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In many practical situations, different types of waves may coexist within a structure. If control
is limited to a single wave type, other kinds of waves may be generated unintentionally by the
action of the control forces. In this paper an experimental study of the simultaneous control of

multiple wave types in a semi-infinite beam has been undertaken. The ability of the
piezoelectric control sources to provide adequate system control and the ability of the
accelerometer error sensors to provide adequate observability of the power flow associated

with each wave type was also evaluated.

PACS numbers: 43.40.Cw, 43.40.Vn

INTRODUCTION

Active control of beam vibration has been the subject of
much past research because the characteristics of the beam
are well understood and the beam itself is a fundamental
element of many complex structures. Vibrations in the
beam, traveling in the form of flexural, extensional, or tor-
sional waves, can transfer energy to other components of a
structure, resulting in undesired structure response or sound
radiation. Much of the past work has been devoted to con-
trolling flexural waves in thin beams since this wave type
corresponds to the largest transverse displacement.'~> While
flexural waves certainly contribute most significantly to
sound radiation from the beam itself, extensional waves can-
not be ignored, especially when the beam is a component of a
larger superstructure. When extensional waves contact a
discontinuity, such as a member connected perpendicularly
to the beam, large out-of-plane motions can be excited, re-
sulting in the conversion of extensional wave energy to flex-
ural wave energy. This need to control multiple wave types
in beams has been demonstrated by Pan and Hansen.%’

Fuller et al. were the first group to address active control
of both flexural and extensional power flow experimentally.
However, the work was limited to a thin beam, supporting
only one flexural wave.? In this particular study, piezocera-
mic elements were bonded symmetrically to the surface of
the beam to provide control inputs to the structure. If the
two elements are wired such that extension is induced on one
surface while contraction is induced on the other upon appli-
cation of a cyclic voltage, uniform bending about the neutral
axis results, and flexural waves can be controlled or genera-
ted. However, if the symmetric elements are wired such that
both are in extension (or contraction) simultaneously, only
extensional waves are controlled or generated. In the pre-
vious work,® the elements were wired independently and an
adaptive LMS algorithm was used to determine the optimal
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voltage and phase between each piezoelectric element to si-
multaneously control extensional and flexural waves when
necessary.

Actuators used in the work reported here consisted of
two piezoelectric elements mounted on opposite faces of the
beam and wired electrically to control either flexural or ex-
tensional waves. As a thick beam was used, two flexural
waves could be driven simultaneously. Thus, two pairs of
elements were driven with the required relative phase rela-
tionship to control two flexural waves and one pair of ele-
ments was driven with the required phase relationship to
control the extensional wave. Each actuator pair thus con-
tributed to a single wave type.

To achieve control, the multichannel version of the fil-
tered-x adaptive LMS algorithm was implemented on three
control channels to compute the optimal voltages required
to control two flexural waves and one extensional wave si-
multaneously. The error signals were obtained from acceler-
ometers located on the beam and combined using an analog
computer such that only one extensional or flexural wave to
be controlled was observed by each error input to the con-
troller. Upon achieving control, the displacement and rota-
tional response of the beam was measured at cross sections
along the length of the beam to evaluate the active control
effectiveness.

I. ACTIVE CONTROL SYSTEM

An active control system can be divided generally into
two subsystems. One is the physical system, consisting of the
system to be controlled (such as the vibration field in a struc-
ture) as well as the control actuators and the error sensors.
The other subsystem is the “electronic control” system,
which takes the information from the error sensor and drives
the control actuators according to a cost function implemen-
ted in the control algorithm. Figure 1 shows a schematic
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FIG. 1. Schematic diagram of experimental setup for controlling multiple
wave types in a beam. X = transformer, > = amplifier, CH.AMP.
= charge amplifier, AN. C.P. = analog computer, S.G. = signal gener-
ator.

