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Abstract

The pre-normative PROTEST project looked at pol#ts#lsi to improve the current standards by

using wind turbine prototype measurements to vadidlae drive train, pith system and yaw system
models. The main conclusions from this project ttmtld be valuable for the standards committees
are summarised in this report. These recommendatioglude new Design Load Cases,

measurement procedures for model validation and foeasurements at specific interconnection
points.
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Terms and Definitions

DLC

Design Load

Limit State

CbhVv

Failure Mode

Design Load Case; the combination of operatiommdes or other design
situations, such as specific assembly, erectiamaintenance conditions, with the
external conditions [7].

The load for which the strength of amnponent has to be documented. It
generally consists of the so-called characteristiad multiplied with the
appropriate partial safety factors for loads andseguence of failure, see also
IEC 61400-1 and clause 6 [6].

The state of a structure and the ;g upon it, beyond which the structure no
longer satisfies the design requirement [ISO 239ddified] NOTE The purpose
of design calculations (i.e. the design requirenfenthe limit state) is to keep the
probability of a limit state being reached beloweexrtain value prescribed for the
type of structure in question (see 1ISO 239%).)

Critical Design Variable; a design variablettfram experience is expected to
strongly affect the design.

The mode of failure. Passing overextie limit state described by a single
equation could lead to different failure modes aelieg on the vector followed
when passing from the safe state to the failure sta
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1. Introduction

1.1 PROTEST project

High reliability of wind turbines and their comparig is one of the pre-requisites for an economic
exploitation of wind farms. For offshore wind farmsder harsh conditions, the demand for reliable
turbines is even more relevant since the costs réair and replacement are very high.
Unfortunately, present day wind turbines still shiaiure rates between 2 to 5 failures per year tha
need visits from technicians (derived from i.e.[Z)B]]). Although electrical components and
control systems fail more often, the costs relaterkpair of failed mechanical systems (drive train
pitch and yaw systems and bearings) are domin#im@&M costs and downtime.

In-depth studies, e.g.[4] and discussions with ingbmanufacturers, component suppliers, and
certification bodies [5] revealed that one of thajon causes of failures of mechanical systems is
insufficient knowledge of the loads acting on thesemponents. This lack is a result of the
shortcomings in load simulation models and in loagasurement procedures on the level of the
components. Due to the rapid increase of wind medin size and power as a response to the market
demands, suppliers of components are forced tadfle up with new designs very often and (2)
produce them in large numbers immediately. The tweeded to check whether the components are
not loaded beyond the load limits used in the desigd to improve the design procedures is often
not available or transparent to the component &ipprhis leads to the unwanted situation that a
large number of new turbines are equipped with aorepts that have not really exceeded the
prototype phase.

It was also concluded from a.o. [4] and expert uBs@ons [5] that at present, the procedures for
designing rotor blades and towers of wind turbiaes much more specific than the procedures for
designing other mechanical components such as drams, pitch and yaw systems, or main
bearings. The design procedures for blades andrsoave clearly documented in various standards
and technical specifications. The reason for haextgnsive design standards for blades and towers
is that these components are critical for safedijufes may lead to unsafe situations and designing
safe turbines did have (and should have) the higbegrity in the early days of wind energy.
Parallel to the development of design standards, wind energy community has developed
advanced design tools and measurement procedudeteionine the global turbine loads acting on
the rotor and the tower. At present however, itaslonger acceptable to focus on safety only and
neglect the economic losses. Lacking of clear mtos for designing mechanical components and
specifying the loads on these components shouldnger be the reason for early failures.

In 2007, ECN (NL) together with Suzlon Energy Gm{BE), DEWI (DE), Germanischer Lloyd
(DE), Hansen Transmissions International (BE), @rsity of Stuttgart (DE), and CRES (GR)
decided to define thPROTEST project PROcedures folTESTing and measuring wind energy
systems) within the FP7 framework of the EU. TheOFEST project in fact is a pre-normative
project that should result in uniform procedureshédter specify and verify the local component
loads acting on mechanical systems in wind turbifibe local component loads should be specified
at the interfaces of the components. The relatiprisétween global turbine loads acting on the rotor
and tower and local component loads action onritexface of components is visualised in Figure
1-1. For gearboxes in common wind turbine architext the special interfaces and load
specification are explained in Annex B of [6].
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Figure 1-1Schematic presentation of transforming "global tnebloads" to “local components
loads” at nine interfaces, (gearbox, pitch systemd gaw system)

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

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

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

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

Answers to the following questions were sought:

¢ How should the loads at the interfaces be deriveu the global turbine loads?

¢ Which design load cases should be considered araburedl and are relevant for the
different components?

¢ Which signals should be measured during prototgséing (including sample frequency,
accuracy, duration)?

*« How should the loads at the interfaces be repoaiedl communicated between turbine
manufacturer and component supplier?

« How can design loads be compared with measured?ad
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* Are the current practices of evaluating the expenital 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 mehdoesls are more benign than the
calculated loads?

* Are the current practices of assessing the meadoests and the data post processing
results adequate?

To develop the procedures and to carry out the wigthin the PROTEST project, both analytical
work and experimental work was foreseen. The aicalytvork was needed to determine the
relevant load cases and to develop proceduresrteedecal component loads from global turbine
loads during the design. The experimental work needed to develop and verify new procedures
for prototype measurements. The overall work wéisiggotal in nine work packages.

1. State of the art repon inventory has been taken of the present dagtjge on turbine and
component design and testing, including ongoingdstedisation work and identification of
areas for improvement.

2. Load cases and design drivdrecluding the determination of load cases andgmegriving
factors (external, operational or design inheréimsy should be considered for the selected
components.

3. Loads at interface€omprising the specification of how the loadshat design points should

be documented with the aim of being a meaningfplroiement over the current state-of-the-
art (reporting format, time series incl. synchratisn and minimum frequencies, statistics,
spectra, time-at-level, etc.) for the selected comepts.

4, Prototype measurements definitiofior each component, a recommended measurement
campaign was defined taking into account the falhgwaspects: load cases, signals (torques,
bending moments, forces, motions, accelerationd, datelerations), sensors, measurement
frequencies, processing, uncertainties and inhegaiter, reporting.

Experimental verification was planned for the theeenponents involved in the project. This work
was 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 ECNeatérrain.

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

In these three case studies, the initial proceddeseloped in task 1 through 4 were applied. The
initial design loads at the interfaces were deteealiwith state-of-the-art design methods and the
measurement campaign was executed to verify thesigrdloads.

8. Evaluation and reportind3ased on the results of the design study andnteasurement
results, the procedures of task 2, 3, and 4 wiktvruated and if necessary improved.

9. Management, Dissemination and Exploitation

As mentioned previously, the PROTEST project int fa@ pre-normative project that should result
in uniform procedures to better specify and vetlifg local component loads acting on mechanical
systems in wind turbines. Ultimately, the procedugenerated in this project should be brought at
the same level as the state-of-the-art procedoredekigning rotor blades and towers. If approgriat
the results of this project will be submitted te {international) standardisation committees.

The project ran from March 2008 until August 2010.

1.2  Scope of the report

In this report the main results of the PROTEST gubthat are relevant as recommendations for the
standards are discussed. First suggestions thategondesign recommendations are given,

ECN-E--10-099 9



specifically for IEC 61400-1 first, followed by the for IEC 61400-4 and those concerning pitch
system and yaw system respectively. Finally sugmesiconcerning the measurements, IEC 61400-
13, are given.
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2.  Design recommendations

In this section, the suggestions that concern IEQD6-1 are give first, followed by suggestions for
IEC 61400-4. After this the implementation of th@jpct results concerning pitch system and yaw
system into practical certification procedures Wil discussed for the single components of these
systems.

2.1 Suggestions concerning IEC 61400-1

2.1.1 Proposal for new DLCs

For the design of the gearbox and the drive tiaénfollowing three causes for higher loads should
possibly be taken into account in the guidelinesgribed by IEC-61400-1 or the GL guidelines.

