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Abstract

This final report summarizes the work performed in the fram&wbthe long-term EOS research
project “Sustainable Control. A new approach to operate wimkines”, partially financed by
the Dutch agency governmental AgentschapNL under number E@ZI13. Within this project,

a novel approach to operate wind turbines more efficientlydessh developed, that integrates
wind turbine control, monitoring and supervisory contnaioi one concept: “Sustainable Con-
trol” (SusCon). The SusCon concept reduces extreme and fdtigde on the main wind turbine
components by means of combining the four major componéht©ptimized Feedback Control
(OFC) for reduction of the wind turbine costs and the limdas for upscaling by means of de-
creased wind turbine loads under normal operational ciemdit (2) Fault Tolerant Control (FTC)
for prevention of unnecessary standstill by means of amiat®n of self-adaptive controls and
detection methods for component degradations, (3) ExtrereatEvontrol (EEC) for reduction
of turbine costs and increase of the certainty of elecyrimibduction by means of reduced turbine
loads during extreme operating conditions, and (4) Optigltdown Control (OSC) for avoid-
ance of accumulation of damage during shutdowns resultorg & serious defects by means of
condition-specific shutdown control. These concepts havebfiest developed in theory, and next
verified by Proof-of-principle experiments. These experime@monstrate significant reduction
of fatigue during normal operation conditions, and extréoaels during strong wind gusts and/or
serious system failures.
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Summary

Background

For the sake of nature and future generations, the Dutchrgment is aiming to make the energy
supply on short term more sustainable by means of wind endrgg government has defined
for this purpose an ambitious goal to achieve 6000MW offsiwind energy (2020). However,
offshore wind energy will only become economically vialdl¢hie price of energy drops and the
investment risks are acceptable.

The break-even point for offshore wind energy generatiorxjeeeted to take place around the
year of 2025. To this end, upscaling of the wind turbines td0and more is required due to the
high foundation and installation costs offshore. In additidue to the bad accessibility offshore
(in the North See around 60%), it is necessary to seriouslyaugpthe reliability of the wind
turbines to achieve high enough availability. This meansttieoffshore wind energy generation
should be able to keep on operating under most environmeaitalitions, and in spite of small
defects. An increase of the availability from 70% to 85% canelzpected by a substantially
higher reliability. Such an increased reliability resutiniuch less unplanned maintenance and
the supply certainty is significantly improved. Replacingiarer of the unplanned maintenance
by planned maintenance would lead to a reduction of maireneonsts of around 10%; a serious
amount, bearing in mind that the maintenance costs offsdrerat present about 25% of the total
costs of wind energy.

Control is going to play increasingly important role beingiable way to realize cost reductions.
During the past years, almost all wind turbine manufactih&ive moved over to the so-called
“controlled wind turbine concept”, meaning that the bladas be actively adjusted and the rota-
tional speed can vary. These degrees of freedom offer ertelgportunities for:

* reducing extreme and fatigue loads (blades, tower, rgdedinsmission),

» adaptation of the operation to all changing and extremeasdns (wear, small defects,
seasonal influences, etc.).

Due to the relatively recent transition to this turbine ogpig these possibilities are yet not fully
exploited. This project makes these opportunities accessibthe new generation wind turbines
with a size of 10MW and larger. The focus is on new control cpte®r the individual turbine,
which will contribute to a large extend to enabling efficierdmfacturing techniques that are
part of the needed breakthrough technology for upscalinge dédvelopment of fundamentally
other techniques for operating individual wind turbines garks will increase the availability
significantly and reduce the grid integration problems. TharegchSustainable Contra|Sus-
Con), chosen for this purpose, has a strongly innovativeacher with respect to other current
research, both national and international. SusCon integ@ntrol, condition monitoring and
safety, which fundamentally differs from the conventiotisblated” approach.

Goal and collaborating parties

The main problem in the EOS reserach theme “Generation angrétiten”, topic “Offshore
wind conversion”, is formed by the price and the energy syppttainty of electricity generated
offshore from wind. This is to a large extend due to a too low wealability. Furthermore,
much larger wind turbines are needed (up to 10MW and largEnjs requires a substantially
lower loads, while retaining stability becomes more andentbfficult as the wind turbine natural
frequencies come closer to each other and closer to theaggaitfrequencies from wind and
waves. This issue can be attributed to a large extend to therdistate-of-the-art way of wind
turbine operation.
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The aim of this project is, by means of improved operation,dotgbute substantially to the
solution to the following specific problems:

1 unnecessary standstill due to the current isolated approawind turbine control and

supervisory control,

2 high costs and limitations for upscaling due to high windbitoe loads and stability prob-

lems,

3 uncertainty of electricity production and high loads dgrextreme weather conditions,

4 accumulation of damage during turbine shutdown due toiausedefect.

This aim is realized by the development of an integrated aggiroSusCon, for operating offshore
wind turbines. In this approach, the following four compotsecan be distinguished, which will
are made available in the form of methods:

Optimized Feedback Control (OFC), to reduce wind turbinescasd the limitations for
upscaling by means of decreased wind turbine loads underal@perational conditions,

Fault Tolerant Control (FTC), to prevent unnecessary staingls means of an integration
of self-adaptive controls and detection methods for corepbdegradations.

Extreme Event Control (EEC), to reduce turbine costs and iserekelectricity production
certainty by means of turbine loads reduction during exér@perating conditions,

Optimal Shutdown Control (OSC), to avoid of accumulation afn@ge during shutdowns
resulting from serious defects by means of condition-gjpesiiutdown control.

The project consortium consists of the following six parties

14

» Energy research Center of the Netherlands (ECN): ECN is coatali of the project and

performs the planned research together with TUD, and to adessend with GH.

Delft University of Technology (TUD): The TUD is involved inighproject with research
in the field of fault detection and fault tolerant control.

Garrad Hassan & Partners Ltd. (GH): The consultant GH wadvadan this project for
reviewing and advice.

Nordex Energy GmbH (Nordex): Nordex, a German wind turbirenuofacturer, was in-
volved in this project for supporting experiments on a N8Adwiurbine located on ECN’s
test field in Wieringermeer (EWTW). Nordex withdrew itself frahe project; the planned
experiment were preformed on a Mitsubishi wind turbine.

ALSTOM Wind (ALSTOM): ALSTOM is a Spanish wind turbine manufactunéhich, due
to the synergy between this project and ongoing researdbrperd by ALSTOM itself,
supported system identification experiments on an Eco100 tuihéhe in Spain.

Mitsubishi Heavy Industries, Ltd (MHI): MHI is a Japanesenditurbine manufacturer
which is much interested in control methods that can redoeenind turbine loads. For
this reason, MHI provided a prototype wind turbine for fopermental verification of the
OFC, EEC and OSC methods.
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Description of the results, bottlenecks and application perspective

Results

OFC (Partl)

Within OFC methods have been developed to design feedbattotfotussing on the reduction
of fatigue loads (Sectio 1). “Individual pitch control” (IP@round multiples of the rotational
frequency (multi-mode IPC) appeared to be a promising ofitiofoads reduction on both rotat-
ing (blades and shaft) and non-rotating (nacelle, towarypmments. For this purpose, algorithms
have been developed for IPC-1p, IPC-2p and higher, making fuse-called multi-blade trans-
formations. Time domain simulations have shown that a coatlin of IPC-1p, IPC-2p and
IPC-3p can make it possible to realize a reduction of fatigiel$ on different components, up
to 20-30%. To achieve that, however, it appeared that afgignt effort is required from the
pitch actuators, which is often the limiting factor in piiaetfor the application of higher mode
IPC (IPC-2p and higher). Furthermore, it is shown in Sedfion 2dahaven further loads reduc-
tion is achievable when above-mentioned feedback conlgotighm is combined with so-called
“feedforward IPC control” based on estimated blade effectwnd speeds.

To get the most out of the pitch actuators, a procedure hasdmeloped in Sectidd 3 to manage
in an optimal way hardware limitations on blade pitch angleeed and acceleration. To this
end, the available actuator capacity gets first transforroeuulti-blade coordinates and next
distributed between the different IPC loops, thereby giatvgays priority to the collective pitch
control (CPC) algorithm. In this way, the CPC gets the posgjbib use all needed actuator
capacity (within given limits) for controlling the rotor epd, while the IPC is allowed to consume
the remaining actuator capacity to reduce loads.

Further, attention has been paid to algorithms for comp#@msat aerodynamic imbalance, which
can have such a disturbing effect on the IPC that (mostly) téeaels can significantly increase.
A quasi-static algorithm has been developed that can cosaperthe effect of static aerodynamic
unbalance completely under the conditions that offset-flade root moment measurements are
available. This condition cannot be satisfied with the cutyevailable sensors. Therefore, atten-
tion has also been paid on different alternatives which aser top acceleration measurements
instead of blade load measurements. An additional drawbfittiese alternatives is that their op-
eration can be disturbed by possibly present mass imbgl#reafluence of which is also (just
as with aerodynamic imbalance) visible in the measuredité@gaccelerations. Due to this, it
gets very difficult to make a clear distinction between aenagiyic and mass imbalance, and as a
result the alternative algorithms also (partially) comgsee for the mass imbalance, which could
be undesired due to the fact that the loads can, in theomgase. Detailed simulation studies,
however, show that the advantages outweigh this drawbacekrédults are, however, confidential
and are not described in this public report.

Concerning stability analysis, the existing methods foedir systems in the literature are in most
cases sufficient due to the fact that often linearized comodlels are used in the controller
design.An exception to this is IPC-2p, which involves aniisic nonlinear, periodic model. For
stability analysis of IPC-2p loops, a method is developed irti8e[4 based on Floquet analysis
of periodic systems.

For the purpose of performing simulations with the différeantrol algorithms of the SusCon
concept, and more specifically with IPC, a model is developediwas as inputs fictive, blade-
effective wind speeds. These 3 signals (for a 3-bladed wirturte) are realistic in the sense
that they are designed in such a way that the resulting arewdic moment on the rotor has the
same spectral characteristics as the moment that resudts thib rotor rotates in a 3-dimensional
wind field. A procedure for the generation of blade-effectited speeds is developed in Section
B, which speeds up the simulation, and thus also the wholeaitem design process. However,
for a reliable verification of the performance of the IPC altforis with respect to loads, a much
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more detailed modeling is required. The current Blade Eleivamentum (BEM) based mod-
els, used standardly in commercial aeroelastic simuldtots such as Phatas and Bladed, have
shortcomings in the description of the unstationary aemadyics on the one hand, and the differ-
ent working conditions of the blades on the other hand, whrehtypical when individual blade
pitching is used as in IPC control. A so-called “free vortexke/amodel is considered a better al-
ternative for loads analysis when an IPC controller is usethis project, some improvements are
made to the “free vortex wake” model which form an importamttcibution to the development
of the model for detailed loads analysis of IPC algorithmssTthodel will be further developed
in the continuation project “Improvement of advanced desgimpls” (see Section “Application
perspective” below).

FTC (DeeldI)

Fault tolerant control, considered in Part Ill of this refpaims at avoiding standstill in cases of
minor sensor and actuator faults by means of fault deteeatoireconfiguration of the controller.
In relation to IPC control, a failure of a blade sensor can e ses a minor fault. Depending
on the available instrumentation, it is possible to eithétch off the IPC controller (if the blade
sensors are not redundantly implemented), or replace titty facasurement by a healthy one (if
the blade sensors are doubly implemented). In the formeritasffices to detect the sensor fault
(fault detection), but it is not strictly necessary to pdire sensor that has failed (fault diagnosis).
Inthe later case, however, fault diagnosis is preferretia®ffers the possibility to accommodate
numerous sensor faults before maintenance needs to tate dlhis makes it possible to better
plan the maintenance, which can significantly reduce the O&M<related to IPC control.

In Section 6 an algorithm is described that has been develfypeatie detection and diagnosis
of faults in blade root moment sensors, in pitch and yaw &otsa The algorithm is based on
an advanced observer that has the property that it is almsshsitive to disturbances from the
wind, but at the same time is sensitive to sensor and actteitis. By adding a realistic wind
model to the wind turbine model, it becomes possible to eynplso-called Kalman filter for
reconstruction of the state of this augmented model. Thewakbf the Kalman filter, i.e. the
difference between the measured signals and the estimdke diiter, has the properties of a
white noise process during normal operation. In case of i faowever, the mean value of this
residual signal undergoes a significant change to realizéatiie detection with a GLRT test
within a second.

A comparable approach is also used in Sedfion 7 for the detectifaults in the yaw motor. The
mechanism of controller reconfiguration is, however, congbyedifferent in this case: after yaw
motor failures detection, a specially developed IPC colatrddlecomes active which generates a
yawing moment on the rotor. It is shown that this IPC yaw cdi@racan be designed in such
a way that it has approximately the same properties as theentional yaw controller. Wind
turbine yawing with individual blade pitching is, howevatways accompanied with additional
blade loads which are unavoidable for the generation of angamoment.

EEC (Par{IV)

Extreme wind gusts and wind direction changes can give risee&yy loads on different wind
turbine components, as well as to unnecessary standstithing at increasing the certainty
of energy production during extreme operating conditi@msalgorithm has been developed in
Sectior 8 for the detection and control of extreme excitatioFhe algorithm uses an estimator
of the blade-effective wind speeds, which estimates ard isa CUSUM test for the detection
of abrupt changes in the mean value of these signals. Thiks@sa rather rapid recognition of
coming wind gusts and changes in the wind direction, whidhin makes it possible to intervene
on time by pitching the blades fast to feathering positioetdiled aeroelastic simulations with
the software tool TURBU demonstrate that the EEC can be desigsedh a way that it does not
trigger during normal production, but triggers timely dwisevere gusts, which makes it possible
to prevent shutdowns due to rotor overspeed. This reseafatiier extended to a procedure that
allows to differentiate between the following six diffetagpes of wind gust classes: (1) rotor-
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coherent wind speed variations, (2) sudden height-depgmd&tion of the wind (“backing and

veering wind”), (3) jet stream, (4) wind direction variatig5) sudden wind shadow in front of a
side of the rotor plane of the wind turbine (“partial wake dition”), and (6) a sudden coherent
vertical component in the wind speed (“sloping wind”). Fbistapproach, a Dutch patent is

granted|[70].

Furthermore, model-based alternatives for the signalseb@JSUM test, and more specifically
the so-called “Generalized Likelihood Ratio test”, haverbewestigated in Sectidd 9. By mak-
ing use of a linearized model of the wind turbine and a lineadet of the “wind disturbance” is
this approach capable to distinct certain wind gusts (g .well-known “Mexican hat”) some-
what faster than the CUSUM test. However, this algorithmilkista very preliminary stage of
development, and it is more specifically not trivial to exténel GLRT such that it can apply to
different mean wind speeds within the operating region efitiind turbine . The simplicity of
the model-free CUSUM test, and the possibility of extendhg telatively easy to the full wind
region (this has already been done in the framework of théragation project FLOW-CDTup,
see Section “Application perspective”), has larger pratti@alue than GLRT.

OSC (Part™M)

OSC has to do with bringing the wind turbine to standstill assult of serious system failures.
This topic is treated in PdrilV, where the focus lies on spedifi@sons, namely pitch actuator
faults and the electrical moment dropping to zero (as ate$ué.g., net loss or shaft fracture).
The aim is to guide the shutdown process in such a way that #us leemain as low as possible.
Methods of different complexity have been developed andpared, from which it becomes
clear that an advanced control algorithm based on “Nontivkzdel Predictive Control” yields
the best result at the price of significant increase of the caatipnal complexity. On the other
hand, a simple shutdown solution based on a standard “pgaffithe blade to feather as fast as
possible”, extended with a notch filter on the tower first fratuyeto prevent its excitation by the
fast pitch action, results in an excellent trade-off betweemputational complexity and loads
reduction.

The developed OSC methods are further improved and fine-tunagtication on the prototype
wind turbine of MHI (see also “Proof-of-principle experinmghbelow).

Experimental modeling (Par\/1)

The experimental modeling is related to the formation of nibdased on measurement data. In
order to obtain useful data, specific experiments on the wirtdrie during normal operation are
necessary, whereby the dynamics relevant for control demigl analyses gets carefully excited
with test signals that are designed specially for that psepoln Sectiofi_15 is described how
these signals can be designed such that no natural fre@seget excited in order to prevent
undesired resonances and unacceptable loads. These teds sige then added to the control
actions blade pitch angle and generation torque, which @mgpated and sent out by the wind
turbine controller at each controller cycle. Further, a nandf methods for system identification
are developed, with the focus on identification in closegldoe to the fact that the wind turbine
controller cannot be deactivated during the experimentgsé&hiechniques are first validated in
simulation studies, and later in Sectlod 16 applied to niéakheasurement data from the Eco100
wind turbine of the partner ALSTOM Wind. The obtained modelsthem first validated using
model validation methods, developed specially for thappse in Sectiofi 15, and later using
detailed aeroelastic model obtained with Bladed. The reshlbw that the developed algorithms
for system identification should be seen as accurate enougtodroller design. The involved
partner in these experiments, ALSTOM Wind, was satisfied wighdisults and took the initiative
to publish the results at four different international emehces ﬂﬂ@ﬂ:ﬁ]).

Proof-of-principle experiments

PoP experiments are performed with the SusCon algorithms OFC,a8E@SC. The prepa-

ration for these experiments, and specifically the fine-tuniiidne algorithms, the experiments
themselves, and the results, are strictly confidential aa@xcluded from this public report. All
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these PoP experiments are performed on a MHI prototype wirldne! in two different mea-
surement campaigns: first the IPC algorithm was tested as fptre @FC in April 2010, and
one year later experiments were performed with EEC and OSC. Tastsexperiments contain
also tests with the combination OFC-EEC-OSC, which represkatiitgest part of the SusCon
concept. The PoP with FTC is performed using the measurementlotaiaed during the second
measurement campaign (no separate PoP experiments with FTiCbeoperformed, see “Bot-
tlenecks”). The results from all experiments are receivag pesitively by the project partner
MHI, and demonstrate that a reduction of fatigue loads omtages of up to 17% can be realized
with OFC, while the extreme loads in certain cases drop by athras 50% with EEC and OSC.

Bottlenecks

During the course of the project, the following bottlenebkse arisen:

e The contractual end date of December the 31, 2009, is shift20l08 to December the 31,
2011, due to strong personnel undermanning during the firsbpéhe project, as well as
a substantially longer throughput time of the industriattiea for the Proof-of-Principle
experiments,

» The industrial partner Nordex withdrew itself from the corisim on November the 17,
2009. Nordex has come to this decision on the basis of a lotegnial discussion and
detailed presentations, that were held by ECN on May the 289,28t the premises of
Nordex in Norderstedt (Hamburg), over aspects relatedd@dimtent and the execution of
the experiments related to the integral SusCon concept. Threremsons were personnel
shortage and a very tight time-to-market schemes for newldpments. As a results, it
became unacceptable to make available enough staff fongefp wind turbine experi-
ments for execution of the PoP of the SusCon-concept. Shotdy, MHI was requested
to perform the SusCon concept PoP experiments, and luckily dipeared to be hap-
pily surprised with this request, which made the executioallplanned PoP experiments
possible.

» Atthe end of 2011, the end date of the project was shiftethagalune the 30, 2012, due
to the long absence of the original project leader Tim van Emg@ue to illness on the one
hand, and the fact that the FTC experiments could not be pegfibon time on the other
hand. In the first half of 2012, due to a large operations pldio¢he nacelle of the wind
turbine of MHI, it subsequently became clear that the FTC Polraxjents could anyway
not take place. In the beginning of 2012 it was agreed upolm Agfentschap NL that the
PoP experiments will be done based on simulations with thevacé Bladed and using the
measured data obtained during the other PoP field tests.

Application perspective

The developed methods, and the integrated SusCon contraagdprwill be further developed

after the termination of the project in mutual coherencehwiite product development in the
area of measurements. The focus lies on the developmentaithlgs that can be integrated
into the process controllers of prototype wind turbines. Phgoose of this is, by performing

tests of a much larger duration than in this project, to um@éoSusCon concept from its teething
troubles and make the market enthusiastic about it. Theikaterbe done chiefly by presenting
the concept as a “proven technology”. To this end, alreadigrbehe actual termination of this

project, two continuation projects have been defined withn“Far and Large Offshore Wind

Innovation” programme (FLOW):

18 ECN-E-12-028



 “Control Design Tool Upgrade” (CDTup), number P201101-@&@N: This project repre-
sents the first phase of a large-scale upgrade of the Contsiyddool (CDT) of ECN,
a tool for the design of industrial wind turbine controlleBuring this first phase, the al-
gorithms OSC and EEC, as developed in the SusCon project, willlteet improved and
implemented into the CDT.

* “Improvement of advanced design tools”, number P2012038BCN: In this continuation
project, representing the second phase, the remaining 8uslgorithms (hamely, OSC
and FTC) will be improved and added to the new tool, and the cet@montroller (incl.
the whole SusCon concept) will be extensively tested on adda prototype wind turbine
of the Dutch wind turbine manufacturer 2-B Energy.

Furthermore, at the moment of writing of this report, it isHgeivorked on a third related FLOW
project proposal with the wind turbine manufacturer XEMCrdiad as partner. This project
will aim at improvement of the new tool by means of verifyiigon a 3-bladed wind turbine .
The market introduction of the new control tool is expectethmyear of 2013.

After that, the advantages of SusCon will be taken into caratibn in the design of the next
generation wind turbines, so that these are calculatedfeer loads. This will firstly concern
turbines of the current size, and after that much larger ohep to the optimal size of 10 MW
or larger for offshore wind energy generation.

Description of the contribution to the governmental goals

Contribution to the sustainable energy economy

The project contributes to the main aim of making offshoredr@nergy competitive with fossil
energy production on land in 2020 by means of increasing h#adility and reduction of the
structural loads, or making these more uniform. The lattdtana further upscaling possible, at
powers of up to 10 MW or even more. A size of 10MW or more is nédddinally bring down
the costs for offshore wind energy to the required level. Téwe control concepts have a central
position in this, and will contribute to a large extend to rimgkefficient building techniques
possible that take part of the required breakthrough tdolggdor upscaling.

The development of fundamentally other operation concepiadlividual wind turbine and clus-
ters will strongly increase the availability and reduce heblems related to the grid integration.
The “Extreme event control” method strongly increases th&airgy of energy generation during
storm fronts. Due to “Fault Tolerant Control” the wind tunbs can, in spite of small defects,
continue its operation, resulting in less standstill an@tds planning of maintenance.

It is expected that, due to SusCon, the costs of offshore wonslersion will decrease by about
16%: 11% due to increased availability, 2.5% due to redusadd, and ahother 2.5% due to less
mainenance costs. Concerning the offshore wind convardleei Netherlands, this boils down to
the avoidence of usage of primary energy of around 8.2PJ jperiry2020.

Strengthening the knowledge position of the Netherlands

Wind conversion offshore is a spearhead in the LT-EOS progranwith design knowledge as
research area. Concerning both the spearhead and thecteaesas, ECN Wind Energy belongs
to the world top of the research institutes, as becomesfttaarits role in the European Academy
of Wind Energy (EAWE), the role as coordinator of the Integra®@edject “UpWind” within the
European 6th Framework Programme, and the involvement in thegpBan projects STABCON
and DOWNVIND.
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At the TUD, department Delft Center for Systems and Control$Q{, under the leadership of
Prof. Michel Verhaegen, there is high-quality technical\wteaige in the field of Fault Tolerant
Control and classical control theory. The affinity with winceegy is high.

This project delivers knowledge in the area of methods foratpey offshore wind energy gen-
erators with a strong innovative character:

 control, monitoring and supervision and integrated ferfirst time in such a way, that the
availability of the wind turbines substantially increases

 pioneering control algorithms are developed in the fieldatiue load reduction and con-
trol during extreme wind conditions as strong wind gusts;

« for the first time attention is being payed to stopping thedaturbine due to serious failure
with minimum subsequent damage.

This is very favourable for the knowledge position of the Nelinds because this knowledge
cannot easily be made operational without the expertigeighauilt up during the execution of
this project. The strengthened knowledge position in the fialds possibilities for substantial
knowledge export, given the enormous potential of wind eosion and the applicability of the
methods on both offshore and onshore wind energy.

To protect the developed knowledge, the following patepliaptions have been submitted:

[IE] van Engelen, T., L. Machielse and S. Kanev (2010): Methadl system for wind gust
detection in a wind turbine. Publication number NL C 2005400.

[Iﬂ] van Engelen, T. (pending): System and method for compieigs@tor imbalance in a wind
turbine. International publication number WO 2010/016A64

[@] Kaney, S., J. Schuurmans and T. van Engelen (pending): rapmaand method for Indi-
vidual Pitch control in Wind turbines. Publication number P&20US.

Spin off inside and outside of the sector

A product/market combination is formed by control systemsdffshore wind turbines for the
electricity market. The wind turbine manufacturers playrapartant role here. Because SusCon
will appear interesting also for the onshore wind energyweasion, the market is expected to
take a worldwide size, but will mostly be concentrated in perdNorth America and Azia.

The developed integral control approach can lead to new ptadkvelopment in the field of
measurement equipment and actuation after terminatiomegpitoject, with the emphasis on the
adaptation of the pitch actuators to make multi-mode imldigi control possible, as well as on
improvement of the quality and reliability of the load me@sunent devices for IPC.

Overview of publications

In the list below, all publications related to this projece disted, where the numbering corre-
sponds to that in the Bibliography at the end of this report.

[IQ] Carcangiu, C., |I.LF. Balaguer, S. Kanev and M. Rossetti {20Closed-Loop System Iden-
tification of Alstom 3MW Wind Turbine. Proceedings of IMAC XXIXJacksonville-FL,
USA

[IE] Carcangiu, C., S. Kanev, M. Rossetti and |.F. Balaguei(): System Identification on Al-
stom ECO100 Wind Turbine. Proceedings of the POWER-GEN IntemmatiConference.
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[Iﬁ] Font, I., S. Kanev and M. Rossetti (2010): System identificaon the ECO 100 wind
turbine. poster in the European Wind Energy Conference.

] Font, I., S. Kanev, D. Tcherniak and M. Rossetti (2010):t8ysidentification methods on
Alstom ECO 100 wind turbine. Proceedings of The Science of Makargue from Wind
Conference. FORTH, Heraklion, Crete, Greece.

[@] Kanev, S. (2009): Dealing with actuator constraints inltimmode blade load reduction
control. Report ECN-Wind Memo-09-069, ECN Wind Energy.

[@] Kanev, S. (2009): System identification from BLADED simubeits with the Ecotécnia
100 wind turbine. Confidential report ECN-X-09-026, Energy d2esh Centre of the
Netherlands (ECN).

[@] Kanev, S. (2009): System identification from field measumsen Ecotécnia 100 wind
turbine. Report ECN-X—-09-089, Energy Research Center of #thé¥lands.

[@] Kanev, S. and T. van Engelen (2009): Exploring the Limitsridividual Pitch Control.
Proceedings of the European Wind Energy Conference (EWEC). Meyseance.

[@] Kaney, S., J. Schuurmans and T. van Engelen (pending): rApmaand method for Indi-
vidual Pitch control in Wind turbines.

[IE] Kanev, S. and T. van Engelen (2008): Wind Turbine Extremst@ontrol. Report ECN-
E—08-069, ECN Wind Energy.

[@] Kanev, S. and T. van Engelen (2010): Wind Turbine Extremst@entrol. Wind Energy,
13(1):18-35.

[@] Selvam, K., S. Kanev, J.W. van Wingerden, T. van EngelenMn&erhaegen (2009):
Feedback-feedforward individual pitch control for windhime load reduction. Interna-
tional Journal of Robust and Nonlinear Control, 19(1):72-9

[Iﬁ] van Engelen, T. (2006): Design model and load reductasessment for multi-rotational
mode individual pitch control (higher harmonics controBroceedings of the European
Wind Energy Conference. Athens, Greece.

[IE] van Engelen, T. (2007): Control design based on aeraehgdrvo-elastic linear models
from TURBU (ECN). Proceeding of the European Wind Energy ConfegeMilan, Italy.

] van Engelen, T. (pending): System and method for compiggsator imbalance in a wind
turbine.

[@] van Engelen, T., L. Machielse and S. Kanev (2010): Methadl system for wind gust
detection in a wind turbine.

[@] van Engelen, T. and P. Schaak (2007): Oblique Inflow ModeA&sessing Wind Turbine
Controllers. Proceedings of the 2nd Conference on The Scidndaking Torque From
Wind. Lyngby, Denmark.

[@] van Engelen, T., J. Schuurmans, S. Kaneyv, J. Dong, M. Vgdraand Y. Hayashi (2011):
Fault tolerant wind turbine production operation and sbwidl (Sustainable Control). Pro-
ceedings of the EWEA Conference. Brussels, Belgium.

[@] Wei, X. (2009): Fault Detection of Large Scale Off-shoren@&/Turbine Systems. Report
09-044, Delft University of Technology.

ECN-E-12-028 21



[@] Wei, X. and M. Verhaegen (2008): Fault Detection of LaBgmale Wind Turbine Systems:
A mixed H_infinity/H_ Index Observer Approach. Proceedingthef16th Mediterranean
Conference on Control and Automation. Ajaccio, France.

[@] Wei, X. and M. Verhaegen (2008): Mixed H_infinity/H_ind€&ault Detection Observer
Design for LPV systems. Proceedings of the 47th IEEE Conferen@eoision and Con-
trol. Cancun, Mexico, pages 1073-1078.

[@] Wei, X. and M. Verhaegen (2009). Mixed H_/H_infinity Dym& Observer Design for
Fault Detection. Proceedings of the European Control Conéere Budapest, Romania,
pages 1913-1918.

[@] Wei, X. and M. Verhaegen (2009): Robust Fault Detect@bserver Design for LTI Sys-
tems Based on GKYP Lemma. Proceedings of the European Contrdé@ace. Bu-
dapest, Romania, pages 1919-1924.

[@] Wei, X. and M. Verhaegen (2009): Robust Fault Detect@bserver for LTI Systems
with Additive Uncertainties. Proceedings of the 7th IFAC Syisipm on Fault Detection,

Supervision and Safety of Technical Processes (SAFEPROCESS). Bexcgfmin, pages
756-761.

[@] Wei, X., M. Verhaegen and T. van Engelen (2008): Sensalt Eaagnosis of Wind Tur-
bines for Fault Tolerant Control. Proceedings of the 17thlMoongress of IFAC. Seoul,
Korea, pages 3222-3227.

[@] Wei, X., M. Verhaegen and T. van Engelen (2010): SensaitfE2etection and Isola-
tion for Wind Turbines Based on Subspace Identification andnidal Filter Techniques.
International Journal of Adaptive Control and Signal Proices24(8).

Project data

Project number: EOSLT02013

Project title: Sustainable Control. A new approach to opesate turbines

Coordinator: ECN

Partners: TU-Delft, Mitsubishi Heavy Industry, ALSTOM WindphNiex, Gerrad Hassan
Period: 1 January 2006 - 30 June 2012

Contact: S. Kanev (ECN), email: kanev@ecn.nl

This project is carried out with subsidy from the Ministry ofdbomic Affairs, Agriculture and
Innovation, regulation EOS: Long Term carried out by Agentpdih.
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Samenvatting

Samenvatting van uitgangspunten

Omuwille van het milieu en toekomstige generaties, heeft ddedandse overheid zich ten doel
gesteld om de energievoorziening op korte termijn te verzhmen door middel van winden-
ergie. De overheid hanteert hierbij een ambitieuze ddifgjevan 6000MW offshore (2020).
Economische offshore windconversie is echter pas mogdfijki@ kostprijs omlaag gaat en de
investeringsrisico’s aanvaardbaar zijn.

Het break-even point voor offshore windconversie zou roda52liggen. Hiervoor is opschal-
ing nodig van de windturbines tot een vermogen van 10MW ofrmeeverband met de hoge
fundatie- en installatiekosten offshore. Ook is het no&dligk om de betrouwbaarheid van de
windturbines sterk te verhogen door afdoende beschikbahranwege de slechte toeganke-
lijkheid offshore (Noordzee: ca. 60%). Dit betekent dat effshore windturbine moet kunnen
doordraaien onder nagenoeg alle omstandigheden en orklailesmankementen. Een beschik-
baarheidverhoging van 70 naar 85% mag worden verwacht bisabstantieel verhoogde be-
trouwbaarheid. Zo’'n verhoogde betrouwbaarheid heeft obgeeolg dat veel minder ongepland
onderhoud nodig is en dat de zekerheid van levering veetgi®t\Vervanging van een kwart van
ongepland door gepland onderhoud leidt tot verlaging vaardkerhoudskosten met zo'n 10%.
Dit, terwijl offshore de onderhoudskosten nu zo’n 25% vartatale kosten van de opgewekte
windenergie bedragen.

Regeling gaat een steeds belangrijkere rol spelen en vemdangrijpingspunt om kostenreduc-
ties te realiseren. De afgelopen jaren zijn nagenoeg ahdtwibinefabrikanten overgegaan op
het zogenaamde “geregelde windturbine concept”. Hiermnmeibedoeld dat de bladen actief
versteld kunnen worden en het rotortoerental kan varidbeze vrijheidsgraden bieden uitstek-
ende mogelijkheden tot

 reductie van vermoeiings- en extreme belastingen (bladeen, gondel, transmissie),

» aanpassing van de bedrijfsvoering aan alle wisselendetemee omstandigheden (slijtage,
kleine defecten, seizoensinvloeden, enz.).

Door de recente overgang naar dit turbineconcept wordem degelijkheden nog weinig benut.
Dit project maakt de mogelijkheden toegankelijk voor daumie generaties windturbines met een
schaalgrootte van 10MW of meer. De nieuwe regelconceptend® individuele turbine staan
hierin centraal en zullen in hoge mate bijdragen aan het hjlogeaken van efficiénte bouwtech-
nieken die deel uitmaken van de vereiste doorbraaktecgmloor opschaling. De ontwikkeling
van fundamenteel andere bedrijfsvoeringconcepten vadriduele turbines en clusters daarvan,
zal de beschikbaarheid sterk doen toenemen en de probleanatewnetinpassing doen afnemen.
De hiervoor gekozen benaderingswijgestainable Contro{SusCon) is sterk vernieuwend ten
opzichte van al het lopende onderzoek, zowel nationaah&snationaal. In SusCon worden
regelen, bewaken en beveiligen geintegreerd, hetgeeroeenrdak betekent.

Doelstelling en samenwerkende partijen

Het hoofdprobleem in het onderzoeksthema “Opwekking emdsing”, speerpunt “offshore
windconversie”, wordt gevormd door de kostprijs en zekietlian levering van offshore opgewekte
elektriciteit uit wind. Dit is voor een groot deel te wijtearmeen te lage beschikbaarheid. Verder
Zijn veel grotere turbines nodig (tot 10MW of meer). Dit visteaanzienlijk lagere turbinebe-
lastingen. Het behoud van stabiliteit wordt daarbij ingew@ider omdat de trillingsfrequenties
van de turbine dichter bij elkaar komen te liggen en ook dichij de aanstootfrequenties van
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wind en golven. Deze problematiek is voor een aanzienligd tize te schrijven aan de huidige
stand der techniek voor wat betreft de bedrijfsvoering.

Het doel van dit project is om via de bedrijfsvoering een taiitgeel deel van de oplossing te
bereiken voor de volgende specifieke problemen

1 onnodige stilstand door geisoleerde benadering vanimggat turbinebeveiliging,
2 hoge kosten en opschalingbeperking door hoge turbingtbeian en stabiliteitsproblemen,
3 onzekerheid van levering en hoge belastingen bij extregereondities,

4 opstapeling van schade bij turbine shut-down als gevaigevastig mankement.

Dit doel wordt gerealiseerd door een integrale benadesimes, SusCon, voor de bedrijfsvoer-
ing van offshore windturbines te ontwikkelen. In deze bemidjswijze zijn vier onderdelen te
onderkennen die in de vorm van methoden beschikbaar woektald:

1 Optimized Feedback Control (OFC), voor reductie van de nhaHzdsten en verlichting van

de opschalingbeperking door verlaagde turbinebelastimgeler normale bedrijfscondi-
ties;

2 Fault Tolerant Control (FTC), ter voorkoming van onnodigkstsind door integratie van

zelf-aanpassende regelingen met detectiemethoden vogareentdegradatie.

3 Extreme Event Control (EEC), voor reductie van de turbinekostehet verhogen van de

zekerheid van levering door verlaagde turbinebelastingeter extreme bedrijfscondities;

4 Optimal Shutdown Control (OSC), ter voorkoming van opstagefan schade bij turbine

shut-down als gevolg van een ernstig mankement door cesgécifieke regeling naar
stilstand.

Het projectconsortium bestaat uit de volgende zes partijen

24

Energie onderzoekcentrum Nederland (ECN): ECN is aanvraggreavoerder van dit
project en verricht het beoogde onderzoek samen met TUD egpierkte mate GH.

Technische Universiteit Delft (TUD): De TUD houdt zich binmdit project bezig met
onderzoek op het gebied van detectie van falen en Faultafdl€ontrol.

Garrad Hassan & Partners Ltd. (GH): Binnen het project e consultant GH een
belangrijke rol op het gebied van projectsturing en revigwi

Nordex Energy GmbH (Nordex): Nordex, een Duitse windtuelfabrikant, was betrokken
in dit project voor de ondersteuning van experimenten aanN&® wind turbine op het
ECN testveld in de Wieringermeer (EWTW). Nordex heeft zich ggetrokken van het
project; de geplande experimenten zijn verricht met eesbishi windturbine.

ALSTOM Wind (ALSTOM): ALSTOM is een Spaanse windturbine fabrikatie vanwege
de synergie tussen dit project en door ALSTOM zelf voorzieneonoek, meewerkte aan
systeemidentificatie experimenten aan een Eco100 windeimi8panje.

Mitsubishi Heavy Industries, Ltd (MHI): MHI is een Japansaeliurbine fabrikant die
nadrukkelijk geinteresseerd is in regelmethoden diertefiglastingen verder kunnen ver-
lagen. Hiertoe stelde MHI haar MHI-92 prototype turbinediekbaar voor experimenten
met OFC, EEC en OSC.
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Beschrijving van de resultaten, knelpunten en perspectief voor toepassing

Resultaten

OFC (Deell)

Binnen OFC zijn methoden ontwikkeld voor het ontwerp vandkoppelregelingen waarin re-
ductie van vermoeiingsbelastingen centraal staat (Hoaft@®. “Individual pitch control” (IPC)
rond veelvouden van het toerental (multi-mode IPC) is eelbeém/ende optie gebleken waarmee
de belastingen op zowel roterende (bladen en as) als rniegxerale (gondel, toren) onderdelen
kunnen worden verlaagd. Daarvoor zijn algoritmen ontwitkeoor IPC-1p, IPC-2p en hoger,
via zogenaamde multi-blade transformaties. Tijdsdomiemulsities hebben uitgewezen dat een
combinatie van IPC-1p, IPC-2p en IPC-3p te nemen, een verngsbighasting reductie op ver-
schillende onderdelen tot wel 20-30% mogelijk in vollashdities. Het is wel gebleken dat
daarvoor een aanzienlijke inspanning van de pitchacteatervereist. Dit is vaak de beperkende
factor voor de toepassing in het praktijk van hogere mode IPC-p en hoger). Daarnaast
is verder in Hoofdstuk]2 ook aangetoond dat nog verdere tfiedasductie mogelijk is als het
bovengenoemde terugkoppelalgoritme voor IPC-1p wordtmbateerd met zogenaamde “feed-
forward IPC control”, op basis van geschatte bladeffectiewvelsnelheden.

Om het meeste uit de pitchactuatoren te halen, is in Hodé@®en procedure beschreven voor
het zo optimaal mogelijk hanteren van de hardware limiepelblad pitch positie, snelheid en ver-
snelling. Daarbij wordt de beschikbare actuatorcapdeiteidt getransformeerd naar multi-blade
codrdinatenen, en vervolgens verdeeld onder de versatidléPC lussen, waarbij de snelheid-
sregeling met het collectief bladverstelalgoritme (CP@)daprioriteit heeft voor de IPC algo-
ritmen. Op deze manier wordt het CPC algoritme in staat gestel alle daarvoor benodigde
actutatorcapaciteiten (binnen bepaalde grenzen) te igebrom het toerental goed te regelen,
terwijl het IPC de beschikking krijgt over de resterende attit capaciteit om belastingen te
reduceren.

Verder is er gekeken naar algoritmen voor compensatie vaalpeamisch onbalans, hetgeen een
dermate verstorende werking kan hebben op de IPC dat met maembdelastingen flink kunnen
toenemen. Een quasi-statisch algoritme is ontwikkeld diaeffiect van statisch aerodynamisch
onbalans volledig kan compenseren onder de voorwaardesr défset-vrije bladwortelmoment
metingen beschikbaar zijn. Omdat met de huidige sensoetnwairdt voldaan aan deze voor-
waarde is er ook gekeken naar verschillende alternatieleemndplaats van bladmetingen, toren
top versnellingsmetingen gebruiken. Een bijkomend nadaeldeze alternatieven is dat hun
werking kan worden verstoord door een eventueel aanwezagsaonbalans, het effect waarvan
ook (net als dat van aerodynamisch onbalans) te zien is ieahetgn torentopversnelling. Daar-
door wordt het erg lastig onderscheid te maken tussen aeaotigch en massa onbalans, en als
gevolg daarvan compenseren de alternatieve algoritmeiigaaleeltelijk) voor de massa onbal-
ans. Dit is ongewenst doordat de belastingen in theorieerolidnnen toenemen. Gedetailleerde
simulatieresultaten tonen echter aan dat de voordelenrdesaaegen dan dit nadeel. Echter zijn
deze resultaten strict confidentieel en zijn daarom niet e&tim dit openbaar rapport.

Met betrekking tot stabiliteitsanalyse zijn de bestaan@¢hwden voor lineaire systemen in de
literatuur in de meeste gevallen al voldoende, omdat vahhkeggiseerde regelmodellen worden
gebruikt bij het regelaar ontwerp. Een uitzondering hiem[PiIC-2p, dat gepaard gaat met een
niet-lineair, periodiek model. Voor de stabilitietsarsdywan IPC-2p is er een methode ontwikkeld
in Hoofdstu 4, gebaseerd op Floquet analyse voor periodighemen.

Ter behoeve van de simulaties met de verschillende regeiaigen van het SusCon-concept, en
in het bijzonder IPC, is een model ontwikkeld waarbij wordivgekt met fictieve, zogenaamde
blad-effectieve windsnelheden. Deze 3 signalen (bij ebla8ige molen) zijn realistisch in de

zin dat zij zodanig worden ontworpen dat het resulterendedg@amische koppel op het rotor
dezelfde spectrale eigenschappen heeft als het koppetsldtaert als de rotor draait in een 3-
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dimensionaal windveld. Een procedure voor de generatie kahdifectieve windsnelheiden is
ontwikkeld in Hoofdstukb, wat de simulatie, en dus ook hé¢ negelaar ontwerpproces aanzien-
lijk versnelt. Echter, voor een betrouwbare verificatie varpdestatie van IPC algoritmen met
betrekking tot belastingen is een veel gedetailleerderdetiering noodzakelijk. De huidige, op
Blad Element Momentum (BEM) gebaseerde, modellen die stadde@den gebruikt in com-
merciéle aeroelastische simulatietools zoals Bladed eta®hschieten tekort in de beschrijving
van de enerzijds instationaire aerodynamica, en andermagderschillende werkcondities van de
bladen, welke typerend zijn voor de individuele bladvdlisig bij IPC regelingen. Een zoge-
naamd “free vortex wake” model wordt geacht als beter gé&seloior belastinganalyse bij het
gebruik van IPC controllers. In dit project zijn verbetemggemaakt aan het “free vortex wake”
model welke de toepassing van het model voor een gedetdilemalyse van IPC regelingen een
stap dichterbij zetten. Dit model wordt verder doorontvekkin het vervolgproject “Improve-
ment of advanced design tools” (zie Hoofdstuk “Perspectef voepassing” hieronder).

FTC (DeeldI)

Fout-tolerant regelen, beschouwd in Ogél lll van dit rapdueeft als doel om stilstand te voorkomen
in gevallen van “milde” sensor- en actuator falen door mid@® foutdetectie en reconfiguratie
van de regelaar. In verband met IPC control kan het uitvaltem bijvoorbeeld, een bladsensor
worden gezien als een mild falen. Afhankelijk van de beduhi& instrumentatie kan daarbij
worden gedacht aan het buiten werking stellen van de IPCingglls de bladsensoren niet re-
dundant zijn uitgevoerd), of aan de vervanging van de faatieeting met een correcte (als de
bladsensoren dubbel zijn uitgevoerd). In het eerste gevatti voldoende om te detecteren dat
een sensor faalt (fout detectie), maar het is niet striktlmakelijk om de sensor die gefaald heeft
te kunnen aanwijzen (fout diagnose). In het laatste gewaleaegen verdient fout diagnose de
voorkeur omdat men dan meerdere sensor falen kan “accommerddeordat onderhoud moet
plaatsvinden. Dit maakt het mogelijk het onderhoud betgtdanen wat de O&M kosten m.b.t.
IPC control flink kan reduceren.

In Hoofdstuk® wordt een algoritme beschreven voor de detect diagnose van falen in blad-
wortelmoment sensoren, en pitch en krui actuatoren. Hetriathge is gebaseerd op een gea-
vanceerd observer, met de eigenschap dat het vrijwel oefigvs voor verstoringen van de
wind, maar tegelijkertijd wel gevoelig is voor sensor eruatbr falen. Door een realistisch wind
model toe te voegen aan het windturbine model wordt het njkgeh een zogenaamd Kalman
filter te gebruiken voor de reconstructie van de toestand idawymented model”. Het residu
van het Kalman filter, d.w.z. het verschil tussen de gemetgraiin en de schatting van het filter,
heeft bij normaal bedrijf de eigenschappen van een wittesignaal. In geval van falen verandert
de gemiddelde waarde van het residu dermate dat foutdeteeti een GLRT test binnen ca. 1
seconde geschiedt.

Een soortgelijke aanpak is gevolgd in Hoofdsfuk 7 voor dedlietevan kruimotor falen. Het

mechanisme van reconfiguratie van de regeling is hier ecbtered anders: bij kruimotor falen
wordt een speciaal ontwikkeld IPC regeling in werking geztekbn kruimoment op de rotor
opwekt. Het is aangetoond dat deze IPC kruiregeling zodaamgvikorden ontworpen dat het
ongeveer dezelfde dynamische eigenschappen vertoond alsrohale kruiregeling. Het kruien
van de windturbine met individuele bladverstelling gaditec altijd gepaard met extra bladbe-
lastingen welke onmisbaar zijn bij het opwekken van eemkament.

EEC (DeellV)

Extreme windvlagen en windrichtingsveranderingen kune@feh tot grote belastingen op ver-
schillende onderdelen van de windturbine, alsmede tot dignstilstand. Met als doel om de
zekerheid van levering onder extreme bedrijfsconditiesetbogen, is in Hoofdstuk 8 een algo-
ritme ontwikkeld voor de detectie en het pareren van extreamstotingen. Het algoritme maakt
gebruik van een schatter van de bladeffectieve windsraghei Deze schattingen worden ver-
volgens gebruikt in een CUSUM test voor detectie van abrugtanderingen in de gemiddelde
waarde van deze signalen. Dit resulteert in een vlotte In@ikg van aankomende windvlagen
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en veranderingen in de windrichting, dat ertoe leidt datpetijol kan worden ingegrepen door
de bladen snel naar vaanstand te verstellen. Gedetadleerdelastische simulaties met de soft-
ware tool TURBU tonen aan dat het EEC zodanig kan worden ontwatathet niet aanspringt
tijdens normaal bedrijf, maar wel tijdig aanspringt bijtiavlagen met als gevolg dat veiligheids-
shutdown door overtoeren van de rotor vaak kan worden veemddit onderzoek is verder uit-
gebreid naar een procedure waarmee een onderscheid kaeanngethaakt tussen de volgende
zes windvlaagklassen: (1) rotor-coherente windsnelkeristie, (2) plotselinge hoogte afhanke-
lijke draaiing van de wind (“backing and veering wind”), {8jstroom, (4) windrichtingsvariatie,
(5) plotselinge windschaduw voor een zijgedeelte van hetrvtak van de windturbine (“partial
wake condition”), en (6) door een plotselinge coherentdaade component in de windsnelheid
(sloping wind). Voor deze werkwijze is een Nederlands alitmrleendﬁb].

Verder is er in Hoofdstukl9 gekeken naar modelgebaseeet@atieven voor de signaal-gebaseerde
CUSUM test, en met name naar de toepassing van de zogenaamilded!iZed Likelihood Ratio
test” (GLRT). Door gebruik te maken van een gelinearizeerdehean de windturbine en een
lineair model van de “windverstoring” is deze benaderingtamt om bepaalde windvlagen (zoals
bijv. de bekende “Mexicaanse hoed”) iets eerder te ondeideh dan de CUSUM test. Dit algo-
ritme staat echter nog in zijn kinderschoenen, en het is m@emiet triviaal de GLRT methode
zodanig uit te breiden dat het kan werken bij verschilleneimigdelde windsnelheden binnen het
werkgebied. De eenvoud van de modelvrije CUSUM test daagenteen de mogelijkheid om
deze relatief makkelijk uit te breiden naar het volledigadygebied (dit is inmiddels gedaan in
het kader van het vervolg project FLOW-CDTup, zie Hoofdstukr&pectief voor toepassing”),
levert grote praktische meerwaarde op ten opzichte van bRTG

OSC (DeellM)

OSC heeft te maken met het tot stilstand brengen van de whid&bij serieus systeemfalen. Dit
onderwerp wordt beschouwd in D€l V, waarbij de nadruk lgspecifieke gevallen, namelijk op
pitch actuator falen en het wegvallen van het elektrischmp&bop de rotor (als gevolg van bijv.
netuitval of as breuk). Het doel is om het shutdown proceslteghnisch zodanig te begeleiden
dat de belastingen zo laag mogelijk worden gehouden. Methoaet verschillende complex-
iteit zijn ontwikkeld en vergeleken, waaruit blijkt dat egeavanceerd regelalgoritme op basis
van “Nonlinear Model Predictive Control” het beste resultaglevert, maar wel ten koste van
een aanzienlijke toename van de benodigde rekenkrachtebtagen biedt een eenvoudige shut-
down oplossing op basis van een standaard “het blad zo srlijixoserstellen naar vaanstand”,
uitgebreid met een notch filter op de toren eerste frequemtieiwoor te zorgen dat de eerste
torenmode niet wordt aangestoten door de snelle pitch, amtie uitstekende afweging tussen
rekencomplexiteit en belastingreductie.

De ontwikkelde OSC methoden zijn verder verbeterd en bigg@stoor de toepassing op proto-
type windturbine van MHI (zie ook “Proof-of-principle experenten” hieronder).

Experimentele modelvorming (Deell\)

De experimentele modelvorming heeft betrekking op hetnjgdn van modellen op basis van
meetdata. Voor het verkrijgen van bruikbare data zijn tiglaormaal bedrijf specifieke experi-
menten aan de windturbine nodig, waarbij de voor regelatwernp en -analyse relevante dyna-
mica wordt voorzichtig geéxciteerd met speciaal daarvatworpen testsignalen. In Hoofdstuk
13 wordt beschreven hoe deze testsignalen zodanig kunnelemontworpen dat er geen eigen
modes worden aangestoten ter vermijding van ongewenstearties en onacceptabele belastin-
gen. Deze testsignalen worden vervolgens opgeteld bij gelaeties bladhoek en elektrisch
koppel die in elke regelcyclus door de regelaar worden ler@len uitgestuurd. Verder zijn
er een aantal methoden ontwikkeld voor modelidentificati@anyij de nadruk ligt op identifi-
catie in gesloten lus doordat de windturbine regeling tiglde experimenten niet mag worden
uitgezet. Deze technieken zijn eerst in simulatiestudmalideerd, en later in Hoofdstlk]16
met echte metingen aan een Ecol00 windturbine van de parttef@M Wind. De verkre-
gen modellen werden eerst gevalideerd met speciaal voatoghbntwikkelde in Hoofdstuk 15
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validatiealgoritmen, en later op gedetailleerde aertistad®e modellen verkregen met Bladed.
De resultaten tonen aan dat de ontwikkelde algoritmen vgsieemidentificatie als nauwkeurig
genoeg voor regelaar ontwerp moeten worden beschouwd. fbakken partner in de experi-
menten, ALSTOM Wind, was dermate tevreden met de resultatehijdeelf het initiatief nam
om de resultaten op vier verschillende internationale exmities te publicererﬂ[ﬂﬂm 23)).

Proof-of-principle experimenten

PoP experimenten zijn gedaan met de SusCon algoritmen OFC, EES@n@ voorbereiding
van deze experimenten en met name het bijstellen van ddtaigor de uitvoering en de resul-
taten zijn strict vertrouwelijk en worden niet beschreverdit openbaar rapport. Al deze PoP
experimenten zijn gedaan aan een MHI prototype windturbiintevee verschillende meetcam-
pagnes: eerst werd het IPC algoritme als onderdeel van OFCii2@p0 getest, en een jaar later
werden experimenten gedaan met EEC en OSC. Deze laatste expieninioevatten ook testen
met de combinatie OFC-OSC-EEC dat het overgrote deel van het SusDoept omvat. Het
PoP met FTC is uitgevoerd aan de hand van meetdata verkregamstie tweede meetcampagne
(geen gerichte PoP experimenten met FTC konden worden uitgbae “Knelpunten”). De re-
sultaten van alle experimenten zijn zeer positief ontvardgor de projectpartner MHI, en laten
zien dat een reductie van de vermoeiingsbelastingen opadebltot wel 17% kan worden gere-
aliseerd met OFC, terwijl de extreme belastingen in bepagdsallen tot wel 50% lager worden
met EEC en OSC.

Knelpunten

Tijdens de loop van het project hebben de volgende knelpuritd voorgedaan:

» De contractuele einddatum 31 december 2009 is in 2008 weedrst verschoven naar
31 december 2011 wegens een sterke personele onderbgiettiet eerste deel van het
project en een aanmerkelijk langere benodigde doorlabpijjde industriéle partners van
de Proof-of-Principle experimenten.

» De industriéle partner Nordex heeft op 17 november 200®ta&n gegeven zich terug
te trekken uit het consortium. Nordex is tot deze beslisggipmen op grond van lang-
durige interne discussies en gedetailleerde presentdieesp 28 mei 2009 door ECN bij
de Nordex vestiging in Norderstedt (Hamburg) zijn gehoydegar inhoudelijke en uitvoer-
ingstechnische aspecten van de experimenten met betgekitihet integrale SusCon con-
cept. De hoofdoorzaken waren personeelsgebrek en erdiastiiake-to-market schema'’s
voor hun nieuwe ontwikkelingen. Hierom werd het beschikisagllen van een voldoende
bemande experimentele windturbine opstelling voor uitvigevan SusCon-concept PoP
experimenten te bezwaarlijk voor de bedrijfsvoering. Siaglrdp volgend is MHI verzocht
om de SusCon-concept PoP experimenten uit te voeren. Tot geomegen bleek MHI
blij verrast te zijn met dit verzoek, zodat de uitvoering \adle experimenten gewaarborgd
bleef.

