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Active Control of Flexible Structures
by Use of Segmented Piezoelectric Elements

J. Callahan* and H. Baruh®
Rutgers University, Piscataway, New Jersey 08855-0909

We use segmented piezopolymer (polyvinylidene fluoride) and piezoceramic (lead zirconate titanate) materials
to sense and control structural vibration to eliminate undesired elastic motion. We use modal control techniques
to generate the control inputs, The elements can be of any shape or size, making control implementation simpler
than for modal sensors and actuators, which must be cut into specific shapes. We analyze the performance of
piezoceramic and piezopolymer materials with regard to the size of the elements and the maximum amount of
charge that can be applied to the actuators. The proposed modal control method is versatile and easy to imple-
ment. System simulations on plate elements show that piezoceramic actuators are desirable for control of elastic

motion.

I. Introduction

VER the past few years, a new technology has emerged for

modeling, analysis, and control of structures. This technology
is that of smart structures and smart controls. These advances were
made possible by the development of new materials that are man-
ufactured as thin layers and can be used as distributed sensors and
actuators. These materials convert their deformations into electri-
cal signals that are proportional to the strain. Also, when supplied
with an electrical signal, these materials deform, which generates
forces and moments when they are bonded to other materials. Hence,
layers of such materials can be embedded between or applied to
the outside of existing composite structures for use as sensing and
actuating devices. The attractiveness of such materials is obvious
from the interest they have generated in recent years.!~® They make
it possible to measure and reliably provide control inputs to any
part of the structure with ease, but without adding any significant
weight.

We take advantage of this technology to propose a versatile and
easy-to-design control system for eliminating the elastic motion
of structures. Because piezoelectric films are lightweight, more of
them can be used without significantly affecting the structure to
which they are applied. This leads to a larger number of possible
measurements and control inputs. One approach is to design piezo-
electric sensors and actuators sensitive to individual modes only.>*
Commonly called modal sensors and actuators, transducers of this
type take advantage of the orthogonality properties of the eigenfunc-
tions of a structure. They can be designed independently for each
mode by cutting the sensors and actuators into specific shapes. Al-
though this approach is appealing, the requirement to cut them into
specific shapes may not be feasible, especially for a structure with
some complexity or whose mass and stiffness properties change.
Also, because more than one mode needs to be controlled, the con-
troller for each mode needs to be stacked, which is undesirable. Our
approach is to use segmented actuators of arbitrary shape, usually
rectangular, to accomplish the control. No stacking of actuators is
necessary.

II. General Two-Dimensional Laminated Plate

A linear piezoelectric plate theory that incorporates the piezoelec-
tric effect into the classic laminate constitutive equations has been
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formulated by Lee.? For a thin laminate, the displacements of any
point are characterized by the deformation of the geometric mid-
plane. If the in-plane displacements (u, vy) are assumed negligible
as compared to the transverse deflection (w) and the output signal
is generated by deformation only, then the charge g, () generated
by each piezoelectric lamina is approximated by

a(t) = % / / {FF(PYPy(P) Lo [w(P, )]}, dA(P)
A

keN)y (1)

where A is the plate surface domain and P denotes the spatial co-
ordinates. For a rectangular plate, dA = dxdyand P = x, y; fora
circular plate, dA = r dr d6 and P = r, 6. Equation (1) is known as
the general two-dimensional sensor equation. Here, Py (P) accounts
for polarity variations in the material. We consider piezofilms with
uniform polarization Py(P) = 1. In Cartesian coordinates, the op-
erator L, has the form

@

where 6(3)1» 2‘3’2, and e‘3’6 are piezoelectric [(charge/area)/strain] con-
stants. The above operator can be modified for use in polar coor-
dinates by use of the chain rule from calculus. The function F, (P)
accounts for the electrode coverage of the lamina and is defined by

1, if () is within the electrode coverage

0, otherwise

E(P) = {
The superscripts s or a that appear on F, (P) refer to laminae acting
as sensors or actuators, respectively. For a rectangular plate, a and
b are the respective length and width laminate; for a circular plate,
a will denote the radius. In both cases, £ is the total thickness of the
laminate. The quantity Z is the distance of the geometric center of
the kth sensor to the midplane of the laminate, and N is the number
of piezosensors. Figure 1 shows the coordinate axes and dimensions
for a rectangular laminate with piezoelement coverage.

