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Abstract. Piezoelectric transducers can be used as sensors and actuators for
vibration reduction in composite structures. Debonding at the transducer–laminate
interface results in significant changes to the dynamic response and control
authority. This important issue is studied in the current work. Composite
specimens with surface bonded piezoelectric transducers were constructed with
varying stacking sequences and debonding lengths. Closed loop control was
implemented using an analog circuit. Experimental results were obtained for both
open and closed loop frequencies and damping ratios. The results correlate well
with a newly developed higher order based theory for modeling composites with
debonded piezoelectric transducers. Significant changes are observed in the open
and closed loop frequencies and damping ratios as a result of debonding.

1. Introduction

Piezoelectric materials incorporated into composites offer
great potential for stiffness tailoring, static shape correction
and vibration control. However, during the lifetime
of the structure, debonding may occur in the structure
between the piezoelectric actuators and the composite
substructure. This debonding can significantly alter the
dynamic response of the structure, including the open
and closed loop frequencies, and also reduce the control
authority. Therefore, it is vital to address this critical issue
of debonding for the effective implementation of smart
composite laminates.

Several experimental investigations have been pre-
sented in the literature which address the issue of piezoelec-
tric actuation of both isotropic and orthotropic structures.
Bailey and Hubbard (1985) performed an experimental in-
vestigation to provide increased vibration damping of a flex-
ible beam using a piezoelectric film (PVDF). Chopraet al
(1993, 1996) have performed several experiments involving
piezoelectric actuation with application to rotorcraft. Craw-
ley and Lazarus (1991) presented an experimental investi-
gation of a cantilever composite plate utilizing piezoelec-
tric actuation for static shape control. Torsion and bending
of piezopolymer plates were experimentally demonstrated
by Lee and Moon (1989). Experimental optimal control
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has been studied for a cantilever beam using piezoelec-
tric sensors and actuators (Hanagudet al 1992). Moiŕe
interferometry was used to study the induced strains on
a plate resulting from piezoelectric actuation (Mollenhauer
and Griffen 1994). This study concluded that numerical ap-
proaches can be used to accurately predict induced strains.
Heeg (1992) experimentally investigated the improvement
of aeroelastic stability for fixed wing aircraft using piezo-
electric actuation. Although debonding of smart composite
laminates using piezoelectric actuation is a critical issue, no
experimental investigation of composite laminates utilizing
piezoelectric actuation with debonding has been reported in
the literature.

The main objective of the current research is to
experimentally study the effects of partially debonded
piezoelectric transducers on the response of smart
composite laminates. Correlation of the higher order
theory developed to model smart composite structures
(Seeley and Chattopadhyay 1997) with the experimental
data is established. Additionally, practical issues, such as
manufacturing and testing, are also discussed.

2. Test specimen construction

The test specimens were constructed to represent variations
in: (a) composite ply stacking sequence and (b) amount
of piezoelectric actuator debonding. Construction occurred
in two phases. The first phase consisted of the layup and
curing of the composite specimens. In the second phase, the
piezoelectric transducers and accelerometers were bonded

0964-1726/98/040502+10$19.50 c© 1998 IOP Publishing Ltd



Investigation of composite beams

Figure 1. ACX QP40N PZT transducer.

Figure 2. Bonding configuration for the test specimens.

to the composite substructures. These two phases of
construction are described next.

The material selected for the composite substructure
was HYE-3574 OH graphite/epoxy fabric. Two different
ply stacking sequences were studied, [0◦/90◦]3s and
[45◦/−45◦]3s . These ply layups represent commonly used
laminates in the industry and were constructed using
standard techniques. The three stage curing cycle, standard
for these specimens, was as follows. The average thickness
of the specimens was 1.94 mm. Therefore, the ply thickness
was approximately 0.161 mm. The average density was
calculated by dividing the average mass of each test
specimen by its volume and was found to be 1507 kg m−3.

