W CORA =

g/ﬁ%

Title Mitigating the structural vibrations of wind turbines using tuned
liquid column damper considering soil-structure interaction
Authors Buckley, Tadhg;Watson, Phoebe;Cahill, Paul;Jaksic,

Vesna;Pakrashi, Vikram

Publication date

2017-12-26

Original Citation

Buckley, T., Watson, P., Cahill, P., Jaksic, V. and Pakrashi, V.
(2018) "Mitigating the structural vibrations of wind turbines
using tuned liquid column damper considering soil-structure
interaction’, Renewable Energy, 120, pp. 322-341. doi: 10.1016/
j.-renene.2017.12.090

Type of publication

Article (peer-reviewed)

Link to publisher’s
version

https://www.sciencedirect.com/science/article/pii/
S0960148117312946 - 10.1016/j.renene.2017.12.090

Rights

© 2017 Elsevier Ltd. All rights reserved. This manuscript version
is made available under the CC BY-NC-ND 4.0 license. - http://
creativecommons.org/licenses/by-nc-nd/4.0/

Download date

2026-11-16 07:18:08

[tem downloaded
from

https://hdl.handle.net/10468/5254

University College Cork, Ireland
Colaiste na hOllscoile Corcaigh



https://hdl.handle.net/10468/5254

Accepted Manuscript

Renewable Energy

AN INTERNATIONAL JOURNAL

Editor-in-Chief: AAM. Sayigh

Mitigating the structural vibrations of wind turbines using tuned liquid column damper
considering soil-structure interaction

Tadhg Buckley, Phoebe Watson, Paul Cahill, Vesna Jaksic, Vikram Pakrashi

PII: S0960-1481(17)31294-6
DOI: 10.1016/j.renene.2017.12.090
Reference: RENE 9587

To appearin:  Renewable Energy

Received Date: 16 September 2016
Revised Date: 20 December 2017
Accepted Date: 26 December 2017

Please cite this article as: Buckley T, Watson P, Cahill P, Jaksic V, Pakrashi V, Mitigating the structural
vibrations of wind turbines using tuned liquid column damper considering soil-structure interaction,
Renewable Energy (2018), doi: 10.1016/j.renene.2017.12.090.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.renene.2017.12.090

[y

w

10

11

12

13

14

15

16

17

18

Mitigating the Structural Vibrations of
Wind Turbines using Tuned Liquid Column
Damper Considering Soil-Structure

Interaction
by

Tadhg Buckley, Phoebe WatsdnPaul Cahiff, Vesna Jaksfcand Vikram Pakrashi

1> Dynamical Systems and Risk Laboratory, School ethanical and Materials Engineering,
University College Dublin, Ireland aridarine and Renewable Energy Ireland (MaREI) Centre,

University College Dublin, Ireland

2 Arup, Dublin, Ireland

% Marine and Renewable Energy Ireland (MaREI) Cetdreversity College Cork, Ireland
“ Civil, Structural and Environmental Engineerin@riInstitute of Technology, Ireland

E-mail: 1p.i.watson@umail.ucc.ie, 2tadhqbucklev@umail.ucc.ie,‘Q’r).a.cahill@umail.ucc.ie,

V. Jaksic@ucc.ie'vikram.pakrashi@ucd.ie

* Corresponding Author



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

Abstract

This paper considers the potential of using a Tudqdid Column Damper (TLCD) to reduce
structural vibrations of a wind turbine tower. Th#ect of TLCD on wind turbine towers,
including the soil-structure interactions for a rapite foundation was modelled theoretically
and scaled laboratory experiments were carriedi@walidate these results. The tower of the
turbine is represented as an Euler beam with aefsgirings at the boundary to simulate the soil-
structure interaction. TLCD design was carried osihg such a model and the reduction in
tower vibrations due to the deployment of TLCD wagn examined for various loading
conditions in the frequency and the time domaine THfficiency of TLCDs for reducing
structural vibrations was investigated for tuned detuned conditions. The response of a small-
scale model was simulated along with that of adallle turbine and parametric studies around
the variations of inputs related to uncertaintiesevperformed. Experiments were carried out on
a scaled model turbine to examine the effectivenédise TLCD. The practicalities of installing

a TLCD in a full-scale turbine were examined.

Keywords: Wind Turbine, Soil-Structure Interaction, Tunedlid Column Damper,

Experiments, Vibrations
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Key Nomenclature

Symbols
E

I
x

t

y(x,t)

fx,0)

Ny
m
ag
Bt

U

Young's modulus of the turbine tov

Second moment of area of the c-section of the turbintowel
Spatial coordinate along the length of the turttoveer, measured from the b.
Time measured from when the excitation was apj
Dynamic deflection of the turbine tov

Mass per unit length of the turbine to!

Time dependant distributed load applied to theitgrbowe
Constant axial force applied to the turbine tc

Radius of gyration of the turbine tov

Moment oflnertia of the nacel

Length of turbine tow

Mass of the primarsysten

Lateral displacement in terms of

Non-dimensional frequency parame

Non-dimensional axial forc

Non-dimensional rotational foundation stiffn
Non-dimensional lateral foundation stiffn

Mass ratio onacelle to turbine tow

Nonr-dimensional rotary inert

Non-dimensional radius of gyrati

Natural frequency scaling param

First naturafrequency

Damping of the primary syste



x(t)
%(t)
X(t)
f®

\/\(\“

Hs

{s

¥s
Sopt
Yopt
F(w)
H(iw)

Wq

Response of the primary sysi

Displacement of the primary system with respecinb@

Velocity of the primary system with respect to t

Acceleration of the primary system with respedirte

Time dependant load applied to the primary sy

Dynamic displacement response of the primary atreawith respect to tin
Dynamic displacement response of the liquid danmkr respect to tirr
Acceleration due to gravi

Represent application of base excitation when eguahe and is zero otherwis
Mass of liquid in the TLDt

Stiffness of the liquid colun

Linearized damping coefficient replacing the noas¢indamping of the TLC
Crosssectional area of TLC

Total length of column of wat

Head loss coefficin

Length ratio of the TLC

Mass ratio of TLCD to Primary Systt

Damping ratio of TLCD to primary syste

Tuning ratio of TLCD to primary syste

Optimum damping rat

Optimum tuning ratio

Forcing function in frequency domain

Transfer function describing the conversion from time to frequency domain

Natural frequency of the TLCD
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W Natural frequency of oscillating liquid

{4 Damping ratio of the TLCD
W Frequency of the load applied to the structure
k Equivalent modulus of the subgrade reaction
L, Critical pile length
G Shear modulus of the soil
E, Youngs modulus of monopile
I Moment of inertia of the pile
k; Lateral stiffness of the spring representing the soil-structure interaction
k, Rotational stiffness of the spring representing the soil-structure interaction
k Equivalent modulus of the subgrade reaction
dso Average grain size
t Thickness of the tower
My Mass of the nacelle
p Density of fluid in TLCD
pr Density of the material used for the turbine tower
D Diameter of turbine tower
t Average thickness of turbine tower

H(iw)_Max Maximum response of transfer function

Key Abbreviations
TLCD Tuned Liquid Column Damper

TMD Tuned Mass Damper
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1 INTRODUCTION

Wind turbines have evolved to be taller and mésader over time to harness more energy and
consequently the dynamic responses of wind turbswgserstructure and related control of
unwanted dynamic responses have become very inmp¢ita2]. Control of unwanted structural
vibrations can lead to a longer life of wind turbénby decreasing stress and related fatigue [3].
A reduction in tower vibration is also related e reduction of gearbox faults [4]. Additionally,
control of tower vibrations can lead to a reductidrioads on the foundation, which are often a
significant part of the project cost [5]. Overaldibration control of wind turbine towers can lead

to better built wind turbines with longer and hbgltife span.

