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ABSTRACT

Fragility estimates in wind turbine towers have been investigated but the the effect of damping
on fragility has not been studied. While damping can often be small, it can come from different
sources for a wind turbine. This paper demonstrates that even for small levels of equivalent viscous
damping, a combination of sources can have a significant impact on the estimate of the fragility
of a wind turbine in operational conditions. The widely studied SMW reference wind turbine
is considered for this study. The fragility analysis is performed considering the tower fore-aft
displacement and acceleration responses. The impact of different sources of damping on fragility is
estimated and ranked to qualitatively understand the impact of damping on the lifetime performance

of the tower and develop approximate estimates of their quantitative changes.

INTRODUCTION

Wind turbines continue to grow in capacity and consequently in size [1, 2]. With this growth
comes significant exposure to higher levels of lifetime wind loads [3]. Larger wind turbines are
usually slender and flexible. Additionally, due to the increasing length of blades and towers in
modern wind turbines, the fundamental frequencies of these structural components are low and

usually below 0.5 Hz. This makes them dynamically wind sensitive and prone to wind-induced
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vibrations [4] and directly linked to their safety and serviceability limits. New materials are often
being proposed for use in turbines [5] for better performance and commercial competitiveness, and
control aspects are also being investigated in detail. Most of these studies focus on vibration control
of the structural components for novel power control strategies [6—9], auxiliary damping devices
[10-15] or structural modifications [16, 17].

On the other hand, existing wind turbines continue to degrade [18-20] and already generations
of turbines and related wind farms are either coming to the end of their operational life [21] or have
already been replaced [22]. Under such circumstances, remaining service life [23], degradation [24,
25] and assessment of effects of natural hazards on them [26-28] are becoming more important.
Re-use of existing farms are being linked to geotechnical fatigue performance [29], while re-use
of blades after their service life in a sustainable manner is also popular [22, 27, 30]. Whether it
i1s a new structure, an evolving design or an existing set of wind turbines with the possibility of
repair or control being installed, there is a need to compare them for relative assessment in terms
of certain performance indicators for the choice of design, decision making or mitigation options.
Since wind excitation is random and there are inherent uncertainties in turbine materials, models
or geotechnical aspects, such a comparison is not trivial and is inadequately represented by single
point comparisons, or even deterministic comparisons. Under such circumstances and probabilistic
demands, the use of fragility curves have become popular for these types of comparisons [31,
32]. Fragility curves consider different limit states, variability of capacity and demand, and
estimates probabilities of failures for such variabilities [33, 34]. It is thus also representative of
the vulnerabilities of these structures and must be investigated in detail to understand what impacts
lifetime safety and performance of wind turbines.

Consequently, it is of critical importance to understand the impact of parameters that can
significantly affect the estimation of fragility curves, along with the impact of their variabilities.
To do so, extensive numerical analyses are required, even to approach this understanding from a
qualitative point of view. Observed variations in fragility estimates not only allow in understanding

the importance of these parameters, but also the need for their monitoring, the accuracy with which
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they should be monitored and the consequences of uncertainties in their estimates on safety and
performance of wind turbines over their operational life.

A key issue in this regard is damping. Damping is generally a difficult parameter to estimate
[35-38] and can often lead to significantly different results in dynamic responses [39]. While there
exists some work on fragility estimates around wind turbines [40, 41], there is no work, to the
best of the knowledge of the authors investigating the impact of damping. There has been little
work reported to date on the inherent sources of damping in a wind turbine and their different
contributions to the dynamic response. Damping is notoriously difficult to quantify and model.
The challenge is not trivial since there are multiple sources of damping in a wind turbine[42—44]. In
addition to structural damping, there is also aerodynamic damping, soil damping, and, for offshore
wind turbines, hydrodynamic damping, which contributes to the overall damping in the system. In
practice, it is difficult to assess the individual contribution from each damping source to the dynamic
response of the structure. This has led to large uncertainties in the design process. Consequently,
the question is not only whether and how much the damping affects fragility curves but also which
source of damping contributes in what way. This apportionment further relates to what damping
sources should be considered, estimated or monitored more carefully. It also provides information
on how scaled testing of such turbines can be carried out better [43, 45]. Furthermore, understanding
these sources would also provide the basis for developing and modifying geotechnical and structural
testing in the laboratory [46] and on-site.

Soil/foundation damping has been the least studied of all of the sources of damping in wind
turbines and there exist large discrepancies between theoretical studies and field measurements
[47]. It is generally assumed that the soil/foundation damping mechanism is hysteretic material
damping [48]. In the field, this is usually quantified by the logarithmic decrement of the ambient
vibration response of the turbine, however, more advanced output-only identification techniques
have also been recommended in the literature [49]. A recent review of soil/foundation damping
in wind turbines recommended that simple models be used in the early-stage design and that the

foundation soil damping effects are heavily dependent on turbine geometry, ground conditions, and
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loading effects [50].

