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FOREWORD

e |[EC (International Electrotechnical Commission) is a worldwide organization for 'standardizatign-com

Ernational co-operation on all questions concerning standardization in the electrical and electronic fiel
5 end and in addition to other activities, the IEC publishes International StandardssTheir prepara
rusted to technical committees; any IEC National Committee interested in the Subject dealt wit
ticipate in this preparatory work. International, governmental and non-governmental~organizations |
h the IEC also participate in this preparation. The IEC collaborates closely with the Intern
janization for Standardization (ISO) in accordance with conditions determined.by agreement betwe
b organizations.

e formal decisions or agreements of the IEC on technical matters @xpress, as nearly as possih
ernational consensus of opinion on the relevant subjects since each technical committee has represe
m all interested National Committees.

e documents produced have the form of recommendations for intérhational use and are published in th
standards, technical specifications, technical reports or gdides and they are accepted by the N
mmittees in that sense.

order to promote international unification, IEC Natiopal ‘Committees undertake to apply IEC Intern
ergence between the IEC Standard and the corresponding national or regional standard shall be
icated in the latter.

e |IEC provides no marking procedure to indicate its approval and cannot be rendered responsible f
Lipment declared to be in conformity with oneyof its standards.

ention is drawn to the possibility that some of the elements of this technical specification may be the s
patent rights. The IEC shall not be held,responsible for identifying any or all such patent rights.

main task of /IEC technical committees is to prepare International Standard
btional circumstances, @ technical committee may propose the publication of a tech

specification when

e th
d
e th
fu
Tech
whet

e required suppOri‘cannot be obtained for the publication of an International Stan
bspite repeated efforts, or

e subject is'still under technical development or where, for any other reason, there
ture butno immediate possibility of an agreement on an International Standard.

hical specifications are subject to review within three years of publication to d
ner(they can be transformed into International Standards.

andards transparently to the maximum extent pagssible in their national and regional standardg.

brising

national electrotechnical committees (IEC National Committees). The object of the IEE€’ s’ to prfomote
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IEC 61400-13, which is a technical specification, has been prepared by IEC technical
committee 88: Wind turbine systems.

The text of this technical specification is based on the following documents:

Enquiry draft Report on voting

88/120/CDV 88/132/RVC

Full information on the voting for the approval of this technical specification can be found in
the report on voting indicated in the above table.
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This publication has been drafted in accordance with the ISO/IEC Directives, Part 3.

The committee has decided that the contents of this publication will remain unchanged
until 2004. At this date, the publication will be

¢ reconfirmed;

L]

withdrawn;
replaced by a revised edition, or
amended.

A bilimguat-versiomof thistechmicatspecificationm may beissued ata tater date.
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INTRODUCTION

In the process of structural design of a wind turbine, thorough understanding about, and
accurate quantification of, the loading is of utmost importance.

In the design stage, loads can be predicted with aeroelastic models and codes. However,
such models have their shortcomings and uncertainties, and they always need to be validated
by measurement. Furthermore, measurements can be used for the direct determination of
structural loads in specific conditions.

MechanteatHHoat-meas i d-boeth-a ba ot eH-ane-a basjis for
certification. Design aspects for wind turbines are covered by IEC 61400-1 whilst certifigation
procgdures are described in IEC WT 01*. This technical specification is aimed_at thg test
enginjeer who will design and implement the test programme to meet the specific-design or
certiffcation needs. The specification provides specific guidance on load measuremenfs on
key dtructural components and load paths. Data analysis procedures are  also out|ined.
The g$pecification describes how to collect various types of time-series\. or statistical|load
information. Two types of situation are considered — steady-state operation and trarlsient
operation. The prescribed measurement load cases mirror the design load cases Within
IEC 61400-1, the wind turbine safety standard.

IEC WT 01:2001, IEC System for Conformity Testing and Certification of Wind Turbines — Rules and
procedures
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WIND TURBINE GENERATOR SYSTEMS —

Part 13: Measurement of mechanical loads

1 General

1.1

Scope and object

This
focus
meth
mecH

The
for th
spec
of co
inten
meas

1.2

The
cons
amer

part of IEC 61400 deals with mechanical load measurements on wind turbines.c{ n
es on large (>40 m?2) electricity generating horizontal axis wind turbines. Howeve
pds described might be applicable to other wind turbines <as well (for< exa
anical water pumpers, vertical axis turbines).

bbject of this specification is to describe the methodology and corresponding techn
e experimental determination of the mechanical loading on windcturbines. This tech
fication is intended to act as a guide for carrying out measurements used for verifig
des and/or for direct determination of the structural loading. This specification is no
ded as one coherent measurement specification but can (@lso be used for more li
urement campaigns.

Normative references

ollowing normative documents contain provisions which, through reference in this
itute provisions of this part of IEC £2400. For dated references, subse
dments to, or revisions of, any of these-publications do not apply. However, parti

ainly
, the
mple,

gues
nical
ation

only
mited

text,
juent
es to

agre¢ments based on this part of IEC 61400 are encouraged to investigate the possibility of

apply
refer
and |

IEC ¢
gene

IEC ¢

IEC 6
testin

ISO

ISO ?

1995, Guide to the expression of uncertainty in measurement

ing the most recent editions of the normative documents indicated below. For un
bnces, the latest edition of the nortmative document referred to applies. Members o
SO maintain registers of currentlysvalid International Standards.

0050(415):1999, Internatioral Electrotechnical Vocabulary (IEV) — Part 415: Wind ty
rator systems

1400-1:1999, Winditurbine generator systems — Part 1: Safety requirements

1400-12:1998, Mfind turbine generator systems — Part 12: Wind turbine power perforn
g

039471998, General principles on reliability for structures

lated
f IEC

rbine

ance

1.3

perinitions

For the purpose of this technical specification, the definitions related to wind turbine systems
or wind energy in general of IEC 60050(415) and the following definitions apply.

1.3.1

blade

rotati

1.3.2

ng aerodynamically active part of the rotor

blade root
that part of the rotor blade that is connected to the hub of the rotor
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1.3.3
calibration load
forces and moments applied during calibration

1.3.4

capture matrix

organization of the measured time series according to mean wind speeds and turbulence
intensities

1.3.5
chorg
length of a reference straight line (the chord line) that joins, by certain defined conventions,
the leading and trailing edges of a blade airfoil cross-section

1.3.6
chorf line
refergnce straight line that joins, by certain defined conventions, the \eading and trpiling
edgep of a blade airfoil cross-section

1.3.7
desi{n loads

loadq that the turbine is designed to withstand. They are obtained by applying the appropriate
partial load factors to the characteristic values

1.3.8
flap
direction which is perpendicular to the swept surface of the undeformed rotor blade axis

1.3.9
hub
fixture for attaching the blades or blade @ssembly to the rotor shaft

1.3.1p
lead{lag
direcfion which is parallel texthe plane of the swept surface and perpendicular t¢ the
longitudinal axis of the undeformed rotor blade

1.3.111
nacelle
hous|ng which centains the drive train and other equipment on the top of a HAWT tower

1.3.1p
natufal freguency (eigenfrequency)
frequency at which a structure will choose to vibrate when perturbed and allowed to vibrate frleely

1.3.13
outboard
towards the blade tip

1.3.14

partial safety factors

factors that are applied to loads and material strengths to account for uncertainties in the
representative (characteristic) values

1.3.15
radial position
distance from the rotor centre in a plane perpendicular to the rotor axis
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1.3.1

6

rotor centre
point on the main shaft in the plane perpendicular to the main shaft that contains the blade

co-or

1.3.1

dinate origin of the reference blade

7

rotor plane
plane perpendicular to the main shaft and which includes the rotor centre

1.3.1
span

8
wise

direc

1.3.1]

steagly-state operation
of operation of the turbine during which it remains in a steady state such as during

state
powe
the e
procq

1.3.2
trans
even

1.3.2
test
force

1.3.2
turby
turbul
inter

1.3.2
yaw
angle
and

ion-narallel to-tha lonaitudinal axis of 3 rotor hlade
Ho-R—pafaHetothe+ohRghdaiara& FOto—B1+a6

T LAy —cr

¢

r production, power production + fault condition and when parked or idting and for

vhich

xternal conditions also remain essentially steady or characterized hy Stationary rapdom
sses for the duration of the measurement
0
ient event
during which the state of operation of the wind turbine chafges, such as during shut-dgwn
1
oad
s and moments applied during a test
P
lence intensity
lence intensity is the ratio of the standard deviation of the wind speed in a given| time
al to the mean wind speed in the same time interval
3
bosition
between the vertical projection of the centre line of the main shaft on the tower|base
the X-axis of the tower co-ordinate system (which is to be defined as appropriate

Sitive

accofding to the site and.the shape of the tower cross-section). The yaw position is po
rotating counter-clockwise (top view)
1.4 | Symbols,.units and abbreviations
141 Symbols and units
£ strain -
¢F nngln for Vaw micnlignmnnf [°]
B number of blades -
f frequency [Hz]
F forces [N]
I turbulence intensity -
I index for wind speed bin -
i index for accumulated number of alternating load cycles -
k index for specific load -
Mpe blade-root lead-lag bending moment [Nm]
Mps blade-root flap-bending moment [Nm]
Meq equivalent load [Nm,
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Mim tower base normal bending moment [Nm]
My tower base lateral bending moment [Nm]
Miit rotor tilt moment [Nm]
Mitm tower top normal moment [Nm]
Mt tower top lateral moment [Nm]
Mitt tower top torsion moment [Nm]
m slope of S-N curve -
n number of measurements/results -
N number of PyPInQ to failure —
R rotor radius [m]
R®ik extrapolated load range [NmM,|N]
RMijk measured load range [Nm,|N]
S load amplitude [Nm,[N]
S type A standard uncertainty -
Trdior rotor torque [Nm]
u measured value for uncertainty assessment -
U type B standard uncertainty -
Xbs| Vb, Zb blade co-ordinates (see figure A.1) -
Xhs| Yhs Zh hub co-ordinates (see figure A.2) -
X input quantity -
Xns| Yn» Zn nacelle co-ordinates (see figure A.3) -
Xt Y, Z tower co-ordinates (see figure A.4) -
y quantity to be measured -
Ve1 extreme wind speed with returh; period of one year [m/s]
Vhdb wind speed at hub height [m/s]
Vin cut-in wind speed [m/s]
Vy rated wind speed [m/s]
Vodt cut-out wind speed [m/s]

1.4.2 Abbreviations

MLC measurement*load case

DLC design load case

SO steadysstate operation

TE transient event

TI turbulence intensity

2 Safety durimg testing

Certain measurement load cases involve deliberate operation of the turbine in extreme and/or
emergency fault conditions (for example, grid loss). As the purpose of the tests and
measurements in most cases is to verify loads on a prototype turbine, it shall not be assumed
that the turbine will behave and respond as intended. Therefore, such tests shall always be
assumed to be dangerous and due regard shall be taken for personnel safety. On this basis,
such tests shall be initiated and observed from a safe position, usually at a certain distance
upwind the rotor plane and they shall not be carried out with personnel inside or on the nacelle or
tower or within the rotor plane. All tests and test procedures shall be agreed with the turbine
manufacturer before implementation to ensure that the turbine integrity, and hence that personnel
safety, is not compromised. Requirements from existing applicable safety standards shall be
followed.
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3 Load measurement programmes

3.1 General

The measurement programme involves collecting both a comprehensive statistical database
and a set of time series, which define the behaviour of the turbine in certain specific
situations. In this clause, a system of measurement load cases (MLCs) is defined to
determine the wind turbine loads in conditions corresponding to a selection of design load
cases (DLCs) of IEC 61400-1. The MLCs may directly be used for documentation of the load
in relation to the DLCs, or the MLCs may provide a basis for the validation of calculation
modegts—at opc\,;ﬂb arre—weh-defired—exterral—conditions: Subocqucllﬂy, the—motdets—ean be
used|to estimate the loads at the design conditions. This clause also provides specificdtions
for the quantities to be measured.

