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Damping

Theoretical and experimental performance characteristics of the new class of actively
controlled constrained layer damping (ACLD) are presented. The ACLD consists of a
viscoelastic damping layer sandwiched between two layers of piezoelectric sensor and
actuator. The composite ACLD when bonded to a vibrating structure acts as a
“smart’ treatment whose shear deformation can be controlled and tuned to the
structural response in order to enhance the energy dissipation mechanism and im-
prove the vibration damping characteristics. Particular emphasis is placed on study-
ing the performance of ACLD treatments that are provided with sensing layers of
different spatial distributions. The effect of the modal weighting characteristics of
these sensing layers on the broad band attenuation of the vibration of beams fully
treated with the ACLD is presented theoretically and experimentally. The effect of
varying the gains of a proportional and derivative controller and the operating tem-
perature on the ACLD performance is determined for uniform and linearly varying
sensors. Comparisons with the performance of conventional passive constrained layer
damping are presented also. The results obtained emphasize the importance of mod-
ally shaping the sensor and demonstrate the excellent capabilities of the ACLD.
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INTRODUCTION

Passive constrained layer damping (PCLD) treat-
ments have been successfully utilized as a simple
and reliable means for damping out the vibration
of a wide variety of flexible structures (Cremer et
al., 1988). However, for effective performance
over a broad range of temperatures and frequen-
cies, the weight of PCLD treatments can pose
serious limitation to their use in applications
where weight is critical.

It is therefore the purpose of this article to
consider the new class of active constrained
layer damping (ACLD) treatment (Baz, 1992,
1993; Baz and Ro, 1993a,b, 1994) that has a high
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energy dissipation-to-weight ratio as compared
to conventional constrained damping layers. The
ACLD combines the attractive attributes of both
the passive and active controls to achieve opti-
mal vibration damping. In particular, it provides
an effective means for augmenting the simplicity
and reliability of passive damping with the low
weight and high efficiency of active controls to
attain high damping characteristics over broad
frequency bands. Such characteristics are partic-
ularly suitable for damping the vibration of criti-
cal systems such as rotorcraft blades where
damping-to-weight ratio is very important.

In the present study, the emphasis is placed on
developing and experimentally validating a finite
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element model (FEM) that describes the behav-
ior of the ACLD treatment with sensing layers of
spatially varying distributions. This is in contrast
to the distributed-parameter models and FEMs
developed in the previous studies for ACLD with
uniform sensors (Baz, 1993; Baz and Ro,
1993a,b). The FEM enhances the practicality of
predicting the behavior of structures subject to a
wide variety of boundary conditions and partially
treated with multi-patches of ACLD treatments.
The model also allows the prediction of the
ACLD performance when specific modes are tar-
geted with proper spatial shaping of the sensing
layer.

CONCEPT OF ACLD

The proposed ACLD (Fig. 1), consists of a con-
ventional PCLD augmented with efficient active
control means to control the strain of the con-
strained layer, in response to the structural vibra-
tions. The viscoelastic damping layer is sand-
wiched between two piezoelectric layers. The
three-layer composite ACLD when bonded to
the beam acts as a ‘‘smart’’ constraining layer
damping treatment with built-in sensing and actu-
ation capabilities. The sensing, as indicated by
the sensor voltage V;, is provided by the piezo-
electric layer directly bonded to the beam sur-
face, The actuation is generated by the other
piezoelectric layer that acts as an active con-
straining layer that is activated by the control
voltage V.. With appropriate strain control,
through proper manipulation of Vi, the shear de-
formation of the viscoelastic damping layer can
be increased, the energy dissipation mechanism
can be enhanced, and the structural vibration can
be damped.

In this manner, the ACLD provides a practical
means for controlling the vibration of massive
structures with currently available piezoelectric
actuators without the need for excessively large
actuation voltages. This is due to the fact that the
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ACLD properly utilizes the piezoelectric actua-
tor to control the shear in the soft viscoelastic
core, a task compatible with the low control au-
thority capabilities of the currently available pi-
ezoelectric materials.

