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Abstract. The wind turbine is supported by towers, which are slender and flexible due to their
geometry and great height. As a consequence, they may experience excessive vibration levels
caused by both the operation of the turbine and the wind loads. One common passive control
device to solve this problem is the Tuned Mass Damper (TMD). Briefly, it is a pendulum-damper
which transfers the energy of the vibration from the main structure to itself, working as a passive
device. These passive devices need to be finely tuned to work as dampers; otherwise, they could
amplify structural vibration levels. In this paper we propose to optimize the vibration perfor-
mance of a pendulum TMD applying a Genetic Algorithm (GA) MATLAB toolbox (Colherinhas
et al., 2015) in the modeling of the main structure and the TMD via finite element method call-
ing the resources and capabilities of the software ANSYS (Ávila et al., 2015). We restrict the
mass, and length of the pendulum to minimize high peaks of the vibration frequencies. Then we
compared the finite element optimization using ANSYS with an analytic 2-DOF optimization.
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1 INTRODUCTION

The current energy crises coupled to the depletion of fossil fuel stocks and the need to
reduce emissions of carbonic gas, in order to preserve the environment makes wind power
generation a viable and attractive mean for producing electricity (Ávila et al., 2015).

The wind turbine is supported by a tower that can experience excessive vibrations caused
by both the wind turbine and the wind forces because of its geometry and great height. A
detailed analysis of the structural behavior of the tower is of great importance due to its cost,
which can represent approximately 20% of the total cost of the system (Morais et al., 2009).

Given the great progress in analyses and structural dimensioning, with the advances in the
material field and construction techniques, higher and slender structures have become more
interesting to study. These structures, however, are more vulnerable to excessive vibrations due
to dynamic loads such as earthquakes, winds, storms, waves, etc.

An alternative option, widely studied in the last few years, is the structural control. Fun-
damentally, the structure stiffness and damping properties is changed adding external device
or applying external forces. It is classified as passive, active, hybrid, or semi-active control.
Several researchers have been studying the use of structural control to help suppress the wind-
induced vibrations experienced by wind turbine towers (Stewart & Lackner, 2014).

To minimize these vibrations, we implemented a structural control with a Tuned Mass
Damper (TMD) Pendulum type. A TMD is a passive control device composed of a mass-
spring-dashpot attached to the structure, aiming to reduce structural vibration response (Soong
& Dargush, 1997), since it exhibits a pendulum absorber geometry. After that, a genetic op-
timization methodology was loaded with multiple objectives to be compared to an existing
mathematical and numerical optimization.

We optimized two cases using a GA MATLAB toolbox developed in other research (Col-
herinhas et al., 2015): the response function of a reduced two-DOF obtained by a Zuluaga’s
(Zuluaga, 2007) TMD mathematical formulation (Figure 1-b) and the response obtained using
an existent finite element package ANSYS (Figure 1-c). Then we compared both cases with a
tower without a pendulum TMD (Figure 1-a).

Figure 1: (a) Schematic description of a tower without a TMD; (b) Schematic description of a pendulum
TMD attached to a main system; (c) Schematic description of a shell with a tip mass M .
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The aim of this article is create a methodology to assist wind turbine design projects, en-
abling the selection of a configuration that targets a minimization of the frequency peaks. The
variable parameters surveyed are: length and mass of the pendulum.

The modeling of the tower for a finite element method was considered using shell element
distributed over the nodes of the top (Figure 1-c). The natural frequencies and the mode shapes
of the models were obtained as well as transient and harmonic analysis results to determine the
dynamic response of the tower in time domain, considering wind loads.

Although structural control of slender and great height towers using pendulum TMDs is
widely studied in literature, studies modeling the pendulum TMD with ANSYS it wasn’t found
yet. This is a potential tool to study the performance of this system attached to excessive
vibration vulnerable structures like wind turbines.

Depending on the result obtained for the evaluation of this modeling, fitness is ascribed to
each configuration and inputted in a Genetic Algorithm (GA) to optimize the initial values. This
optimization method was chosen for its advantages at discontinuous functions with multiple
variables and complex formulations.

