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This paper is concerned with mathematical aspects of modelling vibration of a plate with piezoelectric
actuators. Particularly, a thin Kirchhoff-Love plate with arbitrary shaped actuators (e.g. triangles, parallelograms,
discs) is considered. The moments that act upon a structure and are induced by piezoelectric actuators, are

described by the generalized tensor product of a distribution and distribution-valued function.

Finally, the

formula for the solution of the Cauchy problem in the class of absolutely continuous tempered distribution-valued

functions is derived.

PACS: 43.40.At, 43.40.Vn

1. Introduction

Noise and vibration are persistent problems in many
industrial applications. It occurs that the usage of pas-
sive methods to give the solution is inadequate in numer-
ous cases. The possibility of active noise and vibration
control has been explored for over 50 years [1]. The ad-
vantage of using different shaped, distributed actuators
for active control has been demonstrated by a number
of researchers e.g. [2-4]. Originated by Sobolev [5] and
Schwartz [6] theory of distributions is modern mathe-
matical tool. Its origins reach back to physical problems
where to describe some phenomena by the notion of func-
tion was inadequate. It also appeared that extension of
the notion of the solution of a differential equation was
convenient (distributional solution, weak solution). In
particular, in acoustics the Dirac distributions appear in
the wave equation in the case of quasi-point sources or
moving sources. Also in active noise and vibration con-
trol distributions turn out to be powerful tool.

In this paper a thin Kirchhoff-Love plate with piezo-
electric actuator is considered. The actuator consists of
two identical piezoceramic elements adhered symmetri-
cally to each side of the plate. The actuator is activated
by applying a voltage of opposite signs to the opposing
piezoelectric patches. The activated piezoelectric actua-
tor will induce internal moments across the piezoelectric.
It has been demonstrated that a shape and the location
of actuator influence its ability to excite certain modes.
In the case of rectangular actuators which are bonded so
that their edges are parallel to the edges of a rectangu-
lar plate, the external loads can be described by a tensor
product of some distributions [1]. However, in the case of
differently shaped actuators (e.g. triangles in [4]) the defi-
nition of the tensor product must be extended to the case
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of a product of a distribution and a distribution-valued
function.

2. Notations

Let D(R™) be the space of test functions that con-
sists of all smooth functions with compact supports, and
D’'(R™) be the space of distribution, that is the space of
all linear, continuous functionals on D(R™). The simplest
example of a distribution is so-called regular distribution
defined for any locally summable function x : R® — R
by the formula

() = [ x@)e()do (1

for ¢ € D(R™) |7].

It may be worth reminding the reader that if o =
(a1,...,a,) € N* is a multi-index then D® denotes the
differential operator of order |a| = a3 + ... + ap,

and for any distribution T' € D'(R"™) derivative D*T" is a
distribution defined by the formula

D*T(p) = (~1)IT (D) 3)
for ¢ € D(R™). In particular,

S H,](0) = A
+oo

=— ¢ (z)de = p(a) = 64(p) (4)

for ¢ € D(R), where H, is a Heaviside step function,
Hy,(x) = 1 for x > a and Hy(z) = 0 for z < a,
and 0, is the Dirac distribution and for any ¢ € D(R),
da(¢) = ¢(a). Thus
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—[H,] = d,. 5
i 5
Recall that for any distribution T € D'(R™) and ¢ €
C>°(R™) the product YT € D'(R") and is defined by

(WT)(p) = T(ey) (6)

for ¢ € D(R™), while the tensor product of distributions
T,S € D'(R) is a distribution S ® T' € D’(R?) defined as

(S@T)(p) =S = T(e(z,))) (7)

for ¢ € D(R?). In the above the distribution S € D’'(R)
is assumed to operate on test functions of variable z,
while T € D'(R) is a distribution on test functions of
variable y. It is well known that for any ¢ € D(R?)
the mappings R 3 y — ¢(z,y) € R for fixed z, and
Rz T(p(x, ) € R are test functions of variables y
and z, respectively. It is also known that the following
formulae for derivatives are true [7]:

o d*
oF dk

As usual let S(R™) denote the space of rapidly decreas-
ing functions, i.e.