Three short comings in the current procedure tmatd the design of wind turbine drive trains have
been identified. These three short comings cartriessignificant differences between the resufts o
the analysis of the wind turbine model and the teddine, therefore for the design of the gearbox
and the drive train the following three causeshigher loads should possibly be taken into account
in the guidelines prescribed by IEC-61400-1 or@teguidelines.

e« DLC — Misalignment

Misalignment of the drive train may cause constrgjriorces in the gearbox: Misalignment
can originate from the interface of main shaft agdg and gearbox and from the
connection of gearbox and generator. To take intmant and analyse these constraining
forces it should be specified to what extend ngsedient in the drive train shall be
considered. The specified tolerances shall applyttie operating condition of the wind
turbine and take into account the deflection causedhe flexible mounting of the drive
train components on the supporting structure. Bssitie flexible mounting of the drive
train the deformation of the supporting structuresmselves (main bearing housings, main
frame and generator carrier) during operation wfiply reactive forces to the drive train.
Also these forces need to be considered in therditation of design loads for the drive
train components.

However, no clear information is available abowt thagnitude of drive train misalignment
and deflection of supporting structures in pra¢tsimations. Therefore it is advised that the
aspect of drive train misalignment and reactivedsrshould be discussed between the wind
turbine designers, gearbox suppliers, coupling kengpand bearing suppliers, with the aim
to specify a target value for drive train misaliggmhthat should be used in the design for
the gearbox and other drive train components.

A complicating factor to analyse the effect of dritrain misalignment is that in the
traditional wind turbine simulation tools in geneaasimplified model is used for the drive
train with only a limited number of degrees of fleen, so that misalignment cannot be
analysed with these models. This implies thattierdesign of the gearbox the constraining
forces have to be specified on the interfaces. ddrsequences of specifying loads at the
interfaces are discussed in the next section.

e DLC - Resonance

The drive train consists of a number of subassesbihich together form a dynamic
system. The intersection of the systems naturgufrcies and excitation frequencies may
lead to load increasing resonances that will affieetmain drive train components. In order
to identify and investigate resonances a resonanabsis has to be performed. Depending
on the phenomena to be analysed and the frequanggs, different models and tools with
varying levels of complexity can be used. Dependinghe excitation mechanisms different
frequencies ranges needs to be analysed, e.g5[Blz} [5 — 50 Hz], [50 — 200 Hz], [200-
500 Hz], [500-2000Hz].
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The dynamic behaviour of the drive train dependsiypan the mass, inertia and stiffness
properties of the components in the drive trainryifey drive train configurations might
cause variations of these properties. Hence, aar@alysis of the drive train dynamics is
necessary if different types of the following compats are installed in the same type of
wind turbine:

— rotor blades

— main shaft

— gearbox

— elastic gearbox and generator supports

— generator coupling

— generator

— type of main or gearbox bearings

A sensitivity analysis can be carried out in orteidentify the contribution of individual
components to the overall dynamic behaviour of dhige train. As a result, it might be
possible to reduce the number of combinations tanbestigated by separate resonance
analyses of the drive train.

Results of the analysis are Campbell diagrams stgpwiatural frequencies related to
excitations. The investigation of the natural fregcies shall include an analysis of the
energy distribution for each mode shape. In thes ¢hat the evaluation of these results
shows potential resonances, more detailed invéstiganeed to be carried out by the
simulation of a e.g. a rpm-sweep that covers theraijmg speed range of the wind turbine.
The results are to be evaluated with regard tarntwease of local component loads and the
load-carrying capacity of the components.

The analysis requires a linearised model for datenm natural frequencies and mode
shapes. In the case of non-linear simulation modeisadequate number of linearization
states shall be considered.

More on the implementation of the resonance arslyan be found in Appendix A of this
report.

* DLC-LVRT

Fault or loss of the electrical network conneci®included in DLCs 2.3 and 2.4, however
in practise the tools are not yet good enough ptetely analyse these DLCs. The LVRT
should be described in more detail, many differehépes of the low voltage can be
specified and have different effects on the turbifilee different grid codes that exist in
different countries further complicate this DLC.iFltombination deems it impossible to
prescribe the LVRT DLCs in detall. It is clear tlitavill also be very hard to find the most
critical cases for a specific turbine. Combinedhwitind speed, a detailed approach of
LVRT can result in a large number of DLCs to belgsed. The details of this process can
therefore not be specified during this project. TMRT DLCs are however of significant
importance for both fatigue and ultimate strength.

Strictly speaking especially the first two casesrat new DLCs; a maximum misalignment should
be taken into account in the analysis and the m@ahlignment shall not exceed the assumed
maximum. A violation of the tolerance criterion cah be accounted for in the DLC's, it must be
assumed that a turbine is constructed accordirigetgequirement specification. Resonance should
show up during the analysis.

Since the currently used tools are not capableakihdg) into account the aspects of drive train
misalignment, reactive forces and resonance, otfgams of analyses need to be implemented. In a
first step it can be assumed that the additioreddooriginating from misalignment of the drive ftrai
and resonances in the drive train will only martijnaffect the overall system response of the wind
turbine. This means that the global loads at theeati interconnection points will not shift
significantly whereas the local component loadd & notably affected. From this assumption it
appears acceptable to investigate the a.m. loaabs dpsanalysing the drive train and the supporting
structure separated from the remaining wind turbine
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For this purpose a detailed calculation model efdhve train and adjacent components needs to be
implemented and analysed. For the investigationeebnance phenomena the natural frequencies
and excitation frequencies of the system needstevaluated. For the load case “misalignment”
calculations in the time domain are necessary. HEsign loads obtained from the currently used
simulation software will be applied to the detailedlculation model and the influence of
misalignment and reactive forces can be investibjimt®rder to obtain realistic component loads.

Certain transient events as well as DLCs of nomoparating condition should be analysed by this
means.

In a second step, once more insight and experieitbecomplex models is gained, the entire wind
turbine may be analysed with such models.

However, many of the currently used tools do néktéhe misalignment into account and the
resonance could occur for frequencies that are rhigier than can be analysed or are practically
feasible in current tools. They could also not shgwdue to the limitations of the models used.
Therefore it seems appropriate to specify new Dh@d/or introduce new analysis procedures as
mentioned above where these aspects are takeadotmnt, but not put the same demands on all
simulations of existing DLCs. Loss or faults of thkectrical network are already described in the
DLCs, however this process is at this moment tooptex for the state of the art tools to enable
detailed enough analysis. Also a lot of differensgible cases could be defined for LVRT and the
most critical cases are not easily determined, ey even depend on the country due to the
different grid codes in place.

2.2 Treatment of existing DLCs

A general conclusion with respect to the charastierdesign loads is that for almost all desigrdtoa
the external conditions are covered by the DLCeaaly specified in IEC-61400-1 and the GL
guidelines. This means that in principle all loadting on the structural components (gearbox, drive
train, pitch system, and yaw system) can be detemhiHowever, in practice it is more complicated
due the fact that the traditional wind turbine Saion tools are not able to model the structural
components in sufficient detail, f.i.:
< insufficient modelling of the drive train deformati and of the deflections of gearbox
interior components making some underlying asswmptfor the calculations invalid (load
transmission lines in the gears may change to toaolsmission points under angular
displacement of gears);
» insufficient modelling of the systems by omittingxibilities and deformations in the wind
turbine main frame that lead to constraining foraed moments at the system joints to the
adjacent structural system/component.

Therefore the suppliers generally use special margools for the design of their components and
for this purpose the relevant loads acting at therfaces have to be made available by the wind
turbine manufacturer. For this reason a set ofvagieloads has to be specified at the interfaces,
which can be used for the design by the compongmpler. For the calculation of this load set
traditional wind turbine simulation tools are used.

For the specification of a set of relevant loadingcat the interfaces the following aspects have t
be addressed.

* Definition of load set at interface

The DLCs relevant for the design of the structe@hponent have to be selected. One of
the objectives of the PROTEST project is to pro\gdélelines for this selection, where the
input from wind turbine designers and the desigfahe structural components should be
leading. As the case studies defined in the wodkages 5 — 7 comprised measurements
and analyses on existing wind turbines, the feddifraen these case studies has been used
to set up a proposal for such a guideline.

