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Abstract

Wind energy is one of the most rapidly growing renewable sesiof energy due to the fact that it
has little negative impact on environment. To meet the gngvdemand, wind turbines are being
scaled up both in size and power rating. However, as the s@eases, the structural loads of
the turbine become more dominant, causing increased &asgess on the turbine components
which can lead to early failure. Another area of focus in wemergy is lowering production cost
to give it a competitive edge over other alternative powerses. From the control point of view,
low production cost of wind energy can be achieved by opagdtie wind turbine d@br near the
optimum power #iciency during partial load regime, guaranteeing relipbly reducing fatigue
loads, and regulating generated power to its rated valubaarhigh wind regime. Often, it is
difficult to realize a control algorithm that can guarantee bdikiency and reliability because
these two aspects involve conflicting objectives. This papédews various control strategies that
are used in wind turbine systems, both in low and high wing&dpegions focusing primarily on
multi-objective control schemes. Emerging trends thatikedy to influence the current or future
wind energy production, either positively or negativelg also discussed.
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1. Introduction

Owing to growing environmental concerns, focus has shiftedenerating power from re-
newable energy sources such as hydro, tidal, wind, bio-safat which do not emit greenhouse
gases. Among these renewable energy sources, wind enesgytrected a lot of attention due to
its abundance and advancement of supporting technologieagother factors. Wind energy is
harnessed by wind turbines which converts wind kineticgyarto mechanical energy and finally
into electrical energy.

In spite of increasing global installed wind turbine capaeind favorable future projectior@ [1],
the cost of wind power is still high compared with other cami@nal power sources as a result
of high initial capital investment, which in turn increageg production cost per unit of power
generated.

Another challenge related to wind energy harvesting is itjle bperation and maintenance (O&M)
costs, especially inftshore wind turbines located far away from coastal line dueddstical dif-
ficulties in accessing the production sites as well as higi @btransmission lines. But with the
employment of robust structural health monitoring methiodsonjunction with appropriate con-
trol strategies, especially irfishore wind farms, the cost of producing wind power can bénéurt
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reduced.

Due to the obvious advantages, majority of modern utildgte wind turbines produced today
have three blades with horizontal-axis configuratBr[tZ, Bdr instance, the entire rotor can be
placed atop tall tower where it is able to capture higheraiglavinds. Other advantages include;
improved power capturefigciency, use of yaw mechanism to position rotor to face theatiion

of wind flow, easy installation and maintenance.

As noted in |ﬂ4], wind turbines can either be manufacturedwitfixed-pitch or variable-pitch
blades. Although, fixed-pitch turbines are initially lesgpensive, their inability to adjust pitch
angle make them less popular in the realm of large wind texbwmhere structural loads are more
pronounced. Moreover, wind turbines can also be varighéed or fixed-speedﬂ[S]. Variable-
speed turbines can also be operated around their optimurargiveiency, but this requires the
use of additional power electronic processing unit to cedlpém to grid system. The use of con-
verters guarantee that the power generated meets certéamrpance requirements before it is
connected to the main grid. On the other hand, fixed speedtwibdhe are simple and robust, but
they are not popular with Megawatt-scale turbines due tfiestveness in extracting energy from
wind and induction of mechanical stress in drive-train dgvariable wind speed. Furthermore,
generator speed of the fixed-speed wind turbines is fulleddpnt on the grid frequency making
them undesirable candidates for variable-speed opegatids a matter of fact majority of Mega
utility-scale wind turbines that are manufactured nowada variable-speed, variable-pitch, and
horizontal-axis turbines.

Generally, wind turbines are inherently nonlinear andratewith wind profile which spatially
varies in both speed and magnituﬁb [2]. Due to nonlinearitiewind turbine, it is diicult to
develop a perfect mathematical model that ceatively capture all its dynamics. This challenge
is further compounded by the fact that the dynamic behawabirscoming wind are usually faster
than that of turbine itself, unknown, andfittult to predict. Contrastingly, unmodeled dynamics
in wind turbine can be compensated for by using appropriatéral methods. Over the last few
decades, several simulators such as GH Bldded [6], Fathgwedynamics, Structures, and Turbu-
lence (FAST) |I|7], Flex5|1]8], Automatic Dynamic Analysis ofddhanical Systems (ADAMSN[Q]
etc., have been developed for the purpose of designing emdaging wind turbine structural dy-
namics. Among these simulators, FAST and GH-Bladed, whiehbased on “Assumed Mode”
method, are the most preferred in control design approdmesuse it is possible to extra control-
oriented models. Compared to finite element-based modedsumed Mode”-based models are
less computationally expensive, making them more attraati control design applications.
Nowadays, most of utility-scale wind turbines are instaligth individual blade actuation mech-
anism to control each blade independently. Furthermomy #re also equipped with several
sensors on blades as well as on tower and nacelle, making ititeerently multi-input multi-
output (MIMO) systems. For this reason, standard singbedisingle output (SISO) controllers
that are used in majority of utility-scale wind turbines egadered inffective in controlling such
systems@O]. The additional measurements can also be as@aohitoring the health status of
various components in turbine and in condition-based reaarice (CBM) [11].

Unlike SISO controllers, MIMO controllers can realize niplé objectives such as elimination of
structural loads and regulation of generated power at time $ieme. This is becoming an attractive
control strategy since wind turbine maintenance cost calowered as well as extending oper-
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ational life time. In recent years, a number of control styés have been proposed to mitigate
structural load on wind turbines and these include mitayatf loads in rotor blade ﬂ13],
minimization of tower deflectiormﬂﬂm], and reductafrdrive-train vibrations@ 8].

In order to reduce the cost of energy (COE) in wind power gaiaar, control strategies are hinged
on dficiency, reliability, and safe operation of wind turbinea.this paper, a detailed review of
existing and emerging wind turbine control schemes is prtesk highlighting the approaches
employed, and exploring their strengths and shortcomifigss paper is organized as follows:
Section 2 gives a brief insight on wind turbine fundamentalglining control objectives and un-
derscoring existing challenges in wind turbine control. Skection 3 various advanced methods
employed in wind turbine control are discussed. Sectionrdsgnts an analysis and discussion
emanating from reviewed control methods is delineatedallirtonclusions drawn from various
control strategies are summarized in Section 5.

2. Fundamentals of wind energy generation

In this section a brief summary of wind turbine operationitass given. Challenges in the
standard control methods are highlighted.

2.1. Wind turbine basics

The maximum extractable power by wind turbines is limited®8% of the available wind
power E@]. This limit is referred to as Betz limit, which gs the maximum achievable aerody-
namic dficiency in wind turbines. The power extracted by wind turlfifyes expressed as

1
Pa = Cp(4, B)Pu = 5pRECH(L BV (1)

wherep denotes air densityg is the rotor radiusy represents wind speed before interacting with
turbine, andCp(4, B) is aerodynamicféiciency which is a nonlinear function of the tip-speed-ratio
(TSR),2 and blade pitch angle. The TSR is defined as
QR

/l - v H (2)
whereQ denotes the angular rotor spe&is the rotor radius and is the incoming wind speed.
For any wind speed there exist a rotor speed for which theev@lt, 5) is maximum and this
value corresponds to optimum tip-speed-ratjo This is illustrated in Figl]l, which represents
a typical TSRB-C,, curve for a fictitious NREL, WindPACK 1.5 MW wind turbine mddd~ig-
ure[1(a) shows a three dimensional plot of T&R;, while Fig.[1(b) depicts the maximu@,
corresponding to a given TSR for a particular blade pitchan&pecifically, this wind turbine
model has a maximum power dteient of Q488 at TSR of 7 and optimum blade pitch angle of
2°.
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Figure 1: Tip speed ratio, pitch angle power fimgent curve for NREL WindPACT 1.5 MW Turbine

2.2. Sandard control methods and control hierarchy

The wind turbine conversion system (WTCS) control hiergitwds three distinct levels; namely,
supervisory control, operational control, and subsystenirol @]. The high-level or supervi-
sory control is charged with turbine’s starting-up and shgtdown procedures. The operational
or turbine-level control is concerned with how specific cohbbjectives are realized during the
operation of wind turbine. The subsystem controls are mesipée for various actuation mecha-
nisms like pitching, yawing, and generator power electramit. Subsystem controls are usually
considered as a black box since they are commanded by oth&oksystems higher in the hier-
archy E’L]. The scope of this paper is limited to the reviewusbine-level control strategies that
realize specific operational goals.

In order to have an in-depth understanding of operationalsgohe variable-speed wind turbine
power curve can be used to distinguish the operational zandghe related control objectives
thereof. As illustrated in Fid.]2, three distinct operatregions in variable-speed wind turbines
can be identified: below the cut-in speed region (regionhig, tegion between the cut-in wind
speed and below the rated wind speed (region Il), and themegpove the rated wind speed (re-
gion Ill). Another important zone for control design is thmartsition region from partial wind to
above rated wind speed. As notedlin [2], the control objeathanges depending on the prevailing
wind conditions. The primary control goal in region Il is tearimize the amount of power ex-
tracted by wind turbine, while in region Il the objectiveteslimit the amount of power produced
to avoid damage caused by exceeding mechanical and e#kdimdts. The transition region is
designed to ensure that the turbine reaches the rated potherrated speed.

To realize the two mainstream objectives of maximum powé&aetion and regulation of gener-
ated power, most of the installed wind turbines use propoatiintegral, a collective blade pitch
controller, and a torque controller. As shown in Ely. 3, rapeed? is used as the only measured
variable to generate either the demanded collective blade gngleBcomor demanded generator
torquery depending on the operational objectives to be realized.
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Figure 2: Generalized variable-speed wind turbine powereu

2.2.1. Generator torque control

When wind speed is greater than cut-in speed, but lower tharated value, standard gener-
ator torque controller is utilized to maximize generatedeo This is achieved by operating the
turbine ator near the optimum poweffeciencyC,, . (4, 5) by accelerating or decelerating rotor in
order to track the speed of incoming wind. The turbine is afeet at a constant tip-speed-ratio
(TSR) 7., to yields maximum power. Normally, the rotor blades arehpd at optimum pitch
angleB,p to generate the highest possible lift.
The standard generator controller is expressed as

74 = K1 Q7 (3)

whereKy is given by
1 Cpmax(ﬂopt, /l*)
KT = Epﬂ'RS/l—f (4)
Here, 1. is the optimum tip-speed-ratio that corresponds to the mam power cofiicientC_ ..
It is clear from a simplified one-mass wind turbine model

JrQ = Taero — Tg (5)

that generator torquey balances out with aerodynamic torqug, at steady state, otherwise
the rotor either accelerates or decelerates to maintaimstaat TSR that yields the maximum
power. This control method is popular and simple to implemaAs outlined in ], no accurate

method for determining the constant g&in exists. Even wheiK; is assumed to be accurately
approximated either numerically or experimentally, wipéad varies spatially forcing the turbine
to operate sub-optimally. It has been further observedithah the rotor speed is strictly tracking
the speed of incoming wind in region II, very high mechangtaésses are induced in the drive-
train due to torque variation. This in turn can cause seveciation of poorly damped modes in

the turbine].
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Figure 3: Wind turbine standard control loops

2.2.2. Sandard collective pitch control

In region 111, the main objectives is to regulate generatedgr around the rated value as well
as limiting structural loads to avoid violation of mechaliand electrical constraints of the wind
turbine system. In the standard traditional control schehie is achieved by holding generator
torque constant, while deploying collective pitch contoalegulate the generator speed to the rated
value. Most of the commercial wind turbine use proportieingégral (PI) collective blade-pitch
control controller] to regulate rotor speed abovedaténd speed regime given by

Bel®) = KpQelt) + K, fo Qu(r)dr. (6)

whereQ. = Qg — Q is the rotor speed errof)y represents the desired rotor speed wKijeand

Ki denote proportional and integral control constants, retsgay. In most cases, a standard gain-
scheduling type PI controller is employed to cope with nogdirities caused by the pitch actuation
mechanism and the deviation of operation point from thercbdesign point. Likewise, anti-wind
up and saturation limits are deployed to avoid problemgedl#o integration of negative speed
error which might be occasioned by gusty winds.

One of the major drawbacks of this control method is that lalllbs are assumed to have similar
physical properties and are subjected to the same amouetadynamic load during operation
which is seldom the case. As a consequence, the rotor disvaysacted upon by unbalanced
loads which cause induced stresses that might lead to eldatiure.