3.2 | Measurement load cases (MLCs)
3.2.1 General

This [subclause describes how to build up load measurement campaigns from a numbier of
well-fefined MLCs. The MLCs are defined in relation to- the DLCs¢ described in IEC 61400-1.
Hende, not all DLCs can be reasonably verified by measurement:

The MLCs define the main external conditions and the operational conditions of the turbine
during the measurement campaigns. The external canditions iinclude meteorological para-
metefs such as wind speed, turbulence intensity and air density. The operational cond|tions
inclugle operational parameters such as rotationak/speed, yaw error, electrical powef and
bladg pitch angle. The operational conditions depend on the wind turbine configuration and
shall|be specified for each particular case.

Due [o the stochastic character of the external conditions, measurements of each MLC |have
to bg repeated several times in order’to reduce the statistical uncertainty. The minjmum
number of measurements at each MLE\is specified in this subclause.

Som¢ of the DLCs of IEC 61400-1 and covered by MLCs defined in this specificatiop are
specified at external conditions*that are difficult to achieve during a measurement camgaign.
In particular, the high wind speeds for those DLCs are difficult to obtain during the
meagurement campaign.or at a specific site. For example, it is not possible to forcefully ppply
the extreme coherent(gust to the turbine. In such cases, these load cases shall be assdssed
at wind speeds whichJare as high as possible.

The |measured<time histories are classified in two ways: one considering steady{state
operation (SO) and one considering transient events (TE). In this way, all measurement$ can
be classified in measurement load cases which relate to the IEC 61400-1 DLCs.

Tables 1 and 2 show the MLCs that are recommended to be recorded. The MLCs defined in
the tables may not be complete. Additional MLCs may be necessary depending on the wind
turbine concept and control and safety strategy.

3.2.2 MLCs during steady-state operation
Power production

During power production, measurements shall be performed in the wind speed range from
cut-in to cut-out and in a range of turbulence intensity levels described in the following
subclause.
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Power production with occurrence of fault

According to IEC 61400-1 any fault in the control or protection systems, or any internal fault in
the electrical systems being significant for the wind turbine loading, shall be considered to
occur during power production. The occurrence of a fault in the control system, which is
considered as a normal event, shall be analysed. A typical fault condition could be the
operation at extreme yaw misalignment due to a faulty wind vane, which might not be relevant
for a free yaw wind turbine. Faults in the protection system or in the internal electrical system,
not causing an immediate shut-down of the wind turbine and consequently leading to higher
fatigue loading, shall be considered. An example could be operation with one tip brake
activated. The possible fault conditions shall be considered for each wind turbine and
application im order to define the measurement campaigns.

Parkgd, idling
The loads on the parked wind turbine, which may be either in a standstill or idlihg condition,

shall|be measured. It is recommended that measurements be performed_ at)wind speegs as
high ps possible.

Table 1 — MLCs during steady-state operation related to the DLCS-defined in IEC 61400-1

MLd Measurement load DLC number Wind condition Remarks
numbier case MLC (IEC 61400-1) at DLC
1.1 Power production 1.2 Vin < Vhub < Vouf® In this mode of operation, the wind
turbine is running and connected to
the grid
1.2 Power production 2.3 Vin <Whub < Vout* Any fault in the control or protgction
plus occurrence of system, which does not cause|an
fault immediate shut-down of the tuybine
1.3 Parked, idling 6.2 Vit < Vhup <0,75 ve1* | When the wind turbine is parke¢d,
the rotor may either be stoppef or
idling

* Has|to be divided further into wind speed bins and turbulence bins.

3.2.3 MLCs during transienievents
Start-up

This |design situation(includes all events resulting in loads on the wind turbine during the
transjents from standstill or idling to power production. The normal start-up of the turbine|shall
be performed slightly below cut-out wind speed and at cut-in wind speed. If the turbine
operates at mare than one fixed speed, cut-in on the different rotational speeds shall be
evalyated too.

Nornral shut-down

This design situation includes all events resulting in loads on a wind turbine during the normal
transient caused by going from a power production situation to a standstill or idling condition.
The normal shut-down is recommended to be performed at cut-in wind speed, at rated power
and at cut-out wind speed.

Emergency shut-down

The loads arising from emergency shut-down shall be considered. It is recommended to
perform the emergency shut-down near cut-in wind speed and above rated wind speed.
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Grid

failure

The loads arising from grid failure shall be considered. It is recommended to perform the
simulation of grid disconnection above rated wind speed and near cut-out wind speed.

Over

The

speed activation of the protection system

loads during activation of the protection system due to turbine overspeed shall be

measured. All combinations of braking procedures and activation methods shall be
considered. It is recommended to perform this test above rated wind speed.

Table 2 — Measurement of transient load cases related to the DLCs defined in IEC 614(0-1
MLC Measurement load case MLC DLC Target wind speed
2.1 Start-up 3.1 Vip.and >.v, + 2. mis
2.2. Normal shut-down 4.1 Vin, Vy and >4 $H2 m/s
2.3 Emergency shut-down 5.1 Vin and >+ 2 m/s
2.4 Grid failure 1.5 v, and >, + 2. m/s
2.5 Overspeed activation of the protection system 5.1 v+ 2m/s
Ideally the measurements should be taken at v, As this is impracticak-the measurements are
taken at wind speeds higher than v, + 2 m/s.
3.2.4 Capture matrix
The ¢apture matrix is used to organize the measured time series. The capture matrix hap two
objeqtives: it can be used as a guideline foZzprogramming the data acquisition system for

autor
meag

For ¢
turbu
elem
serie

The K
for e
syste
recof

If the
sectd
sectd

hatic and unattended operation andxit can be used as a tool to decide when the
urement requirements are fulfilled.

teady-state operation, the operational condition is defined and the mean wind speed and
lence intensity are calculatedilf it is decided to store the time series, the relevant matrix
bnt is updated. Consequentlysiit.is simple to decide when the recommended number of time
5 is reached. For a transient event the actual wind speed is written in the capture matrix.

in sizes of the mattixiand the number of data sets in each matrix element have to be adppted
hch specific measurement campaign. If the relevant status parameters from the control
m are recorded, capturing the measurements during some of the transient events can be
ded automatically too. The scheme of the complete capture matrix is given in table

measuftement site terrain characteristics differ significantly in the various wind dirgction
rs, thie=capture matrix can additionally be divided into pre-selected wind diregtions
rs¢ Fhe overall requirements on the database remain the same.

Power production

During the measurement campaign the data should be classified according to the wind speed
and turbulence intensity. Even though there is no requirement on the turbulence intensity at
high wind speeds, the recorded data shall be classified according to the turbulence bins.

It is
turbu
each

recommended that the wind speed be divided into bin intervals of 1 m/s and the
lence intensity into 2 % bin intervals. The accumulated number of 10-min time series at
wind speed bin up to v; shall be at least 30. This corresponds to 5 h of raw data in total

at each wind speed bin from vj, to v;. In addition to the totally required amount of data, the
measurements shall be recorded at different turbulence intensities. As a minimum four

turbu

lence bins at each wind speed bin should include at least three time series.
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In the wind speed range from v, to vyt minus 5 m/s the accumulated number of 10-min time
series at each wind speed bin shall be at least eight. No further conditions are put on
the turbulence intensity in the same range of v; to vgyt minus 5 m/s. In the wind speed bin
from vgoyt minus 5 m/s up to vgy, the duration of the time series to be recorded may be
reduced to 2 min. At least three time series at each wind speed bin from vg, minus 5 m/s to
Vout Minus 1 m/s should be recorded. At least one time series shall be recorded at vgyt.
No conditions are put on the turbulence intensity in the range from vg,: minus 5 m/s to vgyt.
The 2-min time series may be derived from the 10-min time series, on condition that there is
no overlap in the resulting 2-min series.

Power production and occurrence of fault

The wind speed is divided into three intervals, from v, minus 6 m/s to vyminus 2 m/s,
Ve minus 2 m/s to v, plus 2 m/s, and for wind speeds larger than v, plus 2 m/s. The durati
each|time series shall be more than 2 min. The relevant fault conditions shall be.evaluated for

each|particular case.

Parkpd (standstill or idling)

The wind speed bin size for standstill or idling MLCs is recommended to be 4 m/s
duration of the time series is recommended to be 10 min. Measurem@nts at parked cond
shoul|d be made at a variety of yaw misalignment angles, including the most unfavourable

inflow angles.

Table 3 — Capture matrix for normal,power production

from
on of

The
tions

Normal power ptoduction
Wind speed binssize: 1 m/s
Turbulencéhin size: 2%

Time s4gries
length

10.min

At lea

5t 2 min

Wind (m/s) O Vi - 4,5
1 (%) 0 5,5

Vy

Vout

<3

3-5

5-7

7-9

27-29

>29

Minimum 4 4 4 4
number of
turbulencg bins

with at least
three time series

Minimum 30 30 30 30
recommended
number of time
series for
empirical load
determination

30 30

30

Minimum Vipto vy =2
recommended
measurement
hours for model
validation 3h

vV, -2t v +2

3h

V,+2 to

3h

W, +2)HV oy

(Vr +2) + Vout

1h

2

to Vout

NOTE The recommended number of time series
measurements can be updated in the white cells.

at each wind speed bin is given in the last but one row. The actual number of
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Table 4 — Capture matrix for power production plus occurrence of fault

Power production plus occurrence of fault

Time series length

2 min

2 min

2 min

Wind (m/s)

Fault condition

Vipn<v<v,—2m/s

Vi—2m/s<v<v+2m/s

Vi+2m/s<v

Fault No. 1 2 2 2
Fault No. 2 2 2 2
Fault No. n 2 2 2\

NOTE The recommended number of time series at each fault condition is shown in tbe\grey elements.
al number of measurements can be filled in the white cells.

The

Table 5 — Capture matrix for/'parked conaition

Parked (standing still and/or idhkng)

—

me series record
length

Minimum 2 min
D

Pafking modes

All design driving parking modes

(forexample, idling, standstill)

Yaw angles

At leasttthe two most unfavourable angles

Reford mean wind
speged ranges

(Vin to v, — 2:m/s)

S

(vy =2 m/s to v, + 2 m/s)

above v, + 2 m/s

Migimum total time 20 min 20 min 20 min
Acfual number of ‘
mesurements ~Q
N
Talple 6'— Capture matrix for normal transient events
Normal start-up and shut-down events
Event A\ (Vip to v, — 2) (v, —2tov, +2) above v, + 2
Start-up™\“ Recommended
3 - 3
number
Actual measured
wind speed (m/s)
Normal shut- Recommended 3 3 3
down number
Actual measured
wind speed (m/s)
NOTE 1 The actual measured wind speed is the average over the duration of the transient event.
NOTE 2 The actual wind speed measured during the transient event shall be filled in the white cells.
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Table 7 — Capture matrix for other than normal transient events

Other transient events

3.3
3.3.1
The

turbines can be classified into

In the
meag

3.3.2

The

Thes

loadi

fundd
the

g

m
a
(0]
a

Event Most critical wind speed
Grid failure Recommended number 3
Actual measured wind speed (m/s) ‘ ‘
Emergency shut down Recommended number 3
Actual measured wind speed (m/s) ‘ ‘
Overspeed combinations Recommended number 8
Actual measured wind speed (m/s) I I
Other design critical transients Recommended number 3 y
Actual measured wind speed (m/s) ‘ ‘ o

NOTE 1 The actual measured wind speed is the average over the duration of the transient event.