Aerodynamic damping is another large source of damping in wind turbines. Similar to
soil/foundation damping, it is difficult to characterise. Aerodynamic damping is a function of
the aerodynamic design of the blades and their structural dynamic response to the aerodynamic
load [51]. Aerodynamic damping can be either estimated numerically based on an aeroelastic
model of the wind turbine or obtained from data measurement campaigns on operational wind
turbines. Numerically, many schemes have been devised to obtain aerodynamic damping. Co-
ordinate transformations have been used to estimate damping ratios from time-invariant matrices
representing the wind turbine system [52], blade element momentum theory has also been used
[53], and in recent studies, wavelet analysis has been used to estimate aerodynamic damping from
aeroelastic simulations [54, 55]. In the field, it is difficult to quantify the aerodynamic damping
due to its dependence on the aerodynamic loading. [56] and later [57] presented schemes for
determining the aerodynamic damping from output-only system identification techniques applied
to blade responses in experiments. These are the most widely regarded approaches in the literature
however, they both require control or at least knowledge of the excitation, rendering them difficult
to perform practically for an operational wind turbine.

Structural damping is a measure of energy dissipation in a vibrating structure and is another
source of wind turbine damping. This is limited to the damping that is inherent in the structural
materials and damping caused by relative motion between structural elements (e.g. at connections).
This source of damping is relatively easier to estimate and model than soil/foundation damping
and aerodynamic damping; however, it is still not straightforward. [58] studied the implications
of the uncertainty of structural damping on a structure’s response. The authors have stated that in
the design of large flexible structures, structural damping is difficult to predict closer than plus or
minus 30% until the structure is completed and direct measurements can be taken.

Irrespective of the variety of mechanisms through which damping sources manifest themselves,
wind turbines in operational conditions are expected not to exhibit instability or extreme responses.

For such situations, there are solutions related to design, control or operational shut-down to avoid
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these situations. However, it is the equivalent viscous damping representation of these sources,
indicative of average energy loss over cycles, which still govern the responses of the turbine under
standard operational aspects, typically in a linear regime. Even under such a standard situation,
there can be significant variation in fragility estimates based on the sources of damping and minor
variations in these small values. Despite this interesting and important possibility around lifetime
performance, this has not been addressed or investigated.

This paper investigates how different sources of damping impact the fragility curves of wind
turbines for different limit states. From the structural engineering perspective, the wind turbine
tower is the single most important structural member, as the failure of the tower can lead to global
failure. The impact of the damping properties of the structure on tower displacement is analysed.
The safety and serviceability limit states of the wind turbine tower are expressed in terms of tower
displacement and the probability of exceeding limit states is computed. A differential equation-
driven model is chosen to model the wind turbine, which is representative of their behaviour in the
reduced order [59] and a focus on the variability of fragility curves due to damping sources are
investigated. The wind turbine tower and nacelle are the key areas of focus in this study since they
often represent the more problematic aspects of wind turbine blades, which are easier to replace.
The results not only provide the impacts of damping on design or assessment but is also useful
in selecting materials, control aspects, soil-structure interaction considerations and monitoring
strategies. The work can be transferred to other hazards like scour [60] and for offshore wind
turbines [45, 61], where the older generation farms have already started to age. Finally, the results
also have direct consequences for the assessment of other renewable energy devices (e.g. wave
energy [62], floating solar [63]) and along the lines of the concept of modular energy islands [64].

The damping parameters investigated in this study are selected to represent the most commonly
observed sources of damping in wind turbine operations. Following [65], who analysed the damped
response of a wind turbine using a general frequency adaptive framework, a total of seven parameters
are chosen to describe the damping properties of a wind turbine. This study develops a numerical

model of a wind turbine following the Euler-Lagrange approach. The closed form equation for
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Mass, Stiffness and Damping matrices of the system are derived. The equation of motion is solved
using the state-space method to obtain the wind turbine response under the action of aerodynamic
loads under different damping conditions.

This study can thus rank the relative importance of commonly observed damping sources in a
wind turbine through a fragility approach. The impact of each damping parameter under the action
of aerodynamic loads is investigated. Further, the damping parameters are grouped at the member
level, and the impact of member level damping is analyzed through the fragility approach. Since
damping is a complex phenomenon, and it is difficult to capture all myriad mechanisms involved in
energy dissipation, the equivalent viscous damping approach is considered and modelled as random
variables in this study to also address uncertainty in damping estimation. The results can provide
insight into the effect of damping on lifetime performance, further influencing design, monitoring

and control aspects.

NUMERICAL MODEL OF WIND TURBINE

Wind turbines are designed to harness the kinetic energy of wind and convert it into electricity.
The Rotor Nacelle Assembly (RNA), which consists of blades, shaft, gearbox, and generator, along
with auxiliary mechanical and electronic components, is responsible for power production. The
RNA is supported on the top of a wind turbine tower, which serves to achieve higher heights to
access higher wind speeds and support the system loads with adequate reliability. In this study,
a numerical model of the wind turbine system is developed with a major emphasis on accurately
modeling the damping present in the system while simultaneously representing a realistic system
response when subjected to random inflow conditions. The model assumes the wind turbine system
to be linear elastic and the tower to be modelled using the principles of Euler-Brenoulli’s beam,
subjected to lumped mass and inertia at the top representing the RNA. The foundation flexibility is
modelled using a spring and dashpot arrangement. The structure is assumed to be axially rigid and
has only in-plane deformations. With these assumptions, the motion of the wind turbine model can

be described entirely using four generalized coordinates, namely
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1. Rotation at the base/foundation (ggp)
Translation at the base/foundation (g, »)

Rotation at the tower top (g¢.;)

.