2.3. Structural loadsin wind turbines

As wind turbines grow in size and output power rating, theessle &ects of structural loads
become more and more pronounced, especially those indycadrbdynamic and gravitational
forces. If not mitigated, structural loads can cause umdeks performance or even lead to early
failure of the whole wind turbine system. It is therefore engtive to know how structural loads
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interact angbr influence wind turbine power generation arieket its life time.

Normally, wind turbines are subjected to intermittentlyigble wind profile which changes in
both direction and magnitude, resulting into asymmetrasabdynamic loads that vary spatially
across the rotor disk. Incidentally, unbalanced aerodynérads are the main cause of the struc-
tural loads in wind turbines. Another cause of induced $tmat loads is gyroscopid¥ect which
come about as a result of combined action of rotor rotatitagepitching, and nacelle yawing.
Like asymmetrical aerodynamic loads, gyroscopic forcesazaise cyclic stress to the hub or in-
duce cracks in blades. It is worth noting that the aforenoeretil loads act simultaneously during
power generation, making it flicult to determine the contribution of each class of load ® th
overall structural load in wind turbine system. In large @vimrbines, cyclic loads are the major
cause of fatigue stress which, if not mitigated, may lead¢éorature failure of turbin@.Z].

For a 3-bladed turbine, rotor blades are 180t of phase with each other, meaning that at any
given azimuth position, each blade is subjected to unearablgnamic forces because of vertical
wind shear. Indeed, each blade samplé¢ietint aerodynamic forces for every cycle since the
approaching wind varies in both speed and direction. Sinod @xhibits turbulent behaviors, the
resulting unbalanced loads have stochastic properties.

Vertical wind shear is another main cause of asymmetri@ddaacross the rotor. It is described
as a change in horizontal wind speed /andlirection with altitude as shown in Figl. 4(a). Addi-
tionally, rotor load imbalance can be caused by the towed®havhich makes the wind speed
to reduce as it approaches the turbine tower. Normally, ffexts of tower shadow are more
pronounced in upwind horizontal-axis wind turbine confagion compared to downwind config-
uration. The structural loads emanating from vertical wsheéar and tower shadow are said to be
deterministic in nature since they occur in a periodic mammeevery rotor revolution. Since the
wind turbine is influenced by the loads that have both det@stic and stochastic properties, it is
difficult to efectively predict its dynamic response.

In the realm of large wind turbines, structural load mitigatis attracting a lot of attention, with
most of the reported work focusing on mitigation of once gewotution (1p) loads using indepen-
dent blade pitch controlleﬁtﬂ%]. However, only a feweaipts have been made to minimize
higher harmonic Ioadﬂt?]. It is usually presumed thapiadi damage is mainly contributed by
1p deterministic loads on rotor blades and 3p harmonic load$fe fixed structure, which might
not be absolutely correct in large wind turbines.

The rotor blades, tower and drive train bending modes censttin regulation of structural loads
are shown in FiglJ4(b)-(c). Here, the tower has fore-aft aidd-side deflection modes, while
the blade has flap-wise and in-plane deflection modes. Auwtdiliy, the drive-train is usually
subjected to varying torsional stresses during generatiovind energy due to fluctuating wind
speed.

In addition to the two mainstream objectives of power maxation and regulation of generated
poweyspeed, mitigation of structural loads in wind turbines hiismeted a lot of attention in the
recent past. In literature, most of the control strategigehbeen developed to handle only a
particular kind of deflection mode while disregarding theess, majority focusing on flap-wise
deflection mod ﬂﬂ@zs]. Other authors have repaxeattol methods that mitigate loads
on turbine towe 5:16] and drive-train deflecti@[ﬁ, JBjom the aforementioned discussion,
it can be concluded that it is important to consider strutioad reduction from a global point of

7



Blade in-plane
deflection mode

Tower side-side

Deflection deflection mode
modes al

Q> i

Blade flapwise.] Drive-train
deflection mode | § torsion

o0 -y “@

= -\Na.a‘(\
. Tower fore-aft
Hub wind speed deflection mode
Vh
Time [s]

(©

Figure 4: Tower and rotor blade deflection modes in wind tebi

view rather than accomplishing localized solutions forcsjieeturbine parts. This can be achieved
by designing multi-objective control strategies capalfleegonciling diferent opposing control
requirements.

2.4. Material-related aspectsrelated to structural loads

Material consideration for various components in wind toetplays an important role in deter-
mining the overall cost, performance, and structural laadbeance in wind turbine systems. The
suitable selection of materials in wind turbine harvessggtems is stronglyfBected by the loca-
tion. Depending on the location (onshor&sthore, location related-wind profiles and properties),
wind turbines are subjected tofiirent operation conditions. This and also turbine dimessio
strongly dfect the materials choice because parts with special aislare required as the turbine
grows in size. Furthermore, it is inevitable to make mateoasideration with respect to all major
components in wind turbine rather than focusing only on femponents that are considered to
be highly susceptible to failure. Generally, the develophod new materials and manufacturing
technologies are geared towards lowering the cost of pindweind power and investments into
such developments should be viewed in terms of long termfliersence the initial investment
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capital might be higher than the existing ones. For instaca@ponents made from materials of
superior quality are likely to be costly, but on the otherdhammaterials-based extended lifetime
(leading also to reduced maintenance cost) changes theesp&cially in the case maintenance
cost are weighted higherffshore applications).

Special attention should be paid tfishore wind turbines due to harsh environmental conditions
they operate under. Normally, they are subjected to highkrcity winds and exposed to saline
marine environment, making them more susceptible to camd29]. As a result, the components
for such turbines should have high mechanical strengtim faigue strength as well as high cor-
rosion resistance. Stringent material requirementsaliasion of dfshore wind turbines is more
capital intensive.

The rotor, which consists of blades and hub, is one of the mgsénsive component in wind
turbine system, roughly accounting for 20% of the total wintbine cost BO]. Rotor blades
are more susceptible to damage due to intermittently vgrggrodynamic loads and tofidirent
weather conditions. As stated 31], rotor blades showlsispss the following qualities: high
mechanical strength to handle extreme aerodynamic loagls,fatigue resistant, high $iness
strength to avoid collision with tower, and light in weigMostly, blades are manufactured using
fiber-reinforced plastic (FRP) due to improved strengthveaght ratio, with glass, carbon, and
aramid fibers being the most commonly used [32]. The choidbexde fibers as a reinforcement
material primarily depend on the cost and the applicatigoirements such as strengthfistess,
and corrosion resistant among others. As outlined in [BRlsgfibers have high tensile strength
and impact resistant, but low modulus strength making thesuitable for large wind turbines
applications. On the other hand, carbon fibers are prefdoebigh performance applications
because they exhibit excellent resistance, although they less impact resistance and poor inter-
laminar properties as compared ro glass fiber. Aramid fibave igh strength-to-weight-ratio
and good impact resistance, making them suitable for agpdics that require high toughness and
high modulus strength. To take the advantages of superoepties of glass and carbon fibers,
hybrid composite made of glass and carbon can be used to@ntt@mechanical properti@[34].
It should be mentioned that the overall strength of any caieds strongly influenced by the vol-
ume of fiber content, with dfness increasing proportionally up maximum (about 65%) start
deteriorating@S].

Likewise, the type of laminate material is crucial in detemmg load carrying capacity as well
as the cost of fiber-reinforced composites blades. Epoxy| @ster, and polyester resins are the
commonly used laminate materials in wind turbine blades.eXample, epoxy resin has strong
advantages in comparsion to polyester and vinyl ester,dhated to the cost it shows strong dis-
advantages. All resins are prone to degradation due to umeiabsorption, but the rate of epoxy
degradation is slower compared with polyester and vingrestaking them more suitable ififo
shore wind turbine applicatioﬂk%], while glass, carbord aramid fiber-reinforced polymer have
been considered as suitable alternative choices for metouiiag wind turbine blades. According
to @] their production is highly based on petroleum-bassiburces and is negatively weighted
by the authors. This has necessitated exploration on thabslity of using naturally occurring
fibers as a substitute of petroleum-based fiders [37].

For wind turbine tower, material choice should be gearedatd® performance characteristics,
ease of manufacturing and transporting so as reduce gsvalland manufacturing COSE[38]. It
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is imperative to note that material foffshore applications should be durable and have high cor-
rosion resistance. St¢ebncrete composite and fiber-reinforced composite have pegposed as
an alternative solutions to building large wind turbine mw@].

Gearboxes are used to transfer mechanical power from rotgemerator. During wind power
production, gearboxes are subjected to varying mechasiczdses which might lead to fatigue
damage. Therefore, the choice of material is critical iredatning the service life of a gear-
box. As delineated irmO], some of innovative material depment processes used to enhance
gear properties (increased wear and corrosion resistawlc@@ro hardening) are: ultra-dispersed
diamond power (UDDP), novel coating and surface treatmech sis high velocity oxygen fuel
(HVOF), and physical vapor deposition (PVD) process. Geegb are among the most expensive
components in wind turbines, the manufacturers often dekignificant overhead costs to cover
warranties due to their high failure rates and high mairﬂeea:ost@l]. Direct drivetrain are to
replace geared drivetrains, also leadingfte@s of minimizing maintenance co@[42].

In the construction of wind turbine foundation, durabikltyd related cost are the main factors that
influence material choice, especially iffshore applications. The construction cost é&bore
foundation constitutes a sizable portion of the overalt cbsvind turbine and a tradefitbetween
cost and performance requirements must be carefully ceresidn material selection. In fact, the
construction cost increases with the distance from shateramease in water deptﬂ43]. As wa-
ter depth increases, the foundation diameter is enlargeeterve the required gness, resulting
into increased material and installation cost [44].

3. Advanced control methods

Nowadays, the focus in wind energy has shifted to lowerisgibduction cost, improving the
quality of generated power, safety, and reliability. Hoevo tackle these challenges, researchers
have proposed various innovative control strategies toemddhe deficits of the standard control
methods. Most of these advanced control algorithms areecoad with optimization and quality
improvement of generated power, spgeaver regulation, arfdr reduction of structural load in
wind turbines. This section discusses various advancedatonethods that are employed in wind
energy production.

3.1. Power/speed regulation and load mitigation problem

3.1.1. Classical methods

As mentioned, load mitigation is becoming increasingly arignt among the Mega-scale util-
ity wind turbines. This is motivated by the need to guaram&di@bility and to ensure that the
quality of output power is not compromised. To reduce fagitpad emanating from asymmetric
loads in the rotor disk, blades are normally manipulate@peshdently using independent blade
pitch controller (IPC).
As pointed out in@S], asymmetrical loads across rotor delise blades to be excited by a dom-
inant once per revolution (1p) in addition to other highetesrharmonic flap-wise load spectrum
i.e., 2p, 3p, 4p, etc., whose frequencies depend on rotatiootl speed. On the other hand, non-
rotating parts of the turbine are dominantly influenced by&pnonic load components plus their
higher order integral multiples.
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Figure 5: Rotating and fixed coordinate of reference

Since wind turbines are inherently MIMO systems with measwents being taken from both the
fixed and rotating structural members, it is important taglea controller with all state variables
expressed with respect to a fixed coordinate system ratheritha mixed coordinate system.
This can be achieved by transforming all dynamics of systamdehexpressed with respect to
rotating rotor to a fixed coordinate system. In literaturejliMblade coordinate (MBC) transfor-
mation ], also referred to as Coleman transformatiosesitio map all dynamic variables into a
fixed coordinate system. As shown in Hig). 5, variables exgg@svith reference to rotating coordi-
nate systenx; y; z are mapped into a fixed coordinate systemz. The fixed coordinate system
is usually referred to as collective, cosine-cyclic, amgkstyclic coordinates, respectivell;_d47].
Most of the reported work on individual pitch controller a@mtrates on reduction of 1p harmonic
rotor blade Ioad@ﬂ@S]. Coleman transformation igmadty used to express the root blade
bending moments with respect to a fixed direct- and quadratuthogonal axes. Then two inde-
pendent Pl-control loops are designed to suppress loadsesa two axes. Finally to generate the
corresponding demanded individual pitch angle, inverskei@an transformation is carried out.
In [@], an alternative solution is discussed, where an L@@moller is used to generate the pitch
angle for each blade instead of designing multiple Pl-adthdops.

