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| Abstract

The wind turbine is a commercial product which is competiggiast other sources of
energy, such as coal and gas. This competition drives aamrnd¢velopment to reduce
costs and improve efficiency in order to reduce the total abte energy. Its reliability
has increased since the first wind turbines were installbitiwhas led to the deployment
of wind turbines in remoter and harsher environments. Egpees from the oil and gas
industry in offshore installations and foundations hasve#ld wind power installations
offshore where the wind is stronger. The average offshorel\speed is typically 20%
greater than onshore. The turbulence is also lower, whiténpially prolongs the tur-
bine’s lifetime from 25 years to 30 years. Furthermore,ésselated to noise and visual
impact are reduced.

Wind power installations based on, e.g., monopile fourmatare economically only
feasible for shallow water depths below 30 meters. Othecepis of foundations, such as
the jacket and tripod, have been designed for water deptineirange of 25-50 meters.
The latest offshore development is the floating wind turbioewater depths beyond 50
meters. It is not yet clear if the additional cost necessitdly a floating structure can
be offset by its benefits, such as access to deeper waterbapassibility of assembly
in protected waters before towing to and being moored at és&ell location. A float-
ing wind turbine is subject to not only aerodynamics and wimtliced loads, but also
to hydrodynamics and wave induced loads. In contrast to #imofixed wind turbine,
the floating structure, the hydrodynamics and the loadsgengtme dynamic behaviour of
a floating wind turbine. The wave motion causes the platfarmitch forward, which
results in an increase of the relative wind speed, and witbreeentional pitch control
system the blades will pitch to feather and decrease thettoigst. The resultis an exac-
erbation of the platform’s motion. In control terms, contienal pitch control introduces
a negative damping term resulting in larger motion and loads

This work addresses the control of a floating spar buoy wimbite, and focuses
on the impact of the additional platform dynamics. A timeyag control model is
presented based on the wind speed and wave frequency. Estiofathe wind speed
and wave frequency are used as scheduling variables in ada@duled linear quadratic
controller to improve the electrical power production vehieducing fatigue. The wind
speed is estimated using an extended Kalman filter and the fseguency, by an auto—
regressive filter.

To address the problem of negative damped fore—aft toweiomaoadditional con-
trol loops are suggested which stabilize the response afrikbore controller and reduce
the impact of the wave induced loads. This research is thesmezd to model predic-
tive control, to further address wave disturbances. A dynanodel of the undisturbed
closed-loop system is used as a reference for the distugiséehs within a framework

VI
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based on model predictive control.

In the context of control engineering, the dynamics andudigtnces of a floating wind
turbine have been identified and modelled. The objectivasadimizing the production
of electrical power and minimizing fatigue have been reddheusing advanced methods
of estimation and control.
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| Synopsis

Vindmgllen er et kommercielt produkt, der konkurrerer medra energikilder, ssom
kul og gas. Denne Konkurrence driver en konstant udviklirmglrat reducere omkost-
ningerne og forbedre effektiviteten med henblik pa at cede de samlede omkostninger
til energi. Palideligheden er steget siden de fgrste mblkey installeret, hvilket har
fort til opfarelse af vindmgller i mere fjerntliggende ogrélee miljger. Erfaringer fra
olie og gas industrien i offshoreanlaeg og fundamenter, joat det muligt at installere
vindmgller offshore, hvor vinden er steerkere. Den gennétigaoffshore vindhastighed
er typisk 20 % starre end onshore. Turbulensen er ogs2elaweilket potentielt set for-
leenger vindmagllelevetiden fra 25 ar til 30 ar. Desudenesrey i forbindelse med stgj og
visuel indtryk reduceret.

Vindmagller baseret pa f.eks. monopeelfundamenter kanarkisk kun lade sig gare
pa lave vanddybder under 30 meter. Andre koncepter af fuedter, shsom jackets og
tripods er designet til vanddybder i intervallet fra 25 Glmeter. Den seneste offshore ud-
vikling er den flydende vindmglle til vanddybder over 50 met2et er endnu ikke klart,
om de ekstra omkostninger ndvendiggjort af en flydende sirldan opvejes af forde-
lene, sasom adgang til dybere vande, og muligheden forageritbeskyttede farvande
inden bugsering til og fortgjning ved det gnskede sted. Egtefige vindmglle er ikke
kun pavirket af aerodynamik og vind inducerede belastingen den er ogsa genstand
for hydrodynamik og bglge inducerede belastninger. | mawisg til den bundfaestet
vindmglle, aendrer den flydende struktur, hydrodynamikkgroelastningerne den dy-
namiske opfgrsel af en flydende vindmglle. Bglgebevaegéiseiatformen til at pitch
fremad, hvilket resulterer i en forggelse af den relativedhiastighed, og med et kon-
ventionel pitch kontrolsystem, vil vingerne pitch—to-tfeat, og reducere rotor thrusten.
Resultatet er en forveerring af platformens bevaegelse. trdiermer, introducerer kon-
ventionel pitch kontrol et negativt deempnings bidrag sosulterer i stor bevaegelse og
belastninger.

Dette projekt adresserer kontrol af en flydende spar buaymiile og fokuserer pa
indvirkningen af den ekstra platform dynamik. En tidsveeiele kontrol model praesen-
teres baseret pa vindhastigheden og bglgefrekvenseimaist af vindhastigheden og
baglgefrekvensen anvendes som schedulerings variablegaiarscheduleret linezer kva-
dratisk regulator til at forbedre den elektriske produktimens fatigue mindskes. Vin-
dhastigheden estimeres med et extended Kalman filter oghekyensen med et auto—
regressiv filter.

For at lgzse problemet med negativ deempet tarn bevaegealsgiads der yderligere
reguleringsslgjfer til at stabiliserer responsen af envkationel regulator og mindske
virkningerne af bglgedrevne belastninger. Dette er udvitimodel praediktiv kontrol til
at behandle bglge forstyrrelser yderligere. En dynamiséiehaf det uforstyrrede lukket
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slgjfe systemet bruges som reference til det forstyrredeenyet i en struktur baseret p
model praediktiv kontrol.

| forbindelse med reguleringsteknik er dynamikken og fgnr&liser af en flydende
vindmaglle blevet identificeret og modelleret. Malszetminipr maksimeret elektrisk pro-
duktion og minimeret fatigue, er naet ved hjeelp af avardemetoder til estimation og
kontrol.




1 | Introduction

This chapter describes trends for wind turbines and thevetiin for the current work.
The properties of a floating wind turbine are introduced amntrol issues are described
regarding the new freedoms of the application. An overviéthe background and the
state of the art is presented, followed by an outline of tlesith

1.1 Motivation

The idea of extracting energy from the wind is not new. It hasrbtraced back to the
time of the first sailing boat, where the trust from the windswaed for propulsion of

the craft. In agriculture, the wind was used to pump watemnfreells to fields and cattle,

and for grinding grain. Here, the wind energy was transfatin¢o torque by means of

a spinning rotor and a shaft. In recent time, the torque frioenwind has found a new

application, where the same principle of a spinning rotarded to produce torque and
thus electrical power in a wind turbine setup.

Today, the wind turbine is a commercial product which is cetiny against other
sources of energy, such as gas and coal. This competitiotrva@n a constantly devel-
oping design and optimization process aiming at reduciisgscand improving efficiency
in order to reduce the total cost of the energy. Partly as pores to this, the size of
wind turbines has increased from kilowatts to multi megé#svathis trend is supported in
[UpWind, 2011], which shows that wind turbines are feasien at 20 MW with rotor
diameters of 252 meters.

Reliability has increased since the first inland prototyywese installed, which has
lead to the deployment of wind turbines in remoter and harsheironments. Experi-
ence from the oil and gas industry in offshore installatiand foundations has allowed
the wind turbine to go offshore, where the wind is strongar[Association, 2012], an
analysis shows that offshore wind farms are being builthiewrtfrom the coast and in
deeper waters. Since 2011, the average offshore wind fartarwapth has increased
from 22.8 meters to 25.3 meters, and the distance to shoiadraased from 23.4 km to
33.2 km.

In [Shikha et al., 2003], the advantages of siting wind tnésioffshore are analysed.
The average offshore wind speed is typically 20% greaten treshore. The ambient
turbulence is less, which prolongs the turbine’s lifetinkeirthermore, issues related to
noise and visual impact are reduced.

Depending on the water depth, a variety of foundations haee lsed, as presented in
Figure 1.1. From an economic point of view, the deep watendiations are the most ex-

1



Introduction

pensive in Figure 1.1, however, the expected wind speedsginer and thus the expected
electrical power production is higher. The monopile fouratais a popular example of
offshore deployment. However, this foundation is econathjdimited to shallow water
depths below 30 meters. Other concepts of foundations,asite jacket and tripod, are
designed for water depths in the range of 25-50 meters.

Another aspect and motivation for installations in deepatens is the globally limited
extent of shallow water. Furthermore, the consumers of tbetrical power must be
within a reasonable range of the wind turbines to avoid a®rable loss due to power
transmission. To provide significant offshore wind ene@gdme large population areas,
e.g., on the east coast of the US or around Japan, instakatialeep waters are required.

SN AN AT AT

Monopile Jacket/Tripod Floating Structures Floating Structures
0-30m, 1-2 MW 25-50m, 2-5 MW >50m, 5-10 MW >120m, 5-10 MW

Figure 1.1: Offshore wind turbine foundations.

The latest offshore development is the floating wind turbiftee floating foundation
exists in several shapes. In Figure 1.1 we present threereliff types: the tension legs
platform (TLP), the semi-submersible, and the spar buoy20@9, the Hywind Demo
was deployed, which was the first full scale floating wind ineb It was based on a spar
buoy foundation as shown in Figure 1.2(a). The spar buoyps ikeplace with catenary
mooring and drag embedded anchors. Later in 2011, the Watdflas deployed, based
on a semi-submersible foundation as shown in Figure 1.Zlf)oating wind turbine is
subject not only to aerodynamics and wind induced loadsalsat hydrodynamics and
wave induced loads. The floating structure, the hydrodyosrand the loads change
the fundamental dynamic behaviour of the floating wind toebdystem compared to an
onshore or bottom fixed turbine.

These dynamics and loads are crucial for the life time of thelurbine, and must
hence be taken in to consideration during the design of thé&r@losystem. A conven-
tional wind turbine controller is designed to produce adyeslectrical power output, at
a controller bandwidth slow enough not to excite structosalillations. However, for a
floating wind turbine, the dynamics of the structure aretietdy slow. In this case, the
bandwidth of the conventional wind turbine controller istfanough to excite the struc-
ture, and this causes instability and damaging structw@illations. This is referred to

2



1 Motivation

@) (b)

Figure 1.2: Examples of floating wind turbines. The Hywindnize(a) is a 2.3 MW
Siemens wind turbine mounted on a spar buoy foundation. Tinelflgat (b) is a 2 MW
Vestas wind turbine mounted on a semi-submersible fouonati

as negative damped oscillations in fore—aft motion, anglrthist be addressed such that
the lifetime of the total structure does not suffer.

Objectives

As the thrust force from the wind pushes the wind turbine beack, a conventional on-
shore controller experiences a decrease in the relative syiged. Thus, the blade pitch
angle is reduced, causing an increase in the thrust forcéhedwind turbine moves for-
ward, a conventional controller experiences an increaselative wind speed. Thus, the
blades pitch to feather, causing a decrease in the thriegt.f@his phenomenon is true for
both bottom fixed and floating wind turbines, but due to thedam of a floating structure
and the wave induced oscillations, the phenomenon is exaiggkfor a floating turbine.
For a bottom fixed turbine, the bandwidth of the pitch systerddsigned to avoid this
phenomena. Negative damping occurs when a controlleyegifor an bottom fixed
wind turbine, is applied to a floating wind turbine, withoubdifying the controller. The
difference between the fore—aft natural frequency of admotfixed tower and that of
a floating spar buoy is approximately a factor of ten, [Laraed Hanson, 2007]. This
changes the dynamic response and causes negative dampimg-aft of the platform.
Furthermore, a floating wind turbine is exposed to distuckarfrom both wind turbu-
lence and incident waves. Consequently, the system exyeriamn increase in the loads,
a reduction in the wind turbine fatigue lifetime, and thusiaerease in the cost of the
energy.

The problems addressed in this dissertation are hencelaw$ol) that conventional
wind turbine control systems, designed for bottom fixed wimthines, induce negative
damped oscillations on a floating wind turbine, which causmser oscillations and re-
duces the fatigue lifetime, and Il) as a consequence of ttheced floating foundation,
the dynamic response to both wind and wave loads causesexsded oscillations of the
structure and thus a reduction in fatigue lifetime.

To address these problems, methods based on system idsittifiqporocess estima-

3



Introduction

tion, and model-based control are combined and the significaf the results are vali-
dated with respect to power performance, actuator wearstiadtural fatigue, by means
of damage equivalent loads.

The objectives are specified in the following:

1. A dynamic model of a floating wind turbine which relates thaamics of the
structure to the dynamics and loads of the wind and wavesniduel formulation
is suitable for model-based control and capable of modgfionlinearities over a
range of wind and wave operational conditions.

2. A model-based control system to optimize the productfggoaver and to reduce
the fatigue on the structures and actuators, while takiagtinlinear dynamics and
disturbances of the wind and waves into account.

3. Astrategy to extend the conventional onshore controhfbettom fixed to floating
wind turbines, while avoiding negative damped oscillasioA floating wind tur-
bine, including a conventional onshore controller, is Bizdd without redesigning
the entire control system.

4. Model-based disturbance control to accommodate théqgtikedloads induced by
incident waves to reduce the fatigue on the structures blasdginamic estimations
of the process and references.

Scope

The industrial prototypes presented in Figure 1.2 are elesmgd wind turbines where the
control systems have been designed to accommodated thiéveatgmping in fore—aft.
These industrial controllers are classified, and thus tlegaat research and development
are not publicly available. However, since Statoil is aparin NORCOWE, there exists
a unique opportunity to address practical control issuegea® to the Hywind Demo,
where Statoil can provide insight and possibly measuresnteatn the Hywind Demo.
Since this work is funded by NORCOWE, there is a mutual irsieaenong the partners
involved, in addressing research topics related to theequsof floating wind turbines.
This dissertation is hence focussed on a floating structomiéss to the ballast—stabilized
Hywind Demao.

Experimental work on the Hywind Demo has not been possiloid,the work pre-
sented here has hence been limited to simulations of suténsgsThe scope for simula-
tion has, in collaboration with the NORCOWE partners, baenitéd to the high fidelity
code FAST ([Jonkman, 2010b]) by NREL which simulates an ajestversion of the
Hywind Demo. This code is well documented and recognize®&sgon et al., 2007].

Thus the scope of this thesis is as follows:

e The research on control systems should address the Hywinmb@e similar wind
turbines based on a ballast—stabilized platform of the kpay type.

e Collaborate with Statoil to identify interesting key pearftance indexes and the
weighting between these on the Hywind Demo.




2 State—of-the—Art and Background

e The suggested solutions and control systems should be datignally feasible on

practical applications, based on available or measuratiieah a commercial wind
turbine.

e The response of the floating wind turbine is simulated ugied?AST high fidelity
codes for a ballast—stabilized spar buoy wind turbine.

e No changes are applied to the simulations of the ballasi#tizied spar buoy wind
turbine in relation to actuators and the structure.

1.2 State—of-the—Artand Background

The wind turbines is an application which has the interest bfoad audience of engi-
neers and economists who see a potential in wind energy. Bgeyears, this interest
has consolidated the research in wind energy as a stronqhdegéndent research area.
Built on existing research, the floating wind turbine has mé, which is a new and
promising application to reach new water depths. The liteeashows that the design
and deployment of floating foundations has drawn the atiaraf new research areas
to the wind energy area, such as marine and ocean enginedtiegcontributions from
these areas are research in hydrodynamics and structurafrigs. These contributions
are necessary to complete the basic understanding of thimfjeeind turbine. However,
the current floating wind turbines are still only prototypéduture hopefully cost com-
petitive installations. To determine the current progsfloating wind turbine, state of
the art of their control methods will be presented.

Control of floating
wind turbines

o | T

Dynamic Conventional Model-based Advanced Disturbance
modeling control control control reduction
o Wave loads o State observer o Cyclic blade e MPC o State observer
and dynamics e GSPI pitch eLPV eDAC
e Wind loads o Pitch-to-stall QR oH.. e Periodic
and dynamics o TLCD o EKF disturbance
o Structural e Individual e Individual
dynamics blade pitch blade pitch
e MBC
o EKF

Figure 1.3: Sketch of state of the art methods for the coftrofloating wind turbines

divided into topics (bold).

In the context of control engineering, an overview of theest the art is presented
in Figure 1.3. This figure illustrates how the state of thecart be divided into five top-
ics (bold), based on their complexity and objectives. Uredgh topic a list of methods
(bullet points) is presented which relates to the topic,@hdre some methods relates to
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Introduction

multiple topics. The topic of Dynamic modeling is presenbedause it is a prerequisite
in model-based control. The state of the art for the congrdlivided into three topics,
where Conventional control represents simple contrglletsdel-based control repre-
sents controllers based on modeling and Advanced confpaésents the most complex
controllers. The topic Disturbance reduction represergams to accommodate loads
induced by wind and wave disturbances.

In the following, the five topics will be explained in more diétand the state of the
art will be presented for each topic, indicating their shomings and the possibilities for
further research.

Models of Floating Structures and Hydrodynamics

The dynamic response of a floating wind turbine can be cordp@r¢he response of a
marine craft. In [Fossen, 2011], the hydrodynamic impactmamine crafts is modelled
based on empirical models of the wave spectrum which redatsignificant wave height,
the wind speed, and the wave frequency. Methods to estimeate induced loads are pre-
sented based on stochastic models of the wave spectrum. @tteanics and properties
of water waves, currents, and wave loads are described idgsen and Frigaard, 2011,
Burcharth, 2002].

The shape and surface smoothness of a hull has an impact cedibgon of waves
and forces which are expressed by hydrodynamics. A staaeesppresentation of the ra-
diation forces from the hydrodynamics is presented in [taissen et al., 2005] based on
frequency—dependent added masses and potential dampegre3ults include a com-
putationally efficient method applicable to control desidgthowever, the method has a
disadvantage: to describe the added mass and potentiaimgntipe model comprises
several models with orders ranging from the third to the #igiwhich quickly increases
the complexity of the model.

The shape of the floating structure was investigated in fidsen and Fylling, 2011],
where three different shapes of spar buoys were comparetthsit cost and dynamic
response. A cost function describing the objective andrityas were presented to min-
imize, e.g., steel consumption. This is a valuable methdHerdesign of a floating wind
turbine. A structural design method is a precondition fattfar control design, but unless
a concurrent design approach is taken, it is not directbteel to the control design.

Simulation code for simulating the dynamical response ofbatifhg wind turbine
is presented in [Jonkman and Sclavounos, 2006, Jonkmaii] 288 [Jonkman, 2010a,
Jonkman et al., 2007, WAMIT, 2006], which presents an extenligh—fidelity model
of a coupled hydro- and aerodynamic floating wind turbinduding a low performance
controller. The code includes a tool for model linearizatibowever, this is only valid
for single point operation. The model was verified againseohigh—fidelity models in
[Passon et al., 2007] which showed similar behaviour.

In [Skaare et al., 2007b], a preliminary scaled physical ehofithe Hywind Demo is
presented to verify the dynamics of an in—house simulatiodehof the Hywind Demo.
Based on simulated data and measurements from the scalesl, madmparison of the
structural behaviour and performance is presented whittreis verified against the in—
house simulation model. However, the in—house simulatiodehand the control system
are subject to confidentiality. In [Hanson et al., 2011],mikir comparison is conducted
on the deployed full scale Hywind Demo, which also showedgamable results on struc-
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2 State—of-the—Art and Background

tural behavior and performance.

In [Karimirad and Moan, 2011] and [Karimirad, 2011], the dymic response and
power production of a floating wind turbine is investigatduan subject to extreme wind
and wave conditions. The response to extreme wind and wangitaans were simulated
using several simulation codes, which all showed similspoase.

In summary:

e Coupled aeroelastic and hydrodynamic codes for dynamiitailations have been
developed and validated to simulate the response of a fipuaitimd turbine. Fur-
thermore, the simulation codes have been verified on scalédlater, full scale
models of floating wind turbines. The presented literatunesolidates the exis-
tence of advanced models and codes for floating models &ifaizontrol design.

¢ Inthe context of control design, the hydrodynamic radiatgopresented using high
order models, which may be inconvenient for control desigrtool to generate
a linear model of a floating wind turbine is presented for Ergpint operation,
which is insufficient to cover all possible operating points

Conventional Control with Modifications

A wind turbine control system usually has a main controlecdémbination with several
controller designed for a series of special events of omeraind disturbances. To ac-
count for the negative damping of the platform pitch, a gagfreduled baseline control
is subjected to modifications in [Jonkman, 2008]. Here, oag W address this prob-
lem is to apply an additional control loop. This is done in [Bun et al., 2001], where a
method to damp fore—aft oscillations of the tower is presgénbased on a tower accel-
eration feedback loop applied to the controller. HowewefJonkman, 2008], the results
of this method show unacceptable rotor speed excursionsgltlee same method, a con-
tradictory result is presented in [van der Veen et al., 2002jere a linear PI controller
is extended by an additional tower velocity feedback lodpe PI controller is designed
for a single operating point only. The linear PI controlleow's reduced generator speed
excursions and nacelle displacements in contrast to arlirkeeontroller with reduced
bandwidth.

