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INTERNATIONAL ELECTROTECHNICAL COMMISSION

WIND ENERGY GENERATION SYSTEMS

Part 9: Probabilistic design measures for wind turbines

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization compriging
il national electrotechnical committees (IEC National Committees). The object of IEC is to promote,internatipnal
o-operation on all questions concerning standardization in the electrical and electronic fields. Toythis end|and
n addition to other activities, IEC publishes International Standards, Technical Specifications, fechnical Repéorts,
Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC Publieation(s)”). Their
breparation is entrusted to technical committees; any IEC National Committee interested in“the subject dealt with
nay participate in this preparatory work. International, governmental and non-governmental organizations liaiping
vith the IEC also participate in this preparation. IEC collaborates closely with the International Organization for
Btandardization (ISO) in accordance with conditions determined by agreement betiweéen the two organizatior]s.

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

3) |EC Publications have the form of recommendations for international,use and are accepted by IEC Natipnal
Committees in that sense. While all reasonable efforts are made tosefnsure 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
nisinterpretation by any end user.

4) |n order to promote international uniformity, IEC National\Committees undertake to apply IEC Publicatjons
ransparently to the maximum extent possible in their national and regional publications. Any divergence between
hny |EC Publication and the corresponding national or regional publication shall be clearly indicated in the latter.

5) |EC itself does not provide any attestation of conforniity. Independent certification bodies provide conformity
hssessment services and, in some areas, access'd¢o IEC marks of conformity. IEC is not responsible for|any
ervices carried out by independent certificationibodies.

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 damagle or
ther damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) |[and
bxpenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other [[EC
Publications.

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

9) Attention is drawn tolthe possibility that some of the elements of this IEC Publication may be the subject of pgtent
ights. IEC shall nat be held responsible for identifying any or all such patent rights.

IEG TS 61400:9 has been prepared by IEC technical committee 88: Wind energy generation
sysftems. It(isya Technical Specification.

The text-of this Technical Specification is based on the following documents:

Draft Report on voting

XXIXXIDTS XXIXX/IRVDTS

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this Technical Specification is English.

This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
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at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at http://www.iec.ch/standardsdev/publications.

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

e reconfirmed,

e withdrawn,

° reblaced bva revised edition—or
Fepracea—hy—a+FeHsea—eaHoR—of

e |amended.
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INTRODUCTION

The International Electrotechnical Commission (IEC) draws attention to the fact that it is claimed
that compliance with this document may involve the use of a patent. IEC takes no position
concerning the evidence, validity, and scope of this patent right.

The holder of this patent right has assured IEC that s/he is willing to negotiate licences under
reasonable and non-discriminatory terms and conditions with applicants throughout the world.
In this respect, the statement of the holder of this patent right is registered with IEC. Information
may be obtained from the patent database available at http://patents.iec.ch.

Atténtion is drawn to the possibility that some of the elements of this document may. be [the
suljject of patent rights other than those in the patent database. IEC shall ngt] be Held
responsible for identifying any or all such patent rights.
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WIND ENERGY GENERATION SYSTEMS

Part 9: Probabilistic design measures for wind turbines

Scope

This Technical Specification sets out minimum requirements to the use of probabilistic design
measures in order to ensure the structural and mechanical integrity of wind turbines. The TS shall
be based on the general approach in ISO 2394, which also forms the basis for IEC 61400-1. In
61400-1 the design verification approach is based on deterministic design using safety factors.

Ho
req

vever, edition 4 opens for introduction of probabilistic design in an informative annex specify
Llirements to the calibration of structural material safety factors and structural design assisteq

tes{ing. This TS provides appropriate methodologies and requirements for full probabilistic)des

by
enM

2

Thd
con
Forn
am

IEC
IEQ

IEQ
turh

IEC
win
IEC
ged

IEQ

IEG
con

IEC
ele

IEC

taking into account specific uncertainties on not only material properties but“also
ironmental conditions, design models and the degree of validation.

Normative references

stitutes requirements of this document. For dated references, only the edition cited appl
undated references, the latest edition of the referenced document (including
endments) applies.

61400-1, Wind energy generation systems - Part 1: Design requirements
61400-2, Wind energy generation systems — Part 2;Design requirements for small wind turbing

61400-3-1, Wind energy generation systems <«Part 3-1: Design requirements for offshore wind|
ines

61400-3-2, Wind energy generation systems — Part 3-2: Design requirements for floating offshd
d turbines

61400-4, Wind energy generatighi)systems - Part 4: Design requirements for wind turbine
rboxes

61400-6, Wind energy generation systems - Part 6: Tower and foundation design requirements

61400-8, Wind enefgy generation systems - Part 8: Design of wind turbine structural
hponents (CDV version)

61400-12-43Wind energy generation systems - Part 12-1: Power performance measurements
tricity predécing wind turbines

61400~13, Wind energy generation systems — Part 13: Measurement of mechanical loads

ing
by
ign
on

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

es.
hny

bS

Df

IE

TS 64400-31, Wind energy-generation-systems —Part 31: Siting Risk-Assessment (DTS versi

)

IEC 61400-50-1, Wind energy generation systems — Part 50-1: Wind measurement — Application of
meteorological mast, nacelle and spinner mounted instruments

ISO 2394, General principles on reliability for structures, 2015.


Christine Weibøl Bertelsen
De er på DTS niveau nu.
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3

3.1
lim

Terms and definitions

it states

state of a structure beyond which the structure no longer satisfies the design criteria

[SOURCE: I1SO 2394]

3.2

3.3

URCE: IEC 61400-1]

reference wind speed

Vre
bag

Notg
bas

Notg
with

f
ic parameter for wind speed used for defining wind turbine classes

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

2 to entry: A turbine designed for a wind turbine class with a reference wind speed Vref is designe
stand climates for which the extreme 10 min average wind speed with a return period of 50 years at turbine

height is lower than or equal to Vref.

[SQURCE: IEC 61400-1]

34

sit¢ data

enyironmental, seismic, soil and electrical network data for the wind turbine site
Not¢ 1 to entry: Wind data shall be the statistics of 10 min samples unless otherwise stated.
[SQURCE: IEC 61400-1]

3.5

standstill

corldition of a wind tarbine that is stopped

[SC

3.6

URCE: IEC:61400-1]

pa

wind

ther

i to
hub

sul!Fport structure

of.a wind turbine comprising the tower and foundation

[SOURCE: IEC 61400-1]

3.7

turbulence intensity

ratio of the wind speed standard deviation to the mean wind speed, determined from the same

set

of measured data samples of wind speed, and taken over a specified period of time

[SOURCE: IEC 61400-1]
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89
90
91

92

93
94
95
96

97

98

99
100
101
102

103
104
105
106

107

108
109
110

111
112

113

114
115
116

117

118
119
120
121

122

123
124
125

126
127

128
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3.8
wind turbine site
location of an individual wind turbine either alone or within a wind farm

[SOURCE: IEC 61400-1]

3.9

component class

classification of the wind turbine structural components according to redundancy and safety
requirements

Not¢ 1 to entry: Refer to IEC 61400-1.

[SQURCE: IEC 61400-6]

3.1p
reljability class
clags of structures or structural members for which a particular specified degree of reliability is
required

3.1
desgign situations
setp of physical conditions representing the real conditions’ ,occurring during a certain tme
intgrval for which the design will demonstrate that relevant. limit states are not exceeded

[SQURCE: IEC 61400-6]

3.1p
effect of actions
effect of actions (or action effect) on structural members or on the whole structure

Not¢ 1 to entry: Internal force, moment, streSs and strain are examples of action effect on structural members.
Deflection and rotation are examples of action effect on the whole structure.

[SQURCE: IEC 61400-6]

3.1B
fatigue limit state
stryctural failure dué to damage accumulation under effects of repeated loading

[SQURCE: IEC 61400-6]

3.14
senviceability limit state
stajeswhich corresponds to conditions beyond which specified service requirements for a
structure or structural element are no longer met

[SOURCE: IEC 61400-6]

3.15
ultimate limit state
limit states which generally correspond to the maximum load bearing capacity

Note 1 to entry: This generally corresponds to the maximum load-carrying resistance of a structure or structural
element but in some cases to a strain or deformation limit.

[SOURCE: IEC 61400-6]
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132
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134

135

136
137
138
139
140

141

142
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145
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148

149

150
151
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157
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3.16

reli

ability

ability of a structure or structural member to fulfil the specified requirements, during the working
life, for which it has been designed.

Note 1 to entry: Reliability is often expressed in terms of probability.

Note 2 to entry: Reliability covers safety, serviceability, and durability of a structure.

[SOURCE: ISO 2394]

3.1
str
abi

7
ictural safety
ity (of a structure or structural member) to avoid exceedance of ultimate limit-sta

including the effects of specified accidental phenomena, with a specified level @f, reliabi

dur
[SC

3.1
rel
des

[SC

3.1
me
reli

[sq

3.2

ng a specified period of time
URCE: ISO 2394]

B
ability-based design
ign procedure that is subjected to prescribed reliability level ofithe structure

URCE: ISO 2394]

D
mber reliability
bbility of a single structural member which has one single dominating failure mode

URCE: ISO 2394]

D

system reliability

reli
has

[SC

3.2

hbility of a system of more thah.one relevant structural member or a structural member wh
more than one relevant failure mode

URCE: ISO 2394]

(

reslistance

abi

[sq

ity of a structure (or a part of it) to withstand actions without failure

URGEI1SO 2394]

3.2

D

target reliability
specified average acceptable failure probability that is to be reached as close as possible

Note 1 to entry:

based on the models used.

[SOURCE: ISO 2394]

es,
ity,

ich

Reliability targets are generally model dependent and need to be set for each case considered
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3

reliability-based design

Ad

esign procedure that is subjected to prescribed reliability level of the structure.

[SOURCE: ISO 2394]

3.2

4

risk-informed design
dedign optimized with due consideraiion of the total risks, including 10SS of llves and Injur
darpages to the qualities of the environment, and monetary losses

Not¢ 1 to entry: Risk-based design is presently not generally accepted by all national standards and)codes.

[SQURCE: ISO 2394]

3.2

b

rohlustness

abi
or

onsequences of human errors without being damaged to an,extent disproportionate to

original cause

[SQURCE: ISO 2394]

3.2

b

hazard
unysual and severe threat, e.g. a possible .abnormal action or environmental influen

ins

Lfficient strength or stiffness, or excessive, detrimental deviation from intended dimensio

[SQURCE: I1SO 2394]

3.2
lim
sta

7
it state
e beyond which a structuréno longer satisfies the design criteria

[SQURCE: ISO 2394]

3.2

B

senviceability Jimit states
limit state concerning the criteria governing the functionalities related to normal use

[SQURCE: ISO 2394]

3.2
lim
fun

es,

ity of a structure to withstand adverse and unforeseen events (like fire, explosion, impact)

the

ce,

it state function

ction g(X;, X, ..,X,) of the basic variables, which characterizes a limit state when
g(Xl' XZ""'XTI.) = 0

[SOURCE: ISO 2394]

3.3

0

basic variables
variables representing physical quantities which characterize actions and environmental

infl

uences, material and soil properties, and geometrical quantities
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209

210
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[SOURCE: ISO 2394]

3.31

design service life

assumed period for which a structure or a structural member is to be used for its intended
purpose with anticipated maintenance, but without substantial repair being necessary

[SOURCE: ISO 2394]

3.32
mogdel uncertainty
badic variable related to the accuracy of physical or statistical models

[SQURCE: ISO 2394]

3.3B
aleptory uncertainty
inherent variability typically associated with the loading environment,>the geometry of jthe
strycture, and the material properties

[SQURCE: ISO 2394]

3.3E
epistemic uncertainty
lack of knowledge that, in principle, can be reduced by‘measurements or improved theories

Not¢ 1 to entry: The exact borderline between aleatory and.epistemic is not always unambiguous.

[SQURCE: ISO 2394]

3.3p
hierarchical modelling of uncertainty
random variable is a function of ether random variables

[SQURCE: ISO 2394]

3.3p
prdbabilistic methods
verffication methods in which the relevant basic variables are treated as random variables,
random processes, and random fields, discrete or continuous

[SQURCERISO 2394]

3.3
reliability index

B

substitute for the failure probability g = (D‘l(Pf) where ®~1 is the inverse standardized normal
distribution

[SOURCE: ISO 2394]

3.38

structural model

idealisation of the structure, physical, mathematical, or numerical, used for the purposes of
analysis, design, and verification
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[SOURCE: ISO 2394]

3.39
First/Second Order Reliability Methods - FORM/SORM
numerical methods used for determination of the reliability index B

[SOURCE: ISO 2394]

3.40
reference period

perfjod of time used as a basis for assessing the design value of variable and/or accide

act|ons
[SQURCE: ISO 2394]

3.411
load effect

effg¢ct of actions (loads) is a result of actions on a structural member {e.g. internal for

moment, stress, strain) or on the whole structure (e.g. deflection, rotation)

[SQURCE: based on ISO 2394]

4 | Symbols and abbreviations

4.1 Symbols and units
TO|BE COMPLETED FOR THEINAL VERSION OF THE TEXT

htal

ce,

C scale parameter of the Weibull distribution function [m/s]
c environfmental conditions [-]
D rotof diameter [m]
Dadm admissible damage level [-]
D(t) accumulated damage at time ¢t [-]
E event [m]
7 reference—vatueoftheturbutence-intensity corresponding—to—the 3
ref 70 % quantile at 15 m/s [l
Totf effective turbulence intensity [-]
k shape parameter of the Weibull distribution function [-]
m Wadhler curve exponent [-]
n; counted number of fatigue cycles in load bin i [-]
N(.) number of cycles to failure as a function of t_hg stress (or strain) []
indicated by the argument (i.e. the characteristic S-N curve)
N return period for extreme situations [years]
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P air pressure [N/m2]
P(-) probability [-]
Py probability of failure [-]
APy annual probability of failure [-]
Pue probability of failure conditional on event E [-]
Prigv,c probability of failure conditional on an event E, mean wind speed v [-]
and specific wind conditions ¢
o( ) limit state equation [-]
Fy(X) probability distribution function for a stochastic variable X I-]
Sx(X) probability density function for a stochastic variable X [-]
X stochastic variable [-]
K material parameter of the SN-curve [-]
0 statistical parameters in probability distribution functions Fy(x|0) [-]
Y stochastic variable in hierarchical stochastic model [-]
Py survival probability [-]
S load effect [-]
L load effect [-]
Nyf reference number of cycles for the equivalent load [-]
Lg is the extreme load effect during event E [-]
R resistance [-]
R stress ratio [-]
T, design lifetime [v]
v mean wind speed [-]
S; the stress (or strdin) level associated with the counted number of [-]
cycles in bin_i
T gust charaeteristic time [s]
t time [s]
vV wind.speed [m/s]
V(z) wind speed at height z [m/s]
Vave annual average wind speed at hub height [m/s]
ch extreme coherent gust magnitude over the whole rotor swept area [m/s]
Ven expected extreme wind speed (averaged over three seconds), [m/s]
with a recurrence time interval of N years. V4 and V5 for 1 year
and 50 years, respectively
Vgust largest gust magnitude with an expected return period of 50 years [m/s]
Vhub wind speed at hub height [m/s]
Vi cut-in wind speed [m/s]
Vo extreme wind speed (averaged over 10 minutes) with a [m/s]

recurrence interval of 50 years
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V400 extreme wind speed (averaged over 10 minutes) with a [m/s]
recurrence interval of 100 years
Vout cut-out wind speed [m/s]
v, rated wind speed [m/s]
Vieef reference wind speed [m/s]
Viet,T reference wind speed for tropical-like conditions [m/s]
V(y,z,t) longitudinal wind velocity component to describe transient [m/s]
hUI;LUIItaI VViIIQl bhcdl
Xy random variable representing a model uncertainty for M [-]
Wy random variable representing an environmental parameter X [-]
X, ¥z co-ordinate system used for the wind field description; along wind [m]
(longitudinal), across wind (lateral) and height respectively
Zhub hub height of the wind turbine [m]
z, reference height above ground [m]
Zq roughness length for the logarithmic wind profile [m]
a wind shear power law exponent [-]
parameter for extreme direction change model [-]
B Reliability index [-]
% partial safety factor for loads [-]
A Uncertainty on the Palmgren-Miner damage summation model [-]
™. IR partial safety factor for resistances [-]
Ap annual failure rate
Ag rate of events
ot) wind direction\change transient [ded]
‘9cg angle of maximum deviation from the direction of the average [deg]
wind speed under gust conditions
Osn extreme direction change with a return period of N years [deq]
Ay turbulence scale parameter defined as the wavelength where the [m]
non-dimensional, longitudinal power spectral density, fS1U)/a12,
is equal to 0,05
) air density [kg/m3]
o1 hub-height longitudinal wind velocity standard deviation [m/s]
(0] standardized normal probability distribution function [-]
1)) standardized normal probability density function [-]
Olim Component capacity (e.g. yield strength, tensile strength) in MPa
terms of limiting stress level
Om Mean stress MPa
Og stress range MPa

