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Abstract. This work presents recent results on the passive, active and active-passive
vibration control of plate structures using distributed piezoelectric patches. The use of
resonant shunt circuits for passive vibration absorption and/or control authority enhance-
ment is demonstrated. A passive vibration amplitude reduction of at least 10 dB for the
first four vibration modes was obtained. It is also shown that the control authority can
indeed be improved near a selected resonance and, thus, allowing further and focused
improvement in the vibration amplitude reduction. Also, the use of an array or network
of piezoelectric patches distributed over a plate structure to design discrete spatial modal
filters with application to more effective active vibration control is presented. Satisfac-
tory results are obtained for two simple control laws, although positive position feedback
control is shown to be more robust.

1 INTRODUCTION

Since the early 80s, several studies focused on the use of distributed piezoelectric
patches for the vibration control of thin plate-like structures [1]. The main goal was to
obtain a so-called adaptive structure with very integrated sensors and actuators so that
adaptive/reconfigurable vibration mitigation solutions could be part of the structural de-
sign phase. However, the performance and interest of such solutions were always limited to
the relatively weak actuation power of piezoelectric patches and the required cumbersome
power electronics. Therefore, most research groups migrated to passive and/or semi-active
solutions to escape from the power required by active control while still maintaining the
adaptivity provided by the piezoelectric patches. Much fewer studies attempted to tackle
the issue of increasing the ratio performance/power and/or miniaturizing the power elec-
tronics required for active control solutions [11, 13].
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One alternative would be to combine the active vibration control solutions to passive
and/or semi-active ones so that the required performance of the active part, and conse-
quently the power required, could be diminished. For instance, this could be achieved
using an optimized combination of viscoelastic treatments for passive damping and piezo-
electric actuators for active control [14, 15, 16]. However, this approach does not increases
the performance/power ratio of the active solution, although it can indeed decrease the
power required for a given overall performance and also increase the frequency range and
robustness of the combined solution.

Another idea is to use shunted piezoelectric materials, based on the important elec-
tromechanical coupling it provides, converting part of the vibratory energy into electrical
energy which is then dissipated through the shunt circuit [6]. They could also be combined
to active control techniques using the so-called Active-Passive Piezoelectric Networks
(APPN), that integrates an active voltage source with a passive resistance-inductance
shunt circuit to a piezoelectric sensor/actuator [13]. This technique allows to simultane-
ously dissipate passively vibratory energy through the shunt circuit and actively control
the structural vibrations.

On the other hand, the performance of integrated systems applied to active vibration
and noise control can be substantially improved by the use of high quality modal filters
[12]. Modal sensors and actuators working in closed loop enable to observe and control
independently specific vibration modes, reducing the apparent dynamical complexity of
the system and the necessary energy to control them [3, 9]. Discrete spatial modal filters
were already used for quasi-modal or semi-modal feedback and feedforward noise and
vibration control [2].

Therefore, recent studies were performed with the objective of maximizing the control
authority of piezoelectric patches in order to improve the performance/power of active
control solutions. These studies include the use of resonant shunt circuits in series with
the active control voltage source to improve the control authority [5, 10] and also the use
of spatial modal filters to minimize the power spilled to control non-interesting dynamics
[8]. Presented results show that the active vibration control performance can be substan-
tially increased with the use of such strategies. In addition, the adaptivity of solution is
preserved in the sense that it can modified in real time according to the operation and/or
performance criteria.

