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Abstract
The purpose of this paper is to demonstrate that vibrations of a truss
structure can be suppressed nicely by a magneto-rheological (MR) fluid
variable damper for semiactive vibration suppression. A variable MR fluid
damper was designed and fabricated for this study. The principal
characteristics of an MR damper were measured in dynamic tests, and a
mathematical model of the damper was proposed. To investigate if the
variable damper effectively suppresses the vibration of actual truss
structures, semiactive vibration suppression experiments were performed
using a cantilevered ten-bay truss beam. The experimental result has shown
that the vibration was suppressed nicely by the variable MR damper, and
that was compared with that of an electro-rheological (ER) damper
investigated in previous research. The MR damper showed a higher
performance than that of the ER damper.

1. Introduction

In a semiactive vibration suppression system, vibration
is suppressed by passive energy dissipation mechanisms.
Therefore, unlike an active system, a semiactive system
is always stable even when the control logic is improper
because of the lack of exact information about the dynamic
characteristics of the structures. The vibration suppression
performance of the semiactive system is also much better than
that of the passive system. The effectiveness of semiactive
systems for space truss structures has been reported in [1–6].

To implement semiactive vibration suppression, we need
to control the state of the structural system by controlling
some devices whose mechanical characteristics are variable.
There are various types of such variable devices including
the following devices. A semiactive variable friction system
that uses piezoelectrics has been described by Onoda et al
[1]. A semiactive stiffness system for the seismic response
control of structures has been investigated by Kobori et al
[7]. A solenoid valve type on–off semiactive fluid viscous
damper has been investigated for seismic response control by
Symans et al [8]. Semiactive systems using smart materials

such as electro-rheological (ER) or magneto-rheological (MR)
fluids whose characteristics can be controlled by the strength
of the electric or magnetic fields have also been investigated
by many researchers. The concept of using ER fluids to
suppress vibration in truss structures has been studied by
Onoda et al [3–5] and Oh et al [6]. Onoda et al [3, 4]
measured the characteristics of a particle-dispersion type of
ER fluid damper for semiactive vibration suppression of truss
structures. Their numerical simulation and experiment results
have demonstrated the effectiveness of semiactive vibration
suppression. To improve the performance of the ER fluid
damper of [3, 4], Onoda et al [5] proposed a method that
exploits a high-frequency vibration of an electrode after
turning off the high voltage to the electrode. They also
confirmed that the proposed method reduced the amplitudes
of the vibrations to a low level. Oh et al [6] measured the
characteristics of a variable damper for semiactive vibration
suppression of truss structures with a liquid-crystal type of
ER fluid, which is a single-phase ER fluid. They also
performed a numerical simulation to compare the effectiveness
of the semiactive vibration suppression using liquid-crystal
and particle-dispersion types of ER fluid damper.
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Figure 1. Cross section of a MR fluid damper (Lb = 70 mm, D1 =
6 mm D2 = 40 mm).

The rheological behaviour of MR fluids is similar to that
of the particle-dispersion type of ER fluid [9]. However, when
compared with the particle-dispersion type of ER fluid, MR
fluids have superior properties in a much wider temperature
range, typically −40 to 150 ◦C [9]. MR fluids have been used
to develop vibration suppression devices [9–12]. Dyke et al
[10] reported that a semiactive system using an MR damper is
quite effective for seismic response reduction over a wide range
of seismic excitations. Lee et al [11] demonstrated the superior
performance of Lyapunov semiactive vibration control with
an MR fluid actuator. Tsuchiya et al [12] reported on an
application study of MR fluids in a small variable-damping
mount intended for precision equipment of automobiles, such
as CD players. Spencer et al [13] proposed a model that can
effectively simulate the behaviour of a typical MR damper
based on a Bouc–Wen hysteresis model.

In this paper, to implement semiactive vibration
suppression of space truss structures, we focus on MR fluids
belonging to a class of smart materials. The purposes of this
research are to investigate the characteristics of an MR fluid
damper, to experimentally demonstrate the effectiveness of the
semiactive damper using the MR fluid and to compare the
effectiveness of the semiactive vibration suppression using
the MR damper and the particle-dispersion type of ER fluid
damper of [3].

