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Abstract

The main results of the PROTEST project are suns®drin this report. The PROTEST project was
a pre-normative project focussing on improvemerthefdesign and development procedure for the
mechanical components in a wind turbine: the dirigi, the pitch system and the yaw system.

The current state-of-the-art is discussed and hioet €omings are pointed out. It is clear that the
level of analysis and the quality of modelling metaeroelastic analysis of blades and tower is
currently at a much higher level than the integtatealysis of the mechanical components.

When trying to set guidelines for the set-up of@asurement campaign on a wind turbine prototype
to be used to validate or tune a model of one ®ftiechanical components, it became apparent that
it would not be possible to describe a fixed metfardhis. A flexible six step approach is therefor
suggested, that takes into account the limitataotsuncertainties of the model that has been used.
After a general description of this approach, tbsults for each component are discussed, starting
with the results for the drive train, followed Hyet pitch system and finally the yaw system. The
design loads that are relevant for each componensammarised and additional load cases have
been defined for the drive train. The loads at ititerconnection points are described and the
measurements definitions are given. Then the mesofitusing the six step approach for are
summarised.

Finally the recommendations for the standardisadi@ngiven.
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Terms and Definitions

DLC

Design Load

Limit State

CbhVv

Failure Mode

Design Load Case; the combination of operatiom@des 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 lcadisg upon it, beyond which the structure no
longer satisfies the design requirement [ISO 288ddified] 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 compane 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.[Z1B]]). Although electrical components and
control systems fail more often, the costs relaterepair 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 ingrbmanufacturers, 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 tedfle up with new designs very often and (2)
produce them in large numbers immediately. The tieeded 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 haeixtgnsive 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 highesrity in the early days of wind energy.
Parallel to the development of design standards, wiind energy community has developed
advanced design tools and measurement procedudesteaionine 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 vdpdcific procedures for designing mechanical
components and specifying the loads on these coemp®ishould no longer be the reason for early
failures.

In 2007, ECN (NL) together with Suzlon Energy GmBE), 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. TheDFEST project was in fact a pre-normative
project with the aim to result in uniform procedsite better specify and verify the local component
loads acting on mechanical systems in wind turbifae 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 onnterface of components is visualised in Figure
1-1. For gearboxes in common wind turbine architexs 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 occoeretime at level, or temperatures. Within the
PROTEST project the components drive train, pitgbtesn and yaw system were selected for
detailed investigation.

The uniform procedures to better specify and veti/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 actualrmirg loads by means of prototype
measurements.

Answers to the following questions were sought:

¢ How should the loads at the interfaces be derivau 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 utageties 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 meadosxts 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 proceduresrieedecal 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 repo\n inventory has been taken of the present dagtjme on turbine and
component design and testing, including ongoingdgtedisation 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 meaningfplroement 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 proceddesgloped 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 vetifg 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 gubjare discussed. First the results that are of
importance for each of the three selected compsn@nive train, pitch system and yaw system) are
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reviewed. After these, results that are specificefach of these components are dealt with, enabling
readers that have special interest for one compdaeskip the other parts.

Using this subdivision, the results for WP1 —staftehe art — are first discussed, followed by an

explanation of a six step approach that is proptsdit used as a guideline instead of trying to set
fixed standards for each component, as for eactpooents several different variations exist and at
the same time the measurement campaign and iis ggengly dependent on the model used in the
analysis.

After the description of the six step approach ith&in results are given first for the drive train
followed by those concerning the pitch system ahént the yaw system. Finally the
recommendations for the standards for pitch andsystems are summarised.
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2. Main results WP 1: State of the art

In this chapter the main results from Work Packégef the PROTEST project will be shortly
described. For more details the interested readegferred to the public deliverable of this work
package [8].

First the state of the art of component design dach of the components examined within
PROTEST will be discussed, followed by a descriptid measurement pitfalls. The comparison of
simulations to measurements will be shortly presgtaind the main conclusions and outlook of this
work package will be summarised.

2.1 State of the art of component design

2.1.1 Drive train

Drive Train Concepts

With Gearless
Gear I
1 : 1 I I
Modular Drive Modular Drive Integrated Two Rotor One Rotor
Train with Two Train with 3- Drive Train Bearings Bearing
Main Bearings point
Suspension

Figure 2-1: Overview of common drive train concepts

Currently there are roughly five different drivaaitr concepts to be distinguished, as shown in
Figure 2-1
The turbine concepts that include gearboxes asp@fial importance within the PROTEST project.
From various studies [1],[9],[10] it is concluddtht the electrical sub assemblies in general have a
higher failure frequency than the mechanical coreptsm However, because the downtime and
repair costs are typically higher for mechanicamponents than for electrical components, the
perception of failure rates for gearboxes may diffem the actual values. As a consequence, this
has led to many research activities to improve¢fiability of gearboxes.
Many attempts have been taken by the industry a&b Ristitutes to improve the reliability of
gearboxes. The most relevant ones are [3]:
1. Condition monitoring
Condition monitoring systems can mitigate the cqunsaces of damage, but not reduce the
number of failures [4].
2. Failure analyses and gearbox measurements
In the US NREL has set up the Gearbox Reliabilipfl@borative (GRC) to address the
reliability of gearboxes [11].
3. Improved design software
The current practice where a drive train is modedle a single torsional spring with a fixed
gear ratio, a mass moment of inertia, a springteongnd an estimated damping coefficient
is recognised as insufficient. Therefore there many activities towards more detailed
modelling using multi body simulations [12][13][14}].
4. International working groups and standardisatiommittees.
A more complete inventory of the relevant load saged design specifications has been
created under international cooperation and new $E@dards have been created for the
gearbox [6].

ECN-E--10-100 11



To determine the design loads and design stresseyg different possible fault- and wind conditions
are run in simulations and the maximum values li@r Ibads are determined. In most aeroelastic
codes the input for the drive train is very limitedg. in Flex5 only six input parameters are used.
The limited number of input parameters also resnlisnited output parameters that can be used to
design the drive train. It is possible to overcadhis limitation by coupling more detailed driveitra
models (e.g. multi body) as a dynamic linked ligrédDLL) to the aeroelastic codes. This enables the
reactions of the gearbox to be fed back into th@edastic code, resulting in a more accurate
simulation. If a component design change modifiesreactions of the turbine, the new component
design information needs to be included in furtfierulation runs to verify the design.

By simulating the turbine under the expected emwirental conditions, a component fatigue
analysis can be undertaken. Again, changes inuttiente design for not meeting the fatigue life
criteria will necessitate further simulation runsverify the new design.

2.1.2 Pitch system

Presently, most turbines in the multi-megawatt <lase equipped with variable speed and pitch
control. Pitch control can either be done by meah$iydraulic pitch cylinders or by electrical
motors. More and more, the option of individualchitcontrol is being investigated by the leading
manufacturers to optimise power output and to redhe mechanical fatigue loads. However, to
reduce the mechanical loads by means of pitch @brittis necessary to obtain feedback from the
loads in the blades. At present, the measuremelmbigues are not robust enough to be incorporated
into the control loop reliably for a long periodtohe.

From publicly available data on failures and maiatece of wind turbines (e.g. [1][10][16]) it can
be concluded that the failure behaviour of pitctems (number of failures and their resulting
downtime and repair costs) is not the real costedrior maintenance and repair. However, there is
a strong need to improve knowledge of loads andaaiym behaviour of the pitch system for new
and large turbine designs. For example, larger winbines require larger pitch bearings which are
relatively less rigid and thus more sensitive tdodweations. To determine the lifetime of pitch
systems it is necessary to understand the loadsleéiodmations and their influence on friction and
wear of the pitch system. If, in the future, loadasurements are going to be incorporated in the
pitch control loop, the number of pitch actions pkxde and the pitch speed will probably increase.
Under these circumstances the need to understankbdlds on and wear of pitch systems is even
higher. A first attempt to better understand thedl@attern in the different components of a pitch
system is presented in [17].

For the determination of the design loads rele¥anthe pitch system, the rotor blade root pitch
moment and the blade root bending moments are naatairom the aeroelastic simulations. To
consider the loads which occur during pitch manoesivthe pitch actuator is modelled in those
codes. The pitch actuator model is dependent omwihd turbine controller and its dynamics

influence the blade root loads. The controller eitner define the pitch angle or the pitch ratechhi

is then modified by a transfer function in the bitystem model. However, the drive train dynamics
of the pitch system are not modelled in detail.

For the determination of the pitch system desigm$y) combined analytical and empirical methods
are used to transfer the blade root loads intddads relevant for the design of the pitch system.
This step is needed because the moments and factieg on the toothing of the pitch system is
highly dependent on the blade bearing friction hedring deformations like ovalisation, which is
again mainly caused by the blade root bending mtsnanedgewise and flapwise direction. These
analytical models are a weak point in the curresigh process of the pitch system.

2.1.3 Yaw system

Similar to the pitch system, the yaw system is an@bst driver for the maintenance costs of wind
turbines. However, a good understanding of the mm@chl loads acting on the yaw system is
needed to optimise the design of new turbines.

The concept of passive yawing has been an optiosrfaller wind turbines. The disadvantage of
this concept is that one cannot control the naahlléng off-design conditions and that in case of
extreme changes in wind direction, the turbines owyinue running downwind instead of upwind
(or vice versa). For larger turbines, the use efabtive yawing concept is common practice. Several
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(typically 4 to 8) yaw drives keep the rotor pergienlar to the oncoming wind. Some concepts
allow the nacelle to yaw passively in case of smhlnges in wind directions. Only in case of
extreme wind direction changes, in cases of lowdvgipeeds, or during stand still, the yaw system is
activated. A disadvantage of this concept is tlaasjye yawing may lead to unwanted loading of the
yaw drive and damage to the gearbox. Thereforeeraod more turbines are equipped with yaw
brakes to avoid passive yawing. This protects thw ylrives from high cycle fatigue due to
turbulence induced yaw moments. The yaw brakedeamrleased during the yaw action itself. The
most common concept is that the installed capaditye yaw drives is sufficient to keep the yaw
brakes closed during yaw manoeuvres.

In aeroelastic design codes the yaw moments acelagdd for the relevant load cases. Therefore an
active yaw system can be taken into account, ifiegige. For wind turbines that are equipped with
active yaw systems, a yaw manoeuvre can eitherdmepned during aeroelastic calculations or the
control system can be used to specify the yaw amgtbe yaw rate. The yaw can be defined as a
rigid system that follows the predefined or codeodemanded angles or rates. Most yaw systems
are equipped with brakes to unload the yaw systlervithe system is not active. To exclude cyclic
loads on the toothing, it is common practise toehavconstantly acting residual braking moment
which leads to a higher static loading during yawiio take these loads into account the yaw
system can also be modelled flexible to considerydmw system dynamics. The yaw system drive
train is usually not considered in this type of glation.

For the fatigue analysis of the yaw system the khation distribution (LDD) of the yaw moments
derived from the aeroelastic simulations shoulddiesidered.

However there are numbers of issues still operthierdetermination of the loads acting on the yaw
system, since the load transfer from the rotorhi tower top (through the yaw system), passes
through the drive train and the nacelle, whichalasady stated, are only very roughly modelled in
the aeroelastic simulation tools.

2.1.4 Limitations

A root cause analysis for failures in gearboxes lagakings does typically not lead to one single
reason and, thus, the solution should also be fauadcombination of various root causes. Several
possible root causes, seen from a designer’s pbiriew, are outlined below.

Given the open nature of the IEC design load cassisslikely that the scenario that causes gearbox
damage is included in the standard design loadsci&kmvever, as noted earlier, it is necessary for
the designer to determine which load case is titieairone. This involves correctly modelling okth
turbine and its components in one or more simulatimols, and correctly estimating the stress
response due to the multi-axial loading. Any coratiom of loadings on a component could cause
the maximum stress response, so all load casergzenaed to be simulated. The results then need
to be analysed to find the maximum stress response.

If one does not know the exact design of the corapgrthen only the loads are available, not the
stress response. The loads from preliminary sinanatare shared between the turbine designer and
the sub-component suppliers. Ideally, the entinalfdesign of the turbine would be available for
simulations before the manufacturing process stahis is often not possible or realistic.

Changes to the component design during the mamwmiiagt process should be included in the
simulation iterations. This is problematic when gaments are supplied by outside partners and
manufacturers. Gearboxes and bearings are ofteafa@uared by external suppliers. The simulation
and dimensioning of gearboxes and bearings is digméron the manufacturers. Their in-house
proprietary simulation tools are assumed to be uséte design and selection of components. There
is very little information coming back from the cpoment supplier that can be used to re-simulate
and fine tune the simulation model. The problemalao be in the opposite direction; if not enough
loading information is given to the component eegiting team.

For components that are designed in-house, the fmawto determine the critical load cases is also
in-house. When a design needs modification duefdotential load case scenario, the design of the
component can be modified and the turbine systesinmalated. Especially, in the field of rotor
blades progress has been made due to the folldartss
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¢ The blade response can be simulated rather aclyuiaieg beam models for an aero-elastic
analysis to capture overall wind turbine performgradthough for larger blades research is
still ongoing.

« Important blade properties for the wind turbine rallebehaviour have been identified in
previous research. Therefore, if one of these ptigseis changed then the process of load
calculations is repeated.

e The blades undergo a full-scale verification tdsgluding identifying of properties
affecting wind turbine behaviour.

For rotor blades there are still failure issuedbéosolved, but especially the so-called mechanical
wind turbine components did not yet undergo anthefsteps that resulted in the progress obtained
in the reliability of the rotor blades.

It is also possible that the load cases that dewast for the drive train, pitch system and/or yaw
system may not be taken into account. This couldbédéeause the design load case combination
(wind condition and fault) has not been assesseaglagant by the person simulating loads of the
wind turbine. More information into the failure mexiof failed turbines could be used in a ‘reverse
engineering’ exercise to determine the possiblé faandition that caused the failure. An example
can be events in the generator (loss of electgad| short circuit) where a condition may cause a
load going back through the drive train. This tgdecondition is not well understood or modelled.
New operational requirements, such as low voltéadge through (LVRT) may also cause unforeseen
loading and are not easy to model. This is alsoudsed in section 4.1.

The complexity of wind turbines does not allow edgpamic simulations. The reactions of gears,
bearings, etc. are complex in nature and cannombedelled with 100% accuracy. Unexpected
reactions of bearings might be beyond the abilitgimulation codes to model in a realistic time
window [18]. The specific failure modes of indivalisub components (i.e. individual ball bearings)
have effects throughout the entire system. ThedEs€ign load cases make assumptions based on the
wind and control actions or faults of the turbibat individual component failures are often beyond
the scope of current simulations.

2.2 Measurement pitfalls

The current state-of-the-art in measurement praesds described in the WP1 report, chapter 3 [8].
Next to the description, some pitfalls in thesecpdures are identified in this WP1 report. To sum
them up shortly:
¢ Uncertainty of the load measurements, the methodemily used lead to an uncertainty in
the loads is in the order of 5% [19].
< Limited amount of experimental data due to costs@®rations, limited time, wind regime
etc. If the data base is larger, the design vatidatan be performed better.
< Limited description of the wind inflow.
For more details on the current state-of-the-arasuneement approaches, the interested reader is
referred to the WP1 report, chapter 3.

