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Introduction: to mitigate vibrations in structures subjected to dynamic loads, magne-
torheological (MR) dampers have been studied as an effective solution to reduce the 
forces and deformations caused by these loads. Due to their highly nonlinear behavior, it 
is necessary to implement nonlinear control algorithms to achieve optimal control forces 
that minimize the response of the structures. 
 
Objective: this study aims to reduce the response of a real building located in Medellín, 
Colombia, equipped with MR dampers. The goal is to optimize a fuzzy logic controller, 
using Gaussian membership functions that will be enhanced through the whale optimi-
zation algorithm, to find the appropriate voltage to be applied to the damper and gene-
rate optimal damping forces. 
 
Results: the results show that the implementation of a set of MR dampers, controlled 
by fuzzy logic and optimized with the whale algorithm, significantly reduces the structu-
ral response to seismic loads. Reductions of 68% in displacement, 42% in velocity, 12% 
in acceleration, 42% in interstory drift, and 75% in the RMS value of displacement were 
observed compared to a system without control. 
 
Conclusions: the application of the proposed controller proves to be effective in enhan-
cing the performance of magnetorheological dampers in reducing the structural respon-
se to dynamic loads, highlighting its potential in the design of control systems for vibra-
tion mitigation in buildings.
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Why was it conducted?: 
This study was conducted to improve the performance of magnetorheological (MR) dampers in structures under different 
seismic conditions. The main objective was to optimize the voltage input to the dampers to achieve optimal damping forces 
and reduce the structural response during seismic events. To achieve this, the Whale Optimization Algorithm (WOA) was used 
to optimize the parameters of Gaussian membership functions in a Fuzzy Logic Control (FLC) system. The integration of these 
methods aimed to enhance the nonlinear control of the MR dampers.

What were the most relevant results?
The most relevant results include significant reductions in various structural response parameters when compared to uncon-
trolled structures, such as: displacement reduction of up to 68%, velocity reduction of up to 42%, acceleration reduction of up 
to 12%, interstory drift reduction of up to 42%, RMS value of displacement reduced by up to 75%. Additionally, the control 
system demonstrated adaptability to different seismic excitations by adjusting key scaling factors kd and kv. The study also 
showed that MR dampers dissipate more energy than uncontrolled cases, improving overall safety and limiting structural 
damage.

What do these results contribute?
These results contribute significantly to improving the control of structural responses in buildings under seismic loads, 
demonstrating that the integration of MR dampers with an optimized FLC system using WOA is effective in reducing displa-
cements, velocities, accelerations, and interstory drifts. The flexibility of the system to adapt to different seismic excitations 
and its high efficiency in dissipating energy enhance its ability to mitigate structural damage and improve the overall safety of 
structures during seismic events.

Resumen
Introducción: para mitigar las vibraciones en estructuras sometidas a cargas dinámicas, se han estu-
diado los amortiguadores magnetoreológicos (MR) como una solución eficaz para reducir las fuerzas y 
deformaciones causadas por estas cargas. Debido a su comportamiento altamente no lineal, es nece-
sario implementar algoritmos de control no lineales para lograr fuerzas de control óptimas que mini-
micen la respuesta de las estructuras. 
 
Objetivo: este estudio tiene como objetivo reducir la respuesta de un edificio real ubicado en Mede-
llín, Colombia, equipado con amortiguadores MR. Se busca optimizar un controlador de lógica difusa, 
utilizando funciones de membresía Gaussianas que serán mejoradas mediante el algoritmo de optimi-
zación de la ballena, para encontrar el voltaje adecuado que debe aplicarse al amortiguador y generar 
fuerzas de amortiguación óptimas. 
 
Resultados: los resultados muestran que la implementación de un conjunto de amortiguadores MR, 
controlados por lógica difusa y optimizados con el algoritmo de la ballena, reduce significativamente 
la respuesta estructural ante cargas sísmicas. Se observaron reducciones del 68% en desplazamiento, 
42% en velocidad, 12% en aceleración, 42% en la deriva entre pisos y 75% en el valor RMS de despla-
zamiento en comparación con un sistema sin control. 
 