Translation at the tower top (gy)

Here, the tower top translation (g, ) and rotation (gy,) are defined as the relative movement of
the tower top after considering the effect of flexible foundation such that, under a finite rigid body
displacement at the foundation (gg¢, = 06, g, = 6x), the tower top displacements are g,, = 0
and gp; = 0. These generalized coordinates are independent, completely describe the system
at all times and make the system holonomic. Therefore, the Euler-Lagrange approach can be
implemented to derive the equations of motion for this system. The tower is assumed to have
uniform geometric and material properties with a constant flexural rigidity £/, a mass density
u, and a mass per unit length my. The RNA is modelled using a lumped mass M and lumped
rotary inertia J at the tower top to consider the effect of inertia and rotation of blades. The effect
of foundation flexibility is modelled using linear springs with stiffness parameters k;, k., and
ki, where k; represent the resistance to lateral translation and &, is the measure of resistance to
rotation. The term k;- models the coupling between translation and rotation at the foundation level.
The damping in the system is contributed by the foundation, tower, and RNA. Damping offered
by the soil at the foundation level is modelled using three damping parameters corresponding to
damping in translation c¢;, rotation c¢,, and a coupling term c;,. The damping parameters at the
foundation level are assumed to follow viscous damping behavior. Structural damping in the tower
is modelled as strain-rate dependent viscous damping ¢ and velocity-dependent viscous damping
c>. Aerodynamic damping is modelled using the parameters cj; and cy, such that ¢y, is the measure
of damping under linear motion at hub level and ¢ represents the damping under rotational motion.
These damping parameters are normalized with respect to the system properties and are modelled
using corresponding non-dimensional parameters such that they can be used to study the behaviour
of any general wind turbine model. The damping parameter and the suggested range of values by

[65] for each parameter are presented in Table 1. The detailed derivation of the equation of motion
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is presented in the next section.

Derivation of Equations of Motion

The equations of motion are a fundamental tool for modelling and analyzing the dynamic
behavior of wind turbines. In this section, we present the detailed derivation of the equations of
motion for a representative wind turbine model. The schematic details of the numerical model
are elaborated in Fig. 1. The model is based on an Euler-Bernoulli beam with a flexible base
and subjected to a concentrated point load and moment at the free end. The equation for lateral
displacement of the tower is derived using mode shape equations accounting for the flexibility of the
foundation. The total potential and kinetic energy of the system is then derived which is used in the
Lagrangian formulation to obtain the equilibrium equations for the four generalized coordinates.
These equations describe the dynamic behavior of the wind turbine and are essential for modelling
and analyzing its response to external loads. The list of symbols used to describe the structural
properties of the model is included in Appendix I.

The tower is modelled as a cantilever beam, and the exact equation for lateral displacement of
the tower with a flexible base and subjected to a concentrated point load and moment at the free

end can be expressed as:

2 2

W E) = 6o (1) + X0 (1) + 575 BL = X)qx (1) + T7-q0. (1) (M)

where x is the distance of a point on the tower from the tower base, such that x = 0 at the foundation

level and x = L at the free end where L is the height of the tower. The term %(3L — x) is the
expression for the deformed shape of a cantilever subjected to a point load at its end, while the
term % represent the deformed shape of the tower when subjected to a concentrated moment at
its end. The effect of axial shortening of the tower due to lateral displacement is not considered.
By removing the explicit time dependence for the convenience of representation, Eq.(1) can be

represented as
2 2

X X
w(x,1) = gup +Xqop + ﬁ(% —X)qx; + TR (2)
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The potential energy (PE) of a system is the energy stored in the system due to its deformation
and rotations. For the wind turbine model, the total potential energy (PE) of this system can be
expressed in terms of strain energy due to foundation deformation and work potential of the tower

as:

*w(x, t))2 g 3)

1, 1, L
V= Equx’b + Eque’b +2kirqx.96.0 +/0 EEI(X) ( 2

Substituting the Eq.(2) in Eq.(3) and solving the integral gives the final expression for potential

energy as

3El , EI , 3EI

1 1
V= kigy, + 5kedg, + 2kirdsbdos + 573 Tee + 57 Qo0+ 573 9xidos )

Similarly, the kinetic energy (KE) of the system can be calculated considering the inertial and

rotational kinetic energy as:

1 L ow(x,1) 2 1 ow(x,t) 2 *w(x,1) 2
T‘E/o “(x)( ot )d“EM( ot )+§J( d19x ) ©)

Substituting the definition of w(x, ¢) from Eq.(2) in Eq.(5), and integrating along the tower height

gives the final expression for kinetic energy as:

+ + = =+ —+ =
2 ) e 00 7\2 7 756 8L

7 (mrL+M) ML* mrL® J\ , M  5TmpL 97\ ,

= + q + dx.t
2 6 2

(ML2 mrL?

