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Featured Application: The discussion in this article could be used as a literature study on the
application of semi-active damping to building structures in general and the application of MR
dampers to building structures specifically related to earthquake damage mitigation.

Abstract: Building structures are vulnerable to the shocks caused by earthquakes. Buildings that
have been destroyed by an earthquake are very detrimental in terms of material loss and mental
trauma. However, technological developments now enable us to anticipate shocks from earthquakes
and minimize losses. One of the technologies that has been used, and is currently being further
developed, is a damping device that is fitted to the building structure. There are various types of
damping devices, each with different characteristics and systems. Multiple studies on damping
devices have resulted in the development of various types, such as friction dampers (FDs), tuned
mass dampers (TMDs), and viscous dampers (VDs). However, studies on attenuation devices are
mostly based on the type of system and can be divided into three categories, namely passive, active,
and semi-active. As such, each type and system have their own advantages and disadvantages. This
study investigated the efficacy of a magnetorheological (MR) damper, a viscous-type damping device
with a semi-active system, in a simulation that applied the damper to the side of a building structure.
Although MR dampers have been extensively used and developed as inter-story damping devices,
very few studies have analyzed their models and controls even though both are equally important in
controlled dampers for semi-active systems. Of the various types of models, the Bingham model is the
most popular as indicated by the large number of publications available on the subject. Most models
adapt the Bingham model because it is the most straightforward of all the models. Fuzzy controls
are often used for MR dampers in both simulations and experiments. This review provides benefits
for further investigation of building damping devices, especially semi-active damping devices that
use magnetorheological fluids as working fluids. In particular, this paper provides fundamental
material on modeling and control systems used in magnetorheological dampers for buildings. In
fact, magnetorheological dampers are no less attractive than other damping devices, such as tuned
mass dampers and other viscous dampers. Their reliability is related to the damping control, which
could be turned into an interesting discussion for further investigation.

Keywords: magnetorheological; MR damper; seismic; structure; earthquake; modeling; control

Appl. Sci. 2021, 11,9339. https:/ /doi.org/10.3390/app11199339

https:/ /www.mdpi.com/journal/applsci


https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-7190-5849
https://orcid.org/0000-0001-6478-018X
https://orcid.org/0000-0001-6262-2815
https://doi.org/10.3390/app11199339
https://doi.org/10.3390/app11199339
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11199339
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app11199339?type=check_update&version=2

Appl. Sci. 2021, 11,9339

2 0f 29

1. Introduction

Earthquakes are responsible for the loss of thousands of lives and billions of dollars in
damages to properties. Therefore, designing a structural building capable of withstanding
seismic forces has become a primary concern in the field of engineering [1]. The most
common conventional design approaches largely depend on a structure’s ability to absorb
an earthquake’s input energy by deforming inelastic sections that were exclusively designed
into a structural system while preserving the structural stability and integrity. Engineers
have attempted to design and develop technologies that prevent and mitigate seismic
hazards, such as earthquakes [2].

The development of seismic engineering technology goes hand in hand with dis-
cussions on earthquake disasters. Although humans cannot escape natural disasters, they
can be mitigated to minimize damage [2,3]. To date, seismic engineering specialists have
gained only a limited understanding of crustal behavior. As such, predicting the magnitude,
time, and distance of an earthquake is exceptionally complicated and beyond the ability of
scientific knowledge at times as earthquakes occur spontaneously [4-6].

Earthquakes are vibrations generated within the Earth by sudden movements when
sheared rocks are stretched beyond their elasticity [7]. They are a unique phenomenon
produced by tectonic activities within the Earth’s crust. Earthquakes that occur in a region
can, to a certain extent, be felt in the surrounding areas [8]. The impact of an earthquake
is random and is measured by its magnitude. Large-magnitude earthquakes result in
property damage in the earthquake region. Although the ground motion amplitude of an
earthquake is determined by its magnitude, distance plays a crucial role in the mitigation
of seismic hazards. Therefore, the characteristics and potential impact of an earthquake
must be understood during a seismic hazard analysis [9-12]. Earthquakes occur when
tectonic plate movements accumulate energy. When released, this energy radiates in all
directions in the form of earthquake waves [13,14]. Earthquakes commonly produce two
types of seismic waves: (1) body waves and (2) surface waves. These seismic waves often
occur only after an earthquake or an explosion [13,15-17].

A body wave spreads throughout the inside of the Earth and causes minimal damage
to building structures. These waves can be divided into two types: (1) P waves (longitudinal
waves); and (2) S waves (transversal waves). A P wave, or a longitudinal wave, has a very
swift time propagation compared with other waves. The velocity of a P wave is between
1.5 km/s and 8 km/s in the Earth’s crust and can spread through solid, liquid, and gas
media. An S wave, or a transversal wave, has a slower spread than a P wave. The velocity
of an S wave is typically 60% to 70% slower than a P wave. The direction of particles in an
S wave also differs from that in a P wave in that it is perpendicular to the direction of the
propagation wave. A surface wave can be likened to water, as a surface wave spreads on
the Earth’s surface [18-23]. It not only has a slower propagation time than a body wave
but a lower frequency as well. As such, surface waves are more damaging to building
structures than body waves [24,25]. The amplitude of a surface wave declines rapidly
as the depth increases. This is due to the dispersion of the surface wave, with the wave
factorization based on the wavelength of the propagation wave [26,27].

Potential damage can be estimated and understood using the peak ground velocity
(PGV), which relates to intensity. Trinufac and Brady (1975) established an empirical
correlation between PGV and the modified Mercalli intensity scale (MMI); however, their
regressions focused on intensity only [28,29]. As such, a PGV estimate makes it possible
to approximate the MMI. Other studies have also conducted observational regressions
of PGV intensity to estimate the correlation between PGV and MMI [30-38]. Wald et al.
investigated the correlation between PGV and intensity; however, they used peak ground
acceleration (PGA) in association with PGV to derive a correlation to intensity. This
correlation is used when making earthquake maps [39]. Kaka and Atkinson created a new
correlation to map earthquakes in eastern North America. They found the equation used
by Wald et al. to be incompatible with the application of their study. This occurred as a
result of different ground motion properties, where the frequency is much higher in stable
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continental regions such as eastern North America. As such, they modified the equation to
use PGV to estimate high and low intensities [34,39]. Gerstenberg et al. (2005) then used
the equations created by Kaka and Atkinson as well as Wald et al. to investigate a similar
case [40].

