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electromechanical impedance model is applied to the case of a simply supported beam in an
infinite rigid baffle with a fluid medium on one side. The effects of the fluid medium are included
in the impedance analysis by considering fluid—structure interaction. The use of static and
impedance model for structural acoustic analysis is discussed. Various power consumptions of PZT
actuator-driven underwater beam structures will be quantified. The analysis discussed in this
paper will be used to determine radiated structural acoustic power without using microphones. This
work is the first step toward the determination of power requirements for underwater active

structural acoustic control.
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INTRODUCTION

Active structural acoustic control (ASAC) using induced
strain actuators has recently gained attention as a possible
means of controlling low-frequency noise (<1000 Hz).
ASAC has been demonstrated experimentally for composite
beams with embedded shape memory alloy (SMA) actuators
(Rogers, 1990; Saunders et al., 1990), beams with bonded
piezoelectric (PZT) actuators (Fuller et al., 1990) and plates
with bonded PZT actuators (Clark and Fuller, 1992). Other
research has focused on optimization of multiple PZT actua-
tors for ASAC of plates (Wang, 1991) and ASAC of cylin-
drical shells using PZT actuators (Lester and Lefebvre, 1991;
Sonti et al., 1991). These efforts have been useful in identi-
fying the significant design parameters for an induced strain
actuator utilized in an ASAC system (i.e., size, location,
thickness, phasing, etc.).

In most, if not all, of the research related to ASAC with
induced strain actuators, the investigation of energy con-
sumption has been ignored. For thin beam, plate, and shell
structures the energy consumption may not be a concern;
however, for larger, complicated structures, such as marine
vessels, which may require a great number of relatively large
actuators, the power consumed by the actuators may be very
significant. High-actuator power consumption signifies large
power supplies which are expensive and massive. Reducing
the power consumption of the systems, therefore, will reduce
both the cost and mass.

In ASAC with PZT actuators, the sound pressure is lin-
early related to the applied forces and moments. Increasing
the sound pressure level in dB is therefore limited by the
amount of induced force/moment the actuator can deliver.
The voltage level and power consumption, however, can be
significantly reduced by increasing the force/moment output
of the actuator for a set electric field. One way of increasing
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the moment of a bonded actuator without changing the ap-
plied electric field is to offset the actuator from the structure
(Chaudhry and Rogers, 1992). As an example, consider an
actuator configured in such a way as to obtain a 100% in-
crease in induced moment. This increase in moment in-
creases the sound pressure level by only about 3 dB. How-
ever, the voltage level needed to maintain the original sound
pressure level will drop by 50% and the power consumption
can be reduced by up to 75%. Thus, power consumption of
actuators should be included as a primary variable in the
objective function for optimization of intelligent material
systems for active control. This paper uses a generic electro-
mechanical impedance model (Liang et al., 1993a, 1993b),
for determining the power consumed by PZT actuators for
underwater ASAC.

I. INTRODUCTION TO THE ELECTROMECHANICAL
IMPEDANCE MODEL

The electromechanical impedance model considers any
electrically driven active structure an electrical and mechani-
cal network system coupled by two-port electromechanical
energy conversion devices, i.e., actuators. The electrome-
chanical system behavior may be characterized by its elec-
tromechanical admittance and the dynamic interaction
forces. The interactions between actuators and structures
must be determined based on the dynamic output character-
istics of the actuators and the dynamic characteristics of the
structure, i.e., the structural impedance. Mass, damping, ri-
gidity, boundary conditions, and acoustic medium all con-
tribute to the impedance of a structure. The model may be
used to determine the dynamic response and power con-
sumption of actuators used in active structures.

Extensive experiments have been conducted to verify
the electromechanical impedance model. These experiments
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FIG. 1. An electromechanical representation of PZT actuator-driven me-
chanical systems. The mass, spring, damper, and boundary conditions shown
in the figure indicate the structural components that contribute to the struc-
tural impedance.

include dynamic response, power consumption, and trans-
mitting force measurement (Rossi et al., 1993; Zhou et al.,
1994a, 1994b). The tested host structures include beams,
rings, plates, and cylinders. The extension of the electrome-
chanical impedance model to two-dimensional structures,
such as cylinders and plates, may be found in Zhou et al.
(1994a,b).

