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Abstract. As the climate crisis intensifies, the transition to renewable energy
sources has become more critical than ever, with wind energy playing a key role
in reducing carbon emissions and ensuring a sustainable future. To maintain the
reliability of wind power infrastructure, it is essential to enhance the structural
resilience of wind turbines (WT). In seismic prone regions, earthquakes can gen-
erate forces that exceed the structural strength of WT towers, leading to potential
failures. This study addresses this challenge by proposing novel vibration control
systems to seismically protect WT structures, ensuring stability and continued
operation of wind energy infrastructure. In this paper, various vibration control
systems (VCS) are implemented in a benchmark onshore wind turbine tower to
enhance its seismic resilience against severe earthquakes. The employed VVCS are
based on the KDamper concept, an extension of the traditional Tuned Mass
Damper (TMD) with the strategic introduction of negative stiffness and damping
elements. The VCS are designed using a constrained optimization methodology
with ground motion acceleration input based on EC8 provisions. For comparison,
a TMD with 20 times higher additional mass is also evaluated. Numerical results
demonstrate that the KDamper-based designs outperform the classical TMD, of-
fering a viable solution for seismic protection of onshore WT.

Keywords: Wind Turbine Structures, Seismic Protection, Vibration Control
Systems, Negative Stiffness, Damping.

1 Introduction

In recent decades, the installation of both offshore and onshore wind turbines (WTs)
has increased rapidly due to the growing demand for renewable energy. Large rotors
and taller, slender towers have emerged as the prevailing design for modern turbines,
facilitating higher power output but also introducing additional structural challenges
associated with the increased gravitational and rotational loads. Furthermore, wind tur-
bines are subjected to complex loading scenarios, including aerodynamic forces from
wind gusts, seismic forces in regions of moderate-to-high seismicity and in the case of
offshore wind turbines (OWTSs), hydrodynamic forces from waves, currents and tidal
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effects. These loads not only compromise the turbines’ contribution to the energy net-
work but also induce excessive structural vibrations and fatigue in their towers, poten-
tially leading to structural failure [1, 2]. Hence, mitigating excessive vibrations remains
a top priority in the design and operation of these structures.

Numerous vibration control systems (VCS) have been introduced to safeguard both
structures such as offshore and onshore WTs. These systems can be broadly categorized
as passive [3-6], active [7, 8], hybrid [9], or semi-active [10, 11, 12], with passive so-
lutions being the most common in engineering applications [13-15] due to their relative
simplicity, cost-effectiveness and reliability. Among passive systems, Tuned Mass
Dampers (TMDs) have garnered particular interest in the WT vibration mitigation lit-
erature [3,5]. A standard TMD consists of a secondary mass connected to the primary
structure through a positive stiffness element and an artificial damper. In wind turbines,
it is typically placed near the top of the tower or inside the nacelle to take advantage of
the high amplitude of motion at these locations. By tuning the TMD’s frequency to
coincide with a primary mode of vibration, a significant portion of the turbine’s vibra-
tory energy can be diverted and dissipated by the secondary mass. The implementation
of two independent TMDs within the nacelle has also been proposed in [4] to effectively
mitigate both fore-aft and side-to-side modal responses. Furthermore, the strategic
placement of multiple TMDs along the tower of OWTSs has been investigated in [16],
as a means to control structural vibrations induced by the combined effects of multiple
hazards, such as wind loads, sea wave forces and seismic excitations.

In an effort to enhance the protection of WTs against the various loading scenarios,
modifications to TMDs have also been explored. The Pendulum Tuned Mass Damper
(PTMD) [17], as its name suggests, is a TMD configuration in which the stiffness ele-
ment is implemented using a pendulum. This device has proved to be highly effective
in controlling and reducing structural vibrations in WTs caused by wind loads and low-
to-medium intensity seismic excitations [18]. The Tuned Liquid Column Damper
(TLCD) [19] is a U-shaped vibration control device that utilizes the movement of a
liquid mass within a tubular container to counteract external forces, while an embedded
orifice generates damping forces that facilitate energy dissipation. The integration of
TLCDs in OWTs is anticipated to reduce structural vibrations and bending moments,
thereby enhancing the fatigue life of the system [20, 21]. Additionally, alternative pas-
sive control strategies, such as the Ball Vibration Absorber (BVA) [22], the tuned roll-
ing-ball damper [23] and the spherical tuned liquid damper [24] have been proposed
for the vibration control of WT structures. The findings of these studies consistently
demonstrate that passive control methods are effective in mitigating the undesirable
vibrations in WT towers.

