 
network 

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

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

Note 1 to entry: The brake may operate on, for example, aerodynamic, mechanical or electrical principles. 

3.6  
characteristic value 
value having a prescribed probability of not being attained (i.e. an exceedance probability of 
less than or equal to a prescribed amount) 

3.7  
complex terrain 
surrounding terrain that features significant variations in topography and terrain obstacles that 
may cause flow distortion 

3.8  
control functions 
<wind turbines> functions of the control system that, based on information about the condition 
of the wind turbine and/or its environment, adjust the turbine in order to maintain it within its 
operating limits 
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3.9  
control system 
<wind turbines> system implementing the turbine control functions, including sensors, logic 
elements, actuators, communication networks, and power supplies 

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

3.10  
cut-in wind speed 
Vin 
lowest 10 min average wind speed at hub height at which the wind turbine starts to produce 
power in the case of steady wind without turbulence 

3.11  
cut-out wind speed 
Vout 
highest 10 min average wind speed at hub height at which the wind turbine is designed to 
produce power in the case of steady wind without turbulence 

3.12  
design limits 
maximum or minimum values used in a design 

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

3.14  
downwind 
in the direction of the main wind vector 

3.15  
electrical power network 
particular installations, substations, lines or cables for the transmission and distribution of 
electricity 

Note 1 to entry: The boundaries of the different parts of this network are defined by appropriate criteria, such as 
geographical situation, ownership, voltage. 

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

3.17  
environmental conditions 
characteristics of the environment (wind, altitude, temperature, humidity, etc.) which may 
affect the wind turbine behaviour 

3.18  
external conditions 
<wind turbines> factors affecting operation of a wind turbine, including the environmental 
conditions (temperature, snow, ice, etc.) and the electrical network conditions 

3.19  
extreme wind speed 
value of the highest wind speed, averaged over t in seconds, with an annual probability of 
exceedance of 1/N ("return period": N years) 
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Note 1 to entry: In this document, return periods of N = 50 years and N = 1 year and averaging time intervals of 
t = 3 s and t = 10 min are used. In popular language, the less precise term, survival wind speed, is often used. In 
this document, however, the turbine is designed using extreme wind speeds for design load cases. 

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

3.21  
gust 
temporary change in the wind speed 

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

3.22  
horizontal axis wind turbine 
wind turbine whose rotor axis is substantially horizontal 

3.23  
hub 
<wind turbines> fixture for attaching the blades or blade assembly to the rotor shaft 

3.24  
hub height 
zhub 
<wind turbines> height of the centre of the swept area (3.57) of the wind turbine rotor above 
the terrain surface 

3.25  
idling 
<wind turbines> condition of a wind turbine that is rotating slowly and not producing power 

3.26  
inertial sub-range 
frequency interval of the turbulence spectrum, where eddies – after attaining isotropy – 
undergo successive break-up with negligible energy dissipation 

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

3.27  
limit state 
state of a structure and the loads acting upon it, beyond which the structure no longer 
satisfies the design requirement 

Note 1 to entry: 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). 

3.28  
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  
medium wind turbine 
wind turbine with a rotor swept area or, in the case of a ducted or shrouded turbine, the larger 
of the duct or shroud entry and exit areas greater than 200 m2 and less than or equal to 
1  000 m2 
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3.30  
nacelle 
housing which contains the drive-train and other elements on top of a horizontal axis wind 
turbine tower 

3.31  
network connection point 
<wind turbines> cable terminals of a single wind turbine or, for a wind power station, the 
connection point to the electrical bus of the site power collection system 

3.32  
network loss 
loss of electrical network (grid) for a period exceeding any ride through provision in the 
turbine control system 

3.33  
normal shutdown 
<wind turbines> shutdown in which all stages are under the control of the control system 

3.34  
operating limits 
set of conditions defined by the wind turbine designer that governs the activation of the 
turbine control functions 

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

3.36  
performance level 
PL 
discrete level used to specify the ability of safety-related parts of control systems to perform a 
safety function under foreseeable conditions 

3.37  
power collection system 
<wind turbines> electric system that collects the power from one or more wind turbines 

Note 1 to entry: It includes all electrical equipment connected between the wind turbine terminals and the network 
connection point. 

3.38  
power output 
power delivered by a device in a specific form and for a specific purpose 

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

3.39  
primary layer protection function 
protection function (3.40) in a protection system with two or more independent layers which 
may be implemented as a part of the wind turbine control system and is separate from a 
secondary layer protection function (3.52) with a similar purpose 

3.40  
protection functions 
<wind turbine> functions of the control system which ensure that a wind turbine remains 
within the design limits 
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3.41  
rated power 
quantity of power assigned, generally by a manufacturer, for a specified operating condition of 
a component, device or equipment 

Note 1 to entry: For a wind turbine, it is the maximum continuous electrical power output which a wind turbine is 
designed to achieve under normal operating and external conditions. 

3.42  
rated wind speed 
Vr 
minimum wind speed at hub height at which a wind turbine's rated power is achieved in the 
case of steady wind without turbulence  

3.43  
Rayleigh distribution 
PR 
probability distribution function 

Note 1 to entry: See 3.68. 

3.44  
reference wind speed 
Vref 
basic parameter for wind speed used for defining wind turbine classes 

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

Note 2 to entry: A turbine designed for a wind turbine class with a reference wind speed Vref is designed to 
withstand climates for which the extreme 10 min average wind speed with a return period of 50 years at turbine hub 
height is lower than or equal to Vref. 

3.45  
resistance partial safety factor 
γM 
factor which takes account of possible unfavourable deviations/uncertainties of the material 
strength parameters and of the resistance model including bias in the resistance model 

3.46  
rotationally sampled wind velocity 
wind velocity experienced at a fixed point of the rotating wind turbine rotor 

Note 1 to entry: The turbulence spectrum of a rotationally sampled wind velocity is distinctly different from the 
normal turbulence spectrum. While rotating, the blade cuts through a wind flow that varies in space. Therefore, the 
resulting turbulence spectrum will contain sizeable amounts of variance at the frequency of rotation and harmonics 
of the same. 

3.47  
rotor speed 
<wind turbines> rotational speed of a wind turbine rotor about its axis 

3.48  
roughness length 
z0 
extrapolated height at which the mean wind speed becomes zero if the vertical wind profile is 
assumed to have a logarithmic variation with height 

3.49  
safe-life 
design property for a critical system which is either very difficult to repair or may cause severe 
damage to life and property 
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Note 1 to entry: Such systems are designed to work for the full system lifetime without requirement of any repairs 
or inspections. 

3.50  
safety integrity level 
SIL 
discrete level (one out of a possible four), corresponding to a range of safety integrity values 
for the control functions, where 4 and 1 belong to the highest and lowest levels, respectively 

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

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

3.52  
secondary layer protection function 
dedicated protection function which operates using a layer of monitoring and logic separate 
from a primary layer protection function (3.39) with a similar purpose 

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

Note 1 to entry: Wind data shall be the statistics of 10 min samples unless otherwise stated. 

3.54  
standstill 
condition of a wind turbine that is stopped 

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

3.56  
survival wind speed 
maximum wind speed that a construction is designed to withstand 

Note 1 to entry: This is a popular expression that is not used in this document. Design conditions instead refer to 
extreme wind speed (3.19). 

3.57  
swept area 
projected area perpendicular to the wind direction that a rotor will describe during one 
complete rotation 

3.58  
turbulence intensity 
I 
ratio of the wind speed standard deviation to the mean wind speed, determined from the same 
set of measured data samples of wind speed, and taken over a specified period of time 

3.59  
turbulence scale parameter 
Λ1 
wavelength where the non-dimensional, longitudinal power spectral density is equal to 0,05 
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Note 1 to entry: The wavelength is thus defined as Λ1 = Vhub/f0, where f0S1(f0)/σ1
2 = 0,05. 

3.60  
turbulence standard deviation 
s 1 
standard deviation of the longitudinal component of the turbulent wind velocity at hub height 

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

3.62  
unscheduled maintenance 
maintenance carried out, not in accordance with an established time schedule, but after 
receipt of an indication regarding the state of an item 

3.63  
upwind 
in the direction opposite to the main wind vector 

3.64  
vertical axis wind turbine 
wind turbine whose rotor axis is vertical 

3.65  
Weibull distribution 
PW 
probability distribution function 

Note 1 to entry: See 3.68. 

3.66  
wind power station 
wind farm 
group or groups of wind turbines 

3.67  
wind profile 
wind shear law 
mathematical expression for assumed wind speed variation with height above ground 

Note 1 to entry: Commonly used profiles are the logarithmic profile (Equation (1)) or the power law profile 
(Equation (2)). 

 ( ) ( ) ( )
( )

0
r

r 0

ln

ln

z z
V z V z

z z
= ⋅  (1) 

 ( ) ( )r
r

z
V z V z

z

α

= ⋅
 
 
 

 (2) 

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C 61

40
0 1

 ed
 4.

0:2
01

9

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


 – 22 – IEC 61400-1:2019 © IEC 2019 

where 

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

z is the height above ground; 

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

z0 is the roughness length; 

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

3.68  
wind speed distribution 
probability distribution function, used to describe the distribution of wind speeds over an 
extended period of time 

Note 1 to entry: Often used distribution functions are the Rayleigh, PR(V0), and the Weibull, PW(V0), functions. 

 
( )

( )

2
R 0 0 ave

W 0 0

( ) 1 exp / 2

( ) 1 exp / k

P V V V

P V V C

π = − − 
 = − − 

 (3) 

 ave
(1 )

with  
/ 2, if 2

1 C 
k  =  V

 C  k =   π

 Γ + 
 
 
 

. (4) 

where 

P(V0) is the cumulative probability function, i.e. the probability that V < V0; 

V0 is the wind speed (limit); 

Vave is the average value of V; 

C is the scale parameter of the Weibull function; 

k is the shape parameter of the Weibull function; 

Γ is the gamma function. 

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

The distribution functions express the cumulative probability that the wind speed is lower than V0. Thus  
(P(V1) – P(V2)), if evaluated between the specified limits V1 and V2, will indicate the fraction of time that the wind 
speed is within these limits. Differentiating the distribution functions yields the corresponding probability density 
functions.  

3.69  
wind shear 
variation of wind speed across a plane perpendicular to the wind direction 

3.70  
wind speed 
V 
speed of motion of a minute amount of air surrounding a specified point in space 

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

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

3.72  
wind turbine site 
location of an individual wind turbine either alone or within a wind farm 
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3.73  
wind velocity 
vector pointing in the direction of motion of a minute amount of air surrounding the point of 
consideration, the magnitude of the vector being equal to the speed of motion of this air 
"parcel" (i.e. the local wind speed) 

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

3.74  
wind turbine electrical system 
electrical equipment internal to the wind turbine, up to and including the wind turbine 
terminals, including equipment for earthing, bonding and communications 

Note 1 to entry: Conductors local to the wind turbine, which are intended to provide an earth termination network 
specifically for the wind turbine, are included. 

3.75  
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 

Note 1 to entry: This includes connection for the purposes of transferring energy and communications. 

3.76  
yawing 
rotation of the rotor axis about a vertical axis 

Note 1 to entry: For horizontal axis wind turbines only. 

3.77  
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 [m/s] 

CCT turbulence structure correction parameter  

CT thrust coefficient [-] 

Coh coherence function [-] 

D rotor diameter [m] 
DTV,i standard deviation of terrain variation ∆z in ith 30° sector [m] 
DTV,360 standard deviation of terrain variation ∆z of the 360° circle area [m] 

f frequency [s–1] 

fd design value for material strength [-] 

fk characteristic value for material strength [-] 

Fd design value for loads [-] 
Fk characteristic value for loads [-] 

Iref 
reference value of the turbulence intensity corresponding to the 
70 % quantile at 15 m/s [-] 

Ieff effective turbulence intensity [-] 
k shape parameter of the Weibull distribution function [-] 
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k1 empirical adjustment factor for TSI360, k1 = 5/3 [-] 

k2 empirical adjustment factor for TVI360, k2 = 3 [-] 
K modified Bessel function [-] 
L isotropic turbulence integral scale parameter [m] 

Le coherence scale parameter [m] 

Lk velocity component integral scale parameter [m] 

m Wöhler curve exponent [-] 

ni counted number of fatigue cycles in load bin i [-] 

N(.) number of cycles to failure as a function of the stress (or strain) 
indicated by the argument (i.e. the characteristic S-N curve) [-] 

N return period for extreme situations [years] 

p air pressure [N/m2] 

P(V0) probability distribution, i.e. the probability that V < V0 [-] 

PR(V0) Rayleigh probability distribution, i.e. the probability that V < V0 [-] 

Ps survival probability [-] 

PW(V0) Weibull probability distribution [-] 

r magnitude of separation vector projection [m] 

R radius of circle segment [m] 

R0 gas constant [J/(kg·K)] 

S load function [-] 

si the stress (or strain) level associated with the counted number of 
cycles in bin i 

[-] 

S1(f) power spectral density function for the longitudinal wind velocity 
component 

[m2/s] 

SF,min minimum value of safety factor for tooth breakage [-] 

SH,min minimum value of safety factor for pitting [-] 

Sk(f) one-sided power spectral density function for wind velocity 
component k: 
k = 1 longitudinal component 
k = 2 lateral component 
k =3 vertical component 

[m2/s] 

T gust characteristic time [s] 

t time [s] 

V wind speed [m/s] 

V(z) wind speed at height z [m/s] 

Vave annual average wind speed at hub height [m/s] 

Vcg extreme coherent gust magnitude over the whole rotor swept area [m/s] 

VeN expected extreme wind speed (averaged over three seconds), 
with a recurrence time interval of N years. Ve1 and Ve50 for 1 year 
and 50 years, respectively 

[m/s] 

Vgust largest gust magnitude with an expected return period of 50 years [m/s] 

Vhub wind speed at hub height [m/s] 

Vin cut-in wind speed [m/s] 
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V0 limit wind speed in wind speed distribution model [m/s] 

V50 extreme wind speed (averaged over 10 minutes) with a 
recurrence interval of 50 years 

[m/s] 

V100 extreme wind speed (averaged over 10 minutes) with a 
recurrence interval of 100 years 

[m/s] 

Vout cut-out wind speed [m/s] 

Vr rated wind speed [m/s] 

Vref reference wind speed [m/s] 

Vref,T reference wind speed for tropical-like conditions [m/s] 

V(y,z,t) longitudinal wind velocity component to describe transient 
horizontal wind shear 

[m/s] 

V(z,t) longitudinal wind velocity component to describe transient 
variation for extreme gust and shear conditions 

[m/s] 

x, y, z co-ordinate system used for the wind field description; along wind 
(longitudinal), across wind (lateral) and height respectively 

[m] 

ZNT life factor for contact stress for reference test conditions [-] 

zhub hub height of the wind turbine [m] 

zr reference height above ground [m] 

z0 roughness length for the logarithmic wind profile [m] 

α wind shear power law exponent [-] 

β parameter for extreme direction change model [-] 

δ coefficient of variation [-] 

Γ gamma function [-] 

γf partial safety factor for loads [-] 

γM partial safety factor for resistances [-] 

γn partial safety factor for consequences of failure [-] 

θ(t) wind direction change transient [deg] 

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

[deg] 

θeN extreme direction change with a return period of N years [deg] 

θi slope of fitted plane for ith 30° sector [deg] 

θ360 slope of the fitted 360° plane [deg] 

θ1year,min minimum ambient temperature to be expected in hourly average [K] 

θmin,operation minimum allowable ambient temperature for wind turbine 
operation 

[K] 

Λ1 turbulence scale parameter defined as the wavelength where the 
non-dimensional, longitudinal power spectral density, fS1(f)/σ1

2, is 
equal to 0,05 

[m] 

ρ air density [kg/m3] 

σ̂  estimated wind speed standard deviation [m/s] 

cσ̂  representative ambient turbulence standard deviation [m/s] 

effσ̂  effective estimated wind speed standard deviation [m/s] 

σwake wind speed standard deviation in the wake [m/s] 
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Tσ̂  maximum centre-wake wind speed standard deviation [m/s] 

ˆσσ  standard deviation of estimated wind speed standard deviation σ̂   [m/s] 

1,ETMσ̂  extreme ambient turbulence standard deviation [m/s] 

σ1 hub-height longitudinal wind velocity standard deviation [m/s] 

σ2 hub-height lateral wind velocity standard deviation [m/s] 

σ3 hub-height upward wind velocity standard deviation [m/s] 

Φ standardized normal probability function [-] 

E[ ] expected value of parameter inside brackets [-] 

Var[ ] variance of parameter inside brackets [-] 

 

4.2 Abbreviated terms 
A abnormal (for partial safety factors) 
AC alternating current 
DC direct current 
CC cold climate 
COV coefficient of variation 
DLC design load case 
DWM dynamic wake meandering 
ECD extreme coherent gust with direction change 
EDC extreme wind direction change 
EOG extreme operating gust 
ETM extreme turbulence model 
EWM extreme wind speed model 
EWS extreme wind shear 
F fatigue 
FMEA failure mode and effect analysis 
HV high voltage 
IAC internal arc classification 
IC icing climate 
LTC low temperature climate 
LVRT low voltage ride through 
N normal and extreme (for partial safety factors) 
NWP normal wind profile model 
NTM normal turbulence model 
S special IEC wind turbine class 
T transport and erection (for partial safety factors) 
TSI terrain slope index 
TVI terrain variation index 
U ultimate 
ULS ultimate limit state 
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5 Principal elements 

5.1 General 

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

5.2 Design methods 

This document requires the use of an aeroelastic 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 document. 

Data from full scale testing of a wind turbine shall be used to increase confidence in predicted 
design values and to verify structural dynamics models and design situations as specified 
in 7.2. 

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 document. 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 normal safety class which applies when a failure results in risk of personal injury or 
other social or economic consequence; 

• a special safety class that applies when the safety requirements are determined by local 
regulations and/or the safety requirements are agreed between the manufacturer and the 
customer. 

Partial safety factors, for normal safety class wind turbines, are specified in 7.6. 

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

5.4 Quality assurance 

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

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

5.5 Wind turbine markings 

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

• model and serial number; 

• production year; 

• rated power; 

• reference wind speed, Vref; 

• hub height operating wind speed range, V in – Vout; 

• operating ambient temperature range; 

• IEC 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 %. 

6 External conditions 

6.1 General 

The external conditions described in Clause 6 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 environmental conditions are further divided into wind conditions and other environmental 
conditions. The electrical conditions refer to the electrical power network conditions. Soil 
properties are relevant to the design of wind turbine foundations. 

The external conditions are subdivided into normal and extreme categories. The normal 
external conditions generally concern recurrent structural loading conditions, while the 
extreme external conditions represent rare external design conditions. The design load cases 
shall consist of potentially critical combinations of these external conditions with wind turbine 
operational modes and other design situations. 

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

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

6.2 Wind turbine classes 

The external conditions to be considered for design are dependent on the intended site or site 
type for a wind turbine installation. Wind turbine classes are defined in terms of wind speed, 
wind turbine class I, II and III, and turbulence parameters, turbulence category A+, A, B, and 
C. The intention of the classes is to cover most applications. The values of wind speed and 
turbulence parameters are intended to represent many different sites and do not give a 
precise representation of any specific site, see 11.3. The wind turbine classification offers a 
range of robustness clearly defined in terms of the wind speed and turbulence parameters. In 
order to allow the use of wind turbine classes for areas, which may experience very high 
extreme winds in an otherwise moderate wind climate, a T class reference wind speed is 
included. Such conditions may be found in areas subject to tropical cyclones. This reference 
wind speed may be used with the average wind speed in class I to III and turbulence 
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categories A+ to C1. Table 1 specifies the basic parameters, which define the wind turbine 
classes. 

Table 1 – Basic parameters for wind turbine classes 

Wind turbine class I II III S 

Vave (m/s) 10 8,5 7,5 

Values 
specified by 
the designer 

Vref 
(m/s) 50 42,5 37,5 

Tropical (m/s) Vref,T 57 57 57 

A+ Iref (-) 0,18 

A Iref (-) 0,16 

B Iref (-) 0,14 

C Iref (-) 0,12 

The parameter values apply at hub height and  

Vave is the annual average wind speed; 

Vref is the reference wind speed average over 10 min; 

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

A+ designates the category for very high turbulence characteristics; 

A designates the category for higher turbulence characteristics; 

B designates the category for medium turbulence characteristics; 

C designates the category for lower turbulence characteristics; and 

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

 

Class T assumes all wind model parameters to be the same and allows the combination of 
Vref,T with all turbulence categories. It does not cover all the areas prone to tropical cyclones. 
A site assessment based on Clause 11 is needed, as a minimum assessing that V50 is below 
Vref of class T (Vref,T). 

An optional wind turbine class CC, which may be used for areas with cold climate, is defined 
in Clause 14. The optional wind turbine class specifies additional requirements and 
parameters to what is given in Clause 6. 

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

Wind turbines to be designed for site-specific or very extreme conditions may require wind 
turbine class S design. 

In addition to the basic parameters showed in Table 1, several other important parameters are 
required to completely specify the external conditions to be used in wind turbine design. In the 
case of the wind turbine classes IA+ through IIIC, later referred to as the standard wind turbine 
classes, the values of these additional parameters are specified in 6.3, 6.4 and 6.5. 

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

___________ 
1  A turbine class using for example the annual average wind speed of class II and turbulence category B together 

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

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

6.3 Wind conditions 

6.3.1 General 

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

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

The wind regime for load and 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 return period. 

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

The expression "turbulence" denotes random variations in the wind velocity from 10 min 
averages. The turbulence model, when used, shall include the effects of varying wind speed, 
shears and direction and allow rotational sampling through varying shears. The three vector 
components of the turbulent wind velocity are defined as 

• longitudinal – along the direction of the mean wind velocity, 

• lateral – horizontal and normal to the longitudinal direction, and 

• upward – normal to both the longitudinal and lateral directions, i.e. tilted from the vertical 
by the mean flow inclination angle. 

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

a) The turbulence standard deviation, σ1, with values given in the following subclauses, shall 
be assumed to be invariant with height. The components normal to the mean wind 
direction shall have the following minimum standard deviations2: 

– lateral component: σ2 ≥ 0,7σ1; 

– upward component: σ3 ≥ 0,5σ1; 

b) The longitudinal turbulence scale parameter, Λ1, at hub height z shall be given by 

 1
0,7 60
42 60

z z m
m z m

Λ
≤

=  ≥
 (5) 

___________ 
2  The actual values can depend on the choice of turbulence model and the requirements in b). 

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C 61

40
0 1

 ed
 4.

0:2
01

9

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


IEC 61400-1:2019 © IEC 2019 – 31 –  

The power spectral densities of the three orthogonal components, S1(f), S2(f), and S3(f) 
shall asymptotically approach the following forms as the frequency in the inertial sub-
range increases: 

 ( ) , ( / ) 52
3 32

1 1 1 hub0 05S f V fσ Λ −−
=  (6) 

 4
2 3 13( ) ( ) ( )S f S f S f= =  (7) 

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

As an alternative, the corresponding Mann model may be applied as described in Annex C. 

Other turbulence models may be applied; however, for the standard wind turbine classes (I to 
III), the turbulence model shall satisfy the requirements a) to c) and also result in fatigue 
loads that are higher or equal to the fatigue loads generated using the models in Annex C. For 
Class S, a validated turbulence model may be applied. 

6.3.2 Normal wind conditions 

6.3.2.1 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 for an averaging period of 10 min shall be assumed to follow a 
Rayleigh distribution at hub height given by 

 ( )( ) exp / 2
R hub hub ave1 2P V V Vπ = − −   (8) 

where, in the standard wind turbine classes, Vave shall be chosen from Table 1. 

6.3.2.2 Normal wind profile model (NWP) 

The wind profile, V(z), denotes the average wind speed as a function of height, z, above the 
ground. In the case of the standard wind turbine classes, the normal wind speed profile shall 
be given by the power law: 

 ( ) ( )hub hubV z = V z z α  (9) 

The power law exponent, α, shall be assumed to be 0,2. 