2.3 Comparison of simulations to measurements

Results of prototype measurement campaigns arg lsied by R&D departments among others to
verify the design approach. In addition to that,ameement results are also being used by
certification bodies to verify the design loads.

In the EU project VEWTDC (Verification of Europe&¥ind Turbine Design Codes) [20], various
design codes have been compared with measuremgiritsreDuring the verification process the
following sources of discrepancies between measemésrand calculations were observed:
Discrepancies due to errors in post-processingcanddinate systems

Uncertainties in machine description

Uncertainties in the prescribed external conditions

Uncertainties in the load measurements

Uncertainties due to different implementation amefipretation of the input description
Differences caused by fundamental model effects

ousMwNE

14 ECN-E--10-100



These discrepancies need to be considered whefyingrithe design approach using prototype
measurements.

The comparison between measured quantities angrdesiues can be done in various ways, and at
various levels. For instance, designers can compa&&0 years load spectra, or they can analyse
time series. From the interviews and the authossi experiences a kind of common approach could
be determined. In general it can be said that @fsall the statistical values (azimuthally binned,
scatter plots, etc) and natural frequencies aregbedmpared. If differences are observed, more
detailed investigations are being done on the l®felime series to explain the causes of the
differences [8].

The following issues should be noted:

e The IEC-61400-13 standard [21] clearly describesv hmechanical load measurement
campaigns should be carried out. However, thisdstaghdoes not include a procedure how
to compare the measured data with the design data.

« From the VEWTDC project and from interviews withsdgers it is concluded that the
measured data are being used for checking thectoess of design models, for quantifying
input parameters of design models, for estimatingettainties in the design models, and
for completing the set of design loads in casentbdels are not suitable. A clear procedure
for doing this has not been found.

e The information found about comparing design an@dsueed data is limited to the global
turbine loads. The authors have not found any patiin or report on comparing measured
data of mechanical components with component defagm

2.4 Standards and Certification Procedures

The certification and the design of turbines argeldaon several guidelines and standards spedfficall
developed for the wind turbine industry [22],[22}]. Regarding the overall turbine safety the most
frequently used are GL's wind guideline [22] and {EC standard [7],[25]. In these standards the
principal requirements for the analysis of the windbine regarding safety are given, mainly as
requirements for the safety system, environmentedditions, load case definitions and safety
factors. From these the loads and safety requireméor the different components under

investigation are extracted.

2.5 Conclusions and outlook

The design process of wind turbine componentsssdan aeroelastic calculations of various DLCs
that are described in standards and guidelinesthikelEC 61400-1 or the GL guidelines for the
Certification of wind turbines. These wind turbis@andards have been developed to ensure the
engineering integrity of wind turbines. Recentlpéicame obvious that these DLCs are not sufficient
for the design of machinery components, especihtydrive train, but also for the pitch and yaw
systems. For the drive train an additional stanqiE@ 61400-4) is currently under development.
IEC 61400-4 is a good starting point to define #ed®LCs, but no detailed list of DLCs is
provided. At present it cannot be concluded whether DLCs specified in the wind turbine
standards are specific enough for the drive trampmonents. It can also not be evaluated whether
the DLCs defined with the assistance of IEC 614G0elrelevant and/or sufficient for calculating
the design loads of drive train components.

Therefore, the PROTEST project has evaluated whettee currently considered load cases are
sufficient for the drive train, pitch and yaw systeor which additional DLCs have to be considered.
The results of the evaluation can be found in erdiil.

It is also concluded that the state-of-the-art e@kasiic simulation codes use a simplified
representation of the machinery components, esp.dtive train, that result in neglecting the
interactions of the components. Instead, at preselytthe GL guideline requires consideration of
the internal component dynamics by drive train n@see analyses to identify possible resonances.
But the results are not linked to wind turbine liogd To overcome the shortcomings of this
simulation approach, advanced wind turbine simoifatiodes could consider more detailed models
of the drive train components also for aeroelastiwlations in the time domain.
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For load measurements, performed to support thgrdgesocess, and for certification various MLCs
are defined in guidelines and standards, esp. IE@&T400-13. At present measurement campaigns
are used to validate the global design loads witasurement loads. Similar to the DLCs, it is not
yet clear whether the provided MLCs are sufficiemtvalidate the design loads of all the wind
turbine components. Moreover, the guidelines aaddstrds define the measurement campaign in
detail, but no procedure is given on how to vabdae global design loads with the measured loads.
Furthermore, at present there are no guidelinetamdards to define a measurement campaign for
wind turbine components. Since no procedure isrgige the validation of the global loads, this lack
of information is even more relevant for the vafida of component loads.

To compensate that, the PROTEST project has deselqpocedures for performing such a
measurement campaign and for validating the loadsd for the component design, with the
component measurement data described in chapter 3.

When looking at the future prospects for the desigd development procedures for mechanical
components, it is the expectation of the authaas ithwill follow a similar route as the design and
development of rotor blades over the last 20 yéghs. design process for rotor blades (and also for
the tower) is critical for safety: failures willdd to unsafe situations. Therefore in the pasgtgaf
standards have been developed for wind turbindst@@fether with technical specifications on how
to carry out full scale blade testing [26] and ptgpe measurements [21] in order to prevent ctitica
failures. Failures of other mechanical systems vaware mainly critical for reliability: failuresili
lead to standstill and economic losses only.
In short improvements to the design and developmpertedures for mechanical components in the
following areas are expected [8]:
< Design approach.
The design approach for blades and towers is muaie extensive than the approach used for
mechanical components. It should be assessed iutrent DLCs cover everything for these
components, where not only fatigue and ultimatengfth should be considered. Also the
dynamic properties should be modelled and testemidre detail, as is currently the case for
blades, but not for the other components.
* Measurement procedures
Similar to the standards for blade measuremenidelijoes should be set up for analysing and
reporting the measurement data for the componkuatsyith more emphasis on using measured
data in the design process.
e Standards and certification
New standards and guidelines will differentiatedshsn size of the wind turbine and on onshore
or offshore turbines. Redundancy or maintainabilifyf become important. The certification
process will focus more on supervising the qualftthe manufacturing process.
« Data exchange
After validation of the prototype turbine it is mssary that a certain minimum of data flows
from wind farm owner to wind turbine manufactureicomponent manufacturer.
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3.  The six step approach (WP4)

The objective of Work Package 4 was to define treopype measurement campaigns for each
component. Using the combined knowledge of the ainsn members it soon became apparent
that it would not be feasible to define a striatngaign for each component, but that a more flexible
approach is needed, one that takes into accourintitations of the model that has been used as
well as the differences between various conceptsdoh component.

There can be two different objectives for the measient campaign. In the PROTEST project the
focus is on a measurement campaign of the protothipe can be used to verify the model
assumptions that have been used in the simulatibtise diverse components. The measurement
campaign therefore has to be set-up such that simsgations can be verified.

When focussing on the three discussed components, important that the loads on these
components are validated. However, due to the ldifferences in these components between
different wind turbine concepts as well as theadl#hces in the corresponding models that need to
be used, it becomes impossible to set strict stdsd&-or example it has no use to include
measurements of variables that are not includéideiimodel or do not exist in the chosen concept or
to measure at frequencies that are much higher ttiese that would show up in the simulations.
The model that is used determines the measurenteatsare needed. A procedure similar to
IEC61400-13 would prescribe exactly the number efsurements, frequencies, etc. which may
lead to an unnecessary amount of measurementsutvithtidation possibilities for the models used.
It is not the intention of these new guidelinegdplace the existing IEC61400-13; the 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 sixsipproach, letting go of the current, less flexibl
approach in the guidelines and standards. The tepssthat 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 analyticatty. multi body)

Step 3 Run model for various DLCs (critical DLCs candiferent 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 titelbeda for example when it is realised that itl wil
not be possible to determine enough parametetseimieasurements 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 bereuwtar 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 andmemng 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 thatdtttker is not always sequential and as long as all
steps are performed at least once, differencesthatlilustrated order are realistic possibilities.
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To investigate this suggested six step approatiasitbeen applied to the three different components
in WP 5 (drive train), WP 6 (pitch system) and WRyaw system). The main results of these

analyses are described in sections 4.6, 5.4 ang§péctively.

1. Identify critical failure
modes

v

yes

2. Design model(s) %

.

3. Run DLC's

:

4. Input, output &
certainty

Adjust model?

no
h J

5. set-up measurement |

yes

campaign

r

6. Process measurement
data and check{improve
models

Change/add
signals?

no

Adjust model?

[
no

¥

Report

yes

Figure 3-1illustration of the six step approach.

The remainder of this report will discuss the ratgvresults for WP 2, WP 3, WP 4, WP 5, WP 6
and WP 7 collected for each component, so not isgdrper Work Package. The drive train will be
discussed first, followed by the pitch system andlfy the yaw system results will be shown.
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4.  Main results for drive train measurements and analysis

The main results from the different Work Packaded toncern the drive train are described in this
chapter. First the Critical Design Variables andd@ases are discussed in section 4.1. In the next
section three new DLCs are suggested. In secti®ribg sensitivity analysis is discussed. This is
followed by a description of the loads at the iotgmection points in section 4.4. The measurement
definitions are given in section 4.5. Finally thesults of the measurements and the analysis of the
drive train are described in section 4.6.

4.1 Load cases and Critical Design Variables (CDVs) (WP2)

Though blades and tower are sufficiently coveretha standards, the mechanical components are
less well presented. Because of the specific pnobleith gearboxes nowadays it is obvious that the
gearbox should be treated separately from the ofifivgg train systems. To determine the “loads” on
the whole drive train properly it should be emphedithat the dynamics that may be introduced by
the machine frame and by the generator supporttatel should be taken into account in the
simulation models as well.

To enable the specification of the Critical Deslariables for the drive train use is made of the

breakdowns given in Table 4.1 - Table 4.2. It stiche noted that these breakdowns are limited to
those components or subsystems which are relegaiié structural integrity and therefore should

be aimed at when specifying CDVs and design loads.

Although not a structural component and not digelatlked with “loads”, there is a strong argument
to include lubrication in the breakdown of the dpee. Lubrication is of great importance for the
structural reliability of the gearbox, while thdieiency of the lubrication system may be strongly
dependent on the external conditions, e.g. alsmglar cold start up the lubrication system should
work properly, which may depend upon specific aonstrategies. Hence for the designer of a
gearbox it is of importance that the minimum set @fCs provided by the wind turbine
manufacturer does cover the reliable working ofitieication system also.

In general the components mentioned in Table 4£2peesent in a drive train. However, the exact
drive train architecture should be considered sess whether this list is still covering the actual
design.

Table 4.1: Breakdown of gearbox

e Gears
* Bearings
e Shafts and shaft-hub connections
e  Structural elements
o0 Torque arm
o0 Planet carrier
0 Any other structural components
transferring major loads
¢ Lubrication

Table 4.2: Breakdown of drive train apart from gearbox

e Main bearing

* Main shaft

* Main shaft — gearbox connection

« High speed shaft

¢ High speed shaft — mechanical break coupling
« High speed shaft — generator coupling

* Generator
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For the relevant Critical Design Variables (CDVa) the drive train, the corresponding design loads
are given below in Table 4.3 - Table 4.4. Besidedpecification of the design loads, it is indidate
whether the external condition introducing thessgieloads are covered by an existing design load
case (DLC) in IEC-61400-1.

Table 4.3: Design loads for gearbox

General
Name
Rotor torque (Note 1)

Torque reversals

Relative displacements (axial, radial

and angular) of:

« main shaft — main bearing;
¢ HSS - gearbox flange
Misalignment in drive train

External or internal electrical fault

LVRT (Low Voltage Ride Through)

Type of load
Ultimate strength and
fatigue

Covered by DLC
Yes: Note 2

Ultimate strength, fatigue,Yes: Note 2

and Hertzian stresses
Ultimate strength and
fatigue

Ultimate stggh and
fatigue

Ultimate strengthca
fatigue

Yes: Note 2

No

Yes:

DLC 2.1,2.2,2.3, 2.4, 6.
Yes:

DLC 2.3, 2.4: Note 3

Gears

Name

Gear Rating

« Pitting and bending stress
« Scuffing

 Micro pitting

« Static strength

Operation at overload

Type of load
IEC-61400-4 WD3 —
section 7.2.2

Ultimate strength and
fatigue

Covered by DLC
Yes: Note 2

Yes: Note 2

Bearing

Name

General design consideration
 Subsurface initiated fatigue
 Surface initiated fatigue

» Adhesive wear

* Frictional corrosion

* Overload

Relative displacement shafts/bearings

Type of load
IEC-61400-4 WD3 —
section 7.3

Ultimatengith and

fatigue

Temperature differences in the bearing  Ultimatersjth and

fatigue

Covered by DLC
Yes: Note 2

Yes: Note 2

Yes: Note 2

Note 1: Special attention should be given to tfieiehcy of the lubrication system

Note 2: All typical wind turbine operation modese aovered in the guidelines, so the external
condition(s) introducing this design load is captur

Note 3: LVRT is a complex situation which can camtanany different DLC'’s, the current
representation of this in the guidelines is toaitleh. The current tools are also not able to
perform the necessary detailed analysis.

It is currently assessed that, when the above omedi DLCs will be considered for gears and
bearings, they will also include the relevant CDWigh sufficient detail for the shafts, shaft-hub
connections and structural element (and possilglyubrication system).
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Table 4.4: Design loads for drive train apart from gearbox

Name Type of load Covered by DLC
Torque and bending moments acting Ultimate strength and fatigue Yes, Note 1

on main shaft, high speed shaft,

couplings, bearings, etc.

Resonance Different components No
interference
Torque oscillations with load reversalg-atigue Yes, Note 1

of high speed shaft

Relative displacements (axial, radial Ultimate strength and fatigue Yes, Note 1
and angular) of:

¢ main shaft — main bearing;

* HSS — generator flange

Note 1: All typical wind turbine operation modese aovered in the guidelines, so the external
condition(s) introducing this design load is captlur

It appears that for almost all design loads theree conditions introducing these design loads are
covered by existing DLCs. The following two desigads are not covered: (1) loads in gearbox due
to misalignment in the drive train, and (2) load® do resonance in the drive train. The fact that t
external conditions are covered by existing DLCsgloot mean that that these DLCs can be applied
straightforward in the design process of the stmattsystems, mainly due to the fact that the
traditional wind turbine simulation tools are liegt in modelling the structural systems with
sufficient detail. Application of other type of simation tools (like multi body simulation) may
provide the possibility to solve the problem of thek of detail, however at the cost of increased
computation time, so then the problem arises tltatl required DLCs can be analysed in a
reasonable time period anymore.

