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Abstract

In the last two decades, magnetorheological (MR) fluids have attracted extensive attention since
they can rapidly and continuously control their rheological characteristics by adjusting an
external magnetic field. Because of this feature, MR fluids have been applied to various
engineering systems. This paper specifically investigates the application of MR fluids in shock
mitigation control systems from the aspects of three key technical components: the basic
structural design of MR fluid-based energy absorbers (MREAs), the analytical and dynamical
model of MREAsS, and the control method of adaptive MR shock mitigation control systems.
The current status of MR technology in shock mitigation control is presented and analyzed.
Firstly, the fundamental mechanical analysis of MREAs is carried out, followed by the
introduction of typical MREA configurations. Based on mechanical analysis of MREAs, the
structural optimization of MREAs used in shock mitigation control is discussed. The
optimization methods are given from perspectives of the design of piston structures, the layout
of electromagnetic coil, and the MR fluid gap. Secondly, the methods of damper modeling for
MREAs are presented with and without consideration of the inertia effect. Then both the
modeling methods and their characteristics are introduced for representative parametric
dynamic models, semi-empirical dynamic models, and non-parametric dynamic models.
Finally, the control objectives and requirements of the shock mitigation control systems are
analyzed, and the current competitive methods for the ideal ‘soft-landing’ control objectives are
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reviewed. The typical control methods of MR shock mitigation control systems are discussed,
and based on this the evaluation indicators of the control performance are summarized.

Keywords: magnetorheological (MR) fluid, shock mitigation, semi-active control,

hysteresis nonlinearity, energy absorber, soft-landing
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Vi the average fluid velocity at the position where
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1. Introduction

1.1 Magnetorheological (MR) fluids

As a kind of smart material, MR fluids consist of micron-
sized magnetic particles, carrier fluid, and various additives
(de Vicente et al 2011). When there is no magnetic field, as
shown in figure 1, the magnetic particles in MR fluids are uni-
formly distributed in the carrier fluid, and MR fluids behave
like a Newtonian fluid. Under the application of an external
magnetic field, as shown in figure 2, the magnetized particles
in the carrier fluid tend to be arranged closely along the direc-
tion of magnetic flux paths, causing the apparent viscosity of
MR fluids to increase and the fluidity to decline. The appar-
ent viscosity of MR fluids can be controlled by adjusting the
external magnetic field strength, and the response time of MR
fluids is within 1 ms. The typical constitutive behavior of the
MR fluids is shown in figure 3. The yield stress of MR flu-
ids increases with the increasing magnetic field, and its rela-
tionship with shear strain initially exhibits an approximate lin-
ear relationship. After reaching the critical shear strain, the
yield stress remains constant and the MR fluids exhibit non-
Newtonian fluid characteristics, with viscosity decreasing with
the shear rate (de Vicente ef al 2011, Wang and Liao 2011, Pei
and Peng 2022, Deng et al 2022a).

Thanks to these properties, MR fluids are used in
energy absorbers (EAs) (Yazid et al 2014, Elsaady et al
2020a, Abdalaziz et al 2023a), brakes (Nguyen et al 2013,
Rossa et al 2013, Shiao and Nguyen 2013, Wellborn et al
2021), clutches (Rizzo 2016, Moghani and Kermani 2019,
Fernandez and Chang 2021), finishing devices (Kordonski
and Gorodkin 2011, Srivastava et al 2021, Ghosh et al
2023, Singh and Jayant 2023), valves (Yoo and Wereley

2004), smart joints (Klingenberg 2001, Gao et al 2017,
Khazoom et al 2020, Nordin et al 2022) and other actuators
(Ahamed et al 2018, Phu and Choi 2019). In recent years, MR
fluids have also been used for smart haptic devices (Park and
Choi 2021, Liu et al 2023) and other applications (McDonald
et al 2022, Aralikatti and Kumar 2023, Ntella et al 2023).

There are four operational modes of actuators based on
MR fluids (Wang and Liao 2011, Gotdasz and Sapinski 2017),
i.e. flow mode, shear mode, squeeze mode, and pinch mode.
As shown in figure 4(a), the operational mode in which the
MR fluid flows between two surfaces of fixed polar plates
is called the flow mode or the valve mode. The shear mode
is shown in figure 4(b) where the two polar plates are not
fixed but constantly moving during the operation, and the mov-
ing direction of the polar plates is perpendicular to the dir-
ection of the applied magnetic field. In the squeeze mode,
which is shown in figure 4(c), one polar plate in contact with
the MR fluid is fixed, while the other moves along the dir-
ection of the magnetic field. Figure 4(d) displays the pinch
mode, in which the two polar plates are fixed, and the flow
of MR fluids results from the pressure difference in the flow
direction (Elsaady et al 2020b). In the pinch mode, the ratio
between the pressure difference and the flow velocity of MR
fluids increases when the magnetic field is strengthened, which
is different from in the valve mode where the ratio between
the pressure difference and the flow velocity of MR fluids
remains constant (Imaduddin ez al 2013). Actuators developed
based on MR fluids can work in one, two, or three oper-
ational modes (Phu and Choi 2019), and most MR fluid-
based energy absorbers (MREAs) work in the flow mode.
MREAs in the squeeze mode can be used for the applica-
tions requiring a small range of piston strokes, but the MREA
force in the squeeze mode is larger than that in the shear
mode or the valve mode, because of the larger compressive
yield stress (Gong et al 2014). Usually, the force of MREAs
can be increased by adopting mixed operational modes
(Yazid et al 2014).

12. MREAs

MREAs have advantages of continuously adjustable force,
wide dynamic range, fast response, simple structure, and
low power consumption, thus they have been broadly used
(Ahamed er al 2018) in the fields of automobile suspen-
sions (Batterbee and Sims 2007, Bai et al 2013, Sun et al
2019, El Majdoub et al 2020), train suspensions (Liao and
Wang 2003), vibration control of bridges (Gordaninejad et al
2002, Zhao et al 2019, Xu et al 2020, 2022) and seismic
protection of buildings (Xu and Li 2008, Bitaraf et al 2010,
Li et al 2013, Xu et al 2014, Caterino et al 2022, Huang
and Li 2022). These applications have been extensively stud-
ied, and most of MREAs for vibration control work at low
speeds (< 1.0 m s~1). Furthermore, the theoretical system and
technical methods have been developed for MREAs in the
structural design (Zhu et al 2012, Imaduddin et al 2013, Phu
and Choi 2019), analytical models (Wang and Liao 2011,
Rossi et al 2018, Bui et al 2021, Li et al 2021, Pei and Peng
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(b)

Figure 1. Microstructure of MR fluids in the field-off state: (a) SEM image, (b) schematic diagram.
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Figure 2. Microstructure of MR fluids in the field-on state: (a) SEM image, (b) schematic diagram.

A diagnosis of MREASs, some researchers have carried out cor-
> Post-yield respf)nding studies on the fault diagnosis algorithm (Jeong and

Choi 2021).
In the last decade, researchers have tried to apply MREAs to
absorb impact energy adaptively and protect personnel, struc-
tures and equipment in high-speed impact conditions, such as

: Increasing helicopter seat suspensions (Choi and Wereley 2005), auto-
: ma}%ﬁtlc mobile seat suspensions (Mao 2011, Bai and Yang 2019),

planetary lander (Maeda et al 2019), automobile longitud-
inal impact energy absorbing device (Woo et al 2007), artil-
lery/machine gun recoil system (Ahmadian and Poynor 2001,
\ Ahmadian et al 2003, Li et al 2019) and emergency col-
lision buffer devices for elevators, etc (Cheng et al 2022,
Shen et al 2022, Zheng et al 2022, Christie et al 2023).
According to the form of excitations, Shou (2020) defined
shock and vibration conditions. The shock signal can be
regarded as a step signal approximately, while the vibra-
tion signal can be regarded as sinusoidal signals or random
signals.

Shear stress

\

Shear strain

Figure 3. The typical constitutive behavior of MR fluids.

2022), control methods (Muhammad et al 2006, Choi et al
2016, Lv et al 2021) and other aspects. Because the broad
application of MREAs in various fields has demanded for fault

For both low-speed vibration control and high-speed shock
mitigation, shock mitigation control systems based on MREAs
needs to take states of the controlled object, such as the
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Figure 5. Schematic diagram of MREA shock mitigation control system.

velocity, the displacement, and the acceleration of payloads
as the input of the controller. The system controller then cal-
culates the desired MREA force for the current state of the
controlled object. Some MR shock mitigation control systems
are also equipped with force sensors to instantaneously detect
the force output by MREAsS, and the recorded data is used as
the input of the system controller. Figure 5 shows the dynamic
adjustment process of the MREA force in MR shock mitiga-
tion control systems. Using the inverse dynamic model based
on the dynamic model of MREAs, the MREA controller solves
the command voltage that needs to be provided to the current

driver. Finally, the current driver provides the required cur-
rent for the MREA to realize the optimal control of the MREA
force.

The force provided by MREAs is limited to a certain range.
By increasing the applied current from the minimum value
allowed by MREAs to the maximum value, the MREA force
increases from the lower limit to the upper limit. The size of
this limited range affects the performance of MR shock mitiga-
tion control systems, and the force ranges provided by MREAs
are mainly determined by the structural design. To enhance the
control performance on vibrations/shocks, the MREA force
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should be accurately adjusted according to appropriate rules,
depending on different input excitations. Hence, for structural
design and parameter optimization of MREAs, it is import-
ant to develop a dynamic model that can accurately describe
the characteristics of MREAs and design an effective control
method for the MR vibration/shock control system.

1.3. MREA design and characteristics description

As the first step for the structural design of MREAs, it is
necessary to establish an analytical model based on structural
parameters and the piston velocity by analyzing the relation-
ship among the piston velocity, the applied current, and the
MREA force. The most common optimization goal is to max-
imize the dynamic range of the MREAs. Constraints mostly
include geometric sizes, the MREA force at zero or no cur-
rent (i.e. passive MREA force or uncontrollable MREA force),
and the requirement of magnetic saturation. Then the object-
ive function can be defined according to the performance
demands. When the initial structural parameters are given, the
unknown parameters can be optimized by the corresponding
method, and the optimized parameters can be further adjus-
ted with fluid dynamic analysis and magnetic circuit simula-
tion. Finally, all the parameters in the analytical model can
be determined, and the structural design of MREAs can be
completed.

Based on the in-depth research into the flow characterist-
ics (Xu and Sun 2021, Martinez-Cano et al 2022, Sharmili
et al 2023) and the manufacture of MR fluids (de Falco Manuel
et al 2023, Kubik et al 2023), the optimal design of MREAs
operating for low-speed vibrations has been extensively stud-
ied (Nguyen et al 2007, Bagherkhani and Mohebbi 2022, Liu
et al 2022), but literature on the optimal design of MREAs
under high-speed impact conditions is not much.

Based on the Bingham-plastic (BP) nonlinear flow model
with minor losses proposed by Mao et al (Mao et al 2008,
2009), Singh et al (2014) designed a double-ended MREA to
describe the characteristics of the MREA more accurately in
case of impacts. With the constraint of the maximum allow-
able passive MREA force, the optimization problem is solved
by using the weighting method and the dual objective function
constraint method. One of the objective functions is designed
to maximize the controllable MREA force, and this objective
function is used as the cost function. In the second objective
function, the maximum allowable passive MREA force is con-
strained by a parameter. In a design of the MREA for aircraft
landing gears, Batterbee et al (2007) chose the conventional
oil-gas EA structure to preliminarily estimate a set of design
parameters, including the length and the outer diameter of the
MREA, and then the optimal design was proposed considering
the quasi-static model and the magnetic circuit design theory.
For the bi-fold MREA used in helicopter landing gears, Saleh
et al (2019) collected constraints of the geometric size, the
minimum allowable passive MREA force, and the requirement
of magnetic saturation. The genetic algorithm was adopted to

find the interval where the optimal solution of each design vari-
ableis located, and then the nonlinear sequential quadratic pro-
gramming was used to find the optimal solution.

The model of MREASs can be divided into static MREA
models and dynamic MREA models. Static MREA mod-
els can be used for the structural design of the MREA, and
dynamic models can be employed to design the MREA con-
troller. Based on dynamic models, the mathematical relation-
ship between the applied current and the MREA force can be
established for the MREA in the system controller. The sys-
tem controller calculates the desired MREA force according
to the working condition, and the MREA controller calculates
the current input, which is required to provide the MREA force
equal to the desired MREA force calculated by the system
controller. Therefore, the accuracy of the dynamic model to
describe the characteristics of the MREA will affect the per-
formance of the control system due to the deviation between
the MREA force and the desired force.

As a common way to build up a dynamic MREA model for
describing the dynamic characteristics of MREAsS, elastic ele-
ments, damping elements, friction elements, and other math-
ematical operators with special meanings are utilized in a spe-
cific way to establish the mapping between the input and the
output. Models built in this way are also called parametric
models, and classical parametric models include the Bingham
model (Stanway et al 1987), the nonlinear bi-viscous model
(Stanway et al 1996), and the Bouc—Wen model (Ismail et al
2009), etc.

In order to further improve the accuracy of the dynamic
MREA models, especially the accuracy when describing the
dynamic characteristics of MREAs at high speeds, research-
ers developed classic parametric models. Spencer et al (1997)
proposed a modified Bouc—Wen model, in which the three con-
stant items in the Bouc—Wen model were redefined with cubic
polynomials of the applied current, and the accuracy of the
modified Bouc—Wen model was enhanced. Bai et al (2015)
proposed a restructured model using the Bouc—Wen hysteresis
operator, which is advantaged when the structure of modified
Bouc—Wen models is too complex. In addition to the devel-
opments of classic parametric models, aiming at improving
the prediction accuracy of dynamic characteristics of MREAs
under high-speed impact conditions, dynamic models based
on resistor-capacitor (RC) operators (Chen et al 2018, Bai et al
2019a) were also proposed in recent years.

Based on both testing data analysis and device working
principles, the mapping function between the output and the
input is established with physically meaningless parameters to
describe the dynamic characteristics of MREAs. The models
based on mapping functions with parameters of no physical
meaning are also called non-parametric models (Shou 2020).
Choi et al (2001) employed polynomials to establish a map-
ping function to describe the input and output characterist-
ics of MREAs. With the developments of machine learning
technology, neural network models were also used as non-
parametric models to predict the strong nonlinear character-
istics of MREAs under high-speed impact conditions (Boada
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et al 2011, Shou 2020, Bahiuddin et al 2021). The neural
network models include feed-forward neural networks trained
by extreme value learning machines (Bahiuddin er al 2021),
neural networks models based on recursive lazy learning meth-
ods (Boada et al 2011), and neural networks models using the
adaptive differential evolution algorithm to optimize paramet-
ers for the support vector regression (Shou 2020). In addition,
Bai and Tang (2021) combined a dynamic model based on
the RC operator with a neural network model and proposed a
dynamic model based on the dynamic RC operator. Parametric
models provide clear physical meanings of model parameters,
and these non-parametric models show superiority in predic-
tion accuracy.

1.4. Control methods

As relatively mature methods, conventional control methods
including the Skyhook control (Yao et al 2002), the Sky-
Ground hook control (Ahmadian and Pare 2000), and the
proportional-integral-derivative (PID) control (Hu er al 2012,
Metered et al 2015), advanced modern control methods such
as the adaptive control (Song ef al 2005) and the sliding mode
control (Dixit and Buckner 2005, Saleh et al 2021), hybrid
control methods (Phu er al 2017, Turnip and Panggabean
2020) including the fuzzy PID control (Ahmed e al 2022,
Gong et al 2022), the fuzzy sliding mode control (Phu et al
2014) and the fuzzy neural network control (Yu er al 2009)
and other control methods (Choi et al 2016, Ma et al 2021)
have been commonly used for MR vibration control systems.
State-of-the-art control methods have also been systematic-
ally reviewed for MR vibration control systems (Masa’id et al
2023).

In contrast to low-speed vibration problems, the high-speed
impact problem has characteristics such as large impact loads,
high impact speeds, short event time, and uncertainties (Shou
2020). A suitable control method is necessary for good per-
formance of shock mitigation controls. At present, a variety
of control methods have been applied to different MR shock
mitigation control systems.

Current control methods for aircraft landing gear systems
are mainly aimed at improving energy absorption efficiency,
emphasizing the absorption of more impact energy in the
same piston stroke. Han et al (2019) applied Skyhook con-
trollers to the aircraft landing gear. Due to the insufficient
adaptability of Skyhook controllers with fixed gains in dif-
ferent landing conditions, a hybrid controller was proposed
to enhance the impact mitigation performance of the landing
gear. Considering the energy absorption efficiency of 100%
as the control objective, Yoon et al (2020) proposed a con-
trol method to achieve higher efficiency of absorbing impact
energy than the Skyhook controller. The adaptive sliding mode
hybrid control was applied to the aircraft landing gear by
Luong et al (2020), and the energy absorption efficiency was
also enhanced by comparing it with the Skyhook controller.

Hu et al (2012) applied the PID control, the on-off control,
and the single-input fuzzy control in an MR gun recoil sys-
tem, respectively. Li et al (2019) proposed an optimal con-
trol fuzzy-compensated for MREA in a gun recoil system.

Compared with the optimal control method or the two-
dimensional fuzzy controller, this hybrid control method has
higher energy absorption efficiency and better shock mitiga-
tion stability.

Maeda et al (2019) used an MREA landing gear to replace
the conventional plastic deformation landing gear on a lunar
lander with a mass of 180 kg and proposed a control method
based on the Lyapunov function to reduce the roll rate of the
lunar lander on the uneven ground. Both the simulation and the
prototype experiment showed that the lander equipped with
MREA landing gear can effectively prevent the lander from
overturning while landing and improve the adaptability to the
landing terrain and the landing capability for complex land-
forms. Wang et al (2019) proposed a new structure using the
bypass MREA as the primary strut of landers and analyzed the
feasibility of applying this landing gear structure to a heavy-
duty lander with a mass of 1350 kg. A fuzzy controller was
developed for MREAs with the main control objective of pre-
venting the lander from overturning. The acceleration of the
lander cabin, the derivative of acceleration to time, the pitch
angle, and the roll angle of the cabin were selected as the input
of the controller, and the voltage values of the four MREAs
were taken as the output of the fuzzy controller. The simulation
proved the effectiveness of the MREA applied to heavy-duty
landers, and the capability of landing on complex and unex-
plored terrains was significantly improved compared with the
lander based on honeycomb aluminum structures.

In shock mitigation control systems, the acceleration trans-
mitted to the protective structure during the shock mitigation
is required to be less than the allowable acceleration because
the protective structure and the occupants are greatly affected
by the transmitted impact. At the same time, the peak value of
acceleration should be as small as possible during the shock
mitigation, and the acceleration should be decreased monoton-
ically after reaching the peak value without any fluctuations.
In order to meet the above requirements, the available stroke of
the MREA should be utilized to the greatest allowable extent
to reduce the transmitted impact loads as much as possible.

