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A vibration control system is put forward using a magnetorheological damper (MRD) and a magnetorheological elastomer (MRE)
connected in series. In order to model the hysteresis of the MRD, a Bouc-Wen model and a corresponding parameter identification
method are developed for the MRD. The experimental results validate the proposed Bouc-Wen model that can predict the hysteretic
behavior of the MRD accurately. The role of the MRE is illustrated by an example of a single degree-of-freedom system. A semiactive
vibration control strategy of the proposed vibration control system is proposed. To validate this new approach, experiments are
conducted and the results highlight significantly improved vibration reduction effect of the proposed vibration control system than

the vibration control system only using the MRD.

1. Introduction

Magnetorheological dampers (MRDs) hold promise for
vibration control since their properties can be adjusted in
real time, and unlike active devices they do not inject energy
into the system being controlled and have relatively low
power requirements. The MRDs, using MR fluids that exhibit
controllable yield characteristics, produces sizeable damping
force for small input current. Being an energy dissipation
device that cannot add mechanical energy to the structural
system, an MR damper is also very stable and fail safe. MR
fluid contains a suspension of iron particles in a carrier fluid
such as oil [1].

The Bouc-Wen model [2] describes the hysteretic behav-
ior of MR dampers except near small velocities. This short-
coming was rectified by Spencer et al. [3] in their modified
Bouc-Wen model, where in additional damping and stiffness
elements were used to model the low-velocity behavior
and the accumulator, respectively, and voltage dependent
parameters were introduced. Dominguez et al. [4] developed
a current-frequency-amplitude dependent Bouc-Wen model
and an identification method. Other damper models include
the phase-transition model of Wang and Kamath [5] and

modified LuGre friction model of Jiménez and Alvarez-Icaza
[6] and Sakai et al. [7].

Various controller designs have been used with MR
dampers. Predicting the applied voltage that produces a
desired damper force is difficult due to the noninvertible
force-voltage dynamics. Hence, different voltage laws have
been considered. Xu and Shen [8] used bistate control
strategies with a Bingham damper model, on-oft current
law, and neural network response prediction. Dyke et al. [9]
implemented acceleration feedback linear quadratic Gaus-
sian (LQG) control, using the modified Bouc-Wen model,
to obtain the desired optimal damper force using measured
accelerations, displacements, and damper force. Based on
the classical sky-hook damping a novel semiactive control
strategy, well suited for use in drive systems, is presented by
Frey et al. [10]. Prabakar et al. [11] applied a half car model for
simulating the semiactive suspension system. They modeled
the parameters of a MRD by the modified Bouc-Wen model
and determined that they fit the hysteretic behavior and
put forward optimal semiactive preview control. Weber [12]
presented a Bouc-Wen model-based control scheme which
allows tracking the desired control force in real-time with
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FIGURE 1: Vibration control system.

magnetorheological (MR) dampers without feedback from a
force sensor.

However, the MRD can only change its damping and
the response time is generally slower than 20 ms which
could make the high-frequency performance of the vibration
control system decrease [9].

Magnetorheological elastomers (MREs), like MR fluids,
exploit magnetic forces between dispersed micron-sized
ferromagnetic particles to produce a material with instanta-
neously adjustable properties. However in MR fluids the par-
ticles are dispersed within a liquid and operate in a postyield
regime, while in MREs the particles are part of a structured
elastomer matrix in a preyield regime [13]. Rigbi did the
earliest work with what could be considered MRE materials
but dealt mainly with the magnetic properties of a strained
isotropic sample [14]. Jolly after considerable experience with
MR fluids developed an anisotropic MRE, where spherical
iron particles were aligned by an external magnetic field into
long parallel chains within the curing rubber [15]. MREs
can be used to make up for the shortcomings of MRDs in
vibration control system due to the adjustable properties of
their stiffness.

The paper is organized as follows. Section 1 contains a
brief introduction, literature review, and aims and scope of
the paper; Section 2 describes a vibration control device using
a MRD and a MRE connected in series; Section 3 describes
the Bocu-Wen model and parameter identification method
for MRDs; a MRE device is put forward in Section 4; a
semiactive vibration control strategy is proposed in Section 5;
Section 6 presents experimental results and discussions,
including comparisons with available results; and Section 7
contains the conclusions and future scope.