NOTE 2 The actual wind speed measured during the transient event shall be fNIed in the white
cells.

Quantities to be measured

General

elevant physical quantities to be measured in order fo characterize the loading of

D

ad quantities (for example, blade loads, rotor loads and tower loads);

eteorological parameters (for example, wmd speed and direction, ambient temper
nd air pressure and other);
perational parameters (for example,\power, rotational speed, pitch angles, yaw pos
vimuth angle).
p following subclause, a mtke ‘detailed specification is given for the various categor
urement quantities.

\

N
Load quantitigs

measurementscalm at the determination of the fundamental loads on the wind tu
e are the basic.1oads on crucial locations of the wind turbine construction from whig

ng in allnthe relevant wind turbine structural components can be derived.
imental (0ads to be measured are listed in table 8. Figure 1 indicates the load vecto

quan
pitch) ‘are critical to safe operation then they should also be measured.

bind turbine structure. The co-ordinate systems to use for the description of the
ities.dre given in annex A. If specific loads such as actuator loads (for example, yay

Table 8 — Wind turbine fundamental load quantities

Load quantities Specification Comments

Blade root loads Flap bending Blade 1: mandatory

Lead-lag bending Other blades: recommended

Rotor loads Tilt moment

Yaw moment system (for example, on the tower)

Rotor torque

Tower loads Bottom bending in two directions

TS 61400-13 © IEC:2001(E)

wind

ature
ition,

es of

bine.
h the

rs on

v and

The tilt and yaw moment can be measured in
the rotating frame of reference or on the fixed
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3.3.3

Meteorological parameters

Table 9 lists the meteorological quantities to be measured in load measuring programmes.

Table 9 — Meteorological quantities

Quantity Importance level Comments
Wind speed Mandatory At hub height
Wind shear Recommended
Wind direction Mandatory At hub height
Air temperature Mandatory Influences material properties
Tdmperature gradient Recommended
Air density Mandatory Derived from air temperature and'air pressure
(which may be derived from fthe-altitude faking
into account ISO atmosphere)
\‘ N\
3.3.4 Wind turbine operation quantities
» (A
Table 10 lists the operation quantities which are or may be requiréd.
Table 10 — Wind turbine operation quaritities
Quantity Importance level . Comments
Electrical power Mandatory
Rotor speed Mandatory
Pitch angle Mandatory Only for variable pitch turbines
Yaw position Mandatory
Rotor azimuth Mandatory If yaw and tilt moment are measured on the
rotor shaft
Grid connection Recommended
Brake status ﬁecommended
Vind turbine status \ Useful Relevant parameters may be derived from
control panel of wind turbine
\
N
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TRotor M ttn

Rotor loads / '~
Wind

M ttl

Tower top loads

Mtn

Tower loads

IEC 801/01

Figure 1 — Fundamental wind turbine loads: tower.base, tower top, rotor and blades
D}
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4 Measurement techniques

4.1 General

In this clause, the measurement techniques for the various types of quantities in load
measurement programmes are described. These techniques include

instrumentation;

calibration;

— S'nnnl cond
g oo

If, with respect to calibration, for a particular type of sensor, nothing is specifically mentipned,
senspr calibrations should be performed and documented.

FurtHermore, this clause gives recommendations with respect to the data-acquisition methods
in logd measurement programmes.

4.2 | Load quantities
4.2.1 Sensors

This |subclause deals with load sensors, selection of suitable locations and recommgnded
deplgyment procedures. Before dealing with the specifics of measuring loads on |[wind
turbipes, the following points will be highlighted:

|
—=

g¢commended types of load sensors;

eneral considerations for sensor location;

| |
O «Q

hlibration procedures to ensure accuraté.and reliable performance of the instrumentgtion.

4.2.111 Types of sensors

A load sensor is a device thatdirectly or indirectly measures the load experienced |by a
systgm or component. Typicakdevices include, but are not limited to

- sfrain gauge bridges;
- ldgad cells/torque tubges (including piezoelectric cells);

- agcelerometers, velocity, rotation and displacement transducers.

For wind turbines, it will seldom be possible to place a load cell in a main load path. Fo this
reasQn, strain“gauges applied to the structure are selected as the recommended type of
senspr. It is recommended that the strain gauge output be related direct to an applied| load
level] This is achieved by establishing static calibration relationships. It is important to realize
that dyrramicbehaviourof-the-structureorcomponentcanmodify-thisretatronship—so—that the
strain gauge will indicate gross internal loads rather than externally applied loads. In strain
gauge application, it is particularly important to avoid wire temperature effects and cross-
sensitivity and to ensure proper temperature compensation. Cross-sensitivity is the
undesirable characteristic of a measurement system of being sensitive to different load
sources, making it difficult or impossible for the system to differentiate between them. Full
strain-gauge bridge designs offer good scope for reduction of cross-sensitivities and
temperature effects and are to be preferred for most wind turbine applications.

NOTE Accelerometers or displacement transducers can also be used to measure applied loads indirectly, relying
on a knowledge of the inertia or stiffness of the structure. For a dynamic system, interpretation will depend upon
whether the device is well below, at, or well above, a resonant frequency. However, this method is difficult. It
requires very accurate descriptions of the structural mass and stiffness and is therefore prone to significant error.
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4.2.1.2 Choice of sensor location

In the process of selecting sensor positions for the measurement of gross structural loads, it
is recommended to choose a location which

— has a high strain per unit load level;

— provides a linear relationship between stress and load and as such should avoid load
introduction paths;

— is in a region of uniform stress (i.e. is not subject to high stress/strain gradients, avoids
localized stress raisers or concentrations);

- has space to apply sensors;
- allows temperature compensation;

g made of material having uniform properties (for example, steel is preferable to
cpomposite materials);

g made of material to which measurement devices can be easily fixed or bonded.

4.2.113 Calibration of load sensors (general)

Experimental verification and calibration of strain gauge bridges shall be carried out fpr all
mandatory sensors. It is recommended that the calibration is carriéd out prior to the gctual
test. [All the mandatory load sensors shall be checked beforé and after the actual tgsting
period. Ideally, the separate links in the measurement chain_should have known indiyidual
calibrations.

4.2.113.1 Initial calibration

Loads are measured using a sensor (the strainsgauge bridge) and a measurement fhain
(bridge excitation, signal amplifier, filter and data acquisition system). To avoid the nepd to
recallbrate the sensor ‘after changing afi"element in the measurement chain, [it is
recotnmended that the sensor and the measurement chain be calibrated separately.

a) Cllibration of the sensor

To deétermine the sensor sensitivity (the relation between the load in N or Nm and the s¢nsor
outpyt in mV/V) quasi-static calibration loads are applied on the turbine in a number of gteps
coveling the expected loadirange during turbine operation as much as practically pospible.
The g¢alibration loads can be applied using well-known masses or using a winch and al load
cell gecured to the graund, to a crane or to another part of the turbine. Calibration gf the
senspr and component’ in a laboratory is also possible. It is recommended to preloafl the
turbine a few times _before the initial calibration to get rid of possible residual stresses. During
calibfation, the~applied loads and the corresponding sensor signals shall be recordgd for
subsequent data treatment. It is recommended not only to determine the output of the s¢nsor
as a [functien.of the load for which the sensor is designed but also for other loads to acgount
for the passible effect of cross-sensitivity.

If a load-based calibration IS Impossible, the sensor sensitivity can be determined anatytically
using the dimensions and material properties of the structure and the properties of the strain-
gauge bridges (configuration and k-values). This analytical approach, however, leads to a
higher uncertainty in the sensor sensitivity than the result of a load-based calibration and
should not be used with composite materials or complicated cross-sections.

b) Calibration of the measurement chain

The measurement chain from sensor output through the data acquisition system is calibrated by
generating known sensor outputs and recording the corresponding readings in the data
acquisition system. Known sensor outputs can be generated by mechanical loadings, as
described above, but it is much more practical to generate the sensor outputs electrically. This
can be done by substituting the sensor temporarily with a dedicated instrument (a strain-gauge
bridge simulator) or by shunting one of the strain gauges in the bridge temporarily with a large
resistor of, say, 1 000 times the gauge resistance.
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4.2.1.3.2 Calibration checks

It is advised that calibration checks of the measurement chain (from sensor to signal) be
performed at regular intervals. In cases where it is observed that the calibration data have
changed beyond the acceptable limits of uncertainties, the cause of this change has to be
established. Calibration checks of the measurement chain can be readily performed in the
same way as the initial calibration.

4.2.2 Measurement of blade root bending moments

42.2.1 Instrumentation

Flap [and lead-lag bending moments shall be measured. For lightning and environajental
protection, it is recommended that the sensors be mounted within the blades rather thIn on
the outer surface, where convenient. This will also lead to better protection during‘handling.

Straip gauges should be applied in such a position that cross-sensitivities(between legd-lag
and J‘Iap-load measurements are minimized. Applying the gauges to a partof the bladg root
which is as nearly cylindrical as possible may facilitate this. Regardless of the moynting
locat|on, cross-sensitivity should be measured and corrected according-to B.2.1.

In the case of pitch-regulated turbines, the above advice also(applies. However, for cgnsis-
tency, the sets of gauges should be oriented so that they areparallel to and perpendicujar to
the chord line at 70 % radius.

4.2.212 Calibration

The plade-root load sensors should be calibrated\by external force application close tp the
blade tip. Alternatively, the signals for the lead-lag and flap-bending moment in the blade root
can he calibrated using the blade mass as a¢ealibration load in case the blade can be pijched
over jat least 90°. Since the load signals are 'designed to measure the bending moments in the
bladg root at the position of the strain gauges, the calibration has to be performed using the
valugs of the mass and centre of gravity of the part of the blade outside the strain-gauge
positlon for the ‘determination of the calibration load. This requires exact knowledge qf the
distripution of the blade mass pet-unit length along the blade axis.

It should be noted that using-the blade mass to calibrate the loads might limit the calibfation
load fange and result in.athigher calibration uncertainty.

4.2.2|3 Calibratien check

By rotating the-rotor slowly around 360°, the blade mass causes a variation in the lead-lag sjgnal.
If pitching_is—possible, the variation in the flap wise signal can also be measured| The
variafiong"have to be measured at initial calibration in order to determine the referenqge for
ated checks later on. This check shall be done at low wind speeds. When checking the

A maman i acommandad O—\L 3\ ha 1 1 1 a 1 ha Wlnd
direction.

