
Smart Structures and Systems, Vol. 21, No. 2 (2018) 207-223 

DOI: https://doi.org/10.12989/sss.2018.21.2.207                                                                  207 

Copyright ©  2018 Techno-Press, Ltd. 
http://www.techno-press.com/journals/sss&subpage=7                                      ISSN: 1738-1584 (Print), 1738-1991 (Online) 

 

1. Introduction 
 

1.1 Background and purpoose 
 
Among many of renewable energy sources, the offshore 

wind turbine (OWT) is a potential one. Currently, it has 

received more investment for its’ eco-friendly and low-cost 

energy production feature. Moreover, with the development 

of OWTs, these structures are becoming higher, slender and 

also becoming more susceptible to the vibrations. The 

vibrations in the OWT usually come from wave, wind, ice, 

earthquake, and so on. Among these, earthquake loads are 

more dynamic in nature and can cause of structural failure 

as well as lose of properties (Wang and Li 2013). The 

consideration of earthquake loads for offshore structures, 

which is installed in the seismic prone area has greater 

importance than the other external loads (Lee et al. 2015).  

Passive vibration control system is one of the famous 

systems for its economic feature and robust activity. 

Mousavi et al. (2012) has proposed a tuned liquid column 

gas damper (TLCGD) to reduce the seismic induced 

vibrations of steel jacket platforms. To increase damping in 

an OWT, a toggle brace system has proposed by Brodersen  

                                           

Corresponding author, Ph.D. Research Professor 

E-mail: arkido@gmail.com 
a
 Graduate Student 

b 
Professor

 

 

 

and Hogsberg (2014). Jeon et al. 2013, Jaksic et al. 2015, 

Roderick 2012 have applied the tuned liquid damper (TLD) 

and tuned liquid column damper (TLCD) to minimize the 

wave induced vibrations of floating wind turbines 

respectively. Alkmim et al. (2016) has studied on the 

reduction of vibrations of wind turbines using TLCD by the 

stochastic analysis under generated random excitations. 

Rahman et al. (2017) has studied on the vibration reduction 

of the offshore wind turbine by the optimized TMD under 

earthquake loads.  

In spite of bulk of literature on vibration reduction of 

offshore structure, till date, it’s very challenging to the 

researchers and engineers. In this research, a Stockbridge 

Damper (SBD) is suggested to suppress the vibration of the 

OWT system under earthquakes. 

The concept of SBD has been developed by Stockbridge 

(1925) and it is another formation of tuned mass damper. 

Apparently, SBD device has been applied to control the 

wind-induced vibration control of transmission line (Kasap 

2012, Barry 2014 and Dos Santos 2015) and pedestrian 

bridge (Urushadze et al. 2012). Navarro et al. (2008) have 

presented a general optimization design method for finding 

an optimum Stockbridge damper. To reduce the earthquake 

vibration of small structure like nuclear power plant piping 

system, building structure, SBD has applied successfully 

by Chang et al. (2016). 
The response surface methodology (RSM) is one of the 

most widely-used statistical approach that is useful for 

analyzing the data and optimizing the processes. The RSM 

as a tool for optimization has used in many field such as 
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analytical chemistry (Bezerra et al. 2008), cement paste mix 

design (Soto-Pérez et al. 2015), cost effective mix 

proportioning of high strength self-compacting concrete 

(Khan et al. 2016). On the other hand, the Box-Behnken 

designs are experimental designs for RSM, devised by 

Box and Behnken (1960). It is a special 3-level design 

because it does not contain any points at the vertices of the 

experiment region. This could be advantageous when the 

points on the corners of the cube represent level 

combinations that are prohibitively expensive or impossible 

to test because of physical process constraints. The BBD is 

an alternative for the optimization of analytical methods 

(Ferreira et al. 2007). Moreover, the Particle Swarm 

Optimization (PSO) is a meta–heuristic optimization 

technique for finding an optimum damper. Sepehri et al. 

(2012) have suggested a modified particle swarm approach 

to solving the multi-objective optimization problem of 

laminated composite structures by presenting a new 

variation scheme for acceleration parameters and inertial 

weight factors of PSO. Shariatmadar and Razavi (2014) 

have applied the PSO to optimize fuzzy logic controller 

parameters. 

However, to the authors’ knowledge, no studies are 

reported to concern this issue (vibration control using SBD 

and SBD optimization using RSM and PSO) of the 5MW 

OC4 jacket supported OWT. Nevertheless, currently, this 

model occupies the largest number of the few installed full-

scale OWT prototypes for its conspicuous capability in 

supporting the operational conditions of OWT. 

This study aims to introduce the Stockbridge damper to 

the field of vibration control of Offshore Wind Turbine 

(OWT) to reduce the earthquake excitations. Moreover, to 

investigate the way of finding an optimum SBD in view of 

multi-objective optimization and its potential application to 

the vibration reduction and mitigation measure of the 

dynamic response of OWT subjected to earthquakes. 

According to its particular characteristics, an SBD model 

was modeled based on the Stockbridge (1925) design and 

theory. To find an optimum SBD, the Response Surface 

Methodology (RSM) based Box-Behnken Design (BBD) 

and Particle Swarm Optimization were employed to avoid 

local minimum. In the multiple optimizations, the properties 

of damper are considered as design variables whereas the 

multiple responses of the structure are considered as 

response variables. FEM analysis of jacket supported OWT 

with and without SBD is performed using OpenSees. With 

the aim to confirming the controlling effects of the SBD 

under random earthquake vibration, the three selected (El 

Centro, Northridge, and Tabas) earthquakes are used in this 

investigation before and after optimization. The 

performances of optimized SBD device were evaluated via 

the fully coupled FEM dynamic model and, the result 

showed the efficiency of the SBD system with respect the 

vibration control of OWT under the earthquake loads. 

 

1.2 Study procedure and structure 
 

To catch up this work easily, a flow chart on 

methodology has been described in Fig. 1:  

Initially, model of OWT is generated considering its 

properties and analyzed under the selected ground motions.  

The responses of OWT like top displacement, frequency 

response, standard deviation of displacement, shear force, 

and flexural response of tower are checked. Then, a passive 

damper likely SBD is designed considering the design 

points and re-analyzed the structure with damper, and re-

checked the responses. This phase name is approximation 

of modelling. After that, considering the design points, an 

optimum SBD is found based on a multi-objective 

optimization which is based on desirability index and PSO, 

respectively. This is the multi-objective optimization phase. 

