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*e magnetorheological elastomer (MRE) is a smart material widely used in recent vibration systems. A system using these
materials often faces difficulties designing the controller such as unknown parameters, hysteresis state, and input constraints.
First, a model is designed for the MRE-based absorber to portray the behavior of MRE and predict the appropriate electric current
supplied. *e conventional adaptive controller often suffers from so-called control singularities. *e singularity-free adaptive
controller is proposed to eliminate the singularity with parametric uncertainty. *e proposed controller consists of four
components: an adaptive linearizing controller, a deputy adaptive neural network controller, an auxiliary part designed for the
controller to overcome the input constraint problem, and a smooth switching algorithm used to exchange the takeover rights of
the two controllers. Moreover, the controller is designed to obtain the stabilization of hysteretic state estimation for the vibration
system. *e adaptive algorithms are proposed to update the unknown system parameters and to observe the unmeasurable
hysteretic state. Meanwhile, closed-loop system stability is comprehensively assessed. Finally, the simulation performed on a
quarter-car suspension with an MRE-based absorber shows the proposed controller’s efficiency.

1. Introduction

Semiactive vibrating systems using magnetorheological
materials have become well known. In particular, the
magnetorheological elastomers (MREs) used in semiactive
controls have recently emerged as a new material for vi-
bration control [1, 2]. *e system can change the natural
frequency by varying the stiffness of the material. *ese
properties are attractive for many engineering applications
such as vibration isolators and vibration absorbers [3–5]. For
example, Gao et al. used the MRE as a semiactive vibration
isolator to suppress the vibration [4].*e results showed that
the natural frequency was adjustable by 3.9Hz. *is study
introduces the MRE-based absorber to reduce the suspen-
sion system’s vibration caused by road irregularities and
onboard engines. Using the MREs, the system can adjust its
own frequency to avoid resonances for different types of
road and engine speeds. It is expected that the MRE-based
absorber overcomes the limitations of theMR damper.*ere

are manymethods proposed to represent material properties
in recent years [6–10]. Optimization algorithms are an ef-
fective method to determine model parameters. An inno-
vative nonlinear model has been proposed for MRE, and an
improved PSO algorithm has been designed to estimate the
model’s parameters [7]. An extreme machine learning
method was proposed to predict the device’s nonlinear
(shear force) responses with applied current, displacement,
and velocity level. *e new swarm optimization method,
called a binary coded discrete cat, was applied to select the
optimal input and the number of neurons in the hidden layer
for the network development [8]. *e fruit fly optimization
algorithm was used to determine the model parameters. A
three-story standard building model under four standard
earthquake excitations was tested to evaluate the model’s
effectiveness [9]. Artificial intelligence approaches, including
linear and nonlinear regression analysis, adaptive neural
fuzzy inference systems (ANFIS), and artificial neural net-
work (ANN) techniques, are highly reliable methods for
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predicting various nonlinear properties, which have been
comprehensively analyzed in [10].

*e MRE-based device needs a suitable controller to
achieve efficiency in the vibration system. *e vibration
system using an MRE-based absorber is as effective as an
active system without the need for large energy. In [11–15],
semiactive controllers have been widely used in vibration
systems, such as the sky-hook, ground-hook, fuzzy clipped
on-off, and LPV approaches. *ese controllers do not
consider the system’s dynamics, so the controller does not
guarantee stability in some cases. Many modern controllers
have been proposed for the semiactive system, such as
optimal control, adaptive control, and robust linear con-
troller [16–18]. *e adaptive control strategies ensure as-
ymptotic stability with a small gain. However, singularities
can occur, which causes a tremendous control force in these
controllers. A common remedy is to limit the estimated
parameter to a compact set with no specified singularity.*e
system parameters were bounded by the maximum and
minimum values to ensure that the singularity does not
occur [19, 20]. In recent years, adaptive intelligent control
algorithms have achieved high efficiency in controlling
complex, time-varying, and highly nonlinear civil structures
[21]. *ese algorithms mainly work on the principles of soft
computing methods and artificial intelligence. *e adaptive
neural network (ANN) controller has recently achieved high
efficiency in controlling the system with unknown dynamics
[22]. Optimization associated with multiple control devices
is considered a difficult task. Rashid et al. [23] proposed an
adaptive algorithm based on acceleration response com-
bined with a displacement optimization algorithm for 5-
stage steel frames. However, the ANN controller often re-
quires large amounts of computation. *e unknown dy-
namics have been approximated by the radial basis function
where the weights are optimal. However, this method cannot
identify the parameters of the system such as mass, stiffness,
and damping coefficient. *erefore, control strategies
encompassing all the aforementioned controller’s advan-
tages and eliminating drawbacks should be designed to yield
high-quality performance.

