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A B S T R A C T 

During major earthquakes, civil structures may collapse due to vibration that has a 

frequency close to the frequency content of the structure. Because of this, control 

systems have also been proposed for building structures. These systems can be active 

ones that are controlled by electronic devices or passive ones that are tuned mechan-

ical systems. Passive tuned mass dampers (TMDs) include mass, stiffness element 

and damping element and these are tuned around the frequency of the structure. For 

optimum tuning and the complex nature of the mathematics under random vibra-

tions, metaheuristic algorithms are needed to be used. In the presented study, TMDs 

are optimized via Jaya algorithm. The control system was optimized for displacement 

minimization of the structure. Additionally, the stroke amount of the system was lim-

ited. The stroke capacity factor was investigated for wide limits between 0.5 and 4 

for normalized stroke according to the maximum displacement of the structure. The 

investigation was done for a single degree of freedom structure for a general conclu-

sion. It is observed that the stroke limit did not affect performance and optimum pa-

rameters after 2.75. The small values of the stroke limit have significantly different 

optimum period. 
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1. Introduction 

Numerous control systems have been developed to 
mitigate the dynamic effects caused by undesirable ex-
ternal factors. Advances in technology and computing 
have made the implementation of these systems more 
accessible, and they are widely employed in various me-
chanical systems, including structures. 

In modern cities, buildings have been constructed 
taller to accommodate growing populations, and long 
bridges facilitate transportation. Given various factors, 
notably earthquakes, control systems have become es-
sential for these structures. Merely ensuring safety and 
reliability is insufficient; these buildings must withstand 
minimal vibration during earthquakes and strong winds. 

In general, two main types of control systems exist: 
active and passive. Active control systems use an exter-
nal power source to exert force on the building, either 
augmenting or dissipating energy within the structure. 

Active feedback control systems transmit the system's 
response, measured by physical sensors, as a signal to 
the control actuator. These systems regulate responses 
affected by both internal and external influences, with a 
focus on safety and comfort. 

On the other hand, passive control systems do not rely 
on an external power source but utilize mechanical 
forces. The effectiveness of passive control depends on 
the building's design and incorporation of viscoelastic 
materials to achieve optimal efficiency. Passive systems 
are more widely used and can be added to existing struc-
tures. 

Additionally, semi-active and hybrid systems are also 
present. Passive-tuned mass dampers, composed of 
mass, spring-like stiffness elements, and viscous damp-
ers, take the form of pendulums or series of isolation sys-
tems. Viscoelastic dampers convert kinetic energy into 
heat energy, effectively damping wind-induced loads in 
multi-story buildings since the 1980s. 
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Tuned mass dampers have been successfully applied 
in various structures since 1971, such as the Citicorp 
Center, John Hancock Tower, and Fukuoka Tower. Taipei 
101 boasts a remarkable example of a mass damper, the 
tallest and heaviest worldwide, weighing 730 tons and 
spanning five floors. 

Throughout history, numerous advancements have 
been made in the field of tuned mass dampers (TMDs) to 
address the dynamic effects caused by external factors. 
The foundations of TMDs were laid by Herman Frahm in 
1909 when he invented a device to prevent vibrations in 
ship machinery. His subsequent study on vibration con-
trol served as the basis for TMDs. By 1911, Frahm (1909) 
obtained a patent for his invention, which he called a 
tuned vibration damper. In 1928, Ormondroyd and Den 
Hartog initiated theoretical studies on modulated mass 
dampers. Den Hartog's work in 1949 led to a system 
where the mass lacked natural damping. However, later 
studies revealed that TMDs with damping are more ef-
fective due to enhanced energy conversion. Over the 
years, researchers like Bishop and Welbourn (1952) and 
Hartog (1956) further contributed to TMD research, ex-
ploring the damping parameters and optimizing their ef-
ficiency under different excitation conditions. From 
1971 onwards, TMDs started being applied in various 
structures, with researchers continuously seeking to en-
hance their performance. Studies by Falcon et al. (1967), 
Ioi and Ikeda (1978), and Warburton and Ayorinde 
(1980) proposed methods to optimize TMD parameters. 
Subsequent research by various authors, including Xu 
and Igusa (1992), Tsai and Lin (1993), and Villaverde 
and Koyoama (1993), delved into optimizing TMD de-
sign for different types of structures and excitations. In 
the 21st century, researchers explored novel concepts, 
such as tuned mass damper-inerter (TMDI) devices 
(Marian and Giaralis 2014) and variable-tuned mass 
damping inerter (VTMDI) models (Li et al., 2020), to im-
prove TMD performance and adaptability. In recent 
years, efforts have been made to optimize TMDs' perfor-
mance in different scenarios, considering nonlinear be-
havior (Domenico and Ricciardi 2018) and integrating 
electromechanical components for energy conversion 
(Petrini et al. 2020). Advanced metaheuristic techniques 
like particle swarm optimization (PSO) (Leung and 
Zhang, 2009), harmony search, bat algorithm (Bekdaş 
and Nigdeli 2017) and genetic algorithms (Frans and 
Arfiadi 2015) have been applied to optimize TMD design. 