An individual pitch controller is applied to a doubly fed inction generator (DFIG) wind power
system to mitigate 1p harmonic loads on the rotor blades prihBnonic loads on the fixed struc-
ture of wind turbine is reported iﬁhS]. To realize this gdanding moments on the rotating rotor
blades were transformed into fixed d-q coordinate axes mtefgaw and tilt bending moments)
using Coleman transformation. Then two standard PI cdetsWwere designed to regulate d-and
g-moments. Since 1p harmonic load is the main source ofuatigads on the rotor blades, a low
pass filter was used to mitigate higher order harmonics fremgotransmitted to the fixed struc-
ture of the turbine. The results showed improvement in leadiction as compared to a collective
pitch controller (CPC).

A study aimed at fiering reconciliation between two competing objectiveseafucing tower de-
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flection and speed regulation in a two bladed wind turbinexaged in ]. This is achieved
through a combination of IPC and CPC control schemes. It vilgrved that CPC influenced
blade aerodynamic torque and employing it to damp toweilagon could lead to interference
with the rotor speed control objective. On the contrary, &0 reduce tower vibrations by al-
lowing higher aerodynamic rotor loads for just a brief mométence, by combining these two
control approaches a trad&between these two opposing objectives was realized. Tloetezp
results indicates improved trad&-between tower deflection reduction and rotor speed regulati
when a combination of collective and individual pitch catier is used as compared with CPC or
IPC independently.

Individual pitch control can also be utilized to reduce windbine torque fluctuation as demon-
strated in|[50]. This is achieved by the reduction of bladgesdise bending moments which in
turn minimizes rotor torque variation. The adjustment afiwdual pitch angles is based on multi-
stage dynamic weight distributions which are evaluatecddmg on the rotor azimuth position,
influence of tower shadow, and vertical wind shear. The perémce of this control method was
evaluated against a single neuron PID controller. Thisrcbapproach does not only minimize
torque variation but also smooths the fluctuation in the flége bending moments, the yaw bend-
ing moments, and the tilt bending moments

The minimization of rotor tilt and yaw bending moments in@rdo suppress both the low fre-
guency 1p harmonics on blades and 3p harmonics on fixed eudbincture is discussed 51].
To achieve this, a 2 degrees-of-freedom IPC controller aeimg of a multi-variable LQG and
feed-forward disturbance controller was proposed. A siiedl form of Multi-blade coordinate
(MBC) transformation similar to that reported 26] is dg® convert all quantities defined in
rotating coordinate system to a fictitious fixed direct- anddrature-axes (d-q coordinates). This
led to an exploitation of a well-developed linear contradhy to reduce the structural loads. The
results demonstrated a significant reduction in both tit gaw bending moments when feed-
forward control loop was introduced.

As stated inEIZ], a fusion of two controllers is used to rzah trade-fi between speed regulation
and load reduction: Collective pitch control is used forespeegulation while individual pitch
controller is used for structural load reduction. Both coltérs are based on LQR control tech-
nique with integral action (LQRI) in order to cancel steadsgte errors for step wind disturbances,
and employ Kalman filter to estimate both system states and speed. Again, Coleman trans-
formation is applied to convert linear time varying modebitinear time invariant wind turbine
model in order to design a linear controller. A feed-forwaashtrol loop is added to compensate
for variation in wind speed. Results indicate improved rajgeed regulation as well as reduction
in d- and g-bending moments which in turn reducpsdtor blade harmonics.

In [@,@], a multi-variable1-optimal control scheme is used to minimize blade root bend
moment while maintaining a constant rotor speed during tiifid speed regime. To achieve this
goal, two decoupled LTI models were derived using Colemanstiormation in order to design
CPC and IPC based aii-optimal control theory. It was noted that a multi disturb@ model like
the one described irﬂ[?] was not suitable for designinglaocontroller, and some modifications
to decouple irrelevant mode intersections were requirdéalldBroot out-of-plane bending moment
and low speed shaft bending moment are greatly reduced tdwier fore-aft bending moment
was slightly reduced.
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A proportional resonant individual pitch controller for tigating blade root blade, tilt, and yaw
bending moments is examined [55]. Unlike other load réidaccontrol strategies in wind tur-
bines, this method does not require measurement of bladeiizangle or carrying out multiple
complex Coleman transformations between rotational adoate frame to fixed coordinate frame.
Here, individual blade bending moments are converted intbdrthogonak- ands-axes using
Clarke transformation, and then two proportional resorf®fR) controllers are used to reduce
transformed bending moments in these two new axes. Theeransction of PR controller de-
pends on bandwidth of resonant peaks and the harmonic of bdead bending moment that has to
be minimized. Simulation results indicate that proposeeb@Bed individual pitch controller can
effectively alleviate structural load in wind turbine. Howeuhe influence of load mitigation on
torque variation and generated power was not reported.

According to Eb], higher harmonic loads can also contesignificantly to fatigue loads in larger
wind turbines. So, it is necessary to mitigate higher haimsimuctural load, especially in Mega-
scale wind turbines. In literature, a number of higher harimoontrollers (HHC)@@'BEES],
with applications to wind turbines, have been investigabaormally, individual HHC loops con-
nected in parallel are designed to minimize higher harmioaids in the rotor which in turn reduce
3p harmonic and its integral multiple structural loads omfiked structure.

Most of the structural load reduction controllers in winddines that have been reported rely on
blade load measurements. To avoid direct measurementgsé tbads, control methods based
on the computation of structural aerodynamic loads usifigvinconditions have been explored
in [@@ ]. Normally, pitot tubes are used to measur@mitonditions. In EBEO], local
inflow measurements on each blade were used to compute adeng moments for designing
an individual pitch controller. It was assumed that all lelaavere physically and aerodynamically
similar since the properties of a single blade were used topcte future loading of all other
blades.

A cyclic blade pitching control method for mitigating th@al varying rotor tilt and yaw moments
is proposed in[59]. Here, pitch angles were adjusted depgrah measured local inflow angle
and relative velocity on each of the rotor blades. Compariid eollective pitch controller, indi-
vidual pitch controller greatly reduced blade tilt and yaamting at the tower top. Nevertheless, in
this contribution, it was not demonstrated how the compsenbietween structural load reduction
and power regulation was achieved.

3.1.2. Disturbance observer-based controllers

Since not all system states are available for measuremdrtwnto the fact that the dynamics
of the incoming wind are unknown, it is reasonable to use fatput measurements to estimate
unknown system and disturbance states. More specificaiyg speed variation, nonlinearities,
and other unmodeled dynamics can be estimated and comeeémfigatising a suitable observer in
conjunction with an appropriate control scheme. Next,ausivariations of disturbance observer-
based controllers applied to wind turbine systems are dgsal
The idea of estimating and compensating for disturbancefingtsproposed in 1976 by John-
son @] and has since then been referred to as disturbanoenawdating controller (DAC). A
fixed gain DAC has been applied successfully in regulatitgti@nal speed of turbine rotar [62].
Later, the idea of compensating for persistent wind vametiwas extended to multi-variable con-
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trol design method@@lﬂ&], followed by the introdantbf periodic gain DAC to mitigate
asymmetrical loads across rotor di[,@, 66].

In [@], the performance of a periodic gain controller fogukating generator speed in a two-
bladed, variable-speed, horizontal axis wind turbine waestigated. In comparison with a con-
stant gain controller, the periodic gain controller had giaal performance improvement with
respect to speed regulation. In &drent study@?}], a similar conclusion was drawn when a fixed
gain collective pitch DAC and a collective periodic DAC we@mpared in speed regulation.

A periodic disturbance accommodating controller for ragjag rotor speed and mitigation of
cyclic rotor blade loads is proposed in [65]. This contnoldas applied to a two-bladed down-
wind turbine, where blades were manipulated individuadlydalize these two objectives simul-
taneously. The algorithm utilized a periodic state estontd reconstruct system and disturbance
states using rotor speed and rotor azimuth position as tlyenogasurement signals. Compared
to the fixed gain controllers, periodic gain controller hattér performance with regards to load
reduction. Unlike the approach reported[63], where nmaigperformance improvement was
registered with regard to speed regulation, IPC perioditudbance accommodating controller of-
fers a reasonable tradéFtvetween speed regulation and structural load reduction.

To effectively compensate for unknown disturbances in any cettreystem, it is important to
accurately estimate them. This is normally realized usistudbance observers. In which case
the determination of the optimum gain is essential for achigood results. While high gains
are necessary for reasonable disturbance estimatioenasy high gains cause the disturbance
observer to become sensitive to measurement noises anddetedal namics{ES]. One of the
strategies for determining the optimum observer gain isugised inl[69], where the gains are
on-line adapted.

A stochastic disturbance accommodating controller (SD®EC¥tabilizing a system with unmod-
eled dynamics and unknown exogenous disturbance is p&eis'em@]. This approach uses an
Augmented Kalman Estimator in the feedback loop to estirttaesystem and disturbance states
using noisy output measurement. The results indicate geddnmance with reference to speed
regulation and damping of drive-train vibration.

In ], SDAC is used for output power regulation and strugkipads reduction in wind turbine.
This control method is motivated by the fact that wind tugbis normally influenced by aerody-
namic loads with statistical properties. In this study, @&srassumed that wind turbine was excited
by both wave and stochastic process noises in addition tsume@ent noise. The controller mit-
igated 1p harmonic loads while maintaining a generatorépeaund the rated value.

To compensate for adverséexts resulting from the model uncertainties and unknowrgexo
nous disturbances, a linear stochastic disturbance acodatmg (SDAC) controller is proposed
in [@]. Unlike the traditional DAC which treat external tlisbances as a waveform with unknown
magnitude, the SDAC considers disturbances as composeatiothe waveform and stochastic
components. This control method also uses the Augmentemha€aFilter to estimate both the
system states and the disturbance (unknown inputs). Tleesgbropriate controller was designed
to compensate for disturbances and stabilize the closguldgstem. Additionally, the stochastic
stability analysis revealed that weighting gains for thdnkan filter must be lower-bounded to
guarantee closed-loop stability. Similar work is reporite@], where the focus is on studying
the stability and on-line adaption of process noise conagamatrices of SDAC in order to stabi-
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lize the closed-loop system.

A control strategy to suppress wind turbine tower vibrai®presented irﬂG], where a distur-
bance observer-based controller was used to attenuatesthebdnce at the top of the tower. Com-
pared with proportional derivative (PD) controller, thantrol strategy had better performance in
terms of dampening tower top deflection.

An adaptive collective blade pitch controller for regulatigenerator speed and disturbance re-
jection during high wind speed region is discussedgirh, %[@], a modified direct model
reference accommodating controller (MRAC) with an abildycancel the disturbance on the out-
putis presented. While in_[5], the turbine model is augreentith Residual Mode Filter (RMF)
to compensate for modes in the system that might violategfeirements of the Almost Strict
Positive Real (ASPR) plant for adaptive control design scdssed. Compared to the standard
collective blade pitch Pl-controller, the results indeahproved performance with respect to gen-
erator speed regulation for both step and turbulent windwnfl

In another study, a supervisory control strategy to miggdtuctural loads in wind turbine is dis-
cussed in|ﬁ|6]. This strategy is based on model predictiverob where a trade{d between
structural load minimization and tracking of the maximumveois realized. It was observed that
a significant reduction in rotor thrust dominant loads cdeltl to an increased low-speed shaft
torsion moment, causing fatigue failure in drive-trainteys.

3.1.3. Multi-variant robust control

Robust control schemes have also been applied to wind eslianmitigate adversdtects of
variability of wind speed, witlH, andH,, being the most reported in the literature. As pointed out
in [ﬁ], H, controller is more appropriate in applications where disince rejection and noise
suppression are crucial where#ls, controller is suitable when the robustness to plant unicerta
ties is important. In botlH, andH., control schemes, the task is to achieve stabilization while
guaranteeing certain performance requirements such taslgiace attenuation, bandwidth limi-
tation, and robust tracking problem.
A multivariateH, controller for minimization of structural load is proposjeqlﬁ]. In this study,
a multi-blade coordinate transformation was applied taiminal wind turbine model. Then the
resulting model was augmented with a stochastic wind madaider to design an observer-based
independent blade pitch controller so as to estimate angbengate for wind speed variability. In
comparison to collective pitch controller, the results af@alti-variant controller indicate improved
performance regarding the reduction in yaw and tilt moments
In [@], anH..-based individual blade pitch control for minimization affiaxial tower bending
mode as well as 1p fluctuations in blade bending moment isgsexh Since blade, rotor speed,
and axial tower deflection modes are highly coupled, a nwvaltiable controller based oH., de-
sign is proposed to stabilize the wind turbine while rectimgithe conflicting requirements of
structural load reduction and speed regulation. Againtr@gsformation was carried out to con-
vert from mixed coordinate system to fixed coordinate sysféne results indicated a significant
reduction in structural loads, although at the sacrificdnefttime required to settle to the reference
rotor speed.
In another study, &f..-based multi-variable, multi-objective control stratégyregulating gener-
ator speed and reducing both the drive-train and tower Idadag high wind speed is discussed
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in [@]. These objectives were realized by designing twausbl#,, multi-input single-output
(MISO) control loops: One for generating a collective pitoiigle and the other for determining
generator torque signal. The two controllers were actadlizy solving aH,, mixed sensitivity
problem where notch filters were included in the control dgits to achieve these objectives.
Compared to standard pitch controller, the proposed glyatéered a compromise between speed
regulation and load reduction.