*e major challenge with the semiactive device is the
control force limitation and hysteresis state. *e force con-
straint is a complicated problem because the maximum force
value depends on the displacement and velocity value.
Consequently, the actuator is inadequate in the controller
requirements. Actuator limitations need special attention in
the controller design. Recent studies have also mentioned this
problem in engineering systems [24]. Hysteresis is a funda-
mental phenomenon in engineering.*e semiactive vibration
system usually exhibits a stable hysteretic state. *e
Bouc–Wen hysteresis model (BWM) is widely used to rep-
resent the properties of MR materials which have attracted
researchers to develop intelligent vibration systems [25, 26].
*e model is flexible and can be adjusted for different hys-
teretic states. BWM, with its flexibility in shape control, has
been used to describe asymmetric hysteresis loops. *e
parametric modeling approach includes spring, damping, and
Bouc–Wen models represented by a mathematical function.
*e coefficients of this function can be determined by using

an optimization technique. *e parameter values are changed
until the model’s output force closely matches to the ex-
perimental output force. In contrast, nonparametric models
are entirely based on the performance of a specific MR-based
device, such as the neural network model and fuzzy model.
*ese models are more flexible, but the physical relationship
between modal parameters and hysteresis phenomena may
not be explicitly maintained. *ese methods need large
amounts of data and are performed in advance. We introduce
a hysteresis observer to approximate the hysteresis state. *e
developed observer is expected to estimate the hysteresis
quickly. *e observer supports the controller to improve
robustness against unmeasurable hysteresis. For practical
applications, a novel controller is necessary to ensure the
stability of a semiactive system.

In this study, we proposed an innovative control method
to overcome the singularity in the traditional adaptive
controller. *e controller aims to exploit the advantages of
adaptive controllers and neural network controllers and
eliminate the disadvantages of these controllers with a
smooth switching mechanism. Consequently, the denomi-
nator part of the adaptive control formula is absorbed near
zero to eliminate the singularity problem. *e adaptive
controller is temporarily disabled in the event of a singularity
occurring. An adaptive neural network controller is intro-
duced to take over the system to ensure system stability. *e
displacement response converges to zero using the proposed
controller, and the output control value can be remarkably
reduced near the singularity condition. Firstly, a model was
designed for the MRE-based isolator using the Bouc–Wen
model, and an inverse model was developed to predict the
desired current. Next, the ANN controller is used to estimate
the uncertainty nonlinearity, and an adaptive controller
(e.g., sliding adaptive controller) is designed to override the
approximation error. A smooth switching algorithm is in-
troduced to observe the singularity and determine the
control authority between the ANN controller and a con-
ventional adaptive controller.*e new strategy is expected to
avoid singularities, small control force, and fast stability. *e
novel adaptive controller includes five components:

(i) A robust adaptive controller is designed to ensure
system stability.

(ii) An ANN controller is designed as the temporary
controller in the singularity.

(iii) A smooth switching is used to exchange the take-
over rights of the two controllers.

(iv) An auxiliary controller is developed to overcome the
input constraint.

(v) Adaptive laws provide online estimates of the un-
certain parameters without bounds, and a hysteresis
observer is proposed to support the controller.

2. Magnetorheological Elastomer (MRE)

2.1. Model of MRE-Based Absorber. *ree main materials
used to fabricate the MRE samples included the matrix
silicon RTV (68%) of the brand Shin-Etsu, carbon iron
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powder with 20 μm diameter (30%) of the brand BASF SG-
BH, and silicone oil (2%). MRE samples’ fabrication pro-
cedures like natural rubber synthesis consist of mixing,
compressing, molding, and curing. Firstly, these compo-
nents were mixed to form a homogeneous mixture for 12
minutes. *e mixture was placed in a vacuum chamber to
remove air bubbles inside the material for 30 minutes. Fi-
nally, the mixture was vulcanized in a mold under a mag-
netic field or without a magnetic field for 24 hours at room
temperature (26 degrees Celsius). Anisotropic MRE samples
were vulcanized in a magnetic field, while isotropic MRE
samples were vulcanized without a magnetic field. We use
25× 25× 8mm cube samples of MRE materials for the
experiment.

*e MRE-based absorber is used in this study, whose
properties depend on displacement, amplitude, frequency,
and magnetic field. In particular, its stiffness increases
significantly when the applied current is increased. Con-
sequently, the absorber operates efficiently over a wide range
of frequencies presented in the research.

