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Abstract: Tuned mass damper inerter (TMDI) is a device that couples traditional tuned mass dampers (TMD) with an inertial device. The inertial device produces resistance proportional to the relative acceleration at its two ends through its “inertial” constant. Due to its unique mechanical properties, TMDI has received widespread attention and application in the past twenty years. As different configurations are required in different practical situations, TMDI is still active in the research on vibration control and energy harvesting in structures. This paper provides a comprehensive review of the research status of TMDI. This work first examines the generation and important vibration control characteristics of TMDI. Then, the energy harvesting performance of electromagnetic tuned mass damper inerter (EM-TMDI) is discussed. This work emphasizes the formation of a passive dynamic vibration absorber by coupling traditional TMD with inertial devices. This paper also summarizes the design and implementation of optimal vibration control and energy harvesting for TMDI. Furthermore, this paper details the applications of TMDI in the fields of bridges and building engineering. Finally, this paper summarizes the necessity of research on tuned mass-damper-inertia, the challenges faced currently, and future research directions, such as control of parameters in electromagnetic energy harvesting TMDI systems and low-cost TMDI.
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1  Introduction

Vibration control has received considerable attention in the field of engineering. The commonly used methods for vibration reduction in engineering are passive vibration reduction and isolation [1]. Vibration control systems are generally classified into three types: a single vibration control system, a dual vibration control system combining two types of vibration control mechanisms, and a mixed vibration control system combining three or more vibration control systems. These systems are further classified into passive, active, or semi-active according to the provision of external energy for driving. Due to limitations in the vibration control of linear harmonic dampers, research is needed to improve the design of linear tuned mass dampers with a non-linear multi-degree-of-freedom TMDI system and energy dissipation [2]. The energy collection of TMDI uses Faraday’s electromagnetic induction law to collect energy by adding electromagnetic damping. When there is relative velocity between the inertia and the electromagnetic damping, the motor will generate electricity [3–6]. Currently, improvements to the tuned mass damper are divided into two categories: the selection of inertia and parallel connection. Compared to TMD, TMDI’s excellent mechanical properties allow it to play an important role in building seismic mitigation and robustness (efficiency in controlling deviations of design parameters from optimal values) [5,7,8]. Although TMD has been successfully applied to suppress vibration in numerous engineering applications, the optimally designed TMDI is more effective in minimizing the response of undamped single-degree-of-freedom systems and is also a comparatively new concept [9–12]. Therefore, research on TMDI has always been a very active field.

TMDI is a type of passive dynamic vibration damper that has recently been suggested for protecting buildings against seismic damage. It combines the classical TMD with an inerter, which produces resistance proportional to the relative acceleration at its two ends through its “inertial” constant. In a reasonable topology configuration, the inerter resists relative acceleration at the end and achieves mass amplification and higher modal damping than TMD [13,14]. Inspired by the optimized design of TMD, Giaralis et al. [15] used a non-stationary stochastic process model to optimize the design of TMDI. Marian et al. [16] reviewed the TMD optimization design from minimizing undamped single degree of freedom (SDOF) to damping linear multi-degree of freedom (MDOF) under random base excitation in the classical TMD configuration and derived and proved the damping main structural motion control equation of TMDI under the extension of TMD. Jahangiri et al. [17] used TMDI in 2019 to ease the response of beam-type floating wind turbine (FWT) towers. Typically, electromagnetic dampers are used instead of the damping elements installed on TMDI to collect energy, namely EM-TMDI. In traditional vibration dampers such as TMD, energy-dissipating dampers are usually replaced by electromagnetic dampers (EM). The electromagnetic damper converts some of the damping energy into electrical energy, which can then provide energy source for the vibration monitoring and control system, so it can be extended to add electromagnetic damping devices to TMDI [18–21]. In addition, Wang [18] proposed a geometric method to solve the challenging problem of optimizing the design of simultaneously suppressing vibration and collecting energy, while Liu et al. [21] optimized the vibration reduction and energy collection performance based on the H2 criterion. Petrini et al. [4] proposed a new optimal TMDI design formula that minimizes peak floor acceleration, providing further optimization design for energy collection TMDI configuration. Gonzalez‐Buelga et al. [20] discussed the structural vibration control effect and energy collection efficiency from the perspective of nonlinear dynamics and the consideration of electromagnetic dampers and energy harvest controling (EHC) nonlinearities. This paper focuses on the design and optimization of TMDI from the perspective of nonlinear dynamics and energy conversion efficiency, which can promote the development of vibration control and energy collection in building engineering. Fig. 1 is overview of TMDI’s Development and Previous Comments.
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Figure 1: Overview of TMDI’s development and previous comments [1,3,7,9,16,18,19,21–26]

This paper is structured as follows. Section 2 begins by reviewing the development of TMDI and then introduces the basic features and principles of TMDI. In order to conduct extensive research on the TMDI, Section 3 reviews and updates the progress of vibration control and energy collection research in different fields of TMDI, analyzing and revealing the advantages of inertial components compared to mass components, and summarizing the recent research progress on electromagnetic tuned mass damper-inerter (EM-TMDI) at home and abroad. The last subsection provides a detailed review of the components of the electromagnetic tuned mass damper-inerter from the perspective of network analogies, synthesis, vibration control field, and energy collection, and discusses optimization and control methods for this device. Section 4 introduces and discusses the significance of research on electromagnetic tuned mass damper-inerter, the current challenges it faces, and the development prospects in application fields.

2  The Basic Theory of TMDI

2.1 The Structure of TMDI

Kawamata first introduced a liquid mass pump in 1973 that leverages fluid inertia to reduce seismic responses in structures. This is viewed as the origin of the inertial component. Inerters were first named by Smith in 2002, which are two-terminal devices that can significantly amplify physical mass by converting translational motion to rotational motion. It was not until Saito et al. used inertial elements in 2002 to enhance mass and damping of viscous damping devices that the mass amplification effect of inertial elements was recognized. Since then, the combination of inertial devices and traditional passive vibration control devices has received more and more attention.

Ikago [1] proposed a method of combining an inertial mass in 2012 with a viscous mass damper to create a tuned viscous mass damper (TVMD), which has shown better control efficiency than traditional viscous mass dampers (VMDs) and viscous dampers (VDs). Based on this, in 2013 Garrido replaced the conventional viscous damper (VD) with a tuned viscous mass damper (TVMD) in a tuned mass damper (TMD) to create a rotating inertia dual tuned mass damper (RIDTMD) [10,12]. Marian et al. [16] developed a tuned mass damper inertial (TMDI) device in 2014 by parallel connecting an inertial mass with the damper and spring components of a TMD. Ruiz et al. [26,27] introduced the concept of an inertiabased dynamic vibration absorber (IDVA) in 2015, which replaced the damper element in a TMD with different configurations of an inertial mass, damper, and spring connected in series or parallel. Cao et al. [24] divided a TMDI into two serially connected TMDIs in 2019 to create a tuned serially connected TMDI system (TTMDIs). This was followed by Luo et al. in 2016, Cao et al. in 2022 for inertia-based passive control devices for foundation isolation, and Giaralis et al. in 2017, and Petrini et al. in 2020 for seismic and windinduced vibration control in high-rise buildings [28]. Creatively, Brzeski et al. [29] created the tuned inertial damper (TID) in 2014 by replacing the mass element in the TMD with an inertial element. TMDI is derived from TMD, which was first proposed by Frahm for reducing the multi-degree-of-freedom (SDOF) response of a primary system with a tuned linear spring to harmonic forces within a narrow frequency [30–34].

The concept of an ideal inertial device was first proposed by Smith in 2002, and in 2004 Papageorgiou and Smith experimentally demonstrated that by incorporating a rack and pinion or ball screw mechanism, the translational energy of the structure could be converted into rotational energy stored in a relatively light rotating disc [12]. Experiments by Wang et al. in 2011 and Swift et al. [17] in 2013 verified the implementation of hydraulic inertial devices with inertia values b almost independent of the mass of the physical device. The ideal inertial device can be understood as an inertial amplifying device since it acts as a “weightless” mass b when “grounded” at either of its terminals. Prompted by this consideration, tuned mass dampers-inertial systems-have been proposed which enhance the vibration control capabilities of classical tuned mass dampers. Therefore, Marian et al. [32] have demonstrated in 2013 and 2014 that utilizing the inertial amplification property can significantly improve the vibration control ability of a device under the same additional mass (thus weight) conditions (see also Fig. 2) [15].
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Figure 2: The tuned mass-damper-inerter (TMDI) system for multi-storey frame buildings

2.2 Basic Characteristics of TMDI

In 2013 and 2014, Marian et al. [13,32,35] proposed a generalization of the classical Tuned Mass Damper (TMD), which includes an “inertial” device called the Tuned Mass Damper with an Inertia device (TMDI). The TMDI introduces inertia into the conventional vibration absorber, leading to the development of various inertia-based dampers. The study of TMDI plays an important role in engineering vibration control, particularly in high-rise buildings or bridges located in areas susceptible to strong winds or earthquakes. The TMDI is an extension of the classical linear TMD, which benefits from the mass amplification effect of the inertia device, or the so-called “inertial amplification” to enhance the vibration suppression capability of the TMD [32–36]. Zhang et al. [37] investigated the structural control of high-rise buildings under wind and earthquake loads and verified that under a multi-modal control mechanism concerning TMDI, it is mainly determined by the contribution of two aspects of TMDI: the damping effect associated with inertia, auxiliary mass, and damping coefficient and the negative stiffness effect associated with auxiliary mass. In the vibration reduction of tall buildings with wind excitations, the performance of the TMDI is heavily influenced by the floor to which the inerter is connected. Therefore, the vibration reduction performance of the building is calculated as a function of this parameter. It is important for designers to carefully consider the installation location of the inerter as it can significantly impact the overall effectiveness of the TMDI system. Optimal TMDI performance is achieved when the inerter end connected to the ground floor experiences zero absolute acceleration. However, connecting the inerter to a floor located beneath the pendulum mass (see Fig. 3) means that TMDI can only surpass TMD if said inerter is connected to a floor at around one-third of the building’s height (see Fig. 3) [38]. In the most realistic scenario, TMDI exhibits significantly poorer performance compared to the classical TMD when the inerter is linked to the mass located close to the ground [38,39].
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Figure 3: (a) Tuned mass damper (TMD), grounded to an arbitrary structural mass (illustrated with mass ground 19), (b) TMDI grounded directly to ground, (c) shear frame structural model with TMD, (d) transfer function of excitation force at 20th level of structural displacement

The study investigates two TMDI topologies [40]. The traditional topology involves connecting the inerter in parallel with the spring and viscous damper. The nonlinear electromagnetic resonant shunt tuned mass damper-inerters (NERS-TMDI) has two different topologies. One topology involves connecting the spring, inertial damper, and viscous damper in series to increase the inertia force of the TMDI. The other topology connects these components in parallel to the stiffness of the TMDI’s mass-spring oscillator and aims to produce an additional degree of freedom. The first topology aims to increase the inertia force of TMDI, while the second aims to produce an additional degree of freedom. Results show that the TMDI with the spring, inerter, and viscous damper in series results in an increased degree of freedom of the damper while avoiding significant friction in the inerter. This benefit is realized through the series connection of the spring, inerter, and viscous damper. The use of different TMDs and inerters in base-isolated buildings results in completely different dynamic performance of the structure. Therefore, de Domenico et al. [25] proposed six different strategies for a systematic comparative study, with each strategy characterized by a specific combination of mass-spring-damper elements arranged in series or parallel to alleviate the displacement of base-isolated structures. The specific schematic is shown in Fig. 4 [41]:
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Figure 4: (a) Structural control strategy for base isolation with BIS+ non-traditional TMD. (b) BIS+TMDI structural control strategy for basement seismic isolation. (c) Main concept of classical TMDI. BIS: base-isolation system

3  Design of TMDI

In recent years, the Electromagnetic Resonant Tuned Mass Damper with Inerter (E-TMDI) has received a significant amount of attention due to its ability to provide damping as well as harvest energy. This design has already been successfully applied in linear structures, but it is not yet mature in nonlinear structures. In the following, we will review the linear or nonlinear relationship and the series-parallel connection of the Electromagnetic Resonant Tuned Mass Damper with Inerter.