The current design methods employed for seismic activities allow structures to un-
dergo plastic deformation during large earthquakes while remaining elastic during small
and medium earthquakes. The design of a structural damper must generally fulfil require-
ments for both wind and earthquake actions [2,41-44]. However, the calculations behind
designing for the effects of wind forces and earthquakes differ. For instance, structural
designs for wind loads use force as a consistent basis as the pressure on the exposed surface
area tends to hit a building directly. This is called force-type loading. In structural designs
for earthquake loads, building structures are more likely to experience random movements
and vibrations from the ground floor. This causes an inertial force within the building
and results in stress. This is called displacement-type loading [45-48]. Another way of
expressing this difference is through the load-deformation curve of the building; i.e., the
demand on a building is the type of force imposed by the displacement-type wind pressure
imposed by random earthquake shocks.

Another distinguishing feature between force-type loading and displacement-type
loading is the load—deformation curve of a building. The demand on a building structure
is the type of force imposed by the pressure displacement-type loading due to random
shocks [44]. Shakes from an earthquake are time-variant and have very random waves and
accelerations. On the other hand, most of the designs represent the inertial force due to the
earthquake as a definite effect of random vibrations [2,49,50].

The ground motion that occurs during the earthquake process is cyclic to the neutral
position of the structure. Therefore, in a seismic action, there are many complete references
and the time duration of the earthquake tends to be small, thereby causing stress on the
building [45,49]. Several studies on the statistical equations of seismicity have been carried
out without separating the use of ground motion data sets in terms of distances to the
nearest fault line [51-55]. The engineering field has extensively investigated and developed
algorithms and control systems. In this case, they are algorithms and control systems for
mitigating natural disasters, particularly earthquakes [54-56].

Over the last few decades, the field of structural engineering has extensively inves-
tigated the development of smart structure technologies for structural seismic response
controls. This is because smart structures are considered to be effective at handling earth-
quakes. Rather than rebuilding a structure, some studies have used a large number of
innovative devices and systems to protect buildings from earthquakes [56].

However, as earthquakes have several kinds of waves, they may still damage a
building. Therefore, several technological devices, such as friction dampers (FDs), tuned
mass dampers (TMDs), and viscous dampers (VDs), that purport to adapt to seismic
activity are considered capable of adequately handling earthquakes. Recently, smart
materials, such as shape memory alloys and magnetorheological (MR) fluids, have been
combined with devices to absorb seismic energy. However, semi-active systems have
received more attention because they offer impressive adaptability and a very low power
requirement [57-61].

As most flexible structures, such as heavy and tall buildings and bridges, have minimal
structural damping and are prone to dynamic excitation from wind or seismic vibrations,
different control mechanisms are used to prevent structural failures. There are three types
of control systems for building structures: passive, active, and semi-active or hybrid
systems. Although passive control systems have been extensively studied [62], active and
semi-active systems have also been investigated as a control for structures [63].
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2. Types of Dampers on Structural Buildings
2.1. Friction Dampers

Friction dampers (FDs) generate the desired energy discharges via the friction pro-
duced by two solid bodies sliding relative to each other. This is a common process used in
the engineering field. It can also be applied to seismic building structures. This friction
can also be used, on a smaller scale, to absorb kinetic motion energy [63—-65]. As such, Pall
et al. (1980) developed passive FDs to improve a structure’s seismic responses. This was
based on the resistance developed between two interfaces to remove a number of different
input energies. During seismic stimulation, the device was found to provide the desired
amount of energy dissipation under a predetermined load. It was also found to be immune
to thermal effects and have reliable performance and stable hysterical behavior [66].

The device proposed by Pall et al. (1980) for the seismic control of large-paneled
structures joined brake pads between steel plates to provide a consistent response to force
shifting [66]. Some building structures in Canada have implemented a modern version
of this device model [67]. Another similar study applied a copper alloy friction bearing
to a Sumitomo friction damping device that slides along the inner surface of a cylindrical
steel casing. The action of the spring on the resulting inner and outer sections provided
the required normal force [68,69]. The device was able to reduce the displacement in
comparison with the original configuration of the structure. The small modifications that
were made in the new configuration at the base increased the shear forces and acceleration
in some cases.

The reduction in seismic energy received by the device was due to the values of the
forces acting on the FD. The load at which slip begins to occur and the damper begins
to separate the seismic energy is called the FD slip load. This slip load determines the
energy dissipation capacity of the FD. In this case, the FD had an optimal slip load. This
corresponds to the lowest number of responses from the structure. A 10% to 15% variation
in the mean slip load was sufficient to influence many structural responses. Multiple
studies have arrived at the same conclusion [68].

As FDs have nonlinear behavior, nonlinear time history analysis is required to analyze
the friction of damped structures. Large, rectangular, and almost sturdy FD hysteresis loops
indicate a higher energy dissipation capacity. Therefore, a damped brace that generates the
FD slip load can model the FD provided that it is in an elastic clamp.

Several studies have investigated the performance of FDs, with some focusing on FDs
installed in reinforced concrete (RC) frame structures. The Structural Analysis Program2000®
(SAP2000%) software was used in these cases to investigate samples from seismic zones in
India. The skid load determination was adjusted to find the response of the frame without
damping and the frame with a FD. The obtained results were then compared and the
decrease in displacement and mean force were estimated [70,71].

The design of the slip load significantly affects the efficiency of the FD. The responses
of a seismic structure can be described as the application of energy to the structure and
the energy dissipation of the structure. As such, the difference between these two ener-
gies can be minimized through an optimal design [67,72,73]. However, the energy lost
due to friction within the structure must also be maximized [74]. Several studies have
investigated multiple optimal viscous and viscoelastic reducing designs [75-77]. However,
only a handful of studies have investigated the optimization of FDs for seismic loads.
Filiatrault and Cherry investigated the slip load spectrum of a design to maximize the
energy dissipation while taking into account ground motion and structural properties.
This study was performed to determine the optimal slip load distribution for FDs [72,78].
The authors also investigated the optimal slip load value for peak ground acceleration. To
that end, it was assumed that the FD would not slip when subjected to strong wind loads.
The FD was assumed to only slip when exposed to a strong earthquake load. Moreschi
and Singh used genetic algorithms (GAs) to determine the optimal placement of friction
absorbers on structures and metals in a reinforced steel frame. Fallah and Honarparast also
investigated the use of GAs to optimize the slip load distribution and placement of Pall
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FDs. This was accomplished by developing a nondominant genetic sorting algorithm for
multilevel shear wires. Patro and Sinha found that a shear frame structure with dry friction
produced a uniform slip load distribution for the optimal seismic response with various
ground motion characteristics to determine the appropriate slip load [72,79,80].

