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Tuned liquid dampers (TLDs) utilize the sloshing motion of the fluid to suppress structural vibrations and
become a natural candidate for vibration control of large flexible wind turbines. Special structures such as
wind turbine towers have characteristics and exhibit behavior which are significantly different from con-
ventional civil engineering structures. In addition, the stochastic aerodynamic load generated from the
turbulence is different from what is generated on conventional tall structures, due to rotationally sam-
pled spectra. Experimental studies on the evaluation of full scale TLDs to control vibration of such special
facilities like wind turbine towers are absent in literature. In this paper, the performance of a full-scale
TLD in mitigating lateral tower vibrations of multi-megawatt wind turbines is evaluated through the
real-time hybrid testing (RTHT). Lateral tower vibrations of wind turbines are normally lightly damped
due to low or even negative aerodynamic damping, and large amplitude vibrations induced by wind
and ocean wave loads in the lateral direction may significantly shorten the fatigue life of the tower. In
the RTHT, the full-scale TLD is tested as the physical substructure while the wind turbine is modeled
using a 13-degree-of-freedom (13-DOF) aeroelastic model. Wind turbines with 2 MW and 3 MW capac-
ities have been considered and cases of the TLD with and without damping screens have been tested.
Further, the effect of tuning ratios on the damper performance has been studied by changing the mean
water level of the tank. Finally, comparison has been performed between the experimental results and
the results from an theoretical model of the TLD-wind turbine system. The present study provides strong
support and useful guidelines for the application of TLDs in large wind turbines.

� 2016 Published by Elsevier Ltd.
1. Introduction

Recent development in the wind energy industry aims at
obtaining more economic and productive configurations in order
to compete in the energy sector. Multi-megawatt wind turbines
are designed with increasingly larger rotors and higher towers, in
order to capture more energy throughout their lifetime and,
thereby, reduce the cost of energy. As wind turbines grow in size,
the stiffness of the blades and the tower are not increased propor-
tionally, rendering the structure more sensitive to dynamic excita-
tions. The large amplitude vibrations may significantly shorten the
fatigue life of the structural components and reduce the opera-
tional efficiency in converting the wind energy to electrical power.
Normally, flap-wise blade vibration and fore-aft tower vibration
(along-wind direction) are highly damped due to the strong aero-
dynamic damping as long as the flow is attached at the blade [1].
In contrast, edgewise blade vibration and lateral tower vibration
(side-side direction) are related with insignificant aerodynamic
damping [1,2]. Hence, these modes of vibrations may be prone to
large amplitude vibrations. There is also a possibility of aeroelastic
instability in the lateral tower mode for some combinations of
aerodynamic properties and operational conditions, especially for
the parked turbine with nacelle yaw errors [3]. Moreover, for off-
shore wind turbines placed at shallow water, the wave load may
act in a different direction of the mean wind direction due to
refraction, and significant lateral tower vibrations may be initiated
by the wave load in combination with the resultant aerodynamic
loads from the three blades in the lateral direction. Finally, due
to the coupling between the lateral tower vibration with the driv-
etrain torsional motion, the unfavorable tower vibrations will
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increase the fluctuations of the generator torque, and hence the
quality of the generated power. Therefore, excessive lateral tower
vibrations not only lead to significantly reduced fatigue life of
the support structure, but also influence the quality of generated
power from the turbine.

Structural control technologies, which have achieved significant
success in mitigating vibrations of civil engineering structures, are
drawing more and more attention from both wind energy industry
and academia [4,5]. Several passive and active control devices have
been developed and implemented for tower vibration control. In
industry, pendulum dampers immersing in oil have been proposed
[6] to be mounted inside the wind turbine tower, and highly
reduced 2-degree-of-freedom (2-DOF) models have been estab-
lished for this system. In academia, theoretical investigations have
been performed on the effectiveness of a tuned mass damper
(TMD) [7] and tuned liquid column damper (TLCD) [8] for mitigat-
ing along-wind tower vibrations, ignoring the aerodynamic prop-
erties of the blades. To yield more realistic results, an advanced
modeling tool has been developed and incorporated into the aeroe-
lastic code, FAST (Fatigue, Aerodynamics, Structures and Turbu-
lence), allowing the investigation of passive TMDs in vibration
control of offshore wind turbine systems [9]. A series of shaking
table tests have been carried out to evaluate the performance of
the ball vibration absorber (BVA) on vibration control of a reduced
scale wind turbine model, through which the effectiveness of the
passive damping device was proven [10]. However, the focus of
this study is still on the fore-aft tower vibration without consider-
ing the aerodynamic damping. Therefore, it is of great importance
and necessity to carry out a comprehensive investigation on struc-
tural control of the lightly-damped lateral tower vibrations.

Tuned liquid damper (TLD), which consists of a tank partially
filled with liquid, is a passive control device for suppressing struc-
tural vibrations. The fundamental sloshing frequency of the liquid
is normally tuned to the fundamental frequency of the primary
structure. When the TLD is excited by the motion of the primary
structure, the liquid inside the tank begins to slosh, imparting iner-
tial forces onto the structure, out of phase with its motion, thus
absorbing and dissipating energy. The main advantages of the
TLD are the ease of fabrication and installation, especially where
space constraints exist, and minimal maintenance after installa-
tion, which make the device cost-effective. The TLD has been
proved to effectively control the wind-induced vibration of struc-
tures [11,12]. It is also proposed for seismic control of structures.
Both experimental and theoretical studies [13–15] have shown
that TLDs successfully suppress vibrations of the flexible structures
subjected to earthquake excitations.

The main difficulties associated with TLDs arise from the non-
linear nature of the sloshing liquid, which makes modeling and
designing of these devices challenging. Different methods have
been employed to predict the response of sloshing liquid. Equiva-
lent mechanical models based on TMD analogy [16,17] simplify
the TLD into an equivalent tuned mass damper, with the equiva-
lent mass, stiffness and damping calibrated from the experimental
results. This model is able to predict the energy dissipation through
liquid sloshing and is useful in the preliminary design of the TLD.
However, the nonlinear fluid response cannot be captured. Nonlin-
ear shallow water wave theory [18,19] has been proposed for pre-
dicting the response of fluid sloshing in rectangular tanks.
Although the nonlinear shallow-water wave equations can be
numerically solved, it is computational inefficient and does not
provide an effective design tool for engineering application. Modal
expansion techniques [20–22] have been used for modeling the
sloshing problem, where the fluid flow is assumed to be inviscid,
irrotational, incompressible and without rigid-body rotations.
The velocity potential and the free surface are expressed as a
summation of sloshing modes, and a system of coupled ordinary
differential equations are developed by applying calculus of varia-
tions [20,21].

In principle, all the above-mentioned models have errors in cap-
turing the real dynamic characteristics of the sloshing liquid and
the control force generated by the TLD. It turns out to be necessary
to obtain the response of the TLD-structure system through exper-
iments. However, to the best of our knowledge, only reduced-scale
tests have been carried out for the evaluating the performance of
small TLDs on vibration control of structures [14,18,19]. The scaled
down model of the system tested in lab conditions will essentially
suffer from the scale effect, particularly with respect to the liquid
behavior in the damper (e.g., due to viscous effect), and it may
be a challenge to keep appropriate proportion with dynamic simi-
larities for the primary structure and the liquid inside the TLD.