4.2 Proposal New Design Load Cases (WP2)

Three short comings in the current procedure tmatd the design of wind turbine drive trains have
been identified. These three short comings cartressignificant 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 applythie 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 structutesmselves (main bearing housings, main
frame and generator carrier) during operation ajfiply 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.
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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 ftee, 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. ddresequences of specifying loads at the
interfaces are discussed in the next section.

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].

The dynamic behaviour of the drive train dependsmiypan the mass, inertia and stiffness
properties of the components in the drive trainryifey drive train configurations might
cause variations of these properties. Hence, aaralysis 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 tankestigated by separate resonance
analyses of the drive train.

Results of the analysis are Campbell diagrams sigwiatural 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 thexaijmg speed range of the wind turbine.
The results are to be evaluated with regard tantwease of local component loads and the
load-carrying capacity of the components.

The analysis requires a linearised model for ddtenm 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 armlyah be found in Appendix A of this
report.

DLC —LVRT

Fault or loss of the electrical network connecti®imcluded in DLCs 2.3 and 2.4, however
in practise the tools are not yet good enough iptetely 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 turbifiee different grid codes that exist in

different countries further complicate this DLC.iFltombination deems it impossible to
prescribe the LVRT DLCs in detalil. It is clear tliawvill 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
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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 accordingetgequirement specification. Resonance should
show up during the analysis.

Since the currently used tools are not capableakihg 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 trai
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. loaas dasanalysing the drive train and the supporting
structure separated from the remaining wind turbine

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. Hisign 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 nompearating condition should be analysed by this
means.

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

However, many of the currently used tools do ndék tthe 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 takeadotunt, 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 taoptex 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, tteay even depend on the country due to the
different grid codes in place.

4.3 Sensitivity analysis (WP2)

As far as the level of details of the model is @ned, a general rule to follow by the modeller is
expressed by J. Peeters in his PhD thesis [44]:

An optimal target in the search for more advancaltwation methods is a combination of, on the
one hand, accuracy and, on the other hand, worksibguch as regarding time-efficiency and user-
friendliness. This target is often aimed at in was applications and is well summarised by
Einstein’s quote: “Make everything as simple asgilde, but not simplér

The first guideline, to assess how advanced shiblanodel be, is to start with the most advanced
model possible, using all the model data whichvilable, in our case represented by the so-called
“stage 2", and to reduce it until any significahbioge can be noticed.

The second guideline is to use a strict critermadsess the results, such as:

1) a resonance analysis up to a certain frequency

Possible techniques for doing the assessnrentadal analyses of the models or resonance
analysis based on FRF's (Frequency Response FogjtiExplained in J. Peeters’ work [44].
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2) take a relevant Design Load Case, usually ghii- dynamic transient event (e.g. a low voltage
ride through) and compare absolute load levelseotainn component for various modeling detalil;

A sensitivity analysis has been carried out asraqgiahe modeling works of PROTEST to estimate
what was is the influence of the degree of detitihthe model topology on the simulation results.
Two different stages have been modeled. The fiegiesis a reproduction of the Flex5 like model
and the second one proposes an extension of tlislpexclusively over its drive train, based on the
data available from a Dresp like Model (multi-torsal model of the drive Train), with an additional
14 Degrees of Freedom. The topologies of these Imddere been explained in details in work
package 5.

Investigations have been carried out, both in teguency and the time domain, using respectively
modal analyses and time simulations. They aimaxbsérving the influence of the consideration of
additional torsional degrees of freedom (e.g. sétiffness and gear stiffness) within the modele Th
results of these investigations cannot be extrégadlar generalized to models of any other wind
turbine, however some methods for running a seitgitainalysis on the level of details of the model
are proposed below and they have been partly exeyntgsted on the drive train model integrated
in the model of the Suzlon S82 Wind Turbine. Theparison of the outputs of the modal analyses
of stages 1 and 2 showed a slight difference onséwand and third eigenfrequencies where the
drive train torsion is significant (deviation froin5% to 3%), and as a matter of fact the stage 2
model contains the additional eigenfrequencies ogrfiom the gear box (housing mounts, shafts,
gears) and the further components of the highdspbaft (cardan sleeves, brake disk etc. ...) which
are well above 10Hz. Based on these informatiomg simulations of production load cases under
deterministic wind (Normal Wind Profile for GL-DLC.0) and turbulent wind (GL-DLC 1.2) were
run but they didn’t not show any significant dierces as far as torques on the main shaft and high
speed shaft are concerned. As a consequence, lieceansidered that in the case of the Suzlon S82,
the most basic model (Stage 1) can be used to aientdrques on both sides of the gear box during
the production load cases with a sufficient confiie As far as transients (e.g. emergency stop,
Low Voltage Ride Through) are concerned , the desitpas to observe them case by case, however
more advanced torsional models are expected t@ bsignificant improvements, since they can
reproduce higher modes which tend to be excite@utise extreme conditions.

During model reductions, among others, the foll@winles can be followed:

When rotational springs (with stiffness; Kand k) are connected in series and their dynamic
influence on the system can be neglected for acp&at load case, they can be merged to a single
spring with an equivalent stiffness of(K,)/(K1+K5), the inertia of the intermediary element can be
integrated to the border bodies.

A more straightforward way of reducing the numbeDO®Fs is to fully neglect its corresponding
stiffness, by e.g. changing the torsional DOFs e DOF joints or by adding a constraint to
torsion without calculating and inserting an eqléwa stiffness, in that case the equivalent stiffne
becomes the stiffness of the element which iilefyeneral the most flexible one).

The flexibility of the gear teeth can be also netgd by replacing the force element reproducing it
by a constraint with a fixed gear ratio (stiff [jnk

As far as the question of how to define which D@B&s be suppressed is concerned, the following
procedures are proposed, based on the guideliee®psly described.

As explained above, starting from the most advarmedel (which could be the stage 2 with 14
additional DOFs), the following propositions deathw

1st proposition
« E.g. run amodal analysis or use Frequency Response Functioaad identify the DOFs

responsible for the higher modes

« Set up a thresholdfrequency above which harmonics are considerednageresting. If
certain eigenfrequencies can be excited, the fremueange that is subject to investigation
should be chosen wide enough that the highestaetexcitation frequency to be covered.

« Suppress the DOFswhich can be identified as responsible for tharfwarics above this
threshold

 Run DLC's (depending on the investigated critical desigml loases)
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« Define if thedifferences between the different models are siditant in comparison to
the additional computational time

2nd proposition:
* Run the most advanced modeht the differentelevant critical load cases
* Run a FFT of the relevant signals
« Check in the frequency spectraabove what frequency the components can be nedlect
the analysis
« Suppress the DOFs responsible for the eigenfreigernbove that threshold

3rd proposition
«  Suppress some DOFs systematicallfor example shafts’ torsional DOF, then gearheet

flexibility)

*  Run the relevant DLCsfor the Critical Failure Mode

« Notify and stop reducing the DOFs as soon asréusction has a noticeable influence on
the results of the time signals

4.4 Loads at interconnection points (WP3)

To determine the procedure to describe how theslagdthe interconnection points should be
defined, the specification of the interfaces of gearbox and the drive-train and its sub-components
if necessary, is required. That includes isolatbeach system or sub-component from the overall
wind turbine structure and further building on tiequate 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, motioefgrimhations etc.) is considered as a valuable
improvement over the current state-of-the-art.

The results presented in [8] as well as the finslin§ work package 2 of the PROTEST project
regarding the design load cases and design difiwethe gearbox and the drive train that should be
considered, discussed in 4.1 and 4.2 of the praspurt, were further developed to define the
procedure for determining the loads at the inte$aaf the considered components. For the gearbox
and the drive train the determination of the nesmgsmformation at the interfaces for designing the
mechanical components was based on IEC 61400-4 [6].

The details of the findings were reported withi@][2n here only a summary of the findings will be
presented, regarding the loads at the intercororeqbints of the gearbox, the drive-train and
specific components of the drive-train, such asthaé 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 4-1 it is soppd 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 (specifidghkygearbox entrance stage)

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

3. The nacelle main frame through the supportingitipms 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)
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Figure 4-1:Simplified sketch of gearbox layout without suppditystems showing interfaces.

Loads transferred across the gearbox system, depenritie 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 transmitdhgue and the rotation (revolutions) of the rotor
to the generator through the high speed shaft,teowaating 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 reaofidghe 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 shafhglwonventional load measurement campaigns
(as specified in IEC/TS 61400-13). The force meas@nts, however, are not required and usually
these measurements are not performed. The forceb rf@ments) on the main shaft can be
estimated through aero-elastic simulations. Builitain the forces and moments on the high speed
shaft or the forces on the torque arms through-akastic 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 lfimele.
Loads:

« 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).

e 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 andladisplacement) 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, rotorutenlspeed, 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
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modular drive train with a 3-point suspension, Beve in Figure 4-2, 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 (onhigyh speed shaft) — internal interface of the
drive train

o

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 4-2

Gearbox

Main shaft Main shaft % Brake
bearing Coupling e

.

Generator

Rotor Hub \

< o

> LU&K

Bedplate

Torque Arm (x2)

Figure 4-2:Schematic of nacelle layout with Triple-point susgien showing interfaces.

Other drive train configurations are discusse®if.[

Loads transferred across the drive train on spetiferface points, depend on the configuration of
the wind turbine. Similar to the case for the gea&rbdetailed analysis of the loads transferred
through each component of the drive train wouldehtovbe based on the specific configuration of
the wind turbine. In an ideal situation the purpo§¢he 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. Tloeegfall axial and shear forces and the bending
moments of the rotor will have to be transferrethi nacelle bed (and from there to the tower top),
while the rotor torque should pass through the editrain to the generator, leaving the torque
reactions of the gearbox on the nacelle bed.

Classifying the general loads transferred acrossrterfaces of the drive train as loads, kinersatic
and dynamics, the following parameters should lfimele for the drive train.

Loads:
* Axial and shear loads, bending moments and torsfothe low speed shaft (at the rotor
interface).
 Axial and shear loads, bending moments and torsibthe high speed shaft (at the
generator interface).
» Forces at the torque arms of the gearbox.
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» 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 digpinent) 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, rotorutenlspeed, power production, azimuth position.
Since the drive train comprises components thattre@ed as separately as stand alone systems
within drive train simulations, such as the maiafshin a comprehensive analysis the interfaces of
such systems should be also identified. The castheofmain shaft and the main bearing was
investigated within [27], with analysis examplesr fepecific configurations. Yet, since the
PROTEST project these components are treated apar@nts of the drive train the analysis was
kept to a minimum.

4.5 Measurement definitions (WP3)

Based on the results for the loads transferredsadte interfaces of the gearbox, Table 4.5 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.

Table 4.5: 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  operationall 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 [21] should be followed wherevesgible. However, in order to better illuminate
the load cases that affect the components/systasr istudy the following presentation/analysis
should be added for the load measurements regatidingrive train and the gearbox of the wind
turbine.

! These loads are not usually measured but areatstinduring aeroelastic simulations
2 These loads are not usually measured and areatstrduring aeroelastic simulations only when adezdata are
provided for the gearbox
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* A selection of measurement cases that can be osdldef validation of wind turbine design
models should be made, assuring the atmospheriditms and the specific turbine
characteristics, as described in IEC 61400-4 [6]sTs necessary for enabling the accurate
reproduction of the as-measured response usindrdatethe field tests.

« Analysis specifically intended for the verificatiarf 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 hioly vibration levels at representative
locations (possible corresponding to work shoprigdocations), following IEC 61400-4.

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

According to IEC 61400-4 in addition to load mea&sunents 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 trafmditionally, the shaft speed should be also
measured. Both measurements are foreseen in T&blAaekording 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 4.5, 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.

Additionally, following IEC 61400-4, a Campbell dimam (plot of system forcing and response
frequencies) should be provided through the corapbgierating speed range to evaluate resonance
risk.

Finally, measured temperatures at specified logatmn 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.

4.6 Measurement and analysis results (WP4, WP5)

4.6.1 Introduction

In the PROTEST case study on drive train testimgftitus is set on a measurement campaign that
shall be used to verify the assumptions that haenlused in the simulations for inertia, damping
and stiffness. The measurement campaign therefmrechbe set-up such that these simulations can
be verified. As the employed models determine tleasurement requirements, a completely new
and more flexible approach is suggested in WP#hteto of the current, less flexible, approach in
the guidelines and standards but allowing to adegatsurement® the model’s needs.

The idea of the six—step-approach as suggestedRd W to give guidance in testing the wind
turbine component in question — the drive trainthis case. Although component validation
comprises regularly two parts, i.e. model and lgakilation, the main focus in this case study is
placed on model validation. Hence, measuremeninegants and evaluation procedures are sought
that promise the highest efficiency in terms ofidging the crucial parameters needed for model
validation.

It is desired that the simulation models descriteetiehavior of the turbine as precisely as possible
To achieve this, the simulation models need thdlfaek of the measurements to be tuned.

Any model can be as complex as the designer dettitiede, nevertheless as much as the number

of degrees of freedom and parameters in them isesethe more complex it will be to adjust the
model to the real world (measurements).
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There are several parameters widely used in alc@mmercial simulation tools such as FLEXS5,
SIMPACK, DRESP or Bladed that describe basicallg thynamics of the drive train. Those
parameters can be considered as the global desesript the drive train. Once obtained from the
measurements, they can be used to tune the sionutabls.

4.6.2 Applying the six-step-approach

4.6.2.1 STEP 1: Identify critical failure modes

Employing the suggested six step approach in the dirain case study of WP5 no special failure
mode is chosen. As the main task is to test theggof model design, the measurement set up, the
data analysis process and to validate the desigelels the work group has come to the conclusion
that not only one failure mode / design load casmifficient to serve all these targets.

4.6.2.2 STEP 2: Design models

Within WP5 three different models are used:

¢ FLEX5 model (figure Figure 4-3)
« SIMPACK model stage 1: similar to FLEX5 (Figure %-4
« SIMPACK model stage 2: sophisticated drive trairdeldFigure 4-5)

DOF 28: Shaft torsion DOF 13: Shaft rotation
] R DOF 14/15: Shaft bending
~ | Y.
‘Igryﬁ"“ y&%”_”_ﬂg.ﬁfppp 11: Yaw/Tilt

U B 7 Sl
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Figure 4-3:.Degrees of freedom of a FLEX5 model, with coordirsystems
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Figure 4-4Topology of the model similar to FLEX5’s under SINGK
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Figure 4-5:Topology of the advanced torsional model of thealtiain, modelled under SIMPACK

The drive train of the first modelling stage (based=LEX5 (Figure 4-3), see Figure 4-4) contains 4
degrees of freedom: the rotation of the low spdedt$“LSS"), two bending degrees of freedom of
the supporting parts of the hub (bodies “Hub” ah&S Hub”) relative to the tower top and the
torsion of the connection between the hub and #reeigtor rotor. The rotation of the high speed
shaft is defined through a constraint to the lowespshaft (stiff connection with the gear ratio as
transmission ratio). The input of the overall torsl stiffness and damping for the drive train aad
transmission ratio are the only required paramdterthe drive train. The inertias of all the rabat
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parts but the rotor blades and the hub are moddtietthe “HSS” Body. The influence of the
individual rotating bodies, which transmit the toegfrom the rotor to the generator, is thus not
considered. To what extend these elements aremflng the loading of the drive train itself and al
other turbine components can only be investigateénamthe detailed gearbox is integrated in the
model of the whole turbine. This is implementedhia next modelling stage, the stage 2 (Figure
4-5).