4.2.3 Measurement of yaw and tilt moment
4.2.3.1 Instrumentation

When instrumenting for the measurement of the rotor moments, a distinction should be made
between machines with rotating main shaft and machines with fixed main shaft support (and
either an internal transmission shaft, a direct-drive generator, or some other torque-
transferring arrangement).
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On machines with a rotating main shaft, the tilting and yawing rotor moments cannot always
be derived from measurements on the shaft even with proper azimuth recording. In such
cases, it is recommended to install gauges for bending moments in the fixed system.

On machines with a fixed rotor shaft support, the tilting and yawing rotor moments can be
derived from measurements on the shaft support. Consequently, measurements of bending
moments in the tower top and torsion in the tower top are not required to determine the
overall moments. They may be needed, however, for more specific component evaluation.

If the yaw and tilt moments are measured at the rotating main shaft in combination with the

ha nacitionad -in hna wit the
PP oSO e o e—h

rotor raziruth-sighah—-is+ecommended-that-the—strain-gatges
instrymented rotor blade. If the strain gauges are mounted in the fixed frame of refergnce,
special attention shall be given to their positioning. The structural influence from\thg yaw

system shall be analysed and reported.

4.2.312 Calibration

The g$ensors shall be calibrated by applying an external load. If the loads\are measured gn the
rotor[shaft, the load signal for one bending direction should be calibrated at the same time as
the bjade-root flap-bending moment calibration.

The g¢alibration of the sensor for the other bending direction’can be done by using the|rotor
masq. Both shaft-bending signals should be measured while turning the rotor through one
revolption. The calibration of the second shaft-bending/moment should be set to give & load
amplftude equal to the already calibrated moment.

If thg loads are measured on a fixed rotor shaft’support or at the tower top, the calibfation
shou|d be done by applying external loads on a blade in'such orientation that a represeniative
range of bending moments is obtained.

4.2.3|3 Calibration check

By ypwing the turbine ‘through 360°, the mass of the nacelle and rotor combined with its
centre of gravity causes a signal-variation. The variation has to be measured at initiall cali-
bratign to determine the reference for repeated checks later on. The zero point is determined
from [the mean of the sinusoidal bending moment signal obtained when rotating the nacelle
from |0° to 360°. This should be carried out below cut-in wind speed.

If thg yaw and tilt. moments are measured at the rotary main shaft in combination with the
rotor| azimuth signal the rotating rotor causes a sinusoidal variation on the signals.| This
variafion has-te. be measured at the initial calibration by rotating the rotor at very low|rotor
speef (idling)-at wind speeds below cut-in wind speed.

4.2.4 Measurement of the rotor torque

4.2.4.1 Instrumentation
The strain gauges for measuring the torque of the main shaft should consist of a full bridge

with pairs of gauges on opposite sides of the shaft. Using the bridge only on one spot of the
shaft surface, shear due to bending and transverse load will be interpreted as torque.

4.2.4.2 Calibration

The calibration of the rotor torque load sensors should be performed by applying a load on the
blade.
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4.2.4.3 Calibration check

The shaft torque can be checked against the electric power signal, taking into account the
efficiencies of the gear box and the generator system. During standstill of the turbine below
cut-in wind speed, the zero point of the signal can be checked regularly.

4.2.5 Measurement of tower base bending
4.2.5.1 Instrumentation

The bending moments at the tower base shall be measured in two perpendicular directions for
a tub =\ may
be rgplaced with measurements above the guy-wire attachment point. If the guy ropes'a
main|structural elements then the force in each rope should be monitored.

A latfice tower will require strain measurements in all supporting legs to arriverat-the resgltant
tower base load for all wind directions. A special assessment of the strain pattérn in the lattice
towef and the consequence for the measurements shall be performed.

4.2.5|2 Calibration

An external load shall be applied for calibration of tower base bending, either from the gfound
or frgm a crane or neighbouring wind turbine. Attention shoudld be paid to additional loading
due tp the offset of the nacelle and rotor centre of gravity with'respect to the tower axis.

Because of tower size and position, the comment about analytical calibration (see 4.2.1.3)
may ppply.

4.2.53 Calibration check
By ypwing the turbine through 360°, the\mass of the nacelle and rotor combined with its
centre of gravity cause a signal variation. The variation has to be measured at the |nitial
calibfation and shall be repeated periodically thereafter. The zero point is determined|from

the mean of the sinusoidal bending‘moment signal obtained when rotating the nacelle frgm 0°
to 360°. This should only be carfied out below cut-in wind speed.

4.3 | Meteorological quantities
4.3.1 Wind speed(and wind direction

4.3.1]1 Instrumentation

Cup pnemonieters are recommended for wind speed measurements. Their range should be
largef tharsfor power curve measurements. The anemometers should be able to record|wind
speefls/up/to 50 m/s in order to capture extreme wind situations during the load measure-
mentg.\Fhe distance constant of the anemometers used shall be less than 5 m. Mounting and
positioning of anemometers on the mast should be done according to IEC 61400-12.

The wind direction should be measured with a wind vane mounted according to IEC 61400-12.

It is also acceptable to use a nacelle-mounted anemometer and a wind vane on a lower mast
if a suitable calibration for undisturbed flow has been completed. Since the calibration will
depend on the operating parameters of the turbine, the calibration relation shall specifically
account for any varying operating parameters of the turbine, such as rotor speed, pitch angle,
etc. and for variation in external conditions, in particular incident flow angle and turbulence.
Such a calibration shall be made on the same or an identical turbine. The wind sensors have
to be mounted at the identical location on the nacelle as at the reference turbine.
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The uncertainty analysis shall account for any significant increase in uncertainty caused by
the use of a nacelle-mounted anemometer.

Wind farm operation and relevant obstacles in the vicinity of the turbine have to be taken into
account carefully during the evaluation of the data.

4.3.1.2 Calibration
Calibration of met-mast anemometer

Anemometer calibration should be carried out according to the recommendations given in
point{4 of clause 6 and/or IEC 61400-12.

Anemometer calibrations should be traceable to national standards. In _addition| the
calibration laboratory should have verification of the comparability of their calibrationg with
other recognized calibration facilities through a programme of interlaboratory~-comparison

2]

Califgration of nacelle-mounted anemometer

The pacelle-mounted anemometers have to be calibrated in the.same way as the metimast
anemometers. Additionally, a calibration function® between~both the nacelle and the
undidturbed anemometer has to be evaluated and documented: This is not only necessayry for
the average wind speed, for example 10-min averagesbut also for the relation the
standard deviation in order to assess the turbulence intensity. Special attention is to be qrawn
if the[turbine is out of operation, where a different calibration relationship applies.

4.3.2 Air density

If for[the determination of the air density, the.air temperature and air pressure are measfured,
the guidelines given in IEC 61400-12 should\be followed.

4.4 | Wind turbine operation parameters

The description of 'the measurements of the wind turbine operation parameters (eleqtrical
powdr, rotor speed, blade pitehtangle, yaw position, rotor azimuth angle, turbine status,|etc.)
is nof given because these meéasuring techniques are very wind turbine specific. Some ¢f the
signdls are provided by. the control system. The required accuracy for the wind turbine
operation signals is specified in 4.6.

Turbine status information (for example, grid connection, emergency shut-down, protgction
systgm activation; etc.) is necessary in order to properly categorize recorded data when
unattended..'Such information may also be useful for a trigger signal for automatic|data
acquylsition:

4.5 Data acaicitinan
. Ul M\J\.1UI-.)II.IUII

A digital data acquisition system shall be used to collect and store time series and statistical
data. The data acquisition shall satisfy the following requirements:

— analogue filters with cut-off frequency at least three times higher than any significant
frequency in the relevant signal to reduce noise and aliasing effects;

— the sampling frequency shall be at least eight times higher than any significant frequency
in the relevant signal;

— the data conversion range of any measurement channel shall be sufficiently wide to avoid
saturation (considering the whole measurement chain of transducer, analogue converter
and a/d converter);

— resolution of all digital components of the measurement for critical signals 12 bits or higher.
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In ad

dition to the requirements, there are the following desirable features:

— summary statistics such as average, standard deviation minimum and maximum can be
calculated automatically in a pre-process;

— continuous data acquisition and storage of time series and statistical data;

— intelligent storage strategy which gives, for example, the possibility to programme the
capture matrix;

- d

Guidance fo

EUR

4.6

Accu

standard. The measurement accuracy of a channel is dependent upon the(guality of -itg
bratign. Calibrations should be performed with the same instrumentation used to record th

data.

isplay to check on-line data of selected channel(s).

r issues regarding signal conditioning for load sensors may be found in R
16209 LN

eport

\J

[411)
| A I

Sensor accuracy and resolution

Facy is an estimation of how well measurements of a test channel correspond to a k

This provides integral calibration of all components along the data measurement

hown
cali-
P test
path

including sensors, cables, signal conditioner, and A/D converter. It is recommended that multiple

calib

The Ipest way to ensure measurement accuracy is to measure’the full channel response
usingd an external reference that produces a known result, With"this technique, all compo
along the data path are calibrated together and the accuracy of the full data path ca
detefmined. The accuracy is the standard uncertainty<of the sensitivity coefficient fo

calib

For many types of measurements, it is not possible to directly calibrate the full measurg

path
The
ensu

portign of the signal path is determined by replacing the sensor with a known reference.

The

elem
is 39
stang

ations be performed under conditions similar to those expected.during actual measuren

ation.

simultaneously. The alternative requires system components to be calibrated separ
uncertainty of the transducer is determined by pre-test and post-test calibratio
e that it remained within tolerancelduring the test. The uncertainty of the elec

oad measurement: calibration\uncertainty is defined by the uncertainty in the priy
bnt of the calibration  matrix (for example, Uc.a1/A1, equation B.6). The target
0. (This yields a 95 %, canfidence range of 6 %). Table 11 lists target values fd
ard uncertainties for non-load quantities.

Table 11 — Target standard uncertainties for the various non-load quantities

Quantity Target value Method of verification

Meteorological parameters

ent.

Hirect
hents
n be

that

ment
htely.
Ns to
ronic

cipal
value
r the

Wind speed 0,2 m/s See |IEC 61400-12

Wind direction 5° End-to-end calibration
Ambient temperature 2K See |IEC 61400-12
Air pressure 10 hPa See IEC 61400-12

Operational parameters

Electrical power 1 % of rated value See IEC 61400-12

Blade pitch angle 0,3° End-to-end calibration
Rotor speed 1 % of rated value End-to-end calibration
Yaw position 5° End-to-end calibration
Rotor azimuth 2° End-to-end calibration

1) Figures in square brackets refer to the bibliography.
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The following items should be included for the documentation of measurement uncertainty for
each channel:

sensor calibration sheet;
calibration sheet of external measurement standard;

calibration data (plot of signal versus external measure, sensor sensitivity, standard
uncertainty of sensitivity);

conditions of calibration (date, ambient temperature, wind speed, etc.);
configuration of data acquisition system (sample rate, gain, resolution, etc.).

The |determination of the measurement uncertainty should be performed and ~epjorted

accofding to annex B.

5

5.1

Rrocessing of measured data

General

In th|s clause typical practices used to determine the wind turbine’s dynamic behaviqur in
relatipn to the wind characteristics are presented. Specifically, "the following issue$ are
discussed: data validation, time series analysis, summary load statistics, generatign of

lifetime load spectra based on rainflow counted ranges and¢estimation of equivalent loads.

5.2

Data validation

The yalidity of the measured quantities as well as.ef the calculated magnitudes, for examnple,
the re¢sulting rotor loads from shaft bending moment measurements, shall be checked in jorder
to exfplude any erroneous recordings. Only data of documented validity may be used in further

analysis.