Negative damping is mostly related to the operation styavégitch—to—feather, since
this method reduces the thrust force above the rated winglspgnother method is to
use pitch—to—stall, which is a method that increases thestlfiorce when conditions are
above the rated wind speed. In [Jonkman, 2008, Larsen ansladaR007], this method
is investigated, and shows an increase in the amplitude @fia@#ns in the platform
pitch due to the increased thrust force. The best resulta@rived using pitch—to—
feather and reducing the bandwidth of the baseline coetralhich stabilizes the system.
However, the performance is far from that of an onshore wintihe, and due to the
reduced bandwidth, the blade pitch actuator becomes inatigly slow and hence not
exploiting the true potential of the actuator within thedat lifetime of the wind turbine.
This is a general problem with all results that reduce theliédih of the pitch system. It
addresses the negative damping, by slowing down the pittieisybelow the bandwidth
of the platform motion, and hence reduce the pitch to featfiterforward motion. Unless
the pitch actuator is modified, it will result in a much longdjégtime than it was designed
for, which is not optimal when compared to other components.




Introduction

In [Lackner, 2010], it is proposed to control the generatoeesi reference based
on a feedback of the platform pitch velocity. The method imbmed with individ-
ual blade pitch, as suggested in [Bossanyi, 2003, Boss209b]. The results show im-
proved performance. However, due to a constant generatpré@pproach, the generator
speed and the electrical power show relatively large eixmuss In [Skaare et al., 20074,
Skaare et al., 2011], they suggested a similar approach lbypmlating the generator
speed feedback loop. A modified constant power approachggested for improving
the power performance. Based on state estimation, the spted oscillations induced
by the platform pitch dynamics are decoupled and subtréftted the measured rotor
speed feedback. A comparison between the limited avail@slelts and conventional
control shows that the method resolved the problem of thathegdamped oscillations
of the platform pitch at the cost of a deterioration in mead standard deviation of the
produced electrical power. However, the specific indulstaatroller used to achieve
these results is commercially confidential.

In summary:

e Pitch—to—stall improves damping and power performancéetost of increased
rotor thrust and platform oscillations.

e Based on platform pitch velocity feedback, an additionaltoa loop reduces the
oscillations of conventional onshore control.

e The bandwidth of conventional wind turbine control has bestuced and applied
to a floating wind turbine. The relatively slow controlleaBtlizes the system, but
the production of power deteriorates, and it also causesdspecursions.

e The industry has demonstrated damped oscillations of aritpatind turbine us-
ing estimator—based feedback for conventional onshoreaohowever, mean and
standard deviation in electrical power were deteriorategrthermore, the strate-
gies and methods are commercial confidential.

Model-Based Control and Features

Model-based control is a method which offers control of ipigtinput multiple output
(MIMO) systems based on dynamic models. The method allogvsdhtroller gains to be
found based on advanced models of the system which may natdsébpe using conven-
tional control methods. Among others, the method can befasedulti—objective control
for state space systems and allows the formulation of optmatrol which minimizes
a performance function. A floating wind turbine is indeed awWll system, comprising
a generator torque input and three blade pitch inputs, aoacbivith a series of sensor
outputs.

In [Namik and Stol, 2008, Namik and Stol, 2009b, Namik, 2(1p] and Zhao, 2006],
model-based control is combined with periodic control ofhbmonopile- and floating
wind turbines, with focusses on cyclic blade pitch and ifdlial blade pitch. Based on a
time—varying model with respect to the azimuth angle, adirpiadratic regulator (LQR)
shows improved performance in contrast to collective blgitith. The results were fur-
ther improved by controlling the blades individually usithge multi blade coordinates
(MBC) method. Individual blade pitch is useful for contint the moments of the blades
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2 State—of-the—Art and Background

and rotor. Especially the results on the control of side=-Bydds are improved using indi-
vidual blade pitch which is achieved using asymmetric rédads. However, the results
are based on full state feedback. In [Knudsen et al., 20Xl xéended Kalman filter
(EKF) is designed to estimate system states based on a detioormodel of a drive-
train and a stochastic model of the turbulence. This metlandoe extended to full state
feedback estimation if the process is observable.

Additional actuation and control is suggested for floatiggtem in [Luo, 2011],
where a semi-active control design is applied to a tuneddigalumn damper (TLCD)
with a controllable valve. Wind and wave induced vibratians reduced using aH .
control method to improve the structural lifetime.

In summary:

e Model-based control combined with cyclic and individuade pitch using MBC
has been applied to floating wind turbine, performing welbawer and side-side
motions. However, the results are based on a state feedbasinfjle point opera-
tion of wind speed and wave frequency.

¢ In an model-based framework, an EKF is used to estimate thandig response
of an onshore wind turbine.

e Structural oscillations and fatigue—lifetime can be img@using TLCD actuators
in the platform by means of a semi-active control strategyctviieduces static
loads.

Advanced Control Methods

Advanced control methods are investigated in [Mayne eR8D0], where model pre-
dictive control (MPC) is presented as an attractive comrethod because of its ability
to deal with constraints and to deal with multi-variableteyss. MPC solves an op-
timal control problem over a finite horizon repeatedly. @Githe current state of the
system, an optimal control problem over a finite horizon ikexb at each time step
[Maciejowski, 2002]. Recently, MPC has been used with pedmgi simulation results for
the control of non-floating wind turbines in [Kumar and S&009, Kober and King, 2010].

In [Santos, 2007], model predictive control is combinedhwitformation about the
future wind and a nonlinear model of the structural damagelypeed by repetitive loads
to reduce the structural load and fatigue. In [Schlipf et2012], the authors use the wind
prediction information obtained from a LIDAR system in a tinear model predictive
controller to reduce the fatigue loads on the tower and IslalaiLindeberg et al., 2012],
MPC is suggested as a full wind range control strategy. Baadtie wind speed, bump-
less transfer is used to switch between multi—objectivérotswith different objectives.
The results demonstrate a smooth transition between theodens.

In[Henriksen et al., 2010], the uncertainties regardingadyic inflow and wind speed
estimation are addressed and combined in an MPC framewbekMPC was applied to
both monopile- and floating wind turbines comprising an EKF dtate estimation and
for supervision in a hybrid system setup. A simple static Mference approach were
used, which might be improved using dynamic MPC referende method should not
be too computational heavy and hence suitable for real-dppéications.




Introduction

In [Bakka et al., 2012], gain schedulédl,, control are designed to minimize a per-
formance function, based on linear matrix inequalities (L&t four operating points.
The combinedH, controller is applied to a floating wind turbine and gain-estiied
based on the assumption of known wind speed. In [Bakka anink&t012] the work
was extended to consider the unknown azimuth angle in anpeaftce function. In both
[Bakka et al., 2012, Bakka and Karimi, 2012], methods of pideements were utilized
which may be difficult to relate to performance and fatigugsotives.

Another method is investigated in [@stergaard, 2008], whieear parameter varying
(LPV) control is presented. Based on an LMI approach, thdinear disturbance from
the wind is modelled as rational functions. A controllerasifid which is robust to the
wind disturbance by minimizing af ., nhorm. However, results are limited to onshore
wind turbines.

In summary:

e Model predictive control was applied to wind turbines togiceand improve their
future performance while switching between different cohbbjectives.

e Toreduce theimpact of model uncertainties, LPV contraisffobust performance
by minimizing anH ., horm using LMI formulations.

Reducing the Impact of Wind and Wave Disturbances

The response of a system is usually controlled and damped festdback control. De-
pending on the objectives, it can also be an advantage toeese-forward methods to
address disturbances before they impact the system dysamic

In [Johnson, 1986], a general overview is given of distudessxccommodating con-
trol (DAC), which is a method to estimate and reduce the impddhe disturbance
by means of direct or indirect actuation. The method is @&gptdb wind turbines in
[Stol and Balas, 2003, Wright, 2004], where a periodic disince accommodating con-
trol method is used to reduce the response of a time—varyistgr® with respect to the
rotor azimuth angle. In [Namik and Stol, 2009a, Namik, 2032jisturbance accommo-
dating control is combined with individual blade pitch on@ating wind turbine and full
state feedback. Based on known dynamic models of a singte wirid speed and wave
frequency, an actuator signal is estimated which reducesntpact of the disturbance
induced by regular waves on the system.

In [Brown and Zhang, 2004], a periodic disturbance cantiehlamethod was pre-
sented for a disturbance model with unknown natural frequeand gain. Based on
measurements, an estimation of the unknown parametersom&zied and an actuator
signal was designed to cancel the disturbance.

In summary:

e Disturbances can be reduced or canceled by direct or indiisttirbance estima-
tion and actuation.

e Methods for reducing the disturbance from wind and wave teen suggested
based on single point deterministic observer models. Qaaylts for regular waves
show a significant improvement.
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e Disturbance accommodating control shows an advantagedinciey Azimuth—
periodic disturbances on loads and performance.

1.3 Outline of the Thesis

The problem has been introduced and the state of the art akgroaind has been pre-
sented. In the following, a summary of paper contributiaeslsted. The methods used
in these papers are presented in Chapter 2 and the cortribudf the papers are stated
in Chapter 3. Conclusions are drawn in Chapter 4 and futurk is@resented in Section

4.1.

e Paper A [Christiansen et al., 2011]
In this paper, we address the initial platform stability lesn of a floating wind
turbine using model-based control. The controller is desidhased on a simplified
model comprising a flexible drivetrain and a rotating platioAn EKF is included
in the control strategy to estimate the turbulence and ttenmeénd speed.

e Paper B [Christiansen et al., 2012a]
In this paper, we expand the simplified model and establigtsis ior model-based
control by presenting a linear time varying control modeh @ibating wind turbine.
The model combine aero- and hydrodynamics as well as gypisetfects and the
structural dynamics. A gain—scheduled LQR controller isigieed for this linear
time—varying model, based on estimates of the wind speethandave frequency.

e Paper C [Christiansen et al., 2012b]
In this paper, we use the time—varying model to explore thelgoed freedom of
the tip speed ratio and the blade pitch angle above the ratetispeed. Assuming a
constant power strategy for wind speeds above the ratedspiee, we investigate
the impact on power and fatigue by operating at variablerrgppeed in contrast to
the conventional constant rotor speed.

e Paper D [Christiansen et al., 2012c]
In this paper, we address the unstable response of conmahtinshore control of a
floating wind turbine. An additional control loop is suggastvhich stabilizes the
system and includes a method for reducing the impact of washaded loads on
the structure. The controller is applied as a supplemetgadnventional onshore
controller and thus does not require a complete redesigmecdantrol system.

e Paper E [Christiansen et al., 2013]
In this paper, we reduced the impact of wave induced load$erstructure, by
using the response of the undisturbed closed—-loop systeanreference for the
disturbed closed—loop system. To achieve this, we usesmdermodel-based pre-
dictive control, including models for wind and wave indudedds.
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2 | Methodology

This chapter describes the background for the methods ustddsi thesis. A floating
wind turbine is presented, and the properties of its stratynamics, aerodynamics,
and hydrodynamics are identified. Depending on operatiahcamtrol, the wear and
structural life time may differ, thus methods are presemegktimate the fatigue.

A model validation is presented by comparing the high figieditde FAST to a lin-
earized control model.

2.1 Reduced Order Model of a Floating Wind Turbine

A floating wind turbine of the spar buoy type is presented guiré 2.1. The figure shows
a standard wind turbine mounted on a spar buoy platform wikerenooring system has
been left out. In the following, an overview of the comporsesntd coordinate systems of
a floating wind turbine is given and illustrated in Figure.2.1

The wind turbine comprises a flexible tower, a nacelle, andta The hub is con-
nected to the gearbox by a driveshaft, and the gearbox isecteshto a generator. The
electrical power output of the generator is given by

P =wM,, (2.1)

wherew is the generator speed afd, is a controllable induced generator torque on the
rotating shaft. The generator response can be modellediaga Hynamical system,
from the desired generator torque to the actual generatquéo This is obviously a
simplification: however, in this thesis it is consideredfisignt for control purposes. The
wind v induces both a torqu&/, and a thrustF; on the rotor and thus the drivetrain.
The aerodynamics are described in the following sectiowgver, the aerodynamics can
be controlled by altering the pitch angle of the blades. Tlaeld pitch actuator can be
modelled as a linear dynamical system. The hub and nacelietstes are supported by
the tower, which is a component subject to stress. The tanfeiible and its deflections
can be modelled in the directions of fore—aftand in side—sideg;. The wind turbine
is mounted on top of the spar buoy platform, which floats inwlager, constrained only
by three mooring lines. The tower and spar buoy platformraatenect just above the
sea water level (SWL). In Figure 2.1, the centre of mass (C@gtes to the mass of
the structure, while the centre of buoyancy (COB) relatef¢ovolume of the displaced
water. The platform is able to translate in surge, sway, aald, and able to rotate in
roll, pitch, and yaw.
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Nacelle

Zi

yi SWL
2
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Platform

—

Figure 2.1: Floating wind turbine comprising a wind turbmeunted on a floating spar
buoy platform (note mooring system is not shown).

Figure 2.1 presents three coordinate systems. An eartldf&f€) coordinate system
is presented by, y;, z;) where the xy—plane is defined at the initial SWL—plane. The
EF coordinate system is used to describe the relative pasifithe platform—fixed (PF)
coordinate system. The PF coordinate system is describéd, lyy ) and presented by
(surge, sway, heave, roll, pitch, yaw) in the figure, wheaestation is black and rotation
is red. The origin of the PF coordinate system is located atiritersection between
the tower centre line and the initial SWL—plane on the platfo A nacelle—fixed (NF)
coordinate systemeg, y;, z;) presents the tower deflection relative to the PF coordinate
system. The origin of the NF coordinate system is locateteairttersection between the
tower centre line and the the rotor shaft.

The combined structure rotates about the meta centre whiokated directly above
the COB at a distance @ffC = I/V, wherel is the second moment of area of the water
plane and/ is the volume of the displaced water. The structure is stibpagravitational
forces and buoyancy forces, which for a floating vessel abmiance at rest. To prevent
the floating wind turbine from drift in translation and ratat, the platform is constrained
by three mooring lines (not presented in the figure), whidlisagtiffness to the system.
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1 Reduced Order Model of a Floating Wind Turbine

Here, yaw stiffness is an important factor to keep the rqilare perpendicular to the
direction of the wind.

Dynamics of a Floating Wind Turbine

A block diagram of the dynamics and interconnections of atifigawind turbine are
presented in Figure 2.2. The presented block diagram tesce model sufficient for
analysis and control purposes, while a more advanced nmagismework is used for
simulations.

The dynamics of a floating wind turbine consists of aerodyinanstructural dynam-
ics, hydrodynamics and the drivetrain dynamics. Howewerrésponse of the actuators is
also dynamical, thus the blade pitch dynamics and genedlgt@amics are also presented.
The actuators control the blade pitch angle and the torglecied by the generator on the
shaft. Depending on the aerodynamic torque the rotor wilkkzate or decelerate. The
aerodynamic torque is a function of the blade pitch angkerttor speed, and the relative
wind speedy,.

Blade pitch ¢ Blade pitch Electrical
dynamics reference power

v V, ° ; Ma ©

r Aero » Drivetrain —» Generator Torque
dynamics [* dynamics [*—] dynamics reference
Q Mg
Vip Fwind;

Structural Hydro <
dynamics <Fwave dynamics | \yioves

Figure 2.2: Block diagram of dynamics and interconnectifresfloating wind turbine.

The wind speed experienced by the rotor is a relative winédpehich depends on
the motion of the structure. The structure comprises thestotine platform, and the
mooring lines. As the wind blows, a thrust force is inducedherotor by the wind. This
thrust affects the structural dynamics, causing a traiosiak velocityv,,, of the structure
which, reciprocally, has an impact on the relative wind shee = v — vy, Where
vy, = @ + @, + hé, andz is the surge of the PF relative to the EF coordinate system,
h is the height between the PF and NF coordinate systemsd &the platform pitch
velocity of the PF relative to the EF. The platform is alsojeabto hydrodynamics and
wave loads which will be explained in the following section.

In the context of model-based control, the freedoms andbiléies can be modelled
by g as a linear system by means of ineiadampingB, and stiffnes<, by

A + Bd + Cq = Fyina + Fuwave + Fref, (2.2)

where the forces on the right hand side of the equation aegredtforces induced by the
wind, waves, and actuator inputs definedMy,q, Fwaves aNd Fef, respectively. This
model is valid for a single operation point of wind and waves.
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On a standard onshore wind turbine, one can assume only &f®@ismeasurements
are available, such as the generator speed and the adoelevhthe nacelle. However,
on a floating wind turbine, measurements related to theglattranslation and rotation
may be considered available, as well as a measure of the ve&yeth

Structural dynamics

The principal freedoms of the structural dynamics are prteskin Figure 2.3. The flex-
ibilities of the tower are modelled as a second order systemmprising a single mass
located in the nacelle which is connected to a damper andrgsthis mass is the sum
of the three blades, the hub, the nacelle, and the toweremied in the NF coordinate
system. The tower deflection is modelled relative to thendaigon of the platform centre
line in the PF coordinate system.

Waves

~
/“““;s/

/

Figure 2.3: Floating wind turbine with springs and dampers.

The freedom of the platform is also modelled as a second syd#em comprising the
mass of the rigid platform, where stiffness is added to tts¢esy from the three mooring
lines which are connected to the seabed. The gyroscopitt&fi®mm the spinning rotor
adds damping to the rotational freedoms in the platformhpétied yaw directions. The
system is affected by aerodynamic and hydrodynamic loatls. figure shows how the
wind loads are induced on the tower, while the wave loadsrateded on the platform.

Drivetrain dynamics

Figure 2.4 presents a model of a drivetrain. The drivetraimddelled as two masses
connected by a spring and a gear where both the low and thepégu shafts are subject
to friction. Figure 2.4 presents the rotor inerfia comprising the blades, the hub, and
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1 Reduced Order Model of a Floating Wind Turbine

the low speed drive shaft. The generator inefisonly models the low speed shaft of
the generator. The stiffneds,,. is the spring constant of the shaft torsidsy, is the
damping constant, and¥ is the gear ratio. This approach allows modelling the tarsio
of the rotor shaft induced by the the aerodynamic torfifyeon the rotor side and the
electrically induced torque on the generator side.

Ir

Bar Kar p—
() ———Q))

Rotor Generator

Figure 2.4: Schematic overview of a drivetrain

Aerodynamics

The aerodynamic forces of the wind are presented as theyaewric rotor thrusf} and
torquelM, which have a nonlinear effect on the system, given by

1
Fy = §APCt()\7 Bv} (2.3)

11 5
Ma - 5 §APCp ()‘7 6)“1’ (24)
where() is the rotor speedd is the area swept by the rotar,is the air density; and
C), are the thrust and power coefficients= % is the ratio between the blade tip speed

RS and the relative wind speeg, and 3 is the blade pitch angle. Due to the platform
pitch and tower deflection, we distinguish between the antlzied relative wind speed.

S U (Wv)

10 ' = :
10 10 10
w, [rad/s]

-2

Figure 2.5: Kaimal spectrum for turbulence [Burton et aDQZ2].

The blade pitch angle and the rotor speed we assume to be kimwmrever, the
ambient wind is difficult to measure. The frequency contdrthe ambient wind can
be described using a Kaimal spectrum ([Burton et al., 2084 presented in Figure 2.5,
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where the standard deviation of the turbulence is 1 m/suteitence length scale is 150
meters and the wind speed is 10 m/s. The spectrum can be fatedwds

Su(f) = 03—l (2.5)

5/3°
(1+6fULm)

whereo i is the standard deviation of the turbulentaés the turbulence length scale, and
Up is the 10-minute average of the wind speed. The spectrumda®wuseful informa-
tion in the context of estimating the ambient wind speed.

Hydrodynamics

To describe the hydrodynamic impact on the platform, a snelample is given which
describes the response of a rigid body, when subject to Byatios, hydrodynamics
forces and wave excitation loads represented as

(MRB + A(wu))q + B(wu)q + Cq = Awa (ww; wﬂ)ejwwta (26)

where Mgz is the inertia of the rigid bodyA(w,,) is the hydrodynamic added mass
(which depends on the wave frequencdi)w.,, ) is the hydrodynamic potential damping
(which depends on the wave frequenay)is the combined buoyancy and gravity restor-
ing stiffness,A,, is the wave amplitudeX,, (w.,, wg) is the normalized wave excitation
force (which depends on the wave frequency and directionggas the position. The
terms are described in more detail in the following:

e The hydrodynamic forcesinclude the radiation forces and the viscous forces.
The radiation forces are the energy carried away by the gesurface waves,
while the viscous forces are the skin friction, surge, artdipilamping. The hy-
drodynamics can be described using potential theory, byutating the veloci-
ties of the fluid and the pressure at different locations glitre hull of the rigid
body. Based on this, the hydrodynamic forces are found ggiating the pres-
sure over the surface of the hull. In linear wave theory, tydrddynamic forces
per unit length of a cylinder can be presented using the Maorfsrmulation by
[Frigaard and Burcharth, 1989]

1 1
f= prDQCmU + §DpCd|U|U, (2.7)

whereD is the cylinder diamete€;,, is the inertia coefficient/ is the velocity, and

Cy is the drag coefficient. The hydrodynamics depend on the frageiency by
the coefficientd”,,, = C,,(Re, K(w,,), k/D) andCyq = Cy4(Re, K(w,,), k/D),
whereRe is the Reynolds numbeK (w,, ) is the Keulegan—Capenter number (which
depends on the wave frequency), anig a function of the wave length. Integrating
the forces per unitlength from Eq. 2.7, the link to the hydmeainics in Eq. 2.6 are
presented as!(w,,) and B(w,,) which depend on the wave frequency. Thus, the
radiation dynamics comprises the added mas&s,,), and the potential damping
B(w,). The added mass is related to the inertia of the displacedidlithe rigid
body is displaced, while the potential damping is relateth® damping of this
occurrence.
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2 Fatigue and Damage Equivalent Loads

e The hydrostaticsare the buoyancy forceigVy;s, wherep is the density of water,
g is the acceleration due to gravity, am@;s is the displaced volume of the hull
at rest. The gravitational foreeg wherem is the mass, counteracts the buoyancy
forces which restore the floating wind turbine to an uprigigipon. The combined
restoring stiffness in Eq. 2.6 related to the buoyancy amdityris described by
Cq=mg — pg(Vais + Vais(¢)), where q is the displacement from rest.

e The wave induced loadscan be expressed as a normalized time—function of the
wave frequency, direction, and amplitudé;, X, (w,,, wg)e’*~t. However, the
wave induced loads can also be expressed as a sum of slowipgairift loads
and wave frequency dependent loads. In [Fossen, 2011], pirieah frequency-
dependent spectrum of the waves is given by

S(wy) = Agw e Bows’, (2.8)

whereA,, = 4m3H2/(0.710Tp)%, B, = 1672/(0.710T)*, the average wave fre-
quency iswy = 2 /Ty, the significant wave height iy = 2.06v2/¢?, vg is the
developed sea wind speed, apt the acceleration due to gravity. This spectrum
is the modified Pierson—Moskowitz spectrum as presente@jur€&2.6. The figure
also demonstrates how well the spectrum can be approxirbgtadinear function.
The spectrum provides useful information in the context ifreating the wave
height.