Some researchers have concluded that retrofitting existing buildings with a passive
control system for seismic activities is the most convenient solution. One study suggested
using a FD and a bracing system in a steel frame. This not only reduced the seismic demand
but also increased the ductility to generally improve the seismic performance [81]. The
advantages of this method are the development of a stable, rectangular hysteresis loop
and independence under environmental conditions such as temperature and loading rate.
In addition to FDs, masonry filler panels were found to increase the seismic resistance of
steel structures by increasing their lateral strength and stiffness as well as reducing the
drift in the storyline. Zahrai et al. investigated the effect of brick-filling panels on the
seismic performance in a four-story, three-span steel frame with Pall® FDs. They found
that FDs in the steel frame increased the ductility and decreased the drift to less than 1%.
However, the infill panels not only fulfilled their function during the imposition of drift
but also increased the structural strength. Therefore, the use of infill panels in conjunction
with FDs was found to reduce the number of dynamic structural responses as the infill
panels dissipated the input energy of the earthquake by 4% to 10% depending on the
thickness [80].

Borislav and Mualla proposed a new type of FD device for a steel frame story with
seismic loading. At the time, the novelty was that the proposed material provided a
very stable performance over a long cycle, was resistant to adhesive wear, and did not
damage the surface of the steel plate. Their experimental study assessed the friction-bearing
material, the performance of the damping unit, and the response of the scaled model’s
frame to harmonic excitation. This study was almost identical to the study by Zahrai et al.,
which added infill panels to a brick building. In any case, Borislav and Mualla found an
increase in the dynamic response in comparison with conventional methods [80,82].

Various innovations have been used to improve the performance and demonstrate the
efficacy of FDs in building structures. Software has also been used as an evaluation tool
in several case studies. Baratia et al. studied the seismic behavior of a building that had
been retrofitted with FDs. The seismic performance of steel structures that were either 6,
9, or 12 storys tall was evaluated with and without the use of dampers. A finite element
modeling technique, namely SAP2000®, was used to analyze the performance of friction
absorbers in these asymmetrical structures. The study found a significant increase in
seismic behavior, which demonstrated the efficacy of FDs as tools for seismic reinforcement
in these buildings [83]. Chandra et al. used the Extended Three-Dimensional Analysis of
Building Systems® (ETABS®) software to dynamically analyze the nonlinear dimension
time history of a new structural system of FD frames in an 18-story apartment building.
The critical 5% viscous damping value was assumed to be in the initial elastic stage in order
to account for the presence of nonstructural components [84].

In contrast, Shao et al. developed a cross-braced FD to seismically enhance a 36-foot
tall concrete shear wall building with soft floors that had been built in the 1970s in the
greater Seattle area. The first two floors of this building consisted of a relatively rigid
concrete podium, while the subsequent two floors had concrete columns to support the
sliding concrete walls of the upper floors. Therefore, the two floors above the podium were
soft and considered to be earthquake-prone during seismic events (10%/50 years). The
floor’s reinforcement involved long clamps and tension bars at the junction of each clamp,
which was where the FDs were placed. Two 890 kN capacity cross-supporting FDs were
installed within the 12 perimeters of the soft floor, bringing the total number of friction
absorbers used to 24. Two silencer prototypes were designed, built, and tested by Pall
Dynamics Inc. to ensure the performance. The installation of these dampers was completed
in 2005. The dampers were found to increase the structural integrity, improve the building’s



Appl. Sci. 2021, 11,9339

6 of 29

safety, and help minimize structural and nonstructural damage after an earthquake, thereby
reducing the potential downtime and repair costs after a seismic event [85].

An effective mechanism that uses a similar principle in the case of seismic damping is
the triangular-plate-added damping stiffness (TADAS) damper. The TADAS damper is
an effective mechanism for reducing the energy input to structures during an earthquake
via metal deformation that is not elastic. In general, the damper device consists of several
triangular plates welded to the same base plate. Each triangular plate is inserted into
the perforated base plate before welding. During an earthquake, interstellar drift causes
movement of the upper end of the TADAS damper relative to the lower end. This causes the
metal plate to be removed from the damper and, as a result, its energy is dissipated [86,87].
In addition, there are other damper models, such as shear panels or plates. Shear walls are
innovative lateral force retaining systems that are able to effectively help buildings resist
wind and earthquake forces [88-92]. Model shear panels or plates have properties that
are fundamentally useful to resisting seismic forces and increasing the initial rigidity of a
tall building structure. This model also has inherent redundancy and a substantial energy
dissipation capacity, reducing the erection time and structure costs. Most importantly,
compared with other shear walls, such as equivalent reinforced concrete, the low weight of
the shear plates reduces, by about 30%, the gravity-related mass and seismic force (inertia)
transmitted to the foundation [93-97]. Steel plate shear walls were in use from the 1970s to
the mid-1980s. The failure mode of the plate shear wall is considered to be out-of-plane
buckling of the inner plate. This resulted in experts building structures that are very rigid,
which offers an economic advantage over concrete shear walls. In Japan, the trigger has
been designed to be a rigid trigger or a thick plate to prevent local buckling [98-102]. Apart
from the use of steel, pure aluminum is also used as a base isolation for the manufacture of
innovative passive energy dissipation devices. Base isolation is the most effective method
for designing seismic buildings. The pure aluminum is also intended to provide seismic
protection in framed buildings. The use of this metal can be said to be a novelty in the field
of civil engineering that is quite interesting [103].

2.2. Tuned Mass Dampers

Tuned mass dampers (TMDs) are a type of passive device often used to control the
response of buildings and bridges. A TMD consists of a mass—spring system attached to the
main structure of a building or bridge and is usually installed on the roof of the structure
to counteract the ground’s motion to reduce the dynamic response of the structure.

The dissipation of energy is achieved by the inertial damper forces acting on the
structure [104,105]. These systems are primarily efficient at controlling wind-generated
vibrations in lean structures, such as towers and tall buildings. TMDs can be classified into
three categories: tuned liquid dampers; TMDs; and tuned liquid column dampers.

A TMD is the classic configuration of a tuned damper and consists of a properly
adjusted damping element and a secondary mass with a spring to increase the attenuation
of a primary structure resulting from frequency-dependent hysteresis. Therefore, TMDs
can be credited with increasing the damping of a structural system. Although these devices
effectively reduce wind-excited responses to stationary narrowband stimuli, they are less
effective for broadband excitations, such as earthquakes [105].

The scheme of a TMD is shown in Figure 1 [106]. It consists of a mass, spring stiffness
in the structure, and damping for earthquake excitations. Numerous numerical, analytical,
experimental, and optimal structural studies have been carried out to determine the
efficacy of TMDs in reducing the seismic response of structures. Lin et al. developed and
implemented TMDs in building structures [106]. The study used real earthquake data in its
numerical and statistical analysis of torsion in an installation in a five-story building. The
results show that passive TMDs effectively reduced the response of the building during an
earthquake. A similar experimental study conducted by Zuo et al. developed a TMD with
multiple degrees of freedom and optimized the two degree of freedom system [107].
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Figure 1. The primary structure of a TMD system.