Zucca et al. (2021) proposed a methodology for the 
TMD-controlled design of a historic masonry chimney, 
including a two-step optimization procedure. Caicedo et 
al (2021) developed a differential evolution method 
based optimization process for tuned mass dampers 
(TMDs) and tuned mass dampers inerter (TMDIs) placed 
on the upper floors of high-rise buildings exposed to 
seismic effects. Ant colony optimization was employed 
by Soheili et al. (2021) in order to minimize of the story 
drifts of a 40-story building considering soil structure in-
teraction. Yücel et al (2022) introduced flower pollina-
tion algorithm for the reduction of critical displacements 
in the time-history domain   Different TMD configura-
tions including single and multiple TMD attached to non-
linear structures was optimized by Domizio et al. (2022) 

via PSO to increase effectiveness of seismic response 
control. Araz et al. (2023) investigated the optimum 
TMD design for a high-rise building to reduce the struc-
tural response under various embedment depths and 
soil properties. Mohsen Khatibinia et al. (2023) pro-
posed an approach based on passive ensemble particle 
swarm and gray wolf optimization techniques in order 
to design optimum TMDs by considering seismic damage 
representing structural responses. 

The optimum design parameters for tuned mass 
dampers must be also suitable for practical applications. 
For that reason, the stroke capacity of TMD must be con-
sidered in the optimum design which includes optimiza-
tion of period and damping ratio of TMD for minimiza-
tion of structural displacement. The stroke capacity was 
included as a design constraint by Bekdaş and Nigdeli 
2017) using harmony search and bat algorithm. In the 
present study, stroke factor was investigated for a wide 
range that have maximum limit (stmax) between 0.5 and 
4.0 for normalized stroke. The normalized stroke is the 
ratio of drift of TMD and maximum displacement of the 
structure without TMD. Jaya algorithm that is developed 
by Rao (2016) was used in the methodology since it is a 
parameter free algorithm.  

    

2. Methodology 

In this study, software has been developed that ana-
lyzes the tuned mass dampers placed on a single degree 
of freedom system. The equation of motion of damped 
free vibration of structural systems under dynamic ef-
fects is given below.  

 𝑴�̈�(𝑡) + 𝑪�̇�(𝑡) + 𝑲𝑥(𝑡) = −𝑴{𝟏}�̈�𝑔(𝑡) (1) 

The Matlab Simulink block diagram that provides the 
solution of this Eq. (1) for the developed software is 
given in Fig. 1. 

In Eq. (1), x is the displacement vector. The equivalent 
of x in the block diagram is expressed as Y. Each point on 
the x vector has its derivative, the first derivative corre-
sponds to velocity and the second derivative to acceler-
ation. The equivalent of these values in the block dia-
gram are defined as Y1 and Y2, respectively. In the dia-
gram, E is the earthquake record, Etime corresponds to 
the earthquake time vector with 0.005 steps, and Y3 is 
earthquake acceleration (�̈�𝑔(𝑡)). In the equation of mo-
tion, M, C, K are mass, damping and stiffness matrices, 
respectively, given in Eqs. (2-4). In the block diagram, 
these matrices are seen as Mmatrix, Cmatrix and 
Kmatrix. 