It is possible to reach detailed modelling usingltimaody simulation software, representing for
example the tooth contacts, bearing stiffnessemven implementing flexible bodies. In practice it
is, however, on one hand difficult for turbine méamturers to have access to the needed data of the
gearbox or of other components. Also the validabbithe model parameters may be linked with a
lot of work and effort. On the other hand the drik&in manufacturer does not have access to the
model data of the whole wind turbine, such as rbtade data, controller model, tower data, etc..
The possibility to extend the model for simulatinthe load cases with the corresponding degrees
of freedom is hence typically not considered. Hosvethe data of the rotating bodies of the drive
train are available.

Along with the masses and the inertias in partictila following information is of concern:
= torsional stiffness of the gear box mounting
= torsional stiffness of the generator mounting
= torsional stiffness of the shafts and gear teeth
= stiffness of the different gear stages
= transmission ratios at the different gear stages

By using these data it is possible to model theedtiain in a more detailed manner than in thé firs
stage. It thus leads to more precise simulationlte$or the whole system. In the drive train 14
supplementary degrees of freedom have been coadid€he gear box housing and the generator
housing are both connected with one rotational ekegf freedom to the bedplate. The whole drive
train is being subdivided into 13 bodies betweenrtitor hub and the generator rotor. The torsional
stiffnesses are being modelled using force elemanile interfaces between the elements and the
rotational stiffnesses between the interfaces emghallocated to the corresponding bodies.

4.6.2.3 STEP 3: Run model for various DLCs

The validation of the model has been executedvidtig two steps. First of all the drive train total
stiffness has been compared between the modelsadjndted. Then a modal analysis has been
made under SIMPACK, eigenfrequencies and eigenmbdes been compared with the FLEX5
results. In the next step simulations have beenwitinthe FLEX5 model and the two SIMPACK
models, with deterministic wind fields and timeissrof the three models have been compared. The
same process has been made with turbulent windsfiéh that case, statistical values have been
compared between the three types of model. Finladyextended measurements have been used to
identify resonance frequencies and compute thesponding stiffness to then adjust the model.

Comparison of the drivetrain stiffness (static)

The measurement of the total rotational stiffnems loe realized under SIMPACK, by blocking the
drive train on one side (for example the generabtor) with a constraint and applying a given
torque on the low speed shaft and measuring thitirestotal torsional deformation angle.

The drive train total stiffness is calculated by:

. tor
stlffnesszw

angle,
with:
torque [kNm]: input torque on the low speed skstfitic loading)
angleg [rad]: rotation angle of the low speed shatft, treddy to the high speed shaft.
If there is a noticeable deviation between theedéfit models, the origin should be investigated and
the models eventually adjusted.
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Comparison in the frequency domain

Along with the investigations in the time domaire teigenfrequencies and the corresponding
eigenshapes have also been analyzed. It is parnliculelevant to prevent resonance during the
design process, by e.g. selecting the approprateponents, changing the stiffness or inertias or
avoid operating ranges where excitations are otagimeet an eigenfrequency.

It is also a quite straightforward method to vakdar tune a model. In our case it constitutes the
next step to validate our new model and also tandethe so-called “target frequencies” for the
measurements, which are the frequencies where attergtion should be paid.

The first step in the validation of the new modetd compare the eigenfrequencies and eigenmodes
of the new SIMPACK models and the FLEX5 results.

Comparison in the time domain
Deterministic wind field
Comparison of the time signals

The comparison of the output signals of the newehadd the benchmark (FLEX5) model have the
purpose to validate the whole aeroelastic modeh thie consideration of the aerodynamic forces,
the controlling (pitching), the generator and euafly the braking forces. The comparison of the
results of the modal analyses indeed only enablelédck the consistency of the structure.

Since the benchmark model (FLEX5) uses turbulemidwields produced by a different turbulent

wind field generator than SIMPACK, the resultinghé signals from a simulation can only be
realized using deterministic wind fields, e.g. floe load case DLC1.0 defined by the GL Guideline.

As an example GL-DLC 1.0 has been simulated affférdint wind speeds (Table 4.6). It uses the
BEM method with the correction of tip losses acawmgydto Prandtl, considers dynamic stall
(Beddoes model) and tower shadow.

The rotor is imbalanced, by increasing the weidhilade 3 by 1%. Aerodynamic imbalance is also
considered by reducing the pitch angle of blade B.B° and by increasing the pitch of blade 3 by
0.3°.

In our case, the simulation times were shorter thar600s foreseen in the GL-Guideline: 100s. It is
indeed sufficient for validation.

The following wind speeds have been used for thmapagison FLEX5 and the stage 01 model of
SIMPACK.

Table 4.6Design load cases used for the comparison of FL&Xbthe stage 1 SIMPACK

model.
GL-DLC 1.0 NWP (Normal Wind Profile) Average Wind Speed at hub height: vhub[m/f]
T_DLC1PO_VN1 5
T_DLC1PO_VN2 11
T_DLC1PO_VN3 15
T_DLC1PO_VN4 19
T_DLC1PO_VN5 20

Turbulent wind field
The same analysis for the time signals of FLEX5 8HdPACK were made for a turbulent wind

field. The comparisons of FLEX5 and the stage 1 PBA@K model are shown for DLC1P2_VN1
(7m/s) in Figure 4-6 for the rotor speed and tleeteical power.
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Figure 4-6:Comparison of the FLEX5 and SIMPACK stage 1 mosighsdesign load case
GL_DLC1P2_VNL1 for wind speed, rotor speed and etattpower.

4.6.2.4 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 modeltheemodel parameters of the Multi body System,
as seen in step 2.

As far as the structural part is concerned, itespnts the mass and inertias of the different Bodie
the stiffness and damping values of the force etésnsonnecting them.

Table 4.7:.Uncertainty of the model input parameters

Component Uncertainty
Mass Blades Max +-3% deviation

Components Drive Train Max +-3%

Tower Max +-3%
Inertias Components Drive Train ?
Stiffnesses Blades ?

Tower ?

Drive Train shafts ?

Gear mesh Stiffnesses ?

Gear Box mounting ?
Damping values Blades ?

Tower ?

Drive Train shafts ?

Gear mesh Stiffnesses ?

Table 4.7shows that some structural characteristics oflgfmamical model can be determined more
precisely than others: e.g. the drive train comptenasses and inertias can be derived, since the
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geometry and the material densities are well kndiMmecomes more difficult when it concerns e.g.
the tower or in particular the blades, which haslatively high fabrication tolerances, due to labou
intense manufacturing.

Note that not absolute uncertainty but manufactudeviations leading to differences in e.g. the
blade masses are already taken into consideratichel simulation. For example a blade mass
unbalance has been added by assuming one blade38thmass and one with -3%.

Concerning the stiffness values, the situationnslar. For example, the gear mesh stiffness can be
theoretically known exactly, based on the compomgeeimetry and the material properties but due
to the involute tooth profiles and cyclic multi-tbocontacts, it witnesses further non-linearities

(which are not taken into consideration in our mpdk stiffnesses in the model being assumed to
stay constant over displacements, velocities oglacations).

The most difficult parameters to determine pregiseke the damping values. Approximated values
that have been determined empirically depend omiaerial properties (material damping) but also
greatly on the component geometry (structural dagjpor on the medium in which the mechanical
parts are moving (viscous damping).

In other words, some structural data are diffitolbe determined precisely. Moreover the different
structural data act quantitatively different on theerall behaviour of the system. Note for example
that in the approximation of overall stiffness drave train with one stage at ratipthe stiffness of
the high speed shaft has to be considered witlttarfa”*2, showing that identical uncertainty for
different parts can have very different effectshi@a 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 outpagult analytically from the uncertainties of the
different inputs. That is why it is not practicalcompute the uncertainty of the simulation results

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

1% approach:
1. Vary a given parameter which ought to influence rdlevant load (e.g. high speed shaft

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

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

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

4.6.2.5 STEP 5: Design measurement campaign to verify models and quantify
parameters

According to the experiences in load testing andluwations in the context of turbine
certification a measurement campaign has been @thio verify models and quantify
parameters. The scheme [33] encompasses fourastagigen inTable 4.8
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Table 4.8Planning of a measurement campaign

Data

like
rainflow distribution
load duration distributions

damage equivalent loads

step Quantity to Check Example for Methods Objectif/VValidation Step
1 Documentation Comparison of model data Main structural properties like

against weighing log masses, stiffnesses,

Selected Time eigenfrequencies and coupled

Series Spectral analysis of selected modes
time series for various
operational states (e.g. in partial
and full load)

2 Characteristic Visual comparison of curves of Validation of basic control

Curves operational parameters (e.g. characteristics and rotor
speed, power) and loading for aerodynamics as well as
several environmental mechanical and electrical
conditions parameters (e.g. losses)

3 Time Series of Visual comparison of data in Dynamic behaviour all importan
various operational time and frequency domain and assessable operational stat
states, like with focus on aerodynamic mod

Check of statistical properties of controller model and actuator
power production data models

start Analysis of decay rates of Structural and aerodynamic
oscillations during stopping damping

stop procedures

emergency stop

4 Post-Processed Comparison of loading spectrd Final check of turbine behaviou

and dynamic properties

Check of all previously performe
validation steps

For the design of the measurement campaign ansutieequent data processing the simpler
models FLEX 5 and SIMPACK stage 1 have been cor=iléAs discussed before in these
drive train models the input of the overall torgbstiffness and damping for the drive train
and its transmission ratio are the required pararsethe inertias of all the rotating parts in
the drive train except for the rotor blades andhtb are modelled in a single “HSS” body
(see Figure 4-42). Hence, for measurement dataa&iah the drive train is thought of as a

single mass rotatory oscillating system accordinthé followingFigure 4-7
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Figure 4-7:Schematic concept of the drive train

For this concept the equation of motion of the @thain is given as:

a\Nrotor‘ i aW i . . .

Teotl g :{ P non :gh ] Onertia+ [wmw,\high —Whigh]ElDamplng+ [¢mwr\high —¢high][5t|ffness(1)

Where:

Trm\high . is the mechanical torque in the rotor, at the épeed shaft converted to the high
speed side using the gear ratio and by making g#sume for gearbox and
generator losses

aWrotor |high ) . . .
3t : angular acceleration of the low speed shaft edrd to the high speed side
using the gear ratio

ow,, . ,

% : angular acceleration of the high speed shaft

t

Inertia : overall inertia of the drive train

wmwr\high - speed of the low speed shaft converted to thie ipeed side using the gear
ratio

Whigh : speed of the high speed shaft

Damping : damping of the drive train

¢romr\high . angle of the low speed shaft converted the Bjgted side using the gear
ratio

Prigh - angle of the high speed shaft

Stiffness : overall stiffness of the system
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Measurement Setup

The measurement campaign setup to verify the FL&EXbSIMPACK stage 1 models and quantify
model parameters consisted of load measuremenisdaag to IEC 61400-13 (1. ed. 2001) [21] and
additional measurements for the experimental vadidaf drive train overall stiffness, damping and
inertia. To this end measurements of at leastiootat speeds and torques at input and output shaft
of the gearbox where considered necessary. Momalsignay become necessary when model
complexity increases as discussed before.

A detailed description of the measurement setupsséveral campaigns that were carried out
between May 2008 and June 2010 can be found ir[833] Beside the standard IEC 61400-13
meteorological, operational and mechanical loadsmmesment signals (s.a. global blade, rotor and
tower loads) the measurements include a numbeigoéls with special relevance for drive train

load assessment:

* torque and bending loads on the main shatft:

« torque on the high speed shaft

» rotational speed high speed shaft

* rotational speed intermediate speed shaft

» rotational speed main shaft

* rotor position main shaft

» axial displacement of high speed shaft,

» axial displacement of intermediate speed shaft and
» axial displacement of low speed shaft

» displacement of the gearbox in the nacelle

» outdoor temperatures:

» outdoor temperatures:

* ambient temperatures:

« air flow (cooler input & output) temperatures:

* bearing temperatures high speed shaft

« bearing temperatures intermediate speed shaft
¢ oil sump temperatures

e oil in cooler temperatures

¢ 0il pressures

In the context of drive train model validation aindthe attempt to quantify the relevant parameter
stiffness, damping and inertia of the drive trdie focus has been placed on the rotational speed,
angle and torque measurements at the main shafo\=Speed Shaft) and the generator shaft (=
High Speed Shaft).

Speed measurements

For measurements of the rotor shaft, intermediatdt sand generator shaft speeds incremental
encoder signal conditioning modules have been USednh modules are capable of high precision
speed measurements using either event countinglee pvidth techniques applied on a pulse train
signal generated by a suitable sensor. The intgmualessor samples on the incremental encoder
input signal at very high frequencies (e.g. 32 Mbizthe used model INC4 of imc [38]). This high
sampling allows detection of the upward-slope ptise train signal as it is typically produced from
an angular encoder sensor or another pulse gamgrs¢insor. Depending on signal quality and
settings of the comparator at the input stage®iNC4 the pulses are detected and counted in event
counting mode or are evaluated for the time diffeesto the previous detected upward slope in the
pulse width mode. In case of many and heavy diahgbs false transitions may be counted as they
trigger the counter/comparator leading to falseedpsggnals in terms of spikes or even drifts in the
recorded speeds. In fact quality and stability e pulse train signal turned out to be the major
problem in this application.

38 ECN-E--10-100



The pulse trains where created by
* high resolving optical laser pick-ups looking at bades applied to the shafts covering the
full circumference at a given cross section
e proximity probes that deliver a voltage signal wheetallic objects pass by the sensor at
short distance of a few mm.
* industrial incremental encoder sensors

Angle increment measurements

To avoid error accumulation due to integrationrotibled rotation speed signals it is recommended
to also measure the rotation angle of the shafextly at a sufficiently high resolution. Typically
such incremental encoder sensors come with variao®ers of increments per revolution giving a
corresponding resolution of the rotation anglethe case study incremental encoder featuring 60
increments on the high speed shaft (make: KTR[3®$6 increments on the intermediate shaft
(make: Baumer Thalheim [40]) and 4096 incrementtheriow speed shaft (make: TWK [41]) have
been used with a resolution of less than 0.1 degatthe low speed shaft.

Torque measurements

The torque on the main shaft (low speed shaft)@nthe generator shaft (high speed shaft) have
been measured using in situ bonded strain gagersems the LSS and on the HSS between gearbox
and brake disk as well as a encased torque and speEssurement shaft.