To circumvent these problems, a state-of-the-art testing
method, real-time hybrid testing (RTHT) [23–25] turns out to be
a feasible solution. The fundamental idea of the RTHT is to split
the entire system into two parts: a numerical substructure and a
physical substructure. The former will be simulated in the com-
puter by a developed numerical model. The latter, which generally
has a complicated dynamic behavior (nonlinear or load rate-
dependent), is manufactured and tested using dynamic testing
equipment (shaking table or dynamic actuators) [14,26]. This
method has several advantages, such as the reduced cost of the
experiment, safe evaluation of structures at extreme states, and
especially the possibility of manufacturing full scale physical sub-
structure, making the full-scale test of TLDs applicable. The RTHT
has been widely adopted for the performance evaluation of energy
dissipating and vibration absorbing devices in building structures,
such as elastomeric dampers [26], MR dampers [27] and TMDs
[28]. It has also been employed to investigate a reduced-scale
TLD for the vibration control of earthquake excited buildings,
where the structure is modeled by a 3-degree-of-freedom (3-
DOF) model [14].

Although widely investigated in building structures, the RTHT
of TLDS for vibration control has not been applied to wind turbine
structures yet. Quite different from traditional civil engineering
structures, a wind turbine is a highly coupled system with extra
subsystems such as the pitch controller, the yaw controller and
the generator. Vibrations of the rotating blade, the tower and the
drivetrain are coupled with each other, and are influenced by the
above-mentioned subsystems as well. These generate loads such
as harmonic loading from wind shear and gravity, and effects such
as centrifugal stiffening. Therefore, wind turbines need to be mod-
eled as a complete aeroelastic system, rather than the highly
reduced order models for building structures. Further, due to the
rotational effect of the rotor, rotational sampled turbulence [30]
should be applied to the blades rather than the conventional turbu-
lence field that is applied to tall buildings or bridges. Due to longi-
tudinal correlation of the incoming turbulent wind, a certain
periodicity is present as spectral peaks at 1 X, 2 X, 3 X. . .in the fre-
quency domain representation of the rotational sampled turbu-
lence, where X is the rotational speed of the rotor.

In the study reported here, the performance of the TLD in sup-
pressing lateral tower vibrations of multi-megawatt wind turbines
is evaluated through RTHT. A full scale TLD is manufactured and
tested as the physical substructure, while a highly-coupled 13-
DOF aeroelastic wind turbine model is employed as the numerical
substructure. The dynamic responses of the wind turbine system
are numerically calculated in real time using the 13-DOF model
formulated in Matlab/Simulink. The excitations exerted to the
model are the measured control force from the TLD, and the pre-
calculated modal loads induced by rotational sampled turbulence
(with due consideration of the aerodynamic damping). Both the
3 MW and 2 MW wind turbines have been considered in establish-
ing the Simulink model. Cases of the TLD with and without
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damping screens have been tested for evaluating the control effect
of the damper with different energy dissipations of the sloshing.
Further, various values of the tuning ratio, the mean wind speed
and the turbulence intensity are considered in the RTHT, so that
a systematic evaluation of the damper performance can be
revealed. Finally, simulation results from a pure theoretical model
are compared with the recorded results from the RTHT, and the
acceptable agreement verifies the accuracy of both the RTHT and
the theoretical model. The investigated full-scale TLD can be
directly applied to real wind turbine structures without any scaling
problem.
2. Real-time hybrid testing

2.1. General description

The RTHT presented in this paper has been carried out using the
MTS real-time hybrid testing system at Trinity College Dublin, Ire-
land [29]. The system allows to simultaneously combine physical
testing of the TLD with the computer model of the wind turbine
system. The RTHT system is mainly composed of the following:

(1) a host PC running Matlab/Simulink, which is used to pro-
gram Simulink models of the wind turbine system using
the Real-Time Windows Target toolbox;

(2) a target PC with the shared common random access memory
network (SCRAMNet), on which compiled Simulink models
are downloaded and the real-time simulation is run in Math-
works xPC Target environment;

(3) a hybrid controller host PC, which runs the graphical user
interface to the MTS servo-controller. The software Struc-
tural Test System (STS) can be used to calibrate and tune
instrumentation, servo-valves and actuators prior to a test;

(4) a MTS servo-controller hardware with SCRAMNet, which
includes a digital PID actuator controller, signal conditioners,
data acquisition system and interlock mechanisms. The con-
troller is preset to run at a frequency of 1024 Hz, which is
the update rate for the servo-valve commands;

(5) a hydraulic actuator equipped with displacement and force
sensors, which physically operates the desired commend
to the physical substructure and allows to measure the
quantities of interest.

The communication through the target PC and the MTS con-
troller is managed through the SCRAMNet, which is a local high-
speed network ring. Such local high-speed connections drastically
reduce delays and make it possible to perform continuous and/or
real-time hybrid simulation. Using SCRAMNet, memory-writes to
the replicated shared memory at one computer are instantly sent
to all other replicated shared memories at 150 MB/s via high-
speed fiber optic cables.
Host PC
Matlab/Simulink Target PC

TCP/IP
MTS cont

SCRAMNet

Hybrid cont
host PC

TCP/IP

Fig. 1. Layout of the
A schematic diagram representing the RTHT system is illus-
trated in Fig. 1. The MTS controller accepts a displacement or force
command and generates the proper command signal for the servo-
valve that moves the actuator to the commanded position. In order
to access the MTS controller from the target PC, Simulink blocks are
available to perform input/output operations through the SCRAM-
Net memory associated with the controller. The blocks contain the
I/O signals that allow interaction with the experimental specimen.
Hence, force and displacement commands can be sent from the
target PC to the actuator, while measurement from the transducers
can be fed back to the real-time simulation environment.
2.2. Implementation of the hybrid model

Fig. 2 depicts the conceptual illustrations of the RTHT for the
TLD-wind turbine system carried out in this paper. At each time
step, the discrete equations of motion of the 13-DOF wind turbine
model are solved on the target PC. The numerically obtained lateral
tower vibration is sent as a displacement command over the
SCRAMNet. The MTS controller generates an appropriate signal
for the servo-valve which attempts to move the actuator to the
commanded position. The actual displacement of the actuator
and the interacting force (control force/sloshing force) measured
from the load cell are fed back to the SCRAMNet and accessed by
the target PC. With this TLD-generated control force, the equations
of motion of the wind turbine system, where a TLD is installed, are
solved numerically, and the displacement command is sent to the
controller again. This process is carried out in real-time.

