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[571 ABSTRACT 
Arrays of actuators are affixed to structural elements to 
impede the transmission of vibrational energy. A single 
pair is used to provide control of bending and exten- 
sional waves and two pairs are used to control torsional 
motion in addition to these two types of wave motion. 
The arrays are applied to a wide variety of structural 
elements such as a beam structure that is part of larger 
framework that may or may not support a rigid or non- 
rigid skin. Electrical excitation is applied to the actua- 
tors that generate forces on the structure. These electri- 
cal inputs may be adjusted in their amplitude and phase 
by a controller in communication with appropriate 
vibrational wave sensors to impede the flow of vibra- 
tional power in all of the above mentioned wave forms 
beyond the actuator location. Additional sensor ele- 
ments can be used to monitor the performance and 
adjust the electrical inputs to maximize the attenuation 
of vibrational energy. 

221-229. 
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16 Claims, 6 Drawing Sheets 
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of flexural, extensional and torsional vibrations in elastic 
beams and other structures. 

It is another object of the present invention to 
achieve this control by reducing the net power flow in 

It is a further object of the present invention to ac- 
complish the foregoing objects in a simple manner. 

Other objects and advantages of the present invention 
are apparent from the specification and drawings which 

SUMMARY O F  THE INVENTION 
Arrays of actuators are affixed to structural elements 

to impede the transmission of vibrational energy. A 
l5 single pair is used to provide control of bending and 

extensional waves and two pairs are used to control 
torsional motion in addition to these two types of wave 
motion. The arrays are applied to a wide variety of 
structural elements such a beam structure that is part 

2o of a larger framework that may or may not support a 
2. Discussion of the Related Art rigid or non-rigid skin. Electrical excitation is applied to 
In many aerospace and marine structures, vibration the actuators that in turn generate forces on the struc- 

generated by attached machinery is a significant Prob- ture. These electrical inputs may be adjusted in their 
lem. Often these structure-borne vibrations travel and phase by a controller in communication 
through the structure in the various forms of flexural, 25 with appropriate vibrational wave to impede 
extensional and torsional waves and ultimately radiate the flow of vibrational energy in all or of the 
as undesirable sound. Passive techniques such as con- above mentioned wave forms from the first region to 
strained layer damping, involving bonding a visco-elas- the second region. Additional sensor elements can be 
tic material on the structure to dissipate vibrational used to monitor the performance and adjust the 
energy, and the more traditional addition of mass and- 30 cal inputs to maximize the attenuation of vibrational 
/or stiffness to the structure have been used in an at- energy. tempt to reduce this sound. However, these techniques 
have an inherent weight penalty and are often ineffec- 
tive in the low frequency region. It is in this situation 
that active control approaches have shown promise. 35 
For example, it is that active forces applied to 
beam-like structures can attenuate bending waves and both and waves; 

ural power flow along finite beams terminated by an 
arbitrary impedance, which is representative of any 40 discussed 
structural termination, can be blocked using a single 
control input. This is in contrast to the usual model 
approach of attempting to reduce the total vibrational 
energy in the beam section. control ap- 
proach can be implemented if vibrational energy from, 45 and flexural excitation by the actuators; 
e.g., machinery can be confined to the immediate sup- 
porting structure prior to dispersion through the overall 
system. 

As mentioned previously, vibrational energy is car- 
ned by flexural, extensional and torsional wave forms. 50 Pairs of Sensors and two Pairs of control actuators to 
It has been shown that significant wave conversion can 

DESCRIPTION OF THE PREFERRED occur at structural joints due to the coupling inherent in 
EMBODIMENTS the boundary conditions. For example, extensional 

waves, although having small out-of-plane displac- 
ments, may carry a large amount of energy due to the 55 
structure being much stiffer for in-plane motion. On for achieving multidegree of freedom, active vibra- 
impinging on a discontinuity, these extensional waves tional control in a simple manner utilizing a minimal 
may couple strongly to flexural waves with large out- number of components. Arrays of actuators are bonded 
of-plane motion and subsequently radiate large sound on or embedded in a structural member such that any 
levels. Thus it may be deduced that all forms of vibra- 60 desired combination of flexural, extensional and tor- 
tional waves are important in terms of control of struc- sional waves may be generated in the structural mem- 
ture-borne sound. Nonetheless, all previous work on ber. Arrays of sensors are also bonded on or embedded 
control of vibrations in beams appears to have dealt in the structural member. These sensors are sensitive to 
solely with flexural motion. combinations of flexural, extensional and torsional 