3.1 Vibration Control

With reference to previous indepth studies on vibration isolators, we have a preliminary understanding of the development of TMDI in vibration control [42]. As shown in Fig. 5 [43], Classic TMD coupled with an inerter in different TMDI topologies are proposed to suppress excessive wind-induced vibrations that cause discomfort to residents in high-rise buildings [43]. At the same time, it has been proposed to use two different structures for the Nonlinear Electromagnetic Resonant Series-Tuned Mass Damper with Inerter (NERS-TMDI) [44,45]. Results show that NERS-TMDI is superior to existing Nonlinear Tuned Mass Dampers (NTMD) and Electromagnetic Resonant Series-Tuned Mass Damper with Inerter (ERS-TMDI) in terms of vibration control. It has been found that the first configuration of NERS-TMDI consistently performs better than the second configuration in reducing vibration and harvesting energy. The vibration behavior of ERS-TMDI system is derived when subjected to wind-induced excitation on the primary structure (see Fig. 5) [5]. Simultaneous, the performance of the ERS-TMDI system in vibration reduction and energy harvesting is numerically analyzed. At a high inertial ratio, research has shown that the vibration reduction performance of the primary structure deformation and relative deformation of ERS-TMDI is better. ERS-TMDI reduces the resonance peak by 35% compared to the classic TMD, and by 18% compared to ERS-TMDs, significantly improving the vibration reduction effect. Finally, Luo et al. [5,22,46] introduced the combination of ERS-TMDI and single-degree-of-freedom systems, and the results showed that ERS-TMDI is superior to classic TMD, ERS-TMDs, and series-connected double-mass TMD systems in terms of structural damage protection.
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Figure 5: Block mass linear models for n-storey frame buildings equipped with TMDI under wind excitation: (a) “−1” topology; (b) “−2” topology; and (c) “−3” topology. Schematic of the optimal frequency responses under different inertance ratio: (d) the deformation of the primary structure and (e) the relative deformation of the ERS-TMDI

Based on the differences between internets devices, the following Table 1 shows the available vibration control devices and their characteristics.
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Since Liu et al. [53] derived the motion differential equation of the Tuned Frequency Mass Damper (TFMD) under harmonic excitation. The frequency domain displacement response of the transmission conductor acting on TMDI was analyzed using the Fourier transform. A collision-based optimization (CBO) algorithm based on heuristic algorithm was used to optimize the response of the transmission elevated-TMDI structure. Based on the CBO optimization, the transmission line TMDI system’s parameters were optimized to minimize its displacement. Through his research, he has shown that by optimizing TMDI parameters using CBO, the displacement response of the transmission line can be effectively controlled, leading to a significant improvement in vibration control efficiency. Salvi et al. introduced a new structure that simultaneously suppresses vibration and collects energy in a harmonic excitation structure based on a damped SDOF dynamic system (see Fig. 6) [51]. The stiffness and damping characteristics of TMD can be adjusted using a simple design formula to achieve enhanced vibration suppression (based on the peak displacement of the SDOF primary structure) and energy harvesting (based on the relative velocity at the EM terminal). This can be done at a similar resonance frequency with a fixed mass attached to TMD, as illustrated in Fig. 6. Based on this situation, there exists a balance between vibration control and energy harvesting. Therefore, energy harvesting-enabled tuned mass-damper-inerter (EH-TMDI) is inspiring for future multi-objective optimization design processes. For the SDOF primary structure, the TMDI includes an inertial device connecting the additional mass of the classical TMD to the ground, as shown in Fig. 6h. The mass of the classical TMD is connected to a skyhook configuration on the ground as shown in Fig. 6b where β is the inertia ratio and µ is the mass ratio [51].
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Figure 6: Comparison of two approaches regarding the (a–c) integrated, tandem layout and (d–f) separated layout of the EH-TMDI: Topology (a, d), dynamic amplification factor of the primary structure NS (b, e), harvested power PEH (c, f), with µ = 0.01, ζEH, p = 0.01, ζEH, h = 0.10. Structural parameters and absolute (relative to the ground) dynamic degrees of freedom of a structural system composed of a SDOF primary structure (subscript S) equipped with different devices, within a sky-hook layout (subscripts T , I, label EH). See respectively (g–i)

Due to the excellent mechanical performance of TMDI, TMDI has become an exciting candidate device in the field of passive vibration control of space-constrained offshore wind turbines. Fitzgerald et al. [54] have shown that TMDIs offer significant damping potential for floating offshore wind turbine (FOWT) towers. For the same damper mass, this new type of damper performs significantly better than a conventional TMD, and the TMDIs can significantly improve the reliability of FOWT towers in adverse weather conditions with wind and wave dislocation. The application of a passive TMDI in the vibration control of a mast-style FOWT tower was studied, and the optimal tuning parameters of the simplified fixed-base tower under white noise excitation were derived [47]. The optimal TMDI design parameters were derived as a function of TMD mass and inerter constant b to minimize the relative displacement variance of the undamped SDOF structure subjected to white noise excitation [55]. The findings indicate that, with a fixed TMD mass, the optimized TMDI setup is superior to the traditional TMD configuration in mitigating the displacement variance of an undamped SDOF structure when it undergoes white noise excitation. In particular, the hybrid control of the structure based on TMDI and the base-isolation subsystem under seismic excitation was studied (see Fig. 7), and TMDI was optimized by implementing a simplified method based on minimizing the variance of the base isolation subsystem’s displacement (see Fig. 7) [56]. To increase the safety and availability of a beam structure while controlling its vibration, it has been suggested to use Lagrange’s equation in conjunction with a smart monitoring sensor for electrical grids. This approach would aid in the calculation of the response of the beam structure to seismic acceleration excitation and the corresponding displacement values, and the displacement response formula for the beam structure under kinetic force are derived [56].

[M]{y¨}+[C]{y˙}+[K]{y}=−[M][E]x¨g(t)+FTFT=Dd[cd(x˙d−y˙)+kd(xd−y)](b+md)x¨d+cd(xd−y˙)+kd(xd−y)=−mdx¨g(t)(1)

where the displacement of the TMDI with respect to the base is denoted as xd (t). Let md, b, cd and kd be the mass, inertia, damping and stiffness of the TMDI, respectively.
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Figure 7: (a) Base-isolated MDOF shear frame; (b) hybrid controlled MDOF shear frame with TMDI. Frequency response function in terms of base displacement for the hybrid controlled 20-story base-isolated structure with TLCD (black dotted line), with TMD (green dash-dotted line), with TMDI (blue solid line) and base-isolated structure (red dashed line) subjected to the 44 FEMA P-695-FF records; (c) for ζb = 10%; (d) for ζb = 15

The effect of the position of the TMDI in controlling wind-induced vibration of a flexible structure is investigated as shown in Fig. 8, and the equations of motion for a TMDI structure system considering the inertial position are developed below [22,23,57,58]. Meanwhile, based on the mass amplification effect, and control robustness conditions, the effect of inertial position on the control effectiveness, optimization of design parameters, and high-mode damping effect of TMDI is discussed [57].

[M+dH2H2T−dH2−dH2Tmt+d]{X¨x¨t}+[C+ctH1H1T−ctH1−ctH1Tct]{X˙x˙t}

+[K+ktH1H1T−ktH1−ktH1Tkt]{Xxt}={F0}(2)

where H1 and H2 are the position vectors of the damping and inertial elements; X¨, X˙ and X are the acceleration, velocity, and displacement response vectors of the primary structure; M, C and K are the mass matrix, damping matrix and stiffness matrix of the primary structure.
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Figure 8: Displacement response of the girder equipped with the conventional TMD or TMDI in (a) and (b). Some functions of Displacement response of the girder equipped with the conventional TMD or TMDI with error in (c) and (d)

Based on the adverse effects of crosswind vortex-induced resonance on high-rise chimneys, high-rise chimneys can be reduced to generalised SDOF structures. Based on the simulated filtered wind load spectra, analytical solutions were derived for the wind-induced vibration response of the structure with the TMDI installed. Subsequently, a parameterized analysis of the optimized design parameters of TMDI is conducted. From the basic motion equations, an analytical expression for the efficiency of TMDI wind-induced vibration response control for the generalized SDOF high-rise chimney structure is derived based on the filtered representation method. Through parameter analysis, empirical formulas for TMDI’s optimal parameters, optimal control ratio, and effective TMD mass ratio are obtained [59–61].

In the vibration control of high-rise buildings, TMDI can be used to control the structure of high-rise buildings under wind and earthquake loads through the inherent multi-mode control effectiveness of TMDI. The analysis and research of TMDI’s multi-mode control effects suggest that the damping effect of the weighted difference of mode coordinates between two ends of TMDI is the main reason for the multi-mode control effectiveness of TMDI. Finally, the change trend of the equivalent damping ratio of TMDI-controlled structures under any mode is analyzed through the established model, and the design parameters that have the greatest impact on the multi-mode control effectiveness of TMDI are determined. In addition, when inertial dampers are used to reduce the wind-induced response of high-rise buildings, Studies have shown that optimally designed TMDIs or TIDs are better at suppressing wind-induced vibrations than TMDs, especially in terms of acceleration response, when assigned low or zero additional mass. Based on the concept of structural dynamics, the motion equations of the MDOF structure controlled by TMDI can be expressed in a matrix-vector [13]:

Mx¨(t)+Cx˙(t)+Kx(t)=p(t)+1iFi(t)−1aFa(t)(3)

where M, C, and K are the mass matrix, viscous damping matrix, and stiffness matrix of the primary structure, respectively. x˙ and x¨ denote the corresponding velocity and acceleration response vectors. p(t) denotes the excitation vector acting on each degree of freedom at a moment.

The generalized SDOF system is only suitable for the design of TMDS and inter-floor TMDIs adjusted to the basic vibration mode. For TMD-Nonconventional (TMDNC) and TMDI tuned to higher modes or with a multi-level topology structure, a generalized MDOF model (see Fig. 9a) can be used for more reliable vibration control performance evaluation and parameterized design. Fig. 9b lists the performance influencing factors of TMDI.
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Figure 9: TMDI-controlled MDOF structure under earthquake and wind loads and factors affecting TMDI performance

In order to combine the optimization of TMDI tuning with the design of the main structure to improve performance under dynamic loads, the influence of the elastic and mass characteristics of the main structure on the performance of TMDI motion control is investigated, an innovative parameter study can be conducted. This relates to various tapered beam-like cantilever main structures which produce continuously varying bending stiffnesses and mass distributions [13,62–65].

3.2 Energy Harvesting

By combining an inertial damper with Tuned Mass-Damper, an inertial-based TMD was obtained, and the closed-form displacement equations and power equations of generic tuned mass-damper-inerter (GTMDI) were derived [52]. The working mechanism of GTMDI was revealed and elucidated, and it was confirmed that GTMDI has dual benefits, namely reduced input energy and enhanced dissipation power effect. Fig. 10 is a schematic diagram of the coupling between the mechanical and motor network systems in the TMDI system.
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Figure 10: Schematic diagram of mechanical and motor network system coupling in TMDI system

Studies have found that adding electromagnetic motors to TMDIs with different damping characteristics can increase the available energy of wind-induced high-rise buildings [4]. In TMDI topologies where inertial units cover more floors, the acceleration of the floors can be simultaneously reduced while increasing the available energy. Theoretical studies have been conducted on the performance of non-linear shape memory alloy (SMA) springs in inertial devices for controlling wind-induced vibrations in high-rise buildings [6]. The potential for energy harvesting using this temporary passive control device was also investigated.

From the perspective of frequency domain analysis, compared to traditional TMDs, classical TMDs only tune the mechanical damper, while ERS-TMDI can improve vibration control and energy harvesting performance by tuning the resonance of mechanical dampers, inertial units, and electromagnetic resonators [5]. Therefore, ERS-TMDI can efficiently harvest energy and improve energy harvesting efficiency (see Fig. 11). Fig. 11a shows a typical generated fluctuating wind time history with a duration of 100 s and a time interval of 1 s. In Fig. 11b, the wind time history produced is compared to the Davenport spectrum by inverse fast fourier transform (IFFT) for power spectral density. It is clear from Fig. 11 that both classical TMD and ERS-TMDI have displacement damping effect at the same time and their relative reduction rates are 9.71% and 11.49%. In this case, the peak displacement of the primary structure of ERS-TMDI is reduced by about 9.78%, while the relative reduction rate in terms of acceleration is 6.95% [5].
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Figure 11: Time-history responses of (a) displacements and (b) accelerations of the primary structure: comparison between classical TMD and ERS-TMDI

Luo et al. [5] introduced the standard performance of ERS-TMDI by comparing it to classical TMD, ERS-TMDs, and Series Dual Mass TMDs (SDM-TMDs), in order to achieve minimum structural damage and energy harvesting under stochastic wind excitation. As shown in Fig. 12b, Petrini et al. [50] studied the potential of coupling TMDs with inertial devices in different TMDI topologies to dissipate the vibration due to crosswind vortex forces in high-rise buildings while generating electric energy. When a renewable electromagnetic motor (EM) is connected to the TMDI, the damping characteristics of TMDI will be allowed to change, and part of the kinetic energy dissipation will be converted into electrical energy. The results (see Fig. 12a) show that the energy available for collection can be increased by increasing the damping of the TMDI beyond the optimum value for vibration suppression, or by sacrificing greater bottom plate acceleration at the expense of reducing the inertial characteristics.
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Figure 12: Sensitivity of the DV optimum to changes in wind speed at u = 0.5% in (a) Connection of the EH-TMDI system in presence of an EM in (b)

Since the optimal stiffness and damping characteristics do not significantly change with the reference wind intensity used in the design and evaluation of high-rise buildings for occupant comfort and accessibility, the potential for TMDI to simultaneously perform energy harvesting and vibration suppression has been quantified by coupling TMDI with regenerative electromagnetic motors, allowing for changes in optimal TMDI damping and inertia. Therefore, in wind-induced high-rise buildings, with regard to the power generation control of sensors and actuators for health monitoring and climate control in modern structures, this can be increased by considering the occupancy situation or relaxing the availability limit state thresholds for floor acceleration to meet the comfort of the occupants.