Despite their advantages, TMD-based systems have inherent drawbacks when ap-
plied to wind turbines. Foremost, effective TMD operation typically requires a large
secondary (additional) mass placed often in or near the nacelle where the structural
vibrations are most pronounced. However, this placement may be impractical due to
space limitations, as the nacelle hosts critical mechanical and electrical components.
Additionally, adding more mass elevates the tower’s center of gravity and increases the
axial force, heightening the risk of higher-order dynamic phenomena, particularly in
highly flexible, tall WT towers. Furthermore, TMDs are parameter sensitive [25],
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meaning even minor deviations in tuning frequency or damping values can lead to di-
minished performance. Such tuning errors may result from manufacturing inaccuracies,
unmodeled structural nonlinearities, variations in operating conditions or temperature
fluctuations.

An emerging alternative to conventional TMDs is the KDamper concept as intro-
duced in [26]. The KDamper extends the TMD configuration, amplifying indirectly the
beneficial inertial effect of the secondary mass. This is achieved by incorporating a
negative stiffness (NS) element into the device. Since the NS force is in phase with the
inertial force of the secondary mass, the vibration absorption capacity can be signifi-
cantly enhanced by adjusting the NS properties. Thus, the primary drawback of the
TMDs, which is the need for a large moving mass to achieve effective vibration miti-
gation, is overcome with the KDamper concept. Notably, although the NS element re-
verses the usual direction of the stiffness force, the overall device remains both stati-
cally and dynamically stable within its range of motion, unlike other NS isolators such
as Quasi-Zero-Stiffness (QZS) oscillators [27]. Additionally, the KDamper more effec-
tively controls the tuning of its parameters and provides vibration attenuation across a
broader frequency range compared to conventional TMD devices.

Several variations of the KDamper device have been proposed in the literature,
namely the Extended KDamper (EKD) [28], the Seismic Base Absorber (SBA) [29]
and the Enhanced KDamper (ENKD) [30]. The SBA and ENKD incorporate inerter
elements [31] into their configurations. These three modifications, referred to as
KDamper-based devices, further enhance the original device’s performance in vibra-
tion control, effectively managing induced structural displacements and accelerations.
Their effectiveness results from proper optimization [32, 33] and precise mechanical
design [34, 35], with particular emphasis given to their NS mechanisms [36]. The
KDamper-based devices have been extensively researched for a wide range of applica-
tions, including the horizontal protection of buildings [30, 32, 33, 37, 38, 39], vertical
seismic absorption [40, 41] and vibration isolation in both bridges [42] and wind turbine
towers [43, 44].

In this paper, the seismic protection of onshore wind turbines (WT) is investigated
through the implementation of novel vibration control systems (VCS). The study fo-
cuses on the KDamper concept, an advanced extension of the traditional Tuned Mass
Damper (TMD), which strategically incorporates negative stiffness and damping ele-
ments to enhance its vibration absorption capabilities. A benchmark WT tower is ana-
lyzed using a dynamic model formulated with prismatic beam elements, and numerical
simulations are conducted using a custom-built MATLAB code. The VVCS are designed
through a constrained optimization methodology that accounts for engineering, manu-
facturing, and geometrical constraints and limitations, with seismic excitation input se-
lected based on EC8 provisions by generating a database of artificial accelerograms
compatible to the EC8 design acceleration spectrum. Comparative analysis against a
conventional TMD with significantly higher additional mass (20 times) highlights the
superior performance of the KDamper-based designs. The numerical results demon-
strate that the proposed approach significantly improves the WT tower seismic resili-
ence, reducing structural demands and ensuring greater stability of WT infrastructure
against severe earthquake events.
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2 Dynamic Model of Onshore Wind Turbine