In the final means validation phase, the responses of OWT 

is verified by dynamic analysis. 

 

 

2. Simulated numerical model of offshore wind 
turbine 

 
2.1 Equation of motion of structure with the SBD 
 

The Offshore Wind Turbine (OWT) is multi-degree of a 

complicated system that consists of more degrees of 

flexibility with interacting devices. The studied OWT 

structure is shown in Fig. 2, which is assumed as a lumped 

mass system at each degree of freedom. 

The governed equation of motion for the jacket 

supported OWT with the SBD is shown in Eq. (1), where 

the forces are considered at equilibrium state of condition 

for each degree of freedom. 

,𝑴-*�̈�+ + ,𝑪-*�̇�+ + ,𝑲-*𝐮+ =  −,𝑴-*𝟏+�̈�𝑔 (1) 

where 𝑴, 𝑪, and 𝑲 are the mass, damping, and stiffness 

matrix of structure with (N + 1) × (N + 1) dimensions. 

Here, N=degrees of freedom (DOF) for the jacket support 

structure and 1=DOF for the damper. The generalized 

coordinates of the total system are considered as 

 

 

Fig. 1 Study procedure and structure 
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*𝒖+ = ,𝒖𝑺, 𝒖𝒅-
𝑻 (2) 

where 𝑢𝑆  and 𝑢𝑑  are the displacement of i-th node of 

OWT and damper; *𝒖+ , *�̇�+ , and *�̈�+  are the 

displacement, velocity, and acceleration vectors 

respectively, relative to the ground. The excitations of 

dynamic signal are denoted by {�̈�𝒈}. *𝟏+ is the location 

vector of SBD. The matrices of the mass, damping, and 

stiffness are as follows 

,𝑴- = [
𝑀𝑠𝑁×𝑁

𝑂𝑁×1
𝑂1×𝑁 𝑀𝑑1×1

]
(𝑁+1)×(𝑁+1)

 (3) 

 

,𝑪- = [
𝐶𝑠𝑁×𝑁 𝑂𝑁×1
𝑂1×𝑁 𝐶𝑑1×1

]
(𝑁+1)×(𝑁+1)

 (4) 

 

,𝑲- = [
𝐾𝑠𝑁×𝑁 𝑂𝑁×1
𝑂1×𝑁 𝐾𝑑1×1

]
(𝑁+1)×(𝑁+1)

 (5) 

 

 

 

Table 1 Natural Frequency of FEM of jacket supported of 

offshore wind turbine 

Mode FAST (Hz) OpenSees (Hz) 

1st fore-aft mode 0.3190 0.32734 

1ST Side-Side mode 0.3190 0.32734 

2nd fore-aft mode 1.1944 1.1743 

2nd Side-side mode 1.1944 1.1743 

 

 

Table 2 Properties of the jacket supported OWT 

Properties Value/Others 

Tower condition Shutdown 

Nacelle dimension 18 m × 6 m × 6 m 

Total RNA mass 350000 kg 

Hub height 90 m 

Hub mass 56780 kg 

Tower Length 68 m 

Tower mass 230000 kg 

Tower top and base outer 

diameter and thickness 

4 m and 0.03 m; 5.6 m and 

0.032 m 

TP Dimension 68 m 

Mass density of TP 1807 kg/m3 

Mass of TP 666130 kg 

Braces (Jacket and Mud) outer 

diameter and thickness 
0.8 m and 0.02 m 

Jacket Mass 655700 kg 

Mass density 7850 kg/m3 

Total structural mass 1901830 kg 

Poisson’s ratio 0.3 

Platform type Fixed platform 

Constraint Fixed 

Location of damper Top of the tower 

 

 

Fig. 2 Structural Model of Jacket supported offshore 

wind turbine 
 
 

 
(a) 1st Side-Side mode 

 
(b) 1st fore-aft mode 

 
(c) 2nd Side-side mode 

 
(d) 2nd fore-aft mode 

Fig. 3 Mode shape of uncontrolled jacket supported an 

offshore wind turbine 
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2.2 Eigenvalue analysis and model validation 
 
The eigenvalue analysis is carried out to get the natural 

frequencies, mode shapes, and effective modal masses of 

the uncontrolled structure. To check the accuracy of OWT 

model, the modal properties especially the natural 

frequency of OpenSees model are checked with the model 

frequencies of the FAST model. However, the 

corresponding modal frequencies of the structure are given 

in Fig. 3 and Table 1. The Table 1 illustrates that the 

frequencies of OpenSees finite element model seem close to 

the given model. In that case, our model is validated and 

quite perfect for further analysis. 

The gravitational force is also checked for verification 

of model. It is found that all the reaction forces of the jacket 

support structure are 18.657 MN force at fixed supports 

without giving any other loads which are matched with the 

FAST model. 

 

2.3 Structural model property 
 
In this study, an OWT model is considered to study and 

the Finite Element Model (FEM) is developed following by 

a benchmark NREL 5 MW-OC4 jacket supported offshore 

wind turbine using OpenSees, and which is shown in Fig. 2.  

The whole structure consists of three part such as a 

tower, transition piece, and jacket structure. The total height 

of the structure is 138 m, where the tower is 68 m and 

jacket is 70 m. The tower is composed of 9 elements and 

the element is considered as force beam-column member.  

The jacket portion consists of 4 central piles, 4 levels of 

X-braces, mud braces, 4 legs and a transition piece (TP), 

respectively. Overall, the total jacket structure is modeled 

into 64 nodes and 112 elements through force beam-column 

element at OpenSees finite element software. The rotor 

nacelle assembly (RNA) along the hub is considered as 

lump mass at the top of the tower following by the NREL 

5MW baseline turbine.  

In this model, mesh loading is not considered because 

while the structure will sustain during earthquakes, that 

refers the structure will be sustainable for mesh loading as 

well as for the other environmental load. The constraint is 

considered as fixed to eliminate the influence of the 

foundation. The others geometric properties of the 

considered structure (Vorpahl et al. 2011, Song et al. 2013) 

are listed in Table 2. Here, the tower top has been chosen as 

the location ofdamper. Because the 1
st
 mode of OWT has 

been governed maximum displacement and maximum 

modal mass of OWT. 

