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Semiactive Vibration Suppression
with Electrorheological-Fluid Dampers
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Semiactive vibration suppression with electrorheological (ER)-fluid variable dampers is proposed and demon-
strated to be a robust approach to suppressing the vibration of space structures. The principal characteristics of
an ER-fluid variable damper are measured, and a simple mathematical model of the damper is proposed. Based
on the mathematical model of the damper, several semiactive on-off control laws are proposed. Their performance
is investigated through both numerical simulations and experiments of cantilevered truss beams with ER-fluid
variable dampers. Simulation results indicate that most of the proposed laws result in much more effective vi-
bration suppression than is obtained when using an optimally tuned passive system. Under an ill condition, they
are also shown to be much more robust than linear quadratic Gaussian active vibration controls whose vibration
suppression performance is almost the same. A semiactive vibration suppression experiment with a cantilevered
10-bay truss beam demonstrates that vibrations are suppressed effectively by the ER-fluid variable damper.

I. Introduction

CTIVE vibration suppressionis a very attractive and powerful
approach to suppressingthe vibration of space structures.' Al-
though many works on robust control logic have been published, the
technologyis still experiencingproblems with instabilitydue to phe-
nomena such as spillover? especially when the exactdynamic char-
acteristicsof the structuresare notknown. On the otherhand, passive
systems,whose vibrationenergyis dissipatedby structuraldamping,
viscosity,friction,etc., are always stable. Although this robustnessis
a great advantage, passive systems usually have disadvantages with
regard to their damping performance. One attractive approach to
making passive damping systems less disadvantageousis semiac-
tive vibration suppression, or controlling the states of systems such
that their inherent damping performances are enhanced. Because
the semiactive approach suppresses vibration by exploiting passive
energy dissipation mechanisms, systems are stable even when the
control logic is improper as a result of the lack of exact information
about the dynamic characteristicsof the structures. Space structural
systems are required to be extremely reliable, but it is very difficult
to predict the dynamic characteristics of space structures that are
deployed or constructedin orbit. The robust semiactive approaches,
therefore, seem to be especially suitable for space structures.
Several types of semiactive vibration suppressionhave been pro-
posed and studied. For space truss structures, Onoda et al.’> and
Onoda and Minesugi* proposedand investigated vibration suppres-
sionby stiffnesscontrolusing hystereticvariable-stiffnessmembers.
They also proposed to control the friction of variable-friction de-
vices for semiactive vibration suppression of truss structures’ and
tension-stabilized structures.® Semiactive vibration suppression of
truss structures by dashpot-typevariable-viscositydampers has also
been proposed and investigated”
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To implement passive or semiactive vibration suppression, many
researchers have been interested in electrorheological (ER) fluids,
whose damping characteristics vary according to the strength of an
applied electric field.* Many studies on the semiactive approaches
with ER fluid have been reported. Stanway et al.® fabricated a vari-
able damper with ER fluid and investigated its characteristics. They
concludedthat its characteristicscan be roughly represented by vis-
cous plus coulomb friction,althoughit is very complicated. Gavin et
al.!® also measured and modeled detailed characteristics of ER-fluid
dampers. Wang et al.!! proposed and demonstrated a sliding-mode
control scheme for semiactive suppression of single-mode vibra-
tion with an ER-fluid variable damper. For a beam containing ER
fluid, a simpler semiactive control scheme has been proposed and
demonstrated by Choi and Park.'? Onoda et al.'* also fabricated an
ER-fluid damper and performed preliminary analytical and experi-
mental studies of semiactive vibration suppression with it.

This paper, an extension of the preliminary study in Ref. 13, first
describes a variable damper with ER fluid, the characteristics of
the damper, and a simple mathematical model of the damper. Next,
based on the simple mathematical model of the damper, several
control laws for multiple-degree-of-freadlom structures with mul-
tiple dampers are proposed and evaluated by numerical simula-
tions. Finally, an experiment demonstrates the effectiveness of the
scheme for the suppression of multiple-mode vibration of an actual
structure.

II. ER-Fluid Variable Damper

As shown in Fig. 1, the ER-fluid damper'® studied consists of
two variable-volumechambers filled with ER fluid and a bottleneck
connecting them. The damper is sealed with bellows, and the ER
fluid is pressurized by a spring so that it can be used in the vacuum
of a space environment. The characteristics of the ER fluid in the
bottleneck vary according to the voltage applied to the electrode,
thus varying the characteristics of the damper. Because the purpose
of the study is simply to evaluate and demonstrate the concept of
semiactive vibration suppression with the ER-fluid damper, weight
saving is not a consideration in the design and fabrication of this
damper. Some key dimensions are shown in Fig. 1.

The ER fluid used is Bridgestone NS-6, which is a commercially
available fluid consisting of carbonaceous particles in silicone oil.
To reduce fu;,, (which will be defined later), the top fluid from
partially precipitated ER fluid is intentionally used in the following
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Fig. 2 Load-extension relation measured in extension/contraction
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Fig. 3 Effect of extension/contraction rate on the load-elongation re-
lation; 0-kV input, extension rate = 20 and 0.5 mm/min.

tests. Therefore, the concentration of solid in the ER fluid is less
than that in the original NS-6.

