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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 blaokads. 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 windgline 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 dynanieviad 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 tloleef

(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 actnatnechanisms 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 laddviation problem as a loop-
shaping control problem. The proposed loop-sha@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 Structureof theThess

The first chapter of this thesis is devoted toliaekground and current state of wind energy.
The world-wide wind energy state and the potentaitcomes 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 idiedtibnd 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 analysiwindl 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 desitprdoad alleviation are evaluated. Finally,
Chapter 7 summarises the overall research workrebalts 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 amouefioof 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 developmemenéwable energy. It also assumes that the
targets set by many countries, for both reductiohaCO2 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 windac#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 Councildp01

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 gmmtusly 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 Councildp01

Considering the significant incoming increase ithstbwind power capacity according to the
GWEC predictions, additional reduction of the aoflsenergy (COE) could attract substantial

levels of investment. The COE is an index usedstomate 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 arek 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 n2@tyears. However, the rate at which the

COE is predicted to fall varies significantly betmestudies.

Life Span | |Installation Cos}| Maintenance Rotor Size and | | wind 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@damurbines can harness more regular and
significant amount of wind energy. However, the agucube law shows that as the wind
turbines rated power increases proportionally ® square of the blade’s radius, the mass
increases proportionally to the radius cubed (Vegewrd., 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,dymeamic 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 L oads

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 longitudimdulent wind generated using TurbSim
(Foley and Gutowski, 2008).
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Figure 1.6 - Generated turbulent wind (15m/s mesua 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 1.9 - Sources of wind turbine unsteadinkssliman, 2002)

Cyclic loads are so substantial that the frequespsctrum of the loads experienced by a
wind turbine blade features characteristic peakbavind turbine rotational frequencyR)L
and higher harmonics 2 3P, NP) as illustrated in Figure 1.10.
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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 rohgilenge in supporting rotor size growth
while ensuring that the blade fatigue does notltasudailure. 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.

Load Alleviation = Life span Increase

T~

Pl |

\
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\ 2

Number of Cycles to Failure (N)

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 (Bogsa&2003, Larsen et al., 2005, van Engelen,
2006) and control surfaces (Andersen, 2005, Johmsoal., 2010, Mayda et al., 2005).
Control surfaces (CSs) are deployable structursslied 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 loadkwailation techniques is given in Figure

1.12.

Load Control
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[ |
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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 aruhtéques for wind turbine blade load alleviation

1.2.2 Wind Turbine Control Systems

The wind turbine operating modes are divided itar 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 miag controlled to maximise power
generation (Bottasso et al., 2012). As the windedpicreases, 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. 8ging 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 ttvqy extraction over the operating region
2 and to maintain power at nominal in region 3. Mdabwn 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



6000 A : : 1

5000 -
4000 -
3000 -
2000 -
1000 -

rated power

A

Power (kW)

0 2'4 6 8 10'12 14 16 18 20 22 24 26 28
Wind Speed (m/s)
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The power coefficient&,) of a wind turbine reflects its efficiency in carting wind energy
(Schubel and Crossley, 2012). The wind turbine paveefficient is calculated as the wind
turbine mechanical poweP.c) over the total amount of available wind powei{q) 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)
1 3
I:)mech: CP E ,(AVOO (1.2)

1.2.3 PassiveLoad Control - Stall-Regulated Wind Turbines

Blades of stall-regulated wind turbines are dedigteeenter 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 angkgtatk reaches its critical value, the flow
separates from the aerofoil surface as shown inor€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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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 turbinen@o 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 maintiagnpower 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 betweavind 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 rppiteclined 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 spleegitch 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 featheaiyangled results in a reduction of the
angle of attack from; to o,. In doing so, the aerodynamic lift force is reduesdllustrated in
Figure 1.20. Pitch control is mainly used in thaaviurbine’s operating region 3 where the
power can be maintained to nominal values as showvAgure 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 pitoHdather, 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
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1.2.5 Variable-Speed Stall-Regulated Wind Turbines

The variable-speed control system maximises pow&a&ion over the low wind speed
region by tracking the optimal power coefficieniné& the power coefficient reflects the
wind turbine blades aerodynamic efficiencies, ddfeé 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 rati@)(as

follows:
v 1.
A - [ l""”]TIP - wrot R (13)
V, V.,

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

operating condition for which the power coefficiefita wind turbine is optimal as illustrated
in Figure 1.22.
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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 masienthe power coefficient for a unique

wind speed 4 = A,,,). In comparison, by using a variable-speed wining and controlling

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

wind speed varies. In addition to the tip speedysdahe pitch angle also impacts on the
turbine aerodynamic efficiency as illustrated igie 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 maisttiae power coefficient equal to optimal,
the optimal power can then be written as:

1

3

1 R

F:)pt = E pA Cp, optvnf = _210 A Cp opt{/]_] af;ot = Iﬂ)pg)zrot (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 traekogitimal 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. Althougrs 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 davim stall. As a consequence, the torque
and power transients experienced by variable-sgetregulated 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 geloerati

There are two main methods, namely broad and naraoge, for achieving variable-speed
control (Burton et al., 2001). The broad range alaa-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 thaglcontrol (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. Thedweamic and generator torque are
denoted by Zero and Tgen While the rotor and generator angular speedsedegred to asoro
andogen 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 speedorhif 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 oolnis 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 #merator 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).

Wind Wind TAPI% sy Generator_peener"ﬂOr
: .
Speed Turbine | ., | Geabox | . 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 doim&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 the ba®othing 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 bbeiapeed 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 L oad Alleviation Studies

The conventional wind turbine control systems pnesd 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 thertere 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 simwtausly for controlling quasi-steady loads,
the IPC system allows each blade to pitch indepsthdén 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 lie@ 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 fram (rotor rotational frequency) up to 3P

(van Engelen, 2006). While the IPC has shown pileim 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 gfemmetry of aerofoils (Barlas and van
Kuik, 2010). Changing the camber of aerofoils ledaflong the blade span affects the local
aerodynamic forces as illustrated in Figure 1.24iAc& small variations in the trailing edge
aerofoil geometry can significantly change the t@raerodynamic performance (Yen et al.,
2000), active load control devices are generaltated 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 Cig, IPC is more expensive, has higher

operating energy consumption and has a slower nsgpime.

The performance of CSs varies with their host aelrdflowever, there is no analytical model
able to accurately predict the changes in lift draj 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.NC, <) 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.
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Figure 1.27 - Wind turbine blade equipped with atoa surface
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Figure 1.28 - Typical variation of the baselin¢ dibefficient of an aerofoil due to the deploymeha
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Figure 1.29 - Typical control structure for blddad alleviation employing control surfaces

1.3.21 Trailing Edge Flap
The trailing edge flap (TEF) has shown great paéas an aerospace control device and it is
therefore logical to investigate TEFs as a possiéns 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&dayment angle.

Thrust Force

— Undeflected
--- Deflected

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 £valuated (Migliore et al., 1995).
However, the original research efforts on powewulapn and aerodynamic braking were

rapidly supplanted by wind turbine blade load ali&wen.

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, themyrg interest in reducing wind turbine

blade loads has led to numerous proofs of cond@éyt.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@ésponse 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 tcoller (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 implémgmultiple 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 decentralisedtipie 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 deviatiorenvlemploying
classical controllers with 10% chord wise TEFs cong25% 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 éiretement
model was used to model the aero-structural sysiém.TEF was controlled using PID and
LQR controllers using a strain gauge measuremevien 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 leigiReynolds 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 SMW 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 using 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 limitesnber 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 a?26 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. Moeepothe 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 alleviationlibipes 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 alleviapierformance 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 investigatedenofoils 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 desitpw 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 irgnanchanged up to a point where
aerodynamic performance rapidly decreases (Yeh,e2Q00). When the Gurney flap height
increases, both lift and drag increase steadilytaua 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
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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 cotedlGurney flap or microtab (micro-
electro-mechanical (MEM) translational tabs) fomditurbine and rotorcraft applications
(Nakafuji et al., 2000, Nakafuji et al., 2001, Yeinal., 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@diion process and actuation mechanism
for microtabs. Being actively deployable, the nemaept 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 dragetftcients.
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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 anidgitor 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 abntther 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.
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Figure 1.33 - Morphing classification In-plane: épan-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-ig84. 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 aerodynareadis

* Low cross-sectional stiffness to reduce actuatowods

» High strain capability

* Short response time

» Fatigue resistance

The study of deformable TEF started in 2005 with Work 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 desuyibhe 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 tabiblade 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 structumeot 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 (SMBgrarino et al., 2009, Mohd Jani et al.,
2014) are potential candidates for morphing stmaéstu 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 desigrtlwmorphing trailing edge

1.4 Aim and Objectives of this Research

As mentioned in the previous sections, researchshas/n that wind turbine blade fatigue
loads can be reduced by employing load controkesystsuch 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 regardmdhehnefits 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 consotfaces.

Before the load alleviation performance of conswoifaces equipped on wind turbine blades
can be evaluated, two problems must be solved:

i) How should wind turbine blades equipped witimtrol 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 aerodgnamformance be modelled?

« What are the control surfaces dynamic response Istdde

* How can the structural dynamic of wind turbine leade mathematically described?

* How can the structural model be coupled with thedgamic 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 bladesdefined 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 surfacesng the blades span in order to
maximise load alleviation, and how many controfaces should be used?

What is the impact of different control architeetsion 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 systemsitigj 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).

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

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 aeraedtral 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 oparpin 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 XFoil

» 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 aerodynamoadule 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 angle7 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 inconfliogy (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
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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 pedisilar 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.
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Figure 2.3 - Wind turbine blades rotating coordensystemip = 90°
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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 stestdje 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 derodynamic 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 ilnebmodels 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 develppdeas 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 apmatei 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 sggments. When analysing each segment
of the blade, BEMT deals with 6 unknown parametdilsese unknowns are the axial

induction factor @), rotational induction factor  a(), inflow angle @), angle of attackdq

), 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):

¢=¢(aa k,k,) (2.1)

a=a gk k) (2.2)
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a=a(C, G,k k) (2.3)

a=a(a,G,G.ok k) (2.4)
C . =C, (a) (2.5)
C, =G, (@) (2.6)

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

rot?

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

HEED

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 (Makerl., 2006b). The induction factas
anda’ are 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 tddbs and an axisymmetric flow.
However, most of these limitations can be removedipapplying some corrections, (ii)
averaging, and (iii) employing further assumptiémghe 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 dibdimg non-axisymmetric effects.
Corrections are also required ftarge induced velocities, tip and hub losses, dmeved
wake (Moriarty and Hansen, 2005). Some of the &trons typically encountered by BEMT
based codes include calculations for flow domindbgdunsteady and three dimensional
phenomena (Simms et al.,, 2001, Yang et al., 204dh-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 Kocuréd)2).
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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 8072 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 @study 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.
0.15 -
0.1 -
0.05 -
0 ; ; ;

-0.05 1
-0.1 -

yle ()

x/c (-)
Figure 2.6 - NACA 64-618 aerofoil normalised cooates
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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&tefna and Janetzke, 1982) in order to
extend the pre-stall data to = 180° angle of ateskhown 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 presstadiemt 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 emplayed/ 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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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 ambude 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 tHRBN (Foley and Gutowski, 2008) is
used to generate unsteady wind fields. TurbSim ywesl a collection of planes, each
containing the vector fields representing the wiebbcity 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 tudnaéysis codes suitable for Taylor's frozen
turbulence hypothesis model (e.g. WTAC and AeroQyaino, 2005)).
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Velocity Vector Plan

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-timgpittion with the wind field.

Dynamic Stall

In contrast to static stall, dynamic stall occurkew 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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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
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Figures 2.15 and 2.16 show a qualitative comparlsetween 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 @mereased 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 2.16 - 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 tinkerigby the unsteady BEMT aerodynamic
module. Considering the computational power avialab 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 potentiaknest 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= 05,

while experimental data shows tl@&t keeps increasing far> 0.5. For small axial induction
factors,0<a<a, L 04, known as the light loading state, the predicteddt coefficient by
the momentum theory is in good agreement with expartal 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 aneatly loading states imposes a singular

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

lie in different sides af, a fluctuating behaviour, as shown in Figure 2.is7pbserved.
Fluctuation of the axial induction factor causesenessary 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.

anﬂ:rfayﬁﬁ(rf —1)an; r,=0.5 (2.7)
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Figure 2.17 - Converging oscillatory behaviourlad aixial induction factor (Maheri et al., 2006a)
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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 corersrgs 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?ggfiltlnunefgitor
(N:gzilFelrugcetzg(taing a <a & g, <a, ora>a, & >, 1
Dhorones a <a,&a <a,ora>a, &a >a, 0.4
(Iélgr?tlﬁlgggce & <, &  >a, & a,<a., & a_, >3, 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 tHieENL 5 MW wind turbine design (Jonkman
et al., 2009). Figures 2.19 and 2.20 compare tlheergence 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 classictineréoop 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

20

Classic
—— Mabheri et al. 2006
+ CAA

/—\————\’_\_\"_

s 2 S S S

of Iteration
= -
o (8)]
l 1

Average Number
(2]

L S

0 T T T 1
5 10 15 20 25
Wind Speed (m/s)
Figure 2.21 - Average number of iterations to cogeace

26 WTAC - Aerodynamic Module Validation
Figure 2.22 summarises all the modifications tlaatehbeen integrated to the original steady
BEMT code WTAero (Maheri et al., 2006b) during ttwirse of this PhD.
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nputs
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. Rotating Dynamic Time Based
Aerodynamic ) ]
Blades Stall Simulation
Unsteady Win | | 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-27dvturbine (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 respeatiypresented 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 (Jonkragal., 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 dyngoiver 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 experiencezbbis 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 iurbine 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 ehasl coupled with the wind
field generator TurbSim and includes unsteady dyoswrsuch 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 ativurbines.
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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 trare@erdynamic models of aerofoils equipped
with microtabs and trailing edge flaps that haverbdeveloped during the course of this
PhD. These aerodynamic models are necessary i ¢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 thickness (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.

a m 45-55
= ‘255 m 35-45
-f% 25 25-35
£ o5 15-25
< 15 5-15
S 75 ﬂjﬁ — 5.5
2 5 Attached Flow

c

<

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

3.2 Aerofail Lift and Drag Coefficients

Where no experimental data is available, the stestdye aerodynamic coefficients of
aerofoils are obtained using numerical methods (gagel 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.

Inputs R,a,6,.,V, ...t ~  ==p==-= ==
p / a T s
\ 4 v S
XFail Discretisation
A 4 A4
Output Lift and Drag
Lift
\ 4 v U
Expansion Viterna Model Vel
Look-up Table

Figure 3.2 - Procedure to generate aerodynamialotébles for aerofoils using XFoil
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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).itisthe 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 4. 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
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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.
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Figure 3.4 - Reynolds numbers experienced by thEINRMW wind turbine blades
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Figure 3.5 - NACA 64-618 and DU 21-A17 aerofoil sinity 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#sadre respectively located at the tip,

middle and root of the blade. The following figure@mpare results generated using XFoil

with experimental data reported in the literatdfedijman 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 betwdar?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)
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Figure 3.8 - Aerodynamic coefficients of the DUB250 aerofoil
(Re = 6x16, experimental results from Kooijman et al. 2003)
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Figure 3.9 - Aerodynamic coefficients of the adpasbU 99-W-350 aerofoll
(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 thesalitons (see Figure 3.1). We, therefore,
investigate the error induced by XFoil inaccuracig®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.
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— Xfoll
O T T T T 1

5 10 15 20 25
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Figure 3.10 - NREL 5 MW wind turbine power curve
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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)tiHeumore, a 1% height microtab located at
95% of chord of the pressure side of the S809 le&s [shown 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 ritierotabs’ steady state aerodynamic
coefficients. This aerofoil, compared to S809 isrler and towards the trailing edge has a

different curvature on the lower surface as shawhigure 3.11.

0.04
0.03
015 o 0.02
~ 0.01

——NACAB4-618 0 ——
—e—S809 -0.010. 0.9 0.95 1

-0.02

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 siat@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 edge, 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 experiindata are then carried out. It was
generally found that the results obtained using GiiBulations with the ke SST model
were the most accurate when compared with expetahdata as shown in Figures 3.15 and
3.16.

T

i 900 i
u 1000 _
Figure 3.12 - SolidWorks two dimensional sketcla MACA 64-618 aerofoil equipped with
microtabs
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Figure 3.14 - ICEM meshing for a NACA 64-618 aeioéguipped with a microtab (zoom in)
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Figure 3.15 - Experimental (Zayas et al., 2006) mmaierical (a) lift and (b) drag coefficients (S809

aerofoil equipped with a microtab on the pressige, Re = 6x1f) k- 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 nabrgiositioned 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 = 6X1Rw 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 = 6x1.&-o SST model)

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

is found that a microtab located at 88% of choairfrthe 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(@hdirag coefficients
(NACA 64-618aerofoil equipped with microtabs, R6x10)
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Two dimensional CFD analyses are used to genetedd\sstate aerodynamic lookup tables.

Each table contains the steady state changestiadif  and drag coefficiente\C , of

aerofoils as functions of the normalised microtapldyment height), and the angle of
attack. Figure 3.20 shows one of the look-up tablaained 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 deptbge the pressure side. The lookup table is
approximated in the form of Equations (3.1) an@) &1 order to later be used in designing
controllers. The function used for approximationlireear with respect to the microtab
deployment heighd,, 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 systeff)e CFD steady state surface and its linear
approximation are superimposed in Figure 3.20.

AC, .(8,.@) = K3, (3.1)

K, =a,0°+a,a'+a,0°+3,0°+ 3,0+ § (3.2)

where, §,,t0 a,,are constants found to minimise the error in serféting.
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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 coefficiead,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 resparesealso 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
AC_ss Is then fed as reference to the microtab trahsierodynamic model which outputs the
dynamic lift coefficientAC,.

a(t) Steady-state Steady-state Microtab transient
:I—r lookup tables —» aerodynamic —»{ aerodynamic | AC(t)
5M(t) (EqS 3.1- 32) response ACLS4(X(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 deploymehe transient lift response is
characterised by a delay and an adverse respoesi® 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=V,t/c (3.3)

rel
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Figure 3.22 - Microtab transient lift aerodynanmesponseTgepio= 1, Re = 1x19)
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
gow8{
S qicl = -7
£ 0.16 - . --— Steady State
8 0.14 - —— Tdeploy =1
_E 0.12 - ’ Tdeploy =2
T e - . ---- Tdeploy =4
O.l T T T T Iep Oy 1
0 1 2 3 4 5 6

Normalised Time T

(@)
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Figure 3.23 - Microtab transient response to dapkmyt (base aerofoil S809, Re = 1% 1driginal
data from (Chow and van Dam, 2007))

While the microtab dynamic response has been iigagstl (Baek and Gaunaa, 2011, Chow
and van Dam, 2007), no mathematical model suitfableontrol purpose has been proposed.
It was, therefore, decided to develop a dynamic ehofl microtab for this purpose. In this
model the deploy time is set to Tufu0=1) because it will ensure the fastest response and

consequently permit the counteraction of highegudency loads.