Most literature in wind turbine vibration contrabricentrate on passive [6-8] or semi-active [9-
11] control systems and algorithms. Design choi€amnaterials has also been studied for
improved fragility of wind turbine towers [12]. Qese systems, the passive control systems,
typically Tuned Mass Dampers (TMDs) and Tuned Ldg@olumn Dampers (TLCDs) are
particularly popular as they do not require extepwver to operate. Practical implementation
constraints like weight, geometry, connection with primary structure, and the lifespan of the
control system are present for these vibration robmhethods, but the fundamentals behind
passive control through TMD and TLCD are mainlyatet to the tuning of the natural
frequency of the spring mass system (for TMD) @ discillating water column (for TLCD) to
the natural frequency of the primary structure.lésy as there is sufficient mass or in the case
of TLCD, some additional friction loss due to oktibn of fluids against the tubular structure

where the liquid is retained, control is achiev@gtimisation of control can then be carried out



65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

by carefully choosing the design parameters [1&cdRtly, a number of studies on single and
multiple TLCDs applied to onshore wind turbine tesvand floating wind turbine platforms [14,
15] have indicated that TLCDs may be a reasonaldg v reduce wind turbine tower

vibrations.

Despite the advantages of TLCDs, a drawback rema&igarding the fact that the success of
TLCDs strongly depends on the tuning of the odmilialiquid column with that of the primary
structure to which it is attached. The natural fieacy of a wind turbine tower can vary for the
same manufactured tower, based on what soil miseelded into and how it is embedded. Based
on such situations, the boundary conditions of ilired turbine towers vary and so do their
natural frequencies as function of soil-structurernaction [16, 17]. In fact, such variation is not
necessarily a change from one site to anothergdiutake place over the lifespan of turbines at a
single site [18]. Consequently, designing a TLCbddactory manufactured wind turbine tower
may not be sufficient since detuning can take pthe=to soil-structure interaction. Under such
circumstances, it is important to assess the padoce of TLCDs in the presence of soil-
structure interaction. This paper investigatespédormance of TLCD for the vibration control
of wind turbine towers considering soil-structunéeraction. A well-known model is considered,
based on first principles and a detailed numesutady is carried out for this purpose in the time
and the frequency domains. Effects of detuningirarestigated. A non-dimensional theoretical
model is created for the system investigated amdligted dynamic responses are compared
against a laboratory based small-scale experimentabel to validate the numerical
investigations. The importance of considering stilicture interactions for vibration control of

wind turbine towers using TLCD is emphasized thitodlis study and aspects of practical
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implementation are also discussed. A number ofragsans are related to this study. These
include the modelling of the tower as an Euler-Beih cantilever monopile beam with the
nacelle as a tip mass on the cantilever, the choiiceoil properties in the form of a spring,
consideration of the boundary conditions as a coatlwn of a linear and a rotational spring
representing the interaction between the struanckesoil and dependent on shear modulus and
bending rigidity of the pile, the achievement oflgtgy is through non-dimensionalisation of
governing equations and limiting the diameter of fhile to average grain size ratio. Details

around these assumptions are presented in eacestibn of the paper.

It is noted that despite several studies arounédumquid column dampers and soil-structure
interaction, there is a gap in terms of integratihg two aspects and investigating this
interrelation in detail. This work attempts to aglhl this gap in a timely manner and presents a
comprehensive study following a consistent formaftatfor both passive damping and soil-
structure interaction. The paper also providesrctgadance of scaling and development of
experiments corresponding to such scaling for phigpose. The comprehensive investigation
presented is expected to provide practical engingguidance for the integrated design of such

dampers and aid in making the sector more comyetiti

2 THEORETICAL MODELLING OF A WIND TURBINE WITH A TL CD

CONSIDERING SOIL-STRUCTURE INTERACTION
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The theoretical model presented here integratedestablished and importance models in the
field of soil-structure interaction of a wind tungi and passive control through TLCD

respectively to create a unified numerical framdwavhich can allow consistent non-

dimensionalization of both aspects and allow focamprehensive numerical analysis. The
models are referenced and are summarised in twsexttions for the purpose of completeness,
clarity and context of the simulations presentetharest of the work. The models and the non-
dimensionalization presented in the next sectidss far the basis of designing experimentation

for this paper.

2.1 Formulation of the soil-structure interaction nodel of wind turbine towers

An idealised model of a wind turbine tower is caesed in Figure 1 based on [19], where the
tower is modelled as an Euler-Bernoulli beam, while nacelle is represented as a tip mass at
the free end of the beam. The soil-structure icteya is modeled as boundary conditions
specified by spring whose characteristics are edlab soil properties. It is assumed that
properties such as Young’s modulus, moment of ime&xial loading and mass per metre of
tower are constant along the length of the towse, tower is in a state of equilibrium and a

harmonic solution for deflection with respect tméi and distance exists.

FIGURE 1 HERE

The equation of motion of an Euler-Bernoulli beaam ¢hen be used to represent the dynamics

of the turbine tower as

%(EI(X) aZy(x,t)) n a (P M) _i(m(x)rz %) +m)jx ) = fx,t) (1)

0x2 ax 0x 0x
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wherey(x, t) is the dynamic deflection of the turbine towersaswn in Figure 1f(x,t) is a
time-dependant distributed load applied to theit@lbower,x is the spatial coordinate along the
length of the turbine tower, measured from the bags the time measured from when the
excitation was applied; is the Young’s modulus of the turbine towelis the second moment
of area of the cross-section turbine tower aboaitnutral axis of bending, is a constant axial
force applied to the turbine towen, is the mass per unit length of the turbine towsamed by
dividing density with cross-sectional areas the radius of gyration of the turbine tower amd

overdot is a derivative with respect to time.

Assuming all properties are constant along the tlergf the tower, this equation can be

simplified to
%y (x.t) Pyt 5 0% y(x t)
El—"=+P—3 + my(x,t) = f(x,t) 2)

For equilibrium, the total sum of the bending motseand the total sum of the shear forces must
equal to zeros at the end. Considering boundargitons atx=0, there is some lateral and
rotational freedom but no vertical movement is \aéld. Considering the bending and shear

equilibrium at the end of the tower respectivelg, @btain

02 y(o H_ ., 008 _

El— = -k, ——=0 (3)
2‘.

E12200 4 p2OD 4 gy (x, ) — mr2 2290 = g @)

where k, and k; are the rotational and lateral stiffness of tpeings, respectively, which

represent the soil-structure interaction.

