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Electrode Pattern Design of Piezoelectric Sensors
and Actuators Using Genetic Algorithms

Jung-Kyu Ryou,* Keun-Young Park,’ and Seung-Jo Kim*
Seoul National University, Seoul 151-742, Republic of Korea

A distributed piezoelectric sensor and actuator have been designed for the efficient vibration control of a plate.
Optimization of the electrode pattern of polyvinylidene fluoride (PVDF) film has been performed to realize the
concept of modal transducer for a two-dimensional structure. The finite element method is used to model the
structure that includes the PVDF sensor and actuator. Various lamination angles of transducers are taken into
consideration to utilize the anisotropy of the PVDF film. The electrode pattern over the entire surface of the
plate is determined by deciding on or off of each electrode segment. The actuator design is based on the criterion
of minimizing the system energy in the control modes under a given initial condition. The sensor is designed to
minimize the observation spillover. Modal control forces for the residual (uncontrolled) modes have been minimized
during the sensor design. A genetic algorithm, which is suitable for this kind of discrete problem, has been utilized
for optimization. A discrete linear quadratic Gaussian control law has been applied to the integrated structure for
real-time vibration control. The performance of the sensor, the actuator, and the integrated smart structure has

been demonstrated by experiments.

Introduction

IEZOELECTRIC materials are being widely used as sensors

and actuators in the active vibration control of structures. Lead
zirconate titanate (PZT) and polyvinylidene fluoride (PVDF) are the
most popular ones. Because of the large actuation force of PZT, there
has been much research on the use of PZT as a sensor and an actuator.
Concern is given to the positioning and the sizing of PZT. PVDF has
an advantage in the relative easiness of electrode pattern shading,
in addition to its flexibility and light weight. Research related to
PVDF has focused on the electrode pattern of the PVDF transducer.
Selection of an electrode pattern in a one-dimensional application
is relatively easy. We can regulate the modal force of each mode by
changing the width of the electrode.! Since the concept of the spatial
filter was introduced by Bailey and Hubbard,? it has been extended
to two-dimensional structures by Hubbard and Burke.3 Lee and
Moon* have shown the performance of modal sensors and actuators.
The effect of the shaped piezoceramic on the excitation force’ is
similar to that of the electrode shaping of the PVDF transducer.
It is, however, hard to apply the concept of a modal transducer in
vibration control of two-dimensional structures. Burke and Sullivan®
presented the concepts of a spatial gradient electrode and optimized
electrode shapes for a plate.

In this study, we introduce an electrode lattice over the entire sur-
face of a plate and optimize the electrode pattern and the lamination
angle of the PVDF transducer. We can adjust modal actuation forces
by determining on or off of each electrode segment. The electrode in
the segment selected to be off will be removed by chemical etching.
The PVDF film in this segment, therefore, does not contribute to
actuation or sensing.

The real-time vibration control of a plate will be given in this
study. A discrete linear quadratic Gaussian (LQG) control law is
used for vibration control. Because the size of the system model for
building the state estimator is limited, modal reduction is prerequi-
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site. This reduction may cause a spillover’ phenomenon that may
degrade the stability in residual modes. As pointed out by Lee,! the
modal sensor does work to prevent the adverse effect of spillover.
This study presents a methodology to design a two-dimensional
PVDF transducer that acts as a distributed spatial filter for the effi-
cient vibration control of a plate. A genetic algorithm is utilized to
optimize the electrode pattern of the PVDF transducer. Experiments
have been conducted to observe the performance of the designed
PVDF sensor, actuator, and integrated smart structure.

System Model
Effect of Electrode Shape
Reciprocity exists between a piezoelectric sensor and actuator.
A piezoelectric sensor that yields a large amount of charge for a
specific vibration mode will have a large actuating force for the
mode when used as an actuator. The sensor equation! says that the
amount of induced charge g in a piezoelectric sensor is
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where z is the distance from the neutral plane to the midplane of
the sensor, w is the lateral displacement, S is the effective area of
sensor covered with the electrode, and ¢ and ¢ are piezoelectric con-
stants and strain components, respectively. From Eq. (1), we can see
that the amount of induced charge will increase if the piezoelectric
sensor is located in a highly strained region. Let us consider the
case where the sign of strain changes from point to point in the
region covered by the piezoelectric sensor. The charge induced in
the positively strained area is canceled out by the charge induced in
the negatively strained area, which leads to a decrease of the total
charge. The piezoelectric constants €,y vary with the lamination
angle of the anisotropic PVDF film. Therefore, both the electrode
pattern and the lamination angle of a PVDF transducer become
important. For the same reason,® the size and position of the PZT
transducer have been given attention.