To measure the characteristicsof the damper, several constant-rate
extension tests were performed while keeping the input voltage con-
stant. Figure 2 shows the elongation-load relation measured while
repeatingthe constant-rateextensionand contractionat various con-
stant input voltages. Figure 2 shows that the higherthe input voltage
is, the larger the hysteresis is. The plot obtained at each input volt-
age consists of high-stiffness and low-stiffness sections forming a
parallelogram. Each stiffness is almost the same as that obtained at
another input voltage. Figure 3 shows the elongation-load relation
measuredin extension/contractiontests at two extension/contraction
rates when no voltage is applied. Figure 3 shows that the effect of
the extension/contractionrate is small in this case.

Using these data, we can model the damper with two spring el-
ements k; and k,, a viscous damping element ¢, and a variable
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| Fig.4 Mathematical model
of an ER-fluid variable damper.
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coulomb frictional element f (Fig. 4). This model is consistent
with the Bingham fluid characteristics of ER fluid and with the
structure of the damper. Spring constant k; seems to be dominated
by the volume stiffness of the fluid and the chamber, and k, seems
to be dominated by the axial stiffness of the bellows. Because k;
and k, k, / (k| + k;) correspond, respectively,to the stiffnessesin the
high-stiffnessand low-stiffnessranges of Fig. 2, the values of k; and
k, can be estimated as 1.00-1.02 x 10° N/m and 2.2-2.3 x 10* N/m,
respectively, which are almost independent from the input voltage.

The value of ¢ may be too small to be accurately estimated from
the extension/contractiontestresults, but from Fig. 3 we can see that
itis less than 1 x 10> N s/m. Although the values of ¢ may be de-
pendent on the input voltage, its effect on the following semiactive
vibration suppressionis negligible because, as shown later, the ex-
tension/contractionrate of the viscous elementis almost always zero
when ahigh voltageis appliedin the following vibrationsuppression
scheme. Therefore, it is assumed in this investigationto be constant.

From the elongation-load relation obtained in the constant-rate
extension tests, the value of f is estimated as

f =k +k)(p — p2)/ k) — cld]| (1

where p; and p, are the loads at a certain value of elongation in
the low-stiffness range in the extension and contraction processes,
respectively, and d is the extension/contraction rate. The value of
c is assumed to be 1 x 10° N s/m in both cases. Although this
assumption may result in some underestimation of f, the amount
of this underestimation s less than 0.3 N. The estimated value of
f for 0-, 1-, 2-, 3-, and 3.5-kV input voltages are approximately
0.2,0.7,2.7,5.4, and 7.0 N, respectively. The value of f is roughly
proportional to the square of the input voltage rather than the input
voltage. This trend is consistent with Ref. 10 but conflicts with
Ref. 9, whose authors concluded that the input voltage has a much
greatereffecton viscositythanitdoeson coulombfriction. As shown
later, the semiactive control in this paper is limited to the on-off
type. Therefore, only the values of fi.x and fni, are related to the
vibration suppression performance, where f, and f,;, are the
values of f at the maximum and minimum input voltages V;,.x and
Vimin» respectively. The measurement of detailed relation between f
and the input voltage V is out of the scope of this paper. Although
no data are shown, both the ER-fluid damper and the high-voltage
amplifier used in this experiment were confirmed to respond to the
input voltage quickly, within a few milliseconds.

In this discussion, the parameter values such as ki, k;, ¢, and f
have been estimated for the present particular damper. However, it
is clear that the parameter values can be adjusted by selecting proper
dimensional sizes and ER fluid.

III. Equations of Motion
We investigate truss structures with ER-fluid variable dampers,
which are modeled as shown in Fig. 4. The equations of motion of
the structures are written in the physical coordinates as

Mi+Ci+ Kx+HDe=w 2
i — kaie; — fi
é[_ — u when Di — kz,-e,- > f,
Ci
6 = when —fi £ pi—kue; = fi (3)
. i — ke + f;
é; = u when Di — kzt'e,' < _ﬁ
Ci
p=—-DH"x+e) 4)
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where

T ku(EAJD)
b= dlag[kl,- + (EA,-/l,-)} ®

and where x is the displacement vector; M is the mass matrix; C
is the damping matrix; K is the stiffness matrix of the truss whose
frictional elements of dampers are all stuck, i.e., under the condition
ofe; =0; EA; and; are the axial stiffness and the length of the truss
member connected to the ith variable damper, respectively; H is a
matrix composed of directional cosines of the truss members with
the variable dampers; w is the external force vector; e is a vector
composedofe;; e; is the elongationbetween points 2 and 4 in Fig. 4;
p is a vector composed of p;;p; is the tensile load on the damper;
the subscripti (i =1,2,...,n,) denotes the ith variable damper;
and n, is the number of ER-fluid variable dampers.

If we assume a damping ratio ¢ for each mode, Eqgs. (2) and (4)
can be written in the modal coordinates as

G+209%G+ Qg+ dTHDe = oTw 6)
p=—DHTdg+e) (7)

where ¢ is the modal displacement vector;  and '/? are diagonal
matrices composed of ®? and w;, respectively; w? is the ith eigen-
value; ® is a matrix composed of eigenvectorsnormalized such that

TMd =1 ®)
and / is a unit matrix of a proper size.