Conclusiones: la aplicación del controlador propuesto demuestra ser efectiva para mejorar el ren-
dimiento de los amortiguadores magnetoreológicos en la reducción de la respuesta estructural ante 
cargas dinámicas, lo que resalta su potencial en el diseño de sistemas de control para la mitigación de 
vibraciones en edificaciones.

Palabras clave: control de estructuras, Dinámica de estructuras, Lógica difusa, Amortiguador 
magnetoreológico, Algoritmo de optimización de la ballena
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Introduction
The vibrations in structures produced by dynamic loads can be controlled using structural control 
systems that are used to decrease and dissipate the energy of structures produced by these loads 
like seismic excitations (1,2). Semi-active control systems are control devices that can regulate a 
structure when it is subjected to a seismic load, using less energy than an active control system and 
using the inherent reliability of a passive control system (3–6). These controllers use the response of 
the structure to calculate control forces aimed at reducing the response during seismic events (7,8). 
Among the semi-active control systems is the magnetorheological (MR) damper. The MR damper is 
a semi-active controller that employs a controllable MR fluid that can manage vibrations in real-time 
(9). The fluid contains magnetized polarizable particles in an oily medium and it is controlled by a 
magnetic field; when it appears, the fluid works like a semisolid liquid because the field increases the 
resistance, and without it, the fluid flows like a liquid (10–12). In 1996, Dyke et al. (13) presented an 
optimal control strategy to reduce structural responses during seismic loads using MR controllers. 
In 1997, Spencer et al. (14) introduced the non-linear phenomenological model of MR damper. This 
model is based on a modified Bouc-Wen hysteresis model intended to be computationally tractable 

https://doi.org/10.1177/1077546313478294
http://journal.sapub.org/jce
https://doi.org/10.1177/1045389X12445029
https://doi.org/10.1002/stc.1581
https://doi.org/10.23919/ECC.2009.7074546
https://doi.org/10.4067/S0718-33052017000100039
https://doi.org/10.1016/j.scient.2011.05.034
https://doi.org/10.1002/eqe.1120
https://doi.org/10.1016/S1474-6670(17)58562-6
https://doi.org/10.1061/(ASCE)0733-9399(1997)123:3(230)
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while still displaying hysteretic tendencies (15). MR dampers take advantage of the properties of MR 
fluids, which can change rapidly when exposed to a magnetic field. As a result, these dampers can 
modify damping forces efficiently and safely, demonstrating their remarkable hysteresis capabilities 
(16–18). However, the strong nonlinear behavior of MR dampers is one of the significant issues 
they provide. As a result, it is critical to design a suitable controller that tries to maximize force 
output while minimizing power consumption (19). Therefore, it is necessary to work on non-linear 
control algorithms derived from mathematical formulations or intelligent methods based on neural 
networks (20–22), fuzzy logic (23–25), and multiple regression models (26).

Researchers also studied how to design and optimize MR dampers. Ding et al. (27) presented an 
innovative design featuring bidirectional adjusting damping forces to enhance the fail-safe property 
of the MR damper. Additionally, they proposed a Gompertz model to describe the nonlinear 
hysteretic behavior of the device. In 2021, Wani et al. (28) proposed an experimental and numerical 
study that figured out the efficiency of multiple response optimization control using an MR damper 
for mitigating the structural response. Diptesh et al. (29)  formulated a fuzzy logic control (FLC) 
algorithm that uses MR damper characteristics without needing a Bouc-Wen Model approach that 
involves the fuzzification of the MR damper properties.