Structural Model

The finite element method is used to model the plate integrated
with the piezoelectric sensor and actuator. Nine-node Reissner—
Mindlin plate elements are used. Each node has five degrees of
freedom (Fig. 1), three in displacement and two in rotation.
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Fig.1 Degrees of freedom at each node in
Y, Vo finite elements.

Fig.2 Plate element with
four electrode segments.

Piezo Layer

The piezoelectric sensor and the actuator are divided into rectan-
gular segments to describe the pattern over the entire surface of the
plate. The cantilevered plate in the present study is modeled with
24 finite elements. We have divided each finite element into four
electrode segments (Fig. 2) to represent the piezoelectric force. The
total number of electrode segments is 4 x 24 = 96 each for the
sensor and the actuator.

The actuating force of the ith piezoelectric segment per unit volt-
age, F;f), is as follows:

po _ [ B0V 2
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where BY" is the interpolation matrix of the in-plane strain, &® is
the piezoelectric matrix, and ¢ is the thickness of the piezoelectric
segment.

The element force of a piezoelectric actuator B¢, composed of
many piezoelectric segments, is

B = ZS(i)Fﬁ? ?3)

where S({) = 1 if the electrode segment is on and S(i) =0 if the
electrode segment is off. The S vector in Eq. (3) determines the
electrode pattern. This is the design variable in this study. Electrode
segments are determined to be on or off during the optimization
process of the sensor and the actuator. The electrode on the segment
selected to be off will be removed, and thus, this segment has no
actuating force. All of the electrode segments selected to be on are
electrically connected. For example, let us consider four electrode
segments in a plate element, as in Fig. 2. If the electrode segments
1, 2, and 3 are selected to be on and segment 4 is selected to be
off, then the total actuation force by the piezoelectric actuator in the
plate element is as follows:

B, =1x[FP+F?+FP]+0xF @
The equation of motion of the integrated structure is
Mii + Ku = B,V, ®)

where M, K, and B, are the mass and the stiffness matrices and the
force vector, respectively, and u is the discretized nodal displace-
ment vector. Subscript a is the actuator, and V, is voltage applied
to the actuator. According to the reciprocity,! if the actuation force
by a piezoelectric transducer is By, then the electric charge induced
in this transducer when used as a sensor is

q=Blu (6)

where subscript s is the sensor. This equation is the same as the
discretized form of Eq. (1). Modal reduction is used for computa-
tional efficiency. Let @, and Ay be the matrices composed of the
eigenvectors and the eigenvalues of Eq. (5),i.e., A;M¢; =K¢;, and
$0

Sr=1[¢ -+ ¢l (@]
Ag =diag(A; -+ Ay) (®)
Eigenvectors are normalized as follows:

PIMP, =1, DTEKDR = A )

Assuming modal viscous damping, Eq. (5) is expressed in modal
coordinates:

flg +CrMg + Agng = ®5B,V, (10)

where ¢ = diag2{1w; . ..28,w,), @ = A;, and 1, is modal
displacement. Damping coefficients ¢; are assumed to be 0.001.
From Eq. (10), we define tI>,TeB,, as modal control force per unit
voltage, and it is used as a parameter for characterizing the modal
performance of the piezoelectric sensors and actuators.

Total System and Control Environment

We need to combine the design of sensors and actuators with a
specific control law. The LQG method was used as a control law.
Figure 3 shows the block diagram of the total system. Because we use
a digital controller with an antialiasing low-pass filter, there exists
a finite controller bandwidth. It primarily depends on the sampling
frequency and the cutoff frequency of the filter. Every mode in
this controller bandwidth needs to be included in the closed-loop
simulation. Because a charge amplifier is used as an interfacing
circuit, the sensor output through the amplifier is

Yea = (I/CM)BZ‘q)RTlR an

where 1/C, is the gain of the charge amplifier.