65 waves present in the beam such that an error signal is 
derived which is related to the power flow of the partic- OBJECTS O F  THE INVENTION 

It is accordingly an object of the present invention to ular wave combination present in the structural member 
achieve simultaneous active control of any combination at a particular time. A controller is provided to power 

METHOD AND APPARATUS FOR MINIMIZING 
MULTIPLE DEGREE OF FREEDOM VIBRATION 
TRANSMISSION BETWEEN TWO REGIONS OF A 

STRUCTURE 5 these structures. 

ORIGIN O F  THE INVENTION 
The invention described herein was made jointly in 

the performance of work under NASA Grant No. 
NAG-1-390 and an employee of the U.S. Government. lo follow. 
In accordance with 35 U.S.C. 202, the grantee elected 
not to retain title. 

BACKGROUND O F  THE INVENTION 
1. Technical Field of the Invention 
The present invention relates generally to the control 

of vibration transmission and more particularly to the 
control of vibrational energy propagating or transmit- 
ting within structural elements such as beams and more 
complicated frameworks comprised of such elements. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a top schematic view of a beam outfitted 

with sensors and a pair of control actuators to control 

the associated flexural power in the media. Also, flex- FIG. 2 is a top d"flatic view of a embodiment of 
the present invention used to generate the test results 

FIG. 3 is a top d e m a t i c  view of the embodiment Of 

showing the 
FIG. 4 is a graph showing a typical normalized strain 

response at a sensor of the outfitted beam to extensional 

FIG. 5 is a graph showing the axial distribution of the 
flexural velocity in the outfitted beam for four test con- 

FIG. 6 is a side view of a beam outfitted with two 
ditions at 704 Hz; and 

control flexural, extensional and torsional motion. 

The present invention involves a method and system 



5,156,370 
3 4 

the actuators to provide an adjustment of the amplitude driven in phase to generate extensional motion in the 
and phase of the actuator input such that the sensed beam. This in-phase and out-of-phase driving assumes 
error signal is optimized, whereby the power flow is that the respective actuators are symmetrically located 
minimized. Specific, non-limiting embodiments of the on beam 10 if asymmetrically located, then appropriate 
present invention will be described in greater detail 5 phase differences are employed to achieve these desired 
below in accordance with these general teachings. motions. Also by independently controlling each actua- 

Referring now to the drawings, an example configu- tor, then both extensional motion and flexural motion of 
ration is depicted in FIG. 1. The structural element or varying strengths are simultaneously generated to con- 
beam may be part of a larger framework that may or trol both types of wave motion. 
may not support a rigid or non-rigid skin. A thin elastic 10 An experimental arrangement used in the following 
structure, such as elastic beam 10 comprising a first description is shown diagrammatically in FIG. 2. Thin 
region and a second region mechanically connected or aluminum beam 10 had dimensions of 4 mx32.8 
coupled thereto, is transmitting v bration generated by a mm x 7.6 mm and was fitted with a sand anechoic termi- 
primary source represented by arrow 12 and which nation 22 for flexural waves at one end to simulate a 
travels to the right in FIG. 1. In this instance, both 15 semi-infinite beam. Previous testing of the termhation 
flexural and extensional waves types are generated in determined an amplitude reflection coefficient for flex- 
the first region of the beam by the primary source and ural waves of less than 0.1 for frequencies greater than 
are sensed by two error sensor elements 14u and 14b 200 Hz. Its performance for extensional waves was not 
affixed to a second region of the beam 10. The error known initially, but the experimental results discussed 
sensors 14u, 146 can be symmetrically located on beam 20 below demonstrate that this is not a critical issue. The 
10 to permit simple wave identification or asymmetri- primary source was applied as a point force at the free 
cally located on beam 10, necessitating a modification of end indicated by arrow 12 via a shaker. In order to 
the wave identification. Error sensors 14u and 146 may generate a combination of flexural waves and exten- 
be piezoelectric or piezoceramic transducers comprised sional waves, the angle at which the primary force was 
of, e.g., a lead zirconate titante material embedded in or 25 applied relative to the longitudinal axis of the beam was 
bonded to beam 10. These transducers 14u, 14b each set at approximately 10". For all tests discussed the 
respectively provide an independent output propor- primary signal input consisted of a pure sinusoidal tone. 
tional to surface strain of the beam and are used to In order to provide control inputs to the beam, two 
derive error signals which provide adjustments to the piezoceramic actuator elements 200 and 206 were 
parameters of control filters 16u and 166 through the 30 bonded symmetrically on opposite sides of the beam at 
computer algorithm controller represented as element a distance of 0.4 m from the free primary end. These 
24 (see FIG. 3). elements were approximately 38.1 mm X 22.2 mm X 0.19 

