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Abstract

The current standards and guidelines concernintpfyre measurement campaigns are discussed.
The experience in and requirements of load mea®menis given concerning the three mechanical
components: drive train, pitch system and yaw systased on this, a new method is proposed for
setting up a prototype measurement campaign wilaiim to validate and/or improve the models of
the mechanical components that have been usedydherdesign.

The method is flexible and consists of six steps Have to be taken. The flexibility is necessary a
there are many different versions of each of theeehanical components and the models that are
used also show large differences. Therefore thesamement campaign has to be specific, depending
on the version of the component itself as welllas type of model used for the calculations. For
example if high frequencies are not present innioelel, it has no use to measure them, keeping in
mind that the goal of the proposed measurement agmset up is to validate the model. The six
steps approach is illustrated by application of thethod to these three components; drive train,
pitch system and yaw system. The drive train has)brodelled using the standard modelling in
most aeroelastic tools as well as a more detailgiti body model. For the pitch system the friction
is analysed as well as the ovalisation. As theyaigmfor the yaw system is very much similar to the
pitch system, only thdast steps (Step 4 to 6) are dealt with, concéntraon measurement
aspects regarding the yaw system
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1. Introduction

1.1 PROTEST project

High reliability of wind turbines and their compans is one of the pre-requisites for an
economic exploitation of wind farms. For offshoréna farms under harsh conditions, the
demand for reliable turbines is even more relegarde the costs for repair and replacement are
very high. Unfortunately, present day wind turbire#l show failure rates between 2 to 5
failures per year that need visits from technicigderived from i.e.[1],[2],[3]). Although
electrical components and control systems fail najten, the costs related to repair of failed
mechanical systems (drive train, pitch and yawesystand bearings) are dominating the O&M
costs and downtime.

In-depth studies, eld] and discussions with turbine manufacturers, ponent suppliers, and
certification bodies] revealed that one of the major causes of failaf mechanical systems is
insufficient knowledge of the loads acting on thesenponents. This lack is a result of the
shortcomings in load simulation models and in loahsurement procedures on the level of the
components. Due to the rapid increase of wind nedbiin size and power as a response to the
market demands, suppliers of components are fa@wedd) come up with new designs very
often and (2) produce them in large numbers imntelgiaThe time needed to check whether
the components are not loaded beyond the loadslinsed in the design and to improve the
design procedures is often not available or tramspao the component supplier. This leads to
the unwanted situation that a large humber of newirtes are equipped with components that
have not really exceeded the prototype phase.

It was also concluded from aJd] and expert discussios] that at present, the procedures for
designing rotor blades and towers of wind turbiaesmuch more specific than the procedures
for designing other mechanical components suchias ttains, pitch and yaw systems, or main
bearings. The design procedures for blades andrsoae clearly documented in various
standards and technical specifications. The redmomaving extensive design standards for
blades and towers is that these components areatfibor safety: failures may lead to unsafe
situations and designing safe turbines did have &rould have) the highest priority in the
early days of wind energy. Parallel to the develeptrof design standards, the wind energy
community has developed advanced design tools aadumement procedures to determine the
global turbine loads acting on the rotor and theeto At present however, it is no longer
acceptable to focus on safety only and neglecetiomomic losses. Lacking of clear procedures
for designing mechanical components and specififiegloads on these components should no
longer be the reason for early failures.

In 2007, ECN (NL) together with Suzlon Energy Gm@BE), DEWI (DE), Germanischer
Lloyd (DE), Hansen Transmissions International (BBpiversity of Stuttgart (USTUT; DE),
and CRES (GR) decided to define tRROTEST project PROcedures forTESTing and
measuring wind energy systems) within the FP7 fraonk of the EU. The PROTEST project
in fact is a pre-normative project that should lesuuniform procedures to better specify and
verify the local component loads acting on mechaniystems in wind turbines. The local
component loads should be specified at the intesfaaf the components. The relationship
between global turbine loads acting on the rotat taver and local component loads action on
the interface of components is visualised in Fiditfe For gearboxes in common wind turbine
architectures the special interfaces and load Bpaodn are explained ifv].
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Global rotor
loads

S~ Global tower loads ’,.—”’

Figurel-1:Schematic presentation of transforming "global tnebloads" to “local components
loads” at nine interfaces, (gearbox, pitch systemd gaw system)

The term “loads” should be considered broadly is thspect. It comprises not only forces and
moments, but also all other phenomena that mayttedeégradation of the components such as
accelerations, displacements, frequency of occaergime at level, or temperatures. Within the
PROTEST project initially the drive train, pitchstgm and yaw system have been selected for
detailed investigation.

The uniform procedures to better specify and vehigy/local component loads should include:

(1) A method to unambiguously specify the interfaaed the loads at the interfaces where
the component can be “isolated” from the entiredaturbine structure, and

(2) A recommended practice to assess the actualriing loads by means of prototype
measurements.

The following questions will be answered:

* How should the loads at the interfaces be deriveah the global turbine loads?

* Which design load cases should be considered amdured and are relevant for the
different components?

« Which signals should be measured during prototypsting (including sample
frequency, accuracy, duration)?

¢ How should the loads at the interfaces be repatetlcommunicated between turbine
manufacturer and component supplier?

¢ How can design loads be compared with measured?oad
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* Are the current practices of evaluating the expental data in relation to their use for
model tuning accurate?

« Do the assumptions in the model input yield to utadeties which are higher than the
ones achieved during the load measurements?

« What are the criteria to assess whether the mahsoaels are more benign than the
calculated loads?

» Are the current practices of assessing the meadoaeld and the data post processing
results adequate?

To develop the procedures and to carry out the weitkin the PROTEST project, both
analytical work and experimental work are fores@dre analytical work is needed to determine
the relevant load cases and to develop procedardsrive local component loads from global
turbine loads during the design. The experimentadkwis needed to develop and verify new
procedures for prototype measurements. In tota waork packages are foreseen.

1. State of the art reporn inventory will be made of the present day picEcon turbine
and component design and testing, including ongostgndardisation work and
identification of areas for improvement.

2. Load cases and design drivefsr the selected components, it will be deterchivdich
load cases and design driving factors (externaratjpnal or design inherent) should be
considered

3. Loads at interface&or the selected components, it will be specified the loads at the
design points should be documented with the airbedfig a meaningful improvement
over the current state-of-the-art (reporting formuahe series incl. synchronisation and
minimum frequencies, statistics, spectra, timesaél, etc.)

4, Prototype measurements definitidfor each component, a recommended measurement
campaign will be defined taking into account th#ofeing aspects: load cases, signals
(torques, bending moments, forces, motions, actbeis, and decelerations), sensors,
measurement frequencies, processing, uncertaarigtinherent scatter, reporting.

Experimental verification is planned for the threemponents involved in the project. This
work is defined in the Work Packages 5, 6, and 7.

5. Drive train Suzlon S82 turbine in India with gearbox of Han3eansmissions.

6. Pitch systemNordex N8O turbine owned and operated by ECNbatdrrain.

7. Yaw system and complex terrain effe®$ 750 turbine in Greece in complex terrain.

In these three case studies, the initial proceddeesloped in task 1 through 4 will be applied.
The initial design loads at the interfaces willdetermined with state-of-the-art design methods
and the measurement campaign will be executedrity vkese design loads.

8. Evaluation and reportingdased on the results of the design study andrb@surement
results, the procedures of task 2, 3, and 4 wik\mduated and if necessary improved.

9. Management, Dissemination and Exploitation

As mentioned previously, The PROTEST project irt faa pre-normative project that should

result in uniform procedures to better specify apdfy the local component loads acting on
mechanical systems in wind turbines. Ultimatelye gorocedures generated in this project
should be brought at the same level as the stateeedirt procedures for designing rotor blades
and towers. If appropriate, the results of thisjgombwill be submitted to the (international)

standardisation committees.

The project runs from March 2008 until mid 2010.
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1.2  Work package 4: Definition of Prototype Measurement Campaign

1.2.1 Objective and background

The main objective of WP 4 is to set up a procedcoenplementary to the procedures specified
in IEC 61400-13 and chapter 8 of IEC 61400-4) farying out prototype measurements on the
mechanical systems in such a way that characterisign loadings (i.e. torques, bending
moments, forces, accelerations, motions, rpm'strgal power, etc.) at the interfaces can be
derived from these measurements so that the resuitde used (1) to verify the initial design
loads, and (2) to tune and to validate simulatiadets used for the design of the mechanical
systems. Especially thé“point was considered as very important by theeatogonsortium at
the kick off meeting of the project, and hence sgexttention should be given to measurements
aimed at:
« the determination of specific turbine quantitiescls as eigen frequencies to tune the
models;
» the comparison of measured quantities with caledlaguantities for validation
purposes;
e to take into account guidelines on fault ride tlglouFRT) measurements for the
measurement of torque at the high speed shaft.

Based on the results of WP 2 the following systeiilidbe considered:
¢ Gearbox;
e Drive train apart from gearbox;
e Pitch system;
e Yaw system.

To set up a procedure complementary to IEC 61408t18ast the following aspects should be
considered:
* type of signal and corresponding sensor (i.e. ®sgubending moments, forces,
accelerations, motions, rpm's, electrical poweaftamisalignment, etc.);
* measurement frequency;
* Jload cases to be measured, including frequency camdtion (and thus minimum
duration of measurement campaign);
e data acquisition and processing, including genematf "calculated" or "pseudo"
signals;
* dynamic analyses;
e uncertainty analyses;
« reporting format (digital time series, tables, pldatatistics, rain flow count with load
spectra, time-at-level, etc.) and interpretationesults;
» assessment of measured loads in relation to thgrolesds.
To provide some background information a very boetline of IEC 61400-13 and IEC 61400-
4 is given in Chapte2.

Although a large number of aspects have to be deresi for the development of a procedure
for prototype measurements, this activity is inédh by compiling an overview of a limited
number aspects, viz.:
« the operational experience available with measunésnen drive train, pitch system
and yaw system;
» view on additional measurements that are requbieth(must-haveandnice-to-hav

For this purpose a questionnaire has been setqliésionnaire send out to the partners is part
of Appendix A. The information provided by the parthes considered in Chapt@r This
overview will serve as a starting point for furthgpecification by addressing all the other
aspects mentioned above where also external péwied turbine manufacturers, suppliers of
components, etc.) will be approached to providethur information. Furthermore the
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operational experiences obtained during the casdiest (WP5, WP6 and WP7) will be
incorporated.

1.2.2 Approach

To set up a procedure for carrying out prototypeasneements on the mechanical systems
(drive train, pitch system and yaw system) theofelhg steps are carried out:

1. Initially the knowledge and experience within thR@TEST project team is collected.
For this purpose a questionnaire has been set iip, the objective to make an
overview of (1) the operational experience avadabith measurements on drive train,
pitch system and yaw system (2) view on measuresrtbat are required (bothmust-
haveandnice-to-have

2. The results of the questionnaire were processedstindtured. Based on the results of
the questionnaire a new approach has been developeset up a prototype
measurement campaign. This approach is first toiedfor each of the mechanical
systems treated in this project to investigateefifiectiveness and possible shortcomings
of this new approach. This proposal is presentedetgeral specialists (wind turbine
manufacturers, suppliers of components, etc.) madlved in the PROTEST project,
and these specialists were asked to review thisggiad.

3. With the feedback from the specialist the finalgosal is drawn up.

1.3 Scope of the report

In this report a draft proposal is given for thege of a prototype measuring campaign that can
be used to validate the models that have been fmsetthe mechanical systems. This draft
proposal is based mainly on the knowledge and éxpe within the PROTEST project team,
which has been collected on the one hand by mefhasgoestionnaire set up for this work
package and on the other hand by trying out the method that was derived from this on the
three systems.

In the current report the current standards anddljmies concerning prototype measurement
campaigns are discussed in chaptelThe questionnaire as submitted to the partrsepsit of
Appendix A. The information provided by means oédb questionnaires has been joined
together in chapted. The new approach is described in chaptend used for the analysis of a
model of the drive train in chapt®r for the pitch system in chap#and for the yaw system in
chapter7. Finally the main conclusions are given in chafte
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2.  Background information on standards and guidelines

In IEC 61400-13 and IEC 61400-4 standards for nesmsents are given. A short description of
these two documents will be given in the next tectisns.

2.1 IEC 61400-13

The following document has been considered:
IEC TS 61400-13, first edition 2001-06; Wind turbigenerator systems —
part 13: measurements of mechanical loads.

The object of this technical specification is tosci@be the methodology and corresponding
techniques for the experimental determination @& thechanical loading of key structural
components in wind turbines. This technical speatfon is intended to act as a guide for
carrying out measurements used for verificationrcafles and/or for direct determination of
structural loading. So the goal of WP4 is in linghwthis objective therefore IEC 61400-13
seems suitable to serve as a guideline for thelal@vent of a procedure for carrying out proto-
type measurements for mechanical systems. W.etimbasurements itself 4 main topics are
distinguished in IEC 61400-13, viz.:

« load measurement programmes

e measurement techniques

e processing of measured data

e reporting

These topics will be briefly outlined below, withmphasis on the application within the
PROTEST project.

2.1.1 Load measuring programmes

The measurement program is meant to collect batbngprehensive statistical database and a
set of time series, which represent sufficientlg tehaviour of the turbine in certain specific

situations. For this purpose (1) the quantitiedbéomeasured are specified and (2) a set of
measurement load cases (MLC) is defined. These Mir€slefined such that they correspond

with a selection of DLCs of IEC 61400-1 and fronesh MLCs the measurement campaign
should be build up.

2.1.1.1 Quantities to be measured

In IEC 61400-13 the relevant physical quantitiedbéomeasured in order to characterise the
loading of wind turbines are classified into: logdantities, meteorological parameters and
operational parameters. To summarise the quantiidse measured in each of these classes
table 8, 9 and 10 presented in IEC 61400-13 arengbdelow.

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 The tilt and yaw moment can be measured in
the rotating frame of reference or on the fixed
Yaw moment system (for example, on the tower)
Rotor torque
Tower loads Bottom bending in two directions

12 ECN-E--10-083



Table 9 — Meteorological quantities

Quantity Importance level Comments
Wind spead Mandatory At hub height
Wind shear Recommended
Wind diraction Mandatory At hub height
Airtemperature Mandatory Influences material properties
Temperature gradient Recommended
Air density Mandatory Derived from air temperature and air pressure
(which may be derived from the altitude taking
into account 1ISO atmosphera)

Table 10 - Wind turbine operation guantities

Quantity Importance level Comments
Electrical power Mandatory
Rotor speed Mandatory
Piteh 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 Racommendead
Wind turbine status Useful Relevant parameters may be derived from
control panal of wind turbine

As WP4 of the PROTEST project is aimed at the defim of measurements (1) to validate
simulation tools and (2) to verify design loaddla# drive train, pitch system and yaw system it
has to be determined which type of measurementsighie carried out for this purpose in
addition to the measurements summarized in talé IEC 61400-13. Although table 9 and
table 10 of IEC 61400-13 should be reviewed alse,@mphasis will be on the specification of
the load quantities, where loads should not betdithito forces and moments, but also
comprehend quantities such as displacement, aatieleletc. Special attention should be given
to the measurement of turbine specific quantitiehsas the natural frequencies which may be
required to tune the simulation models.

2.1.1.2 MLCs

A standard load measurement campaign accordingblEf00-13 is built up from a number of
prescribed measurement load cases. The MLCs pgredcm IEC 61400-13 define the main
external conditions and the operational conditiohshe turbine during which measurements
should be made. The external conditions cover wdpded and turbulence intensity. The
operational conditions are split up in steady stateditions and transient events.

The MLCs defined in IEC 61400-13 are given in tabland table 2 of this IEC specification,
and are depicted below.

ECN-E--10-083 13



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

MLC Measurement load DLC number Wind condition Remarks
number case MLC (IEC 61400-1) atDLC
11 Power production 1.2 Vin € Vhub < Vout In this mode of operation, the wind
turbine is running and connected to
the grid
1.2 Power production 2.3 Vin < Vhub < Vout Any fault in the control or protection
plus occurrence of system, which does not cause an
fault immediate shut-down of the turbine
1.3 Parked, idling 6.2 Vin < Vhup < 0,75 vo14" | When the wind turbine is parked,
the rotor may either be stopped or
idling
* Has to be divided further into wind speed bins and turbulence bins.

Table 2 — Measurement of transient load cases related to the DLCs defined in IEC 61400-1

MLC Measurement load case MLC DLC Target wind speed
2.1 Start-up 3.1 Vip @and = v, + 2 m/s
2.2, Normal shut-down 4.1 Vins vy and > vp+ 2 m/s
2.3 Emergency shut-down 5.1 Vip and > v, + 2 m/s
2.4 Grid failure 1.5 viand = v + 2 m/s
2.5 Overspeed activation of the protection system 5.1 v+ 2mls
Ideally the measurements should be taken at v, ;. As this is impractical, the measurements are
taken at wind speeds higher than v, + 2 m/s.

Measurements have to be made for several diffeverd speed bins and turbulence intensity

bins. Due to the stochastic nature of the extezoabitions several measurements are required
for a certain bin. To organise these measurememtsaied capture matrices are common

practice. For each MLC the minimum number of meas@nts per bin and the bin sizes are

prescribed by specification of the correspondingwa matrices.