IV. Semiactive Control Laws

For ease of practical implementation, we assume that the values
of f; are limited to either f,.x Or foin (0 < fiuin < fmax), COITE-
sponding to the maximum and minimum input voltages V,.x and
Vimin» respectively.In other words, the presentinvestigationis limited
to on-off controls.

Maximum Load Friction Control (MLFC)

When the values of ¢ and fu, are zero and fy.y is infinitely
large, the present system becomes identical to the variable stiffness
system studied in Refs. 3 and 4. When the value of f, is zero and
Jmax 18 infinitely large, the present system becomes identical with
an extreme case of the variable damping system’ whose upper limit
of ¢ is infinitely large. Therefore, by analogy with control logic C
of Ref. 3 and maximum load damping control (MLDC) of Ref. 7, a
possible on-off control scheme is as follows: minimize f; when | p; |
is at a maximum, and subsequently maximize f; when |p;| ceases
decreasing. This control law is simple and suitable for distributed
control because only locally available information is required for
the control of each variable damper. In this paper, this control law
is referred to as MLFC.

Linear Quadratic Friction Control-1 (LQFC-1)
When the external force is absent, Eq. (6) can be written as

Z1 = Aizi + Bie 9
where
z=1qg".4"1" (10)
0 1
Al = |: lj| (11)
—-Q -2rQ2
and
B, = 0 12
""" |-®THD 12

If we could directly control the value of e, we could use any linear
control logic based on Eq. (9). For example, the linear quadratic
regulator (LQR) control theory'* tells us that the optimal control
that minimizes

[o¢]
JE/ (2] Riz) + e Rye) dt (13)
0

for given weighting matrices R; and R, is given as

e=er =—Fiz 14)
where F| is the gain matrix given as

F,=R;'Bl P, (15)

and P; is the positive definite solution of the following Riccati
equation:

P\B\R;'BI P, — ATP, — P/A, — R, =0 (16)

In the present system, however, we cannot control the value of

e directly. Therefore, let us control f; such that each element of

e traces the corresponding element of ey as faithfully as possible.

What we can do is prevent the variation of e; by increasing f; when

e; is about to vary away from er; and promote the variation by

decreasing f; when e; is expected to vary toward ez;. Because Eq.

(3) indicates that the sign of ¢; is the same as that of p; — k,;e; when
é; # 0, a possible control logic for this scheme is

Ji = fuin when (pi — kyiei)(eri —e) >0 (17

17

Ji = fmax when (pi — kyiei)(er; —e) <0

Inthis paper, this controllaw is referredto as linear quadraticfriction
control-1-a (LQFC-1-a).

In the LQR control, a large value of e is penalized, as shown in
Eq. (13). In the present system, however, large value of e does not
require large energy, and it is not necessaryto penalize it. Therefore,
better performance may be obtained by controlling f; such that the
absolute value of e; becomes maximum when the sign of ¢; is the
same as that of er; and such that it becomes minimum otherwise.
This strategy can be implemented by the following control law,
which is called LQFC-1-b:

Ji = Juin when (pi — kyie)er; >0
(18)
Ji = Jiax when (pi — kyei)er; <0
LQFC-2
When the external force is absent, Egs. (3) and (6) can be com-
bined and rewritten as

2 = Aszy + By (19)
where
n=4".q" ] (20)
0 1 0
Ay=|-Q -2Q? OTHD @1
0 0 0
0
B,=10 (22)
1
and
i — koier — fi
v = w when pi —kye; > f;
Ci
v; =0 when —fi £ pi—kye < fi (23)
ke :
v = P kiei + fi when pi—kye; < —f
Ci

If we could directly control the value of v without any limitation,
the LQR control logic tells us that v should be controlled such that

v=vr =-—-F2 24)

where F), is the gain matrix given by the LQR theory. This differs
from the preceding case in that we can directly control v by con-
trolling f. However, the value of f; is limited to either f,.x Or fiin-
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Therefore, a possible strategy, similar to LQFC-1, is to select the
value of f; that gives a value of v; closer to vr; than the other value
does, where vr; is the ith element of vector vr. This strategy can be
implemented by

fi = f min when

ﬁ = fﬂl'dX When

where vy; is the value of v; givenby fuin, Vx; is the value of v; given
by fuax, and vy; is an average of vy; and vy;. This control law is
called LQFC-2-a.

In this case also, there is no cost for a large value of v;. Therefore,
another possible approach, similar to LQFC-1-b, is to make the
absolute value of v; maximum when the polarities of v; and vy; are
identical and to make the absolute value of v; minimum otherwise.
Because Eq. (23) indicates that the polarity of v; is identical with
that of p; — ky;e; when v; # 0, this strategy can be implemented by
the following control law:

fi = f min when

ﬁ = fﬂl'dX When

This control law is called LQFC-2-b.

