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An experimental and theoretical analysis of a vibration isolation system that uses magnetorheological (MR)
fluid-based semi-active isolators is presented. In doing so, a vibration isolator that uses MR fluids is designed,
manufactured, and experimentally evaluated. Typically, a Bingham-plastic model, with its accompanying zero
speed force step discontinuity, would be used to model an MR isolator. A new nonlinear model, with simple low-
speed hysteresis characteristics, is proposed to describe the hysteresis force characteristics of the MR isolator.
The damping forces of the MR isolator with different excitation frequency and current input are measured and
compared with that resulting from the hysteresis model for the verification of the theoretical analysis. A vibration
isolation system with the MR isolator is constructed, and its dynamic equation of motion is derived. A simple
skyhook controller is formulated to attenuate the vibration of the system. Controlled performances of the vibration
isolation system are experimentally and theoretically evaluated in the frequency and time domains. A key conclusion
is that a simple model of the low-speed force vs low-speed velocity hysteresis characteristics is necessary for
successful prediction of open- and closed-loop performance in both the time and frequency domains.

Introduction

VIONICS and sensitive instruments in aircraft and heli-
copters work under a high vibratory environment due to en-
gine and transmission vibrations. In particular, military air vehi-
cles are subjected to higher vibration and shock loads due to gun-
fire and quick maneuvers. To cope with such vibration and shock
problems, vibration isolators have been used. Vibration isolators
can isolate systems from various sources, so that systems will
not be exposed to significant dynamic stress and fatigue dam-
age. There are three types of potential vibration isolators: pas-
sive, semi-active, and active. Passive isolators featuring elastomeric
materials and/or hydraulic valves/dampers provide design sim-
plicity and cost-effectiveness.'~> However, performance is lim-
ited because of no controllable damping or stiftness. On the other
hand, active isolators featuring electromagnetic,* servovalve,>® and
piezoceramic’'® actuators may provide high control performance
over a wide frequency range. However, such active isolators require
high-power sources and complex configurations. Recently, to mit-
igate disadvantages of active isolators, semi-active isolators have
been introduced. Among these, we focus on magnetorheological
(MR) fluid-based semi-active isolators. MR isolators are known
to have advantages such as continuously damping force and fast
response. However, MR isolators exhibit nonlinear force hystere-
sis characteristics dependent on excitation frequency and current
input.
The Bingham-plastic model is widely used to evaluate the behav-
ior of MR fluid-based applications because of its simplicity in form.
However, the Bingham-plastic model cannot explain the force vs
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low-speed velocity hysteresis characteristics of MR isolators. There-
fore, anonlinear hysteresis model is needed to capture accurately the
force behavior of MR isolators. For theoretical modeling of nonlin-
ear hysteresis characteristics of MR dampers, several studies have
been reported.”~°

Wereley et al.? proposed the hysteretic bivious model composed
of several piecewise continuous functions. The hysteretic bivious
model captures nonlinear hysteresis characteristics of MR dampers
accurately, but its mathematical form is not so simple. They also
proposed the nonlinear viscoelastic plastic model'~!? that is a
mechanisms-based model closer to physical phenomena. The non-
linear viscoelastic plastic model has seven parameters associated
with preyield mechanisms, postyield mechanisms, and yield force
and shows good accuracy in the capture of the hysteresis behav-
ior of the MR damper. Spencer et al.!* and Dyke et al.'* presented
the Bouc—Wen model for the prediction of the damping force of
electrorheological (ER) or MR dampers. The Bouc—Wen model
needs 14 parameters to describe the hysteresis characteristics, and
its mathematical formulation incorporates strong nonlinear differen-
tial equations. Gavin et al.'® proposed the multivariable curve-fitting
model with Chebyshev and Legendre polynomials. The multivari-
able curve-fitting model shows good ability to predict accurately
the force behavior of ER dampers, but its mathematical formulation
is too complex. Makris et al.'"® proposed the neural network model
to predict the hysteresis characteristics of ER dampers. The neu-
ral network model is combined with the phenomenological model
such as the BingMax model and shows favorable accuracy in the
prediction of the hysteresis response of ER dampers. However, the
neural network model inherently requires somewhat iterative com-
putational calculation for training. Sims et al.'”'® constructed the
spring-mass-damper model for the prediction of the hysteresis be-
havior of ER dampers. The spring-mass-damper model physically
accounts for the dynamic behavior of the damper, but requires more
or less complicated numerical techniques to solve the implicit mo-
tion equations. Choi et al.'” reported the polynomial model that is a
sixth-order polynomial function with seven coefficients. These co-
efficients of the polynomial function were identified along with two
regions: negative and positive accelerations. The polynomial model
captures the hysteresis behavior of ER dampers accurately, but its
mathematical form is a little complex. Hong et al. proposed the hy-
dromechanical model? that is derived from the lumped hydraulic
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components of the ER damper. The hydromechanical model consists
of physically motivated simple parameters such as inertia, damping,
yield force, and compliance associated with ER or MR dampers,
but utilizes a second-order nonlinear differential equation. The hy-
dromechanical model shows good accuracy in the prediction of the
hysteresis characteristics.