2. Vibration Control System

Figure 1 shows a vibration control system using a MRD and
a MRE connected in series. In the design, the MRD is used

to reduce the large-range and low-frequency vibration; the
MRE is used to reduce the small-range and high-frequency
vibration.

The dynamic equation of the vibration control device can
be given by

Mx + Dx + Kx =T fyzp + KoX, @)

where x = [ ! |. The system matrices are

M:[ml O],

D= [ dyre _dMRE] i
0 m,

_dMRE dMRE

K = [kl + kyre _kMRE] ,
0 ke

k, ¢ X,
fsi) of

where fyrp is the force of the MRD; kyrp and g are the
stiffness and viscous damping coefficient, respectively.

o)

3. MRDs

3.1 Bouc-Wen Model of MRDs. In order to control the force
of the MRD, it is essential to propose a model for MRDs. The
Bouc-Wen model of MRDs is given by [1]

furp = € (i) %+ k() (x —x) + (i) 2 o
3

2= Ak Pilel" -y 1% 12" 'z,

where x and x are the damper displacement and velocity;
z is the Bouc-Wen hysteresis operator; “” at the top of
variables represents the first order derivative of the variables
with respect to time; i is the current applied to the MRD;
k(i) and c(i) are the stiffness and damping function of the
efficient current, respectively; «(i) is function related to the
MR material yield stress; x; is the initial displacement which
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can be measured; A, f3, y, and n are the parameters of the
Bouc-Wen hysteresis operator.

Let h = az. h is the hysteresis force. Equation (3) can be
rewritten as

Surp = ¢ (D) X + k(@) (x - xp) +h, (4)
h=AG) % - BGE) x|h" -y @) x| A" k. (5)

In order to use the Bouc-Wen model given by (4) and
(5) to simulate the hysteretic behaviour of the MRD, the
functions c(i), k(i), A(i), (i), and y(i) and the parameters x,
and 7 need to be identified.

3.2. Parameter Identification Method. The initial displace-
ment x, can be obtained by measuring the displacement of
the rod. Let the current i be a constant. The functions c(i),
k(i), A(i), B(i), and y(i) are the constants ¢, k, A, 5, and
y, respectively. Consider the corresponding forces F, (¢) and
F,(t) from the MRD with two periodical displacements x(t)
and y(t), which are related by

y()=x()+q (6)

where g is a constant. We have
Fo(t)=cx(t) + kx(t) + h, (1), (7)
F, (t) = i, (t) +k [x, (1) +q] + h, (1), (®)

where h,(t) and h,(t) are the hysteresis force. According to
(5) and (6), h(t) = h,(¢).

Consider a set of Ny points (xy, Fyy)s..., (x}, Fyj)s -+
(xn,»Fyn,) in the hysteresis curve force F.(f) against
displacement x(t) determined by (7) and ( Yo E) s
(yj,ij),..., (le,Fle) in the hysteresis curve force F, ()
against displacement y(t) determined by (8). With the least-
squares method, the parameter k is given by

k= w )
14

The Bouc-Wen hysteresis operator given by (5) possesses
the symmetrical characteristic [17, 18]. Therefore, we have [19]

F,; (min) + Ey (max) = ¢ (x]. (min) + x; (max)) W)
+k (x]- (min) + x; (max)) ,

where x(min) and x(max) are the minimum and maximum
value of the displacement x in the jth (j = 1,2,...,N,)
period, respectively; F,;(min) and F, ;(max) are correspond-
ing force; x j(min) and x j(max) are corresponding velocity.