On the other hand, metaheuristic algorithms are applied to some hard optimization problems 
and imitate features in nature to overcome the limitations of some classical methods (30). These 
methods try to make a robust algorithm for the fast solving of significant problems and are 
quite easy to use and implement in any work, also they are sectioned into single-solution-based 
and population-based metaheuristic algorithms (31). The Bat algorithm (BA) is based on Bat’s 
echolocation to avoid obstacles, detect their nests in the dark, and locate food and prey, they 
fly randomly with velocity, direction, and frequency, changing their wavelength and loudness to 
search for food and preys (32–34). Bekdas et al. (35) presented a novel optimization using the 
BA for improving the response of structures using tuned mass dampers. The Grey wolf algorithm 
(GWO) uses the wolf hierarchy, where the alpha leads the hunt followed by the beta and delta, and 
the omegas search for the prey. The idea is to find the best solutions by updating the position of 
the other members (36–38). In 2021, Takin et al. (39) applied MR dampers to a building using a 
fuzzy algorithm and selected the location of the dampers using a GWO. The Whale optimization 
algorithm (WOA) is developed based on the social behaviors of humpback whales that use a 
bubble net strategy when hunting fish, when they decide which whale has the best solution, the 
other whales update their positions (40–42). Lin et al. (42) proposed a control strategy for adjacent 
structures using MR dampers using an FLC for the allocation and the dampers were designed using 
WOA. The Cuckoo search algorithm (CS) is inspired by the reproduction of cuckoo birds and their 
aggressive breeding strategy, the algorithm tries to find the best solution when each bird finds a 
nest to lay its egg with a higher chance to hatch (43–45). Rosli et al. (46) proposed a Bouc-Wen 
hysteresis parameter optimization for MR dampers using the CS algorithm for optimization.

This study focuses on improving the performance of a set of MR dampers in a mid-rise building 
under different seismic conditions. The main objective is to optimize the voltage input to the 
dampers to achieve the optimal damping forces to reduce the structural response during seismic 
events. To accomplish this, the study employs the WOA to optimize the parameters of the Gaussian 
membership functions used in the FLC system. This integration between FLC and WOA enables the 
identification of accurate parameters in this non-linear control system, leading to improved control 
strategies for the MR dampers. Additionally, the study evaluates the dissipated energy to provide a 
comprehensive assessment of system performance.

Methodology

The dynamic problem in terms of the space-state equation

Eq (1) states the dynamic equilibrium of a n degrees of freedom system. In this equation, M, C, and 
K represent mass, damping, and stiffness, respectively. The vectors ,  , and indicate the relative 

https://doi.org/10.1016/j.isatra.2006.08.005
https://doi.org/10.1177/1045389X06055860
https://doi.org/10.18273/revuin.v16n2-2017021
https://doi.org/10.1631/jzus.A1600721
https://doi.org/10.1016/S0022-460X(02)01408-6
https://doi.org/10.1016/j.ymssp.2020.107316
https://doi.org/10.1142/S0219455417400077
https://doi.org/10.1007/s12206-019-0828-6
https://doi.org/10.1088/0964-1726/22/11/115003
https://doi.org/10.1002/tal.1884
https://doi.org/10.1002/eqe.1120
https://doi.org/10.1109/TPEL.2015.2397311
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displacement, velocity, and acceleration of the structure, respectively. The vector f represents the 
imposed loads, while w represents control forces acting on the structure. E and D are the matrices 
where the external forces and the control forces are located (47).

(1)

The dynamic system will be given as a collection of first-order differential equations called the state-
space representation. This simplifies the manipulation of some mathematical expressions. Eqs (2) 
and (3) illustrate this transformation into a state-space equation for convenience, where matrices A, 
B, and H are presented in Eqs (4), (5), and (6) respectively. Where 0 is a zero matrix (n×n) and I is the 
identity matrix (n×n).

(2)

(3)

                       

(4)

(5)

(6)

Phenomenological model of magnetorheological dampers

Spencer et al. (14) suggested a parametric phenomenological model to enhance the replication of 
the force-velocity behavior of MR dampers. Figure (1) represents the modified Bouc-Wen model, 
which incorporates the original Bouc-Wen model and introduces a spring connected in parallel to 
the entire system, increasing its stiffness. Additionally, an extra damper is integrated in series. This 
modification enhances the overall performance of the Bouc-Wen model, making it a more versatile 
and accurate representation of the system.

Figure 1: Phenomenological model

https://doi.org/10.7712/120123.10741.20135
https://doi.org/10.1061/(ASCE)0733-9399(1997)123:3(230)
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The force produced by the controller in this model is governed by Eq (7). The parameter x0 
represents the initial displacement of the spring; x, denotes the relative displacement at one end 
of the damper; , the damper speed; z, the evolutionary variable presented in Eq (8); c0 and c1 
denote the viscous damping at high and low speeds respectively; k0, is the stiffness of the damper 
at high speeds, and k1, represents the stiffness of the damper. Additionally, parameters , , and 
A determine the shape of the hysteresis cycle and are constant values, while α and n regulate the 
internal state z and its evolution in relation to the force f  (47). The parameter y is the internal 
displacement of the damper. However, is important to note that this parameter is theoretical and 
does not correspond to any actual physical displacement within the MR damper (48).