 

 

3. Design of Stockbridge damper 
 

3.1 Calculation of mass ratio of damper 
 

Mass ratio is an important parameter of SBD. Inner to 

find a damper, it is designed based on the modal parameters 

of OWT. The first modal mass of OWT is considered to 

find the mass of the SBD. To calculate the mass ratio and 

optimum frequency ratio of damper, Den Hartog’s (1947) 

equations for tuned mass damper are utilized. Based upon 

the consideration of 5% structural damping ratio for all 

modes of uncontrolled structure, the mass ratio of damper 

and optimum frequency ratio is calculated by using Eqs. (6) 

and (7). 

Mass ratio, 𝜇 =  
8𝜉𝑒𝑓𝑓

2

1−4𝜉𝑒𝑓𝑓
2  (6) 

 

Optimum frequency ratio, 𝛾𝑜𝑝𝑡 = 
1

1+𝜇
 (7) 

where, 𝜉𝑒𝑓𝑓  = Effective damping ratio of the structure for 

all the modes of structure. 

 

3.2 Equation of motion of Stockbridge damper 
 
The SBD is a combined system of tip masses and a 

linear spring (messenger cable) system which follows the D’ 

Alembert’s principles for its translational and rotational 

damping capacity. Thus SBD has two kinds of damping 

system such as translational and rotational. Fig. 4 shows the 

location, plan, and elevation of the damper. To understand 

easily, the plan and elevation of SBD has been separately. In 

elevation, damper location has been shown. The SBD has 

been installed at top of the tower of OWT. 

The SBD, itself is a two-degree-of-freedom system. The 

governing equation of motion for SBD system is given in 

Eq. (8) at below 

,𝑴𝒅-*�̈�+ + ,𝑲𝒅-*�̇�+ + ,𝑪𝒅-*𝐱+ = 𝑪𝒅�̇� + 𝑲𝒅𝒚 (8) 

Eq. (8) respectively expresses the quasi-static 

equilibrium of the tip mass (D’ Alembert’s Principle) with 

respect to forces and moments. 

The damping in SBD has been described as 

predominantly hysteretic (internal damping) by the Wagner 

et al. (1973). 

 

 
(a) Plan 

 
(b) Elevation with the location 

Fig. 4 Components and structure of the Stockbridge 

damper 
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Moreover, the damping in the SBD is statically hysteresis 

which is resulting from Coulomb (dry) friction between the 

individual wires of the messenger cable undergoing bending 

deformation (Barbieri and Barbieri 2012). Systems with 

statically hysteresis can be modeled by means of Jenkin 

elements arranged in parallel, consisting of linear springs 

and Coulomb friction elements. The messenger cable is a 

continuous system and damping takes place throughout the 

whole length of the cable. Under this damping system, the 

motion can be nearly considered as harmonic motion. From 

the free vibration oscillation of SBD system, Eq. (9) has 

been written as follows 

,𝑴𝒅-*�̈�+ + ,𝑲𝒅-*�̇�+ + ,𝑪𝒅-*𝐱+ = 0 (9) 

where 𝑀𝑑 , 𝐾𝑑 , and 𝐶𝑑  are the mass, damping and 

stiffness of the SBD; �̈�, �̇�, 𝑥 are acceleration, velocity 

and displacement of the damper.  

The undamped natural frequencies of the damper system 

have been obtained from the following equations (Wagner 

et al.1973) 

ω1 = (
𝑕 − 𝑎

2𝑚𝜌
)
1/2

 (10) 

 

ω2 = (
𝑕 + 𝑎

2𝑚𝜌
)
1/2

 (11) 

 

ρ = (𝑟/𝑙)2 (12) 

 

𝑕 = (1 + ρ)𝑘11 +
𝑘22
𝑙2

− 2
𝑘12
𝑙

 (13) 

 

𝑎 = √𝑕2 −
4ρ

𝑙2
 (𝑘11𝑘22 − 𝑘12

2 )     (14) 

where, m is the tip mass, 𝑟 is the radius of gyration of 

mass, and 𝑙 is the distance between the attachment point 

and center of gravity of mass. The bending stiffness of 

messenger cable and circular frequency of the SBD are also 

denoted respectively by 𝑘𝑖𝑗  and ω𝑠=1,2  (where i, j = 

1,2,3,…).  

The SBD has been designed by using Eqs. (10)-(14).  

The properties of the dampers have been given in Table 3. 

The damping ratio in Stockbridge damper is related to the 

logarithmic decrement of damping of messenger cable. 

 

 

Table 3 Properties of the dampers 

Parameters SBD 

mass ratio 0.022 

Mass (kg) 9143.05 

Frequency ratio 0.9784 

Hysteresis damping constant 0.159 

Logarithmic decrement of damping 0.5 

Messenger cable length (m) 1.5 

Location of SBD Tower top 

 

The considered Young’s modulus, Poisson’s ratio and 

density of SBD materials have been taken respectively 

2.1 × 1011 N/m
2
, 0.31 and 7900 kg/m

3
. To find better 

performance of damper, the parameters of the damper have 

been optimized using RSM based on BBD and PSO 

algorithm. 

 

3.3 Design variables of Stockbridge damper and 
responses of structure 
 

To minimize the maximum displacement, maximum 

standard deviation of displacement and frequency response 

of tower top of the OWT structure, the parameter of SBD 

like length of messenger cable (LMC), logarithmic 

decrement of damping (LDD) and diameter of messenger 

cable (DMC) have been selected as design variables 

whereas the mass of SBD has been considered as 2.22% of 

the first modal mass of OWT. To find an optimum SBD, the 

following objective functions were considered in the 

optimization. 

𝐽1 = min
𝑖

∥ max
𝑡
|𝑇𝐷(𝑡)| (15) 

 

𝐽2 = min
𝑖

∥ max
𝑡
|𝑅𝑀𝑆𝐷(𝑡)| (16) 

 

𝐽3 = min
𝑖

∥ max
𝑡
|𝐹𝑅(𝑡)| (17) 

where 𝑖  indicates the top of the tower, and 𝑇𝐷(𝑡) , 

𝑅𝑀𝑆𝐷(𝑡), and 𝐹𝑅(𝑡) are the tower top displacement, root 

mean square displacement and frequency response of tower 

of structure.  

The above objective function has been formulated as the 

following constrained optimization problem, where the 

constraints are the SBD parameters bounds. 