During its development, the TMD was quite a popular device, and it has been ap-
plied to several building structures. Several theoretical and experimental studies have
been conducted on TMDs. Peter (2006) theoretically and experimentally analyzed TMDs.
Marano et al. (2007) used linear TMDs to control seismic excitation in buildings with
limited reliability based on technical optimizations. While both Marano et al. (2007) and
Peter (2006) agree that TMDs optimize a building’s response to seismic loads [108,109],
Pinkaew et al. found that TMDs were not effective at reducing vibrations [110].

Not all studies on TMDs have analyzed their performance. Other studies investigated
TMDs in terms of cost optimizations [111-115]. Huang et al. compared the redistribution
of structural materials and the application of TMDs to benchmarks for reinforced concrete
structures with a 60-story steel belt frame with wind loading. The study concluded that a
redesign of the building’s standards, to meet inter-story deviations and the peak accelera-
tion, would require a 14% increase in initial material costs, while using adjustable mass
dampers would only require a 3.6% increase in the initial structural material costs [112].
However, TMDs can only reduce the free vibrations of a tall building structure. This
also only happens when the earthquake ends. This is because TMDs have the task of
mitigating the structural acceleration caused by wind on tall buildings. Various types of
TMDs, including both passive and active TMDs, have been applied in several buildings in
multiple countries. The most recent application of a TMD is shown in Figure 2.

The development of the TMD also gave rise to the new idea of using liquid as a mass to
balance the structure of a building when it vibrates. A tuned liquid damper (TLD) is a type
of TMD. In this case, the mass used is replaced with a liquid (usually water). The effects of
external vibrations are balanced through the movement of water in the tube or tank. This
concept is not new, and it has been used to stabilize ship structures for many years [114]. In
TLDs, the horizontal tube movement controls the fluid flow, which is adjusted to a certain
frequency [115-121]. However, the application of a TMD to a building structure, especially
in order to overcome earthquake loads, requires further examination before it can become
a reality.
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Figure 2. Tuned mass damper applications: (a) 101-Taipei, Taipei—Taiwan; (b) Aspire Tower, Doha—
Qatar; (c) Sanghai World Financial Center, Sanghai—China.

2.3. Viscous Dampers

One of the countermeasures for reducing seismic vibrations is to use an evaluation
of the seismic design approach. In order to evaluate such a seismic design approach with
nonlinear dynamic analysis, a robust model for the steel device and damper depending
on the rating is required. Accurate models have been proposed for viscous, viscoelastic,
and elastomeric fluids that are rate dependent [122,123]. Fully active control systems apply
both dissipative and non-dissipative forces to a structure. A properly designed fully active
control system is capable of significantly increasing the damping in comparison with a
passive system. However, controlling these devices requires a large amount of power and
suffers from instabilities due to time delays. Moreover, these active systems will probably
malfunction in the event of an electrical failure or damage as the control system ceases to
operate and the damping device cannot change the system to a passive system. In this case,
an active system provides a wider range of technologies. However, the actuator controller
relies on an external power source to apply force to the structure. Therefore, providing
optimal responses in relation to demand can be accomplished by adding or removing the
applied force [124].

In control engineering, an active system consists of four interconnected components:
(1) the plant (i.e., the building); (2) the sensors; (3) the controller or control computer; and
(4) the actuators. Each of these components functions as a subsystem and is integrated
in a closed feedback control loop such that the output of one component is the input of
another component [125]. Although full-scale active systems have been implemented in
research structures, the lack of reliability and the lack of cost-effectiveness have limited
their widespread use in non-research models, which prefer to adopt passive systems
instead. Therefore, full-scale active systems are still under investigation by many users
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and researchers. However, many studies have developed damping devices that optimize
the cost-effectiveness and the potential reliability to provide a solution for both passive
and active systems. As such, researchers have shifted their focus to semi-active systems in
recent times [126,127].

The development of damping devices that use semi-active systems progressed rapidly
as they require significantly less energy to control than active systems. This is because
semi-active systems do not require the addition of mechanical energy to the structural
system. Therefore, the bounded input guarantees the stability of the bounded output. This
type of device is also referred to as a controllable passive system [126,128]. Semi-active
systems provide electrical safety as, if the electrical device malfunctions or fails, the system
converts into a passive system. This differs greatly from an active system, which relies on a
considerable amount of power to control the system and increase performance. Semi-active
systems do not require tremendous amounts of power to increase performance as feedback
from the external sensors in the internal control mechanism dictates its dissipative or
resistive power. This enables the system to inversely combine elements from active to
passive or vice versa [128].

Semi-active systems effectively minimize structural damage under large environmen-
tal loads and provide three main advantages over active and passive systems. As they
are very dissipative, they do not add energy to the system, thereby guaranteeing stability.
Unlike passive systems, semi-active systems are also able to change their structural behav-
ior due to nonlinearity, degradation, or damage over time. A recent study on semi-active
systems demonstrated their efficacy for seismic control using viscous fluid dampers. Mag-
netorheological (MR) dampers are relatively inexpensive semi-active devices that are not
only reliable but also provide electrical failsafes.

3. Magnetorheological Dampers for Structural Buildings
3.1. Magnetorheological Fluids

When subjected to a magnetic field, magnetorheological fluids change their rheological
behavior in response to growing yield stresses. As such, MR fluids have great potential in
the development of electromechanical devices as they provide a simple, responsive, quiet,
and quick interface between mechanical and electronic control systems [129-131].

MR fluids were first discovered by Jacob Rabinow and have only grown in popularity
since then. MR fluid is considered to be a multifunctional intelligent fluid as it can be
rapidly modified and reversed in a short period of time (milliseconds) when a magnetic
field is applied. In the absence of a magnetic field, MR fluids behave like Newtonian fluids.
The magnetic field applied to MR fluids changes the arrangement of particles to form
a chain-like shape. This chain-like shape modifies the fluid’s rheological properties by
drastically changing the value of the viscosity. This change in viscosity results in yield stress
changes depending on the magnitude and direction of the applied magnetic field. The
characterization of the rheological behavior of these fluids occurs at two stages: pre-yield
and post-yield [132,133].

