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Electrical power

Rotor speed or generator speed

Yaw misalignment

Rotor azimuth angle

Pitch position of all instrumented blades turbine
controller output

Pitch speed

Brake status

Brake moment*

Wind turbine status

AR

Blade root flatwise bending moment(1 blade)
Blade root edgewise bending moment(1 blade)
Blade flatwise bending moment distribution
Blade edgewise bending moment distribution
Blade root flatwise bending moment(2 blades)
Blade root edgewise bending moment(2 blades)
Blade torsional frequency and damping*

Pitch actuation loads(1 blade)

Rotor tilt moment
Rotor yaw moment
Rotor torque

Tower base normal/lateral moments
Tower top acceleration in normal direction
Tower top acceleration in lateral direction
Tower mid normal/lateral moments*
Tower top normal/lateral moments

Tower torsion moment
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Key Differences between the 2001 and the CDV 2014 Versions of IEC 61400-13

The contents of the CDV 2014 version of IEC 61400-13 have been re-structured to follow a general
process while performing mechanical load measurements to wind turbines. Some clauses have been split
into two with extra information in order to provide better clarity to measurement campaigns. For instance,

“Measurement techniques” has been divided into  “Instrumentation” and “Determination of
calibration factors” . The CDV 2014 version also provides more detailed instructions on performing
specific testing, calibration, and instrumentation. Information about mechanical load measurements for
recent developments such as offshore wind turbines, vertical axis wind turbines and wind turbines with a

rated power output above 1500 kW can also be found in CDV 2014 version.

Table 1 - Comparisons of the contents of two versions
2001 CDV 2014

General

Safety during testing

Load measurement programmes
Measurement techniques
Processing of measured data

A e A

Reporting 6. Test requirements
Annex A (informative) Co-ordinate Systems
Annex B (informative) Procedure for the
evaluation of uncertainties in load
measurements on wind turbines

Annex C (informative) Sample presentation

of mechanical load measurements and 12. Reporting

analysis Annex A (informative) Example co-ordinate
Annex D (informative) Extrapolation to systems

other turbulence conditions Annex B (informative) Procedure for the
Bibliography evaluation of uncertainties in load

measurements on wind turbines
Annex C (informative) Sample presentation
of mechanical load measurements and

analysis

Table 1 - Comparisons of the contents of two versions (Cont™ d)
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2001 CDV 2014

Bibliography

Separated from clauses of 2001 version [l Revised with more information

Separated and with detailed information or significant modifications Newly Added

The table above reveals some differences between these two versions, key differences can be concluded

as follows:

» Re-structured to follow a general process while performing a load measurement campaign.

> Blade bending moments measurements change from “flap” and “lead-lag” to “flatwise”
and “edgewise” , respectively.

» Test site requirements are added.

» Measurement Load Cases (MLCs) are modified with removal of some cases and MLCs for
dynamic characterization have been added.

» Capture matrices for normal power production, parked condition, and transient events are updated
with revised conditions and requirements.

» Additional load quantities for wind turbines with a rated power output greater than 1500 kW and
rotor diameter greater than 75m are provided.

» Instrumentation is provided with more detailed information about load quantities for test

requirements, wind turbine operation quantities and data acquisition system, while leaving

measurements of meteorological quantities to IEC 61400-12-1.
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Calibration of load and non-load channels for each load and operational quantities are covered
thoroughly with specific descriptions in Determination of Calibration Factors.

Examples of verification checks for blade moment, main shaft, and tower signals are added to
Data Verification.

When performing rainflow counting, the minimum number of divisions of the load range raises
from 50 to 100.

Rainflow counting 1s used to determine damage equivalent loads and the cumulative rainflow
spectra.

Notices of estimation for uncertainties have been collected into a single clause, together with the
updated Annex B to offer methods and examples for calculating uncertainties.

Requirements for reporting have been revised in order to follow the instructions provided by the
CDV 2014 version.