The second phase of construction consisted of attaching
the piezoelectric transducers to the composite samples.
Active Control Experts (ACX) QP40N piezoceramic
transducers with dimensions 10.16× 2.54× 0.0762 cm3

were selected for convenience. These transducers contained
two stacks of two PZT wafers, shown in figure 1, and were
bonded to the composite laminates using Ecobond 45 clear
epoxy adhesive. Teflon tape, with thickness 5.08µm, was
placed underneath portions of the piezoelectric actuators to
create pre-existing debonding of the actuators. The entire
configuration is presented in figure 2. Additionally, a single
Endevco 2250A Micro miniature accelerometer was bonded
to the tip of each of the test specimens using a cyanoacrylate
adhesive.

Eight composite test specimens were constructed
with varying stacking sequences and debonding lengths.
Piezoelectric transducers were bonded to the top and bottom
surfaces of the composite substructure as indicated in
figure 3 along with a single accelerometer at the tip.
Wooden blocks were clamped at one end to provide
fixed boundary conditions. The test specimens were
clamped sideways in a vise during testing to further ensure
satisfaction of the fixed boundary conditions and minimize
extraneous vibration corrupting the data. Debonding was

Figure 3. Test specimen configuration.

introduced between the top piezoelectric transducer and the
composite substructure through the width of the transducer
near the clamped end as shown in figure 3(b). The
nondimensional debonding length,β, is defined as follows

β = LD

L
(1)

where LD is the actual debonding length andL is the
length of the test specimen. The physical dimensions of the
test specimens (see figure 3) are as follows:L = 30 cm,
L1 = 3.4 cm,L2 = 13.7 cm,W = 5.3 cm, t = 0.76 mm
andh = 1.94 mm. The beam configurations are presented
in table 1. Experimentally determined material properties
are summarized in table 2. In table 2,Ei are the moduli
of elasticity,Gij are the shear moduli,zν12 is Poisson’s
ratio, ρ is the density,d31 is the piezoelectric coupling
cofficient andK3 is the dielectric permittivity. It must be
noted that thed31 value listed for the PZT transducers is
that of the piezoelectric material only. The transducers
are really composite structures containing several different
materials, such as the electrodes and the Kapton casing
(figure 1). Therefore, it is more useful to express the
piezoelectric coupling in terms of micro-strain per volt for
the entire composite transducer. This quantity also has
a small but noticeable dependency on the applied electric
field. The value for the transducers used for beams 1–4,
with stacking sequence [0◦/90◦]3s , was 0.81(µm/m) V−1

while the value for beams 5–8, with stacking sequence
[45◦/−45◦]3s , was 0.73 (µm/m) V−1 due to the lower
fields used during testing. A visual record of the laboratory
setup was obtained and is presented in figure 4. In this
figure, a test specimen is shown clamped sideways in the
vise ready to be tested. The test specimen was mounted
sideways to further reduce unwanted noise. In figure 4, the
piezoelectric transducers are visible near the clamped end
and the accelerometer can be seen near the tip of the beam.

3. Analytical model

The analytical procedure used in the current work to model
piezoelectric actuation of composites including debonding
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Figure 4. Test specimen clamped in vise.

Table 1. Test specimen configuration.

Beam Stacking sequence β

1 [0◦/90◦]3s 0
2 [0◦/90◦]3s 0.06
3 [0◦/90◦]3s 0.12
4 [0◦/90◦]3s 0.18
5 [45◦/−45◦]3s 0
6 [45◦/−45◦]3s 0.06
7 [45◦/−45◦]3s 0.12
8 [45◦/−45◦]3s 0.18

Table 2. Test specimen material properties.

Properties HYE-3574 OH Gr/Ep PZT

E1 (GPa) 114 6.9
E2 (GPa) 9.5 6.9
G12 = G13 (GPa) 4.7 2.6
G23 (GPa) 2.1 2.6
ν12 0.30 0.31
ρ (kg m−3) 1507 5000
d31 (pm V−1) — −179
k3 — 1800

is briefly described as follows. Deformation of the
composite is described by independent refined displacement
fields which are defined for the nondebonded region as well
as the regions above and below the debonding�r (r =
u, d1, d2).