2. Semiactive variable damper with MR fluid

Figure 1 shows a cross section of a bellows type of MR fluid
damper composed of two variable volume chambers filled with
MR fluid. The structure of this damper is similar to that of the
ER damper of [3] except that an electromagnet is installed to
apply a magnetic field to the MR fluid in the bottleneck. The
properties of the MR fluid in the bottleneck are varied when the
magnetic field is applied. The MR fluid used in this study is
E-600 fluid (Sigma Hi-Chemical). The electromagnet
fabricated in this study generates a magnetic-flux density of
40 mT at the middle of the gap between N and S poles for an
electric current of 2 A. It responds quickly to the switching
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Amp Function generator

MR damper

N

S

displacement sensor (d)

Figure 2. Experimental set-up for dynamic tests of the MR fluid
damper.
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Figure 3. Elongation–load (d–p) relation measured in dynamic tests
of the MR damper at various constant input magnetic fields H
(exciting frequency = 0.5 Hz).

on and off of the input electric current, within 3 ms, and
the residual magnetic field just after switching off the input
magnetic field is about 2 mT.

We performed dynamic tests of the damper to measure
characteristics of the MR fluid damper. Figure 2 shows a
block diagram for the dynamic tests. A sinusoidal exciting
force was applied by a vibration exciter when the magnetic
field H to the electromagnet was kept constant, and the load
( p) on the damper and the elongation (d ) of the damper were
measured using a load cell and an eddy-current type of non-
contact displacement sensor respectively, as shown in figure 2.
Figure 3 shows some typical examples of the d–p relations
measured in the dynamic tests at an exciting frequency of
0.5 Hz and various constant magnetic fields. When a high
magnetic field is applied to the damper, the stiffness is high
in the low-load range. However, when the load level exceeds
the ‘yielding’ level, the stiffness becomes low, resulting in
a bilinear plot. The stiffness in the load range which is
larger than the ‘yielding’ level is almost identical with that
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Figure 4. Equivalent model of the MR fluid damper.

of 0 mT. The figure also shows that the ‘yielding’ load is
a monotonically increasing function of the applied magnetic
field. These test results show almost the same trend as those
of the ER fluid damper of [4]. This fact indicates that the
characteristics of the MR fluid are essentially similar to those
of the ER fluid, as described in [9].

Based on the test results and the structure of the damper,
we propose a mathematical model for the MR fluid damper,
which has two spring elements k1 and k2, a variable viscous
damping element c, and a variable Coulomb-friction element f,
as shown in figure 4. The spring constant k1 reflects the
compressibility of the fluid in the chamber. The spring
constant k2 reflects the axial stiffness of the bellows and also
includes the spring at the left end of the damper.

In this model, if we assume that the damping force caused
by c is proportional to ė|ė|n−1, the force relation generated by
the device is given by

cė
∣∣ė∣∣n−1 = (g − f̂ ) (1)

f̂




f when f < g

g when −f � g � f

−f when g < −f


 (2)

where e is the elongation between points 2 and 4 of the damper
model. The equation of tensile load g at point 3 of the damper
model is given by

g = p − k2e (3)

where p indicates the tensile load on the damper that was
measured in the tests. The equation of elongation e also can
be derived as

e = d − p/k1 (4)

where d indicates the elongation of the damper that was
measured in the tests.

We have tried to estimate the values of k1, k2, c and f
from the equivalent model and test results. The values of k1

and k2 can be estimated from the slopes of the plots of the
d–p relations as shown in figure 3. When the tensile load g
applied to point 3 in figure 4 is less than the frictional force f,
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Figure 5. Estimated values of c as a function of input magnetic field
and frequency.

only the spring element k1 elongates because the elongation e
between points 3 and 4 in figure 4 is stuck by a larger value
of friction f. Therefore, in the high stiffness region in figure 3
we can estimate the value of k1. When the tensile load g is
larger than the frictional force f, both spring elements k1 and k2

elongate because e starts to slip. Therefore, k1k2/(k1 + k2)

corresponds to the stiffness in the low stiffness region in
figure 3. The values of k1 and k2 are thus estimated to be
222.2 N/mm and 30.57 N/mm, respectively.

The values c and f represent the characteristics of the fluid
in the bottleneck and were numerically determined so as to
minimize a quadratic index J, which is defined as

J (c, f ) ≡
N∑

k=1

(pk − p̃k)
2 (5)

where N is the total number of data used for parameter
estimation, p is the value measured in the tests and p̃ is the
value of p calculated from the measured time history of d, p
and the previously estimated values of k1 and k2, because
the d–p relation can be derived from equations (1)–(4) and
ė = ḋ − ṗ/k1. The values of c and f for each input magnetic
field were estimated from the measured data when the exciting
frequencies were 0.5, 1, 2 and 3 Hz.

