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We assume that the original structure is sensitive to vibrations and that the absorbers
are the elements where the vibration energy is confined and then harvested by means of
piezoelectric devices. The design of the additional mechanical and electrical compo-
nents is formulated as a dynamic optimization problem in which the objective function
is the total energy of the uncontrolled structure. The locations, masses, stiffnesses, and
damping coefficients of these absorbers and capacitances, load resistances, and
electromechanical coupling coefficients are optimized to minimize the total energy of
the structure. We use the Galerkin procedure to discretize the equations of motion that
describe the coupled dynamics of the flexible structure and the added absorbers and
harvesting devices. We develop a numerical code that determines the unknown
parameters of a pre-specified set of absorbers and harvesting components. We input a
set of initial values for these parameters, and the code updates them while minimizing
the total energy in the uncontrolled structure. To illustrate the proposed design, we
consider a simply supported beam with harmonic external excitations. Here, we
consider two possible configurations for each of the additional piezoelectric devices,
either embedded between the structure and the absorbers or between the ground and
absorbers. We present simulations of the harvested power and associated voltage for
each pair of collocated absorber and piezoelectric device. The simulated responses of the
beam show that its energy is confined and harvested simultaneously.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Recent years have seen the emergence of many developments in the field of so-called smart structures; that is,
structures incorporating sensors and actuators coupled with a calculator and are able to control dynamic systems subject
to external excitations. Among the many types of materials that can be found in nature, piezoelectric materials have a good
ability of electromechanical conversion and small sizes, which simplify their use in widely dynamic structure applications.
Recently, the piezoelectric material is used to harvest energy from excited structures. Energy harvesting or energy
scavenging is the process by which energy is captured and stored. A variety of different sources exist for harvesting energy,
such as solar power, thermal energy, wind, and kinetic energy.
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The use of piezoelectric materials to harvest power has already become popular. In the literature, a significant number
of studies developed accurate models and discussed in great details the fundamentals of these materials and their usage to
harvest energy. These studies include the works of Sodano et al. [1], Feenstra et al. [2], Shahruz [3], Stephen [4], Ng and Liao
[5], Cornwell et al. [6], Yoon et al. [7], Lefeuvre et al. [8], Liu et al. [9], Beeby et al. [10], Swallow et al. [11], Sari et al. [12],
Sodano et al. [13,14], Williams and Yates [15], Mateu and Moll [16], Sodano et al. [17], and Lesieutre et al. [18]. Sodano and
Inman [19] provided a review of modern techniques for power harvesting of vibrations using piezoelectric materials and
discussed their everyday applications. They concluded that the use of piezoelectric materials is the major method of
harvesting energy. Sodano et al. [1] developed a model of the piezoelectric material power harvesting device. This model
simplifies the design procedure for determining the appropriate size and vibration levels necessary for sufficient energy to
be produced and supplied to the electronic devices. An experimental verification of the model was also performed
to ensure its accuracy. Sodano et al. [17] investigated three types of piezoelectric devices and experimentally tested them to
determine their abilities to transform ambient vibration into electrical energy and their capabilities to recharge a
discharged battery. Stephan [4] analyzed the extraction of energy from a vibrating environment in some details. He
deduced that, for both direct mass (force) and base excitation, the maximum power flow into the device depends on the
vigor of the environment (frequency and amplitude of force or base) and the size of the device.

Stephan [4] and Jeon et al. [20] modeled the damping coefficient to be the sum of mechanical and electrical terms.
Stephan [4] noted that maximum power is delivered to an electrical load when its resistance is equal to the sum of the coil
internal resistance and the electrical analog of the mechanical damping coefficient. Sodano et al. [13] claimed that the
process of generation and dissipation of eddy current causes the system to function as a viscous damper. They developed a
model for one eddy current damping system and showed that it is effective in the suppression of transverse beam vibrations.
Lesieutre et al. [21] investigated the damping added to a structure due to the removal of electrical energy from the system
during power harvesting. They first estimated the damping using analytical methods and later verified it experimentally.

Wu and Wang [22] investigated the feasibility of utilizing eigenvector assignment and piezoelectric circuitry for
enhancing vibration isolation performance of periodic isolators. They used this strategy to reduce the transmissibility of the
isolator modes near the boundary of the stop bands, thereby widening the effective frequency range of vibration
suppression of the periodic isolator. The integrated system with assigned eigenvectors redistributes the vibratory energy of
the complete electromechanical system. Small vibration at the attenuated end of the isolator is achieved because the
energy is confined in the circuitry and other parts of the isolator. Yoon [23] proposed a full-state feedback control strategy
to confine the vibratory motion of flexible structures. He used small segments of piezoelectric film as sensors. The proposed
approach was demonstrated by an experiment in which two piezoelectric patch actuators confine the vibration of a
pinned-pinned beam using two piezoelectric polyvinylidene fluoride (PVDF) patches as sensors.