2 PASSIVE AND ACTIVE-PASSIVE VIBRATION CONTROL USING
SHUNTED PIEZOELECTRICS

The performance of a passive vibration control system using four pairs of piezoelectric
patches connected to resonant (resistive-inductive) shunt circuits and embedded into a
composite plate is analyzed. The plate is made of 12 Graphite-Epoxy (Carbon-Fibre
Reinforced) AS4/3501-6 layers [90°/90°/0°/0°/90°/90°]s, has dimensions (250 x 350 x
1.5) mm and is supposed to be clamped on all sides (CCCC). The piezoelectric patches
are made of thickness-poled PZT-5A piezoceramic material with dimensions (25 x 25 X
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0.25) mm. The material properties can be obtained in [5].
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Figure 1: Schematic representation of the Figure 2: First four vibration modes (a) and variation
laminate plate with the possible and optimal of the squared modal electromechanical coupling coef-
(highlighted) positions in = and y directions for ficient (b) for the laminate plate with one symmetrical
piezoelectric patches. pair of thickness-poled piezoelectric patches.

It is known that the squared modal electromechanical coupling coefficient (EMCC) is
an adequate indicator of the amount of strain energy converted to electrical energy by a
piezoelectric patch when the structure to which it is bonded/embedded vibrates in a given
mode shape. Therefore, the EMCC is used here as a metric to perform the positioning of
four symmetric pairs of patches throughout the plate, via parametric analysis, such that
each patch maximizes the EMCC of one of the first four vibration modes of the laminate
plate. 700 plate elements were used in this analysis. The first four vibration modes and
the squared modal electromechanical coupling coefficients are shown in Fig. 2.

2.1 Results for passive vibration control using RL circuits

Then, each symmetrical pair of piezoelectric patches is considered to be connected to
a resonant shunt circuit, for which the resistance and inductance were properly tuned
to optimize the energy absorption/dissipation using the standard theory of dynamic vi-
bration absorbers leading to L. = k./w?, R, = kp\/Q_k:6 Jw?, where k. is the effective
dielectric stiffness (in this case, the inverse of the patches capacitance), k, is the patches
effective piezoelectric stiffness (projected into the vibration mode of interest) and w,, is
the eigenfrequency of the vibration mode of interest.
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Table 1: Values for R, and L. calculated using the analytical expressions and updated after simulations.

1 pair of PZT patches 4 pairs of PZT patches
R. (Q) L. (H) R () L. (H)
Circuit  calculated updated calculated  updated calculated  updated calculated  updated
1 987 988 6.30 6.20 678 650 5.13 5.11
2 104 730 1.99 1.99 136 310 1.93 1.94
3 375 350 1.48 1.44 306 468 1.54 1.47
4 133 280 0.97 0.96 63 580 1.02 0.98

The frequency response function (FRF) for the laminate plate were evaluated con-
sidering five cases and using 600 plate elements. For the first four cases, a single pair of
piezoelectric patches, located to properly couple with one of the first four vibration modes
according to Fig. 1, is considered. For the last case, the four pairs of piezoelectric patches
are embedded simultaneously in the laminate plate and connected to the corresponding
resonant shunt circuit to yield a multi-modal vibration reduction. In all cases, the FRF
of the laminate plate with shunted piezoelectric patches was compared to the case of
open-circuit condition to analyze the performance of vibration amplitude reduction. For
comparison purposes, a modal damping of 0.5% was considered for the host structure.

However, a preliminary analysis showed, for most cases, that the location of the anti-
resonance generated by the shunt circuit were not exactly as expected. Therefore, the
values of R, and L. were manually updated leading to better results. Table 1 shows the
calculated and updated values of R. and L. for each circuit in the cases of one and four
pairs of piezoelectric patches.
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Figure 3: FRF of the laminate plate with one pair of shunted piezoelectric patches designed for the first
(a) and second (b) vibration modes.

Then, considering the updated values for R. and L., a first analysis is performed
considering that only one pair of piezoelectric patches is embedded in the laminate plate
and connected to a resonant shunt circuit. This is done for all four pairs of piezoelectric
patches presented in Fig. 1, one at a time. The FRF of the structure with one shunted
pair of piezoelectric patches (RL) is evaluated and compared to the case of open-circuit
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Figure 4: FRF of the laminate plate with one pair of shunted piezoelectric patches designed for the
third (a) and fourth (b) vibration modes.
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Figure 5: FRF of the laminate plate with four pairs of shunted piezoelectric patches designed for the
first four vibration modes.