In the adaptive MR shock mitigation control system, ‘soft-
landing’ is often taken as the control objective to achieve
optimal control performance. Soft-landing means that when
different impact excitations are exerted on the shock mitiga-
tion control system, the piston velocity drops to zero exactly
when the piston stroke reaches the maximum (Wereley et al
2011). At this time, the impact energy of the payload is com-
pletely absorbed. Compared with the case where the velocity
of the payload is reduced to zero before reaching the maximum
stroke, the acceleration curve of the payload at soft-landing is
smoother and the peak value of acceleration is smaller when
the control objective of soft-landing is achieved.

The MR impact mitigation control system and the related
technologies are shown in figure 6 to realize the soft-landing.
Considering both the maximum allowable acceleration of
the payload and the boundary condition of the soft-landing,
according to which the piston velocity is zero when the pis-
ton stroke is the maximum, the system controller calculates
the desired controllable MREA force required based on the
states of the protective structure. The inverse dynamic model
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Figure 6. The functional block diagram (left) and full-text architecture diagram (right) of the MR shock mitigation control system to

achieve the ‘soft-landing’ goal.

can be employed by the MREA controller to calculate the
applied current that needs to be provided to the electromag-
netic coil of MREAS, and the current driver finally provides the
required current for the MREA to achieve the control objective
of soft-landing.

In recent years, there has been research on soft-landing
control in single-degree-of-freedom (SDOF) systems. Wereley
et al (2011) proposed the optimal Bingham (Bi) number con-
trol method to realize the soft-landing control of the drop ham-
mer (i.e., the payload under drop-induced impact). The con-
trol method of optimal Bi number was subsequently applied
to a SDOF system considering the MREA force control in the
rebound stroke (Singh and Wereley 2013), and the time lag
phenomenon of MREA response was also taken into account
in the follow-up research (Choi and Wereley 2015). In order
to meet the limitation of the deceleration threshold of the
payload on specific occasions, the minimum duration decel-
eration exposure (MDDE) control method was proposed by
combining the maximum constant deceleration (MCD) con-
trol and the optimal Bi number control (Wang et al 2021a),
and the quadratic damping phenomenon of the passive MREA
force at high impact speeds was also considered (Wang et al
2021b). In addition, Bai and Yang (2021) used the constant
force control method to realize the soft-landing control test
of the drop hammer. Li er al (2023a) studied the influence
of dynamic models on the control performance of the SDOF
MR shock mitigation control system. The system controller

was established by using the dynamic model based on the
RC operator and the Bingham model, respectively. These two
system controllers combined with the constant force control
method or the optimal Bi number control in pairs, and the four
combined SDOF MR shock mitigation control systems were
tested. The velocity-acceleration conversion ratio (V-ACR)
and the average velocity change rate (AVCR) were also pro-
posed as two evaluation indicators. Li ef al (2023b) also pro-
posed a two-degree-of-freedom (2DOF) optimal Bi number
control method, which was applied to a shock mitigation con-
trol system of the 1/4 automobile suspension. As the research
on the soft-landing control of the SDOF system is being con-
tinuously improved, the soft-landing control of systems, such
as MREA-based gun recoil systems, aircraft landing gears, and
planetary landers, will become one of the main directions in
the research field of the MR impact mitigation control in the
future.

According to figure 6, in order to realize the reasonable
performance of MR shock mitigation control systems, it is
necessary to optimize the structure of MREAS according to the
requirements of the control system (Zhu et al 2012). The struc-
tural design of MREASs should be guaranteed to provide the
MREA force that the controller need, and the structural design
of MREAs can be guided by precise analytical models. When
the structure of MREAs is designed and confirmed, a dynamic
MREA model is required to correctly predict the strong non-
linear characteristics of MREAs during the impact event and



Smart Mater. Struct. 33 (2024) 033002

Topical Review

to accurately calculate the required current input based on the
desired MREA force of the controller. Finally, an effective
control method is needed to achieve the control objective of
soft-landing under different impact conditions.

As shown in figure 6, this paper will introduce the classic
structural configuration of MREAs and the structural design
criteria of MREAs for high-speed shock mitigation control
in the second section. Subsequently, the static and dynamic
MREA models of MREAs, as well as the dynamic models of
MREAs suitable for high-speed impact control will be intro-
duced in the third section. Finally, the current control methods
for the MR shock mitigation control system will be introduced
in the fourth section, which will focus on the control method
with soft-landing as the control objective. The related evalu-
ation indicators of the shock mitigation control performance
will be also reviewed.

2. Designs of MREAs

2.1. Force calculation of MREAs

In recent years, MR actuators including MR brakes (Jang et al
2022, Masjosthusmann et al 2022, Singh and Sarkar 2023),
MR clutches (Bira et al 2022), and MREASs (Yan et al 2021,
Tan et al 2022, Abdalaziz et al 2023b) have been designed
according to the requirements of different applications, and
a variety of MREAs dedicated to shock mitigation control
have been developed (Jin er al 2021, Wang et al 2021c, Deng
et al 2022b). When selecting the MREA for shock mitiga-
tion control systems, MREA force calculation is necessary for
the structural configuration of MREAs based on the existing
structures.

Figure 7 is a typical structural schematic diagram of
MREAs. For a conventional EA, the force is generated when
the piston runs and compresses the lower chamber. Although
the fluid can flow from the lower chamber to the upper cham-
ber through the gap, the volume of fluid flowing into the upper
chamber is much smaller than the volume swept by the piston.
The fluid in the lower chamber is compressed and the pres-
sure rises, while the pressure of the fluid in the upper chamber
reduces. The viscous pressure drop caused by the movement
of the piston is generated. In addition, the gas compensation
chamber is separated at the bottom of the MREA by a float-
ing piston in the lower chamber of the MREA. The chamber is
utilized to compensate for the volume change in the cylinder
caused by the movement of the piston. When no current input
is applied, the MREA can be regarded as a passive EA, and its
force, Fpassive, can be expressed as:

Fpassive = APAPn + Fgas (D

where Fg, is the spring force generated by the accumulator;
AP, is the viscous pressure drop due to the movement of the
piston; Ap is the effective piston area, which can be written as:

Ay=m (rn—r2) 2)

\‘ L xp(?)

Piston rod

Bobbin core

Magnetic flux line

Electromagnetic coil
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Figure 7. Schematic diagram of the single-ended MREA design.

where r;, is the radius of the piston and r;, is the radius of the
piston rod.

The viscous pressure drop, AP
written as:

»» in equation (1) can be

e
T4

where p is the density of MR fluids; f is the Darcy friction
factor; L = (L, + L.) is the total length of the MR fluid gap;
L, is the total active length of the MR fluid gap where the MR
fluid will be activated to produce the MR effect; L. is the length
of all electromagnetic coils in MREAs, which is also the total
length of the non-activated area in the MR fluid gap; /4 is the
annular fluid gap, and v¢ is the fluid velocity in the annular duct
or valve, which can be expressed as:

A, .
= IA—hxp

AP, = 3)

Ve 4)
where X, is the piston velocity and Ay, is the cross-sectional
area of the MR fluid gap.

According to equation (1), the cross-sectional area, Ay, of
the fluid gap can be adjusted for the passive EA during the
working process, which will increase the structural complex-
ity. When a magnetic field is applied perpendicular to the dir-
ection of flow, the MR fluid will transform from a Newtonian
fluid to a non-Newtonian fluid (Gedik et al 2012), and the yield
stress increases as the magnetic field increases. The pressure
drop due to MR yield stress, APyr, can be controlled by the
applied current.

Combining equations (1)—(3), the total force of MREAs,
Fiota1, can be defined as:

Fiotal :Ap (APn + APMR) +Fgas (5)
where APy is the pressure drop due to the MR yield stress,
which can be written as:

2L,y

(6)
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Figure 8. Schematic diagram of the double-ended MREA design.

where 7y is the yield stress of the MR fluid, which can be taken
as a function of the magnetic field strength (and the applied
current).

2.2. Configurations of MREAs

The single-ended MREA shown in figure 7 has the advantages
of lower zero-field frictional force, less required piston rod
space, and ease of installation and arrangement. But the damp-
ing capabilities of the single-ended MREA are, to some extent,
reduced by the spring effect of the accumulator. A double-
ended MREA has been developed to achieve better mechan-
ical performance as shown in figure 8. When the MREA is in
the compression stroke, the fluid amount in the lower cham-
ber pumped by the piston of single-ended dampers is larger
than the empty volume of the upper chamber because of the
volume occupied by the piston rod in the upper chamber. In
order to compensate for this volume difference, the accumu-
lator is configured at the lower chamber. For double-ended
MREA:s, since the piston rod runs through the entire cylinder
of MREAs, there is no volume difference between the lower
chamber and the upper chamber. Therefore, there is no need to
set up an accumulator. As seen from figure 8, the removal of
the floating piston and the gas compensation chamber allows
the MREA to increase the effective stroke of the piston at the
same axial size while the structure of MREAs was also simpli-
fied. In addition, double-ended MREAs do not have a spring
effect caused by the accumulator (Yang et al 2002) and have
better mechanical performances. Because of the accumulator,
single-ended MREAs have both MREA force and spring force,
and the spring force can be harmful to some shock mitigation
applications because of rebounding.

However, since the piston rod runs through the entire cyl-
inder of the double-ended MREA, it is necessary to reserve a
space for the movement of the piston rod. Therefore, compared
with single-ended MREAs, double-ended MREAs require a
larger axial dimension.

Figures 9(a)—(c) show the monotube MREA, the twin-tube
MREA, and the bypass MREA, respectively. In figure 9(a), it
is a monotube MREA with two electromagnetic coils, and this
MREA consists of an MR fluid reservoir, an accumulator, a

Piston rod

Cylinder «

Piston guide

MR fluid
Accumulator piston
Compressed gas

(a)

Piston
Outer cylinder
Inner cylinder

(b)

(c)

Figure 9. Schematic diagram of another MREA designs: (a)
monotube MREA, (b) twin-tube MREA, (c) bypass MREA.

piston and a piston rod, etc. The monotube MREA has a simple
structure (Ebrahimi 2009, Zhu et al 2012). Compared with the
monotube MREA, the twin-tube MREA has an inner cylinder
and an outer cylinder, as shown in figure 9(b), and the structure
of the outer cylinder can protect the internal parts of this twin-
tube MREA. The inner cylinder is filled with an MR fluid, the
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piston/piston rod assembly moves in the inner cylinder, and the
outer cylinder is also partially filled with an MR fluid. The MR
fluid can flow between the inner and outer cylinder through a
valve assembly at the bottom of the inner cylinder, which can
be used to balance the volume change in the inner cylinder
caused by the movement of the piston. The increase/decrease
of the volume occupied by the piston rod in the inner cylinder
is equal to the volume of the MR fluid flowing into/out of the
outer cylinder through the bottom valve assembly. The flow
of the MR fluid through the valve assembly also generates an
additional force, which increases the passive MREA force.

Since the energized electromagnetic coil generates addi-
tional heat energy, the temperature of the MR fluid will rise,
and an excessively high temperature will deteriorate the prop-
erty of the MR fluid (Dong et al 2017, Kariganaur et al
2022). In order to control the temperature of the MR fluid, the
performance of heat dissipation should be considered when
designing the MREA. Due to the outer cylinder, the heat dis-
sipation of the twin-tube MREA is not as good as that of
the monotube MREA (Ebrahimi 2009). When working ver-
tically (if MREA is installed vertically), on the other hand, the
long-term downtime of MREAs may result in the sediment of
MR fluids, which will easily cause the bottom channel to be
blocked, then the MREA is unable to work normally.

In order to increase the controllable MREA force, an
MREA with double electromagnetic coils was developed
based on the structure of MREASs with only one electromag-
netic coil, as shown in figures 9(a) and (b). According to
equation (6), the length of the magnetic pole in the MR fluid
gap can be increased by adding a second set of electromag-
netic coils, and the total active length of the MR fluid gap
where the MR effect occurs can be subsequently increased.
At the same time, the strength of the external magnetic field
acting on the MR fluid is also increased, thereby improving
the yield stress, 7y. Increasing the number of electromagnetic
coils and the MR yield stress, 7y, can resultin an increase of the
pressure drop due to MR yield stress, APyr. As the control-
lable MREA force increases with the increase of APyr, the
dynamic range of MREA also increases. The dynamic range
is defined as the ratio of the total MREA force at field-on status
to the total MREA force at field-off (i.e. no field) status. So, the
larger the dynamic range, the greater the controllable range of
the MREA force (Bai et al 2019b). Some MREAs for shock
mitigation control systems use three or more sets of electro-
magnetic coils.

In order to further improve the performance of heat dissip-
ation, a bypass MREA with the electromagnetic coil placed
outside the cylinder was developed based on the monotube
MREA, as shown in figure 9(c). The advantage of this config-
uration is that the heat generated by the electromagnetic coil
can be directly dissipated into the atmosphere, avoiding the
decrease in the apparent viscosity of MR fluids (Hitchcock
et al 2007). While the disadvantage is that with the same
volume and electromagnetic coils the bypass MREA gener-
ates a smaller MREA force than the MREA with internal coils
(Grunwald and Olabi 2008, Zhu et al 2012).

According to equations (3) and (4), by increasing the cross-
sectional area of the MR fluid gap, Ay, the fluid velocity in the
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Figure 10. Schematic diagram of the MREA design applied to the
aircraft landing gear.

annular duct or valve, v¢, can also be reduced, thereby achiev-
ing the purpose of reducing the viscous pressure drop, AP,,.
When the radial size is allowable according to the requirement
for MREAs in MR shock mitigation control systems, the struc-
ture shown in figure 9(c) can be adopted, and the MR fluid gap
and the electromagnetic coil can be arranged outside of the cyl-
inder. The cross-sectional area, Ay, can be increased with this
structure to reduce the passive MREA force and to improve
the dynamic range without reducing the controllable MREA
force (Carlson 2009).

Most of MREAs used in typical MR vibration or shock
mitigation control systems adopt the monotube structure with
a valve-in-piston-head configuration (Zhu et al 2012), and it
is common to incorporate two or more sets of electromag-
netic coils. The structure of multiple electromagnetic coils
can increase the volume of MR fluid activated by the mag-
netic field, thereby increasing the controllable MREA force
within the limited size constraints (Goncalves 2005). Adopting
monotube structures with a valve-in-piston-head configuration
makes the design of MREAs more compact, and also makes
the passive force of MREAs smaller at zero current, thus the
controllable MREA force is relatively large when the applied
current is applied.

In order to improve the landing performance of the aircraft,
Luong et al (2020) developed a monotube MREA for the land-
ing gear, as shown in figure 10. The MREA works in the flow
mode, and two sets of electromagnetic coils are integrated with
the piston rod. The diameter of the piston rod of this MREA
is large, so a gas compensation chamber (accumulator) and a
fluid chamber filled with an MR fluid are set in the hollow part
of the piston rod. The sliding bearing installed on the piston
moves with the piston, dividing the space of the cylinder into
upper and lower chambers, and the lower chamber commu-
nicates with the chamber in the piston rod, then both of them
serve together as the lower chamber of the MREA. It makes
the axial dimension of this MREA more compact than that of
the MREA shown in figure 7 with the same MREA force and
piston stroke. As the piston moves, the MR fluid flows from
one chamber to the other through two annular gaps arranged
in the piston. There is a relief valve in the piston to make the
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Figure 11. Schematic diagram of the MREA design applied to the
buffer device of the artillery recoil.

internal gap of MR fluid open only in the extension stroke.
As a result, the force of this MREA is asymmetric, and the
MREA force of the extension stroke is smaller, which meets
the requirements on characteristics of the MREA force for the
landing gear system of aircrafts.

MREAs are also used in the artillery/gun recoil system to
solve the problem that the force of the passive EA gradually
decreases with the piston velocity. MREAs are capable of pro-
ducing increasing controllable MREA force to compensate for
the decrease of the passive MREA force, thereby minimizing
the recoil stroke of the artillery/gun. Li ez al (2019) developed
an MREA for gun recoil systems as shown in figure 11, which
works in the shear-flow mixed mode. The monotube config-
uration was adopted in this MREA, where three sets of elec-
tromagnetic coils were integrated with the valve-in-the-piston-
head configuration.

Bai et al (2013) proposed the internal bypass structure
MREA to improve the control performance of shock mit-
igation for the automobile suspension system, as shown in
figure 12. Through theoretical modeling and numerical sim-
ulations, the principle and the mechanical behaviors of the
internal bypass MREA were further studied (Bai ef al 2019b),
followed by prototype experiments under high-speed impact
conditions (Bai ef al 2018). The MREA adopted a twin-tube
structure configuration with multiple sets of electromagnetic
coils, and the bypass gap between the inner cylinder and the
outer cylinder was used as the MR fluid gap. When the piston
moves, the MR fluid flows between the upper and lower cham-
bers through the bypass. Five sets of electromagnetic coils
were evenly wound on the outer wall of the inner cylinder,
so that the MR effect can be generated in the entire MR fluid
gap, thereby increasing the MREA force.

The single-ended MREA has the advantages of a simple
structure, compactness, and easy installation. The drawback
is the necessity of a high-pressure accumulator. The double-
ended MREA does not require an accumulator, resulting
in better damping characteristics. But, for a longer piston
stroke, more space is required. The monotube MREA has the
advantage of a simple structure but is more susceptible to
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Active ring
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MR fluid flow gap
Inner cylinder

Figure 12. Schematic diagram of the internal bypass MREA.

being damaged by external impacts. The twin-tube MREA
has a more robust structure, and its accumulator requires
lower gas pressure, resulting in better mechanical perform-
ance. However, its structure is more complex. The bypass
MREA has the advantages of simplicity in structure design and
assembly, as well as ease of maintenance. Designing a bypass
MREA based on a passive EA is less challenging (Zhu et al
2012). In addition, the bypass structure can achieve a larger
dynamic range, providing greater damping force to meet the
needs of shock mitigation control. However, it is less compact
due to the bypass duct, which is also more susceptible to being
damaged.

2.3. Design strategy of MREAs for shock mitigation

To further analyze the structural design of MREAs suitable
for shock mitigation control, figure 13 shows the MREA force
and the piston velocity of three different MREAs. The struc-
ture of the unicoil MREA is the same as that in figure 8.
The multicoil MREA has a twin-tube structure with multiple
sets of electromagnetic coils, and the electromagnetic coils
are increased based on the structure shown in figure 9(b). The
internal bypass MREA is illustrated in figure 12. According
to equation (5), when the spring force generated by the accu-
mulator and the minor losses are negligible, the total MREA
force is composed of the controllable MREA force, Ap APy,
and the passive MREA force, Ap AP,,. By adjusting the applied
current, the yield stress of the MR fluid, 7, can be controlled
in the range of zero to the maximum value, so that the con-
trollable MREA force can be tuned from zero to the max-
imum value. According to figure 13, the controllability of the
internal bypass MREA is the best among the three MREAs,
because it provides a larger range of MREA force at most pis-
ton velocities.

