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Resumen  

Optimización de fuerzas de control de un sistema híbrido basado en TMDI y 

amortiguadores magnetoreológicos para la reducción de respuesta en estructuras 

sujetas a la acción de cargas sísmicas.  

 

La mitigación de las vibraciones estructurales inducidas por cargas dinámicas es un área 

de investigación crucial en la ingeniería estructural. Las estrategias de control, como las 

pasivas, semiactivas, activas e híbridas, ofrecen distintos niveles de efectividad, pero cada 

una presenta limitaciones inherentes. Esta investigación propone un sistema de control 

híbrido que integra un Tuned Mass Damper Inerter (TMDI) con un amortiguador 

magnetoreológico (MR), gestionado mediante un Algoritmo de Optimización de la Ballena 

(WOA) combinado con control difuso (FLC). El TMDI mejora la disipación de energía a 

través de un mecanismo inercial optimizado, mientras que el amortiguador MR proporciona 

amortiguamiento adaptable en tiempo real con un consumo mínimo de energía. El WOA 

optimiza los parámetros de diseño del TMDI y determina las fuerzas de control óptimas 

para el amortiguador MR, mientras que el control difuso ajusta dinámicamente su 

activación en función de las variaciones en la respuesta estructural. 

 

Los resultados demuestran que el sistema híbrido propuesto logra una reducción 

significativa en la respuesta estructural. Al activar selectivamente los amortiguadores MR 

solo cuando es necesario, el sistema evita incrementos innecesarios de rigidez y reduce 

el consumo energético, los costos operativos y los requerimientos de mantenimiento. Estos 

hallazgos destacan el potencial de las estrategias de control híbrido para lograr una 

mitigación eficiente y efectiva de las vibraciones estructurales, lo que las convierte en una 

solución prometedora para mejorar la resiliencia sísmica y optimizar la eficiencia 

energética. 

 

Palabras clave: TMDI, Amortiguador Magnetoreológico, Al goritmo de optimización 

de la ballena , Lógica difusa , Control estructural, Dinámica de estructuras.  



 

 

 

Abstract  

Optimization of control forces of a hybrid system based on TMDI and 

magnetorheological dampers for the reduction of response in structures subject to 

seismic excitations.  

 

Mitigating structural vibrations induced by dynamic loads is a critical area of research in 

structural engineering. Control strategies like passive, semi-active, active, and hybrid offer 

varying levels of effectiveness, but each has inherent limitations. This investigation 

proposes a hybrid control system that integrates a Tuned Mass Damper Inerter (TMDI) with 

a Magnetorheological (MR) damper, managed by a Whale Optimization Algorithm (WOA) 

combined with fuzzy logic control (FLC). The TMDI enhances energy dissipation through 

an optimized inertial mechanism, while the MR damper provides adaptable real-time 

damping with minimal energy consumption. The WOA optimizes the TMDI design 

parameters and determines the optimal control forces for the MR damper. At the same time, 

fuzzy logic dynamically adjusts the activation of the MR damper based on structural 

response variations. 

 

The results demonstrate that the proposed hybrid system achieves an important reduction 

in the structural response. By selectively activating MR dampers only when necessary, the 

system prevents unnecessary stiffness increases and reduces energy consumption, 

operational costs, and maintenance requirements. These findings highlight the potential of 

hybrid control strategies in achieving efficient and effective structural vibration mitigation, 

making them a promising solution for improving seismic resilience while optimizing energy 

efficiency. 

 

Keywords: TMDI, Magnetorheological dampers, Whale Optimization Algorithm, 

Fuzzy Logic, Structural control, Dynamic of structures.
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Chapter 1.  Introduction  

 

The safety and comfort of structures subjected to different dynamic loads, such as seismic 

excitations and wind, are a constant challenge for structural engineering. To reduce the 

effects of these forces, deformations, and structural response, the design of control systems 

has become a crucial research area. The analysis of hybrid control systems, which combine 

active, passive, or semi-active components to minimize the behavior of the structure during 

these loads, is one of the most promising approaches in this field [1], [2].  

 

Although limited in their adaptability to different load conditions, passive systems can 

effectively respond to specific frequencies [3]. Semi-active systems, on the other hand, can 

adjust their properties in real-time, allowing them to use less energy than active systems to 

adapt to changes in load and frequency conditions [4], [5]. Combining these two types of 

controllers in a hybrid control system makes it possible to take advantage of each other: 

the efficiency of passive systems at specific frequencies and the adaptability of semi-active 

systems in real-time. This significantly reduces vibrations and structural deformations, 

which improves the safety of structures. 

 

In this context, combining a passive controller with a semi-active controller offers a 

convincing solution. By incorporating the ability to fast react and the adaptability of semi-

active control systems, this hybrid controller can significantly improve the performance of 

passive control systems [6]. This could result in increased efficiency and safety in structures 

subjected to dynamic loads such as seismic excitations. 

 

Recognizing the inherent limitations of tuned mass dampers (TMDs) in achieving optimal 

seismic performance, Marian and Giaralis introduced the concept of the tuned mass 

damper inerter (TMDI) [7]. This controller combines a classic linear TMD, attached to the 

structure with a spring-damping system, and interconnects it to the ground through an 

inerter [8]. The inerter functions as a two-node mechanical device that generates an inertial 
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force induced by resistance proportional to the relative acceleration of its nodes, resulting 

in a mass amplification effect known as "inertance" [9]. The integration of the inerter into 

TMDs offers a lightweight, passive vibration solution that significantly enhances the 

damping characteristics of the system.  

 

At the same time, magnetorheological dampers have proven to be efficient control systems 

for some time. In 1996, Dyke et al. [10] introduced an optimal control strategy that aimed to 

mitigate structural responses to seismic loads using magnetorheological dampers. 

Subsequently, in 1997, Spencer et al. [11] proposed a nonlinear phenomenological model 

for magnetorheological dampers. This model, based on a modified Bouc-Wen hysteresis 

model, is designed to be computationally efficient while still exhibiting hysteretic tendencies 

[12]. MR dampers leverage the unique properties of magnetorheological fluids, which can 

rapidly alter their state in the presence of a magnetic field. As a result, these dampers can 

efficiently and safely adjust damping forces, showcasing significant hysteresis capabilities. 

 

This research has been conducted on how a TMDI behaves in conjunction with MR 

dampers to maximize its combined properties. TMDI is known for reducing structural 

response by absorbing energy from vibrations, however, it can be ineffective in situations 

where seismic excitation is variable or unpredictable. By integrating these two types of 

controllers, the aim is to take advantage of the ability of the TMDI to absorb energy from 

structural vibrations, while MR is used at specific times to further optimize the reduction of 

structural response, especially in situations where TMDI may not be enough. The 

implementation of a hybrid controller aims to achieve a balance between structural stability 

and response mitigation. 

 

This study focuses on improving structural performance through a hybrid control system 

with a TMDI and a set of MR dampers in a mid-rise building under different seismic 

excitations. The idea is to optimize the design parameters of the TMDI using the Whale 

Optimization Algorithm (WOA) and determine the optimal activation of the MR damper to 

enhance the performance of the structure. On the other hand, for the MR damper, the study 

uses the WOA to optimize the parameters of the Gaussian membership functions used in 

a Fuzzy Logic Controller (FLC) system. This integration between FLC and WOA enables 
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the identification of accurate parameters in this nonlinear control system, leading to 

improved control strategies for the voltage input of the MR dampers. This optimization aims 

to achieve optimal control force, thereby reducing the structural response during seismic 

events.  

1.1 Research problem and justification  

 

The use of optimization algorithms is essential to improve the efficiency and adaptability of 

control systems in changing conditions. Both the TMDI and the MR damper are effective in 

controlling unwanted vibrations in structures. However, each of these approaches has 

limitations that may hinder its applicability in different situations. Therefore, there is a need 

to develop a more efficient approach that combines both devices. 

 

The TMDI is known for its ability to absorb energy from the vibrations of structures, which 

makes it effective in many circumstances, however, its performance is not always optimal. 

In addition, its configuration requires careful tuning to adapt to different load conditions. On 

the other hand, MR dampers are highly adaptable and allow real-time control of vibrations 

by adjusting an external magnetic field. However, keeping them activated constantly can 

be energy and economically inefficient. 

 

The need to find a solution that combines the energy absorption capacity of TMDI with the 

adaptability of MR dampers has led to the development of a hybrid control algorithm 

combining the WOA and fuzzy logic. The WOA is used to determine the optimal 

membership functions in the FLC. This allows the FLC to find the optimal voltage to be 

applied, which is important to finding the optimal forces to be applied to the damper. By 

combining WOA with fuzzy logic, a continuous adaptation of the system parameters is 

achieved according to changing conditions, because fuzzy logic is responsible for deciding 

when the voltage of the MR damper should be varied considering variations in dynamic 

loads, to develop optimal control forces that reduce the response parameters of the 

controlled building. That is, the combination of fuzzy logic with WOA allows real-time 

adaptation that maximizes energy and structural efficiency. 
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In this scenario, it is hypothesized that the use of a hybrid controller that combines TMDI 

and MR dampers will effectively reduce the parameters of structural response caused by 

seismic events. 

1.2 Objectives  

1.2.1 General objective  

Implement numerically a hybrid structural controller, using a TMDI and a 

magnetorheological damper managed by a whale optimization algorithm combined with 

fuzzy logic, enhancing control forces, and reducing the response of framed buildings 

subjected to soil accelerations. 

1.2.2 Specific objectives  

Å Develop a hybrid control system based on the whale optimization algorithm 

combined with fuzzy logic, to determine and generate optimal damping forces by 

using TMDI and magnetorheological dampers. 

Å Optimize TMDI design parameters to maximize control system efficiency.  

Å Establish a decision-making criterion to determine when to activate the 

magnetorheological damper depending on the changing conditions of the structure 

and response to soil accelerations. 

Å Perform a comparative analysis evaluating the performance of the structure with 

and without the hybrid control system implemented. 