Su ultimate limit strength MPa
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oy yield strength of the material MPa

264 4.2 Abbreviated terms

265 Ccov coefficient of variation

266 DLC design load case

267 ECD extreme coherent gust with direction change
268 EDC extreme wind direction change

269 EOG extreme operating gust

270 ETM extreme turbulence model

271 EWM extreme wind speed model

272 EWS extreme wind shear

273 FMEA failure mode and effect analysis

274 FORM First Order reliability Method

275 FRT fault ride through

276 IFQRM Inverse First-Order Reliability Method
277 SORM Second Order reliability Method

278 NWP normal wind profile model
279 NTM normal turbulence model
280 UL$ ultimate limit state

281 FEM Finite Element Method
282 LSE Limit State Equation

283 LVRT Low Voltage Ride Through

284 PSF Partial Safety Factor
285 RNA Rotor Nacelle Assembly
286 S-N Stress- Cycle Curve for fatigue of materials

287 PSHA probabilistic seismic hazard analyses

288
289
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5 Principal elements

5.1

General

The following clauses specify essential requirements to the use of probabilistic design
measures in order to ensure the structural and mechanical integrity of wind turbines. The
specification of requirements applies to the design, siting and reassessment of a wind turbine
system and its components, accounting for validated influences of the manufacturing,
operations, and maintenance, and site-specific environmental conditions.

the resulting system reliability is implicitly accepted. The designer may seleet componsg
failure modes for probabilistic assessment, while the remaining failure. moedes shall
verffied using traditional semi-probabilistic methods. It is allowed to do-a“full probabili

brated such that the average reliability over the subset is as closeto the target reliability
sible. In IEC 61400-1, the same partial safety factors are appliéd,for a range of load cas
nponents, and environmental conditions, and as a result the obtained reliability level n

iate from the target reliability specified in this document. Deviations from the methodolog
babilistic models, and requirements are allowed if properly/justified.

main steps in a reliability assessment for a selectéd component and failure mode are
bwing:

a) Determine appropriate consequence class'and target annual reliability index (see 5.

b) Model specification

i) Formulate limit state equations (see 7)

ii) Develop appropriate probabitistic models for the variables in the limit state equati
(see 6 and additionally 9, for siting)

Reliability analysis
i) Perform a reliahility analysis and compute the annual reliability index (see 8)
ii) Assess the accuracy of the computation and perform sensitivity studies (see 8)

d) Assessment

pbns

i) For design situations: Perform a design optimization loop over steps b)-c) until a

design is found where the target reliability is reached or exceeded in all years of
ptanned lifetime.

i)\ For siting: The component has sufficient reliability on a site if the target reliabilit
reached or exceeded in all years of the planned lifetime.

the

y is

III) FUI IUdbbﬁbblllUllt. ThU bUIII}JUIICIIt hdb Dufﬂbicllt |ci|ab|=|ty fUI bUIItiIIUUd UpCIld
for as many years as the target reliability is reached or exceeded.

ion

The reliability model and assessment procedure should undergo verification by comparing the
results of the reliability analysis with the result of a deterministic analysis for a baseline model.
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5.2 Target Reliability Level and Component Classes

In Table 1 target reliability levels are given dependent on the consequence of failure (component class)?
for ultimate limit states. The target reliability level may be achieved through a combination of design,
prescribed scheduled maintenance and parts replacement, and health monitoring. For fatigue limit
states, the target is given for the annual reliability index in the last year of the design lifetime. For limit
states related to the ultimate strength, the target is given for the year with the largest annual failure
probability, typically the first year of operation. Exceptions to these target reliabilities should be permitted
if justified based on 1ISO 23942, Reliability targets for serviceability limit states should be defined based
on their consequences, see 1ISO 2394 and JCSS PMC. Target reliabilities for special safety class wind
turbines should be agreed between the manufacturer, customer and relevant authorities.

Table 1 — Target reliability levels.

Component class Annual target probability Annual target
of failure reliability index
Component class 1 2-10°3 2.9
Component class 2 5-10* 3.3
Component class 3 5-10°° 3.9

5.3 Limit States

Forl the failure modes selected for probabilistic assessment,(limit state equations should| be
formulated based on the deterministic design equationy<representing variables by their
propability distributions, instead of using characteristiciwalues and partial safety factors.
Ungertainties related to external conditions, load assessment, and resistance (as described
further in chapter 6) should be included either dire€tly* (e.g. the input variable is represented
dirgctly as a random variable in the limit state“equation) or indirectly (e.g. the effec{ of
undertainty on one or more variables is represented as a model uncertainty multiplied on [the
loag effect) in the limit state equation.

Reliability assessments may be performed for ultimate and serviceability limit states such gs:

— |Exceedance of the ultimate strength

— |Fatigue failure

— |Static Instability

— |Dynamic Instability

— |Component interference due to deformation
— |Extreme vibrations

— |Loss of contrel functionality

— |Permanent deformations

5.4 Data Validity

Probabilistic models for physical quantities should be based on representative data, and model
uncertainties should be assessed to the degree possible through a combination of tests and
measurements such as:

— Material tests

— Test of sub-components / scaled components

1 If human health and/or environment is at risk, a site-specific risk assessment with failure modes of tower collapse
and throwing parts is to be performed, as defined in IEC TS 61400-31.

2 Changes to the target reliability for specific cases can be motivated by e.g. the consequence of failure, cost of
safety measure, or the level of uncertainties.
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Full-scale component tests

Load measurement campaigns (e.g. prototype testing)
Environmental data (e.g. met-mast data)

Operational data

The availability of data depends on whether the reliability assessment is made in relation to
design, siting, or reassessment. Examples of typical situations and available data are:

Design of RNA components for an IEC class or class S turbine (tests on material and s

ub-

components, data from other wind turbine models)

Site-specific design of tower, sub-structure and/or foundations, or site assessment, of
IEC class or class S turbine for a specific site (tests on material and componghts; |
measurement campaigns, environmental data)

Re-assessment of a wind turbine during or near the end of the operational phase (tests
material and components, load measurement campaigns, environmental data, operatig
data, condition

monitoring data)

The possible influence of the following sources of uncertainty sfiould be included in
analysis where relevant: Deviation in raw material quality

Nonconformity of finished parts to quality control specifications

Unknown part defects outside the scope of QC specifications (i.e., incomplete O
specifications due to incomplete knowledge)

Nonconformity of installation procedures to specifications

Site environmental conditions

Variability in operational practices, including.controller issues

Variability in maintenance practices

Nonconformity of component repairswwith specifications or standard industry practice.

an
bad

on
nal

the

TQ
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6 Uncertainty representation and modelling

6.1 General

The uncertainties associated with the external conditions, load assessment, structural
resistance and electrical / mechanical component reliability related to wind turbine control or
safety system should be modelled for the wind turbine lifetime as part of a reliability analysis.

6.1.1 Types of uncertainty
Various—sources—of uncertainty as—for—exampte maturat——physicat—vartabitity;—statistjcal

undertainties, measurement uncertainties and model uncertainties exist.

The natural / physical uncertainties are typically uncertainties related to the externalconditidns,
the|geometry of the structure and the material properties and are often referred-io as aleafory
undertainties.

The¢ statistical uncertainties originate from limited information andydata about extefnal
corlditions, material properties, load validation etc. and are often referred to as epistemic
undertainties.

The measurement uncertainties originate from uncertainty in ineasurement setup, equipmént,
callbration or analysis of tests and are often referred to as-epistemic uncertainties. The lisft of
corltributions to measurements uncertainty should be ,as complete as reasonable for [the
application and reflect the information available about/accuracy.

The model uncertainties originate from idealizations and imperfections associated with
dedcribing a physical phenomenon using mathematical models. This includes the formulafion
of fhe models (M), that attempt to representthe real world (Y) based on a given input (X)| as
well as the parameters (6) of the model that are subject to uncertainty, see Figure 1. Mddel
undertainty is e.g. associated with aeroglastic models, finite element models, reduced-order
representations, simplifications in faifure criteria definitions and are often referred to|as
epistemic uncertainties.

Model
D= LA |= S

Figure 1 — Application of a mathematical model to estimate an output based on a given
input.

Ung¢ertainties can be aleatory or epistemic and can change nature in different phases of [the
lifefime’of a wind turbine. For example, a material property can be considered as aleatory before
the manufacturing of a wind turbine, once the wind turbine is manufactured, it can be considered
as an epistemic uncertainty.

6.1.2 Interpretation of probability and treatment of uncertainty

In structural reliability analysis, the Bayesian interpretation of probability should be considered
as the most adequate basis for the consistent representation of uncertainties, independent of
their sources. It facilitates the joint consideration of analytically assessed uncertainties,
evidence as obtained through observations and subjectively assessed uncertainties (expert
knowledge).
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Subjective information can e.g. be used to quantify the expected variation for a very limited test
sample based on previous test samples or to quantify physical or model uncertainties which
either cannot or are not practically possible to measure. However, subjectively assessed
uncertainties should be used with caution and the information used should be documented and
preferable obtained through a structured process as e.g. Cooke (1991).

In Bayesian probability theory, the values for probabilities are estimated based on an adequate
combination of data, theoretical arguments, and judgment. There is no distinction in the
treatment between aleatory and epistemic uncertainty. If large amounts of data are available,
the Bayesian interpretation coincides with the frequentist one.

Considering the probabilistic modelling of a random basic variable X, the principle in Baye§ian
propability analysis is to model one or more of the parameters 8 (e.g. the mean andystandfard
deyiation) of the probabilistic model (e.g. the probability distribution function)~as”random
varjables themselves. The frequentist or subjective information available about-X can then| be
usdd in the probabilistic modelling of 8.

All lJuncertainties that are of importance for the reliability analysis of aswind turbine or parts
thefeof should be considered in the analysis using the theory of prebability. A systematic
apfroach based on a hierarchy of uncertainties can support the identification of contributipns
to yncertainty.

6.113 Probabilistic model

Depending on the nature of the reliability problem, basic variables can be represented| as
random variables, random processes and random fields, discrete as well as continuous.

The probabilistic models should describe the uncertainties of individual random basic variables,
but|also accommodate the consideration of the*dependencies among them.

Dependencies often arise due to causality, spatial and/or temporal correlations and/or ergqdic
stafes of underlying phenomena, as well as statistical and/or model uncertainties that commgnly
affgct the uncertainties of the individual variables.

The uncertainty in the basic (variables and the dependencies among them can normally| be
moflelled by probability distribution functions fx(X|0) and correlation coefficients p focussing on
the|application of interest (e.g. extreme values).

A dependent or hierarchical modelling is recommended, where applicable. The dependent or
hiefarchical model assumes that a random quantity Y can be written as a function of sevéral
varjables, each one representing a specific type of variability:

Yiik = f(Xi, Xij, Xijk) (1)

The variables Xi, Xij, Xik represent various origins, time scales of fluctuation, or spatial scales
of fluctuation. This modelling approach is for example relevant for the wind conditions, where
the wind speed standard deviation o1 (turbulence) is dependent on e.g. the 10min mean wind
speed Vhub and terrain roughness.

The probabilistic models should when relevant also accommodate the updating of the models
by additional information, which can become available with, for example, experiments, tests,
inspections, and monitoring. The Bayesian updating formula provides the operational basis for
this.
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The description of uncertain quantities by probabilistic models should correspond to well-
defined outcome spaces (or populations) and the results of the reliability analysis are only valid
for the same sets.

The probabilistic models can be determined based on information from different e.g. wind
turbine types, design concepts or site conditions. In these cases, it should be justified that the
probabilistic model is representative and potential residual uncertainty should be covered by
model uncertainty.

6.1.4

Uncertainties for wind turbines

The typical flow chart and uncertainties which should be considered in probabilistic design|for

winid

undertainties are described in the following sub-sections.

turbines are shown in Figure 2 and the principles for assessment of the .individqual

Wind
Models
Wake ||
Models -
Atmospheric Turbine ||
Conditions Controller - Installationj
(<] .
Marine | Loads Resjstance
e * [} - ¥
Conditions .| Aeroelastic = AT\ Resistance | | Stress / Strain
Sol 3 Model Z _NY Model Model
o — & b= S \
Conditions O g
o g
bther environmental E || G;omettjcal
events (quakes, — = Aerodynamic roperties
typhoon...) 2 properties | | -
a3 || Material
Clther_ e)de_zrnal events o Geometrical Properties
(grid failures,...) Properties
Tyrbine internal events Material
(control failures, —> Properties
transient events

Figure 2 — Typical flow chart and uncertainties to be considered in probabilistic design

of wind turbine components.

The design load cases defined in IEC 61400-1, IEC 61400-3-1 and IEC 61400-3-2 specify [the
miflimum number of design situations which should be considered. The uncertain input to the

dedign load cases is listed in the following:

Atmospheric conditions represent the uncertainty in e.g. mean wind speed, extrgme
wind speed (incl. tropical cyclones), turbulence, wind shear, air density and gust events.

Marine conditions represent the uncertainty in e.g. wave conditions, current, tides and
storm surge.

Other environmental events represent the uncertainty in e.g. temperature, lightning, ice
conditions and earthquakes.

Other external events represent the uncertainty in e.g. grid fault, loss of electrical
network, low voltage ride through.

Turbine internal events represent the uncertainty in e.g. controller failures (primary and
secondary layer protection functions), overspeed, actuators and braking systems.
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The aeroelastic model is normally relying on a number of sub-models:

e Wind models represent the uncertainty in e.g. the Mann or Kaimal turbulence models.

e Wake models represent the uncertainty in e.g. the added wake turbulence method or

dynamic wake meandering model.

e Turbine controller represents the uncertainty in e.g. a simplified controller

implementation.

Ad(liitionally, the aeroelastic model is based on some input parameters which normally

con

The
res

The

stant for the different design load cases:

e Aerodynamic properties represent the uncertainty in e.g. lift and drag coeffiCients.
e Geometrical properties represent the uncertainty in e.g. thickness_and length.

e Soil / Material properties represent the uncertainty in e.g. stiffness.

aero-elastic simulations are normally post-processed in order'to determine the input to
stance model:

e Load application represent the uncertainty in e/g. extrapolation, contemporane
loads, rainflow cycle counting and Miner’s rule.

resistance model or failure criteria is based-on the following input parameters:

e Manufacturing represents the uncertainty in e.g. the manufacturing quality.

e Installation represents the uncertainty in e.g. the installation process and quality.
e Geometrical properties™tepresent the uncertainty in e.g. thickness and length.

e Material properties represent the uncertainty in e.g. stiffness and strength.

Additionally, the resistance model is often dependent on a sub-model

The

dir

e Stress)/Strain model represent the uncertainty in stress and strain assessment fdg
load application e.g. through a finite-element model.

individual physical, model, measurement and statistical uncertainties can be quantit

the

DUS

ed

/in

nfl\ll and prnpagnfod +hrn||gh the flow chart in order to determine the rncnlfing uncertaint

the load or resistance. Alternatively, the resulting uncertainty on load or resistance can be
determined directly by other means.

6.2

6.2.

External condition uncertainty modelling

1 General

The external conditions refer to the environmental and electrical conditions which affect the
wind turbine or parts thereof. Environmental conditions can in general be separated into wind,
marine, soil and other conditions.
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The individual environmental conditions should be modelled by stochastic models established
based on the standard conditions used for IEC class verification as defined in IEC 61400-1, IEC
61400-3-1 and IEC 61400-3-2 or representative measurements for the quantity and application
of interest. The term “representative” should be considered in relationship to the measurements
available and expert knowledge used for defining the standard conditions used for IEC class
verification.

The standard conditions cover along with the design load cases in IEC 61400-1, IEC 61400-3-
1 and IEC 61400-3-2 the relevant design situations for a wind turbine for which stochastic
models may be established.

Ung¢ertainty representation and modelling for site specific conditions are described in cha;lyter
9.

6.2|2 Wind conditions

The atmospheric conditions can in general be separated into the standard wind conditions and
other conditions defined in IEC 61400-1. The standard wind conditions are generplly
estpblished by determining a characteristic value (typically 50 year value) for a single wind
pargmeter or wind event e.g. turbulence or gust. The potential interaction of the individual wind
conditions and non-linear interaction of the wind turbine controller.can influence the wind turldine
response and should if relevant be considered when the stochastic models are established

r

Prgbabilistic models established for IEC class type certification (I-11l & A+-C) should be based
on [he probabilistic models defined in IEC 61400-1 when'\available. Other wind conditions rhay
be Imodelled by probabilistic models when these aré.in alignment with the general dedign
philosophy in IEC 61400-1. As an example, the aif density can be modelled by a probabilistic
moflel with mean value equal to 1.225 kg/m?3 as specified in IEC 61400-1 and other paramefers
determined based on a few reference sites. Probabilistic models established for IEC class[‘S”
shduld be specified by the designer.