For a thin piezoelectric laminate with midplane symmetry and
mechanically isotropic layers, the equation of motion for the trans-
verse displacement that is caused by the converse piezoelectric effect

alone is
32 ot
DeVAw(P, 1)+ phﬂ;tf——)
[0

==Y maG () L,[F (P)Py(P)],

keM

3)

where V4 = V>V2, the biharmonic operator, whose form depends
on the coordinate system P being used. This is known as the general
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Fig.1 Composite plate with surface electrode.

two-dimensional actuator equation. The quantities G (¢) are the
charges applied to each of the M actuators. Here, Dy and ph are
the effective elastic bending modulus and mass/area of the laminate,
respectively.

Because these piezofilms are so thin, they have very little global
effect on structural mass and stiffness. Any discontinuities intro-
duced by sensors and actuators that do not span the entire plate
surface area are assumed to have a negligible effect on the applica-
bility of thin piezoelectric laminate theory.

III. Charge/Modal Coordinate Relations

We consider cases where the boundary conditions permit mode
orthogonalization. Rather than cut the piezoelements into compli-
cated full patterns, which is a requirement for true modal sensors
and actuators,® we place segmented strips at various locations on
the plate, as shown in Figs. 2 and 3, similar to the approach in Ref.
10. From linear vibration theory for thin plates, the transverse de-
flection can be decomposed into its constituent modes according
to

w(P, 1) =Y w;(PIn;(®) @

j=1

where w;(P) is the jth natural mode and n;(¢) is its corresponding
modal coordinate. For beams, the above modal expansion is a single
summation; for thin plates, it becomes a double summation over the
appropriate coordinate space. To reduce the double summation for
plates to a single one, the modal coordinates can be arranged in
a column vector. This allows the same analysis to be applied to
beams and plates. Applying the modal expansion in Eq. (4) and
orthogonality properties to Egs. (1) and (3) results in the following
expressions that relate piezoelement charges to modal displacements

and vice versa'?;

g} = [B"Un(®)} (&)
[} + (Al = (N (©) =[BT (hG (1)} ©

where
By =~z ]/{F(P)P()(P)L111[wj(P)]}k dA(P) @)
A

and {n(r)} denote the modal coordinates, {2G(¢)} are the electric
potentials applied to the segmented actuators, and {N'(¢)} are the
modal control inputs. The matrix [A] is diagonal with A; = @?
and w, is the vibration frequency of the rth mode. Note that [ B*]
and [ B“] have order (N x oo) and (M x o0}, respectively, and the
entries of each depend on the number and size of the piezoelements.
Because of the reciprocal nature of piezoelectric materials, the en-
tries of [B*] and [ B“] have the same form given by Eq. (7). If the
kth element is changed from a sensor to an actuator, without chang-
ing its shape or location, then the entries for B, (j = 1,...,00)
are the same as they were for a sensor, namely Bj.. To this end,
note the difference between [B*] and [B“], because one may use
segmented sensors and actuators that are different in size, location,

Fig.2 Rectangular piezostrip di-
mensions for the plate.

Fig.3 Segmented strip suitable for
the circular plate.

and number. Equation (6) also results when other types of discrete
actuators are used, so we can now use any of the previously devel-
oped modal control laws for such systems to suppress the elastic
motion.

Note that the [ B] matrices are fully populated. For true modal sen-
sors and actuators,® [ B] is diagonal. By avoiding complicated shape
requirements, we sacrifice the ability to directly sense or influence
individual modes. This problem is overcome when the piezosensor
output is processed through modal observers.!

Simple rectangular shapes can be modeled by

Fe(x, ) Pox(x,y) =[H(x —xp) — H(x — x — )]

x[H(y —w) = Hy — ye — bl ®)

where H(x) is the spatial Heaviside step function and the strip
dimensions are shown in Fig. 2. For rectangular strips of the form
shown in Fig. 2 on a rectangular plate, the charge/modal coordinate
matrix has the form '

i + b X+ ay
B = —5,1 e dw; d
ki = T2k €31k 9% y
Yk Xk
X +ag Yk +bi
+é dw,; d
€3k By X
X% y

Y

+2e(3)5,k [[wj];:+ak]Yk +ag } (9)