Yigit and Choura [24] and Choura and Yigit [25,26] developed a strategy for active control of vibrations by confinement.
Their strategy consists of assigning the eigenstructure (both eigenvalues and eigenvectors) of flexible structures for the
purpose of simultaneous confinement and suppression of vibrations where the modal matrix plays a key role in the energy
redistribution. Such strategy guarantees both vibration confinement and structural stability. Ouled Chtiba et al. [27]
discussed hybrid control of seismically excited structures by vibration confinement. Their control strategy consists of
adding bracing elements as the nonsensitive elements of the modified structure. Then active controllers were used to
remove the vibration energy from the floors and transfer it to the bracing elements. Ouled Chtiba et al. [28] developed a
strategy of vibration confinement that transforms an LQR-based active controller to an equivalent passive controller. They
demonstrated that both control strategies lead to similar structural performance.

Following Ouled Chtiba et al. [29], the current study is concerned with the confinement and harvesting of vibrations in
flexible structures by adding a set of collocated absorbers and piezoelectric elements. The proposed design aims at transferring
the vibration energy from the flexible structure to the absorbers and confining it into these elements. We collocate at each
absorber a piezoelectric device to store the cultivated electrical power into batteries. The problem of confining and harvesting
vibrations is formulated as a dynamic optimization problem whose solution provides a set of absorber parameters (masses,
locations, stiffnesses, and damping coefficients) and piezoelectric elements (electromechanical coupling coefficients,
capacitances and loaded resistances). The objective function, associated with the optimization problem, minimizes the total
energy (strain and kinetic) of the uncontrolled structure. With the aid of the Matlab optimization toolbox, we develop a
computer code that outputs a set of optimized mechanical and electrical parameters. In particular, we use the fmincon
command, which uses the sequential quadratic programming as an optimal integrator, and the ode15s command, as a linear
solver of the ordinary-differential equations that govern the dynamics of the modified structure.

2. Electromechanical model

We develop a mathematical model of the electromechanical system formed of a set of mass-damper-spring absorbers
and piezoelectric devices. Several mechanical architectures of vibration-based power generators are possible. In the case of
piezoelectric generators, energy conversion is maximized by a maximum deformation of the piezoelectric material. This
explains why most of the reported devices are optimized for working at a resonance frequency [4]. Near a resonance
frequency, a single degree-of-freedom absorber gives a good description of a vibrating structure. And in most cases, the
problem can be simplified by considering only one vibration mode. If the mechanical structure is vibrating with little
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Fig. 1. Model of an absorber including a piezoelectric element.

displacements for which the motion remains linear, then the structure including the piezoelectric element can be simply
modeled by the mass-damper-spring-piezo device shown in Fig. 1.

Following Lefeuvre et al. [8], we consider the piezoelectric element to be a disk with a rigid mass m bonded on its top
side. The bottom side of the disk is bonded on a reference rigid base. In addition, the stiffness and losses of the mechanical
part are, respectively, modeled by a spring k, and viscous damper c,. The rigid mass m, is subject to the action of both
external and internal forces. The external force F, results from the mechanical excitation applied to the structure. The
internal force can be separated into a restoring force Fp due to the piezoelectric element, a restoring force due to the spring,
and a viscous force due to the damper.

We let z be the mass displacement and Q, and V be, respectively, the output electrical charge and voltage across the
electrodes of the piezoelectric element. For a piezoelectric disk, the constitutive equations relating the stress T, and
electrical induction D, to the strain S, and electric field E,, are

T, = c£;S, — es3Ep (1a)

Dy = e33Sp + &33Ep (1b)

where c£, is the elastic rigidity in short circuit configurations, es3 is the piezoelectric coefficient, and &3, is the clamped
permittivity. The equations relating the mechanical variables (z and Fp) to the electrical variables (Q, and V) are

Fp = Kpez + 6V (2a)
Q=0z-GV (2b)
where Ep, Sp, Qp, Fp, Kpg, Cp, and 0 are defined by

% z
Ey=— .S = .Q=AD,F, = AT, (3a)