THEORETICAL MODELING OF ACLD

Overview

An FEM was developed to describe the behavior
of beams with ACLD treatments. The model ex-
tends the studies of Trompette et al. (1978) and
Rao (1976) that have been used to analyze the
dynamics of PCLD. It accounts for the behavior
of the distributed and spatially shaped piezoelec-
tric sensor (Miller and Hubbard, 1986) and the
distributed piezoelectric actuator (Crawley and
de Luis, 1987). Appropriate control laws are con-
sidered to control the interaction between the
piezo-sensor and actuator in order to achieve en-
hanced vibration control characteristics.

The emphasis of the present study was placed
on the development of a model for Bernoulli-
Euler beams that were treated with multipatches
of ACLD layer in order to demonstrate the feasi-
bility and merits of the ACLD concept. ACLD .
treatments with uniform and spatially shaped
sensors are considered in the following analyses
in order to investigate the potential of targeting
specific modes with the shaped sensors.

The Model

Figure 2(a) shows a schematic drawing of the
ACLD treatment of a sandwiched beam divided
into N finite elements. It is assumed that the
shear strains in the piezoelectric sensor/actuator
layers and in the base beam are negligible. The
transverse displacements w of all points on any
cross section of the sandwiched beam are consid-
ered to be equal. Furthermore, the piezoelectric
sensor/actuator layers and the base beam are as-
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FIGURE 1 Schematic drawing of the active constrained layer damping.
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FIGURE 2 Finite element model of a beam treated with the active constrained layer
damping: (a) main configuration, (b) deflections.

sumed to be elastic and to dissipate no energy,
whereas the core is assumed to be linearly vis-
coelastic. In addition, the piezoelectric sensor
and the base beam are considered to be perfectly
bonded together such that they can be reduced to
a single equivalent layer. Accordingly, the origi-
nal four-layer sandwiched beam reduces to an
equivalent three-layer beam.

Basic Kinematic Relationships. From the geom-
etry of Fig. 2(b), the shear strain y of the vis-
coelastic core is given by:

ia_w_'_(ul_m)

Y= b ox 7 M

where

d=h+—%++D )

with D denoting the distance from the neutral
axis of the beam/sensor layer to the interface
with the viscoelastic layer. Also, 4, and h; denote
the thicknesses of the piezo-actuator and the vis-
coelastic layer, respectively. Figure 2(b) indi-
cates also that the longitudinal deflection u, of
the viscoelastic core is given by:

w=1la+w+me -2

Shape Functions. The spatial distributions of
the longitudinal displacements «; and u; and the
transverse deflection w over any element i of the
treated beam, are assumed to be given by:

U= ax + a, u3 = asx + a; and

“

w = asx? + agx? + a;x + ag
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where the constants {a;, a,, . . ., ag} = {a} are
determined in terms of the eight components of
the nodal deflection vector {A;} of the ith element
bounded between nodes j and k. The nodal de-
flection vector {A;} is given by

{A} = {uyj, usj, wy, Wi, uk, usk, wi, widT  (5)

with the primes denoting spatial derivatives.
Therefore, the deflection {A} = {u;, us, w, w'}T at
any location x along the ith element can be deter-
mined from:

{ul, Us, w, w,}T = {Nl’ N25 N33 N4}T{Ai} (6)

where N;, N, N3, and N, are the spatial interpo-
lating vectors corresponding to u;, u3, w, and w’',
respectively.

Strain Energies. The strain energies associated
with the various layers of the ACLD treatment
are determined as follows.

Constraining layer: The energies include:

extension

v = LEadar [ N o ) @

where E; and A, are the modulus of elasticity and
area of cross section of the constraining layer.

bending

v, = 3 Ea | momiNg o] ) ®

where E|I, is the flexural rigidity of the constrian-
ing layer.
Viscoelastic layer: The energies include

extension

Us = L EalayT [ [ NN | 180 @)

where E, and A, are the modulus of elasticity and
area of cross section of the viscoelastic layer.
Also [Ns] is an interpolating matrix = ([N;] +
[N3] + (/2 — D)[N3)/2.

bending

U, = %Ezlz{Ai}T ULi [N6]T[Ne] dx] {a} (10

where E, I, is the flexural rigidity of the viscoelas-
tic layer and an interpolating matrix [Ng] =
(INi] — [Nz] + (h1/2 + D)IN3])/ hy.

shearing

Us = % GrAA{A}T [Li [N7I[N] dx] A} an

where G; is the shear modulus of the viscoelastic
layer. Also an interpolating matrix [N;] = (IN{] —
[Nz2] + dIN3])/h,.