The NREL 5-MW baseline three-bladed horizontal axis onshore wind turbine (WT)
of 120m tower length and variable tubular cross-section Awr(X) [45] is examined in this
paper and is presented in Fig. 1, along with the investigated vibration control systems
(VCS) implemented for seismic protection. The WT tower base diameter is 8.43m with
steel thickness 4.8cm, the top diameter is 3.87m with thickness 2.5cm, the Young’s
modulus is 210GPa, while the steel density is assumed to be equal to 8.5tn/m®. To ac-
count for the inertial forces applied by the mechanical parts (nacelle, rotor and blades),
an additional concentrated mass myac = 403.22tn [45] is added at the top of the WT
tower, as illustrated in Fig. 1.

Rotor Blade

(i) VCS: TMD

R N n my,
L N3.87m | QU

(ii) VCS: KDamper

Ky
NI

120m

kpg
{1

Tower

(iii) VCS: EKD
kg
NI

Cps my

—A/\N\"/ 8.43m x o

Fig. 1. Schematic representation of the onshore wind turbine tower with the investigated vibra-
tion control systems (VCS) implemented for seismic protection (TMD, KDamper, EKD), along
with the lumped mass model for the WT tower.

The developed dynamic model of the WT tower is an assemblage of prismatic beam
elements, i.e. the cross-sectional dimension within the elements remains the same. The
dynamic degrees of freedom (DoFs) are the sway ones, while the rotational ones are
condensed. Further assumptions made for the modelling are: a) the WT tower is con-
sidered to remain elastic under the dynamic loads (wind and seismic), b) the effects of
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soil-structure-interaction are not accounted for (fixed base assumption), and c) the pris-
matic beam elements are inextensible, and thus the axial DoFs are not considered in
this study. For the numerical modelling of the proposed formulation a built-in house
software is developed in MATLAB code employing the Newmark-p method for the
dynamic analysis.

The equations of motion of the onshore WT expressed in a matrix form are:

[Myrl{itwr} + [Cwrlftiwr} + [KwrHuwr} = —[Mu 111X (0 + W©®] (1)

where [Mwr], [Cwr] and [Kwr] are the mass, damping and stiffness matrices of the
original WT tower, respectively of order (N x N), N indicating the number of prismatic
beam elements selected to model the WT tower. The damping matrix [Cwr]nxn iS not
explicitly known but is obtained with the help of Rayleigh’s approach using the same
damping ratio in all modes, 1% [45]. The unknown nodal displacements{uwr}, relative
to the fixed base of the WT tower, are collected in the array {uwr} = {us,Uz,Us,...,un}".
In this research work 24 prismatic beam elements are used for the modelling of the
onshore WT tower (N=24).

2.1 Proposed Vibration Control Systems

In Fig. 1 the proposed Vibration Control Systems (VCS) installed in the onshore WT
for seismic protection are presented. The governing equations of motion of the con-
trolled WT presented in a matrix form are the following:

[M]{ii} + [C1{u} + [K1{u} = —[M][11Xs(8) + [W(8)] @

where [M], [C] and [K] are the mass, damping and stiffness matrices of the controlled
WT tower, respectively having dimensions (N+n) x (N+n), n indicating the extra DoFs
of each of the VCS to be considered. Furthermore, {u} = {{un}, {us}}" are the un-
known, relative to the base displacements. A general formulation of the controlled sys-
tem’s matrices [M], [C] and [K] is the following:

[M] =[[MWT]N><N [O]an-_l_-[MWT—WT]NxN [MWT—VCS]an] 3.1)
(NFm>(V+m) [O]an [O]nxn- -[MVCS—WT]nXN [MVCS—VCS]an .