The considered TMDI configuration is suitable for controlling the dominant vibration mode of a vertical cantilever structure [66]. Based on this, an analytical model of a cantilevered flexural structure with an electromagnetic pulse as an ideal damper for TMDI is established. The main structure is considered as a generalized single-degree-of-freedom structure with mass and stiffness characteristics depending on the first vibrational mode. The analysis results show that under stationary white noise excitation, the further distance between the inertia mass and the top of the main structure, the better.

A large body of research has shown that ERS-TMDI has gained broad attention in the field of vibration mitigation and energy harvesting (see Fig. 13). Although this design is well established in linear structures, it has not been widely applied in nonlinear structures [44]. The significance of this work lies in the use of only a single device to achieve vibration suppression and energy harvesting of non-linear vibrating structures. The experimental results show that the proposed NERS-TMDI structure performs better than the existing non-linear tuned mass dampers (NTMD) and ERS-TMDI in terms of vibration control (see Fig. 13). The results also show that the first configuration of the NERS-TMDI always outperforms the second configuration of the NERS-TMDI in terms of vibration control and energy harvesting. However, the stability and bifurcation analysis of the NERS-TMDI remains to be investigated and future work will involve the development of suitable optimization schemes to improve the existing design options for the NERS-TMDI [48,49].
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Figure 13: Schematic representation of the primary mass connection to the NERS-TMDI for (a) configuration-1 and for (b) configuration-2. Energy collected in NERS-TMDI configuration-1 against the inerter magnitude and the impulse magnitude: (c) three-dimensional graph and (d) contour plot. The parameters for the primary system are ms = 1 kg, ks = 1 N/m, ksn = 1 N/m3 and cs = 0.002 Ns/m

The electromagnetic tuned mass-inerter damper (EM-TMID), proposed by Luo et al. [67], achieves the dual functions of vibration suppression and energy harvesting. A new feature of this damper is that it replaces the viscous damping of the traditional TMD with an inertial electromagnetic transducer. Based on the Alembert principle, a dynamic model of the EM-TMID and a single-degree-of-freedom structure under earthquake excitation was established. Using the H2 norm method with the minimum root-mean-square damage value of the primary structure as the objective, the EM-TMID was optimized by considering both frequency domain and time domain numerical simulations, and the dual functions of vibration suppression and energy harvesting were analyzed. The results show that EM-TMID outperforms classical TMD, EM-TMD and TMDI in reducing the peak and area of the frequency response of the primary structure displacement in the frequency domain; while EM-TMID outperforms classical TMD in reducing the peak and root mean square values of the displacement and acceleration in the time domain. The mechanical model of the EM-TMID-single-degree-of-freedom structure coupling system can be established based on the D’Alembert principle as follows:

{msx¨s+csx˙s+ksxs−kT(xT−xs)+kfI=−msx¨g(mT+b)x¨T+kT(xT−xs)−kfI=−mTx¨gkv(x˙T−x˙s)+RI+LI˙=0(4)

where kv, kf are the electromagnetic sensor constants, ideally kv = kf; R is the resistance, R = Ri + Re; kT is the stiffness of the TMD; mT is the mass of the TMD; b is the inertia mass; xT is the displacement of the TMD; xs is the displacement of the main structure; and L is the electric current.

The traditional TMD is connected to the ground via an inertial device. The inertial electromagnetic transducer and its related circuitry replace the viscous damping of the classical TMD. The transducer is assumed to be an ideal transducer that is parallel to a resistor, an inductor, and a capacitor (RLC) circuit made up of resistance, inductance, and capacitance. Two types of RLC circuit structures were studied: one is in series and the other is in parallel. The equations of motion for the system are given as follows [3]:

msx¨s+csx˙+ksxs−kT(xT−xs)+kfI=−msx¨g

(mT+b)x¨T+kT(xT−xs)−kfI=−(mT+b)x¨g(5)

kv(x˙T−x˙s)+RI+LI˙+1c∫Idt=0

where kv is the transducer voltage constant. kf is the force constant of the transducer.

Fig. 14a is the representations of structures. The objective of ERS-TMDI is to simultaneously suppress unnecessary vibration and collect energy from vibrating structures (see Fig. 14b). The Matlab optimization toolbox was used to numerically verify the optimal expression obtained (see Fig. 14c). The results showed good consistency between the two. These optimal parameters, namely the electromagnetic-mechanical coupling coefficient, were found to be dependent on the mass ratio and inertia ratio. Through parameterized studies, the effects of the mass ratio and inertia ratio on the optimized design parameters were examined. The results showed that an increase in the mass ratio and inertia ratio can improve the electromagnetic-mechanical coupling coefficient and damping ratio, and it was also found that the parallel RLC structure (see Fig. 14b) is superior to the series RLC structure in energy harvesting and has similar performance in vibration suppression [3,67].
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Figure 14: Representations of structures in (a). (b) shows the schematic structure of the main unit with ERS-TMDI absorber, divided into series and parallel circuits. Three-dimensional representation of performance index (PI) with respect to electromagnetic mechanical coupling coefficient μk and electrical damping ratio εe under μ = 0.02, δ = 0.1, ft = 1.018, and fe = 0.981 in (c)

In conclusion, it can be seen that all studies on TMDI in the context of energy harvesting clearly demonstrate that the proposed inertial device is feasible and useful in controlling wind-induced vibration of buildings and converting dissipating energy into electrical energy.

3.3 Optimization and Design

Bian et al. [68] studied design, optimization, and evaluation techniques for TMDI used on circular cross-sectional structural components. Zero-mean white noise random processes were used as external excitation loads. Two design objectives were to minimize the variance of the primary structure’s displacement and to maximize the energy dissipation index (EDI) as a method of selecting the optimal design parameters. Lara-Valencia et al. [69] discussed the optimization design of TMDI using exhaustive search and demonstrated that linear combination optimization design schemes are valuable and easy-to-implement tools. It was suggested that as research and practical applications of TMDI devices continue to develop, nonlinear analysis should be the focus of future developments in this field. Masnata et al. [70] proposed a new type of TMDI, which incorporated a recently developed Non-Traditional Tuned Mass Damper (referred to as new TMD) in combination with a base-isolation (BI) system to control the displacement of a base-isolated structure under earthquake action (see Fig. 15). The new TMD consisted of a secondary mass system connected to the BI system’s baseplate via a spring and connected to the ground via a damper, as well as an inertial device parallel to the damper, as shown in the figure below. Ye et al. [71] used simplified 3DOF and MDOF structural models to evaluate the effectiveness of a double-isolation system with optimal supplementary disturbance sources by using artificial and actual seismic records for time-lapse analysis. The results show that the maximum absolute floor acceleration of the dual isolation system (DIS)-inerter-MDOF-1 model is significantly lower than that of the base-isolated structure of multi-degree-of-freedom (BIS-MDOF)-MDOF model, but slightly higher than that of the original double-isolated system.
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Figure 15: Base isolated structures: (a) MDOF base isolated shear-type frame; (b) MDOF base-isolated TMDI-controlled shear-type frame; (c) MDOF base-isolated New TMDI-controlled shear-type frame; (d) Sketch of a single-storey building containing a tuned mass damper (TMDI) with SDOF base isolation

This device is connected to the baseplate of the isolated structure via a spring and a damper in the traditional form of TMD. Some studies have shown that it can effectively reduce the displacement of the base-isolation sub-system and the primary structure [24,25]. This novel design includes a TMDI with the damping element directly connected to the ground. The results show that under the same mass ratio, compared to the classic TMDI, the new TMDI can better reduce the displacement of its substrate isolation subsystem even further [26–28].

Pietrosanti et al. [65] presented an optimization technique for designing TMDI for MDOF structures. By analyzing the influence of the mass ratio and comparing its performance with that of TMD with the same mass, it was found that using an inerter is particularly suitable when using a small amount of auxiliary mass. The optimization design of TMDI was investigated by di Matteo, who proposed a numerical method to directly optimize the TMDI under white noise excitation. This was done to control the acceleration response of a base-isolated structure. A. Giaralis established a design framework for earthquake-excited TMDI-assembly-layer buildings, considering mass amplification effects, using inertia as a design parameter, and considering the stiffness and damping characteristics of TMDI. By ensuring that the contribution of all structural modes to the design objective function evaluation is explicitly taken into account, optimal design is achieved across the entire frequency range [70,72,73]. It was found that compared with the same mass TMD, when the TMD mass and TMDI topology structure are smaller (where the inerter connects the TMD mass to the following two layers), including the inerter achieves enhanced performance improvement, and TMDI has quite robust properties, with limited influence of excitation characteristics on actual optimization design [74–76].

Djerouni et al. [77] developed a mathematical model for TMDI in building seismic mitigation using MATLAB Simulink, which demonstrated the robustness, performance, and effectiveness of TMDI. de Domenico et al. [78] found the optimal parameters for TMDI based on probability framework and investigated different optimization algorithms (see Fig. 15d). The effectiveness of the optimal TMDI parameters was evaluated through time history analysis of multi-story isolated structure under multiple earthquake excitations. Three distinct methods for optimizing TMDI were developed using white noise as the fundamental excitation. The efficiency of designing and assessing TMDI systems based on earthquake excitation was also explored [1]. The results showed that TMDI could effectively reduce the dynamic response of the system, and the use of inertial systems could achieve lightweight of the system, with better performance and robustness than classical systems. Two kinds of nonlinear constitutive behaviors were considered, and a dynamic layout scheme was proposed in which TMDI was installed below the isolation layer of the foundation isolation structure to improve the seismic capacity and reduce the displacement demand of the isolation structure [79]. Patsialis et al. [12] established a reduced order model (ROM) on the basis of the original finite element model. However, Kaveh et al. [41] computed the optimal parameters for the free vibration of TMDI with single and double inertias arranged at various positions in the optimization design of both SDOF and MDOF models (refer to Fig. 16). These parameters include the natural frequency and damping ratio. The results showed that the tuned dampers with rational configurations had better performance than the classical TMDs with the same weight (mass).
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Figure 16: Single degree of freedom (SDOF) primary structure with TMDI coupling

Firstly, a case study was conducted to apply the inertia dampers to adjacent high-rise buildings. Secondly, a multi-objective evolutionary algorithm, i.e., non-dominated sorting genetic algorithm, was used to solve the quality-constrained optimization problem of multi-tuned mass damper inerter (MTMDI) parameter [9,80]. Finally, a comparison was conducted among MTMD, single TMDI, and MTMDI systems that consist of TMDI and TID while considering practical design considerations that are related to using realistic and feasible constraints for maximum mass ratio. de Domenico proposed a TMDI-enhanced foundation isolation system mounted on an isolation floor [78,25]. The effectiveness of the optimal TMDI parameters was evaluated through time history analysis of multi-story isolated structure under multiple earthquake excitations. By applying D’Alembert’s principle, the motion control equation of a three-dimensional system can be easily expressed in matrix form [78]:

Mu¨(t)+Cu(t)+Ku(t)=−τu¨g(t)(6)

where g(t) is the horizontal ground acceleration to which the combined system is subjected.

Pietrosanti et al. [81] presented an optimization design method for TMDI based on multi-degree-of-freedom structures. The study examined MDOF structures with ground-connected or unconnected TMDIs and proposed a method for a generalized two-degree-of-freedom model suitable for optimizing control system design. Under the basic acceleration with only the horizontal translational component of motion considered at each level, the motion equations for such a structure can be expressed as follows [81]:

Mu¨+Lu˙+Ku=−Mτu¨g+BkfB+BjfT

mTu¨T=−mTu¨g−fB−fT(7)

fB=b(u¨T−u¨k)fT=cT(u˙T−u˙j)+kT(uT−uj)

where M, L, and K are the mass, damping, and stiffness matrices, respectively, u is the horizontal displacement vector with respect to the ground, uT is the relative displacement of the mass mT with respect to the ground, and uj, uk are the relative displacements of the j and K degrees of freedom with respect to the ground, respectively. τ is the unit vector, fB is the interfering force acting on k-dof, and fT is the viscoelastic force acting on j-dof, and finally Bk and Bj are the assigned vectors.