An MRE model is necessary for vibration system design;
the hysteresis force-displacement loop is a major challenge
under different applied currents. In this study, the
Bouc–Wen model was used to present the behavior of MRE
as shown in Figure 1. *e model consists of a Bouc–Wen
component and a Maxwell component. In the Bouc–Wen
model, the evolutionary variable z describes the hysteresis
behavior. *e force of the MRE-based absorber is given by

FMRE � αk0x + c0 _x +(1 − α)k0z, (1)

_z � A _x − β| _x||z|
n− 1

z − c _x|z|
n
, (2)

where the linear stiffness force and purely hysteretic force
are αk0x and (1 − α)k0z, respectively. *e coefficient,

α ∈ (0, 1), represents the linearity level of the loop. *e size
and the shape of the hysteresis loops are determined by
nondimensional parameters A, n, β, and c as shown in
equation (2). *e parameter A has a significant influence on
the force amplitude of the hysteresis, β and c represent the
shape of the hysteresis, and n is the order transition from
linear to nonlinear state that was set to be one to reduce the
amount of computation.

*e variables of the model are approximated under the
input current as follows [27, 28]:

k0 � k0a + k0bI, (3a)

c0 � c0a + c0bI, (3b)

α � αa + abI, (3c)

A � Aa + AbI, (3d)

β � βa + βbI, (3e)

c � ca + cbI. (3f)

*emodel parameters were identified using a numerical
optimization algorithm presented in Figure 2. *e genetic
algorithm is used to optimize the parameters of the
Bouc–Wen model. *e parameters were adjusted to fit the
experimental data. Data were collected in many different
cases (different frequency values, different current values,
and different amplitude values). *e fit values are listed in
Table 1.

*e MRE model, equation (1), is analyzed into three
components: the viscous passive component, the active
component Fa, and nonlinear hysteresis component Φ:

FMRE � αak0ax + coa _x + αak0b + αbk0a( I + αbk0bI
2

 x + c0bI _x +(1 − α)k0z

� αak0ax + coa _x + Fa +Φ,
(4)

where

Fa � αak0b + αbk0a( I + αbk0bI
2

 x + c0bI _x, (5a)

Φ � (1 − α)k0z. (5b)

2.2. Experimental Tests and Validation. An experimental
schematic was set up, as shown in Figure 3. *e shear
displacements were conducted with the sinusoidal function
where the amplitudes were set from 0.4mm to 0.8mm and
the frequencies were adjustable from 1Hz to 20Hz. *e
experiment was performed with various values of amperages
from 0 A to 4 A. *e displacement-force responses are
compared between the measurement data and the numerical
model with different current inputs and at the low-frequency
case (1Hz), as shown in Figure 4(a). In this case, the viscosity

is very low, while the effect of hysteresis is very apparent. It
can be seen that the effect of hysteresis is significant even at
very low frequencies. *e Bouc–Wen model with the ap-
propriate parameters portrays very well the nonlinear
hysteresis behavior. *e viscous behavior was shown when
performed at 10Hz in Figure 4(b). *e hysteresis loops tend
to become elliptic as the applied current increases. Nu-
merical responses and experimental results achieved a good
agreement.*e numerical model still achieves high accuracy
when applying different current levels compared to the
experiments, as shown in Figure 5. Based on the measured
data, the current-dependent Bouc–Wen hysteretic model
has fit the MRE isolator’s dynamic behavior. Because the
thickness of the MRE sample is small (0.8mm), the value of
the performance amplitude is also small. We perform at
medium and large amplitudes according to 0.4mm (5%
shear stress) and 0.8mm (10% shear stress), respectively.*e

Shock and Vibration 3



FMREk0

c0

Bouc-Wen x

Figure 1: Schematic diagram of MRE-based isolator model.
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Figure 3: Experimental schematic for collecting force-displacement data under different current values: (a) schematic; (b) photo.

Table 1: Parameter values of MRE-based absorber using the Bouc–Wen model.

k0a c0a αa Aa βa ca k0b c0b ab Aa βa ca

22 0.05 0.65 2 3.8 − 1 12 0.01 0.05 0.2 0.33 0.3

4 Shock and Vibration



isolator can perform up to 14% shear stress [14]. In the case
of large amplitude performance, the MRE material sample
thickness needs to be larger, and the magnetic system also
needs to be enhanced to increase the system’s efficiency.

2.3. Inversed Model. In practical applications, the inversed
model is used to determine the input current/voltage for the
isolator from the control force [17, 18, 29]. From equation (5a)
and Table 1, the active force can be rewritten by variable
amperage:

Fa � αak0b + αbk0a + c0b _x( I + αbk0bx( I
2

� (8.9 + 0.01 _x)I +(0.6x)I
2
.