 𝑴 = [
𝑚

𝑚𝑑
] (2) 

 𝑲 = [
𝑘 + 𝑘𝑑 −𝑘𝑑

𝑘𝑑 𝑘𝑑
] (3) 

 𝑪 = [
𝑐 + 𝑐𝑑 −𝑐𝑑

𝑐𝑑 𝑐𝑑
] (4) 
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Fig. 1. The Matlab Simulink block diagram for dynamic analysis.

In the equations, m, c, k are the mass, damping and ri-
gidity of the structure, respectively. Values with d sub-
script are the parameters used for TMD. 

Dynamic analyzes were made under a total of 44 dif-
ferent earthquake records, 22 earthquakes and bidirec-
tional ones given in FEMA P-695 as far-fault ground mo-
tions. The aim is to apply all earthquake records of the 
building in the design and to consider even the most un-
favorable situation in terms of structural reactions un-

der these records. What is meant by the most favorable 
situation is the analysis of the earthquake that causes the 
greatest displacement in the structure. This earthquake 
is defined as a critical earthquake in the study.  

In order to apply the effects of these 44 earthquakes 
and compare their structural responses, the time step in-
terval of the earthquake record is arranged equally. The 
Simulink block diagram that performs this editing pro-
cess in the code is presented in Fig. 2.

 

Fig. 2. The Matlab Simulink block diagram for earthquake data.

In the analysis process, the best combination of TMD 
parameters (md, cd and kd) for the structure is investi-
gated. The definition of the best combination refers to 
the parameters that give the lowest displacement (x) un-
der the dynamic effects of the structure. In the search 
process, Jaya algorithm, one of the metaheuristic algo-
rithms, was used. 

The optimization process with metaheuristic algo-
rithms can be summarized in 3 stages, namely pre-opti-
mization, analysis and optimization stage. In the pre op-
timization step, the problem is defined via entering data 
of earthquake records, design constants, limit values of 
design variables and population (solution vector) num-
ber. There are 4 design constants for the problem. These 
are the mass of the structure, the stiffness coefficient and 
damping ratio, and the TMD stroke limit (stmax). TMD op-
timization was done for constant mass ratio that 5%. The 
design variable of TMD that are optimized are period 
(Td) (as seen in Eq. (5)), and damping ratio (ξd) (as seen 
in Eq. (6)). Then an initial solution matrix including can-
didate solution vectors as much as population number is 
generated. A candidate solution vector consists of ran-
domly generated values within ultimate limits of each 
design variables. 

𝑇𝑑 = 2𝜋√
𝑚𝑑

𝑘𝑑
 (5) 

𝜉𝑑 =
𝑐𝑑

2𝑚𝑑√
𝑘𝑑
𝑚𝑑

 (6) 

In the analysis stage, the objective function is calcu-
lated and the design constraints are checked. The goal of 
optimization is to find the TMD design that provide the 
minimum displacement. Accordingly, the objective func-
tion is defined as follows. 

𝑓(𝑥) = minimize (|𝑥|) (7) 

As the design constraint the normalized stroke must 
be lower or equal to stroke limit (stmax) as given in Eq. 
(8). 

max[|𝑥𝑑−𝑥|]with𝑇𝑀𝐷

max[|𝑥|]without𝑇𝑀𝐷
≤ 𝑠𝑡max (8) 

In the last stage, using the existing solutions (𝑋old) 
stored in the initial solution matrix new solutions (𝑋new) 
are generated according to the algorithm equations. Al-
gorithm have one equation as follow. 
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𝑋new = 𝑋old + rand ∙ (𝑔∗ − |𝑋old|) − rand ∙ (𝑔𝑤 − |𝑋old|) (9) 

where 𝑔∗ and  𝑔𝑤  are best and worst solutions respec-
tively. “rand” is a function that produce random values 
between 0 and 1. 

The pseudocode of the search process performed as 
iterative is shown below. The stages of methodology are 
given in Table 1.  