DMC, LMC, and LDD 

Minimize J subject to 

𝐷𝑀𝐶𝑚𝑐
𝑚𝑖𝑛 ≤ 𝐷𝑀𝐶𝑚𝑐 ≤ 𝐷𝑀𝐶𝑚𝑐

𝑚𝑎𝑥 (18) 

 

𝐿𝑀𝐶𝑚𝑐
𝑚𝑖𝑛 ≤ 𝐿𝑀𝐶𝑚𝑐 ≤ 𝐿𝑀𝐶𝑚𝑐

𝑚𝑎𝑥 (19) 

 

𝐿𝐷𝐷𝑑
𝑚𝑖𝑛 ≤ 𝐿𝐷𝐷𝑑 ≤ 𝐿𝐷𝐷𝑑

𝑚𝑎𝑥 (20) 

 

 

4. Proposed optimization scheme: RSM based on 
Box-Behnken Design and particle swarm 
optimization 
 

4.1 Box-Behnken Design in response surface 
methodology 

 
The Response Surface Methodology (RSM) is one of 

the good approaches to approximate the observed data. 

Therefore, the RSM is convenient for developing, 

improving and analyzing problems and consists of data 

collection, modeling, and optimization (Myers et al. 2016).  

It investigates the relationship between the design 

variables and response variables in an interest region. The 

relation between the design and response variables have 
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been expressed by the following equation. 

𝑌 = 𝑓𝑘(𝑥1, 𝑥2, … , 𝑥𝑖) + 𝜀, subject to  𝒙𝜖𝜦, (21) 

where 𝑌 is the response variables need to be minimized in 

the interest region of 𝜦,  𝑥𝑖=1 𝑡𝑜 𝑖 is the design variables 

need to be optimized in 𝑘 number of experiment and 𝜀 is 

the error of the regression equation. 

Usually, in the optimization process requires the 

designed experiments, coefficients of a statistical model, 

and predicting the response of output variable and checking 

the adequacy of the model. An experimental model has veen 

developed based on a second order quadratic model for 

optimum SBD to correlate the structural response and is 

given in Eq. (22). 

 

(22) 

where 𝑏𝑜 is the value of fitted response at the center point 

of design, 𝑏𝑖 , 𝑏𝑖𝑖 , 𝑏𝑖𝑗  is the coefficients of the linear effect, 

double interactions; 𝑥𝑖, 𝑥𝑗 are the response variables and 

𝜀 is error. The second-order model includes all the terms in 

the first-order model.  

 

 

The Box-Behnken Design (BBD) is one of the designs 

of an experiment for numerical calculation of nonlinear 

model for the optimization process of variables. Each factor, 

or design variable, is placed at one of three equally spaced 

values, usually coded as −1, 0, +1. At least three levels are 

needed for the BBD experiment.  

Here, Box-Behnken Design (BBD) has been utilized to 

find the combined effect of DMC, LMC and LDD of SBD 

on minimizing the maximum displacement, the RMSD, and 

frequency response amplitude of the structure.  

The experimental data have been analyzed using 

statistical methods appropriate to the experimental design. 

The relation between the coded and actual values has been 

described by Eq. (23). 

𝑥𝑖 = .
𝑋𝑖−𝑋𝑜

∆𝑋𝑖
/, i=1, 2, 3,…, k (23) 

where 𝑥𝑖 and 𝑋𝑖  are the coded and actual values of the 

design variable. 𝑋𝑜  is the actual value of the design 

variable at the center point, and ∆𝑋𝑖 is the step change of 

𝑋𝑖. 
 

 

 

Statistical significance 

testing of the parameter 

by multi factor ANOVA

Response equation, 

 (i, k=number of design 

variables and requirements, 

respectively)

Response Model

Determining Response 

variables (yk) from Design 

variables (xi)

Choosing the Box-Behnken 

Design in RSM to generate  

the experiments

Select the surface design 

terms

Generating design matrix, X 

by means of RSM

Performing experiments

𝑌 = 𝑓𝑘(𝑥1 , 𝑥2 ,… , 𝑥𝑖) + 𝜀 

Statistical significance 

testing of the parameter 

by multi factor ANOVA

Response equation, 

 (i, k=number of design 

variables and requirements, 

respectively)

Response Model

Determining Response 

variables (yk) from Design 

variables (xi)

Choosing the Box-Behnken 

Design in RSM to generate  

the experiments

Select the surface design 

terms

Generating design matrix, X 

by means of RSM

Performing experiments

𝑌 = 𝑓𝑘(𝑥1 , 𝑥2 ,… , 𝑥𝑖) + 𝜀 

Finding the optimum value of parameters and  

maximum desirability function value using PSO

Determining quality criteria of each 

response

PSO Initialization with random 
velocity,       and position,       of particles

For N no. of particle

Update velocity,         and position,       

based on Eqs. (5.16) and (5.17)  

Solution is gbest and gbest is the 

optimum value of SBD parameters, xi Yes

𝑉𝑖
𝑡+1 

𝑉𝑖
𝑡  𝑋𝑖

𝑡  

𝑋𝑖
𝑡+1 

 Evaluate the fitness function, f(𝑋𝑖
𝑡+1) 

Satisfy termination

criterionNo

Next 

Iteration

Using xi, in Eq. 25 for finding 

maximum desirability index value

If 

Select a member of eternal archive for 

each particle

Update pbest and gbest of population

Update the best position and external 

archive for each particle

f(𝑋𝑖
𝑡+1) < 𝑓(𝒑𝒃𝒆𝒔𝒕),𝒑𝒃𝒆𝒔𝒕 = 𝑋𝑖

𝑡+1 

If f(𝑋𝑖
𝑡+1) < 𝑓(𝒈𝒃𝒆𝒔𝒕),𝒈𝒃𝒆𝒔𝒕 = 𝑋𝑖

𝑡+1 

Next 

Iteration
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Fig. 5 Flow chart on optimization procedure employing RSM based on BBD, classical experimental design, and PSO 

algorithm 
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4.2 Desirability function analysis 
 

The concept of desirability function analysis (DFA) is 

popularized by Derringer and Suich (1980), for the 

simultaneous multi-response optimization problems. In the 

DFA, each estimated response (e.g., the ith estimated 

response 𝑌𝑖   has been transformed into a scale-free value, 

called individual desirability function (denoted as di (𝑌𝑖)) 
that are then amalgamated into a composite or overall 

desirability function. The composite desirability D, 

combined the individual desirability values. The value of 

individual or composite desirability remain between 0 and 

1. When the response is out of acceptable limit, the 

corresponding desirability value will be 0. 