In ggneral, data shall 'be rejected ifthey do not meet criteria related to sensor calibration,

senspr operational ranges and noise.

If data were recorded under-abnormal ambient conditions, that are not classified as exfreme
condftions (for example, rain; ice), they should be segregated into a special categofy for

possible further analysis.

The first'stage validation of measured time series should be performed during commissipning
of th¢ measuringsprogramme and is based on raw data recordings at the specified or hiigher
sampling rates{ During the measurement period, time series data shall be periodfcally
checked in_‘erder to ensure high quality and repeatability of the test results. Furthermqre, a
secopd stage data validation shall be performed based on the total assembly of the stafistics

of tH
reco

The main issues related to data validation are described in the following.

Identification of invalid measurements due to obstacle shadowing. wind speed and
direction measurements while the sensors operate within the wake of the tested machine
or other obstacles should be rejected.

Exclusion of any measurements outside operational limits: the operational limits of
sensors, transfer (for instance the telemetry system) and acquisition system should not be
violated. Special attention should be paid in cases of extreme conditions.

Check on calibration: valid data shall be based on suitable calibrations as described in
clause 4. The first part of the data validation is a formal check that calibrations have been
carried out.
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— Drift: drift of zero points may be identified from measured data statistics. Zero drift due to
temperature effects can be large, especially on the blade measurements, and should be
checked, documented and accounted for. If any data correction is applied, it should be
reported in detail and taken into account during uncertainty estimations. Drift is best
identified by monitoring signal levels in low wind speed conditions.

- Erroneous application of sensor calibration constants: attention should be paid in cases
where changes in sensors, amplification or acquisition settings are made during the
measuring period.

- Presence of noise: valid data should not be affected by noise to such an extent that the

target signal/noise relationship is not met for any significant frequency of the relevant
gral—Cerrective—actions—may—be—essentialn—erder—te—compensate—for—the—Hmited
esence of noise. For each measuring channel a threshold should be defined. thgt will
naracterize a spike attributed to noise. Isolated spikes may be recovered by using the
o0 adjacent valid measurements and an interpolation formula.” Records, incluiding
Imerous isolated spikes, unrecoverable adjacent spikes or spike peaks reafhing
hturation should be rejected. If spikes are removed from the data series; the proc¢dure
hall be recorded. Data may be accepted as valid even though 6ther measurgment
hannels do not meet the noise validation criteria, provided such ather channels are not
pcessary for the data analysis. If spikes are detected, the summary statistics of that
nannel shall not be used.

nrealistic differences between comparable quantities: in( several cases (for example,
easurements of tower base moments or shaft-bending‘mements), a comparison qf the
gcordings of the two independent sensor sets may be made. If unexplainable differgnces
e observed, the instrumentation should be re-checked and the suspect data shoufld be
kcluded.

SC 0OSOVWWMWSZTOT W

DO D =

It shpuld be noted that excluded time series might be useful in the analysis of special
condftions.

Further validation is performed after completion of the fatigue analysis calculations. Checks
on specific magnitudes that present a egnsistent variation may reveal erroneous recordings.
Thesp magnitudes include the equivalent loads and the total number of alternating cycles in
each(record.

5.3 | Time series and load-Statistics
Plotting the measured and calculated load time series serves the following purposes:

gnal validation(clrecks;
hlibration;

s
c

- characterization of wind turbine dynamic loading under normal conditions and trarsient
eyents;

|
—

gporting of measurement campaign.

A typical presentation of a recording is described in C.2.1.

The statistical information of all measured and calculated loads, accompanied by the
respective wind and wind turbine operational magnitudes should be presented with respect to
mean wind speed. The presentation of the statistics, namely mean, maximum and minimum
values as well as standard deviation — all defined within the time frame described by the
capture matrix — serves the following purposes:

Characterization of wind inflow: the inflow, described by wind speed statistics, air properties
and turbulence intensity, characterizes the conditions under which the test was performed.
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Characterization of wind turbine static and dynamic loading under normal conditions: the
performance of the wind turbine is characterized by the load and operational mean and range
of variation scatter plots. Furthermore, the statistics of the assembly of the recorded time
series, as captured by the matrix, are qualitatively assessed in order to justify that the
collected time series adequately represent the measurement campaign.

Validation checks: the consistency of measurements is validated against the load mean
curves and ranges of variation. Faulty operation of instrumentation, data acquisition system or
analysis software may be clearly depicted from the measurement statistics.

In addition, frequency analysis such as power spectral densities of relevant channéls should
be plptted to characterize wind turbine dynamics (see C.2.3).

A typical presentation of wind, wind turbine operational as well as wind, turbine load stafistics
is degcribed in clauses C.3 to C.5.

5.4 | Load spectra
5.4.1 General

A mipimum of collected data sets has to be available in.order to-carry out a fatigue analysis
from |measured time series. The requirements on theddata-base, including the amount ofl data
required in the different wind speed and turbulence! bins of the capture matrix are given in
claude 3.

Cautjon should be taken that slow variation\in-wind speed may result in non-representative
high furbulence intensity estimates, for example steady increase or stepwise changes infwind
speefl during the 10 min. A representative set of measurements can be achieved eithpr by
seledting only 10-min samples with_a-“steady mean wind speed or by high-pass filtering the
wind|speed before calculating theiturbulence intensity. Any low-frequency filtering shall be
descyibed in detail in the reportiand shall be chosen so that similar filtering applied tp the
wind [model used in the design\does not significantly affect resulting design loads.

Guidgance on extrapolation of spectra of measured loads to other turbulence conditigns is
giver] in annex D.

5.4.2 Rainflow:'counting

Fatigue load.spectra for each measured time history may be calculated according tp the
rainflow, counting methodology. Such measured fatigue load spectra can be compargd to
spectrafor similarly defined loads and similar external conditions used in the dpsign
calcutations. The procedure of the rainflfow counting (described i Teference L of ciause 6)
includes the following steps:

a) removal of load points from the sequence that do not present a local minimum or maximum
considering the two adjacent points;

b) counting and removal of the full cycles;
c) counting of the residual cycles as half-cycles.

The number of divisions of the load range shall be at least 50 in order to achieve sufficient
resolution. If the classification is constant then the expected maximum of the load ranges
should be chosen so that it will fill as many divisions as possible. Alternatively, the
classification may be different for each recording and depend on the maximum range found in
each recording.
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The rainflow counting may be used in order to calculate fatigue spectra in different
formulations, namely one dimensional spectra (load ranges versus number of cycles) or two
dimensional (load from level i to load level j versus number of cycles or mean load i with load
range j versus number of cycles).

A typical presentation of one dimensional fatigue spectra is presented in figure C.7, for
representative blade, shaft, rotor and tower loads.

5.4.3 From rainflow matrices to load spectra

To determine the load spectra corresponding to lifetime operation, knowledge of the
distripution of external and operational conditions over the design Tlifetime of the turbine is
required. Data of this type will typically take the form of a wind speed distribution and
information on the number of specific events (starts and stops, faults, yaw activityetc.) Which
the tdirbine is expected to see over its lifetime. This is often referred to as the "duty‘cycle" [1].
From this, the total lifetime number of occurrences or duration of each steady-state opefation
and fransient event load case can be determined. A weighting factor is then derived for|each
load pase to scale the number of occurrences of each element in the measurement load|case
rainflow matrices to the lifetime equivalents. The lifetime load spectra are then based op the
summation of the weighted rainflow matrices. This procedure does.not account for th¢ low
cycle| fatigue loading resulting from the transition between load“eases. A simple methpd to
quantify the low cycle fatigue effects is available [5] which takes account of both the load|case
transjtions and the order in which they occur.

5.5 | Equivalent loads

The ¢oncept of equivalent load is a convenient, short-hand description of the fatigue impgact of
a given load measurement time history. The eguivalent load is conceptually the single| load
amplftude that, when applied with the total number of cycles in a given time history appdaring
at a given frequency (for example, 1 Hz), does-the same fatigue damage as the sum of gll the
different rainflow-counted load amplitudes” in the measured load spectrum. The [great
advaptage of the equivalent load is'thatcdtprovides a single descriptor of the fatigue dampging
potential of a particular loading duting a given time period. Therefore, it allows {irect
comparison of the fatigue damage:during different operating conditions (free wind, wake] high
turbulence, etc.), and it allows\ithe direct comparison of simulated and measured fgtigue
loadq. Specifically, the equivalent load is the weighted average rainflow range, with the|S-N-
curveg slope, m, for the relevant material as the weighting exponent. Material fatigue propérties
are assumed to be described by a log-log formulation such as

N=Cs™m

wherg

N is the number of cycles to failure at load amplitude level S

C angl m aré material properties.

The S-N-curve SIope, m, should represent the relevant materials, for example, values of 3,5
for welded steel, 6,8 for nodular cast iron, and 10 for glass-reinforced plastic.

The determination of the equivalent load also requires the prior selection of a corresponding
equivalent number of cycles. The equivalent number of cycles should preferably represent a
typical frequency for the given load type. For example, the equivalent number of cycles for the
lead-lag blade-root bending moment may reasonably be selected to correspond to the 1p
number of cycles, and the equivalent number of cycles for the tilting rotor moment may
reasonably be selected to correspond to the blade-passage frequency. It also may be
convenient to use 1 Hz. The equivalent load is defined by the expression


https://iecnorm.com/api/?name=55aab26530496990d723a3698603d482

- 30 - TS 61400-13 © IEC:2001(E)

Req = (ZRM ni/ngg)V/m

is the equivalent load;

is the load of the ith class of the fatigue load spectrum;

is the number of cycles in the ith class of the fatigue load spectrum;

is the equivalent number of cycles;

is the S-N-curve slope for the relevant material.

differ|

The proposed reporting format should provide the reader with-answers'to all the W-questi

Reporting

ach measured load cycle, the equivalent load cannot be thought of as an exact estima
ptigue damage. It is, however, a good estimate of the relative damaging.’ potent
ent load samples at a common location, and is therefore a very useful descriptive stat

DNS —

why, [what, where, when, who, etc. The following general table of contents is proposed:
1 Introduction
What is measured, and why, in‘broad terms.
2 wind turbine
1.1 Photograph of test turbine
1.2 Technical data
The format and extent of the te¢hnical description should be in accordancg with
the requirements of the IEC _61400-12.
3 Measurement site
3.1 Geographical location
Sufficiently detailed information to allow the reader to locate the test machjne.
3.2 Local‘topography.
Topographicalkdéetails corresponding to the reporting requirements of IEC 61400-12.
4 Instrumentation
4.1 Measutement system arrangement
The_ overall set-up of the measurements.
4.2 Transducers and converters
Location and type of each transducer. Strain-gauge locations identified Jon a
figure of the machine. More specific location descriptions (photographs)| may
be included in an annex. Location and type of each converter. Transducer$ and
converters to be identified by serial nhumber, where relevant.
4.3 Data acquisition system
Type of acquisition system (computer, A/D conversion type and resolution).
Software description. Type and settings of capture matrix. Sampling rate and
storage arrangements.
5 Calibration

Due to the extent of work often required in calibration, details may be shifted to an
annex (for example, calibration certificates, regression analysis, etc). However, the
entire calibration arrangements should be outlined in the main report.