These hysteresis models reviewed here can successfully represent
the hysteresis characteristics of ER or MR dampers. However, these
models are difficult to apply directly to control applications because
they are relatively complex as compared to the Bingham-plastic
model, and the hysteresis parameters are not directly correlated with
control current input. Consequently, the main contributions of this
paper are 1) to propose a nonlinear hysteresis MR isolator model
having simplicity and nominal accuracy and 2) to study its impact on
the performance predictions of MR isolators in open- and closed-
loop measurements in both time and frequency domains. This is
done in comparison to the Bingham-plastic model.

In this study, a vibration isolation system that uses MR fluid-
based semi-active isolators is investigated through experimental and
theoretical works. An MR fluid-based vibration isolator used to
cope with the vibration isolation problem of avionic packages is
designed, manufactured, and tested in a single-degree-of-freedom
(SDOF) mount. A new nonlinear hysteresis model with simplicity in
form is proposed to describe the low-speed hysteresis force charac-
teristics of the MR isolator. The damping forces of the MR isolator
with different excitation frequency and current input are measured
and compared with that resulting from the hysteresis model for the
verification of the theoretical analysis. A vibration isolation system
with the MR isolator is then constructed, and its dynamic equation of
motion is derived. From the equation, a simple skyhook controller?!
is formulated to attenuate the vibration of the system. Closed-loop
control performance of the vibration isolation system under constant
current input and simple skyhook controller are experimentally and
theoretically evaluated in the frequency and time domains for both
the Bingham-plastic model and the nonlinear hysteresis model.

MR Vibration Isolators

MR isolators produce a variable damping force in response to
magnetic fields proportional to applied current input. The magni-
tude of the damping force can be continuously controlled by vari-
ation of the current input. Therefore, MR isolators have additional
advantages, such as simple mechanical configuration, other than
continuous force control ability and fast response. The schematic
diagram of an MR isolator designed and manufactured in this study
is shown in Fig. 1. This MR isolator was designed to have the damp-
ing level appropriate to cope with the vibration isolation problem
of avionics packages. To have a lightweight isolator, most compo-
nents of the isolator were manufactured from aluminum, except for
the magnetic activation areas. In addition, the size of the MR iso-
lator is compact: 79 mm in height and 69 mm in outer diameter. A
photograph of the MR isolator is shown in Fig. 2.

Fluid path
Rubber
diaphragm

Piston rod

. Wire coils
Pneumatic

reservoir

Fig. 1 Schematic diagram of MR isolator.
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Fig. 2 Photograph of MR isolator: a) assembly and b) components.
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Fig. 3 Experimental setup for damping force test of MR isolator.