2 - ML +mTL2
qx,bqx,t ) 6

mTL I’I’lTL

8 20

J
+ 5) q'g,t+(ML +
11myL? .\ 3J
40 2L

. 3
) qx,qu,b+(M +
ML? mypL?

+
2 8

) C}x,bqat"'

ML 13mpL* J\ .
ML +
2 120 2L

) qo.pqx, + ( + J) de.pqe:+ ( + + —

Following the derived expressions of KE and PE, the equation of motion for this model can be

obtained by applying the Euler-Lagrange equation for each generalized coordinate separately. The
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governing equation of Euler-Lagrange method is given as:

d(aT) or LoV _, -

ar\og;)~ 9" g
where T and V represent the KE and PE of the system, respectively, and Q; refers to the generalized
forces acting along the generalized coordinate g;. In this study, corresponding the four generalized
coordinates ¢g;, Q represents a force vector such that Q = {Fj, My, F;, M}, where F}, and M}, are
the force and moment acting at the foundation level along the coordinate g, 5 and gg 5, respectively
whereas F; and M, correspond to the force and moment acting at the tower top along the coordinates
qx: and qg;, respectively. For an offshore wind turbine, F}, and M, represent the hydrodynamic
force and moment acting at the tower base, while the terms F; and M, represent the aerodynamic
force and moment acting on the rotor area. For an offshore wind turbine, the hydrodynamic forces
can be calculated using Morison’s equation [66]. A submerged body with volume Vr, reference
area Ar when subjected to the fluid flow with velocity v,, and mass density p,,, the hydrodynamic
force can be calculated as the sum of drag effect and inertia effect as presented in Eq.(8), where C,,
and C, represent the inertia coefficient and the drag coefficient for the submerged body which are

determined from experimental data.
. 1
Fp = pyCpVrvy + EprdATVW|Vw| ®)

The tower top loading mainly comes from aerodynamic forces. The aerodynamic forces at any
aerodynamic section can be computed using Eq.(9) and Eq.(10), where F; represents the Lift force
which acts perpendicular to the direction of the resultant wind velocity and F; represents the Drag

force which acts along the direction of the resultant wind.

1

F = EprC; ®)
1

Fa = 2pV;Ca (10)
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here p is the mass density of the wind inflow and V. is the resultant wind velocity. In these equations,
C; and C; are the lift force coefficient and drag force coefficient, which are characteristic properties
of an airfoil section and depend on Reynold’s number and angle of attack. In this study, we have
used the blade element momentum (BEM) theory to calculate the angle of attack at an airfoil for
different wind inflow conditions. BEM theory is widely used in wind turbine design and analysis
applications for calculating aerodynamic forces. BEM theory combines the blade element theory
and momentum theory to account for rotor geometry characteristics and flow states to compute the
angle of attack at an airfoil section for any inflow conditions and operating parameters of the wind
turbine. This angle of attack is then used to compute lift and drag coefficients and, subsequently, the
aerodynamic forces. BEM equations are solved iteratively to find the feasible operating conditions
at a blade section such that the local flow geometries and momentum conservation are valid. Here,
the BEM equations are solved using the methodology proposed by [67] for faster convergence.
Since computing these forces is not the focus of the current investigation, BEM theory is not
presented in detail. Interested readers can refer to [68] for an in-depth discussion on BEM theory
for wind turbines. To this end, the external force vector Q represents a conservative system of
forces. By substituting the equations for KE (Eq.(6)) and PE (Eq.(4)), in the governing equation of

Euler-Lagrange method (Eq.(7)), the equations of motion for the numerical model are obtained as:

. mrL? \ 3mrL . ML mrL?\ )
(mrL + M) Gy p+ + ML\ Ggp+ +M |G+ - *t ¢ Gor+(cr+cal)qgyp+
C2L2 .
(cir + T)Qe,b +kigep +2kirqop = Fp (11)
myL? } mrL? 5 ) 1myL? 37\ .
+ ML |Gyp+ +ML +J|Gop+|———+ML+ — |G+
’ ’ 40 2L ’
ML?> mrL? . ) .
(T + 2 +J | Gosr+crgon+ cirgep + krqop +2kirqry = My (12)
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3mrL ) 11myL? 37\ . 57mrL 9J \ _
+M|Gxp+|———+ML+— + +M+— )Gt
( 8 )q b ( 40 2L)q“’ ( 28 412 5
ML+13mTL2+ J\ . .\ 3clt,+302L+ . C,L%\ +3EI +3EI F
— C — —
3 120 2L qo.t 4L 3 M| 4x,t 6 qe.t I3 qx.t 2L2519t t
(13)
ML .\ mpL?\ | .\ ML? N myL3 AP ML .\ 13mTL2 J .\
2 6 | Iv T ] ECC 120 o) 4
ML? myL3 ) cit ) 3EI EI
(T + lTO + J) Go + (Tt + CJ) qo; + qu,z + 7 96 = M; (14)