First, the transient microtab dynamic is invesegiatThe transient aerodynamic response
times of several microtab configurations are catad using Equation (3.3) as shown in
Table 3.2. The duration of the transient dynamscedmpared to the cyclic loads period of
the NREL 5MW wind turbine. At rotor rated speedeg tffirst and second rotational
frequencies have periods of approximately 5 ands@cends. It can be seen that in the worst
case scenario the duration of the transient mibrdtenamic response does not exceed 5% of
the second natural frequency period. As a resultan be assumed that the adverse lift
response and delay have little influences on tregeblloads. As a matter of fact, the
investigation by Chow and van Dam also demonstr#tatl the inverse response and the
delay observed in microtab dynamic have no sigafigmpact on load rejection due to their
short existences (Chow and van Dam, 2007).
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Table 3.2 - Microtab transient tim&{pio=1)

Time Transient'Time /

Chordc (m) | Vie (M/S) (s) Cyclic Period (%)
1P (5s) P (2.5s)

2 30 0.11 2.20% 4.40%
2 40 0.09 1.80% 3.60%
2 50 0.07 1.40% 2.80%
2 60 0.06 1.20% 2.40%
2 70 0.05 1.00% 2.00%
1 30 0.06 1.20% 2.40%
1 40 0.04 0.80% 1.60%
1 50 0.03 0.60% 1.20%
1 60 0.03 0.60% 1.20%
1 70 0.02 0.40% 0.80%

Comparing the results reported in the literatummilar normalised aerodynamic response
under different Reynolds numbers are observed (Bezk Gaunaa, 2011, Chow and van
Dam, 2007). For developing the dynamic model, fuisher assumed that the response of a
microtab is insensitive to variation in Reynoldsmhers values for Re > 10Moreover, the
transient dynamics of microtabs deploying on thpemmand lower surface are assumed to be
equivalent. Considering the above assumptions litheynamic is approximated using a

second order model expressed as a transfer function

AC, - Cu1St Guo
ACLss 1+ ES"‘%SZ (34)
W W,

n n

The coefficients,,, G, W, and{, as explained later in this section, are calcdlatech that
the model fits the dynamic response of experimedtth presented in Table 3.1. The
microtab response features two dynamics, one bmunch faster than the other (see Figure
3.22). Consequently, the microtab response caneparated into two distinct dynamics
without loss of accuracy: a fast transient respatseirring at the same time and shortly after
the deployment of microtabs, and a slow resporestirgy after the deployment as shown in
Figure 3.22. In the fast dynamic region, the hitreases sharply half way to the steady state
value whereas in the slow dynamic region it vaméth a much slower rate to reach the
steady state value. Moreover, since no outreacbingscillations are observed in the
response ofAC,, the second order model of Equation (3.4) can ilmkdm down to the

summation of two single orders as in Equation (3.5)
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ACL — GuiSt Gio — Cur + Cus
AC 1+b,,s+RQ,,$ 1+r,s 1+7,.S

(3.5)

Lss

wherez,; andc,; are the parameters representing the fast dynanidc,a and c,, are the
parameters for the slow dynamic. As shown in Figgi22, both dynamics almost equally

contribute to the total response, hegge g, =0.5 seems a reasonable assumption. The

constant time parameters are then calculated baség,., the response time of the system
from Table 3.2 and based on the well-establishenwlerige that the response of Adrder
model reaches 90% of the steady state value arBufice. three times the time constant).
Combining the model of Equation (3.1) with the flalynamic response of Equation (3.5),
the overall microtab dynamic from deployment to @aopon the lift coefficient can be
obtained. Additionally, the microtab dynamic modkgkes into account two constraints: (i)
the effect of microtab on the local lift coefficteis limited to the steady state valueAsE, s

at maximum tab deployment, and (ii) the microtapldgment time is fixed (i.€Tgepioy-

The procedure used to calculate the dynamic moalginpeters is detailed in Algorithm 3.1.
In this algorithm, a pattern search method is usedchinimise the difference between the
experimental data of Table 3.1 and the predictad dg the model through identifying the
best coefficients. The search stops when the difiex between the modelled and reported

experimental dataAC,_ - AC_ x| is less than a toleranee

Algorithm 3-1 - Microtab dynamic model identification
Given: Tqepioy the local relative velocity, and the local chord length

Step 1Use Table 1 to read offge,
Step 2Calculate real timedsos= CTs00/ Viel , tss= CTss / Viel , Tss = 30 Teepioy
Step 3Assign initial values fot,; andz

Step 4Calculateb,, =7y, Tys, by, = Ty +Tys,c,, = O'S(TMf + TMs) ,Cuz =1,

AC =AC _—wiST G2
L

"U1+b,,s+ R, $
Step 5Calculate AC - ACexp| ; If |ACL, - ACLexp| < e End; otherwise: employing pattern
search find new values for time constants andagk o Step 4.

It is found that initial valuesr,, =t /3and r_ = (t, -t,,)/3 lead to the fastest

Ss

convergence. In this study a tolerance 0.01 is used. The model procedure is flexible and
can be easily modified in order to fit new expenmat data. Since the model developed
above is linear, one can write the microtab dynamaclel in a state space form as:
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(3.6)

(3.7)

(3.8)

where, the microtab deployment height is controlbgdthe control variablel. Figure 3.24

shows the microtab dynamic response model, obtabediigorithm 1, compared with

experimental data (Chow and van Dam, 2007). Théoglegent of the microtab is modelled

by a first order ordinary differential equatione(i.zy) such that the non-dimensional

deployment time equalBep0 AS can be observed in Figure 3.24, the propasedel shows

good agreement with experimental data for predistiafter the microtab full deployment.

Figure 3.25 shows the aerodynamic response of eotalt deploying in response to unsteady

flow conditions. Once the steady state aerodynalata for a given aerofoil is generated, the

model described by Equation (3.5) is used to cateuits dynamic response to a change in

flow conditions.

(@)

(b)
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Figure 3.24- Microtab actual and modelled aerodynassponse
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(based aerofoil S809, 1.10% deployment heightrotab located on the pressure side, Re = 9x10
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Figure 3.25 - (a) Microtab deployment and (b) agnaanic response to turbulent wind
(base aerofoil S809)

3.4 Trailing Edge Flap

As discussed in Section (1.3.2.1) several trailedge flap (TEF) types are commonly
employed in the aerospace industry. For low windesp high-lift flaps often refer to the
double and triple slotted flaps (Stanewsky, 200akile slotted and Fowler flaps are
generally employed when high-lift increase is regdi(i.e. aircraft take-off), there are major
drawbacks to their use on wind turbines. First,dbiation mechanism is relatively costly,
complex to install and maintain. Second, the weigmd space required for their
implementations is prohibitive for wind turbine #ipptions. In comparison, plain or single
slotted flaps have a simpler actuation mechanisenlighter and yet effective lift-enhancing

devices.

3.4.1 Trailing Edge Flap Steady State Aerodynamic Model
Wind tunnel test facilities were not accessibleimyithis research, however, TEFs have been
intensively studied for many decades and the nualetools available nowadays such as

panel methods and CFD can be used to generateneddgaccurate aerodynamic data. In
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order to validate XFoil predictions for aerofoilgugpped with TEF, two case studies are
chosen for benchmarking. Xfoil is used to genetthi aerodynamic coefficients of the
aerofoils DU96-W-180 and NACA 0009 equipped withFTEAs shown in Figures 3.26 and
3.27, XFoil predictions are compared against expental results (Beek et al., 2010,
Lafountain et al., 2012). As expected, it is fouhdt under attached flow the lift increase
predicted by XFoil agrees well with experimentsthélugh XFoil can only be used for
aerofoils equipped with plain flaps and sealed gap, generated data can be used for
preliminary wind turbine blade load alleviation dies. Figure 3.28 shows the steady state
changes in lift and drag coefficients employinglairp flap on the DU96-W-180 aerofoil.
Clearly, the changes in lift coefficient are muckaer than the changes in drag. This is ideal
for wind turbine blade load alleviation purposess A will be shown in the following
chapters, the lift force is one of the primary s@grof fatigue loads.

2 -
g 15 6. 090900 -
k) L o~
o -©
= 05-9° + Baseline (Expt)
S -
8§ === /O“ | Baseline (XFoil)
= o Baseline + TEF (Expt)
5 -0.5 A - --- Baseline + TEF (XFoil)
1 A
-5 0 5 10 15

Angle of Attack a(®)

Figure 3.26 - XFoil and experimental lift coeffints (Baek et al., 2010)
(base aerofoil DU96-W-180 equipped with TEF, Rexz@®)

1.5 4
T ey <o
O 1 T 4 T
= S % +
o - ,0—5' iK% +
2 = :
£ <~ 7" - fa)
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— 1 - ¢ Baseline + TEF (Expt)
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Figure 3.27 - XFoil and experimental lift coeffints (Lafountain et al., 2012)
(base aerofoil NACA 0009 equipped with TEF, Re 7x4.0)
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Figure 3.28 - Lift and drag coefficients generdmadhe DU96-W-180 aerofoil equipped with a 10%
chord size TEF using XFoil (Re = 3x106)

3.4.2 Trailing Edge Flap Dynamic Model

The dynamic liftAC,_ generated by the TEF deploymeéptis modelled based on the work of
Leishman (Leishman, 1994), a modified version oéddorsen’s model (Theodorsen, 1935).
This indicial model, assuming a thin aerofoil ariheéhed flow, describes the TEF dynamics

in a linear state space form as in Equations (8.€3.16).

Z _ 0 1 Z N 0 5 39
2] [=babes M 10 ) =B+ 0 )V /) 2] (2] (59

The circulatory part of the lift coefficient gengzd by flap motion is given by:

(8C.,). = 27](beibe 12)Va 15 )* (Acsber + Acbi MV, 1. )[ j + 10 (3.10)

with,

J. = F100¢ + be F115F

3.11
Fgs T 27N ( )

rel
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Fio = +/{L-e?)+cos(e) (3.12)

F,, = (L-2¢e)cos ' (e)+ (2 - e)\/lL-e?) (3.13)

The non-circulatory part of the lift coefficientrgrated by flap motion is given as:

b . .
(ACL )i = Vin(_Vrel F45F - bF F15F ) (3.14)

rel

F, = ecos *(e)- (1/3)(2 +e? JlL-e? (3.15)

F, = ey/lL-e?) - cos™(e) (3.16)

wherez contains the aerodynamic state variablgs, , andA represent the exponents

FLF2
and coefficients of the function used to approxenthe Wagner function. The Wagner
function provides a solution for the indicial ldh a thin-aerofoil undergoing a step change in
angle of attack when operating under incompress$iine In addition,dg,s is the quasi-steady

flap deployment angldy. the semi-chordc/2) ande is the flap hinge location expressed in

terms of semi-chord. Th& terms represent geometric parameters. For moeglsien the

aerodynamic model please see Leishman JG, 1994.

For the TEF actuator the author consider a zerosbeet hard constraint and its dynamic is
modelled as a single order system dynamic. Howesrace the flap deployment speed and

acceleration are required to compute Equation §3iflas decided to virtually augment the
actuator model with fast dynamics fdi and 5F to appear in the state vector. Combining

the dynamic lift model and the TEFs’ actuator mode8" order state space representing the

dynamic lift coefficient generated by the TEF piositand motion is obtained, see Equations
(3.17) to (3.22). In Equation (3’>.205Am.,t]3‘3 denotes the actuator dynamic a[)@aero]zxs

represents the dynamic of the flap aerodynamice statriables. More details about the
coefficients of matricesA. and C. are given in Table 3.3. Additionally, the TEF

deployment angle and corresponding aerodynamiconsgpgenerated during this research
are presented in Figure 3.29 and Figure 3.30.

X, (1)= A (1) % (0+ B ) (3.17)
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AC (1)=(aC), +(2G), = G X% (9

where,

X.=[6. &

A= {[Am]%

[Acco]

B.=[0 0 1

Ce.= [CFl G

o z ‘z]T
0 1 0 0 0]
0 0 1 0 0
[0]3<2 - 0 O
S8 &2 8
26 0 0 0 1 0
(34 &s 0 & a-]

o d

Gs G. G

Table 3.3 - Trailing edge flap aerodynamic modefticients

Matrix A- coefficients Matrix C. coefficients
a,, =-10° Cey = Fyo
g, = -11x10* c _(bFn bF4J

— F2 = | > 7
Arg; = —-1100 2\/rel Vrel
ag, =F10/77 Ces :_szllvrelz
aFS = bF Fll /(ZVreI ﬂ) CF4 = mFleZ (Vrel /b)2
2
8z = ~bebe, (Vi /b:) Ces = 271(Acibey + Ac,b, )V, /b)
g, = _(bFl + bFz)(Vrel /bF)
-1
R
= sd T oref [ 0.8 o o
— 5 D =2
o 6 - - 0.6 e
ET AC, 5&
B 4 043 2
Q_ Lo d
8 2 0285
o |
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Figure 3.29 - Dynamic lift generation due to th@ldgment of a TEF
(base aerofoil S808, Re = 1¥)0
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Figure 3.30 - Aerodynamic response due the deplaywiea trailing edge flap (base aerofoil S808)

Without loss of accuracy thé"Srder model presented above can be reduced fbaadgr
model described through Equations (3.23) to (3.28gre the subscript stands for reduced.
For the 3rd order model the author assumes theptidduced by the TEF speed and

acceleration to be negligible compared to the ottates contributior{ge. ., =¢,=0).

Figure 3.31 compares the dynamic lift results obtay the &' and 3 order models for
random input signals of 10 and 50 Hz. It can bexgkat simplifying from the Bto the &
order model is found to be an accurate approximafi@acceleration and deployment speed
are not the dominant source of lift. Therefore, 3n& order model predictions are accurate as
long as the frequency of actuation remains lowanth given frequency (e.g. 20 Hz). This
condition is satisfied for medium and large windbines where the frequency bandwidth
containing the first three rotational frequencegénerally lower than 10 Hz (Jonkman et al.,
2009).

Xe =[z 2z & (3.23)
0o 1 o0

AFr =l8s 87 8py (3-24)
0 T:
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B, =[0 0 1] (3.25)

CFr _[CF4 Ces CFl] (3.26)
0.3 -
f ----3rd order
2 0.2 A [
E0 A f (/) 5th order
03 / 2NN [ 1] W\ !
c = 0.1 - 7N\ I’\\/ C N \\' o /I \ . I’\ \ ;
- / \ v [ \ [ A N /
(] I / N Al
% 'O 0 \ ’/ 2 \ I,\ T A 1 T \l IJ o T /‘\—Iﬁ\_’]_\_,l_\
g E \/ ) //\\’ YATY (i / \\ / \ - \u’ RY
c Qo -0.1 1% I \/ \/‘\I LrR) // \ 7 \/ \\l
oR \ R \/ I
O | u v/ !, ¢
0.2 - =Y
-0.3 -
0 2 4 6 8 10
Time (S)
(a)
0.3 ~
----3rd order
~ 0.2 - A i 5th order
- . k) \ \ |
s / " [ / L, o1, A P! a
S0 01 1y ‘l i A | \v‘,\“,' 1 }"w.' A ,‘\ 1 -"“ voA
cd [ g A Ko j I ) é 1wl Nt
\ LB | L I \ I [N RS I A |
CCSJ_CI_) W \\ l/ it 0 ¢ vy ‘\,‘ ! i W/ ‘\‘\” ' W
© 2 -0.1 - v 1 \y il 1 nJ LAY u ¢
c % V R ok Y W
O3 't
S 0.2 - -
-0.3 -
0 2 . 8 10
Time(s)
(b)

Figure 3.31 - Fifth and the third order indicial deb subject to input signal of frequency equal to
(a) 10Hz and (b) 50Hz (base aerofoil S808, Re H09)x

Using the above linear model the use of controbpeas simplified. However, the model

may lose accuracy when employed for wind turbingliagtions where the assumptions of
attached flow and thin aerofoils are not alwayssfat. For instance, in Figure 3.32 the
author compares the indicial model calculationdhviXtoil for the S808 aerofoil (thickness

ratio of 21%). In order to increase the accuracthefindicial model compared to numerical
and experimental data, the model is modified usingptimisation technique. Although the
optimisation should increase the model accuracghaiuld not change its dynamic response.

In this context, it was preferred to introduce avriependent parameter denotedph(y) in
the output matrix as follows,, =[ p(a)¢, ¢. ¢,]|. The position op(a) is chosen such

that it modifies the linear steady state slopeAGf by varying the contribution of the

aerodynamic state varialde The optimisation aim is to fingi(e) such that the root mean
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square error (RMS) between the model and XFoil ipteths are minimised. The detail of

the search algorithm developed during this PhDescdbed by Algorithm 3.2.

Algorithm 3-2 - Trailing edge flap dynamic model optimisation
Given: The numerical/experimental steady stateiptied.

Step 1Define a search range, O [5;,5;] , a Ola,,a, | and the incrementsx andAde
Step 2Define the dynamic and geometric paramet®ié;,,e,b. andF,,F,,F,, F;,
Step 34nitialise the index and coefficient valuig:— 1 cpef, — 1 x;< X,

Step 4Simulate the model until RMS is less than  or maximnumber of iterationdN
reached

fora=a, toa,
while RMS; > ¢ and ii < N

Step 4'1-[pl]ii — coef,
Step 4.2Simulate the model until steady state convergemneesn O [JF’,JF*]
Step 4.3-RMS, ~ Calculate the RMS error between the model and X-oll

predictions
Step 4.4-coef,,, = coef, + x (Use gradient descent to modify )

Step 4.54i i +1
end

Step 4.6- [pl]a — Save the best value {)Dl]” that minimise the RMS.
end
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Figure 3.32 - Indicial model and XFoil quasi-stediftycoefficients
(base aerofoil S809, angle of attack of 15°)
The optimisation results obtained with, 0[- 1010],a 0[015],x, = 05,& = 0005 and

N =20, are presented in the following figures. Figure 3dd@es the average root mean
square error oAC (d¢) overa and Figure 3.34 shows the improvement of predistifor o
equals to 5 and 15 degrees. As observed in Figud® & can be seen that the proposed

optimisation algorithm shows significant improvermenforaD[B,ls]. The proposed
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optimisation algorithm minimises the root mean squeror while keeping the system linear,
therefore the greatest inaccuracies still occumatimal flap deployment angles as shown in
Figure 3.34.
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Figure 3.33 - Modified indicial model and XFoil atly state results (base aerofoil S808, Re = 9)x10
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Figure 3.34- Modified indicial model and XFoil stBestate results for angles of attack of
(a) 5 and (b) 15degrees (base aerofoil S808, Rel&’)l

Although good results are obtained for low anglésittack, significant deviations are still
observed for high angles of attack. As a conseqdahavas decided to modify the previous
optimisation code to obtain multiple linearised ralsdfor various deployment angles. Figure
3.35 presents the results of the piece-wise lisatian for constant angles of attack of 5 and
15 degrees. As seen in this figure, the piece-iisearisation significantly improves
predictions accuracy for high angles of attack. &wer, by dividing the domain in a
continuity of linear subdomains, the simplicitytbe original model as well as its suitability
for linear control theory is conserved. Althougle Steady state predictions of the piece-wise
model closely match the steady data, the dynamibeimodel is only valid under attached
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flow. This limitation therefore excludes the usetbé piece-wise linearised modelling for

high angles of attack (after stall) despite itsdyeteady state predictions.
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Figure 3.35 - Piecewise linear approximation oflthieoefficient generated by flaps using the
indicial model for angle of attacks of (a) 5 an)l {b degrees (base aerofoil S808, Re = 110

3.5 Summary - Aerodynamic Modelling of Control Surfaces
Chapter 3 was dedicated to the development of ¢éhedgnamic models for microtabs and

trailing edge flaps.

First, the author showed that the majority of agitsflocated along the variable-speed pitch-
controlled NREL 5 MW wind turbine operate undeaalted flow. As a result, it was decided
to assume attached flow conditions when developireg microtab and trailing edge flap
aerodynamic models. Next, it was found that the NRE MW wind turbine blades
experience Reynolds numbers in-between 1 to 12omiind demonstrated that its aerofoils
aerodynamic coefficients are insensitive to chang@eynolds numbers in this range. As a
conseqguence, it was decided to assume an averag®|Be numbers of 6 million for the
aerodynamic calculations. The author then compdinedaccuracy of XFoil predictions
against experimental data for the NREL 5 MW aetsfdlhe results showed that XFoil is
suitable to generate aerodynamic data for thesdalsrwhen operating under attached flow
conditions. It was also shown that XFoil inaccueachave a negligible effect on the wind

turbine power predictions.

In order to investigate the potential of microtalpgrating on the NREL 5 MW wind turbine,
it was decided to generate steady state aerodyndat& of the NACA 64-618 aerofoils
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equipped with microtabs. Several microtab configare (i.e. position and size) were then
evaluated using CFD. During the results analybis,author found that locating microtabs at
88% of chord from the leading edge with a deployirtezight of 2% chord length on the
pressure side provided one of the best side tréfidéetween lift increase and drag penalty.
On the other hand, a location of 91% and height. 8% was found to give the best lift/drag

trade-off for a microtab on suction side.

A dynamic model of the microtab aerodynamic respomnas also developed as part of this
research. The aerodynamic response of a deployiogtab was previously shown to have
four prime features. However, this research shathatfor the load alleviation of large wind
turbine blades employing microtabs, both the delag transient dynamics have negligible
impacts due to their short transient existencegelmental data of the two remaining
dynamics were then used to develop a general nfod#dte dynamic response of microtabs.
The proposed model is the linear combination of svwle order differential equations. In
addition, an algorithm that automatically tunes plaeameters of our model in order to match

available experimental data was also developed.

After validating the accuracy of XFoil predictiofier aerofoil equipped with flaps, it was
decided to generate the steady state aerodynamaiotithe NACA 64-618 aerofoil equipped
with a trailing edge flap. The dynamic modellingtadiling edge flap used in this study is
based on the previous work of Leishman. Due tordamncies observed between Leishman’s
model and XFoil predictions, the author chose talifiyd_eishman’s model in order to match
XFoil results. For that purpose, a new variable wasoduced in the model in order to
control the slope of the steady state responsefasction of the angle of attack. The author
also developed an algorithm in order to automdtidaine this new variable such that the
error between both models would be minimised. Timal fresults showed significant

accuracy improvement for angles of attack abovedgieks.
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4, Aero-Structural Model of Blades
Equipped with Control Surfaces
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4.1 Introduction
This chapter includes the modelling details of wird turbine blades structural model and
coupling with control surfaces. During this reséarthe author chose to developed an in-
house structural model instead of using the avi@l&REL software FAST (Jonkman and
Buhl, 2005) for the following reasons:

* Acquire a more in-depth understanding of the dywcashiwind turbine blades

» Ease the implementation of control surfaces oradds

» Develop and test aeroelastic controllers for blaatpspped with control surfaces

* Investigate control properties such as controlighélnd observability

* Remove the limitation regarding the number of DOFs

Wind turbine blades are slender structures whiah & approximated as cantilever beams
using lumped mass or finite elements methods (Aseter2005, Andersen et al., 2009, Barlas
and van Kuik, 2009). In this research, a finitensat (FE) code has been developed to
analyse the blades’ structural dynamics as rotaipgred beams. The FE model is later
transformed into its modal form for which the modeimplexity is reduced and accuracy
conserved. Section 4.2 gives a brief reminder efEhler-Bernoulli beam FE modelling. The

modal transformation and reduction of the FE mauaelexplained in Section 4.3. The wind

turbine blades’ structural parameters used as itptihe FE model are detailed in Section
4.4. The developed aero-structural wind turbineléleodel is then compared to the NREL
code FAST in Section 4.5. Finally, the wind turbirlade aeroelastic model is coupled with
the CS models of Chapter 3 in Section 4.6.

