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Abstract

The aeroelastic control of wind turbine blades emiplg active flow controllers is part of an
ongoing research effort aiming to alleviate blaokadls. Over the past years, the growing body
of literature has confirmed the preliminary potehtof active flow controllers and, in
particular, of control surfaces in relieving windgtine fatigue and extreme loads. The aim of
present research is to investigate the feasibiliggign and capability of a multi-component
aero-structural load control system utilising ligiaintrol surfaces such as trailing edge flaps
and microtabs. This is achieved through the desfdoad alleviation control systems, and a
detailed understanding of the aeroelastic dynanfieviod turbine blades equipped with

control surfaces.

As part of this research, a Wind Turbine Aeroetagtontrol (WTAC) simulator has been
developed. WTAC is the combination of an unsteagtpdynamic module, a structural finite
element analysis module, and a control module pwating the aerodynamic models of
control surfaces. The aeroelastic study of the NBIMW wind turbine whose blades are
equipped with trailing edge flaps and microtabsagied out using WTAC.

The prime contributions of this research are tlolelef

(1) The development and validation of models describhegsteady state and dynamic
responses of microtabs and trailing edge flapsayapy on wind turbine aerofoils.

(i) The detailed examination of the wind turbine consiystem designs which revealed
that: (a) both continuous and discontinuous actnathechanisms can efficiently be
used for load alleviation. (b) Two or more Pitobés and strain gauges sensors
distributed along the blades spans are necessawirid and state estimations. It also
showed that (c) the optimal location of active floantrollers along the blade span is
strongly dependent on the chord distribution. ldliton, it was found that (d) the
control system load alleviation capability does matrease linearly with the number
of active flow controller but is limited due to idestabilising effect on the controlled

blades.



(iii)

The characterisation of the wind turbine blade la#ldviation problem as a loop-
shaping control problem. The proposed loop-shag@pgroach revealed that the
vibrating aeroelastic dynamic of wind turbine blades critical for designing

dedicated load alleviation control systems. Mospontantly, it was demonstrated
that the multi-input multi-output control probleni wind turbine blades equipped
with multiple control surfaces could be decoupletbisingle-input single-output

control problems.
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1. Introduction



1.1 Structure of the Thesis

The first chapter of this thesis is devoted toliaekground and current state of wind energy.
The world-wide wind energy state and the potentatcomes resulting from the
enhancements of wind power systems are highlighited. prime challenges to be faced in
order to reduce the cost of wind energy are idieadtiand some of the proposed solutions are
presented. The second chapter of this thesis isated to the development of a wind turbine
unsteady aerodynamic module. The steady state gndndc modelling of active flow
controllers, namely microtab and trailing edge flape presented in Chapter 3. Chapter 4
details the structural and aeroelastic model ofdviurbine blades. A finite element code is
developed and benchmarked. The control analysiwindfl turbine blades equipped with
active flow controllers is carried out in ChaptefMbe locations and types of sensors required
for the load alleviation of wind turbine blades daying active flow controllers are also
investigated. Chapter 6 presents the wind turbiadebload alleviation results. The optimal
location of active flow controllers and the clodedp control designs are examined. The
efficiencies of several closed-loop control desitprsoad alleviation are evaluated. Finally,
Chapter 7 summarises the overall research workrebglts obtained, the findings, and the
contributions. It also includes a critical appréisd the work and suggested future

developments.



1.2 Background

The last 15 years have seen a substantial amouefiioof being invested into the research and
development of renewable energy technologies (Tud®#99, Nema et al., 2009, Liserre et
al.,, 2010). In one form or another, green energes available virtually everywhere.
Moreover, with the foreseen increasing instabitifythe fuel market the renewable energy
market price stability is certainly attractive (Keasky and Schmukler, 2002). While this
market has been undergoing substantial growthiutiosee of green energy highly depends on
technological advances as well as political ancheooc support (Changliang and Zhanfeng,
2009).

In an effort to predict the future of wind energydaprovide a recognised planning tool for
the power sector, the Global Wind Energy CouncWEBC) and Greenpeace International
have released the Global Wind Energy Outlooks (GWEDeenpeace and the Global Wind
Energy Council, 2010, Greenpeace and the Globat\&imergy Council, 2012). Three major
markets, namely Europe, North America, and Asiaehdominated the global wind power
markets for the past several years. Three basslbemarios including, energy policies,
economic market and political support are consillenethe GWEO predictions. The first
scenario, namely the conservative scenario, takesaccount existing policies as well as
electricity and gas market reforms. The second @iderate scenario includes all existing and
in-progress policies supporting the developmenmtoéwable energy. It also assumes that the
targets set by many countries, for both reductiohs€CO2 emissions and wind energy
generations, are successfully achieved. The lastdeanced scenario refers to the most
optimistic ones where industries and politics sgtgnsupport the development of wind
energy. Projections for the installed cumulativedvpower of the three scenarios are shown
in Figure 1.1. The conservative scenario featurestowest growth with an average capacity
of 20 GW installed per year which corresponds touatb73 GW installed by 2030. As
clearly seen in Figure 1.1, there is a signifiagayp between the conservative predictions and
the predictions for the moderate and advanced sosndn both the moderate and advanced
scenarios, the amount of annually installed wingdac#ty is shown to increase significantly
over the next 20 years (see Figure 1.1). Resuitirycumulative installed wind capacity of

more than two and three times the conservativeigireds for 2020 and 2030 respectively.
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Figure 1.1 - World-wide installed cumulative wingpacity projection
(Greenpeace and the Global Wind Energy Councilpp01

In addition to the installed cumulative wind capwgcit is also relevant to estimate the share
of the wind power energy in the context of the gwmtusly increasing electricity demand
(Koomey, 2011). According to the International EneAgency predictions on GDP (Gross
Domestic Product) growth and electricity deman& GWEO estimates the share of wind
energy for electricity generation as presentediguié 1.2. It can be observed that the wind
energy share under the conservative scenariorfiattavards 2020 where the number of new
annually installed wind energy generation becomesifficient to overcome the electricity
demand growth. On the other hand, the moderateadwanced scenarios predict an increase
of the wind energy share with a percentage up tab8%020 and up to 15% by 2030. It is
clear that increasing the share of renewable eresgyart of the global electricity generation
will require significant investments in new poweengration to overcome the increasing

power demand.
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Figure 1.2 - Prediction of the wind energy sharglobal electricity production
(Greenpeace and the Global Wind Energy Council0201

Considering the significant incoming increase ithsthwind power capacity according to the
GWEC predictions, additional reduction of the aoisenergy (COE) could attract substantial
levels of investment. The COE is an index usedstorate the profitability of an energy



investment (Maki et al., 2012). The COE takes iatwount the investment capital and
maintenance costs as well as the production arwk i energy over the whole system
lifespan as shown in Figure 1.3. Several studiesnsarised by Lantz et al. (Lantz et al.,
2012) predict a slow fall of the COE over the ng8tyears. However, the rate at which the

COE is predicted to fall varies significantly betmestudies.

Life Span | |Installation Cos}| Maintenance Rotor Size and | | ind Distribution
Cost Hub Height
I |
A Wind Turbine
Cost per year Efficiency
v

Annual Energy
Produced (AEP

Cost of Energy |,
(E/kWh)

Figure 1.3 - Typical model for determining the cotwind energy

Reducing the COE of wind technology in order to dmmnpetitive with fossil fuels and
nuclear power sources is the main research droxgards improving wind turbine designs.
The issue of wind energy generation at a reducetl ltas led to a rapid increase of wind
turbine rotor size. As a result of this increas@mdamurbines can harness more regular and
significant amount of wind energy. However, the agucube law shows that as the wind
turbines rated power increases proportionally ® fshuare of the blade’s radius, the mass
increases proportionally to the radius cubed (Vegwd., 2003, Schubel and Crossley, 2012).
Scaling up wind turbine designs without technolagimprovement is therefore ineffective
in reducing the COE (Sieros et al.,, 2012). Figu illustrates the power-to-mass ratio
scaling with rotor radius (Fingersh et al., 200Bhth arguments, in favour and against
increasing wind turbine rotors size, are valid @&ng necessary to find a trade-off between

the two when designing wind turbines.
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Figure 1.4 - Blade power-to-mass ratio (Fingersal.e2006)

Blades, worth about 20% of the total cost of windbines (IRENA, 2012), are key
aerodynamic and structural components(Sieros,e2@12). Reducing the blade weight while
maintaining the blade high stiffness in order tduee fatigue and prevent blade failure is
critical. Fatigue is due to the cumulative struatudamage experienced due to repeated
loadings. Wind turbine blades are now so long thatincoming wind conditions vary along
each blade (Leishman, 2002). At the same time,dyreamic motion of the blades also
changes the airflow conditions by dynamic intex@ttiThese two effects create aerodynamic
inputs to the blades’ loading, which feed fatigoads into the blades and into the power
train. The increasing loads resulting from wind bine growth have triggered the
investigation of innovative control strategies nde@r to reduce fatigue and therefore the COE
(Barlas and van Kuik, 2010, Barlas and Van KuikQ20

1.2.1 Wind Turbine Blade Loads

The power output quality and aero-structural dymanoif wind turbines are influenced by the
wind stochastic nature. Figure 1.5 is an exampleiofl frequency spectrum based on data
acquired at the National Laboratory of BrookhavemMNaw York in 1957. Large time scale
variations (i.e. over 10 minutes) are often eagidictable, which is used for predicting the
variation of large amounts of power into the eleatetwork. Smaller time scale variations or
turbulences do not have a significant effect orraye power. Nevertheless, turbulences are
responsible for transient aerodynamic forces thatlfloads into the mechanical part of the
wind turbines and result in fatigue damage. In wandlysis, turbulence refers to an irregular
fluctuation of wind speed at a fast time scale dgty less than about 10 minutes. The
research interest in generating unsteady winddiekbked during the 90’s (Deodatis, 1996,
Di Paola, 1998) and turbulence models based oWdneKarman and the Kaimal models are



still used nowadays. Figure 1.6 shows a longitudumdulent wind generated using TurbSim
(Foley and Gutowski, 2008).