Table 1. Methodology stages 

An example of stages in metaheuristic-based optimization 

Data entering stage 

Initial stage:  

Generation of initial solution with random design variables 

Structural analyses without TMD 

Structural analyses with TMD 

Iterative stage begins  

New solution generation stage 

Structural analysis with TMD  

Selection and elimination stage 

Save and output results 

 

3. Numerical Examples 

The numerical example includes a single degree of 
freedom structure that has 1 s period and 5% inherent 
damping. In optimization, the period limits of TMD are 
taken between 0.5s and 1.5s. The damping ratio of TMD 

was searched between 0.01 and 0.5. All optimum results 
and the objective function which is the maximum dis-
placement of TMD are given in Table 2.  

Table 2. Results of design variables  
for different stroke capacity 

stmax Td (s) d X (m) 

0.50 0.694 0.500 0.272 

0.75 0.894 0.500 0.265 

1.00 0.907 0.351 0.258 

1.25 0.902 0.246 0.252 

1.50 0.932 0.196 0.247 

1.75 0.912 0.131 0.242 

2.00 0.910 0.088 0.237 

2.25 0.943 0.080 0.233 

2.50 0.955 0.065 0.231 

2.75 0.948 0.047 0.231 

3.00 0.944 0.033 0.230 

3.25 0.941 0.023 0.229 

3.50 0.939 0.014 0.228 

3.75 0.938 0.010 0.228 

4.00 0.938 0.010 0.228 

 
As seen in Fig. 3, the optimum period remains the 

same after 2.75 stroke limit. By the decrease of TMD mo-
bility, the optimum period decreases. All optimum peri-
ods are below the natural period of the structure.

 
Fig. 3. Relationship of period according to stmax.

According to Fig. 4, the optimum damping ratio is at 
the maximum limit for stmax 0.75 and 0.5 values. If the 
stroke limit is very big, damping is not important in op-
timum design.  

As seen in Fig. 5, the maximum displacement is highly 
reduced up to 2.5 stroke limit, but there are no critical 
change if the stroke limit is higher than 2.5. 

Time history graphs were also drawn for the 4 cases 
(stmax 0.5, 1, 2 and 3 cases) selected as examples to 
demonstrate the performance of TMD on structural dis-
placement. Component1 of Imperial Valley 
(IMPVALL/H-E11140) earthquake record is a critical 
earthquake for all cases. Time history graphs for this 
earthquake are presented in Figs. 6- 9 for different stmax 
cases in comparison with TMD.  
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Fig. 4. Relationship of damping ratio according to stmax. 

 
Fig. 5. Relationship of displacement according to stmax. 

 
Fig. 6. Time History plots with TMD (stmax=0.5) and without TMD cases. 
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Fig. 7. Time History plots with TMD (stmax=1.5) and without TMD cases. 

 

Fig. 8. Time History plots with TMD (stmax=2.5) and without TMD cases. 

 

Fig. 9. Time History plots with TMD (stmax=3.5) and without TMD cases.  
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4. Conclusions 

According to the results, the stroke limitation is highly 
effective in the change of optimum TMD parameters. In 
order to find an economical solution, the stroke of TMD 
must be limited. Also, a small stroke is useful in position-
ing TMD. As with classical knowledge, the optimum TMD 
period is close to the main structure period. The optimi-
zation process generally validates this and increases the 
optimum TMD damping to reduce the stroke in highly 
limited cases. In the case of maximum damping ratio 
limit is not effective to reduce the stroke, the ratio of pe-
riods of TMD and structure decreases. In that case, the 
practical application may always be suitable to design 
with classical methods.  

The stmax value (Eq. (8)) is a value that indirectly indi-
cates the TMD's ability to move (maximum movement 
limit). This mobility is therefore also related to optimum 
TMD parameters and performance. However, the extent 
to which this situation will be effective depends on the 
external influence and the characteristics of the struc-
tural system. 

As the performance of TMD in the study, a stroke limit 
bigger than 2.5 is not more effective than the case of 
stmax=2.5. In that case, these huge stroke values are not 
useful, and they are very expensive to apply. The maxi-
mum displacement for critical excitation is 0.2873m and 
it reduces between 5.18% and 20.62% for stroke-limit 
cases. Also, the design that maximum reduces the dis-
placement have a stroke value smaller than 2.75. In the 
cases with stroke capacity bigger than 2.75, the optimum 
design of TMD is the same.  
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