4.2 Finite Element Formulation

The uniform Euler-Bernoulli beam model is a foustider partial differential equation (PDE)

as shown in Equation (4.1); in whidh, F, w andEl, respectively, stand for the transversal
bending moment, distributed force, beam deflectond bending stiffness. The uniform

Euler-Bernoulli PDE is analytically solvable in erdto compute the static deformation of
simple structure-like beams. In case of a windihgpthe blade structure varies along its
span (i.e. taper) and the blade rotation resulteiirifugal and Coriolis forces which have to
be taken into account (Merz, 2011). The existenc@nalytical solutions is not always

guaranteed for modified version of Equation (4Mgthods such as the method of weighted
residual (MWR), the lumped mass modelling or firellement (FE) modelling have to be

used for approximating the solutions of these P{H&sor et al., 2010). An FE method is
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chosen because of its suitability for numerical lengentation and its high accuracy.

Consider the beam element of lengtshown in Figure 4.1This element has 2 nodes, each
with 2 DOFs, namely, the vertical displacemefit) and deflection anglg(x). If the axial
deflection u,, (x) is also considered the element is then referredsta planar frame
element.

_d*M(x)_ d? [ _, d*wx)
F(x)= > _dxz( Bl =2 J (4.1)

w

Node 1

Figure 4.1 - Beam elemen, . (x) axial displacementw(x) transversal displacement agx)
plane angle

In the FE method, the trial function used to repntsthe beam displacement over one
element is a polynomial function that containssheme number of coefficients as the number
of unknown parameters. A%rder polynomial function is therefore used aal finction:

w(x)=a, +a,x+a,x? +a,x° (4.2)

The coefficientsa, are found by substituting the coordinates of tbdah point into (4.2) as

in the following set of equations:

\N(O): w, =a, (4.3)
w(L)=w, =a, +a,L +a,L? +a,L° (4.4)
ow(x)
—Y7/ =@ =a
ox |, A% (4.5)
onlx)  _ @ =a, +2a,L +3a,L° (4.6)
aX x=L
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3 1
a, :F(WZ —wl)-t(Zcq +3) (4.7)

1 2
a4:F(¢l+¢§)+F(W1_W2) (4.8)

Substituting the coefficients in Equation (4.2) aam rewrite the displacement function:

W)= N () + 6N, (9 + W Ny () + 4N, (4 “9)
wb)=NRIR() =[N N, Ny ]| (.20
2

where, the shape functiohs are defined as in Equation (4.11) - (4.14) andshim Figure
4.2. Each shape function corresponds to one oDtBEs. For instance, the shape function

N, corresponds to the transversal displacement of Aq@, ).

2 3

N (x)=1-35 + 25 (4.11)
L L
x X X
N, (x)= (E_2F+F] L (4.12)
X2 X
N3 ( X): 3? - 2? (413)
X X
N, (X)= (_F“LF] L (4.14)
- 1 '\
(7]
.5 051 - N1
2 — N
LE O T T T T T | N3
[¢)]
g -05 - Ny
=
N
1 -
0 0.2 0.4 0.6 0.8 1

Normalised Element Length (-)
Figure 4.2 - Euler-Bernoulli beam element shapetions (generated using WTAC)
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Substituting the boundary conditions of the beasmeint with the shear forcas , and

momentsM; , obtained for an Euler-Bernoulli beam with Equat{dnl) one can derive the

stiffness matrix K] of the beam element of Equation (4.15). Similathe consistent mass

matrix can be obtained by utilising the kinetic &yeexpression of Equation (4.16) and the

force vector of Equation (4.17) which is calculatesihg the work-equivalence method.

V, 12 6
M, |_EI| 6L 4L
e

iy

| B -12 -6l
M, 6L 22

-12

-6L
12

-6L

afw W
2% |l @ |_ a
~a | | =]
4° || @ 73

T, :%IpA\N" dx:—;JL;p A dx:—;Jip pXCR][ R ax

156 24
22 A’

54 13
-13L -3°

[M]:IpA[NT][N]dX:%

[ H(x ON, (eix

o 1T 0N, (o
Fl=| 5 |=|?

:j .([f(x,t)Na(x)dx

[ H(x O, (ax

54 -18
13 -3°
156 - 22

-2  4?

(4.15)

(4.16)

(4.17)

In comparison to the uniform beam description dedaiabove, blades are modelled as

tapered and rotating beams. The taper is used pooxipate the continuous parameter

variation along the blade span. Centrifugal orsstretiffening occurs when a thin structural

member undergoing transverse motion is subject noasial load Faxa). Centrifugal

stiffening consequently increases the transvetsghaiess by:

I oo
sl

N
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[N
=
(63}
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30
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o
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Based on the above, an FE code has been developeddel the blade structural dynamics
as rotating tapered beams. The dynamic equatiomsotibn take the well-known form of
Equation (4.19).

[M]X, +[K]X, =F (4.19)
with,
[K]=[Kes] +[Ky] (4.20)

where, the variableX, is the state vector containing nodal displacemanis rotations.

Finally, it was decided to benchmark the develoBEdcode (Table 4.1) against the rotating
tapered beam case studies available in the literd@unda et al., 2007, Wang and Wereley,
2004). As it can be observed, the results obtamedVTAC closely match the published

results within a 1% error margin.

Table 4.1 - WTAC Structural Validation for Rotatiigpered Beams

1st mode 2nd mode 3rd mode
Wang Wang
. Wang and
Normgllsed Gundaet Wer%ley Gundaet ngec:ey Gundaet Wzrgley
Rotational | al.(Gunda| (Wang WTAC al. (Wang | WTAC al. (Wang | WTAC
speed etal., and (Gunda et and (Gunda et and
2007) Wereley, al., 2007) Werel al., 2007) Werel
2004) ereley, ereley,
2004) 2004)
0 3.8238 3.8238 3.8437 18.3173 18.3173 18.451 47.2649 47.2648 47.643
4 5.8788 5.8788 5.9329 20.6852 | 20.6852 | 20.918 | 49.6457 | 49.6456 | 50.116
8 9.554 9.554 9.6398 26.5437 26.5437 26.992 56.1595 56.1595 56.878
12 13.4711 13.4711 13.578 34.0877 | 34.0877 | 34.778 | 65.5237 | 65.5237 | 66.597

4.3 Reduced Order Model (ROM)

The FE model is a large system of equations ositbe of N\Npor, whereN, stands for the
number of nodes kept after boundary conditionsapmdied and\pos is the number of DOFs
per node. While the static analysis of thousandefations is relatively quick, the time
required for the dynamic analysis of a vibratingittouous system increases drastically with
the numbers of DOFs. A modal transformation is useeduce the size of the FE model and
obtain a reduced order model which provides a tdfibetween accuracy, complexity and
computational efficiency (Castaignet et al., 201). order to take advantage of the
techniques developed for such transformation, thetsiral damping matrix is assumed to be

a linear combination of the mass and stiffness icesr
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[D]=a,[M]+b,[K] (4.21)

where,a, andd, are chosen such that the dampiragrafinatural frequencies defined in

Equation (4.22) are the same as the structural ohgmptios of the wind turbine blades to be
simulated. Considering the lack of data in earlgoMurbine design phase and the variability
of the structural damping, the linear assumptioa igell-established assumption (Adhikari,
2001).

20 (4.22)
The wind turbine blade structural system of equmstioecomes:
[M]id +[D]);<d +[K])Zd =F (4.23)

When equipped with CSs the forces acting on thddslare divided into the controlles

and externaF_ forces as shown below:

ext

F=N_F, . +NF (4.24)

ext’ ext C

where, theN, andN,, vectors are the respective transfamaectors for the external and

ext
the controlled forces. The initial state space rmadehe blade structure employed in this

research is described as follows:

MO OO 429
51| 1) o) (429)
[B.]=[M]"N, (4.27)
[D.]=[M]"N,, (4.28)
Ya =[Ca] X4 (4.29)
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where,Dy stands for the state disturbance matrix gnid the state space output. The output
matrix C4 depends on the available measurement(s) and qosifistrain sensor(s) located

along the blade span. To the best of the authowsviedge, this is the first time the structural
and aerodynamic CS models are written in this form.

As for a full rank continuous linear system of et there exists a transformation matrix

[Ve] that can be used to transfori],[ [M] and [D] into the modal matrice<f], [M ¢] and
[Dgl:

ky 0 0

VI [KIV]=[ K ]=| 0 .. © (4.30)
0 0 k,
m, 0 O

VI [M][V.]=[M]=| 0 .. O (4.31)
0 0 m,
d, 0 O

V] [D][V.]=[D,]=| 0 .. © (4.32)
0 0 d,

Applying the transformation to Equation (4.23) atefining the modal coordinate vect®r

asQ =[] X, one obtains

M Je+[pJo+ [k, Jo=F, (4.33)

The modal transformation of Equation (4.33) resuftsa series of independent dynamic
equations whose solutions are complex conjugaf@esenting the dynamics of the damped

natural frequencies of the FE model. Furthermdrean be shown that the transformation
matrix[Ve] is unique and is the eigenvector matrix he# system. Since the blade structural

dynamic is described by the combination of the élatbde shapes vibrating at the natural
frequencies, it is possible to neglect particutag@iencies that do not significantly contribute
to the overall blade dynamic. Previous works ad a&humerical results show that for wind
turbine blades operating in unsteady conditionsfitise two or three natural frequencies are
usually sufficient for accurate calculations of titegowise deflection and bending moment
(Castaignet et al., 2014, Jonkman and Buhl, 2006 reduced modal blade-CSs aero-
structural model (subscripr) is then given as:
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MRt ML (320

Vo = [qu] Q (4.35)
Q

NelalxelaMelalv % - ¥ qve v e V.G @3
Qn

?B = MSLQ,l-'- M52Q2+ MS3Q,3+"'+ MQr (4-37)

where, y, is the vector of measured outputs adis the vector containing the transversal

displacement of each node of the finite element ehofihe output matriXCg is a sparse

matrix of zeros and ones used to extract the temsaV displacement when multiplied by, .
Equation (4.37) is the common form of Equation §.@here thei_terms are the blades’

mode shapes. Mode shapes are the physical shagies $itructure takes when vibrating at
natural frequencies. The mode shapes depend ontheomadial coordinate as depicted in

Figure 4.3 for the first three flapwise mode shaplethe NREL 5 MW wind turbine blades.

It is important to note that the modal coordinaes independent of the blade span at which
the displacement is observed. The flapwise bladplaiiement at any point along the blade
span is a linear combination of the modal coordisatbtained through the output mat@.

Therefore, for case @, = 0 the blade displacement at any span locatiaens.

Mode 1

Flapwise Modal
Displacement (-)

S
N
o
N
O
AN
S
e
~
(@]
S

Radial Coordinate (m)

Figure 4.3 - Normalised mode shapes of the NREL 54 turbine blade
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4.4 Wind Turbine Blade Structural Parameters

The two previous sections introduced the generalyéinal form of the structural wind
turbine blade model. In this section, the calcoladi of the model parameters are explained.
The internal structure of blades is generally ddddnto several parts as shown in Figure 4.4
and must be carefully designed in order to obtagh lbending stiffness while limiting the
blade mass.

Leading Edge

Reinforcemer Trailing Edge

Reinforcemer

Webs Spar Cap

Figure 4.4 - Aerofoil internal layout example

The structural properties of a composite blade s=sextion at various locations along its
span are calculated and integrated over the blpde 81 order to approximate the entire

blade structural properties such as weight, flapieidgewise mass moment of inertia
(I fiap | edge) and bending stiffnes@EIﬂap, Eledge). The cross-sectional mass moment of inertia

about thex-axis andy-axis can be calculated as in the following twoamns:

| = [[ Py *dA (4.38)
A

|y =[] PraX’dA (4.39)
A

where, p.and A denote the material density and the croseset aerofoil surface area.

The location of the centre of ma¢s,, y.,) and bending centro(c,, y,) must also be

calculated:
X =ﬁ I () o (4.40)
v, :ﬁ | J VE(x y) d# (4.41)
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where, EA| is the cross-sectional elastic modulus in thelblspan direction:

[EA= IAI E(x y) d# (4.42)

The flapwise and edgewise cross-sectional bendifigesses are calculated according to:

EI Edge = _[_[ E (Ye' Ve)_xzedA (443)

A

Elep = [JE(X. V) V2dA (4.44)

where the integrals are calculated with respec¢héoelastic centre. An example comparing
WTAC with the renown PreComp and SolidWorks (Gyrgi®d06, Cansizoglu et al., 2008)
software for the aerofoil defined in Figure 4.5 arable 4.2 is shown in Table 4.3. It can be

seen that the three software are in agreement.

1 1
1 1 1
1 | 1
1 1 1
1 1 1
1 ! 1 »
1 1 [ g

x=0 x=0.15 x=0.25 x=05 x=0.6 x=1
Figure 4.5 - Blade cross-section used for comparmiween the developed code, SolidWorks, and
PreComp.
Table 4.2 - Material properties and thickness
Elastic Elastic Density
Thickness Material modulus in  modulus in the (kg/mg)
x-axis (MPa)  y-axis (MPa)
ty1 | 6MmM SNL Triax 27 700 13 650 1850
tu2 | 20mm ETL 5500 (UD) 41 800 14 800 1920
ty3 | 15mm Saertex 13 600 13 300 1780
tya | 8mm Foam 256 256 200
tus | Smm Carbon (UD) 114 500 8690 1220
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Table 4.3 - Cross-sectional blade properties coimpabetween WTAC, SolidWorks and PreComp

Lineal Flapwise Edgewise Flapwise Edgewise
Density Inertia Inertia Stiffness  Stiffness Xom Yom Xe Ye
(ke/m)  (gm)  (gm) (N  dy M (m
WTAC 28.854 0.12609 1.5284 4.48E+06 2.69E+07 0.4459 0.0364 0.3847 -0.00957
PreComp 29.45 0.13 1.69 4.46E+06 2.83E+07 0.455 0.036 0.387 -0.009
SolidWorks 28.8 0.126 1.526 4.48E+06 2.69E+07 0.4459 0.0364 0.3848 -0.00953

In order to model the wind turbine blades accuyatgth the FE method, the cross-sectional
properties of aerofoils must be calculated at este. Figure 4.6 through 4.9 show the lineal
density (i.e. mass per unit length), cross-sectitmeamding stiffness and mass moment of
inertia of the NREL 5 MW wind turbine blades. Asdn be observed, the lineal density and
stiffnesses are relatively high in the first pontiof the blade span before substantially
decreasing around 10% of the blade span and theyotem decreasing as the radius
increases. The blade geometry is mostly respongidrlethis observed trend. Since the
bending moments are maximal at the blades’ roa¢jrdorced circular cross-section is used
in order to reduce stress. As it moves along tlagdlspan in the tip direction, aerofoils
progressively replace the circular and elliptic trageometry. The maximal chord and
thickness occur at about 18% of the blade spaneviae can notice a slight increase in mass
and stiffness. The chord and thickness of aerofbés gradually decrease from this point to

the blade’s tip.

1000
800

600 -
400 -
200 -

Lineal Density (kg/m)

0 T ' '
0 0.2 0.4 0.6 0.8 1
Normalised Radius (-)

Figure 4.6 - NREL 5 MW wind turbine lineal dens{isg/m)
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Figure 4.7 - NREL 5 MW wind turbine cross-sectiohahding stiffness
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Figure 4.8 - NREL 5 MW wind turbine cross-sectiomass moment of inertia

45 WTAC - Validation of the Wind Turbine Blade Aero-Structural M odel

In this section the results of our FE model coupleth the aerodynamic module are
compared with FAST. This step is used to benchntlhek aeroelastic module of WTAC
before moving onto the aeroservoelastic problemcaftrolling a wind turbine blade
equipped with control surfaces. All results presdnin this section under the WTAC label
are results which have generated using the in-hocode developed during this research. The
wind turbine models used for comparison are thealbe speed pitch-controlled 1.5 MW
WindPACT wind turbine and the NREL 5 MW wind turbsrwhose general features are
given in Table 4.4.

Table 4.4 - Wind turbines’ general features

. . WindPACT | NREL5
Wind Turbine 1.5 MW MW
Hub height 84.28m 87.6m
Diameter 70m 126 m
Blade length 33.25m 61.5m
Blade mass 3912.1kg 17 7404g
Number of blades 3 3
Rated speed 20.46rpm 12.1rprp
Structurgl blade damplng_ for all < 3% < 3%
modes (in per-cent of critical)
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The natural frequencies calculated by WTAC and FAST presented in Table 4.5. It can be

observed that the primary modes of vibrations (fiest edgewise and flapwise natural

frequencies) predicted by both software closelycimat

Table 4.5 - Wind turbine blade natural frequen¢iézs)

WiIindPACT 1.5 MW NREL 5 MW

FAST WTAC FAST WTAC
1st Flapwise 1.22 1.18 0.6993 0.7056
2nd Flapwise 3.70 3.40 2.0205 2.0088
1st Edgewise 1.88 1.79 1.0793 1.0943

In Figure 4.9, the author compare the steady stmelts of WTAC with FAST and DU-
SWAMP. As it can be observed, the steady statdtsepredicted using WTAC are in some

cases closer to the predicted results by DU-SWABMIB. (rotor thrust force), while in some

other cases closer to the results produced by FAS&.discrepancies between the flapwise
displacements of WTAC, DU_SWAMP and FAST are likeBused by a combination of
factors. In DU_SWAMP the tower top deflection izluded in the blade tip displacement

(Resor et al., 2010). WTAC does not include thevilse and edgewise coupling. The three

codes utilise different structural models (i.e. &uplement, Finite Element, Multi-Body).

Furthermore, non-linear structural phenomena atecoonsidered in WTAC. On the other

hand, in WTAC, the BEMT aerodynamic code emplog®@avergence accelerator algorithm

ensuring convergence in its iteration loop.
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Figure 4.9 - Steady state results: (a) ThrustP@yer coefficient, (c) Flapwise tip deflection and
(d) root bending moment

In addition to the steady state results, the ausitey compares the dynamic results obtained
using WTAC against FAST. Figures 4.10 and 4.11 stimwesults obtained by WTAC and
FAST for the WindPACT wind turbine operating in ghear conditions for the mean wind
speeds of 7 m/s and 15m/s. Similarly, Figures 44@ 4.13 present the results obtained by
WTAC and FAST for the NREL 5 MW wind turbine openaf in windshear conditions for
the mean wind speeds of 7 m/s and 10 m/s. In bagkbscit can be observed that while the

periods of oscillation are similar, there is a ¢ans phase shift between both predictions.
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Figure 4.10 - (a) Flapwise and (b) Edgewise rooidireg moment
(WindPACT wind turbine operating at 7m/s mean wspeéed windshear)
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Figure 4.11 - (a) Flapwise and (b) Edgewise rooidireg moment
(WindPACT wind turbine operating at 15m/s meandsipeed windshear)
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Figure 4.12 - (a) Flapwise and (b) Edgewise rooidireg moment
(NREL 5MW wind turbine operating at 7m/s mean wapeted windshear)
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Figure 4.13 - (a) Flapwise and (b) Edgewise rooidireg moment
(NREL 5MW wind turbine operating at 10m/s mean wapeted windshear)
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Further comparisons are made to evaluate the dyneesults of WTAC with FAST are
presented in the following figures. Figure 4.14 pames both codes for the WindPACT wind
turbine operating, in a turbulent wind field, aaneated wind speed. The time varying wind
speed at hub, power, flapwise and edgewise roatibgnrmoments are respectively presented
in Figure 4.14.a, b, ¢, and d. As shown in thegarés, the low wind speed variations are
well captured by both WTAC and FAST. As shown igufe 4.14.c, the predicted flapwise
root bending moment matches well at the start efgsimulation before small discrepancies
appear. Since the blade displacement at one ginenihstant is not only dependent on the
aerodynamic forces at that time but also on athefprevious forces that have contributed to
the blade motion, the discrepancies between bdtiva@ are bound to increase as the time
passes. Figure 4.15 presents similar results buh&NREL 5MW wind turbine operating in
a turbulent wind field of mean wind speed of 15m¥s.for the WindPACT simulation, the
low frequency variations are well captured by batkes. The flapwise root bending moment
predicted by both codes show very similar trendoree progressively accumulating
disparities. On the other hand, the gravity donadatdgewise loads is well predicted. The
comparisons between WTAC and FAST show that dedipgdact that WTAC uses a linear
model for wind turbine blades, it is able to captuhe main variations (i.e.Plload

amplitudes) of power and root bending moments.

Throughout this section, the author have validdbedsteady state and dynamic aeroelastic
response of the developed in-house code WTAC. $tstmwn that WTAC captures the main
flapwise and edgewise dynamics of the vibratiorbfmm at hand. This validation is critical
since insights about the vibrating blade controbyem and control strategies proposed in the

followings are based on this model.
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4.6 Aeroelastic Model of Wind Turbine Blades Equipped with Control Surfaces

In this section, the reduced structural model ispted with the aerodynamic model of
control surfaces. In doing so, the author’s airtwisfold: (i) design control strategies which,
for the first time in the literature, take into acot the overall system dynamic (i.e. the blades
structural dynamics and the control surfaces dyongm(ii) Most importantly, the frequency
response of the proposed coupled model is latematysed and used in order to explain the
dynamic response of actively controlled wind tuebinlades. Understanding this dynamic

response is critical for designing dedicated cdrstystems.

