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Abstract— Increasingly, variable speed regulated wind tur- increases, the frequencies of the tower modes become lower.
bine control systems are being required to alleviate struatral Consequently, the frequencies of the RHPZ also become

Io_ads. In standard approaches to alleviating tower loads, au- lower and so increasingly important in determining the
pling of the generator speed and tower speed control causes .
achievable controller performance.

reduced effectiveness of not only the tower speed loop itéddut .
also the generator speed loop. Using improved representati An approach to the design of above rated control, that

of the wind turbine dynamics and catering specifically for te ~ addresses the above size-related issues, is required.rA coo
interaction of the two loops, a new configuration of control  dinated controller design (CCD) that accomplishes thé tas
system, for a variable speed pitch regulated wind turbine is is presented in this paper. It overcomes the limitatiorsiregi

derived that, by most performance measurements, out-perfons . . .
standard contr)gllers. P P from the tower induced RHPZ to achieve more effective

Keywords: Fatigue loads, feedback, control, pitch, tuning9generator speed control. Furthermore, the requirement to
sensitivity function reduce the tower fatigue loads, although indirectly aédct

by the generator speed control, is simultaneously taken int
|. INTRODUCTION account. When, subsequently considering the tower load con
For variable speed wind turbines, the control regime igrol, a more effective controller design is possible, sitioe

divided into an above rated mode, where the task is to modifyenerator speed control is designed to reduce the interacti
the blade pitch angle to regulate generator speed whilsetween tower load control and generator speed control. A
maintaining rated power output, and a below rated modegyeater fatigue reduction is thereby possible. The control
where the task is to regulate generator speed between dsalysis and design is illustrated with respect to a 2.7MW
minimum and maximum values to maximise power outputvind turbine.
In this paper, the focus is on the above rated mode when the
control task is multivariable. Two control actions, genera Il. MODELS AND DYNAMICS

torque and blade pitch angle, are available with, typic#i§ e |inear model for the wind turbine dynamics used in
former used to regulate either generator power or generatgyq paper is that reported in [4], [5]. For a variety of wind
torque and the latter used to regulate generator speedlisee | hines including multi-megawatt machines, it has been
[2]. . . . . _ validated against real data amdex simulation$ see, for

More recently, with the increase in size of wind turbineg,,ample. Figure 1 where the direct frequency response iden-
as evident in the market penetration of multi-megawatiiz&;ficaion for a detailed:LEx simulation of a Multi-Megawatt
machines, there is increasing interest in exploiting thehpi .4 t,rbine is compared to the frequency response of the
control capability to alleviate fatigue loads, particlyathe  inaar model.

alleviation of tower fatigue loads. The potential for their The linear model includes all the dynamic components
reduction via active control has been established in pm"osignificant for controller design and control performance

studies, see [3]. Only fatigue associated with the fore'agssessment, in particular, two modes for the tower, two

motion of the tower need be considered, since this is knOV\modeS for the blades and two modes for the drive-train
to be the main fatigue driver for the tower, and only for abovgy 554 includes the dynamics of the pitch actuator and the
rated W'nfd speeds,fswcef it is these operating conditicats t,ye 4 ction of the rotor with the wind. The main difference t
accofunth or most cl)dt e at.|gue. | lated to the | other linear models of wind turbine dynamics found in the

) A.urt efr cqn;ro (te)_s,lgn |s.suet,1 a;oﬂre ate tc}t k? INCréasntrol literature is the explicit inclusion of the towerdan

g] Siz€ 0 wmh tur |fnes, Is ef '?] uence (I) the 1oWelade modes. The tower modes are of particular importance
dynamics on the performance of the control system. ThE the design of controllers for wind turbines since they
interaction of the tower with the drive-train introducesairp introduce a pair of RHPZ which impose limitations on

of right half-plane zeros (RHPZ) in the dynamics that lin he generator speed control, [6], [7]. The blade modes are
blade pitch angle to generator speed. These RHPZ limit the

ab”ity of the con-trol system to regmat? the generator dpee 1The model is being integrated into aAviLAB Toolbox for wind turbine
through blade pitch control. As the size of wind turbinegontroller design.
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simulation

important since the they interact with the tower mode and
the edge mode is a major contribution to the first drive-train .

mode.