N

Modified PM spectrum
Linear approximation

S() [m? s]

o

0.5 1 15 2 2.5 3
w [rad/s]

o

Figure 2.6: Modified Pierson—Moskowitz (PM) spectrumvat 13 m/s andwy = 0.8
rad/s. The figure shows a comparison of the nonlinear andrirel spectrum related to
the wave induced loads.

The hydrodynamicimpact on a rigid body can be obtained usidgs such as WAMIT
([WAMIT, 2006]), which return the radiation dynamics as wedvequency—dependent co-
efficients. Such codes can also return the hydrostaticriegtstiffness and wave load
transfer functions, presented in a form suitable for cdritesign. As in the FAST code,
the data generated by WAMIT were used in this thesis to mdaehydrodynamics of
the spar buoy platform with respect to the added miss,, ), potential dampind3(w., ),
hydrostatics included if’, and the normalized wave excitation for&&w,,, wgs).

2.2 Fatigue and Damage Equivalent Loads

A wind turbine is a commercial product, which is built to pumé energy at a low cost.
Since the cost of a wind turbine has a significant impact ortdte cost of the energy;, it
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is of interest to reduce the fatigue on the structure. Thepmrants of a wind turbine are
designed to last for a certain lifetime. However, if the wintbine is operated regardless
of fatigue, components such as the tower or the drivetrain sudfer deflections that
cause undesirable long term wear or even unrecoverableggaardfailure. Therefore,
it is interesting to identify the critical level of fatigué a component. Fatigue can be
presented as in Figure 2.7, where a combination of stresxyoids of a material is
presented in an S—N curve.
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Figure 2.7: Stress and cycles of a material presented asiiciBve.

The blue line in Figure 2.7 shows the critical level of strass function of the number
of cycles. The area below the curve is the safe zone, whemmdlterial does not break,
in contrast to the failure zone above the curve. An S—N cufvegpecific material can
be found using experimental data. In [Sutherland, 199915 afiN curve is fitted to the
standard S—N function:

S=KN~Vk (2.9)

where S is the level of stressN is the number of cycles to failurd; is the Wohler
coefficient, andK is a material constant. However, the S—N method can not bédpp
directly to a continuous time signal, since the stress seart accumulated cycles require
an analysis of the time signal. To do this, the method of ranftounting is used, as
in [Downing and Socie, 1982]. This method returns a data S&televel of stresss,
and the accumulated stress cyclgswhere: corresponds to the specific level of stress.
Based on the rainflow count, Miner’s rule [Sutherland, 198%pplied to estimate the
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2 Fatigue and Damage Equivalent Loads

accumulated damage by

M

ng
D= ; N, (2.10)
whereM is the final stress level anli; is the critical level of cycles for the stress level
1. The damage), represents a ratio between the actual critical stresstlaadex-
pected critical stress to failure, which in practice vafiesn D = 0.79 to D = 1.53
in [Sutherland, 1999], wher® = 1 is the expected failure on average.

In this dissertation, a more complex method is used to expiies damage as an
equivalent fatigue load, based on the mean stress and adgsit First we extended the

damage expression to include both the mean stress leveharstress amplitude:

UWL)O-(I
D= d adom, 2.11
/ / N(om,04) 7ald ( )

whereo,, is the mean stress level anad is the stress amplitude. Based on the damage,
the damage equivalent load (DEL) is defined in [SutherlaB89] as

]:[U:na Ua,] _DN[ Om> a,]) (212)
fo
where f is the cyclic rate forF, ¢, is an equivalent mean stress level, arjdis an
equivalent amplitude. To determine the equivalent ciiitgale N[0}, o], an equivalent

mean stress levet’, is chosen, while the equivalent amplitudg is calculated using a
power law as formulated in Equation 2.9 by

o, [ T , (2.13)
whereT is the length of the time—series. The result is a single nigaleralue, which
is the accumulated damaging equivalent load.

In this dissertation, DEL is used to compare the struct@sponse based on different
control designs. As an example in Figure 2.8 from Paper E ngpenison is presented
between the essential performance indexes.

In Figure 2.8, the responses of two different controlleesampared with respect to
DEL by "Tower fore—aft (DEL)” based on the time—series of thever base moments in
fore—aft. The DEL's are calculated for both time—series| tre deviation is, in percent-
ages,

Zy = L7 2900% (2.14)
<1
where Z,, in this case is the DEL performance index, is the DEL response of the
Baseline controller, ang, is the DEL response of the MPC controller.

Figure 2.8 presents the standard deviation (std) in peagestusing the same method
as in Eq. 2.14. However, to present the wear in the blade piéetnings, the absolute
value (abs) of the travel blade pitch distance is a valuabtéopmance index which is
presented as

T
2= / 1Bldt, (2.15)
0
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Baseline better MPC better
Elec. power (std)q 3%

Blade pitch (abs)

Tower fore—aft (DEL)

Platform pitch (std)f

Fairlead 1 Tension (std) 15%

Fairlead 2 Tension (std)

Fairlead 3 Tension (std)

Figure 2.8: Statistical analysis of essential performandexes.

whereg is the blade pitch velocity anfl is the length of the time—series.

This summarizes the methods used in this thesis to evaloateerformance, which
in general are methods used to emphasize the possibilittefraedoms introduced by
various control methods. From an industrial point of vigwe tost of the energy is es-
sential. However, the cost of different components vargggedding on the wind turbine
manufacturer with respect to the financial situation, toeltiype, environmental condi-
tions, material price, stock levels etc. Thus, the resuésgnted should be interpreted
as opportunities for the industry to reduce the cost of gndrformation regarding the
actual cost of components has not been available and tfadestfveen different levels of
DEL are hence difficult to perform.

2.3 FAST and Simulation

FAST

The models described above are supporting the controlmasid analysis, but in order
to simulate a realistic response of the floating wind turlsiyetem, a more advanced mod-
elling framework has been used. Thus, to model the time—adoresponse of a wind tur-
bine, a high—fidelity numerical code has been utilized tgraut this dissertation, which
models the fatigue, aerodynamics, structures, and turbal@AST) [Jonkman, 2010b,
Jonkman et al., 2007]. The wind turbine comprises a flexib¥eet and blades with a
rigid presentation of the support platform, nacelle, hidargand generator. The FAST
code models two- and three-bladed horizontal axis winditebfor upwind or down-
wind rotors. The code offers optional foundations such ad-+thased or sea—based, e.g.,
a monopile or a floating foundation, which includes the hylgreamics and incident wave
loads on the structure. The code consists of four blocksepted in the following:

e The fatigue of a wind turbine can be analyzed using the time—domain dwipu
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3 FAST and Simulation

FAST. There exists a variety of external tools for analyzinge—series data. How-
ever, FAST can also linearize the system, and return systatmiogs which are suit-
able for analyzing the stability and damping that are sigaift for the fatigue. A
post processing tool offers the possibility of estimating eigenvalues and eigen-
vectors of a given system.

e The aerodynamicsare handled by AeroDyn: a subroutine which is fully coupled
to FAST in the sense that the motion of the wind turbine in FAS3 an impact on
the aerodynamic loads generated in AeroDyn. AeroDyn mdtelserodynamics
using blade element momentum theory. The theory allow ther tdades to be
analyzed in small sections. Depending on the wind flow, thallssections expe-
rience forces which are summed together, forming the totakk experienced by
the entire rotor.

e The structure of athree—bladed wind turbine is modelled by an optionaléjtees
of freedom (DOF), which represents e.g., the flexibilitiéshe blades, the tower,
and the drivetrain. However, the translational and rotetiaisplacements of the
structure are also presented. The modal representatiqgeresent boths* and2>d
mode flexibilities of the structures.

e The turbulence is generated using the external tool TurbSim, which geasrat
time—series of wind fields. The properties of the wind areciieel, e.g., the mean
wind speed, turbulence intensity, and turbulence spectiTime output is a time—
series of the combined mean and turbulent wind, forming d gfiwind speeds
suitable as an inputto FAST.

Control Model and Validation

In model-based control, the dynamics of the process areirepin a control model
sufficiently enough to control the process and fulfill evehtabjectives.

In Paper A, the FAST code response of a floating wind turbima&éyzed using the
system identification methods of Lennart Ljung to estaldisimple linear model suitable
for control [Ljung, 2000]. To describe the method, a linead®l of a system is presented
asyn = Gu, whereyy, is the output of the simulation modek is a transfer function
of predefined order, and is the input. The error between the measuremeahd the
model output is presented as= y — y,,. Using the system identification method, the
parameters of the transfer functiéhare identified such that the erroris minimized.
Other formulations exist where the error is formulated Hasethe prediction.

In the process of model building it is relevant to validate tlerived dynamics. In Pa-
per B, a numerical parameter validation is combined witlphieal validation. The FAST
simulation code offers the option of linearizing the dynesndf the nonlinear response
of the FAST code. Thus, for a predefined operating point, ttkeaeturns a state space
model, such as

Mi+Cq+ Kq= Fu+ Fqug (2.16)

where M is an inertia matrixg is a vector of the degrees of freedoi,is a damping
matrix, K is the stiffness matrixF’ is an input matrixy is a vector of input signalg; is
a disturbance matrix, and; is a vector of disturbance inputs.
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However, due to the nonlinearities of the aerodynamics aaiddynamics, the de-
rived model to validate is presented as a system of first ardelinear differential equa-
tions:

z = f(x,u,uq) (2.17)
) :g(xauaud); (218)
wherezx = [ ¢ ¢ |7, f(z,u,uq) is @ nonlinear process function ag@r, u, u,) is a

nonlinear output function. To validate the nonlinear dedivmodel, the FAST code and
the derived model are linearized. However, since the ojppgrabint of the wind speed
and the wave frequency change the linear dynamics, theedkenodel is presented as a
combined linear time—varying model:

M (wy)G + C(wy, wy)G + K(wy)g = F(wy)u + Fa(wy)ug, (2.19)

wherew,, is the wave frequency and, is the mean wind speed. Using a similar model
representation, the parameters of the linear FAST modeltfamdierived time—varying
models are compared, over a range of wind speeds and wavefregs.
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Figure 2.9: Parameter validation of the input matfixand the disturbance matrik;,
where blue is the linearized parameters of the derived miodeaper B and red is the
linearized parameters of the FAST code.

A simple example of parameter validation related to the vdpéed is presented in
Figure 2.9, where the parameters of the input matrix and igtardbance matrix are com-
pared. The comparison presents the linearization of théimear aerodynamics as a
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3 FAST and Simulation

function of wind speed, wherE(1) and F;(1) are the rotor thrust parameters, afi(R)
and Fy(2) are the rotor torque parameters. In the example, the canpat signal is the
blade pitch angle. = g and the disturbance input is the wind spegd= v. In Figure
2.9, a sudden change in the parameters is observed at 11 hifd) is caused by the
blade pitch controller to reduce produced power. Based emwihd speed, the operation
trajectories for the blade pitch angle and the rotor speedlafined, which explains the
change in the parameters of the process.

The result in Figure 2.9 strengthen our confidence in thevéértontrol model with
respect to the time-varying wind speed disturbance matidihe input matrix. A similar
procedure, is followed to validate the time—varying masiof inertia, damping, stiffness,
and the wave frequency—dependent disturbances.
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Figure 2.10: Model validation of selected states where setthé nonlinear FAST code
simulation and blue is the presented control model. At tigre the floating wind turbine
is released from an upright orientation in still waters atiadxspeed of 14 m/s.

Figure 2.10 presents a graphical comparison. The dynasponse of a floating wind
turbine is presented as a comparison between the nonlifgtarfluelity model in FAST
and a the linear time—varying model. The linear time—vagyitodel used for Figure 2.10
is presented in Paper B, which has the same structure as atign2.19, however, more
DOFs are included in the model of Paper B.
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The figure shows the response of a floating wind turbine whieased from an up-
right orientation at time zero. The environmental conditidor the experimental setup
are a constant wind speed of 14 m/s and still waters, thusrbitces from the turbu-
lence of the wind and incident waves are not included in theparison study. The rotor
is spinning at rated speed, with constant generator tomdeanstant blade pitch angle.

The presented states are the generator speed, the towettidefle fore—aft and
side-side, and the platform rotation in fore—aft and sitks-s The figure shows that
the two models with different levels of complexity show demibehaviour in frequency
context and amplitude levels with minor shifting in time atitference in damping. This
consolidates the model validation applied throughouttthésis.
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3 | Summary of Contributions

In the following, the progress of the contributions in thissrtation will be described.
To address the problem formulation regarding negative dagnphe contributions are
presented within the scope of practical solutions whichrowp performance with respect
to the objectives.

The contributions of this thesis were initiated in Paper Agve the issue of negative
damping in tower fore—aft was addressed. A control modeldeaised using methods of
system identification, and a control strategy was suggesieprising an EKF for wind
speed estimation and an LQR controller. In relation to thedlves, the results showed
a reduction in fatigue when compared to a baseline controlle

Due to the single operation point limitations of the lineantrol model in Paper A,
a linear time—varying model was suggested in Paper B. Base rew control model
including variable wind speed and wave frequency, a gahedaled LQR was imple-
mented which relied on estimates of the mean wind speed anate frequency. Thus,
the EKF in Paper A for wind speed estimation was combined ®aitiRLS filter to esti-
mate the wave frequency.

To further fulfill the objective of reducing fatigue, a newewpting strategy was sug-
gested in Paper C. Instead of operating at constant rotedspken above the rated wind
speed, an alternative operating curve was suggested tonimathe rotor thrust force,
and thus improve fatigue. The results showed a general ieprent at the cost of in-
creased actuation, when compared to the constant rotod sypeeoach that is normally
applied above rated.

In Paper D, the disturbance of incident waves was addresskdther improve the
fatigue life. Using an EKF for state estimation, the waval®were estimated and coun-
teracted using additional blade pitch. The unstable cldseg system comprising a
floating wind turbine and a conventional onshore contralles extended with an addi-
tional control loop which stabilized the system. This régliows a control loop to be
added to the normal onshore or bottom fixed control and is lgersing on industrial
practice.

A more formal framework was suggested in Paper E, which addcethe same ob-
jective as that of Paper D. To deal with wave disturbancesrapdove the performance,
a control strategy was suggested, comprising an EKF foe stadl system estimation, a
dynamic reference model of the desired closed—loop regpansl an MPC controller to
correct the error. This result allows us to describe therdddbehavior as a reference
using response of a dynamical reference model of the dedivedd—loop system.

This summarizes the development within reducing the negakimping on floating
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Summary of Contributions

wind turbines. In the following, a more detailed outlineloétcontributions will be given.

3.1 Linear Time—Varying Control Model

In paper A, a linear control model is derived using methodsystem identification. Due
to the nonlinear nature of the system, the model is only Valigingle point operation,
where the identification problem is based on the output frammalation using FAST. In
Paper B, the dynamics are analyzed and a nonlinear contrdinoderived. The result
is based on first principles modeling as described in Cha&péerd not system identifica-
tion of a simulated response as in paper A. A linear time-agrgnodel is presented that
captures the gyroscopic effect and includes stochasticiggpamics and hydrodynamics,
and deterministic structural and actuator dynamics. The-tvarying terms of the model
are the mean wind speed and wave frequency. The mean wind dpemines the non-
linear aerodynamic thrust and torque, while the wave fraqueletermines the nonlinear
hydrodynamics added mass and potential damping. The ¢ombael is

M (ww)q + C(ww; wv)q + K(wv)q = F(wv)wind + F(ww)wave + Fref; (31)

wherew,, is the wave frequency and, is the mean wind speed. On the left hand side
of Eq. 3.1, the model comprises structural dynamics, aeraahjcs, and hydrodynamics
whereM is the inertiaC is the dampingK is the stiffness and represents the degrees
of freedom. On the right hand side are the external forcesded by the wind, waves,
and actuators. A linear time-varying control model is pnésé suitable for model-based
control which serves as a basis for Papers B, C, D and E.

3.2 Gain-Scheduled LQR control

- Wave period

estimator [ wave Generator
> torque
. k. Wind
LQR(wind , wave) turbine
k > Blade
Wind speed ‘ wind ‘_Pitch_>
estimator 0
T Full state feedback
Rotor Speed, Geneator torque and Blade pitch

Wave height

Figure 3.1: Overview of the gain—scheduled LQR controltetgga

A gain—scheduled LQR controller is presented in Paper B. ddrroller is based
on the linear time—varying model, which depends on the mdad speed and the wave
frequency. The optimal controller gains are calculatedrneflalong the trajectories of
the wind speeds and wave frequencies. In Figure 3.1, thedeotler gains are presented
as LQR(wind, wave), where ‘wind’ denotes the wind speed aval/e’ denotes the wave
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3 Extended Onshore Control

frequency. Based on estimates of ‘wind’ and ‘wave’ the oolfgr gains are found by
interpolation at each time step.

The wind speed estimator is based on the EKF presented im Rapéile the wave
frequency estimator is presented in Paper B. An importaplieation of the presented
gain—scheduled LQR controller is presented in Paper C,avihés possible to compare
operation strategies such as the conventional operatiategy and the minimal thrust
operation strategy.

3.3 Extended Onshore Control

A method to extend conventional onshore control to a floatiigl turbine is presented
in Paper D. Without redesigning the whole control systera,ahshore controller is pre-
served and an additional control loop is designed. The stgdeontrol strategy stabi-
lizes the negative damped tower oscillations in fore—afteureducing the impact of the
wave induced loads on the structure. The strategy is pregémfigure 3.3.

Blade pitch:

u |_> Wave R i

Disturbance —PQ } |

Reduction KA ! |

Extended Bd|5 } }

Kalman X } Onshore Floating |

Y| Filter | r Al Wind Turbine }

| Controller |

Platform } |

Controller ~ | }

F Bref | |
Generator speed and platform position in surge and pitch:

Blade pitch and generator torqu

Figure 3.2: Overview of pitch control strategy. The outpfithee onshore controller is
corrected by improved feedback and wave disturbance rieafuct

The method includes an EKF to estimate the states neededtfothe platform con-
troller and the wave disturbance reduction. To achievestkeimates, stochastic models
for both the wind speed and wave loads are implemented agfidue filter. The result
is an additional blade pitch signal, which stabilizes thegfiorm and accommodates the
wave induced moments on the platform.

3.4 Reference Model-based Predictive Control

Paper E presents a method to reduce the disturbance indyaecident waves, which is
based on MPC. The method is presented in Figure 3.3, whenespense of an ideal
undisturbed closed—loop system is estimated and then wusethd control reference,
r(n+1,n+2,n+3n). The open—loop system matrices A(n) and B(n), and the stttor
x(n), are estimated using an EKF based on the input u(n) atpiby(n) of the disturbed
system.

Based on the errors between the references and the stat&4P® minimizes a per-
formance function, in order to reduce the effect of incideates so that the controlled
system has the closest possible response to that of thetuntdid system.
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Figure 3.3: Control strategy comprising a state estimatogference model, and an MPC
controller.

3.5 Paper Contributions

The objectives were addressed in Papers A to E and a summangs# contributions
follows:

e Paper A

An LQR controlleris combined with an EKF for wind speed estiion and control
of a floating wind turbine. A single inertia model of the coméd tower and plat-
form dynamics is identified using methods of system ideiifao with input from
simulations in FAST. An LQR controller is designed whichbéliaes the floating
wind turbine and improves the performancehis paper was published in: The
Proceedings of IEEE Multi-Conference on Control Applioas, (CACSD) 2011

Paper B

A linear time—varying control model of a floating wind turkiis presented which
depends on the mean wind speed and the wave frequency. Gamaéro-, hydro-

, and structural dynamics, the model is useful for advanoadrol methods. Based
on the model, the response of a gain—scheduled LQR contiwitgesented, indi-
cating the importance of the wave frequency estimafidiis paper was submitted
to: IEEE Transactions on Control Systems Technology

Paper C

A strategy is proposed to improve the fatigue lifetime of afilog wind turbine
by reducing the rotor thrust force. The thrust is reduced byimizing the thrust
coefficientC; without violating the power coefficierdt,. A new operating strategy
for the rotor speed, generator torque and blade pitch isesigd, which shows an
advantage when compared to the conventional strategiesnstant speedThis
paper was published in: The Proceedings of IEEE Multi-Cafee on Control
Applications, (CCA) 2012

Paper D
An unstable closed-loop system including a conventionshore controller is ex-
tended with additional control loops which stabilize thatflrm and reduces the
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impact of incident waves. An EKF is implemented to estimatedtates and pa-
rameters, which allows a combination of state—feedbackraoband disturbance
accommodating control. A solution to the problem of negatiamping is pre-
sented.This paper was published in: The Proceedings of The Sciehbtaking
Torque from Wind 2012

Paper E

A framework for model-based reference control is preseaséiy MPC. An EKF
including stochastic models for the wave loads is implemend estimate the pro-
cess and the ideal closed—loop reference. Based on a dyalaeference model of
the undisturbed system, the floating wind turbine is cofedolising MPC to damp
and reduce the impact of wave disturbance on the mooringsyst the structure.
This paper was submitted to: American Control Conference320
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4 | Conclusion

The control of a floating wind turbine has been addressedisndibsertation, where the
objectives have been focused on the development of a limeervarying control model
and model-based control to optimize power, reduce the ingi#ice disturbances and im-
prove the fatigue. The scope has been limited to feasiblga@éter solutions relevant for
the Hywind Demo and the industrial partners of the NORCOW#qut. Based on avail-
able sensor signals on a commercial Hywind Demo, the ursblaikignals are estimated
and controllers are designed to address the dynamics airdemental conditions of the
Hywind Demo. To acknowledge industrial practice, some effitesented controllers are
presented as additional loops designed for commercial wirldne control systems.