Due to the unique characteristics of MR fluids, the application of magnetic fields can
dramatically change their rheological properties. MR fluids have been used to successfully
develop various brake systems, dampers, and other devices. In most of these applications,
the surface of the device is in contact with the MR fluid because it requires relative motion,
such as linear motion in the case of shock absorbers, to operate. However, the surface of
the device wears out more rapidly due to the abrasive nature of the iron particles in the
MR fluid. As such, selecting the right surface material is essential to ensure high resistance
to wear as well as durability [133,134].

The main components in a MR fluid formation are the carrier fluid, magnetic particles,
and the additives. Carbonyl iron, with a purity of 99%, is often used to provide the
magnetic particles due to its high magnetic permeability and magnetization saturation [135].
Moreover, the chemical deposition of pentacarbonyl iron vapor produces carbonyl iron
particles, which usually form into spheres, thereby reducing wear and tear on the walls of
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devices that use MR fluids [136,137]. However, the findings of one study suggest that fiber
particles provide better yield stresses with lower viscosities. In some applications, carbonyl
iron particles range between 3 um and 5 um in size with particle concentrations between
20% and 40% depending on the volume. As such, the likelihood of wear from erosion and
friction is nominal due to the particles’ minute size [138].

Oils with low viscosity, such as silicone oil, mineral oil, and other synthetic oils,
are used as carrier fluids as they are excellent at forming MR fluids due to their wide
range of viscosity-changing objectives. However, the carrier liquid must be non-reactive
with the iron particles. Silicone oil is often used as a carrier fluid in vibration control
applications due to its high viscosity index, low vibration, high shear strength, and high
flash point [135].

The additives used are usually surfactants that prevent agglomeration and reduce the
deposition rate of the magnetic particles [139]. This is essential as high-density particles
tend to settle, which can render the device ineffective if left untreated [138]. Additives such
as oils, thixotropic agents [140], and Span® 80 and TWEEN® 80 emulsifiers are often used
to improve the sedimentation stability [141], while organic acid and stearic acid are often
used to increase the density of the carrier liquid [135] and stabilize the sedimentation [138].

3.2. Application of MR Dampers in Building Structures

Due to their superior quality, MR dampers are in high demand for use in scientific case
studies and in several real-world industrial applications. Carlson and Weiss concluded that
MR dampers provide good operating reliability as temperature fluctuations and impurities
in the fluid did not affect the performance and functionality. However, a significant
drawback was their nonlinear characteristics, which involve hysteresis (force vs. velocity
and force vs. displacement). This makes accurately modeling MR dampers and developing
an efficient algorithm for improved performance a challenge [142,143].

Over the past 15 years, MR dampers have been widely used in a variety of fields for vi-
bration control. These include [144-147], but are not limited to, building structures [148-151],
bridges [149,150], suspension systems in automotive and high-speed trains [152-154], ad-
vanced artificial limb systems [155], large washing machines [156], landing gears for
airplanes [157,158], commercial vehicle seats [159], complex mechanical systems [160],
and rotor systems of helicopters [161]. However, despite their many advantages, MR
dampers are difficult to commercialize due to their complex structures and user-dependent
configurations [136,162].

Cesar and Baros (2010) discussed the use of semi-active structural control techniques
within the framework of a civil engineering experimental model equipped with MR
dampers. The study aimed to develop a semi-active damping device in the Comparison
of Vibration Control in Civil Engineering Using Passive and Active Dampers (COVICO-
CEPAD) project in the Eurocores S3T program framework. An experimental frame was set
up at the Faculty of Engineering of the University of Porto (FEUP) to explore the calibration
of MR dampers as well as identify the dynamic properties of small-scale metal frames
with and without the use of specific MR devices (Figure 3). Some of the results from the
simulation of the controlled frame under earthquake conditions were compared with the
experimental results from a frame installed on a Quanser® Shake Table II [163,164].
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Figure 3. Building structure with a metal frame and an installation [163].

Data and characteristics that had been obtained from several earthquakes were used in
the study to evaluate the performance of structures fitted with semi-active controllers. This
information was fed into and calibrated by a Quanser® Shake Table II to experimentally
and numerically compare the various control strategies. However, the study only yielded
results when certain earthquake inputs, such as the El Centro earthquake, were used. In
the numerical example, a three-storey structure was controlled using a MR damper on
the first floor. The simulation showed that a clipped optimal control algorithm produced
improvements in uncontrolled systems [163,164].

Another study investigated the performance of two variations of passive and semi-
active damping devices in a 12-story bearing frame (Figure 4). A segmented and insulated
floor constituted the upper floor. The passive and semi-active devices were installed to
reduce the seismic response of the structure [165].
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Figure 4. Segmentation of the 12-story building: (a) Sketch of the 12-story building structure with 10
+ 2" and ‘8 + 4’ models; (b) Schematic of isolated sections [165].
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The study used a semi-active control approach. To manipulate reaction forces, feed-
back controls that reset the system according to structural responses were applied to the
device. A simplified two degrees of freedom system was adopted as the control parameter
of the semi-active damping device. Response reduction factors of various seismic intensities
were analyzed using time history analysis. The study found that the semi-active damping
device effectively reduced the movement of the structure under a given seismic load in
comparison with the passive system. The variability in the study was more stringent for
the semi-active system for all ground motions used and indicated a more robust control
system [165].

Mehmet Eren Uz compared the seismic application of MR dampers in two buildings of
different sizes under optimal parameters. His study investigated the efficacy of a damping
device with semi-active systems in optimizing the responses of two structures that are
located close to each other and connected to MR dampers under seismic loading. The
challenge of this study was to effectively enhance the control strategy for MR dampers in
two separate structures (Figure 5) [166].

Drivers |- % Controller

Figure 5. Schematic of an MR damper between two buildings [166].

Depending on the requirements, the control force and the number of damping devices
were calculated and analyzed using MathWorks® Simulink, a MATLAB-based graphical
programming environment. The linear-quadratic regulator (LQR) algorithm and linear—
quadratic—-Gaussian (LQG) control were used to achieve the desired control force while
the law of truncated voltage was used to synthesize the voltage that was used. As a
result, it was possible to control the displacement response of the MR dampers at lower
stresses for shorter buildings. Improvements in the performance of a damping device
that is attached to two adjacent buildings were intended in order to design an optimal
nonlinear hysteretic damping device. The stochastic response of the two adjacent buildings
linked to a nonlinear damping device was efficient. The stochastic linearization method
was used in the optimal design to avoid the need for multiple nonlinear time history
analyses. The results showed that high-voltage applications were not needed as they were
not effective for MR dampers. The proposed optimal design method achieved improved
seismic performance that enhanced the productivity on the economic side [166].

