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Abstract. Wind power generation is based on the atmospheric air flow, and it is a renewable energy source, clean and
of low environmental impact. The wind kinetic energy is converted into electrical power by a set of blades and a rotor.
The rotor is connected though a transmission system to a power generator. The whole chain
blade/rotor/transmission/generator is named wind turbine. The conventional wind turbines, horizontal type, are
usually mounted on the top of a tower, and due to its geometry and great hight the tower structure is flexible and
exposed to excessive vibration caused by the turbine working cycle and the blade-wind interaction. The detailed
analysis of the tower structure behavior is of great importance because its cost, which is about 20% of the total system
cost. In this work a study of the dynamic stability of the system tower-turbine is done, where the fluid-structure
coupling analysis employs a simplified model, a turbine without blades. For this study mainly the first vibration modes
is considered, and the structure is excited by a turbulent wind profile up to a hight of 50m from the base of the tower. It
is also designed a passive control device to reduce excessive vibrations of the tower structure. A TMD with pendulum
absorber geometry is considered.

Keywords: Sructural Control, Tuned mass damper, Wind Engineering; Reduced Order; Dynamic System; Wind
Sochastic Modelling.

1. INTRODUCTION

The current energy crisis coupled to the depletibfossil fuel stocks and the need to reduce eomssof carbonic
gas, preserving the environment makes wind poweerggion a viable and attractive mean of produeilegtricity.

The wind power generation has its origin in the sraent of atmospheric air masses. The energy iactgt from
the wind by the conversion of the kinetic energp ialectrical energy by a set of blades attacheal totor. The rotor
moves a transmission system linked to an electGeaiverter. The mechanical set blade / rotor /strassion /
converter, used for electricity generation, is ndménd turbine. The wind power generation is a sewf renewable
energy that is clean, with low environmental impantl available in many places around the world. g of this
energy source for electricity generation in comradrecale was made possible, mainly, by the woiildevoil crises in
the 70s. At this time, Europe and the USA develothgsl technology to decrease their dependenceliami coal
(Mukund, 1999).

The set wind turbine / blade is fixed and sustaibgdower that due to its geometry and great hedgimt present
excessive vibrations caused by the wind turbinekimgrand also by wind forces. A detailed analydishe structural
behavior of the tower is of great importance beeanfsts cost that can represent approximately d0%e total system
cost.

A solution to the problem of excessive vibratiomsdged by many researchers in the last years isthetural
control. It provides structural properties changeshancing damping, stiffnes and strength, by linsgaexternal
devices or applying external forces. Some reseesdi@ve been studying the use of structural cotdrblelp suppress
the wind-induced vibrations experienced by windioe towers (Murtagh et al, 2008; Colwell and Bax109).

One of the earliest structural control deviceseady extensively studied (Den Hartog, 1956; SoonBa&gush,
1997) is the Tuned Mass Damper (TMD). The TMD isigeed as a mass-spring-dashpot device which edttm a
specific structure natural frequency in order emsfer the vibration energy from the main systeréoauxiliary mass
that vibrates out of phase.

An alternative geometry of the TMD is the pendulubration absorber, this device has its naturaigaedepending
on the length of its cable, and only can be comsii@s a linear oscillator when the vibration atnpks are small
(Orlando & Goncalves, 2005; Avila et al, 2006, Gargk Vickery, 2005, Zuluaga et al, 2008). Pendulibration
absorbers have been installed in high-rise buiklingridges and other civil structures to attenuabed-excited
vibrations (Fischer, 2007; Korenev & Reznicov, 1p98ompared to a conventional vibration absorbedenaf
movable mass and flexible member, a simple pendidumore rugged, easily constructed, and suitadidéavy-duty
jobs.
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In this work, a study of the dynamic behavior cf #ystem tower-turbine is done, where the fluidetrre coupling
analysis employs a simplified model, a turbine withblades. For this study only the first vibratimnde is considered,
and the structure is excited by a turbulent winafifg up to a height of 60m from the base of th@dn The wind speed
is modeled by the combination of the Van der Havembdel, which is considered as one of the bestvhmeferences
in large-band wind speed modeling, and the von Karsatmodel, also a well known reference for théulence
component (Morais et al, 2009). The equations ofionoare obtained for a structure modeled as alesidggree of
freedom and coupled to a pendulum tuned mass daipD) when is subjected to random dynamic exdiagi as
white noise and wind forces. A pendulum paramettigly is carried out to improve the control systgenformance
reducing satisfactorily thems structural response.