These displacement fields account for the slipping and
separation which occur as a result of the debonding

Ur = ur + (z− cr)(−∂wr
∂x
+ φrx

)
− (z− cr)3 4

3(dr)2
φrx

V r = vr + (z− cr)(−∂wr
∂y
+ φry

)
− (z− cr)3 4

3(dr)2
φry

(r = u, d1, d2) (2)

Wr = wr
whereU , V andW are the total displacements in theX,

Y and Z directions; u, v, and w denote the midplane
displacements of a point (x, y); the partial derivatives
of w represent the rotations of normals to the midplane
corresponding to the slope of the laminate andφx andφy
represent the additional rotations due to shear deformation
about the y and x axes, respectively. The thickness
coordinate,z, is measured from the global midplane of the
laminate andcr anddr are the local midplane and thickness,
respectively of each region (�r ). Continuity conditions are
applied to ensure continuity of the displacements at the
boundaries of the nondebonded and debonded regions.

For thekth layer of an orthotropic composite laminate
with piezoelectric in the context of laminate theory the
constitutive relationships are as follows
σ1

σ2

σ3

σ4

σ5

σ6


k

=


Q̄11 Q̄12 0 0 0 Q̄16

Q̄12 Q̄22 0 0 0 Q̄26

0 0 0 0 0 0
0 0 0 Q̄44 Q̄45 0
0 0 0 Q̄54 Q̄55 0
Q̄16 Q̄26 0 0 0 Q̄66


k

×


ε1−31

ε2−32

ε3

ε4

ε5

ε6


k

(3)

D3k = [ d31 d32 ]k

[
Q̄11 Q̄21

Q̄21 Q̄22

]
k

[
ε1

ε2

]
k

(4)

where3 are the induced strains(31 = 32 = d31E3). It is
important to note that engineering normal(ε1−3) and shear
(ε4−6) strains are used in the above equations,ε3 is set to
zero and only the inplane piezoelectric constants (d31 and
d32) are retained in the context of the current work.

The finite element method (FEM) is used to implement
the refined higher order theory since it allows for the
analysis of practical geometries and boundary conditions.
The linear finite element equations of motion are obtained
as follows

Mẅ +Kw = F + Fp (5)
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where the quantitiesM , K, F andw denote the mass
and stiffness matrices, the force vector due to a distributed
load and the nodal displacement vector, respectively. The
quantity Fp is the force vector due to the piezoelectric
actuation. The continuity conditions are implemented in
the finite element model using a penalty approach. Natural
frequencies and mode shapes are found by solving the
standard eigenvalue problem. Further details are presented
in the recent work by Seeley and Chattopadhyay (1997,
1998).

4. Open loop structural response

4.1. Open loop transient response

The open loop natural frequencies and damping ratios of the
test specimens are experimentally determined. The natural
frequencies and damping ratios corresponding to the first
two modes of vibration, which represented the first two
bending modes, were then compared with those predicted
by the higher order theory (Seeley and Chattopadhyay
1997). The next two modes, which were twisting modes,
were neither observable nor controllable using the current
sensor/actuator configuration. Therefore, they were not
considered. The third bending mode occurred at a
frequency nearly three times higher than the second bending
mode and was not considered either.

The ARMAX system identification technique (Lee
and Fassois 1990, Mignoletet al 1993, Mignolet and
Red-Horse 1994) was used on the transient response
records of each of the eight test specimens to determine
experimentally obtained frequencies and damping ratios.
ARMAX model orders ranged from five to twenty-five.
Lower model orders were consistently inaccurate while
higher model orders resulted in numerical problems due to
over-determination. Frequency estimates were consistent
over the range of model orders considered. However,
the damping ratio estimates varied somewhat due to the
presence of nonlinear damping. Therefore, several different
models, using different model orders, of each voltage
history were generated. Then, the average damping ratios
were calculated. The sampling rate used was 250 Hz. This
is more than two times the highest expected frequency to
be determined for accuracy, but is not so high as to degrade
the signal to noise ratio of the data.