» Eind 2011 werd de einddatum van het project opnieuw versahaaar 30 juni 2012, en-
erzijds door de langdurige afwezigheid wegens ziekte vamodgpronkelijke projectleider
Tim van Engelen, en anderzijds doordat de PoP experimentdfin@bij MHI niet op tijd
konden worden uitgevoerd. Omdat later ook bleek dat de elitng van de FTC PoP ex-
perimenten ook in de eerste helft van 2012 niet kon plaadgvirdoordat er grootschalige
werkzaamheden waren gepland aan de gondel van de windiw@®mMHI, werd in over-
leg met Agentschap NL begin 2012 besloten de PoP experimemterTC te doen aan
de hand van simulaties met de software GH Bladed en de maetedigregen tijdens de
andere PoP experimenten.
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Perspectief voor toepassing

De ontwikkelde methoden en daarop gebaseerde integradelengswijze van regelen, SusCon,
zullen na het project worden doorontwikkeld in onderlingenenhang met de in gang te zetten
productontwikkeling op het gebied van meet- en regeltesthniDe nadruk ligt hierbij op het
ontwikkelen van algoritmen die opgenomen kunnen worder iprdcescomputers van prototype
windturbines. Het doel hiervan is om via beproevingen vaal l@ngere duur dan in dit project
het SusCon concept van haar kinderziektes te ontdoen en #eenanthousiast voor te maken.
Dit laatste vooral door het concept te kunnen presentesetpabven technology”. Met dit als
doel, zijn al voor afloop van dit project twee vervolg projecgeinitieerd binnen het “Far and
Large Offshore Wind Innovation” programma (FLOW):

 “Control Design Tool Upgrade” (CDTup), nummer P201101-@@N: Dit project is de
eerste fase van een grootschalige upgrade van het ConsigiibEool (CDT) van ECN, een
gereedschap voor het ontwerp van industriéle windturbiégelingen. In deze eerste fase
worden de OFC en de EEC algoritmen, zoals ontwikkeld in het Sugp@mact, dooron-
twikkeld en geimplementeerd in het CDT.

* “Improvement of advanced design tools”, nummer P2012G3HCGN: In dit vervolgpro-
ject, fase 2, worden de resterende SusCon algoritmen (fRr@SiC en FTC) verbeterd
en toegevoegd aan het nieuwe tool, en wordt de completeimgd@icl. het gehele Sus-
Con concept) uitvoerig getest op een 2-bladige prototypelturbine van de Nederlandse
windturbine fabrikant 2-B Energy.

Daarbij wordt op het moment van schrijven van dit rapport gitvaan een derde gerelateerde
FLOW voorstel met de windturbine fabrikant XEMC-Darwind alstpar. Dit project heeft als
doel het nieuwe tool additioneel te verifiéren op een 3-bReigndturbine. De introductie van
het nieuwe regeltool op de markt wordt verwacht in het jad320

Daarna zal al in het ontwerp van nieuwe generaties windtagbiekening worden gehouden met
de voordelen van SusCon, zodat deze voor lagere belastingefemvberekend. Eerst zal dit

turbines van het gangbare formaat betreffen, daarna vetdrgren wel tot aan het voor offshore
windconversie optimale vermogen van 10MW of zelfs meer.

Beschrijving van de bijdrage aan de doelstellingen van de regeling
Bijdrage aan een duurzame energiehuishouding

Het project draagt bij tot de hoofddoelstelling, het cometend maken van offshore windconver-
sie met fossiele opwekking op land in 2020, door verhogingdebeschikbaarheid en verlaging,
dan wel meer gelijkmatig maken, van de turbinebelastinB&raatste maakt verdere opschaling
mogelijk, waarbij moet worden gedacht aan windturbineseeetvermogen van 10MW of zelfs
meer. Een schaalgrootte van 10MW of meer is nodig om de kosteroffshore windconver-
sie uiteindelijk terug te kunnen brengen tot het vereisteani. De nieuwe regelconcepten voor
de individuele turbine staan hierin centraal en zullen igehmate bijdragen aan het mogelijk
maken van efficiénte bouwtechnieken die deel uitmaken vanedgiste doorbraaktechnologie
voor opschaling.

De ontwikkeling van fundamenteel andere bedrijfsvoerimgpepten voor individuele turbines en
clusters daarvan zal de beschikbaarheid sterk doen toeremue problemen van de netinpassing
doen afnemen. De “Extreme Event Control” methode verhoogelerheid van energielevering
sterk bij stormfronten. Door “Fault Tolerant Control” kuemde windturbines, ondanks kleine
gebreken, toch doordraaien waardoor minder stilstandeegtren het onderhoud beter gepland
kan worden.
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Er wordt voorzien dat door SusCon de kosten van offshore wimgasie met zo'n 16% zullen
dalen. Hiervan neemt de verhoogde beschikbaarheid 11%hazorrekening, de verlaagde be-
lastingen 2.5%, en de betere planbaarheid van het onderfamudens 2.5%. Dit komt neer op
het vermijden van de inzet van primaire energie van ca. 8.2Pjhgar in 2020 voor wat betreft
offshore windconversie in de Nederlandse situatie.

Versterking van de kennispositie van Nederland

Windconversie offshore is een speerpunt in het LT-EOS progra, met ontwerpkennis als on-
derzoeksterrein. Zowel wat betreft het speerpunt als oprittraoeksterrein behoort ECN Wind-
energie tot de wereldtop van de onderzoeksinstituten szagkt uit haar rol in de European
Academy of Wind Energy (EAWE), de rol als medecoérdinator vaniitegrated Project (IP)

“Upwind” in het kader van het Europese 6th Framework Prograneméiaar betrokkenheid bij
de Europeese projecten STABCON en DOWNVIND.

Bij de TUD, afdeling Delft Center for Systems and Control (DCS@)der leiding van Prof.
Michel Verhaegen, is hoogwaardige specialistische kegenisvezig op het gebied van Fault Tol-
erant Control en klassieke regeltheorie. De affiniteit metd&nergie is hoog.

Dit project levert kennis op het gebied van bedrijfsvoemieghoden voor offshore windconversie
met een sterk vernieuwend karakter:

» voor het eerst worden regel-, bewakings-en beveiligadgst zodanig geintegreerd dat
hiermee de beschikbaarheid van de windturbines substhntiedt verhoogd,;

» er worden baanbrekende regelmethoden ontwikkeld op hé¢d®&an vermoeiingsbelast-
ingreductie en het pareren van extreme condities zoal&heairdivragen;

 er wordt voor het eerst gekeken naar het optimaal tot atitsbrengen van de turbine bij
ernstig falen met minimale vervolgschade.

Ditis bijzonder gunstig voor de kennispositie van Nedetlamdat dit soort kennis niet makkelijk
operationeel is te maken zonder de expertise die opgebositiflens de uitvoering van het
project. De versterkte kennispositie op dit gebied biediska voor substantiéle kennisexport
gegeven het enorme potentieel van windconversie en de dbapeheid van de methoden op
zowel offshore als on-shore windconversie.

Om de ontwikkelde kennis te beschermen zijn de volgendenfzievragen ingediend:

[@] van Engelen, T., L. Machielse and S. Kanev (2010): Methadl system for wind gust
detection in a wind turbine. Publication number NL C 2005400.

] van Engelen, T. (pending): System and method for compimgsator imbalance in a wind
turbine. International publication number WO 2010/016264

[@] Kaney, S., J. Schuurmans and T. van Engelen (pending): rApmaand method for Indi-
vidual Pitch control in Wind turbines. Publication number P&O20US.

Spin off binnen en buiten de sector

De product/marktcombinatie wordt gevormd door regelsyste op offshore windturbines voor
de elektriciteitsmarkt. De windturbinefabrikanten sppelgerin een sleutelrol. Omdat SusCon
ook interessant zal blijken voor on-shore windconversieleanarkt een mondiale omvang aan-
nemen, maar zal vooral worden geconcentreerd in Europad\ooerika en Azié.
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De ontwikkelde integrale benaderingswijze van regelenriahet project leiden tot nieuwe pro-
ductontwikkeling op het gebied van meet- en regel-equigmarbij de nadruk ligt op de aan-
passing van pitch-actuatoren om toepassing van multi-rmmtieidual pitch control mogelijk te
maken, maar ook op de verbetering en het betrouwbaardemvakede belastingsensors beno-
digd voor IPC.

Overzicht van publicaties

In de lijst hieronder staan alle project-gerelateerdeipatiés opgenomen, waarbij de nummering
overeenkomt met die in de Bibliografie aan het end van dit rappo

[|§] Carcangiu, C., I.F. Balaguer, S. Kanev and M. Rossetti {20Closed-Loop System Iden-
tification of Alstom 3MW Wind Turbine. Proceedings of IMAC XXIXJacksonville-FL,
USA

[IE] Carcangiu, C., S. Kanev, M. Rossetti and |.F. Balaguet(@: System Identification on Al-
stom ECO100 Wind Turbine. Proceedings of the POWER-GEN IntematiConference.

[Iﬂ] Font, I., S. Kanev and M. Rossetti (2010): System identificaon the ECO 100 wind
turbine. poster in the European Wind Energy Conference.

] Font, I., S. Kanev, D. Tcherniak and M. Rossetti (2010):t8ysidentification methods on
Alstom ECO 100 wind turbine. Proceedings of The Science of Makargue from Wind
Conference. FORTH, Heraklion, Crete, Greece.

[@] Kanev, S. (2009): Dealing with actuator constraints inltimode blade load reduction
control. Report ECN-Wind Memo-09-069, ECN Wind Energy.

[@] Kanev, S. (2009): System identification from BLADED simuteus with the Ecotécnia
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Feedback-feedforward individual pitch control for windhime load reduction. Interna-
tional Journal of Robust and Nonlinear Control, 19(1):72-9
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from TURBU (ECN). Proceeding of the European Wind Energy ConfageMilan, Italy.
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Part |

Introduction

Nowadays, control has been well established as a driverdsirreduction of wind energy con-
version. Usually, the associated control algorithms eetatproduction operation in stationary
turbulent conditions without any deteriorated wind tugbipehavior (regular conditions). Un-
fortunately, extreme environmental conditions as wellys$esn failure are real-life phenomena.
Especially offshore, the need arises to deal in an effectag with (short-term) extreme envi-
ronmental conditions and with minor or more severe typeystesn failure.

For reasons of the environment and future generations, titeh@overnment has aimed to start a
transition in short-term to a more sustainable way for theegation of electricity way by utilizing
(offshore) wind power. Offshore wind energy conversion Wédcome economical if the costs of
energy decreases and the risks for investments are actseptab

For this, further up scaling of wind turbines towards 10MWhéessary, because of the expen-
sive foundation and installation costs in case of offshooations. Additionally, due to the low
accessibility for offshore locations, it is needed to imyar¢he turbine reliability to achieve a high
availability. A higher availability will also result in lssurgent maintenance (expensive) and gives
improved guarantee of energy production.

As a consequence, it is aimed to achieve large and efficienilydifshore wind turbines in the
future, which should be able to produce electrical energyndualmost all circumstances and
despite of failures. Aiming to contribute significantly tagiyoal, the long-term research project
Sustainable Control, a new approach to operate wind turl{idesCon) has been set up under
grant EOSLT02013 of AgentschapNL (2006-2012).

The approach of Sustainable Control is strongly innovativih weéspect to ongoing research.
Sustainable Control differs from the currently used in pgeactisolated approach” in its integral
approach of turbine operation (integrating feedback @batnd supervising control) and the use
of advanced wind turbine control methods.

Within the scope of wind turbine management, the objectivihis project is defined as finding
control methods that contribute significantly to the soluid the following specific problems:

» unnecessary turbine standstill due to “isolated turbm&rol approach”,

high costs and upscale limitation due to high turbine |caut$ stability problems,
 production uncertainty and high loads during extreme (& conditions,

* serial damages during shut-down after serious failuredtietn.

It is aimed in the project to realize these objectives by Wgiag an innovative approach to
manage offshore wind turbines, called Sustainable Contitle Sustainable control concept
includes the development and integration of the followiagherstones that relate to wind turbine
control in four different types of operating conditions:

» Optimized Feedback Control (OFC): for load reduction by adea control methods dur-
ing normal operating conditions (Patrt I1).

 Fault Tolerant Control (FTC), for avoiding unnecessary &s4ifi in cases of minor system
failures by fault detection and controller reconfiguratiBwaud{IIl),

» Extreme Event Control (EEC), for avoiding excessive loads amteoessary shut-down
under extreme conditions (ParflIV),
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Figure 1 Schematic visualization of the Sustainable Control cohcep

» Optimal Shutdown Control (OSC), for avoiding excessive fadd serial damage after
serious system failure or hyper-extreme conditions (Part VV

The integration of these four cornerstones will make it gaedio achieve significant reduction
of turbine costs and achieve further up-scaling of windingb.

Figure[1 shows a top-level visualization of the Sustainablet@bconcept. The development of
each of the four cornerstone methods consists of:

definition of suitable models for controller design and eadbn,

controller synthesis based on the control objectives,
 evaluation and analysis of the results based on detailegkstic models,

» proof-of-principle experiments.

Supportive to the development of these four major corneest@me the following additional ac-
tivities:

 development of methods for stability analysis of periaglistems (Sectidd 4), required for
performing closed-loop stability analysis of the higharhonics IPC loops developed in

Sectio 1L.4.

 procedure for generating time-domain realizations otiblaffective wind speed signals
(Sectior[b), needed for performing fast simulations forrimediate testing of the control
methods developed in PafB{l-V,

e wind turbine model identification (PdriVl), required for fitening the control-oriented
models using real-time measurement data,

* integration of the control methods into the Sustainablet@broncept (PaffVll),

» performing proof of principle experiments and detaileshgliation tests for validating the
developed control concepts (not reported here due to coritidiey).

The project activities are organized in work packages. Figutepicts the dependencies between
the work packages of the project, and provides referenckagart of this report where each
work package is treated. The starting point of the researttieistate-of-the-art knowledge and
methods in the field of modeling, control, stability analyaisd experiments. Work packages
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State-of-the-art of wind turbine
models, control and design methods

Y Y Y Y Y
WP7 Stability WP1 OFC WP2 FTC WP3 EEC WP4 OSC
(Sectiorl %) (Partl) (PartT) (Partf1\V) (PartV)
Control
methods

Y \
WPS5 Integration of methods

i

Stability - (Part\VTI)
methods
Y ]
WP8 Sysld _ WP6 Proof-of-principle experiments
(Part\l) > (confidential)

Y

[ Sustainable Control ]

Figure 2 Overview of the work packages of the SusCon project

1-4 concern the developments of the control methods OFC, FTC, BH®&C, i.e. the four
cornerstones of the SusCon concept. Work packages 7 and 8igpersve for the stability
analysis in WP1-5, and the proof-of-principle experimentgvP6.

Many of the results, presented in this report, have beerighed in journals, conferences, and in
form of technical reports. Below, a list is provided giving @averview of the parts of this report
that have appeared in one or another form in the literature.

« Sectiorf1 “Multi-rotational mode individual pitch contfa$ published in: ]
 Sectior 2 “Feedback-feedforward IPC” is published [65]

« Sectior B “Constraints handling in IPC” is published E[@,@]

* Sectior 6 “GLRT for detecting blade moment sensor faults'lislighed in: [Ll_QbEG]

 Section 8 “Dealing with wind gusts in combination with win@teittion changes” is pub-

lished in: [44] 48]
« Sectior® “Fast wind gust detection with GLRT” is published[@]
« PartV] “Experimental methods” is published in [23] 10| 9] 22
 Sectior V] “Integration of methods: Sustainable Contrahoept” is published in:|E2]

A list of all project-related publications can be found i tBummary.
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Optimized feedback control (OFC)
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1 Multi-rotational mode individual pitch control

Summary

A model-based design approach for individual pitch cortiesl been derived for 3 bladed HAWTSs.
Control loops were designed for a typical 3 MW variable sp&idl turbine and the performance
was evaluated in aero-elastic simulations. The individitahpcontrol reduces the loads from ro-
tationally sampled turbulence, tower stagnation and wirehs The involved pitching activity is
centered around the rotational frequency (IPC-1p) and piettiof it (IPC-2p, IPC-3p; ‘higher
harmonics control’). The fatigue damage of the blades inldaltl is substantially reduced while
one third or more is obtained from IPC-2p and IPC-3p; the fatigamage reduction of the
nacelle is almost completely obtained from IPC-2p. Very @etary feedback laws appear to
satisfy when combined with modulation and demodulatiorestds based on multi-blade coor-
dinate transformations in th@-frequenciesk = 1, 2, 3). This is clarified via the decomposition
of the sampled turbulent wind field by the rotor blades in fotel modes. Integrated stability
analysis has to be based on Floquet theory; the required rfardallation is supplied.

1.1 Introduction

The loads on the rotor blades, drive-train and tower of hottiloaxis wind turbines are caused
for a significant part by the rotational sampling of turbulenthe tower shadow and the wind
shear. These loads can be reduced via individual pitch dofthe earlier publication@.B] and

[E] give an impression of the potential of this control copizéocused on load reduction around
one time the rotational frequency (IPC-1p). The method foidisign of the feedback loops for
individual pitch control has been explained|ﬂw [6].

However, a control design model and a model-based motivdtiothe choice of the structure
of the feedback loops (feedback laws) as well as a modeldbaa@metrization of these loops
have not yet been published. Besides, a drawback of thealiomit to IPC-1p is the still existing
blade load components around multiples of the rotatione¢d2p, 3p, ...). Perhaps even more
important are the loads on the nacelle around the 3p-fraxyuencase of a three bladed wind
turbine, which is the prevailing layout. So, compensatiarttie higher harmonic excitation from
the wind is expected to be worthwhile.

This section presents a simple control design model thatschiethe individual blade behavior
(Section1.R). The model is used for the design of feedbacksléaplPC-1p (Section 113). It
also appears to allow for the design of feedback loops faviddal pitch control around the 2p-
and 3p-frequency (IPC-2p, IPC-3p; Section 1.4). The model ig faasible for the design of a
set of IPCkp feedback loopafter a multi-blade coordinate transformatiamthe concernindgp-
frequency k£ = 1,2, 3). Two equal, elementary feedback laws can be applied faf teduction
within the scope of such ahp-transformed model. This immediately becomes clear when a
rotational mode decomposition of the sampled turbulentiviield by the rotor blades is added
to the model equations.

The IPC%p feedback laws are designed independently while they wirate simultaneously.
The feedback laws, together with &p modulation and demodulation scheme, set up the ‘true’
feedback loops for IPGp. Model analysis with the true feedback loops included esothe
expectations: compensation for thep harmonic excitation from the wind (Sectibn11.5). Time-
domain simulations with this controlled model show the ffd#f IPC+4p control on the stationary
blade and nacelle loads (Section]1.6).

Although the IPCkp designs are performed independently, there will existesioiteraction since
the IPC#p loops are simultaneously active and the required low-filssss in the loops cannot
be realized for ideal behavior. A model formulation for irtated stability analysis is derived; the
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model contains periodic coefficients and requires appboadif the Floquet theory for stability
assessment (Sectibn1l.7).

The control design model does not include blade bending astbady aerodynamics. Besides
the stability assessment procedure has not yet been shidhliTherefore, the adopted approach
should be considered as the first step in the development ofdelrbased design method for
IPC-kp rather than a fully validated method.

1.2 Control design model

The control design model pertains to a three bladed horizarta wind turbine 8 = 3). The
main features of the model are:

individually pitch-controlled rigid blades;

main rotation and®t drive-train torsion mode;

15t fore-aft and sideward tower bending mode;

controllable generator torque.

A schematic layout of the wind turbine model is pictured lbel@he model also contains three

blade 1

lead force™, azimutP=1
l‘ - 1

4
\ ’ flap forceF,
generator spee@ g 4 eg. flap momerMZl
sideward dispK torsiony Q actuator 1
/ SS9, rotor speedQ
-- fte——]- -} - R LT BN @ 777777777777 oo
fore-aft displx.,

: —
/ ' \ counter tOqué—g

E-torque
: servosyste
/\:\/ set
—desired countér tOI’qI]—E

— desired pitch afngle)sleI

lead momerit,

N rotor centrek) -
fixed frame variables
sideward forcég
driving torqueT, «e— () «—— axial forceF,
TN/

tilt moment M, l yaw momen

Figure 3 Schematic layout wind turbine model

so calledblade effectivevind input signals. When such a signal acts as a uniform woeed on
the rotor blade, it causes blade root loads that are sinaildrdse arising from a rotating blade in
a wind field. This concept allows for describing the wind influenn the blade root loads via a
single input signal while yet taking into account the prajesrof the rotationally sampled wind
field affected by wind shear and tower shadow (longitudinddulence only). A comprehensive
description is in@O] .

The next two subsections deal with the linearized aerodymannversion behavior for the indi-
vidual rotor blades and the basic linear model equations.
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1.2.1 Linearized aerodynamic conversion

The aerodynamic conversion is based on linearized BEM-thelyryamic wake effects and un-
steady aerodynamics are not taken into account. The BEM-lzasedynamic conversion char-
acteristics are translated into multipliers that map aatem in the flapwise relative wind speed
vg, to variations in the flap- and leadwise blade root moments armk$ (aerodynamic gains).
Aerodynamic gains are also derived for the linearized infteesf a variation in the pitch angle.
The pitch angle variatiod; and relative wind speed variatian, for the i** blade thus cause
variations in the aerodynamic loads on the blade root byf(ge8 for orientation):

OM,, = hpr, va, + kpr. 0;  (neg. flapwise moment)
0F,, = hp, va, + kp, 0; (pos. flapwise force)

(1)

OM,, = hy, va, + ka, 0;  (pos. leadwise moment)
0F,, = hp, v, + kr, 0; (pos. leadwise force)

For variationdT}, in the driving torqueg F}, in the axial forced M, in the tilt moment and £ in
the sideward force holds:

B B
0Ty = 6M,, ; OF, =) OF,
=1 =1 (2)

B B
OMy =Y sing;0M., ; O0F; =3 sing;iF,
i=1 i=1

The flapwise relative wind speed variatiop for thei'" blade is the sum of the blade effective
wind speedi; and the upwind motion of the rotor blade. The latter is causefbie-aft tower
bending only since rigid blades are assumed. The upwindtataianotion involves both the
fore-aft translation:g, and tilt rotationcz}fa of the tower top; the latter has an azimuth dependent
effect on the relative wind speed which varies over the radius. The 3/4 blade radius location
of the rotor blades%) is assumed to be the effective location for taking into actay, in the
one-point-model-approado blade loading. The flapwise relative wind spegdis determined
as:

vg, = Uj — Za + sin(1);) % % Tfa 3)
The muItipIier% is exactly the ratio between displacement and rotation ifisnmatic beam of
length# is subjected to a bending force load.

At azimuth angley (= ffoo Q,(7)dr) equal to 0, the first blade is in the horizontal position
while it is rotating downward. For the azimuth angles 1> andvys of the three blades holds:

PYr=19 ; =9 +2m ; Y3=t+irm (4)

The gainshy,, ... kp, are derived from the power and thrust coefficient data in aemesrking
point, characterized by wind speed, rotor speed and pitgleaihe derivation is constrained by
the assumption of equal aerodynamic efficiency along theebtadius, which implies &near
increasingflapwise force per unit spayfy(r) over the rotor radius andonstantieadwise force

per unit sparfiq(r).

1.2.2 Periodic linear model equations

The model equations that are required for controller desigritee equations of motions and the
output equations; the latter express the measuremenbiesitnat are input to the feedback loops
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in state and input variables, the ‘typical’ variables in dgygiations of motion.

Equations of motion

The variables of the drive-train are the rotor spégdgenerator speed, and the shaft torsion
~; all drive-train variables are scaled to the speed levehefrotor shaft. The drive-train is
accelerated by the aerodynamic driving torgyeand decelerated by the generator torque
With linear and angular fore-aft tower motion included i ttelative wind speed on the rotor
blades, the equations of motion for the rotor sp@e@nd shaft torsionr (eom1, eom?2) become:

Jr Qr egnl 5Ta — SshY — dsh;y

Jr Jy .. eom2 I . g (5)
Jo+Jg Y= T+, 6Ta — Ssh Y — dsh v+ J!_%Jg (5Tg
with linearised torque variatiofil, by (equatioi [ 12,13):
B
0T, = Z [har, @i + kag, 05) — B hay, T (6)

=1

The drive-train parameters are the slow-shaft equivalemems of inertia/, and.J,; of the rotor
and generator and the stiffness and damper consfaandd,,. The values are to be tuned such
that torsion behavior agrees with the first collective leadledhis yields a slightly underesti-
mated moment of inertid, in the equation of motion foR,, which is of minor importance since
this hardly affects rotor speed regulation control.

The variables of the included tower model are the fore-aftsadeward tower top displacement
zg, andzgq. The fore-aft motion is driven by the thrust forgg and aerodynamic tilt moment; .

A positive tilt moment causes upward tilting of the rotor tenso positive fore-aft translation.

The sideward motion is driven by the generator torgueand the sideward aerodynamic force
F;. The equations of motion for fore-aft and sideward tower rgndre:

eom3

.. 3 .
Miw Tt = O0Fa + 5H OMy — Stw Tta — diw Tta

(7)

eom4

.. 3 .
Mitw Tsd = 37 5Tg + 0F5 — Stw Tsqd — diw Tsd

The multiplication factor% for the bending moment loads in the equationsof motion éxact
applies if a prismatic beam is involved.

For the linearised variation in the axial force, tilt momentd sideward force holds ((equatidn 1
D’E; ZlB;l SinQ wl = %B):
B

oF, = Z [hFI u; + kFI 91] — Bth Tfa -

=1

B
SMy =" sing; [har, @i + kar. 0] + 2 F2 hau, pa (8)

=1

B
0F, =" —sing; [hp, @ + kp. 0] — 2 L2 hp. iy,

=1

Equal values for the tower top equivalent mass,, damper constank,, and spring constant,,
apply in the fore-aft and sideward equation of motion. Theséased on structural data:
e horizontal tower displacement at unity force;
e damping rate of thest bending mode(s);
e average of thedt fore-aft and sideward frequency.
Output equations
Next to the equations of motion, output equations apply wibedback control is considered. The
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individual pitch control can be realized by feedback of tteglb root bending moments, the shaft
bending moments or the yaw and tilt moment on the nacellerderao describe the approach
to multi-rotational mode individual pitch control as sghiforward as possible, we choose the
feedback of the blade root bending moment variatiofé,.. It holds (oel meansst output
equation, etc.; use equatidiil, 3):

SM, E—hr, (1—sinepy L) ig, + har, @1 + kas, 61
SM.,Zhyy, (1—sinepy YY) i, + hay, G2 + kar. 02 (9)

oe3

SM,E=hyy, (1—sintpg Y50) g + hag, @3 + kas, 03

Next to IPC, also control concepts apply for speed regulatansion damping and tower damp-
ing. The involved additional model output signals are thevstbaft equivalent generator speed
2, and the fore-aft and sideward tower speg@dndus:

Qg (24 Qr_;y
Va = Tfa (10)

oe6 .
Vs = Tsd

Although it is more realistic to assume that the fore-aft aitbward towelaccelerationwill
be measured instead of the speed, it is more straightfortearse the speed signals from a
conceptual point of view on control.

In this study on individual pitch control, only a collectigéch feedback loop for speed regulation
is added to the feedback loops for IRP- The damping loops for the tower and drive-train are
not considered here. The generator torque is tuned to thedltetor speed in order to maintain
rated power production on the average (cut-off frequentyHz. ).

1.3 1P Individual pitch control

As already mentioned, the design of feedback loops in tluiaeis focused on

e rotor speed regulation by collective pitch control;

e blade load reduction by individual pitch control.
In [B] is argued that the reduction of the (flapwise) blade ilogdround the 1p-frequency can
be straightforward achieved by low-frequency control @ so-called ‘dg-axis loads’. The blade
flap loads become tilt- and yaw-oriented loads in a dg-axiseggmtation, which is commonly
used in electric machine theory. Because of the modulaffegteof the rotating blade, the low-
frequency contents of tilt- and yaw-loads correspond with frequency contents around 1p of
the blade flap loads. Appropriate low-frequent ‘dg-axisipiéctions’ reduce the 1p blade loads
after having been transformed from the dg-axes to difféae(itp-individual) pitch actions along
the rotating blade axes.

If the dg-axis representation for an electric machine igmoed with the ‘DC-component’ then
this would correspond with adding the collective pitch @es to the 1p-individual actions. Ac-
tually, combined collective and 1p-individual pitch casitcan be derived from the same model
when themulti-blade coordinate transformatioas proposed by Coleman and Feing@ [18] is
effectuated on all model variables that are attached todtwe blades (‘rotating variables’); the
feedback laws are then designed in the transformed modelcdimmon use to apply the ‘Cole-
man transformation’ in the aeroelastic stability analy@] of wind turbines and helicopters
with polar symmetry £3 blades): the homogeneous part of the equations of motitnans-
formed into multi-blade coordinates, which makes the mhcicoefficients to vanish. In that case
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only the rotatingstatevariables are transformed, while in our case also the rgatiput and
outputvariables are transformed. The latter yields a model fortimridor control design which
is completely time-invariant.

The following two subsections deal with the transformatibthe control design model in multi-
blade coordinates, the linear time-invaridm-transformed modglnd with the design of the
feedback laws for 1p-individual pitch control, combinediwtollective pitch control for speed
regulation.

1.3.1 Linear time-invariant model

The equations of motion that dependwirom Sectiom 1.2 do not include state variables attached
to the blades or the rotor shaft except the rotational spgeshd shaft torsiony. Sincef, and

~ have a co-axial orientation, not any state variable is tardestormed. The flapwise bending
moments, pitch angles and blade effective wind speeds arertly variables to be transformed.
When the corresponding variables on the three rotor blagdeassumed to set up a coordinate
vector, the Coleman transformation matfxmaps the so called multi-blade coordinates in vector
p,, 1o rotating coordinates in vectgr Itthen holds § = [0, 6: 6], 6., = [fem; Oem, fems]’, etc):

0=Pb, @=Pily,, oM, =P oM, (11)
with
1 sint; cos )y L 3 3
P =1 sinys costp | , P = 2 sin 2 sineo 2 sins (12)
1 sins coss 2 cosp1 2 cosha 2 cos 1z

It can be observed from figufé 3 and the transformation withrism@® ! that the 24 and 34
multi-blade flap moment coordinatédz. , anddélM.  have a tilt- and yaw-orientation. The
1p-transformed model equations are obtained by carryiraugh the signal transformations by
equatior 1L in the periodic model of Sectfon] 1R+ 3; equatior b[17):

Jr Qr egl —Ssh Y — dsh;y - 3hML «i'fa .
+3ka ecml + 3th acml

J.J, .. eom2 . J. .
Jr"l_jg’y = _SSh’Y_dsh'V_TfJgBhMI Tea o

Jg g Jg =
Jr+Jg SkMz Hle + Jr+Jg 5Tg + Jr+Jg 3h'Mm U/le

.. eom3 81Rb ;
Mtw Lfa, = —Stw Lfa — (dtw + 3hFT_ 30H? th) Tfa - -

+3kFJL ecml + %kMz Hcmz + 3hFl ﬂcml + %th ﬂcmg

(13)
o eom4 . 2 .
Miw Lsd = —Stw Tsd — dtw Tsd — g7 PF, Tta - - -
~ 3
_g sz 60m2 — %th Ucm2 =+ 5 5Tg

and (equatiof]9; expressions fgy andvg, omitted):

SM Z —hat, @+ kar, Ocm, + P, Giem,

Zemq

oe2 IRy, - ~
oM = th 8]1; ZL‘fa—l-kJMz Qcm2 —i—th Uem,

Zemog

(14)
5MZcxn3 (23 kMz HCm3 + th /&’Cmg

Q = 0 -4
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The equations of motion fdR,, v andz¢, show that the * multi-blade pitch angle coordinate
f.m, represents collective pitching; this can also be concluded the transformation off.,,,
with matrix P to contributions ta;, > andfs. The output equations farM. = anddM.,

show that the 2! and 3¢ multi-blade pitch angle coordinatés,,, andé..,, have also a tilt and
yaw orientation.

The use of this time-invariant 1p-transformed model is iohto the use of the periodic model
of Sectior LD if

e blade input variables are demodulated before they entelpttteansformed model:
O =P 0, Gy, =P 'a,
e blade output variables are remodulated after they havéhleftp-transformed model:
oM, =P5M,

A general receipt for obtaining and handling a linear timaimant state space model for polar-
symmetric wind turbines® > 3)is as follows (see e.g. EI?S] ; co-axial, down-wind pointing
z-axis, vertically down-ward pointing-axis at rotor azimuth) equal to 0y equals azimuth),
of 15 blade):

e set up periodic linear model equations in state space fowitlainput vectorv, state vector

z and output vectoy:

= A(Qt)z+ B(Qt)v
y = CU)z+K(Qt)v

[R2-

e compose matrice¥,, T, andT', with (i) multi-blade transformation matrix kernef3 for
all input, state and output variables attached to the rdsateband (ii) shaft transformation
matrix kernelsR for all variables attached to the rotor shaft:

1 Sin¢1 Coswl 1 0 0
P = | 1 siney cost R=10 cost¢y siny
1 sints cos s 0 —sinyy cos¥y

e derive parameter matrices of the transformed model viaixnémsformation with fixed
azimuth angle):

Aem = T7H0) A@W) T.() — T H@)T.()
Baw = T;'($)B)To(¥)
Con = T, (¥)C(W)T:(¥)
Kon = T,'(4) K@) To(¥)

The matricesA., up to K, no longer depend ot and are to be derived from matrices
with -dependency for an instangeof .

e use the transformed model with input demodulation and duguodulation in the actual
rotor azimuthy):

e = T,'(Y)v

¢ = Acmq+ Beme
n = Cunqg+Keme
y = Ty()n
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1.3.2 Feedback laws for IPC-1p

The layout of the feedback loops for rotor speed regulatiahtdade load reduction around 1p is
pictured below.

rated
Qrot

phase lead-lag #ro+ ’ FB-kernel *i -
(lﬂdenlnf S)/(IﬁiDvnlnf KSPd(:Hﬂisnd s) < W

+
feed forward
estimated wind speed

generator speed

rlemodulation X OD— 935e1 :
o [sinwy cosypy|
||| sindy cosp,

sinW; coss

| glan, | FB-kerel demodulaton
cm, Kip/s ESI\/L:nb

low-pass sinq.l1 sinyy sir;p;)

Oy j«—] 3lcogp; cosi; co
L gfap FB-kernel 5
cm, Kip/s Mcm"

wln

Figure 4 Layout of control loops for pitch control

The feedback loops map

e the low-pass filtered rotational spe@d to the collective pitch angle setpoi6if’" via a
proportional/integral scheme (PI-compensator), enfobgeteedforward’ of the estimated
wind speed while catering for dynamic inflow effects.

e the identically low-pass filtered tilt- and yaw-oriented tivblade flap moment coordinates
oM., andiM, to the tilt- and yaw-oriented multi-blade pitch angle canedest..,

Zem Zem

andf.,, via equal integral gains (I-compensator).

The latter implies the following (1p-demodulating) creatiecheme for the ‘artificial measure-

ment signals$M. . andéM. . (further referred to aéMz(i?,Q anchMz(cl,?,3 since they pertain
to IPC-1p):

cm cm

1) . . . oM,
OMzepn,| |3 sinyy 2 sinys 2 sinys s1r
SMD 2 cosy 2 cosya 2 cosi)a =

Zcmg

(15)
M.,

while pitch angle additions around the 1p frequency areinbthvia a 1p-modulation scheme on
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the ‘artificial control signalst.,,, andf.,, (= 9832, 9&133):

cmo
Oél) = |sints cos s

Qél) sins coss

9%1) sin ¢1 COSs wl 6(1>

9(1>

cmga

The model equations below are derived from the 1p-transfdrmedel and are used for the
parametrization of the three pitch feedback loops (delagnodels all dynamics of measuring,
data processing and pitch actuation; use equatibh 13, iv-tlain torsion and tower fore-aft
motion excluded):

(JT + Jg) Qg(t) =3 ka 901111 (t - TV) +3 hM:z Uem, (t)
5Mcm2 (t) = k]uz 0Cm2 (t — TV) + th Uem, (t) (17)
5MCIH3 (t) - kMz ecmg (t - 7-V) + th ﬁcmg (t)

These equations are completely decoupled so that pure siql&single-output (SISO) control
theory can be applied. A short note on the neglected interaist added in the paragraph below.
As argued in the begin of Sectign 11.3, the 1p-load reductigeative is satisfied by zeroing
the tilt- and yaw-oriented multi-blade flap moment coord#sat/.,,,, and M.,,,. Thus, three so
called SISO ‘regulator problems’ are to be solved.

The Pl-compensator is commonly used as the basic feedbackotaredulation of a system
characterized by a delayed integrator, which applies irsgieeed regulation Iooer|74] . The cut-
off frequency loop must lay below 3p in order to avoid the theough of rotor-wide rotational
sampling effectsic,, = @1 + U2 + u3), which occur around (multiples of) the 3p-frequency.
The lead-lag filter is derived for the compensation of dynamilow at collective pitchingl [84]

. The estimated wind spedd, is fed forward to a pitch angle value that corresponds todrate
power capture iV, [72] .

The load regulation loops actually behave as a delayed piopal system. In that case just an
I-compensator satisfies for regulation and thus IPC-1p. Iset@ops it is also required to filter
out the signal contents around and beyond 3p. This becomaswlen the multi-blade wind

speed coordinateg.,,, andi.,,, are decomposed in rotational modes.

For homogeneous turbulence in the rotor plangma-dependerfourier expansion of the wind
speedi; experienced in a rotating point on radiugxists ] :

oo

(1) =3 i (t), ay(t) = & / IOt ) A (18)

p=—0c0

The Fourier coefficients,,(¢), therotational modesare time-dependent. A rotational mode is
a harmonic basis function over the circle on radiusf the wind field. The time-dependency
represents the evolution of the amplitude and the phasecbfauotational mode, which mainly
occurs in frequencies below O.lﬁhﬂ:or the multi-blade coordinates,,, andcy,, then holds
(use row 2 and 3 oP~! by equatiofi I2 and see expressions in Se€fign 1.8 ferl)

oms®) = 3 7™ (lgmy () — zm_1 (1))

m=—0o0

foms() = 3 ™ (figpi1(t) + gmos(t))

m=—oo

(19)

!In a linearized approach, tower shadow and wind shear can be coetbiethe mean-value part of the rotational
modes
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These expressions tell that the rotational mode {pair <., } contributes straightforward t@.
andd.y,, while the mode pair$us, 44} and{a_2,u_4} deliver contributions that are modulated
with the 3p-frequency. Similarly, the paifsis, 47} and{u_5, 47} yield 6p-modulated contri-
butions.

Itis clear that the integral action in the feedback loops gensate for the low frequent variations
in the modes{u,, 41} as well as for the mean-value parts associated with towetoshand
wind shear, and thus realizes IPC-1p. The pursued bandwidtheofeedback loop amounts
to ca. 0.1 Hz. In Sectiopn 1.5 it is analytically proved thatulatjon of (5MZ( ) ., €liminates
all excitation by the wind of the blade root flap moment aroumel 1p- frequency In order to
eliminate the influence of higher harmonics in IPC-1p it is iezpito apply low pass filtering
around and beyond 3p.

IPC-1p can thus be realized by solving a regulator problem.rébeipt is:
e transform the three flapwise blade root momeitg.. into artificial ‘1p-demodulated’
measurement signaJMéf)Q andéMz(ils by equatiori 15;

m

e generate artificial control signatPéﬂ2 and@é}ﬁg via I-compensators foiMz(cln)]2 andsz(clx?]S
with low pass filters around and beyond 3p;

° transforme((nlﬁ2 and9§83 into three ‘1p-modulated’ pitch signa@§1) by equatioi 16.
Interaction between feedback loops
When(), and M., are fed back td..,, andf..,, some interaction exists between the two loops
via the fore-aft speedl;, because both.,, andf.,,, excite the tower fore-aft motion (see eoml,
eom3 in equation 13 and oel in equafioh 14). The interactinmeayuantified by expressirig,
in 6cm, andé.,, and substituting the result in the above equationg¥pand M..,,,, extended
with the influence fromiy,. The effect on the closed loop behavior does not appear sigmnific

1.4 Higher harmonics control

In the previous section it was shown tratificial measurement signals, viz. th&%2and 3¢
multi-blade flap moment coordinatésd/.,,, anddlM. enable the realization of IPC-1p by
solving a regulation problem. The outputs of the regulateraatificial control signals, viz.
the 24 and 39 multi-blade pitch angle coordinatds,,, and f.m,- These artificial signals are
linked to flap moment measurements and pitch angle additianme the 1p-frequency via the
Coleman transformation (equation 11 12). The transfioomahifts the higher harmonics of
the wind to the 3p-frequency and higher. This allows for lowspftering ofd M, andd M.,
conveniently far away from the pursued pass-band of thebedloops £ O.le)

In the following two subsections it is proved that the samprapach can be adopted for load
reduction in the rotor blades around the 2p-frequency am@phfrequency (IPC-2p and IPC-3p).

1.4.1 Feedback loops for IPC-2p

We assumed that pitch angle additions for IB€C€ould also be obtained from low-frequent
artificial control signals. These control S|gnals were deflﬁ,ﬁd and Hémd and are as follows
related to the pitch angle vanano(a\‘P2 ande(z) for IPC-2p:

0&2) = | sin2vys cos2s (20)

65 sin 23 cos 20

9(2)

cmg

0%2) sin 21 cos 2 @)
locm]

This 2p-modulation scheme was carried through in the periléar model of Section 1.2 and
yielded the2p-transformed model It appeared that also these pitching actionsndb affect
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aerodynamic torqué, and axial forceF,, butdo affect the tilt momeni\/; and sideward forcé;
around 3p.

This 2p-modulation scheme was carried through in the periléar model of Section 1.2 and
yielded the2p-transformed model It appeared that these pitching actions affect neither the
aerodynamic torquéd’, nor the axial forceFy,, tilt moment M; and sideward forcd; since
S8 sin2y; =0, 327 cos2¢; =0, S8 sine; -sin2¢; =0 and "7 sinp; - cos 24 = —2 cos 3¢ (See
equatior b anfll8). Thus, the proposed 2p pitch angle additiande used for reduction of 3p
tilt (and yaw) loading.

The:*® blade flap moment is affected as follows &&22 and@éi)ls (see equationl 9):

SM.,=—hnr, (1—siny; L) ig, + hay, @+

(21)
ks, (sin 24, 0&232 + cos 2¢; 9&2123)
Now define the artificial measurement sign[ﬁwfn)q2 andéMz(fn)qg as:
SMP 2 8in21)1 2 sin21)2 2 sin23 OM:,
| = |2 contun 5 contin s M., (22)
(5Mz(m>n3 2 cos2y 2 cos2tpa 2 cos2i)3

M.,

Substitution of equatidn 21 in the right hand side of the égneatcheme above mentioned yields:

B
SMP = kar 09), + har 23 sin24; @
. 23
2 _ 2) - _ (23)
OM.... = knr Oem, + has 2 cos2up;

=1

These equations can be rewritten by use of the expressiotisefonodulated Fourier expansion
of the rotationally sampled wind speed by equdfidn18 asdist Section 18K = 2)

M) kap 0%, + har, @, o
M2 = ke 0890, + har b,
with .
W) = 3 703 (Gga(t) — dzma(t))
~(2) e X A (25)
ey (1) = > ™ (lgppa(t) + G3m—2(t))

The dependency ofy, vanishes becausg? , sin2y; =0, 37, cos2¢p; = 0, 37 | sint; sin2¢p; = 0
andzle sin; cos21; = 0.

Equationg 24 and 25 tell that the rotational mode gair, @_o} contributes straightforward to
the artificial measurement signa]Mz(frZQ and 5Mz(f)3 while the remaining mode pairs deliver

m

contributions that are modulated with (multiples of) 3p.
These equations also tell that integral action in SISO feedlmups fromsz(iZQ ando

Zomg
to the artificial control signaléffg2 andegﬁg will compensate for the mean and the low frequent
variations of the mode-paifis, i_»}. In SectionLb it is analytically proved that regulation

of 6% , eliminates all excitation by the wind of the blade root flap nemnaround the 2p-

Z(‘rll’lz‘

frequency.
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Low pass filtering is required around and beyond 3p in order tdidawvnwanted controller exci-
tation from mode-pair§d s, iy}, {tUas, tra}, etc.

As mentioned above, the system dynamics are not excitetiat tle 2p-modulated pitch angle
additions. IPC-2p can thus be realized by solving a regufataslem just as IPC-1p. The receipt
is:
e transform the three flapwise blade root momeitg.. into artificial ‘2p-demodulated’
measurement signaﬁ\l@2 andéMz(f)s by equatioi 2;

cm m

e generate artificial control signatvézﬁ2 and@éizg via I-compensators fcﬁMz(iiz andsz(ziS
with low pass filters around and beyond 3p;

° transforme((fﬁ2 and9§23 into three ‘2p-modulated’ pitch signa@§2) by equatioi 2.

1.4.2 Feedback loops for IPC-3p

Just as for IPC-2p, we defined artificial control sigrﬂifé2 andéh(;fﬁ3 for IPC-3p, but now with a
3p-modulation scheme:
0&3) = |sin3vys cos3is (26)

0% sin 313 cos 343

0(3)

cm3g

053) sin 311 cos 3¥ 3)
lecm]

This scheme was carried through in the periodic linear moti8kctionI.2 and yielded thgp-
transformed modelThe pitching actions nowo affect the aerodynamic torqueg and axial force
F, since forB = 3 27 | sin3¢; = 3sin1, 3.7, cos 3y; = 3cos ¢ (See equatidn6 amd 7):

3
(STa = -3 hMm Tes + ZhMT u;+

=1

3k sin 3 0((;?32 + cos 3 9&‘23
M, ( 1 Y1 Oerm, ) 27)

3
5Fa = -3 hpz Ty + Zth Ui+

=1

3 kg, (sin 31y 9((;13122 + cos 31y 0933)

The pitching actions dootaffect the tilt momenfiZ; and sideward forcéy since>” | sin; - sin3¢; = 0
andzf;l sin; - cos 31; = 0.

Thus, the system dynamics are excited by the proposed 3panigle additions via the driving
torque and the axial force. This excitation can be assumee twabhsed by the 3p-modulated

artificial control signalﬁg’ﬁ2 andegf})lg.

The:*® blade flap moment is affected as follows &}@2 ande((fgg (see equationl 9):

SM.,=—hnr, (L—sine; 2 dg, + hay, @i+

‘ (28)
kar, (sin 34b; 050, + cos 3¢ 085, )
Now define the artificial measurement sigrtéMz(z,),z andéMz(i,),S as:
5M.,
6M7Eil % sin31/)1 % Sil’l?)’l/)Q % Sin3w3
2| — M., (29)
5M§i>ns 2 cos31)1 2 cos3va 2 cos3vs

SM..,

Substitution of equation 28 in the right hand side of the éneatcheme above mentioned yields
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(¥ = ): ,
5Mz(3)2 = —2hyy, sin3¢ Yo dp, + by, 2 sinde; @+
i=1
Z sind1); sm?>¢Z sz + sin31); cos3i; «95,;9}13 )
i=1 s (30)
oMB) = —2hyy. sin 3¢ 2 i OBy e + hg 320083% Ui+

Zemg

3
Ear, (2 cosdip; sin3y; 9&‘:}22 + cos31; cos3v; 9&?33 )
=1
These equations can be rewritten as follows (see eqlaliam.&a expressions in Sectibn]1.8
for k = 3):

OMLY) = ~2hy. sin 3¢ U gy + hay b, +
kenr, (0%, — cos6ep 055, + sin6y 0%, )
SMED = —2hs. cos 3¢ L g, + hay G+ =5
ks, (9&35 + cos6v 9cm$ + sin6y 9&22 )
with
A, (1) = i 7€ (g4 3(t) — dizm—3(t))
A, () = i MY (i3 13(t) + Ugm—3(t)) ¢

m=—o00

Equationg3[l and32 tell that the rotational mode gair, &3} contributes straightforward to
the artificial measurement 3|gnailﬂ/[§ ) andsMY  while the remaining mode pairs deliver

cmao Zcmg

contributions that are modulated with (multiples of) 3p.
These equations also tell that integral action in SISO feedlmygs froméMZ( ) andosm®)

emo Zemg
to the artificial control &gnalé&ﬁ2 andHEHL will compensate for the mean and the low frequent
variations of the mode-paifis, i—3}. In SectionLb it is analytically proved that regulation
of 5M( )2 eliminates all excitation by the wind of the blade root flap nemtnaround the 3p-
frequency.

Low pass filtering is required around and beyond 3p in order tadawndesired feedback that is
caused by:

° mode—pairs{aﬂ;, ﬂig}, {ﬂig, ﬂilg}, etc.;

e 6p-modulated terms like-k ;. cos6y GCHL;

e 3p-modulated term-2h,, sin 3¢ Lo iy,
It has been mentioned above that the excitation of the sydysiamics via the 3p pitching scheme
by equatioi 26 is equivalent to excitation by the 3p-modudatrtificial control signaIQQ2 and
95?33. It is shown by time-domain simulation in Section]1.6 thas tinteraction with the speed
regulation loop is favorable instead of undesired; thig d&slds for the tower fore-aft motion:
reductions of the 3p-component of the flap moment, the leadenbend the axial force coincide.
Since part of the 3p-excitation is shifted around the 6ptfeggry, IPC-3p can thus be realized by
solving a regulator problem. The receipt is:

e transform the three flapwise blade root momehig.. into artificial ‘3p-demodulated’

measurement 5|gnaf§\42(i,)) and(SMz(il by equationi 29;
e generate artificial control &gnaﬁém andefng via I-compensators faf M. 2@) andéMz(fI)‘
with low pass filters around and beyond 3p;
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° transformﬂé‘?ﬁ2 andHEiL into three ‘2p-modulated’ pitch signa@é‘o’) by equatioi 26.

1.5 Closed-loop analysis

The IPCxp feedback laws are designed independently while they \piirate simultaneously.
The feedback laws, together with ap de- and re-modulation scheme, set up the ‘true’ feedback
loops for IPCxp. In this section it is analytically proved that the truedback loops compensate
for thenp harmonic excitation from the wind if well-functioning lopass filters are included.

The analytic proof for the proper working of the proposed fesek loops for IPCzp involves
the following steps:

e inclusion of the feedback laws in the output equations fertiificial measurement signals
(‘np-transformed’ output equations);

e expression of the artificial control signals in the rotationades of the wind speed

e carrying through the expressions for the control signalk@output equations for the blade
flap root moments

1.5.1 Feedback laws in output equations

The three sets of two identical feedback laws from the artifii@asurement to control signals
all have the same structure. They involve an integratingpaaind low pass filter around and
beyond the 3p-frequency and are denoted as:

O (1) = —~IW(t) x6ML, (1) @3
0, (t) = —LU0() ML) (1)

The asterisks*’ represents the convolution operation, which is a shortdhaotation of the

general response expression for the linear system with Isamesponse.(*)(t). For eéﬁg (t)
then holds:

cmy

t
o) (1) = / LW —7)oMP (r)dr (34)

The impulse responsg®) (¢) is the inverse Laplace transform of the transfer funcﬂc@m)ﬁ:
L®) (1) = / et L) (s) ds (35)

The feedback laws, together with ap de- and re-modulation scheme, set up the ‘true’ feedback
loops for IPCnp. In this section it is analytically proved that the truedback loops do what
they are intended to do, viz. to compensate for tipeharmonic excitation from the wind if
well-functioning low pass filters are included.

With the feedback laws included, equatfan 14 for the artificiaasurements signals for IPC-1p
becomes: ) )
(L +har LD ()0 ML). (#) =har 3 dea(t) + harib, (1)

no

(36)
(L +hear LD (£)) %6 ML) (8) =har. Gl (1)

2The Laplace operatorcan be interpreted as the product of the frequengyad/s] and imaginary unit number
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and equatiob 24 for IPC-2p:

(1+ kar. L (1)) % 6MLD_(8) = ha. b, (1)

(37)
(14 kar, LO(8)) % M) () = has, @, (1)
and equatiof 31 for IPC-3p:
(14 kn L) (1)) SMLE), (1) =2hagsin 30 Y g, ()+
B, A, (8) + ks cos6e (L) () « 6ME) (1))~
ks, sin6y) (L ( ) % 5Mzm3 (1))
(38)

(1 + kar LB (1)) 5MZ()3( t) =—2hs cos 3tp 2L SIF Tra(t)+
hat, G () — kg, cos6e (LO)(t) = MY (t))—
ks, sin6ep (L) (t) * sMP) (1)

The ‘closed loop’ equations for IPC-1p and IPC-2p can be tranmsfd into explicit equations for

oMLY (t) (k = 1,2): then holds:
SMLD (8) = har GO(¢) * (@, () + L da(t))
SMEY (1) = har GO(8) « Al (1) 39
SME2) (t) = har, G (t) 4, (1)
SMZ (8) = har G () « A, (¢)

with G(%)(¢) the inverse Laplace transform of the closed form of the sedaltbop gain’k; L*)(s):

A o0 1
Gk () — / st d 40
( ) §=—00 ¢ 1+ kMz L(k) (S) ’ ( )

The closed loop equations for IPC-3p can be transformed in #asimay as described above.
However, this still results in implicit equations. F(iMZ() ( ) then holds (similar foﬁMz(i),(a) (1)):

SME, (t) =har. GO (0) (i, (1) —2sin 3 Yo (1)
+kMZ [ cos6ep ( L) (t) * 5Mz(33] (t)) (41)
—sin6y (LO(t) «6MP) (1)) ] )

The feedback lawL(®)(¢) contains a low pass filter around and beyond the 3p-frequdrsye-
fore, the contribution of the 6p-modulated terfiid) (¢) (5Mzm(2 to equatiol 4l in frequencies
below 3p will be negligible.

1.5.2 Rotational modes in control signals
The feedback scheme listed below applies when the feedbacfofathe 3¢ multi-blade co-
ordinate in IPC-2p is effectuated (closed loop). are effsiett The scheme only includes the

artificial process signals and is equal for tHé€ Pnulti-blade coordinate in IPC-2p ané!anulti-
blade coordinate in IPC-1p; th&®multi-blade coordinate in IPC-1p inludes a contribution by
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Figure 5 Feedback scheme&@multi-blade coordinate IPC-2p

the fore-aft tower motion.