10



146  The other boundary of the beam »at L allows rotational and lateral freedom, assuming
147  sufficient axial stiffness such that no verticafléletion takes place. Under such circumstances,

148  the consideration moment and shear equilibriumeesgely, gives

92y (L,t) ay(Lt)
19 E1TXZ0 4 2D = g 5)
150 and
2 .
151 E1Z YD 4+ P2 — My(L,t) - mr? 2 = 0 (6)

152  Assuming a harmonic solutiom(x,t) = W (&€)exp{iwt} , whereé = x/L’ and substituting into

153  the previous equations gives

EI3*W(§) | P a*w(§) mriw? 0°w($)

154 G om T oo ~ MW + =5 = f() (7)
155 %W”(O) —%W’(o) =0 (8)
156 W”’(0)+ W(0)+kW(0)+’””’W(0)—0 (9)
157 W”( 1) +22 W (1H)=0 (10)
158 and

159 W”’( 1) 4 - W (1) + MW (1) + ™ w(1) = 0 (11)

160

11



161  Rearranging in terms of non-dimensional parameteese equations can be written as

162 04 50D 0w () = FOL (12)
163  W"(0)—nW'(0)=0 (13)
164 W"(0)+ oW'(0) +nW(0) =0 (14)
165 W'(1)—BO2W'(1) =0 (15)
166 and

167 W"(1) +W'(1) +aQ?W(1) =0 (16)
168  Where

169 ¥ = v+ p20? (17)

170  The definitions of the non-dimensional parametefined in this derivation is shown in Table 1.

171  Table 1. Non-dimensional parameters in wind turktimeer dynamics formulation with soil-

172  structure interaction.

Non-dimensional axial force PL?
V= —=
El
Non-dimensional rotational foundation stiffness k,.L
ny =
El
Non-dimensional lateral foundation stiffness kL3
m= -
El
Non-dimensional frequency parameter A
Q= |w2——
El
Mass ratio of nacelle to turbine tower 0 = M
L= —
mlL

12
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178

179

180

181

182

183

184

185

186

Non-dimensional rotary inertia B, = J
£ omiI3

Non-dimensional radius of gyration u = r
;=

L

The natural frequency can then be describedvas- Q;c, where the natural frequency scaling

parameter is defined ag = %

Assuming a solution for the lateral displacementvith respect tox of the formW (¢) =
exp{A¢} allows for the separation of the time and distareméables. Substituting into the Euler

equation governing the behaviour of the tower gives

M +0A2-Q2 =0 (18)
A solution to this equation is

A= +idy, +4, (19)

where

5,

A = ( /(g)z +02 + g) (20)
1/2

Ja = ( () +02- ) (21)

Using eigenvectors to re-write the solution 3(¢) as

W) = a;sin(A;¢) + a, cos(1,¢) + az sinh(4,8) + a,cosh(4,¢) (22)

13
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191

192
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194

195

196

197

198

199

200

201

202

Rearranging this in matrix form gives
W) =s")a (23)
wheres(§) = {sin(1;¢), cos(4,§),sinh(1,¢), cosh(1,¢)}" anda = {a;, a,, as, a,}"

Applying this solution to the boundary conditionuatjons obtained previously gives the

following equations

6T (0a) — 1, (s (0)a) = 0 (24)
;—;(ST(O)a) +55(s(0)@) + s (0)a = 0 (25)
j—;(sT(na) - 022 (s"(Da) = 0 (26)
(T (@) + 72 (sT(Da) + a?s"(Da = 0 27)

which becomes
MA@y — A2 a1 Apas + Ay a, =0 (28)

(_}{13 + 17/11)611 + nlaz + (123 + 17/11)(13 + T]la4 = O (29)
(—=21%sin(Ay) — BO?A; cos(Ay))ay + (=A,% cos(Ay) + BO2A,; sin(Ay))a, + (A,% sinh(A,) —

B2, cosh(1y))as + (4,7 cosh(A;) — BQ%4, sinh(4;))a, = 0 (30)

(—=21° cos(Ay) + 1, cos(Ay) + aQ?sin(1y))a, +

(Ale’ sin(;) — P, sin(4,) + aQ? cos(4,))a, + (AZ3 cosh(4,) + ¥4, cosh(4,) +

14



203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

aQ?sinh(1,))a; + (4,° sinh(4,) + ¥4, sinh(4,) + aQ? cosh(4;))a, = 0

(31)

Compiling the results into a matrix givRa = 0, where

—Mny —112
R= Mi+vd om
l —sin(1;) 1,2 — Q2B cos(1y) A4 —cos(A;) A2 + Q2B sin(1,) A4
—cos(A) A4 > + Deos(4) Ay + Q2asin(dy)  sin(Ay) 4> — Tsin(Ay) A, + Q%a cos(;)
—A2Mr —/122 ]
/123 +vi, m I (32)

sinh(1,) 1,2 — Q2B cosh(1,) A, cosh(1,) 2,% — Q2B sinh(1,) A, |
cosh(1,) A,% 4+ ©cosh(1,) A, + Q2asinh(1,) sinh(1,) A,> — Tsinh(1,) A, + Q2a cosh(/lz)J

For a non-trivial solution, tha matrix cannot be equal to zero, therefore the égugioverning
the natural frequencies is given [Bf = 0. This was solved numerically f@r, where the initial
guess or starting point for search in this functiwas taken as the natural frequency of an
equivalent beam with an end mass. The first funaaahdrequency of a cantilever beam with

1 3EI

fixed supports and an end mass is given by theeSs@Mw qntiever = Pl Perm—— [20].

2.2 Formulation of the TLCD

TLCDs mitigate structural vibrations through an ibating liquid column in a typically U-
shaped container, and through the energy dissipatimsed by the oscillating liquid passing
through an orifice situated midway on the horizbrstaction. Den Hartog's [21] method for

determining the vibration absorber parameters iauradamped system has proved successful in

15
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237

developing the equations of motion for a TLCD [18lsing Den Hartog's [21] methods,

analytical formulas for determining the equatiofisymtion for a uniform cross-sectional area
TLCD have been long derived by Sakai and Takaeziyy. When the wind turbine is subjected
to a dynamic load, movement will result in the ldjaontained within the attached TLCD. From

D’Alembert’s principle, the inertia force of watesr

Iy = —[pAl%s(t) + pAbXs(0)] (33)

Wherep is the density of the fluidi is the cross sectional area of TLADs the total length of
column of waterb is the length of horizontal section of TLCE is the response of the liquid

damper and is the response of the primary system.

The difference of height of water in the verticaluumns provides the differential spring force of

the TLCD. The restoring force of the water is

Ig = pA.2x(t). g (34)

x¢(t) being the response of the liquid damper (TLCD) arilde acceleration due to gravity

The damping force is
= |xp(t)
I, = —p A5|Xf2_| (35)

with & as the head loss coefficient, influenced primabiyythe diameter of the orifice and by
Darcy'’s friction factor between the liquid and tinaer surface of the TLCD walls, the corners

of the TLCD etc.

From the condition of equilibrium, the equatiomadtion is given by

16
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249

250

251

252

253

pALE; (t) + 2 pAE|i ()| + 2pAgxs (t) = —pAbX,(t) (36)
where the natural frequency of the oscillatingiligis given byw, = /2g/1.

The equation of motion for a single degree of foeedtructure is

M (t) + Csx(t) + Ksx(t) = f(¢t) (37)

WhereM; is the mass of the primary systeiy, is the damping of the primary systekq, is the
stiffness of the primary systeift) is the time dependant load applied to the prinsygtem.
x(t) is the displacementi(t) is the velocity andi(t) is the acceleration of the primary system

with respect to time angl.
From this, the equation of motion for the wind fagsystem is obtained as

(Ms + pADX(t) + pAbsy () + CXs(£) + KX (8) = f(¢) (38)
where C; = 2M {sw,, {, IS the damping ratio of the primary system andis the natural

frequency of the primary system.