P P

c53Ap &334 e33hp
Kpg = G = 0= (3b)
ep ep ep

Here, Kp is the stiffness of the piezoelectric element when it is short-circuited, G, is the clamped capacitance, 0 is its
electromechanical coupling coefficient, and e, is the thickness. The equivalent stiffness for both of the mechanical absorber
and the piezoelectric element is given by

k= Kpg + kq (4)

Substituting the piezoelectric force (Eq. (2a)) and mechanical forces of the absorber and noting that V = Cl;lQp yields the
absorber dynamical equation

Moz + CaZ + KaZ + Fy = MaZ + caz + kz + 0C,'Qp = Fy (5)
The voltage output of the system across the load resistance R is defined by V = RQp. Eq. (2b) simplifies to
RQ, - C,'0z+C,'Qy =0 (6)

Solutions of Egs. (5) and (6) yield the electric response of the absorber-piezo system.
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3. Dynamic optimization

We consider an electromechanical system composed of a flexible structure and a set of collocated absorbers and
piezoelectric devices. This coupled dynamics is described by the following discretized model:

Ms; O X G Gal[Xs K Ksa | | Xs 0 _ Fs 7
0 Moll%, ||t cllx, | TIKL Ko ||X | |OGT |2 | R, (7a)
RQ - G'O'X, — dX) +C,'Q =0 (7b)

where M, Cs, and K; are the m x m mass, damping, and stiffness matrices of the unaltered flexible structure, respectively; X
is the m x 1 structural displacement vector; M, C;, and K, are the n x n mass, damping, and stiffness matrices of the added
absorbers, respectively; Cs, and K, are the m x n damping and stiffness coupling matrices, respectively; X, is the n x 1
absorber displacement vector; Fs and F, are the external loading vectors associated with the structure and absorbers,
respectively; @ is the n x n electromechanical coupling matrix; C, is the n x n capacitance matrix; R is the n x n loaded
resistance matrix; Q is the n x 1 charge vector; and @ is a n x m transformation matrix. The matrix @ is zero in case the
piezoelectric elements are placed between the absorber masses and ground and nonzero if they are placed between the
absorber masses and the flexible structure.
System (7) can be put in the following first-order form

X, 0 0 Imsem 0 0 X 0

X, 0 0 0 - 0 Xa 0

X | = —M; K ~M;'Ksq —M;'C —M;1Cq 0 Xs |+ | ME (8)
Xa —M; KL, -M;'K,  -Mg'CL, -M;'Ce M 'eG!||x, M, 'F,

Q ~-R'G'O"® RIGTOT 0 0 —-RIGT || Q 0

where the vector Q represents the current outputs of the piezoelectric elements.

Dynamic modeling of most engineering processes results in a set of differential equations. The dynamic optimization of
these processes examines their performance under transient conditions and optimizes it by maximizing or minimizing a
performance index subject to operating constraints. Applications of dynamic optimization include determination of the
controller parameters, which is essential for the design and control of structural engineering systems. The solution is
carried out in the full space of variables. However, this method results in a nonlinear problem with a large number of
variables and nonlinear equality and inequality constraints.

In the last decades, several studies used dynamic optimization to develop robust controllers. Tanartkit and Biegler [30]
presented a simultaneous approach for dynamic optimization by discretizing the variables through collocation on finite
elements. They considered solution of the nonlinear programming problem through a reduced Hessian successive
quadratic programming approach. Cervantes and Biegler [31] solved the dynamic optimization problem using a reduced-
space successive quadratic programming algorithm. The system is stabilized without imposing new boundary conditions.
Richard et al. [32] used dynamic optimization to adapt a 3-DOF robot to a pre-defined trajectory, which has mechanical
constraints. Santos and Biegler [33] developed a strategy, based on nonlinear programming sensitivity, to establish stability
bounds on the plant/model mismatch for a class of optimization-based model predictive control algorithms. They derived a
sufficient condition for robust stability of the controllers. Ouled Chtiba et al. [29] designed a set of dynamic absorbers to
confine the vibrational energy of the unaltered structure. These absorbers are formulated as a dynamic optimization
problem in which the objective function is the total energy of the uncontrolled structure.