Bai et al (2019b) introduced concepts, such as the dynamic
range and the controllable velocity range, to evaluate the con-
trollable characteristics of different MREAs. It can be deduced
from figure 13 that when the passive MREA force is almost the
same, the greater the controllable MREA force, the greater the
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Figure 13. Controllable characteristics of the three MREAs.

dynamic range. However, at high piston velocity the control-
lable MREA force will be restricted by the allowed maximum
MREA force due to the structure of MREAs, and the max-
imum controllable MREA force cannot actually be achieved.
As aresult, the dynamic range of MREAs decreases as the pis-
ton velocity increases. In order to further improve the dynamic
range, it is necessary to reduce the passive MREA force, F,,.
As shown in figure 13, the passive MREA force increases with
the piston velocity. When the passive MREA force reaches
the maximum allowable MREA force at the piston velocity
of Xpmax in figure 13, the controllable MREA force, ApAP,
has to be zero to prevent the MREA from being damaged.
If the passive MREA force, F,), can be reduced, the MREA
force range will be further increased at the same piston velo-
city, and the allowed maximum piston velocity, Xpmax, Will also
increase, which is beneficial for the shock mitigation control.

The controllable velocity range is defined as the range of the
piston velocity between Xpmin and Xpmax. Here, Xpmin is the min-
imum piston velocity at which the total MREA force reaches
the allowed maximum MREA force, Fy,,, when the applied
current, /, is the maximum value. While Xpmax is the maximum
allowable piston velocity when the applied current, /, is zero
(Bai et al 2018). The piston velocities, Xpmin1 » Xpmin2, aNd Xpmin3
are the lower piston velocity bounds of the three MREASs for
a specific MREA force, respectively. In order to improve the
performance of MREAs, the larger range of controllable velo-
city can be expected to be acquired with the smaller velocity,
Xpmin- The multicoil MREA has a smaller range of controllable
velocity, which can only provide the desired damping force
equal to Fy, when the piston velocity is greater than or equal
to xpmin2~

On the basis of the analysis above, the diameter of the piston
rod in the MREA shown in figure 9 is relatively large, which
reduces the effective area, Ap, in equation (2) and the fluid
velocity, v¢, in equation (4), thereby achieving the purpose
of reducing the viscous pressure drop, AP, in equation (3).
Although this design increases the ratio of the controllable
MREA force to the total MREA force, the value of the control-
lable MREA force decreases with the decrease of the effective
area, Ap. To enhance the controllable MREA force, two elec-
tromagnetic coils are used, then the active length of the MR
fluid increases compared to that of a single electromagnetic

coil. At the same time, the yield stress, 7y, also increases
with the strengthening magnetic field-induced pressure drop,
APy, in equation (6) increases. This has a greater effect on
the controllable MREA force than the reduction of the effect-
ive area, Ap. Therefore, the controllable MREA force can be
effectively increased by this structure. The total length of the
MR fluid gap increases with the increase of the total act-
ive length of the MR fluid gap, making the numerator in the
expression of viscous pressure drop in equation (3) increase,
resulting in an increase in the viscous pressure drop and an
increase in the passive MREA force. However, the decrease
of the average flow velocity in the MR fluid gap has a greater
effect on the viscous pressure drop than the increase of the
activation length of the MR fluid does. This is because the vis-
cous pressure drop, AP, has a quadratic relationship with the
flow velocity, v¢, but a linear relationship with the activation
length of the MR fluid. Thus, the passive MREA force shows
a downward trend.

The method of structural design adopted by the MREA in
figure 11 is similar to the MREA in figure 10, and the number
of electromagnetic coils is increased to three. Both the struc-
tures shown in figures 9 and 10 adopt the valve-in-piston-head
configuration, which will increase the radius of the piston. The
radius of the piston rod, r,;, needs to be increased to make the
effective area of the piston, Ap, small enough, and then the
mass of the MREA increases. In addition, the length of the
piston will be increased in the valve-in-piston-head configura-
tion with multiple electromagnetic coils, resulting in a reduc-
tion in the maximum piston stroke. Larger axial size and mass
are required to guarantee the constant maximum of the piston
stroke (Bai et al 2019b).

As shown in figure 12, the internal bypass MREA can solve
the problem of the structures as shown in figures 9 and 10
to some extent. The internal bypass MREA provides a larger
MREA force and a larger piston stroke with smaller mass and
axial size, while also ensuring a larger controllable velocity
range and larger dynamic range for the MREA.

When the axial dimension of the piston is the same as the
structure of the MREA represented in figure 8, the internal
bypass MREA arranges the electromagnetic coil on the outer
wall of the inner cylinder to facilitate the arrangement of mul-
tiple electromagnetic coils, and then the activation length of
the MR fluid is increased. Compared with the MREA struc-
ture modified by increasing electromagnetic coils on the basis
of figure 9(b), the axial dimension of the piston is reduced sig-
nificantly, so that the piston stroke can be greatly increased
with the same activation length of the MR fluid. In addi-
tion, the effective piston area, Ap, of this MREA is smaller
than that of the structure in figure 9(b), and the annular valve
gap, h, of this MREA is also comparatively small. According
to equations (3) and (4), the above combined effect makes
the passive force of the MREA in figure 12 equal to that of
the MREA derived from the structure in figure 9(b). Since
the decrease of the valve gap, A, in the structure shown in
figure 12 has a great effect on the controllable MREA force
than the decrease of the effective area, Ap, does. Thus, the
maximum controllable MREA force of the MREA in figure 12
is larger than that of the MREA structure in figure 9(b). As
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shown in figure 13, before the piston velocity reaches the velo-
City, Xpmin2, the dynamic range is larger than that of the other
two MREAs, meanwhile, the controllable velocity range is
also larger. Therefore, the internal bypass MREA shown in
figure 12 is more suitable for shock mitigation and vibration
control systems, and the mass of this MREA will be lighter.

To improve the control performance of MR shock mitiga-
tion control systems, the response time of the system should be
reduced in the structural design of MREAs. Koo et al (2006)
proposed the definition and the experimental measurement
method of response time and analyzed the main factors influ-
encing the response time of MREAs. According to the conven-
tional definition of system response time, only the response
time of the actuator is considered. For the MR shock mit-
igation control system, Bai et al (2018) pointed out that the
response time of the feedback sensor, the system controller,
and the MREA controller in MR shock mitigation control sys-
tems should not be ignored when mitigating a short duration of
the impact event. The response time is composed of the activ-
ation time and the rise time. The activation time is the start-
ing time of the output signal. The rise time is defined as the
time when the output signal reaches a certain proportion of
the steady state, starting from the end of the activation time.
The response times of the system, fio1, and each unit, #;, can
be respectively expressed as:

3
total = § trj
Jj=0

Ly = [taj —ta(jq)] + [trisej _trise(j—l)] ,whenj > 1
10 = ta0 + tiise0 Whenj =0

(N

{

where the response time of the system, f,, is defined as the
sum of the response time of the jth unit in the control system.
t,; is the response time of each component such as the feedback
sensor, t,, the data acquisition and control algorithm calcula-
tion unit, #,1, the current driver,t,, and the MREA, t,3. Also,
toj and tys; are the activation time and the rise time of the jth
unit, respectively. The activation time of the jth unit depends
on its own characteristics which reflects the real-time control-
lability of this unit, while the rise time of jth unit is affected
by the rise time of the j-1th unit. The activation time of the
Jjth unit starts during the rise time of the j-1th unit. Thus, the
overlapped time between the activation time/rise time of the
Jjth and the activation time/rise time of the j-1th unit should be
subtracted when calculating the response time of the jth unit,
which also makes the definition of the response time of the jth
unit only reflect the real-time controllability of the jth unit. In
the MR shock mitigation control systems, the feedback sensor
is the beginning of the signal flow chain, and the activation
time of the feedback sensor, 7,9, is zero.

Gu et al (2016) conducted a systematic study on how to
reduce the response time of various MREAs from the aspect of
electromagnetic coil layout, and the research pointed out that
the inductance and driving electronics of MREAs are the main

factors producing response delay time. The response time
of MREAs can be effectively reduced by some methods of
structural design like dividing a large electromagnetic coil into
multiple parallel small electromagnetic coils and introducing
an electromagnetic coil for magnetic field quenching to offset
the magnetic hysteresis effect in the yoke and MR materials
when the magnetic field decreases. Strecker et al (2015) also
studied structural design methods to reduce the response time
of MREAs. Ding et al (2023) considered the response time for
the MREA-based automobile suspension system and proposed
the time-delay-dependent Hoo/H2 optimal control method.
Based on the above analysis, the following methods of
structural design can be adopted to expand the force range
provided by MREAs: (i) increasing the number of electromag-
netic coils to increase the active length of the MR fluid; (ii)
using inner bypass structure to reduce the radius of the piston
by decoupling the electromagnetic coil from the piston; (iii)
increasing the radius of the piston rod; (iv) reducing the annu-
lar valve gap (i.e. the MR fluid gap) based on the comprehens-
ive application of the first three methods; (v) considering the
response time in MREA design, modeling as well as control.

3. MREA models

3.1. Brief introduction

According to the modeling method, MREA models can be
divided into analytical models and dynamic models. The ana-
Iytical models are based on the constitutive model of MR flu-
ids, adopting the Navier-Strokes equation and the continu-
ity equation, according to corresponding boundary conditions
and initial conditions, to calculate the output MREA force.
For example, an analytical model of MREAs in flow mode
can be expressed by equations (1)—(6). Since the analytical
models include the rheological characteristics of MR fluid and
the geometric parameters of the MR valve, they are mainly
used for the preliminary structural design and the parameter
optimization of MREAs. Analytical MREA models are further
divided into quasi-static models that ignore the inertial effect
of MR fluid and unsteady models that consider the inertial
effect of MR fluid. When the MREA is subjected to high-speed
impacts, the influence of the inertia effect cannot be ignored,
so the unsteady model is often used to provide guidelines on
the structural design of MREAs for shock mitigation applica-
tions. This review work will focus on the unsteady models of
MREAs.

The dynamic MREA models refer to the models that are
established based on experimental data and accurately pre-
dict the dynamic characteristics of MREAs. It is necessary to
acquire the optimal parameters of mechanical MREA models
through an algorithm to minimize the error between the model
simulation results and the experimental data. This process
is called parameter identification. Since the dynamic MREA
models are based on a series of experimental data of MREAs,
they are also called phenomenological models. Dynamic
MREA models are divided into parametric models that equate
the MREA with a combination of linear/nonlinear springs,
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dampers, and hysteresis operators, and non-parametric mod-
els with parameters that have no physical meaning.

Parametric models are composed of elastic elements,
damping elements, friction elements, and other hysteresis
operators with special meanings. Commonly used paramet-
ric models include Bingham-model-based dynamic models,
Bouc—Wen hysteresis operator-based models, Dahl hysteresis
operator-based models, bi-viscous models, hyperbolic tangent
function-based models, and RC operator-based dynamic mod-
els. These models are mainly used to describe and predict the
MREA force—velocity hysteresis characteristics of the MREA
under sinusoidal excitations (i.e. low-speed vibration condi-
tions), but there are few studies on the parameter models
applied to MREAs under high-speed impact conditions. It is
a great challenge to establish an accurate analytical model or
a parametric dynamic model to predict the highly nonlinear
behavior of the MREA under high-speed impact conditions.
In this case, the turbulence and the fluid-solid coupling effect
should be considered in dynamic MREA models, which will
increase the difficulty of establishing the model.

In the mapping relationship established by non-parametric
models, the parameters have no actual physical meaning. The
non-parametric models, such as polynomial models, neural
network models, and fuzzy logic models, have the advantage
of strong robustness, and they are suitable for linear, nonlinear,
and hysteresis systems. In order to describe the characteristics
of MREAs under high-speed impact conditions, Shou (2020)
proposed a hybrid dynamic model of MREAs by using sup-
port vector regression and employed an adaptive differential
evolution algorithm to optimize the regression parameters.

The dynamic models of MREAs are the foundation for the
MR controller, in which the applied current is determined and
provided to the MREA by taking the desired MREA force as
input. The dynamic MREA models can also be used for sim-
ulation analysis of the MR control systems.

3.2. Analytical MREA models

The analytical models of MREAs are divided into quasi-static
models and unsteady models. The quasi-static models ignore
the fluid inertia effect under the assumption that the flow of
MR fluid is a quasi-static flow. Contrary to the quasi-static
models, the unsteady models take the fluid inertial effect into
account, and the MR fluid is considered to be an unsteady
flow. The quasi-static model can describe the characterist-
ics of MREAs in low-speed vibrations, but fails to accur-
ately describe the characteristics of MREAs under high-speed
impacts. The unsteady model divides the total force of MREASs
into parts of MREA force resulting from the viscous flow, the
MR effect, the minor losses, the inertia effect, and the spring
force for MREAs equipped with an accumulator. The quasi-
static model does not consider the inertial force part, and some
quasi-static models also ignore the minor losses part. Based
on whether the inertia force calculation process assumes the
acceleration of the MR fluid at each point within the flow area
is the same, the unsteady models can be classified into two cat-
egories: models with area-averaged acceleration and models
with non-averaged acceleration. Because the flow velocity of
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Figure 14. Schematic diagram of MR fluid flow regions.

the MR fluid increases rapidly when the MREA is subjected to
high-speed impact, the inertia effect should not be ignored at
this time, however, the quasi-static models ignoring the inertia
effect are still the most used analytical models for MREAs. In
contrast, there are relatively few studies on the unsteady mod-
els of MREAs (Zhang et al 2010, Shou et al 2019). Besides
the influence of inertial effects and other factors on analyt-
ical models, some analytical MREA models also consider the
influence of temperature on the characteristics of MR fluid to
achieve more precise control of MREAs (Li et al 2021).

3.2.1. Quasi-static model.  As the impact speed increases,
the dynamic range of MREA decreases sharply, and the con-
trollability is severely reduced. This phenomenon is mainly
related to the minor losses in the MR fluid gap, and minor
losses refer to the additional pressure loss due to the change in
the shape of the MR fluid gap. The change in the shape of the
MR fluid gap can result in the changes in the flow direction
and the flow area of the MR fluid gap, and flow separation,
vortices or wake vortices will happen in the fluid. Then the
additional pressure loss and the energy loss will be generated,
and this is the effect of minor losses. It has a linear relation-
ship between the minor losses and the square of the velocity.
In low-speed vibration conditions, the effect of minor losses
is negligible. However, in high-speed impact conditions, the
passive force of MREA increases greatly owing to the effect
of minor losses, while the controllable MREA force remains
unchanged, and then the dynamic range of the MREA is signi-
ficantly reduced. There are many different types of reasons for
minor losses, such as entrance or exit effects, gradual/sudden
expansions or contractions, bends, valves, and fittings.

As shown in figure 14, When the MR fluid flows through
the MR fluid gap, there will be four types of local losses: (i)
entrance effect: from region 1-2; (ii) sudden expansions: from
region 2-3, region 4-5, and region 6-7; (iii) sudden contrac-
tions: from region 3—4, region 5-6, and region 7-8; (iv) exit
effect: from region 8-9.

Based on the BP constitutive model, Mao et al (2008) estab-
lished a nonlinear model considering the minor losses for
MREAs under high-speed impact conditions, which is known
as the BP constitutive model with minor losses (BPM) model.
Subsequently, Mao et al (2013) considered the influence of
wall roughness on the performance of MREAs, and a new
model was developed based on the quasi-static BP model using
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the Darcy friction coefficient. The model can be expressed as:

Fiota = (APn + APml)Ap + (APMRAp + Ff) sgn (xp) (8)
where F; is the friction force; sgn (+) is the symbolic function;
APy is the pressure drop due to the minor losses; AP,,, APumr

and APy, can be respectively written as:

_ pLavi
APy =175 ©)
2L
APy = =21 (10)
h
2
APy = pZK i an

where K, ; stands for the ith minor loss coefficient in the flow
system and v; is the average fluid velocity corresponding to
this minor loss coefficient.

Mao et al (2014) applied the proposed model to design
MREAs. The value of the Darcy friction factor in the act-
ive length of the MR fluid gap was considered to be differ-
ent from that in the non-activated length, and the fluid velo-
city was also considered to be different. Therefore, the viscous
pressure drops of the MR fluid in the active area and the non-
activated area should be calculated separately. Thus, AP,, can
be rewritten as:

pL vf pL vfc

+fe (12)

AP, =f,

C

where f, and f. are the Darcy-friction factors for the fluid flow
in the MR gap and the coil gap, respectively; A, is the thickness
of the coil gap; v is the average fluid velocity in the coil gap.
vr and v¢. can be calculated as:
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where A, and A, are the cross-sectional areas of the active MR
gap and the effective coil gap, respectively.

The Darcy-friction factors, f, is dependent on Reynolds
number, Re:

if Re < 2000
96 1
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if 2000 < Re < 4000
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where ¢ is the average roughness of the pipe wall; Dy, is the
hydraulic diameter, whose value is twice the annular valve
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gap for a parallel-plate channel; o can be calculated by the
Reynolds number:

Re — 2000
= . 15
4000 — 2000 (15
The Reynolds number is defined by:
D
Re = PVt (16)
Ui

where 7 is the post-yield viscosity. The results of prototype
experiments demonstrate that the proposed model can well
describe the characteristics of MREAs in the low Reynolds
number and high Reynolds number regions. But in the trans-
ition region from a low Reynolds number to a high Reynolds
number, the simulation results of the model are not smooth,
and there are sudden changes. To improve the predictive per-
formance of the model in the transition region, Powers et al
(2016) established a new rough wall model. In this model,
the Darcy friction factor, f, can be calculated with a piecewise
function according to the roughness Reynolds number, Re*:

/Re/96, for Re* < 4.5
1 e/D 2.51 *
ﬁ _ —2log, ( h Re\/f) ,for4.5 <Re* <60
2log,, (E/Dh> for Re* > 60
a7
The roughness Reynolds number is defined by:
. fe
Re* = /= —Re. 18
*~Vsb, © (18)

Then the viscous pressure drop can be calculated. Prototype
experiments demonstrate that the model is smoother in the
transition region, and the dynamic characteristics of MREAs
can be described better in the low Reynolds number region,
the high Reynolds number region, and the transition region. It
is worth noting that when Mao et al (2014) applied the BPM
model to design the MREA, the pressure drop due to the minor
losses in equation (11) was rewritten as:

pvi
APy = - (Ksc + Ksk) (19)
where Kgg and Kgc are the coefficients of sudden expansion
and sudden contraction, respectively. They were determined
g

by using the empirical formula:
2
Kse = (1-%)

Ksc = 0.42 (1 - %) "

A

I3

(20)

In the fabrication of MREAs, the electromagnetic coils are
generally encapsulated with epoxy to prevent them from being
polished by the MR fluid and worn. The surface roughness
in electromagnetic coils will be significantly increased by the
epoxy. Considering the characteristics of MR fluids at high



Smart Mater. Struct. 33 (2024) 033002

Topical Review

flow rates, Singh et al (2014) established a completely rough
wall model, in which the Darcy friction factor is a constant
independent of the Reynolds number. The characteristics of
MREAs can be well described with this proposed model at
high Reynolds numbers, and at the same time, the complex-
ity of the model is reduced. The Darcy friction factor was
expressed as:

1 3.7

3.2.2. Unsteady model using area-averaged acceleration.
Considering the influence of minor losses and inertia effect,
Mao et al (2013) used the area-averaged acceleration to calcu-
late the MREA force due to the inertial effect and established
an unsteady BMP model based on the BP constitutive model
and the unsteady Bernoulli equation, which can be expressed
as:

Ftotal = (APn + Apml + APinertia )Ap

+ (APMRAp + Ff) sgn (xp) + PgasApr (22)
where APjneria is the pressure drop due to inertia effects; Ap,
is the cross-sectional area of the piston rod; Pgys is the pressure
of the accumulator.