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

6.3.2.3 Normal turbulence model (NTM) 

For the normal turbulence model, the representative value of the turbulence standard 
deviation, σ1, shall be given by the 90 % quantile for the given hub height wind speed. This 
value for the standard wind turbine classes shall be given by 

 ( )1 ref hub0,75 ; 5,6 m/ sI V b bσ = + =  (10) 
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Values for the turbulence standard deviation σ1 and the turbulence intensity 1 hubVσ  are 
shown in Figure 1. 

 

Figure 1a – Turbulence standard deviation 
 

 

Figure 1b – Turbulence intensity 

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

Values for Iref are given in Table 1. 

As an alternative to Equation (10), a Weibull distribution shall be assumed for σ1 with Weibull 
scale and shape parameters: 

 ( ) 0
W 1 0 1 exp

k
P

C
σ

σ σ
   < = − −    

 (11) 

where 

 ( )hub0,27  s / m 1,4k V= +  
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 ( )ref hub0,75 3,3 m / sC I V= +  (12) 

6.3.3 Extreme wind conditions 

6.3.3.1 General 

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

6.3.3.2 Extreme wind speed model (EWM) 

The EWM shall be either a steady or a turbulent wind model. The wind models shall be based 
on the reference wind speed, Vref, and a fixed turbulence standard deviation, σ1. If the wind 
turbine type is designed for a T class reference wind speed, Vref shall be replaced by Vref,T in 
the extreme wind speed model while keeping other parameters. 

For the steady extreme wind model, the extreme wind speed, Ve50, with a return period of 50 
years, and the extreme wind speed, Ve1, with a return period of 1 year, shall be computed as 
a function of height, z, using the following equations: 

 
0,11

e50 ref hub
( ) 1,4 zV z V z

 =  
 

 (13) 

and 

 e1 e50( ) 0,8 ( )V z V z=  (14) 

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 return periods of 50 years and 1 year, respectively, shall be given by 

 0,11
50 ref hub

( ) ( )zV z V z=  (15) 

 1 50( ) 0,8 ( )V z V z=  (16) 

The longitudinal turbulence standard deviation3 shall be 

 1 hub0,11Vσ =  (17) 

6.3.3.3 Extreme operating gust (EOG) 

The hub height gust magnitude Vgust4 shall be given for the standard wind turbine classes by 
the following relationship: 

___________ 
3  The turbulence standard deviation for the turbulent extreme wind model is not related to the normal (NTM) or 

the extreme turbulence model (ETM). The steady extreme wind model is related to the turbulent extreme wind 
model by a peak factor of approximately 3,5. 

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

1

1
gust e1 hubMin 1 35 3 3

1 0 1 D
V V V

Λ

σ   = −    +   
 (18) 

where 

1σ  is given in Equation (10); 

Λ1 is the turbulence scale parameter, according to Equation (5); 
D is the rotor diameter. 

The wind speed shall be defined by Equation (19): 

 ( )( ) , ( / ) ( / )
( , )

( )
gust0 37 sin 3 1 cos 2 for 0

otherwise
V z V t T t T t T

V z t
V z
π π− − ≤ ≤

= 


 (19) 

where 
V(z)  is defined in Equation (9); 
T = 10,5 s. 

An example of the extreme operating gust (Vhub = 25 m/s, Class IA, D = 42 m) is shown in 
Figure 2. 
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Figure 2 – Example of extreme operating gust 

6.3.3.4 Extreme turbulence model (ETM) 

The extreme turbulence model shall use the normal wind profile model in 6.3.2.2 and 
turbulence with longitudinal component standard deviation given by 

 , ; .ave hub
1 ref 0 072 3 4 10 2 m / sV V

c I c
c c

σ
   = + − + =   

   
 (20) 

6.3.3.5 Extreme direction change (EDC) 

The extreme direction change magnitude, θe, shall be calculated using the following 
relationship: 
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,

1
e

hub
1

4 arctan

1 0 1 DV

σ
θ

Λ

 
 
 

= ±  
   

+         

 (21) 

where 

1σ  is given by Equation (10) for the NTM; 

θe  is limited to the interval ±180°; 

Λ1  is the turbulence scale parameter, according to Equation (5); 
D  is the rotor diameter. 

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

 ( ) , ( ( / ))e

e

0 for 0
0 5 1 cos for 0

for

t
t t T t T

t T
θ θ π

θ

 <
= ± − ≤ ≤
 >



 (22) 

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 6.3.2.2. 

As an example, the magnitude of the extreme direction change with turbulence category A, 
D = 42 m, zhub = 30 m is shown in Figure 3 for varying Vhub. The corresponding transient for 
Vhub = 25 m/s is shown in Figure 4. 
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Figure 3 – Example of extreme direction 
change magnitude 

Figure 4 – Example of extreme direction 
change transient 

 

6.3.3.6 Extreme coherent gust with direction change (ECD) 

The extreme coherent gust with direction change shall have a magnitude of 

 Vcg = 15 m/s (23) 
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The wind speed shall be defined by 

 ( )
( )

( , ) ( ) , ( / )
( )
cg

cg

for 0
0 5 1 cos for 0

for

V z t
V z t V z V t T t T

V z V t T
π

 ≤
= + − ≤ ≤
 + ≥

 (24) 

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

 

0 

10 

20 

30 

40 

50 

–2 0 2 4 6 8 10 12 14 
Time t   (s) 

W
in

d 
sp

ee
d 

V(
z, 

t) 
  (

m
/s

) 

IEC  

Figure 5 – Example of extreme coherent gust amplitude for ECD 

The rise in wind speed shall be assumed to occur simultaneously with the direction change θ 
from 0° up to and including θcg, where the magnitude θcg is defined by 

 ( ) ( )
V

V
V V

V
θ

 <
= 

< <






hub

cg hub
hub ref

hub

180 for 4m / s
720 m / s

for 4m / s
 (25) 

The simultaneous direction change is then given by 

 ( )( ) , cos( / )cg

cg

0 for 0
0 5 1 for 0

for

t
t t T t T

t T
θ θ π

θ

 <
= ± − ≤ ≤
 ± >



 (26) 

where T = 10 s is the rise time. 

The direction change magnitude, θcg, and the direction change θ(t) are shown in Figures 6 
and 7, as a function of Vhub and as a function of time for Vhub = 25 m/s, respectively. 
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Figure 6 – Direction change for ECD Figure 7 – Example of direction  
change transient 

 

6.3.3.7 Extreme wind shear (EWS) 

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

Transient (positive and negative) vertical shear: 

( )( ), [ ] , /

( , )

1
4

hub
hub 1

hub 1

hub
hub

2 5 m/s 0 2 1 cos 2 for 0

otherwise

z zz DV t T t T
z D

V z t
zV

z

α

α

βσ π
Λ

     −   ± + − ≤ ≤              = 
      

 (27) 

Transient horizontal shear: 

 

[ ] ( )( ), , /

( , , )

1
4

hub 1
hub 1

hub
hub

2 5 m/s 0 2 1 cos 2 for 0

otherwise

z y DV t T t T
z D

V y z t
zV

z

α

α

βσ π
Λ

        ± + − ≤ ≤            = 
  
  
  

 (28) 

where for both vertical and horizontal shear: 

α = 0,2; β = 6,4; T = 12 s; 

1σ  is given by Equation (10) for the NTM; 

Λ1  is the turbulence scale parameter, according to Equation (5); 
D  is the rotor diameter. 

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

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

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

illustrate the transient positive wind shear 

 

6.4 Other environmental conditions 

6.4.1 General 

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

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

• temperature; 

• humidity; 

• air density; 

• solar radiation; 

• rain, hail, snow and ice; 

• chemically active substances; 

• mechanically active particles; 

• salinity; 

• lightning; 

• earthquakes. 

An offshore environment requires additional consideration, as per IEC 61400-3. 

An optional cold climate class is defined in Clause 14. 

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

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

6.4.2 Normal other environmental conditions 

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

• ambient temperature range of –10 °C to +40 °C; 

• relative humidity up to 95 %; 

• atmospheric content equivalent to that of a non-polluted inland atmosphere (see 
IEC 60721-2-1); 

• solar radiation intensity of 1 000 W/m2; 

• air density of 1,225 kg/m3. 

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

6.4.3 Extreme other environmental conditions 

6.4.3.1 General 

The extreme other environmental conditions that shall be considered for wind turbine design 
are temperature, lightning, ice and earthquakes (see 11.6 for assessment of earthquake 
conditions). 

6.4.3.2 Temperature 

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

6.4.3.3 Lightning 

The provisions of lightning protection required in 10.7 may be considered as adequate for 
turbine designs for the standard wind turbine classes. 

6.4.3.4 Ice 

No minimum ice requirements are given for the standard wind turbine classes. For cold 
climate, ice requirements are given in Clause 14 and Annex L. 

6.4.3.5 Earthquakes 

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

6.5 Electrical power network conditions 

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

Normal electrical power network conditions apply when the following parameters fall within the 
ranges stated below. 
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• Voltage – nominal value (according to IEC 60038) ± 10 %. 

• Frequency – nominal value ± 2 %. 

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

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

• Outages – electrical network outages shall be assumed to occur 20 times per year. An 
outage of up to 6 h5 shall be considered a normal condition. An outage of up to 1 week 
shall be considered an extreme condition. 

7 Structural design 

7.1 General 

The integrity of the load-carrying components of the wind turbine structure shall be verified 
and an acceptable safety level shall be ascertained. The ultimate and fatigue strength of 
structural members shall be verified by calculations, tests or both to demonstrate the 
structural integrity of a wind turbine with the appropriate safety level. 

The structural analysis shall be based on ISO 2394. 

Calculations shall be performed using appropriate methods. Descriptions of the calculation 
methods shall be provided in the design documentation. The descriptions shall include 
evidence of the validity of the calculation methods or references to suitable verification 
studies. The load level in any test for strength verification shall correspond to the safety 
factors appropriate for the characteristic loads according to 7.6. 

Tower, rotor, and drive train resonances shall be identified for the frequency range up to and 
including 2 times the blade passing frequency excitation. Possible resonances shall be 
investigated at turbulence levels of 30 % of the NTM category C design turbulence for 
DLC 1.2, see 7.4.2. If high resonant loads are found at low turbulence, means shall be taken 
to avoid the resonances or they shall be included in the design loads. 

7.2 Design methodology 

It shall be verified that limit states are not exceeded for the wind turbine design. Model testing 
and prototype tests may also be used as a substitute for calculation to verify the structural 
design, as specified in ISO 2394. 

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

The design methodology assumes that the aeroelastic simulation model used for the specific 
design calculations is subsequently validated by measurements. Such measurements shall be 
made on a wind turbine that is dynamically and structurally similar to, but may differ in detail 
(such as alternative tower designs) from the turbine designed. Requirements for load 
measurements can be found in IEC 61400-13. 

7.3 Loads 

7.3.1 General 

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

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

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

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

7.3.3 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 aeroelastic effects. 

It is not required in the aerodynamic load calculations to account for geometric tolerances in 
tower verticality of less than or equal to 3°. 

7.3.4 Actuation loads 

Actuation loads result from the operation and control of wind turbines. They are in several 
categories including torque control from a generator or inverter or both, 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, including friction. 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. 

7.3.5 Other loads 

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

7.4 Design situations and load cases 

7.4.1 General 

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

For design purposes, the life of a wind turbine can be represented by a set of design 
situations covering the most significant conditions that the wind turbine may experience. 

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

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

• fault design situations and appropriate external conditions; 

• transportation, installation and maintenance design situations and appropriate external 
conditions. 
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If correlation exists between an extreme external condition and a fault situation, a realistic 
combination of the two shall be considered as a design load case. 

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

If the wind turbine controller can, during design load cases with a deterministic wind model, 
cause the wind turbine to shut down prior to reaching maximum yaw angle and/or wind speed, 
then it shall be shown that the turbine can reliably shut down 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) or abnormal (A). Normal 
design load cases are expected to occur frequently. 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 or A, determines the 
partial safety factor γf to be applied to the ultimate loads. These factors are given in Table 3. 

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C 61

40
0 1

 ed
 4.

0:2
01

9

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


IEC 61400-1:2019 © IEC 2019 – 43 –  

Table 2 – Design load cases (DLC) 

Design situation DLC Wind condition Other conditions Type of 
analysis 

Partial 
safety 
factors 

1) Power 
production 

1.1 NTM Vin < Vhub < Vout For extrapolation of 
extreme events 

U N 

1.2 NTM Vin < Vhub < Vout  F * 

1.3 ETM Vin < Vhub < Vout  U N 
1.4 ECD Vhub = Vr – 2 m/s, Vr, 

Vr + 2 m/s 
 U N 

1.5 EWS Vin < Vhub < Vout  U N 
2) Power 

production plus 
occurrence of 
fault 

2.1 NTM Vin < Vhub < Vout Normal control 
system fault or loss of 
electrical network or 
primary layer control 
function fault (see 
7.4.3) 

U N 

2.2 NTM Vin < Vhub < Vout Abnormal control 
system fault or 
secondary layer 
protection function 
related fault (see 
7.4.3) 

U A 

2.3 EOG Vhub = Vr ± 2 m/s 
and Vout 

External or internal 
electrical fault 
including loss of 
electrical network  

U A 

2.4 NTM Vin < Vhub < Vout Control system fault, 
electrical fault or loss 
of electrical network  

F * 

2.5 NWP Vin < Vhub < Vout Low voltage ride 
through 

U N 

3) Start-up 3.1 NWP Vin < Vhub < Vout  F * 
3.2 EOG Vhub = Vin, Vr ± 2 m/s 

and Vout 
 U N 

3.3 EDC Vhub = Vin, Vr ± 2 m/s 
and Vout 

 U N 

4) Normal 
shutdown 

4.1 NWP Vin < Vhub < Vout  F * 

4.2 EOG Vhub = Vr ± 2 m/s 
and Vout 

 U N 

5) Emergency stop 5.1 NTM Vhub = Vr ± 2 m/s 
and Vout 

 U N 

6) Parked 
(standing still or 
idling) 

6.1 EWM 50-year return 
period 

 U N 

6.2 EWM 50-year return 
period 

Loss of electrical 
network connection 

U A 

6.3 EWM 1-year return period Extreme yaw 
misalignment 

U N 

6.4 NTM Vhub < 0,7 Vref  F * 
7) Parked and 

fault conditions 
7.1 EWM 1-year return period  U A 

8) Transport, 
assembly, 
maintenance 
and repair 

8.1 NTM Vmaint to be stated 
by the manufacturer 

 U N 

8.2 EWM 1-year return period  U A 
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Key 
DLC Design load case 
ECD Extreme coherent gust with direction change (see 6.3.3.6) 
EDC Extreme direction change (see 6.3.3.5) 
EOG Extreme operating gust (see 6.3.3.3) 
EWM Extreme wind speed model (see 6.3.3.2) 
EWS Extreme wind shear (see 6.3.3.7) 
NTM Normal turbulence model (see 6.3.2.3) 
ETM Extreme turbulence model (see 6.3.3.4) 
NWP Normal wind profile model (see 6.3.2.2) 
Vr ± 2 m/s Sensitivity to all wind speeds in the range shall be analysed 
F Fatigue (see 7.6.3) 
U Ultimate strength (see 7.6.2) 
N Normal 
A Abnormal 
* Partial safety for fatigue (see 7.6.3) 

 

When a wind speed range is indicated in Table 2, wind speeds leading to the most adverse 
condition for wind turbine design shall be considered. The range of wind speeds may be 
represented by a set of discrete values, in which case the resolution shall be sufficient to 
assure accuracy of the calculation6. In the definition of the design load cases, reference is 
made to the wind conditions described in Clause 6. 

In the further specifications of design load cases (DLCs) in 7.4.2 to 7.4.9, some DLCs allow 
alternative formulations. Where alternatives are mentioned, the party designing to this 
document shall decide which alternative shall be used throughout the analysis of the DLC. 

7.4.2 Power production (DLC 1.1 to 1.5) 

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

In addition, deviations from theoretical optimum operating situations such as yaw 
misalignment and control system tracking errors shall be taken into account in the analyses of 
operational loads. 

Design load cases (DLCs) 1.1 and 1.2 embody the requirements for loads resulting from 
atmospheric turbulence 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. DLC 1.4 and 1.5 specify transient cases that have been 
selected as potentially critical events in the life of a wind turbine. 

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

If the extreme design values of the blade root moments derived from DLC 1.1 are not 
exceeded by the extreme design values derived for DLC 1.3, the factor c in Equation (20) for 

___________ 
6  In general, a resolution of 2 m/s is considered sufficient. However, in the wind speed range where the power 

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

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

7.4.3.1 General 

This design situation involves a transient event triggered by a fault or by the loss of electrical 
network connection while the turbine is producing power. Any fault in the control system, or 
internal fault in the electrical system, significant for wind turbine loading (such as generator 
short circuit) shall be considered. This design situation is considered to be relevant for fatigue 
analysis as well, see DLC 2.4. 

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

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

Faults in the control system shall be considered in DLC 2.1 and DLC 2.2 as described in 
7.4.3.2. For architectures where turbine safety is ensured by two independent sets of 
functions (via primary layer control functions and secondary layer protection functions, 
respectively), the method described in 7.4.3.3 may be used. See Clause 8 for guidance on 
identification of failure modes, assessment of failure mode return periods, fault exclusions, 
and measures to avoid common-cause failures. 

7.4.3.2 Control system failure (DLC 2.1 and DLC 2.2) – Quantitative approach 

For DLC 2.1, the following shall be considered as normal events: 

a) control system failure related events that have an expected failure mode return period that 
is equal to or less than 50 years; 

b) control system failure related events where the expected failure mode return period cannot 
be obtained; 

c) loss of electrical network connection. 

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

For DLC 2.2, control system failure events or internal electrical and mechanical system faults 
with expected failure mode return period greater than 50 years shall be considered as 
abnormal. 

Fault events with a return period in excess of 2  000 years and fault events that are not 
relevant for wind turbine loading may be disregarded. The fault event return period is based 
on the statistical calculation of the probability of an event whereby a control or internal 
electrical system part is in or enters a failed state such that a structural failure could occur. 

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

This approach can be used for control system architectures consisting of two or more 
independent layers. Within this approach, 

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C 61

40
0 1

 ed
 4.

0:2
01

9

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


 – 46 – IEC 61400-1:2019 © IEC 2019 

a) primary layer control and protection functions aim to keep the turbine operating 
parameters within their normal operating limits and their design limits, respectively, and 

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

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

Primary layer control function faults considered in DLC 2.1 typically include faults relating to 
rotor speed, yaw angle, and blade pitch angles. 

For DLC 2.2, rare events that have relevance for the wind turbine loading, including faults 
relating to activation of secondary layer protection functions, shall be considered as 
abnormal. Such faults may include erroneous activation of actuators, non-activation of braking 
systems, and blocking of the pitch system. This load case shall at least address the following: 
independent overspeed protection, generator overload/fault protection, uncontrolled blade 
pitch protection (blade pitch runaway), uncontrolled yaw protection and excessive vibration or 
shock protection. 

7.4.3.4 Other power production plus occurrence of fault or loss of electrical network 
connection (DLC 2.3 to 2.5) 

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

As an alternative to the specification of DLC 2.3 above and in Table 2, DLC 2.3 may instead 
be considered as a normal event (i.e. a partial safety factor for load of 1,35) to be analysed 
using stochastic wind simulations (NTM – Vin < Vhub < Vout) combined with an internal or 
external electrical system fault (including loss of electrical network connection). In this case, 
12 response simulations shall be carried out for each considered mean wind speed. For each 
response simulation, the extreme response after the electrical fault has occurred is sampled. 
The fault shall be introduced after the effect of initial conditions has become negligible. 
For each mean wind speed, a nominal extreme response is evaluated as the mean of the 
12 sampled extreme responses plus three times the standard deviation of the 12 samples. 
The characteristic response value for DLC 2.3 is determined as the extreme value among the 
nominal extreme responses. 

If a fault or loss of electrical network connection does not cause an immediate shutdown and 
the subsequent loading can lead to significant fatigue damage, the likely duration of this 
situation along with the resulting fatigue damage in normal turbulence conditions (NTM) shall 
be evaluated in DLC 2.4. The manufacturer shall estimate the expected frequency/duration for 
the events7. 

___________ 
7 If there is no relevant data/information available, the following frequency/duration can be applied for the below 

listed events: 

• 10 shut-downs per year for overspeed event; 

• 24 hours per year of operation for events with yaw error; 

• 24 hours per year of operation for events with pitch error; 

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

7.4.4 Start-up (DLC 3.1 to 3.3) 

This design situation includes all the events resulting in loads on a wind turbine during the 
transients from any standstill or idling situation to power production. The number of 
occurrences shall be estimated based on the control system behaviour.9 

For DLC 3.2, at least four different timing events between the EOG and the start-up event 
shall be considered for each wind speed. The first timing shall be chosen so that the 
beginning of the EOG occurs when the power production reaches 50 % of maximum power. 
The last timing shall be chosen so that the beginning of the EOG occurs when the power 
production reaches 95 % of maximum power. At least two additional timings shall be chosen, 
evenly distributed within the interval from 50 % to 95 % of maximum power. 

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

As an alternative to the EOG gust, the DLC 3.2 may instead be analysed using at least 
12 stochastic wind simulations for each mean wind speed with the ETM. For each mean wind 
speed, a nominal extreme response is evaluated as the mean of the simulated extremes. 

7.4.5 Normal shutdown (DLC 4.1 to 4.2) 

This design situation includes all the events resulting in loads on a wind turbine during normal 
transient situations from a power production situation to a standstill or idling condition. The 
number of occurrences shall be estimated based on the control system behaviour.10 

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

At least four evenly distributed rotor azimuth positions shall be applied for each distinct point 
of time. For each wind speed, the characteristic value of the load may be computed as the 
mean value of the extreme computed loads among all timings and azimuth positions 
considered. 

If, due to the safety and control system, a shutdown event is automatically triggered during 
the EOG gust, that event shall also be considered in the analysis. 

___________ 
8 Low voltage ride through situations are normally defined by the electrical utilities as situations with grid 

disturbances or failures the wind turbine should be able to handle without shutting down. The reason for a 
demand for riding through these situations is that if the wind turbines (especially in wind farms) shut down it 
can result in a collapse of the grid. 

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

• 1000 start-up procedures at Vin; 

• 50 start-up procedures at Vr; 

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

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

• 1000 shut-down procedures at Vin; 

• 50 shut-down procedures at Vr; 

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

7.4.6 Emergency stop (DLC 5.1) 

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

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

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

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

For design load cases, where the wind conditions are defined by EWM, either the steady 
extreme wind model or the turbulent extreme wind model may be used. If the turbulent 
extreme wind model is used, the response shall be estimated using either a full dynamic 
simulation or a quasi-steady analysis with appropriate corrections for gusts and dynamic 
response using the formulation in ISO 4354. 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. 

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. 

The partial safety factors for loads for DLC 6.1 and DLC 6.2 in Table 3 are derived by 
assuming that the coefficient of variation of the annual maximum wind speed is smaller than 
15 %; for other COV, see footnote 31 in 11.3.2. 

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

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

In DLC 6.4, the expected number of hours of non-power production time at a fluctuating load 
appropriate for each wind speed where significant fatigue damage can occur to any 
components (e.g. from the weight of idling blades) shall be considered. 
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7.4.8 Parked plus fault conditions (DLC 7.1) 

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

In case of a fault in the yaw system, yaw misalignment of ±180° shall be considered. If for the 
cases DLC 7.1 with fault in the yaw system, yaw misalignment is evaluated using discrete 
values, the increment in yaw misalignment shall be not more than 10° in the sector of the 
maximum lift force on the blades. For any other fault, yaw misalignment shall be consistent 
with DLC 6.1. 