5.1

Sensor calibrations

Descriptions of all calibrations carried out off-site, for example anemometers,

power transducers, etc.
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5.2 Calibration of measurement chains
Descriptions of all line calibrations carried out on site, for example, with
artificial anemometer signals from frequency generators, strain simulations,
etc.
5.3 Load calibrations
Descriptions of all load calibrations carried out on site, for example, by the
application of loads through load cells.
5.4 Summary of signal conversions
6 Database
6.1 Capture matrix
Set-up values for the capture matrix — wind speed and turbulence intefvals,
wind direction ranges, etc.
6.2 Data validation
Sorting and acceptance criteria. Description of rejected data.
6.3 Resulting database
Specification of data left available after validation. Numbers™of files, etc.
7 Time histories and load statistics
7.1 Plots of typical time histories for all relevant channels ‘at different wind speleds.
7.2 Plots of summary load statistics (see annex, C).
8 Turbine dynamics
8.1 Analysis methods
Description of methodology and algorithms — resolution, averaging, weighting,
etc.
8.2 Frequency spectra for shut-downctucbine
Plots of frequency spectra for albrelevant channels.
8.3 Frequency spectra for operating turbine
Plots of frequency spectracfor all relevant channels at low and high wind speefs.
8.4 Interpretation of dynamies
Logic procedure in, identification of frequencies, table of conclusions.
9 Fatigue loads
9.1 Analysis methads
Description.of methodology and algorithms — resolution, averaging, weighting,
etc.
9.2 Load‘spectra
Plats of load spectra for all relevant channels. Tables may be shifted o an
annex.
9.3 Equivalent loads
Plots of equivalent loads versus wind speed for all relevant channdls at
constant turbulence and yaw error
10 Uncertainty estimation
10.1 Calibration uncertainty
10.2 Uncertainty of measured loads, time series, mean loads, equivalent ranges and
annual spectra
11 References

Appendices
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Annex A
(informative)

Co-ordinate systems

A.1 General

All co-ordinate systems are right-handed Cartesian systems.

A.2 Btade co-ordimate system

The blade co-ordinate system is fixed to the blade. In general, its origin is the centre ¢f the
bladg flange.

Zp-ax|s Parallel with the pitch (longitudinal blade) axis, pointingstowards thpe
blade tip.
Yp-axis Parallel to the zero pitch line at the blade root, supplied by the blade

manufacturer and pointing towards the trailing edge. If this line is nor
existent, then the yy-axis is parallel to the chord line at 70 % of the
blade span, pointing towards the trailing edge.

Xp-aXis Defined such that the system x, Y, 7, is right-handed.

IEC 802/01

Figure A.1 — Blade co-ordinate system

A 3 Elvilh ~n ArAinAatn covactam
. oo CoO— oo atC—Sy Sttt

To transform the blade co-ordinates into the hub co-ordinate system, the cone and the pitch
angles and the distance between blade flange and rotor centre have to be taken into account.
One blade should be chosen as the reference blade.

The hub co-ordinate system rotates with the main shaft. The origin is on the main shaft in the
plane perpendicular to the main shaft that contains the blade co-ordinate origin of the
reference blade.

Xh-axis Parallel to the main shaft, positive in the downwind direction.

Zph-axis Parallel to the rotor disk plane through the reference blade origin.

Yh-axis Defined such that the system xp yh z, is right-handed.
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In case of a teetering hub, the hub origin is defined at zero teeter angle.

Zh

IEC" 803/01

Figure A.2 — Hub co-ordinate system

A.4 | Nacelle co-ordinate system

and
into account.

The pacelle co-ordinate system has its origin on_the yaw axis at the closest point to the

shaft|centre axis.

Xn-axis Parallel with the horizoatal projection of the rotor axis.
Yn-axis Horizontal, defined-so that x,, yn, z, form a right-handed system.
Zh-axis Vertical, pointing-up.

The pacelle co-ordinate system yaws with the nacelle.

Whe:r transforming the hub co-ordinates into the nacelle co*ordinate system, the rotor azimuth
ilt angles and the relative position of the hub origin and nacelle origin have to be

aken

rotor

IEC 804/01

Figure A.3 — Nacelle co-ordinate system
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A.5 Tower co-ordinate system

In order to transform the nacelle co-ordinates to tower co-ordinates, the nacelle yaw, tilt, shaft
off-set and distance between the nacelle origin and the tower base have to be taken into
account.

The tower co-ordinate system has its origin at centre of the tower base.

Zi-axis Co-axial with the tower axis.

Xi-axis  to be defined as convenient (a.0. according to the site and the shape of the tower
CroSS-Sectiony.

yi-axis defined by right-hand system of z and x;.

IEC 805/01

Figure A.4 — Tower co-ordinate system
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A.6  Yaw misalignment

The yaw misalignment is defined as the angle between the horizontal projections of the centre
line of the main shaft and of the wind speed vector.

In figure A.5, the yaw misalignment is shown to be positive.

Vind speed vector Vind speed vector

Positfve \‘/ Negative Positive \‘/v Negative

a e

Top view ‘

Rotor plane
\\Top view
IEC 806/01 ¢ IEC 8p7/01
Upwind machine . Downwind machine
D Y
Figure A.5 — Yaw misalignment
A.7 | Cone angle and tilt angle
The ¢one angle and tilt angle are shown'in figure A.6.
; fRotor p@ne‘ | fRotor plane

he angle

ane\angle

Tilt angle Tilt angle
""""""" Wind speed vecto
a4 i ) W
Wwind dgpeed vector ‘Shaft _1/ ‘Shaft
~A Upwind I Downwind
h machine "\\ machine
IEC 808/01 IEC 809/01

Figure A.6 — Cone angle and tilt angle


https://iecnorm.com/api/?name=55aab26530496990d723a3698603d482

— 36 —

A.8 Rotor azimuth angle

TS 61400-13 © IEC:2001(E)

The rotor azimuth angle varies from 0° to 360°. The zero angle 0° is defined with the

reference blade pointing up.

A.9 Blade pitch angle

The blade pitch angle is the relative rotation of the yyp-axis with respect to the hub co-ordinate
system. It is defined as positive towards feather and negative towards stall.
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Annex B
(informative)

Procedure for the evaluation of uncertainties
in load measurements on wind turbines

List of symbols

A coefficient in calibration matrix
a maximum error

c (sup) combined

¢ (super) during calibration

cal due to calibration uncertainty

D coefficient in inverted calibration matrix
e edgewise

f flatwise

F calibration force

index (general)

L distance between calibration load and strain gauge
M bending moment

n index in Monte Carlo procedure

Neq equivalent number of cycles peri\10 min

N number of entries per bin

1/m slope of the material Waohler curve

r correlation coefficient

Ran random value

Req equivalent load\range

stdev standard deviation

sig due to.signal uncertainty

S signal

S type A uncertainty

u type B uncertainty

U standard uncertainty in final result

v wind speed

* modified value in Monte Carlo procedure

X direction of calibration load w.r.t. blade axis
o partial derivative

6 direction of calibration load w.r.t. blade chord
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General procedure

B.1.1  Standard uncertainty

The uncertainty in wind turbine load measurements is determined in compliance with the
ISO Guide to the expression of uncertainty in measurement. In this guide, the uncertainty of a
measured quantity is called the standard uncertainty of that quantity. It is assumed that the
measured quantity is characterized by a normal (Gaussian) probability distribution with the
measured value as mean value and with the standard uncertainty as standard deviation. The
ISO guide distinguishes type A uncertainties and type B uncertainties.

~c »n -

r—

—

In ca
or by
assu
sourq

e n results. The standard uncertainty of the mean value of the results isccalculat
is standard deviation divided by the root of the number of observations (s = stdev/\[

ype B uncertainties (symbol u;) are uncertainties that cannot be determined by rep
bservations. The determination is based on judgement of all avaitable information o
ncertainty of the quantity. This information can be the general knowledge o
bhaviour of materials or instruments or the instrument specifiCations of manufacturer

5e the standard uncertainty is specified by the instrumentdnanufacturer or by a handg
any other source as an uncertainty interval with associated confidence level, ong
me a normal distribution and calculate the correspending standard deviation. In cas
e quotes a maximum error, a one can assume a rectangular probability distributior]

a width of 2a and determine the standard uncertainty/as

B.1.7

In m

Ui = al 3.

Combination of standard uncertainties

pst situations, the final resultof an experiment is determined by combining mea

guantities (for example, torque and“rotational speed to determine shaft power) or hand

data
(Sc) i
type

guantities. The standard uncertainty of the final result is then determined as u =4/s¢ +ug|.

Com

(for example, elasticity coefficient). The combined type A uncertainty of the final
b determined by combining the type A uncertainties of the input quantities. The com
B uncertainty (uc) «s determined by combining the type B uncertainties of the

2 2

bination of standard uncertainties can be done analytically or numerically.

Analytical” combination of standard uncertainties is done in case the final result
detenmined from the input quantities (xq, Xo, .. Xp) analytically:

y =f(

ype A uncertainties (symbol s)) are uncertainties that can be determined by analyding a
bries of repeated measurements. If a stationary quantity is measured n times, the, type A
hcertainty of the individual measurement result is calculated as the standard(deviatijon of

d as
N ).
pated
n the

f the
S.

book
P can
e the

with

sured
book
esult
bined
input

y) is

X1, X2, .. Xp)

n 2 n-1 n
2- TH¥YH, 2 N W v x

cov(x;,xj) = r(Xi,X)) Sx; S

r(xi,xy) = correlation coefficient between x; and x;

(B.1)
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The correlation coefficient of two input quantities is a measure for the mutual dependency of
their uncertainties. The correlation coefficient can have values between -1 (full negative
dependency, for example, by approximation the uncertainties in the slope and offset
parameter resulting from a linear fit) and +1 (full positive dependency, for example, the
uncertainties in air pressure and air density). In case the input parameters have no mutual
dependency (for example, the uncertainty in wind speed and elasticity coefficient) the
correlation coefficient is 0. In many situations, the correlation coefficients can be approximated
by 0 or by +1 which simplifies equation (B.1) into

,\n—Dész
AR PR o
. _z” dy
r=1: Sy = BTIE X S)(i (BS)

| I
iy

Thesp equations can be applied for the type A uncertainties as~well as for the type B
unceftainties.

Numerical combination of standard uncertainties is done in.casé the final result is numerically
determined from the input quantities, for example, the determination of a load spectrum ¢ut of
time |series using rain flow counting. The ISO guide dives no practical procedure for these
situafions. In the proposed procedure for these situations the standard uncertainty of thq final
result is determined through Monte Carlo calculations. The calculation of the final result is
repeTted several times with various values for¢the input quantities. The values for the |input
guantities are randomly drawn from a normal-distribution with as mean value the measgured
input|value and with as standard deviation {he standard uncertainty of the input quantityl, The
standard deviation of the series of final results is the estimate of the standard uncertainty of
the fipal result.