Damping Force Test

For the damping force test of the MR isolator, an experimental
setup is constructed as shown in Fig. 3. The MR isolator is placed
between the load cell and excitation actuator. The load cell is fixed,
and the bottom part of the MR isolator is moved through the exci-
tation actuator. In the absence of current input, the MR isolator just
produces passive damping forces due to fluid viscosity and seal fric-
tion. However, on application of current input to the MR isolator, the
MR isolator produces an additional damping force due to the yield



1246 CHOI, WERELEY, AND JEON

—
wn
<

1.0A

—
(=3
(=]

02A

n
(=] (=)

Damping force [N]
2

-100

1300

4.0Hz

100

50 0 50
Piston velocity [mm/s]

—
W
(=3

1.0A

—
(=3
=3

02A

7
(= (=

Damping force [N]
2

-100
7.0Hz

1200 50, 0 50 100
Piston velocity [mm/s]

—
W
(=

._
IS
S

o
>

02A

7
(= (=

Damping force [N]
2

-100

13000

a)

10.0Hz

50, 0. 50 100
Piston velocity [mm/s]

150
100
—_ 1L.0A
Z
o 50 02A
o
8
=
oo O
8
2
g -50
a
-100 1
4.0Hz
159 -1 0 1 2
Piston displacement [mm]
150

-100}

150, -1 2

Piston displacement [mm]

Damping force [N] _
g o ¢ 8
ol
x
=
T
N

150

100

50

Damping force [N]

-100}

-150,
2

-1 0 1
Piston displacement [mm]
b)

Fig. 4 Experimental results of the MR isolator under different sinusoidal excitations: a) force vs velocity and b) force vs displacement.

stress of the MR fluid. The additional damping force can be continu-
ously controlled according to the applied current input. In this study,
the excitation input used is a sinusoidal excitation with constant dis-
placement amplitude and single excitation frequency. In addition,
in the case of the vibration isolation of the avionics package, the
displacement amplitude of the excitation was nominally as small as
1-2 mm. In this study, the displacement amplitude is 1.3 mm.

The experimental results of the MR isolator are shown in Fig. 4.
The force vs velocity and the force vs displacement plots show
excitation frequencies of 4.0, 7.0, and 10.0 Hz at different current
inputs of 0.2 and 1.0 A. As observed from the force vs velocity plot
in Fig. 4a, the MR isolator shows a hysteresis loop, and its shape
varies according to the excitation frequency and the applied current
input. In particular, the slope of the hysteresis loop goes down as the
excitation frequency increases, but goes up as the applied current
input increases. This is because the yield stress of the MR fluid
weakens at relatively high excitation frequency®? and because MR
fluids produce the yield stress closer to Coulomb friction at relatively
high current input. On the other hand, the shape of the force vs
displacement hysteresis cycle at an excitation of 4 Hz is close to a
rectangular, as shown in Fig. 4b, but, as the excitation increases, the
shape becomes close to a circle. This is a result of the fact that the
slope of the hysteresis loop in the force vs velocity plot decreases.

Theoretical Modeling

We will consider two theoretical models: 1) a Bingham-plastic
model that ignores the preyield compression loop and 2) a nonlinear
hysteresis model. When the Bingham-plastic model?~2 is used, the
damping force of the MR isolator can be expressed as follows:

fd = Cxe + kxe + (fv + ff) Sgn(xe) (1)

Here, f, is the damping force of the MR isolator, c is the viscous
damping, k is the stiffness due to gas, f is the seal friction force,
and f, is the yield force due to MR fluids of which magnitude is
exponentially proportional to applied current input. In addition, x, is
the excitation displacement and sgn(-) is the signum function. The
typical behavior of the Bingham-plastic model in force vs piston
velocity plot is shown schematically in Fig. Sa.