(6)

It is expected that the active force generated coincides
with the control force, Fa(t) � u(t). *e input current is
solved with the following equation and the electric current
must be positive and I∈[0, 4] ampere:

I
2
(t) +

8.9 + 0.01 _x(t)

0.6x(t)
 I(t) −

u(t)

0.6x(t)
� 0, (7)
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where u(t) is the control force determined by the proposed
controller, x(t) is measured by a displacement sensor, and
velocity, _x(t), is the first derivative of the displacement with
respect to time.

*e experiment was conducted under harmonic exci-
tation. *e applied current was adjusted to different values
within the range of 0–4A. *e displacement data and force
data were inputs of the MRE inverse model, as shown in
Figures 6(a) and 6(b). *e response current of the inverse
model was compared with the measured current to evaluate
the effectiveness of the model, as shown in Figure 6(c). *e
figure shows that the inverse model performed well in de-
termining the current. *e results demonstrate that the
developed inverse model can convert the required control
force into the value of current, which was fed to the MRE-
based isolator.

3. Nonlinear Adaptive Control Design for
Suspension Systems

3.1. A Quarter-Car Model Using MRE-Based Absorber.
We consider the quarter-car model with MR elastomer as
shown in Figure 7, and the system can be given by the
following description.

*e dynamic equations of the suspension system can be
expressed as

ms €xs + cs _xs − _xu(  + ks xs − xu(  + FMRE � 0, (8a)

muxu + cs _xu − _xr(  + ks xu − xs( 

+ku xu − xr(  − FMRE � 0.
(8b)

*e absorber force, FMRE, is modeled by equation (4) by
using the Bouc–Wen model to describe the effect of the
hysteresis, Φ � (1 − α)k0z, AΦ � (1 − α)k0A. Let u � Fa be
a control input, and the sprung mass dynamics system
equation (8a) can be rewritten as

msxs + cs + c0a(  _xs − _xu( 

+ ks + αak0a(  xs − xu(  + u +Φ � 0,
(9a)

_Φ � AΦ _x − β| _x|Φ − c _x|Φ|
1
. (9b)

Assumption 1. *e system parameters ms, ks, and cs are
uncertain and unbound. *e component Φ represents the
unmeasurable hysteresis. *e control input is bounded by
[umin, umax].

Lemma 1 (see [30]). For any ϵ> 0 and η ∈ R, the inequality
is introduced as

0≤ |η| − η tanh
η
ϵ

 ≤ κϵ, (10)

where κ � 0.2785 is the constant. To increase the smoothness
of the system, the function sat(.) is replaced by tanh(.) in the
robust controller.

3.2. Problem Statement. For the semiactive suspension
system, many problems need to be dealt with in the con-
troller design, and in this study, we consider the following
aspects.

(1) Ride Comfort. In semiactive suspension design,
stabilizing the vertical displacement is the main task
in the controller’s design which absorbs the maxi-
mum force of passengers.

(2) Uncertain Parameters. *e system parameters such
as mass, stiffness, and damping coefficient are un-
certain and unbound. Singularity may occur during
parameter adaptation, which can cause enormous
forces or a faulty controller. A new adaptive con-
troller needs to be designed to overcome the issue.

(3) Actuator Saturation. *e control force is just active
in the first and third of the force-displacement
quadrant using anMRE-based absorber.*e value of
the force is also constrained by the maximum value
and the minimum value.

(4) Hysteresis State. Hysteresis is a major problem in the
MR system.*is is a nonmeasurable component that
greatly affects the stability of the system.

3.3. Adaptive Control Design

(a) *e sliding control is defined as

S � _xs + λxs, (11)

where λ> 0 is the gain constant.
*e time derivative of the sliding function S is as
follows:

_S � €xs + λ _xs. (12)

Dynamic system equation (9) is written in terms of S:
_S � − b1u − b1Φ − b2xr − b3 _xr + λxs, (13)

where b1 � 1/ms b2 � 1/ms(ks + αak0a);
b3 � 1/ms(cs + c0a), xr � xs − xu; and _xr � _xs − _xu.
Considering the fact that the system parameters
b1, b2, b3, and ms are unknown in advance, the
hysteresis stateΦ is an unmeasurable component. To
solve this problem, the parameters are estimated
using the controller. *e adaptive control force is
proposed as

u �
1
b1

kS − b2xr − b3 _xr + λxs  − Φ, (14)
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where b1, b2, and b3 are the estimated values of the
unknown model parameters b1, b2, and b3, respec-
tively, and k is a positive constant.
*e controller is a significant dynamic variation in
the plant. When the estimates parameter b1 reach
around zero or b2,

b3 achieve large values, the control
force becomes a large value; if
b1⟶ 0 or b2⟶∞ or b3⟶∞, then u⟶∞.
*is problem will greatly affect the stability of the
system [31].