The following sections describe the modal analysis of a wind turbine tower, the TMD
mathematical formulation for the pendulum settings, the methodology, the optimization method
chosen (definitions of the chromosome, fitness function, and convergence criteria), and the
results.

2 MATHEMATICAL FORMULATION

In this section we describe the modal analysis of the cantilever beam with a tip mass (Fig-
ure 1-a) and the 2-DOF mathematical formulation of a pendulum TMD attached to a main
system (Figure 1-b).

2.1 Modal analysis

The goal of the modal analysis is to reduce the complex system of partial differential equa-
tion which describes the dynamic behavior of a continuous structure. The motion of a cantilever
Bernoulli-Euler beam (Figure 1-a) is described in Equation 1 using the theoretical treatment of
the modal analysis (Meirovicth, 1967).

∂2

∂z2

(
EI

∂2w(z, t)

∂z2

)
+ ρ

∂2w(z, t)

∂t2
= F (z, t) (1)

where w(z, t): normal displacement of the beam axis in some directions; z: distance along the
beam axis; ρ: mass per unit length of the beam; F : external force per unit length applied normal
to the beam axis in the direction of w; E: Young’s modulus; I: area inertia moment for bending.

Applying boundary conditions and solving the partial differential equation (Ávila et al.,
2009) the generalized stiffness and mass of the tower are computed, respectively in Equations 2
and 3.

Ks =
π4

32L3
EI (2)
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2π

[
π
(
3 + 2

Le
L

)
− 8

]
(3)

where the tip mass Ms = mLe is defined proportional as an equivalent length Le.

2.2 Tuned mass damper formulation
The Figure 1-b shows a schematic description of a pendulum TMD attached to a main

system composed of a two-DOF. The main system is reduced to a one-DOF model, which
corresponds to the mode to be controlled (Soong & Dargush, 1997). The motion considering
small displacements to the system is given by the matrix of the Equation 4 (Zuluaga, 2007).(Ms +Mp) MpL

MpL MpL
2

ÿ
θ̈

+

Cs 0

0 Cp

ẏ
θ̇

+

Ks 0

0 (Kp +MpgL)

y
θ

 =

Fs(t)
0

 (4)

where Ms: main system modal mass; Cs: main system modal damping; Ks: main system
modal stiffness; Mp: pendulum mass; Cp: pendulum damping; Kp: pendulum stiffness; L:
cable length; g: gravity acceleration; Fs(t) = Fs0e

iωt: excitation modal force; y(t): main
system displacement; θ(t): pendulum angular displacement.

Considering Fs(t) = eiωt, then was obtained y(t) = Hy(ω)e
iωt θ(t) = Hθ(ω)e

iωt. Substi-
tuting in Equation 4, we obtain the linear equation system given by Equation 5.−(Ms +Mp)ω

2 + Csiω +Ks MpLω
2

−MpLω
2 −MpL

2ω2 + Cpiω + (Kp +MpgL)

Hy(ω)

Hθ(ω)

 =

1
0

 (5)

where Hy(ω): structure response function in the frequency domain; Hθ(ω): pendulum response
function in the frequency domain.

Solving this linear equation system (Equation 5), Zuluaga (2007) obtained response func-
tions Hy(ω) and Hθ(ω) in the frequency domain. These responses are present in Equations 6
and 7.

Hy(ω) =
−ω2B2 + iωB1 +B0

ω4A4 − iω3A3 − ω2A2 + iωA1 + A0

(6)

where: B0 = Kp +MpgL; B1 = Cp; B2 = MpL
2; A0 = MpKsgL+KsKp; A1 = MpCsgL+

CsKp+CpKs; A2 =MsKp+MpKp+MsMpgL+M2
p gL+CsCp+MpKsL

2; A3 =MsCp+
MpCp +MpCsL

2; A4 =MsMpL
2.