The input quantities that are expected to be fully (positively) correlated are drawn from|their
normial distribution with the same generated random numbers. In case input parameterg are
expefted to be uncorrelated; edach input parameter is drawn from its normal distribution psing
diffenent generated random numbers:

B.2 | Application for blade load measurements

B.2.1 Calibfation uncertainty

B.2.1.1 ,Determination of the calibration matrix

The |bending moments in flatwise direction and in edgewise direction of the bladg¢ are
measured using a flatwise strain gauge bridge and an edgewise strain gauge bridge. The
dependency of the two measurement signals on the flatwise and edgewise bending moments
is determined by calibration. The possible crosstalk effect of the edgewise bending moment
on the flatwise signal and the possible crosstalk effect of the flatwise bending moment on the
edgewise signal are also determined by calibration and corrected during the load
measurements.
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The calibration is performed by applying various well-known bending moments in flatwise
direction only and after that in edgewise direction only. At the same time both bridge signals
are measured. The dependencies of the signals on the bending moments are determined by
linear regression of the signals and the moments. The offset values that result from the linear
regressions are not used. The values for the slopes form the calibration matrix:

% Az%x Mg (B.4)

@e@ DA‘3 A0 Mg

where

SE |is the signal of the strain-gauge bridge in the flatwise direction (in pV/V);
SS |is the signal of the bridge in the edgewise direction (in pV/V);
M]? is the flatwise bending moment (in Nm);

MS |is the edgewise bending moment (in Nm);

A; (i|= 1 ... 4) are the calibration coefficients; the coefficients ,Ayyand Az are causgd by
crosstalk and are zero in the ideal case.

The yalues of the calibration coefficients and their associated type A uncertainties (sa|) are
derived by linear regression of the data-points obtained by the calibration.

The [type B uncertainties of the calibration coefficients (uaj) are caused by the type B
unceftainties in

- tHe measured signals (uS© and us:©),

- the measured load (uFf and uFg),

- the measured distance between strainsgauges and applied load (uLf and uLg),
- the direction of the applied force wirit. the blade axis (uas and uae), and

- the direction of the applied force:w.r.t. the blade cord (u6; and u6g).

Thesp uncertainties are estimated by the experimenter for the highest applied calibfation
load.| The type B uncertainty in each of the calibration coefficients is determined in the

following way:

A =|sf Im = s l(Rely cos ay cos 6r)

Ay =|s{ Im§-=S /(Fele COS ae COS B¢)

A3 =Se/M; = Sg/(FfLt COS Of COS 0f)

Ay = s$/mS = sS/(Fele COS ae COS 6;)

Assuming no correlation between the type B uncertainties justifies the application of
equation (B.2):

TR AP AT ST R

o 2 2 2
and similar for uA2 ,uA3 and uA4
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The combined type A and type B uncertainties in the coefficients are calculated by the

following equation.
UcAi :,/sii +uii pi=1...4 (B.6)

B.2.1.2 Use of the calibration matrix

a) Crosstalk not negligible

The calibration matrix is used for converting the measurement signals into load signals
using the inverse of the calibration matrix of B.2.1.1:

DVIfD ED]_ D2|:J ESfD 1 DA4 _A2|:| ESfD
0= K O——————0 X O ) (B.7)
%"lelil 833 D40 %el] AA P A3 T A3 AL O Pel |

br simplicity reasons the uncertainties in A, Ay, Az and A, are~dssumed to be
ncorrelated. With this assumption the uncertainties in the D-coefficienis can be deter-
ined using the values of A and uca by application of equation (B.2)!

" >
2 _ .2 1 2 1 2 1 2 1
Uepr = ucAléaAl Ez + Uca2 %g + Ucas %gJ' ucA4%g (B.8)

- Ay D1 _ ’ ""Az%
A Ay~ A Ag ORy \(A1A4—A2A3)2

3cm

D, (B.9)

Q

nd similar for Do, D3 and D4 and their partial derivatives.

The uncertainties in the coefficients D;.are translated to uncertainties in measured |Joads

dpie to calibration uncertainties (Ucy f aRd Ucg ¢) by application of equation (B.2):
Mt =Dy xS + D2 xS (B-10)
Q) Me =D3 x D4 xS B.11
N e =D3 xS +Dyg %S¢ (B.11)

N
\ _ |2 2 .2 2
¢ Ucal t _\/uch XS FUepp X Se (B.12)
X

\ Ucal,e :\/u§D3 XSf2 +UCZD4 ng (B.13)

This uncertainty is assumed to be fully correlated for all time samples of all 10-min deries
becalse all measurement data are treated with the results of one calibration run

b) Crosstalk negligible

In case the crosstalk is negligible, the use of the calibration matrix is simplified very much.
In this case, the relative uncertainty in the measured load due to the calibration
uncertainty is equal to the relative uncertainty in the calibration coefficient:

Ucaq

Ucal,f = Mg x (B.14)

UcAg

Ucale = Mg X

(B.15)
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B.2.2 Time series

The uncertainty in the value of each time sample of the flatwise and the edgewise bending
moment consists of an uncertainty due to the applied calibration results (Ucg f and ucg e) and
of an uncertainty in the measured signals (ust and use).
a) Calibration uncertainty

The values of ucy f and ucy ¢ are determined per time sample as described in B.2.1.2:

_[2 2, .2 2
Ucal f ‘\/Ucm XSf FUepp X Se

_ 2 2 2 2
u(:al,e _\/UCD3 ><Sf +UcD4><Se

gnhal uncertainty

S

The uncertainty in the measured signals originate from signal noise ((for example,|from
electromagnetic interference) and from zero drift (for example, from'temperature effects
of the strain gauges). In general terms, the signal uncertainty ¢an be written as [ugs =
alx & + b in which & is the value of the flatwise signal and a,and b are coefficients [to be
eftimated by the experimenter using his knowledge about the measurement system| The
same is done for uge. The measurement uncertainties in £€ach time sample of the signals
afe converted to the associated uncertainty in each time'sample of the bending moments
by the following equations.

_[~2 .2 > 2
Usig,f ‘\/Dl XUgp FB5 XUgg

— 2 2 2 2
usig,e _\/D3 XUgs \ D4 XUge

c) Tptal uncertainty

The total uncertainty due to the'calibration uncertainty and the signal uncertainty pei time
amp of the measured flatwise and edgewise bending moment are calculated by the
qllowing equations.

= 0

Uf:U2 +2

cal,f T Usig f
— 2 2
Ue = ucal,e + usig,e

B.2.3 Mean load versus wind speed

The mean flatwise moment and the mean edgewise moment can be measured as a function of
wind speed by measuring 10-min averaged values of the flatwise signal, edgewise signal and
wind speed. The 10-min averaged flatwise and edgewise signals are converted to 10-min
averaged flatwise and edgewise moments using the calibration matrix (see B.2.1.2). The load
curves are obtained by binning the two moments against the wind speed.

The uncertainty in the load curves consists of an uncertainty in each bin-averaged moment.
These uncertainties are caused by the uncertainties in the calibration, the uncertainty in the
measured flatwise and edgewise signal and the uncertainty in the wind speed.
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a) Calibration uncertainty

The uncertainty per 10-min averaged load due to the uncertainty in the calibration are
determined in the same way as described in B.2.2 but now based on the 10-min averaged
values of & and S instead of each time stamp. Since the calibration uncertainty of the
10-min averaged load values are fully correlated, equation (B.3) is combined with
equations (B.12) and (B.13) to determine the uncertainty of the bin-averaged loads:

N
_ 1 2 2 2 2
Ucalf = Wizl(\/uch x Sf tUpgp X Se )i

2 2 2 2
(\/“ch XS +Ugpg X Se )i

Mz

1
LIcal,e - W

=1

here N is the number of entries in the bin considered.

=

b) Sjgnal uncertainty

The uncertainty in each 10-min averaged load due to the (sighal uncertainti¢s is
determined as a type A uncertainty by calculating the standard)deviation of the 10-min
ayeraged loads in the regarded bin. The uncertainties in the various 10-min averaged load
values due to signal uncertainties are assumed to be‘uncorrelated. Therefore| the
upcertainty in the bin-averaged loads due to the uncertainty in the signals is determined
uging the standard deviation of the 10-min averagedcmoments in each bin (stdevyf and
stdevpe) and the number of entries (N) in each bin by.the application of equation (B.2)

Usig,f = stdeva/\/ﬁ

uSig,e = Sda/Me /\/ﬁ

c) Wind speed uncertainty

The uncertainty in the measured-wind speed per bin (uy ;) is determined as the categpry B
ncertainty of the wind speed inmannex D of IEC 61400-12. This uncertainty is tranglated
the associated uncertainty'in the bin-averaged bending moments (u, ¢ and uy ) psing
e slope of the preceding part of the load curve:

~— o~
-

M¢i —Mgig

u =Uu,; X
v, f Vi
Vi 7Via

M eji M eji-1

Uye =Uy;X
Vi Vi

whetei'is the index of the regarded bin, starting with the second bin (i = 2).

€ values of Uy (1) and Uy (1) are Set equal 10 Uy 12y and Uy e(2) TESPECtively.

d) Total uncertainty

The total uncertainty is calculated per bin for each bin-averaged bending moment using
the equations:

— 2 2 2
Us _\/ucal,f +usig,f +uv,f

2 2

L+
cal,e sig,e Uv,e

Ue =\/u2 +u
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Remark on turbulence intensity

In case the load curves are determined in classes of turbulence intensity, the uncertainty

in the turbulence intensity is not taken into account in the uncertainty of the load cu
The turbulence intensity values are reported together with their uncertainties.

B.2.4 Equivalent load range versus wind speed

rves.

The equivalent load range of the flatwise and edgewise moments can be determined as a
function of wind speed by measuring various 10-min time series of the flatwise signal and of
the edgewise signal together with the 10-min averaged wind speed. The 10-min load signals
are converted to 10-min time series of the flatwise and edgewise moments usin

calibration matrix (see B.2.1.2). By following the rainflow counting technique each 10-min
seriep is translated into load ranges. The load ranges are condensed into the equivalent
range (Req) with two chosen parameters: the equivalent number of cycles per 10 min-(neq
the slope of the material Wdéhler curve (1/m). The equivalent load range curves)are obt
by bipning the values of Req for the flatwise and for the edgewise load against the wind s

The puncertainty in the equivalent load range curves consist of an uneértainty in theg
averaged equivalent load range in each bin. These uncertainties) are caused by
unceftainties in the calibration, the uncertainty in the measured flatwise and edgewise
and the uncertainty in the wind speed.

a)

the

Calibration uncertainty

determined by a Monte Carlo procedure. In this_procedure, the calculation of eac

the loads. The modified time series are obtained, in the following way:

M (1) = M8 + Ran x uca ¢

O 23
Mg ()= Mg (t) + Ran X Ucgle
where

M£{(t) and M S(t) are the modified time series;

Ran is a random number; drawn from a normal distribution with an average of 0
standard deviation of 1 (N(0,1)) and
Utal f and Ucy) o aresthe calibration uncertainties given in B.2.2.

The random nuimber Ran is drawn once per time series modification and within 10 mj
time samplés-are modified using the same value of Ran. In this way, for each 10-min

series, aspumber of modified Req values (Rqu) are obtained for the flatwise and fd

load
load
and
nined
peed.

bin-
the

gignal

The uncertainty per 10-min equivalent load range_ dle to the calibration uncertaipty is

L Req

value is repeated a number of times (for example;v10 times) with modified time series of

and a

in all
time
r the

eflgewise load. The standard deviation of these modified Rqu values is the uncertai

the callbrat|on uncertamty of the 10 min averaged equwalent Ioad ranges are
correlated, equation (B.3) is applied to determine the uncertainty of the bin-averaged
equivalent load ranges:

N
_1 O
uCal,f - WZ (stdev Reqf

cal,e eq,e

1 .
u :WZStde\/R

where N is the number of entries in the bin considered.

ty of

fully
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b) Signal uncertainty

c)

d)

e)

The uncertainty in each 10-min averaged equivalent load range due to the signal
uncertainties is determined as a type A uncertainty by calculating the standard deviation of
the 10-min averaged values in the bin considered. The uncertainties in the various 10-min
averaged values due to signal uncertainties are assumed to be uncorrelated. Therefore,
the uncertainty in the bin-averaged values due to the uncertainty in the signals is
determined using the standard deviation of the 10-min averaged values in each bin
(stdevreq,t and stdevreq,e) @and the number of entries (N) in each bin by the application of
equation (B.2).