(b) Adaptive neural network control.
We applied the radial basis function (RBF) neural
network WTZ(S) that can estimate the function
f(S) � b− 1

1 (− b2xr − b3 _xr + λxs) with arbitrary ac-
curacy, such that

b
− 1
1 − b2xr − b3 _xr + λxs(  � W

T
c Z(S) + εc, ∀x ∈ D,

(15)

where Wc � [w1, w2, . . . , wN]T is an optimal con-
stant weight vector, N> 1 is the number of the
neurons, Z(S) � [z1(S), z2(S), . . . , xN(S)]T is the
RBF vector, and εc is error that is optimized by the
vector W.
*e weight vector W is updated to minimize εc on
the compact set D:

W ≔ argmin
W∈R

sup
x∈D

f(S) − W
T
c Z(S)



 . (16)

Assume that εc is bounded by |εc|< ε∗ with ε∗ being
an unknown positive constant. *e Gaussian func-
tion, zi(x), is given by

zi(S) � exp
− S − ci( 

T
S − ci( 

ω2
i

 , (17)

where ci and ωi represent the center and width of the
function, respectively.

*e adaptive neural network controller was designed,
uann, for the nonlinear uncertain part of the suspension
system:

uann � W
T

c Z(S) + εc + kS. (18)

*e controller has a capacity in predicting model
nonsingularities on a compact set D and achieving a good
performance in nonlinear identification. However, the
controller takes up a lot of computation and takes a long
time to process. *e system parameters, such as stiffness,
mass, and damping coefficient, cannot be identified by using
this method.

3.4. Smooth Switching Adaptive Controller. A control
strategy that encompasses all advantages of the controller
mentioned above and eliminates the drawbacks is proposed
in this study.*e block diagram of the controller is shown in

Figure 8. First, the smooth switching algorithm is introduced
in this study to observe the singularity and to determine the
authority of the two above controllers:

η(b) � 1 − exp −
b

δ
 

2
⎛⎝ ⎞⎠, b

� min b1



,
1
b2




,
1
b3





⎧⎪⎨

⎪⎩

⎫⎪⎬

⎪⎭
,∀b1, b2,

b3 ∈ R ,

(19)

where b is the variable that causes the singularity and δ is the
width of the corresponding transition. *e switching al-
gorithm has the following characteristics:

C1.0≤ η(b)≤ 1∀b1 ∈ R, (20a)

C2. lim
b⟶0

η(b) � 0, (20b)

C3. lim
b⟶0

η(b) � 1, (20c)

C4. lim
b1⟶ 0

η(b)

b1
� 0, lim

b2⟶∞
η(b) × b2 

� 0, lim
b3⟶∞

η(b) × b3  � 0.
(20d)

Furthermore, to support the controller, an observer was
developed to estimate the hysteresis state Φ that can be
described by

_Φ � AΦ _x − β| _x| Φ − c _x| Φ| + ϑ, (21)

where ϑ is the observer dynamic component suggested later.
Suppose the observation error is defined as Φ � Φ − Φ, and
the observation misalignment is determined as follows:

_Φ �
_Φ − _Φ � − β|x| Φ − c _x(| Φ| − |Φ|) + ϑ. (22)

A switching adaptive control algorithm is proposed as
follows:

uc � ηua +(1 − η)uann − Φ, (23)

where

ua � b1 
− 1

kS − b2xr − b3 _xr + λxs , (24)

uann � W
T

c Z(S) + εc + kS, (25)

where b1, b2, and b3 are estimated values of the unknown
model parameters b1, b2, and b3, respectively. *e error
responses were defined as b1 � b1 − b1,

b2 � b2 − b2, and
b3 � b3 − b3. *e hysteresis observer Φ is developed for the
proposed controller.

*e force of MRE-based absorber is limited by the
maximum and minimum values [32]. *e input control
force of the system is satisfied with the following
requirements:
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u �

umax if uc > umax

umin if uc < umin

uc if umax < uc < umax

⎧⎪⎪⎨

⎪⎪⎩
, (26)

and

δ �

uc − umax if uc > umax

uc − umin if uc < umin

0 if umax < uc < umax

⎧⎪⎪⎨

⎪⎪⎩
, (27)

where umax and umin are determined by using equation (5a),
umax � Fa(Imax) if Fa > 0, umin � Fa(Imax) if Fa < 0, the di-
rection of Fa depends on xr, δ is the amount of value that
exceeds the limits of the controller, ξ is a regulator to ensure
the system is stable, u is the actual force, and uc is the desired
control force. *e absorber force fails to meet the control
force due to actuator limitations in many cases. In this study,
the following auxiliary design system is proposed to regulate
the phenomenon:

_ξ �

− kλξ −
Sδ +|ξ|

ξ
+ tanh

ξ
ϵ

  |ξ|≥ μ

0 |ξ|≤ μ

,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(28)

where ξ ∈ R is an auxiliary design system state, Kλ ∈ R+, and
μ is a small positive value.