In the current study, we formulate and then solve a dynamic optimization problem that outputs a set of mechanical and
electrical parameters of the added absorbers and piezoelectric elements. In particular, we minimize the total energy
(kinetic and strain energies) of the unaltered structure, which is considered to be sensitive to vibration, to confine and
harvest the vibration energy in the added absorbers. Without loss of generality, the problem is formulated as follows:

7 .
minJ :% / (X! MX + XTK:Xs) dt
a JO

subject to
Xs 0 0 Imxm 0 0 XS
Xa 0 0 0 Inxn 0 Xa
% | - —M; K, ~M;'Kq MG —M;'Cy 0 Xs |,vt e [0,t] (9)
X, MK, -M;'Ka  -M;'C, -M;'C. M;'eG'||x,

Q -R'G;'O"® RIC'OT 0 0 RG] Q



M. Ouled Chtiba et al. / Journal of Sound and Vibration 329 (2010) 261-276 265

&(pa)<0
h(pa) =0
ph<pa<p}
X5(0, pa) = Xo(Pa)
Xa(0,pa) = Zo(Pa)
Q(0,pa) = Qo(pa)

where | is the objective function, g is the constraint inequality, h is the constraint equality, X, is the initial displacement
vector of the unaltered structure, Zy is the initial absorber displacement vector, Qg is the initial charge vector, t is time, and
ty is the final time. Here, we aim at determining a set of optimized parameters p, by minimizing the total energy of the
dynamical system subject to the dynamical differential equations without inequality. Here, p. and pY are the lower and
upper bound vectors of the absorber and piezoelectric parameters. The resulting optimized absorbers and piezoelectric
elements must guarantee vibration confinement in the added absorbers and harvesting the confined energy.

To demonstrate the viability of the proposed dynamic optimization approach, we consider the vibration confinement
and harvesting of a simply supported beam of flexural rigidityEl, mass par unit length pA, and length L. We equip the beam
with a set of n sets of collocated absorbers and piezoelectric elements, as shown in Fig. 2. The masses, spring stiffnesses,
damping coefficients, and locations are designated by m;, k;, ¢;, and x; (i = 1,2,...,n). The variables w(x, t) and z; denote,
respectively, the transverse vibration of the beam and the displacement of the ith absorber. Here, we consider two cases of
piezoelectric element configurations: embedding the piezoelectric elements between the beam and absorber masses
(Fig. 3) and between the ground and the absorber masses (Fig. 4).

T
m T

Fig. 3. Configuration 1: piezoelectric elements between the absorber masses and the beam.

A S %R L Sk 133/’/
= L

Fig. 4. Configuration 2: piezoelectric elements between the absorber masses and the ground.
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4. Configuration 1

In this case, the piezoelectric elements are embedded between the beam and the absorber masses. The equations of
motion that describe the coupled dynamics of the beam-absorber-piezoelectric system of Fig. 3 are given by

o*w(x, £) O*W(x, £) n wx;, t) .
El o T PA = ; {k,»(w(xi, t)—2z)+ ci< atl — zi” O(X — Xx;) (10a)
mi; + ciz; + kiz; — gQi = kw(x;, t) + ¢; awéx,-, D fori= 1,2,...,n (10b)
pi t
. o
RQ; — = (z; w(x,,t))+——0 fori=1,2,. (10c)
Cpi pl

where () is the Dirac delta function, 0; is the electromechanical coupling coefficient, R; is the loaded resistance, and C,; is
the capacitance of the ith piezoelectric element. The set of mechanical and electrical parameters (m;, ¢;, k;, X;, R;, Cy;, and0;)
are determined using dynamic optimization.

The key idea of the proposed design is to transfer the total energy of the unaltered structure to the added elements and
then harvest it. The total energy of the beam is given by

L 2
Ey(6) = Ty() + Up(0) :%EI /O (a o, D) dx+ PA / (aw(" ”) (11)

ox?2

In the current case, the problem of dynamic optimization is formulated as follows:

mc,k,x,()C R/ Eb(t)dt (12)

subject to system (10), which corresponds the equality constraints of the dynamic optimization problem.

We equip the beam with a set of absorbers and piezoelectric elements, as shown in Fig. 3. Jacquot [34] treated this
system, without harvesting devices, for steady-state vibration optimization. We first apply the Galerkin method to
discretize the governing equations and associated boundary conditions using the first m beam mode shapes. Consequently,
the displacement w(x, t) at location x along the beam and time ¢ is expressed as

WX, ) = @u(0qn(t) (13)
h=1

where ¢q,(t) and @,(x) denote, respectively, the hth generalized displacement and mode shape. For a simply supported
beam, the normalized mode shapes are given by