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

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

For DLC 8.1, the manufacturer shall state all the wind conditions and design situations 
assumed for transport, assembly on site, maintenance and repair of a wind turbine. The 
maximum stated wind conditions shall be considered in the design if they can produce 
significant loading on the turbine. The manufacturer shall allow sufficient margin between the 
stated conditions and the wind conditions considered in design to give an acceptable safety 
level. Sufficient margin may be obtained by adding 5 m/s to the stated wind condition. 

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. 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, or the 
appropriate fatigue design load case shall be added11. 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. 
Non-redundant blocking devices shall be designed in component class 3. In particular, 
application of maximum design actuator forces shall be taken into account. It is recommended 
that standards for lifting appliances including safety factors/influence factors are additionally 
applied when relevant. Unless permanently installed, the lifting appliance itself is not covered 
by this document and should be designed and tested according to relevant standards for 
lifting appliances. 

7.5 Load calculations 

Loads as described in 7.3.2 through 7.3.5 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; 

___________ 
11 Guidance for tower loads from vortex-induced vibrations can be found in IEC 61400-6 (under preparation; stage 

at the time of publication: IEC CDV 61400-6:2017). 
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• aeroelastic effects; 

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

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

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

When turbulent winds are used for dynamic simulations, attention should be given to the grid 
resolution regarding the spatial12 and time resolution. 

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

Ultimate load components may also be combined in a conservative manner assuming the 
extreme component values occur simultaneously. In case this option is pursued, both 
minimum and maximum extreme component values shall be applied in all possible 
combinations to avoid introducing non-conservatism. 

Guidance for the derivation of extreme design loads from contemporaneous loads taken from 
a number of realizations is given in Annex I. 

7.6 Ultimate limit state analysis 

7.6.1 Method 

7.6.1.1 General 

Partial safety factors account for the uncertainties and variability in loads and resistances, the 
uncertainties in the analysis methods and the importance of structural components with 
respect to the consequences of failure. 

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

• analysis of ultimate strength (see 7.6.2); 

___________ 
12 Concerning the spatial resolution, the maximum distance between adjacent points should be smaller than 25 % 

of Λ1 (Equation (5)) and no larger than 15 % of the rotor diameter. This distance is meant to be the diagonal 
distance between points in each grid cell defined by four points. In the case of a non-uniform grid, an average 
value over the rotor surface of the distance between grid points can be considered as the representative spatial 
resolution, but this distance typically decreases towards the blade tip. 
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• analysis of fatigue failure (see 7.6.3);  

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

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

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

7.6.1.2 Partial safety factors for loads and resistance 

The uncertainties and variability in loads and resistances (including variability in materials) 
are taken into account by partial safety factors as defined in Equations (29) and (30) in order 
to assure safe design values. 

 d f kF Fγ=  (29) 

where 
Fd 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; 

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

 d k
M

1R R
γ

=  (30) 

where 
Rd are the design values for resistances, see Annex K; 

γM are the partial safety factors13 accounting for uncertainties in the material parameters 
and resistance models, see Annex K; 

Rk are the characteristic values of resistances including load duration effects, scale effects, 
etc. accounted for by a conversion factor, see Annex K. 

The partial safety factors for loads used in this document take account of 

a) possible unfavourable deviations/uncertainties of the load from the characteristic value, 
and 

b) uncertainties in the loading model. 

The partial safety factors for resistances γM used in this document, as in ISO 2394, take 
account of 

• possible unfavourable deviations/uncertainties of the strength of material from the 
characteristic value, 

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

• uncertainties in the geometrical parameters, 

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

• uncertainties in conversion factors. 

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

uncertainty in material parameters and a partial safety factor related to uncertainty in the resistance model, see 
Annex K. 
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These different uncertainties are sometimes accounted for by means of individual partial 
safety factors; but in this document, as in most others, the load related factors are combined 
into one factor, γf, and the material and resistance related factors into one factor, γM. Values 
of γf and γM are given in 7.6.2 to 7.6.5. However, these values may be replaced if it can be 
documented that assumptions leading to these values are conservative, in which case a 
calibration of load and resistance safety factors may be performed to meet the intended safety 
level in this document14. 

7.6.1.3 Partial safety factor for consequence of failure and component classes 

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

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

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

c) component class 3: used for "safe-life" mechanical components that link actuators and 
brakes to main structural components for the purpose of implementing non-redundant 
wind turbine protection functions. Regarding blocking devices, see 7.4.9. 

Partial safety factors for consequences of failure: 

• component class 1: γn = 0,9; 

• component class 2: γn = 1,0; 

• component class 3: γn = 1,2. 

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

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

7.6.1.4 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 document. It shall be ensured that the resulting 
safety level is not less than the intended safety level in this document. 

Different codes subdivide the partial safety factors for resistance, γM, into several material 
factors accounting for separate types of uncertainty, for example inherent variability of 
material strength, extent of production control or production method. If the code gives partial 
safety factors or uses reduction factors on the characteristic values to account for other 
uncertainties, these shall also be taken into account. 

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

___________ 
14 Annex K provides a guideline for calibration of material partial safety factors. 

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C 61

40
0 1

 ed
 4.

0:2
01

9

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


IEC 61400-1:2019 © IEC 2019 – 53 –  

7.6.2 Ultimate strength analysis 

7.6.2.1 General 

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

 ( )n d dS F Rγ ⋅ ≤  (31) 

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

 n f k k
M

1F Rγ γ
γ

≤  (32) 

Note that γn is a consequence of failure factor and shall not be treated as a safety factor on 
materials. 

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

7.6.2.2 Partial safety factors for loads 

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

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

b) The characteristic value is obtained as the largest (or smallest) among the 99th percentile 
(or 1st percentile in the case of minima) values of the 10 min extremes determined for 
each wind speed in the given range, multiplied by 1,2. 

c) The characteristic value is obtained as the value corresponding to a 50 year return period, 
based on load extrapolation methods, considering the wind speed distribution given in 
6.3.2.1 and the normal turbulence model in 6.3.2.3. Guidance about load extrapolation is 
given in Annex G. 

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

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

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

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

The approach in 7.6.1.2, where the partial safety factor for loads is applied to the load 
response, assumes that a proper representation of the dynamic response is of prime concern. 
Where a proper representation of non-linear material behaviour or geometrical nonlinearities 
(such as, for example, for foundations) or both are of primary concern, the design load 
response Sd shall be obtained from a structural analysis for the combination of the design 
loads Fd, where the design load is obtained by multiplication of the characteristic loads Fk by 
the specified partial load factor γf for favourable and unfavourable loads: 

 d f kF Fγ=  (33) 

The load responses in the tower at the interface (shear forces and bending moments) factored 
with γf from Table 3 shall be applied as boundary conditions. 

Table 3 – Partial safety factors for loads γf 

Unfavourable loads Favourable loads15 

Type of design situation (see Table 2) 
All design situations 

Normal (N) Abnormal (A) 

1,35a 1,1 0,9 
a For design load case DLC 1.1, the partial load factor shall be γf = 1,25. 

If for normal design situations the characteristic value of the load response Fgravity due to gravity can be 
calculated for the design situation in question, and gravity is an unfavourable load, the partial load factor for 
combined loading from gravity and other sources may have the value 
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For design load case DLC 2.1, the partial load factor may be calculated from the following expression if the 
mean time between failures (MTBF), in years, for the considered failure mode has been evaluated (see 
7.4.3.2): 

 ( )f

1,35 MTBF 10
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For design load case DLC 2.5, the partial load factor shall be 1,2. 

 

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

___________ 
15  Pretension and gravity loads that significantly relieve the total load response are considered favourable loads. 

In the case of both favourable and unfavourable loads, Equation (32) becomes  

n f,unfav k,unfav f,fav k,fav d( , ) ( )S F F R fγ γ γ ≤  

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C 61

40
0 1

 ed
 4.

0:2
01

9

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


IEC 61400-1:2019 © IEC 2019 – 55 –  

7.6.2.3 Partial safety factors for gravity foundations 

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

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

7.6.2.4 Partial safety factors for resistances where recognized design codes are not 
available 

Partial safety factors for resistances shall be selected in relation to the adequacy of the 
available material properties test data. The safety level in this document corresponds to a 
partial safety factor for resistances, gM = 1,2 when applied to characteristic material properties 
of 95 % survival probability.16 This value assumes no bias (typically systematic conservatism 
in the resistance model) and small uncertainty related to the resistance model (coefficient of 
variation less than 5 %), see Annex K; and applies to components with ductile behaviour 
whose failure may lead to the failure of a major part of a wind turbine. 

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

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

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

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

For "safe-life" mechanical/structural components with non-ductile behaviour whose failures 
lead rapidly to the failure of a major part of a wind turbine, the partial safety factor for 
resistance, gM, shall be not less than 

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

___________ 
16 Alternatively, the characteristic strength parameters can be selected as the 95 % fractile using the Bayesian 

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

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

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

7.6.3 Fatigue failure 

7.6.3.1 General 

Fatigue damage shall be estimated using an appropriate fatigue damage calculation. For 
example, in the case of Miner's rule, the limit state is reached when the accumulated damage 
exceeds 1. Thus, in this case, the accumulated damage over the design lifetime of a turbine 
shall be less than or equal to 1. Fatigue damage calculations shall consider the formulation, 
including effects of both cyclic range and mean strain (or stress) levels. All partial safety 
factors (load, material and consequences of failure) shall be applied to the cyclic strain (or 
stress) range for assessing the increment of damage associated with each fatigue cycle. An 
example formulation is given for Miner’s rule in Annex H. 

7.6.3.2 Partial safety factor for loads 

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

7.6.3.3 Partial safety factors for resistances where recognized codes are not 
available 

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

The fatigue strengths shall be derived from a statistically significant number of tests and the 
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 welded and structural steel, traditionally the 97,7 % survival probability is used as basis 
for the SN-curves. In this case, γM may be taken as 1,25, corresponding to a safe-life 
assessment approach, see Annex K. In cases where it is possible to detect critical crack 
development through introduction of a periodic inspection programme, a lower value of gM 
may be used, corresponding to a damage tolerant assessment approach, see Annex K. In all 
cases, γM shall be larger than 1,0. 

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

___________ 
17 The parametric formulas based on membrane theory in Eurocode 3 Part 6 (EN 1993-1-6:2007) for shell 

buckling applicable to tubular steel towers with D/t < 300 include a bias that can be accounted for by reducing 
γM for buckling to 1,1. 

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

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

7.6.4 Stability 

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

A minimum value for the partial safety factor for loads, γf, shall be chosen in accordance with 
7.6.2.2 to obtain the design value. The material partial safety factors shall be not less than 
those specified in 7.6.2.4. 

7.6.5 Critical deflection analysis 

7.6.5.1 General 

It shall be verified that no deflections affecting structural integrity occur in the design 
conditions detailed in Table 2. The maximum elastic deflection in the unfavourable direction 
shall be determined for the load cases detailed in Table 2. A characteristic value for the 
resulting deflections is determined in a manner consistent with the other load components. 
The resulting characteristic deflection is then multiplied by the combined partial safety factor 
for loads, materials and consequences of failure. 

7.6.5.2 Partial safety factor for loads 

The values of γf shall be chosen from Table 3. 

7.6.5.3 Partial safety factor for the elastic properties of materials 

The value of γM shall be 1,1 except when the elastic properties of the component in question 
have been determined by testing and monitoring, in which case it may be reduced. Particular 
attention shall be paid to geometrical uncertainties and the accuracy of the deflection 
calculation method. 

7.6.5.4 Partial safety factor for consequences of failure 

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

The elastic deflection shall then be added to the un-deflected position in the most 
unfavourable direction and the resulting position compared to the requirement for non-
interference. 

7.6.5.5 Blade (tip) deflection 

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

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

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

combined partial factor (i.e. 
γ γ γ

γ γ γ
−f n m

f n m

1
). 

7.6.6 Special partial safety factors 

Lower partial safety factors for loads may be used where the magnitudes of loads have been 
established by measurement or by analysis confirmed by measurement to a higher than 
normal degree of confidence. The values of all partial safety factors used shall be stated in 
the design documentation. 

8 Control system 

8.1 General 

Wind turbine operation shall be governed by a control system that meets the requirements of 
Clause 8. 

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

For special cold climate requirements, see 14.6. 

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 the envelope assumed in the structural design. 

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

• power, 

• rotor speed, 

• connection of the electrical load, 

• start-up and shutdown procedures, 

• cable twist, 

• excessive vibrations, 

• alignment to the wind, and 

• blade pitch angle. 

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

___________ 
19 Risk assessments may result in requirements for additional control system functionality needed for ensuring 

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

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

8.3 Protection functions 

The control system shall make use of protection functions in order to prevent turbine 
structural overloading due to failure modes. These protection functions may be implemented 
as either control functions that apply inherently safe design measures20, or as separate 
secondary layer protection functions. 

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

Functions protecting against structural overloading shall be implemented by means of multi-
channel architectures21 with diagnostic coverage to yield sufficiently high mean time between 
failure. 

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

8.4 Control system failure analysis 

8.4.1 General 

Faults or errors in the systems implementing the control and protection functions may lead to 
a number of failure modes, where the failure mode is defined as the behaviour of the control 
system in case of a fault or error. Such failure modes may lead to events affecting the turbine 
structure. 

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

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

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

The set of events addressed in the fault analysis shall include at least the following: 

a) excessive rotor speed; 
b) excessive vibrations; 
c) excessive power production; 
d) actuator faults, e.g. pitch and yaw actuation faults. 

___________ 
20 ISO 12100:2010, 6.2.11 and 6.2.12 provides guidance on applying inherently safe design measures to control 

systems. 

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

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

8.4.3 Fault exclusions 

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

All mechanical components of the control system where fault exclusions are applied shall be 
considered in component class 3 with an appropriate consequences-of-failure partial safety 
factor (as defined in 7.6). All such critical components shall be analysed for ultimate strength, 
fatigue, buckling and critical deflection. 

8.4.4 Failure mode return periods 

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

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

8.4.5 Systematic failures 

For protection functions and for control functions where failure mode return periods higher 
than 10 years are claimed, measures for avoiding systematic failures25 (including software 
failures) described by recognized standards shall be applied. 

8.5 Manual operation 

Manual or automatic intervention shall not compromise the control system’s ability to keep the 
turbine within limits. Any device allowing manual intervention shall be clearly visible and 
identifiable, by appropriate marking where necessary. 

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

Settings of the control system shall be protected against unauthorized interference. 

8.6 Emergency stop button function 

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

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

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

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

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

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

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

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

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

Effects of activation of the emergency stop button shall be evaluated under DLC 5.1 for all 
relevant operating scenarios (see 7.4). 

8.7 Manual, automatic, and remote restart 

Mechanisms for restarting the turbine following a stop shall be clearly defined and meet the 
following requirements. 

Turbine restart behaviour and restart procedures27 following a control function failure shall be 
defined based on a failure mode analysis (for example via a fault tree analysis). 

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

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

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

EXAMPLE Such diagnostics may consist of automatic substantiation that the structural design limits for rotor 
speed and tower top acceleration have not been exceeded. 

The risks and consequences of an unintended remote restart (for example, due to a 
communications system error) shall be considered. 

A turbine with automatic or remote restart capability shall be provided with a means to locally 
disable and lock out the automatic restart function and the remote restart function. 

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

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

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

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

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

8.8 Braking system 

It shall be possible to bring the rotor to idling mode or complete standstill from any operation 
condition, including loss of power. 

Means shall be provided for bringing the rotor to a complete standstill in any wind speed less 
than the wind speed limit defined for maintenance and repair, see 7.4.9, unless this is 
explicitly discounted based on the results of a risk assessment.  

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

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

9 Mechanical systems 

9.1 General 

A mechanical system for the purposes of this document is any system which does not consist 
solely of static structural components, or electrical components, but uses or transmits relative 
motion through the combination of shafts, links, bearings, slides, gears and other devices. 
Within a wind turbine, these systems may include elements of the drive train such as 
gearboxes, shafts and couplings, and auxiliary items such as brakes, blade pitch controls, 
yaw drives. Auxiliary items may be driven by electrical, hydraulic or pneumatic means. 

All mechanical systems in the drive train and in the control system shall be designed 
according to IEC or ISO standards wherever available. Otherwise, recognized standards shall 
be used. Partial safety factors shall be consistent with component class 2 in 7.6.1.3, unless 
the systems falls into component class 3.  

Particular care shall be taken to ensure that cooling and filtration systems can maintain 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. 

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

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

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

9.3 Hydraulic or pneumatic systems 

Where auxiliary items are powered by hydraulic or pneumatic energy, the systems shall be so 
designed, constructed and equipped as to avoid all potential hazards associated with these 
types of energy. Means of isolating or discharging accumulated energy shall be included in 
such systems. All pipes and/or hoses carrying hydraulic oil or compressed air and their 
attachments shall be designed to withstand or be protected from foreseen internal and 
external stresses. Precautions shall be taken to minimize risk of injury arising as a 
consequence of rupture. 

9.4 Main gearbox 

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

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. 

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

The safety against pitting shall be determined in accordance with ISO 6336-2. The application 
of the upper limit curve (1) for life factor ZNT, which allows limited pitting, is permissible. 
Sufficient tooth bending strength shall be proven in accordance with ISO 6336-3. The reverse 
bending loads on gear teeth shall be considered in accordance with ISO 6336-3:2006, 
Annex B. Minimum values for SF and SH are specified in Table 4. These values shall be 
achieved by using characteristic loads Fk. Hence, SF and SH include the partial safety factor 
for consequences, γn, materials, γM and loads, γf. 

Table 4 – Minimum safety factor SH,min and SF,min  
for the yaw gear system 

 Component class 1 Component class 2 

Surface durability (pitting) SH,min = 1,0 SH,min = 1,1 

Tooth bending fatigue strength SF,min ≥ 1,1 SF,min = 1,25 

Static bending strength SF,min ≥ 1,0 SF,min = 1,2 
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However, lower safety factors, SF and SH, may be applicable in cases where efficient 
monitoring is implemented. If safety factors below 1,0 are applied, then the maintenance 
manual shall reflect anticipated replacement intervals. 

9.6 Pitch system 

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

Any motors shall comply with relevant parts of Clause 10. For pitch systems with individual 
pitch drives/actuators ensuring sufficient redundancy, these may be considered to be in 
component class 2. 

For component class 2, gearboxes and gears shall comply with relevant parts of 9.5. 

9.7 Protection function mechanical brakes 

Where mechanical brakes are used for a protection function (see 7.4.3.3), they are generally 
friction devices applied by hydraulic or mechanical spring pressure. The remaining life of any 
wearing components, for example friction pads, shall be monitored by the control system, 
which shall place the turbine in parked mode when insufficient material is available for a 
further emergency stop or braking. 

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

9.8 Rolling element bearings 

9.8.1 General 

The basis of rating analysis of rolling bearings shall be ISO 76, ISO 281 and ISO/TS 16281. 
The calculation shall consider the actual operating and lubrication conditions as well as the 
bearing environment. Any life adjustment factor according to ISO 281 and ISO/TS 16281 shall 
be applied with care. 

The 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 or discontinuous. 

9.8.2 Main shaft bearings 

The modified reference rating life L10mr (90 % survival probability) of main shaft bearings shall 
meet or exceed the specified design life of the wind turbine. 

9.8.3 Generator bearings 

The modified reference rating life L10mr (90 % survival probability) of generator bearings shall 
meet or exceed the specified design life of the wind turbine. 

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

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

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

10 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". 

Clause 10 includes electrical components specific to wind turbine designs that have features 
and functions not typically addressed in other system or component standards. Clause 10 
also addresses common wind turbine components but it is not intended to be all inclusive. 
Specific components are dictated by the turbine design and these components and 
assemblies shall be evaluated for the electrical, mechanical and environmental installation 
locations and application as defined in 10.2. 

The power collection system is not covered by this document. 

10.2 General requirements for the electrical system 

The design of the electrical system shall ensure minimal hazards to people and livestock as 
well as minimal potential damage to the wind turbine and external electrical system during 
operation and maintenance under all normal and extreme electrical and environmental 
conditions (as defined in 6.4.2 and 6.4.3) for the specific area where the equipment operates, 
including additional effects related to the overall turbine and its environmental ratings. 
Electrical components and subassemblies shall be rated for their electrical conditions and 
operating environment. 

Electrical equipment should be designed to provide protection from potential arc flashes using 
recognized national or international standards and risk assessment methodologies. 

For cold climate requirements, see 14.8. 

Unless otherwise specified in this document, the design of a wind turbine electrical system 
shall comply with the requirements of IEC 60204-1. For equipment that have input and or 
output circuits at nominal voltages greater than 1 000 V AC or 1 500V DC, the applicable 
requirements of IEC 60204-11 shall be applied. The manufacturer shall state the design 
standard(s) used. The design of the electrical system shall take into account the fluctuating 
nature of power generation from wind turbines. 

10.3 Internal environmental conditions 

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

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

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

• coolant temperature (min./max.); 

• ambient temperature (min./max.); 

• humidity (min./max.); 

• pollution degree; 

• vibration; 

• OVC (overvoltage category); 

• altitude for thermal consideration, if rated for operation above 1 000 m; 

• altitude for insulation coordination considerations, if rated for operation above 2 000 m. 

These environmental condition determinations are the basis for the insulation coordination 
defined in 10.3. 

IEC 60664-1 and IEC 60664-3 for equipment having a rated voltage up to 1  000 V AC and 
IEC 60071-1 and IEC 60071-2 for equipment having a rated voltage above 1  000 V AC shall 
be used for evaluating the insulation coordination requirements for the specific wind turbine 
equipment unless otherwise specified by specific component requirements within this 
document. This insulation coordination evaluation shall address the overvoltage category, 
pollution degree, and environmental conditions for the electrical equipment within the turbine. 

Minimum environmental conditions within the turbine are to be considered pollution degree 3. 
Specific areas where conductive pollution such as slip ring brush dust and brake dust are 
present shall be considered pollution degree 4. 

The pollution degree may be reduced within certain areas of the equipment by the use of 
encapsulation, conformal coating, etc. Reduction of pollution degree within the overall 
equipment may also be achieved by the use of enclosures providing protection in accordance 
with IEC 60529. Steps may be taken to control and reduce the pollution degree at the 
creepage location by design features or the consideration of the operating characteristics of 
the component or equipment. 

Pollution degree 2 can be achieved by reducing the possibilities of debris accumulation 
(filtered ventilation) and condensation or high humidity at the creepage locations. Continuous 
application of heat, through the use of heaters or continuous energizing of the equipment 
when it is in use, can be used to control condensation. Continuous energizing is considered to 
exist when the equipment is operated without interruption every day and 24 hours per day or 
when the equipment is operated with interruptions of duration which do not permit cooling to 
the point that condensation occurs. 

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

Overvoltage category IV shall be applied to determine clearance spacings in general locations 
within a wind turbine. Surge protectors that are relied upon to protect control and protection 
circuits and other circuits relied upon for the safe operation of the turbine shall include 
monitoring circuits or other automatic means to indicate a surge protective device has failed. 
Use of surge suppression protection may be used to locally reduce the overvoltage category 
to below IV for specific equipment or circuits. 

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C 61

40
0 1

 ed
 4.

0:2
01

9

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


IEC 61400-1:2019 © IEC 2019 – 67 –  

Direct or nearby lightning strikes can induce high overvoltage conditions in the external 
electrical systems and wind turbine electrical systems including equipment circuits throughout 
the hub, nacelle and tower. Surge protective devices, if used, shall be installed in close 
proximity to the equipment being protected. 

10.4 Protective devices 

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

10.5 Disconnection from supply sources 

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

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

Semiconductor switching devices without additional air gap disconnect contacts are not 
suitable to meet the requirements of 10.4. 

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

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

10.6 Earth system 

A wind turbine shall be provided with a local earth electrode system to meet the requirements 
of IEC 60364 (all parts) (for the correct operation of the electrical installation) and 
IEC 623053 (for lightning protection).28 The range of soil conditions for which the earth 
electrode system is adequate shall be stated in the design documentation, together with 
recommendations should other soil conditions be encountered. 

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

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

10.7 Lightning protection 

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

The design shall consider the protection of the following areas: 

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

• hub/spinner; 

• nacelle; 

• tower. 