Constantinou et al. conducted an experimental study on a three-story steel structure
and a bridge structure. The three-story model was tested with and without fluid viscous
dampers (FVDs) installed at an approximately 35° angle on braces. Four dampers were
installed on the first floor and six dampers were installed in pairs. Figure 6 shows the
schematic design of the building structure used in this study. The bridge model was tested
using 15 different isolated system configurations. Four FVDs, similar to those used in the
three-story building, were added to the insulation system. The study found that the FVDs
effectively reduced the seismic response of the tested structures [167,168].
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Figure 6. Model of the three-story building test structure [168].

Guo et al. designed and applied a seismic enhancement procedure to an existing
building using FVDs and discussed some of the critical issues of using FVDs for seismic
enhancement. This study included models of analytic dampers in major earthquakes as
well as the layout of the dampers. The case study investigated the application of FVDs to a
21-story hotel that had been built in 1991 (Figure 7). The hotel was structurally modified
and seismically upgraded by placing 56 damping devices on six selected floors due to
limited space. A damping ratio of 5.3% was used in all the damping devices. The study
found that the FVDs were able to minimize damage to the interior decorations of the
building above the sixth floor as well as significantly reduce earthquake responses on the
upper floors. Apart from that, the application of the damping devices made it possible for
the hotel to execute short-term and economical construction projects [169].

Figure 7. Installation of a damper in a building structure: (a) Chevron-brace damper; (b) Diagonal-
brace damper [169].
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Wang and Muhin investigated the efficacy and financial feasibility of using damping
devices to improve the seismic performance of a 35-story steel building. Three different
types of additional damping devices were also used to prevent the building from collapsing.
One of the types of damping devices investigated was a FVD. The factors taken into account
in the study included architectural problems, programmatic issues, and construction
capabilities. A simplified approach was used to achieve the same effective damping
ratio and to characterize the mechanics of the case study. The approach was also used
to mechanically characterize the floor displacement to make it consistent with optimal
performance objectives. Based on a nonlinear dynamic analysis, the FVD was the most
efficient of the three damping devices tested in this study. In terms of cost, the FVD was also
the most cost-effective option for reducing economic losses arising from earthquakes [170].

In another study, Weber describes a new MR damper-style tracking control scheme.
Installation balancing was performed by steady-state primary nonlinear compensation
combined with the modeling mapping approach of the MR damper device. To that end,
Weber reduced force tracing errors that were generated due to model imperfections. This
was also due to parameter uncertainty, which was then reduced by the proportional
feedback gain and the parallel integral, which is based on the absolute value of the actual
device’s damping force. In this case, Weber performed experimental validation of the
force tracking control scheme on rotational and long-stroke MR dampers, demonstrating
their robustness and efficacy. The results show that a more accurate force is obtained
using the combined feedback approach compared with the other two methods used in the
study [171].

Several applications of MR dampers in building structures were briefly described
above. However, when MR dampers are used in a controlled damping device with semi-
active systems in building structures, the models and controls of the MR dampers warrant
closer examination than their application. Unfortunately, this is an area of study that has
been grossly overlooked. Therefore, we examine and discuss the various types of models
and controls that are used in MR dampers.

4. Modeling and Control of MR Dampers for Structural Buildings
4.1. Modeling of MR Dampers

The structure of a building is exceptionally vulnerable to seismic loads, especially
seismic loads at higher frequencies [172,173]. Additionally, the control systems used are
widely discussed [174,175]. This section discusses models and controls that have been
used in MR dampers in previous studies [176,177]. Small-scale MR dampers are mostly
described using the Bingham model due to its simplicity. This model consists of dashpot
and friction elements connected in parallel, while the damper force is formulated as shown
in Table 1.

The control scheme based on the Bouc—-Wen model presented by Weber allows for real-
time tracking of the desired control style. This control scheme is intended for MR damping
devices without feedback from the force sensor. Weber used several Bouc-Wen models to
estimate the MR damper force by parallel computation with a constant current. The MR
damper’s current is determined by a piecemeal linear interpolation scheme. Numerical and
experimental validations were carried out. Tests show that the real-time control scheme is
numerically stable and a force tracking error of not more than 0.078 indicates acceptable
accuracy. One of the model studies conducted by Weber is shown in Figure 8 [178].
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Table 1. Basic models applied for MR dampers.

Figure 8. Simulated tracking of viscous damping: force displacement trajectories.

Model Equation Figure
f =c1x+ fosgn(x)
where c; and fj are equal to the damping coefficient
Bingham Model and the shear friction force, respectively; and sgn () is a

function of the signum. The damping force is linearly
dependent on the damper speed, while the friction
force depends on the velocity [177,179].

Gamota and Filisko Model

f=ki(x2 —x1) +c1(¥2—%1) + fo
= coX1 + fesgn(x1) + fo Ciff] > fe
=ka(x3 —x2) + fo
f=k(xx—x1)+ax+fo | .
= ko (x3 — x2) + fo }r if |[f| <fe
where ¢ is the damping coefficient of the Bingham
model, and k1, ky, and ¢; are the coefficients of stiffness
and viscous damping, respectively, in relation to the
linear solid material [179,180].
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kq represents the damper stiffness of the accumulator ’ A7
and cy is the dashpot coefficient associated with ot
Bouc-Wen Model viscous damping at higher velocities. A dashpot ¢; /. k, P
was included in the model to produce the roll-off VVV
observed in the experimental data at a low velocity. kg ‘o | |
is the stiffness control at a higher velocity, and xg is the 7

initial displacement of the spring k; in relation to the
nominal damper force due to the battery [180].

F(B) =k fyexp(~55)k(x)dr + fysgn (x(1))

BingMax Model where a = ¢/k is the quotient of the dashpot ¢ and the =
spring k, and fy is the friction force on the slider [180]. R
S
N
I A |
Fss(0) = g(v)sgn(v) + f(v) .
LuGre Model where g(v) is the Coulomb friction and the Stribeck QT

effect, and f(v) represents viscous friction.

Ahn et al. conducted a MR damper modeling study to develop an alternative method
for MR dampers. It used fuzzy self-tuning based on neural techniques as well as a control
system that was validated using a number of simulations.

This case study used the Bingham model to describe the damper’s behavior. The
Bingham model’s characteristic parameters were determined depending on the needs of
the experiment. Figure 9 shows the predicted damping force generated in the Bingham
model in comparison with the experimental responses.

When the acceleration had a negative value, the measured force had a positive value.
Conversely, when the acceleration had a positive value, the measured force had a negative
value. This occured when the velocity was zero. The self-tuning fuzzy model, a general
model commonly used to improve MR dampers, was then utilized [177].
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Figure 9. Comparison between experimental data and the predicted damping force [165].