Consider a PZT actuator-driven one-degree-of-freedom
spring-mass-damper system, as shown in Fig. 1. The electri-
cal field is applied in the z direction (3-3 direction), and the
actuator expands and contracts only in the y direction (2-2
direction). The force transmitted from the actuator varies as a
function of frequency and is related to the mechanical im-
pedances of the actuator and the structure by

FZWAhATZ _ = d32E-?§2WAhA, (1)
y=l, .

(Za+Z)

where Tz is the stress in the actuator, w, is the width, &, is
the thickness, d;, is the piezoelectric coefficient,
YE,=YE,(1+i6) is the complex elastic modulus at a con-
stant electrical field, & is the mechanical loss factor for the
PZT, E is the applied electric field, and Z is the mechanical
impedance of the structure. The short-circuit actuator me-
chanical impedance Z, is

K, ki,

A7 jw tan(kly) ’ )
where K, is the stiffness of the PZT actuator given by
Y5,wahally and k*=w?p/YE,. The structural impedance
varies depending on the type of structure. The transmitting
force of the PZT is used to determine the dynamic response
of the integrated actuator/structure system which will be dis-
cussed later in this section.

From the constitutive relation of piezoelectricity (charge
as a function of applied stress and electrical field), the elec-
trical displacement of a PZT actuator may be determined,
which is frequency dependent. The electrical current passing
through the PZT actuator can be determined by integrating
the charge over the actuator surface. The coupled electrome-
chanical admittance, defined as current over voltage, pro-
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vides the link between the actuator and structure impedances
and the electrical aspects of the system. The electromechani-
cal admittance (defined as Y=1I/V) is

wAlA éT— Z
hy \ ¥ Z,+Z

Y=iw d3,Y%, |, (3)
where &, is the complex dielectric constant of the PZT ac-
tuator in the 3-3 direction under a constant stress. The com-
plex dielectric constant is given by €l;(1— #i), where 7 is
the dielectric loss factor.

The influence of the structure and the actuator imped-
ance is clear in the equations above. The actuator electrical
power is related to the admittance through the following.

The apparent power, W, :

W,= i 4
7
the dissipative power, Wp :
V2 Re(Y)
P=T5 > )
and the reactive power, Wg:
V2 Im(Y)
RE 5 - (6)

The dissipative power is discussed in this paper. For a me-
chanical system vibrating in a vacuum, the power consumed
includes three parts: the first two result from the mechanical
and dielectric losses in the PZT itself, and the third results
from the damping in the mechanical system. For a system
with fluid loading, the additional impedance from the inter-
action of the structure with the fluid medium causes an in-
crease in power consumption of the actuator.

Everything in Eqgs. (1) and (3) is known except for the
structural mechanical impedance Z. The other terms in the
equations are functions of the electrical and mechanical
properties of the PZT actuator. After determining the struc-
tural impedance, the dynamic response and power consump-
tion of the actuator may be found. The expression for admit-
tance in Eq. (3) is general and holds for any system; thus, the
equations can be applied to a continuous system simply by
replacing the impedance of the spring-mass-damper system
with the driving point structural impedance of a continuous
system. The driving point structural impedance may be de-
termined using any theoretical approach or even from experi-
ments. The structural impedance for an underwater simply
supported beam excited by two PZT patch actuators bonded
on its top and bottom, as shown in Fig. 2, is developed in the
subsequent section.