Yk

If we further assume that the transverse deflection has no y depen-
dence, then the entries of [B] for a beam simplify to

dw; (x) _ dw;(x)

dx

0 =
By = _e31‘kabk[

] 10)

For circular plates, a uniform segmented strip with boundaries
suitable for polar coordinates has the form

Fi(r,0)Por(r,0) = [H(r — rf) = H(r — r§)]

Xx +ax

x [H(0—6f) — H(6 - 65)] ¢3))

Figure 3 shows the dimensions of the strip. For piezostrips of this
type, the entries of [ B] can be found explicitly. One must be careful in
sensor and actuator placement, however, because an ill-conditioned
[B] matrix may occur.!” As shown later, the left-hand square por-
tion of the charge/modal coodinate matrices must be invertible to
extract modal information from the sensor output and to accomplish
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vibration control using piezoactuators. When using strips of this
form, the charge/modal coordinate matrix becomes

/ / { e31 L €082 0 + e32k sin® @ + egéyk sin 26)

a? 3w
X ——= +(eqlks1n 9+e32kcos 6—e3ﬁksm29)
ar2

1 dw,; 1 9%w; €~ i
- — 2 22Tk Ginog
B <r o Troer )T 2 0

o 13dw;
+ €3 4 COS 26)5(?3_91)} rdrdd (12)

In the case where Y, = €5, and & = 0 for all laminae,

9 rk 6x
) 1 [ow,]"
By= — el / Pt d9+/ =i dr a3)
T H;‘ ar r{‘ a6

If vrectangular strips defined by Eq. (8) are used on the circular
plate, one must implement Eq. (7) directly and resort to numerical
integration techniques. ™

IV. Modal Control

Several modal control laws have been developed in the past two
decades that one can use on a system described by Eq. (6). Inessence,
modal control is based on selecting {AG (¢)} for each actuator such
that the resulting modal force input will have the form

W®Y = [GiIn®"} + [G)n(1)} (14)

in which [G,] and [G,] are control-gain matrices that are selected
such that they minimize some performance index orlead to a desired
set of closed-loop eigenvalues. In general, the entire infinity of the
system modes cannot be controlled so that one bases the control-
law design on a reduced set of modes, called the controlled modes.
Selecting the number of modes we wish to control as C, we can
write the modal equations of motion associated with the controlled
set as

(i} + (A0} = [G11{n)} + [G2H{n (D)}
= [B]" thG 1)) (15)

where the subscript ¢ denotes controlled modes. The matrices [G]
and [G] are square with order C x C and [B“] has order M x C.

The relationship between the number of controlled modes C and
the number of actuators M is a critical factor in determining the
control gains and influences the associated computational effort.
One special case is encountered when the number of controlled
modes is the same as the number of actuators, M = C. In that case,
all coefficient matrices in Eq. (15) become square, and it is possible
to design the controls for each mode independently of each other.
This control design, which minimizes the computational effort and
singularity problems associated with the control design, is referred
to as independent modal-space control (IMSC).}!12

In past applications, where traditional point-force actuators, reac-
tion wheels, or other types of torque actuators were envisioned as the
input devices, implementation of IMSC was unrealistic in certain
cases because of the substantial weight associated with the con-
trollers. However, piezoelectric or piezoceramic actuators are ex-
tremely lightweight and therefore do not add any significant weight
to the structure. Under the proposed configurations, one has little
limitation in using as many actuators as the number of controlled
modes.

In IMSC, one selects the modal-control inputs first and then spec-
ifies the actual input. For segmented piezoactuators, this is possi-
ble because the coefficient matrix [BZ] is square. We can design
the control action for each mode independently of the others, hence
the name of the control law. We specify the control law to be of the
form of Eq. (14) in which [G] and [G>] are diagonal gain matrices

selected such that each mode receives a desired level of damping or
such that an optimality criterion is satisfied. The former approach is
known as pole allocation. One can show that closed-form solutions
to the control design exist both for the case of optimal control and
when the closed-loop behavior of each mode is specified.!!12

The control design for pole allocation can be briefly summarized
as follows: Selecting the gain matrices [G ] and [G,] as diagonal,
with respective entries g, and g, (s = 1, 2, ..., M), we write the
closed-loop modal equations as

i (1) + wing (1) = g1, () + g2,7, (1) (16)

and select the gains such that the closed-loop poles have a desired
form. The eigenvalue problem associated with each mode has the
form