Coupling the dynamics of the TLCD with that of thend turbine tower [13] results in

M;+my; am o)
amg d] lel [0 Ceq [xfl [0 kf - | (39)
and
(1-b)
x| < == (40)

17
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273

wherea is the length ratio of the TLCD and equalAn m, is the mass of liquid in the TLDC,
Ceq IS @ linearized damping coefficient replacing tremlinear damping,onjineqr Of the TLCD
equal to2my{,wq, {4 is the damping ratio of the TLCDq, is the natural frequency of the
TLC, ks is the stiffness of the liquid column equal2eAg, andf (t) is the external excitation.
The constraint in equation 40 is to ensure thatlithed does not spill out of the TLCD when
sloshing. The timet is measured from when the load is first appli&d,is the dynamic
displacement response of the primary structure wébpect to time. This is a relative
displacement when = 1 and absolute displacement whes- 0. The consideration df = 1 is
representative of the application of a base excitatvhile A = 0 represents a force applied to
the structure only. The coupled set of equations lma converted to a state space form and

solved using numerical integration methods likeRumge-Kutta approach.

The transfer function for the coupled TLCD-toweuation can be obtained by following Yalla

and Kareem [13] as

—Apa(iw)?+({w)?+2gwq(iw)+wq?
((w)2(1+p)+2sws(iw)+ws?][((w)?2+2{gwq(iv)+wq?]-(iw)*a?u

H(iw) = (41)

where « is the tuning ratio of the TLCD, representing tiegizontal column width to the full
length of the column of water, horizontal and \aticombined. The mass ratjo, is the mass
of the TLCD over the mass of the structure. Themmghtfrequency of the tower is dependent of

soil parameters and so is the transfer function.

18
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2.3 Formulation of soil parameters

The strength of the soil and the bending resistaridbe pile are combined to two springs for
lateral and rotational resistance, with stiffniesandk, respectively. These values, as derived by
Adhikari & Bhattacharya [19], depend on the sheaduius and bending rigidity of the pile and

can be expressed by

=5 @)
k() )

where k is the equivalent modulus of the subgrade reactioal.. is the critical pile length,

beyond which the pile behaves as is it were irdigitong.

An approximation fok is given by
k -0.14
2~ 10(2) (44)

WhereE, is the Young's modulus of the pile ar@is the shear modulus of the soil. The critical

length of the pile can then be found using the esgon

_ Eplp 1/4-
Le=4(22) (45)

wherel, is the moment of inertia of the pile.

The soil parameters for numerical studies are takem data provided by Adhikari &

Bhattacharya [19] for the shear modulus of dry saaturated sand and clay.
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It should also be noted that soil properties chanie high cyclic loading, thereby increasing
the complexity in understanding the long term b&havof the turbine and thereby introducing
the risk that the natural frequency may change usiyl over time [23]. The soil-structure
interaction was modelled using the two springsdecdbe lateral and torsional restraint of the
pile in this paper, as has been described earlibis method, proposed by Adhikari &
Bhattacharya [19], has been well documented andatad by experiments, giving reasonably

high degree of confidence in the method used.

The importance of scaling cannot be underestimatezh drawing conclusions between a small-
scale model and full-scale prototype. For this seaghe small-scale theoretical model was
designed to be able to scale up to represent sema&viour of a full-scale turbine. The use of
non-dimensional parameters in the soil-structuteraction model helped facilitate this. The
geometry of the structure for a scaled model warsidered at a 1:100 ratio. The soil-structure
interaction, as represented by springs represerthiaglateral and rotational stiffness of the
foundations, scale automatically sinée and k. are calculated depending on both soil

characteristics and bending rigidity of the pilar€was also taken to ensure that the diameter of

the pile to average grain size ratio did not exceegcommended limit d?/dso = 88, whereD

is the diameter of the pile, in this case equah#i of the turbine tower, antl, is the average

grain size [24].

3 NUMERICAL STUDIES ON A WIND TURBINE WITH A TLCD C ONSIDERING

SOIL-STRUCTURE INTERACTION
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3.1 Numerical values for input variables

Initial simulations were done first for a full-seaturbine, with using data from Tempel and
Molenaar [20] to test the numerical model agaissatdished results as a benchmark. Numerical
simulations were then run for the small-scale madebine to suggest parameters for the
experimentation section, based on model testingecaiout by [23]. The input data for the

simulations are given in Table 2.

Table 2. Input data for numerical simulations onaviurbine rower — TLCD interaction for full-

scale and model.

Property Symbol Full-scale Turbine Small-scale Model Unit
Height L 81 1.2 m

Diameter D 3.5 0.03 m
Thickness T 0.075 0.003 m
Moment of Inertia I 1.1839 5.123x18 m*

Radius of Gyration R 1.2112 0.0109 m
Weight of Nacelle Ms 130000 0.3 kg
Damping Ratio of Tower 0.01 0.01

Inertia of Nacelle J 0 0 '

The small-scale model was designed in such a watyttie results can be scaled up to predict

results for a full-scale turbine. The formulas udedthe second moment of ardd &nd the

radius of gyrationr) for the cross-section of the tower with thicknéssere I = 6”—4(D4 -

D2 _ —1+)2
(D —t)*) andr = % respectively. The material properties used ferttio models are

given in Table 3. The full-scale turbine had a lsteeer, while the small-scale model was made

of aluminium.
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Table 3. Material properties of the full-scale @hd model wind turbine tower.

Property Symbol Steel Aluminium = Units
Young's Modulus E 210 69 GPa
Density 0 7800 2700 kg/rh

The values fok. andk; were calculated as described in the previous@eetnd given in Table 4
for the full-scale wind turbine tower.

Table 4. Boundary conditions of the full-scale windbine tower as a function of soil properties.

Property BU[IEN?EE]S'W ShezE\'\r/Il\lélg]dulus Kr [MNm/rad] ki [MN/m]
Dry sand 15.73 12.72 152.5 6654.1
Saturated Sand 19.6 8.2 102.6 5830.3
Clay 16.6 2 313.6 3927.4

The spring constants representing the lateral atadional stiffness provided by the soil depend
on the Young's modulus and moment of inertia of ti@nopole as well as the soil parameters,

so these values were recalculated for the smak-soadel as well (Table 5).

Table 5. Boundary conditions of the small-scale dvimrbine tower as a function of soil

properties.
Property Shear Modulus Kr Ki
[MPa] [kNm/rad] [N/m]
Sand 12.72 1042.2 1554.7
Top Soil 8 701.1 1362.2
Clay 2 214.3 917.6
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The lateral and rotational stiffness of the springgresenting the soil-structure interaction is
considerably smaller for the model turbine due he tependence of this parameter on the
moment of inertia of the monopile foundation. Thp soil is a typical garden soil with a shear

modulus between that of clay and gravel.

The main parameters that govern the effectivenéss BLCD are the tuning of the natural
frequency of the liquid column to that of the hssticture and the mass ratio between the TLCD
and the host structure. Table 6 presents the basedlues used for the TLCD when considering
a full-scale structure and the small-scale expartm8ome of these parameters, such as the
damping ratio, mass ratio and length ratio, wergiedain the numerical simulations to
understand the effect of poor optimisation of th€D once a natural frequency match between
the oscillating liquid column and the host struetus achieved. The oscillating fluid was

considered to be water for all cases.