With the least-squares method, the parameter ¢ can be
given by

1 N F,; (min) + F,; (max) — k (xj (min) + x; (max))

Czﬁzz

j=1

X; (min) + X; (max)

(11)

3
According to (6), we have
e VY PEYCTS) | PN
where
wo-fy o
According to (4), the hysteresis operator can be written as
h,=F, —kx —cx. (14)
Let h, = 0. According to (14), we have
F,—kx—-cx=0. (15)

Assume that (x,, F,) is the solution of (15). According to (12)
and (14), we have

dh dF 1
A= —= = = -k, —c—.
 lr, x0T (16)
When x(t) > 0, consider aset of points x, ..., Xjpor Xy (j=
1,2,...,N;) in x(t), which ensures that the corresponding
hysteresis displacement h,,..., ..., hy; is larger than zero.
Then (12) can be rewritten as
dh
— =A- h
dx e, (/3 + Y) 1
dh '
— =A- W
&y, (B+y)H; (17)
dh '
— =A- [/
dx - (B+y) N,

Let —( +y) > 0. According to (17), we have
In %

dx

dh

Inl ==

1 ( dx

In %
dx

_A) =nlnh, +In[-(B+7)]

) —A):nlnhj+ln[—(ﬁ+y)] (18)

—A) =nlnhy +In[-(B+y)].



According to (18) and the least-squares method, we have

)

N
. dh
n= <N3ZInhjln(a

j=1

N. N.
3 dh
_Z lnhj]Zi ln( a (19)

j=1

(20)

When %(f) < 0, consider a set of points Xy, .1, ., Un,+j>
XN, (j=1,2,...,N) in x(t), which ensures that the cor-

responding hysteresis displacement hy,,....hxy ... hoy
is larger than zero. Then (12) can be rewritten as
dh "
Bl A B
dh
— =A-(-B+y)h.,; 21
&, (=B +7) by, (21)
dh
— =A-(- [ /AN
dx . ( ﬁ + Y) 2N,
Let 5 —y > 0. According to (21), we have
dh
ln(ax:x —A)znlnhN3+1+ln(ﬂ—y)
In dn ~A)=nlnhy,;+In(B-y) (22)
dx PR 3
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—A) =nlnhyy +In(B-y).
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With the least-squares method, (22) can be rewritten as

B-vy

(23)

According to (20) and (23), the parameters 3 and y are

given by
N, N
1 . dh 2
B= > —exp |:<j_zlln<—dx - —A) —njzllnh])

X (N3)_1]

_n§ In hN3+j> (N3)1}

J=1

(24)

According to (9), (11), (16), (19), and (24), under the
single current, the parameters k, ¢, A, 3, y, and n can
be identified if the periodical displacements x(¢) and y(t)
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FIGURE 2: Photograph of the test setup.

and the corresponding forces x(f) and y(t) are known.
Applying the various currents to the MRD, the corresponding
parameters k, ¢, A, 3, and y can be obtained. With the least-
squares method, the functions c(i), k(i), A(i), (i), and (i)
can be identified.

3.3. Modeling Results. The MRD is subjected to sinusoidal
excitations on an electrohydraulic servo fatigue machine
(type: LEV 150 kN, the W + B GmbH, Switzerland) to validate
the Bouc-Wen model and the corresponding parameter
identification method. The primary components of the test
setup are shown in Figure 1. The fatigue machine has its own
software to collect the data from the data card and use them
to plot force versus displacement and force versus velocity
graphs for each test. A programmable power (type 1T6122,
the ITECH Electronic Co, Ltd) supply is used to feed current
to the MRD. The damper is fixed to the machine via grippers
as shown in the Figure 2. The machine excites the damper’s
piston rod sinusoidally, while a load cell measures the force
on the damper and a linear variable displacement transducer
measures the displacement of the piston rod as well as the
relative velocity. Since the identification method uses the
values of the derivatives at some points of the experimental
data, it is necessary to filter the data before applying the
identification algorithm. To this end, a second order filter of
the form wfl/(s2 + 2w, + wi) is used, with & = 0.7 and
w, = 40w, where w, = 2m is the frequency of the input
signal.

A comparison between the predicted responses and the
corresponding experimental data is provided in Figure 3. The
Bouc-Wen model predicts the force-displacement behavior
of the damper well, and it possesses force-velocity behavior
that also closely resembles the experimental data. Therefore,
it is reasonable to believe that the Bouc-Wen model and the
corresponding parameter identification method can predict
the hysteretic behavior of the MRD accurately.
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FIGURE 3: Comparison between the predicted and experimentally
obtained responses for the Bouc-Wen model under a 1 Hz sinusoidal
excitation.

4. MRE Device

The MRE device, which is composed of two MREs, coil and
two magnetic conductors, is shown in Figure 4. The size of
the MRE device can be given by

r; = 3.5mm, r, = 12.7mm,
(25)

ry = 17.7 mm, ry = 21.5mm, I'=3mm.