According to BEMT the blade is divided into segnseah which the external force on each
element is assumed to be a uniformly distributetetivarying force. It is also assumed that
the implementation of the control surfaces on tlamar frame element does not change its
structural properties. The final system of equatiobtained by combining both models in a

state space form is described as follows:

);(Ae:[AAe ;(Ae+[ BAJ[ l’]+ bA( (445)
yAe:[CAe S(AE (446)
Qr
X, = Q (4.47)
xFr
_[[A] [Aﬂ
.= 4.48
o [al 5
i 0
Ao oy ﬁCJ (4.49)
_ [0]}
[BAe] [[Bﬁ] (4.50)
_|[C] O
CAe—[ o [c.] (4.51)

The final system has a size2i¥k+ 3N, whereN; is the number of frequencies kept after the

structural model reduction and_ is the number of elements equipped with a contrdbse.

101



The final system described in Equation (4.45) israly stable around the equilibrium point

XAe:6'

4.7 Summary - Aero-Structural Wind Turbine Blade M odel

Chapter 4 served as a validation step for the deeel finite element code employed for

modelling the structural dynamics of wind turbidades. The fundamental equations behind
the structural model were briefly reminded and tadculations of blade cross-sectional

properties were detailed. The finite element maded then transformed in its modal form in

order to reduce computational effort while conseguiigh accuracy.

The main issues addressed in this chapter canmmarised as follows:

» First, the results generated by the newly devel@srdelastic simulator WTAC were
verified against data reported in the literaturd e NREL's code FAST.

* The author showed that the proposed linear stralctnodel of wind turbine blades
captures the prime vibratory dynamics. As a resuhge developed model can
confidently be used as an analogue for the purpbssontrolling the main wind
turbine blade loads.

* The author proposed a general mathematical deiseripf the coupled aeroelastic
problem of the blades equipped with control sudac&his model and the
information contained in it are crucial for desiggidedicated control systems and

clarifying the dynamics of actively controlled witwakrbine blades.

« Finally, a general architecture for the couplinghed wind turbine blade aerodynamic
model, structural model and the control surfaceslascribed. The flowchart of
WTAC is shown in Figure 4.16. The proposed generalhitecture ease the
implementation of control surfaces onto wind tuebbiiades. Moreover, it provides a
guideline for other aeroelastic studies and support developing and testing
aeroelastic controllers for blades equipped withtied surfaces
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Load wind turbine aerodynamic and structural parameters

v

Set simulation time t;, time step At and initial conditions

v

Load or generate a wind field and transform it into polar coordinates

Unsteady Aerodynamic Analysis

Calculate blades’ positions due to rotation and deformation
For each segment repeat until convergence (BEMT iteration loop)
o Determine the local induced velocity field using space-time interpolation
between the wind turbine blades positions and the wind field

o Determine the local velocity Ve (used in the CSs models)

0 Add structural velocity due to the blades motion (aerodynamic damping)
o Determine the angle of attack (used in the CSs models)

o Calculate the steady lift and drag coefficients

o Apply dynamic stall

Calculate the distribution of forces along wind turbine blades

v

Control Module

Calculate the control reference signal
Calculate the control input u(t) for the chosen controller

v

Aeroelastic Module

Update the state matrix CSs model as a function of the angle of attack and the
local velocity Vi
Solve the aeroelastic system of ODEs

o Output the dynamic CSs deployment height

o Output the blades displacements, velocities and reaction loads

v

t=t+ At

Figure 4.16 - WTAC wind turbine simulator flowchart
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5. Control System Design
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5.1 Introduction

As previously mentioned, several proof of concept€Ss employed for load alleviation on
wind turbine blades can be found in the literatitewever, most of the proposed control
strategies do not investigate their impact on tbeelastic dynamic of actively controlled
blades. This chapter intends to investigate theedastic stability, observability (e.g. sensing
system) and controllability of wind turbine bladeguipped with CSs. The first objective of
the present chapter, addressed in Section 5.2y iavestigate the aeroelastic stability of

controlled wind turbine blades.

State-based controllers are commonly proposed anliterature. However, for those state-
based control strategies to work properly it isc@lto ensure a sufficiently accurate state
estimation. Moreover, it is known that the dynaroicwind turbine blades is driven by
significant unknown forces and that those forcesuih not be considered known by the
control system. In spite of these consideratioms,stystem state estimation is often assumed
fully known and is rarely considered a criticaluss The second objective of this chapter,
addressed in Section 5.3, is therefore to invetgtitiee types and numbers of sensors required
for estimating the state vector of actively corlgdlwind turbine blades.

Section 5.4 is used to present the various coetlthat will be employed in the next
chapter. Controllers used for load alleviation areefly described. In comparison to the
literature, a particular distinction between contins and discontinuous controllers is made
in this research. Last but not least, the auth@p@ses a frequency-based loop-shaping
approach for analysing the dynamic of actively colfédd aerodynamic surfaces. The
proposed loop-shaping approach is key to many efdbnclusions presented in the next

chapter.

5.2 BladesAeroelastic Stability

Aeroelastic instability due to the coupling of adyoamic forces and structure motions
results in self-sustainable vibrations and can teaithie damage and failure of wind turbines.
Elements creating lift such as aircraft wings onavturbine blades are especially prone to it.
Amongst the various instabilities, wind turbinedda are particularly subject to flutter. The
flutter instability refers to self-increasing antpties of oscillation of a structure due to
negative aerodynamic damping. The wind turbine daghdetermines whether or not flutter

will occur. A high damping value corresponds toidép dissipated energy and damped
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vibrations, making the system stable. The dampifigwmd turbine blades is often
distinguished between the structural and the aeraujc damping. Aerodynamic forces
responding in opposition to the blades motion (@erodynamic damping) are the major

source of damping.

5.2.1 Structural Damping

Flapwise and edgewise DOFs are the main wind tarlibbfade dynamics. The blades

structural dynamic can be analysed using the redomaelal form:

M, 16 +[c,] @ +[K JQ=F (5.1)

As shown in Chapter 4, the blade dynamic respamselinear combination of mode shapes.
Moreover, all modes are independent of each otdence, the calculation of the natural
frequency and structural damping of each mode taagyktforward. The structural dynamic

of the three first flapwise mode shapes for the NBEBMW wind turbine is given by:

269 0 0] [4065 0 . 200000 O
0 284 0 [Q+ O 8 0Q+ 0 41190 0/Q=F (5.2)

0 0 248 0 01 0 0 4747

The above equation forms a system of three indepe#ngkcond-order equations for which

the un-damped natural frequencigg; are calculated as:

@, == (5-3)

In case of damped oscillation, the modal coordmasa be found analytically as given by:

_ it ; _6 1
QJ-—AIe Wlth /]j_z_rnjjilz_ml (54)

m

in which the damped natural frequengy and the damping coefficient of each mode are

defined as:

1
W= 6" ~4ma, (5.5)

]
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c=—2> (5.6)

The damping ratio is defined as the damping caefiitcdivided by the critical damping value

as in:
_C_ G
“7C, T 2am 7

where, the critical damping, denotes the special case in which the system rdspas fast
as possible without oscillating. This occurs whiea poles are both real (i.e, = 2m, w, ;).

Table 5.1 summarises the un-damped and dampedah#&teguencies as well as damping
ratios for the first three flapwise modes of the ENRS MW wind turbine blades. It can be
seen that the structural damping is small and tbexghe un-damped and damped natural
frequencies are almost identical. Because the dagnaitio is low, the structural model is

stable but will not strongly damp vibrations aswhan Figures 5.1 and 5.2.

Table 5.1 - Natural frequencies and damping rdtih® flapwise modes for the NREL 5 MW Wind
Turbine blades (calculated by WTAC)

Mode Un-damped Natural Damped Natural Damping Ratio (%
Frequency (Hz) Frequency (Hz)
1st Flapwise 0.696 0.6956 0.460
2nd Flapwise 1.920 1.9165 1.214
3rd Flapwise 4.340 4.3381 2.772
1.5 -
Q_g 1 Exponential Decay
=€ 05 -
32 o mn'llmlﬂmlllllllllllllllmlllm AT AT
3%%;_0_5_ IUVVVVVVVVVVY
L &
o -17
-1.5 -
0 10 20 30 40 50 60
Time (s)

Figure 5.1 - Structural damping of the NREL 5 MWhditurbine blade flapwise vibration
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Figure 5.2 - Structural damping of the NREL 5 MWhditurbine blade edgewise vibration

5.2.2 Aerodynamic Damping

The aerodynamic damping is the main source of filspwdamping. The aerodynamic
damping is an aeroelastic effect caused by therggoe of an aerodynamic force resulting
from a change in angle of attack, due to the strecinotion. The damping is positive (i.e.
stable dynamic) when the generated aerodynamice f@cin opposition to the original

structure motion. The stability analysis of a wihdbine blade as a whole is relatively
complex to determine and therefore simplified twmehsional methods are often used
(Loewy, 2012). The blade is divided into segmemdsi@g the span for which the damping is
calculated based on two dimensional analysis. Apkfied derivation of the aerodynamic

damping is given by Salzmann and van der Tempdkif@mnn and Van der Tempel, 2005)
who demonstrated that the slope of the lift coadfit is one of the critical parameters for
aeroelastic stability. A more complete analysisiedrout by Petersen et al. (Thirstrup et al.,
1998) is based on the flow kinematic illustrated-igure 5.3. The velocity induced by the

aerofoil motion (i.e.}"l-p,Z'oop) is taken into account to modify the relative ity

(Vieer — Vi) @nd the angle of attack.
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Figure 5.3 - Two dimensional aerodynamic forcegadn an aerofoil including the aerofoil speed

Both the lift and drag forces contribute to theplane and out-of-plane aerodynamic

damping. That is, the in-plane and out-of-plan@dgmamic damping are coupled and can be

defined by the two dimensional damping mat@y, as in (5.8). Note that the derivative with

respect to the tangential velocity has a negaiiye ® account for the opposite direction of

the in-plane aerofoil velocity as shown in Figurg.5

).(oop Coop
C =
Ad|: Zp :| |:Cfp—oop

The out-of-plane aerodynamic damping

Coop ip:||: Xoo
G L%

- 0F,, 0Fp
aVaxial aVtan
oF, ~ oF,
L aVaxial aVtan n

(5.8)

correspondsth® aerodynamic force being

generated due to the aerofoil velocity in the dgplane direction as described by:

— dFthrust _ dFthrust _ aFthrus'[ aFthrust a\/rel a I:thrustaCL aa a F thruspCD aa
Coo - . - - + + + (59)
P d)%op dvaxial a\/axial a \/rel a \/axial a q aa a \éxial a c; aa a \gxial
After derivation, Equation (5.9) can be writterténms of four coefficients as:
Coop = Coone T Coopg ¥ Com ¢ Com
1 1 aC oC, : (5.10)
= V + 2+ ] 2 + L + ) J
zpC'\/rel (CL( aX|a|\{an) C‘O ( \(el \!)qal ) aa ( \gn) aa ( \&al \én)
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in which Coopce, Coopco Coopice, Coop, sco are the respective out of plane aerodynamic damping
contribution from the lift and drag coefficients)dalift and drag slopes. Figure 5.4 presents
the out-of-plane and in-plane aerodynamic dampwmefficients of the aerofoil NACA 64-
618 located on the NREL 5 MW wind turbine bladésan be observed that the aerofoil lift
slope is the main contributor of out-of-plane agramic damping. Since the NREL 5 MW
wind turbine is a variable-speed pitch-controllatbine, the outer parts of the blades remain
under attached flow where the lift slope and thenethe out-of-plane aerodynamic damping
remain high. The total in-plane aerodynamic dampsgnainly contributed to by the lift
coefficient and the lift slope as shown in Figuré.b. As the wind speed increases, however,
the lift slope becomes the primary contributor wfplane aerodynamic damping. The in-
plane aerodynamic damping coefficient starts fronegative value and decreases until rated
wind speed (i.e. 12 m/s) where the angle of attaelches its maximum value. At higher
wind speeds the pitch control system reduces thtearf attack which in turns increases the
in-plane aerodynamic damping. The controlling patars (i.e. rpm and pitch) are as shown

in Figure 1.25.
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Figure 5.4 - Aerodynamic damping coefficients af HACA 64-618 located on the NREL 5 MW
wind turbine blade (r=50m) for the (a) out-of-plaarad (b) in-plane axis
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The behaviour observed in Figure 5.4 are explalmednalysing the aerodynamic damping
coefficients as functions of the angle of attacksaswn in Figure 5.5 for a constant wind
speed of 10m/s. As can be seen in Figure 5.5.aatpg under the attached flow a deflection
of the blade in the out-of-plane direction will uisn the generation of a strong aerodynamic
force. This force acts in the opposite directiorthie blade displacement and is maximal for
low angles of attack (i.e. +3°). As a result, ihdae seen that in Figure 5.4.a the out-of-plane
damping slowly increases from 5 m/s to 10 m/s a&sahgle of attack experienced by the
aerofoil moves from 0 to 4°. A sudden increasehef out-of-plane damping coefficient is
observed during the transition between the win@itg operating region 2 and 3 (i.e. from
10 m/s to 13ml/s). During this transition the windbine RPM increases while the angle of
attack experienced by the aerofoil moves back fidrto lower values resulting in a sudden
increase of th&CoopacL term in (5.10). Finally the out-of-plane dampingneens high for
higher wind speeds because the wind turbine RPMamtained near rated value while the
pitch control keeps lowering down the angle of cktaxperienced by the aerofoil. This is
clearly visible in Figure 5.4.a towards 24 m/s venéne local increase of the damping
coefficient is linked to the lowering values of thiegle of attack around -3°.

A similar line of reasoning can also be appliedissin the in-plane damping of Figure 5.4.b
and the aerofoil damping coefficient of Figure B.3dowever, it should be noted that the in-
plane damping is influenced by bathp,c. and Cip,acL. As a result, both the lift coefficient

value and its slope have to be considered. In Idndvspeed the in-plane aerodynamic
damping coefficient is seen to steadily decreasth@asangle of attack increases. A similar
transition between the wind turbine operating ragfoand 3 is noticeable for the in-plane
aerodynamic damping coefficient. That is, as theMRRcreases and the angle of attack
decreases the in-plane aerodynamic coefficient enlgdincreases and keeps doing so

thereafter.

111



600

=
E‘T”\ 500
8 g 400 Coop
Q E 300 — “oop,cL a
&S 200 < Zoopcp :
“é 8 - Coop6CL
éO 100 - C00p,6CD ]
O
O r T T T T T T T T T 1 1 1 T T T I I I 1
-10- 9 8-76-5-4-3-2-10123 4546 7 8910
Angle of Attack o (°)
(a)
40 1
[Sls)) W
e i‘/ 0 T T T 1T T T T 1
8z 20 G ]
o2 — C
C;}:’ -40 C|p,CL 4
D—‘?"q__, -60 - “ip,CD |
ol — CipocL
£ -80 / i
-100 ip, 8CD ]
-109 8-76-5-4-3-2-1012345%6 7 8 910
Angle of Attack o (°)
(b)

Figure 5.5 - Aerodynamic damping coefficient of MA&CA 64-618 located on the NREL 5 MW
wind turbine blade (r=50m) for the (a) out-of-plaarad (b) in-plane axis as functions of the angle of
attack

The wind turbine blade tangential velocity is nolijn&igher than the axial velocity. As a

result, the aerofoil edgewise velocity leads toowdr change of the angle of attack and
therefore a lower aerodynamic damping. Furthermoreler attached flow conditions the
flapwise aerodynamic damping is much greater thanstructural damping alone. This can
be observed from Figure 5.6 which shows flapwiderations, as damped by structural
damping only, and by the aero-structural damping.ti@ other hand, wind turbines have a
much lower edgewise aerodynamic damping as showhigare 5.7. Since CSs do not
drastically alter the lift slope (see Chapter 8 ttability of variable-speed pitch-controlled
wind turbine blades is likely to remain high wheatiely controlling CSs. However,

ensuring that CSs do not excite the blades natiggliencies, when alleviating loads, is part

of the control system design.
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Figure 5.6 - Flapwise vibrations (NREL 5 MW windltine blade, 9m/s mean wind speed)
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Figure 5.7 - Edgewise vibrations (NREL 5 MW windltne blade, 9m/s mean wind speed)

5.3 Blade Control - Measurements and Sensors

This section is devoted to the aerodynamic andctetral sensing systems required for the
control and state estimation of wind turbine bladgsipped with CSs. Measurements and
sensors are divided into the aerodynamic and straicttypes. Local aerodynamic
measurements along the blade span (i.e. at CS®idog are required in order to take into
account the time dependence of the CSs models. ificyde the local angle of attack and
relative velocity. Structural sensors, often strgemuges, are used to measure the blade
displacement or bending moment and are necessanglar to calculate the CSs deployment
control command. Several aerodynamic and structseaking systems integrated to the
NREL 5 MW wind turbine are investigated in the éolling subsections.

5.3.1 Aerodynamic Measurements

The CSs’ aerodynamic models are time varying modetgending on the instantaneous flow
kinematics. The flow kinematics can be approximatedmeasured quantities by Pitot tubes,
namely, the inflow anglé and the local relative velocity,e.. The Pitot-tubes measurement
system is employed to approximate the angle otlattaand V. as used in practice by

Castaignet et al. (Castaignet et al., 2013). HoweV8s may be distributed over a large blade
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span (e.g. 20 %) and positioning a Pitot tube amtfiof each CS is not practically viable due
to the increased installation and maintenance cobere is, therefore, an interest in limiting
the number of Pitot sensors distributed along ddate. In the rest of this section, sensing

system configurations including a single, two, #mee Pitot tubes are investigated.

Single Pitot tube configuration

In the first configuration, a single Pitot tubeuised. As shown in Figure 5.8, the blade span
neighbouring the Pitot tube is divided into 7 segtaenumbered from -3 to 3 and the Pitot
tube is located on the leading edge of the bladeomt of segment 0. Using TurbSim, 180-

second unsteady wind fields are generated. For #aehstep, the Pitot tube measures the
values ofa and Vg in front of segment 0. The value afand V. for the neighbouring

segments are assumed to be equal to those me&sguitesl Pitot tube.

The performance of the aerodynamic sensing systeamaluated by comparing the measured
and actual (i.e. as calculated by BEMT) values: @fnd V., for each segment. Figure 5.9
presents the probability distribution function (PDOd¥ the error between the estimated and
actual values ob and V. As shown in this figure, assuming thatandV, are constant
around the Pitot tube results in significant appration errors. Both the mean value and the
standard deviation of the error of approximationacdnd Ve are seen to increase as it is

estimated further away from the Pitot tube.

_/\'3 2 1 0 12 4
—— :":L;;DDI:H:
2m \|

l
r=39m \'\

Pitot Tube

A4

r=51m

Figure 5.8 - Single Pitot tube configuration
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Figure 5.9 - Error of approximation of the (a) angf attack and (b) relative velocity
(single Pitot tube configuration)

Two Pitot tubes configuration
In the second configuration, two Pitot tubes aredusThe Pitot tubes are located at the
extremity of the segment span as shown in Figudd®.5The flow kinematics at the

neighbouring segments are interpolated based ore#iiing of these two measurements.

The performance of the Pitot sensing system isuatatl by comparing the measured and
actual values of andV,e for each segment as presented in Figure 5.11hidgigure shows,
the postulation of flow kinematics obtained by rpt@ating the measurements between the
two Pitot tubes is significantly better than théireation achieved with the single Pitot tube
configuration. Moreover, it can be seen that th@bgability distribution functions are almost
centred at zero and the standard deviations haleed to one degree farand to 2.5m/s for
Vrel.
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Figure 5.10 - Two Pitot tubes configuration
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Figure 5.11 - Error of approximation of the (a) kenaof attack and (b) relative velocity
(two Pitot tubes configuration)

Three Pitot tubes configuration

The last sensing configuration considers the implaiation of a third Pitot tube. In addition
to the two pitot tubes located at the extremitythref segment span (i.e. Figure 5.10), a third
Pitot tube is installed in front of segment 0. Ti@wv kinematics are postulated by the
interpolations of the three measurements and segulthe three Pitot tubes configuration are

shown in Figure 5.12.
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Figure 5.12 - Error of approximation of the (a) ngf attack and (b) relative velocity
(three Pitot tubes configuration)

The observation of the three sets of results shtbatsby using two or three Pitot tubes, the
standard deviation of the angle of attack estinmatian be reduced to 1°, meaning that about
96% of the angle of attack approximations haveresf@stimations inferior to 2°. Similarly,
the relative velocity measurements’ standard dmnatvas reduced to 2 m/s and therefore
about 96% of the estimations have less than 4nfilsreince with the actual velocity. Since
the steady state change in lift coefficient empigyiTEF and microtab is nearly constant
under fully attached flow, a 2° angle of attaclkoewf approximation in this range is assumed
reasonably accurate. Similarly, flow kinematicshegt outer section of blades, where the CSs
are located, are mainly dictated by the magnitufiehe tangential velocity. Since the
tangential velocity at the outer blade span is Hgh. 60-70 m/s), small errors up to 4 m/s
in wind velocity correspond to a relative error agproximately 5.5% which is deemed

realistic.