*e auxiliary controller uau that satisfies the constraint of
MRE isolator is added as

uau � − δ − ξ. (29)

Finally, the controller proposed in this study consists of
four components including the adaptive controller ua, the

adaptive neural network controller uann, the auxiliary con-
troller uau, and the smooth switching η(b):

u � ηua +(1 − η)uann + uau − Φ. (30)

*e updated laws for the parameters are proposed as
follows:

_b1 � c1
η
b1

S kS − b2xr − b3 _xr + λxs , (31a)

_b2 � c2ηSxr, (31b)

_b3 � c3ηS _xr, (31c)

_Wc � c4(1 − η)S Z(S), (31d)

_εc � c5(1 − η)S. (31e)

*e dynamic component of the hysteresis state can be
regulated as

ϑ � − c6S. (31f)

Remark 1. Regarding property characteristic C4, we see that
the singularity is eliminated, which means b1⟶ 0,
b2⟶∞, b3⟶∞, lim

b1⟶ 0
η(b)/b1 � 0, lim

b2⟶∞

[η(b) × b2] � 0, and lim
b3⟶∞

[η(b) × b3] � 0. As a result,
adaptive control signal equation (24) and adaptive signal
equation (31a) are bounded. Hence, the singularity is totally
avoided. Furthermore, the smooth switching algorithm
ensures continuous signals.*e chattering is also reduced by
switching.

Adaptive Controller
Eq. (24) Suspension 

system Eq. (8)

MRE-based 
isolator 
Eq. (4) 

Hysteresis
Observer
Eq. (21)

Constraint
Observer

Eq. (26, and 27)

Adaptive law
Eq. 31 (a-e)

Inversed 
model Eq. 

(7)

Observer dynamic
component Eq.

(31f)

Auxilirary
control design

Eq. (28)

u I

ANN Eq. (25)

1

0

Switching Eq. (19)

(1−η)

η
FMRE x, ẋ

Figure 8: Block diagram of the proposed controller.
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4. Stability Analysis

Theorem 1. Consider the vibration system ((8a) and (8b))
with the sliding function given by (9a) and (9b) under the
novel adaptive controller (30) and the updated laws
(31a)–(31e) such that all signals are bounded and the system is
stable.

Proof. Lyapunov function candidate is selected as

V �
1
2
S
2

+
1
2c1

b
2
1 +

1
2c2

b
2
2 +

1
2c3

b
2
3 +

1
2c4

b1
W

2
c

+
1
2c5

b1ε
2
c +

1
2c6

b1
Φ2 +

1
2
b1ξ

2
.

(32)

With the time derivative of Lyapunov function and
application of equation (30), we have

_V � S _S +
1
c1

b1
_b1 +

1
c2

b2
_b2 +

1
c3

b3
_b3 +

1
c4

b1
Wc

_Wc +
1
c5

b1εc
_εc +

1
c6

b1
Φ _Φ + b1ξ _ξ

� S − b1u − b1Φ − b2xr − b3 _xr + λxs  +
1
c1

b1
_b1 +

1
c2

b2
_b2 +

1
c3

b3
_b3 +

1
c4

b1
Wc

_Wc +
1
c5

b1εc
_εc +

1
c6

b1
Φ _Φ + b1ξ _ξ

� S − b1 ηua +(1 − η)uann + uau − Φ  − b1Φ − b2xr − b3 _xr + λxs  +
1
c1

b1
_b1 +

1
c2

b2
_b2 +

1
c3

b3
_b3 +

1
c4

b1
Wc

_Wc +
1
c5

b1εc
_εc

+
1
c6

b1
Φ _Φ + b1ξ _ξ,

(33)

_V � _V1 + _V2 + _V3 + _V4, (34)

where each term on right-hand side of the function is written
explicitly as follows.

