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Abstract: Magnetorheological (MR) materials are a group of smart materials used in new technologies
with controlled reliability. The development of these materials is expanding, starting from MR
fluids, elastomers, grease, and gel. This large number of material types further expands the various
applications of MR materials as a creative technology to support performance enhancement. For
example, MR fluid is used to improve the performance of shock absorbers such as vehicle suspension,
the damping of building structures, and polishing of the workpiece. MR elastomers are used for
engine mounting, insulation base, and many other applications with intelligent material properties
such as stiffness controllability. However, there are still complexities in the practical implementation
of the control system beyond reliability. Many previous studies have focused on the performance
improvement and reliability of MR materials as smart materials for application devices and systems.
In this review article, the specific discussion related to vibration control strategies in MR material-
based systems was thoroughly investigated. To discuss this point, many MR applications including
transportation system and vibration isolation were adopted using different types of control strategies.
Many different control strategies that have been used for MR applications such as fuzzy logic
control, optimal control, and skyhook control are discussed in-depth in terms of the inherent control
characteristics of merits and demerits.

Keywords: magnetorheological materials; control strategies; vibration control; adaptive control;
fuzzy control

1. Introduction

Since material technology is known to have had a major impact on human advance-
ment, materialists have defined different periods in human history based on the main
materials used during those periods. The term smart material is one of them, and it initially
arose in the late 1980s. This has prompted many research activities on smart materials to
have been carried out in various industrial fields. The capacity to perceive, actuate, and
control the external inputs that regulate system responses is one of the numerous features
inherent in intelligent materials, which is crucial in obtaining a high performance in appli-
cation devices and systems. More than 100 intelligent materials have been presented with
these qualities thus far, and their adaptability has been confirmed as an intelligent property.
Sensitive material qualities can be identified as sensors, electricity can be produced as
actuators, and control reactions can be carried out as controllers. Due to their distinct actua-
tor properties and utility in several engineering applications, several classes of intelligent
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materials have drawn a lot of interest during the past 20 years. Electro-viscosity materials,
magnetic rheological (MR) materials, shape memory alloys, piezoelectric materials, and
electroactive polymers are examples of potential intelligent materials. A magnetic field
quickly changes the rheological properties of MR materials, which are a significant subset
in the area of smart materials. These substances typically contain micrometer-sized (about
35 mm) iron or iron particles dispersed in a variety of carrier media including liquids, foams,
elastomers, lipids, polymer gels, and plastomers [1-4]. Depending on the composition of
the mixture, MR materials are referred to as magnetic rheological fluids (MRF), magne-
torheological elastomers (MRE), magnetic rheological fats (MRG), magnetic rheological
polymer gels (MRPGs), and magnetic rheological plastomers. Numerous MR intelligent
materials still exist as novel materials that are in the exploratory stages of development.

MR fluid is the most popular type of MR material used and discussed. This is related
to the response of MR fluid, which tends to be faster than other types. MR fluid is usually
used as a working fluid in shock-absorbing devices such as transportation suspensions:
passenger vehicles, heavy vehicles, earthquake-resistant structures, bridges, landing gear,
and trains. Although, in general, the use of MR is used in the same application, MR fluid
has shown its effectiveness in responding to a magnetic field as a modifier of the viscosity
of the fluid [5]. However, behind its advantages, MR fluid has weaknesses that are still
an interesting discussion such as magnetic particle deposits that often occur when the
device is not working. In contrast to MR fluids that can settle, MR elastomers cover this
weakness because in general, the magnetic particles used are bound by a carrier matrix
such as rubber. MR elastomers also have their own advantages in the flexibility of its
application to a device. MR elastomers are often used as engine mounts because they do
not take up much space and have a controllable performance. The use of MR elastomers is
also widespread in the field of civil engineering such as base isolation for bridge structures.
Several studies have also discussed MR elastomers as damping applications for the base
isolation of bridge structures.

In addition to the two types of MR materials, there are other MR materials that are
still in the early stages of development, and further studies, namely, MR grease and MR
gel. Recently, gel and grease type MR materials have received a lot of attention because of
their considered application possibilities. MR grease was originally created because of a
weakness found in MR fluids, namely, the deposition that occurs in MR fluids that results in
a high probability of decreasing performance. Therefore, MR grease was created to replace
the existing weaknesses in MR fluids. The low MR effect on magnetorheological elastomers
can be mitigated by MR grease, in addition to being able to address sedimentation issues
that develop in MRF. Grease, a non-Newtonian fluid, is used in MRG as a medium to
enable suspended magnetic particles to defy gravity and prevent particle sedimentation [6].
Additionally, grease is categorized as a transitional state between a liquid and a solid, giving
magnetic particles some mobility to form columnar chains when subjected to a magnetic
field [7]. In contrast to MRF, MRG possesses self-sealing properties because of its thick
viscosity, which negates the need for extra sealing to stop device leakage. This characteristic
can keep the machinery stable over time, cutting down on production expenses [8,9]. MRG
is a possible contender for engineering applications such as seismic dampers, brakes, and
clutches due to the benefits indicated above [6]. Due to the fact that grease is used as a
MR material medium, MR grease has a shortcoming in that it has a high off-state viscosity,
which restricts the expansion of the yield stress under on-state circumstances. As a result,
MRG performs poorly on metrics such as torque output.

MR gel is the following class of magnetorheological substance. A type of intelligent
material called MR gel may be quickly and irreversibly altered by manipulating an excited
magnetic field. Its rheological properties are similar to those of MR fluids [10,11]. Soft mag-
netic particles are typically dispersed into a cross-linked polymer matrix to create MR gels.
The presence of a viscoelastic polymer matrix allows MR gels to partially overcome several
of the drawbacks of MR fluids including the problems with sealing and sedimentation [12].
Additionally, the restrictions of the hard rubber matrix on the magnetic particles in the MR
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elastomer prevent them from moving freely, resulting in a much weaker MR effect than the
MR gel [9]. With the advantages listed above, MR gel and MR grease are comparable in
nature. Of course, this sort of material’s high viscosity value in off-state situations must be
regarded as a weakness. However, MR gels show promise for usage in engineering devices
such MR actuators, MR insulators, and MR absorbers [13-16].

In addition to the four types of MR materials, there are other types of MR materials
such as MR dust, which is still in the early stages of study. However, in this article, we
examined vibration control strategies using magnetorheological materials including MR
fluids, elastomers, greases, and gels in various applications. Each of these materials has
its advantages and disadvantages, but some of them can be applied in the same field. The
study of magnetorheological actuator material as a vibration control strategy is focused
on transportation systems (automotive, military, railway, aerospace, and ship), machine
vibration, civil engineering, flexible structures, and offshore plants. With this aim, this
review article will provide a good contribution to the full discussion of the control strategy
section in various applications. This is due to the fact that only a few discussions have been
carried out in the field of the control of a magnetorheological actuator material strategy
in various fields that have been completely studied. In addition, the article can also be
used as material for research studies in the field of magnetorheological actuator material
strategy control.

Smart materials, as is generally known, can be employed as sensors or actuators in
application systems [17]. As a result, for effective deployment, a suitable control mechanism
for a given application is necessary. More attention to controller design is required, espe-
cially when smart materials are utilized as actuators. To support the review, in this paper,
various applications and control strategies with the use of magnetorheological materials
are discussed in a structured manner based on their field of use. In this case, for each field
of use, we present four possible types of magnetorheological materials used (MR fluids,
elastomers, greases, and gels) with the type of strategic control used. The field of land
transportation (automotive) is said to be the most popular study of applying magnetorhe-
ological intelligent materials based on the findings of many studies that have discussed
related cases. In contrast to the field of transportation, the discussion of magnetorheological
materials in the field of shipping and aircraft tends to be less. This is presumably because
the level of complexity in the discussion of the shipping and aircraft sector still tends to be
higher than land transportation. The performance of the controlled device is optimized
by the application of a strategy control. Strategic control is closely related to automated
control, which typically compares the generator’s actual output with a reference input
(the desired value), and generates a control signal to bring the difference between the two
values as close to zero or as little as possible. Figure 1 shows a block diagram of a typical
control system featuring MR actuator devices combined with a magnetorheological (MR)
device to help with an overview of automatic control.
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Figure 1. Block diagram of a typical control system featuring MR actuator devices [18]. Reproduced
with permission from Choi, S.-B. and Han, Y.-M., Magnetorheological Fluid Technology: Applications
in Vehicle Systems; published by CRC Press, 2013.