« Modelling of structural component in simulation too

To determine the relevant loads at the interfaatsielevant DLCs should be simulated
with the traditional wind simulation tools, wheteetmodelling of the structural components
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is done with sufficient detail. As a part of theseastudy on the Suzlon S82 wind turbine,
analysis has shown that the consideration of amdititorsional degrees of freedom did not
have any significant influence on the main shaftl @enerator torques during normal
production load cases. Load cases experiencinghiginsients (such as emergency stop or
LVRT) should require a more detailed model. It @mever not straightforward to draw
conclusions for turbines of different classes othwithers kinds of drive train concepts.
Future standards should define what level of detaged to be implemented for the
modelling the drive train, depending on the loadecand possibly drive train concept.
Procedures for determining judicious degrees afdoen are defined in PROTEST's final
report D19 and the final report of WP 5, alwaysrtstg by the most complex model
possible and suppressing the insignificant degréésedom.

« Determination of loads at interfaces

Once the relevant DLCs have been analysed in grfiadletail with a traditional wind
turbine simulation tool the loads acting at theifa#ces have to be determined. A procedure
has been developed in work package 3 of the PROTES§&ct, see section 3.2.

2.3 Suggestions concerning IEC 61400-4

Currently there are no DLCs in 61400-4, therefosaiggestion for new DLCs, even though they do
concern the drive train, have been suggested iee2.1.1. The implementation of the resonance
analysis can be found in Appendix A of this report.

2.4  Pitch System (general)

Since the validity of all subsequent listed caltialzss depends on sufficient lubrication of the
components, an automatic lubrication system slalinandatory for the blade bearings and blade
bearing gears of wind turbines.

2.4.1 Blade Bearing

2.4.1.1 Calculation of Friction and Bearing Deformation:

Due to the various different bearing, hub and blaésigns in industry, which are strongly
interfering with the friction and response of thade bearings, it is not recommended to use a
generalized model to calculate these effects. Mppopriate is the use of a simplified FEM model
(hub, bearing, blade root) to calculate the ovdeald distribution on the bearings contact elements
and to derive by these results and subsequentkweailn analytical methods a load dependent (axial
and radial forces, bending torque at blade roogribg friction. The common commercial load
calculation software tools are already capableripléement load dependent friction torques for the
blade bearings.

2.4.1.2 Proof of static and fatigue strength of the blade bearings:

The most common standard to calculate the fatigre@gth of roller or ball bearings is given by the
ISO 281 standard. As shown by the measurementtsegaherated within this project, the blade
bearings are predominantly loaded during standstdl not during rotation, which is not in the scope
of 1ISO 281. Applying ISO 281 for the fatigue caktibns may therefore show misleading, non-
conservative results regarding the lifetime of learings. In addition, blade bearings are not tnoug
hardened as anticipated in ISO 281 but only surfecdened and have very big ball sizes compared
to common rotating bearings.

The typical damage for these kinds of surface hmademostly non rotating bearings is known as
“core-crushing”, a crack initiation below the ra@gwtracks at the transition between hardened
surface and tempered core, consequentially theysinalf this damage mechanism is recommended
to calculate the fatigue strength of the blade ibgar For this kind of fatigue calculation the same
simplified FEM-model as described above can be tsatbtermine the contact inside the bearing
with the highest loading. The contact forces geeedrdy the production load cases (DLC 1.0 to
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DLC 1.13) and derived for the highest loaded cdrdae used subsequently to calculate the fatigue
strength depending on specified hardening depttiilgmaéby common analytical methods.

The standard ISO 76 is only appropriate to caleula¢ static strength of through-hardened bearings
by calculation of the Hertzian contact pressuras Thlculation may not be sufficient for the sudac
hardened blade bearing raceways, so a similar appr@s described above for the fatigue
calculation is recommended using the ultimate loanighe bearing as input data and the surface
hardness and subsurface hardness distributionfiiagideepth of the bearings as limiting material
properties.

2.4.2 Blade Pitch Drive

2.4.2.1 Blade Gear

The blade gear is not equally loaded on all teétth® gear, actually only a quarter (~90°) of the
bearing’s teeth comes in contact with the piniathef the pitch drive during turbine operation. As
shown by the measurements, the load on the teeibt isniformly distributed between 0° and 90°
blade position. In fact the teeth between 0° an@f{8epending on turbine controller settings) have
to bear higher fatigue loads than the rest of #etht Most relevant load cases for the fatigue
calculations of the operating blade gear are teuymtion load cases with wind speeds higher than
rated wind speed of the turbine and lower tharoctitwind speed.

Therefore a valid fatigue calculation accordingl$® 6336 for the blade gear has to implement
cycle numbers that are calculated on a teeth-tjrteasis. The easiest approach to achieve these
results is to summarize the load cycle numbersdiscrete pitch angles and the associated teeth
meshes.

For the calculation of the blade gear the load ddeet bearing friction (see 2.4.1.1), blade inertia
and pitch drive inertia have to be included in tdaculations. The common commercial load
calculation software tools for wind turbines aneatly capable to implement these parameters in the
calculations.

For the static gear calculation (ultimate loadisgg 2.4.2.2

2.4.2.2 Pitch Gearbox

For the pinion and the output stage of the pitclrigex it has to be verified whether a uniform load
cycle distribution is achieved or not on all teeftthe pinion and the output planetary stage of the
gearbox. If a non-uniform load distribution is te éxpected, this has to be taken into accounhéor t
fatigue calculations of these gear meshes. Altifriclosses inside the pitch gearbox as well as all
inertia and friction loads as mentioned in A2.1 thofscourse also be taken into account for the
strength calculation of the pitch gear box meshes.

The static strength calculation for the pitch gearlas well as for the blade gear have to be
performed with the dynamic sliding torque of thipimotor brake, as this is in common designs the
highest possible torque to be applied. Neverthellebss to be checked that this torque is not
outpaced by the maximum pitch motor torque or thgimum toque resulting from the aerodynamic
forces on the blade (ultimate load cases).

2.4.2.3 Pitch Motor

The basis for the thermal rating of the pitch matoall be derived from the torque-time simulation
run with the highest torque rms value. The aveggime shall be 600 seconds, or the overall time
of the simulation run to be used.

2.5 Yaw System (General)

As well as in the Pitch System, the validity of@lbsequent listed calculations depends on sufficie
lubrication of the components. Therefore an autantabrication system shall be mandatory for the
yaw bearing and yaw bearing gears of wind turbines.
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2.6 Yaw System (General)

As well as in the Pitch System, the validity of @lbsequent listed calculations depends on suificie
lubrication of the components. Therefore an autanabrication system shall be mandatory for the
yaw bearing and yaw bearing gears of wind turbines.

2.6.1 Yaw Bearing

2.6.1.1 Calculation of Friction and Bearing Deformation:

Similar to the blade bearings the use of a gerze@lmodel to calculate the effects of deformation
and friction in yaw bearings is complicated by tlagious different bearing-, mainframe- and tower
designs used in the industry, which are strongfigrfering with the friction and deformation of the
yaw bearings. Since the connecting structures @nydw bearings have considerably higher
stiffnesses than the connecting structures in bitedeings, the effect of deformation on the loading
of the bearing is lower than in the blade bearihgscertheless, to derive suitable parameters for th
load dependent (axial and radial forces, resuliegding moment at tower top) friction of the yaw
bearing it is recommended to use a simplified FEMdet (mainframe, bearing, tower top) to
calculate the overall load distribution on the lbegs contact elements. The common commercial
load calculation software tools are already captablmplement these parameters for load dependent
yaw bearing friction. A simplified FEM model as débed above is anyway necessary to generate
the required input data for the static and fatigueof of strength for the bearing raceways (see
section 2.6.1.2).

2.6.1.2 Proof of static and fatigue strength of the yaw bearing:

As already described in section 2.4.1.2 for theldlbearing, the yaw bearing is also predominantly
loaded during standstill and not during rotatiomisTis not in the scope of ISO 281, the most
common standard to calculate the fatigue strenfjtiblter or ball bearings. Applying 1ISO 281 for
the fatigue calculations of yaw bearing may thexefshow misleading, non-conservative results. In
addition, yaw bearings are not through hardenedrdisipated in 1SO 281 but are only surface
hardened and have very big ball sizes comparedrtormn rotating bearings.

The typical damage for these kinds of surface hmademostly non rotating bearings is known as
“core-crushing”, a crack initiation below the ra@wtracks at the transition between hardened
surface and tempered core. Consequentially thegiaalf this damage mechanism is recommended
to calculate the fatigue strength of the yaw begirFor this purpose the same simplified FEM-
model as described in Section B1.1 can be usedttordine the contact inside the bearing with the
highest loading. The contact forces generated &éyptbduction load cases (DLC 1.0 to DLC 1.13)
and derived for the highest loaded contact are ssiddequently to calculate the fatigue strength
depending on specified hardening depth/gradiembioymon analytical methods.