Comparing the two and three Pitot tube configuregjaot can be observed that the addition of
the third Pitot tube does not significantly improvee aerodynamic sensing system
performance. Consequently, the two Pitot tubesigordtion seems a judicious choice that

provides better accuracy than a unique sensorldatimits the number of Pitot tubes used.
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5.3.2 Observer Design - Structural Measurement and State Estimation

Since the blade flapwise displacement and bendiogp@mt are strongly correlated as shown
in Figure 5.13, most case studies reported in tfeeature assume the knowledge (e.g.
through strain gauges) of at least one of thencémtrol purposes (Castaignet et al., 2011,
van Wingerden et al., 2011, Wilson et al., 2009rl&aet al., 2012, Andersen, 2005).
However, the estimation required by state-basedralters commonly proposed in the
literature are generally not investigated. Thidiseds therefore used to investigate the types,
numbers of sensors and observers required for astign the state vector of actively

controlled wind turbine blades.
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Figure 5.13 - Superposition of the blade flapwipaltsplacement and root bending moment for a
mean wind speed of (a) 9 m/s and (b) 15 m/s (NREAVS wind turbine)

In order to alleviate the blade root bending monstrdin gauges are generally installed at
the blade root. However, under a bending load time is only subject to small deflections
and sensors therefore have to be very sensitiveaaturate to precisely calculate the blade
bending moment. On the other hand, a strain gaocgtdd further down the blade would

experience greater axial strain and therefore lg@iitsing errors.
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Suitable locations for strain gauges can be fouitd the help of the structural blade mode
shapes. As reiterated in Figure 5.14, the wind imerkblade mode shapes are known
functions. Each mode shapbas (-1) nodes at which the displacement of the corredipgn
mode is zero at all times. Because the blade displant atN, is independent of the
vibrations induced by mode 2, the second modal dinate is not observable by a strain
gauge located af,. Considering the above, strain gauges should dsdd at the location of
high mode shape displacements in order to limitssen inaccuracies and avoid zero
displacement nodes (e 2, N1). However, it is also worth considering that asseriocated
along the blade span can be difficult to instatl amaintain. Consequently, locations such as
15 m & 25%R) and 30 nr(50%R) along the blade span may be preferred.

Mode 1

Flapwise Modal
Displacement (-)

S
N
o
N
O
N
o
7
~
D
3

Radial Coordinate (m)

Figure 5.14 - Normalised mode shapes of the NREAW wind turbine blade

While local measurements are sufficient for clemsoontrollers, state controllers require the
knowledge of the system state in order to calculate CSs control command. The state
vector of a system is generally not known or ordytiplly known. State estimation, based on
local measurements, is therefore critical for tffeative use of state controllers. However,
adding new sensors onto wind turbine blades ineset®e installation and maintenance costs.
Assuming instant and/or perfect measurements fadl kleviation simulation, on the other
hand, is likely to result in an over-predictiontbé CSs’ efficiency in rejecting loads. There
is consequently an interest in limiting the numbeésstrain gauges required for active load

control.

State observers estimate the system state vectedlmn the available measurements. State
observers are valuable for state controllers, fdatection and their robustness to state and
output noises. A system is fully observable onlthé condition of observability is satisfied.
In the linear case, the observability is determibeded on the state mati%. and output
matrix C,e. FOr wind turbine blades the system observahiligrefore depends on the blades
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structural dynamic coupling with CSs and the pogitdf structural sensors along the blades

span.

For sake of clarity let us assume, for the obsedesign, that the NREL 5 MW blade

displacement is approximated by the combinatiotheffirst two modes:

Y.=MQ,+ M,Q, (5.11)

If noises are negligible compared to the primarstey dynamics and the pdin,.,C,.) is

observable, then the error of estimation given byuagnberger observer will converge
towards zero (Andrieu and Praly, 2006). Equallye tinforced system-observer model of
Equations (5.12) and (5.13) is stable and convexgeards zero.

XAe — AAe 0 XAe B
|:éAe :|_|: 0 A- KOCAe:H: eAe:|+|:0:|U (5.12)

X
Ye=[Che 0]{ e“e} (5.13)

Ae

where, K, denotes the observer gain matrix asd is the dynamic error of estimation.

Equation (5.14) shows the general form of the atnectural blade-CS system output matrix
when equipped with one CS amdstrain gauges. Additionally, the CSs deploymers. (i
microtab height or trailing edge flap angle) isoatseasured using a position sensor.

¢, ¢ 00 0
Cy G 00 O Q,
Cy Gy 00 O Ql
Yo=CuXi=| - . . . ] Q (5.14)
N e}
G Gz 0 0 0 X
|0 0 0 0 cy

In this example, there are only two modal coordisahamelyQ, and Q, , to be estimated. In

(5.14), it is clear that using more than two stre@msors is only useful to introduce some
redundancy. That is, in the case of perfect measemes, the two modal coordinates can be
precisely known using only two independent straauges. On the other hand, if a single
strain gauge is used the best estimation is acthiesig linear algebra is a root mean square

approximation.
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State and output noises are, however, unavoidablearticular, wind turbine blades are
subjected to substantial time dependent unknoweefofe.g. aerodynamic forces) that vary
along the blade span. Including state and outpisespthe state space system given by (4.45)

is re-written in the following form:
)T<Ae :[AAe >—(Ae+[ BAJ[ L]+( _DAe+ énoisl (515)

yAe = [CAe XA9+ (—)nois‘ (516)

where, Onoise aNd Syise respectively, denote the output and state unknb@unded noises.
The vectoD,,, which stands for the transformed external foreeter acting on the blades, is
also unknown. However, the process ndBgse is assumed negligible since the external
noise D, order of magnitude of kN is likely to be much gezathan modelling errors and
control input disturbances. For this system, thesgital Luenberger observer would not
provide an accurate estimation due to the sigmficenknown forces driving the system (i.e.
D.e). The Kalman filter is a robust observer desigat ttan be employed in order to provide
an estimate of the state vector despite the steteatput noises. Note that the Kalman filter
has the same structure as the Luenberger obsboxgever the observer gains are calculated
such that the square of the error of estimatiomiisimised. Weight matrices are used to
guantify the confidence in the model and measurésnigam which the observer gains are
calculated.

The robustness and accuracy of the Kalman filegestéstimation as a function of the number
and location of strain sensors is how examined. Bwain sensing system configurations
employing one and two strain sensors are investijafthe strain sensors are chosen to be
located at 25% and 50% of the blade span. It shbaldhoted that due to the substantial
disparity between state (i.e. aerodynamic forcas) @utput noise (i.e. sensors inaccuracies),

the output noise is considered negligible in thet of this section.

Figure 5.15 presents the error of state estimagésnlts using two strain gauges. It can be
seen that the first and second modal coordinatesvail-estimated. Moreover, this figure
shows that, while not totally converging towardsozearrors between the state space vector
and its estimates are negligible.
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Figure 5.15 - State estimation of the blade-CStesy¢NREL 5 MW wind turbine blade equipped
with two strain gauges)

Results presented in Figure 5.16 show the stat®westimation using a single strain gauge
located at the blade mid-span. As shown in thigrégthe state estimation does not converge.
Instead, the estimations of the first and secondahcoordinates feature offset errors. On the
other hand, the output estimation converges towd#rdsactual output value as shown in

Figure 5.16.c. As discussed previously, severaaincombinations of mode shapes can be
responsible for the measured displacement. Conadgu¢he offset error values of both

modal coordinates cancel each other so that theubw@stimation matches the measured

output.
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Figure 5.16 - Estimation of the blade-CSs systenfigt modal coordinates, (b) second modal
coordinates, and (c) flapwise blade displacemeREN5 MW wind turbine blade equipped with a
single strain gauge)

Employing two strain gauges ensures that thereuisigue mode shape combination that can
describe the output measurements. As a result,dstifmated modal coordinates were shown
to converge when employing two strain sensors. ds valso shown that accurate state

estimation can be achieved despite the substamtkadown state disturbances.

54 Controller Designs

In this section, the control strategies employadtiie load alleviation of wind turbine blades
are presented. The common Bang-Bang (BB), PID a@® Icontrollers found in the wind
turbine blade load alleviation literature are Hyigiresented. Additionally, the use of sliding

mode controllers is proposed as a potential imprearég upon the BB controller.

Presently in the literature, there is no consenabeut which type of CS actuation
mechanisms should be used. To the best of the rdaitkowowledge there is no previous
researches that have investigated this questions&tmently, a clear distinction between
continuous and discontinuous control systems isenduting this research. The classical
controllers such as PID and LQR are not suitablalfecontinuous control systems, whereas
the Bang-Bang controller and Sliding Mode Contmol[&MC) can be used for both
mechanism types. One of the objectives here iotopare the feasibility and efficiency of

both types of control systems for wind turbine leléobd alleviation.

Last but not least, the author proposes a frequbased loop-shaping approach for
analysing the dynamic of actively controlled aemapic surfaces. While most
investigations available in the literature employtirme-based control system, the author

believes that the load alleviation of wind turbibkedes can more easily be described and
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evaluated in the frequency-domain. The loop-shapipgroach proposed at the end of this

section is key to many of the conclusion preseirtétde next chapter.

During the control system design, the interactibasveen CSs and the classic wind turbine
controllers are assumed negligible. This followmirthe significant time difference between
the dynamic response of the variable-speed systeirttee collective pitch control system

compared with the CS dynamics. In other words vémegable-speed control dynamic is slow
due to the rotor inertia and the collective pitamtrol system is not designed to reduce

fatigue loads.

Although never more than one controller is usedhatsame time, the several controllers
closed-loop can be represented in one illustraa®im shown Figure 5.17. In this Figukg;
denotes the filtered output which contains freqieshto be alleviated. In other wordg is
the closed-loop error of the classical PID conémollThe Kalman filter provides an estimate

of the outputY, and the state spa¥g,. The control command: calculations for the

different controllers are now detailed.

Aero-Elastic
u
| | | | Model
LQR SMC PID BB

7'y T 7'y T Yae

Yr Yﬁ|t F|Iter 4_ YAE p— Kalman

| .
| v Filter
b |

Figure 5.17 - Blade load alleviation closed loopteol schematic of the four controllers

5.4.1 Discontinuous Controllers

Bang-Bang Control (BB)

BB controllers are used in a large range of apgtioa, such as hysteresis or discontinuous
systems and space applications, particularly, whiegesystems are constrained to work in
either on or off position. Van Dam et al. (Van Damal., 2002) and Panesar and Weaver
(Panesar and Weaver, 2012) suggest using disconsnactuator mechanisms for microtabs
and TEFs featuring fast actuation response, robastand low cost. In comparison to more

advanced controllers, the BB controller does nouire long tuning, making it easier to
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implement. The control law designed for BB contddl without hysteresis takes the

following form:

u(t) = Sigr(YAfilt ) (S (5.17)

where,U . stands for the maximum control value correspontintpe maximum deployment

sat

value.

Sliding Mode Controller (SMC)

As for the BB controller, the SMC has been choserabse its discontinuous nature makes it
a suitable control method for on-off actuators. dddition, the SMC can handle non-

linearities and has advantageous features suabmasdnsitivity to uncertainties and noises.
However, the chattering phenomenon is one of thie eh@wbacks of the SMC. The sliding

surface is described by &*@rder system dynamic of the system output:

S, (X): Yie ¥+ VouYne * BouYae — BY, (5.18)

with the condition of reaching the sliding surfacdinite time:

SS<-«S| ,x>0 (5.19)

Parametery g, and g,,, are the coefficients describing the desired outfyuamic andy, is

the reference signal to track. As shown in Figuter 5the reference signal mostly contains
the low frequencies of the estimated system ouBytrackingY; the controller activates the
CSs in order to reducdland higher frequency loads. The control ensutag the condition

given by Equation (5.19) is satisfied is denotedupyDeriving the surface derivati&, the
equivalent control law, is calculated by settirg)=0. The final control law is the summation

of both controls:
u(t)=u,(t)+u,(t) (5.20)

5.4.2 ContinuousControllers

Implementing continuous actuators for controllinge tdeployment of CSs is more
challenging and costly in comparison to discontimi@ctuators. However, this gives the

possibility of deploying CSs to any given valuehint the operating boundaries, potentially
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increasing the performance of CSs for active loawtrol. In this study, both PID and LQR
controllers assume the possibility of continuous @ployment for comparison with the

discontinuous controller performance.

Proportional Integral Derivative Control (PI1D)
PID controllers are well-known and widely used imaaiety of applications. The control law

for PID controllers is given by:

ult)=K.e+Kye, +K, & (5.21)

in which, parametef§,,K, and K, are respectively the integral, derivative and

proportional tuning parameters. Similarly to the &htroller,Yy, is the closed-loop erro)(

of the classical PID controller.

Linear Quadratic Regulator (LQR)

Load alleviation employing LQR has been proposedeaneral studies (Castaignet et al.,
2013, Castaignet et al., 2011, Barlas et al., 20hZ)eneral, the control command consists of
a linear combination of weighted signals. Theseagrepresent the magnitudes of particular
frequency bandwidthsF(;) to be rejected. By applying different weights;), specific
frequency loads are alleviated. In order to take filter dynamic into account during the
feedback gain calculations, the system is augmenttd filters Xz, as shown in Equation
(5.22). The numbers of filter and frequency bandhgdto filter often correspond to the

number of weights in the criterion as in Equatibr2g).

{X} {AAE [O]MXAeHBAe}U (5.22)
X Ay X i 0 |

Y | [X
J= j{ Ae} qu{er} +U'R, U= .[(wleby1 + Wy, Py, ot Wi By #UTR,, u)dt (5.23)

t Xfilt filt t
in which, Q, and R, are weight matrices. Solving the Riccati’s equatfors, , the
linear state feedback control law can be formulaisd
— 1 T XAe
u=-Ry B (9] %) (5.24)
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The stability of the observer-based control of thesed loop blade-CSs system can be
studied with the help of the separation principteeaplained as follows. Recalling that the
system dynamic, the observer-based LQR control camihand the state estimate error are

respectively given by:

Xpe = ApeX pe T Bou+ Dy (5.25)
u=-KX, =-K(X, -¢€) (5.26)
£=X,=Xpo=(Au—LC)e+ D, (5.27)

The overall system can be written as:

X.Ae - AAe_BAeK BAeK XAe + DAe (528)
& O AAe - LCAe 3 DAe

The eigenvalues of the system are the combinatdriee independent eigenvalues of the
controlled blade-CSs system and of the observeno€ihg K such that the controlled
system is stable and such that the observer is stable is thereforacserit to ensure the

overall stability of the observer-based controliel&CSs system.

5.4.3 Frequency Based Control - L oop-Shaping

Amongst the load alleviation research found inlitegature, most follow the same approach.
In general, a load alleviation controller candidiatpicked and tested without considerations
being given to control analysis. The performancehef controller is then derived directly
from comparisons of the load alleviation resultsother words, previous published studies
generally do not explain or predict the impact ofitcollers on the dynamic of wind turbine
blades equipped with CSs. While this approach italske for preliminary proof-of-concepts,
detailed control analyses are required in ordegdim an in-depth understanding of the load
alleviation control problem and design dedicatetllalleviation controllers.

In contrast to the literature, in this researchahme to understand and explain the dynamic of
actively controlled wind turbine blades. The autbefieves that a better understanding of
these dynamics will help in designing tailored cohsystems for load alleviation. For that

purpose, a frequency-based approach is used toediie wind turbine blade load alleviation
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as a loop-shaping control problem. Figure 5.18 isy@cal representation of an aero-
structural system where the plant Pwhich stands for the aerodynamic surface equippe
with CSs, is excited by external forces (e.g. agmadhic, gravity). As for practical
applications, these forces are rarely known. Hertoe, controller cannot be positioned
directly between the plant and the external forges feed-forward control). The unknown
forces driving the aeroelastic vibrations are galthealleviated by feedback control as shown
in Figure 6.27.

Stochastic Forces —» + .
Unknown Plant (P,) (Yad Output (e.g. Structure Bending
Forces (D, ) - Moment, Displacement)

Cyclic Forces —»| +

Figure 5.18 - Representation of an aerodynami@sarfplant) subject to unknown forces

Unknown
Forces (Dao

€| control
System

Reference Plant (P,) > Yae

Figure 5.19 - Representation of the closed-loayirobsystem of an aerodynamic surface equipped
with AFCs

Figure 5.20 shows the frequency response of an -lgogn and an ideally-controlled
aeroelastic system. In this figureP Jand 2 stand for the frequencies to be alleviated.
Frequencies N and 2N denote the first and second natural frequencies.id&al control
system shapes the frequency response such thditetheencies to be alleviated are fully
damped. Moreover, an ideal controller does notaatewith other frequency bandwidths (i.e.

A¢— 0). In other words, the ideal control system behdikesperfect notch filters.

While digital or electrical notch filters can reashibstantial attenuation level, there are
physical constraints imposed to electro-mechandmlices (i.e. active flow controllers)

which limit their loop-shaping capabilities. Moremy notch filters introduce significant

phase shift near the attenuated frequency bandsyidthich in turn may reduce the closed-
loop system stability. Not considering these twoitiations when designing control systems
is likely to result in poor trade-offs betweenfpemance and stability (Rice and Verhaegen,
2010). That is, the differences between the ideal achieved frequency shapes can vary
significantly as illustrated in Figure 5.21. Onatical advantage of the frequency-based

analysis (e.g. loop-shaping) over the time domaintrol approaches is the ability to clearly
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explain and visualise the impact of proposed coérdtrategies on the overall aeroelastic
dynamic of the system. As a result, effective aangystems dedicated to the vibration
control of aerodynamic surfaces can be designedcoihtrast to the literature, the proposed
loop-shaping approach will be used for designingtiadlers dedicated to load alleviation in
Chapter 6. Additionally, frequency analysis will bheed to explain the observed dynamic

responses of controlled wind turbine blades.

Input-Output
Magnitude Ratio — Uncontrolled
0 Ideal Control (A, — &)

: ; > Frequency (-)
1P 2P 1IN 2N

Figure 5.20 - lllustrative frequency response oid&ally controlled aeroelastic structure
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Figure 5.21 - lllustrative frequency response oharoelastic structure controlled with physical
limitations

55 Summary - Control System Design

Chapter 5 was dedicated to the control analysisiogetiogy of wind turbine blades equipped
with CSs. The aeroelastic stability of wind turbinlades was investigated in Section 5.2. It
was found that the aerodynamic damping remains fogtvariable-speed pitch-controlled
wind turbines. As a result, is was assumed thasthall changes in aerodynamic forces due

to the deployment of CSs are not likely to leathgiability.

In this research, the author considered the aeaydymand structural sensing systems, and
the blade-CSs system state estimation as critedha controller itself (see Section 5.3). It
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was shown that a small number of Pitot tubes (we) could be used to reasonably
approximate the local angle of attack and relatreéocity distribution around CSs. This
results is of particular interest since the numbksensors should be limited in order to
reduce the control system cost. For the first im#he literature the influence of the number
of strain sensors and their locations on the aastiel observability of wind turbine blades
was also investigated. The author argues thamssemsors should be located at high mode
shape displacements to avoid zero-displacement sn@hel limit measurement errors.
Additionally, it was shown that the number of nesay strain sensors depends on the type of
control system used. Basically, state-based cdetsolrequire more strain sensors than
classical controller due to the need for statarestion. Regarding the state estimation itself it
was found that, despite the significant unknowncésr driving wind turbine blades, the
Kalman filter is a potential candidate for stateraation.

Four control architectures were described for tedl alleviation of wind turbine blades
equipped with CSs. Amongst them, it was decideénploy a sliding mode controller in
order to improve the load alleviation performandediscontinuous CSs. In contrast to the
mainstream literature, the author also makes ar désinction between continuous and
discontinuous actuation mechanisms with the ohjecto compare their feasibility and
efficiency for load alleviation in the next chapté&inally, it was chosen to shift from the
usual time-based control paradigm to a frequensgtgaradigm. The author argues that the
load alleviation of wind turbine blades is more lipin the frequency domain and that a
frequency-based control approach will help in deisig dedicated control system. The
proposed control systems are now evaluated.
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6. Performance Study of Microtabs and
Tralling Edge Flaps iIn Load

Alleviation
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6.1 Introduction

In Chapter 6 the load alleviation analyses andlte$eading to the key contributions of this

research are presented. The rest of this chaptganised into five sections. The optimal

location of CSs along the blade span in order tximige load alleviation performance is

investigated in Section 6.2. The aerodynamic andtstral sensing systems required for the
control of CSs are presented in Section 5.3. Thedwirbine blade load alleviation results

employing microtabs and trailing edge flaps arespnéed Section 6.3. The outcomes of the

load alleviation investigations are summarisedent®n 6.4.

The NREL 5 MW wind turbine is used as the main caady. For ease of reading, the main
characteristics of the NREL 5MW wind turbine (Joraaret al., 2009) are reiterated in Table
6.1.