2 . hnx
Pp(x) = \/;smT (14)
corresponding to the hth natural frequency wy, given by
h*n? |El
Wy = T \/pA (15)
Substituting Eq. (13) into Egs. (10) yields
n m
El Z QO (X) + pA Z Oy 00 = = >~ ki( D lanO@nx) - zi16¢x - %))
=1 h=1
n m
= a( DOy — 2156~ x9) (16a)
=1 h=1
m Zl + Clzl + ki iZi — —Ql = kl Z An(OPnX;) + Ci Z qh(t)(Ph(X) for i=1,2,. (16]))
h= h=
. m .
RiQ; —% (zi - th(t)goh(x,»)> +% =0 fori=1,2,...,n (16¢)
pi h= pi

Multiplying Eqs. (16) by (1/pA)¢,(x) and integrating the resulting equation from 0 to L leads to

(D) + 020 = = > ki( D anOPrx)@,x) — zip,x0) ) /A — S ( Z A OPHX)P,X) — 2ip ) [pA  (17)

i=1 h=1 i=1
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The equations of motion, described by Eqs. (16b) and (17), can be put in the following matrix form:

Y +CY+KY=F (18)
where
0 0 0
YT = e GmZ1 Zz o ZaLFT = |01 =201 22Qy ...
[0 92 m Z1 22 nl tm & Q Cor Q2 Con
and the mass, damping, and stiffness matrices are given by
74 G
2] -—— (2] -
c= P PA | K = s pA (19)
-Mz'vT M;'D -M;'G" M;'B
PIx)  PrX)Py (i) - PPy ()
n X Py (X; 2(x; X))o (X;
o :izci@i’ 0, = @4 1).(92( i) <P2.( i) : Pl 1).§02( i)
PAL : : " :
XD P (X)) o P KDPmX) PR (X))
C]§01(X1) CZ(Pl(xZ) qu)](xn) C1 0 ... 0
Ve C1 QD?(XI) CZ@?(XZ) : Cn(p?(xn) D= 0 .C.2 . 0
CLPpX1) C@p(X2) ... @y (Xn) 0 0 ¢y
kk 0 ... 0 @ 0 ... 0
0 k - 13 0 w - :
B = .0 ,@5=Q+p—A;ki@i,Q: " ‘ 0
0 ... 0 ke 0 ... 0 ?
kipix1)  kap1(x2) ... ka®y(xXn) ] m 0 ... 0
kigy(x1)  kay(x2) -+ kny(xn) 0 my ° :
= : : .. : Mo = . 0
kipm®1) kapu2) ... Kn@pXn) | 0 ... 0 m
and N = m + n. We put Eqgs. (18) and (16c¢) in the following first-order form:
U An AU
| = 20
[Q] [AZI Az | {Q] (20)
where
. T 0 1 O(N X
U'=iy" Y 1AL = {—K —C:|’A12 = l: gln;) n],An =[B21 Co1 Onxn]
— _ -0, _
— 0 . 0 0 0
Ri1Gp mq1Gp
1 . . 0 0,
Ay =— RoGpo - " |\Biz= My Cpa
. - . 0 . s 0
1 0
0 0 — 0 1
L RnCpn ] L mpCpn
r 0; 04 04 7 r o, 1
——P1(X1) =0 e —— X 0
RiCpr P1(x1) RiCyr Py(x1) RiCyr Pm(X1) RiCyr
0, . . 0, 0,
——=—P1(X; - S X 0
By = — | RaCpo P1(x2) . © RaCp Pm(X2) Gy = R:Cp
: : : : - 0
n On On On
_—Rncpn ®1(Xn) —Rncp" @r(Xn) ... R—ncpn Pm(Xn) | I 0 0 RaCon |
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In case the beam damping is of the proportional type; that is,
I' = alpxm + BQ2 (21)

where o and f are real, the augmented damping matrix simplifies to

I'+6p — l
C= PA (22)
-M;'VvT M;'D
We set the damping coefficients
C = 26,‘\/ mik,‘ (23)

where ¢; is the damping coefficient of the ith absorber, as equality constraints. For a simply supported beam, ¢, (x) is given
by Eq. (14) and the dynamic optimization problem simplifies to

.[f
min /
m;cikixi0;CiRi J o

subject to [U} = [A“ Au] [U]

Q Ay An||Q
¢ — 2&/mik; =0
Kt <k;<kV
cl<cg<cV
mt<m;<mY
xb<x;<xV
0t <0, <0’
G=Gi<C)
RE<Ri<RY fori=1,2,...,n (25)

A .
2R @ho + g (24)