Altg¢rnatively, probabilistic models may:be established based on representative wind or turljine
mepsurements from a few reference"sites. The probabilistic models may be developed| by
ideptifying the standard wind conditions (e.g. gusts or wind direction changes) from IEC 61400

-1 |n wind or turbine measurements with a sufficient resolution to cover the spatial and time
fluqtuations. The probahilistic models should beyond the physical uncertainty in the wind
conditions also represent the measurement and statistical uncertainty in the wind
mepsurements usedto establish them.

The turbulence~model describes the spatial and time variation in the wind velocity fleld
estpblished-through longitudinal, lateral and upward vector components, generally consisfent
with a specified 10-min average wind speed at hub height and reference turbulence intendity,
seq IEC61400-1 Annex C. The model and statistical uncertainty related to the turbulence mddel
shquld’be quantified e.g. as part of the load uncertainty modelling, see section 6.3.

6.2.2.1 Normal wind conditions

The normal wind conditions are represented by the mean wind speed distribution, the Normal
Wind Profile (NWP) and the Normal Turbulence Model (NTM) in IEC 61400-1.

The mean wind speed distribution Fy, , (Vi) for the wind speed at hub height Vhuw (10min

reference period) is according to IEC 61400-1 defined as a Rayleigh distribution for the different
IEC classes.
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v, 2
Fipy (o) = 1= exp [—n () ] 2)
2 Ve

where V.. is the annual average wind speed. The Rayleigh distribution is a special case of the
more general Weibull distribution which normally is used to characterize the mean wind speed
distribution in probabilistic models.

thbk
A /]

E.

Y

\:1—972’)[—( (3)

whe¢re A and k are the scale and shape parameter. The NWP represent a deterministic wind
profile (no turbulence) modelling the variation of mean wind speed over the rotor using average
(nepr-neutral boundary layer) conditions for wind shear and air density. The NWP is used in
combination with specific controller actions like start-up or shutdown and serves as the b3sis
upgn which other wind events are added. Uncertainty modelling for the"\NWP is therefore
normally not relevant or replaced by other specific wind conditions as e.g:»the NTM model.

The NTM represent normal stochastic wind (turbulence) conditions-using a distribution for [the
turbulence and average conditions for wind shear and air density to model normal operafing
corlditions. The stochastic representation of the NTM should according to IEC 61400-1 be based
on [a Weibull distribution F; (o) for the wind speed standatd deviation o; (10min referepce
perjod) for IEC class verification.

k
F; (o) =1—exp (— (%) ) (4)
C = ref(0'75'thb + 33m/S) (6)

where C and k are the scale.and shape parameter and I, is the reference turbulence intengity
acdording to IEC 61400-1._The uncertainty modelling for the NTM should cover the natdral
varjation of mean wind speed and turbulence. Additionally, the uncertainty modelling may cgver
varjations in wind shear, air density and wind direction along with the potential dependenge /
corfelation between'these due to different atmospheric stability conditions.

6.2/2.2 Extreme wind conditions

The extreme wind conditions are in IEC 61400-1 represented by the Extreme Wind Mqdel
(EWM),\Extreme Operation Gust (EOG), Extreme Turbulence Model (ETM), Extreme Direction
Change (EDC), Extreme Coherent gust with Direction change (ECD) and Extreme Wind Shiear
(EWS). These events are defined to cover all relevant extreme wind conditions for a wind turbine
and are defined by extrapolation of a single wind parameter or wind event. The events should
therefore in general not be combined with variations in other wind conditions.

The stochastic models for the extreme wind conditions should correspond to an annual
reference period when combined with specific operational states e.g. grid-loss, start-up or shut-
down. This ensures consistency with the target reliability level specified in 5.

The EWM represents conditions with extreme wind speeds. The EWM is in IEC 61400-1 defined
by the maximum 10min mean wind speed with a return period of 1 year and 50 years, which
represent the characteristic value.
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Vso = Vier (7)

The uncertainty modelling for the EWM should represent the physical uncertainty in the annual
maximum wind speed which for extratropical storms can be modelled by a Gumbel distribution
with a typical coefficient of variation equal to 12% for IEC class verification.

The EOG represents the extreme gust which occurs together with a specific operation event
such as a start-up, shut-down or electrical fault to give a combined return period of 50 years.
The EOG can according to IEC 61400-1 be replaced with the NTM model for DLC 2.3 and by
the[ETM model for DLT 3.2 and 4.2 offering an easier combination with speciiic operatignal
states.

The EOG is in IEC 61400-1 defined by a gust profile expressed in space over the event durafion
and described by the gust magnitude Vgust (which for current wind turbine desigh+js defined by
the|second term in equation (9)) and duration T.

Vo= pl (®)
gt 1401 (A%)

V(z) — 0.37Vyys sin(3mt /T)(1 — cos(2mt/T)) for0<t<T
V(z) otherwise

V(zt) = { (9)

The uncertainty modelling for the EOG should represent the uncertainty in the annual maximum
gudt magnitude and duration. The gust profile.can be considered deterministic along with [the
parpmeters A1, D and o1 (90% quantile). The gust magnitude and duration can be assumed
fully correlated and can be modelled byxa."Gumbel distribution based on the return peripds
deflned in Table 2. A simplified uncertainty model for the EOG can be obtained by gnly
mogelling the gust magnitude probabilistically, while assuming the duration is determiniptic
(TH410.5s).

Table 2 — . EOG parameters for different return periods.

Return Period Gust Magnitude (Vgust) Duration (T)
IEC 61400-1°Ed.4 B=3.3 T=10.5s
1 year, B=4.8 T=10.5s
50 year p=6.4 T=14.0s

The ETM represents the 50 year extreme turbulence conditions at a given mean wind sp¢ed
Vhup, based.an the Inverse First Order Reliability Method (IFORM) using the models for |the
normal wind conditions in 6.2.2.1, see Annex B. Alternatively, the uncertainty model for |the

ETM can'be represented by the conditional distribution for the annual extreme turbulence art a
giv bn'\mean wind Qpnpd

The EDC represent the extreme direction change which occur together with a specific operation
event such as a start-up with a return period of 50 years. The EDC is in IEC 61400-1 defined
by a wind direction variation, expressed over the event duration, which is described by the
extreme direction change magnitude 6, and duration T.
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]
6, = £farctan (10)

\thb (1 +0.1 (A%))/

0° for t<o0
at) = {10.596(1 - cos(nt/T)) for 0<t<T 11)

0, for t>T

Thd
win
alo
be

Thd
nor
var
ch

The
coh

d direction change. The wind direction profile and duration can be considered determini
ng with the parameters A1, D and o1 (90% quantile). The extreme wind direction-Change
modelled by a Gumbel distribution based on the return periods defined in Table 3.

Table 3 — EDC parameters for different return periods:

Return Period Extreme Direction Change (0e) Duration (T)
IEC 61400-1 Ed. 4 B=4.0 T =6s
1 year p=4.8 T=06s
50 year B=6.4 T=06s

ECD represents the 50 year extreme coherent gust with direction change occurring du
mal operating conditions. The ECD is in IEC 61400-1-defined by a gust and wind direc
ation, expressed over the event duration, which is described by the coherent gust magnit

wind direction change magnitude 6c4 and duration T.
V.(£) for t<0
V(z,t) ={V(2) + 0.5V (1 — cos(nt/T)) for 0<t<T (
V(z) + Vg for t>T

180° for Viup < 4m/s

=1{720°
&g for 4Am/s < Vi < Vies (

thb
0° for t<o0
o) = {+0.56,,(1 — cos(nt/T)) for 0<t<T (
104 for t>T

uncertainty modelling for the ECD should represent the uncertainty in the annual extrg
erent gust and wind direction change. The gust profile, wind direction profile and duraf

uncertainty modelling for the EDC should represent the uncertainty in the annualcextrg

me
stic
can

ing
ion
ide

12)

13)

14)

me
ion

(T=

1US) Can De considered deterministic. Ihe annual exireme coherent gust magnitude

nd

wind direction change can be assumed fully correlated and can be modelled by a Gumbel
distribution with a coefficient of variation of 10%.

The EWS represents the 50 year extreme transient events with horizontal and vertical wind
shear. The EWS is in IEC 61400-1 defined by a wind speed profile for the event duration, which

isd

Tra

escribed by the wind shear magnitude parameter § and duration T.

nsient (positive and negative) vertical shear:
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V(zt) =
z \% | (z-Zhup m p\/*
Views (@) + (T) (2.5 H +0.2f0; (AT) )(1 — cos(2mt/T)) for0<t<T (15)
z \¢% .
Viub (Zhub) otherwise
Transient horizontal shear:
(Y e o sty 6050 PV VG cosomesmy) foro<t <t
V(y,z,t) = ) — S\ "7 5] i }ZAJ ) 16)
Vhup (Zh b) otherwise

The uncertainty modelling for the EWS should represent the uncertainty in the annual extrgme
horjzontal and vertical wind shear magnitude. The wind speed profile andtduration can|be
corlsidered deterministic along with the parameters A1, D and o1 (90% quantile). The anrjual
extfeme horizontal and vertical wind shear magnitude parameter f can’ be modelled by a
Gupmbel distribution based on the return periods defined in Table 4.

Table 4 — EWS parameters for different return periods.

Return Period Extreme Wind shear Duration (T)
maghnitude

IEC 61400-1 Ed. 4 B=6.4 T=12s

1 year B=4.8 T=12s

50 year B=6.4 T=12s

6.2|3 Other conditions

OtHer atmospheric conditions include e.g.*wake conditions, tropical cyclones, ice formation and
extfeme temperatures are listed in IEC61400-1 and IEC 61400-3-1.

relgted to the wake modelling sholld represent the fidelity and validation of the model, see 6.3.
Additionally, the physical and\statistical uncertainty in the wake conditions and the frequepcy
of their occurrence should'be considered.

Wa{e conditions may be modelled according to IEC 61400-1 Annex E. The model uncertajnty

Tropical cyclone condjtions may be represented by the Extreme Wind Model (EWM), but [the
codfficient of varidtion (COV) for the annual extreme wind speed / pressure is normally higher
thaph for other extreme wind conditions and should therefore be representative for these events.

Ice|formation’ may be modelled according to IEC 61400-1 Annex L. The physical and mqdel
undertainty in the accretion of ice or snow on the structure should be considered along with the
frequéncy of occurrence.

The additional environmental conditions listed in IEC 61400-1 and IEC 61400-3-1 (with the
exception of earthquakes and tsunamis) can in most probabilistic analysis be represented by a
deterministic value corresponding to the expected value or a low / high quantile. In case the
additional environmental conditions have a significant impact on the probabilistic analysis,
stochastic models should be established.

6.2.3.1 Earthquakes

Earthquakes generate loads in terms of ground acceleration acting at the foundation of a wind
turbine, which is specified by a spectrum at a given return period. IEC 61400-1 specifies the
load level for design with a return period of 475 years and defines superposition with other
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loads and associated safety factors. The widely used return period of 475 years corresponds
to a 10% probability of exceedance in 50 years.

Seismic loading is highly dependent on local conditions and is defined in seismic codes, which
often demand, besides prescription of the load spectrum the use of certain models for
assessment of structural earthquake resistance.

Typically, probabilistic seismic hazard analyses (PSHA) are carried out in order to define
relevant seismic loading for a specific wind turbine site. By use of PSHA, the probability of
exceedance of a specified level of ground motion can be calculated.

6.2

The
ele

4 Electrical network conditions

external electrical conditions at the wind turbine terminals influence the reliabijlity of b
ctrical and mechanical components dependent on the design of the energy convers

system.
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61400-1 provides guidance on the types of electrical network conditions. Statistics on s
ditions are not commonly available and vary from country to country. National grid utili
vide some information publicly or on demand. Furthermore, measurements at wind turb
s can provide data for defining appropriate discrete or contindous distributions.

example for application of continuous distribution is the rahge of grid voltage and freque
bn occurrence probability distribution.

crete distributions are more suited for less frequent conditions, such as, for example, po

ramps, temporary derating, grid loss and fault ride through (FRT) events.
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latter two, grid loss and FRT, are part of’the standard load case definitions in IEC 614

ibutes that needs to be considered-such as magnitude and length of the voltage drog
k, level of symmetry and number’of consecutive events. These attributes can hav
nificant load effect on both, the mechanical and the electrical system. Modelling th
ibutes requires appropriate_information on the occurrence distribution as well as on suitd
hing of the event types.

Load uncertainty modelling
1 General

load uncertainty modelling refers to the uncertainties in the assessment of the load on
vidual wind turbine components and subcomponents. Typically, the following steps
bwed jnlead assessments, see also Figure 2:
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(Vhile grid loss is fully defined by its occurrence rate, FRT events have a number of other

or

[}

P
-
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a)Anput to the aeroelastic model (such as external conditions, structural des

gn,

aerodynamics and wind turbine controller) is defined.

b) The direct outcome of the aeroelastic simulations are time series of section forces in

components (modelled as finite elements in the aeroelastic simulations),
combinations of the input variables.

for

c) Relevant loads are extracted from the timeseries for each considered load case using

appropriate methods (e.g. extreme values, rainflow cycle counting and Markov matr

d) Extracted loads are combined with their probability of occurrence to obtain the lo
term distributions.

ix).

ng-
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e) Load effects in critical locations of components are estimated using transfer functions

based on FEM or analytical/empirical formulations.

As part of the probabilistic load assessment, uncertainties in all steps should be considered
and included. The assessment of uncertainties should be performed in relation to relevant limit
state equations for selected components, failure modes and design load cases.

6.3.2 Aeroelastic Model

Uncertainty on the input to the aeroelastic model (see Figure 6.2) cause uncertainties on the

out

propagated through the computational models used in the load assessment. This inclu

un

Forn
mo
be

rep

At
mo
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ertainties in the assessment of section forces using an aeroelastic model and if(relev
essment of load effects based on section forces using FEM models or analytical’/mod
formulation of the uncertainty model should consider the influence of nonlinearities in
tion between section forces and load effects.

ant
B[S
the

uncertainty propagation can be performed by simulation-based methods (Monte-Carlo,

ortance Sampling) or local expansion methods (Taylor series) tordetermine the resul
Hel uncertainty for the considered component, failure mode and)design load case.
ertainty propagation should take any potential correlation betwe€n uncertainties in the in
ameters into account. The convergence of the uncertainty propagation should be asses

uncertainty propagation can be performed with simplified simulations models like
rogate models.

some input to the aeroelastic model, it is not passible to propagate the uncertainties (¢

ing

The

put
ed.

.g.

..

del choices) through the aeroelastic model. Theluncertainty in these inputs should therefore

quantified based on measurements, model Vvariations or subjective information
resented by model uncertainties, see equation (17), Figure 1 and Annex A.

Y =X moder - M(X' 9)

pical split between the uncertainties which should be propagated through the aeroela
Hel (shaded) and those which should be represented by model uncertainty (dotted) is shq

hnd

17)

stic
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igure 3.
Atmospheric Wind
Conditions Models
Marine Wake
Conditions Models
Other environ- Turbine
mental events Controller
Aerodynamic External /
properties internal events
STUITICU |ba'|
s Aeroelastic
Soil / Material Model
Properties

Figure 3 — Typical split between uncertainties which should be propagated through the

aeroelastic model (shaded) and those which should be represented by model
uncertainty (dotted), see also the typical flow chart in Figure 2.

Other contributors to the aeroelastic model uncertainty are uncertainties related to the methods
used for wind turbine modelling and simulation (e.g. BEM theory, multibody, FEM), the
discretization in finite elements (degrees of freedom) and time domain (simulation time steps).
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The model uncertainty related to the aeroelastic model will in general be dependent on the
fidelity and validation of the model applied. The model uncertainty may be determined based
on load measurements and validation campaigns from e.g. proto-type turbines according to IEC
61400-13, where measurement load cases corresponding to the design load cases are defined.

The model uncertainty for the aeroelastic model with respect to extreme loads may be
determined based on 10-minute statistics (min, max, mean, std) from the measurement load
cases defined in IEC 61400-133. The model uncertainty with respect to fatigue loads may be
determined based on 10-minute damage equivalent loads (DEL). The model uncertainty may
be determined based on Annex A.3, but measurement uncertainty will typically be included in
the GDDGDDIIIUIIt, }.)Utclltid”y thUthUl vvith Uthcl IIIUdU: Ullbvltd;llt;cb :Ibtcd iII FiUUIGZ nd

Figlre 3.

The assessment of the model uncertainty should focus on the considered desigh .situation,
commponents, and environmental conditions of interest. Statistical uncertainty due,to’the limited
ampunt of measurement / validation data available should be considered” if the data
requirements in IEC 61400-13 are not fulfilled.