In Figure 2, the Bode plot for the transfer function
representing the dynamics linking pitch demand to generato

Bode diagram of wind turbine dynamics from pitch angb
tower speed and direct frequency response identificatioa @etailed FLEX

themselves wind speed dependent, but the phase loss between
the modes does not alter as the parameter values change.
In Figure 3, parameter values, for which the blade mode
is more obvious than in Figure 1, have been chosen. Note
that although the turbines depicted in Figures 1 and 3 are
different, the aforementioned phase loss between the tower
mode and the blade mode is present in both. Given this
difference in phase between the two modes and their close
proximity, any attempt to control the tower movement is
constrained by the presence of the flap mode. Indeed, too
strong feedback at the tower frequency may, in effect, excit
the flap mode and eventually cause instability, see [8].

Wind turbine dynamics from pitch demand to tower speed
From: PitAng To: TowerAccel
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speed is depicted for two different wind speeds. A18

the presence of the RHPZ due to the tower at aboad X is
evident. The acute phase loss due to these RHPZ influences
strongly the maximum bandwidth that the generator speed
controller can achieve. At 18/s, the RHPZ are no longer
present in the plant dynamics since they move into the left-
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Fig. 3. Turbine dynamics from pitch angle to tower speed

half plane as the blade pitches. The pitching of the blades, Furthermore, in [9] it was observed that the fore-aft
and the change in the relationship between flap and edg®de of the tower is relatively strongly damped, due to the
mode, are also responsible for the changes in the Boderodynamic damping of the fore-aft movement of the wind
magnitude plot at mid frequencies in Figure 2.
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Wind turbine dynamics from pitch demand to generator speed
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Fig. 2. Turbine dynamics from pitch angle to generator speed

turbine rotor. Consequently, the blade fore-aft mode is not
a sharp resonance but is more widely spread in frequency,
see Figure 3. This strong damping, which is not present in
the side-to-side mode of the tower, reduces the effectag&ne
of passive tower dampers for the fore-aft tower mode, since
these dampers are most effective on resonant modes; that is,
modes focused on a narrow frequency region, such as the
side-to-side mode. For example, the addition of a passive
damper to the wind turbine being studied here reduces the
fatigue loads by 7% in the case of the side-to-side movement
of the tower but by only 1% in the fore-aft movement of the
tower. In addition to its effect on the passive damper, the
non-local nature of the tower fore-aft mode requires active
control based on a tower velocity measurement to be active
over a wider frequency region, thereby making interaction
with the flap mode more likely.

IIl. PERFORMANCE REQUIREMENTS

In Figure 3, the Bode plot for the transfer function A control system is only as good as the criterion to which
representing the dynamics linking pitch demand with toweit is designed and without a clear statement of intent it is
speed is depicted. The first peak, aa@/s, corresponds to not possible to properly evaluate the performance [2]. It is
the tower mode, and the second peak,ratis, corresponds therefore necessary to clarify the control objectives tefo
to the blade flap-wise mode. There is a marked drop in phasgtempting to evaluate the performance of the control gyste
18, between the two modes. The magnitude of the pedk general, the role of the control system for wind turbines
of the flap mode is dependent on some parameters that asstem can be summarised by the following general goals:



« regulating and smoothing the power generated it has been observed, see [8], that the loops do interact,

« alleviating the transient loads thereby degrading the generator speed loop performance and
« ensuring that the drive-train has the appropriate dynansometimes causing instability.
ics
« maximising the energy capture. wy
In this paper, only the first two goals are of interest. WSET S o) -k Gact(s) —|WT :
Damping of the first drive-train mode is generally taken * or
care of by an inner feedback loop, acting on generator
torque in response to generator speed measurement. This Grow(S)
inner feedback loop, being active at higher frequency, is
independent of the other control requirements. In the cbntr Fig. 4. Inner loop for the cancellation of the tower mode

systems investigated here, this inner feedback loop isyslwa

assumed to be present. The maximising of energy capture isFurther to the reduction obtained by reducing the pitch ac-
mainly related to below rated control, which is not addrdssetuator, the tower fatigue loads can be reduced by augmenting
here. the CCD with aTFL.