Two low-pass filters are used before the A/D converter and after
the D/A converter to prevent the aliasing and the high-frequency
noise due to the zero-order hold, respectively. The state-space form
of the total system is as follows:

Nr 0 I 0 0
P e | _ —Ag ¢k 0 Kunp®iB.C;
Xgi (1/C)BBT®r 0 Ay 0
Xfo 0 0 0 Ay
0
o . (12a)
a a
+ 0
By
y=[0 0 ¢/ 0]z (12b)

In Eq. (12), xy; and x, are the states of the low-pass filter at the
input and the output of the controller, respectively; A ¢, B¢, and Cy
are the state matrices of the low-pass filter; and Ky, is the gain of
the high-voltage amplifier involved.

For real-time control, it is necessary to limit the size of the con-
troller. Therefore, we have divided the mode vector 7 into the
modes to be controlled 7, and the modes to be uncontrolled 7,

=

Piezo Actuator Piezo Sensor

» Structure NMr

v

High Voltage Amp. Charge Amp.
LPF Xfo LPF Xn
a
Y Controller =

Fig.3 Block diagram for the total system.
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Residual
Actuator Modes

Fig.4 Schematic diagram
i : of the spillover.

Nominal :

System:

Controller

and total system state z is divided into z, and z,,. Equation (12) can
be rewritten as follows:

N,
. 7,
ic=1. =Az.+B.Y, (142)
X fi
0
Z = [u] =Azz, +B,V, (14b)
M
y= Cczc + Cuzu (140)

Subscripts ¢ and u are the controlled mode and the uncontrolled
mode, respectively. The nominal plant, consisting of the control
modes and the filters, is discretized for controller design:

z.(k+1) = ®.(Ty)z (k) + TV, (k) (15a)
y(k) = Cz.(k) (15b)

where ®_(T) is the discretized state transition matrix of the nominal
plant and 7} is the sampling time. The discrete LQG control law has
the following forms:

Z(k+1) =[®A(T,) — 2.(T))K;C. — T K[z (k)
+ @.(TOK sy (k) (16a)
uk) = — Zc (k) (16b)

where Z, is the estimated nominal states, Ky is the Kalman filter
gain, and K, is the control gain from LQR.

Spillover and Spatial Filter

As we can control only a few modes out of the infinite number of
structural modes, spillover may occur. Figure 4 shows the generation
of the spillover. Spillover is composed of the observation spillover
(sensing the residual modes) and the control spillover (actuating
the residual modes). Control spillover acts as a low-frequency dis-
turbance to the residual modes, whereas observation spillover as a
high-frequency noise to the control modes. Residual modes can go
unstable by the combination of these two spillovers. The occurrence
of spillover does not always mean the degradation of stability. In the
case that the effect of spillover does not exceed the open-loop damp-
ing, the system will not go unstable. The spillover, however, sets a
limit to the gain of the controller. A typical example of spillover
is chattering, which is a residue of small, high-frequency vibration
during vibration control.

To avoid the spillover, we can include the residual mode that goes
unstable in the controller. The computation speed of the hardware
involved determines the number of modes that can be included in
the controller. The shortcoming of this approach is that another
spillover can occur after the modification of the controller. Another
procedure is to use a time-domain filter. Usually control modes are
lower modes. Filtering out the signal from the residual modes may
reduce the observation spillover. A low-pass filter, however, cannot
sufficiently eliminate the signal from the undesired higher mode that
lies adjacent to the control modes.

If we can design a sensor or an actuator that does not sense or
actuate the residual modes, spillover can be eliminated. A distributed
sensor/actuator with which we reduce the spillover is a kind of filter
in the space domain. It can be thought of as a modal bandpass

filter that passes specific modes. To maximize the actuation force
for the control modes, we did not try to avoid the control spillover.
Therefore, to prevent instability, we should design a sensor that does
not cause the observation spillover. In other words, we will maximize

- the passband signal while minimizing the stop-band signal.

Sensor and Actuator Design

Figure 5 shows the schematic view of the structure in this study.
Electrode patterns of the piezoelectric sensor and actuator have been
optimized for this structure. Several lamination angles (0, —15,
—30, and —45 deg) of PVDF film have been considered. Mode
shapes and the natural frequencies up to the sixth mode are shown
in Fig. 6, where the thick line indicates the fixed boundary.