At least one additional auxiliary sensor element 18 mm in size and were made of lead zirconate titante 
may be affixed to beam 10 near the point of application material. The two independent controlling actuators 
of the primary source in the first beam region or di- 35 200 and 20b were respectively driven from two output 
rectly to the source 12 and has an output which is fed to channels of the adaptive controller or control system 
the inputs of control filters 16u and 166. Auxiliary sen- comprising the control filters 16u and 16b and computer 
sor element 18 can be any type of sensor element capa- algorithm 24 (not shown in FIG. 2). At a distance of 
ble of providing a training signal containing temporal 2.15 m from the primary end, two additional like size 
information coherent to the structural vibration caused 40 elements 14u and 14b were bonded symmetrically on 
by the combination of the three wave forms. Sensor either side of the beam and used as error sensors. These 
element 18 may be a direct electrical output of force two error sensors or transducers 14u and 146 provided 
source 12. The auxiliary sensor 18 provides this training two independent error signals used in the adaptive com- 
signal to control filters ldo and 16b and may also be puter algorithm of item 24 in order to adjust the param- 
required to adjust the parameters of control filters 16u 45 eters of controller filters 160, 16b. Specifically, the de- 
and 16b through the computer algorithm controller rived error signals are related to the power flow of the 
designated as element 24. particular wave combination present in beam 10 at a 

The output of each control filter 16u and 166 is re- particular time. An additional pair of like size elements, 
spectively fed to independent controlling actuators 20a e.g., piezoceramic transducers or auxiliary sensors 19a 
and 206 affixed to the first region of the beam 10 to 50 and 196 were located at 1 m from the free primary end 
provide the necessary adjustment of actuator amplitude between the control actuators and the error sensors. 
and phase as discussed in greater detail below. Like These auxiliary sensors 19u, 19b provided verification 
sensor elements 14u, 14b, the controlling actuators 200, independent from the error sensors 14u, 14b that the 
206 can be piezoelectric or piezoceramic elements com- controller was indeed performing as indicated, since 
prised of, e.g., lead zirconate titante material, which are 55 driving the response at singular points to small values 
embedded in or bonded to beam 10. When such an does not necessarily imply global control of the beam 
actuator is so affixed to a beam surface, it effectively vibration. 
induces a surface strain due to its expansion and con- In order to calibrate the sensors 14u, 146, 19u, and 
traction when excited by an oscillating voltage from the 19b, the outputs of each sensor were passed through 
control filters 16u and 166. These actuators also cause 60 independently controlled amplifiers. The beam was 
bending of the structure when they are offset from the driven with the shaker input normal to the beam surface 
neutral axis of the beam. In previous techniques the and it was assumed-that in this configuration flexural 
actuators are positioned symmetrically on opposite motion was the dominant response in the structure. The 
sides of the beam and driven by the same signal, 180" gains of each sensor amplifier were then adjusted so that 
out of phase. This has the effect of inducing only bend- 65 the output of each piezoceramic sensing transducer pair 
ing (flexural) motion in the structure when the actuators (14u and 146) were equal in magnitude. The relative 
are symmetrically positioned. In the present invention, phase of each pair was also checked and found to be 
the pair of controlling actuators 20a and 20b may be within 2" of the required 180" phase shift, confirming 
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that flexural motion was indeed dominant. These ampli- 
tier gains were then left undisturbed for all experiments 