Applying the load history at fast rates, rather than a ramp-hold
load history to the actuator, improves the performance and accu-
racy of the experiment by eliminating the hold phase and associ-
ated force relaxation [30]. Better control of the actuator is also
achieved through a fast-rated command signal. Further, high per-
formance actuators coupled with fast hybrid test methods can cap-
ture the rate-dependent behavior of the physical substructure,
such as the TLD. In most of the recent hybrid tests [29–31], the
MTS controller runs at a sampling rate of 1024 Hz (1/1024 s sam-
pling time) to control the motion of the servo-hydraulic actuator
using the SCRAMNet. When the integration time step of the
numerical substructure is larger than 1/1024 s (for nonlinear finite
element models), the predictor-corrector technique [24,31] has
been widely employed to generate the displacement command at
the required rate (1024 Hz) and to synchronize the hybrid
simulation.

In the present hybrid system, the integration time step of the
numerical substructure (the 13-DOF wind turbine model) is set
to be equal to the sampling time of the MTS controller
(1/1024 s), since no iterations are needed for solving the numerical
model and the actual task execution time is less than 1/1024 s.
Therefore, synchronization is achieved without using the
predictor-corrector technique.
roller
Command

Hydraulic actuator Test substructure

Transducers
Feedback

roller

RTHT system.
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Fig. 2. Conceptual view of the RTHT for the TLD-wind turbine system.
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There is an inherent lag in the displacement response of servo-
hydraulic actuator versus the command displacement. Conse-
quently, the measured restoring forces are delayed relative to the
command signal. To compensate for this delay, the compensation
technique proposed in [25] has been applied here. The time lag
of the actuator response is measured first and polynomial extrap-
olation procedure is then used to predict the command of the actu-
ator by advancing the current time in the algorithm by the delay
time. Detailed results of the delay compensation will be given later.
2.3. Numerical substructure: the 13-DOF wind turbine model

The numerical substructure of the up-wind wind turbine sys-
tem shown in Fig. 3 is a 13-DOF aeroelastic model. The motions
of the tower and the drivetrain are described in a fixed, global
ðX1;X2;X3Þ-coordinate, while the motion of each blade is described
in a moving, local ðx1; x2; x3Þ-coordinate system with its origin at
the center of the hub. Assuming a constant rotational speed X of
the rotor, the position of the local coordinate system attached to
blade j is specified by the azimuthal angle WjðtÞ:

WjðtÞ ¼ Xt þ 2p
3

ðj� 1Þ; j ¼ 1;2;3 ð1Þ

which is positive when rotating clockwise as observed from an
upwind position.

Each blade is modeled as a Bernoulli-Euler beam with variable
mass per unit length and variable bending stiffness. The flap-
wise and edgewise motions of the three blades are modeled by
the DOFs qjðtÞ and qjþ3ðtÞ; j ¼ 1;2;3, indicating the tip displace-
ment in the positive x1-direction and the negative x2-direction,
respectively. The related mode shapes are taken as the undamped
fundamental eigenmodes Uf ðx3Þ and Ueðx3Þ in the flap-wise and
edgewise directions with X ¼ 0.

The tower motion is defined by the translational DOFs q7ðtÞ and
q8ðtÞ in the global X1- and X2-directions, and the rotational DOFs
q9ðtÞ; q10ðtÞ; q11ðtÞ in the global X1-, X2- and X3-directions. Hence,
the lateral tower vibration is modeled by the top elastic displace-
ment q8ðtÞ and top elastic rotation q9ðtÞ, using cubic shape func-
tions [32]. At each time step, the calculated q8ðtÞ is sent to the
MTS controller as the displacement command.

The drivetrain shown in Fig. 4 is modeled by the DOFs q12ðtÞ and
q13ðtÞ, indicating the deviations of the rotational angles at the hub
and the generator from the nominal rotational angles Xt and NXt,
respectively, where N is the gear ratio. Correspondingly, _q12ðtÞ and
_q13ðtÞ are the deviations of the rotational speeds at the hub and the
generator from the nominal values. Jr and Jg denote the mass
moment of inertia of the rotor and the generator, and kr and kg
denote the St.Venant torsional stiffness of the rotor shaft and the
generator shaft.

Assuming linear structural dynamics and substituting the
kinetic and potential energies into the Euler-Lagrange equation
[33], the equations of motion of the 13-DOF model are obtained
of the form:

MðtÞ€qðtÞ þ CðtÞ _qðtÞ þ KðtÞqðtÞ ¼ feðtÞ ð2Þ

where qðtÞ is the DOFs vector. MðtÞ is the mass matrix, CðtÞ is the
damping matrix including the structural and gyroscopic damping,
and KðtÞ is the stiffness matrix taking into account the geometric
and gyroscopic stiffness. All the indicated system matrices contain
the azimuthal angleWjðtÞ and are thus time-varying. This is because
the DOFs of the blades are modeled in the moving coordinate sys-
tem, while others are formulated in a fixed coordinate system.
Detailed expressions of the system matrices can be found in [32].
feðtÞ is the external load vector work conjugated to qðtÞ, including
the non-linear aerodynamic loads and the generator torque.

In agreement with [34], the turbulence modeling is based on
Taylor’s hypothesis of frozen turbulence, corresponding to a frozen
filed convected into the rotor plane in global X1-direction with a
mean velocity V0 and a turbulence intensity I. The frozen field is
assumed to be homogeneous and isotropic, with a covariance
structure given by [35]. Calibrated from this theoretical covariance
structure, the 1st order AR model as proposed by [36] performs a
1st order filtering of the white noise input, resulting in continuous,
non-differentiable sample curves of the turbulence field at the
rotor plane. Next, the turbulence encountered in the moving frame
of reference fixed to the rotating blade is obtained by linear inter-
polation between the turbulence at different grid points in the
fixed frame of reference, resulting in the rotational sampled
turbulence.

With the generated rotational sampled turbulence, the aerody-
namic loads along the blade can be calculated by the widely-used
Blade Element Momentum (BEM) method with Prandtl’s tip loss
factor and Glauert correction [37]. BEM analysis is carried out by
combining momentum theory and blade element theory, and
allows to have a realistic estimate of the wind loading to which
the rotor is subjected to. It is one of the standard methods (proba-
bly the most popular one) for aerodynamic load calculation in both
wind energy industry and academia. Non-linear aeroelasticity is
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considered by introducing the local deformation velocities of the
blade into calculations of the flow angle and the angle of attack.
As a result, this model possesses high aerodynamic damping in
the blade flap-wise and the fore-aft tower vibrations, but relatively
low aerodynamic damping in the blade edgewise and the lateral
tower vibrations. The tower shadowing effect has not been consid-
ered in the model, since it’s much more significant for the down-
wind wind turbine than for the up-wind one considered here.

Further, a full-span rotor-collective pitch controller is included
in the model with time delay modeled by a first order filter. The
pitch demand is modeled by a PI controller with feedback from
q12ðtÞ and _q12ðtÞ.