Hθ(ω) =
−ω2B2 + iωB1 +B0

ω4A4 − iω3A3 − ω2A2 + iωA1 + A0

(7)

where: B0 = 0;B1 = 0;B2 =MpL
2; A0 =MpKsgL+KsKp; A1 =MpCsgL+CsKp+CpKs;

A2 =MsKp+MpKp+MsMpgL+M
2
p gL+CsCp+MpKsL

2; A3 =MsCp+MpCp+MpCsL
2;

A4 =MsMpL
2.

3 METHODOLOGY
Numerical simulations of the wind turbine with a pendulum TMD attached were performed

in ANSYS. The dynamic behavior of this structure is studied through harmonic analysis. Below,
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we describe the methodology used to model this system with ANSYS.

Firstly, it was created a function in MATLAB that calls the software ANSYS and interacts
every loop with it, sending information created by the GA MATLAB toolbox.

Then, using the software ANSYS, a mass-spring system was modeled with a pendulum
TMD with basically MASS21, BEAM4 and COMBIN14 elements. A COMBIN14 element rep-
resents the system structural stiffness. Another COMBIN14 element models a three-dimensional
spring to describe the torsional stiffness that connects the tower to the pendulum via CP com-
mand. The pendulum system was modeled as a beam element with Euler-Bernoulli coupled
BEAM4 and with a mass element MASS21 at the end.

The tower used in this work was modeled with shell elements (Figure 1-c), using 712
nodes. A constant force was applied only in the x axis, and the the analysis was made only for
this axis. A MASS21 element defines the nacelle + blade mass at the tower top. The pendulum
is connected to the top of the structure via COMBIN14. The tower is modelled with finite
elements of quadratic rectangular shell SHELL93. To simulate the stiffening conferred by the
set nacelle + blade to the tower, the CERIG command is used. This command is responsible for
setting a rigid region without adding mass to the system.

4 OPTIMIZATION

In this section we discuss, briefly, how works the GA MATLAB toolbox constructed in
other research (Colherinhas et al., 2015) and define restrictions of the pendulum length and
mass, to optimize the 2-DOF formulation and the finite element proposition.

A Genetic Algorithm (GA) is a stochastic algorithm that mimics natural phenomena as
operators, proposed to find the best pendulum setting. GAs are search techniques based on the
processes of natural selection for survival through population genetics (Holland, 1992). For
the GAs to start evolving, we can use the steps selection, recombination (crossover), mutation,
and replacement, where the survival-of-the-fittest mechanism can be applied to the candidate
solutions (Goldberg, 1989) (Haupt & Haupt, 1998).

In the initialization, the algorithm replies the evolutionary genetics and generates a random
population by uniform distribution. The chromosomes represent the elements in evolutionary
algorithm space, where their features, called genes (quantified by values called alleles), are the
problem inputs to be rated by the fitness function (Colherinhas et al., 2014).

The selection allocates more copies of those solutions with higher fitness values and the
roulette-wheel select is the procedure chosen to accomplish this idea. After that, recombination
combines parts of two parental solutions to create new, possibly better, solutions. The mutation,
on the other hand, randomly modifies the solutions’ allele. At the end, a percentage of the
best elements is simply copied to the next generation using an elitism probability. This is a
mechanism to guarantee the best solutions are transmitted to the current generation (Goldberg,
1989).

The algorithm feeds the system back and evaluates each element from the population. Us-
ing the aforementioned evolutionary strategies, the fittest elements will have more probability
to pass their features to the next generations.
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They are depicted by real base, where each gene matches to the hereditary characteristics
to be combined and evaluated. The chromosome is described by the following function:

C = [Lp;mp] (8)

where Lp: pendulum length; mp: pendulum mass.

The real base is useful when the parameters to be optimized are continuous variables
(Rahmat-Samii & Michielssen, 1999). Working with any decimal digits of precision the com-
puter uses flow point numbers to represent the chromosome and its size is equal to the vector
that represents the problem solution; thereby each gene represents one problem variable (Ro-
drigues, 2007).