necessary as the LMS algorithm assumes that the error 
edn) is the instantaneous result of the control input for 

at that frequency. 
Any control program or algorithm may be used so 

long as the sensed error signal, which is related to the 
power flow in the structural member from the combina- 
tion of the three wave forms, is optimized so as to mini- 
qize this power flow from the first region to the second 
region. One particular control algorithm which has 
been used is based on a multi-channel adaptive Filtered- 
X least mean squares (LMS) approach described in S. J. 
Elliott, L. M. Stothers and P. A. Wilson: “A Multiple 
Error LMS Algorithm and its Application to the Active 
Control of Sound and Vibration,” IEEE Transaction on 
Acoustic Speech ond Signor Processing, ASSP-35( l), 1987, 
pp. 1423-1434. An embodiment of a control system 
according to the present invention is depicted in block 
diagram in FIG. 3. As stated previously, the transducer 
configuration consisted of two paired piezoceramic 
error sensors 140 and 14b and two paired piezoceramic 
actuators 20a and 20b affixed symmetrically to the 
beam. The output of an error sensor 140, 14b can be 
modeled at the n’th time step as: 

where ddn) is the Ith error sensor output due to the 
primary or noise source alone, x(n) is the input refer- 
ence source, Wmi are the coefficients of the adaptive 
FIR filters and P/mjis the j’th coefficient of the transfer 
function between the output of the m’th adaptive filter 
and the I’th error sensor. M and N are the number of 
control actuators and filter coefficients respectively. 

The object of the LMS algorithm is to minimize the 
mean square error signal defined as: 

where E is the expectation operator. This error function 
can be shown to be quadratic and thus theoretically has 
one minimum solution. 

At each sample time n, the outputs of thqcompensat- 
ing filters Plmj, in this case Pi 1, Pl2,1821 and P2zinclusive 
of all coefficients j, were used by the LMS algorithm 
controller 24 to minimize J by individually updating 
each of the adaptive filter coefficients accofding to the 
relation: 

where 

(4) 

Note that edn), the instantaneous error function 
value, is taken as an estimate of the expected value of 
edn). This function provides an’estimate of edn) at 
every sample and convergence is found to occur in the 
mean. In Equation (3), L is the total number of error 
sensors employed and LZM. The rlm(n) are the outputs 
of the compensating filters 181mj (see FIG. 3) which are 
estimates of the actual coefficients, Plmj, measured prior 
to starting the control algorithm. This procedure is 

which the signal rim(n) is a better estimate than x(n). 
The factor p in Equation (3) is a stability parameter by 

5 which rate of convergence can be varied. 
For the following tests, a steady state sinusoidal wave 

was used as a noise signal. It was taken from a reference 
oscillator 26 that also provided the training or reference 
signal for the LMS adaptive controller 24. With this 

10 arrangement it was unnecessary to model the feedback 
path present if, e.g., the training signal had been taken 
from the beam response. 

It can be shown that a sinusoidal signal can be arbi- 
trarily modified in amplitude and phase by using a finite 

l5 impulse response filter with two coefficients and this 
number was used in all filters. For simultaneous wave 
control experiments, two control actuators and two 
sensors were used, thus, in this case M and L were taken 
as 2. However, for some additional comparison tests, 

2o the paired control actuators and the sensors were re- 
spectively hard-wired together forming a single control 
channel and thus in this case M and L were taken as 1. 

It should also be noted that the variable being mini- 
mized in this embodiment is the sum of the squared 

25 voltages outputs of the error sensors. As this variable is 
related to the square of the strain in the beam, the error 
signal can be seen to be proportional to the vibrational 
energy at that point. Minimizing this variable globally, 

3o or at a number of points, implies control of vibrational 
power flow for flexure and extension in this configura- 
tion. 