This calculation method is also sufficient for tbaelculation of yaw bearings on wind turbine
locations with a distinctive mean wind directiomce the complete set of accumulated load cycles
for the production load cases of full wind turblifetime will be applied to the bearing contact lwit
the highest loading.

As already stated in Section 2.4.1.2 the stand&a€ T6 is only appropriate to calculate the static
strength of through-hardened bearings, therefopdicgtion of ISO 76 on the surface hardened yaw
bearing raceways may not be sufficient. A similppr@ach as described above for the fatigue
calculation is recommended also for the static fpafostrength, using the ultimate loads on the

bearing as input data and the surface hardnessudrsirface hardness distribution/hardening depth
of the bearings as limiting material properties.

2.6.2 Yaw Drive and Yaw Gear
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2.6.2.1 Yaw Gear

For the fatigue proof of strength of the yaw gdwr toad dependent bearing friction torque (see
2.4.1.1), nacelle inertia, yaw drive inertia and tlyroscopic torque around tower axis induced by
the wind turbine rotor have to be included in th&clations.

The common commercial load calculation softwardstdor wind turbines are already capable to
implement these parameters in the calculationsgmxor the gyroscopic torque of the rotor. This
torque may be implemented as a constant value asgunconstant rpm value for the rotor during
all yawing operations. To achieve sound resultgHercalculation of the operational time of the yaw
drives during wind turbine lifetime yaw controlleettings like sampling time, minimum yaw
misalignment for yaw start-up and yawing speed hiavaken into account.

To address possible transient loads from switclewents in fatigue calculation of the yaw gears, a
detailed analysis of the electrical setup of the ggstem may be necessary.

This is the case if the induction motors of the ydnves are switched directly to the grid during
start-up, causing typically transient torques abwtlB times the motor mean torque for duration of
about 30 ms during each start-up of the yaw sysfdmase transient torques have to be included in
the LDD’s for the calculation of the yaw gear. Arert occurrence of transient loads in the yaw
gear/yaw drives may result from the stop procediithe brakes at the end of the yaw motors are
engaged in the same moment when the motor itsselviched off. These transient loads have also
to be implemented in the LDD’s for yaw gear caltiata

In case of yaw motors driven by a frequency invedard application of a delay time between
switching off the yaw motors and brake engagemtatisient loads from switching events are
negligible.

In comparison to the blade bearing the yaw beaggey has a more uniform load cycle distribution
on all teeth of the circumference, even at locatiaith a distinctive mean wind direction, since
there are three or more yaw drives nearly symnalyiengaged around the circumference of the
yaw bearing gear. A simple sensitivity check fatical wind turbine locations with distinctive mean

wind directions may be performed by multiplying tbad cycle numbers for the yaw gear teeth with
the factor 2.

To address possible loadings on the yaw gear thethg standstill of the yaw drives, an analysis on
aerodynamically induced vibrations of the nacelleuad tower axis has to be performed. These
vibration torques have to be include in the LDDSs the yaw gear calculation if they exceed the
friction torque of the yaw bearing. To avoid fretfi at the gear flanks under these conditions
operation of the yaw system for lubrication purmoseay be enforced by the yaw controller in
adequate intervals.

If a separate yaw brake system is installed whipbrates independent from the yaw gear, any
influence of vibration torques on the yaw gearssuaned as negligible.

For the static gear calculation (ultimate loadisgg 2.6.2.2

2.6.2.2 Yaw Gearbox

All friction losses inside the yaw gearbox as waddl all inertia and friction loads as mentioned in
B2.1 must of course also be taken into accountHerstrength calculation of the yaw gear box
meshes.

The static strength calculation for the yaw gearasxvell as for the yaw gear have to be performed
with the maximum torque of the yaw motor brakethés is in common designs the highest possible
torque to be applied. Nevertheless it has to bekgte that this torque is not outpaced by the
maximum yaw motor torque, the maximum torque rasgllfrom the aerodynamic forces or by
transient torques occurring during yaw system dimrgSee 2.4.2.1).

2.6.2.3 Yaw Motor

The basis for the thermal rating of the yaw motmalisbe derived from the torque-time simulation
run with the highest torque rms value. The aveggime shall be 600 seconds, or the overall time
of the simulation run to be used.
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3. Test and Measurement Recommendations (IEC 61400-13)

3.1 Measurement procedures for model verification

There can be two different objectives for the measient campaign. In the PROTEST project, and

therefore also in the method that will be describerk, the focus is on a measurement campaign of
the prototype that can be used to verify the maakdumptions that have been used in the

simulations of the diverse components. The measmegampaign therefore has to be set-up such
that these simulations can be verified.

When focussing on the three components; drive,tgdtoh system and yaw system, it is important
that the loads on these components are validatedieter, due to the large differences in these
components between different wind turbine concapterell as the differences in the corresponding
models that need to be used, it was concludedttbatomes impossible to set strict standards. The
model that is used determines the measurementarinaieeded. A procedure similar to IEC61400-
13 would prescribe exactly the number of measurésndrequencies, etc. which may lead to an
unnecessary amount of measurements without vaidgssibilities for the models used. It is not
the intention of these new guidelines to replaeeetkisting IEC61400-13; these new ones should be
considered complementary.

To solve the problem of the model determining tleasurements that are needed, a completely new
and more flexible approach is suggested, a sixspproach, letting go of the current, less flexibl
approach in the guidelines and standards [16]. Sikesteps that are to be followed to set up a
measurement campaign for a component are:

Step 1: Identify critical failure modes or phenomena domponent

Step 2: Set up the calculation model (simple analyticadty. multi body)

Step 3: Run model for various DLCs (critical DLCs candifferent for the different phenomena!)

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

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

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

These 6 steps will not always be performed seqalgntas illustrated ifFigure 3-1 it is possible to
have one or more loops in the process. As illustkam this figure, once the model is set up, the
DLCs are run and the (un)certainty of differentgmaeters has been investigated, it is possible that
the model proves to be inadequate and needs tibebeda for example when it is realised that itl wil
not be possible to determine enough parametetseimeasurements or if it becomes clear that the
uncertainty of specific input parameters is to@éarlt is also possible that, after measuring and
processing the data, the signals appear to bereutar that more signals are needed, which results
in the loop illustrated, going back to step 5, tisgt up the measurement campaign’. Another
possible outcome after the final step is the nee@turn to the design of the model, if the applnoac
that has been followed turns out to be unsuccessfifi some parameters need to be improved,
which calls for a small change in the model andmeing the critical DLCs again, however in that
case it should be possible to skip redoing stéfhBse are a few of the possibilities of going tigtou
the six step approach and they illustrate thatottaker is not always sequential and as long as all
steps are performed at least once, differencesthatlilustrated order are realistic possibilities.

To investigate this suggested six step approatiasitbeen applied to the three different components
in WP 5 (drive train), WP 6 (pitch system) and WB/&w system), see [15].
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Figure 3-1illustration of the six step approach.

3.2 Load measurement at specific interconnection points

3.2.1 Dirive train

3.2.1.1 Loads at interconnection points

To determine the procedure to describe how theslagtdthe interconnection points should be
defined, the specification of the interfaces of glearbox and the drive-train and its sub-components
if necessary, is required. That includes isolatbrach system or sub-component from the overall
wind turbine structure and further building on ti@equate description of the sectional loads at the
interconnection points (interfaces) the overall dvinrbine loads need to be transferred to design
parameters. Within WP3 an assessment followed degarwhich knowledge of loading (i.e.
torques, bending moments, accelerations, motioefrihations etc.) is considered as a valuable
improvement over the current state-of-the-art.

The results presented in [8] as well as the fingliofwork package 2 of the PROTEST project [14]
regarding the design load cases for the gearboxtlaadirive train that should be considered,
discussed in 2.1.1 of the present report, werehdurtdeveloped to define the procedure for
determining the loads at the interfaces of the idened components. For the gearbox and the drive
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train the determination of the necessary infornmatb the interfaces for designing the mechanical
components was based on IEC 61400-4 [6].

The details of the findings were reported withid][1In here only a summary of the findings will be
presented, regarding the loads at the intercororegibints of the gearbox, the drive-train and
specific components of the drive-train, such asthae shaft.