Table 6.1 - NREL 5 MW wind turbine general features

Hub height 87.6m

Diameter 126 m

Blade length 61.5m
General Blade mass 17 740kg
Characteristics Number of blades 3

Rated speed 12.1rpm

b_Iade stru_ct_ural damplng < 3%

(in % of critical damping)

1* Flapwise 0.7056 Hz
Blade Natural 2" Flapwise 2.0088 Hz
Frequencies (WTAC) 1° Edgewise 1.0943 Hz

2" Edgewise 4.0918 Hz

6.2 Control Surfaces Optimal Location

Since the positions of CSs determine their aeroaymaefficiency and their capability in
alleviating loads, this section investigates thefqyenance of CSs as a function of their
locations along the blade span. The load alleviatfficiency of CSs is related to many
factors such as the CS actuation time and conpates the local flow velocity, chord and
aerodynamic twist. However, the link between theaemeters and the CS load alleviation
performance is not precisely known. While it iseoftassumed that CSs should be located in
the blade aerodynamic region of efficiency (Anderse005, Castaignet et al., 2011), the
actual position at which CSs should be located lideo to maximise load alleviation

performance of a given wind turbine blade is yeknown. In addition to increase the
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performance, maximising load alleviation by apprai@ly positioning CSs can help in

reducing the overall control system cost.

Since CSs are to be employed on modern wind tushbimay variable-speed pitch-controlled
wind turbines are considered in the rest of thidiee. According to the BEMT formulation,

the thrust force and bending moment along the ldpde are calculated as follows:

1 .
I:thrust (r) = Elovrel2 (r )C(r )(CL cosp+ CD Sln(ﬂ) (61)

Mthrust(r) =r Fthrust(r) (6-2)

While not precisely defined, it is known that C&®@ld be located towards the blades outer
section (i.e. aerodynamic region of efficiency). Asconsequence, one can apply the

following reasonable simplifications:
. . - - . - - 2 2
(i) In the outer blade part the dominant velocityhis tangential velocity (i.e/,,,” >>V_,.,")

and therefore the local relative velocity can beuased equal to:

Vrelz(r) :Vtanz = (C() r)z (63)

rot

(i) In order to simplify manufacturing as shown in dig 6.1, the chord in the outer blade

part is often linearised as:

c(r)=-ar+b, (a,b)>0 (6.4)

©
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Figure 6.1 - Chord linear approximation (WindPACBNIW wind turbine)

(iii) The pitch-control system (i.e. pitch to featherimtains the outer part of the blades
under attached flow where the lift-to-drag ratimeens high and therefokg >> C;. Hence,

the inflow angle remains small (i.60s@ = 1andsing= 0).
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(iv) The aerodynamic coefficiel@, is a function of the angle of atta(zk(vm,r) which is a

function of the wind speed, rotor speed and bladkal coordinate. On the other hand, the
steady state lift coefficient generated by the GCS AC, ) is nearly constant under attached

flow (see Chapter 3).

Rewriting Equation (6.2) while considering the ab@ssumptions, one obtains:

Muea (1)= 51 2@ ' (r #b)C (a(V..r)) (6.5)

The moment solely generated by the deploymente28§ is written as:

AMthmst(r)=%rp(wro,r ) (-ar +b)Ac (a(V..r)) (6.6)

The only difficulty left consists of expressing thifé generated by the CS as a function of the
blade radial coordinate and the steady state dififfecient. The lift coefficient that can be
generated by the CS in the operating conditiongsrmfjuished from the CS steady state lift
coefficientAC, ssas follows:

AC, (a (v, r))z AC, (V.. 1) (6.7)

The lift ratio function (i.e. gamma function) isetinatio between the dynamic and steady state

lift coefficients generated by the CS:

AC, (a(V,.1))

A (6.8)

y(v,r)=

L,ss

Substituting (6.8) into (6.6), the moment generditgdhe CS can be expressed as:
AMthmst(r)=%r,0(Wmtr ) (-ar +b)AC, (V. T) (6.9)

Differentiating (6.9) with respect to radial coardte r and equating to zero one obtains:

0=(-4ar+ D)y (V,.r)+ (—ar2 + br)y' (V. .r) (6.10)

If the lift ratio function is known, the optimaldation of a CS along the wind turbine blades
is obtained by solving the roots of Equation (6.18) priori the lift ratio function is
dependent on the wind turbines to which the CSseqtepped. Two variable-speed pitch-

134



controlled wind turbines (i.e. NREL 5 MW and WindeA 1.5 MW) are used as case
studies.

The lift ratio function is calculated using WTACeatly-state BEMT code modified to
include the extra lift generated by CSs. Figur@sahd 6.3 illustrate the lift ratio function as a
function of the wind speed and the radial coordinlote that the lift ratio function does not
reach 1, and consequently, using the steady sftateefficient to predict the force generated
by the CS is certain to result in over-predictibarthermore, it can be seen that the lift ratio
function has two main distinguishable parts. At lexnd speed, the lift ratio function is
relatively low (< 0.5). Moreover, it first decreasrom root to mid-span before increasing
until the blade tip. On the other hand, one caniceotn sudden increase of the CS
aerodynamic efficiency above rated wind speed.diditeon, above rated wind speed the lift
ratio function starts at about 0.7 and increasesouP.85 towards 85% of the blade span
before decreasing towards the tip. Since the tatest(i.e. before and after rated wind speed)
of the lift ratio function are so different, itehosen to use a function for each state in order to
solve (6.10). Two second order functions are usedpproximate the lift ratio function for

low and high wind speeds as:
y(r)=dr’+er+f, (6.11)
yz(r) =d,r’ +er+f, (6.12)

m(0.8-1
0.4-0.6

0.8
() 0.6
0.4
0.2

Figure 6.2 - NREL 5MW wind turbine lift ratio furion
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Figure 6.3 - WindPACT 1.5MW wind turbine lift ratfanction

A particular solution of (6.10) is obtained whers@aming that the lift coefficient generated
by the CS is independent of the radial coordinage «(r) = 0). Solving for this particular

scenario, the solution of (6.10) is obtained as:

b

r 0.75;1 (6.13)

opt

In comparison to the general approach, the resuittioed in (6.13) is solely dependent on of
the chord geometry and does not require calculdtisgvind turbine corresponding lift ratio

function. The optimal location results obtainedngsthe general Equation (6.10) and the
simplified Equation (6.13) are now evaluated anthpared for the two wind turbine case

studies.

First Case Study
For the first wind turbine case study (i.e. NREM®V), the blade chord can be approximated

by:

c(r)=-0.059¢ + 57 (6.14)
Moreover the lift ratio functions for low and hig¥ind speeds are given by:

y,(r)= 000027242 - 0.0174% +0.7683 (6.15)

y,(r)= —0.0000945¢ + 0.01063 +0.4961 (6.16)

The results for the first wind turbine design usangonstani\C, ssvalue of 0.2 are shown in
Figure 6.4. It can be observed that the approxichatement generated by the CS is close to
WTAC numerical results. Both optimal locations poteld by the simplified and general
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analytical methods are shown to be similar. Morepw®th results predict that the CS
optimal location is greater than the wind turbitede radius (R = 63 m). That is, the optimal
location should therefore be the blade tip. Howgitecan be observed that the numerical
results predict a sudden decrease of CS performan@ads the blade tip due to a substantial

chord reduction (i.e. assumptiahat the NREL 5SMW wind turbine blade tip

100 -
=80 | —— WTAC s
] ——— AM PR N
Z thrust
\x_/ 60 T . ropt
£ 40 -
=
< 20 -
r=R
0 T T T T T T 1 T 1
0 10 20 30 40 50 60 70 80

Radial Coordinate r (m)
Figure 6.4 - NREL 5MW bending moment generated glolade span by CSs

In order to further evaluate the proposed anallyapgproach the original wind turbine chord
distribution of (6.14) is modified as follows:

c(r)=-008r +6 (6.17)

The results obtained between the simplified presticand WTAC for a constant value of
AC_ss are presented in Figure 6.5. As this figure shawe, simplified approximation of
optimal CS location using Equation (6.13) matcheBA@ results.

50 -
—~ 401 — WTAC
£ LR -
£ 30 -
2 20 -
=
< 10 -
O T T T T T T
0 10 20 30 40 50 60

Radial Coordinate r (m)
Figure 6.5 - Optimal CS location for the NREL 5 Mwédified chord

Second Case Study
The optimal location of CS for the second wind inebdesign (Malcolm and Hansen, 2002)

is now calculated. The chord of the second windihg design (i.e. WindPACT 1.5 MW) is
approximated by:
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c(r)=-0072 + 34 (6.18)
Moreover the lift ratio functions for low and hig¥ind speeds are:

y,(r)= 00012142 - 0.04346 + 084 (6.19)

¥,(r)=-0.0004864° + 0.0265 + 0.4662 (6.20)

The results for the second wind turbine designgiaiconstaniC, s value of 0.2 are shown
in Figure 6.6. Similarly to the first case studye tapproximation of the moment generated by
the CS is close to the WTAC calculations (Figu®.6Moreover, the two analytical methods
suggest positioning the CS at a radial locatioraigrethan the blade tip. As for the first case

study, a small reduction of the CS performance bkate tip is observed.

20 ~ L
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154 ---- AMthrust
® Iy
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Radial Coordinate r (m)

Figure 6.6 - WindPACT 1.5 MW bending moment gerextationg blade span by CSs

In order to further evaluate the proposed analyap@roach the original wind turbine chord
distribution of Equation (6.18) is modified as tlls:

c(r)=-0092r + 34 (6.21)

The results obtained between the simplified metlhod the numerical approach for a
constant value ofAC_ss are presented in Figure 6.7. It can be seen thatsimple
approximation of optimal location using Equationl® matches the numerical results.
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Figure 6.7 - Optimal CS location for the WindPAC5 MW modified chord

Section Summary

In this section, the author developed an analytaggbroach for calculating the optimal
location of CSs along the blade span in order teimige load alleviation. To the best of the
author’'s knowledge, no such formula has been pepaefore. By deriving the formula, it
was demonstrated that in order to maximise thédiciehcy, CSs should be located near the
blade tip. A simplified analytical solution for @emining the optimal location of CSs
described by Equation (6.13) was also derived. i&ingly, it was shown that the current
trends in wind turbine blade design leads to (6si8¢ dependency on the blade chord. This
equation provides a quick way to calculate theroatilocation of CSs and can be used as a
preliminary estimate for including CSs in the eawind turbine design phase.

6.3 Load Alleviation Employing Control Surfaces

The load alleviation of wind turbine blades empiayimicrotabs and TEFs is evaluated in
this section. In contrast to the mainstream liteat the author not only evaluates the
controllers performances but also provide in-degiails about the dynamics of actively
controlled wind turbine blades. For that purposeyas decided to shift from the usual time-
based control paradigm to a frequency-based paradig addition, particular attention is

paid to the different behaviours exhibited by contius and discontinuous control systems.

This section is divided into 4 subsections. Thealla#eviation study starts in Section 6.3.1
with wind turbine blades equipped with single CBse load alleviation results are extended
to multiple CSs in Section 6.3.2. The frequencylysis of the closed-loop control design of
wind turbine blades equipped with CSs is carrietliobection 6.3.3. Section 6.3.4 presents
the quantitative load alleviation results obtaif@dthe NREL 5 MW wind turbine equipped
with microtabs and TEFs.
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For sake of simplicity, the load alleviation on @iturbine blades equipped with CSs is first
studied without considering the CSs’ deployment symeled constraints. These constraints are

taken into account for the quantitative evaluatio®ection 6.3.4.

6.3.1 Load Alleviation Employing a Single Control Surface

This section explores the load alleviation of windbine blades equipped with single CSs.
The high-pass filter design used for rejecting lobequency loads is also evaluated. In
contrast with the current literature, the filtersed herein are low-order real time filters in
order to limit the phase-lag added to the closegrleystem. Filters are also directly
integrated into the state space so that their dicgaare taken into account when designing

controllers.

The aero-structural state space system augmentbdansimple first order high-pass filter

can be defined as:

. . . T
X,=1Q, Q Q, Q z z o v, (6.22)
0 0 1 0! 0 0 0] 0]
O 0 0 110 0 0] O
b 0 s, 01ty t, ty| O
0O rrb 0 s it, t, t.| O
| __*_ 1At e 18] ___
AZI9TTT0 0o "0 1 oo (6-23)
0 0 0 0 : A G, Ay 0
|
O 0 0 0! 0 7.| 0
0 0O ¢ ¢ i 0 0 0 | Vi

where the new state variabje stands for the filtered output. The filter dynarsicet byys,

and the derivative of the state space outputy(j.e= c,Q, +c,Q,) iS used as input to the

high-pass filter. The Bode magnitude and phases gbthe filter are shown in Figure 6.8 and
the filtered blade flapwise displacement is showifrigure 6.9. It can be observed that a low
order high-pass filter is suitable for the rejectaf low frequency loads while conserving the

1P loads without adding any significant amount of gdwag.
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Figure 6.8 - (a) Magnitude and (b) phase ploteffirst order high-pass filter
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Figure 6.9 - Time domain results of the first ortgh-pass filter

The rest of this section is divided into the coatins and discontinuous control
investigations.
Continuous Controllers

The results presented above have demonstratedatifiast order high-pass filter can be
employed to remove the flapwise displacement lagudiency content while conserving the

1P loads. The filtered signal is now used for coriinglthe CS deployment. A proportional P
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controller, with a gairk, multiplying the filtered system output, , is employed to control

the CS deployment as described by:..

u= prf (624)

and in the state matrix form as :

0 o0 0/ 0 0 0] O
O 0 0 110 0 0|0
b 0 s, 01ty t, ty|O
0O rr 0O s it, t, t,| O
A= _6_"6""6_"6'T"6""1""6'_k; (6.25)
0 0 0 0jag &; &,| O
0O 0 0 0! 0 r.| 0
0 0 ¢ ¢ i 0 0 Oy

The comparison between the original and controllagwise root bending experienced by
the NREL 5 MW wind turbine blade is presented igufe 6.10. As this figure shows, a
simple closed-loop control design consisting of adatroller combined with a first order
high-pass filter can successfully be used for ted|alleviation of wind turbine blades
employing a CS. This is most likely one of the siesp closed-loop controls that can be used
for load alleviation purposes.
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| —— Orriginal
—— Controlled

Flapwise Root Bending
Moment (MN.m)

o N E o] (00]
1

70 90 110 130 150 170

Time (s)
Figure 6.10 - Flapwise root bending moment (NRELV8Mind turbine, P controller, 10 m/s
turbulent wind field)

n
o

The general form of the classical controller, ngntake PID controller, is now investigated.
The integral term, however, is not useful for réjeg highly turbulent, zero mean wind
turbine blade flapwise loads. That is, the systgmachic never reaches steady state and, the
slow response and zero steady state error broygttiebintegral term are not useful in our
case. Instead, a proportional derivative PD coldrae$ used. In addition to the proportional
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gain Kp, the derivative gairkKy multiplies the filtered output derivatiwe . Since the first

modal coordinate includes the majority of loaddéorejected as illustrated in Figure 6.11,
for sake of clarity and without loss of accuracg first modal coordinate is used instead of

system output as described by:

u:prf +Kd'yf:KpQQf+Kd9Qf: %Q"' %Q (6.26)
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Figure 6.11 - Decomposition of the blade flapwisglhcement into modes

In order to include the PD controller into the syst the first order high-pass filter is

replaced by a second order high-pass filter fordevative of the filtered modal coordinate

Q, to appear in the state vector as follows:

=[Q Q @ Q Q zza @ Qf (6.27)

Moreover, the first modal coordinate dynamic of stete matrix must also be augmented as:

0 0 1 ol ol o 0 0 0 0

0 0 0 11 01 0 0 0 0 0

r, 0 s, 0 1 0 I t t, t, 0 0

o 0 o0 o}l 1l o o o] o0 o

| 0 I, 0 r+rs,|\-T+s | Tt rt, Tty 0 0
ACe T T o1 o o 1 o o 0 (6.28)

0 0 0 0} 0a& & & | O 0

0 0 0 0 i 0 ! 0 1z 0 0

0 0 0 01 01 O 0 0 0 1

0 0 0 o, 1, o 0 0| u ¥,

where, a fast dynamic is added for the second aivivQ: to appear in the state vector and

to be used by the high-pass filter. Adding the &hstamic, the system is augmented such that
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the original system poles remain unchanged (i.b. arfiast dynamic pole is added). The fast

dynamic pole (i.e. parameter) is chosen to ensure the added dynamic is at feadimes

faster than the original system dynamic. In doiogthe fast dynamic follows the original

system dynamic as illustrated in Figure 6.12. Titteréd output of the second order high-

pass filter is shown in Figure 6.13.
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Figure 6.12 - Augmented and original first modabrcbnate
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Figure 6.13 - Filtered and original first modal cdioate

The PD controller is incorporated into the statecgpmodel by substituting the control signal

of (6.26) into the state matrix as:

0 0 1 ol ol o 0 0 0 0
0 0 0 11 01 0 0 0 0 0
r 0 S, 0 1 0 |t t, t, 0 0
0 0 0 o1 0 0 o) 0 0
0 I, 0 r+rs,|-T+s| 1t Tt,, Tt,, 0 0
0 o o ol oo T 1 0| K, K (6.29)
0 0 0 01! 0! a & &, 0 0
0 0 0 01 0| 0 1 0 0
0 0 0 01 01 0 0 0 0 1
0 0 0 o 1, 0 0 0| u v |
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Results of the PD controlled system on the NREL W/ Mind turbine subjected to cyclic
loadings due to windshear are presented in FigLiré. @he PD controller is activated from
the start (i.e. t = 0) and consequently first aléss the fast transient and mean loadings
before the system reaches its normal operatingittondat about 30 s. As expected from the
P controller results, a PD controller combined vathigh-pass filter is also suitable for the

alleviation of wind turbine blades equipped witE&.
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Figure 6.14 - Load alleviation employing a highé&hier and a PD controller

(NREL 5 MW wind turbine, windshear condition)

Discontinuous Controllers
All previous results considered the use of contiusucontrollers (i.e. P and PD) which could

be integrated into the state space model. In #8sarch, a particular attention is given to the
effects of discontinuous controllers on the dynamicactively controlled wind turbine
blades. These have yet to be investigated in ttezature. The use of discontinuous

controllers that can only deploy in either maxin@ minimal positions is therefore

investigated.

The Bang-Bang (BB) controller is designed to dgplee CS as a function of the reference

signal sign. Figure 6.15 presents the load allenatesults of a wind turbine blade equipped
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with a single CS deploying accordingly to the BBitol command. Moreover, Figure 6.16
compares the CS deployment controlled by the PEBidontrollers. As expected, the CS
actuation of the discontinuous actuator matcheszéhne crossing of the P controller. That is,
the BB controller can be viewed as a very high daicontroller constrained in between the
maximal CS deployment boundaries. While such abagbtiations may cause significant
wear on the actuators, the load alleviation requiesented in Figure 6.15 do not show any

clear disadvantage when using a single CS.
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Figure 6.16 - Comparison between the proportiondltae BB controller TEF actuation
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Section Summary

Throughout this section, the author showed thatttivéal combination of a proportional
controller and a high-pass filter can be used t&pshthe plant frequency response for load
reduction purposes. This is likely one of the siesplyet most effective control system that
can be used for the SISO case (i.e. single CS).r€sult is not entirely in agreement with
recent literature which often suggests the usegit-brder band-pass or non-real time zero-
phase band-pass filters as well as advance casolClearly, the results obtained do not
encourage the use of high-order filters that wodésbtabilise the controlled blades and
therefore increase natural frequency loads. Théoaudrgues that it is not necessary to
precisely extract the loads at frequencies of @serFirst, the 1P, 2P and 3P frequencies are
relatively close to each other (e.g. within a 1Hmdwidth for large wind turbine) which
makes the extraction of each of these individualdfo difficult. Second, the approaches
commonly used in literature are based on the idealimption that each frequency can be
extracted and controlled independently. Howevempriactice this is often incorrect and the
control systems will have a general influence om slgstem rather than on each individual
load. The author therefore recommends using loverofdters which encompass all the
frequencies (e.g. 1P, 2P and 3P) to be rejectezthieg Since the 1P loads are much greater
than the other frequencies, the control system mallurally focus more control effort on
rejecting 1P loads. At the same time, by employavg-order filters, the system stability will
not be degraded.

In this section it was also demonstrated that bmhtinuous and discontinuous control
systems could be effectively used for load allesratemploying a CS. At this stage, the

author does not see any drawbacks in using cheggmmmtinuous actuation mechanisms.

6.3.2 Load Alleviation Employing Multiple Control Surfaces

The load alleviation of wind turbine blade loadspboying multiple CSs is investigated in
this section. According to Section 6.2, the wintbine blades are assumed equipped with a
string of control surfaces coverirfg.s (20% or=12m) of the total span of the NREL-5 MW

wind turbine blades, extending from the outer riathiaation (56.5m or about 90% of the

blade span) to the inner blade part as shown iar€i§.17. The string of CSs is divided into
n segments, each segment with a lengthSf. Without loss of accuracy, CS segments are

chosen of the same length as the blade segmeingdiér BEMT analysis.
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Figure 6.17 - Control surfaces and sensors locaiidong the blade span

Control Effort Distribution

The control effort distribution amongst CSs is exptl in this section. In the research carried
out by Barlas and van Kuik (Barlas and van KuikQ2)) different strategies are proposed in
order to control multiple CSs. One strategy, reférto as thelecentralised individual flap
control, assumes that all CSs deploy simultaneously basethe root bending moment
measurements. This strategy is similar to the |&§eassumption presented above in which
all CSs deploy simultaneously. A second contrchtsty, referred to as theecentralised
multiple flap control controls each CS individually based on local regeneasurements.