Soltane et al. also used a self-tuning fuzzy model and a Bingham model in their study
on MR dampers. The study proposed a new parametric dynamic model for MR fluid
absorbers. It adapted the Bingham model and was set up to accurately reproduce the
hysterical behavior of the damper. The optimal model parameters were then obtained by
making the model’s predictions as identical as possible to the experimental measurements.
As one of the model’s applications, the performance of MR dampers in reducing free
and forced cable vibrations was investigated and numerically evaluated. The results of
numerical simulations showed the accuracy and efficacy of the modified Bingham model in
comparison with the standard Bingham model. A comparison of the restraining-wire-free
vibration control of the standard Bingham model and the hysteretic-regularized Bingham
model (HRB) is shown in Figure 10.
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Figure 10. Control of restraining-cable-free vibrations: comparison between the proposed model and
the Bingham model [179].

The results showed that the largest vibration response in the HRB model was approxi-
mately 70% of that obtained using the Bingham model. The speed of the vibration’s decay
was also much quicker. The equivalent viscous damping value of the Bingham model
was 2.5%. However, the equivalent viscous attenuation value of the proposed HRB model
was 9.2%. This indicated that the proposed HRB model was very effective at reducing
structural responses [179].

Although the simplicity of the Bingham model helps to overcome several issues
in MR damper case studies, some modifications are required when adapting the stan-
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dard Bingham model to achieve better accuracy, such as those made by Ahn et al. and
Soltane et al. [177,179].

Although Gamota and Filisko were the first to adapt the Bingham model to model
electro-rheological dampers in 1991, Spencer et al. were the first to apply this model to MR
damper modeling (in 1997). Their model consisted of a Bingham model in series with a
standard linear solid model. The Gamota-Filisko models can be arranged with the equation
shown in Table 1.

Spencer et al. determined that the parameters of the Gamota—-Filisko model fit the
2.5 Hz data for cases in which the voltage to the driver was 1.5 V. The results of Spencer
et al.’s study are shown in Figure 11 and provide a comparison between the predicted
results and the experimental results. As expected, the force transfer behavior of the Gamota—
Filisko damper models is well illustrated. Additionally, the predicted and experimental
results on the velocity—force curve are almost identical. However, because the regulatory
equation developed by Gamota and Filisko was still too rigid for this case, the numerical
solution was difficult to handle. One of the main challenges of this model is deriving its
numerical solution, which was also noted by Ehrgott and Masri (1994) [180].
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Figure 11. Comparison between predicted (black) and experimentally obtained (red) responses for
the Gamota and Filisko model [180].

4.2. Semi-Active Controllers for MR Dampers

One of the advantages of MR dampers with semi-active systems is that they can
be used in either passive or semi-active mode to control a building structure. When the
device is not controlled, it becomes a passive system (Figure 12), where electrical current is
constantly supplied to the MR damper. In this scenario, no feedback data are required. In
this system, passive-on and passive-off controls correspond to when the maximum current
and the minimum current, respectively, are applied to the damper [181].
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Figure 12. Block diagram of a passive system for a MR damper [181].

A semi-active control system is shown in Figure 13. As there is feedback, it requires
controllers and sensors to provide feedback data according to their needs. In general,
a semi-active control system can be defined as a device that does not require energy to
be inputted into the controlled system. The current entering the MR damper is instead
allocated to control the damping force by changing the magnetic flux intensity of the
coil. However, under certain conditions, the current cannot change the direction of the
damping force as this is performed by an active system damper. As such, a MR damper
with a semi-active system requires several sensors, such as an accelerometer and load
cell displacement transducers, to provide feedback so that it can optimally control the
damping force. Therefore, several MR damper controllers, such as controllers based on a
LQR, controllers based on a LQG, neural network controllers, and fuzzy controllers, have
been developed.

Ground
Motion

Response

Structure

Disp.

Damper

MR Dampers Forces

Current

Load
Measured
Current __Command | Semi-active Damper Forces
Driver Current Controller Measured (estimated

State Vector

Figure 13. Block diagram of a semi-active controlled system for a MR damper [181].

A LQR is a control system that is often used to control structures via a feedback
controller that aims to provide stable movement. Dyke et al. developed a similar type of
control system—a H2/LQG-based clipped optimal control system—to counteract earth-
quake vibrations in three-story structures. Jansen and Dyke (2000) investigated the seismic
responses of a six-story building that had been retrofitted with MR dampers on the first
and second floors by using a variety of semi-active control algorithms, such as a truncated
optimal controller, to control the building structure’s response to ground motion. The study
found that the algorithm that used the LQG method (the optimal truncated controller) was
suitable for MR dampers in a manner similar to the Lyapunov control algorithm and the
modulated homogeneous friction algorithm. The optimal truncated algorithm achieved
a significant reduction in the seismic response (21.4% to 29.6%). These findings were
corroborated by Yi et al. (2001), who also conducted a similar case study by applying a
LQG controller to a small-scale six-story sliding building and compared the experimental
responses obtained using a Lyapunov controller. The tests carried out in these two studies
at various levels of excitation proved that MR dampers performed better than passive
dampers in various situations. Additionally, semi-active systems were found to require
only a small amount of power to outperform passive systems [182,183].

Neural network controllers are another type of controller investigated in the devel-
opment of MR dampers. The use of these controllers is quite popular with researchers
in the mechanical, electrical, and structural engineering fields. Unlike clipped optimal
controllers, when modeling MR dampers, neural network controllers take into account the
current input applied to the device and the piston velocity/displacement, which are often
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inaccurate. Therefore, the historical value of the input is used to improve the estimate.
Wei et al. (2021) conducted a study in which the instantaneous variable was constructed
via the Hilbert transform to represent the instantaneous characteristics of the excitation
to further improve the accuracy of the MR damper model. The study suggested that, in
the case of MR dampers, there is a correlation between the momentary variable and its
nonlinear behavior. Therefore, studies related to this subject were investigated. In their
study, Wei et al. repaired the MR damper neural network model for the first time using
the instantaneous characteristics of the excitation. The results indicated that instantaneous
characteristics play an important role in the model’s accuracy. The study also found that the
accuracy increased by more than 50% in comparison with the general model. Additionally,
the target force could be tracked using the model’s precise control strategy [184].