K] =[[KWT]N><N [O]an—_i_-[KWT—WT]NXN [KWT—VCS]an] 3.2)
(N+mx(n) [O]an [O]nxn- »[KVCS—WT]an [KVCS—VCS]nxn .

[C] _ [[CWT]NXN [0]nxn] n [[Cwr-wrlnxn [CWT—VCS]an] 3.3)
(N+mx(Vn) [O]an [O]nxn- -[CVCS—WT]an [CVCS—VCS]nxn .

where the submatrices entering Egs. (3) are expressed with respect to the associated
DoFs of the considered VCS. More information regarding the formulation of the sub-
matrices entering Eqgs. (3) are provided in the following.

Formulation of TMD submatrices.

The additional mass of the TMD mTMD is attached at the top of the WT tower or
inside the nacelle, with a positive stiffness element KTMD and a linear damper cTMD
(Fig. 1b). The submatrices can be thus expressed for the TMD VCS as follows:
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[MWT—WT] = [0]24><24 (4.1)
[MWT—TMD]T = [MTMD—WT] = [0]1><24 (4-2)
Mryp_rmMp = Mrmp (4.3)
0 L 0
[Kwr-wrl=|M O M l (5.1)
0 L Fkrump 24X24
[KWT—TMD]T = [KTMD—WT] =[0 L _kTMD]1><24- (5.2)
Krmp-tmp = Krmp (5.3)
0 L 0
[Cwr-wrl=|M O M l (6.1)
0 L crmp 24%24
[CWT—TMD]T = [Crmp-wr] = [0 L —crmplixza (6.2)
Crmp-tMp = CTMD (6.3)

Further details regarding the calculation of the TMD parameters krmp and crmp will
be presented in section 3.

Formulation of EKD submatrices.

With the implementation of the KDamper-based designs (KDamper or EKD), the
nacelle is no longer rigidly connected to the top of the WT tower but is mounted on a
KDamper-based configuration (Fig. 1b). The procedure for the formulation of the EKD
mechanism submatrices will be described in detail from here on, as is the exten-sion of
the KDamper. The concentrated mass mMNAC is connected to the top of the WT tower
with a positive stiffness connection kR, and the additional mass of the EKD mEKD is
connected to the mNAC with a negative stiffness element KNS and a linear damper cNS
parallel to kNS. In addition, the mEKD is attached to the top of the WT tower with a
positive stiffness element kPS and a linear damper cPS parallel to kPS. The submatrices
presented in Egs. (3) are modified in the case where the EKD in employed as follows:

0 L 0

[MWT—WT] =M O M l (7.1)
0 L —myye 24x24

[MWT—EKD]T = [MEKD—WT] = [0]2><24 (7.2)

_ |™MexD 0
[Mgkp—-gxp] = [ 0 mNAC]zxz (7.3)
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0 L 0
[Kwr-wr]l =|M O M (8.1)
0 L —k
[Kwr—exo]" = Keco-wr] = | N 8.2
WT—EKD EKD-WT 0 L —kel,,, (8.2)
kys +k —k
Kowr :[ ns t Kps NS ] .
[Kekp—£xp] —kys K + ksl (8.3)
0 L O
[Cwrwr] = [M 0 M] (9.2)
0 L cps 24%24
T _ _ [0 L —cps
[Cwr—expl” = [Cekp-wr] = 0 L 0 ]2><24 (9.2)
_[enstCps —Cns
[Cekp-exp] = [ —Cys Cs ]2><2 (9.3)

Further information for the calculation of the EKD parameters kg, kns, Kes, tns and
ces Will be presented in section 3.