Figure 1.5 - Cleaned experimental wind spectrum @er Hoven, 1957)
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Figure 1.6 - Generated turbulent wind (15m/s meaua \wpeed) (Foley and Gutowski, 2008)

Despite the stochastic nature of turbulence, tivagry wind turbine blade loads caused by
the blades’ cyclic motions in a non-axisymmetrioaviield are mostly periodic. That is, the
changes in velocity and load caused by the cycltion are often greater than stochastic
changes (Castaignet et al., 2014). For instaneegitbund produces friction forces that delay
the winds in the lower atmospheric layers creatingind gradient also referred to as wind
shear (Figure 1.7). As a wind turbine blade swegpand down, it experiences a cyclic wind
speed variation resulting in cyclic loadings (Figur.8). A list of the loads experienced by
wind turbine blades is given in Figure 1.9.
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Figure 1.8 - Typical wind speed experienced aldrmgsipan of a rotating wind turbine blade simulated
using the Von Karman model (Foley and Gutowsk@&0
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Figure 1.9 - Sources of wind turbine unsteadinkssliman, 2002)

Cyclic loads are so substantial that the frequespgctrum of the loads experienced by a
wind turbine blade features characteristic peakbavind turbine rotational frequencyR)1
and higher harmonics 2 3P, NP) as illustrated in Figure 1.10.



Figure 1.10 - Typical flapwise wind turbine blad®tbending moment frequency spectrum
(without mean value)

Over time the damage due to the repeated blades Ipad fatigue) causes the material to
show microscopic cracks which grow until failurecocs. Since increasing wind turbine rotor
size causes greater fatigue loads, there is a rohgllenge in supporting rotor size growth
while ensuring that the blade fatigue does notltasuailure. S-N curves are generally used
to estimate the structural damage caused by béstts las shown in Figure 1.11. S-N curves
link the magnitude of a cyclic stress (S) agaitstnumber of cycles before failure occurs
(N). According to the S-N curve fatigue calculatiahis clear that decreasing the load

amplitudes will result in lifespan increases.
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Figure 1.11 - Typical SN curve

The prime idea behind the active load alleviatibmvimd turbine blades is to employ control
devices in order to reduce the blades loads anckftre increase the blades’ life span.
Research has shown that the blade loads can beecdoy employing load control

techniques such as individual pitch control (Bogsa2003, Larsen et al., 2005, van Engelen,
2006) and control surfaces (Andersen, 2005, Johmsoal., 2010, Mayda et al., 2005).
Control surfaces (CSs) are deployable structurslied on wind turbine blades capable of
modifying the flow kinematics locally. Advantageofgatures in terms of modularity, cost,
size, and response time have led to a growing reseaterest in employing CSs for load

alleviation of wind turbine blades. However, unstgapplications on wind turbine blades are



still at an experimental level (Johnson et al.,®0Qastaignet et al., 2013, Thill et al., 2010).
A non-exhaustive list of wind turbine blade loadkwaiation techniques is given in Figure

1.12.

Load Control

Systems
|
[ |
Blade
Blade Span Cross-Section
Adaptive Active Variable Morphing . Vortex
IPC Blades Twist Diameter Aerofoils Flaps Microtabs Generator

Figure 1.12 - Non-exhaustive list of devices arwhtéques for wind turbine blade load alleviation

1.2.2 Wind Turbine Control Systems

The wind turbine operating modes are divided imtar fregions (Laks et al., 2009) as shown
in Figure 1.13. No energy is generated in the fiegion. The rotation starts at the beginning
of the second region when the mean wind speed dgd¢he cut-in wind speed (e.g. 3m/s). At
low wind speeds (e.g. 3-11m/s), the extractabledwenergy is lower than the generator
nominal power. In this region the wind turbine mibg controlled to maximise power
generation (Bottasso et al., 2012). As the windedpmcreases, the wind turbine power
increases until rated wind speed and power aréheeiaclhe wind turbine then enters in the
third operating region in which it is controlled arder to maintain rated power and limit
aerodynamic forces. The control, either passiveaciive, forces the blades into less
aerodynamically efficient operating conditions. Bging so the driving aerodynamic force
(i.e. lift) decreases. Finally, when the mean wspéed reaches the wind turbine cut-out wind
speed threshold (e.g. 25 m/s) the wind turbinénig-down to avoid damage. The main wind
turbine control system’s aims are to maximise thegr extraction over the operating region
2 and to maintain power at nominal in region 3. Méabwn control techniques such as
variable speed and collective pitch control are retandards for multi-megawatt modern
wind turbines (Zhang et al., 2008, Muljadi and Btfield, 2001).

10
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Figure 1.13 - Wind turbine operating regions exar{gbnkman et al., 2009)
The power coefficient&,) of a wind turbine reflects its efficiency in carting wind energy
(Schubel and Crossley, 2012). The wind turbine poveefficient is calculated as the wind
turbine mechanical poweP.c) over the total amount of available wind poweyi{g) as in
Equation (1.1). The wind turbine power can be daled as a function of the power

coefficient, rotor ared, air density and freestream velocity as shown in Equation (1.2).

P
C —__Mmech
i F)Wind (11)
I:)mech: CP % /’AV¥3 (1-2)

1.2.3 Passive Load Control - Stall-Regulated Wind Turbins

Blades of stall-regulated wind turbines are dedigtteenter stall after rated wind speed in
order to limit power generation (Bang et al., 200¥rz, 2011). Static stall describes a
reduction of the lift force generated by an aelofs the angle of attack quasi-steadily
increases above a critical value. When the anglgtatk reaches its critical value, the flow
separates from the aerofoil surface as shown inr€ig.14. As the wind speed increases,

blades progressively enter into stall as illusttateFigure 1.15.
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Figure 1.14 - Typical steady state two-dimensidiftaturve
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Figure 1.15 - Angle of attack and stall progressitumg the blade span

The performance of the 300 kW AWT-27 wind turbiresign (Poore, 2000) calculated with
the steady state BEMT code WTAero (Maheri et aQ06b) is shown in Figure 1.16.
Moreover, the angle of attack distribution along tilade span and the propagation of the
stall as the wind speed increases are given in&igu7
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Figure 1.16 - AWT-27 wind turbine (a) power, (b coefficient and (c¢) thrust as functions of the
mean wind speed: generated using WTAero
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Figure 1.17 - AWT-27 wind turbine angle of attadgktdbution along the blades: generated using
WTAero

As shown in Figure 1.16, the AWT-27 wind turbineygo generation in the low wind speed
region is not maximised since it only operates ftiroal conditions (i.e. maximur@, or
Cp.opy for the unique wind speed of about 8.5 m/s. As wind turbine enters region 3

( 11 m/s), it can be seen that the power is muclelddtan rated (i.e. 300 kW) and does not
reach its nominal value until 17 m/s. Moreover tlas wind speed keeps increasing above
17 m/s the passive stall control does not maintiagpower at nominal value (Pierce and
Migliore, 2000). Entering into stall is a progressiprocess and therefore the blades must
operate much closer to stall conditions even bdtoweavind turbine rated wind speed (Poore,
2000). As a consequence, stall-regulated wind mebihave poor performance near their
rated wind speeds. However, stall-regulated winthimes feature advantages such as un-
modified blades, no active control systems or sexsOn the other hand, because stall
corresponds to a reduction of the lift coefficienty, aerodynamic forces related to the drag

(i.e. thrust) keep increasing even after stall (Sepire 1.16.c). Over the past decades, the
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interest in stall-regulated wind turbines has rppideclined in favour of pitch-controlled
wind turbines (Zhang et al., 2008ahin, 2004). With the exception of simple smalllsca
designs, fixed-speed stall-regulated wind turbiaes not generally used for the control of

modern wind turbines.

1.2.4 Collective Pitch Control

In response to quasi-steady changes in wind spleeghitch control mechanism changes the
pitch angle of all blades simultaneously for thepmse of adjusting the output power and
load (Figure 1.18) (Laks et al., 2009, Zhang et2008, Muljadi and Butterfield, 2001). As
Figure 1.19 shows, pitching the blade to featheamyangleg results in a reduction of the
angle of attack from, to .. In doing so, the aerodynamic lift force is reduesdllustrated in
Figure 1.20. Pitch control is mainly used in theaviurbine’s operating region 3 where the
power can be maintained to nominal values as showAgure 1.21. In the operating region
2, the pitch angle may be allowed to vary a fewrdeg from the fixed pitch angle in order to

maximise power.

The most conventional pitch control, namely pitoH¢ather, consists of pitching the blades
to reduce the angle of attack (Figure 1.20). Inleimg both the lift and drag forces decrease.
By contrast, pitch-to-stall consists of increasihg angle of attack for the blade to enter into
stall where the lift decreases. Pitch-to-featherofen preferred over pitch-to-stall for

aeroelastic stability reasons.

Wind Power set-Point
Wind

) »| Gearbox »| Generator »| Controller
Turbine

A

Pitch Actuator

A

Figure 1.18 - Fixed-speed pitch-regulated windihelfeedback control loop (Burton et al., 2001)
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Figure 1.21 - Pitch-controlled NREL 5MW wind turbipower curve and pitch angle

(Jonkman et al., 2009)
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1.2.5 Variable-Speed Stall-Regulated Wind Turbines

The variable-speed control system maximises powga&ion over the low wind speed
region by tracking the optimal power coefficienin& the power coefficient reflects the
wind turbine blades aerodynamic efficiencies, ddfe wind speeds or rotational speeds
result in different inflow angles and aerodynanfitceencies. The aerodynamic efficiency of

wind turbines is, therefore, generally expressed dignction of the tip speed ratio)(as

follows:
v, ]
Nk, _wy R (1.3)
Vv, \'4

where, the tip speed ratio is defined as the btadgential tip wind speed (i.e. rotor angular
speeds,, times the blade radiuR) divided by the free stream velocity. There israque

operating condition for which the power coefficiefta wind turbine is optimal as illustrated
in Figure 1.22.