Additional system components such as external transformers and switchgear outside the 
scope of this document may also need to be connected and or included in the lightning 
protection system. 

The protection of electrical systems within the turbine shall follow a lightning protection 
approach as set out in IEC 62305-4, with the design incorporating a combination of bonding, 
shielding and surge protection devices. 

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

10.8 Electrical cables 

Electrical cables shall be rated for the electrical, flammability, mechanical and environmental 
applications where they are used and shall be installed in a manner for which they are rated. 
Where there is a probability of rodents or other animals damaging cables, armoured cables or 
conduits shall be used. 

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

• Control cables shall be segregated and or protected from power cables unless insulation 
failures are specifically addressed in the fault analysis. 

• Cable clamps, supports and strain reliefs shall be suitable for the cable type so as to 
prevent damage to the cable insulation. 

• Cables shall be protected or suitably located to prevent damage from abrasion and wear. 

10.9 Self-excitation 

Any electrical system that can alone self-excite a wind turbine shall be disconnected and 
remain safely disconnected in the event of loss of network power. 

If a capacitor bank is connected in parallel with an induction generator (i.e. for power factor 
correction), a suitable switch is required to disconnect the capacitor bank whenever there is a 
loss of network power, to avoid self-excitation of the generator. Alternatively, if capacitors are 
fitted, it shall be sufficient to show that the capacitors cannot cause self-excitation. 

10.10 Protection against lightning electromagnetic impulse 

The overvoltage protection shall be designed in accordance with the requirements of 
IEC 62305-4. 

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

10.11 Power quality 

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

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

10.13 Power electronic converter systems and equipment 

The converter shall be evaluated for the environment in which it is installed as defined by 
Table 18 of IEC 62477-1:2012. The interior of a turbine is not considered to be a conditioned 
space. If the converter is installed within a conditioned space, it shall be evaluated for that 
environment. The pollution degree shall be chosen with respect to ingress of moisture from 
humidity and condensation due to extended durations of de-energization. The environmental 
service conditions defined in IEC 62477-1 may be modified to accommodate the specific end 
application within the turbine. 

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

Converter controls and protection shall additionally comply with the applicable requirements in 
Clause 8. 

10.14 Twist/drip loop 

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

If operation of the wind turbine may result in twisting of flexible cables, such as the 
connecting cables between rotating parts (nacelle) and parts of the fixed structure (tower or 
foundation), the operational conditions of use shall not cause damage to the conductors or 
their insulation. The evaluation shall address service life, electrical and environmental 
operating conditions of the subassembly. 

Controls that prevent damage to conductors or their insulation including rotational limits shall 
be considered part of the control system. 

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

The cable support assemblies shall be designed for the mechanical loading and torsional 
forces of operation. 

Cable size and temperature rating shall be evaluated based upon the operating temperature 
of the assembly including representative size and number of cables fully twisted, carrying 
maximum normal current and including electrical terminations similar in distance in the end 
application. 

10.15 Slip rings 

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

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

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

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

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

The evaluation of these vertical power transmission systems shall account for the following 
conditions: 

a) static loading on system components; 
b) expected deflection and forces on the transmissions assemblies and support structure 

resulting from bending of the tower under anticipated extreme conditions; 
c) expected force direction and magnitude of displacement of the assembly; 
d) component fatigue, loosening of fasteners; 
e) degradation, wear, deformation and creep of polymeric electrical insulating materials; 
f) loss of electrical conductivity or electrical isolation; 
g) operation for the intended turbine life span or specified maintenance period for the 

assembly. 

The assembly may be evaluated by testing, analysis or a combination of the two. 

Scaled testing may be used to represent the complete system. 

The mechanical and structural suitability of the power transmission assembly and supporting 
members may be addressed via analysis per the design load case evaluation. The design 
load cases shall specifically include and address the forces on the assembly, subassemblies 
and components including insulating and conducting materials. 

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

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

10.17 Motor drives and converters 

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

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

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

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

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

10.19 Power transformers 

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

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

10.20 Low voltage switchgear and controlgear 

Low voltage switchgear and controlgear operating up to 1 000 V AC or 1 500 V DC shall 
comply with IEC 61439-1 and other parts of the IEC 61439 series and shall be rated for the 
electrical and environmental conditions to which it is subjected within the turbine. 

All enclosures for switchgear and controlgear shall be provided with cautionary markings 
required by IEC 61439-1 and other applicable parts of the IEC 61439 series. 

10.21 High voltage switchgear 

High voltage (HV) switchgear operating above 1 000 V AC or 1 500 V DC shall comply with 
IEC 62271 (all parts) and shall be rated for the electrical and environmental conditions to 
which it is subjected within the turbine. 

HV switchgear shall be located in areas of the turbine only accessible by authorized 
personnel. Cautionary markings shall be posted on the turbine access, hatch or door to wear 
appropriate personnel protection equipment for the hazards inside the area beyond the 
access, hatch or door. 

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

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

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

___________ 
29 Consideration should be given to interconnection cable length, the drive voltage waveform, the use of insulated 

bearings and shaft earthing arrangements. 
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Switchgear configured for automatic operation shall be switchable to lock out and disable the 
automatic operation. 

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

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

10.22 Hubs 

Equipment within the hub shall be provided with enclosures rated for the electrical and 
environmental application in accordance with IEC 60529 to protect electrical components from 
damage. Electrical cabinets and enclosures shall be provided with doors or covers that are 
securely fastened. 

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

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, two approaches may be used: 

a) a demonstration that all these conditions are not more severe than those assumed for the 
design of the wind turbine, see 11.9; 

b) a demonstration of the structural integrity for conditions, each equal to or more severe 
than those at the site, see 11.10. 

If any conditions are more severe than those assumed in the design, the structural and 
electrical compatibility shall be demonstrated using the second approach. 

The partial safety factors for loads in 7.6.2.2 assume that the site assessment of the normal 
and extreme wind conditions has been carried out according to the minimum requirements in 
Clause 11. 

11.2 Assessment of the topographical complexity of the site and its effect on 
turbulence 

11.2.1 Assessment of the topographical complexity 

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

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

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

The resolution of surface grid and its original source map used for terrain complexity 
assessment should not exceed 50 m. 

The circle sectors shall be 30°. For the circle sectors with radius 5  zhub the area used to fit the 
plane may be extended 2  zhub downwind of the wind turbine position, see Figure 10. 

 

Key 

A radius 20  zhub 

B radius 10  zhub 

C radius 5  zhub 

C2 radius 5  zhub extended 2  zhub behind the wind turbine position 

Figure 10 – Examples of 30° sectors for fitting the terrain data 
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Figure 11 – Terrain variation (∆z) and terrain slope (θ  ) 

Using thus defined slope and terrain variation, terrain slope indices (TSI) and terrain variation 
indices (TVI) for each circle area are given by the following equations: 
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where 
TSI30,TSI360  are the terrain slope indices calculated from 30° sectors and 360° circle area, 

respectively; 
TVI30,TVI360  are the terrain variation indices calculated from 30° sectors and 360° circle 

area, respectively; 
i is the wind sector index (1, 2, ........, 12); 
fEnergy(i) is the percentage of the wind energy coming through ith 30° sector,  

Σ  fEnergy(i) = 1; 

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

θ360 is the slope of the fitted 360° circle plane; 
DTV(i) is the standard deviation of terrain variation in ith 30° sector; 
DTV360 is the standard deviation of terrain variation of the 360° circle area; 
R is the radius of the circle area; 
k1 is the empirical adjustment factor for TSI360, k1 = 5/3; 
k2 is the empirical adjustment factor for TVI360, k2 = 3. 

TSI30 is the mean absolute value of the slopes of the twelve sector-wise fitted planes 
weighted by energy inflow. Similarly, TVI30 is the mean value of the twelve sector-wise 
standard deviations of terrain variation normalized by the circle radius, weighted by the 
energy inflow. 
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TSI360 is the slope of the fitted 360° circle plane adjusted by an empirical factor k1. 

TVI360 is the standard deviation of terrain variation in 360° circle area, normalized by the 
circle radius and adjusted by an empirical factor k2. 

Terrain is assessed for terrain complexity by means of two indices TSI and TVI for each of the 
three circle areas (5  zhub, 10  zhub, and 20  zhub). For both indices, three complexity categories 
low (L), medium (M) and high (H) are defined, see Table 5. If the TSI30 and TVI30 values as 
well as the TSI360 and TVI360 values for all three circle areas are below the threshold value for 
category L, the site is assessed as not complex. If not, the site is assessed as complex and 
assigned one of the three complexity categories, L, M or H, depending on the highest 
category TSI or TVI for any of the circle areas. 

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

Radius of circle 
area 

Sector amplitude of fitted 
plane 

Threshold values (lower limit) 

Terrain slope index 
(TSI) 

Terrain variation index 
(TVI) 

L M H L M H 

5  zhub 360° 

10° 15° 20° 2 % 4 % 6 % 
5  zhub 

30° 10  zhub 

20  zhub 

 

11.2.2 Assessment of turbulence structure at the site 

The turbulence structure, i.e. the ratios of the three components of turbulence, of a site shall 
be determined primarily from measurements at the site. When there are no site data, it may 
be estimated by an appropriate flow model. 

Alternatively, it may be estimated from the complexity of the site. Values shown in Table 6 
may be assigned depending on the complexity category defined according to the procedure 
described in 11.2.1. 

Table 6 – Values of lateral and vertical turbulence standard deviations  
relative to the longitudinal component depending on terrain  

complexity category L, M and H 

  
Category 

L M H 

σ2/σ1 0,85 0,93 1,00 

σ3/σ1 0,60 0,65 0,70 

 

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

 ( ) ( ) ( ) ( )2 2 22
CT 2 1 3 1 2 1 3 1ˆ ˆ ˆ ˆ1 / / / 1 / /C σ σ σ σ σ σ σ σ= + + + +  

___________ 
30 If CCT is less than 1, CCT = 1,0 shall be used. 
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in which σ1, σ2 and σ3 are values of the three components of turbulence, at hub height and at 
wind turbine location, averaged over a wind speed range between 0,6 Vr and 1,6 Vr. The 
design values for the Kaimal and Mann models can be obtained from Annex C. 

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

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

 
Category 

L M H 

CCT 1,05 1,10 1,15 

 

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

11.3 Wind conditions required for assessment 

11.3.1 General 

The site wind parameters shall be either measured and extrapolated, or calculated using 
appropriate methods (e.g. monitoring measurements made at the site, long-term records from 
local meteorological stations, simulation models or local codes and standards). Simulation 
models shall be validated against representative data. 

11.3.2 Wind condition parameters 

The following parameters shall be derived for the position of the wind turbine at hub height: 

• extreme 10 min average wind speed31, V50, at hub height with a return period of 50 years; 

• wind speed probability density function, p(Vhub); 

• wind speed standard deviation σ̂  from the ambient turbulence (estimated as the mean 
value of the standard deviation of the longitudinal component) and the standard deviation  
ˆσσ  of σ̂  at all wind speeds required in 11.9 or 11.10; 

• extreme ambient wind speed standard deviation32, 1,ETMσ̂ , with a return period of 
50 years;  

___________ 
31 The load partial safety factors for DLC 6.1 and DLC 6.2 are derived by assuming that the coefficient of variation 

of the annual maximum wind speed, COV, is smaller than 15 %. If COV is larger than 15 %, they can be 
increased linearly by a factor η from 1,0 at COV = 15 % to 1,15 at COV = 30 %. If η > 1,0 an adjusted value of 

the extreme 10 min average wind speed of 50 50V Vη=  can be used in the assessment of the structural 
integrity, see 11.9 and 11.10. COV of the annual maximum wind speed can approximately be obtained 
assuming a Gumbel distribution and assuming that for example 50 year and 100 year return values of the wind 
speed, V50 and V100, are available. The parameters α and β are obtained from: 

100 50
50 50 100 50

100 50

1 1, with ln ln 1 and ln ln 1
100 50

V V
V p p p

p p
α β α

   −    = = − = − − − = − − −      −       

 

 COV is determined from  

1COV
6 0,5772

σ π
βµ
α

= =
+

 
32 The extreme ambient wind speed standard deviation ,σ̂1ETM  may be derived using an appropriate extrapolation 

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

• wind shear33; 

• air density. 

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

The bin width of any wind speed used in the above shall be 2 m/s or less, and the wind 
direction sectors shall be 30° or less. All measurements, except air density, shall be available 
as function of wind direction, given as a 10 min average. 

Attention should be given to wakes from significant structures and orographic obstacles within 
a distance from the wind turbine of 20 times the characteristic length of the structure or the 
orographic obstacle. The influence can be neglected if the bottom edge of the rotor is at least 
four times higher than the height of the structure or the orographic obstacle. 

In regions prone to hurricanes, cyclones and typhoons, the extreme wind speed shall be 
evaluated by appropriate methods, for example as given in Annex J. 

For cold climate, additional parameters should be derived for the position of the wind turbine. 
Icing condition may be assessed according to Annex L. 

11.3.3 Measurement setup 

The requirement for and use of measurements for wind turbine site suitability assessment and 
wind resource assessments differ in many respects, and therefore a balance needs to be 
found between the amount and the quality of measurements.34 Furthermore, for the purposes 
of a wind turbine site suitability measurement campaign, additional criteria should be taken 
into consideration. 

• The measurement system should be installed in locations broadly representative of the 
majority of site areas (e.g. forest, ridge lines, plains, valleys, slopes and obstacles). 

• The exact number and location of measuring systems recommended is very site-specific 
and depends upon the terrain, extent and ground cover of the proposed wind farm as well 
as the expected complexity of the flow regime and the on-site validation of the flow model 
to be used in the analysis. 

• The wind condition measurement heights as well as the number of sensors should be 
chosen to be representative. Measurements should be performed at a range of heights 
within the proposed turbine rotor’s swept area. Consideration should be given to 
surrounding terrain and vegetation. 

• The vertical separation distance between the sensors should enable a robust analysis of 
the vertical wind shear, for example a separation of at least one third of the rotor diameter. 

• A temperature as well as pressure sensor should be installed. 

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

• If measurements are performed in a cold climate zone, then additional heated sensors 
should be used and their performance relative to unheated sensors considered. 

                                                                                                                                                                      
 

( ) ( )
V V

k kσσ σ σ= + = − − +
  
  
  

ave hub
1,ETM p p  ;    0,01 21 5 5ˆ ˆ ˆ

m/s m/s
 

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

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

11.3.4 Data evaluation 

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

• The measurement period can deviate depending on the quality of data and the reliability of 
the correlation to a reference long term source. Where seasonal variations contribute 
significantly to the wind conditions, the monitoring period should be long enough to include 
these effects (the minimum to capture seasonal effects would be 12 months). 

• The data coverage in each month should be sufficiently high to adequately represent the 
monthly variation in wind conditions. 

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

The average value of the wind speed standard deviation σ̂ , i.e. the standard deviation of the 
longitudinal turbulence component, and its standard deviation ˆσσ  shall be determined using 
appropriate statistical techniques applied to measured and preferably linearly de-trended 
data. 

A long-term assessment is normally required for the estimation of the extreme wind speed, 
long-term mean wind speed as well as air density, but only if the available long term source is 
appropriate and sufficiently reliable. 

Alternative methods can be used. These methods should aim to improve the 
representativeness of the measurements for the site. 

The above mentioned methods and procedures shall be documented. 

11.4 Assessment of wake effects from neighbouring wind turbines 

Wake effects from neighbouring wind turbines during power production shall be considered. 
The assessment of the suitability of the wind turbine at a site in a wind farm shall take into 
account the deterministic and turbulent flow characteristics associated with single or multiple 
wakes from upwind machines, including the effects of the spacing between the machines, for 
all ambient wind speeds and wind directions relevant to power production. 

The increase in loading generally assumed to result from wake effects may be accounted for 
by the use of an added turbulence approach, or by using more detailed wake models. In either 
case, the wake model 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 Ieff may be derived according to 
Annex E. 

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

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

11.5 Assessment of other environmental conditions 

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

• normal and extreme temperature ranges; 
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• icing, hail and snow; 

• humidity; 

• lightning; 

• solar radiation; 

• chemically active substances; 

• salinity. 

11.6 Assessment of earthquake conditions 

There are no earthquake resistance requirements for standard class turbines because such 
events are only design driving in a few regions of the world. No earthquake assessment 
analysis is required for sites already excluded by the applicable local seismic code due to 
their weak seismic action. For locations where the seismic load cases described below are 
critical, the engineering integrity shall be demonstrated for the wind turbine site conditions. 
The assessment may be based on Annex D. The evaluation of load shall take into account the 
combination of seismic loading with other significant, frequently occurring operational loads. 

The seismic loading shall depend on ground acceleration and response spectrum 
requirements as defined in local codes. If a local code is not available or does not give the 
ground acceleration and response spectrum, an appropriate evaluation of these parameters 
shall be carried out. 

The ground acceleration shall be evaluated for a 475-year return period. 

The earthquake loading shall be superposed with operational load that shall be the largest of  

a) mean loads during normal power production determined at Vr, 
b) loads during emergency stop at Vr, and 
c) loads during idling or parked condition at no wind and Vout. 

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

The seismic load evaluation may be carried out through response spectrum methods, in which 
case the operational load is added using the SRSS (square-root-sum-of-squares) or 
equivalent load combination arising from the seismic loading. 

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. 

The acceleration response spectrum at the engineering bedrock and seismic response 
evaluation method are described in Annex D. The response spectrum method shall not be 
used if it is possible that seismic action will cause significant loading of structures other than 
the tower. 
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11.7 Assessment of electrical network conditions 

The external electrical conditions at the wind turbine terminals at a proposed site shall be 
assessed to ensure compatibility with the electrical design conditions. The external electrical 
conditions shall include the following35: 

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

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

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

• method of neutral grounding; 

• method of ground fault detection/protection; 

• annual number of network outages; 

• auto-reclosing cycles; 

• required reactive compensation schedule; 

• fault currents and duration; 

• phase-phase and phase-ground short-circuit impedance at the wind turbine terminals; 

• background harmonic voltage distortion of the network; 

• presence of power line carrier signalling if any and frequency of same; 

• fault profiles for ride-through requirements; 

• power factor control requirements; 

• ramp rate requirements; and 

• 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. 

11.9 Assessment of structural integrity by reference to wind data 

11.9.1 General 

It is possible to complete the assessment of structural integrity by comparison of the wind 
parameter values for the site to those used in design. The assessment can be performed 
separately for the fatigue load suitability and the ultimate load suitability. 

11.9.2 Assessment of the fatigue load suitability by reference to wind data 

A wind turbine is suitable for a site with respect to fatigue loading when the following 
conditions are all satisfied. 

a) The site value of the wind speed probability density function at hub height p(Vhub) shall be 
less than or equal to the design probability density function at all values of Vhub between 
the wind speeds Vave and 2Vave. If the turbine has been designed with the wind speed 
distribution in 6.3.2.1 and the shape parameter k of the site-specific Weibull wind speed 
distribution is greater than or equal to 1,4, then, k shall fulfil the following equation, which 

___________ 
35  The turbine designer may need to take account of grid compatibility conditions. The list represents a set of 

minimum requirements. Local and national grid compatibility requirements need to be anticipated at the design 
stage. 
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depends on the site-specific mean wind speed at hub height normalized by the design 
mean wind speed, see Figure 12: 

 ave,site ave,site

ave,design ave,design
6,5 4,5 6,0 8,0

V V
k

V V
× − ≤ ≤ − × +  (35) 

 

Figure 12 – Possible combinations of normalized mean wind speed and 
Weibull shape parameter k (shaded area) 

b) An adequate assessment of the ambient turbulence intensity and wake effects can be 
performed by verifying that the wind speed standard deviation 1σ  from the normal 
turbulence model (NTM) used in design is greater than or equal to the effective wind 
speed standard deviation effσ̂  (see Annex E) between the wind speeds Vave and 2Vave, 
i.e. 

 ( )1 eff eff hubˆ I Vσ σ> =  (36) 

Guidance for calculating Ieff can be found in Annex E. In case of complex terrain, the 
estimated 90 % quantile of the wind speed standard deviation, i.e. cσ̂ , shall be increased 
in order to account for the distortion of the turbulent flow. This can be done by additional 
multiplication with a turbulence structure correction parameter CCT as defined in 11.2. 

c) The site flow inclination, taken as the wind energy weighted mean from all directions, shall 
be between –8° and +8°. Where there are no site data or calculations for the flow 
inclination, it shall be assumed that the flow inclination is equal to the slope, θ, for the 30° 
sector within a distance of 5  zhub or the 5  zhub area extended by 2  zhub downwind of the 
wind turbine position from the wind turbine, see 11.2. 

d) The energy weighted average over all wind directions and wind speeds during power 
production of the vertical site wind shear exponent α shall be in the range of 0,05 to 0,25. 
Where there are no site data for the wind shear, it shall be calculated taking topography 
and roughness of the surrounding terrain into account. 

e) The average site air density shall be less than the one specified in 6.4.2 for wind speeds 
greater than or equal to Vr. As an alternative, for an air density greater than the one 
specified in 6.4, it shall be demonstrated that the following condition applies: 

IEC 
Site specific mean wind speed at hub height normalized by the design mean wind speed 

0,8 0,82 0,84 0,86 0,88 0,9 0,92 0,94 0,96 0,98 1 
1,4 

1,6 

1,8 

2,4 

2 

2,2 

2,6 

3 

3,2 

2,8 

k 
  (
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 2 2
design ave,design site ave,siteV Vρ ρ ×≥×  (37) 

11.9.3 Assessment of the ultimate load suitability by reference to wind data 

A wind turbine is suitable for a site with respect to ultimate loading when the following 
conditions are all satisfied. 

a) The design value of the wind speed standard deviation, 1σ , (see Equation (10)) shall be 
greater than or equal to the site value of the estimated 90 % quantile36 of the wind speed 
standard deviation at all values of Vhub between the wind speeds 0,6 Vr and 1,6 Vr, i.e. 

 1 ˆ ˆ1,28 σσ σ σ≥ +  (38) 

In case of complex terrain, the estimated 90 % quantile of the wind speed standard 
deviation shall be increased in order to account for the distortion of the turbulent flow. This 
may be done by additional multiplication with a turbulence structure correction parameter 
CCT as defined in 11.2. 

b) The site estimate of the extreme 10-min average wind speed V50 at hub height with a 
return period of 50 years shall be less than or equal to Vref. Alternatively, the wind turbine 
site central estimate of extreme 3 s average wind speed at hub height with a return period 
of 50 years shall be less than Ve50. For Class S turbines, both the extreme 3 s average 
wind speed and the extreme 10 min average wind speed shall be assessed. V50 shall be 
modified according to Footnote 24 when the coefficient of variation of the annual maximum 
wind speed is larger than 15 %. If the average site air density is different from the one 
specified in 6.4.2, it shall be demonstrated that the following condition applies: 

 2 2
design ref site 50,hubV Vρ ρ ×≥×  (39) 

c) It shall be demonstrated that the site-specific extreme ambient wind speed standard 
deviation does not exceed the ETM model in 6.3.3.4. 

d) In case of wake situations, it shall be demonstrated that the maximum centre-wake wind 
speed standard deviation in the most severe direction does not exceed the ETM model in 
6.3.3.4. Alternatively, it can be demonstrated that the ambient site-specific extreme 
turbulence does not exceed the ETM model used for DLC 1.6 in Annex B and that the 
minimum site-specific inter-turbine distance does not fall below Smin from DLC 1.6. For 
determination of the site-specific turbulence, the site-specific conditions, the frequency of 
the wake situations and the wind farm layout shall be accounted for. 

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 as well as for wake effects, vertical wind shear, mean wind flow angle, etc.  

For the fatigue loading, a comparison of damage equivalent moments and damage equivalent 
load of the load duration distribution of the driving torque is sufficient for verification of 
components. For ultimate loading a comparison of contemporaneous loads is not required. 