Sensor/beam layer: The energies include

extension
Us = %EeAe{Ai}T [ L [NZIT[N3] dx] A} (12)

where E, and A, are the modulus of elasticity and
area of cross section of the sensor/beam layer.

or= o [ e a w109

where E.l is the flexural rigidity of the sensor/
beam layer.

From Eqs. (7)—(13), the total strain energy U
can be written as:

7

U= U= AFKHA) ()

i=1

where [K;] is the equivalent stiffness matrix of
the ith element.

Kinetic Energies. Constraining layer: It is given
by:

T1 = %plAl J.b (W2 + Ll%) dx = %plAl{Ai}T
[ e + NN x| (A3 1)

where p; is the density of the constraining layer.
Viscoelastic layer: It is given by:

1 ) . 1 A
T, = 3 pA; va W? + ud) dx = 3 p2AAAYT

[, NG + (NaTINGD | 143 16)

where p, is the density of the viscoelastic layer
and [Ng] = (IN;] + [Na] + (hi/2 — D)IN3])/2.



Sensor/beam layer: It is given by:

1 1
T; = EpeAeJ (W2 + u;) dx = 2 Pe C{Al}

| @z + NG a1y )

where p. is the density of the sensor/beam layer.
From Egs. (15)—(17), the total kinetic energy T
can be written as:

3
T=3 7= AFMIA)  (®)

i=1

where [M;] is the equivalent mass matrix of the
ith element.

Piezo-Control Forces and Moments. Piezo-actu-
ator: The strain ¢, induced in the piezoelectric
actuator is given by (Crawley and de Luis, 1987):

&p = (‘]’1—3]‘) V. (19)

where ds; is the piezoelectric strain constant re-
sulting from the application of the voltage V.
across the piezo-actuator layer. In Eq. (19), V. is
assumed constant over the length of the beam
element. The voltage V. is generated from the
proper manipulation of the piezo-sensor voltage
Vs.

Piezo-sensor: The strain & induced in the
piezo-sensor is proportional to the beam curva-
ture (d?*w/dx?) and is given by:

9w

&= "D

20

where Dy is the distance from the beam neutral
axis to the sensor surface.

The induced strain ¢, integrated over the en-
tire length of the sensor due to its distributed
nature, generates an output voltage V given by
Miller and Hubbard (1987):

v, = [l ]EIL'fm fdx @D

where fi(x) is a spatial distribution function that
defines the shaping of the sensor over element i.
For uniform sensor fi(x) = 1 and for a linearly
shaped sensor fi(x) = 1 — x/L as shown in Fig.
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(3). In Eq. (21), the sensor is extended between
elements i, and ir. Also, k3, is the electromechan-
ical coupling factor, g3, is the piezoelectric volt-
age constant, and C is the capacitance of the sen-
sor given by:

K
C = 8.854(10"12)A —h—31 (22)
3

where A is the sensor surface area and k;, is the
dimensionless dielectric constant.

Control law: The manipulation of the piezo-
sensor voltage V; to generate the actuator volt-
age V. is governed by the following proportional
and derivative control law:

Ve= - (vas + Ky ddv> G.(w)  (23)

where Kp and K, are the proportional and deriva-
tive control gains, respectively. Also G.(w) de-
notes the transfer function of the power ampli-
fier.
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FIGURE 3 Schematic drawing of sensor configura-
tions: (a) generally shaped, (b) uniform, (c) linearly
shaped.
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Control forces and moments: The vector {F.}
of the control forces and moments generated by
the piezo-constraining layer on the treated beam
element can be expressed in the following matrix
form:

{FC} = {ij; 0, ij: ij, Fpk, 0, Fox, Mpk)}T (24)
where Fy;, Fpi, My, and M denote the control

forces and moments generated at nodes j and &
given for the uniform sensor:

Fy= —Fy = _Tg (Kp + Kap)(Wi, — wiy)
F'wsz‘wk=0 and
(25)
My = —My = —g(Kp + Kqp)
1 1 !
[E (uy, — wii) — Di(wy, — wirH)]
Jfor the shaped sensor:
F = ~Fy = 55 (Kp + Kap)(w,
P pk = o7 \OP d s
= W) + Lowi]
Fyj=Fy = Z_Ii (Kp + Kap)l[(uy,
= Usir1) — Di(wi, — Wil
ij = -%g- (KP + de) I:(Ll]is - uli{‘!’l) (26)
’ ! D
- D,Q2w;, — Wif+1) - fl (wis - Wif“)] and
-D
My = =& (Kp + Kqp)

, 1
[Wis + I. w, — Wim)]

where g = E b2ds,[k},Dy4/g31C1G.(w), D, is dis-
tance between neutral axis of entire sandwiched
beam and piezo-actuator, and p is the d/dt opera-
tor. Also, L, denotes sensor length.

Equations of Motion. The stiffness matrix [Ki],
the mass matrix [M;], and the control force vec-
tor {F.} are combined to describe the dynamics of
the ACLD-treated beam element as follows:

[M{A} + [KH{A} = {F.}. @n

The effect of the proportional and derivative
control actions on the performance of the assem-
bled closed-loop system, given by Eq. (27), is
determined by computing the eigenvalues (i.e.,
natural frequencies and damping ratios) of the
closed-loop system and comparing these eigen-
values with those of the open-loop system. Ex-
perimental validation of the theoretical predic-
tions is determined in the following section.

PERFORMANCE OF BEAMS WITH ACLD
AND PCLD TREATMENTS

Experimental Setup

Figure 4 shows a schematic drawing of the exper-
imental setup used in testing the effectiveness of
the ACLD in attenuating the vibration of the test
beam as compared to conventional PCLD. The
setup is used also to investigate the performance
of ACLD treatments with uniform and shaped
sensors. The, beam under consideration is
mounted in a cantilevered manner on an oscillat-
ing table excited by a shaker driven by a sinusoi-
dal or white noise source through a power ampli-
fier. The amplitude of vibration of the free end of
the beam is monitored by a laser sensor (Model
MQ, Aromat Crop., Providence, NJ) mounted
on the oscillating table. The output signal of the
laser sensor is sent to a spectrum analyzer to
determine the vibration attenuation both in the
time and frequency domains. The laser sensor
has a precision of 20 um over a frequency band
between 0-1000 Hz. The test beam is 28.4 cm
long, 3.08 cm wide, and 0.124 cm thick. It is
made of a polymer that has density of 1.24 g cm™3
and Young’s modulus of 4.25 GN/m?. The first
and second modes of vibration of the beam are
3.99 and 24.87 Hz. The corresponding modal
damping ratios are 0.03 and 0.03, respectively.
The beam is fully treated with an ACLD that
consists of a viscoelastic sheet of DYAD-606
(SOUNDCOAT) sandwiched between two pi-
ezoelectric layers (AMP, Inc., Valley Forge,
PA). Two sensors configurations were consid-
ered in this study. The first sensor is of uniform
width [Fig. 3(a)] whereas the second sensor has a
linearly varying width [Fig. 3(b)]. The length and
thickness of the viscoelastic layer were 28.0 and
0.0508 cm, respectively. Its density is 1.104 g
cm™3 and its complex shear modulus is both tem-
perature and frequency dependent as indicated in
SOUNDCOAT’s bulletin number 810. All piezo-
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FIGURE 4 Schematic drawing of the experimental setup.

electric layers utilized are made from PVDF
polymeric films (number S028NA). The length
and thickness of the sensor and actuator layers
were 28.0 and 0.0028 cm, respectively. The pi-
ezoelectric films have density = 1.8 gcm ™3, d3; =
23 x 10712 m/V, k3 = 0.15, g3 = 216 X 1073 Vm/
N, k3 = 12, and E; 3 = 2.25 GN/m? (AMP, Inc.,
Catalog No. 65751).

The signal from the piezoelectric sensor was
sampled by a microprocessor via a charge ampli-
fier (Model AM-35, Wilcoxon Research, Rock-
ville, MD) and an input/output board (Model
DASH-16, METRABYTE, Taunton, MA). The
signal was manipulated inside the microproces-
sor using the proportional and derivative control
law. The resulting control action was sent via the
output board and an analog power amplifier
(Model PA7C, Wilcoxon) to the piezoelectric
constraining layer.