The pressure drop due to the inertia effect proposed by Mao
et al (2013) can be used for the calculation of typical MREAs
with multiple flow channels, which can be expressed as:

APinertia = pL,as (t) + PZ Ly;an; (t) (23)
i

where Ly, is the length of the ith passive fluid gap; ar is the
instantaneous average acceleration of the fluid flow in the MR
valve; ay; is the instantaneous average acceleration of the fluid
flow in the ith passive fluid passage in the MREA. af and ay;
are regarded as a variable related to time.

Mao et al (2013) compared the unsteady-BPM model with
the previously proposed quasi-static BPM model (Mao 2011),
and a series of impact experiments were carried out on an
MREA. It is found that both the two models were in good
agreement with the prototype experimental results, and the
difference between them was very small. In comparison with
the quasi-static model, the unsteady-BPM model established
by area-averaged acceleration improves the performance very
limitedly.

Li (2007) hypothesized that the force of the mixing mode
MREA can be considered as a linear superposition of the
MREA force in the flow mode and the shear mode. Different
unsteady models were established for the mixed modes based
on the BP and the Herschel-Bulkley (HB) constitutive mod-
els, respectively. Using the control expressions and the bound-
ary conditions in the parallel plate model, the MREA force
in the mixed modes was calculated. While the total MREA
force was the sum of the two results above, and the prototype
experiments were carried out to verify the proposed model.
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Figure 15. Schematic diagram of the fluid velocity profile in the
parallel plate model.

The unsteady model based on the BP constitutive model can
be expressed as:

. 24nA°L . 4LA
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T 24
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where Cg, Cg,, and Cy; are the correction coefficients of the
MREA force, the Coulomb friction force, and the inertia force,
respectively, which can be obtained by correcting the experi-
mental data; X is the velocity of the cylinder in MREAs, dur-
ing the prototype experiment, the piston rod is fixed, and the
cylinder moves relative to the piston at the velocity, x.; b is the
width of the parallel plates, which is corresponding to the cir-
cumference of the inner wall of the cylinder in MREAs. The
unsteady model based on the HB constitutive model can be

expressed as:
2 npg+1
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where Cjjand Cyy, are the correction coefficients of the
MREMA force and the inertia force, respectively; 5=24 /h; disa
parameter used to represent the width of the post-yield region;
4 is the width of the post-yield region; nyg is the flow coeffi-
cient of the HB constitutive model; K is the scale parameter of
the HB constitutive model.

Shou et al (2019) proposed an unsteady model using area-
averaged acceleration to predict the force of the MREA under
high-speed impact conditions, and the calculation of the flow
field in the annular damping channel was simplified into a
parallel plate model. As shown in figure 15, x and y are the
abscissa and ordinate, respectively; y; is the upper boundary
of the pre-yielding region; y; is the lower boundary of the pre-
yielding region.

The MR fluid is assumed to be incompressible and flow
along the axial direction only, the governing equation can be
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obtained based on the Navier—Stokes equation and the con-
tinuity equation:

p&uf (1) 0T (y,1) _ AP, (1)

2
1 dy L (26)

where u¢ is the flow velocity of the MR fluid in the parallel
plate model and is a function of the ordinate, y, and the time,
t; T is the shear stress; APg(1) is the pressure drop produced
by the annular flow channel.

The value of 2490 is assumed to be equal to the average

ot
acceleration of the MR fluid in the MR fluid gap, as:

ag = ::—:ap 27
where aj, is the acceleration of the piston rod.
The force of the MREA can be expressed as:
Froul = Ap (APG + AP + pLay) + Fas (28)
where
APg = AP, — pLa. (29)

The governing equation of MR fluid flow can be expressed
as:

or (y)
Jdy +

AP
=

0.

(30)

Also, APy, can be expressed by equation (11) and F,s can
be expressed as:
) B

where Py is the initial pressure of the accumulator; Vj is the
initial volume of the accumulator; 3 is the thermal expansion
coefficient of gas (it is a value within the range of 1.4-1.7); x,
is the displacement of the piston.

Vo

e 31
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3.2.3. Unsteady model using non-averaged acceleration.
As shown in figure 15, the flow of MR fluid can be divided into
three regions. In order to further improve the prediction accur-
acy of the MREA force under high-speed impact conditions,
it is necessary to respectively analyze the three flow regions of
MR fluids in the damping channel. Region 1 and Region 3 are
post-yield regions, in which the shear stress of MR fluids is
greater than the yield stress followed by a plastic flow. While
in Region 2, the shear stress is less than the yield stress res-
ulting in a rigid flow. The partial differential equations of the
three areas can be expressed as (Shou et al 2019):
Region 1:

AP (1)

Ury (yvt) — Vlt1yy (yvt) oL
ugy (0,8) = —x, (1) ,ugry (y1,1) =0
Ury (yvo) =0.

(32)

Region 2:
ugy (y,1) = ugy (y1,1) = 3 (2, 1) - (33)
Region 3:
AP,
Utz (yvt) — VU, (yvt) = 1;72([)
U3 (h,t) =0, Urzy (yz,t) =0 (34)

us3 (yao) =0

where v is the kinematic viscosity; ug; (v,1), ugy (y,1), ug3 (3,1)
are the flow velocities in regions 1, 2, and 3, respectively;
ugy; (v, 1) and ugs, (y,1) are the first-order partial derivatives of
the flow velocities in regions 1 and 3 with respect to time,
respectively; usyy (v,1) and ussy (v,t) are the first-order par-
tial derivatives of the flow velocities in regions 1 and 3 with
respect to the vertical coordinate y, respectively; ugyyy (v,¢) and
Ugzyy (¥,1) are the second-order partial derivatives of the flow
velocities in regions 1 and 3 with respect to y, respectively.
The velocity distribution of MR fluid in the three regions can
be obtained by using equations (32)—(34), and the flow rate of
MR fluid in each region can be further calculated. Finally, the
pressure drop, AP, (t), can be solved by the numerical calcu-
lation method, and the total MREA force can be expressed as:

Fiotn = Ap (APg + APml) +Fgas- (35)

To verify the superiority of the unsteady model, a prototype
experiment was carried out on a shock test rig. The MREA
force predicted by the two unsteady models and the quasi-
static model was compared with the measured experimental
data. The performance of the model was evaluated from three
perspectives: (i) the accuracy of predicting the peak MREA
force, the evaluation index is the relative error of the peak force
of MREA:GS; (ii) the agreement between the MREA force curve
predicted by the model and the experimental results, the evalu-
ation index is the mean absolute percentage error of the MREA
force curve; and (iii) the accuracy of the dynamic range pre-
dicted by the model, the evaluation index is the relative error
of the dynamic range.

Shou (2020) showed that the unsteady model with non-
averaged acceleration had the best prediction performance
under the three evaluation indicators. Therefore, when design-
ing and optimizing the structure of the MREA used in high-
speed impact conditions, the unsteady model using non-
average acceleration should be considered.

3.3. Dynamic MREA models

3.8.1. Parametric models

3.3.1.1. Bingham model. = The Bingham model proposed
by Stanway et al (1987) is widely used because of its
computational simplicity. Using the friction force of the
Coulomb friction element to represent the controllable force
of the MREA is characteristic of Bingham-based models.
The Bingham model and a modified Bingham model are
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Figure 16. The Bingham model: (a) original, (b) modified.

shown in figures 16(a) and (b), respectively. The model in
figure 16(a) can be expressed as:

Ftotal - COBHij + Fchn (xp) + FO (36)

where copy is the damping coefficient; Fy is the offset in the
force included to account for the nonzero mean observed in the
measured force due to the presence of the accumulator; F. is
the frictional force related to the field-dependent yield stress,
which can reflect the controllable force generated due to the
MR effect in the MREA. The frictional force, F.., can be taken
as a quadratic function of the applied current, I:

Fo=a1l’ + al + as 37)

where a;,a,, and a; are the constants for the controllable
MREA force. The parameters, a;, a», as, copy, and Fy need
to be identified in this model, and the main drawback is that
the characteristics of the MREA cannot be described well at
small deformations and low speeds by this model (Bai and
Tang 2021).

3.3.1.2. Modified Bouc-Wen model.  Bouc—Wen hysteresis
operator-based models have been widely used in the MREA
modeling. A modified Bouc—Wen model is shown in figure 17,
and the expression of this model is given by (Wang and Liao
2011):

Fiotal () = cigw¥sw + kigw (Xp — Xpo) (38)
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Figure 17. The modified Bouc—Wen model.
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where copw and cgw are the viscous damping observed at low
and high velocities; xpg is the initial displacement of the piston
accounting for the effect of the accumulator; kogw is the stiff-
ness at high velocities; k;gw is the accumulator stiffness; ygw
is the internal displacement of the MREA; 7 is the hysteresis
output item of the model; agw, Bsw, 78w, Bw, and Agy are
the basic hysteresis parameters, which can be used to adjust the
scale and shape of the hysteresis loop. Among these paramet-
ers, agw, cipw, and copw, have linear function relationships
with the applied current of the MREA.

3.3.1.3. Restructured model.  Although the modified Bouc—
Wen model can effectively describe the nonlinear hysteresis
characteristics of MREASs, the structure of this model is relat-
ively complex and there are quite a few unknown parameters.
To solve this problem, Bai et al (2015) proposed a restructured
model using the Bouc—Wen operator. The restructured model
was built by removing kopw and changing the position of copw.
The schematic diagram of the restructured model is shown in
figure 18, which can be expressed as:

Fiotal = copwXp + agwz + kipwxp + fo 41
. « Z
Jpw = —~ 42)
CIBW
2= pr ( — v iy — w2l = (1~ opi)
X (% — mw) 2™ + (&, — wa)) (43)

where apwz represents the hysteresis element; ppy and opy
are the factors related to the hysteresis characteristic. In

19
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Figure 19. The resistor-capacitor (RC) operator-based hysteresis
model.

comparison with the modified Bouc—Wen model, the number
of model parameters was reduced by two with this restructured
model. The eight parameters, agw, 1w, CoBW, f0, PPH> BW
opu, and kopw, need to be identified in this model.

Compared with the modified Bouc—Wen model, the pro-
totype experimental results demonstrate that the restructured
model can better describe the nonlinear characteristics of
MREAs while avoiding the model being too complex, so as
to achieve the accurate, fast, and effective control of systems.

3.3.14. RC operator-based hysteresis model.  Ensuring the
accuracy of the experimental data fitting, Bai ez al (2019a) pro-
posed a hysteresis model based on the RC operator to reduce
the number of model parameters and improve computational
efficiency. The model replaced the Bouc—Wen operator with
the new RC operator based on the restructured model. This
model has the advantages of no differential expression, few
parameters, high calculation efficiency, and good storage char-
acteristics. The schematic diagram is shown in figure 19.

The RC operator-based hysteresis model can be expressed
as:

Fiotal = copwXp + aBwz + kipwxp + fo (44)
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. OBWZ
oW = — (45)
CIBW
21(5)
() =1- 2e_1TS), when (i, (f) — ygw (¢)) > 0
2 (S
2(f)=—1+42e 7, when (i, (1) — ypw (1)) <0 (46)

0

z(1) =0, when ((x, (t) — yew (1))
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2 )p) »Xp0 — YBWO = Xp (t*)—wa (t*),

when (kp (f) — ygw (£)) >0

o=z (10 (L5 ) ) —mvo = 07) = om 1),
when (%, (t) — yBw (1)) <0 47)
S§(#) = So+ (% (1) = yBw (1)) — (¥p0 —yBwo) ~ (48)
g1(8) =S| (49)
82(8) = —[8[* (50)

where p > 0 is the hysteresis factor; S is the virtual displace-
ment; g and g», are the tuning functions that are the monotonic
functions of the virtual displacement, S; ¢ is the time-varying
hysteresis factor; gfl and g5 ! are the inverse functions of g
and gy, respectively; Sp is the reference point of the virtual
displacement, S, and x,0 — ypwo is the displacement when the
direction changes at the time, *.

In equation (44), agw and copw are the functions of the
applied current, which can be expressed as:

copw = cre1 2 + creal + cres (€29)

apw = arci P + arcal + ages. (52)

The Bouc—Wen model, the restructured model, and the hys-
teresis model based on the RC operator were identified by
using the multi-island genetic algorithm. The results demon-
strated that the difficulty of parameter identification is greatly
reduced in the hysteresis model based on the RC operator, and
the identification time is only about half of those for the Bouc—
Wen model and the restructured model. In comparison with the
Bouc—Wen model and the reconstructed model, the hysteresis
model based on the RC operator is proved to maintain better
prediction accuracy.

Shou (2020) showed that the parametric model performs
well in predicting the force—velocity hysteresis characterist-
ics of the MREA under sinusoidal excitations but cannot be
used for impact excitations. Under high-speed impact loads,
the force—displacement curve takes on an irregular shape and
no longer approximates an ellipse. Under low-speed vibration
conditions, the force—velocity curve of MREAs is similar to
a hysteresis loop composed of two monotonous and smooth
curves. One of the curves forming the hysteresis loop presents
amonotonically increasing law, and the other presents a mono-
tonically decreasing law. There are two inflection points on
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each of the two curves, and the area enclosed by the hyster-
esis loop increases with the increase of the applied current. In
the case of high-speed impact conditions, the hysteresis loop
of the force—velocity curve is composed of two strongly non-
linear non-monotonic curves, and there are an indeterminate
number of inflection points on each of the two curves. The
relationship between the area of the hysteresis loop and the
magnitude of the applied current is not obvious, so the hyster-
esis loop is difficult to be described by using parametric mod-
els composed of elastic elements, damping elements, friction
elements, and hysteresis operators. At present, there are not
many studies on parametric models of MREAs under high-
speed impact conditions.

3.3.1.5. Parametric models for shock response.  In order to
describe the dynamic characteristics of MREAs under shock
loads, Xiang et al (2008) modified the expression of the hyster-
esis operator on the basis of a restructured Bouc—Wen model
proposed by Dominguez et al (2006). They proposed a new
fitting expression for the elastic coefficient and the damping
coefficient, and obtained a new dynamic model which can be
expressed as:

Fio = cow (1) Xp + kopw (1) xp +amw (z+fo  (53)
1
= Voo D+ ()]} (59
Yew (1)

where agw (1) and ygw (1) are the shaping factors of the force—
velocity hysteresis curve. The fitting expressions of agw (1)
and ypw (/) are close to the fitting expressions of a restructured
Bouc—Wen model proposed by Dominguez et al.

_ i Famp (1 — emomeU=029) if 1> 0.25

QBwW (1) - { a1 — O[]M4I, if 1 < 0.25
(55
Yew (1) = ym1 — Yim2l (56)

where M1, OIM2, OIM3, CIM4 5 YIMI » and Yim2 are all the para-
meters that need to be fitted according to the experimental data.

In equation (54), x, (1) affects the width of the force—
velocity hysteresis curve. The fitting expressions of the damp-
ing coefficient, copw (1), elastic coefficient, kopw (1), and i
can be respectively defined as:

coBw = cmi + cnva/ (57
kow = kpvire =2 ks (58)
Xp = X1 — Xl (59)

where cimi, civ2, kimi, kv, kiviz, ximi, and xpvp are the
parameters that need to be fitted according to the experimental
data.
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Xiang et al (2008) demonstrated the good prediction accur-
acy of the force—time curve of the MREA model, but the pre-
diction accuracy of the force—displacement curve and force—
velocity curve has not been verified. In addition, the impact
loads and impact speeds in the experiment were lower than
the general high-speed impact conditions.

In order to solve the problem of predicting the force
under impact excitations, a common solution is using a semi-
empirical model or a non-parametric model represented by the
neural network model. The semi-empirical models consist of
two parts, which are composed of parametric models and non-
parametric models, respectively. Since the MR fluid flows fast,
the influence of the inertia effect is not negligible, and the iner-
tia effect has an important influence on the dynamic character-
istics of the MREA under high-speed impact conditions. When
the structure of the MREA is determined, the inertia effect is
mainly related to the impact speed and the density of MR flu-
ids. To improve the prediction accuracy at high speeds during
the impact, the velocity of the piston should be also introduced
as the input velocity in dynamic models, which is also benefi-
cial to solving the problem that most current dynamic models
lack the ability to accurately describe the force characteristics
at low speeds in a wide range of frequency.

3.3.2. Semi-empirical models.

3.3.2.1. Dynamic RC operator-based hysteresis model. The
advantage of parameter models is that they consume fewer
computing resources, so they can be easily transformed into
inverse models with desired damping force as input and com-
mand voltage as output to establish an MREA controller.
Parameter models have been successfully used in MREA
simulation of low-speed vibration control and the establish-
ment of MREA controller under various working conditions.
Semi-empirical and non-parametric models can solve the
problem in cases where parametric models cannot describe
the strong nonlinear hysteretic mechanical characteristics of
MREA under high-speed impact conditions.

To accurately describe the dynamic characteristics of
MREAs under impact loads and the force characteristics at
low speeds in wide ranges of frequency, Bai and Tang (2021)
proposed a dynamic RC operator-based hysteresis model. In
the RC operator-based hysteresis model, the variable related
to the velocity is introduced into the time-varying hysteresis
factor, g, to construct the dynamic RC operator, which can be
expressed as:

q = qo + Arc % (60)
where g is the initial threshold of ¢ and Agc is the pos-
itive coefficient. By introducing a dynamic RC operator,
the relationship between the input velocity and the force is
established.

The parameter identification of the dynamic RC operator
is carried out using the neural network. Firstly, a group of
dynamic RC operators is given with hysteresis factors, p, set
to different values, and the displacement and the velocity of
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Figure 20. Schematic diagram of the dynamic RC operator-based hysteresis model.

the piston are input into these operators. Then the hysteresis
values output from these operators together with the applied
current input into MREAS are used as the input values of the
neural network, the final force is output by the neural network
as shown in figure 20, where zqrcoirc With iRC =1, 2...nis
the hysteresis output of the dynamic RC operator correspond-
ing to different hysteresis parameters, aqrcoirc-

The parameters of this model and the Bouc—Wen model
were identified using the same genetic algorithm, and then
the performances of the two models were compared with that
of the RC operator-based hysteresis model. In all the proto-
type experiments, the dynamic RC operator-based hysteresis
model has the best goodness of fit for the experimental data at
any speeds, especially at low speeds. By testing the dynamic
characteristics under excitations of different frequencies, the
mean-squared error (MSE) of output force is the largest in the
Bouc—Wen model, followed by the RC operator-based hyster-
esis model. As the excitation frequency increases, the MSE of
output force in the three models all increase, but the dynamic
RC operator-based hysteresis model increases the slowest,
which proves the high prediction accuracy of the hysteresis
model based on the dynamic RC operator in a wide frequency
range.