Il. STRUCTURAL IMPEDANCE OF A BAFFLED
UNDERWATER SIMPLY SUPPORTED BEAM

This section develops the structural impedance for a
continuous system, namely a baffled beam and its acoustic
medium. The emphasis is on the effect of the fluid loading on
the structural impedance of the actuator/beam system and,
subsequently, the effect on the power consumption of the
actuator. Consider the baffled simply supported beam as
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FIG. 2. A baffled underwater simply-supported beam with surface-bonded
PZT actuators.

shown in Fig. 2. The beam is surrounded by an infinite rigid
baffle and radiates sound into an acoustic fluid on one side.
The beam has a modulus of elasticity E, mass density p, and
moment of inertia over area k7. Damping is included in the
model through the use of a complex modulus, E(1+i4),
where 6 is the mechanical loss factor.
The equation of motion for the transverse deflection
v(x,t) in the presence of an acoustic fluid is
2

v x i
pW=—(1+z5)Ek2 S0 P

“h h’

where k is the thickness of the beam, p(x) is the external
dynamic loading, and p; is the acoustic pressure (unit:
N/m?).

The governing equation, Eq. (7), is solved by expanding
the transverse displacement and external loads in terms of
the eigenfunctions of the system without fluid loading. The
applied forcing function is harmonic and can be expressed as

(7

o

p(x,0)= 2 P xm(x)exp(iot), ®)

m=1
where w is the driving frequency and
Xm=sin(mmx/L) 9

is the eigenfunction of a simply supported beam of length L.
The transverse displacement may be expressed as

v="2 Wyxm(x)exp(iot). (10)

m=1

A detailed derivation of the steady-state acoustic pressure
from a flat, elastic plate is given by Sandman (1977), which
is modified and used for this analysis. It is necessary to state
that the acoustic pressure results presented by Sandman
(1977) may not be directly applied to a simply supported
beam because of the free boundary conditions in the y direc-
tion. However, since the objective here is to demonstrate an
analysis technique and its potential utility, the approximation
here is considered to be acceptable. A more comprehensive
and accurate analysis on this topic dealing with underwater
plates conducted by the authors may be found in Liang et al.
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(1994). The acoustic pressure on the beam approximated
from Sandman’s results may be expressed as

2 -]
prw b (L
plry.=—"1=3 Wmf f Xm(¥1)
2 m=1 0oJo

—ikR
>(exp( ikR)

R dx, dy, exp(iwt), (11)

where k is the acoustic wave number w/cy, ¢y is the acoustic
wave speed, and py is the fluid density. In Eq. (11), R is
given by

R=V(x—x)*+(y—y)> (12)

The pressure given by Eq. (11) varies in the width direction
of the beam. The following relation is utilized to calculate
the average pressure in the width direction:

1 w
pix0=r [piey.0ay. (13)

Substituting Egs. (8), (10), and (13) into Eq. (7), multiplying
by x,, and integrating over the length of the beam gives

N 1
Ame+BE Yman=—Pm’ (14)
n=1 ph
where
An=cki(mm/L)* - ?, (15)
B=—pw?/mphwL, (16)
and
Jo Lo 1 sl el "
mn = s sin
0JoJo Jo ) L
exp(—ikR)
XT dx| dy, dx dy. an

In Eq. (15), ¢ is the complex wave speed of the beam given
by [E(1+i8)/p]'">.

For a pair of PZT patch actuators bonded on the top and
bottom of a beam, the equivalent excitation may be modeled
as a pair of moments at the ends of the PZT actuators for
out-of-phase activation assuming the length of the PZT ac-
tuator is much larger than its thickness. The internal moment
(within the beam) resulting from the equivalent moment
loading may be expressed as

M(x)=M{H(x—x;)—H(x—x,)], (18)

where My is the transmitting moment (per unit width) from
the activation of the PZT actuator, which is unknown at this
time, H(x) is the Heaviside function, and x; and x, are the
coordinates of the two ends of the actuators.

The transmitting moment M is assumed to be unity in
the calculation of the driving point structural impedance.
Once the structural impedance (consider with fluid interac-
tion) is determined, the actual transmitting moment from the
PZT actuator to the beam can be determined based on the
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impedance model described earlier. The unit equivalent ac-
tuator pressure loading, p(x), resulting from the activation of
the PZT actuator, may be expressed as

d*M(x)
p(x)=7 . (19)

The modal coefficient of the external loading, P,,, for
the unit actuator loading can be determined as (Wang, 1991)

m’lTxZ n7Txl
cos( ) —cos( ” (20)