Several annexes have been added to the CDV 2014 version to give extra information, methods
and examples of mechanical load measurements, calibration, analysis, wind speed trend detection,

etc.
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Compare CDV 2014 with 2001, differences with respect to each clause are listed below:
Title
The title changes from  “ Wind Turbine Generator Systems’ to “Wind Turbines’ .
Clause 1 - Scope
® Originally, “Scope” wasin “Clause 1 - General” .
o (learly states that methods provided by the standard are intended for onshore
electricity-generating, horizontal-axis wind turbines (HAWTS) with rotor swept areas of larger
than 200m’. But these methods may also apply to other wind turbines after appropriate

evaluations or modifications.

Clause 2 - Normative references
® Originally, “Normative references” wasin “Clause I - General” .
e The reference “IEC 61400-1” has been updated to 3" edition, 2005, and the reference for

uncertainty of measurement “ISO/IEC Guide 98-3, 2008” is included as well.

Clause 3 - Definitions
e Originally, “Definitions” wasin “Clause 1 - General” .
e (Co-ordinate system of blade moments changes from blade root reference system ( “flap” and
“lead-lag” ) to local blade reference system ( “flatwise” and “edgewise” ).
e  Some terms have been removed from, added to, replaced of, or supplemented in Definitions as

Table 2 on the next page:
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Table 2 - Changes in Definitions

Added Removed Replaced Supplemented or
Corrected

Brake Status Calibration Load “Flap” isreplaced by | Chord Line
Calibration Chord “Flatwise” Steady-state
Cut-in Wind Speed Partial Safety Factors “Lead-Lag” s Operation
Cut-out Wind Speed Radial Position replaced by Turbulence Intensity
Parked Wind Turbine | Spanwise “Edgewise” Yaw Position
Rated Power Test Load
Rated Wind Speed
Reference Wind Speed
Wind Shear
Wind Veer

Yaw Misalignment

Clause 4 - Symbols, units and abbreviations

e Originally, “Symbols, units and abbreviations” wasin “Clause 1 - General” .

*  Some of the symbols are changed or added according to the changes in Definition.

Clause 5 - General

¢ This clause 1s a combination of the description of the structure of the CDV 2014 version and the

“Clause 2 - Safety during testing” of the 2001 version.

Clause 6 - Test Requirements

e This clause

2001 version.

“Test requirements”

is revised from “Load measurement programmes’

* The requirements about a test site are included.

(O An obstacle assessment and terrain assessment shall be completed per IEC 61400-12-1.

O Tt should be noted that flat terrain with low turbulence is not ideal for a mechanical loads test due

to potential lack of excitation of the wind turbine dynamics.

¢ Blade moments are measured as flatwise and edgewise.
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Several modifications have been made to MLCs. For example, the “Power production plus
occurrence of fault” MLC has been removed. Comparisons of these changes are listed in tables

on page 28.

New MLCs for dynamic characterization have been added to 6.3.4, inclusive of power production,

parked, emergency stop, yaw start/stop, and manual excitation.

Capture matrix for normal power production has been replaced by two capture matrices which are
for stall controlled and non-stall controlled wind turbines with revised requirements. Other
changes such as removal of capture matrix for power production plus occurrence of fault, please
refer to page 31 for further information.

e In some cases, importance level of a few load quantities have been changed from
“Recommended” to “Mandatory” , and also some extra load quantities are introduced into

consideration, thus the number of mandatory load quantities is increased.

For larger wind turbines with P=>1500 kW and R>75, additional load quantities need to be

measured are listed in Table 10 on page 34.

“Turbine configuration changes” is added to the end of this clause.

Clause 7 - Instrumentation
e This clause is divided from “Measurement techniques” of the 2001 version.
e (Concerning about the temperature effects, the surface temperature is recommended to be
measured near strain gauge locations.
e With the additional requirements for load quantities of larger wind turbines (P=1500 kW and
R>75), instrumentation for following load quantities are specifically addressed in  “7.1 Load

quantities” .