The driving fault signal, which is typically very low power level, is detected by the
controller, and then the module computes the desired MR damper current based on the
desired semi-active control force. Furthermore, the MR damper current was amplified by
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a current driver to a high enough level for the MR device. The control box also includes
the clipping of the active desired control force to obtain the semi-active desired control
force since MR dampers can only exert dissipative (=semi-active) forces. An actuator is a
power tool that generates an input in response to a control signal. Active control systems
frequently employ conventional actuators such as electric motors. However, semi-active
control systems frequently employ actuators based on MR fluids. Control energy can be
taken and injected into the plant when using an active type of actuator, but it can only
be done when using a semi-active type. Through a pump-related hydraulic servo valve
mechanism, the MR device can be used as an active actuator. The majority of today’s
sensors including accelerometers can be modified to measure the dynamic control system
reaction connected to MR devices. In the case of using magnetorheological materials,
several control methodologies can be used, some of which are often used, namely, semi-
active control, proportional-integral-derivative (PID) control, linear quadratic (LQ) control,
and sliding mode control, and there are other types of strategic control. Some studies
selected the control used based on its application, but there were also those who choose it
because of the level of convenience and simplicity without compromising its performance.
In this paper, this kind of discussion will be discussed in more detail. However, before
reviewing the control strategy on the use of magnetorheological actuators, a brief overview
of the types of controls commonly used in the study of magnetorheological materials
is briefly discussed as a reminder and to simplify the course of the review that will be
discussed. Typically, an active control device can be used to extract or input the control
energy into the controlled system. However, the control energy can only be dissipated
using semi-active devices [18]. As a result, the control system’s level of stability is raised.
The applied field’s intensity can be adjusted using the MR device to continually manage
the system attenuation. There are three alternative semi-active control techniques that
can be used including controller skyhook, groundhook, and sky—groundhook to produce
the necessary damping force in the controlled domain. Karnopp et al. [19] introduced the
skyhook controller. The skyhook controller logic is acknowledged to be straightforward
and simple to apply in the real world.

The PID control is a second common type of controller that is employed in numerous
investigations. In industrial control systems, the PID (proportional integral derivative)
controller is a control approach with a feedback mechanism. The error value is essentially
calculated continually by a PID as the difference between the desired set-point and the
measured process variable. In this instance, PID sets the control variable in an effort to
reduce the error value in any given time unit. Position, force, and power are often the
control factors. The next control method is linear quadratic (LQ) control, which is among
the most widely used since it can be used in a variety of applications including MR actuator-
based control systems. The key benefit of the LQ control approach is that it produces linear
control principles that are simple to use and comprehend. PID and LQ controls tend to be
more adapted to vehicle actuator-based MR control systems. However, several uses of this
method can be found in the fields of civil engineering, flexible structures, machine vibration,
and offshore. Other types of control are also often used for magnetorheological actuators
in various applications such as adaptive controller, fuzzy logic control, neural networks,
h-infinity, sliding mode control, and hybrid control, as shown in Table 1. The use of control
strategies in this study was classified into various application areas that are described below.
In general, magnetorheological actuators are widely used in transportation systems such as
cars, trains, ships, and planes. However, other applications have also been developed for
various other needs such as rehabilitation robots, offshore, and sound systems.

2. State-of-the-Art

In 1974, the development of a control strategy for a semi-active damping system
intended as a means of supporting vehicle comfort levels was carried out by Karnopp
et al. [20]. In their study, the skyhook controller was introduced because the controller
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logic is simple and easy to implement in real conditions. The skyhook controller system is
described as shown in Figure 2.

Csky | ﬂ, MR Damper
o
m Af Sprung mass

k é Spring

Road

Figure 2. Semi-active system with a skyhook controller [18]. Reproduced with permission from
Choi, S.-B. and Han, Y.-M., Magnetorheological Fluid Technology: Applications in Vehicle Systems;
published by CRC Press, 2013.

The study of skyhook control strategies was also studied by Choi et al. [18]. In their
study, they discuss the skyhook controller method where the desired force is formulated
in an equation. The desired damping force can be set by F; = Cg, (E)x, where Csky is a
control gain that physically indicates the damping. The gain on this skyhook controller is
adjusted by the magnetic field to meet the desired damping force. This logic is a skyhook on—
off control logic that is very often adopted in vehicle suspensions. The development carried
out in the study was conducted by Choi et al. by combining the damping system used for
driving comfort with the stability of the steering system. To achieve this, a sky—-groundhook
control was used. This controller was a combination of the skyhook controller that is used
for vehicle suspension in controlling body comfort, and the groundhook controller was
used to maintain/control the stability of the steering system while driving. The schematic
drawing of the sky—groundhook control system is shown in Figure 3. The sky—groundhook
controller consists of two ideal dampers: one is fixed to the ceiling, while the other is
fixed to the ground. The one fixed to the ceiling produces a damping force to control the
vibration of the vehicle body (sprung mass, 1), while the one fixed to the ground generates
a damping force to control the vibration of the wheel (unsprung mass, m,s). Therefore, we
may improve both the ride quality and the steering stability by properly adjusting each
component of the damping forces associated with MR dampers. The desired damping
force can be set by F; = 0Cqx1 + (1 — 0)CgrounaX2, where Cg, is the skyhook control
gain, Ceround is the groundhook control gain, and ¢ (0 < ¢ < 1) is the weighting parameter
between two control inputs.
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Figure 3. A semi-active system with the sky—groundhook controller [18]. Reproduced with permis-
sion from Choi, S.-B. and Han, Y.-M., Magnetorheological Fluid Technology: Applications in Vehicle
Systems; published by CRC Press, 2013.

The skyhook controller is not only used as a control strategy in the application of an
MR damper with an MRF base as the working fluid, but it can also be used in the case
of MR elastomers. The study conducted by Opie et al. discussed the design and control
strategy of vibration isolators on magnetorheological elastomers [21]. In their study, the
approach used for MRE cases used the approach used in MR damper cases in general,
which is because the MRE’s adjustable property can be used to emulate a passive skyhook
dampening system. Their idea was to show that the physical properties of the MRE can be
described as a function of the flux density passing through the MRE. The study conducted
by Opie et al. not only discussed one type of control used, but they also used other types of
controllers and compared them. In the control skyhook used, two other types were used,
namely, continuous and on/off skyhook controllers. Several other controllers were also
mentioned in the study, but these controllers are alternatives and may be used in MRE
applications. In fact, controllers applied to MRE are still rarely discussed, in contrast to
controllers applied to MR fluids, MR grease, and MR gel. Studies related to the strategic
control of MR materials have also been carried out by Bucchi et al. [22]. In this study, Bucchi
etal. carried out an MR clutch optimization strategy using a neural network control strategy.
The MR material used in the proposed clutch was MR fluid. In their study, they performed
an analysis of the dependence of the magnetorheological coupling torque characteristics
on several working parameters using a feed-forward neural network. The data collected
during all tests were utilized to train a neural network with five input components and
one output element based on the study outcomes. They claimed that the created neural
network successfully reproduced the genuine coupling features.