(OC) piezoelectric patches (R, = oo and L. = 0). The comparative results are presented
in Figs. 3 and 4 for the first, second, third and fourth patch pairs - vibration modes.
In all cases, the vibration amplitude is only significatively modified near the resonance
frequency considered in the positioning and circuit design.

A second analysis is performed considering that the four pairs of piezoelectric patches
are embedded simultaneously in the laminate plate and connected to the corresponding
resonant shunt circuit to evaluate the case of a multi-modal vibration reduction. Fig. 5
shows the FRF of the laminate plate with four pairs of piezoelectric patches, distributed
according to Fig. 1, in two electrical boundary conditions: i) all patches in open-circuit
(OC) and ii) each pair of patches connected to a properly designed resonant shunt circuit,
focusing one of the four first vibration modes. It is possible to observe in Fig. 5 that the
vibration amplitude at the first four resonance frequencies is effectively reduced by the
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shunted piezoelectric patches, especially for the fourth resonance. A vibration amplitude
reduction of more than 10 dB is observed for the first four vibration modes simultaneously.

3 Results for active-passive vibration control using RLV circuits

Previous works have shown that resonant shunt circuits can be also used to amplify the
control authority of a piezoelectric patch serving as an actuator [7, 10, 11, 13]. Therefore,
an active control strategy could be used in combination with the previous shunted passive
control solution. For that, it is considered that a control voltage source is added in series
with the resistance and inductance. The applied control voltage can then be evaluated
using any standard control law. In the present case, an optimal linear quadratic regulator
was considered focused on a given vibration mode, one at a time.

Figures 6 and 7 show the FRF of the laminate plate presented previously with the
combined action of active control and shunted passive control. It can be observed that,
in all cases, the active control can further improve the vibration amplitude reduction
provided by the passive resonant shunt circuit. Since the active control requires external
power, it is suggested that in normal operation the voltage source could be bypassed and,
for extreme situations when additional vibration reduction is required, the control voltage
source could be activated.
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Figure 6: FRF of the laminate plate with four pairs of shunted piezoelectric patches and active control
for the first (a) and second (b) vibration modes.

4 ACTIVE VIBRATION CONTROL USING PIEZOELECTRIC
NETWORKS AND DISCRETE MODAL FILTERS

In a previous work, a modal filter design technique applied to a plate with bonded
piezoceramic patches acting as sensors was presented [8]. A free rectangular aluminium
plate, of dimensions 320x280x3 mm, was considered as the host vibrating structure.
The study aimed at finding a topology of twelve piezoceramic patches to optimize the
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Figure 7: FRF of the laminate plate with four pairs of shunted piezoelectric patches and active control
for the third (a) and fourth (b) vibration modes.

performance of two modal filters, designed to isolate the first and second vibration modes
up to 1000 Hz. Using a genetic algorithm optimization strategy, the twelve piezoceramic
patches were chosen between a regular array of thirty-six identical thickness-poled piezo-
ceramic patches, with dimensions 25x25x0.5 mm, bonded to the upper surface of the
plate. The topology was optimized so that two selected modal filters, one designed to
isolate the first vibration mode and other designed to isolate the second vibration mode,
could be effective up to 1000 Hz.