0.6 - i

Power Coefficient Cp

Figure 1.22 - AWT-27 wind turbine power coefficieast a function of the tip speed ratio: generated
using WTAero

Wind turbines with fixed angular speeds only masenthe power coefficient for a unique

wind speed ( =/,). In comparison, by using a variable-speed winine and controlling

the rotor angular speed,, the power coefficient can be maintained near aptinras the

wind speed varies. In addition to the tip speedrahe pitch angle also impacts on the
turbine aerodynamic efficiency as illustrated igue 1.23.
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Figure 1.23 - Typical power coefficient surfaceadsinction of the tip speed ratio and pitch angle

Assuming the variable-speed control system maisttie power coefficient equal to optimal,
the optimal power can then be written as:

3

1 1 R
Popt :E,"AYCp,opt\é3 :_2r Acpopt /_ W?ot: K)W:srot (14)

opt

It can be seen that the optimal power can be egpdeas a factdf,,, depending only on the
wind turbine steady state performance, and thetioo@ speed. By controlling the wind
turbine rotational speed one can therefore traekogstimal power coefficient. Employing a
variable-speed stall-regulated wind turbine, poesraction can be maximised in the low
wind speed region. Above rated power, the angydeed is reduced to increase the angle of
attack and bring the blades into stall. Althougls thas not often been done in practice,
variable-speed stall-regulated wind turbines caximize power at low wind speed while
maintaining nominal power in operating region 3hwiit the need for the pitch mechanism
(Burton et al., 2001). However, the main disadvgetaf this control strategy is that when a
wind gust hits the turbine in operating regiont generator torque has to suddenly increase
to match the mechanical torque in order to previeatwind turbine from accelerating and
also has to increase further to slow the rotor davio stall. As a consequence, the torque
and power transients experienced by variable-sg&tregulated wind turbines are often

substantial.

In addition to achieving high aerodynamic efficigrmver the low wind speed region, the
variable speed control also has numerous advantdgesgenerator torque can be controlled

in region 3 to maintain power close to nominal. To®r can also act as a flywheel in order
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to smooth mechanical torque entering the driventr&urthermore, the low wind turbine

rotational speed in region 2 reduces noise gelerati

There are two main methods, namely broad and naraoge, for achieving variable-speed
control (Burton et al., 2001). The broad range alalg-speed allows the rpm to be controlled
from zero to rated speed. The narrow range cofitriis the rpm variations about 30% /
+50% of the generator synchronous speed. The narroweraagable-speed is the most
commonly used method as it requires a much chdapguency converter while featuring
most of the advantages of the broad range. Frome#ry investigations (Muljadi and
Butterfield, 2001) to more recent and complex tnaglcontrol (Abdullah et al., 2012, Hand,
1999, Gonzalez et al., 2010), many strategies haea proposed in order to maximise power
extraction. One of which, a variable-speed closexghIcontrol system using the filtered wind
speed as reference, is shown in Figure 1.24. Thedgweamic and generator torque are
denoted by Zero and Tgen While the rotor and generator angular speedsedegred to as ro
and gen At the present time, maximum power point track{MPPT) control strategies are
generally used due, in part, to their robustnesadocuracies in predicting the performance
of wind turbines (Abdullah MA et al., 2012).

The commonly employed MPPT control strategieshmdivided into 4 classes: (i) tip speed
ratio (TSR) control, (ii) optimal torque (OT) coalr (iii) power signal feedback (PSF)
control and (iv) perturbation and observation (P&ntrol. The tip speed ratio control
strategy aim is to track the optimal tip speedorlif changing the rotational speed in order to
maximise the energy yield. This strategy uses vdpded measurements and is relatively
straightforward to implement. However, the TSR colnis limited by the fact that precise
measurements of the wind speed are rarely avail@RBza Kazmi et al., 2010). In
comparison, the optimal torque MPPT regulates #m®erator torque based on a maximum
power reference. This methods is also straightfoivead simple to implement. On the other
hand, since the OP control uses the torque insiéadnd speed it features a much slower
response time than TSR (Nakamura et al., 2002cdByrast, as its name suggest the power
signal feedback control track the optimum powemngsihe wind turbine optimum power
curve previously obtained experimentally (Tan asthrh, 2004). This PSF methods is
generally considered of similar complexity and@éncy as the OP control. The perturbation
and observation control strategy is relatively aeféint to the other three. P&O uses

optimisation such as hill-climbing search in orderdetermine the maximum power point.
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This methods is widely popular since it does ngunee any previous knowledge about the
wind turbine power curve. Nevertheless, differamting the hill-climbing optimisation can
lead to significantly different outcomes and manyrke are focused on this topic (Hui and
Bakhshai, 2008, Hong and Lee, 2010).

_ T
wind Wind Aetdy ety Generator Generator
Speed > Turbine | . | Gearbox | p_ — > Plgwer
7y (Poen
y
. Generator Torque
» Filter » Torque Controlle
(Tgen)

Figure 1.24 - Variable-speed control loop usingfitiered wind speed as reference

1.2.6 Variable-Speed Pitch-Controlled Wind Turbines

Most modern wind turbines are now equipped withhbedriable-speed and pitch control
systems. Below rated wind speeds, the torque domm&rcks the optimal power coefficient.
Once rated power is reached, the generator torgjueeld constant and the pitch control
system maintains the aerodynamic torque closedadted generator torque. The pitch and
variable-speed control combination provides thd bamothing performance for torque and
power transients. The pitch controller is usednmath gusts and the variable-speed control
uses the rotor inertia to smooth out faster andlsmaower transients. Figure 1.25 illustrates
the power curve, as well as the pitch and the bberiapeed control values for a 5 MW wind

turbine (Jonkman et al., 2009).
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Figure 1.25 - NREL 5MW wind turbine (a) rotor anguspeed and pitch angle, and (b) power
coefficient and power curve: generated using WTAero

1.3 Wind Turbine Blade Load Alleviation Studies

The conventional wind turbine control systems pmes@ above are not designed for load
alleviation purposes and are therefore ineffectate relieving fatigue loads. Instead,
innovative control techniques are being proposed developed. The most common load
alleviation control systems referred to in therltere are presented in this section.

1.3.1 Individual Pitch Control

The individual pitch control (IPC) system can bersas the evolution of the collective pitch
control in order to reduce fatigue loads. In thespnce of windshear, the cyclic loads due to
the blades rotation are deterministic loads as shavFigure 1.26. While the collective pitch
controller modifies the blade pitch angles simutausly for controlling quasi-steady loads,
the IPC system allows each blade to pitch indepathdén order to alleviate cyclic loads.
Research by Bossanyi (Bossanyi, 2003) has shownstbaificant load reduction can be
achieved providing accurate measurements of trdebtads. In 2005 Larsen et al. (Larsen et
al., 2005) proposed an IPC control strategy basetbcal inflow measurements along the
blade span. In particular, the angle of attack taedocal wind velocity are measured using a
Pitot tube. Since the inflow measurements are tie@ to the wind turbine cyclic loads
(Larsen et al., 2005), it is used as a referengeasifor the IPC controller. The inflow
measurement-based control strategy permits fastekr more adequate IPC response
compared to the strategy originally proposed bysBagi. Research has shown that the IPC
has a significant capability in reducing loads fraR (rotor rotational frequency) up to 3P

(van Engelen, 2006). While the IPC has shown pieim reducing cyclic loads, load
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alleviation using IPC still remains difficult to laieve in practice due to the dominance of

turbulence and rapid dynamics which wear on thehpactuators.
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Figure 1.26 - Flapwise root bending moment forragibladed 5MW NREL wind turbine: generated
by FAST (Jonkman and Buhl, 2005)

1.3.2 Control Surfaces

Control surfaces (CSs) are deployable parts imphegeon wind turbine blades able to
control aerodynamic forces locally by changing gemmetry of aerofoils (Barlas and van
Kuik, 2010). Changing the camber of aerofoils ledaalong the blade span affects the local
aerodynamic forces as illustrated in Figure 1.2iAc& small variations in the trailing edge
aerofoil geometry can significantly change the t@raerodynamic performance (Yen et al.,
2000), active load control devices are generaltaled at the trailing edge (Castaignet et al.,
2013). Two of the most commonly used CSs for winbihe blade applications are the
trailing edge flap and microtab. These CSs shanenoon features such as modularity, fast
actuation and are lightweight. In contrast to Cg, IPC is more expensive, has higher

operating energy consumption and has a slower nsgpiime.

The performance of CSs varies with their host aelrdfiowever, there is no analytical model
able to accurately predict the changes in lift dralj forces generated by deploying CSs. The
aerodynamic performance of a particular CS equippedan aerofoil is evaluated using
numerical or experimental methods (Chow and van [3007). The aerodynamic efficiency
of CSs is given in terms of lift-drag ratio, aeradynic response time and control space. The
lift-drag ratio is used as an aerodynamic perforceandex. The response time refers to the
time at which the flow reaches its steady staterdfie CS deployment. A short response
time, and therefore the capability to quickly mgdierodynamic forces, is crucial in order to
counteract high frequency loads. The control spaters to the CS capability in generating

aerodynamic force (i.e. £, <) with respect to the baseline aerofoil as showhigure 1.28.
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A large control space is necessary because itthiraffects the CS capability in alleviating
load. When CSs are coupled with a sensing systeolpsed-loop control system can be

designed in order to achieve load alleviation (Asda, 2010a) as shown in Figure 1.29.

Figure 1.27 - Wind turbine blade equipped with atoa surface
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Figure 1.28 - Typical variation of the baselin¢ &ibefficient of an aerofoil due to the deploymeha
control surface
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Figure 1.29 - Typical control structure for blddad alleviation employing control surfaces

1.3.2.1 Trailing Edge Flap

The trailing edge flap (TEF) has shown great paaéas an aerospace control device and it is
therefore logical to investigate TEFs as a possiéans for the load alleviation of wind
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turbine blades. TEFs are mounted at the aerofallrtg edge and can deploy (i.e. rotate and
translate) with respect to their host aerofoil feaively change its camber. Figure 1.30
shows a single slotted TEF. In this figure, the T&€Ringed on the aerofoil and an actuator is

used to generate a moment for controlling the T&dlayment angle.

Figure 1.30 - Aerofoil equipped with a single stdttrailing edge flap

Due to its previous aerospace application as @ftiftancing device, the steady and dynamic
modelling of TEF was already under-investigatiorthe 1930s (Theodorsen, 1935). Many
models based on Theodorsen’s work have been promisee. One of which, Leishman’s
model is an indicial model predicting the lift geated by TEFs equipped on thin aerofoils
and operating under attached flow (Leishman, 1994).

In the nineties, investigations of TEFs implemented wind turbine aerofoils were also
performed by the National Renewable Energy LaboyatdREL). The potential use of TEF
for aerodynamic braking and power regulation wergt evaluated (Migliore et al., 1995).
However, the original research efforts on powewulapn and aerodynamic braking were

rapidly supplanted by wind turbine blade load ali&éwen.

The possibility of employing TEFs in order to cattthe aeroelastic response of wind
turbine blades to a gust of wind was first investiggl in 1996 (Stuart et al., 1996). Results of
this investigation demonstrated the load alleviatpmtential of TEFs at an early stage of
modern wind turbine technology. Since then, themyng interest in reducing wind turbine
blade loads has led to numerous proofs of condéy.works published in this period can be
summarised as (i) simulations, (ii) reduced-scafeaments and (iii) full-scale experiments.