The damping force of the MR isolator can be also expressed by
means of a new nonlinear hysteresis model proposed in this study,
as follows:

fd = cxe + kxe + (fv + ff) tanh[()'ce + )"lxe))"Z] (2)

Here, tanh[-] is the hypertangent function and X, and A, are charac-
teristic parameters of the nonlinear hysteresis model used to capture
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Fig. 5 Typical behavior of theoretical models in force vs piston
velocity plot: a) Bingham-plastic model and b) nonlinear hysteresis
model.

the hysteresis loop. The parameter A; accounts for the width of the
hysteresis loop in force vs piston velocity, and A, accounts for the
slope of the hysteresis loop (Fig. 5b). Note that the larger the pa-
rameter \,, the steeper the slope of the hysteresis loop. To establish
the hysteresis model structure, the parameters A; and A, are identi-
fied by a curve-fitting method. The identified parameters are plotted
over a range of excitation frequency and constant current input, in
Fig. 6. From Fig. 6, the parameters A; and A, are strong functions
of excitation frequency, but weak functions of current input.

Experimental Verifications

Figure 7 presents the damping force vs piston velocity of the MR
isolator. In Fig. 7, the solid line stands for experimental data and
dashed line is theoretical data. The data were collected at the con-
ditions such as an excitation frequency of 5.5 Hz and a constant
current input of 0.4 A. Note that the Bingham-plastic model cannot
capture hysteresis behavior of the MR isolator. However, the non-
linear hysteresis model proposed in this study captures the behavior
relatively well. Note that even though the Bingham-plastic model
cannot capture the hysteresis loop, it can still predict the magnitude
of the damping force. Because of this, the Bingham-plastic model
could be widely used in basic performance predictions of ER/MR
applications.

Figure 8 presents the damping force vs piston velocity at an excita-
tion frequency of 8.5 Hz and constant current inputs of 0.2 and 1.0 A.
As shown in Fig. 8, the nonlinear hysteresis model also captures the
behavior of the MR isolator at different conditions well. Similar
results are obtained at the damping force vs piston displacement
shown in Fig. 9. Therefore, these results show that the nonlinear

a)

0.5

10 .
Frequency [Hz] Current input [A]
b)

Fig. 6 Identified parameters of the nonlinear hysteresis model: a) pa-
rameter \; and b) parameter \,.
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Fig. 7 Damping force vs piston velocity (0.4 A at 5.5 Hz): a) Bingham-
plastic model and b) nonlinear hysteresis model.
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teresis model.

hysteresis model proposed in this study is able to capture the be-
havior of the MR isolator more accurately than the Bingham-plastic
model.

Vibration Isolation System with MR Isolator

‘We now construct a vibration isolation system with the MR isola-
tor to evaluate its controlled performances through experiment and
analysis. In our analysis, the Bingham-plastic and nonlinear hystere-
sis models are still considered. A photograph of the experimental
setup of an SDOF MR vibration isolation system is shown in Fig. 10.
The MR isolator is placed between the system mass and excitation
actuator. To prevent static deflection of the mass, a coil spring is
installed on the MR isolator. The excitation actuator is driven by a
hydraulic power system, and its excitation displacement is measured
by alinear variable differential transformer (LVDT). In addition, the
acceleration of the mass is measured by an accelerometer.

For theoretical analysis, the governing equation of motion of the
MR vibration isolation system can be obtained as follows:

mi =—c(x —y) — (k+k)x —y) — fa 3

Here, m is the system mass, k. is the stiffness of the coil spring, x is
the displacement of the mass, and y is the excitation displacement. In
addition, f;. is the controlled damping force, which can be expressed
by

(fye + fr)sgn(x — ), for Bingham-plastic model
fae = (fye + fr) tanh{[(x — y)
+A1(x — ¥)]r}, for nonlinear hysteresis model
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Fig. 9 Damping force vs piston displacement at the different condi-

tions (0.2 and 1.0 A at 8.5 Hz): a) Bingham-plastic model and b) nonlin-

ear hysteresis model.