The tip of each beam was lightly tapped using a
hammer and the charge output of piezoelectric transducer
#1 (bottom) was converted to a voltage and recorded using
the data acquisition system. This charge is proportional
to the strain in the piezoelectric transducer and therefore
represents the displacement of the beam at a given time.

The experimentally determined frequencies (EXP) for
the first two modes are presented in table 3 and were
compared to those predicted using the higher order theory
(HOT). Details on the modeling approach based on higher
order theory can be found in a recent work by Seeley
and Chattopadhyay (1997). In general, the agreement was
very good. Although the mass of the accelerometers was
very small (0.4 g), it was included in the mathematical
model. The frequencies were expected to decrease slightly

Table 3. Open loop natural frequency estimates (Hz).

Mode 1 Mode 2

Beam EXP HOT % error EXP HOT % error

1 25.1 25.4 1.0 120.6 116.3 3.6
2 24.5 24.6 0.3 118.7 115.3 2.9
3 24.6 24.2 1.7 119.4 113.1 5.3
4 24.5 23.8 2.7 120.3 116.3 3.3
5 17.3 16.4 5.3 65.5 68.0 3.9
6 16.3 15.6 4.1 66.3 67.3 1.5
7 15.5 15.2 2.1 66.6 67.2 0.9
8 15.4 14.8 4.1 65.9 68.4 3.8

Table 4. Open loop damping ratio estimates.

Beam EXP—mode 1 EXP—mode 2

1 0.0030 0.0039
2 0.0023 0.0060
3 0.0035 0.0038
4 0.0036 0.0040
5 0.0054 0.0049
6 0.0053 0.0046
7 0.0068 0.0046
8 0.0085 0.0052

with increasing debonding length. This was observed as
a general trend. Since the change was relatively small,
it was not clearly observed in the experimental results of
the first mode of the [0◦/90◦]3s beams due to experimental
uncertainty, but it was observed in the case of [45◦/−45◦]3s

beams. However, this trend was always evident in the HOT
results. An unexpected change occurred in the frequency
of the second mode as the debonding length increases
from β = 0.12 to β = 0.18. Although the structural
stiffness was reduced due to the increased debonding
length, which would lead to a reduction in the frequencies,
the experimental value of the frequency of the second mode
was actually higher. This increase was also observed in
the HOT results for both beams and in the experimental
results for the [0◦/90◦]3s beams as well. The reason for
this anomaly was that a new localized mode was introduced
between the first and second bending modes due to the
flapping motion of the debonded actuator. This new mode
altered the dynamic response of the beam which resulted in
a slightly higher frequency for the second bending mode.

The experimentally determined open loop damping
ratios are presented in table 4. The damping in all cases
was found to be less than 1% which was quite small. The
damping increased from the first to the second mode for
beams 1–4 ([0◦/90◦]3s) while it decreased for beams 5–8
([45◦/−45◦]3s). The damping was generally higher for the
[45◦/ − 45◦]3s beams compared to the [0◦/90◦]3s beams.
This was because the epoxy matrix, which has inherently
higher damping characteristics than the graphite fibers, had
a more significant effect on the structural response of the
[45◦/− 45◦]3s beams.
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5. Control design

In this section, topics relating to design and implementation
of the feedback control system are discussed. A second
order low pass filter is employed in the feedback loop which
serves two purposes. First, high frequency noise, which
could lead to unexpected results, is filtered out. Second, the
low pass filter provides a 90◦ phase shift at its resonance, or
cutoff frequency, so that the piezoelectric actuation forces
are 180◦ out of phase with the displacement of the beam
at that frequency. Therefore, the control forces act as
viscous dampers to reduce vibrational amplitudes in the
beam. The damping ratio of the filter is selected to be that
of a Butterworth second order low pass filter (ζf = 0.7072)
(Stout 1976). The frequency of the filter is tuned to the first
natural frequency of the beam. The equations of motion of
the structure are now given as follows

q̈ +Zbq̇ +Λbq = ΦT
(
F + Fp

)
(6)

where

Λb =


. . . 0

ω2
bi

0
. . .