5. Configuration 2

In this case, the piezoelectric elements are embedded between the ground and the absorber masses. The equations of
motion are given by

o*w(x, t) O*W(x, t) n wx;, t) .
El ot PA = ; {k,-(w(xh 0 —z)+ c,( o z,)} S(x — ;) (26a)
miZ; + ¢z + kizi — CH—'Q, = kyw(x;, t) + ¢ Gw(a);i’ b fori=1,2,...,n (26b)
pi
R,»Qi—ﬁz,»+g=0 fori=1,2,...,n (26¢)
GCoi (@
and the problem of dynamic optimization is formulated as follows:
. .tf
miCx};inXil({’lein /0 Ey(® de (27)

subject to Eq. (26). Similarly, using proportional damping, we find that the dynamics of the augmented structure can be
described by

U _[An An

Q| |An Ax

where U, A1, A2, and Ay, remain the same and A,; becomes
A21 = [Onxm C21 Oan]

v 28
Q} (28)

Finally, the dynamic optimization problem consists of N+n ordinary-differential equations as linear equality constraints
and n nonlinear equality constraints. Fig. 5 shows a flowchart of the proposed algorithm for solving the dynamic
optimization problem. During the flow of energy within the structure, the absorbers experience larger vibration
amplitudes, and, thus, a system for energy harvesting is integrated to convert the mechanical energy into electrical power.
This conversion was largely investigated by studies, such as those by Sodano et al. [1], Onoda et al. [35], Lefeuvre et al. [8]
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Fig. 5. Flowchart of the dynamic optimization algorithm.

Table 1
Optimized mechanical parameters of the controlled structure with 3, 4 and 5 modes.

Optimized parameters m; (kg) my (kg) ms(kg) Kk ko k3 x1(m) Xxp(m) x3(m) ¢ C C3
(N/fm) ~ (N/m)  (N/m) (Ns/m)  (Ns/m) (Ns/m)
First configuration
3 modes 0.0951 0.0902 0.0951 15704 10224 15722 04999 0.5002 0.5000 0.2444 0.1921 0.2446
4 modes 0.0951 0.0905 0.0951 15704 10224 15722 04676 0.4843 0.4681 0.2444 0.1921 0.2446
5 modes 0.0951 0.0905 0.0951 15704 10224 15722 04676 04843 0.4681 0.2444 0.1924 0.2446
Table 2

Optimized piezoelectric parameters of the controlled structure with 3, 4 and 5 modes.

Optimized parameters 0; (C/m) 0, (C/m) 05 (C/m) Cp1 (UF) Cpz (KF) Cp3 (KF) Ry (Q) Ry (Q) R3 (Q)

First configuration

3 modes 0.01 0.01 0.01 1.00 1.00 1.00 le+5 le+5 le+5
4 modes 0.01 0.01 0.01 1.00 1.00 1.00 le+5 le+5 le+5
5 modes 0.01 0.01 0.01 1.00 1.00 1.00 le+5 le+5 le+5

and Faiz et al. [36]. The addition of absorbers and piezoelectric elements can also be used for the purpose of improving
damping of the original structure.

6. Simulations and discussion

We consider a simply supported beam of length L = 1 m, density p = 2700kg/m3, Young’s modulus E = 7 x 10" N/m2,
second moment of area I =4.167 x 1072 m?, and cross-section area A =5 x 10~*m2. We add three sets of collocated
absorbers and piezoelectric elements at locations x; (i = 1,2, 3) (see Figs. 3 and 4). We developed a computer code that uses
the fmincon command in Matlab to determine a local optimized solution. The command ode15 s numerically integrates the
discretized set of ordinary-differential equations subject to upper and lower bounds on the parameters of the absorbers
and piezoelectric elements.

We emphasize that the optimized parameters of the absorbers must be insensitive to the number of modes considered
in the approximation of the beam dynamics. To prove this, we ran our code for different numbers of modes (3, 4 and 5) and
¢ =& = & =1 percent. The resulting sets of mechanical and electrical parameters are displayed in Tables 1 and 2,
respectively. Whereas the electrical parameters are unchanged, we note that the mechanical parameters are not
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significantly changed as the number of modes is varied from 3 to 5. Also, Figs. (6-10) display performances of the beam-
absorber system for 3 modes (solid—blue), 4 modes (dashed—red), and 5 modes (dotted—black). We note that the time
responses of the beam and absorbers are not significantly altered as the number of modes is varied from 3 to 5.
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Fig. 6. Uncontrolled displacement of the beam midpoint associated with configuration 1 using 3 modes (solid—blue), 4 modes (dashed—red), and 5
modes (dotted—Dblack). (For interpretation of the references to color in this figure legend, the reader is referred to the webversion of this article.)
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Fig. 7. Controlled displacement of the beam midpoint associated with configuration 1 using 3 modes (solid—blue), 4 modes (dashed—red), and 5 modes
(dotted—Dblack). (For interpretation of the references to color in this figure legend, the reader is referred to the webversion of this article.)
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Fig. 8. Displacement of the first absorber associated with configuration 1 using 3 modes (solid—blue), 4 modes (dashed—red), and 5 modes
(dotted—black); &; = 1%. (For interpretation of the references to color in this figure legend, the reader is referred to the webversion of this article.)
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Fig. 9. Displacement of the second absorber associated with configuration 1 using 3 modes (solid—blue), 4 modes (dashed—red), and 5 modes
(dotted—black); &, = 1%. (For interpretation of the references to color in this figure legend, the reader is referred to the webversion of this article.)