If the uncertainty propagation or assessment of model uncertainties have been performed for a
spgcific component, failure mode or design load case, the resulting model uncertainty may| be
re-lised for similar wind turbine types and design situations when appropriately justified.

6.3|3 Extreme loads

The estimated extreme loads are dependent on the number of simulations and consideration
shquld be given to the convergence criteria and(the statistical uncertainty related to [the
asgessment. The extreme loads are normally assessed using one of the following methods

o Extrapolation methods typically inyolving peak extraction or Inverse First-Onder
Reliability Methods (IFORM). Thegindependence of the peaks and goodness of fit|for
the distribution function used to determine the exceedance probability of e.g. 50 yelars
should be evaluated.

e Averaging methods where-the extreme load is determined using a specific averading
scheme (e.g. mean value of the largest half) of the peak values from each time serles.
The statistical uncertainty related to the number of simulations should be evaluated

e (Prototype / fi€ld measurements where the uncertainty related to the aeroelastic mgdel
is omitted,~but measurement uncertainties are introduced. The statistical uncerta|nty
related to the number of measurements should be evaluated.)

6.314 Fatigue loads

Fatigue.damage occurs from an accumulation of cycles due to the fluctuating loads. The fatigue
loafls.are for structural components normally represented by the number of load cycles with
different ranges and mean load levels extracted by e.g. the rainflow cycle counting method,
whereas the fatigue loads for mechanical components normally are represented by the time
different load levels occur represented by duration loads.

The model and statistical uncertainty related to the fatigue load assessment should be
evaluated. The model uncertainty related to the fatigue load assessment (e.g. rainflow cycle
counting) is normally assessed together with the model uncertainty for the fatigue damage
assessment (e.g. Miner’s Rule) and represented by a single model uncertainty.

3 In addition detrending of turbulence may be considered to apply to load cases given in IEC 61400-1.
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6.4

Structural resistance uncertainty modelling

6.4.1 General

The uncertainty in structural resistance is in general dependent on the variation in geometrical
and material properties, resistance models along with the manufacturing methods and quality.

The structural resistance shall according to IEC 61400-1 be analysed for the following limit
states where relevant:

Eaq
diff

formulated based on the design requirements for the individual.component specified in e.g.
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Analysis of fatigue failure

Stability analysis

Critical deflection analysis

h type of analysis requires a different formulation of the limit staté function and deals V
erent sources of uncertainties, see 6.1.1. The limit statecfdnction can in general

00-1, IEC 61400-6 or IEC 61400-8.

ther guidance on the assessment of uncertainties,.characteristic values and partial saf
ors for structural resistance is given IEC 61400-1Annex K.

2 Geometrical properties

uncertainty in geometrical properties can either be estimated based on observatior
asurements or the manufacturing tolerance specification defined for the conside
hponent along with the applied quality control.

uncertainty in geometrical properties is for most wind turbine components small and
refore normally minor effection the structural resistance. If this is justified the geometr
perties can be modelled-deterministic in the limit state function.

3 Material properties

uncertainty andypotential bias in the material properties can either be estimated based
hsurements.onthe manufacturing / supplier specifications for the considered material al

uncertainty modelling for the material properties and the associated structural resista
uld’consider the failure mode (brittle vs. ductile), scale effects and degradation during
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4 Resistance models

The resistance model can either represent the structural resistance as a mathematical model
which is dependent of e.g. geometrical and material properties (Model 1 and 2 in IEC 61400-1
Annex K .3) or alternative specify the structural resistance directly based on e.g. tests (Model
3in IEC 61400-1 Annex K.3).

When the resistance model is a mathematical model the model uncertainty and potential bias
should be estimated based on component tests using the statistical method described in
Annex A and IEC 61400-1 Annex K.12. In situations where component tests are not available
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and/or not practical possible to obtain, higher fidelity models can be used to assess the model
uncertainty and potential bias in the resistance model, but model uncertainty related to the
higher fidelity model should be considered.

When the resistance model specifies the structural resistance directly the physical uncertainty
and potential bias should be estimated based measurements.

6.4

.5 Fatigue strength and damage accumulation

The uncertainty in the fatigue strength can either be estimated based on measurements or the
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Tufacturing 7 supptierspecifications for thecomsidered materiatatonmg withtheapptiedqus
trol. In IEC 61400-1 section 7.6.3.3 typical coefficient of variations are specified for diffex
erials.

fatigue strength is often determined based on a limited number of measurements. Bayes
istical methods can be applied in order to incorporate the knowledge obtained from p
Asurements with a similar material / component.

model uncertainty related to fatigue cycle counting and fatiguendamage accumulaf
uld be considered. A correction for the mean stress level should-be applied for mater

where the mean stress level significantly influences the fatigue strength.

6.5

The
iso

Component reliability uncertainty modelling

reliability of a component or the probability for different fault situations on the wind turh
ften determined from historical data and described by the time to failure distribution or fail

ratgs.

Component reliability modelling is normally applied to electrical and mechanical compone
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ere the time to failure often is modelled\by a Weibull distribution, whose parameters
ermined based on failure statistics.\Model uncertainty should represent the deviati
ween the failure statistics and the actual component and application (component generat
ironment, loading conditions, etc:). Statistical uncertainty should represent the sample g
the failure statistics.

reliability for different fault situations can in structural reliability analysis e.g. be mode
ormulating a limit state equation conditional on the fault.
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7 Performance modelling

71 General

For components, failure modes and DLCs selected for probabilistic design, limit state equations
shall be formulated allowing for the calculation of the annual failure probability. Guidance is
provided to formulate conditional limit states and in relation to different design load cases
(DLC’s).

Combinations of mechanical loads acting on the turbine structures shall be considered to ensure
stryuctural pnrfnrmanr\n based on the load cases Qpnr\ifind inthe |[EC 61400-1 and |IEC 61400-3

as papplicable.

7.2| Structural performance of primary structures

All relevant limit states shall be evaluated, which may also include serviceability {imit states and
acdidental situations. Return periods of extreme events for ultimate limit stateranalysis may| be
evdluated with suitable measurements and past historical data. Load evaluation is made
primarily through the results of the aeroelastic simulations. The effects of ‘consequence clasges
on fhe conditions can also be directly included.

In |the following is described the basis for deriving probabilistic models for structdral
performance modelling and how to adapt the probabilistic models to the semi-probabilistic
mogels in IEC 61400-1 and IEC 61400-3 where the models‘may be characterized by a cerfain
retdrn period, typically 50 years.

7.211 Load Performance calibration for ultimate limit states

Thi$ subsection details the computation of the probability of failure under extreme load cases and fatigue
loadl cases and develops a procedure for quantifyingthe probability of failure, given external conditigns.
Defining DLCs for the load effect for known specific site conditions and frequency of occurrences of
faults can be designed using probabilistic methods. This allows that the inputs to load cases can be
tailpred to a specified annual probability>of failure or joint return period. Annual failure probalility
obtained by limit state equations with annual extreme load effect.

Fon limit state equations g(.) formulated using the distribution for the extreme annual load effect
L, the annual failure probability” P is calculated from:

P = P(g(L,X) < 0) 18)

where X is thesset of stochastic variables for resistance and model uncertainties, and L is [the
ion
ant
me
ual

This approach assumes that resistance and model uncertainties are time-invariant.

7.211 Annual failure probability obtained by conditional failure probabilities

For load cases with discrete events (deterministic wind field events, fault events or operational
events (start-up / shutdown)) (such as DLC 1.4, 1.5, 2.1, 2.2, 2.3, 2.5, 3.3, 4.2, 5.1), the
probability of failure given an event E is calculated from the limit state equation:

PfIEZP(g(LE'X)SO) (19)
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where Lg is the extreme load effect during event E, described by the distribution F, (Lg), which
is found by aggregation over the relevant environmental conditions.

Instead of combining various environmental conditions (or other conditions) in the distribution
F;(Lg), the conditional probability of failure may be calculated conditioned on specific
environmental conditions, ¢ and mean wind speed V, in which case, the limit state equation is
written:

Prigw,e = P(g(Lg(V,0),X) < 0) (20)

7.2{1.2 Description of annual failure probability conditioned on specific
environmental conditions

The characteristic load exceedance probability shall be determined far\~ehvironmenptal
corlditions given in 6.2, whereby the probability of failure of the structurescan be direftly
asdessed. Applying Eq. (23) with g(Lg(V,c), X) substituted as R(X) — L(X,0~¢ E),

The probability of failure conditional on an event E occurring at(specified environmenptal
corlditions is computed by:

Prig = fmme(R(X) —L(X,V,c,E) <0)p(V,c, E)dcdV
¢ 21)
pV,c,E) = pgieyv(Ele, VImpe (clV) - p(V)

whe¢re X are the set of random parameters *tepresenting material and loads uncertaint|es,
L(XV,c E) is the extreme load effect conditiofral on an event, E and the environmental quantifies
of interest, p(V,c,E) is the joint probability“of the mean wind speed (V), environmental varigble
of interest (c), such as turbulence and-an event, and R is the structural resistance given in
terms of load level, such as bending. moment corresponding to a failure stress. Uncertaintieg in
the|material properties and loads are to be included in the probability distributions for R and L
respectively as per 6.3 and 6.4 and equation (21). can be solved, for example using Monte-
Catlo simulations. The resulting failure probability can be determined thereby for a giyen
strycture using a set of extreme loads obtained from the output of aeroelastic simulations uging
a set of environmental conditions as input.

As |a special case(ofEq. (24), in some ultimate limit state cases, (Example: blade strike of a
tower, stress hotspot dependent on load direction etc.), the probability of the direction of the
loaf or deflection, 6 is also required to be considered in equation (21), in which case, |the
propability ©f)failure can be written as:

0o 0 2T
D = [ [ f (P(P(O Y\ 1(Q O (17 L\ dadizd
TFTE J J J IR TAAaEL ) 16 SN AR E =l aa- 2
—c0 Y0 0

V€

T~

22)

Y _1. ) 7
T2, Vo, O L) =

In the absence of an event, E, p(V,c,E) in equations (21) and (22) is replaced with p(V,¢) and
the corresponding load probability distribution over the environmental conditions (V,c) is
utilized.

Further details and examples on the formulation of environmental conditions and limit states
with conditional events or independent events (Example: DLC 2.x from IEC 61400-1) are given
in Annex D.
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If fault events, internal or external to the wind turbine, are not fully dependent on specific
environmental conditions, then the annual failure rate (1) may be estimated based on a
numerical integration (binning), by combining conditional probability of failure given an event E,
while specifying the rate of events A, as:

A = ) Prigue AV, OP(CVIP(V) (23)

where the occurrence of events E is expressed DUC 2 N, )G 2 eVe giyen
enyironmental condition ¢ occurring with probability P(c|V) and mean wind speed V occusting
probability P(V). It is further noted that, for small values of annual failure rate (15<0.02),
the|annual failure probability may be approximated by the numerical value of the failure rat

v

Pr~2p A <0.02

7.211.3 Load Performance calibration for Fatigue limit states

Wind turbine operational cases and situations with shutdowns, standCstill, start-ups should be
evdluated to determine their individual influence towards fatigue damage. Equivalent turbulence
level, wind/wave misalignment can be calibrated to specific structures, where the full probabijlity
disf{ribution of the environmental conditions is not used in the“load simulations. At a mininfum
the|distribution of wind turbulence, the distribution of significant wave height and peak specfral
perjod for offshore structures shall be considered conditional or jointly with the probability of
thelmean wind speed. IEC 61400-1 or 61400-3 load-cases for fatigue that consider eventg or
turbbine stand-still should consider the probability ofyoecurrence of those events or the durafion
of gtand-still in the assessment of fatigue damage.

The allowable material properties in the fatiglie analysis should be based on standardized tespts.
The material behaviour under fatigue should be modelled by an appropriate distribution with|the
megan value and coefficient of variation;obtained through standardized tests. In the absencé of
sudh data, the distribution function can'be estimated based on the characteristic material valpes
and appropriate assumptions on the standard deviation.

An |appropriate fatigue limit:state such as the Miners sum may be used to model the matdrial
failure under fatigue. The.distribution of the Miner sum upon failure may be assumed to
loghormally distributed«T he limit state analysis for fatigue shall include probability distributipns
for [the stress amplitude'and for the material resistance. Uncertainties on dependent variahles
sudh as stress coOncentration factors, geometric effects, surface finish etc. will also|be
acdounted for where appropriate. The component stress cycles should be obtained through [the
simulation of/appropriate load cases from the IEC 61400-1 using either the full distribution of
wind turbulénce or at the 90% turbulence value. The annual probability of failure in yeant ,
corlditiomaton survival until that year is estimated by:

PgO=0—=—P(gt=—2a0=10)
1—-P(g(t—At) <0)

APe(t) = (24)

Where g(t) is the fatigue limit state equation of the material in a given year, t and At = 1 year.

7.2.2 Evaluation of Serviceability limit states

Serviceability limit states concern the response of the wind turbine structures during normal
functioning of the structure under normal use, long term functioning and appearance. For
reliability based design, the annual probability of failure under serviceability limit state shall be
utilized based on the values stipulated in section 5, unless specific instances require another
probability of failure based on historical data. For concrete structures, the serviceability limit
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state can involve maximum allowable crack sizes and sliding of the concrete layers, such as for
a grouted joint and care should be taken that the evaluation of this limit state includes adequate
representation of the material behaviour. The serviceability analysis of fixed support structures
shall follow appropriate standards such as the IEC 61400-6.

The load cases in the IEC 61400-1 towards ultimate limit state can be considered for
serviceability limit states also. For serviceability analysis of response behaviour,-the partial load
factors and partial resistance factors shall be taken as unity in the partial factor design method.

7.3 Performance of primary mechanical and electrical components

Thj performance requirements of mechanical or electrical components requires additignal
asgessments such as thermal effects, lubrication quality, hydraulic pressure, friction-effe¢ts,
that are not considered in the performance of primary structures. The performance| of
components in the primary load path such as the bedplate, generator, gearbox casing, hub ¢tc.
shdll be made considering relevant design load cases in IEC 61400-1 in conjun¢tion with [the
requirements in other relevant standards such as the IEC 61400-4 and IEC 61400-8. The Ipad
eff¢ct modelling may require the use of additional appropriate software onytop of aeroelaptic
too|s. Electro-mechanical modelling of the drivetrain may be necessary te evaluate its structyiral
performance. The structural integrity of individual elements shall be\verified by taking into
corlsideration all its boundary conditions and adjacent connectiohs. Additional fail-dafe
components may be evaluated without the need for added partial safety factors in Ioadkng.

Control and protection systems shall be assessed according tothe required mean time betwgen
failures (MTBF). The MTBF can either be a requirement frofm a risk assessment or a resulf of
the|application of IEC 61400-1 Table 3.

7.3{1 Requirements for mechanical components

Reference to section 9 of the IEC 61400-1 istmade in terms of description of essential
meghanical components and systems. Stresses-in mechanical components will be adequately
mogelled for appropriate limit states analysis and these may involve stress components |not
corlsidered in structural design, such as Hertizan contact stresses at an interface and hoop
strg¢sses in bearing rings where reference’'is made to IEC 61400-4. The limit state equations|for
meghanical components used in its\design shall be based on critical failure modes of fhat
component and include the effects of ambient conditions on its material properties. If the
meghanical component is in the primary load path of the wind turbine, then a target anrual
propability of failure as specified in chapter 5 is to be used. Higher annual probabilities of failure
may be used where the failure of the component does not result in a critical failure of the wind
turbine.

7.3|2 Serviceability limit states for mechanical components

Mechanical.component such as bearings, bolts, gears etc, shall be evaluated for applicgble
serjiceabilityylimit states, examples of which include allowable deflection of bearings, sliding of
bolts and-temperatures in the gearbox or generator. Such limit states shall be assessed
corlsidering all relevant load cases.

7.3.3 Requirements for electrical components and control and protection systems

A Failure Mode Effects Analysis (FMEA) shall be used to determine the type of failures and the
need for further analysis of the annual probability of failure of control and protection systems in
accordance with I[EC 61400-1, section 8.4. Protection functions shall be designed minimizing
the probability of the identified failures or their consequences sufficiently. Control and protection
systems should possess sufficient redundancy so that a single failure of a component within a
control and protection unit shall not result in loss of protection for the wind turbine. Load cases
DLC 2.x in the IEC 61400-1 deal with loss of control and protection systems and these should
be run considering the annual probability of occurrence of their respective events. Equations
(19), (20) and (21) can be used to calibrate the load case parameters to a target probability of
failure or to a given return period of environmental conditions, if the mean time between failures
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(MTBF) of control and protection systems is known or the frequency of occurrence of a fault is
known. The MTBF can also be calibrated to a given partial safety factor for loads as described
in [EC 61400-1 Table 3. Beside the hardware related MTBF, software failures shall be included
within the scope of the failure analysis.