diagram of the experimental arrangement for controlling
multiple wave types in a beam. The physical system consists
of an aluminum beam of cross sectional dimensions 25 X 50
mm and a length of 4 m. One end (x =0) is driven by a
mechanical shaker and the other end is located in a sand box
to provide a semi-anechoic termination. The shaker is ori-
ented off-axis at an angle such that all wave types in the beam
can be excited. Figure 2(a) and (b) shows the beam, the
primary mechanical shaker, and the coordinate system. The
possible wave types propagating along the beam are flexural
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FIG. 2. Aluminum beam with the primary mechanical shaker at one end of
the beam: (a) shaker attachment; (b) coordinate system.
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FIG. 3. Piezoelectric actuator configurations: (a) actuators for controlling
flexural wave types; (b) actuators for controlling longitudinal wave types.

waves (vibrating in two orthogonal beam planes), longitudi-
nal waves, and torsional waves. Because control was limited
to three channels for the experiment (due to hardware limi-
tations), only three outputs to the control actuators and
three error signals from the accelerometer-based error sen-
sors were utilized.

A. Actuator arrangement

The control actuators were constructed using thin pie-
zoelectric elements (lead zirconate titanate). When a cyclic
voltage is applied across the thickness of a piezoelectric ele-
ment bonded to the surface of the beam, the element expands
and contracts in its plane. Due to the strain continuity on the
bonding structure, the in-plane stress induced by the voltage
applies a bending moment to the attached beam [see Fig.
3(a)]. A control actuator will be defined here as two piezoe-
lectric elements bonded symmetrically to either side of the
beam and wired such that the applied voltage elicits uniform
bending about the neutral axis or uniform extension along
the axis as outlined by Crawley and de Luis.’

Since two flexural waves can exist simultaneously in the
beam, two sets of actuators were configured to control each

FIG. 4. Photo of the piezoelectric actuators on the beam surfaces.
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wave type. According to its propagating and vibrating direc-
tions, one flexural wave is denoted as the (X-Y) flexural
wave and the other is denoted as the (X-Z) flexural wave.
The center of the piezoelectric actuator for controlling the
(X-Y) flexural wave is located at x = 0.25 m, with one ele-
ment of the actuator bonded to the (x,y =1,/2) and one
bonded to the (x,y = —I,/2) surface. The center of the
actuator for controlling the (X-Z) flexural wave is also lo-
cated at x = 0.25 m, with one element of the actuator bonded
to the (x,z =1,/2) surface and one bonded to the (x,z

= —1,/2) surface. Figure 4 shows the two flexural wave
actuators on the beam. The center of the piezoelectric actu-
ator required to control the longitudinal waves is located at
x = 1.0 m. One element is bonded to the (x,z = /,/2 surface
and the other to the (x,z = — /,/2) beam surface.

The three control actuators were driven by the electrical
signals generated with the active controller. As shown in
Fig. 1, the control signals were amplified using three sepa-
rate power amplifiers, and the driving voltage was further
increased with transformers having a step-up ratio of 20:1.

B. Sensor arrangement

The error sensors were developed by using six accelero-
meters (located at the x = 2.03-m beam cross section) and
an analog computer. As shown in Fig. 5(a), two acceler-
ometers located on the (x,p =1,/2) and (x,y = —1,/2)
beam surfaces, respectively, were used to sense the (X-Y)
flexural wave. The outputs from these two accelerometers
were pre-amplified and subtracted in an analog computer to
obtain a voltage that is proportional to the local acceleration
of the flexural wave component. Similarly, the outputs from
the other two accelerometers located on (x,y =1,/2) and
(x,y = —1,/2) were subtracted to yield the other flexural

flexural wave measurement

v0:v1—V2

longitudinal wave measurement

_I_E_

Up =uq —|—ll2

FIG. 5. Accelerometer sensor configurations: (a) accelerometers of sensing
flexural wave types; (b) accelerometers for sensing longitudinal wave types.
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wave component. Finally, to measure the longitudinal wave
component in the X direction, two accelerometers were lo-
cated on the side of the beam [on the (x,y =/,/2) and (x,y
= —1,/2) beam surfaces respectively], pointing in the X
direction as shown in Fig. 5(b). The outputs from these were
summed with the analog computer to obtain a voltage pro-
portional to the local acceleration of the longitudinal wave
component. The three outputs from the analog computer
were fed into the controller as the error signals to be mini-
mized.