For the PROTEST project it has to be determinedthdrethese MLCs (depicted above) do
cover the external and/or operational loads requme the drive train, pitch system and the yaw
system and if needed additional MLCs should beneefi Herewith it should be kept in mind

that with prototype measurements it is not possiblearry out all kind of measurements due to
practical limitations (f.i. extreme wind speeds) due to safety reasons (f.i. simulations of
faulted situations).

At this stage it is sufficient to focus on the défon of the type of loads and the quantities¢o b

measured. Based on the results it has to be diegtwsishin the project team to what extend
capture matrices especially for the drive trairiclpisystem and yaw system have to be
prescribed.

2.1.2 Measurement techniques

In this clause of the IEC specification, the meamant techniques for the various types of
guantities in load measurement programmes are idedcr These techniques include:
instrumentation, calibration, and where relevagihai conditioning.

Furthermore, this clause gives recommendations mgpect to the data-acquisition methods in
load measurement programs.

At this stage of the PROTEST project it is suffiti€o specify the instrumentation to be used to
measure the loads on the drive train, pitch systergaw system. In the stage described in
chapter5 of this report and further and especially in teports concerning the PROTEST
workpackages WP5, WP6 and WP7 details such asumsftitation, calibration and data
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acquisition will be worked out for the load measuoeats at the drive train, pitch system and
yaw system.

2.1.3 Processing of measured data

For the measurements on the blades, rotor and taweroutlined how the data should be
validated and which type of analyses should beoped, f.i. determination of load spectra and
equivalent loads.

Once it has been determined which loads should éesuored for the drive train, pitch system
and yaw system, similar specifications can be niad#hese measurements.

2.1.4 Reporting

A reporting format is given in IEC 61400-13. Ontéas be determined which loads should be
measured for the drive train, pitch system and ggstem, a reporting format can be compiled
for these measurements also.

2.2 |EC 61400-4

In chapter 8 of IEC 61400-4 WD [3] the minimum requirements for testing of new ripex
designs are defined. The following types of testscansidered:

«  Workshop prototype testing (section 8.2);

* Field Test (section 8.3);

e Serial production testing (section 8.4);

¢ Robustness Test (section 8.5);

e Fleet Lubricant Temperature and Cleanliness (8.6).

For the PROTEST project the Field Test is of ideend especially the field tests aiming at the
validation of the loads (section 8.3.1). The valima of loads is split up into:

« Validation of gearbox design loads

« Validating Wind Turbine Design Models

e Gearbox specific Field test requirements

Validation of gearbox design loads

In this section it is stated that as part of theifoeation process load measurements have to be
carried out according to IEC WTO01, Annex C. No lert specifications of special
measurements for the gearbox are given. IEC WTéd raffers to IEC/TS 61400-13 for the load
measurement.

Validating Wind Turbine Design Models
Models to simulate the wind turbine response tegrbed design load cases exhibit uncertainty
due to the fact that these models cannot normallyadbidated for all situations with field tests.
In this clause of IEC 61400-4 some guidelines arergto reduce these uncertainties, viz.:
* In the WTG simulation codes, adjust turbine chamastics in order to accurately
reproduce as —measured response using data friohtefsts
* Reproduce the simulations for design load caseexmtrienced in the field tests (as
performed in original load determinations)
« Verify that loads used in the design are suffidieobnservative.

No further guidelines are given on the type of measients that should be carried out.
Gearbox specific Field test requirements

Some design assumptions may have to be evaluatedspecific testing, this could include
torsional vibrations, combined structural respoase reaction at the gearbox supports and
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interfaces. These specific measurements shall beedgupon between the gearbox
manufacturer and the wind turbine manufacturer agua minimum it shall include:
e Time series during selected events
0 Run-up through all operating speed ranges
Cut-in at transition winds and high winds
Shutdown at low and high winds
Brake application
Emergency stops at high winds
o Idling and backwind idling
« Measured Campbell diagram through the completeatipgr speed range to evaluate
resonance risk
According to the document, the following signalewid be measured at a sampling rate high
enough to catch the mechanical vibrations withiedélvant frequencies:
e High speed shaft torque
« Low speed shaft torque, if applicable
e Shaft speed
The sampling rate shall be selected in cooperatiith the gearbox manufacturer. Typical
sample rates will be in the range of 3 to 5 tintesrelevant vibration frequency.

O o0oo0oo

16 ECN-E--10-083



3.  Results questionnaires partners

In this questionnaire information is provided camieg:
« the operational experience available with measunésnen drive train, pitch system
and yaw system, section 3.1
* view on measurements that are required (both ne&adve and nice to have), section
3.2

3.1 Operational experience

In the tables below an overview is given of the exignce available within the project
consortium with load measurements on drive trailchpsystem or yaw system in excess of the
mandatory measurements according to IEC/TS 6140-t® time the questionnaire was filled
in.
In these tables the following information is prosat
* Quantity: short description of type of measurement
« Specification: if possible, indication how measueasmshould be done, what kind of
sensors should be used and at which locations erstmuld be
installed
* Objective: description of objective of measuremery, frequency measurement to
tune model or measurement for validation
« Comments: further information, e.g. whether meawerd is needed or nice to have

Table3-1: Existing load measurements gearbox

GEARBOX
Quantity Specification Objective Comments
Torque arm Optical or LIPS distance Research to learn about
displacement sensor to measure the constraining load
displacement of the gearboxI delli
torque arm in axial and mprove modeliing
radial (horizontal; and Certification
vertical) direction
Accelerations of Acceleration sensor Comparison to book values
housing attached at different
location of the housing of
the gearbox to determine
gearbox kinematic
frequencies
Gearbox dynamics | High frequency Research

accelerometers to measure
vibrations at gearbox
bearing castings

Accelerometers at mounting Validation of calculation
points to identify tools
eigenfrequencies and modes

Rpm at input, output| Rpm sensor (incremental | Improve modelling
and internal stages | encoder or similar) to

determine: Validate plant control

(1) rpm characteristics vs
power, and

(2) angular displacement o
the output shaft vs input
shaft
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Shaft loading

Strain gauges on pinion
shaft to determine torque

Research

Temperatures bearin
components

j Temp. sensor at various
bearing components to
determine/monitor:

(1) temperatures inside thg
bearings

(2) differential temperature

Validate operating limits

h

Oil temperatures

Temp. sensor to
determine/monitor
temperatures of oil in
different locations of the
lubrication system

Validate operating limits

Dimensioning of cooling
system

Oil pollution /
particles

Particle sensor to determin
purity of oll

e Validate operating limits

Tooth base strain in
specific gear wheels

Strain gages to determine
loads inside the gearbox at
specific locations

Validation of calculation
results

Table3-2: Existing load measurements drive train apart frosadpox

DRIVE TRAIN APART FROM GEARBOX

Quantity

Specification

Objective

Comments

LSS loading

Strain gauges to determin¥alidations of loads

torque and bending loads

Tuning of models

Load duration distribution

LSS displacement

Displacement sensor to
measure axial and radial
displacement of LSS w.r.t.
main bearing, ¥ bearing
and gearbox. For radial
displacement sensors at
Odeg and 90deg.

Research to learn abo
constraining loads

Ut

HSS loading

Strain gauges to determ
torque

n¥alidation of loads
System development
FRT tests)

Load duration distribution

HSS displacement

Displacement sensor to
measure axial and radial
displacement of HSS w.r.t
gearbox/coupling. For
radial displacement sensor
at 0Odeg and 90deg.

Research to learn abo
constraining loads

it

Rpm HSS & angula
position

Optic sensor

System development
FRT tests

Generator dynamics

Accelerometers to identif]
eigenfrequencies and
modes.

Location of sensors must b
suitable, to capture major
modes identified in

theoretical analyses.

y Validation of calculation
tools

1y At CRES, the telemetry allows a 2kHz bandwidthrfamitoring fast transient phenomena

18
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Table3-3: Existing load measurements pitch system

PITCH STYSTEM

Quantity Specification Objective Comments
Pitch drive train Strain gage at shaft to
loading determine torque

Pitch motor loading Current transformer and
power transducer measure
current and voltage to
determine power
consumption

Rpm of pitch drive Nice to have, difficult to get
motors

Table3-4: Existing load measurements yaw system

YAW SYSTEM
Quantity Specification Objective Comments
Yaw drive train Strain gage at shaft to
loading determine actual torque
Yaw motor loading Current transformer and
power transducer to
measure current and voltage
to determine power
consumption
Rpm of yaw drive Nice to have, difficult to get
motors
Yaw activity Load validation
Yaw loads Tower torsion Load validation
measurement; see tower
(top) loads
Tower (top) loads Strain gauges in tower (topLoad validation
and/or bottom) to determing
tower torsion and tower
bending loads.
Nacelle bed dynamics Low frequency Load validation
accelerometers

3.2 Required measurements

According to the project partners the load measargsisummarized in the tables below should
be carried out for drive train, pitch system or yaystem. .
In these tables the following information is praadd
*  Quantity: short description of type of measurement
» Specification: if possible, indication how measueasmshould be done, what kind of
sensors should be used and at which locations erstwuld be
installed
* Objective: description of objective of measureméntfrequency measurement to
tune model or measurement for validation
« Comments: further information, f.i. whether measugat is needed or nice to have

In addition to the type of measurements, the qualitthe measurements should be addressed
also. Particular focus should be on time resolutibspeed signals and on calibration stability
of strain measurements. Data acquisition has tcapable of capturing high-frequency signals
with high accuracy for low-noise signals.
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Table3-5: Required load measurements for gearbox

GEARBOX
Quantity Specification Objective Comments
Dynamics Accelerometers on gearbox Evaluation of meshing needed
I . housing frequencies
(vibrations/acceleration
Accelerometers on support In conjunction with nice to have
arms dynamics of bed plate:
(1) Validation of bed plate
stiffness
(2) Research to determine
influence of elastomer
Model validation and
tuning
Kinematics Rotational speed nice to have

(displacements)

intermediate shafts

Rotational speed
measurement can be used
determine rotational
accelerations

Axial displacement
intermediate shafts

optional acc. to IEC 61400
4

Validation
Displacement w.r.t nacelle needed
(measured at torque arms)| Validation
Relative deflection of
planet carrier side walls
Shaft loads Torque of intermediate
shafts and sun shaft N
Validation
Temperatures temperatures play an

important role in the setting
(play / pre-load) of bearing
and can therefore be
“needed” to validate loads
and/or load simulation
models

Grid frequency

nice to have

Table3-6: Required load measurements for drive train apasthfrgearbox

DRIVE TRAIN APART FROM GEARBOX

Quantity Specification Objective Comments
Main bearing strain gauges to measure | identification of the loads, | nice to have
ovalisation tangential strain at three | that are induced by main

annual positions on
bushing:
Odeg, 45deg, 90deg

bearing

Bearing loads

Radial and axial forces

LSS loads

Strain gauges to determin
torsion and bending
moments of LSS

eLoad validation

According to IEC 61400-1

LSS kinematics

20

Decoder to measure

azimuth position and

Azimuth angle is needed
for transformation of load

Needed

ECN-E--10-083



(displacements) rotational speed of LSS vector
Rotational speed is used in Needed
conjunction with rotational
speed of HSS for overall
validation of gearbox
model
Rotational speed
measurement can be used|to
determine rotational
accelerations
Axial displacement w.r.t. | Validation of simulation
gearbox model
Strain gauge to measure | Validation of simulation
axial elongation model
HSS loads Strain gauges to determirjeValidation and tuning of nice to have
torsion and bending simulation model
moments of HSS
HSS kinematics Decoder to measure Rotational speed is used in
(displacements) rotational speed of HSS conjunction with rotational
speed of LSS for overall
validation of gearbox
model
Rotational speed
measurement can be used|to
determine rotational
accelerations
Decoder to measure In conjunction with nice to have
azimuth position speed of| azimuth position of LSS to
HSS determine stiffness
properties
Radial displacement Validation
Loading of generator | Radial and axial force
coupling acting on generator
coupling
Deflection of generator| Sensor to measure
coupling deflection of generator _—
coupling Validation
Dynamics of bed plate | Accelerometers at several | In conjunction with nice to have
L . positions: dynamics of bed plate:
(vibrations/acceleration
(1) near support arms (1) Validation of bed plate
gearbox stiffness
(2) main bearing (2) Research to determine
3 tor platf influence of elastomer
(3) generator platform (position (1))
Model tuning and
validation
Temperatures Locations to be specified

Table3-7: Required load measurements for pitch system

PITCH SYSTEM

Quantity

Specification

Objective

Comments

Pinion rod loading

Depending on the pitch

system, electric or hydrauli
different measurements are

»
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needed on the pinion or rodl.

Blade loads Strain gauges at blade root
to measure:
(1) blade bending moments (1) load validation (1) IEC 61400-13
(2) blade torsion moment | (2) research w.r.t. model (2) needed
development and lidation
Pitch angle Pitch encoder at pinion geafransformation of load Needed
to measure number of vectors
revolutions encoder disc
Velometer on each blade
piston
Pitch drive load Strain gauges to measure| Load validation
torque Development and validation
of model for pitch system
Pitch drive current Current transformers electrmalver needed
consumption: needed for
load validation
Pitch piston shaft Axial force and bending Validation
loads moments on piston shaft
pitch bearing optic sensors validation of pitch bearing | Needed

ovalisation

strain gauges to measure
tangential strain at three
annual positions on
bushing:

Odeg, 45deg, 90deg

Strain gauged studs or bolt

model

s Detect bending and tension

Pitch speed

Encoder

Validation

Pitch acceleration

Encoder or differentiating
the pitch speed

Validation

Needed for the model

Desired pitch angle

PLC

Validation of pitch resp®

7]

Pitch drive voltage

Voltage transformers

Pitch drive power

Power transducer

22
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Table3-8: Required load measurements for yaw system

YAW SYSTEM
Quantity Specification Objective Comments
Tower loads Strain gauges near tower | Load validation
top to measure axial and
shear (radial) loads, turning
and bending moments
Yaw motor gear Torque on driving gear Validation
loads shaft
Vibration Vibration on slewing ring Validation Degi parameter
Shear Cup anemometer in meteo Validation A higher shear might lead
mast at different heights to a higher tilting moment
of the rotor and a higher
friction
Additional wind vanes For complex terrain,
identify directional shear
Yaw brake pressure Pressure sensor of PLC Validatio The yaw brake pressure is
applied to keep the nacelle
in position. During yawing,
the brake pressure is
released. Is the brake
pressure sufficient to keep
the nacelle in place?
It should be noted that
measuring the pressure may
not answer this question,
and measurement of
vibration on slewing ring in
combination with accurate
measurement of the yaw
position may be required.
Yaw misalignment Spinner anemometer or a| Research How accurate is the wind
special probe in front of the turbine aligned with the
hub to measure the wind wind, how does the wind
speed / wind direction / fluctuate in front of the
wind components in front of turbine, and how does the
the hub turbine react on these
fluctuations.

3.3 Specifications of MLCs

A straightforward approach to include the above timeed required load measurements, may
be that these measurements are carried out fosdhee internal and operational loadings
(MLCs) as specified in IEC 61400-13. However it mapcur that the loadings considered by
the MLCs in IEC 61400-13 are not sufficient and iaddal internal or operational loadings
should be considered for the drive train, pitchtesysor yaw system. F.i. for validation purposes
of simulation models applied to analyse specifieditions.

Below the results provided by the project partn@rs summarised. First, it is relevant to
distinguish between two different possible goatssfaneasurement campaign:
1. MLCs to verify the initial design loads (and coniplehe design load set where
necessary)
2. MLCs to tune and validate the simulation modelduse the design of the mechanical
systems
For the PROTEST project, the second objective asaijective that the focus will be on. The
first objective is typically performed and descdhia the traditional “load validation” approach
such as clause 8.3.1 in IEC-61400-4 (p.76-78).
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3.3.1 Summary

Table3-9: required internal and external loadings

Name of (sub)system or comp
drivetrain

onent

Operational mode of
turbine

Additional requirements
w.r.t. internal loading

Wind conditions

Remarks

power production

V_in<v<v_ out

power production

emergency stop

tbd

power production

yawed inflow

v_in <v<v rated

Idling

Sudden application and
release of brake to create
torque pulse excitation

Low voltage ride through
(LVRT)

Loading conditions at
coupling / high speed shaft

MLCs recommended in IEC
61400-13 are otherwise
sufficient. The problem is
the “recommended” which
usually leads to a very
shortened list of measured
MLCs.

Power production

Faults according to grid
requirements

Acc. IEC 61400-13 (faults)

These may be performed
during certification tests

Existing MLCs sufficient,
turbine specific operational
modes are normally tested
regardless. Such
measurement is normally
requested by the certifying
body.

In particular transient
operation is used for
validating model
assumptions (i.e. first drive
train frequency).