1.3 Scope  

The scope of this work focuses on the design and operation of the hybrid controller, 

specifically addressing the elastic range of the structure, without considering possible 

damage to the building. This research is limited to the numerical development of a hybrid 

structural control system that combines the whale optimization algorithm, fuzzy logic, and 

the integration of magnetorheological dampers and TMDI. This seeks to optimize the design 

parameters of the TMDI to improve the efficiency of the control system and will establish a 
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criterion to activate the magnetorheological damper based on structural conditions and 

responses to seismic excitations. In addition, a comparative analysis will be carried out to 

demonstrate the impact of the system implemented on the structural response. Expected 

results include successful implementation of the system, identification of optimal 

parameters, development of an accurate activation criterion, and significant improvements 

in structural response tested through simulations and comparative analyses. 

1.4 Methodology  

The methodology followed for the research project was divided into several stages. The 

first stage consisted of collecting bibliographic information. During this phase, information 

on the WOA, fuzzy logic, TMDI, and MR dampers was gathered. Various sources, such as 

academic articles, journals, books, and online publications, were consulted to compile the 

most recent and relevant data. Once all necessary documentation had been obtained, it 

was analyzed and organized to create a structured database. 

 

In the next stage, the structural model used in the research was defined, along with the 

seismic events selected to evaluate the uncontrolled and controlled systems. Ground 

acceleration records were selected through comparative analysis to include events with 

varying frequencies, durations, and magnitudes. The structural model was chosen, and 

seismic records were obtained from the Center for Engineering Strong Motion Data, which 

were then implemented to evaluate the structural response. 

 

Subsequently, the structural properties and control device parameters were programmed. 

During this phase, MATLAB was used to define the structural properties, including mass, 

stiffness, and damping. The WOA was applied to define the parameters of the TMDI, while 

literature sources were used to determine the parameters required for programming the 

behavior of the MR dampers. 

 

The following stage focused on programming the hybrid controller that combined the WOA 

with fuzzy logic. Initially, fuzzy logic was programmed using Gaussian membership 

functions with seven fuzzy rules. The WOA was then programmed, and both components 

were integrated into a hybrid controller. This hybrid system established rules and conditions 
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to determine the optimal control force to be generated by the MR damper, thereby 

minimizing the structural response under dynamic loading. 

 

Finally, the two control devices were integrated. The WOA was used to identify the optimal 

design parameters for the TMDI and determine the precise activation timing for the 

magnetorheological damper, ensuring an optimal structural response. This approach 

enabled both devices to operate in synergy, maximizing the effectiveness of the control 

system. 

 

After designing the hybrid controller, simulations were conducted to analyze the behavior 

of the structure with and without control under the previously defined dynamic loads. Then, 

the effectiveness of the proposed control system was evaluated based on its impact on 

structural performance. 

1.5 Summary  

Each chapter is summarized as follows: 

1.5.1 State of art  

Chapter 2 explores the fundamental concepts behind control systems, focusing particularly 

on two control devices: TMDI and the MR damper. Moreover, the chapter underscores the 

importance of employing nonlinear control algorithms, such as Fuzzy Logic, to enhance the 

effectiveness of these systems. Additionally, it highlights the integration of metaheuristic 

algorithms, like the WOA, as a way to improve control strategies. 

 

Included in this chapter are detailed discussions of previous studies that form the basis for 

a comprehensive understanding of these advanced technologies, providing the reader with 

a thorough background on the topic. 

1.5.2 Mathematical Formulation  of the control devices  

Chapter 3 presents an in-depth exploration of the theoretical framework behind different 

control systems, focusing on the TMDI and the MR damper. Readers will find detailed 
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numerical formulations and essential requirements that need to be considered when 

implementing these systems. 

 

In this section, the main features, mechanical properties, and operating modes of the 

control devices are defined. 

1.5.3 Whale Optimization Algorithm (WOA)  

Chapter 4 provides the mathematical formulations of the WOA, clarifying the algorithm 

operation and highlighting the importance of optimizing certain design parameters in 

structural control. The optimization of these parameters is crucial for enhancing the 

structural response and improving the overall performance. 

1.5.4 Magnetorheological (  MR) damper controller  

Chapter 5 introduces the main concepts of the controller for the MR damper and explains 

the Fuzzy Logic Control (FLC) and the hybrid algorithm WOA-FLC used. These concepts 

allow the mathematical modeling of highly nonlinear events, such as those encountered 

with the MR damper when the structure is subjected to dynamic environmental loads, to be 

solved simply and effectively. Additionally, the chapter discusses the properties and 

membership functions to be used in this context. 

1.5.5 Case of Study  

Chapter 6 describes the case study, detailing the configuration of the structure, including 

its location and properties such as mass, stiffness, and damping matrices. This chapter 

also introduces the hybrid control system, which combines the TMDI and the MR damper. 

Additionally, it outlines the seismic excitations employed in the study, specifying their 

properties such as location, duration, magnitude, and Peak Ground Acceleration (PGA). 

 

In this section, the four models under investigation are compared for their effectiveness. 

These models include a model using only TMDI, a model using only MR dampers, a model 

using TMDI and MR dampers (with the MR dampers only active when necessary), and a 

model using TMDI and MR dampers all the time. 
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1.5.6 Analysis of Results  

In chapter 7, the results of the numerical simulations developed for the selected building, 

which is the subject of study in this thesis, are presented. A generic analysis of the 

performance of the controller is conducted. Additionally, an analysis of the energy 

dissipated in the structure using the control devices is shown. 

1.5.7 Conclusions  and Future Work  

This final chapter presents the conclusions, recommendations for future work, and final 

comments, which are based on the findings of this study. 

 



 

 

2. Chapter  2. State of art  

In recent years, there has been a significant focus among engineers on reducing vibrations 

in structures and mitigating the influence of dynamic loads on forces and deformations. This 

attention underscores the need to develop practical solutions to protect structures from 

these loads, emphasizing the critical importance of ensuring their integrity and durability 

[13]. Some solutions implemented are the structural control systems that can reduce 

vibrations, which are used to decrease and dissipate the energy of structures during 

dynamic loads such as seismic excitations [14], [15]. These control systems can be 

classified into four groups: passive, active, semi-active, and hybrid [16], [17].  

 

Passive control systems are intended to modify the stiffness or the structural damping of a 

system without using an external power source to develop forces that counteract the 

movement of the structure [18], [19]. Passive control systems are divided into energy 

dissipators, vibration isolators, and dynamic vibration absorbers. Energy dissipators reduce 

structural vibrations by converting kinetic energy into heat. Vibration isolators work by 

uncoupling or isolating the structure from harsh disturbances, protecting it from hazards. 

These isolators transfer vibration energy to auxiliary systems as viscous dampers, Tuned 

Mass Dampers (TMD), and Tuned Liquid Dampers (TLD) [19]. The Taipei 101 Tower in 

Taiwan is an example of a skyscraper utilizing a passive control system to mitigate the 

effects of dynamic loads. The building has one of the largest TMDs, located near the top of 

the structure. This TMD system effectively reduces vibrations by oscillating in opposition to 

the movement of the building, thereby increasing stability and comfort [20]. The Citicorp 

Center, located in New York City has a tuned mass damper that consists of a giant concrete 

box on the top floors, this was proposed by the engineers to decrease the wind impact on 

the building [21]. Another building equipped with passive control devices is Torre Mayor in 

Mexico City, which incorporates 98 passive viscous dampers distributed throughout the 

core of the building. In this case, using viscous dampers offers an advantage over TMDs 

because they donôt require significant space [22]. 
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In their experimental study, Bigdeli, et al. [23] investigated some passive control devices: a 

TMD, a TLD, and a Tuned Liquid Column Damper (TLCD). A rigid mass is attached to the 

top floor of the structural model as a benchmark. The results demonstrate the impact of 

mass and damping on vibration mitigation for each control strategy. The overall damping 

contribution of the passive control devices is significant, with the results indicating that the 

TMD provides the largest contribution, followed by the TLCD and TLD, respectively. In 

2020, Khodashahri, et al. [24] presented a study evaluating the effectiveness of passive 

metal dampers and self-centered steel shear walls. The findings indicate that these systems 

significantly reduce plastic damage in columns and beams and decrease floor drift and axial 

shear force. Additionally, these devices help to reduce the overall economic cost of building 

construction by minimizing structural damage. 

 

Active control systems are designed to supply control forces to the structure using 

actuators, avoiding inelastic deformations in structural system elements but requiring large 

external power sources. Active control systems can change the behavior of the structure 

by adding an extra force to it. The main goal is finding the best control force that uses the 

least amount of energy while keeping the structural responses within safe limits [25]. A 

structural active control using an Active Mass Damper (AMD) using block pulse functions 

to minimize computational expenses was studied by Younespour, et al. [26] Numerical 

simulations on shear buildings equipped with AMDs subjected to seismic records validate 

the method. The results were compared with the linear quadratic regulator (LQR) method, 

showing that it can effectively reduce seismic responses with high accuracy. In 2021, 

Ulusoy, et al. [27] proposed an active structural control approach using metaheuristic-tuned 

Proportional-Integral-Derivative (PID) controllers. They created a practical control system 

that accounts for time delays and ensures a feasible control force. They employ three 

metaheuristic algorithms to optimize PID parameters. In conclusion, the proposed approach 

offers an effective solution for non-linear systems, validating their operation and highlighting 

the relevance of considering delay time in control design. 

 

Semi-active control systems are a type of control device that can regulate a structure when 

it is subjected to a dynamic load, using less energy than an active control system and using 

the inherent reliability of a passive control system. In addition, the mechanical properties of 
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the system can be adjusted using less external power supply, and its installation is easier 

and more practical than passive systems [28], [29]. Semi-active control systems are used 

in different control systems such as TMD, base isolation systems, and bracing systems with 

dampers, among others [30]. Oliveira, et al. [31] proposed a comparative analytical study 

that evaluates some control strategies for semi-active devices in base-isolated buildings to 

reduce the vibrations generated by seismic excitations and the results indicate that semi-

active devices generally outperform passive devices in lower fundamental frequency 

systems like base-isolated buildings. The integral controller proves the most effective 

outperforming other strategies. In [32], it is investigated the stability and integrity of marine 

and offshore structures under indeterminate external loadings, particularly earthquakes. 

The authors propose a structural control element that combines the controllability of an MR 

fluid with the superelasticity effect of shape memory alloy. This system dissipates energy 

while controlling inter-element displacement. Compared to viscous-based systems, the 

SMA-MRF-based control system significantly reduces interstory displacements and drift 

ratios across a wide loading frequency spectrum. 