S(R™) = {(p € C*(R",C) : P - D%p is bounded
Va e N" VP € P(R")}, (9)

where P(R™) denotes the set of all polynomials R” — R.
Of course S(R™) is a Fréchet space, and D(R™) C S(R™).
Recall that a distribution T' € D'(R"™) is tempered when
it is continuous in topology of S(R™). This is equivalent
to the fact that there is the unique extension T of T to
S(R™) [4]. It is customary to identify 7" with its exten-

sion T'. The space of tempered distribution is denoted by
Di i (R™). Finally, the Fourier transform of tempered

temp
distribution T € D{,,,(R"), denoted by F(T') or T, is
defined by

T(p) = T(9) (10)
for ¢ € S(R™), where ¢(§) = (2m) 7% [o. e S Vo(y)dy.
For tensor product of T, S € D}, (R) one obtains

temp
FS@T)=8®T. (11)

It is known that the Fourier transform is invertible in the
space of tempered distributions, and

Fl=7% (12)

3. The vibration model

Let us consider the equation of motion

82
DA?w + Haptl = 1, (13)

where w, a function of time variable ¢ and spatial vari-
ables (z,y), is a transverse displacement, and A is the
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Laplacian. Moreover f, a function of (¢,z,y), is the ex-
ternal excitation, u = phg, p is the material density, and
hg is the plate thickness, D = Eh3/12(1 —v?) is the flex-
ural rigidity of the plate, v and E are the Poisson ratio
and Young’s modulus, respectively. Additionally, con-
sider a triangle-shaped piezoelectric actuator adhered to
the plate. The actuator consists of two identical triangle-
-shaped piezoelectric elements of thickness h, bonded
symmetrically on two opposite surfaces of the plate as
shown in Fig. 1.
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Fig. 1. Plate with triangular actuator.

The two elements are excited by opposite voltages and
the actuator generates distributed reaction moments in
the plate. It is assumed that the reaction moments m,
and m, are equal and homogeneous over the actuator
area. Let fpe, a function of (¢,z,y), be an additional
external force caused by activating the piezoelectric ele-
ment. It was demonstrated in [1, 4] that

Pmy,  9*m,
Joe = o2 dy? (14)
and
My = my = m = ChepeX, (15)

where Cj denotes the piezoelectric strain—plate moment
coupling term, e¢,e = (ds1V)/h is the magnitude of the
induced strain, d3; piezoelectric-strain constant, V' is the
applied voltage, and x is a characteristic function de-
fined on the area I', on which the piezoelectric actuator
is bonded,

) 1if(z,y) el
“%”‘{Oﬁww¢r, e

while I' = {(z,y) : 1 < 2 <z, a12+b; <y < asx+bo}.

Of course the function x is not differentiable (even not
continuous) however the derivatives of m can be under-
stood in the sense of the theory of distributions. Namely,
a locally summable function x : R? — R defines regular
distribution by the formula

[X](p) = /Fw(x, y)dzdy (17)

for ¢ € D(R?). It is also convenient to treat the dis-
tribution [x] as a tensor product of distributions, [1, 4],
one that operates on test functions of variable x, and the
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second one which is a distribution on test functions of
variable y. This treatment is appropriate for the case of
rectangular actuator which is bonded so that its edges
are parallel to the plate edges, though with more com-
plicated shapes of actuators one should be more careful.
In particular for triangular actuator the distribution [x]
cannot be treated as a tensor product of distributions
since fi(z) = a;x + b; is a function of x and [Hy,] is no
longer a distribution but a distribution-valued function,
R > 2 — [Hy ()] € D'(R). A simple example showing
that even when a distribution S operates on test func-
tions of variable  and T'(x) € D'(R) is a distribution
that operates on test functions of variable y, the ten-
sor product is not a distribution, can be constructed.
Namely, let T" be a regular distribution generated by lo-
cally summable function
1if0<z<1, yeR,
u(@,y) = { 0 otherwise. (18)
Then for any fixed z, T(z) = [u(z,-)] is a distribution
that operates on test functions of variable y. But for a
test function ¢ € D(R?) such that supp ¢ C [0, 1] x [0, 1],
@ =1 on supp p there is

(), ) = [ulz, (. ) = / u(e, y)p(,y) dy

R
) Jee(z,y)dy for z € [0,1],
- { 0 for = ¢ [0,1], (19)
Thus
e =y e o -

But the function R 3 2 +— T'(z)p(z, -) is even not contin-
uous, so it is not a test function. Consequently, there is
no sense in putting S(x — T(p(z,-))) for S € D'(R).

For this reason one needs to use the generalized ten-
sor product. This notion is also called the parame-
ter product [8]. Let a distribution-valued function T :
R >z — T(x) € D'(R) be of class C* i.e. a func-
tion R 3 x — T(x)p € R is a smooth function for all
v € D(R). With this assumption one can verify that the
map R >z — T(z)p(z,) € R is a test function for any
¢ € D(R?). Thus it is meaningful to define the gener-
alized tensor product of S € D'(R) and T, S® T as a
distribution belonging to D’(R?) as follows:

(S@T)(p) = Sz = T(p(x,-))) (21)

for any ¢ € D(R?). The following formulae for deriva-
tives of S ® T' are also true

k k i
%(S ®T) =Y <l:> ddxi S @T*=D (), (22)
=0
k k
ST =5 1T () (23)

for any k € N, where the symbols 9%/0z%, d'/da?,
oF /oy*, d¥ /dy* denote derivatives of distributions in ac-
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cordance with (3), while 70) means the j-th derivative
of the map T, i.e.