Figures 5 and 6 show the estimated values of c and f,
respectively, as a function of excitation frequency for each
input magnetic field H. When the value of n was chosen to be
0.4, the calculated values showed the best agreement with the
measured data for all input magnetic fields. The figures show
that c and f heavily depend on the applied magnetic field H.
They also show that c and f vary slightly at every frequency.
These results suggest that c and f are almost independent of
frequency.

Figure 7 compares the measured values of p with values
of p̃ calculated from the equivalent model of figure 4 with the
estimated parameter values shown in figures 5 and 6, where
the exciting frequency is 0.5 Hz. The calculated values almost
coincide with the measured data for all input magnetic fields.
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Figure 6. Estimated values of f as a function of input magnetic field
and frequency.
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Figure 7. Comparison of measured values of p (exciting
frequency= 0.5 Hz) with the values of p̃ numerically calculated
from the equivalent model as shown in figure 4.

This fact indicates that the mathematical model predicts the
characteristics of the damper very well.

3. Semiactive vibration suppression experiments
with MR damper

To investigate whether the MR damper is actually effective
for semiactive vibration suppression of truss structures, we
performed vibration suppression experiments. Figure 8
shows a block diagram of the vibration suppression
experiments. The truss structure is the same as that used in
[3] except for the addition of the power supply for controlling

displacement
 of tip mass (u)

x

y

z

MR fluid damper

power supply

load on damper  (p)

elongation of damper  (d)processor

on-off signal

string

tip mass

Figure 8. Block diagram for vibration suppression experiments.

the electromagnet. In the experiments, the LQFC-1-b on–off
control law of [3, 4] was adopted. This control law is derived
from the linear quadratic regulator (LQR) control theory and
an equivalent model of the MR damper as shown in figure 4.
If we could directly control the value of e, we could use linear
control logic based on equation (9) of [4]. In the present
system, however, we cannot control the value of e directly.
Therefore, we try to control f such that the absolute value of
e becomes maximum when the sign of e is the same as eT

(the optimal control value of e obtained from LQR control
theory) and such that it becomes minimum otherwise. A
possible control logic for this scheme can be implemented
as the following control law:

f = fmin when geT > 0

f = fmax when geT < 0. (6)

In [4], this control law is referred to as LQFC-1-b.
In the experiment, we tried to control only the first mode

semiactively because, in the case of a space structure, the
first mode vibration is dominant. For simplicity, the tip mass
displacement u was assumed to be proportional to the first
modal displacement. Under this assumption, eT defined by
equation (14) of [4] is proportional to F1u+F2u̇, and g defined
by equation (3) can be estimated from equation (4). Therefore,
the control law equation (6) was implemented in terms of the
measurable variables as follows

H = 0 when {(1 + k2/k1)p − k2d}(F1u + F2u̇) < 0

H = Hmax when {(1 + k2/k1)p − k2d}(F1u + F2u̇) > 0

(7)

Here, the parameter values such as F1 and F2 for the LQR
controller design were numerically obtained; d and u were
measured by using non-contact eddy-current and laser-beam
types of displacement sensors, respectively; p was measured
by using a strain-gauge type of load cell; and the maximum
magnetic field Hmax applied to the electromagnet was 40 mT.
The power supply for the electromagnet was a dc power supply
and it generated a maximum electric current of 2 A.

In the experiments, the tip mass was first displaced in
the x-direction by a certain amount, and then it was freed.
Subsequently, semiactive control was started during the free
vibration of the truss. Figure 9 shows the time histories
obtained from the semiactive control using the MR damper.
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Figure 9. Time histories obtained from the semiactive control of the
truss structure with the MR damper.

u indicates the tip mass displacement of the truss. The time
histories of g and e were calculated from equations (3) and (4).
eT was calculated from F1u + F2u̇. The figure shows that after
the start of the control, the value of e is indirectly controlled
such that its absolute value becomes maximum when its sign
is the same as eT and is otherwise minimum, just as the LQFC-
1-b control law intends. When the magnetic field applied
to the damper decreases, the value of e varies stepwise, and
dissipates energy effectively. Consequently, the vibration is
suppressed to a low level after starting the control.

To compare the vibration performance of the semiactive
system with that of the passive systems, we measured the tip
mass displacement u during free decay vibration of the truss
under various constant input magnetic fields applied to the
MR damper. Figure 10 shows the time history of u for various
constant input magnetic fields. The damping in these cases is
very slow compared with that shown in figure 9.