 

Finally, hybrid control systems combine different types of control systems to improve the 

performance of the structure during dynamic loads [33]. Using more than one type of control 

method simultaneously can be more effective. In this approach, multiple control systems 

work together to reduce the response of the structure to dynamic loads. In 2017, Miyamoto, 

et al. [34] addressed the design of a state-feedback controller that combines passive base 

isolation and active structural control using the LQR method. The results indicate that the 

combination outperforms passive base isolation alone and conventional active structural 

control, which only considers relative displacement and velocity. Mamat, et al. [35] 

proposed the use of a sliding mode controller (SMC) and a PID controller to mitigate building 

vibrations. SMC is chosen for its robust control technique, while PID is known for its 

simplicity. The results include displacement, velocity, control input, and frequency response 

and show that SMC outperforms PID in suppressing building vibrations based on 

displacement performance. 

 

Brandão and Miguel [36] in 2023 introduced a new methodology using a metaheuristic 

algorithm for designing a hybrid vibration control system to mitigate the dynamic response 

of buildings under nonstationary artificial earthquakes. The hybrid system combines an MR 

damper and a TMD. The modified BoucïWen model describes the behavior of the MR 
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damper, with the clipped optimal control calculating its damping force. An optimization 

process was carried out using the whale optimization algorithm and seismic load was 

generated using the KanaiïTajimi spectrum. The optimized hybrid control effectively 

adapted all story drifts to control criteria, proving to be the best alternative for seismic 

response control. 

 

In general, passive devices are a good option thanks to their simplicity, low cost, and ease 

to operate and maintain. In [37], it is discussed the potentially destructive effects of bridge 

superstructure pounding into abutments during earthquakes. The study proposes using 

passive control devices like pipe dampers to prevent such damage as an economical 

solution. A parametric study on damper length and excitation peak acceleration is 

conducted, showing the effectiveness of the dampers in reducing seismic responses and 

eliminating pounding forces at a low cost. On the other hand, one of the most used passive 

devices is the TMD, this concept was presented for the first time in 1909 by Frahm [38]. 

The TMD was created to absorb vibrations in systems subjected to harmonic movements 

and consists of a mass, a spring, and a damper that improves the dynamic response of the 

structure [39]. This device transfers the vibrational energy from a primary structure to a 

secondary mass that dissipates the energy vibrating out of phase with the motion of the 

structure, thus reducing the amplitude of the movement. In 2017, Said et al. [40] studied 

the wind response control of tall buildings with single-tuned mass dampers. They concluded 

that the TMD placement is crucial in improving the performance, particularly when tuned to 

the appropriate mode frequency. Rathi et al. [41] focus on developing a numerical solution 

for the optimal design of TMDs operating in uncertain environments, addressing detuning 

issues caused by random system parameters. The study introduces a reliability-based 

design optimization using a response surface methodology and the moving least squares 

technique, demonstrating its effectiveness through numerical analysis for single-degree-of-

freedom TMD systems. 

 

The problem is that TMD has some limitations. To improve the effectiveness of the TMD 

without increasing the mass ratio, Marian and Giaralis [7] proposed a combination of TMD 

and an inerter. The inerter consists of a two-node mechanical device that generates an 

inertial traction force proportional to the relative acceleration between its two terminals, 
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providing a relative mass amplification effect, also known as inertance [42]. Petrini et al. 

[43] proposed an optimal TMDI design for wind-excited tall buildings susceptible to vortex-

shedding effects. They found that an increase in the energy available for harvesting in these 

buildings could be achieved by incorporating electromagnetic motors into the TMDI with 

different damping characteristics while achieving a reduction in acceleration and increasing 

the energy available to harvest with TMDI topology with inerters over more floors. In 2020, 

Pietrosanti et al. [44] examined the effectiveness of TMDI-dampening vibrations in 

structures. They focus on single-degree-of-freedom structures with a flywheel inerter device 

exhibiting nonlinear behavior. The results show that TMDI systems can effectively reduce 

vibrations in nonlinear structures, maintaining the advantages seen in linear structures with 

ideal inerter elements.  

 

In the case of semi-active devices, notable examples include electrorheological dampers, 

fluid viscous dampers, the skyhook controller, and magnetorheological dampers, among 

others [45], [46]. In 1996, Dyke et al. [10] presented an optimal control strategy to reduce 

structural responses during seismic loads using MR controllers. MR dampers use an MR 

fluid that is capable of handling vibrations in real-time as it is a controllable fluid that has 

micron-sized magnetized particles in an oily medium that can be controlled by a magnetic 

field; when it is present, the fluid behaves as a semi-solid liquid because the field increases 

the resistance, and without it, the fluid would flow as a liquid. These dampers capitalize on 

the properties of the fluid, which can change rapidly in the presence of a magnetic field [47]. 

This allows the dampers to modify damping force efficiently and safely while exhibiting 

excellent hysteresis capabilities. In 1997, Spencer et al. [11] introduced the nonlinear 

phenomenological model of the MR damper. This model is based on a modified Bouc-Wen 

hysteresis model that claims to be computationally treatable, while still showing hysterical 

tendencies. The research of Jiang, et al. [48] focuses on creating a novel model to 

characterize the nonlinear behaviors of MR dampers with fluid deficiency. At first, the results 

reveal a void-like phenomenon caused by fluid deficiency. Based on this information, a new 

phenomenological model was proposed, and the effects of its parameters on force vs 

displacement and force vs velocity curves were investigated. The model was verified and 

compared with current models such as the Bouc-Wen and Bingham models, which 

demonstrate greater accuracy in modeling the dynamic characteristics of fluid-deficient MR 

dampers. Sahin, et al. [49] explore semi-active vibration control using MR dampers to 

mitigate structural vibrations and enhance seismic performance in buildings. The study 
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evaluates three control algorithms: PID, Sliding Mode (SMC), and Energy-based Controller 

(EBC) in real-time experiments. Shaking tests reveal that the SMC controller is the most 

effective, reducing base shear force by 51%. The findings emphasize the importance of 

effective control strategies for semi-active systems in seismic applications. 

 

In [50], control algorithms are investigated assuming soil-structure interaction effects. It was 

explored in the Clipped-Optimal Control (COC), Lyapunov, Bang-Bang, and Fuzzy 

algorithms, considering both Passive-On (P-On) and Passive-Off (P-Off) cases. The study 

evaluates the efficiency of these algorithms in determining the appropriate voltage for MR 

and corresponding control forces. A 5-story linear shear building is analyzed under 21 

ground motions, including far-fault and near-fault records. COC and Bang-Bang algorithms 

outperform others, offering a robust method for semi-active control in MR-damper-equipped 

structures. 

 

However, the inherent nonlinear behavior makes it difficult to develop accurate 

mathematical models for MR dampers [51]. Therefore, it is necessary to work on nonlinear 

control algorithms derived from mathematical models and intelligent methods [52]. Fuzzy 

logic is a powerful tool for modeling complex systems and adapting to changing conditions. 

Their application allows the damping force to be adjusted precisely and smoothly, even 

when conditions vary rapidly. This is especially useful in situations where responses are 

not linear or where continuous adaptation is required. FLC uses membership functions that 

represent uncertainty and inaccuracy. In short, fuzzy logic is a valuable tool for adapting to 

non-linear changes and ensuring optimal performance in systems such as MR dampers 

[53], [54]. Mehrkian et al. [55] introduced an innovative multi-objective fuzzy-genetic control 

to mitigate vibrations in structures within an irregular base-isolated benchmark building 

subjected to seismic excitations. This approach aims to maintain isolation characteristics 

while reducing large base displacements using MR dampers. The effectiveness of the 

proposed control system is evaluated against traditional and smart controls, showing 

superior performance in mitigating conflicting responses. In 2017, Braz et al. [56] developed 

a semi-active fuzzy controller for MR dampers using an adaptive neuro-fuzzy inference 

system. They demonstrated the effectiveness of the controller in reducing structural 

response than the passive control modes. Finally, Pei et al. [57] conducted a multiobjective 
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reliability-based design optimization employing the Kriging model to determine the 

parameters of a robust fuzzy logic controller for structures equipped with MR dampers 

during seismic events. Their study concluded with improved structural performance under 

control using an MR damper with fuzzy logic control. 

 

Conversely, to deal with the limitations of classical methods, some methods are based on 

distinctive characteristics of nature to employ in optimization problems. The metaheuristic 

algorithms seek to create robust algorithms that can be easily used and implemented for 

any task to solve problems faster than other methods. The robust search method of 

metaheuristics works well because it combines two types of search strategies: exploration 

(diversifying the search) and exploitation (intensifying the search) [58]. For example, 

Particle Swarm Optimization (PSO) is an algorithm based on the natural behavior and 

capabilities of swarms, the algorithm uses multiple individuals moving together through 

space, each particle represents a solution, and they search for the optimal solution 

according to the fitness solution [59]. Zabini et al. [60] proposed a fuzzy logic controller 

(FLC) to optimize the structural control using MR dampers, employing PSO to determine 

the optimal number of MR dampers and their placement. Meanwhile, the Artificial Bee 

Colony (ABC) algorithm consists of employed bees, onlooker bees, and scouts, mimicking 

the behavior of bees that explore space and search for the optimal solution. These groups 

work together to find food with the maximum amount of nectar, in this case, the optimal 

solution [61]. Xu et al. [62] presented a method for controlling MR dampers using the Back-

propagation (BP) Artificial Neural Network (ANN) optimized by the ABC algorithm, called 

ABC-BP-ANN. The study approach determines the voltage required for MR dampers, 

modeled by the Spencer model, and achieves control forces comparable to those of active 

control algorithms like the LQR. Numerical examples show that the control forces predicted 

by the ABC-BP-ANN closely match those from the LQR algorithm, outperforming the 

conventional BP-ANN method. As one last example of metaheuristic algorithms, the Whale 

Optimization Algorithm (WOA) takes inspiration from the behavior of Humpback whales 

with the bubble-net feeding strategy. The algorithm defines a population of whales, where 

each individual represents a potential solution [63]. Castro et al. [64] studied an optimal 

design of a TMDI using WOA for the control of buildings subjected to seismic excitations. 