In these equations, t; stands for the thickness of the wind turbine tower. These equations can be

expressed in matrix form as follows:

2
mrL + M 3mTL +M ML + m%L G
3
mil’ oy Ml 2y Ml g g 30 ML Gob
3mrL llmTL 3] STmrL 9J ML 13mTL J o
s tM  —g—+ ML+ 57 2% +M+4L2 > T 1o toar x.t
ML , mrL? ML*> | mrL? ML | BmrLl* | J ML mTL ..
> t 7% -t g t+J VI +2L s T qo.t
2
ci+cl ¢+ % 0 0 4x.b
Cir cr 0 0 qe.b
+
3city , 3caL cr L2 )
0 0 4Lt =5 tcm 6 gx.t
0 0 0 ik j
5 T CJ qo.t
ki 2k, O 0 qx.b Fy
2k, k, 0 0 qe.b My
+ = (15)
3EI  3EI
0 0 G5 37 || 9w F
3EI  El
0 0 5z T J\ g M,

12 Baisthakur et al., February 2, 2024

20z Areniged zz uo Jasn 869]100 AjuuL ‘uiana Jo AusIeAIun Aq Jpd 8y0L-EZ-ASU/9091ZL/992590F LIS | L 0L/10p/Apd-a e sL/BI0 sWSE" Uooa]|00[eNBIpawSe//:dny Wolj papeojumoq



281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

The matrix equation can be represented in a generalised form as

[M{4G} +[ClH{q} + [K{q} = [Q(1)] (16)

Here, the matrices [M], [C] and [K] represent the mass, damping and stiffness properties of the
structure and the force vector Q(¢) represents the external forces acting on the system, at any time
t. This numerical model is used to compute the response of a wind turbine to external dynamic
loading. Since most wind turbine towers are axisymmetric, this model can be used to compute
the response in both fore-aft and side-side directions. The system matrices should be modified
accordingly to represent the system configuration in the concerning direction. This model can be
used to study both onshore and offshore wind turbines by selecting appropriate spring stiffness
values and force vector. This study focuses on onshore wind turbines, which are not subjected to
hydrodynamic forces, but the methodology presented here can be applied to study offshore wind
turbines as well.

The damping matrix derived in this study represents a generalized damping form. The non-
zero off-diagonal terms in the damping matrix represent the coupling between the generalized
coordinates, commonly observed during operation. This damping matrix can not be cast as the
conventional mass and stiffness proportional damping matrix; therefore, the governing equations
can not be decoupled through modal analysis. Since the system matrices for the structure are
time-independent, this system can be modelled as a Linear-Time-Invariant (LTI) system. In this
study, these equations are solved using the state-space method. It is also important to note here
that since the comparison between the contribution of different damping parameters is carried
out for established design conditions and operations over a lifetime, instability from the form of
damping (e.g. non-linearity related to it) is not relevant for this fragility comparison. Under
such circumstances, the equivalent viscous damping coeflicients are to be compared for a relative

analysis within the fragility framework.
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NUMERICAL SIMULATIONS AND INTERPRETATION

This section presents the modelling of the NREL 5SMW reference turbine using the system
matrices presented in the previous section and the simulation strategy adopted to derive the fragility
curves with reference to the uncertainty in the damping parameter values. The NREL SMW wind
turbine is widely used as a reference model due to its realistic design. The geometric and material
properties of this wind turbine model are adopted from [69], and the relevant properties are provided
in Table 2.

The NREL 5MW wind turbine has three blades, each 63 m long, with different airfoil shapes
optimally placed along the blade span. The airfoil characteristics are taken into account while
calculating the aerodynamic forces using BEM theory to represent the realistic loading conditions.
To simulate aerodynamic loads, a number of mean wind speed values ranging from cut-in to rated
wind speeds are sampled. Since the effect of the pitch controller is not considered in this study, the
wind speed values above the rated wind speed are not considered while computing the response.
Nevertheless, the aim of this study is to quantify the relative impact of different damping sources so
these results will be applicable for the entire range of operating wind speeds. For the sampled mean
wind speed values, turbulent wind speed realisations are generated using TurbSim [70]. TurbSim
is a stochastic, full-field, turbulent-wind simulator which uses a statistical model to numerically
simulate time series of wind speed vectors. The wind speed time histories are generated for a
turbulence intensity of 10%. Due to the stochastic nature of turbulent wind conditions, the random
effects in wind speed generations play a major role in the uncertainty of wind turbine response to
turbulent loading. To ensure that the uncertainty arising from the unpredictable nature of inflow
wind does not impact the ranking of damping parameters, a total of six random wind speed time
histories for each mean wind speed value are considered to capture a range of possible wind speed
scenarios. For the generated random wind time series, the aerodynamic forces are computed using
the BEM theory. For computing the aerodynamic forces it is assumed that the rotor speed varies
linearly between the cut-in and rated wind speed. A constant rotor speed corresponding to the mean