7.1.4 Blade bending moment distribution
7.1.5 Blade torsion frequency/damping
7.1.9 Tower top bending moments
7.1.10 Tower mid bending moments
7.1.11 Tower torsion moment

7.1.12 Tower top acceleration
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7.1.13 Pitch actuation loads

e For blade bending moment distribution (7.1.4), it can be measured by using additional sets of
strain gauges located at a cross section at least 30% or as far as practically possible up to 50% of
rotor radius. Other requirements from 7.1.2 and 7.1.3 also apply. For the bending moment
distribution the used coordinate system shall be clearly defined.

¢ The meteorological quantities are requested to be measured in accordance with IEC 61400-12-1.

e Compared with the 2001 version, CDV 2014 version provides more detailed and specific
measurement information for wind turbine operation quantities. Those quantities are listed as

below:

7.3.1 Electrical power

7.3.2 Rotor speed or Generator speed
7.3.3 Yaw misalignment

7.3.4 Rotor azimuth angle

7.3.5 Pitch position

7.3.6 Pitch speed

7.3."] Brake moment

7.3.8 Wind turbine status

7.3.9 Brake status

e “Sensor accuracy and resolution” has been removed.

Clause 8 - Determination of Calibration Factors

e This clause is isolated from “Clause 4 — Measurement techniques” .

e Rather than scattering in different paragraphs in the 2001 version, calibrations of load and
non-load channels are thoroughly covered in Clause 8 in the CDV 2014 version with more
specific description about each quantity.

e Three different ways which can be used to perform the calibration for each quantity in load
channels are discussed in the CDV 2014 version and are listed in Table 13 on page 37.

¢ Non-load channels provided with calibration methods are listed in Table 14 on page 37.

Clause 9 - Data Verification
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e This clause is separated from “Clause 5 - Processing of measured data” .
e Most of the contents in this clause remain, while examples of verification checks for blade

moment, main shaft, and tower signals are added to it.

Clause 10 - Processing of Measured Data

® Purposes of this clause “Processing of measured data” are basically the same for these two
versions. But the 2014 CDV version is supplemented with “Load quantities for larger turbines”
and “Wind speed trend detection” thus is more complete.

¢ The minimum number of divisions of the load range for rainflow counting raises from 50 to 100.

¢ Rainflow counting is used to determine the cumulative rainflow spectra and damage equivalent
loads (DEL) rather than only be used to calculate the load spectra corresponding to lifetime
operation of the turbine.

e Method for wind speed binning and requirements for calculation of power spectral density are

added to the end of this clause.

Clause 11 - Uncertainty Estimation
¢ This clause contains a general description about uncertainty estimation, and notices one should
keep 1in mind when performing uncertainty calculations.

* (uidance for estimation of uncertainty can be found in Annex B, inclusive of an example.

Clause 12 - Report
e The clause “Report” in the 2001 version has been rearranged with specific requirements in
order to make the structures of measurement reports in accordance with the general process

provided in the CDV 2014 version.

Annex A (informative) Example co-ordinate systems

*  Most of Annex A remains the same.

Annex B (informative) Procedure for the evaluation of uncertainties in load measurements on wind

%2 H



turbines
e (alculations of uncertainties for more load quantities are discussed in Annex B. There are also
tables for uncertainty components and values and uncertainties for the calculation.

® Anexample of an uncertainty evaluation has been added.

Annex C (informative) Sample presentation of mechanical load measurements and analysis

e Revised to meet new requirements of the CDV 2014 version.