. @
T = :
(2)(¢) =
for any ¢ € D(R).
Therefore, the internal moments across the triangular
piezoelectric can be expressed as the generalized tensor
product

(T(x)¢) (24)

— Hy,) © [Hy, () — Hpy(])-
(25)

My = My = Coepe([Hm1
Since for any = € R and ¢ € D(R):
Hyle= [ ey =12 (20)

the derivative of the map R 3 z +— [Hy,(5)] € D'(R) can
be easily found as

[Hy, )] (@) = = £(2)0 @) = — i, (2).

i=1,2 (27)
and
1
[Hy, (] (@) = = f' ()05, 2) + (f](£))?0), 9
= a?é}i(zy i=1,2 (28)
Thus from (25), (22) one obtains
9’m
o2 = O()Epe([Hrl - Hrz] ® (0%5}1() - a% }2())
+2(0ay — 02y) ® (a207,() — a107,())
+ (6;1 - 5;2) ® [Hf1(') o Hfz(‘)])' (29)
Similarly, in accordance with (25), (23)
9?m

E CUEPE([Hxl — Hg,]® (5}1(.) - 5}2(.)))- (30)
Consequently,
fPC(t) = COGPC(((SliEl - 5252) ® [Hfl(') - Hfz(')]

+ 2(5?"1 - 67“2) ® (a26f2(') - alafl('))

[, — Hyl @ (03 + 18, — (@3 +1)0,,) ).

(31)
Finally, the equation of motion for a plate with triangular
piezoelectric actuator is obtained as

DAP(t) + s w(t) = £(1)+ Fyelt) (32

with fpe given by (31).

It should be noted that unknown function w is now
treated as an evolution in time of a two-dimensional dis-
tribution, w : [0,+00) 3 t + w(t) € D'(R?). Conse-
quently, the second derivative with the respect to ¢ is now
understood as a derivative of a function of one variable
t [9]. Similarly f, fpe : [0,+00) — D'(R?) are functions
of t.

Observe that this method can be useful for actuators
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Fig. 2. Plate with parallelogram-shaped actuator.
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Fig. 3. Plate with disc-shaped actuator.

of more complicated shape. For example consider par-
allelogram and disc-shaped actuators as shown in Fig. 2
and Fig. 3. In both cases the reaction moments can be
presented as

Mg =My =M = COEpeX7 (33)
where x is a characteristic function of I', and
I'={(z,y): 21 <z <x9,ax+ by <y<ax+b}
(34)
(a = tan a) for parallelogram-shaped actuator, and

F:{(lv,y):Ilixof’rSISIO‘FT:l’Q,

Yo — V1?2 = (& —20)? <y < yo + /12 — (x — x0)?}
(35)
for disc-shaped actuator. Consequently
— Ha,| ® [Hy, () — Hyy())),
(36)
where fi(zr) = ax +b; (i = 1,2) in the case of
parallelogram-shaped actuator, and fi2(x) = yo F

r2 — (x —x0)? in the case of disc-shaped actuator.
Hence in accordance with (22, 23) one obtains

Foe(t) = Coepe (8}, = 81,) @ [Hy,() = Hpyg)]
+ 2a(6$1 — (5332) ® (5f2(.) — (5f1(.))
(02 + D[Ha, = He) @ 0y = 0hy))  (37)

My = my = C(]Epe([Hxl

for parallelogram-shaped actuator. Similarly the formula
for the force caused by disc-shaped actuator is derived.

A-145
Namely
’ T — o
[Hfi(')] (z) = :Fméﬁ(w)’
1=1,2 (38)
and
1

[Hf1,2(')]n($) =

r2 — (x — x9)?

2
r 2/
X <:F rr2 — (:I; — x0)26f1)2(m) + (CC - .7/'0) 6.]01,2(1)) .

(39)

Finally

Foe(t) = Coepe ((%1 —0,) @ [Hy () — Hpy)

r — X
- 2(6:761 - 69:2) ® m(6f2(') + 5f1('))
2
.
(H,, — H,,)® (85 + 051
T R—— QP( 7200 +050)
,r2
+[Hx1 HIZ] ® 3
[T
% (8, 5}2<-)))- (40)

It may be worth to note that the presented method
is also applicable to the case of a system of piezoelec-
tric actuators. In this case the additional term f,e on
the right-hand side of (32) can be represented as a sum
Jre =2 f;e, where f}ie is the force caused by the i-th
piezoactuator.