Based on the long standing experience of DEWI ttrur@acy of the nominal calibration for rotor
torqgue measurements by means of in situ bondeit stage sensors is very much depending on the
geometry of the measurement cross section and maytimes considered to be problematic.

In the case study the main shaft torque has beasured using a standard set-up of strain gages on
a cross section directly in front of the adapteegé connecting the main shaft to the gearbox. This
location normally is ideal for torque measuremexstghe shaft comes close to the assumption of a
rotating beam of constant diameter as assumedaaoryth

Nevertheless, the specified losses of the genesatbithe mechanical losses of the drive train have
been used for converting the electrical output mgechanical power at the main shaft and at the
high speed shaft. Using mean values of the elettpower output, the gearbox and generator
efficiencies and mean values of the measured oot@tispeeds at the low and high speed shaft
corresponding mean values of the LSS-torque andH®8-torque have been derived in each 10
minutes file. These derived torque values have lzggatied for the purpose of scaling the values
recorded from the strain gage sensors.

Campaigns

The measurements have been realized on a SUZLONLS@2W wind turbine situated nearby
Sankaneri, Tamil Nadu in Indi&igure 4-8.
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Figure 4-8:SUZLON S82 1500kW wind turbine situated nearby &erk Tamil Nadu in India

The measurements have been taken in manual carspfigmecording time series of transient
events and from steady state operation. Bagle 4.9for an exemplary list of measurement load
cases (MLCs) as applied during manual testing. bmitoring campaigns during normal power
production operation a population of data sete@®mded for normal operation — see capture matrix
Table 4.10While in manual testing the main focus was plamedme series recording and analysis
the monitoring campaign focuses on assessmenngftierm statistical (processed) data s.a. scatter
plots, frequency distributions, load duration disitions and load spectra. There have been several
such campaigns between May 2008 and June 201Q334]-

A list of measurement load cases has been defigdaried out during manual testing at site:

Table 4.9Exemplary list of measurement load cases MLC
NTA | Normal start-up (+ grid connection)

NTB | Normal stop (run to pause)

NTD | Pause (idling at low speed => 2 RPM)
Idling at high speed => 16 RPM

("waiting for wind without grid connection™)
NTF | Stand still without rotor lock

Constant speed at X Geno-RPM - idling state

(=> Xis in the range [ 100 - 1750 RPM] / speedpaip)

STB | E-stop without mechanical brake disk (= eq@mato grid loss)
STC E-stop after activation of overspeed guard wheregsdar is NOT
connected (e.g. set blade pitch angle to 20 deguesvait)

STD | E-stop after activation of overspeed guardrdpgower production
Constant speed at Y Geno-RPM - power production

(=>Y is in the range [1500 - 1600 RPM] )

STG | Slow reverse rotation

NTE

NTH

STF
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Table 4.10Capture matrix of recorded data sets in a monitgréiampaign

Capture matrix

Windturbine: SUZLON Data: 10.12.2008 19:50-14.12.2008 07:10
Wind speed bin size (x-axis): 1m/s
Turbule nce bin size (y-axis) : 2%
V(m/s) 0 1512535 45 |55|65| 75 |85]| 95 |105]11.5(125|135]|145|155|16.5]175]|18.5|19.5]205]| 215
1(%) 151251351451 55 |65]175] 85 19511051151 12.5]1135]1451155]165]175]1185] 19.5]205)21.5] 225
0- <3
3-5 5 7 71 22 2
5-7 16] 10| 16 12| 14 3
7-9 15] 17| 11 18| 16 3
9-11 1 6] 13| 25 21| 14
11-13 1 7] 14| 22 27| 13 1
13- 15 1 5] 16 9 13 8
15-17 4 6 4 2 2
17-19 1 5 1
19- 21 1 2
21- 23 1
23- 25
25- 27
27- 29
>29
0 0 0 3 54] 88| 96| 101] 89 9 0 0 0 0 0 0 0 0 0 0 0 0
Datasets : 440
Mean Turbulence 9.78

4.6.2.6 STEP 6: Process measurement results

The processing of the measured data is accomplishélde frequency and in the time domain.

Different approaches are used to estimate the npaslameters from the measurements.

Natural frequency analysis

For a first observation a FFT analysis is done iote tsequences of reasonable length to get an
overview about the frequencies which are includethe measured signals. The analysis is applied
to signals from different normal production modesducing a power of 42kW, 200kW, 376kW,

624kW and 984kW and for a resonance case prodidii@W for the sensor measuring the high

speed shaft torqud-igure 4-9. Additionally the resulting frequencies from tRET analysis are

compared to the excitation frequencies of the geoerand the rotor and to the drive train
eigenfrequency derived from the modeled drive tréinalyzed frequencies which tend to be a

multiple of the rotation speed should be identifsdexcitation frequencies while the ones which are
approximately constant over the operation rangehange with the rotational speed, but are not a

multiple of the rotational speed (so not tendingzé&so for O rpm), should be suspected to be

eigenfrequencies.
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Figure 4-9:FFT analysis results for low frequencies for themal production and resonance
cases and the excitation eigenfrequencies.

Further to investigate the presence of torsionrdigguencies and estimate their corresponding
frequency for the drive train Campbell represeatetiof the frequency-time domain using a short
FFT analysis of the torsion related measurememiatsgare used~gure 4-1(. Based on a visual
inspection of the Campbell plots it can be decideolund which frequency an eigenfrequency is
suspected to be present in the drive train.

Campbell representations reveal increasing frequessponses during speed variations excited by,
for example, gear meshing or shaft rotations. Tinpliéude of the frequency response increases if
one of these excitation frequencies coincides aiitleigenfrequency of the drive train.

Assuming the eigenfrequency is within the frequemgasurement range of the sensor, whether or
not this increase is captured by a sensor deperaiygly on the sensor location with respect to the
corresponding eigenmode. The amount of increasa wkeiting an eigenfrequency also depends on
the amount of damping which can be actively cotgdbbr inherently present, and on the load. For
the exciting load it holds that high loads yieldtbeexcitations and thus better responses siree th
signal to noise ratio increases.

At dedicated test facilities a controlled speedpam or ramp-down can be applied to the drive train
while maintaining controlled and constant load gbods. During field tests the load and speed are
affected by the wind conditions and are difficidt dontrol accurately. Also, the S82 turbine is a
constant speed turbine such that speed ramp-upsrop-downs are always during no load
conditions. For these reasons the interpretatidDamhpbell representations of measured field data is
even more subject to discussion and personal mgigon compared to Campbell representations of
measurement data obtained under controlled teslitomms.

Nevertheless, for the PROTEST project a selectfdhebavailable measurement data is made based
on available speed variations in the data. Forgblsction Campbell representations of the torsion
related measurement signals are made and pogsiSient eigenfrequencies are indicated.
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Carmpbell Tgen_c [kMem] (2008-12-11 07-40-00.mat)
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Figure 4-10Example for Campbell diagram for the calibrated gextor torque signal
(Tgen_c)

Determination of overall drive train stiffness and ratio of inertia to damping

The approach for determination of drive train s&fs, damping and inertia assumes that in general
any measured data will contain this information.ekéract this information from the measured data
a statistical or deterministic approach can be ehde come up with estimates of inertia, damping
and stiffness. In the deterministic approach aabiet set of equations is derived and solved once,
using measurement data with suitable operatingitondin the statistic approach the intentionas t
draw advantage from solving the relevant equatimm®erous times for the measurement data of
suitable operating conditions. This way sets ofigsmhs will be derived for each (ten-minute-) time
history that is processed. To find the most likeblution, the centered value of the frequency
distribution of all solutions or the median valufeatl solutions of one or more 10-min-data setd wil
be determined. Different approaches are used tonast the model parameters from the

measurements.
Deterministic approach

Stiffness
The stiffness of the drive train can be estimatedhfmeasurement data considering assumptions in

drive train dynamicsKigure 4-1). The inertia of the rotor is high compared to dhiwe train and
the stiffness of the main shaft is known to be high

=
%ﬁ rotor main shaft gearbox high speed shaft generator

Figure 4-11Assumption of drive train model.
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Essential measurement results for a stiffness sisadye the rotary speeds and the angles of the low
speed and the high speed shafts, respectivelythentbrque of the low speed or high speed shaft,
which are assumed to be completely transmittedhéygear box due to the gear box ratio.
Determination of stiffness involves relation of tteve train torque variation (averaged or steady
state) to a correspond variation of the anguldedifice of the rotation angle of the high speedt sha
and the low speed shaft (drive train twist angle).

. torque
stlffnesszL )
el
Damping

To estimate damping values (logarithmic decremergasurement data is investigated for events
where the drive train is excited to oscillate atdigenfrequency. A damped oscillation is observed.
These events are for example produced during emeygstops. The logarithmic decrement is
estimated by the natural logarithm of the quot@ttvo adjacent amplitudes:

A=in( 28y g

l'l(ti+1)

Statistic approach
Stiffness

In stationary operation near th& drive train resonance frequency it is assumed tteeffects of
inertia and damping are small and can be neglegtezh looking at consecutive periods of steady
state operation. This means that the quasi-stdatly ariation of the torque will be determined by
drive train stiffness and the differential anglebath shaft ends. This simplifies the equation of
motion (1) to the following minimal expression:

T ‘range = [¢mt0r ‘high - ¢high] . [Stiffness (4)

rani

In the campaign of December 2008, more precisayfita 2008-12-10 13-42-53, the angles of the
shafts have been derived based on the measuredsspBeese data were used to obtain the
following set of solutions.

The first thing to do is to obtain the torque vaoa range (Towdangd through a given period of
time. This time must be long enough to allow theasuged torque signal to include at least one full
swing from the minimum to the maximum torque ofttlj@asi-stationary oscillation. The time
period has been chosen to 5 seconds which apprtetima 1.3 times longer than the period of one
low speed shaft revolution and is several timegéorthan the drive train natural frequency.

The rotational angle of the low speed shaft has bemslated to the equivalent angle increment at
the high speed shaft, i.e. has been multipliechbyratio of the gear box. As previously carried out
for the torque, the variation of the angular difece between high speed shaft angle and translated
rotor shaft angle has been determined.

Solving equation (4) provides a solution for theei@ll stiffness for every 5 seconds or 120
solutions in for a ten minute time series in whilsh drive train natural frequency is excited
according to the initial assumption for equation) (@ hold true. Figure 4-12 shows the
median value and frequency distribution for stiffesolutions.
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Figure 4-12Median value and frequency distributions for séffa solutions

Ratio of inertia to damping

Knowing the stiffness, the equation of motion (Bncbe evaluated for the ratio of inertia to
damping. Assuming the resonance quasi-steady sfzeation as before the left hand side of

equation (1) becomes zero and equation (5) canlbeds

— aW"OtU"‘high _ aWhigh
ot ot

Again a frequency distribution of the set of salus can be obtaine&igure 4-13:

Onertia + ([mer ligh ~ Whighu amping  ©®)
range

range

B median_ratio Bl higo_ratio

Figure 4-13Median value and frequency distributions for sans of ratio of inertia to
damping.
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Three Methods to determine inertia and damping
Three different methods to determine damping aediahave been applied.
A) Time Method

This approach requires stiffness to be known angdl@m determination of the ratio of inertia to
damping in a second step to solve the completesydtirst stiffness and ratio of inertia to damping
are determined from a special drive train resonaata file (2008-12-10 13-42-53.dat).

Applying the ratio of inertia to damping in equati6) allows solving for one of the unknowns in
time domain sample by sample. This process gerseaagelution for each time step / sampling step.
For example in data sets with a sample rate oftf20@s used in the case study measurements some
120000 solutions are calculated. Using a statiséipproach on all results will deliver a frequency
distribution of all solutions in a data set and edian value. This method is denominated “time” for
easy recognition.

a\meor‘hi h a\Nhi h
(Trm X real_sample = [|:atg - Ttg

(6)

B) Differential Method

[(Damping+ ([¢mm, luign — ¢“‘9hD [Btiffness

real _sample

Onertia+ ([Wmm,\high - nghD

real_sample

real_sample

This approach can be used when stiffness and tiseafanertia to damping have not been obtained
from a resonance test.

A time stepdt used in this method is defined as the average fon the rotor to complete one
rotation in a selected 10-min-data set. The twistrive train is assumed to be constant throughout
one time stept. For each of the time stepsthe min-max-ranges of the chang&s/{t) in torque,

in angular acceleration of the drive train twisgka in rotational speed of the drive train twist a
obtained.

The differential of (6) in time will result in eqtian (7) and a system of two equations of type)(8,9
are set up for two time steps This system can be solved for the two unknowns.

This Method is denominated “differential” for eaggognition.

92 2 (7)
% - Wmmzr high _ 2 Wg‘gh } Onertia + {GWrmor ‘h\gh B Ongn :| EDamping + {0(1710101 ‘hngh _ 0¢mgh :| [Stiffness
B | ange ot ot ot a | at a |
For reasons of simplification this is:
’B ’B
0°B 0B : : AL -A Ba%
K e [Inertla+a [(Damping- B [Stiffnes Damping= ot ot
2 2
(8,9) _0°B, QB1 + 0°B, EBZ (10,
o> ot  oat* ot
2
. . . B
A=a—|23 IZInert|a+a—B [Damping A - DamplngE?—1
ot ot Inertia = 5 ot
2B,
ot?
11)
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C) The Constant Method

This approach can be used when the stiffness ikitoit not the ratio of inertia to damping.

This Method applies a system of two equations @2yased on equation (6), but instead of solving
sample by sample (as in Method A) time stéfpsre used as described in the Method B, i.e. geera
time elapsed for one complete rotation of the tdtor each of the time stepsthe min-max-ranges
of the changesAk) in torque, in acceleration of the rotor azimatigle, in rotational speed of the

drive train and in the rotor azimuth angle are il#d. This method is denominated “constant” for
easy recognition.

((Trot Xrange)penod_i - [(A%\;\Ij range

((T,ot )‘ real 7samp|9)period7i a [(A %]

Solving for Inertia and Damping

ran

Onertia +[Aw] (Damping+(ag). . EBtiffnes%
period _i

(12, 13)

ran

Onertia +[Aw]  _(Damping+(ag) .. [Stiﬁness]

range period _i+1

The introduced methods have been applied to sawénértia and damping. For all methods the
same signal treatment was applied to the dateer{fit}). Due to the computational effort the
processing has been limited to 66 files coverirg whnd speed range from 5 m/s bin to 10 m/s
(Figure 4-14).

As solving for inertia and damping is an automatiocess applied on any data, some of the data can
include zero or non possible solutioR$gure 4-15shows the initial sets of solutions for inertiadan
damping for one single 10-min-time series in retbao The remaining set of solutions avoiding
implausible values is shown in blue colour. Forheatthe applied methods the set of solutions is
reduced considerably after exclusion of implausiata.