A multi-objective control scheme for regulating generagpeed and minimizing structural load
reduction is described ilELbl]. This control scheme congwisf a linear matrix inequality-based
collective pitch controller for generator speed regulatamd an individual pitch controller for
alleviating once per revolution frequency fatigue load loa totor blades. The linear matrix in-
equalities (LMI) technique was applied to incorporate thiestraints that satisfy the requirements
of perfect speed regulationffieient disturbance rejection, and allowance of permissibteator
usage. The strategyfers a reasonable trad@&-between speed regulation and load reduction.

3.1.4. Multiobjective and model-predictive approaches

In [@], an LQG controller with capability of determiningedloptimal weighting matrices is
proposed to regulate generator angular speed, active aetves power for a DFIG wind tur-
bine system. Instead of using a trial-and-error method &buete suitable weighting matrices for
both the Kalman filter gain and state feedback gain, a GeAdgiarithm (GA) was used to au-
tomatically search for the optimal weighting matrices tban satisfy the required performance
specifications.
An independent pitch controller based on fuzzy logic is psgd in [L_ab]. This control scheme
aims at mitigating 1p harmonic loads on rotor blades withemtersely fecting the quality of
generated power. Similar tﬂZG], individual blade bendimgments were transformed into yaw
and tilt moments using Coleman transformation. Then Prjuontrollers were designed to min-
imize tilt and yaw bending moments. The results indicatédhaacceptable compromise between
load mitigation and power regulation can be realized ugigydontrol approach.
A multi-variable control method is presented |E[84], whareombination of nonlinear dynamic
state feedback torque controller and a linear blade pitolrotber is used to achieve the objectives
of regulating output electric power and controlling rototational speed. This control strategy
satisfies both rotor speed and electrical generator powetaton goals. However, the variation
of structural load which is an important aspect in large wunthines was not considered.
In a different study, a MIMO nonlinear model predictive controller & floating wind turbine is
presented ir@S]. The goal of this controller is to mitigateictural loads by minimizing yawing
and pitching moments on the rotor. A model predictive sgyatgas employed to predict optimal
future control input trajectory using the current measweeninformation as well as inptatutput
constraints. The results indicate that the control apgra@promising in reduction of rotor blade
load of floating wind turbine.
Other similar work has been reported [86], where modetlistere controller (MPC) together
with a feed-forward disturbance controller was used to mirné structural loads on wind turbine
structure. To develop a control algorithm that could openatboth partial and full load regimes,
the whole operation envelop was subdivided into a numbendéfsub-regions, where linearized
models were used to capture localized dynamics within eabkregion. Here, upstream wind
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speed measured using LIDAR was then used as the gain samggatiable to switch between the
operating regions. In this case, prior knowledge of apgrmarwind speed was beneficial in MPC
control design since the gain scheduling variable was krfowthe entire prediction horizon.

A model predictive-based IPC is proposedﬂ [87] to regulatational speed while minimizing the
effect of asymmetric load across rotor disk. Individual bladelpangles are adjusted depending
on the speed of incoming wind to reduce the blade root bendmgent’s fluctuations. To account
for model uncertainties and variation of operation poininaar control strategy together with a
model that predictsféective wind speed were used for gain scheduling. The opergtints
were evaluated in accordance with LIDAR measurements, footturrent and predicted operat-
ing point. In this study, it was observed that LIDAR measugats can significantly improve the
performance of wind turbine, but error in computing windagation time can severely degrade
the performance of the controller. Compared with standarcoRtroller, this control approach
allowed for a trade-6 between spe¢power regulation and structural load reduction. Howexer, i
led to increase in pitch actuation duty cycle (ADC).

A multi-variable model predictive controller (MMPC) for akzing multiple objectives in both
partial and full load regions of a variable-speed wind toebis discussed iljn?LiBS]. The controller
aims at maximization and smoothening of generated powdigation of drive-train vibrations as
well as reduction of pitching actuator activities. To cottee whole operation region, a number
of linear models, each representing localized dynamics giffen sub-region were defined and
appropriate switching mechanism to switch between sulminegvas also designed. During low
wind regime, it was observed that MMPC had better genergieed tracking and higher aerody-
namic dficiency compared to standard control method. Similarlyjrduabove the rated speed
region, the power fluctuation was considerably reduced mparison with the standard collective
pitch PI controller. Nonetheless, this led to increaseddiations in generator speed.

As specified in@], reduction of drive-train mode vibratioan be realized by using small per-
turbed generator torque signal on the nominal value, eslean high wind speed region. How-
ever, generator torque control cannfieetively alleviate asymmetric rotor loads.

A multi-variable feed-forwardeedback controller for improving blade root bending mobren
duction is reported ir@Q]. This control approach is basethe fact that either the full knowledge
of incoming wind is known beforehand or the measurement RDAR system is possible. Results
indicated improved performance with respect to blade leadiction. However, dynamics of ac-
tuation were not explicitly considered during controllesyn leading to high pitching rates. The
two methods used for designing feed-forward controllereagain-scheduled model-inverse and
gain-scheduled shaped compensator.

The use of disturbance feed-forward controller in conjiomcivith a standard feedback blade pitch
controller is proposed irﬁ@O]. The focus is to reduce fatitpads on wind turbines without sig-
nificant compromise on power regulation. The study condui@t when the wind turbine is
under influence of stochastic wind field, a significant suitadtload reduction could be realized
without afecting the quality of generated power, if an additional fémevard control loop is ap-
plied. This control configuration was implemented and teste a real 3-bladed wind turbine as
reported in Ell]. The findings from this study pointed outtttee use of a feed-forward control
loop in conjunction with a feedback speed control loop ccagdutilized to further reject wind
speed variations at low frequencies.
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Figure 6: A generalized structure of observer-based idd&fi blade pitch controller

An example for a multiple objective control framework isigtrated in Fig. 6. Here, the antagoniz-
ing control requirements of regulating generator spgaader as well as structural load reduction
can be realized. The two control loops are employed: The lbigh is utilized for regulating
generator speed by generating nominal demanded pitch amglke the second loop is used for
structural load mitigation. This approach is based on alimeodel for during high wind speed.
Different control design criteria can be used to realize theptles. In this case the design
should guarantee that the two loops do not interfere witln edleer by limiting the size of per-
turbed output MIMO signalau,.. and to tune MIMO such that it does not attempt to regulate
generator speed. In this example, blade bending momentsumegaent are used to design an
observer-based MIMO controller, although other measurgsnean also be used depending on
which structural member is under investigation. The ovenanipulated variable., is computed
by adding perturbed individual control signa@s,,. to the nominal control signal_,...

3.2. Power optimization control problem

Another important goal in wind turbine is to maximize powgtraction dficiency during low
wind speed region. To tackle this problem, controllers aeaily designed to track the maxi-
mum aerodynamicficiency when the wind speed is below the rated value, althdaugldlifficult
to accurately determine the maximum power fogent since it is a nonlinear function of tip-
speed-ratio and blade pitch angle. Even in circumstancesents nearly optimum value can be
approximated, blade aerodynamic properties are likep&mge with time due to aging and corro-
sion, leading to sub-optimal operation. As shown in Eigot & given blade pitch angle, there is a
maximum value for power cdicientC, that corresponds to the optimal tip-speed-ratioNext,
in this section a number of control methods for maximizingvpoextraction in wind turbines are
discussed. Some of these control methods assume prior &dgevbf optimum operation condi-
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tions, either computed through empirical data from expents or using theoretical models like
blade element momentum theory. Others control approadsesre that optimal TSR and blade
pitch angle are unknown; hence, an on-line optimizationtsmh to maximize generated power is
usually sought.

As outlined in @EIS] Maximum Power Point Tracking (MPPThgthods can be summarized
as follow: Tip Speed Ratio (TSR) control, Optimal Torque j@®ontrol, power signal feedback
(PSF) control, and Perturbation and Observation (P&O)robnMost of these MPPT methods
usually require a priori knowledge of the optimum powerfGognt @1]. However, in strict sense
a perfect estimate cannot be achieved either by analytietiiads or through experiments. In ma-
jority of MPPT control algorithms, pitch angle is normallgld constant at a predefined optimal
value and the optimal power cihieient is solely determined by tip-speed ra% [@, 96]. Desp
the performance improvement in comparison with the fixed gantrol methods, some of these
power maximization control schemes have other shortcosniR@r instance, the tip speed ratio
control method utilizes wind as an input in order to comphedptimum value of the TSR; how-
ever, itis hard to accurately determine thigeetive wind speed from direct measurements [97]. On
the contrary P&O method does not require prior knowledge iotiturbine characteristic curve
rather a hill-climb search method is used to locate the lopaimum power coféicient. However,
this approach is bound to fail when used in large wind turbuneder the influence of rapidly vary-
ing wind speed due to large inertial loads on turbine r&E].[Qikewise, sliding mode approaches
and extremum seeking contrm99] take a lot of time to cogedp the optimal operating condi-
tions @]. As a result, this might not give favorable résufl the rate of wind speed fluctuation
is very high. In [EQIlZ], a sliding mode controller based\WPPT algorithm is used to max-
imize captured power by tracking the optimum aerodynamigue. This strategy is formulated
to guarantee stability despite parameter uncertaintidsvadel inaccuracies. Additionally, this
control approach is designed in such a way that no inducethamézal stresses are transmitted to
the drive-train system. The obtained results indicateddgmmvergence of both the rotor speed
and torque.

A nonlinear sliding mode control method for power productaptimization on a variable speed
wind turbine that is fitted with a DFIG is proposed in [] 03]. eTbontrol system consist of two
cascaded controllers: a DFIG controller for tracking bt generator torque and rotor flux, and
another control loop for tracking optimal rotor speed to maze power capture. Although im-
proved performance in terms of optimal torque and flux tnagkvas obtained, zero error tracking
was not realized. This control methoéfers a trade-fi between perfect reference tracking and
escalation of chatter in drive-train.

A nonlinear cascaded controller for variable speed windihg that is equipped with a DFIG is
demonstrated irﬂdM]. Here, the aim was to optimize outpuegated power while avoiding in-
duction of strong transient loads in drive-train. This wakiaved by tracking optimal reference
rotor speed generated using estimated aerodynamic torguesiimated féective wind speed.
Compared with standard partial load control strategy, topg@sed nonlinear controller led to im-
proved power extractionfigciency while maintaining drive-train transient loads withcceptable
range.

Unlike other control methods, which optimize power by matagting generator torque only, op-
timal direct shooting control and Lyapunov-based congrsl| ] can use both the generator
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torque and blade pitch angle to attain the local maximum efgbwer coéicient. Application

of multi-input multi-output optimal direct shooting coontrto maximize the aerodynamic power
efficiency in partial load operation region has been presemt@]. The éectiveness of the
proposed algorithm was evaluated against the standartesmmut single-output (SISO) torque
feedback controller, where a noticeable improvement iokiray C,, ,, was observed. The re-
quirement of prior knowledge offkective speed of incoming wind is the major weakness of this
method. Furthermore, the influence of torque variation imedtrain was not investigated.

A Lyapunov-based control approach for maximizing genergtewer in partial load regime is
studied in [Ll_Qb]. In this scheme common blade-pitch anglg,f and tip-speed-ratio (TSR) are
varied to ensure that the turbine operates at optimum dondibr maximum power extraction.
The results indicated reasonable convergence to a predefptenal value despite the variation
of the incoming wind.