The solution of Eq. (32) with appropriate boundary
conditions can be found using finite element method
(FEM). At the same time an analytical formula for the
solution is possible to gain. Section 4 is devoted to a
method of getting this formula. The assumption of the
application of the method is that the right-hand side
of (32) is a tempered distribution.

4. The analytical solution to vibration problem

An analytical solution to the Cauchy problem related
to Eq. (32) can be obtained with the use of the Fourier
transformation. The assumption of the application of
the method is that the right-hand side of (32) is a tem-
pered distribution. Assume that S € Di, (R) and
a distribution-valued function T : R 3 o — T(x) €
Diemp(R) is of class C*°. If additionally the map T is
polynomially bounded together with all its derivatives,
i.e. the function R 3 x — T'(x)y is polynomially bounded
together with all its derivatives for all ¢ € S(R), it can
be proved that the generalized tensor product S® T is a
tempered distribution, and

(S@T)p =5 T(x)p(,-)) (41)

for any ¢ € S(R?). In the case of f,e given by (31) it is
easy to observe that for any ¢ € S(R) the functions
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e D{oo
x> [Hpym]e = / o(y)dy, (42) Ay = —22 . (53)
i(@) ’ p\01
T = 05, = o(fi()), (43) A, = 0 for any other multi-index || < 4. The existence

d
T 0%, )P = _ES@(JCZ'(I)) (44)
are polynomially bounded together with all its deriva-

tives, and so
+oo

o> [Hyw)o(e,) = / () d, (45)
fi(x)

xHéfi(r)QO(xﬂ') = gD(:L‘,fi(.%')), (46)

v 8 y0le, ) = — ol file)), (47)

are rapidly decreasing for any ¢ € S(R?). Since distri-
butions 6, o), , [H,,] are tempered, generalized tensor
products

[Hz,] ® 6}(%)7 Oz; @ Of(ay)s 5:/m ® [Hfi(x)} (48)
are also tempered. Similarly, one can show that distri-
butions in (37) and (40) are tempered.

Now turn to the Cauchy problem associated to
Eq. (32),
d2

DA%w() + gy w(t) = F(0) + foelt) + fol0),

w(0) = wy,

o/ — 1

w'(0) = wy, (49)
with given initial conditions: wo, w1 € Dy, (R?), and
locally summable external forces f, fpe : [0,+00) —
D} epmp(R?). In the usual manner the boundaries condi-
tions can be also included in (49) in terms of additional
element fy : [0,+00) = D{.,,(R*) on the right hand-
-side of the equation. Since fpe : [0,+00) — Df,,,(R?)
has values in the space of tempered distributions, it is
meaningful to search a solution w in the class of abso-

lutely continuous functions, w : [0,+00) — D, (R?),
in the sense of [9].

Setting

u = (u,uz) s (w(t), w'(t) € Diepp(R?)  (50)

the problem (49) can be rewritten as a first order Cauchy
problem

d (0%
uEu(t) = Iz<24AuD u(t) + F(t) for a.e. t >0

u(0) = ug 1)

where D® is the differential operator in the sense of (3)
of order |a| = a1 + ag, for multi-index o € N2, F(t) =
(0, £(t) + foe(t) + fo(t)), 1o = (wo, w1) € Diernp(R?), and

01 D00
Aw,0) = <O 0 >, A0y = Awo,g) = T ( 01 >

(52)

and the uniqueness of a solution of (49) follows from the
theorem 46 [9]. Actually, the eigenvalues of the matrix

> (9 A, = (g 3) —fw(g f) (54

|| <4

where |€|2 = €7 + €2 are

—i\/glﬁ i\/fmi (55)

thus there is a unique solution of the problem (51) given
by the formula

u(t) — f—l(et2|a\§4(if)a‘4am)
t —_—
+/ Fo ()20 B (5) ) as, (56)
0
where F~! is the inverse Fourier transform (12) of the

tempered distribution.
Finally, one obtains the formula for the solution of (49)

w(t) = Fl <cos(\/§|§2t> @0>

1 . D, 5\
NETE Sm(ﬁm t) "

t -1 ! sin B 2(t—s
L ()

—

X {f/(;) + fpe(s) + J@}) ds. (57)

+F!

5. Conclusions

Some mathematical problems in modelling vibration
of a plate with piezoelectric actuators of arbitrary shape
were discussed. The internal moments across the actua-
tor were described in terms of generalized tensor product
of a distribution and a distribution-valued function. Fi-
nally the formula for the unique solution in the class of
absolutely continuous distribution-valued functions was
demonstrated. Presented method is also applicable to
the case of a system of piezoelectric actuators.
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