In the context of fatigue reduction, both the process andlisteirbances have been
investigated. A significant portion of the fatigue is inddd® load variations from turbu-
lent wind and incident waves. The properties of these distuces have been identified
and the dynamics have been combined with the structure imidel suitable for control
design purposes.

The aero- and hydrodynamics are inherently nonlinear. ppst model based con-
trol design, a linear time-varying control model repreatinh has been derived. The
dynamics are presented as linear functions of the wind spaddhe wave frequency.
Using a generalized linear representation, the model tesca wind turbine mounted on
a platform of the spar buoy type exposed to wind and wavesuf&mowledge, this is the
first such control model that combine aero- structural- aratddynamics in a consistent
way.

The control of a floating wind turbine has been addressed @yiging novel techno-
logical solutions, derived from commercial onshore windioe control systems. Based
on a limited set of realistic measurements available orfglats such as the Hywind
Demo, this dissertation demonstrates a practical appragthg observers to estimate
the unknown states and to distinguish between signals atardances. The controllers
were tested on high fidelity codes of a ballast stabilized bpay, similar to the Hywind
Demo, to address a practical application.

Three controllers are presented in the dissertation whilchiess the overall objec-
tives, based on different methods. A gain—scheduled ligeadratic controller was pre-
sented which included both the mean wind speed and the wegadncy as scheduling
variables. The controller captured the changing dynamacsed by wind and waves,
demonstrating the importance of knowing the wave frequemtge wave frequency is a
parameter which influences inertia, damping, and exteonraks in terms of the hydro-
dynamics, which relates to the general performance in tefmswer and fatigue.
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The potential of adding an additional control loop was itigeged to stabilize the
response of the onshore controller, while reducing the @npéincident waves. This
solved the problem of negative damping fore—aft oscillatimduced by the commercial
wind turbine controllers and extended it to use on floatingdmMurbines. Instead of
redesigning the entire control system, an additional @ fdop was simply added, which
allows for well tested onshore control systems to be takéshofe and on to a floating
platform.

Lastly, a model—predictive controller was presented iraenfework to reduce the im-
pact of the wave disturbances. Using a prediction of thearesp of the undisturbed
closed-loop system as a controller reference, the redhdtsedd an improvement in dis-
turbance accommodation.

To put results into perspectives, we choose to comparetseagdinst the response
of a baseline controller from NREL which resolved the problef negative damping by
reducing the bandwidth of the controller. As a consequericbeoreduced bandwidth
control strategy of the NREL controller, the life-time oktpitch actuator would be ex-
tended but at the cost of reduced lifetime of other companein our approach, the
lifetime tradeoff can be made explicitly, helping in redugithe cost of the energy.

In summary, the negative damping of a floating spar buoy winbine has been ana-
lyzed and several control solutions have been suggesteditna the changed dynamics
to be addressed. The controllers were simulated on higlitfideldes where the results
successfully reached the objectives.

4.1 Future Work

In the following, a list of potential future work is presedtavhich is inspired by the
presented work and unresolved ideas.

e In this thesis fatigue is reduced by minimizing the amplé&wf the oscillations.
However, this does not truly reflect the S—N curve relatioa toaterial subject to
fatigue. To avoid violation of the S—N curves, a model prédéccontrol method
is suggested in Figure 4.1, which is extended with an S—Nente for the con-
straints. An S—N curve feedback is estimated based on thieochedf rainflow
counting of the past outputs. The objectives are to corlexBt-N curve error and
avoid repetitive excitations at the same amplitude whiclseamaterial failure.

e The presented work is limited to the ballast—stabilizedtftapplatform of the spar
buoy type. However, the work could be extended to other figglatforms. An-
other interesting aspect would be to include additionalatctrs in the platform for
stabilization. Thus, the task of platform stabilizationuke move from the pitch
controller to a potential platform actuator controller.

e The presented time-varying control model could be extendi¢dl the rotor az-
imuth angle in parallel to the existing model parameters {ind speed and wave
frequency). This approach would allow individual contrbttwe blade pitch angle,
making it possible to control the loads in tower side—sideé platform roll. As
generator torque also induces loads in tower side—side ki gn roll, optimal
control laws could be formulated, where the generator ®@pd the blade pitch
complement each other.

34



1 Future Work
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Figure 4.1: Overview of model predictive control with S—Nhstraints.

e It would be interesting to investigate the stability of thregented gain—scheduled
linear quadratic controller, with respect to the switchofithe scheduling variables.
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1 Introduction

Abstract

Offshore wind energy capitalizes on the higher and lessitartt wind speeds at
sea. The use of floating structures for deeper waters is leiplgred. The control
objective is a tradeoff between power capture and fatiggpe@ally that produced
by the oscillations caused by the reduced structural stffirof a floating installation
in combination with a coupling between the fore—aft motidrttee tower and the
blade pitch. To address this problem, the present paper Imadsallast-stabilized
floating wind turbine, and suggests a linear quadratic eggu{LQR) in combination
with a wind estimator and a state observer. The results aralaied using aero
elastic code and analysed in terms of damage equivalerd.l0Athen compared to
a baseline controller, this controller clearly demonssdietter generator speed and
power tracking while reducing fatigue loads.

1 Introduction

In the field of wind energy, new and promising wind turbine@ept are being developed.

More reliable wind turbines makes installation possiblaansher environments, such as
offshore in shallow waters, where the winds are strongerthadazard to human eyes
and ears is less. In shallow water it is possible to instathopiles, but in places where

water depths are greater than 30 meters, constrained fioatird turbines are econom-

ically competitive. Fig. 5.1 shows a ballast-stabilizecflog wind turbine constrained

by three mooring lines. The installation is light enough tafland heavy enough to be
aligned in a stable upright position. The floating instétlatin Fig. 5.1 represents the

setup for the first full size floating installation, Hywind][1

The main objective for the control of wind turbines is to nraide power production
while minimizing fatigue loads. Fatigue is the wear accuated over time of key com-
ponents such as the tower, gearbox, blades, and bearingawiifd turbine is operated
to maximize power production regardless of fatigue loauis,will significantly decrease
the lifetime of its key components. This is especially intpat for a constrained floating
wind turbine which by nature is influenced by a constant tibrecaused by ocean waves
and wind. Therefore a trade-off between maximized powedypection and minimized fa-
tigue loads is required for optimal performance.

Applying conventional onshore control strategies to flogiturbines has been shown
to impose negative damped oscillations on the platform omotj2] and [3]. The on-
shore controller causes the blade pitching to increaseadtioe thrust as the wind speed
decreases and vice versa, which causes an increase irefatigua possible instability.

A tower damping control strategy was introduced in [2] usingind estimator ap-
plied to a ballast-stabilized wind turbine, and it showediue=d tower oscillation at the
cost of reduced power output. In [4] a Gain Scheduled Propuat Integrating (GSPI)
controller showed good performance regarding tower @gihs but overshoots rated
power and generator speed, which may reduce generatomiéfet A Linear Quadratic
Regulator (LQR) was applied to a floating wind turbine in [H}ish showed improved
results with respect to power stability and tower oscillati compared to [4].
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Figure 5.1: 5SMW ballast-stabilized floating wind turbiri©2011 by Statoil.

This paper presents a new approach to stabilization of thasbatabilized floating
wind turbine concept from [2], the Hywind structure as seerrig. 5.1. Inspired by
[5], an LQR controller is applied to the turbine control pien. The turbine structure
addressed by [5] was based on a 16Dftoating barge, whereas this paper addresses a
ballast-stabilized floating wind turbine. We also presentae realistic control design
requiring only a few sensors, in contrast to [5] where fudkstfeedback was assumed.

The controller aims to minimize the tower oscillation whdptimizing the power
production at rated power with special attention to redgiciverproduction in electrical
power, and secondly, to reducing generator overspeed.eTdigectives are achieved by
means of an LQR controller combined with an extended Kalmeanféir wind estimation
and a state observer for unavailable states. Furthermoredalrof a ballast-stabilized
floating wind turbine is derived. The model is based on the 5 MalNast-stabilized float-
ing NREL wind turbine ([6]) which resembles the Hywind stiure.

In the following, a dynamical state space model of the balgabilized wind tur-
bine will be presented. Next, applied control theories Wwél stated, followed by the
experimental setup. The results in terms of damage equividads (DEL), means and
standard deviations will be presented and compared to dit@sentroller by NREL,
[6]. The results of the comparison will be discussed and alcaling section will sum up
the scientific contribution.
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2 Methods

Ballast-stabilized floating wind turbine model

In order to apply linear control theory, a linear model muestletermined which identifies
the dominant dynamic behaviour of the floating wind turbiRé/T). The dynamics of a
wind turbine can be separated into those of the drive traastructure, the actuator, and
the wind.

|
' Bdr Kdr

[ {f =

Rotor Generator

Figure 5.2: Symbolic drawing of a drivedrain consisting wbtinertias, a spring, a
damper and a gear.

The drivetrain is modeled as a third order system as in Figwherel, and/, are the
rotor and generator shaft inertidsy, is the spring constanf3,,. is the damper constant,
and N is the gear ratio. This approach allows modeling the torgidhe rotor shaft of
the drivetrain.

The structural dynamics of the wind turbine is modeled ascarse order system
where the aerodynamic force on the rotor acts on a mass irection with a spring and
a damper.

The generator and the blade pitch system are modeled asrfiest actuators. The
dynamic turbulence of the wind is modeled as a first order 8aoswhite noise filter.

The ballast-stabilized FWT is modeled by a nonlinear systedifferential equations
z = f(x,u,w)where

B By Saeg L,
Bar ) _ Bar W+ Kir oy L ar
TyN TyNZ TyN 1,9
. : T .
Q- Fw
N
, 2
T = “Ki, Di;, Fa (5.1)
mg 1 mt mg
75 (Be = B)
1
7 (Mye — My)
._va,vt _|_n

2L

is a function ofr = (Qw 2 z B M, v;)T, actuators: = (3. M,.)T and Gaussian white
noisen = e. The elements; » 3 are devoted to the drive train, whefeandw are the
angular velocities of the rotor and generator respectivatyg ¢ is the drive train twist
angle.z4 5 represents the structure wherés the top tower displacement. The actuators
x¢,7 denote the blade pitch angle and generator torque resplgctiVhe element:s is
devoted to the ambient turbulence model wheris the turbulence velocity.
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The model output is defined as= [Q2 w Z ]. The outputs are considered realis-
tic, resembling a standard wind turbine with tower osdiflatissues hence accelerom-
eters have been installed in the nacelle for damping toweHatsons. However, such
important measurements as the wind speed are assumed iablavaince the nacelle
anemometer reading measures the local wind speed whichyisligturbed by pitching,
blade passing and tower movements to such a degree thabd iscertain for control
purposes. Other measurements such as drivetrain torsibplatiorm pitch velocity are
not standard measurements and hence not considered &ailab

Adding the aerodynamic rotor thrus}, and torquel/, to Eq. 5.1 the system clearly
becomes nonlinear, as follows:

11 RQ
. = —-ApC, 3oN= 2
M, a3 pCp(X, B)us, A o (5.2)
1
Fa, = §APCt()\76)'U72a (53)

wherev, is the relative wind speed defined@as= v + v,, — 2 andv,, is the static
mean wind velocity.

The nonlinear model is linearized using a first order Taydsies which linearizes the
plant about an expected operation point, thus the dynarbmstahis point is represented
in state space by

i = Ai + Bi + G, (5.4)

such thayt = Z&00) g WELD) gnqy — AELD) \wheref = & — 7, & = u—a
andw = w — w describes the deviation from the operation points.

The model is based on the 5 MW ballast-stabilized floating NRénd turbine [6]
using the same parameters of the drivetrain. However dugetodmplexity of the tower
and platform dynamics, the equivalent spring, damper argsroanstants were revealed
by means of a step response in the blade pitch angle imposigg fore—aft oscilla-
tion. The results were analysed using Lennart Ljung’s systientification toolbox [7]
to identify the tower parameters.

Control design

Optimal control is suggested for achieving good performeaataated power in the sense
of minimizing tower oscillation while optimizing the poweroduction with special at-
tention to reducing overproduction in electrical power aedondly reducing generator
overspeed. A constant torque approach is used to removetieeagor dynamics. In [4]
this approach as shown to damp tower fore—aft oscillatidiesachieve a steady power
output using a constant generator torque approach it isriraptthat the error in genera-
tor speed is removed thus a new state is introdugee- . A state observer is used to
recover the unknown states.

The suggested control loop is shown in Fig. 5.3 and is contbivith a wind speed esti-
mator (WSE), a state observer for state estimation and arlopeadratic regulator (LQR)
for optimal control. The output of the wind estimator is fedthe observer as an input
1, and to the LQR controller as a statg. Next, the three modules of the controller are
chronologically explained and argued.
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WSE }—L{ LQR

ﬁw 4 i
—»‘ Observer
A

Figure 5.3: Block diagram of proposed LQR and EKF contraiteyy for floating wind
turbines.

The wind turbine has two disturbance inputs which are wadendnd. The wind dis-
turbance is considered the major disturbance and is olasbgthe wind estimator while
the wave disturbance remains unmodeled. However, the wieet en the tower can be
argued as included in the measurement of the total toweleaatien and to some extend
also included in the rotor speed, however, wave impact isiattp represented in the
control design. This claim is supported by [8], which statest the response of a parked
ballast-stabilized floating wind turbine is excited by tlwipled wind and wave impact.
The response of platform pitch is dominated by the wind. Redparsh environmental
conditions no instabilities was found in the coupled wind arave response.

Wind speed estimator

The relative wind speed can be estimated based on measuseaighe rotor velocity,
blade pitch angle and the generator torque. Based on a simgadel of the drive train
and a turbulence model, an extended Kalman filter (EKF) igl tsestimate the relative
wind speed as suggested in [9].

The drive trainis modeled as a first order system assumiriff drite train neglecting
losses. The wind turbulence is modeled as a second ordensyst

JQar = M, — M,N (5.5)
v = —a(vm)vs +mn (5.6)
i)nL = nNa, (57)

whereny, no are Gaussian white noise. The implemented EKF uses infaymabout
the linear model, disturbances and measurements to estimatstates consisting of a
time update part and a measurement update part, [10]. Tleeugpdate uses information
about the model dynamics and the model uncertainties tmatithe states.

T, = AZp_1+ Bug_1 (5.8)
P, = AP AT+Q (5.9)

The measurement update uses information about the modelitstand measurement
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noise.
K, = p;oct(cpP; 0T+ R)™! (5.10)
T = ‘%l: + Kk(zk - C.f?]:) (5.11)
P. = (I-KiC)P; (5.12)

Linear State Observer

The purpose of the state observer is to estimate the driettesion,¢, and the tower
displacement;. The wind speed is at this point the estimaigd Notice, however, that
the uncertainty is ignored. The observer is implementedabigfyingz = (A — LC)i
wherez is the state error and is the observer gain. To insure stable observation the
eigenvalues ofi— LC are placed faster than the closed loop eigenvalues. Thegilyes

of the observer are found by shifting the eigenvalues of theed loop system 120 to the
left. The eigenvalues of the implemented state observer are

A = [—193 + 47§, —140, —124, —120 + 0.107, —130]. (5.13)

Linear Quadratic Regulator

The LQR control design is applied to the linear state spastenyin Eq. 5.4 except for

the generator dynamics. The generator integral state iscafidming a new state vector
i=Q&0z%z3 0 7,7 with system inputi = (. Besides this, the design of the
LQR control is straightforward: weighting the estimategtas and inputs with respect to
performance objectives, by minimizing the cost function

J = / (xTQx + uTRu) dt, (5.14)
0

whereQ is positive semi-definite an® is positive definite. Requiring full state informa-

tion, the controller calculates a system input — K« where the states are multiplied by

the feedback gain matrik” which is found by solving the Riccati differential equation
The implemented controller has the following properties

Q diag(0, 49, 0.05,0, 6,0, 0,0, 0, 500000) 2 (5.15)
R = 1072 (5.16)

The controller aims at limiting variations in generator egpe¢o 49 rad/s, drivetrain
torsion t00.05 rad, top tower velocity t@& m/s and electrical power withis00 kW by
varying the blade pitch angle withird deg.

3 Experimental Setup

Simulation Environment

The control system explained in this paper is compared taque results under equal en-
vironmental conditions at a mean wind speed®fn/s with an air density of.225 kg/m®
and a turbulence intensity in longitudinal, crosswise aedival of [ v w] = [14.86%
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10.40% 7.43%) respectively. The significant wave height of the incidenvegaare 6
meters simulated at water depth3¥0 meters and a water density 625 kg/m’. The
waves are aligned with the direction of the wind, thus pedgarar wind and waves are
not considered in this paper and are therefore not includéue environmental setup.

Software

The wind turbine is a three bladed upwind 5MW reference wintbine specified by
NREL in [11], and implemented in the wind turbine simulatiool FAST which is well
recognized in the OC3 code benchmark, [12]. The implemiamtaif the wind turbine
installation consist of the 5SMW reference turbine mountadadballast-stabilized buoy
to resemble an upscaled version of the 2.3MW Hywind windihebThe floating wind
turbine has a rotor radius of 63 meters, a height of 90 medarssix degrees of freedom.

The simulations were performed in Simulink Matlab v7.9.®2QR9b) linked with
FAST v7.00.00a-bjj and AeroDyn v13.00.00a-bjj compiledtfee OC3 Hywind running
Windows 7 32bit. Damage equivalent load calculations aréopmed using MCrunch
v.100 which is an implementation of [13].

NREL Baseline controller

To provide a baseline for assessing the performance, a GSElibe controller by NREL
[6] has also been implemented. For all wind speeds the GSsdlida control strategy
is shown in fig. 5.4, where Pl is the proportional integratbogtroller, GS is the gain
scheduling, Lookup is a lookup table, and FWT is the floatimgdaurbine.

Generator speed

Generator torque
Lookup
FWT
PI >

Blade

pitch Blade
pitch

GS

Figure 5.4: Block diagram of NREL baseline control stratémyfloating wind turbines.

The lookup table translates the generator speed direagigrierator torque. The blade
pitch controller is a GSPI controller based on the genergteed error and blade pitch.
The controller gains are scheduled as functions of the tg#de angle, thus

ewzf = (KP+ éK[) GS(H) (w—w,,ef), (517)

whereK p is the proportional gaink; is the integral gain, and@S(6) is a lookup table
function of the current blade pitch angle. Finally the dediset point for the blade pitch
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angle is defined a8,.r. The NREL Baseline controller is designed to avoid negative
tower damping which has resulted in a slow varying bladehgitmtrol.

4 Results

The results of the LQR controller are presented by compatigesults to those of the

state-of-the-art baseline controller. The controllees@mpared with respect to turbine
performance and damage equivalent loads (DELS) in timessand statistical perfor-

mance. The results presented are all turbine analysis lmas#te same 600 second of
simulations.

Turbine Time-series Performance

The electrical power output of the two controllers are pnése in Fig. 5.5 where the
objective is to produce a steady 5MW of electrical power @hilinimizing power fluc-
tuation.

6500

6000(

[9)]
a1
o
o
-
R

Electrical Power [kW]
n
o
o
o
=
i_}

| |
J) ‘
\
a5001{f| ] V
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4000}
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% 100 200 300 400 500 600

Time [s]

Figure 5.5: Time series of electrical power; black is thecliae, green is the LQR con-
troller.

The generator speed performance is presented in Fig. 5c¢hwdhile to the constant
generator torque approach, is just a scaling of the elettpiawer in Fig. 5.5. Indicated
in the figure are the rated generator sp&e@3.7 RPM and al 0% generator overspeed.

Platform pitching is presented in Fig. 5.7, showing how the tontrollers induce
fore-aft oscillations on the platform starting from an iaittondition of0 degrees.
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1400r

1300~

1200

1100

Generator speed [RPM]

1000r

900r
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Figure 5.6: Time series of generator speed; black is thdibhasand green is the LOR
controller. The solid line is rated generator speed at ZLRPM and the dashed line is
10% overspeed.

bty

Time [s]

Figure 5.7: Time series of platform pitch angle; black is blaseline, green is the LQR
controller.

While a constant torque approach is utilized, the only abéd actuator is the blade
pitch system In Fig. 5.8 activity level of the blade pitch Bnig presented for the two
controllers.
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Figure 5.8: Time series of blade pitch angle; black is theslas, green is the LQR
controller.

Turbine Statistical Performance

In Table 8.9, the two controllers are compared with respeatéan electrical power and
standard deviations to reveal the effect of integral actiothe generator speed error.