Turbulence structure shall be based on site-specific values. Where there are no site data for 
the components of turbulence and the terrain is complex, values for the ratios of the 

___________ 
36 The right hand side of Equation (38) represents an approximation of the 90 % quantile. 
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components assigned for each complexity category in 11.2 may be used. As an alternative, 
the longitudinal turbulence intensity may be increased by the CCT factor. 

In the case of wake effects, it shall be verified that structural integrity is not compromised. 
This may be performed using a wake model, for example see Annex E, with the turbulence 
model adjusted to the site-specific parameters. 

Since for fatigue load calculations, Ieff as defined in Annex E depends on the Wöhler curve 
exponent m of the material of the considered component, the loads on structural components 
with other material properties shall either be recalculated or assessed with the appropriate 
value of m. 

Fatigue load calculations shall be performed, if one of the criteria in 11.9.2 fails. 

Ultimate limit state analyses shall be performed if one of the criteria in 11.9.3 fails. As a 
minimum, the following ultimate design load cases shall be assessed: DLC 1.1, DLC 1.3, 
DLC 6.1, and DLC 6.2. If the design load cases for the standard classes are adequate, no 
further evaluations need to be performed. 

Annex B provides definitions of the aforementioned ultimate and fatigue load cases for site-
specific conditions. If relevant, other load cases in design situations 1), 6), and 7) in Table B.1 
should be considered. Design situations 2), 3), 4), 5), and 8) in Table B.1 only need to be 
considered when the control system behaviour and transport, assembly, maintenance and 
repair procedures are site-dependent. 

12 Assembly, installation and erection 

12.1 General 

The manufacturer of a wind turbine shall provide an installation manual clearly describing 
installation requirements for the wind turbine structure and equipment. The installation of a 
wind turbine shall be performed by personnel trained or instructed in these activities. 

The site of a wind turbine facility shall be prepared, maintained, operated and managed so 
that work can be performed in a safe and efficient manner. This should include procedures to 
prevent unauthorized access where appropriate. The operator should identify and eliminate 
existing and potential hazards. 

Checklists of planned activities shall be prepared, and logs of completed work and results of 
that work should be kept. 

When appropriate, installation personnel shall use approved eye, foot, 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 harnesses, 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. 

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

In the case of a tower standing without a nacelle, appropriate means shall be taken to avoid 
critical wind speeds for vortex-generated transverse vibrations unless the appropriate fatigue 
design load case has been analysed, or the resulting loads shall be included in the fatigue 
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analysis. The critical wind speeds and precaution measures shall be included in the 
installation manual. 

12.2 Planning 

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

• rules for safe execution of excavation work; 

• detailed drawings and specifications of the work and inspection plan; 

• rules for the proper handling of embedded items, such as foundations, bolts, anchors and 
reinforcement steel; 

• rules for concrete composition, delivery, sampling, pouring, finishing and placement of 
conduits; 

• safety rules for blasting; 

• procedures for installation of towers and other anchors. 

12.3 Installation conditions 

During the installation of a wind turbine, the site shall be maintained in such a state that it 
does not present safety risks. 

12.4 Site access 

Access to a site shall be safe and the following shall be taken into account: 

• barriers and routes of travel; 

• traffic; 

• road surface; 

• road width; 

• clearance; 

• access weight bearing capacity; 

• movement of equipment at the site. 

12.5 Environmental conditions 

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

• wind speed; 

• snow and ice;  

• ambient temperature; 

• blowing sand; 

• lightning; 

• visibility; 

• rain. 

12.6 Documentation 

The manufacturer of a wind turbine shall provide drawings, specifications and instructions for 
assembly procedures, installation and erection of the wind turbine. The manufacturer shall 
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provide details of all loads, weights, lifting points and special tools and procedures necessary 
for the handling and installation of the wind turbine. 

12.7 Receiving, handling and storage 

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

Wind turbines are often sited on hilly terrain. Therefore, heavy equipment shall be set down in 
such a manner that it cannot shift. A suitably-sized, level lay-down area is preferred for all 
handling and assembly operations. Where this cannot be provided, all heavy equipment shall 
be securely blocked in a stable position. 

Where there is risk of movement caused by the wind with risk of consequent damage, blades, 
nacelles, other aerodynamic parts and light crates shall be secured with ropes and stakes, or 
ground anchors. 

12.8 Foundation/anchor systems 

Where specified by the manufacturer for safe installation or assembly, special tools, jigs and 
fixtures and other apparatus shall be used. 

12.9 Assembly of wind turbine 

A wind turbine shall be assembled according to the manufacturer's instructions. Inspection 
shall be carried out to confirm proper lubrication and pre-service conditioning of all 
components. 

12.10 Erection of wind turbine 

A wind turbine shall be erected by personnel trained and instructed in proper and safe 
erection practices. 

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

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

12.11 Fasteners and attachments 

Threaded fasteners and other attachment devices shall be installed according to the wind 
turbine manufacturer's recommended torque and/or other instructions. Fasteners identified as 
critical shall be checked and procedures for confirming installation torque and other 
requirements shall be obtained and used. 

In particular, inspection shall be carried out to confirm the following: 

• 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. 

12.12 Cranes, hoists and lifting equipment 

Cranes, hoists and lifting equipment, including all hoisting slings, hooks and other apparatus 
required for safe erection, shall be adequate for safe lifting and final placement of the loads. 
Manufacturer's instructions and documentation with respect to erection and handling should 
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provide information on expected loads and safe lifting points for components and/or 
assemblies. All hoisting equipment, slings and hooks shall be tested and certified for safe 
load. 

13 Commissioning, operation and maintenance 

13.1 General 

The commissioning, operation, inspection, and maintenance procedures shall be specified in 
the wind turbine manual with due consideration of the safety of personnel. 

The design shall incorporate provisions for safe access for inspection and maintenance of all 
components. 

The requirements of Clause 10 also cover electrical measurement equipment temporarily 
installed in the wind turbine for the purpose of measurements. 

When appropriate, operation and maintenance personnel shall use approved eye, foot, 
hearing and head protection. All personnel climbing towers, or working above ground or water 
level, shall be trained in such work and shall use approved safety belt, safety climbing aids or 
other safety devices. When appropriate, a buoyancy aid should be used around water. 

13.2 Design requirements for safe operation, inspection and maintenance 

The normal operation of a wind turbine by the operating personnel shall be possible at ground 
level. A tagged, local, manual override on the automatic/remote control system shall be 
provided. 

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

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

Guards shall 

a) be of robust construction, 
b) not be easy to by-pass, and 
c) 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, 

• adequate means to protect personnel from accidental contact with rotating components or 
moving parts, 

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

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

• warning signs for live conductors, 
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• suitable devices for the discharge of accumulated electricity, 

• suitable fire protection for personnel, and 

• an alternative escape route from the nacelle. 

Maintenance procedures shall require safety provisions for personnel entering any enclosed 
working space, such as hub or blade interior, that ensure any dangerous situation will be 
known by standby personnel to immediately initiate rescue procedures if necessary. 

13.3 Instructions concerning commissioning 

13.3.1 General 

The manufacturer shall provide instructions for commissioning. 

13.3.2 Energization 

The manufacturer's instructions shall include a procedure for initial energization of the wind 
turbine electrical system. 

13.3.3 Commissioning tests 

The manufacturer's instructions shall include the procedures for wind turbine testing after 
installation, to confirm proper, safe and functional operation of all devices, controls and 
apparatus. These shall include, but not be limited to, 

• safe start-up, 

• safe shutdown, 

• safe emergency stop, 

• safe shutdown from overspeed or representative simulation thereof, and 

• test of protection functions, see Clause 8. 

13.3.4 Records 

The manufacturer's instructions shall include the instruction that proper records shall be kept 
describing testing, commissioning, control parameters and results. 

13.3.5 Post commissioning activities 

At the completion of installation, and following operation for the manufacturer recommended 
running-in period, the specific actions that may be required by the manufacturer 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. 

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 

• any requirements that the operation shall be performed by personnel suitably trained or 
instructed in this activity, 
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• safe operating limits and system descriptions, 

• start-up and shutdown procedures, 

• an alarms action list, 

• emergency procedures plan, and 

• stated requirements that 
– when appropriate, approved eye, feet, hearing and head protection shall be used, 
– when appropriate, all personnel climbing towers, or working above ground or water 

level, shall be trained in such work and shall use approved safety harness, safety 
climbing aids or other safety devices, 

– when appropriate, a buoyancy aid should be used around water, and 
– the manual shall be available to the operation and maintenance personnel in a 

language that can be read and understood by the operator. 

13.4.2 Instructions for operations and maintenance records 

The manual shall state that operations and maintenance records shall be kept and should 
include the following: 

• wind turbine identification; 

• energy produced; 

• operating hours; 

• shutdown hours; 

• date and time of fault reported; 

• date and time of service or repair; 

• nature of fault or service; 

• action 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. 

13.4.5 Work procedures plan 

The manual shall require that the wind turbine shall be operated according to safe working 
procedures, taking account of the following: 

• electrical systems operation; 

• co-ordination of operation and maintenance; 

• utility clearance procedures; 

• tower climbing procedures; 

• equipment handling procedures; 

• activity during bad weather; 
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• communications procedures and emergency plans. 

13.4.6 Emergency procedures plan 

Probable emergency situations shall be identified in the operations manual and the required 
actions of the operating personnel prescribed. 

The manual shall require that where there is a fire or apparent risk of structural damage to the 
wind turbine or its components, no one should approach the wind turbine unless the risk is 
specifically evaluated. 

In preparing the emergency procedures plan, it shall be taken into account that the risk for 
structural damage may be increased by situations such as the following: 

• overspeeding; 

• icing conditions; 

• lightning storms; 

• earthquakes; 

• broken or loose guy-wires; 

• brake failure; 

• rotor imbalance; 

• loose fasteners; 

• lubrication defects; 

• sandstorms; 

• fire, flooding; 

• 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. 

Subjects which should also be covered in the manual include the following: 

• 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; 

• 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; 

• recommissioning procedure; 

• maintenance inspection periods and procedures; 

• procedures for functional check of protection subsystems; 

• complete wiring and interconnection diagram; 

• guy cable inspection and re-tensioning schedules and bolt inspection and preloading 
schedules, including tension and torque loadings; 

• diagnostic procedures and trouble-shooting guide; 
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• recommended spare parts list; 

• set of field assembly and installation drawings; 

• tooling list. 

14 Cold climate 

14.1 General 

Cold climate (CC) weather conditions are defined as icing climate (IC) and/or low temperature 
climate (LTC). LTC is for temperatures below the normal environmental conditions (6.4.2). IC 
is defined as meteorological icing leading to rime and/or glaze ice accretion on the wind 
turbine. For ice type definitions, see ISO 12494. For simplicity, cold climate conditions will be 
treated here as IC and LTC conditions unless stated otherwise. 

The impact of cold climate on the structural integrity or safety systems of the wind turbine 
shall be assessed. 

14.2 Low temperature and icing climate 

As a minimum, the following effects on a wind turbine from a LTC shall be considered: 

a) component materials; 
b) air density; 
c) start-up procedures; 
d) viscosity of oils and lubricants. 

As a minimum, the following effects from an IC shall be considered: 

• reduced turbine performance due to iced blades;  

• inhomogeneous ice distribution on wind turbine blades; 

• ice shedding from blades; 

• icing effects on wind measurements; 

• increased sound levels; 

• prolonged standstills. 

14.3 External conditions for cold climate 

14.3.1 General 

The external conditions for cold climate deviate from normal climate external conditions 
(6.4.2) in terms of ambient temperature, air density, and icing. 

14.3.2 Wind turbine class for cold climate 

The external conditions to be considered for design are dependent on the intended site or site 
type for a wind turbine installation. As a consequence of LTC effects in cold climate 
conditions, minimum ambient temperature conditions shall be assumed which are intended to 
represent many different sites and do not give a precise representation of any specific site. 
Wind turbine class for cold climate is defined in terms of ambient temperature as follows: 

θmin,operation = –30 °C Minimum allowable ambient temperature for 
wind turbine operation (instantaneous value) 

θ1year,min = –40 °C Minimum ambient temperature to be 
expected in hourly average (return period 1 
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year) = minimum dimensioning temperature 

θmean = –5 °C Yearly mean ambient temperature 

Other environmental conditions are according to normal environmental conditions (6.4.2). 

14.4 Structural design 

For LTC, the air density of 1,225 kg/m3 shall be used for structural design in order to allow the 
use of wind turbines designed according to standard wind turbine classes.  

The effect of the actual air density at the site37, as influenced by temperature and altitude, 
shall be considered during the site suitability analysis. 

14.5 Design situations and load cases 

14.5.1 General 

Cold climate conditions result in specific design situations for a wind turbine. In IC, the effect 
of ice accretion on blade aerodynamic coefficients and on the blade mass distribution needs 
to be considered. In LTC, low ambient temperatures (14.3.2) resulting in higher air densities 
than in normal climate conditions (6.4.2), selection of suitable materials (14.5.3) and the 
resulting consequences shall be taken into account in turbine design. 

Ice accretion on rotor blades often occurs for temperatures higher than minimum ambient 
temperatures (14.3.2). 

In cold climate conditions, altered turbine performance resulting to a shift in turbine 
operational point shall be assessed. As a minimum, the following shall be considered: 

• unfavourable turbine controller behaviour, for example, due to incorrect generator torque 
and pitch setpoints caused by different aerodynamic performances of the blades; 

• increase in start-stop cycles; 

• change in stall behaviour of turbine blades; 

• eigenfrequency changes due to additional blade ice mass. 

Higher loading may be a consequence of aforementioned effects. Higher loading during icing 
may also be a consequence of imbalances resulting from altered rotor aerodynamics and 
additional ice mass. Further guidance can be found in Annex L. 

14.5.2 Load calculations 

For cold climate conditions, the turbine controller behaviour and loads are primarily affected 
by IC effects resulting from ice accretion on the rotor blades and LTC effects resulting from 
increased air density. Further guidance can be found in Annex L. 

14.5.3 Selection of suitable materials 

For LTC effects in cold climate, all load calculation shall be matched to the modified 
temperature range to take material properties into account. One air density according to 14.4 
may be used for all cold climate temperature ranges. 

Ultimate strength verifications for components38 that are exposed to the ambient temperature 
shall be considered for θmin,operation except for loads derived from DLC 7.1, 8.1 and 8.2 to be 

___________ 
37 An air density of 1,3 kg/m3 may be more representative for sea-level sites. 
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considered with θ1year,min. Alternatively, the minimum temperature for DLC 8.1 may also be 
defined by the manufacturer. Fatigue strength verifications shall be considered for θmean. 

14.6 Control systems 

In addition to normal climate requirements for control systems stated in Clause 8, the 
components of the control system shall be designed under consideration of a shift in turbine 
operational point due to icing of the turbine, the specified ambient temperatures during 
operation and standstill as defined in 14.3.2. Cold climate conditions are especially to be 
considered in the following situations: 

• when ensuring safety of the turbine controller behaviour during cold climate conditions; 

• when a start procedure shall be implemented to set the wind turbine safely back on-line 
after an event leading to the turbine being cooled off to minimum ambient operation 
temperature θmin,operation or below (due to grid failure, maintenance, or other); 

• when the effect on wind turbine dynamics of different air density values shall be taken into 
account; 

• in case of safety critical energy storages, for example in the hub; 

• in case of ice/low temperature effects on sensors and data processing. 

If operation of the iced turbine is not considered in the load assumptions, measures have to 
be taken to prevent operation of the iced turbine. These measures need to be redundant; a 
single failure shall not lead to unintended operation of an iced turbine. 

14.7 Mechanical systems 

In addition to normal climate requirements for mechanical systems stated in Clause 9, the 
mechanical systems of the wind turbine shall be designed under consideration of the ambient 
temperatures during operation and standstill as defined in 14.3.2. 

It shall be assured that the oil temperature in the gearbox has reached a temperature to avoid 
damage before power can be transmitted. For a cold start procedure, see 14.6. 

14.8 Electrical systems 

In addition to normal climate requirements for electrical systems stated in Clause 10, the 
electrical installation of the wind turbine shall be designed under consideration of the ambient 
temperatures during operation and standstill as defined in 14.3.2. 

Cold climate conditions are especially to be considered in the following areas: 

• materials in the electrical components; 

• grid return at minimum standstill ambient temperature θ1year,min, as defined in 14.3.2; 

• start procedure as defined in 14.6. 

                                                                                                                                                                      
 
38 Minimum temperature and corresponding load cases for components that are not exposed to the ambient 

conditions shall be defined by the manufacturer. 
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Annex A 
(normative) 

 
Design parameters for external conditions 

A.1 Design parameters for describing wind turbine class S 

A.1.1 General 

For wind turbines designed to site-specific or special conditions, i.e. class S turbines, the 
following information shall be given in the design documentation for all conditions that differ 
from conditions for the wind turbine classes as defined in 6.2. Remaining conditions may be 
stated by reference to the appropriate wind turbine class. 

A.1.2 Machine parameters 
Rated power [kW] 
Hub height operating wind speed range Vin – Vout [m/s] 
Design life time [years] 
 
A.1.3 Wind conditions 

General: 

Air density [kg/m3] 
Hub height extreme wind speeds Ve1 and Ve50 [m/s] 
Turbulence model and parameters 
Turbulence intensity mean and standard deviation as a function of mean wind speed 
Extreme gust model and parameters for 1- and 50-year return periods 
Extreme direction change model and parameters for 1- and 50-year return periods 
Extreme coherent gust model and parameters 
Extreme coherent gust with direction change model and parameters 
Extreme wind shear model and parameters 
 
Aggregated or sector-wise (30° or less): 

Annual average wind speed [m/s] 
Flow inclination [°] 
Wind speed distribution (Weibull, Rayleigh, measured, other) 
Wind profile model and parameters 
Sector turbulence intensity mean and standard deviation as a function of mean wind speed 
Wake effect model and parameters (effective turbulence intensity or dynamic wake 
meandering)  

A.1.4 Electrical network conditions 
Normal supply voltage and range [V] 
Normal supply frequency and range [Hz] 
Voltage imbalance [V] 
Method of neutral grounding 
Method of ground fault detection/protection 
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Annual number and maximum duration of network outages 
Auto-reclosing cycles 
Required reactive compensation schedule 
Fault currents and duration 
Phase-phase and phase-ground short-circuit impedance at the wind turbine terminals 
Background harmonic voltage distortion of the network 
Presence of power line carrier signalling if any and frequency of same 
Fault profiles for ride-through requirements 
Power factor control requirements 
Ramp rate requirements 
Other grid compatibility requirements 

A.1.5 Other environmental conditions (where taken into account) 
Normal and extreme temperature ranges [°C] 
Relative humidity of the air [ %] 
Solar radiation [W/m2] 
Rain, hail and snow 
Icing model and parameters 
Chemically active substances 
Mechanically active particles 
Lightning, including description of lightning protection system 
Salinity [g/m3] 
 
Foundation: 

Foundation stiffness and damping 
 
Earthquake model and parameters: 

A.2 Additional design parameters for describing cold climate wind turbine 
class S (CC-S) 

See Table A.1. 

Table A.1 – Design parameters for describing cold climate wind turbine class S (CC-S) 

External conditions 

Symbol Unit Description 

θmin,operation [K] Minimum allowable ambient temperature for wind turbine operation 
θ1year,min [K] Minimum ambient temperature to be expected in hourly average 
ρ(θmin,operation) [kg/m3] Air density for cold climate design load cases associated with the minimum 

allowable ambient temperature for wind turbine operation θmin,operation 

ρ(θ1year,min) [kg/m3] Air density for cold climate design load cases associated with the minimum 
ambient temperature to be expected in hourly average θ1year,min 
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The air densities used for load calculation and in the determination of the power curve should 
be calculated by applying the ideal gas law39.  

The following equation applies: 

 
0

( ) p
R

ρ θ
θ

=
×

 (A.1) 

with 
p = 101  325 N/m2 (at sea level); 
R0 = 287 J/(kg·K); 
θ = θ1year,min + 35 K to calculate ρ(θ1year,min); 
θ = θmin,operation + 25 K to calculate ρ(θmin,operation). 

Corrections for different altitudes can be applied. 

The air density of 1,225 kg/m3 can be used for structural design in order to allow the use of 
wind turbines designed according to standard wind turbine classes  

The effect of the actual air density at the site, as influenced by temperature and altitude, shall 
be considered during the site suitability analysis 

 

___________ 
39 The temperature value θ1year,min can be set to θ1year,min + 35 K and θmin,operation can be set to 

θmin,operation + 25 K for determining the air density accordingly. This increase by +35 K and +25 K, respectively, 
is equivalent to definitions of the normal climate conditions in 6.4.2 and 6.4.3.2. The standard air density for 
normal climate conditions is 1,225 kg/m3 referring to +15 °C. The ambient temperature range for normal climate 
is –10 °C to +40 °C, being +15 °C ± 25 K. The extreme temperature range for normal climate is –20 °C to 
+50 °C, being +15 °C ± 35 K. 
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Annex B 
(informative) 

 
Design load cases for special class S wind turbine design 

or site suitability assessment 

B.1 General 

The design load cases for special class S wind turbine design or site suitability assessment 
are determined from the combination of operational modes or design situations with the 
applicable class S external conditions with design parameters as specified in Annex A. 

In design situation power production, the analysis for NTMS and ETMS may be performed for 
each sector with wind conditions determined for each sector or for all sectors using 
aggregated wind conditions. For other design situations, the analysis is performed for all 
sectors using aggregated wind conditions. The aggregation of wind conditions shall be carried 
out such that proper fatigue and extreme loads are maintained, or the design parameters shall 
be chosen conservatively. Consideration should be given to the potential variation in wind 
shear, density and other parameters that can affect fatigue loading on the wind turbine. 

Wake effects, earthquake loading and icing shall be considered in load cases as specified for 
other conditions, if appropriate. 

When a wind speed range is indicated in Table B.1, wind speeds leading to the most adverse 
condition for wind turbine design shall be considered. The range of wind speeds may be 
represented by a set of discrete values, in which case the resolution shall be sufficient to 
assure accuracy of the calculation.40 In the definition of the design load cases, reference is 
made to the wind conditions described in Clause 6. 

As stated in 11.10, for site suitability assessment, the following ultimate design load cases 
shall be assessed as minimum: DLC 1.1, DLC 1.3, DLC 6.1, and DLC 6.2. If the design load 
cases for the standard classes are adequate, no further evaluations need to be performed. If 
relevant, other load cases in design situations 1), 6), and 7) in Table B.1 should be 
considered. Design situations 2), 3), 4), 5), and 8) in Table B.1 only need to be considered 
when the control system behaviour and transport, assembly, maintenance and repair 
procedures are site-dependent. 

B.2 Power production (DLC 1.1 to 1.9) 

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

In addition, deviations from theoretical optimum operating situations, such as yaw 
misalignment and control system tracking errors, shall be taken into account in the analyses 
of operational loads. 

Design load cases (DLC) 1.1 and 1.2 embody the requirements for loads resulting from site-
specific atmospheric turbulence that occurs during normal operation of a wind turbine 
throughout its lifetime (NTM). For DLC 1.2, wake effects are additionally considered – see 
Annex E for guidance. DLC 1.3 embodies the requirements for ultimate loading resulting from 

___________ 
40 In general, a resolution of 2 m/s is considered sufficient. 
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extreme site-specific turbulence conditions. DLC 1.4 and 1.5 specify transient cases that have 
been selected as potentially critical events in the life of a wind turbine. 

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

If the extreme design values of the blade root moments derived from DLC 1.1 are not 
exceeded by the extreme design values derived for DLC 1.3, the factor c in Equation (20) for 
the extreme turbulence model used in DLC 1.3 may be increased until the extreme design 
values of the blade root moments computed in DLC 1.3 are equal to or exceed the relevant 
extremes. The characteristic values of the loads relevant for other turbine components may be 
determined from this analysis based on DLC 1.3 with the increased extreme turbulence. As an 
alternative to this analysis, the appropriate characteristic values of all load components 
relevant for each specific turbine component determined from the simulation may be directly 
extrapolated. 