Name of (sub)system or comp
yaw/pitch system

onent

Operational mode of
turbine

Additional requirements
w.r.t. internal loading

Wind conditions

Remarks

power production

v_in<v<yv rated

power production

v_rated <v <v_out

power production

emergency stop

tbd

Power production

System engagement with

reduced capacity

Acc. IEC 61400-13 (faults)

Except from the description of internal loadingesaéfaults, operation cases where components
undergo adverse loading), there is the need foerdetailed description of the external loading,

and this may be investi

gated. For instance:

- description of turbulence intensity, taking out ke frequency content
- procedure for identification of gusts/shear/dir@etchanges and provision of specific
experimental time series for model validation
This will enhance the exploitation of the experit@rcampaigns and the reliability of the

validation procedure.

MLCs specified in IEC 61400-13 are considered sigfit for validating load assumptions of

theoretical tools.
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4. A Six Steps Approach

As discussed in the previous chapter, there cawbalifferent objectives for the measurement
campaign. In this project the focus is on a measarg campaign of the prototype that can be
used to verify the model assumptions that have lsed in the simulations of the different

components. The measurement campaign therefor s set-up such that these simulations
can be verified.

When focussing on the three discussed compondnis,important that the loads on these
components are validated. However, due to the ldiffierences in these components between
different wind turbine concepts as well as theaddhces in the corresponding models that need
to be used, it becomes impossible to set strictdstals. For example it has no use to include
measurements of variables that are not includetthenmodel or do not exist in the chosen
concept or to measure at frequencies that are migbler than those that would show up in the
simulations. The model that is used determinesrteasurements that are needed. A procedure
similar to IEC61400-13 would prescribe exactly thember of measurements, frequencies, etc.
which may lead to an unnecessary amount of measmtenwithout validation possibilities for
the models used. It is not the intention of thessv rguidelines to replace the existing
IEC61400-13; the new ones should be considered leongmtary.

To solve the problem of the model determining treasurements that are needed, a completely
new and more flexible approach is suggested, ateps approach, letting go of the current, less
flexible, approach in the guidelines and standarts. six steps that are to be followed to set up
a measurement campaign for a component are:

Step 1: Identify critical failure modes or phenomena éomponent

Step 2: Design the model (simple analytical, multi boB{£A)

Step 3: Run model for various DLCs (critical DLCs can loifferent for the different
phenomenal)

Step 4: Determine input and output parameters of modskmhine how “certain” they are, and
if they need to be verified/measured (spring comistdamping, axial motions, nat.
frequencies, etc.)

Step 5: Design  measurement campaign to verify models amgantify parameters
(parameter, sensor, frequency, duration, processtng

Step 6: Process measurement data and check/improve moaedel parameters.

These 6 steps will not always be performed secaifntias illustrated in Figurd-1, it is
possible to have one or more loops in the prodesdlustrated in this figure, once the model is
designed, the DLCs are run and the (un)certaingjiftérent parameters has been investigated,
it is possible that the model proves to be inadegaad needs to be altered, for example when it
is realised that it will not be possible to detarenenough parameters in the measurements or if
it becomes clear that the uncertainty of certapuirparameters is too large. It is also possible
that, after measuring and processing the datan#esured signals appear to be incorrect or that
more signals are needed, which results in the ithagirated, going back to step 5, ‘setting up
the measurement campaign’. Another possible outcafiee the final step is the need to return
to the design of the model, if the approach thatlieen followed turns out to be unsuccessful or
if some parameters need to be improved, which daflsa small change in the model and
rerunning the critical DLCs again. However, in tbhase it should be possible to skip repeating
step 5. These are a few of the possibilities ohgdhrough the six steps approach and they
illustrate that the order is not always sequergdia as long as all steps are performed at least
once, differences with the illustrated order aadistic possibilities.

To investigate this suggested six steps approdchiilli be applied to the three different
components in WP 5, 6 and 7. In this report the@ggh is described for each of the different
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components for a single case, purely as an illtistraof the method. The complete results will
be discussed in the before mentioned work packages.

1. Identify critical failure
modes

h 4

2. Design model(s)  je¢——

i

3. Run DLC’s

;

4. Input, output &
certainty

yes

Adjust model?

na
k4

yes 5. set-up measurement
campaign

I

6. Process measurement
data and checkiimprove
models yes

Change/add
signals?

no

Adjust model?

L}

¥

Report

Figure4-1: lllustration of the six steps approach.
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5. Drive Train

In this chapter the six-step approach outlinechiapter4 is applied to the drive train.
I ntroduction

Figure4-1 shows the six-step approach as it is currgmdgented in WP4.

The application of this six-step approach for theeltrain is carried out as follows:

* step 1To identify relevant failure modes only the poweansmission function of the
drive train is considered which encompasses incrgabke slow rotational speed of the
rotor driven by the wind to the fast rotational epeequired by the generator connected
to the grid. Doing so, the high torque availabléhatrotor is reduced to the lower torque
required at the generator to deliver the demandedapd.

» step 2:As design models a state-of-the-art Flex5 moddlatorsion SimPack model are
considered. For the Flex5 model the drive traisimulated as an equivalent stiffness,
damping and inertia to represent the mechanicahextion from wind turbine rotor to
generator rotor. In the Simpack model the individc@mponents in the drive train are
modeled in more detail using 1DOF rotational bodies

» step 3:To run DLC's a selection is made according todtesidered failure mode and
occurrence of the DLC in the field.

» step 4:A sensitivity analysis can be applied to assessirtipact of individual model
parameter uncertainty on the eigenfrequencies,ngigdes or outputs of the time
simulations with respect to the considered failmmle calculation.

Note that following this formalism for the driveain, there is no justification for
adjusting the model at this stage as indicatechén@-step approach of figure 4.1. The
selection of the proper model is based on the densil failure mode in step 1.

» step 5:Assessment of the 2 model outputs with respet¢heoconsidered failure mode
should indicate which interconnection loads needdetlicated experimentaload
validation campaign. The sensitivity analysis of the modelpaaters should indicate
which parameters are to be experimentally idemwtif@lowing a dedicated experimental
modé validation campaign.

* step 6:The measurements should be processed to providsmamer to the following
question:

o0 Load validation: is the simulated load used foiat@lity calculation of the
considered failure mode accurate enough to guadhéereliability?

0 Model validation: is the accuracy of the model pagter high enough to
guarantee that the sensitivity impact on the sitedlaoads for the considered
failure mode is acceptable?

Note that the question to change or add signaés afep 6 is justified if the questions above
cannot be answered properly at this stage. A mpdedmeter update is included in step 6.
Further need to adjust the model after step 6 #spihat the wrong model is chosen for the
considered failure mode. In that case the proamesssiback to step 1 where calculations with
the candidate models according to the consideikaddanode reveal what model is required for
this failure mode.

The six steps are discussed in more detail inahevfing sections.

5.1 Step 1: Identify critical failure modes within the drive train
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The drive train is theassembly ofcomponentsof the wind turbine that transforms t
mechanical energy from the rotor into electricabrgy This definition includes the win
turbine’s rotor, gearbox and generator, all intarexting shafts and couplings as well as
bearings and supports. Theree many possible configurations for the driventdépending o
the manufacturer'general concepts and to a certain extend on tleeosithe turbine (for mor
details about the different drive train conceptd examples, see the state of the artrt [19]).
Among the four main types of concepts (modular erimtegrated drive, partia integrated
drive train andlirect drive train’ the Triple-Point Susmesion drive train (type modular) is t
most common one. e drive train implemented into the Suzlon wind turbine is a typice
and hence relevant example for this class of draias.

As far as the technical realisat of the concepts is concerned, itly differs in the numbe
size andconfiguration of the components. To transmit pofem the slow rotating turbin
rotor to the fast rotating generator rotor a geatypically uses gears, splines, shafts, keys
key ways, bearings and structural components. Befide there are other components
subsystems which are relevant for the proper fanety of a gearbox but are considered ot
the scope for the PROTE$Foject

Figure5-1: Photograph of a partly integrated drive train coptérom DeWind (2002), simile
to the Suzlon S82: 3 point suspen
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Main Shaft i Generator

Braque Generator Shaft Cooling System
Figure5-2: Sketch of a typical modular drive train (tripleipbsuspension) similar to the
SUZLON S82 configuration [source: www.wind-enedgé.

Gearbox Mounting Second spur gear  High ?peed Shaft
Ring gear ™~ J
S \ S s

o

Hollow Shaft -
{planet carrier) .l = ™ f
AV == \ S—
A e J._l 3 '8
\ e s
P :
sun ” )
Planet First spur gear stage

Figure5-3: Cross section of a 3 stage gearbox (one planetaiyesand 2 helical gear stages)
for wind turbine [source: www.wind-energie.de]

5.1.1 The gearbox (A)

For each of these components many non-uniformiydstalized lists of failure modes exist in
literature. Most of these failure modes can typychke assigned to one of the next categories
according to their load related root cause:

* gears and splines:

pitting fatigue
bending fatigue
surface distress
overload fracture

O 00O

e shafts:
0 bending fatigue

ECN-E--10-083 29



o overload fracture

* keys and key ways
o fatigue fracture
o0 overload fracture

* bearings:
0 subsurface fatigue
o surface distress
o overload fracture

e structural components:
o fatigue fracture
o overload fracture

5.1.2 The drive train without the gearbox (B)

The drive train without the gearbox is broken dowto its components and interconnection
points. The following list specifies the relevaailiire modes for the PROTEST project for each
of its components. Furthermore examples for DLGHiggd by the GL guidelinfl9]) which
can be used to check the component load assumpatieristed.

e connection to main shaft
0 bolt failure (fracture)
load cases: extreme (for example GL-DLC1.5, DLG DI6C 9.1)
* low speed main shaft
o fatigue fracture
0 damage due to extreme loads
load cases: extreme (for example GL-DLC 1.5, 1.§),9atigue
* main bearing(s)
o0 bending fatigue main bearing housing
0 pitting fatigue
load cases: fatigue
* connection to gearbox low speed shaft (shrink disc)
0 bending fatigue
o slippage due to excessive torque
load cases: extreme (for example GL-DLC 1.5, DLE-DLC-9.1), fatigue
* connection to gearbox high speed shaft
0 bending fatigue
o slippage on shrink disc
load cases: extreme (for example GL-DLC-1.5, DLE-DLC-9.1), fatigue
* mechanical brake
o overload (thermal)
load cases: extreme (for example DLC-5.1)
* high speed coupling
o fatigue fracture
o slippage on all frictional connections
load cases: extreme (for example GL- DLC-1.5, DLE-DLC-9.1), fatigue
* generator
0 bending fatigue
load cases: fatigue

For the gearbox (A.) and the drive train (B.) faggdriven failure modes are supposedly
avoided by checking the ratings using safe estignafea full life time equivalent component
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load assumption. Overload driven failure modes @wasidered by checking the extreme
component load assumptions. Surface distress dfaieme modes are taken care of by making
sure that the proper lubrication and lubricatidmfihickness is present to avoid metal to metal
contact and provide the required heat removal.

Based on these failure modes and assuming a ddsigih 20 years it can be concluded that the
model should be such that it is able to

* estimate a 20 year equivalent load up to compdeeat.
* estimate the extreme load values encountered wattdit year life span up to component
level.

For fatigue and overload driven failure modes, tequired component load is mainly
determined by rotation speed and torque, whilestoface distress driven failure modes also
lubrication flow rate, lubrication film thicknessemperature and displacements are to be
considered.

The subsequent steps of the six steps approadbrtdrer demonstrated for the drive train based
on an example: “Calculation of structural composénTaking into account only the power
transmission function of the drive train (i.e. rexging other loads than torque), the required
model output load quantities are:

0 torque variations as a function of time and rotmsipon

0 extreme torque values

To go exemplary through the 6 steps approach,atheré of the high speed shaft coupliisg
chosen.

5.2 Step 2: Design models

To investigate properly the chosen failure modee&ms to be appropriate to concentrate on the
loads suspected to be responsible of the fractheetorsional loads. As a consequence, we are
focusing in improving the level of details of theve train torsional modes.

The so-far commonly used approach for load-simuatiof wind turbines design and the
selection of components has been to calculatecdms| by globally modeling the turbine with
aeroelastic codes (e.g. Flex 5, GH-Bladed, see sfahe art repor{19]). It has been extremely
popular, due to its ability of capturing the intetfans between inertial, elastic and aerodynamic
forces and with relatively short computational tdm@nd high reliability. The typical model
topology is presented in Figute4 and Figur&-5.

On the other hand, drive train component manufacsusought to integrate several nhumerical
models which capture the dynamic nature of theedtiain.

However, due to the reciprocal characteristicshefdynamical interactions of the components
and the external loads (e.g. wind, generator gir mament, wave’s loads or earthquakes), a
fully-coupled model, which integrates all of thengmonents with more details, is valuable to
complementhe existing methods with analysis, so that amniicant interactions can be
identified. It also avoids possible pitfalls in ting uncoupled models.

This approach has been adopted in the case-stuBROTEST through integrating a detailed
model of the drive train featuring one rotationaDIP per component. The used tool is
SIMPACK, a commercial software implementing the Midody Systems method (MBS) to

model a mechanical system and determine the moubtise bodies in a 3D-space as well as
the forces acting on them. The approach represamis component of the system as a rigid
body and defines the interaction between them. »taneled application of the method enables
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the modeling of some components as flexible bodiebis called-lexible Multi Body System
(FEMBS) simulation, which is also possible with SINCK.

The load flow in the wind turbine is schematicatypresented in Figuie5.

Two different modeling stages are being implementeder SIMPACK, see sections 5.2.1 and
5.2.2.

flexible rotor torque path

(12 - 18 DOFs) |

{ Kpr
hub []

(1DOF)

generator

generator torgue

|| tower top

| flexible tower
load path { (3-5DOFs)

(exclusive torque)

Figure5-4: Schematic representation of the DOFs in a strudtovadel of a three-bladed wind
turbine in a traditional design code (froj20])
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Figure5-5: Schematic overview of the load flow in the winthine (from[20])
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5.2.1 Modeling stage 1: based on standard aero-elastic tools

DOF 28: Shaft torsion DOF 13: Shaft rotation
DOF 14/15: Shaft bending

¥
Rl |, ,,_,_”'ng._,;}ppF11:Yawfri|t

DOF 16-27:
Blade deflections DOF 07-10:
Tower bending
(4 Modes)
DOF 01-06:
Foundation —
Rotation and
translation
T,
V7 FSHS

/‘ FND;T z P
Figure5-6: Degrees of freedom of a Flex 5 model, with coadirsystems
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The drive train of the first modelling stage (basedFlex 5, see Figurg-6) contains 4 degrees
of freedom: the rotation of the low speed shaft33”), two bending degrees of freedom of the
supporting parts of the hub (bodies “Hub” and “LB8b") relative to the tower top and the
torsion of the connection between the hub and @meeator rotor. The rotation of the high
speed shaft is defined through a constraint tdatvespeed shaft (stiff connection with the gear
ratio as transmission ratio). The input of the alldorsional stiffness and damping for the drive
train and its transmission ratio are the only resiiparameters for the drive train. The inertias
of all the rotating parts but the rotor blades #melhub are modelled in the “HSS” Body. The
influence of the individual rotating bodies, whittansmit the torque from the rotor to the
generator, is thus not considered. To what exthadet elements are influencing the loading of
the drive train itself and all other turbine compots can only be investigated when the detailed
gearbox is integrated in the model of the wholdinhg. This is implemented in the next
modeling stage, the stage 2.

5.2.2 Modeling stage 2: sophisticated drive train model

4 3 &
& ‘o{b% 0\\6 oo\@
5 ) 2 & &
Hub & & & &S
) QX & =)
T 00 e 000y [
w0 ﬂ{&iﬁ_—]—r ey 1 Hﬁlﬂ 5
s LS wll S S N L N
7 — o & b‘\rg &ﬁv
i
[ Z\’b& 5v’§\ \\‘&v o N
s Qo 5
> 60 o o

Bending

Generator Mounts
N . D
Drive train

Gear housing

”%;T (YawYY),BY(TiIt)

,,,,,,,,,,,,

<o

bedplate

Figure5-8: Topology of the advanced torsional model of theedirain, modelled under
SIMPACK

It is possible to reach a very detailed modellingng multi body simulation software,
representing for example the tooth contacts, bgasiiffnesses or even implementing flexible
bodies. In practice it is, however, on one hanfiatilt for turbine manufacturers to have access
to the needed data of the gearbox or of other coems. Also the validation of the model
parameters may be linked with a lot of work anfbref On the other hand the drive train
manufacturer does not have access to the modeloéidte whole wind turbine, such as rotor
blade data, controller model, tower data, etc. poesibility to extend the model for simulation
of the load cases with the corresponding degredésefiom is hence typically not considered.
However, the data of the rotating bodies of thealtiain are available.

Along with the masses and the inertias in particthla following information is of concern:
» Torsional stiffness of the gear box mounts.
= Torsional stiffness of the generator mounts.
= Torsional stiffness of the shafts and gear teeth
= Stiffness of the different gear stages
» Transmission ratios at the different gear stages.
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By using these data it is possible to model theedtiain in a more detailed manner than in the
first stage. It thus leads to more precise simohatiesults for the whole system. In the drive

train 14 supplementary degrees of freedom have teesidered. The gear box housing and the
generator housing are both connected with oneioottdegree of freedom to the base plate.
The whole drive train is being subdivided into 18dkes between the rotor hub and the

generator rotor. The torsional stiffnesses are gpenmodelled using force elements at the

interfaces between the elements and the rotatgiifiiesses between the interfaces are being
allocated to the corresponding bodies.