A selection of relevant performance measures are compar@giesented in Fig.
5.9, where the bars represents the relative performanceouament of the LQR con-
troller compared to the Baseline controller in percentage figure includes further
perspectives of the electrical power results in Table 8.9.

Controllers
Baseline| LQR
| Power (MW) | 5.0[0.4] | 5.0[0.3]

Table 5.1: Electrical power: mean and standard deviatiobi@ckets), for baseline and
LOR.

The turbine performance is analysed using a statisticabagp, presenting the mean,
standard deviations (std), and damage equivalent load YDEL

5 Discussion

The results are discussed with respect to fatigue and magihperformance which in
general are two controversial objectives. The resultsgmtea trade off between these
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5 Discussion

Baseline better LQR better
Electrical power (mean)r 0%
Electrical power (std)[
Blade pitch rate (std)
Generator RPM (std)r
Drivetrain torsion (DEL)}
Blade edgewise (DEL)f 66%
Blade flapwise (DEL)}
Tower base fore-aft (DEL)

Platform pitch (DEL)r

Figure 5.9: Statistical analysis of relative controllerfpemance with respect to mean,
standard deviation (std), and damage equivalent loads Y DGBiercentage, where a pos-
itive sign indicates better performance using the LQR i@,

objectives showing an increase in power performance atdbedf increased pitch ac-
tivity. By means of integral action both controllers sucfally reach the rated 5 MW in
Table 8.9 with widely different performance. Comparing te controllers, the LQR is
able to significantly reduce the fatigue in both platforntpimnoments byt 9% and tower
base fore-aft moments 6f% in Fig. 5.9. This has been accomplished while stability in
power and generator speed has been highly improved redim@rggandard deviations by
24% in Fig. 5.9. This clearly shows that the system is contrédamd able to fulfill the
controller objectives.

The strict LQR generator speed control results iiYaincrease in DEL of the drive-
train torsion caused by a more rapidly changing generagedplo avoid negative tower
damping, the baseline presents a conservative generaed sjontrol approach thus al-
lowing generator speed to reach levels higher th@# overspeed. This puts special
demands on the generator design, which normally are desigmeated speeds allow-
ing minor fluctuations and overspeeds for only a limited @eiéf time. In contrast, the
presented LQR controller is able to limit the generator dgketuations ta 0% of rated
generator speed and reaches rated generator speed wittort drse.

The increase in blade pitch rate is explained by the strioeggor speed control
demanding a higher level of pitch activity. However the @ansence is a significafit %
reduction in edgewise blade moment and a slight reductidlajrvise blade moment of
4% compared to the baseline controller. The relatively snmafirovement in flapwise
blade moments is explained by the fact that high levels aféfztch activity also impose
blade flapwise DEL, since lower levels of pitch angles inseethe flap moments. In
contrast to this, high levels of blade moments are the carese of the conservative
pitch control strategy of the Baseline controller sinceidbpchanging wind speeds are
not accommodated by the pitch controller, causing an isergaDELSs.
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Electrical components on wind turbines are as well desigmetoptimized to rated
electrical power allowing only some fluctuation. Due to tbastant torque approach, the
overspeed seen in the baseline generator speed is alsotpretee power performance
with a peak electrical overproduction 26% as well as power drops compared to only
minor fluctuation of10% for the LQR. Whether variable generator torque control can
eliminate overproduction without major drawbacks in DEemains to be investigated.
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6 Conclusion

6 Conclusion

With respect to control design, a model of a floating wind ioethas been derived, re-
vealing enough of the principal dynamics to damp osciltatiand control the system of a
floating wind turbine. Unavailable measurements have beecessfully estimated using
observer design. Based on an LQR controller combined wtdgial action, it has been
shown that controller objectives are met, delivering alstalnd satisfying performance
in both electrical power, fatigue levels, and platform tatibns.

Despite higher drivetrain fatigue levels and an unavoig@idrease in blade pitch ac-

tuation, the LQR controller is an acceptable controlleredasn the simple fact that the
controller is able to limit generator overspeed and elegtidverproduction in contrast to
the Baseline controller. Whether torque control can furiimprove performance remains
to be investigated.

Wind estimation combined with state observation in an LQRtie® design offers
great advantage and possibilities in obtaining stabilityloating wind turbines.
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1 Introduction

Abstract

Offshore wind energy capitalizes on the higher and lessitarit wind speeds at
sea. To enable deployment of wind turbines in deep-watettimes, structures are
being explored, where wind turbines are placed on a floatatfppm. This combined
structure presents a new control problem, due to the pamtpuistrained movement
of the platform and ocean waves excitation. If this addalaomplexity is not dealt
with properly, this may lead to a significantly increase ie 8tructural loads, and
potentially instability of the controlled system. In thiager the wave excitation is
investigated and we show the influence that both wind speade Wwequencies and
misalignment between wind and waves have on the system dggsafmnew control
model is derived that extend standard turbine models tadecthe hydrodynamics,
additional platform degrees of freedom, the platform mogsgystem, and tower side-
side motion including gyroscopic effects. The models suppoodel-based design
that includes estimators for wind speed and wave frequéifeydesign is applied to
a number of examples representing different wind and wawmelitions, and success-
fully demonstrates a reduction in the structural oscdlasi while improving power
performance.

1 Introduction

Inthe field of wind energy, new and promising wind turbinecgpts are being developed.
More reliable wind turbines make it possible to install thierharsher environments, such
as offshore, where the winds are stronger and the visualdnipéess. In shallow waters
it is possible to install monopiles, but in places where wdepths are greater than 60
meters, floating wind turbines are economically competitiv

The main objective is to produce energy reliably at a contipetcost. To achieve
that, maximizing the power and minimizing the fatigue ises=ary. Fatigue is basically
the wear accumulated over time on key components such aewleeg, tgearbox, blades,
and bearings. If a wind turbine is operated to maximize pogreduction regardless
of fatigue loads, the lifetime of key components will sigcdfintly decrease and the cost
of energy will go up. This is especially important for a flogtiwind turbine which by
nature is influenced by a constant contribution of oscilasifrom wind and ocean waves.
Therefore a trade—off between maximization of the powedpetion and minimization
of the fatigue loads is required for optimal performance.

Applying conventional onshore control strategies to flogitivind turbines has been
shown to impose negative damped oscillations on the platimotion. The onshore
controller causes the blade pitching to increase the rbtaost as the wind speed decreases
and vice versa, which couples with the platform dynamics wag that produces large
oscillations in platform pitch and possibly instability.e®ucing the bandwidth of the
pitch controller ensure stability, but performance detetes.

A tower damping control strategy was introduced in [1] usingind estimator applied
to a ballast-stabilized wind turbine, and it showed reduogger oscillation at the cost of
reduced power output. In [2] a gain scheduled proportianteljrating (GSPI) controller
showed good performance regarding tower oscillations betshoots rated power and
generator speed, which may reduce the generator lifetinhe. task of damping tower
oscillations was addressed by [3], suggesting an influehtmw@r acceleration on blade
pitch control. A linear quadratic regulator (LQR) was apglto a floating wind turbine in
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[4, 5] which showed improved results in power stability aodér oscillations compared
to [2]. In [4] a control strategy using individual blade gitand generator torque reduced
tower side—side oscillation in a floating structure. In [@lividual blade pitch and con-
stant generator torque was combined with speed refereedbddek from the platform
pitch.

0.01

0.005

Density

0
-150 -100 -50 0 50 100 150
Misalignment angle between wind and wave [deg]

Figure 6.1: Probability density function of wave misaligemb at the Hywind location
sampled primary during the first five months of 2010.

In the references above, misalignment between wind andssavet considered due
to the assumption that the waves over time align with the wind

Data from the floating wind turbine Hywind Demo (delivered®tatoil) is presented
in Figure 6.1. It shows that misalignments do occur and iteisde relevant to address
thisin control design. Furthermore, the literature on thetol strategies of floating wind
turbines does not account for the frequency dependencedfyttirodynamic damping.
In this paper we show that both wind speed and wave frequercee a substantial
influence on the total system damping.

In the context of model-based control, this paper contebutith a new control model
of a floating wind turbine is presented, which accounts fodrbgynamics, additional
platform degrees of freedom, the platform mooring systemd, tawer side-side motion
and gyroscopic effects. This model allows us to addressagies above in the control
design.

Based on the model, a new control structure is presentedhviigludes estimates of
wind speed and wave frequency in the controller. The res@tdontrol strategy capable
of actively damping structural oscillations while fulfiilj the objective of maximizing
power. The control strategy allows us to operate at the degigpandwidth of the wind
turbine pitch system while avoiding stability problems.

2 Methods

A coupled aero- and hydro-dynamic control model

A simulationtool such as FAST [7] is able to simulate a flogtirind turbine and linearize
the system at some operating point. However, the model piedéere is nonlinear and
depends on the wind speed and the wave frequency which vallepvaluable in the

control design.
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The forces acting on the system can be described by

M q + thdro + Fmooring + Fgravity +
‘H:gyro + Ftower = Fwind + Fwave + Fref- (61)

The forces are both linear and nonlinear, whdrare the structural massegtepresents
degrees of freedom (DOFFy4r0 are the hydrodynamic added masses and damping.
Fmooring are forces from mooring line$,ravicy are gravitational forcest,y., are gy-
roscopic effects, ané ..., are tower defection forces. The external forces are thrust
force from the wind, denoteyinq, and wave induced loads, denoteg,... The forces
induced by the actuators are denokgg.

The freedom of the system can be described by

x Platform surge
Y Platform sway
z Platform heave
0, Platform roll

Op Platform pitch
Oy Platform yaw

4= =~ | Tower fore—aft | ° (6-2)

Tower side-side
Rotor azimuth
Drivetrain torsion
Generator torque
Blade pitch angle |

3

ISR BRSERSA RS

which describes platform translatidn, y, ) and rotation ¢.., 6,, 6,), tower deflection
(x4, y:), and actuator dynamics (53).

The model is based on well known wind turbine models from ttezdture on on-
shore wind turbines comprising aerodynamics, tower dyongnairivetrain dynamics, and
actuator dynamics [8]. However, the hydrodynamic effectstee masses and friction
of the platform has been included in the model [9, 10, 11]. d\&md wave loads can
influence both the tower fore—aft and side—side, thus thgeardics are also included
in the model. The ability of the platform to move in transbetal directions is closely
related to the dynamics of the mooring system. This systedessgned to prevent the
platform for drifting away and to ensure yaw stiffness. Tétiffness is important to keep
the wind turbine upwind. However, an uneven wind distribaton the rotor plane can
induce yaw moment on the platform. Another effect which cadfuce yaw moments is
the gyroscopic effect of the rotor caused by fore—aft matidrherefore both the mooring
system and the gyroscopic effect are included in the model.

The combined system can be described as a nonlinear systéah gepend on the
wind speed and the wave frequency:

A(ww)q + B(ww)q + Cq - Fwind + Fwave + Fref; (63)

wherew,, is the frequency of the propagating ocean wave. The notafioh(w,, ), B(w,,))

65



Paper B

is relaxed tq A, B), thus,

Pa PTs Ogx2 Osxe2
TPs  Ta 0Oax2 O2x2
O2x6 Oax2  Da 022

| O2x6 O2x2 O2x2 Na

(6.4)

P PIs Osx2 Ogx2
TP Tp 0Oax2 Ox2
O2x6 O2x2 Dp 0Oax2
| Oax6 O2x2 Oax2  Np

(6.5)

Pc PIz 0Ogx2 PN¢
TPc Tc 0y TNe
02><6 02><2 DC DNC
O2x6 O2x2  Oaxo N¢

(6.6)

Here, A represents the inerti® is the damping, an€ is the stiffness. These matrices
include terms wher® represents the platformi, is the towerD is the drivetrain, and\
is the actuator. The system properties are defined at theatea havel (SWL) about the
vertical centerline of the platform.

In the following, all parameters going inth, B and C are referred to as inertia,
damping and stiffness even though some are not in a physicaés

Modeling of Mass and Inertia

To model how a structure moves or rotates in water, the masartia of the displaced
water must be included. This mass and inertia are referrad the added mass, and must
be summed with the mass and inertia of the structBre= diag([m m m A, A, Ay]) +
Anyaro (W), Where the total system has a massrgfpitch inertia of A, roll inertia of
A,, and yaw inertia ofd,,. The frequency of the ocean waves is denoted-pywhich
determines the quantity of added mass from the watgyy.. (w.,). However, note that
the significant quantity of added mass for the given spar (HghMdemo) platform only
varies a few percent over frequency. The added mass matmibeaenerated using a
wave interaction analysis tool such as WAMIT for the platfd®, 12].

The wind turbine is mounted on top of the platform, and has ssméll 4 = 15,omy,
wherel the identity matrix andn; comprises the mass of tower, nacelle hub, and blades.
Of course the wind turbine has an impact on the platform and versa in both rota-
tion and translation TPy = PT% = [milaxs Oox1 hemilaxs Oaxi], whereloyo =
[10;0-1], lax2 = [0-1;1 0], andh; is the distance from SWL to the center of mass
(COM) of the tower.

The inertias of the drivetrain are defined Py, = [A4 As; A A¢]), where Ay is
the inertia of the drivetrain and, is the inertia of the torsion in the rotor shaft. The
possibility of altering the operation of the generator aotbr effectiveness is achieved
using actuators. The inertias of the actuators are defin@tlby diag([m, m,]), where
my, is the inertia of the blade pitch actuator amg is the inertia of the generator torque
actuator.
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Modeling of Damping

The damping of the platform is affected by gyroscopic effghydrodynamics, and linear
damping:Pg = Bgyro + Bhydro (W) + Byiscous. The rotor causes a damping force on the
platform due to the gyroscopic effect between the platfoaw ynd the pitchBgy,, =
[O4c4 Osx2; 024 3I514)], wherels is the inertia of one blade about the rotor axis and
v is speed of the rotor. The hydrodynamic dampBiga..(w.,) is caused by platform
movement or rotation in the water. In contrast to the addessitaydrodynamic damping
is highly frequency dependent. Hydrodynamic damping cao bk generated using a
wave interaction analysis tool such as WAMIT [9, 12]. Theehn dampin®B.iscous IS

an empirical damping verified in [9] to resemble the Hywindizein the OC3 Hywind
FAST simulator [7].

The tower deflection has a damping®f = 15,4 B;, whereB, is the tower damp-
ing. However, the tower deflection has a damping effect orptaiorm rotation, hence
PTs = TPE = [0y, 5 htBilaxo Oox1l.

The drivetrain has a friction defined By = diag([0 By]), whereB, resembles the
viscous friction of the torsion in the flexible shaft of thevétrain.

The damping of the actuators are defined\ny = diag([B, B,]), whereB, resem-
bles the electrical damping of the generator, wiitleresembles the mechanical damping
in the pitch actuator.

Modeling of Stiffness

The stiffness of the platform is defined By: = Kiydro + Kmooring + Kegravity, Where
Kuydro 1S the hydrostatic restoring stiffnes,nooring iS the stiffness caused by the moor-
ing lines, andK g4vity iS the stiffness due to gravity.

The stiffness of the flexible tower is defined By = diag([K; K;]), where K
is the tower stiffness. However, the flexible tower also hasnapact on the platform
stiffness: TPc = PTE =03 -mgI O2x1], Whereg is the gravitational acceleration
andl = [01;10].

The stiffness related to the drivetrain is defined Dy = diag([0 Ky4]), where
K4 is the stiffness in the torsion of the drivetrain. There isoah stiffness related
to the actuator, defined béc = [K, K|, where K, is the stiffness related to the
electrical torque generation arid, is the mechanical stiffness in the blade pitch sys-
tem. However, the generator torque also has an impact onrthetrdin: DNo =
[NV 0;0 0]7 where N is the gear ratio and also an impact on the tower’s side-side d
flection: TNe = [0 -N/hy;0 0]7, and since the tower deflection is only relative to the
platform,PNc = [02><1 —N/hhizXl Oox1 —N/hhizXl 02><2]T, WherEiZXl = [1 O]T and
hp, is the height from the SWL to the hub.

Aerodynamic Forces

The aerodynamic force of the wind is definedfyt,g = [F; 01 x3 hnF; 0 Fy 0 M, M, 01x2]7,
where the aerodynamic rotor thrugtand torquel/, have a nonlinear effect on the sys-
tem, given byFy = $ ApCy (A, B)v; andM, = &3 ApCy(A, B)v whered = £ is the
ratio between the blade tip speed and the relative wind sp&bkd relative wind speed

v, is defined byy, = v — & — hp,0, — i, wherev is the ambient wind speed, is the
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platform surge velocityh,, is the height from SWL to huld), is the platform pitch and.

is relative tower displacement. Since this expressioruthes some of the system states,
an impact on the system damping is expected. The partiatalies of the aerody-
namic thrust forcéF; /0Q, OF; /di, OF;/d6,, OF; /05 and the aerodynamic moments
OM, /09, DM, |z, OM,/d6,, dM, /3, are thus included in the damping matrix,
and the stiffness matrix.

Wave Excitation Force

The wave excitation force describes the impact of a singlelent wave on the platform
by Fuaves = Re { Ay X (we,, wg)el®=!}, whereA,, is the wave height is a normalized
wave excitation force vectoty,, is the wave frequency, ands is the wave’s direction.
As wave excitation force does not depend on any DOF’s of tidrabmodel, the wave
excitation force has no impact on the natural damping of yisees.

Inputs Reference

The system has two controllable inputs, which are define@ by = [01x10 ug u,) 7T,
whereu, is the reference for the generator torque apds the reference for blade pitch
angle.

Model Validation of Control Model
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Figure 6.2: Model validation of selected states where rétd$AST code simulation and
blue is the presented control model. At time zero the FWTleased from horizontal in
still waters at a wind speed of 14 m/s.

To validate the presented model, a time series comparispregented in figure 6.2
between the OC3 Hywind model of a floating wind turbine (FWTy ahe presented
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controlmodel. The figure shows the response of the FWT wHeased from a horizontal
orientation at time zero.

The presented states are generator speed, tower deflatfiore+aft and side—side,
and platform rotation in fore—aft and side—side.

The rotor is spinning at rated speed, with constant genetatque and blade pitch
angle. The wind speed and the wave frequency are the parariretee presented model,
thus the model is validated at a wind speed of 14 m/s in stitevga Disturbances from
the turbulence of the wind and incident waves are not indude¢he comparison study.

The figure shows comparable behavior between the two maddekssms of the am-
plitude and frequency.

Combined Aero- and Hydrodynamic Damping

To determine the combined damping of the open—loop systemécessary to understand
the aerodynamic damping. The aerodynamic damping dependeeaontrol objectives
of the wind turbine. At low wind speeds the objective is toiojte power, however at
a defined rated wind speed, the objective change to limitlgatrecal power output. In

Figure 6.3 these objectives are presented as trajectariggeherator speed, blade pitch
angle and generator torque.
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Figure 6.3: Ideal closed—loop operating strategy to mazeéngiower below rated wind
speed and reduce power above rated wind speed.

Based on these trajectories, the damping of the open lod@myis presented in Fig-
ures 6.4 and 6.5, which illustrate the open loop linearizamping of the platform rota-
tion and the relation to the wind speed and wave frequencye tbwonlinearities (and
variance in the aero- and hydrodynamics) the presented Irisiieearized at an interval
of 0.5 m/s from 3 m/s to 25 m/s. The figure shows that the best damgitigeglatform
rotation is achieved at a wind speed16f4 m/s and a wave frequency 0619 rad/s.
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Wave frequency [rad/s]

Figure 6.4: Open loop damping in platform pitch as a functdmvave frequency and
wind speed.

In platform roll, the wind speed has no dynamical impact. el rotational degree
of freedom is platform yaw. It is assumed that the impact eftfind and wave dynamics
are insignificant on a spar buoy platform compared to othaathics acting on the yaw,
such as gyroscopic effects and the rotor yaw moments inducéte wind.

The hydrodynamic damping of the system can be explained Hyoldynamic drag,
which varies over the relative wave velocity and due to theggtric and surface smooth-
ness of the platform [13]. For deep waters, the wave velazitybe defined by, = aw,,
at the free surface wherkeis the wave amplitude and,, is the wave frequency. The
wave amplitude is closely related to the wave spectrum wégain depends on the wave
frequency. Thus, the hydrodynamics damping is presentédgimres 6.4 and 6.5 as a
function of wave frequency [14].

The aerodynamic damping is proportional to the aerodynamst force. The damp-
ing increases below the rated wind speed and decreases tgorsted wind speed due
to thrust reduction. In Figure 6.4 the damping seems to halifement behavior at about
10-12 m/s, which may be explained by the change in operatiategy in Figure 6.3,
where constant generator speed is reached. At this pomtjgkspeed-ratio goes from
constant to decreasing as the wind speed increases.

Control Strategy Above Rated Wind Speed

A model-based control strategy is chosen to control and dlw@gystem. Despite that
the control model is presented for the full wind range, a xlgr is designed only for
wind speed above the rated wind speed to avoid transitidmselea objectives.

The proposed control strategy is shown in Figure 7.9, casingia gain—scheduled
LQR controller combined with wind speed and wave periodweastdrs. Full state feed-
back is assumed, since the focus of this paper concerns dgnmgzsed on estimates of
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wind speed and waves frequency.

The LQR controller is a linear controller which requiresreetar model of the system,
and several controllers are hence for various operatingtpaoif wind speeds and wave
frequencies. This is achieved using the controllaw top (v,,) — LQR (v, we)(z —
zop(vm)), Wherexr = [q 4], top (vn) andZop (v, ) represents the operating points as
functions of the mean wind speed. The controlleQR(v,,, w.,), is a gain—scheduled
LQR controller which uses the slow varying mean wind speedi \aave frequency as
scheduling variables.