The algorithm was implemented on a TMS320C25 
digital signal processing chip with an IBM AT as a host 

35 computer, with up to three A D  converters and two 
D/A converters. The LMS algorithm provided control 
inputs to the two piezoceramic elements 200 and 20b as 
dictated by error information from the two sensing 
piezoceramic elements 140 and 146. For control of both 
wave types, the system used two inpur and two output 
channels at a sample rate of 8 kHz. On average the 
controller converged to 10 dB reduction in 30 msec. 
For some subsidiary tests the controller was used in a 
single input, single output configuration. 

In order to determine reasonable test conditions, the 
beam response to separate extensional and flexural exci- 
tations was examined. The electrical signals from each 
pair of adjacent sensor elements were summed and 
differenced which provided signals corresponding to 

50 the extensional and flexural wave components, respec- 
tively. The appropriate response derived from the error 
sensor array lk, 14b (2.15 m) is shown in FIG. 4 for the 
two excitation conditions. The extensional wave excita- 
tion was obtained by inputting random noise to the 

55 control transducers 200 and 20b with both being driven 
in-phase. This produced a response that was primarily 
an extensional wave and the summed array output indi- 
cates extensional resonances at 657 Hz and 1312 Hz. 
The response was normalized to the peak for this excita- 

To examine the flexural response, the control actua- 
tors 200 and 206 were again excited by random noise 
but this time with inputs 180” out of phase. This pro- 
duced the differenced output at the error sensors 140 

65 and 14b corresponding to the flexural wave response. 
This response was again normalized to its peak value 
and clearly demonstrated the effectiveness of the termi- 
nation to flexural waves. The nulls in the response cor- 

45 

60 tion. 
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respond to the reflections from the primary end and are 
not present in responses driven by the primary shaker. 

and 16.1 dB less than the extensional response at 2.15 
meter. 

TABLE I 
Attenuation (dB re no control) Under Three Control Conditions for 704 HZ 

Auxiliary Sensors 19a, 19b (1.0 m 
From Free Primary End) 

Error Sensors 14a. 14b (2.15 m 
From Free Primary End) 

Test Condition Extensional (summed) dB Flexural (differenced) dB Extensional (summed) dB Flexural (differenced) dB 

Flexural Control 0.054 
Extensional Control 39.1 
Flexural-Extensional 34.6 
Control 

17.0 
- 12.8 

25.4 

0.055 
32.6 
36.3 

31.0 
-4.19 
20.5 

The lack of significant resonance peaks is in strong 
contrast to the extensional wave case where the termi- 
nation is not effective. Thus for flexural waves, the 
differenced sensor output approximates a measure of 
the net power flow. However, this is not the case for 
extensional waves. 

Using these results, frequencies of 704 Hz and 1312 
Hz were chosen as test conditions to allow for the lim- 
ited excitation capability of the piezoceramic actuators 
and the tendency of the beam to respond strongly in 
flexure due to the primary input. At these frequencies, 
near extensional resonances, comparable responses in 
each beam motion were recorded. It is far more difficult 
to generate extensional motion than flexural due to the 
greater beam stiffness in this plane of vibration. 

For the baseline response, no control was exercised 
over the primary excitation. The extensional and flex- 
ural responses from the summed and differenced sensor 
outputs provided the baseline against which the control 
cases were measured. The results in Tables I and I1 are 
normalized to this baseline response. 

In order to control only-the flexural response, the two 
inputs of the symmetrical piezoceramic actuator inputs 
were hard wired so as to be driven 180" out of phase by 
the single channel control excitation. Similarly, the 
differenced output of the error sensors was used as the 
single control variable with the output of the controller 
driving the above control excitation. 

For the control of only extensional beam response, 
the two symmetrical actuators were hard wired in- 
phase to create a single extensional control actuator. 
This arrangement was used in a single channel control- 
ler to drive the summed error sensors to a minimum 
resulting in control of the extensional wave response. 