In addition to MR fluids, in the clutch case study, MR grease was also often used as a
clutch working material. Unfortunately, MR grease and MR gel had higher initial viscosity
values than MR fluids. This makes the use of MR grease and MR gel not widely used in the
automotive sector. However, MR grease and MR gel are widely studied in other fields of
application. In addition to the discussion in other application areas, because this material is
still in the early stages of development, the most common studies related to MR grease and
MR gel are the selection and composition of the constituent materials. The use of control
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strategies for these two materials will be found in the discussion of other applications.
Several control strategies have been discussed and used in individual case studies. In
addition to the control strategies mentioned, there are other types of controls, which are
summarized in Table 1. In fact, studies conducted on the development of MR materials in
terms of control strategies in the automotive sector are still dominated by the use of MR
fluid as a viscous reducing working material. Many studies have suggested that this is
due to the low initial viscosity of MR fluids and their excellent response rate. Thus, the
frequency range achieved by MR fluids as damping working fluids is high enough to meet
the damping requirements. However, this may be different in other applications, where
this MR fluid material still has weaknesses despite the optimization of the control strategy.

Military vehicles can also be included in the automotive category in the field of
transportation systems. The use of MR materials and the control strategies used also tend
to be the same as in the automotive sector. In this case, the difference is due to the damping
character that is generated because of its need for uncertain terrain. However, in this
case, it is not the character that is discussed, but the use of control strategies and what
MR materials have been used in the development of military vehicle applications. The
difference in the results of the required devices is what makes this discussion worthy of
being separated from applications in the automotive field. A study on the MR damper
in the military was conducted by Ha et al. in 2013 [23]. Ha et al. proposed a new type
of suspension system based on MR fluid as a vibration control for military vehicles. MR
fluids are indeed more popular in vehicle applications as in the previous discussion. In
their study, Ha et al. used a suspension system consisting of a gas spring, a passive damper
using a disc spring, and an MR damper while the optimization strategy used on this device
used a skyhook controller. However, in this case study, Ha et al. demonstrated this by
simulating the proposed suspension system to see the level of effectiveness in dealing with
vibrations such as roads that have steep slope angles and bumpy roads [23].

In the same field, which is related to the application of MR materials in military
vehicles, another study applied MR elastomers as damping devices for mounting a wheel
loader cabin. Yang et al. conducted this research in 2017 [24] and developed a semi-active
magnetorheological (MR) mount to reduce undesirable vibrations in heavy vehicles such
as military vehicles. It seeks to improve the performance of the stand in fields where the
frequency is not fixed. According to their results, the application of MR is a good solution
considering that the viscosity of the MR fluid can be adjusted. In this scenario, an on—off
controller linked to a fast Fourier transform (FFT) was employed to manage the damping
force. As the results showed, the semi-active mount with the MR device was better than
the passive device. In regard of the review in the previous discussion above, the control
strategy used by Yang et al. provides new insights. As discussed above, the skyhook control
strategy is used more often. In addition, this can be an idea for study in the field of MR
materials for automotive applications, where it is still very rare to find the use of controls
applied to MRE materials. This controller could also be used on MR elastomers as engine
mounts on public or private vehicles. It turns out that a similar study was conducted by
Kim et al. in 2021 [25]. However, what makes the difference is the material used, as Kim
et al. used MR fluids as the working fluid of the damping device in the wheel loader cabin.
The control strategy used by Kim et al. was an on-off controller. This study is similar to that
conducted by Yang et al. in the previous discussion, but in this study, it can be seen that
the use of mounting devices as vibration dampers did not only use rubber, and vice versa.
Furthermore, in this study, it could be seen that there is a possibility that the controller
used in damping devices based on MR fluids can also be used in damping devices based
on MR elastomers.

Several other control strategies used in previous studies related to their application to
the transportation system are summarized in Table 1 and the specific equation form of each
controller is given in Table 2. Based on Table 1, it can be seen that the use of strategic control,
which is quite popular in transportation systems in the form of the adaptive control strategy
and fuzzy control strategy, has become widely used because the simplicity presented is quite
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promising as a control system. Although quite simple compared to other control strategies,
the controller is able to show a good level of accuracy and can compete with other types.
Meanwhile, the most popular MR material used in transportation systems is MRF. This is
because MRF has an inherently fast response compared to other MR materials such as MRE,
MR gel, and MR grease. In the use of transportation systems, they are often used as a vehicle
damping device (shock absorber), so the use of MRF is very suitable for this application. If
interest is that no other MR materials such as grease and elastomers have been found in
transportation system applications. In fact, studies related to magnetorheological grades
have been carried out at an early stage. This application is used in suspension systems
replacing MR fluids. Meanwhile, MR elastomers are widely used for engine mounting.
Figures 4-9 illustrate the concept of control in magnetorheological applications.

G,

L

Figure 4. Skyhook controller concept [26]. Reproduced with permission from Choi, S.-B. et al. State
of the art of control schemes for smart systems featuring magnetorheological materials; published by
Smart Materials and Structures, 2016.

PID Controller
Proportional
—>
Ke()
Integration y
Ly T MR System —»
K, J e(t)dt i
0
Differentiation
L K de(t)
T

Feedback

Figure 5. Block diagram of a PID controller [26]. Reproduced with permission from Choi, S.-B.
et al. State of the art of control schemes for smart systems featuring magnetorheological materials;
published by Smart Materials and Structures, 2016.
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Figure 6. Block diagram of (a) LQG and (b) LQR [26]. Reproduced with permission from Choi, S.-B.
et al. State of the art of control schemes for smart systems featuring magnetorheological materials;
published by Smart Materials and Structures, 2016.
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Figure 7. Sliding mode controller block diagram [26]. Reproduced with permission from Choi, S.-B.
et al. State of the art of control schemes for smart systems featuring magnetorheological materials;
published by Smart Materials and Structures, 2016.
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Figure 8. Fuzzy control system block diagram [26]. Reproduced with permission from Choi, S.-B.
et al. State of the art of control schemes for smart systems featuring magnetorheological materials;
published by Smart Materials and Structures, 2016.
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Figure 9. Model reference of an adaptive control system block diagram [26]. Reproduced with

permission from Choi, S.-B. et al. State of the art of control schemes for smart systems featuring
magnetorheological materials; published by Smart Materials and Structures, 2016.

The control input of the skyhook controller (1) is defined as follows: u = Gsx, where
Gs is the control gain and x is the velocity of the system. The control gain of G for this
controller is normally determined on the basis of a trial-and-error method by considering
the magnitude of the required damping force. This parameter is the main factor in achieving
a high performance of the control system. The definition of PID control is: up;p = Kpe(t) +
K; fot e(t)dt +Kp dii(tt) , where upjp is the control variable, ¢ is the error defined as e = u, —
y, where u, is the reference value and y is the process output. Kp, Kj, Kp are the control
gains for the proportional, integral, and derivative control action, respectively. The optimal
control strategy can be divided into two schemes: the LQG control method and the LQR
control method as shown in Figure 6a,b, respectively. The main difference between LQG
and LGR is that the state estimator (Kalman filter) is integrated with the controller in the
LQG controller. It is noted that when using active control methods such as LQG, we need
to impose a so called “a semi-active condition”. Under the semi-active condition, damping
force can be controlled in certain quadrants only in the damping force versus velocity plot.
Therefore, the semi-active actuating system associated with an MR damper cannot track
the arbitrary desired damping force in a whole control domain. In the block-diagram, the
sliding rule is the existing condition of the sliding mode that guarantees the system stability.
In the figure, u is the sliding surface function, us; is the switching input function, and sat
is the saturation function for preventing the chattering phenomenon. It was noted that
the control 1 was synthesized from the main control function of the system and switching
function. There are four main components of a fuzzy controller, as shown in Figure 8:
(1) fuzzification; (2) inference mechanism; (3) rule-base; and (4) defuzzification. It was
noted that the rule base is normally determined from the experience of the control system.
The critical parameters in designing the fuzzy controller are the membership functions,
the inference mechanism and algorithm, and the defuzzification algorithm. An adaptive
control system has two loops: one is a normal feedback with the plant and the controller,
and the other is a parameter adjustment loop. The model reference adaptive system consists
of four parts: a plant that contains unknown parameters; a model that characterizes the
desired command-response behavior of the system; a controller that contains adjustable
parameters; and an adjustment mechanism that updates these parameters.
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Table 1. Vibration control strategies using magnetorheological materials actuators: application perspective.