Genetic Algorithm

As already described, our design problem is not a continuous one
but a discrete one. We determine whether an electrode segment is on
or off. A genetic algorithm is suitable for this kind of problem. For
better convergence speed, we use the improved genetic algorithm
(IGA),” which is composed of the crossover, the mutation, and the
stochastic remainder selection without replacement.

Sensor Design Criteria

Sensor design is based on the criteria of minimizing observation
spillover from the residual modes. Modal control forces for the
residual modes are minimized, whereas those for the control modes
are maximized. The performance index to be maximized is

Jsensor = min (ltI)CTB\ l) - max(‘@ZB-"l) a7

where ®7 B, and ®7 B, are the modal forces for the control modes
and those for the residual modes, respectively.

Clamped Boundary
PVDF Actuator
/ /—Host Structure 100 mm
\l - .
N——=
| PVDF Sensor
) 150 mm i

Fig.5 Schematic view of the specimen.

1st mode: 33Hz

Fig. 6 Mode shapes of the integrated structure.
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Actuator Design Criteria
In the course of actuator design, only the control modes are con-
sidered, as mentioned before. System energy in the control modes,

E.is
g = L[] A ol 4 18
=3/ [m][o J[hJ o

Consider the LQR problem for the system of control modes.
Minimize:

1" \
J= _/ ["] 0 ["] + VIRV,  dt
2 Jo e Ne
with

":lc _ 0 I nc 0 B ’l”c

Choosing Q and R as follows leads to J, the system energy in the
control modes:

A 0 = pl 2
Q:[O I] and R = p. (20)

The minimum of J can be obtained by solving the preceding LQR
problem. Ji;, depends on the initial states:

T
1(ng| ,{n

where ATP+PA+Q — PTBR™'B"P = 0.
The following performance index is used for actuator design:

Jacluator = < Z E:;) /]min (22)
k = control modes

where Ef is the initial energy in kth modes. The initial states in Eq.
(21) are determined by the ratio of the initial energy in each mode.
If we consider only the initial potential energy assuming zero initial
kinetic energy, the following initial states can be used to evaluate
the Jyin:

my = E [ox and

where wy is the frequency of the £th mode. We can adjust the weight-
ings on the specific modes with the ratio of the initial energy. With
the initial condition in the pure first mode, optimization yields an
actuator that has maximum control force for the first mode. The
weighting on the control signal, p in Eq. (20), has influence on the
magnitude of Jy;,. During the optimization of an actuator rather
than a controller, however, we have found that p does not affect the
actuator design result.

=0, k=1,2,... (3

Design Result and Discussion

For the integrated structure shown in Fig. 5, the PVDF sensor
and actuator have been optimized. The host structure is made of alu-
minum alloy, AL2024-T3, whose Young’s modulus is 70 GPa, shear
modulus is 26.5 GPa, and density is 2685 kg/m®. The piezoelectric
constants ds;, ds,, and ds; of the PVDF are 23 x 10712, 3 x 10712,
and —33 x 10~12 m/V, respectively. Young’s modulus of the PVDF
is 3 GPa, Poisson’s ratio is 0.33, and density is 1780 kg/m.

The validity of the design methodology utilized in this study is in-
vestigated first. The induced charge distribution is compared with the
optimized electrode pattern. The optimized result, M4(—15 deg), is
shown in Fig. 7a. It is an actuator whose actuating force in the fourth
mode is maximized. The lamination angle is —15 deg. In Fig. 7b,
the solid line indicates the boundary through which the sign of in-
duced charge changes. This contour is obtained from the integrand
of Eq. (1), using the deformed shape of the plate in the fourth mode.
In Fig. 7, the left-hand side is the fixed edge. The active electrode
in Fig. 7a coincides with the positive charge region in Fig. 7b.

