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1.INTRODUCTION

Vibration control based on the concept of active atienuation with colocated
sensor and actuator is studied in this paper. The response of a structural element
described by hyperbolic equations is represented by a traveling wave which can be
cancelled by a secondary wave of opposite signature. This control scheme is
similar to the approach adopted in noise control application[1]. Mace[2] worked on
active control of flexural vibration on a beam by using wave absorber to absorb as
much of the wave traveling toward the actuator as possible. Von Flotow[3] applied
the wave absorbing control to shunt the vibrational energy away from the sensitive
locations to areas where it can be dissipated. In either cases, they require a
measurement technique to divide the vibration into different direction and local
reflection and transmission behavior around the sensor/factuator pair need to be
modeled.

A control system comprised a pair of colocated sensorfactuator and an inverting
amplifier is used to control a vibrating string. The traveling wave of the vibrating
body detected by the sensor is inverted and amplified then fed to the actuator to
generate a control wave. Experimental and numerical results demonstrate that the
amplitudes of vibration of string are substantially suppressed.

2. THE CONTROL SYSTEM
The transverse vibration of a undamped string is governed by the differential
equation
d’u ?*u
T—+{et)=p—=
oz (zt)=p o (1)

where u(z,t) is the transverse displacement, f(z,t) is the external force, T is the

tension and p is the mass per unit length. For free vibration, f(z,t)=0, the
transverse displacement of a infinite long string can be written in the form

u(z.t)=F(z-vt) + Fa(z+vt) (2)
where F; and F; are wave profiles traveling to the right and to the left,
respectively, with the wave propagation velocity v=YT/p.
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For a finite string of length L and fixed at both ends, the u(z,t) must satisfy the
boundary conditions  u(0,t}=u(L.t)=0. The natural frequencies arc
0,=YT/pL?, n=12,...

Consider a string under a harmonic excitation force acting at z=L, the
transverse displacement is u(z,)=u(z)e™, and u(0,1)=0, u(L )=u e*=.

A control force, 7 =—Gu(g,1), is applied at z={, where G is a proportional
constant. Substituting those into Eq.{1), we obtain

2
123 = ~olpu(a) + G- @

The solution of above equation can be written in the form
u [f(2) + GO (z-H(z—©)]
f(L)+G'f(g)f(L-c)
where G'=G/T, and H(z) is the unit step function.
"mlc'llumerical1 re?tll:ud' f(;f the ﬁ.rst
& control wit iftferent gains
000 (mm/N) ‘ _ G’ of a string of L=1m and i'ave
velocity v=66.2 m/sec are shown in
G=0 Figures 1. In Figure 2 we show the
result of the excitation force with
sool’ frequencies of first, second and
third natural modes superposed.
G=0.1 Numerical resulis of the transverse
— vibration of the string by calculating
0 I G=1 wav‘::s from both di;ccliorfls due to
03 04 08 08 10 lh-e alr]:nomc e::v:fnauonfc _oge a
string coordinate(m) z=L, the control force f7g=-Gu({.1)
. } at z=C, and reflection waves from
Fig. I Numerical result on control of the boundary are shown in Figure
first mode of string with G=0.1 and 1 3. The time domain vibrational

signals of the string is excited under
its sccond natural frequency at
R different control gains.

(mnyN) A successful implementation of

1400 the wave absorbing concept of

8 control would ordinarily require

&1000 precise mathematical modeling of

the physical state of vibration, and

gfm accurate solution of the integral
B
3

u(z) =

&)

displacement/force

equation for estimating the traveling
200 wave of vibration. These two

‘ 0 arduous tasks, however, can be
B _200L__ circumvented by using two similar

0.2 04 06 08 1.0 clocthh'o-mechanica‘lil trans:;]iucers, l(_)nc

: : ‘ as the sensor to detect the traveling

string coordinaic(m) wave of vibration at a point and the

Fig. 2 Numerical results on control of first other as the actuator to apply the
three modes of string with G=0.1 and 1  secondary wave. When these two
transducers are placed colocately
onto the structure and are connected
to an inverting amplifier, they form
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a closed-loop feedback system. The
sensed signal of the traveling wave
of vibration at a paint is inverted
and amplified then fed to the
acluator to gencrate the control
wave.

To test the concept of wave
attenuation experiment is performed
on a one meter long «.:.;:lton string as

~ I e shown in Figure 4. A small pieces
0.04 0.08 012 0.16 o magnet is attached next to one

. ) (sec) . end of the string which is used to
Fig. 3 Numerical results of second natural excite the string through the
freq. vibration of string with G=0.1and 1 solenoid coil. Another piece of
" magnet is attached at a distance 60

cm away from the exciter is used

tic : d for generating the control motion. A
glpsplaccmcnt I m harmonic siganl from the siganl

o
LA

, displacement{mm)
=]

—

c‘&h

sensor MAENEL o cenerator is applied to the excitation
saing _'E solenoid to excite the string. This

control excitation signal is inverted and delayed a
solenoid solenoid period equals to the traveling time
of the excitation wave to arrive the

inverting | [phase | [signal control point. Therefore the phases
amplifier | | shifter |4 generator | of the excitation and control waves
are exactly out phase. The resultant
motion of the string is measured

Fig.4 Experimental set-up for wave with an optical sensor and is shown
absorbing control of a string in Figure 5.

4 A N 7 Experimental set-up for vibration
= 7 A | Ty i control of the string with the control
E 2 system is also shown in Figure 4.
= { | / [§ 1] [An optical displacement sensor

0 | N T Y A placed colocately with the magnetic
E \ 1) T 1V |/ lactator is used to measure the
4 N ! { U] | vibration of the string. The
BN 1 \ \ U} | measured signal is inveried and
g AV Y] amplified then fed to the magnetic

-4 20msecidiv actuator to generate the contol

motion.
Fig. 5 Time domain vibration signals of In Figure 6 we show the time
string under first natural freq. excitation  domain vibrational signals of the
with and without control string under excitation of the first

(24.8 Hz) natural frequency of the
string without control and with control on. The vibration amplitude is suppressed
to 5%. The vibration of the string under excitation force with frequencies of first,
second and third modes composed without and with control is shown in Figure 7.

3. CONCLUSION

Applicaﬁdns of a simple elecro-mechanical control system based on the
concept of destructive interference between the traveling primary vibration wave
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and the control wave are reported. Numerical and experimental results on vibration
control of a string showed that the traveling vibration wave is destructively
interferenced by the conirol wave. The effectiveness of the control system is deter-
mined by the amplilude and phases of the excited travelling wave and the control
wave[4]. The simple electro-mechrnical control system can be applied to various
elements of a structure and a number of the systems can be used combinally to
suppress the vibration of the entire structure[S]. - .
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Fig. 6 Time domain vibration signals of string under first natural frequency
excitation with and without control
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Fig. 7 Time domain vibration signals of the string under excitation
composed with first three natural frequencies with and without control

e
_—

.

displacement{mm)
L-]
s

ACKNOWLEDGEMENT

This work is suppert ed by National Science Council of Republic of China under
contract NO. NSC 85-2212-E-002-027.

References )

{1] H.F Olsen, and E.G. May, J. of the Acoust. Soc. Am., 25, 1130 (1953).

{21 B.R. Mace, B.R., J. Sound and Vib., 114(2), 253 (1987).

[3] A.H. von Flotow, ). Guidance, 9, 462(1986)..

(4] C.S. Chou, SPIE 2715-47, (1996}

{5] C.5. Chou, Dynamics and Control of Distributed Systems, Ch. 7 (Cambridge
Univ., 1996)

1548 Proceedings of interncise 88