~ o~
= =

qugf = Sde\/Pnnlf /\/ﬁ

uSig,e = deReq,e /\/ﬁ

ind speed uncertainty

he uncertainty in the measured wind speed per bin (uy ;) is determined as the ty
ncertainty of the wind speed in annex D of IEC 61400-12. This uncertainty is trang
the associated uncertainty in the bin-averaged bending momehts (uy ¢ and uy ¢)

e slope of the preceding part of the Regq curve:
o Reqr; ~Reagiy
Uy Uy \
Vi 7Vie1
U =N X Rec4e,i " Recle,i—l
v,e & V,i TS W
Vi Vi1

here i is the index of the bin considered, starting with the second bin (i = 2).
he values of uy 1) and Uy (1) are set equial to Uy f2) and uy e(2) respectively.

btal uncertainty

he total uncertainty is calculated per bin for each bin-averaged equivalent load
5ing the equations:

— 2 2 2
Ut _\/ucal,f +usig,f +uv,f

— 2 2 2
Ue _\/ucal,e +usig,e tUye

emark dnturbulence intensity
case,the Req curves are determined in classes of turbulence intensity the uncertai

pe B
lated
LiSsing

ange

Nty in
. The

e‘turbulence intensity is not taken into account in the uncertainty of the Req curves

rhitlaonecon tntancitvvaliine Avn ranarind tannthary aanth thnaiy pineArtainting
NOOTCTICCT e oty varoC o ar C T C P ottt otogt it vt o e orrctramitc ST

B.2.5 Annual load spectrum

An annual load spectrum can be determined for a chosen annual wind speed, a chosen
turbulence intensity and a chosen number of operational events (such as grid loss, brake
actions). This is done by rainflow counting of selected 10-min time series corresponding to
certain wind conditions and corresponding to the operational events and adding of the results
using the number of occurrences on a yearly basis.
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The final result can be a range-mean matrix or a from-to matrix. The uncertainty in each cell
of the matrix is caused by

The

the uncertainty in calibration,
the uncertainty in the signals,
the uncertainty in the measured wind conditions and

the mismatch between the wind conditions needed for the calculations and the
conditions available during the measurements.

wind

incertainty in the measured wind conditions and the mismatch of the wind conditions is

not taken into account in the uncertainty of the load spectrum because no ready:t
procedure for this is known.

The pncertainty due to the calibration uncertainty and the signals- uncertainty Jis taker

acco

calibfation uncertainty are assumed to be fully correlated during the whole measurg
campaign. The uncertainties in the time series due to the signal uncertainties are-assum
be fylly correlated within each 10-min series and uncorrelated between the various 1
serieg. For this reason, the measured time series of all used 20<min are modified i
following way:

M fD(t) =M¢(t) +Ran X Ucqjf + RaNpX Usig,f

Melt) =M (t) +Ran x Ucal@) #Rany X Usjg e

here

0 =

AN is a random number used for all time Samples of all 10-min series, and

Py

AN, is a random number used for all time samples of the 10-min series number n.

The fandom numbers are drawn frem a normal distribution with an average of 0 4§
standard deviation of 1.(N(0,1)). The values of Ucq)f, Ucales Usigf and Usig e are obtaine
time pample as described in B.232.

Using these modified time. seties the load matrix is calculated again. By repeating this
cedufe p times with new Vvalues for Ran and Ranp totally p modified load matrice
obtaiped. The standafdyuncertainty of each cell of the matrix is obtained by calculatin
standard- deviation af the p values in each cell.

D-USe

into

int by the Monte Carlo approach. The uncertainties in the time series due t¢ the

ment
ed to
D-min
N the

nd a
d per

pro-
5 are
g the
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Annex C
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(informative)

Sample presentation of mechanical load measurements and analysis

C1

General

In annex C, a sample presentation of mechanical load measurements and analysis based on
experiments reported in [6] is presented in order to clarify the methodologies described within

the present document as well as the minimum report requirements and recommdnded
formats.
Table C.1 — Capture matrix

Normal power production

Wind speed bin size: 1m/s

Turbulence bin size: 2 %
TirTénz%ies Number of 10-min recordings
Wind(m/syo | 4| 5| 6| 7| 8| 9| 10| 11| 12| 13| 14 |v15| 16| 17| 18| 19| 20|21 | 23
I (%)|O
<3 ol 1 o| of of o] of 0] Oo}SO| 0| Of o 0| of 0|0 [|lo|oO
3-5 2|10 2| of of of of o})«e|* 0| 0| Oof o 0| of o]0 [|lo |oO
5-7 5|23 9| 6| 2 o| ol opN“0| O 0| Oof o 0| of 0|0 [|lo |oO
7-9 8| 30| 28| 23| 16| 5| 34| 3| 1| o] of ol o] 1 o]0 [lo |oO
9-11 13| 45| 62| 51| 45| 45| 29 15| 10| 7| 8| 1| 6| 2| 6| 4|0 [|]o |oO
11-1 14 |74 (121 |170|125 | 88\ 75| 52| 48| 43| 18| 18| 29| 29| 25| 10| 2 (|2 | O
13-11 18| 89 (116 |191 |200 |\46 |103 | 77| 86| 64| 46| 49| 51| 50| 23| 6| 2 [|o | O
15-17 17| 70 (101 |160.}147 |108|109 | 65| 51| 61| 49| 57| 39| 18| 11| 6| 2 |[|]o | O
17-1 9] 29| 53| 57/ 48| 49| 36| 29| 22| 30| 34| 31| 32| 8| 4| o|0 [|]o |oO
19-21 51 16 | 21\ 13| 15| 16| 20 9| 2| 8| 9| 6| 4| 2| of o]0 [|lo |oO
21-2 4| af~1| 10 6| 3| 6| 21| o| 4| 1| o] of o| o| oflo0 ||l0 [O
23-21 Oy M [ 4] 3| 2 o] of ol o 2| o of o o] of o|JoO0 [|lo|oO
25-2]1 i 3| o| 1| 1| of o| 1| of o] of ol o] of o] o|o0 [fo |oO
27-2 1 o| 1| of o] of ol of of o] of ol o] of o] o|oO0 [[fo |oO
>29 1| 1| 1| of o| of o| of of o] of ol o] of o] o|o0 [fo |oO
Number of 9 10| 9| 10| 8| 8| 8| 6] 6| 7| 6| 5| 6| 4] 5| 4]0 |0 |O
turbulence
bins with
more than
thre_:e time
series
Total number | 98 [393 |520 |685 (605 |460 (363 |250 [222 (219 |165 (162 |161 |109 | 70| 26| 6 [ 2 | O

* Median value of bin.
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The data presentation and analysis for selected records, representing normal operation,

standstill, transient or extreme conditions include the following items:

Table C.2 — Record brief statistical description

Record ID: #951008.129 Date: 8/10/95 Time: 09:14-09:24
Wind turbine status: Normal operation
Measured quantity Mean Sdv Min. Max. 1 Hz equivalent
load
Wind speed (m/s) 19,21 2,21 11,93 25,63 =
Wind direction (deg) 1,1 6,3 329,0 27,8 -
Air t¢gmperature (°C) 18,5 0,2 18,0 19,4 -
Air pfessure (hP) 1005,5 0,3 1004,8 1006,3 ~
Air density (kg/m?) 1,20 - - - -
Nacglle yaw position (°) -7,8 7,3 -19,8 10,3 -
Elec{rical power (kW) 100,4 6,6 69,3 30,6 -
RPM| (generator axle) 1011,5 1,7 1004,3 1021,0 -
Bladg¢ root flapwise b.m. (kNm) 17,20 6,68 -6,40 51,71 35,80 (m=12)
Bladg¢ root lead lag b.m. (kNm) 7,34 12,27 ~26,86 39,03 46,10 (m=12)
Shaff parallel™ b.m. (kNm) -1,79 13,71 ~54,58 43,00 56,35 (m=§)
Shaff normal” b.m. (kNm) 0,88 14,24 -37,58 49,10 56,26 (m=8)
Rotof yaw moment (kNm) 2,09 5,92 —26,24 40,21 33,19 (m=8)
Rotof tilt moment (kNm) -16,48 9415 -57,05 22,14 40,10 (m=8)
Rotof torque (kNm) 23,62 1,57 15,86 30,59 7,00 (m=4)
Towegr base bending N-S? (kNm) 354,42 67,67 87,86 579,88 215,16 (mH4)
Towgr base bending E=W? (kNm) 52,45 59,48 -143,15 282,23 186,48 (m44)
Towgr torsion (KNm) 1,98 6,58 -48,34 53,30 37,69 (m=4)
Y Dgnotes the orientation of the séisors on the rotating axis with respect to the master blade.
3 Dgnotes the orientation of the sénsors, for example, N-S stands for north-south direction.
C.2.1 Time series _presentation
The [ime serigs~for the selected record include the wind quantities (figure C.1), the|wind
tu_rbi:re operational chare_lcteristics (figure C.2) gnd the blade, rotor and tower quartities
(figues CG:3.and C.4 the first minute of the record is presented).
C.2.2—Azimuthalvaratonof blade-and-shaftleads

The azimuthal variation of the blade flapwise and lead lag as well as the shaft bending
moments are presented in figure C.5, including the mean, minimum, maximum and standard

deviation azimuthal variation.

C.2.3 Spectral analysis

The power density functions of the blade, rotor and tower loads are presented in figure C

C.2.4  Fatigue spectra

.6.

The fatigue spectra for the blade, rotor and tower loads, in terms of load ranges with respect

to cumulative number of cycles are presented in figure C.7.
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C.3 Wind measurement statistics

The statistics of the wind quantities are presented in figure C.8. Turbulence intensity is
presented both as a function of mean wind speed and wind direction

C.4 Wind turbine operational magnitude statistics

The statistics of the wind turbine operational quantities, including mean, maximum, minimum
and standard deviation, are presented in figure C.9.

C.5 [Mechanical Toad statfistics
The ptatistics of the measured mechanical loads, including mean, maximum, migimun and
standard deviation, are presented in figures C.10 to C.12.
C.6 | Fatigue load statistics

The statistics of the fatigue loads, in terms of 1 Hz equivalent loads{calculated for twq S-N

curvg slopes representative for each wind turbine component, are presented in figures|C.12
to C.[L5.

Run #951008.129 (09:14-09:24)
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Figure C.1 — Meteorological quantities record time series
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Run #951008.129 (09:14-09:24)
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Run #951008.129a (09:14-09:15)
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Figure C.3 — Wind turbine mechanical load time series (first minute of record)
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Figure C.5 - Azimuthal variation of blade and shaft loads
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Figure C.6 — Frequency spectral density functions for blade, rotor and tower loads
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Figure C.7 — Fatigue spectra for blade, rotor and tower loads
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