In above rated wind speed, the remaining two goals are The performance for the generator speed controller is
usually achieved in the following manner. The generataassessed both in the frequency domain and in the time
torque is held constant at its rated value or varied to maintadomain. In the frequency domain, the CCD should have at
constant generated power. However, the former is usuallgast the same bandwidth and the same stability margins
preferred since the latter lacks integrity; that is, on #eno as the conventional controller. (Good stability margine ar
regulating to achieve constant power induces instability. necessary [1] to cater for the uncertainty in the wind tuebin
addition, the generator speed is controlled by varying doladdynamics including the uncertainty in the in aerodynamics)
pitch angle to hold the generator speed constant or withihhe time domain performance is assessed in terms of the
a narrow band. (In the case of constant power control, thigsponse of the generator speed loop to a step input in the
generator speed control loop is relied on to re-establish#gnd speed and of the standard deviation of the generator
stability). Generally aPI controller or similar is sufficient. speed during normal operation. The performance forrthe
Its objective can be interpreted to be the rejection of distuis assessed by the reduction of fatigue on the tower in above
bances arising from the wind speed fluctuations, see [1], [2jated operation. (It should be noted that this accounts for
A well tuned controller of the above type is used to providenost of the tower fatigue). The fatigue is assessed by rignnin
a baseline for performance comparison. It is referred to &imulations of the wind turbine are run, with the mean wind
the conventional controller. speed wind speed varying between 16 anth2} to obtain

In addition, to the objectives for the conventional coniime series of the tower loads. Weighting the importance
troller, namely regulation of torque and generator spewsl, t of every wind speed simulation according to the probability
CCD is required to reduce the tower fatigue loads. To dof its occurrence as given by the Weibull distribution, the
SO requires any unnecessary excitation of the tower fdre-akduction in fatigue over a 20 years period is estimatedgusin
mode by the generator speed controller to be avoided. A highe rain-flow counting.

value, near the tower frequency, of the sensitivity funcfior A further measure of the performance to be used is related
the speed control loop can be symptomatic of this unwantdd actuator activity. Since both the generator speed cbntro
side-effect of generator speed control. loop and therrFL act through the pitch actuator, it is important

The suppression of the tower fore-aft mode by activéo ensure that not too great a demand is placed on the
control to reduce the tower fatigue loads has received actuator. Very frequently, it is the limits on the actuagor’
good deal of attention in recent years, [10], [11], [12],][13 capability that imposes constraints on the achievable con-
Essentially, in all the published approaches, the generativol performance. This rather important role played by the
speed controller is augmented by a tower feedback loopgtuator in controller design is often overlooked.

TFL, whilst no modification is made to the former. It acts, in Ignoring the limits, arising from both hardware and soft-
response to a measurement of tower fore-aft speed typicallsare, on speed and acceleration, the actuator dynamics
derived from a measurement of tower acceleration, througjenerally consist of a real pole, whose frequency is the
an additive perturbation on the blade pitch angle demarattuator bandwidth, and a pair of complex conjugate poles at
as in Figure 4, whereC(s) is the generator speed loop higher frequency, roughly a decade higher. These dynamics
controller, WT represents the dynamics of the wind turbinecan normally be approximated by a first order model, see
from pitch angle to generator spee@ac(s) is the pitch Figure 5, together with a time delay but for the discussion
actuator,Giow(s) represents the tower dynamiasy is the below the higher order model is retained. Compare the
generator speedyr is the tower speed output andset is  typical Bode plots, Figure 6, for the transfer functions
the generator speed set point. Titre, thereby, increases the from actuator input to actuator output position, velocibhda
aerodynamic damping of the tower. The different frequencgicceleration. In the case of output velocity, there is gfron
ranges at which the two loops are active suggests that bamplification at intermediate frequencies and, in the cdise o
loops can act simultaneously without interaction. Howgveputput acceleration even stronger amplification espegcail|



cause the actuator rate limit to saturate. From the peiigpect
of output acceleration, negligible effort, typically 1%s i
expended at low frequency and it is the intermediate and
high frequency components that can cause the actuator
acceleration limit to saturate. Given that the power coredim
Fig. 5. Simplified actuator model by the actuator is proportional to the product of the speed
times the acceleration, only a very small fraction of the pow
consumed by the actuator is actually invested in control
higher frequencies. Consequently, the distribution obreff action. The rest will be dissipated in accommodating the
over frequency for the actuator appears very different whespise at medium and high frequencies. Hence, the actuator
viewed from the perspective of output position, velocity ocapability and so the controller performance is dictated by
acceleration. This difference of perspective is confirmed ithe intermediate and high frequency components of the input
Figure 7, where the output position, velocity and acceie@nat demand signal to the actuator.
for the actuator model of Figure 5 corresponding to the For the above reasons, the controller performance is also
pitch demand derived from the.ex simulation of the wind assessed from the actuator output acceleration.
turbine during normal operation. The amplification of the