Fuzzy controllers are the most common type of controller used in MR damper appli-
cations for both structures and vehicles as the performance of traditional controllers, such
as LQG and H2/LQG controllers, usually depends entirely on the accuracy of the system’s
dynamic modeling, while complex structural systems have nonlinearity and uncertainty
in both the loading and magnitude of the structural properties. This makes it difficult
to identify an accurate dynamic model for a traditional control design. As such, new
control algorithms can solve these problems with very few optimizations. Several studies
found that fuzzy controllers can solve this problem as well. Fuzzy logic control is based
on set theory and consists of four components that simulate human reasoning: a fuzzy
interface, a rule base, a decision-making interface, and defuzzification. Ndemanou and
Nbendjo implemented a MR device with fuzzy control in seismic cases to investigate the
nonstationary random responses of two adjacent tall buildings. Fuzzy control rules were
used to model failure data by calculating the desired stress to produce reasonable control
in each mode. As such, the process controls were optimized in conjunction with the first
observation for the first vibration mode. This control strategy successfully increased the
dynamic performance of the control devices, which could adjust the damping force by
increasing the building’s response without increasing the mechanical energy. Ndemanou
and Nbendjo concluded that control algorithms are very important when optimizing the
response of building structures to seismic loads [185].

Although this was corroborated by Mehrkian et al., unlike Ndemanou and Nbendjo,
who applied MR dampers with fuzzy control in buildings, Mehrkian et al. used MR
dampers as the base isolation of a building structure. The fuzzy control presented was also
an intelligent multi-objective fuzzy-genetic controller. The controllers of their study aimed
to improve the upper insulation characteristics and reduce the large bottom displacements
under seismic loads. Unlike other controllers, the core of the fuzzy controller was con-
ceptually constructed using factory-related control expertise. Moreover, a multi-genetic
algorithm was applied to the fuzzy controller to optimize the controller’s performance. This
resulted in similar findings to those of Ndemanou and Nbendjo, where fuzzy controllers
performed better than other controllers [186].

In addition, studies on control were also performed by Iemura et al., who argued
about developing the law of autonomous semi-active control as a simplified semi-active
control algorithm for seismic response reduction. The strategy of this method is to generate
the desired hysteretic loop to absorb as much energy as possible with a semi-active device.
The energy absorption capacity, which was similar to that of the friction damper in the
study, is given by the hysteretic loop generated by the semi-active control. This minimizes
the disadvantages of the friction damper, such as a large residual displacement and the
generation of high frequencies in the damping force [187].

Several years earlier, lemura et al. also conducted studies on controls in structural ap-
plications. The authors determined the effectiveness of the use of pseudo-negative control
on a cable-stayed bridge. The combination of the pseudo-negative force hysteretic loop
generated by the variable damper and the elastic strength of the tower-deck connection
resulted in a hysterical loop that approximated the perfect rigid plastic force-deformation
characteristic with a large damping ratio. The use of sensors was only required for damper
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connections for the purpose of measuring the relative displacement. The minimal use
of sensors is one of the advantages of the study. lemura et al. performed a comparison
between passive, apparent negative power, and active control for a phase II comparison
bridge. The pseudo-negative power control result was significantly better than the other
results obtained in the study [188].

In contrast to previous studies, Weber et al. investigated the isolation performance of
curved surface sliders (CSSs) with different damping mechanisms. This study considered
two control strategies, namely amplitude proportional friction damping, which aims to
straighten the friction damping during one cycle, and semi-actively controlled damping,
and stiffness properties to improve the separation between the soil and the structure with
no dynamic stiffness emulation. The considered CSS was assessed in terms of current
error as a function of PGA, horizontal peak force and displacement, and peak structure
acceleration. The results showed that the nonlinear characteristics can optimize the friction
damping, the optimization of viscous damping is independent of PGA, the bowtie friction
optimization improves the insulation at a low PGA while the insulation at a medium to
high PGA, on the contrary, becomes worse, and the optimized amplitude proportional
friction attenuation does not improve the insulation [189]. Other similar studies have been
carried out as shown in Table 2.

Table 2. Recently published articles on controllers for MR dampers for structural buildings.

No. Author and Year Controller Finding
1 Zafarani and Halabian Clipped optimal with LQG Control of the seismic inelastic torque response of
(2020) [190] control multi-story buildings.
Mohebbi et. al. Modification of H2/LQG control to optimize the
2 (2018) [191] H2/LQG control control system'’s performance
Efficacy of neural network control on a three-story
3 Zizouni et. al. (2019) [192]  Neural network control small-scale structure using the Tohoku 2011 and
Boumerdes 2003 earthquake data.
4 Bozorgvar and Zahrai Adaptive Neuro-Fuzzy Neuro-fuzzy optimization adapted to genetic
(2019) [193] inference system algorithms.
Slidine mode control Fuzz Developed a sliding mode control method based on
5 Li and Liang (2018) [194] s tengl y a fuzzy system. Fuzzy logic control mitigates the
y chattering phenomenon.
Cesar and Barros Adaptive Neuro-Fuzzy Verlfle?d the efficacy of neurojfu.zzy controllers in
6 (2017) [195] inference svstem reducing the responses of building structures
y equipped with MR dampers.
Reduction of the seismic response of
Al-Fahdawi and Barroso Adaptlve Neuro—Fuzzy three-dlmer}sm.nal co.mb.med l.)uﬂdmgs. under
7 (2021) [196] inference system and Simple two-way seismic excitation with adaptive
adaptive control neuro-fuzzy inference system control and simple
adaptive control.
Use of wavelet networks and fuzzy logic controllers
8 Mousavi (2020) [197] Fuzzy logic controller to copy the inverse dynamics of MR dampers and
nonlinear isolators.
Fuzzy logic controls are better than traditional
9 Ndemanou and Nbendjo Fuzzy logic controller controls and algorithmic controls and are critical
(2018) [185] ¥ 08 when optimizing the response of a structure to
seismic loads.
. Improving a fuzzy control system with a smart
10 Mehrkian et. al. Fuzzy logic controller multi-objective fuzzy—genetic controller produced

(2017) [186]

controls that were more effective than others.
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5. Future Research

This study briefly described the various types of earthquake mitigation technologies.
Technologies will continue to be developed in an effort to reduce losses. Various types of
dampers with semi-active systems, such as friction dampers (FDs), tuned mass dampers
(TMDs), and viscous dampers (VDs), that have been applied in building structures were
investigated. However, the primary focus of this study was the models and controls
of magnetorheological (MR) dampers, which are dampers with a semi-active system.
Although the development of MR dampers for building structures continues to strive for
optimal efficiency, setbacks and issues, such as difficulties with the manufacturing process,
leakage of liquid from the device, and the wear rate of the piston and the interior of the
cylinder, are not widely discussed. Therefore, discussion of these matters is expected to
increase in the future. Oddly enough, although MR dampers use an iron powder fluid to
operate, the wear and tear of these MR dampers are very rarely discussed. This is especially
true as an increase in viscosity, caused by the magnetic flux, results in stronger friction.
This will most definitely result in roughness appearing on the surfaces of the cylinders and
pistons and reduce their performance.
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