Simulations are by far the most common type of stigation of wind turbine blade load

alleviations. Due to their simplicity, preliminasyeady state load alleviation studies are often
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carried out. These investigations utilise the tvmeahsional steady state data of aerofoils
equipped with TEFs and neglect aerodynamic lags i@sponse of the flow due to the TEF
deployment) (Castaignet et al., 2011, Wilson et24109, Wilson et al., 2010). One of which,
the research conducted in 2011 by Castaignet, Vedlaated the potential of TEF to reduce
the blade flapwise root bending moment of a Vest®&Y wind turbine. Castaignet,

employing a frequency weighing model-predictive tecoller (MPC), showed evidences of
the load alleviation potential of TEFs. Barlas et(Barlas et al., 2012) have also shown

similar load alleviation results employing MPC.

Simulations investigating the potential of TEFs Mhconsidering the flaps’ dynamic
responses were also carried out. In 2009, Barlasvam Kuik investigated the dynamic
control of TEFs on a 5 MW wind turbine (Barlas avah Kuik, 2009). Several control
distribution strategies were proposed when impldémgmultiple TEFs onto the same blade.
Two of them considered the TEFs located on the daaue to act as a unique entity (“large
flap” assumption). By contrast, the decentralisedtiple feedback control used the local
flapwise deformations as control references. Lodldviation results showed a 20%
maximum load reduction of the root bending momesing the decentralised multiple
feedback control. A year later, Resor et al. (Restoal., 2010) used the aeroelastic code
(DU_SWAMP), developed by researchers at the Delitversity Wind Energy Research
Institute, to simulate several active aerodynanuiotiol scenarios. Results showed a 30%
reduction of the B flapwise root bending moment standard deviatiorerwlemploying
classical controllers with 10% chord wise TEFs econg25% of the blade span.

Reduced scale experiments of wind turbine bladesesofoils load alleviation are also
commonly found in the literature (Andersen, 201Btederick et al., 2010, van Wingerden et
al., 2011). In 2010, Frederick et al. (Frederickakt 2010) experimentally investigated the
load alleviation capability of a small (4% chordse&) TEF.The TEF was allowed to deplay
90° with respect to the host aerofoil. The expentrset up a NACA 0012 of 0.3m span and
0.22m chord in a water tanRn inviscid state-space model combined with a éretement
model was used to model the aero-structural sysiém.TEF was controlled using PID and
LQR controllers using a strain gauge measuremewen Ehough the work produced by
Frederick demonstrated promising load alleviatiapability, some concerns remained to be
noted for applications on wind turbine aerofoilsst the deployment of a TEF at such large

angles could be responsible for substantial dragease and premature stall. Second, wind
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turbine aerofoils generally experience flow at leigiiReynolds numbers than those used in
the experiment. A year later, van Wingerden e{\an Wingerden et al., 2011) conducted
another experiment setting up a reduced-scaled Inobdlee 5SMW wind turbine designed by
NREL (Jonkman et al., 2009). The proposed conysiesn combined two multi-input multi-
output (MIMO) H-infinity controllers taking into @ount the deterministic and stochastic
disturbances of the measurement obtained usinig sfaaiges located at the blades’ root. The
load alleviation results presented by van Wingerdene substantial (i.e. from 50 to 90%
load reduction). There are, nonetheless, obviouderedhces with the large scale
implementation of TEFs. First, the TEF coverage siaé on the reduced scale were much
greater than the commonly assumed 10-20% spananisehord-wise coverage. Second, the
small blade size results in a relatively stiff sture with rapid dynamic responses (i.e. low
phase system) compared to full scale dynamics.

Due to their high cost, there are only a limitednber of reported full-scale experiments of
CSs equipped on wind turbine blades. In a contoeifiort by Castaignet et al. (Castaignet
et al., 2013), the full-scale load alleviation a226 kW Vestas V27 wind turbine was carried
out in 2013. Assuming no interactions with the slascontrol systems, the conventional
blade pitch control was not modified. Due to sos®ues encountered during the test, only
5% of the blade span was covered with TEFs. Negksls, the 38-minute test successfully
demonstrated an average load alleviation of ab8W8%. While the experimental work of
Castaignet can be considered as a milestone, exgraial applications on multi-megawatt
wind turbines have not yet been carried out. Moeepthe control strategy was only applied
for a SISO case (i.e. one TEF) and assumed nelgigibrodynamic lags. Better load

alleviation performance may, therefore, be achiax®@dg more suitable control strategies.

In view of the above literature on load alleviatiminwind turbine blades employing TEFs, it
is clear that TEFs have a significant potential lfwad alleviation. While many proofs of
concept have demonstrated the load alleviationlibges of TEFs, further work is needed
in order to promote TEFs for industrial applicagorn particular, the research conducted
during this PhD addresses this issue by providingetier understanding of the dynamic
control of wind turbine blades equipped with TESpecific load alleviation control systems

are designed in order to maximise load alleviaperformance in Chapter 5 and 6.
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1.3.2.2 Microtabs

Microtabs, proposed by Yen et al. (Yen et al., 208@ small tabs located near the aerofoil
trailing edge and are considered the evolutionascdndant of Gurney flaps. Gurney flaps
were first used in automobile racing by the pil@nDGurney in the early seventies. The small
solid non-movable device installed pointing upwardthe rear wing of his car improved the
car traction by generating downward aerodynamicesy achieving greater manoeuvrability
at high speed. The device was later investigatedenafoils and brought to the aerodynamic
field by Liebeck (Liebeck, 1978) who named it ther@ey flap. The implementation of
Gurney flaps on aerofoils consist of small siz@dlattached to the trailing edge and almost
perpendicular to the aerofoil chord line (Wang let 2008) as shown in Figure 1.31. The
implementation of a Gurney flap modifies the Kuttandition and increases the lift and drag
generation (Van Dam et al., 1999). While heavied amore complex active flow controllers
such as TEFs had already shown great results asliftigontrol devices, the Gurney flap
was an innovative micro-scale device capable ofraiacale aerodynamic performance.
Additionally, the Gurney flap has a simple desitgw installation and maintenance costs,
and is lightweight (Yen et al., 2000).

The location and height of the Gurney flap alongofels are the two primary design

parameters. As the Gurney flap is moved away froenttailing edge towards the leading
edge, the drag steadily increases and the lift irsnanchanged up to a point where
aerodynamic performance rapidly decreases (Yeh,e2Q00). When the Gurney flap height
increases, both lift and drag increase steadilytaum height about the boundary layer
thickness where drag starts to significantly inseedAccordingly, it is generally accepted that
the Gurney flap should be located between 90 ado0l6f the aerofoil chord and should be
kept lower than 2% of the chord length (Van Daralgt1999, Yen et al., 2000).
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Figure 1.31 - Gurney flap implemented on a S806faér

26



The original Gurney flap is a passive device emgtbyo increase the lift generation of
aerofoils. However, the drag penalty during crdigght is one of the main factors limiting
Gurney flap applications to a few airplanes. Furttesearch starting in the year 2000 has
since led to the development of an actively cotelGurney flap or microtab (micro-
electro-mechanical (MEM) translational tabs) fomditurbine and rotorcraft applications
(Nakafuji et al., 2000, Nakafuji et al., 2001, Yenal., 2000, Thiel et al., 2006, Mayda et al.,
2005). Yen et al. (Yen et al., 2000) published aede including the numerical and
experimental proofs of concept in addition to ari@dtion process and actuation mechanism
for microtabs. Being actively deployable, the nemmaept provides the possibility to control
aerodynamic forces locally towards regulating rotifrations (Frederick et al., 2010, Van
Dam et al., 2002, Johnson et al., 2010, Mayda. e2@05, Thiel et al., 2006).

Microtabs deploy approximately normal to the aeita$arface. As shown in Figure 1.32, a
microtab can either be: (i) deployed upward ondhetion side of the aerofoil, (ii) deployed
downward on the pressure side of the aerofoil @ndéutral, where the microtab is inside
the aerofoil with no effect on the lift and drageticients.
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Figure 1.32 - Microtab implemented on an aerofoil

The potential of microtabs for load control wastfidemonstrated by Van Dam et al. (Van
Dam et al.,, 2002) and then by Baker et al. (Bakeale 2007) who carried out extensive
numerical and experimental analyses with microtaistalled on the S809 aerofoil. They
addressed the issues of optimal positioning anidgsitor maximum lift/drag performance.
Similar to the Gurney flap, the tab height shouddclbse to the boundary layer thickness (i.e.
1% to 2% of the local chord length) while beingdted near the trailing edge as this location
provides a good lift/drag ratio and enough volumethe microtab to retract. Nevertheless,
optimal sizing and positioning is difficult to aelvie due to its dependency on geometric and

aerodynamic parameters and will more often resudt lift/drag ratio trade-off.
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During the last decade, the load alleviation penfamce of microtabs was investigated. As
for TEF, preliminary steady state load alleviatistudies were carried out. Wilson et al.
(Wilson et al., 2009, Wilson et al., 2008) havewhdhat microtabs installed on a 600 kW
wind turbine could achieve a reduction of the fleggwoot bending moment by up to 50%.
The load alleviation results presented by Wilsotthoagh promising, were obtained
assuming instantaneous microtab response. By @bntther studies have investigated the
dynamic response of microtab (Zayas et al.,, 200d&@wCand van Dam, 2007, Baek and
Gaunaa, 2011). Considering the microtab aerodynassponse, Baek et al.(Baek et al.,
2010), and Baek and Gaunaa (Baek and Gaunaa, 28%é)dompared the load alleviation
performance of TEFs and microtabs. Both studiese hesncluded that, despite their
disadvantages (i.e. short delay and transient adve¥sponse), microtabs can be used to
reduce the loads experienced by wind turbine bladésile the investigations mentioned
above have greatly contributed to the microtab fsr@d concept, the control system design
and frequency response of actively controlled blageipped with microtabs remain to be
investigated. Moreover, no mathematical model heenlproposed in order to describe the
microtab dynamic response. Both issues are addl@sskis thesis. A dynamic model for the
aerodynamic response of deploying microtab is pgeddn Chapter 3 and used for control

system analyses in Chapter 5 and 6.