A robust control scheme for power capture optimization miyifiow wind speed is described
in [@,,6], where Lyapunov-based approach is usatetermine the trajectory of the
desired rotor speed that corresponds to maximum power foiainy given wind speed. Unlike
MPPT methods, where optimum power point is assumed to be iknihvg approach searches for
the best combination of blade pitch angle and tip-spead-tlaat lead to optimum power extrac-
tion.

Alternative control strategies where generator torqueldade pitch are both used to achieve var-
ious control objectives have also been reported in thealiiee. As discussed im09], torque
controller is used for track incoming wind trajectory in erdo extract as much power as possible
from wind whereas pitch controller is used for regulating ghectrical power to the rated value.
Both of these control loops are based on a SISO control caafign, thus limited in handling a
multi-objective control problem.

In an dfort to minimize uncertainties related to determinationted gainK; corresponding to
the maximum power cdicient C,,  , adaptation torque control methods have been proposed
in [@@Eb] Here, a highly intuitive adaption gain waed to maximize power extraction in
wind turbines during partial load region. The gain was aeldpising large time steps in order to
average out high frequency wind variation and sluggishimgrbesponse to gust wind. Compared
to the standard torque control, the proposed adaptive @anethod gives better performance in
power maximization. Another variation of adaptive conscheme for computing optimum aero-
dynamic dficiency is proposed iml]. Unlike other adaptive contn@lused in partial load
region, where a constant optimum blade pitch angle is assuthis control method also varies
pitch angles by small increments to enhance tkieiency of power extraction.

Other examples of advanced control algorithms for maxingzower extraction have been re-
ported. For example, an adaptive disturbance trackingalb®DTC) is applied to track the opti-
mum tip-speed ratio (TSR) in order to maximize power gemanaduring low wind speedmZ].
In essence, this control method aims at regulating rotoedgse as to track the incoming wind
speed, hence keeping TSR at its optimum value. A low ordedwimbine model augmented
with wind disturbance model was used to estimate incominglvgpeed for use in ADTC algo-
rithm. Other similar work has been reportedﬁhli%], wheEETA with different tracking ratios is
used for smooth transition from low wind speed to high windespregion. The transition region
ensured that turbine reached its rated generator torqteratéd rotor speed.
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3.3. Power optimization and load reduction control methods

While power optimization is crucial in low wind speed regi@are must be taken not to in-
duce undesirable torsional vibration on the drive-traimerefore, reconciliation between these
two conflicting requirements is required. This section exgsd diferent control methods that have
been proposed in the literature to deal with this challeridest of the studies on maximization
of power extraction during low wind regime have not investegl negative consequences of track-
ing the optimum power on the reliability of drive-train sgst. For instance, mechanical fatigue
tresses are induced in drive-train by large generator tovguations during maximum power point
tracking. To overcome this challenge, studies to recortisecompeting objective of maximizing
power extraction and reduction of induced mechanical loadfive-train have been proposed.
In ], an optimal control framework for variable-speeckti-pitch wind turbine is discussed.
In this study, wind speed was divided into a slowly varyinghgmnent and rapidly varying com-
ponent in order to determine the average position of ogergioint as well as generating high
frequency variations around this point. A Pl-controllersnthen designed to keep wind turbine
system around the desired operation point, and a Lineari@uea&aussian (LQG) controller was
used to compromise between maximization of wind power amdmization of generator torque
variation. Simulation showed good control performance indypower maximization. However,
this optimization method assumed known optimum operatoigtp
Linear and nonlinear control strategies based on a two-masisnear wind turbine model and a
wind speed estimator is presente 115]. The focus waptio@e power capturing and reduce
drive-train load is realized at the same time. To realizs,tialman filter in conjunction with
Newton algorithm was used to estimate aerodynamic torqdeféective wind speed using gener-
ator torque and generator speed as the only measuremeatileari Then, the estimated torque and
wind speed were used to calculate optimum reference roewdsfor tracking maximum power.
Comparing the performance of both control methods, noaticentrollers outperformed the lin-
ear controller, especially during high turbulent winds.
In a different study, a composite linear state space controlleristorg of a disturbance tracking
controller and an independent blade pitch contro[Mé}; developed to realize the goal of
optimizing energy capture and reducing structural loadh@rotor blades at the same time. The
disturbance tracking controller was employed to optimizergy capture in low wind speed re-
gion despite persistent wind disturbances whereas indigp¢lade pitch controller was used to
minimize blade root fatigue loads. To avoid the interfeeemdth torque controller, independent
pitch controller was designed so as not to actively reguteegotor speed. A single-state control
model like the one described MU] was used to design aitocgntroller based on disturbance
tracking theory (DTC) to maintain an optimum tip-speederdbr maximum power generation
during low speed region. The results indicated that the ggeg control method can reduce the
structural load without sacrificing power optimization etijve.
A multi-variable control strategy for regulating the spaad electrical power is proposed 18].
To realize these two goals, a combination of nonlinear dyoatate feedback controller and linear
pitch controller was used. A traddfdetween speed regulation and power control was achieved
by constraining power tracking error and pitch controlereégulate the rotor speed. To improve
on the torque control response, small perturbed signats &wariable-pitch control were used.
The results indicated improved performance in rotor speeldpawer regulation while maintain-
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ing loads within acceptable limits.

It is important to consider advanced control strategigheeimodel-based or model-free, to trade
off between maximizing energy production and guaranteeingxtended life time of the struc-
tural members.

3.4. Emerging trends and issues affecting wind turbine control

This section outlines technological developments andas@conomic issues that are likely
to positively or negatively impact on wind power productiowhile it is important to explore
enabling technologies that can lead to lowering wind en@m@yluction cost, sustainability and
environmental impact assessment need to be consideree lkefploying such technologies.

In order to make wind energy more competitive compared teraghergy sources, the turbine to-
tal life cycle (TLC) cost has to be lowered. This involvesuetion of both initial investment cost
and operation and maintenance (O&M) cost. These two cladsassts contribute separately to
the TLC cost. For instance, initial investment cost can lastically reduced if gicient manufac-
turing technologies for mass production are embraced iftiaddo using high quality and cheap
alternative materials to manufacture various turbine comepts. A good example is to replace
fiber reinforced plastic (FRP) rotor blades with hydrofodrsteel blades as proposed in [ 19].
In this study, it was noted steel has a recycling rate of 90%king it an attractive substitute for
manufacturing cheap blades. Although FRP has a number @inéalyes over steel, it is more
susceptible to aging, more expensive, and problematiccycheg. On one hand the use of steel
can reduce the manufacturing cost of rotor blade, but on therdand, weight might present
challenges in designing controllers due to high inertiable.

Maintenance and operational cost can be reduced by emgleyitable control strategies in com-
bination with appropriate health condition monitoring hm@ds. This aims at extending the oper-
ational life time of critical parts of wind turbine as well aglicating when a certain part is due
to replacement. As a result, condition-based maintenaGBa/| ] can be used to reduce
unnecessary downtimes by carrying out maintenance onlythie necessary rather than on a
scheduled basis. Among all wind turbine subsystems, thebgeas one of the most expensive
component and most susceptible to faildE_[lZl]. Any attetmpeduce the failure rate of wind
turbine gearbox will significantly lower O&M costs and oviégaroduction of wind power. To
avoid the problems associated with gearbox failure, sorsearehers have proposed direct-drive
instead of geared-drive system, especially in utilitylseeénd turbines.

While permanent magnet direct-drive systems are compakctabust, sustainability of its future
production cannot be guaranteed because a rare earth Idetadymium, is required to make
its permanent magn 2]. Neodymium is an expensive an@d@escare earth metal which is
likely to be depleted over time if its demand keeps on growiAdditionally, its extraction has
very adversefects on environment and this can be a setback in producinganvental friendly
power. The fact that 90% of the world total Neodymium producis produced by only a few
countries and political influences makes it even more emet[@]. These restrictions and po-
litical interference may hamper future prospects of mactufégng Mega-scale permanent magnet
wind turbine generators. In aft®rent study, ferrite permanent magnet generator was stadie
possible substitute for Neodymium permanent magnet gtme@], however, it was concluded
that the resulting generator would be too heavy becausgea laagnet volume would be required
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Figure 7: Wind turbine control system with a LIDAR feed-fad loop

to attain the same air gap flux density and voltage as Neodyrbiased generator.

In recent past, the use of light detection and ranging (LIDABnsor in wind turbine control
application has been investigated. As notedﬂ[l%] themsnrement technology has been in
existence since 1970s, but its wide spread use has been tehigyehigh cost. This sensor mea-
sures the upwind speed before it interacts with the turliieece allowing time for the turbine
to respond to control output signal since the dynamics obnmag wind are faster than that of
the turbine itself. This is very beneficial in large wind tumd where blades are massive; pitch
actuation can be activated ahead of timefteaively minimize asymmetrical loads on the rotor
blade. It is important to mention that this technology ifl ati active area of research, especially
in Mega-scale wind turbines due to high inertial loads.

FigurelT illustrates a LIDAR system can be integrated intodaturbine control loop. The up-
stream wind speed is measured using LIDAR system and thatiarifrom nominal speed is
compensated using the feed-forward controller. A multiatale controller is used in the feedback
loop to realize the objectives related to pogpeed regulation and structural load reduction. This
kind of control scheme can be desirable for large wind twebithat are subjected to rapidly vary-
ing wind speeds due to their slow reaction time.

As mentioned before, structural loads increase as theniipiows in size. More specifically,

it has been noted nmbS] that blade root edge-wise strems@sating from gravitational force
increase as the blade size increases in size. On the corfiapryise stresses due to aerodynamic
loads are independent of blade size. Another challengéettla large wind turbines is slow
pitching dynamic response due to massive inertial forceh®ilades. To overcome the prob-
lems related to slow dynamic response of blade pitching dil&ge size and increased weight, a
number of investigations combining active aerodynamidr@bilevices and full span blade pitch
control have been reported. In the literature, trailingestlgps and micro tabs are the most used
active aerodynamic control devices. As pointed in_ A1fdiling edge flaps can be classi-
fied as rigid or deformable, with deformable trailing edge {RTEF) being most preferred. In
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comparison with individual pitch control, it has been obserin ] that individual flap control
(IFC) is more éective in mitigating high frequency loads in addition touetion rate of pitching.

It has been further noted iEé 28] that active aerodyoaontrol devices have a potential of
minimizing fluctuation of generator power in addition to danyg tower deflection.

In a different study, the performance of a combined active aerodigraad control (AALC) and
IPC scheme on fatigue load reduction was investigate@][l’zhe individual pitch controller
similar to that described ilﬁiZB] was used together with AAbh&sed on proportional derivative
(PD) feedback design. The PD controller employed blade eipedtion as the feedback signal
and was used to actuate flaps in all the three blades. Where @astrodynamic load controller
was deployed, the results depicted significant improveraembot blade flap-wise moments re-
duction. Though the scheme did not explicitly investigateariation of generated output power,
the improvement on flap-wise bending moment reduction dichdeersely &ect other important
turbine component such as drive-train and tower deflection.

Other issues likely to influence current and future produrctif wind power are social economic-
and cultural-related_L_L':BO]. Before any wind farm instatiat a site with prerequisite climatic
conditions has to be identified and acquired. This may seoneeitivolve displacement of human
population leading to conflicts. Setting up wind turbinetatistions near residential areas may
cause interference due to emission of acoustic noise. &natallenge of onshore wind farm is
disturbance of natural ecology and natural habitat. It heenbconcluded il] thatfishore
wind turbines dfer greater potential in scaling up the power production cépaThis is due to
availability and higher wind speeds iftshore wind farm sites. In addition, there is less interfer-
ence with human settlements caused by acoustic noise aativegignpact on landscape aesthetic.
It is worth noting that due to some of advancements in windggnimdustries; there are prospects
of manufacturing wind turbines of even higher wattage aggéi sizes in fishore sites.

4. Discussion and evaluation

It is evident from literature survey that the focus of windeggy research has been on the
reduction of its production cost, enhancement of safetyrahdbility, and improvement of the
quality of produced power. From the control point of viewistban be realized by designing
control strategies that can handle multiple objective [gnmis for the whole operation range, i.e.,
during the partial and above the rated speed regions. Measaly, it is important to consider
the power maximization against load reduction in the dtreéa during partial load region and
speedpower regulation against load mitigation during high wipeed region.