After exclusion of implausible solutions the abalescribed methods A, B, C deliver frequency
distributions of solutions for each processed 10-ddta setKigure 4-16 Figure 4-17andFigure
4-18. For each such set of solutions the median vaudetermined and plotted versus power
(Figure 4-19Figure 4-20andFigure 4-2).

Capture matrix
Windturbine: Protest
Wind speed bin size (x-axis): 1m/s
Turbulence bin size (y-axis) : 2%

V(m/s) 0 15 25 35 45 5.5 6.5 7.5 8.5 9.5 105 | 115 | 125 | 135 | 145 | 155 | 16,5 | 17.5 | 185 | 195 | 20.5 21.5| 225 23.5[>24.5
1(%) 15 25 35 4.5 55 6.5 7.5 8.5 9.5 105 | 115 ) 125 | 135 | 145 | 155 | 165 | 175 | 185 | 19.5 | 205 | 215 22.5| 235 24.5| Vout
0-<3
3-5 2 7 4 15 1
5:-17 1 4 3 3
7-9 2 2 2
9-11 1 2 1 2
11- 13 1 2 2 2
13- 15 2 1
15- 17 1 1 1
17- 19 1
19- 21
21- 23
23- 25
25- 27
27- 29
>29
0 0 0| 0 6 11 15 13 20 1 0 0 0| 0 0 0 0 0| 0 0 0| 0 0 0 0
Datasets : " 66
Mean Turbulence 3.20

Figure 4-14Capture matrix with the data used for the evaluatid the inertia, period from 2008-
12-11 21-40-00 to 2008-12-12 08-20-00, including data set 2008-12-13 22-10-00
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Figure 4-15Set of solutions for one data file before (red) aftdr exclusion (blue) of
implausible values

Figure 4-16:Set of solutions for one 10-min-time series fom&’ method A

Figure 4-17Set of solutions for one 10-min-time series foffatiential” method B

ECN-E--10-100



e median_inertia_constant Il histo_inertia_constant

counts

30

28

26

24

22

20

18

16

14

12

10

o N M O ®

Figure 4-18Set of solutions for one 10-min-time series forrstant” method C

Inertia versus Power
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Figure 4-19Median values of all sets of solutions obtained‘fione” method A
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Inertiaversus Power
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Figure 4-20Median values of all sets of solutions obtained‘thiferential” method B
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Figure 4-21Median values of all sets of solutions obtained‘é@nstant” method C

Although showing somewhat consistent trends, tbalt® obtained in this case study are subject to
rather large variations depending on method and dpplied. The main conclusion at this stage is
that the process needs further refinement. Thimewrfent shall include assessment of sensor
suitability and signal quality, as well as refinethen the post processing and model assumptions.
In order to judge on the quality of the derived Imogks, target values for the overall inertia, damgpin
and stiffness referring to the high speed shafehabe defined from the models.

Load Validation/Model Validation based on Statistical and Post-Processed Data

Data analysis performed on single time that wecended in the manual testing campaign revealed
abnormal and unexpected results in the Rainflowntai the low speed shaft torque signal.
Rainflow counting is one of several state of thetechniques to extract closed load cycles imposed
on the component under test. In the presented tbasBme series taken at rated power operation
displayed rather high variations in mechanical werghat could not be detected in the electrical
power output (see Figure 4-22).
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Figure 4-22Rain FlowCycles indicate high variations in mechanical tcgcqaround rated torqt

To further investigate this phenomenon in a fitepslata at rated power operation were visuali
see Figure 4-23.
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Figure4-23:Main shaft torque when reaching rated po\
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In order to further assess the relevance of thenphmenon for the fatigue loading of the turbine
drive train data from two monitoring campaigns Ibefand after a change in the wind turbine
controller setting were analyzed, see Figure 4-24.

v Trot_Max +  Trot_Mean s Trot_Min

v ‘2008 monitoring statistics 2009

+  Trot_Mean v Trot_Max s Trot_Min
MNm

rot_StDev o Trot _EQL v Trot_EQL *  Trot_StDev

I |

x * x

4.00 6.00 8.00 10.00 12.00 14.00 16..

m/s

Figure 4-24:Scatter plots of the main shaft torque before after @ change in the controller of the
wind turbine — the new controller in 2009 clearhosvs improved behavior at over
rated power operation

The improvement of the drive train loads is cleatibible in the minimized main shaft torque min-
max-swing and the decreased damage equivalent (0emt EQL in the lower plots). The
corresponding effect can also be witnessed in #iafRw Cycle load spectra and the load duration
distribution for the main shaft torque.

In both representations of the drive train torcpeeding at the main shaft the reduction of loadsraft
the controller change is clearly visible. Thesdigtias establish not only the successful remedy of
the drive train oscillation, but also give inforiaat on the fatigue relevance of the phenomenon by
analysing a multiple of data sets and showing #gvefrthe phenomenon in terms of actual size and
frequency throughout the live of the turbine. Atlfigr impressive value is produced by deriving the
damage equivalent load of the fatigue spectra asngin Figure 4-25. Comparing the damage
equivalent load before and after the change reved&6% decrease in fatigue loading due to the
change.

Such conclusive information calls for such postcpssing in order to enhance the short term
frequency and time series analysis with informationthe long term effects of specific loading
situations found in time series analysis.

The load duration distributions (LDDs) in Figure@-show distinctly where the problem occurs and
give also comprehensive information on the geantmevant loading: while the peak frequency
value of the load level at rated power operatiosigsificantly reduced considerable frequencies of
higher torque loading at over rated power operatammbe found.
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Figure 4-25Rainflow Cycle Load Spectra for Torque loads betord after a change in the

controller of the wind turbine — red and blue liree® spectra for two different
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Figure 4-261.0ad duration Distribution (LDD) for Torque loadgtore and after a change in the
controller of the wind turbine — red and blue liree® spectra for two different
turbulence levels

The example impressively shows the importance df $uwst processing results and as an extension
to the preliminary work presented in 2008 [42] destoates their use for model and load validation
in the component testing for gearboxes. Especialyshape and the maximum load levels reached
in the LDD will be of importance to the gearbox mtacturer.

In the model and load validation of the gearbox ed@@dmputed time series can be processed in the
same way as done with the measured load datae thddel is “true” the post processing of its
computed time series should come up with resudisdle consistent with the measured post
processing results.
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4.6.3 Conclusions

The six-step-approach is tested in a case studhedrive train of the S82 1500kW wind turbine.
The results of the two stages of the SIMPACK modetsaccording to the FLEX5 model results in
the time and frequency domain. The built modelsuseful starting points to set up measurements
campaigns for load and model parameter validation.

For this case study, sensors and measurementtiesolere chosen due to the project task. A load
measurement and additional measurements for madeieter (eigenfrequencies, inertia, stiffness
and damping) validation have been carried out.

For the data analysis different methods to detegraigenfrequencies, stiffness, damping and inertia
have been developed and applied.

For arriving at a simple model corresponding to tisasurement signals a single mass rotational
oscillating system has been chosen. The equatisers lave been referred to the high speed shaft
side. In order to judge on the quality of the dedivmethods target values for the overall inertia,
damping and stiffness referring to the high spéwdthave to be defined from the models.

The clearly defined target value for stiffnesseigroduced.

All statistical methods show similar trends wittspect to inertia and damping values varying with
power output. At least for inertia it would be egfel that there should be a stable value throughout
the complete operation range. Further investigatiom the applied methods and the measurement
and model comparison are needed.

The effect of a major improvement on the drivertrimiading could be established throughout all

available validation tools and approaches like dewy analysis, time series analysis, statistic
analysis and further complex post processing aisalys
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5.  Main results for pitch system measurements and analysis

The main results from the different Work Packadest toncern the pitch system are described in

this chapter. First the Critical Design Variablesl doad cases are discussed in section 5.1. This is
followed by a description of the loads at the iobemection points. The measurement definitions are

given in section 5.3. Finally the results of theasi@ements and the analysis of the pitch system are
described in section 5.4.

5.1 Load cases and Critical Design Variables (CDVs) (WP2)

Though blades and tower are sufficiently coveretha standards, the mechanical components are
less well presented. To enable the specificatioth@fCritical Design Variables for the pitch system
use is made of the breakdown given in Table 5.5httuld be noted that this is limited to those
components or subsystems which are relevant fostihetural integrity and therefore should be
aimed at when specifying CDVs and design loads.

In general the components mentioned in Table ®Jpeesent in a pitch system. However, the exact
pitch system architecture should be consideredsess whether this list is still covering the actua
design.

Table 5.1: Breakdown of pitch system

e Pitch bearing
¢ Pitch gearbox
e Pitch drives

» Actuator gear

For the he relevant Critical Design Variables (CD¥s the pitch system, the corresponding design
loads are given below in Table 5.2. Beside the iipaton of the design loads, it is indicated
whether the external condition introducing thessgieloads are covered by an existing design load
case (DLC) in IEC-61400-1.

Table 5.2: Design loads for pitch system

Name Type of load Covered by DLC
Drive torque for pitching Ultimate strength anddate Yes, Note 1
Drive torque for positioning Ultimate strength Yéte 1
Grid loss and gust Ultimate strength DLC 1.5
Deformation of hub - blade joint Constraining fesand Yes, Note 1

moments in pitch bearing
Dynamic oscillating torque in pitch  Fatigue and Hertzian stresses Yes, Note 1
drive train in the gears
Note 1: All typical wind turbine operation modese aovered in the guidelines, so the external
condition(s) introducing this design load is captur

Three new DLCs have been proposed, but these andyrodimportance for the drive train and are
therefore discussed in section 4.2.

5.2 Loads at interconnection points (WP3)

Objective of work package 3: “Determination of lgat interfaces” was to determine the procedures
for the selected components, among them the pigstem, that describe how the loads at the
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interconnection points should be defined, taking iaccount the load cases specified in work
package 2.

To this end, the specification of the interfacethefselected wind turbine mechanical systems, more
specifically for the pitch system, is required. Thacludes isolation of the pitch system from the
overall wind turbine structure and further buildiog the adequate description of the sectional loads
at the interconnection points (interfaces) the alWexind turbine loads need to be transferred to
design parameters. An assessment followed regamiigh knowledge of loading (i.e. torques,
bending moments, accelerations, motions, deformsti@tc.) is considered as a valuable
improvement over the current state-of-the-art.

Within WP3 the results presented in [8] as welttesfindings of work package 2 of the PROTEST
project regarding the design load cases and deatigers for the pitch system that should be
considered, discussed in 5.1 of the present repere 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 determirat kind of information is necessary at the
interfaces for designing the mechanical componeiise pitch system.

The details of the findings were reported withi8][2n 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 ofiriterfaces) for the pitch system are:

The pitch system specific interconnection pointsefifaces) 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) pitsistem is shown in Figure 5-1. The schematic
diagram of the pitch system, its components/subgystand the relevant interfaces are shown in
Figure 5-2 (internal interconnection points ardcated as i).

&

pitch i
control !

__________

ﬂ%

blade

bearing
hub

Figure 5-1:Simplified sketch of pitch system showing intedace
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Figure 5-2:Schematic diagram of the pitch system and itsfiates.
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 operatintptess of the wind turbine, as the
intermittent/oscillating behaviour is essential fitch (bearing) design and life time.
The pitch system transfers axial and shear folmsjing moments and torsion from the blade to the
hub. Bending moments are measured during conveitioad measurement campaigns (as specified
in IEC 61400-13 [20]). The force measurements h@weare 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 irdees for the pitch system, which affects the logdin
on the gear of the pitch system (the transmissidnsystem) as meshing torque and the torque on
the driver of the pitch system. The equation primgcequilibrium for the pitch system, involving the
meshing torque of the pitch bearinguM the torsion of the blade, gy the friction M, and the
torque of the pitch motor, M, through the pitch angle of the blade (speed acdlaration)fg, the
blade and pitch system inertig, dnd J,, respectively, and the gear ratio of the pitchtesys |, is
following [28]:

Myp =Mzg _Sign(eB )Vlfric +3g B =ip Mpp +i2 [Da, B (5.1)

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 detdi28}. Although this equation neglects elasticify o
the pitch system drive train and the gear meshglagit is considered as a good approximation of
the loads that are transferred through the pitstesy components.

Another issue of special importance to the pitchtey is the effect of the elastic deformation
(ovalisation) of the pitch bearing on the loadinfytlee pitch components, as a result of the
deformation of the blade root and the hub dueecattting loads on the blade.
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5.3 Measurement definitions (WP3)

Based on the results for the loads transferredsacttee interfaces of the pitch system, Table 5.3
presents a summary of the recommended quantitiebetaneasured during an experimental

campaign focusing on the pitch system components.

Table 5.3: Definition of loads at interfaces of the pitch gyst(external & internal)
Interface Loading Synchronicity Analysis
1) Blade & Pitch| Loads: blade root forces (axial, rad|aWTOD’ 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 pINTOD
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 ang
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, thifving measurements are recommended:
* For the pitch actuator:,R (power consumption of the pitch driver) as measune(4) of
Table 5.3, M, calculated from measurements using Eq.(5.1)

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

® The Wind Turbine Operation Data (WTOD) consiststié status, hub wind speed and direction, rotqgukzm
speed and azimuth angle, pitch angle, yaw angleggandrator power.
4 These loads are required to separate loadingeafdmponents and to determine elasticity, hys®(&sie 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 througélation 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.

« Lubrication contamination: Lubrication (grease) of the pitch bearing is efisé for the
fatigue life, especially when the bearing is inilketing 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 voltdiggtning strikes: Lighting
strikes (count) on the blades can cause bearireyvec degradation if no proper provision
is available for the routing the charge.

e 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 measurementssifisplly 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 systemjMime 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.

5.4 Measurement and analysis results (WP4, WP6)

This section shows the main results obtained insié@nd case study on the pitch system of a
modern wind turbine. It starts with an overviewtloé system under test, followed by results from

the measurement campaign and the data analysisseitien concludes with the evaluation of the

six steps approach.
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There are two confidential reports that give mostails and additional analysis on the work
performed within this work package: the instruméatareport [31] and analysis report [32].

5.4.1 The pitch system

The pitch system under consideration in the presasé study is the pitch system installed at the
Nordex N80 wind turbines at the ECN Wind turbinesfTsite Wiegingermeer (EWTW). During
power production, the pitch system is used eitheadtively pitch the blade limiting power above
rated wind speed or to keep the blade at a congiptimal) angle during power production below
rated. The pitch system is also used to engagermahcshutdown (running to idling) or an
emergency shutdown. For the Nordex N80, activehjritg starts at an average wind speed of around
14 m/s. The pitch system discussed here islectric driven pitch systewf alternating current type
with electronic voltage-speed regulation capablmdifvidually pitching the turbine rotor blades.