1.3.3 Morphing Technology

While aircraft morphing has long been the subjectresearch (Weisshaar, 2013), wind
turbine morphing is a more recent subject of irgerAccording to Lachenal et al.(Lachenal
et al., 2013) the morphing of wind turbines is ded into two main groups: In-plane and

Out-of-plane morphing as shown in Figure 1.33.

Figure 1.33 - Morphing classification In-plane: é@an-wise, (b) edgewise (c) sweep and Out-of-
plane: (d) span-wise, (e) chord-wise and (f) tlisichenal et al., 2013)
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Since morphing technologies have a broad rangepplications, the past few years have
witnessed a growing interest in morphing techn@sgnd its applications to wind turbines.
Investigations for wind turbine applications (eagaptive trailing edge geometry) have
started less than a decade ago (Andersen, 200®rgardet al., 2010, Andersen, 2010b). One
particular advantage of a morphing trailing edgdoismaintain structural integrity while
ensuring a smooth deformable shape as shown ing-ig@4. The smooth deformation often
guarantees that the flow around the aerofoil remaittached, which in comparison with
other discrete control surfaces that feature gapksexternal mechanisms, results in lower
drag. Although morphing technologies are promisitigg practical implementations face
numerous challenges. For instance, manufacturidighéweight wing or blade structure
flexible enough to morph without losing its capgcib withstand aerodynamic loads is
difficult. The main features of a morphing aerofaitiude:

High out-of-plane stiffness to resist aerodynaroadis

Low cross-sectional stiffness to reduce actuatowods

High strain capability

Short response time

Fatigue resistance

The study of deformable TEF started in 2005 with wWork of Andersen on the 33m-radius
Vestas 66 wind turbine (Andersen, 2005). In 2006n@e recent model based on thin
aerofoil theory was developed by Gaunaa for desuyilbhe aerodynamic response of a
deforming TEF (Gaunaa, 2006). This model was latsed for load alleviation studies

(Andersen et al., 2010, Andersen, 2010b). A feveothorks have also investigated the use
of deformable TEFs in order to alleviate wind tubiblade loads (Barlas et al., 2012,
Andersen, 2010b). As for the hinged TEFs, simutetiof the deformable TEF have shown
great load alleviation potential on medium andéasgale wind turbines.

The aerodynamic advantage of a morphing structunmot questioned and there are many
potential candidates for morphing structures. Rstance, piezoelectric, anisotropic material
(Thill et al., 2010), bi-stable plates (Diaconuakt 2008), composite (Bettini et al., 2010)
cellular structures and shape memory alloys (SM3grbarino et al., 2009, Mohd Jani et al.,
2014) are potential candidates for morphing stmestu There is, however, no actual
consensus about a suitable mechanism that woudev dhe contradictory objectives of a

morphing aerofoil to be satisfied.
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Figure 1.34 - lllustration of an aerofoil desigrtlmmorphing trailing edge

1.4 Aim and Obijectives of this Research

As mentioned in the previous sections, researchshas/n that wind turbine blade fatigue
loads can be reduced by employing load controlesystsuch as individual pitch control and
control surfaces. Moreover, advantageous featureterms of modularity, cost, size and
response time, has led to a growing research sit@areemploying control surfaces for load
alleviation of wind turbine blades. While this rasgh area holds great promise, the
implementation of control surfaces on wind turbblades remains experimental and much
work has to be done before a consensus regardmdpbehnefits of wind turbine blades
equipped with control surfaces can be reached.r&bearch conducted during this PhD is
part of a global research effort towards reachimg tonsensus and focuses on the control of
wind turbine blades equipped with multiple consuotfaces.

Before the load alleviation performance of consoifaces equipped on wind turbine blades

can be evaluated, two problems must be solved:

i) How should wind turbine blades equipped witmtrol surfaces be modelled?
In this thesis, the answer is obtained by breakiogn the original question and answering
the following ones:
How can the steady state control surfaces aerodgnaerformance be modelled?
What are the control surfaces dynamic response Istbde
How can the structural dynamic of wind turbine leade mathematically described?

How can the structural model be coupled with th@@dgnamic wind turbine model?
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i) Which are the control architectures suitabletfoe load alleviation of wind turbine blades
equipped with control surfaces?
In this thesis, contributions are achieved by birggaklown the above question and answering
the following ones:
How can the load alleviation of wind turbine bladkesdefined as a control problem?
What types of sensors are required? How many seasemeeded? Where should the
sensors be located?
What is the optimal location of control surfacesngl the blades span in order to
maximise load alleviation, and how many controfaces should be used?
What is the impact of different control architeetsiion the dynamic response of wind

turbine blades?

The aim of this PhD is to investigate the feadiilidesign and capability of a multi-
component aero-structural load control systemsirigj control surfaces such as trailing edge
flaps and microtabs. In the process of this Phzstians (i) and (ii) are answered through

achieving the following objectives:

1. To develop a code (WTAC) capable of simulating dleeoelastic response of wind
turbine blades equipped with control surfaces dpegan unsteady environments.
Figure 1.35 is a schematic of WTAC (in this figihe numbers in brackets refer to

the Chapter numbers in this thesis).

2. To model the steady state and dynamic responsescabtabs and trailing edge flaps
deploying on aerofoils and to couple this modelhwthe aeroelastic wind turbine
blade model of WTAC.

3. To investigate the dynamic capability of wind tumdiblades, equipped with multiple
control surfaces, in rejecting fatigue loads usingAC. To propose, design and
evaluate control architectures for the load alleera of wind turbine blades
employing control surfaces. To explain the aeraestral dynamics of actively

controlled wind turbine blades.
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Figure 1.35 - WTAC and thesis structure
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2.1 Introduction

The aerodynamic module of WTAC is based on thedstedate BEMT code WTAero
(Maheri et al., 2006b). The following modificatiomsve been implemented in order for
WTAC to accurately model wind turbine blades opgarpin unsteady flow conditions:

Common modifications
Misaligned rotor
Rotating blades
Space-time wind field interpolation
Viterna-Corrigan aerodynamic data extension
3D stall
Dynamic stall

Modifications specific to this work

Coupling with TurbSim

Coupling with XFoll

Convergence accelerator algorithm
This chapter starts with the definition of the wihdbine coordinate systems used in this
study. It then continues with a brief backgroundios steady state BEMT in Section 2.3 and
detailed explanations regarding the above mentionedifications through Sections 2.4 and
2.5. The final version of the unsteady aerodynamodule developed during this PhD is then

benchmarked in Section 2.6.

2.2 Wind Turbine Coordinate Systems

Figure 2.1 illustrates the blades’ rotational plamel non-alignment angles (i.e. tilt and yaw)
for an upwind rotor configuration. The YZ plane m@ponds to the blade rotational plane
only if all misalignment angles are equal to zé€dtherwise, the rotational plane is the Y'Z’
plane. The tilt angle? denotes the angle by which the original rotor plé¥Z) is rotated
with respect to th&-axis. Tilting the wind turbine rotor increases @wlearance but also
increases the out-of-plane bending moment due dwitgtional forces. The yaw anglg
denotes the wind turbine misalignment with inconfiliogy (i.e. rotation with respect to thé
axis). The azimuth angle is used to represent the angular position of bladbs three-
dimensional wind fields are described as vectddsieEach point in the global coordinate
system (X-Y-Z) is associated with a velocity veatomposed of three components. The in-
plane (tangential) and out-of-plane (normal) vextorthe wind turbine blades are calculated,
in WTAC, in order to determine the local velocityduced by the vector fields along the

blade span as shown in Figure 2.2.
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Figure 2.1 - Global wind turbine coordinate system

Out-of-plane

Vector
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Figure 2.2 - Three-bladed wind turbine spatial espntation (WTAC) of the rotational plane without
(grey) and with tilt, yaw and cone angles (black)
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Figure 2.3 shows the rotating blade coordinateesysiX’-Y”-Z” ) and Figure 2.4 is a
detailed illustration of the blade cross-sectioc@brdinate system. The two dimensional lift
(L) and drag D) forces acting on aerofoils are respectively pedisular and parallel to the
local flow velocity. The flapwise and edgewise direns refer to the aerofoil principal
elastic axis. In general, the internal aerofoilstures are designed such that the aerofoil
principal elastic axes are similar to the chordsaxihe In-PlanelP) and Out-Of-Plane

(OOP) forces are used to calculate the thrust and nmécdlatorque of wind turbines.

Figure 2.3 - Wind turbine blades rotating coordensystem:

Relative

Velocity Axis )
Chord Axis

Pitch Axis

=

Rotor plane (Y’'Z")

- Angle of attack

- Pitch angle
p - Pretwist angle

- Inflow angle

Figure 2.4 - Aerofoil coordinate system
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2.3 Steady State Blade Element Momentum Theory (BEMT)

This Section gives a general overview of the stestdfe blade element momentum theory
(BEMT) as it can be found in the literature. BEMSTa two-dimensional steady state based
aerodynamic evaluator for propellers and is by tte@ most common method used for
calculating the performance of wind turbines. Alibbh more advanced methods such as
Computational Fluid Dynamics (CFD) are availables simplicity, computational efficiency
and insightful features of BEMT-based codes arerofireferred (Leishman, 2002). CFD is
probably the most accurate method for evaluatireg darodynamic performance of wind
turbines as long as the three-dimensional effeath @s dynamic stall and vortical wake
resulting from the blades’ rotations are accurapebdicted (Leishman, 2002). Even though
CFD methods are certainly attractive, CFD wind itnebmodels have not yet reached the
necessary level of computational efficiency forigegpurposes and time dependent analyses.
Consequently, there is value in the developmestropler models employing a BEMT-based
core in order to enable the evaluation of develgppdeas at reasonable computing efforts
(Buhl, 2004, Jonkman and Buhl, 2005, Leishman, 20sor et al., 2010, Barlas et al.,
2013).