0.04

0.03

0.02

ﬁ
e
I
T

0.01

73 (m)
o

S
e T

-0.01

-0.02

-0.03

-0.04

0 02 04 06 038

Time (sec)

Fig. 10. Displacement of the third absorber associated with configuration 1 using 3 modes (solid—blue), 4 modes (dashed—red), and 5 modes
(dotted—black); &; = 1%. (For interpretation of the references to color in this figure legend, the reader is referred to the webversion of this article.)

Table 3
Optimized mechanical parameters of the controlled structure using 3 modes.

Optimized parameters m; (kg) m; (kg) ms3 (kg) ki (N/m) ky (N/m) k3 (N/m) x; (m) xp(m) x3(m) c¢;(Ns/m) c;(Ns/m) c3(Ns/m)

First configuration 0.0951 0.0931 0.0951 1570.4 1022.4 1572.2 0.4999 0.4999 0.5000 0.7332 0.5855 0.7337
Second configuration  0.0951 0.095 0.0951 1570.4 1022.4 1572.2 0.5000 0.5001 0.5001 0.7332 0.5914 0.7337

Using a three-mode approximation, we first optimize the total energy of the beam subject to the set of ordinary-
differential equations, which describe the proportionally damped dynamics of the beam-absorber-piezo system in the first
configuration (see Fig. 3). Then, we optimize the same energy subject to the set of ordinary-differential equations, which
describe the proportionally damped beam-absorbers-harvesting system in the second configuration (see Fig. 4). For the
damping of the beam-absorber system, we let o = 2.1664 and f§ = 3.4926 x 10~ to produce & = 0.01, &, = 0.012, and
&3 = 0.0236 (first three damping ratios of the beam). We also select damping ratios of the absorbers as &; = &, = & = 0.03,
given in Eq. (23). To check the viability of the design, we set all initial conditions equal to zero and consider the external
harmonic excitations F;(t) = 50sin 130t (i = 1,2) applied at x; = (1/3)L and x, = (2/3)L in both configurations.

The resulting optimized parameters of the absorbers are summarized in Table 3 for the both configurations. Table 4
summarizes the resulting electrical parameters. We note that a different set of mechanical and electrical parameters is
obtained for each case. We first display the time response of the beam midpoint without absorber-piezo systems in Fig. 11a.
With the addition of the passive elements, Figs. 11b—e show the displacement of the beam midpoint and those of the
absorbers for the first configuration. We note that the vibration energy is confined in the absorbers and then harvested by
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Table 4
Optimized piezoelectric parameters of the controlled structure using 3 modes.
Optimized parameters 0y (C/m) 0, (C/m) 03 (C/m) Cp1 (UF) Cp2 (UF) Cp3 (UF) R (Q) R, (Q) R3 (Q)
First configuration 0.01 0.0075 0.01 1.00 5.00 1.00 le+5 le+5 le+5
Second configuration 0.0075 0.01 0.0075 5.00 1.00 5.00 le+5 le+5 le+5
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Fig. 11. Displacement of the damped beam midpoint and absorbers associated with configuration 1; (a) uncontrolled beam midpoint; (b) controlled beam
midpoint; (c) first absorber; (d) second absorber; (e) third absorber; &; = &, = & = 3%.

the piezoelectric devices. At time t = 0.9 s, the vibration energy of the beam is suppressed (Fig. 11b). Figs. 12a-f show the
harvested powers (P; fori = 1,2, 3) and the piezoelectric voltages (V; fori = 1, 2, 3) for excitation case 2 and configuration 2.
We observe that the maximum harvested powers occur between the time period [0 0.8]s.