A comparison between traditional passive TMD and TMDI was made, and the building was modeled mathematically with MATLAB Simulink [1]. The simulation results demonstrated the effectiveness, robustness, and performance of the method. In addition, a new structure called Tuned Mass-Damper Inertial Resonator (TMDIR) was proposed to suppress ground motion, such as base or excitation force. Liu et al. [82] investigated the vibration control and optimization design problems of the Tuned Mass-Damper Inertial Transmission Line (TMDITL) and they developed the differential motion equation for TMDI transmission line under harmonic excitation and utilized frequency domain analysis to obtain a closed-form solution for the displacement response spectrum of the transmission line. The design parameters of TMDI were optimized using fixed point theory and the researchers discussed the vibration control performance of TMDI based on this optimization.

A dynamic layout scheme was proposed in which TMDI was installed below the isolation layer of the foundation isolation structure to improve the seismic capacity and reduce the displacement demand of the isolation structure [79,83]. Matteo et al. [74,84] studied the response of the foundation isolation structure controlled by TMDI under stochastic horizontal base acceleration. Firstly, a direct numerical method was proposed to optimize the device under white noise excitation, and a simplified analytical solution for TMDI parameter optimization design of foundation isolation structure was further proposed. Under this method optimization, the response of the foundation isolation structure under strong earthquake excitation can be effectively reduced. Bian et al. [85] proposed a hybrid vibration control method BI-TMDI for the vibration suppression of substation systems. A theoretical optimization model of the switches mounted on frame (SMF)-BI-TMDI system based on a three-degree-of-freedom analogy was developed, which can be used to explicitly consider the interactions between the switch, base isolation frame and TMDI. The results of the time course analysis of the SMF-BI-TMDI system under the action of a strong seismic ground motion ensemble validate the effectiveness of the BI-TMDI vibration control method as a promising vibration control method that can be used to improve the seismic response of the substation and its components.

The article introduced a calculation method for structural damage under stochastic ground acceleration excitation and compared it with the ERS-TMDs, TMDI, and TMD, as shown in Fig. 17 of the article referenced by citation [86]. The article mentioned that closed-form solutions were obtained, which included the optimal mechanical tuning ratio, optimal electrical damping ratio, optimal electrical tuning ratio, and optimal electro-magnetic-mechanical coupling coefficient. Fig. 17d in the article illustrated the optimal performance indicators for earthquake control.
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Figure 17: (a), (b), and (c) show the schematic of the coupled SDOF and tuning damper system. (d) shows the schematic of optimal performance index PIV for the seismic control

Petrini et al. [4,87] proposed a new scheme for the optimization design problem of TMDI to determine the damping and stiffness characteristics of TMDI. This approach can minimize the key floor acceleration for building occupants in cross-wind direction using the previously designed TMDI inertia characteristics and topology structure (see Fig. 18a). Through extensive inertia characteristics and three different topology structures, optimized TMDIs were obtained (see Fig. 18b).
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Figure 18: (a) A wind-driven case of a typical rack-and-pinion flywheel inerting device with a “–p” TMDI topology and n gears was used to study a block mass surrogate planar frame model of the building. (b) Peak top floor acceleration achieved with optimally designed TMDIs in different topologies and inertial properties: Secondary mass ratio μ and inertance ratio β

Three distinct optimization techniques were introduced for TMDI, utilizing a zero-mean white noise random process as the primary stimulus. A MTMDI system (consisting of multiple TMDIs) was used as an unconventional seismic protection strategy to connect two adjacent high-rise buildings [1]. Using NSGA-II for displacement-, inter-story drift-, and acceleration-oriented optimization, four optimal parameters for each TMDI in the MTMDI system, namely, mass ratio, inertia ratio, frequency ratio, and damping ratio were obtained [88]. Two inertia-based isolation systems (see Fig. 19), namely, the inertial damper (ID)-based isolation system, in which an isolation system based on a parallel connection of an ID and a viscous damper, as well as a series connection of an inertial damper, a spring damper, were put forward. The former is referred to as a TID-based isolation system [89]. Based on the optimal damping ratio and inertia ratio, both ID-based and TID-based isolation systems can reduce relative displacement, absolute acceleration, and base displacement. The results showed that ID-based and TID-based isolations have great prospects in the application of base isolation. A seismic hazard model was developed by Patsialis et al. [12] using a representative set of acceleration time course models to investigate the implementation of TMD and TID as limit cases for TMDI. The results show that both TID and TMDI achieve almost identical performance throughout the front end, for both linear and non-linear structures. When the inerter vibration absorber (IVA) is placed at a lower floor level, improved vibration control efficiency is achieved for both linear and non-linear structures, and better vibration suppression is achieved by allowing the IVA to span two floors. A novel design formula for a TMDI system was proposed in order to address the discomfort experienced by residents in tall and slim high-rise buildings that are susceptible to vortex shedding effects. Furthermore, the potential for converting wind-induced energy into usable electricity for these buildings was explored using this optimal TMDI design [19,90,91].
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Figure 19: The simplified model of the superstructure: (a) a MDOF building with a base isolation system; (b) the simplified SDOF structure with a traditional base isolation system

The majority of the research on TMDI systems has centered around optimizing tuning methods and connection arrangements to enhance the motion control efficacy of specific primary structures. Domenico and colleagues also investigated the impact that the elastic and mass properties of the primary structure have on the motion control performance of TMDI systems (see Fig. 20). The innovative parameter study conducted by Domenico and his team involved a vast array of conical beam-like cantilever primary structures, enabling the exploration of the combination of optimal TMDI tuning with primary structure design to enhance dynamic load performance. This represents a significant step forward in the field of TMDI systems research.
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Figure 20: (a) Continuous flexural cantilevered uncontrolled (primary) structure, (b) TMDI-controlled structure, and (c) external loads acting on the TMDI mass [23]

The advantages and disadvantages of the existing optimization methods are summarized and the following Table 2 shows the optimization methods for TMDI.
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4  Application of TMDI in Energy Collection and Vibration Control

4.1 Vibration Control and Energy Collection of High-Rise Buildings in Wind and Earthquake Conditions

According to Zhu’s analysis, the transfer functions of displacement and acceleration responses suggest that TMDI is more efficient than TMD in reducing wind-induced responses of coupled high-rise buildings. This is true even when the mass of TMDI is one-third smaller than that of TMD. Application of TMDI to wind vibration control in coupled high-rise buildings. This would be a good solution to the wind vibration control problem in coupled high-rise buildings. In the following discussion and research, we will focus on the relevant hot issues of TMDI in the field of high-rise buildings.

4.1.1 Vibration Optimization of TMDI under Known Risks in High-Rise Buildings

Due to the additional inertial mass provided by the inclusion of an inertial device, TMDI is more effective than TMD in reducing the vibration of high-rise buildings caused by earthquakes. Petrini et al. [4] mentioned that by spanning more floors with the inertial device, TMDI is more robust to perturbations in structural properties than TMDs.

Ruiz et al. [11] considered the system’s lifecycle cost, the probability of exceeding it during the construction lifecycle, and performance criteria with respect to the inertial size and the actual constraint of the structural connection. In these aspects, the optimal configuration of TMDI can achieve a reduction in both the lifecycle and building maintenance costs, at the expense of an increase in the inertial force. For a high-rise building, the initial equipment cost is primarily related to the mass of TMDI, while the other two criteria correspond to the maintenance cost and the design of the inertial force corresponding to the inertial device. In the description of risk and quantitative design indicators, Ruiz adopts a probabilistic seismic wind risk quantification framework and design variables (see Fig. 21a).
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Figure 21: (a) Proposed energy harvesting enabled TMDI for energy generation in wind-excited tall buildings. (b) Overview of risk quantification and assessment approach

Furthermore, under the same inertial coefficient and additional mass ratio, installing the inertial device at lower floors has played a significant role in all performance criteria examined, as the inertial device operates more efficiently [33,94]. Li et al. [95] mentioned in the paper the strong characteristics of TMDI with respect to the main structural features and reference wind speed, which can be increased by adding inertial mass blocks or by increasing the inertial connection secondary mass to span more floors of the high-rise building. Qiao et al. [13] proposed a concept based on the structural dynamics, representing the matrix-vector form of the motion equations of multi-degree-of-freedom structures controlled by TMDI [13]:

Mx¨(t)+Cx˙(t)+Kx(t)=p(t)+1iFi(t)−1aFa(t)(8)

where M, C, and K are the mass matrix, viscous damping matrix, and stiffness matrix of the primary structure, respectively. Vector x(t) is the relative displacement of each degree of freedom of the main structure at any time t. x˙ and x¨ represent velocity and acceleration response vectors.

Two representative excitations are wind load and seismic input [13]:

p(t)={{p1(t),⋯,pN(t)}T,wind loads −MJu¨g(t),seismic inputs (9)

where p(t) denotes the excitation vector acting on each degree of freedom at moment t. where J is the influence vector. ug is the horizontal acceleration of the seismic ground motion at moment t.

The control forces generated at both ends of the TMDI system acting on the degrees of freedom attached to its upper and lower ends can be calculated as [13]:

Fi(t)=kt[y(t)−xi(t)]+ct[y˙(t)−x˙i(t)]

Fa=b[x¨a(t)−y¨(t)](10)

where xa, xi, and y are the displacements of the ground-related ath DOF, ith DOF, and auxiliary mass, respectively.

4.1.2 Energy Collection Optimization of TMDI for High Rise Buildings under Wind Excitation and Earthquake Response

Previous research has shown that TMDI can effectively control vibrations in a range of different structures under various dynamic excitations from external environments. The main structure can be connected to the TMD mass by replacing the viscous dampers with electromagnetic motors (EMs) along with energy harvesting or storage circuits [18–21]. By utilizing this method, instead of dissipating as heat in the dampers, a portion of the kinetic energy from the main structure is transformed into electric power that can be utilized. The resulting energy can be stored in batteries for future use.

Adding electromagnetic generators to TMDI with different damping characteristics can increase the available energy in wind-excited high-rise buildings. Qiao et al. [13,92] showed in their research on the H2 and H∞ norm estimates of the displacement frequency response of structures controlled by conventional TMD (TMDC), non-conventional (high mass ratio) TMD (TMDNC), inter-story TMDI, and multi-layer topology TMDI that the generalized SDOF system is only applicable to the design of TMDC and inter-story TMDI tuned to the fundamental vibration mode. For TMDNC and TMDI tuned to higher modes or with multi-layer topology structures, it is recommended to use a generalized MDOF model (see Fig. 7a) to obtain more reliable vibration control performance evaluation and parameterized design.

Petrini et al. [4] mentioned in their research that TMDI topology with inertial units spanning more floors can simultaneously reduce floor acceleration and increase available energy. Petrini extended the TMDI configuration, which initially harvested energy from harmonic-based excitations in SDOF structures, to include wind-induced vibrations in tall buildings. In this regard, this paper proposes a new optimal TMDI design formula that minimizes the peak acceleration on the top floor. The formula quantifies the optimal performance of high-rise buildings in terms of connectivity and TMDI properties (i.e., attachment mass and inertia) as a function of the comfort of residents, through numerical solutions. It further provides a new EH-TMDI configuration optimized design under the performance standards mentioned above and demonstrates the increase in available energy by considering TMDI configurations with inertial units spanning more than one floor and allowing for changes in damping and inertial properties. Fig. 21b shows energy harvesting with TMDIs with different inertia and electromagnetic damping properties:

In the process of energy harvesting, the electromagnetic component can function as a damping device, dissipating a portion of the building’s vibrational energy while simultaneously converting another portion into electrical energy, and the damping coefficient in TMDI can be changed through the characteristics of the electromagnetic circuit to achieve passive-adaptive mode changes. However, balancing the relationship between vibration control and motor energy harvesting by changing the damping characteristics needs to be combined with actual situations. The more floors the inertial device spans, the more beneficial it is for vibration control to improve the comfort of residents while harvesting energy in wind-excited high-rise buildings. Djerouni et al. [96] used genetic algorithms to optimize the TMDIs for each earthquake motion and studied the dependence of optimal parameters for control schemes on seismic motion characteristics. Due to the lower damping ratio of the control device, TMDIs perform better in controlling responses to near-fault ground. Therefore, to maintain the control device’s displacement within a practical and acceptable range, it is favorable to minimize the damping ratio. Caicedo et al. [97] presented a method for adjusting TMD and TMDI located on the upper floors of high-rise buildings under seismic excitation. The calculation of design parameters used a new metaheuristic method based on a differential evolution approach [62] and a time-domain elastic time-history analysis, where the analysis of three strategic parameters involves using objective functions such as minimizing peak displacement, minimizing Root-Mean-Square (RMS) displacement response, and minimizing peak bottom acceleration of horizontal displacement. Finally, the results suggest that displacement has an obvious amplification trend as the inertial value increases.