Annex D (informative) Recommendations for offshore measurements
Annex E (informative) Load model validation
Annex F (informative) Methods for identification of wind speed trends
Annex G (informative) Data acquisition considerations
Annex H (informative) Load calibration
Annex I (informative) Temperature drift
Annex J (informative) Mechanical load measurements on Vertical Axis Wind Turbines
e Annex D to ] are newly added to the standard to include more information which are helpful

when performing mechanical load measurements, calibration and analyses.
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Comparison of MLCs in the 2001 and CDV 2014 versions

e  For MLCs during steady-state operation, the case “Power production plus occurrence of fault” has
been removed, and the DLC number of the case  “Parked” has changed from 6.2 to 6.4.

e For MLCs for transient load cases, the case “Overspeed activation of the protection system” has
been removed. And the both target conditions for the cases “Emergency shut-down” and “Grid
failure” vary from “vimand >v+2” and “viand >v+2” to “P .

e  Table of MLCs for dynamic characterization is added.

e Differences are highlighted with .

Table 3 - Comparison of MLCs during steady-state operation

2001 CDV 2014
MLC MLC DLC MLC MLC DLC
Number Number | Number Number

1.1 Power production 1.2 1.1 Power production 1.2
1.2 Power production 2.3

plus occurrence of

fault
1.3 Parked, 1dling 6.2 1.2 Parked 6.4

*The case “Power production plus occurrence of fault “ has been removed.
**According to the Definitions in CDV 2014, idling is included in the parked condition.
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Table 4 - Comparison of MLCs of transient load cases related to the DLCs defined in IEC 61400-1

2001 CDV 2014
MLC MLC DLC Target MLC MLC DLC Target
Number Number Wind Number Number | Condition
Speed
2.1 Start-up 3.1 Vin and 2.1 Start-up 3.1 Vin and
>Vit2 >Vit2
2.2 Normal 4.1 Vin , Vr and 2.2 Normal 4.1 Vin , Vr and
shut-down >Vit2 shut-down >Vit2
2.3 Emergency 5.1 vin and 2.3 Emergency 5.1 P
shut-down >vet2 shut-down (by
pushbutton)
2.4 Grid failure 1.5 v and 2.4 Grid failure 2.4 P:
>Vit2
2.5 Overspeed 5.1 >Vit2
activation of
the
protection
system
*The case “Overspeed activation of the protection system” has been removed.
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Table 5 - MLCs for dynamic characterization

MLC
Number

Measurement
load case

Wind condition at
MLC

Target frequencies

Comment

3.1

Power
production

Vin<thb<Voutﬂ

Blade, tower and
drivetrain frequencies

Normal operation below
rated wind speed and
above rated wind speed
with relatively steady
rotational speed

3.2

Parked

High wind speed"

Blade and tower
frequencies

Turbine 1s parked
(standstill or 1dling)

3.3

Emergency stop

Vhub>Vr

Blade tower and
drivetrain frequencies

Emergency stop from
rated power

34

Yaw start/stop

Low wind speed”

Blade frequencies

With an instrumented
blade in a horizontal
position, the blade gets
excited by starting and
stopping the nacelle yaw
rotation. Test shall be
conducted with blades in
normal operating position
(targeting the flatwise
frequencies) and with
blades feathered
(targeting the edge
frequencies)

3.5

Manual
excitation

Low wind speed”’

Blade frequencies

“High enough to get sufficient excitation, this will be wind turbine specific.

*Low enough wind speed to not have the excitation affected by other aerodynamic loads.

*Table 5 1s newly added.
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Differences of Capture Matrices between the 2001 and the CDV 2014 Versions

Time series record length becomes 10 minutes for all cases except transient events in the CDV 2014

version.

Instead of the capture matrix for normal power production, the CDV 2014 version provides two

capture matrices according to different control methods of wind turbines. These two capture

matrices are with revised requirements for stall controlled and non-stall controlled wind turbines for

normal power production. The current capture matrix for normal power production has been

replaced by these two. Both these capture matrices use 1m/s wide wind speed bins and 2% wide

turbulence intensity bins range from. And wind speeds vi, vr and vex should be rounded up to the

nearest integer.