Different control approaches can be used to mitigate strudhads on diferent wind turbine
subsystems. For example, IPC can mitigate rotor blade lnddlamp the side-side tower deflec-
tions. On the other hand, collective pitch control can miagrtower fore-aft deflection as well
as regulating rotor speed during high wind speed. Additlgngenerator torque controller can be
utilized to minimize tower side-side deflection and drivat torsional vibration. To reduce struc-
tural loads on dferent subsystems simultaneously, it is important to fuseertttan one control
approach; however, care must be taken to avoid them fronfeniteg with each other by using
appropriate filters.

Table[1 summarizes and compares various control methodsaisgower optimization in partial
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Table 1: Comparison of control methods in low wind speedaegi

Control method References  Manipulated Short description
variables
Tip Speed Ratio [92, 94] Torque Known optimal operation point
(TSR) is assumed. Wind speed mea-
surement is required.
Power Signal [93, 96] Torque Requires the knowledge of the
Feedback (PSF) wind turbine’s maximum power

curve. Wind speed measurement
IS not required.

Optimal Torque [92, 94] Torque Requires the knowledge of

Control (OTC) turbine optimal characteristic
curve. The reference torque
is always proportional to the
square of rotor speed.

Perturbed and Ob-  [95, 98] Torque Does not require knowledge

servation (P&O) of optimum point characteristic
curve. Suitable for low inertia
wind turbine systems.

Adaptive Disturbance [112, 113] Torque Based on linear model and tracks

Tracking Controller optimum TSR for a given speed.

(ADTC)

Adaptive controller [20,22,110] Torque Adapts the congain depend-
ing on incoming wind speed.

Sliding mode [101, 102] Torgyeitch Does not guarantee finite-time

convergence of the tracking er-
rors. Leads to performance
degradation if wind speed is
rapidly changing.

Extremum seeking _[99] Torqgyieitch Take time to converge to opti-
mal solution. Leads to perfor-
mance degradation if wind speed
is rapidly changing.

load region. The main challenge in this region is to complgedptimal operation point which in
most cases is approximated.

Some of power the maximization methods cannot be used in Megle wind turbines because
of large inertial loads, especially those that require palaition of both pitch angle and generator
torque to reach the optimum operation poﬂlOG]. On theottand, adaptive control methods
can be €&ectively used in large wind turbine to track maximum powesviied that the gain is
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adapted using large time steps in order to accommodate kigdtions in wind speed and slow
response due to large inertia forces.
Strict tracking of maximum power curve can cause the indactf undesirable mechanical

Table 2: Comparison of control methods in high wind speedbreg

Control method References Gain Pitching  Short description

Pl-controller (gain  [23] Variable Collective Simple to design and ro-

scheduling) bust. SISO controller.

Linear Quadratic [26, 51, 82] Fixed Individual Kalman filter is used to

Gaussian (LQG) estimate system states.
Loop transfer recovery is
used to improve stability
margins.

Hy/Ho [77,78,80,79] Fixed Individual Used to reject unknown
disturbance and suppres-
sion of measurement noise.

Linear Quadratic [52] Fixed Individual An additional integral ac-

Regulator with Inte- tion is used to cancel steady

gral action (LQRI) state error.

Disturbance Accom- [12, 63, 64] Fixed Individual Estimate system and dis-

modating Controller turbance states. Assumes

(DAC) measurement signal are
noise free.

Stochastic Distur-  [70, 71, 72] Fixed Individual Estimation of system and

bance Accommo- disturbance states using

dating Controller measurements with noise.

(SDAC)

Periodic Distur- [62, 65] Periodic Individual Uses periodic model and is

bance Accommo- complex to design. Az-

dating Controller imuth position is used to

(PDAC) vary the gain.

Model predictive [86, 87] Variable Individual On-line optimization as

control (MPC) well as input and output

constraints handling.

stresses on the drive-train system, which can cause faféguee if not checked|E3]. To recon-
cile these two contradicting requirements, independdnhmontrol and optimization algorithms
can be used simultaneously to minimize induced mecharoeal Without significantly interfer-
ing with power maximization objective. More specificallglagtive control method can be fused
with IPC to achieve these two objectives at the same timehigncontrol configuration, IPC must
be designed in such a way that it does not regulate genegedshence, avoiding performance
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degradation. It is worth mentioning that employing IPC ftssunto increased pitching activities,
and thus care must be taken not to violate the limits of thehgatctuators.

In Table2, diterent control methods developed for high wind speed regioegulate spegdower
and mitigate structural loads are given. Most of these nu=stlaoe based on linear control theory,
meaning that they are onlytective around a given operation point. Therefore, measutes be
taken to compensate for uncertainties resulting from tla@gh of operation point due to variation
of incoming wind speed. Although the PI gain scheduling calldr is simple to design and more
robust, it has limitations in handling multi-objective ptems since as it is a single-input single-
output controller.

Linear quadratic methods cafffer an optimal solution by tradingfoopposing requirements by
minimizing a given cost function. In most cases, full sysstate information is required to design
this class of controllers, but not all states are availabtarieasurements. This has necessitated
the need to design observers to reconstruct unknown stabservers can be designed using lin-
ear quadratic method${.., pole placement among others. In literature, LQG has bephealp
in regulating generator speed and reducing of structuemldpwhere it is assumed that wind tur-
bine is influenced by disturbances and noise that have stbctpoperties. Due to these strict
requirements, LQG controllers are restricted in terms pfiaptions. Another problem associated
with LQG controller is poor gain margins which are improvesihg loop transfer recovery (LTR).
To reduce the steady state error, the standard LQR contrsli@rmally modified to include an
integral action.

Another control structure that has attracted a lot of aitb@nih wind turbine applications is dis-
turbance accommodating controller (DAC). This is due tahgity to estimate system and dis-
turbance states as well as compensating for unknown destads. In wind turbine application,
the variation of incoming wind from its nominal value is catesed as disturbance. Majority of
the reported work in wind turbine application, compensataihknown disturbances using static
disturbance rejection method which assumes that distadsaimfluence the turbine through the
same channel as the manipulated variables, resulting togebormance when this condition is
violated. On the contrary, dynamic disturbance rejecti@thod can fier an éfective means of
compensating for unknown disturbances, nonlinearitied, acertainties due to unmodeled dy-
namics.

As pointed out, wind comprises of deterministic and stotbg@soperties and the combinetfect

of these two properties is responsible for unbalanced geexdic load across the rotor disk. The
unbalanced load due to deterministic wind property can h@mized by periodic disturbance
accommodating controller. However, this control scheneimplex to design and has no perfor-
mance advantage over DAC after carrying out multi-bladedioate transformation. Multi-blade
coordinate transformation converts a periodic model ima@pproximated linear time invariant
model, and the resulting constant gain controller has ampiérformance as a period disturbance
accommodating controller. If the turbine is assumed to leumfluence of both the waveform
and stochastic disturbances, stochastic disturbancerscodating controller can be used to re-
construct both the system and disturbance states usinguineeasnt signals with noise.

As noted, IPC leads to increased pitch duty cycle which mayrm cause early failure of pitching
mechanism. To tackle this problem, MPC has been considarathny studies since it can ex-
plicitly take into account constraints during the desigagstto avoid violation of pitching actuator
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limits. To further improve the performance of MPC, LIDAR nse@ements can also be used to
improve its reaction time.

Since most linear controllers are designed for a specificadio® point, any significant deviation
from this point may lead to performance deterioration. Hgmds important to consider variable
gain controllers such as gain scheduling and linear paemwatying controller in wind turbine
application.

To realize the goal of improving the quality of generated ppoand guaranteeing the reliability in
Mega-scale wind turbines, it is inevitable to employ mublriable control schemes together with
emerging technologies such as LIDAR sensors, hybrid draves active aerodynamic control de-
vices such as trailing edge flaps and micro tabs. It would pwmant to combine more than one
control strategy to mitigate structural loads irftdrent subsystems rather than considering each
subsystem independently as it is the case with most of theogex controllers. In case of repair-
or maintenance-induced replacement of WT components loas@iterent material control strate-
gies may be adapted to take into account the new properties.

5. Summary and conclusions

In this contribution, diferent control strategies used in large wind turbines, botlow and
high wind speed regions, are outlined and compared withertgp diferent operational aspects.
Special focus is given to structural load reduction andteel@ontrol design. Taking the advan-
tage of economies of scale, the cost of producing a unit ofgpday wind turbine can be reduced
if the size and power rating are scaled up. Manufacturingimes with massive sizes can lead
into problems related to structural loads and poor quafityemerated power. To fulfill such con-
trol demands with contradicting requirements, innovatioatrol methods that can handle multi-
objective problems are inevitable.

Although aerodynamic loads are not high during low wind spesgion, tracking of maximum
power can cause high variation torques in the drive-transmg failure before reaching desired
end of lifetime. To balance between optimum power producéind load reduction in drive-train,

a multi-variable control method that can manipulate botbhpand generator torque needs to be
further explored since most of the reported controllersargle-input single-output. Similarly, in
high wind speed region, powspeed and structural load reduction are realized by matiable
control strategies. It is important to note that majoritydotumented control approaches for high
wind speed region are based on linear models, and are fialtige around the design point. Any
significant deviations from this operatjaiesign point results into control performance degrada-
tion. This can be circumvented by using variable gain cdletirdhat adapts the gain depending
on the wind speed variation.fiective wind speed can be either estimated using turbine hoode
using LIDAR technology to measure upstream wind.

It has been pointed out that reaction time of wind turbine lsanmproved if a controller is de-
signed using information on incomingfective wind speed before it interacts with turbine. This
idea can be used during low and high wind speed, but a lot diqailons have focused on high
wind region. Additionally active aerodynamic control dess can also be used to complement the
main control schemes to further improve their performance.

28



Acknowledgments

This work is partly supported by the cooperation agreemetwéen the German Academic
Exchange Service (DAAD) and Ministry of Higher Educatiogjedhice and Technology of Kenya
(MOHEST).

References

(1]
(2]

(3]
(4]

(5]
(6]
[7]

(8]
(9]

(10]

(11]

(12]
(13]
(14]
(15]
(16]

(17]

(18]

(19]
[20]

(21]

[22]

Sawyer S., Teske S., Rave K., Global wind report annualketaupdate, Tech. rep., Global Wind Energy
Council (GWEC) (2014).

Pao L.Y., Johson K.E., A tutorial on the dynamics and colmf wind turbines and wind farms, in: American
Control Conference, 2009, pp. 2076—2089.

Hau E., Wind Turbines: Fundamentals, Technologies,lispfion, Economics, Springer, 2005.

GengH., Yang G., Linear and nonlinear schemes applipit¢h control of wind turbines, The Scientific World
Journal 2014 (2014) 1-9.

Pierce K.G., Migliore P.G., Maximizing energy capturifizxed-pitch variable-speed wind turbines, in: 38th
AIAA Aerospace Sciences Meeting and Exhibit, Reno, Neva@ap, pp. 99-108.

GH Bladed: A design tool for wind turbine performance doading, httpg/www.dnvgl. coniservicegbladed-
3775, accessed 13-May-2015.

NWTC Information Portal (FAST), httpgnwtc.nrel.goy FAST, last modified 09- September-2014; Accessed
10-March-2015.

@ye S., FLEX5 simulation software, DTU Wind Energy.

Adams: The multibody dynamic simulation solution, hitwww.mscsoftware.cofproduct/adams, accessed
13 May-2015.

Laks J.H., Pao L.Y., Wright A.D., Control of wind turkes: Past, present, and future, in: American Control
Conference, 2009, pp. 2096—-2103.

Rolfes R., Zerbst S., Haake G., Reetz J., Lynch, J.Reghal SHM-system for fishore wind turbines using
smart wireless sensors, in: Proceedings of the 6th Infermadt\Workshop on Structural Health Monitoring,
Stanford, CA, 2007, pp. 1889-1896.

Stol K.A., Zhao W., Wright A.D., Individual blade pitcbontrol for the controls advanced research turbine
(CART), in: 44th AIAA Aerospace Sciences Meeting and ExtiBeno Nevada, 2006, AIAA2006-1367.
Zhao W., Stol K.A., Individual blade pitch for active wecontrol of a horizontal-axis wind turbine, in: 45th
AIAA Aerospace Sciences Meeting and Exhibit, 2007, AIAAZED022.

Nam VY., Kien P.T., La V., Alleviating the tower mechaaitoad of multi-mw wind turbines with LQR control,
Journal of Power Electronics 13 (6) (2013) 1024-1031.