For the gearbox, IEC 61400-4 [6] identifies theembnnection points (interfaces), commonly
applied in modern wind turbine designs. Dependingttee arrangement of the wind turbine the
following sketch shows the relevant interconnecpioints (interfaces) relevant to the gearbox only.
In the configuration shown in Figure 3-2 it is soped that the gearbox does not support other
systems (i.e. that no additional systems are djrectounted on the gearbox). Accordingly,
following interfaces can be identified for this igiration:

1. The low speed shaft to the gearbox (specifidhlygearbox entrance stage)

2. The high speed shaft to the gearbox (speciith# gearbox output stage)

3. The nacelle main frame through the supportingitpms of the gearbox to the gearbox
(specifically the gearbox housing)

4, The mounting positions of the gearbox on theel@amain frame via torque arms to the
gearbox (specifically the gearbox housing)

Gearbox

Brake
Main shaft Coupling

/ High speed shaft

AN e

/ Torque Arm (x2)

1

/

Bedplate
Figure 3-2:Simplified sketch of gearbox layout without suppdidystems showing interfaces.

Loads transferred across the gearbox system, depenrttie configuration of the wind turbine.
Therefore, detailed analysis would have to be basedetailed configurations. In an ideal situation
the purpose of the gearbox would be to transmitdlhgue and the rotation (revolutions) of the rotor
to the generator through the high speed shaft,teoatting all other loads arriving at the gearbox
from the rotor through the low speed part of thwaltrain. To this end, the torque arms of the
gearbox are used to counter-act the torque reaofidhe gearbox from the rotor. The forces and
bending moments are either counter-acted through niain bearing(s) of the main shaft or
(depending on the configuration) through bearinfjthe gearbox. Bending moments and torsion
(torque) are usually measured on the main shafbhglwonventional load measurement campaigns
(as specified in IEC/TS 61400-13). The force meam@nts, however, are not required and usually
these measurements are not performed. The forceb rfeoments) on the main shaft can be
estimated through aero-elastic simulations. Budlitain the forces and moments on the high speed
shaft or the forces on the torque arms through-akstic simulation detailed information on the
gearbox and the drive train is necessary.

Classifying the general loads transferred acroesinterfaces of the gearbox as loads, kinematics
and dynamics, the following parameters should lieele.

Loads:

20 ECN-E--10-099



» Axial and shear loads, bending moments and torsidhe low speed shaft (at the gearbox
interface).

» Axial and shear loads, bending moments and tomsidhe high speed shaft (at the gearbox
interface).

» Forces at the torque arms.

Kinematics:
< Position (including angle, rotational speed andladisplacement) of the low speed shaft (at
the gearbox interface)

« Position (including angle, rotational speed ana@ladisplacement) of the high speed shaft
« Displacement of the torque arms.

Dynamics:
* Accelerations

Furthermore, synchronization of the general loadingditions is required with the wind turbine
operational parameters, such as status, rotorugeonlspeed, power production, azimuth position.
For the drive train, IEC 61400-4 [6] identifies timterconnection points (interfaces), depending on
the wind turbine configuration, similar to the gaax. As an example for the configuration using a
modular drive train with a 3-point suspension, heve in Figure 3-3, the following interfaces
(interconnection points) can be identified:

1. The rotor hub to the drive train (on the loweghe main shaft)

The Main bearing of the drive train (on the Ispeed shaft) to the nacelle main frame
The torque arm on the gearbox to the nacelle fname

The nacelle main frame to the support pointhefgearbox of the drive train

The nacelle main frame to the support pointhefgenerator of the drive train

The generator (on the high speed shaft) totive train — internal interface of the drive train

N o o M DN

The mechanical brake to the drive train (onhiuyh speed shaft) — internal interface of the
drive train

@

The coupling on the high speed shaft of theediigin - internal interface of the drive train

9. Other (e.g. interfaces for lubrication systeses)sors) — Not shown Figure 3-3

Other drive train configurations are discussedLit.[

Loads transferred across the drive train on smetiferface points, depend on the configuration of
the wind turbine. Similar to the case for the gearbdetailed analysis of the loads transferred
through each component of the drive train wouldehtvbe based on the specific configuration of
the wind turbine. In an ideal situation the purposéhe drive train would be to transmit the torque
and the rotation (revolutions) of the rotor to tenerator, counteracting all other loads of therrot
through the interfaces with the nacelle bed. Theegfall axial and shear forces and the bending
moments of the rotor will have to be transferretht nacelle bed (and from there to the tower top),
while the rotor torque should pass through the eitrain to the generator, leaving the torque
reactions of the gearbox on the nacelle bed.

Classifying the general loads transferred acrossriterfaces of the drive train as loads, kinensatic
and dynamics, the following parameters should bimele for the drive train.
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Gearbox

Main shaft Main shaft
bearing

\ @\ Generator
Rotor Hub

/ Torque Arm (x2)

Bedplate

Figure 3-3:Schematic of nacelle layout with Triple-point susgien showing interfaces.

Loads:
» Axial and shear loads, bending moments and torsfothe low speed shaft (at the rotor
interface).
» Axial and shear loads, bending moments and toisidine high speed shaft (at the generator
interface).

» Forces at the torque arms of the gearbox.

» Forces at the main bearing(s) on their interfacethe nacelle main frame (if applicable)
Kinematics:

» Displacements at the supports

» Positions (angle, speed of rotation and axial disginent) of moving (rotating) elements

(e.g. shafts)

Dynamics:

* Accelerations

Furthermore, synchronization of the general loadingditions is required with the wind turbine
operational parameters, such as status, rotorugeolspeed, power production, azimuth position.
Since the drive train comprises components thatiragged as separately as stand alone systems
within drive train simulations, such as the maiafghin a comprehensive analysis the interfaces of
such systems should be also identified. The casthefmain shaft and the main bearing was
investigated within [11], with analysis examplesr fepecific configurations. Yet, since the
PROTEST project these components are treated apatmmts of the drive train the analysis was
kept to a minimum.

3.2.1.2 Measurement definitions

Based on the results for the loads transferredsadte interfaces of the gearbox, Table 3.1 present
a summary of the recommended quantities to be megsduring an experimental campaign
focusing on the gearbox. The same table can be asedstarting point for the definition of loads
transferred across the interfaces of the driventraroperly adjusted for the specific wind turbine
configuration.
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Table 3.1: Definition of loads at interfaces of the gearbox

Interconnection | Loads Synchronicity Analysis

point

Main shaft &| Loads: [Main shaft Axial and SheaWT status Mean loads

gearbox forcesf, Bending moments andWT operational Fatigue loads

Torsion (Torque) magnitudes (RFC,

Kinematics: main shaft angle & speedPower, RPM) LDDs)
axial displacement Azimuth position
Dynamics: wind inflow

High speed shaft Loads: [Axial & Shear forces, BendigWind speed &| Mean loads

& gearbox Momentsf and torsion (torque) Wind direction) Fatigue loadg
Kinematics: High speed shaft angle (& (RFC,
speed, axial displacement LDDs)
Dynamics:

Torque arms & Loads:

gearbox Kinematics: Axial, Vertical & tangential
Displacement
Dynamics:

Gearbox housing| Accelerations on bearings

Additional Lubrication temperature on Gearbpx

measurements bearings, gear meshes or overall volume

(internal to the temperature

gearbox system)

IEC/TS 61400-13 [9] should be followed wherevergiole. However, in order to better illuminate
the load cases that affect the components/systewhsr istudy the following presentation/analysis
should be added for the load measurements regatiéngrive train and the gearbox of the wind
turbine.

* A selection of measurement cases that can be osdidef validation of wind turbine design
models should be made, assuring the atmospheriditmms and the specific turbine
characteristics, as described in IEC 61400-4 [B]sTs necessary for enabling the accurate
reproduction of the as-measured response usindrdatethe field tests.

* Analysis specifically intended for the verificatiaf design assumptions for the gearbox,
including torsional vibration, combined structuralsponse and reaction at the gearbox
supports and interfaces, as described in IEC 68400-

* Analysis regarding the drive train resonances ohioly vibration levels at representative
locations (possible corresponding to work shoprtgdbcations), following IEC 61400-4.

« Measurements and analysis regarding the lubricat&ivery/cooling system effectiveness
including temperatures as described in IEC 61400-4.