Variable restrictions were inputted to control this optimization faster. The lanes for pendu-
lum length Lp (m) and pendulum mass mp (kg) are:

1.00 ≤ Lp ≤ 5.00 (9)
7000 ≤ mp ≤ 12000 (10)

The performance of each element of the population is measured by the fitness function. It
rates the capability of the element (given a pendulum setting) to minimize high vibration level.

5 RESULTS

A simple model is considered for tower representation with realistic dimensions to illus-
trate this work. The proposed model consists of a wind turbine tower connected to a nacelle.
Although in practice tower stiffness and mass vary along its height, this work considers these
properties constant, since the following example properties were taken from a previous work
(Murtagh et al, 2005) where the same simplifications were undertaken. The tower is constructed
from steel with a hub height of 60m, a width of 3m and a shell thickness of 0.015m. The elastic
modulus and density of the steel are assumed to be 210109N/m2 and 7850kg/m3, respectively.
The tower carries a nacelle and a rotor system mass of 19876kg. Damping was considered
negligible (Ávila et al, 2013). The TMD properties were obtained following the design crite-
ria suggested by Oliveira et al (2014). The torsional stiffness and damping were respectively
kp = 1247900N/m and cp = 9024.9Ns/m.

Using Equations 2 and 3 and considering wind force as a harmonic excitation, we obtained
the following generalized rigidity, mass, and force parameters:

MsŸ +KsY = Fs(t), where Ms
∼= 34.899kg and Ks

∼= 46.3671N/m (11)

Inputting these values in the algorithm, many tests were made to determine the best prob-
abilities of crossover, mutation, and elitism, as well as the population and generation sizes.
The parameters were adjusted with: 7% probability of mutation; 70% crossover; 10% elitism;
150 chromosomes per generation. After 50 generations, the figures were plotted containing the
curves of the best general fitness for each generation with their mean values.

A simple case aiming to reduce the two high system response peaks was loaded and was
compared with an analytic optimization (Colherinhas et al., 2015). The low peak of the response
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was not considered for the optimization. The fitness function was ruled by Equation 12.

ffitness1 =
1

maxHy(ω)i
, where i = 1, 2, . . . , Nind (12)

where maxHy(ω)i: maximum response of each generation; Nind: size of the population.

The frequency response of the GA optimization of the structure using finite element and
the 2-DOF were plotted, as well as the structure without a pendulum TMD (Figure 2).

Figure 2: Displacement harmonic response of the wind turbine: with TMD (Shell and 2-DOF optimization)
and without TMD.

In the Table 1 we compare the values of the length (Lp) and mass (Mp) of the pendulum for
Shell and 2-DOF optimization.

Table 1: Comparison of the length and mass of the pendulum for a Shell and 2-DOF optimization.

Lp(m) Mp(kg)

SHELL optimization 3.75 8502.4

2-DOF optimization 4.50 8362.9

Error 20.0% 1.6%

In Table 1 it was showed that the pendulum length are different for both configurations in
20.0% while the mass of the pendulum presents 1.6% of error. A lot of explanations can be
concluded based on these results. Initially, we can say that exists more than one combination
for both parameters that the local minimum converges using the GA optimization. A sensibility
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analysis is necessary in future studies to see the reason why the searched values, that minimize
both functions, converge to different configurations.

An interesting fact is although the optimization gives different pendulum combinations
(specially in the length), the natural frequencies for the first and second modes are very close.
In Table 2 we can see the difference of the natural frequencies (in Hz) for the first and second
modes in the optimization of the SHELL and the 2-DOF.

Table 2: Comparison of tower natural frequencies for the Shell and 2-DOF optimization.

Natural Frequencies (Hz) 1st mode 2nd mode

SHELL optimization 0.4202 0.6500

2-DOF optimization 0.4226 0.6796

Error 0.6% 4.0%

6 CONCLUSION
This paper presents a genetic algorithm application to optimize the vibration performance

of a pendulum TMD using the finite element package ANSYS called by a GA toolbox created
in MATLAB. We used harmonic analysis to obtain the frequency-response function of a tower
with a pendulum TMD. The continuous system that describe the tower was reduced to the first
mode. Then the structure system was described as a 2-DoF dynamic system.