The following closed loop expressions hold for the artific@ahtrol signals in IPC-1p and IPC-2p
(substitute right hand side of equatiod 39 in equdfidnk33; 1, 2):

0G0 (6) = GO(1) + (Al (1) + Ypan(t) )
B, (1) = GO (1) = it (1)
(2) (2) (42)
Ocm, (1) = G® (t) * ticm, (1)
02, (1) = GO (1) « a2, (1)
with G(¥)(t) the inverse Laplace transform given by:
> —hpr. L) ()
G(k) 1) = / st M. d 43
O= ) T 205 & (43)

As mentioned above, the 6p-modulated terms in equéiibn #Adlyhaontribute in frequencies
below 3p. Because of the low pass filter in the feedbackil&i(t) in equatiori3B the following
expressions approximately hold for the artificial contrghsils that belong to IPC-36:(*) (¢) by
equatiori 4B fok = 3)

9522 (t) ~ G®3) (t)* (@ ‘22 (t) — 2%12) sin 31 g (t) )
3

(3) ) R (44)
Ocmns (1) ~ G (t) * ((licwh, (t) — 222 cos 3¢ dpa(t) )

For the rotational mode decomposition of thgtransformed wind speed signal holds (see Sec-
tion[1.8)
al), (t) = > 9ePMY (g (t) — (1))
'mzoo (45)
i (8) = 3 € (g (1) + iamk(t))

m=—00

The properties ofi*) (t) can be derived from those of the feedback B () via equatioi 4s.
L®*)(t) represents an integrator and low pass filter around and b&mmnwhich can be written as
the inverse Laplace transform of the product of integratamgfer functionk (*) /s and low-pass

filter transfer functiorF?f];) (s). For the transfer functiot®) (s) then holds (omit superscript);
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replaces by jw) :

Glw) = (46)

~ha K Fyy(w) { Tt if < kg K

Jw + kv K Fy (w) a 0 ifw>ws,—e€

For appropriate choices of controller gdinand offset from the 3p-frequency, just the rotational
modesii;, andu_ g appear in the artificial control signals for IP&p-control:

GO (t) % s, () ~ 3 72 (g () — a_p(t))
*) hz 47
GWI(t) * tem, (1) ~ 2= (ak(t) + a-p(1))

1.5.3 Controlled blade root flap moments

The true pitch angle additio&él’z‘?) for the " blade is as follows composed from the artifical
control signals (see 1p-modulation scheme in Hifj. 4 and 2@-3@modulation schemes in
equatiori 2D and 26):

g(123) (4 Z sin kap; 0F) (t) + cos kap; 0F) (1) (48)

i cmo cmg

This expression can be rewritten as (carry through equaifan dquatio 42 anid 44):
6§1’2’3)(t) ~ <Zegkwuk e kg w(t )) + flig) (49)

Now use this expression fﬁfl’z’?’) (t), together with the rotational mode decomposition by equa-
tion[I8 for the wind speed on th&" blade, in equatiof]9 for the blade root flap momeént .

SM., ~ —har(L—sine; 2 ) dg, + har > Vi, (t)

p=—o00

iyt (Zeﬂ%k F eyt >) ki)
(50)

~ —hpr, (1—sin; W) Tfa + ki, f(Zra)

+ha, <ﬂ0(t) + Y ePVidiy,(t) + eﬂ”ﬁia_p(t))

p=4

This expression shows that the excitation of the blade rootflament by the first three rotational
modes is compensated completely with the adopted approantulti-rotational mode individual
pitch control.

1.6 Simulation results

Time-domain simulations with the controlled model show é#fiect of IPC%p control on the
stationary blade and nacelle loads. These simulations atendoy the earlier mentionealade
effectivewind input signals in Section_1.2, which cater for longituaiturbulence, wind shear
and tower shadow.

The parameters of the model equations were determined foaa mied speed of 16 m/s, mean
rotor speed to 15 rpm and mean pitch angle t&. 1Dhe power and thrust coefficient data of a
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typical SMW wind turbine were used. The rotor radils amounted to 45 m, the tower height

to 70 m, the overall drive-train inertig + .J, to 12 - 10° kgm? and the 1' tower eigenfrequency
to 0.35 Hz. Parasite dynamics are supposed to be caused pydhactuators, sensors and data
processing equipment. These have been taken into accouant wizerall loop delay of 0.2 s.

Simulations were performed in which four cases were adddesse

collective pitch only;

collective pitch and IPC-1p;

collective pitch and IPC-1p, IPC-2p;

collective pitch and IPC-1p, IPC-2p, IPC-3p.

Each box always contains the results for collective pitchtrmbonly as a blue (dark) line. The
results with any individual pitch control included are pat as a green (light) line.

Figured#-8 shows realizations and power spectra of the btartélap moment and the tilt mo-

ment in the rotor center. The three boxes with realizationgafsignal pertain to different levels
of activity of individual pitch control; the upper box inaeas results for IPC-1p, the middle box
for combined IPC-1p and IPC-2p, and the lower for combined IBCHC-2 and IPC-3. The

three boxes with auto power spectra for a signals represesétiPC-activity levels from left to

right. Figure§ PB-T1 provides these graphical results forytve moment in the rotor centre and
the aerodynamic driving torque.

The graphs show the respective reduction of blade loads drbpn2p and 3p and of yaw and
tilt loads in very low frequency and around 3p; the latterassed by the reduction of blade flap
loads around 2p. The driving torque loads are reduced aropn#/Bich is caused by by the
reduction of bladéeadloads around 3p; it can be argued that full elimination offtapwise load
variations coincides with partial elimination of leadwlsad variations.

Figured IH-T¥ shows the reduction in 1H equivalent fatiguaaige for the blade root flap mo-
ment, tilt moment and yaw moment. These fatigure damage tieduestimations were derived
via rainflow counting. Rainflow counts were made from 6 time-donsimulations of 800 s each.
They were transformed into 1Hz equivalent fatique loads eaubtated into fatigue damage via
the industrially accepted approach by Palmgren and Mil] [T'he achieved reduction in fa-
tigue damage are shown for different values of the stapa low value of 3 or 4 is representative
for steel, while a high value of 9 or 10 is representative &nforced plastic materials. Fatigue
damage reduction up to 20 to 30% in frequently occurringlédt conditions seems realistic.

Figured TH-TI7 shows the ‘cost’ of multi-rotational mode vndiial pitch control. Here also, the
three boxes per signal pertain to the three distighuised Ri€itg levels, viz. IPC-1p (upper),
IPC-1p and IPC-2p (middle), and IPC-1p, IPC-2 and IPC-3 (lowéw; reference ‘collective
pitch’ is represented in each box by a blue (dark) line. Theired maximum pitch speed rises
from ca. 2°/s at collective pitch only, via“/s and 10/s at IPC-1p and IPc-2 up to 1 at
IPC-3p. The respective pitch acceleration maxima are’¢a’318° /s, 27°/s* and 50° /s
The fore-aft tower motion is somewhat raised by IPC-1p, whéchains active when IPC-2p and
IPC-3p are added. This is caused by the presence of'thealti-blade pitch angle coordinate
fem, in the equation of motion for the fore-aft speeg (see equation13; pitch angle variations
for IPC-1p are based on variationsdg,, ).

1.7 Model for stability analysis

In SectionL.B it was proven that 1p individual pitch contd®@-1p) can be approached as a
linear time invariant control problem after transformatiaf the rotor variables into multiblade
coordinates according to Coleman and Feindﬂh [18] . Thetiagullp-transformed model’ can
be formulated generically in state space form, as was megdiin the general receipt at the end
of Sectior 1.B.
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Figure 6 Time realizations the blade root flap moment (Mzb) at 16 m/s
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Figure 7 Time realizations of the tilt moment in the rotor center (Nl&at 16 m/s

In this section it is shown how the feedback loops for IPC-RBg&;-2p and IPC-3p are linked to
the 1p-transformed model. This yields a model formulati@t tan be used for stability analysis.

When the model inputs and outputs are restricted to the pitghes and blade root flap moments,
the linear time invariant state space representation ofvihd turbine model from Sectidn 1.3
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Figure 8 Power spectra for the blade root flap moment (Mzb) and thertdment in the rotor

center (Mtilt) at 16 m/s
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Figure 9 Time realizations for the yaw moment in the rotor center (Myat 16 m/s

looks as follows:

58

P7(y)0

Ai g, + By g
Ciq, + K¢
P()n,

(51)
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Figure 10 Time realizations for the driving torque (Mxt) at 16 m/s
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Figure 11 Power spectra for the yaw moment in the rotor center (Myavd) thie driving torque
(Mxt) at 16 m/s

The state vector namg is used instead of. The parameter matrices now have the subseript
(turbine) instead ofm. It should be noted that

e B; contains only 3 columns dB,;
e C contains only 3 rows of.,;
e K contains only 3 rows and 3 columns Af.,,.

A pair of feedback laws L*) (¢) L) ()} for IPC-kp can be formulated as a state space model.
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Figure 12 Relative fatigue damage reduction via 1Hz equivalent fatigpading for blade root
flap moment at 16 m/s
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Figure 13 Relative fatigue damage reduction via 1Hz equivalent fatigading for tilt moment
at 16 m/s

The involved parameter matrices have subscrifgedback):

s
q(k) — A(k) q(m + B(k) §<k> with g(}v) — cmgy
1f f df f = f 5M,§f)3 -
® (52)
ﬂ;k) — CEM Qék) Wlth ﬂ;k) — e(k)
cms
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Figure 14 Relative fatigue damage reduction via 1Hz equivalent fatimading for yaw mo-
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Figure 15 Realizations of pitch speed (dThb1dt) at 16 m/s

Since the feedback laws include integral action and low patssifiy there is no feedthrough
from the inpute;” to the outputy®.

Define thekp-demodulation matri>f)(k) and jp-remodulation matrM\Zi(j) in accordance with
the modulation schemes for the artificial measurement anttaiaignals in the IPC-loops as
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Figure 17 Realizations of fore-aft tower motion (xnod) at 16 m/s

dealt with in Sections11B-1.4:

p"L

win

62

sin k1 sin k12 sin ks
cos k)1 cos ki cos ks

, M =|sinjus cos jibo (53)

) sin ji1 cos jyn
) ~ ()
sin jis cos jis
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The link between the wind turbine model and the feedback lawstiablished via these matrices:

€ = D" p n, = D" n, fork=1,2,3
(54)
ZP M (7) — ZM (7)
with (k =1,2,3 57 = 1,2, 3; Kroneckerd,,, equals 1 it = m else 0):
D(k) _ 203 sin 31 91, — d2x cos 31 O2k sin 3Y
2035, cos 31 02k Sin 31 01y + 2k cos 3y
' 035 sin 3¢ 035 cos 31 (55)
M(‘]) — (51]' — (52j COS 3’¢ (52]' sin 3’¢
(523‘ sin 3’(/) 51j + 52j cos 31/1

Substitution of the coupling conditions by equatioh 54 inttimbine and controller equatiophs]51
and52 yields the following coupled state equatidns=(1, 2, 3):

3 ) , ‘
gt = At gt + Bt z;M(j) C;J) QF)
j=

i = AP ¢ + By Ig)(’f) : (56)
(C, q, + K, ZM(j) cY g )

j=1

These results were obtained by elimination of the outpubregt andn;” which in firstinstance

appear in the right hand sides. The matrix produt8 K, M) in the feedback state equations
imply that the coupled system is periodic in 3p and 6p. Wheittew asone matrix-vector
equation the state equation becomes=([¢; ¢\ ¢’ ¢*']'):

=Aqq+cos3pAcq+sin3pAgq

. (57)
+cos 69 Acc q + sin 69 Ags q

Manageable expressions for the coefficient matridgsetc. are obtained when the state space
formulation by equatioh 36 is rewritten in modulated subtnes:

Aig + Z —l— cos 31/1Atf + sin 31/1Atf ) ¢y

q = (A( )+ cos 3¢A( ) 4 sin 31/1A§f3 )g, + A g

(58)
+Z ff k9 1 cos 3@ZJA( 9) 4 sin 3¢AEE’J)
+ cos 6¢Affs’] ) + sin GwAg” ) ) g;j)
The expressions for the coefficient matricgg etc. then become:
A Al AP aY
1 1,1 1,2 1,3
| A AR A A 50
| A® (2,1) (2); A(22) 4(23)
Ay, Ase A AT A,

3 3,1 3,2 3 3,3
A A&d) AZ? AP AR?
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and (forx=c,s):
( ) 0 AL 4@ 406)
th, tf, tf

A(l) Algfl):l) A(172) Algf173)

A — fty ff, < (60)
* (2) (2,1) (2,2) (2,3)
Aftx Affx Affx 14ffX

AL AR Al A
and (forxx=cc,ss):
0 0 0
Al oAg? ag?
AD AR? af?
A ARY Ag?

(61)

© o © O

The matricesD®) and M%) are rewritten in order to ease the derivation of the abovel use
submatricesk, j = 1, 2, 3):

D® = DP 4 cos3¢) DY) + sin 3y) DX

: : . : (62)
MO = MY + cos 3 MY + sin 3¢ MY
with
k 06, O j 00
Dé):<0 186> ; Mfij): 05 0
1k 0 5”
. 0 d3;
ng) _ ( 0 —da 0> : ng) = |4, 0) (63)
263k 0 d2r
0 62]‘
635 O
N P IR
2k 5o 0
The expressions for the state transition submatrices are:
Aéjfl = Bt M;J) C;j) forx = d,c,s
AP =BP DY €, forx=des
Agzj) — B D((ik’) K, Mfij) CY +
lB(k)(ng) K, ng) + ng) K, ng)) CY
2 f f (64)

A" = B K MY + DY K MY ¢
A = B (DY KoM + DY K M) o
Af? =B (DY K, MY - DP K. MY Cp
Ay =B (DY K MY + DY K M) Cp
Inclusion of the IPC-1p loops yields an LTI closed loop modekveas the IPC-2p and IPC-3p

loops cause ‘3p periodic coefficients’ in the closed loop nhotleis model formulation is feasible
for performing stability analysis based on Floquet thedE] [3

64 ECN-E-12-028



1.8 Rotational mode expansions

Expressions are listed for multi-blade wind speed coordmat the rotational modegi,, } of
the wind speed as experienced on corresponding bladedasatf a 3-bladed rotori{, i, and
u3). The multi-blade wind speed coordmatéén, ﬂg’fng andagﬁzg are obtained via the following

transformation:

~£]r€12 1 1 1 Uy
ag& = | 2sin k1 2 sin ko 2 sin ki3 Uo (65)
11((;];’23 2 cos k12 cos ko2 cos ks Us

With rotor azimuthy equal to the azimutkp, of the first blade it holds:

oo 3

Crm = ;, Z Z COSP% +]Slnp1/fz

p=—o0 i=1

3
Z p)¥i Up =1 Z 3elm¥i, (66)

m=—o00
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‘\‘ ME%

~ (k)
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1.9 Conclusion

A simple design model has been derived for the paramewizati feedback loops for individual
pitch control around one time the rotational frequency tp3 bladed wind turbines. The model
has been obtained via a multi-blade transformation in th@wathh angles of the rotor blades. It
allows for independent design of a feedback loop for roteesfregulation and a pair of identical
uncoupled feedback loops for reduction of blade loads atdynwhich arise from tower shadow,
wind shear and turbulence (IPC-1p). Basic scalar contrarthean be applied in these three
loops (phase and gain margins).

The adopted approach has been extended to reduction of bdieih multiples of the rotational
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frequency (IPC-2p, IPC-3p; multi-rotational mode indivitpéch control). Now multi-blade

transformations in two and three times the blade azimuttglearapply. A similar design ap-
proach for the feedback loops appeared to be valid. Espetfdll-2p allows for implementation
without any influence on the system dynamics and has a veryibaheffect on the tilt and yaw

loading: the excitation around the 3p-frequency is signifiiyareduced.

The decomposition of the sampled wind field by the rotor bladestational modes plays a key
role in the clarification of the working of the IPC.

Rainflow counting and power spectra were obtained from preding time-domain simulations.
Fatigue damage reduction of up to 20 to 30% in both the blaal#sland the nacelle loads seems
realistic in frequently occurring full load conditions .

A general receipt has been given for the formulation of adimaodel in which the feedback loops
for IPC-1p, IPC-2p and IPC-3p are included. The point of deparisia linear time invariant
(LTI model formulation in multi-blade coordinates for a wliturbine with three or more blades.
Inclusion of the IPC-1p loops yields an LTI closed loop modekveas the IPC-2p and IPC-3p
loops cause ‘3p periodic coefficients’ in the closed loop nhotleis model formulation is feasible
for performing stability analysis based on Floquet theory.

It is recommended

e toinclude blade bending and unsteady aerodynamic behiavilbe design approach;
e to set up a procedure for stability assessment based on Fltwary and the proposed
model formulation with feedback loops included.
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2 Feedback-feedforward IPC

Summary

This section explores the possibilities for wind turbinédaé load reduction by applying ad-
vanced control design methods to the IPC design. The invéstigantrol approach has a two-
degree-of-freedom structure, consisting of an optimaltivariable LQG controller and a feed-
forward disturbance rejection controller based on eseohatind speed signals. Similarly to the
standard IPC-1p approach (Sectionl 1.3), the control desiglgm is first made time-invariant
by using the Coleman transformation to the non-rotatingdioates. In Coleman domain, the
LQG control objective is minimization of the rotor tilt andwanoments, while the feedforward
controller tries to achieve an even further improvement djgating the influence of the low-
frequency components of the wind on the rotor moments. ®ehd, the tilt and yaw-oriented
components of the blade effective wind speeds are appréetmasing stochastic random walk
models, the states of which are then augmented with thergirgtiates and estimated using a
Kalman filter. The effects of these (estimated) disturbancethe controlled outputs are then
reduced using stable dynamic model inversion. The appraatesied and compared to the con-
ventional IPC method in simulation studies with models ofedédnt complexity. The results
demonstrate very good load reduction at not only low fregieen(1p blade fatigue load reduc-
tion), but also at the 3p frequency, giving rise to fatiguedoeduction of the non-rotating turbine
components.

2.1 Introduction

This section describes a new IPC design method inspired byptiaal multivariable control in
Coleman domairﬂﬁ?] on the one hand, and by the wind sp¢iadsti®n methods, proposed in

,@,LTL’V] on the other hand. In particular, the axiakdiliented and yaw oriented components
of the blade effective wind speed signhals are modeled byhasicrandom walk mode|sthe
states of which are then augmented with the states of thmeutd be estimated all together using
a single Kalman filter. The wind signals estimates are subsgiguesed in a dynamic disturbance
feedforward controller@& 810.5.2]. The feedforward cohtction is added to the control
action from an optimal feedback LQG controller. The resultiegdback-feedforward control
structure is similar to the periodic disturbance accomrtindaontrol structure irlE8], although
the design approach proposed in this section is fundanhgmliffierent in the following three
aspects. First, the complete control design is now perforomed linear time invariant system,
as obtained by making use of the Coleman transform. Thissoiffeany possibilities for further
improvements such as extension to LPV control for coveringdemiange of operating points
of the wind turbine, similarly to the work of Bianchi for celitive pitch control/[4]. Secondly,
the disturbance attenuation iE[GS] is based on a simpleidsiaseudo-inverse of the system
B matrix, while the present approach focuses on a dynamiddedrd controller achieving
minimization of the effect of the disturbance on the tilt aradv moments. To this end, stable
dynamic model inversion is useE[ZS]. And third, the curner@thod deals with blade effective
wind speeds, which allows for more accurate approximatfdheloads on the individual blades
than when only rotor effective wind speed is consideredr,\@].

The method is tested in simulation on two models of differemhplexity. First, a simple rigid

turbine model with just a few degrees of freedom is used tr@tiges useful insights and serves
as a good basis for analysis of the presented control sytaieExt, a detailed aero-elastic linear
model, generated by the computer program Tutbl [76], is techore detailed study of the

control strategy. The results are compared to the resultsraat with a conventional Pl-based
IPC. It is demonstrated that the present method achievesidicint improvement over the con-
ventional one in that it reduces the rotor tilt and yaw moraewner a much larger frequency band,
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Figure 18 Frequency response from multi-blade pitch angles to ropmesl, tilt moment and
yaw moment, both for the multibody (solid) and the lumpedeaisa@iashed)

including the fatigue-relevant 3p components.

2.2 Wind turbine model

The ECN computer code TURBlﬂ?G] generates elaborate linehdseo-elastic models of 3-
bladed horizontal axis wind turbines. These models inclufsicerable features that are neces-
sary for control design and aero-elastic stability analyke bending and torsion deformation,
(unsteady) aerodynamic and hydrodynamic conversions ahe wynamics. All model inputs
for the drive-train and rotor blades are transformed intdtitnlade coordinates before they enter
the LTI model, and the model outputs from the drive-train astdblades are transformed back
to rotating coordinates. A linear model is computed for a&giaerodynamic equilibrium state.
The latter is derived via the blade element momentum theorg. alerage deformation state is
matched to the aerodynamic equilibrium. This is based onlimeas propagation of the defor-
mation of the individual elements caused by the averagarigad’he average deformation per
element is based on slender beam bending theory. A multiapgyoach is used to model the
structural dynamics, as illustrated 76]. The multibodpevturbine model had’ elements per
blade {D;, E;, F;},i = 1,2,...,N) and M elements for the towers(, i = 1,2, ..., M), with
each element having 5 degrees of freedom. There are 6 dedfeesdom in the rotor shafR,.

A typical TURBU model (withNV = 14 and M = 15) has around 600 state variables, and there-
fore needs simplification when used for control design. Fduceng the model order, TURBU
provides model reduction based on elimination of hightfiestcy modes. This allows signifi-
cant model order reduction without any loss of accuracy exdiinamic behavior of the lower
frequency modes which are within the bandwidth of the cdietr® This yields a model order
of about 150. This reduced order model is here referred toeasmtiiibody model In addition

to that, TURBU allows for modeling only a distinct number ofydees of freedom in the blade
roots and tower bottom. The model obtained in this way is reteto as thdumped model It
has only 28 states and still models dynamic pitch servo dotuaFigure_18 shows the frequency
responses from the multiblade pitch angle sigdéls, : = 1,2, 3, to the rotor speef®, tilt mo-
mentMy;;; and yaw momenfi/,,,, for both the full multibody (solid line) and reduced lumped
(dashed line) models. Sufficient accuracy is observed atémajas below 1 Hz.

From the frequency plots it is clear that at low frequenciedaily about 0.3Hz) there is little
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coupling between the channgt™ — 2 on the one hand, and the IPC chanr§l8 — M,;;; and
05" — Myq, ON the other hand. However, above this frequency there isax aiteraction be-
tween these loops. Therefore, when the collective contridlseparately designed from the IPC
it is very important that these loops are further “decouplesing suitable filters. It is especially
important that structural resonant frequencies that atkeingide the bandwidth of the collective
controller (e.g. the tower frequency at about 0.47 Hz) areréti out fron¥{™ so that it does not
get influenced by the IPC control actions.

Similar conclusions can be made for the IPC loops, these ayedecbupled from the collective
loop at low frequencies, and if designed independentlyyifiteshould be used to reduce high
frequency effects from the collective pitch action. Howewe this section a different approach
is used for IPC design that does not need additional filter degige starting point is the design
of the collective pitch controller and the generator torgaetroller using conventional methods,
including filters, as discussed above. These controllershareihterconnected with the turbine,
so that the IPC design is performed on the closed-loop turstem with the generator torque
control and the collective pitch control in the loop. Then, altmariable robust control design
approach is used to synthesize one MIMO IPC loop that stakiliae turbine and minimizes a
suitably defined performance criterion based on the rotor emsn Of course, one could choose
to include also the collective pitch and generator torquerobloops into the MIMO controller;
this is not done here as the present approach assumes tispiet and power loops are given,
and it focuses on the inclusion of additional actuation W& Ifor the purpose of fatigue load
reduction. Notice that this MIMO approach also takes intcoamt the coupling between the tilt
and the yaw-oriented multi-blade coordinates, which cimgpils clearly much stronger than the
coupling with the collective pitch loop (see Figlird 18). Thisipling was absent in the simple
model from the previous subsection.

2.3 Controller design

In this section the proposed IPC design approach is explaiggte it is compared in the next
section to the conventional SISO approach to IPC, it is brieflgiilesd next.

2.3.1 Conventional SISO control approach

The conventional IPC is a scalar approach based on the assuartit the multi-blade coordinate
transformation, described in Sectibn 113.1, results inethnglependent time-invariant control
loops: from collective pitch angle to rotor speed, from yariented pitch angle to yaw moment,
and from tilt-oriented pitch angle to tilt angle. It is assedrthat the generator speed is measured.

The speed regulation loop is usually based on a Pl compensatdnds as input the difference
between the filtered generator speed and its rated value. Téw dited in the simulations, in-
cludes

 a low-pass filter (inverse Chebychev [type II], 4th orderiBGeduction) with cut-off fre-
quency of(3p — 0.8) rad/s.

* notch filter (elliptic filter, 4th order, 30dB reduction) wiitop-band0.8w;sq, 1.05w;s4),
wherew;,q is the first tower naying frequency.

* notch filter (elliptic filter, 2nd order, 30dB reduction) wistop-band0.8w;;, 1.05w.],
wherew,; is the collective lead-lag frequency of the blades.

The PI compensator is designed to achieve a gain margin of 2 phdse margin of 45 degrees.

The torque controller is designed for achieving constantgeqwoduction by keeping the gen-
erator torque equal to the rated powerdivided by the rotor speed. After linearization around
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the rated generator speé€y ., the generator controller has the form of a P-compensatdr wit
gain (— o Qz ) whereng, is the gearbox ratio. It should be noted that this generatotroller

has a sllghtly destabilizing effect on the rotor speed ag#resrator torque decreases when the
generator speed increases.

The load regulation loops aim at blade fatigue load redudiioreducing the 1p load component
in the blade root bending moments. It is demonstrateld in, fifak (3 + 1) componentsim =
1,2,...,in the load spectrum of the blade effective wind speed $ignia: = 1, 2, 3, contribute
to the3m components in the multi-blade wind coordinatg®'. In other words, 1p loads on the
blades are modulated into Op loads on the tilt and yaw momsarganing that the former can be
reduced by reducing the static loads on the rotor momentss @dn be achieved by means of
a simple I-compensator. In order to prevent the influence gtiidni harmonics it is necessary to
apply low pass filtering around and beyond 3p.

2.3.2 Feedback-Feedforward multivariable control approach to IPC

In this section the multivariable control approach to IP@pmsed in this section, will be intro-
duced. It has a two-degree-of-freedom structure, comtgian optimal feedback LQG controller
from the rotor tilt and yaw moments to the multi-blade piteigles 6™, and a feedforward

disturbance rejection controller acting on the estimatedtirfblade wind signals and producing
additional multi-blade pitch angles.

As discussed above, this section assumes that the coligiteh controlleiC,.,;(s) and generator
torque controllerCy.,(s) (including the filters) are available and interconnectedlie wind
turbine to regulate the produced power by controlling theegator torque and the rotor speed, as
explained in the previous subsection. Below it is assumaitite controllerg’.,;(s) andCey, (s)

are interconnected to the linear turbine model, be thatithple rigid model in Sectioh 1.3.1, or
the multibody TURBU model, (by substitutirtf™ = C.q;(s)2 andT, = Cyc, £ in the turbine
model), after which discretization is performed, resgjtin

Twi(k+1) = Aw@wi(k) + But,0055 (k) + Byt uu™(k), (69)
y(k) = Cuprxwi(k) + Dyt 055 (k) + Dyt nu™ (k) + v(k),

where the state,; contains the state of the wind turbine model and the statdsedbrque and
pitch controllers 952 = [95™, 05™)7 is the input,u®™ = [u™, ug™, u§™|* is the disturbance
input, y = [Myii, Myaw] is the measured output, amde R? is zero-mean white noise process
with covariance matrix), = Q1 > 0. Notice that the rotor tilt and yaw moments are assumed
measured. In practice, conventional wire strain gaugesbeansed to measure the flapwise
bending moments at the blade roots, which can be then ceavarto A,;;;, and M4, using

the Coleman transformation. While strain gauges are ngt rediable devices as such for this
application, due to the potential danger caused by lightifige recent developments of optical
strain gages are likely to overcome this disadvantage.

2.3.2.1 Design of optimal LQG controller

The optimal LQG controller consists of a linear quadratic tetgu (LQR) and a Kalman filter.
However, the conventional assumption in the Kalman filteigiethat the external input is a
random white Gaussian process is clearly not satisfied fontbeel [69), as the multi-blade
wind signalsu“"(k) have no flat spectrum. To circumvent this problem, one cantiigea
stochastic linear modél/,,;,4(z) that has (approximately) the same spectrum as the windlsigna
u“" (k). This would allow modeling ofi“™* as the output of a filtered white noise process! =
Myina(z)w. Substituting this into the turbine modEL{69), and augnmentire states™* with the
filter model states, will yield a new model that has the whitss@e@rocessv as external input,

70 ECN-E-12-028



so standard Kalman filter design can be performed. This apiprbagvever, requires (a) that the
spectrum of the multi-blade wind signals is given, and (a} ihis accurately represented by a
linear model of low order (in order to keep the order of the ficatroller low). To avoid this
approach, one might instead use a much simpler wind modddingoting that

* the energy ot,“™ is concentrated at low frequencies (below 0.1 Hz), and
* the signak.“™ is stationary under mild assumptions, as proved in theviagig Lemma.

Lemma 1 (Stationarity of multi-blade wind speedd)nder the assumption homogeneous turbu-
lence, constant rotational speed and non-oblique oriemtedl flow, the multi-blade components
ud™, i = 1,2, 3, of the blade effective wind speeds are stationary prosesse

Proof.
For homogeneous turbulence and purely axial wind directiom blade effective wind speed
on a fixed point on a rotating blade, can be expressed as a ingayg Fourier expansion

00 2m
wlt.) = S Vi), aylt) = 5o [ IPutt.o)is

p=—00

where,(t) are time-dependent rotational modes. It has been shov@]rtr[ﬂt the following
expression holds for the multi-blade coordinates of thdéleffective wind speeds

u‘fm(t) 0o ‘ ﬁgm(t)
us(t)| = Y P j(agm (t) — Gz (1)

J(t3m+1(t) + 3m—1(t)).

m=—oQ
Then, witha* denoting the conjugate af it can easily be shown that

(t +7)]" Usp (t 4 7)
"t +T) Z e~ I3nY J( U3, (L +7T) =3, (E+T))| .
(t + T) J(U3n+1(t +7) 4+ 43, 4 (t+ 7))

Therefore, for the variance of” one has
E{us™ () (us™(t + 7))}

—B{ Y moy <u3m+1<t>—a3m_1<t>>(a§n+1<t+r>—a§n1<t+7>)}

= Y PUTE {(Ggmir (1) = 1 (1)) (@300 (+7) — @5, (E+ 7)) }

since under assumption of constant rotational speed ortbdias= Qt-+1)(0), so thaks3(m—)¥
are purely deterministic signals. Furthermore, lin [81] ipreved that, under the considered
assumptions, the rotational modes are orthogonal andstayj, i.e.

L {UP g(t+ 7)} = 0p,04, (),

whered, , denotes the Kronecker delta function, angd () is the covariance function af,.
Therefore, in the above expression fofus™ (t)(us™(t+7))* } all terms forn # m drop, giving

E{ug" () (us™(t + 7)Y = Y (Gag s (7T) + i, (7))
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Clearly, the correlation function af§™(¢) is not a function of the timé. The same lines can be
followed for the first and third multi-blade componentg® (), andu$™(t) to arrive at the same
conclusion. Therefore,{™(t), i = 1,2, 3, are stationary processes. [

This suggests that a random walk model could be sufficient tesept the relevant low frequency
behavior ofu“"
u™(k+1) = u™(k) +w(k). (70)

Where,w is a random white Gaussian process with zero-mean and aacarmatrix?.,,. Usu-
ally, the covariance matrig),, is viewed as a design parameter that provides a trade-oficleet
tracking speed and smoothness of the estimates. For sitppiids often selected as a diago-
nal matrix. Faster tracking of the true signals can be obthioy appropriately increasing the
elements ofQ),,, which however results in less smooth (i.e. more noisynests, and vice
versa. A value 0f).11 is selected for the simulations in this section. The randotk wadel is
particularly suitable, and often used, for the estimatibarounknown time-varying bias on the
state and output equatio@[45], that has already proved tmlaccurate and robust approach to
rotor-effective wind speed estimati an. 56].

Interconnecting the random walk model](70) with the turbimedel [69) results in

) = U P ) = o omao+ [ wew

yk) = [Cuw 0 [5%((2] _|_[D8t79:| om (k) + v(k). (71)

A Kalman filter is used to estimate the state of this augmentss. The state estimate, (k)
will then be used by the LQR controller, discussed next, wiikewind signal estimaté.,,, (k)
will be used by the feedforward controller, discussed later

The conditions, under which the system](71) is observabkedmcussed irE$6]. A sufficient
condition for the observability is that the pdid,:, C\,:) is observable, and that the turbine
system [(G6B) has no poles and zerosat 1, which holds for the models considered in this
section. Notice, however, that the augmented systamtisontrollable, due to the fact that part
of the states belong to the wind model. It is assumed thataimaining part of the augmented
states (i.e. the paitAd., B.t)) is controllable.

Given the Kalman filter turbine state estimatg,:(k), the LQR control action has the form
(KigrZwi(k)), where the gairk,, is chosen to optimize the following standard quadraticeerit

o e8] [Q ] [2ue(k)
ST )

0 0
k=0 cm cm

2.3.2.2 Feedforward estimated wind disturbance rejection

An additional IPC action is added to the optimal LQG control@attdiscussed above. It uses
a feedforward disturbance rejection control algorithmeloasn the estimated multi-blade wind
speed signal$s' (k). To this end, define the following transfer functions

G(Z) = th(ZI - Awt)—lB’wt,@ + Dwt,97

H(Z) = th(ZI - Awt)_let,Ua (72)
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so that (with slight abuse of notation) it can be writigk) = G(z)055" (k) + H (2)u" (k) +v (k).
Under the assumption of unbiasedness of the Kalman filtenatgs, it follows that

y(k) = G(2)053" (k) + H(2)a™" (k) + 0(k),

where (k) is a zero-mean random process. The feedforward contr@lig(z) should hence
be designed in such a way, that the control actigfi(k) = C;rG(z)uss'(k) minimizes the
influence ofu“™ (k) ony(k). The optimal controller will then be given by

Crp(z) = ~H(:)G\(2).

However, it can happen (as is the case with the numerical Imoztnsidered in this section) that
the transfer functiorz(z) is non-minimum phase, resulting in an unstable optimal fleredard
controller. To avoid that, the inverse 6f(z) will be substituted by a stable inverse, as obtained
using the stable dynamic model inversion (SDMI) methodlirl].[ZS

The basic idea behind the SDMI method is, similar to the windregion method above, the
use of a random walk model. To summarize the method, suppase () is some (unknown)
signal and leg(k) = G(z)n(k). Then finding a stable inverse means computing a stable transfe
function G, (z) such thati(k) = Gin(2)q(k) =~ n(k). To this end, the signal(k) can be
viewed as an unknown bias, that can be estimated using the isk@ of random walk model
in combination with a Kalman filter. Writing.(k + 1) = n(k) + n(k), with E{n;} = 0 and
E{n(k)n(k)T} = Q,, adding this to the state ¢f(z) and including (if necessary for numerical
reasons) small additional process and/or measuremegt teoins, results in an augmented model
Glaug(2), for which a Kalman filter can be designed. The Kalman filter tierfsinction fromg(z)

to n(k) represents the inverse 6f(z). Hence, for the considered model{(72), the SDMI method
results in the following stable inverse 6f(z)

—1
Gino = [0, 1] <z[— {Ag’t B@;tﬂ] + K[Cu, 0]) K.

The feedforward controller then takes the fofia;(2) = —H (2)Ginu(2), SO that the complete
feedback-feedforward control action is formed as shown gufe[19. This IPC loop, together
with the basic power control loop, including the generatoqtie P-controller and the collective
pitch Pl-controller, is depicted in Figutel20. The figure showthlibe conventional collective
pitch control and generator torque control loops, actinghenrotor speefl, as well as the indi-
vidual pitch control algorithm, acting on the measured flaggtdlade root bending moments,;
and computing additional actions to the collective pitclglas. Notice the required modulation
and demodulation of the signals, discussed above.

[Controtter |
‘ R R C — ‘
| —H(2)Ginw(2 |

! Kalman bf ! 95?
Y ! filter 5 3 i
2 wt Klqr ‘
\

L .

Figure 19 The feedback-feedforward IPC control scheme
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Figure 20 Layout of the complete control structure

2.4 Frequency domain analysis

This section presents results that demonstrate a significganovement in the load reduction of
the non-rotating turbine components, obtained with thegmied feedback-feedforward IPC, as
compared to the conventional Pl-based IPC. The controllerdesmigned and compared on both
the simple rigid model, developed in Sectlon 11.3.1, and theilée multibody TURBU model
described in Sectidn 2.2. The parameters of the simple mo&datfor 1.3.11 for a fictitious 2,5
MW wind turbine are listed in Tablg 1. This model, as well asTRHRBU model, is derived for
wind speed of 16 m/s, pitch angle of 10 degrees, and rotoidspie 806 rad/sec.

parameter | value parameter | value

H 55.953 m b, 8.3806 x 10" N.s
Ry 40m hr. 4.0683 x 10% N.s/m
J 11.2553 x 109 kg.m? | has. —1.8948 x 10° N.s
My 1.5657 x 10° kg kp, —6.1478 x 10> N
Stw 1.235 x 105 N/m kar, —3.7711 x 10* N.m
diw 2.7995 x 103 N.s/m | kg —1.8306 x 103 N
hp, 7.2019 x 103 N.s/m | ky;. 1.6174 x 10° N.m

Table 1 Numerical values of the model parameters in the simple mafdeéctionn 1.3]1

The basic speed and power control loops are the same for both IPese are designed as
discussed in Sectidn 2.8.1. The conventional IPC consists firtegrators, one for the tilt-
oriented and one for the yaw-oriented channels. The new éxddteedforward IPC controller is
designed as discussed in Secfion 2.3.2. The parameters ukedl#sign process are summarized
in Table[2.

The comparison between the two control designs is performdcequency domain. The fre-
guency response plot for the simplified model is depicted inufeiZl. The figure shows the
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parameter] Q, Quw QR Qy
value 0.017 [ 0.1, | I | 0.8 ] 0.01

Table 2 Parameters used for the design of the feedback-feedfori?&@dontroller

transfer functions from the multi-blade wind signalg’ to the rotor tilt and yaw moment/;;;;
(left plot) and M4, (right plot). The solid lines in the plots represent the casewIPC, the
dash-dotted lines correspond to the conventional IPC methibide the dashed lines are for the
new feedback-feedforward method. Only the diagonal cHarmi¢he transfer function from<™

to y are given, since the off-diagonal ones are zero (even wigméw MIMO controller, which
preserves the intrinsic diagonal structure of the simpleleljo It can be clearly seen from the
figure that the conventional IPC approach (dashed line) has lgao reduction only at very low
frequencies, while at 1p and higher frequencies in the fixedeace frame there is no reduction,
and even a slight increase. The low frequency reduction igaltiee integrator structure of this
control method, making the method suitable for blade loadicdon (as Op reduction if/y;;
andM,,,, corresponds to 1p reduction in the flap-wise blade root bgnaioments), but cannot
achieve fatigue-relevant load reduction on the non-negatiomponents of the wind turbine. On
the other hand, by trading off low-frequency load reductibie proposed feedback-feedforward
method achieves reduction over a much wider frequency ramgjading the 3p frequency which
is very relevant for fatigue on the non-rotating componesiish as the nacelle, yaw bearing and
tower ﬂ']. Improved reduction at low frequencies can be ioleté by including integral action in
the controller.

x10° TF from ucm2 to Myt x10° TF from ucm3 to Mzt

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

f[Hz] f[Hz]

Figure 21 Frequency response plot of tilt momeit;;, (left) and yaw moment/,,,, (right)
due to the multi-blade wind inputs;™ and u5™, respectively, for the simple rigid
turbine model with no IPC (solid), conventional IPC (dashtddj and new feedback-
feedforward IPC (dashed).

Similar conclusions can be made based on the results with tiRBUUmodel, as depicted in Fig-
urel22. Now there is coupling between tilt and yaw-orientedmant, so the off-diagonal channels
are also plotted. Notice that, although the IPC controllsigitehas been performed based on the
reduced lumped TURBU model, the results in the figure reprabentlosed-loop system with
the detailed multibody TURBU model. Note also that the adedrfeedback-feedforward con-
troller achieves improved load reduction over a much widegidiency band than the conventional
IPC method, which only leads to improvement at very low fretpies, whereas it actually results
in load amplification at frequencies of 1p (here 0.3Hz) andhéign the fixed reference frame
(observe the high peak on the top-left plot in Figluré 22, wicht about 1p). The performance
of the present method at low frequencies can easily be inggrdsy including integral action
in the controller. Finally, it needs to be mentioned that theroved high-frequency reduction
inevitably requires pitch control activity at these fregoies, which might in practice be unde-
sirable. This can be circumvented by introducing additigeadalty on the control signal at high
frequencies in the optimal control optimization.
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x10° Ucm2 x10° Ucm3
T T 4

fHz]

fHz]

Figure 22 Frequency response plot of tilt momeéy;;, (first row) and yaw moment/,,,, (sec-
ond row) due to the multi-blade wind input§™ (left column) and:§™ (right column)
for the TURBU model with no IPC (solid), conventional IPC (éashmﬂ) and new

feedback-feedforward IPC (dashed).
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3 Constraints handling in IPC

Summary

Bringing modern IPC algorithms into practice necessitdtesconsideration of the actuator lim-

itations, expressed as position, velocity and acceleratamstraints on the blade pitch signals.
Due to the intrinsic integral type of the IPC algorithms, amitndup schemes must be imple-
mented to avoid instability. In this section, such an aritidup IPC scheme is developed. To this
end, the original pitch actuator limits are transformea ioonstraints on the IPC tilt and yaw-

oriented pitch signals. This is performed in such a way thed®#C for blade load reduction uses
only the actuation freedom that is not used up by the CPC dfigoriachieving proper operation

under the given blade pitch actuator limits.

3.1 Introduction

The pitch actuators in wind turbines have limits, and it isc@uthat these limits are properly
taken care of in the control algorithm. This is especially amant for controllers with inte-

gral terms, as is the case with the discussed IPC algorithmgeahs otherwise the well-known
windup effect can occur, resulting in degraded performamaven instability. In this section, it
is shown how anti-windup can be achieved for the IPC algorittmplementation of anti-windup
scheme for the CPC algorithm is just as important, but less\ied and is not reported here.

Since the IPC algorithm is defined in the non-rotating referdramae, the original blade pitch
angle, speed and acceleration limits need to be translatetulti-blade coordinates before an
anti-windup scheme can be applied. Moreover, in order toensake that the IPC algorithm does
not tamper with the CPC, it should only use the actuation fseethat is not used up by the CPC.
In this way, proper simultaneous operation of all contrgloaithms is achieved, with priority to
CPC.

The following positions, speeds and accelerations harddiare considered for the blade actua-
tors,i = 1,2, 3,
Hmin < 92 < Hmazv

Hmz'n S 92 S éﬂL(l(Ev (73)

emzn S 92 S émazv

where the minimum and maximum values are assumed given.oP#nis total actuation free-
dom is attributed to the basic CPC algorithm and the rotorrtzatg IPC (Sectior??), and it is
assumed that the following limits are met at all time

emin < QCOl < ecol < GCOI <0

min maxr — Ymaz

Gmin < QCOl < 900[ < GCOI < Qma;ra (74)

min max

gmin < 9001 < écol < éCOl < Hma;r-

min max

Notice that the speed and acceleration constraints for Bf@ &ction are chosen strictly inside
the actuator limits, hence always leaving some freedonhffRC controller. For the pitch angle
it is not always possible to sele,;, < Ggﬁfn strictly, as would be the case when the lower pitch

angle bound,,.;,, coincides with the working position at below-rated coruadis.

3.1.1 Multi-blade pitch limits

Without loss of generality, we assume for simplicity of thexidations below that IPC control is
limited to 1p load reduction on blades (i.e. no higher haricetPC control). The results below
can easily be extended to IPC-2p and higher. Defining v, + w as the azimuth angle of
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bladei, remember from Sectidd 1 that the pitch setting angle of biaukes the following form,
containing contributions from the collective pitch coriieofor power/rotor speed regulation and
the IPC-1p controller for load reduction

Hi = Hcol + Sin(lbi)ecmﬂ + COS(wi>96m,3a 1= 17 27 3.

Clearly, the IPC actiong,,,, » andé.,,, 3 have effect on all three blade angles, speeds and acceler-
ations. Still, they should not lead to the original actuaitmits (73) getting exceeded. To achieve
this, limits on the IPC action8.,,, » andf.,,, 3 will be derived for which[(7B) remain valid. It is
desirable that these limits do not (explicitly) depend oa tbtor azimuth),. To this end, the
remaining freedom in the actuators after the CPC controliérbe distributed among the two
IPC controls. Define

QreSt = maX{O, min{emax - Qcolv col — mm}}
Qrest = maX{07 min{Qmax - Qcolv col — mzn}}
grest = maX{07 min{emax - Hcoh col — mzn}}

where the current collective pitch spe@ql and acceleratiofi,,; should be substituted by their
finite difference approximations.

Denoting
J(@Z)a 06m,27 00m,3) = Sin(d})@cm,z + COS(ZD)Qcm,s,

the purpose of this section is to derive limits on the IPC as#lg » andd..,, 3, as well as on their
speeds and accelerations, such thagtiny+ the following inequalities are satisfied

J(¢7 96m,27 gcm,?,) H.TESt
(Y, 0cm,2,0cm3) || < |07 . (75)
J(q/)’ ecm,Qa 00m,3) 9T€St

To keep the problem tractable, we distribute the availaigledom between the two IPC controls.
In doing this, however, we do not use a constant factor, hherdook at the “activity” of the
two signals. If, for instance, there is large rotor yaw nigrainent, this will give raise to a large
rotor tilt moment, so tha#,.,, » will need to get larger to compensate this, while at the same
time the yaw-oriented componety,, 3 might be negligible. Hence, we will distributé®s! (and,

of course,@"¢** and#7¢**) by looking at the values oag;;{gm and 93;,“;{@””‘, required by the IPC
controller before applying any limits on themso that the signal that is larger in absolute value
gets more freedom than the “less active” signal. This ideaélun the following to derive the

limits on the IPC signal§.,, ;, Gcmj, Hcm,j, =2,3.

3.1.1.1 Position limit: J (¢, Oem 2, Ocm.3) < 67

To begin with, consider the first constraint [n}75), and sigepihat, > 0 andas > 0 are two
given scalars, such that
Oem j| < ;07 j = {2,3]}. (76)

Then it holds that,

(agm 2 + ecm 3]

erest /062—|—O(3.

Since we need to make sure thidt), 0., 2, Ocm.3) < 67 for all 1, the scalarsw, andas should
be such thaty% + a§ = 1. Moreover, from the discussion above, we would like thatrdit@

[man J(l/}, 90771,27 90m,3)

IN
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Figure 23 IPC anti-windup scheme

between the limits fof,,, » andf.,, 3 is proportional to the ratio betweef "“m] and|guntin

cm,2 cm,3

(i.e. the ratio between the IPC controller outputs befordyapg any limits). This implies that

unlim
@z |9cm,2
as  0mE

Solving this equality together with3 + o2 = 1 gives

unlim
ecm,J

V0t + (Ot

y J = {273}7 (77)

Q5 =

which, with (78), ensures the first inequality [n175).

3.1.1.2 Speed limit:J (¢, Oem.2, Oem,3) < 07

Consider the speed constraint[inl(75), written as

JW’ e.cm,% 90m,3) = j2 (¢a ecm,2) + J‘S(wa 907@,3),
J2(¥, Ocm,2) = coS(¥)bem,2 + sin(¥) 0,2,
J3 (¢> 90m,3) =-Q Sln(w)‘gcmﬁ + COS(¢)9cm,3-

In this case, similarly to what we did above for the positionit, we distributed”est between
J2 (1, Oem,2) andJs (v, O 3) by usingfe andpgs, such that

T (0, Oem j)| < Bi07°, j = {2,3}, (78)

implying | |
mj}X JW, ecm,% 9cm,3) = (52 + B3)0T68t7

S0, + B3 = 1 must hold. This, together with

,82 |9unlzm

cm,2

@ - ‘(gunlzm ’

cm,3

gives

unlim
Gcm,]

B = , 7 =1{2,3}. (79)

unlim
ecm 2

cm,3
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equation[(8b) equatioh (B7)  equation[(8b)

egglidm T/_ c T/_ T/_ Ocm. g
— | I T B

Figure 24 IPC pitch limiter realization

It remains to rewrite[{78) in terms ., ; andf.., ;. Here, there is another degree of freedom
in the choice of distributings;6"** over the positior,,, ; and speed..,, ;. For that purposeve
choosefactors~y,,, > 0 andvy,,q > 0 such that for somé;est > 0 (derived below) we require
that )
|0cm,j‘ < ’YposegeStu

) 'res (80)
|96m,j‘ < ’Yspdej L
To derive an expression f@’;est, note that
maXy), jj (¥, ecm,j) = \/(Qacm,j)2 + égm,j
<05 1202 2

Hence, inequality[(78) will be satisfied for

yrest __ 5]07"6575

07" = (81)

VY022 + 70

with 3; defined in[(7D).

3.1.1.3  Acceleration limit: J (1), Oern 2, Oem 3) < 67

For the acceleration limit i (T5), we can write

JW, alqm,% ecm73) = J2 (1/]; 90m72) + Js(ﬁ% 66771,3)7
J2 (1/]; ecm72) = (gcm,2 - Q2ecm,2) Sln(ﬂ))
) +(2Q0em 2 + Qe 2) cos(1),
J3 (1/1, 90m73) = (gcm,i’)._ 920077.’7,73) COS(W
—(2Q0cm 3 + Qe 3) sin ().

Similarly to the speed limit case, we distributess* betweenJs (1), fem.2) and Js (1, O 3) by
usingthe samescalars3; and/3; as in [79)

T3 (0, 0emg)| < B;07°, j = {2,3}, (82)

since then we getnaxy, J (¢, Oem 2, 0em3) = 07, as required in[{75). Now we have even
more freedom than in the speed limit case above, since Wetbadistributeﬁje"est between
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three components: the positiép,, ;, the speed..,, ; and the acceleratiofh.,, ;. To do this, we
choose, in addition to the already chosen factgrs and~,q, a third factory,.. > 0, and we
impose the following constraints for sorﬂ?st > 0 that is yet to be derived

|Qcm7j‘ < ’Yposégeﬁa
|€cm,j‘ < 75pd€;€8ta (83)
|ecm,j‘ S ’Yacce;eSt-

Under these constraints we have

maxy, Jj (1, Ocm.j)

= \/(ecm,j - QQHCm’j)2 + (QQéch‘ + Qgch)z
S ége&t \/(’Yacc + 927p05)2 + (2Q’YSpd + Q’Ypos)z

Inequality [82) will then be satisfied under constraibis (@&h

. érest
frest = — — (84)
V (Vaeet29500) 2+ (209 pat+ 7p00)?

andg; defined in[(7D).

3.1.2 Anti-windup scheme

To summarize, the final limits on the IPC actions in multi-bldeordinates are obtained by
combining [[76)[(8D).(83) together with the scalings ({78),(81)[84). In order to describe how
the anti-windup scheme should finally be implemented intowtrel turbine controllerwe as-
sume below that the IPC controller is discretized with sangpperiod oft, secondsand will
approximate the speeds and accelerations with finite difte® At time instant, the following
constraints should then be active

|Ocm.j (k)|

< min {ajgrest, ’Yposé;eStv ,yposé;jest} (85)
|Ocm,j (k) = Ocm,; (k — 1)

< min {tvapal} tivopalyet (86)
|Ocm,j (k) = 20cm,5(k — 1) + Ocm,;(k — 2)]

< tg'Yaccé;eSt (87)

Notice, that a typical IPC controller consists of two (usygithdependent channels, each contain-
ing an integrator and a filter (see Sectidn 1). Hence, an IPCdlterirdiscretized with sampling
periodt,, has the same general representation

ts
Crpc(z) = [1_31 t } Crpc(2).

1—2-1

As discussed ir@S], in order to achieve an anti-windup rae&m one needs to make sure that
the integrator states are driven by the actual (constraimgaits 6., » andf.,,, 3. This can be
achieved easily by implementing the integrators by usingggsample delay feedback around the
limiters, as shown in Figude 23. The two limiters, having themsastructure, but realizing the
bounds in[(8b)E@7) foj = {2, 3}, are shown in Figurie24.
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Figure 25 Limiter realization under speed control

3.1.3 Limits under blade speed control

Above, the discussion was focused on the blade pitietiest; being the control signals. In
practice, however, it is sometimes the case that the pifiedsd; are the control variables,
which leads to controller structures that contain no irdémys. Indeed, an I-compensator for IPC
will take the form of a P-compensator when the pitch speedéd.uor P and PD controllers,
windup is not an issue, so the anti-windup scheme, presentsection[3.1.2, will not be an
issue. In this case, the limiter block can be positioned kirafter the controller. However,
the limiter will have a different structure than the one inlig[24. The reason for this is that
the controller does not output a position signal. In ordemtmrporate position constraints,
actual blade angle measuremetits“(k) are necessary, which we again transform to multi-
blade coordinateg”¢%* using the Coleman demodulation matix !, defined in [IR). The

5J
corresponding limiter scheme is depicted on Fiduie 25.

3.2 Nonlinear simulation study

In this section, the methods, discussed above are demtmustia realistic nonlinear wind turbine
simulations. The simulation model is briefly described in tle&trsubsection, after which the
results of different simulations are presented, aimindltstrate the influence of IPC on the
blade loads as well as the effect of the proposed IPC antiwgisgheme.

3.2.1 Simulation model

The nonlinear wind turbine simulation model, used for getiegathe results in this section,
consists of the following components:

* 156-th order linearized structural dynamics model (SDM), aledi using the software
Turbu [ﬂi]. A multi-body approach has been used to obtamdbiailed SDM. The multi-
body model had4 elements per blade arid elements for the tower, with each element
having5 degrees of freedom. There drelegrees of freedom in the rotor shaft, arxdfor
the pitch-servo actuation system. A linearization is cotagdor an aerodynamic equilib-
rium state at a mean wind speedl&6fm/s, rotor speed of approx7, 7 rpm and blade pitch
angle of7, 24 deg.

» nonlinear aerodynamic conversion module (ADM), based ladé element momentum
(BEM) theory, including dynamic wake effects, the effectbfique inflow on the axial
induction speed, and angle of attack correction due to md@aing. The ADM computes
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parameter gmzn gmax Hmzn Hmar emz’n emax 9%)@['” 0?,%1, efr%n eg?ulm: gfr?fn 9%’35{; Ypos|Vspd|Yacc
value 08 -8

8 [-15]/ 15| 0 |8 |4 4 | 5| 5[4]1]8
dimension| ° | ° [°/s|°/s[°/s?|°/s?| ° | ° |°/s|°/s|°/s*|°/s*] - | - | -

Table 3 Numerical values of the algorithm parameters

forces and torques per blade elements, which are used tthe&DM. SeeIEB] for details
on the ADM.

 basic CPC controller, regulating the filtered generatordpéés rated level (when operat-
ing at above-rated conditions). It consisting of a Pl-cdidran series with low-pass filter
at the3p blade frequency, notch filter at the first tower sidewards feagy, and notch filter
at the first collective lead-lag frequency. An anti-windupesme is implemented for this
CPC controller to guarantee that constrainis (74) are satisfie

» nonlinear generator torque controller based on statior@it\ QN-curve at below rated
conditions andcconstant poweproduction above-rated, operating on the filtered generator
speed signal (same three filters used as in pitch controller).

» |PC: the advance@., controller does not perform significantly better than theveon
tional I-compensator, the later is used in the simulati@p®rted here. The gain scheduling
is done based on support points corresponding to mean waetlspequally spaced over
intervals of 1 m/s.