Figure 11 compares the time histories of u obtained from
the experiments using the ER damper investigated by Onoda
et al [3] with that of the MR damper shown in figure 9.
For this comparison, the experimental results obtained from
the MR and ER dampers are compared under the same
condition that amplitudes at the start of the control are almost
identical. The MR damper suppresses the vibration to a much
smaller level, compared with the ER damper of [3]. Onoda
et al reported the reason for the degradation of vibration
suppression performance of the ER damper as follows. When
the vibration was suppressed to a small level, the load on the
frictional element of the damper model in figure 4 did not
exceed the minimum value of f (fmin, the value of f just after
turning off the input voltage). As a result, e ceased to respond
to turning off the input voltage at 15 s, as shown in figure 11,
and the damper ceased to damp. They also reported that this
value of fmin (≈1.0 N) is substantially larger than the measured
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Figure 10. Time histories of u obtained from the passive MR
damper under various constant input magnetic fields.
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Figure 11. Comparison of the time history of u obtained from
experiments using the ER damper with that of the MR damper.

value f (≈0.3 N) when no voltage is applied to the damper.
These phenomena may be due to microstructures in the ER
fluid that remain around the electrode even after the applied
voltage becomes zero. Using an optical microscope, Onoda
et al [5] observed the behaviour of the microstructure of the
ER fluid between the electrodes just after turning off the input
voltage. Figure 4 of [5] showed that the chains of particles
persisted, even for 2 s after the high voltage to the electrode was
turned off. Figure 12 shows the e–g relation obtained from the
16–21 s time history of the semiactive vibration experiments
with the ER damper shown in figure 14 of [3]. The figure shows
that the damper does not respond to the switching of the input
voltage; that is, the frictional element of the mathematical
model in figure 4 cannot move because of the relatively large
value of fmin even when the input voltages are switched on
and off and e ceases to dissipate energy. From this result we
can see that the value of fmin is about 1.0 N because the value
of g indicates the value of f when the frictional element of
the mathematical model in figure 4 becomes stuck. Figure 13
also shows the e–g relation obtained from the 15–20 s time
history of the semiactive vibration experiments with the MR
damper shown in figure 9. The maximum value of g (≈1.0 N)
is almost the same as that of figure 12. The figure shows that
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Figure 12. e–g relation obtained from the 16–21s time history of
semiactive vibration experiments with the ER damper [3].
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Figure 13. e–g relation obtained from the 15–20 s time history of
semiactive vibration experiments with the MR damper.

the value of e continues to respond to switching on and off, and
it continues to dissipate energy. As a result, the MR damper
suppressed the vibration to a lower level than the ER damper
did. Although it is not shown here, the value of e continued
to respond to switching on and off even when the value of g
decreased to about 0.02N. In other words, the value of fmin

of the MR damper is very small. It seems that there was no
phenomenon such as microstructures remaining in the fluid
just after turning off the control signal, as appeared in the ER
damper. Semiactive vibration suppression with ER and MR
dampers mainly exploits the variation of friction f. Therefore,
fmax/fmin is a key performance parameter. The reason why the
MR damper showed a higher performance when the vibration
was suppressed to a small level is that the value of fmax/fmin

of the MR damper is larger than that of the ER damper.
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Figure 14. Comparison of the performance of the semiactive MR
damper with that of passive systems and the semiactive ER damper.

To compare the vibration suppression performance of the
semiactive systems using MR and ER dampers with that of the
passive systems, we defined a performance index

I =
∫ τ

0

∣∣u∣∣ dt (8)

where τ = 20 s. A low value of I indicates high vibration
suppression performance. Figure 14 shows the I values cal-
culated from the experimental results. The semiactive system
with the MR damper shows much higher performance than
the semiactive system with the ER damper [3] and passive
systems. From these results, we can see that the semiactive
system with the MR fluid damper works nicely for vibration
suppression of the actual truss structures.

4. Conclusion

We fabricated a MR fluid damper for semiactive vibration
suppression and measured its characteristics in dynamic
tests. To investigate the effectiveness of semiactive vibration
suppression with the MR damper, we performed semiactive
vibration suppression experiments of a cantilevered ten-bay
truss beam with the MR damper. The experimental results
have shown that the damping performance of the semiactive
system with the MR damper is much better than that of passive
systems. The experimental results have also shown that the
performance of the MR damper is better than that of the ER
damper [3] when the vibration is suppressed to a small level.
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