(vri —vai)(ni —va) >0
(25)
(vri — vai)(vyi — V) <0

vri (pi — kyie)) >0
(26)
vri(pi — kyie)) <0

Observer

To actually implement LQFC control laws, modal displacements
and velocities have to be estimated from some measured data. A
standardscheme for estimatingthem is to use the following observer,
which is often used for active control in combination with LQR:

él = Az +Ble+KO(y_C121) 27

where z, is the estimated value of z;, C| is the output matrix, and y
is the output of the sensor. The output is a linear function of z;:

y=Cz; (28)

The observer gain K, that minimizes the estimation error under a
noisy condition is given'* as

Ko = 0Ci v, (29)
where Q is the positive definite solution of
QCTV,'C,Q —AQ— QAT -V, =0 (30)

and V; and V, are intensity matrices of the white noise disturbance
to the structure and white noise in the sensor signal, respectively.
Once z; is obtained, z, (the estimated value of z,) is obtained for
LQFC-2 control laws from Eq. (20) when e is measured. When the
observeris used, Eqs. (14) and (24) are rewritten as

e=er =—F7, (14
and
v=uvr =-F (247

V. Numerical Simulations and Discussions

To investigatethe performancesof the aforementionedsemiactive
schemes with ER-fluid variable dampers, we numerically investi-
gatethe vibrationsuppressionof the cantilevered10-bay trussbeams
shown in Figs. 5. This truss beam basically correspondsto the truss
used for the experiment in Sec. VI. The total length of the truss
beam is 3.8 m, a 2.7-kg mass is mounted at the tip, and a 1.0-kg
mass is mounted at each of the four central nodes of the beam truss.
The axial stiffnessof the truss members are intentionallyreduced by
using plate springs to reduce the natural frequency of the structure
so that a relatively slow processor could control it in the experi-
ment, which will be described in Sec. VI. The axial stiffness of the
longitudinaland lateral members is 1.48 x 10* N, and that of the di-
agonalmembers is 2.00 x 10* N. The mass of each longitudinaland
lateral member is 82 g, and that of each diagonal member is 88 g.
The mass of each node is 21 g. The k; and k, values of the damper
are k;, = 1.05 x 10° N/m and k, =2.5 x 10* N/m, which are almost

% string 5
j (exPerimen%

low-stiffness members
(experiment only)

ER fluid damper

displacement of
central node (u,)

displacement
of tip mass (#,

processor on-off signal

a) Single-damper configuration

elongation of damper (d

truss member with
stiffness uncertainty

variable damper/actuator

point of force application

tip mass
b) Multiple-damper configuration

Fig.5 Cantilevered 10-bay truss beam with variable dampers.

identical to the values measured in Sec. III. The damping ratio ¢
is assumed to be 0.5%. The f,.x of the dampers was assumed to
be 10 N, and f,,;, was assumed to be zero unless otherwise noted.
The damping performance was investigated for various values of c.
In the following numerical simulations, the truss with an ER-fluid
damper is first investigated to clarify the basic behavior, and then
the vibration suppression of a truss with three ER-fluid dampers is
investigated.

Vibration Suppression with a Single Damper

The semiactive vibrationsuppressionof the truss shownin Fig. Sa
was numerically simulated first. All of the vibrationmodes that were
symmetric with respect to the x-z plane were taken into consider-
ation in the simulation, but the other modes were not taken into
account so that the system would be controllable. After the modal
displacements of the first symmetric mode was set to 10 mm kg'/?
and the modal displacements of all of the other modes were set to
zero, the structure was freed, and subsequent vibration was sup-
pressed by the ER-fluid damper with the aforementioned control
laws. In LQFC-1 control laws, matrix R; was set as

Ry =diag(l, 1,..., 1, 1/0}, 1 /w3, ..., 1/a}) (3D
and in LQFC-2 control laws, it was set as

R, =diag(1,1,.... 1,1/}, 1/w3....,1/w. ,0) (32
where n, is the number of controlled modes. In both the LQFC-1
and LQFC-2 control laws, R, was set as

R, =rl (33)

where r, is a constant scalar. For LQFC-1-a, LQFC-1-b, LQFC-2-a,
and LQFC-2-b, the values of r, were setas 1 x 10* kg, 1 x 10° kg, 10
kg s2, and 100 kg s?, respectively. These values roughly minimized

7]
Irms = / (Srms dt (34)
0

throughouta large range of the value of ¢ of the damper, where 8,
is the root mean square of displacements of all of the truss nodes
and 7; = 10 s. The lowest two modes were taken into the account
to design the LQFC control laws, i.e., n. = 2. In this investigation
with single-damper configuration, the observer was not used and
the state vector was assumed to be known.
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Fig. 6 Value of I,y from various semiactive control laws and from
passive systems with various levels of frictional force; single damper,
only the first mode is excited by the initial condition.

Equations of motion in the modal coordinates were numerically
integrated using the Runge-Kutta scheme with the double-precision
option. The time step size for the integrationwas 1 x 10~ s, which
is much smaller than the vibration period of the highestmode (7.4 x
1073 s). When the value of ¢ of the damper was 32 N s/m, which is
the minimum value in the following investigation, the time constant
of the damper, ¢/(k; + k,), became minimum and was 2.5 x 107* s.
Even at this value of ¢, however, the difference between the value
of I, obtained from the numerical simulation with the time step
size of 1 x 10™* s and the value obtained with the time step size
of 2 x 107 s was less than 0.32% in all of the cases other than
MLEFC, and it was less than 3.2% in the MLFC case. Therefore, the
following numerical simulation results seem to be accurate enough
for the present discussion.