 (7)

                            (8)

Eq (9) defines .

 
(9)

Additionally, values , and  are voltage-dependent (49) and their formulations are shown in Eqs 
(10), (11), and (12).

(10)

(11)

(12)

Where , , , , , and  are fixed parameters that are connected between the force of 
the damper and the voltage determined through experimental results. Furthermore, the dynamics 
implicated in the MR fluid achieving rheological equilibrium are modeled by the first-order filter 
shown in Eq (13):

 (13)

Where u, v, and η are the input voltage, output voltage, and the time constant for the first-order 
filter, respectively.

Whale optimization algorithm (WOA)

In 2016, Mirjalili and Lewis (40) introduced the WOA, a meta-heuristic optimization method inspired 
by the social behavior of humpback whales and their distinctive bubble-net feeding technique. The 
main strategy of this algorithm involves creating a population of whales, which is equivalent to a 
set of random solutions. Each solution is linked to a whale that tries to find a new location in the 
searching space, with the best-performing whale in the group serving as a reference point for the 
others (50). 

The initial strategy used by the algorithm mimics the bubble-net attacking method, also known as 
the exploitation phase. This behavior involves the whales creating a spiral of bubbles around their 
prey before swimming up to the surface (51). At this moment, the mathematical model uses two 
methods: encircling and the formation of bubble nets by spiral updating, therefore the probability 
that they will employ either of the two listed techniques is equal. 

In the encircling method, the whales find the positions of both the target and the prey and proceed 
to encircle them. At first, not all the whales have the optimal strategy for identifying the prey within 

https://doi.org/10.7712/120123.10741.20135
https://doi.org/10.1016/j.chaos.2019.07.005
http://wusceel.cive.wustl.edu/
https://doi.org/10.1016/j.advengsoft.2016.01.008
https://doi.org/10.7712/120123.10743.20231
https://doi.org/10.1016/j.engstruct.2019.05.007
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the search area. Instead, the whale closest to the optimal response is expected to reveal it from the 
top candidate. By profiling this top-performing search agent, the remaining search agents adjust 
their approaches to coordinate with the best agent’s direction (52). This strategy can be represented 
by Eqs (14) and (15):

(14)

(15)

Where  is the optimal solution provided within the vector of positions denoted as X,  is the 
distance between the whale and the prey, i is the current iteration, and  and  are coefficient 
vectors calculated as presented in Eqs (16) and (17), respectively. 

(16)

(17)

In this context, the vector is arbitrarily selected between [0, 1], while the value of  is systematically 
decreased from 2 to 0 during the exploitation and exploration phases.

When forming bubble nets through spiral updating, the method presents two choices: selecting 
a random search agent when  ≥ 1 or opting for the best solution to update the positions of the 
agents when  < 1. The selection between an encircling mechanism or a spiral model is assumed to 
be equally probable, aiming to enhance the positions of the search agents and bring them closer to 
the optimal solution during the optimization process (53). This process is mathematically formulated 
as shown in Eq (18) and (19):

(18)

(19)

Where  defines the distance between the whale and the prey, p is an arbitrary number between [0, 
1], b characterizes the spiral shape, and l is a random number between [0, 1].

Another strategy the algorithm uses is the search of the prey or exploration phase. To hunt, 
whales encircle their prey and adjust their position to achieve the best outcome. The target prey 
is considered the current best candidate solution, with the whale position updated according to 
a randomly chosen search agent rather than the best solution available at that moment. To make 
this phase possible, the current whale can search far from the best solution, and the WOA can do a 
global search while avoiding local optima (54). This formulation uses the same Eqs (14) and (15) but 

 changes for a random value .