3.3.3. Non-parametric models. Non-parametric models
commonly used in MREAs include polynomial models, neural
network models, fuzzy logic models, and adaptive neuro-fuzzy
inference systems. Most non-parametric models still focus
on describing the force—velocity hysteresis characteristics of
MREAs under low-speed vibration conditions, there are not
many studies on non-parametric modeling of MREAs under
high-speed impact conditions. Combining the self-learning
ability of the neural network and the reasoning ability of
the fuzzy system, the adaptive neural-fuzzy inference system
(ANFIS) can be used to deal with nonlinear problems of com-
plex systems, which is currently the main solution to estab-
lish the dynamic model of MREAs under high-speed impact
conditions.

22

3.3.3.1. Time-delayed adaptive neuro-fuzzy inference system
(TANFIS).  Arsava and Kim (2015) adopted the ANFIS to
establish a non-parametric model of MREAs, which was com-
pared with the modified Bouc—Wen model and the modi-
fied Bingham model proposed by Xiang et al (2008) and Fu
et al (2012), respectively. The prediction results of the ANFIS
model are found to be in good agreement with the experi-
mental results. In order to enhance the prediction accuracy of
the ANFIS model, the force output by the model at the previ-
ous moment is used as a feedback signal and added to the input
terminal as an additional input variable to develop a TANFIS,
as shown in figure 21.

The displacement, velocity, and acceleration of the pis-
ton, the applied current, and the output force at the previous
moment are taken as the input of the model, and the member-
ship function value of each input quantity is calculated through
the membership function constructed for the fuzzy inference
system in the first layer of the network. This is used as the
input of the second layer, and the product of all input signals
is output from the second layer. The data is regularized in the
third layer, and then the node function is applied in the fourth
layer to obtain the output of each fuzzy rule, which is summed
in the fifth layer as the MREA force output.

The function of the first layer of the network can be
expressed as:

Bita (ya
Cira (2a
Diry (nq
Eira (f(t—1))

Olra = iza (61)

where pi7y4 is the appropriate parameterized membership func-
tion MF); x,, ya, 24, and n, are the inputs; A;za, Bita, Cita,
Dita, and E;7y are the MFs; f(t —[) is the output of the sys-
tems observed from the previous time steps; O}, is the mem-
bership function value of the input quantity output by different
semantic variables.
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Figure 21. Topological structure diagram of the TANFIS model.

The second layer of the network outputs the product of all
inputs, w;r4, which is expressed as:

Wita = pralira (Xa) X tzaBita (va) X praCira (za)

X NTADiTA (l’la) y where iTA = l, 2, 3, 4. (62)

The function of the third layer in the network is to regularize
the output of the second layer, w;r4, which can be expressed
as:

WiTA
wi+wr+ws+wy’

where iTA = 1,2, 3, 4.
(63)

Wita =

The function of the fourth layer of the network, Of,, can
be expressed as:

Ofa = Wira X fira (64)

where the value of the node functions, fi74, can be expressed
as:

fira (t) = f(infpy. /'€ ™!) +e(1), where iTA =1,2,3,4.
(65)

In equation (65), the output of the system at the previous
moment, f", is introduced, and [ is the time delay which
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allows the model to use the observations at the previous time
step, (¢ — ), of the system to calculate the current output value;
inly, is the input at the current moment; e’ is the error of time;
e (t) is the error between the proposed TANFIS system’s out-
put, which is the predict value of the MREA force at the current
time, and the measured actual MREA force at the current time;
¢'~!is the error between the system’s output and the measured
actual MREA force at previous time step, (¢ — /). In the first

time step, fir4, can be expressed as:

Rule 1: If xaiSAj,yais By, zais Cy, nais Dy, f(t—1) is E)

thenf] = p1xa + q1ya +kiza +lina+s1f(t = 1) + 11

Rule 2: If x4 is Ay, yais By, zais Cy, nais Dy, f(t—1) is E,
then f = paxa + qaya +kaza + lana + sof (1= 1) + 12

Rule 3: If x, iS A3, ya i8S B3, zais C3, nais D3, f(t—1) is E3
then f3 = p3xa + q3ya + k3za + l3na + s3f(t = 1) + 13

Rule 4: If x, i8S A4, ya iS By, za iS Cy, nais Dy, f(t—1) is Ey4
then f4 = paxa + gaya +kaza + lana + saf (t— 1) + 14 (66)

where pira, qgita, kita, lita, and rypa are the parameters to be
trained respectively.
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The function of the fifth layer in the network can be
expressed as:

ZiTA WiTA X fiTA

OfTA = overall output = E Wit X fita =
it WiTA

iTA

(67)

Arsava and Kim (2015) demonstrated that the TANFIS
model could better predict the nonlinear characteristics of
MREAs compared with the common ANFIS models.

3.3.3.2. Wavelet-based time-delayed adaptive neuro-fuzzy
inference model (W-TANFIS).  Arsava et al (2016) built a
smart concrete beam equipped with MREAs and conducted
drop-induced experiments. Due to the large amount of calcu-
lation of the TANFIS model, many design variables need to be
considered. The wavelet transform can be introduced to realize
data compression and noise reduction. Combining the ANFIS
with the wavelet transform, a W-TANFIS model is established
to predict the dynamic characteristics of the concrete structure,
and the output of the previous moment is still used as a feed-
back signal. The impact force received by the concrete sys-
tem and the applied current are taken as input signals, and the
acceleration, the deformation, and the stress are taken as out-
put signals to train the established W-TANFIS model, which
is shown in figure 22.

In figure 22, the W-TANFIS retains the network architec-
ture of the TANFIS, and only a discrete wavelet transform
module is added between the input end and the first layer of the
network. Using time and scale window functions, the wavelet
transform provides the time—frequency representation of sig-
nals. The wavelet transform decomposes a given signal into
sub-signals and reconstructs the original signal to compress
data and reduce noise (Thuillard 2001). Then the actual test
data can be stretched and filtered, and the output signal can be
optimized, so as to achieve the purpose of reducing the time for
model parameter identification. The continuous wavelet trans-
form can be expressed as:

) dr

(68)

I— Bwa]vet

Wwf(awalvetvﬁwalvet) = 1/ V Cwalvet /f(t) P (

Qyalvet

where Quyaiver and Syarver are the scaling factor and the trans-
lation parameter, respectively; v is the wavelet function. The
continuous wavelet transform can be expressed as:

Xiwr
Yiwr | =22 Zx,-wr(os) ¢ (2°r—N)

nwt

(69)
Ziwr
where x;wr (0s) is defined as the original signal; X;wr, Yiwr,

and Z;yr are the premise variables; s is the scale index; ¢ is
the mother function.
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Equation (69) can be transformed as:

XIWT
Yiwr 7/1Nv OS)

Ziwr

=22

s

(70)

leT 0S

where N is the location index. The discrete wavelet trans-
form isolates the high-frequency components from the original
signal. In order to investigate both high-frequency and low-
frequency signals, multi-resolution analysis is used to divide
the signal into segments. Multi-resolution analysis reduces the
required data points by discretizing the function with the step
size. The mother function and the corresponding wavelet func-
tion can be expressed as:

s

Drs =250 (21=N)
wN,s: Ew (2Yt_ ) ’

The W-TANFIS model was compared with the ANFIS and
the TANFIS models in the prototype experiment, and the res-
ults demonstrated that both the W-TANFIS and the TANFIS
models predicted the nonlinear characteristics of smart con-
crete structures well, while the prediction accuracy of the
ANFIS model was relatively low. However, the training time
of the W-TANFIS model is much shorter than that of the
TANFIS model, which is very conductive to the real-time
control of the system. Therefore, the W-TANFIS model has
the advantage of faster speed and higher accuracy in predict-
ing the dynamic response of MREA under high-speed impact
conditions.

(71)

3.3.3.3. Adaptive neuro-fuzzy inference model (FCM-ANFIS)
using fuzzy c-means clustering (FCM) algorithm.  The two
non-parametric models of MREAs developed based on the
ANFIS model in sections 3.3.3.1 and 3.3.3.2 are established
by the grid partition (GP) method, which is one of the typical
input space partitioning methods for generating inference rules
for fuzzy inference systems. However, when the dimensional-
ity of the input space is large, the development of the ANFIS
model is very time-consuming due to the need to determine a
large number of parameters. In order to reduce the difficulty
of parameter identification and improve the real-time response
characteristics of the system, Shou et al (2022) developed
the ANFIS model for MREAs by utilizing FCM algorithm to
divide the input space and compared it with the ANFIS mod-
els that divide the input space using the GP method and the
subtractive clustering algorithm, respectively.

According to the FCM algorithm, cluster centers are
found by minimizing the objective function. Considering a
dataset with nF'C data points {xj, x2, ...,x,rc} distributed
in M-dimensional space is divided into cFC clusters, and
each cluster center corresponds to a fuzzy inference rule of
the fuzzy inference system. The objective function can be
expressed as:

nFC cFC

J= Z Z “?;ngFcHxiFC*Cch||2

iFC=1jFC=1

(72)
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Figure 22. Topological structure diagram of the W-TANFIS model.

where mgc is the weight index; x;rc is the iF'Cth data point; ¢jrc
is the jFCth cluster center; u;rcjrc is the membership degree
of the iFCth data point within the jFCth cluster center. In the
execution of the FCM algorithm, it is necessary to normalize
the input data, predefine the number of cluster centers, and
assign an initial value to each cluster center to generate an
initial cluster center matrix, Cy. Then the membership degree
matrix is initialized. The value of the iterative clustering cen-
ter matrix, Cy, and the membership degree matrix, Uy, will be
continuously updated until the absolute value of Uy — Uy_; is
less than the criterion value to stop clustering. Then the iterat-
ive process is terminated.

The fuzzy inference system structure differs when a dif-
ferent cluster number is chosen, and the prediction results
of established dynamic models will also be different. The
dynamic model corresponding to the cluster number with the
best performance is selected as the final training result.

The ANFIS model developed with the FCM algorithm is
more suitable for the dynamic model construction of MREAs
under high-speed impact conditions.

4. MR shock mitigation control

4.1. Control objectives

The control methods for MR shock mitigation control sys-
tems have been applied in various fields, including aircraft
landing gears, automobile longitudinal impact energy absorb-
ing devices, planetary landers, helicopter seat suspensions,
and artillery/gun recoil systems (Han ef al 2018). However,
the control methods used in most MR shock mitigation
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control systems are mostly developed based on vibration
control methods or general control methods, which cannot
optimally satisfy the requirements of shock mitigation.

The research goals for the shock mitigation control are
reducing the impact loads transmitted to the protective struc-
ture and protecting the structure and the occupants against the
damage caused by the impact excitation. An ideal shock mitig-
ation system aims at achieving soft-landing, which means that
the piston velocity is reduced to zero when the piston stroke of
MREAs is maximized during the process of shock mitigation
control. In the coordinate system of figure 23, the soft-landing
condition can be expressed as:

Xp (tee) = =D, &y (1) = 0 (73)

where D is the maximum piston stroke; #,. is the duration of
the compression process.

Wang et al (2021a) simulated a shock mitigation control
system using the optimal Bi number control. They demon-
strated that if the piston velocity decreases to zero before
reaching the maximum stroke, the deceleration peak of the
payload is greater than that of the soft-landing case. As a res-
ult, the deceleration of the payload may exceed the maximum
allowable value, and the payload will be damaged. During
the process of shock mitigation control, the shorter the piston
stroke is, the greater the peak deceleration of the payload will
be. If the payload deceleration exceeds the maximum allow-
able value during this process, the shorter the piston stroke,
the longer the duration of the deceleration exceeding the
maximum allowable value. The damage to the payload is not
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Figure 23. SDOF shock mitigation control system.

only related to the peak of the payload deceleration but also to
the duration when the payload deceleration exceeds the max-
imum allowable value. The ideal soft-landing control method
should ensure that the payload deceleration does not exceed
the maximum allowable value, and at the same time minim-
ize the duration of the payload deceleration sustained at the
maximum allowable value. Experiments show that under the
same impact excitation, the control method that satisfies the
soft-landing condition can make full use of the piston stroke
so that both the peak value of the payload deceleration and
the duration for which the deceleration exceeds the maximum
allowable value during the entire process of shock mitigation
control is reduced, which improves the protection effect of the
shock mitigation control system on the payload.

When the shock mitigation control system is inappropri-
ately designed, there will be a probability that the velocity of
the piston does not drop to zero yet even though it reaches the
maximum stroke, and the piston will collide with the cylin-
der of MREA s at this time. As a result, the deceleration curve
does not decline monotonically after reaching the maximum
value, and the deceleration will suddenly become negative at
the moment of impact. A negative deceleration means that the
velocity of the payload starts to increase again, and then the
deceleration increases to a positive value with a large rate of
change. This phenomenon causes the most serious damage to
the payload, and the control method is deemed ineffective.
Therefore, the deceleration of the protective structure should
be decreased according to the monotonically decreasing law
after reaching the peak value as the basic control requirement,
even when the control objective of the soft-landing cannot be
met in the shock mitigation control system.

Current control methods to realize the soft-landing are
mainly developed for the SDOF shock mitigation control sys-
tem shown in figure 23 or the drop-induced shock mitigation
control system shown in figure 24. In the SDOF shock mit-
igation control system, the MREA force control needs to be
considered during the rebound stroke, because the protective
structure will rebound under the action of the spring after the
payload velocity drops to zero.

After the soft-landing was proposed as a control object-
ive, the optimal Bi number control method was proposed and
applied to the drop-induced shock mitigation control system

Payload mass

—

End-stop impact— MREA Fy Reference line

Figure 24. Drop-induced shock mitigation control system.

and the SDOF shock mitigation control system (Wereley et al
2011, Singh and Wereley 2013). The time delay of MREAs
was subsequently considered in the improvement of the
optimal Bi number control method (Choi and Wereley 2015).
While ensuring that the peak deceleration of the payload does
not exceed the maximum allowable value, Wang et al (2021a)
proposed the MDDE control method to achieve the control
objective of the soft-landing, and the quadratic damping was
also considered in the MDDE quadratic (MDDE-Q) control
method based on the MDDE control method (Wang et al
2021b).

In addition to a series of control methods based on the
optimal Bi number control method, considering the need for
shock absorbers of the automobile seat suspension for both
low-speed vibration attenuation and high-speed shock mitig-
ation, Bai and Yang (2019) proposed a hybrid controller by
combining the Skyhook control used for vibration with the
constant force control used for shock mitigation, to achieve
the soft-landing control of the payload under shock excitations
that occur randomly during the vibration control process.

Compared with the SDOF system, the aircraft landing gears
need to consider the absorption efficiency of the impact energy
and the control performance of shock mitigation when the air-
craft mass and sink velocity are different. The stability needs
to be considered for planetary landers when landing on a slope.
In shock mitigation control systems for the fixed-wing aircraft
landing gears and planetary landers, the control method has
not been developed to achieve the soft-landing yet.

4.2. Control methods with ‘soft-landing’ as shock mitigation
control objective

4.2.1. Optimal Bi number control.  In the drop-induced shock
mitigation control system shown in figure 24, Wereley et al
(2011) proposed the concept of optimal Bi number to achieve
the control objective of the soft-landing. Bingham number, Bi,
is defined as the ratio of the controllable MREA force to the
passive MREA force. According to this control method, the
initial and terminal conditions of the payload velocity and dis-
placement are substituted into the non-dimensional governing
equations of the payload displacement, velocity, and acceler-
ation during the control process of shock mitigation, to solve
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the values of the unknown quantity, Bi, and record it as the
optimal Bi number, Bi,. Based on the value of Bi,, the control-
lable MREA force required for the shock mitigation control
process can be calculated as the desired controllable MREA
force. In this case, the desired controllable MREA force will
be constant during the MREA stroke.

The Bingham number, Bi, can be expressed as:

_ Jmr

Bi -
CXe0)

(74)
where the passive MREA force is simplified as the product of
the passive damping coefficient ¢ and the initial drop velocity
Xe0; fmr 18 the desired controllable MREA force. According to
the optimal Bi number control method, the solution process of
JMR can be expressed as:

m, (1) = —Fq—mg (75)
Fy = cio (1) +fursgn {X, (1) } (76)
Ko (1) :—xeo{[1+3i “RJe —Bi+RV} 77)
% (1) = x?o [1+Bi—RJe ™ (78)

%o (1) = Xo0 [RS (1+Bi —R,) <e*?'v - 1)
4R, (Bi Rv);ﬂ] (79)

where m is the payload mass; g is the acceleration of gravity;
Fjy is the desired MREA force output by the system control-
ler; xq0 is the total available MREA stroke before the impact.
Firstly, by substituting the governing equation (76) for desired
MREA force into equation (75), the payload displacement, x,,
payload velocity, x,, and payload acceleration, X,, are obtained
as shown in equations (77)—(79). Here,

The variables such as non-dimensional payload displace-
ment, velocity, acceleration, and time, ¢, are given by:

%@_xo(t),.—

= 0
Xo0

0= jc?(t), —

~(0) = Xo (t) Ty
XeO

XeO

i=L. @1
Tv

Using equations (77)—(79) and the non-dimensional para-
meters mentioned in equation (81), the non-dimensional pay-
load displacement, X;, the payload velocity, X,, and the pay-
load acceleration, ¥,, can be expressed as:

% () =—[1+Bi —R,e " +Bi —R, (82)

X (f) =Ry (1+Bi —R,) (" —1) + R, (Bi —R,)7+1
(83)

% () =[1+Bi —R/]Je". (84)

Substituting the non-dimensional terminal conditions,

¥, (f) = 0, and, X, = 0, into equations (82) and (83) to obtain

the optimal Bingham number corresponding to the non-

dimensional velocity, Bi, ;- and the optimal Bingham number
corresponding to the non-dimensional displacement, Bi, 5

. 1
Biyg =Ry~ +— (85)
1+e?<%—1)
Biox=R,————~. 86
lo,xD 1+e’(t—1) ( )

When Bioxf, = Bi, x;, the problem of solving Bi, can be
transformed into the problem of solving a system of binary
linear equations. The time required for the impact event, 7,,
can be obtained by equating equations (85) and (86), and then
equation (85) can be solved by replacing f with 7, to obtain Bi,:

[eusl) ( )]

The optimal Bi number can also be obtained by using
equations (85) and (87):

- 1
to=——-1-W
(0) RS

1
— 1

R 87)

v=—Ry=—"7,R= . (80)
c Xe0 Xo0
|
ol
1 {Eflfw[e Rg
Bi, =R, — ]
1+e{’*fls_l_w[e(rl)(’%s

In equations (87) and (88), W is the Lambert W function.
Substituting the known initial drop velocity, X, into Bi, =
ff—i, the desired controllable MREA force can be obtained in
the control process of shock mitigation.
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(8%)

4.2.2. Optimal Bi number control considering rebound
control.  Based on the research of Wereley et al (2011),
Singh and Wereley (2013) proposed an optimal Bi number
control for the SDOF shock mitigation system equipped with
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Figure 25. Schematic diagram of the optimal Bi number controller.

a coil spring served as the return spring, as shown in figure 23.
Based on achieving the control objective of the soft-landing,
this method extends the controlling idea of optimal Bi num-
ber to the process of rebounding stroke under the action of
the spring after the payload compresses the MREA to the
maximum stroke. The MREA force of the rebound stroke is
controlled to ensure that the load can return smoothly to the
position where it is before the impact while avoiding unne-
cessary oscillations. Li et al (2023a) conducted a prototype
experiment on this control method, and a detailed schematic
diagram of the control method is illustrated in figure 25.