The general procedure used for solving the stetdg BEMT is now explained (Moriarty PJ
and Hansen AC, 2005, Buhl ML, 200BEMT postulates the effects of the presence and the
rotation of wind turbine blades on the flow fieldoand the rotor by introducing and
calculating the field of induced velocities. Thisakiation is based on an iterative algorithm
in which the induced velocities are initially assdrand re-calculated by iteration. In BEMT
each blade is divided into segments used to apmiatei the two-dimensional aerodynamic
forces along the blade span as illustrated in Eigus. The flow kinematics of each segment
are assumed to be independent of that of the stgments. When analysing each segment
of the blade, BEMT deals with 6 unknown parametdilsese unknowns are the axial

induction factor @), rotational induction factor  af), inflow angle ¢ ), angle of attackg
), and lift and drag coefficientsC{ and C_). For a segment centred at spanthese
unknowns are correlated through a set of two discdata equationsc((a)and c, (a)

lookup tables) and four algebraic equations (Maéeail., 2006b):
f=f(aa\k,,k,) (2.1)

a=a(f. k¢ k) (2.2)
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a=a(C_,GC,,f k., k) (2.3)

at=at¢a,C ,G.7 Kk k) (2.4)
C =C,(a) (2.5)
C, =GC;, (@) (2.6)

wherek , andk, are subsets of known fixed parameters={w, ,# Blades Rs} and known

rot?

r -dependent parameteks ={r,V,, ¢, b} respectively.

i M

|’

< »
< »

ri

Figure 2.5 - Typical blade segments in BEMT

Equations (2.1) to (2.6) form a nonlinear systeneauiations with two sets of tabulated data
that makes BEMT analysis iterative in nature (Makel., 2006b). The induction factas
andatare the most common choices of iterative paramét@iso, 2005, Burton et al., 2001,
Hau and von Renouard, 2013, Lanzafame and Mesxd@d). BEMT is based on three main
assumptions: a steady flow, an infinite number tddbes and an axisymmetric flow.
However, most of these limitations can be removedibapplying some corrections, (ii)
averaging, and (iii) employing further assumptiemghe original concepts (Maniaci, 2011).
For instance, ground shear and rotor misalignmemitradict the basic assumption of
axisymmetric flow. Dividing the rotor disk areaan& number of sectors (i.Blse¢ virtual
blades) and averaging the results is a means dtdimg non-axisymmetric effects.
Corrections are also required ftarge induced velocities, tip and hub losses, dweved
wake (Moriarty and Hansen, 2005). Some of the &trons typically encountered by BEMT
based codes include calculations for flow dominabgdunsteady and three dimensional
phenomena (Simms et al.,, 2001, Yang et al., 200dh-axisymmetric rotors, high wind
speeds and three dimensional stall are potentiaices of discrepancies with experimental
data. The accuracy of BEMT predictions stronglyedefs on the accuracy of the lift and drag
coefficients (Tangler, 2002, Tangler and KocurédQ2).
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Lift and drag steady state aerodynamic coefficierais be obtained by carrying out wind
tunnel experiments (Timmer, 2009). Although thisynse#em the best choice in terms of
accuracy, comparison between the data generatéddifierent wind tunnels can also show
discrepancies (McCroskey, 1987, Duraisamy et &072 Experimental testing is also the
most expensive means of generating aerodynamic Bgtaontrast, computer based codes
are inexpensive for generating aerodynamic coefiits. XFoil (Drela, 1989) is one of the
well-known freeware using the panel method to dateuaerofoils’ aerodynamic coefficients.
The NACA 64-618 aerofoil shown in Figures 2.6 igafticular interest to this research since
it is the tip aerofoil of the 5 MW wind turbine @astudy investigated later on. We, therefore,
evaluate the accuracy of XFoil in predicting theodgnamic coefficient of this aerofoil as
presented in Figures 2.7 and 2.8 for the lift aradcoefficients respectively.
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Figure 2.6 - NACA 64-618 aerofoil normalised cooates
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Figure 2.7 - NACA 64-618 lift coefficient, Re= 6.5¢f. Experimental results (Timmer, 2009)
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Figure 2.8 - NACA 64-618 drag coefficient, Re= 616% Experimental results (Timmer, 2009)
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Aerofoils’ aerodynamic coefficients are generalglotlated for pre-stall angles of attack as
shown in Figure 2.9. However, aerofoils on windotne blades experience a wide range of
angles of attack and the pre-stall data are gdpergiended to post-stall angles of attack by
using extrapolation models (Jonkman JM et al., 20B@hl, 2004). The NREL code
AirfoilPrep (Hansen, 2012) uses the Viterna mod&lefna and Janetzke, 1982) in order to
extend the pre-stall data to = 180° angle of ateckhown in Figure 2.9.
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Figure 2.9 - Extension of the experimental aerodyinaoefficient using Viterna’s model

Experiments have shown that using two-dimensioasb@dynamic coefficients may result in
under-prediction of power and thrust (Lindenbur@42). The centrifugal and Coriolis effects
taking place on rotating wind turbine blades afféloeé flow dynamics. The Coriolis
acceleration term alleviates the adverse presstadignt and consequently delays flow
separation and stall (Snel et al., 1994, Leishrg@f?).. As a result, the lift and drag forces
experienced at stalled sections of wind turbineldésa(e.g. inboard) are significantly higher
than predicted when using two-dimensional data(iM@fl11). The performance of stall-
regulated wind turbines are therefore highly a#ddby three-dimensional stall (Dumitrescu
and Cardos, 2012). Although many attempts to mthekethree dimensional stall effects have
been made (Tangler and Kocurek, 2005, Snel e1@4, Corrigan and Schillings, 1994, Du
and Selig, 1998, Chaviaropoulos and Hansen, 2@¥@jon et al. (Breton et al., 2008) have
shown that there are still significant discrepasceetween numerical and experimental
results. The three-dimensional stall model emplayped/ TAC is identical to the one used in
AirfoilPrep (Hansen, 2012). This model combinesigsBlu (Du and Selig, 1998) correction
with modifications for the drag coefficient accardito Eggers et al (Eggers et al., 2003).
Figures 2.10 and 2.11 compare the lift and dradficents from two-dimensional data with
the corrected data for three dimensional stall.
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Figure 2.11 - DU21 - A17 two and three-dimensiairalg coefficients

2.4 Unsteady Blade Element Momentum Theory

Applying the required corrections, a steady BEMN caasonably predict the annual energy
production of wind turbines. However, in order tealistically compute the structural
behaviour of wind turbines it is necessary to ambtude unsteady phenomena. Amongst the
various unsteady modifications, those that havenbmmnsidered in this study (listed in

Section 2.1) are presented in this section.

The wind field generator TurbSim developed by tHeBN (Foley and Gutowski, 2008) is
used to generate unsteady wind fields. TurbSim ywesl a collection of planes, each
containing the vector fields representing the wietbcity vectors over that plane. Each plane
is separated by a constant time step as illustriatddgure 2.12. The unsteady wind fields
thereby generated are used as input to wind tudniaéysis codes suitable for Taylor's frozen
turbulence hypothesis model (e.g. WTAC and AeroQ@yaino, 2005)).
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Velocity Vector Plan

)

A/t'
Figure 2.12 - Wind field output generated by Turb$Foley and Gutowski, 2008)

The non-moving sectors used in the classic BEMTregpéaced by rotating blades in order to
simulate the blades’ cyclic loading and rotatioa#iects. The blades’ spatial positions are
calculated based on the tilt, yaw, cone, and azimangles. The local relative velocity along
each blade is then obtained through space-timgoiion with the wind field.

Dynamic Stall

In contrast to static stall, dynamic stall occureew the aerofoil angle of attack rapidly
changes due to flow unsteadiness or structuraatrdms. Experiments (Andersen et al., 2009,
Leishman and Beddoes, 198%)ave shown that when the angle of attack of anfaiéro
rapidly increases above its static stall angle,flb remains substantially attached to the
aerofoil before separating and reaching a steaatg.sthe dynamic stall model proposed by
Larsen (Larsen et al., 2007) is used in WTAC. Fegl2.13 and 2.14 compare the steady and
dynamic lift coefficients of the aerofoil Vertol @B0-1.58 under cyclic variations of the
angle of attack at a reduced frequency (i.e. thdicyrequency times the chord length

divided by two times the velocity) of 0.062.
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J 0.2 - 1= WTAC
0 - T T T T T T T
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Angle of Attack (°)
Figure 2.13 - Steady state and dynamic lift coeffits subject to cyclic variations of the angle of
attack (pre-stall)
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Figure 2.14 - Steady state and dynamic lift coeffits subject to cyclic variations of the angle of

attack (stall & post-stall)

Figures 2.15 and 2.16 show a qualitative comparltsetween the steady and dynamic lift

coefficients for a step change of the angle ofcitt#t can be seen that a step increase of the

angle of attack under attached flow results in @ereased lift coefficient following the

dynamic behaviour of two combined first order diffistial equations. On the other hand,

when the angle of attack abruptly increases abbgestall angle one can see that the lift

coefficient substantially out-reaches its steadyesvalue as shown in Figure 2.16.
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Figure 2.15 - Steady state and dynamic lift coadficresponses to a step change of the angle of
attack (pre-stall)
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Figure 2.16 - Steady state and dynamic lift coadficresponses to a step change of the angle of

attack (stall)
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2.5 Convergence Accelerator Algorithm (CAA)

The convergence accelerator algorithm (CAA) hashbespecially developed during this
thesis in order to reduce the computational tinkeriaby the unsteady BEMT aerodynamic
module. Considering the computational power avéglab date, using BEMT to find the
blade aerodynamic loads for a given wind turbine condition (wind speed, rotor speed,
blade pitch angle, etc.) takes only a fraction seaond. However, when using BEMT as the
aerodynamic analyser of a simulation-based optidesign code, this can be very time
consuming. Considering this, there is potentiaénest in reducing the computation time of
BEMT. The convergence accelerator algorithm (CA®\an improvement on the relaxation
factor method proposed by Maheri et al. (Mahealgt2006a). The fluctuating behaviour of
the axial induction factor (see Figure 2.17) is lakped as follows. Momentum theory
predicts a parabolic variation for thrust coeffiti€; with a maximum value of 1 at= 0.5,

while experimental data shows tl@&t keeps increasing far> 0.5. For small axial induction
factors,0<a<a, € 04, known as the light loading state, the predicteddt coefficient by
the momentum theory is in good agreement with ewxpatal data. On the other hand, in the
heavy loading state (i.2>a.), the predictedC, departs dramatically from its actual value.
For the heavy loading state the momentum-basedtieques therefore replaced by the
Glauert’'s empirical formula. Separating light anelatly loading states imposes a singular

point of &, in the domain and therefore when two successiveigesl axial induction factors

lie in different sides ad, a fluctuating behaviour, as shown in Figure 2.is7pbserved.
Fluctuation of the axial induction factor causesegessary computation and decreases
accuracy when convergence does not occur. Thenafignethod proposed by Maheri et
al.(Maheri et al., 2006a) consists of using a cmistelaxation factor; in order to damp

these fluctuations. Using a relaxation factor asnéermediary step (2.7) between the current
(n) and newly (n+1) calculated induction factosuks in damping the fluctuating behaviour

observed and ensures the convergence as showguref2.18.