CSs located at different blade span locations Ishightly different aerodynamic responses
and therefore may require independent tuning tdoper effectively. In both proposed
control strategies the CSs’ deflections is basetherblade bending moment measured either
at the root or along the blade span. However, & p@viously shown that the NREL 5 MW
wind turbine blade dynamic is dominated by thet fatsuctural mode (see Section 5.3). The
measurements of various bending moments alongldue Ispan are, therefore, in-phase as
illustrated in Figure 6.18. Consequently, the auttuigues that using multiple sensors that
carry the same information should not significantlyfluence the load alleviation
performance. Since different measurements are aselbut have different amplitudes, the
controller gains must simply be adjusted so thatdbntrol inputs have the same magnitudes.
As a result, it was decided to consider classicatrollers and the large CS assumption for

investigating the dynamic analyses of wind turbitedes equipped with multiple CSs in the
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rest of Section 6.3.2. The load alleviation resuwtsploying multi-input multi-output

(MIMO) controllers are explored in the next section
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Figure 6.18 - Flapwise blade measurements alonjRteL 5 MW wind turbine blade span

Control Effort Distribution using Continuous Controllers

The control effort distribution and load alleviatiocapability of the continuous control system
in terms of the number of equipped CSs is examindlis section. As discussed before, all
CSs are assumed to deploy simultaneously (i.eel&§ assumption) as controlled by a
simple P controller combined with a high-pass filten Figure 6.19 the load alleviation

results obtain with WTAC as the number of CSs iases are presented. The overall load
alleviation capability is shown to increase as nibenber of TEFs increases while the actual
capability of each newly added CS decreases. Simgtaults were observed when employing

one CS and increasing the proportional d§imms shown in Figure 6.20.

149



N

——No Control
—1CS
. 2 CSs
\ —3CSs

\ —4CSs
5CSs
6 CSs

o

Flapwise Root Bending
Moment (MN.m)
(63} a1 o 3 ~ (63}

140 145 150 155
Time (s)

Figure 6.19 - Load alleviation performance as a&fion of the number of CSs employed
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Figure 6.20 - Load alleviation performance of ggrnCS as a function of the proportional gain
The results presented in the above figures carxplaieed as follows. Each CS produces an
independent controllable aerodynamic force; in ¢hggures it is shown that adding these
limited forces or utilising one unlimited force piaced by a unique CS have similar
consequences on the blade-CSs system dynamicisThia¢ reduction of the load alleviation
performance as the number of CS increases is dtleetdlade-CSs system poles moving
towards instability. AK, or the number of CS increases, the blade-CSsmystdées move
towards instability and the natural frequenciesobees more and more excited and out-of-

phase as observed in Figure 6.20.a. The authaeftre, concludes that the load alleviation
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capabilities of a wind turbine blade equipped withltiple CSs does not increase linearly

with the available control effort (i.e. number dB€) as highlighted by Figure 6.20.b.

Since the high gain of the P controller is the eanfsthe excitation of higher frequencies, the
PD controller load alleviation results are inveateyl as shown in Figure 6.21. It can be seen
that the PD controller load alleviation outperforthe P controller. In particular, the PD

controller reduces the excitation of higher freqeies due to the virtually added damping.
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Figure 6.21 - Single CS load alleviation of the NREMW wind turbine using P and PD controllers
(13m/s turbulent wind field)

The same behaviour as the one observed for a BRI Figure 6.21 is also observed for a
wind turbine blade equipped with multiple CSs amdtmlled using the PD controller as
shown in Figure 6.22. These results suggest thatirkeraction between CSs may be
negligible and that the “large CS assumption” cob&l used for designing suitable load

alleviation controllers.
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Figure 6.22 - Multiple CSs load alleviation of tNREL 5MW wind turbine blade using P and PD
controllers (18m/s turbulent wind field)
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Control Effort Distribution using Discontinuous Controllers

As for the previous section, the discontinuous ler (i.e. bang-bang) control effort
distribution for load alleviation employing multglCSs is explored herein. Figure 6.23
shows the load alleviation results as the numbe€®$ increases. As the number of CSs
increases, the flapwise root bending moment shayvsficant discrepancies compared to the
results obtained with the continuous P controller.particular, one can observe a rapid
excitation of the blade natural frequencies asaberall control capability increases. This
result was expected as the BB controller was ptshoshown to behave similarly to a

constrained high gain P controller.
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Figure 6.23 - Turbulent load alleviation resultspboying several CSs deploying according to a
discontinuous BB controller
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Section Summary

In this section, the author showed that the lodel@tion capability of wind turbine blades
equipped with CSs does not increase linearly as rthember of CSs increases. This
observation is critical in the sense that the ainsiystem should be efficient yet cheap.
Determining the optimal number of CSs that showddiristalled on wind turbine blades is
therefore crucial. These preliminary results sugtest the maximum 1P load alleviation of
the NREL 5 MW wind turbine can be achieved witho34tCSs for a total covered span of
about 12%. While it is not possible to directlyadate the optimal number of CSs based on
our results, it is argued that a similar load ad&en trend will occur on other wind turbine
blades. That is, the author demonstrated thatohe &lleviation performance of wind turbine

blades equipped with multiple CSs is limited du¢h®increased closed-loop instability.

The author also observed that the load alleviatigmamic of several CSs was equivalent to
the load alleviation dynamic of a single CS. Thessailts suggest that the interaction between
CSs may be negligible and that the “large CS assionipcould be used for designing
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suitable load alleviation controllers. The frequermnalyses of the load alleviation control
problem is now carried out in order to investigdae dynamic of the actively controlled wind
turbine blades. Additionally, the frequency anasyséll be used to verify the preliminary
results obtained so far based on the time approach.

6.3.3 Frequency Based Control Evaluation

In this section the influences of the control arettiures presented in Figure 5.17 on the
dynamic of the blade-CSs system are investigatbd.fiequency analyses carried out in this
section are divided into tr@mplified frequency control analysitheindividual CSfrequency

control analysisand thanultiple CSfrequency control analysis

Simplified Frequency Control Analysis

The simplified frequency control analysis is a nogththat is proposed in order to gain
insights into the dynamic of the blade-CSs systeasetl on a simplified model. Results
obtained for the simplified frequency control arsédyare later compared with thaultiple CS
frequency control analysief the aero-structural wind turbine blade modéie Tollowing
assumptions are made during the simplified frequamalysis:

Assumption (i)
According to Section 6.3.2, blades equipped withltiple CSs are assumed to be

dynamically equivalent to blades equipped with EMgQSs. This assumption permits writing
the aero-structural system in a single-input shaglgout (SISO) form for which the

frequency analysis is simplified.

Assumption (i)
In WTAC, the aerodynamic damping is simulated bgdfeack of the blades velocity to the

aerodynamic module. In order to include the aeradyin damping in the model used for the
frequency analysis, it is assumed that a virtuahpiag term is added to the structural model
of Equation (4.45). A comparison between WTAC amel $tand-alone aero-structural model

flapwise calculation is shown in Figure 6.24.
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Figure 6.24 - Flapwise root bending moment preditte WTAC and the standalone aero-structural
wind turbine blade model

Resulting from assumption (ii), Figure 6.25 shoWws frequency response of the structural
and the aero-structural (i.e. with aerodynamic dagjpblade models. The magnitude plot
static gain is about -60dB because the input censdlis the transversal load and the output
is the transversal displacement. The aero-structoomlel dynamic, due to the substantial
amount of aerodynamic damping, is approximated bgwapass filter dynamic. In other

words, the aero-structural natural frequenciesratesubject to self-increasing excitations

due to the substantial amount of energy beingmhssd by the aerodynamic damping.
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Figure 6.25 - Frequency response of the structurdlaero-structural wind turbine blade models
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Based on these assumptions, the simplified frequanalysis is now carried out. Figure 6.26
illustrates the open-loop aero-structural systeafation (4.45). The plant Pwhich stands
for the wind turbine blades equipped with CSsxisited by unknown external forces.

Stochastic Forces —— ¥+ Output (Yae) (e.g. Blade Bending

Plant (P.) > Moment or Displacement)

Cyclic Forces —»{ +

Figure 6.26 - Representation of the open-loop wimdine blade (plant) subject to unknown forces

Consider the control architecture of Figure 6.2ic& the external forces are assumed
unknown, the controller cannot be positioned diyebetween the plant and the unknown
forces (feed-forward). In other words, the unkndarces driving the wind turbine dynamics
can only be alleviated by closing the loop. In dpso, the blade displacement generated by
the unknown external forces is fed back to the ratlet that deploys CSs in order to counter-
act the unknown disturbances. Since the mean loddiaw frequency loads are not to be
alleviated, the output is generally filtered.

Unknown
Forces Dae

Reference Controller Plant (P,) . Output (Yae) (e.g. Blade Bending
Ye (C) L " Moment or Displacement)

Filter (F) [«

Figure 6.27 - SISO closed-loop structure for winkbine blades equipped with a control surface

If the filtered signal contains all frequencied®rejected, the reference is set to zero and the
control structure can be presented as in Figur@. 6.2

Unknown Plant (P) . Output (Yae) (e.g. Blade Bending
Forces (Dae) - " Moment or Displacement)

Controller

(©)

Figure 6.28 - SISO closed-loop structure for winkbine blades equipped with a control surface
(v:=0)

< Filter (F)
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Utilising a single order low-pass filter as plane(assumptioni), the closed-loop transfer

function illustrated in Figure 6.28 is given by:

_ I:)L
1+P.CF

(6.30)

Employing a P controller in the feedback loop, tesed-loop system equation can be

calculated as:

__R
1+PK,

(6.31)

The magnitude plots of the open and closed-loofesys are presented in Figure 6.29. It can
be seen that the P controller alleviates all fregiess from the mean value up to the first

natural frequency.

'40 f T I |

-70 a
-80 a
—— No Control
——(P) Controller
-100 -
0.001 0.01 0.1 1 10
Frequency (Hz)
Figure 6.29 - Magnitude plots of an open-loop alodexd-loop (P controller) low-pass filter

Magnitude (dB)

Integrating the high-pass filter into the feedbbp one obtains:

Hcl = PL = PL
1+RCF

1+ PLKp—Sfy (6.32)

The Bode plot corresponding to (6.32) is showifrigure 6.30. As expected, the high-pass
filter stops the controller from rejecting low figency loads. Moreover, it can be seen that

the added phase remains low.
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Figure 6.30 - Bode plot of an open and closed-iFbpontroller and high-pass filter) low-pass filter

Individual Control Surface Frequency Control Analysis

With reference to the simplified frequency analysissented above, one can conclude that a
simple combination of a P controller and a highspiser can be used to modify the plant
frequency response in order to achieve load alieviaThe same procedure is now applied
to the wind turbine blade aero-structural modeligoed with a single CS (i.e. SISO case).

Figure 6.31 shows the magnitude plot of the bla&es¢stem equipped with a P controller as
the gainK, increases. As this figure shows, a similar behavto the simplified frequency

analysis is observed. That is, as the proportiggah increases the alleviation of the
rotational frequencies load increases. In additeemamplification of the natural frequency
loads is observed because, in comparison to thesorder low-pass filter, the blade-CS
system becomes unstable as the proportional gaireases. Without any filter, the P

controller also rejects low frequency loads.
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Figure 6.31 - Wind turbine blade closed-loop dyraresponse to control surface (P controller)

As expected from the simplified frequency analybig,combining the high-pass filter with
the P controller in the feedback loop the loadvédiigon frequency bandwidth is reduced as

shown in Figure 6.32.
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Figure 6.32 - Wind turbine blade closed-loop dyr@amisponse to control surface
(P controller with a high-pass filter - pole at@a&/s)

In order to increase the closed-loop system stgbthie derivative controller can be added to
the closed-loop control frequency response as showsigure 6.33. According to the load
alleviation results presented in Section 6.3.2cah be observed that the derivative gain
increases the virtual damping and therefore redukbesexcitation of the blade natural

frequencies.
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Figure 6.33 - Wind turbine blade closed-loop dyrareisponse to control surface
(PD controller with a high-pass filter - pole aBi@ad/s)
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The above results show that the loop-shaping cbmtrethod used for the simplified

frequency analysis can also be successfully appiedd wind turbine blade equipped with a
single CS. These results suggest that a feedbatkot@onsisting of a PD controller and a
high-pass filter may be one of the simplest yet tnedfective control strategies for the SISO

load alleviation of wind turbine blades.

Multiple Control Surfaces Frequency Control Analysis

So far, the control analyses were limited to SISSes. However, wind turbine blades may
be equipped with many CSs. In which case, the autqresents the control structure as in
Figure 6.34. Here the chief advantage of MIMO coligrs is evident. The classical
controllers form a repeated SISO control structunere each controller (C1, ... , Cn) must be
tuned individually. On the other hand, the MIMO trotfler calculates the deployment of all

CSs in a straightforward manner while taking therall system dynamic into account.

Unknown _| Plant (P,) _
Forces (Do) "with n CSs > (Yad Output
Controller |
Control (C)
Strategy Switch ¢
Controller
I C

() <« Filter (F) e

Controller Multiple SISO
() Controllers
MIMO |, Xae State

Controller [~ Estimator

Figure 6.34 - Control structures for a wind turbbiade equipped with multiple control surfaces

In this multiple CS case, the loop-shaping contiohg the classical SISO controller remains
identical to the one presented in the previousi@est In comparison, the LQR criterion is

designed to weigh the first filtered modal coordéng,, of the augmented wind turbine

blade model of Equation (6.28). For preliminary gamson, the LQR control strategy is
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evaluated for a wind turbine blade equipped witingle CS (i.e. SISO case). The magnitude
plot and flapwise root bending moment of the bl&fsystem are shown in Figure 6.35. The
criterion weight is increased tenfold between LQRNtl LQR 2, and LQR 2 and LQR 3. As
it can be observed, the magnitude plot of the LQBws obvious similarities with the PD

controller Bode plot of Figure 6.33.
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Figure 6.35 - SISO wind turbine blade flapwise reending moment and magnitude plots (LQR)

The LQR control strategy is now applied to windoine blades equipped with multiple CSs.
The load alleviation achieved using the MIMO cohstoategies are presented in Figure 6.36.
The criterion weight is increased tenfold betwe®RL- A and LQR - B, and LQR - B and

LQR - C. As illustrated in this figure, the flapwisoot bending moment alleviation using the

MIMO controller is similar to the one achieved fbe SISO case.
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Figure 6.36 - MIMO wind turbine blade flapwise rdmnding moment as controlled by the

(a) PD and (b) LQR controllers

Employing PD controllers with a reference signaddzhon a flapwise sensor located towards
the blade root, all CSs deploy in-phase. The madeibf each CS deployment may however
vary due to small changes in models and contrélieing. By contrast, a MIMO controller

such as the LQR is able to control each CS indegrghd Nevertheless, the deployments of
TEFs controlled using the LQR are also in-phasé wach other as shown in Figure 6.37.
This is in accordance with Section 6.3.2 which sbdwhat flapwise measurements made

along the blade span are in-phase.

Trailing Edge Flap
Deployment Angle 5¢(°)

Time (s)
Figure 6.37 - Unconstrained trailing edge flap dgpient anglé: according to the LQR control

Section Summary

The prime conclusion of our frequency analysesofed: The dominant vibrating mode and
the limited control capabilities and interactioretveen CSs are such that the original MIMO
control problem can “effectively” be decoupled ifB@SO control problems. Note that the
MIMO control problem has not been mathematicallgalgled but the particularities of this
vibration problem permits to assume an “effectidetoupling. In other words, it was found
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that the interaction between CSs is negligible tuhe dominant vibrating dynamic of large

blades.

This “effective” decoupling is one of the key resubf this research. By demonstrating that
the complex MIMO load alleviation control problerarncbe decoupled, the author infers that
advanced time-based control system are not negessaachieved good performance. In
contrast to the current state of literature, thespnt research points towards a better
understanding of the dynamic of controlled bladesl simple yet efficient control structures.
In particular, the author recommends the use cfsatal control structures combined with
low order filters. Load alleviation results will @s good as, if not better than, for advanced
controllers while the stability of the blade wilbhbe degraded.

Quantitative analyses of the control structure reo® carried out to validate the frequency

results.

6.3.4 Quantitative Load Alleviation Performance

A quantitative assessment of the load alleviatidmeved employing microtabs and TEFs is
carried out in this section. In order to evaludtie tontrol systems performance over the
several frequency bandwidths of interest (i.e.trot@l and natural frequencies), the load
alleviation performance is calculated in the frergyedomain. Since loads are usually spread
over a frequency bandwidth, the load alleviationakulated by averaging the load reduction

in separate intervals centred at the rotationalreatdral frequencies as described by:

nP+u

> (froo(@) - f. ()

LA=100Q "= (6.33)

nP+u

Z 1:noc (Cl))

nP-u

where, fnoc(a) and fc(a) respectively denote the flapwise root bending munfiequency

spectrum for the uncontrolled and controlled case [a]P—,u,nP+,u] is the interval over

which the results are averaged for the first, sdcamd third rotational frequencies £1,2

and 3) as well as the first natural frequency.

During the load alleviation simulation, the NREIVBV wind turbine blade is equipped with

CSs and sensors as in Figure 6.17. The CSs prifeatyres are summarised in Table 6.2.
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The simulations are carried out over 10 minute$ witime step of 0.01s. Representing the

bending moment at the root of the blades by two pmments, the mean valud and the

variable partl\7l (M =M +M ), the frequency domain figures in this sectionvstbe
frequency spectrum of the variable part of the dled bending moment only. This choice

is justified as the CSs control system does netraut with low frequency loads.

Table 6.2 - Control surfaces features

Trailing Edge Flap Microtabs
Covered Span (in percent of radiys) 20% 20%
Size (in percent of local chord) 10% € [1, 2]%
Maximum Deployment +10° +1 (normalised)
Maximum Deployment Speed +100°/s +10/s (normalised)
MaximumAC, =~ 0.38 £ 0.02 = 0.17 £ 0.02

Microtabs

Microtab load alleviation results are the firsthe investigated. Figure 6.38 presents the
flapwise root bending moment of the NREL 5 MW witutbine blade equipped with
microtabs. The corresponding frequency spectrunshiswn in Figure 6.39. Since load
alleviation results are difficult to evaluate vilyathese figures are presented as a typical
load alleviation example. Results obtained for pdwenarios are directly presented in tables
in terms of quantitative load alleviation perforrman The quantitative load alleviation
performance of the BB, PD, LQR, and SMC controllars calculated using (6.33) with a

10% interval around the rotational and natural dieatgies.
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Figure 6.38 - Load alleviation of the NREL 5 MW witurbine blade equipped with microtabs
(10m/s turbulent wind field, BB control)
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Figure 6.39 - Frequency spectrum of the NREL 5 MWWdaturbine blade load alleviation
(10m/s turbulent wind field, BB control)

The load alleviation achieved using several PDrtgsiare shown in Table 6.3. According to
Equation (6.33), a positive percentage denotesa teduction while a negative percentage
refers to an increased load excitation. As canliz=wed, the maximumPload alleviation
occurs when the derivative gaiq is equal to zero. At the same time, accordinght® t
frequency analysis of Section 6.3.3, the excitatdrthe blade first natural frequency is
amplified as the proportional gaiq, increases. Furthermore, &s increases theFl load
alleviation reduces and the load alleviation ofhleigfrequency loads such aB and N
increases. The wind turbine blade load alleviatieaults presented in Table 6.3 are in

complete agreement with the frequency analyseedi@ 6.3.3.

Table 6.3 - Load alleviation of the NREL 5 MW witgdbine employing microtab
(10m/s turbulent wind, PD controller)

PD Controller - Microtabs L oad Alleviation
K,=250 K,=250 K,=250 K,=500
Kd:].OO Kd =200 Kd =0 Kd =0
1P 34.53 % 28.43 % 37.52 % 37.399
2P 38.39 % 39.51 % 30.14 % 28.84 9
3P 32.83 % 37.60 % 6.79 % 3.22 %
IN 23.99 % 29.74 % -8.44 % -14.60 %

The load alleviation results for different LQR wkig are shown in Table 6.4. If the LQR
weights are non-sufficiently high, the control €stdoes not exploit the whole control effort
and the load alleviation performance is poor as $eetheLQR - 4 According to the LQR

frequency analysis (Section 6.3.3), if unsuitabkeighits are used the LQR controller may
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focus the majority of control effort orPland neglect higher frequency loads as observed for
the LQR - 3 Finally, if the weights are properly chosen, @R closed-loop feedback
shapes the dynamic response of the blade-CSs systeffectively alleviate loads as shown
for LOR - 1landLQR - 2

Table 6.4 - Load alleviation of the NREL 5 MW witgdbine employing microtab
(10m/s turbulent wind, LQR)

LQR Controller - MicrotabsLoad Alleviation
LQR -1 LQR -2 LQR -3 LQR -4
1P 37.64% 36.03 % 37.48 % 8.35 %
2P 34.80 % 33.57 % 32.29 % 6.90 %
3P 23.09 % 23.75% 12.36 % 3.22%
IN 13.43 % 14.63 % -0.92 % 1.12%

The load alleviation performance of the SMC foregaV sliding surfaces is shown in Table
6.5. Recall that the sliding surface parametgts, (andg,,,) are related to the damping and
stiffness of the desired output dynamic as in Hguat5.18). As a consequence, modifying
these two parameters is similar to changing thecBitroller tuning gains. If the stiffness
surface parameteBy,, is small, the P load alleviation is low as seen for theIC - 4. As the
stiffness surface parameter increases, the SMCséscmore control effort in rejectind®1
loads and drives the system towards instabilitgesen for thesmMC - 3 andsSmMC - 2. A trade-
off between these two parameters gives the bedtdbaviation performance as observed for

thesmc - 1.