Acceleration
Limits

Rate
L|mt|ts

acceleration at intermediate frequencies is clear. IV. COORDINATED CONTROLLER DESIGN
A major part of any controller design concerns the choice
o __ ok Diagram ‘ of controller structure to meet the full operational enve-

lope requirements. For variable speed wind turbines, these
include switching between below and above rated modes,
actuator saturation and nonlinear aspects of the dynamics,
in particular, the aerodynamics. An appropriate choice of
structure ensures that no reduction in performance is dause
e ] = fctatorposiion by these aspects of the controller. The choice of controller
° ——Acceleraion structure should be assessed with respect to the response
of the wind turbine to large transient loads, for example,
the response of generator speed and tower speed to a large
‘ ‘ ‘ step disturbance in wind input and with respect to the
o o' G ey e 1w o' extent to which stability margins derived from linear arsidy
are maintained without compromising performance. Being
Fig. 6. Bode diagrams of the actuator transfer functiomnfitch demand concerned with above rated control, with one exception,
o pitch position, velocity and acceleration this aspect of controller design is not considered here. The
controller structure already implemented on the wind toebi
is kept unchanged. To realise the CCD, modifications are
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Actuator Interal Dynamics Power Spectia made to existing filters in the controller.
The one aspect of controller structure considered here is
- Acceleration | the accommodation of the aerodynamic nonlinearity. The

dynamics that link pitch angle to generator speed change
with wind speed, as can be seen in Figure 2. A change in the
low frequency gain of the Bode plots is evident. Because the
aerodynamics are nonlinear, it is caused by the aerodynamic
gain incorporated into the dynamics depicted in Figure 2
being wind speed dependent. Consequently, a fixed cormtrolle
design is not valid for the whole range of wind speeds. It
would appear that the controller needs to be scheduled with a
‘ wind speed dependent gain. However, it is best to avoid using
Frequency (rads) ’ 7 a direct measurement of wind speed. Instead, the scheduling
should be done on an indirect measure of wind speed. The
stability of the system with the nonlinear scheduled cdlgro
is inferred from the stability of the linear systems at each
From the perspective of the actuator output position, muabquilibrium operating point. This gain scheduling apptgac
of the effort, typically 50%, is expended at low frequencywhich is commonly used, is valid provided that the system
that is, in the frequency range over which effective contrak weakly nonlinear or the system remains sufficiently close
action is required. From the perspective of output velgcityo the locus of equilibrium points. However, the condition
little effort, typically 10%, is expended at low frequencyof being weakly non-linear does not really apply to wind
and it is the intermediate frequency components that caarbines. Since the wind speed fluctuations are stochastic,
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Fig. 7. pitch actuator acceleration spectra



the operating point varies rapidly and continuously over th The CCD is based on a parallel path modification of the
whole operating envelope. Moreover, large fluctuations iplant, see [15], using both blade pitch and generator torque
wind speed are common, which persist for relatively longlemand. Although its basic structure is similar to the corve
periods and produce substantial and prolonged perturisatictional controller, maintaining elements such as the nealin
from equilibrium. Yet, gain-scheduling can work well whengain, described above, the parallel path modification ezabl
applied to wind turbine control. the RHPZ, due to the tower, to be counteracted. The Bode
However, given the separability of the aerodynamic torqugglots for the transfer functions representing the dynamics
T(p,Q,V), see [14], wherep is the pitch angleQ is the from generator speed error to generator speed in both the
rotor speed an¥ is the wind speed, it is possible to write conventional controller case and the CCD are depicted in

the aerodynamic torque as Figure 9 for a wind speed of b¥'s. In the latter the RHPZ,
due to the tower, are no longer present. In addition, the
T(p.Q,V) =h(p,Q) —g(V) (1) parallel path modification is exploited to decouple the towe

for some non-linear functionk and g. Note that, because fatigue loads from the generator speed control.
of this separation, the wind speed dependent component is