The findings indicate important reductions in the structural response of the building 

controlled by the optimally designed TMDI. 

 



30 Optimization of control forces of a hybrid system based on TMDI and 

magnetorheological dampers for the reduction of response in structures subject 

to seismic excitations. 

 
However, metaheuristic algorithms have not only been used to optimize problems in the 

structural control field. These algorithms have been widely employed in different 

engineering fields, ranging from the optimization of transportation and distribution networks 

to the design of renewable energy systems and the planning of manufacturing processes. 

Their ability to find efficient solutions to complex problems makes them valuable tools in 

civil, electrical, mechanical, and software engineering, among others. This versatility has 

significantly improved the performance and efficiency of numerous systems and processes 

across different industries. Lü, et al. in 2020 [65] developed a hybrid system that affects 

fuel cell lifespan, emphasizing the need for optimized energy management strategies for 

hybrid electric vehicles. This research investigates the effectiveness of genetic algorithms 

in optimizing energy management strategies for fuel cell hybrid systems, aiming to improve 

efficiency, prolong fuel cell life, and inspire future research in energy management 

optimization. By using the genetic algorithm, the research concludes with the improvement 

of the efficiency and reduce the energy consumption of the fuel cell hybrid electric vehicle. 

 

Like structural control systems, metaheuristic algorithms have also been used together to 

form hybrid algorithms that improve performance and speed up problem evaluation. These 

hybrid algorithms combine the strengths of different metaheuristic approaches to handle 

complex optimization problems more effectively. They have also been successfully applied 

in other fields. This integration of metaheuristic algorithms has led to significant advances 

in solving real-world problems efficiently and quickly. For example, Tran-Ngoc, et al. [66] 

introduced an efficient approach that combines Artificial Neural Networks (ANNs) with 

Evolutionary Algorithms (EAs) to detect damage in laminated composite structures. ANNs 

often suffer from local minimum issues due to their reliance on gradient descent techniques. 

To address this, the authors integrate EAs with ANNs during training to use their global 

search capabilities, ensuring faster convergence to optimal solutions and avoiding local 

minimum traps. They propose a hybrid metaheuristic optimization algorithm combining 

Genetic Algorithm (GA) and Cuckoo Search Algorithm (CS), to improve initial population 

quality and global search efficiency. Results show superior accuracy and reduce 

computational time compared to traditional ANNs, other hybrid ANNs, and hybrid 

metaheuristic optimization algorithms. 
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To understand the relationships between the different topics addressed in this study, and 

to obtain a visual interpretation of the keywords related to this research, understand its 

evolution over time, and provide a perspective on the current state of the topics of interest, 

a search was performed in the SCOPUS portal using the keywords "control systems" and 

"metaheuristic algorithms". Figure 2-1 and Figure 2-2 show the most relevant keywords in 

this research. 

 

Figure 2-1. Control systems network (own elaboration in VOS Viewer) 

 

In the network shown in Figure 2-1, it can be observed that most papers use "vibration 

control" or "damping" as keywords. However, there are some interesting findings. The 

yellow-colored keywords represent those from the most recent articles, highlighting the 

prominence of the two types of controllers used in this research: "tuned mass dampers" 

and "magnetorheological dampers." This suggests that these controllers have been a 

significant focus of research in recent years and indicate a growing interest in advanced 

and effective methods of controlling structural vibrations.  



32 Optimization of control forces of a hybrid system based on TMDI and 

magnetorheological dampers for the reduction of response in structures subject 

to seismic excitations. 

 

 

Figure 2-2. Metaheuristic algorithms network (own elaboration in VOS Viewer) 

 

From Figure 2-2, it can be seen that most papers use "metaheuristic algorithms", "genetic 

algorithms", or "optimization algorithms" as keywords. The yellow keywords, in this case, 

highlight the WOA, which has been one of the most researched algorithms in recent years. 

This focus indicates a recognition of the efficacy of WOA in solving complex optimization 

problems across various domains. 

 

On the other hand, we also find "fuzzy logic", a concept that has been under investigation 

for a much longer period of time. Despite its longstanding presence in the research 

community, fuzzy logic remains a significant area of study today. This continued interest 

can be attributed to its versatility and effectiveness in dealing with uncertainty and 
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imprecision in a wide range of applications, from control systems to decision-making 

processes. 

 

These findings not only highlight the current research focus but also suggest future 

directions for investigation. By identifying the most relevant and emerging topics, 

researchers can better understand the landscape of structural control technologies and 

their applications. This comprehensive analysis provides a foundation for further studies 

and developments in the area, ensuring that the research remains at the forefront of 

innovation and practical application. 

 

In summary, the reviewed literature shows that combining control strategies, especially 

semi-active and hybrid systems is an effective way to overcome the limitations of individual 

approaches. Due to their versatility and efficiency under dynamic loading conditions, MR 

dampers and TMDIs are current focal points. Furthermore, the combination of fuzzy logic 

and metaheuristic algorithms like the WOA demostrates a growing interest in intelligent and 

adaptive control strategies that can handle nonlinear responses. Fuzzy logic and WOA 

were chosen for this study because of their demonstrated synergy in prior research and 

their ability to provide highly precise optimal control forces. Keyword network analyses 

further demonstrate that these technologies align with the latest advancements in structural 

control, confirming their importance and relevance in engineering and academic 

applications. This methodology ensures that the study not only expands on established 

frameworks but also significantly advances continuous innovation in the structural control 

field.





 

 

3. Chapter  3. Mathematical Formulation  of the 
Control Devices  

Structural control systems are crucial in mitigating the effects of dynamic loads, such as 

earthquakes, on structures. These systems enhance the structural performance by 

controlling the structural response. Two widely used devices in structural control are the 

TMDI and the MR damper. The TMDI combines the functionalities of a TMD and an Inerter, 

providing improved damping and energy dissipation capabilities. On the other hand, the 

MR damper adjusts its damping properties based on an external magnetic field, offering 

versatile and adaptable damping characteristics. 

 

3.1 Numerical model of the problem  
 

Equation (3-1) describes the dynamic behavior of a structure with ὲ degrees of freedom. In 

this equation, Matrices ╜, ╒, and ╚ represent the mass, damping, and stiffness of the 

system, respectively. The vectors ●, ●, and ● correspond to the relative displacement, 

velocity, and acceleration of the structure, respectively [67]. The vector █ expresses the 

imposed loads, while ◌ denotes the control forces acting upon the structure. The matrices 

╔ and ╓ specify the locations where the external forces and the control forces are applied, 

respectively. 

 

 ╜●ὸ ╒●ὸ ╚●ὸ ╓◌ὸ ╔█ὸ (3-1) 

 

To simplify the handling of subsequent mathematical expressions, the dynamic system 

represented in Equation (3-1) will be reformulated as a set of concurrent first-order 

differential equations, commonly referred to as the state-space representation. This 

transformation is illustrated in Equations (3-2) and (3-3), providing a more convenient 
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framework for analysis. The corresponding matrices ═, ║, and ╗ are presented in Equations 

(3-4), (3-5), and (3-6) respectively. 

 

 
◑◄

●◄
●◄

 (3-2) 
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(3-5) 

 

(3-6) 

 

Where  represents a zero matrix of order ὲ ὲ and ἓ denote the identity matrix of order 

ὲ ὲ. 

 

3.2 Tuned Mass Damper Inerter (TMDI)  
 

The TMDI represents a significant improvement in vibration control by combining the 

traditional TMD with an innovative inerter element. The TMDI consists of several 

components working in harmony: the structure, an auxiliary mass, a spring element, a 

damping element, and the inerter [68]. The operational mechanism of the TMDI employs 

the inertial force generated by the inerter in addition to the conventional TMD. When the 

structure experiences vibrations, the auxiliary mass moves out of phase with the structure. 

The inerter, typically connected between the auxiliary mass and a fixed point or the main 

structure, generates an inertial force that is proportional to the relative acceleration between 

its terminals [69]. 

 

This configuration allows the TMDI to achieve superior vibration more easily than traditional 

TMDs, particularly in lower frequency ranges [70]. The ability of the inerter to amplify the 

effective inertia of the system without significantly increasing its physical mass is key to this 

enhanced performance. The effectiveness of the TMDI relies on proper frequency tuning. 

The natural frequency of the TMDI system is carefully adjusted to match the critical 
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frequency of the main structure. This tuning ensures optimal energy transfer from the main 

structure to the TMDI system, maximizing the ability of the device to absorb and dissipate 

vibrational energy [71].  

 

One of the advantages of the TMDI is its adaptability. The system can be designed to 

address multiple vibration modes simultaneously by implementing adaptive tuning 

mechanisms. This flexibility makes the TMDI suitable for various structural applications, 

each with its unique dynamic characteristics and vibration control requirements [72]. 

 

To consider a mathematical model describing the performance of the TMDI, a linear 

damped multi-degree-of-freedom (MDOF) system was considered, as presented in Figure 

3-1. This system represents a two-dimensional frame modeled as a shear building with ὲ 

degrees of freedom, corresponding to the horizontal displacements of each story, subjected 

to ground acceleration. The structure is equipped with a TMDI attached to the last two 

stories. 

 

Figure 3-1. Structural system equipped with a TMDI. 

inerter 
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In the structural model shown in Figure 3-1, each story of the building is characterized by 

three components: a linear elastic stiffness represented by Ὧ, a viscous damping denoted 

by ὧ, and a concentrated mass ά . However, the TMDI works as an additional degree of 

freedom, distinguished by its parameters: mass ά , stiffness Ὧ, damping ὧ, and inertance 

coefficient ὦ. Then, the ὲ ρ governing equations of motion that describe the dynamic 

behavior of the structure can be expressed with Equation (3-7). 

 

 ╜╫●ὸ ╒╫●ὸ ╚╫●ὸ ╜╫  ●▌ὸ     (3-7) 

 

Where ●,  ●, and ●  denote the relative displacement, velocity, and acceleration vectors of 

the system, respectively, as functions of time with dimensions ὲ ρ ρ. Additionally ●▌ὸ 

represents the seismic excitation, which is also time-dependent, and  is a unitary vector of 

order ὲ ρ ρ.  