2. MODAL ANALYSIS

The objective of the modal analysis is to redueedbmplex system of partial differential equatitimet describe the
dynamical behaviour of a continuous structure. Tdpgroach is simpler and is described by a systewrdinary
differential equations that considers the motioranfequivalent one-dimensional structure. A thécaktreatment of
modal analysis is given in Meirovitch (1967). Exdegpof modal analysis are given for vortex indusdatation in
slender beam and others examples, (Blevins, 1986).

The motion of a cantilever Bernoulli-Euler beandéscribed as follows:

0% 0wzt)), o*w(zt) g2
aZZ[EI P J+m p —F(Z,t),W|thI—££,udS 1)

where W(z,t) is the displacement normal to the beam axis inesdimection, z is the distance along the beam axis;

is the mass per unit length of the beakn;is the external force per unit length applied rarto the beam axis in the
direction ofw; | is the area inertia moment for bendiry);is the cross-sectional ared;is the distance from the shear

centre of the beam in the direction andu is the mass per unit volume of the section. Inegaln the modulus of the

inertia moment and the mass per unit length vaoyp@lthe span of the beam. However, in this exartidy are
considered to be uniform over the span. For a leaeti beam with a tip mass, the appropriate boyndanditions are:

wot)=a,w(0,t)=0 and EIIW0t)=afd'(L)dy  EI2WML,t)= cfd(L)M )

whereM and J,, are respectively the mass and corresponding rgtatertia mass at the free end.
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Figure 1 — Schematic description of a cantilevembevith a tip mass.
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Applying the Fourier method into the associatedagign for free vibration EI6§W+ matzwz 0), we carry out the
solution of Eq. (1) in terms of a separated spane-function:

wzt)=o(2)v (1) ©)
Finally, it is obtained:

4 2
ia_(D = _ﬂia_Y = const. (4)
o o0z* El Y ot2

The solution of Eq. (4) is the following,

(z) Clsm(a z) +C; cos(a z) +C; smh(a z) +C, cosf(a z)
(t Asm(a,ht)+ Bcoi%t) n=123... ®)

where aj, = (n2712/L2 |/El/m is the natural frequency of vibration, amg = «?m/El . The boundary conditions are

used to determine the constats B andC;,i = 1,2,3..... Thus the spatial end-conditions of the cantildweam with

tip mass, Eq. (2), are obtained by expressing drieedfixed end constants as a function of the rsth8ubstituting into
Eq. (5) (Murtagh et al, 2004):

P, (z) . . sin(a'nz) + sinh(a'n z)
c, = sm(an z) - smh(an z) + LO s(an Z) oS f(a'n Z)}[Cosl(an z) - Coia'n z)] (6)

As described by Méthod and llinca (2007), becaus¢he non-homogeneity of the boundary conditiore t

principle of orthogonality ‘{OLCDH ®,dz=0,i # j) between mode shapes is not respected. Howeverarlt be

overcome by Gram-Schmidt orthogonality process gughre fundamental mode shapel(z), as first vector, to

orthogonalize the other mode shapes. Paz (199¥)da@®an approximated solution using the princigfleirtual works
and the Rayleigh’'s method. To determine the egentabne-degree-of-freedom for a dynamic system diskributed
mass and stiffness, Figure 1, it can be assumeédidundamental mode shape is described as follow

oz =)ol =) 1-cof 27 | o

Then, if this expression is substituted into EQ, (1
M'Y+K'Y=F (8)
The generalized mass and the generalized stifisfab® tower are computed, respectively as:

(2P i n“
K" = j El[o"(z))Pdz j Bl co§[ ]dz 0 K L 9)

and

M =M+ [1 CO{ZLH dz _M+§(3n 8 0 M ?;[n(su%)—s} (10)

where the tip masM = mL, is defined proportional as an equivalent length
The equivalent force for the distributed mass fdriog the atmospheric wind force is computed as:
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(11)

3. WIND MODEL

The wind speed is modeled by combining two powecsp models, Van der Hoven's and von Karman's lmode
These models accurately simulate the whole winegdépgemnd considering short, medium and long-termquiacy
components. Van der Hoven (1957) collected a langeunt of experimental data measuring the wind pmer
different time periods at a height about 100m. \d@n Hoven power spectrum contains data that apmeateis all
frequency band, ranging from 0.0007 to 900 cyclaw'fVan der Hoven, 1957; Nichita et al, 2002; Mgit al, 2009).
However, Van der Hoven's model treated the turlnledomponent as a stationary random process, arsggoently
the model can only be applied to describe the wpeEd over a time scale of hours, days, etc. Téreret is necessary
to use von Karman's model to simulate the turb@ecmmponent as a non-stationary process, (Nichitd, €2002;

Morais et al, 2009). By using Van der Hoven's posectrum & ) the wind speed signal is reconstructed with the
following relations.

A=2 st @)+ 8t (.l -l 12
and
vt)= Y A codegt + ) (13)

i=0

where A is the amplitude at the harmonic frequeney and SYVH (cq) is the corresponding value of the power
spectrum density. The phase angle is randomly gesmwith a uniform distribution in the domz{&nﬂ,n]. Ati=0,

ay =0, ¢, =0 and A, =V, whereV is the mean speed, computed at a time intervattgrehan the largest period in
Van der Hoven’s power spectrum densifly £277/¢y ). For accurately capturing the medium- and lomgatevind
speed components, the discrete frequency valdesO, f, =0,001..., f;; =3 cycles/hour are extracted from Van der
Hoven's power spectrum. Thus, the wind speed ispeted as:

vit)=v,, (1) +v.(t) (14)

wherev,, (t) is the medium- and long-term component calculaied

30
Vi (t) = DA codat+4;) (15)
i=0
with n=30 and v, (t) is the turbulence component computed by von Kalsnaower spectrum$r ).

w 0.47502%
s (@)=—Y5 16)

(T
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where g and L are the turbulence intensity and length respegtivabso S\,/VK depends on the value of the mean speed

V. The implementation of the non-stationary turbakercomponent is done by applying a shape filteh @itwhite
noise input, whose transfer function is:

N K
HF (Jw) - (1+ ijF )5/5 (17)

The static gain is computed having the variancehef colored §.(t)) and white (,(t)) noises equal to 1,
(Welfonder, 1997), the following expression resiitsn this condition:

(18)

where

Te=c 19)

v

and B designates the beta function ahg is the sampling period for the turbulence comporemputation:

v(t) =6, ve(t) (20)
with g, being the estimated value of the standard deviation

0, =k, V (21)

where Kk, is determined experimentally as the slope of tiree which approximates the relation betwaeand g,,

(Welfonder at al, 1997). The wind speed model ¢#inbe adapted to different sites by modifying th@rameters,, ,,

andL . For simplification, the whole process of the wisjpeed modelling, previously described, is sumredrin a
computation procedure, (Morais, 2009).

4. PENDULUM ABSORBER

It is possible to absorb the vibrations of a sutetby the motion of a pendulum, suspending a mags the
required damping. The absorber mass may have the dba massive body of small dimensions, of agptat a ring,
according to the space available, (Fischer, 2007).

In Figure 2 is shown a schematic diagram of a plemdduned mass damper attach to a main systemitding a
mixed rotational and translational two-degree ektom model, being the main system idealized &sgéedegree of
freedom for the vibration mode to be controlle®lp¢ng & Dargush, 1997).
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Figure 2 — Mixed two-degree of freedom system suibjkto force excitatiorIFS(t)
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The governing equations if the pendulum rotatiosnmll, are given by:

(M5+Mp)y+MpLé+Csy+Ksy:Fs(t) (22)
MLy +M %6 +C 0+ (K, +M gL)p=0 (23)

wherey(t) is the displacement of the main system @tdis the rotation of the pendulum. The main syste modeled
as a single degree of freedom system MithCs, Ks andF«(t) being the generalized mass, damping, stiffnesfand,
respectively. The pendulum is represented for asaswith dampingCp, stiffnessKp and cable length.