2mir
Pm: L2

L L

Equation (14) may be written in a matrix form as

([AT+BLyI{W}=(1/ph){P}, (21)

which describes a set of linear equations that can be solved
for the modal amplitudes, W,,. For a beam in a vacuum, the
fluid density p; is zero (thus the coefficient B is zero). Since
matrix [A] is diagonal, the modal amplitudes W,, can easily
be solved as

W=P/ pAh. (22)

For a beam with fluid loading, [y] must be obtained using
numerical integration and W,, is found using

{W}=(1/ph)([A]+B[y]) P} (23)

At this point, the displacement frequency response func-
tion corresponding to the unit actuator activation is deter-
mined by substituting the modal amplitudes, W,,, into Eq.
(10). The acoustic power frequency response function corre-
sponding to the unit excitation force I is found by integrat-
ing the acoustic intensity over the semi-infinite hemisphere.
For both the uncoupled and fluid-coupled analyses, the driv-
ing point structural impedance corresponding to the general
loading of the PZT actuator (a pair of bending moments)
may be expressed as (Liang et al., 1993a):

~ (hgth)?
 2iw[6(xy)— 6(x))]’

24

where 0(x;) and 8(x,) are the rotation of the beam at x; and
x,, respectively. The generalized impedance given by Eq.
(24) represents the dynamic resistance of the beam to the
activation of the PZT actuator (a pair of moments versus
curvature variation) and can be directly used in Egs. (1) and
3).

Once the structural impedance is known, the transmit-
ting force from the actuator, the electro-mechanical admit-
tance of the actuator, and the power consumption of the ac-
tuator are computed from the expressions given in Egs. (1) to
(6).

One of the important ideas presented in this paper is that
the radiated acoustic power may be determined by measuring
the power consumption of the actuators that excite the struc-
tures. This concept is straightforward based on energy con-
servation principles but would be very difficult to experi-
mentally verify. A simple theoretical verification may be
conducted by comparing the radiated acoustic power ob-
tained by integrating the far-field acoustic intensity and the
one predicted based on the actuator power consumption cal-
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culation. The radiated acoustic power may be easily deter-
mined once W,, is obtained from Eq. (23) using the tech-
niques discussed in Roussos (1985).

Since the acoustic power is proportional to the square of
the excitation force, the actual acoustic power can be found
by multiplying the acoustic power resulting from a unit ac-
tuator excitation, I1, by the square of the transmitted moment
from the actuator, M 1, as

H=1:.[|MT|2. (25)

Here, I1 is also called the power frequency response func-
tion, which may be determined when calculating the struc-
tural impedance. The transmitting moment can be deter-
mined by multiplying the thickness of the beam by the
transmitting force obtained from Eq. (1).

ill. IMPEDANCE AND STATIC APPROACH

The static approach refers to the method of using a stati-
cally equivalent set of forces and moments as the amplitude
of the forcing function in determining the dynamic response
of actuation from integrated actuators. For example, the
equivalent static moment from two PZT actuator patches
bonded on a beam, such as the ones shown in Fig. 2, may be
expressed as (Wang, 1991):

t:E,

Meqz——_ﬁ-i-[bEb/taEa WA, (26)

where ¢, and ¢, are the thicknesses of the actuator and beam,
respectively. Here, E, and E,, are the modulus of the actuator
and beam, respectively, w is the width of the beam (or actua-
tor), and A is the free induced strain of the actuator. Equation
(26) describes the interaction moment determined from an
infinite large beam considering static force equilibrium and
geometrical compatibility. Some dynamic analyses of struc-
tures driven by induced strain actuators use the moment
given by Eq. (26) as the forcing function, while neglecting
the stiffness and mass loading from the actuators. This ap-
proach (using a statically determined moment as the equiva-
lent forcing function) has been used to determine structural
response and acoustic radiation. The analysis presented in
this paper will show that the use of the static approach may
result in some errors in the dynamic analysis of structure
with integrated induced strain actuators.