 (7)

Zb =


. . . 0

2ζbiωbi

0
. . .

 (8)

Φ =


...

...

φ1 φ2 · · ·
...

...

 . (9)

The matrix Λb contains the square of the natural
frequencies,Zb contains the structural damping terms,Φ
is the modal matrix containing the normalized eigenvectors
and q is a vector of the modal participation factors. The
quantityF represents the applied forces andFp represents
the piezoelectric forces determined as follows

Fp = GF ′pv0 (10)

where F ′p contains the piezoelectric forces per volt for
one or more actuators withv0 as the vector containing
the applied voltages to the piezoelectric actuators and
G contains the gains of each actuator. The signal
obtained from the accelerometervi , is proportional to
the acceleration of the beam. The signals from several
accelerometers are related to the accelerations at different
points as follows

vi = SΦq̈ (11)

whereS contains the sensitivities of the accelerometers.
The Endevco 2250A Micro miniature accelerometers used
in this study have a sensitivity of 0.012 V (m−1 s2).
Although only one filter is used in the current study, several
filters can be used in a MIMO (multi input–multi output)
type control system with governing equations as follows

v̈0+Zf v̇0+Λfv0 = bvi (12)

where the matricesΛf and Zf contain the frequencies
and damping ratios for the filters, respectively, and
are analogous to the matricesΛb and Zb, respectively.
The coupled controls/structures equations of motion are
represented in state space as follows
I 0 0 0
0 I 0 0
0 0 I 0
0 −SΦ 0 I

 d

dt


q
q̇
v0

v̇0



=


0 I 0 0
−Λb −Zb ΦTF ′pG 0

0 0 0 I
0 0 −Λf −Zf



q
q̇
v0

v̇0



+


0

ΦTF
0
0

 . (13)

The complex eigenvalues and eigenvectors of the above
state space representation of the control system are
determined from the following equation

(A− λB) x = 0 (14)

where

A =


0 I 0 0
−Λb −Zb ΦTF ′pG 0

0 0 0 I
0 0 −Λf −Zf

 (15)

B =


I 0 0 0
0 I 0 0
0 0 I 0
0 −SΦ 0 I

 . (16)

Thus the state space representation used here reduces to
an eigenvalue problem which is solved using standard
techniques in a computationally efficient manner since
no matrix inversions are necessary (Mignolet 1995).
Frequencies and damping ratios for the closed loop system
are determined from the complex conjugate eigenvalue
pairs as follows

ωnj =
√

Re
(
λj
)2+ Im

(
λj
)2

(17)

ζnj =
Re
(
λj
)√

Re
(
λj
)2+ Im

(
λj
)2
. (18)

It is important to note that the above matrices,A andB, do
not correspond to the traditionalA andB matrices often
used in the state space approach for MIMO control systems.

6. Closed loop structural response

In this section, the closed loop structural response is
investigated. First, the experimental procedure is described
and the design of the analog circuit to implement the control
law is discussed. Results are then presented to correlate the
predicted closed loop response using the higher order theory
with experimental data.
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Figure 5. Test procedure.

6.1. Experimental procedure

The goal of the closed loop structural response investigation
is to correlate the closed loop frequencies and damping
ratios predicted by the higher order theory (HOT) with
experimental results. This was accomplished by recording
the transient response of the beam due to an initial
excitation. The hammer hit used in the open loop response
to provide the initial excitation was not appropriate in the
closed loop tests because this resulted in a large voltage
spike at t = 0 which could have damaged the feedback
control electronics and the data acquisition system. Instead,
a random noise was used to excite the structure which
was produced by applying a random voltage signal to
piezoelectric transducer #2 (figure 3) for several seconds
before the control loop was turned on (t < 0). At
t = 0, the random noise was turned off and the feedback
control loop was turned on. Fort > 0, the output of
the accelerometer was recorded over an appropriate length
of time (two seconds) while the response of the system
decayed. This procedure is illustrated in figure 5. The
operation was repeated for all the test specimens with two
different stacking sequences, four debonding lengths and
seven different gains. Several tests were performed at
different times to ensure consistency of the data. Several
ARMAX models were generated for each test record of
the accelerometer outputs to determine the frequencies
and damping ratios. The results for each test were then
averaged.