Electrical components of the wind turbine such as the generator, converter, transformer, as well
as batteries and motors that drive individual units shall comply with the requirements made in
IEC 61400-1 section 10 on electrical systems.

7.3.3.1 Modelling of grid events

Wind farms are required to comply to grid codes as required for various regions. Spegific
sityations such as Low Voltage Ride Through (LVRT) as per DLC 2.5 in the IEC 61400:1 ¢an
affect the design loads on the turbine structures. In these situations, equation can berused to
determine the probability of failure of a specific structure or component and theréby calibrjate
the[return period of the grid event to be within design specifications. For example)if the turljine
is designed to withstand extremes with a maximum expected return period.gf*50-years, then
eqyation (21) can be used to ascertain that the loads from the grid event conform to [the
spqgcified return period or exceed that period.

7.4 Robustness of sub-systems

The Robustness verification of each sub-system includes the following cases:
e Accidental limit states

e Large environmental effects offshore

e Redundancy of components

e Sensor redundancy when present for the:detection of faulty behaviour

In relation to robustness the following adverse (failure) events are considered
- identified accidental actions

- unforeseen adverse events

Design approaches for identified accidental actions
- design the wind turbineincl. substructure to resist the action
- prevent or reduce the action e.g. protective measures, control of events

Degign for identified accidental actions shall be undertaken in accordance with a relevant standard.

Note: an example of an identified accidental action is collision of a ship with an offshore wind turbin

[

A Wind turbine / wind turbine farm system shall be designed and operated to prevent
disproportionate consequences, as a result of unforeseen adverse events such as the failure

or cotapse—ofsa Hettra b orpa ofa—v a b eHAE 4B getd of to

provide additional structural resistance to reduce the likelihood and extent of such an event.

Note: Progressive collapse of mooring lines of a floating wind turbine is an example of a damage
that is disproportionate to the original cause. Increased robustness may be obtained by a design
with increased redundancy and ductility.
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Assessment of reliability

General

The estimation of the reliability of a structure for a given failure mode is obtained based on the
associated limit state equation, where all stochastic variables are well characterized.

Section 6 provides guidance on general characterization of uncertainties and stochastic
variables of interest for wind turbine design and safety assessment, while Section 7 details on
how to formulate limit state equations for various failure modes and design situations. The

cur
for
sat

8.1

Fent section provides guidance on how to perform the last Step of assessing reliability. b
direct reliability design (where the structural design parameter is directly calculated
sfied a given target reliability) as well as for performing calibration of safety factors.

1 Reliability measures

A standard reliability measure may be chosen to be the generalized reliability*index g defi

as

where Py is the probability of failure and ®~'(.) is the inverse nermal cumulative distributior|.

B =—07(F)

Ang¢ther equivalent reliability measure is the complement of the probability of failure,
Prdbability of Survival P,

P, =43P,

In many cases the failure probability of a structure is time dependent either due to deteriora

Pa
of

(24)).

Mu

icularly in the case of fatigue limif state analysis, one is often concerned with the probab
ilure during the n'* year of operation given survival up to the n®* year, which is given

of ];e structure resistance over time orbecause the load is a time-varying stochastic procs
t

strations of such reliability measures are provided in Figure 4.
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gure 4 — Measures of reliability. (a) The reliability index as afunction of the power
lure probability and (b) the cumulative probability of fatigue failure compared to t
resulting yearly probability of failure

2 Computation of failure probability

failure probability of a structural component with respect to a single failure mode is

P, = f fx(X)dx

gX)=<o

is the vector of basic fandom variables
X) is the limit state function for the failure mode considered
X) is the joint probability density function of X
important class (of limit states are those for which all the variables are treated as t

20

of

7)

me

ependent, either by neglecting time variations in cases where this is considered acceptgble

py transforming time-dependent random processes into random variables (e.g., by uging

reme valugeldistributions). Typical formulations for extreme loading ultimate limit states fol
approach of using extreme value distributions, which is what will be considered in
tion:

Jow
his

Th

designer s iree 10 cnoose any calculation metnoad Ccapable OT Solving the Integral In equa

ion

(27). As the direct evaluation of the probability integration is usually impractical for real
engineering applications, there are a few numerical methods the designer can refer to. The
structural reliability methods most used for calculating P are divided into asymptotic
approximate methods, of which the first and second order reliability methods - FORM and
SORM respectively — are the most common examples and simulation methods such as direct
Monte-Carlo simulations, importance sampling, and directional simulation.

First Order Reliability Methods (FORM) can be used to estimate the probability of failure and
the reliability index B and due to its common application, a brief overview of the method is
presented as follows. The first step is to simplify the integrand fx(X) through a variable change
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from the “physical” X-space to the standard normal U-space by use of the Rosenblatt
transformation (Rosenblatt 1952):

Up = 71 [Fy,(X))] (28)

where Fy,; is cumulative distribution of each random variable component X; and ®71(.) is the
inverse normal cumulative distribution function.

After the transformation, the probability integration becomes:

Py = L (U)<O¢u(u)du 29)

Thip integrand is simplified since ¢, becomes the product of the standard normal probabijlity
density functions of u; since in the new space the variables are independent.

The second step is to approximate the integration boundary g(U) = 0 by:inearizing it (first order
Taylor expansion) around the “most probable failure point” (u*) which-is the point that has [the
highest probability density at the hyper-surface defined by the limit state equation, see Figune 5
for fan illustration of a problem consisting of only two physical dimensions.

(a) (b)

Figure.5 — lllustration of the FORM method for a simplified two-variable case: (a)
Orjginalphysical space. (b) Change of variables through the Rosenblatt transformation
angapproximation of the integration boundary by its first order Taylor expansion at the
most probable point.

It can be shown that under such approximations the reliability index g is equal to the norm of
vector u*. The probability of failure can therefore be estimated based on (30), giving Pr =

O(=h).

Some examples of how to apply such methods to simplified problems relevant to wind turbine
design are presented in Annex C.
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8.1.3 Accuracy requirements

Due to the computational complexity, the calculated failure probability is an approximation to
the exact result. Two fundamental accuracy requirements are:

e Overestimation of the reliability due to use of an approximative calculation method shall
be within limits generally accepted for the specific type of structure as stated on
structural safety standards and relevant national codes.

e The overestimation of the reliability index due to the calculation method applied should
Not exceed 5 % WIth respect to the target level.

The accuracy of the reliability calculation method is linked to the sensitivity with respect to
strdctural dimensions and material properties in the resulting design. When using @pproximate
methods, this accuracy may be estimated by comparing the results with ones obtained with pse
of dimulations methods for a similar case. When using a simulation method, theaccuracy of the
sollition may be estimated on some conditions by computing the sensitivity, of the result with
the[number of simulations performed.

8.1{4 Sensitivity analysis

A sensitivity analysis shall be performed in the context of any probabilistic design exercise with
the| objective of identifying which uncertainty considerations™ are contributing most to [the
computed reliability.

To perform such a study, the reliability method used should be capable of producing a sensitiyity
anglysis including importance factors for uncertain\parameters.

An lexample of how to perform a sensitivity apalysis is given in C.1.6.

8.2 Reliability-based method

In @ full reliability-based design the“design parameters (i.e. geometric properties of a giyen
component) are themselves determined based on a reliability analysis. This means that loads
(acfions), resistances (strengthparameters) and models are modelled by probabilistic models
and design parameters of \the component are determined to achieve the target failure
propability.

8.2|1 Probabiljty.of failure for extreme design situations

An

ex C.1 illustrates the reliability assessment/design for extreme design situation based gn a
simple modelling of the ultimate limit state. In some analysis it is not possible to develop| an
anglytical medel such as the one represented in equation (72) in which case numerical models
may be used to build a mapping between load effect and stress/resistance. In such caseg, it
that any additional numerical uncertainty is captured in the factor X,.. More
comprex—<ases W ”’v”’-";";ii’a’ O ii"i ‘i" 0S€-0 ‘-"”; "Gi”
evaluation of (72) can be used and the probability of failure computed through direct Monte-
Carlo simulations. It is noted that the computation complexity of setting up different models
covering the desired uncertainty space and running such models the required number of times
may prove to be prohibitive.

8.2.2 Probability of failure for fatigue design situations

Annex C.2 illustrates the reliability assessment for fatigue design situations based on a simple
damage accumulation model (Palmgren-Miner) with mean stress level. The example should be
considered just as an illustration of reliability-based fatigue analysis, not a recognized baseline
for general fatigue design.
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Modelling of fatigue resistance of materials can be generally divided in two main approaches:
damage summation and fracture mechanics (crack growth models).

Damage based approaches

These can be further sub-divided corrected/normalized S-N diagrams and lifetime diagrams,
depending on the type of material and component failure mode under consideration. References
to recognized standards for the material/component type justifying the application of a particular
model should be provided (e.g. ISO 2394 or EN 1993-1-9) as long as also in accordance with
IEC 61400-1.

Fchture mechanics approaches

Du¢ to a general dependence of fatigue loads with atmospheric turbulence levels, the load cy
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chanics approaches in the design phase are typically subject to a calibration of the met
inst simpler damage accumulation models (such as the Palmgren-Miner model). One
er hand, it may be possible or even necessary to use it as a verificatioh of safe life an

ign standards such as IEC61400-8.

3 Updating probability of failure using test or inspection data

b distinct types of updating are considered here:

e When knowledge of new information due to.test, operational data or access to 1
measurement or modelling databases allows one to update some of the probab
distributions composing the overall probabilistic model used in a particular investigat

e When knowledge of a particular event (i.e. crack detection) is gained by realizatior
inspections on an operating turbine

the first type of updating, Bayésian updating methods as described in Annex A.1 can

erate updated probability distribution for a particular variable of interest. Examples of s
lication is updating structural properties of a particular material given tests of sped
ches (i.e. sampling ef eoncrete) or updating uncertainties through use of site specific d
Hiscussed in Annex-E.

In the second case, both Bayesian methods (i.e. Bayesian updating, Bayesian networks)

reli
the
the

hbility-based inspection (RBI) methods can be used. RBI is based on Bayesian decis
bry, and.it/aims at minimizing the total expected cost of an inspection plan while consider
expected costs of failure, inspection, and repair.

cle

ory for wind turbines cannot be predicted in advance. Therefore, the \Use of fracture

hod
the
1 in

planning of inspection intervals, see 8.2.3. Further guidance is_provided in component
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therefore have themselves a probability of correctly detecting a defect or event (i.e. crack of a
given size — for crack detections in particular, note that crack identification procedures are
limited in their accuracy due to coating, method of measurement, etc.). For updating failure
probabilities based on crack detection and propagation, the use of fracture mechanics is
necessary (see also (BS 7910 and IEC 61400-8).

Note that the methods highlighted above are not exhaustive, and many probabilistic or statistical
methods are available to address a particular problem.
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8.3

Semi-probabilistic method

As described in 1SO2394, semi-probabilistic methods may be applied as an alternative to risk
and reliability-based decision making. Consequence class categorizations, design situations
and design equations are defined following the design basis requirements put forward in IEC
61400-1 and in accordance with clause 5 of this standard.

8.3.1 Representative and characteristic values

Actions

Chlaracteristic values for actions shall be defined according to the principles in 1ISO2394

par
be
ind

the 98% quantile of the annual maximum action effect, as intended by the caleulati
cated in IEC 61400-1.

Resistance

Characteristic values for properties of materials shall be defined according to the principle

1SC
par]

Un
The
bag

by

8.3

2394. Typically, and according to IEC 61400-1, the characteristic value of the resista
ameter is defined by the 5% quantile

certainties

representative uncertainty levels indicated in Anfiex A are used and form an acceptd
eline if one follows state-of-the-art industry practices and recognized practices establis
he related governing safety standards for structural design.

2 Partial factor method for extremecand fatigue design situations
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n using partial factors, the designerimay either use the load and material factors preg
ther standards in the IEC 61400.Series or calibrate the factors to be used following
ciples in this technical specification. When calibrating partial factors, the designer s
ure that failure probabilities for-the relevant failure modes are close to the target reliab
| defined in 5.

3 Reliability-based calibration of partial safety factors

calibration of safety factors may be based on justified revision of the representa
ertainty levels 'or’assumptions on the load effects or related event probabilities which def
prticular design case.

he case.of re-calibration, first an updating of the probabilistic model governing the limit st
er,study shall be made based on a suitable method such as the ones suggested in 8.2.1

An

ex_A. The new probabilistic model can then be used to estimate the partial safety fa

In

ticular, the characteristic value of variable actions for normal design situations is chosen to
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according to the method described im Annex C-
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9 Site suitability analysis

9.1 General approach and scope

Wind turbines are subjected to site-specific environmental and electrical conditions including
the influence of nearby turbines, which may affect their loading, durability and operation. It shall
be shown that the site-specific conditions do not compromise the structural integrity.

This site suitability assessment can either be done using the semi-probabilistic approach
presented in IEC61400-1 or the reliability-based probabilistic approach hereby presented, as
deffredin ISO 2394

The IEC61400-1 is taken as basis with regards to the definition of load cases and requiremgnts
for the site suitability assessment.

The principles presented here are applicable for the site suitability structural*assessment of
ongdhore and offshore with turbines, as well as for the structural assessiment of the lifetime
extension of installed wind turbines.

Thip approach can be applied to wind turbines that had been desighed using the probabilistic
apfroach described in previous chapters of this Technical Specification; or designed using [the
semi-probabilistic approach based on partial safety factors in I[EC 61400-1. In the latter case
the| design capacity in terms of the quantile of the strength distribution and the partial safety
factor shall be available for the considered limit states. The quantile of the load distribution may
be derived from frequency distributions of environmental parameters that are characteristi¢ of
long-term conditions on site or from time series obsefvations acquired on site adjusted to reflect
conditions prevailing over the long term.

The site suitability assessment based on acprobabilistic approach focuses on assessing [the
relative variation of the structural reliability\level respect to the design assumptions, when site
spqcific conditions are considered, and accounting for different sources of uncertainties
asdqociated to the site assessment data’and models.

The probabilistic approach can be-applied to perform a complete site suitability assessmenf or
just the assessment of some_ litit states, failure modes, or load cases (FLS, ULS, Accidentalf..).
All jother limit states can beiassessed using the deterministic approach of IEC61400-1. |f
propabilistic approach was used for the design and the site assessment is made according to
the|deterministic appreach of IEC 61400-1 based on load calculations, then the characterigtic
strg¢ngth for the considered limit state as defined in IEC 61400-1 should be provided from [the
propabilistic design/ Similarly, if the site assessment is performed by reference to wind data
acdording to IEC'61400-1 then the characteristic wind conditions for the considered limit sfate
as fefined in\fEC 61400-1 should be provided from the probabilistic design.

If the,sité suitability assessment based on a probabilistic approach is performed by usging
simplified loads or resistance models, an additional uncertainty factor and/or bias shall| be
included In the models to account for that simplification. For instance, if a generic resistance
model is used to model the load-bearing capacity of the structural component without further
details about the actual strength characteristics of the component. If there is no information
about the actual strength of the component, it shall be assumed that the component is designed
to the limit in the design wind conditions.

The results from this analysis can be used to make decisions regarding site suitability of wind
turbines, instead of a deterministic approach, as long as the resulting reliability level is kept
within and acceptable target values defined in 5.
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9.2

Reliability models for site suitability analysis

Different Limit State Equations can be defined for the assessment of different limit states
relevant for the site assessment, in accordance with other parts of this Technical Specification.
As defined in 9.1, the limit states evaluated with the probabilistic approach can cover all or part
of the load cases defined in IEC61400-1.

As described in 7 the limit state function usually has two parts, one representing the resistance
or load-bearing capacity (R), and other representing the load effects (L).

For
sta
me

e equations that are more dependent on site-specific conditions or site suitability, d
hods and tools with respect to the design assumptions, such as:
Wind conditions and related uncertainties.

Computational models to estimate structural loads for site specific conditiens, especial
they are different to the ones used in the design (aeroelastic simulations, metamod
surface response, regression models...).

Resistance models to estimate load-bearing capacity, especially df they are different to
ones used in the design (Damage models, Palmgren-Miner rule:..):

Considerations about fatigue assessment.

— Reliability models may be time-variant or time-invariant, to consider eventual effects that

may change along time.

— Reliability models may be used to assess reliability at the end of the turbine lifetime
at any year during the total lifetime

— The reliability models may also include the'influence of defining decision rules al
turbine lifetime based on inspection, manitoring and maintenance plans.