W= gih+ (0} — ga) =0
Prespecifying the desired closed-loop poles as
M?=a, % B,
leads to required gain selections
~ (o + B7) + o}

Once the modal-control gains are determined, the charges supplied
to the segmented layers can be found by inverting Eq. (6):

6wy =[BT W)

81y = 2q, 82y =

= [B]™" (G} + [Gal{nO))) (17

V. Modal Coordinate and Velocity Extraction

Modal feedback control requires that the modal coordinates and
velocities associated with the controlled modes be known. Depend-
ing on the types of sensors used, one has a variety of ways to extract
modal information from the system output. We consider the use of
piezoelectric sensors. The extraction of modal coordinates and ve-
locities using segmented piezoelectric sensors is described in Ref. 1.
We summarize the procedure.

If we partition [B*] into N modeled and (oo — N) remdual por-

tions, Eq. (5) becomes
1) ()
B; 18
k] { nr(t) } s

Since there are only N strips, we can construct only N independent
modal coordinate estimates at one time. We accomplish this by
inverting [B;,] and using

{g)y=[B

i) =[B5]" g (19)
Substituting Eq. (19) into Eq. (18) yields

HOY = )+ [B5] [Bi] e ) 20)

The measured modal coordinate 7, (¢) is the true coordinate plus
residual mode contamination.

We have extracted a modal coordinate measurement, but we
still need a modal velocity, which we will obtain using modal
observers.!® The modal coordinates satisfy the uncoupled equations

, 0 1 0
% (1) = [—wf O]xr(t)+[l]/\/,.(t) on

» &) =[1 Ok @®)
wherex, (¢) = [7:(®) 7OV, v, (t) = n,(¢), and N, (¢) is the modal

forcing for the rth mode. A full-order state estimator (observer) for
Eq. (21) has the form'

_ —k,, 1 k, 0
2,() = [—w% —1kr,z O]z,m + [knjnr(t) + [I}M(t)
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where z,(¢) = [7,(¢) ﬁ,.(t)]T are the estimates for x, (¢). Closed-
form expressions can be found for the gain matrix

|:kr,l:| _ |:—(}»|+)»2)] 22)
kr,Z }\.1)»2 - Cl)f

The entries of the gain matrix are chosen such that eigenvalves A, A,
of the observer have negative real parts. For perfect measurements,
z(t) —x(t) - 0 as t — oo. Since the true modal coordinates are
not known, the measurements 7, (¢) are used to drive the modal ob-
servers. This is different from traditional Luenberger observers, in
which one or more of the state variables is also the output. Here,
the modal coordinate measurements are fed through the modal ob-
servers to estimate themselves, as well as modal velocities.

Also note that the above observer is for charge measurements.
If the current is measured, a modal velocity measurement can be
obtained, because electric current is the time derivative of charge.
In this case, the modal observers can be used to estimate the modal
coordinates.

The closed-loop control law that results when the modal observer
outputs are used for beam control is the following:

{iic) + (AN} = [G11{7} + [G1{7) (23)
fiin} + [Arling} = [Bg] [BY] (G +[G21GH (24)

According to Eq. (24), when [B%] # 0, the residual modes are
inadvertently excited when the control is applied. We have seen
that as long as most of the lowest modes are included in the set
of controlled modes, the excitation of the residual modes does not
cause a problem.

To model noise, we assume that the charge is affected by some
small quantity

qAr(t) zqr(t)+6r’ € = Arqr(t) (25)

in which A, is a uniform random number. Noise modeled in this
fashion further corrupts the modal coordinate measurements by cou-
pling the observed modes.

In all real physical systems, there is some damping. Excluding
a modal damping term or including an incorrect damping term in
the observer equations makes the model unrealistic, but the modal
observers inherently account for this by choice of the observer gains.
If damping is modeled in the observers, then the observer gains can
be shown to be!®

kr,l —()"I + )"2 + 2§l‘wr)

kr,Z )\1)"2 - w% + 2{ra)r ()”l + }‘2 + 2{rwr)
In comparison to Eq. (22), by including damping in the observer
model, we require less gain for the same pole placement.