Control Types Tran?}?frift?gsr;;:tems Related References Refs.
Skyhook Automotive MRF Yi and Song (1999) [27]
Ahmadian and Pare. (2000) [28]
Choi SB et al. (2000) [29]
Choi SB et al. (2003) [30]
Ahmadian et al. (2004) [31]
Batterbee and Sims. (2004) [32]
Choi SB et al. (2005) [33]
Shen et al. (2006) [34]
Eslaminasab and Golnaraghi (2007) [35]
Nguyen QH and Choi SB (2009) [36]
Yao et al. (2013) [37]
Balamurugan L et al. (2014) [38]
Ramalingam et al. (2020) [39]
Lee AS et al. (2020) [40]

Chen et al. (2021) [41,42]
MR Grease Shiraishi et al. (2022) [43]
MRF Fotoohi et al. (2006) [44]
Railway OhJSetal. (2016) [45]
MRE Jin T et al. (2020) [46]
Building structure MR Grease Shiraishi et al. (2022) [47]
PID Automotive MRF Choi SB et al. (2000) [48]
Ciocanel et al. (2008) [49]
Rashid et al. (2011) [50]
Gad et al. (2015) [51]
Muthalif et al. (2017) [52]
MR Gel Kim et al. (2016) [53]
Building structure MRE Guo YQ et al. (2020) [54]
LOR/LQG Automotive MRF Zhang CW et al. (2006) [55]
Lee DY et al. (2009) [56]
Nagarkar et al. (2011) [57]
Sibielak et al. (2011) [58]
Bégin MA et al. (2018) [59]
Railway Wang DH and Liao WH (2003) [60]
Aerofoil Sivrioglu et al. (2020) [61]
Weber F et al. (2003) [62]
Nagarajaiah and Narasimhan (2006) [63]
Swartz RA et al. (2007) [64]
Building structure Tan P et al. (2009) [65]
Winter BD et al. (2015) [66]
Afshari V et al. (2020) [67]
MRE Tarig MA et al. (2021) [68]
. ; MRF Lai CY et al. (2002) [69]
Sliding mode control Automotive Chen, Y and Zhao Q (2012) [70]
Jeon J et al. (2013) [71]
Yusop MAM et al. (2016) [72]
Zhang H et al. (2015) [73]
Ning et al. (2017) [74]
Yoon DS et al. (2021) [75]
Zhu M et al. (2022) [76]
Railway Nguyen SD et al. (2015) [77]
Lee TY etal. (2011) [78]
Building structure Ha QP et al. (2013) [79]
MRE Balamonica K et al. (2019) [80]
Altabey WA et al. (2021) [81]
Fuzzy logic control Automotive MRF Devdutt and Aggarwal (2011) [82]
Félix-Herran LC et al. (2014) [83]
Nguyen et al. (2015) [84]
Tang X et al. (2017) [85]
MRE Qian L] et al. (2017) [86]
Military MRF Li Z et al. (2018) [87]
Amini F et al. (2015) [88]
Bathaei et al. (2017) [89]
Building structure Braz-César MT et al. (2018) [90]
Hormozabad et al. (2020) [91]
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Table 1. Cont.

Control Types Tranggfriftigﬁr;;:tems Related References Refs.
Jung HJ et al. (2011) [92]
MRE Yang J et al. (2016) [93]
Nguyen XB et al. (2017) [94]
Nguyen XB et al. (2018) [95]
MR Grease Ma YQ and Qiu HX (2015) [96]
Adaptive control Automotive MRE Song X et al. (2004) [97]
Krauze and Kasprzyk (2014) [98]
Phu D et al. (2015) [99]
Phu D et al. (2017) [100]
Yildiz AS et al. (2021) [101]
Basargan H et al. (2022) [102]
Truong HT et al. (2022) [103]
MR Gel Kim HK et al. (2017) [53]
Railway MRF Nguyen SD et al. (2015) [104]
Sakai et al. (2003) [105]
Terasawa et al. (2004) [106]
Chen C et al. (2009) [107]
TuJY et al. (2009) [108]
Building structure Chen C et al. (2010) [109]
Karimi HR et al. (2010) [110]
Bitaraf M et al. (2012) [111]
Chen PC et al. (2015) [112]
Chen X et al. (2016) [113]
MRE Nguyen XB et al. (2018) [114]
Susheelkumar GN et al. (2019) [115]
. MRF Zapateiro M. et al. (2009) [116,117]
Neural network control Automotive Metered e al. (2010) [118,119]
Ubaidillah et al. (2014) [120]
Guo et al. (2016) [121]
MRE Liu C et al. (2020) [122]
Nguyen XB et al. (2020) [123]
YuY etal. (2015) [124]
FuJetal. (2016) [125]
Gu X et al. (2017) [126]
Building structure Yu Y etal. (2019) [127]
Gu X et al. (2019) [128]
Brancati R et al. (2020) [129]
Perez-Ramirez CA et al. (2020) [130]
H-infinity control Automotive MRF Choi SB and Sung KG (2008) [131]
Prabakar et al. (2009) [132]
Fallah MS et al. (2013) [133]
Félix-Herran LC et al. (2012) [134]
Yao et al. (2013) [37]
Wau ] etal. (2019) [135]
Félix-Herran LC et al. (2019) [136]
Hosseini et al. (2020) [137]
Airfoil Bolat FC et al. (2018) [138,139]
Sivrioglu S et al. (2018) [140]
s Zapateiro M. et al. (2009) [141]
Building structure pGao X etal. (2014) [142]
Hybrid control Automotive Ahmadian et al. (2000) [28]
Félix-Herran et al. (2008) [143]
Ding et al. (2021) [144]
Aircraft Luong QV et al. (2020) [145]
Park KS et al. (2003) [146]
Buildine structure Fisco NR and Adeli H (2011) [147]
& Chen B and Zheng B (2012) [148]
Kemerli M et al. (2022) [149]
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Table 2. Defining equation of the controllers.

Skyhook u = Gsx
PID upip = Kpe(t) + K [{ e(1)dt + Kp )
LOR
u*(t) = —R7IG/(t)P(t, T)x(t)
LQG/LQR LQG
u(t) = —R7IG'(t)P(t, T)&(t)
Sliding mode control S¢S = (a—ag)x15g — (k+ |am||x1])|s¢| <O
Fuzzifier )
u(x) = exp(—(%) )
Rule Base
Fuzzy logic if xqis Af.‘ and xp i? B;f‘ tfzen yis Cf‘ (K=1,2,...,9)
i=k,j=
Ug (x1, %2, y) = vi:l,]]':ﬂ‘xli (@) A pxoj(D) A pij(c),
Defuzzification
_ ERil J, ma(v)dy
s sy e
Adaptive u(t) =ke(t)r(t) +kp(H)yp(t)
P
Neural network V=g ('Zl WiiX; — 9k>
iz
H-infinity control [|IF1(P,K) || = sup sup a¢(Fi(P,K)(jw))
Hybrid Fuybria = 1Fsky + (1 = 17) Feround

2.1. Automotive

The development of MR damping device studies has generally been dominated by
the automotive field and the establishment of an MR damper as an actuator in this field is
quite popular. This is related to the level of need for the use of public transportation modes.
Vehicle comfort is of high concern for researchers in developing damping devices [150].
These developments include passive, active, and semi-active damping devices. The MR
damper as a semi-active damping device has become popular since the introduction of
MR fluid materials. For the purpose of optimizing the device and the comfort level
of the vehicle, a device support control strategy was also developed. As a result, the
researcher introduced various types of control strategies for semi-active systems with an
MR damper as an actuator. New forms of controllers to regulate steering motion such as
shimmy vibrations were also developed and their control performance was tested [151].
The study proposed a novel sort of adaptive sliding mode control using a moving sliding
surface to improve ride comfort and decrease undesired vibrations. Furthermore, Phu
etal. [152,153] suggested a new adaptive fuzzy controller for automobile seat suspension
based on the H-infinity approach, as shown in Figure 10, and claimed that utilizing an
adaptive controller improved the vibration control performance substantially more than
using a fuzzy controller.
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Figure 10. Physical model of the semi-active seat suspension with an MR damper [37]. Reproduced
with permission from Yao, H. J. et al. Semi-active Heo control of seat suspension with MR damper;
published by Journal of Physics: Conference Series, 2013.