Kristalny M., Madjidian D., Knudsen T., On using windesgd preview to reduce wind turbine tower oscilla-
tions, IEEE Transaction on control systems technology 212@13) 1191-1198.

He W., Ge S.S., Vibration control of a nonuniform winahiine tower via disturbance observer, IEBEME
Transactions on Mechatronics 20 (1) (2015) 237-244.

Fleming P.A., Wright A.D., van Wingerden J.W., Compayistate-space multivariable controls to multi-SISO
controls for load reduction of drivetrain-coupled modesnand turbines through field-testing, in: 50th AIAA
Aerospace Science Meeting, Nashville, Tennessee, 20KAZ112-1152.

Battista D.H., Mantz R.J., Christiansen C.F., Dynaah&tiding mode power control of wind driven induction
generators, IEEE Transactions on Energy Conversion 12000) 451-457.

Betz A., Introduction to the Theory of Flow Machines, fosd: Permagon Press, 1966.

Johnson K.E., Pao L.Y., Balas, M.J., Fingersh L.J., @drof variable-speed wind turbine: Standard and
adaptive technniques for maximizing energy capture, iEHE ontrol Systems Magazine, 2005, pp. 70-81.
Pao L.Y., Johnson K.E., Control of wind turbines: Apacbes, challenges, and recent developments, IEEE
Control Systems Magazine 31 (2011) 44-62.

Johnson K.E., Adaptive torque control of variable spaénd turbines, in: 45th AIAA Aerospace Sciences
Meeting and Exhibit, Reno, Nevada, 2007, ALAA2007-1023.

29



(23]
(24]
(25]
(26]

[27]
(28]

(29]
(30]

(31]
(32]

(33]
(34]

(35]

(36]
(37]
(38]
(39]
[40]
[41]
[42]
(43]
[44]
[45]
[46]
[47]

(48]

Wright A.D., Fingersh L.J., Advanced control designfadnd turbines, part I: Control design, implementation,
and initial tests, Tech. rep., National Renewable Enerdyokatory (2008).

Hwas A., Katebi R., Wind turbine control using PI pitahgde controller, in: IFAC Conference on Advancesin
PID Control Brescia (Italy), 2012.

Jelavit M., Petrovi€ V., Peri€ N., Estimation basedividual pitch control of wind turbine, Automatika-Joa

for Control, Measurement, Electronics, Computing and Camications 51 (2) (2010) 181-192.

Bossanyi E.A., Individual blade pitch control for loaeduction, Wind energy- Wiley Online Library 6 (2)
(2003) 119-128.

Bossanyi E.A., Further load reductions with individipéch control, Wind Energy 8 (4) (2005) 481-485.

Njiri J.G., Liu Y., Sdfker D., Multivariable control of large variable-speed witbines for generator power
regulation and load reduction, IFAC-PapersOnLine 8 (2GY3)-549.

Sun X., Huang D., Wu G., The current state difsbore wind energy technology development, Energies 41
(2012) 298-312.

Mishnaevsky Jr. L., Composite materials for wind eryeaigplications: micromechanical modeling and future
directions, Computational Mechanics 50 (2012) 195-207.

Vassilopoulos A.P., Keller T., Fatigue of Fiber-resnéed Composites, Springer-Verlag London Limited, 2011.
Debnath K., Singh I., Dvivedi A., Kumar P., Recent Adeas in Composite Materials for Wind Turbines
Blades, The World Academic Publishing, 2013.

Mishnaevsky Jr. L., Composite materials in wind endrgphnology, in Encyclopedia of Life Support Systems
(EOLSS), UNESCO, Eolss Publishers, Oxford, 2011.

Mishnaevsky Jr. L., Dai G., Hybrid carbaiass fiber composites: Micromechanical analysis of stinectam-
age resistance relationships, Computational Materidtn8e 81 (2014) 630-640.

Shah D.U., Schubel P.J., Licence P.,flolid M.J., Determining the minimum, critical and maximum &br
content for twisted yarn reinforced plant fibre composit@emposites Science and Technology 72 (2012)
1909-1917.

Rao P.S., Husain M.M., Shankar V.R., An investigationstrength degradation of gfrp laminates under envi-
ronmental impact, International Journal of Composite Mate4 (2012) 48-52.

Salit M.S., Jawaid M., Yusd N.B., Hoque M.E., Manufacturing of Natural Fibre Reinfadd@olymer Com-
posites, Springer International Publishing AG, 2015.

Lim S., Kong C., Park H., A study on optimal design of filant winding composite tower for 2 mw class
horizontal axis wind turbine systems, International Jalioi Composite Materials 1 (3) (2013) 15-53.
Quilligan A., OConnor A., Pakrashi V., Fragility analg of steel and concrete wind turbine towers, Engineer-
ing Structures 36 (2012) 270-282.

Bozzolo A., Wind turbine gear drive-trains based on meaterials and novel gear systems, in: European Wind
Energy Conference and Exhibition 2009, Marseille, Frag6€9.

Musial W., Butterfield S. , Improving wind turbine geasbreliability, in: The European Wind Energy Associ-
ation (EWEC) Conference, Milan, Italy, 2007.

Wilburn D.R., Wind energy in the united states and materrequired for the land-based wind turbine industry
from 2010 through 2030, Tech. rep., U.S. Geological SurRegton, Virginia (2011).

Bilgili M., Yasar A., Simsek E., @shore wind power development in europe and its comparistimamishore
counterpart, Renewable and Sustainable Energy Review&014 ) 905-915.

Higgins P., Foley A., The evolution offishore wind power int he united kingdom, Renewable and Swstée
Energy Reviews 37 (2014) 599-612.

Zhang Y., Chen Z.,Cheng M., Zhang J., Mitigation of dat¢ loads using individual pitch control of wind
turbines based on FAST, in: 46th International UniversitiRower Engineering Conference, 2011, pp. 1-6.
Bir G.S., Users guide to MBC3: Multi-blade coordinatartsformation code for 3-bladed wind turbines, Tech.
rep., National Renewable Energy Laboratory (NREL) (2010).

Bir G.S., Multiblade coordinate transformation ansl dpplication to wind turbine analysis, in: ASME Wind
Energy Symposium, Reno, Nevada, 2008.

Gao F., Individual pitch control of large-scale windtiine based on load calculation, in: The 10th World
Congress on Intelligent Control and Automation, Beijingjria, 2012, pp. 3384—-3388.

30



[49]

[50]

[51]

[52]
(53]
(54]
[55]
[56]
[57]
(58]
[59]
(60]
[61]

(62]

(63]

(64]

(65]
(66]
(67]
[68]
(69]
[70]

[71]

Petrovit V., Baoti¢ M., Peri¢ N., Reduction of winarbine tower oscillations based on individual pitch cohtro
in: Mediterranean Conference on Control & Automation (MEBArcelona, Spain, 2012, pp. 1499-1505.
DouZ.L.,PengS., Ling Z., Cai X., Reduction of wind timb torque fluctuation using individual pitch control
based on edgewise moment, Research Journal of Appliedc@sieBngineering and Technology 5(24) (2013)
5665-5676.

Selvam K., Kanev S., van Wingerden, J.W., van Engelev8rhaegen M., Feedback-feedforward individual
pitch control for wind turbine load reduction, Internatedidournal of robust and nonlinear control 19 (2009)
72-91.

Park S., Nam Y., Two LQRI based blade pitch controls fandvturbines, Open Access-Energies 5 (2012)
1998-2016.

Schuler S., Schlipf D., Cheng P.W., Allgoewer £ ;optimal control of large wind turbines, Control Systems
Technology, IEEE Transactions on 21 (4) (2013) 1079-1089.

Schuler S., Schlipf D., Kithn M., Allgower F£1-optimal multivariable pitch control for load reductiom o
large wind turbines, in: Scientific Track at the European\Emergy Conference, 2010.

Zhang Y.Q., Chen Z., Cheng M., Proportional resonadiviidual pitch control for mitigation of wind turbines
loads, IET Renewable Power Generation 7 (3) (2013) 191-200.

van Engelen T.G., Design model and load reduction assest for multi-rotational mode individual pitch
control (higher harmonics control), in: The European WimgkEyy Conference, Athens, 2006, pp. 1-31.
Bottasso C.L., Croce A., Riboldi C.E.D., Nam Y., Muléiyer control architecture for reduction of deterministic
and non-determistic loads on wind turines, Renewable Brietd2013) 159-169.

Petrovit V., Jelavi¢ M., Baoti¢ M., Advanced contedgorithms for reduction of wind turbine structural loads
Renewable Energy 76 (2015) 418-431.

Larsen T.J., Madsen H.A., Thomsen K., Active load rdaturcusing individual pitch, based on local blade flow
measurements, Wind Energy 8 (2005) 67—80.

Thomsen S.C., Niemann H., Poulsen N.K., Individuatipitontrol of wind turbines using local inflow mea-
surements, in: 17th International American Control Cosifiee , Seoul, Korea, Vol. 17, 2008, pp. 5587-5592.
Johnson C., Theory of disturbance accommodating otlaets, Control and Dynamic Systems 12 (1976) 387—
489.

Stol K., Rigney B., Balas M., Disturbance accommodgtinntrol of a variable-speed turbine using a symbolic
dynamics structural model, in: 38th AIAA Aerospace ScieA&ME Wind Energy Symposium technical
papers, Reno, Nevada, 2000, AIAA2000-0029.

Stol K., Balas M.J., Periodic disturbance accommatgtontrol for speed regulation of wind turbines, in:
ASME Wind Energy Symposium, Reno, Nevada, USA, 2002, pp-320.

Namik H., Stol K., Disturbance accommodating contrbfloating offshore wind turbines, in: 47th AIAA
Aerospace Sciences Meeting Including the New HorizonsiRand Aerospace Exposition, Orlando, Florida,
uUs, 2009.

Stol K.A., Balas M.J., Periodic disturbance accomntoapcontrol for blade load mitigation in wind turbines,
Journal of Solar Energy Engineering 125(4) (2003) 379-385.

Johnson C.D., Adaptive controller design using distunrce accommodation techniques, International Journal
of Control 42 (2007) 193-210.

Stol K., Balas, M., Full-state feedback control of aighie-speed wind turbine: A comparison of periodic and
constant gains, Journal of Solar Energy Engineering 1282@01) 319-326.

Safker D.,Yu T., Muller P.C., State estimation of dynamicadt®ms with nonlinearities by using proportional-
integral observer, International Journal of Systems S&&6 (1995) 1571-1582.

Liu Y., Soffker D., Variable high-gain disturbance observer desigi witline adaption of observer gains
embedded in numerical integration, Mathematics and Coenpirt Simulation 82 (2012) 847-857.

Girsang I.P., Dhupia J.S., Collective pitch controhofhd turbines using stochastic disturbance accommodating
control, Wind Engineering 37 (5) (2013) 517-534.

Cheon J., Kwon S., Choi Y., Design of a pitch controllsing disturbance accommodating control for wind
turbines under stochastic environments, in: IndustriatEbnics (ISIE), IEEE 23rd International Symposium,
2014, pp. 2572-2577.

31



[72] George J., Singla P., Crassidis J.L., Stochastic disfuce accommodating control using a kalman estimator,
in: AIAA Guidance, Navigation and Control Conference andiirn, Honolulu, Hawaii, 2008, pp. 1-22.

[73] George J., Singla P., Crassidis J.L., Adaptive disinde accommodating controller for uncertain stochastic
systems, in: American Control Conference Hyatt RegencegiRiont, St. Louis, MO, USA, 2009, pp. 2599—
2605.

[74] FrostS.A., Balas M.J., Wright A.D., Direct adaptiventml of a utility-scale wind turbine for speed regulation,
International Journal of Robust and Nonlinear Control 180@&) 59-71.

[75] FrostS.A., Balas M.J., Wright A.D., Augmented adagtbontrol of a wind turbine in the presence of structural
modes, in: American Control Conference Marriott Waterfr@altimore, MD, USA, 2010, pp. 0743-1619.

[76] Spudit V., Jelavic M., Baoti¢ M., Supervisory caaiter for reduction of wind turbine loads in curtailed oper-
ation, Control Engineering Practice 36 (2015) 72-86.

[77] RochaR., Martins Filho L.S., Bortolus M.V., Optimal iitivariable control for wind energy conversion system-
a comparison betweet, and¥,, controllers, in: 44th IEEE Conference on Decision and Gurgnd the
European Control Conference, Seville, Spain, 2005, pp6+2911.