Using a genetic algorithm with floating point chromosome, we propose minimize high
peaks of the vibration frequencies for two cases: the response function of a reduced two-DOF
obtained by a Zuluaga’s TMD mathematical formulation (Zuluaga, 2007) and the response ob-
tained using an existent finite element package ANSYS (Ávila et al., 2015). Then we compared
both cases with a tower without a pendulum TMD.

It was observed that the optimization gives different combinations for the pendulum con-
figurations (the maximum difference was 20% in pendulum length). Although these results
diverge, we can see that the natural frequencies values found in ANSYS optimization are close
when compared with the 2-DoF optimization, as expected. This can indicate that the GA imple-
mentation and the finite element package can obtain satisfactory values, because the algorithm
try to do exactly the fitness function objectives.

We can realize more studies about the fitness function that will try align the two curves of
the Figure 2, and this can approximate both pendulum configurations. But in a first look over
the results we can say that the algorithm works as expected, and the ANSYS finite element
package works fine when combined with the GA MATLAB toolbox optimization.

Another interesting possibility that will be made in future studies will be release the settings
for pendulum damping ratio and stiffness in the GA optimization, and this can enable the signal
filtering of the frequency response aiming a min-max restriction.
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project edital MCTI/CNPq 74/2013 ”Capacitação laboratorial e formação de recursos humanos
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Ávila, S. M., Morais, M. V. G., Barcelos, M., Shzu, M. A. M., Silva, R. C., 2019. Vibration
Control of the set tower and wind turbine under the wind influence, 20th International Congress
of Mechanical Engineering, COBEM 2009, Gramado, RS, Brazil.

Murtagh, P. J., Basu, B., & Broderick, B. M., 2004. Simple models for natural frequencies and
mode shapes of towers supporting utilities. Computers & Structures, vol. 82, 1745-1750.

Paz, M., 1997. Structural Dynamics: Theory and Computation. Springer.

Warburton, G. B. & Ayorinde, E. O., 1980. Optimum absorber parameters for simple systems.
Earthquake Engineering & Structural Dynamics, Volume 8.

Gerges, R. R. & Vickery, B. J., 2005. Optimum design of pendulum-type tuned mass dampers.
The Structural Design of Tall and Special Buildings, Volume 14.

Holland, J. H., 1992. Adaptation in Natural and Artificial Systems: An Introductory Analysis
with Applications to Biology, Control and Artificial Intelligence. Cambridge, MA, USA: MIT
Press.

Goldberg, D. E., 1989. Genetic Algorithms in Search, Optimization and Machine Learning.
The University of Alabama: Society of Automotive Engineers.

Haupt, R. L. & Haupt, S. E., 1998. Practical Genetic Algorithm. John Wiley G. Sons Inc.

CILAMCE 2015
Proceedings of the XXXVI Iberian Latin-American Congress on Computational Methods in Engineering

Ney Augusto Dumont (Editor), ABMEC, Rio de Janeiro, RJ, Brazil, November 22-25, 2015



GENETIC OPTIMIZATION OF TOWER VIBRATIONS WITH PENDULUM TMD

Colherinhas, G. B., Dias, P. H. C., Diniz, A. C. G. C., & Rodrigues, A. P. S. P., 2014. Automo-
tive powertrain optimization by genetic algorithm analysing transmission ratios. EngOpt: 4th
International Conference on Engineering Optimization, Lisbon, Portugal.

Rahmat-Samii, Y. & Michielssen, E., 1999. Electromagnetic Optimization by Genetic Algo-
rithms. John Wiley & Sons.

Rodrigues, A. P. S. P., 2007. Parametrization and Numerical Simulation of the Hidrokinetic
Turbine Optimization Using Genetic Algorithm. Dissertation in Mechanical Engineering, Uni-
versidade de Brası́lia, UnB.

CILAMCE 2015
Proceedings of the XXXVI Iberian Latin-American Congress on Computational Methods in Engineering
Ney Augusto Dumont (Editor), ABMEC, Rio de Janeiro, RJ, Brazil, November 22-25, 2015