IV. NUMERICAL EXAMPLE

Figure 2 shows a simply supported beam with two PZT
patch actuators bonded on the top and bottom surfaces. The
actuators are activated out-of-phase, imparting pure bending
excitation. The beam is 38 cm long, 4 cm wide and 2 mm
thick with a modulus of elasticity 63 GPa and loss factor of
0.5%. The beam is enclosed by an infinite rigid baffle and
radiates acoustic energy into a fluid medium on one side. The
left end of the PZT actuators is at 7.9 cm. The actuators are
3.8 cm long, 4 cm wide, and 0.2 mm thick. The electrome-
chanical properties of the PZT material are listed in Table 1.

A FORTRAN code was written to perform the necessary
numerical integrations and modal summations to compute
the fluid-coupled structural impedance of the beam. Ten
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TABLE 1. Electrical and mechanical properties of the PZT material
(G1195).

ds; Y‘zsz P 553
(m/V) (N/m?) (kg/m®)  (Farads/m) 7 F)
-166x10712  6.3%x10'° 7650 1.5x107% 0012 0.05

modes are used in the modal expansion to provide reasonable
accuracy. The fluid densities are 1.21 kg/m® and 1000 kg/m>
for air and water, respectively. The nominal sound speed in
air is 343 m/s and 1500 m/s in water.

V. RESULTS AND DISCUSSION

The top chart of Fig. 3 shows that the transmitting mo-
ment from the actuators to their host beam, predicted using
the impedance model (solid line), is frequency dependent.
The dashed line is the static moment predicted using Eq.
(26). The radiated sound power results calculated from the
impedance model can be obtained from the static model re-
sults using

|M( m)impedam:el 2
|Mstatic|2

Equation (27) is the same as Eq. (25). The radiated acoustic
power predicted by the static model divided by the square of
the static interaction moment yields the power frequency re-
sponse function used in Eq. (25).

The bottom chart of Fig. 3 compares the radiated acous-
tic power calculated using both the impedance approach
(solid line) and the static approach (dashed line). It is evident
from the curves that the force behavior is reflected in the
radiated acoustic power. The radiated sound power for both
impedance and static model are determined by integrating
the sound intensity over the semisphere in the fluid medium.

Figure 4 illustrates the essence of the dynamic interac-
tion between the actuators and their host structures. The top

I1= Hstatic (27)
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FIG. 3. Comparison of the impedance and static models. The top chart
illustrates the dynamic interaction force (transmitting moment) determined
based on the impedance model. The dashed line is the static interaction
moment predicted using Eq. (26). The bottom chart shows the radiated
acoustic power predicted using the impedance method (solid line) and static
approach (dashed line). The radiated acoustic power is calculated by inte-
grating the acoustic intensity over the semisphere in the fluid medium. The
fluid coupling (in water) is included in this analysis. Similar results may also
be obtained for in-air analysis.
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FIG. 4. Essence of the dynamic interaction between the actuators and their
host beam. The top chart shows the driving point fluid-coupled mechanical
impedance [Eq. (24)] for in-water (solid line) and in-air (dashed line) case
studies. The short circuit actuator impedance is plotted as the dash-dotted
line. The structural impedance and actuator impedance become a pair of
complex conjugates (match) at the intersection point of the rising structural
impedance curve and actuator impedance curve. The bottom chart depicts
the resulting transmitting moment for in-water (solid line) and in-air (dashed
line) case studies. The static moment predicted from Eq. (26) is also plotted
(dotted line). The frequency dependency of the dynamic transmitting mo-
ment is a result of the structural impedance interaction as indicated by Eq.

0.

chart of Fig. 4 plots the fluid-coupled mechanical impedance
at the driving point according to Eq. (24). The solid line is
for the in-water case and the dashed line is for the in-air case.
The short-circuit mechanical impedance of the actuator given
by Eq. (2) is also plotted (dash-dotted line). The bottom chart
of Fig. 4 shows the transmitting moment for in-water (solid
line), in-air (dashed line), and the static moment from Egq.
(26) (dotted line). In general, the dynamic interaction mo-
ment is close to the static moment except around the reso-
nance of the beam and actuators where the beam and actuator
impedance curves intersect (match in terms of complex con-
jugates). More detailed discussion on this topic may be
found in other papers by the authors listed in the references.