Experimental tests were designed to validate the proposed methodology for designing
discrete modal filters using QR decomposition of FRF matrices, on one hand, and the op-
timal topology of twelve sensors obtained from numerical optimization, on the other hand.
Twelve transversely-poled PIC151 piezoceramic patches (PI Ceramic) were bonded to one
surface of a rectangular aluminium plate using an epoxy-based glue (Araldite) cured at
60°C. The twelve piezoceramic patches are identical, with dimensions 25x25x0.5 mm.
Small Copper electrode layers were bonded on the top and bottom surfaces of each piezo-
ceramic patch to enable independent measurement of the electric voltages induced on
each patch. The experimental setup considered for the validation of the modal filters
performance predicted by the numerical analysis presented in [8] is presented in Figure 8.
An electrodynamic shaker (Labworks MT-160 / Power Amplifier PA-138) was considered
as the single force excitation applied at the upper-right corner of the rectangular plate,
for the evaluation of the FRF measured by each one of the piezoelectric patches, used
for the evaluation of the weighting coefficients, and also for the evaluation of the filtered
FRF measured by the modal filter. A spectral analyser (LMS SCADAS Mobile running
on LMS Test.Lab software) was used for the acquisition of the voltage outputs at each
piezoceramic patch and the voltage sent to the eletrodynamic shaker and for the evalu-
ation of the FRF between them. The natural frequencies of the rectangular plate with
piezoceramic patches are [77.0, 150.0, 180.5, 249.0, 296.5, 400.0, 488.5, 499.5] Hz.
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Figure 8: Experimental setup: plate with twelve bonded Figure 9: Control scheme considered for
piezoceramic patches. semi-modal active vibration control.

It is then desired to use the filtered output as a feedback signal for active vibration
control purposes. Since modal filtering does not require particular signal processing re-
quirements, in principle, any active control strategy could be used to reduce the vibration
amplitude. However, the main objective of the proposed semi-modal active vibration
control is to avoid very complex feedback control laws or control laws that would require
expensive signal processing capabilities. Therefore, two simple feedback active control
strategies were considered, Direct Velocity Feedback (DVF) and Positive Position Feed-
back (PPF). The control scheme considered for both cases is presented in Figure 9.

4.1 Semi-modal DVF active control

The idea behind the DVF control is to feed back the time derivative of the filter
output, multiplied by a negative gain, aiming at increasing the modal damping of a
selected vibration mode. It is well-known that DVF control is subjected to spillover and
instability whenever sensor and actuator are not collocated. Moreover, even for collocated
sensor and actuator, there is no guarantee that the control effort is focused in controlling
the target vibration mode, although this problem could be alleviated by optimizing the
position of the sensor-actuator pair.

The proposition of this study is to benefit from the modal filtering to improve the
focus of the control effort and, thus, alleviate spillover and instability problems of such
a simple control law as DVF. The ideal output of a modal filter is composed of only one
harmonic and thus only this harmonic can be affected by the feedback control. In practice,
the modal filter is not perfect and thus there are other components in the response that
should affect positively or negatively other vibration modes besides the target one. The
better the modal filter quality, the least should be the effect on undesired vibration modes.

Since the modal filtering strategy considered in this work aimed at isolating the re-
sponse of one or few more vibration modes with a reduced number of sensors, modal filter-
ing quality and frequency range are limited to a certain extent. Therefore, to implement a
DVF controller using the modal filter output, a low-pass filter was included in the control
design to prevent instabilities of higher frequency modes (not accounted for in the modal
filter design). This was done using a 7th-order (N = 7) Butterworth low-pass analog filter
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with a cutoff frequency of f. = 500 Hz, B(s). The general form of the control system is
C(s) = —gsB(s), B(s) = (2nf. )N /TIN_ (5 — 1), 8 = 2w f@d Gk 1HNT/2N | — 1 N,
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Figure 10: Frequency response using Direct Filtered Velocity Feedback with various gains: 0 (dotted),
0.0001 (dash-dot), 0.0003 (dashed) and 0.0005 (solid).

N
o

48

w
o
T

w
o
T

N
ol
T
~
»

[N
a
T

Patch #8 output (V/V, dB)
Patch #8 output (V/V, dB)
N
=]

=
o
T

t 0 P L . . D
10° 10° 130 140 150 160 170
Frequency (Hz) (a) Frequency (Hz) (b)

Figure 11: Frequency response using Direct Filtered Velocity Feedback with various gains: 0 (dotted),
0.0001 (dash-dot), 0.0002 (dashed) and 0.0003 (solid).