Finally, simultaneous control of both flexural and 
extensional response was implemented by driving each 
control actuator 200 and 206 as an independent control 
variable and using the primary output of each sensor 
element 140 and 14b as an error signal indicative of the 
presence of flexural and/or extensional waves. In this 
configuration, no derived signals are used in the con- 
troller implementation. This provided better equaliza- 
tion of overall levels between the sensor and actuator 
elements than if the summed and differenced signals had 
been used. 

Table I presents the summed and differenced outputs 
of the piezoceramic elements 19u, 196 and 140, 146 
respectively located at 1.0 m and 2.15 m. As stated 
previously, the transducers 140,146 at 2.15 m were used 
to provide the error signals for the adaptive controller. 
The results are presented in terms of attenuation in 
decibels relative to the respective sensor output with no 
control applied. For no control, the flexural response 
was 11.8 dB less than the extensional response at 1.0 m 

When the flexural vibrations were controlled, the 
15 summed error signals, corresponding to extensional 

motion, show little attenuation while the differenced 
outputs corresponding to flexural motion demonstrated 
attenuations of 17 and 31 dB at beam locations of 1.0 m 
and 2.15 m, respectively. This implies a significant re- 

20 duction in the flexural motion with little control of 
extensional as dictated by the fixed out-of-phase rela- 
tionships of the control transducers sensing and input- 
ting primarily flexural wave motion. 

For control of extensional motion the reverse situa- 
25 tion is true, with attenuations of 39.1 and 32.6 dB of the 

extensional response, and an increase in flexural motion 
of 12.8 and 4.8 dB at 1.0 m and 2.15 m respectively. 
Here the fixed in-phase relationship of the control trans- 
ducers allowed control of only the extensional motion. 

30 Some flexural motion is thought to be excited by the 
controller actuators not being Rerfectly matched. 

Finally, when simultaneous control of both motions 
was exerted, attenuations of 20.5 dB or greater in bend- 
ing and 34.6 dB or greater in extensional control were 

35 observed. In this case, both the actuator and sensor 
transducer pairs are left as independent single elements 
and the controller finds it optimal solution by driving 
both error signals from sensors 140 and 146 to low 
values simultaneously. By separately summing and dif- 

40 ferencing the sensor pairs, it could be deduced, as 
shown in Table I, that both the flexural and extensional 
motion are simultaneously controlled. The similar 
trends of both piezoceramic sensor arrays indicate that 
an overall reduction of power flow beyond the control 

As a further confirmation of the extent of control, the 
axial distribution of beam out-of-plane velocity is shown 
in FIG. 5 for test conditions at 704 Hz, measured by an 
axially scanning laser vibrometer 25 (see FIG. 2). This 

50 instrument, when interfaced with a spectral analyzer 
and plotter, provided plots of the beam flexural vibra- 
tional velocity amplitude versus axial location. The 
results show that the beam velocity is reduced signifi- 
cantly for the cases of flexural control alone and simul- 

55 taneous flexural-extensional control. For the no control 
case there is a significant standing wave on the beam for 
flexural motion which is significantly reduced when 
extensional control is used. This result illustrates the 
wave conversion phenomena discussed previously and 

60 is most likely due to extensional waves generating flex- 
ural motion at the beam termination as the termination 
is not anechoic for extension. The standing wave reap- 
pears when flexural control is employed and is sup- 
pressed when both flexural and extensional control is 

FIG. 5 also shows a long wavelength modulation in 
the standing wave of the out-of-plane velocity for the 
no control case. This effect is thought to be caused by 

45 actuator has occurred. 