C. Description of controller

To achieve control, a three-channel adaptive controller
based on the multi-channel version of the filtered-x LMS
control algorithm was implemented on a TMS320C25 DSP
resident in an AT computer. This algorithm has been de-
scribed in detail by Elliot ez al.'®'! A block diagram illustrat-
ing the controller is presented in Fig. 6. The output of the / th
error sensor can be modeled at the nth time step as

3 N—1

N—1

@) =di(W)+ Y I Py 3 Wln—Px(n—i—j),
m=1;=0 i=o0

e}

where d, (n) is the response to the primary excitation at the
Ith error sensor, x(n) is the input reference signal, w,,; are
the coefficients of the adaptive FIR filters, and P, is the jth
coefficient of the transfer function between the output of the
mth adaptive filter and the output of the / th error sensor. The
number of filter coefficients is denoted by N.

To develop the LMS algorithm, the squared error signal
is defined by

3
1=E(Sam). @

I=1

where E is the expectation operator. Since J is a quadratic
function of the filter weight coefficients w,,,;, only one mini-
mum solution for J exists.

The outputs of the fixed filters, P}, (which are esti-
mates of the actual coefficients P,,; describing the actual
transfer functions), at each time step n, were used by the
LMS algorithm to minimize the squared error signal by up-
dating the weight coefficients of the adaptive filter as fol-
lows:

o
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FIG. 6. Controller block diagram.
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Pim(n—0)= 3 Pl x(n—i—j). 4)
i=o

Note that the summation in Eq. (3) is an estimate of the
gradient necessary for updating the weight coefficients. The
filtered signals 7, (), are the outputs of the compensating
filters characterized by coeficients P}, that are measured
prior to starting the control algorithm. The factor u in Eq.
(3) is the algorithm convergence coefficient which regulates
the controller speed and stability during convergence.

In the experiment, a signal generator resident on the
Bruel and Kjaer model 2034 spectrum analyzer was used to
create a steady-state sinusoidal disturbance and reference
signal for the LMS controller. Since the signal was sinusoi-
dal, a finite impulse response filter with two coeficients was
implemented in the controller transversal filter shown in
Fig. 6. The choice of sampling rate was based upon the fre-
quency of the disturbance to optimize the controller perfor-
mance. For an excitation frequency of 970 Hz, the sampling
rate was 9.7 kHz (that is, approximately 10 times the fre-
quency to be controlled).

Il. BEAM STRUCTURAL RESPONSE

The vibration distribution in the beam for each wave
type was compared for both controlled and uncontrolled
conditions. At each beam cross section, six global displace-
ment components are required to describe the vibration field
in the cross section. Three of them [#%,,V,,i0,] describe the
translations of the cross section and the other three
[6,.0,,6,] describe the rotations of the cross section.
These six acceleration components can be determined from
the acceleration component measurements on the surface of
the cross section.'? Figure 7 shows the arrangement of nine
accelerometers at three positions on a beam cross section.
The local acceleration components (three orthogonal com-
ponents at one point) measured at these three locations—
@ [}, 0, Wy, Uy, Dy, iy, 3, Us, W3 ]—are related to the global
displacement components [ %, Up, @, @x , by , 0, ] of the beam
cross section by:

FIG. 7. Accelerometer array for beam modal analysis.
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where [A4] is a 9X 6 location matrix. For the selected acce-
lerometer locations shown in Fig. 7, matrix [4]7 [4] is non-
singular, and Eq. (5) has a unique solution. Therefore, [S,]
can be calculated by

(6)

lli. RESULTS AND DISCUSSION

In the experiment, the beam was driven by the primary
shaker at 970 Hz. When the controller was implemented, the
beam accelerations measured at the error sensor locations
were minimized. Twenty five cross sections along the beam
were selected to determine the global acceleration distribu-
tion for both controlled and uncontrolled conditions. As the
beam was terminated anechoically, and the accelerometers
to the right of the error sensor were in the far field of the
control source, these acceleration measurements provided a
measure of the power flow along the beam.