6.2. Analog circuit design

This implementation of the feedback control loop and test
procedure via a nonlinear analog circuit is shown in figure 6
(Durneyet al 1982). Not shown are the power supplies for
the operational amplifiers and ground connections. Only
the connections to the data acquisition system are shown for
simplicity although the data acquisition software (Labview
3.0), hardware (Macintosh 7200/90) and I/O card (Labview
PCI 1200) played an integral role to the test procedure.
The accelerometer also required a signal conditioner which
is not shown. The entire circuit was designed, tested
and implemented in house using commercially available
electronic parts. The operation of the circuit is described
next.

At time t < 0, the data acquisition system outputs
were as follows. DAC0OUT= 1 V, DAC1OUT =
0 V (t < 0). These values positioned the relays in
the circuit such that the random signal was connected to

piezoelectric transducer #1 while the control loop remained
disconnected. This provided the initial excitation to the
structure and avoided a potentially dangerous voltage spike
from the accelerometer. At timet = 0, these values
swapped as follows. DAC0OUT= 0 V, DAC1OUT =
1 V (0= t = t1). This disconnected the random excitation
and connected the feedback control loop. Data acquisition
from the accelerometer output began immediately through
ACH0 and transpired for the required length of time (t1)
to observe sufficient decay in the response of the structure
due to the feedback control. Once data acquisition was
complete, these values returned to their original values,
thus disconnecting the closed loop control, for safety.
DAC0OUT = 1 V, DAC1OUT= 0 V (0 = t = t1). The
relays required 12 V at 11 mA to be triggered. However,
the data acquisition outputs could only supply±5 V at
2 mA. Therefore, a separate power supply was used for the
relay coils which are switched on and off using 2N2222A
transistors. The transistor bases were connected to both
DAC0OUT and DAC1OUT through buffers to retain high
impedance for protection. The relays were placed after
the power amplifiers rather than before since the power
amplifiers could potentially saturate from a floating input.

The feedback control loop consisted of the accelerome-
ter input, preamp, low pass filter and power amplifier. The
cutoff frequency of the low pass filter was adjusted for dif-
ferent test specimens by selecting appropriate values for
the resistors and capacitors. It also provided the required
phase shift at the resonant frequency of the beam. The
gain of the preamp was selected by changing values of its
feedback resistor. It provided a relatively high gain since
the accelerometer signal level was so low (≈10 mV). This
high gain resulted in an annoying DC offset drift which
was compensated for by using another unity gain amplifier
with an offset adjustment.

The accelerometer output was also sent to the A/D
converter in the data acquisition system (ACH0). It
was amplified using a separate preamp from the feedback
control loop. The output was also recorded before the
low pass filter since filtered data may corrupt the system
identification technique in post-computation (Lyon 1996).
Additionally, it was passed through a voltage clipper
(±5 V) which utilized Zener diodes to protect the data
acquisition system.

6.3. Transient response

Representative transient responses of beam 1 ([0◦/90◦]3s ,
β = 0), obtained from the experimental data, are presented
in figures 7(a) and (b) for increasing gains. The quantity
shown is the unfiltered output of the accelerometer. Clearly,
as the gain increases, the decay of the structure also
increases. A smooth exponential decay is observed
for gains 0–2000 and the corresponding frequencies and
damping ratios calculated by the ARMAX procedure were
very consistent. At higher gains, the decay is not quite
as smooth. Although the ARMAX frequencies were
consistent, there was some variation in the damping ratios.
This is due to the presence of nonlinear damping. Therefore
the final results were averaged. The response of the analog
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Figure 6. Closed loop feedback circuit.

circuit feedback control at higher gains may also be partially
responsible. The effect of higher modes may be enhanced
at higher gains and can also contribute to the appearance
of the transient response at higher gains. It must be noted
that the twist modes are neither controllable nor observable
in the current configuration and are assumed to have little
effect on the transient response tests.