Table 6. TLCD parameters for simulation consideritige full-scale structure and the

experiment.
Full-scale Small-scale
Property Symbol Turbine Model

Weight of TLCD with water My 2889 0.059
(kg)

Damping Ratio of TLCD {4 0.063 0.0986
Length to column width ratio a 0.7 0.3
Mass ratio u 0.02 0.05

The variation of natural frequency of the full-scatind turbine tower for different soil-structure

interaction scenarios are presented in Table 7.
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Table 7. Natural frequency (Hz) of the full-scalmavturbine tower for a range of soil types.

Dry Saturated

Soil Type Sand Sand Clay
Natural frequency of fixed cantilever without mads
TLCD (H2) 0.435 0.435 0.435
Natural frequency tower in soil without TLCD (Hz) .280 0.228 0.222
Natural frequency of fixed cantilever with addedssha
equivalent to that of the TLCD (Hz) 0.431 Uys1ro431
Natural frequency of tower in soil with added mass 0.232 0.231 0.224

equivalent to that of the TLCD (Hz)

Since the natural frequency for a soft-soft typethe$ structure is suggested to be 0.25Hz, it
seems reasonable to conclude that this methodaflating the natural frequency is reasonably
accurate. The estimates for a small-scale modghgemr different soil conditions are presented

is Table 8.

Table 8. Natural frequency of the small-scale wumthine tower for a range of soil types.

Soil Type Sand Top Soil Clay
Natural frequency of fixed cantilever without mass

of TLCD (Hz) 18.6 18.6 18.6
Natural frequency equivalent tower in soil without
TLCD (Hz) 1.652 1.651 1.657
Natural frequency of fixed cantilever with added
mass equivalent to that of the TLCD (Hz) 17.61 17.61 17.61
Natural frequency of equivalent tower in soil with 1.799 1798 1792

added mass equivalent to that of the TLCD (Hz)

3.2 Parameter studies in the frequency domain

Parameter studies for the combined tower-soil-TLEgMBtem was carried out in the frequency

domain by plotting the transfer functions for difat input scenarios. The transfer function of
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the turbine without the TLCD is for an end massiegjent to that of the TLCD without water
and the nacelle combined, thus the natural frequeh¢he turbine changes as water is added.
The TLCD is optimised for this new natural frequgnDifferent damping ratios have been used
for the TLCD to examine the effects of damping otloe natural frequency of the TLCD is

tuned to that tower.

The effect of a tuned TLCD on the full-scale windhine is shown in Figure 2 for the three

different soil conditions considered in this paper.

FIGURE 2 HERE

The results presented in Figure 2 demonstrateatbagnificant reduction in the magnitude of the
structural response is achievable when an optimid&eD is coupled with the structure for all

these soil types. These graphs are for a struadaraping ratio of 1%.

FIGURE 3 HERE

The variation in the percentage damping achieved Bi,CD is shown in Figure 3 for different
structural and TLCD damping ratios, whejeis the structural damping ratio adg is the
damping ratio associated with the TLCD. This shdiveg even for a structural damping of 10%
and TLCD damping ratio of 1%, there is still a shnatiuction in the magnitude of the structural
response. However, unless vibrations are appliedtBxat the natural frequency, it is unlikely
that this small amount of damping will be worth #dra effort of installing a reasonably well-
performing TLCD, so care should be taken when linstpa TLCD to ensure that is properly

optimised to the natural frequency of the tower tirad it has a reasonable level of damping.
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The effect of a TLCD is also investigated for thepe&rimental model and the results for

individual soils are presented in Figure 4.

Similar to the results for the full-scale modelgiie 4 shows that considerable damping effect is
possible to achieve with an optimised TLCD. It dkodoe noted that the position of the double
peak has moved slightly, due to the change in tAssmatio, which will be discussed later. As

with the full-scale turbine, the effect of the TLGIM the structure is similar for all three soil

types.

FIGURE 4 HERE

Figure 5 presents the effects of different struadtand TLCD damping ratios, wheggis the
structural damping ratio ang}; is the damping ratio associated with the TLCD toe small-

scale model.

FIGURE 5 HERE

The results demonstrates that a TLCD can reaspmalilce the magnitude of the structural
response even when all parameters are not optisnkng as it is tuned, has some mass, and
there is a reasonable amount of damping (Figuré&&gh reduction may be observed through
small-scale experimentation. The effect of the gagnlength ratio becomes more significant as
the damping ratio increases, indicating that th@artance of ensuring a high length ratio

increases as the damping of the TLCD is increased.

The investigation into the efficiency of TLCD forsaall-scale experiment based on changes in

mass ratio and length ratio is shown in Figure 6.
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FIGURE 6 HERE

It is observed that the damping effect of the TL@Dreases as the mass ratio increases. The
improvement in damping achieved by increasingemains similar for the different mass ratios,
highlighting the importance of optimising both paeters. It should be noted that while a mass
ratio of 10% is shown, a mass ratio of 5% is ta&emptimal [13]. A mass ratio above 5% may
lead to an excessive amount of mass to the topeo$tructure and therefore introduces the need
for larger foundations. Similar to the effect ofadging the damping ratio, the effect of

increasing the length ratio becomes more pronouasdlle mass ratio increases.

The effect of detuning of the TLCD is investigatedrigure 7.

FIGURE 7 HERE

It is observed that while the TLCD is most effeetifor a tuning ratio of 1, for a natural
frequency of the TCLD less than that of the striestithe TLCD continues to reduce the
response of the structure to a certain extent. Whentuning ratio is greater than one, the
reduction in the effectiveness of the TLCD becommese significant for a small change. As
with the changes in the damping and frequency ,rétie effect of optimising the length is
evident. Consequently, if the natural frequencyhef wind turbine is expected to decrease over
time due to damage to the structure or reducticsoihstrength under cyclic loading conditions,
starting with a tuning ratio slightly less than anay ensure that the TLCD continues to achieve
a significant amount of damping over time. Alteinally, the TLCD could be re-tuned to the
new natural frequency to ensure that it is perfagras effectively as possible. One advantage of

the TLCD is that recalibration is a relatively simprocess for small changes in the natural
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frequency, only requiring a change in the amounivafer in the damper to change its natural

frequency and improve its performance.

Considering the risk of damage to the structureiatians in soil characteristics under high
cyclic loading conditions, discrepancies betweeltutations and on-site condition and the
difficulties with fitting a installing a fully optnised TLCD, there is a possibility that a designed
TLCD will not be fully optimised for the entire &pan of the wind turbine. The numerical
studies indicate that even under such circumstarfices considerable range of non-optimised
conditions and some amount of detuning, the TLCD stédl effectively mitigate vibrations to a

reasonable extent. This increases the viabilityld€Ds for possible use even when there might

be considerable uncertainty.