Zuluaga (2007) conducted an optimization study g a structure subjected to a white noise osamd
excitation given by power spectral density funcsiohe following expressions were obtained for dp&mal length
Lope and the optimal damping ratig, of the pendulum.

(20 + 2+ 0 + 2w’ +2) Y+ 24)
Lopt =
208 (14+2)
\/,U(AH 2@+ )+ (10 + 0)° + o (+2) 0+ D (1 + 0)° + 260 +2) (25)
i 20B(u+2)?

wherep is the mass ratiaps is the structure natural frequeneys is the pendulum natural frequency angis the ratio
between pendulum mass and stiffnegs= K, /M, .

5.NUMERICAL EXAMPLE

A simple model is considered for tower represeatatvith realistic dimensions to illustrate this woT he proposed
model consists of a wind turbine tower connected twacelle, as presented in Figure 1. The systemoéelled as a
uniform cantilever beam of circular hollow crosstsen with a tip mass (the nacelle) at its free .efide tower is
constructed from steel with a hub height of 60myidth of 3m and a shell thickness of 0.015m. Thestd modulus
and density of the steel are assumed to be 2.1N/6fland 7850 kg/m3, respectively. The tower carrieacelle and
a rotor system mass of 19.876kg. The drag coeffficised for the tower was 1.2, with the densitgiofof 1.25kg/m3.
We assume none modal damping ratios. Equationg10),and (11), using the precedent data, prodtieefollowing
generalized rigidity, mass and forces parameters:

M™Y +KY = F'(t), where M" 03489%g and K" [146,367IN/m (26)

The estimated frequency i8)qy,ceq J 058Hz, close to the literature result)qy g C0.567Hz, Murtagh (2004).
The relative error, inferior to 2.5%, justifies thienplified Rayleigh model.

The wind speed modelling is a composition of theé \dar Hoven'’s and the von Karman'’s power spectraréis et
al, 2009). The wind is simulated as a coherent teaipsignal. For every test case performed, thedvgipeed model
uses the following parametdrs=180m, k,, =016, Ty =05s, T,=05s, Aa =0.002rad/s, M =5000 and
N =100. Figure 3 presents the wind temporal evolutionedpalong five hours (18,000s). The superior cut-off
frequency is 1Hz according to Nyquist criteria. ifigg 3 shows medium- and long-term wind speed coepisiv,, (t)
(thick red line), and the total wind spee/(:t) (thin blue line) as represented in Eq. (14). Timbulence component

v, (t) is also important with respect to the medium- kmgj-term components, (t)
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Figure 3 — Characteristic wind velocity acting omwer, t [s] x v[m/s].

First of all, it is simulated the behaviour of thend tower under a white noise wind effect. It veasisidered a time
history of one hour of duration and amplitude mieptc of 1000 N E = [ t = 1:1:3600 ; 1000*rand(size(t)) ]). It was
used the optimum values of the pendulum length &ssmratiqu and stiffness ratio K s proposed by Zuluaga (2007):
1 =0.08, L =1.75m, KKs = 10%. Two simulations were conducted with thisd@m excitation, with and without
TMD pendulum control, Table 1. The simulation withntrol presents a reduction of almost 75% of pigit and
effectiverms tip displacement comparing to the case withoutrobn

Table 1. Effectivems tip displacement (cm) response to a white noisgteal excitation.