Fuzzy logic control (FLC)

Zadeh (55) first proposed fuzzy logic, linking fuzzy implication and compositional inference 
rules with linguistic control rules via a fuzzy logic controller. FLC is a rule-based system, ideal for 
complex and dynamic systems due to its ambiguity and uncertainty. It relies on a well-structured 
database that has linguistic control rules that specify the relationships between input and output 
variables. FLC requires a fuzzification interface to transform real-world data into fuzzy data for 
system management. Its decision-making inference system uses the knowledge base to form logical 
inferences based on fuzzy input data and established criteria. In the inference process, ambiguous 
inputs are effectively translated into proper control actions. Finally, a defuzzification interface 
converts the fuzzy control action output into a concrete, actionable control action (51). Fuzzy 
systems operate based on membership functions and fuzzy control rules, with membership functions 
indicating how well an element fits into a specific set.

https://doi.org/10.3390/en12122297
https://doi.org/10.3390/app11136172
https://doi.org/10.1016/j.swevo.2019.03.004
https://doi.org/10.1016/j.scient.2011.04.023
https://doi.org/10.1016/j.engstruct.2019.05.007
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The purpose of the controller based on the concepts described by Liu et al. (56), is to maintain the 
structure at an equilibrium position. If the structure deviates, the controller increases the voltage 
to enhance damping and stabilize the structure. Conversely, when the structure approaches the 
equilibrium point, the controller decreases or ceases voltage delivery, as it is no longer necessary. Liu 
et al. (56) proposed seven Gaussian membership functions for the fuzzification interface to define 
displacement and velocity inside the range   [-1, 1]. These functions assign a degree of membership 
to each displacement and velocity value based on their proximity to the linguistic variables. Scale 
factors, nd and nv for displacement and velocity respectively, are also required. The formulas for 
calculating these parameters are provided in Eqs (20) and (21):

(20)

(21)

These equations utilize the input variables x and ẋ for displacement and velocity on the first floor of 
the building, incorporating scaling coefficients kd and kv for displacement and velocity, respectively. 
As outlined in Table (1), the inference system of the controller consists of seven fuzzy rules that 
utilize linguistic terms negative large (NL), negative medium (NM), negative small (NS), zero (ZO), 
positive small (PS), positive medium (PM), and positive large (PL) (56). 

Table 1. FLC inference system

NL NM NS ZO PS PM PL

NL PL PL PL PM ZO ZO ZO
NM PL PL PL PS ZO ZO PS
NS PL PL PL ZO ZO PS PM
ZO PL PM PS ZO PS PM PL
PS PM PS ZO ZO PL PL PL
PM PS ZO ZO PS PL PL PL
PL ZO ZO ZO PM PL PL PL

The output voltage is calculated using four Gaussian membership functions, (ZO, PS, PM, and PL) 
with values between [0, 1]. These functions use the centroid method to figure out voltage values. 
Eq (22) is used to change the output voltage from a fuzzy control action to a real control action 
between 0 and 10 V (57), and V is the damper voltage to be applied and s is the FLC output value.

  
(22)

Hybrid WOA-FLC algorithm

The WOA has shown to be an impressive tool for solving a variety of optimization issues. However, 
one of its problems is the long time it takes to reach the global optimum (58). To address this 
limitation FLC is used to enhance the obtained results. The mean value and the standard deviation to 
be used in the Gaussian membership functions, as shown in Eq (23), are specified by the WOA which 
gives random values for µ and σ, then, these enhanced functions are used to improve the aspects 
of displacement, velocity, and voltage. Armed with these tailored settings, the FLC then calculates 
the necessary voltage and forces to be applied and sends the new results to the WOA’s objective 
function.

https://doi.org/10.1117/12.434135
https://doi.org/10.1117/12.434135
https://doi.org/10.1117/12.434135
https://doi.org/10.17533/udea.redin.16461
https://doi.org/10.1016/j.asoc.2019.105744
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(23)

The fundamental purpose of the algorithm is to have an objective function that tries to minimize 
the dynamic response of the structure under seismic excitations and optimize the structural 
performance. The study focuses on determining the lowest values of the RMS response for maximum 
displacements, aiming to enhance the overall stability of the structure against seismic events. The 
proposed objective function is critical in guiding the optimization process, ultimately leading to 
improved structural designs with lower dynamic reactions and increased seismic resistance. Finally, 
if the best value is generated, the algorithm adjusts the current best value and repeats the process 
until the given number of whales and generations are completed. The optimization process increases 
efficiency and accuracy because of this combined WOA-FLC strategy, fostering the pursuit of 
improved solutions in complex optimization scenarios. Figure (2) shows a diagram that represents 
how the hybrid WOA-FLC algorithm works in the control project proposed.