Singh and Wereley (2013) adopted the opposite datum
plane of Wereley et al (2011) to represent the displacement
of the payload. The position of the payload when the piston
was compressed to the maximum stroke was recorded as the
displacement datum plane, and the vertical upward direction
was taken as the positive direction. According to the control
method, the initial drop velocity, —x.o, the governing equation
of motion for the system, and the boundary conditions of the
soft-landing are used to calculate the optimal Bi number in the
compression stroke, Bij. The state of the payload movement
can be determined by comparing the velocities of adjacent
sampling points, and the optimal Bi number of the rebound
process, Bij, can be calculated at the initial moment of the
rebound process.

The desired controllable MREA force in the processes of
compression and rebound can be determined by solving the
optimal Bi§ and Bi;, and the desired total MREA force can
be subsequently calculated. During compression and rebound
strokes, the force-tracking module generates an applied cur-
rent to control the MREA to output the MREA force close to
the desired total MREA force.

The desired controllable MREA force, fygre, during the
compression stroke and the desired controllable MREA force,
fMmrr, during the rebound stroke can be respectively expressed
as:

mi, (1) = —cxo (t) + fure — kxo () (89)
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m¥, (1) = —cxo (t) — fure — kxo (7) (90)
where £ is the stiffness of the spring.

The core of the optimal Bi number control is to find the
optimal Bi number, Bi,. When the optimal controllable MREA
force is determined under the current excitation conditions,
this optimal controllable MREA force will remain unchanged.
When using the optimal Bi number control, the MREA’s
controllable MREA force remains constant during compres-
sion or rebound strokes. The compression process is taken
as an example to illustrate the solution method of optimal Bi
number, Bi,.

During the compression stroke, the governing expression
for the payload displacement can be expressed as:

f MRc

X (1) = g Swn! (Pycoswgt + Posinwgt) + on

where ( is the damping ratio of the system; wy, is the undamped

\/g, wd = wyy/1 —(%; Py and P, are
the constants.

In order to find the compression stroke, BiS, it is necessary
to solve Py, P,, and ... The governing equations of the pay-
load velocity and acceleration can be respectively expressed
as:

natural frequency, wy, =

Xo (l) = e_C"J“t [(Pzwd — P Cwn) coswgl — (P]wd + PQCOJH) sinwdt}
92)

Fo (1) = e~ Cent [(w;‘;(z — wﬁ) (Picoswgt + Pasinwgt)

+ 2¢wnwq (Pysinwgt — Pocoswgt) . (93)

The initial conditions of payload displacement and velocity

during the compression stroke can be expressed as:

X0 (0) = 0,3 (0) = —ieo. (94)
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Substitute the initial conditions in equation (94) into the
payload displacement equation (91) and payload velocity
equation (92), P and P, can be obtained as:

_fMRc
k

~ fMReGWn + kieo

P =
! kwd

Py = 95)

The terminal conditions of the compression stroke can be
expressed as:
Xo (tsc) =—D, %, (tsc) =0. (96)
When equations (91)—(93) are non-dimensionally rewrit-
ten in the way demonstrated in section 4.2.1, the termination
condition of non-dimensional velocity during the compression
stroke can be obtained, which will be substituted into the gov-
erning equation of non-dimensional payload velocity to solve
the non-dimensional compression stroke duration:

_ 1 _1 [ 204P2n — Pin
fe = —t —_— 97
g an (2de1n +P2n> ©7)
where g, P2y, and Py, can be expressed respectively as:
V1=¢?
04 = V———— 98
Wy 2 (98)
Pin = — = —4Bi(? (99)
P 1 X K
Py, = 2o - (ZBiCxe0<2 +xe0) (100)
D Wd

where Bi¢ is the Bingham number corresponding to the MR
yield force during the compression stroke, x.y can be expressed
as:

er

D/t

Xeo = (101

By rewriting non-dimensionally, the displacement termina-
tion condition during the compression stroke in equation (96)
can be substituted into the expression of non-dimensional pay-
load displacement:

1

Bif = ——
4xe()<2

o

[1 + (P1ncos@qalsc + PanSinioglsc) e%}

(102)

where Py, Py, and £, contain Bi§ thus equation (102) can be
expressed as:
Biy = f(Biy). (103)
The numerical method of fixed-point iteration is used to
solve Bii. When ~y; is the convergence criteria and the termin-
B¢, —BiS . . )
l”}‘i; < i, s satisfied, Bis
is set as BiS, and then fyr. under the current impact excitation
can be solved according to equation (74).

ation condition of iteration,
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Using the solution method of Bi; in the compression pro-
cess, P3,, P4y, and the duration of the rebound process f can
be solved and expressed as:

T — . o .
Py=¢? (4Bz‘xe()(2 + %o (fse)) (coswdtSC — 2denwdtSC)

(104)
Tic — _ _ 1 _
Py =e? (4Bir)'ceoC2 Jr%(tsc)) (wd sinwWqls + ZCOS(DdtSC>
@d
(105)
- T
I =t + —. (106)
wd

The initial conditions of the rebound stroke are the
terminal conditions of the compression stroke, x,(0)=
Xo (tse) ;% (0) = 0. At the end of the rebound stroke, the
payload returns to the equilibrium position, and the ter-
minal conditions of the rebound stroke can be expressed
as: X, (tyr) = 0;%, (tsr) = 0. Using the same non-dimensional
analysis method to solve the optimal Bi number during the
rebound stroke, the final solution, Bif, can be expressed as:

1

Bii = ——
4xe0<2

0

(P3nCOS@alsr + PanSinigls; ) e (107)

4.2.3. Optimal Bi number control incorporating a time lag.
In sections 4.2.1 and 4.2.2, the optimal Bi number is solved
on the assumption that MREAs can immediately provide
the required controllable MREA force at the moment of the
impact. In fact, the response time of the entire control system
is composed of four units: the sensor, the system controller,
the MREA controller, and the MREA. There is a time delay
in each module between receiving the output from the previ-
ous module and the output of this module, and it takes some
time for the output signal to reach a stable value from the
generation. To improve the control performance of the shock
mitigation control system, Choi and Wereley (2015) proposed
an optimal Bi number control method incorporating a time
lag into the drop-induced shock mitigation control system, as
shown in figure 24. The control method solves the optimal Bi
number, Bi,, under a specific impact condition in a similar way
as illustrated in section 4.2.1, and the only difference is the
time-delay effect of MREAs is considered in the desired con-
trollable MREA force term in the system governing equation.
Further improvement of control effectiveness can be achieved
by considering the response time of each module of the shock
mitigation system in the controller, but this will increase the
complexity of the controller.

The governing equation of the system motion can be
expressed as:

c

Xo (Z) = _%xo (t)

The desired controllable MREA force considering the time
delay, fmr:, can be expressed as:

_ Jure (1)

ngn{xo (0} —¢g (108)

fMRt (f) = —fiMRt (t> “r‘@

Ta

(109)

Ta
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where 7, is defined by the time for the step force response to
reach 63.2% of its final value in a steady state.

Substituting equation (109) into equation (108) with the
initial conditions, the governing equations of payload dis-
placement, velocity, and acceleration with respect to time can
be obtained and then rewritten non-dimensionally, respect-
ively. Substituting the termination conditions of displacement
and velocity into the non-dimensional displacement—time and
velocity—time governing equations, Bi +- and Bi,x; can be
obtained as: '

Bi, % (1) =

R [1+(—1)e’] —1—¢'(
ﬁ—’_e?(?_l—f)—e(?i%) (

where the definitions of 7y, R, and R, are the same as those in
section 4.2.1; 7 is the non-dimensional time constant and can
be calculated by 7 = 7, /7. The non-dimensional time, ,, can
be obtained by solving the following equation:
Bi, 5 () = Bio s, (7). (112)
In the process of solving 7, it is necessary to approximate
the exponential functions in equations (110) and (111). Using
a Taylor expansion, the exponential functions can be approx-
imated by discarding the high-order small quantities:

- P
et:1+f+§+0(f) (113)
- I 147 [ 1
-3 - 1T +0<t—f). (114)
t 1/7\? T
I+2+3(7)

Equations (113) and (114) are substituted into the equation,
Bi, +(f) = Bio 5, (), to obtain 7,, and then 7, is substituted into
equation (110) to obtain Bi,,. The desired controllable MREA
force, fur, calculated by the controller can be obtained from

Biy, :fMR/ (Cjceo):

1—T(Rs—1)+\/1+72 {ZRSRV—F(RS—l)Z

= 115
© Ry — 1 +7RR, (115)
. i—1 _
Bloa:%{(Rs_l)T(pBi'i_])
+72[Ry(Ry+Ry —2)+ 1] — (R, —1)7+1} (116)
where

PBi = \/7_—2 |:2RSRV + (Rs - 1)2} + L. (117)
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In order to further improve the solution accuracy of optimal

Bi number, Bi,,, needs to be corrected:
Biy = oupi(Bioa)™” (118)

where Bi,, is corrected by equation (118) to obtain Bi,. ap;

and fp; coefficients determined as a function of the non-
dimensional time constant:

_ =3 —2 =
Qap; = Qg T” + appT™ + Q3T + Qg

Bri = BT + Be™> + Beis™ + Bpia (119)

where a;1, api2, i3, OBia» Bpit> Bizs Bpiz, and Bpiy are para-
meters that need to be identified.

In the computer simulation experiment, benefiting from the
fact that the simulation computer has more powerful comput-
ing power than the controller of the shock mitigation control
system, the computer can utilize the graphical method with
higher precision to solve equation (120) and determine the
exact value of Bi,, which is denoted as Bigexact:

Bi, +(t) = Bi,, 5 (7). (120)

Simulation results show that when the impact speed is high,
only Bi, calculated by the optimal Bi number control incorpor-
ating a time lag can follow the trend of accurate fit.

At this time, the control method that ignores the time
lag cannot achieve the control objective of the soft-landing.
However, using the control method described in this section,
the calculated value of Bi, is basically consistent with the value
of Biyexact- The control performance of the optimal Bi number
control can be improved in high-speed impact conditions by
considering the time lag. Based on this control method, fur-
ther consideration of the time lag in the entire shock mitigation
control system will become a direction in the research field of
MR shock mitigation control in the future.

4.2.4. MDDE control. ~ Optimal Bi number control meth-
ods mentioned in sections 4.2.1-4.2.3 have been successfully
applied to shock mounts, automobile suspensions, sliding seat
systems for ground vehicles, helicopter landing gears, and
other fields. Wang et al (2021a) proposed the MDDE con-
trol method to make full use of the energy absorption capacity
of MREA and achieve occupant protection at higher impact
speeds than the optimal Bi number control method, which is
composed of the MCD controller and the optimal Bi number
controller.

The soft-landing control can be achieved by the optimal Bi
number control method when the initial velocity of impacts is
lower than the maximum allowable velocity. However, when
the initial velocity of impacts exceeds the maximum allow-
able velocity, the optimal Bi number control method can-
not achieve the soft-landing objective. The MCD controller
is used to keep the deceleration of the payload at the max-
imum allowable value, and then the piston velocity is rapidly
reduced. Afterwards, the optimal Bi number controller is used
to achieve the soft-landing.
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Switching between the two controllers enables the shock
mitigation system to achieve a soft-landing at a higher impact
speed while minimizing the duration of the payload decelera-
tion at the maximum allowable value. In the control process,
the total stroking time of the MCD control section, #;, and the
output of the optimal Bi number controller, Bi,, are taken as
variables of the controller to be solved.

Wang et al (2021a) took the equilibrium position of the pay-
load before being impacted as the reference plane for the ver-
tical displacement, and the vertical downward direction was
taken as the positive direction. The values of the desired con-
trollable MREA force, fyir, when the MCD controller works,
can be solved:

Fyq = mXomax + mg (121)

MR (t) =Fq—cXo (t) = MXomax +Mmg—C ().CeO _jéomaxt) .
(122)

When the maximum allowable payload deceleration, Xomax,
is known, fyr can be obtained by solving equations (121)
and (122) simultaneously. Supposing the total stroking time
of the MCD control section is #;, when the optimal Bi number
controller starts to work, the payload displacement, x,;, and
velocity, Xo1, in the vertical direction can be expressed as:

. I.
Xol = Xo (t = tl) = Xeof1 — Exomaxtl (123)

Yol = Xo (t:tl) = Xe0 — Xomax!1- (124)

Then the optimal Bi number controller starts working.
Using the optimal Bi number control method in section 4.2.1
to solve the governing equations of the payload displacement,
X, (1), and velocity, X, (¢), in the vertical direction:

—1
Tv

%o (1) = Xo1 {Rs(l Y Bi—Ry) (1 e

r—t
—Ry(Bi —R,) —* + 1] (125)
Ko (1) = o [(1+Bi—Rv)e_% —Bi+RV] (126)
where
=" R =28 g = DRl (127)
c Xol Xol

The stroking time of the optimal Bi number controller is
supposed to be 1,, and the soft-landing displacement and velo-
city termination conditions in equation (73) are substituted
into equations (125) and (126), respectively:

Yo (t=1+1)=0 (128)

X (t=t1+86)=D (129)
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where f; and#, can be calculated with equations (128)
and (129), and #; can be used to calculate the desired control-
lable MREA force, fyri, when the MCD controller finishes
working:

fMRl :fMR (t = tl) = MXomax + mg—c ().CeO _jéomaxtl) .
(130)

Substituting #; into equation (130), the desired controllable
MREA force, fyri, is obtained when the MCD controller fin-
ishes working. The value of the desired controllable MREA
force in the working process of the optimal Bi number con-
troller is kept as fyr1. The controller outputs the desired con-
trollable MREA force according to equation (122) during the
period from zero to #;, and maintains the value at fyjg; dur-
ing the time period from #; to ;. When the initial velocity of
impacts is low, ¢#; is zero, and only the optimal Bi number con-
troller is used in the MDDE controller to output the desired
controllable MREA force.

4.2.5. MDDE-Q control.  In previous studies, the passive
MREA force, F,, (t), was considered as a proportional func-
tion of the piston velocity. However, under high-speed impacts
the Reynolds number of the MR fluid flowing in the MR fluid
gap is greater than 2000. The MR fluid changes from lam-
inar flow to turbulent flow, and the passive MREA force of
MREAs has quadratic damping characteristics. Wang et al
(2021b) regarded the passive MREA force, F, (1), as a quad-
ratic function of the piston velocity, and proposed the MDDE-
Q control method following the same way as demonstrated in
section 4.2.4.

The passive MREA force can be expressed as:

Fy (1) = c1g (1) + 2o (1) (131)

where ¢; and ¢, are the quadratic and viscous damping con-
stants, respectively.

Considering the quadratic damping characteristics, the
desired controllable MREA force of the MCD controller can
be expressed as:

Sur (1) = Fa (1) — c135 (1) — cako (1)

= MXomax + Mg — €| (er - xomaxt) -

(&) ()'CeO - j&omaxl‘) .

(132)

When the total stroking time of the MCD controller is sup-
posed to be ¢1, and the optimal Bi number controller starts to
work, the velocity, X,1, and the displacement, x,;, of the pay-
load in vertical direction can be expressed as:

).Col :).Co (t:t1> :xeo_xomaxtl (133)
. 1.
Xol = Xo (t = tl) = Xeol1 — Exomaxt%~ (134)
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Introducing the quadratic damping term, the governing
equation of the system motion can be expressed as:

. cr. cy . SR
fo() = =120~ 2y () - 4 g
.. .. _
=—— (%o — V1) (ko — T2) (135)
Tv
where 1, = %; V1,2 can be expressed as:
—cr+ 2_4 _
T V&3 —4ei (fur —mg) (136)

26‘]

where v, will be solved in the subsequent calculation
process.

Supposing the stroking time of the optimal Bi number con-
trol section is t,, the soft-landing termination conditions are
substituted into the governing equations:

D

(ko1 = V1) (V1 —Pp)e” ™ —0

)'Co(l:ll+12) - - 1
(%01 = V2) — (o1 —V1)e™ ™
(137)

n

Ty

Xo ([: H -‘r—l‘z) =V + Ty (l_/l —\72)ln |:()'Co| —Vz) — ()'Col —\71)6

(138)

— Ty (\71 — Vz)ln (\71 7172) +x01 = D.

The optimal value, v},, of V1> can be calculated by
equations (137) and (138). The value of fiyr obtained by sub-
stituting V7 , into the equation (136) is the desired control-
lable MREA force, fyri, when the MCD controller finishes
working.

The critical yield force of the MREA is substituted into
equation (136) to solve the value of v ». Then, V; » and ter-
minal conditions are substituted into the governing equations
of the payload displacement and velocity of the optimal Bi
number controller. The critical initial velocity is sequentially
obtained.

When the initial velocity of impacts is smaller than the crit-
ical initial impact speed, the MCD controller does not work,
while the optimal Bi number controller provides a constant
desired controllable MREA force during the entire impact
event. When the impact speed is higher than the critical initial
impact speed, the MCD controller outputs the desired control-
lable MREA force until # = ¢#;, and then switches to the optimal
Bi number controller to output the desired controllable MREA
force of fyr) until the shock mitigation control process ends.

Compared with the optimal Bi number control, MDDE-Q
control method can increase the maximum allowable initial
drop velocity of the payload by keeping the deceleration of
the payload and the total MREA force at the maximum allow-
able values. The initial drop velocity at which the payload
reaches the maximum allowable deceleration under passive
MREA force is the maximum allowable initial drop velocity
of MDDE-Q control method.
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4.2.6. Hybrid control for both shock and vibration mitigation.
For special vehicles, the seat suspension should not only con-
trol the vibration caused by uneven roads to improve the com-
fort of the occupants, but also mitigate the impact of the explo-
sion of landmines and explosive devices to reduce the damage
to the occupants, which requires a control method with the
good ability of both vibration control and shock mitigation.
Bai and Yang (2019) developed a hybrid controller for seat
suspension, as shown in figure 26. The controller is composed
of a Skyhook controller for vibration control, a soft-landing
controller for impact conditions, and a switcher for judging
the current state to switch the control. The controller takes the
velocity and displacement of both the vehicle floor and the seat
as input quantities, and the static equilibrium positions of the
floor and the seat are used as the reference planes, respectively.
The upward direction is taken as the positive direction of both
velocity and displacement. The vehicle floor is considered as
the excitation source, and the seat is taken as the payload in
the system.

When it is judged that the system input excitation is vibra-
tion, the Skyhook controller outputs the desired controllable
MREA fOI'CG, F MRsky -

| Cayxo, if X, (%o — jce) >0
FMRsky = { 0, if %o (o — %) <O (139)
Fq = Favibraion = FMrsky + F (140)

where Cyy is the Skyhook damping; F.yibration 18 the desired
MREA force of the vibration controller.