For very simple plate and beam geometries, closed-form solu-
tions of the eigenvalue problem exist. In general, however, com-
plicated geometries and boundary conditions do not permit such
results, To analyze the effects of spatial discretization, we use the
assumed-modes method.'> For this approach, we choose a finite se-
ries of n twice-differentiable linearly independent admissible func-
tions v, (x, y), which satisfy the geometric boundary conditions

without overconstraining the problem. The mode-shape approxi-
mations ¢; (x, y) are then related to these functions by

$ix,¥) = D Uj¥j(x,y) (26)

j=1

where the columns of the matrix U;; are the normalized eigenvectors
of the discrete eigenvalue problem resulting from the application of
the assumed-modes method. Frequencies and charge/modal coordi-
nate matrices computed using the mode approximations are denoted
by & and [B], respectively.

VI. Structural Application

We have investigated the applicability of the control law [Eq. (14)]
on beams and plates. Our initial results indicate that piezoceram-
ics (lead zirconate titanates, or PZTs) do a better job of controlling
the elastic motion than piezopolymer films (such as polyvinylidene
fluoride, or PVDF). Although PV DF films are lighter and more flexi-
ble than PZT films, making it a more attractive material for sensors,
piezoceramics have a higher coupling (d3;) between mechanical
deformation and electric output than do PVDF films (see Table 1).
This requires less energy to achieve the same control action. All
numerical simulations in this paper used both segmented sensors
and actuators that were made of either PZT or PVDF.

The required piezoelectric constants are calculated from

E E
N __fvz (d31 + vyds), en =7 ! (veds) + d3)

2
7 Vi

€3] =

where the subscript f refers to the film mechanical properties. For
beam analysis, only e3, needs to be considered. From Table 1, we
see that its value for PZT is over 200 times larger than for PVDFE
From Eq. (10), the entries of [B] are directly proportional to es;.
Because the control law uses the inverse of this matrix, we therefore
need 200 times more voltage to apply the same modal control, based
on Eq. (17). This overshadows the fact that PVDF can take about 67
times more electric charge (Gy,) before the piezoelectric profile
of the material breaks down.

When a charge is applied to the piezoactuators, distributed bend-
ing moments are induced. On the basis of linear piezoelectric lami-
nate theory, they can be shown to be®

Mi(x, 1) _ 0
[M;(i, z)} = szthk(ﬂFk(x, ¥) Pox(x, y)[j;‘)‘ l @7

keM 32

Referring to the values in Table 1, it is seen that for a beam, a PZT
actuator can apply up to three times more bending load than a PVDF
actuator, given the same geometry.

The control we implemented was to make Eq. (16) behave as a
second-order underdamped system. To achieve this, with a damping
ratio £, (0 < ¢, < 1), we set the control gains as

81y = —25,w,, g =0

Further, the modal velocity inputs will be those obtained from the
sensor measurements after they have been processed through the
modal observers, namely {7(¢)}. Hence, the modal control and ap-
plied electric fields are

N() = =280, (1)
(28)
2 & —1 :
G0 =~ > [Be] twdi @)
T oe=1

Itis evident from Eq. (28) that the thickness 4 ; of each piezoactuator
limits the maximum electric field that can be applied.

To deal with the issues of maximum charge, we look at the max-
imum value of the charge for each actuator at each time step. We

Table 1 Typical properties of PZT and PVDF

Property PZT G-1195 PVDF Units
Young’s modulus, £ ¥ 63 3 GPa
day 179 x 10~12 23 x 10712 C/N
dy 179 x 1012 3x 10712 C/N
Poisson’s ratio, vy 1/3 173 none
3 16.92 0.081 C/m?
e 16.92 0.036 C/m?
Density, p¢ 7.6 18 glem®
G max 600 x 10° 40 x 106 V/m
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Fig.4 Schematic of closed-loop control simulation.

compare the G;(#) i = 1,2,..., M) with their maximum allow-
able values and multiply the charge vector by a factor y (¢) in which

i, if all G; < G

max
!