 

The matrices ╜╫, ╚╫, and ╒╫ are idealized as tridiagonal mass, stiffness, and damping 

matrices, respectively, each of order ὲ ρ ὲ ρ. These matrices are calculated using 

Equations (3-8), (3-9), and (3-10). 
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The inerter is a two-terminal device that allows independent movement between its 

terminals. Although the mass of the inerter is relatively small compared to the structure, it 

generates a force Ὂὦ proportional to the relative acceleration between its terminals [73]. 

The inertance b, which defines the behavior of the device, is measured in units of mass and 

can be several orders of magnitude greater than the physical mass of the inerter [74]. Figure 

3-2 presents the configuration of the inerter device.  

 

 

Figure 3-2. Inerter outline 
 

The inerter is an essential part of vibration control systems. The inerter creates a force 

proportional to the relative acceleration between its two terminals, independent of their 

connection to a fixed point, in contrast to traditional mass elements, which produce inertial 

force based on their movement relative to a fixed ground. This allows for a more flexible 

energy dissipation mechanism because the inertial effect can be generated between any 

two moving points. In 2002, Malcolm Smith [69] first formalized the idea, and it is frequently 

referred to as a "mass amplifier" since its inertance, which is a parameter that is comparable 

to mass, can be orders of magnitude larger than the actual mass of the device. This unique 

behavior allows the inerter to store and release kinetic energy more efficiently, making it a 

powerful element in enhancing the performance of Tuned Mass Dampers and enabling the 

development of TMDI systems. 
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The resisting force Ὂὦ produced by an inerter is expressed in Equation (3-11): 

 

  Ὂὦ  ὦİ  İ  (3-11) 

 

Where İ  İ represents the relative acceleration between nodes i and j of the device. 

 

The natural frequency ɤTMDI and critical damping ratio ɕTMDI of the TMDI can be expressed 

as presented in Equations (3-12) and (3-13):  

 

‫   
Ὧ

ά   ὦ
   (3-12) 

 ‒  
 ὧ 

ςά   ὦ‫
 (3-13) 

 

For analysis and design purposes of TMDI-equipped systems, it is beneficial to introduce 

dimensionless parameters: ɛ is the mass ratio, ɓ inertance ratio, and ὺὸ is the frequency 

ratio, presented in Equations (3-14), (3-15), and (3-16):  

 ‘  
ά

ὓί
   (3-14) 

 ‍    (3-15) 

 

ὺὸ   
  
    (3-16) 

 

Where ὓί denotes the total mass of the structure, and ‫ί is assumed to be the angular 

frequency of the first mode of vibration of the structure.  

 

3.3 Magnetorheological (MR) damper  
 

MR dampers are classified as semi-active controllers and typically consist of a hydraulic 

cylinder containing a controllable smart fluid known as MR fluid, which changes its 

properties in the presence of a magnetic field. This fluid contains magnetic microparticles 

(usually iron) that are polarized and suspended in a fluid similar to oil [75]. In the absence 



Chapter 3  41 

 

of a magnetic field, these particles move freely, allowing the fluid to function as a liquid. 

However, when a magnetic field is applied, the particles cease their movement and align 

themselves, forming chains parallel to the field [76]. This alignment increases the viscosity 

of the fluid, making it more resistant to flow, transforming the liquid fluid into a semi-solid 

fluid. Figure 3-3 outlines how the suspended particles work in the absence and presence 

of a magnetic field. 

 

One of the advantages of MR dampers is their resilience to temperature changes and 

impurities in the fluid, which ensures consistent efficiency and reliability. Furthermore, the 

damping force can be quickly and precisely adjusted in real-time by controlling the strength 

of the magnetic field. Additionally, MR dampers only require power to generate the 

magnetic field, not to move the damper itself, making them energy efficient. 

 

Figure 3-3. Behavior of a magnetorheological fluid  
 

MR dampers have been widely adopted in structural engineering due to their versatility and 

effectiveness. These adaptive devices can be used in existing structures or incorporated 

into new designs to enhance performance against dynamic loads. An integrated control 

system activates the MR dampers during seismic events or strong winds. The system 

continuously adjusts the damper in real-time, responding to the intensity and frequency of 

structural vibrations [77]. By absorbing and dissipating kinetic energy from the motion of 

the structure, MR dampers significantly reduce the overall structural response. These 

damping mechanisms have the potential to improve safety and minimize potential damage 

during extreme events.  

 



42 Optimization of control forces of a hybrid system based on TMDI and 

magnetorheological dampers for the reduction of response in structures subject 

to seismic excitations. 

 
However, these dampers exhibit a highly nonlinear response. In 1997, Spencer, et al. [11] 

proposed a modified Bouc-Wen model called phenomenological model, which is an 

extension of the original model used to reproduce the behavior of MR dampers. The 

phenomenological model accurately describes the relationship between damping force and 

deformation velocity in the damper. This modification aimed to enhance the capability of 

the model to represent the nonlinear behavior and hysteresis of MR dampers. The main 

reason for using this modified Bouc-Wen model is its ability to accurately capture these 

inherent properties, which is crucial for modeling MR dampers in structural control 

applications. By incorporating these complex characteristics, the model provides a more 

precise representation of the performance of the damper under different conditions. 

 

Figure 3-4 illustrates the modified Bouc-Wen model, which introduces a damper in series 

and a spring in parallel with the system. The addition of these elements allows the model 

to capture more accurately the complex nonlinear behavior of MR dampers, making it a 

valuable tool for engineers in structural control. Overall, the modified Bouc-Wen model has 

proven to be a significant advancement in structural control, allowing for more accurate and 

efficient modeling of MR dampers and their effect on structures. 

 

 

Figure 3-4. Phenomenological model for MR dampers  
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The force generated by the MR damper in this model is characterized by Equation (3-17), 

which incorporates a complex interplay of different parameters: 

 

 Ὢ ‌ᾀὧ ὼ ώ Ὧ ὼ ώ Ὧ ὼ ὼ  (3-17) 

 

The evolutionary variable ᾀ is governed by Equation (3-18): 

 

 ᾀ ‎ȿὼ ώȿᾀȿᾀȿ ‍ὼ ώȿᾀȿ ὃ ὼ ώ (3-18) 

 

Finally, Equation (3-19) defines ώ. 

 

 ώ ‌ᾀὧὼ Ὧ ὼ ώ   (3-19) 

 

The initial spring displacement is denoted by ὼ, while ὼ represents the relative 

displacement at one end of the MR damper. The damper velocity is symbolized by ὼ. The 

viscous damping coefficients at high and low velocities are represented by ὧ and ὧ 

respectively, providing insight into the behavior of the damper across different velocity 

ranges. The variable Ὧ denotes the stiffness of the damper at high velocities, while Ὧ  

represents the accumulator stiffness. Finally, ώ is used to represent the internal 

displacement of the MR damper, a parameter that plays a significant role in the overall 

performance and behavior of the damping system. 

 

It is noteworthy that the parameter ώ, which represents the internal displacement of the MR 

damper, is a theoretical construct and does not correspond to any physically measurable 

displacement in the actual device. This parameter is used to model the internal dynamics 

of the damper without a direct physical analog. 

 

In Equation (3-18), the parameters ‎, ‍, and ὃ are crucial in determining the loop of the 

hysteresis shape and are typically treated as constants. The coefficients ‌ and ὲ regulate 

the internal state ᾀ and its evolution with force Ὢ.  
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Additionally, the parameters ‌,  ὧ, and ὧ are voltage-dependent, and their formulations 

are shown in Equations (3-20), (3-21), and (3-22). 

 ‌ ‌ ‌ό 

ὧ ὧ ὧ ό 

ὧ ὧ ὧ ό 

(3-20) 

(3-21) 

(3-22) 

 

In these equations, ‌ , ‌ , ὧ , ὧ , ὧ , and ὧ  are fixed parameters that establish the 

relationship between the damper force and the applied voltage, and ό is the input voltage 

These parameters are typically determined through rigorous experimental characterization 

of the behavior of the MR damper under several voltage inputs and loading conditions.  

 

The voltage dependency of these parameters is a critical feature of the model, as it enables 

the representation of the adaptive behavior of the MR damper. By modulating the voltage, 

the characteristics of the damper can be adjusted in real-time, allowing for an optimal 

response to varying structural demands. This adaptability is essential for effective semi-

active control, ensuring that the damper can provide the necessary damping force under 

different operational conditions. 

 

To account for the inherent dynamics of the MR fluid reaching rheological equilibrium, a 

first-order filter is incorporated into the model, as shown in Equation (3-23). This provides 

a more accurate representation of the response time and transient behavior of the MR 

damper. 

 ό –ό ὺ ό  (3-23) 

 

Where: 

¶ ό is the input voltage  

¶ ὺ is the output voltage achieved by the MR damper  

¶ – is the time constant of the first-order filter 



 

 

4. Chapter 4. Whale Optimization Algorithm (WOA)  

Introduced by Mirjalili and Lewis in 2016 [63], the Whale Optimization Algorithm (WOA) is 

a noteworthy development in meta-heuristic optimization techniques. This novel algorithm 

is inspired by the complex social behavior of humpback whales, specifically by their unusual 

bubble-net feeding technique. With this technique, the whales descend to a great depth 

and then ascend in a spiral motion, expelling air bubbles along the way. The circular net 

formed by these bubbles catches and confuses its prey, which are usually small fish or krill. 

The concentrated prey is subsequently consumed by the whales as they swim through the 

middle of the bubble net. 

 

This natural behavior is cleverly translated into a computational framework by the WOA. 

The following principles are the foundation upon which the algorithm functions: 

 

¶ Within the specified search space of the optimization problem, the algorithm 

produces a population of whales, each of which represents a possible solution. 

¶ Every whale or solution is assessed following the intended purpose of the problem. 

¶ Similar to the position of the prey in nature, the best-performing whale in the 

population acts as a reference point. 

¶ The algorithm mimics the way whales travel toward their prey by guiding the 

population of whales toward optimal solutions over a series of iterations. 

4.1 Exploitation Phase: Bubble -Net Attacking Meth od 

The initial strategy used by the algorithm mimics the bubble-net attacking method, also 

known as the exploitation phase. Two primary mechanisms are used to mathematically 

model the bubble-net attacking behavior of the WOA: the Encircling Prey and the Spiral 

Bubble-Net Maneuver, which is intended to balance the ability of the algorithm to refine 

existing solutions and search for new potential optima [78]. The algorithm simulates the 
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decision-making process of the whales in choosing their attack strategy by employing these 

mechanisms with equal probability during the exploitation phase. 