Probability of the site-specific events. fithe limit state equation is associated to an eV
whose recurrence period is site dependent, the total probability of failure shall account
the probability of that event.

or

bng

ent
for
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9.2.1 Loads models for site suitability assessment

The loads model to be used for a probabilistic approach of a site-suitability assessment shall
represent the dependency of the structural loads respect to the environmental conditions. Those
loads models shall include stochastic variables accounting for the uncertainties in the
environmental parameters (wind, marine), and the uncertainties in the methods to estimate wind
turbine loads based on the site-specific conditions.

Regarding the uncertainties related to site suitability assessment see 9.3.

formulated based on the deterministic design equation, representing variables by dheir
propability distributions, instead of using characteristic values and partial safety( factors.
Un¢ertainties related to external conditions, load assessment, and resistance (as described in
chgpter 6) should be included either directly, where the input variable is represented’directly as
a random variable in the limit state equation (see section a) below); or indireetly, where |the
effg¢ct of uncertainty on one or more variables is represented as a model uncertainty multiplied
on [the load effect in the limit state equation (see section b) below). A~¢combination of both
approaches is also possible.

a) If the uncertainty related to the external conditions is inclided as random variables in
the limit state equation

LOAD = X‘model X.. f(Wdensity' Wshear' Wturbulence' ) (30)

X are random variables accounting for uncertainties not related to external conditipns
(aeroelastic model, material properties, loads application, etc).

fis the loads model used to obtainthe wind turbine loads based on wind or matine
conditions, such as aeroelastic simulations, metamodels, surface response, regresdion
models or others.

W are random variables répresenting the different environmental parameters relevant
for the loads (air density, wind shear, turbulence intensity, etc). They can be defihed
either by analytical fermulation or Monte Carlo simulation.

In this case, a_hierarchical modelling (see ISO 2394) is recommended to model [the
uncertainty @anjwind or marine conditions. With this approach each of the environmental
variables ¢an be defined as a function of several variables, each one representing a
specific.type of variability:

Wik = fF(Wy, Wi, W) 31)

The random variable may. also he defined as a result of several random variables

accounting for different sources of uncertainties (physical, measurement, statistical or
model):

=A + B Whhysical Wmeasurement Wstatistical Wmodel (32)

b) If the uncertainty related to the external conditions is included as random variables that
multiply the load effect at the nominal values of the external conditions
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If tilne approach b) is used, the stochastic variables X shall be properly calibrated based bn
undertainty in environmental parameters. This can be done using approach a) or othermethag

A different loads model f shall be used for different load case and load effect)of interes

req
on

The propagation of the uncertainties of environmental conditions throaugh the loads model s

be

9.2

The

asgessment of structural integrity for site-specific conditions may be based on different, usu
sim

If th

int

of 1

var

tur
ma

9.2

In 4
or
ung
ung
site

int

LOAD = Xmodel X.... Xwind meas Xwind stat Xwind model f(pnom' 01 nom» Cnomy - ) (33)

X are the stochastic variables accounting for all sources of uncertainties. Such as
general measurement uncertainty, statistical uncertainty and model uncertainty, Those
include not only uncertainty in environmental parameters, but any other uncertainty

fis the loads model used to obtain the wind turbine loads based on the nominal value
of the different wind or marine parameters (air density, wind shear, turbulence intensity,

SitI suitability assessment can be performed either using complete detailed information

etc).

uired. Some of the stochastic variables accounting for other uncertainties.may also dep
he load case and load effect.

Hone applying recognized techniques as described in 6.3.2.

2 Resistance model for site suitability assessment

resistance models for probabilistic design are~génerally described in 6. However,
plified, resistance models.

e resistance or loads model used for siteSuitability assessment is different to the one u
he design, that should be accounted for'with appropriate uncertainties. The eventual cha
esistance along turbine lifetime should also be considered if relevant using appropriate t
ant reliability analysis.

ine structural design of using only limited information. An absolute or a relative appro
y be followed to performa probabilistic site suitability assessment.

21 Absolute.approach

n absolute approach loads can be derived either by the aero-elastic model used in des
sing altérnative, simplified loads models (see clause 9.2.1), in which case the correspond
ertainty> of the loads model should be accounted for, along with other assumptions
ertainties of the load side (apart from the uncertainties on wind climate, which are obviol

the
ds.

t if
end
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specific) that were used in the design, e.g. uncertainty in aero-elastic modelling, uncerta

nty

ransforming loads into stresses, ...

Uncertainties in the wind climate are modelled site specifically.

On the resistance side uncertainty modelling from the design is used, based on the known
material and geometry properties of the components under consideration.
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Relative approach

A relative approach is a simplified approach that can be applied, for instance, if the design
assumptions (in particular those regarding the probabilistic design) are unknown. The following
steps are undertaken.

1.

A generic model will be used in the aero-elastic calculations. e.g. based on simplified
turbine data or reverse-engineered to match the information/data available at this point
(e.g. power curve, thrust curve, eigenfrequencies, foundation loads, ...). Since this
model is deviating from the complete detailed aeroelastic model, it has some uncertainty
associated that needs o be estimated / assessed. For the remaining uncertainties on

6.

the load side (other than the wind climate parameters) assumptions shall be justi
(e.g. for exposure or loads-to-stress-transforms). See Clause 6 and Annex A
guidance on representative values of uncertainties

Define assumptions on design uncertainties (in compliance with IEC 6140041 and
technical specification) for loads.

On the resistance side reasonable assumptions shall be made for uUncertainties
material, damage accumulation or other failure modes (e.g. buckling).

Calibrate a design parameter to reach the target component reliability under des
assumptions; check result for plausibility.

Uncertainties in the wind climate are modelled site specifically.
Calculate site specific reliability with assumptions an@’z parameter from previous stg

Annmex F includes an example of the relative approach to'site suitability assessment.

9.2

The
pro
deq
evd

3 Site-specific exposure events

structural reliability assessment for site‘specific conditions may also account for
bability of exposure events whose intensity and/or probability of occurrence is
endent, since it will affect the final probability of failure. The exposure events represen
nts which can cause damage or otherwise affect the performance indicators of the w

turbbine structure

Exf

9.2

Fau
fau

osure events for wind turbines can be classified as fault events or wind events

3.1 Fault events

It events can eithérbe internal turbine faults (e.g. turbine control system fault) or exter
t events. This is-of special relevance for the failure load cases defined in IEC 6140(

Some examplestof-fault events are:

External electrical events, such as loss of electrical network, voltage drops, ...

Turbine.control system faults, considering that the probability of some turbine faults r
depend on site-specific conditions (e.g. a site with severe dust, corrosion or humi

ied
for

his
for

ign

ps.

the
site

all
ind

nal

-1.

hay
Hity

conditions may increase the faults of some actuation or electrical systems)

The probabilistic analysis of fault events, as for design situation 2) and load cases DLC6.2 and
DLC7.1 of IEC 61400-1, can be done based on failure rates, so that the rate of structural failure
due to fault events can be obtained as:

where

Ag

Failure rate obtained as number of turbine failures per year.

Number of events per year.

34)
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P(L > R|E)

event

9.2.3.2 Wind conditions

Wind events are those where the turbine is not subjected to faults (internal nor external) and
the loads are driven by wind conditions

Probability of structural failure per turbine per year conditioned on the given

The site-specific wind conditions are assessed based on the analysis of deterministic wind field
events and turbulent models, according to IEC61400-1

Site-specific wind data can be used to define stochastic models for deterministic wind field or

turthuTent wind conditions, including also models for wind speed, turbulence ntensity,]air

der
for
6.2

turbine suitability is assessed.

9.3

The
pro
ung
var

Site specific uncertainty modelling

sity, wind shear and flow inclination. If the turbine was designed using a stochasticymddel
deterministic wind field event or turbulent wind conditions different to the ones descnibed in
2.2, the assumptions for such models should be validated for the specific site; where |the

general description and requirements for representation and modelling of uncertainty|for

babilistic design of wind turbines are described in 6. Figure 6 highlights the more releviant
ertainties related to site suitability assessment. Uncertainty modelling can either include fthe
ability, usually expressed as coefficient of variation or standard deviation, and/or a bias

Wind
Models [
Wake N
Models -
Manufacturing
Atmospheric Turbine —
Conditions | "] Controller Installation
o\
Soil 2| |oads Resistance
Conditions - g ~ - -
Aeroelastic = Resistance Stress / Strain
w > o )\
Marine ] Model g \ Madel Model
Conditions 8 g
o 7z il
Dther environmental B G;(;m:rttri:.:l
eventﬁ (quakes, [ _CI Aerodynamic | | — 2
typhoon...) % propetties Materig
¢ ther_e)dgrnal events | | = Geometrical | | Propertigs
(grid failures,...) Properties
Trbine internal events Material
(control failures, —* Properties |
transient events

Figure 6= Highlight of relevant uncertainties related to site suitability assessment

Physical and epistemic uncertainties of atmospheric conditions (refer to IEC61400-1 for a
mare detailed description of atmaospheric parameters):

Extreme 10min average wind speed

Wind speed probability density function

Wind speed standard deviation from ambient turbulence
Extreme ambient wind speed standard deviation

Flow inclination

Wind shear

Air density

Physical and epistemic uncertainties of marine conditions, defined in IEC61400-3, such as:
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— Wave spectrum (significant wave height, wave periods, etc.)
— Separation of swell and wind driven waves

— Wind/wave misalignment

— Currents

— Tide and storm surge

— Extreme wave and associated wave periods

Soil conditions:

— Geotechnical conditions (p-y curves)

— Seabed variation (offshore)

— Scour development (offshore)

Wind and wake models

— Models for turbulent wind simulation

— Models to account for the wake effect on the wind flow
Uncertainty on external events (type, intensity, recurrence period..)

Grid events (grid drops, network outages, ...

Other environmental events (earthquakes, icing...)

Turbine operational transients (shutdowns, start-up..<)

Turbine failures in control system, electrical companents

Statistical and Model uncertainty of loads estimations

— Wind turbine characteristics (geometry, stréctural properties, aerodynamic propertie
— Foundation characteristics (foundation and terrain)

— Loads models used to estimate the.Ssite-specific loads based on wind conditions
aeroelastic simulations, surrogate~models, interpolation models, response surf
methods, neural networks ...).

— Uncertainties on models for structural dynamics, aerodynamics, sensors, actuators
— Statistical uncertainty due'to the limited amount of simulations

Site suitability assessment_is:dsually based on simplified loads and/or resistance models

whi
mo
Ma
strg

The
shg

ch case it should be considered the uncertainties due to consider simplified load effe

'kov matrices); andithe uncertainty in the resistance models used to determine struct
ss based on load-effects. See 9.3 for site specific uncertainty modelling and quantificat

uncertainties in the site-specific atmospheric conditions used for site suitability assessm
Il be accounted for. Main sources of such uncertainties are described below

~/ Physical uncertainty of atmospheric conditions: It is the inherent uncertainty relg

Hels (e.g.- Damage equivalent Load) instead of more detailed load indicators (e.g.- comp‘]‘ete

full
nce

L in
cts

ral
on

ent

ted

to the natural randomness of the wind characteristics, for example the uncerta

nty

in the wind speed distribution due to the year-to-year variation of climatic conditions.

— Measurement uncertainties of the environmental conditions derived from different

sources, for example:

— The operational characteristics of the wind sensor device, due to

the

classification or type of instrument. This covers the sensitivity of accuracy of a
type of wind sensor to environmental variables and other operational conditions

— The calibration of the individual unit used in the specific measurement campaign

— Mounting effects. For anemometers mounted on meteorological masts this is due

to the interference of the mast or the boom on the actual flow measured by

the
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anemometer. For remote sensor devices it is the uncertainty of non-ideal
levelling of the device.

Configuration, or the proper maintenance, installation and operation of
measurement devices during a specific measurement campaign.

The influence from the terrain.

— Amount of measured data: It is statistical uncertainty due to the limited amount of
data.

— Long-term estimations: It is the model uncertainty of the methods used to predict the
long-term characteristics of the wind distribution based on the data available. (e.g.-

It n
und

Measure-Correlate-Predict methods); or to predict the extreme values of the wind
characteristics (e.g.- Gumbel method, Method of Independent Storms,...). It7is-dlso

related to the amount of data available.

— Vertical extrapolation uncertainty: It is the statistical uncertainty due te/the limited
number of heights where wind data is available, that may be especially relevant|for

estimation of wind shear characteristics

— Wind modelling: It is the model uncertainty of the wind flow models used to estimate
the wind conditions at different locations of the site based on‘the data availabl¢ at

the measurement position. It depends on several factors, (such as:

Wind flow model: It is the model uncertainty of the _cemputational fluid dynamic
model itself

Mesoscale wind flow model: It is the uncertainty of the wind flow models based
on mesoscale data, in opposition to flow models based on wind data measufred
directly at the site.

Terrain map quality: it is the statisticaluncertainty due to the limited informafion
of terrain topography, depending. on the quality of the map to represent
accurately such topography based-on the contour lines.

Wind shear complexity: It isi\th€’ uncertainty in the characterization of wind shiear
depending on how well the terrain roughness is characterized and the stabijlity
effects of atmosphere,

Terrain complexity. 1t* is the uncertainty of the wind modelling due to [the
characteristics of terrain topography

Horizontal extfapolation: It is the model uncertainty to predict the wind
characteristics ‘far from the measurement point.

Wake medels: It is the uncertainty of the models used to predict [the
characteristics of the wind in the wakes.

Turbulence models used to generate the synthetic turbulent wind field |for
aeroelastic simulations

nay not'be necessary to model all uncertainties listed above explicitly. Instead, related
ertainties can be combined into a single stochastic variable, and some uncertainties can be

Cco

ered by general model uncertainties related to e.g., turbulent wind field generation and/or

Ioa csoimilatinn
GS—StHhuatoH-

Annex G provides some qualitative examples of best- and worst-case scenarios for the different
sources of uncertainties in atmospheric conditions.

Sources of uncertainty in the marine conditions include:

— Wave conditions: It is the uncertainty related to the measurement and/or numerical
hindcasting techniques used to derive the joint probability distribution of mean wind
speed, wind direction, wave direction, significant wave height and peak spectral period
in relation to:

— Normal sea states
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— Severe sea states
— Extreme sea states

— Sea currents: It is the uncertainty related to the derivation of near- and sub-surface

currents in relation to:
— Normal current models
— Extreme current models

— Water levels: It is the uncertainty related to the measurement and/or estimation of
Normal water level range as well as the long-term joint probability distribution of

the
the

Oth
sui

If t
cor
sp§

For
as

extreme water level range

— Marine growth on the substructure or mooring lines of floating turbines

— Soil conditions: It is the uncertainty related to the interpretation of data fromfe.,g. C
Penetration Test, and borehole logs, seabed variations and scour development

— Depth or seabed level

er possible sources of uncertainties should be considered when frelevant for the
ability assessment, such:

— Uncertainty in the characterization of other environmeptal-events, like typhoo
earthquakes, sea ice, tides, currents, icing
— Uncertainty in the soil conditions.

— Uncertainty in strength characteristics of the material*due to site specific environme
conditions, like the effect of corrosion or extreme low temperatures.

— Uncertainty in the knowledge of some other,e€xposure events.

— Uncertainty in the Loads application models. ‘It is the uncertainty in aeroelastic respo
loads model used to estimate the site~specific wind turbine loads based on the W
conditions, especially if they are diffefent to the loads models used for the design.

he strength characteristics of the wind turbine can be assumed to be invariant to the

cific conditions.

offshore wind turbines, some parts of the structure are usually site-specific designs, s
the substructure in fixédyturbines; or the floating platforms, mooring lines and anchor

pne

Site

htal

hse
ind

Site

ditions, only the uncertainties on.the loads part need to be modified according the sjite-

Lich
ing

systems in floating turbines. In those cases, it may be especially relevant to consider sfite-

spq

A densitivity analysis of the different sources of uncertainties should be done to identify

mo

9.3

cific uncertainties @also in the structural and geometrical characteristics of such parts.

5t relevantuncertainties sources to include in the reliability model.

1 Quantification of site-specific uncertainties

The

the

quantification of site-specific uncertainties shall be based on the methods described in

6.

Different approaches are used to quantify the different types of uncertainties of a specific site:

Physical uncertainties of the environmental conditions can be assessed based on sites with
similar climatic characteristics.

Measurement uncertainties of the environmental parameters can be defined by the uncertainty
of the calibration of the measurement devices and by analysis of a similar measurement set up
(same type of anemometer or wind sensing device) installed in a similar way in representative
operating conditions.
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Statistical uncertainties of the environmental parameters can be defined by analysis of large
datasets of data on sites with similar climatic characteristics.

Model uncertainties of the wind flow model can be defined based on the comparison with more
advanced models or flow measurements in sites with similar characteristics (terrain complexity,
surface roughness, atmospheric stability, etc.).

Model uncertainties in the loads and resistance models used for site suitability assessment can
be defined based on the comparison with more advanced validated simulation models or with
measurements in real turbines.