Figure 6 shows the values of I,,,; obtained from the various con-
trol laws. Figure 6 also shows the values from the passive system,
whose f and c are constant. The passive system is optimal, i.e., s
from the passive system is minimum, when ¢ =1 x 10* N s/m and
f =0. The values of I,,,; from MLFC, LQFC-1-a, LQFC-1-b, and
LQFC-2-b control laws are 36-65% of that of the optimally tuned
passive system when c is less than approximately 1 x 10° N s/m.
The value obtained from LQFC-2-a is about 58% of that of optimal
passive system when the value of c is in the range of 5 x 10*-1 x 10°
N s/m. Because smaller value of I, indicates higher damping per-
formance, these facts indicate that the damping performances of
the semiactive systems are much better than that of the optimally
tuned passive system and that these semiactive approaches are ef-
fective if the value of ¢ is designed properly. Figure 6 also shows
that the performances of semiactive approaches except for LQFC-
2-a are less sensitive to the variation of ¢ than the optimal passive
systemis.

Figure 7 shows time histories obtained from LQFC-1-b with ¢ =
1 x 10° N s/m. E, denotes the energy stored in the damper and
the truss member on which the damper is installed, and E, denotes
the cumulative energy dissipated by the damper. The value of e is
indirectly controlled such that its absolute value becomes maximum
when its polarity is the same as er and is otherwise minimum,
just as the LQFC-1-b control law intends. In the initial phase, the
value of f is decreased at (or near) the peaks of the first modal
displacement or at the peak of E;. When f is decreased, e varies
stepwise, dissipating energy effectively. As a result, E, decreases
stepwise and E, increases stepwise. The first-mode vibration is,
consequently,suppressed nicely. The second mode is excited by the
control action, but its amplitude is small and it damps out gradually.
The time history of f indicates that the control is devoted to the
suppression of the first-mode vibration before r = 3 s. After r = 8
s, however, when the first-mode vibration has been suppressed, it is
devoted to the suppression of the second-mode vibration.

Figure 8 shows similar time histories for the optimally tuned
passive system, i.e., ¢ = 1 x 10* N s/m and f = 0. Comparison
of Figs. 7 and 8 reveals a much quicker damping of the first mode

s 0.1 (m])

I

4.0 6.0 8.0 10
time (s)

i
10
O 1
0.0 2.0

Fig. 7 Time history of vibration suppression by a system using the

LQFC-1-b control law; single damper, only the first mode is excited by
the initial condition, ¢ = 3 X 10> N s/m.

5 (mm kg
q, -
5k _
: | | :
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Fig. 8 Time history of free vibration decay of the optimally tuned
passive system; single damper, only the first mode is excited by the
initial condition,c = 1 x 10* N s/m, f = 0.

in the semiactively controlled system than in the optimal passive
system. The peaks of E; are much higher in the initial phase in
Fig. 7 than in Fig. 8 because e does not vary in Fig. 7, whereas f is
kept high even when the absolute value of load on the damper, | p|,
has been increased. In Fig. 7, the large amount of stored energy is
dissipatedin a short time. Figures 7 and 8 show that the semiactively
controlled damper first stores a large amount of energy in itself and
the truss member on which the damper is installed and subsequently
dissipatesthe energy at a stroke, resultingin vibrationbeing damped
more quickly than in the passive system.

Vibration Suppression with Multiple Dampers

The preceding section showed that all of the semiactive ap-
proaches investigated are effective. To investigate whether these
approaches are eftective for suppressing multiple-mode vibration
of the systems with multiple dampers and to investigate whether
these approacheswork nicely in combinationwith observers, further
numerical investigation was performed by using the 10-bay truss
with three variable dampers, shown in Fig. 5b. In this simulation
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Fig. 9 Value of I, for systems using various semiactive control laws
with observers and for passive systems with various levels of frictional
force; three dampers, excited by an impulsive force at ¢ = 0.

with three dampers, all of the vibration modes were taken into ac-
count by the mathematical model. For simplicity, all of the variable
dampers were assumed to be identical, and c; values of the dampers
were assumed to be c. Similarly, all of the values of f; in the pas-
sive system were assumed to be f. While the structure was still,
a velocity of 0.1 m/s was given to the node shown in Fig. 5b by
an impulsive force directed to (1, 1,0) in x-y-z coordinates, and
the subsequent free vibration was suppressed according to the var-
ious control laws. The lowest five modes were taken into account
to design the LQFC control laws, i.e., n, = 5. In the design of
LQFC control laws, the weighting matrices were set as indicated by
Eqgs. (31-33), and the r, value used was the same as that used in the
preceding section.

For LQFC control laws, the state vector was estimated by the ob-
server by using the output from the x and y directionaldisplacement
sensors mounted at the tip node shown in Fig. 5b. For the design of
the observer, V| and V, were assumed as

0 0
Vl = 171 |:O Ij| (35)
Vz = l_)21 (36)

and v, /D, was set to be 100 N> m~2 because this value was roughly
optimal for many semiactive cases.