= Capture matrix for normal power production for stall controlled wind turbines:

The measured wind speeds (m/s) are divided into four different intervals, which are vin to 12,

12 to 16, 16 to 20, and 20 to ve. Each interval has different requirements for data collection as

the table below:

Table 6 - Requirements for capture matrix for normal power production for stall controlled

wind turbines

Wind speed
(m/s)

Vin tO 12

12t0 16

16 t0 20

20 tO VOL\I

Minimum data
requirements

20 time series for
each 1 m/s bin*
OR
One TI bin with 6
time series for each
1 m/s bin*

20 time series for
each 1 m/s bin
OR
One TI bin with 6
time series for each
1 m/s bin

8 time series
for each 1
m/s bin

& time series
(in total, not
for each 1 m/s
bin)

*Only time series with TI larger than 5 % can meet the requirements.

= Capture matrix for normal power production for non-stall controlled wind turbines:

The measured wind speeds (m/s) are divided into three different intervals, which are vin to v-2,

vi-2 to v+2, and v+2 to v+4. Each interval has different requirements for data collection as the

table on the next page:
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Table 7 - Requirements for capture matrix for normal power production for non-stall

controlled wind turbines

Wind speed Vin t0 Vi-2 V-2 10 Vet2 vit+2 to vit+4
(m/s)
Minimum data 20 time series for each 1
requirements m/s bin*
OR 20 time series for 10 time for each 1 m/s
One TI bin with 6 time each 1 m/s bin bin

series for each 1 m/s

bin*

*QOnly time series with TI larger than 5 % can meet the requirements.

Capture matrix for power production plus occurrence of fault has been removed.

Mean wind speed of recorded data for capture matrix for parked condition shall be greater than v,
and at least one time series shall be collected with target values of 30° yaw misalignment, one with
0" yaw misalignment and one with -30" yaw misalignment.

For normal transient events, capture matrices differ in the recorded “wind speed” as follows:

Table 8 - Difference between two versions for capture matrices for normal transient events

2001 CDV 2014

Wind Speed | It is the average wind speed over the It 1s the wind speed when the fransient

duration of the transient event is used. | event gets triggered.

For capture matrix  for other than normal transient events, two events “Overspeed combinations”
and “Other design critical transients” have been removed, and target conditions change from
most critical wind speed to rated power output. The recorded wind speed also changes from the

wind speed when the transient event gets triggered.
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Comparison of Load Quantities in the 2001 and the CDV 2014 Versions

Wind turbine fundamental load quantities are basically the same in two versions, except for the

different reference coordinate system for blade rotor bending moments (Table 9).

The table of additional load quantities for turbines with a rated power output greater than 1500 kW

and rotor diameter greater than 75m 1s added to the CDV 2014 version. (See Table 10)

Differences in meteorological quantities (Table 11):

“Air temperature” and “Temperature gradient” have been removed.
The recommended “Vertical wind shear below hub height” becomes mandatory.

“Turbulence intensity (horizontal) at hub height” is added with level of importance as

mandatory, while “Vertical wind shear above hub height” , “Vertical wind veer |,
“Upflow angle / flow inclination angle near hub height” , “Turbulence intensity (3D) at
hub height” , * Icing potential” , and “Atmospheric stability” are added with level of

importance as recommended.

Differences in wind turbine operation quantities (Table 12):

“Grid connection”  has been removed.
Four quantities, namely, “Rotor speed” , “Pitch angle” , “Yaw position” , and “Rotor
azimuth” , and their level of importance has been revised.

“Pitch speed” is added with level of importance as mandatory, while “Brake moment” 1is
added with level of importance as recommended.

Level of importance of “Brake status” and “Wind turbine status” become mandatory.