2.2. Military (Tracked) Vehicle

In addition to the previously mentioned applications, MR dampers are also used in
various military sectors as seen in the research on the use of damping in ship and car parts
in the military field, which was carried out by Oh et al. [154]. According to Oh et al., shock
waves from non-contact underwater explosions (UNDEX) regularly damage components
of submarines and navy vessels during combat conditions. In general, impact tests are
performed to assess the resistance and shockability of an explosion using the MIL-5-901D
formulation, which was established by the U.S. in 1989. Light and medium impacts were
tested using a shock engine, whereas large impacts were tested using a large-scale floating
shock platform and UNDEX. However, some parties recommend that the tests be carried
out especially in heavy tests that are recommended using a shock machine. Therefore,
several test methods have been proposed in the research, as proposed by Zhaodong et al.
Another method was also proposed by Oh et al., who created a heavyweight impact test
device equipped with a controlled magnetorheological damper [155]. This proposal is an
interesting one, because in their research, they stated that by applying the MR damper to
the proposed impact test apparatus, the resulting acceleration profile could be adjusted
and the impact energy could be effectively removed. However, this research is limited
under certain conditions such as low frequency and low speed while at high impact speeds
and frequencies, the proposed MR damper may not work optimally. In this case, Oh
et al. proved that the MR actuator applied with the MR damper model could be used in
the military field. Unfortunately, in this study, they did not explain in detail the control
strategy used and only explained that used the Bingham model. In the research by Oh
et al,, they stated that the simple use of MR dampers as actuators in the military, railways
and heavy equipment fields has something in common, which indicates that MR actuators
have also been investigated by several parties in the railway and heavy equipment sector.
The research conducted by Oh et al. also suggests that the proposed MR damper is used
for two fields at once, namely, military and shipping [154,156].

In general, as shown in Figure 11, military vehicles are vehicles that can be categorized
as heavyweight vehicles that require good speed, stability, and strength [156]. To support
this, damping device technology has been developed. Although there have not been many
studies discussing MR damping devices in the military field, this technology deserves to
be evaluated and researched further. One related studies conducted by Hiemenz et al.
implemented an MR damping device on a helicopter seat [157] in a study carried out to
improve passenger comfort. The MR damping device was implemented in series with
the existing fixed load energy damper so that the seat capability was not compromised.
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Semi-active controls were applied and performance was evaluated both analytically and
experimentally. In their study, they used a skyhook control strategy. In addition to imple-
menting MR damping devices for helicopters, the military sector also usually uses MR
damping devices on other vehicles such as military cars, ships, and landing gear on aircraft.

Figure 11. Model of the 251 military vehicle [156].

2.3. Railway

The needs of modern society in fulfilling mass transportation modes are increasing,
which has meant that better public transportation systems need to be developed worldwide,
one being a high-speed rail vehicle. However, in this case, the vibrations of the vehicle
body due to high speed are significantly felt. The vibration certainly reduces the quality
of the ride and also affects the stability of the ride. Thus, one option to manage this
scenario is to design a more advanced rail vehicle suspension system, which is necessary
when considering the comfort and safety of the vehicle and passengers. Railroad vehicle
suspensions are divided into two types: primary and secondary, as shown in Figure 12 [158].
The main suspension is positioned between the wheel set and the bogie frame and is made
up of four distinct nonlinear axle box dampers per bogie. The secondary suspension is
positioned between the bogie and the vehicle body. When the train vehicle turns, both
types of suspension are used to hold the body and allow the bogie to revolve. Because the
vibration of the vehicle body is directly related to the secondary suspension, many studies
on the secondary suspension have been conducted in order to improve the vehicle’s quality
and stability.
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Figure 12. Schematic of a railway vehicle integrated with the semi-active controlled secondary
suspension system based on magnetorheological dampers [158].

The secondary suspension commonly used in railroad vehicles is a passive suspension
consisting of springs and hydraulic dampers. Passive suspension provides various advan-
tages such as compactness, cost-effectiveness, and easy maintenance. However, this form of
passive hydraulic damper cannot simultaneously meet the requirements of vehicle quality
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and stability at high speeds. On the other hand, active suspension is generally more capable
of guaranteeing reasonable performance under various running conditions including high
speeds. However, there are various disadvantages or complexities in constructing an active
suspension such as the need for enormous resources and complex control algorithms at a
high cost. Furthermore, when a sensor fails, the active suspension system might induce in-
stability. As a result, a semi-active suspension system for railroad trucks has been designed
to anticipate failures while still providing the benefits of active suspension. The semi-active
suspension system can increase the isolation performance without requiring a large amount
of resources by regulating the damping of the system, and this good performance can be
achieved by utilizing simple control methods such as a skyhook controller.

One adjustable semi-active suspension system with magnetorheological (MR) fluids
has been documented, each with its own set of advantages. Depending on the terrain, a
semi-active suspension system with an MR damper offers numerous advantages such as
high stability, smooth movement, and vibration control performance. Sun et al. conducted
experiments on rail vehicles using MR dampers [159]. Lau and Liao combined an MR
damper with a rail vehicle suspension system to test the suspension performance of the
unit components [160]. They assessed the suspension performance of the on—off control
technique using numerical simulations of a railroad vehicle model and discovered that
the vibration of the car body could be decreased to a maximum of 38.9%. Liao and
Wang suggested a 9-DOF rail vehicle system and used numerical analysis to assess the
performance of the dynamic model. It has been proven that it performs very effectively to
regulate the rail system along the vertical direction. Ha et al. studied the ride quality of a
rail vehicle system fitted with MR dampers [161] and employed the ride index approach to
analyze suspension performance and gauge the ride quality. Using numerical simulations,
they also demonstrated that ride quality could be greatly enhanced by changing the terrain-
dependent dampening force of the MR damper.