5.3 Step 3: Run model for various DLCs

Even though more investigations will be made inkymaickage 5 (case study, drive train) where
in particular more load-cases are simulated andteeare extensively presented, it is explained
how this step must be executed.

After completion of step 2, where the model hasnbaesigned, the first simulations (DLC’s)
must be run. It consists in calculating the relévaads which are suspected to be at the origin
of the investigated failure mode.

The corresponding loads are computed using the Imou#er diverse operating conditions
(design load cases), which have been determinsml (Identify critical failure modes within
the drive train).

The aim is to have enough data, to be able to chezkalidity of the model. In our case it
consists in comparing the results of the simulakietween Flex5 and Simpack. Flex 5 being a
tool widely validated.

The Flex 5 outputs will be compared with the Sinkpatage 1 outputs on the one hand, the
Simpack stage 1 model and the Simpack stage 2 modéke other hand.

It is the way we did it in our case, however, tlhalgf the step is first and foremost to check the
plausibility of the new model for the relevant loadses, so that it also could consist in
comparing a baseline SIMPACK model, with an exteholee.

Since the turbulent wind fields generated for thexF> model are not compatible with the
Simpack Aerodynamic module, the aerodynamic loadihghe wind turbine models from a
turbulent wind field cannot be identical for botloaels and time signals cannot, as a matter of
fact, be compared directly.

However, a direct comparison between the time $goan be done at load cases using
deterministic wind, (e.g. GL-DLC1.0, normal poweaoguction, Normal Wind Profile) since
the corresponding wind fields are defined idenlyctr both aerodynamic modules.

As a reminder, the selection of the DLC’s to be lnas to be made according to the investigated
failure mode and the occurrence of the DLC in tletdf(see step 1 “identify critical failure
modes”). That is why we should in our case runféfiewing DLCs — see also table 5.1 for load
case definition:

GL-DLC 1.0 for validation of the new Simpack Stelgmodel, using Flex 5 as a reference.
GL-DLC 1.5, since this load case is critical foe ihvestigated failure mode
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36

Ty [ Partial
Design situation DLC Wind conditions' Other conditions ype 0_ safety fac-
analysis )
tors
1. Power production 1O INWP Vi< Vi < Vowr U N
L1 [NTM Vi = Vi = Vou U N
12 [NIM P < P = Four ¥ *
L3 |ECD  VasTw =T, U N
14 INWP V< Tw< o External electrical fault U N
L5 |EOG, T, = Vi < Vo Grid loss U N
L6 |EOGsy Vo= Py = Fouw U N
L7 |EWS  Vig< P < Fou U N
L8 [EDCso Via = Py = P U N
1.9 |ECG Vi £ Vi £ V4 U N
Tvpe of Partial
Design situation DLC Wind conditions’ Other conditions alifl\'sis safety fac-
N tors
110 |NWP  Ta= Fan= Vo Ice formation F/U *IN
1.11 [NWP  Fap=TFror Vo Temperature effects u N
1.12 |NWP  Fap=T:or Fos Earthquakes u b
113 | NWP  FPan =T or Py Grid loss F *
2. Power production 21 | NWP Ta=Tip= Ve Fault in the control system 18} N
?h‘;"mmnce of S TNWP Tz eV Fault in the safety system U A
an or preceding internal elec-
trical fault
23 |NTM  Fip< Fap < Vo Fault in the control system F *
or safety system
3. Start-up 3.1 |[NWP  TFo< Van = Vou F *
2 [EOG; V= Ve = Via U N
33 [EDC Vo= Vo= Vew U N
4. Normal shut-down | 4.1 |NWP  Fi< Van = Voxr F *
2 |EOG:I Vaz Van = Vea U N
5. Emergency shut- 51 |[NWP Fa=Tin=Tu U N
down
6. Parked (standstill or| 6.0 [NWP Vi < 0.8 Vs Possibly earthquake; see U N/ **
dling) Section 4.4.3.3
6.1 |EWM Recurrence period U N
50 years
6.2 |EWM Recurrence period | Grid loss U A
50 years
6.3 |EWM Recurrence period | Extreme oblique inflow 8) N
1 year
6. Parked (standstill or | 6.4 |NTM  Fyp = 0.7 Fag F *
idling) 65 |EDCsp Vs = Vet Ice formation U N
6.6 |[NWP  Faup=0.28 M. Temperature effects U N
7. Parked plus fault 7.1 |EWM Recurrence period U A
conditions 1 year
8. Transport, erection, | 8.1 [EOG; V=77 To be specified by the 18) T
mamtenance and manufacturer
repair
8.2 |EWM Recurrence period | Locked state U A
1 vear
8.3 Vortex-induced transverse F *
vibrations

B

1

Partial safety factor for fatigue strength (see Section 4.3.5.3)
*%  Partial safety factor for earthquakes (see Section 4.4.3.3)
If no cut-out wind speed F,y 1s defined, Fgrshall be used.

Table 5.1 Design load cases, defined by GL-Guigglérd21])

ECN-E--10-083




5.4 Step 4: Assess results, determine input and output parameters,
determine how “certain” they are, and if they need to be
verified/measured

The input parameters for the drive train model thiee model parameters of the Multi body
System, as seen in step 2.

As far as the structural part is concerned, it espnts the mass and inertias of the different
bodies, the stiffness and damping values of theefetements connecting them.

Component Uncertainty
Mass Blades Max +-3% deviation
Components Drive Train Max +-3% deviation
Tower Max +-3% deviation
Inertias Components Drive Train Max +-3% deviation
Stiffnesses Blades ?
Tower ?
Drive Train shafts Max +-10% deviation
Gear mesh Stiffnesses Max +-20% deviatipn
Gear Box mounting Max +-20% deviatiop,

particularly the non-
linearity should be
considered with care

Damping values Blades ?
Tower ?
Drive Train shafts Structural ~ damping

Gear mesh Stiffnesses can be taken from
literature, however
the consideration of
friction losses as
damping in all
contacts is no
straightforward, i.e
uncertainty of -+1009

Table 5.2 Uncertainty of the model input parameters

The table 5.2 shows that some structural charatteiof the dynamical model can be
determined more precisely than others: e.g. theedrain components masses and inertias can
be derived very precisely, since the geometry dmadnhaterial densities are well known. It
becomes more difficult when it concerns e.g. theetoor in particular the blades, which have
relatively high fabrication tolerances, due to labimtense manufacturing.

Note that not absolute uncertainty but manufactudeviations leading to differences e.g. in the
blade masses are already taken into consideratidhe simulation, by for example adding
unbalanced in the blades (one blade with +3% magd®ae with -3%).

Concerning the stiffness values, the situationinglar. For example, the gear mesh stiffness
can be theoretically known exactly, based on thmpmment geometry and the material
properties but due to the involute tooth profilesl ayclic multi-tooth contacts, it withesses
further non-linearities (which are not taken intmsideration in our model, all stiffnesses in the
model being assumed to stay constant over displkatismvelocities or accelerations).

The most difficult parameters to determine pregisaie the damping values. Approximated
values that have been determined empirically depmmdhe material properties (material
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damping) but also greatly on the component geongetryictural damping) or on the medium in
which the mechanical parts are moving (viscous diag\p

In other words, some structural data are diffidoltbe determined precisely. Moreover the
different structural data act quantitatively diffat on the overall behaviour of the system. Note
for example that in the approximation of overaififiséss of a drive train with one stage at ratio
n, the stiffness of the high speed shaft has todmsidered with a facton*2, showing that
identical uncertainty for different parts can haeey different effects in the dynamics, only due
to the kinematics.

In addition, the complexity of the equations of motbehind the multi body system makes it
impossible to derive the uncertainty of the outigsult analytically from the uncertainties of the
different inputs. That is why it is not practical tompute the uncertainty of the simulation
results.

An alternative is to carry out a sensitivity an@ysn the different input parameters.
It gives a rough approximation on the influencdrgut uncertainties on the simulation results.
This can be realized with different approaches:

1*' approach:
1. Vary a given parameter which ought to influencertllevant load (e.g. high speed shaft

stiffness)
2. Run a modal analysis
3. Observe the change of the resulting eigenfrequeraid eigenmodes
4. Judge what uncertainty is acceptable

2" approach
1. Vary a given parameter which ought to influenceréievant load (e.g. high speed shaft
stiffness)

2. Run load simulation for relevant DLC’s (determinedhe previous step)
3. Analyse the results (e.g. capture matrix, or thputs of the Rainflow Count)
4. Judge what uncertainty is acceptable.

5.5 Step 5: Design measurement campaign to verify models and
guantify parameters

The definition of the measurement campaign is digichl next step in our approach. It aims at
verifying the model: its topology or input paramste

IEC/TS 61400-13[13] (Wind Turbine Generator Systems — Part 13: $deament of
mechanical loads) is commonly used for field testof Wind Turbines, it defines what
guantities should be measured, how to do it prgparld how to analyse the data. This
procedure, as well as the IEC61400-4 W3, are formally further to be followed. However,
for our example, and the validation of our sophatd drive train model, further signals are
required.

At this stage of the 6-step approach, a good conwation is necessary between the model
experts and the person conducting field testingettwer, they must define the best combination
between what signals are necessary, “nice to hand'what is technically feasible. During this
process every party must be aware of the importaheach signal, to pay particular attention
e.g. to their robustness, sampling rate, eventatd-gdrocessing (such as filtering), location of
the sensor or to eventually drop some signals wairehno must. Additional signals can have
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expensive consequences in terms of sensors, a@muisystem, or data processing, that is why,
they must be chosen with parsimony, defined alterdarly design phase (steps 1 to 4), so that
no data which are useless for model validationtloerodesign-relevant issues are produced.

In that sense, the prototype measurement campaigiéen designed, as a part of PROTEST,
to try to verify the sophisticated drive train mbdehe measurements have been realized on a
SUZLON S82 1500kW wind turbine situated nearby ®aeki, Tamil Nadu in India. The
assessment and documentation of the load measurehsare been performed according to the
IEC 61400-13 (1. ed. 2001). Transients and norroalgp productions operation modes have
been recorded. The relevant quantity are desciibe table 5.3

At the beginning of the field testing, all load gtiies are calibrated either employing
analytic/nominal calibration or external load caditon. In most cases where geometry of the
measured component at the measurement cross sectiil known along with the material
properties an analytic calibration scheme is agglie the strain gage sensors.

Specific load quantities have been calibrated bplyapg external loads on the complete
measurement chain as it is common practice tohesdlades dead weight for calibrations. In
this scheme a minimum of two reference loads apdieapon the corresponding component or
in case of rotor blade calibration the rotor it low wind speed and low rotational speeds
several times to load the blade root strain gageme with dead weight load moment of the
corresponding blade. Assuming a linear relationdhgbween external loads and measured
values, sensitivity and offset of the measured tiyacan be evaluated. This scheme has been
applied to calibrate the rotor blade root bendirgmants. Details on calibration are to be seen
in the appendix A.2 of the instrumentation reparteliverable of WP5.

The error estimation executed on the blade root emsnand main shaft torque signals are also
derived in part 6 of the S82 instrumentation reptfo limit the effort involved in full scale
load measurement campaigns to a practical degra@ration checks cannot be carried out in
a frequency that allows for statistical analysis thie calibrated sensitivities and offsets.
Applying the provisions of the technical specifmatlEC TS 61400 - 13 (Section B.1.1 and
B.2.2) the relevant data of the devices used imthasurement chain, estimates of uncertainties
for material constants and estimates of uncertamsfor component geometry and masses have
been used to estimate the uncertainties for thesoreanent quantities. Standard uncertainties
of type B 1SO1993 for applied calibration valuesalU¢i.e. combined uncertainty due to
material constants, component geometry and massiiye scheme, used strain gages and
completion resistors) as well as for the measurenmutput value Uov (i.e. combined
uncertainty due to uncertainties of signal senstransducers and transmission lines in the
measurement chain) have been derived

Unfortunately calibration and error estimate argeneral a challenging processes. Strain gauge
measurements are sometimes difficult to calibratk iis indeed often impossible to load the
gauged component properly in the field to calibthecomplete measurement chain. However,
analytical calibration combined with a

shunt calibration check, (which verifies the fuoecality of the measurement Wheatstone
bridge and the connected wiring by switching a shasistance in parallel to one of the strain
gages in the Wheatstone bridge) is always pradécabd even a prerequisite to every strain
gauge test.

Most of the other sensors, however, (s.a. vibrasiemsors, torque measurement shaft, rotation
velocities sensors, temperature sensors) will catitte calibration documentation given by the
sensor manufacturer or by a calibration institiriesome cases the sensor can be calibrated in
the lab, before the field test.
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L oad quantities

Quantity Name Sensor Sample | Uncertainty
Rate

Operational quantities

Main Shaft Rotor Speed N_rot Inductive pick up 50hz <2%

Generator Speed n LSHSS Inductive pick up 200hz <1%

Nacelle Wind Speed V_nac Controller Turbine 50Hz 1%

Electrical Power Output F_grid_r Active Power| 50Hz 0.5%
transducer

Pitch Angle of Blade 1 Alpha p 50Hz <1%

HSS torque (calculated) - Calculated 200Hz <2%

Torque HSS Coupling (KTR) | T gen DATAFLEX 140 200Hz <5%

Torque HSS axis Taxis Manner systern} 200Hz <5%
(strain into Volts)

Power delivered (controller) | P WT_SCS 50Hz <1%

RPM (controller) n_rot 50Hz <1%

RPM HSS (KTR) N_Gen p/D_n_Gen Keyence laser 50 Hz <1%

RPM HSS — pulses as a digitalD_n_HSLP Encoder 50 Hz n.a.

channel

RPM ISS - pulses as a digitalD_n_LSLP/D_n_IM Keyence laser sensof  50Hz n.a.

channel

RPM LSS - pulses as a digitalD_n_LSLP Keyence laser sensof  50Hz n.a.

channel

RPM IMS n_LSHSS 50Hz <1%

Torque LSS Trot Sensor 50Hz <5%

Displacement  gearbox indp_g_v_| LVvDT inductive | 200Hz <1%

supports vertical (left) sensor

Displacement  gearbox ipdp_g v r LVDT inductive | 200Hz <1%

supports vertical (right) sensor

Bending Y LSS M hy Sensor 200Hz <5%

Rotor Azimuth Ar_rot Sensor  (proximity] 200Hz <1%
switch 1ppr)

Axial displacement HSS dp_HS Eddy current sensor 200Hz <1%

Axial displacement ISS dp_IS Eddy current sensor 200Hz <1%

Axial displacement LSS dp LS Eddy current sensor 200Hz <1%

Displacement  gearbox indp_g_a | LVDT inductive | 200Hz <1%

support axial (left) sensor

Displacement gearbox ipdp gar LVDT inductive | 200Hz <1%

support axial (right) sensor

Displacement  gearbox indp_g_t_r LVDT inductive | 200Hz <1%

support tangential sensor

Axial play of planet carrief Play _bea Eddy current sensor 200Hz <1%

bearings

Table 5.3 Used measurement signals on the S82fdication of the sophisticated model

— campaign
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In addition, further signals, giving important infieation on the external conditions must as well
be recorded, such as the yaw angle, generator spleetfical power output, blade pitch angle,
wind speed at nacelle, diverse status signals (suscli Grid connection”, “Availability”,
“Emergency stop”, “Manual Stop”, “Manual Stop”, “BH#, “Yawing Error”). The resulting
information is important to ensure that the loadiegvironment in which the dynamic
mechanical system is operated is similar for tloeleh and the measurement (consistency of
DLC —Design Load Case- and MLC —Measurement Loaega

5.6 Step 6: Process measurement results

The analysis and documentation of the measuredalsigghould be executed following the
IEC/TS 61400-13 standard. This includes 10-mintééistics of the external condition
descriptors (operational quantities and meteorglagyl load quantities in terms of time series
of 10-min-averages, scatter plots and time at lehistograms. The way of representing
measurement data is of course very much dependirigeoactual type of data and the type of
analysis applied to come up with comprehensive checuation.

On the level of statistics and scatter plots adaeh IEC load report format is recommended to
describe the overall behavior of the tested wimbdihe throughout the measurement campaign.

Since the loading of the wind turbine cannot bectyadefined in the model as it is on site
(turbulent wind field), it is not possible to compéhigh resolution time signals with each other
between the measurements and the model itself. @ansequence, the concept of the capture
matrix (as given by IEC/TS 61400-13) should be usedategorize measured and simulated
data w.r.t. external conditions of wind speed amthulence. By using the corresponding data
from the measured and simulated data base thestemsy between the measurements (MLC)
and the model results themselves (DLC) can be ledtad and maintained throughout the
various data post processing schemes.

Such post processing evaluations li&kggue analysidased on Rainflow counted load cycles or
time at level analysis however, do not give any precise hint about hmwedesign the model,
but only that it should be redesigned in case gfartant deviations between simulations and
results.