According to (25), 75 =17 = r; —r3. Therefore, the areas of
two MREs are equal, which can make the magnetic induction
intensity of two MREs be consistent.

So the total area of MREs can be given by

A= n(rf - rf) + n(ri - r§) =936x 10 m’.  (26)

The middle hole with screw can play the roles of fixed and
limited displacement.

The average values of tension/compression modulus and
loss factor with current at different loading frequencies (1 Hz,
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(b) Photograph

F1GURE 4: MRE device.
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FIGURE 5: Average values of the tension/compression modulus and loss factor with the various current at different loading frequencies (1 Hz,

10 Hz, 20 Hz, and 30 Hz).

10 Hz, 20 Hz, and 30 Hz) are shown in Figure 5. E represents
the complex tension/compressive modulus, which can be
expressed as

E=E +iE", (27)

where E' is the storage modulus and E" is the loss modulus.
The loss factor 7 can be expressed as

EII
From Figure 5, we have
A
Kmin = Emin T = 337 x 10°N/m,
(29)
A 5
Kimax = Emax ] = 624X 10°N/m,

where E_; and E, . are the minimum and maximum value

of the storage modulus, respectively; k,;, and k., are the

minimum and maximum value of the stiffness, respectively.
The stiffness and damping of the MRE device can be given

by
k
Fe = ki + K (), dygg = T8, (30)

where K(i) is a stiffness function of the efficient current i.
Observing Figure 5, we have

K (i) = —0.1391i* + 0.7649i. (31)

Figure 6 shows a single-DOF mass-damper-spring semi-
active vibration control system composed of the MRE device
and a mass. Let mass = 5kg. The bode diagram of the system
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FIGURE 6: Single-DOF mass-damper-spring semiactive vibration
control system.
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FIGURE 7: Bode diagram of the system shown in Figure 5 with the
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with the applied various current is shown in Figure 7. From
Figure 7, the vibration characteristics of the system can be
changed by the various currents. Therefore, the MRE device
can reduce vibration when the semiactive vibration control is
proposed.

5. Semiactive Vibration Control Strategy

According to (1), the state-space equation of the system can
be given by

X = AX + B fyrp + Exgs Y = CX, (32)

where

Csky2

Cokyl

FIGURE 8: Sky-hook control model [16].

0 1

;CCZ ) Ao 2x2 2 )

1 -M'K -M;'C

X3

(33)
1

- 0

0351 1

o p I E = 0 R C=

ML Ms_lKo 8

The sky-hook control [10, 20, 21] is widely used semiactive
vibration control. The sky-hook control model of the vibra-
tion control system is shown in Figure 8. From Figure 8 and
according to (32), we have

f MRD

kMRE

Fmax’ xl (xl - xO) >0, Fmax < Cskylxl’
(34)
Cky1X1> X1 (xl - xO) 20, Fmax = Coky1X1>
0, Xy (%, — %) <0,
rkmax’ 562 (xZ_xl)ZO’
Csky2x2 > (X2 - xl) kmax’
Cigp%2 (35)
11—, X% (x,—x;) 20,
Xy =X
Coya X < (2, = x1) Koo
[ Kimin> %, (%, = x;) <0,

where ¢y and ¢, are the sky-hook damped coefficients.



Consider the actual dynamic responses of the system can
be obtained by the sensors. The Bouc-Wen model of the
MRD is computed in real time for the constant currents i =
0,0.1,...,i,,pA for the actual displacement and velocity.
The corresponding estimated forces of the MRD can be
obtained theoretically by calculation. Based on the estimated
forces and the desired control force fyp, the control current
icontrol 18 derived by piecewise linear interpolation [12, 22].
Therefore, (34) can be rewritten as

IMRD

imaxD xl (xl - xO) >0, icontrol > imaxD
(36)

i Xy (%) = %) 20, icgppol < 0

control control max D

0 X (%, — %) <0,

where iy;zpy is the actual control current of the MRD.
According to (30), (31), and (35), the actual control
current of the MRE can be expressed by

IMRE

%y (%, = %) 20,
Coky2 X2 > (%, = xy)
X (kmin +K (imaxE)) ’

max E>

1 Cky2X2 .
=1K 1(#), xz(xz—xl)zo,
CayaXr < (x5 = x7)
><(kmin +K(imaxE))’

0, %, (%, —x,) <0,
(37)

where K™'(k) is the inverse function of K(i), and its value
range is [0 ipayp]5 imax g 1S the maximum control current of
the MRE.