Table B.1 – Design load cases 

Design 
situation DLC Wind condition41 Other conditions Type of 

analysis 
Partial 
safety 
factors 

1) Power 
production 1.1 NTMs Vin < Vhub < Vout 

For extrapolation of 
extreme events U N 

 1.2 NTMs Vin < Vhub < Vout Wake effects F * 

 1.3 ETMs Vin < Vhub < Vout  U N 

 1.4 ECDs Vhub = Vr – 2 m/s, 
Vr, Vr +2 m/s  U N 

 1.5 EWSs Vin < Vhub < Vout  U N 

 1.6 ETMs Vhub = Vr ± 2 m/s 
and Vout 

Wake effects U N 

 1.7 NTMs Vin < Vhub < Vout 
Ice formation 

Wake effects 
U N 

 1.8 NTMs Vhub = Vr 
Earthquake plus grid 
loss U N 

2) Power 
production 
plus 
occurrence 
of fault 

2.1 NTMs Vin < Vhub < Vout 

Normal control system 
fault or loss of electrical 
network or primary layer 
control function fault 
(see 7.4.3) 

U N 

 2.2 NTMs Vin < Vhub < Vout 

Abnormal control 
system fault or 
secondary layer 
protection function 
related fault (see 7.4.3) 

U A 

 2.3 EOGs Vhub = Vr ± 2 m/s 
and Vout 

External or internal 
electrical fault including 
loss of electrical 
network 

U A 

 2.4 NTMs Vin < Vhub < Vout 
Control system fault, 
electrical fault or loss of 
electrical network 

F * 

___________ 
41 For Class S design, the wind conditions (gust amplitudes, turbulence intensity, etc.) are defined by the 

designer, as stated in Annex A. 
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Design 
situation DLC Wind condition41 Other conditions Type of 

analysis 
Partial 
safety 
factors 

 2.5 NWP Vin < Vhub < Vout 
Low voltage ride 
through U N 

3) Start-up 3.1 NWPs Vin < Vhub < Vout  F * 

 3.2 EOGs Vhub = Vr ± 2 m/s 
and Vout 

 U N 

 3.3 EDCs Vhub = Vr ± 2 m/s 
and Vout 

 U N 

4) Normal 
shutdown 4.1 NWPs Vin < Vhub < Vout  F * 

 4.2 EOGs Vhub = Vr ± 2 m/s 
and Vout 

 U N 

5) Emergency 
stop 5.1 NTMs Vhub = Vr ± 2 m/s 

and Vout 
 U N 

6) Parked 
(standing 
still or 
idling) 

6.1 EWMs 50-year return 
period  U N 

 6.2 EWMs 50-year return 
period 

Loss of electrical 
network connection U A 

 6.3 EWMs 1-year return 
period 

Extreme yaw 
misalignment U N 

 6.4 NTMs Vhub < 0,7 Vref  F * 

 6.4 NTMs Vhub < 0,7 Vref Ice formation U N 

 6.6 NTMs Vhub < 0,7 Vref 
Extreme temperature 
range U N 

 6.7 NTMs Vhub < 0,7 Vref 
Earthquake plus grid 
loss U N 

7) Parked and 
fault 
conditions 

7.1 EWMs 1-year return 
period  U A 

8) Transport, 
assembly, 
maintenance 
and repair 

8.1 
NTMs Vmaint to be stated 

by the 
manufacturer 

 U N 

 8.2 EWMs 1-year return 
period  U A 
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The following abbreviations are used: 

DLC Design load case 

ECDs Site-specific extreme coherent gust with direction change. When site-specific values are not 
available, it may be assumed to be identical to the ECD defined in 6.3.3.6. 

EDCs Site-specific extreme direction change. When site-specific values are not available, Equations (21) 
and (22) in 6.3.3.5 may be used, using site-specific representative ambient turbulence standard 
deviation cσ̂  in place of 1σ . 

EOGs Site-specific extreme operating gust. When site-specific values are not available, Equations (18) 
and (19) in 6.3.3.3 may be used, using site-specific representative ambient turbulence standard 
deviation cσ̂  in place of 1σ . 

EWMs Site-specific extreme wind speed. When site-specific values are not available, Equations (13) 
through (17) in 6.3.3.2 may be used, with site-specific extreme wind speed with 50 years return 
period in place of Vref. 

EWSs Site-specific extreme wind shear. When site-specific values are not available, Equations (27) and 
(28) in 6.3.3.7 may be used, using site-specific representative ambient turbulence standard 
deviation cσ̂  in place of 1σ  and site-specific wind shear exponent in place of α = 0,2. 

NTMs Site-specific representative ambient turbulence intensity, as a function of hub height wind speed, 

c hub
ˆ Vσ  (see 6.3.2.3). 

ETMs Site-specific extreme ambient turbulence intensity as a function of hub height wind speed 

1,ETM hub
ˆ Vσ  (see 6.3.2.3 and footnote 25).  

NWPs Site-specific wind profile model. When site-specific wind speed profile is not available, 
Equation (9) in 6.3.2.2 may be used with the site-specific wind shear exponent at hub height in 
place of α = 0,2. 

Vr ± 2 m/s Sensitivity to all wind speeds in the range shall be analysed. 

F Fatigue (see 7.6.3) 

U Ultimate strength (see 7.6.2) 

N Normal 

A Abnormal 

* Partial safety for fatigue (see 7.6.3) 

 

In DLC 1.6, the assessment of loads resulting from the ambient site-specific ETMs model in 
combination with an inter-turbine wake condition shall be assessed. The inter-turbine spacing 
S shall cover the worst loading conditions between a minimum spacing Smin (to be defined by 
the manufacturer) and S = 20D, where D is the turbine rotor diameter. 

Annex E provides guidance on the use of appropriate wake models for DLC 1.6. If an added 
wake turbulence model is used, the maximum centre-line wake turbulence intensity shall be 
applied. The use of a meandering wake model (e.g. DWM) shall consider at least five mean 

wake offset angles θwake = 0°; ± θhub-tip; ± θhub-tip × 1,5, where θhub-tip = 1sin
2
D
S

−  
 
 

. 

The number of transient events for DLC 2.4, DLC 3.1 and DLC 4.2 may be site-dependent, 
and that should be considered in the analysis of site-specific loads. If there is no information 
available, the number of events suggested in 7.4.3, 7.4.4 and 7.4.5 (footnotes 7, 9 and 10) 
may be used. 
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Annex C 
(informative) 

 
Turbulence models 

C.1 General 

Two turbulence models are given here for design load calculations. The turbulent velocity 
fluctuations are assumed to be a stationary, random vector field whose components have 
zero-mean Gaussian statistics. The first model is recommended. 

1) Mann uniform shear model. 
2) Kaimal spectral and exponential coherence model. 

Parameters for the models have been selected to satisfy the general turbulence requirements 
given in 6.3. 

C.2 Mann [3] uniform shear turbulence model 

The description of this model differs somewhat from the previous models in that a three-
dimensional velocity spectral tensor is defined. The model assumes that the isotropic von 
Karman [2] energy spectrum is rapidly distorted by a uniform, mean velocity shear. The 
resulting spectral tensor components are given by 

 ( )2 2 2 2 20
11 1 2 3 0 1 1 3 1 1 1 2 14

0

( )
( , , ) 2 ( ( ) ) ( )

4
E k

k k k k k k k k k k k
k

Φ β ζ ζ
π

= − − + + +  (C.1) 

 ( )2 2 2 2 20
22 1 2 3 0 2 2 3 1 2 1 2 24

0

( )
( , , ) 2 ( ( ) ) ( )

4
E k

k k k k k k k k k k k
k

Φ β ζ ζ
π

= − − + + +  (C.2) 

 ( )2 20
33 1 2 3 1 24

( )
( , , )

4
E k

k k k k k
k

Φ
π

= +  (C.3) 

 ( )2 20
12 1 2 3 1 2 1 3 1 2 2 3 1 1 1 2 1 24

0

( )
( , , ) ( ( ) ) ( ( ) ) ( )

4
E k

k k k k k k k k k k k k k k k
k

Φ β ζ β ζ ζ ζ
π

= − − + − + + +  (C.4) 

 ( )2 20
13 1 2 3 1 3 1 1 2 12 2

0

( )
( , , ) ( ( ) ) ( )

4
E k

k k k k k k k k k
k k

Φ β ζ
π

= − + + +  (C.5) 

 ( )2 20
23 1 2 3 2 3 1 1 2 22 2

0

( )
( , , ) ( ( ) ) ( )

4
E k

k k k k k k k k k
k k

Φ β ζ
π

= − + + +  (C.6) 

where 

( ) ( ) ( ) 3 31 1 2 2*
1 2 3 1 2 3 1 2 3 1 2 33

1, , , , , ,
8

kk k
ij ji ijk k k k k k R e e e d d dι δι δ ι δΦ Φ δ δ δ δ δ δ

π

+∞ +∞ +∞
−− −

−∞ −∞ −∞

= = ∫ ∫ ∫ ; 

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C 61

40
0 1

 ed
 4.

0:2
01

9

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


IEC 61400-1:2019 © IEC 2019 – 101 –  

( ) ( ) ( )2
iso

1
1 2 3 1 2 3 1 1 2 2 3 3, , , , , ,ij i jR E u x x x u x x x

σ
δ δ δ δ δ δ= + + +    

= a non-dimensional correlation tensor; 

1 2 3, ,u u u  = the longitudinal, lateral, and upward velocity components, respectively; 

1 2 3, ,δ δ δ  = the non-dimensional spatial separation vector components; 

1 2 3, ,k k k  = the non-dimensional spatial wave numbers for the three component directions; 

2 2 2
1 2 3k k k k= + +  = the magnitude of the non-dimensional wave number vector; 

( ) ( )( )22
0 1 3 12k k k k k k kβ β= + +  = the magnitude before shear distortion; 

2
1 1 2

1

k
C C

k
ζ = − , 2

2 1 2
1

k
C C

k
ζ = + ; 

( ) ( )( )( )
( )

2 2 2
1 1 2 3 3 1

1 2 2 2
1 2

k k k k k k k k
C

k k k

β β+ − +
=

+
; 

( )
( )

( )( ) ( )3
2

2 22
1 1 22 0

2 2
2 2 0 3 1 1

1 2

arctan
k k k kk k

C
k k k k k kk k

β

β β

 + =   − ++  

; 

( )
,( ) 17

6

4

2

1 453

1

kE k
k

=
+

 = the non-dimensional, von Karman isotropic energy spectrum; 

( )
( )2

3 21 17 4
2 1 3 6 3, , ,

k
k F k

γβ
−

=
−

 

= a non-dimensional distortion time inversely proportional to ( )2

k

k E p dp
∞

∫ ; 

2F1 = Hypergeometric function; 
2
iso,σ   = the unsheared, isotropic variance and scale parameters respectively; 

γ = 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, γ. When this parameter is zero, 
the isotropic model is recovered. As this parameter is increased, the longitudinal and lateral 
velocity component variances increase while the upward velocity component variance 
decreases. The resulting turbulent eddy structure is stretched in the longitudinal direction and 
tilted relative to the 1-2 plane. 

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

 
2
iso

2 2 hub hub

( ) 4 2i
ii

i i

f S f f f
V V

σ π πΨ
σ σ

   
=    

   

   (C.7) 

where 
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( ) ( )1 1 2 3 2 3, ,ij ijk k k k dk dkΨ Φ
∞ ∞

−∞ −∞

= ∫ ∫  

= the one-dimensional, wave number autospectrum for i j= , or cross-spectrum for i j≠ , and 

( )2 2
iso 1 2 3 1 2 3, ,i ii k k k dk dk dkσ σ Φ

+∞ +∞ +∞

−∞ −∞ −∞

= ∫ ∫ ∫  = the component variance. 

Similarly, for spatial separations normal to the longitudinal direction the coherence is given by 

 

( , , ) e

( , , )

3 32 2i 2 3 2 3
hub- -

2 3

hub hub

2 e

Coh
2 2

i ki k
j

ij

ii jj

f k k dk dk
V

f
f f

V V

δδπΦ

δ δ
π πΨ Ψ

∞ ∞
−−

∞ ∞=
   
   
   

∫ ∫


 

 

 (C.8) 

Unfortunately, the resulting integrals do not have known analytical forms and shall be carried 
out numerically for a specific value of the parameter, γ. Mann [4] carried out such integrations 
and compared the results to the Kaimal spectral model. A least squares fit to the Kaimal 
model gave the shear parameter 

 ,3 9γ =  (C.9) 

with the resulting variance relations 

 

2 2 21 iso
12 2

2 iso
32 2

3 iso 1

3,25 0,7
1,65

0,50,85

σσ σ
σ

σ σ
σ

σ σ σ

= ≈ = ⇒ 
  ≈=   

. (C.10) 

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

 
22

33 5 512 23 31 iso 1 1
hub hub

2( ) 0,475 0,05 0,8S f f f
V V

Λπσ σ Λ
−−

− −  
→ = ⇒ ≈       



  (C.11) 

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

 iso 1

1

3,9
0,55

0,8l

γ
σ σ

Λ

=
=

=

 (C.12) 

where σ1 and Λ1 are specified in 6.3. 

For three dimensional turbulent velocity simulations, the velocity components are determined 
from a decomposition of the spectral tensor and an approximation by the discrete Fourier 
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transform. Thus, the three-dimensional spatial domain is divided into equally spaced discrete 
points and the velocity vector at each point is given by  

 
1 2 3

1 2 3

1 1 1 2 3

2 1 2 3 2 1 2 3
, ,

3 3 1 2 3

( , , ) ( , , )
( , , ) ( , , ) ( , , )
( , , ) ( , , )

xk yk zki

k k k

u x y z n k k k
u x y z C k k k n k k k
u x y z n k k k

+ +    
    =    
        

∑ e   (C.13) 

where 

( ) ( )2 3 2 1 3 1 1 1 2
0

1 2 3 iso 2 2 3 1 1 2 13 4
1 2 3 0 2 2

0 2 0 1
2 2

2
, ,

0

k k k k k
E k

C k k k k k k k k
N N N Δ k

k k k k

k k

ζ ζ β
π

σ ζ β ζ

 
 

  − + − 
   ≈ − − −   
     − 

 



 

1 2 3, ,u u u  = complex vector components whose real and imaginary parts are independent 
realizations of the turbulent velocity field; 

1 2 3, ,n n n  = complex Gaussian random values that are independent for each different wave 
number and have real and imaginary parts with unit variance; 

, ,x y z  = coordinates of the spatial grid points; 

1 2 3, ,N N N  = the number of spatial grid points in the three directions; 

∆ = the spatial grid resolution. 

In this expression, the notation 
1 2 3, ,k k k
∑  means the summation over all dimensionless wave 

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, ( )1 2 3, ,C k k k   . This procedure is detailed in Mann [4]. 

The Mann model parameters derived herein to represent the Mann sheared turbulence model 
are based on conforming to the external conditions defined in Clause 6 and whereby the 
resulting wind spectra are equivalent to the Kaimal spectra. 

For site-specific analysis, the shear distortion (anisotropy) parameter γ,  dissipation factor,  
2

3α    and the length scale, l, may be determined based on high frequency site-specific 
measurements of the wind spectra Fu(kl), Fv(kl), Fw(kl) and Fuw(kl) at one fixed point. The 
Mann model turbulent wind field needs to be then generated based on the three model 
parameters derived from the measured spectra. 

C.3 Kaimal [1]42 spectrum and exponential coherence model 

The component power spectral densities are given in non-dimensional form by 
Equation (C.14): 

___________ 
42  Note that the turbulence component variance ratios in Table C.1 and the equation form for the upward velocity 

component differ somewhat from the original Kaimal spectral model. The longitudinal scale has been chosen to 
approximate the original Kaimal spectrum and, for the lateral and upward scales, to satisfy the spectral 
requirements in 6.3 for the asymptotic inertial subrange and the variance ratios given in Table C.1. 
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( )

k k

k k

f S f f L V

f L Vσ
=

+  

hub
2 5

3hub

( ) 4 /

1 6 /
 (C.14) 

where 
f is the frequency, in hertz; 
k is the index referring to the velocity component direction (i.e. 1 = longitudinal, 

2 = lateral, and 3 = upward); 
Sk is the single-sided velocity component spectrum; 

σk is the velocity component standard deviation; 
Lk is the velocity component integral scale parameter; 

and with 

 ( )k kS f dfσ
∞

= ∫2

0

 (C.15) 

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

Table C.1 – Turbulence spectral parameters for the Kaimal model 

 Velocity component index, k 

1 2 3 

Standard deviation, σk σ1 0,8  σ1 0,5  σ1 

Integral scale, Lk 8,1  Λ1 2,7  Λ1 0,66  Λ1 

σ1 and Λ1 are the standard deviation and scale parameters, respectively, of the turbulence as specified in 6.3. 

 

The following exponential coherence model may be used in conjunction with the Kaimal 
autospectrum to account for the spatial correlation structure of the longitudinal velocity 
component: 

 ( ) ( )
0,522

hub cCoh( , ) exp 12 / 0,12 /r f f r V r L
   = − + 

   
 (C.16) 

where 
Coh(r,f) 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; 

f is the frequency, in hertz;  

Lc = 8,1Λ1 is the coherence scale parameter. 
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Annex D 
(informative) 

 
Assessment of earthquake loading 

D.1 General 

There are two approaches to evaluate the seismic loading on wind turbine. One approach is 
the dynamic simulation in time domain and the other approach is the response spectrum 
method (RSM). In time domain approach, the ground acceleration at the surface is estimated 
from the response spectrum at the engineering bedrock, or the time history of the ground 
motion specified in the local building codes. The site-specific parameters of the response 
spectrum may be based on local building codes [1-7]. Special care is required when response 
spectrum method is used for wind turbine support structures due to its low damping ratio [8]. 
In Annex D, the design response spectrum is first presented in Clause D.2 followed by the 
description of the structure model in Clause D.3, seismic load evaluation methods in 
Clause D.4 and additional load in Clause D.5. An example of time domain simulation is 
described in [9-10]. 

D.2 Design response spectrum 

The acceleration response spectrum shall be selected at the engineering bedrock for a 
475year return period. In general, the response spectrum is given by local codes. 

The acceleration response spectrum may be defined according to Equation (D.1): 

 ( )

( ) ( )

( )

( )

( )

1

1 2

0 0 B
B

0 0 B C

0 C
0 0 C D

C D
0 0 D

D

1 1 0

K
a

K K

Ta T T
T

a T T T

S T T
a T T T

T

T T
a T T

T T

β

β

β

β

  
+ − ≤ <  

  
 ≤ <
=   

≤ < 
 


    ≤      

 (D.1) 

 

where 0a  is the peak ground acceleration at the engineering bedrock for a 475-year return 
period; 0β  is the acceleration response magnification ratio for the region where acceleration 
response becomes constant and may be taken as 2 to 3; T is the fundamental natural period 
of the structure; TB, TC, K1 and K2 are dependent on tectonic, geological and soil condition. 
TB may be taken as 1/5 to 1/2 of TC. TC can be taken as 0,3 s to 0,5 s for stiff and hard soil 
conditions, 0,5 s to 0,8 s for intermediate soil conditions and 0,8 s to 1,2 s for loose and soft 
soil conditions. K1 and K2 are the exponents that can vary between 1/3 and 2. These 
parameters can be determined by local design codes as shown in references [2], [3], [4]. 

The design response spectrum can be written as in Equation (D.2) [2]. 
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 ( )

( ) ( )

( )

( )

( )

1

1 2

0 s 0 B
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0 s 0 B C

C
0 s 0 C D

C D
0 s 0 D

D

1 1 0
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a G F T T T
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a G F T T T

T
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ζ

ζ

ζ

ζ

β

β

ζ
β

β

  
+ − ≤ <  

  
 ≤ <
=   

≤ < 
 


    ≤      

 (D.2) 

 

where Gs is the soil amplification factor and Fζ  is the damping correction factor of the 
structure. These parameters are described in Clause D.2. 

Soil amplification factor Gs explains the difference of seismic wave amplification during its 
propagation through the soil where a structure is built. Local design codes usually define 
typical soil types and their amplification factor. Those valued in local design code may be 
used for the seismic load evaluation of the wind turbine. 

The following damping correction factor may be used for the seismic response analysis of 
wind turbine [8]: 

 

( )
( )

( )

( )
10

0,07 0,7 0,5

0,15log 0,3
1,5

7, ,      5%   
2 100

2, , (  5%) 
3 100

T r

T

F T

F T

ζ

γ
ζ

ζ γ ζ
ζ

ζ γ ζ
ζ

− + +

 
+ 

 

   = ≤  + 

   = >  − + 

 (D.3) 

 

where γ is a value to consider uncertainty in seismic loading, and a value between 0,5 and 
0,85 can be used considering local requirement. 

D.3 Structure model 

For the estimation of seismic load on wind turbine, simplified N degree of freedom model 
(Figure D.1) can be used in which the mass and the inertia moment of rotor, gear box and 
generator are lumped at the top of tower (node N), and tower mass is distributed along the 
tower. The bottom of the tower can be fixed to the ground for the load estimation of tower. 
More complicated model may be needed for the load estimation of the foundation, which is 
out of scope of Annex D. 
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Figure D.1 – Structure model for response spectrum method 

D.4 Seismic load evaluation 

Using the response spectrum, maximum acceleration (Aij), force (Fij) and displacement (Dij) 
corresponding to jth mode at ith node can be calculated as follows. 

 ( ),ij j ij a j jA X S Tγ ζ=  (D.4) 

 ( ),ij j ij a j j iF X S T mγ ζ=  (D.5) 

 ( )
2

,
2

j
ij j ij a j j

T
D X S Tγ ζ

π
 

=   
 

 (D.6) 

 

where Xij is the jth mode shape obtained from eigenvalue analysis, ( ),a j jS T ζ  is the amplitude 

of response spectrum for natural period Tj and damping ratio jζ  of jth mode, and jγ  is the 
modal participation factor for jth mode. 

 1
2

1

N
iji

j N
iji

X

X
γ =

=

=
∑
∑

 (D.7) 

 

where N is the number of nodes in the model. 

IEC 

i = N 

i = N – 1 

i = 3 

i = 2 

i = 1 

Concentrated mass  
of nacelle and rotor 
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The total acceleration ( total
iA ), displacement ( total

iD ), shear force ( total
iQ ) and bending moment 

( total
iM ) considering all the relevant modes at ith node can be calculated by using complete 

quadratic combination (CQC) method [Equations (D.8) to (D.11)]. 

 total

1 1

M M

i jl ij il
j l

A A Aρ
= =

= ∑∑  (D.8) 

 total

1 1

M M

i jl ij il
j l

D D Dρ
= =

= ∑∑  (D.9) 

 total

1 1

M M N N

i jl kj kl
j l k i k i

Q F Fρ
= = = =

  
  =
  
  

∑∑ ∑ ∑  (D.10) 

 ( ) ( )total

1 1

M M N N

i jl kj N k kl N k
j l k i k i

M F z z F z zρ
= = = =

   
   = − −
      

∑∑ ∑ ∑  (D.11) 

 

where 

 
( )

( ) ( ) ( )
3/2

22 2 2 2 2

8

1 4 1 4

j l j jl l jl
jl

jl j l jl jl j l jl

X X

X X X X

ζ ζ ζ ζ
ρ

ζ ζ ζ ζ

+
=

− + + + +
 (D.12) 

 

where jζ  and lζ  are the damping ratios for jth and lth modes, respectively, and X is the ratio 
of the jth mode natural frequency to the lth mode natural frequency. 

D.5 Additional load 

The torsional moment of the tower (Mt) can be calculated by using Equation (D.13) [8]. 