G ()

y () = 29)

min ’ s otherwise

In essence, this scales all applied actuator voltages to the same
effective damping ratio if any one actuator charge requirement is too
large. Comparing Egs. (29) and (28), the effective modal damping
for this control scheme is then

L(t) = y () Laes

where 4. is the desired level of modal damping. Using the natural
mode approximations, the closed-loop equations of motion become

(i)} + [Acd e ()}
=y [B] [B)] (G0 +(Galli())) 30)
(iR ()} + [Ar)nr (D)

— yo[B4] [B2] (GIG®) + GO 31)

Figure 4 gives the proposed closed-loop control scheme using seg-
mented piezosensors and piezoactuators.

VII. Closed-Loop Performance

We first apply the control law to rectangular plates. A simply
supported plate is one case where the boundary conditions permit
mode orthogonalization. For this case, a suitable modal expansion
is given by!®

w(x, y, 1) = iiwlm(xa )N (£)

I=1m=1

with the normal modes and natural frequencies given by

(x,y) 2 sin L sin ( 7Y
wyx, y) = ———
= T ohab a b

w2+ () o

For this simulation, we modeled the first n2 = 100 vibration modes
for such a plate, and attempted to sense and control the 11, 12, 21,
and 22 modes using the layout in Fig. 5. This layout was chosen
to avoid any resemblance to sensor and actuator symmetry and/or
collocation. Stainless steel (£ = 200 GPa, v = %, p = 7.8 glem®)
was chosen as the shim material. The parameters for the rectangular-
plate simulation are listed in Table 2. For each modal observer, the
sampling rate was set to one-eighth of the vibration period of the
mode with the highest frequency, w;, in this case. The actuator
inputs were computed according to Eq. (28) and updated at each
sampling instant.

Table 2 Model parameters for rectangular-plate control simulation

Parameters Rectangular plate Sensors/actuators
Material Steel PZT/PVDF
Length a=1m See Fig. 5
Width b=1.35a See Fig. 5
Thickness hp =5 mm hy=0.1 mm
Desired modal damping Laes = 0.1

System modal damping Loys = 0.005

Modal observer poles My=-10tjo, (r=1,..., 4)
Measurement noise " A =[-0.050.05]

Loading Impulse, Fy = 10N-satx/a =04, y/b =0.7

,

D Sensors

Actuators

a

Fig. 5 Piezoelectric sensor/actuator layout for the rectangular plate
simulation.

Figure 6 shows some results for the plate vibration control using
PZT piezoelements. The closed-loop control system damps out the
modal coordinates quicker than structural damping by itself. Refer-
ring to Fig. 6c, the effective damping does not immediately start at a
minimum. This is because of the time taken for the modal observers
to catch up to the system motion. Because of the control outlined
in Eq. (29), each controlled mode experiences the same effective
damping shown in Fig. 6c.

To compare the control capability of PZT vs PVDF, Fig. 7 shows
the results when PVDF was substituted for PZT, with all other pa-
rameters unchanged. As the PZT results indicate, the closed-loop
performance was still better than that in the uncontrolled system
alone. The decrease in actuator weight, however, is traded for a
doubling in the desired damping time. Not only do the PVDF actua-
tors take longer to achieve the desired damping level than the PZTs,
but, based on Figs. 6b and 7b, they also require a higher voltage
(4000 V compared to £60 V). In real applications, this may be a
short-circuit disaster waiting to happen.

To model decreasing piezoelement coverage on the rectangular
plate, we introduce a parameter p (0 < p < 1) and decrease the sen-
sor and actuator coverage, as compared to that in Fig. 2, according
to

x =x 4+ [0+ p)/2a,, al = pa,

y' =y + [+ p)/2)by, by = pb,

The effects of decreasing sensor and actuator coverage can now be
investigated. Here, we sensed the same N2 = 4 modes as in the pre-
ceding plate case, using the parameters in Table 2. As performance
indicators, two parameters were introduced: #y,, the threshhold time
required for all actuators to supply the desired damping level &gy
and Cmin. the minimum effective modal damping that was experi-
enced by the system. Referring to the layout used in the preceding
simulation, two cases are considered: 1) the sensor dimensions are
unchanged and p“ is decreased, and 2) p* and p? are decreased by
the same proportion.