Based on the control model, the controller is designed effind implemented as a
lookup table for wind speed above the rated wind speed wititexval of 0.5 m/s and
wave frequencies of 0 rad/s to 5 rad/s at an interval of O.Asrakthen running online, at
each time step, the controller interpolates the operatimgtj@and the controller gain.

Wave Period Estimator

To determine the hydrodynamic contribution, the wave fesmqy is required. The wave
period of a regular wave is straightforward to estimate. klav, irregular waves are more
difficult to handle. In this paper, a simple auto-regressilgorithm is implemented to
estimate a model of the waves based on current wave heigatddsired wave frequency
is thus derived for the model as the natural frequency. Theeviight is modeled as
A(q)y(t) = e(t), whereA(q) is a second order system(t) is the wave height, and
e(t) is white noise. The estimated wave height is defined by a skootler model as
9(t,0) = (—y(t — 1), —y(t — 2))6, wheref are the parameters of the estimation model
A(q). The estimation errar(t) = y(t) — (t) is minimized using a least squares method
by updating the model properti#s The wave frequency is determined by the natural
frequency of the system(q).

Damping [(]

Wave frequency [rad/s]

Wind speed [m/s]

Figure 6.5: Open loop damping in platform roll as a functibwave frequency and wind
speed.
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Figure 6.6: Overview of control strategy.

Wind Speed Estimator

The wind speed can be estimated based on measurementsatbihestocity, blade pitch
angle, and the generator torque. In this study, an extendédag filter (EKF) is used to
estimate the wind speed, as suggested in [15].

The drivetrain is modeled as a first order system assuminidf dréte train and ne-
glecting losses:

I = M, — M,N, (6.7)

wherel is the inertia of the drivetrairf)q, is the rotor speed, anlyl is the gear ratio. The
wind is modeled as a second order system.

0 = —a(vm)ve + 1 (6.8)
’l')m = N2, (69)

wherev; andv,,, are the wind turbulence and mean, respectively,,) is a wind speed
dynamic parameter related to the turbulence length scaténaandn, are Gaussian
white noise.

The Linear Quadratic Regulator

In order to apply linear quadratic control methods, the nhizdeansformed from a system
of second order differential equations into a system of éirder differential equations:

0 I 0
—A_lc —A_lB :| x + |: A_lF :| u, (610)

wherez = [¢7 ¢T1T, u = [M, BT and F is a reformulation off¢s such thatF =
[Fl FQ], WhereF1 = [01><10 1 O]T andF2 = [01><10 0 1]T.

A controlleris designed which minimizes the performangetion: J = fooo (xT Qu+
uT Ru)dt. The controller weighting matriceg and R, were designed based on an initial
guess of proper state weighting using Bryson’s rule, foldviby an iterative trial and
error process. Consta@tand R were used at all wind speed above rated.

Using Bryson’s rule, the LQR input weighting matriX is handled by allowing the
blade pitch angle to vary 60 deg. A constant torque approaamnasen for generator
torque.

jj:
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3 Environmental Setup

The LQR state weighting matrig is defined in such a way that the rotor angle,
is limited to vary only 20 rad. The rotor angle can be intetgdeas the integral action
of the rotor speed, which can be used to reduce oscillatiomsdan power. In wind
turbine control systems, the integral action of the roteeshis often an interesting signal.
By modeling the drivetrain as a second order system, thgralttaction is conveniently
represented as a state.

Using bryson’s rule, the platform rotation is punished toyjvanly 1 deg/s for both
platform pitch and roll in the weighting matrix.

Two LQR controllers are designed to demonstrate the adgamé the LQR con-
troller. One controller, LQR1, is a controller designed $mmilar performance as the
detuned baseline controller OC3-Hywind [9], by punishing blade pitch ratg to vary
only 5 deg/s. The bandwidth of the OC3-Hywind controllerdduced compared to con-
ventional turbine control to avoid instability as discusse the introduction. Another
controller, LQR?2, is designed for a higher level of pitchity by punishing the blade
pitch rate,3, to vary only8 deg/s. This reflects the bandwidth of conventional wind tur-
bine controllers. In contrast to the OC3-Hywind baselinetoaller this is possible with
a more advanced control strategy as presented in this papeyutstability problems.
Increased bandwidth of the controller causes increasete lgiich actuation, which will
reduced the actuator lifetime. However as an example, theittyDemo is a standard
wind turbine. In the context of actuator lifetime, the a¢twas designed for conven-
tional controller bandwidth and not detuned bandwidth. s hue suggest to increase the
bandwidth to 8 deg/s using LQR2.

Software

The controllers are simulated on a 5 MW wind turbine mounteddallast stabilized
buoy to resemble an upscaled version of the 2.3 MW Hywind Denma turbine. The
floating wind turbine has a flexible tower and drivetrain, éoraadius of 63 m, and
a height of 90 m. The platform has a draft of 120 m, with six degrof freedom in
translation and rotation. The platform is constrained ng¢hmooring lines. The wind
turbine is a three bladed upwind 5 MW OC3-Hywind referencediirbine specified by
the NREL in [8], and implemented in the wind turbine high fitleheroelastic simulation
tool FAST, which is well recognized in the OC3 code benchnjaf§. The simulations
were performed in Simulink Matlab v7.9.0 (R2009b) linkedFAST v7.00.00a-bjj and
AeroDyn v13.00.00a-bjj compiled for the OC3-Hywind rungiwindows 7 32bit.

3 Environmental Setup

The wind profile used in the simulations has a mean wind spg&8.0 m/s with a turbu-
lence intensity of 14.9%. The significant wave height is 6eers, simulated with a peak
wave period of 2, 5 and 10 seconds. Figure 6.7 shows threzeliffe sequences of wave
elevations. The simulation does not include the ocean stride system is simulated at
80 Hz, while the control system operates at 10 Hz.
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Figure 6.7: Wave height over time where yellow, light greed dark green represents
peak wave periods of 2, 5 and 10 seconds respectively. Thefgiows 100 seconds of
the 600 seconds sequences.

4 Results

The performance of the suggested controllers are comparéuketperformance of the
OC3-Hywind baseline controller [9]. The responses of thetilers are compared in a
case where the waves are aligned with the wind, and in ano#iserwhere the waves are
perpendicular to the wind.

In Figure 6.8, the performance of the baseline controllerthie LQR1 controller are
compared with aligned wind—wave forces and with a preak vir@ggiency of 10 seconds.
Figures 6.9—6.11 show the results of aligned wind and wausarpeak wave frequency
of 10 seconds. Figures 6.12—6.14 make the same comparisitre ftase of perpendicular
wind and waves.

The performances are compared in terms of blade pitch andligures 6.9 and 6.12,
and platform pitch in Figures 6.10 and 6.13.

An overall performance analysis is presented in Figure$ &rid 6.14 where, also
electrical power, tower deflections, and platform motiores@mpared. These key per-
formance indicators are compared in terms of absolute sgkigs), and standard devia-
tions (std). The absolute values are definedfbﬁ(mdt, which describes the distance
traveled by the blade pitch.

5 Discussion

In Figure 6.8, a comparison is presented between the dehassdine controller and the
LQR1 controller. Except from platform pitch, the comparistemonstrates similar be-
haviors between the two controllers, with insignificant fliations. The purpose of this
comparison is to demonstrate that the presented LQR casttaiegy can performance
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Baseline better LQR1 better
Elec. power (std) f 3%
Blade pitch rate (abs)
Tower fore—aft (std) r
Tower side—side (std) 5%
33%

Platform pitch (std) f

Platform roll (std) -

Figure 6.8: Aligned wind—wave forces with a peak wave pedbti0 seconds: Statistical
analysis of relative controller performance with respecehiean, standard deviation (std).
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Figure 6.9: Aligned wind—wave forces with a peak wave penbdd0 seconds: Blade
pitch angle. The green is the LQR controller while the blacthie baseline.

just as the detuned baseline controller. However, the batdwf these controller imple-
mentations are very slow and does not comply with conveatimind turbine standards.

The performance of the detuned baseline controller alsmdstrates the limit of this
controller. If the bandwidth of the detuned baseline cdigravas increased, the system
would become unstable. However, using a model-based dattabegy it is possible to
operate at a conventional bandwidth while maintainingibtglof the system.
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Figure 6.10: Aligned wind—wave forces with a peak wave pkdbl0 seconds
pitch. The green is the LQR controller while the black is thsddine.
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Figure 6.11: Aligned wind—wave forces: Statistical anelys relative controller perfor-
mance, where yellow, light green and dark green represeatsyave periods of 2, 5 and

10 seconds respectively.

In Figures 6.9-6.14 a comparison is presented between thieetEbaseline controller
and the LQR2 controller. The performance of the two contrslare compared at three
different wave sequences with turbulent wind. As the buaytha same dynamic prop-
erties in all direction, we demonstrate the two worst casmagos; aligned forces and

perpendicular forces.
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Figure 6.12: Perpendicular wind—wave forces with a peakengeriod of 10 seconds:
Blade pitch angle. The blue is the LQR controller while thadilis the baseline.
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Figure 6.13: Perpendicular wind—wave forces with a peakengeriod of 10 seconds:
Platform pitch. The blue is the LQR controller while the &g the baseline.

The results show that it is possible to significantly impréve platform pitch oscil-
lations by approximately 50% when forces are both alignetmerpendicular. The cost
is an increase in blade pitch activity by approximately 150B&n forces are aligned and
approximately 100% when forces are perpendicular.

Improvements in electrical power (7-20%) and tower foredaflection (5-17%) are
observed, when forces are both aligned and perpendicular.

77



Paper B

Baseline better LQR2 better
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Figure 6.14: Perpendicular wind—wave forces: Statis@eellysis of relative controller
performance, where yellow, light green and dark green seprts peak wave periods of
2,5 and 10 seconds respectively.

Insignificant improvement are observed in platform roll daoder side—side deflec-
tion. As both control strategies uses a constant torqueoappr there is only indirect
actuation in both platform roll and tower side—side deftattiln the perspectives of us-
ing the generator torque for damping oscillation on thefptat, the torque induced by the
generator is less than 10% of the perpendicular torque gdlbyg the rotor thrust force.
Furthermore, using generator torque to damping platfolinaond tower side—side, will
cause power oscillations and thus will change focus andmefurther research.

Comparing the results between aligned and perpendiculeesat should be noted
that misaligned forces in the range 45 degrees occur at much higher probability
that perpendicular forces. Thus, the results on alignece®should be weighted more
importantly.

6 Conclusion

In the context of model-based control, a new model of a flgatitnd turbine is pre-
sented that captures the effect of the aerodynamics, hydamics, structural dynamics,
and actuator dynamics. To address the disturbance andgnisent of wind and waves,
a control model is presented that requires estimates of the speed and the wave fre-
guency, which offers an improved model for model-basedrobnt

A control strategy is taken based on a gain—scheduled LQRaltar. The result is a
wind and wave control strategy capable of actively damptngcsural oscillations while
fulfilling the objective of maximizing power.

Using the same bandwidth as a conventional wind turbinercbet, the suggested
model-based control strategy shows convincing performameceducing platform pitch
oscillations, while improving the electrical power and svfore-aft deflections.
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1 Introduction

Abstract

Offshore wind energy capitalizes on the higher and lesautartt wind at sea.
Shallow water sites are profitable for deployment of morepiind turbines at wa-
ter depths of up to 30 meters. Beyond 30 meters, the wind is strenger and
less turbulent. At these depths, floating wind turbines bexrofitable, capable
of accessing unexploited wind resources while reachingnsgof new consumers.
However, floating wind turbines are subject to reduced tirat stiffness which re-
sults in instabilities when standard wind turbine contgastems are applied. Based
on optimal control, this paper presents a new minimum thrastrol strategy capable
of stabilizing a floating wind turbine. The new control ségy explores the freedom
of variable generator speed above rated wind speed. A casopdp the traditional
constant speed strategy, shows improvements in strudanshft oscillations and
power stability when using the new control strategy.

1 Introduction

Floating wind turbines are the latest development in winekgy offering installation in
places where wind energy never has gone before. Wind twglareinstalled in range
of consumers and are economically competitive at sites gifi iind and relative low
roughness such as land fields and sea surface. Offshore winidés is an example of
this trend. However, the economy in installing offshoreaviarbines has been limited to
shallow waters below 30 meters. The concept of floating wimdihes extend the range
of wind turbines beyond 30 meters, accessing deep watsrddifgotentially higher wind
speed while offering wind energy to consumers in hew regions

The main objectives of wind turbines are to maximize powedpiction while mini-
mizing fatigue loads. Fatigue is basically wear accumdlatger time of key components
such as tower, gearbox, blades and bearings. If a wind teiibinperated to maximize
power production regardless of fatigue loads, the lifetoh&ey components will sig-
nificantly decrease and the cost of energy will go up. Thisjgeeially important for a
floating wind turbine which by nature is influenced by a constantribution of oscilla-
tions from both wind and ocean waves. Therefore a tradeetifi®en maximized power
production and minimized fatigue loads is required for myati performance.

A floating wind turbine resembles an onshore wind turbinesamy ways, however
the dynamic behavior differs. Applying conventional ongheontrol strategies to floating
wind turbines has been shown to impose negative dampedatiscik to the platform
motion. Above rated wind speed, the onshore controlleresitise blade pitch to increase
the rotor thrust as the wind speed decreases and vice vénsa.tBe onshore controller is
slower than the tower dynamics, but faster than the platfdynamics, instabilities only
occur on floating wind turbines.

To prevent this, a tower damping control strategy was intoed in [1] using a wind
estimator applied to a ballast-stabilized wind turbinevging reduced tower oscillation
at the cost of reduced power output. In [2] a gain schedulegpgtional integrating
(GSPI) controller showed good performance regarding @latfoscillations but over-
shoots rated power and generator speed. The task of dangimg bscillations were
addressed by [3] suggesting tower acceleration influend#aate pitch control.

However, in [2] platform oscillations were addressed usovger acceleration show-
ing improved platform damping at the cost of relative largevpr drops. Active stall
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control was also suggested in [2] demonstrating smooth patvihe cost of increased
platform oscillations. In [4], active stall control is suggded as a feasible solution on
floating wind turbines.

Linear quadratic regulator (LQR) was applied to a floatingidvturbine in [5, 6]
which showed improved results with respect to power stghéind tower oscillations
compared to [2]. In [5] a control strategy utilizing indiwidl blade pitch and generator
torque reduced tower side-side oscillation on a floatingcstre. In [7] wind and wave
estimators were combined in a full range LQR controller showgenerally improved
performance in power and structural oscillation.

The cited literature varies in methods, however, whey alehane thing in common;
they are all based on the same control strategy of constamrger speed above rated
wind speed. This paper presents a new control strategy twegolatform and tower os-
cillations. Instead of operating the generator at maximpeed above rated wind speeds,
this paper suggests a strategy which reduces rotor throigtaer wind speeds. The effect
is reduced loads on the structure and thereby potentiatiwar cost of energy. The new
control strategy is implemented as an LQR control combinigldwind and wave estima-
tors. The suggested control strategy shows improved dapgdistructural oscillations
when compared to a constant speed control strategy.

2 Methods

A Dynamical model of a Floating Wind Turbine

A model for control design is needed which captures the dantibehaviors of a float-
ing wind turbine. The control model used in this work is prase in [7]. The model
represents a floating wind turbine which is able to both etatd translate. The wind
turbine tower and drivetrain are both modeled as flexiblecttires. Aerodynamics and
hydrodynamics are modeled as functions of wind speed and fiaguency, respectively.
Dynamics of actuators are also included which altogetimmesents a complete dynami-
cal model of a floating wind turbine.

Identifying Aerodynamics Impact on Structure

The damping of a floating wind turbine depends on aerodyraiana hydrodynamics
[7]. The damping provided by hydrodynamics is a function afre/frequency and surface
smoothness of the structure, which are uncontrollable d@ioss. The damping provided
by aerodynamics is a function of wind speed and the efficieridjpe rotor. The wind
speed is of course uncontrollable, however, the efficieridh@rotor can be controlled
by altering the blade pitch angle or rotor speed.

First the aerodynamic impact on platform damping is ingeggd. Let us assume, a
wind turbine can be modeled as a dynamical system of secal®l by

I§+Cq+ Kq = Fox, (7.1)
whereg = [, 6, i; Q)T and#, is platform translationd,, is platform rotation;i, is

tower deflectionf) is generator speed. Structural properties are defined Esvil|
is inertia, C is damping, and K is stiffness. The externatésrare defined aB.x; =
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[Fy heFy F; M,])T whereF; is the aerodynamics thrust force induced by wihdis the
distance from the hub to the center of buoyancy (COB), &fdis the aerodynamics
torque. In Fig. 7.1 a floating wind turbine is presented, whaso surface water level
(SWL) and center of mass (COM) are indicated.

The aerodynamic loads are defined as

1
F = §PAUth(A,5) (7.2)
— 1 3
Ma, - EPAUTC;U()‘aﬁ)a (73)

wherep is the density of air, A is the area swept by the rotGy(\, 3) is the thrust
coefficient of the rotor as a function of tip speed ratic: Q1R /v, and blade pitch angle,
respectively, and’, (), ) is the power coefficient. The wind speed seen by the rotor can
be defined as, = v — &, — h;6, — &, wherev is the ambient wind speed.

coB
CoM Xp

6p

Platform

Figure 7.1: Floating wind turbine comprising of a wind turbimounted on a floating
platform.

To identify the aerodynamic damping the system is linedrlagq = ¢ + ¢, whereg
is the linearization point anglis small deviation. The external forces are linearized with
respect to thg, thus

s 8Pﬂex pa L
Foo = 8—.tq = Cextq, (7.4)
q

whereC., are the partial derivatives of the external forces. The deramics of the
external forces are include in the structural model by

IG+ (C = Cext)q + KG = 0. (7.5)
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At each wind speed a linearized system can be defined-ask —' F,; at predefined
values of tip speed ratid,, and blade pitch anglé.

Analyzing Relation Between Power and Damping

To develop a control strategy for constant power and redydatiorm damping it is
important to understand what, andC, look like. At constant power, there exists only
one correct value of’, at a given wind speed. However, this value can be obtained

N
o

o

Blade pitch [Deg]
N
o

1.5 2 25 3

Tip speed ratio [A]
Figure 7.2: Blade pitch angle as a function of tip speed ratid5 m/s. The line indi-
cates possible operating points for nominal productionre/ied is feather and blue is
stall. The circle indicates constant speed operation. Tdreisdicates minimum thrust
operation.

by numerous combinations of blade pitch angles and tip speess. In realityC, and
C; are continuous functions in the sense that there exists atbnpath of blade pitch
angles and tip speed ratios which offers constant aerodgsasuefficients. In Fig. 7.2,

0.15¢
L o1}
(@)

0.05¢ ; X : Y
1.5 2 25 3
Tip speed ratio [A]

Figure 7.3: Thrust coefficient as a function of tip speedorati 25 m/s. The line indi-
cates possible operating points for nominal productionre/tied is feather and blue is
stall. The circle indicates constant speed operation. Tdreisdicates minimum thrust
operation.

combinations of blade pitch angles and tip speed ratios eegepted which result in
nominal power production thus constaryf. Any desired solution must be found in these
set of blade pitch angles and tip speed ratios.

In Fig. 7.3 the thrust coefficientt,; is presented as a function of tip speed ratio.

The linearized system is analyzed and the natural frequefitye platform pitchg,,
is identified. In Fig. 7.4, the damping of the platform pitshpresented as a function of
tip speed ratio.

Fig. 7.5 represents the dynamical damping of the tower diflec:; as a function of
tip speed ratio.
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Figure 7.4: Platform damping as a function of tip speed rati@a5 m/s. The line indi-
cates possible operating points for nominal productionre/tied is feather and blue is
stall. The circle indicates constant speed operation. Tdreisdicates minimum thrust
operation.
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Figure 7.5: Tower damping as a function of tip speed ratiomatr?s. The line indi-
cates possible operating points for nominal productionre/tied is feather and blue is
stall. The circle indicates constant speed operation. Tdreisdicates minimum thrust
operation.

Minimum Thrust coefficient

Based on the analysis of power and damping, an operatinggyras chosen which offers
a better response relative to the constant speed approaehre$ponse of the constant
speed approach is presented in Fig. 7.2-7.5 indicated byla ci

In this paper a control strategy based on minimum thrusfficiesit is chosen. This
approach reduces the thrust coefficient3§8% at wind speed of 25 m/s compared to
a constant speed approach. In Fig. 7.3 the minimum thrufficgeat is indicated by a
star. However, the platform damping at this point is detatied by3.76% compared to
the constant speed approach as seen in Fig. 7.4. At this pleéndifference in structural
responses is not clear, thus structural and power perfarenare analyzed.

To visualize the responses of the two different systemsteumdise is applied as
external forces to the platform dynamics and correspongavger spectrum density for
platform oscillations are presented in Fig. 7.6. The fighiass a slight frequency shifted
behavior when comparing the two systems. Using the minimiumst approach, the
stationary variance is improved by minb24% found by solving the Lyapunov equation.

The power is analyzed with respect to sensitivity to chamgesnd speed. The power
is defined as

1
P = 5/014“?-0;0()‘76); (7.6)
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Figure 7.6: Variance of platform oscillations when whitéseois applied as an exter-
nal force. The black is the constant speed approach and dhis the minimum thrust
approach.

with partial derivative

oP 1 L0, (N B) 8)\>

1 o
v, QPA (31}7‘01’()\7 f) +7, ox  Ovuy

(7.7)

where 22 = =2 and 3cg(§’5) are found numerically. The sensitivity is analyzed at 25
m/s where the deviation in control strategies is largest flito strategies are analyzed
showing a potential decrease of 8.27in power sensitivity,?q—i, to changes in wind

speeds using minimum thrust approach.