A = rfan+1+(rf -1)an; r,=0.5 (2.7)
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Figure 2.17 - Converging oscillatory behaviourlaf aixial induction factor (Maheri et al., 2006a)

Figure 2.18 - Effect of different values of relaratfactor on the fluctuating behaviour of the &xia
induction factor (Maheri et al., 2006a)

Employing a relaxation factor guarantees convergeot the solution when fluctuating

convergence occurs, however it may result in slogogvergence in other conditions. The
key improvement of the CAA consists of using a afale relaxation factor depending on the
observed type of convergence. The different corerergs of the axial induction factor are
categorised into four types as shown in Table Edch behaviour is detected using the
history of the axial induction factor using prevétyicomputed values. For instance the non-
fluctuating slow convergence can be identified tia monotonicity of the axial induction

history as shown Table 2.2.

Table 2.1 - Impact of the induction factor behavion the time and accuracy of BEMT

Fluctuating convergence Increases ComputationaéTim

Slow convergence Increases Computational Time

Fluctuating Divergence Increases Computational Tame
reduces accuracy

Oscillatory behaviour Increases Computational Tand

reduces accuracy
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Table 2.2 - Detection of the induction factor babaw

Behaviour Type Detection rNe?ngiltljunefgitor
(N:gzglFelrugcetzggng a <a. & g, <a., ora>a.; & g, >, 1
Dhornes a <a.,&a <a,ora>a, &a >a, 0.4
(Fllgr?;[/frlgggce a <a., & a >a, & a.,<a., & . ,>a, 0.5

The CAA is compared to the classic BEMT iterationd and the original method proposed
by Maheri et al. (Maheri et al., 2006a) using tHeENL 5 MW wind turbine design (Jonkman
et al., 2009). Figures 2.19 and 2.20 compare tiheergence between the different methods
for fluctuating and non-fluctuating convergences.oan be observed in both cases, the CAA
achieves faster convergence by choosing the appteprelaxation factor. In Figure 2.19
both methods converge faster than the classictiberéoop by damping the oscillations. In
Figure 2.20 the CAA converges faster by detectimg slow convergence and using the
maximal relaxation factor. Additionally, Figure 2.8hows the average number of iterations
required per segment for the iteration loop to ewge as a function of the wind speed.
Noticeably, the solution proposed by Maheri et @llaheri et al., 2006a) accelerates
convergence for low wind speeds while slowing itvddfor higher wind speeds. The CAA
clearly out-performs both methods.
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Figure 2.19 - Fluctuating convergence of the axidiliction factor
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Figure 2.20 - Non-fluctuating convergence of thekixduction factor
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2.6 WTAC - Aerodynamic Module Validation
Figure 2.22 summarises all the modifications tleatehbeen integrated to the original steady
BEMT code WTAero (Maheri et al., 2006b) during ttwurse of this PhD.
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Unsteady Win J| | Singularity | |steady BEMT 3D stall
Fields(NREL) Removal WTAero Corrections
Input Wind Convergencq
Turbine Desigl Accelerator
Parameters Algorithm

Figure 2.22 - WTAC unsteady BEMT features added/icAero
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In this section WTAC predictions are compared agfathe NREL code WT_Perf (Buhl,
2004). Three wind turbine case studies are compared

The constant-speed stall-regulated 300 kW AWT-27dvwturbine (Poore, 2000)

The variable-speed pitch-controlled 1.5 MW WindPA®ihd turbine (Malcolm and

Hansen, 2002)

The variable-speed pitch-controlled 5 MW NREL windbine (Jonkman et al., 2009)
Figures 2.23 and 2.24 compare the power and tlowistes predicted by WT_Perf and
WTAC for the AWT-27 wind turbine. As these figuresow, the two software predictions
agree. For the control values (i.e. pitch and rgpon) shown in Figure 2.25, the power and
thrust curves for the WindPACT 1.5 MW are respedtiypresented in Figures 2.26 and 2.27.
Similarly, the NREL 5 MW wind turbine control valsi€i.e. pitch and rpm), power and thrust
curves are also presented in Figures 2.28 to 2t3fan be observed that the steady state
predictions between WT_Perf and WTAC agree weltlierthree case studies.
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Figure 2.23 - AWT-27 power curve
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Figure 2.24 - AWT-27 thrust curve
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Figure 2.25 - WindPACT 1.5 MW control parametersa(éblm and Hansen, 2002)
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Figure 2.26 - WindPACT 1.5 MW power curve
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Figure 2.27 - WindPACT 1.5 MW thrust curve
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Figure 2.28 - NREL 5 MW control parameters (Jonkregal., 2009)
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Figure 2.29 - NREL 5 MW power curve
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Figure 2.30 - NREL 5 MW thrust curve

In addition to the steady state results, the dyngoiwver and thrust generated by the NREL

5MW wind turbine under windshear are shown in Fegu?2.31 and 2.32. As expected due to

the windshear, the power and thrust experiencezbbi of the three blades is out of phase by

120 degrees and the summation of the power andtthraduced by the three blades is equal

to the predicted quasi-steady state value.
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Figure 2.31 - WTAC power prediction for the NREIVBV wind turbine
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Figure 2.32 - WTAC thrust prediction for the NREIMW wind turbine

2.7 Summary - Aerodynamic Module

The present chapter served as a brief reminder iofl viurbine dynamics and as an
introduction to the wind turbine unsteady BEMT slatar included in WTAC. The unsteady
aerodynamic module developed during this PhD iseti@ution of the original steady state
BEMT code WTAero. The WTAC unsteady aerodynamic etasl coupled with the wind
field generator TurbSim and includes unsteady dyosrsuch as dynamic stall and three-

dimensional stall corrections for rotating blades.

In this chapter, it was shown that the NACA 64-@&ofoil aerodynamic data obtained
using XFoil was satisfactory and could be usedhis study. Additionally, a convergence
accelerator algorithm was proposed and shown toawepthe accuracy and computational
efficiency of the BEMT iteration loop. Finally, thsteady state results of the WTAC
aerodynamic module were evaluated against the N&tee WT_Perf and it was shown that

WTAC can be used for the aerodynamic analysis athvurbines.
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3. Microtab and Trailing Edge Flap

Transient Aerodynamic Models
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3.1 Introduction

This chapter presents the steady state and trarme@erdynamic models of aerofoils equipped
with microtabs and trailing edge flaps that haverbdeveloped during the course of this
PhD. These aerodynamic models are necessary irr todevaluate the potential load

alleviation of CSs while taking into account aenoamic lags. While the optimal positioning

of CSs is investigated later on in Chapter 5, iknewn that CSs should be located in the
blades’ aerodynamic region of efficiency (i.e. framd-span to tip). In this region of the

blades, aerofoils are generally of medium or thiokness (i.e. normalised thickness < 25%)
and the flow remains attached during the wind neboperating conditions (i.e. pitch to

feather control). This is clearly visualised in &g 3.1 which plots the average angle of
attack distribution along the NREL 5MW (Jonkmarakt 2009) wind turbine blade span. As
a result, the aerodynamic tools and models predeimtethis chapter are developed for
attached flow conditions.

— ) m45-55
_;4% % 25-35
g 2 15-25
<
< 5 5-15
5 g \/ 55
Q@ -5 Ay Attached Flow
9 37|||||II Reqi =
= 12,001, | egion =23 N
Radyy 2430, T
O0rg, 3643 ;01 1L @
Unage 495y g
m) 59 ° O

Figure 3.1 - Average angle of attack distributitang the NREL 5 MW wind turbine blades
(generated using WTAC)

3.2 Aerofoil Lift and Drag Coefficients

Where no experimental data is available, the stestdye aerodynamic coefficients of
aerofoils are obtained using numerical methods (@agel method, CFD). XFoil is a well-
known code developed for the purpose of analysiwg-dimensional aerofoils under
subsonic flow using the panel method (Drela, 198®)e extensive experimental and
numerical comparison conducted by Bertagnolio etBdrtagnolio et al., 2001) is one of the
many published works that shows XFoil to be sutintly accurate for thin aerofoils under

attached flow regime. The general procedure usggnerate the lift and drag coefficients of
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a given aerofoil is illustrated in Figure 3.2. FigB.3 shows the lift coefficient look-up table
for the aerofoil DU93_W210 equipped with a plaiailing edge flap.

+
lnpus | 1 ==7=—-3 e ittt il etk
p }/v"*-ﬂw satt? \J
\\
v v :
XFoil Discretisation
\ 4 A\ 4

Output Lift and Drag

Lift
A\ 4 A\ 4 Drag

LY

Expansion Viterna Model Vrel/v IR

Look-up Table

Figure 3.2 - Procedure to generate aerodynamialotibles for aerofoils using XFoil

Lift Coefficient CL

Trailing Edge Flap
Angle _(°)
Angle of Attack (°)

Figure 3.3 - Lift coefficient lookup table (aerdf@U93_W210 equipped with a trailing edge flap,
Re = 6x16)

The aerodynamic performance of wind turbine bladeges with the magnitude of the flow
velocity (i.e. axial and tangential velocities).itfsthe NREL 5 MW wind turbine as a case
study, the differences in flow experienced along tilades’ span are characterised by
variations of the Reynolds number as shown in ledud. It can be seen that the Reynolds
number remains high (i.e. Re >®L@ver the majority of the wind turbine operatirange.
Furthermore, the aerodynamic performance of adsofiperating under attached flow and
high Reynolds numbers is little changed by varraiof the Reynolds number as illustrated

54



Figure 3.5. Consequently, it is decided that fe&r NREL 5 MW wind turbine case study an

average Reynolds number (e.g. of 6 million) willedsduring the aerofoil aerodynamic

coefficient calculations.