 

In the Encircling Prey mechanism, whales determine the locations of both the target and 

the prey and then begin to surround them. At first, not all whales use the ideal strategy to 

find the prey within the search space. However, the whale nearest to the optimal solution 

is expected to demonstrate it, guiding the others. By observing the performance of this 

leading search agent, the rest adapt their strategies to follow its direction, enhancing their 

coordination and effectiveness. The following Equations (4-1) and (4-2), represent the 

encircling method. 

 

 Ў ȿ╒Ͻ╧◄
ᶻ ╧◄ȿ 

╧◄ ╧◄
ᶻ ═ϽЎ 

(4-1) 

(4-2) 

 

Where: 

¶ ◄ is the current iteration 

¶ ╧◄
ᶻ is the optimal solution provided within the vector of positions 

¶ ╧◄ is the position vector of the best solution 

¶ ╧◄  is the position vector of the best solution in the iteration ◄   

¶ Ў is the distance between the whale and the prey  

¶ ═ and ╒ are coefficient vectors calculated as is shown in Equations (4-3) and (4-4) 

respectively.  

 

 ═ ╪Ͻ► ╪   

╒ ςϽ► 

(4-3) 

(4-4) 

Where: 

¶  ► is random vector selected between [0, 1] 

¶ ╪ is systematically decreased from 2 to 0 throughout the iterations. 
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In the spiral updating position, when forming bubble nets, there are two possible 

approaches: selecting a random search agent when ═ Ó 1 or choosing the best solution to 

update the positions of the search agent when ═ < 1. The method assumes an equal 

probability of employing either a shrinking encircling mechanism or a spiral model, both 

designed to refine the positions of the search agents and guide them closer to the optimal 

solution during the optimization process. This process is mathematically represented by 

Equations (4-5) and (4-6).  

 

 
╧◄

╧◄
ᶻ ═ϽЎ    ░█ ▬ Ȣ

ЎᴂϽ▄╫■Ͻ╬▫▼Ⱬ■╧◄
ᶻ   ░█ ▬ Ȣ

 

Ў ȿ╧◄
ᶻ ╧◄ȿ 

(4-5) 

 

(4-6) 

Where: 

¶ Ў defines the distance between the whale and the prey 

¶ ▬ is an arbitrary number between [0, 1] 

¶ ╫ defines the spiral shape 

¶ ■ is a random number between [-1, 1] 

4.2  Exploration Phase: Searching for Prey  

The searching for prey or exploration phase makes sure the algorithm can steer clear of 

local optima and search broadly. This stage is based on the haphazard way that whales 

hunt for food. Whales encircle their prey and adjust their position to find the best hunting 

spot. The whale location is updated based on a randomly selected search agent rather than 

the optimal solution at that moment, with the target prey being presumed to be the current 

best-candidate solution [78]. The WOA can do a global search while avoiding local optima, 

and the present whale can search far for the best solution to enable this phase. This 

formulation uses the same equations presented in (4-5) and (4-6) but ╧◄
ᶻ changes for a 

random value ╧►╪▪▀
ᶻ . 

 

The optimization of the TMDI parameters is accomplished through the implementation of 

WOA. The idea of the WOA is to optimize two critical design parameters: the critical 

damping ratio, presented in Eq. (3-13), and the frequency ratio, presented in Eq. (3-16). 

The objective function is a linear combination of the maximum peak displacement and the 

root mean square (RMS) of displacements. The optimization process is conducted under 
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specific mass configurations, with the attached mass and inertance set at 5% of the total 

structural mass, ensuring practical applicability while maintaining system efficiency. This 

parametric optimization framework enables the identification of optimal TMDI 

characteristics that enhance the seismic performance of the structure through the 

systematic exploration of the solution space via the search mechanisms of the WOA. On 

the other hand, the parameters to be optimized in the MR damper controller will focus on 

the control force. This will be explained in detail in Chapter 5. 

 

The optimization parameters are constrained within operational ranges, presented in 

Equations (4-7) and (4-8) : 

 

 0.1 ‒  0.5 

πȢυ ὺὸ ς 

(4-7) 

(4-8) 

 

The objective function is presented in Equation (4-9): 

 

ὕὊ  ‌
 ὓὥὼ ὖὩὥὯ ὨὭίὴὰ

ὓὥὼ ὖὩὥὯ ὨὭίὴὰ
‌
 ὓὥὼ ὙὓὛ ὨὭίὴὰ

ὓὥὼ ὙὓὛ ὨὭίὴὰ
 

(4-9) 

 

Where: 

‌= 0.60 (peak displacement ponderation) 

‌ = 0.40 (RMS displacement ponderation) 

 

The ponderation factors (‌, ‌) prioritize peak displacement reduction while maintaining 

effective RMS value of displacement control. 

 

A flowchart of the functionality of the WOA, adapted from [63], is shown in Figure 4-1 

 

The WOA exemplifies how Nature-based solutions can inspire the development of 

innovative and effective optimization techniques, advancing the field of computational 

intelligence. In this study, WOA was applied to optimize both the TMDI system and the FLC 

parameters used to regulate the MR damper, as will be explained in the following chapters. 
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Figure 4-1. WOA Flowchart 

 

The WOA was selected as the optimization method for this research due to its robust 

performance in handling complex non-linear optimization problems characteristic of 

structural control systems. The bubble-net hunting strategy effectively balances 

the exploration and exploitation phases, making it particularly suitable for optimizing the 

TMDI parameters and FLC membership functions for MR dampers, as its going to be 

explained below. Compared to traditional optimization algorithms such as PSO and GA, 

WOA demonstrates superior convergence characteristics and better capability in avoiding 

local optima, while requiring fewer control parameters for implementation [79]. The inherent 

ability of the algorithm to handle multiple variables simultaneously makes it an ideal choice 

for this hybrid control system. Furthermore, the natural handling of constraints and efficient 

computational resource usage aligns well with the limitations of TMDI and MR dampers, 

while its demonstrated effectiveness in tuning membership functions of fuzzy systems 

supports its application in optimizing the FLC parameters. The selection of this approach 

for the research is strongly justified by its advantages in solution accuracy, ease of 

implementation, and robust performance across different problems.



 

 

5. Chapter 5. Magnetorheological (MR) damper 
controller  

The objective of a magnetorheological damper controller is to determine the voltage that 

should be applied by the control device to achieve optimal control forces, in order to reduce 

the response of the structure when it is subjected to seismic activity. The approach 

proposed in this study involves utilizing fuzzy logic, combined with the WOA, to find the 

mean and standard deviation for the Gaussian membership function to obtain the optimum 

control forces that reduce the response of the structure, as explained in the following 

sections. 

5.1 Fuzzy Logic Control ler  (FLC) 

Fuzzy logic originates from the need to handle the limitations of classical logic in dealing 

with real-world complexities. Traditional logic is based on precision, categorizing 

statements as true or false. However, much of human reasoning and natural phenomena 

differ from those statements, resisting such rigid classification. Fuzzy logic, introduced by 

Zadeh [80] in 1965, aimed to reduce this gap by providing a mathematical framework to 

represent and manipulate imprecise information. This approach enables more 

sophisticated and flexible modeling of complex systems, human decision-making 

processes, and linguistic variables.  

 

Fuzzy logic is an approach that employs linguistic control rules to connect fuzzy implication 

and compositional inference rules through a fuzzy logic controller (FLC). This strategy 

simplifies the modeling of systems with imprecise or uncertain information, enabling the 

representation of human thought processes and decision-making [81]. Consequently, fuzzy 

logic has been widely applied in control systems, artificial intelligence, and expert systems. 
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The FLC is particularly well-suited for complex and dynamic systems. Its main components 

include: 

 

1. A knowledge base housing linguistic control rules 

2. A fuzzification interface that converts crisp data into fuzzy sets 

3. An inference system that utilizes the knowledge base for decision-making 

4. A defuzzification interface that transforms fuzzy control actions into crisp control 

outputs 

 

Membership functions and fuzzy control rules determine the behavior of fuzzy systems. 

Membership functions, which can assume different shapes, indicate the degree to which 

an element belongs to a particular set. Fuzzy control rules, typically expressed in an "if-

then" format, represent the reasoning system of the controller. When specific conditions 

are met, a set of outcomes can be inferred [57]. Figure 5-1 illustrates the configuration of a 

conventional FLC, presenting the interrelation of its components and the flow of information 

through the system. 

 

 

Figure 5-1. Operation of a FLC 

 

The main objective of the controller, based on principles outlined by Liu et al. [82], is to 

maintain the structure in a fixed position. The controller operates on a feedback mechanism: 

when the structure moves from the equilibrium point, the controller increases the voltage to 

enhance damping and stabilize the structure. Conversely, when the structure moves 

towards the equilibrium point, the controller decreases or stops the voltage application as 

it becomes unnecessary. 

 

Fuzzy logic has been increasingly applied in the field of structural control, particularly in MR 

dampers. The implementation of fuzzy logic in MR dampers has proven to be effective in 

dealing with the inherent complexities and uncertainties associated with structural response 
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and dynamic loads [83]. Researchers have used FLC to optimize the force applied to MR 

dampers in real-time, analyzing several input parameters such as displacement, velocity, 

and acceleration of the structure. This approach has demonstrated better performance 

compared to traditional control methods, especially in dealing with the non-linear behavior 

of MR dampers. The main motivation for employing fuzzy logic in this context results from 

the non-linearity of MR dampers, which presents significant challenges for conventional 

control strategies. The ability of fuzzy logic to handle imprecise inputs, incorporate expert 

knowledge, and make decisions based on linguistic variables aligns well with the complex 

and non-linear characteristics of MR dampers. This allows for more effective and robust 

control strategies, ultimately enhancing the overall performance of structural control 

systems in protecting structures against dynamic loads. 