4.2 Vibration Control and Optimization Design of TMDI in Long Span Bridges

Research on vibration control of bridges under the condition of non-ideal vortex-induced vibration based on inertial conditions is quite limited in actual large-span bridge engineering. Since Jin et al. first proposed using Inerter-based dynamic vibration absorbers (IDVAs) to reduce bridge vibration under harmonic excitation in 2016, Dai et al. [98] mentioned that under the same mass ratio, IDVA is more efficient than traditional TMD. Xu et al. later proposed using TMDI to suppress vortex-induced vibration of bridges in 2019 (see Fig. 22b). Since the inertial body of TMDI has an inertia force, which is equal to adding a virtual mass on the basis of the vibration mass block of the original TMD, TMDI has an excellent effect on the seismic control of bridges.
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Figure 22: Schematic diagram of the bridge-TMDI system

In recent years, the research conducted by Dai et al. in 2019 focused on the effect of inertial span on TMDI control efficiency, while Xu et al. compared different IDVA layouts and their effects on vortex-induced vibration (VIV) control in large-span bridges in 2020. Dai et al. utilized the Maxwell element to replace the damping element in TMDI in 2021 for VIV control in bridges. However, these are only theoretical studies based on TMDI. In this article, we will summarize the implementation and optimization of vibration control using TMDI in large-span bridges [99]. The schematic diagram of the TMDI system in bridge construction is shown in Fig. 22 below [95].

4.2.1 Vibration Control Design of TMDI in Bridges

After the large-span bridge is put into use, the actual environment such as wind, earthquakes, and passing vehicles and pedestrians will seriously affect the fatigue life and performance of the bridge structure. Due to the continuous increase in span, the bridge structure is becoming more and more complex and flexible, and is therefore frequently affected by wind. Non-ideal VIV can significantly impact both the fatigue life and performance of large-span bridge structures, resulting in damage to crucial components and even leading to collapse. Therefore, it is crucial to take measures to suppress VIV in large-span bridges [99]. The TMDI system can significantly reduce the VIV response of the bridge deck. Compared with the traditional TMD system, the TMDI system has significantly reduced static tension caused by gravity in the spring and oscillation amplitude of the mass block. These features make the proposed TMDI system an attractive alternative for VIV control of large-span bridges. Fig. 23a shows the structure of TMDI under SDOF [100].
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Figure 23: (a) Single-degree-of-freedom primary structure incorporating with a TMDI system. (b) Schematic diagram of the bridge–IBD system. IBD, inerter-based damper [7]

In fact, different combinations of inertial dampers, springs, and dampers can produce varying results. Among so many combinations, there are almost no applications of IBD to control wind-induced vibration in engineering structures. Giaralis and Petrini first attempted to apply IBD to wind-induced vibration control of civil structures. Xu et al. [7] studied the effectiveness of different combinations of IBD on VIV control of large-span bridges and proved that IBD or TMDI plays a good role in reducing earthquake-induced vibrations and controlling other vibrations of civil structures. Fig. 23b shows the schematic diagram of the bridging-IBD system.

Excessive out-of-phase vibration between adjacent components can also cause damage to the bridge. Song et al. [93] proposed using a TID system to reduce the impact and instability damage that may occur in adjacent bridge structures under strong earthquake action. By using optimization design with fixed points, it was found that compared with the classic TMD system, the proposed TMDI system has better dynamic response reduction performance and the inertial element can significant improve the isolation performance. Palacios-Quiñonero et al. [101] studied the modal characteristics and dynamic response of a two-degree-of-freedom system, while Basili et al. [102] proposed using TMDI system for seismic protection of adjacent buildings. Palacios-Quiñonero et al. [103] implemented the MTMDI system to link two high-rise buildings and assessed its control efficacy based on both displacement and acceleration measurements. Basili et al. [8–10] integrated soil-structure interaction (SSI) effects into the examination of neighboring buildings connected with spring-dashpot-inerter elements (SDIE) in parallel formation and optimized design parameters to achieve a pre-established displacement target. Palacios-Quiñonero et al. [101] employed a tuned liquid column damper (TLCD) to lessen the seismic response of neighboring tall buildings. Palacios-Quiñonero et al. [103] investigated the seismic response of two adjacent towers that were equipped with visco-inertia mass dampers (VIMDs). These studies show that although the application of inertial agents in adjacent structure vibration control is relatively less than that of controlling the vibration of a single engineering structure, Song’s et al. [93] research has shown that the relative response between adjacent structures in different structural systems will have a great impact on the seismic performance of the TMDI control system.

4.2.2 Optimization Design of TMDI in Bridge Applications

TMDI, as a common vibration control method, has been widely used in practical engineering. However, there are still technical challenges in the optimal design process of TMDI. Because the vibration problem of bridges has an important impact on the structural performance and safety, tuned mass damper installation has been widely used in bridge structures as an effective bridge vibration control technique. However, in practical applications, various factors, such as external environmental loading, multimodal vibration, etc., need to be considered in order to select the optimal TMDI design solution to control the bridge vibration [104,105]. For example, due to the flexibility of large-span bridges, it is challenging to limit the stroke of the TMD. However, TMDI has the characteristic of negative stiffness, which can effectively solve the main problem of mass dampers in flexible bridges [106–108].

The advantage of TMDI in vibration control mainly comes from the “mass amplification effect” generated by the inertial body. This inertia can exert a certain damping effect, thereby optimizing vibration suppression for different modes by comparing the frequency response function and the same as dynamic transfer function of the main structure. Feng et al. [109] showed that the use of IBDs including TMDI is a promising method for controlling the chattering vibration of large-span bridges, and based on this, eight different IBDs including TMDI were proposed and optimized by comparative study of simply supported beams. In bridge seismic mitigation, TMDI has different vibration amplitudes not only longitudinally but also transversely. According to this theory, a three-degree-of-freedom model of a tuned mass damper can be established to optimize the parameters of TMDI in bridge application. In addition, standardized simplified procedures [110–112] for the design and evaluation of bridge comfort can be carried out based on the HiVoSS guideline [113].

In bridge applications, TMDI is a common method of vibration control, and its design optimization can further improve the structural performance and safety of bridges. The following are some comments [114–116]:

1. The structural characteristics of the bridge have an important influence on the optimal design of TMDI. For example, factors such as stiffness, natural frequency and mass distribution will determine the parameter configuration of the TMDI. Higher stiffness may require larger tuned mass dampers and the selection of appropriate vibration modes for control around the natural frequency. It is also necessary to consider the geometry and material properties of the bridge to ensure that the design of the TMDI matches the actual conditions of the bridge.

2. The structural properties of the bridge have an important influence on the optimal design of the TMDI. For example, factors such as stiffness, natural frequency and mass distribution will determine the parameter configuration of the TMDI. Higher stiffness may require larger tuned mass dampers and the selection of appropriate vibration modes for control around the natural frequency. It is also necessary to consider the geometry and material properties of the bridge to ensure that the design of the TMDI matches the actual conditions of the bridge.

3. Bridges are subject to various external environmental loadings in actual use, such as wind loads and traffic loads. These loadings will cause bridge vibration and may interfere with the control effect of TMDI. Therefore, in the optimized design of TMDI, it is necessary to comprehensively consider these external environmental loadings and determine the corresponding vibration control strategy. This can include adjusting the TMDI parameters according to different working conditions or adopting adaptive control strategies to ensure that the TMDI system can effectively control bridge vibration.

4. In order to realize the best control effect of TMDI, the bridge vibration can be monitored in real time using a real-time monitoring system. With the data obtained from real-time monitoring, the parameters of TMDI can be adjusted in real time to adapt to different vibration conditions and environmental changes. This real-time control strategy can improve the adaptivity and control accuracy of the TMDI system for better control of bridge vibration.

5. The optimal design of TMDI can involve several objective functions, such as minimizing structural vibration, minimizing coupling forces, and maximizing system reliability. The combined consideration of these objectives can be achieved by a multi-objective optimization algorithm. Such an algorithm can provide a series of optimal trade-offs for decision makers to select the most suitable design solution for practical applications.

In summary, the optimal design of TMDI in bridge applications requires comprehensive consideration of bridge characteristics, multimodal vibration control, external environmental loading, and other factors, combined with real-time monitoring and control, as well as integrated multi-objective optimization methods to achieve the best vibration control results. This will help to improve the structural performance and safety of bridges.

5  Conclusions

TMDI has drawn much attention due to its ability to achieve vibration control and energy harvesting under certain conditions. The introduction of TMDI can effectively passively suppress the vibration of the system, but it may also make the dynamic response of the system more complex under external loads. Therefore, finding the optimal optimization scheme that enables the system to maintain good vibration control while maximizing energy harvesting is important. This paper reviews the development of TMDI in terms of design, implementation, development status, optimization strategies, and applications in a wide range of engineering fields since 2002. The main focus is on the implementation of vibration control by TMDI, the impact of energy harvesting, and improvements to overcome the shortcomings of engineering vibration control. From this review, it can be seen that research on TMDI is constantly increasing in both quantity and depth. Future work prospects include the following aspects:

(1) Previous studies have shown that a reasonable approach to structural performance analysis is to evaluate the structural performance based on reliability, in order to the general safety or fitness of the structure. However, the existing performance evaluation of the structure-TMDI system is often based on the structural response indicators under deterministic inputs or the mean or variance of the structural response under white noise random excitation. This stochastic simulation method requires a huge amount of computational work to obtain reliable results that meet requirements, so it is crucial to find a reliability-based structural vibration control theory.

(2) Currently, most of the research on the optimal design of a TMDI focuses on optimizing the TMDI tuning method and connection arrangement to improve the motion control efficiency of certain given primary structures. To examine the vibration control effectiveness of TMDI, the fixed point theory may provide a means to optimize its design parameters. Based on the optimal design of TMDI in MDOF structures, the best parameters, including mass ratio, inertia ratio, frequency ratio, and damping ratio can be determined.

(3) Passive TMDI can reduce the cost of vibration control, especially by reducing the mass of the TMDI inertial device while maintaining satisfactory vibration reduction.

(4) The efficiency of TMDI in energy harvesting is often too low. Therefore, it is necessary to ensure efficient energy harvesting while maintaining the comfort of high-rise buildings or controlling the vibration amplitude within a reasonable range. For example, some semi-active or active control designs can be introduced into TMDI to realize real-time variation of TMDI parameters with the vibration environment to achieve optimal vibration reduction while achieving efficient energy harvesting.

(5) The development of motor, intelligent material, and metamaterial technologies has improved and upgraded classical inertial devices. This has led to the design of many controllable inertial devices that have been put into practical use. During this design process, the control methods of inertial devices have also been summarized and evaluated.

(6) There are some fundamental issues and challenges that need to be further researched at present. In the future, a more universal TMDI device and design approach could be developed and utilized across various fields. However, before this can be achieved, more advanced and simplified control theories need to be introduced so that TMDI can be widely applied in practice.

In conclusion, this paper reviewed the research progress of resonant mass-damper-inerter in design schemes, linear and nonlinear optimization, energy harvesting, and engineering practical applications, and looked forward to future research directions. We hope that this review can provide ideas and inspiration for the research and application of TMDI in new technologies.

Acknowledgement: This paper’s logical organisation and content quality have been enhanced, so the authors thank anonymous reviewers and journal editors for assistance.

Funding Statement: This research was funded by the Anhui Provincial Natural Science Foundation (Grant No. 2008085QE245), the Natural Science Research Project of Higher Education Institutions in Anhui Province (Grant No. 2022AH040045), the Project of Science and Technology Plan of Department of Housing and Urban-Rural Development of Anhui Province (Grant No. 2021-YF22), the National College Student Innovation and Entrepreneurship Training Program Project (Grant No. 202210878005).

Author Contributions: Conceptualization, X.K.; Data curation, Q.H.; Formal analysis, Q.H.; Investigation, X.K., Q.H. and X.J.; Methodology, X.K., Q.H. and Z.W.; Supervision, X.K., S.L. and Q.H.; Validation, X.K.; Writing–original draft, X.K. and Q.H.; Writing–review–editing, Q.H. and J.T. All authors have read and agreed to the published version of the manuscript.

Availability of Data and Materials: No new data were created or analyzed in this study. Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare that they have no conflicts of interest to report regarding the present study.

References

1. Pietrosanti, D., de Angelis, M., Basili, M. (2017). Optimal design and performance evaluation of systems with tuned mass damper inerter (TMDI). Earthquake Engineering & Structural Dynamics, 46, 1367–1388. https://doi.org/10.1002/eqe.2861

2. Araz, O. (2022). Optimization of tuned mass damper inerter for a high-rise building considering soil-structure interaction. Archive of Applied Mechanics, 92, 2951–2971. https://doi.org/10.1007/s00419-022-02217-y

3. Joubaneh, E. F., Barry, O. R., Zuo, L. (2018). On the vibration suppression and energy harvesting of building structures using an electromagnetic-inerter-absorber. Proceedings of the ASME, 2018 Dynamic Systems and Control Conference, V002T018A005. Georgia, USA.