AanexG provides some qualitative examples of uncertainty scenarios of episte

ung
rele

9.4

Thd
det
spHg
pro
site

cage the reliability model should be calibrated to match the-‘expected target design reliab
en the design assumptions are used e.g.- by means df)adjustment of a design parametgr z

whi
int

The
res

ertainties in the wind assessment as well as some reference values for uncertainties
vant wind parameters in a normal scenario.

Reliability assessment

reliability assessment for the site suitability analysis can egither be performed
ermination of the probability of failure based on detailed load and‘strength models for s
cific conditions representing the aerodynamic, structural “geometrical and mat
perties of the turbine components, or by determination of/the ‘probability of failure for

he resistance model of the limit state function

reliability assessment shall be done using the methods described in 8, showing that
Liiting reliability level meets the acceptable target values defined in 5.2.

mic
in

by
ite-
rial
the

conditions based on a simplified model relative to that forthe' design conditions. In the latter

lity

the
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Annex A
(informative)

Uncertainty quantification

Uncertainty quantification is here understood as the estimation of distribution types and distribution
parameters for variables modelling uncertainties. Generally, it is necessary to include statistical

uncertainties in the assessment. This annex describes the application of Bayesian methods and
Maximum likelihood method for this purpose.

the

A.1 Bayesian methods

Bayesian methods enable the combination of new data with existing information, and it enapleshierat

ical

modelling of uncertainties. The theoretical description is generic and can be applied to all’hierarchies

and distribution types.

Bayes rule states that the posterior distribution P(8|e) of a variable is proportional.to the product of]
pridr distribution P(8) and the likelihood function P(¢|6):

P(0)e) < P(0) P(c|0)

Here 6 is a variable, and ¢ is the data or evidence available for updating/estimating the distribution
6. Ror example, 6 can be a parameter in a distribution for a variable X. The updated distribution fo
considering the data and prior information, is called the predictive distribution P(X|¢), and it inclu
both the variation of X around the mean value, and the varidtion caused by statistical uncertainty on
pargmeters.

While Bayes rule holds for all distribution types, €lesed form solutions can only be found for spe
conpbinations of prior and likelihood functions; the so-called conjugate distributions. An example is
normal distribution. If both the prior and likelihood distributions are normal distributions, the posts

the

35)

for
r X,
des
the

Cific
the
rior

disfribution is also a normal distribution, and-a closed form solution can be found. For hieratical modlels

with normal distributions, where other\¥ariables are described as linear combinations of nor
distributions, exact solutions can be found for the posterior distributions. For discrete distributions, e
soldtions can also be derived. HoweVver, for arbitrary choices of continuous distributions, exact soluti
cannot be found for the posterior-distributions. Instead sampling based methods can be applied, or

methods can also\be used when no prior information is available, by using a non-informative prior:
a nprmal distribution with a very high coefficient of variation.

A1 Closed form solutions for parameter estimation

mal
act
pons
the
ian

pds
Bian
e .g.

Cloged“form solutions exist for the predictive distribution of X for (among others) the following cas

es,

where the population of X follows a normal distribution with unknown mean and known/unknown

standard deviation o.

e Known population standard deviation (Figure A.1)
o No prior information on the mean
o  Prior information on the mean
e Unknown population standard deviation (Figure A.2)
o No prior information on the mean and/or standard deviation
o Prior information on the mean and/or standard deviation
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(a) (b)

The
Siz4

Kn¢

The

Xa

igure A.1 — Graphical representation of the structure for estimation of (a) the mea
value of X when the population variance is known and (b) the mean value and the
variance of X.

n, sample mean m, and sample standard deviation s:

1
m=— X
n

n
i=1

1
n—1

(x; —m)?

bwn population standard deviation, no prior infarmation

predictive distribution for X is a normal distribation:

1
XO=m+7 0o 1+; (

where Z follows a standard normal distribution. Note that for a large sample size n, fl + % ~ 1, wher

valjyies m and s.

Kn¢

Priq
dist]

bwn population standard deviation, prior information

r information_en the mean of X: normal distribution with sample mean m’ and size n’. The predig
ribution for)X becomes a normal distribution:

=]

predictive distribution of X is estimated using the prior information (if any) and a sample with saniple

36)

37)

38)

eby

symptotically approaches a‘hormal distribution with mean and standard deviation equal to the sample

tive

1

X”=m”+Z~aJ1+7 (
n

where

e 7 follows a standard normal distribution.
e n'=n"+n

" m'n'+mn
(] m =

nrr

Unknown population standard deviation, no prior information

The predictive distribution for X is a Student’s t distribution:

39)
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X”=m+Tn_1s/1+% (

40)

where T,,_; follows a Student’s t distribution with n-1 degrees of freedom. Note that for a large sample

size n, the Student’s t distribution approximates a normal distribution and fl +%z 1, whereby X

asymptotically approaches a normal distribution with mean and standard deviation equal to the sample
values m and s.

Unknown population standard deviation, prior information

Theg
prid
(co
for
prid
free
as f

The

where

Lognormal variable

If a
sa

log

For

prior information on the mean and standard deviation of X is given by parameters m’,v', s'(n'
r for the mean is a normal distribution with mean E[u] = m' and standard deviation o
responding to prior information originating from a sample with size n’). To obtain a cénjugate ¢
he standard deviation, the inverse of the squared standard deviation has a gamma‘distributior
r, defined by the prior expected value of the standard deviation E[o] = s" and the\prior degree

The
V'
rior

as
5 of

dom v'. The prior degrees of freedom is related to the coefficient of variation of the standard deviation

ollows: COV[a] = 1/V2V'

predictive distribution for X is a Student’s t distribution:

! n n 1
X'=m"+T,, s 1+F (

e T, follows a Student’s t distribution with v//\degrees of freedom
e v=n-—1

e V'=v+v+ilforn’=1andv’' =vyv"+vforn' =0

e n'=n"+n

" m'n'+mn
(] m =

nrr

o s =('s?+n'm?+vs¥+nm® —n"m"?) V'

variable X follows a‘lognormal distribution, Y =InX follows a normal distribution. Therefore,
e approaches as(above can be used for lognormal distributions, by making the inference on
rithm of the variable.

example, for.the case with unknown population standard deviation and no prior information:

41)

the
the

42)

1
lnX=m]nx+Tn_-l Sin x 14— (
V rn

where

T,_, follows a Student’s t distribution with n-1 degrees of freedom
my,x is the sample mean of In (X)
Sinx is the sample standard deviation of In (X)

The predictive distribution for X is then given by:
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1 1
X =exp| Mpx + Thoq Snx |1 +; = exp(Myyx) exp| Tp_1 Sinx |1 +; (43)

A.1.2 Exact inference for continuous parameters

Exact inference can be performed for hierarchical models of normal distributions, where the top nodes
follow normal distributions (prior distributions with given mean and variance), and the conditional
probab|I|ty distribution of the other nodes are normal dlstrlbutlons with mean values written as a linear
hat
be

ling
are
in[stic
ers.
are
the
trug joint distribution, when samples from the run-in period are discarded, and a sufficient numbgr of
sanmples is obtained, see (Gilks et al. (1996).

A.1.4 Exact inference for discretized parameters

For| hieratical models with discrete distributions, where jall distributions are given as (conditiohal)
propability distributions, efficient algorithms exist for exact inference. The same method can be useq for
continuous distributions, by first discretizing the variables. Functional relationships can be approximated
by ¢onditional probability distributions.

A.Z Maximum likelihood

An pften used method for parametercestimation is the Maximum Likelihood method. Here, distribufion
parpmeters are estimated such thatthe probability of receiving the sample is maximized. For sgme
distribution types, analytical closed form solutions exist for the maximum likelihood estimate of|the
pargmeters. For other distributions, optimization algorithms can be used to estimate the parameters,
based on a sample. The statistical uncertainty (standard deviations and correlation coefficients) relgted
to the estimated parameters can be estimated based on the hessian matrix (consisting of the secpnd
derl|vatives of the loglikelihood function in the point of the maximum likelihood estimate).

Thg likelihood funetion is the product of the probability density function fy (x; 8) evaluated in the n sample
points, as function of distribution parameters 6:

o =1 [rce0 (44)

i=1

To ease the computations for analytical solutions and to avoid numerical underflow for numerical
calculations, the loglikelihood function is used. When taking the natural logarithm of the likelihood
function, the loglikelihood function is obtained:

1L©) = ) In(fy(x;6)) (45)

The maximum likelihood estimate is found as the parameters maximizing LL(0) (and thereby also L(8)).
This can be done using numerical optimization algorithms or analytically from j equations:
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JLL(@) 0 46
The hessian matrix for three parameters 6,, 6,, 85 is given by:
9%2LL(6) 02LL(O) 92LL(®)
262 86,00, 00,005
__|8%LL(e) 92LL(®) 9%LL(6)
H= 86,00, 262 06,005 (47)
[d‘LL(B) JZLL(@) 0 LL(B)J
860,005 00,004 862
Theg covariance matrix is then given by:
Uf P120102 P130103
C=[-H]"'= P120102 022 P230,03 A48)
P130103  P230203 o3

whegre o; is the standard deviation of parameter 6; and pj, is the gorrelation coefficient betw

par
The
dist]
A.3
Mo

by
bety

hmeter 6; and 6,.
distributions for the parameters become asymptotically (more than 25-30 datapoints) norn
ributed according to (Lindley 1976).

Model Uncertainties

el uncertainties should be included in probabilistic models to account for the uncertainty introdu

the use of computational models for e.g. resistances and load effects. That is, the differen
ween the measured outcome of an experiment and the prediction based on the mathematical mo|

D

een

mal

ced
ces
del.

Ideglly, to isolate the model uncertainty, all*input parameters to the computational model should be
megsured in relation to the experiment,
To pstimate the model uncertainty, the experiment values Y are plotted as function of model values
h(X), as shown in Figure A.2.
A Y
. ’ / Y =Ry h(X)
R
R
L
r//
» )
Figure A.2 — Plot for estimation of model uncertainty.

Often, a lognormal multiplicative model uncertainty is assumed:

Y =Ry h(X) (49)
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where

Y is the test results

Ry is a lognormal variable for the model uncertainty with mean p, and standard deviation o,
h( is the computational model

X is the vector of input parameters (stochastic variables modelling physical uncertain

measured in relation to the experiment)

ties

Several approaches can be applied to quantify the model uncertainty, when a sample with values of Y

an

associated input X are available. The Bayesian approach presented in A.1.1 provides an-e

solytion, when the relation in (6.16) is assumed and the model uncertainty is lognormal. Realization

the
ap

Theg
errq
gen
reg
app

For
but
bas

model uncertainty can be evaluated as R,; = Y;/h(X;), and the logarithmic transformatiorn’ can
lied.

model with lognormal multiplicative model uncertainty implies that the standare\deviation of
r is proportional to the outcome of the computational model, thus for higher values, the errg

prdless of the outcome of the computational model, an additive medel uncertainty is m
ropriate. Here, a normal distribution is often used, as this has a closed farm analytical solution.

distribution types other than normal and lognormal, closed form.solutions cannot always be fol
other uncertainty quantification methods, e.g. sampling-based‘methods, can be used. Sampl
ed methods can also be used when measurement uncertainties are to be considered on

measured input and results of the experiments.

IEC
Squ
for

not

It s
und

Ac
ava
clos

A3

61400-1 ed.4 Annex K uses an alternative method,-which has some issues: The use of the “L¢
ares” best-fit to estimate the slope b is inconsistentwith the assumption of a lognormal distribu
he error term 9, as implicitly assumed. Also, withi\the applied method, the error term & will genef
have a mean value equal to one, but this is also implicitly assumed.

hould be evaluated whether the assumed” model with lognormal distributed multiplicative mg
ertainty appropriately describes the data: The following points should be evaluated:

e Does R, follow a lognormal.distribution (does In (R,) follow a normal distribution)
o This can e.g. betevaluated using a qqg-plot, a Kolmogorov Smirnov, Shapiro-WilK
Anderson-Darling test.
e Is the model uncertainty invariant w.r.t. h(X)
o This can:be evaluated by plotting the sample values of the logarithmic error (In R,)
function of h(x;).

osed form salution can also be found when prior information on the mean and standard deviatio
ilable. Alse/if'the model uncertainty is a normal distributed additive error Y = R, + h(X), an e
ed form'solution can be obtained with the methods presented in A.1.1.

.184 Example: Model uncertainty quantification

act
5 of
be

the
ris

erally larger, as the coefficient of variation is constant. If the error has constant standard deviafjon,

ore

nd,
ng-
the

past
tion
ally

del

, or

as

n is
act

This example demonstrates methods for model uncertainty quantification. For the example, theoretical
and experimental values of the buckling reduction factor is used for 10 experiments.

Bayesian analytical

The Bayesian approach presented in section A.1.1 provides an exact solution, when the following
relation is assumed:

Y =Ry h(X) (

50)

Table A.1 shows the theoretical and experimental values and the realizations of the model uncertainty
calculated as R, ; = Y;/h(X;).
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Table A.1 — Theoretical and experimental values

Wh
deV

The
are

The

Model

Experiment | Theoretical | Experiment |uncertainty

number value value realization

L h(X;) Y Ry,

1 1.00 0.750 0.7500

2 2.00 1.599 0.7995

3 3.00 3.053 1.0173

T 700 7153 10382

5 5.00 7.468 1.4936

6 6.00 8.066 1.3443

7 7.00 7.093 1.0133

8 8.00 7.828 0.9785

9 9.00 13.285 1.4761

10 10.00 8.760 0.8760

bn R, follows a lognormal distribution, In R, follows a normal distribution
iation of In R, is found by:

n
1
Mnry, = EZ(IU(RO,L')) =0.0489
i=1

sln Ry = n

Mp, = €xXp (mlnRO +

-1

1

2

n
Z(ln(Ro,i) - mlnRo)z = 0.2424
=1

1
= Sinry” ) =1.0814

SRy = \/mﬁ,o (exp(sing,?) — 1) = 0.2661

. The mean and standard

(

(

se are the parameters of the estithated lognormal distribution, and the mean and standard devia
calculated from standard relations:

se are thebest estimates for the model uncertainty, but they do not account for statistical uncertai

51)

52)

tion
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Figure A.3 — Experiment value Y as function of’theoretical value h(x)

Forl a sample drawn from R,, where both mean and standard deviation are uncertain without
anyf prior information, the predictive distribution for InRy.can be found based on the sample gize
n, gample mean my, , and sample standard deviation’sy, g,

1n RO = mlnRU + Tn—l SlnRo 1 + E

where T,,_, follows a Student’s t distribution with n-1 degrees of freedom.

For{the model uncertainty R, the predictive distribution accounting for statistical uncertainty is given|by:
1

Ry = exp(mypg,) €xp| Tho1 Simg, |1 +; (63)

Realizations corresponding to non-exceedance probability p is found from:

1
i) = expma) 50ty s sms 152 4
\ \ n {64)

/

For example, for p = 0.05, and n =10 , the Student’s t distribution gives t,,_, = —1.8331, and
thus the equation gives 1,(0.05) = 0.6589.

Figure A.4 — Cumulative distribution and probability density functions for the predictive
distribution, the estimated lognormal distribution and the predictive distribution shows the
cumulative distribution and probability density functions for the predictive distribution, The
estimated lognormal distribution and the predictive distribution show the obtained cumulative
distribution function and probability density function for the predictive distribution, the estimated
lognormal distribution (not accounting for statistical uncertainty), and the predictive distribution
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if the sample size was instead n = 5. It is observed that the lower tail is significantly affected by

the statistical uncertainty for low sample sizes.

— — — . Lognormal distribution

0.9 Predictive distribution

—_—————— Predictive distribution for n=5

0.8

0.7

0.6

0.5

0.4

0.3

Cumulative distribution function

0.2

0.1

_«{_J M Lognormal distribution

Predictive distribution

\ N Predictive distribution for n=5

0.8

0.6

Probability density function

0.4

0.2

Figure A.4 — Cumulative distribution and probability density functions for the predictive
distribution, the estimated lognormal distribution and the predictive distribution

MCMC methods

MCMC methods allow working with various distribution types, and there are several ways to
construct the model for uncertainty quantification. Two models are shown in Figure A.5 a and
Figure A.5 b for a model without and with measurement uncertainty, respectively. For the model
without measurement uncertainty, realizations of the model uncertainty are calculated from the
experiment values and model values: R, = Y/h(X) If the experiment is subject to measurement
uncertainty, the model value h(X); and the measured values of the experiment outcome Y04
are used directly.
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Fig
Fu

Ful
shag
ins
for
pre

For i=1:n For i=1:n

(a) )

ure A.5 — Various approaches for MCMC models for model uncertainty quantificatiJon.