* realistic blade effective wind speed signals are gendraésed on the helix approxima-
tion concept, as proposed iE[43, App. C], including bothed®inistic terms for wind
shear, tower shadow, tilt and yaw misalignment, wind gusd,astochastic term for blade-
effective turbulence. The mean wind speed, used in the siioog is20 m/s, reaching the
rotor at oblique inflow angle of0 degrees.

To evaluate the performance of the proposed advanced IP@sdioe 1p blade load reduction,
three simulations have been performed:

e Case 1 without IPC control.
» Case 2 with IPC for blade load reduction, no pitch limits,

e Case 3 with IPC for blade load reduction, pitch limits included.

The resulting blade 1 flapwise root bending moment spectrurthéothree cases are plotted in
Figure2®. Clearly, a significant reduction of blade loads Be@d around thép frequency, both
without and with pitch limits (anti-windup), although thetér case gives slightly less reduction,
as expected. FiguteR7 shows the pitch angle, speed andraticeleinder Case 3, together with
their limits, given in Tabl&l3.
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Figure 27 Pitch angle, speed and acceleration reference anti-wind flor blade load reduc-
tion
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4 Stability analysis using Floquet theory

Summary

In Sectiori 1 it is shown how modulation/demodulation magrican utilized to target specific load
reductions at frequencies that are a multiple of the ratalierequency of the rotor (thep, 3p,
and higher loads). The IPC-1p control, aimitygblade load reduction, results in a linear time-
invariant (LTI) model in fixed-frame coordinates, the stapitbf which can be analyzed using
standard methods. Howevep modulation, and higher, no longer results in LTI models, but i
linear models with periodic coefficients. The stability of Bymeriodic models can be examined
using Floquet theory.

4.1 Floquet stability analysis

This appendix describes how the stability of controller withe-varying constants should be
analysed. This analysis will be of particular use for wintitnes with controllers that target
specificnp modes.

The analysis is based on Floquet-Lyapunov stability theodeasribed in|E5].

4.1.1 Time-invariant vs periodic systems

Most control engineers will be familiar with a statespacsadiptions of a Linear Time Invariant
(LTI) system:
x = Ax+ Bu (88)

This system is stable of the real part of all the eigenvalues sfnegative (i.e. all the eigenvalues
are in the left-hand part of the complex plane.

We know that for a wind turbine, there are at least some vimsahat depend on the position of
the rotor. Considering that the position of the wind turbmpart of the state vectox:

%X =A(x)x + Bu (89)

To be able to actually work a system like this, we need to lizeghis matrix around a operating
pointxg. Substitutingx = xo + Ax:

(xo + Ax) = A(xp+ Ax) (xo + Ax) + Bu (90)
Ax = A(x9)Ax + Bu (92)

A constant rotor speed should results in changes that dépefiict order approximation) on that
speed to become periodic, so the above equation can alsdtiEnvas:

Ax = A(t)Ax + Bu (92)

or even:
Ax = P(t)A.Ax + Bu (93)

To illustrate the problem, a simple model is used as an exampl

Example 4.1(A simple example system)Assuming a simple model: a system of two coupled
mass-spring-damper (MSD) systems. The equation of motione@MSD, excluding external
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Figure 28 Two coupled mass-spring dampers

forces is:
) 0 1
X = [ iy —dy i ] X (94)
Which can also be written as:
0 1
X = 95
* [ —wi —Gw ]X (95)
Coupled the system becomes:
0 1 0 0
2 2
o —wp —2(_:1(4)1 w1 2(1(4)1
X = 0 0 0 1 X (96)

ki/mo  di/ma  —wd —ki/ma —2Cwi — di/ma

Now, we will assume that one of the stiffnesses is time+vgrin a very simple sinusoid way:

0 1 0 0
2 2
- —Wwq —2C1W1 w1 2C1w1
X = 0 0 0 1 X (97)

ki/ma  di/my  —(1+asin(t/b))ws —ki/ma  —2Cwi — di/ma

Note that this the time-variation does not have to be sirdjsibican be any (finite) periodic
variation.

Now we have a simple example model, we will continue with tieoty.

4.1.2 Applying Floguet theory
Floquet theory is concerned with a linear, but time-varyiggaimic system, described by:
x=A(t)x+ B(t)u (98)

The theory is based around the special case whé¢te-T') = A(T'), i.e. A(t) varies periodically.
The general solution of the above equation must be of the form:

x(t) = ®(t,t0)x(t0) (99)
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This is because the system is linear and the solution at atjmmyst thus be a linear combination
of the inputs at timety. The matrix®(t, ¢) is called the state transition matrix.

The Floquet theorem states that the state transition matrxsystem with a periodic variable
must be of the form:
B(t,t9) = P(t)eP! (100)

whereg is a constant matrix anB(¢) is a periodic function. That means th@att) = P(t + 7).
Combining the fact thaP(t) is periodic and equations (1I00) afd](99) results in:

x(0) = @(0,0)x(0)
= P(0)e?°x(0)
= P(0)x(0) (101)
for anyx(0), thus:
P(0)=P(T) =1 (102)

This covenient equality will be used later on.

Now substituting equatio (ID0) back into the original eiéintial equation, equation (98), gives
us:
P =AP - Pj3 (103)

This looks like we just hit a dead end, because this is stilff@rdintial equation with periodicly
varying coefficients. Indeed, this equation can only be gbtieectly in special cases.

Lets have another look at equatién (1L00). The transition mdéscribes how the system behaves
from an initial input. We see that the response at timeT is ¢®” times the response at tine
This means that stability of the system is defined by this matriBut we just saw that is very
hard to find this matrix.

Lucky for us, we don't need to fin@ to show that the system is stable. We only need to show
that the real part of its eigenvalues is equal to or small@n ttero (depending on what stability
criterion you use).

To do this, we need numerical approximations to make theligyadgnalysis work. In particular,
we need to calculate®” by numerlcallﬁ integratingx, = Ax, from 0 to7", with x,(t9) = I: &

T T
a=eT = / %o dt = / Ax, dt (104)
0 0

A simple numerical way to calculate is to set all the initial states of the system to zero and then
sequentially set the next initial state to 1 and simulatestrstem over one peridfl and add the
values of the states at the end of the period to one big matrix:

« Simulate equatiori{98) from an initial statg; = [1 0 0 ...]” during one period’,
record the endstateg

+ then simulate from an intitial state, = [0 1 0 ...]” during one period” and record
X9, €tc ...

* Now assemblex:
o = [XTI X792 XT3 .. ] (105)

That we need to do this numerically is obvious, otherwise we would already the solution and thys
“Note thatx, (o) is a matrix rather than a vector. The response of the system afftitoeany initial statex(o)
can now be calculated by simply multiplyirg by x(%o). It is a linear system after all
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Figure 29 Example system reponse, no time variance

The matrix thus obtained satisfies equatfon {104).

Note that, because of equatiohs (100) dnd](102) the solafitime system at times a multiple of
the periodI’ can thus be written as:

x(nT) = a"xg (106)

This shows a seeming similarity to discrete-time state-spgstems.
One can relate the roofsof 8 to the root¥ of a according to:

A=1/Tn@ (107)

If these roots are in the left-half of the complex plane, tiisteam will be stable. However,
these eigenvalues are 'mirrored’ in the frequency domareappear at frequenci@@;ﬂ with

n =1,2,3,... above/below the orginal frequency. The poles can also m@regghose mirror
frequencies, as continuous poles would do along the real axi

Example 4.2(Variation in amplitude) To see how time-dependence can influence the response
of a system, we will simulate the response of the simple drasygtem of example 4.1, starting
each time with the displacement of the second mass set to 1.

Figure[29(a) shows the response for the case where the amiplitf the periodic variable is 0.
The response seems damped and stable. The poleplot confisms thi

Now lets have a look for when the periodic variable is not Oyurés[30(d) t¢ 30(¢) show the

response for 3 different amplitudes of the periodic vamablhe last one is clearly unstable,

but with the other two it is more difficult to see. Figlire 30¢tipws the poles of the system for
different amplitudes of the periodic variable, as calcathtwith the Floquet theory. The three
poles in the right-half-plane occur for gains of 1.6, 1.8 ahf. So despite the fact that figure
[30(b) seems to be stable, Floquet predicts that the systemfast, unstable.

If we continue the simulation with the gains 1.4 and 1.8 we seathat they are, respectively,

stable and unstable (figure 31[a) and 31(b))

One important thing to note is the fact the poles of the systaloulated with Floquet do not

match the poles of the LTI system even when the amplitude @ Zdre poles and corresponding
modeshapes calculated with Floquet behave differently tiage of continuous or disctrete LTI

systems.
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Figure 31 Example system reponse, periodic frequeney 1

In comparison to a continuous time system, the poles in tbeiplfigure[31(d) move in a very
unusual way whenthe amplitude of the periodic variable ¢sedased. We can see that the pole
plot becomes asymetric around the real axis and that the pale move in the direction of the

real axis once they reach a frequengy2=. Once a pole reaches this frequency, it can quickly
become unstable.

The Floquet system also behaves unlike discrete time-systitms/hich equation[(106) implied
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similarity. In discrete time-system, the poles indicatestiier the system expands or contracts
from time-step to the next, depending on whether the abswgaltie of the pole is larger or smaller
than one. Poles that have a magnitude close to one are usualbjggest threat to stability. If
one plotted the valueg rather than the values of, the poles on or near the real axis are most
likely to become a problem, regardless of what their ingibsolute value was. One could well
see little movement of the poles, until, near instabilityycde will move quickly along the real
axis to outside the unit-circle, i.e. almost jump, from Oristability.

Thus Floquet modeshapes should not be thought of in the samasthg modeshapes calculated
for a structure.

In a structure oscillating in a modeshape at its correspaneligenfrequency, the motions of the
structure occur at the same frequency and remain in same phas

For a Floquet modeshape, the 'modeshape’ is rather a confiyuiatinitial states, that after a
periodT happens to be a (complex) scaled version of itself, i.e.:

x(t+T) = ax(t) = cx(t) (108)

The motions of the system in between these two points in timenoabe calculated fror, but
would need to be calculated from bd#{¢) (the periodic matrix) andk.

The above would also imply that the phase of the motions ofyktem is very important to the
calculation of the modes. Thus one can also predict that thesyis likely to be sensitive to
changes in the frequency of the periodic variable.

Example 4.3 (Frequency variations)We have seen what impact amplitude variations have on
the stability of a system with a periodic system. Now wousd &k a good time to have a look at
how the stability of the system is influenced by changes ifrefj@ency of the periodic variable.

Figure[32 shows how the poles move as function of gain foringrfyequencies. It shows that
stability can be heavily influenced by the period of the pidorariable. Depending on the

frequency the system can become unstable at an amplitudedretl.0 and 1.2 or between 1.8
and 2.0.

4.1.3 Modal analysis with Floquet

The previous section have showed that using simulation, wecakculate if a system is stable
or not. However, the eigenvectors calculated with Floquenat directly insightful as they only
show which combination of states achieve a scaled value @fiee periodr”. It would be useful

to know how the system behaves withing a perigdso it can be established what gives rise to
this instability. This means we want to calcul®®ét).

To calculate what happens within a period, some further rarnslunching is needed. First, a
small recap of what we already know, regardin(}):

» The solution of a linear system with a time varying consthat varies with a period’, is
given by:
®(t,ty) = P(t)eP!

whereP(t) is a periodical, time varying matrix and the mat@xs time-invariant. Further-
more:

» The eigenvalues of the matr@ can be found by calculating the response of the system
from a series of different initial states over a peribdnd they dictate the stability of the
system. The eigenvectors Bfdo not imply that states move in phase during the pefipd
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Figure 32 Example system, floquet poles for varying gains and varyamgufgncies

but only that they have an equal phase and magnitude retatea&ch other, at the end of a
periodT.

To see how the response behaves within a single period, veetoealculate the matri® (¢). To
do this we need:

» The (3D) matrix®(t, ), calculated by simulation between= 0 and7" (of which the
matrix « is the value afl’. The size of this matrix iSV, x Ny x Ny, whereN, is the
number of states in the system, aig the number of points in time where we wish to
calculateP ().
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* The matrixa
First we calculate the matrig from o using equatio (104):
B=1/Tha (109)

Then we can calculat®(t) using equatior{100):
—1
P(t) = ®(L, 1) [eﬁt] (110)

For this to work, the inverse @f* must exist. The 'eigen’ motion of thieth mode calculated from
the matrixa: during one period at its eigenfrequency (see equalion J;16&i) then be calculated
as:

x5(t) = P(t) Xk (111)

whereX . is thekth eigenvector of the matrie.

Though this works for systems with only a few degrees of fregdbis not an appropriate way
to handle large scale systems as it requires a significantu@atignal effort and may suffer from
numerical issues.

[@] suggests calculating the motions of the system aswsatigith an eigenvalue as:
i (t) = €MD (t) X (112)

This is a much simpler and more numerically stable way of datimg the motions of the mode-
shapes.

Both equation[(111) an@(I112) result in the same values, coinfy that these methods are equal.

Example 4.4(Floquet modal time analysisJor the simple example system, we can show that
we can actually calculate the motion with equati@il) or (I13) Figure[33(a) shows how
the values of the elements Bf¢) vary during one period. As required by equati@@2), the
calculatedP () is indeed equal to the unit matrix at= 0 andt = T'.

Figure[33(b) shows the response of the states during onegaeatithe eigenfrequency of one of
the four modes of the system. As can be seen, the Floquet modddsum of motions of states,
that can fluctuate at a different frequency than either théggkc variable or the frequency of the

Floguet mode.

4.2 Floquet stability analysis of 1p+2p controller

The 1p + 2p controller design is applied to a 6MW reference windturbilesign. The time-
dependent variables are the caused by the 1p and 2p coleamaiformations. To obtain a clear
periodic variable, these coleman transforms are calaiiageng an azimuth that is based on the
mean rotor speed and time only. The difference between thalazimuth and the mean azimuth
due to rotor speed variations can not, as far as the authevaseabe taken into account using
Floquet theory,

The controller is analysed using Floquet theory. It is stabth this model as can be seen from
the fact that all the poles are in the left half-plane in figufie Bhe controller has a gain margin of
a factor 6 on th&p modulated part of the controller. The main component of thstable mode
is the first tower fore-aft mode.

Because of the way Floguet theory has to be applied, it is difftouanalyse how the system
responds to changes in phase or delay. It is also difficult édipt whether or not the system
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Figure 34 Poles calculated with Floquet analysis

remains stable if one uses the actual rotor azimuth for tHerftan transforms, rather than the
approximate, mean rotor azimuth calculated with the megor speed. These are also reasons
for a fairly conservative gain margin.
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5 Modeling external wind conditions in relation to IPC

Summary

For the development of IPC control algorithms, a simplified dviarbine model is derived in
Sectio I.ZR. The model includes degrees of freedom for nmagte first modes of the drive-
train and tower in fore-aft and side-to-side directions. H&eeodynamic modeling relates the
three blade pitch setting angles and three ficthe blade effective wind speetls the moments
and forces acting on the blade and on the rotor. Thereforgrégrer simulation and analysis of
the IPC control algorithms it is necessary to be able to geadltade-effective winds to feed the
model with. This section presents an algorithm for genenadibrealistic blade-effective wind
speeds.

5.1 Introduction

A compact real-time simulation setting is obtained in Sediid.2 wherein three fictive, the so-
called blade effective wind speed signals are used insteadomplete three-dimensional (3D)
wind field. The three wind speed signals are designed in thigogeinn such a way that they
cause “realistic” blade root loads; in other words, the farck similar to those that arise when a
rotating rotor blade samples a 3D homogeneous turbulerd figid for longitudinal turbulence
only. Deterministic effects, such as wind shear and towadetv, can also be included to the
blade effective wind speeds.

A point on a rotating blade experiences the wind velocitygla spiral-shaped trajectory (helix)
in the “wind cylinder”. Thus, a rotating point experienceg ihtersection of a helix with the
rotor plane; in the figure, the rotating blades “move forwaaling thexr-axis at increasing rotor
azimuth anglep.

Since the three blades have an azimuth separation 6f #26h blade tip samples along a specific
helix. The derived blade effective turbulence signal effety represents a weighted average
of helix realizations over radial coordinatefor a blade. Actually, thehree blade effective
turbulence signals are obtained as a realizasietfior a 3x 3 power spectrum matrix.

At a constant rotational speed, the time separation betthese helices is equal to the revolution
time (%’r) divided by the number of blades (3). Consequently, the sammemoving location in

| blade 1 tip-helix for rotor azimut V= OTl‘,|

[ blade 1 tip-helix for W=27 |

[ blade 1 tip-helix for W= 47|

longitidunal wind speed

l7+ u(t,x,y,z)

lateral wind speed
v(t,x,y,2)

vertical wind speed
w(t,x,y,z)

'
\ e
3
N // ¢ A7
X .
)
/ U+u(wy,r)

Figure 35 The sampling of helices in the wind field by one blade tip
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the wind cylinder is “sampled” ever% seconds. The latter is of importance when oblique inflow
is considered in the context of a limited number of additidredix realizations.

5.2 Definition of blade-effective wind speeds

This section describes the idea behind the notion of blaféetefe wind speeds, and paves the
way for creating an algorithm for generation of such winchsig (which is the purpose of the
next sections). The aim is summarized as follows.

Objective

The aim is to generate the three helices containing the l@édetive wind speeds in
such a way that by using them into the simplified model in Se@i@r® results in blade
root inplane moments that have approximately the samersppcoperties as the those
that would result from a conventional 3D wind field.

As an alternative, the blade flapping moments can be used iapj@ximation, instead of the
aerodynamic torqué,.

To this end, consider first the following nonlinear static r@gsion for the aerodynamic power
based on the power coefficiefif

p— %pr2Cp(>\(i), 0 (110

whereu,, is the undisturbed rotor-uniform longitudinal wind spe&thceP = T,2, the follow-
ing expression for the aerodynamic torque on the rotor holds

_ L (@) ) 3
Ta—QQpﬂR Cp(A'",0') (ugz)”.

Assuming now that each blade has its own wind speed, abovessipn can be generalized to
aerodynamic torque per blade as

. 1 i . . . )
T = ol (rR?) O A 00y (W) i =1,2,3, (113)

or per blade element, by assuming that each blégldivided into a number of elements (sections)
e=1,2,...,N of equal widthAR

Te,i _

i = 5qP 2TRAR) CH N0 ()3, i =1,2,3, e =1,2,..., N, (114)

axr
whereR, is the radial position of sectian anduiﬁ is the wind experienced by elemerf blade

i. In above expressioné}l(f) andClef are the aerodynamic power coefficients per blade and per
blade element, respectively. For simplicity, howeversiagsumed that all blades, and all blade
elements, have the same aerodynamic efficiency.

Assumption 5.1(Uniform aerodynamic efficiency)The blade elements have equal aerodynamic
efficiency, i.eC%’ = €\ = Cp.

By defining the parametek = :,%erAR, and representing the wind as a sum of mean wind
speed’ and turbulence(” (or . ;), the expressions in equatiois (113) dnd{114) can be tewrit
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as follows

N
1) = K RCp(U+uD)(U +ul)?

e=1

N N

YT = KDY Re.Cp(U +ue) (U +ue;)?
e=1 e=1

In an attempt to equate the two expressions above, the geddiwe to construct blade-effective

wind turbulenceu(®) such that

N N
Z ReCP(U + U(Z))(U + u(z))S ~ Z Re-CP(U + Ue,i)'(U + Ue,i)g (115)

e=1 e=1

Since a typical blade design achieves a power coeffidigntthat is relatively flat around its
optimum, small wind variations due to turbulence havedligffect onC'p, so that the following
holds

Cp(U +uY) =~ Cp(U + uey),

and, therefore, expressidn (115) becomes

N N
D Re(U +u)? = > " Re(U + e ). (116)

e=1 e=1

The objective was defined as deriving such that the spectral propertieS]df) andZéV: 1 T
are approximately the same. However, for simplifying thewd¢ion process we will further
concentrate at obtaining a “linearized stochastic eqeiva” by first linearizing both sides of
(I18) around:(") = ue,; = 0, leading to the following expression (wherein now equadiyn is
used as this forms a basis for the derivation process in theebe

N N
; stochastic sen
U(Z) Z R, = S Reue,z'
e=1 e=1

Notice that this equation implies that the blade effectivedrspeeds.(”) will be a weighted aver-
age of the blade-element effective wind speeds with the weighting factor increasing linearly
with the radial position of the element. Indeed, this cosidn is not unexpected considering
the fact that, under the assumption of equal aerodynamideaftig, for rotor uniform wind the
leadwise (tangential) blade element forces are equal beeblade length, and hence the corre-
sponding contributions to the aerodynamic torque incielisearly with the radial position.

Performing Fourier transform on the equation above gives

N ) N
U@ (jw) Z R. stochaguc sensz ReUeﬂ-(jw)

e=1 e=1

and for two different blades; andi,, and two different blade elements, ande,, it holds that

U (jw) (U1 (jew)) (Z Re> =3 3 ReiRe, Uein () (Uey i, ()
e=1 e1=1ex=1

i i Uey,iqrUeg,i
S,61) y(iz) e1,i1 Meg,in
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Figure 36 Turbulent wind experienced by a rotating blade element.

This implies the following expression for the cross powercze density (CPSD) between two
blade effective wind speeds) andu (%)

1 N N
Syt yiz) = B EE—Y Z Z RelReQSuel‘muer. (217)

<ZN:R> s
e=1 ‘

Notice thatthe tern,, . ..., ,representingthe cross power spectral density betweemitiks
speeds.,, ;, andu,, ;,, includes rotational wind field sampling effects due to th@rootation,
and still needs to be expressed in terms of the given turbalemodel for the fixed wind field.
This is the purpose of the next section.

It should be pointed out again that this equation was detiyeiming to equate the aerodynamic
torques on the rotor resulting from three blade effectingdasépeeds on the one side, and a
3D wind field on the other side. If one, instead, wishes to axiprate the blade root flapping
moments, then it can be shown in a similar fashion that eoqudfilT) then gets the form

_ § § 2 2
Su(il)#(iz) N R Rez Ueq, iy Uey,ig®

Rg e1=1ex=1
(; )

5.3 CPSD between two blade elements

In this section, an expression is derived for the CPSD , .. . in equation [(117) will be
derived. For convenience, we will denote the wind speedesthehte of blade: as

w(é(i),r(e),t) = ue;(t),

whereiné(i) = Qt + %QW is the azimuth angle of blade andr(e) = R, is the distance from
the rotor center to blade elemenfsee Figuré36).
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Figure 37 Definition of distancel between pointéry, £;) and(rq, &2)

To begin with, define,,,,(w) as the (auto) power spectral density (APSD) of a fixed (noninatpat
point in spacey (w, d(&1,&2,71,172)) Is the coherence function,

d({l, &a, 11, 7“2) = ’I”% + ’I”% — 2r1ry COS(§2 — 51)

is the distance between elemenbn bladei; and element, on bladei, (see Figuré37), andis
the frequency. Next, the following assumption is made (Wihiclds with the standard turbulence
model used in the norm IEC61400-1).

Assumption 5.2(Homogeneous stationary turbulenc&he turbulence in the wind field is ho-
mogeneous and stationary, i.e. the spectral propertiesratependent on the position in space
and on time. More specifically,

Su(eryuer) (@) = Suu(w)
Su@arayugrm) (W) = Suu(w)y(w, d(&1,&2,71,72))

are all independent og, » andt.

The homogeneity of the wind field allows an azimuth expansigh®fvind speed felt by a blade
element. Consider Figutel36 again. If we “freeze” the wind fiekl for a fixed timet) and look
along the path followed by the poift§(i), (e)) (to be shortly denoted &g, r) in the sequel) as
time evolves, then the functiom(&, r, t) will be periodic in the azimutl§. Therefore, a Fourier
series expansion ef(¢, r, t) has the form

u(g,rt) = Z ejpg.ﬁp(r,t)
p=—00
1 21 )

Gy (7, 1) o |, e IPE (&, 7 t)deE

whereina,(r, t) are the Fourier coefficients, also called in the sequeldit@tional modesThis
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Fourier series expansion is used in the sequel for the dienvaf an expression for the CPSD
Su., . u.,., between the wind speeds on two elements on two blades, teebérusquation(117)

for the formation of the CPSB,) 462 between two blade effective wind speeds.
For the rotational modes at two radial positioasandr, it then holds that

X 1 27 L
Ug(re,t+7) = o e ]qull,(fQ,T'Q,t-i—T)dfg
0
1 21 )
tp(r1,t) = o /) e IPEy (€, 1y, t)dE

and, therefore, for the cross-correlation function betweg(r,¢) andw,(r2,t) the following
expression follows

C(uq(rg,t2+ 7')2 s Up(r1,t)) = Elig(re, t + 7)tsy(r1,1)]
47‘(’2/ / e e +]p§1 [ (&27T27t+7) (51,7“1, )]dfldfg

Due to the assumed stationarity of the turbuleagg r, t) (Assumptiori 5.R),

Elu(&,ro,t + 1)u"(&1,71,t)] = Elu(&e, ro, T)u" (&1,71,0)] = Clu(§2,72), w(&1,71), 7),

and hence

Claglrast +7),0p(r1,8) = 1o / / I IO (g, 2) u(E, ), 7
o,

Therefore, the cross-correlation function of the rotatiaydes is independent on timgmplying
that therotational modes are stationaryo show that the rotational modes are also orthogonal,
notice first that homogeneity af(¢, r, t) (Assumptiod 5.R) implies

Clu(&2,r2), u(€r, ), 7) = Clu(§a — &1,72),u(0,71),7)
so that
Clig(r2), ip(r1), 7] =
% /O v /0 - e IS e TIPS Clu(&y — &1, 72),u(0, 1), T]d&dés

1 27 ) 27 )
E 472 e_J(q—p)f2 (/ e—Jp(gz—fl)C[u(£2 _ 51’r2)’u(0’r1)77]d£1) d§2
™ Jo 0
1 21 ) &o )
s [ e | [T e O — ), w0, ). e - ) | dés
™ Jo &x—2m

periodical

Due to to periodicity of the integrand:

Clig(rz), tp(r1), 7] =
2 ) 27 .
= 2/ e—j(t]—p){z </ e—]p(fz—&)c[u(£2 - 517 T2)7 U(O, Tl)? T]d(§2 - §I)> dEQ

0 0
2m 2m
= <471r2 /0 e_j(q_p)&d&) </0 e P& Clu(éy — €1,72),u(0, 1), Tld (&2 — fl))
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The first integral inC[i, (r2), iy (1), 7]

2m
; 1,
e I PE ey = 21.6,, 6 { p=
/0 & PeTPEL0, p#g

so that
C[ﬂq(m),ﬂggfl)ﬁ] =
S / e IPEE)Clu(y — €1,2), u(0, 1), TId(E — €1)

pq 27T
Therefore, theotational modes are orthogonal
For the CPSD between two rotational modes it then holds that

Su 4(r2 ,up(h)(w)

= 7jWTC[ﬁq(7"2)7 ﬁp(n), Tldr

B 27 o)
/0 e IP(—81) (/ e T Clu(&y — 5177‘2)716(0,7“1)77](17) d(&2 —&1)
27 ) o
oirE—&) g w(Ea—brra)u(0,m) (@) d(E2 — &1)

o0
1
= 5pq§
1

~ Par

From Assumptiof 512 it follows that
1 2 v
Sisirnantr@) = bz | €S (d W) (119)

Now that we have derived an expression for the CPSD betweerotatanal modes in terms of
the APSD of a fixed poins,,,, and the coherence function lets step back and write the Fourier
expansion of the wind turbulence felt by elememf blade:

oo o0

Uje = Z P g (r(e), t) = Z IPOUHT22T) (g, ).

p=—00 p=—00

The CPSD between two elemenis,ande,, of two blades; andis is then given by

oo

Surizez Wiy eq ((A.)) - / eijWTC[uiz’yeQ’ Uiy €19 T] dT (119)

—00
Due to orthogonality of rotational modés it holds that

o0

C[uiz,EQ y Wiyeqs T] = Z ejp(QT+ i2;i1 QW)E[’&‘P(T% T)ﬁ;(rh O)}

p=—00
o0

= Y SOOI, (), iy (1), 7]

p=—00
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Substitution of this expression into equatibn (119) yields

Sunn@) = 3 I [ I Clay (1), ) 7l
p=—00 —00
= Z ejplzguQTrSﬁp(TZ)’ﬁp(rl)(w_pQ). (120)
p=—00

Hence, the CPSD between the wind at two elements on two blaégsia to an infinite sum of
shifted spectra of the rotational modes.

Substitution of equatiori_ (118) into equatidn (1L20), and #sult into equatio (117) yields the
following final expression for the CPSD between two blade-¢iffeavind speeds, expressed in
terms of the APSD of a fixed poirtt,,, and the coherence function

N N
S YRR

s BT | 2r
Sutin) yliz) = a=le=l Z P QWESW(Q) —pQ)/ e P (d,w — pQ)dE.
0

N 2
oy
= (121)

For the APSD of a blade-effective wind spedds 0, v = 1 andi; = i,, SO that the expression
(I21) significantly simplifies

N N
2 2 Rk,

1=1ey=1
Su(i),u(i) =2=° Z Suu(w — pQ)

BN

Notice the sum of shifted spectra in this expression. Asaltrgle spectrum of a blade-effective
wind speed exhibits peaks at frequencies equal to multiplébe rotational frequency of the
rotor.

5.4 Realization algorithm for blade-effective wind speed signals

A realisation algorithm as proposed by Shinozuka [66] isiapdplSuch a realisation algorithm is
also included in the ECN 3D-wind field simulation program SWI@ Here, the generation
process is only outlined.

Consider the 33 spectral matrix

Su(1)7u(1) Su(1)7u(2) Su(l)ju(:;)
Sbl: Su(2>,u(1> Su<2>,u(2) Su(2>,u(3> (122)

Su® um  Su® 4 Sy® 4®

with elements obtained from equati@n (121). Then the foll@pprocedure can be used to gener-
ate time realizations of three blade effective wind spegdais.

1 Define the APSD of a fixed point in spa§g, and the coherence functian(e.g. according
to the specification IEC61400-1),
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2 Construct the spectral matri,; in equation[(12R),
3 Evaluate thesy, for a set of frequencies, and attribute a random phase amgkech,

4 Apply inverse Fourier transform to obtain time realizaioof the blade effective wind
speeds.

5.5 Modeling oblique inflow

In the sections above, the generation of blade-effectivel \8peeds has been considered in case
of constant rotor speed, constant wind speed and non-@bitream. This results in a set of
three helices, one per blade. In case of oblique inflow (angdoying rotational speed of the
rotor), a number of intermediate helices can be used forpotation purposes, as depicted on
Figure[38 where the rotor is yawed at 40 degrees. As a reseltyitid speed for a give blade is
formed by interpolating between its corresponding blaelated helix and its nearest neighboring
(intermediate) helix.

nominal rotor plane

“zero azimuth

Figure 38 Interpolation based on six helices is used to approximatehiade effective wind
speed in case of oblique wind flow

5.5.1 Preliminaries

The the derivation of the obligue inflow approximation algumitbelow, some additional notation
needs to be introduced first. The orientations of the rotor fixaohé axes, in the case of non-
oblique inflow, is such that theaxis is perpendicular to the rotor plane and is positive deind,
thez axis points downwards and tlyeaxis points to the right as seen from a point on the negative
z-axis (upwind). In case of oblique inflow (or, equivalentiyted and yawed rotor), the rotor
fixed reference framg0, =, y,, z,) is rotated with respect to the nominal (non-oblique) rotor
fixed reference fram@), =, y, z) as visualized on Figufe #0. The rotor yaw angg, is defined

as the angle between tlgeaxis andy,.-axis, measured fromto y,. in anti-clockwise direction as
seen from a point on the positiveaxis. The rotor tilt angleg,;, on the other hand, is the angle
between the-axis and the:,.-axis in clockwisedirection as seen from the positiyg-axis. The
turbulent wind flow is assumed to have only a longitudinal comgnt. It is further assumed that a
turbulence realization on six helixes is given, denoteﬂia@h‘”) forhelixi =1,2,...,6, where
@b?w is the helix azimuth angle. The helixes are computed undeagbemption of constant rotor
speed and wind speed’, so that under the Taylor’s frozen wave hypothesis the fadimuth
angle explicitly defines a fixed point in time and space. The Bslate numbered anti-clockwise,
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oblique rotor orientatio

nominal rotor orientation

Figure 39 Visualization of tilted and yawed rotor, blade numberingddnelix numbering.

while the rotor blades - clockwise (see Figlré 39). The azialuthgles are measured clockwise
starting from the positivg,-axis. The helixes are azimuthally equally spaced over ttoe pdane.
Table[4 summarizes some of the notation used. The helix aziangley)*(¢) at a given time

notation description

0 azimuth of blade

»(t) = 11 (¢t) | rotor azimuth

YhE(t) azimuth of helixi

U(t) wind speed

U wind speed used in helix realizatign
Q(t) rotor speed

Q rotor speed used in helix realizatign
Due(t) rotor tilt angle

Gy (t) rotor yaw angle

Table 4 Definitions of symbols.

instantt is defined as the azimuthal position of the intersection pafihelix #; with the nominal
(non-oblique) rotor plane, and is hence independent ondte orientation (see angkgi” on
Figure[39). An algorithm for generating such helices for 3lblawas presented in the previous
section, although it can easily be extended to helices fdadds as required in this section.

Finally, for a vectorn € R", the notatiorny; is used to denote theth element ob.

5.5.2 The interpolation algorithm

Given the rotor spee@}(¢) and the initial rotor position)(0) = v (0), the azimuth angles of the
rotor and the blades at time instardre given by

(t) = 11 (0) + / Y awr,
da(b— 1) (123)
Yp(t) = (L) + g b=123
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Figure 40 Nominal (0, z,y, z) and oblique(0, z,, ., 2,) reference frames, tilt and yaw angle

definition and orientation.

The helix azimuth positions at time on the other hand, depend on the wind spgét and the

initial azimuth angle of the first heli®}* (0)
hx hx Q >
1) =91"(0) + = U(t)dt,

7TU(Z, o 0 (124)
he () = (1) — S i=12....6

7

Assuming rigid rotor for simplicity of the presentationy @ given blade, sa¥, a point lying at
distance%R from the blade ro8thas the following coordinates i, =, y,, z,) at timet

0
(125)

pro(t) = {COS(%(U)
sin(v(t))

where R is the rotor radius. The coordinates of the same point in thealdique coordinate
system(0, z, y, z) can be computed using the following transformation masrice

2
—R, b=1,2,3.

|

Put(¢) = { 0 1 0
—sin(¢) 0 cos(¢)
cos(9)  sin(6)

wa(¢) = |: Slél(¢) COSO(QS) (1)

cos(¢) 0 sin(¢)]

0]

that represent rotations around thaxis (yaw) and around thg-axis (tilt) in the defined direc-
tions. Therefore, the coordinates of t% point on bladeb in reference framg0, z, y, z) are

given by
a:b(t)
= Ptlt( - ¢tlt(t))wa( - (byw(t))pr,b(t)a b=1,2,3. (126)

105

5This point is assumed to be the effective location for taking into accourtl#tuk position relative to the helixes.
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() + ol (

|
nominal rotor plane|

Figure 41 Visualization of the defined azimuth angles and lengths.

Hence, theprojectedblade onto the nominal rotor plane has azimuth (mod2t)s

7 — arcsin % , ifyp(t), < 0andz(t) > 0
o 7 + arcsin % . ifyp(t) <0andz(t) <0 127
w 7O, b b 127
"= 27 — arcsin <|21(t)| if yp(t) > 0andz(t) <0
p+22(1) )7
i [2(1)] i
\ arcsin < IOEE (t)) , if yp(t) > 0andz(t) >0

For helixi, the difference between the helix azimutf¥ (t) and the projected azimuth of blade
is then

SYIE(t) = (WP (t) — P (t)) mod (2n). (128)

Figure[41 depicts the helix tube on which the six helixes lgewell as the nominal rotor plane,
and some azimuth angles and lengths, needed in the sequiinéiinstantt, the point on
bladeb lines on the azimuth line through”"* (¢), which line intersects with helix at infinitely
many points, but the closest two to the nomlnal rotor plarreespond to helix azimuth angles
(e () + oy (t)) and (¢ (t) + 64 (t) — 27). In reference framg0, z,y, z), these two
points have cetrain-coordinatese; , (t) and:c »(t). Given that the helix is generated under the
assumption of constant wind speed and rotor speed, thelaetith is given by

_ 21
h=U% (129)
so that . "
_ —5@&“:5 t
iv(t) = —5 1, (130)

x
7y (0) = b+ (1),

Given the current-position of the% point of bladeb at time instant, x;(¢), the next thing to
do is to determine the closest two helixes, so as to subs#yimerpolate between them. To this
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end, define the matrices

[24(1)] [ ha (e () + 0urE(t) ]
_xé,;(t)_ LR (147 () + Mz(t) — 2r)]
Then the closest helix in downwind directionflsz(;,z (t) with
if" = argmin {Xﬁ’) (t) —ap(t) : XOt) > a:b(t)} L b=1,2,3. (132)
Similarly, upwind the closest helix iHZ.(é’Z () with
if? = arg min {xb(t) ~xPw: xP) < mb(t)}  b=1,2,3. (133)

Notice that the indexeg™ andi,” are also time depended, although not explicitly denoted.

Then a linear interpolation is performed based on the dis&between the blade point and the
closest helixes. This is done by defining the interpolatiorgiviéng factor

6 <ij’2 (t) — xb(t)>
ay(t) = — € 0,1, b=1,2,3, (134)

so that the following convex combination between the twedeld helixes can be used

iy (t) = (1 — () Hip) (8) + cn(t) H (), b =1,2,3.

In the above expression fag(¢), a convex combination is taken between two stochastic Egna
namerHfgz (t) anngfZ (t). Assuming stationary homogeneous turbulence field withtsypec

at (any) fixed point in spacé,(w), and denotingi(¢) as the turbulence at (any) fixed point in
space at time, the following two expressions hold for the first two momerftsgit)

E{ay(t)} = E{a(t)} =0,
E{@2()} = (1 — ap(t))? + a2 (1)) B{a2(t)} +2ap(t)(1 — ap(t)) E{HS) () HL) (1)},
—— b b

~

c(d,0)

[

whereo denotes the variance of a fixed point in space, whité 7) is the covariance function
between two fixes points in space at a distatee (Xffz (t) — Xi(fz (t)). Hence, the variance of
b b

uy(t) is not equal to the turbulence varianeeln order to make the two variances the same, an
additional covariance correction factpy(t), will be used, so thak{(py(t)i,(t))*} = o.

Then denotingy(d,w) as the coherence function between any two points in spacdisteencel
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Figure 42 Plot of the covariance correction factgras a function of the interpolation weighting
factor a.

one has -
o = / Sy (w)dw,
& (135)
c(d,0) = /OO v (d,w) Sy(w)dw.

Then, since the distancéxz%bl (t) — Xl.(é’p (t)), between the (neighboring) heIixéﬁi(;Z (t) and

Hi(},l‘)z () is exactlyl, it can easily be verified that

ou(t) = ! o b=l 439
\/(1 — ap(t))? + o (t) + 2ap(t) (1 — ap(t))S -

achievesk{(py(t)ay(t))?} = o. The parametep as a function of the interpolation facteris
depicted on FigurE_42 for the following specific choices for $pectrumsS, (w) and coherence

v(d,w)

Su(w) = (1+6;?5/L(12ir%))5/3 (Kaimal spectrum)
v(d,w) = e*8~8d\/(W/(27rU))2+(0.12A/3.5)2’

with U = 15 mfs, o, = 205400) 10— 017, = 3, L; = 170.1 m, andA = 21 m.

Hence, adding the rotor-wide wind spe&dt) to the correctedexpression for the turbulence
(pp(t)up(t)), the final expression for the blade-effective wind speedsae form

u(t) = U(E) + pu(t) (1 — a(0)HP () + an(HD()) , b=1,2,3.  (187)

5.5.3 Numerical implementation

The complete algorithm for approximation of blade effectivied speeds under oblique wind
inflow conditions consists of evaluation of the expressionsquations[(I23)-(137) at each time
instantt and for each bladé. In practice, the rotor speed and the azimuth angle of the ist
measured, s@ (I23) need not be numerically evaluated.

In a numerical implementation the same steps can be foll@avetiscrete time instantd:t;),
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k=0,1,..., after making the following small modifications:

Equation (IZ4) Assuming that the wind speed does not change betwgemvartime instants,
i.e. U(kts + 1) = Ul(kts) for 7 € [0,t5), the expression for the azimuth of the first helix
takes the form

e
—

17 (kts) = ¥17(0) + U (It )ts.

l

o O
<||D

A better option would to use more advance
he (kty).

numerical integranethods to compute

Equation (I31) In a numerical implementation the helixes are onlyegiat discrete azimuth
angles, so that it is in general not possible to evalii&te(t) at the desired azimuth angles.
One way to circumvent this problem is to evalu&é)(t) instead at the closest azimuth
angles at which the helixes are given. Assuming that helixdefined at azimuth angles
(Y1 (0) + koyh®), k = 0,1,..., and define the following projection

IL(z) = P(0)+ (argminy ’wl’w(O) + ksyphe — ZL'D Saph®
(124 w(i— . T m(i— T T
B phr(0) - 75 4 (argming |0 (0) — T + koute — o)) gyt

1 . 1hx 0 w(i—1)
= h(0) - 7r(23 ) 4 round (x 0+ 7 syl

5¢hx

that mapse onto the set of azimuth angles at which heliis defined. In this way, the
expression fo (*)(t) in (I31) should simply be replaced by

b (T4 (0) + 5015 (1))
hs (To(v4 (1) + 604 (1))
o (T (4(8) + 0u45(8) — 2m))

s (Tl (64 (1) + Sl (1) — 2m))

5.5.4 Numerical example

The algorithm is numerically tested with the data given inl@@h The helixes are generated
based on the assumption of Kaimal fixed point turbulence spctand under an extreme wind
condition, occurring at = 5 s, and comprising of a rising wind gust b¥ m/s in combination of
a yaw angle of 30 degrees. The wind gust and the yaw angle ae givFiguré 43 as functions
of time. On each plot in Figufe #4 there are four lines. The tdeeshed lines on all three plots
are the same and correspond to the three blade relatedh@iedexes 1,5 and 3); these coincide
with the blade effective wind speeds in the case of non-abliopflow and constant rotor and
wind speeds. The other three helixes are not plotted. The kodig on the plots represent the
blade effective wind speeds as computed by the proposedtalgoone per plot.
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symbol value | description
U 15 m/s | mean wind speed
U(t) see Figuré€ 43 (left] wind gust
Q 1.85 rad/s| mean rotor speed
Q(t) Q) | rotor speed
1 (0) 354.7 deg| initial rotor azimuth
hz(0) -5.3 deg| initial azimuth helix1
ts 0.02 s| sampling time
syl 5.3 deg| helix azimuth sampling angl
Oyw(t) see Figuré& 43 (right) rotor yaw angle
O (t) -5.1271 deg| rotor tilt angle
c(1,/6,0) /0 0.6879| parameter in equatioh (186)

Table 5 Data used in the numerical example
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= =
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wind gust [m/s]
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Figure 43 Wind gustlU(¢) (left) and yaw angleb,,,(t) (right).
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Figure 44 Helixes 1,3 and 5 (dashed lines) and the blade effective spedds (solid) of blades
1 (left), 2 (middle) and 3 (right).
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Fault-tolerant control (FTC)
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6 GLRT for detecting blade moment sensor faults

Summary

This section develops a method for the identification of fainlthe blade root bending moment
sensors fault in horizontal axis 3 bladed wind turbines. Tingeulying problem is crucial to the
successful application of IPC control algorithms (as dgvetbin Sectionisl[}2), which plays a key
role for reducing the blade loads of large offshore wind itugb. In this section, a wind turbine
model in non-rotating coordinates is constructed basedasmed-loop identification. This linear
time-invariant model includes the dynamics of the wind pssc The fault detection is performed
using the residuals generated by dual Kalman filters. The rdedeals with different types
of fault models, including additive and multiplicative famodeling. For additive faults, the
mean value change detection of the residuals and the gemekrdikelihood ratio test are used.
Multiplicative faults are handled by using the variancerd®detection of the residuals. Fault
diagnosis is possible in case of dual sensor redundancy. fbip@ged approach is validated in
simulations.

6.1 Introduction

Even though the availability of onshore wind energy can beigls &s 98%, offshore it is much
lower and gets sometimes as low as 60% due to long downtineeafind turbines. This is often
caused by the failures of wind turbines components. Thesgfouch effort is needed in order to
enhance the reliability of the wind turbines. Fault detattnd diagnosis is expected to lead to a
significant improvement of the availability of wind energysbfore.

In the wind energy field, the fault detection of componentsaiagsady received significant atten-
tion. In [_6?,], a survey on failures of wind turbine systemsSweden, Finland and Germany is
done, where the data are from the maintenance records iashéno decades. IlﬂlElZ] and
the references therein, the rotor condition monitoring smde other topics for improving the re-
liability and safety of offshore wind energy converters presented, where the main techniques
for fault detection are based on spectral analysis of thesorements. Some available techniques
on wind turbine system monitoring are reportedm [89]. Mduokesed fault detection for wind
turbine systems has also received some attention rec®afy In [@], the pitch actuator delay
and pitch actuator gain faults are considered based on tmagdaFilter technique and multiple
model estimation technique respectively.

The focus of this section lies on the detection of blade roaherat sensor faults. These sensors
are typically used for the reduction of blade loads by IPC,e&lbped in Sectiond[d-2 (see also
]1). Strain gauge sensors are commonly used in the windntifield. However, its lifetime
is normally not very long compared with that of other sensdisere are several reasons which
cause higher failure rates. The strain in the blades is rétlgbr which has effect on the gauges

themselves as well as on the bonding. The harsh environmetior$a such as lightning, salty
spray, moisture and corrosion, have direct effects on thel lbad wiring. In addition, the sensors
may be easily damaged during maintenance in general. Oageje sensor has one failure per
year, which implies three failures for a 3 bladed wind tuebiihis is undesired since the sensor
failures would lead to wrong behavior of the individual pitcontrol system; the latter is crucial
for reduced blade loads that prolong the wind turbine fifeti Therefore, fault detection of blade
moment sensors is extremely important.

This section presents a composite approach to blade monredrdault detection and isolation
for a 3 bladed horizontal axis wind turbines. The approactudes detection techniques for
both additive and multiplicative faults. These techniquiliza the residues of Kalman filters,
wherein the residual (i.e. the difference between a sendpuband its filter estimate) is used for
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fault detection. The residual has the property of being windise with constant intensity under
normal, fault-free operation, while these properties geaimder faults. In this way, any observed
significant deviation of the statistical properties of theideal can be used for the detection of a
sensor failure.

Additive faults are detected from mean value changes ofluesi for example based on the so-
called generalized likelihood ratio test (GLRT). In each tistep, this test yields the upper limit
for a likelihood ratio, viz. the ratio between the probai@k of two suppositions on a set of
sensors:an additive fault has occurred within that sensor setrsusthe complete sensor set is
healthy’ A low value of the ratio’s upper limit then implies NO adg#ifault.

Multiplicative faults are detected from the mean value geand the variance change of the
residues via the so-called energy detector.

6.2 Problem Statement

In this section, the simple linearized model, developed tiSe{1.3.1, us used. For convenience,
this model is written in state-space form as follows

T = Acmw + chldcm + chQUcm

138
Yem = Cem® + Demidem + Dematem ( )

Here the index:m is used to express that the variables are in the Coleman dorfihe system
states, inputs, disturbances and outputs are defined as

v = (Q 0 $fa Tsa Fsa 7)T (139)
dem = ( Vemi Vem2 Vem3 )T (140)
Uem = (Oomi Oema Oemz 0T, )" (141)
Yo = (Qg @0 Gsi Meomt OMecmz 6Mecoms ) (142)

The control structure of the underlying wind turbine systerahiown in Figur&45, whe@r,Cy
and C;,q are the generator torque controller, the collective pitohtller and the individual
pitch controller respectivelyl/,, is the wind speed which is the energy source of the wind terbin
system. Due to its stochastic property, it is also a distumcbaource of the control system.

The sensors of the blade root momeffs;, i = 1,2, 3 provide the feedback signals to the indi-
vidual pitch controller for load reduction. If the sensoesd incorrect signals to the controller,
the loads are probabbnlargedinstead of reduced. So, itis extremely important to deteehaar
fault as soon as possible.

In the subsection on the wind turbine model, it appearedhieatvind speed signals are unknown
disturbances in the staéend output equation.

The classical fault detection methods such as the unknowtsngbserver inml4] cannot be
directly applied since the disturbance term in the outputagéign cannot be nulled successfully.
Application of the parity space approach to fault detecfiondeterministic systems may be
successful. However, it does not work so well for most of tteelsastic systemﬁBO]. The
handling of the wind speed disturbance appears a major difficu

Although the Coleman transformation yields a time invarsystem description in fixed-frame
coordinates[{138), theriginal system, defined in rotating coordinates, remains time vgryin
Since one single sensor fault is defined in rotating coordsnatevill result in faults in all three

sensors in fixed coordinatds (138) due to the Coleman tranafan [11). Nevertheless, it is
preferable to develop the fault detection approach for thedfixame model{138), due to its
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Figure 45 The control structure of wind turbine systems

linearity and time-invariance.

The point of departure for the method development is dualserslundancy. It is assumed that
two identical blade moment sensors are installed at eade btzot for the purpose of reliability
and fault tolerance. The dual sensors are divided into twe #atially, one set supplies feedback
signals to the individual pitch controller while the othet sontains the redundant sensors.

The problem considered in this section is the fault detection and isolain issue of the blade
root moment sensors for a 3 bladed wind turbine with dual sensors installeddriven by

non-white wind speed disturbances; the wind turbine can be modeled by linear periic

equations which can be transformed to linear time invariant equations wth modulation

requirements on the input and output signals

6.3 Wind Turbine Modeling via Closed-loop Subspace Identification

The introduction told that the examined methods of fault dégis are based on residues from on-
line operating Kalman filters. In order to parameterize a Kadrfilter, the dynamic wind turbine
behavior must be modeled as a linear time-invariant modelishdriven by white noise. A wind
turbine is driven by the wind, which varies both slowly andtfaThe slow, uniform variations
in the wind field allow for considering the operation of a wingltine in a working point during

a certain time, say ten minutes. This enables to linearizehitjely non-linear aerodynamic
behavior, which is the starting point of the model desaooipin the previous section.

As already mentioned in the previous section, the effecthenwiind turbine of fast variations

in the wind field, known as turbulence, cannot be assumed t@absed by a limited number of
white noise sources. However, this effect can be reasonedilyapproximated by letting work

three partially correlated stochastic signals on the ragopure stationary “blade effective wind
speeds”.

The previous section also showed that a linear model of a wiridrte in a working point is still
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time varying. A modulated coupling exists between smalbdeftions in the rotor blades and
the tower; the model coefficients depend on the azimuth posgiti the rotor (instantaneous value
of the “rotation angle”). It was shown that a linear time ingat model (LTI) can be derived via
azimuth dependent mappings of corresponding variablebethtee rotor blades, the Coleman
transformation@O]. This yields a model in so called ‘fixedsfre coordinates’; coordinates with
a meaning of perpendiculao, or vertical or horizontaln the wind plane. The price of it is
azimuth dependent preprocessing of model inputs and posegsing of model outputs.

The transformation of the blade effective wind speeds to fixedhe coordinates, and thus to
inputs of the LTI-model, appears not to introdunylo-stationarity for a 3 bladed rotor. The
fixed-frame wind speed coordinates are gtilte stationary processes, which is a consequence of
the polar symmetry of the turbine rotor (see Lenitha 1 on pabeTH)s it is valid to assume an
extended_TI-model with independent white noise sources as inputagyfor the wind turbine
behavior in turbulence. Such a white-noise drietendednodel can be successfully derived
with an adequate closed-loop system identification teclnigom records of the three blade
root flap moments. The structure of a thus obtained modelinth@vation form is such that
its parameter matrices can be uniquely and simply mappedetdesired Kalman filter for the
generation of residues. Be aware that the Kalman filter isedrlyy (control) input signals and
sensor output signals that are both processed with the #ziamgle. Actually, two identical
Kalman filters work parallel: one is driven by a primary sensetrA, the other by a secondary,
redundant sensor sét

So, we chose to derive an extended model via system identificafth blade root moments as
output signals; the “extension part” of this model filterse thhite noise input signals in such a
way that the “wind turbine part” responds in fixed-frame caoates as if it experienced trans-
formed turbulence, as experienced by three rotating rdéalds, in fixed-frame coordinates.

Another approach to the derivation of such an extended nomiegdl be based on factorization of
the spectrum matrix of the fixed-frame coordinates of thedlftective wind speeds. This will
yield an innovation model with the fixed-frame wind speedswgput signals; seé][l] for details
on spectral factorisation. This ‘wind model’ must then be borad with an analyticly derived
wind turbine model like the simple one in the previous secto a full dynamic model, which
can be obtained with a computer program like Turbu[76].

There are some fault detection approaches for handlingregsseibjected to unknown inputs
[Iﬂ]. Closed loop subspace identification appeared a saitelbhnique for the derivation of an
extended system model driven by white noise (‘innovatiordei with active controller. The
extended model includes the behavior of the wind and of tlee égop wind turbine. The applied
technique is also successful if the open loop system is hiestavhich is the case for a wind
turbine.

The controlled wind turbine system can be represented byrihetsre shown in Figuife 46, where

v represents the wind speed and itis approximated by the toftpdinear system driven by white
noisee. Since we only consider the fault detection issue of the thfage root moments in this
section, the other outpuf$?,, & 4, 44} are not included in the model afterwards. The extended
model for the wind turbine behaviour, which has an innovatimodel structure as argued before,
has the following state space parameterisation:

Thp1 = Axp+Buf"+ K e (143)
y" = Cap+Duf"+ e (144)

The identification issue now is to determine the system matix4, B, C, D, K }. The gaink
ca[zﬁbe directly utilized as the steady Kalman filter gain. Dedaexplanations on this model are
in [91].

Subspace identification has attracted much attention in gtedecades. Some pioneered work
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Figure 46 The wind turbine feedback system

can be found m@ﬂ@@ Recent ears the closed lobppace identification technique
also makes a great progre 6, 15]. In aktheethods, it is shown |ﬂ1@15]
that the methods based .[@ EL 15] have some potentiahtatyes which is suitable for
unstable systems and high order systems. The method adofitesl $ection is the one described
in [33,116,/15].

The identified model on blade root moment records from simuiadiata has an order 86; the
wind turbine has states while the other states set up the wind model. Vatidagsults show
that the identified model has satisfied precision. The variacceunt for /AF) values are over
84%, where VAF is defined as

var (Y — Yk

VAF = max{l — >,1} x 100% (145)
var(yr)

wherey,. denotes the estimated output signal and denotes the variance of a stationary signal.

6.4 Fault Detection and Isolation

Next to fault detection, which has already been discuss#ueimtroduction, also fault isolation
is a non-trivial issue in the examined sensor failure caseceSihe fault detection is performed
with the LTI model in fixed-frame coordinates, it is clear tbaesensor fault results in deviations
of thethreefixed-frame coordinates that relate to the blade momentgi{dal sensorfaults). A
sensor fault can nevertheless be isolated by combinatibmuaéletection procedures, which are
based on the difference in the

* mean value and variance between the members of a sensal géjnon each blade;

» Kalman filter residue behavior between the sensor 4etsd B.
These two procedures respectively tell on which blade a séasiboccurred and to which sensor
set the faulty sensor belongs.
6.4.1 Fault Modeling

The faults considered in this section are the additive faulitiplicative fault, sensor output stuck
on a fixed value and slow drifting fault:

» Additive fauIthi = M,; + AM,;, which is mainly used for describing the sensor bias.