4. Petrini, F., Giaralis, A., Wang, Z. (2020). Optimal tuned mass-damper-inerter (TMDI) design in wind-excited tall buildings for occupants’ comfort serviceability performance and energy harvesting. Engineering Structures, 204, 109904. https://doi.org/10.1016/j.engstruct.2019.109904

5. Luo, Y., Sun, H., Wang, X., Zuo, L., Chen, N. (2017). Wind induced vibration control and energy harvesting of electromagnetic resonant shunt tuned mass-damper-inerter for building structures. Shock and Vibration, 2017, 4180134. https://doi.org/10.1155/2017/4180134

6. Das, S., Chakraborty, A., Barua, I. (2021). Optimal tuning of SMA inerter for simultaneous wind induced vibration control of high-rise building and energy harvesting. Smart Materials and Structures, 30, 025027. https://doi.org/10.1088/1361-665X/abd42a

7. Xu, K., Bi, K., Ge, Y., Zhao, L., Han, Q. et al. (2020). Performance evaluation of inerter-based dampers for vortex-induced vibration control of long-span bridges: A comparative study. Structural Control and Health Monitoring, 27, e2529. https://doi.org/10.1002/stc.2529

8. Basili, M., de Angelis, M., Pietrosanti, D. (2019). Defective two adjacent single degree of freedom systems linked by spring-dashpot-inerter for vibration control. Engineering Structures, 188, 480–492. https://doi.org/10.1016/j.engstruct.2019.03.030

9. de Domenico, D., Qiao, H., Wang, Q., Zhu, Z., Marano, G. (2020). Optimal design and seismic performance of multi-tuned mass damper inerter (MTMDI) applied to adjacent high-rise buildings. Structural Design Tall Build, 29, e1781. https://doi.org/10.1002/tal.1781

10. Lu, L., Xu, J., Zhou, Y., Lu, W., Spencer Jr, B. F. (2021). Viscous inertial mass damper (VIMD) for seismic responses control of the coupled adjacent buildings. Engineering Structures, 233, 111876. https://doi.org/10.1016/j.engstruct.2021.111876

11. Ruiz, R., Taflanidis, A. A., Giaralis, A., Lopez-Garcia, D. (2018). Risk-informed optimization of the tuned mass-damper-inerter (TMDI) for the seismic protection of multi-storey building structures. Engineering Structures, 177, 836–850. https://doi.org/10.1016/j.engstruct.2018.08.074

12. Patsialis, D., Taflanidis, A. A., Giaralis, A. (2023). Tuned-mass-damper-inerter optimal design and performance assessment for multi-storey hysteretic buildings under seismic excitation. Bulletin of Earthquake Engineering, 21, 1541–1576. https://doi.org/10.1007/s10518-021-01236-4

13. Qiao, H., Huang, P., de Domenico, D., Wang, Q. (2022). Structural control of high-rise buildings subjected to multi-hazard excitations using inerter-based vibration absorbers. Engineering Structures, 266, 114666. https://doi.org/10.1016/j.engstruct.2022.114666

14. Giaralis, A., Taflanidis, A. A. (2018). Optimal tuned mass-damper-inerter (TMDI) design for seismically excited MDOF structures with model uncertainties based on reliability criteria. Structural Control and Health Monitoring, 25, e2082. https://doi.org/10.1002/stc.2082

15. Giaralis, A., Marian, L. (2016). Use of inerter devices for weight reduction of tuned mass-dampers for seismic protection of multi-story building: The tuned mass-damper-interter (TMDI). Proceedings of the Active and Passive Smart Structures and Integrated Systems 2016, pp. 415–424. Las Vegas, Nevada, USA.

16. Marian, L., Giaralis, A. (2014). Optimal design of a novel tuned mass-damper-inerter (TMDI) passive vibration control configuration for stochastically support-excited structural systems. Probabil. Probabilistic Engineering Mechanics, 38, 156–164. https://doi.org/10.1016/j.probengmech.2014.03.007

17. Jahangiri, V., Sun, C. (2022). A novel three dimensional nonlinear tuned mass damper and its application in floating offshore wind turbines. Ocean Engineering, 250, 110703. https://doi.org/10.1016/j.oceaneng.2022.110703

18. Wang, J. (2019). Simultaneous vibration suppression and energy harvesting: Damping optimization for performance limit. Mechanical Systems and Signal Processing, 132, 609–621. https://doi.org/10.1016/j.ymssp.2019.07.023

19. Liu, M., Zhang, Y., Fu, H., Qin, Y., Ding, A. et al. (2023). A seesaw-inspired bistable energy harvester with adjustable potential wells for self-powered internet of train monitoring. Applied Energy, 337, 120908. https://doi.org/10.1016/j.apenergy.2023.120908

20. Gonzalez-Buelga, A., Clare, L. R., Cammarano, A., Neild, S. A., Burrow, S. G. et al. (2014). An optimised tuned mass damper/harvester device. Structural Control and Health Monitoring, 21, 1154–1169. https://doi.org/10.1002/stc.1639

21. Liu, Y., Lin, C., Parker, J., Zuo, L. (2016). Exact H2 optimal tuning and experimental verification of energy-harvesting series electromagnetic tuned-mass dampers. Journal of Vibration and Acoustics, 138, 061003. https://doi.org/10.1115/1.4034081

22. Greco, R., Marano, G. C. (2013). Optimum design of tuned mass dampers by displacement and energy perspectives. Soil Dynamics and Earthquake Engineering, 49, 243–253. https://doi.org/10.1016/j.soildyn.2013.02.013

23. Gu, M., Chen, S. R., Chang, C. C. (2002). Control of wind-induced vibrations of long-span bridges by semi-active lever-type TMD. Journal of Wind Engineering and Industrial Aerodynamics, 90, 111–126. https://doi.org/10.1016/S0167-6105(01)00165-9

24. Cao, L., Li, C. (2019). Tuned tandem mass dampers-inerters with broadband high effectiveness for structures under white noise base excitations. Structural Control and Health Monitoring, 26, e2319. https://doi.org/10.1002/stc.2319

25. de Domenico, D., Ricciardi, G. (2018). Improving the dynamic performance of base-isolated structures via tuned mass damper and inerter devices: A comparative study. Structural Control and Health Monitoring, 25, e2234. https://doi.org/10.1002/stc.2234

26. Ruiz, R., Taflanidis, A., Giaralis, A., Lopez-Garcia, D. (2018). Multi-criteria optimization of seismic protective devices utilizing lifecycle performance objectives and application to the design of the tuned mass damper inerter (TMDI) for buildings in Chile. Proceedings of the 16th European Conference on Earthquake Engineering-16ECEE, pp. 18–21. Thessaloniki, Greece.

27. Hu, Y., Chen, M. Z. Q. (2015). Performance evaluation for inerter-based dynamic vibration absorbers. International Journal of Mechanical Sciences, 99, 297–307. https://doi.org/10.1016/j.ijmecsci.2015.06.003

28. Caicedo Diaz, D. A. (2020). A comparative analysis on the seismic behavior of buildings using inerter-based devices: Tuned Mass Damper Inerter (TMDI) and Tuned Inerter Damper (TID) (Master’s Thesis). Universidad Nacional de Colombia, Colombia.

29. Brzeski, P., Lazarek, M., Perlikowski, P. (2020). Influence of variable damping coefficient on efficiency of TMD with inerter. Energies, 13, 6175. https://doi.org/10.3390/en13236175

30. Lazarek, M., Brzeski, P., Perlikowski, P. (2018). Influence of dash-pot with controllable damping coefficient on damping efficiency of TMDI. Proceedings of the International Conference on Engineering Vibration (ICoEV 2017), pp. 02001. Sofia, Bulgaria.

31. Pan, C., Jiang, J., Zhang, R., Xia, Y. (2021). Closed-form design formulae for seismically isolated structure with a damping enhanced inerter system. Structural Control and Health Monitoring, 28, e2840. https://doi.org/10.1002/stc.2840

32. Marian, L., Giaralis, A. (2015). Vibration suppression, weight reduction, and energy harvesting for harmonically excited structures using the tuned mass-damper-inerter (TMDI). Structural Control and Health Monitoring, 2015, 1–39.

33. Shin, H., Singh, M. P. (2014). Minimum failure cost-based energy dissipation system designs for buildings in three seismic regions-Part II: Application to viscous dampers. Engineering Structures, 74, 275–282. https://doi.org/10.1016/j.engstruct.2014.05.012

34. Abd-Elhamed, A. (2022). Effects of near-fault and far-fault ground motions on seismic responses of multi-storey building structures controlled by tuned mass damper inerter. Egypt: Helwan University.

35. Zhang, S. Y., Jiang, J. Z., Neild, S. (2017). Optimal configurations for a linear vibration suppression device in a multi-storey building. Structural Control and Health Monitoring, 24, e1887. https://doi.org/10.1002/stc.1887

36. Giaralis, A., Taflanidis, A. A. (2015). Reliability-based design of tuned mass-damper-inerter (TMDI) equipped multi-storey frame buildings under seismic excitation. Proceedings of the International Conference on Applications of Statistics and Probability in Civil Engineering (ICASP), Vancouver, Canada.

37. Zhang, Z., Fitzgerald, B. (2020). Tuned mass-damper-inerter (TMDI) for suppressing edgewise vibrations of wind turbine blades. Engineering Structures, 221, 110928. https://doi.org/10.1016/j.engstruct.2020.110928

38. Weber, F., Huber, P., Borchsenius, F., Braun, C. (2020). Performance of TMDI for tall building damping. Actuators, 9, 139. https://doi.org/10.3390/act9040139

39. Kaveh, A., Fahimi Farzam, M., Hojat Jalali, H. (2020). Statistical seismic performance assessment of tuned mass damper inerter. Structural Control and Health Monitoring, 27, e2602. https://doi.org/10.1002/stc.2602

40. Weber, F., Borchsenius, F., Distl, J., Braun, C. (2022). Performance of numerically optimized tuned mass damper with inerter (TMDI). Applied Sciences, 12, 6204. https://doi.org/10.3390/app12126204

41. Kaveh, A., Fahimi Farzam, M., Hojat Jalali, H., Maroofiazar, R. (2020). Robust optimum design of a tuned mass damper inerter. Acta Mechanica, 231(9), 3871–3896. https://doi.org/10.1007/s00707-020-02720-9

42. Yan, B., Yu, N., Ma, H., Wu, C. (2022). A theory for bistable vibration isolators. Mechanical Systems and Signal Processing, 167, 108507. https://doi.org/10.1016/j.ymssp.2021.108507

43. Giaralis, A., Petrini, F. (2017). Wind-induced vibration mitigation in tall buildings using the tuned mass-damper-inerter (TMDI). Journal of Structural Engineering, 143, 04017127. https://doi.org/10.1061/(ASCE)ST.1943-541X.0001863

44. Kakou, P., Barry, O. (2021). Simultaneous vibration reduction and energy harvesting of a nonlinear oscillator using a nonlinear electromagnetic vibration absorber-inerter. Mechanical Systems and Signal Processing, 156, 107607. https://doi.org/10.1016/j.ymssp.2021.107607

45. Joubaneh, E. F., Barry, O. R. (2019). On the improvement of vibration mitigation and energy harvesting using electromagnetic vibration absorber-inerter: Exact H2 optimization. Journal of Vibration and Acoustics, 141, 061007. https://doi.org/10.1115/1.4044303

46. Hu, Y., Chen, M. Z. Q., Shu, Z. (2014). Passive vehicle suspensions employing inerters with multiple performance requirements. Journal of Sound and Vibration, 333, 2212–2225. https://doi.org/10.1016/j.jsv.2013.12.016

47. Sarkar, S., Fitzgerald, B. (2020). Vibration control of spar-type floating offshore wind turbine towers using a tuned mass-damper-inerter. Structural Control and Health Monitoring, 27, e2471. https://doi.org/10.1002/stc.2471

48. Moutinho, C. (2012). An alternative methodology for designing tuned mass dampers to reduce seismic vibrations in building structures. Earthquake Engineering & Structural Dynamics, 41, 2059–2073. https://doi.org/10.1002/eqe.2174

49. Kakou, P., Barry, O. (2020). Simultaneous vibration mitigation and energy harvesting for a nonlinear oscillator. Proceedings of the ASME 2020 Dynamic Systems and Control Conference, V002T038A002. Virtual.