an additive disturbance to the control system and so does v Plant dynamics rom pich demand to generator speed at 13mis
not influence the dynamics. The dynamics depend only on ob— ‘ ‘ ‘ ‘
h, a nonlinear function op andQ, both of which are easily 0 T— A

accessible. A global cancellation of the nonlinear depeoee
of the dynamics onp and Q is now possible, [14], as \
depicted in Figure 8, wher€(s) is the linear controller;
Gac(s) is the actual pitch actuator dynamics aes) a5
is a simple model, usually first order, for the actuator. In
practice, the integrator and the transfer function for the
inverse oféact(s) would beA combined into a proper transfer
function. Similarly, C(s), G,s) and the derivative would ]
be combined. When the controlleZ(s), includes integral 10 10 w0 10 w0 o
action, which it almost always does, it would cancel with ey

the derivative. Several simplifications can be made to the Fig. 9. Effective Plant and Real Plant
scheme depicted in Figure 8. The bandwidth of the actuator

is generally high and so boléact(s) and its inverse can be
omitted. In addition, because the wind turbine rotor speefd
varies slowly, the additive insertion of the rotor accefiera r
is not required. All that remains is the nonlinear gain betwe

Magnitude (dB)
& 8 8

Phase (deg)
\

With the removal of the non-minimum phase dynamics
om the control loop, the controller design is freed from
the restrictions on bandwidth imposed by the RHPZ. In
the combined transfer function, f@(s) and the derivative, the CCD’. ?PI. controller. 's combined with the_ parallel
and the integrator. This nonlinear gain dependspoand path m9d|f|cat|on to achieve the same bandwidth as the
8gnvent|onal controller. The open loop system Bode plots

Q but the latter dependence can be ignored since it vari _ .
slowly. The resulting control scheme now has a very simila?nOI Nyquist plots for both the conventional controller and

appearance to a gain-scheduled controller. However, it is:E e th:D are sfr:ﬁwrllqu?gtl;]re 1tOb,|Ats WOUIO.' be expected 'g
global controller that is not dependent on a weak nonIirlrjeari_l_r:e aGS?n(Ii/? ot eGM h , the sla ||é/fma:]r1§1é’nlgstartleéggéove '
condition for validity. The positioning of the nonlineariga e Gain Margin (GM) has increased fro 0

is important and must be kept between the derivative and tﬁ@d the P_hasg _Margm (PM) f_rom 310 4#. Rather th_an
integrator. The above analysis, the use of a varying gain mmply rnamtalnmg_the ban_dW|dth of the Cont_roller, t_h|s n
the controller to counter the aerodynamic nonlinearityte\lo crease in the stability margins could be exploited to inseca

that the gain is a function of pitch angle and not wind spee € (.:_ontroller. bandwidth, .Wh"St I_<eeping within accepeabl
s0 no wind speed measurement is required. stability margins, thereby increasing the performancehef t

controller. However, that is not done here. As pointed out
above, the wind speed acts as a disturbance on the controller
feedback loops, see for example th. in Figure 11, where
WT, andWT, are, respectively, the closed loop and open

h(ppﬁ

dh/dQ loop wind turbine dynamics linking wind speed to tower
speed, andbt is the tower speed. Hence, the sensitivity
Fig. 8. Gain Scheduling function, since it is a measure of disturbance rejection, is