When it is judged that the system input excitation is impact,
the shock mitigation control method is used to calculate the
desired seat acceleration and the desired total MREA force,
Fy, at this stage. The entire process of shock mitigation control
is divided into three stages: compression, rebound, and second
compression. By solving the kinematic equations, the desired
seat acceleration, a,, that the seat should bear to achieve the
control objective of the soft-landing can be obtained at each
stage.

Based on the solution of the desired seat acceleration, the
difference, A, between the current external force, mx,, and the
desired external force, ma,, needs to be solved for the seat.
Then the actual total MREA force output by the tracking mod-
ule of force is corrected using the difference, A, and this pro-
cess can be expressed as:

A + ma, = m¥, (141)

Fq = Fashock = FSkytotal +A (142)
where Fygock 1S the desired MREA force of the shock
controller.

Since control objectives and corresponding control per-
formances of vibration and shock controllers are different,
a set of judging logic is introduced to select and switch
between vibration and shock controllers. The judgment pro-
cess is divided into four parts.
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Figure 26. Schematic diagram of the hybrid controller for both shock mitigation and vibration attenuation (Bai and Yang, 2019).

Part 1: The states of systems are obtained including the dis-
placement, x., and velocity, x., of the vehicle floor considered
as the excitation, the displacement, x,, and velocity, x,, of the
seat taken as the payload, the desired total MREA force calcu-
lated by the vibration controller, and the total MREA force cal-
culated by the shock controller. The vehicle floor is considered
as the excitation source of this system. In the initial state, the
flag of the static variable used for the selection of vibration or
shock controller is set to 0, and the controller works in the state
of vibration control.

Part 2: The occupant and seat are regarded as the payload
with unknown mass, m, and the displacement, velocity, and
acceleration of the seat are regarded as the displacement, velo-
city, and acceleration of the payload. According to the velocit-
ies and displacements of the floor and the seat measured by the
sensors, the solution process of m can be expressed as:

k(xo — xe) + ¢ (o — Xe) + FMmRrsky + Mo = 0. (143)

Part 3: By using the kinematic equations to calculate circu-
larly, the displacement of the seat is solved when the seat velo-
city is higher than or equal to the floor velocity under the action
of the vibration controller. Denoting the to-be-calculated value
of the seat displacement as Z, and the kinematic equation can
be expressed as:

ay = — [k(Z—xe) +C(Z—5ce) —&—FMRSky} /m
Yo = ko — GAN, Xe = X + X AL — 0.5g AR
Z=7+a,Ah, Z=Z7Z+7ZAh+0.5a, AW*

(144)

where A# is the time step of program execution. The piston
stroke required for the seat velocity to be increased to the floor
velocity can be determined in the system as x. — Z. The seat
will collide with the floor by using a vibration control strategy,
once the piston stroke required x. — Z is greater than the cur-
rently available piston stroke, D". Then the flag is set to 1, and
the controller will switch to the shock controller.

Part 4: When the sensors detect the floor velocity, x., which
is also the excitation velocity, is less than the minimum value,

o, set by the system, the floor velocity can be regarded as zero,
and there is no impact excitation input in the system at this
time. The default value of the flag is set to zero. When the
shock mitigation control ends, the controller is switched to the
vibration controller.

Simulation results show that, under vibration excitation, in
comparison with the passive control and the constant current
control, the vibration control performance of the hybrid con-
trol system improves significantly in the low frequency region,
the resonance region, and the isolation region. Also, the system
can achieve the control objective of soft-landing under impact
excitation and can switch between vibration control and shock
control on time according to working conditions. When multi-
objective control is desired, such as the maximum decelera-
tion threshold or vibration control and shock mitigation con-
trol effects, it can be considered to combine two or more
control methods through reasonable switching algorithms.
Although the system complexity as well as the cost are
increased.

4.3. Other control methods applied to shock mitigation

4.3.1. Skyhook control. Typical controllers including
Skyhook and PID controllers are widely used in various
vibration controls based on MR fluids and MR elastomers
and have been proven to be a simple and low-cost solution
in the field of vibration control. At present, several research
teams have applied the Skyhook controller to the MR shock
mitigation control system. Han et al (2018) designed and
manufactured an MREA for the aircraft landing gear, and
a modified Skyhook controller was adopted in this MREA.
The dynamic model of the MR aircraft landing gear system
is shown in figure 27. The controllable MREA force of the
Skyhook controller, Fpgsky » can be expressed as:

Catyko, ifiote > Oandi, — i >0,

Fyreky = { 0, ifxexe <Oorx,—x. <0 (145)
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Figure 27. Dynamic model of the MR landing gear system.

where X, is the sinking velocity of the airplane mass; X is the
descending velocity of the landing gear wheel.

In the shock mitigation control system of aircraft land-
ing gears, the aircraft mass is used as the payload, and the
impact excitation is input to the aircraft mass from the wheels.
To ensure a smooth landing process, a larger total MREA
force is required to absorb the impact energy when the air-
craft mass compresses the MREA, while a smaller total MREA
force is required to keep the tire grip in the rebound process
by increasing the contact between the tire and the ground.
When the aircraft mass and the wheels move in opposite direc-
tions, the MREA is in the rebound state, and the controllable
MREA force provided by the MREA is zero. When the air-
plane mass and the wheels move in the same direction if the
sinking velocity of the aircraft mass is greater than the velocity
of the wheel, MREA needs to provide a larger MREA force
to attenuate the vibration of the aircraft mass, and the output
controllable MREA force is Cgyo; if the sinking velocity of
the airplane mass is lower than the velocity of the wheel, the
smaller total MREA force helps to reduce the vibration trans-
mitted from the wheel to the aircraft mass, and the controllable
MREA force provided by the MREA is zero.

For the system of aircraft landing gears, the energy absorp-
tion efficiency is often used as an evaluation index of the
shock mitigation control performance, and the peak acceler-
ation transmitted to the aircraft mass can be used as another
evaluation index to evaluate the shock mitigation control per-
formance. Energy absorption efficiency refers to the ratio of
the area enclosed by the MREA force—displacement curve to
the product of the maximum MREA force and the maximum
piston stroke, which reflects how much the control method can
make full use of the energy absorption capacity of MREAs.
Energy absorption efficiency, 7efficiency, can be expressed as:

f F total dxp

JFoady, 146
Tefficie Ccy (D . F[otalmax) ( )
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Figure 28. Dynamic model of the SDOF shock and vibration
control system.

where Fiouimax 18 the peak of the MREA force. The higher
the energy absorption efficiency, the lower the impact energy
transmitted to the payload, and the better the protection effect
on the payload.

The 1/2 aircraft model is established for simulation ana-
lysis. The simulation results demonstrate that compared with
the constant current control, the Skyhook control can improve
energy absorption efficiency and reduce the peak acceleration
of the aircraft mass peak by reducing the peak value of the
MREA force.

Bai et al (2017) established a SDOF shock and vibration
control system by using the Skyhook control method, as shown
in figure 28. The peak acceleration was taken as the evaluation
index of the impact mitigation control performance, which
also verified the effectiveness of the Skyhook control method.

For the aircraft landing gear shock mitigation control sys-
tem and the SDOF shock and vibration control system, exper-
imental results have shown that the Skyhook control method
can effectively improve the shock control performance com-
pared with the control method with a fixed applied current.
The defect of the Skyhook control method is that there are dif-
ferent optimal gains for different impact excitations. Taking
the aircraft landing gear as an example, due to the influence
of remaining fuel, number of passengers, and weather con-
ditions, the weight and the sink velocity of the aircraft lie
in a certain range, and different optimal gains correspond-
ing to different landing conditions will fluctuate accordingly.
The conventional Skyhook controller cannot automatically
adjust its gain to different impact excitations, thus new control
methods are needed to enhance the shock mitigation control
performance and finally achieve the control objective of the
soft-landing.

4.3.2. PID control.  Similar to the Skyhook control method,
as a simple and effective control method, the PID control is
widely used in industrial automation. The PID control applied
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Figure 29. Schematic diagram of the hybrid controller for MR landing gear.

in the MR vibration and shock mitigation control system can
be expressed as:

t

upp = Kpe (1) + K; /e (t)dt+ Kp
0

de (1)
dr

(147)

where uppp is the desired MREA force after correcting the
deviation (Choi et al 2016). Equation (147) indicated that the
reasonable selection of Kp, Kj, and Kp for the PID controller
plays an important role in the control performance. The val-
ues of Kp, Ky, and Kp are mainly determined by the trial-and-
error method, and there is no method to prove mathematically
whether the values of Kp, Ky, and Kp values are the optimal
selection.

Hu et al (2012) applied PID control to an MR gun recoil
system, and the maximum stroke of the piston and the peak
MREA force were chosen as the evaluation index of the shock
mitigation control performance. Four sets of Kp, Ky, and Kp
values were selected for prototype experiment, the signific-
ant difference in the stroke of the piston and peak values of
the MREA force indicates that the reasonable selection of
PID control parameters has a significant impact on control
performance. They demonstrated that the PID controller can
provide better control performance than the simple on-off con-
trol or the passive control. However, further improvement in
control performance needs the application of advanced mod-
ern control methods, such as fuzzy control.

4.3.3. Hybrid control with Skyhook controller.  Han et al
(2019) adopted a hybrid controller on the aircraft landing gear
to enhance the effect of shock mitigation control and compared
it with the Skyhook controller. The control schematic of the
hybrid controller is shown in figure 29.

The governing equation of the desired controllable MREA
force, Fumrny » can be expressed as:

FMRhy = FMRforcect + FMRsky (148)

where Furres 18 the reference force; Fyriorcect 18 the control-
lable MREA force generated by the force controller and can
be expressed by Fyrrer — FMRsky-

Developing this control method is mainly to further
improve the efficiency of energy absorption during the shock
mitigation control based on the Skyhook control method.
In the compression process, the desired controllable MREA
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force, Fumrsky, Will quickly reach the first peak with the
increase of piston displacement, decrease with the fur-
ther increase of displacement, and then rise sharply to the
second peak. The sharp change of the desired controllable
MREA force reduces the area enclosed by the MREA force—
displacement curve, thereby reducing the efficiency of energy
absorption.

When the piston displacement is small, the force control-
ler does not work and the Skyhook control method is used
and the desired controllable MREA force equals to Firky-
As the piston displacement increases, the force, Fyrsky, also
increases. When Fyrsky Teaches the first peak point, the value
of the reference force, Fyrret, 1S set as the first peak value of
Fursky- Then, the force controller and the Skyhook controller
start to work and the desired controllable MREA force is set
and kept equal to the value of Furyy. The desired controllable
MREA force follows Fyrny, so that the desired controllable
MREA force remains equal to the first peak point of Fyrsky-
This makes the MREA force—displacement curve more rect-
angular to improve the efficiency of energy absorption.

Han et al (2019) demonstrated that compared with the
Skyhook controller, the hybrid controller could increase the
efficiency of energy absorption of impact mitigation control
while reducing the peak value of total MREA force.

4.3.4. Control method for 100% energy absorption efficiency.

In comparison with the Skyhook control method, Yoon et al
(2020) proposed a control method based on the conservation
of mechanical energy to improve the energy absorption effi-
ciency and further reduce the rate of change of the MREA
force during landing. This control method can achieve good
performance of shock mitigation control under various land-
ing conditions without adjusting the gain.

The sum of potential energy and kinetic energy at the
moment of landing equals to the energy absorbed by the land-
ing gear and tires during landing, and the equation can be
expressed as:

1 Apr P
E (m + me) (Vsink)2 + (m+me)g [(xo *xe) + %0
t
X( VO )1.4 N PO( V() )1.4
Vo —Apr . (xo — Xe) Pr Vo _Apr (Xo - xe)

1
*Xe)‘i’*

% (149)

2.8
X (‘CO Rl ))

Vo — Apr (-’Co — Xe

(
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where m, is the mass of the landing gear; vy is the sink velo-
city of the aircraft each time; the difference between the dis-
placement of the aircraft and the wheel, (x, — x.), is the quant-
ity to be solved and recorded as x.,q, which means that the
piston displacement at the end of the first compression to fully
absorb the impact energy input during landing at the current
sink velocity; k; is equivalent stiffness of the wheel.

Using xenq to solve the desired MREA force, Fy, the solu-
tion process can be expressed as:

) 1.4

Substituting xe,q into equation (150), the desired MREA
force, Fy, is obtained to completely absorb the impact energy
input when the sink velocity is vgnk, and the desired MREA
force, Fy, remains unchanged during the entire compression
process. Because the spring force generated by the accumu-
lator increases with the increase of piston displacement, the
desired controllable MREA force decreases with the increase
of piston displacement.

Yoon et al (2020) showed that, under various simulation
conditions, the control method maintained an energy absorp-
tion efficiency of more than 90%, and the energy absorp-
tion efficiency could reach 97% under specific conditions.
Compared with the Skyhook control method, the efficiency of
energy absorption during landing has been increased by 16%,
and the derivative of the payload acceleration with respect to
time has been reduced by 42%. Thus, the performance has
been significantly improved in the shock mitigation control
system of aircraft landing gears.

Vo

_— (150)
Vo — Aprxend

Fh::AmPO(

4.3.5. Adaptive sliding mode hybrid control.  Luong et al
(2020) proposed an adaptive hybrid controller in sliding mode
to achieve good performance of shock mitigation control for
aircraft landing with different aircraft masses and sink velo-
cities. The adaptive hybrid controller in sliding mode calcu-
lates the desired total MREA force according to the sink velo-
city and aircraft mass and reduces the deviation between the
total MREA force provided by MREAs and the desired total
MREA force. The adaptive hybrid controller in sliding mode
consists of a sliding mode controller that outputs the desired
controllable MREA force and a reference model that generates
a reference value for the displacement of the aircraft mass, as
shown in figures 30 and 31, respectively.
Estimating the mass, 7, of the aircraft landings as:

thotal (g - jé0) dt.
f (g— jéO)Zdt

Combining with the kinematics control expression of the
aircraft, equation (151) is rewritten as:

(151)

}/h:

(m— i) (g — ¥o)°
[(g— jéO)Zdt

ﬁ/l:

(152)

where /m can be expressed by m and X,.
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The Lyapunov function is established using equation (152)
to determine the convergence of the aircraft mass:

2 (g _j&o)z
/(g _XO)zdl

The reference module consists of a Skyhook controller and
a force control module, and the schematic diagram is shown
in figure 31. The relationship between the passive force of
MREAs and the piston stroke, aircraft mass, and sink speed
is measured through experiments which can be used to calcu-
late the target total MREA force, Fiareer, and then the controller
will make the total MREA force track the target total MREA
force. The target total MREA force can be solved according to
the relationship between the passive force of MREAs and the
piston stroke:

—(m — ) <0. (153)

D
fO Fndxp

Flarget = (154)

0~9xpmax,passive
where Xpmax passive 18 the maximum piston stroke during the
process of shock mitigation control with no current input.
When the desired total MREA force is greater than the
passive MREA force, the Skyhook controller determines the
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difference between the desired total MREA force and the pass-
ive MREA force, and the Skyhook gain can be expressed as:

O’ lf Ftarget < F77 |Xp :)'fpis(onmﬂx
Csky = Flarget — F”‘i'p=5‘pismnmax i F S F |
Xolj‘p:’.‘pislonmax ’ target = n jcpz).fpistonmax
(155)
where X,| is the maximum velocity of aircraft mass;

Xp=Xpistonmax

Fy |xp R is the passive MREA force at the maximum velo-
city of aircraft mass.

The desired controllable MREA force of the Skyhook con-
troller can be expressed as:

Caryo, if o Xp >0

Famr = FMRrsky = { 0, ifiyiy<0 (156)

Figure 31 shows the reference module for calculating the
history of the reference signal, xd. The analytical model with
an adaptive hybrid control algorithm is executed before the
landing gear touches down, and this progress depends on the
estimated mass and the sink velocity. The difference between
the displacement, x,, measured by the sensor, and the reference
signal, xg, is calculated as the tracking error, X,, and the process
is shown in figure 30.

Based on the desired controllable MREA force of the
Skyhook controller, the sliding mode controller is used to cor-
rect the desired controllable MREA force. An estimate of the
desired controllable MREA force, FdMR, is calculated with an
estimate of the mass, /1, and an estimate of the total MREA
force, Fiol, as:

Faww =it (2= 38) = (Fow ) (157)

The corrected desired controllable MREA force can be
expressed as:

Famr :{

where Sat(+) is the saturation function; £y = 0.1 is the bound-
ary thickness; k¢ is the discontinuous control gain, which is
selected to satisfy the inequality in equation (159), the sliding
surface, St can be obtained according to equation (160):

Famr — keSat (S¢/&¢),
0,

if Faurip >0

if FdMRij <0 (158)

. 159
kf 2 F total — F total ( )

d)~
Xo

- (160)

Sy = <)\f+

where )y is the slope of the sliding surface line. Luong ef al
(2020) selected the peak actual total MREA force, the max-
imum piston stroke, and the energy absorption efficiency as
evaluation indicators. By using the adaptive hybrid control
method in sliding mode, computer simulation analysis proved
that both the maximum stroke and the peak total MREA force
are reduced under various working conditions and the energy
absorption efficiency is improved. When the aircraft mass m,
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Figure 32. Dynamic model of the 2DOF model of the lander.

is 680 kg and the initial sink velocity is 3.5 m s~!, the peak
total MREA force is reduced from 27.9 kN of the Skyhook
controller to 25.5 kN, the maximum stroke of the piston is
reduced from 0.224 m to 0.220 m, and the energy absorption
efficiency is significantly increased from 86.4% to 96.4%.

4.3.6. Control method based on Lyapunov function.  The
lander used to detect extraterrestrial planets faces the risk of
impact and overturning while landing on the surface of the
planet. Therefore, it is necessary to improve the impact energy
absorption capacity and the landing stability of the landing
gear. Incorporating MREAs is a way to further improve the
performance of the landing gear. Maeda et al (2019) developed
a control method for the MREA semi-active landing gear sys-
tem of a planetary lander to avoid capsizing. Aiming at min-
imizing the derivative of the Lyapunov function with respect
to time, the derived control method based on the 2DOF model
of the lander shown in figure 32 can be expressed as:

R = { Cmax ():CpRW > O)

Cmin (prW < O) (161)
o= { Cmin  (dpLw = 0)

Cmax ().CPL(U < 0)

where cg and ¢ are the damping coefficients of the left and
right MREAs, respectively; xpr and Xy are the piston velocit-
ies of the left and right MREAS, respectively; w is the roll rate
of the lander and takes the counterclockwise direction as the
positive direction. To minimize the derivative of the Lyapunov
function with respect to time, the control method minimizes
the force of the landing gear on the side that touches the ground
first and maximizes the force of the landing gear on the other
side that touches the ground later.