When the response is in acceptable limit, the desirability 

will be 1 or closer to 1. Value of the response variable is 

expected to be minimum-the-best (MTB)-type, the 

individual desirability function in Eq. (24). 

 

(24) 

When the response is out of acceptable limit, the 

corresponding desirability value will be 0. When the 

response is in acceptable limit, the desirability will be 1 or 

closer to 1, where 𝑈𝑉𝑌𝑖  is the upper value of response 

variables, and to find the maximum composite desirability 

index value of design variables, the following Eq. (25) is 

used. 

 

(25) 

 

 

 

 

 
(a) Acceleration 

 
(b) FFT 

Fig. 6 Acceleration and FFT of white noise signal 

 

 

4.3 Determination of optimum value and desirability 
function : Particle swarm optimization 

 

The PSO algorithm as a meta–heuristic optimization 

technique which is utilized to find the optimum point of 

parameters of SBD. In the PSO, the solution of optimization 

problem has been denoted as particle. The particle changes 

its position and velocity gradually through tracking its own 

local and global location and in the whole swarm 

experience. After the origination of PSO, it has been 

successfully applied for optimization problem in many 

engineering problems (Leung et al. 2008, Leung and Zhang 

2009, Chen et al. 2009). Tang et al. (2013) have applied the 

PSO approach to determine the structural damage. In this 

paper, the steps have been used to find the optimum point 

using PSO (see Fig. 5).  

In the PSO approach, 100 number of particles has been 

involved, which has been initialized randomly in the search  

Table 4 Box–Behnken design with actual and coded values for three factors and corresponding responses 

Experiment Actual and coded level of design variables Responses  

𝑥1 𝑥2 𝑥3 TD (m) RMSD FR (dB) 

1 0.60(-1) 0.50(-1) 0.09(0) 0.269819 0.113799 10.1270 

2 1.50(+1) 0.50(-1) 0.09(0) 0.260689 0.104824 10.0356 

3 0.60(-1) 0.80(+1) 0.09(0) 0.266274 0.106826 10.0685 

4 1.50(+1) 0.80(+1) 0.09(0) 0.261648 0.102990 10.0158 

5 0.60(-1) 0.65(0) 0.06(-1) 0.268919 0.112378 10.1142 

6 1.50(+1) 0.65(0) 0.06(-1) 0.266121 0.106223 10.0696 

7 0.60(-1) 0.65(0) 0.12(+1) 0.263114 0.107169 10.0806 

8 1.50(+1) 0.65(0) 0.12(+1) 0.260498 0.101742 9.9926 

9 1.05(0) 0.50(-1) 0.06(-1) 0.265749 0.108830 10.0841 

10 1.05(0) 0.80(+1) 0.06(-1) 0.268798 0.111827 10.1014 

11 1.05(0) 0.50(-1) 0.12(+1) 0.262493 0.106719 10.0645 

12 1.05(0) 0.80(+1) 0.12(+1) 0.260452 0.101042 9.9896 

13 1.05(0) 0.65(0) 0.09(0) 0.258685 0.099654 9.9878 

14 1.05(0) 0.65(0) 0.09(0) 0.258685 0.099654 9.9878 

15 1.05(0) 0.65(0) 0.09(0) 0.258685 0.099654 9.9878 
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space of an objective function. These particles have been 

referred to as a swarm. Each particle of the swarm 

represents a potential solution to the optimization problem.  

The 100 particles in 30 iterations have been associated 

with a position vector, 𝑋𝑖
𝑡, and a velocity vector, 𝑉𝑖

𝑡, that 

shown as following Eqs. (26) and (27). 

𝑋𝑖=100
𝑡 = *𝑥𝑖1

𝑡 , 𝑥𝑖1
𝑡 , … , 𝑥𝑖k

𝑡 + (26) 

 

𝑉𝑖=100
𝑡 = *𝑣𝑖1

𝑡 , 𝑣𝑖1
𝑡 , … , 𝑣𝑖k

𝑡 + (27) 

The particle flies through the solution space and its 

position is updated based on its velocity, the best position 

particle (pbest) and the global best position (gbest) that 

swarm has visited the first iteration as 

𝑉𝑖=100
𝑡+1 = *𝑤𝑡 × 𝑉𝑖

𝑡 + 𝑐1𝑟1(𝑝𝑏𝑒𝑠𝑡𝑖
𝑡 −𝑋𝑖

𝑡)

+ 𝑐1𝑟1(𝑔𝑏𝑒𝑠𝑡
𝑡 −𝑋𝑖

𝑡) (28) 

 

𝑋𝑖=100
𝑡+1 = 𝑋𝑖

𝑡 + 𝑉𝑖
𝑡+1 (29) 

where 𝑟1 and 𝑟2 are two uniform random have been taken 

as 0.1 and 1.1; the cognitive (𝑐1) and social scaling (𝑐2) 

parameters have been considered as 2; and the inertia factor 

(𝑤𝑡) has been used to discount the previous velocity of 

particle preserved and has been considered as 1.49. 

 
5. Preparation of response models with design 
variables of SBD 

 

5.1 Analysis points and structural responses 
 

The design of the experiment has been configured based  

 

 

 

on Response Surface Methodology (RSM) based on Box-

Behnken Design (BBD) to investigate the effect of factors 

on the responses. For finding an optimum SBD, the 

parameters like length of messenger cable (LMC), 

logarithmic decrement of damping (LDD) and diameter of 

messenger cable (DMC) have been selected as design 

variables when the structural response like tower top 

displacement (TD), RMSD and frequency response (FR) of 

tower top have been considered as response variables. 

Choosing of design variable is an engineering judgment.  

This is depending on every engineer or researcher 

knowledge. In this manuscript, the range of LMC, LDD, 

and DMC of SBD has been chosen between 0.60 m to 1.50 

m, 0.50 to 0.80 and 0.06 m to 0.12 m. The design of 

experiment (DOE) has been made at total 15 experimental 

points composed of 3 center points and 12 axial points. To 

complete these optimizations, the analysis has been 

performed for fifteen times. However, the analysis for 

optimization has been performed under an artificially 

generated white noise signal, which had 4000 load steps and 

0.005 time steps. The white signal and its FFT is given in 

Fig. 6.  