The 13-DOF model is formulated in Matlab/Simulink, where all
the terms are discretized and the backward Euler method has been
used for solving the discrete equations of motion. The time-varying
system matrices are handled by user-defined Matlab functions.
Two blocks, one receives inputs from SCRAMNet to the 13-DOF
model and one sends commands from the 13-DOF model to
SCRAMNet, are included in the Simulink model as well.
f12(t) q12(t)

Jr
kr

Rotor sh

Generator

Gearbox

Fig. 4. 2-DOF model of the flexible drivetrain with odd number of
2.4. Experimental substructure test setup

Fig. 5 shows a photograph of the test setup and the physical
substructure (the TLD). The setup has a hydraulic actuator in the
horizontal direction, a reaction frame and the data acquisition sys-
tem. The MTS 244 actuator, with a load capacity of 150 kN and a
maximum stroke of �125 mm, is bolted to the left side of the
TLD. One load cell and one linear variable displacement transducer
(LVDT) are attached at the actuator to measure the interaction
force and the actuator displacement. The full-size TLD is made
up of a closed rectangular tank, with a inner size of 1.93 m
(length) � 0.59 m (width) � 1.2 m (height). Since the width of the
tank is much smaller than the length, it is expected the sloshing
of the water is predominately 2-dimensional. The TLD is suspended
to top of the reaction frame by four steel cables in order to mini-
mize the friction when the tank is enforced to move by the actua-
tor. Further, a capacitance wave gauge (with a sampling rate of
10 Hz) is installed at the left end-wall of the tank to measure the
liquid surface elevation.
aft

Rotor of generator

shaft

kg
q13(t) f13(t)

Stator of generator
f13(t)

gear stages. Definition of degrees of freedom q12ðtÞ and q13ðtÞ.
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The tank with installed damping screens has also been investi-
gated during the tests. Actually, the inherent viscous damping of
the water is usually much less than the optimal damping that
results in optimal performance of the TLD. The inclusion of the
damping screens significantly increases the damping ratio and
energy dissipation of the water sloshing, thus improving the per-
formance of the TLD. For these scenarios, two damping screens
are installed inside the tank at 1=3L and 2=3L positions, respec-
tively, where L is the length of the tank. The size of each mesh in
the screen is 2.2 cm � 2.2 cm.
3. Analytical model to capture TLD-structure interaction

A nonlinear model has been established in [38] for rotating
wind turbine blade installed with a TLD. The sloshing motion of
the liquid inside the tank was described in a rotating local coordi-
nate system that is fixed to the tank, where the rotation of this
coordinate system is due to the rigid-body rotation of the rotor
and the elastic rotational deformation of the blade. Modal expan-
sion technique was used for modeling the sloshing of the liquid
under gravity, the angular acceleration, the Coriolis acceleration
and the centripetal acceleration. Modal expansion was carried
out directly on the velocity field of the liquid rather than the veloc-
ity potential [20–22] because the Coriolis acceleration renders the
potential flow theory invalid even for inviscid fluid flow.

For the present case where the TLD is installed at the top of the
wind turbine tower, either the methods proposed in [20–22] or in
q @
@t vðy; tÞ þ ðvðy; tÞ � rÞvðy; tÞ� �þ cvðy; tÞ þ q€r0ðtÞ þ q _xðtÞ � ðr0ðtÞ þ yÞþ
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vðy; tÞ � nðyÞ ¼ 0 ; y 2 A1ðtÞ
pðy; tÞ ¼ 0 ; y 2 A2ðtÞ
v2ðy; tÞ ¼ @gðy1 ;y3 ;tÞ

@t þ v1ðy; tÞ @gðy1 ;y3 ;tÞ
@y1

þ v3ðy; tÞ @gðy1 ;y3 ;tÞ
@y3

; y 2 A2ðtÞ

9>>>>>>>>>=
>>>>>>>>>;

ð4Þ
[38] can be employed to model the TLD-structure interaction
(actually they are equivalent). Some of the simpler models
[16,17] could also be used although the nonlinear behavior of the
liquid sloshing cannot be well captured. In this paper, the theoret-
ical model proposed in [38], which can be generalized to any local
coordinate system, has been used with slight modifications. Since
no rigid-body rotation takes place for the tower, the rotation of
the local coordinate system (for describing the sloshing motion
of the liquid) is now only due to the elastic rotational deformation
at the tower top. This modified theoretical model is briefly
described in the following, and detailed formulation of the coupled
nonlinear equations of motion can be found in [38].
3.1. Modal expansion technique for the sloshing problem

As shown in Fig. 6, the TLD is assumed to be mounted at the top
of the wind turbine tower (with the height of H0), and the elastic
displacement and elastic rotation at this position are given by

qðtÞ ¼ �q8ðtÞ
uðtÞ ¼ �q9ðtÞ

�
ð3Þ

where q8ðtÞ and q9ðtÞ are the 8th and 9th degree of freedom of the
13-DOF model as defined in Fig. 3.

The motion of the fluid relative to the tank is described in the
local ðy1; y2; y3Þ-coordinate system fixed to the damper with its ori-
gin O0 placed at the center of the mean water level (MWL). The free
surface is defined by a single variable of the surface elevation
gðy1; tÞ measured from the mean water level. Hence, overturning
waves, slamming or breaking waves are not covered by this theory.
The equations of motion of the fluids are described by the follow-
ing boundary value problem [38]
The 1st equation in Eq. (4) represents the momentum equation in
ðy1; y2; y3Þ-coordinate system. The 2nd equations indicates the
mass conservation and incompressibility of the fluid. The boundary
condition vðy; tÞ � nðyÞ ¼ 0 at A1ðtÞ specifies that the velocity com-
ponent of the fluid in the outward direction must be zero, where
nðyÞ is the unit normal vector at A1ðtÞ. At the free surface A2ðtÞ,
the pressure above atmospheric pressure pðy; tÞ must vanish. Fur-
ther, a fluid particle at the free surface must remain there at all
time, which is specified by the other boundary condition at A2ðtÞ.

q is the mass density of the fluid, vðy; tÞ is the fluid velocity vec-
tor relative to the ðy1; y2; y3Þ-coordinate system, pðy; tÞ is the pres-
sure in the fluid above atmospheric pressure, g denotes the
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acceleration vector due to gravity, r0ðtÞ is the position of the origin
O0 relative to the origin O, and y and rðtÞ denote the position vector
of the fluid particle relative to the origins O0 and O. xðtÞ and _xðtÞ
indicate the angular rotation vector and angular acceleration vec-
tor of the ðy1; y2; y3Þ-coordinate system relative to the
ðX1;X2;X3Þ-coordinate system. All the components of the vectors
entering Eq. (4) will be indicated in the ðy1; y2; y3Þ-coordinate sys-
tem, in which the components of g become time-dependent. Due
to the assumed incompressibility, the volume of the fluid is con-
stant in time. However, the shape as specified by the surface eleva-
tion gðy1; y3; tÞ is changing with time. Therefore, the domain VðtÞ
occupied by the fluid, the wet part of the boundary A1ðtÞ, and the
free surface A2ðtÞ will be time varying as well.

The viscous component in the Navier-Stokes has been omitted
in Eq. (4). In principle, energy dissipations in the TLD arise from
the fluid viscosity present primarily in the boundary layer, and
from the inclusion of flow restricting devices such as damping
screens that introduce turbulence in the fluid. In Eq. (4), both of
these dissipation mechanisms are accounted for by the term
cvðy; tÞ, which consequently is considered as an approximate
equivalent linear damping mechanism. The positive constant c is
the linear damping coefficient. One of the aims of this study is also
to validate this modeling approach through the tests.