Because both strip dimensions are scaled by p, the coverage area,
relative to the original layout is proportional to (p*)? for the sensors
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Fig. 6 Simulation results using PZT elements.

and to (p“)? for the actuators. Figure 8 shows the dependence of
desired damping time and minimum effective modal damping on
piezostrip coverage area using PZT sensors and actuators.
Referring to Fig. 8a, decreasing the sensor coverage had virtually
no effect on the desired damping time t,,.. Although decreasing
sensor coverage affects the quality of the modal observer output,! the
finite charge allowance has a more significant effect on the control
capability of piezofilms. Considering Fig. 8b, we see that decreasing
sensor area has only a slight effect on ¢,;,. This is because of the
deterioration of the modal observer’s performance with decreasing
p*.
Next, we consider circular plates. A circular plate clamped at its
outer radius is another case where the natural modes are orthogonal.
A convenient modal expansion for this case has the form!’

w(r,0,1) = Y won(F)nom(?)

m=1

+ D [Wimery Oime(1) + Wiy (, 6y ()] (32)
I=1m=1
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Fig. 7 Simulation results using PVDF elements.
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Actuators

Fig.9 Piezoelectric sensor/actuator layout for the circular plate simu-
lation.
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Fig. 10 Simulation results using PZT elements.

and J; and I, are Bessel and modified Bessel functions of the first
kind and order [. Here, the eigenfunctions wy,, (r) are the axisym-
metric modes with unique frequencies wy,,. For each frequency
wn, (I > 0), however, there are two degenerate modes. Thus, any
pair of modes that satisfy the boundary conditions and are orthogo-
nal to each other will serve as suitable eigenfunctions. It is natural
to select the sine wyy, (r, 6) and cosine wy,(r, @) modes as this pair,
because sine and cosine functions of the same argument are orthog-
onal to each other. The arguments f,a satisfy the characteristic
equation

L(Bima)Ji— i (Bima) — (B} 1(Bma) = 0

Table 3 Model parameters for the circular-plate control simulation.

Parameters Circular plate Sensors/actuators
Material Steel PZT
Radius a=1m See Fig. 9
Thickness hp, =1cm hy =1mm
Desired modal damping Zaes = 0.1

System modal damping Zsys = 0.005

Modal observer poles )‘;,2 =—-10%jo, r =1,2,...,6)
Measurement noise R A = [-0.05, 0.05]

Loading Impulse, Fy = 10 N-satr/a = 0.25,6 = —40 deg

which yields the corresponding natural frequencies

W = (Bma)*y/ (De/pha*)

For the simulation, we modeled the first 190 modes and attempted to
sense and control the 01, 02, 11¢, 11s, 12¢, and 12s modes. For this
case, we used the layout in Fig. 9 with the system parameters given
in Table 3. Note that the actuator layout is simply the sensor arrange-
ment rotated by 180 deg. The piezoelement layouts for a circular
plate cannot be chosen as arbitrarily as for the rectangular plate.
Sensors and actuators must be placed more carefully in this case
because of the presence of degenerate modes. In comparison to the
rectangular-plate case, we found that a faster observer sampling rate
was necessary to achieve comparable control on the circular plate.
This is also because of the closer spacing of the natural frequencies
of the system. Here, we chose the rate to be 1/20 of the vibration
period for w,., the highest frequency in this case. Figure 10 shows
the results for the fundamental mode of the clamped circular plate.
Once again, the actuators help to damp out the vibration quicker
than the structural damping alone.

VIII. Conclusions

We have presented a method to sense and control structural vibra-
tion by combining piezoelectric film technology with well-known
modal control techniques. Segmented piezopolymer (PVDF) and
piezoceramic (PZT) sensors and actuators together with modal ob-
servers make it feasible to apply modal control without substantially
increasing the weight and stiffness of the structure to which they are
applied.

Given the same dimensions, piezoceramic (PZT) actuators are
more attractive than piezopolymer (PVDF) actuators for control,
based on their ability to supply a specified damping level in a shorter
time interval with significantly less energy. From a mechanical view-
point, however, PVDF films make more attractive sensors than PZTs
because they are lighter, tougher, and more flexible. Thus, depend-
ing on the application, one material may be more suitable than the
other.

Although the time required to achieve a desired damping level
increases with decreasing sensor/actuator coverage, good results are
achieved even with relatively small sensor and actuator coverage.
Although piezoelectric actuators may not always supply a desired
loading because of a finite charge tolerance, what little they can do
is far better than relying on structural damping alone.
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