The corresponding analysis point and structural 

responses for each structural model have been illustrated by 

Table 4. 

The proposed second-degree polynomial has been fitted 

to the data presented in Table 4 using multiple linear 

regressions to determine the optimum value that resulted in 

the maximum responses of structure under white signal. 

The effects of LMC, LDD and DMC of SBD in 

vibration reduction are quantitatively evaluated using 

response surface curves. 

 

 

Table 5 Quadratic model summary to check the adequacy 

Response 
SBD 

Model Equation with coded coefficient R2 (%) 

𝒚𝟏 
0.25869 − 0.00239𝑥1 − 0.00019𝑥2 − 0.00287𝑥3 + 0.0031𝑥1

2 + 0.00282 𝑥2
2  + 0.00287𝑥3

2

+ 0.001126𝑥1𝑥2  + 0.00004𝑥1𝑥3 − 0.00127 𝑥2𝑥3 
95.25% 

𝒚  
0.09965 − 0.00304𝑥1 − 0.00143𝑥2  − 0.00282𝑥3 + 0.00361𝑥1

2 + 0.00384𝑥2
2  +  0.00361𝑥3

2

+ 0.00128𝑥1𝑥2  +  0.00018𝑥1𝑥3 −  0.00216𝑥2𝑥3 
98.05% 

𝒚  
9.98785 − 0.03457𝑥1 − 0.01700𝑥2 − 0.03026𝑥3 + 0.03910𝑥1

2 + 0.03478𝑥2
2  +  0.03729𝑥3

2

+  0.00966𝑥1𝑥2 − 0.01088𝑥1𝑥3 − 0.02306𝑥2𝑥3 
99.65% 

Table 6 Degree of reliability and precision value of full quadratic model 

Response Unit Sources 
Sum of 

squares 
DOF Mean Square F-value P-value 

 

TD 

 

m 

Model 0.000207 9 0.000023 11.14 0.008* 

Residual error 0.000010 5 0.000002   

Sum 0.021711 14    

 

RMSD 

 

 

Model 0.000311 9 0.000035 28 0.001* 

Residual error 0.000006 5 0.000001   

Sum 0.031710 14    

FR dB Model 0.035391 9 0.003932 158.65 <0.001* 

Residual error 0.000124 5 0.000025   

Sum 0.035515 14    
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5.2 Model adequacy and analysis of variance 
 

The predicted values of LMC, LDD and DMC and the 

coefficient of determination (R
2
) using regression equation 

is given in Table 5. The quality of fit of the polynomial 

model equation is expressed by the coefficient of 

determination,  R
2
.  Moreover,  the coefficient  of 

determination (R
2
) is given in Table 5. From the Table 5, the 

corresponding coefficients of determination have been  

found 0.9525, 0.9805 and 0.9965, which are indicated that 

the model adequately represented the real relationship 

between the variables under consideration. Also, the values 

of R
2
 illustrates about the percentage of variability of the 

model. The significance of the fitted of the second-order 

polynomial for the LMC, LDD and DMC have been 

assessed by carrying out analysis of variance (ANOVA) and 

the results have been given in Table 6, as well. 

The coefficients of variation value have been illustrated 

by the P value. The P value of the response variables ha ve 

been found 0.008, 0.01 and <0.001 respectively for the top 

displacement, standard deviation of displacement and 

frequency response of structure. The value of P indicates the 

degree of reliability of the regression model (Montgomery 

2005, Mason et al.1989). Also, the adequate precision 

value, have been illustrated by the F-value. When the value 

of F is greater than 4, then it will be durable (Cao et al. 

2009). Here, all of the F-value is found as greater than 4. 

 

5.3 Response surface plot of design and response 
variables 

 

In order to show the effects of independent variables on 

the dependent one, the 3D response surface curves have 

been drawn. The surface plots have been drawn by 

considering two variables constant and varying the others 

within the experimental range. The response surfaces 

present the effect of DMC, LMC and LDD of the SBD on 

vibration reduction.  
The relationship between the design and response 

variables have been presented by a graphical form in Figs. 7 

and 8. The three-dimensional response surface plots 

illustrate the interactive effects of the DMC, LMC and LDD 

of the damper on vibration reduction. Likewise, the 

combined effects of DMC, LMC and LDD of damper on 

the TD, RMSD and FR have been presented by Figs. 7 and  

8.  

 

 

 

The maximum predicted values have been indicated by 

the concave surface plot. The figures show the effect of 

LMC, LDD and DMC on TD of OWT. The higher 

displacement response is found with the rising of LMC, 

LDD and DMC value; however, for a lower value of 

parameters, the displacement will be decreased but until a 

point and that can be shown from contour map. Similarly, 

the effects of LMC, LDD and DMC on RMSD and FR, are 

found similar. 

 

5.4 Determination of optimum value and the 
desirability function 

 

In order to find the optimum value of design parameters, 

the PSO approach has been utilized. Moreover, the 

desirability function has been used to find the maximum 

desirability of design variables. For the SBD parameter 

optimization cases, tower top maximum displacement, 

RMSD, frequency response, has been targeted to minimize.  
The response goal of optimization and parameter limits 

for different responses of SBD have been given in Table 7.  

Here, three responses are competing for each other on 

the basis of three design variables of TD, RMSD and FR of 

SBD. The optimal design point for proposed criteria, 

individual and composite desirability values are given in 

Table 8. 

The Figs. 8(b), 8(d) and 8(f), illustrates that the 

maximum desirability could be found up to a range of 

value. Then the desirability will change with the changing 

of design variables values. The corresponding optimum 

value of parameters and the desirability index of design 

variables is given in Table 9. 

The predicted responses and measured responses are 

given in Table 9. The results are obtained from three and 

maximum frequency response amplitude (10.180 dB) of the  

structure along with the individual desirability of 0.978, 

0.978 and 0.976 respectively for SBD parameters. 

Replications demonstrated that the average of the maximum 

top displacement (0.2505 m); maximum RMSD (0.09413). 

Moreover, from the obtained results, the predicted values 

are found respectively 0.2578m, 0.0984 and 10.18021dB. 

The differences of predicted responses and measured 

responses are found respectively 2.83%, 4.35% and 2.08% 

respect to the TD, RMSD, and FR. The low difference 

between the predicted and measured values from these 

experiments indicates the validity of response model. 