Coming back to the validation targets of the prgtetcomponent testing the aim is to employ
the measurements model validationand inload validation Depending on the target of the
validation approach specific evaluation technigaresapplied.

In this demonstration the focus is placed on medétiation and only the power transmission
function of the drive train (i.e. neglecting otHeads than torque) shall be considered. Hence,
the relevant model output load quantities and ntreasent load quantities are:

e torque variations as a function of time and rotosifion

The time series data obtained during manual testimg during an automatic monitoring
campaign can be evaluated for

* extreme torque values (load validation)

e natural frequencies
* model parameters stiffness, damping and inertia
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5.6.1 Extreme torque analysis

For extreme value analysis it is proposed to evalusa min-max-matrix that relates the
maximum and minimum loads observed for the indigldoad quantities to the simultaneous
loads at all other load quantities. In the validatstep the tables are set up for measured and
simulated loads and compared.

FX,LSS @ Pm,LSS,ma

I:X,LSS@ Fx,HSS,ma

. Fx,LSS @ dz,TAR,ma>

| Pniss @ Fissma

I:x,HSS@D Fx,LSS,ma:

Fx,HSS@ I:)m,LSS.ma

Priss @ Frssma

' Pm,LSE @ Q,TAR,ma)

Fx,HSS@ dz,TAR,ma>

Pm, HSE @ Fx,LSS,ma:

. Pm,HSE @ Pm,LSS,ma

Pm,HSE @ Fx,HSS,ma

. Pm,HSE @ Q,TAR,ma)

| FxaL @ Fissma

. Fx1aL @ Pnissma

Forar @ Fnss.ma

' Fx,TAL @ Q,TAR,ma)

dz,TAL @ I:x,LSS,ma:

: dz,TAL @ I:>m,LSS.ma

dz,TAL @ Fx,HSS.ma

. dz,TAL @ Q,TAR,mw

| I:x,TAF& @ I:x,LSS,ma:

: I:x,TAF& @ I:>m,LSS.ma

I:x,TAR @ Fx,HSS,ma

. I:x,TAF& @ Q,TAR,mw

dZ,TAR @ Fx,LSS,ma:

. CIZ,TAR @ Pm,LSS,ma

dz,TAR @ Fx,HSS,ma

event @ Eissma

. event @ B ssma

. Fyiss @ Ryissmvin

event @ Eussma

I:X,LSS@ FX,HSS,MII\

event @ d,TAR,ma)

' FX,LSS@ ct,TAR,MIN

| Pniss @ K ssvin

| Fohss@ Fiissmin

. FX,HSS@ Pm,LSS,MIN

I:)m,LSS @ FX,HSS,MIN

. I:)m,LSE @ Q,TAR,MIN

. FX,HSS@ dZ,TAR,MIN

| Pnpss @ Fissmin

' Pm,HSE @ Pm,LSS,MII\

Pm,HSE @ I:X,HSS,MIN

' Pm,HSE @ Q,TAR,MIN

| FxraL @ Fissmin

: FX,TAL @ I:)m,LSS,MIl\

FX,TAL @ FX,HSS.MlN

. FX,TAL @ Q,TAR,MIN

dZ,TAL @ Fx,LSS,MIN

. CIZ,TAL @ Pm,LSS,MIN

dZ,TAL @ I:X,HSS,MIN

. CIZ,TAL @ Q,TAR,MIN

| Fx1ar @ FLssvin

' I:)(,TAR @ Pm,LSS,MIN

I:X,TAR @ I:X,HSS,MII\

' Fx,TAR @ Q,TAR,MIN

dz TAR @ Fx LSS,MIN

. dz TAR @ Pm LSS,MIN

dz TAR @ I:)( HSS,MIN

event @ Eissmin

event @ B Lssvn

event @ Eussmin

Table 5.4: Example of Min- Max Matrix for load vadition

5.6.2 Natural frequency analysis

event @ gdrarmin

The MLC'’s shall be investigated in the frequencynda (frequency spectra of the relevant
MLC'’s) to establish the relevant natural frequesadé the drive train system. This typically
requires measurements of the relevant load andatipeal quantities at sufficiently high
sampling rates. For suitable time series the aog#ispectra (FFT-analysis) and Campbell plots
are evaluated for compliance with the model paramsetnd for analysis of resonance risks.
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Figure5-10: Example for Campbell diagram for the calibdagienerator torque signal
(Tgen_c)

If harmonics, that are suspected to have a higlaaingn the fatigue characteristics of the drive
train, are present in the measurement and noeimibdel, it should be attempted to redefine the
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original model to try to reproduce them. e.g. bdiad degrees of freedom, tuning parameters
(stiffness or eventually damping values), or addixgitations. At this stage, it should be

checked , if such harmonic content is only preskming one particular Measurement Load

Case or if its consideration is realistic for &k trelevant DLCs.

If harmonics can be seen in the model but not e rtteasurement —or suspected to have a
negligible contribution in the investigated failurede, it can be assumed that the model is not
realistic e.g. by underestimation of the dampindghi@ model. In that case, the model can be
simplified by reducing the degrees of freedom resjie for the corresponding frequencies or

eventually damping values increased.

5.6.3 Model parameter analysis

Based on the specific measurement data the ovedel parameter stiffness, damping and
inertia are derived. In the project team two défg@rapproaches have been employed. Details on
these approaches and their results can be takertli®report of WP5 Drive Train Case Study.

In the following only the essentials are outlined:

5.6.3.1 Deterministic Approach

Stiffness:

The stiffness of the drive train can be estimateodmf measurement data considering
assumptions in drive train dynamics. The inertiahef rotor is high compared to the drive train
and the stiffness of the main shaft is known tdigé.

=
%ﬁ rotor main shaft gearbox high speed shaft generator

Figure5-11: Assumption of drive train model.

Essential measurement results for a stiffness sisadye the rotary speeds and the angles of the
low speed and the high speed shafts, respectietythe torque of the low speed or high speed
shaft, which are assumed to be completely transthiiy the gear box due to the gear box ratio.
Determination of stiffness involves relation of theve train torque variation (averaged or
steady state) to a correspond variation of the langlifference of the rotation angle of the high
speed shaft and the low speed shaft.

stiffness=M [1]
ang

el
Damping:

Two different methods are applied in this analysithe project team:

To estimate damping values (logarithm decremengsmement data is investigated for events
where the drive train is excited to oscillate with eigenfrequency. A damped oscillation is

observed. These events are for example producedgdemergency stops. The logarithm

decrement is estimated by the natural logarithihefquotient of two adjacent amplitudes. (eq.
2).
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5.6.3.2 Statistic Approach

A time domain approach is used in the attempt terdene stiffness, damping and
inertia. This method can be used depending on itealsavailability, sampling rate,
accuracy and reliability of the measured quantities

Trot Tgen (Pgen
Prot (pgen Wgen
Wiot Wgen

@ GearBox: Inertia’, @ Generator: Inertia“, @
Damping’, Stiffness Damping“,
[ ] sifvoss” |

Figure5-12: Schematic conception of the drive train

First of all the main equation of motion of thewdritrain is presented:

_Whigh] [Damplngl- [¢rotor‘ high - ¢high] CBtiffnes [3]

at rotor‘ high

aero or| i ow,,
Trot‘high :[ : ‘hlgh - a:Igh] Onertia+|w

Where:

Toot | ign mechanical torque in the rotor, at the low speeaftstonverted to the high
speed side using the gear ratio and by making gs#sums for gearbox and
generator losses

W angular acceleration of the low speed shaft cdadeio the high speed
side using the gear ratio

% angular acceleration of the high speed shaft

Inertia overall inertia of the drive train

Wmmr\high speed of the low speed shaft converted to the $jpgled side using the

gear ratio
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Whigh speed of the high speed shaft

Damping damping of the drive train

¢mmr\high angle of the low speed shaft converted the hjgted side using the
gear ratio

Prigh angle of the high speed shaft

Stiffness overall stiffness of the system

The approach assumes that any measured data wikioahe information about the inertia,
damping and stiffness. Depending on the individuethod (there are three) a multitude of
solutions will be derived for each (ten-minutedné history that is processed. Hence, the
centered value of the frequency distribution ofsallutions or the median value of all solutions
derived from one 10-min-data set will be consideasdhe most probable solution.

Stiffness:

In stationary operation that also excites the figedrain resonance frequency it is assumed that
the effects of the inertia and damping are small@n be neglected. This means that the quasi-
steady state variation of the torque will be justeh by the stiffness and the differential angle
of both shaft ends. This simplifies the equatiothis minimal expression:

_ [¢rotor‘high - ¢high] [Btiffness [4]

rotor ‘ range range

Stable solutions for stiffness can best be founérgihat the first drive train natural frequency
is excited. For this reason the “resonance” date lieeen used as obtained in a dedicated trial
carried out in the test campaign in December 2@herally, the described methods can be
used on any data set that contains drive trainllasons anticipating that the first natural
frequency has a dominant contribution.
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Figure5-13: stiffness solution median value and frequencyibigions when modifying the
cut-off frequency of the high-pass filter betweeétb@nd 0.50 Hz

Damping:

Once having overall drive train stiffness deterrdinie ratio between the damping and inertia
can be obtained. Keeping in mind the findings efdhalysis for stiffness the method is applied
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- to “resonance” data - this means that the sdme series used for analyzing the
stiffness must be used,
- applying the same signal treatment (high-pasd@mepass filters) .

Processing the same file containing the drive traBonance, the statistical distribution of the
ratio returns a damping ratio of 0.018544 as shiovthe following figure:

Hl median_ratio HH histo_ratio

12 14 16 18 20 22 24 26 28
107-3
Figure5-14:frequency distribution of the solutions for the ghng ratio, median: 0.018544

Inertia:

There have been three different methods developedietermine damping and inertia.
Depending on the availability, reliability of thegsals a suitable method can be chosen. The
assessment of these methods is still under pragfessmore details the reader is referred to
WPO5 report.

5.6.3.3 Results

Assessment of the results that can be obtainetiébydieterministic and statistical” approach is
still under progress. For more details the reaslegfierred to WPO5 report.
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6. Pitch system

In this chapter an example of the application ef $ix steps approach is discussed for a pitch
system. There is a number of different pitch systeised in today’s wind turbines. The pitch
system discussed below is the pitch system of thel®k N8O, it isan electric driven pitch
systemindividual pitching, no cyclic pitching and pitch vane.

6.1 Step 1: Identify critical failure modes or phenomena for component

The pitch system can be subdivided into severat@uponents. A sketch of the pitch system is
depicted in Figures-1. For every subcomponent, an analysis can bee n@adietermine the
failure mechanisms, failure modes or phenomenadiffexrent subcomponents considered are:
pitch bearing

pitch gear

pitch gearbox

pitch brake

pitch motor

pitch controller / pitch electronics (not depictad-igure6-1)

pitch encoder (not depicted in Figug€l)

NoghkwbnE

Gearbox

Bearing
“a,
&1
&

(=

Brake !

Eroi!_I Blade 9

Pitch
Motor

L Pinion gear

Blade rotation axis
Figure6-1: Sketch of pitch drive and connection to blade iéavigg bearing (cross-sectional)

For each of these subcomponents, critical failuogles or phenomena can be determined. To
identify these critical failure modes, it is commionindustry to perform #&ailure Mode and
Effect Analysis (FMEA)An FMEA is used to collect and identify possiliddures of system
components and the impact on the functioning ofdhBre system. It is common to assign
weight factors of each possible failure by estimgthe severity of impact on the system level.
Below a summary of failure modes and their effemisthe pitch system is given. A more
extensive FMEA description will be part of WP 6thé PROTEST project.

Overall pitch system:
If due to wear, ovalisation or friction the diffeiee between the pitch set-point and the actual
pitch angle becomes too large, this will lead fermaergency) shutdown of the turbine.
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Pitch bearing:

A typical bearing used to connect a blade to thie &od pitch drive is a so-called slewing
bearing. The sketch in Figuf1l contains a cross-sectional view of this bearirige bearing
analysed here is a double-row ball bearing slewimg. Critical failure modes for this bearing
are:

» Elastic deformation or ovalisation due to loadinget{ing stuck, high friction).
Ovalisation may also lead to a deformation of titehpshaft or damage of the pitch
bearing, either the slewing ring or the bearinghefpitch shaft.

» Friction (excessive wear, getting stuck) causirtigfe of the bearing.

Both the pitch gear and the pitch bearing are alstibricated.

Pitch gear:

* Play due to excessive wear results in inaccurabd pingles and high torque transients
in the pitch gearbox and the pitch motor shaftsTglay occurs at the gears which are
loaded with the blade in the zero position (workpaint below v-rated). The play also
results in high forces on the teeth.

* Not enough play will lead to high friction betwetre pitch pinion and the pitch gear,
which leads to higher loads on the pitch gearbakgitth motor.

Pitch gearbox:
e Maximum rpm due to internal lubrication and lubrit&lm
* Maximum torque, if exceeded this will result in dege.
* Oil leakage

Pitch brake:
» Failure of electric brake system, causing the brtakapply (i.e. by wire breakage or
excessive vibrations).

Pitch motor.
* The pitch motor is allowed to run at a higher cayeaban rated for short times.
* The pitch motor may have a rotational speed whgdhster than rated.
* The motor may overheat.

Pitch controller / pitch Electronics
» If one or more blades are no longer controllecemergency stop will occur.
» Pitch batteries for the emergency stop system arsitive for maintenance, low
temperatures and trickle charges.

Pitch encoders:
» Calibration of the encoders has to be performedlagly, if the blade is not correctly
calibrated, the power curve will not be achieved.

The identified failure mechanisms are summarizetiable6-1.
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Table6-1: Summary of failure mechanisms in pitch drive conepts

Component Failur e mechanism
Pitch bearing Too much ovalisation
Too much friction
Pitch gear Too much play
Too little play
Pitch gearbox Too high rotational speed
Too high torque applied
Pitch brake Electric system malfunction
Pitch motor Overloading
Too high rotational speed
Overheating
Pitch controller Control loss for one blade
Control loss for two blades
Pitch encoders Calibration offset

The mechanisms which will have the largest impacthe structure and are in need of further
analysis are:

1. friction (excessive wear, getting stuck)

2. ovalisation (getting stuck, high friction)

These are the mechanisms that need to be analygbdrf If a bearing fails, the replacement
costs will be significant; therefore the life oktlearing has to be at least equal to that of the
complete turbine. The other failure mechanisms shoat be neglected, but in current practice,
possible problems will show up during the standprdtotype test. Therefore within the
PROTEST project, the ovalisation and the frictidrihe pitch bearing are the mechanisms that
the focus is on in setting up the measurement cegmpa

Ovalisation results in a deformation of the beariace way, which can lead to higher friction,
the bearings being unable to run at all, higherrvasawell as earlier than expected bearing
failure. Friction in the bearing itself is also @agent on the loads on the bearing, regardless of
whether any ovalisation occurs (though ovalisaisolikely to contribute to friction). Generally,
higher friction results in higher wear. Obviously,is likely that there is a cross-correlation
between these two, as the ovalisation will probatdyse extra friction. To know which is
which the models need to be studied first to sel@all cases or measurement data can be
selected to differentiate between the two.

Steps 2 to 6 of the Six Steps Approach will be graned first for the friction and second for the
ovalisation. Therefore, the discussion of the ifsitctmodels starts in the following section and
the discussion of the ovalisation will start ints@t6.7.

6.2 Step 2: Design the model, Friction

The primary function of the pitch system is to pitbe rotor blade. To rotate the blade, the pitch
drive has to overcome the friction torque (momenftihe bearing, the aerodynamic forces
(moment) on the rotor blade and the inertia (momnehthe bearing and rotor blade. A pitch
bearing is designed based on the loads at thddoeewith the blade and the bearing, and the
required life time of the bearing. The life timedispendent on the friction of the bearing, which
in itself is dependent on the loads at the interfdicthe actual friction torque during operation
does not correspond to the calculated frictionuerghis may have consequences for the pitch
bearing life time and for the pitch drive (e.g. dwad or fatigue).

As a starting point, a simple model will be usedda&termine the friction torque of the pitch
slewing bearing. This model is taken fr¢@ and allows one to calculate th&arting torque M
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of ball bearing slewing rings. The starting torquedel is based on theoretical and empirical
knowledge according t®]:

M, :5(4.4EIM  +F,[D_+22[F D, 173 (6-1)
Symbols used in this equation are:
Fa is the axial load [kN]
F is the radial load [kN]
My is the resulting bending moment [kNm]
D, is the bearing race diameter [m]
U is the friction coefficient [-]

The loads at the blade-bearing interface in thisaégn are depicted in Figuée2.

Hub rotation axis

Figure6-2: Loads at the blade-bearing interface

[9] gives the following friction coefficient for double-row ball bearing slewing ring:
1 =0.004 (6-2)

The friction model equation ir6{1) is valid for the starting torque, which means that once the
bearing is rotating (e.g. pitching), the equatiay not be valid. Possible improvements of the
friction model will be part of WP 6 of the PROTE$Toject.

6.3 Step 3: Run model for various DLCs, Friction

The pitch system is used either to actively pitwh tlade (during power production, start up and
(emergency stop) or keep the blade at a constagle gpower production, idling). For the
Nordex N80, active pitching starts at an averagelwpeed of around 14 m/s.