3 Constrained Optimization of VCS

Having established the equations of motions of the controlled onshore WT with the
investigated VCS, the next objective is to determine the optimal VCS parameters to
attain the best possible seismic protection strategy. The design performance of most
VCS is strongly dependent on their tuned frequency ratio and damping ratio. Numerous
techniques have been proposed for the optimization of the key design parameters of
such vibration absorbers. However, the complexity of KDamper-based configurations
render the conventional min—-max (Heo) approaches ineffective. In this study, the pro-
posed KDamper-based VCS are designed based on engineering criteria and manufac-
turing as well as geometric limitations and constraints. The parameters of the VCS are
evaluated using constrained Optimization Algorithms [28,32], as it is an efficient ap-
proach to design effective and practical devices for vibration control. The Harmony
Search (HS) algorithm, a novel metaheuristic algorithm is used [46], to determine the
optimum values of the independent design parameters of all of the examined VCS. The
purpose of the employed VCS is to avoid collapse in case a severe seismic event occurs.
Strong earthquakes can be generated from various types of accelerograms, such as syn-
thetic records, real earthquakes excitations and artificial accelerograms, compatible
with a specific design response spectrum, with the latter being the most suitable. Further
details regarding the excitation input are provided in the following section.
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3.1  Seismic Excitation Input

The generation of design response spectrum compatible ground acceleration excita-
tions is necessary, as synthetic records are usually obtained from seismological models
and real earthquakes excitations do not cover all soil types and do not have smoothed
spectra. The ground motion acceleration excitation input selected in this study is a set
of artificial accelerograms designed to be spectrum compatible with the EC8 design
acceleration spectrum. More specifically, SeismoArtif software is used for the genera-
tion of the database of accelerograms. SeismoArtif computes a power spectral density
function from the EC8 acceleration response spectrum and uses this function to derive
the amplitudes of sinusoidal signals with random phase angles. The signals are then
summed, and an iterative procedure is invoked to improve the match with the target
response spectra. The power spectral density function is then adjusted by the square of
the ordinate ratio and a new motion is generated. It should be noted that in this research
work, only the translational component is accounted for, although the rotational com-
ponent can also influence the dynamic response of tall structures [47], like WTs.

The target spectrum is the EC8 with characteristics: ground type C, spectral acceler-
ation 0.36 g, spectrum type I, and importance class Il. The calculation method used is
the Artificial Accelerogram Generation and Adjustment method in the SeismoArtif
software. In Fig. 2 a random artificial accelerogram of the database is presented, along
with the mean acceleration spectrum of all the accelerograms of the database, compared
to the design target spectrum of the EC8 with the aforementioned characteristics. It can
be observed that there is a good match in all the range of the presented natural periods.

0.6 - r T T T T 1 1.25
EC8 Ground Type C
=—Mean Artificial

— Artificial Accelerogram

0.4

0.2
0.75

=
0
&)
S

Sa [g]

0.5
-0.2

5
0.4 0-25

-0.6- . . 0 .
0 5 10 15 20 25 30 0 0.5

1
time [s] PeriodT [s]
@ (b)
Fig. 2. (a) Random artificial accelerogram of the database, and (b) mean acceleration spectrum

of the artificial accelerograms of the database compared to the EC8 design acceleration spec-
trum used as the target for the generation of the database

15 2

In total 30 artificial accelerograms are generated in the database. The excitation input
in the optimization process formulated in this section will be the set of artificial accel-
erograms, and in section 4 where the optimization results will be presented, the perfor-
mance of the examined VCS will be also assessed with real earthquake records.
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3.2  TMD Optimal Design

The design variables of the TMD configuration installed at the top of the WT tower
or inside the nacelle are the mass ratio (urwmp) of the additional oscillating mass, the
tuning TMD frequency ratio (trmp) and the TMD damping ratio ({tvp), that can be ex-
pressed with the following relations:

Mrmp
u = 10.1
™™D = (10.2)
Wrymp
t = 10.2
TMD W (10.2)
_ CtmD
$rmp = 72wTMDmTMD (10.3)