» Multiplicative fault szi = 0M,;, where0 < § < oo, which is mainly for sensor gain
change.
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e Output stuciji = C,, whereC, is a constant, which describes sensor output stuck into
a constant value.

* Slow drifting M:fl. = M,; + at, which is used for the slow varying sensor bias.

wherei = 1,2, 3, « is a small variation rate ands the time.

With the inverse Coleman transformation (see Se¢fion]1.8r8 sensor fault results in the vari-
ation of all the virtual moment84.,,,1, M2, M3 in Coleman domain as follows & 1, 2, 3):

Additive fault
Mcfml Mcm1 + IAMZl
My | = | Moms + 2 sin(4) AML,
Mcfmg McmS + 3 COS(@bZ)AMZZ
Multiplicative fault
My Moy + 5(6 — )My
Mcfm2 = | Mem2+3 sm(w )(6 — 1) M
Mfmg Mems + 5 cos(¢;)(6 — 1) M;
Output stuck
My Moy + 5(Co — M)
Mcme = Moo + 3 sm(zpz)( ° Mzz)
MCme Mcm3 + 3 COS(’L/}Z)( o Mzz)
Slow drifting
Mcfml Mcml + at
Mng = | Mem2+ 3 sm(wz)
Mcfmg Mcm3 + 3 COS(@/%)

Note that e.g. in the additive fault the constant sensor Ai&s,; results in three virtual sensor
faults in the Coleman domain: one constant and two time mgriiases.

6.4.2 Residue Generation by Kalman Filters

The residue generator that is used for sensor fault deteistisimown in Figuré& 47. For each of
two sensor sets, the output signal vector predicfipon time pointk is obtained via a Kalman
filter from output signal measurements upkte 1 and input signal values up #a The residues
a1, andr g, for the two sensor sets are obtained as the differeng@s- ya » andyg i — Yp.k
between the measured and predicted output signal vectors.

The actual Kalman filters are represented by blodk$' 4, andKF g in Figure[4T and work in
the Coleman domain. This implies that the filter inputs are inbthfrom the true input and
output signals via the inverse of the Coleman transformatiatrix (P~! defined in equation12).
Similarly, the filter outputs are mapped to output signal préains for the determination of the
residues via the Coleman transformation matrix its€lfdefined in equation 12). As explained
in the previous subsection, the sensfor faylisand /5 can be additive or multiplicative while
a single non-zero element ify or fp will affect all three elements of the actual Kalman filter
inputyG™ or yz".

In the previous subsection, it was mentioned that a whiisendrivenextendednodel has been
derived, which includes the wind and the open loop wind nelbehavior. Further, the obtained
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Figure 47 Dual Kalman filter fault detection scheme

state equation 143 and output equalkionl 144 of the model mendry the same white noise vector
procesg;, (innovation form). The latter feature, which is specific fog thnovation form, allows
for expressin@ll noise input signals as a function of state and output signals
ex =y — C zp — D uf™ (146)
By use of relationship, = P, - yi™ the model equatiois TA3 and 144 can then be rearranged as
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(consider update af;_; instead ofry):

z, = (A-KC)zp_1+ (B—KD)uf™ + KP, ys— (147)
Yp = Pké T + Pkﬁ up" + Py ek (148)

The matrix(4 — KC) has eigenvalues in the unit disc[91] 55].

Sinceey, has no relationship with passed valye 1, e;_o, .. ., it is intuitively clear that the best
output predictiory;, based on output measurements ugte 1 is obtained with the following
algorithm:

yit = Pl yea (149)
T = AT+ Buf™ + K g™ (150)
g o= Cap+Dugm (151)
U = Pryp™” (152)

The equations 150 and 151 establish the Kalman filter for theviamiion model by equatiof (I43)
and 144, wherel = A — KC, B= B — KD,C = CandD = D.

In case of a perfectly modeled system by equation](143) adtl thé difference between the
measured and predicted output value in the Coleman domgivea by.

Y — g = C ey + e (153)

wheree, = x, — Tk, e ~ (0,0.) and ey is a three-element white noise sequence with mean
valueE{ e} = 0 and3 x 3 diagonal covariance matrisov(ey.) = o21.

We defined the residue as the difference between output neasaot and prediction in the ‘real
domain’. If no sensor failure has occurred before or on timi@fk, the residue is identified by
ri and is expressed by:

k= Yk — Ok = Po(C(xg — T3) + e) = PyCey, + Py ey, (154)

The ‘state estimation errog’, will go to zero becausd = A — KC has eigenvalues within the
unit circle. The residual; then becomes the modulated white noise prodéss,; Since the
three elements of;, are linear combinations of those@f only, so they do NOT depend e, ,,
for m # 0, it is clear the the vector procesgis also white noise. The covariance matrix-gfis
derived by elaborating the expectatiBfP; e;, e, P/], with P, being the Coleman modulation
matrix, andE[e;, €] equal too?I. It then appears thatov(ry) is timeindependent but the
elements of-;, do depend upon each other. The covariance maitxixry) is further referred to
as Ry and is expressed by:

Ry, 2 cov(ry) = 0Py, I Pl = o> (155)

[T )
Ni= N NI
N NI v=

Since the elements af, have a Gaussian distribution, the residue veefoconsists of three
correlated Gaussian distributed processes with zero-medmwith equal variancesr? and co-
variances;o” as given by equatiof (155).

In case of a sensor fault, the residues are equal to thegifferbetween the faulty measurements
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y£ and the ‘sensor fault affected’ output predicti@;fs
ol =l -] (156)

where outpuy,{f equals in case of any sensor failure
3 .
=+ fi (157)
i=1

and output predictionﬁ,’: follow from the Kalman filter driven by, andy,’::

7l = AT+ Bufm+ KP 'y (158)
9l = P.CE + P.Dum (159)

With state estimaté£ split up intozy, andAﬁ;‘ﬁ, the residue by equation (156) can be expressed
as (combine equatioh (Ib4), 157 4nd]159):

3
7“1]: = yk-l-Zfli—Pkéi'\k—Pkﬁuim—PkéA/{L‘\i

i=1 (160)
= rp+ Ar,{
with
3 . ~
Ar] =" fi — P.C AF, (161)

i=1

while separate Kalman filter state equations are derived &guation[(150) for the update of,
andA§£ (allowed because of linearity; use equation {157) for filbguit separation):

3
AR, = AN +EP'Y i (163)
=1

Since after some time, equals the innovatioay, it does not contribute to the mean vabf{jeof
the residue. Thuay,’: is the only contributor to the mea?;i so that the non-stochasti¢} } are
fully responsible for the evolution (7f£ via equation[(163) ard 161.

6.4.3 Additive fault detection based on mean value observation

The fault detection algorithm according @[30], the so chlJSUM LS Filter is utilized for
the mean value change detection of sighal
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gx = maz(gy_i + s, —p,0)
gi = maz(gi_, + st —p,0)

Alarm if g > hor g? > h. After alarm, reset g}, = 0, g7 = 0. Parameter ;. and h need to

be designed,. is used to prevent positive drifting of the mean value and it can be chosersa
one half of the expected change magnitudéhe robustness and decreased false alarm rate can
be achieved by requiring seveigl > h or g2 > h [3d].

This method strongly appeals to the intuitive way of faultedéibn and appears suitable for any
additive fault. However, it normally takes a long time to dem alarm after the fault has occurred
and it is hard to estimate the time instance of the occurrehtiee fault.

6.4.4 Additive abrupt jump fault detection based on Generalized Likelihood Ra-
tio Test (GLRT)

In case of an additive abrupt jump fault, the changing statgoperties of the residues can be
used for fault detection. A generalized likelihood ratistt6GLRT) in accordance Witlﬂbm?;o,
,,], is suited for this class of faults. The GLRT methalll kere be reviewed for the
purpose of informing experts in the field of wind energy whilddithe wind turbine system for
additive abrupt jump fault detection. A good overview of stieng and weak points of the GLRT
is given in [55].
The GLRT yields in each time poiitthe upper limit of the probability ratity ES/NO occurrence
of additive fault in a sensor setinywhere in the intervalk — L, k] (L to be chosen). The
determination of this ratio-maximum requires knowledgetmevolution of the mean valug
of the residue vector process. Of cour§éi} in equation[(168) and 161, which is responsible
for the evolution offi, cannotbe isolated from the measurem@ét otherwise the measurement
errors would be known! However, if we assume a potentialvgisp error in the measurement,
the errorf,i in the measurement on bladées defined by its starting point' and size/’; it can be
expressed as:

fi=V'sp_pi-1' (164)

with V' the unit vectore;, es or ez for i = 1,2, 3 respectively andy_: the unit step function
that starts in the (unknown) time point. Since the amplitude’ is constant and the equations
{L63|[1&63} for residue affection by sensor faults are linéas allowed to:

» consider the evolution of the sensor fault influences in radzad form;

+ deal with the faults from different sensors in separateaéiqo sets.

As a consequence, the equatiéns]163] 161}A®ﬁ can be replaced by the following seét£
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1,2, 3):

AEL = AN —KP7 Vi (165)
Ghi = Visy i+ P.C AL (166)
Ar,{" = g};_ﬂ (167)
while )
Arf =" Arf (168)
=1

The intermediate variablg,__, represents the mean residue value from the normalizedaldit
sensor faull’* s;_,.. When we focus on the GLRT it will become clear that the ‘Scafeghn
residues’{g};fﬂ} enable to compute the searched ratio-maximum of probgliénsity func-
tions. Therefor, eacb,i_ﬂ has to be evaluated for a range of starting poiritaith the failure
signature equatior&td and_166.

Assume residue realizatiofp;} on time points{j|j = k — L,...,k} and letP({p; — A <
0; < pj+ %A}) be the probability that the residué¢s; } get values in a@-environment around
this realization 0 = (6 ¢ ¢)’). This probability follows straightforward from the prohkty
density functiongp(p;)} because the residue vectors are independent stochastespes. For
smalls then holds for the considered probability (short faftt{|o; — p;| < $A})):

k

P({loj—p;l < 3AY) = plpr-1)-0* - p(pr—r41)-0° - .- p(pr)-0* = ] p(p;)-6° (169)
j=k—L

If no sensor failure has occurred before or on time pgitite residuep; becomes equal to the
Coleman transformation of the innovatiepafter some initialization timer by equation[(154)).
The residue; consists of three zero-mean correlated Gaussian proosithesriance0? and
covariance%a2 as by matrixR,, in equation[(I55). Identify the supposition ‘no sensonisl
asHy and let the belonging distribution function of the residesto;|Hy). It then holds:

1 1R,
PloslHo) = (27rdet[Rj])3'e[ 2 0 By el (170)

If a failure hasoccurred on thé'® sensor before or on time poijthe residue; equals-; +Ar{i

with r; the zero-mean Gaussian vector process with covariancam%;tandArf the evolving
mean value of ; in accordance with equation (1166), 166 and|167. Identifystigposition ‘failure
oni'h sensor on time point’ with amplituder’’ as Hi (7%, v*) and let the belonging distribution
function of the residue bg(o;|H{ (%, v")). It then holds:

(i 1 (=5 (0j —v'gi_ ) Ry (05 —vigi )]
|Hi(m'vY)) = cet 2\ VN j-r 171
plej|Hi (7", ")) CIEE (171)

The probability that the residues get values isr@nvironment around the realizatidp; } can
now be calculated under the suppositidig 7%, v*) and Hy. In other words we can compute the
chance that the residue lies i-@nvironment aroundp;, } in case of a failure on thé" sensor
on time pointr? with amplituder’ and in case of no sensor failure. Actually, we are intereisted
the ratio between these chances. Foanywhere in the closed intervidl — L, k], thislikelihood
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ratio A is expressed as:

Al A P({lej —pil < A}|H1T V)
P({loj — pjl < 3A} | Ho)

j=k—L,..k

rer =305 R oyl ko3 (s =V g ) By (o =V g )]
)

AL ardem)y ]E 27 det[R;))?

k e{_ﬁ pj R p]} 3
]HL /@ det[R;))3 N
(172)

It is clear that the factors in the numerator and denominedmcel forj=k—L..-i—1. So the
likelihood ratio A%, on time pointk, which is used for testing if a failure on th& sensor has
occurred in the intervalk — L, k], depends om? andv?. Since the same covariance matrix
R; and the same multiplief® are in the numerator and denominator, only the exp-funstie
retained as factors. It is allowed to replace the produckpffanctions by one exp-function with
summed exponents:

S ) B (V)
Ay (7 0") = = (173)
ezfzrl [_% p; R] ! p‘]}

If AL >> 1 then a fault in the'® sensor is very likely, or at least a fault in the sensor set for
which A} is computed is very likely. However, three items prohibiagghtforward detection of
a sensor fault with constant amplitude:

» what is a reliable threshold value for sensor fault dete&i¢>> arbitrary)?
« if a sensor fault has occurred, when did it happerufiknown)?

« if a sensor fault has occurred, what is its amplituefeunknown)?

Although the starting point’ and amplitude/* are unknown, it is yet possible to base the fault
detection on the likelihood ratiﬁfc. Actually, the threshold test is performed with the potainti
maximum value of\%. It appears possible to computesuch that\! is maximal for a certain’
in[k— L,k

» compute the evolving normalized residue me{g;’n_ﬂ} for j = 7¢...k from the failure
signature equatiofis 165 and 166 (repladsy j with initialization A/, = 0);

« derive ! . from the residue l‘ea“Z&tiOI{lpj} and its evolving mear{g;i_ﬂ} such that

the exponenEJ i[5 (P = Viax 95— r) R (Pj = Vinax 95—74) ] in equation [(I7B) is
maximal.

The potential maximum oh! is typed as th&eneralized Likelihood Ratig; (GLR) and the
associated threshold test as teneralized Likelihood Ratio Te§ELRT).

The quadratic form of the exponent in the numerator of eqodfi@3) allows for straightforward
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determination of/* __ from the first derivative:

max
. o . o
AXh, 3 vig ) B (o vigi )]
dvt
k

o o iy
S -vig R+ g R e+ 0 R gl )]

j=ri

(174)

Because of the equal variances’2and equal covariance@;2 in matrix R;, the zero-making of
the first derivative can be expressed as:

k k
| L .
'Y g RN+ D gh i Ry =0 (175)
= =7

The amplitude/’ = v? . (7%), determined by:

max

k ] ! p—1
Vinax (T7) = 2j=r Gi—r B pi
max - k ; I 5—1

Sy By

, (176)

will yield the maximunvalue of A (7%, v*) for v'e R because the second derivative of the exponent
of the numerator equaEfZTi [—9;‘_71'/ Rj‘1 g}_Ti], which is always negative.

Thus the GLR or ratio-maximung’, is determined each time poihtby (i) evaluation ofA} via
equation[(I7B) for’ = k — L. ..k with amplituder**(7%) by equation[(176), and (i) taking
the maximum of\% (7%, v, (7%)) overrin [k — L, kl:

» ¥ max

Lh=_ max AT V() (177)

The GLRT still requires choices for the ‘window length’ and the threshold value for fault
detection; the GLRC!, represents the upper limit for the ratio between the prdtviaisi of the
suppositionsH? and Hy: ‘an additive fault has occurred in the sensor set, most yikensor
ith " versustthe complete sensor set is okag value of the ratio’s upper limit below a chosen
threshold value then implies NO additive fault. Thresholgst#on is a trade off between the
false alarm rate and the detection time.

Since a single sensor fauft affects all three elements of the Kalman filter inpGt, it will
also affect all elements of the output predictigit* in the Coleman domain. Further, although
the ‘true’ output predictiong are obtained via the ‘modulation matri® from y“™, the sensor
fault £ will yetaffect all elements of. Thus, all three elements of the ‘disturbed’ residue vector
I will differ from the ‘undisturbed’r. This implicates that the GLRT, when performed for all
assumed sensor faults, that is to say for the (alternat@positponsH? for i = 1,2, 3, may yield
high values in all three cases. So, the GLRT does nottkith sensor in the fault-identified
sensor set is fault. However, when we in addition monitorrtiemn value change, the faulty
sensor can yet be selected from the faulty set. This is fixedregtdiomparison of the outputs of
the sensor pairs: the output difference from the faulty wélrshow a sharp increase of its mean
value.
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6.4.5 Multiplicative fault detection based on residue variance observation
Detection The multiplicative sensor fault can be descrilzed a

yl = A (178)
= Ai(PC )+ PeD u§™) + Py e (179)

where A; is a unit diagonal matrix except that one elemeng;ignd0 < §; < +oo. The
expression for the residue then becomes:

1l = PCel + (A — D PC xp + (A; — D) PpD g, + Py ey, (180)

Just in the case of additive faults, the residue can be gpiit the value-;, by equation[(154) that
would occur without sensor fault and a contribution from $keasor fault:

L =1+ + (A = DPC xy + (A — D PLD wy,

with 7, resulting from the sensor fault\; — )y, that is fed into the Kalman filter:

Eer1 = T+ KP7H (A — Dy (181)
e = C& (182)
me = PrC¢& (183)

The deterministic part frortA;—I) P, D w;, does not contribute to the residue variance. However,
n, and(A; — I) P.C xj, definitely make the residue variance change.

The change of the residue variance can be easily observedheitbo callecenergy detector
according to @6]. The energy detector monitors the sum ofstingared residue in a sliding
window. An alarm is generated if

whereN is the window size and is the threshold. This method also appeals to the intuitive wa
of fault detection.

Since all three elements of the residue are affected by angiphicdtive sensor fault, it is not
trivial to isolate the faulty sensor. Fortunately, this ¢tendone by the comparison of the outputs
of the sensor pairs, just as mentioned above in the case aflttibve sensor fault.

6.4.6 Sensor Fault Isolation Logic and Recombination

As shown in Figur&48, there are two sets of sensors, identifiet'tand.SZ, which send signals

to the corresponding Kalman filtek& 4, andKF 5. The individual sensors ag*, SE, - - - | S?f‘, SB.
For the two sensors at each blade, the differenges S — SZ,i = 1,2, 3 of their output are
monitored all the time. Due to measured noisgis not equal to zero even when the sensors
are not faulty. However, we can monitor the mean value chamgeriance change of these
differences in order to detect in which sensor pair a fault tiecurred. Of course, this kind of
examination of sensor pairs only works in case of only ons@efault. In the meanwhile, the
sensor set in which a fault has occurred can be detected frewhianges of the residues, or
g, Of the two parallel Kalman filters by the CUSUM, GLRT and Energyedtir presented be-
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Figure 48 Dual sensor redundancy and dual Kalman filters for faultasian

fore. For instance, if, andr 4 ;, have changed, whileg 5, 71 and~3 have not, we can conclude a
faultin sensoiS3' has occurred. If both the residues;, or r . have changed while the compar-
ison outputsy;, 7 = 1, 2, 3 have not, the faults are from other parts of the system raltla@rfrom
the sensors, under the assumption that faults can occufyiroos sensor set in a time instance
or short time interval. For example, our approach is ingiesio model errors and uncertainties.
Althoug the model may be perfect for the wind turbine in itesiyn state’, a model error will
arise when the behavior of a component changes, e.g. by, mimgamination and deterioration.

6.4.7 Fault detection from difference outputs based on GLRT (concepts)

The GLRT could possibly also be applied to the difference duipwf sensor pairs In case of
dual sensor redundancy, the GLRT would then just tell thahaaefault has occured close to a
certain time-instance. However, the sensor set cannotdrgifiéd. When three sensor sets are
installed 64, S? andS”), three configurations of difference outputs exigt?, 7A¢ and+Z¢.

In case of a sensor fault in a specific set, the GLRoaconfiguration will not give an alarm;
this very configuration identifies the two sound sensor sets.

We expect that the GLRT on the difference outputs is very weléed for fault detection in case of
output stuck and multiplicative faults. In both cases thfedénce outputs often showrelatively
very significant abrupt jump when the fault appears. The kaaize of the jump is often much
smaller when the sensor sets are individually considered.

The way of determining the likelihood ratio-maximum (GLR) 8uppositions on the residues of
the difference outputs must be substantially reviewed:vélr&ance matrix of the residue vector
hugely changes when a sensor fault appears. In additios,nbt allowed to use the failure
signature equations for the normalized residue affectiarase of output stuck and multiplicative
faults. Normalized residue affection plays a key role inde&rmination of the GLR: it enables
simple computation of the fault amplitude that maximizes likelihood ratio. However, we
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believe that the concept of normalized residue affectidihcsin be applied as an approximation
because of the expected relatively strong abrupt jumps lEmdrited time window k& — L, k'
for evaluation of the GLR.

6.5 Simulation Results

In this section, we will show some simulation results foresaV fault scenarios. The simulation
is done with a linearized wind turbine model. The wind spegdals for the blades are generated
by a lookup table, which caters for the rotational samplifithe wind turbulence by the rotor
blades, for the wind shear and for the tower shadow.

Fig[49 to[51 are the simulation results in case of an additivegjump fault in senso$s' (the
first sensor at the second blade). Figure 49 shows the compamigputy, of the sensor pair
{85!, 5B} and the mean value change detection output from the CUSUM L8 flltee detector
begins to alarm repeatedly afte#8s, which identifies a fault in sensd#;' or S2. Figure[50
shows the mean value change of the residue of Kalman Kltey. The residue of Kalman filter
KFp did not change; the trivial results are not included in ayiet The three subplots in Figure
show the likelihood ratio-maximum for the GLRT under theethalternate suppositions of an
additive fault in senso6;', S5 amdS4' (H{,H? and H} versusH,). It can be seen that under
all these three alternate suppositions, the likelihoom+aaximum has a large peak after the
abrupt jump fault in the only sensdiy! has occurred. Thus, the faulty sensor in a set can be
only detectedoy the GLRT, but it can not bisolatedout of the sensor set in which it has been
detected. The likelihood ratio-maxima for the GLRT on thedass of Kalman filteKF g were
also determined. Since no fault has occurred in sensds e results are trivial (no peaks) and
are not pictured.

Figure[52 shows the comparison outpuf the sensors at the second blade when a slow drifting
fault starts inSs' or S2. The lower subplot shows the estimate of the mean value fr@m th
CUSUM LS filter. It can be seen that the alarm frequency is inangeafter the slow drifting
fault appears. The mean value change of the residue of KalmtanKiF 4 is shown in Fid.5B.
The GLR are shown in Fig.54 for the three alternate suppositibasabrupt jumpfault (Hi,i =
1,2,3). These GLR’s show some peaks after the slow drifting fauleappon time point00s

but donot estimate the time instance of the fault at all. Neverthelesscan still conclude from
the sensor pair output difference and the GLRT on the resiolli€§ 4 that sensof3' has a slow
drifting fault.

The simulation results in case of a sensor output stuck anershioFig. and Fig[[36. The
CUSUM LS filter has an irregular output. The figures show that thennvedue of+, and that
of the residue of Kalman filteKF 4 have changed. Finally, a multiplicative fault in sensgt

is considered. The fault is a gain changeltd times of its normal value that appears from
300s. Figure[5Y and Figure 58 show the detection results of enertpcide, which are based
on the variance of the sensor pair output differengand the residues of Kalman filt&F 4
respectively. The sum of the squared output differepda a finite window (V points) undergoes
a large change quite soon after the appearance of the faB(i0sn The variance of the residues
of KF 4 also change significantly aft@00s; this does not occur with the residuesioF 4 (not
pictured). It is not difficult to draw a conclusion that the senS;' has a fault.

6.6 Conclusion
This section presents a method for sensor fault diagnodisdiiten and isolation) applied to large
scale wind turbine systems. The diagnosis of sensor faolktsised on the flapwise blade root

bending moments, is very important for successful rednatibblade loads by controlling the
aerodynamic conversion of the rotor blades individualtlya working point, the model of a wind
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Figure 49 Upper subplot shows the comparison outputof the sensors at the second blade.
The lower subplot shows the mean value change detectioragstirom the CUSUM
LS filter, where the dashed line is the threshold.
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Figure 50 Mean value change detection results of the three residukalofan filterKF g from
the CUSUM LS filter, where the dashed line is the threshold.

turbine is still time varying and it is subjected to unknowplits; the latter cannot be considered
as white noise. With the aid of the Coleman transformatiahaglosed loop subspace identifi-
cation technique, a linear time invariant model descriptian be obtained, which is subjected to
white noise disturbance. A modified Kalman filter is derivedriEsidue generation.

To the end of sensor fault diagnosis, a mean value method aemheralized likelihood ratio
test (GLRT) are derived for additive fault detection. A vadarchange method has been fit
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Figure 51 The top subplot contains the likelihood ratio-maximum (GLRJaurthe alternate
supposition of an abrupt jump fault in sens8f (H,; the middle one contains the

GLR under alternate suppositiafi? (jump in S3'); the bottom one undek;. The
dash-dotted lines represent the detection threshold
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Figure 52 Upper subplot shows the comparison outputof the sensors at the second blade

while sensorSs! has slow drifting fault since 100s. The lower subplot shoves th
mean value change detection estimate from the CUSUM LS ¥iltere the dashed
line is the threshold.

to the detection of multiplicative faults. The fault isotatiis proceeded with the aid of the dual
redundancy sensors (sensor pairs on each blade) where tmaiélters are utilized. Simulation
results show that the proposed methods are suitable foskotor fault detection and sensor fault
isolation.
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Figure 53 Mean value change detection results of the three innovatidputs of Kalman filter
1 from the CUSUM LS filter while sens6g' has slow drifting fault since 100s.
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Figure 54 The top subplot is the GLRT result while assuming seisgbrhas slow drifting
change. The middle one is the GLRT output while assutsijhdras slow drifting
change. The bottom subplot is the result while assumingﬁ‘ﬁahas fault.

The sensor fault diagnosis method based on mean value otisesvappears suitable for the
abrupt jump additive fault, the slow drifting additive faand the output stuck additive fault.
However, it cannot provide the time instance on which thé fgppears. In contrast, the proposed
GLRT gives a good estimate of this time instance in case ofpdbmmp fault and this kind of
fault is very fast detected. Although the GLRT can also be tisethe detectionof slow drifting
faults, the time-instance of appearance cannot be acbuedtmated; the test measure is not
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Figure 55 Upper subplot shows the comparison outputof the sensors at the second blade

while sensois4! is stuck at a constant output since 200s. The lower subplotstioe
mean value change detection estimate from the CUSUM LS ¥iltere the dashed
line is the threshold.
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Figure 56 Mean value change detection results of the three residuiéalaian filterKF 4 from

the CUSUM LS filter while sens@ is stuck at a constant output since 200s, where
the dashed line is the threshold.

sensitive to small slow variations, so the GLRT only respaaftis a while. Output stuck faults
can be fairly well detected with the proposed GLRT while itxpected that a modified GLRT
enables much better detection of these faults. As so fay, v proposed variance change
method appeared suited for the detection of multiplicafthsts.
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Figure 57 Upper subplot shows the comparison outputof the sensors at the second blades

while sensorSé4 has al.5 times of its normal gain since 300s. The lower subplot
shows the variance change detection estimate from enetggtde where the dashed
line is the threshold.
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Figure 58 Variance change detection results of the three innovatiotputs of Kalman filter

KF 4 from the energy detector while the gain of senSgris changed to itd.5 times
since 300s, where the dashed line is the threshold.

The method presented in this section is limited to one worginigt. Extending the current result
to a large working region or the full region of the wind turbiaystem is our future work. We
foresee to examine alternate designs of the GLRT, like cordtgurs focused on output stuck
and multiplicative errors. Furthermore, the modeling ewibralso be considered into our future
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analysis. Some techniques for sensor fault diagnos@r@ﬁare very useful for our future
investigation.
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7 Accommodation of yaw motor failures using IPC control

7.1 Summary

The objective of this section is the design of an integratedt falerant control (FTC) scheme
against the yaw motor failure. To this end, first a yaw motoltfdetection scheme is developed.
Once the motor failure is detected, the blade pitch anglesantrolled individually (IPC) in
such a way as to create a yawing moment of the rotor. Advanigedithms are used for the
design of the fault detection scheme and the IPC yaw contrditethis end, first{_ /H .. index
observer approach in finite frequency domain is used in degjghe fault detection observer.
Next, ant ., pitch controller is designed and integrated with the thét fdetection observer. The
performance of the integrated FTC solution is verified in TURBtdwdations.

7.2 Introduction

In the previous Sectidd 6, methods are developed for the titsteand diagnosis of faults in the

blade root bending moment sensors. The objective of thepiresetion is to design an integrated
fault tolerant control (FTC) scheme that handles yaw motdurfas. To this end, a wind turbine

model constructed with the software TURBU/[76], is used (sgefe[59). Here, the IPC is used
to replace the yaw motor, once its failure is detected. Thenriwaius is on the development of a
an integrated fault detection and FTC scheme.
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Control

| O IPC -1 Blade Pitching |t
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l—] Wind Speed

Faults
M

yaw

;‘ 'Y I:'aw
aw ‘ Yaw System »-
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—— Fault Detection D

‘ Alarm Signal

Figure 59 FTC scheme of yaw motor failure in the TURBU model

In the rest of the section, first the TURBU model is described ictiBe[7.3. It is chosen to
design the fault detection observer based on the nitkked# ., index observer approach in finite
frequency domain as proposed|in|[96]. The detailed obser&igd and results are presented in
Sectior Z.4. In sectidn 4.5, &4, controller is developed and integrated with the fault débec
observer. The performance of the entire fault tolerant obeystem is then verified in simulation.
Sectior Z.b gives some concluding remarks.
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7.3 TURBU wind turbine model

TURBU wind turbine model@G] generates a complete lineariaerohydro-elastic model with
control, wave and wind inputs for 3-bladed wind turbines.

Specifically, TURBU models the following substructures or comgnts: support structure, drive
train, rotor blades, and wake. These individual physical @wdre then linearized under equilib-
rium conditions, defined by the equilibrium driving variagléhe mean induction speeds in the
rotor annuli, and the mean values of linear (set as zero) agdlar degrees of freedom (DOFs).
These individual models are lumped into one single stateespadel description, as schemati-

cally illustrated in Figur€80.
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Figure 60 Interdependency of state space models for the distinctsudbsres of the wind tur-

bine

1.

The matrices in the lumped state-space

model depend on treaminuth angle, and are hence

periodically varying. As described in Sectibn 113.1, Colenti@nsformation can be used to
transform the variables to fixed-frame coordinates, whishlte in an LTI model. ECN’s TURBU
program generates a reduced-order continuous-time spaise model of this LTI form witls0
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statesg inputs, andL0 outputs. This model can be represented as,

¢ = T, (%) v, (184)
Tem = AemTem + Beme, (185)
Yem = CemTem + Keme, (186)

y = Tycm (QZ) *Yem- (187)

Here,v, y represent the 1/0s in the fixed coordinateds the rotor Azimuth angle; ar@l, and
T,.! are respectively the Coleman and inversion Coleman tramstion.

Due to the model order reduction, the states have no physieahing. On the other hand, Table
shows the physical entities of the I/Os in the Coleman doma. €, y.,,.

Table 6 1/0O description of the TURBU model.

No. | Inputs e Outputs yem

1 axial wind collective pitch angle
2 tilt-oriented wind tilt pitch angle

3 yaw-oriented wind | yaw pitch angle

4 collective pitch angle mean flap moment

5 tilt pitch angle tilt flap moment

6 yaw pitch angle yaw flap moment

7 yaw torque rotor speed

8 generator torque yaw orientation

9 tower nodding speed
10 tower naying speed

7.4 Detecting yaw motor failure by robust detection observer

In this project, we design the fault detection observer thasethe mixedH _ /H, index ob-
server approach in finite frequency domain as propos@in fH6te the technical details of this
approach have been presented in section 6 of [96], we shiatepeat them here, but show the
details of how to apply this approach in designing the robdestction observer for the yaw motor
failure in the TURBU model.

7.4.1 Modeling yaw motor failure as an additive fault

Recall the TURBU model in the Coleman domain:

Tem = Acmxcm‘l'chGa
Yem = CemTem + Keme.

Here,z., € R, e € R®, yo,n € RV,
From the 1/O descriptions in Takllé 6, we know that the first timpats are wind signals;, es, €3,
which are not measurable. We hence have to treat them aswnlkdisturbances. The seventh
input channelgr, is the yaw torque, and is hence the signal that can be chahgetb a yaw
motor failure. Therefore, we can define the control and distueck signals as:
T
Uem = [64 €5 €6 €7 68]

dem = [61 €2 €3 }T

)

)
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and correspondingly the control, disturbance, and faplzimatrices as

ch,u = [ ch,4 ch,5 ch,6 ch,? ch,8 :|)
ch,d [ ch,l ch,? ch,3 ] ’
ch,f = ch,?-

Here,B.,;,i = 1,--- ,8 represents the i-th column of the mat#,,,. The control, disturbance,
and fault feedthrough matriceBe,, u, Dem,a; Dem, r, CaN be defined in the same way.

We can now rewrite the TURBU model in a more convenient fasfoofault detection observer
design; i.e.

Tem = AemTem + ch,uucm + ch,ddcm + chjfcma (188)
CemTem + Dcm,uucm + Dcm,ddcm + Dcm,ffcm- (189)

Yem

In the case that the yaw motor fails, it cannot provide theiggworgque to the TURBU model,
I.e. uem 4 = 0. This is equivalent taw.,, 4+ = €7 and f.,,, = —e7 in the above model with additive
faults.

7.4.2 Optimal observer design method

Fault detection relies on comparing the difference betwibenmeasured outpuig,,, and the
estimated ones from a model, denotedjBy. This difference is called residual, i.e.= y.,, —
Jem. The output estimateg,,,,, can be computed via an observer; i.e.

x;'cm = AmZem + ch,uucm + Lo(ycm - ycm)a (190)
gcm = C’cmi'cm + Dcm,uucma s (191)
T = Yem — Yem- (192)

Denotee = ., — Zem. The error dynamics can be written as

e = (Acm - LoCcm)e + (ch,d - LoDcm,d)dcm + (ch,f - LoDcm,f)fcm7
r = Cepe+ Dcm,ddcm + Dcm,ffcma

The transfer function from..,,, f.. to r is therefore

r = Ng(s)dem + Na(s)dem,
Nd(S) = Ccm[SI - (Acm - Loccm)]il(chvd - LoDcm’d) T Dcm’d7
Nf(S) = Ccm[SI - (Acm - LoCcm)]_l(ch,f B LoDcm’f) + Dcm’f'

Note that in the observer, only the measurable I/Os are pseck Neither wind nor fault signals
is used, because they are unknown. The objectives of thevaln4&B00,191(,192) are hence to

» stabilize the error dynamics, etability,
e minimize the effect of the unknown disturbanég, to the residuat, or robustness

» and maximize the effect of the unknown faglt, to the residuat, or sensitivity
The design, which takes all the three objectives into acca@untlled mixedH_ /H, index

observer approacE[bS]. Here, thi, index deals with the robustness; while tHe index treats
the sensitivity.
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Figure 61 Wind signals.

In this specific wind turbine application, we are only intéeesin finite specific frequency bands.
The wind signals along three directions and their spectrumssspectively plotted in FigurEsl6l
and[62. Obviously, the wind signals have dominating powdowatfrequencies. We therefore

axial wind power spectrum
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Figure 62 Power spectrums of the wind signals.

consider the robustness of the observer against the withaflolisice especially in the frequency
range of[0, 2]Hz, or [0,4x|rad/s. On the other hand, the yaw motor failure can be destrib
by f.n = —e7, which is as slow a8.4deg/s, or0.007rad/s, due to the limitation in the yawing
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motion. The mixedH _ /H~, approach in finite frequency domain as proposeEh [96] isd@anc
suitable tool to solve this problem. This approach respelgticequires solving three groups of
linear matrix inequalities (LMIs), listed in the followingibsections.

7.4.2.1 Stability conditions
Given arbitrary real scalay, p, satisfyingpq < 0. Find X, Y, such that
Py, - 0, (193)
0] (g ) o

Here, He(M) = M + M*, for a square matrix}/. The superscript “*” denotes conjugate
transpose.

7.4.2.2 Robustness conditions

Denote the frequency range of the disturbance signals.asvg,]. Specifically, in this wind
turbine applicationwy = 0 andwy, = 4n. Definewy. = (wa + wan)/2. Choosey > 0.
Let X, Y satisfy [I94). Let the following matrices be defined, with tlsvrdecision variables
Q1, P1, V1.

I 0 0 O
0 0 I 0 I 0 — —Q1 Py + jwacQq
T = 7H1 - 2 y =1 = . )
0 I 00 0 —I P — jwgc Q1 —wqwan@Q1
0O 0 0 I
- _ =0 T
Rl_[OOIo},\Ifl_T[O HJT.
Find Qq, P, V1, such that
Q1 = 0, (195)
BI —OI 8 X By
¥y < He AT CT —CT Vi R (196)
cm cm cm YRl
BZm,d ng,d 7ng,d
I 0 0 + I 0 0 aa
0 —1 0 0 —1 0
0 > AT o7 T vy AT oT T (197)
Bgm,d ng,d _DZm,d BZm,d ng,d _ng,d

Here, the superscriptl"” denotes orthogonal complement. Then the maximum singalaevof
Ny4(s) in the frequency rangevg;, wap] is upper bounded by.

7.4.2.3 Sensitivity conditions

Denote the frequency range of the fault signalag,w,]. Specifically, in this wind turbine
applicationwy; = 0 andwg, = 0.007. Definewy. = (wy + wyy)/2. Chooses > 0. Let X, Y
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satisfy [194). Let the following matrices be defined, with tieevrdecision variable§-, P», V5.

(1]

~I 0
HF[O 521}’
Ry=[1 0 I

Find Q2, P, V5, such that

Q2 = 0,
iy 0 0
0 I 0
U, < He
2 ATch C}L —C;.?;n
Bemyg Demy —Demy
I 0 0 +
0 _I 0
0 > U
ATZm ng;n _?m 2
Bemg DPemys —Dems

L= —Q2
Py — jwpcQo

P+ jwrcQo }
—wpwinQ2 |’

= 0
~Bem,s | ,\IJQZT[ 2 ]TT.

0 Iy

(198)
X Ry
Vo , (199)
YR
I 0 o 14"
0 -1 0
AT CT —CT . (200)
T T T
ch,f Dcm,f _Dcm,f

Then the minimum singular value & ;(s) in the frequency ranggvs;, wy;) is lower bounded

by 5.

7.4.2.4 Summary of the design method

frequency domain).

and the scalar9, q.

[197 [198[199, 200) hold.

3 Compute the observer gain by

Algorithm 7.1 (Observer design by the mixedH_ /H.., index approach in finite

1 Choose the bounds, g > 0, the frequency rangegy;, wan] and[wy;, wys),

2 Find XY, Q1, P, V1,Qq, P, Vs, such that the LM'S@@DE96,

Lo= (Y -xHT.

The observer such designed stabilizes the error dynamibe @tiserver, and guarantees the per-
formance of the observer, in terms of its robustness to the disturbances and its sensitivity to
the fault signal. This design problem can be solved by thedstahSDP toolboxes, like YALMIP

[52].

7.4.3

Implementation of the design method

Recall thatz.,,, € R8°. The order of the model is too large for the optimal design rtlgm [71
to be computed on a normal PC. A model order reduction is hesgengal. To this end, we
follow the standard procedures of a balanced realizatind,am elimination of those balanced
model states corresponding to relatively small Hankeldengvalues. The criteria of the model
reduction is to enforce the DC gain of the reduced model teinttat of the original system.
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In this particular wind turbine application, we found thhetorder of the reduced state-space
model has to be smaller than 9, in order for the optimal dealgarithm to be computable on a
normal PC. In fact, with a ninth order reduced model, it tadkhours to solve the LMIS (193,
[194,[195[196[ 197). On the other hand, by plotting the magdgitresponses of the transfer
functions of the original system, we found that the bandiwaftthe system is as low as 1rad/sec;
and the transfer functions behave like first-order systemssémotivated us to reduce the order
of the original TURBU model to 2, which was further reduced tayla minimal realization.

With this first-order model, we then implemented Algorithrll, Zvith following parameters:
y=10"33=10"2wy = 0,wa, = 47, wp = 0,wypy, = 0.007,p = 1,q = —2.

Unfortunately, AlgorithniZ11 did not end up with a feasibtdution. We also tried to tune the
parameters listed above, but still could not get a feasitllgion. This motivated us to get rid of
some of the LMI constraints listed in Algorithim 7.1.

Indeed, what we can discard are the LMIs for the sensitivitfgomance. This is because the
fault that we are dealing with is the yaw motor failure. Thisiigery severe fault, rather than a
tiny change in the yawing torque that has to be detected bys@reer, which is highly sensitive
to it. After deleting the sensitivity LMIs, a feasible soluti was found for the set of LMI§ (1D3,
194195196, 197); i.e. with only the stability and robestconstraints. The observer gain
was found to be

[10.0315, —83.4437, 1230.1, 0.0002, —0.00035, 0.0059, 142.8778, —813.15, —226.6369, 3.7882].

The continuous-time observér (100,1191]192) then has todueatized at the sampling frequency
of 50Hz, which is the sampling frequency used by the controlletsé TURBU model.

7.4.4 Simulation results

In this section, we show the fault detection results usirgdftimal observer designed in the
previous section, which is robust against wind disturbance

We used théiatLabfile “sim_ttb_tbu_incl_YAW’hfrom ECN in simulating the TURBU model,
together with the wind data contained iwihd.mat. Three “abnormal” events were considered
in the simulations:

* a big step change in the axial wind from 50 seconds on, seedf&l
« awind gust in the time interva$0, 60] seconds, see Figurel61;

 yaw motor failure from 80 seconds on, see Fidure 63.

The wind orientation and rotor orientation during the sirtiolaare shown in Figure 64. Obvi-
ously, without the yawing torque, the rotors could not fallthe wind orientation, which then
reduced the power production of the turbine. This is obvipughat we have to handel by the
controller reconfiguration later on.

The fault detection result is shown in Figurel 65. The 2 norm ofrésdual vectors at each
sampling instant was computed. The detection threshold h@sen ag.5 x 10'8. The detection
delay wasl .44 seconds. Two observations were made from the result.

» The residual is robust to the step change in the axial windfufiiber elaborate on this,
we designed an observer, only stabilizing the error dynaniitstead of guaranteeing the
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Figure 63 Yaw motor torque with a failure from 80 seconds.
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Figure 64 Wind and rotor orientation with the yaw motor failure from 86conds.

robust performance. The detection result is shown in Figure@éarly, without the ro-
bustness, the yaw motor failure is masked beneath the watdrdances, and cannot be
detected.

» The yaw motor failure results in an increase in the residoelgy, much bigger than the
wind gust did.

We finally did a further verification of the robustness of theigiesd observer to the wind distur-
bances. We doubled the two outputs from khatLab funciton “genwindgust.rp and simulated
the TURBU model and the observer all over again. The resultae/shin Figurd 67. Obviously,
the doubling of the wind gust strength did not invalidatertbleust performance of the observer.
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Figure 65 Detecting the yaw motor failure with a robust observer.
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Figure 66 Detecting the yaw motor failure with a stable-only observer

It is also worth mentioning that the large magnitudes of #sdual energy are due to the reduc-
tion of the TURBU model from 80-th order to first order, since thedel reduction is inevitable
in using Alg.[7.1.
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Figure 67 Detecting the yaw motor failure with a robust observer in gnesence of doubled
wind gust.

7.5 Control reconfiguration via IPCs

7.5.1 Control objectives

The consequence of the yawing motor failure has been illgstia Figurd_ 6¥4. Obviously, the
rotor cannot be directed to the wind orientation, when noiggvactuation is available in the
plant. This then significantly reduces the power productiod,rmay even damage the turbine.

The main objective is therefore to use the “redundant” aotgan the turbine to compensate for
the loss of the yawing motor. As introduced in secfiod 7.2jntend to use the individual pitch

controllers (IPCs) to fulfill this task. This is possible, besathe input “yaw pitch angle” has a
significant influence on the output “yaw orientation”, whosmsfer function is shown in Figure

[68. Here, the transfer function is derived from the TURBU niaddghe Coleman domain as

given in [184[18K, 186, 187), and has an ordeg@®f The first control objective is to track the
wind orientation by designing the control signal of the “ypitch angle”.

On the other hand, from Figutel61, the “yaw-oriented wind"hie tlisturbance to the yawing
dynamics, and has to be taken into account in the controieigd. The transfer function is
shown in Figuré_ 68. The second control objective is hence axtréhe effect of the unknown
“yaw-oriented wind”.

Besides, the actuator limitations have to be taken intow@atcdince ECN is still in the process
of patenting its constrained IPC controller, it is not thepeof the current SusCon project to
verify it in the FTC design.

Taking into account the above objectives, we chose toHigecontrol design to improve the
tracking and disturbance rejection performance.

7.5.2 Control design

The H. control design considers the closed-loop plant with a sfinedllustrated in Figl_70.
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Figure 68 Transfer function from yaw pitch angle to yaw orientationli& the original 80th-
order model. Dashed: 2nd-order reduced model.
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Figure 69 Transfer function from yaw-oriented wind to yaw orientatioSolid: the original
80th-order model. Dashed: upper-bounding 1st-order filtéth matched DC gain,
Wy.

Here,W,, W, W., W, are weighting filters. Th&{., controller K.(s) can be designed by solv-
ing the following problem.

min [|[H($)||co,
min | H(s)]

where the “interconnection matrix” is defined by

Here, Z, D, R respectively represent the Lapalace transform of the tiomeain signals:, d, r.
This problem can be solved by an LMI approaﬁ{ [24].

Unfortunately, the original 80th-order model induces lyeewmputational burden for ak
control design. We shall also first reduce the model order. 1&irto the observer design, we
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Figure 70 Interconnection structure fok ., control design.

reduced the plant model to the following 2nd-order desiompt

Yems(s)  0.06101s% — 0.4258s + 3.768
E(s) 824224554 0.06244

(201)

For the disturbance model, we simply used an upper-bountstgrder filter, i.e. W, with
matched DC gain of the following form,

—0.05387
= 202
Wals) = 27505 (202)
The other weighting filters were chosen as
0.1 55+ 0.05
W= 05 0 = oo Wl = osioan

Here, W, was chosen to yield good tracking performance and also tocesthe speed of the
closed-loop response due to the yawing motion limitatidipge bode plot is illustrated in Fig.

7.

we
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Figure 71 Bode plot of the weighting filteV}.
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Figure 72 Step response of the closed-loop plant.

The designed{., controller turned out to be

27.555° 4+ 510.1s* + 115152 4+ 251.7s% + 18.52s + 0.4351

K, = .
o(s) s0 +44.9955 + 505.65* + 197853 + 316.5s2 + 12.79s + 0.08032

(203)

The unit step response of the closed-loop plant is shown ifg.

7.5.3 Simulation results

We now show the integrated FTC results using both the optimsgmir designed in sectibn 7.4
and theH ., IPC controller designed in this section.

We used the samdatLabfile “sim_ttb_tbu_incl_YAW.!hin simulating the TURBU model, to-
gether with the wind data contained iwihd.mat, as in sectiof 7}4. The yaw motor failure was
injected into the simulation from 80 seconds on, see Figurel®@ motor failure was detected
at81.44 seconds, when the IPC controller (203) was switched on. Thateesrotor orientation
was illustrated in FigurE_T3. Obviously, the IPC control[€@3Pre-directed the turbine toward
the wind orientation, after the yaw motor failed. The consighal, yaw pitch angle, is shown in
Figure[ 74, which had acceptable amplitude.

7.6 Conclusions

In this report, we have studied the TURBU model with yawing iomotdesigned a robust fault
detection observer against yaw motor failure, tuned a 1tolRG controller as a remedy of the
motor failure, and developed an integrated FTC scheme for tieBWmodel.

The designed observer has a good performance, in terms obiistness to wind gust and step
changes in the axial wind. The integrated FTC scheme is eféeirtiveconfiguring the yawing
system of the wind turbine.

On the other hand, through the experience in implementiagribdel-based optimal observer
design on the TURBU model, we found two difficulties in implerieg model-based methods:

* For a large-scale system, a model itself is very difficultudd(c.f. HE]).

e Even if a very accurate mode is available, it may not be diredtlized in observer (and
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Figure 74 Amplitude of the control input, i.e. the yaw pitch angle.

controller) design, because its order may be too large ®ofitimization problem to be
computable. When model reduction is necessary, modet-pleamatch is then inevitable.

The difficulties in model-based designs have motivated davesd designs in the recent funda-
mental development of the fault detection literature; @,@]. This then provides a new future

direction for data-driven FTC of wind turbines.
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Part IV

Extreme Event Control (EEC)
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8 Dealing with wind gusts in combination with wind direction changes

Summary

This section focuses on the problem of extreme wind gust arettihn change recognition
(EG&DR) and control (EEC). An extreme wind gust with directidmaoge can lead to large
loads on the turbine (causing fatigue) and unnecessarineughut-downs by the supervisory
system due to rotor overspeed. The proposed EG&DR algorithiasisd on a nonlinear observer
(extended Kalman filter) that estimates the oblique wind inflowgle and the blade effective
wind speed signals, which are then used by a detection #igo(CUSUM test) to recognize
extreme events. The nonlinear observer requires that btexdédending moments measurements
(in-plane and out-of-plane) are available. Once an extreveat is detected, an EEC algorithm
is activated that (i) tries to prevent the rotor speed frormeexling the overspeed limit by fast
collective blade pitching, and (ii) reduces 1p blade loagsrigans of individual pitch control
algorithm, designed in aH, optimal control setting. The method is demonstrated on a tamp
nonlinear test turbine model. For the EEC method, a Dutch p&tegranted] and a world
patent is pending.

8.1 Introduction

Extreme wind conditions, such as wind gusts and/or wind tioecchanges, can lead to very
large turbine loads causing fatigue, automatic shut-dawreven damage to some turbine com-
ponents. Such effects could be circumvented by means ofytireebgnition of the extreme
event extreme event recognitipnfollowed by a promptly and proper control system reaction
(extreme event contril In this section, the extreme wind gust and direction clearegognition
(EG&DR) is performed by means of estimating the oblique inflogla (yaw misalignment) to-
gether with blade-effective wind speed signals from meaments on the flapwise (out-of-plane)
and leadwise (in-plane) bending moments in the blade rddgitese estimates are used to recog-
nize extreme events (wind gusts and/or wind direction chapgvhich activates an extreme event
control (EEC) algorithm. The EEC has on the one hand the purposewting rotor overspeed
(which can trigger complete turbine shutdown by the sugeryisystem) by collectively pitching
the blades toward feather, and on the other hand to reducente fer revolution) blade loads
by individually pitching the blades.

The problem ofotor-effectivewind speed estimation has been addressed in the literatiseve
eral occasions, where the usual approach is to estimatetbdymamic torque on the rotéy, (u),
which is subsequently inverted to obtain the rotor-unifavind speed:. The estimation of/,

is done either by neglecting the rotor dynamics and usingthtc power-wind curvéﬁ@q,
or by considering a simple first-order model of the rotor dyitan(i.e. neglecting shaft torsion)
[@,,@A]. Recently, somewhat more advanced models hese bsed, including first shaft
torsion mode to the rotor dynamids—_t59]. In estimating thedgnamic torque, the majority of
these methods rely on the computation of the time-derigaththe rotor speed measurement, and
are as such very sensitive to measurement noise as well astodelled higher order dynamics
such as tower sidewards motion and collective blade legarlation. To avoid this, appropri-
ate filtering of the rotor speed is necessary, which inewtaittoduces time delay and, hence,
sacrifices the performance of the wind estimator. More ads@maethods have, though, also
been studied, including extended Kalman fiIErl [54], lineatrKan filter in combination witf,-
tracking control Ioopﬁg% or augmented-state nonlinederf Eh]. Still, all these publications
have several things in common: they all assume one singbe-effiective wind speed signal, no
yaw misalignment, a rigid rotor and tower, and use equililbiwake aerodynamics based on
static power-wind curves.

To the best of the authors’ knowledge there has been no jatiblicon simultaneous estimation
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Figure 75 Turbine simulation scheme

of bladeeffective wind speeds and yaw misalignment angle, whightse basis of the EG&DR
algorithm developed in this section. More specifically, agraanted state extended Kalman fil-
ter (EKF) is utilized, based on a nonlinear wind turbine modélis model consists of a linear
structural dynamics module (SDM) on which aerodynamic feiared torques are acting as com-
puted by a nonlinear aerodynamic conversion module (ADMYyed by realistic blade-effective
wind speed signals. Compared to the model used in the Kalntan &lmodel of an even higher
complexity is used for simulation and analysis, the mainponents of which are given in block-
schematic form in Figure_T5 (in which the physical meaninchefgignals is described later on).
These components are:

» 40-th order linearized structural dynamics model (SDMjaoied using the softwareURBU
[@], with degrees of freedom in tower foundation, blade fesgnd drive train, and in-
cluding pitch actuator dynamics,

* nonlinear aerodynamic conversion module (ADM) based @udlelement momentum
(BEM) theory, including

- dynamic wake effects as modeled by t8EN Differential Equation Modeﬁ],

- Glauert’s azimuth-dependent correction term for the axidliction speed in case of
oblique inflow [73],

- correction on the angle of attack due to rotor coning, asemginted in the nonlinear
aero-elastic wind turbine simulation tooHRTAS [49],

* linear blade pitch controller regulating the filtered gexter speed at its rated level (when
operating at above-rated conditions), and consisting ofeoBtroller in series with low-
pass filter at the 3P blade frequency, notch filter at the firstit@ideward frequency, and
notch filter at the first collective lead-lag frequency,

* nonlinear generator torque controller based on stationghth\ QN-curve at below rated
conditions andconstant poweproduction above-rated, operating on the filtered generator
speed signal (same three filters used as in pitch controller),

 additional azimuth-dependent nonlinearities arisimgrfithe Coleman transformations be-
tween the fixed reference frame (in which the input/outputaligjof the SDM are defined)
and the rotating reference frame (in which the signals of&th&/ are defined), see blocks
M (modulation) and D (demodulation) in Figure] 75,

» realistic blade effective wind speed signals are genéiaased on the helix approximation
concept, as proposed iE[43, App. C], including both a deistic term for modeling
wind shear, tower shadow, tilt and yaw misalignment, wingtgand a stochastic term that
models blade-effective turbulence.
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The EKF uses a simplified model in which the structural dynamioslehis reduced to order
20, and the ADM model excludes dynamic wake effects, as veelha effects of the structural
dynamics onto the aerodynamics, i.e. the effects of theatitom and deformation of the blades
and the tower onto the apparent wind speeds are neglectede@bwise speeds of the blade
elements resulting from the rotation of the rotor is, of @@jmot neglected, only the variations
around these speeds).