Wei et al. conducted a study on a train vehicle with a magnetorheological damper [162].
In their study, they focused on the control strategy of a semi-active suspension system.
First, they measured the angular velocity of the bogie and the angular velocity of the
wheelset for the purpose of feedback control. The use of one wheelset was considered
because the control methods for the others were similar. The control moment needed to be
generated by increasing the damping coefficient MR to minimize the angle of attack. For
each MR damper, excitation current adjustment was carried out as a controller to change
the damping force. In addition, Nguyen et al. also conducted a study on control strategies
for damping devices used on railways [77]. Their studies focused on the manufacture of
controllers for the active suspension systems of train cars and relied on the assumption
that the spring mass and model error were uncertainty parameters. The controller was
designed based on adaptive neuro-fuzzy inference system (ANFIS), sliding mode control,
and uncertainty observer (NFSmUoC). Identification of the MR damping device using
ANFIS and the scalable MR damper-dynamic response dataset was carried out. The ANFIS-
I damping device was then used to estimate the current applied to the damper device and
created an active control force that was calculated to control the vertical vibration status of
the train carriage. In the same year, Nguyen et al. conducted similar research with different
types of control strategies [104]. A new adaptive type 2 fuzzy sliding control (AT2FC)
for the vibration control of a magnetorheological damper based rail suspension subject to
uncertainty and disturbance was proposed. This type of control consists of four main parts.
The first is the sliding mode controller (SMC) to determine the main damping force that
supports the suspension. Next is an interpolation model based on a type 2 interval fuzzy
logic system to determine the optimal parameters of the SMC. The third is a nonlinear
UAD observer to compensate for external disturbances. The last controller used is the
inverse MRD model (T2F-I-MRD) to determine the input current. The results of their study
indicate that the survey results obtained reflect the excellent performance of the AT2FC’s
vibration control compared to other controllers. There has not been not much strategic
control applied to the railway sector. In the published Scopus database, the number of
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articles can be said to be very small, in contrast to other fields such as cars and buildings.
Fuzzy control strategies tend to be used more in the railway sector. However, other control
strategies can also be used, as shown by Nguyen et al., who conducted a study with four
types of control strategies. The type of control developed by Nguyen et al. also has the
potential to be adapted for other fields with customized development. Not unlike the
railway sector, the discussion of control strategies in the aerospace sector has also been
rarely discussed, especially with regard to MR damping actuators.

2.4. Aircraft/Aerospace

Magnetorheological dampers as actuators have also been introduced in several aerospace
applications. The application most often proposed in this field is the use of an MR damper
on the landing gear. MR dampers are said to be quite reliable in landing gear applications,
which are known to experience high vibrations and speeds, so good shock energy absorption
is needed during the landing process. Several studies on the application of MR dampers
as actuators for landing gear have been reported. Wereley and Batterbee investigated the
design methodology for the MR landing gear. As a result, a basic landing gear model was
proposed, and the mathematical equations for the governing dynamics were derived [163,164].
Skorupka [165] and Holnicki-Szulc et al. [166] designed the manufactured MR shock absorbers
for the landing gear system. The absorber was experimentally tested according to the input
current, and a displacement that could be reduced by increasing the damping force was
identified. Mikutowski and Jankowski designed an optimal controller for the MR landing gear,
and the high performance of the MR landing gear system was verified through a comparison
between the passive, semi-active, and active dampers [167]. Han et al. also reported research
on a landing gear with a new type of MR damper, as shown in Figure 13 [168]. Han et al.
used oleo-pneumatic dampers, which are used for small aircraft landing gear systems. In their
research, a simple but effective skyhook controller was formulated with the safety conditions
in mind. Through computer simulations, it was demonstrated that the proposed MR damper
could provide the best vibration control and highest efficiency, showing the shock absorber
capability during the landing stage.
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Figure 13. Schematic of the MR damper for the landing gear [169]. Reproduced with permission
from Luong, Q. V. et al. Semi-Active Control for a Helicopter with Multiple Landing Gears Equipped
with Magnetorheological Dampers; published by Applied Sciences, 2021.
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2.5. Ship

MR materials are becoming increasingly used in a variety of applications to fulfill the
force/torque requirements, one of which is in the shipping industry. As shown in Figure 14,
the use of MR materials in the maritime area include engine mounting, propeller shaft
mounting, and as a mast damper of warships. The use of MR for engine mounting has
been researched by numerous researchers including studies on the unique configurations
of a small and high damping force engine mount utilizing magnetorheological fluid (MRE),
as suggested by Nguyen in 2013 [170]. Other engine mount research was undertaken by
Phu D in 2015, who utilized a new modified indirect fuzzy sliding mode controller and
a combination of an MR mount and MR brake [171]. The usage of MR materials on ship
shafts was researched by Yang in 2014 and Lu in 2017 [172,173]. MR materials are required
to reduce the vibrations on ships generated by unexpected saltwater waves, in addition to
dampening the ship engines and the need for shaft propulsion damping. Seawater waves
generate vibrations on the ship’s radar mast, so the ship’s radar mast needs a damper.
Zhong and Cheng conducted research on the ship’s radar mast in 2008 by utilizing the
fuzzy control method [174].
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Figure 14. Simplified physical model of the propulsion shaft system with a semi-active dynamic
vibration absorber [172].

2.6. Vibration Isolation for Machinery

In the realm of equipment, the need for vibration isolation systems has increased in
recent years. In many circumstances, vibration is inevitable, but it may be minimized to
manageable levels. Vibration isolators are required to minimize vibration when it becomes
excessive or unbearable. As a result, more research efforts have been directed toward the
development of vibration isolation technologies. Researchers have recently researched
magnetorheological materials in vibration isolation for machinery given their advantages
of linearity of transfer characteristics, low excitation voltage, high efficiency, compact
size, and low transmission noise. In 2014, Li, Yancheng published A highly adjustable
magnetorheological elastomer base insulator for real-time adaptive control applications, as shown in
Figure 15 [175]. The experimental results revealed that under a modest magnetic field, this
new MRE base isolator could significantly affect the lateral stiffness of the isolator by up
to 1630%. Sun studied the control strategy simulation analysis of a novel micro-cultivator
MR elastomer vibration isolation system in 2020. To validate the control effect from the
simulation findings, simulation analysis was performed using PID control, on/off control,
and no control techniques [176].
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Figure 15. MRE base isolator schematic illustration [175].

2.7. Civil Engineering

In addition to the use of MR technology in the transportation sector, MR materials have
also penetrated the civil sector. The inclusion of MR materials in this field can be said to be
in accordance with their ability to be controlled. One of the purposes of using MR materials
in this field is disaster mitigation [177]. In fact, mitigation technology in the civil sector has
made a lot of progress. Starting from the development of a friction damper, a mass damper
that can be controlled (tuned mass damper), until now, viscous dampers have also followed
the development of controlled technology through technology based on MR materials. Not
only as a viscous damper, but MR materials are also used as a base isolation damper in
several studies. Similar to the use of MR materials in transportation systems, the field of
civil engineering has also used MRF a lot in the study of the development of MR technology
in civil engineering. However, some studies have presented a different view, because in
this field, MR technology will certainly consume a lot of MR fluid. As a result, some of
this study examined the development of other suitable materials in civil engineering cases
such as MR grease and MR gel for viscous damping applications. Although it has several
weaknesses, this type of MR material is quite good at handling sedimentation and large
excitation forces. To optimize all of these performances, of course, a good control system is
also required in civil engineering applications. Nonlinear behavior caused by earthquakes
requires an actuator and control method for structural nonlinear vibrations. Sliding-mode
and fuzzy type controls have been proposed by Li et al. [178] and numerical simulations
were used to evaluate the performance of the proposed controls on a 3-story steel building
model (Figure 16). As a result, the controls (Figure 17) revealed the effectiveness of the
proposed method. In the following control system, f(x,x) will be replaced by a fuzzy

system f (x’é)f), and g(x, x) will be replaced by a fuzzy system ¢(x|6¢). For the fuzzy

system f (x ‘ 0 f) , the fuzzy output will be the nonlinear force (restoring and damping force)
of the structure, and the fuzzy input will be the interstory displacement and velocity. For
the fuzzy system ¢ (x|, ), the fuzzy output will be the nonlinear coefficient, and the fuzzy
input will be the interstory displacement and velocity. For the fuzzy system, f(s|6s) is the
approximation of the sliding mode control. The sliding mode surface can be defined as
s = c1x + x. The adaptive laws of a fuzzy system obtained from the Lyapunov function is

éf = 118{(x), 0, = Y25¢(s), and ég = y3sx(x)u.
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Figure 17. Block diagram of the control system proposed by Li et al. [178].