Il lines represent stochastic relationships, dotted lines represent logic relationsh

and shaded nodes are observed nodes. (a) without measurement uncertainty, (b) wi

measurement uncertainty:

h

lines represent stochastic relationships, dottedMines represent logic relationship, and

ded nodes are observed nodes. The nodes)'Ry;, h(X);, Y; and Y,..; each havg

n
Hes

antiations; one for each set of values in the:sample. The nodes p, and tz are the no

cision of InR,. In relation to MCMC,_thé normal and lognormal distributions are o

the parameters in the distribution for thexmodel uncertainty, in this case the mean Lnd
t

formulated with the precision (g, =1/a,§0) as second parameter instead of the stand

de
and

If n

iation gz . The node Ry ,,.q is the node for the predictive distribution of the model uncertai
it will follow the same distribution’as R, ;, but unlike Ry ;, it is not observed.

p prior information is available on the parameters g, and 7,5, they should be given n

en
rd

nty,

infgrmative priors. For the ;mean value, an appropriate non-informative prior is a normal
disfribution, and for the precCision, a gamma distribution. Both should have parameters resul{ing
in mean values in the«ight order of magnitude and sufficiently large standard deviation.
The distributions.for model 1 are formulated as follows in the example.
Table A.2 — Stochastic model
Variable Distribution Parameter 1 Parameter 2
[
Hin Ry Normal Mean: u =10 Precision: 7 =10""°
Tin Ry Gamma Shape: a = 0.001 Rate: f = 0.001
Ry; Lognormal Mean of InRy: g, Precision of InRy:
TIIIRO
Ropred Lognormal Mean of InRy: g, Precision of InRy:
TIIIRO
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Maximum likelihood

The maximum likelihood method can also be used to estimate the parameters for the model uncerta
variable.

inty

As R, is assumed to follow a lognormal distribution with parameters p, r,, Oing,. it follows that In R,
follows a normal distribution with parameters w, g , oinr,» and can be written based on the standard

normal density function ¢:

1 i ,/lnRo_ﬂlan\

1D Va JATEE " | AY
TR~ Jinr, TR0 [PIn Ry OlnRy ) — o P \ o
nRy nRy

Thq likelihood and loglikelihood function are written as:

n
1 InRo,; — tinr
L(”lnRoto—lnRo) = 1_[0_ : ¢< al -0 (
i=1 lnRo lnRo

n
1 InRo,i — thnk
LL (10 ro» 01 7o) =Zln<a '¢( ——A
i=1 lnRO lnRO

Thg maximum likelihood estimates of the parameters are folnd by maximizing LL(ulnRO,alnRo)
respect to the parameters u, g, oin g, USING an optimization algorithm that also provides the hess
mafrix from which the covariance matrix can be estimated. The parameters are estimated
(t1{ry» Oin v, ) = (0.0489,0.2300) and the covariance matrix is estimated to:

_ [0.0053" 0.0000

¢= 00000 0.0026

Asquming a multivariate normal distribution-for the parameters, samples from the predictive distribu
can| be drawn by first drawing from the multivariate distribution for wy, g ,0ing,, and then fi

Ry lOHn(#lnRO' Oln RO)-

2

Comparison

Regults from the three methods are shown in Table A.3 and Table A.4 and in Figure A.6, Figure
Figlire A.8 and Figure A:9."The estimated parameters are similar for the three methods, the param
oy Is smaller for the-maximum likelihood method. The reason is that the maximum likelihood met
finds the mode values of the parameters, and as the standard deviation does not have a symmg
distribution, the“mode value does not equal the expected value. The quantiles for the maxin
likelihood method deviates even more, as the distributions for the mean and standard deviation
assumed.nermal distributed, which are not the correct sampling distributions. (The inverse of

56)

57)

vith
bian
to

tion
fom

N7,
bter
hod
btric
um
are
the

squared standard deviation follows a gamma distribution, and for a sample size approaching infinity,

this|gatmma distribution approaches a normal distribution.)

Table A.3 — Parameters and moments estimated using each method

Parameters Moments
Hin g, 0o I o
Analytical 0.0489 0.2424 1.0814 0.2661
MCMC 0.0489 0.2428 1.0815 0.2665
ML 0.0489 0.2300 1.0782 0.2513
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1904
1905 Table A.4 — Selected quantiles for the predictive distribution (including
1906 statistical/parameter uncertainty) and the fitted lognormal distribution (not including
1907 statistical/parameter uncertainty) using each method
1908
Quantile | Predictive Lognormal
Analytical MCMC ML Analytical MCMC | ML
0.001 0.3522 0.3428 0.4547 0.4964 | 0.4958 0.5159
0.01 0.5125 0.5090 0.5772 0.5974 | 0.5969 0.6150
0.05 0.6589 0.6567 0.7011 0.7048 | 0.7043 0.7193
0.1 0.7388 0.7376 0.7717 0.7697 | 0.7693 0.7820
1909
1910 K
1911 Figure A.6 — Probability density function for each method
1912 K

1913 Figure A.7 — Cumulative distribution function for each method
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Analytical

014 — — — . Analytical logn
MCMC

. MCMC logn
012 | ML Val

— — — .MLlogn

Cumlilative distribution function
o
o
8

1914 ’

1915 Figure A.8 — Lower tail of the cumulative distribution function for.each method

1916 If the sample size is increased to n=50, the difference between the methods-is'much less, and the
1917  significance of the statistical uncertainty disappears, as seen in Figure A:9. For a lower COV, the
1918 undertainty will generally be reduced, and the difference between the methods will be lower.

Analytical

F | — — — - Analytical logn
Mcme

b |— — — - McMClogn
ML

007 L1 MLiogn

Cumulative distribution function

1919 ’
1920 Higure A.9 — Lower tail of the cumulative distribution function for each method for a
1921 sample size n=50

1922
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Annex B
(informative)

Inverse FORM

Inverse FORM (IFORM), Winterstein et al. (1993), can be applied to find contours for
environmental conditions with a given probability of exceedance in the long-term joint
distribution of e.g. mean wind speed and turbulence standard deviation or mean wind speed,
significant wave height and peak spectral period. IFORM has been applied to derive
formulations for the turbulence standard deviation conditional on the 10-minute mean wind

acdfor-NTM ond ETAM 1 IEC £440N0 1
Sp\_uu TOT TN T IV ol = T ive i eSO T oo,

In [FORM, the stochastic variables x are transformed to the independent standard normal space
(u-g$pace) using e.g. the Rosenblatt transformation (Rosenblatt, 1952). A given exceedance
propability,P, is associated with any point in u-space with a distance g to the origin through|the
relgtion:

B =-071(P) 58)

For specific events (such as the number of grid outages, start-ups,orshutdowns per year) which
car| be assumed to follow a Poisson process and is independent.of the environmental conditipns
the| conditional event probability can be introduced directly insthe IFORM analysis. Assuniing
thal the annual event frequency Ae is known, the associated Conditional distance to the or{gin
Be Is obtained through the relation:

— -1 1
Be = —@ (ZP) 59)
In  dimensions, the coordinates of the u-v€&ctor u should therefore fulfil:

B=lull = [uf +--+ud 60)

In two dimensions, the points'are located on circle with radius B, and pairs of u-values can be
foupd from the following (farjall 6 from 0 to 2x):

u, = B cosé

®1)

u, = fsinf

Corresponding values for each of the variables x, are found by equating their respective
disfribution functions with the standard normal distribution function, and solving for the variable,

F(x) = ()
(62)
x =F 1 (@)
For example, for the Rayleigh distribution, the distribution function can be written:
x 2
FG) =1-— exp(— ®) ) (63)

Solving for x then yields:
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x=a=In(1->@w)) (64)
1950 Example: NTM and ETM model

1951 This example shows how to use IFORM to calculate environmental contours for the NTM and
1952 ETM model. The 10 minute mean wind speed, V, is assumed to follow a Rayleigh distribution,
1953 and the turbulence standard deviation ¢ follows a Weibull distribution.

1954  a) Select exceedance probability:

1955 The turbulence in NTM corresponds to the 90% quantile in the annual distributian, |i.e.
1956 it is exceeded 10% of the time:

Pyry = 0.1 65)
1957 The turbulence in ETM has an occurrence probability corresponding to 10 minutes [out
1958 of 50 years.

10

- = g =7
Pern = 50722 365 50 ~ SO0 10 66)

1959 b) [Calculate corresponding distance to the origin, g, in standard normal space:

Byrm = =P~ (Pipn) = 1.282

67)
Berm = =P~ (Pery) = 4.9
1960 c) |Generate points in u-space with distance g to origin, covering the area of interest:
1961 Using equations (60) and (61)with values of 8 in the range from 0 to 2w, Figure B.1 is
1962 generated:
/ /////77+77\3\\ o
O ‘(“ m \“
R 1
\\ e
1963 '

1964 Figure B.1 — Contour lines for NTM and ETM in the u-space
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d) Calculate x-vectors corresponding to the points in u-space using the inverse cumulative

distribution functions.
Here x;, =V and x, = 0.

For the 10 minute mean wind speed, a Rayleigh distributed variable with mean py,
transformation is:

2py

the

(68)

V() = 2/ 7In (- @)

ALTE.
7t

The turbulence standard deviation ¢ is assumed to follow a Weibull distribution with, 'sh
parameter k and scale parameter C, both conditioned on the wind speed:

k(uy) = 0.27 V(u,) + 1.4
C(uy) = Iyep (0.75 V(wy) + 3.3)

Values of the turbulence standard deviation are then calculated-from:

o(uy, up) = C(uy) - (—In(1 - cb(uz)))ﬁ

For IEC class IA, the mean uy is 10 m/s, and the turbulence intensity L., is 0.16. Figure

shows the contours for NTM and ETM togetherwith the characteristic values defined in
61400-1 ed. 4.

NTM

ETM “

6
_ Char. NTM

[m/s]

Char. ETM

hpe

69)

70)

B.2
EC

Turbulencg standard deviation

0 1 1 1 1 | | |
0 5 10 15 20 25 30 35 40 45

Mean wind speed V [m/s]

Figure B.2 — Contour lines for NTM and ETM, and the characteristic values defined in

IEC61400-1
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Annex C
(informative)

Example Calculations for Reliability Assessment

The purpose of this information annex is to provide some representative probabilistic models for the
main wind turbine components (Tower) and design situations (DLC 1.2, 1.3 & 6.1) in order to describe

the

Th

background for the partial safety factors in the IEC 61400-1 standard.
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representative probabilistic models can either be tailored directly to a specific wind tur
ign or used as a baseline to define probabilistic models for other main wind turh
nponents or design situations.

Ultimate Limit State

A Design Equation

design equation is defined according to IEC 61400-1 4t" edition equation (29) and (30)

1
G=Z_Rk_)/ka20 (
Ym

bre z is a design parameter (which may be used to scaled the design equation to the |
D), ym is the partial safety factor for material parameters and resistance models, R« is
racteristic value for the resistance, yr is the partial safety factor for loads and L« is
racteristic value for the loads. The partia] safety factor for consequences of failure y
licitly assumed to 1.0 corresponding to component class 2.

.2 Limit State Equation

limit state function is defined as:

9. =2 OR XStr - XSiteXAeroXDynXMatXWindXSimL

bre & is the model \uncertainty for the resistance model, R is the physical, model
istical uncertainty in the dominating strength parameter and Xstr is the model uncertaint
stress / strain ‘model.

L is the physical, model, statistical and measurement uncertainty in the site / atmosph
ditions;ysee Annex G, X,., is the physical and model uncertainty in the aerodyna
perties, Xp,, is the model uncertainty in the aeroelastic model, Xy, is the phys

ine

71)

mit
the
the
L s

72)

and
by in

Bric
mic
cal
the

ertainty in the material and geometrical properties, Xy;,4 is the model uncertainty in

win

d model e.g. turbulence box and wake modelling, Xy, IS the statistical uncertainty in

simulation setup and L is the physical uncertainty in the load effect.

the

The uncertainties in the loading conditions are (when relevant) assumed propagated through
the aeroelastic model to the load parameter of interest, see section 6.3.2. The stochastic
variable F is normally determined by fitting a distribution function to the load parameter
evaluated for different quantiles of dominating environmental conditions e.g. extreme
turbulence in DLC 1.3 and extreme mean wind speeds in DLC 6.1.

The baseline stochastic variables are listed in Table C.1 — for wind loading (normal operation /
idling) and gravity loading along with the resistance (Steel).
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Table C.1 — Baseline stochastic variables for load and resistance model.

73—

Variable Distribution | Mean Char. cov
Wind Wind Gravity
Loading Loading Loading
Normal Idling
Operation
Xsite LN 1.00 u 10% 10% 0%
Xaero LN 1.00 u 10% 10% 0%
Xoyn LN 1.00 u 5% 5% 0%
Xat LN 1.00 u 5% 5% 5%
Xind LN 1.00 u 10% 10% 0%
Xgim LN 1.00 u 5% 5% 0%
L G/G/N - 98% / 98% / n 5% 23% 5%
1) LN 1.00 u 5%
R |(Steel) LN - 5% 5%
Xdtr LN 1.00 u 5%
C.1.3 Reliability Assessment

The

annual reliability index for the different wind turbine components and design situation

are

est|mated using the First Order Reliability Methed (FORM) and listed in Table C.2 — . The
est|mate reliability index is for DLC 1.3, DLC 6.%.and Gravity loading close to the target reliabjlity
index of 3.3 according to 5.

Taple C.2 — Annual reliability indexfor different main wind turbine components (Towgr)
and design situations (DLC 1.3 & 6.1).

Material ™ Wind Loading Wind Loading Gravity Loading
Normal Idling
Operation DLC 6.1
DLC 1.3
i 1.35 1.35 1.10
Steel 1.20 B =3.26 B =3.29 B =3.22

C.1.4

Direct reliability-based design

In the case of direct reliability design, one can solve for the probability of failure for various
values z of the design parameter. This method obliviates the use of the design equation and its
associated safety factors, as the required safety is obtained directly through the calculation of
the design parameter z required to achieve the target reliability level.

An example is provided for the probabilistic model in Table C.1 — above and focusing on the
case of an analysis of a steel component under normal operation conditions. For the direct
reliability calculation, distributions for load and resistance need to be fully characterized, and
in this example we choose (arbitrarily) reference values of 1.0 for both the characteristic levels
of load (F, or the 98% quantile of the load distribution) and resistance (R, or the 5% quantile
of the material strength distribution), we use FORM to obtain the results shown in Table C.3 -
for reliability index as a function of design parameter z.
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Table C.3 — Resulting reliability index for different values of design parameter for
simplified example

1.75
3.61

z 1.45
B 2.76

1.55
3.06

1.65
3.34
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Alternatively, one can also iteratively calculate the value of design parameter that will meet a
desired, pre-assigned, reliability level.

CA

.5 Reliability-based calibration of partial safety factors

In 4
fac
site
of

for

different application case — going back to the use of the design equation and partiahsat

ors — suppose new information collected substantiates the argumentation that, for a“gi
where a more accurate combination of models and measurements is used, the:coeffic
ariation of X, is reduced to 0.05. In such cases, one could calibrate a new,_safety fa
loads following the same procedure outlined above.

Again, starting from the baseline probabilistic model assumed for steel conponents and nor

ety

en
ent
ctor

mal

opgrating conditions stated in Table C.1 — above, Table C.4 — shows the.results for the reliabjlity
index for several different values of the safety factor choice y, given y, = 1.20 (the gnly
applicable choices would be the ones resulting in a reliability index-higher than 3.3):
Table C.4 — Resulting reliability for different partial safety factor for loads (given yy|=
1.2)

Yr 1.20 1.25 1.30 1.35

B 2.95 3.15 3.34 3.53
C.1.6 Assess the accuracy of the computation and perform sensitivity studies
Asgume a designer has chosen the design parameter z = 1.65 from the calculation outlined|in
C.1.1 to meet a target reliability of-f = 3.34. One may estimate and justify the accuracy of this
sollition by applying a direct simulation method such as a crude Monte Carlo.
In B crude Monte Carlo, (all' the random variables composing the limit state equation jare
randomly drawn from their respective distributions defined in Table C.1 a sufficiently large
number of times and-the probability of failure is estimated as the relative number of times [the
resplting limit state-equation is lower than 0. Table C.5 shows the estimated probability of failure
as the number of Monte Carlo runs increases in magnitude.
Table C.5 & Assessment of reliability index convergence with number of draws in Monte

Carlo simulations
N 104 105 106 107
B 3.23 3.27 3.27 3.27

From Table C.5 one concludes that the reliability index is converging to = 3.27 which is within
2.5% of the value obtained by FORM. For more complex cases and limit states, one notes that
the accuracy of FORM might not be guaranteed to be of this magnitude. Alternatives are the
use of Second Order Reliability Method (SORM) and other direct simulation techniques such
as adaptive importance sampling.

There are several ways that one can access the sensitivity of the results from a reliability
analysis with respect to input variables of interest. Here two of such ways are listed.
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