Therefore, several DLCs should be run for the ma@detlescribed in the previous section. A
selection of DLCs for fatigue and ultimate loadsnade; therefore DLCs 1.1, 1.2, 1.3, 1.4 and
1.5 are suggested to be used. Also the emergentgastn (DLC 5.1) should be included. Due
to the influence of the controls it can also beomgnt to also simulate cases where the details
of the controller are of importance e.g. runningdiing (DLC 4.1) and start up (DLCs 3.1, 3.2
and 3.3). All load cases are prescribed in thedE€ign requirements as specified 8y

These DLCs can be used as input for ECN'’s aeraekistulation program PHATAS (Program
for Horizontal Axis wind Turbine Analysis and Simtibn). For this simulation program a
model of the Nordex N8O turbine (including pitchntller) exists that has been validated at
ECN [10]. PHATAS is able to simulate amongst othersltas acting on blade segmeiris
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time for the selected DLCs. The results are used ad iigp the friction torque calculation in

Step 2, see equatiofi-0). The friction torque can then be calculated asna series in Step 4
(see sectioB.4).

The azimuth angle in PHATAS is defined clockwis¢éhad® for blade 1 in a vertical position as
seen from the hub. A definition of directions ofdes and moments acting on a blade segment,
which are output from PHATAS, is given in Figuge3. The PHATAS output will be selected in
such a way thdbrces and moments correspond to the positioneabtade root segmein the
model. This will ensure that the forces and momenitput corresponds to the blade-bearing
interface.

LEGEND:

a, b, ¢ local blade direction vectors

141  leadwise bending moment
142 blade torsional moment
143 - flapwise bending moment
144 flapwise shear force

145 Dblade axial (tensile) force
146  leadwise shear force

148  torsional deformation

137  flapwise deformation

139 leadwise deformation

Figure6-3: ThePHATAS definition of the blade loads output indieéormed rotor plane
reference fram¢l2]

Since fatigue of the bearing by friction will bevestigated in the present example, it is chosen
to start the analysis for DLC 1.2 as specifiebin This DLC is specifically meant for a fatigue
analysis. The design situation is power productiad the wind conditions are specified for a
normal turbulence model as:

Vin < thb < Vout (6'3)

Equation(6-3) can be analyzed with PHATAS for a range of windesp binsv,,, within this
interval. Each PHATAS simulation per wind speed krrun for a simulation length of 10
minutes. The PHATAS output can then be used taméte the friction model input and output
parameters in Step 4.

The PHATAS simulations results for each DLC areexidn a post-processed comma-separated

file. An example of some PHATAS output for the wigigeed bin of 12 m/s, with a turbulence
intensity of 10.1% is plotted in Figu6e4.

ECN-E--10-083 53



100 S, 100
—
e 95 2 80
- 8
O
éﬁ_ 90 @ 60
? 85 = 40
Eg ©
= e
= 80 5 20
S
75 & 0
240 260 280 300 240 260 280 300
Time [s] Time [s]
T 1 S, 100
= —
— o 90
© =
< 2 80
O c
0 )
Q
% g 70
pis -0.5 g 60
= <
T Z 50
240 260 280 300 240 260 280 300
Time [s] Time [s]

Figure6-4: PHATAS output DLC 1.2 for a 50 second intervahefsimulated 10 minute time
series: wind speed, azimuth angle, pitch angle,adl force

The PHATAS results show that for the simulated wépe&ed bin, the pitch controller was not
active and the pitch angle remained constant. kiad force in blade 1 clearly varies with the
rotor azimuth angle, caused by the reversal of iatianal forces due to the blade azimuth
position. More in depth analysis and analysis beoDLCs and more wind speed bins will be
part of WP 6 of the PROTEST project.

6.4 Step 4: Determine input and output parameters, determine how
“certain” they are, and if they need to be verified/measured, Friction

The input parameters for the friction model arertimelelling parameters in equatid1):

e Fy is the axial load [kN]

e F is the radial load [kN]

o My is the resulting bending moment [KNm]
e D is the bearing race diameter [m]

* u is the friction coefficient [-]

The blade loads and moments are time series oy@meters from the PHATAS post-
processor as shown in Figuée4. PHATAS has no resulting radial load,)(and bending
moment M) on the blade as output, however it does givddhdwise and flapwise forces and
moments on the blade as a result. The resultinglréxice at the blade-bearing interface can be
calculated by adding the vectors of the leadwigkfEpwise blade forces:

F =, F2,+F.

lead flap

(6-4)

Similarly, the resulting bending moment can be waked by adding those two moment vectors:

M K= ‘\[ M Iiad +M ﬁap (6'5)

54 ECN-E--10-083



The bearing race diametdd,{ is specified in a drawing supplied by Nordég]. The friction
coefficient is supplied in equatioB-@) by [9]. Apart from the input parameters prescribed by
the friction model, specific information about tivend turbine operational condition is

important for a comparison to measurement datasp 6.

e Wind speed [m/s]
 Yaw angle [deq]
e Azimuth angle [deg]
« Pitch angle [deq]

The output of the friction model is the frictioraging torque ¥1;) corresponding to the time

series input. A summary of measurements and unicteafor the parameters discussed above

is shown in Tabl&-2.

Table6-2: Input and output parameters for the friction model

Parameter Input/Output | Measurement required | Uncertainty (%)
Axial load F, input Yes, verify load Unknown
Radial loadF, input Yes, verify load Unknown
Resulting bending moment | input Yes, verify load Unknown

M

Bearing race diamet&r, input No Est. <+0.1 %
Friction coefficientu input If possible Unknown
Wind speed input Yes Unknown
Yaw angle Input Yes Unknown
Azimuth angle input Yes Unknown
Pitch angle input Yes Unknown
Friction torqueM, output Yes, verify load output + 25'98)]

The friction starting torque is calculated fro@+1) in MATLAB by reading the time-series
from the PHATAS output and applying equatiofis?), (6-4), and 6-5). The resulting starting
torque corresponding to the PHATAS output for DLE ¢hown in Figuré-4 is plotted in time

and depicted in Figur@-5.
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Figure6-5: Friction starting torque and individual contributie of tilting moment, axial, and
radial forces for a 50 second interval

Figure6-5 also shows the contributions of the bending emtmaxial force and radial force to

the calculated starting torque. We see that thelihgmrmoment has by far the highest influence
on the starting torque. Analysis of the frictiomgee model for other DLCs and more wind
speed bins will be part of WP 6 of the PROTEST gub;j

6.5 Step 5: Design measurement campaign to verify models and
guantify parameters, Friction

The prototype measurement campaign will be desigoecrify the friction model input and
output parameters (see also project objectives4ril). Measurements will be conducted on a
Nordex N80 wind turbine at ECN’'s wind turbine tgwrk Wieringermeer (EWTW). The
parameters to be measured for the friction modeé Heeen determined and are given in Table
6-2.

The diameter of the raceway does not need to beuned, since it is given by the manufacturer
on a component design drawing and a high certanigsumed. The friction coefficient cannot
be measured directly. A value has been assumedt anidght be possible to try to indirectly
verify this value by measuring the friction torqéne measured friction torque might then be
used to ‘tune’ the friction model in Step 6.

Direct measurement of the friction torque withie thearing itself is not possible. However, the

friction torque can be indirectly measured from tliference between the output torque of

pitch motor and the blade torsion moment. This raghat measurements are required at the
pitch drive and the blade root. The suggested imtatf these measurements is sketched in
Figure6-6.

Torque measurement shaft Blade strain
(added section to pitch drive) measurements

Blade rotation axis
Hub rotation axis

/1]
L

Figure6-6: Location of measurements to compute friction torgue
Due to practical limitations the blade strain meaments cannot be taken directly at the blade

root, but only at some distance from the blade.rébis means that some compensation has to
be applied for the inertia of the mass of the blaale and rotating piece of the bearing not taken
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into account. Furthermore, the pitch motor torgueneasured before the pitch gearbox. This
means the resulting friction torque includes fdntlosses in the pitch gearbox and pinion gear.

Therefore, aneasurement modbahs been developed for a backward calculatiomeffriction
torque from the blade torque and pitch motor torgueasurements. Considering positive
measurement direction definitions Appendix B, the following equilibrium equation ftine
pitch motor torque with respect to the rotationref blade is derived:

Tm |:ﬂgbx |:ﬂgear = Tb in + 9{(igbx |:ﬂgear)z I gbx + l b + I br} (6'6)
Where:
« T, is the measured pitch motor torque. Notice thatgitch motor torque is increased
by the gearbox and pinion gear ratigs,@ndigea,)- [Nm]
« T, isthe measured torque acting on the blade m][N
* T, isthe friction torque (its sign is dependent aection of rotation) [Nm]
« @ isthe acceleration of the rotor blade [£30/
* | 4ds the inertia of the pitch gearbox [Kgm

* |, isthe blade inertia from blade root up to treasurement location [kdfin
* |, isthe pitch bearing inertia [kgm

Equation 6-6) now yields for the friction torque:
Tmﬁl [ :Tbin +é{(igbx [ﬂgear)zlgbx+|b+|br} <

gbx —“gear

Ty = i(Tm |:ﬂgbx [ﬂgear Ty - 0{(| gbx |:ﬂgear)z l abx T Ly + 1 }) i

In equation §-7), the pitch motor torqud,, and the blade torqué, shall be measured. The
acceleration of the rotor blade can be calculateah the 2° derivative of the pitch angle:

. 0°8
7 :? (6-8)

The inertia terms in equatiob-f) can be calculated from the manufacturer’'s desrgmwithgs.
The gearbox and pinion gear ratios are suppliethbymanufacturer. The uncertainty in these
terms is assumed very low and thus no measuremséiitbe performed for verification. In
contrast to the theoretical model, the measuremexkel should be valid for calculation of the
friction torque during blade rotation as well. A ra@xtensive assessment of the validity of this
equilibrium equation and uncertainties is input\éiP6 of the PROTEST project.

To verify the loads acting on the blade-bearingrifisice, the axial force in the blade, the radial
forces (leadwise and flapwise, see equat®d)], and the blade bending moments (leadwise
and edgewise, see equatior5)) at the blade-bearing interfacare required. The blade
bending moments are identified as required measmtmn Table3-7, sectior3.2. The axial
force in the blade may be derived from the cergafuforces and gravity forces. The radial
forces at the blade-bearing interface can be estarfeom the measured bending moments.

An overview of which measurements are required verification of the design loads and
validation of the friction model is given in

Table6-3. In this overview, measurement signal typesdefin the 2nd column correspond to

model parameters in the 1st column. Some of theeinparameters have been grouped, since
they share measurement results.
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The raw measurements usually need to be correotedffsets and gains. According to the
definition in [8] any calculation from a measured signal includindilration corrections for
offsets and gains is a pseudo-sigrfdabme pseudo-signals can be completely calcufatea
calibrated measurements (e.g. the leadwise anavilapbending moments). The calculated
pseudo-signals for which the measured signalsngrgt re described in the 3rd column.

The signals and pseudo-signals are stored in EG&t@base system “Informatix”. The sensor
points of installation, specifications, calibratipnand equations of the pseudo-signals are
completely described in a dedicated measuremeattrigy]8].

Table6-3: Required measurement signals on N8O for verificatibfriction modef [8]

Parameter in model easured signal types Frpquency M4 hod Input for pseudo-signal(s)
Blade 1, Root, flap moment 128 Hz T-shape strain gauges Leaduwise & flapwise blgde bending, In plane &
out of plane blade bending
Blade 1, Root, edge moment 128 Hz T-shape strain gauges Leadwise & flapwise blaple bending, In plane &
out of plane blade bending
Blade 2, Root, flap moment 128 Hz T-shape strain gauges Leadwise & flapwise blaple bending, In plane &
out of plane blade bending
1. Axial load Fa ; ; ;
. . Leadwise & flapwise blade bending, In plane &
gl Ead,alu.mag Frd- Blade 2, Root, edge moment  |128 Hz T-shape strain gauges out of plane blade bending, Rotor Thrust
- Resulting bending Leadwise & flapwi i
g . pwise blade bending, In plane &
moment MK Blade 3, Root, flap moment 128 Hz T-shape strain gauges out of plane blade bending
Blade 3, Root, edge moment 128 Hz T-shape strain gauges Leadwise & flapwise blaple bending, In plane &
out of plane blade bending
Pitch angle blade 1 32 Hz PLC In plane & out of plane blade bending
Pitch angle blade 2 32 Hz PLC In plane & out of plane blade bending
Pitch angle blade 3 32 Hz PLC In plane & out of plane blade bending
4. Bearing race diameter DL |None
5. Friction coefficient p None
6. Wind speed Wind speed 32 Hz PLC
7. Yaw angle nacelle Yaw angle 32 Hz PLC Yaw angle
8. Azimuth angle rotor Azimuth angle 128 Hz Incremental encoder Azimuth angle, Rotor thrust
Pitch angle blade 1 128 Hz Absolute encoder Pitch angle blade 1
9. Pitch angle blade Pitch angle blade 2 128 Hz Absolute encoder Pitch angle blade 2
Pitch angle blade 3 128 Hz Absolute encoder Pitch angle blade 3
Blade torsion 128 Hz +45°— 45°strain gauges Blade torque
10. Friction torque, Mr Pftch motor torsion 128 Hz Based on strain measurement  |Pitch motor torque
Pitch motor current 32 Hz PLC
Pitch motor voltage 32 Hz PLC

For the friction model, measurement data has toptowided as time series for different
Measurement Load Cases (MLCs), e.g. start-up, emeygstop, idling, running to idling,
running with pitching, and running without pitching complete overview of the necessary
MLCs is given in Tablé-4. As described in this table, some of thesescased to be provided
for a selection of wind speed bins. These differeages are required as it is likely that the
model will be valid for one case, but invalid foragher case, or the tuned parameters might be
dependent on the specific MLC. For example, itlégcthat there will be a difference between
keeping the pitch constant and a dynamic case wtherepitch is changing as there is a
difference between the start-up friction and theathyic friction.

Table6-4: Measurement load cases that are required for tuming validating the friction
model of the pitch system
Description
Not pitching, V]ut < Vrate(
PitChing: \'fmt > Vrate(
Emergency stop

Comments
Pitch system has to keep constant pitch (MLC 1.1)
Pitch system has to adjust pitch angle (MLC 1.1)

Large forces go through the beanmypitch system has {
pitch towards vane quickly, large dependency ortrodar.
For different wind speeds. (MLC 2.3)

Pitch from idling to small pitch anglerda dependency op
controller. For different wind speeds. (MLC 2.1)

o

Start-up

2 The measurement values from the wind turbine PleCalircalibrated externally and stored directlyhis database
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Running to idling Pitch system will have to pitahvtane, large dependency on
controller
Power production + fault Any fault in the contral grotection system which does not
cause immediate shut down (MLC 1.2)
Stand still, blade vertically down,Measurement for friction model
pitching
Stand still, blade vertically up, pitching Measuemfor friction model

Stand still, blade horizontally, pitching  Measurarn®r friction model

Pitch tests, continuously pitching theMleasurement to calibrate torsion measurements
blades of the turbine with triangular
desired pitch angle
Removing the pitch pinion and operat®easurement to determine the friction and inertiathe
the pitch motor pitch gearbox

Each time series should include a minimum of tHtdlerotations while running, therefore this
will be in the order of 10 or 20 seconds for thdDN&nd at least two full rotations while idling,
which results in much longer time series that aguired, e.g. 200 seconds. For cases where
special events occur (running to idling, start-up.)ethe time series should run at least two
rotations while running (before or after the event)l the complete event. When time series are
provided which suffice according to these requinetseenough information will be present to
validate, verify or improve the model parameters.

To organise these measurements for different wieed and turbulence intensity bins so called
capture matrices are common practice. For each ieOminimum number of measurements
per bin and the bin sizes are prescribed by spatibn of the corresponding capture matrices
(see sectio.1.1.2). As an example the layout of such captmérices is illustrated in Table
6-5.

Table6-5: Capture matrices

Normal power production
Time series length 10 minutes
wind [m/s] | Vin—oVint2 | -2V, | VoV, +2 | > yt+5
| (%)
<8
8-15
>15
Power production plus occurrence of fault
Time series length 2 minutes 2 minutes 2 minutes
wind [m/s] | Vin o V-2 V-2 LV, +2 >\+2
fault
conditior?
fault 1
fault 2
Parked (stand still and/or idling)
Time series length 20 minutes 2 minutes 2 minutes
Idling
Normal start-up and shut-down events
Event \h o V-2 V-2 _, Vi +2 > y+2
Start-up
Normal shut-down

3 Any fault not resulting in immediate shut down
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Other transient events
Event
Emergency shut down 3 times
Specific measurement conditions
Event
Parked, blade pointing downwards, pitching, y, <2 3 times min-max-min pitch angle

Further investigation of required MLCs and furtlkpecification of the capture matrices will be
part of WP 6 of the PROTEST project.