Clearly, the impedance model provides more physical
insight into the dynamic actuator-structure interaction than
the static models. Use of the static model for predicting dy-
namic behavior is ill-advised as attested by the results of
Figs. 3 and 4. While the results show a general correlation in
shape, the natural frequencies differ (due to actuator stiffen-
ing and mass loading), as do the sound power amplitudes,
which are off by about an order of magnitude at some fre-
quencies. Static models, therefore, should be avoided when
calculating dynamic and acoustic responses for active mate-
rial systems, especially when the actuator impedance is close
to the structural impedance.

The predictions of actuator power consumption and its
breakdown for underwater acoustic radiation are shown in
Figs. 5 and 6. The dashed line in Fig. 5 is the actuator power
consumption due to acoustic radiation calculated from Eqgs.
(3) and (5), which is almost identical to the acoustic power
calculated by integrating the acoustic intensity (the solid line
in the bottom chart of Fig. 4). The solid line in Fig. 5 is the
power dissipation due to acoustic radiation and the mechani-
cal loss of the beam. The difference between the two curves
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FIG. 5. Actuator power consumption due to acoustic radiation and structural
damping. The solid line is the power dissipation resulting from acoustic
radiation and the internal mechanical loss of the beam. The dashed line
represents the power consumption because of structural acoustic radiation.
The acoustic radiation result here is calculated using Egs. (3) and (5), which
is identical to the one obtained by integrating the acoustic intensity given by
the solid line in the bottom chart of Fig. 3.

may be used to determine the power dissipation due to struc-
tural damping.

The solid line shown in Fig. 6 is the total actuator power
consumption resulting from the dielectric loss (dashed line),
the mechanical loss of the actuator (dash-dotted line), and
the acoustic radiation and structural loss (solid line in Fig. 5).
To determine the individual effect of a single loss effect,
models were run with the other loss parameters set to zero.
For example, to determine the power consumed by structural
damping of the beam, the dielectric loss and mechanical loss
factors of the PZT were set to zero, as was the density of the
acoustic medium.

An interesting potential application exists for the imped-
ance model along with the power consumption analysis. The
total actuator power consumption may be easily measured.
The loss due to actuator dissipation (electrical and mechani-
cal loss) may be determined based on the characteristics of
the actuator. The actuator dissipation can then be used to
modify the measured total power consumption, yielding the

101 =

TT T

102

T T

Actuator Power Consumption, watts

103 E E
E 3
i Dash-Dotted Line: Actuator Mechanical Loss ]
L Dashed Line: Actuator Electrical Loss 4
104
50 100 150 200 250 300 350
Frequency, Hz

FIG. 6. Breakdown of actuator power consumption due to electrical loss
(dielectric loss for PZT materials given by the dashed line) and mechanical
loss (dash-dotted line). The solid line is the total actuator power consump-
tion (a measurable quantity), which may also be determined by summing the
power dissipation resulting from actuator electrical and mechanical loss,
structural mechanical loss, and acoustic radiation.
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power dissipated due to structural damping and acoustic ra-
diation (the solid line in Fig. 5). If the experiment is con-
ducted in a vacuum, which eliminates the influence of acous-
tic radiation on power dissipation, the measured structural
loss characteristics can be used to modify the solid line in
Fig. 5 to calculate radiated acoustic power. This will be an
acoustic measurement without using microphones and may
be important in underwater structural acoustic control where
using far-field microphones to provide error signals is not
practical.

VI. CONCLUSIONS

This paper extends the electromechanical impedance ap-
proach for analyzing the energy transfer and power con-
sumption in active material systems to the case of acoustic
radiation in the presence of a fluid. The approach uses a
structural impedance method to find radiated acoustic power
and power consumption. The numerical results demonstrate
the significance of accounting for fluid coupling when deter-
mining the structural impedance of systems and the power
consumption of actuators used in intelligent material sys-
tems. In addition, the numerical results show the inadequacy
of static models for predicting dynamic response and power
consumption. The capability to analyze the power consump-
tion and energy transfer of actuators utilized in underwater
acoustic control will enable the design of more energy-
efficient active control systems.
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