5.1.1 General Description  of the FLC  

In the fuzzification interface, seven Gaussian membership functions are employed to define 

displacement and velocity within the normalized range [-1,1]. These functions assign 

degrees of membership to each value of displacement and velocity, based on their 

proximity to predefined linguistic variables. The process incorporates scale factors, ὲὨ for 

displacement and ὲὺ for velocity, calculated using Equations (5-1) and (5-2): 

 

 ὲὨ Ëὼ  (5-1) 

 ὲὺ Ëὼ  (5-2) 

Where Ë  and Ë are scaling factors for displacement and velocity, respectively, ὼ and ὼ 

represent the displacement and velocity inputs from the first floor of the structure. 

 

The inference system of the controller [82], as presented in Table 5-1, incorporates seven 

fuzzy rules that use linguistic parameters: negative large (NL), negative medium (NM), 

negative small (NS), zero (ZO), positive small (PS), positive medium (PM), and positive 

large (PL). 
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Table 5-1. Inference system 

Vel               

Dis 
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 determined using four Gaussian membership functions (ZO, PS, PM, 

and PL) defined in the range [0,1]. These functions calculate a voltage value using the 

centroid method. The transformation of the fuzzy control action to a real control action in 

the range [0, 10] V is achieved using Equation (5-3): 

 

 ὠ ρπϽ ί   (5-3) 

Where ὠ is the voltage to be applied to the damper, and ί is the output value derived from 

the centroid method in the FLC. 

 

The parameters chosen for the fuzzy inference system of the controller were selected to 

optimize the performance of the damper control system. The seven fuzzy rules were chosen 

to cover a wide spectrum of distance and velocity conditions, which allows for a more 

precise controller response. For the output, Gaussian functions offer a smooth transition 

between states, which is crucial for damper control. The centroid method was selected for 

output voltage calculation because it provides a balanced value based on all activated rules. 

Finally, the transformation to real control action in the range [0, 10] V using Equation (5-3) 

was chosen to adapt the fuzzy output to the specific requirements of the damping system, 

ensuring a practical and effective control application. 

 

While fuzzy logic control has proven to be effective in many applications, including the 

management of dampers in structural control systems, it does have limitations, particularly 

in determining optimal parameters. The main limitation of using fuzzy logic control is its 

reliance on expert knowledge and heuristic rules, which may not always lead to optimal 
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performance. In the context of damper control, fuzzy logic systems often face challenges 

in adjusting parameters to achieve the best possible vibration suppression across all 

operating conditions. This limitation originates from the fact that fuzzy logic controllers 

typically operate based on predefined rule sets and membership functions, which may not 

capture the full complexity of the dynamics of the system or account for all possible 

scenarios. As a result, while fuzzy logic can provide robust and adaptive control, it might 

fail to recognize the optimal parameters, such as voltage, for damper operation. This 

performance can be particularly noticeable in systems with high degrees of non-linearity or 

in situations where the behavior of the damper changes significantly across different 

operating conditions. To overcome these limitations, researchers often combine fuzzy logic 

with other techniques, such as neural networks [84], genetic algorithms [85], or optimization 

methods [86], to create hybrid systems that can more effectively determine optimal damper 

parameters while retaining the adaptive benefits of fuzzy logic.  

5.2 Hybr id WOA -FLC Algorithm  

A potent tool for handling a broad range of optimization issues in numerous disciplines is 

the WOA. Its natural strategy, which draws inspiration from humpback whale hunting 

behavior, has proven remarkably adaptable and successful. However, the WOA, like many 

other metaheuristic algorithms, has limitations in some situations, especially when it comes 

to how quickly it converges while handling complicated, high-dimensional issues. 

 

A unique hybrid strategy that combines WOA with FLC has been created to overcome this 

restriction and improve the performance of both algorithms. The goal of this integration is 

to combine the adaptable, rule-based decision-making power of FLC with the powerful 

search capabilities of WOA. The objective of convergence towards the global optimum is 

the main driver for the integration of FLC into the WOA framework. WOA is quite good at 

exploring large search spaces, but in the exploitation phase, it can take a lot of iterations to 

get the right result. With its capacity to manage imprecise inputs and make sophisticated 

judgments grounded in expert knowledge, FLC provides an additional tool to more 

effectively direct the search process. 
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WOA-based fuzzy membership function optimization is a crucial component of the hybrid 

technique proposed. More specifically, the mean and standard deviation parameters of the 

Gaussian membership functions are used. By figuring out the best values for these 

parameters, the WOA can successfully adapt the fuzzy system to the given situation. The 

Gaussian membership function can be expressed analytically as follows in Equation (5-4): 

 

Ὢὼȟ„ȟ‘ Ὡ   
(5-4) 

Where: 

¶ ‘ is the mean of the membership function 

¶ ů is the standard deviation, controlling the width of the function 

¶ ὼ is the input variable 

 

WOA can modify its fuzzy inference system to better fit the optimization landscape by letting 

it experiment with different combinations of ‘ and ů. The structural control key components 

of the system are then enhanced by applying the optimized fuzzy membership functions to 

displacement, velocity, and voltage. 

 

The main goal of the algorithm is to establish an objective function that tries to maximize 

structural performance and minimize the dynamic response of the structure to seismic 

excitations. To improve the overall stability and resilience of the structure against seismic 

records, this investigation focuses on identifying the lowest values of the RMS response for 

maximal displacements. This objective function guides the WOA-FLC hybrid algorithm to 

provide better structure designs with increased seismic resistance by balancing several 

performance requirements. 

 

The hybrid WOA-FLC algorithm uses an iterative procedure to operate. 

¶ Initialization: A preliminary group of viable solutions is produced by WOA. 

¶ Optimization of Fuzzy Systems: WOA optimizes the parameters of the fuzzy 

membership functions. 

¶ FLC Calculation: The optimized FLC computes control inputs based on the present 

structural states. 

¶ Evaluation of the Objective Function: Using the inputs determined by the FLC, the 

WOA assesses the objective function. 
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¶ Update of the Solution: The algorithm modifies the best value if a better solution is 

discovered. 

¶ Iteration: Until the number of whales and generations are satisfied, steps 2 through 

5 are repeated for a predetermined number of generations.  

 

This combination of WOA and FLC improves the accuracy and efficiency of the optimization 

process. As the algorithm develops, the adaptive feature of the fuzzy system enables 

increasingly sophisticated decision-making, and the global search capabilities of the WOA 

guarantee a comprehensive investigation of the solution space. A flowchart of the 

functionality of the hybrid WOA-FLC algorithm is shown in Figure 5-2 [87].  

 

 

Figure 5-2. Hybrid WOA-FLC algorithm flowchart



 

 

6. Chapter 6. Case of study  

The validation of a case study is crucial to demonstrate the effectiveness of the proposed 

control strategy. For this purpose, a 25-story building in Medellín, Colombia, subjected to 

different seismic excitations was selected as a case study. This structure exemplifies the 

characteristics of a mid-rise building, with a total height of 73 meters. Its lateral force-

resisting system consists of moment-resistant frames. It is essential to note that the primary 

objective of this study is to examine the application of the model proposed in this work; 

therefore, only a single frame was considered for analysis. It is acknowledged that this 

simplification does not capture the full 3D behavior of the building. However, this research 

details the conditions and assumptions under which a 3D structural system can be 

reasonably reduced to a 2D model, thereby allowing for a focused examination of the 

proposed methodology while maintaining analytical relevance. 

6.1 Structure  

The structural characteristics of this building make it an ideal candidate for evaluating the 

performance of advanced control systems. An extensive parametric study and iterative 

analysis determined that the use of a TMDI on the last floor and three MR dampers 

strategically positioned on the 1st, 10th, and 20th floors emerged as one of the most effective 

configurations for enhancing the overall dynamic response of the entire system. The 

controller on the 20th story (near the top) is intended to complement and improve the 

performance of the passive control system by providing additional damping to higher-mode 

responses. The mid-height controller, located on the 10th floor, is crucial in managing and 

minimizing inter-story drifts, which are often most pronounced in the middle sections of tall 

buildings. Finally, the controller on the 1st floor serves a critical function in dissipating the 

incoming seismic energy. This placement is particularly effective because seismic forces 

primarily enter the structure through its base, allowing for immediate energy dissipation and 

reducing the overall demand on the upper levels of the building. 
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The structural layout and controller locations are shown in Figure 6-1, which provides a 

detailed schematic of the building configuration. This figure also highlights the integration 

of control devices into the existing structural framework, demonstrating the practical 

feasibility of the proposed solution. The case of study is a plane frame along axis C. 

 

 

Figure 6-1. Configuration of the structure 
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The structural configuration of the building consists of beams and columns with 

standardized cross-sectional dimensions. The beams have a width of 0.5 m and a height 

of 0.5 m, resulting in a cross-sectional area of 0.25 m². The columns have a square cross-

section, each with a width and height of 0.7 m, yielding an area of 0.49 m². The specified 

compressive strength of the concrete (f'c) is 21 MPa for the beams, while for the columns, 

it ranges between 21 MPa and 56 MPa depending on their location and load-bearing 

requirements. Regarding vertical loads, the dead load is categorized according to building 

usage: residential areas, parking areas, and common areas. 

 

Several key assumptions and techniques were employed in modeling the dynamic behavior 

of the structure to streamline the structural analysis and reduce computational complexity. 

The floor diaphragms were assumed to be infinitely rigid, and applying the same horizontal 

displacements for all nodes at each story allowed the reduction of degrees of freedom.  

 

Furthermore, static condensation was applied to remove the rotational degrees of freedom, 

condensing the stiffness matrix to represent only translational movements. This 

simplification resulted in a model with a single degree of freedom per floor in each principal 

direction, significantly reducing the size of the problem without compromising the accuracy 

of the structural response. The mass matrix is constructed as a diagonal matrix, with each 

entry corresponding to the mass of its respective floor.  

 

Rayleigh damping was considered to represent the damping energy within the structure. 

This damping model assumes the damping matrix to be a linear combination of the mass 

and stiffness matrices. In this study, a critical damping ratio (ɝ) of 5.0% was applied to the 

fundamental mode of the structure and its final mode. 

 

Table 6-1, modified from [88], presents the parameters used for the phenomenological 

model of the MR damper. These parameters are crucial for simulating the behavior of the 

semi-active control devices, capturing the nonlinear characteristics of the MR damper under 

different voltage conditions. Each damper has a maximum force of 20 tons. 
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Table 6-1. Parameters used for the MR damper. 