Table 5 gives the eigenvalues and frequencies of the controlled damped structure associated with the second excitation
case and the first configuration. We note that all real parts of the eigenvalues are negative, and thus the altered structure is
asymptotically stable. The first three frequencies of the uncontrolled beam are 145.1, 580.3 and 1305.6 rad/s and the first
three frequencies of the controlled beam are 180.7, 580.2 and 1308 rad/s. We note that the first frequency of the controlled
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Fig. 12. Harvested powers and piezoelectric voltages of the vibration energy associated with configuration 1: (a) first piezoelectric power, (b) second
piezoelectric power, (c) third piezoelectric power, (d) first piezoelectric voltage, (e) second piezoelectric voltage, (f) third piezoelectric voltage.

beam is increased, while the other two frequencies are hardly changed. Before their addition, the frequencies of absorbers
are 104.8, 128.5 and 128.58 rad/s. After addition, these frequencies are lowered to 94.5, 114.2 and 128.6 rad/s. This implies
that, for simultaneous confinement and harvesting, the beam must be stiffened and the absorbers must be softened to
allow the transfer of vibration energy.

In the presence of absorbers and piezoelectric elements, Fig. 13 shows the displacement of the beam midpoint in the
both configurations. We note that the second configuration yields faster extraction of vibration energy, which is clearly
confined in the absorbers and then harvested.
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Table 5
Eigenvalues of the controlled damped structure associated with piezoelectric configuration 1.
Beam Absorbers Harvesting system
Eigenvalues Frequencies Eigenvalues Frequencies Frequencies Eigenvalues Frequencies

before adding

—5.2+180.6i 180.7 —2.4+94.5i 94.5 104.8 -20 20
—7+580.2i 580.2 —3.5+114.1i 114.2 128.5 —94 94
—32.4+1307.6i 1308 —4.2+128.5i 128.6 128.58 —-94 94
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Fig. 13. Controlled displacement of the beam midpoint associated with piezoelectric configuration 1 (dashed—red); piezoelectric configuration 2
(solid—blue). (For interpretation of the references to color in this figure legend, the reader is referred to the webversion of this article.)
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Fig. 14. Controlled displacement of the beam midpoint associated with piezoelectric configuration 1; optimized parameters (solid—blue); perturbed
parameters (dashed—red). (For interpretation of the references to color in this figure legend, the reader is referred to the webversion of this article.)

In the presence of passive elements and harvesting systems, Figs. 14 and 15(a, b, c) display the displacements of the
beam midpoint and the three absorbers, respectively, associated with the second case of excitation and the first
configuration of the piezoelectric elements. Fig. 16 shows the frequency responses of the beam midpoint with and without
control. It clearly demonstrates the effects of the absorbers in attenuating the vibrational energy in the sensitive beam. To
compare performance of the optimized and nonoptimized structures, we perturb the optimized stiffnesses by 10 percent.
We observe that the vibration energy is better confined in the optimized case (solid—blue) as compared to the perturbed
case (dashed—red). They are given by k¥ =1.7274kN/m, k§ = 1.1246kN/m, k3 = 1.7294kN/m. We verified that
the computer code yielded the same set of optimized parameters, which are listed in Table 3—configuration 1 and
Table 4—configuration 1.
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Fig. 15. Displacement of the absorbers associated with piezoelectric configuration 1; optimized parameters (solid—blue); perturbed parameters
(dashed—red): (a) first absorber, (b) second absorber, (c) third absorber; &; = &, = &3 = 3%. (For interpretation of the references to color in this figure

legend, the reader is referred to the webversion of this article.)
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Fig. 16. Frequency responses of the controlled (solid) and uncontrolled (dashed) beam midpoint to a single excitation u(t) at L/3(H(jw) = w(L/2,jw)/u(jw)).

7. Conclusions

We proposed a strategy for optimizing the parameters of a set of collocated pairs of absorbers and piezoelectric systems
for confining and harvesting the vibration of flexible structures. We formulated the design of these absorbers and
harvesting systems as a dynamic optimization problem in which the objective function is the total energy of the unaltered
structure. Using the Galerkin procedure, we discretized the dynamics of the structure equipped with the added absorbers
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and the piezoelectric systems. We wrote a Matlab code to optimize the locations, masses, stiffnesses, and damping
coefficients of the absorbers, and the capacitances, load resistances, and electromechanical coupling coefficients of the
piezoelectric elements to minimize the total energy of the original structure. We first supplied a set of initial values for
these parameters, and the code updated them while minimizing the total energy in the uncontrolled structure. We
simulated the performance of a simply supported beam with external excitations and showed that the vibration energy is
confined to the absorbers and then harvested as electric power.
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