6.4. Correlation of frequencies and damping ratios

In this section, the experimentally determined closed loop
frequencies and damping ratios (EXP) are compared to
corresponding values predicted by the higher order theory
(HOT). Correlation is presented for both [0◦/90◦]3s and
[45◦/−45◦]3s beams with debonding lengths ofβ = 0.0,
0.06, 0.12 and 0.18 for gains of 0, 200, 400, 1000, 2000,
4000 and 8700. The results are shown in tables 5 and 6
and figures 8–10. The open loop results are presented in
tables 3 and 4 for comparison. It must be noted that the
mass of the accelerometer is included in each case in the
HOT analysis.

Tables 5 and 6 show very good correlation between the
experimental and the analytical closed loop frequencies.
In general, increase in debonding length decreases the
frequencies in both [0◦/90◦]3s and [45◦/−45◦]3s beams.
This is because the debonded portion of the actuators does
not contribute any stiffness to the overall structure while
the mass is still present. Decreasing stiffness with constant
mass results in reduced frequencies. This is also true since
the debonded actuators have less control authority over the
structure resulting in less influence of the control system on
the structural response. The effects of increasing gain are
observed most predominately in the nondebonded beams.
The natural frequency of the [0◦/90◦]3s beam, withβ = 0.0,
increases by 11.1% while the [45◦/−45◦]3s beam, with
β = 0.0, increases 2.3% for the EXP case as the gains
are increased from 0 to 8700. The corresponding numbers
predicted by the HOT are 13.6% and 1.9%, respectively.

Table 5. First closed loop natural frequency of [0◦/90◦]3s
beams with debonding.

Debonding
length (β) Gain EXP HOT % error

200 25.1 25.4 1.0
400 25.1 25.4 1.1

0.0 1000 25.2 25.4 0.9
2000 25.3 25.6 0.9
4000 25.7 25.9 0.9
8700 28.0 28.8 2.7

200 24.6 24.6 0.1
400 24.6 24.6 0.0

0.06 1000 24.6 24.6 0.1
2000 24.7 24.7 0.1
4000 24.8 24.8 0.0
8700 26.1 26.0 0.4

200 24.7 24.2 1.9
400 24.7 24.2 1.9

0.12 1000 24.7 24.2 1.9
2000 24.7 24.2 1.9
4000 24.8 24.3 1.8
8700 25.3 24.7 2.2

200 24.6 23.8 2.9
400 24.6 23.8 2.9

0.18 1000 24.6 23.9 3.0
2000 24.6 23.9 2.9
4000 24.7 23.9 3.1
8700 24.8 24.1 2.8

The results for the closed loop damping ratios are
presented in figures 8(a) and (b) for the [0◦/90◦]3s beams
and figures 9(a) and (b) for the [45◦/−45◦]3s beams with
debonding lengths ranging fromβ = 0.0, 0.06, 0.12
and 0.18 and gains of 0, 200, 400, 1000, 2000, 4000
and 8700. Increases in closed loop damping ratios of
up to ζ = 0.25 at a gain of 8700, due to piezoelectric
actuation, are obtained. Agreements between the EXP
and HOT results are excellent. The closed loop damping
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Figure 7. Transient response of [0◦/90◦]3s beam with increasing gain (β = 0).

Figure 8. Closed loop damping ratios for mode 1 of [0◦/90◦]3s beams.