Experimental Results

Effect of Controller Gains. Figures 5 and 6 show
the effect of varying the controller gains (Kp and
K;) on the amplitude of vibration of the free end
of the tested beam when it is provided with a
uniform or shaped sensor, respectively. The dis-
played results were obtained when the beam was
subjected to broad-band random excitation. The
figures also show the vibration amplitude of the
beam when it was passively treated with the
sandwiched viscoelastic damping treatment. In
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that case, the control loop that regulates the in-
teraction between the piezo-sensor and the
piezo-actuator was maintained open (i.e., Kp =0
and Kq4 = 0). It is evident from Fig. 5(a) that
increasing the proportional controller gain Kp,
for an ACLD with a uniform sensor, results in
significant attenuation of the amplitude of vibra-
tion of the first mode. Further attenuation was
observed when the proportional controller was
augmented with a derivative component as
shown in Fig. 5(b). However, the attenuation im-
proved considerably by using the shaped sensor
[(Fig. 6(a)], particularly at the first mode of vibra-
tion. Such a result was expected as the linearly
shaped sensor was found to be effective in target-
ing the first (odd) mode as reported in details by
Miller and Hubbard (1987). The effectiveness of
the shaped sensor is attributed to the fact that its
output voltage and control actions are propor-
tional to the tip deflection, as indicated by Eq.
(26), rather than tip angular deflection as in the
case of the uniform sensor governed by Eq. (25).
This characteristic coupled with the fact that odd
modes of cantilevered beams are characterized

by large deflections and small angular deflections
makes the shaped sensor effectively target the
odd modes. As for the uniform sensor, it be-
comes more effective in the case of the second
(even) mode as the even modes are character-
ized, for a cantilevered beam, by large angular
deflections and small transverse deflections.

Effect of Operating Temperature. The effect of
varying the operating temperature on the perfor-
mance of the ACLD with uniform and shaped
sensors is shown in Fig. 7 when Kp = 240 and
K4 = 2ES. The displayed results are obtained by
subjecting the beam to a continuous sinusoidal
sweep from 1 to 50 Hz. The figure emphasizes
the effectiveness of the shaped sensor in target-
ing and suppressing the vibration of the first
mode while the uniform sensor is more effective
in attenuating the second mode. Furthermore,
the figure indicates also that the ACLD is effec-
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FIGURE 7 Effect of operating temperature on the
ACLD performance.



tive in attenuating the vibration over a relatively
wide temperature range.

Figure 8 summarizes comparisons between the
experimental results and the theoretical predic-
tions for the natural frequencies and damping ra-
tios of the ACLD treatment with uniform and
shaped sensors. The figure shows these compari-
sons for the first and second modes at three oper-
ating temperatures. It emphasizes the excellent
agreement between the theoretical and experi-
mental predictions. The theoretical results are
obtained by dividing the beam into 10 finite ele-
ments and solving the resulting eigenvalue prob-
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FIGURE 8 Comparisons between theoretical and
experimental frequencies and damping ratios.
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lem using the QR algorithm (IMSL Math. Li-
brary, 1994).

CONCLUSIONS

This article has presented a new class of ACLD
treatment that consists of a conventional vis-
coelastic core augmented with built-in sensing
and actuation capabilities. The equations govern-
ing the performance of this class of surface treat-
ment, with uniform and spatially varying sen-
sors, are presented using a finite element
formulation. The theoretical predictions of the
model are compared with the experimental per-
formance of a computer-controlled beam treated
with a DYAD 606 viscoelastic layer sandwiched
between two layers of PVDF piezoelectric films.
It is observed that ACLD with a linearly varying
sensor is capable of targeting and suppressing the
vibration of the first (odd) mode whereas ACLD
with a uniform sensor is more effective for the
second (even) mode. The effect of varying the
gains of a proportional and derivative controller
and the operating temperature on the ACLD per-
formance is determined for both the uniform and
linearly varying sensors. In the present study,
the gains are maintained low to avoid control in-
stabilities and spillover effects. Such effects are
currently under investigation. Comparisons with
the performance of conventional PCLD are pre-
sented and emphasize the favorable merits of the
ACLD.
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Office (Grant DAAH-04-93-G-0202). Special thanks
are due to Dr. Gary Anderson, the technical monitor,
for his invaluable technical inputs.
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