Table 7 Parameter configuration for individual desirability function 

Response Goal Target Upper limit Relative weight 

TD (m) Minimum 0.2585 0.27 1 
RMSD Minimum 0.0994 1.138 1 

TFR (dB) Minimum 9.965 10.127 1 

Table 8 Proposed optimum value of parameters of SBD and composite desirability function value 

Input/output variables 
SBD 

Optimal Point (uncoded) Individual desirability index Composite desirability index 

LMC, (m) 1.26364 0.978 

0.977 LDD 0.706061 0.978 

DMC, (m) 0.107879 0.976 
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5.5 Best fitness convergence rate by PSO 
 

The results of the fitness values (maximum desirability) 

versus the number of iteration by PSO is plotted in Fig. 9. 

Fig. 9 illustrates that the fitness value is increased with 

number of iteration. Moreover, after the fifteen iterations, 

the fitness values remained same. Here, the fitness values 

are considered as composite desirability index value. 

 

 

 

 

 

 

 

6. Dynamic responses of offshore wind turbine with 
the optimized and non-optimized SBD 

 

6.1 Base excitations for structural responses 
 

To evaluate the effectiveness of the SBD system, the 

considered structure are analyzed under three recorded 

earthquake loads like El Centro 1940NS, Northridge 1994  

  
(a) TD response respect to LDD and LMC (b) RMSD respect to LDD and LMC 

  
(c) TD response respect to DMC and LMC (d) RMSD respect to DMC and LMC 

  
(e) TD response respect to DMC and LDD (f) RMSD respect to DMC and LDD 

Fig. 7 Effects of design variables on tower top displacement and RMSD 

Table 9 Best global solution for obtaining the SBD parameters 

Response RS model S. model Difference 

TD (m) 0.2578 0.2505 2.83% 

RMSD 0.0984 0.09413 4.35% 

FR (dB) 9.9674 10.18021 2.08% 

RS: Response surface; S: Structural 
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and Tabas 1978 earthquake. The time steps and PGA of the 

three earthquakes are respectively as 0.02 s, 0.01 s, 0.01 s 

and 0.348 g, 0.343 g, 0.0899 g. Here, all of the accelerations 

of signal are executed as a time history. Therefore, the 

motive for applying several earthquakes to check the 

behavior of OWT and the effectiveness of damper under 

different earthquakes whose contain various distinctive 

frequencies. 

 

6.2 Displacement responses under earthquake 
loads 

 

Fig. 10 illustrates the time series responses at the top of 

the tower with and without SBD under the selected 

earthquake excitations. Based on Figs. 10(a), 10(c) and 

10(e), it is clearly visible that the minimizing amount of  

 

 

 

maximum tower top displacement responses for the RSM 

based on BBD and PSO optimized SBD are 41.83%, 48%, 

and 42% respectively under the El Centro, Northridge and 

Tabas earthquakes successively with respect to the 

uncontrolled structure. Moreover, from the Figs. 10(a), (c) 

and (e), it is clearly seen that the minimizing amount of 

maximum tower top displacement responses for the non-

optimized SBD are 30.05% under El Centro, 29.29% under 

Northridge, and 30.04% under Tabas earthquake 

successively with respect to the uncontrolled structure. The 

structure with RSM based on BBD and PSO optimized 

SBD shows 11.78%, 18.71%, and 11.6% less response 

during the earthquakes than the structure with non-

optimized damper. 

 

 

 
 

(a) FR respect to LDD and LMC (b) Composite desirability index of LDD and LMC 

  
(c) FR respect to DMC and LMC (d) Composite desirability index of DMC and LMC 

  
(e) FR respect to DMC and LDD (f) Composite desirability index of DMC and LDD 

Fig. 8 Effects of design variables on frequency response and Composite desirability index plot of design variables 
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Fig. 9 Best fitness convergence rate by PSO 

  
(a) Top displacement (El Centro earthquake) (b) Top acceleration (El Centro earthquake) 

  
(c) Top displacement (Northridge earthquake) (d) Top acceleration (Northridge earthquake) 

  
(e) Top displacement (Tabas earthquake) (f) Top acceleration (Tabas earthquake) 

Fig. 10 Time history responses(displacements and accelerations) of structure under earthquake loads 
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On the other hand, based on Figs. 10(b), 10(d) and 10(f), 

it is clearly seen that the minimizing amount of maximum 

tower top acceleration responses for the optimized SBD are 

37.68% under El Centro, 39.99% under Northridge and 

35.81% under Tabas earthquake successively with respect 

to the uncontrolled structure. Moreover, from the Figs. 10 

(b), 10(d) and 10(f), it is clearly seen that the minimizing 

amount of maximum tower top acceleration responses for 

the non-optimized SBD are 22.10%, 24.98%, and 19.70%  

respectively under the El Centro, Northridge and Tabas  

 

 

 

 

earthquakes successively with respect to the uncontrolled 

structure. The structure with RSM based on BBD and PSO 

optimized damper shows 15.58%, 15.01% and 16.11% 

more effective during the earthquakes than the structure 

with non-optimized damper. Meanwhile, the reduction 

percentages of acceleration are less than displacement 

decrement rates, the decline values are reasonable for 

acceleration response, which indicates the efficiency of the 

SBD.  

 

Table 10 Frequency domain responses of OWT under earthquake loads 

Structural model 

El Centro Northridge Tabas 

Amplitude (dB) 
Reduction rate 

(%) 
Amplitude (dB) 

Reduction rate 

(%) 
Amplitude (dB) 

Reduction rate 

(%) 

Uncontrolled 12.15 - 8.56 - 10.75 - 

Controlled (NO) 7.90 33.3 5.98 30.14 7.54 29.86 

Controlled (O) 7.16 41.07 5.38 37.15 6.44 40.09 

  
(a) El Centro earthquake 

  
(b) Northridge earthquake 

  
(c) Tabas earthquake 

Fig. 11 Lateral displacement of tower of OWT and Frequency domain responses of OWT under earthquake loads 
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6.3 Lateral displacement and frequency responses 
under earthquake loads 

 

The lateral displacement pattern of tower of OWT 

during the earthquakes is shown in Fig. 11 (left). In addition, 

the maximum lateral displacement along with the tower 

height of the structure has been evaluated for the applied 

ground motions. Fig. 11 (left) demonstrates the responses of 

the tower with and without SBD under the selected ground 

excitations. The top lateral displacement is more compared 

to the tower bottom of the structure under all three 

earthquake motions, which is expectedly behaving like a 

cantilever beam. 