We shall assume that the flow is essential 2-dimensional and
takes place in the ðy1; y2Þ-plane. This is because the width B of
the tank in the y3-direction is small compared to the length L in
the y1-direction and the mean water height h. As a consequence
the flow is independent of the y3-coordinate.

Next, a weak form of the boundary value problem can be
obtained by the Galerkin variational method, where the modal
expansions of the velocity field vðy; tÞ and its virtual variation
dvðyÞ are expressed as:

vðy1; y2; tÞ ¼
XN
i¼1

riðtÞViðy1; y2Þ ; y 2 VðtÞ

dvðy1; y2Þ ¼
XN
i¼1

driViðy1; y2Þ ; y 2 VðtÞ

9>>>>=
>>>>;

ð5Þ

where riðtÞ and dri denote the generalized coordinates of the veloc-
ity field and the variational field. The shape functions Viðy1; y2Þ are
not required to fulfill any mechanical boundary conditions on the
free surface. However, they need to have zero divergence and to ful-
fill vanishing kinematical boundary conditions on the side walls.

In this respect, the eigenmodes of standing waves in linear
wave theory have been used as shape functions:

ViðyÞ ¼
� sin ki y1 þ L

2

� �� �
coshðkiðy2 þ hÞÞ

cos ki y1 þ L
2

� �� �
sinhðkiðy2 þ hÞÞ
0

2
64

3
75;

ðy1; y2Þ ¼ � L
2
;
L
2

� �
� ½�h;gðy1; tÞ� ð6Þ

where ki ¼ i pL is the wave number. The angular frequency of the ith
sloshing mode is given by:

x2
i ¼ gki tanhðkihÞ ð7Þ
The boundary condition on the free surface is discretized in a

similar manner. The surface elevation gðy1; tÞ and its virtual varia-
tion dgðy1Þ are given by the expansions:

gðy1; tÞ ¼
XN
i¼1

siðtÞ cos ki y1 þ L
2

� �� �

dgðy1Þ ¼
XN
i¼1

dsi cos ki y1 þ L
2

� �� �

9>>>>=
>>>>;

ð8Þ
where siðtÞ and dsi denote the generalized coordinates of gðy1; tÞ and
dgðy1Þ. The selected shape functions in Eq. (8) is motivated by the
linear wave theory, where the free surface condition reduces to
v2ðy1; 0; tÞ ¼ @

@t gðy1; tÞ. Hence, the distribution with y1 for each
shape function in Eq. (8) should be pairwise proportional to its
counterpart in Eq. (6).

Further, coupled nonlinear differential equations for riðtÞ and
siðtÞ can be obtained by substituting Eqs. (5), (6) and (8) into the
weak formulation of the boundary value problem [38]. The linear
viscous damping in the field equation Eq. (4) provides a modal
damping matrix with the components cij ¼ c

qmij in the discretized

equations, where mij signifies the components of the modal mass
matrix given by

mij ¼ B
Z 0

�h

Z L=2

�L=2
qViðy1; y2Þ � Vjðy1; y2Þdy1dy2 ð9Þ

Finally, the damping coefficient c in Eq. (4) is prescribed in the
form

c ¼ nqx1 ð10Þ
where x1 is the fundamental eigenfrequency given by Eq. (7) and n
is a non-dimensional damping parameter, which will be used as a
measure of the total energy dissipation (both the viscous effect
and the damping screens) in this theoretical model.

3.2. The sloshing force

As shown in Fig. 7, fcðtÞ with the non-vanishing moving frame
components f c;1ðtÞ and f c;2ðtÞ, denotes the external reaction force
vector on the liquid due to the pressure pðy; tÞ from inner side of
the tank. This force vector, when transferred to the primary struc-
ture, represents the control force for lateral tower vibrations. The
analytical expression of fcðtÞ can be obtained by integrating the
pressure pðy; tÞ over inner surfaces of the tank, in combination with
the divergence theorem [38]. This force vector is dependent on the
state variables siðtÞ through the time-varying fluid domain VðtÞ.

4. Test results and analysis

Considering the size of the manufactured TLD, the suitable rat-
ings of wind turbine could be 2 MW and 3 MW, and both of them
have been considered in establishing the Matlab/Simulink model.
To obtain data of these two configurations, a classical upscaling/
downscaling method [39] has been used on the widely used
National Renewable Energy Laboratory (NREL) 5-MW reference
turbine [40]. The resulting system parameters of the two turbines
are provided in Table 1. The inherent structural damping 1% for the



Table 1
Parameters of the two wind turbines used in the Simulink model.

Parameter 2 MW 3MW

Rotor rotational speed (rad/s) 2.00 1.63
Blade radius (m) 40 49
Blade mass (kg) 4488.0 8244.8
Blade structural damping ratio (–) 0.005 0.005
Rotor moment of inertia (kg m2) 3:768� 106 1:039� 107

Nacelle + hub mass (kg) 7:508� 104 1:379� 105

Hub height (m) 55.4 67.9
Tower mass (kg) 8:790� 104 1:615� 105

Tower structural damping ratio (–) 0.01 0.01
First lateral tower frequency (rad/s) 3.37 2.75
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tower and 0.5% for the blades are chosen in accordance with the
values used for the NREL 5-MW turbine (1% for the tower and
0.48% for the blade) [40].

Eq. (7) is used for tuning the TLD (by changing the mean water
lever h), so that the first sloshing frequency is close to the first lat-
eral tower frequency shown in Table 1. For each wind turbine
model, tests were undertaken for three different tuning ratios
(ratio between the first sloshing frequency to the first lateral tower
frequency) of the TLD and using three different turbulent wind
loads. Moreover, cases of the TLD with and without damping
screens were both evaluated. Therefore, in total 36
ð¼ 2� 3� 3� 2Þ real-time hybrid tests were conducted, and the
duration for each test was set to be 5 min.

4.1. Delay compensation

The developed compensation method in [25] predicts the dis-
placement of the actuator after the actuator delay dt from the pre-
sent time by extrapolating an nth-order polynomial function based
on the target (present) displacement and n previous calculated dis-
placements (dt � i units of time ago, i ¼ 1;2; . . . ;n). Therefore, the
predicted displacement is dt time ahead of the target counterpart.

By sending a sinusoidal signal to the actuator, the delay time dt
was identified as 15 ms for the system in this study (it depends
6.6 6.7 6.8 6.9 7 7.1

0

2

4

6

8

10

12

14

6.6 6.7 6.8 6.9 7 7.1

0

2

4

6

8

10

12

14

t

t

]
m

m[tne
mecalpsi

D
]

m
m[tne

m eca lpsi
D

(a)

(b)

Fig. 8. Accuracy of the applied delay compensation techniq
both on the actuator and the physical substructure). This delay
time was used in the compensation technique for predicting
(extrapolating) the actuator displacement during all tests. Fig. 8
(a) shows the results of one test case without delay compensation,
where the solid line is the displacement calculated by the com-
puter (target displacement) and dashed line is the displacement
command sent to the actuator by the controller. They are identical
when no compensation is applied. The dotted line is the measured
displacement (feedback displacement from the actuator), which is
observed to be about 15 ms delayed comparing with the target dis-
placement. Fig. 8(b) shows the corresponding results for the same
load case with the delay compensation technique applied. The
black dashed line is the predicted (extrapolated using the polyno-
mial function) displacement, which is now about 15 ms ahead of
the target displacement. By applying this predicted value as a com-
mand signal to the actuator, the resulting displacement becomes
almost identical to the target one, since the command signal is
delayed by the actuator.
4.2. Control effect of the TLD on tower vibrations

For each wind turbine model, three different wind fields (with
different combinations of the mean wind speed V0 and the turbu-
lence intensity I) have been applied.