50. Petrini, F., Wang, Z., Giaralis, A. (2019). Simultaneous vibration suppression and energy harvesting in wind excited tall buildings equipped with the tuned mass damper inerter (TMDI). Proceedings of the Proceedings of the XV Conference of the Italian Association for Wind Engineering, pp. 548–561. Naples, Italy.

51. Salvi, J., Giaralis, A. (2016). Concept study of a novel energy harvesting-enabled tuned mass-damper-inerter (EH-TMDI) device for vibration control of harmonically-excited structures. Proceedings of the 13th International Conference on Motion and Vibration Control (MOVIC 2016) and the 12th International Conference on Recent Advances in Structural Dynamics (RASD 2016), 012082. Southampton, UK.

52. Zhao, Z., Zhang, R., Pan, C., Chen, Q., Jiang, Y. (2021). Input energy reduction principle of structures with generic tuned mass damper inerter. Structural Control and Health Monitoring, 28, e2644. https://doi.org/10.1002/stc.2644

53. Liu, X., Li, S., Wu, C., Zhong, Y., Bian, Y. (2022). Research on Vibration control of power transmission lines-TMDI based on colliding bodies optimization. Buildings, 12, 2200. https://doi.org/10.3390/buildings12122200

54. Fitzgerald, B., McAuliffe, J., Baisthakur, S., Sarkar, S. (2023). Enhancing the reliability of floating offshore wind turbine towers subjected to misaligned wind-wave loading using tuned mass damper inerters (TMDIs). Renewable Energy, 211, 522–538. https://doi.org/10.1016/j.renene.2023.04.097

55. Salvi, J., Rizzi, E. (2011). Minimax optimization of tuned mass dampers under seismic excitation. Proceedings of the Proceedings of the 8th International Conference on Structural Dynamics (EURODYN 2011), pp. 1892–1899. Leuven, Belgium.

56. Masnata, C., di Matteo, A., Adam, C., Pirrotta, A. (2021). Assessment of the tuned mass damper inerter for seismic response control of base-isolated structures. Structural Control and Health Monitoring, 28, e2665. https://doi.org/10.1002/stc.2665

57. Dai, J., Xu, Z. D., Gai, P. P. (2019). Tuned mass-damper-inerter control of wind-induced vibration of flexible structures based on inerter location. Engineering Structures, 199, 109585. https://doi.org/10.1016/j.engstruct.2019.109585

58. Cheng, X. (2022). Application of the lagrange equation for intelligent sensor vibration control for power network monitoring. In: Vasimalai, N. (Ed.International transactions on electrical energy systems, vol. 2022, pp. 1–9. https://doi.org/10.1155/2022/4616889

59. Salvi, J., Rizzi, E. (2016). Closed-form optimum tuning formulas for passive tuned mass dampers under benchmark excitations. Smart Structures and Systems, 17, 231–256. https://doi.org/10.12989/sss.2016.17.2.231

60. Su, N., Peng, S., Hong, N. (2022). The wind-induced vibration control of high-rise chimneys by a tuned mass damper inerter (TMDI). Engineering Mechanics, 39, 143–156. https://doi.org/10.6052/j.issn.1000-4750.2021.06.0490

61. Liu, X., Yang, Y., Sun, Y., Zhong, Y., Zhou, L. (2022). Inerter location-based vibration suppression study of a transmission line equipped with tuned-mass-damper-inerter (TMDI) under harmonic excitation. Buildings, 12, 657. https://doi.org/10.3390/buildings12050657

62. Stanikzai, M. H., Elias, S., Chae, Y. (2022). Recent advances in hybrid vibration-control systems. Practice Periodical on Structural Design and Construction, 27, 03122003. https://doi.org/10.1061/(ASCE)SC.1943-5576.0000685

63. Wang, Q., Qiao, H., de Domenico, D., Zhu, Z., Xie, Z. (2019). Wind-induced response control of high-rise buildings using inerter-based vibration absorbers. Applied Sciences, 9, 5045. https://doi.org/10.3390/app9235045

64. Wang, Z., Giaralis, A. (2021). Enhanced motion control performance of the tuned mass damper inerter through primary structure shaping. Structural Control and Health Monitoring, 28, e2756. https://doi.org/10.1002/stc.2756

65. Pietrosanti, D., de Angelis, M., Giaralis, A. (2020). Experimental study and numerical modeling of nonlinear dynamic response of SDOF system equipped with tuned mass damper inerter (TMDI) tested on shaking table under harmonic excitation. International Journal of Mechanical Sciences, 184, 105762. https://doi.org/10.1016/j.ijmecsci.2020.105762

66. Wang, Z., Giaralis, A. (2020). Motion control performance of tuned mass damper inerter (TMDI) in continuous white-noise excited cantilevered beams with various shapes. XI International Conference on Structural Dynamics, pp. 1576–1585. Athens, Greece. https://doi.org/10.47964/1120.9128.20319

67. Luo, Y., Sun, H., Wang, X. (2019). The H2 parametric optimization and structurai vibration suppression of electromagnetic tuned mass-inerter dampers. Engineering Mechanics, 36, 89–99. https://doi.org/10.6052/j.issn.1000-4750.2018.01.0027

68. Bian, Y., Liu, X., Sun, Y., Zhong, Y. (2022). Optimized design of a tuned mass damper inerter (TMDI) applied to circular section members of transmission towers. Buildings, 12, 1154. https://doi.org/10.3390/buildings12081154

69. Lara-Valencia, L. A., Farbiarz-Farbiarz, Y., Valencia-González, Y. (2020). Design of a tuned mass damper inerter (TMDI) based on an exhaustive search optimization for structural control of buildings under seismic excitations. Shock and Vibration, 2020, 8875268. https://doi.org/10.1155/2020/8875268

70. Masnata, C., Di Matteo, A., Adam, C., Pirrotta, A. (2020). Smart structures through nontraditional design of tuned mass damper inerter for higher control of base isolated systems. Mechanics Research Communications, 105, 103513. https://doi.org/10.1016/j.mechrescom.2020.103513

71. Ye, K., Nyangi, P. (2023). Enhancing the seismic performance of dual-isolated structure with optimal supplemental inerters. Bulletin of Earthquake Engineering, 21, 1651–1684. https://doi.org/10.1007/s10518-021-01279-7

72. Tiwari, N. D., Gogoi, A., Hazra, B., Wang, Q. (2021). A shape memory alloy-tuned mass damper inerter system for passive control of linked-SDOF structural systems under seismic excitation. Journal of Sound and Vibration, 494, 115893. https://doi.org/10.1016/j.jsv.2020.115893

73. Su, N., Xia, Y., Peng, S. (2022). Filter-based inerter location dependence analysis approach of Tuned mass damper inerter (TMDI) and optimal design. Engineering Structures, 250, 113459. https://doi.org/10.1016/j.engstruct.2021.113459

74. Di Matteo, A., Masnata, C., Pirrotta, A. (2019). Simplified analytical solution for the optimal design of tuned mass damper inerter for base isolated structures. Mechanical Systems and Signal Processing, 134, 106337. https://doi.org/10.1016/j.ymssp.2019.106337

75. Talley, P. C., Javidialesaadi, A., Wierschem, N. E., Denavit, M. D. (2021). Evaluation of steel building structures with inerter-based dampers under seismic loading. Engineering Structures, 242, 112488. https://doi.org/10.1016/j.engstruct.2021.112488

76. Zuo, H., Bi, K., Hao, H., Ma, R. (2021). Influences of ground motion parameters and structural damping on the optimum design of inerter-based tuned mass dampers. Engineering Structures, 227, 111422. https://doi.org/10.1016/j.engstruct.2020.111422

77. Djerouni, S., Ounis, A., Athamnia, B., Charrouf, M. E., Abdeddaim, M. et al. (2020). Optimal seismic response using a passive tuned mass damper inerter (TMDI). Journal of Building Materials and Structures, 7, 51–59. https://doi.org/10.34118/jbms.v7i1.208

78. de Domenico, D., Ricciardi, G. (2018). An enhanced base isolation system equipped with optimal tuned mass damper inerter (TMDI). Earthquake Engineering & Structural Dynamics, 47, 1169–1192. https://doi.org/10.1002/eqe.3011

79. de Domenico, D., Ricciardi, G. (2018). Optimal design and seismic performance of tuned mass damper inerter (TMDI) for structures with nonlinear base isolation systems. Earthquake Engineering & Structural Dynamics, 47, 2539–2560. https://doi.org/10.1002/eqe.3098

80. Peng, Y., Yang, J., Li, J. (2018). Parameter identification of modified Bouc-Wen model and analysis of size effect of magnetorheological dampers. Journal of Intelligent Material Systems and Structures, 29, 1464–1480. https://doi.org/10.1177/1045389X17740963

81. Pietrosanti, D., de Angelis, M., Basili, M. (2020). A generalized 2-DOF model for optimal design of MDOF structures controlled by tuned mass damper inerter (TMDI). International Journal of Mechanical Sciences, 185, 105849. https://doi.org/10.1016/j.ijmecsci.2020.105849

82. Liu, X., Yang, Y., Sun, Y., Zhong, Y., Zhou, L. et al. (2022). Tuned-mass-damper-inerter performance evaluation and optimal design for transmission line under harmonic excitation. Buildings, 12, 435. https://doi.org/10.3390/buildings12040435

83. Basili, M., de Angelis, M. (2007). Optimal passive control of adjacent structures interconnected with nonlinear hysteretic devices. Optimal Passive Control of Adjacent Structures Intercon, 301, 106–125. https://doi.org/10.1016/j.jsv.2006.09.027

84. Reggio, A., Angelis, M. D. (2015). Optimal energy-based seismic design of non-conventional tuned mass damper (TMD) implemented via inter-story isolation. Earthquake Engineering & Structural Dynamics, 44, 1623–1642. https://doi.org/10.1002/eqe.2548

85. Bian, J., Zhou, X., Ke, K., Yam, M. C. H., Wang, Y. (2022). Seismic resilient steel substation with BI-TMDI: A theoretical model for optimal design. Journal of Constructional Steel Research, 192, 107233. https://doi.org/10.1016/j.jcsr.2022.107233

86. Sun, H., Luo, Y., Wang, X., Zuo, L. (2017). Seismic control of a SDOF structure through electromagnetic resonant shunt tuned mass-damper-inerter and the exact H2 optimal solutions. Journal of Vibroengineering, 19, 2063–2079. https://doi.org/10.21595/jve.2017.18256

87. Deng, T., Fu, J., Zheng, Q., Wu, J., Pi, Y. (2019). Performance-based wind-resistant optimization design for tall building structures. Journal of Structural Engineering, 145, 04019103. https://doi.org/10.1061/(ASCE)ST.1943-541X.0002383

88. Hessabi, R. M., Mercan, O. (2016). Investigations of the application of gyro-mass dampers with various types of supplemental dampers for vibration control of building structures. Engineering Structures, 126, 174–186. https://doi.org/10.1016/j.engstruct.2016.07.045

89. Sun, H., Zuo, L., Wang, X., Peng, J., Wang, W. (2019). Exact H2 optimal solutions to inerter-based isolation systems for building structures. Structural Control and Health Monitoring, 26, e2357. https://doi.org/10.1002/stc.2357

90. Shen, W., Zhu, S., Xu, Y. (2012). An experimental study on self-powered vibration control and monitoring system using electromagnetic TMD and wireless sensors. Sensors and Actuators A: Physical, 180, 166–176. https://doi.org/10.1016/j.sna.2012.04.011

91. Kang, X., Tang, J., Li, F., Wu, J., Wei, J. et al. (2023). Optimal tuned inerter dampers for vibration control performance of adjacent building structures. Buildings, 13(7), 1803. https://doi.org/10.3390/buildings13071803

92. Djerouni, S., Abdeddaim, M., Elias, S., Rupakhety, R. (2021). Optimum double mass tuned damper inerter for control of structure subjected to ground motions. Journal of Building Engineering, 44, 103259. https://doi.org/10.1016/j.jobe.2021.103259

93. Song, J., Bi, K., Xu, K., Han, Q., Du, X. (2021). Seismic responses of adjacent bridge structures coupled by tuned inerter damper. Engineering Structures, 243, 112654. https://doi.org/10.1016/j.engstruct.2021.112654

94. Gonzalez-Buelga, A., Lazar, I. F., Jiang, J. Z., Neild, S. A., Inman, D. J. (2017). Assessing the effect of nonlinearities on the performance of a tuned inerter damper. Structural Control and Health Monitoring, 24, e1879. https://doi.org/10.1002/stc.1879

95. Li, Z., Xu, K., Bi, K., Han, Q., Du, X. (2022). Inerter nonlinearity and its influence on control efficiency of TMDI for suppressing vortex-induced vibration of bridges. Journal of Bridge Engineering, 27, 04022101. https://doi.org/10.1061/(ASCE)BE.1943-5592.0001941