Figure 3.4 - Reynolds numbers experienced by thEINRMW wind turbine blades

(generated using WTAC)
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Angle of Attack (°)

Figure 3.5 - NACA 64-618 and DU 21-A17 aerofoil s#nity to Reynolds number

(generated using XFoil)

In order to ensure that XFolil will provide accuratrodynamic coefficients for the NREL 5
MW wind turbine aerofoils, three aerofoils, naméhe NACA64-618, DU 93-W-250 and
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DU 99-W-350, are used for benchmarking. These a#ésadre respectively located at the tip,

middle and root of the blade. The following figureempare results generated using XFoil

with experimental data reported in the literatufedijman et al., 2003). The contours of the

three aerofoils are shown in Figure 3.6. The respedift and drag coefficients for each

aerofoil are presented through Figures 3.7, 3.8,38. With these comparisons, it is shown

that XFoil can reasonably predict the aerodynanoieffecients of the NREL 5 MW wind

turbine aerofoils for angles of attack betwder?10] degrees.
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Figure 3.6 - Aerofoils contours
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Figure 3.7 - Aerodynamic coefficients of the NACA-618 aerofoil
(Re = 6x16, experimental results from Kooijman et al. 2003)

2 -
5} 15 - ety
= e t——
Q 1 -
L .
= 05 + Exp.erlmental
S8 /ffa — XFoil
= -10 0 10 20
-0.5 1
+

_1 J
Angle of Attack (°)

0.5 -
S 0.4 1 + Experimental
o 0.3 - — XFoil
Q
“qo—_, 0.2 - ++++++++
(@] +
o 0.1 - +++++++
R ot
D r A s ............ T 1

-10 0 10 20
-0.1 -
Angle of Attack (°)

56



Figure 3.8 - Aerodynamic coefficients of the DUB250 aerofoil
(Re = 6x16, experimental results from Kooijman et al. 2003)

2 0.5 -
[a]
S 1> "y, g 04 + Experimental
S 1 o g 0.3 - — XFoll
2 . £
£ 05 + Experimental ©
3 ; S 0.2 - +
S 3 XFoil O o+
=5 o ' g
5-10 . ) 10 20 5 0.1 1 #
+ -0.5 - + M
e e ; ,
1

KN
o

-1 - . 0 10
Angle of Attack (°) Angle of Attack (°)

Figure 3.9 - Aerodynamic coefficients of the adpasbU 99-W-350 aerofoil
(Re = 6x16, experimental results from Kooijman et al. 2003)

The outer blade part of variable-speed pitch-cdietlovind turbines mostly operates under
attached flow conditions. Although it is known th&Eoil does not provide accurate results
for thick aerofoils and high angles of attack, &aite located towards the root of wind
turbine blades are mainly operating under thesealitons (see Figure 3.1). We, therefore,
investigate the error induced by XFoil inaccuraci®n evaluating the performance of wind
turbines. The NREL 5MW wind turbine is used as secstudy. The original lift and drag
coefficients of the six aerofoils making up the dea are replaced by the coefficient
generated by XFoil. The two power curves for bdta original data and XFoil generated
data are presented in Figure 3.10. It can be obdetwat the errors induced by XFoll

predictions (i.e. toward root) have a negligibleeef on power calculations.

Power (kW)

o Original

— Xfoll
O T T T T 1

5 10 15 20 25
Wind Speed (m/s)
Figure 3.10 - NREL 5 MW wind turbine power curve

57



3.3 Microtab

Microtabs have been the subject of several numenod experimental investigations.
Experiments and simulations, in particular for 8809 and DU-96-W-180 aerofoils, have
shown that microtab heights above 2% of the chength results in a significant increase in
drag (Van Dam et al., 2002, Baker et al., 2007)tiHemmore, a 1% height microtab located at
95% of chord of the pressure side of the S809 le&s lshown to provide a good §0)
lift/drag trade-off. The NREL 5MW wind turbine bladip aerofoil (i.e. the NACA 64-618) is
chosen to illustrate the method used to obtain rttierotabs’ steady state aerodynamic
coefficients. This aerofoil, compared to S809 isnler and towards the trailing edge has a

different curvature on the lower surface as shawhigure 3.11.

Figure 3.11 - Aerofoils S809 and NACA 64-618 predil

3.3.1 Microtab Steady State Aerodynamic Model

Two dimensional analyses of aerofoils equipped wiibrotabs are carried out to generate
the steady state coefficients required for conpuiposes. Microtabs introduce a geometric
discontinuity of the aerofoil contour which doest dend itself to panel-based solvers.
Instead, CFD is chosen to compute the steady stat@tab lift and drag coefficients. The
baseline aerofoil contour is modified in SolidWorks order to integrate the microtab as
illustrated in Figure 3.12. As shown in this figub®th the microtab maximal heighf;, and
location the aerofoil leading edg®e, are parameters to be set. From SolidWorks, the
geometry is imported into ICEM CFD 13.0 and creat€-mesh grid (Baek et al., 2010) as
shown in Figure 3.13 and Figure 3.14. A typicatigrontains about 80000 nodes and extends
12 chords before and after the aerofoil. Once tlshmis complete, it is imported into
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ANSYS Fluent for CFD simulations. Mesh sensitivéiiyalysis and convergence comparison
studies between the several solvers and experimdata are then carried out. It was
generally found that the results obtained using Giibulations with the k- SST model
were the most accurate when compared with expetahdata as shown in Figures 3.15 and
3.16.

Figure 3.12 - SolidWorks two dimensional sketcla ™MACA 64-618 aerofoil equipped with
microtabs

Figure 3.13 - ICEM meshing for a NACA 64-618aerbégjuipped with a microtab

Figure 3.14 - ICEM meshing for a NACA 64-618 aeiioéguipped with a microtab (zoom in)
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(S809 aerofoil equipped with a microtab on theisucside, Re = 6xT0k- SST model)
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Following the same procedure, the two-dimensionab Gnalyses for several deployment
heights and chord locations of microtabs on the WA&!-618 aerofoil are carried out.
Figure 3.17 shows the lift and drag coefficientstfee microtab located on the pressure side

and Figure 3.18 presents the results for the nabrgositioned on the suction side of the

aerofoil.
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Figure 3.17 - Steady state (a) lift and (b) dragftoents
(NACA 64-618aerofoil equipped with a microtab oe firessure side, Re = 6X1R- SST model)
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Figure 3.18 - Steady state () lift and (b) dragfficients
(NACA 64-618 aerofoil equipped with a microtab be suction side, Re = 6x4&- SST model)

Amongst the several configurations of microtabduatad on the NACA 64-618 aerofoil, it

is found that a microtab located at 88% of choainfrthe leading edge with a deployment
height of 2% chord length on the aerofoil pressside provides one of the best trade-off
between lift increase and drag penalty. On therdtlaed, a location of 91% and height of
1.1% are found to give the best lift/drag tradefoffa microtab on suction side. Figure 3.19

shows the lift and drag coefficients generatedhgyrhicrotab for these two configurations.
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Figure 3.19 - Steady state changes in (a) lift@@ydirag coefficients
(NACA 64-618aerofoil equipped with microtabs, Réx10)
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Two dimensional CFD analyses are used to genetedd\sstate aerodynamic lookup tables.

Each table contains the steady state changestimdif  and drag coefficientocC ,  of

aerofoils as functions of the normalised microtapldyment height ,, and the angle of
attack. Figure 3.20 shows one of the look-up tabl#ained for the NACA 64-618 aerofoil.
The normalised deployment height is equal to 1 when the microtab is fully deployed o
the suction side and equal to -1 when fully depibge the pressure side. The lookup table is
approximated in the form of Equations (3.1) an@) & order to later be used in designing
controllers. The function used for approximationlirseear with respect to the microtab
deployment height, and nonlinear with respect to the aerofoil andlattack. This choice is
justified as it gives a reasonably accurate appmakon (i.e. RMS error < 0.02) and
simplifies the control design (i.e. linear systefffl)e CFD steady state surface and its linear
approximation are superimposed in Figure 3.20.

DC, o.(d,. @) =K ,d, (3.1)

K, =a,a’ +a,a'+8,8°+3,2 °+3,@ *+§. (3.2)

where, §,,t0 a,,are constants found to minimise the error in serféting.

Normalised

Microtabs

Deployment Angle of Attack
Height

Figure 3.20 - Microtab steady state lift coeffidci@énear approximation
(NACA 64-618 aerofoil, Re = 6x#0rms=0.01071)
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The two dimensional steady state lift coefficiea,shown in Figure 3.20, provides a means
of evaluating the capability of microtabs to chamgeodynamic forces. Other features such
as the microtab response time and dynamic resparesalso critical for load alleviation
applications. The general model used to describerticrotab dynamic response based on its
steady state data is shown in Figure 3.21. Theeanflattack and microtab deployment
height are used to obtain the aerodynamic steaatg sbefficient. The steady state value

C.Lss is then fed as reference to the microtab tranhsierodynamic model which outputs the
dynamic lift coefficient C,.

(t) Steady-state Steady-state Microtab transient
:I—r lookup tables > aerodynamic —»{ aerodynamic —» C.(t)
M(t) (EqS 3.1- 32) response CL,S& (t)) model

Figure 3.21 - Dynamic lift coefficient generatedrhicrotabs

3.3.2 Microtab Transient Aerodynamic Response

Investigations (Chow and van Dam, 2007, Baek ek@ll0) have shown that the dynamic lift
response due to the microtab deployment has foumepfeatures: a delay, an adverse
response, a rapid dynamic and a slow dynamic (Sgere 3.22). The microtab deployment
time (Teepioy, 9iven in terms of the normalised time definedguation (3.3), strongly affects
these four dynamics. During the microtab deploymeéhe transient lift response is
characterised by a delay and an adverse respoest® dibe formation of a vortex behind the
tab. The microtab lift and drag aerodynamic respsnare remarkably rapid, with a
significant change occurring during the tab deplegin The lift rapidly climbs up to about
50% of its steady state value quickly after tablagpent (at normalised tim&sq,) before
rising asymptotically to the steady state lift ahach slower rate.

T=Vt/c (3.3)

rel
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Figure 3.22 - Microtab transient lift aerodynanmesponseTgepio= 1, Re = 1x1%
experimental value from (Chow and van Dam, 2007))

Table 3.1 and Figure 3.23 demonstrate the effe¢h@fmicrotab deployment time on the
aerodynamic lift response for a microtab deployntenghtH,, of 1.1%, installed on the S809
aerofoil (Chow and van Dam, 2007).

Table 3.1 - Temporal liftesponse of microtab (Re = 110

Tdeploy CL’adverse ‘CL,adverse/ CL,retract Td6|ay T50’/°
1 -0.00978 0.0895 0.836 1.7
2 -0.00625 0.0572 1.304 2.34
4 -0.00341 0.0312 2.078 3.76
0.22 ~
G 02 /T
gow{
S qicl = -
£ 0.16 - . --— Steady State
8 0.14 - —— Tdeploy =1
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