Table1 Modal force of the optimized actuator (initial condition:
second mode; per unit voltage)

Mode  M2(0deg) M2(—15deg) M2(—30deg) M2 (—45 deg)

First 1.763E-04  2.533E-04  2.349E-04 1.892E-04
Second 2.173E—-04 —4279E—04 —6.144E—-04 —6.775E-04
Third ~5477E—-04 —-1.044E—-03 —9.886E—04 —7.306E—04
Fourth 6.724E-04 -7.535E—-05  3.566E-04  5.764E—04
Fifth 5.054E-04 1461E—-03  2.034E-03 2.745E-03
Sixth 1.356 E—03 1.487E-03 1.964E—03  2.341E—03
Seventh  1.316E-03 —-6.511E—04  3.171E-04  7.971E-04

Eighth —5.428E—-04 -1.774E—-03 -1.749E-03 —1.783E-03

Md4(-15°) ...
HEER

a) Optimized electrode pattern

Positive
Zero !
Negative:,

b) Distribution of the induced charge

Fig.7 Comparison of the electrode pattern and the induced charge dis-
tribution (target mode: fourth mode and lamination angle: —15 deg).

1.6,

Fig. 8 Fitness curve for

; actuator design.
04 Best Fitness
------- Average Fitness
0.0 00 200
Generation
Actuator Design

For each lamination angle, an actuator has been designed with ini-
tial conditions of the first to fourth mode shapes. A total of 96 design

-variables are optimized using the genetic algorithm. The population

in a generation is set to 100. The probabilities of crossover and mu-
tation are 0.6 and 0.03, respectively.” Figure 8 shows the typical
progress of the best fitness and the average fitness with generation.
Improvement of the performance is obtained at the early stage.
The modal forces of the optimized PVDF actuator with the initial
condition of the second mode shape are listed in Table 1. The heading
M2(-30 deg) means that the target mode is the second mode and
the lamination angle is —30 deg. The actuator with the lamination
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Fig. 9 Frequency response of the optimized actuator M2 (—30 deg)
integrated in the structure (from numerical simulation).
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Fig. 10 Electrode pattern of the optimized actuator M2 (—30 deg)
(left-hand-side edge is clamped boundary).
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angle of —45 deg shows the largest magnitude in the second mode.
Among the four actuators listed in Table 1, M2(—30 deg) is chosen
for experiment. It is thought to have moderate forces in both the
first and second modes. The frequency response characteristics of
the actuator integrated in the structure are numerically simulated and
appear in Fig. 9. The electrode pattern of M2(—30 deg) is shown in
Fig. 10, where the black region is the active electrode.

Sensor Design

Design of the sensor is performed with the control modes of the
first to fourth modes and the residual modes of the fifth to eighth
modes. As more modes need to be considered in sensor design, a
greater population in a generation is beneficial in the genetic algo-
rithm. In this case, the population is set to 500. Figure 11 shows the
typical fitness curve during optimization.

The modal forces and the performance indices (PI) of the opti-
mized sensor are listed in Table 2. Heading S4 (—15 deg) indicates
that four modes are included in the residual mode and the lamina-
tion angle is —15 deg. From Table 2, differences in the modal force
are observed between the control modes and the residual modes.

Table 2 Modal force of the optimized sensor (control mode:
up to fourth mode; per unit voltage)

Mode S4 (0 deg) S4(—15deg) S4(—30deg) S4(—45deg)

- First 1473E-04  1.780E-04  1.250E-04  1.228E-04
Second 9.707E-05 —-1.800E-04 —1.275E-04 -—1.333E-04
Third —1.090E-04 —-2.019E-04 -1370E—-04 1.858E—04

Fourth 1912E—04 —-3.383E-04  1443E—-04 -1.738E—04
Fifth 1.862E-05  1.377E-05 —3.961E-06 —6.554E—-06

Sixth 1474B—05 —4.850E—06 3.232BE-06  1.041E-05
Seventh —2.147E—06 6596E~06  6.105E—07  8.617E—06
Eighth —-2.428E-06 —1.098E—05 5.196E—-06 —2.046E—06
PI 7846E—05  1.643B—04 1.199E—04  1.124E—04
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Fig. 12 Frequency response of the optimized sensor S4 (—15 deg) in-
tegrated in the structure (from numerical simulation).

Fig. 13 Electrode pattern of the optimized sensor S4(—15 deg)
(left-hand-side edge is clamped boundary).

The sensor S4 (—15 deg) is selected for experiment. It shows that
the magnitude of the signal from the control modes surpasses that
from the residual modes by more than 20 dB. Figure 12 shows the
numerical simulation of the frequency response for the sensor inte-
grated in the structure. The amplitudes in the fifth and sixth modes
show dramatic reduction compared with those of the first to fourth
modes.