where myac is the added mass at the top of the WT tower to account for the inertial
forces applied by the mechanical parts, wrwp is the TMD frequency and w() is the fun-
damental frequency of the primary structure. Common practice is to tune the TMD with
the fundamental frequency of the primary structure (trmp =1), especially in structures
where the first eigenfrequency primarily affects the structural dynamic responses,
which is usually the case in wind turbine structures. However, in this study in order to
have an equal comparison basis with the KDamper-based configurations, the TMD tun-
ing frequency will be a free design variable sought in the optimization procedure, along
with its damping ratio {tmp. The mass ratio is assumed to be equal to utmp=2%, a limit
value in such applications, as higher concentrated masses may result in second order
phenomena and endanger the structure. Concluding for the design of the TMD, its tun-
ing frequency ratio is selected to vary in the range of 0.75 to 1.25, and the damping
ratio is selected to vary in the range of 0% to 30%. A geometric constraint is imposed
in the optimization of the TMD regarding the maximum allowed TMD stroke (relative
displacement between the TMD and the top of the tower), that is half of the top WT
tower diameter 3.87/2=1.9m. Finally, the maximum absolute value of the base shear
(mean of max values of the dynamic analyses for all the artificial accelerograms of the
database) during the dynamic analysis is set as the objective function in the optimiza-
tion procedure.

3.3  KDamper-Based Optimal Design

Having established the mass, damping and stiffness matrices of the controlled WT
tower with the EKD configuration, the goal now is to optimize its parameters to obtain
the best possible seismic protection strategy. The design variables of the EKD are the
mass ratio (uexp), the tuning frequency of the additional oscillating mass (fexp), the
equivalent stiffness of the nacelle-tower layer (knacexp), the nominal frequency of the
nacelle-tower layer (fnac-exp), and the damping ratios of the added linear dampers ({ps,
{ns), and are expressed as follows:
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Mgkp

u =— 11.1
BKD = (11.2)
kys + k
Wgkp = 2T fgkp = ’—N;l i (11.2)
EKD
kyok
knac-gxp = kg + o+ ke Nj_ };: (11.3)
NS PS
_ _ knac-exp 114
WNac-gxkp = 2T fnac—gxp = m (11.4)
CNs,ps
¢ =— 11.5
NS.PS 2wggpMgkp ( )

Another critical factor that should be accounted for in case negative stiffness ele-
ments are implemented in a vibration control system, such the EKD, is the static and
dynamic stability of the controlled WT. To do that, possible variations in all stiffness
elements are foreseen in the EKD design process, by introducing simultaneous pertur-
bations ¢ in all stiffness elements as follows:

(1 —eps)kps(1 + ens)kns
knac-exp(€) = (1 — eg)kg + (1= epg)kps + (1 + ens)ins >0 (12)

Stiffness elements kg and kps result from Egs. (11.4, 12) as a function of the negative
stiffness kns and the nominal frequency of the nacelle-tower layer fyac-exp. The addi-
tional mass of the EKD is assumed to be significantly lower as compared to the TMD
due to the contribution of the negative stiffness to the effective inertia of the added mass
and is selected to be equal to uekp=0.1%. The stiffness elements variations are assumed
in this study as er=ens=eps=5%. As a result, the free design variables sought in the op-
timization process of the EKD are:

1. The nominal frequency of the nacelle-tower layer fuac-exp is selected to vary in
the range of 0.1Hz to 1Hz. The same limits are selected for the KDamper system
fNAC-KDamper-

2. The value of the negative stiffness element kys, selected to vary in the range of
OkN/m to -100kN/m per tn of concentrated mass myac [48].

3. The value of the linear dampers cns and cps selected to vary in the range of
OkNs/m to 5kNs/m per tn of concentrated mass mac [48].

The same geometric constraint with the TMD concept is imposed with respect to the
stroke of the additional oscillating mass of the EKD, that is the half of the top WT
diameter. In addition, another geometric constraint is imposed in the relative displace-
ment between the nacelle and the top of the WT tower for operational reasons [49]:
Unac-Tow=Unac-Utow(h=120m)<0.5m. Finally, the maximum absolute value of the base
shear (mean of max values of the dynamic analyses for all the artificial accelerograms
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of the database) during the dynamic analysis is set as the objective function in the op-
timization procedure.