According to IEC 61400-4 in addition to load measuents prescribed in the IEC/TS 61400-13 the
torque on the low and the high speed shaft shogilshéasured in experimental campaigns requiring
the verification of the gearbox and the drive traiwditionally, the shaft speed should be also
measured. Both measurements are foreseen in TdblA&ording to IEC 61400-4 additional load
measurements for forces and bending moments magdagred for the evaluation of the gearbox
interface loads and design assumptions. These lesware also foreseen in Table 3.1, such as the
bending moments and forces on the two shafts (staift and high speed shatft).

Following IEC 61400-4 sampling rate should be adégjy selected (in cooperation with the
gearbox manufacturer) for each application, higtiean 3 to 5 times the relevant vibration
frequency.

! These loads are not usually measured but areatetinduring aeroelastic simulations
2 These loads are not usually measured and areagstimuring aeroelastic simulations only when adegdata are
provided for the gearbox
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Additionally, following IEC 61400-4, a Campbell dimm (plot of system forcing and response
frequencies) should be provided through the corapbgierating speed range to evaluate resonance
risk.

Finally, measured temperatures at specified looatan the gearbox and lubrication system should
be reported with emphasis on maximum temperaturésreaximum temperature durations.

If applicable, during the measurement campaignidabt analysis shall also be performed and
reported.

3.2.2 Pitch system

3.2.2.1 Loads at interconnection points

To determine the procedure to describe how theslagdthe interconnection points should be
defined, the specification of the interfaces of piteh system, is required. That includes isolatibn
the pitch system from the overall wind turbine etmwe and further building on the adequate
description of the sectional loads at the interemtion points (interfaces) the overall wind turbine
loads need to be transferred to design paramefersassessment followed regarding which
knowledge of loading (i.e. torques, bending momeatselerations, motions, deformations etc.) is
considered as a valuable improvement over the mustate-of-the-art.

Within WP3 the results presented in [8] as welttesfindings of work package 2 of the PROTEST
[14] project regarding the design load cases amsiydedrivers for the pitch system that should be
considered, discussed in 5.1 of the present repwert further developed to define the procedure for
determining the loads at the interfaces of the idemed components. On the topic of the pitch
system the working draft IEC 61400-4 [6] where thkevant issues of the wind turbine gearbox are
discussed, was used as a starting point to deterwirat kind of information are necessary at the
interfaces for designing the mechanical componeiise pitch system.

The details of the findings were reported withi@][1In here only a summary of the finding will be
presented, regarding the loads at the intercororeptiints of the pitch system.

As an outcome of the work the interconnection o(iriterfaces) for the pitch system are:

The pitch system specific interconnection poimsefifaces) are:

1) The interface between the blade & the pitchesydbearing)

2) The interface between the hub & the pitch sygtesaring)
3) The interface between the hub & the pitch sygieamsmission & drive)
4) The interface between the controller & the pightem (drive)

A simplified sketch of an example (electric) pitsisstem is shown in Figure 3-4. The schematic
diagram of the pitch system, its components/subgystand the relevant interfaces are shown in
Figure 3-5 (internal interconnection points areidated as i).

Specifically for the pitch system there are twatidid cases: The pitch system is used to keep the
blade at a predefined position (as defined by treroller) or the pitch system is used to bring the
blade into the required position (pitching). Theotwnodes should be clearly discerned and
connected with wind flow conditions and operatintptes of the wind turbine, as the
intermittent/oscillating behaviour is essential paich (bearing) design and life time.

The pitch system transfers axial and shear folmsling moments and torsion from the blade to the
hub. Bending moments are measured during convettioad measurement campaigns (as specified
in IEC 61400-13 [9]). The force measurements howese not required therefore and usually not
performed. The loading can be estimated with aastiel simulations, but it is difficult to simulate
the exact same conditions.

Torsion should form the load at the relevant irtees for the pitch system, which affects the logdin
on the gear of the pitch system (the transmissidmsystem) as meshing torque and the torque on
the driver of the pitch system. The equation primgjcequilibrium for the pitch system, involving the
meshing torque of the pitch bearinguMthe torsion of the blade, gy the friction M, and the
torque of the pitch motor, M, through the pitch angle of the blade (speed aodlaration)fg, the
blade and pitch system inertig, dnd J,, respectively, and the gear ratio of the pitchtesys |, is
following [12]:

Mmp =Mzg _Sign(eB )vlfric +Jg (B =iy Map +i5 [Da, (B (5.1)
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Figure 3-4:Simplified sketch of pitch system showing intedace
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Figure 3-5:Schematic diagram of the pitch system and itsfiates.

The friction moment, M., depends on the geometry of the pitch bearingmieiar), friction
coefficient and the bending moments, axial and slieaes transferred from the blade (root)
through the pitch bearing as described in detdil#}. Although this equation neglects elasticify o
the pitch system drive train and the gear meshgtag it is considered as a good approximation of
the loads that are transferred through the pitstesy components.

Another issue of special importance to the pitchteay is the effect of the elastic deformation
(ovalisation) of the pitch bearing on the loadinfytiee pitch components, as a result of the
deformation of the blade root and the hub dueecaitting loads on the blade.
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3.2.2.2 Measurement definitions

Based on the results for the loads transferredsacttee interfaces of the pitch system, Table 3.2
presents a summary of the recommended quantitiebetaneasured during an experimental

campaign focusing on the pitch system components.

Table 3.2: Definition of loads at interfaces of the pitch gyst(external & internal)
Interface Loading Synchronicity Analysis
1) Blade & Pitch| Loads: blade root forces (axial, rad|aTOD’ extreme loads
System (bearing shear) and moments (bendind)lade pitch| mean loads
- External torsion) angle & pitch| fatigue loads
Kinematics: (measured at 2) speed in 2 (LDD)
Dynamics: (measured at 2)
2) Hub & Pitch| Loads: (measured at 1) WTOD time at level of
System (bearing) Kinematics: pitch angle & pitch speed | with loads in 1 | pitch angle
— External Dynamics: acceleration on blade in tyo (LDD)
perpendicular directions oscillation  of
pitch angle
(rain-flow)
3) Hub & Pitch| Loads (driver): reaction torque/force pIWVTOD
System pitch driver on hub
(transmission & Loads (transmission): reaction torque {or
driver) — | force at torque arms) on hub
External
4) Controller &| Loads: driver voltage & current / WTOD thermal load
Pitch System pressure & flow with loadsin1 | (LDD of RMS
(driver) —| Kinematics: control setpoint (pitch value)
External angle/speed)
5) Bearing outer Kinematics: clearance (at the four quartetdade pitch
ring & bearing| on the bearing) angle & blade
inner ring - root forces andg
Internal moments
In case of an electric pitch actuator:
6) Driver pinion| Kinematics: relative angle of rotation blade pitch
& ring gear - angle
Internal
7) Gearbox &| Loads: driving torque
driver pinion -
Internal
8) Motor & | Loads: driving torque blade pitch| peak load
transmission  { Kinematics: rotational speéd angle
Internal
In case of a hydraulic pitch actuator:
9) Motor & | Loads: force in driving rod blade pitch
transmission  { Kinematics: speed and position (nonlingamngle
Internal transmission]

Specifically for the pitch system components, thiofving measurements are recommended:
» For the pitch actuator:yR (power consumption of the pitch driver) as measune(4) of
Table 3.2, M, calculated from measurements using Eq.(5.1)

+ For the pitch transmission systemyMas calculated during pitch motion through Eq.(5.1)

3 The Wind Turbine Operation Data (WTOD) consiststtef status, hub wind speed and direction, rotgukam
speed and azimuth angle, pitch angle, yaw anglegandrator power.
4 These loads are required to separate loadingeaddmponents and to determine elasticity, hyse(ésie play) and
friction in the pitch system drive train.
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¢ For the pitch bearing: Blade Bending moments assured, Blade torsion and Blade root
axial & shear forces, either directly measuredstingated through simulations

« Estimation of the frictional torque, M through measurements of blade root and actuator
moments and use of Eq.(5.1).