The valuesof I,,,s obtainedfrom the various approachesare shown
in Fig. 9 as functions of c. Figure 9 shows that LQFC-1-a, LQFC-
1-b, and LQFC-2-b with the observer give small value of ;s and,
thus, they work nicely in the structure with multiple dampers when
cislessthan 1 x 10° N s/m. As in the earlier cases, LQFC-2-a works
nicely only when ¢ = 0.5-1.0 x 10° N s/m. In this case, MLFC is
not substantially effective.

Comparison with Active Vibration Suppression

To compare the performance and robustness of the semiactive
approach with those of the active approach, we also designed and
investigated a linear quadratic Gaussian (LQG) active control sys-
tem. In this investigation of the active system, the e; value of each
variabledamperwas assumedto be directly controlled. This is equiv-
alent to replacing the dampers with variable-lengthactuators whose
axial stiffness is k,. Then the equation of motion of the actively
controlled truss is Eq. (6). As has been mentioned, the LQG control
theory tells us that the optimal control law that minimizes the J
value of Eq. (13) is given by Eqs. (14’) and (27). Also in this inves-
tigation, the values of R, R,, Vi, and V, were assumed to be those
given by Eqgs. (31), (33), (35), and (36). Therefore, the resulting
active control law design depended on the values of r, and v, /v,
used in the design.

In the numerical simulation, a velocity of 0.1 m/s was given to the
node shown in Fig. 5b by an x-directional impulsive force when the
structure was still, and the subsequentfree vibration was suppressed

according to the active control law. Because of the installation of
actuators or dampers, the structural system was not symmetric with
respect to the x-z plane. This impulsive force, therefore, excited
not only the modes symmetric with respect to the plane but also the
others. The sensor was assumed to measure only the x-directional
displacement of the tip node shown in Fig. 5b, and the lowest three
modes were actively controlledby using three actuators. For various
values of v, /v, and r,, the active control law was designed, and the
value of I . from the active control law design was estimated by
numerical simulation. The definition of 1] is given by Eq. (34), but
inthiscase t; = 30s. Although the details are not shown, the results
showed that there is in the r, — v, /v, plane an optimal point that
minimizes I .. This was because of the effects of residual modes.
The optimal point was approximately v, /v, =50N?> m~2 and r, =
3 x 10° kg, and the minimum value of I/ was 8.5 x 1073 ms.
The design of the active control law with these optimal values are
referred to as LQG-1 in this paper.

On the other hand, the semiactive LQFC-1-b control law was
also designed under the same conditions of sensors, locations of the
dampers/actuators, and controlled modes as those under which the
aforementioned active control was designed. This design of semi-
active control law, which is referred to here as LQFC-1-b-1, gave
I =8.9x107° ms whenc = 10? N s/m. This showed that, although
the active control can suppress vibration better than the semiactive
control can, the difference is very small in this example.

To compare the robustness of the semiactive and active ap-
proaches, the effects of dynamic characteristics variations on their
performances were investigated. After the active and semiactive
control laws were designed, the stiffnesses of the two-truss member
(which are shown in Fig. 5b as truss member with stiffness uncer-
tainty) were varied by the factor of EA/E A, nina keeping all of
the parameters of the regulator and the observer unchanged, and
the values of I/ . were obtained by applying LQG-1 and LQFC-
1-b-1. In the calculation, all of the modes were taken into account
by the mathematical model. The results, together with those for the
passive system whose dampers are optimally tuned for the nomi-
nal structure, are plotted in Fig. 10. The points plotted with filled
symbols indicate that the system is unstable and, therefore, that the
value of I/ . will increase infinitely if the integration of Eq. (34)
is performed for a long duration. Stiffness variation has relatively
little effect on the performances of the passive system and the semi-
active system LQFC-1-b-1. The performance of LQG-1, however,
is very sensitive to the stiffness variation. The LQFC-1-b-1 system
performs well even when LQG-1 results in a unstable system. This
demonstratesthatin this case the semiactive approachis much more
robust than LQG.

In the preceding example, the natural frequencies of the six low-
est modes are 0.651, 0.668, 3.19, 3.27, 3.54, and 7.47 Hz, and the

three lowest modes are controlled. Therefore, this example may be

— 1+ passive f=0N —— LQG-1

0.04 1 —— LQG-2 —C— LQFC-1-b-1 []
—&— LQFC-1-b-2
A ‘
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Fig. 10 Effect of stiffness variation of truss members on the perfor-
mances of active, semiactive, and passive vibrationsuppression systems;
LQFC-1-b-1,LQG-1: with onesensor,n, = 3and LQFC- 1-b-2,LQG-2:
with two sensors, n, = 5.
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ill conditioned for LQG because there are residual modes whose
natural frequencies are very close to that of a controlled mode. To
investigate the robustness of LQG under better conditions, further
investigation was performed by controlling the five lowest modes.
Furthermore, the sensors were assumed to measure both the x- and
y-directional displacements of the tip node. The values of r, and
v, /v, were setat 1 x 10* kg and 1 x 10> N> m~2, respectively, such
that the resulting /. was roughly minimized. The resulting design
is referred to as LQG-2. Similarly, an LQFC-1-b control law was
also designedunder the same conditionof the sensors and controlled
modes, and this control law design is referred to as LQFC-1-b-2.
The value of r, and v, /v, were the same as those of LQFC-1-b-1. As
shown in Fig. 10, the performance of LQG-2 is substantially supe-
rior to that of LQFC-1-b-2 when the stiffness is the nominal value.
Generally, LQG-2 is much more robust than LQG-1. It performs
well and is robust when EA/E A omina is not very small. When the
value of EA/E A omina 18 very small, however, LQG-2 is less robust
and the system becomes unstable. Like LQFC-1-b-1, LQFC-1-b-2
is very robust although its performance is less than that of LQG-2
for the nominal structure.