To analyse the vibration control performance, the frequency response of the plate mea-
sured by a selected piezoelectric patch was evaluated for increasing active control gains.
The frequency responses are shown in Figure 10a, up to 1000 Hz, and Figure 10b, zoomed
around the first resonance. The implemented DVF control led to an important decrease
of vibration amplitudes around the targeted vibration mode (20 dB for the highest control
gain considered compared to the open-loop response, Figure 10b). The second vibration
mode is not so much affected although its vibration amplitude is decreased by 2 dB.
However, as expected, the active control also led to a decrease in modal damping of the
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third vibration mode and, thus, to an increase in its vibration amplitude (20 dB increase
of vibration amplitude at third resonance, Figure 10a). It is expected that this problem
could be alleviated by redesigning the weighting coefficients in order to reshape the phase
characteristics but this was not done here.

A similar analysis was performed for the control of the second mode. In this case,
the same control law was considered but using as input the output of the second mode
filter. As in the previous case, the vibration amplitude around the targeted resonance
(the second one) is significantly reduced by 16 dB without significant effect at the first
and third resonances, although the third resonance amplitude is also reduced (by 5 dB),
as shown in Figure 11. The limiting factor in this case was the tenth vibration mode (at
766 Hz) which may be destabilized by the control law.

4.2 Semi-modal PPF active control

The PPF control law is a second order filter aiming at improving the roll-off of the
control system and targeting the control effort at a given vibration mode [4]. In practice,
this leads to an inclusion of a pair of conjugate poles, with natural frequency w; and
damping factor {;, which must be tuned to target at a given pole and improve the added
damping performance. This control law acts somewhat like a dynamic vibration absorber,
therefore the natural frequency wy should be equal or close to the resonance frequency of
the target vibration mode. However the control gain g is restricted to a maximum value
from which the control system poles are destabilized. The general form of the control
system is C(s) = gw}/(s* + 265wps + wi).

In this case, differently from the DVF control law, the control input rolls-off very
rapidly. Notice that standard PPF control may also present a satisfactory roll-off be-
haviour due to the second order filter. However, in this case, roll-off is even further
improved by the spatial modal filter.

Indeed, the results shown in Figure 12 indicate that only the targeted first vibration
mode is significantly affected by the PPF control, which may reduce the vibration ampli-
tude at resonance by up to 25 dB for the highest control gain considered. Since the modal
filter is far from perfect, the second and third vibration modes are somewhat affected by
the control law (less than 2 dB amplitude reduction at second and third resonance). How-
ever, in this case, the control performance is clearly limited by the decrease in the modal
damping of the control systems poles. It is worthwhile to notice however that although
two sets of PPF control parameters were tested (wy = 77 Hz,{; = 0.10 and wy = 74 Hz,
&r = 0.10), they were not optimized. The results presented here were obtained with using
the latter set of PPF parameters, except for the higher control gain (¢ = 0.15) which is
combined to a higher control damping factor {; = 0.15.

A diferent PPF control filter was designed for the control of the second mode, using
wy = 150 Hz and & = 0.10. Figure 13 presents the resulting frequency responses for
various control gains. It can be noticed that very good control performance can be
obtained with a reduction of 31 dB in the vibration amplitude at the second resonance.
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Figure 12: Frequency response using Positive Position Feedback with various gains: 0 (dotted), 0.01
(dash-dot), 0.05 (dashed), 0.10 (long dash) and 0.15 (solid).
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Figure 13: Frequency response using Positive Position Feedback with various gains: 0 (dotted), 0.01
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5 CONCLUDING REMARKS

This work has presented recent results on the passive, active and active-passive vibra-
tion control of plate structures using distributed piezoelectric patches. The use of resonant
shunt circuits for passive vibration absorption and/or control authority enhancement was
demonstrated. A passive vibration amplitude reduction of at least 10 dB for the first four
vibration modes was obtained. It was also shown that the control authority can indeed be
improved near a selected resonance and, thus, allowing further and focused improvement
in the vibration amplitude reduction. Also, the use of an array or network of piezoelectric
patches distributed over a plate structure to design discrete spatial modal filters with
application to more effective active vibration control was presented. Satisfactory results
were obtained for two simple control laws.