Figure 8(a) shows the three translation components
[#%,,0,i0,] Of the acceleration of the beam cross sections as a
function of the beam length. By comparing the distributions
of the acceleration level between the controlled and uncon-
trolled cases, it can be seen that effective control of all three
translation components was achieved in the vicinity of the
error sensors and to the right of the sensors, indicating that
accelerometers mounted in a single plane provided an ade-
quate error signal for minimization of power flow. However
an increase of the acceleration level in the vicinity of the
control actuators and the primary shaker can be seen. These
increases in response in the vicinity of the control actuators
also has been observed by others,>*!? and is due to the com-
bined effects of the near field of the actuators, and the inter-
ference between the incident waves and reflected waves in
the beam.

Figure 8(b) shows the controlled and uncontrolled re-
sults for the three rotational motion components [8,,6,,8, |
distributed along the beam. Two components, 6,,8,, which
arerelated to the rotational parts of the two flexural waves in
the Y and Z directions respectively, are controlled on the
right-hand side of the error sensor. However, the component
8., which is related to torsional wave propagation along the
beam, is not suppressed at all. This is expected, since the
torsional wave has not been sensed in the error sensor sys-

Clark, Jr. et al.: Active control of elastic beam 874



(dB)
-20 O

Acc.

-60

0

(dB)
-10

Acc
-30 -20

(dB)
10 20 30 40

Acc.

0

(dB)
10 20 30

Acc.

-100

Acc. (dB)
-20 0 20

0 1 2 3
{b) X (m)

FIG. 8. Controlled and uncontrolled acceleration components on beam

cross sections: (a) three translation components; (b) three rotational com-

ponents. The excitation frequency was 970 Hz. In all cases the dashed line

represents the uncontrolled case, while the solid line represents the con-
trolled case.
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tem, and the control actuator system has no effect upon this
wave type. The experimental results suggest that the com-
plete control of all the wave types requires a four-channel
controller, and an extra set of error sensors and control actu-
ators for the torsional waves.

In controlling each of the flexural waves in the beam,
two components of each wave were suppressed with a single
error sensor and actuator. (For example, for the X-Y flex-
ural wave, the two components were U, ,0,). This is probably
because the control actuator affected the flexural wave input
impedance of the beam at the primary source, thus reducing
the total flexural wave power flow input (which consists of
rotational as well as translational motion components) even
though the rotational motion was not observed at the error
Sensor.

IV. CONCLUSIONS

Active control of two flexural waves and one extension-
al wave in a thick beam was achieved with a multichannel
adaptive LMS algorithm implemented in a digital signal pro-
cessor. The control actuators were piezoceramic patches
bonded to the beam and driven so that flexural and exten-
sional waves could be excited independently, while error in-
formation was obtained using accelerometers. It was found
that to successfully control multiple wave types in a struc-
ture, error sensors and actuators capable of observing and
controlling independent wave types must be implemented.

An array of accelerometers was used to determine the
three translational and three rotational components of mo-
tion in the beam at various cross sections along the length of
the beam. Results indicate that it is possible to achieve 30-dB
attenuation of the structural response and vibratory power
flow of all wave types downstream of the control actuators
and disturbance. With the exception of rotation about the
longitudinal axis of the beam, which was unaffected by the
control actuators used in the experiments described here, all
other translational and rotational responses were attenuat-
ed.
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