96. Djerouni, S., Ounis, A., Elias, S., Abdeddaim, M., Rupakhety, R. (2022). Optimization and performance assessment of tuned mass damper inerter systems for control of buildings subjected to pulse-like ground motions. Structures, 38, 139–156. https://doi.org/10.1016/j.istruc.2022.02.007

97. Caicedo, D., Lara-Valencia, L., Blandon, J., Graciano, C. (2021). Seismic response of high-rise buildings through metaheuristic-based optimization using tuned mass dampers and tuned mass dampers inerter. Journal of Building Engineering, 34, 101927. https://doi.org/10.1016/j.jobe.2020.101927

98. Dai, J., Xu, Z. D., Gai, P. P., Hu, Z. W. (2021). Optimal design of tuned mass damper inerter with a Maxwell element for mitigating the vortex-induced vibration in bridges. Mechanical Systems and Signal Processing, 148, 107180. https://doi.org/10.1016/j.ymssp.2020.107180

99. Li, H., Laima, S., Zhang, Q., Li, N., Liu, Z. (2014). Field monitoring and validation of vortex-induced vibrations of a long-span suspension bridge. Journal of Wind Engineering and Industrial Aerodynamics, 124, 54–67. https://doi.org/10.1016/j.jweia.2013.11.006

100. Xu, K., Bi, K., Han, Q., Li, X., Du, X. (2019). Using tuned mass damper inerter to mitigate vortex-induced vibration of long-span bridges: Analytical study. Engineering Structures, 182, 101–111. https://doi.org/10.1016/j.engstruct.2018.12.067

101. Palacios-Quiñonero, F., Rubió-Massegú, J., Rossell, J. M., Karimi, H. R. (2019). Design of inerter-based multi-actuator systems for vibration control of adjacent structures. Journal of the Franklin Institute, 356, 7785–7809. https://doi.org/10.1016/j.jfranklin.2019.03.010

102. Basili, M., de Angelis, M., Pietrosanti, D. (2018). Modal analysis and dynamic response of two adjacent single-degree-of-freedom systems linked by spring-dashpot-inerter elements. Engineering Structures, 174, 736–752. https://doi.org/10.1016/j.engstruct.2018.07.048

103. Palacios-Quiñonero, F., Rubió-Massegú, J., Rossell, J. M., Karimi, H. R. (2014). Vibration control for adjacent structures using local state information. Mechatronics, 24, 336–344. https://doi.org/10.1016/j.mechatronics.2013.08.001

104. Li, Z., Xu, K., Ma, R., Bi, K., Han, Q. (2023). A novel lever-arm tuned mass damper inerter (LTMDI) for vibration control of long-span bridges. Engineering Structures, 293, 116662. https://doi.org/10.1016/j.engstruct.2023.116662

105. Xu, K., Dai, Q., Bi, K., Fang, G., Ge, Y. (2022). Closed-form design formulas of TMDI for suppressing vortex-induced vibration of bridge structures. Structural Control and Health Monitoring, 29(10), e3016. https://doi.org/10.1002/stc.3016

106. Shi, X., Zhu, S. (2019). A comparative study of vibration isolation performance using negative stiffness and inerter dampers. Journal of the Franklin Institute, 356, 7922–7946. https://doi.org/10.1016/j.jfranklin.2019.02.040

107. Domaneschi, M., Martinelli, L., Po, E. (2015). Control of wind buffeting vibrations in a suspension bridge by TMD: Hybridization and robustness issues. Computers & Structures, 155, 3–17. https://doi.org/10.1016/j.compstruc.2015.02.031

108. Bhattacharjee, A., Ghosh, A. D. (2022). A comparative study on the vibration control of a bridge under moving springing mass by TMD and TMDI. In: Lecture notes in mechanical engineering, pp. 651–663. https://doi.org/10.1007/978-981-16-6490-8_53

109. Feng, Z., Jing, H., Wu, Q., Li, Y., Hua, X. (2023). Performance evaluation of inerter-based dampers for bridge flutter control: A comparative study. International Journal of Structural Stability and Dynamics. https://doi.org/10.1142/s0219455424500585

110. Ghaedi, K., Ibrahim, Z., Adeli, H., Javanmardi, A. (2017). Invited review: Recent developments in vibration control of building and bridge structures. Journal of Vibroengineering, 19, 3564–3580. https://doi.org/10.21595/jve.2017.18900

111. De Domenico, D., Impollonia, N., Ricciardi, G. (2018). Soil-dependent optimum design of a new passive vibration control system combining seismic base isolation with tuned inerter damper. Soil Dynamics and Earthquake Engineering, 105, 37–53. https://doi.org/10.1016/j.soildyn.2017.11.023

112. Zhu, Z., Lei, W., Wang, Q., Tiwari, N., Hazra, B. (2020). Study on wind-induced vibration control of linked high-rise buildings by using TMDI. Journal of Wind Engineering and Industrial Aerodynamics, 205, 104306. https://doi.org/10.1016/j.jweia.2020.104306

113. De Angelis, M., Petrini, F., Pietrosanti, D. (2021). Optimal design of the ideal grounded tuned mass damper inerter for comfort performances improvement in footbridges with practical implementation considerations. Structural Control and Health Monitoring, 28, e2800. https://doi.org/10.1002/stc.2800

114. Yan, B., Yu, N., Wang, Z., Wu, C., Wang, S. et al. (2022). Lever-type quasi-zero stiffness vibration isolator with magnetic spring. Journal of Sound and Vibration, 527, 116865. https://doi.org/10.1016/j.jsv.2022.116865

115. Xu, K., Dai, Q., Bi, K., Fang, G., Zhao, L. (2022). Multi-mode vortex-induced vibration control of long-span bridges by using distributed tuned mass damper inerters (DTMDIs). Journal of Wind Engineering and Industrial Aerodynamics, 224, 104970. https://doi.org/10.1016/j.jweia.2022.104970

116. Kang, X., Li, S., Hu, J. (2023). Design and parameter optimization of the reduction-isolation control system for building structures based on negative stiffness. Buildings, 13(2), 489. https://doi.org/10.3390/buildings13020489









	[image: images]
	This work is licensed under a Creative Commons Attribution 4.0 International License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.






Table of Contents


	
A Review of the Tuned Mass Damper Inerter (TMDI) in Energy Harvesting and Vibration Control: Designs, Analysis and Applications






Guide


	
A Review of the Tuned Mass Damper Inerter (TMDI) in Energy Harvesting and Vibration Control: Designs, Analysis and Applications





OEBPS/Images/CMES_43936-fig-1.png
self-powered H2 Optimal Tuning Damping

vibration control and and Experimental optimization for
monitoring system Verification performance limit
2011 2016 2019
(19] 21) (18]
[22) E)]
a semi-active tuned in high-rise buildings
mass damper/ for vibration control
harvester are and energy
presented Harvesting
2013 2018
0
O
]
i
7 controlled the seismic
The effectiveness of response of adjacent
base-isolation systems igh-ri: ildi i
Proposal of TMDs in = LA (E] h:f::::r:at;::’:ine?;::g
Network synthesis seismic response lerivuthl multituned mass damper
reduction of structures SIENES inerter (MTMDI).
(23] (18] 1] [0
29 (25 (26) Y]
TVMD T™DI smart base-isolation
Suspension structure performance of system combining Bl ?npt'l:inalldTilslg:‘fzf
with damper and isolated and a MR damper to the i :a r
S e el e

building





OEBPS/Images/CMES_43936-fig-21.png
Probability distribution for
moment magnitude M and <*—

Regional Seismic
l rupture distance r,,,, @

Hazard Analysis ®

Seismic «—

Risk consequence | 1nerabitty model
Risk (%) ©) (Damage/loss assessment)
O—> order for Response

analysis step . N
A Time-history
(inside circle) TMDI analysis for
tructural
0,~[M.r, s
M7, ) ructur
with
= parameters 0,
(Regional) and design
variables x for
ground motion TMDI
model @
Acceleration time
history

If uncertain, then probability model
for @, included in risk quantification

(a)

~— e

<






OEBPS/Images/CMES_43936-fig-18.png
v
Mg

\

7y

Across-wind direction

rack-and-pinion flywheel-based inerter with gearin

TMDI mass|

Terminal 1
Xepr | 790

SO

(pinions)

Y Motion of the rack <—>\:|

==~ (flywheel)
Floor diaphram
Terminal 2

”’an.,y
_O

(a)






OEBPS/Images/CMES_43936-fig-12.png
0.984

0.980

0976

0.972

0.964

0.960

0.956

0.952

RS EEEERE S|

0.230

0.200

x_"\x—x\x\x 0170

M — e
~%—
BN
~
_— ™S
e
e
e
e
25 30 35 40 45
Vo [mVs]
—TMD

~= -B=0.1, Topology -2
- =0.8, Topology -3

W
0.140
~ 0.110
0.080
~
0,050
50 55 20

-e-$=0.1, Topology -1
- B=0.8, Topology -2

(a)

Mo = e e — X — X — — X

25 30 35 40 45 50
Ve [mVs]

== f=0.8, Topology -1
-=-f=0.1, Topology -3






OEBPS/Images/CMES_43936-fig-20.png
2 W

Mamr
~ mnw (1)

(c)






OEBPS/Images/CMES_43936-fig-5.png
7m0

8

ks froct- 1 7
m g 5
X £
e [ e R
A A § 3 E 20
z
R — — i \
0.7 0.8 0.9 1 1.1 1.2 13 0.7 08 09 1 1.1 12 13
F lormali: necy lormalized fr ot
> T e s Nl ) )"“’ e
— - 16 =0.1 —— ERS-TMDI (8 = 0.1
e :::-;}\L:llgl :6:35; -=-- ERS-TMDI (8 = 0.5)
TV 77T -~ ERS-TMDI(§ = 1) -~ ERS-TMDI(§ = 1)

(a) (b) (c) (d) (e)





OEBPS/Images/CMES_43936-fig-2.png





OEBPS/Images/CMES_43936-fig-6a.png
z, (¢)

7/

Z Z
(d) Separated scheme.

7/

Nq(g) Py (9)
25 .0
coeeere No device — =005
20 —_ =005 25
N Al 3=0.10 2.0
------ 3 =030 1.5
1.0
0.5
0.0 = g
06 07 08 09 10 1.1 12 13 14
(b) (0
N,
25(.{/) ?()"(q)
e No device — =005
20 — 3=005 25 L 3 =010
15 2.0 4=030
150 e 3 =0.50
10
1.0
5 0.5
s TS =
0 g 0.0== g
06 07 08 09 10 1.1 12 13 14 06 07 08 09 10 1.1 12 13 14

(e

®





OEBPS/Images/CMES_43936-fig-19.png
Supplemental
dmapers

<

c

Base layers






OEBPS/Images/CMES_43936-fig-6b.png
DTTTT777 77707777777 7777777,
(2) TMD. (h) TMDL. (i) EH-TMDI.





OEBPS/Images/CMES_43936-fig-11.png
(wur) yuawadedsiq

1200

00 1000

8

0

60

Times (s)

00

4

00

2

0

600 800 1000 1200
Times (s)

400

200

** Without control

- Without control

—— ERS-TMDI
=== Classical TMD

ERS-TMDI
=== Classical TMD

(b)

(a)





OEBPS/Images/table-1.png
Table 1: Table vibration control methods and characteristics and differences between inerter in TMDI

series
Categorization Inerter Characteristics References
TMDI Inertia device Vibration control [2,38,43,47]

NERS-TMDI Nonlinear oscillator via
linear and nonlinear

springs
ERS-TMDI Spring, inertial damper,
and viscous damper
EH-TMDI Electromagnetic motor
G-TMDI Two separating inerters

Vibration control and energy
harvesting for nonlinear systems

Simultaneous vibration
mitigation and energy harvesting
Balanced vibration control and
energy harvesting

Reduced input energy and
enhanced dissipated power
effects

[44,45,48,49]

[3,5,22,44,46]
[19,50,51]

[52]
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Table 2: Advantages and disadvantages of TM DI optimization methods

Categorization  Advantages Disadvantages Series TMDI References
H, It is possible to assess Not applicable when the TMDI, [21,45,67]
more accurately the fundamental period of ~ NERS-TMDI,
damping effect of the vibration is lower than ~ G-TMDI
dampers on the main the impulse period of the
structure ground motion
H. For systems with The design process is MTMDI, [13,92,91]
uncertainties and relatively complex and ~ EH-TMDI,
perturbations may overcompensate NERS-TMDI,
resulting in reduced ERS-TMDI
system responsiveness
Fixed-point Solving optimal control When the system model TMDI, TTMD, [1,82,93]
method problems for nonlinear  is not precise enough or MTMDI,

systems provides good
numerical stability and
convergence

there is uncertainty, it can TMDNC

lead to unstable
optimization results and
performance degradation
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