Table 6.5 - Load alleviation of the NREL 5 MW wituthine employing microtab
(10m/s turbulent wind, SMC)

SMC Controller - Microtabs Load Alleviation
SMC -1 SMC - 2 SMC - 3 SMC - 4
(y=2,p=15)  (y=1,p=20) (y=10,p=20)  (y=10,B=2)
1P 35.97 % 32.74% 27.69% 18.32%
2P 26.98 % 22.93% 31.49% 36.99%
3P 18.84 % 6.23% 27.94% 40.43%
IN 16.57 % 3.72% 22.16% 33.24%

The best found load alleviation performances of NMREL 5 MW wind turbine equipped
with microtabs are presented in Table 6.6. It camlbserved that the controllers, irrespective
of the actuation mechanism (discontinuous and oantis) and controller type (BB, LQR,
SMC and PD), have similar performances in easidpads. The P counter-acting loads to
be generated by the string of microtabs are grethi@n the microtabs reachable space
(maximum achievable moment by the string of midiejaand consequently all microtabs

deploy to their maximum heights and saturate asvehia Figure 6.40 for the BB and PD
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controllers. In other words, the microtabs deplogtrteeight time history is dominated by the
effect of low frequency loads P12P) as observed in Figure 6.40.b. This figure shoRsid

1P-2P loads after filtering all other frequencies.

Table 6.6 - Load alleviation of the NREL 5 MW witgbine utilising microtabs
(10m/s turbulent wind)

Microtabs Load Alleviation - Summary
BB PD LQR SMC
1P 34.93% 34.53 % 37.64 % 35.97 %
2P 23.98 % 38.39 % 34.80 % 26.98 %
3P -7.16 % 32.83% 23.09 % 18.84 %
IN -28.81 % 23.99 % 13.43 % 16.57 %
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Figure 6.40 - (a) Microtab normalised deploymerigheand (b) root bending moment alleviation
employing BB and PID controllers for a 15 secornghetwindow

According to the results presented in Table 6.6,BB controller significantly increases the
amplitudes of the Band N frequency loads. As mentioned in Section 6.3.&¢ahtinuous

microtabs can deploy abruptly which results in dike@ aerodynamic forces. If these forces
are not properly controlled, they will excite thend turbine blade natural frequencies as
shown for the BB controller. Despite the discontinsl actuation mechanism for which the
BB controller was shown to over-excite the bladéure frequencies, the SMC controller

shows load alleviation capability similar to thentiauous controllers.
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In view of Table 6.6 one can also notice differendmtween the SMC, PD and LOR
controllers in alleviating R+ frequency loads. The PD controller shows a |oiéliation
spread from B to IN. On the other hand, the effectiveness of the SM@ the LQR
controllers decrease more as the frequency incse¥éeile it was shown (Section 6.3.3) that
the controllers can shape the blade-CSs for lokdiation, difference in tuning results are
likely responsible for the small differences obgern Table 6.6. For instance, alleviating 1
loads in addition to R loads requires faster actuation as shown when admpthe PD and

LQR microtab deployment time history in Figure 6.41
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Figure 6.41 - Microtab deployment time history loé PD and LQR controllers

Trailing Edge Flaps

The load alleviation performance of the NREL 5 MWihav turbine blades equipped with
TEFs is now examined. The previous results obtafoednicrotabs are repeated to allow a
comparison of the two CSs performance and to lgghkimilarities. First, the PD controller
load alleviation results are presented in Table As’expected, TEFs have a greater control
space and therefore show higher load alleviatiorfoppance compared to microtabs.
However, it can be observed that similar trendthéresults are obtained for both CSs. That
is, the maximum load alleviation occurs when thevdgive gain is set to zero and the best

performance is achieved through the PD trade-aiinty parameters.

Table 6.7 - Load alleviation of the NREL 5 MW wituthine employing microtab and TEF
(10m/s turbulent wind, PD controller)

Microtabs Trailing Edge Flaps
Kp=250 @ K =250 : K,=250 @ K =500 | K,=500 K,=250 @ Kg=250
Ks=100 @ K4=200 K4=0 K4=0 K4=200 | K4=200 Kq4=0
1P| 3453% 28.43% 3752% 37.39% 55.89% 51.11 % .06%
2P| 3839%: 3951% 30.14% 2884% 55.02% 56.65 % .3641%
3P| 3283%  37.60% 6.79 % 3.22% 4515% 5046 % Sl%2
IN| 2399% : 29.74% -844% -1460% 31.48%  40.459%9.19 %
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The results obtained employing the LQR are now garexl in Table 6.8. As for the PD
controllers, TEF results indicate higher load @déen potential. Moreover, it can be seen

that similar LQR criteria result in similar loadeliation pattern.

Table 6.8 - Load alleviation of the NREL 5 MW witatbine employing microtab and TEF
(10m/s turbulent wind, LQR controller)

Microtabs Trailing Edge Flaps
LOQR-1 LOQR-2 LQR-3 LQR-1 LQR-2 LQR}3
1P [ 37.64% 36.03% 37.48% 5552% 43.76% 57.24%
2P [ 3480% 3357% 3229% 55.03% 40.09% 47.1f %
3P [ 23.09% 23.75% 12.36% 47.07% 25.76% 22.4Pp%
IN [ 13.43% 1463% -092% 3500% 1443% -7.48%

The load alleviation performance of the SMC empigylTEF is presented in Table 6.9. As
expected, similarities between the microtab and &Efodynamic models are also observed

for the sliding mode controller.

Table 6.9 - Load alleviation of the NREL 5 MW wititbine employing microtab and TEF

(10m/s turbulent wind, SMC controller)

Microtabs Trailing Edge Flaps
SMC -1 SMC -2 SMC -3 SMC -1 SMC -2 SMC -3
(r=2,p=15)  (y=1,B=20) (y=10,p=20) | (y=2,p=15) (y=1,B=20) (y=20,$=2)
1P 35.97 % 32.74% 27.69% 60.79% 48.59% 48.71%
2P 26.98 % 22.93% 31.49% 49.50% 39.29% 59.86%
3P 18.84 % 6.23% 27.94% 31.55% 8.36% 56.86%0
IN 16.57 % 3.72% 22.16% 27.75% 6.79% 46.83%

The best found load alleviation controllers for mitabs and TEFs are summarised in Table
6.10. Similar to the microtab results, the TEMAR Ibad relief achieved with the four
controllers are very close due to the limited TEBatrol capability. Due to the greater load
alleviation capabilities of TEFs compared to miatist, the BB controller excitation of the
first natural frequency is seen to drastically @ase when employing TEFs. According to the
TEF and microtab aerodynamic model similaritiesepasd in Chapter 3, it is logic that

similar patterns are observed between the loadiatien results of both CSs.

Table 6.10 - Best found load alleviation resultshef NREL 5 MW wind turbine employing microtab
and TEF (10m/s turbulent wind)

Microtabs Trailing Edge Flaps
BB PD LOQR SMC BB PD LQR SMC
1P | 3493% 3453% 37.64% 35.97[%53.29% @ 55.89% 55.52% 60.79%
2P | 23.98% 38.39% 34.80% 26.98(%34.54% @ 55.02% 55.03% 49.50P%6
3P| -7.16%  32.83% 23.09% 18.84P6-25.49%  45.15% 47.07% 31.550%
IN|-28.81% 23.99% 13.43% 16.57P»100.84% 31.48% 35.00% 27.79%
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Finally, the load alleviation performance of the RIR5 MW wind turbine blades obtained
over five different operating conditions are prasdrin Table 6.11. It can be seen that similar
CSs load alleviation results are found for thead#ht wind speeds. That is, as the wind speed
increases both the magnitude of cyclic loads ardtc#pacity of CSs to generate aerodynamic
forces increase. Hence, the general load allevidtends remain the same.

Table 6.11 - PD controller load alleviation perfamge of trailing edge flaps and microtabs as a
function of the mean wind speed

Trailing Edge Flaps Microtabs
10m/s 13m/s 15m/s 18mls 22mfs 10mis 13mi/s 15m/s8m/sl . 22ml/s
1P | 55.89% 53.68% 54.419 50.07% 51.64% 35.92%  35.65%6.81%6 34.02% 32.699
2P | 55.02%  55.04% 54.169 49.02% 45.63% 33.67%  35.28%7.10% , 34.11% 29.119
3P | 45.15% & 44.62%  44.329 38.00% 38.1% 23.63%  30.02%7.38% @ 23.39% 25.239
IN | 31.48% 24.09%  33.469 27.55% 20.84% 17.45%  16.33%0.73% 17.13%  14.199

6.4 Load Alleviation Results Summary

The optimal positioning of CSs along the blade spaonrder to maximise load alleviation
was investigated in Section 6.2. In this sectitwe, author developed an analytical approach
for calculating the optimal location of CSs alog tblade span in order to maximise load
alleviation. To the best of our knowledge, no stmmula has been proposed before. By
deriving the formula, it was demonstrated that rdeo to maximise their efficiency CSs
should be located near the blade tip. A simplifathlytical solution for determining the
optimal location of CSs was also derived (6.13)isTéquation provides a quick way to
calculate the optimal location of CSs and can ledd s preliminary estimate for including

CSs in the early wind turbine design phases.

The load alleviation of wind turbine blades empimyisingle and multiple CSs was
considered in Section 6.3.1. Throughout this sactibe author showed that the simple
combination of a proportional controller and a hggss filter can be used to shape the plant
frequency response in order to achieve load realncti is argued that this is likely to be one
of the simplest yet most effective control systeimst can be used for controlling a wind
turbine blade equipped with a single CS. In conttasthe literature, the author does not
encourage the use of high-order filters that wodésbtabilise the controlled blades and
therefore increase natural frequency loads. Instis@dauthor suggests using low-order filters
designed to encompass all the frequencies to lextegj together. Additionally, it was
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demonstrated that both continuous and discontinwomsrol systems could be effectively

used for load alleviation employing a single CS.

The load alleviation of wind turbine blades empimyisingle and multiple CSs was
considered in Section 6.3.2. In this section, i est showed that the load reduction of wind
turbine blades equipped with CSs does not incrdasarly with the number of CSs

employed. The author argued that this behaviolikeésy to occur on other wind turbines and
is a critical factor in determining the number of<that should be used. Moreover, our
preliminary load alleviation results suggested ttte interaction between CSs may be
negligible.

The frequency-based approach proposed in thisnds&as assessed in Section 6.3.3. This
approach gave us key insights into the dynamichef actively controlled wind turbine
blades. First, it was shown that the dynamic respoof a wind turbine blade can be
approximated, due to the aerodynamic damping, loygpass filter dynamic. This analogous
dynamic can be used to gain insights and quickBigieand test control systems. Based on
the present investigation, the prime conclusiornhef proposed frequency analyses was that
the dominant vibrating mode and the limited contapabilities and interactions between
CSs are such that the original MIMO control problean “effectively” be decoupled into
SISO control problems. Consequently, the authcerietl that advanced time-based control
system are not necessary to achieve good perfoendnccontrast to the current state of
literature, this research points towards a bettetetstanding of the dynamic of controlled
blades, and simple yet efficient control structurése author recommends the use of
classical control structures combined with low orfiléers.

The quantitative load alleviation results of thegrsed control architectures were explored
in Section 6.3.4. In this section, the results maa with the frequency-based approach were
validated by comparing them with the frequency sp@c of actively controlled blades
employing WTAC. It was confirmed that all the canitstrategies are strongly dominated by
the blade first vibrating mode containing 1P and BRds. Moreover, it was also
demonstrated that the overall control capabilityC&s is insufficient for rejecting 1P loads.
Considering these two statements, the author coaflr the necessary assumptions

supporting our idea of an “effectively” decouplin§gthe MIMO problem into SISO control
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problems. Furthermore, our quantitative result® a&isnfirmed that well-designed classical

control structures (e.g. PID) can be very efficianteducing wind turbine blade loads.

The results obtained in Section 6.3.4 also helpedlamonstrate that both continuous and
discontinuous control systems could be used. Howetvés recommended to avoid simple
BB controller and employed more advanced contrelgerch as the SMC in order to retain a

better stability.

In terms of numbers, it was found that ttié loads experienced by the NREL 5MW blades
equipped with CSs covering 20% of the blade spandcbe alleviated by up to about 35%
employing microtabs and by up to 56% for TEFs.
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/. Summary of Achievements,

Contributionsand Critical Appraisal
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7.1 Summary of Achievementsand Contributions

To achieve the aim of this research: “Aeroelastialksis of Wind Turbine Smart Blades

Utilising Multiple Control Surfaces”, a softwaresilo WTAC capable of simulating the

aeroelastic dynamic of wind turbine blades equippéti control surfaces was developed.

WTAC was then used to explore the capability oftorsurfaces in controlling wind turbine

blade loads. A detailed achievement and contribusiommary resulting from this research is

listed below:

Contributions

A dynamic model describing the aerodynamic respasfsenicrotab deployment was
developed and published. The aerodynamic respohsmiaotab is defined as the
combination of two dynamics. First, the fast trensidynamic which corresponds to
sharp increase in lift and drag as the microtadaysp Second, the slow dynamic during

which the flow reaches a steady state at a muetesimte.

An analytical formula was developed in order tocly estimate the optimal location of

control surfaces along wind turbine blade span.

The author demonstrated that state estimationstifedy controlled wind turbine blades
can be achieved with a limited number of sensoi @bust estimators such as the
Kalman filter. Moreover, it was also shown that theerall performance of the control

system does not necessarily increase with the nuoflm®ntrol surfaces used.

The author showed that the dominant vibrating maxuie the limited control capabilities
and interactions between CSs are such that thenakigIMO control problem can
“effectively” be decoupled into SISO control proivle. Well-designed SISO control
structures are, therefore, very efficient as remigievind turbine blade loads.

Achievements

CFD and panel methods have been used to expandvtiilable numerical data of
aerofoils equipped with control surfaces. Aerodyitamesults obtained with these
methods were also benchmarked with data availalies literature.
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A trailing edge flap aerodynamic response modeViptesly published in literature was

used. The original equations were, however, madlifeeimprove the model steady state
accuracy. A new parameter integrated into the a@adic model was proposed in order
to control the slope of the lift coefficient. Usiran iterative search method, the error

between the model and data published or producétHiy and XFoil were minimised.

The original steady state wind turbine simulator A¢To was modified for unsteady
aerodynamic simulations. The unsteady aerodynamnnulator has the capability to
simulate wind turbines operating in wind fieldsaoinstant velocity, shear flow and fully
turbulent wind fields. A dynamic stall model was pl@mented to simulate the
aerodynamic responses of aerofoils. In this aerachya module, blades are dynamically
rotating in the wind fields and normal vectors ased to calculate the local wind field
velocity. A convergence accelerator algorithm (CA#gs developed in order to enhance
the convergence accuracy and speed of the BEMMtiber loop. Using a variable
relaxation factor, the CAA was shown to effectiveduce the numbers of iteration
required for convergence. The aerodynamic steaatg shodule results were validated
with the NREL code WT_Perf for three wind turbirese studies.

In order to include the structural dynamics of lelgda finite element code modelling
wind turbine blades as rotating tapered beams weagldped and validated with data
reported in the literature. Developing the finitereent model was extremely useful for
understanding the vibratory dynamics of high aspatd aerodynamic surfaces and in
particular of wind turbine blades. A standalone eodas also developed in order to

calculate the cross-sectional properties of bladd® used by the finite element model.

WTAC suit is the combination of the unsteady aeraugic module, the finite element
blade structural module, the control surface mqdetsl the control module. WTAC is
used in order to simulate the aeroelastic dynamiiasind turbine blades. The unsteady
aeroelastic wind turbine simulator results weraedaaed with the NREL code FAST and
DU_SWAMP.
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« WTAC was then used to investigate:

(0]

The control system properties of the wind turbitebs equipped with control
surfaces
The aerodynamic sensing system (i.e. location amsbers of Pitot tubes)
required for estimation of the local angle of dttaad flow velocity.
The structural sensing system (i.e. location andbers of strain gauges)
necessary for classical output and state contsofle. state estimation).
The optimal location of control surfaces along breedes span.
Controllers and control architectures for the la#idviation of wind turbine
blades equipped with control surfaces including:
»= The use of discontinuous actuation mechanism anttalters such as
* The Bang-Bang Controller
* The Sliding Mode Controller
= The use of continuous control actuation mechanisdhcantrollers such as
* The Proportional Integral Derivative controller

* The Linear Quadratic Regulator

* The capability of the proposed control structufed,(BB, SMC and LQR) for load

alleviation was evaluated and the following conidnsvere made:

(0]

Results showed that both continuous and discontisactuation mechanisms
may be used to alleviate wind turbine blade lo&tisvever, the discontinuous
actuation mechanism often results in more weah@fictuators.

Using the frequency-based approach, it was shoatstmple SISO control
structures can effectively alleviate wind turbinad® loads. A proportional
derivative controller combined with a high-passgefilwas shown to be one of the
simplest control structures suitable for allevigtimind turbine blade loads
employing multiple control surfaces.

The BB controller was found to significantly inceesthe amplitude of the natural
frequency loads due to impulse like changes indagramic forces.

Both continuous controllers (i.e. PD and LQR) dmel 8MC have shown very

similar load alleviation potential.
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(0]

While more advanced controllers have been suggestadneans to increase the
load alleviation performance, simple control desigrere shown to be very
efficient at alleviating wind turbine blade loads.

Poor design of the closed-loop blade-CSs systenstvasn to result in the
excitation of the blades first natural frequencygr Fastance, using 8P notch

filters in the control loop removes the naturabiirency load feedback, which in
turns permits the control surface to excite nattremjuency when alleviatingP
frequency loads.

* Regarding the NREL 5MW wind turbine blade equippaith control surfaces covering

20% of the blade span, it was found that:

o

The blade flapwise dynamic is dominated by the éfadt mode (i.e. first natural
frequency and mode shape)

The MIMO blade-CSs control problem could be decedphto multiple SISO
control problems.

Microtab, as active control surfaces, can be dffedh alleviating loads with a
wide range of frequenciesR1o 1IN).

Trailing edge flaps, as active control surfaces, loa effective in alleviating loads
with a wide range of frequencies(10 IN).

Discontinuous and continuous actuation methodso#m produce load relief
from 1P to IN.

It was shown that using simplified steady state/flnodels can lead to inaccurate
results in the form of both under- and over-pradits

The 1P load alleviation achieved by the different constlictures were found to
be similar. This was explained due to the limitedtcol surfaces capability in
generating aerodynamic forces.

The effectiveness of all types of controllers ileakting loads reduces with the
frequency of load.

As expected, the small control space of microtabs ko lower load alleviation
capability in comparison to trailing edge flaps.cktitabs were found to alleviate
the 1P loads up to about 35% whereas the trailing edgedleeviated the B

loads up to 56%.
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7.2 Critical Appraisal and Future Work

Wind Turbine and Control Surface Aerodynamic Model

WTAC is a BEMT-based code used to describe thedgemmics of wind turbines. It has

been chosen as a trade-off between computatiofiecieety and accuracy. Nevertheless, it is
known that the unsteady aerodynamic modelling efdwurbine is still an on-going research
topic. Unsteady aerodynamic effects occurring otatnog wind turbine blades (e.g. 3D

dynamic stall) are still poorly understood. Moregvéhere is a substantial lack of

experiments involving the dynamic use of contrafates on wind turbine blades.

Finite Element Wind Turbine Blade M odel

The finite element model used to represent bladestating tapered beams is a linear model.
Although the model has shown reasonable accurady,kinown that non-linear effects are
likely to become pre-dominant as wind turbine babdecome longer. More advanced, two or
three dimensional, models would allow the couplegween the primary vibratory modes as

well as between the translational and torsionaftekgof freedom.

Load Alleviation Controllers

The present investigation did not consider the afsteed-forward controllers. That is, the
external forces feeding fatigue loads to the wiatbihe blades were assumed unknown.
Feed-forward control structures are advantageousséofor slow and/or delayed dynamic
systems with large control space such as the iddali pitch control system. On the other
hand, control surfaces are fast acting devices tlaate limited capacity in controlling
aerodynamic forces. As a consequence, the gainded\wy a feed-forward control structure
for load alleviation of wind turbine blades usingntrol surfaces was assumed to be

negligible.

Actuators of control surfaces implemented on wintbine blades are required to meet some
design constraints in order to be considered agngiat solutions for load alleviation.
Actuators must have short time responses to caacttehigh frequency aerodynamic
loadings. On the other hand, while subject to Higlyuency deployment, actuators must
maintain their reliability over the long lifespafwind turbines. Future investigation should
include the calculation of actuators wear. Howew&uch calculation requires a good
understanding and a model of the mechanism used.
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The control investigation carried out during thésearch is mostly linear. As the structural
model fidelity increases, non-linear phenomena ltely to appear in the structural
dynamics. The frequency-based analysis proposelisiresearch can, however, be applied
to non-linear systems when combined with gain salegl control methods.
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