wind speed is assumed while analysing the structure. The aerodynamic forces are computed with
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the time discretisation of 0.05 seconds. The governing equations of the system are solved using
the ode45 method in Matlab, which is a six-stage, fifth-order, Runge-Kutta method [71, 72]. This
method uses adaptive step size control such that it dynamically chooses the time steps based on the
error estimation such that a balance between efficiency and accuracy is achieved. The aerodynamic
forces acting on the system at a time step chosen by the ode45 algorithm are calculated using linear
time interpolation of the force vector. The wind turbine response is evaluated for 600 seconds,
of which the first 200 seconds are not considered in the analysis to remove the transient effects.
The transience period of 200 seconds is a conservative estimate based on the system response
corresponding to the lowest damping in the system. The response of the numerical model for a
mean wind speed of 7 m/s at a turbulence intensity of 10% are shown in Fig. 2 to demonstrate
the model’s capability to estimate the dynamic response. In Fig. 2, all the damping parameter
values are set to their respective mean values. The properties of the rotor are presented in Table
3. The aerodynamic forces computed using this approach represent the realistic loading acting
on the wind turbine. The numerical model developed in this study intentionally excludes intricate
controller dynamics and nuanced geometric details, aiming for a streamlined representation to
isolate and assess the impact of damping. Consequently, direct quantitative comparisons with
the more comprehensive 23-degree-of-freedom FAST model [73] are limited by the intentional
simplifications introduced. Nevertheless, when comparing the tower top deformation for steady
wind speeds in proximity to rated wind speeds, our simplified model exhibits good agreement with
the more detailed FAST model, with a maximum error of 5%. This variance is attributable to
the intentional simplifications introduced in our model, underscoring the trade-off between model
complexity and the overarching research objective of studying the impact of generalized damping
on wind turbine structural dynamics. These comparisons are presented in Table 4.

Overall, the numerical model developed in this study provides a good approximation of a wind
turbine system’s response to random inflow conditions while accurately modeling the damping
present in the system. This model is subsequently used for studying the contribution of the

damping sources on the fragility of the structure.
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Fragility analysis to rank importance of damping sources

The fragility analysis performed in this study provides insight into the relative importance of
different damping sources on wind turbine tower response and can be used to inform design decisions
and maintenance strategies. By quantifying the probability of exceeding limit states for different
damping parameters, the fragility analysis can help identify critical damping sources and prioritize
efforts to improve the reliability and performance of wind turbines. Overall, the fragility analysis is
an important step towards developing a comprehensive understanding of wind turbine behavior and
improving the sustainability and efficiency of wind energy systems. To study how damping affects
wind turbine tower displacement, a large number of damping parameters are simulated considering
the Gaussian uncertainty model for the damping parameters, with the parameter bounds governed
by the values specified in Table 1. A 30% coefficient of variation is chosen to represent the
uncertainty in the accurate estimation of damping values in operation. Further research is needed
to better understand the nature of damping parameters and their uncertainty quantification, but
the contribution effects are well represented by considering this wide envelope. The mean wind
speed values (U,eqn) are sampled from cut-in to rated wind speed, and turbulent wind fields are
generated using TurbSim [70]. The wind turbine response is evaluated at the generated wind fields
corresponding to the sampled damping values of each damping parameter. For the generated wind
fields, the observed maximum tower top displacement at all the simulated damping parameters is
recorded. In Fig. 3, the solid line represents the mean value of the maximum tower displacement
(0max) for each random wind field under the influence of uncertainty introduced by the damping
parameters, while the confidence bounds (represented by the shaded region around the solid line) is
ameasure of the variance observed in the maximum displacement due to the randomness introduced
by simulated damping parameters. This analysis is performed for six different wind fields, while
the results corresponding to only three seeds are presented for brevity. This Figure illustrates how
variations in the damping parameter values impact the tower displacement response. Further, from
Fig. 3 it is evident that the relative impact of the damping parameter is independent of the inflow

wind, and a consistent ranking of damping parameters can be established based on the observations
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of this study. For the results presented in Fig. 3, the numerical model is subjected to a random
external dynamic loading envelope represented by the seed value, such that each seed represents a
unique stochastic forcing vector corresponding to each mean wind speed acting on the wind turbine.
For each seed value, the uncertainty is introduced by randomly sampled damping values therefore,
the uncertainty in the observed maximum tower displacement is a function of the randomness
introduced through the damping parameters. In this context, the spread of observed maximum
displacement is only due to the uncertainty in the damping parameter values. To quantify the
effect of various damping parameters, the parameters are varied one at a time. When uncertainty
in a particular damping parameter is simulated, the other parameters are set to their respective
mean values. Each damping parameter has a distinct effect on the displacement response. The
extent of variations observed in tower displacement response is a measure of its sensitivity to the
corresponding damping parameter. The dispersion of the tower displacement response is higher
for the strain-rate dependent damping in tower (c;) as compared to the other sources.