« Estimation of bearing friction coefficients throughlation between pitch bearing loading
and friction torque

« For the wind turbine behaviour in relation to thlp system, the time delay from pitch
control set-point to blade pitch angle/speed

Additional measurements/analyses that are recomedetal obtain more knowledge of the system
and validate models and design calculations (fatlga for instance):

« Pitch bearing deformation measurements (on bearing rings and/or blade flamgehub
mounting: These can be used to investigate thadnfle of the stiffness of the mounting
flanges and of the support structures (blade ar). lAiso the effect on bearing friction
(and thus wear and pitch driver load) should beestabd.

e Lubrication contamination: Lubrication (grease) of the pitch bearing is efisé for the
fatigue life, especially when the bearing is inilkesting motion. Also the lubrication (oil) of
the pitch transmission can be monitored to investighe wear in the pitch drive train.

e Electrical load between bearing rings due to high voltdgghtning strikes: Lighting
strikes (count) on the blades can cause bearireyvecdegradation if no proper provision
is available for the routing the charge.

« Temperature on frictional parts: Friction in the pitch driveain and the pitch bearing
causes extra load on the pitch drive, which coeidllto increase in temperature.

Regarding the presentation of the measurementsifisply for pitch components following
presentation of measurements are recommended tmcheded in the test report for such a
campaign:

« For the Pitch Actuator: I time series & Root mean square (RMS) per wind itimmd

» For the Pitch Transmission systemyMime series & Rain-flow-counting matrix (RFC)
per wind condition

¢ For the Pitch bearing:
+ Loads (Forces and moments) time series & RFC ped wondition
» Kinematics 6 mean/amplitude/speed) per wind condition
« Temperature (if available) in relation to other sw@@ments
« Acceleration PSD per wind condition

Additional information in statistical terms per wlircondition (wind speed, turbulence) and wind
turbine condition (normal operation or standstifould be provided regarding pitch operation.
These for example can be:

«  Starts within 10-min captured file, time of opeoati time duration up to next start

* Average angle of rotation for each single operafispeed

It should be noted that the definitions and proceslwf IEC/TS 61400-13 should be followed as
close as possible for all measurements conductgr@sentation of output.

3.2.3 Yaw system

3.2.3.1 Loads at interconnection points

To determine the procedure to describe how theslagtdthe interconnection points should be
defined, the specification of the interfaces of yaav system, is required. That includes isolatibn o
the yaw system from the overall wind turbine stuoetand further building on the adequate
description of the sectional loads at the interemtion points (interfaces) the overall wind turbine
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loads need to be transferred to design paramefersassessment followed regarding which
knowledge of loading (i.e. torques, bending momeatselerations, motions, deformations etc.) is
considered as a valuable improvement over the mustate-of-the-art.

Within WP3 the results presented in [8] as welttesfindings of work package 2 of the PROTEST
[14] project regarding the design load cases amibdedrivers for the yaw system that should be
considered, discussed in 6.1 of the present repere further developed to define the procedure for
determining the loads at the interfaces of the idemsd components. On the topic of the yaw system
the working draft IEC 61400-4 [6] where the relevassues of the wind turbine gearbox are
discussed, was used as a starting point to determivat kind of information are necessary at the
interfaces for designing the mechanical componeiise yaw system.

The details of the findings were reported withiB][1In here only a summary of the finding will be
presented, regarding the loads at the intercororeptiints of the yaw system.

As an outcome of the work the interconnection ofiriterfaces) for the yaw system are:

1. The interface between the Tower Top to the ygstesn (specifically the yaw bearing)

2. The interface between the Nacelle to the yawesygspecifically the yaw bearing)

3. The interface of the yaw transmission systeen the yaw gear(s), where a tangential force is
introduced to the system to rotate the nacellgivel#o the tower

4. The (electrical) interface of the wind turbinentroller to the yaw system (specifically the
yaw actuator/driver)

An oversimplified sketch of the yaw system andrélevant interfaces is shown in Figure 3-6.

@\ Yaw Yaw driver

antrol

o

Tower

Nacelle

Yaw system

Figure 3-6:Simplified sketch of yaw system showing interfaces.

In addition to the interconnection points (integapdescribed above, internal interconnection point
of a system can be introduced by dividing a systemits sub-systems. This approach leads to a set
of systems on different detail levels which are rawied by interconnection points. At each
interface, the 6 fundamental loads can be defiAéditionally, characterising values for each load
can be added (e.g. rotational speeds).

This leads to a matrix of interconnection loadsctEmterconnection load has to be assessed with
respect to the individual importance of the valawdrds the overall result as well as the effort
required for the determination of the value.

Regarding the loads that are transferred throughiriterfaces of the yaw system, there are two
distinct cases: 1) the loads transferred whileytiwe system is used to keep the nacelle positien at
pre-defined position, i.e. Non-yawing (as definedtbe controller) and 2) the loads transferred
while the yaw system is active and used to brirgriacelle into the required position, i.e. yawing.
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The two load cases should be clearly distinguistnedl connected with wind flow conditions and
conditions of the wind turbine.

For the loads to be transferred while the yaw sysie used to keep the nacelle at a defined
orientation angle, i.enon-yawing, all loads acting on the nacelle end should bestesred to the
tower. That is the yaw system should be used te laxial and shear forces, bending moment and
torsion transferred from the nacelle to the towldrese are already estimated through aeroelastic
simulations. Tower top bending moments and torgian be measured during conventional load
measurement campaigns.

Torsional motion of the yaw system (while the systis maintaining nacelle position), i.eon-
yawing, could be measured on an operating wind turbirte wibration sensors positioned at the
nacelle part of the yaw system, measuring possdnll torsional vibrations (motion and
acceleration).

For the loads to be transferred while the yaw sysgeoperating (driving the nacelle to the requeéste
nacelle position), i.e. yawing, the loads to badfarred through the yaw system are again all axial
and shear forces, as well as bending moments actinghe tower top, while torsion will be
transferred to the tower distorted through theoactif the yaw actuator (driver).

This last load component (torsion) should formldaal at the relevant interfaces for the yaw system,
which affects the loading on the gear of the yastey (the transmission sub-system) as meshing
torque and the torque on the driver of the yawesyst

For the meshing torque, WM acting on the yaw gear teeth, the following retaghip can be applied:

Where Myt the yaw moment on the naceltg, the yaw angle,k the nacelle yaw inertia,sJthe
inertia of the yaw driver and the yaw transmissigatem (as one system),tihe gear ratio of the
entire yaw system (including the gear ratio of yagv gearbox and the gear ratio of the yaw bearing
and the drive pinion, M the torque of the yaw driver andgNb the frictional moment of the yaw
bearing. For the load dependent frictional momenteral practical estimates are available, all
involving the bending moments, the radial and aiiedes applied on the yaw bearing.

Detailed equations for the definition of the loadssferred across the various interfaces have been
described within [13], where the interested reasleeferred to.

3.2.3.2 Measurement definitions

Based on the results for the loads transferredsactioe interfaces of the yaw system, Table 3.3
presents a summary of the recommended quantitiebetaneasured during an experimental
campaign focusing on the yaw system components.
Specifically for the yaw system components, thofaihg measurements are recommended:
* For the yaw actuator: p (power consumption of the yaw driver) as measuidg
calculated from measurements using Eq.(6.1)

« For the yaw transmission system;,;Ms measured during yaw motion

¢ For the yaw bearing: Tower top axial & shear ford@ending moments and Torsion, as
measured

« Estimation of the frictional torque during yaw nati
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Table 3.3: Recommended measurements during an experimentphaamfor the yaw system

Interconnection | Loads Synchronicity Analysis
point
Tower top &| Loads: Tower top Axial & Shear forcesWT status Mean loads
Yaw System Bending moments and Torsion WT operational| Fatigue loadg
Kinematics: (measured at nacelle) magnitudes (Powel, (LDDs)
Dynamics: (measured at nacelle) RPM)
wind inflow (speed
& direction)
Nacelle & Yaw| Loads: (measured at tower top)
System Kinematics: Nacelle yaw position &
speed

Dynamics: acceleration on nacelle
bearing in two perpendicular directions

Yaw Loads: Torque (Pressure) Uneven
transmission Kinematics: (measured at nacelle) torque
system (gear) & Dynamics: (measured at nacelle) distribution
Yaw System

WT controller & | Yaw system power consumption
Yaw System Command

Yaw bearing &| Additional measurements: Temperature
Yaw System| at yaw base and frictional parts
(internal system
measurements)

Regarding the presentation of the measurementssifisply for yaw components following
presentation of measurements are recommended tmcheled in the test report for such a
campaign:

+ For the Yaw Actuator: N time series & Root mean square (RMS) per wind itmmd

¢ For the Yaw Transmission systemyMime series & Rain-flow-counting matrix (RFC) per
wind condition

¢ For the Yaw bearing:
+ Loads (Forces and moments) time series & RFC ped wondition
+ Kinematics ¢, mean/amplitude/speed) per wind condition
« Temperature (if available) in relation to other sw@@ments
» Acceleration PSD per wind condition

Additional information in statistical terms per wlircondition (wind speed, turbulence) and wind
turbine condition (normal operation or standsshpuld be provided regarding yaw operation. These
for example can be

e Starts within 10-min captured file, time of opeoati time duration up to next start

* Average angle of rotation for each single operafispeed

It should be noted that the definitions and proceslwof IEC/TS 61400-13 should be followed as
close as possible for all measurements conduc@r@sentation of output.