65 used. 
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the out-of-plane motion due to Poisson’s coupling of the top and bottom sections. Driving both pairs of control 
extensional motion standing wave which is of much actuators 20c and 20d in-phase corresponds to the previ- 
longer wavelength. It is also apparent from FIG. 5 that ously discussed driving of actuators 204 206 in their use 
although there is significant standing wave to the left of to control both flexural and extensional vibrations. 
the control actuators, the control inputs reduce the 5 However, driving the pairs 20c and 20d out-of-phase 
beam response to the right of their location. This result will force the beam structure into a torsional motion. 
should be contrasted to modal approaches in which an This in-phase and out-of-phase driving assumes that the 
axial distribution of control actuators are required. As respective actuators are symmetrically located on beam 
the beam displacement in both extension and flexure is 10 if asymmetrically located, then appropriate phase 
highly attenuated along the beam length, it can be con- 10 differences are employed to achieve these desired mo- 
cluded that the total vibrational power flow in the beam tions. This is due to their respective locations above and 
except for the torsional component has been controlled. below the neutral axis of the beam. Similarly, the sensor 

Similar results were found for the 1312 Hz case. element pairs 14c and 14d will independently sense all 
These results are presented in Table I1 for both the three modes of vibration and provide an error sensor 
auxiliary sensor array 19a, 19b at 1.0 m and the error 15 input to a four-channel controller system based on the 
sensor array 14u, 14b at 2.15 meter. For control of flex- design of FIG. 3. Four control filters will now be re- 
ural response, attenuations at 33.0 and 41.7 dB were quired and the number of sensor and actuator elements 
recorded at 1.0 m and 2.15 m, respectively. Little M and 1 of equations (l), (2) and (3) will be required to 
change was affected at either location for the exten- be four. The present invention will thus minimize the 
sional response in this case. As expected for extensional 20 power flow generated by any combination of flexural, 
motion control, the reverse was found to be true with extensional and torsional waves. 
attenuations of greater than 10 dB for the extensional Many modifications, improvements, and substitutions 
response and less than 1 dB for the flexural response. will be apparent to the skilled artisan without departing 
The case for controlling both extensional and flexural from the spirit and scope of the present invention as 
response show excellent control with the extensional 25 described herein and defined in the following claims. 
response attenuated by 24 dB or greater and flexural 
response attenuated by 36 dB or greater. The axial ve- 
locity distributions measured by the laser vibrometer 
yieldcd similar results to FIG. 5 except that the flexural 
response did not measurably increase for the extensional 30 to the first region, the apparatus comprising: 
control case. This is shown in the results of Table 11. 

What is claimed is: 
1. A vibration transmission control apparatus for a 

structure comprising a first region subject to an input 
vibration and a second region mechanically connected 

an array of dctuators locatsd at the first region of the 
TABLE I1 

Attenuation (dB re no control) Under Three Control Conditions for 1312 Hz 
Auxiliary Sensors 19a. 19b (1 0 m Error Sensors 14a, 14b (2 15 m 

Sensor Position From Free Primary End) From Free Pnmary End) 
Test Condition Extensional (summed) dB Flexural (differenced) dB Extensional (summed) dB Flexural (differenced) dB 
Flexural Control -0 81 33 0 0 SI 41.7 
Extensional Control 9 8  0 25 4 6 4  -0.05 
Flexural-Extensional 23 9 36.6 21 7 40.2 
Control 

The simultaneous active control of flexural and ex- 
tensional motion in beams has thus been experimentally structure for generating a desired combination of 
studied and validated. The results show that by using flexural, extensional, and torsional waves in the 
two co-located piezoceramic elements as actuators and 45 first region; 
sensors in conjunction with a multi-channel adaptive an array of sensors located at the structure which are 
controller, simultaneous attenuation of both extensional sensitive to any combination of flexural, exten- 
and flexural motion is achievable. This characteristic is sional, and torsional vibrational waves present in 
due to the nature of the piezoceramic element which the structure, such that an error function is derived 
when bonded to the surface of a structure and activated 50 which is related to a vibrational power flow from 
by an oscillating voltage generates corresponding oscil- the first region to the second region; and 
lating strain distributions which couple to flexural and a controller for powering the actuators and adjusting 
extensional waves in the structure. In contrast to a nor- the amplitude and phase inputs of the actuators 
mal point force input, such as an electrodynamic shaker, such that the error function is minimized, whereby 
this enables excitation and sensing of both in-plane and 55 the vibrational power flow into the second region 
out-of-plane motion. is minimized. 