The pitch system can be subdivided into severalpoornts. A sketch of the pitch system used in
the N80 and some of the individual components @Ealed in Figure 5-3. For every component, an
analysis can be made about their respective dritaslure modes or phenomena. The different
components and their functions considered here are:

Component Function
e pitch slewing bearing transfer load blade to holate blade, reduce friction
e pitch pinion gear drive bearing rotation, incee&@que output gearbox
e pitch gearbox increase torque output from electotor
e pitch brake maintain rotor blade in fixed positio
e pitch electric motor supply torque for blade rmtat
e pitch controller/electronics control pitch motoof displayed ifFigure 5-3
e pitch encoder feedback pitch position (not digptl inFigure 5-3
Gearbox
Slewing bearing
O
ﬁq”?e
Brake !
m Rotor blade 9
Electric |
Motor -
4\ Pinion gear
Pitch axis

Figure 5-3:Sketch of pitch system and interface to bladeleiisg bearing (cross-sectional
view)

Other components related to the pitch system Baly.connections, motor housing, hub frame) are
not considered in the present case study.

5.4.2 Overview of the measurement campaign

The measurement campaign for this case study opittie system of the Nordex N8O test turbine
started July 2009 and lasted till March 2010, wigokes us more than nine months of data. It was
decided to continue the measurements at leasttheténd of the project in August 2010.
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This section presents an overview of some of thevamt measurements on the pitch system. The
measurements are shown in relation to wind speédvard turbine operation.
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Figure 5-4:Pitch angle measurements in relation to wind spaediwind turbine operation (r:
max, g:mean, b:min)

5.4.3 Data analysis

As shown in the six steps approach, the first stephe analysis of the pitch system is the

identification of critical failure modes or phenomaefor the subsystem/component. In a detailed
failure mode and effect analysis, the highest pisérity was assigned to reduced performance of the
pitch motor or the slewing bearing. The analysighis case study therefore focuses on the pitch
drive train (section 5.4.3.1) and the pitch beadefprmation (section 5.4.3.2).

5.4.3.1 Pitch drive train analysis

This chapter shows the results of the analysihefgitch drive train using the six steps approach.
The combination of the electric motor, brake, gearipinion gear and blade bearing is referred to as
the pitch drive train(see Figure 5-3). The primary function of the Ipitlrive train is to pitch the
rotor blade by applying a torque. To rotate thedblathe pitch drive train has to overcome the
friction torque of the bearing and gears, the mdndere to aerodynamic and gravity forces on the
rotor blade and the moment due to acceleratiohefrtertia of the drive train components and rotor
blade.
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Pitch torque signals, % of maximurn value
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Figure 5-5:Pitchtorque measurements in relation to wind speed and wrbine operation

The analysis in WP6 originally started with the lgsia of a friction model for the slewing bearing.
As a starting point, a simple model (Figure 5-6sw&ed to determine the friction. However the
analysis of the measurement data revealed thattuntiely measuring the blade torsion is not
straightforward due to strain gauge calibratiorhwitspect to anisotropy of the blade material and
misalignment. To further investigate the effectsminalignment and anisotropy of the blade torsion
measurements a detailed analysis is performed [(38¢. The analysis concludes that exact
calibration of the 45-45 strain gauges mountech@nhilade root to measure blade torsion using the
own weight of the blade is not possible. Howeveing a reasonable assumption, an approximate
calibration can be obtained.

To be able to proceed the analysis (second itedatisithout reliable blade torsion moment
measurements, the focus was shifted to the motquéo since this is the actual load that the motor
has to deliver. Friction of the bearing will stié part of the equation, but in the modelling applo

it is then assumed that differences in the colicelabetween the modelled pitch torque and the
measured pitch torque are the result of the fiictimodel contribution in the pitch motor torque
model. If necessary, the friction model can thenumed with the friction coefficient to correlateet
output of the pitch torque model to the measurézhgbrque.

Pitch motor torque  Friction torque pj = £(4.4IZIM +F,D_+22[F, +D,_ 173
/ 2 W
6

T Oy, 0., =T, + oM, +6

m —gbx —gear

Blade torsion moment

. 2
(I gbx |:ﬂgear) I gbx + Ib

PHATAS inputs

Figure 5-6:Simple pitch drive train model

All external design load cases (DLC) are prescriipetthe IEC design requirements as specified by
[7]. These DLCs can be used as input for ECN’selasbic simulation program PHATAS (Program
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for Horizontal Axis wind Turbine Analysis and Simtibn). From these simulations and initial
analysis of the measurements (Figure 5-5), the aloemd emergency shutdowns appeared to be
critical DLC’s. Figure 5-7 shows a normal shutdosgeration, which is in fact running to idling at
low wind speed, by pitching the blades from 0 todé@rees. Figure 5-8 shows the contributions to
the pitch motor torque of the different componentthe system.
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Figure 5-7PHATAS output DLC 4.1 for a 25 second intervahefsimulated 600 s time
series: wind speed, azimuth angle blade 1, pitdiegraxial forces, radial forces
and bending moments (anonymous)

The analysis of time series of measured pitch mtmajue data revealed that the maximum pitch
motor torque always occurs at the start of a noshat-down. This corresponds to the initial design
consideration, where this starting torque was dmrsd as a critical design parameter.

Figure 5-9 shows that the pitch motor torque mdwe quite good qualitative similarities for all
three rotor blades. The trend in the pitch motogue during blade rotation follows a similar path.
However, quantitatively the model has fewer agreegméo the measurement. Specifically the
starting torque peak seems to be much lower imtbgel compared to the measurements. As can be
seen in Figure 5-fhe measurement campaign also revealed a largerscathe maximum pitch
torque measurements for the normal shutdown. Aortel§ made to understand the cause of this
scatter by studying the relation between the pitator torque and other measured signals. This
research into the pitch motor peak torque scastezlaborated [32], but no clear correlation was
found, other than the lagging of the pitch rotatrdth respect to the pitch setpoint. The peak terqu
has high frequency dynamics and relatively sharetspan (see Figure 9;@s after a certain time
the pitch torque seems to be limited. This lead#héconclusion that the pitch system electronics
and motor controller most likely play a big roledelt is therefore recommended to add these to the
model for pitch drive train analysis if this efféstto be captured.

We also see that during blade rotation, the madtiebfades 2 and 3 relatively well, while blade 1
seems to have a clear offset with respect to theéein®ther time series showed similar offsets for
the measured pitch motor torque of blade 1. Moredtie offsets of pitch torque for the three blades
changed significantly after maintenance was peréogkran the test wind turbine near end of the
measurement campaign (May 2010). These observatadh&r adding a load independent term in
the friction model. Also higher pitch speed hasrdluence on the pitch torque offset, which can be
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included by adding a speed dependent term to tb#ofr model. The order of the torque sd
relation could not be established from the measentsn additional test cases (at multiple cons

speeds) should be perforrr
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5.4.3.2 Pitch bearing deformation

This section describes the setup of a measureraemaign to identify the deformation of the blade
root bearing. The blade root bearing transferddhds of the blade to the hub of the wind turbine.
Because these bearings are difficult to replaces important to know and predict the failure
mechanisms of the bearing. It is assumed that ¢fermation of the bearing is a mechanism that
may lead to excessive wear of the bearing.

Out of practical considerations (known, cheap amghroonly used measurement principle), it was
decided to use strain measurements to verify tapesiand to measure the direction of the assumed
ovalisation.

First a model had to be developed for the relatietween bearing strain and bearing deformation.
This model is fitted on strain measurements. Rntile relation between loading and deformation
must be determined using measurements. Once thi®nship is established, design load cases can
be used to find the deformation for extreme loads.
The initial analytical model is based on an assumbefrmed shape, for instance an oval as in
Figure 5-10.

- deformations are small

- length of the neutral line is constant

- only (flat and edgewise) bending moments are censdl

Figure 5-10Bearing deformation; oval shape

Next to the strain measurements, two linear vagiaidplacement transducers (LVDT) were placed
measuring the edgewise and flatwise deformationssacthe bearing. These are used to establish
and verify the correct magnitude of the ovalisation

Figure 5-11 shows the locations of the strain sensmd the locations of the LVDTs. These
locations should allow verification of the globabdel, but should also show whether the model of
ovalisation is valid for small sensor spacing.

Compression side

2 Tea ding

edge edge

Suction side
Figure 5-11Sensor locations: 8 strain sensors and 2 LVDTs
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Table 5.4Final measurement campaign specification for plielaring deformation

Measured value Sensor type Locations Frequency
Distance LVDT Leading edge - trailing edge ant8 Hz
Compression side — suction side
Strain Strain gauge Relative to leading edge (0°)64l, | 128 Hz
13.2, 17.2, 39.1, 84.37, 129.6, 168.0
and 187.0°

The detailed time history was used to establishthdreit was possible to correlate the measured
strains and deformations with the measured bladdibg moments. Correlation between strains and
measured loads is good for single datasets oretatasvering similar wind conditions (see Figure
5-12).

Figure 5-12Measured data (solid lines) and data reconstrucedhe basis of
correlation (dashed lines) match well if the averagnd speed does not
change much

It is more difficult to find a single correlatiohdt covers a large range of wind speeds. This could
indicate that the behaviour can only locally beragpnated with a linear relation or that the stgain
are also influenced by other loads, such as inepfarces on the bearing or the spanwise force on
the blade.

Model identification is performed by fitting the whel on the measurements. There is a definite
offset in the data that needs to be addresseddadtsewas calibrated using idling conditions where
moments in flat and edgewise directions are boé#iniypeero. In addition, the algorithm was allowed

to correct any constant offsets. However, the assumodel does not match well with the data
(Figure 5-13).

Because the model does not fit the data, it neets tadjusted. Three variations were examined that
are based on assumptions of the shape of the datform

- the shape is equal to the deformation of a ringeupdint force loading

- the shape is equal to the deformation of a ringeuadistributed load

- the shape is a sum of circle and a sine with twimge around the edge of the circle

- two of the above shapes superimposed
All these models did not result in a satisfyingbfittween model and measurements. It was therefore
decided to move to finite element (FE) analysis.Amodel does require a lot more information,
as the hub, the blade and the loads together d¢aasdeformations in the bearing. 3D structural
models of all three need to be made and combinkithws described in [32].
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Figure 5-13Measured data (solid lines) and the fitted modeldohon
ovalisation (dashed lines) do not match well

Figure 5-14 shows the equivalent strain of thel&pbearing (deformations are scaled up by factor
3100). It shows that the strain may be significaloing the radial direction of the surface of the
bearing. This seems to be due to the out-of-plaereing of the bearing. Because the tangential
strain varies along the surface of the bearing,ldbation of the strain sensor must be accurately
known to match modelled and measured strains.

NNSYS

Equivalent (von-Mises) Elastic Strain - Bearing 1-p2
Type: Equivalent (von-Mises) Elastic Strain

Unit: mm/mm

Time: 1

Figure 5-140ut of plane bendingﬁcyf)ntributes to strains in the
bearing

Figure 5-15 shows the changes in the diametereob#aring as calculated with the FEM analysis
and as measured with the LVDT sensors. Thougheimig/iht order of magnitude, the model does not
capture the full behaviour and is a bit too sffigure 5-16 shows the same results but for the high
load case, here the difference in behaviour isifsbgnt.
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The FEM models indicate that the deformation ofttkaring is mostly caused due to deformations
of the hub itself. It also indicates that the defation results in a shape that is difficult to capt
and match based on the sensors that we could plahe hub. It would be better to measure these
deformations of the rotor in a more controlled emwiment first and then examine the differences
when the rotor is installed on a turbine.

\‘I A Measured LE-TE
. )\ / \ . Measured CS-SS
- ~
-~ \ / ~ — =Modelled LE-TE
5 { Modelled CS-SS
-40 60 160 260 360

Rotor azimuth

Figure 5-15Change in bearing diameter, modelled vs
measured, idling

—

a— \ ,‘—/ \
- F
N
- Measured C5-55
\ TN, };—fl Measured LE-TE

\\ —— = Modelled LE-TE

5 7/ { Modelled C5-55

-40 60 160 260 360

—

Rotor azimuth

Figure 5-16Change in bearing diameter, modelled vs
measured, high load

5.4.4 Evaluation of the six steps approach

In WP4 of the PROTEST project a six steps appraasiiggested. The purpose of this approach is
to use the designed model as input for specifinatb the measurement campaign required for
validation of that model.

During the case study applied to the pitch driwéntrthe six steps approach has been applied and
feedback of the measurement campaign is takeragtount to make adjustments to the model and
therefore the measurement campaign itself:

1. The initial model was set-up to determine frictairthe blade-bearing interface. This model
relied on blade torsion as a modeling input paraméthe measurement set-up for blade
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torsion proved to be very difficult to calibratedahence the results would be unreliable. A
new model was set-up to calculate the requiredhpiiotor torque, which is closely related
to friction at the blade-bearing interface accogdim the failure mode and effect analysis.

2. Analysis of measurement data for the pitch motogue revealed that the normal shut-down
is one of the critical load cases for the desigra cfuitable pitch motor (DLC 4.1). The
measurement data shows a large scatter in thedetpitch motor starting torques.

The feedback loops after step 6 have been follawedhange both the model and the measurement
campaign. The steps followed in the six steps amtra@re marked in red in Figure 5-17.

The six steps approach worked well for the analgighe pitch drive train. The “Adjust model?”
block and feedback loop from step four to step wés not used and considered redundant. This is
due to the fact that a model is usually set up tighrequirements on in- and output already in mind
as it is part of the purpose of modelling in thretfplace. The loop will therefore only be usedhia

rare cases that running the DLC's on the model shawexpected results, but this also implies that
the modeller did not fully understand the systeh e model of it.

Because there is no real model available for tHerdetion of the pitch bearing, the six steps

approach for designing a measurement campaignideddn WP4 is adapted to suit the needs of
this problem. That means that the selection andingnof DLCs is postponed, because running the
DLCs is pointless unless your model is verified &#mat a redesign of the measurement campaign
ought to be only necessary when your model desighanged.

rno.t.jes

Adjust model?
no
yes 5. set-up measurement
campaign

6. Process measurement
data and check/improve
models yes

Change/add
signals?
no
Adjust model?
no

Report

Figure 5-17Steps followed (red) in six steps approach of pitgte train analysis
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1. Identify critical failure
modes

2. Design model(s)

)
s

o
-

.
7 '3”/’;%’4"’.. Ta

yes

7
77

YEes 5. set-up measurement

campaign

6. Process measurement
data and checkfimprove
models yes

Change/add
signals?

na

Adjust model?

na

Figure 5-18Because there is no model to start off with, thecess is adapted; DLCs are
postponed until a suitable model is found
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6. Main results for yaw system measurements and analysis

The main results from the different Work Packadpeg toncern the yaw system are described in this
chapter. First the Critical Design Variables anddiacases are discussed in section 6.1. This is
followed by a description of the loads at the iobemection points. The measurement definitions are
given in section 6.3. Finally the results of theasiwements and the analysis of the yaw system are
described in section 6.4.

6.1 Load cases and Critical Design Variables (CDVs) (WP2)

Though blades and tower are sufficiently coveretha standards, the mechanical components are
less well presented. To enable the specificatioth@fCritical Design Variables for the yaw system
use is made of the breakdown given in Table 6.5httuld be noted that this is limited to those
components or subsystems which are relevant fostiuetural integrity and therefore should be
aimed at when specifying CDVs and design loads.