6.6 Step 6: Process measurement data and check/improve models/
model parameters, Friction.

A measurement campaign at the Nordex N80 turbinaii®ted and ongoing including the
signals specified in

Table6-3. Once the measurements have been performee, tieed to be analysed for (see
sectionl.2.1):
1. Verification of the model input parameters (valelaimulation tool)
2. Analysis of the friction torque model output (verifiction torque as design load on the
pitch bearing)

The 29 objective is considered as very important andhéngresent exampthe friction torque
model output from equatig6-1) using the simulation model inpuis this case by PHATAS)
will be compared to the measurement model odtpithe friction torque from equatiof-8).

The theoretical analysis of the starting frictiamgue was made for DLC 1.2 (normal power
production) in sectior6.4. MLC 1.1 corresponds to this DLC, see also &a&b4. For
illustration purposes, single measurement for a matching wind speed bin (12 in/s¢lected.
The measurement pseudo-signals are read-in froomane-separated file which was extracted
from the measurement database. Some of the megseado-signals are plotted in Fig6r&.

The wind speed is measured on the nacelle of thd tirbine, and is thus somewhat distorted
by the wind turbine itself. Due to the wind resaustochastic nature, the PHATAS simulation
will never result an exact match to the measuredivgpeed. For a more exact wind speed bin
and turbulence intensity determination, informatisom the on-site meteo mast will be
required.

Compared to the PHATAS simulation result for DL@ In Figure6-4, the number of rotor
rotations during the 50 second interval is almbst $ame. The measurement shows that the
pitch motor is delivering some torque continuouslymaintain the 0° position of the rotor
blade. In Figures-7, the motor delivers the maximum torque if tlikelpangle is near -0.2%,
and minimum torque if the pitch angle is near -@17This situation simulates the blade just
overcoming the starting friction torque. The fricti torque is calculated in Matlab by
substitution of the measurement signals in equaf@). The resulting friction torque
corresponding to MLC 1.1 in Figufe7 is plotted in time in Figuré-8.
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Figure6-7: Measured pseudo-signals MLC 1.1 for a 50 secoratiat of a recorded 10 minute
time series: wind speed, azimuth angle, pitch gragld pitch motor torque

Apart from the friction torque, the pitch motordoe, the blade torque and the torque by inertia
terms in 6-7) are also shown in Figu@8. Since the rotor blade has little rotation feténce
between pitch angles is less than 0.04 degre&s)ptque due to inertia is close to zero.

To compare the starting friction torque calculatdth PHATAS input in Figures-5 and the
friction torque calculated according to the measwnet model in Figuré-8 , the rotor azimuth
angle shall be used as input to synchronize the tesults. For both 50 second intervals plotted,
the rotor azimuth angle is used to define each sfar new rotationyj;=0°). The friction torque
from the first full rotation within both intervals compared side-by-side for a 10 second period
in Figure6-9. The selected time intervals are [253.58 : 283for the starting friction torque
model and [200.66 : 210.66] for the friction torgoeasurement model. As a reference, the
measured pitch motor torque is plotted as well.
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Figure6-8: Friction torque calculated with measurement modelS0 second interval

The azimuth angle comparison in Fig&®, show a small phase delay of the measured rotor
azimuth angle compared to the PHATAS simulatioeraf0 seconds. The friction torque from
the measurement model seems to correlate relatively with the starting torque friction
model, specifically for azimuth angles near 90°isTis illustrated by the three peaks of the
friction torque that correspond to azimuth angle9@ (blade horizontal and going down) in
Figure6-8. It may be also seen that the shape and péaks graph correlate well, albeit with
some large differences in the friction torque valukhe starting friction torque model seems to
overestimate the measured friction torque for agmmangles other than 90°. The maximum
difference is seen at azimuth angles of 270°.

However, during the analysis it has become cleatruhfortunately measuring the blade torsion
is not straightforward. Due to the anisotropy o€ thlade as well as the large differences
between the size of the deformation due to torsiompared to the much larger size of the
deformation due to the bending moments, it is \aifficult or impossible to calibrate these
measurements, while it has a significant effecthrenoutcome of the model that has been used
in this example. As shown in Figudel, a possible outcome of step 6 is that it issesary to
go back to the step 2 and redesign the model. atimn will be taken in WP 6 of the
PROTEST project, as the analysis of the frictioafficient following this model does not really
allow for a quantitative judgement which inhibitgetenvisioned tuning of the input parameters.
The improved model will compare the power from iteh motor to a calculated power using
the friction model and use this comparison to tuhe model parameters. Next to this
improvement, an improvement is also needed in #hauation of the friction moment from the
starting friction to a dynamic function for thisdtion. In cases such as from running to idling,
the dynamic effects cannot be neglected, theratoeeequation for the starting torque (Eq.
(6-1)) is not applicable straightforward anymore, araymeed to be adjusted by considering a
non constant friction coefficient.
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Figure6-9: Synchronized friction torque output comparisonXfrsecond interval (1) Starting

friction torque model and (2) Friction torque measment model

More in depth analysis and comparisons betweerstiwting friction torque model and the
measurements will be part of WP 6 of the PROTES)Jept.

Based on experiences of the friction torque in biearing during research, the following
recommendations for further research within thgpeaaf WP6 of the PROTEST project may be
given:

Analysis of the loads at the blade-bearing intexfaéth PHATAS for the envisaged
design load cases and wind speed bins.

Analysis of starting friction torque model resuttsrresponding to the PHATAS load
simulations.

Investigation of the validity of the measurementecequation for the friction torque
Assessment of uncertainties of the measured (psmiglrals, with special attention to
the blade torque calibration, determination of Ipiécceleration and pitch motor torque
calibration.

Specification of the number of measurements inctiggure matrices and collection of
matching measurement data for envisaged measuréoaentases.

Investigate possible improvements to the frictiooded for calculation of the friction
torque based on comparisons to measured torquebie yning the model’s friction
coefficient, select and compare a different model).

ECN-E--10-083 63



6.7 Step 2: Design the model, Ovalisation

It should be noted that the analysis of the ovadieaat this stage is not complete yet. The work
is being continued and the final results will beblshed in the reports of work packages 6
(confidential) and 8 (public).

Ovalisation is a deformation of the bearing thaturs under loading. It is difficult to estimate
the deformation due to the given loads and vicesajesince a detailed model of the blade and
the hub is necessary for this.

It is first assumed that the deformation of theribggis mostly in the plane of the bearing and
that, as a starting point, the bearing takes an slvape under deformation. Once it became
apparent that this assumption did not suffice, rothessible theoretical shapes were also
examined, including the shapes of a ring loaded witpoint force, a ring loaded with a

distributed force and an asymmetric shape. Theeslaag corresponding strain for the three
different estimation models are shown in Fig6r&0. Combinations of different shapes were
also examined, but fitting these to the data reduh numerical difficulties.

As none of the above strategies created an acditrafethe data, the model was changed to a
finite element model of the structure. This is nohvenient because of its complexity, but a
simpler model based on the results from this dedaihodel may be created later on.

Oval shape
Point force

Oval shape ; e
Point force o i
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Figure6-10: Shape of the deformed ring for different modelshenleft and the corresponding
strains on the right.

6.8 Step 3: Run model for various DLCs, Ovalisation

For the ovalisation there are no upfront calcutatito be performed to the model. However, the
forces acting on the bearing should be determirsitiguanother model and tool, in this case
PHATAS[12]. Running these DLCs in PHATAS results in tbecks and moments that will act
on the bearing in different situations, see alstice6.3.

Once a correlation is established between the ahefiton model and the applied loads, then the
calculations can show which load cases are the onitistl.
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6.9 Step4: Determine input and output parameters, determine
how “certain” they are, and if they need to be verified/measured,
Ovalisation

For the ovalisation, the most important assumpigothhe deformation of the shape. The shape
needs to be verified. Apart from the shape, thenitade of the deformation and the correlation
to the loads should be established.

A complete overview of the discussed input and wuparameters is given in Talieb

Table6-6:Input and output parameters for the ovalisation elod

Parameter I nput/Output Verification/measur ement needed
Deformation shape Input Verification needed
Correlation loads and deformation  Input Verificatizeeded

Strains in bearing Output Measurements needed
Ovalisation Output

6.10 Step 5: Design measurement campaign to verify models and
guantify parameters, Ovalisation

The input parameters for the ovalisation modeldascribed in the previous step, are the
deformation shape and the correlation betweendhds| and the deformation. These are yet
unknown and therefore need to be determined ulmgneasurements. This means that there is
a strong preference to measure the deformationeobéaring at more positions than are used to
fit the model. This allows one to assess the qualitthe fit; the deformation according to the
model fitted on other measurement points can bepeoed to the measured deformation in the
point that the model has not been fitted to.

Measurements that should allow validation of thedelcare the strains on the bearing. The
choice was made to measure the strains at 8 diffémeations on the bearing, as illustrated in
Figure 6-11. The strains are measured using full bridgairstand only measure the in-plane
strains, i.e. the strains tangential to the bearidg a further verification, pitch bearing
deflection measurements are used. The pitch bedefigction is measured across the pitch
bearing by means of LVDT displacement sensors. e&lstvire is placed in the pitch root
between the leading and trailing edge. This stéed is pulled by means of two springs to avoid
vibrations of the steel wire. The LVDT sensor isdted at the end of this steel wire. The same
is done perpendicular to this between the suciibe and compression side of the pitch bearing.
Unfortunately it was not practically possible taq® more LVDT's in the bearing.

Because the goal of the measurement campaigntis;mand validate the simulation models
that have been used for the design of the mecHacidraponents, the load cases that are of
importance are those where pitching takes placeecgslly those above rated wind speed.
However, to establish the correct model, measuresmare first compared to the model for
idling cases, first for the default pitch anglediing. If these can be fitted, then different pitc
angles and loads should be examined.

ECN-E--10-083 65



iTraiIing edge

| Compression
side

'Leading edge
Figure6-11Location of pitch strain gauges

To give an overview of which measurements are rebéatethe ovalisation model Tabte7 and
Table6-8 give the required measured and pseudo sigoiated model.

Table6-7: Required measured signals for the ovalisation model

M easur ed signal Frequency Comments

Strains on bearing 128 Hz Full bridge strain sesisor
Pitch bearing deflection 128 Hz LVDT's: LE-TE, €%
Blade root bending flap 128 Hz T-shape strain gauge
Blade root bending edge 128 Hz T-shape strain gauge
Pitch bearing temperature 4 Hz SS, CS, LE, TELORt
Pitch motor temperature 4 Hz

Pitch gearbox temperature¢ 4 Hz

Wind speed 32 Hz PLC
Wind direction 32 Hz PLC

Electric active power PLC| 32 Hz PLC
Pitch angle PLC 32 Hz PLC

Azimuth position of blade

Table6-8: Required pseudo signals for the ovalisation model

Pseudo signal Comments

Blade root moments These are needed to establisblaimon between the deformation
and the loads.

For the ovalisation, the analysis is purely fittithgg deformation model to the measurements.
These results can then be supplied to the bearayafacturer to make sure that the bearing is
behaving in accordance with expectations. The efitthe ovalisation may be noticeable in the

friction of the bearing, ovalisation is likely tadrease the friction. If this effect is noticeable,

this could be included in the equation for the megfriction, equation 6.1.

The measurement cases for this model are the sarf®se discussed for the friction model,
due to the close relation between friction and isatibn. Therefore these cases can be found in
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Table 6-4 and Table6-5. These different cases will be analysed in WRviBere also the
measurements are performed on the turbine.

6.11 Step 6: Process measurement data and check/improve models/
model parameters, Ovalisation.

The models will first be fitted for idling measurents. If these can be fitted, other load cases
should be examined that are more critical for tiehbearing design.

Figure6-12: Measured data (solid lines) and data reconstruaed
the basis of correlation (dashed lines) match wetllind
conditions do not change much

Figure6-13: Measured data (solid lines) and the fitted modeddubon the
assumption of an oval shape (dashed lines) do atthmwell.
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Figure6-12 shows the strain measurements for an idlirsg @ad a reconstruction based on a
correlation with the blade loads. The strains drallbads correlate well. This suggests that it
should be possible to predict the ovalisation anlibsis of the loads if a model can be found
that fits the data well. Figur@-13 shows how the data that was reconstructeti@ibdsis of a
fitted ovalisation model. The fitting procedureoaled correction for constant offsets in the
sensor signals. It was assumed that the bearirgrdefas a perfect oval. The model clearly
does not fit the data well.

Other models, based on assumptions of simple shdjgbgive somewhat better fits, but still
insufficient to be a good model of the deformations

That none of the assumed shapes gives a good apptmn of the data indicates that the basic
assumptions are not valid. The basic assumptiomghat the deformation only occurs in the
plane of the bearing and that the measured staagdue to in-plane deformations. To establish
whether this is correct, a finite element model wé created to examine the stress and strain
distributions on the bearing. The results of thé/F&halysis and the ovalisation model will be
described in the final reports of WP 6 and WPS8.
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7.  Yaw system

The description for the recommendations of theitun-mmeasurements of load for the wind
turbine yaw system closely follows IEC/TS 6140Q483, while the measured signals follow
the recommendations of within the PROTEST projeelivi@rable[14]. In Figure7-1 a sketch
of the yaw system components of interest are shda.main components considered are:

e Yaw bearing
e Yaw transmission system (including the pinion gear)
e Yaw motor

« Yaw brakes

Yaw
||| actuator
transmission ﬂ bearing

Vi

Tower

Figure7-1 Schematic lay-out of the yaw system

Within the PROTEST project the interest lays mainlghe mechanical load carrying elements
of each system, while the electrical and electrsnizsystems are only limited treated.

In a six steps approach the issues that shouldvmred regarding Step 1 to 3 of the approach,
closely resemble the issues covered for the etettpitch system, as presented in the previous
chapter, chaptes of the current document. Therefore, in the cursection focus will be on the
last Steps (Step 4 to 6), concentrating on measneaspects regarding the yaw system.

7.1 Load measurement programmes for the yaw system

The load measurement program follows IEC/TS 614®(t3], as also shown in Tablel, yet

a distinction is being made for cases where operaif the yaw system is captured and cases
without, as proposed if14]. Thus, for the concrete description of the sugament load cases
(MLCs) the reader is referred to the relevant IEChhical specification IEC/TS 61400-[13].
Ideally the capture matrices including the minimeenommended number of time series as set
in IEC/TS 61400-1R3] should be used for yawing and non-yawing ctiods, that is for cases
with no activity (operation) of the yaw system \iiththe time series and with activity
(operation) of the yaw system within the time seri€or the yaw system empirical load
determination or model validation both cases {iav system operation and yaw system non-
operation) are of interest, since some parts of/tlve system are affected only in cases of yaw
system activity, while other parts are affectecobth yaw system activity and non-activity. For
example yaw system activity obviously affects tbading on the yaw actuator (driver), while
both cases are important for the life estimatiothefyaw bearing with a particular emphasis on
the statistics of yaw operation and yaw standsiitice this affects the lubrication of the system.
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Table7-1:

MLCs targeted for the yaw system

MLC Yaw | Short description Target wind spéed| Notes
numbef | MLC
1.1 1.1.1 Power Production Vin < Viub < Vour Referring to normal operation
(yawing) (if yaw system is active then
the file is recorded under this
classification)
1.1.2 Power Production Vin < Vhub< Vout Referring to normal operation
(non-yawing) (yaw system in-active)
1.2 1.2.1 Power Production plusvi, < Vhup< Vout If necessary split to yawing
occurrence of fault and non-yawing condition
1.3 1.3.1 Parked, idling, non- | Vi, < Vhyp< 0.75\; (if possible include yaw
yawing misalignment)
1.3.2 Parked, idling, yawing i\ V< 0.75%;
2.1 2.1.1 | Start-up non-yawing | j,and >v+2m/s
2.1.2 | Start up yawing nand >v+2m/s
2.2 2.2.1 Normal shut-down Vin, Vrand >y+2m/s
non-yawing
2.2.2 Normal shut-down Vin, Vrand >y+2m/s
yawing
2.3 2.3.1 | Emergency shut-down ;,and >v+2m/s If necessary split to yawing
and non-yawing condition
2.4 2.4.1 | Grid failure aand >y+2m/s
2.5 2.5.1 | Over-speed activation >v,+2m/s
of the protection
system

It should be noted that for transient load casgé25 ideally the measurements should be taken

at \p, following the recommendations of IEC/TS 61400-13.

7.2

Quantities to be measured for the yaw system

Specifically for the yaw system and its componeirisaddition to the quantities specified
within IEC/TS 61400-1313] as mandatory, the quantities classified irtad quantities and
operational parameters shown in following tableusthde considered.

* As per IEC/TS 61400-13
5 Target wind speed as per IEC/TS 61400-13
® Has to be further divided into wind speed bins amdulence bins
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Table7-2: Quantities to be measured for the yaw system

Quantity Specification Comments

Yaw system loads Bearing Bending in twdlandatory; measured at the tower top
(perpendicular) directions
Bearing Torsion Mandatory; measured at the tooer t
Bearing Axial force Mandatory; measured at theeiotep

Bearing Radial force in two Recommended; measured at the tower top
(perpendicular) directions

Gear Torque Recommended; measured at the piniaft [sh
or the input shaft of the yaw transmissipn
system

Yaw actuator status Power consumption of yaRecommended
actuator
Local temperature Temperature on yaw systeRecommended

bearings and frictional parts

It is noted that the yaw position (related to theeknatics of the yaw system) as well as the
wind inflow are considered as mandatory within #BE€/TS 61400-1R.3].