Figure 2. Hybrid WOA-FLC algorithm flowchart

Case of study 

Validating a case study is essential to prove the effectiveness of the control project proposed. For 
this purpose, a 25-floor building located in Medellin, Colombia was used as a case of study. The 
structure has the features of a medium-rise building and is 73 meters tall overall. Its lateral force-
resisting system is made up of resistant moment frames. Following a trial-and-error analysis, it was 
considered that deploying three controllers on the 1st, 10th, and 20th floors stands out as one of the 
most effective methods for enhancing the overall performance of the entire system. The case study 
is a plane frame presented along axis C and the configuration of the structure is shown in Figure (3). 
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Figure 3. Configuration of the structure

By assuming that the floor diaphragms are infinitely rigid and using static condensation to reduce 
the rotational degrees of freedom, the stiffness matrix was simplified to a single degree of freedom 
per floor. Alongside the stiffness matrix, the mass matrix is utilized to calculate the structure’s 
dynamic response. The mass matrix diagonal entries indicate the mass of each floor. Rayleigh 
damping was employed to determine the damping matrix, with 5.0% of critical damping (ξ) applied 
to the structure’s initial and final dynamic modes. Table (2) presents the parameters used for the 
phenomenological of the MR damper. 

Table 2. Parameters of the MR device used. Modified from (59)

Parameters used in the phenomenological model 

110 kN∙s/m 46.2 kN/m

114.3 kN∙s/m/V 41.2 kN/m/V

8359 kN∙s/m 164 1/m2

7482.9 kN∙s/m 164 1/m2

0.01 kN/m 1107.2

0.485 kN/m 2

0 100 1/s

The ability of the damper to decrease vibrations and enhance the overall stability of the structure 

http://wusceel.cive.wustl.edu/
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will be determined by analyzing and comparing the results obtained from eight different seismic 
excitations that were selected based on their magnitudes, durations, and locations to validate the 
effectiveness of the damper. This approach allows a comprehensive analysis of the response of the 
structure under different seismic scenarios. By using a diverse set of excitations, it is possible to 
study the behavior of the structure over a range of conditions, providing valuable insight into its 
dynamic performance and response characteristics. The excitations used in this work are listed in 
Table (3) and were acquired from the Center for Engineering Strong Motion Data (60). The table has 
details of each excitation, such as direction, peak ground acceleration (PGA), and duration of each 
excitation, as well as the place, year, and magnitude of the seismic event.

Table 3. Seismic excitations.

Event Year Station Component Magnitude PGA [g] Duration 
[s]

El Centro 1940 El Centro (117) S90W 6.9 0.348 53.73
Central Chile 1985 Melipilla 0 7.8 0.686 79.36
Christchurch 2011 Christchurch Resthaven S88E 6.3 1.039 81.90

Kobe 1995 CUE: Nishi-Akashi 90 6.9 0.503 41.00
Mexico 1985 La Union S00E 8.1 0.169 62.93

Morgan Hill 1984 USGS 250 6.1 0.640 28.91
Petrolia 1992 Cape Mendocino, CA 90 7.0 0.710 59.98
Taiwan 1999 Taichung 90 7.6 1.010 159.99

Results and discussion
The WOA was used to obtain the configurations for the FLC. This involved iteratively adjusting the 
membership functions for inputs and outputs to identify the optimal configuration that minimizes 
the fitness function. The FLC was then used to assess the dynamic reactions of the structure to eight 
different seismic excitations, armed with these adjusted parameters. 

Different combinations of whales and generations were tested during the implementation of the 
WOA. The results demonstrated that using a larger number of whales resulted in more precise 
parameter optimization. This was linked to a larger population capacity of whales to explore a search 
space and avoid becoming locked in local optima. Notably, the study found that using 80 whales 
and 30 generations greatly decreased the controlled reaction throughout the optimization phase. 
However, it was discovered that different scaling coefficients, kd, and kv, were required for different 
seismic excitations to approach better results, as shown in Table (4). The WOA adapted to the 
individual characteristics of the seismic excitations, resulting in superior optimization results in each 
scenario. 