11



M.A. Trindade, T.C. Godoy, C.C. Pagani Jr. and H.F.L. Santos

ACKNOWLEDGEMENTS

The authors acknowledge the support of MCT/CNPq/FAPEMIG National Institute of

Science and Technology on Smart Structures in Engineering, Grant 574001/2008-5, and
State of Sao Paulo Research Foundation (FAPESP), Grant 10/02198-4.

REFERENCES

[1]

Ahmadian, M. and DeGuilio, A.P. Recent advances in the use of piezoceramics for vibration sup-
pression. Shock and Vibration Digest (2001) 33(1):15-22.

Baz, A. and Poh, S. Experimental implementation of the modified independent modal space control
method. Journal of Sound and Vibration (1990) 139(1):133-149.

Fripp, M.L. and Atalla, M.J. Review of modal sensing and actuation techniques. Shock and Vibration
Digest (2001) 33(1):3-14.

Friswell, M. and Inman, D.J. The relationship between positive position feedback and output feed-
back controllers. Smart Materials and Structures (1999) 8:285-291.

Godoy, T.C. and Trindade, M.A. Modeling and analysis of laminate composite plates with embedded
active-passive piezoelectric networks. Journal of Sound and Vibration (2011) 330:194-216.
Hagood, N. and von Flotow, A. Damping of structural vibrations with piezoelectric materials and
passive electrical networks. Journal of Sound and Vibration (1991) 146(2):243-268.

Niezrecki, C. and Cudney, H. Improving the power consumption characteristics of piezoelectric
actuators. Journal of Intelligent Material Systems and Structures (1994) 5(4):522-529.

Pagani Jr., C.C. and Trindade, M.A. Optimization of modal filters based on arrays of piezoelectric
sensors. Smart Materials and Structures (2009) 18(9):095046.

Preumont, A., Frangois, A., De Man, P. and Piefort, V. Spatial filters in structural control. Journal
of Sound and Vibration (2003) 265(1):61-79.

Santos, H.F.L. and Trindade, M.A. Structural vibration control using extension and shear active-
passive piezoelectric networks including sensitivity to electrical uncertainties. Journal of the Brazilian
Society of Mechanical Sciences and Engineering (2011) 33:287-301.

Sirohi, J. and Chopra, I. Actuator power reduction using L-C oscillator circuits. Journal of Intelligent
Material Systems and Structures (2001) 12(12):867-877.

Tanaka, N. and Sanada, T. Modal control of a rectangular plate using smart sensors and smart
actuators. Smart Materials and Structures (2007) 16(1):36-46.

Tang, J., Liu, Y. and Wang, K.-W. Semiactive and active-passive hybrid structural damping treat-
ments via piezoelectric materials. Shock and Vibration Digest (2000) 32(3):189-200.

Trindade, M.A. Optimization of active-passive damping treatments using piezoelectric and viscoelas-
tic materials. Smart Materials and Structures (2007) 16:2159-2168.

Trindade, M.A. and Benjeddou, A. Hybrid active-passive damping treatments using viscoelastic and
piezoelectric materials: review and assessment. Journal of Vibration and Control (2002) 8:699-746.
Trindade, M.A., Benjeddou, A. and Ohayon, R. Finite element modelling of hybrid active-passive
vibration damping of multilayer piezoelectric sandwich beams — Part I: Formulation and Part II:
System analysis. International Journal for Numerical Methods in Engineering (2001) 51(7):835-864.

12