7.3 Measurement techniques

Following the IEC/TS 61400-13 in this sub-sectiba theasurement techniques for the various
types of quantities in load measurement progranmegarding the yaw system are described in
terms of instrumentation, calibration and signahdiboning. Furthermore, recommendations

for data acquisition methods relevant to the loadasnrement programmes specifically

intended for the yaw system will be provided.

7.3.1 Yaw bearing bending moments

The yaw bearing bending moments are measured &iviles top. Requirements for the types of
sensors used, the selection of their location ket talibration are the same as for measuring
bending moments on the tower top, described inTIS&1400-13.

In summary, typically the measurement for the begdibads at the tower top performed in two
perpendicular directions is performed using stgdnge bridges. Wire temperature effects and
cross sensitivity should be avoided and proper &zatpre compensation should be ensured by
selecting an appropriate full strain-gauge bridgsigh. A full T Type strain gauge bridge
employing T strain gauge rosettes with two meagugrids perpendicular to each other at 0°
and 90° would be therefore appropriate, following tecommendations fif5] and[16]. To the
extend possible the strain gauge bridges shouldppdied at a location within a region of
uniform stress, avoiding localized stress concéintia. The location selected on a material
having uniform properties should be preferred.

For the calibration of the sensor (the full strgauge bridge) in order to determine the sensor
sensitivity it is preferred to apply quasi-statadiloration loads on the wind turbine as described
in IEC/TS 61400-1R3]. For the case of tower top bending momentsntlass of the nacelle
and the rotor combined with their centre of gravithile yawing could be also used for the
calibration, a procedure that would increase, ribedss the load measurement uncertainty.
Electrical (shunt) calibration could be also pemied for the calibration as described within
IEC/TS 61400-13. The load measurement uncertaiaty aesult of the various calibration
methods will be discussed in a following section.

Calibration checks for the tower top bending mommeran be performed by yawing the turbine
through 360 as described within IEC/TS 61400-13.

For the yaw system bearing the signal that is tdrést is actually the RMS signal of the two
perpendicularly measured bending moments on therttp.
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7.3.2 Yaw bearing Torsion

The yaw bearing torsion is measured at the towgr Requirements for the type of sensor, the
selection of its location and its calibration dre same as for measuring the torsion on the tower
top, described in IEC/TS 61400-13.

In summary, typically the measurement for the torsat the tower top is performed using a
strain gauge bridge. Wire temperature effects aosiscsensitivity should be avoided and proper
temperature compensation should be ensured bytisglean appropriate full strain-gauge
bridge design. A full V Type strain gauge bridgepdmging shear/torsion strain gauge rosettes
with two measuring grids perpendicular to each pthet at £45° with respect to the measuring
(tower) axis would be therefore appropriate, follagvthe recommendations 5] and[16].

The strain gauge bridge should be applied at atitotawithin a region of uniform stress,
avoiding localized stress concentrations. The lonaselected on a material having uniform
properties should be preferred.

For the calibration of the sensor (the full strgauge bridge) in order to determine the sensor
sensitivity it is preferred to apply quasi-statadileration loads on the wind turbine as described
in IEC/TS 61400-13[13]. Electrical (shunt) calibration could be alperformed for the
calibration as described within IEC/TS 61400-13e Ttad measurement uncertainty as a result
of the two calibration methods will be discussethia relevant section.

Calibration checks should be performed for idecuifion of possible secondary effects (e.qg.
bending moment cross-talk).

Two cases should be distinguished when measurigotiier top torsion: 1) the case with the
yaw system holding nacelle position constant i@ yawing) and 2) the case with the yaw
system in operation. The first case is referringptls acting through the yaw bearing and the
brakes of the yaw system. The latter refers toydne gear meshing torques. However, the
treatment of these two cases depends on the coafign of the specific wind turbine
(independent yaw brakes or yaw motor with intebrakes).

7.3.3 Yaw bearing axial force

The axial force acting on the bearing is measurethe tower top.

Typically the measurement for the axial force @& tibwer top can be performed using a strain
gauge bridge. Wire temperature effects and crossitegty should be avoided and proper
temperature compensation should be ensured bytisglean appropriate full strain-gauge
bridge design. A full T Type strain gauge bridgeptying strain gauge rosettes with two
measuring grids perpendicular to each other ah@°%®° with respect to the measuring (tower)
axis would be appropriate, following the configimatrecommended ifiL7]. The strain gauge
bridge should be applied at a location within @aoegf uniform stress, avoiding localized stress
concentrations. The location selected on a matdraaling uniform properties should be
preferred.

For the calibration of the sensor (the full strgauge bridge) in order to determine the sensor
sensitivity it is preferred to apply quasi-statadilbration loads on the wind turbine as described
in IEC/TS 61400-1313]. However, the applied loading for this methedexpected to be of
limited magnitude. Therefore, electrical (shunt)ilration should be performed for the
calibration as described within IEC/TS 61400-13e Tted measurement uncertainty as a result
of the two calibration methods will be discussethia relevant section.

7.3.4 Yaw bearing radial forces

The bearing radial force acting on the bearing éasared through measuring the shear forces
on the tower top.

Typically the measurement for the shear loads rbar tower top performed in two
perpendicular directions is performed using stgange bridges. Wire temperature effects and
cross sensitivity should be avoided and proper &zatpre compensation should be ensured by
selecting an appropriate full strain-gauge bridgsigh. Two full V Type strain gauge bridges
employing shear/torsion strain gauge rosettes tith measuring grids perpendicular to each
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other, yet at +45° with respect to the measuriogvér) axis would be therefore appropriate,
following the configuration recommended[¥]. The strain gauge bridges should be applied at
a location within a region of uniform stress, awogl localized stress concentrations. The
location selected on a material having uniform préps should be preferred.

For the calibration of the sensors (the full stig@mige bridges) in order to determine the sensor
sensitivity it is preferred to apply quasi-statatiloration loads on the wind turbine as described
in IEC/TS 61400-1313]. However, the applied loading for this methedexpected to be of
limited magnitude. Therefore, electrical (shunt)ilwation should be performed for the
calibration as described within IEC/TS 61400-13e Ttad measurement uncertainty as a result
of the two calibration methods will be discussethia relevant section.

For the yaw system bearing the signal that is tdrést is actually the RMS signal of the two
perpendicularly measured shear forces on the ttoper

7.3.5 Yaw actuator loads

For the yaw actuator loads there are several aptibmese can be:

« calculated through the yaw gear loads (meshingu&grq

» estimated through measurement of the electricabp@ansumption of the actuator

+ measured through application of an appropriate urgneasuring sensor in the yaw
transmission system

In the first case measurements of the tower topidorare required as described in Section
7.3.2. Then the yaw actuator loads can be estinthtedgh:

My . .
Myp = o T lyJypdy
y

where M, is the torsion moment measured at the towerapghe yaw angle, iis the gear ratio
of the entire yaw system (including the gear rafithe yaw gearbox and the gear ratio of the
yaw bearing and,d the inertia of the yaw driver and the yaw transmois system (as one
system).
In case the electrical power consumption of theiator is measured, then the yaw actuator
loads can be estimated through use of the yawraystiiciency as:
— r'Ipel 60

2T,

wheren is the total efficiency of the electrical yaw mogystem, R is the electrical power and
Nt IS the revolution speed of electrical drive (imjp

The measurement of the torque directly requireagropriate torque sensor. These could be
either a strain gauge bridge measuring torque neduoh the shaft or a torque transducer
directly mounted on the shaft. In the first case dlvailable dimensions of the shaft, as well as
the shaft diameter could limit the applicationthie latter the direct mounting of the transducer
on the drive train of the yaw system would regaingntervention on the yaw system.

Myp

7.3.6 Yaw bearing local temperature

Since it is anticipated that temperature will haweeffect on the kinematics and therefore also
the loads of the yaw system during operation iemmended to measure the temperature of
yaw base and frictional parts. To this end, tenpegeasensors should be used and applied in
relevant locations on the yaw system bearing.

7.3.7 Data acquisition

For the yaw system loads monitoring the same remqents as those set for the tower bending
moments following IEC/TS 61400-13 should be applied
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7.3.8 Sensor uncertainty & resolution

Recommendations outlined in IEC/TS 61400-13 shbeldbllowed wherever possible to assure
that the load measurement uncertainty is kept utideset target limit of 3%. The procedure,
which should be followed for the evaluation of thacertainty in load measurements, is
described in IEC/TS 61400-1BL3]. The differences between electrical and meitiahn
calibration have been discussed[18]. There the performance of mechanical calibratiis
favoured against electrical calibrations, due t® fédict that there is an increase in uncertainty
when performing electrical calibrations.

Sensor accuracy specifically for the yaw systenamgigg nacelle position should be at ledst 3
(better than that recommended in IEC/TS 61400-I3jis accuracy is governed by the
equipment (compass) used to perform the signabregion of the nacelle position. The
resolution of the nacelle position measurement Ishdae better than °1 Typically used
proximity sensors based equipment might not be wateqor measurements regarding the loads
on the yaw system. A rotary encoder may be thezgdozferred.

7.4  Processing of measured data

In general the recommendations described within/TBBC61400-13 should be followed.
Specifically for the analysis aimed at the yaw sgsthe measurements identified as affected
due to obstacle shadowing should be marked addgudteeir statistical analysis however,
could be used to have a more complete pictureeof#w system operation and loading.

7.4.1 Time series and load statistics

Plotting of measured and calculated load time sesteould be performed following IEC/TS
61400-13. The reporting should include the loadghat interfaces of the yaw system as
described in the relevant sections:

« Yaw bearing bending moment

« Yaw bearing axial force

« Yaw bearing radial force

« Yaw torsion (distinguishing between yaw operatitais)
« Yaw actuator loads

The statistical information of all measured anccaldted loads should also follow directions
described within IEC/TS 61400-13.

Regarding the meteorological quantities statisiicgjore elaborate analysis is advised for the
characterisation of the site with respect to thedaonditions, including not only a presentation
of the mean wind direction with respect to the wipgked, but also a statistical analysis
regarding the direction changes with respect tortean wind direction and the wind speed. For
this a 3-D plot could be used, with horizontal ekie mean wind speed and the wind direction
and the vertical the wind direction change (averagif possible min-max).

Variation of measured loads versus nacelle positionluding mean, standard deviation,
maximum and minimum values could be shown. But iieilized that parts of the graph would
be either noted as affected by obstacle shadowingould be not captured at all during the
measurement campaign, depending on the site conglitivith respect to wind inflow.
Nevertheless for the loads relevant to the yawesysthis could reveal trends that might be
useful to identify specific asymmetries of the windbine.

Regarding the load measurements for the yaw sytsmecommended to perform a statistical
analysis with respect to the wind inflow conditiansluding the number of yaw actuator starts
(within the 10-minute captured file), duration gbesation and amplitude of yaw movement
(average, minimum, maximum and standard deviatibthe yaw system is designed to operate
under a constant speed, as for most of the wirgnes, then only one of the two parameters
(duration of operation or amplitude of yaw movemereds to be presented. It should be noted

74 ECN-E--10-083



that the number of starts should be normalized dkier whole data set of captured wind
condition.
As an example following table could be used:

Table7-3 Example of Yaw operation statistical analysis pntéaton

Wind speed | Starts Duration of operation (s) or
(m/s) Yaw movement9)
Average St. Maximum | Minimum
Deviation
0-3.5 =Starts/(total 10-min files in
bin)
3.5-4.5

If a more elaborate analysis is required for thedanflow conditions, then each wind speed bin
could be further analysed in turbulence bins areddhata can be classified according to the
turbulence intensity.

For the frequency analysis presentation of resshisuld follow the description of IEC/TS
61400-13. However, specifically for the parameteaitored for the yaw system the frequency
analysis should be performed for cases involving pgeration and cases not involving yaw
operation at similar wind inflow conditions. Thieaald be conducted for identifying possible
changes in the frequency spectrum due to the operaft the yaw system.

7.4.2 Load spectra

For the estimation of load spectra the descriptiblEC/TS 61400-13 should be followed. Yet
yaw specific loads should be presented togethdr thié loads required through the IEC/TS
61400-13.
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8. Conclusions

The PROTEST pre-normative project should resulcamplementary procedures to better
specify and verify the local component loads actimgmechanical systems in wind turbines.
This should enable improvements of the reliabitityhe mechanical components (pitch system,
yaw system and drive train). To enable an improvemia setting up the prototype
measurement campaign, a new approach is suggéstecbntains six steps. The main focus of
this approach is to enable validation and improvesef the model and its input parameters.
As an illustration of this approach, these six stage followed for the drive train, pitch system
and yaw system

The six steps approach constitutes for the drigenta very practical process which can be
integrated into the design process flow chartn#tbdes the designer to focus on the component,
taking into account the relevant boundary condgididentifying the failure cases and the
critical design load cases). Investigations ainmahgletermining any required precision on the
input parameters must be led as a part of a sd@hs#inalysis, unfortunately it is not possible to
make any general statement from the current casly.sThe iteration loops considered in the
approach between the design of the model and ¢ testing enables reaching an optimised
combination between a detailed model and realsgasurement procedures. The tuning of the
model parameters, using the measurements’ resiltshowever be done in the Drive Train
Case Study, in workpackage 5.

For the pitch system the six steps approach ha#tedsn a quantitatively good comparison for
the friction. However, due to the uncertainty ire thlade torsion measurements, it was not
possible to tune the parameters, which was oné@fobjectives. By improving the model
further and therefore following one of the loopdlie suggested approach, back to the second
step, it is expected that it will become possildedb a quantitative comparison and tune the
parameters of the friction model. This work will dene in workpackage 6 of the PROTEST
project.

For the yaw system, the work within the PROTESTjgmresulted in suggesting improvements
both for the “generalized” load components measergs and the analysis techniques,
specifically targeted at the yaw system componeinis.particular, by introducing load
measuring sensors in the yaw actuator system éetgator torque or electrical power) in
combination with the usually measured tower loath@onents (tower top bending and torsion),
estimations for the loading of the various yaw egsparts is possible, including friction effects.
These measurements combined with proper analysig ddtatistics for the operation of the yaw
system (e.g. starts, stops and duration per wieedjpcan be effectively used in the design of
the yaw system components (bearing, actuator, étsyes of accuracy and uncertainty will be
further addressed and refined within WP7 of the PRST project.
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Appendix A Questionnaire

In this questionnaire you are asked to providermadion (as far as possible) concerning:
« the operational experience available with measunésnen drive train, pitch system
and yaw system
* view on measurements that are required (both reekdvte and nice to have)

For this purpose a number of tables have to bedfitlut. The information required is explained
in italic text, and sometimes an example is given just for Haigin. The italic text inside the
tables can be skipped or deleted when filling basé tables.

A.1 Operational experience

In case you have experience with load measurenoendsive train, pitch system or yaw system
please fill out the table below.

Table: existing load measurements

Name of (sub)system or component

Quantity Specification Objective Comments

(f.i. drive train (please indicate what is (Please describe the (additional information, f.i.
loading or gearbox | measured by which sensor| objective f the is possible how data is
displacement) at what location) measurement, f.i frequency processed)

measurement to tune mode:
or measurement for
validation)

Please copy above table to fill out information &mother (sub)system or component.

A.2 Required measurements

Please indicate which kind of load measurementsldhze carried out to your opinion for drive
train, pitch system or yaw system and for whataeaPRlease fill out the table below.

Table: required load measur ements

Name of (sub)system or component

Quantity Specification Objective Comments

(f.i. drive train (if possible please indicate | (Please describe the (additional information,

loading or gearbox | how it should be measured,| objective of the f.i.whether the measurement

displacement) which sensor at what measurement, f.i frequency is needed or nice to have)
location, etc.) measurement to tune model

or measurement for
validation of specific
simulation model)

Please copy above table to fill out information é&mother (sub)system or component.
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A straightforward approach may be that the abovetimeed measurements are carried out for
the same internal and operational loadings (MLGs}@ecified in IEC 61400-13. However it

may occur that the loadings considered by the MUlCE=EC 61400-13 are not sufficient and

additional internal or operational loadings shdo#dconsidered for the drive train, pitch system
or yaw system. F.i. for validation purposes of dation models applied to analyse specific
conditions.

Please indicate in the table below which additiangdrnal or operational loadings should be
included in addition to the MLCs specified in IEC4®0-13 ( see section 2..2).

Table: required internal and exter nal loadings

Name of (sub)system or component

Operational mode of | Additional requirements Wind conditions Remarks
turbine w.r.t. internal loading (indication of range of wind

(f.i. power production| (f.i. a specific faulted speeds for which

or idling) condition) measurements should be

carried out)

Please copy above table to fill out informationdaother (sub)system or component.

80 ECN-E--10-083



Appendix B Definition of positive measurement directions

A definition of positive measurement directiongirgen in Figure B-1 below:
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Figure B-1:Definition of positive measurement directions fitclp system
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