Referring now to FIG. 6, a further embodiment of 2. The vibration transmission control apparatus ac- 
the present invention is shown which controls torsional cording to claim 1, wherein said actuators expand and 
wave propagation in addition to the control of flexural contract in response to a controlling voltage from said 
and extensional waves as discussed above. A first pair of 60 controller. 
oppositely located control actuators 20c (one shown) 3. The vibration transmission control apparatus ac- 
and a second pair of Oppositely located control actua- cording to claim 2, wherein said actuators are either 
tors 20d (one shown) are affixed to beam 10 as discussed piezoelectric or piezoceramic elements. 
previously above and below the centerline of the beam 4. The vibration transission control apparatus accord- 
as oriented in FIG. 6.  Also, a first pair of oppositely 65 ing to claim 1, wherein said error sensors are either 
located error sensors 14c (one shown) and a second pair piezoelectric or piezoceramic elements. 
of oppositely located error sensors 14d (one shown) are 5. The vibration transmission control apparatus ac- 
likewise affixed to beam 10 as discussed above in these cording to claim 1, further comprising an auxiliary sen- 
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sor located at the structure for sensing the presence of power flow from the first region into the second region 
flexural, extensional and torsional waves in the struc- is minimized. 
ture independently of said sensors, said auxiliary sensor 11. A method of controlling vibration transmission in 
in communication with said controller wherein an auxil- - a structure comprising a first region subject to an input 
iary signal is provided to ensure the error function is 5 vibration and a second region mechanically connected 
minimized, whereby the vibrational power flow into the to the first region, the method comprising the steps of: 
second region is minimized. sensing any combination of flexural, extensional and 
6. The vibration transmission control apparatus ac- torsional waves present in the structure; 

cording to claim 1, wherein said controller employs an deriving an error function from the sensed presence 
algorithm to minimize the sum of the squared sensor 10 which is related to a vibrational power flow into 
outputs of all of the sensors to independently control the second region from the first region; 
said actuators. controlling an array of actuators to generate a desired 

7. The vibration transmission control apparatus ac- combination of flexural, extensioi ial, and torsional 
cording to claim 1, wherein said actuators are symmet- waves in the first region such that the error func- 
rically located at the first region and wherein said con- 15 tion is minimized, whereby the vibrational power 
troller drives said actuators in phase to generate exten- flow into the second region is minimized. 
sional motion in the structure or out of phase to gener- 12. The vibration transmission control apparatus ac- 
ate flexural motion in the first region of the structure. cording to claim 1, wherein said array of sensors is 

8. The vibration transmission control apparatus ac- located at the second region of the structure. 
cording to claim 1, wherein a pair of sensors are sensi- 20 13. The vibration transmission control apparatus ac- 
tive to a combination of flexural and extensional waves cording to claim 5, wherein the auxiliary sensor is lo- 
and a pair of actuators generates a combination of flex- cated at the first region of the structure. 
ural and extensional waves in the first region of the 14. The vibration transmission control apparatus ac- 
structure. cording to claim 5, wherein the auxiliary sensor is lo- 

9. The vibration transmission control apparatus ac- 25 cated at the first region of the structure between said 
cording to claim 8, wherein another pair of sensors are array of actuators and the input vibration. 
added to said sensor array such that said sensor array is 15. The method according to claim 11, further com- 
sensitive to torsional waves and another pair of actua- prising determining the presence of flexural, extensional 
tors generates torsional waves in the structural member. and torsional waves in the structure independently of 

10. The vibration transmission control apparatus ac- 3 0  said sensing step, wherein an auxiliary signal is provided 
cording to claim 1, further comprising a signal genera- to minimize the error function, whereby the power flow 
tor for generating a training signal containing temporal to the second region is minimized. 
information coherent with the dominant vibrational 16. The method according to claim 12, wherein said 
wave present, the training signal being communicated auxiliary signal determining step comprises sensing the 
to said controller to adjust the control of said actuators 35 presence of the waves in the first region. 
to further optimize the error function so that vibrational * * * * *  
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