Table 4. Scaling coefficients kd and kv.

Event kd kv
El Centro 500 70

Central Chile 400 70
Christchurch 500 70

Kobe 400 70
Mexico 400 70

Morgan Hill 500 70
Petrolia 400 70
Taiwan 700 75
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In most seismic excitations, the values typically stay consistent; however, for Taiwan, there is 
an increase in the values for kd and kv. This phenomenon may be attributed to the higher PGA 
experienced in Taiwan, which persists over time, resulting in the need for elevated values of kd and 
kv to effectively respond to and mitigate the seismic forces exerted on the structures.

Gaussians Membership Functions

The graphical representations of the Gaussian membership functions defined by FLC with WOA were 
created for the displacement, velocity, and voltage variables. They specifically exhibit seven fuzzy 
rules defined for displacement and velocity, as well as the four established voltage fuzzy rules. These 
graphics visually depict the relationship between the linguistic variables and their corresponding 
degrees of membership, highlighting the fuzzy logic control approach employed by the WOA. Figure 
(4) presents the Gaussian membership functions for Christchurch seismic excitation optimized using 
the metaheuristic methodology.
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Figure 4. Membership functions in Christchurc.

Uncontrolled and Controlled response

Results obtained for the response of the structure are in Table (5), showing the reductions for 
displacement, velocity, RMS value of displacement, and maximum interstory drift during different 
seismic excitations.

Table 5. Reductions of displacement, velocity, RMS value of displacement, and maximum drift.

Event Displacement 
reduction [%]

Velocity 
reduction [%]

Acceleration 
reduction [%]

RMS value of 
displacement reduction 

Maximum Drift 
reduction [%]

El Centro 31.15 15.70 6.19 39.06 17.89
Central Chile 68.74 42.11 11.96

75.58 42.20
Christchurch 29.82 42.23 27.43

54.57 27.29
Kobe 28.36 10.00 12.01

47.82 16.24
Mexico 39.36 19.66 2.02

56.37 24.86
Morgan Hill 50.70 24.79 19.20

56.10 22.56
Petrolia 11.33 25.48 7.66

40.66 17.42
Taiwan 41.24 34.76 6.10 66.27 28.29

MR dampers exhibit significant effectiveness in reducing displacement across different seismic 
events. Reductions range from 11.33% in Petrolia to 68.74% in Central Chile. Moreover, they 
demonstrate a notable reduction in velocity, ranging from 10.00% in Kobe to 42.23% in Christchurch. 
The RMS value of displacement provides an overall measure of effectiveness over the entire seismic 
event, with reductions ranging from 40.66% in Petrolia to 75.58% in Central Chile, indicating 
substantial effectiveness. The maximum interstory drift reduction is crucial for limiting structural 
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damage and ensuring occupant safety, ranging from 16.24% in Kobe to 42.20% in Central Chile, 
showing that the dampers effectively reduce the maximum drift experienced by the structure. This 
indicates that the dampers are effective in limiting the overall displacement and velocity of the 
structure under seismic loads.

The analysis of the different seismic excitations highlights the exceptional performance of the 
controller in the central Chile event. In this scenario, the structural response has the greatest 
reduction compared to other seismic events, particularly in terms of velocity and RMS value of 
displacement. This reduction indicates successful mitigation of the seismic excitation in the structure. 

On the other hand, the case of the seismic excitation of Kobe exhibits the least reduction in velocity 
and interstory drift. In contrast, the performance of the controller for the Morgan Hill seismic 
excitation stands out for its remarkable reduction in displacement, RMS value of displacement, 
and interstory drift. However, the case where the seismic excitation of Mexico is noteworthy for 
requiring the least applied force, with the control system significantly reducing displacement, 
velocity, interstory drift, and RMS value of displacement. Finally, Petrolia and Taiwan, show significant 
reductions in all components. These findings underscore the effectiveness of various mitigation 
strategies in reducing the impact of seismic events on structures, with each seismic excitation 
presenting unique challenges and opportunities for improvement.