Table 2 shows the response reduction of lateral tower vibrations
of the 2 MWwind turbine by the TLD. The water level of TLD varies
from 46.74 cm to 64.80 cm corresponding to three values of tuning
ratio g (0.95, 1.0, 1.05). With fixed size of the tank, the resulting
water mass is only dependent on the water level, and it varies from
532.23 kg to 737.88 kg. Reductions of both the standard deviation
(STD) and the maximum value of the tower top displacement are
presented. For performance evaluation of the TLD, the STD reduc-
tion is clearly a better index since it indicates the overall reduction
of the response and thus the fatigue life improvement. The peak
reduction is less representative since the peak response occurs
only at a certain instant of time and is more stochastic in nature.
Actually, it is known that fatigue damage in wind turbines is
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ue. (a) Without compensation; (b) with compensation.



Table 2
Response reduction of lateral tower vibrations of the 2 MW wind turbine by TLDs with different configurations.

Wind loads Tuning ratio Screen Water level (cm) Water mass (kg) STD reduction (%) Peak reduction (%)

V0 ¼ 12 m/s, I ¼ 0:08 g ¼ 1:0 No 54.61 621.84 40 34
Yes 54.61 621.84 52 48

g ¼ 0:95 No 46.74 532.23 28 35
Yes 46.74 532.23 31 39

g ¼ 1:05 No 64.80 737.88 42 15
Yes 64.80 737.88 50 25

V0 ¼ 12 m/s, I ¼ 0:1 g ¼ 1:0 No 54.61 621.84 44 33
Yes 54.61 621.84 53 49

g ¼ 0:95 No 46.74 532.23 29 37
Yes 46.74 532.23 33 41

g ¼ 1:05 No 64.80 737.88 37 10
Yes 64.80 737.88 50 27

V0 ¼ 8 m/s, I ¼ 0:1 g ¼ 1:0 No 54.61 621.84 20 9
Yes 54.61 621.84 32 13

g ¼ 0:95 No 46.74 532.23 22 15
Yes 46.74 532.23 26 16

g ¼ 1:05 No 64.80 737.88 9 2
Yes 64.80 737.88 25 21
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related to effect of turbulence which is represented by the power
spectral density functions (PSDFs) of the relevant response quanti-
ties [41]. The PSDF in turn is related to the STD of the response,
implying that STD is representative of the fatigue damage.

From Table 2, there are three observations to be emphasized:

(i) For all load cases and all configurations, the TLD is effective
in reducing the standard deviations and peak values of the
tower top displacement. Hence, the dynamic response and
fatigue life of the 2 MW wind turbine tower can be success-
fully improved by the TLD designed in this study.

(ii) The inclusion of damping screens in the TLD significantly
improves the control performance of the damper, for all
wind loads scenarios and all tuning ratios. Especially for
the case of V0 ¼ 8 m/s and g ¼ 1:05, both the STD and peak
reductions (negligible reductions before damping screens
included) have been significantly increased when damping
screens are included. By equipping two damping screens,
more energies are dissipated during sloshing and the band-
width of TLD becomes broader.

(iii) For the TLD without damping screens, the optimal tuning
ratio depends on the mean wind speed and the turbulence
intensity. For cases with damping screens, the optimal tun-
ing ratio is always 1.0 when STD reductions are used as
index. The same conclusion can be drawn from the peak
reductions, except for the case of V0 ¼ 8 m/s where the lar-
gest peak reduction is achieved when g ¼ 1:05. Acceptable
control performance of the TLD can be obtained for all three
tuning ratios considered here, but in general the best perfor-
mance is achieved for all wind load cases when g ¼ 1:0 with
damping screens equipped.

Fig. 9 shows the control effect of the TLD on tower vibrations of
the 2 MW wind turbine in both time and frequency domains, for
the case of V0 = 12 m/s, I ¼ 0:08;g = 1.0. Fig. 9(a) and (b) corre-
spond to the TLD without and with damping screens, respectively.
For both scenarios, the tower top displacement q8ðtÞ is significantly
reduced by the TLD, while the inclusion of damping screens further
improves the reduction effect as shown in Fig. 9(b). From the Four-
ier amplitude of q8ðtÞ a clear peak corresponding to the first lateral
tower frequency (3.37 rad/s) is observed due to very low aerody-
namic damping in this mode. This peak is effectively suppressed
by the damper, and is almost totally eliminated when damping
screens are included in the TLD. Moreover, in the frequency
domain two very small peaks (around 9 rad/s and 13 rad/s) can
also been observed, resulting from the coupling between the lat-
eral tower vibration to the edgewise blade vibrations. The TLD
has no effect on these two peaks.

Table 3 shows the performance of the TLD on the 3 MW wind
turbine. Comparing with Table 2, slightly different results have
been obtained, with the following observations to be highlighted:

(i) The overall control effect of the TLD is slightly worse com-
paring with the results in Table 2. Since the tower frequency
of the 3 MW wind turbine is lowered to 2.75 rad/s, the mean
water level (for tuning the sloshing frequency) and thus the
water mass of the TLD are reduced, resulting in smaller mass
ratio of the damper.

(ii) For all wind load cases, when g ¼ 1:05 and no screens are
used, the peak responses are increased by installation of
TLD. This might be due to the beating phenomenon arising
out of tuning, where during certain period of time a fraction
of the energy absorbed by the TLD is transferred back in
phase with the structural motion, rather than dissipating
the energy. By including damping screens, energy is dissi-
pated through damping and this problem is eliminated.
Researchers in the past have also shown that optimal tuning
ratios are generally not greater than one [42–44].

(iii) For some cases (such as V0 ¼ 12 m/s, I = 0.1, g ¼ 0:95), the
inclusion of damping screens even deteriorates the perfor-
mance of the TLD. This might be attributed to the increased
nonlinear effect when the water height is shallow in the
tank. Due to the increased nonlinearity, the performance of
the TLD becomes more irregular in comparison with the
results in Table 2.

(iv) For all wind load cases the best performance of the TLD is
always obtained when the tuning ratio is 1 and damping
screens are equipped. This turns out to be the optimal design
of the TLD for both 2 MW and 3 MW wind turbines.