4 Optimization Results and Performance Assessment of VCS
with Real Earthquakes

Following the optimization process described in section 3 for all considered VCS in
this study, the optimized VCS parameters are obtained. The resulting TMD optimal
tuning frequency ratio is trmp=0.827, indicating that higher modes participate when
ground motion acceleration excitation is present, revealing that tuning the TMD with
the fundamental frequency of the primary structure is not always the optimal solution.
The TMD damping ratio resulted in {tmp=6%. The TMD managed to reduce the base
shear from 4825kN to 4607kN, a reduction of 4.5%. In addition, with the implementa-
tion of the TMD to top WT tower displacement is reduced from 58.3cm to 46.5cm, a
reduction of 20.2%.

The optimal nominal frequency of the nacelle-tower layer with the KDamper system
i fnac-kpamper=0.54Hz, the value of the negative stiffness element is kns=-61.3kN/m per
tn of myac, and the value of the artificial damper is cps=907kNs/m. For the EKD con-
figuration, the optimal nominal frequency of the nacelle-tower layer system is fyac-
exp=0.226Hz, the value of the negative stiffness element is kns=-42.4kN/m per tn of
Mnac, the value of the artificial damper parallel to the NS element is cns=155kNs/m, and
the value of the artificial damper parallel to the positive stiffness element is
crs=21kNs/m. The KDamper managed to reduce the base shear from 4825kN to
2628kN, a significant reduction of 45.5%, while the top WT tower displacement is re-
duced from 58.3cm to 24.1cm, a reduction of 58.7%. The EKD managed to reduce the
base shear from 4825kN to 1902kN, a reduction of 60.6%, while the top WT tower
displacement is reduced from 58.3cm to 21.5cm, a reduction of 63.1%.

From the optimization results, it is evident that the KDamper-based designs outper-
form the TMD having significantly lower added mass. The EKD is superior to the
KDamper, as it requires lower NS and damping values. In Fig. 3, the dynamic responses
of the primary WT, and the WT equipped with a TMD and an EKD are presented.
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Fig. 3. Dynamic responses of the primary WT, and the WT equipped with a TMD and an EKD
for a random artificial accelerogram of the database. (a) Top WT relative to the ground dis-
placement and (b) base shear

Aiming to validate the effectiveness of the investigated VCS as seismic protection
strategies and examine their dynamic performance, an ensemble of 8 recorded real
ground motions is adopted as input ground motion acceleration excitation to the bench-
mark WT. The selected records cover a wide range and variety of key seismic charac-
teristics such as peak ground acceleration (PGA) and magnitude (Mw), as well as broad
frequency content, duration, and number of significant acceleration cycles. The char-
acteristics of the selected seismic excitations are provided in Table 1. These records
have large magnitudes Mw ranging from six to eight, and they are categorized as Near-
Fault (NF) due to their Joyner-Boore distance Rj» being less than 25km. Their PGA is
on average equal to PGA = 0.35 g. The significant duration of the records, denoted as
Durs 754, is defined as the time needed to build up between 5% and 75% of the total
Arias intensity.
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Table 1. Seismic characteristics of the selected real earthquake records

. Ground PGA PGA/PGV Rz Durs7su
No Earthquake Year Station Motion Mw @ (gsec/m) (km) (sec)

1 Northridge 1994 N Hollywood Near fault 6.69 0.3087 1.4389  7.89 7.0
2 L’Aquila 2009 V.Aterno Nearfault 6.3 0.4018 1.2548 0.0 4.7
3 Kocaeli 1999 Izmit Near fault 7.51 0.1651 0.7396  3.62 8.2
4 Tabas 1978 Tabas Near fault 7.35 0.8540 0.8639  1.79 8.3
5 Kobe 1995 Amagasaki Near fault 6.9 0.2758 0.8214 11.34 6.9
6 Landers 1992 Joshuatree Nearfault 7.28 0.2736 1.0125 11.03 217
7 Duzce 1999 Lamont 1059 Near fault 7.14 0.1524 11844 417 104
8 Friuli 1976 Tolmezzo Nearfault 6.5 0.3571 1.5629 1497 25