3.3 Demonstration of TLCDs in time domain

The response of the full-scale tower with and withe TLCD was numerically simulated in the
time domain for a sinusoidal load (Figure 8), amputse load (Figure 9), and for a broadband
excitation in the form of Gaussian white noise (ffeg10). The sinusoidal load is applied at the
natural frequency. The aim was to visualise theatifeness of TLCDs for some fundamental
signals which can be combined to create respomsasyt broadband time domain signal with
random broadband and sinusoidal components, wtschypical for wind loading. Both
displacement and velocity are controlled due to DLC

FIGURE 8 HERE

FIGURE 9 HERE
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FIGURE 10 HERE

3.4 Sensitivity to variations in input parameters

Sensitivity of some of the obtained results to atons in some relevant input parameters are
investigated next for both full-scale and scaledditions. Shear modulus of soils may vary
depending on the scaling for a full-scale turbin@ emall-scale experiment. The mass ratjo (
and the length ratiaxf of the TLCD are critical since for practical ajpplions these are the two
factors that we have more control over and can.\V@oynetimes, variation can also come from

geometric constraints during application. The optm  damping ratio

2
, i . . . 1+u(1—“—)
E\/ M) and optimum tuning ratigr,,, = g

{opt T2 (QPu?+a?pu—ap—2u2-2

can also thus see

variation. The tower properties are usually fixedues dependent on the particular turbine for
both full-scale or a scaled model. For a full-secalodel, this section considers data from [25]
and this is summarised in Table 9. The estimatedpdeg of the primary system wgs= 0.05
keeping in mind that recommended values are usb&tween 0.02-0.08 [25] for operational
wind turbines. The match of frequencies can be n@dser by choosing and changing the
damping ratios in this range. However, that leamlsatn ad-hoc reduction of error and the
difference in estimated and measured frequencies fimid-range damping ratio is presented
here to highlight and establish typical levels dfcdepancies that can be expected from such
modelling. Additionally, the measured natural freqoies tend to vary over time, even due to
thermal effects and as such an artificial matclohghe two values by choosing the damping

ratio conveniently does not serve any significamppse.
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470 Table 9. Comparison of Measured natural frequencigbose calculated by theoretical model

471 using available tower properties from [25].

Wind Farm Name Country Soil Conditions Measuredatural
Natural Frequency from
Frequency| Theoretical

(Hz) Model (Hz)
Lely Offshore Wind UK Soft «clay in the 0.634 0.475
Farm uppermost layer to dense
and very dense sand
layers below
Irene Vorrink| Netherlands Soft layers of silt angd0.546 0.465
Offshore Wind Farm clay in the upper seabed

to dense sand and very
dense sand below
Kentish Flats) UK Layers of dense sand an@.339 0.23
Offshore Wind Farm firm clay

472

473  To better understand the sensitivity of input pagtars to final results for full-scale examples,
474  tower properties from Lely Offshore Windfarm, apoded in [25] is used (Table 10). Small
475  variations in soil properties do not change thaltesoo much but the fundamental change in
476  the type of soil does. Under these circumstancésitlaer choice of some varied soil properties
477  are considered (Table 11) with description of tbiésprovided as a justification of their choice
478 and to investigate their effects in the computesults. The changes in peaks of response
479  functions (H(w)ay due to variations of parameters considered ia $@iction is presented in
480 Table 12 while the optimum tuning values for vagyimass and length ratios are provided in

481 Table 13.

482

483  Table 10. Lely offshore windfarm, tower propertiesm [25]
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Turbine Dimension

Lely A2

Structure height 50
(m)

Tower top| 1.9

Diameter (m)
Tower bottom 3.2
Diameter
Tower Wall| 13.0
Thickness (m)
Monopile Wall| 35
Thickness (m)
Nacelle Mass 32
(m)
Young's 210
Modulus Tower
(Steel)(GPa)

Monopile Depth 13.5
(m)
Shear Modulus 140
of Soil G (MPa)

Measured 0.634
Natural
Frequency (Hz)

484

485

486

487 Table 11. Shear Moduli used in investigating sensitcomputed peak value of frequency

488  response of the tower structure in relation to gaperties and in the absence of TLCD

Shear H(w)max NO | Soil Description

Modulus of | TLCD

Soil (MPa)

G=140 183.5 Soft clay in top layer. Dense to vesgse sand layers below.
G=60 184.2 Layers of dense sand and firm clay

G=2150.5 181.9 Rocky seabed (weathered bedrock)

489
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Table 12. Peak value of frequency response witlgivgrshear moduli, length ratios and mass
ratios in percentage()

M H(W)max

(%) |a=0.1 a=0.5 a=0.9
G=140 | G=60 | G=2150.5| G=140| G=60 G=2150.5| G=140| G=60 | G=2150.5
Mpa Mpa Mpa Mpa Mpa Mpa Mpa Mpa Mpa

0.5 | 46.28 43.03| 43.10 38.45 38.46 38.42 3474 34.83.70

1 42.90 42.94 | 42.81 35.824 35.85 35.76 31.43  31}43.393

5 44.04 44.05| 44.04 30.12 30.14 30.09 24.01  24{08.002

10 | 46.34 46.38| 46.27 28.71 28.77 28.75 22.00 22.@1.99

Table 13. Optimum damping and tuning ratios withyireg length and mass ratios in percentage

().
U % a=0.1 a=05 a=0.9

Copt Y opt Copt Yopt Copt Yopt
0.5% 0.004 0.997 0.018 0.997 0.032 0.997
1% 0.005 0.995 0.025 0.994 0.045 0.993
5% 0.011 0.976 0.055 0.973 0.099 0.966
10% 0.015 0.953 0.076 0.948 0.137 0.936

The variations in frequency response functionglierbase-case but with changing length ratios

are presented in Figure 11, the effects of changiags ratios in Figure 12 and for different soil

types in Figure 13.

FIGURE 11 HERE.

FIGURE 12 HERE.

FIGURE 13 HERE.
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A similar study was carried out for the small-scab@del as well. Table 14 provides the
variations considered in shear moduli and the sepoeding changes in the peak frequency
response magnitude, without TLCD and with an assudanping ratial; = 0.01 while Table

15 provides the properties of the correspondindededown tower. The maximum frequency
response magnitudes for variations in shear moafukoil with length and mass ratios are
presented in Table 16 while the optimum dampingtanthg ratios for varying length and mass

ratios for TLCD is presented in Table 17.

Table 14 Shear Moduli from small-scale experimentsensitivity analysis of soil properties

Shear Modulus of] H(W)max Soil Description
Soil G

(MPa)

12.72 3.672 Dry Sand

8 3.672 Soil (assumed)
2 3.672 Kaolin Clay

Table 15. Scaled-down tower properties for anatyssensitivity to inputs for small-scale

experiments.

Turbine Dimension Small-scale
Turbine

Structure height(m) 1.2

Tower Diameter(m) 0.04

Tower Wall Thicknesgm) 0.002

Monopile Wall Thicknesgm) 35

Nacelle Masgkg) 0.9

Young'’s Modulus Towen 69

(Aluminium) (Gpa)

Monopile Depth(m) 0.3
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Table 16. peak value of frequency response witlyingrshear moduli, length ratios and mass

ratios in percentagel() for scaled experiments.

H H(W)max
(%) |a=0.1 a=0.5 a=0.9
Sand Soll Clay Sand Soll Clay Sand Soll Clay

0.5 | 2.69 2.64 2.38 1.55 1.54 1.49 1.23 1.23 1.23

1 2.40 2.43 2.54 1.35 1.35 1.34 0.96 0.96 0.94

5 1.93 2.00 2.18 0.86 0.85 0.84 0.59 0.59 0.58

10 | 2.06 2.13 2.17 0.78 0.78 0.77 0.52 0.52 0.52

Table 17. Optimum damping and tuning ratios withyireg length and mass ratios in percentage

n)
U % a=0.1 0=0.5 0=0.9

copt |yopt | opt |yopt |&opt |y opt
0.5 0.004 | 0.997| 0.018, 0.997 0.032 0.997
1 0.005 | 0.995| 0.025| 0.994 0.045 0.993
5 0.011 | 0.976 | 0.055| 0.973 0.099 0.966
10 0.015 | 0.953| 0.076/ 0.948 0.137 0.936

The variations in frequency response functiongtiersmall-scale models with changing length
ratios are presented in Figure 14, the effectshainging mass ratios in Figure 15 and for

different soil types in Figure 16.