30 ECN-E--10-099



References

[1]

[2]

[3]

[4]

[5]
[6]
[7]
[8]

[9]

[10]
[11]

[12]

[13]

[14]

[15]

[16]

M. Durstewitz et.al.,Wind Energy Report Germany 2001; Annual Evaluatain
WMEP, ISET, Germany 2002

Energie- og Miljgdata (EMD)database with energy production figures, incislemtd
accidents.

BTM Consult:International Wind Energy Development; World Markgidate 2005
Denmark, March 2006.

Wiggelinkhuizen, E. et. al.,CONMOW: Condition Monitoring Offshore Wind
Turbines EWEC 2007.

Dutch Wind Work Shops, held at ECN 11&12 Octobed&@0
Draft IEC 61400-4 WD3 2008-0®esign requirements for Wind Turbine Gearboxes
IEC-61400-1Wind turbines — partl: Design requiremerttsrd edition 2005-08

S. Hauptmann et alDeliverable D1: State-of-the-Art-Reppkniversity of Stuttgart,
Germany, 2009, available: http://www.protest-fp7peblications/ (Accessed 18 May
2010).

IEC TS 61400-13:Wind turbine generator systems, Part 13 - Measurénod
mechanical load¢lst Ed. 2001).

Germanischer LloydGuidelines for the Certification of Wind Turbin@910

Lekou, D.J, Mouzakis, F.Template for the specification of loads necessany f
designing drive train systemm&RES, Greece, 2010, PROTEST project Deliveralde D
available: http://www.protest-fp7.eu/publicatiofdtcessed 12 July 2010).

Lekou, D.J., Mouzakis, F., Savenije, F.Jemplate for the specification of loads
necessary for designing pitch systen@®RES, Greece, 2010, PROTEST project
Deliverable D4, available: http://www.protest-fpd/jgublications/ (Accessed 12 July
2010).

Lekou, D.J., Mouzakis, F.Template for the specification of loads necessary f
designing yaw system&RES, Greece, 2010, PROTEST project Deliverabte D
available: http://www.protest-fp7.eu/publicatiofatcessed 12 July 2010).

J.G. Holierhoek, H. Braam, L.W.M.M. Rademakers, HIREST —Determination of
Load Cases and Critical Design VariableECN, ECN-E—10-007, Petten, the
Netherlands, 2010, available: http://www.protest-fu/publications/ (Accessed 20
October 2010).

J.G. Holierhoek (ed.), PROTEST- Final Report, Project Results and
Recommendations for StandardisatiorECN, ECN-E—10-100, Petten, the
Netherlands, 2010, available: http://www.protest-§u/publications/ .

Holierhoek, J.G. et alPROTEST - Recommended Practices for Measuringurtte
‘Loads’ on Drive Train, Pitch System and Yaw Syste@N, ECN-E--10-083, Petten,
The Netherlands, 2010, available: http://www.prbtpg.eu/publications/ (Accessed
20 October 2010).

ECN-E--10-099 31



Appendix A. Implementation of resonance analysis

A.1 General

Requirements and recommendations regarding thenititefi of the objective, type and scope
required for the resonance analysis of the drigantas well as modelling aspects are given in this
appendix. The necessary extent of analysis and limageletail level depends on the particular
design and can vary from case to case.

A.2 Scope
The following refers primarily to conventional deivtrain designs using a gearbox to increase the
rotational rotor speed. For drive trains using @vskpeed generator or other methods of power
transmission, the statements shall apply with theessary adaptations. In general, the analysis
consists of the following steps:

- simplification of the complex drive train into aquivalent model

- determination of the required input for stiffnesgss, inertia and damping values

- set-up of the simulation model

- execution of the analysis

- verification of the model

- evaluation, assessment and documentation otthdts

A.3 Modelling of the system
The technical data from the wind turbine manufaat@and component suppliers should be used to
build the simulation model.

A.3.1 Discretization of the model

The simulation model should include all major drivain components. When using multi body
systems for the analysis the individual componsraubdivided into segments represented by rigid
bodies. Gears and bearings can be modelled as ddoglies, whereas for shafts and rotor blades
finer discretizations are recommended. Interadtietween the bodies is modelled by force elements
(e.g. spring/damper elements). For the most flexgiafts and complex parts, the use of elastic
bodies is recommended.

All relevant natural frequencies of the drive trameed to be considered. Thus, all relevant
mechanical properties (mass, inertia, stiffnesa)l fe included in the model.

The discretization of the major drive train compatseshall be attuned to the shape of the respective
component. Moreover, it shall be selected in a thay allows identifying all natural frequencies of
the component at or below the second harmoniceohiphest excitation frequency.

Depending on the excitation mechanisms, the exegarding the number of DOFs (degrees of
freedom) of each individual component shall be ehoadequately. Torsional, axial and bending
DOFs should be considered.

A.3.2 Model input parameters

The model input data consist of mass, inertiaingtf’s and damping values of the components. The
required input for masses and inertias can be eléfirom CAD data, by analytical calculation or by
measurement. The elasticity of complex parts carddtermined by finite element analysis, by
measurement or, in cases of simple geometrieshalytacal formulae.

For the gears, the meshing stiffness can be cécltzn the basis of ISO 6336-1, Method B, or by
measurement.

Stiffness properties of bearings are available ftoenbearing supplier.

Damping properties can be determined by measursnoenif applicable, data from the literature
can be used. The final adjustment can be made bgunements on the actual drive train. Damping
should only be applied to parts of the model whenill occur in wind turbines e.g. bearings,
toothings.
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If the analysis is carried out in the time domasources of excitation due to variations in the
component stiffness and component inertia valued t@be considered. These are at least:

- blade passing

- variations in tooth meshing stiffness

- imbalance of major drive train components (rotorake disc, coupling, and rotor of
generator)

- communication frequencies of controllers (e.tchpand yaw controller)

A.3.3 Boundary conditions
The frequency range for analysis in the frequermyain should be chosen wide enough to cover
the relevant excitation frequencies.

The analysis range for the time domain simulatioalldoe chosen in accordance with the operating
range of the wind turbine.

In order to impose all operating conditions on dhnige train, the simulation of a run-up by steadily
increasing the rotational speed is an appropriategaure. The run-up can be carried out in the
speed- or torque-driven mode.

A.4 Calculation and evaluation of the results

For the time domain calculation, the time range sentipling rate should be chosen large enough so
that, for each level of rotational speed, a stestdye will be reached and reliable Fast Fourier

Transformations (FFT'’s) with 2n supporting poinede performed. n shall be chosen in such a
way that an appropriate resolution will be obtairmed that the necessary frequency range can be
analysed.

Calculated time series of e.g. rotor speed andutoind the load levels in all springs should be
checked with respect to the correct reproductiore.gf transmission ratio, rotational direction,
angular displacement of shafts etc.

The results need to be checked for plausibilityisTihvolves checking of natural frequencies and
mode shapes to see whether their magnitude ane stegpectively, are credible in comparison to
similar drive train layouts and to experience.

A.5 Extended evaluation

In the event that the analysis shows abnormalitiekerms of e.g. resonances that occur in the
operating range of the wind turbine, extended eatalus might become necessary. These can be
performed by applying a even more detailed simofainodel or by measurement on the actual
drive train.

It is recommended that the simulation model ofdhee train be used to analyse transient dynamic

loading caused by extreme load cases (e.g. DLCDL@E, 1.5, DLC 2.2, DLC 9.2; see [10]) that are
relevant for the drive train.
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