Differences are highlighted with [l; newly added one is denoted with [; and removed one is

denoted with .
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Table 9 - Wind turbine fundamental load quantities comparison

2001 CDV 2014
Load quantities Level of Importance Load quantities Level of Importance
Blade root flap Blade 1: mandatory Blade root flatwise 1 blade mandatory
bending moment Other blades: bending moment(M) | Additional blade
recommended recommended
Blade root lead-lag Blade root edgewise 1 blade mandatory
bending moment bending moment(M:) | Additional blade
recommended
Rotor tilt moment Rotor tilt moment(M.r) | Mandatory
Rotor yaw moment Rotor yaw Mandatory
moment(Myav)
Rotor torque Rotor torque(M-) Mandatory
Tower loads - bottom Tower base Mandatory
bending in two normal(Mu)
directions Tower base lateral Mandatory
moment(Mu)

Table 10 - Additional load quantities for turbines with a rated power output

greater than 1500 kW and rotor diameter greater than 75m

Load quantities

Level of Importance

Blade flatwise bending moment distribution

2 blades mandatory
Additional blade recommended

Blade edgewise bending moment distribution

2 blades mandatory
Additional blade recommended

Blade root flatwise bending moment

2 blades mandatory
Other blade recommended

Blade root edgewise bending moment

2 blades mandatory
Other blade recommended

Blade torsional frequency and damping

Recommended

Pitch actuation loads

One blade mandatory

Tower top acceleration in normal direction

Mandatory when used for controller feedback

Tower top acceleration in lateral direction

Mandatory when used for controller feedback

Tower mid normal moment Recommended
Tower mid lateral moment Recommended
Tower top normal moment Mandatory
Tower top lateral moment Mandatory
Tower torsion moment Mandatory

*Table 10 1s newly added.

Table 11 - Meteorological quantities comparison
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2001 CDV 2014
Quantity Importance Level Quantity Level of Importance

Wind speed (at hub Mandatory Wind speed at hub Mandatory

height) height

Wind sheer Recommended Vertical wind shear Mandatory
(below hub height)
Vertical wind shear Recommended
(above hub height)

Wind direction (at hub | Mandatory Wind direction at hub | Mandatory

height) height

Alr temperature Mandatory

Temperature gradient | Recommended

Air density Mandatory Air density Mandatory
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Table 12 - Wind turbine operation quantities comparison

2001 CDV 2014
Quantity Importance Level Quantity Level of importance

Electrical power Mandatory Electrical power Mandatory

Rotor speed Mandatory Rotor speed or Mandatory
generator speed

Yaw position Mandatory Yaw misalignment Mandatory

Rotor azimuth Mandatory Rotor azimuth angle Mandatory

Pitch angle Mandatory Pitch position of all Mandatory for all
instrumented blades instrumented blades
turbine controller Recommended for all
output blades

Grid connection Recommended

Brake status Recommended Brake status Mandatory

Wind turbine status Useful Wind turbine status Mandatory

* If the mechanical braking device is part of the primary braking system (e.g. at stall controlled turbines),

the measurement of the brake moment 1s mandatory
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Calibrations for Load and Non-load Channels
More calibration methods for load channels are provided by the CDV 2014 version. For instance,
applying an external load is the only way the current version has mentioned to perform the
calibration of the rotor torque load sensors, but the CDV 2014 version states that it can also be done
by an analytical method.

Non-load channels provided with calibration methods are listed in Table 14.

Table 13 - Summary of suitable calibration methods

Measured Quantity Analytical External Load Gravity

Blade bending moments S S, 0

Main shaft torque”

Main shaft bending S, 0

Tower bending moments S,0

| | n|ln
| | n|ln

Tower torque

Note:
S = suitable for slope
O = suitable for offset

* For suitable methods for determining the offset see subclauses 8.2.2.4 and 8.2.4

Table 14 - Non-load channels provided with calibration methods
Non-load Channels
Pitch angle

Rotor azimuth angle

Yaw angle

Wind direction

Pitch actuation loads

Brake moment
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