In general the components mentioned in Table &lpegsent in a yaw system. However, the exact
yaw system architecture should be considered ®sasshether this list is still covering the actual
design.

Table 6.1: Breakdown of yaw system

e Yaw bearing
e Yaw brake

e Yaw drives

« Yaw gear

For the relevant Critical Design Variables (CDVfsy the yaw system, the corresponding design
loads are given below in Table 6.2. Beside the iipaton of the design loads, it is indicated
whether the external condition introducing thessigieloads are covered by an existing design load
case (DLC) in IEC-61400-1.

Table 6.2: Design loads for yaw system

Name Type of load Covered by DLC
Drive torque for yawing Ultimate strength anddae; Yes, Note 1
Wear of yaw brake and yaw
gear
Drive torque for braking (position Ultimate strength Yes, Note 1
holding)
Deformation of the tower top flange orConstraining forces and Yes, Note 1
nacelle main frame moments on yaw bearing

Note 1: All typical wind turbine operation modese aovered in the guidelines, so the external
condition(s) introducing this design load is captur

Three new DLCs have been proposed, but these andyrodimportance for the drive train and are
therefore discussed in section 4.2.

6.2 Loads at interconnection points (WP3)

The main objective of work package 3: “Determinataf loads at interfaces” was to determine the
procedures for the selected components, among ttheyaw system, that describe how the loads at
the interconnection points should be defined, @kirto account the load cases specified in work
package 2 and discussed in section 6.1 of the mrdseument.
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To this end, the specification of the interfacethef selected wind turbine mechanical systems, more
specifically for the yaw system, is required. Tiatludes isolation of the yaw system from the
overall wind turbine structure and further buildiog the adequate description of the sectional loads
at the interconnection points (interfaces) the aWewind turbine loads need to be transferred to
design parameters. An assessment followed regasdiigh knowledge of loading (i.e. torques,
bending moments, accelerations, motions, deformsti@tc.) is considered as a valuable
improvement over the current state-of-the-art.

Within WP3 the results presented in [8] as weltresfindings of work package 2 of the PROTEST
project regarding the design load cases and datiiyers for the yaw system that should be
considered, discussed in 6.1 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 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 deterwivat kind of information are necessary at the
interfaces for designing the mechanical componeiiise yaw system.

The details of the findings were reported withi8][2n here only a summary of the finding will be
presented, regarding the loads at the intercororepbints 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 nacelldivel#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 andrdlevant interfaces is shown in Figure 6-1.

@\ Yaw

&ntrol

og

Tower

Yaw driver

Nacelle

Yaw system

Figure 6-1: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 rawmied 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 valaedrds the overall result as well as the effort
required for the determination of the value.
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Regarding the loads that are transferred throughiriterfaces of the yaw system, there are two
distinct cases: 1) the loads transferred whileytie system is used to keep the nacelle positien at
pre-defined position, i.e. Non-yawing (as defingdthe controller) and 2) the loads transferred
while the yaw system is active and used to brirgricelle into the required position, i.e. yawing.
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 besfesred 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 torsian 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 requeste
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 formltie 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, M acting on the yaw gear teeth, the following ietathip can be applied:

Where Myt the yaw moment on the naceltg, the yaw angle,k the nacelle yaw inertia,glthe
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 yaev gearbox and the gear ratio of the yaw bearing
and the drive pinion, M the torque of the yaw driver andzNb the frictional moment of the yaw
bearing. For the load dependent frictional momexteral practical estimates are available, all
involving the bending moments, the radial and akiedes applied on the yaw bearing.

Detailed equations for the definition of the loadssferred across the various interfaces have been
described within [29], where the interested reasleeferred to.

6.3 Measurement definitions (WP3)

Based on the results for the loads transferredsactive interfaces of the yaw system, Table 6.3
presents a summary of the recommended quantitiebetaneasured during an experimental
campaign focusing on the yaw system components.

Specifically for the yaw system components, theofaihg measurements are recommended:
+ For the yaw actuator: ,/ (power consumption of the yaw driver) as measuidgh
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 fordsnding moments and Torsion, as
measured

< Estimation of the frictional torque during yaw nati

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

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

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

¢ For the Yaw bearing:
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« 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

Table 6.3: Recommended measurements during an experimentpbhg@mfor 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)

Additional information in statistical terms per wircondition (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 operagmspeed

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

6.4 Measurement and analysis results (WP4, WP7)

Based on the determined loads to be transferredsthe interfaces of the yaw system, as described
within 6.3 of the present document, a measuremamipaign was designed and carried out within
work packages 4 and 7 of the PROTEST project, misdy. As a result of the research conducted,
for the yaw system and its componeimsaddition to the quantities specified within IEC/TS 61400-
13 [21] as mandatory, and since the yaw positiefaigd to the kinematics of the yaw system) as
well as the wind inflow are considered as mandatwithin the IEC/TS 61400-13, the quantities
classified into load quantities and operationabpa@ters shown in Table 6.4 should be considered.

ECN-E--10-100 75



Table 6.4: Quantities to be measured for the yaw system

Quantity Specification Comments

Yaw system loads Bearing Bending in tywMandatory; measured at the tower top
(perpendicular) directions

Bearing Torsion Mandatory; measured at the tower to

Bearing Axial force Mandatory; measured at the totop

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

Gear Torque Recommended; measured at the pinidin|sha
or the input shaft of the yaw transmission
system

Yaw actuator statug Power consumption of yaRkecommended
actuator

Local temperature Temperature on yaw systedRecommended
bearings and frictional parts

The measurement techniques involved are reportddnwid3] and basically recommend the use of
strain gauges for the measurement of bearing bgmdoment, torsion, axial and radial forces, with
a methodology closely following that used for measy the tower loading. In addition to that,
alternative measurement techniques for the geagu¢orare recommended, either by direct
measurement of the torque or indirect estimatioouth the power consumption of the yaw driver.
Based on these recommendations a measurement gampas carried out on the NM44/750 wind
turbine installed at CRES wind farm in Lavrion, &e. Among the signals monitored some were
monitored for the first time on a wind turbine, Buas the shear and axial forces on the tower top.
These are to be used for the direct estimatioheiaw bearing loads as well as incorporated within
the estimation of frictional moment to determine #ttual loads on the yaw motor.

For assessing whether these measurements areectguiare redundant Figure 6-2 presents some
characteristic statistics of load magnitudes messduring the yaw campaign. One could argue that
for example the shear loads on the tower top nmbghéstimated through the bending moments on
the tower top and the tower bottom, if the winddiog acting on the tower is neglected or
additionally estimated. The graph on the right ifuFe 6-2 presents the 10-minute mean value of
the difference of the total bending moment betweswer top and tower bottom, versus the 10-
minute mean value of the shear force measuredveer timp. The correlation is strong.

5000 — 160 —
| Y =32.388*X+116.572
4000 —| R-squared = 0.9807

Y =0.947 * X + 1.011
R-squared = 0.9802
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Figure 6-2:Load statistics and correlations within the yaw si@ment campaign

Yet the actual value obtained through the bendiognamts for the shear force on the tower top is
9% lower than what was measured (no correctiothi@mwind loading on the tower is made) on the
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10-min statistics range. The distance betweendwerttop bending strain gauge bridge and that of
the tower bottom is 35.576m.

In the right of Figure 6-2 two measurements of shear force at the tower top, but on different
sections are compared. The measurement denote Sloser to the tower top than that denoted
Sk, while the distance between them is 2.8m. Theetation between them should be perfect,
albeit some deviations are seen. This is due tdattethat some stress concentration effects were
observed for the first bridge (at about 1.8m belbevyaw ring) and therefore, in a second campaign
the measurement positions were moved lower withan tbwer to avoid these effects. The same
trend was also observed during the measuremetiteoftial force at the tower top. Therefore for
this load magnitude a second bridge was instalethé second campaign, approximately 2.8m
lower within the tower than the original bridge.

Regarding the kinematic statistics necessary feigdéng the yaw system actuator analysis has been
conducted to determine the duration of yaw, timetaft between yaw motions, etc. An indicative
plot is shown in Figure 6-3 where the yaw durai®presented against the 10-min wind speed only
for normal operation cases. The same parametdoti®g only for the transient cases (starts, stops
and generator changes) in Figure 6-4. Binned vatipect to 10-min mean wind speed, the mean
value of yaw duration and the respective standaviation is shown in Figure 6-5.
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Figure 6-3:Yaw duration with respect to wind speed (hormakafien cases)
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Figure 6-4:Yaw duration with respect to wind speed (transients
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Figure 6-5:Yaw duration statistics binned with respect to wépeed (complete data base)

Statistics of the yaw duration with respect towtied turbine power output are shown in Figure 6-6.

Statics of the time between yaw starts (from theetthe yaw motor stops until the next start) with
respect to the 10-min mean wind speed is presémteigure 6-7 with an average time between yaw
starts for the complete data base 120 s, whiletleeage yaw duration for the complete data base is
about 12 s, corresponding to a yaw motion of aiSutThe same magnitude is presented with
respect to the wind turbine power in Figure 6-8.
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NEG-MICON operation at Lavrio
Distribution of yawing time (complete operation range)
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With respect to the time series, as an exampldtsesiithe analysis of a time-series corresponding
to yaw motion, while the wind turbine is running fgu start at cut-in wind speed are presented in
following figures. Specifically, in Figure 6-9 thdSS speed is shown, along with the nacelle
position and the yaw actuator power during thevigtifor reference. From this figure one will

notice that the yaw motion is not smooth contairfiatj periods and periods of constant yaw speed.
This is also depicted on the yaw actuator powee. ddrresponding yaw bearing load magnitudes for
the same yaw activity are shown in Figure 6-10s@néng similar fluctuations with the yaw

actuator power during the first part of the actiiyaw start-50s), which are smoothed out on the

NEG-MICON operation at Lavrio
Distribution of yawing delay time (complete operation range)
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Using these values estimation of the bearing @ngtias well as the yaw torque during the activity

Yawing delay time (sec)
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can be performed, as shown in Figure 6-11.
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7. Recommendations for Standardisation

The implementation of the project results into ficat certification procedures will be discussed in
the following for the pitch and yaw system for #iagle components of these systems. Please note
that the recommendations that concern the drive tan be found in section 4.2 (describing three
new DLCs for the drive train) and in appendix A.

7.1 Pitch System (general)

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

7.1.1 Blade Bearing

7.1.1.1 Calculation of Friction and Bearing Deformation:

Due to the various different bearing, hub and bladsigns 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. Mppropriate is the use of a simplified FEM model
(hub, bearing, blade root) to calculate the ovdoald distribution on the bearings contact elements
and to derive by these results and subsequentkwelln analytical methods a load dependent (axial
and radial forces, bending torque at blade roo8ribg friction. The common commercial load
calculation software tools are already capableripléement load dependent friction torques for the
blade bearings.

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

The most common standard to calculate the fatitneagth of roller or ball bearings is given by the
ISO 281 standard. As shown by the measurementtsegeherated within this project, the blade
bearings are predominantly loaded during standstdl not during rotation, which is not in the scope
of ISO 281. Applying ISO 281 for the fatigue caktibns may therefore show misleading, non-
conservative results regarding the lifetime of thearings. In addition, blade bearings are not
through hardened as anticipated in ISO 281 but saiface hardened 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@wtracks at the transition between hardened
surface and tempered core, consequentially theg/ginalf this damage mechanism is recommended
to calculate the fatigue strength of the bladeibgar For this kind of fatigue calculation the same
simplified FEM-model as described above can be tisatbtermine the contact inside the bearing
with the highest loading. The contact forces geaeedrdy the production load cases (DLC 1.0 to
DLC 1.13) and derived for the highest loaded cdrdae used subsequently to calculate the fatigue
strength depending on specified hardening depitiigméby common analytical methods.

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

7.1.2 Blade Pitch Drive
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7.1.2.1 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° andP {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 tdymstion load cases with wind speeds higher than
rated wind speed of the turbine and lower tharoctitvind speed.

Therefore a valid fatigue calculation accordingl$® 6336 for the blade gear has to implement
cycle numbers that are calculated on a teeth-lirteasis. 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 ddpet bearing friction (see 7.1.1.1), 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 7.1.2.2

7.1.2.2 Pitch Gearbox

For the pinion and the output stage of the pitcrigex 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 &xpected, this has to be taken into accounhéor t
fatigue calculations of these gear meshes. Altifmiclosses 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. Neverthelle$ss 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).

7.1.2.3 Pitch Motor

The basis for the thermal rating of the pitch maioall 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.

7.2 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 autantabrication system shall be mandatory for the
yaw bearing and yaw bearing gears of wind turbines.

7.2.1 Yaw Bearing

7.2.1.1 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 bearihgseertheless, 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
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calculate the overall load distribution on the lb@gs contact elements. The common commercial
load calculation software tools are already capablmplement these parameters for load dependent
yaw bearing friction. A simplified FEM model as dabed above is anyway necessary to generate
the required input data for the static and fatigueof of strength for the bearing raceways (see
section 7.2.1.2).

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

As already described in section 7.1.1.2 for theldlaearing, 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 strengjtioler or ball bearings. Applying 1ISO 281 for
the fatigue calculations of yaw bearing may therefshow misleading, non-conservative results. In
addition, yaw bearings are not through hardenedrgisipated in ISO 281 but are only surface
hardened and have very big ball sizes comparedrntomon rotating bearings.

The typical damage for these kinds of surface medemostly 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 theysisalf 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 usedttrdine 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 gsbdequently to calculate the fatigue strength
depending on specified hardening depth/gradiemioymon analytical methods.

This calculation method is also sufficient for tbelculation 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 contacthwit
the highest loading.

As already stated in Section 7.1.1.2 the standa@i T6 is only appropriate to calculate the static
strength of through-hardened bearings, therefoplicgtion 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 pajostrength, using the ultimate loads on the

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

7.2.2 Yaw Drive and Yaw Gear

7.2.2.1 Yaw Gear

For the fatigue proof of strength of the yaw gder toad dependent bearing friction torque (see
7.1.1.1), nacelle inertia, yaw drive inertia and tfyroscopic 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 asguntonstant 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 havaken 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. Ammt occurrence of transient loads in the yaw
gear/yaw drives may result from the stop procedidithe brakes at the end of the yaw motors are
engaged in the same moment when the motor itsseliched off. These transient loads have also
to be implemented in the LDD’s for yaw gear caltiata
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In case of yaw motors driven by a frequency invedard application of a delay time between
switching off the yaw motors and brake engagematisient 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 frei 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 7.2.2.2

7.2.2.2 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 bekst that this torque is not outpaced by the
maximum yaw motor torque, the maximum torque rasylfrom the aerodynamic forces or by
transient torques occurring during yaw system djmrgSee 7.1.2.1).

7.2.2.3 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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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 limafeletail 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 [23]) that are
relevant for the drive train.
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