Control Trajectories

In Fig. 7.7 the suggested minimum thrust approach is condpréhe constant speed
approach. The proposed strategy is only relevant above reited speed since there
only exists one operating point for optimal power below daténd speed. In Fig. 7.8 the
rotor thrust force is shown together with the improvemertaaiation by minimum thrust
approach. It is expected that the suggested minimum thppsbach causes an increase
in actuator activity due to the extended range of the actuedjectories.

LQR Control Design

A model based control strategy is chosen to control and dampytstem. The proposed
control strategy is shown in Fig. 7.9 comprising a LQR colteéracombined with wind
speed and wave period estimators.

As the system is nonlinear several controllers are desifpredrious operating points
(OP’s) of wind speeds and wave frequencies. Stability studégarding transition be-
tween these controllers are not included in this work. Teedeine the operating point
the controller requires two estimated schedule parameteich are wind speed and wave
frequency.

The wind speed estimator is an extended Kalman filter whiel tise wind turbine as
wind speed sensor based on tip speed ratio, blade pitch andlgenerator torque. The
implemented wind estimator is presented in [8].

The wave frequency estimator is estimated based on measaredheight. A simple
auto regressive algorithm is implemented to estimate a hufdée wave height. The
desired wave frequency is thus derived for the model as thealdrequency. The wave
frequency estimator is documented in [7].
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Figure 7.7: Operation strategy. The black is the constamtd@pproach and the red is
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Figure 7.8: The upper shows aerodynamic thrust while theta@lrows the improvement
achieved using minimum thrust strategy. The black is thestzom speed approach and
the red is the minimum thrust approach.

A series of linearized LQR state feedback controllers aggied at wind speeds
above rated power at intervals @bm/s and wave frequencies 0frad/s to5 rad/s at an
interval of0.1 rad/s.

In the introduction, four degrees of freedom (DOF) are presrelated to the aero-
dynamics, however, the controller is designed based ohdurtight DOF which are
actuator and structural dynamics as presented in [7].
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Figure 7.9: Overview of control strategy.

A state space system is presented in the classical fotm=asix + Bu andy = C'z.
The feedback control is defined as= —L(v, w,, )z, wherev is estimated wind speed
andw,, is estimated wave frequency indicating estimator depecidsn

The controller weighting matrices are designed based osdrg rule by an initial
guess of proper state weighting followed by an iterativa &ind error process.

The LQR input weighting matrix? is handled by allowing the blade pitch actuator
reference to vary 90 deg, and the generator torque refetenvegy 20000 Nm at all OP’s.

The LQR state weighting matri is defined such that rotor angle is punished to vary
only 10 rad. The rotor angle can be interpreted as integtadraof the rotor speed. In
wind turbine control systems the integral action of the refzeed is often an interesting
state. Conveniently, by modeling the drivetrain as a seamd@r system the integral
action is represented as a state. The state can be used tdldataptions is generator
speed.

In constant torque operation this state is also proportimnaower, however, this is
not the case when torque is varying. Thus, a power statersduated in the system
equations. In minimum thrust strategy, the integratedtetad power state was punished
to vary only 300 kWs. However in the constant speed strategystate was relaxed to 2
MWs since the punishing of the generator speed already g&ffect.

To avoid unnecessary fast actuator activity the blade pitth is punished to vary
only 8 deg/s. The tower deflection in fore-aft is punished to vaty &rm/s in translation
at hub height while platform rotation is punished to vary @aé/s.

3 Experimental Setup

Simulation Environment

The control strategy suggested in this paper is compareddastant speed control strat-
egy under equal environmental conditions at a mean winddsp&&5 m/s with an air
density of1.225 kg/m’ and a turbulence intensity &6%.

To reveal system damping ability, at time zero the floatingduurbine is released
from upright alignment and forced backward by wind and waesembling a step re-
sponse.

The relative high wind speed is selected to demonstratathe Heviations in control
strategies. Waves are simulated as irregular waves witiNGY@AP/Pierson-Moskowitz
spectrum [9]. The significant wave height of the incident egmsre 6 meters with a wave
frequency of 10 seconds. The environmental conditionstarager depth o820 meters
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and a water density df025 kg/m?®. The waves are aligned with the direction of the wind,
thus perpendicular wind and waves are not considered ip#ysr and are therefore not
included in the environmental setup.

Software

The wind turbine is a three bladed upwind 5MW reference wintbine specified by
NREL in [10], and implemented in the wind turbine simulatiool FAST which is well
recognized in the OC3 code benchmark, [11]. The implemiemtaf the wind turbine in-
stallation consists of a 5SMW wind turbine mounted on a baiaabilized buoy to resem-
ble an upscaled version of the 2.3MW Hywind wind turbine. Tlbating wind turbine
has a rotor radius of 63 meters, a tower height of 90 metedssiardegrees of freedom.

The simulations were performed in Simulink Matlab v7.9.®2QR9b) linked with
FAST v7.00.00a-bjj and AeroDyn v13.00.00a-bjj compiledtfee OC3 Hywind running
Windows 7 32bit. Damage equivalent load calculations aleutated using MCrunch
v.100 which is an implementation of [12].

4 Results
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Figure 7.10: Blade pitch angle at 25 m/s. The black line isstam speed strategy and
red line is suggested minimum thrust strategy.

In Fig. 7.10-7.14, time-series of the two control strategiee compared with respect
to blade pitch, generator speed, platform pitch, tower diéfle and electrical power.

Based on Fig. 7.10-7.14 and some additional performanexég] a statistical anal-
ysis is presented in Fig. 7.15. In the figure, the performsuod¢he two control strategies
are compared.
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Figure 7.11: Generator speed at 25 m/s. The black line igaohspeed strategy and red
line is suggested minimum thrust strategy.
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Figure 7.12: Platform pitch angle at 25 m/s. The black linmisstant speed strategy and
red line is suggested minimum thrust strategy.

5 Discussion

The results show that the suggested minimum thrust straiffgys reduced structural
fore-aft oscillations in both tower and platform as indezhin the analysis. The strategy
was designed to reduce fore-aft oscillation, however,-side oscillation suffers in both
tower and platform due to increased generator torque actuat

Due to increased aerodynamic torque and generator torgue tchin torsion has un-
avoidably increased. However, the low speed shaft shoultimensioned to withstand
the increased level of torsion. An advantage of the minimhmst strategy is the re-
duced generator speed which will reduce viscous wear inirigeatong the drive train
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Figure 7.13: Tower fore-aft deflection at 25 m/s. The blank s constant speed strategy
and red line is suggested minimum thrust strategy.

W
ol
N
o
S

a1
[
o
o

Electrical Power [kW]
al
o
o
o

56 160 150 260 250 300
Time [s]
Figure 7.14: Power performance at 25 m/s. The black linefst@mt speed strategy and
red line is suggested minimum thrust strategy.

and generator.

Actuator activity in blade pitch and generator torque showseased operation. As
expected, the minimum thrust strategy causes a rangeséxteim both blade pitch and
generator torque. The constant speed strategy demandsuabgenerator torque, how-
ever, the suggested strategy demands varying generatpretevhich explains the in-
creased actuator activity.

The power performance in mean level and standard deviaiongroved by 60 per-
cent compared to the constant speed strategy as indicatteel amalysis. However due to
the differences in the strategies, it is difficult to detevenif this improvement in perfor-
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Min. thrust better Const. speed better
Rated power (mean)r 2%
Rated power (std)r 60%
Blade pitch (abs)| 53%
Generator speed (abs)r 62%
Generator torque (mean)r
Drivetrain torsion (dels)r
Tower fore—aft (dels)
Tower side-side (dels)- 88%
Platform pitch (std)r
Platform roll (std)r 50%

Figure 7.15: Statistical analysis of relative controllerformance with respect to mean,
standard deviation (std), travel distance (abs) and damagjealent loads (dels).

mance is just caused by a generally increase in actuatoeusag
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6 Conclusion

6 Conclusion

The coupling of aerodynamics and structural dynamics watyaed. Based on this, a
minimum thrust strategy was proposed to improve structseillations and power sta-
bility to changes in wind speeds. LQR controllers based ¢imases of wind speed and
wave frequency was designed for minimum thrust strategycandtant speed strategy.

The results show improvements in power and structurallaticihs in fore-aft. How-
ever, the constant generator speed strategy shows sigilifibatter performance in side-
side oscillations. The two strategies show widely diffénersults with pros and cons,
however, the best solution could potentially be a combinedegyy which offers reduced
thrust at a constant and reduced generator speed.

Based on simulations of a wind turbine, a new operatingesisais suggested which
offers better fore-aft damping and power performance exmpdahe freedom of variable
generator speed and torque in contrast to the traditiomstaat speed strategy.
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1 Introduction

Abstract

Reaching for higher wind resources beyond the water depttalions of monopile
wind turbines, there has arisen the alternative of usindifigavind turbines. But the
response of wave induced loads significantly increases dattifig wind turbines.
Applying conventional onshore control strategies to flogitivind turbines has been
shown to impose negative damped oscillations in fore—adttduthe low natural fre-
quency of the floating structure. Thus, we suggest a coraap kextension of the
onshore controller which stabilizes the system and rediheesave disturbance. The
results shows that when adding the suggested control loipdigiturbance reduction
to the system, improved performance is observed in powetuitions, blade pitch
activity, and platform oscillations.

1 Introduction

As the interest in renewable energy increases, the mears\wdting and capturing wind
energy have been continuously developed and improved. Kkédigble wind turbines
make installation possible in harsher environments, sgabiffahore in shallow waters,
where winds are stronger and hazards to human eyes and edessar

Floating wind turbines (FWT) are one of the latest developis:ién wind energy.
The concept of a floating wind turbine extends the range ofiwimbines beyond the
limitations of monopile water depths, accessing deep wstes with potentially higher
wind speeds and may offer wind energy to consumers in newmsgi

A wind turbine installation has one simple objective: togwoe cheap energy. How-
ever, if a wind turbine is operated to maximize power prouurctegardless of fatigue
loads, the lifetime of key components will significantly degse and the cost of the en-
ergy willgo up. This is especially important for a floatingwliturbine, which by nature is
influenced by a constant contribution of oscillations froinavand ocean waves. There-
fore, a trade-off between maximum power production and mmimh structural oscillation
is required to minimize the total cost of the energy.

Applying conventional onshore control strategies to flogitivind turbines has been
shown to impose negative damped oscillations on the platfootion. The control must
hence be adapted to the dynamic response of the floatindgteud his can in principle
be done by redesigning the entire control system or by addbngyrol loops that extend
the existing control system to handle the dynamics of a figdtistallation.

A number of results are available that redesign the conystlesn. In [1], a tower
damping control strategy was introduced using a wind estinghowing reduced tower
oscillation at the cost of reduced power output. In [2] a detligain scheduled pro-
portional integrating controller was applied. Linear gzt control was applied in [3].
In [4, 5] wind and wave estimators were combined in a full mgntroller. In [6] a
disturbance accommodating control was applied to reduevihd disturbance.

All these results mentioned above rely on a redesigned @losystem. This paper
takes a different approach, by suggesting a control loognsibn to the onshore control
without modifying the onshore controller. This providedqrgial benefits to manufac-
turers, as it simplifies the changes required in the conrstiesn to handle the floating
installation. The strategy is presented in Fig. 9.2. No& the onshore pitch controller
is left untouched, and the control redesign is merely antemidil loop which acts on
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Figure 8.1: Overview of pitch control strategy. A Kalmandilts used to estimate the
states and disturbance. The output of the onshore contisleorrected by improved
feedback and wave disturbance reduction.

the onshore controller’s output and stabilizes the systamthermore, disturbances from
1st and 2nd order wave induced moments are reduced by meaostodry blade pitch
induced moments.

In Section 2, the closed loop stability of the onshore cdlerds investigated. In Sec-
tion 2, a controller is designed to stabilize the system.dcti®n 2, a strategy is presented
for reducing the wave disturbance in platform fore—aft. ldw@ar, measuring wave distur-
bance is difficult. Thus, in Section 2, an estimate is madedsyghing an observer which
models the wave induced moments as a stochastic procegsamséxtended Kalman fil-
ter (EKF) [7]. In Sections 4 and 5, the results are presemedéscussed. In Section 6,
the contributions are concluded.

2 Methods

Closed Loop Stability of the Onshore Controller

The dynamics of a floating wind turbine is analyzed to deteenihe stability in platform

pitch when applying onshore control. Only the wind is assdittehave a substantial
impact on the dynamics. A model of platform translation amigtion in fore—aft is con-

stituted by

Xs = Asxs + By Fy, (8.1)

wherex, = [z, &, 0, 6,] represents the platform translational velodifyand rotational
velocity 9,,. The aerodynamic thrust is defined By = %UAUQC}()\, 3), whereo is the
density of airw is the wind speed}; is the thrust coefficient) is the tip speed ratio, and
( is the blade pitch angle. The tip speed ratio is defined by QR /v, whereQ is the
rotor speed and is the rotor radius.

The drivetrain is modeled by the first order system

1
I = —M, + —=M,, 8.2
w gt N Ma (8.2)
wherew is the generator speed is the gear ratio), is the generator torque, and
the aerodynamic torque is defined by, = %aAvlng()\, 3), whereC, is the power
coefficient.
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The available onshore controller is designed for systentk néglectable actuator
dynamics, assuming that the dynamics of the actuators significant in the closed loop
system.

The onshore controller consist of a blade pitch controliet a generator controller.
The pitch controller is a gain scheduled PI controller meddiy

1
B
1+ B
whereg is, as before, the blade pitch angl, is a constant, and,.; is the generator
speed reference. The onshore torque controller is modgled b

6 = PI(wref - w); (83)

Mg - R'ef/wy (84)

whereP, is the power reference. The properties of these two coetdire specified in
[8, 9.

Disregarding disturbances from the wind and waves, the aoedbdynamics of the
platform, drivetrain, and controller is given by

X = f(x,v), (8.5)

wherex = [x;7 w z;]T, andz; is an internal control state for integral control of the
generator speed.
To determine its stability, the system is linearized by
i as Of(x )
A= 8.6

T T X X, (8.6)
wherex = = — z describes the dynamics about an operating pointhe poles of the
system are shown in Fig. 8.2, which show three conjugatepeils. The fastest closed
loop poles are mostly related to the drivetrain, while trewsst are mostly related to
translation of the platform and the unstable pair are masthted to platform rotation.
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Figure 8.2: Closed loop poles of the FWT controlled by thehomns controller at 13 m/s.

Platform Controller

A platform controller is designed to stabilize the systemmawing the unstable poles of
the platform rotation in Fig. 8.2 to the left half plane. A neantrol signalg;.; is added
to the output of the onshore controller as shown in Fig. @, tae new system becomes

T = AX + Bt (8.7)
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The controller is based on state feedback by
u=—Kz, (8.8)

whereu = B.r. An LQ approach is used for stabilization and minimizatidrttee
perturbations of the system. The controller g&injs found by minimizing the quadratic
cost function

J= /Oo (x"Qz + u" Ru) dt, (8.9)
0

whereQ and R are weights to trade-off states and input perturbations.

The LQ controller is designed for the system in (8.7) for advépeed of 13 m/s.
Bryson'srule is used to determine the weighits= 1/902 and@ = [00001/.03% 1/Q?],
which state that the blade pitch is allowed to vary by up to &frdes, while the platform
rotational velocity is allowed to vary by up to 0.03 rad/s &ne rotor speed is allowed to
vary by up to2 =12.1 RPM.

In Fig. 8.3, the damping of the platform pitch is presentethveind without the
platform controller. The sudden dip in dampinglat4 m/s is caused by the activation
of the blade pitch controller. The platform controller igieated in the same region as
the onshore controller, that is, above the rated wind spgeds11.4 m/s). The response
of the linearized onshore controller shows that the platfootation stabilizes beyond
14 m/s. However, simulations using the nonlinear contradfew that stability occur
beyond 20 m/s. The mismatch is most likely caused by insefitdinearization of the
gain-scheduled onshore controller.

1

S e P —

4 6 8 10 12 14 16 18
Wind speed [m/s]

Figure 8.3: Comparison of damping ratio on platform rotaiidere green is the onshore
controller and blue is the onshore controller with the @atf controller.

The tuning of the platform controller is a matter of moving tireen curve in Fig. 8.3
upward until the damping at all wind speeds is positive.

Wave Disturbance Reduction

The dynamical model of the combined system in (8.7—-8.8) termled to include the
disturbance of hydrodynamic loads by

';i = (A - BK)'i + BdTwaves; (810)

where ryaves 1S the wave induced load on the platform. A blade pitch sigfal, is
designed to reduce the wave disturbance. This signal igldddbe output of the onshore
controller as shown in Fig. 9.2, and the system can be predeast

';i = (A - BK)'i + BdTwaves + Bdeis, (811)
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whereB,, translates the blade pitch to platform torque using theadaierivative of the
aerodynamic thrust with respect to the blade pitch. Theebfgtth signal G;s, is de-
signed to reduce the wave disturbance by a factar, dfius

Bdis - _aBng(ﬂﬁwaves; (812)

where7yaves 1S the estimated wave disturbance.

State Estimation Using Extended Kalman Filter

The combined platform controller and wave disturbance e¢tdn strategy requires full
state feedback. However, wind speed and wave loads canfirildifo measure. Thus
we suggest an EKF for estimating all states based on threaisytvhich are

y= [ Tp op w ]T- (813)

The wind speed and wave loads are modeled by stochasticysexce

The wave induced loads can be presented,@ss = Twavest + Twaves2 Which are,
respectively, the wave frequency dependent loads and dladysbtarying drift loads. In
[10], an empiric frequency dependent spectrum of the wawesspresented as

S(w) = Aw e B, (8.14)

where A = 473 H?/(0.710Ty)*, B = 1673/(0.7101p)*, the average wave frequency
iswy = 2m/Tp, the significant wave height if; = 2.06v3/¢%, v, is the developed
sea wind speed, angis the acceleration due to gravity. This spectrum is the frextli
Pierson—Moskowitz spectrum. Assuming the spectrum istaohsa linear stochastic
model can be used to describe the combined wave inducedbhyads

).(w - waw + Bw [wl w2]T (815)

Twaves — Twavesl T Twaves2 = waw; (816)

wherew; , are Gaussian white noise processes and

0 1 0
Aw = _W(Q) _2)\1110-)0 0 (817)
0 0 0
0 0
By, = Ky, 0 Cuw= [ 0 Xi(w()) Xi(w()) ]; (818)
0 1

whereX; (wy) is a wave frequency dependent constant which transformsake height
to the wave induced load.

To determine the unknown parametéfs, \,,, andwy, the modified Pierson—Moskowitz
spectrum is linearized and in Fig. 8.4 a comparison is shdwtheolinearization and the
original. Depending on the purpose, constant values§a@and )\, are suggested in [10].
From (8.14), it is acknowledged that the modified Piersonskéwitz spectrum depends
on the developed sea wind speed and average wave frequdricl, eould be estimated
by the EKF. However, variations of these are not consideredis paper.
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Figure 8.4: Modified Pierson—Moskowitz (PM) spectrumvat 13 m/s andwy = 0.8
rad/s. The figure shows a comparison of the nonlinear andrirexl spectrum related to
the wave induced loadsyaves1 -

The wind speed is = v, + v+ wherew, is for turbulent wind and,,, is a slowly
varying mean wind speed. These are modeled by

. —TTUm
Ve = T’Ut + w3 (819)
D = wa (8.20)

wheret; is the turbulence intensity andis the turbulence length scale.

The EKF is designed to estimate the dynamics of the platfdrivetrain, waves, and
wind, forming the state vectotexr = [Xs7 w xw T v; v;,]T. The EKF is implemented
as described in [7]. The total system is defined by

Xgxkr = f(Xgkr,U) +W (8.21)

y = [z 6p w]T (8.22)

3

whereu = [M, 3]7.
The EKF consists of a time update part and a measurementeupaidf [11]. The time
update uses information about the dynamics of the model amehciance to estimate the

process.
T, = AZp_1+ Bug_1 (8.23)
P, = AP, AT+ Q (8.24)

Based on the time update, the measurement update correctstimated states taking
into account the uncertainties in the states and the measuts.

K, = p;ot(cpr; 0T +R)™! (8.25)
T = I + Kk(zk — C.f?]:) (8.26)
P, = (I-K,C)P; (8.27)

3 Experimental Setup

Simulation Environment

The wind is simulated with a mean wind speed.8fm/s, an air density of.225 kg/n?,
and a turbulence intensity @%.
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4 Results

The waves are simulated as irregular waves with a JONSWaR@i—Moskowitz
spectrum [12]. The significant wave height of the incidenvegis 3.6 meters with a
wave frequency of 10 seconds. The environmental condiimasimulated at a water
depth 0f320 meters and a water density 125 kg/m.

The waves are aligned with the direction of the wind. In Fid, &e wind speed and
wave elevation used in the simulations are presented.
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Figure 8.5: Wind speed and wave elevation used for the stionka Wind and waves are
aligned in the downwind direction.

To reveal the system damping, the simulations were intgaliat time zero in such a
way that the floating wind turbine is released from an uprjgisition and shortly after is
forced backward by the wind and waves.

Software

The wind turbine is a three bladed upwind 5MW reference wintline specified by the
NREL in [9], and implemented in the wind turbine simulati@ok FAST, which is well
recognized in the OC3 code benchmark, [13]. The implemiamtaif the wind turbine
installation consist of a 5 MW wind turbine mounted on a kstHstabilized buoy, to
resemble an upscaled version of the 2.3 MW Hywind wind twbifihe floating wind
turbine has a rotor radius of 63 meters, a tower height of 9@meeand six degrees of
freedom.

The simulations were performed in Simulink Matlab v7.9.@2QR9b) linked with
FAST v7.00.00a-bjj and AeroDyn v13.00.00a-bjj compiledttee OC3 Hywind running
Windows 7 32bit.