[78] Thomsen S.C., Niemann H., Poulsen N.K., Stochastiawirrbine control in multiblade coordinates, in:
American Control Conference (ACC), Baltimore, MD, 2010, pp72-2777.

[79] Geyler M., Caselitz P., Individual blade pitch contd#sign for load reduction on large wind turbines, in:
European WInd Energy Association (EWEC) Conference, 2pf05207-5212.

[80] Diaz de Corcuera, A.; Pujana-Arrese, A.; Ezquerra,.;JS&gurola, E.; Landaluze, H..-based control for
load mitigation in wind turbines, Open Access-Energies®LE) 938-967.

[81] Hassan H.M., ElShafei A.L., Farag W.A., Saad M.S., AusibLMI-based pitch controller for large wind
turbines, Renewable Energy 44 (2012) 63-71.

[82] Fakharzadeh A., Jamshidi F., Talebnezhad L., New amrdor optimizing energy by adjusting the trad&-o
codficient in wind turbines, Energy, Sustainability and Sock{013) 1-8.

[83] PanT., Ma Z., Wind turbine individual pitch control flarad reduction based on fuzzy controller design, Journal
of Systems and Control Engineering 1 (2013) 1-9.

[84] Boukhezzara B., Lupua L., Siguerdidjanea H., Hand MultiMariable control strategy for variable speed,
variable pitch wind turbines, Renewable Energy 32 (20073:21287.

[85] Raach S., Schlipf D., Sandner F., Matha D., Cheng P.\0hliNear model predictive control of floating wind
turbines with individual pitch control, in: American CoatrConference (ACC), Portland, 2014, pp. 4434—
4439,

[86] Mirzaei M., Soltani M., Poulsen N.K., Niemann H.H., Meldoredictive control of wind turbines using un-
certain LIDAR measurements, in: American Control Confeee(ACC) Washington, DC, USA, 2013, pp.
2235-2240.

[87] Mirzaei M., Soltani M., Poulsen N.K., Niemann H.H., AnRZ approach to individual pitch control of wind
turbines using uncertain LIDAR measurements, in: Contahi€rence (ECC), European, Zirich, 2013, pp.
490-495.

[88] Soliman M., Malik O.P., Westwick D.T., Multiple model MO predictive control for variable speed variable
pitch wind turbines, in: 2010 American Control Confereri2@l10, pp. 2778-2784.

[89] Laks J., Pao L., Wright A., Combined feed-forwdesdback control of wind turbines to reduce blade flap
bending moments, in: Proc. AIAA Aerospace Science Meeftintando, FL, 2009, AIAA2009-0687.

[90] Dunney F., Pao L.Y., Wright A.D., Jonkman B., Kelley NCombining standard feedback controllers with
feedforward blade pitch control for load mitigation in witdrbines, in: Proc. AIAA Aerospace Sciences
Meeting, Orlando, FL, 2010, AIAA2010-0250.

[91] Scholbrock A.K., Fleming P.A., Fingersh L.J., WrightlA, Schlipf D., Haizman F., Belen F., Field testing LI-
DAR based feed-forward controls on the NREL controls adedrresearch turbine, in: 51st AIAA Aerospace
Sciences Meeting, including the New Horizons Forum and #eace Exposition, Grapevine, Texas, 2013,
AIAA2013-0818.

[92] Abdullah M.A., Yatim A.H.M., Tan C.W., Saidur R., A restiv of maximum power point tracking algorithms
for wind energy systems, Renewable and Sustainable EneggRs 16 (2012) 3220-3227.

[93] Thongam J.S., Ouhrouche M., MPPT Control Methods ind\&Emergy Conversion Systems, Fundamental and

32



Advanced Topics in Wind Power, intechopen, 2011.

[94] Barakati S.M., Kazerani M., Aplevich J.D., Maximum pemtracking control for a wind turbine system in-
cluding a matrix converter, IEEE Transaction on Energy @osion 24 (2009) 705-713.

[95] ShuklaR.D., Tripathi R.K., Maximum power extractiach&mes and power control in wind energy conversion
system, International Journal of Scientific & EngineeriregsRarch 3(6) (2012) 1-7.

[96] Eltamaly A.M., Alolah A.l., Farh H.M., Maximum Power Eraction from Utility-Interfaced Wind Turbines,
New Developments in Renewable Energy, InTech, 2013.

[97] Dstergaard K.Z., Brath P., Stoustrup J., Estimatioeftdctive wind speed, Journal of Physics: Conference
Series 75 (2007) 1-9.

[98] Jeong H.G., Seung R.H., Lee K.B., An improved maximurw@opoint tracking method for wind power
systems, Open Access-Energies 5 (2012) 1339-1354.

[99] Pan T., Ji Z., Jiang Z., Maximum power point tracking ahd energy conversion systems based on sliding
mode extremum seeking control, in: IEEE Energy 2030 Atla@Gia USA, 2008.

[100] Yan Z., Hall J., Dongmei C., MIMO control of wind turkenusing direct shooting method, in: American
Control Conference (ACC) Washington, DC, USA, 2013, pp.23&560.

[101] Beltran B., Ahmed-Ali T., Benbouzid M.E.H., Slidingade power control of variable-speed wind energy
conversion systems, IEEE Transaction on Energy ConveR3dga) (2008) 551-558.

[102] Beltran B., Ahmed-Ali T., Benhouzid M.E.H., High-aedsliding-mode control of variable-speed wind tur-
bines, IEEE Transactions on Industrial Electronics 56 2000) 3314-3321.

[103] Boukezzar B., M’'Saad M., Robust sliding mode contrbhdDFIG variable speed wind turbine for power
production optimization, in: 16th Mediterranean Confeemn Control and Automation Congress Centre,
Ajaccio, France, 2008, pp. 795-800.

[104] Boukhezzar B., Siguerdidjane H., Nonlinear contrahwvind estimation of a DFIG variable speed wind
turbine for power capture optimization, Energy Converginod Management 50 (2009) 885—-892.

[105] Evangelista C., Puleston P., Valenciaga F., Fridmavi.L Lyapunov-designed super-twisting sliding mode
control for wind energy conversion optimization, IEEE Tsantion on Industrial Electronics 60 (2) (2013)
538-545.

[106] Hawkins T., Hu G., White W.N., Sahneh F.D., Wind turbipower capture control with robust estimate, in:
Proceedings of the ASME Dynamic Systems and Control ConéeregCambridge, Massachusetts, USA, 2010.

[107] lyasere E., Salah M., Dawson D., Wagner J., Nonlinelwst control to maximize energy capture in a variable
speed wind turbine, in: American Control Conference, 2@p34071-4076.

[108] lyasere E., Salah M., Dawson D., Wagner J., Tatlicidgl, Optimum seeking-based non-linear controller to
maximise energy capture in a variable speed wind turbin€,dBntrol Theory and Applications 6(4) (2010)
526-532.

[109] Merabet A., Thongam J., Gu J., Torque and pitch anghrobfor variable speed wind turbines in all operating
regimes, in: 10th International Conference on Environnagick Electrical Engineering (EEEIC), Rome, Italy,
2011, pp. 1-5.

[110] Johnson K.E., Fingersh L.J., Balas M.J., Pao L.Y.,ides for increasing region 2 power capture on a variable
speed HAWT, Journal of Solar Energy Engineering 126 (2009p%+1100.

[111] Johnson K.E., Fingersh L.E., Adaptive pitch contrblariable-speed wind turbines, Journal of Solar Energy
Engineering 130 (3) (2007) 1-7.

[112] Balas M.J., Magar K.S.T., Frost S.A., Adaptive disamce tracking theory with state estimation and state
feedback for region Il control of large wind turbines, in: Anitan Control Conference (ACC), Washington,
DC, USA, 2013, pp. 2220-2226.

[113] Balas M.J., Li Q., Magar K.S., Frost S. A., Adaptivetdidance tracking control for large horizontal axis wind
turbines in variable speed transition operation, in: 49tAMAAerospace Sciences Meeting Including the New
Horizons Forum and Aerospace Exposition, Orlando, Flo204.1, AIAA2011-0818.

[114] Munteanu I., Cutululis N.A., Bratcu A.l., Ceanga Eptinization of variable speed wind power systems based
on a LQG approach, Control Engineering Practice 13 (2003)-902.

[115] Boukhezzar B., Siguerdidjane H., Comparison betwlgerar and nonlinear control strategies for variable
speed wind turbines, Control Engineering Practice 18 (2367-1368.

33



[116] Stol K. A., Disturbance tracking and blade load cohtfavind turbines in variable-speed operation, in: ASME
2003 Wind Energy Symposium, Reno, Nevade, USA, 2003.

[117] Balas M.J., Lee Y.J., Kendall L., Disturbance trackoontrol theory with application to horizontal axis wind
turbines, American Institute of Aeronautics and Astroieud2 (1998) 95-99.

[118] Lupu L., Boukhezzar B., Siguerdidjane H., Pitch andjte control strategy for variable speed wind turbines,
in: European Wind Energy Conference and Exhibition, Ath&reece, 2006, pp. 1-7.

[119] Domnguez D., Prohl M., Troyer T.D., Fenga G., Werner, Runacres M., Reducing blade manufacturing
cost while maintaining aerodynamic performance of veltagés wind turbines, in: Proceedings of the EWEA
Annual Event, Barcelona, Spain, 2014.

[120] Tian Z., Jin T., Wu B., Ding F., Condition based mairgane optimization for wind power generation systems
under continuous monitoring, Renewable Energy 36 (2010245509.

[121] Link H., LaCava W., van Dam J., McHiB., Sheng S., Wallen R., McDade M., Lambert S., Butterfield S.
Oyague F., Gearbox reliability collaborative project rep&indings from phase 1 and phase 2 testing, Tech.
rep., National Renewable Energy Laboratory (NREL) (2012).

[122] INEMI, Rare earth metals current status & future ookioWhite Paper, INEMI Rare Earth Metals Project
Team Second Quarter (2014).

[123] Eklund P., Sjokvist S., Eriksson S., Leijon M., A colete design of a rare earth metal-free permanent magnet
generator, Open access machines 2 (2014) 120-133.

[124] Harris M., Hand M., Wright A., LIDAR for turbine conttpTech. rep., National Renewable Energy Laboratory
(NREL) (2006).

[125] Schubel P.J., Crossley R.J., Wind turbine blade ae€dpen Access-Energies 5 (2012) 3425-3449.

[126] van Dam C.P., Chow R., Zayas J.R., Berg D.E., Compuatiinvestigations of small deploying tabs and flaps
for aerodynamic load control, Journal of Physics: ConfeegBeries 75 (2007) 1-10.

[127] Yu W., Zhang M.M., Xu J.Z., Eect of smart rotor control using a deformable trailing edgg fon load
reduction under normal and extreme turbulence, Open Adersggies 5 (2012) 3608-3626.

[128] Lackner M.A., van Kuik, G., A comparison of smart rotmntrol approaches using trailing edge flaps and
individual pitch control, in: 47th AIAA Aerospace Scienddgeting Including The New Horizons Forum and
Aerospace Exposition, Orlando, Florida, 2009, AIAA2003B6.

[129] Wilson D.G., Berg D.E., Resor B.R., Barone M.F., Ber@.,J Combined individual pitch control and active
aerodynamic load controller investigation for the 5 MW upgturbine, in: AWEA Windpower Conference &
Exhibition, Chicago, Illinois, USA, 2009.

[130] Ledec G.C., Rapp K.W., Aiello R.G., Greening the wintvieonmental and social consideration for wind
power development, The International Bank for Reconsima@nd Developmeyithe World Bank, 2011.

[131] Schwartz M., Heimiller D., Haymes S., Musial W., Asse®nt of efshore wind energy resources for the united
states, Tech. rep., National Renewable Energy LaboraliRE() (2010).

34



	Introduction
	Fundamentals of wind energy generation
	Wind turbine basics
	Standard control methods and control hierarchy
	Generator torque control
	Standard collective pitch control

	Structural loads in wind turbines
	Material-related aspects related to structural loads

	Advanced control methods
	Power/speed regulation and load mitigation problem
	Classical methods
	Disturbance observer-based controllers
	Multi-variant robust control
	Multiobjective and model-predictive approaches

	Power optimization control problem
	Power optimization and load reduction control methods
	Emerging trends and issues affecting wind turbine control

	Discussion and evaluation
	Summary and conclusions