The electrode pattern of S4 (—15 deg) is shown in Fig. 13. Inas-
much as we have minimized the modal forces for the four residual
modes in addition to maximizing those for the four control modes,
it is impossible to infer a specific mode from the pattern.

Experiment

The experiment was carried out to show the performance of our
integrated structure. The transfer functions of the designed PVDF
sensor and actuator are obtained by the impact hammer test. During
digital control using LQG, we obtain the closed-loop transfer func-
tion. Comparing it with the transfer function of the sensor, we have
demonstrated the real-time vibration control.
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Fig. 14 Experimental setup.

Specimen Preparation

The host structure is 150 mm in length, 100 mm in width, and
1 mm in thickness and is a cantilevered plate. The thickness of
the PVDF film used in this experiment is 52 um. A photosensi-
tizer is applied over the entire surface of PVDF film and dried in a
temperature-controlled oven. After being exposed to light through
the negative image of the optimized electrode pattern, the film is
developed to leave a protective coating on the active electrodes.
An evaporatively deposited copper—nickel electrode is chemically
etched out to shape the optimized electrode pattern. Ferric chloride
is used as the etchant. After washing out the etchant with water and
drying, the PVDF sensor is bonded on one surface and the actuator
on the other surface with epoxy adhesive. The integrated structure
is completed by attaching the electric lead wire and mounts for the
fixture.

Experimental Setup

Figure 14 shows the experimental setup. The charge amplifier gain
is set to 108 V/F. Cutoff frequency of the low-pass filter is 500 Hz,
which lies between the fourth and fifth frequencies of the structure. A
second-order Butterworth filter is used. The sensor signal is digitally
sampled 5000 times/s at the A/D converter just before the controller.
The control signal from the controller is applied to the actuator
through the low-pass filter and the high-voltage amplifier. Resolu-
tion of the A/D and D/A converter is 12 bit. The gain of the high-
voltage amplifier is set to 100 V/V. Actual gain, therefore, equals
the controller gain plus 40 dB. The total number of state variables in
the controller is 12, which consists of the § states from the structural
modes and the 4 states from the two filters involved. A matrix oper-
ation of this size is to be conducted during every sampling period.
The excitation force by the impact hammer and the sensor signal
from the charge amplifier are processed at the fast Fourier transform
analyzer to yield the transfer function of the integrated structure.
The white circle in Figs. 10 and 13 indicates the hit point during
the impact hammer test. The force plus exponential data window is
used.

Experimental Results and Discussion

The experimentally obtained transfer function of the sensor
S4 (—15 deg) integrated in the structure is shown in Fig. 15. Com-
paring it with the numerical simulation in Fig. 12, we can find some
discrepancy in magnitude. This is because the assumed modal vis-
cous damping coefficients are not satisfactory. There is a need to
perform further experiments to obtain more accurate damping co-
efficients.

The closed-loop transfer function of our integrated structure is
obtained during the real-time control and is shown in Fig. 16. We
can find the magnitude reduction in the control modes. The effect of
control in the first and second modes is good. Because the actuator
involved does not have enough actuating force for the third and
fourth modes, the control effectiveness for these modes is relatively
small. Figure 17 shows the time response of the closed-loop system.
Settling time is reduced to é compared with the open-loop system.

40
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Fig. 15 Frequency response of the optimized sensor S4 (—15 deg) in-
tegrated in the structure (from experiment, open loop).
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Fig. 16 Frequency response of the optimized sensor S4 (—15 deg) in-
tegrated in the structure (from experiment, closed loop).
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Fig.17 Time response of the closed-loop system.

Conclusion

This research presents a new design method for a distributed sen-
sor and actuator for the active vibration control of two-dimensional
structures. The proposed method utilizes the lamination angles and
electrode pattern of the PVDF film. Structural modeling using the
finite element method and the genetic algorithm turned out to be
useful. It led to practical realization of the modal sensor/actuator in
a two-dimensional structure.

A sensor has been optimized to reduce the observation spillover,
and an actuator has been optimized to maximize the modal force
for a specific vibration mode. We can successfully reduce the signal
from the residual modes and increase the modal force for the control
mode.
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Experimental verification has been accomplished to confirm the
performance of the optimized sensor and actuator. Real-time vibra-
tion control has been successfully achieved for an integrated smart
structure. )
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