4 Results

Based on the wind and wave environment in Fig. 8.5, the respohthe onshore con-
troller is presented with and without the platform conteall Furthermore, the result of
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adding wave disturbance reduction is presented. The 8itae is reduced by scaling
factors of 0, 0.1, and 0.2, where a factor of O refers to the oéeo disturbance reduction.

10 ‘ . ; 7
FB+0*FF
8r — Onshore |

Platform Pitch [Deg]

0 20 40 60 80
Time [s]

Figure 8.6: Comparing platform pitch responses using ttehore controller with plat-
form controller (FB) without wave disturbance reductioriKB) and the onshore con-
troller (Onshore). The mean wind speed is 13 m/s.

During these simulations the EKF estimate among others a&imtiwave induced
moments on the platform which are presented in Fig. 8.7.
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— Wave
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Figure 8.7: Torque induced by wind and waves, estimatedhduhie simulation using the
EKF.
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Figure 8.8: Comparing platform pitch response using oreslgontroller with platform
controller (FB) including wave disturbance reduction (BExled with factors of 0, 0.1,
0.2.
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Figure 8.9: Comparing electrical power response usinganestontroller with platform
controller (FB) including wave disturbance reduction (BExled with factors of 0, 0.1,
0.2.

5 Discussion

As expected from the analysis in Fig. 8.3, the response obtisdore controller shows
an instability in the platform pitch in Fig. 8.6. However, arthe platform controller is
included, the system is stabilized. In Figs. 8.8-8.11, ikaudbance reduction is added
to the control system to reduce the wave disturbance. Thétseshow that when adding
disturbance reduction to the system, a reduction in powetutiions, blade pitch ac-
tivity, and platform oscillations is observed, improvidgetperformance. Surprisingly, a
reduction in actuation is achieved while improving perfarmoe in power and platform
pitch. This can be explained by the fact that the disturbaedaction uses more infor-
mation about the system. However, using a multi-objectirgmol strategy is a trade-off
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Figure 8.10: Comparing generator speed response using@nstntroller with platform
controller (FB) including wave disturbance reduction (BExled with factors of 0, 0.1,
0.2.
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Figure 8.11: Comparing blade pitch response using onsloorteatler with platform con-
troller (FB) including wave disturbance reduction (FF)ledawith factors of 0, 0.1, 0.2.

between input and state perturbations.

Instead of manipulating the blade pitch output of the onshuantroller, it might be
more feasible to manipulate the existing speed referentieetonshore controller. This
would leave a cleaner interface between the onshore ctertanid the platform controller.

6 Conclusion

The stability problem arising when onshore control is aggbto a floating wind turbines
has been addressed. The system has been analyzed and arptatfiroller has been
suggested which stabilizes the system.

To accommodate wave disturbances, the wave induced mooetite platform were
estimated, and the disturbance was reduced by using cpillieatte pitch actuation. An
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served and an additional control loop was successfullygdesi to stabilize the system
and reduce wave disturbance on a floating wind turbine.
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1 Introduction

Abstract

Floating wind turbines are considered as a new and promssihgion for reach-
ing higher wind resources beyond the water depth restniatfomonopile wind tur-
bines. But on a floating structure, the wave—induced loggtsfstantly increase the
oscillations of the structure. Furthermore, using a cdletraesigned for an onshore
wind turbine yields instability in the fore—aft rotationn this paper, we propose a
general framework, where a reference model models theatksiosed—loop behav-
ior of the system. Model predictive control combined withtats estimator finds
the optimal rotor blade pitch such that the state trajeesooif the controlled system
tracks the reference trajectories. The framework is detnatesl with a reference
model of the desired closed—loop system undisturbed byntidént waves. This al-
lows the wave-induced motion of the platform to be dampediS@antly compared
to a baseline floating wind turbine controller at the cost ofepitch action.

1 Introduction

In the demand for cheaper energy, the development in windyginas gone from onshore
to bottom—fixed wind turbines in shallow water where windestseare stronger and more
steady. Previously, the bottom—fixed wind turbine has bastaliled in water depths of
up to 50 meters. However, a new and promising developmenird energy reaches
deep water locations of even higher wind speeds, based a@otivept of a floating wind
turbine (FWT). In Fig. 9.1 a sketch of a floating wind turbiseshown. The principle
components, are a platform (yellow), the tower, the naaei the blades.

A wind turbine installation has one simple objective: to xebe lifetime cost of
energy as low as possible. This involves a trade-off betyegrer production and turbine
lifetime.

The FWT is different from the onshore wind turbine, in thesseaf structural degrees
of freedom (DOF's) and the presences of waves. The respdadelT is highly affected
by the relatively slow hydrodynamics, causing a low natfirafjuency of the fore—aft
rotation of the FWT. Although conventional onshore conisalesigned such that it does
not excite the tower oscillations, applying the converdlanshore control strategies to
FWT'’s has been shown to impose negative damped oscillatiorike fore—aft rotation
of the FWT.

To resolve this, in [1], a tower damping control strategy wésoduced using a wind
estimator showing reduced tower oscillations at the cosedticed power output. In
[2] a detuned gain scheduled proportional integrating rablet was applied. A Linear
guadratic control was applied in [3], [4, 5] where the twddaincluded wind and wave
estimation combined in a full range control strategy. Ing@&listurbance accommodating
control was applied to reduce the wind disturbance. In [7ratagy for reducing the
impact of waves was presented.

Model Predictive Control (MPC) is an attractive control hmed because of its capa-
bility to deal with constraints and to deal with multi-vasla systems [8]. MPC solves an
optimal control problem over a finite horizon repeatedlyvegi the current state of the
system, an optimal control problem over a finite horizon iseat each time step. The
optimal input sequence is found and only the first elemenhefsequence is applied to
the system. At the next time step, a new optimal control pmabis solved based on the
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new measurements from the system and the same procedupeéae [9]. Recently,
MPC is used with promising simulation results for controhoh-floating wind turbines,
see [10], [11], [12]. [13] uses model predictive controllwibe information about the fu-
ture wind and a nonlinear model of the structural damagedymed by repetitive loads to
reduce the structural load and fatigue. In [14], the authaxe used the wind prediction
information obtained from a LIDAR system in a nonlinear miqatedictive controller to
reduce fatigue loads on the tower and blades.

This paper presents a framework for specifying the desileskd-loop behaviour of
the controlled system based on a control strategy includingference model. Using
model-based predictive control (MPC) the FWT is controllecadapt to the behavior
of a reference model. As an example, a reference model isqexswhich models the
behavior of a FWT in still water without the disturbance o thaves. This allows us to
reduce wave induced platform motion and loads on e.g. mgaystem. The controller
structure, allows other reference models, and as such &ragnapplicable to shaping
the desired structural behavior.

Figure 9.1: Sketch of a ballast stabilized floating wind tneb

This paper consist of a principle model presented in Se@idn Section 2, stochastic
models of wind and waves are presented. In Section 2, agyrébe reference model-
based predictive control is presented. In Section 2, amdet Kalman filter (EKF) is
used to estimate the unmeasured states and system mami&stion 2, a closed—loop
reference model is presented. In Sections 4 and 5, thesesalpresented and discussed.
In Section 6, the contributions are concluded.
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2 Methods

Principle Model of Floating Wind Turbine

The dynamics of a floating wind turbine depends on the strattuaero- and hydrody-
namics as described in [4]. The hydrodynamics is a functich@wave frequency and
surface smoothness of the structure. The aerodynamicsuiscéidn of wind speed and
the efficiency of the rotor. The wind speed is obviously unoafable, however, the ef-
ficiency of the rotor can be controlled by altering the blaitelpangle and/or the rotor
speed.

First, the aerodynamic impact on the FWT is investigatedt usassume, a wind
turbine can be modeled as a seconds order dynamical system by

1§+ Cq+ Kq = Fyina + Fwaves, (9.1)

wherej = [z, 6, )T and wheret, is the platform translational velocity in fore—af, is
the platform rotational velocity in fore—aft, aitlis the rotor speed. Structural dynamics
including the added mass of displaced water and hydrodyndamping are defined as
follows; | is the inertia, C is the damping, and K is the st#&s. The external forces from
wind and waves aré,i,q and Fyaves, respectively.

The external forces from the waves are modeled"@s,.s = [0 M,, 0]7, where
M,, is the induced moment by the incident wave. The externak®fcom the wind
are Fyina = [F; heFy M,]T whereF; is the aerodynamics thrust force induced by the
wind, h; is the distance from the hub to the center of buoyancy (COR),Md, is the
aerodynamics torque. The aerodynamic loads are modeled as

1
F = 5pAviCi(A. ) (9.2)
— 1 3
Ma, - EPA'UTC};()\;ﬁ)a (93)

wherep is the density of air, A is the area swept by the rotGy(\, 3) is the thrust
coefficient of the rotor as a function of tip speed ratie- QR /v,., and which is blade
pitch angle.C, (A, §) is the power coefficient. The wind speed seen by the rotor ean b
defined as, = v — &, — h;6,, wherew is the ambient wind speed.

Stochastic Wind and Wave Models

The wind speed is modeled as= v,, + v; wherev, is the turbulent wind and,, is a
slowly varying mean wind speed as described in [15]. Theserardeled as

. —TTUm
vy = 57 Ut + wy (9.4)
’l.)m = W2 (95)

whereL is the turbulence length scale and » are Gaussian white noise process, and
wi 2 € W(V,). The covariance of the Wiener process is modeled as

Vo = TS t2/L 0

0 Voo | (9.6)
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wheret; is the turbulence intensity arid,» is the covariance of the slow varying mean
wind speedy,, .

The wave induced loads can be presentedfas= X;(ay1 + aw2) WhereX; is a
wave frequency dependent constant which transforms the tvaight into wave induced
load. a,,1 is a wave frequency dependent wave height @pglis a slowly varying drift
height. In [16], an empiric modified Pierson—Moskowitz dpaa is presented. The
wave spectrum can be linearized at a given wind speed and fney@ency. Assuming
the spectrum is constant, a linear stochastic model candzktasiescribe the combined
wave height by

C.Lw = Qw1 (97)
C.Lwl = _w(Q)aw - 2)\0w0awl + kOwB (98)
de = W4 (99)

wherewg, Ao and ky are parameters of the linearized wave spectrum concerhiag t
wave frequency, the damping factor, and the gain, and whgris an internal state and
ws 4 € W(V,). The covariance of the Wiener process is modeled as
| Va O
Va—[ 0 Vag] (9.10)

whereV/,; is the covariance of the frequency dependent wave height,andV, is the
covariance of the slow varying drift heiglat,,.

Reference Model-Based Predictive Control

In the search to reduce the structural oscillation indugethb incident waves, we sug-
gest a control strategy which will counteract the wave lazgiag blade pitch. The blade
pitch is controlled using a model predictive controller ulhias an example is based on
a reference model of the closed—loop system without diature from incident waves.
The reference model produces the state trajectory of thealted undisturbed system
as a reference for the MPC. Using the blade pitch, the MPCawilinteract the distur-
bance from the waves and will try to track the closed—loojettary of the undisturbed
reference model.

MPC is optimal, however, using a reference model of the demp system does not
guarantee optimal performance of the process. It only giiees optimal performance
in the sense of tracking the state trajectories of the digil@sed—loop system. The
controller included in the reference model is a classicatd?itroller, which is not an
optimal design.

In figure 9.2 the general control framework is presented dsckldiagram. To cap-
ture the nonlinear behavior of the systems at differentatp®y points, at each sample
time the nonlinear model is linearized at the current stateerefore, a state estimator
is implemented, since the MPC requires knowledge of theeotirstates and the open—
loop system matrices of the process. Using a reference moalstd predictive control
also requires a closed—loop model of the desired resportse gfystem. A closed—loop
reference model is implemented which estimates the cldged+esponse three samples
ahead. The overall control strategy is as follows. The @stienator estimates the current
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A -
d MPC L u(n) - Floating
> ¢ 7| Wind Turbine
—> |
r(n+1,n+2,n+3|n) y(n)
Reference » - State
B Model [~ d Estimator
(n) |
A(n)
B(n)

Figure 9.2: Control strategy comprising of a state estimaaeference model and an
MPC controller.

state of the system. Then, the nonlinear model of the FWThisliized at the current
operating point and the open-loop matrices of the systensaoellated. These matrices
are assumed to be constant in the prediction horizon. Thenclbsed-loop reference
model generate state trajectories of the undisturbedmayasea reference for the states of
the disturbed system. Given these references, the MPCanittal the system by manip-
ulating the blade pitch such that the states of the systeckdithe trajectories produced
by the reference model as close as possible.

In the following, the state estimator, the reference modetl the MPC will be de-
scribed in details.

Model Predictive Controller

The goal of the model predictive controller in the examplecdssed in this paper is to
reduce the effect of incident waves such that the contrgljstem has the closest possible
response to that of the undisturbed system without viatadfoconstraints. Assume that
the general model of the disturbed open—loop system is gisen
z(k+1) = Apz(k) + Byu(k), (9.11)
y(k) = Cypx(k).
where the disturbance is included in the state vector andplea—loop model of the
undisturbed plant is given by:
zr(k+ 1) = Az (k) + Bruc(k), (9.12)
yr (k) = Crar(k),

where the pre-designed controller for the undisturbedtptadescribed by:

2o(k+1) = Acxc(k) + Beyr (k) + Ecor(k), (9.13)
uc(k) = Cexe(k) + Doy (k) + Feor(k),

wherer is an internal reference signal. Here, the controller issasital Pl which will be
explained later. We assume that the states and input musturelbd in a given compact

117



Paper E

polyhedral set given respectively By andi/. Then, the model predictive controller
solves the following optimization problem at each step:

: ET, —z, 2 2 .
i ) - I+ (014
x(k‘o) = X9

xr(ko) = Tro

z(k+1) = Ayxz(k) + Byu(k),

y(k‘) = wa(k)a
(k4 1) = Arx, (k) + Bruc(k),
st yp(k) = Cp, (k) (9.15)

k=ko,...ko+ T,

and finds the input sequendei(k),...,u(k+ 7 —1)}. The first element of the se-
quence i.eu(k) is applied to the system and the whole procedure is repeatibd inext
iteration. In the above optimization problem the initiatst of the system as well as the
initial states of the reference model are updated at eacdtite using a state estimator
in form of an EKF. Also, to update the matrices of the modehwéspect to the current
states, the nonlinear system is linearized at each iteratiound the current state. The
system is considered as time invariant during the predidtiorizon which means that
these matrices are the same for the whole prediction harizon

State Estimation

Since the states related to the wind and waves are not alwayalale on a wind turbine,
stochastic models of wind and waves are used to estimate shates.

The system outputs which are assumed to be measured-afe,, 6, Q]7, wherez,,
is the platform translational velocity in fore—aft, is the platform rotational velocity in
fore—aft, and? is the rotor speed.

Based on the available measurements, an EKF is implemeatestimate the un-
measured states as described in [15]. The deterministiehiodeq. (9.1-9.3) and the
stochastic model in Eq. (9.4-9.9) are combined in the estima

The output of the state estimator is a state vector and theraysatrices of the
linearized open—loop system at the current state.

Reference Model

The reference model resembles the dynamics of the closalsistem of a floating wind
turbine described in Sec. 2 augmented with a baseline dtertdesigned for a floating
wind turbine as described in [17, 18].
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3 Experimental Setup

The baseline controller consists of a blade pitch contradenbined with constant
generator torque. The pitch controller is a gain scheduleditroller modeled by

8= — Pl —w), (9.16)

3
1L+ 4

whereg is the blade pitch anglégj; is a constant, and..¢ is the generator speed refer-
ence. The constant generator torque is implemented by

Mg = R'ated/wrated; (917)

whereP,,.q IS the rated power and,..q iS rated generator speed.

The stochastic wave model is not included in the closed—tefayence model since
this is an undesired disturbance that we wish to compengatélius, for the closed—loop
system, the wave model in Eq. (9.7-9.9) is modeled as

Gw = 0 (9.18)
Gwi = 0 (9.19)
Gwz = 0, (9.20)

where the initial conditions ar@,, = a1 = a2 = 0.

3 Experimental Setup

Simulation Environment

The wind is simulated with a mean wind speed 8fm/s, an air density of.225 kg/n?,
and a turbulence intensity a5%.

The waves are simulated as irregular waves with a JONSWaR@i—Moskowitz
spectrum [19]. The significant wave height of the incidenvegis 6.9 meters with a
wave frequency of 7.8 seconds. The environmental conditima simulated in waters,
with a depth 0f320 meters and a water density 6625 kg/m*. The waves are aligned
with the direction of the wind.

Model-Based Predictive Control

The parameters of the optimization problem of the MPC aresehaas followskR =
(20deg)? andQ = diag([01x3 Q, O1x2]). The weighting of the structural state3,,
are based on Brysons's rule were the initial guesse<2@fe of the steady state oper-
ating points while using trail and error with respect to theegrated rotor speed. Thus
we chooseQ, = [(0.2z,)2 (0.26,)2 (0.07€2)"2 01«2 (0.2Q)2], where the steady state
operation points arg, = 12.1m, §, = 2.55deg and2 = 12.1RPM.

Software

The wind turbine is a three bladed upwind 5MW reference wintbine specified by
the NREL in [18], and implemented in the wind turbine simigdattool FAST, which
is well recognized in the OC3 code benchmark, [20]. The imgletation of the wind
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turbine installation consists of a 5 MW wind turbine mounteda ballast-stabilized buoy,
to resemble an upscaled version of the 2.3 MW Hywind windihebThe floating wind
turbine has a rotor radius of 63 meters, a tower height of 3@maesix degrees of platform
freedom, and flexible tower, blades and drivetrain.

The simulations were performed in Simulink Matlab v7.9.®2QR9b) linked with
FAST v7.00.00a-bjj and AeroDyn v13.00.00a-bjj compiledttee OC3 Hywind running
Windows 7 -32bit.

4 Results

The results shows the response of the FWT when applying $&diba controller and the
MPC controller. In all cases the wind turbine is releasednfran upright position and
forced backward by the wind and waves.
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Figure 9.3: Initial comparison of performance between taseline controller without
waves (red), the baseline controller with waves (green) taedMPC controller with
waves (blue).

In figure 9.3 and 9.4, both of the controlled systems are sitedlfor 600 seconds
with incident waves. Furthermore the baseline controBesimulated without incident
waves which demonstrate the optimal reference for the MR{iralter.
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Figure 9.4: Comparison of performance between the basetingoller without waves
(red), the baseline controller with waves (green) and theCM#Bntroller with waves
(blue).

The FWT is constrained by three anchors. A mooring systemexis the anchors to
three fairleads on the FWT. In figure 9.5, the tension on theetfairleads are presented.
The fairleads are located on the platform with 120 degredmeiween, where fairlead 1
is located at 180 degrees in relation to the incoming windvaankes.

In figure 9.6 a statistical analysis is presented, where ¢h@pnance of the two con-
trollers are compared. In relation to the results in figuB2-9.5, the analysis is performed
on the time interval 100-600 seconds to neglect the inighbpior.

5 Discussion

When comparing the time—series performances in figure 93ah the similarities in
performances are noticeable. The similar behavior is chhgehe almost similar objec-
tives, except for the desire to reduce wave disturbance.

In figure 9.4, itis clear that the blade pitch of the baselim&tmller only correlates to
the mean of the wind speed, while the blade pitch of the MPQrobler correlates with
both the mean wind speed and wave height. As expected, tdgsan increase in blade
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Figure 9.5: Comparison of loads on the three fairleads tewke baseline controller
without waves (red), the baseline controller with waveségy) and the MPC controller
with waves (blue).
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Figure 9.6: Statistical analysis of essential performandexes.
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6 Conclusion

pitch activity by the MPC controller. However, the benefiblsserved as a reduction in
platform pitch.

A reduction in platform pitch reduces the variations in ten®n the mooring system.
In figure 9.5, the tension of the three fairleads are prederitbe figure shows a general
reduction in load oscillations on the fairleads, where #reston of fairlead 1 is aligned
with the direction of the wind and waves. This explains thdued mean load on fairlead
1. The fairleads are connected to the anchors by the modnies; |

In figure 9.6, the time—series are analyzed with respectetstidndard deviation (std)
and the distance travel by the blade pitch (abs) defings| &gt and damage equivalent
load (DEL). The figure shows that the MPC performs better éngbwer, platform pitch
and fairlead tensions. As expected, the blade pitch agtids increased which explains
the increase in DEL of the tower in fore—aft. In other wordse tontroller uses not
only the blade pitch and rotor thrust to reduce the wave disiuce, but also the tower
experiences higher levels of loads in the combined effortdinice the wave disturbance.

6 Conclusion

A framework for reducing the wave disturbances in a FWT basel PC combined with

a reference model and a state estimator has been presehtegreEented state estimator
is based on a principle model of a FWT, including stochastidets for wind and waves.
The reference model represents a closed—loop model of tHE Fdluding a baseline
controller, discarding the wave disturbances. The MPCrotlet find the optimal control
input such that the state trajectory of the FWT tracks theresfce trajectory generated by
the reference model. As a result, the behavior of the FWT d/balclose to the behavior
of the system in still water without considering the waveuisances.

As expected, an increase in the blade pitch activity is resegsto reduce the wave
disturbance. Besides a slight power improvement, the teeshbws that oscillations on
the platform pitch are effectively reduced, which resultréduced oscillations of the
loadings on the fair leads. A disadvantage in the applioatiample is the increase in
tower fore-aft deflection. The generality of the proposetrfework with a reference
model allow such concerns to be addressed by modifying feearece model. This will
of course have a cost back on the blade pitch activity or taditgs on the fairleads and
as such clearly demonstrate the trade-off between pitotitgctower deflection and load
oscillations.
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