FIGURE 14 HERE.

FIGURE 15 HERE.

FIGURE 16 HERE.
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Parameter studies around other secondary effects baen observed recently to be of

importance in terms of design efficient performadueng operational lifetime [26, 27].

5 EXPERIMENTAL SET-UP FOR SMALL-SCALE LABORATORY

EXPERIMENTATION

A small-scale experimental study was subsequeatiyed out in a laboratory to investigate and
demonstrate the use of TLCD for vibration contrblaowind turbine tower considering soil-

structure interaction.
5.1 Experimental considerations for alignment withnumerical investigation

The tuning ratioy = % changes with the change in the length of liquithencolumn in a TLCD

and provides the best vibration mitigation whenaagw 1. This can be controlled in the
laboratory by changing the water levels in the TLODe optimum length of liquid column for

maximum damping of the system is related to th@raafrequency of the primary system and

relationship is expressed m. As the liquid is added however, the natural diestcy of
the system will decrease slightly due to the chaofgihe mass of the entire system, therefore
affecting the optimum length of column of liquid #ocertain extent. With a pipe diameter
chosen for the TLCD, it is also possible to deteemthe amount of water iml (10%),
corresponding to the length of column of water.|¥a&nd Kareem [13] determined that the
greatest damping was achieved for a mass ratipmfoaimately 5% of the primary structure,
but also showed that the TLCD is still effective f@ mass ratio as low as 0.5%. Another

important parameter is the ratio of horizontal ki liquid column §&). If the ratio is 1.0 then
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the control system effectively acts as a TMD. Th&mum head-loss coefficient, determined by
size of orifice was investigated by Yalla and Kanefl3] and it was found that for lower
amplitudes of excitation, higher vibration mitigatiwas achieved by constricting the liquid flow
through the orifice and at higher amplitudes, opgrof the orifice and higher liquid velocity
contributed to the appropriate level of dampingae Boil-structure interaction acts as a set of
lateral springs at the base of the turbine angliinportant to model the effect the soil has on the
natural frequency of the system and on the dynanfitee excited beam [19]. To simplify the
model, it will be assumed that the bearing capaaitthe soil is sufficient to prevent any axial
displacement, hence only rotational and latergpldieement need be considered. In order to
eliminate grain size effect in scaling, it is nesgy for the ratio between the average grain size
and the pile diameter, to be larger than 88 [24]irle with experiments performed for offshore
wind turbines by Bhattacharya and Adhikari [19] aBHattacharya et al. [23], the model

dimensions will be at a 1:100 scale.

5.2 Experimental parameters and boundary conditions

To establish the optimum length of column of liqindthe TLCD, experiments started without
any liquid in the TLCD, so that the original natufiiequency of the beam-soil system can be
estimated experimentally. Next, an amount of liguell below what is required for the TLCD
to be tuned, was added. This procedure was thesatregh gradually increasing at 0.015
amounts until nearing the optimum level where theémented amounts should be reduced to
0.009 and 0.002 amounts until the optimum has been passed and ridtemn to 0.01b
additions. Two orifices of 0.012 and 0.00& were chosen for the experiment to observe the

effect on the damping of the TLCD by varying thaddoss coefficient.
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The varying length of column of water will affet¢tet length ratio since the horizontal length is
not variable for this specific application due #pgetric constraints. A pipe diameter of 04020
(0.016n inside diameter) was chosen and this choice watedwy the mass ratio of TLCD to
primary system where the primary system had a mbs§50g (above the surface of the soil)

and the mass ratio sought being 5%,[13].

The geometry of the turbine was kept constant wthke material used for the beam was
aluminium. The TLCD was attached to the structusagl two clamps. Accelerometers were

secured to the test turbine using a number of desde

The soils chosen for this experiment are: kaoline(igrained clay), top soil, and sand. Each of
these has their unique properties and will haveftett on the damping of the scaled tower and

the natural frequency of the combined soil-strueftk CD system.

5.3 Experimental Set-up

The TLCD and primary system were set up conneaet germanent magnet shaker where the
excitation was transferred to the turbine througbr@e. White noise was applied to the test
structure for using this setup. Additionally, anpulse excitation was applied to the structure
using a pendulum with the mass of the pendulum giwgnfrom a height and impacting the
turbine. The height of the falling mass and theatmn was kept the same each time to obtain
control over the repeatability of input impulsederfor each experiment. The weight used as a
pendulum was a stainless-steel eye bolt with a nd$3.06&g. The pendulum string was
0.345m in length and the angle to the turbine fratich it was released being 44The

pendulum was caught after each hit, ensuring thdidi not interfere with the response of the
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system after the initial impact. In order to obtaionsistent values for the response and
acceleration of the system, each test includedjaesee of 10 hits with a 10 second break (to
allow the system to return to equilibrium). Thel seas repacked after every sequence of hits to

ensure consistence of the soil conditions.

An X-Bee Waspmote 3D accelerometer, consisting ¥aspmote board, an X-Bee Series 2
radio, an SD card and a battery pack was connewad the top of the model turbine tower
(Figure 17). The co-ordinator had an X-bee PROoraflhe accelerometer was attached to the
turbine with cable ties. Sensor deployment [28] Hredeffective energy demand management of
sensors [29] remain a challenging communicationgblpm in this field for full scale
deployment, but small-scale experiments can be fidelm providing insights for such

implementation and act as a test-bed for assessgtigods and algorithms.

FIGURE 17 HERE

The model TLCD was designed to accommodate somegelain its natural frequency with a
water column. The two critical parameters in theigie were the mass-ratio and the length ratio,
which has also recently been observed to be kepratiminary tests reported on floating
platforms with TLCD [30]. A 0.0&h pipe was chosen for the TLCD with an inside diamef
0.016n with corner connections so that different vertitaigths and orifice sizes could be

interchanged (Figure 18).

FIGURE 18 HERE

A diameter of 0.03M was chosen for the model tower made of an alummrbeam. Holes were

made in the beam for the attachment to the actiitier used to attach the pendulum) and for
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clamps to keep the TLCD fixed to the beam. The Bewas also designed to facilitate the
inclusion of a mass on top, for the possibilityaofmodelled nacelle. A schematic diagram of the

wind turbine supported on a monopole is shown gufg 19.

FIGURE 19 HERE

Table 18 provides the dimensions of the apparagsired for experimentation. At the optimal
length of column of water with the above dimensiegsate to a length ratio of 0.287. The soill

was placed in alZub of 0.4%n height and 0.486 diameter.

Table 18. Experimental dimensions for small-sca#ting performed in laboratory.

Unit Element Mass System Element Dimension
(kg) (m)

Full Assembly 1.281 Height 1.500
Accelerometer 0.173Turbine Beam  pigmeter 0.035
TLCD + Clamps 0.103 Thickness 0.0045

Turbine Beam 1.005 Horizontal Lengthf) 0.08
Beam above soil 0.804 Vertical Height 0.2

Beam Below soil 0.201TLCD Full Length of Columnlj 0.48
System Above Soil 1.080 Diameter 0.02
Pendulum 0.068 Internal Diameter 0.016
Orifices Small 0.008

Large 0.012

The data was recorded at a sampling rate fzZ30 reasonably accommodate frequencies as
high as 18z while the estimated natural frequency was aroutdizl The accelerometer writes
data to its own SD card, which was subsequentlytewito a csv file. Time was allowed
between each impulse to allow the system to retarrest. To have a better confidence on

testing, two different orifice diameters and twdfetient accelerometers were used and it was
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ensured that there was no significant change inwhuéability of data and the observed

phenomena.