Fig. 10 Experimental setup of SDOF vibration isolation system with
the MR isolator.
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Here, f.=«a if is the controlled yield damping force, o and 8 are
characteristic values of MR fluids, and i, is the applied control cur-
rent input. In this study, o and B were chosen as 80.9 and 0.38,
respectively. A simple skyhook control algorithm is adopted to im-
prove the vibration isolation performance of the MR vibration isola-
tion system. From the simple skyhook control algorithm, the control
current input is determined as follows:

X (f—9) >0

o [0.54A, if
“ $(E =) <0

0.04, if 5)
Note that because the MR vibration isolation system is a semi-active-
type control system, the semi-active actuation condition necessary
to ensure the increment of the dissipation energy for the system
was superposed in the Eq. (5) (Refs. 21 and 26-28). In this study,
the system parameters are as follows: m =75 kg, ¢ =425 N - s/m,
k = 1320 N/m, and k. = 37,000 N/m.

Control Performance

Figure 11 presents experimental results of the MR vibration iso-
lation system under the constant current input and the simple sky-
hook controller in the frequency domain. The transmissibility that is
computed from root-mean-square values of the acceleration of the
mass and excitation, is used to predict the performance of the sys-
tem. As shown in Fig. 11a, a constant current input can effectively
control the vibration of the system in the resonance-only region.
Particularly in the higher-frequency region above resonance fre-
quency, constant current input deteriorates the vibration isolation
performance of the system. This is because the excessive damping
in the higher-frequency range has a detrimental effect on the perfor-
mance of the vibration isolation system. However, from Fig. 11b,
the simple skyhook control algorithm can improve the vibration iso-
lation performance of the MR vibration isolation system at above
resonance.

Figure 12 presents theoretical results of the MR vibration isola-
tion system on the basis of the Bingham-plastic model and nonlinear

below
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Fig. 12 Theoretical results of the MR vibration isolation system in frequency domain: a) Bingham-plastic model and b) nonlinear hysteresis model.
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Fig. 13 Theoretical results of the MR vibration isolation system in time domain: a) Bingham-plastic model and b) nonlinear hysteresis model.

hysteresis model in the frequency domain. Note in Fig. 12a that the
Bingham-plastic model does not predict well the vibration isolation
performance of the MR vibration isolation system below crossover.
In contrast, although above crossover the prediction is accurate, the
nonlinear hysteresis model accurately predicts the vibration isola-
tion performance of the system both above and below crossover, as
shown in Fig. 12b.

Figure 13 presents a comparison of experimental and theoretical
results of the MR vibration isolation system in the time domain.
Experimental and theoretical results under constant current input are
shown in Fig. 13a and, for skyhook control input, results are shown
in Fig. 13b. In the controllable cases, control current input is applied
tothe MR isolator at 1.5 s and an excitation frequency of 3.8 Hz. Note
from Fig. 13 that the nonlinear hysteresis model can more accurately
capture the overall behavior of the MR vibration isolation system
than the Bingham-plastic model under both constant and skyhook
control current inputs. In particular, noted that, in the case of the
skyhook control input, the Bingham-plastic model overestimates
the controlled performance of the system.

Conclusions

Experimental and theoretical analysis of a vibration isolation
system that uses MR fluid-based semi-active isolators was pre-
sented under a constant and simple skyhook control algorithm. An
MR vibration isolator applicable to the vibration isolation system for
avionics packages was designed and manufactured in this study. To
describe the practical hysteresis force characteristics of the MR iso-
lator, a new nonlinear hysteresis model, simple in form, is proposed.
The damping forces of the MR isolator with different excitation
frequency and current input are measured and compared with that

resulting from the hysteresis model. It was shown that the nonlinear
hysteresis model could capture the force hysteresis characteristics of
the MR isolator in the presence of current inputs. After that, a vibra-
tion isolation system with the MR isolator was constructed and mod-
eled on the basis of two models, namely, the Bingham-plastic model
and the nonlinear hysteresis model. Controlled performances of the
MR vibration isolation system were experimentally and theoreti-
cally analyzed in the frequency and time domains. It has been de-
monstrated that the vibration isolation performance can be improved
a great deal by the employment of the simple skyhook control algo-
rithm, and that the nonlinear hysteresis model can accurately more
predict the vibration isolation performance than the Bingham-plastic
model in open- and closed-loop time and frequency domains.
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