Based on the blade-effective wind speeds and oblique inflaylearstimated by the EKF, an
extreme event detection mechanism is used, consisting winalative sum (CUSUM) test that
detects (significant) changes in the mean value of the egtthsagnals. Once the extreme event
flag is raised by the CUSUM test, an EEC algorithm is activateddhagists of two components.
The first one is a rotor overspeed prevention algorithm thatédiately starts pitching the blades
to feather with the maximally allowed pitch speed, and astdrae time sets the reference genera-
tor torque equal to its rated value. This action has the perpmprevent rotor overspeed in order
to avoid a possibly unnecessary turbine shutdown by thergigpey system. The conventional
power control is switched on again when either the (filteredymspeed begins decreasing, or
the pitch angles have reached a suitably defined referenge,wahich is a function of the axial
component of the (estimated) wind speed. The last one is cetmif-line under the assump-
tion of rated rotor speed and rated generator torque. Theepsaaf switching the conventional
control algorithm back on is performed in a bumpless mangendans of proper controller state
re-initialization. The second component of the EEC consistmdhdividual pitch control (IPC)
algorithm aiming at the reduction of 1p blade loads, whiaghrather large under oblique inflow
conditions. A modern optimal ., control methodology is used for the design of the IPC. This
loads reduction control should be only activated after titerroverspeed prevention system is
deactivated, as their simultaneous activity would reghiegle pitch speeds exceeding the max-
imal allowable speed. In fact, the IPC could, principally,léeworking even when there is no
extreme event, although the resulting continuous cyckel®lpitching might be undesirable. In
the implementation in this section, the IPC is only active méwer the estimated oblique inflow
angle is larger (in absolute value) th&or.

The section is organized as follows. The next subsection mgpthe notation used throughout
this section, as well as the physical meaning of the usedbias. Subsectidn 8.3 describes the
structure and the main components of the turbine simulatiodel. The algorithm for detection
of extreme events is developed in Subsecfion 8.4, while merevent control is the topic of
Subsection 8]5. The complete EG&DR-EEC method is tested in siimogan Sectiof 816.

8.2 Notation and Symbols

For a scalar or vector variable v denotes its equilibrium or mean value, while = v — ©

is called the (current) variation around the equilibriuniuega An superscriptm, as inv“",
means that the variable is defined in multi-blade coordiregedbtained by performing a Coleman
demodulation (see Sectibn 84.1) of the signal being defined in the rotating reference frame).
Subscripts/subscripts and A, as in U, denote the number of the blade € 1,2,3) and
the number of the blade elememt (= 1,2, ..., Nu.,) for which the variable is defined. For
simplicity of notation it is assumed in the ADM that the numbéblade elements is equal to the
number of annuli, and that the length of tAeth blade element is equal to the breadth of annulus
A. The operatiorA ® B denotes the Kronecker product betweérand B, while vec (() A)
stacks the columns of the matrikbelow each other into one vector. The operatarepresents
the direct sum of matrices, i.el @ B = blockdiag(A, B). Then-by-n identity matrix is denoted
asl,, anddy; is the Kronecker delta function.

The following symbols (with SI dimensions) are used in the:text

cA cord length of blade elemerit,
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Cr,Cp,Cum
M}, MY
My,
Py
Apb
t
Ab  Ab
Afnr 4y
R
TA
Tg
Ts, TSCtT
U
Uaza Uyw: Utlt
Ui, v
SUA
5UA’b

2,COTT
U’;42/3
Up
VnA1 ‘7ZA
(5VnA7b, 5‘/}A,b
xz, x°
aA,b

B
Oy

P
(Z)A,b
Qbywy ¢tlt
Pb, ¢
oY

Q, 0f

lift, drag, and pitch-wise torque coefficients,

lead-wise (in-plane) and flap-wise (out-of-plane) bladeot bending moment,
(= [M}, M2 M2, MY M2, M3]T) vector of blade root bending moments,
state covariance matrix in the extended Kalman filter,

aerodynamic pitch-wise moment (nose-down positive) ahelet A of bladeb,
aerodynamic forces in normal and leadwise direction of eleid of bladeb,
rotor radius,

distance from hub center to center of blade elem&nt

generator torque reference (output of controller),

sample time turbine model, sample time of controller

mean undisturbed wind speed in the longitudinal wind fieléation,

axial, yaw-oriented and tilt-oriented componentg/of

equilibrium axial and tangential induction wind speeds,

dynamic term on the axial induction wind speed,

Glauert’s correction term tUiA for oblique inflow,

axial induction wind speed of annulusBa3 R

bladeb effective wind speed,

equilibrium normal and lead-wise effective wind speed atlblelemen,
normal and lead-wise effective wind speed variation at elerd of bladeb,
state of the (reduced) SDM model, augmented state

angle of attack of element of bladeb,

additional (tog,,,) yaw misalignment angle for modeling wind direction change

pitch angle reference for bladgoutput of controller),

air density,

pitch angle of elementl of bladeb,

equilibrium yaw and tilt angles of the wind spe€&dsee Figur& 76),
azimuth angle of bladg rotor azimuth

azimuth offset angle due to oblique inflow orientation,

rotor speed, filtered rotor speed,

8.3 Turbine Simulation Model

The turbine simulation model represents a typical 3-blaadezbntal axis wind turbine (HAWT).
The model consists of an integration of several blocks, aklskd on Figuré45. These blocks
are explained in more detail in the following subsections.

8.3.1 Structural dynamics system (SDM)

The SDM block consists of a linearized model, obtained withgb#ware TURBU [@]. The
model assumes rigid blades and tower, but contains degfde=edom in the blade flanges, in
the tower foundation, in the rotor shaft, and includes thehpactuator dynamics. Although the
blades are considered rigid, there &’g,,, = 14 blade elements per blade, allowing for a better
representation of the aerodynamic forces, as computedtfredDM block, described in Section
[8.3.3. The model (see Figurel75) has:

» 40 states: positions and speeds in 3 directions for the thiede flange elements and the
tower bottom element, rotational position and speed fotwledrive-train elements, and 4
states per blade for modeling the servo-pitch actuatoredhtree blades (all states defined
in multi-blade coordinates, see Section 8.4.1),

130 inputs: 3 reference blade pitch ang#€s, one reference generator torgtig 3Ngpn,

156
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Figure 76 Definitions of tiltUy,, yawU,,,, and axiall,, oriented components of the equilibrium
wind vectorU, and yawe,,, and tilt ¢, angles.

blade element torques™, 3Ny, NOrmal forces;}"jl and3N,,., leadwise forceajﬁll, all
in multi-blade coordinates, and

133 outputs: rotor spedd, 3 blade root out-of-plane bending momenis™, 3 blade root
in-plane bending moment/™, 3N,,, blade element pitch angldg )", 3Ny
normal veIocities{éV,f"b)cm and3 N, leadwise velocitieséle’b)Cm, also in multi-blade
coordinates.

The inputs§“™ andT, are controlled inputs, the outpuis M:™, andMJ™ are assumed mea-
sured, and the remaining inputs and outputs are used focameecting the SDM with the ADM.

8.3.2 Wind generation

The generated blade effective wind speeglhave two components: a deterministic component
which is the same for all blades and is used to represent wistsgwind shear and tower shadow,
and a stochastic turbulence component, which is computékleobasis of the helix interpolation
algorithm, described il’m& App. C]. These blade-effectited speeds are computed in such a
way that the resulting flapwise blade root bending momentsoxppate (in terms of spectrum)
those arising from a three-dimensional wind field turbulentée blade effective wind speed
signals are defined in longitudinal wind field direction (i.earallel to the undisturbed wind
vectorU). In addition to that, an oblique inflow angl¢is generated by the wind generation
module, which represents yawed flow.

8.3.3 Aerodynamic module (ADM)

Due to page limitation, only a summary of the ADM algorithngisen here. For details, see

[43].

Algorithm 8.1 (ADM). I
Equilibrium values and parameters frofURBU: Usy, Uy, Uy, U2, VA, VA, VA, pA0
Qﬁ;b, ", ra, ca, R, p, Cr(a), Cp(a), Car(a).

From SDM and wind modulep, §¢4°, 5Vn‘4’b, 5VlA’b, B, up

From ADM at previous time instantU;*

_Ab
] qf’n ]
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Step 1 Compute the undisturbed wind speeds in axial, yaw and figndation, including turbu-
lence and wind gusts contained in the blade-effective wiegd variations.;:

Upgust| = | cos(dur) sin(dyw + B)

Uggst cos(@lt) cos(g_gyw + p)
Ugt,gust n

3
1
sin @y b=1

Step 2 Compute Glauert’s correctiof/% to the axial induction speed

i,corr

2 2
ﬁ’ t /3’ t
Ab 157 \/(Ungus ) + (Utltgus > b Asys
wcorr = gy Atan | arctan Gt _ g /2 | cos(¢” — 64)U;

(2

Step 3 Compute setting angles of blade elemeftg, including angle of attack correction due
to rotor coning.

Step 4 Compute normal/;* and IeadwiseUlA’b effective wind speeds and angle of attacks:

sub, cos(@lt) cos(q_gyw +5) ,

5ubw = COS(¢tlt)‘SiI£(¢yw +0) (Ub - % Y by Ub)

oy, sin ¢y
Ui = UG — U — VA + oub, — SURA + 0ULD — oV, (205)
U = SV~ VA = VA & sin(u?) (U8 + 8ud,) — cos(e?) (U7 + b ).
a?t = arctan (gﬂb) — quA’b.

Step 5 Compute normal and lead-wise forces and pitch-wise torgeeblade element

st = Joea (Cola™U + Op(@ MUY [ (09) + (™) -
64 = Soea (CLla? U — Cplatt)U) \/ (029) + () — gy, (208)

5th,b = Lo Cu () <(Uﬁ4’b>2 N (UIAJ;)?) B (jf’b-

Step 6 Update dynamic term on axial induction speed, to be used x t@e instant,6U7,
using the ECN Differential Equation Model.

8.3.4 Conventional controller

The conventional controller is typical and contains two Is@]: pitch control for generator
speed regulation (active above rated only) and generatguéacontrol for power regulation (ac-
cording to optimalA QN-curve below rated, and constant power above rated). Boibs act
on the rotor speed filtered with a series of low-pass filter aBdrequency (4th order inverse
Chebyshev type Il filter with cutoff frequency ¢3P — 0.8) rad/s and 20 dB reduction), band-
stop filter around the first tower sidewards frequeriigy(2nd order elliptic filter with stop-band
[0.85 fsq, 1.15 fs4] rad/s, 30 dB reduction and 1 dB ripple), and a band-stop fittdreafirst col-
lective lead-lag frequency; (4th order elliptic filter with stop-banfd.8 f;;, 1.05 f;;] rad/s, 30 dB
reduction and 1 dB ripple). The pitch controller is a Pl compémsdesigned to achieve a gain
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Figure 77 Turbine simulation under extreme rising gust and directabrange att = 5 sec,
without EEC

margin of 2 and a phase margin of 45 degrees.

8.3.5 Problem Formulation

In this section, an extreme rising wind gust with simultamewind direction change is simulated.
These have been chosen as specified in IEC 61400-1 as “extreraeiobgust with direction
change (ECD)”: 15 m/s rising wind gust (on top of the mean wihe: 15 m/s and the additional
blade-effective turbulence) in conjunction with a directchange of20/U = 48°. A simulation

of the complete turbine model with the described extrematevecurrings sec after the begin-
ning of the simulation, is shown in Figurel77. On the top subpidhe figure the rotor speed;
(the fluctuating [black] curve), together with its filtered an{ (the smoother [green] curve)
are given. The rated speé&q being approximately7.7 rpm is given by the bottom dotted line,
while the overspeed limit, which should not be exceeded igswhuld trigger the supervisory
system to start an emergency stop of the turbine, is givedydp dashed line. The overspeed
limit is set to 15 % above the rated value (20.3 rpm). The supery system is not modeled
in the simulation, so the turbine is not stopped after therrspeed exceeds the overspeed limit
aroundt = 9 sec. The second subplot in Figlrd 77 gives the collective gitgie of the rotor
blades. In the beginning of the simulation the controllerkgaat below-rated operation region,
and switches to above rated when the filtered rotor speed @ést&d rpm (= Q + 1 rpm). The
third subplot (middle) shows the generator torque. The emrtgiower control strategy above
rated is easily recognizable by the inverse proportiopalitthe generator torque to the filtered
rotor speed. The fourth subplot gives the three flap-wise bladebending moments. The 1p
loads, resulting from the oblique inflow, are clearly seenhi@ second half of the simulation.
Finally, the last (fifth) subplot in Figufe ¥7 shows the towerebse-aft bending moment.

The purpose of the section is to develop algorithm for extrewsamt control that
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* is capable of preventing rotor overspeed, when possihtk, a

» achieves 1p blade root bending moment reduction.

To this end, the extreme event should be detected at an ¢agly, svhich is the focus of the next
section.

8.4 Extreme Event Recognition

The recognition of extreme events, proposed here, is baseldeoestimation of the wind pa-
rametersu, and S by means of a nonlinear estimator (EKF), which estimates ame tised in
a CUSUM test for detecting changes in their mean values afirgsfrom extreme wind gusts
and/or extreme wind direction changes. This section desgtiiese components in detalil.

8.4.1 Simplified model

The algorithm for EG&DR utilizes an EKF for the estimation of acsdledaugmented state®,
consisting of the turbine structural model statand the unknown inputs (i.e. the three blade
effective wind speed signatg, and the oblique inflow anglg). In order to somewhat reduce
the computational complexity of the EKF, it is based on a margkfied model than the one
used for turbine simulation, described in Secfiod 8.3. Thispéified model also consists of an
interconnection of an SDM and ADM blocks, although their céerjty is somewhat simplified
as described below:

(ADM) The aerodynamics neglects the effects of the movement oflétke$ and tower onto
the torques and forces acting on the blade elements (witlextbeption of the leadwise
blade element velocity due to rotor rotation, which is, ofise, not neglected). This boils

down to settinnglA’b = Vlgb(Q — Q) and sV = 0 in Section 83B. Furthermore,
the blade element pitch angle variations are assumed to rimtacd over the blade, i.e.
5o = §¢°, and are assumed measured at the blade roots. The thirdf@atjoi is that

equilibrium wake is considered, being equivalent to sgtfiti’ = 0 (and skipping Step 6
in the algorithm of Section 8.3.3). The variations of the aiduction wind speed around
the equilibrium value will then be (approximately) incorpted into the blade effective

wind speed estimates as if there was equivalent longitudimal speed variation.

(SDM) The order of the structural model which is used for simulatimgwind turbine (being
40), is reduced to 20 using the model reduction by balaneett#tion technique. In this
way, the 20 least controllable and observable states in thé @i0del are removed. This
model reduction is performed on the SDM model with all 130 isgoputs, but only the
10 measured outputs (.8, 6¢°, MS™ and MS™).

(Ts) The model reduction, mentioned above, is performed aftammpsng the SDM model to
T = 0.02 sec (the sampling time SDM for turbine simulatiorfis= 0.005 sec).

Define the Coleman transformatidhy;(-) (modulation) and inverse Coleman transformation
Tp(-) (demodulation)

1 1 1 1 1 sin(yr) cos(eq)
Tp(y) = 3 2sin(¢1)  2sin(ya)  2sin(ys) |, Tar(yh) = |1 sin(ihy) cos(ha) | =T (4).
2cos(¢1) 2cos(pa)  2cos(13) 1 sin(¢3) cos(v3)

The mapTp is used to transform variables, defined in the rotating refs¥drame, to the non-
rotating reference frame (e.d/{™ = Th(v))M.), while T}, is used for the inverse operation.
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Using this notation, the simplified model can be compactledbsd in the following state-space

form
Aerodynamics: ddi = fapa (0Q%k, 0k, g, Br)

Structural dynamics: Coleman (de)modulation:
Tpy1 = Az + Bovy™ 4+ Bgddi™ My, = (I2 @ Ty (Yr))SME™
(5M]§m =Cuxp + D51}gm + Ddddim Opp = T]w(lbk)(5¢im

08y, = Cozy, + Dodvi™ ddi™ = (Isn,,, ® Tp(r))ddy
5¢Em = C¢$k + DQ(S’Uzm 51127” = (TD(¢k) D 1)51%

(207)

wherez;, € R™ contains the (reduced) SDM model staitg] = [§M}, M2, M3, 6 M}, 6 M2, 5 M2y,
is a vector of in-plane and out-of-plane blade root bendimgnents,dvl = [567,6T,], € R*
contains the control signals (being the reference bladé pihgles and generator torquej, =
[u1,uz, us)y represents the blade-effective wind speels, = [0¢!, 542, 6¢%]; contains the
blade pitch angles, and

1,1 Nann,1 1,1 Nann,1 1,1 Nann,1
oqn”~ ... 5q7]lv oq . 5qlN h , (5q§V )
ddy, = vec S ... Sghenm? 5ql1’2 ... 0q ann 2 5qtl’ S O0gp
1,3 Nenns3 1,2 Nenn,3 1,3 Nann,3
0qn” ... Oqn oq .. 0q 0q;” ... 0q;

is a long vector consisting of all blade element normal aad-eise force variations and pitch-
wise torque variations. The functiofypas (6, 0o, uk, Br) represents the ADM output equa-
tions [206), rewritten in terms of the variabl€Qy., ¢y, uk, S} under the simplifying assump-
tions for the ADM, described in the beginning of this section

The following nonlinear model then relates the inputs to tle@sured outputs
1 =Ax, + B(Tp(Yr) © 1)6v, + Ba(I @ Tp(Yr)) fapa (62, 6k, uk, Br)

My=(I @ Ty (Yr)) (Cax, + D(Tp(Yr) © 1)6vk, + Da(I @ Tp(¢r)) fapnr (2, 6k, uk, Br))
0. =Coxyp + DQ(TD(d}k) D 1)5Uk,
0k =T (V) (Cprr + Dy(Tp () © 1)dvg)

(209)
where the rotor azimuthy, is viewed as known time-varying parameter singeis needed in
fapar(6Q, 0o, ug, Br) but depends only on the rotor spe@dup to time instan{k — 1), but
not on{; (and, hence, is not a function of the current state).

The goal is to construct a filter that uses the blade root berimgent measuremenid;, to
estimate the state, together with the unknown inputg, and ;.

8.4.2 Augmented-state extended Kalman filter

For the purpose of EG&DR, the unknown inputsand 3, in model [209) need to be estimated.
One way to do this is model them as the response of a givenastichmodel to a random
white noise process, to append this model to the turbinerdigsamodel and then use a Kalman
filter to estimate both the state of the turbine and the statBeoktochastic model from which
uy and g, are computed. Although blade-effective wind turbulencelet® do exist@l], their
parametrization is in practice not an easy task. A much maaetigal approach is the so-called
augmented-stat&alman filter technique, which is often used in the literatimethe estimation
of (time-varying) unknown input signals (disturbancegk &.g. @5] and the references therein.
The basic idea behind this approach is to model the unknowut inging arandom walk model

g | ug
[5k+1] N [ﬁlj + Tk (210)
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wherer;, is a zero-mean white Gaussian process with covariancexmajti Usually, the co-
variance matrixR, of the noise ternr;, is viewed as design parameter that provides a trade-off
between tracking speed and smoothness of the estimatesinfalicity, it is often selected as
diagonal matrix. Faster tracking of the true signals canlitained by appropriately increasing
the elements ofk,., which however results in less smooth (i.e. more noisyyests, and vice
versa.

Basically, the mode[(210) represents an integrated whitsenvariable, so that the output will

have its energy concentrated in the lower frequency bardihance using such model is mostly
suitable for modeling constant or slowly varying signals.e Thade effective wind speeds and
the wind orientation angle are naturally low frequency algnmaking such kind of modeling

sufficient. Given the random walk modEI{210), the staté the system((209) is augmented with
the unknown inputs, resulting in the following augmentétesmodel

Thiq f($vak) Bk("/}k)

—— E
Tt Axy, + Ba(I @ Tp(vr)) fapm (6%, ¢k, uk, Br) B(Tp(¥r) 1) Tol
Uyl | = U + 0 ov + [I ] Tk,
Br+1 Bk 0 !

g(z&wk)
oMy = (I ®Tynr)) (Crg + Da(I @ Tp(r)) fapsr (0%, 0k, uk, Br))
+ (L @ T (¥r)) D(To(Y) © 1) v,
Dy (¢r)
that, using the equations féf2;, andd¢;. in (209), can compactly be written in the form
2,y = f(@f, ) + Br(vr)vy, + Ery, (211)

SMy, = g(x8, Y1) + Dy(¥r)6v + e

The signale,, which is included in[(211), is a zero mean white Gaussiarcgsses with co-
variance matrixR., which can be used to represent measurement noise. Of cauldidonal
measurements can be added to the blade root bending momégiisl) such as the rotor speed
and blade pitch setting angles, as in equation](209). Howvévie does not noticeably improve
the quality of the estimation and hence the measurem#dtsand d¢; will only be used to
parameterize the nonlinear functignpas (0%, 0ok, uk, Bk)-

An extended Kalman fiIteﬂS] can now be applied to the nonlirstate-space moddl (211) to
estimate the augmented statg containing the blade effective wind speegsand the oblique
inflow angles,. The EKF can be summarized as follows

Algorithm 8.2 (Extended Kalman Filter)
Initialization 2& = E{x8}, Py = E{(z& — 2&)(2d — 23)T}.

Step 1 Computed;,_ = 0f (2", ¥r) /02| ju_zy

iz\k—l = f(ffk—w/)k)Jer(Svk_l

Step 2 Time updat
P P %Pkk—l = Ay 1Py Al + ER.ET

Step 3 ComputeC), = dg(z®, ¥y)/0z%|,..

—sa
“Trip-1
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-1
Ky = Pklk—lckT (Ckpk|k—1CkT + Re) )
Step 4 Measurement update: ¢ = i, + Kp(6My, — g(f,_, ¥x) — Dydvy,)
Py = (I = KyCr) Py

Remark 8.1. The EKF requires the partial derivatives of the nonlinear fiimes with respect to
the state variables. These can be analytically compt@dﬁma, A]. Of course, they can also be
computed numerically; however, this results in a signifiéacrease of the computational burden,
as well as in numerical inaccuracies. Another, still compiotaally involved, but derivative-free
alternative to the EKF is the unscented Kalman fiI@ , 3@)e author’s experience, however,
is that for the model described here it often runs into nuoarproblems due to the output
covariance matrix becoming numerically singular.

8.4.3 CUSUM test for Extreme Event Detection

The EKF, discussed above, estimates the turbine structuidginstater, together with the blade
effective wind speed signalsand the oblique inflow anglg, contained in the augmented state
x®. Under normal conditions; and 8 will be stochastic signals with zero mean value, while
under extreme conditions their mean values will undergoangh. In order that appropriate
extreme event control actions are triggered timely, it isessary to be able to detect such mean
value changes promptly (with small detection delay and nesed alarms), yet accurately (no
false alarms). An algorithm that directly looks at the catrealues of the estimates, and 3;,
would be fast but too sensitive to noise and inaccuracidsamestimates, and would trigger many
false alarms:

To circumvent this, a one-sided CUSUM test [2] is used heredfiars a good speed/accuracy
trade-off. This algorithm, in combination with the EKF, ddgan extreme wind gust at a very
early stage, before any significant increase of the (filteretdy Ispeed. This makes it possible to
react timely by pitching the blades, keeping the rotor speitn allowable limits. The algorithm
can be summarized as follows

Algorithm 8.3 (CUSUM test)

Initialization Choose integerk, (moving window length); (insensitivity parameter}, (thresh-
old) and se’rag = 1p (vector with initial wind speed estimatesy,= 0.

g U Vil |+
Update Computel * ke,
€, = max (0,ek_1 + U — ag — 1/) .

Detection If (|lex|[1 > h), S€tfeer = 1, €lse seffee r, = 0.

The signak; € R3, computed by the CUSUM test, remains small under normal wistances.
The first equation in the update step represents a moving avéltag used to estimate the mean
value of the three blade effective wind speed signals. Ifviived speed estimaté, starts in-
creasingg; will also increase untili, converges, at which poirtti;, — a{) < v ande;, will start
decreasing to zero again. In this way, an easy detectionanéoh would be to put a threshold
h on the sum of the elements of the vectgy so that an extreme event flag is rais¢d ( = 1)
whenevel|e |1 > h, where|| - ||; denotes the vectdr-norm. Oncef,. , gets one, the EEC al-
gorithm, described later on, will be activated, aiming aventing rotor overspeed and reducing
blade loads. This is the subject of the next section. It shbalghointed out at this stage that
the extreme event flag.. ;, can be pulled-down by either the CUSUM test algorithm abose (i
when ||ex||1 < h), or by the EEC algorithm itself (when it decides that no furthigching of
the blades is necessary, see Algorifhn] 8.4). In the later tras extreme event might not have
finished when the flag is pulled-down, but the EEC algorithm reskan(further) action needed.
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8.5 Extreme Event Control

This section develops an algorithm for EEC that consists of tartsp(i) collective feedforward
pitch control for preventing rotor overspeed, and (ii) indual pitch control for blade load re-
duction. These two control loops are described in more detéile following subsections.

8.5.1 Rotor Overspeed Prevention

As already shown in the simulation on Figliré 77, the conveati®| pitch controller is uncapable

to keep the rotor speed within its limits under extreme windtg. The reason for that is that (a) it
reacts on the filtered rotor spe@é which is delayed by about 1 sec with respect to the true speed
Q, and (b) it does not respond quick enough. In order to reafesa|s possible for preventing
rotor overspeed, once an extreme event flag is raised by the @Udbrithm in Section 8.4]3,

the EEC starts pitching the blades to feather with the maxynalbwable pitch speed under
extreme conditionﬁm,emt. This results in fast reduction of the rotor speed, but has sidea
effect a very large tower base fore-aft moment due to thelegduction of the rotor thrust force.

In order to limit the tower base moment, after some tifxie.. (about 1 sec) the pitching speed

is reduced to the maximum pitch speed under normal conditipn, .

The conventional generator torque control at above-rateditions was designed to achieve
constant power, equal to the rated power (see Selctiod 8 BMs.implies a negative generator
torque sensitivity to rotor speed variation, i&7,/0Q < 0. This has a destabilizing effect on
the rotor speed, which is stabilized by the pitch controbatgm. However, due to the very
slow dynamics of the pitch actuators, this results in higsaillations of the rotor speed around
its reference (rated) value. At extreme conditions, thistalglizing effect is removed by using
a constant generator torque curve equal to the rated VBJueThis results, of course, in an
increase of the generated power of up to 10-15%. Wheneisthiot acceptable for the power
electronics, the original constant-power generator terrve should be used.

The EEC for rotor overspeed prevention is switched off oncextreme event flag.. ;. is pulled
down to zero by CUSUM algorithm in Sectibn 814.3, or wheneveritch angle);. gets “close”

ust

to a reference pitch angtg. .., dependent on the estimated axial wind sp@fgﬁk
A — _ ~ _ 1 3
Ufggst = cos(put) cos(Pyw + Pi) (U +3 E ﬁbk) : (212)
b=1

More specifically,@ref,ext(U B’Q“St) is defined as the collective pitch angle that, for axial wind

ax,k
speedﬁff,:m, rated rotor speefl and rated generator torqug,, achieves azimuth-averaged

static aerodynamic torqué, = 7,. For a givenUZ st 0, ezt IS cOMputed by solving the
following nonlinear optimization problem

Ore ot (UR1) = argmin | T (@, 0,U51) — T, .

The function&reﬁemt(U,ff“St) is numerically computed off-line and stored for differeatues of
UZ9vt simple linear interpolation is then performed on-line.

To avoid unnecessary on/off switchings of the EEC due to fluitingin 6, 7. . Af;gg““), hys-
teresis is introduced: the EEC will switch on only when the exte event flag gets raised (i.e.
feer = Landf.. ,—1 = 0) and the current collective pitch angle is at leA#t, (e.g.5°) below
the reference pitch angle. The extreme event flag gets pulled tiozero (.. ;. = 0), implying
EEC switch-off, by either the CUSUM test in Algoritim 8.3 (meamthat the extreme event has
ended), or when the difference between the reference pitghe . s ¢ ( Aff““) and the true
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current collective pitch angle drops belavw?!’ (e.g.4°), meaning that no further EEC action is
needed. The rotor speed limitation algorithm is can be suiizethas follows.

Algorithm 8.4 (Collective EEC)

Initialization SelectA8o”, A0S < Ago" ... = 0.

ee! ee’

Step 1 Use the current EKF estimateés and 5, to computdjf:;f’,:“ using(@12)
Step 2 Run CUSUM test in Algorithin 8.3. ff. » = 0 then set... = 0 and go to Step 5.

Step 3 COMPUteAdc ;. = Orepent (U051 — LS5 o,

ax,k

Step 4 If (feer—1 = 1aNdAbee s > ALY OF (foer1 = 0 aNd Al j, > AGT

then
switch conventional control off

teee < leec + Tsafra
0, — 919—1 + H.mm,emtTSCtr if teee < Ateem
k Op1+ O T otherwise
Ty ="1Ty.
else
teec = 07
fee,k =0.

Step 5 If fee -1 =1 and f.. . = 0 then

reinitialize conventional pitch control
switch on conventional control

Notice that the conventional pitch and generator torquérotiers are switched off when the EEC
becomes active. The selected EEC strategy causes no trarféetd after the transition from
conventional control to EEC. The inverse transition (back taveational Pl control), however,
should be performed with much care since this can result iarg large transient. To prevent
this, the conventional controllers are properly reinitiedl before being switched on. This can be
achieved by considering an interval dftime steps backk — N, k — 1], and choosing the state
of the conventional controller at timg — N) in such a way that, if the conventional controller
was active in the intervak — N, k — 1], it would have produced a control signal that matches the
true control signal observed in this interval. This is ddsediin more detail irlES, App. B].

8.5.2 Blade load reduction

As mentioned in the beginning of Sectionl8.5, besides roterspeed prevention, an important
issue under extreme wind gusts with direction change isetlaation of blade loads. A yawed
wind inflow results in large 1p blade load variations (see Fegdf), and a Op (i.e. static) rotor
tilt moment, that can be reduced by means of individual bjaitigh control. This is the purpose
of this section.

For IPC control design purposes, the nonlinear mddell (20%hésrized at a given operating
point, resulting in the following linear model in Colemanndain

T Thai1 = /:kck + B;G,tqy + B;uu2y7
" MY = Cuap+ DO+ Dyu)!

where the signals;’, 6, and M,” contain the tilt and yaw oriented components of thelti-
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Figure 78 Block scheme for IPC design.

blade blade effective wind speed vectaf™, blade pitch angleg; and flapwise blade root
bending momentg/S™, respective@. The considered extreme event in this report (gust with
direction change) can be modeled by a nonzero constaotitlivted (i.e. first) component niy.
The collective pitch control loop has only a negligible inflaeron the rotor tilt and yaw moments
and has been left out for simplicity. Similarly, the contréi% also barely affect the rotor speed
dynamics and need not be taken into consideration in theecional rotor speed control design.

The goal here is to design a stabilizing controller that usesator momentM,iy as inputs and
computes the control actior&éy so as to minimize the low frequency components of the rotor
moments’ signals. In the rotating reference frame thisesgronds to the suppression of 1p load
components in the blades. In order to achieve zero steayrstar moments, an integral action
will be included in the controller. Furthermore, the contastion should not be too active at
certain frequencies, excited by the external wind distackasuch as the 3p frequengyp, and
eventually the 6p frequencgp and the first tower frequencft..,. In addition to that, no high
frequency control activity is desired.

To achieve all these performance specificationsHagroptimal controller with integral action
will be designed, optimizing the transfer from the exterin@luts%y to some suitable chosen
weighted versions of the rotor moments and control actioareMspecifically, Figure18 provides
an block-schematic view of the IPC design model. In order tduishe integral action into the
controller, the output of the systefh is appended with integrators (one integrator per output),
which integrated model is used for an optintél, controller designC;,.. Once designed, the
final controller is constructed by moving the integratorgdum the design model, to the inputs
of the computed controller (see the area inside the dashed on Figuré 7B).

Of course, an optimal controller designed based on the i turbine model” will only
remain optimal at the working point at which the model is #irized. As the working point
continually changes, it is important that once the corgrdilas been designed, its stability and
performance are evaluated at different working points. diieve improved robustness proper-
ties to unmodelled dynamics, &, controller is designed. It should be pointed out that it is
relatively simple to achieve better performance througlioe whole operation range of the tur-
bine by means of gain-scheduling. To this end, an approaucttesito the conventional way of
including gain-scheduling collective pitch control alijloms ] can be used, i.e. the gain of
the IPC controller can be scheduled as a function of the pitgjeain such a way that the DC

Note that the tilt and yaw components’,f() of the multi-bladewind signals should not be mistaken with the tilt
and yaw oriented components of the wind velocity vector relative to the ptamie (see Figulle ¥6). The former are
obtained as a result of the Coleman transformation of the three axial éfteitive wind speeds and are such that
the yaw-oriented (tilt-oriented) component @f affects (mainly) the yaw (tilt) rotor moment. On the other hand,
the yaw-oriented (tilt-oriented) component of the wind velocity vector maéilgcts the tilt (yaw) rotor moment,
respectively.
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Figure 79 Bode magnitude plots of the weighting functid¥is (left) and1¥; (right)

gain of the resulting open-loop transfer function remaiosstant. In practice, gain-scheduling
of the IPC controller is usually not necessary due to the éichitpen-loop gain change over the
operating region (it changes typically by a factor 2 overftiieload region).

In order to comply with these frequency domain design spetifins, the controlleiC;,. is
designed by minimizing th&{,, norm of the closed-loop transfer from the external inpdfs
to the weighted integrated rotor moments and weighted absignals, as shown in Figute]78
(see the generalized output sigra). To this end, two weighting function$l’;; andW,,, can
be selected with Bode magnitude plots as shown on Flgdre #9rbducing the left subplot on
Figure[79, the weighting function for the control signals haen chosen as

Wu(z) - 10(th(z) + F3p<z)F6p(Z>Ft0w(z) - 2)127 (213)

where F,,(2) is a second order inverse Chebyshev high-pass filters (negug, = 4P, re-
duction 20 dB, ripple 1dB), andis,(z), Fsy(2) and Fy,,,(2) are second order inverse Cheby-
shev bandpass filters with the same reduction and ripple amdplaas intervals df).9,1.1] f3p,
[0.9,1.1] fep and[0.9, 1.1] fiow, respectively. All filters have been scaled to achieve uniG+ D
gain, so that¥,, computed via[(213) has a DC gain of zero. The so-selected timigtunction
W, punishes control activity at frequencié¢s,.,, fsp, fep and higher. The weighting function
W, on the other hand, puts a frequency domain weighting omtiegiiated rotor moments. As
there is integral action in the controller anyway, the lodweguencies need not to be weighted
additionally. Instead}V;; could be used to eventually put some weighting on certaiquiza-
cies within the desired controller bandwidth which are otlige not sufficiently actuated by the
integral type control action. The weighting functid¥,, used for producing the right subplot
in Figure[79 is a lead-lag filter with lead frequency of 1 rad/dag frequency of 5 rad/sec and
DC-gain of 20. Notice thatl,; acts on the integrated rotor moments. Translating thiseo th
original the rotor moments8/*, this results in some additional weighting of the frequebapd
[1,5] rad/sec.

The augmented plant with the integrators and the weightiregdilhas then the following form
Tctr[o WU(q_l)] uty
T2): < 2z = 1_Sq,1WM(q_1)T(q‘1) [efy] :
k

T(a™")
TheH, optimal controller for7“(z) is computed via the following optimization problem

Kipe = argmin |[F(77(2), K ()]0,
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Figure 80 Simulated (solid blue) and estimated (dotted red) bladscffe wind speeds, (top,
left) for case 1, and oblique inflow angle (right) for case 1 (top, right), case 2
(bottom, left) and case 3 (bottom, right)

5

whereF(7T%(z), K(z)) denotes the closed-loop systeim,||, denote théH ., system norm, and
wherein the optimization is defined over all controll&féz) that have the same number of states
as the augmented modgl(z). For more details on modern robust control design, the rdade
referred to 6]. The controlleC;,., designed in this way, will be a MIMO (2-by-2) transfer
function, mapping théntegratedrotor tilt and yaw moments to the tilt and yaw oriented blade
pitch angles. Moving the integrators back to the contraliasults in the final IPC

T(:t'r
z—1 ]
T;:tr .

i
’Cipc = Kipc

z—1

8.6 Simulation

The performance of the complete algorithm, including extreawent recognition and control,
is demonstrated on simulation data, obtained with the neali test turbine model described in
Sectio 8.B. The model represents a 3-bladed HAWT with ratecepof 2.5MW, rotor radius
of R = 40 m, and rated rotor speed 6f = 1.85 rad/sec. In the BEM module, the blades are
represented bw,,,, = 15 elements. The structural model is linearized around an ibguin
point corresponding to rated rotor speed, mean longitlidiiied speed ofU = 15 m/s (with
dur = —5.138° [mainly due to tilted rotor] andb,,, = 0.01°) and blade pitch angles of =
7.24°. The values selected for the tuning parameters of the EG&DRE& schemes are given
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Alg. Variable Value Description

EKF n 20 state dimension
g 0 initial state estimate
(10741, 15 o . .
Py " 10-5 initial state covariance matrix
(1021, : . _
R, 10-4 process noise covariance matrix
10313 : : .
R, 1021, measurement noise covariance matrix
Cusum £k, 5 moving window length
v 1 insensitivity parameter
h 100 threshold
EEC Oz, eat 10°/s max pitch speed under extreme event
Oz 4°/s max pitch speed under normal conditions
AN 59 EEC activation zone
AQYT g0 EEC deactivation zone
1-3.9732°45.94822—3.977241.002 -
Fyp(2)  Z5iomeerisasses soosoioora S band pass filter
Fep(z) 1 6p band pass filter
Fiow(z) 1 tower frequency band pass filter
Eyp(z) m% F:ontrol signal weighting filter .
F(z) 088 integrated rotor moments lead-lag filter

Table 8 Parameters used in the described algorithms.

case 1 2 3
Vgust [M/S] | 15 15 3
Bgust [deg] | 48 30 -3

Table 9 Simulated wind gust cases

in Table[8. In order to evaluate the performance of the pregpadgorithm under different wind
gust conditions, three different cases are simulated, asnsuized in Tabl€]9. The first case
corresponds to thextreme direction changd&DC) as specified in the norm IEC 61400-1. The
EDC consists of a risind/;.s; = 15 m/s wind gust with a simultaneous wind direction change
of Byust = 720/U degrees. The effects of this on the turbine loads have beegriloed in
Sectiorf8.3b. The second case corresponds to the same risidgust {/;,.: = 15 m/s) but a
different, smaller wind direction change anglg,(,; = 30 degrees). This results in even larger
1p loads on the blades as compared to the first case due to thelanger axial component of
the wind velocity vector, i.ecos(ﬁgust)(U + Vyust). Hence, the second case has the purpose to
test the capabilities of the proposed algorithm to even msersmus wind gust conditions, than
specified in the IEC norm. The third case, on the other hand, legsuttpose to test whether the
algorithm is not overly sensitive, and is not responding toanevents, which is not desirable
as the conventional controller should be able to handle thEar that purpose, the third case
comprises a 3 m/s wind gust in combination with-8 degrees direction change. This last case
should not trigger the EEC algorithm. Different simulations aun. The turbine dynamics
is simulated at a sample rate of 200 Hz, while the control(&83C and IPC) work at 50 Hz.
In the time series, presented in the figures below, only the Zbsseconds are plotted. The
(extreme) events occur 5 sec from the beginning of each ationl For the power spectra plots
later on, the time series from the 10th sec to the end of thelations are used, so that only
the data after the event occurrence (and after the trassievie died out) is taken. The first
two cases are simulated two times, once with the EEC algorithied off (i.e. conventional
controller active all the time), and once with the EEC alganitiurned on. This makes it possible
to investigate to what extend the proposed EEC algorithm ivgz@n the rotor speed control
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Figure 81 Turbine simulation under case 1 (extreme 15 m/s rising gndt48 deg direction
change at = 5 sec) without EEC (left) and with EEC (right)

and load reduction under extreme gust conditions. The tlais# ¢s simulated only once, since
even when the EEC algorithm is turned on, it doesn'’t get aetiVay the EG&DR scheme as the
event is not recognized as major.

Evaluation of the EG&DR

The performance of the EG&DR scheme is determined by the ancofahe estimates of the
EKF. To evaluate that, we will compare the simulated bladectiffe wind speeds; and the
simulated wind direction change angldo their estimates, computed by the EKF.

Figure[80 shows the performance of the EKF scheme under the shreilated scenarios. The
top left subplot represents the three simulated bladeteféeaind speeds (solid blue curves) and
their estimates (dotted red curves) by the EKF for case 1 dthlg.excellent accuracy of the wind
estimates remains unchanged under cases 2 and 3, thouglatbew®ot reported here for the sake
of brevity. The remaining three subplots in Figliré 80 depietsmulated oblique inflow angle
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Figure 82 Turbine simulation under case 2 (extreme 15 m/s rising gndt 20 deg direction
change at = 5 sec) without EEC (left) and with EEC (right)

5 (solid blue curves) together with its EKF estimates (dottd curves) for the three different
cases. Clearly, these estimates are sufficiently accunategfdetection of wind direction changes
since the estimates do not differ more than ahbidegrees from the simulated values.

Evaluation of the EEC

As discussed in Sectidn 8.8.5, the purpose of the EEC algorghim prevent rotor overspeed
(that can trigger unnecessary emergency shutdown of theng)rand to reduce large blade 1p
loads under extreme wind gust conditions. On the other hiaed-EC algorithm should remain
inactive under mild gust conditions. To demonstrate itéquarance, the rotor speéd the blade
pitch angles)® and the blade root out-of-plane bending momevitsare next investigated under
the above-mentioned three load cases. Figure 81 pertainadochse 1, where the subplots on
the left hand side correspond to the case without EEC, whilesdlplots on the right — to the
case with EEC. Clearly, when the EEC algorithm is not preserst,|tlaid case leads to the rotor
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Figure 83 PSD of blade root flapwise bending momehi$ for case 1 (left) and case 2 (right),
without EEC (solid curves) and with EEC (dashed curves)

speed() getting much above its limit. This is due to the conventioraitooller remaining in
partial load regime until théltered rotor speed)’ (dashed green line) exceeds the rated speed
Q) by 1rpm, at which point the true speélis already too large. The EEC algorithm, on the
other hand, detects the gust at an early stage (at @irtith seconds) and starts pitching the
blades to feathering position, preventing rotor oversp@eg top and middle right-hand side
subplots). Moreover, once the estimated oblique inflow aegéeeds 10 degrees (the red dashed
curve on top-right subplot in Figute180), the IPC control is\eted achieving substantial blade
load reduction, as observed by comparing the bottom subplot=igurd 81 during the second
half of the simulation (where the IPC is active). The achieviedié load reduction can be also
appreciated by observing the left subplot on Fidure 83 thpictlethe spectra of the blade root
out-of-plane bending moment variationd/? in the cases without (solid red curve) and with
(dashed black curve) EEC. The simulation results under case@aicted in Figure 82. Again,
the subplots on the left hand side correspond to the casewtiFEC, while the subplots on the
right — to the case with EEC. As already mentioned, this load even more serious than the
first one. This can indeed be seen by observing that the rotedspep left subplot in Figure
[B2) rises to as much as 23 rpm (i.e. more than 30% above the vatee). Similarly, the 1p
blade loads also have a much higher amplitude as comparegédlc With EEC, again, the rotor
speed remains within its limits (top right subplot in Figi@) 8while the IPC action, initiated
after the oblique inflow angle exceeds 10 degrees, achieyeifisant 1p blade load damping, as
can be seen from the bottom right subplot in Fidure 82, as wgdllcan the power spectra in the
right-hand side subplot of Figufel83.

Finally, case 3 is simulated only once, i.e. with the EEC alfaribn, although it does not get
activated by the EG&DR scheme since the simulated event dmteget recognized as a major
one by the CUSUM test. As a result, the conventional controfimains active through the whole
simulation. The rotor speed, the blade pitch angles’, and the blade root out-of-plane bending
momentsM? are given in Figur&84. It can be observed, indeed, that no EE€cisssary in this
case as the rotor speed remains well within its limits, ardilade root bending momenig?
after the event occurrence remain comparable to thosedbdfergust.
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Figure 84 Turbine simulation under case 3 (3 m/s rising gust and -3 degction change at
t = 5 sec). Due to the mild gust condition, the EEC does not get defiva
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9 Fast wind gust detection with GLRT

Sumamry

Extreme conditions are detected from wind speed estimatessmtues of a Kalman filter. The
Kalman filter is derived from an augmented turbine model witlnd dynamics’, similar to that
for fault detection in the previous section. ECN developeéci&n algorithms that are based on
the cumulated sum of the wind speed estimates or on gerettatiaximum likelihood ratio tests
(GLRTSs) for the residues.

Likelihood ratio tests can be performed for the residues efkhlman filter. These tests allow
for the identification of abnormal behavior that relates tetgu

9.1 Brief method description

In this section, an alternative method to the CUSUM test, gl in Sectioh 8.4.3, is described
using the GLRT. A detailed description of the method can badan the pateniﬂ9]; here only
a brief summary is provided.

Contrary to the model-free (signal-based) CUSUM method@hRT method relies on a discrete-
time linearized model of the wind turbine of the form

z(n+1) = Az(n)+ Bu(n)+ Bqd(n)

(214)
Yvatid(n) = Ca(n)+ Du(n)+ Dqd(n)
whereinu is the control signal vector containing the generator tergud three blade pitch angle
setpoints in fixed coordinates,is the state of the wind turbing,is the vector of measurements
on the wind turbine, and is the disturbance signal dominated by wind speed varigtidiis
model can be constructed, e.g., by discretizing the modadrideed in Section 1.3.1.

The wind speed variations that dominate the disturbancekigran be modeled as blade (root)
effective wind speed signals; one or two per blade. If onllaxind speed variations are taken
into account, then only one wind speed signal per blade egpl power spectrum matrix for-
mulation for these blade effective wind speed signals ismgin equatioh 122 on page 122. The
existence of such a power spectrum matrix allows for theagtation of a linear state space model
(wind model) that generates the wind speedsd iinom completely uncorrelated Gaussian dis-
tributed noise: (white noise):

rwin+1) = Agzw(n)+ Bye(n)

(215)
din) = Cyazw(n)+e(n)
It is clear that we can add this wind model to the above wintifw model formulation by
equatiori 2I4. This yields a so called augmented model. Fentbidel, a Kalman filter can be
constructed which now directly relates to (three) Gaussilite noise sources

Now, assume that an extreme wind speed or wind directiongghancurs. The evolution of the
residuer in addition toits “gust-free value’e can then be approximated by the outputs of the
turbine state space model by equafion]214 that is driven bysanmed related gust evolution
with amplitudeA,. Of course, we measure the overall values of the residues.

The white, Gaussian charactereaiow allows to derive expressions for the joint probality sign
functions of the residue in case of the occurence of the asdust and in the gust-free case;
the attribute ‘joint’ pertains to the simultaneous considien of the time points in a fixed-length
window of which the end point moves with the current time amster.. The ratio of these joint
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Figure 85 Gust detection by likelihood ratio test

probability expressions can be analyticaiiyaximizedver the gust amplitudd,. The resulting
Geralized Maximum Likelihood Rat{@&LR) will grow very rapidly during the occurrence of a
gustof which the normalized evolution is fed through in the pluddey density function ratio

It is known that rotor uniform wind speed changes affect birast force and driving rotor torque

while uniform wind direction changes affect the tilting eottorque and horizontal force. So

it is clear that residue analysis for different measurensggrals is needed for different rotor

coherent wind condition changes (gust classes). Six wirgbekare distinguished E[79]. Next
to the uniform gust and change of wind direction, these ihelthe fast change of a backing and
veering wind, of a jet stream, of a partial wake conditiorg aha sloping wind.

The total involved measurement signals are the thrust fardedaving torque, the yawing rotor
torque and vertical force, and the tilting torque and hartabforce. Alternatively, load measure-
ments can be done in a rotating frame, as long as a non-singlééionship exists with the six
rotor loads. Of course, it can be decided to detect gust femsidlasses. In that case the according
rotor loads can be left out the detection algorithm. Note tha wind (disturbance) generating
model as per equatidn 215 is to match to the considered Igadlsi

For a certain gust class, it is of course allowed to perfornh RTGfor more than one assumed evo-
lution of the related normalized gust (gust class evolutimiotype [GCP]). GCPs for a uniform
gust can be a ‘1 minus cosine’ evolution and a “Mexican hattads are inﬁQ].

Figure[8% gives an example of GLRT based detection of a unifarshthat starts at time instance
120 s. The left hand boxes show the enveloping time frame \akéle right hand boxes show
details around the start of the gust. The solid horizonta Imthe lower plots identifies the
detection threshold; the solid vertical line the time inst& of detection. The upper right plot
tells that detection occurs after a ‘fast moving averageidvspeed increase of ca. 1.5 to 2
m/s. The nearly exceedance of the detection threshold at pt8ves the probability of ‘over
detection’. An other choice for the length of the moving womdmay release this ambiguity at
the cost of a slightly later gust detection.
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Effectively, an involved GLRT agrees with a threshold testferatio between the auto-correlation
of the residues and its cross-correlations with assumedhatized extreme event evolution. These
correlations are determined over a relatively short mowiinge window.
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Part V

Optimal shutdown control (OSC)

Summary

This section considers the design of an Optimal Shutdown Glbeit{OSC). It has the purpose
to bring the wind turbine to a stop under serious systemrdlin such a way that the loads are
kept as low as possible in order to reduce the chance of @)rttamage. Serious failures and
occasions that require a shutdown, and which are considerénis section, include failure of
one pitch actuator and a sudden drop to zero of electric éofasia result of, e.g., loss of electric
grid, or rotor axis fracture). For control (design) a relaly simple (nonlinear) wind turbine was
developed, based on physics. The performance of shutdowrot@quantified using a cost
function that weighed generator speed deviations fromsgdeed, tower foot moment deviations
from 0, and rotor axis bending moment deviations from zere 3tiutdown control problem are
analyzed, which showed that with conventional shutdowa,ttiwer fore-aft oscillations were
caused mainly by exciting the tower eigenfrequencies bypttad actuators. Furthermore, the
rotor bending moments can be reduced by pitching more slo®sed on the analysis, three
novel shutdown control methods are proposed:

1 asimple variation on the conventional procedure, narnbglfiltering the (open-loop) con-
trol signals first (and choosing the filter such that the toweoisexcited),

2 a closed-loop shutdown control method where the rotordspeference slowly drops @
and where conventional pitch control is used,

3 aclosed-loop shutdown control method using NonlinearéiBdedictive Control (NMPC).

The latter method directly uses the performance objectidetla@ control-oriented model to cal-
culate control actions.

The shutdown control methods are compared with conventior@hod in simulations on a
detailed aeroelastic model of a hypothetical wind turbiredefred to as TTURB). The results
showed that the first method achieves a considerable reductiower fore-aft movements, even
though a simple first order low pass filter was used. Still, NMPGizes the best results in
reducing tower foot oscillations, rotor bending and avogdiotor overspeed.
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Figure 86 Snapshots of a movie of a wind turbine 'run-away’. As a reslét,blades were torn
away from the wind turbine.

10 Introduction

This section focuses on the design of OSC algorithm capabl®ppig the wind turbine after

a serious system failure in such a way, that the extreme laeedas low as possible. In this way,
(the accumulation of) damage can be prevented during dperdtlltimate loads, especially at
the tower bottom, can also be reduced by OSC, which can be wsed)dhe design process for
optimizing the design and saving on material costs.

Serious failures and occasions that require a shutdown, arahware considered in this section,
include:

» failure of one pitch actuator

 sudden drop to zero of electric torque (loss of electrid,gsr rotor axis fracture)

Pictures below (see figufe186) show what can happen if a turkimeti or cannot shutdown
correctly after a serious failure. In this case, the rot@espran away, leading to a complete
destruction of the wind turbine.

The basic reason to shut down the wind turbine, after one o&llwze mentioned cases, is to
avoid (further) damage to the wind turbine: the loads on thmvurbine are smallest when the
rotor speed is zero (or sufficiently low). The conventionaltdbwn procedure, with a variable
pitch regulated wind turbine, is (at the time of writing tlsisction) to pitch the blades to vane
position at a fixed speed. Essentially, this is an open-looprabmethod. The question is if
there exist better control methods that would lead to smp#ak loads during a shutdown. Such
a control method can lead to better (lighter) wind turbin@&s. clarify this: wind turbines are
designed to survive various load cases, among which sexiuess. Experience by ECN wind
turbine specialists has shown that the stresses and stradusring during a shutdown can be
design leading; hence, a shutdown procedure that inducakesrstresses and strains can result
in less material use.

To be more specific, we introduce the following definitions.

Definition of a shutdown
A shutdown is defined as an operation where the rotor speedused to idle speed or lower.

Optimal Shutdown
A shutdown is optimal if (subsequent) damage is minimizedndushutdown. Subsequent dam-
age, in this section, refers to

« structural damage to the tower due to excessive peaks fotbaft tower root moment
* structural damage to the blades and/or generator due ty@en over speed
» structural damage to the rotor shaft, main bearing, or th& lpearing due to excessive

peaks in the rotor shaft bending moment
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The main question posed in this section is:

Is it possible to develop Shutdown Control algorithms thait sfown a wind turbine in such a
way, that the rotor speed does not exceed a given maximura \ahal that peaks in the rotor axis
bending moment and tower foot fore-aft moment are mininfized

To answer this question, the following subquestions neéxtanswered:

1 how can the wind turbine dynamics be modeled during theseffailure conditions lead-
ing to a shutdown, and during the shutdown, such that the hisdsuited for control
(design) purposes?

2 how can the performance of a shutdown controller be quadififie

3 what shutdown control methods can be found/developedhieee the desired goal of an
Optimal Shutdown?

4 how do the developed shutdown control methods comparetéthonventional shutdown
method (where the blades pitch to vane with a fixed speed)?
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11 Control-oriented model for OSC design

This section presents a control-oriented model of a windinerthat is suitable for (nonlinear)
control (design) purposes. Since we are considering cathiriig a shutdown, the model should
be 'valid’ for shutdown conditions. As specified in chaptetlese conditions include the case
where at least one blade has a different pitch angle.

11.1 Modeling structural dynamics and aerodynamics

For control design, a model that is as simple as possiblasgeifficiently accurate, is desirable.
The wind turbine model presented below consists of a simpkali model for the structural
dynamics (described below), and a Blade Element Model forairedynamics (described in
Sectior 8:3B).

The structural dynamics of the wind turbine have been bas@]pand are modeled by

Jpioy = Ty — Kg0 — Cyf

Jyig = —Ty + K40 + Cyf

6= Wr — Wy

MV q = Kp(x1 + 22 + 23) + Cp(v1 + v2 + v3) + ki My — St 0 — dpwVfa
mi(i}b-l-i)fa) =F, — Kyzp — Chup b=1,2,3

Tfa = Ufq
(i?b = Uy b= 1, 2, 3 (216)
1/}1 = Wr

By=—1/1(Bp+uw) b=1,2,3
My =1 o sin(ehy) My

Mf7b =

(%R) (Kyx; + Cyv;)

with

w, = rotation speed of rotor (rad/s)

A= torsion angle between rotor shaft and generator shaf} (rad
wy = rotation speed of generator (rad/s)

b = blade number

x ¢, = fore-aft position of tower top (m)

vy, = fore-aft velocity of tower top (m/s)

x;, = position of blade tig in axial direction, relative to tower top position (m)
vp = velocity of blade tip in axial direction (m/s)

my, = effective mass of (one) rotor blade (kg)

J,. = inertia of rotor (kgm?)