Additional bending moment caused by geometrical non-linearity, such as p – Δ effect, can be 
calculated by using maximum displacement, see [8]. 

 t 1,1 n n eM M A L=  (D.13) 

 

where Mn is the mass of the nacelle and rotor, An is the maximum acceleration at the nacelle 
and Le is the distance between rotor centre and centre of gravity of the nacelle and rotor. 
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Annex E 
(informative) 

 
Wake and wind farm turbulence 

E.1 Added wake turbulence method 

Wake effects from neighbouring wind turbines may be taken into account during normal 
operation for fatigue calculation by an effective turbulence intensity Ieff, [1]. The effective 
turbulence intensity – conditioned on hub height mean wind speed Vhub – may be defined as 

 

1
2

eff hub hub hub
0

( ) ( ) ( )
m

mI V p V I V d
π

θ θ θ
  =  
  
∫  (E.1) 

where 
p is the probability density function of wind direction; 

I is the turbulence intensity of the combined ambient and wake flows from wind direction θ, 
and  

m is the Wöhler curve exponent corresponding to the material of the considered structural 
component. 

The approach is applicable for regular as well as irregular wind farm layouts. 

In the following, a uniform distribution ( )hubp Vθ  and a regular rectangular wind farm layout 
are assumed. It is acceptable to adjust the formulas for other layouts and other than uniform 
distribution.43 No reduction in mean wind speed inside the wind farm shall be assumed. 

If min{dI} ≥ 10D: 

 c
eff

hub

ˆ
I

V
σ

=  (E.2) 

If min{dI} < 10D: 

 ( ) ( )

1

eff
eff w c w T w

hub hub 1

ˆ 1 ˆ ˆ1– ; 0,06
N mm m

i
i

I N p p d p
V V
σ

σ σ
=

 
 = = + =
  

∑  (E.3) 

where 
D  is turbine diameter; 

cˆ ˆ ˆ1,28 σσ σ σ= +  is the representative ambient turbulence standard deviation; 

σ̂  is the estimated ambient turbulence standard deviation; 

___________ 
43 In the case of non-uniform distribution or non-grid wind farm layout, the formula should be modified accordingly, 

maintaining the concept implied in the more general Formula (E.1). It should be taken into consideration for 
each neighbour affecting wind turbine, the sector disturbed and their associated probability of occurrence 
conditioned on hub height mean wind speed. 
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ˆσσ  is the estimated standard deviation of the ambient turbulence 
standard deviation; 

2
2hub

T c2

T

ˆ ˆ
0,81,5 i

V

d
C

σ σ= +
 
 +
 
 

 
is the representative value of the maximum centre-wake, hub 
height turbulence standard deviation ( cσ̂  shall not account for 
farm generated ambient turbulence); 

CT  is the characteristic value of the wind turbine thrust coefficient 
for the corresponding hub height wind velocity. If the thrust 
coefficient for the neighbouring wind turbines are not known, a 
generic value CT = 7 c /Vhub, can be used; 

di is the distance, normalized by rotor diameter, to neighbouring 
wind turbine no. i; 

c is a constant equal to 1 m/s; 
Ieff is the effective turbulence intensity; 
N  is the number of neighbouring wind turbines, see Table E.1. 

Wake effects from wind turbines "hidden" behind other machines need not be considered, for 
example in a row only wakes from the two units closest to the machine in question are to be 
taken into account. Dependent on wind farm configuration, the number of nearest wind 
turbines to be included in the calculation of Ieff is as given in Table E.1. 

Table E.1 – Number (N) of neighbouring wind turbines 

Wind farm configuration N 

2 wind turbines 1 

1 row 2 

2 rows 5 

Inside a wind farm with more than 2 rows 8 

 

The wind farm configuration is illustrated in Figure E.1 for the case "Inside a wind farm with 
more than 2 rows" and a regular layout. 

Inside large wind farms, wind turbines tend to generate their own "wind farm ambient" 
turbulence. Thus, when 

a) the number of wind turbines from the considered unit to the "edge" of the wind farm is 
more than 5, or  

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

then the following representative wind farm ambient turbulence shall be assumed instead of  
cσ̂  except in the expression for Tσ̂ : 

 2 2
c w

1ˆ ˆ ˆ ˆ ˆ1,28
2 σσ σ σ σ σ ′ = + + + 

 
 (E.4) 

where 

 hub
w

r f
T

0,36ˆ
1 0,2

V
d d

C

σ =
+

 (E.5) 
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in which dr and df are separations in rotor diameters in rows and separation between rows, 
respectively. 

 

Figure E.1 – Configuration – Inside a wind farm 
with more than 2 rows 

E.2 Dynamic wake meandering model 

E.2.1 General 

Wake effects from neighboring wind turbines may be taken into account for fatigue and ULS 
calculations by application of the Dynamic Wake Meandering (DWM) model [2], [3] and [4]. It 
describes the changes in the mean flow field over the wind farm as well as the changes in the 
turbulence intensity and turbulence structure compared to ambient conditions. 

The DWM model is composed of three parts, see Figure E.2: 

1) a model of the wake deficit formulated in the meandering frame of reference;  
2) a stochastic model of the downstream wake meandering process;  
3) a model of the self-induced wake turbulence described in the meandering frame of 

reference.  

A summary description of recommended sub-models, their synthesis and their extension to 
the multiple wake case are given in the following. 

IEC 
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Figure E.2 – The three fundamental parts of the DWM model 

E.2.2 Wake deficit 

The mean wake deficit expands and attenuates with downstream distance from the wake 
generating rotor. The recommended modelling of the wake deficit is based on the thin shear 
layer approximation of the Navier-Stokes equations in their rotational symmetric form with the 
pressure term disregarded. Taking an eddy viscosity approach for the Reynolds stresses, the 
system of equations to be solved is: 

 ( )( ) ( ),1 , 0
U r x

rV r x
r r x

∂∂
+ =

∂ ∂
 (E.6) 

 ( ) ( ) ( ) ( )T, , ,
,

U r x U r x U r x
U V r x r

x r r r r
ν  ∂ ∂ ∂∂

+ =   ∂ ∂ ∂ ∂ 
 (E.7) 

where U and V denote the mean wake velocities in the axial and radial directions, 
respectively. The eddy viscosity, νT, includes contributions from both the ambient turbulence 
and the wake self-generated wake turbulence: 

 ( ) ( ) ( ) ( )0,3
w minT

1 2
hub hub hub

2 0,023 0,016 1
 

R x U x
F x F x

DV V D V
ν σ   

 = + −      

 

   (E.8) 

where normalized spatial variables are introduced as 

 2 2;r xr x
D D

= =   (E.9) 

and F1 and F2 are filter functions depending on the axial coordinate, Rw is the wake radius, 
and Umin is the minimum wake velocity. The empirical filter functions, accounting for the near 
field pressure influence (i.e. F2) and the lack of equilibrium between the mean shear flow field 
and the turbulence field in the near and intermediate wake regime (i.e. F1), are given by 

IEC 

Wake flow field 

Wake added 
turbulence Wake  

meandering Velocity 
deficit 
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 ( )
( )3/2 3/23/2
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Sin 2 / 8
; 0 8

8 2
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x

π

π


  − ≤ < =  

≥











 (E.10) 

 ( ) ( )2 3
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F x
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= 

− + − ≤ <


≤



 



  



 (E.11) 

The pressure influence is implicitly taken into account by the introduction of F2 and further by 
including the part of the wake expansion dictated by the pressure recovery in the boundary 
conditions associated with the system of differential Equations (E.6) and (E.7). Thus, the 
initial wake radius is approximated by 

 ( ) ( )2
w m

10 1 0,45
8

mR D a +
= −  (E.12) 

where am denotes the mean induction over the rotor, and 

 
T

1
1

m
C

=
−

 (E.13) 

with CT being the rotor thrust coefficient. The initial wake deficit to be developed downstream 
using Equations (E.6) and (E.7) is thus obtained from a blade element momentum far-field 
induction prediction combined with the radial scaling given by Equation (E.12). 

E.2.3 Meandering 

The wake meandering part is based on the fundamental presumption that the transport of 
wakes in the atmospheric boundary layer can be modelled by considering the wakes to act as 
passive tracers driven by the large-scale turbulence structures. Modelling of the meandering 
process consequently includes considerations of a suitable description of the "carrier" 
stochastic transport media (i.e. the large scale turbulence field) as well as of a suitable 
definition of the cut-off frequency defining large-scale turbulence structures in this context. 

The stochastic modelling of wake meandering is established by considering a cascade of 
wake deficit releases "emitted" at consecutive time instants in agreement with the passive 
tracer analogy. The propagation of each "emitted" wake deficit is subsequently modelled, and 
the collective description of these constitutes the wake meandering model in space and time. 

Adopting Taylor's hypothesis, the downstream advection of each wake deficit "release" is 
dictated by a suitable advection velocity often taken as the ambient mean wind speed. As for 
the dynamics in the lateral and vertical directions, each considered wake cascade-element is 
successively displaced according to the large scale lateral and vertical turbulence velocities at 
the instantaneous wake deficit position. In mathematical terms, the wake deficit dynamics in 
the lateral direction, y, and in the vertical direction, z, are thus described by the following 
differential equation system: 

 ( )c , ,dy v y z t
dt

=  (E.14) 
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 ( )c , ,dz w y z t
dt

=  (E.15) 

where vc and wc are the spatially dependent large scale turbulent velocities at time t. 

The recommended spatial averaging, defining the large scale part of the turbulence, may be 
expressed in terms of a cut off frequency using Taylor’s frozen hypothesis: 

 u
c 4

U
f

R
=  (E.16) 

Note that with this formulation the large scale part of the turbulence is assumed unaffected by 
the presence of the wind farm. 

E.2.4 Wake induced turbulence 

Wake induced turbulence includes contributions from conventional mechanically generated 
turbulence, caused by the wake shear, as well as from the blade shed and trailed vortices 
mainly in terms of tip and root vortices gradually breaking down downstream of the wake 
generating rotor. Thus, this turbulence contribution is considered independent of the ambient 
turbulence. 

With a length scale comparable with the characteristic size of the wake deficit, the basic DWM 
split in scales implies that the wake induced turbulence meanders with the wake deficit. The 
induced small scale turbulence is consequently formulated in the meandering frame of 
reference. Although violating the second order statistics (i.e. the cross correlation), the 
in-homogeneity of the induced turbulence is approximated by simple scaling of a 
homogeneous and isotropic turbulence field with a length scale equal to one rotor diameter 
and a turbulence standard deviation equal to 1 m/s. Rotational symmetry of the induced wake 
turbulence intensity is assumed, resulting in a scaling coefficient that for a given downstream 
distance only depends on the radial coordinate. The empirical scaling factor, kwt, depends on 
the deficit depth, (Vhub – Umin), at the considered downstream distance, as well as on the 
wake deficit radial gradient /U r∂ ∂ : 

 ( ) ( ) ( )
wt

hub hub

, ,0,35, 0,6 1
U x r U x r

k x r
V V r

∂
= − +

∂

   

 



 (E.17) 

E.2.5 Wake superposition 

Wake superposition is important when dealing with wind farm flow fields. This is a 
complicated process that calls for simplification. Wakes (including associated small scale 
wake induced turbulence) from the turbines in question are treated individually, and their 
correlated meandering is then subsequently modelled. Referring to ambient wind speed 
conditions, two different approaches are applied for the wind regimes corresponding to below 
and above rated power, respectively.  

• Below rated wind speed: For a turbine with the rotor centre located at the spatial position, 
x, within the wind farm, the temporally varying flow field at the rotor polar coordinate (r,θ) 
is determined by the dominating wake among contributions from all upstream turbines at 
any time: 

 ( ) ( )( )t t,, , MIN , ,ii
U r t x U r t xθ θ=  (E.18) 

where (r,θ,t|x) denotes a temporal coordinate combined with a spatial coordinate in a polar 
frame of reference centred at the spatial position x, and where each individual wake flow 
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field is given by Ut,i = (Ui + ui)e1 + vie2 + wie3, with ej, j = 1, 2, 3, being unit normal vectors 
in the longitudinal, transversal and vertical flow directions. The parameter i includes all 
upstream turbines relative to the spatial position x for a given mean wind direction. Note 
that with the recipe formulated in Equation (E.18), the induced small scale turbulence, 
associated with the wakes contributing to Ut, is aggregated in a non-consistent manner. 
However, since the induced turbulence contributions are small scale this does not 
compromise the present application. 

• Above rated wind speed: Using the nomenclature introduced above, Equation (E.18) is 
replaced by a summation of the deficit contributions of all upstream turbines: 

 ( ) ( )t t,, , , ,i
i

U r t x U r t xθ θ= ∑  (E.19) 

E.2.6 Model synthesis 

For each rotor in a wind farm, the inflow wind field is composed of the ambient, undisturbed 
wind field with relevant (see Equation (E.18)) wake deficits and wake induced small scale 
turbulence linearly superimposed. The undisturbed wind field is the site-specific mean wind 
speed consisting of a deterministic part (i.e. the mean wind shear) and the conventional 
turbulent part with ambient turbulence characteristics. The resulting inflow wake effects to be 
superimposed consist of stochastically moving wake deficits, (Vhub – U), and associated wake 
induced turbulence contributions, respectively, and added according to the recipe formulated 
in Equation (E.18). Note that the wake deficit meandering is by far the dominating wake 
effect. 

E.3 Reference documents 

[1] S. Frandsen (2007) Turbulence and turbulence generated structural loading in wind 
turbine clusters, Risø report R-1188 

[2] Larsen, G.C., Madsen, H.Aa., Thomsen, K., and Larsen, T.J. Wake meandering – a 
pragmatic approach. Wind Energy, 11, 2008, p. 377–395 

[3] Madsen, H.Aa., Larsen, G.C., Larsen, T.J., and Troldborg, N. Calibration and 
Validation of the Dynamic Wake Meandering Model for Implementation in an 
Aeroelastic Code. J. Sol. Energy Eng., 132(4), 2010 

[4] Larsen, T.J., Madsen, H. A., Larsen, G.C. and Hansen, K.S. Validation of the Dynamic 
Wake Meander Model for Loads and Power Production in the Egmond aan Zee Wind 
Farm. Wind Energy. 16, 2013, p. 605-624 
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Annex F 
(informative) 

 
Prediction of wind distribution for wind turbine sites 

by measure-correlate-predict (MCP) methods 

F.1 General 

The assessment of the suitability of a wind turbine for a specific site requires the evaluation of 
the design-critical wind speed parameters at a site. Frequently, there is insufficient data even 
at a single point within a wind farm to carry out the evaluation. However, the extended data 
record can be synthesized by extrapolation based on a long-term record for another location. 
The MCP methods are a means to create that extended record. The following explanation is 
taken from [2]. Further information can be found in [3], [4] and [5]. 

F.2 Measure-correlate-predict (MCP) 

The MCP method takes a number of forms in which the averaging period and directional 
nature of the data vary. One version is described here, based upon the concurrent hourly data 
from the wind turbine site and a nearby reference meteorological station (Met. Station). These 
data are cross-plotted and used to derive sector-wise linear regression equations; the sectors 
being consistent with those used by the Met. Station, typically 30° sectors. The data sets used 
for deriving the regression equations should be as long as possible, at least conservatively 
covering the conservative part of any seasonal variations. 

F.3 Application to annual mean wind speed and distribution 

The above regression equations are applied to the long-term Met. Station record sector by 
sector, for a period sufficiently long to eliminate short-term variations, probably at least seven 
years. The result is an hourly mean record for the site, which may be processed into a 
probability distribution for site assessment. 

F.4  Application to extreme wind speed 

The classical method for the prediction of the extreme wind speed is a Gumbel analysis 
modified to improve accuracy (e.g. Best Leiblein Unbiased Estimators (BLUE) method 
described in [1]). The minimum recommended length of data set is ten years. 

It is also possible to apply the method of independent storms (MIS), a derivative of the 
Gumbel method, which utilizes more than one data point per year from a data set, also 
described by Cook [1]. This method can be used for data sets that are as short as four years. 
MIS selects individual storms' peak wind speeds by application of thresholds and time filters 
to ensure that all values are from independent events. 

The sector-specific regression coefficients are applied to a table of the maximum hourly wind 
speed at the Met. Station, by year for basic Gumbel and by storm event for MIS, and by 
sector. A similar table is therefore built up for the wind turbine site. The maximum value in 
each year for the candidate site is extracted for use in a Gumbel analysis. 

The use of the coefficients is appropriate here since they have been formed from hourly mean 
data and are being applied to hourly mean data. In this method, there is no assumption that 
the maximum value at the candidate site occurs in the same sector as the maximum at the 
reference site. By using the sector-specific regression coefficients, the maximum at the 
candidate site can be more accurately determined, taking account of the inter-site 
relationships. 
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The selection of the relevant return period in the extreme value analysis should account for 
the number of events per annum. 

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

Users of these methods for estimation of extreme wind speed should note that the resulting 
accuracy depends significantly on data quality and actual local conditions compared to the 
reference station. As a result, correlations from a regression analysis may be poor. In cases 
where existing local codes are recognized as applicable by authorities having jurisdiction, the 
extreme values obtained using such codes should be considered as minimum values for 
design in preference to MCP. 

F.5 Reference documents 

[1] N.J. Cook, The designers guide to wind loading of building structures, Butterworths, 
1995 

[2] National Wind Power and Climatic Research Unit of the University of East Anglia, 
Prediction of extreme wind speed at wind energy sites, a set of guidelines prepared 
under ETSU contract W/11/00427/00 

[3] R.I. Harris, Gumbel re-visited – a new look at extreme value statistics applied to wind 
speeds, Journal of Wind Engineering and Industrial Aerodynamics, 59 (1996) p. 1-22 

[4] D.C. Quarton, Wind Farms in Hostile Terrain, Final Report, A report prepared under 
ETSU contract W/43/00501/00/00, July 1999 

[5] R.I. Harris, The accuracy of design values predicted from extreme value analysis, 
Journal of Wind Engineering and Industrial Aerodynamics, 89 (2001) p. 153-164 
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Annex G 
(informative) 

 
Statistical extrapolation of loads for ultimate strength analysis 

G.1 General 

Failure of a structure occurs when the stress at a critical location exceeds the resistance 
capacity of the component material. Assuming that local stresses are related to the loading so 
that the stress progressively increases with increased loading, the strength of a structural 
component can be defined in terms of an ultimate load that causes failure. Given the service 
loading, the adequacy of the structure can be assessed by comparing the extreme values of 
the loading with the ultimate load resistance, applying suitable factors of safety. 

For wind turbines, loading depends on the turbulent wind inflow for a variety of wind 
conditions. Thus, it is necessary to analyse the extreme values of the loading on a statistical 
basis in order to determine a suitable characteristic load. 

For a given wind condition, it is reasonable to model the short-term load response as a 
stationary random process. Given that loads can be represented as such processes, methods 
are described in the following for the extraction of data for extrapolation and load 
extrapolation. Convergence criteria also are proposed and an alternative for estimating the 
long-term loads using the inverse first-order reliability method (IFORM) is given. 

The methods have been tested for a 3-bladed horizontal-axis upwind turbine. Special 
attention may be necessary for other wind turbine concepts and/or control schemes including 
load feedback. More information and guidance can be found in [1]. 

G.2 Data extraction for extrapolation 

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

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

A simple approach to ensure independence is to assume that the global extreme in each ten-
minute simulation or local extremes from intervals no shorter than three response cycles are 
independent and thus require a minimum time separation between individual response 
extremes of three response cycles (defined by three mean crossings over the block size). If a 
systematic statistical approach is desired, the designer may test for independence using 
standard estimation techniques (e.g. [5], [6]) and then minimize dependence in a controlled 
manner. 

Peak over threshold methods may also be employed, but the designer should be careful that 
truncation errors and correlation introduced by the threshold do not influence the shape of the 
empirical distribution dramatically. 
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G.3 Load extrapolation methods 

G.3.1 General 

The 50-year return period load of a wind turbine may be defined as the extreme loading that 

has an annual probability of exceedance of 
1 0,02

50 years
=  per year. 

The suggested approaches of extrapolation of extreme events for determination of the 
50-year load can be divided into the following procedures. 

1) Parametric fitting and aggregation afterwards 

• Subdivide the operational range of the turbine into discrete wind speeds and perform 
time domain simulations at the normal turbulence (NTM) level. 

• Estimate an extreme value (parametric) distribution [2] for every wind speed 
realization. 

• Aggregate all distributions according to the long-term distribution function of the mean 
wind speed. 

• Predict the 50-year value of the aggregated distribution function. 
For global extreme from ten-minute simulations, the probability of the 50-year load is 
approximately 3,8 × 10–7. 

2) Data aggregation first and fitting afterwards 

• Subdivide the operational range of the turbine into discrete wind speeds and 
performance of time domain simulations at normal turbulence (NTM) level. 

• Aggregate all relevant extremes from all time series according to the long-term 
distribution function of the mean wind speed within the operational range of the 
turbine. 

• Estimate one (aggregated) distribution function for all extremes. 

• Predict the 50-year value from the resulting distribution function. 
Two different cases are regarded for aggregation of simulated short-term distributions 
of extremes for a specific observation period T into an empirical distribution of the 
long-term extremes for the same period: extrapolation from global extremes, and from 
local extremes. 

G.3.2 Global extremes 

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

 ( )short-term ;F s V T  (G.1) 

where s stands for load response and V is the mean wind speed for the observation period. 
Using the long-term distribution of the mean wind speeds, the long-term distribution of 
extreme values is obtained: 

 ( )
( )( ) ( )

out
short-term

in

ln | ;

long-term ;

V

V
F s V T f V dV

F s T e=
∫

 (G.2) 

This equation is derived assuming that the exceedances of the value s form a composite 
Poisson point process with independent increments. The extreme load response, sr, of the 
desired return period, Tr, is obtained from Equation (G.3): 
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 ( ) 1yr
long-term

r r

1yr; 1 1

T
TF s T

T T
 

= − ≈ − 
 

 (G.3) 

for sufficiently small values of 
r

T
T

. 

The practical implementation of these formulas would typically be to use discrete wind speed 
values. Then one has 

 ( ) ( )( )long-term short-term
1

; | ; k
M p

k
k

F s T F s V T
=

≈ ∏ , 

 ( ) in 1 M out,   k k kp f V V V V V V= ∆ ≤ < … < ≤  (G.4) 

For small short-term exceedance probabilities, this may be conservatively approximated as 

 ( ) ( )( )long-term short-term
1

; 1 1 | ;
M

k k
k

F s T F s V T p
=

≈ − −∑  

 ( )short-term
1

| ;
M

k k
k

F s V T p
=

= ∑  (G.5) 

The latter equivalence results because the exceedance probability outside the operating 
range is assumed to be zero. 

The distribution Fshort-term may be obtained by fitting to the empirical distribution 

 ( )short-term
ˆ , 1,...,

1
i

ki k k
k

r
F s V i n

n
= =

+
 (G.6) 

where ski denotes the ith extreme value sample from wind speed k and ri is ski’s rank among 
the nk extremes arising from wind speed k. For the following developments, it is worth noting 
that an equivalent expression for the empirical distribution by use of a summation is 

 ( ) ( )short-term
1

1ˆ , 1,...,
1

kn

ki k kj ki k
kj

F s V I s s i n
n=

= − =
+∑  (G.7) 

where an indicator function I(x) has the expression 

 
1 for 0

( )
0 for 0

x
I x

x
    ≤  

=      >  
 (G.8) 

The task of the indicator function is to pick out all values less than or equal to ski in order that 
they can contribute to the empirical probability of having values less than or equal to ski. Note 
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that the specific definition of the indicator function ensures that the event that identical 
extreme values should be realized is accounted for. 