Figure 9. Closed loop damping ratios for mode 1 of [45◦/−45◦]3s beams.

ratios include contributions from both the passive structural
damping (table 4) and the active control. The damping
ratios corresponding to the passive structural damping using
the HOT are set equal to the experimentally determined
damping ratios at zero gain in each case. These structural
damping ratios are included in the calculation of the closed

loop damping ratios using the HOT. The HOT theory is
used only to predict the closed loop portion of the damping
ratios.

In general, debonding decreases the closed loop
damping ratios, especially at high gain (figures 8(b) and
9(b)). However, the presence of debonded actuators has
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Figure 10. Settling time for mode 1 of composite beams with debonding.

the effect of increasing the open loop damping ratios in
some cases. This is due to friction between the interfaces of
the debonded actuator and the substructure. The open loop
damping ratios (zero gain) represent the passive structural
damping present in the system. The structural damping
dominates the closed loop response at low gain and explains
why the damping may actually increase as the debonding
length increases (figures 8(a) and 9(a)). However, once the
closed loop damping is above 0.01, the effect of the control
system dominates the response and debonding consistently
reduces the actuator authority in all cases. In the worst case,
debonding reduces the closed loop damping ratio of the
[0◦/90◦]3s beam by 68% at a gain of 8700 as the debonding
length is increased fromβ = 0.0 to β = 0.18. Debonding
clearly has a detrimental effect on the closed loop damping
ratios.

Debonding also has a detrimental effect on the control
authority that is demonstrated through the settling time
of the coupled controls/structures system as shown in
figures 10(a) and (b). The 2% settling time for the first
mode is calculated as the time it takes for the control system
to reduce the vibrational amplitude of the first mode to 2%
of its initial value as follows

t = − ln (0.02)

ζbωb
(19)

where ζb and ωb are the closed loop frequencies
corresponding to the first mode of the beam. The 2%
settling time is presented in figures 10(a) and (b) for values
of high gain at various debonding lengths for the [0◦/90◦]3s

and the [45◦/−45◦]3s beams, respectively. Clearly, increase
in the debonding length significantly increases the settling
time for both beams at relatively high gains. The settling
time increases approximately 230% in the worse case for
the [0◦/90◦]3s beam as the debonding length increases from
β = 0.0 to β = 0.18 at a gain of 8700.

7. Concluding remarks

An experimental investigation of composite laminates using
piezoelectric actuation for closed loop control has been
presented. Specific attention has been paid to the effect of

Table 6. First closed loop natural frequency of [45◦/−45◦]3s
beams with debonding.

Debonding
length (β) Gain EXP HOT % error

200 17.3 16.4 5.1
400 17.3 16.4 5.2

0.0 1000 17.3 16.4 5.4
2000 17.3 16.4 5.3
4000 17.4 16.4 5.6
8700 17.7 16.5 6.8

200 16.4 15.6 4.4
400 16.4 15.6 4.4

0.06 1000 16.4 15.6 4.6
2000 16.4 15.6 4.8
4000 16.4 15.6 4.7
8700 16.4 15.6 5.2

200 15.6 15.2 2.7
400 15.6 15.2 2.6

0.12 1000 15.6 15.2 2.8
2000 15.6 15.2 2.6
4000 15.6 15.1 2.6
8700 15.6 15.1 3.1

200 15.4 14.8 4.1
400 15.5 14.8 4.4

0.18 1000 15.4 14.8 4.3
2000 15.4 14.8 4.2
4000 15.4 14.8 4.4
8700 15.4 14.7 4.4

partially debonded actuators on the structural response and
control authority. Results indicate that even a small amount
of debonding has a significant impact on the response. The
following important observations have been made from this
study.

(i) The experimental investigation provides important
insight into the implementation of smart composite
laminates using piezoelectric actuation for closed loop
control.

(ii) Debonding has a noticeable effect on the open loop
structural response. Non-intuitive changes in the open loop
frequencies are observed.

(iii) The length of debonding is a critical factor.
Increases in the debonding length introduce local and global
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deformations which have a significant effect on the closed
loop frequencies and damping ratios.

(iv) Experimental results correlate very well with
predicted frequencies and closed loop damping ratios using
the higher order theory.
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