To quantify the impact of uncertainty in damping estimation, fragility analysis is performed.
For the fragility analysis, the uncertainty in damping parameters is modelled assuming a Gaussian
distribution model. In the realm of fragility analysis, the variability introduced by the stochastic
nature of inflow wind significantly surpasses the uncertainty arising from damping parameters in
wind turbine performance. To prevent the intertwining of these uncertainties, the fragility analysis
exclusively considers a singular random seed. This deliberate choice aims to isolate the influence
of damping, ensuring that the impact of stochastic wind inflow does not contribute to the fragility
estimates. Consequently, the presented fragility curves are inherently ad-hoc, serving the specific
purpose of relative ranking for damping parameters. A fragility curve corresponding to each
damping parameter is generated by recording the number of observations for which a particular
limit state is exceeded for the number of simulated samples for the selected damping parameter.
While generating fragility curve for a damping parameter, the other damping parameters are set
to their respective mean values. Since only a limited number of samples can be simulated due

to computational limitations, the entire variability over the operational wind speeds may not be
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effectively captured. In this context, a maximum likelihood method to fit the fragility curve to the
observed values proposed by [74] is used in this study. Here, a log-normal cumulative function is

used to describe the fragility function, such that:

7)

p(flws =u) = ® (M)

B

where, p(f|ws = u) is a probability that the limit state will be exceeded for a mean wind speed
u, and the terms 6 and S are parameters of the fragility function. These parameters are optimised
to find a best fit fragility curve which has the highest probability of having produced the observed
probability of failure under limited number of samples.The optimisation process is represented in
Eq.(18) which maximises the likelihood function assuming a binomial functional form to find the
actual probability of failure, where m represents the total number of wind speeds considered while
N and n corresponds to the simulated number of damping parameters and the number of times the

limit state has exceeded, respectively.

{00pt, Bop:} = argmax l—[ (]nvj) x © (%) / % (18)

- (lnw,-/e) )<"f—Nf>
J

B

0.8 j=1

The fragility curve for tower fore-aft displacement is presented in Fig. 4. In this Figure, the
importance of the damping parameter can be assessed by the spread of the failure region or the
slope of the fragility curve such that a higher slope corresponds to the lesser impact of the damping
parameter. In this case, since the damping parameters are set to their mean values, the onset of
failure should not be the criteria for ranking the damping parameters, as the damping contribution
from other parameters leads to a reduction in the observed displacement. Using a similar approach,
another set of fragility curves is generated such that when uncertainty in a particular is assumed,
the other damping parameters are set to zero. These fragility curves are presented in Fig. 5. Here,
it is evident that the onset of failure is the same for all the damping parameters. Both these figures
show that at any chosen wind speed, the probability of exceeding the tower displacement limit

state is minimum for the strain-rate dependent damping (c;), followed by the linear aerodynamic
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damping (cps), and the rotational aerodynamic damping (c;), respectively. The fragility analysis
reveals that the fragility curves for the foundation damping parameters for translation and rotation
have a step-like fragility curve. This suggests that these damping parameters do not significantly
alter the tower fore-aft displacement response under operating conditions. Although these factors
do reduce the displacement response, their impact can not be observed with the chosen limit state
value and loading conditions. Specifically, since the magnitude of foundation level displacement is
much smaller than the tower top displacement, the overall tower displacement is mainly governed
by the displacement at the tower top. This behavior is demonstrated by the comparison of the
lateral displacement response observed at the foundation level and the tower top for the generalized
coordinates ¢, » and gy, as shown in Fig. 6. The impact of foundation damping on the foundation
response is demonstrated in Fig. 7 by comparing the response at the minimum and maximum
damping values. Fig. 7 shows that lower displacement values are observed at higher damping
levels; however, due to the small magnitude of displacement, their contribution is not reflected in
the generated fragility curves.

Further, the damping contributed by the foundation, tower and RNA are grouped together by
clubbing the damping parameters corresponding to these members. Following a similar methodol-
ogy, in the presence of the uncertainty coming from stochastic inflow wind, the spread of maximum
tower top displacement with respect to the selected parameter group is used as the criteria to rank
the importance of member-level damping. These results are presented in Fig. 8. Further, the
resulting fragility curves are presented in Fig. 9. Here, a representative limit state value is used for
every unique stochastic inflow to generate the fragility curves. In reference to Fig. 8 and Fig. 9, it
can be concluded that the damping contribution from the tower has the highest impact on the tower
displacement response, followed by RNA Damping and foundation damping, respectively.

A similar analysis is performed to study the impact of damping on the tower top acceleration
response. This analysis is of particular interest as the nacelle in wind turbines houses various
acceleration-sensitive equipment, which could undergo damage if a certain acceleration threshold

is exceeded. The result of the sensitivity of maximum tower acceleration (@) to various damping
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parameters for different stochastic wind fields is presented in Fig. 10. The damping parameters
follow a similar ranking as observed for the tower displacement response. In addition, the foundation
damping in the lateral direction is observed to have more influence on the acceleration response than
it is observed in the displacement response. An another set of sensitivity analyses is performed
by grouping the damping contributed by structural elements, and the corresponding results are
presented in Figure 11. Since acceleration response does not have a linear trend with mean wind
speed, the fragility curve based sensitivity analysis is not performed. In this context, mean wind
speed can not be used as an intensity measure for fragility analysis of tower fore-aft acceleration.
These limit states have been selected such that the fragility curves can demonstrate the effect
of damping characteristics on displacement and acceleration response. In this context, the exact
value of the limit state will not impact the ranking of damping parameters considered in this
study. The fragility curves generated in this study are valid as long as the assumptions about
the structural properties and numerical model are valid. Nevertheless, these fragility curves
demonstrate how the uncertainty in various damping parameters can impact the performance of a
wind turbine. Overall, the fragility analysis provides valuable insight into the relative importance
of different damping sources on wind turbine tower response and can be used to inform design
decisions and maintenance strategies. However, it is important to note that the fragility analysis
has some limitations, and further research is needed to better understand the nature of damping
parameters and their uncertainty quantification. Nonetheless, the fragility analysis is an important
step towards developing a comprehensive understanding of wind turbine behavior and improving