Tip displacement (cm) oMio-pic | Yrms

without control 6.0 1.9
with control 1.5 0.5

However, using Zuluaga’s values to control the dyitaresponse of the tower subjected to wind loadwgrse
results were obtained. Therefore, a parametricystuals carried out to find the better results comsidy this wind
excitation. Figure 4 presents the effectives tip displacement varying frequency rabtidfor three different values of
mass ratiqu = [0.06, 0.08, 0.10]. The results are summarize@dble 2. As highlighted by Zuluaga (2007), we as®
low values of mass ratio to avoid non-linear efea.g., divergent instability. The most efficiggarameters are
o =1.15,u = 0.06, reducing 32,5%ms tip displacement without control. Figure 5 presatisplacement time evolution
with and without control, considering these pararset

1,80

RMS —¥—=0,06
1,60 -

¢ =0,08
1,407 ——p=0,10
1,20 A
1,00 -
0,80 ~
0,60 ~
0.40 1 «=wp/ws
0,20 T T T T T T
0,8 0,9 1,0 1,1 1,2 1,3 1,4 1,5

Figure 4. Effective RMS tip displacement (cm) resgoto a wind action
presented at Figure 3, as function of the ratiquemcyo (w, / ws).



Proceedings of COBEM 2009 20th International Congress of Mechanical Engineering
Copyright © 2009 by ABCM November 15-20, 2009, Gramado, RS, Brazil

Table 2. Pendulum length and effectives tip displacementgg,s (cm) as function of
frequency ratiax (v, / ws) for response a wind action, Figure 3.

/1 = 0.06 = 0.08 1 =0.10

o L (m) YrMs o L (m) YrMs o L (m) Yrms
0.90 1.96 1.1220 0.90 1.78 1.2030 0.90 1.66 1.2566
0.95 1.83 1.0112 0.95 1.66 1.6031 0.95 1.54 1.4557
1.00 1.71 0.5291 1.00 1.55 0.8131 1.00 1.44 1.6847
1.05 1.61 0.5060 1.05 1.45 0.5898 1.06 1.34 0.8586
1.10 1.52 0.4889 1.10 1.37 0.5541 1.10 1.26 0.6418

1.15 1.44 0.4764 1.15 1.29 0.5404 1.15 1.19 0.5910

1.20 1.36 0.5128 1.20 1.22 0.5246 1.20 1.13 0.5922
1.25 1.25 1.16 0.5093 1.25 1.07 0.5769
1.30 1.30 1.11 0.5284 1.30 1.02 0.5638
1.40 1.40 1.01 0.5587 1.40 0.93 0.5412

without control

with control

tip displacement y (cm)

_a . L . . . . . .
0 2000 4000 6000 8000 10000 12000 14000 16000 18000
time (s)

Figure 5. Displacement time evolution y (cm) witidawithout control to parameter values 1.15 angt = 0.06.

The performance of the pendulum using Zuluaga'smaph parameters, considering white noise excitatigas
more efficient than the one using parametric sttebults for the wind excitation. If a detailed optation study is
conducted, considering the Van der Hoven's and Kanman’'s wind excitation, the performance of thesgpze
pendulum absorber can be improved. However, itasenindicated a future research considering setiiexdevices
that are more robust than passive ones, whenrigste is excited by random forces.

6. CONCLUSIONS

The wind turbine tower was modelled as a cantildgam with a tip mass. This continuous model isiced to a
one-degree-of-freedom mass-spring model. The atnesgpwind velocity uses a composition of the Vam Hoven’s
and von Karman's power spectra to calculate a sisiaghwind speed temporal history. A passive stmattcontrol
device, the tuned mass damper (TMD) is proposededoice excessive vibrations. The TMD is designedniga
pendulum geometry; it is attached to the structhinest it is analyzed the structural response whdrjected to a white
noise random excitation, the optimum parameteZutiiaga (2007) for the pendulum are adopted pradugbod rms
response reductions. Subsequently the dynamicdysamaconsiders the Van der Hoven’'s and von Karsmamind
excitation; in this case Zuluaga's parameters dpohawe good results. So, it is performed, in tldse; a parametric
study to improve the pendulum efficiency. Passivergy devices performance is very sensitive to gharnn the
dynamic excitation, because of that it is recomneginchore research on semi-active control deviceg;hnvdre more
robust, particularly when the structure is subjédte random excitation, like the problem studiedehavind turbine
tower subjected to wind forces.
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