The maximum control forces developed by the MR dampers, as shown in Table (6), vary depending 
on the seismic event, ranging from 1181 kN in Mexico to 2277 kN in Taiwan, representing the 
maximum forces applied to the dampers to control the response of the structure during each event. 
The reason for Taiwan and Christchurch’s high force requirements is probably that their PGA values 
are noticeably higher.

Figure (5) displays these results, highlighting some of the significant outcomes mentioned. It notably 
shows the reductions induced by the control device and illustrates the voltage ranging from 0 to 10 
V during the excitation, along with the optimal force applied.

Table 6. Maximum Force developed by the MR dampers.

Event Maximum control Force 
[kN]

El Centro 1585

Central Chile 1339
Christchurch 2130

Kobe 1473

Mexico 1181

Morgan Hill 1451

Petrolia 1783

Taiwan 2277
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Figure 5: Response of the structure subjected to different seismic excitations. (a) 25th story 
maximum displacement in Chile. (b) 25th story maximum velocity in Christchurch. (c) RMS value of 
the displacement per story in Taiwan. (d) Maximum interstory drift in Chile. (e) Voltage in Morgan 
Hill. (f) Force in Mexico

Energy curves

Analyzing the energy dissipation using dampers is one of the most efficient ways to confirm the 
effectiveness of a control system. In this case, were evaluated the input energy, strain energy, 
damping energy, and kinetic energy. The validation ensures the accuracy and dependability of 
control systems under assessment by examining and contrasting these elements. The performance 
and efficacy of control systems can be clearly and completely understood by conducting a thorough 
study of these energy-related factors.

Figure (6) shows the results obtained for the input energy. It is presented that the input energy is 
higher for the controlled response of the structure using the MR damper. This is possible because 
this semi-active controller injects energy, unlike passive controllers that don’t require external 
energy.

 

Figure 6. Input Energy. (a) Input Energy for El Centro. (b) Input Energy for Kobe.
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The results show a significant reduction in the Strain Energy as shown in Figure (7). For the seismic 
excitation in Chile, the average reduction was 77%, one of the best reductions. In Taiwan, the 
reduction was around 50%, indicating that the dissipation of the strain energy was very effective.

 

Figure 7. Strain Energy. (a) Strain Energy for Chile. (b) Strain Energy for Taiwan.

The results also show a reduction in the damping Energy. For the seismic excitation of Mexico, the 
average reduction was 57%, while in Petrolia, the average reduction was 39%. This demonstrates that 
the dissipation of the damping energy was effective, as shown in Figure (8).

  

Figure 8. Damping Energy. (a) Damping Energy for Mexico. (b) Damping Energy for Petrolia.

Finally, different results were obtained for the reduction of the Kinetic Energy. For Christchurch 
seismic excitation, the average reduction was 62%, while in Morgan Hill, the reduction was 23%. 
Figure (9) demonstrates that the dissipation of Kinetic Energy was effective.
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Figure 9. Kinetic Energy. (a) Kinetic Energy for Christchurch. (b) Kinetic Energy for Morgan Hill.

Conclusions

The integration of an MR damper with FLC using optimized parameters through the WOA has shown 
significant effectiveness in enhancing the structural response to a wide range of seismic events. 

This control system results in a significant reduction of displacement (up to 68%), velocity (up to 
42%), acceleration (up to 12%), interstory drift (up to 42%), and RMS value of displacement (up to 
75%) when compared to uncontrolled structures.

This improved performance plays a significant role in mitigating potential damage and ensuring the 
safety of structures subjected to dynamic loads. 

This control system can adapt to the different characteristics of the seismic excitations. This 
adaptability is proved by the different requirements for the scaling factors kd and kv in response to 
different seismic events. This flexibility in adjusting the parameters improves the optimization results 
for each excitation and increases the effectiveness of the MR damper controlling the structural 
responses. 

The energy dissipation analysis has become a reliable method to evaluate the effectiveness of the 
control system. The MR damper dissipates more energy than the uncontrolled cases, showing its 
efficacy in reducing the total impact of seismic forces on the structure. This energy dissipation 
mechanism is a key factor in limiting structural damage and ensuring the safety of the structure. 
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