Fig. 10 shows the performance of the TLD on the 3 MW wind
turbine in both time and frequency domains, for the case of
V0 = 12 m/s, I ¼ 0:1;g = 1.0. Again, Fig. 10(a) and (b) correspond
to the TLD without and with damping screens, respectively. It is
observed that the equipped damping screens effectively improve
the control effect of the TLD, and STD reduction calculated from
the 5-min time histories is increased from 28% to 40%. The spec-
trum peak corresponding to the first lateral tower frequency
(2.74 rad/s) is reduced by half in Fig. 10(a) and by 1/3 in Fig. 10
(b) using the TLD with damping screens.
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Fig. 9. Control effect of the TLD on tower vibrations of the 2 MWwind turbine, tuning ratio = 1, V0 ¼ 12 m/s, I = 0.08. (a) Without damping screens, (b) with damping screens.

Table 3
Response reduction of lateral tower vibrations of the 3 MW wind turbine by TLDs with different configurations.

Wind loads Tuning ratio Screen Water level (cm) Water mass (kg) STD reduction (%) Peak reduction (%)

V0 ¼ 12 m/s, I ¼ 0:08 g ¼ 1:0 No 31.64 360.28 28 18
Yes 31.64 360.28 40 30

g ¼ 0:95 No 28.08 319.75 28 27
Yes 28.08 319.75 19 5

g ¼ 1:05 No 35.62 405.60 18 �3
Yes 35.62 405.60 28 13

V0 ¼ 12 m/s, I ¼ 0:1 g ¼ 1:0 No 31.64 360.28 29 26
Yes 31.64 360.28 44 30

g ¼ 0:95 No 28.08 319.75 33 25
Yes 28.08 319.75 22 10

g ¼ 1:05 No 35:62 405:60 14 �5
Yes 35:62 405:60 26 10

V0 ¼ 8 m/s, I ¼ 0:1 g ¼ 1:0 No 31:64 360:28 8 5
Yes 31:64 360:28 30 34

g ¼ 0:95 No 28:08 319:75 10 5
Yes 28:08 319:75 13 5

g ¼ 1:05 No 35:62 405:60 7 �5
Yes 35:62 405:60 19 12
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4.3. Measured wave heights and control forces

Fig. 11 compares the measured wave heights at the left end wall
of the TLD with and without damping screens for the 2 MW wind
turbine, where V0 ¼ 12 m/s, I ¼ 0:08;g ¼ 1:0. From the time histo-
ries in Fig. 11(a), it is observed that the water sloshes in a similar
trend for both cases, but much larger amplitude of the wave height
is observed when there are no damping screens. Obviously the
inclusion of damping screens leads to increased energy dissipation
during sloshing and thus mitigated motion of the water. Moreover,
for TLD with damping screens, the time history of the wave height
near the tank wall turns out to be more symmetric about zero axis,
implying a dominating 1st sloshing mode.
The corresponding Fourier amplitude of the wave heights is
illustrated in Fig. 11(b). For the case without damping screens, sev-
eral spectral peaks can be clearly observed, of which the most sig-
nificant one corresponds to the 1st sloshing mode. From Eq. (7),
theoretical values (linear wave theory) of the 2nd, 3rd and 5th
sloshing frequencies are calculated as 5.49 rad/s, 6.89 rad/s and
8.93 rad/s, respectively. These three sloshing modes are also pre-
sented in Fig. 11(b), implying significant contributions from higher
modes in the sloshing of the liquid. Further, it is interesting to
observe two other peaks at about 6.7 rad/s and 10.1 rad/s, corre-
sponding to 2 times and 3 times the first sloshing frequency x1,
respectively. This is due to the inherent nonlinear characteristics
of the sloshing system, and higher-harmonics (multiples of the first
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Fig. 10. Control effect of the TLD on tower vibrations of the 3 MWwind turbine, tuning ratio = 1, V0 ¼ 12 m/s, I = 0.1. (a) Without damping screens, (b) with damping screens.
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Fig. 11. Measured wave heights at the left end wall of the tank, 2 MW wind turbine, tuning ratio = 1, V0 ¼ 12 m/s, I = 0.08. (a) Time histories, (b) Fourier amplitude in semi-
logarithmic chart.
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frequency) are presented in the liquid response. On the other hand,
for the case with damping screens, all the above mentioned peaks
are effectively suppressed, resulting in a dominated peak of the
first sloshing frequency (although this peak is suppressed as well).
This again explains the more symmetric time history of the wave
height about the zero axis in Fig. 11(a). Finally, in both cases a peak
at about 13 rad/s is presented with the same magnitude. As earlier
remarked, this peak results from the coupling of the tower with
blade edgewise vibrations, and the inclusion of damping screens
has no influence on it.

In connection to Figs. 11 and 12 compares the measured (by the
actuator) control force (sloshing force) for cases with and without
damping screens. From Fig. 12(a) it is seen that the insertion of
damping screens reduces the magnitude of the control force, even
though the control effect of the TLD is improved as shown in Fig. 9.
The corresponding Fourier amplitude in Fig. 12(b) shows a domi-
nating peak of the first sloshing mode as expected. Two small
peaks at the 3rd and 5th sloshing angular frequencies are also
observed for the case without damping screens. The 2nd sloshing
mode is totally gone because it has no contribution to the resulting
control force. Moreover, peaks of 2�x1 and 3�x1 in Fig. 11(b)
are also filtered out since the force is the result of integrating liquid
pressures over inner walls of the tank. By including damping
screens, peaks of the 3rd and 5th sloshing modes are further elim-
inated, leaving only the fundamental peak and the peak due to the
coupling effect with the blade vibrations.

For the 3 MW wind turbine with a lower tower frequency, the
water depth (for tuning the damper) in the tank is more shallow
and nonlinear effect of the sloshing system becomes more
pronounced.
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Fig. 12. Measured control force from the TLD, 2 MW wind turbine, tuning ratio = 1, V0 ¼ 12 m/s, I = 0.08. (a) Time histories, (b) Fourier amplitude in semi-logarithmic chart.
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Fig. 13. Measured wave heights at the left end wall of the tank, 3 MW wind turbine, tuning ratio = 1, V0 ¼ 12 m/s, I = 0.08. (a) Time histories, (b) Fourier amplitude in semi-
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Fig. 13 illustrates the measured wave height at the left end wall
for the 3 MWwind turbine, with V0 = 12 m/s, I ¼ 0:08;g = 1.0. Very
drastic motion of the liquid is shown in Fig. 13(a) for the case with-
out damping screens. Actually, wave breaking was also observed
during the test. Again the inclusion of damping screens mitigate
the liquid motion effectively. From Fig. 13(b), peaks corresponding
to the 2nd sloshing, the 3rd sloshing, the 6th sloshing, the 8th
sloshing are observed together with 2�x1 and 3�x1 peaks. By
inserting damping screens, all peaks corresponding to the higher
sloshing modes are almost totally eliminated, but the 2�x1 and
3�x1 peaks are still visible (although suppressed).