According to (36) and (37), the actual control currents of
the MRD and the MRE can be obtained.

6. Experimental Implementation

In order to experimentally validate the proposed vibration
control system and the semiactive vibration control strategy,
the schematic and photograph of the experimental setup are
shown in Figures 9(a) and 9(b), respectively. According to
Figure 9, the experimental setup is composed of the proposed
vibration control system, accelerometers (type: CA-YD-
109B, range: 0-50 m/s, linearity: 99.8%), charge amplifier
(type 5018, Kistler Corporation), current source (linearity:
99.2%), vibration table (type: MPA407/G334A, force range:
0-6000 kgf, frequency range: 0-2500 Hz, ETS Solutions Ltd),
DSP (type: MS320F2812, TI Corporation), 12 bit A/D, 16 bit
D/A, and data acquisition.

The acceleration responses of the mass 2 of the vibration
control system with different control methods under a 10 Hz

Shock and Vibration

TABLE 1: Acceleration responses of the mass 2.

Vibration excitation ~ Control method ] pax (m/s?) E
Uncontrolled 10.13 5.34
10 Hz Control MRD 3.21 2.56
Control MRD + MRE 2.67 1.69
Uncontrolled 19.5 9.25
40 Hz Control MRD 6.94 4.32
Control MRD + MRE 6.31 2.92
Uncontrolled 29.6 10.25
Nonperiodical Control MRD 12.9 4.83
Control MRD + MRE 9.26 3.58

sinusoidal, 40 Hz sinusoidal, and nonperiodic acceleration
excitations are shown in Figure 10. The uncontrolled method
means that the input currents of both the MRD and the MRE
are zero.

The whole evaluation vibration acceleration response is
defined as

t
E= l\” a? (1) dr, (38)
t \Jo
where a(7) is the acceleration of the mass 2 in the time 7.
According to (38) and Figure 10, responses of the vibra-
tion control system with different control method are listed
in Table1. The acceleration responses of mass 2 dropped
significantly with the semiactive control, which indicates the
vibration control system with the semiactive control strategy
is very effective in reducing the vibration. Interestingly, the
control MRD can effectively reduce the peak acceleration
responses but inspire some of the high-frequency vibrations.
The MRE can not only marginally reduce the amplitude of the
acceleration responses but can also play an important role in
high-frequency vibration reduction. Therefore, MREs can be
used to make up for the shortcomings of MRDs in vibration
control system, which is consistent with the design idea in
Section 2.

7. Conclusions and Future Scope

The vibration control system was put forward using the MRD
and the MRE connected in series. In order to modeling the
hysteresis of the MRD, the Bouc-Wen model and the corre-
sponding parameter identification method were developed
for the MRD. The role of the MRE was illustrated by an
example of a single degree-of-freedom system. the semiactive
vibration control strategy of the proposed vibration control
system was proposed. To validate this new approach, exper-
iments were conducted. The following conclusions can be
drawn.

(1) The experiments results validate the proposed Bouc-
Wen model and the corresponding parameter identi-
fication method can predict the hysteretic behavior of
the MRD accurately.



Shock and Vibration

Vibration
Vibrati excitation
P Spring + MRDI—{ Mass 1 MRE |—3{ Mass 2
Current Current
Accelerometer
source Accelerometer source Accelerometer
A/D D/A A/D ’—) D/A A/D
DSP
Data
acquisition

(a) Schematic diagram

FIGURE 9: Experimental setup.
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(2) The vibration control system with the semiactive
control strategy is very effective in reducing the
vibration.

(3) The MRD can reduce the large-range and low-
frequency vibration and the MRE can reduce the
small-range and high-frequency vibration.

According to the above conclusions, the future work
involves.

(1) researching their applications, such as suspension
system

(2) researching the vibration control system using the
MRD and the MRE connected in parallel.
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