Fuzzy type control for the field of civil structures was also applied and proposed
in another study by Mahdi et al. [180]. They reported the fuzzy control performance of
a 3-story building. The results of the study conducted showed that the displacement of
the building was reduced compared to the uncontrolled building. In addition to fuzzy
control, adaptive control is also a popular type of controller used for building structures
such as the study conducted by Omar et al. [181]. Omar et al. investigated the seismic
response of high-rise buildings with MR dampers. Adaptive controllers can handle changes
in structural features that occur during an earthquake well [181,182]. Types of control other
than fuzzy and adaptive controls are also known to have been used for MR dampers in
buildings such as LQR and the type of fuzzy control developed.

The application of MR dampers in buildings has indeed been widely reported, but
the type of material used is still dominated by MR fluids. In fact, the use of MR fluid
for building damping still has some drawbacks. Some of these include leaks due to large
excitation forces, problems with the deposition of iron particles in fluids, and performance
ranges that are not high enough to overcome the earthquake loads. Therefore, other
magnetorheological materials such as elastomers and greases have also been developed
for the MR damping technology of buildings. One of the studies that reported on MR
grease damping devices for buildings was conducted by Shiraishi et al. [2] where the
dynamic range and dispersion stability of the shear type MR grease damping device were
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investigated. They tested an MR grease damping device that was applied to a small single-
degree-of-freedom model structure that was subjected to seismic excitation. The skyhook
type control was adapted in their research and the results of the damper performance test
showed that the dynamic range obtained was much higher than that of the conventional
MR damper. In addition, the high level of the dispersion stability of MR grease indicates
that its performance can be maintained for 9 days longer compared to similar reducers
using MR liquid. The study conducted by Shiraishi et al. showed good results at the
beginning of the development of damper technology by using MR grease as its working
material. Other types of damping devices such as MR elastomers have also been developed
for building applications in earthquake disaster management efforts. In general, the use of
MR elastomers as damping devices is a basic insulation system. This is a new discussion
that is still in the early stages of developing intelligent materials whose modulus of elasticity
or stiffness can be adjusted depending on the magnitude of the applied magnetic field. Jung
et al. [92] reported MR elastomers as an intelligent ground insulation system for scalable
buildings under earthquake loads. The results of the research showed that the proposed
MR elastomeric base isolation system with the fuzzy logic control algorithm was superior
to the conventional passive type-based isolation system in reducing the response of the
building structure to seismic excitation.

2.8. Flexible Structures

A flexible structure system consists of two components: one is a vibrating machine
and the other is a supporting structure. In order to eliminate unwanted vibration of the
flexible structure system, various types of mounts are utilized in the passive or active
control method. MR damping devices are widely installed on bridge structures and civil
structures [183]. In the early 20th century, Heo et al. [184] conducted an experimental study
on the vibration control of bridge structures using a semi-active vibration control method in
real-time. A laboratory-scale model of a cable-stayed bridge was constructed, and a shear-
type MR damper and a semi-active vibration control algorithm (Lyapunov and clipped
optimal) were applied for the real-time control of the model bridge’s harmful vibration.
The Lyapunov and clipped-optimal control methods were found to be more effective than
the passive-on and passive-off control methods in reducing displacement and acceleration
relative to the uncontrolled state. In particular, compared to the passive-on control state,
their input voltage consumption was reduced by approximately 50%, proving that these
two semi-active control methods are more cost-effective than passive control methods. Due
to the fact that this research was based on indoor experiments on a model structure, it
should be noted that additional research is required to find adequate criteria to calculate
the capacity of the control devices, suitable installation positions, appropriate numbers of
control devices, the development of control devices of various shapes and forms, design
procedure of the systematic control algorithm, etc., and to conduct semi-active vibration
control with MR dampers in real-time. In 2014, Weber et al. [183] conducted research by
installing decentralized real-time controllers on Sutong Bridge, China with pulse width
modulation installed next to each MR damper. Duan et al. (2014) [185] utilized the linear
quadratic regulator (LQR) control technique to develop a state-derivative feedback control
law and derive the feedback and estimator gains for the real-time control of cable vibration
using MR dampers. The real-time control test conducted on a prototype cable at the
Dongting Lake Bridge site demonstrates that the damping capacity obtained from the
semiactive control test corresponded well to the simulation results.

In the theoretical complex mode analysis of cable, Xu YW et al. (2022) investigated the
effect of the damping coefficient and negative stiffness coefficient on stay cable vibration
active control (Figure 18) [186]. It was demonstrated that the MR damper-based pseudo-
negative stiffness force, which had a coupled equivalent negative stiffness coefficient and
damping coefficient, could provide a superior control effect compared to the optimal
passive control. The results indicate that the intelligent devices proposed and installed at
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3% of cable length could still provide an additional 2.28% modal damping ratio, which had
1.63 times the damping effect of the optimal passive-on MR method.

/
'y /l//

signal

Programmable controller

Figure 18. MR damper based programmable stay cable vibration control system [186].

In another study conducted by Weber F. in 2014 [187], a semi-active vibration absorber
with a real-time controlled magnetorheological damper (MR-SVA) for the reduction of
harmonic structure vibrations was built. When the natural frequency of the MR-passive
SVA'’s mass spring system was correctly tuned to the intended structural resonance fre-
quency and de-tuning was present, the MR-SVA was mathematically and experimentally
verified for harmonic excitation of the primary structure. An adaptive damping control
was proposed, and the findings showed that at the structural resonance frequency, the
MR-SVA outperformed the passive TMD by at least 12.4% and up to 60.0%. Zhang X.Z.
et al. [188] conducted research and presented the invention of a novel adaptive tuned
dynamic vibration absorber (ATDVA) using magnetorheological elastomers a year before
(MRESs). Carbonyl iron particles were mixed with silicone rubber and hardened in a high
magnetic field to create the MRE materials. An ATDVA prototype was conceived and built
utilizing MRE as an adaptable spring. The MRE ATDVA operated in shear mode, with
the magnetic field produced by a magnetic circuit and regulated by a DC power source.
Vibration testing equipment was used to assess the dynamic performances or system
transmissibility of the absorber at varied magnetic fields. According to the experimental
results, this absorber could vary its natural frequency from 35 Hz to 90 Hz, or 150% of its
fundamental natural frequency. To assess the control impact, a real-time control logic was
provided. The simulation findings showed that the control effect of MRE ATDVA could be
greatly enhanced. In a magnetic field of 0.44 T, Li Y et al. [175] developed and produced a
soft MRE material with a 1300% shear modulus increase, which was then incorporated into
the laminated structure of the base isolator design. To increase the magnetic field in the
laminated MRE isolator, a novel production procedure for the MRE base isolators was also
created. A prototype of this novel highly adjustable MRE base isolator was then submitted
to a thorough experimental analysis to better understand its features and performance. The
results of the testing and subsequent analysis revealed that the novel MRE base isolator
had an exceptional adaptation ability, capable of producing up to a 1479% force increase
and a 1630% stiffness increase when the applied current was shifted from 0.0 to 3.0 A.

Seung-Bok Choi invented a new form of MR mount in 2007 by combining the flow and
shear modes to reduce vibration in a structural system composed of a vibrating mass and
flexible beam, as shown in Figure 19 [189]. A linear quadratic Gaussian (LQG) controller
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was then constructed to dampen the vibration of the structural system. The experiment
demonstrated that activating the proposed MR mount associated with the optimal con-
troller reduced the imposed vibrations of the structural system such as acceleration and
displacement. Hong and Choi conducted another experiment with linear quadratic Gaus-
sian (LQG) control in 2005 [190]. Another study was conducted by Xu Z. et al. in 2010 [191].
The frequency shift property test showed that the resonant frequency of the created active-
damping-compensated magnetorheological elastomer adaptive tuned vibration absorber
(MRE ATVA) ranged from 28.75 Hz at 0 A to 44.56 Hz at 0.8 A, and the average damping
ratio was lowered from 0.16 to 0.06 by the active force. The vibration attenuation perfor-
mance of the active-damping-compensated MRE ATVA on a clamped—clamped beam was
evaluated experimentally. The results revealed that the active-damping-compensated MRE
ATVA outperformed the traditional MRE ATVA in terms of vibration attenuation.

ity ol
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-_—
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Figure 19. Configuration of the structural system with the MR mount [189].