ὧ  110 kNĀs/m   ‌  46.2 kN/m 

ὧ  114.3 kNĀs/m/V   ‌  41.2 kN/m/V 

ὧ  8359 kNĀs/m   ‎ 164 1/m2 

ὧ  7482.9 kNĀs/m   ‍ 164 1/m2 

Ὧ 0.01 kN/m   ὃ 1107.2 

Ὧ 0.485 kN/m   ὲ 2 

ὼ 0   – 100 1/s 

 

These parameters were calibrated based on experimental data and manufacturer 

specifications to ensure an accurate representation of the behavior of the MR dampers 

across their operational range. 

 

This investigation is limited to numerical analysis within the elastic range of the structure, 

aiming to optimize TMDI parameters and establish MR damper activation criteria based on 

seismic responses. Structural damage scenarios are not considered. 

6.2 Seismic excitations  

A comprehensive evaluation was conducted using eleven different seismic excitations to 

rigorously assess the efficacy of the proposed hybrid damping system. This diverse set of 

seismic excitations was selected to provide a comprehensive analysis of the performance 

of the hybrid system across a wide spectrum of seismic scenarios. The study aims to offer 

a detailed understanding of the capacity of the system to mitigate structural vibrations and 

enhance the overall seismic response of the structure. The selection of eleven different 

seismic excitations was strategically made based on several critical factors: 

 

¶ Magnitude: These excitations cover a range of seismic magnitudes allowing for the 

assessment of the effectiveness of the damper under different levels of seismic 

magnitude. 
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¶ Duration: Excitations with different durations can evaluate the performance of the 

system in short and longer events. This approach helps in understanding the ability 

of the dampers to maintain their effectiveness over time. 

¶ Location: Seismic records from different geographical locations were selected to 

account for different conditions and regional seismic characteristics.  

¶ Frequency content: This aspect is necessary to understand how the dampers work 

in high-frequency vibrations, typically associated with near-field events, as well as 

in low-frequency components, which are more dominant in far-field events.  

 

By analyzing and comparing the structural responses obtained from these excitations, it is 

possible to reach different conclusions about the efficiency of the system in reducing 

structural vibrations and enhancing the overall stability of the building. Table 6-2 provides 

a detailed overview of the seismic excitations used in this study. The data for these ground 

motions were obtained from the Center for Engineering Strong Motion Data (CESMD) [89]. 

For each seismic event, the following key information is presented: Event Name, Year of 

Occurrence, Location, Component Direction, Magnitude, Peak Ground Acceleration (PGA), 

and Duration. 

 

Table 6-2. Seismic excitations 

Seismic 
record 

Event Year Station Component  Magnitude 
PGA 
[g] 

Duration 
[s] 

1 Armenia 1988 Spitak S90W 6.9 0.192 17.26 

2 
El Centro, 

CA 
1940 El Centro  S90W 6.9 0.348 53.73 

3 
Central 
Chile 

1985 Melipilla 0 7.8 0.686 79.36 

4 Christchurch 2011 
Christchurch 
Resthaven 

S88E 6.3 1.039 81.90 

5 Italy 2016 Norcia NS 6.5 0.486 50.00 

6 Kobe 
1995 

CUE: Nishi-
Akashi 90 

6.9 0.503 41.00 

7 Mexico 1985 La Union S00E 8.1 0.169 62.93 

8 Morgan Hill 1984 USGS 250 6.1 0.640 28.91 

9 Petrolia 1992 
Cape 

Mendocino, 
CA 

90 7.0 0.710 59.98 

10 Taiwan 1999 Taichung 90 7.6 1.010 160.00 

11 Türkiye 2023 Pazar NS 7.7 1.989 104.99 



 

 

7. Chapter 7. Analys is of results  

The WOA was employed to determine the optimal configurations for the TMDI design 

parameters and the FLC that governs the MR damper in a hybrid control scheme. This 

optimization process involved the systematic adjustment of the parameters of the TMDI as 

well as the membership functions for both the inputs and output parameters of the FLC 

through an iterative approach. The primary objective was to identify parameter 

configurations that would minimize the prescribed fitness function while ensuring robust 

controller performance across various seismic scenarios, with the MR damper serving as 

an adaptive supplement to the TMDI system, enhancing control forces at critical moments 

when the TMDI requires additional support to effectively reduce the structural response. 

 

The control system operates with the TMDI, employing the MR damper selectively based 

on structural response thresholds. This adaptive approach maximizes energy dissipation 

efficiency during significant seismic events while minimizing unnecessary damper 

activation during minor disturbances, optimizing the complementary action between 

passive and semi-active control mechanisms. 

 

The optimization procedure begins with initial population generation using random solutions 

for TMDI and FLC parameters, followed by fitness evaluation for each whale position. The 

algorithm then updated the best solution coordinates and adjusted positions through 

encircling prey, bubble-net attack, or search for prey mechanisms. Throughout this process, 

boundary checking and constraint handling were continuously performed until the number 

of whales and generations was reached. The performance of the hybrid system was 

subsequently evaluated by analyzing the dynamic responses of the structure to 11 different 

seismic excitations using the optimized parameters.  

 

Extensive parametric studies were conducted to investigate the influence of WOA 

parameters on optimization performance. Multiple combinations of whale population sizes, 
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ranging from 20 to 100, and generation numbers, varying from 10 to 80, were systematically 

evaluated. The results revealed that larger whale populations demonstrated superior 

optimization capabilities, with enhanced exploration of the search space and improved 

ability to escape local optima through diverse solution sampling. Optimal performance was 

achieved with 80 whales, effectively balancing computational cost with solution quality. The 

combination of 80 whales and 100 generations yielded a consistent reduction in controlled 

response metrics, and the convergence patterns showed significant improvement. 

 

The hybrid control strategy incorporates a conditional activation mechanism for the MR 

damper, aiming to optimize control forces while minimizing the energy consumption when 

using only MR dampers. The MR dampers are activated only when the displacement 

response with the TMDI exceeds the recommended interstory drift limit of 0.5%. 

 

Implementing an interstory drift limit of 0.5% is a strategic and conservative decision that 

significantly enhances the protection of both structural and nonstructural building 

components. Ghobarah in [90] highlights that a 0.5% drift ratio is particularly meaningful 

because it represents a critical boundary, beyond this point, structural damage transitions 

from repairable to irreparable, especially in nonductile moment-resisting frames. Therefore, 

adopting this drift limit ensures that the hybrid control strategy activates MR dampers 

precisely when they are most needed, maximizing their effectiveness while allowing the 

TMDI system to operate efficiently during moderate seismic events. 

 

The scaling coefficients Ë  and Ë, 100 and 70, respectively, used for the FLC were the 

same for the 11 seismic excitations, intending to create an algorithm that can work 

efficiently with any seismic excitation. 

7.1 Gaussians Membership Functions  

The FLC optimized through the WOA generated different Gaussian membership functions 

for displacement, velocity, and voltage variables. The controller implements a rule base 

with seven fuzzy rules for displacement and velocity variables, complemented by four 

voltage fuzzy rules as Bedoya Zambrano presented it in [91] and Lara Valencia in [92] 

The Gaussian membership functions effectively capture the continuous nature of the input-

output relationships, providing smooth transitions between linguistic variables. For 
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displacement, the membership functions capture the full range of structural movement, with 

optimized parameters determined through WOA and overlapping regions ensuring smooth 

control transitions. Similarly, the velocity variable employs the membership functions to 

calibrate dynamic ranges to accommodate expected velocity variations during seismic 

events and to achieve balanced distribution across the operational range. The voltage 

variable utilizes four membership functions controlling the MR damper response, with 

voltage ranges optimized for efficient energy dissipation and strategic overlap ensuring 

smooth transitions in damping force modulation. 

The integration of these membership functions generates a 3D control surface that 

illustrates the relationships between displacement, velocity, and voltage output. This 

graphic demonstrates the continuous mapping between input states and control actions, 

revealing regions of high control sensitivity where small input changes produce significant 

voltage adjustments. The surface also exhibits smooth transitions between control regions, 

preventing discontinuous damping responses. 

Figure 7-1 through Figure 7-11 show the optimized Gaussian membership functions for 

each seismic excitation scenario, demonstrating the effectiveness of the WOA in tuning the 

FLC parameters for optimal performance. These results correspond to the system 

configuration incorporating TMDI and selective MR damper activation, highlighting the 

sophisticated integration of multiple control strategies for enhanced seismic protection. 
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Figure 7-1. Membership functions for Armenia. (a) for displacement. (b) for velocity. (c) 
for voltage. (d) 3D surface. 

 

 

  

Figure 7-2. Membership functions for El Centro. (a) for displacement. (b) for velocity. (c) 
for voltage. (d) 3D surface. 
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Figure 7-3. Membership functions for Chile. (a) for displacement. (b) for velocity. (c) for 
voltage. (d) 3D surface. 

 



Chapter 7 67 

 

 

Figure 7-4. Membership functions for Christchurch. (a) for displacement. (b) for velocity. 
(c) for voltage. (d) 3D surface. 

 

Figure 7-5. Membership functions for Italy. (a) for displacement. (b) for velocity. (c) for 
voltage. (d) 3D surface. 



68 Optimization of control forces of a hybrid system based on TMDI and 

magnetorheological dampers for the reduction of response in structures 

subject to seismic excitations. 

 

 

 

Figure 7-6. Membership functions for Kobe. (a) for displacement. (b) for velocity. (c) for 
voltage. (d) 3D surface. 
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Figure 7-7. Membership functions for Mexico. (a) for displacement. (b) for velocity. (c) for 
voltage. (d) 3D surface. 

 

 

Figure 7-8. Membership functions for Morgan Hill. (a) for displacement. (b) for velocity. 
(c) for voltage. (d) 3D surface. 
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Figure 7-9. Membership functions for Petrolia. (a) for displacement. (b) for velocity. (c) for 
voltage. (d) 3D surface. 
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Figure 7-10. Membership functions for Taiwan. (a) for displacement. (b) for velocity. (c) 
for voltage. (d) 3D surface. 

 

 

Figure 7-11.Membership functions for Türkiye. (a) for displacement. (b) for velocity. (c) for 
voltage. (d) 3D surface. 

 
































































































