Time-history analyses are subsequently performed for all the selected real earth-
quake records and VCS configurations. In Fig. 4, the maximum absolute values of the
WT tower top displacement (Fig. 4a) and the maximum absolute values of the base
shear (Fig. 4b) are presented, expressed as a percentage of the respective values of the
dynamic responses of the primary uncontrolled WT.
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Fig. 4. Comparative dynamic analyses results (expressed as a percentage of the respective val-

ues of the primary uncontrolled WT) among the controlled WT with a TMD, a KDamper, and

an EKD for all the selected real ground motions. (a) Top WT relative to the ground displace-
ment and (b) base shear

It is observed that the EKD is consistent in significantly reducing the WT dynamic
responses, while the KDamper in some cases amplifies the WT top displacement (in 2
out of 8 records) and the base shear (in 3 out of 8 records). On the other hand, the TMD
slightly improves the base shear of the WT in the order of 2-3% on average and has a
consistent performance with respect to the WT top tower displacements, however, not
as much as the EKD configuration. Finally, in Fig. 5 the dynamic responses of the pri-
mary WT, and the WT equipped with a TMD and an EKD are presented for the Kocaeli
record (No. 3 in Table 1).



Seismic Protection of Onshore Wind Turbines using Novel Vibration Control Systems 15

30 \ \
primary WT

— WT-TMD

— WT-EKD

Utop [CT

time [s]
(@)
3000 : : .
primary WT
— WT-TMD
1500 - —WT-EKD
2 | |
= WL\ :I“'Hlt LA LA LA LA
g 0 MAN™ il i | AR
L R
~1500 - 7
30005 5 0 15 20 25 30 35 40 45 50
time [s]
(b)

Fig. 5. Dynamic responses of the primary WT, and the WT equipped with a TMD and an EKD
for Kocaeli (1999) earthquake record (No. 3 of Table 1). (a) Top WT relative to the ground dis-
placement and (b) base shear

5 Conclusions

In this paper, the use of KDamper-based configurations is proposed for the seismic
protection of an onshore wind turbine. The dynamic model of the WT tower is an as-
semblage of prismatic beam elements, and for the numerical modelling of the proposed
formulation a built-in house soft-ware is developed in MATLAB code employing the
New-mark-f3 method for the dynamic analysis. A constrained optimization methodol-
ogy is formulated for the design of the VCS, that employes engineering criteria and
manufacturing and geometrical limitations and constraints. The excitation input is
based on the provisions of the EC8 by generating a database of EC8 spectrum compat-
ible database of artificial accelerograms. An extensive case study is carried out
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providing insight into the WT structural dynamics. The main conclusions that can be
drawn from this research work are the following:

The developed dynamic model of the WT tower is serviceable due to the fact
that it can easily incorporate each considered VVCS for seismic protection, facil-
itating the optimization procedure.

The KDamper-based designs are not dependent on the additional introduced
mass, contrary to traditional mass-related vibration absorbers such as the TMD,
as in this study the TMD is designed with an additional mass of 2%, while
KDamper-based VCS have 0.1%.

The TMD manages to reduce (mean reduction values for all the artificial accel-
erograms) the WT base shear by 4.5% and the top WT tower displacement by
20.2%. The KDamper manages to reduce the base shear by 45.5%, while the top
WT tower displacement is reduced by 58.7%. The EKD reduces the base shear
by 60.6%, and the top WT tower displacement by 63.1%.

The extension of the KDamper concept, i.e. the EKD, is a robust solution, with
consistent performance for all of the real earthquake records examined. In addi-
tion, the EKD does not require high damping values or even high negative stiff-
ness values.

Building on the findings of this study, future research could incorporate a detailed
finite element model (FEM) analysis to evaluate potential local failures, particularly at
critical junctions such as the nacelle-tower connection, under seismic and operational
loads. Additionally, further studies could investigate the impact of wind turbine opera-
tion, specifically the rotational effects of the blades, on the WT seismic response char-
acteristics, providing a more comprehensive understanding of the dynamic behavior of
the controlled WT with the proposed KDamper-based devices under real-world condi-

tions.
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