an important indicator of the effectiveness of the congmll
A consequence of the global validity of the above schemaesign. The sensitivity function with the CCD, is an im-
for cancelling the aerodynamic nonlinearity is that coltéro provement on the sensitivity function for the conventional
design need only be considered at one wind speed. Here ttantroller. The peak magnitude is 33% less, see Figure 12.
controller is designed at b¥'s. (Positive values of the sensitivity function indicate h&um
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positive feedback rather than beneficial negative feegback ]
In addition, at low frequencies the gain is lower ensuring 0 A
better disturbance rejection. This is not unexpected since e s 10 : 5
consequence of Bode's Theorem is that the sensitivity func-
tion for a minimum phase system is always better than for &ffig. 13. Response of tower and generator speed to a inputiistepbance
equivalent non-minimum phase system. The lower magnitudgthe wind input
of the sensitivity function near the tower frequency intésa
lower pitch activity at these frequencies. This is bendficia
since the tower fore-aft movement and, therefore, the tower The reduction in blade pitch activity at frequencies clase t
fatigue, is related to the pitch activity, [8]. The responsehe tower mode implies, as discussed previously, a reductio
of both generator speed and tower speed to a step in tiethe tower fore-aft movement and, therefore, the tower
wind input, is shown in Figure 13. The improvement infatigue. Representative spectra of the fore-aft tower base
performance is clear. It should be noted that this increag®nding moment with the conventional controller and the
in performance is done with a tuning for the controllerCCD are compared in Figure 17 and the cumulative spectra
that only aims to maintain the same bandwidth as thig Figure 18. The cumulative spectra, the first moment of
conventional controller. There, therefore, remains romm f the psp with respect to frequency, can be used to obtain a
improvement in controller performance, given the increasequick estimate of the fatigue reduction and the contribbutio
stability margins, should it be considered necessary. of each frequency mode to the total fatigue [12]. Although
Representative spectra of the pitch demand with the cothiese estimates are not precise, they can be considered to be
ventional controller and the CCD are compared in Figure 14 reasonable guide to the relative magnitude of the fatigue
The pitch demand is reduced over the intermediate fréeads. Comparing Figures 14 and 17, the correlation between
guency range. The corresponding spectra for actuator butghbe regions of pitch activity increase/reduction and the co
acceleration are depicted in Figure 15 and the cumulativespondent increase/reduction of the tower base moment is
spectra in Figure 16. The actuator output acceleration @ear. With the CCD, there is a small increase in the spectrum
obtained by using the time series of pitch demand fromf the tower base moments at low frequencies but this does
FLEX, from which the spectra in Figure 14 are constructed, asot have a major affect on the overall fatigue. The life-time
input to the actuator model in Figure 5. The actuator outpw@stimate of fatigue, indicates a reduction of as much as 13%
acceleration is greatly reduced in the intermediate frague in the fatigue tower loads; more precisely, in the constant
range. Indeed, the standard deviation of the actuator butpamplitude cyclic loads that would produce the same fatigue
acceleration is reduced by 70%. The reduction in actuatolamage over the full operational life of the wind turbine.
activity is clear. Representative spectra of the generator speed with the
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Fig. 15. pitch actuator acceleration spectra Fig. 17. Tower base moments power spectra
conventional controller and the CCD are compared in Fig- Tower Base Moments Cumulaive Power Specta
. . w== Traditional Controller
ure 19 and representative spectra for generated power in

3l 4

Figure 20. It can be seen that the reduction in the tower
fatigue loads is achieved without degrading the generator
speed control loop. Although, no attempt is made to exploit
the increased stability margins to increase the bandwidth
of generator speed control, a small improvement in speed
control is evident.

From the preceding discussion, the performance of the

250 4

Cumuluative PSD (Tq:(kij)Z/rad)

CCD is markedly better than the conventional controller. / |
The CCD can be augmented byreL, as described in [8], —

to further reduce the tower fatigue loads. Representative ok - -

spectra of the fore-aft tower base bending moment with the Frequency (ad’s)

conventional controller, the CCD and the CCD augmented
with a TFL are compared in Figure 21 and the cumulative
spectra in Figure 22. The life-time fatigue load reduction
for the CCD augmented with aFL is of the order of 12-
18% depending on the wind turbine. The effectiveness of tHeat arise in multi-megawatt wind turbines. A more general
augmented CCD is clear. approach to tower fatigue load reduction is adopted. Whilst
maintaining performance, the generator speed controli®op
redesigned to minimise the blade pitch activity at frequesc

A new wind turbine controller for above rated operatiorclose to the tower frequency, thereby lessening the genera-
is presented. In contrast to other published controllérs, i tor speed control interaction with the tower fatigue loads.
not subject to the size related constraints on performan¥ghen augmented with a tower feedback loop, this controller

Fig. 18. Tower base moments cumulative power spectra

V. CONCLUSION



achieves a reduction in the life-time tower fatigue loads o
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Fig. 19. Generator speed power spectra
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Fig. 20. Generated power power spectra

up to 18%.
The controller is designed on the basis of a thoroughly
validated linear model that is easily modified to representg
most wind turbines. Although the linear model includes

all relevant dynamic features for controller design, ituse
the minimum possible number of wind turbine parameters:

e
7

9]

Consequently, the relationship between the main dynamic
features and the wind turbine parameters are transparelaf)
thus providing clear insight into the dynamics and suppgrti [11]
better controller design. The controller itself is easimpéd
for different wind turbines.
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