3. Results and Discussion

The skyhook controller was introduced by Karnopp et al. [20]. It is known that the
skyhook controller logic is simple, cost effective, and easy to implement into the real field.
However, the disadvantage of the skyhook controller is the lack of robust stability in the
presence of external disturbances and parameter variations. The second type of controller
that is well-known and used in various studies is PID control. A PID (proportional integral
derivative) controller is a control strategy with a feedback mechanism that is usually used
in industrial control systems. Basically, a PID continuously calculates the error value as the
difference between the desired setpoint and the measured process variable. In this case,
PID tries to minimize the error value in any given time unit by setting the control variable.
The control variables are usually position, force, and power. Next, is linear quadratic (LQ)
control, which can be said to be one of the most popular control techniques because it can be
applied in various applications including MR actuator-based control systems. The salient
advantage of the LQ control method is that it leads to linear control laws that are easy to
apply and analyze. PID and LQ controls tend to be more adapted to vehicle actuator-based
MR control systems; however, several uses of this method have been found in the fields of
civil engineering, flexible structures, machine vibration, and offshore.

Next is sliding mode control. SMC is well-known for its ability to ensure control
robustness in the face of system insecurity and external disruption. Under the sliding
mode motion, sliding mode control systems have invariance qualities to parameter fluctua-
tions and external disturbances. Because of its advantages, the SMC system is still being
developed further, particularly in automotive and building structures. It is commonly
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known that fuzzy logic (FL) has intrinsic robustness, the capacity to handle nonlinearities
and uncertainties, and does not require a precise mathematical model, and thus it has
piqued the interest of researchers and engineers in recent years. The membership functions,
inference mechanism and algorithm, and defuzzification method are key components in
the design of the fuzzy controller. Fuzzy logic control is used mostly in automotive and
building structure control systems.

Several control methods have been used in MRF and MRE application systems. How-
ever, system uncertainties caused by modeling errors, material property variations, com-
ponent nonlinearity, and changing load situations can induce controller instability or
performance loss. To provide appropriate control, an adaptive controller with parameters
that can be modified or customized to the unknown or variable properties of the MRF and
MRE systems was developed. McCulloch and Pitts proposed a model for biological neurons
and biological NNs in the 1940s [192]. NNs learn to approximate sampled functions even
when their form cannot be described precisely, and so NN models represent a potentially
robust new approach to systems engineering. Next is Hoo, which was first developed in
the frequency domain to generate controllers with guaranteed performance. Adaptive
control, NNs control, and Hoo devices have been designed and widely used in automotive
and building structure applications. Last but not least, is hybrid control. Hybrid control
systems are those that incorporate two or more traditional control methodologies. The sys-
tem performance can be considerably improved by combining several tactics. The overall
reason for hybrid approaches is the strong interaction between the multiple optimization
targets. In addition, hybrid solutions are required for the hierarchical control structure in
many of today’s complicated technical systems. Hybrid control systems are mostly used in
the fields of automotives and building structures.

In this study, mapping analysis was also carried out to help map the research that has
been conducted related to the control strategy used in the magnetorheological actuator. By
using topic trend mapping and keyword usage in scientific studies that have been reported
in the Scopus database related to strategic control for magnetorheological actuators, adap-
tive control was seen to have the most records. This is shown in Figure 20, which shows
the use of keywords and the titles of scientific articles in the Scopus database. Figure 20
shows that the use of adaptive controls was often used in various studies, with a recorded
number of 31. This number is not an accurate number, but was compared to other types of
control that were not recorded in the 100 sample treemaps. Based on a Scopus search with
keyword selection arranged according to each type of control, adaptive control was used in
109 articles related to magnetorheological actuators. This number was the largest number
compared to the others such as a neural network control type with a total of 102 articles,
and sliding mode control with a total of 101 articles. In addition to the treemaps, the trend
mapping of topics with the same settings was also carried out. The search results are shown
in Figure 21 (the size of the bubble indicates how often the keyword is used on Scopus),
which also showed that adaptive control entered the trend topic in the discussion of this
field, especially in 2013. In accordance with the keyword search conducted on Scopus,
control neural networks also entered the trend topic in 2009.
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Figure 21. Trend topic of the control strategy used in the magnetorheological actuator.

Based on the control strategies that have been summarized, nine different vibration
control strategies were reviewed from the perspective of application. The review study
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discovered that the control techniques connected with various actuators are comparable,
despite the fact that the intrinsic characteristics of each actuator varies greatly. The skyhook
control, PID control, LQR/LQG control, sliding mode control, fuzzy logic control, adaptive
control, neural network control, H-infinity control, and hybrid control are all commonly
used controllers for actuators. MRF and MRE are the most commonly used types of MR,
with applications in automotive and building structures. The application of MR grease and
gel has not been developed much in most fields. Therefore, the development of MR types
of grease and gel, especially in the control system, is suggested for future works. It will be
worthwhile developing a novel control method that combines the composite controller with
a deep learning approach that has incredibly powerful calculation capabilities, allowing for
the hysteresis fluctuation to be addressed in real-time. This approach has the potential to
provide more precise control performance than the hysteresis model compensating method.

4. Conclusions

In this review article, the literature analysis of control strategies related to the use of
a magnetorheological actuator was carried out by adopting various application systems.
The literature study shows that magnetorheological actuators using MR fluid materials,
elastomers, gels, greases, and foams can be used as effective actuators in various fields
with their respective advantages. As a viscosity modifier, MR fluids demonstrate their
effectiveness in responding to a magnetic field. However, in addition to their benefits,
MR fluids have drawbacks, one of which is magnetic particle deposits, which frequently
arise when the device is not in use. Unlike MR fluids, which can settle, MR elastomers
overcome this limitation since the magnetic particles utilized are bound by a carrier matrix
such as rubber in general. The flexibility of its application to a device is another advantage
of MR elastomers. MR grease was initially developed to alleviate the low MR effect on
magnetorheological elastomers as well as to address sedimentation concerns that arise
in MRF. Grease, a non-Newtonian fluid, has been applied as a medium in MRG to allow
suspended magnetic particles to resist gravity and avoid particle sedimentation. To make
MR gels, soft magnetic particles are typically distributed in a cross-linked polymer matrix.
The presence of a viscoelastic polymer matrix allows MR gels to overcome some of the
limitations of MR fluids such as sealing and sedimentation issues. Furthermore, the
magnetic particles in the MR elastomer are restricted by the hard rubber matrix, resulting
in a significantly weaker MR effect than the MR gel. However, the high viscosity value of
this type of material in off-state settings must be recognized as a weakness.

In addition, many control strategies in the use of actuators aimed at optimizing semi-
active damping devices have also been introduced such as skyhook, LQR, sliding mode
control, fuzzy logic control, H-infinity control, adaptive control, neural networks, and
hybrid control. Of the various control strategies, the adaptive control strategy is the most
popular. This is because the adaptive control strategy has advantages in its adaptive ability
and ease of use for various fields of application. The next popular control strategy is the
sliding mode control and neural networks. The use of popular adaptive control strategies is
also evidenced by the mapping trend topics and the use of keywords based on the Scopus
database. There have been no reviews or journals that have discussed control strategies in
detail, so this paper contributes to mapping the control strategies used in MR materials in
various applications. Based on previous research, research on MR grease and MR gel has at
least been carried out, but only several studies have been made, namely, on automotive
applications with skyhook, PID, and adaptive control strategies, and in building structure
applications with skyhook, LOR/LQG, fuzzy, and neural network control strategies. It is
finally remarked that other research needs to be conducted, especially in optimizing the
control strategies for grease and gel type MR materials in possible practical applications
because they have high opportunities, which was shown from the mapping that was
elaborated in this review article.
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