We apply the inequality (|Φ| − | Φ|)≤ | Φ − Φ| � | Φ| and
the observer dynamics component equation (31f), ϑ � − c6S,
to V1:

_V1 � Sb1(
Φ − Φ) +

1
c6

b1
Φ _Φ

� b1 S Φ +
1
c6

Φ(− β|x| Φ − cx(| Φ| − |Φ|)) + ϑ 

≤ b1 S Φ −
1
c6

β|x| Φ2 +
1
c6

c|x| Φ2 +
1
c6

Φϑ 

� −
b1

c6
(β − c)|x| Φ2,

(35)
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where b1 > 0, c> 0, β − c> 0 in Table 1. Next, adaptive algorithm equations (31a)–31c are ap-
plied to _V2:

_V2 � ηS − b1ua − b2xr − b3 _xr + λxs(  +
1
c1

b1
_b1 +

1
c2

b2
_b2 +

1
c3

b3
_b3

� ηS − b1 − b1 
1
b1

kS − b2xr − b3 _xr + λxs  − b2xr − b3 _xr + λxs  +
1
c1

b1
_b1 +

1
c2

b2
_b2 +

1
c3

b3
_b3

� − ηkS
2

− ηSxr
b2 − b2  − ηS _xr

b3 − b3  − ηS
b1
b1

ksS − b2xr − b3 _xr + λxs  +
1
c1

b1
_b1 +

1
c2

b2
_b2 +

1
c3

b3
_b3

� − ηkS
2

− b2 ηSxr −
1
c2

_b2  − b3 ηS _xr −
1
c3

_b3  − b1 η b1 
− 1

S ksS − b2xr − b3 _xr + λxs  +
1
c1

_b1 

� − ηkS
2
.

(36)

Adaptive algorithm equations (31d)–31e are applied to
_V3:

_V3 � (1 − η)S − b1uann − b2xr − b3 _xr + λxs(  +
1
c4

Wc
_Wc +

1
c5

εc
_εc

� (1 − η)S − b1
W

T

c Z(z) + εc + kS  − b1 W
T
c Z(z) + εc   +

1
c4

b1
Wc

_Wc +
1
c5

b1εc
_εc

� − (1 − η)b1kS
2

+ b1 (1 − η)S − W
T

c Z(z) + W
T
c Z(z)   + b1 (1 − η)S − εc + εc(   +

1
c4

b1
Wc

_Wc +
1
c5

b1εc
_εc

� − (1 − η)b1kS
2

+ b1
Wc − (1 − η)S Z(z) +

1
c4

_Wc  + b1εc − (1 − η)S +
1
c5

_εc 

� − (1 − η)b1kS
2
.

(37)

*e auxiliary design system equation (29) and Lemma 1
are applied to _V4:

_V4 � − b1Suau + ξ _ξ

� − b1S(− δ − ξ) + b1ξ − kλξ −
Sδ +|ξ|

ξ
+ tanh

ξ
ϵ

  

� − b1kλξ
2

− b1 |ξ| − ξtanh
ξ
ϵ

  

� − b1kλξ
2

− κ,

(38)

where ϵ is a positive constant and κ � 0.2785,
|ξ| − ξ tanh(ξ/ϵ)≤ κϵ.

Applying equations (35)–(38), the derivative Lyapunov
equation (34) is represented as

_V< −
b1

c6
(β − c)|x| Φ2 − ηkS

2
− (1 − η)b1kS

2
− b1kλξ

2
− κϵ< 0.

(39)

*e boundedness of b1,
b2, b3,

Φ, and S is asymptotic to
zero by the Lyapunov stability criterion. *erefore, the
closed-loop system is asymptotically stable. Associated with
Remark 1, all signals are bounded.

5. Simulations

In this section, the system, combined with the proposed
controller, is simulated to reduce the vibration effectiveness.
*e dynamic system’s parameter values are assigned as ms

� 2.45 kg, mu � 1 kg, ks � 900m− 1, cs � 8N sm− 1, kt �

2500N m− 1, and the parameters of MREmodel are shown in
Table 1; the initial state [b1, b2, b3] � [0.01, 0.01, 0.01], and
[xs, _xs, xu, _xu] � [0, 0, 0, 0]. *e coefficients of the
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controller are selected as c1 � 2; c2 � 2; c3 � 2;

c4 � 4; c5 � 4; c6 � 1; λ � 2; and δ � 0.1. Four strategies
have been investigated to evaluate controllers: conventional
adaptive controller, adaptive neural network controller, the
switching adaptive controller (proposed controller), and
passive controller. We used the Runge–Kutta 4th order
method to solve the differential equation.

5.1. Bump Wheel Excitation. *e relative displacement and
mass acceleration responses are depicted in Figure 9 for four
cases including conventional adaptive controller, ANN
controller, proposed controller, and passive system. *e
relative displacement is reduced significantly using the
controllers. *e efficiency is the same for the acceleration
response, as shown in Figure 9(b). Furthermore, the re-
sponse is smoother when it reaches a steady state by using
the proposed controller.