In figure 32, the force, £, is exerted at the point of the lander
via the landing gear from the terrain. Since the damping of
the right landing gear that first touches the slope is reduced to
the minimum, the force, f,, is lower than that of the passive



Smart Mater. Struct. 33 (2024) 033002

Topical Review

honeycomb aluminum structured landing gear, and the con-
traction of the right landing gear is increased to suppress the
rapid change of the attitude of the lander during landing. When
the left landing gear subsequently contacts the slope surface,
because the damping is adjusted to the maximum value, the
force, f,, increases in comparison with the passive landing gear
and reaches the maximum value in the entire control process.
At this time, increasing the force, f;,, is beneficial to increasing
the moment of suppressing rollover and preventing the lander
from rolling over.

The landing process of the lander was simulated by com-
puter, and the prototype experiment was carried out, compared
with the passive MREA, the prototype experiment demon-
strates that the semi-active landing gear system with the pro-
posed control method can reduce the peak roll rate and the
vertical acceleration of the lander when one side of the land-
ing gear contacts for the first time, which solves the rollover
problem of passive honeycomb aluminum structures.

4.3.7. Other control methods.  The controllers based on
fuzzy logic do not require precise analytical models and have
strong robustness to deal with nonlinearity and uncertain sys-
tems. The fuzzy control has been successfully applied in both
low-speed vibration and high-speed shock mitigation control
systems based on MREA.

On the basis of the research of Maeda et al (2019) on a
lander equipped with MREA landing gear, Wang et al (2019)
proposed a new method using the bypass MREA as the main
structure of the landing gear and discussed the feasibility of the
landing gear structure on a heavy-duty lander. Unlike Maeda
et al (2019) who controlled the MREA independently, this
fuzzy controller simultaneously and systematically controls
the MREAS on four landing gears. The acceleration, the deriv-
ative of acceleration with respect to time, the pitch angle, and
the roll angle of the cabin are defined as input values; and the
voltage values of the four MREAs are defined as output values
in this controller, which allows the landing gear to be adapted
to different landing conditions.

When designing a fuzzy controller, it is necessary to first
determine the respective control ranges of input and output,
which is the discourse domain. Subsequently, set appropriate
linguistic variables for each variable. Secondly, select the cor-
responding membership function for each linguistic variable.
Finally, establish the fuzzy control rule to determine the cor-
responding relationship between input and output linguistic
variables.

The fuzzy control rules selected by the fuzzy controller are:
(1) when the acceleration is increasing and less than the set
value, and the derivative of the acceleration with respect to
time is positive, a low voltage is output; (ii) when the acceler-
ation increases and is greater than the set value, and the deriv-
ative of acceleration with respect to time is positive, the output
voltage should be zero; (iii) when the acceleration is decreas-
ing and more than the set value, and the derivative of accelera-
tion with respect to time is negative, the output voltage is zero;
(iv) when the acceleration is less than the set value, and the
derivative of the acceleration with respect to time is negative,

38

the output voltage is high. The core of the fuzzy control rule is
to ensure that the acceleration is as close as possible to the set
value. In addition, the output voltage should also be affected
by the pitch angle and the roll angle of landers to reduce the
acceleration during landing, considering the precondition that
the lander does not roll over.

Simulation results show that compared with the landing
gear with a passive honeycomb aluminum structure, this land-
ing gear can reduce the piston stroke while significantly reduce
the peak deceleration under experimental conditions. The abil-
ity of the lander to land on terrains with large slopes and low
friction coefficients has also been significantly improved.

In the MR shock mitigation control system, fuzzy control
is often used in conjunction with other control methods. Li
et al (2019) proposed an optimal control with a fuzzy com-
pensation method for MREAs in full-scale gun recoil control.
The optimal control needs to solve the desired MREA force
in the process of shock mitigation control using the analytical
model of MREAs. There are certain errors in the analytical
model in describing the nonlinear characteristics of the MREA
in the system at high speeds, for example, in sections 4.2.5
and 4.2.6 the items of passive MREA force in the total MREA
force are regarded as a linear function and a quadratic function
of the piston velocity, respectively. Thus, the accuracy of the
optimal control will be affected by the accuracy of the analyt-
ical model. On the contrary, the output of fuzzy control is only
related to the experimental data, so its accuracy is only affected
by the measurement error of sensors. A reasonable combina-
tion of the two methods can achieve more accurate control of
the total MREA force.

In this control scheme, the main part of the desired MREA
force is output by the optimal controller and corrected by the
fuzzy controller, which reduces the adverse effect on the con-
trol performance caused by the lack of precision in analyt-
ical models or the measurement error of sensors. Although the
fuzzy controller cannot work when the sensor fails, the optimal
controller can still provide the basic desired MREA force for
the system. The control schematic diagram of the controller is
demonstrated in figure 33.

According to figure 33, the governing equation of the
desired controllable MREA force of the optimal controller,
FMRoptimala is:

Fyropimal = Fr — Fro — (kxoo + c1i0 +c2i5)  (162)
where Fy is the ideal MREA force; Fyo is the initial spring
force. The ideal recoil force can be obtained with the soft-
landing conditions:

)
- mxg

Fr =
R™ "D

(163)

where X, is the initial velocity of the barrel.

The barrel displacement and the barrel velocity are taken as
inputs for the fuzzy controller. The range of the barrel velocity
is 0-4 m s™!, and the range of the barrel displacement is 0—
0.2 m. Accordingly, the discourse domain of the barrel velocity
is set as [0, 4], and the discourse domain of barrel displacement
is set as [0, 0.2].
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Figure 33. Schematic diagram of the optimal control with fuzzy compensation.

Using more linguistic variables of input or output can
improve the accuracy of the controller which will lead to bet-
ter buffering performance of the gun recoil system. The input
linguistic variables are designed as seven subsets, which are
denoted by zero small (ZS), zero medium (ZM), zero big (ZB),
medium (M), big small (BS), big medium (BM), and big (B).
The discourse domain of the output current is set as [0, 2].
To obtain a more accurate output value, the output linguistic
variables are designed as nine subsets, which are denoted by
7S, ZM, zero large (ZL), medium small (MS), medium (M),
medium large (ML), large small (LS), large medium (LM), and
large (L). The triangle-shaped function is chosen as the mem-
bership function of the inputs, and the Gaussian function is
chosen as the membership function of the applied current.

The error of the desired total MREA force output by the
optimal control gradually accumulates over time. The control
rule can be expressed as: in the initial stage of the recoil pro-
cess when the barrel displacement is small and the barrel velo-
city is high, the output compensation value, AFmrfuzzy » should
be small; as time goes by, the barrel displacement increases,
the barrel velocity decreases, and the output compensation
value, AFMRriuzzy » should increase gradually.

4.4. Evaluation indexes for shock mitigation control
performance

When designing the MR shock mitigation control system, it
is necessary to evaluate the control performance. The com-
monly used evaluation indicators include energy absorption
efficiency, the derivative of the payload acceleration with
respect to time ‘Jerk’, V-ACR, AVCR, transient transmissibil-
ity, and the energy dissipation ratio.

4.4.1. Energy absorption efficiency. ~ The energy absorption
efficiency refers to the ratio of the integral of the MREA force
Fiora1 With respect to the piston displacement, x;, to the product
of the maximum value of the MREA force, Fiotaimax, and the
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maximum piston stroke, D, during the compression process of
the shock mitigation control. It is defined in equation (146).

The energy absorption efficiency reflects the ability of
MREAs to absorb the impact energy (Yoon and Wereley
2020). The smaller the variations of the MREA force caused
by different piston strokes, the more rectangular the MREA
force—piston displacement curve. Then the higher the effi-
CIency, 7efficiency, the lower the impact energy transmitted to
the payload, and the better the protection effect.

4.4.2. Derivative of payload acceleration with respect to time
Jerk.  The derivative of the payload acceleration with respect
to time is related to the riding comfort of passengers, so it is
often used as an evaluation index for aircraft landing gears and
automobile suspensions. It is defined as:

—Flotal
d( m +g) _ldFtotal

= 164
dr m dt (164)

Xo=

where ¥, is the derivative of the payload acceleration with
respect to time. The smaller the variation of the MREA force
as time passes, the smaller the value of the Jerk. The control
performance of the system can be evaluated by drawing the
time-Jerk curve (Yoon et al 2020).

When optimizing the shock mitigation control system, both
the peak and the average values of the Jerk should be reduced.
Combined with section 4.3.1, the control system should min-
imize the variation of MREA force caused by different pis-
ton strokes as time passes and maximize the energy absorp-
tion efficiency, and at the same time the peak and the average
values of Jerk should be reduced.

4.4.3. V-ACR and AVCR. As two evaluation indexes, V-
ACR and AVCR were proposed by Li er al (2023a) to char-
acterize the stability and the efficiency of the shock mitigation
control process, respectively. The V-ACR ratio is defined as
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the ratio of the payload acceleration to the initial velocity of
the shock excitation:

o ()]

Xe0

V-ACR =

(165)

When using V-ACR to evaluate the control performance,
the ratio of the maximum value to the minimum value during
the shock mitigation process is usually considered. The smal-
ler the ratio is, the smoother the shock mitigation process will
be.

The AVCR is defined as:

).Coma _).Com'n
AVCR = 2220
Xe0Xpu

(166)

where Xomax and Xomin are the maximum and minimum payload
velocities during the shock mitigation control process, respect-
ively; xpq is the stroke utilized by the piston during the shock
mitigation control process. The efficiency of the shock mitig-
ation process is proportional to the AVCR.

4.4.4. Transient transmissibility and energy dissipation ratio.
Mao et al (2023) developed a sliding seat system based on
MREA to reduce the impact loads transmitted to the occu-
pant in the event of longitudinal collisions of the vehicle. The
transient transmissibility and the energy dissipation ratio were
induced to evaluate the protection effect of the sliding seat sys-
tem on the occupant.

The transient transmissibility is used to quantitatively
describe the relationship between the deceleration transmitted
to the payload and the deceleration of the input impact during
the process of shock mitigation. Two forms of transient trans-
missibility were formulated, one is called the peak transient
transmissibility (PTT) and the other is called the average tran-
sient transmissibility (ATT). The PTT is defined as the ratio of
the peak seat deceleration to the peak floor deceleration:

max |X, (7)]

PTT = .
max | ¥, ()]

(167)

The ATT is defined as the ratio of the time averaged seat
deceleration, X,.ayerage, to the time averaged floor deceleration,
Xe-average> Which is expressed as:

ATT — jfo—average )

Xe-average

(168)

The smaller the values of PTT and ATT, the smaller the
proportion of the impact transmitted to the payload, and the
better the control performance of the shock mitigation control
system.

The energy dissipation ratio is defined as the ratio of the
energy dissipated by the MREA during the shock mitigation
process to the initial kinetic energy of the payload (including
the occupant body mass and the seat):

j‘xp(fe)

)
1
2

I .
Ft()la]dxp ‘/;S Ftotalxpdt

1
2
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where t; and f. are the moments when the shock mitigation
process begins and ends, respectively. The higher the energy
dissipation rate, the stronger the ability of the system to absorb
the impact energy, and the better the control performance of
the shock mitigation control system.

4.4.5. Other evaluation indicators.  In the shock mitigation
control process, both the peak value of the MREA force and
the piston stroke are used to compare the performances of
different control methods in the same shock mitigation con-
trol system under the same excitation. For example, Han et al
(2019) compared the proposed hybrid control method with
the Skyhook control method in the simulation process. They
showed that the energy absorption efficiency increased from
88.2% to 94.2%, the peak value of the MREA force decreased
from 22.47 kN to 21.08 kN, and the piston stroke decreased
from 0.2230 m to 0.2216 m, which are used as the basis for
the effectiveness of the proposed hybrid control method based
on the Skyhook control method.

When adjusting the PID controller parameters of the gun
recoil system, Hu et al (2012) also used the reductions in the
peak MREA force and the piston stroke as the rule for adjust-
ing the parameters. After the parameters of the PID controller
were selected, the peak MREA force and the piston strokes
were used to compare the PID controller with the on-off and
the fuzzy controllers.

To evaluate the control performance of the gun recoil sys-
tem, Li et al (2019) proposed the relative time from the start of
the recoil process to the time when the MREA force first drops
to 85% of the peak MREA force, i, the relative displacement
from the start of the recoil process to the displacement where
the MREA force first drops to 85% of the peak MREA force,
X 2, and the relative variation of the MREA force from the peak
MREA force to the end of the recoil process x 3. Among them,
the larger the values of the relative time, x|, and the relat-
ive displacement, x », the smaller the relative variation of the
MREA force, X3, and the better the shock mitigation control
performance.

In addition, the peak deceleration of the payload is also an
important index for evaluating the shock mitigation control
performance. Choi et al (2005) proposed a control method for
the shock mitigation of the helicopter seat shock absorber and
achieved the reduction in peak deceleration as one of the con-
trol objectives.

5. Key issues

To achieve adaptive shock mitigation control using MREA, the
following aspects can be focused on. For the structural design
of MREA, it is necessary to increase the pressure drop due to
the MR yield stress while reduce the viscous pressure drop to
improve the dynamic range and the controllable velocity range
of MREA. This can be achieved by optimizing dimensions of
components including the electromagnetic coil, the MR fluid
gap, and the piston. Increasing the total active MR valve length
or increasing the external magnetic field without magnetic sat-
uration and reducing the fluid velocity in the annular duct
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or valve will be beneficial to improving the performance of
MREAs. For high-speed impact conditions, typical structural
configuration of MREAs used for low-speed vibration condi-
tions may still not meet the performance requirements of shock
mitigation control. Therefore, it is necessary to propose new
MREA structures suitable for high-speed impact conditions
like the internal bypass MREA shown in figure 12. In addi-
tion, the performance of the employed MR fluids in MREA
for the high-speed impact applications should be considered
to achieve high-performance MR control systems.

Due to the high demand for real-time controllability
of the shock mitigation control system under high-speed
impact conditions, the minimization of the response time
of MREA should be considered when designing MREA.
Electromagnetic simulation can be used to verify whether the
response time of MREA meets the requirements. In the future,
quantitative or qualitative research should be conducted on the
relationship between the geometrical dimensions and paramet-
ers of MREAs and response time to optimize the response time
when solving the geometrical dimensions and parameters of
MREA. In order to make the actual mechanical performance
of the designed MREA closer to the expected mechanical per-
formance, the analytical model should take into account the
minor losses and inertia effect of the MR fluid to make the
relationship between geometric dimensions and parameters of
MREAs and MREA force under high-speed impact conditions
closer to the true value. Although there is currently limited
research, unsteady models using non-averaged acceleration
can more accurately describe the mechanical characteristics
of MREA and will become the main research direction in
the future. To more realistically describe the characteristics of
MREA, the analytical model can consider the influence of the
temperature of the MR fluid on the characteristics of the MR
fluid, as well as the local losses that occur on passive fluid
passage.

The research focus in the field of dynamic modeling is
to accurately predict the strong nonlinear characteristics of
MREA under high-speed impact conditions. The commonly
used adaptive neural fuzzy inference system in the field of
dynamic models can predict the nonlinear characteristics well
under high-speed impact conditions, but it requires relatively
high computational resources. It is difficult to convert into an
inverse dynamic model used for the MREA controller. It has
become a limiting factor for MR shock mitigation control per-
formance that the MREA controller can accurately describe
the strong nonlinear characteristics of MREA and has good
real-time performance.

At present, the soft-landing control of SDOF systems is
relatively mature. The soft-landing control of shock mitiga-
tion control systems such as artillery recoil buffer devices, air-
craft landing gears, and landers based on MREA will become
one of the main research directions in the field of MR impact
buffer control in the future. The soft-landing control of artil-
lery/gun recoil systems, aircraft landing gears, and planet-
ary landers based on MREA will become one of the main
research directions in the field of MR shock mitigation con-
trol. For actual shock mitigation control systems, there may be
specific control performance requirements based on specific
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application scenarios. For example, the helicopter seat sus-
pensions emphasize controlling the peak deceleration; the air-
craft landing gears emphasize improving energy absorption
efficiency; the planetary landers emphasize controlling the
roll rate to avoid overturning when landing on a slope, and
some artillery/gun recoil systems need to quickly reduce the
gun body speed to zero to improve the artillery/gun’s firing
rate. How to achieve soft-landing control under the premise
of meeting the control performance requirements of specific
applications will become a research focus to further improve
control effectiveness in the field of control. For highly com-
plex and nonlinear systems, employing control methods based
on artificial intelligence can achieve superior control perform-
ance. Artificial intelligence-based control methods, such as
neural network models, can address challenges in system mod-
eling, thereby facilitating the application of MREA in larger-
scale and more complex shock mitigation control systems with
stronger nonlinear characteristics.

When evaluating the control performance of the MR shock
mitigation control systems, multiple evaluation indicators
such as the impact energy absorption, the stability and the effi-
ciency of the shock mitigation control, and the transmission of
impact loads to payloads should be selected to comprehens-
ively analyze the characteristics of MR shock mitigation con-
trol systems. When optimizing one of the performance eval-
uation indicators according to the demand of a specific MR
shock mitigation control system, it is necessary to avoid the
other performance evaluation indicators being too poor.

6. Conclusions

This paper summarizes the state-of-the-art research in the field
of MR shock mitigations, including the structural design and
optimization of MREAs, the analytical and dynamic models
of MREAs, the control methods of MREAs, and the perform-
ance evaluation. To achieve the best performance of shock mit-
igation controls, MREAs need to be optimized including the
electromagnetic coil, the MR fluid gap, and the piston. Then,
the passive MREA force can be reduced while increasing the
controllable MREA force, and finally, the dynamic range of
MREAs will be widened. The MREA with an internal bypass
design has very good potential as the actuator of MR shock
mitigation control systems because of its excellent properties.
The MREA should be specialized based on the classical struc-
ture arrangement for different applications to enhance the con-
trol performance, and the control objective of the soft-landing
can also be considered in the optimal design of MREAs. In
addition, the inertial effect and minor losses of the MR fluid
should be considered in the analytical model of MREAs at
high flow velocities. To accurately describe the strong hys-
teresis nonlinear characteristics of the MREA force under
high-speed impact conditions, it is appropriate to utilize semi-
empirical models or non-parametric models under high-speed
impact conditions with respect to the prediction accuracy and
the difficulty of parameter identification. The influence of
temperature and other factors on the properties of MR flu-
ids can be also considered to improve the accuracy of the
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analytical model. For MR shock mitigation control sys-
tems put into commercial applications, the characteristics of
MREAs should be accurately predicted by the dynamic model
under high-speed impact conditions, and the computational
demands of the model should be minimized for the MREA
controller. For the shock mitigation control system, the most
ideal control target is the soft-landing in which the velocity of
the control object is exactly reduced to zero when the avail-
able stroke is used up. Next, a series of control algorithms to
achieve the soft-landing are emphasized in SDOF MR shock
mitigation control systems. As the research on the soft-landing
control method develops continuously in SDOF MR shock
mitigation control systems, the soft-landing control of the artil-
lery/gun recoil system, the aircraft landing gear and the plan-
etary lander based on MREAs will become one of the main
directions in the research field of MR shock mitigation con-
trol in the future. Finally, the evaluation indexes of perform-
ance are also reviewed for the current MR shock mitigation
control. Due to the difference in control objectives, different
evaluation indexes are selected for shock mitigation control
systems applied on various occasions.
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