G.3.3 Local extremes 

Now the short-term distribution of global extremes in the observation period, T, is obtained 
from n(V) independent local extreme values in the period (assuming the extremes are positive, 
otherwise a change of sign may be made): 

 ( ) ( ) ( )
short-term local; ;

n V
F s V T F s V T=  (G.9) 

The long-term distribution, defined in Equation (G.9), and the extreme load response, sr, of 
the desired return period, Tr, are established as described in G.3.2. Strictly, n should be a 
random number for which a distribution (dependent on V) should be assumed. However, n has 
for wind turbine applications limited variation compared to its mean value. Consequently, 
replacing n by its mean value (conditional on V), as implicitly done above, is sufficiently 
accurate. The approximation may be accepted if, when applying the formulas proposed in the 
following, one uses an s-value representative of the wind speeds that contribute most to the 
specific load response under consideration. Based on the approximation, one has the 
following expression: 

 ( )
( ) ( )( ) ( )

out
local

in

ln | ;

long-term ;

V

V
n V F s V T f V dV

F s T e
∫

=  (G.10) 

G.3.4 Long-term empirical distributions 

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

 ( ) ( )sims total in 1 M out, , ...k k k k kN V N p p f V V V V V V≈ = ∆ ≤ < < ≤  (G.11) 

Once simulations are completed and maxima are extracted, all maxima from all wind speeds 
are combined into a single distribution and ranked such that 

 ( )long-term total
ˆ , 1,...,

1
i

i
k

r
F s i n

n
= =

+
 (G.12) 

where si denotes the ith extreme value sample over all wind speeds and ri is si’s rank among 
the ntotal extremes arising from the combined distribution. 

One potential disadvantage of this method is that loads that are dominated by high wind 
speeds may have very few simulations from which to extract large extreme values in the tail of 
the empirical distribution. To address this issue, additional long-term distributions can be 
calculated using additional simulations for the low probability wind speed bins. The total 
simulation time per bin should follow the original wind speed distribution. But, a number of 
new long-term empirical distributions can be formed using randomly bootstrapped data from 
all bins, in which a large number of simulations are available. Once a number of long-term 
distributions are formed, they can be averaged to form a single aggregate long-term 
distribution that can be used for extrapolation to lower probability levels. 
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G.4 Convergence criteria 

G.4.1 General 

In the context of turbine extreme loads, the importance of different wind speeds varies 
depending on the load that is being extrapolated. Some loads are dominated by wind speeds 
near rated while others are dominated near cut-out or other wind speeds. It is important that 
the designer examine the dominant wind speeds closely to ensure that a sufficient number of 
simulations are carried out to ensure stability of the method. A minimum of 15 simulations is 
necessary for each wind speed from (Vr – 2 m/s) to cut-out and six simulations are necessary 
for each wind speed with V below (Vr – 2 m/s). 

In addition to a minimum number of simulations for the wind speeds (Vr – 2 m/s) to cut-out, an 
additional convergence criterion shall also be applied according to 7.6.2. The recommended 
number of simulations is determined by calculating a confidence interval for the resulting 
empirical distribution. The number of simulations deemed sufficient is that for which the width 
of the 90 % confidence interval on the 84 % fractile of the empirical load distribution of global 
maxima is smaller than 15 % of the estimate of the 84 % fractile. This interval may be 
estimated using bootstrapping methods [3], the binomial estimation method [4], or it may be 
inherently estimated as a part of the extrapolation method employed. 

If the extremes are obtained using any other method (e.g. block maxima) that results in m 
extremes per 10-minute simulation, on average, then the 84 % fractile above needs to be 
replaced by p* where 

 
1* (0,84) mp =  (G.13) 

The convergence criterion44 should be applied individually to each short-term load distribution 
whether the long-term distribution is to be established using aggregation of wind speed data 
before fitting or whether fitting parametric distributions to data from each wind speed is 
carried out before aggregation. 

In the procedure that involves aggregation before fitting, empirical long-term distributions for 
the loads following aggregation of all wind speed bins can be established by making use of 
similar convergence criteria as proposed above for short-term distributions. The appropriate 
fractile at which to impose the convergence criterion should be higher than the fractile 
corresponding to any apparent "knee" (often observed) in the empirical long-term distribution 
to ensure that convergence is checked closer to the tail of this empirical distribution. 

G.4.2 Load fractile estimate 

The desired load fractile, ˆ
pL , corresponding to a non-exceedance probability, P, is estimated 

as follows. 

Rank order all the loads data such that S1 ≤ S2 ≤ … ≤ Sm if we have m such values from 
simulations. Note that m will be equal to the number of simulations if global maxima are used. 

For any specified p, make sure it is possible to find some integer i (where 2 i m≤ ≤ ), such that 

___________ 
44 The criterion should only be evaluated where the 84 % fractile is much larger than 0. For example, blade flap 

moments away from tower for outboard sections might be problematic at certain wind speeds; i.e. criterion 
should be handled with a certain engineering judgement. 
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 1
1 1

i ip
m m

−
≤ ≤

+ +
 (G.14) 

A sufficient number of extremes, m, should be available (for which a sufficient number of 
simulations will have to be run) so that the above inequality results and a value of i found. 

The load fractile estimate is then computed by (linear) interpolation as follows: 

 1 1
ˆ [ ( 1) ( 1)]( )p i i iS S p m i S S− −= + + − − − ; where 2 i m≤ ≤  (G.15) 

G.4.3 Confidence bounds 

Confidence bounds are estimated such that the 90 % confidence interval on the 84 % fractile, 

0,84Ŝ , is as follows: 

 0,84;0,05 0,84;0,95

0,84

0,15S S

S

∧ ∧

∧
−

<  (G.16) 

The interval, 0,84;0,05 0,84;0,95
ˆ ˆ,S S , represents the desired 90 % confidence interval. 

G.4.4 Confidence intervals based on bootstrapping 

Using the bootstrap procedure to form confidence intervals [3, 7] begins with taking the initial 
set of data on p global maxima (m1, m2, m3, m4, m5 … mp) and randomly resampling these 
data with replacement to form a new set (m1*, m2*, m3*, m4*, m5* … mp*) or a bootstrap 
resampling of the same size as the original sample. Note that bootstrap resamplings will be 
composed of repeated values from the original sample since, for each resampling, data are 
sampled randomly with replacement. The process is repeated so as to form a large number, 
Nb, of bootstrap resamplings. From each of these sets of p data, individual estimates of the 
84 % fractile can be obtained. From these Nb estimates, constituting the set, (l1, l2, l3, l4, 
l5, …, lNb), confidence intervals can be found in the usual manner by ordering the data. These 
can then be used for the numerator of Equation (G.16). The estimate of the 84 % fractile that 
is obtained from the original data represents the denominator of Equation (G.16). 

A minimum number of 25 bootstrap resamplings may be sufficient to determine a reasonable 
estimate of confidence bounds. However, a larger number closer to 5 000 will lead to more 
reliable estimates. 

G.4.5 Confidence intervals based on the binomial distribution 

Confidence intervals based on the binomial distribution [7] are computationally less intensive 
than those computed using the bootstrap procedure. This saving is simplified by tabulating 
parameters for calculating a binomial confidence interval that will result for most common 
situations. For the load fractile equal to 0,84 and 90 % confidence interval, Table G.1 
provides values of k* and l* as well as two other values, A and B, needed for interpolating the 
estimate confidence bounds in Equation (G.17), below. The number of simulations is of the 
order of 15 to 35 for each wind speed bin. 
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Table G.1 – Parameters needed to establish  
binomial-based confidence intervals 

Fo
r 

90
 %

 c
on

fid
en

ce
 in

te
rv

al
 o

n 
th

e 
84

th
 p

er
ce

nt
ile

 lo
ad

 

No. of sims. k* l* A B 

15 9 14 0,50 0,32 

16 10 15 0,27 0,19 

17 11 16 0,10 0,03 

18 11 16 0,87 0,96 

19 12 17 0,58 0,90 

20 13 18 0,35 0,83 

21 14 19 0,16 0,76 

22 14 20 1,00 0,69 

23 15 21 0,69 0,60 

24 16 22 0,45 0,50 

25 17 23 0,25 0,39 

26 18 24 0,08 0,26 

27 18 25 0,85 0,12 

28 19 25 0,58 0,98 

29 20 26 0,36 0,91 

30 21 27 0,18 0,83 

31 22 28 0,02 0,75 

32 22 29 0,75 0,66 

33 23 30 0,51 0,56 

34 24 31 0,31 0,44 

35 25 32 0,13 0,32 

 

The parameters in Table G.1 are used with a design equation that is tailored to give the 90 % 
confidence interval for the 84th percentile ten-minute maximum. The design equation can be 
written as follows: 

 ( ) ( ) ( ) ( )* * * * * *1 1l k l k l kl k
x x x x B x x A x x

+ +

   
− = − + − − −   

   
 (G.17) 

where l*, k*, A, and B are as given in Table G.1 as a function of the number of simulations run 
and xl*, x(l+1)*, xk*, and x(k+1)* are obtained from the rank-ordered simulated extremes. This 
estimate can then be inserted into Equation (G.16) to determine if the convergence criteria 
are met, where 

 0,84;0,05 0,84;0,95 l kS S x x
∧ ∧

− ≈ −  (G.18) 

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

An alternative to typical loads extrapolation methods is the use of IFORM to estimate long-
term loads. In this method, turbulence and wind turbine response simulations are carried out 
for NTM conditions. A minimum of 15 simulations should be carried out for wind speeds  
(Vr – 2 m/s) to cut-out. The wind speed(s) that yields the highest load is (are) then identified. 
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Extrapolation of the short-term load distributions to a probability level consistent with the 
definition of a 50-year return period yields the 50-year load for use with DLC 1.1. 

The convergence criteria for IFORM should be the same as for the other extrapolation 
methods, except that the designer need only estimate confidence intervals for the load 
distributions from identified important wind speeds (often only one). 

The theory for the use of the inverse FORM (IFORM) technique (which relies on 
transformation of physical random variables to standard normal random variables [8]) is 
welldocumented, see for example [9], and can be applied to estimate long-term wind turbine 
loading under NTM conditions. 

In order to implement IFORM for wind turbine extreme loads, use the following steps. 

a) Carry out 15 simulations for the wind speed bins (Vr – 2 m/s) to cut-out. 
b) Identify which bins yield the largest load maxima. 
c) Refine the search by performing another 15 simulations for the bins identified in step b). 

Again, identify the design dominating wind speed(s), v*, which produce the largest loads. 
Ensure that the number of simulations at the important wind speed(s) is sufficient such 
that the width of the 90 % confidence interval on the 84 % fractile of the empirical load 
distribution of global maxima is smaller than 15 % of the estimate of the 84 % fractile. 

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

• Using Rayleigh CDF, compute U1 = Φ–1[PR(v*)]. 

• For probability of exceedance in 10 min once in 50 years, pT = 3,8 × 10–7. This 
corresponds to β = 4,95. 

• Solve U2 = [β2 – U1
2]1/2. 

• Derive the load fractile PS = Φ(U2), see Table G.2. 

• The long term load is the PS fractile of the short-term distribution for the wind speed 
bin, v*. To reach the appropriate fractile, extrapolation may be required. 
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Table G.2 – Short-term load exceedance probabilities as a function 
of hub-height wind speed for different wind turbine classes  

for use with the IFORM procedure 

v* [m/s] 1-PS,class I 1-PS,class II 1-PS,class III 

5 5,91E-07 4,95E-07 4,42E-07 
6 4,86E-07 4,24E-07 3,94E-07 
7 4,26E-07 3,90E-07 3,80E-07 
8 3,94E-07 3,80E-07 3,91E-07 
9 3,81E-07 3,90E-07 4,24E-07 

10 3,83E-07 4,17E-07 4,84E-07 
11 3,97E-07 4,64E-07 5,78E-07 
12 4,24E-07 5,35E-07 7,20E-07 
13 4,66E-07 6,38E-07 9,33E-07 
14 5,26E-07 7,85E-07 1,26E-06 
15 6,08E-07 9,97E-07 1,75E-06 
16 7,20E-07 1,30E-06 2,54E-06 
17 8,71E-07 1,75E-06 3,82E-06 
18 1,08E-06 2,43E-06 5,93E-06 
19 1,36E-06 3,46E-06 9,54E-06 
20 1,75E-06 5,06E-06 1,59E-05 
21 2,31E-06 7,60E-06 2,74E-05 
22 3,10E-06 1,17E-05 4,89E-05 
23 4,25E-06 1,86E-05 9,02E-05 
24 5,93E-06 3,03E-05 1,73E-04 
25 8,45E-06 5,06E-05 3,42E-04 
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Annex H 
(informative) 

 
Fatigue analysis using Miner’s rule with load extrapolation 

H.1 Fatigue analysis 

Fatigue failure results from an accumulation of damage due to fluctuating loads. For this kind 
of macroscopic view of fatigue, there is general agreement that an increment of damage 
results from each hysteresis cycle displayed in the local stress-strain diagram. Thus, each 
local maximum of the load time history is paired with the local minimum that completes a full 
cycle (rain-flow cycle counting, see [1] or [2]). Each of these cycles is characterized by the 
paired extreme values (or equivalently by the range and midpoint values, i.e. the difference 
between and the mean of the two paired cycle extremes). If the damage accumulates linearly 
and independently for each cycle [5, 3] then the total damage, D, will be given by45  

 
( )
1

ii
D

N S
= ∑  (H.1) 

where Si is the load range for the ith cycle, and N  ( ) is the number of cycles to failure for a 
constant amplitude loading with the range given by the argument (i.e. the S-N curve). In this 
expression, it has been further assumed that the local stress at the failure location is linearly 
related to the loading. Typically, for fatigue analysis, the S-N curve selected for design is 
associated with a given survival probability (often 95 %) and level of confidence (often 95 %) 
in determining the curve from materials data. Thus, the desired minimum level of reliability 
may be expected when the damage sums to unity. 

For the life of a wind turbine, there will be many cycles of varying sizes resulting from a broad 
range of wind conditions. Therefore, for design purposes, a load spectrum should be 
estimated. The largest cycles for this spectrum will be estimated from a smooth fit to the data 
obtained from simulations or testing of a duration that is significantly shorter than the turbine 
lifetime. For each wind condition, it may be assumed that the load is modelled by a stationary 
random process. Thus, the expected damage for a given wind speed, V, and a specific time 
period, T, will be given by 

 
( )

( )
ST

0

,
,

n S V T
E D V T dS

N S

∞
= ∫  (H.2) 

where ( )ST ,n S V T  is the short term load spectrum defined as a density function for the 
number of cycles. In this case, the expected number of cycles in any load range interval 

(SA,SB) during the time period T is given by ( )
B

A

ST ,
S

S
n S V T dS∫ . The expected damage from 

normal operating loads for the whole turbine life is then given by extending the time interval to 
the full lifetime and integrating over the range of operating wind speeds, so that 

___________ 
45 For ease of presentation, the effect of variation in the midpoint load level for each cycle is neglected. This 

restriction is eliminated later when the issue of varying midpoint levels is addressed through the use of an 
equivalent cyclic range. 

IECNORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 IE
C 61

40
0 1

 ed
 4.

0:2
01

9

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


IEC 61400-1:2019 © IEC 2019 – 131 –  

 ( ) ( )
( ) ( )

out out

in in

ST

0

,Lifetime Lifetime,
V V

V V

n S V T
E D E D V T p V dV p V dSdV

T T N S

∞
= =∫ ∫ ∫  (H.3) 

where p(V) is the probability density function for the hub-height wind speed prescribed for the 
standard wind turbine classes in 6.3.2.1. 

Now, defining the long-term load spectrum 

 ( ) ( ) ( )
out

in

LT ST
Lifetime ,

V

V
n S n S V T p V dV

T
= ∫  (H.4) 

then gives 

 
( )

( )
LT

0

n S
E D dS

N S

∞
= ∫  (H.5) 

In many cases, it is convenient, for practical purposes, to divide the ranges of load and wind 
speed values into discrete bins. In this case, the expected damage can be approximated by 

 
( ),

jk

kj k

n
E D

N S
≈ ∑  (H.6) 

where njk is the expected number of lifetime load cycles in the jth wind speed and the kth load 
bins, and Sk is the centre value for the kth load bin. Thus, from the above definition, 

 ( ) ( )
2 2

22

ST
Lifetime ,

V Sj kj k

V Sj kkj

V S

jk
SV

n n S V T p V dSdV
T

∆ ∆

∆ ∆

+ +

−−

= ∫ ∫  (H.7) 

where ∆Vj is the width of the jth wind speed bin and ∆Sk is the width of the kth load bin. 

Utilizing these results, and considering the requirement from 7.6.3 that the safety factors be 
applied to the load, the limit state relation for fatigue analysis becomes 

 
( )

( )
LT

0
1

n S
dS

N Sγ

∞
≤∫  (H.8) 

where f m nγ γ γ γ=  is the product of all three general partial safety factors for load, materials, 
and consequences of failure, respectively. In discrete terms, this equation results in 

 
( ),

1jk

kj k

n
N Sγ

≤∑  (H.9) 
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In cases where significant damage occurs in more than one load case from Table 2, the 
damage fractions for all the load cases, computed using the left side of Equation (H.9), should 
sum to be less than or equal to one. 

The formulation up to this point has ignored the effect of the variability in the midpoint levels 
for each load cycle. One simple way of dealing with this variability is to define damage 
equivalent load cycles with a fixed midpoint value. In this case, the damage done by the 
equivalent cycles is exactly the same as that done by the cycles with varying midpoints. Thus, 
failure will occur (on average) for the same number of constant amplitude cycles for the 
equivalent cyclic range, Seq, as for cycles at any given cyclic range and midpoint value. Thus, 
defining a family of S-N curves for varying midpoint values, N(S,M), the equivalent damage 
equation 

 ( ) ( )eq 0, ,N S M N S M=  (H.10) 

is solved for Seq given values for S,M and the selected constant midpoint level M0. 
In mathematical terms, this can be stated as 

 ( )( )1
eq 0, ,S N N S M M−=  (H.11) 

where the inverse refers to solution for the first argument in the function, N, given the second 
argument. Typically, M0 is chosen to give R values (the ratio of maximum load to minimum 
load) for the equivalent load cycles that are in the middle of the range of values observed 
directly in the load data. Often, an acceptable value is the mean load considering all operating 
wind speeds. Fortunately, in most cases where the S-N curves are defined analytically 
(e.g. power law or exponential forms), the equivalent cyclic load range is easily computed. 
Care should be taken, however, as the range becomes large. Depending on the midpoint 
value, the maximum or minimum load value for the given cycle can get close to the static 
strength, in which case the simple, high-cycle S-N curve may not be applicable. Also, for 
larger range values, the local stress or strain may transition from a compression-compression 
or tension-tension dominated case to a tension-compression case, which could have a 
different analytical S-N curve representation. It is important to utilize the proper S-N relation 
in determining the equivalent cyclic range. For a given load time history, the rain flow cycles 
are first identified. Then a set of equivalent constant-midpoint cycles is computed considering 
the proper S-N relation for each cycle. The distribution of these equivalent cycles is then 
estimated giving a new short-term equivalent load spectrum. This new spectrum is then used 
to define the number of cycles used for the damage fraction for each load and wind speed bin. 
The main advantage of using this method is that the estimation of the equivalent spectrum is 
statistically more robust than tracking the midpoint levels as an independent variable. This 
advantage results because many more load cycles are counted from typical time series load 
data for each load and wind speed bin than when midpoint bins are also tracked separately. 

An additional practical issue that arises in determining the short-term load spectrum is the 
large number of small cycles determined by the rain-flow method. These small cycles can 
often occur at nearby points in time and may therefore be correlated. The small cycles can 
also distort the shape of analytical approximations to the tail of the distribution. It is therefore 
recommended to only consider cycles above a threshold when approximating the tail of the 
short-term distribution. A threshold value of at least the 95th percentile typically works well in 
practice. Lower threshold values may be appropriate if the small cycles have been eliminated 
or if the increased number of data points used for the fitting process is expected to yield 
significant additional statistical reliability. 

For practical wind turbine design applications, it is necessary to estimate the short-term 
equivalent load spectrum from dynamic simulation data and then compute the lifetime 
damage. One method of accomplishing this task is given by the following procedure. 

a) Select the reference midpoint level as the mean load level considering all wind speeds. 
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From the simulation data for a given wind speed, extract the sequence of local maxima 
and minima. The sequences of local maxima and minima from multiple time series for the 
same wind conditions may be concatenated into a single series. 

b) Use the rain flow method to identify the midpoint and range for each simulated load cycle. 
c) Determine the equivalent range for each load cycle in relation to the selected reference 

midpoint level. 
d) Determine an analytical fit for the short-term probability distribution of equivalent load 

cycles, ( )ST ,F S V T  for the data above the selected threshold. Guidance for one method for 
fitting the distribution may be found in [4]. The distribution type selected should be 
checked to see if the fit to the data is acceptable and whether there is sufficient data for 
reliable estimation of the behaviour of the tail compared to the data.  

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

 

th

th

if  is below the  threshold
Lifetime

, , if  is above the  threshold
2 2

jk k

jk j k k
j k j k j k

m S j

n P S ST M F S V T F S V T S j
≈ ∆ ∆

+ − −

 
  
              
      

 (H.12) 

where mjk is the number of simulation fatigue cycles counted in the data for the jth wind 
speed bin and kth load bin below the threshold, Mj is the number of fatigue cycles counted 
in the simulation above the threshold, and  

2 2
ave ave2 2

V Vj j
j jV V

V V

jP e e

π π
∆ ∆   − +   − −   

   
   = −  

is the fraction of time the wind speed is in bin j for the assumed Rayleigh wind speed 
distribution. 
1) Sum the damage using the left hand side of Equation (G.9). 
2) Sum the total lifetime damage from all fatigue load cases. 

In using this procedure, care should be taken that  

• the resolution of the wind speed and load range bins is sufficient for the desired numerical 
precision, and  

• sufficiently large values of load range are used to adequately represent the tail of the 
long-term load distribution. 

The first issue may be addressed by approximating the error as half the difference between 
results computed by two different bin resolutions skipping data from every other wind speed 
or load range. An alternative would be to compute the damage summation using the endpoints 
for the bin values instead of the central values to bound the result. The second issue may be 
addressed by progressively increasing the highest load range bin value until a negligible 

increase in the lifetime damage is observed. Note because the ratio Lifetime
T

 is a large 

number, the largest required load bin may be significantly larger than the largest cycle 
observed in the simulation data. This results because the total simulated load time history is 
much smaller than the turbine lifetime, and statistical extrapolation is required to accurately 
estimate damage from the tail of the long-term load distribution. 

H.2 Reference documents 

[1] Dowling, N.E., Fatigue Failure Predictions for Complicated Stress-strain Histories, J. of 
Materials, v.7, n.1, Mar., 1972, p. 71-87 
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Annex I 
(informative) 

 
Contemporaneous loads 

I.1 General 

Detailed structural analyses of wind turbine components commonly use a finite element or 
other suitable model for determination of the local stress or strain resulting from the loading 
applied to the component. Such analyses often define a suitable interface plane where the 
applied loads are acting (e.g. the yaw bearing interface, defining the tower top loading). 
In this case, there are six load components defining the boundary conditions for loading, three 
forces, Fx, Fy, and Fz, and three moments, Mx, My, and Mz. For convenience here, the x,y axes 
are taken to be in the loading plane and the z axis normal to the plane. To describe the 
extreme loading situations, a load matrix is often defined as shown in Table I.1. 

Table I.1 – Extreme loading matrix 

 Fx Fy Fz Mx My Mz FR θF MR θM 

Max.           

Min.           

Max.           

Min.           

Max.           

Min.           

Max.           

Min.           

Max.           

Min.           

Max.           

Min.           

Max.           

Max.           

 

In this table, each column represents a load component value delineated by the heading at 
the top. Each row represents contemporaneous values (i.e. all values occurring at the same 
time) and the shaded cell shows the specific component that has either a maximum or 
minimum value as indicated on the left. These maximum and minimum values are intended to 
cover the full range of values for that particular load component. The detailed structural model 
is then exercised using each of the rows to determine resulting local stress or strain values, 
which are compared to an appropriate failure criterion. When the structural stiffness and 
strength in response to loading in the plane is similar for the different loading directions, the 
most extreme loading can result when both x and y components are large in magnitude but 
not at their very largest values. Thus, the in-plane vector resultant values are also displayed 
in the additional columns on the right and the rows at the bottom. These in-plane resultants 
are defined as 

 2 2
R x yF F F= +  and 2 2

R x yM M M= +  (I.1) 

The angular directions of these resultants are also defined as 
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