J, = slow shaft equivalent inertia of generator (kg)

Iy = aerodynamic force on bladdn fore-aft direction

k; = tilt gain (m—1)

T, = aerodynamic torque by the blad€€é:)

M, =tilt moment exerted by the blade&’{n)

N, = transmission ratio (-)

K = stiffness of transmission (Nm/rad)

B, = damping of the transmission (Nm/rad/s)

By = pitch angle of bladé (rad)

iy, the azimuth of the b-th blade

M, the blade root moment in a blade , in flap-wise direction
with R the blade length (m)
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Outputs of the model
The control oriented model should relate the controlled wistpo the states and inputs of the
model. The controlled outputs are:

» Generator speed.)

Rotor axis bending momeni{;.;)
» Tower foot moment in fore-aft direction\{;,,)

* Torsion angle between generator and rotor st#ft (

The generator speed and torsion angle are states of theusalutiodel. The rotor axis bending
moment, fixed to the rotor axis, is the vector sum of all flap-vialsele moments. This moment
has two components (in y and z direction):

MTb = bey + Mr2bz
M, py = My cos (%TF — %W) + Mo cos (%7‘( — %71’)
= M3 cos (%77—) + Mo cos (%77) ~ 0.86M 3 — 0.86M o (217)

My, = My + Mo cos (%TF) + M3 cos (%7‘(‘)
=My —0.5Mypy — 0.5My3

The tower foot moment is calculated from:
My = (%H) (Stw‘rfa + dtwvfa) (218)

with H being the height.

Measured outputs
It is assumed that the following outputs can be measuredysed in feedback control, if appli-
cable):

« Generator speed,
+ Blade root moments of each blad&§ ;)
e Tower foot moment{/y,,)

 Pitch angle of each blad@)

11.2 Blade effective wind model

The blade effective wind spedd, ; acting on bladé is modeled as the sum of integrated white
noise {/,,) and a wind speed variatiof(;) that is periodic (deterministic):

Vw,b = Vin + ‘/p,b (219)

with
B =y (220)
with w; being white noise process.

The periodic component}, ;) models wind speed variations due to wind shear, rotatisaa-
pling, and tower shadow. One possibility is to model theguid wind speed variations acting on
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bladeb by:
Voo = Apcos(y) b=1,2,3

A, (221)
a = kaw

However, in this section the periodic components of the vairelignored to simplify matters.

11.3 Fatigue modeling

This section briefly considers the modeling of fatigue, altffothe model has not been used
directly in this study on shutdown: if shutdowns occur freqtly, fatigue can be important and
during normal operation, fatigue is of dominant importance

11.3.1 Summary of control-oriented fatigue model

Fatigue is usually computed by a rain-flow analysis in contimmawith an SN curve (load S
versus the maximum number of cycles N, above which fatigueadge can be expected). In this
method, the loads are “transformed” by rainflow analysis te@uivalent load at one frequency,
after which the life time/fatigue is inferred from an SN cur#®r control purposes, this method
is not suitable. A, for control purposes suitable, fatigusded was presented iﬂ53]:

i1 <M>7(1+b)/b 51

boy \ oy
whered is the damage ratest!, D is a damage number between 0 and 1 (0 indicating “no
damage”, and 1 - failure), artdando ; material constants from the SN curve. The derivation is
summarized in Sectidn 11.3.2 below.

Based on this model, the fatigue damage rate at for instéwectwer foot, due to fore-aft move-
ments, can be modelled by:

L o\ -0
dpo =~ ( u ’) 6l (222)

with oy, = Ky,x5, andoy, = Kyavp,. Clearly, the fatigue damage rate is smaller; jf,, or
vyq IS smaller.

11.3.2 Derivation of the control-oriented fatigue model

For wind turbine design, fatigue damage is usually caledlatsing Palmgren-Miner’'s damage
rule:

D = vazl JT\LT

wherein D is quantifies the damage (with = 1 meaning total failure)n; is the number of
cycles with stress range, N; is the number of cycles to failure at stress lewgland NV; can
be related tar; by the SN curve, i.eN; = g N is the total number of cycles;; is the stress
range of cycle(s), and K andk are material constants of the SN curve (for steel, typicalesl
are K = 6.251032 andk = 4, while for glass/epoxXyimin/Smaz = 0.1, K = 109, k = 6 [58]).

The Palmgren Miner rule requires the stress history to baléiinto stress cycles with fixed
stress ranges. Rainflow counting is often used to convertrarpisignals in equivalent stress
cycles. Roughly speaking, rainflow counting identifies locakimal/; in the stress history, then

finds the maximum of the local minima (Iefrrng and rightmj*) surrounding);, and calculates
the equivalent rainflow cycle as; = M; — max(mj , m).

However, this fatigue quantification method is not suitablledn-line estimation of the fatigue
damage.
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n [E] fatigue damage is estimated from spectral propedfabe stress signal. In this work, the
stress signal, which is assumed to be Gaussian distribistagproximated by a narrow banded
approximation with the same variance as the original pmc€he damage rate of this approxi-
mation forms an upper bound on the damage rate of the originakss, and is given by:

Eld] = 5= 1/42 % (2v2A (1 + %)

with \; belng thez th spectral moment of the signal(note that it can be shown thay = o2
A2 = 07, A2 = 02). This expression can be extended with a correction factaictmunt for
the S|gnal not being narrow banded. m[?:l] this fatigue niaglased in (linear) control design
calculations for a wind turbine. This fatigue model is spealficsuitable for that purpose, but it

is not directly applicable for on-line estimation of theifate rate. For that, the spectral moments
would have to be estimated on-line.

In [@] and @] a control oriented fatigue model is presedntEhere, under the assumptions of

e Zero means stress

» Plamgren’s Miner damage rule

the number of cycles until failure\y) is given by:

o\ 1/P
Ny=05 (“)
of

with d.,. being the damage per cycle (with 0: no damage, 1: failurgthe amplitude of the
stress variationg; andb are material constants (e.gry = 1.19 x 10® Pa,b = —0.25, and

for steel). Note that this model is similar to the above déscr SN curve withh = —1/k and

of = (Q*K)l/k.

Define the damage per cycle as () asd.,. = 1/Ny. Then

—1/b
doye — 2 (0)
af

Define the damage raﬁeasf"“ ddo = deye, then

dfé‘ 92 ‘ | —(1+b)/b
do baf oy
The damage rate, as a function time, is given by

b— Bsif o> 0,if 6 >0
10 otherwise

This model is even accurate (though somewhat conservativephzero mean stress levels, not
exceeding 92% of ;. To avoid the discontinuity in this damage model, the damagiemodel is
simplified to

. )
D = 0.5|—||g|.
0.5 /6]
11.4 Control-oriented model parameters for TTURB
The control oriented model described above has been panareetéor the hypothetical wind

turbine TTURB, which consists of a linear model for the struatalynamics (40-th order), cre-
ated by TURBU, that is coupled (via a Coleman transformationhe nonlinear BEM model of
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Parameteli Meaning Value Unit

J, Rotor Intertia 8.16-10° | kg-m?

Jy Slow shaft generator intertia 1.125-10% | kg -m?

Ny Transmission ratio 50 -

Ky Stifness of transmission 2.37-10* | Nm/rad
Ca Damping of transmission 1.42-10% | Nm/(rad/s)
My Equivalent mass at hub heigt 300-10% | kg

Stw Stifness of tower 1.72-105 | Nm/m

diw Damping of tower 110 Nm/(m/s)
m; Blade mass 9800 kg

Ky Blade stifness 7.9-10° Nm/m

Ch Blade damping 7056 Nm/(m/s)
ky Gain for tilt moment 0 —

/tau Time constant of pitch actuator 0.08 s

71 Distance of centre of blade element 1 to rotor axis1.48 m

79 Distance of centre of blade element 2 to rotor axi31.8 m

R Blade length 40 m

H Hub height 60 m

Table 10 Wind turbine model parameters

the aerodynamics with 14 blade elements described in SEIB8. In this section, the TTURB
is considered as the “reference” model, using which the lsitiwns are performed.

The parameters of the Control Oriented model have been fit t@ TéRB wind turbine, and
are shown in Table”10. Note that is assumed. This assumption allowed to avoid using the
Coleman transformation and therefore, simplified mattetslethe model accuracy was hardly
effected.

Figure[8T shows a comparison between the control-orientedehand the detailed TTURB
model. Both models were fed with the same inputs (wind spp&dh setpoint and electric
torque). Blade 1 is not pitching, while blades 2 and 3 pitcimakimum speed until the pitch
angle (3) is 0.09 rad. Att =10 s, the electric torqug,j is increased. The wind speed was not
varied.

Clearly, the control-oriented model agrees roughly with HCN model, but there are significant
differences. Its fore-aft moment agrees reasonably widlipagh the variations around the eigen-
frequency of3 rad/s are smaller with the control-oriented model than th&lBEtdel. The rotor
axis bending moments agree roughly with the ECN model, butskb#@lations of the Control Ori-
ented model are still different, in spite of the flexible blawledel included in the control-oriented
model. Similarly, the drive train oscillations of the cortoiented model are smaller than those
of the ECN model.

The results of this comparison suggest that the control @iemodel can be used for con-
trol (design) purposes, but its inaccuracies must be tak®naiccount. Furthermore, the results
suggest that the blade dynamics may as well be removed frermtdel, since those are not
captured correctly. This would simplify the model, reduce &imount of parameters that need to
be known/estimated, and save computation time. It shoulibbed that this single comparison
is not sufficient to conclude about the suitability of the GohOriented model. The best test
of suitability is performed when using the Control Orientaddel for its purpose, and checking
whether its serves it well. This will be done in chapter 4.
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Figure 87 Simulated responses of the Control Oriented model and thefalChodel.
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Figure 88 Simulation of a shutdown with a constant pitch speed of Gatifs; while pitch actu-
ator 1 is inactive (blade 1 is stuck)

12 Shutdown control

This section presents shutdown control methods. SeCfion drfalyses the shutdown control
problem. Sectiofi 122 presents a simple improvement on tineeational open-loop shutdown
control method. Section 12.2 proposes a closed-loop shut@ontrol method using classical
control. Section 1214 presents an closed-loop shutdowig isdmlinear Model Predictive Control
(NMPC).

12.1 Shutdown analysis

Wind turbines must have at least 3 independent brake sydteniiSC certification. In case of
three bladed wind turbines, three independent actuatel adtuators can serve as the required 3
independent brake systems. We assume the conventiondbsituprocedure is as follows:

« all (remaining) blades pitch to vane position at a fixed sp&eqbt),

* if possible (e.g. if there is no grid loss), the electricquoe setpoint is set to its maximum
value, so as to slow down the rotor

Figure[88 shows a Conventional shutdown after pitch actulafailed at t= 0, during constant
wind speed of 15 m/s (and no wind shear, tower shadow, etmla&ed on the control oriented
model presented in chapter 2.

Figure[89 shows a shutdown after grid loss at t= 0 (i e= 0, during constant wind speed of 15
m/s (and no wind shear, tower shadow, etc.), simulated ondh#ol oriented model presented
in chapter 2.

Clearly, the tower oscillates considerably in both shutd@ecasions, and dampens only slowly,
since the aerodynamic damping of the fore-aft movementigaed to a minimum as soon as the
blades have pitched to vane.
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Figure 89 Simulation of a shutdown with a constant pitch speed of Gail/st, the electric torque
T, = 0.

In case one blade is stuck during shutdown, the rotor axidihgnTmoment peaks considerably for
an obvious reason. In case of grid loss, the possible darigseospeed is avoided by pitching
at maximum speed to vane.

The challenge is now to reduce, during shutdown, the peak misne the rotor and tower foot

to a minimum, while avoiding rotor overspeed.

12.1.1 Optimal shutdown

Given a model of the wind turbine, and known wind speed camit it is possible to optimize
the control inputs so as to achieve an optimal shutdown. Suexercise gives insight into ‘how
does an optimal shutdown ideally look like’'?

The cost function, to be minimized in the optimization, is &0 as:

T(k) = cra(May(k)? + Maz(k)?) + cruo(Miw (k))? + ere(wy (k) — we)? (223)
k=0

wherec,, is the cost factor for rotor bendingy,, is the cost factor for tower bending, and

is the cut-in rotor speed (rad/s). Hence, this cost fungtienalizes the (weighed) sum of rotor
bending moment, tower fore-aft moment and generator speedtins from idle speed. The
weigh factors influence the importance of the three objestive

The following constraints must be satisfied at all times
Umin < Ui < Umaz
|Au; (k)| < Smaa (224)
Ty < Thaz

With v, = —0.06 rad,u,,., = 1.48 rad, limits on the pitch angle setpoint (rad/s),,. = 0.17
rad/s, limit on pitch (setpoint) speed (rad/g),,, = 1.35-10° Nm. Furthermore, the rotor speed
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Figure 90 Result of optimised shutdown with one pitch actuator stutka

should not exceed the maximum valuef,, which we set at 1.9 rad/s.

Optimal shutdown after failure of a pitch actuator

To get insight into how an optimal shutdown looks like in ca$ea pitch actuator failure, the
cost function[(22B), subject to the constraifhis {224), &aedlontrol Oriented model, presented in
chapter 2, has been minimized with respect to the pitch setpof the two active bladesi{(k))
and the Electric Torqué, (k) at the discrete times=0,1,2,..., V.

We used NMPC (which will be presented in section 3.3) to find agjidy suboptimal) solution
to the optimization problem, although any other nonlingatiroization method could have been
used for this optimization problem as well. In case a pitctuator fails, the main issue is to
minimize the rotor bending peak moment. Therefore, the weagfficients in.J were chosen
asc., = 1, ¢y = 0.01, ¢, = 0.1. Figure[90 shows the result. Clearly, the rotor bending
moment has decreased considerably, compared to the simplertional shutdown procedure
at a fixed pitch speed of 0.17 rad/s: the peak rotor bending mbhas been reduced by roughly
60 %. Furthermore, tower fore-aft oscillations do not ocdualla Appearently, they are damped
actively.

Optimal shutdown after grid loss

Similarly as before, an optimal shutdown was calculatedHerdase the electric torque suddenly
drops to 0 at t=0. As before, initial conditions were chosechsthat the wind turbine was in
a steady state @ = ¢t = 0. During shutdown, the pitch setpoints for blade 1, 2 and 3ewer
assumed to be the same (k) = ua(k) = us(k). The optimisation problem was to find the pitch
setpoints of the blades{(k)) at the discrete timek = 0, 1,2, ..., N that optimized/ (equation
[223), subject to the constraiiits 224, and the additionadtcaimt 7, (k) = 0.

In case of electric grid loss, the main issues are to minimozer overspeed, and tower fore-aft
bending. Therefore, the weigh coefficientsjirwere chosen as., = 0.1, ¢z = 1, ¢ps = 1.
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Figure 91 Result of optimized shutdown when the electric tordiy¢ ¢uddenly drops to O at t

Figure[91 shows the result. Clearly, the tower foot momenitlasons have decreased consider-
ably, compared to the conventional shutdown procedure aed fikch speed of 0.17 rad/s.

Discussion

The conventional shutdown methods result in large osa@latiof the tower fore-aft movement,
and large rotor bending moments in case one pitch actuater Téhe optimized results showed
that in case one pitch actuator fails, it is optimal to pittdwdy to vane. This is logical, since
the asymmetric loading on the blades (that causes the retudiihg) is minimal as long as the
difference between the pitch angles is minimal. A dangeiitchpng slowly (using an open loop
control adjustment of the pitch angle) is that in case of wdpded increase the rotor speed may
exceed the maximum or even run away.

In case of an electric grid loss, the pitch speed must inersaficiently to avoid rotor overspeed.
In the conventional procedure, the pitch speed is immdgliagt to its maximum, by which it ex-
cites the tower fore-aft movement. In the optimized shutdawwer oscillations are completely
damped.

12.2 Improvement on the Conventional Shutdown Control method

The previous section indicates that a conventional shutdowase of grid loss or pitch actuator
failure can result in large oscillatory bending moments lom tower foot if the blades pitch at
maximum speed to vane. These oscillations are primarilydadby the pitch control actions,
that excite the wind turbine at the eigenfrequencies. Theeethey can be reduced considerably
with a simple measure: instead of stepping the pitch speid toaximum value, filter the pitch
(speed) reference first by a low pass filter with a cutoff belosvttwer fore-aft eigenfrequency.
Alternatively, a more advanced filter with notches at the togigenfrequencies can be selected,
or an input shaping technique.

For the wind turbine TTURB considered in this section, the lewewer eigenfrequency is
around 3 rad/s. We therefore choose a first order low pass filtaroutoff at 1 rad/s. Simi-
larly, the electric torque can be filtered by a low pass filter(@ilter with notches) to avoid rotor
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Figure 92 Closed Loop Controller for Shutdown

shaft oscillations.

The rotor axis bending moment can be reduced by pitching aterlspeed. However, the lower
the pitch speed, the more risk at generator overspeed. Teedtat risk, a closed loop method
is proposed in the next section.

12.3 Closed Loop Shutdown with classical control

As shown in sectioi (12].1), a low pitch speed and a slow réaluof rotor speed is optimal in case
of a constant wind speed and one pitch actuator stuck. Haowniétlee wind speed increases, the
pitch speed needs to be increased to avoid rotor overspedaaincreasing rotor axis bending
moment). This problem can be avoided by applying a closed-glatdown strategy, where
the generator reference speed decreases slowly with tingewrdf®2 shows a block-scheme of
the proposed control scheme for shutdown (either due tolgsisl or pitch actuator failure). It
is proposed to apply a pre-defined generator speed profile vatbmadecent. In principle, the
existing wind turbine rotor speed control system can be ushile it is useful to add feedforward
on the (generator speed) reference change.

12.4 Optimal Shutdown with Nonlinear Model Predictive Control (NMPC)
When applying NMPC for shutdown, the following algorithm fgpéied:

1 based on the measured outputs of the wind turbine, estiimatdate of the CO-model

2 optimizeu(k) enT,(k) for k = 0,1, 2, ...,n, to minimize (an approximation of) the cost
function defined by[{(223), subject to the constraints definddad).

3 apply of the optimized control signal ondy0) and7(0)

4 returntostep 1

For step 1 an extended Kalman filter was applied. The approiximat the cost functioh 223, as
mentioned in step 2, was chosen as:

Inmpc(k) =

Z Cm(MAy(k)z + Maz(k)?) + (M (K))? + Crs(wg(k) — we)? + z(np + l)TPe:(:(np +1)
k=0
with z(n, + 1)T P.x(n, + 1) being the optimal LQ solution of minimizingy ; pc, with initial
conditionz(k + n, + 1), subject to a linear model that was obtained by linearizirggdontrol-

oriented model around.. Note that the approximatiaiy s pc allows to prove stability.
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The steady state. was computed by iterating the pitch angle until both the gioe speed was
close t00.2 rad/s, and the aerodynamic torque was sufficiently closertm ze
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13 Simulation results

In this section, 3 shutdown control strategies are testeti®wind turbine model TTURB:

» Conventional shutdown (where pitch actuators pitch tevasfast as possible)

* the Improvement on Conventional shutdown (by filtering tperoloop control signal to
avoid excitation); this method will be referred to as “FikdrControl”

* NMPC
Sectior 1311 presents the simulation results in case of Havind speed variations. Sectibn 18.3

presents the results in case a gust occurs at the same tinfailofra (grid loss or pitch actuator
stuck).

13.1 Normal wind speed variations

In all simulations the three blade effective wind speedsaarghown in Figurg 93

18 T T T T

16 f —

o L r
o 5] £y
T

blade effective wind speed (m/s)

0o
T

4 | | | I I I I
0 5 10 15 20 25 30 35 40

time (s)

Figure 93 Blade effective windspeed

13.1.1 Grid loss

In case of grid loss, the electric torque suddenly drogsat: = 0, i.e. T, = 0. Figure[ 94 shows
the simulations results for the three shutdown methodsse cagrid loss. Clearly, the method
“Filtered Control” where the pitch angle setpoint is filtergdeblow pass filter, reduces the tower
foot oscillations considerably. With NMPC the tower foot @ons from zero are smallest.
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Figure 94 Shutdown (for three different control methods), after doiss

13.2 Pitch actuator stuck

Figure[95% shows the shutdown simulations in case pitch 1 ofeblais stuck. Again, the method
“Filtered Control” reduces the tower foot oscillations, biges not reduce the rotor axis bending
moment. With NMPC, the tower foot oscillations are reduced, ia addition, the rotor axis peak
moment is reduced by more than 40%.

13.3 Shutdown during a strong gust

So far, the wind speed in the simulations was assumed to vagndrl4 m/s (see Figufel93).
This section considers the case where the wind speed insrdas@g shutdown, as shown in
Figure[96. The wind speed increases at the same time a failovesoc

Figure[9T shows the simulation results for the three contethwds when the pitch actuator of
blade 1 fails (and the pitch angle of blade 1 remains const&igure[98 shows the simulation
results during grid loss. The Conventional control methodsdioot lead to overspeed, but the
filtered Control method does lead to some overspeed, in theeafagid loss. Again, the tower
oscillations are reduced, compared to the conventionara@omethod. With NMPC, the gen-
erator speed is only slightly exceeding the constraintasét9 rad/s. To achieve this, NMPC
pitches at maximum speed until the generator speed is bé&dowaximum again. After that, it
actively reduces tower foot oscillations, resulting in linest tower foot moment fluctuations of
all control methods. This simulation illustrates that NMP@lso capable of dealing with output
constraints, in this case a generator speed constraint.
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14 Conclusions

This section investigate the possibility to develop Shutd@wmtrol algorithms that shut down
a wind turbine after a serious failure in such a way, that tterrspeed remains below a given
maximum value, and that peaks in the rotor axis bending moarahtower foot fore-aft moment
are minimized. Two failure types were considered: grid rsg one blade stuck.

For control (design) a relatively simple wind turbine waseleped (referred to as the Control
Oriented model), consisting of a linear model of the strradtdynamics, and a nonlinear BEM
model for the aerodynamics. The structural model consistezhe flexible mode in fore-aft

direction, one flexible mode for each blade in fore-aft diggtand one mode in the drive-train.
The BEM model consisted of only two elements, and oblige inflofeots, as well as wake
dynamics, were ignored.

The performance of shutdown control was quantified using aanstion that weighed generator
speed deviations from idle speed, tower foot moment deviatirom zero, and rotor axis bending
moment deviations from zero.

Three novel shutdown control methods were proposed:

1 a simple variation on the conventional procedure, narbglfiltering the (open-loop) con-
trol signals first (and choosing the filter such, that the eigeates are not excited);

2 aclosed-loop shutdown control method where the rotorgspeference slowly drops i@
and where conventional pitch control is used;

3 a closed-loop shutdown control method using NMPC

The shutdown control methods (except for the 2nd) were coedpaith conventional method in
simulations on the ECN model of TTURB. The results showed thahoukt showed a consider-
able reduction in tower fore-aft movements, even thougmeple first order low pass filter was
used. However, reducing the rotor bending moment is morepticated. To achieve the best
result (in reducing the rotor bending moment), a closeg-lo@thod should be used, since this
moment can only be reduced by slow pitching. If, howeverwira speed increases, the pitch
speed must be increased (to avoid overspeed, and increatsedending). NMPC was able
to realise the best results in reducing tower foot osailf&| rotor bending and avoiding rotor
overspeed.

The results of this section suggest that shutdown can indeaahfroved considerably, starting
with very simple means.
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Part VI

Experimental methods
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15 Wind turbine model identification: method development

Summary

This section is focused on wind turbine model identificatiosdabon closed-loop measurements
in above-rated conditions with the purpose of obtainingieaie and compact models suitable for
control design. Both collective and individual settinge aonsidered. In the collective setting,
the goal is the identification of the transfer functi’ﬁgg’”q from the collective blade pitch angle
to the rotor speed, as necessary for the design of the dedlgtch controller in the rotor speed
regulation loop. This transfer function needs to be identiiiethe presence of the torque con-
troller. In the individual setting, in addition to the trdesfunction7;,"?, the transfers from the
tilt-wise and yaw-wise pitch angles to the tilt-wise and yaige blade bending moments (in the
so-called Coleman domain) need to be estimated.

A number of closed-loop identification methods have been samzed and applied to the col-

lective identification setting. Among these are the direuntlirect, instrumental variable, joint

input-output, two-stage, tailor-made instrumental valgaand the closed-loop N4SID method.
The CL-N4SID method is chosen as the most suitable method ggitafddes the most accurate
identification results, and (b) is directly applicable to MIMproblems in which some input-

output channels participate in the feedback loop, whilemot. This method is subsequently
used in the MIMO identification setup corresponding to théviiddial pitch setting.

The presented results have been obtained on the basis ohtimnullata from a simplified lin-
earized model of a wind turbine under realistic blade eiffeatvind speed conditions. In section
[18, the methods are applied on experimental data and thikssrase discussed.

15.1 Introduction

Control design of wind turbines is conventionally based bysical modeling of the turbine be-
havior with imprecise and uncertain turbine parameterss Tésults in suboptimal controllers
that, when interconnected with the real-life turbine, niighve unsatisfactory performance. A
significant performance improvement could be expected winendntrollers are designed on ac-
curate, yet simple, mathematical models that describe t# significant dynamics of the turbine
by fitting the model parameters to the field input/output measients Such system identification
approach to turbine modeling for control design would regjthe following approach:

1 initial (conventional) controller design based on (utei@l) turbine physical parameters,
2 controller implementation and collecting field measuretsien

3 turbine model identification,

4 model validation on a “fresh” data batch, i.e. data not deethe identification,

5 final controller design based on identified and validated ode

To avoid confusion, in the sequel all transfer function e expressed in discrete-time. The
sampling time is assumefl;, = 0.1 s, which is considered sufficient to capture the control-
relevant turbine dynamics.

Open vs. closed-loop

It is important to notice that the data from field measuremantbove-rated wind conditions
will usually be collected with the pitch controlléfy(z) in the loop, and will therefore represent
closed-loop measurements, as shown in Fifuie 99. One migferpwhenever possible, to
perform the measurements in open-loop with the pitch ctlatreurned off in order to make
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the use of conventional open-loop identification techniquesssible. However, one should make
sure that the loop with only the torque control@y(z) remains stable. This is not the case
with the usual constant-power torque control approach revtiee torque controller on itself has
a destabilizing effect on the turbine generator speed Iddat conditions due to the decreasing
generator torqué;, with the increase of the generator spékd Although it is possible to adapt
the torque control algorithm so that the generator speetilslized, this may not be desirable
as it can result in overloading of the generator. For thadaraonly the closed-loop approach
with the pitch controller kept in the loop, which is prefel@m practice, will be considered here.
In any case, whether one choses for the open-loop or thedclosp approach, an additional
persistently excited signal will have to be added to theetive pitch angle (se*! on Figure
©9).

Linearity

Another important issue is the availability of a well devedd field of system identification for
linear time-invariant (LTI) systems. The wind turbine systemof course, highly nonlinear
with respect to the wind speéd, the blade pitch angles,,,, and rotor speef. Still, for control
design, itis common practice to linearize the turbine madelnd a given working point in order
to make use of the very well developed control design theari Tl systems. In the identification
process, the same approach will be pursued by assumindnehadiid turbine is operating in the
vicinity of some working poin{V*, 05, , Q*}.

Another source of nonlinearity is the azimuth dependencbeebut of plane blade root bending
momentsMyy,,, © = 1,2,3. This is important for individual pitch control design thama at
reduction of the frequency contents &fy;,, at multiples gp) of the rotor frequency. This
periodicity, caused by the azimuth dependence, can hoveasily be removed by means of a
coordinate change, i.e. by projecting the momevitg,, defined on the rotating blade reference
frame (x, y1, z1) to the non-rotating hub reference frare y, z), see FiguréZ100. This projec-
tion, called Coleman demodulation, is given by

Mcml 1 1 1 1 Mflilh
Mep, | = 3 2sin(yp)  2sin(y + § ;
M, 2cos(¥) 2cos( + 5m) 2cos(¢ + 5m) | [ Myip,

where is the azimuth angle. The demodulated bending moménis, and M,,,,, scaled
by factors of—% and +§, respectively, are good approximations of the tilt-wise gaw-wise
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Figure 100 Rotating and fixed reference frame conventions

bending moments at the hub center [80]. The monddnt,, has no physical meaning, and will
be left out in the sequel. A similar demodulation of the thiregividual blade pitch angleg;,
i = 1,2, 3, using the same Coleman transformation matrix, gives

acml 91
90m2 - P_l 92 y
96m3 03

where nowé.,,,, represents the collective pitching, white,,, andé,,,, can be though of as
tilt-wise and yaw-wise components, and are used for ind&igitch control. The transfer from
pitch actions in the fixed coordinate systém,. to the Coleman demodulated blade root bending
momentsM..,,, is no longer dependent on the azimuth angle. However, nttatethe Coleman
transformed signalsz..,,, are not directly measured, but need to be computed from tiasuned
out-of-plane blade root bending moments;;,,. Similarly, the tilt-wise and yaw-wise pitch
angles need also be computed from the blade pitch afgles

Channels to identify
To simplify the discussion, we introduce the following rtaia. The wind turbine in “Coleman
domain” is represented by the transfer matrix

Tas, Tos, Tos, Tor,
A
T(2) = |Tane, Trre, Trne, Tt | (2)
Toaso, The, The, Tusr,

from the inputs{f.,,,, Ocm,, Ocm,, Ty} to the outputs{Q,, Mer,,, Mcm, }. By closing the loop
with the torque controllefl, = C7(2)§2,, one gets

+trq +trq +trq
T(wl TQGQ TQ6’3

T & Typst Tag, Ta, | (2) (225)
rq rq rq
TM391 TM392 TM393
with »
Tﬂequ = (1 - TQTQCT)ilTQij J=12,3.
T]—&lgf = TM,;9_7~ + TMiTgCT(l — TQTQCT)_lTQQj, 1=2,3,75=1,2,3.
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When the (collective) pitch controll€; is also interconnected, resultingdn,,, = Cp$y+05%
the complete closed-loop mappikds: , Ocm,, Ocm, } 10 {Qg, Mem,, Mem, } has the following
transfer matrix y y y
A Tflwl Tslm T993
T2) = | TiLe, Tine, Tine, | (2)
Tiko. Tite, Thne,

with

T = (1= Ty "Co) M Tgg"", j = 1,2,3. (226)
nge = T;;gq + Thr,6,Co(1 — ngjch)—nggjq, i=2,3,j=1,23.

There are several channels that need to be identified for dal@s@n, and others, that are of less
importance. First of all, whenever the generator torquerotiat Cr(z) will be simply based on
the QN-curve for constant power production above ratedigtgn would require no knowledge
of the turbine dynamics. The pitch controltéy(z), on the other hand, has the purpose to regulate
the rotor speed at rated level, so the trangfgij from the collective pitch anglé,,,, to the
generator speef}, is necessary for its design, and should hence be identifiedcasadely as
possible. Note that this channel needs to be identified wéhdigue controller in the loop, since
the pitch controller is to be designed by accounting theegres ofC(z). The identification of
Tg * is discussed in Section 15.2.

For individual pitch control design the channél ”q ,1,j = 2,3, are also needed, and should

also be identified. The individual pitch |dent|f|cat|on probles“rureated in Section 13.3. The are
basically two possibilities:

1 open-loop setting: identify thelosed- IooptransfersTﬁe , 4,7 = 2,3, from the tilt and
yaw-oriented pitch components,,,, and 6., to the tilt "and yaw-wise moments/,,,,,
and M., in the presence of the pitch controllél(z). This can be achieved by us-
ing open-loop identification technique on the déda,.,, 0., Mem,, Mem, } COllected in
closed-loop. This should only be done when there are reasdrglieve that there is little
interaction between these channels and the speed regutétamneb.,,,, — €2, i.e. when
the dependence df]fjigj, i,j = 2,3, on the pitch controlle€y(z) can be neglected. Oth-
erwise the so-identified models might be inaccurate afteptanization of the pitch speed
controllerCy(z). The open-loop setting is discussed in Sedfion 1b.3.1.

2 closed-loop setting: identify trapen- IooriransferST]\Ztgq, i,j = 2,3, by means of closed-
loop identification techniques. This step could eventuallydnebmed with the closed-loop
identification of the speed regulation chanﬂ’gb1 7 as discussed above. This closed-loop
setting is treated in Secti¢n 15.8.2.

Before continuing with the identification methods, a simptifi@earized model of a wind turbine
is presented in Sectidn 15.1, that has the purpose to pravideecessary data for the identifi-
cation, and is also used for the purpose of model validationpractice, no such model will
be available for validation purposes, so the validation al#o need to be done on the basis of
input-output measurements. However, it should be pointethat the conventional time-domain
identification is here not directly applicable due to the ahkt open-loop system. For that reason,
a better suited alternative would be to perform the valatain the frequency domain, by using
nonparametric estimation methods, such as the spectigsandiscussed in Sectign 15.2.1.

Simplified linearized wind turbine model

For verification of the presented methods, ideintificatioradatobtained using the simplified
linearized wind turbine model described in Secfion1.3.1. Mbeel is based on linearized blade
element momentum theory, and contains the first bending mbdeeaower in nodding and
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naying directions, the first shaft torsion mode, and the n@tion of a 3-bladed horizontal axis
wind turbine. The blades are assumed rigid; dynamic waketsfiand unsteady aerodynamics
are neglected. The model has inputs: the three blade pitétignss three blade effective wind
speeds and the generator torque. The simulations are pedowith realistic blade effective
wind speeds, accounting fap effects on the blades, due to rotational wind field samplioget
shadow and wind shear. A representative blade effectivel sfieed is depicted on Figure 101.
The Bode plots of the pitch and torque controllers used inithelation, including the filters, are
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Figure 101 Blade effective wind speed: time series (left) and spectright}

given on Figuré_102.
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Figure 102 Bode plots of the pitch (left) and torque (right) controllers

Wind turbine model identification

Below, several method for closed-loop identification areftyisummarized and applied to the
identification of wind turbine models from closed-loop atao begin with, only the channel
ngfq will be considered, which can be used for the designadfective pitchcontrol for speed
regulation. Subsequently, the identification of other chioithe transfer matris" 74(2) (see
equation[(225)) will be discussed, which can be usedndividual pitch controldesign.

15.2 Collective pitch identification

This section outlines different methods for the identificatad a turbine modeTgatl’"q(z) from
closed-loop data. The identification setup is depicted on E[G0B, where the rotor spe€l is

"An exception is the open-loop setting for individual pitch identification, dised in Section 15.3.1.
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formed as
tr tr
Qg (k) = Teyg (@) 0em, (k) + Teya (@) ttem (k) -
~—_—————

v(k)

The method that produces the best results will be further phebin Sectiof 15]3 to the problem
of identification of all three input and output channels oftizesfer matrix""4(z), which can
be used for individual pitch control design.

Notice that the channel to be identified includes the torquetroter C'r(z), compare to Figure
©9. It is also important to point out, that the to-be-identifsystem isopen-loop unstableas
already discussed in Sectibn 15.1. This is an important fasba® closed-loop identification
techniques require open-loop stability (e.g. the Two-Stdgéhod), which makes them not di-
rectly applicable here. Another consequence of the ingtabf ngfq(z) is that it significantly
complicates the validation of the identified models basedamventional time-domain criteria.
One may argue that the validation can take place after gdbi@loop with the pitch controller;
however, the pitch controller does not always stabilizédeatifiedmodelZ %", which prevents
time-domain validation even in closed-loop. This necessstthe validation of the models in the
frequency domain.

All simulation results, provided in this section (i.e. reld to collective pitch), are carried out
using the same simulation data, obtained with an extermétegion signabsZ based on @seudo

random binary signa{PRBS) ;s (k) with length (2!3 — 1) samples. The external signal is
computed as follows:

gext (kﬁ) o 07 k < 500 S&mplES
emai AT S s s ([2290]), k> 500 samples

where the operatiofia| denotes the smallest integer larger than or equal tdlotice that the
final excitation used§<* , is formed by keeping each value of the PRBS,; constant during
four samples, and that the excitation is switched on aft@rdanples. The time series zoomed in
the intervald50 < k& < 750 samples, as well as the power spectral densit@/gﬁ[, are given on

Figure[104.
15.2.1 Nonparametric model identification using spectral analysis
To begin with, the identification of nonparametric modelsriefty discussed. To this end, we

will restrain ourselves to frequency response functiorlg. dnme domain nonparametric models
(e.g. step or impulse responses) would anyway be unapptegtie to the open-loop instability
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Figure 104 The external excitation signa@*’ used in the simulation of Sectign 15.2: time
series (left) and power spectral density (right)

of the system. Although nonparametric models might seerppnapriate for control design, they
can be used for the purpose of model validation.

One of the most popular methods for obtaining transfer fonogstimates is based @pectral
analysis(SA). To explain the method, consider first the open-loop Gt

Q(k) = Tgg, ()05, (k) + v(k), (227)
whereg is the forward shift operatog.(k) = u(k + 1)), and where the signal*! (k) and the
wind-related signal(k) are assumed to be uncorrelated, 05" (k)v(k)) = 0. The signal
v(k) is a generalized wind signal that is related to (i.e., is arétieversion of) the Coleman
domain wind signals.,,,, andu,,,,. Then the auto%ggfl) and crosscbggml) spectral densities
are related as follows '

Doy (w) = Tml(e]“)%g% (w).

Given finite-time data sequen¢éSr! (k)Q,(k)}, k=1,2,..., N, these spectra can be approxi-
mated as

cma Ccma

. 1 . 1
(I)Qesf;}l (w) = N}—{Q}}—{geﬂ} ) (I)H::-:;}l (w) = N|f{96$t }|2,

F{-} denoting the discrete Fourier transform. Hence, an estifathe transfer function is given
by
. (I)qut
o (o) = 20 )
bpene (w)
Since in the limit casé&v — oo the spectral estimates become equal to the real specidoivé
that in the considered open-loop situatibn (227) the terfsinction estimated is asymptotically
unbiased ' ‘
lim T, (7)) = Télel (e¥).

N—o0

The application of this approach to closed-loop d&®g(k), 0., (k) }, obtained from the system

{ Qg (k) = Tegr /(q)0em, (k) +v(k),
Ocm, (k) = CG(Q)Qg(k) + 05 (k).

cmy

leads in general to biased estimates. To see this, denosetisivity function asS(¢) = (1 —

8The term “open-loop” might seem a bit misleading here since the closgutiansfer functiorTg;lg1 (¢) appears
in equation[(22]7). Nevertheless, we refer to it as open-loop as theoefégdback fronf2, (k) to 05at, (k).
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Tos *(g)Co(q)) ™", and observe that

(k) = S(q) (Tegr (002, (k) + o(k) )
Ocm, (k) = S(q) (Co(q)v(k) + 057, (k) -

Then, still under the assumption thf! (k) andv(k) are uncorrelated, one gets

A @Qecml (w) F{Q}F {0cm, }
Top, (M) = 2=~ = 2
P5.,,, () [F{Bem,

[S(e7) 2 (T () dazes, (w) + C5(e) 0, (w) )
|S(e)|? (‘i)ﬂsss; (w) + \Ce(ejW)P(i)”(”))

Clearly, in the absence of the disturbandé), i.e when®,(w) = 0, this method gives an un-
biased estimatel(,,"?(e/) = T, (/) in the limit N — oo). However, this case, corre-
sponding to the absence of turbulence in the wind, is of notjmal relevance here. On the other
hand, when there is no external excitaticingﬁ(a;1 (w) = 0), the above expression simplifies to

ngfq(ejw) = 1/Cy(q), i.e. the inverse of the controller is identified. When botteaxal exci-
tation and disturbance are present, the result will be iwbenh these two cases, givindgemsed
estimate

A much better alternative is to estimate the transfer faamctiom the following relation
Bapess () 1S(1) PTH(e) Bgese ()

T (1) = — . _ g 7 228
Q6, (') ‘I’Gmlﬁg;ﬁfl (w) ‘S(ejw)‘z%g% (w) 06, (q) (228)

which is clearly unbiased whenevexv(k)0sz! (k)) = 0.

The application of this method to simulation data obtainethfthe linearized model, described in
Sectio 1511, gives the results, depicted on Figuré 105, whetgode plots of the re +9tfq(ejw)

(black solid) and the estimatéqgfq(ej“) (red dashed) transfer functions are given. The results
show that the SA estimate is sufficiently accurate.

15.2.2 Parametric model identification

In what follows, several methods for the identificatiorpafametricmodels based on closed-loop
data will be discussed and tested on the linearized modsdritbed in Section 15.1.

15.2.2.1 Direct ARX identification

In the direct identification approach a common open-looptileation method is applied to the
data, collected while the process is operating in close@-loThe identification is hence per-
formed on a batch of input-output daf&,(k), 0., (k)} by completely disregarding the feed-
back. To summarize this, we will consider the identificatibhireear regression modelalthough
other identification structures could be used as well.
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Figure 105 Bode plots of the transfer functidﬁ;rgl"q(ejw) and its spectral analysis estimate
based on equatiol (ZP8)

The starting point in the identification of linear regressioodels is an ARX model structiife

-1
(k) = M@cml(l@) b ), (229)

where the polynomialsi(¢~!,p) andB(¢~ 1, p) are given by

Alghp) =1+a1g7 +asqg 2+ + an,q ",
B(g7Y,p) =bo+big ! +bag 2+ +by,q ™,

with p = [a1 cee ap, by b1 ... bnh]T being the unknown parameter vector. By defining
the regression vector

el (k)= [-Qgk—1) ... —Qg(k—na) Oemy(k) .. Ocm,(k—m)],
equation[(229) can be rewritten in the more convenient fentification regression form
Qy(k) = ¢ (k)p + v(k). (230)

Suppose a set of input/output data of lengttis collected, i.e{Qy(k), Ocm, (k) }_,. The idea
is then to compute the optimal parameter vegitiat minimizes the following prediction error
cost function

(Qg(k) — " (k)p)”, (231)
1

1 N
V(p) = Nk—

9Actually, FIR models also fall into this category, but we will not treat thepesately as they can be viewed as a
special case of the ARX model with(g™*,p) = 1.
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Figure 106 Bode plots of the transfer functidf’ggfq(ejw) and its estimate based on direct ARX
identification

that is,
1 < AR
p=argminV(p) = (N > so(k)w(k)T> (N > w(@%(@) : (232)
k=1 k=1

It can be showHﬂO] that this method produces a consist¢éimate provided that

« the true system has ARX structure, i.e. can be written irfahm (229),

* the input signab..,,, (k) is persistently exciting (which would be the case when theresl
input#<tt (k) is sufficiently exciting), and

cmy

« the disturbance(k) is uncorrelated witt2,(k — 1 — 7) and05 (k — 7), 7 € Ni. To
be more precise, it should hold th&t(x(k)v(k)) = 0. This would hold ifu(k) is a white
noise process.

However, if the disturbance signalk) is non-white, as is the case with the wind, tliea ARX
estimate will be biased

The results of the application of this approach to the liresriexample here is depicted on Figure
[108. Three ARX models of different order have been identified, withn, = n, = 8 (dashed
curve), another witlm, = n;, = 13 (dash-dotted curve), and the third one with = n, = 20
(dotted curve). The true transfer function is representedhkysolid curve on the figure. In
real-life experiments when this transfer function is unkngit should be substituted with its SA
estimate, i.e. the dashed curve in Figure] 105. It can be seemtlre figure that the most accurate
model is of order 13, and that increasing the model ordehéurtioes not improve the accuracy.
The phase is approximated accurately, while the magnitudeost accurately modeled in the
frequency range above approximately 0.2 rad/s. The zerotiaguurately estimated by any of
the models.

Similar results are obtained with other model structuresh sts ARMAX and Box-Jenkins mod-
els. The disadvantage of such more extended models is thabthesponding prediction error
optimization criterion is no longer a quadratic optimipatiproblem in the parameter vector
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Figure 107 Bode plots of the transfer functi@éfq(ejw) and its IV estimate

but becomes a nonlinear optimization problem, with the eqasnce that only locally optimal
solutions forp can be computed using numerical iterative procedures.

15.2.2.2 Instrumental variable method

Similarly to the direct ARX identification, the instrumentanable (IV) method is also based
on the ARX model structure written in regression form, asgoaion [23D). In the IV method,
however, instead of obtaining the parameter vector by mefaasninimization of the quadratic
cost function[(Z3M1), the estimate is constructed by caio#lavith a suitably defined auxiliary
signal((k), referred to as thenstrumental variable For a reason that will become obvious in
what follows, the IV should be selected in such a way, thatahewing expression holds

N
3¢k (k) — " (k) =0
k=1

with optimal solution given by

1 AR
p= (N 3 <<k>so<k>T> (N ) <<k>ﬂg<k>> , (233)
k=1 k=1

provided that the matrix to be inverted is nonsingular. Nibt this estimate becomes equal to
the ARX least-squares estimate in equation232) when the $élected ag(k) = o (k).

Under the assumption th&f(230) holds, (233) takes the form

1 = A
p=p+ (NZc*(k)soT(k)) (N;C(Mv(k)) ,

k=1

meaning that the IV estimator provides a consistent pamestimate, i.elimy .o p = p,
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under the conditions that (a) the matfiX( k)’ (k)) is nonsingular, and (bl (¢(k)v(k)) = 0.
Both conditions are satisfied by taking

(k) = [0t (k) 0ot (k—1) ... 0t (k—ny —mp)],

Ccmy Ccmy Ccmy

under the assumption thé’’ is uncorrelated with the signal

Figure[10Y visualizes the results, obtained with this idieation method on the simulation data
with the linearized wind turbine model, described in Secfiéil. The figure shows the Bode
plots of the true model (solid curve), and three identified et®df different ordersn, = ny, =7
(dashed curve);, = n, = 8 (dash-dotted curve), and, = n;, = 20 (dotted curve). Similarly
to the direct ARX method, the IV estimates approximate thasphaccurately. Regarding the
amplitude estimation, the 7th order model is the most ateuwrae. In real-life experiments
the transfer function if the true system is unknown, so treelblcurve in Figuré107 should be
interchanged with the estimate, obtained from measuredwddbhg SA analysis, i.e. the dashed
line on Figurd_105.

15.2.2.3 Indirect identification

The idea, used in the indirect identification, is to first idgntte closed-loop transfer function
Télel (z) by applying standard open-loop identification techniquehendata{,(k), 652t (k)},

Y ema

and then compute the system tranﬁggl"q(z) using the knowledge of the pitch controlléj(z).

Clearly, givenCy(z) and an estimat@él@l(z), an estimate of the system dynamics can be com-
puted from[22b) as

Tri() = T, (2) (14 Co(2) T8, (2))

The disadvantage of this method is that the model ordéigéfq(z) will be equal to that of the
identified closed-loop system plus the order of the pitchrcdliet.

In the first step of the indirect method, the open-loop idemtiia can be performed with any ex-
isting method. For the simulation data used in this sectloee open-loop identification methods
have been used to fit the model parameters to the{daték), 05 (k)}:

Y cma

* prediction error identification based on an ARX model stuet This is similar to the
approach in Sectidn 15.2.2.1 with the difference that it i @pplied to datgQ,, 65

instead. Theoretically, this estimate should be biased altieet non-whiteness of the dis-
turbance processk), as discussed above.

* IV method is used to compute the parameters of an ARX modsttsire, with “optimal”
choice of the instrumental variable as implemented in timetion1v4 from the STEM
IDENTIFICATION TooLBOX of MATLAB [50].

» The N4SID subspace identification method is used to estimatpahameters of a state-
space model. This method is also implemented in theT&M IDENTIFICATION TOOL-
BOX of MATLAB.

All three models have the same model order, 20. Other me{MOESP [@3]), model structures
(ARMAX [@, ]), and orders (in the range 7-30) have alsorb&ssted, but do not lead to
significant improvement of the results, reported in Figurd 08 Bode plots on the right-hand
side of the figure depict the identified closed-loop moc@g. As it can be seen from the
figure, all methods are able to estimate an accurate modes iinedquency range above 0.1 rad/s.
Below that frequency the models are inaccurate. Due to thatcomputed open-loop models
ngfq(ej”) are also quite inaccurate. By increasing the length of th& diae could improve the
accuracy at the lower frequencies.
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15.2.2.4 Joint input-output identification

The idea behind this approach is to use open-loop identifité¢ichniques to identify the trans-
fers from@<t! (k) to bothw, (k) andf.,, (k) simultaneously. Although any open-loop identifi-
cation method can be used here, we will employ subspacédfidation, as in E}Z], referred to as
CL-MOESP here.

Using the relations in equation (226) one can write

) - om0 LY
[%Egﬂ O (k) + T {C;( q)} o(k),

and suppose, that estimatEgq) and75(q) of the transfer functiong’ (¢) andTs(¢) have been
identified. Then,

Teyo (q) = 28 (235)

Notice that, just as the indirect identification method, tbeuaacy of the identified mod A*gf’q(q)

is influenced by the accuracy of the estimated closed-loosfea function?’ (¢) = Tgel (). In
addition to that, any inaccuracies in the estimation of tseoad channel/»(¢), would addi-
tionally contribute to the final error iﬁggfq(q), which makes the method even more sensitive
to model imperfections than the indirect identification noeth The results, obtained with the
joint input-output method are presented in Figurel 109, whiggeBode plot of the true transfer
functionngfq(q) (black solid), and its estimate using the CL-MOESP joint inputput method
(red dotted).

15.2.2.5 Two-stage method

Another method for closed-loop system identification is the-stage method. As its name im-
plies, the method consists of two steps, that are executeseqgoently. In the first step, the
transfer function from the external inpé! to the turbine inpud.,,,, i.e. the transfer function
T5(q) in equation[(23K), is identified. Then, the following auxijiaignal is computed based on
the identified modef’(q) )

b (k) = To(q)05s, (k)

Ccma Ccmy
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which, unlike the true input signdl.,,, (k), is uncorrelated with the disturbaneék). Thus, in
the second step of the method the input sighal, (k) is substituted witl%"* (k), resulting in

Ccmy

Qq(k) = Tag¥(@)0% (k) + Ta(q)v(k) + Tey "(q)(Ta(q) — Ta(q))052t, (k)
= T " (@)0%5 (k) + W (q)5(k),

from which a model of the transféfgotfq(q) is identified using again open-loop methods based
on the datgQ,(k), 2% (k) }.

Similarly to the two-stage method, the choice of an identificainethod for the open-loop prob-
lem in the two steps is free. This method, applied to the ptegmblem, was uncapable of
producing a reasonably accurate modérggfq(q), and the results are hence not reported here.

15.2.2.6 Tailor-made instrumental variable method

The advantage of the Tailor-made IV method is that it provadeanbiased estimate of the trans-
fer function7,™, while at the same time it pertains the simple linear regoestype of algo-
rithms @S@] The main idea is to parameterize the closetm-modeﬂ}czla1 with the open-loop
model parameters, which parameters are then estimateg lirs&ar regression algorithms ap-

plied on the closed-loop data.
To summarize the method, let

Colq) =

np(q~
Top'(a) = =P

dp(g™t)  14+argt+aq 2+ +anqg ™

)
) a bo+big tHbog 4+ by
)
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From equation[{234) it follows that

1

Tap. " (q)
Qq(k) = 0, 0t (k) + -
! 1 —Tgo™(9)Colq)

1= Ta (@)Calq) ™

v(k),

or, equivalently,

(dp(g™")de(q™") = npla™nelg™)) Qg(k) = nyla™de(g )0, (k) + dp(g™ ) de(g o(k).
(236)
Note also, that

Oem, (k) = Ociy, (k) + Co(@)Q (k) = de(q™ )0, (k) = de(q™")0em, (k) — (g™ )2y (k).
Substitution of the last equation in{o(236) gives
dp(q_l)dC(q_l)Qg(k> = np(q_l)dC(q_l)ecml(k) + v(k),

wherev (k) £ d,(q~1)d.(q 1 )v(k). Next, by defining

CQy(k) = de(g7h)Q(k),
Hcml(k') = dc(q_l)ecml(k)a
P £ [al oo Qp bo b1 bn]T,
o) 2 [Qk—1) ... =Qy(k=n) Oomi(k) Oeomi(k—1) oo G (k—n)] ",

one finally obtains the following linear regression equation
Qy(k) = " (k)p + o(k).

Using the IV method with instrumental variable

C(k) = [0 (k) ... 0=t (k—2n)]",

cma cmy

the following IV estimate of the parameter vectowill be asymptotically unbiased

1L X
p= (quk)@(w) (NZak)Qg(k)) , (237)
k=1 k=1

provided thabsz! (k) is persistently exciting and uncorrelated witfik).

The method is applied to the simplified wind turbine model, dbed in Sectiorl 15]1. The
results are depicted on Figure 110 for three different modd¢rs, ten (dashed curve), eleven
(dash-dotted curve), and twelve (dotted curve). The nontmale plot is represented by the
solid curve on the figure. As it can be observed from the figure bést model has order 10.
The amplitude is well approximated above 0.2 rad/s, whilepthese is reasonably well-modeled
throughout the whole frequency range. For other model srdhough, the phase might be less
accurately modeled.

15.2.2.7 Closed-loop N4SID method

The closed-loop N4SID (CL-N4SID) methdﬂS?] is a generalizatbthe open-loop subspace
identification method N4SI@G]. The method has the followisgful features:
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(dash-dotted) and 12th (dotted)) order estimate using #i®ifmade 1V method

1 provides asymptotically unbiased estimates,
2 deals with MIMO systems,
3 deals with unstable open-loop systems,

4 simplifies to conventional open-loop N4SID algorithm whercoatroller is present.

The third feature is extremely important since the open—knapsferil’ggfq(z) is unstable in the
case of constant-power torque control, as explained in @€db.1. The last feature will also
prove to be very useful when the closed-loop identificatianiridividual pitch control design
is treated in the next section, where some of the input-dutpannels are interconnected with
feedback ..., — €2,), while other are nottk.,,, — M, © = 2, 3).

Below, the CL-N4SID will be outlined briefly. Since this methodhater on also be used for the
MIMO identification case in Figure_ 99, a general notation wél issed in this section, wherein
the inputs, outputs and the controller will not be explicigpecified. This is depicted on Figure
[I11. The SISO case of collective pitch, discussed in this sgatmrresponds to taking

U= Oy, Y=g, 7 = 6c“t andK = Cp.

cma )

The starting point of the CL-N4SID method is the following stagamce model of the open-loop
system
T { x(k+1) = Az(k)+ Bu(k) + £(k),
' y(k) = Cux(k)+ Du(k) + v(k),

whereu(k) € R™ is the input signaly(k) € R? is the output signaly (k) € R" is the state of the
system, and (k) € R" andv(k) € RP are unobserved, zero mean, white noise vector processes.

220 ECN-E-12-028



X

e U
Lt—
K

Figure 111 General closed-loop system identification setting

A

The controller, on the other hand, is governed by the equation

xc(k + 1) = Acxc(k) + ch(k)a
K : uc(k) = Cexe(k)+ Dey(k),
u(k) = wuc(k)+e(k).

The state-dimension of the controller is immat@al

Further, let .
e LRIER) =18 Rmnzo

whered (k) is the Dirac delta function, and where for a matkikthe expressiod/ > 0 (M > 0)
means thafl/ is positive (semi-)definite.