The frequency response of any structure carries an 

important role for its high amplitude during the earthquake 

signal. Also, the frequency response helps researchers to 

understand how effective the damper is in controlling and 

resonance of structure. The FRs are have been checked for 

the same ground motions. The frequency responses of the 

structure with and without damper are given in Fig. 11 

(right). 

Fig. 11 (FFT curves) illustrates the frequency responses 

under three applied earthquake excitations at the top of the 

tower associated with the SBD. It is clearly seen that the 

fundamental first mode of OWT is controlling by the SBD. 

This mode contains the maximum amplitude of the 

uncontrolled and controlled structure. The reduced rates are 

given in Table 10. However, the Table 10 illustrates the 

effectiveness of SBD and optimized SBD. Moreover, the  

Table 10 illustrates the optimized SBD reduces more 

frequency amplitudes than non-optimized SBD. Under the 

applied earthquakes, the structure with RSM based on BBD 

and PSO optimized damper shows 7.77%, 7.01%, and 

10.23% less frequency response than the structure with non-

optimized damper. 

 
6.4 Standard deviation of displacement 
 

In order to grasp the attributes of displacement response 

and effectiveness of SBD in decreasing the responses,  

furthermore, the standard deviation of displacements has been 

determined. The standard deviation of displacement is referred 

as root mean squared displacement (RMSD). The standard 

deviation of displacement of OWT is determined by Eq. (30). 

RMSD = √
1

𝑁
∑|𝑑𝑖𝑠𝑝𝑛|

2

𝑁

𝑛=1

 (30) 

The outcome of the RMS value of displacement responses 

with and without SBD of the structure under three seismic 

excitations are shown in Fig.12 that illustrates that the structure 

with damper shows a better response than the structure without 

a damper. 

Fig. 12 also illustrates that the reduction of RMSD of OWT 

with optimized damper shows more than the structure with 

non-optimized damper. Based on Fig. 12, the reduction 

percentages of RMS at the tower top displacement with the 

optimized and non-optimized damper are around 42.4%, 48%, 

41.67% and 29.6%, 34.01%, 30.40% with respect to the 

uncontrolled structure due to El Centro, Northridge and Tabas 

earthquakes successively. Thus, the analysis results serve the 

main concern of reducing vibration of OWT under earthquakes 

through SBD and optimized SBD. The structure with RSM 

based on BBD and PSO optimized damper is 12.8%, 13.99% 

and 11.27% more effective during the earthquakes than the 

structure with non-optimized damper. 

 
6.5 Shear forces and flexural responses of tower 
 
The shear forces of tower have been plotted respect to 

the nodes and given in Fig. 13 (left). The nodes 10 and 1, 

respectively reflect the tower top and bottom. The shear 

forces are found almost randomly fluctuated from top to 

bottom of the tower because of different picks of input 

signals. Under the El Centro earthquake, 2.85 MN shear 

force is found for uncontrolled tower, while the structure 

with optimized and non-optimized SBD shows respectively 

2.51 MN and 2.61 MN. Moreover, the structure with and 

without damper shows respectively 2.315 MN and 2.44 MN 

under the Northridge earthquake. And the uncontrolled 

structure shows 1.56 MN under the Tabas earthquake while 

for controlled one, shear force is found 1.21 MN and 1.39 N 

respectively for optimized and non-optimized damper. 

Moreover, the flexural response of structure also evaluated 

and shown in the Fig. 13 (right). The maximum moments of 

the tower is observed at the bottom respectively for the 

uncontrolled and controlled structure, however, the 

structure with optimized damper shows minimum response 

than other model. The minimum moments of tower with 

optimized SBD are 134.5 MN-m, 112 MN-m and 89 MN-m 

respectively for El-Centro, Northridge and Tabas 

earthquake. Moreover, the maximum moments are found 

for uncontrolled structure under the ground signals. The 

reduction of shear force and moment is meaning that SBD 

is effective in terms of vibration reduction of wind turbine 

tower. 

 

 

7. Conclusions 
 

The Stockbridge Damper (SBD) is very well-known as 

passive damper device in transmission line area and slender 

structure. In this paper, the SBD is introduced to the field of 

vibration control of Offshore Wind Turbine (OWT). The 

installed SBD in OWT, successively reduced the 

earthquakes responses. 

 

 

Fig. 12 Standard deviation of displacement under the 

earthquakes 
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Moreover, the RSM based on BBD and PSO optimization 

approach provides an effective damper. The effectiveness of 

optimized damper is evaluated by comparing the response 

of structure with non-optimized damper. The SBD system 

has been employed to control the vibration of the structure 

under the earthquake loads based on the modal participation 

factor. The SBD has been designed to mitigate the first 

fundamental mode of the uncontrolled structure. Based on 

the analyzed results, the magnetic parts of results are given 

as conclusions at below: 

 

 The application of the SBD system along with the 

jacket supported OWT is new vibration control system 

for this kind of ocean structures. 

 The optimization approach is used in this paper is 

apparently new for this damper optimization. 

 According to the time domain responses, lateral 

displacement and RMS results, the presence of SBD in 

OWT, can significantly reduce the tower top 

displacement more than 29.29% of the structure under  

 

 

the applied seismic loads. Similarly, the SBD can 

reduce the peak acceleration responses, shear forces 

and flexural responses of the tower due to the applied 

control system. 

 Through the FFT outcomes, the amplitude mitigation 

rates for employed ground motions are greater than 

29.86% for the first mode with respect to the 

uncontrolled structure. It indicates the proficiency of 

the SBD system incorporates the structure. 

 Moreover, the structure with the optimized damper 

shows 18.71% less displacement response during 

earthquakes. Similarly, the structure with the optimized 

SBD is more effective than the non-optimized damper 

respect to the peak acceleration responses, frequency 

response, shear forces and flexural responses of the 

tower due to the applied control system. 

 

 

 

 

  
(a) El Centro earthquake 

  
(b) Northridge earthquake 

  
(c) Tabas earthquake 

Fig. 13 Shear forces and Flexural responses of tower for earthquake loads 
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