6 EXPERIMENTAL RESULTS

Frequency domain graphs of the system under impxsiéation are presented for both 0.612
orifice and 0.008 orifice. Figure 20 presents a frequency domairresgntation of how the
response amplitudes change as the water columh@DTapproaches the natural frequency of
the structure. The top soil is chosen as the exytal soil as it is representative of a state

between sand and clay (kaolin).

FIGURE 20 HERE

With no water in the TLCD, the optimum length ofwon of water in the TLCD for a natural
frequency of 8.Mz is 0.278n which for a 0.016 internal diameter of pipe equates to an
optimum volume of 0.036of water, which is approximately 5.2% of the ma$she primary
structure above the level of the soil. The expenitaton matched this calculated figure, as the
lowest response observed was with 0l066water in the TLCD. For tuned condition, this

reduction of tower vibration is presented in thegfrency domain in Figure 20.

FIGURE 20 HERE
As the volume of liquid is increased, the amplitadehe frequency response of the structure to
the applied loading decreases 6.8 to a minimumSfghich is a 48.5% reduction. However, as

the volume of liquid was increased past the optimtira response amplitude in the frequency
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domain increased again to a maximum of 6.2 atl0.@f water, something that might be

expected when the TLCD is tuned significantly avirayn the natural frequency of the tower.

The level of response is significantly sensitivethe change in length of column/volume of
water around the optimum value. With an increas@.@®1, from 0.055% to 0.056, the response
amplitude in the frequency domain dropped signifisafrom 4.5 to 3.5. When this optimum
volume of 0.056was surpassed, the response quickly returnedtafter an addition of 0.001
Consequently, the best reduction in vibration fail&D is valid for a relatively short domain of
frequency range and TLCDs must be retuned ovelifthgpan of such structures. The increase
in response after passing the optimum was far gujcék terms of volume of liquid added, than
that of the increase towards the optimum. By theeti0.061 was added in the column, the

amplitude of the frequency response had returnéd to

An interesting observation was that when the volwhevater was increased to 0.08%he
response function returned from 6.1 to 5. Thisue tb the fact that 0.08%f water equates to
around 8% of the mass of the tower structure angesadditional damping could be leveraged
from this significantly higher volume of water lead to a longer column length. However, for
practical design purposes, it is not advisableotallthe tower with significantly high mass and

this mass ratio is not a feasible value for depleym

For actual deployment, the constrained tower dimogisscan prove problematic for TLCDs.
Issues arise when optimising the length ratio. Rling a sufficient length of column, so that the
TLCD can be tuned to the natural frequency of thedwurbine, can sometimes be difficult.
While this paper has focused on a uniform, U-shafedD other effective shapes can also be

investigated, including alternatives like S-shafgédD [31], which is mainly designed for a
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primary system with restricted horizontal lengtedlly, TLCD could be located within the
turbine nacelle. However, there can be space isstige nacelle for an effective TLCD, even
when considering a mass ratio as low as 2%. Orotther hand, a TLCD located outside the
nacelle can complicate the dynamics of the combsysiem by itself vibrating due to wind
effects. A TLCD located within the nacelle, neartlhe boundaries may be of interest in this
regard, which would address these problems. A sfodyd that that increasing the cross-
sectional area ratio of the TLCD could greatly =lthe length requirement, compared to that
of a TLCD with a uniform cross-section in suppragsthe same level of structural vibration
[32]. Yalla and Kareem [13] investigated the usenuiltiple TLCDs and demonstrated the
performance of MTLCDs in controlling multiple modesder wind excitation and this has also
been recently observed for floating platforms. T¢as be another option to investigate. For the
nacelle, the majority of the primary mechanismstheclocated at the centre of the nacelle, with
the rest being additions, whose specific locatismot generally as critical. These could be
reorganised to make geometrical space for practeployments of TLCDs. Locating two
TLCDs in the nacelle, one on each side of the ggaerand the shaft can be useful in this
regard. Both will be integrated into the nacellel drave a reduced horizontal cross-sectional
area, which will reduce the required tuning lengttd not require the same amount of vertical
space as a uniform TLCD would. One more optionnghe side of monitoring of renewable
energy devices and platforms, the need for whicheisg increasingly felt [33]. With diverse
and novel output-only real-time methods [34] andkees [35] available for structural health
monitoring, it is expected that these methods caentally help tracking and identifying
changes and impacts of implementation of passiveraooptions and possible variations in

tuning [1]. Finally, recent works on extreme vahrelyses for structural health monitoring [36]
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indicate that such aspects can be relevant anitapfa to tracking and marking performance of

deployed TLCDs.

7 CONCLUSIONS

This paper presents a study on TLCDs deployed ttralovibrations of wind turbine towers
while considering the interaction of the tower éinel foundation soil. A theoretical framework is
created first to integrate the soil-structure iatéion of the tower with the aspect of passive
control via TLCDs. Subsequently, numerical investiign is carried out to understand the effect
of soil-structure interaction on the control of witurbine towers using TLCD. Quantitative
estimates of the key governing parameters on swediga are obtained. The theoretical
framework, along with some scaling considerationssd to design a small-scale experiment to
validate the theoretical observations qualitativélyxperiments are carried out to illustrate the
numerical findings. It was found that soil-strueumteraction play a key role is designing TLCD
for wind turbine tower vibration control and thetiopal tuning of the TLCD may need re-
adjustment over the life-span of the turbines. TisGiere observed to be a viable method of
wind turbine tower vibration control. The optimabss and the tuning of the TLCD with the
natural frequency of the tower after considerinidrstoucture interaction were observed to be the
main factors for design of TLCD to obtain a reassypa@ood performance. Variations in other
parameters can take place to a certain extent withffecting the performance of TLCD
significantly. Even when detuned, TLCDs can reabbnaork but the peak performance is
easily affected by small amounts of detuning. Cquseatly, re-adjustment of TLCD liquid

length is suggested if maximised performance of DECis expected at all levels. An
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experimental framework was devised and successiyflylied to observe such theoretical
predictions within a laboratory framework. The grated numerical framework and numerical
experimentation may be extended to assess TLCDratant future with variations in TLCD
design and for other soil or structural conditiofhe framework is useful for assessing
variations in design of wind turbines and in chagsand understanding other control strategies

as well, where soil-structure interaction can @ayimportant role.
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Changing TLCD Length ratio
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Mitigating the Structural Vibrations of Wind Turbinesusing Tuned Liquid Column
Damper Considering Soil-Structure Interaction

by
Tadhg Buckley, Phoebe Watson, Paul Cahill, Vesna Jaksic and Vikram Pakrashi

HIGHLIGHTS

* Anaysison theimplication of soil-structure-tuned liquid column damper interaction

» Demonstration of a small-scale experiment extending soil-structure interaction to a
control demonstration

» Connection of small and large-scale simulations for tuned liquid column damper
control of wind turbine via non-dimensiona parameters

* Presenting alaboratory scale methodology for investigating future wind turbine
design problems