Since the derivation of the method is rather involved, onlyakgorithmic summary, with some
add-ons for numerical efficiency and automatic model ordiecsen, will be provided here. For
more details, the reader is referred itol [87]. Before sunuitagithe complete algorithm, the
following additional notation needs to be defined:

[ Vi Vi41 .- Uigr—1

Vi+1 V42 ... Ujgp

Hijr(v) = | . . .
L U5 Vjr1 -+ Ujgr—1 )
D 0 ... 0
CB D ... 0
T:.(A,B,C,D) % CAB CB ... 0
CA™?B CA™B ... D]

CL-N4SID Algorithm
Given: Data{yk,ur}, k=0,1,...,(N —1),
controller matricegA., B, C., D.), and
integer: (larger than expected system order).
Step 1. Letj = N — (2i — 1) and define the matrices

01n fact, it is not necessary that the state-space matrices of the conalgiiven; it suffices for the CL-N4SID
algorithm that just the first several Markov parameters are known.
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Step 2.

Step 3.

Step 4.

Step 5.

Step 6.

Step 7.

222

Ui\?i—l = Hi72i71,j(u), Ui+1\2i—1 = HiJrl,Ziij(u)
Uoli—1 2 Hoio1,4(w), Uojs = Hoij(u)
Yigicr = Hiz2ie1,;(y), Yistgic1r = Hit12i-15()
Yoic1 = Hoi-1,(y), Yo = Hoij(y)
ch = 7;(A07B07007Dc)7 Hic—l 2 ﬁ_l(AC’BC’CC’DC)
M9 1 £ Uigi—1 + H{Yj2i-1, Mij1)2i1 = Uivrj2i-1 + Hi_1Yiy12i1
Compute
UO\z‘fl i U0|i_1 U0|i—1 f U0|i71
Oi =Yji—1 | Yoji-1 Yoi-1| s Zi = Yi2i—1 | Yoi-1 Yoji-1 |
M;j9i1 0 Mijgi—1] [ Mij2i—1
Uoji-1 f Uoli—1
Ziy1 =Yi2i1 | Yoji-1 Yoji-1
Miv12i-1] [ Mit12i1
Compute an SVD @;
o1
0, =U 0| VT,

Uip
whereU andU are unitary matrices, ang > o0;.1 > 0,Vi=1,...,ip — 1.
Determine the model order by either using the follgwit-hocalgorithm
d = logg ([01 oip}) ,
€ = %(dl _dl+1)7 I=1,2,...,ip—1,

ip—1
L
n=max<l: le{l,2,....ip—1}, g > - 1 E Et}
R

or let the user choose it using the plotdf
Further, partition and M;5;_; as follows

UQT,O My
U=[Uh Us]=| U : » Mijgiq = |
Ugjji_l Mi—l
with Uy € RP*", Uy € REPTXP A € R™¥I 1 =0,2,...,i— 1.
LelG = Uydiag ([\/o1 ... +/on]), and computes; € RP*™,
[l =0,...,i—1from the following least-squares optimization problem
i—1 Ky
minimize ||vec (U3 Z;) — Z(MtT ® [Usy ... Usy_1])vec
l:off,z'—l t=0 K 14 9
Define the matrix
K, 0 ... 0
K Ko ... 0
K= . : ) o
Ki—l KZ‘_Q . KO

and determine the states
Xi = GU(Zi — KMj91),

. j
Xit1 = ([Ip(i—l)vo]G)T (Zz’+1 — [Up(i-1), 0IK [ (O 1)] Mi+12i—1> -
Compute the matrices

M;; = Ui+ DYy,
[511 512} _ [Xi+1] [Xz T
So1 S22 Yiii | [M )
T _ Xi+1:| _ [511 512} |:Xz:|
Yij; So1 Saa| [ My
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Step 8. Compute the system matrices

= Si12(Iy — DeSa2) !

= Soo(Iy — DcSaz) ™t

= S11+ BD:Sy

= (Ip + ﬁDc)SZI

Step 9. Determine the covariance matrices
R e A |
ST R 0 I,+DD, 0 I,+DD.

Q> :3>> G> UU>

J

Remark 15.1(Numerically efficient implementation)rhe CL-N4SID algorithm, as summarized
in [E?I], is computationally very involved even for problemigh moderate numbeN of input-
output data of about a few thousand data points. The reasoth&biis that the matrices, defined
in Step 1 of the algorithm all havecolumns, and fof < N, j is a very large numberj(= N).
Performing SVD decompositions, and other matrix operationssuch large matrices is compu-
tationally very involved and not practical. Indeed, thematrix of an SVD decomposition of the
matrix O; will be a (j x j) matrix; to even store such a matrix would require in MatL@g?)
Bytes of RAM (meaning 200 MB fpr= 5000), let alone performing computations with it. Fortu-
nately, the algorithm can be efficiently implemented bydiagisuch large-scale computations.

Step 3. The computation of an SVD 6f; is computationally extremely involved due to the large
number of columns @;, resulting in very large matri¥’. However, the matri¥” is subsequently
not used in the algorithm, and thus need not to be computguhsi§ible. Fortunately, this is
possible, and the remaining elements of the SVD can effigibattalculated as follows. First,
use the “Q-less” QR decomposition to compute a lower-tridagmatrix R, € R”*? for which
there exists a unitary matrig); such that

[R1 0] QT =0;. (238)

The unitary matrixQ; € R7*7 is not needed, and should not be computed. Next, perform an SVD
on the matrixR; to get . .
Ry =Udiag ([61 ... G5)) VT,

where theV’ matrix is now just an(ip)-by-(ip) matrix. It can easily be proved that and the
singular valuess; of R, are also elements of the SVD ©f in Step 3 of the algorithm. To see
that, notice that equatio@38)impliesO,;0! = R, RY, so that it follows that an SVD @; O}
can be written as ) 3

0,0 =Udiag ([67 ... 52])U".
Hence 5, are the singular values @; and the matrixJ contains the corresponding left singular
vectors. Notice tha¥; = o, and that for distinct and positive singular values alsc= U.

Step 5. The optimization in Step 5 of the CL-N4SID algorithm is also patationally rather
involved, so its efficient implementation is very importdriite least-squares problem in Step 5 is
derived from the following matrix equation in [87]

i1 Ky
Ul Z; = Z Uz ... Usj] : My, (239)
=0 Ki1-¢
which needs to be solved with respect to the matricgg = 0, 1,...,7 — 1. Indeed, vectorizing

this matrix equation, and solving the resulting systemraddir equations in least-squares sense
is equivalent to the solution of the optimization problentSiep 5. This would be a system of
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j(pi — n) equations andpmi) unknowns. The huge number of equations can be brought down
to im(pi — n), which is a substantial reduction of the computational lurdvhenim < j. To

this end, use the QR factorization to compute a lower-tnaagmatrix M;o;_; € Rmxim and
(unstructured) matrice¥;p; 1, Up;—; andYy;_; for which there exists a unitary matr@} such

that the following equation holds

, (240)

where the symbols denote matrices that are of no importance in the sequel.

Notice that also here the matri®g, is not needed and should not be computed. Furthermore,
notice that in the right-hand side matrix of equatién (R4@)cthe first(im) rows, i.e. the matrix
M;)2;_1, need to be made lower-diagonal, i.e. the QR factorizasasnly computed fodZ;5; 1,

but transformation matrix is also applied to the remainingtrnices. Hence, the following matrix
can be computed without the knowledgé)ef

Uoji—1 f Uoji—1 Uoji-1 f U?O\i—l *
ZiQ2 = Y21 | Yo Yojic1 | Q2 = Yipi—1 | Yoji-1 Yoi—1 | %
Mij2;1 Mij2;1 Mij2i—1 M1 | *
Therefore, by defining
. Uoji—1 [20\1'—1 . Mo
Zi = Yioi-1 | Yoji—1 Yom1 | Mijgica = | ¢ |,
M) [ Mjjo-1 M;_y

post-multiplication of equatio@39) by the matrixQ- gives

i1 Ky
UQT [Zl *] = [U27t Ug’ifl] [Mt O],
t Ki 14

Il
o

Hence, for the least-squares problem that correspon&38) can be written

i1 Ko
K = arg rIlKiIl U2TZZ — Z [U2,t ... U272'_1] M,
=0 Ki 14
i—1 Ko
= arg m’Cin U2T [Z’, *] — [Ug,t Ug}i_l] : [Mt O]
=0 Ki 1 »
i—1 Ko
= arg m’CiIl UQTZ;Z — Z [Ug,t c. U2,i—1] Mt
=0 Ki 14 »
i—1 0
= arg m’Cin vec (Ung) — (MtT ® |:U27t Ugﬂ-,l])vec :
=0 Kii-¢] /|,
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Figure 112 Bode plots of the transfer functiors,; (/) (left) and T, (/) (right). Both
true (black solid), and estimated (red dashed) transfecfions are given.

where in deriving the last expression the properties (ABC) = (CT®A)vec (B) and|| Al r =
|lvec (A) || were used. Clearly, the solution of the optimization prabldefined in Step 5 of the
CL-N4SID algorithm, coincides with the solution of the oftmtion problem, defined in the last
equation of the expression above, where the vector inseledhm has justm(pi — n) elements,
which is usually much less than théi — n) elements that the vector inside the norm in Step 5
of the algorithm has.

With the implementation improvements, as suggested in Refial, the computational speed
of the CL-N4SID algorithm is significantly improved.

The CL-N4SID algorithm was tested on the data obtained withitfeatized wind turbine model,
described in Section 13.1. The results are depicted on Figuie itiere the left-hand side
represents the Bode plots of the open-loop trar@?ﬁfq, and the right-hand side — the closed-

loop transfengel. The black solid lines in the figure correspond to the true fearfsinction,
while the red dashed lines — to the identified ones. The modek avels chosen automatically,
as suggested at Step 4 of CL-N4SID algorithm, which resultedddehorder 13. Notice that,
unlike most of the other methods, the CL-N4SID also accuratiglgtifies the zero point around
3rad/s.

15.2.2.8 Combined open and closed-loop identification using CL-N4SID

One of the main advantages of the CL-N4SID algorithm is thatd generalization of the open-
loop N4SID method in the sense that when in Figurd 111 the déentid is absent, the open-loop
solution can be obtained with the closed-loop CL-N4SID altoniwith the controller matrices
set to zero (i.e.A. = B. = C. = D. = 0). This feature allows to easily apply the method
to MIMO data, in which some inputs and outputs are used by tmraller, while others not.
This is the case when, in addition to the rotor dynamics, orshed to identify the tower fore-aft
dynamics as well. For instance, suppose that the tower tapdfh speed is measured, then the
CL-N4SID can simply by applied to this problem by setting in #hgorithm (and in Figure111)

U= Oy, Y = [.Qg ] ,e=0t “andK = [Cy, 0],

cmy?

i.e. the part of the MIMO controller that corresponds to thipat z,,,4 iS simply set to zero.
In the MIMO case, however, one should also bear in mind thanadome of the input-output
signals are significantly larger than the others, the cham@iresponding to the later might be
less accurately estimated. To prevent that it is sometirdesable to scale some of the signals
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Figure 113 Bode plots of the transfer functiofs,, ?(e/) (left) andT . (/) (right). Both
true (black solid), and estimated (red dashed) transfecfioms are given.

so that approximately equal weight is put to all channels@identification. This scaling should
be performed with care when the channels to be scaled appé¢le feedback. The result of
this MIMO closed-loop identification problem is demonstchtm Figurd 1113, where the transfer
functionsTy," andT; "% are identified. To this end, the “measured” sigigl, is first down-
scaled by a factor of 100, before it is used on the identificatid the end, the identified channel
T; “;qel is up-scaled by a factor of 100. Clearly, both channels @heeraccurately identified.

15.3 Individual pitch identification

For individual pitch control design not only the chanﬂ?gjgl"q is needed, but also the channels
from the tilt and yaw oriented pitch actior,,,, andéf.,,., to the tilt and yaw-wise bending mo-
ments,M,,,, andM,.,,,. As already discussed in Sectlon 15.1, there are basicallpbssibilities
for identification of these channels: via open-loop identiftog and via closed- Ioop identifica-
tion. In the first case the goal is the identification of the tfenmnctlonswae i,J = 2,3, l1.e.
with the pitch controlleCy included. This has the disadvantage that the identified modHaIse
functions of the pitch controllef’y, so that any subsequent changes in the pitch controllerdvoul
require a new identification (ﬁﬁ,g,, 1 =2,3,7 = 2,3. The second option, i.e. identification

in closed-loop, aims at estimati J}tgq, 1,7 = 2,3, which does not suffer from the above draw-

back, but requires a more involved identification due to toset- -loop setting and the necessity
to identify the speed regulation chanﬁ@”’q at the same time. These approaches are treated in
the following subsections. In both cases, the CL-N4SID atgoriwill be used.

15.3.1 Individual pitch identification in open-loop setting

In the open-loop setting, depicted on Figlrel114, the tikeM.,,, and yaw-wisef.,, pitch
signals are both free to choose, which allows us to selent tieuncorrelated random signals —
a necessary condition for computing unbiased estimatdselh notice that

Mem, (k) = TX/ZJZQQ (@)0cm, (k) + T](\:Log (@)0cm; (k) + T]Cvgzu(Q)ucm(k)
Mem, (k) = TXL@ (@)0cm, (k) + TJ?/ZISGS (9)0cms (k) + Tjtf/l[3u(q)ucm(k)a
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Figure 114 Open-loop setting for individual pitch system identifioati

from which it can be written that

Oty (W) = T, ()P0, (W) + T57 . (7) P00, (W) + Thp0 (€79) g, (W),
<I>M oy (W) = Tgy o (7). (w) +T57 g (e “)‘Pe Oomy (W) + T55 (€7)Dg,, (W),

Moyl (W) = T5y 0 (e7) g, g, (w)+ TX} 0, (e7)®y Oy (W) + T (679) @ug,, (W),
‘I)Mm@ (@) Tit.0,(€7) @, 6. (w )+Tj§} 0,(7)Po,, (W) + T5p . (79) Pup,,,., ().

Hence, under the assumption that the sigdals,, 0.,,, andu are uncorrelated, a consistent
estimate will be obtained using the spectral analysis nikthe.

P rermy Ocmy (W) PhMemy bemy (W)

= = cl jw cl jw
lim | . ®oeme (w) Doy (W) _ TJV{QQZ(Q% ) Tz\gzeg(e? )
N—oo (I>A/If7n3 fcmog (UJ) <I>]Mfm3 Ocmg (UJ) T&362 <€]w) T&ded (€]w>
Lo, (W) Loy (W)

Similarly to Sectioi 1512, PRBS signals are used here for aiaita

) i 0, k < 500 samples
emy (k) = %,sg)bs([%]), k > 500 samples
) i 0, k < 500 samples
ems (k) = 3.5 ([E=297), & > 500 samples
Whereg(?bs ands(‘%S are independent pseudo random binary signals of lerdgth-(1) samples,

uncorrelated W|th the wind-related signal

For collecting data, a simulation is performed with thése, andé..,,,,. The remaining simulation
parameters (turbine parameters, controllers, filters,ebédfective wind signals) are the same as
in the collective pitch identification case. To get an ideahef pitch activity, the pitch angle of
one of the blades is shown in Figlire 115.

The CL-N4SID algorithms is next applied to this open-loopidferation problem by setting (see

Figure[111)
_ 90m2 _ Mch —
U = |:ecm3:| , Y= |:Mcm3:| 5 andK == [0, 0]

The result of the identification is depicted on Figlrel116. It banobserved from the figure
that the diagonal channe[EﬁQGQ andTﬁBgB, are rather accurately estimated, although the phases
become less accurate at frequencies above 5 rad/s. Theagffirdil cross-terms are less accurate
(notice that these are completely absent in the true modhrerthe channels,,,, — M.,,, and

Ocms — Mem, are completely decoupled). The reason for the presencess diediagonal chan-

ECN-E-12-028 227



N
G

-
2

G

=
o
T

-5

Pitch angle [deg]
Pitch angle [deg]
o

ik
?
I
o
T

-10-

0 100 200 300 400 500 600 7150 60 70 80 90 100
time [s] time [s]
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nels in the identified model is that for finite data length< oo, the cross spectr'agm Bermy (W)

g, ,(w ) and®,g ,(w) are not zero, resulting in nonzefiey, g, 0oy (W )andCIJMCMBQM2 (w).
One way of reducmg this effect is to increase the data Iengthch however increases the
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Figure 116 Bode plots of the identified transferfunctldﬁﬁ 6, ] =2,3. Both the true (black
solid curves) and the identified (red dashed curves) modelstaown.

computational burden. Another possibility is to incredseenergy of the excitation signals,,,
andé.,,,, which will result in a decrease of the influence on the winldtszl disturbance sig-
nal u.,, as compared to the pitch excitation. This, however, requirese pitch activity which
might also be restrictive in practice. To demonstrate therawvement as a result of “more” pitch
excitation, another simulation is run with this time twiegder pitch excitation signals. To this
end, the same signals are uskg,, andé.,,, as in the first simulation, but scaled by a factor
of two. The resulting pitch angle of the first blade is shown inuFegIIY (compare to Figure
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[I138). Again, the CL-N4SID algorithm is subsequently appl@the data to identify the transfers
T]‘\’je , 1,7 = 2,3. The results are given in Figure 118. When compared with F@Eﬁa it can
be observed that the magnitude plots of the off-diagonakfex functlonérjfj g, andT’ [ 9, Are
indeed somewhat smaller. An evaluation of #g norms ofT; , andTy; , (which is related
to the area below the magnitude plots) reveals that thesedueed by approximately a factor of
two.

967712 ecmg

v

1
fregs [rad/sec]

10 10 10 10
fregs [rad/sec]

Figure 118 Bode plots of the identified transfer functloﬁg,g , 1,7 = 2,3, when twice more

excitation is used. Both the true (black solid curves) anddkeetified (red dashed
curves) models are shown.

Of course, one might also choose to estimate the chaﬂ@ggsz andTﬁSQS separately by means
of two SISO identifications, one with the dafa = 6.,,,,y = M., } and another wit{u =
Ocmssy = Mem, }. In this way one disregards the coupling of the tilt and yaisendynamics.
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Although in the simulation model, used in this section, ¢hisrno coupling anyway, this is not
the case in practice. As can be observed by comparison ofHL® with the diagonal plots
on Figurd 11b, separate identification of the tilt and yaw ck&nalso results in some, though

minor, improvement of the identified chann@lg , andT’; , .
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Figure 119 Bode plots of the separately identified transfer funct'[ﬁ’[dj%2 andT]fLeg. Both the
true (black solid curves) and the identified (red dashed esywnodels are shown.

15.3.2

Individual pitch identification in closed-loop setting

In this subsection, the most involved problem is discussedthe problem of identification of
the whole transfer matrig' "¢, defined in equatior (225). The identification setup is depicted
on Figure 12D, which is clearly a closed-loop identificatioolggem. In this case, the dynamics

of the (linearized) system is governed by the following etpum

+irq
Q Tas,
T
Mcm2 = TM%G?
+irq
MC’H’L?, TM361

T+t7“q

+trq
TQGg,
T+trq
M>505
+%rq
M305

ecm 1
9Cm2 +

90m3

T+trq

Qu1
+itrq

M.
g
]V[g’u,l

+trq +trq
T{%}%2 Tg_%g Uem,
Tq rq
TM%UZ TM%U,g ucm2
+irq +irq U
M3U2 M3U3 cms

Hence, the simplest way to address this MIMO problem is tatpato the general framework of
the CL-N4SID algorithm with

u =

6()7711
GCTI’LQ

06m3

y Y=

g
M,

M,

, andK =

Cy

0
0

)

which would only require sufficient excitation of the thre@un signalsf.,,,,, i = 1,2,3. Al-
though such an approach indeed produces reasonable estiofigtte diagonal terms of the trans-
fer matrix 77%"4(z), the cross-couplings between the speed regulation, is&wnd yaw-wise
loops are much more difficult to estimate. To see that, consiteénstance the generator speed
which in the present simulation model is only affecteddBy, , Ocim, » Uem, @andue,,. Figure1Z1
(left) shows the magnitude plots of the transfer functi@@é’”q (black solid curve)ng:q (red

dashed curveﬂ“gj’"q (blue dotted curve). Clearly, the transfer from the tilseipitchd,,,, to

1

the generator speéd, is almost negligible as compared to the transfers from theatve pitch
0.m, and the collective effective wind speed,,, to Q,, while at the same time the spectrum
of 0., is comparable (and even smaller at low frequencies) to teetspoff.,,, andu,, .
Hence, especially the lower frequency contentd nf, have a negligible effect on the genera-
tor speed, which makes this transfer function extremelfjcdit to identify. Notice that at the

230
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(lightly damped) eigenfrequenciégez’”q the difference is much smaller, which should facilitate
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the identification (at those frequencies) as later on will dneficmed by the results.
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Figure 121 (left) magnitude plots of the transfer functioﬁggfq (black solid),nggq (red

dashed),ngfq (blue dotted); (right) spectraby,, (black solid), @y, (red
dashed)®,,,, (blue dotted).

Similar conclusions can be drawn regarding the cross-cogif the tilt-wise momeni\/,,,,
with the inputsf.,,, anducn,, for instance. As becomes obvious from Fig@l?%’gf is
negligible with respect thZZZ which makes it very difficult to identify. One way to overcome
this bad identifiability is to significantly increase the ened the pitch signal®.,,, andf.,,,,
which is clearly not a practical approach as it would requigey large excursions of the pitch
angles. Another possibility is to measure additional dgjreag. the velocity of the fore-aft tower
vibrationsz,,,4. This output is much more sensitive to variations in the pdiginals (see Figure
[123), which makes the identification of the transfer funaifmom the (measured) inputs to this
output easier. Then, by assuming that the tilt and yaw-wiseemts)/,.,,,, andM.,,, are a linear
combination of the signals,,,q, 0., andé.,,, (and, of course, the wind signais,,, andu,,,),

as is the case with the model presented in Se€fiod 15.1, onsridan

Mcmz(k) — Cll-i'nod<k) + 61290m2 (k) + Cl3ecm3(k> + dlucmz(k)v
Mcm3 (k) = C2linod(k) + 0229cm2 (k) + CQBGCmg(k) + d2ucm3 (k)

which allows a very simple estimation of the unknown pararset;; whenever the above equa-

tions are assumed to be static (the dynamic case will alsotsdered below). In the static case
the above equations can be written for all data paints 1,2, ..., N, and the resulting system
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Figure 122 (left) magnitude plots of the transfer functiofi§;’,’ (black solid), Ty 3! (red

dashed), T*t’”q (blue dotted); (right) spectra®,_ (black solid), <I>9m2 (red
dashed)@um (blue dotted).

of linear equations can be solved in a least squares senghomgsf

j;nod(l) Hcmz(l) ecms(l) f Mcmz(l) Mcms(l)
{611 612 613] ’ _ x.nod(2) 0cm2 (2) ecmg (2) Mcmz (2) Mcms (2) (241)
Co1 C22 (23 : . : 7
x'nod(N) Hcmz (N) Hcma (N) Mcmz (N) Mcma (N)

where the symbof denotes pseudo-inverse.
Suppose then that the following channels are first identified

' ' ' 0

{Qg } T-i-trq T-i-trq T-i-t;”q ecrm N |:* *:| |:Ucm2:|
. = | pttrg ~4irg ~irg cma

Tnod) | To s Tivoats Tioits] |G, | L5 % Lema

by using CL-N4SID algorithm with the data = [0cp,,, Ocm,, Ocms ], ¥ = [Qgs Tnod), aNAK =
Co @ 02x1.

Magnitude [dB]

L L ul -100 L L
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Figure 123 (left) magnitude plots of the transfer functioﬁ§””q (black soIid),TgZ‘le2 (red

dashed),T; " ~(blue dotted); (right) spectraby, ~(black solid), @, (red
dashed)® (que dotted).

Uemoy
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Then,
~+irq ~+irq ~+irg
T, Taard T,

Q0 Q0-
. 10 0 0 T_th#q T_thﬁq P
THtra — ¢11 C12 Ci3 Tnoal %Td@z $n6d93 . (242)

C21 C22 (23 0 0 1
Notice that the parameters; do not need to be static, but can also be transfer functions in
which case, instead of using equatién (241), the CL-N4SIDrétga can be used on the data
u = [-fnoda 90m2,90m3], Yy = [Mcmy Mcma}: andK = 03><2.
Therefore, the transfer functions in the tilt-wise momenia@pn can be estimated by using the
following procedure:

Algorithm for individual pitch identification in closed-loop
Given: measurement®.,,, , Oem,, Ocms, gy Tnod> Memy s Mems
pitch controllerCy
Step 1. Runthe CL-N4SID algorithm on the data

ecml
u = ecmg y Y= |:Qg:|’K: |:06
Tnod

[72)

] , obtaining the transfer function
O2x1

t ecmg t

+ir +ir .

To fandT; ™, i =1,2.

Step 2. Compute the parametesseither as static using equatidn (241), or
as transfer functions using the CL-N4SID algorithm with

j/'nod
M
U = 907712 ,y Y = |:M6m2:| ) K = 03><2-
ecms, cms s

Step 3. Compute the transfer matiix'"? from equation[(242).

Running this algorithm on simulation data, obtained with finearized model, described in Sec-
tion[I5.1, and using three independent PRBS signalﬁgfﬁlr, Oem, andb.,,,, again bounded
between(—1.5) and (1.5) degrees as before. The results from the first step are presiented
Figure[I2%. Notice that all transfers, BIjt,"?, are rather accurately estimatef};,”? remains
unidentifiable for the reason explained above. Notice thaihgly, as reasoned earlier in this
subsection, the two (lightly damped) eigenfrequenciéﬁﬁfq are indeed estimated accurately.

In Step 2 of the algorithm one can either choose for the statithe dynamic approach for
estimating they;;’'s. Using the static approach in Step 2, the result of Step Di$qul in Figures
and’IZ6. The identified transfer functions in Figurd 126 ssiggegligible coupling between
the tilt and yaw-wise moments.

When the the dynamic approach is used in Step 2 for estimdtangts, the result of Step 3 is
plotted in Figure§ 127 and 128. Comparison of Fidurd 128 to ple@-doop results on Figuke 116
one sees that there is very little difference between the-bpep and closed-loop behavior.
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Figure 128 Bode plots of the transfer functiofiy’,! (top left), 73! (top right), Ty3! (bot-
tom left), 7y,/4? (bottom right), based on dynamic transfgt,oq, Ocm, , fem,] —

[Mem,, Mem,]. Both real (black solid curves) and estimated (red dashedes)r
transfers are plotted.
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Figure 129 Measurement setup for system identification

16 Experimental results

Summary

This section summarizes the results from applying closeg-identification methods, developed
in SectiorIb, on field data. The data is collected by performkpgeements on an ALSTOM
Wind Eco100 prototype wind turbine. The measurement campaigarformed at below rated
wind speeds between 3 and 8 m/s (at nacelle) by adding psandom binary excitation to both
the control signals pitch angle reference and generatquéoreference. The excitation signals
have been carefully designed to avoid the induction of uingeé®xtra loads on the tower and
rotor. ldentification methods are applied for estimatingefgenfrequency and damping rate of
the first fore-aft and sidewards tower modes and the first draie tmode. Due to the lack of
information about the controller and the exact excitatisadu(only the excited pitch angle and
generator torque are given), the following three closexpl@entification methods have been
used: Direct, SSARX and PARSIM methods. Model validation tesadicate excellent model
accuracy.

16.1 The measurement campaign

16.1.1 The raw data

This section presents the results from applying closed-$ysfem identification on measurement
data from a ALSTOM Wind Eco100 wind turbine. The purpose of thatifieation is to estimate
the frequency and damping of the first tower fore-aft and sidside, and the first drive-train
modes. To this end, the control inputs pitch angle referamckegenerator torque reference have
been simultaneously excited with special, mutually uredated, filtered pseudo-random binary
test signals. The input/output signals, that have been medsare summarized in Talile]13 (see
also Figuré 129).

Notice thatthe excitation signalsy andrg are not given Also, no controller knowledge is used
in the identification. The nacelle wind speédl,.., is not used in the identification.

Four measurement time seriéeét 1, Test 2, Test 3 andTest 4) are available, each taken
during partial load operation. In partial load the pitch olier is not active, the target pitch
angled* being equal zero (see Figlire 129).
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Signal name Description dim
Cener at or _speed Generator speed rpm
Nacel | e_x_accel eration Tower top fore-aft acceleratiain, m/s’
Nacel | e_y accel eration Tower top sidewards acceleratiogy | m/s’
Bl ade {1, 2,3} pitch_angle_ref | Excited blade pitch angle demafid | deg
CGenerator_Torque_ref Excited generator torque demahgl | Nm
Cup_anenonet er _w nd_speed Wind speed at nacell&],,. [m/s]
Table 13 Measured signals
Test case] begin time | end time | data length | mean(V,,..) purpose
Test 1 70s 1459 s 1389 s| 4.5115 m/s| ident. @ 4.5 m/s
Test 2 27s 1157 s 1130s| 4.7783 m/s| valid. @ 4.5 m/s
Test 3 95s 1756 s 1651 s| 6.1169 m/s| ident. @ 6.3 m/s
Test 4 105 s 1088 s 983 s| 6.5285 m/s| valid. @ 6.3 m/s

Table 14 Data concatenation for the four test cases

16.1.2 Data pre-processing

Due to the fact that each of these four measurement casesirc@aime irrelevant data from
identification point of view (i.e. data without excitation the inputs, data during turbine startup
or shutdown), they have been concatenated as summarizetleiT4. Besides the concatenated
data length, the Table also gives the mean nacelle wind spegthe purpose for which the test
cases will be used, i.e. identification or validation. As carseen from the table, the first two test
casesTest 1 andTest 2) correspond to mean nacelle wind speeds of about 4.5 m/siestest
case Test 1) can be used for model identification and the other dres¢ 2) — for validation.
Same holds for test cas@est 3 andTest 4, which correspond to a mean nacelle wind speed of
about 6.3 m/s, so thdtest 3 will be used for identification at 6.3 m/s, whileest 4 will serve

as validation data at 6.3 m/s.

Another point that requires special attention is that the@mg rate is different per signal (Table
[13), but is also time varying-or that reason, all signals have been first upsampled to ¥0fyH
applying linear interpolation on the data. Subsequentéydita is downsampled for identification
purposes, as explained later on.

For the estimation of the tower modes, the outputs tower dop-&ft v;; and sidewardssy ac-
celerations can be used. However, experience shows th&ingawrith the tower top velocities
instead usually improves the quality of the identified modetsund the first tower modes. For
that reason, the acceleration signals are integrated ¢eitiels vnog andwvnay, Which are used in
the identification.

16.2 Identification and validation methods

16.2.1 Closed-loop identification methods
The following single-input-single-output models are idéed:

« the open-loop transfer function from generator torque aighiy to generator speeq,
from which the first drive-train frequency and damping areasted.

* the open-loop transfer function from the pitch angle deth@rno the tower top fore-aft
velocity vnog, from which the first tower fore-aft mode is estimated.
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« the open-loop transfer function from the generator tordgm@and/ to the tower top side-
wards velocityvnay, from which the first tower sidewards mode is identified.

As mentioned above, the velocities,g andwvnay are used in the identification, obtained by inte-
gration of the measured accelerations.

Due to the lack of information about the controller and thaatexcitation signals used (only
the excited pitch angle dema#ficaind generator torque demaiiglare given), the following three
closed-loop identification methods, applicable to thisatitin, have been used:

e Direct method,
 SSARX method,
 PARSIM method.

For description of the methods, refer to Secfioh 15.

16.2.2 Extraction of modal parameters

Given the identified models, the corresponding tower andedriin frequency and damping
are computed as follows. First, model reduction is perforfuesing the method of balanced
truncation) to reduce the model order such that there is oméymode in a specified interval of
interest where the frequency is expected to lie (this imteisschosen as [0.25,0.40] Hz for the
tower, and [0.7,1] Hz for the drive train). The frequency aadging of this mode of the reduced
system are then selected.

16.2.3 Model validation methods
The models, identified with these methods, are validated ubkmépllowing validation criteria:

» VAF (variance-accounted-for): a model validation inddten used with subspace identi-
fication methods. Given the measured outpaind the output, predicted by the identified
modely, the VAF criterion is defied as VAl,y) = 1 — o./0,, Whereg, is the variance
of the signaly, ando. — the variance of the prediction errer= y — §. It is expressed in
%. A VAF above the 95% is usually labelled as a very accuratdaho

e PEC (prediction error cost): this is the value of the cost fiamcthat is used for min-
imization by the prediction error methods (such as the Direethod). It is defied as
PEQe) = £ 31, L|le(k)|13. The smaller the value, the better the model accuracy.

+ R (auto-correlation index): when a consistent model estnsamade (including the dis-
turbance model), the prediction erkashould be a white process so that its auto-correlation
function R.(7) should be small for- # 0, wherer denotes the discrete time step. For a
given confidence level (e.g.a = 99%), a boundR?"?(«) can be derived such that foran
accurate model the inequaliti. ()| < R*?(«) should hold for all- > 1. The indexR*
is then computed as the square sum of the distance betwelvalae of the correlation
function | R.(7)| and the bound?*“"?(«), where only the values outside the bound are
used.

« R (cross-correlation index): in the closed-loop situatibe prediction error will be cor-
related with future values of the input, but should be urelated with past inputs when
the model is consistent. The cross-correlation funcfiop(r) should then be limited in
absolute value for > 1. The indexR! is computed similarly taz!X.
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Due to the lack knowledge of the excitation signals usedjueecy domain validation using
closed-loop spectral analysis is not possible here.

Besides these validation criteria, the identified modelscarapared to linearized models ob-
tained with the software BLADED. Both Bode plots and modal paters (eigenfrequency and
damping ratio) are compared. However, due to the fact thatBEB models are only available

at undisturbed mean wind speedt3, 5, 7, ..., 25 m/s, and the measured data is collected at
nacelle mean wind speed$ about 4.5 and 6.3 m/s, it is decided to use in this comparike
BLADED models at undisturbed wind speed of 5 and 7 m/s. Notise tat, for evaluation of the
accuracy of the identified models, comparison to BLADED shoulg be used with care because
discrepancy between BLADED and identified models could just el nesult from inaccurate
BLADED modeling.

16.3 Tower first fore-aft mode identification

In order to estimate the tower first fore-aft frequency andgiagy the transfer function from the
blade pitch angle demariito the tower top fore-aft velocitynoq is identified. To this end, as
explained above already, the measured acceleraios integrated to get the speeghg. The
methods Direct, SSARX and PARSIM are applied to the dataq, 6} from test set§est 1 and
Test 3, as explained in Sectign 16.1..2. The validation results,asesetTest 2 andTest 4,

are summarized in Table15. As can be seen from the tableatitmtion results indicate that all
models have comparable, high accuracy. It should be pooebere that the sample rate of the
data has an effect on the validation results. The resultsepted in this subsection are obtained
by down-sampling the identification data to 4 Hz. Choosindnaigor lower sample rate worsens
the validation results a bit.

wind [m/s] | Method RX R* | VAF PEC
4.5 Direct | 0.7219 1.2x 1072 | 97.43 | 3.592 x 10~°
45| SSARX | 2.744 | 1.344 x 1072 | 97.26 | 3.706 x 10~°
45| PARSIM | 2.517 | 6.346 x 1072 | 95.99 | 4.487 x 10~°
6.3 Direct | 0.7638 | 3.59 x 1072 | 97.36 | 4.684 x 107
6.3| SSARX | 0.6674 | 3.843 x 1072 | 97.36 | 4.68 x 107°
6.3 | PARSIM | 0.8528 | 4.164 x 1072 | 97.18 | 4.841 x 10~°

Table 15 Validation results for identified models of the tower firsefaft mode

The eigenfrequencies and logarithmic decrements, comfnatexthe identified models, are com-
pared in Tabl&_16 to those obtained from the BLADED models lized at 5 and 7 m/s.

wind [m/s] Method | Normalized freq. [Hz] | Log. decr. [%]
BLADED 0.3133 27.45

4.5 Direct 0.3195 36.8

4.5 SSARX 0.3202 27.41

45| PARSIM 0.3204 21.38

7 | BLADED 0.3161 33.49

6.3 Direct 0.3228 35.05

6.3 SSARX 0.3222 36.85

6.3| PARSIM 0.3278 29.55

Table 16 Frequency and logarithmic decrement of the tower first faftenode computed from
linearized BLADED model and identified models with methods Di88ARX and
PARSIM

Figured 1300-131 compare the Bode plots of the identified moaslithsthose of the BLADED
models. Figur€ 130 represents the models identified at 4.5ackdla wind speed, while Figure
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Transfer Collective pitch angle demand- Nacelle x-velocity , U=4.5 m/s
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Figure 130 Bode plot of the identified tower fore-aft models from 4.5 nafsefie wind speed,
compared to BLADED model at 5 m/s undisturbed mean wind speed

131 is related to the data at 6.3 m/s nacelle wind speed. Ibeabserved from the figures that
the identified models are very well comparable to the BLADED niodeound the first tower

frequency (in the intervals 0.1-1Hz).

Transfer Collective pitch angle demand- Nacelle x-velocity , U=6.3 m/s
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Figure 131 Bode plot of the identified tower fore-aft models from 6.3 natsefie wind speed,
compared to BLADED model at 7 m/s undisturbed mean wind speed
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16.4 Tower first side-to-side mode identification

For estimating the tower first sidewards frequency and dagnpire transfer function from the
generator torque demarig, to the tower top sidewards velocityay is identified. Again, the
measured acceleratiagg is integrated to get the speeghy, and the methods Direct, SSARX and
PARSIM are applied to the dafanay, 74} from test setest 1 andTest 3, resampled to 2 Hz.
The validation results are given in Talilg 17. Similarly to tbeer fore-aft mode identification
results, presented in the previous subsection, the validagsults indicate here also very high
model accuracy.

The results, presented in this subsection are obtained byngsg the identification data to 2
Hz. Unlike the tower fore-aft case, the validation resuksehseem to be less sensitive to the
sample rate of the identification data.

wind [m/s] | Method RX RX | VAF PEC
4.5 Direct | 1.118 [ 8.9 x 1072 | 99.99 | 4.487 x 10~°
45| SSARX| 1.174 0 99.99 | 4.506 x 107°
45| PARSIM | 1.467 0.136 | 99.99 | 5.03 x 107°
6.3 Direct | 0.8991 0199.99 | 5.514 x 1077
6.3| SSARX | 0.8085 099.99 | 5.399 x 10~°
6.3 | PARSIM | 0.9674 0.1165 | 99.99 | 6.557 x 1075

Table 17 Validation results for identified models of the tower firstesvards mode

As can be observed from Talile] 18, there is a very good comegpae between the eigenfre-
guencies and logarithmic decrements, computed from thaifabel models, and those obtained
from the BLADED models. To a certain extend, this is confirmedhi@ frequency domain as
seen from the Bode plots in Figules 1324133, although theaegisod overlap only around the
first tower sidewards frequency. The first drive-train freqyeoa the other hand, is not present
in the identified models. A possible reason for this is that frequency not clearly present in
the tower sidewards motion due to, for instance, an activedrain damping mechanism in the
controller.

wind [m/s] Method | Normalized freq. [Hz] | Log. decr. [%]
BLADED 0.3115 5.426

4.5 Direct 0.3151 3.037

4.5 SSARX 0.3156 2.549

45| PARSIM 0.3147 4.763

7 | BLADED 0.3115 5.556

6.3 Direct 0.3148 5.883

6.3 SSARX 0.3143 2.17

6.3| PARSIM 0.3153 3.861

Table 18 Frequency and logarithmic decrement of the tower first satd& mode computed
from linearized BLADED model and identified models with methoidsch SSARX
and PARSIM

16.5 First drive-train mode identification

The first drive-train frequency and damping are estimated fileenidentified transfer function
from the generator torque demaiig to the generator speed. For this purpose, the methods
Direct, SSARX and PARSIM are applied to the d@f& 0, 7, }. Notice that although the channel
0 — Q is not necessary for estimation of the first drive-train mades, also identified together
with the transfer function froniy to 2 since the inpu® also affects the generator spednd

is also excited. For identification, the test s€est 1 andTest 3 are used, where the data is
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Transfer Generator torque demand- Nacelle y-velocity , U=4.5 m/s
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Figure 132 Bode plot of the identified tower sidewards models from 4.5waslle wind speed,
compared to BLADED model at 5 m/s undisturbed mean wind speed
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Figure 133 Bode plot of the identified tower sidewards models from 6.3agslle wind speed,
compared to BLADED model at 7 m/s undisturbed mean wind speed

resampled to 5 Hz. The validation results are given in Table Aain, the validation results
indicate very high model accuracy. However, from Tdble 2@eitomes clear that a significant
difference of about 10% is present between the identifiecedrizin frequency and the one ob-
tained from the BLADED model. The excellent time-domain vdiiala results in combination
with reduced frequency domain accuracy implies that theeetriain frequency is not well present
in the input-output data, as can happen due to the presersdrfe-train damping mechanism
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in the controller.

wind [m/s] | Method RX R% | VAF PEC
4.5 Direct | 0.0707 | 0.7321 | 99.98 | 6.797 x 103
45| SSARX | 0.0508 | 0.6704 | 99.98 | 6.731 x 10~3
45| PARSIM | 0.8471 | 0.856 | 99.96 | 1.004 x 102
6.3 Direct | 0.24 | 0.0996 | 100 | 5.97 x 1073
6.3| SSARX| 0.181 | 0.2558 | 100 | 5.962 x 1073
6.3 | PARSIM 0.13 | 0.4208 | 100 | 6.908 x 1073

Table 19 Validation results for identified models of the first drivaih mode

wind [m/sS] Method | Normalized freq. [Hz] | Log. decr. [%
BLADED 0.7777 1.304

4.5 Direct 0.8773 14.12

4.5 SSARX 0.878 16.61

45| PARSIM 0.8261 6.877

7 | BLADED 0.778 1.642

6.3 Direct 0.8496 1.499

6.3 SSARX 0.8534 1.822

6.3 | PARSIM 0.8305 2.857

Table 20 Frequency and logarithmic decrement of the first drivertranode computed from
linearized BLADED model and identified models with methods Di8SARX and
PARSIM

Figured 13R-133 give Bode plots of the transfer functidng,, identified with methods Direct,

SSARX and PARSIM, as compared to the one obtained from BLADED. vesidl mentioned, in

both cases the identified drive-train frequency is about 1@fben than the one from BLADED.

Comparing to BLADED, the PARSIM method should be labelled as hex®, espessially for the
test case at 4.5 m/s (Figure_132 and Téble 20), where the etbenethods have clearly more
difficulty with proper estimation of the mode.

16.6 Conclusions and recommendations

Closed-loop system identification methods are applied tosorement data from a ALSTOM
Wind Ecol100 wind turbine. The measurement data is collecteatlaiv-rated wind speeds
varying between 3 and 8 m/s, measured at nacelle. Filteratdpsendom binary excitations
are applied to both the pitch angle demand and the genewatpret demand in order to make
the identification of the transfer functions from these isptat the outputs generator speed and
tower top fore-aft and sidewards velocities possible. Faiuating the identified models, differ-
ent time-domain validation criteria are used. The time-domalidation indexes indicate in all
cases excellent model quality. Due to the lack of informraibout the excitation signals (only
the excited inputs are given), no frequency-domain vabdais possible by using closed-loop
spectral analysis. However, frequency domain comparispeiformed using BLADED models
linearized at undisturbed mean wind speeds of 5 and 7 m/s. cbigparison shows very good
overlap around the first tower fore-aft and sidewards fregesn but there is some discrepancy
between the identified and the BLADED drive-train frequencidss reduced frequency domain
accuracy around the drive-train frequency, in combinatidth the excellent time-domain vali-
dation results, is a typical example of the effect of an &ctibration damping loop on system
identification. The drive-train damping loop in the torquettolher suppresses vibrations around
the first drive-train frequency, making it difficult for systedentification to accurately identify
the mode.

In order to improve the modeling around the drive-train relocy it is recommended to either
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Figure 134 Bode plot of the identified drive-train models from 4.5 m/saflaovind speed, com-
pared to BLADED model at 5 m/s undisturbed mean wind speed
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Figure 135 Bode plot of the identified drive-train models from 6.3 m/saflaavind speed, com-
pared to BLADED model at 7 m/s undisturbed mean wind speed

increase the excitation around this frequency or to tempprswitch off the active damping
loop during the identification experiment. It might also beadsicial to develop a “gray-box”
identification algorithm that directly aims at estimating tharameters of a low order physical
model of the relevant dynamics from input-output data cddd under closed-loop.
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Part VII

Integration of methods: Sustainable Control
concept

Summary

Extreme environmental conditions, as well as system faiknereal-life phenomena. Especially
offshore, extreme environmental conditions and systeritsfane to be dealt with in an effective
way. Sustainable control (SusCon) is a concept for an integmrdntrol platform. This platform
accomplishes fault tolerant control in regular and extreoraditions during production operation
and shutdown. It is built up of methods for the detection dfemxe conditions and faults and from
methods for operation and shut-down. These methods havedimmrssed in ParfsI[[V. In this
section, the integration of the separate methods into thetaie SusCon concept is considered.
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Figure 136 Functional layout SusCon concept

17 Introduction

The Sustainable control concept includes the developmeninéegtation of the following cor-
nerstones that relate to wind turbine control in four défetrtypes of operating conditions:

Optimized Feedback Control (OFC), for load reduction by adea control methods dur-
ing normal operating conditions (Patrt 1),

Fault Tolerant Control (FTC), for avoiding unnecessary dsdifl in cases of minor system
failures by fault detection and controller reconfiguratiBaud{IIl),

Extreme Event Control (EEC), for avoiding excessive loads amtkoessary shut-down
under extreme conditions (ParfIV),

Optimal Shutdown Control (OSC), for avoiding excessive ¥add serial damage after
serious system failure or hyper-extreme conditions (Part V

Figure[136 shows a functional layout of the SusCon concepicliades platforms for production
control, shutdown control and fault diagnosis. The dashesklrepresent signals that govern the
operation. The production and shutdown control platforneitie monitoring and control meth-
ods; the fault diagnosis platform only monitoring metho8asCon is achieved by synchronized
alternate operation of the methods: a combination of actieéhods on the platform relates to
one of the listed cornerstones.

It is clear that this approach basically differs from cutriolated production and supervisory
control.

The subsequent sections of this paper describe the diffgnees of methods and the switching
mechanisms, give a survey of conceived monitoring and obmiethods, address typicalities that
relate to implementation, and show experimental and sitiounlaesults.
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Figure 137 Detailed functional layout SusCon concept

18 Sustainable control

Figure[13Y gives a more detailed view on the functional laysutvhich a symbiosis of fault

diagnosis, production control and shutdown control is peds

Assume that currently no severe failure has occurred arichthaxtreme condition applies that
requires immediate shut-down (hyper extreme condition)e Wnd turbine will then run in

production operation. The main arbiter, that is to sayaperation governgrwill retransmit the

control signals from the production platform to the actustoFurther, the shutdown platform
receives the current control signal values in order to ttsanternal condition for smooth “take-

over” when required.

All the time, the shutdown platform’s unit for detection gfder extreme conditions will be active.
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Their detection is signaled to the operation governor. It kgiact by retransmitting the control
signals from the shutdown platform instead of the producgiatform.

The subsequent subsections describe the internal workichanesm of the platforms for fault
diagnosis and control. This includes the functionality @fthethods that are part of the platforms.
The working of the methods itself is explained in the nextisect

18.1 Fault diagnosis platform

Sensor and actuator faults are identified with model-basel datection and isolation (FDI)
methods. The detection is based on the residues from KalmersfilThese filters are arranged
such that the behavior of the residues in regular conditansoe distinguished from that in faulty
conditions. The sensor/actuator governor translates aifdalthe status of the sensor/actuator
topology. This status is read out by the operation governdrtha control platforms through
the S/A-status flag. In case of a non-severe failure, the apargovernor will take no action.
However, the production assembly governor may reconfigeractive extreme detection method
and or control methods as well as the retransmission of measunt signals.

A non-severe failure can be the drop-out of a redundant blaoemoment sensor, or even the
drop-out of a non-redundant blade root moment sensor. IfirSiecase, only the retransmission
of measurement signals is adapted; in the second case,tdwide of extreme production con-
ditions will no more be based on all blade root moments, adi/igual pitch control will be
excluded from production control or based on other measemésignals.

Severe failures concern strongly deteriorated functiooitch and yaw actuators, grid drop-out
and combinations of sensor faults. In that case, the opergtivernor will signal to the shutdown
platform to take over the control. The shutdown assembly gmia turn will reconfigure the
shutdown control methods for appropriate use of controlalig

18.2 Production control platform

The production assembly governor combines methods for til@teaf extreme events and pro-
duction control as allowed by the current status of the séastator topology. Extreme events
are detected from the outputs of Kalman filters that are ae@ifgr this purpose.

Optimal production control includes collective pitch amgldjustment and generator torque set-
ting. The control actions result from a trade-off betweereotiyes for rotor speed regulation,
optimal energy yield and damping of drive-train torsion d@oder bending. Further, optimal
production is pursued through cyclo-stochastic indivichiech control (IPC). This IPC is cen-
tered around one and two times the rotational frequency Zpj, It reduces the loads on the
blades around these frequencies as well as the loads ondbéenand tower aroundp and in
very low frequencies. In addition, very low-frequent IPC dklad for the sake of aerodynamic
rotor balancing. A prioritization algorithm divides awaille actuator capacity over collective and
individual pitch control.

As long as the optimal production control unit applies, itkefnal condition is messaged to the
unit for extreme production. The latter unit becomes actiter éhe detection of an extreme event
that still allows continuation of production operation. #@m now, a completely different trade-
off between control objectives will apply: extreme prodastcontrol will focus on rotor speed
limitation and reduction of extreme loads; energy yield &atijue related damping are of minor
importance. Further, the unit for extreme production cdmtoov messages its internal condition
to the unit for optimal production control. This enables a sthaswitch-back after the extreme
conditions have ceased.
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18.3 Shutdown control platform

The shutdown assembly governor combines methods for deteatihyper extreme events and
shut down control as allowed by the current status of thes#arguator topology. Events that
require shut down control are detected from gross valuegettdneasurement signals, the cur-
rent status of sensors and actuators, and the residuesrofiddilters arranged for the detection
of extreme (external) conditions.

Assume for instance that one actuator stucks while no o#ileré or extreme external conditions
occurs. Thisis a severe failure that requires immediaterterkhut-down. Because of the remain-
ing ‘mild’ conditions, the shutdown can be optimized despif asymmetric rotor loading. The
latter follows from the unbalanced aerodynamic pitch sgttiThe two valid pitch actuators and
generator torque can be used such that smooth rotor detaheisaachieved while the effect on
the tower by the asymmetric rotor loading is minimized. Exfaalso generator drop-out applies,
this is still possible. For instance, non-linear model potaek control facilitates this.

Another severe failure could be ‘free yawing' caused by in@ening yaw motor rotors. Un-
der remaining mild conditions, this can also be processexithh optimized turbine shut-down.
Cyclic pitch angle adjusment allows for the generation oharodynamic yawing moment. An
aerodynamic yaw servo system can be established on thaigden This allows for good yaw
alignment in the first phase of turbine shutdown and steadiliyg out of the wind in the second
phase.

During optimized tubine shutdown, the unit for survival sdown will receive the belonging
internal status. If for instance an extreme wind gust cai@siwith one stucking pitch actuator, it
will be usually desired to shut-down the wind turbine as &spossible. As from now, survival
shut-down control will take-over optimal shut-down comhtrdgain, the ceasing of the extreme
condition could allow for optimized turbine shutdown. Haistreason, the survival shutdown unit
messages its condition to the optimal shutdown unit. Be ezt a ‘moderate gust’ from say
10 to 15 m/s may induce survival shutdown in case of large asstmc rotor loading by actuator
stuck.
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Part VIII

Conclusions

To realize the ambitious goals, defined by the Dutch governnf@rihe installation of 6000MW
offshore wind energy by the year of 2020, it is inevitabletttie price offshore of energy be
significantly reduced. To this end, upscaling of the wind itugb to 10MW and more is required
due to the high foundation and installation costs offshbraddition, due to the bad accessibility
offshore, the reliability should be strongly improved tdh&we high enough availability. This
means the the offshore wind energy generation should bet@lsleep on operating under most
environmental conditions, and in spite of small defects.sTmbject contributes significantly to
achieving this goal by developing an innovative wind tugb@ontrol concept that integrates con-
trol, condition monitoring and supervisory control to eleal§a), significant extreme and fatigue
loads reduction, and (b), adaptation of the operation taki@ging conditions. This is realized
by the development of an integrated approach for operatiistpare wind turbines, referred to
as “Sustainable Control”. In this approach, the followingfeaomponents can be distinguished,
which will are made available in the form of methods:

1 Optimized Feedback Control (OFC), for reduction of the wundbine costs and the limi-
tations for upscaling by means of decreased wind turbingslesder normal operational
conditions,

2 Fault Tolerant Control (FTC), for prevention of unnecesstayndstill by means of an inte-
gration of self-adaptive controls and detection methodsdonponent degradations.

3 Extreme Event Control (EEC), for reduction of turbine costs iandcease of the certainty
of electricity production by means of reduced turbine loddsng extreme operating con-
ditions,

4 Optimal Shutdown Control (OSC), for avoidance of accumaltatif damage during shut-
downs resulting from a serious defects by means of condg@tific shutdown control.

The core of this project consists of the technical develofgroéabove-mentioned four corner-

stones of the control concept, and their validation baseBai experiments. The results from
the PoP experiments demonstrate that a reduction of fatigks lon the blades of up to 17% can
be realized with OFC, while the extreme loads in certain cdsgsby as much as 50% with EEC

and OSC.

The methods developed in this project, and the overall iategrcontrol approach, “Sustainable
Control”, will be further developed after the terminatiohtibe project with the aim of creating
a commercial product to be used to transfer knowledge tontlesiry. The focus lies on fine-
tuning of the algorithms, software development and dedgiietotype testing of a much larger
duration than in this project. To this end, already befoeegttual termination of this project, two
continuation projects have been defined within the “Far angé@ffshore Wind Innovation”
programme (FLOW):

 “Control Design Tool Upgrade” (CDTup), number P201101-@N: This project repre-
sents the first phase of a large-scale upgrade of the Contsiyddool (CDT) of ECN,
a tool for the design of industrial wind turbine controlleBuring this first phase, the al-
gorithms OSC and EEC, as developed in the SusCon project, willlteet improved and
implemented into the CDT.

* “Improvement of advanced design tools”, number P2012G3HCGN: In this continuation
project, representing the second phase, the remaining 8usigorithms (namely, OSC
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and FTC) will be improved and added to the new tool, and the cet@montroller (incl.
the whole SusCon concept) will be extensively tested on @aédal prototype wind turbine
of the Dutch wind turbine manufacturer 2-B Energy.

Furthermore, at the moment of writing of this report, it isrigeivorked on a third related FLOW
project with the wind turbine manufacturer XEMC-Darwind astper. This project will aim at
improvement of the new tool by means of verifying it on a 3dald wind turbine . The market
introduction of the new control tool is expected in the yefa2@il 3.

After that, the advantaged of “Sustainable Control” will b&en into consideration in the design
of the new generation wind turbines, so that these are etmlifor lower loads. This will firstly
concern turbines of the current format, and after that maaher ones of up to the optimal for
offshore wind energy generation size of 10 MW or larger.
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