Random Force Excitation

To learn whether the proposed semiactive schemes are effective
for the suppression of random vibration, we also performed numer-
ical simulations for the truss with three variable dampers excited by
a random force. A random force directed to (1, 1,0) in the x-y-z
coordinates was applied to the truss node shown in Fig. 5b. Its rms
value was 0.1 N, and the power spectrum density was flat over the
frequency range from 0.3 to 4.0 Hz and was zero in the rest of the
frequency range, which covered the natural frequencies of the five
lowest modes. Both the random force excitationand semiactive con-
trol started at time 0, and the rms displacement of the truss nodes
was integrated from # =5 to 35 s as a measure of performance I/ .

The valuesof I,  obtainedfrom the variousapproachesare shown
in Fig. 11 as functions of c. It is evident that LQFC-1-a, LQFC-1-b,
and LQFC-2-b work well if ¢ is less than 1 x 10° N s/m even when
the truss is excited by a random force. As in the earlier case, LQFC-
2-a works well only when c is between 6 x 10* and 3 x 10* N s/m,
and MLFC is not substantially effective. Figure 11 shows that the
semiactive vibrationsuppressionis effective even when the structure
isexcitedby a random force. When the value of ¢ is less than 3 x 10*
N s/m, the best performance is obtained by using LQFC-1-b.

In Fig. 11, the ratio of the minimum value of I} ; for the passive
systemto that for the semiactive systems (except for MLFC) is about
1.5. This is much smaller than the corresponding ratio in Fig. 9,
which is about 2.5. The reason for this smaller ratio is probably
that, when the damping ratio of a system is ¢,

=)
/ (Srms dt
0
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—a— LQFC-1-a
0.008 r —&— LQFC-1-b

\ [ | —«—LQFC-2-a
—%— LQFC-2-b
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0.002 Ll ]
100 10° 10* 10°
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Fig.11 Value of I, for systems using various semiactive control laws
and for a passive system, for forced random vibration; three dampers,
with observers, two sensors, n, = 5.

is proportional to ¢ ! for free decay vibrations and

1 T
N dr
Tlimm T /0 Srms d

is proportional to ¢ ~!/2 for vibrations excited by a steady random
force. We can see that (2.5)~"/? = 1.58 is very close to 1.5. There-
fore, the small ratio in Fig. 11 does not indicate that the semiactive
approach is less effective for the suppression of vibration induced
by random excitation.

VI. Semiactive Vibration Suppression Experiments

Based on the simple mathematical model of the ER-fluid variable
dampershownin Fig. 4, several controllaws for semiactive vibration
suppressionhave been proposed, and their performances have been
numerically investigated in Sec. V. To see whether the semiactive
approach is effective for an actual structure with an actual ER-fluid
damper, we performed experiments using the 10-bay cantilevered
beam truss shown in Fig. 5a. This is the same truss beam that was
used for the numerical investigationin Sec. V except that 1) the tip
mass and a center node were hung from 2.65-m-long wires (Fig. 5a)
to compensate the effect of gravity and 2) two longitudinal truss
members (Fig. 5a) were replaced with low-stiffness members to
make the vibration frequency of the second mode a little closer to
that of the first mode. The tensions of the tip and center wires were
50 and 130 N, respectively. The axial stiffness of the low-stiffness
members are 5.1 x 10° N. Figure 5a also shows a block diagram
of the experiment. Because the tip mass and the central node were
hung from wires, the nodes could move in the x-z plane only.

In the experiment, the two lowest vibration modes in the x-z
plane, whose frequencies were 0.67 and 2.63 Hz, were first excited
by using a permanent magnet and a voice coil, and then the subse-
quentfree vibrationsof the two modes were suppressedsemiactively
by using the LQFC-1-b controllaw. The load on the variable damper
D, the total elongation of the damper d, and the x-directional dis-
placements of the tip mass #; and a node at the center of the beam
u, were measured and fed to the processor as shown in Fig. 5a. The
elongation and the displacement were measured by using noncon-
tact eddy-current type and laser-beam type displacement sensors,
respectively. The load was measured by using a strain-gauge type
load cell. For the LQFC-1-b control law, the elongation e of the
frictional element of the damper model, i.e., the elongationbetween
points 2 and 4 of Fig. 4, needs to be known. Therefore, e was esti-
mated as

e=d-p/k 37

The modal displacements of the lowest two modes were estimated
as

gy = Sy + Sppua, Ga = Sy1uy + Snlts (38)

where ¢, and g, are, respectively,the estimated values of the firstand
second modal displacements g; and ¢,. Constants s;; were selected
such that ¢, and g, were affected by g, and q,, respectively, as little
as possible. Then, the LQFC-1-b control law given by Egs. (18)
and (14’) was implemented as follows in the terms of the measured
variables:

V=0

when

{[1+ (ko/k)]p — kad}(F1,, G + Fipda + Fiisd) + Fip,d,) < 0
V = Vﬂl'dX (39)

when
{1+ Ga k)P — kad} (Fiy @1 + Findo + Findy + Fids) > 0

where Fy; is the ij element of the gain matrix given by Eq. (15).
The cycle time for the processor to update the control signal was
approximately 3 ms.

Figure 12 shows examples of the time histories obtained during
the experiment. The values of e was estimated from Eqs. (37). The
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Fig. 13 Free decay multiple-mode vibration of the tip mass with con-
stant input voltage.

variable g is the load at point 3 of the damper model shown in Fig. 4,
which is given as

g =p—ke (40)

While the structure was vibrating freely, the control was started
at r = 3.3 s, and the first-mode vibration was suppressed nicely
in the subsequent 5 s. During this time, the variable damper was
switched off near each peak of the first modal displacement. The tip-
mass displacementu; was similarly reduced substantially. Although
the damping rate of the second mode was slower than that of the
first mode, the second mode also damped much more quickly than
before the start of control. Figure 12 also shows that the amplitude
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Fig. 14 Manner in which g responds to the switching off of the input
voltage.
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Fig. 15 Numerical simulation of semiactive vibration suppression
experiment.

of the damper elongationd is much increased by the control action,
resulting in the dissipation of more energy.

Figure 13 shows time histories of free vibration of the tip mass
obtained while keeping the input voltage at various constant values.
The damping in these time histories is very slow compared with
that shown Fig. 12. These results of the experiment demonstrate
that the present semiactive approach works nicely for damping the
multiple-mode vibration of the actual structure.

After the start of control shownin Fig. 12, the controllerswitched
off the input voltage 20 times. At most of these actions, the value
of e varied stepwise, dissipating energy at the viscous element of
the model shown in Fig. 4. Figure 14 shows the value of g at the
moment of these actions, which valueis derived from the data shown
in Fig. 12. In Fig. 14, the response manner of e is classified into one
of three groups: quick response, slow response, and no response.
Figure 14 indicatesthat e does notrespondto the switching off when
the absolute value of g (which is the load on the frictional element
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of the damper model of Fig. 4) is less than approximately 1 N. This
suggests that f;, (which was estimated as 0.2 N in the extension
test in Sec. II) could be as large as 1 N just after the application
of high voltage, even when the voltage has been reduced to zero.
Because e does not respond to the switching off when g is less than
1 N, the damping rate decreases when r > 10 s, by which time the
vibration is suppresses to a low level. To suppress the vibration to
a very small amplitude, a method to reduce the value of fi,;, has to
be found.

Figure 15 shows results of numerically simulating the experiment
under the assumptionthat f,;;, = 1.0 N and the initial conditionsare
g1 = 14.4mmkg'/? and ¢, = 5.2 mm kg'/>. The time histories are
very similar to those shown in Fig. 12, even though the amplitude
and phase of vibration are not exactly the same. This similarity
indicates that the present modeling of the damper is acceptable for
the design of schemes for the semiactive suppression of multiple-
mode vibration.

VII. Concluding Remarks

A variable damper with ER fluid for semiactive control of the vi-
bration of truss structures has been fabricated, and its characteristics
have been measured. The characteristics of the damper are shown
to be well modeled by a simple model composed of two springs,
a viscous damping element, and a variable coulomb frictional ele-
ment, whose frictional force is a monotonicallyincreasingnonlinear
function of the input voltage to the damper.

Based on the simple model of the variable damper, five on-off
control laws for semiactive vibration suppression with the dampers
have been proposed. Numerical simulation results show that all of
them are effective for suppressing single-mode vibration but that
only four of them are effective for suppressing the multiple-mode
vibration of structures with multiple variable dampers. These con-
trol laws result in much quicker damping than that resulting from
the use of an optimally tuned passive system. Semiactive vibration
suppression has been shown to be much more robust than LQG
active vibration suppressionand to perform almost as well in an ill-
conditioned case. Semiactive vibration suppression has also been
shown to be effective not only for free vibration but also for forced
vibration induced by a random excitation.

Semiactive vibrationexperimentshave also been performedusing
a cantileveredtruss beam and one of the proposed control laws. The
experiments have demonstrated that the present semiactive control
with the ER-fluid variable damper nicely suppresses multiple-mode
vibration of an actual structure. Experimental results have shown
general coincidence with numerical simulations, suggesting that the
present modeling of the damper is appropriate.

This investigationhas evaluatedthe performanceof ER-fluid vari-
able dampers stabilizinga truss structure, but it is clear that the pro-
posed approaches and the results of the investigation are, in princi-
ple, applicable to all structural systems that have variable elements
whose characteristics can be modeled as in Fig. 4.
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