the sustainability and efficiency of wind energy systems.

Conclusions

In conclusion, this study highlights the importance of characterizing the impact of damping
properties on wind turbine tower response for the safety and operation of wind turbines. The 2D
numerical wind turbine model developed in this study, along with the closed-form equations for
mass, stiffness, and damping matrices, can be used for preliminary analysis of any wind turbine.

The fragility analysis performed in this study provides valuable insight into the relative importance
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of different damping sources on wind turbine tower response and can be used to inform design
decisions and maintenance strategies. The analysis shows that the damping at the foundation level
does not considerably affect the nacelle displacement and acceleration response, while the strain-
rate dependent damping (c) has the highest impact on the wind turbine response. This analysis
suggests that it is possible to control the acceleration and displacement response of the structure
by modifying damping characteristics of the structure through active or passive control and it will
also depend on material properties. The aerodynamic damping in the nacelle also considerably
impacts the wind turbine response. The foundation damping can play a significant role in idling
wind turbines; however, this perspective is not addressed in this study.

The analysis also shows that the structural properties can impact the electronic limit state
concerning various sensors and equipment operations. Wind turbine manufacturers and operators
should take this into account while designing the electronic systems in a wind turbine. In summary,
this study provides valuable insights into the impact of damping properties on wind turbine tower
response and highlights the need for further research in this area. It is important to note that the
fragility analysis has some limitations, and further research is needed to better understand the nature
of damping parameters and their uncertainty quantification. Additionally, the effect of foundation
flexibility on wind turbine response can be studied using the model developed in this study. Future
directions in this regard can also include the understanding of complex damping models, effects
of model uncertainties and the propagation of such errors in fragility curves, along with coupling
effects. It is expected that this work will encourage several studies in the direction of using damping
as an important parameter to consider and compare within the context of fragility curves over the
operational lives of wind turbines, impacting choice of design, control, sensor placement strategies.

assessment and repowering decisions.
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APPENDIX I. NOTATION

The following symbols are used in this paper to describe the structural properties of numerical

model:
E

~

J
L
M

mr

Young’s modulus of tower (N/m?);

mass moment of inertia of tower (kgm?);
rotational inertia of RNA (kgmz);

height of tower (m);

mass of RNA (kg);

mass per unit length of tower (kg/m); and

thickness of tower (m).
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TABLE 1. Damping parameters and non-dimensional definition

Source of damping Non-dimensional parameter =~ Formula  Suggested values
Lateral foundation damping & mcnz—\/% [1071,1072]
Rotational foundation damping &, m [1072,1073]
Cross foundation damping éir m [1071,1074]
Strain-rate damping & #@ [1073,1077]
Velocity dependent damping & % [1072,1073]
Aerodynamic mass damping Eu ;L\/T—Iél [1071,1073]
Aerodynamic rotary damping &y #JTEI [1072,1074]
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TABLE 2. Properties of the NREL SMW model

Structural Properties Numerical values
Tower height (L) 90m
Average tower diameter (D) 4.85m
Average tower thickness (#;) 0.023m
Number of blades 3
Blade length 63m
Young’s modulus (E) 2.1 x 10" N/sqm
Mass density (p) 7800kg/cum
Lumped mass (M) 296,780kg
Tower deformation limit state 0.42m
Acceleration limit state 0.001g m/s?
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TABLE 3. NREL SMW Rotor Properties

Rotor properties Numerical value
Cut-in wind speed 3m/s
Rated wind speed 11.4m/s

Cut-out wind speed 25m/s
Minimum rotor speed 6.9rpm
Rated rotor speed 12.1rpm
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TABLE 4. Tower Fore-Aft Displacement Comparison between the Numerical model and FAST

Wind Speed (m/s) TFA Displacement TFA Displacement  Percentage Deviation
Numerical Model (m) FAST (m)

9 0.372 0.353 5.11%

10 0.437 0.418 4.34%

11 0.498 0.485 2.61%
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Fig. 1. Simplified mechanical model of a wind turbine
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Fig. 2. Aerodynamic force and response of numerical model
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Fig. 4. Wind induced fragility curve for tower fore-aft displacement with mean damping as reference
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Fig. 6. Comparison of displacement at foundation level and tower top
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Fig. 9. Fragility curves for member level damping states
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Fig. 10. Tower fore-aft acceleration with confidence bounds representing the effect of uncertainty

in damping parameters
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