Correspondingly, Fig. 14 shows the measured control force in
both time and frequency domains. Observations similar to those
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Fig. 14. Measured control force from the TLD, 3 MW wind turbine, tuning ratio = 1, V0 ¼
in Fig. 12 can be made, except that the frequency components of
the control force (without damping screens) turn out to be the
dominating 1st sloshing, the 3rd sloshing, together with 3�x1

and 5�x1 due to nonlinear interactions. This again shows the
more pronounced nonlinear effect of the relatively shallow water
for the 3 MWwind turbine, since peaks corresponding to nonlinear
interactions are totally eliminated in Fig. 12(b) for the 2 MW wind
turbine.

For Figs. 11–14, some further remarks are made as follows.
Although the liquid motion contains a lot of frequency components
including both the higher sloshing modes and the nonlinear inter-
action effects, the resulting control force filters out most of the
high frequency components. Applied to the main structure, the
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12 m/s, I = 0.1. (a) Time histories, (b) Fourier amplitude in semi-logarithmic chart.
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remaind small amounts of high frequency components are further
filtered out by the structure. Further, better control effect is
achieved when the resulting control force is dominated by the first
sloshing frequency without high frequency components.

4.4. Comparison of results from RTHT and analytical model

Modal expansions to three sloshing modes (N = 3) in Eqs. (5)
and (8) have been carried out in the numerical simulations using
the analytical model. Two different values of the non-
dimensional damping parameter n, corresponding to different total
energy dissipations, are used in the model for cases with and with-
out damping screens. To determine the value of n in each case, try-
and-error method has been used by trying different values of n in
the analytical model. The best estimation of n is obtained in order
that the corresponding result from the model fits best with the
experimental result.

Fig. 15 shows the comparison of the controlled tower top dis-
placements obtained by RTHT and the analytical model for the
2 MW wind turbine, where V0 ¼ 12 m/s, I ¼ 0:08;g ¼ 1:0. By set-
ting the damping parameter n to be 0.004, the result from the ana-
lytical model agrees very well with the test result as shown in
Fig. 15(a). Acceptable agreement between the experimental and
analytical results is also obtained for the case with damping
screens by choosing the value of n to be 0.02.

Fig. 16 shows a similar comparison for the 2 MW wind turbine
under the load scenario of V0 ¼ 8 m/s, I ¼ 0:1;g ¼ 1:0. Again, there
is a good agreement between the test and analytical results for the
case without damping screens. The analytical result fits slightly
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Fig. 15. Comparison of the controlled tower displacements obtained by RTHT and analy
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Fig. 16. Comparison of the controlled tower displacements obtained by RTHT and anal
damping screens (n ¼ 0:004 used in the analytical model), (b) with damping screens (n
worse with the test result for the case with damping screens. This
is reasonable because in fact the inclusion of damping screens not
only increases energy dissipation but also introduces nonlinear
interactions between the liquid and the screens, which is not
accounted for by the present analytical model.

As for the 3 MW wind turbine, comparison of the results
obtained by RTHT and the analytical model are shown in Fig. 17,
where V0 ¼ 12 m/s, I ¼ 0:1;g ¼ 1:0. n is set to be 0.005 and 0.03
in the analytical model for cases without and with damping
screens, respectively. Good agreement between the experimental
and analytical results is obtained. Fig. 18 shows the comparison
under the load scenario of V0 ¼ 8 m/s, I ¼ 0:1;g ¼ 1:0. Similar
observations are obtained, where the agreement is worse for the
case with damping screens. Further, for TLDs used in the 3 MW tur-
bine, larger values of n have been used in the analytical model
comparing with its 2 MW counterpart, implying larger energy dis-
sipations of the shallow water TLD due to nonlinear interactions
and wave breaking.

To get deeper understanding of the overall energy dissipation in
relation with the screen elements, and to facilitate the analysis and
design of the TLD in practical applications, it’s preferable that the
empirical relation between the mesh size of the screen elements
and the damping parameter n can be established. Recently, we
have carried out a series of real-time hybrid testing on the same
TLD, but with different mesh sizes of the screen elements. With
the comprehensive test data obtained, the empirical relation
(expression) is expected to be established, from which the value
of n can be determined immediately when given the mesh sizes
of the screen elements.
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¼ 0:02 used in the analytical model).
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Fig. 17. Comparison of the controlled tower displacements obtained by RTHT and analytical model, 3 MW wind turbine, tuning ratio = 1, V0 ¼ 12 m/s, I = 0.1. (a) Without
damping screens (n ¼ 0:005 used in the analytical model), (b) with damping screens (n ¼ 0:03 used in the analytical model).
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Fig. 18. Comparison of the controlled tower displacements obtained by RTHT and analytical model, 3 MW wind turbine, tuning ratio = 1, V0 ¼ 8 m/s, I = 0.1. (a) Without
damping screens (n ¼ 0:005 used in the analytical model), (b) with damping screens (n ¼ 0:04 used in the analytical model).
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5. Conclusions

In this paper, the performance of a full-scale TLD in mitigating
lateral tower vibrations of megawatt wind turbines exhibiting
some special features has been investigated with the aid of real-
time hybrid testing (RTHT) method. During the RTHT, a full-size
TLD is tested as the physical substructure while the structural
responses of the wind turbine system are numerically calculated
using a 13-DOF aeroelastic model in the Matlab/Simulink environ-
ment. A compensation technique based on polynomial extrapola-
tion has been applied to compensate for the inherent actuator
delay.

Both 3 MW and 2 MW wind turbine models have been estab-
lished in Matlab/Simulink, and different water levels of the TLD
are determined from frequency tuning conditions for the two tur-
bines. The overall control effect of the TLD is slightly worse for the
3 MW wind turbine (with lower tower frequency) due to the
reduced mean water level and thus the mass ratio of the damper.
Moreover, it is shown from test results that the inclusion of damp-
ing screens effectively increases energy dissipation during liquid
sloshing and in most cases improves the control performance of
the TLD on tower vibrations. For both turbines under all load cases,
the best performance of the TLD is always obtained when the tun-
ing ratio is 1.0 and damping screens are equipped. Furthermore,
the measured wave height at the left end wall is observed to con-
tain a lot of frequency components including both the higher slosh-
ing modes and the nonlinear interaction effect. The measured
control force, on the other hand, filters out most of the high fre-
quency components since the force is the result of integrating liq-
uid pressures over inner walls of the tank. By inserting damping
screens, the remaining high frequency components are further
mitigated, resulting in a control force that is totally dominated
by the first sloshing frequency.

Finally, the RTHT results are compared to the results obtained
from an analytical model of the TLD-wind turbine system (based
on modal expansion technique). Good agreement between tested
and analytical results demonstrates that the proposed analytical
method can yield acceptable estimates of the response of wind
turbine-TLD system under turbulent wind loads. The comparative
results also indicate that the real-time hybrid test method provides
an accurate and cost-effective procedure for performing full-scale
tests of passive or semi-active dampers.

The wind turbine foundation is modeled as fully fixed in the
present study. Although in practice the rocking motion of the foun-
dation has to be reduced as much as possible for wind turbines
under normal operational conditions, by means of proper design
and construction techniques. The soil-structure interaction may
still influence the performance of the damper on controlling tower
vibrations, especially the tuning condition of the damper. In future
works, investigation on vibration control of wind turbines consid-
ering soil-structure interaction may be carried out with the aid of
RTHT method.
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