*e switching signal and control forces are shown in
Figures 10 and 11, respectively. *e switching signal indicates
that the adaptive neural network controller takes over in
about 1.5 seconds, and then the adaptive controller gradually
dominates the controller. Figure 11 presents the control force
of the three strategies. From the figure, the proposed con-
troller required a small control effort than the single con-
troller, while the control force jumped to a large value when b1
was near zero using the conventional adaptive controller.

*e adaptive parameters and hysteresis state are shown
in Figures 12 and 13. From the figures, the parameters
achieve a stable state after 2 seconds. *e input current
calculated by using the proposed algorithm is shown in
Figure 14. If the actual force achieves a maximum value, the
applied current is set at four amperages. In other cases, the
inverse model is used to calculate the required current.*ese
results demonstrate that the proposed controller achieves
high efficiency compared to conventional controllers to
reduce system vibration.

5.2. Random Road Displacement. To further validate the
proposed strategy under random excitation, we choose the road
disturbance with an amplitude of 5mm. From Figure 15, we
found that the controllers work well, and themass displacement
responses approach zero quickly. *e proposed controller has
achieved a positive result while avoiding the drawbacks of the
traditional adaptive controllers. *e control force, smooth
switching, hysteresis state, and applied current are also shown in
Figures 16–19.*e force generated by theMRE-based isolator is
compared for different strategies in Figure 16, where the
proposed controller needs a smaller value compared to the other
controllers. At the initial time, the hysteresis value is unknown,
and the measurement is not achievable. Using an adaptive
observer, the value of the hysteresis is estimated and updated
based on the hysteresis dynamics equation (31f). Results are
depicted in Figure 19 after 0.2 seconds to verify the hysteresis
state estimation. *e observer has portrayed well the hysteresis
properties by using the hysteresis state dynamics.

*e efficiency of the proposed controller is based on its
adaptability. In the early stages of the control process, the
adaptive parameters are in a highly dynamic state, so a
singularity phenomenon may occur in this state. *e system
is dominated temporarily by the ANN controller so that the
system works stably and safely. In this stage, the traditional
adaptive controller still works as the virtual controller, and
the parameters are continuously adapted.When the adaptive
values are out of the singularity, the adaptive controller
smoothly takes over the system, and the adaptive values
update to their true values quickly. A smooth switching
algorithm is used to observe the adaptive parameters and
decide which controller takes over the system. *e smooth
switching algorithm has outstanding advantages. When the
signals pass through the singularity, the algorithm can
suppress this phenomenon, and the controller is temporarily
switched to the ANN controller. In this way, the advantages
of a single controller are exploited, and their disadvantages
are eliminated.

2 4 6 8 100
Time [s]

-1.5

-1

-0.5

0

0.5

1

1.5

D
isp

la
ce

m
en

t [
m

m
]

Conventional adaptive
ANN

Proposed
Passive

(a)

4 53
-0.1

0

0.05

2 4 6 8 100
Time [s]

-2

-1

0

1

2

3

Sp
ru

ng
 ac

ce
le

ra
tio

n 
[m

 s-2
]

Conventional adaptive
ANN
Proposed

(b)

Figure 9: *e comparison of sprung mass responses under bump wheel excitation for three different strategies: (a) displacement response
and (b) acceleration response.
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Figure 10: *e smooth switching to take over between the controllers under bump wheel excitation.
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Figure 11: *e comparison of control force for the system with the proposed algorithm.
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Figure 14: Current input for the system with the proposed algorithm.
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Figure 17: *e smooth switching to take over between the controllers under random excitation.
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6. Conclusions

In this study, the Bouc–Wen model was used to represent the
properties of the MRE material. *e inverse model was also
developed to determine the applied current for the MRE-based
isolator. A nonlinear observer was constructed to predict the
unknown hysteresis state, and the input constraint was also
considered to ensure the system’s stability. *e control sin-
gularity was avoided with such an approach, and the transient
behavior improved in the adaptive controller. Based on the
unique characteristics of smooth switching equations (20a)–
20d, the controller requires less force without loss performance
than the single controller.*e proposed controller exploited the
advantages of adaptive controllers and neural network con-
trollers and eliminated the disadvantages of these controllers
with a smooth switching mechanism. Consequently, the de-
nominator part of the adaptive control formula was absorbed
near zero to eliminate the singularity problem. *e proposed
controller overcomes the traditional adaptive controller’s dis-
advantages, including nonsingularity, low control force, and
high stability. *e simulation results have proved the effec-
tiveness of the proposed control algorithm. *e proposed
controller significantly improves the vibration system compared
to the adaptive controller.
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