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Introduction
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Electrodes Matrix

Applications of smart materials are growing and adays they
cover from military applications to the industry obnsumption.
Among other applications, the following can be nimmd:

Vibration damping in sport items represents an irgrd issue e
for a new generation of ski boards, tennis racletd golf and plies
baseball batsegure 1). The goal here is to reduce vibrations in thes
sport items, increasing the user's comfort andepring damage. Piczoceramic

A group composed by Boeing Company, the University Fibers
Maryland, the Massachusetts Institute of Techngldigy University
of California (Los Angeles) and the U.S. Army ResbaOffice
support projects for the development and applicatid smart
materials. For example, the Smart Helicopter Rotan be
mentioned Kigure 2), in which fibers of composite materials and
piezoelectric devices are used in the blades ohdtieopter rotor to
attenuate vibrations and noise and also to imptbgeaerodynamic
performance.

Figure 2. Smart Helicopter Rotor (http://www.boeing  .com/news/releases/,
July 2004).

! ) Applications related to vibration control may uséner passive
or active techniques, as well as a combination ath bActuators,
L power supplies and control systems characterize dltve
techniques. In passive techniques, the power sgihd control
systems are suppressed and the shape and physicatteristics of

o smart materials are explored for vibration reductio
Pt RSB Passive damping, according to Johnson (1995) cadiviiged
LED into two classes: structural and embedded. Thetstral damping
occurs due the friction of junctions, cable rubbiagd material
Figure 1. Worth Copperhead ACX Adult Baseball Bat,  first commercialized damping. The embedded damping is achieved by adtgsipation
in 1998 (adapted from Akhras, 2000). mechanisms to the structure, commonly based on ain¢he
following damping techniques: viscoelastic matarialviscous
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devices, magnetic devices and passive piezoelectsige 1 shows
a comparison of these approaches.

Due to the piezoelectric effect, a portion of thectanical
energy associated with the vibration can be trangfd into electric
energy and dissipated conveniently, through a shincuit that
compounds a mechanism of passive damping. Lesi€d868)
discusses the four commonly used types of shuatiicst resistive,
resonant, capacitive and switched, as shownTtdbe 2. The
abbreviation PZT (lead-zirconate-titanate) refershie piezoelectric
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allows the tuning to any desired frequency, whidfi thave the
corresponding vibration amplitudes attenuated. Idditéon,
improvements in the topology of the circuit makesgible the
simultaneous reduction of more than one vibrati@mden From the
mechanical point of view, the system as a wholel(B#d resonant
shunt circuit) is similar to the dynamic vibratiahsorber.

A detailed description of the use of shunt circanhd
piezoelectric devices is seen in the pioneer wétdagood and von
Flotow (1991). In that work, the expression for timechanical

element. This way,Cpzr is the inherent capacitance of theimpedance introduced by the piezoelectric elemennbected to any

piezoelectric patch.
Among the shunt circuits, the resonant one deseavsgecial
attention. Compound by an inductor and a residtuis circuit

Table 1. Primary passive damping mechanisms and cor

type of shunt circuit coupled to mechanical systém®btained.
Two study cases are presented, showing experimitits shunt
circuits, both resistive and series resonant types.

related information (adapted from Johnson, 1995).

Type of damping mechanism
Viscoelastic materials Viscous devices Magnetic dees Passive piezoelectrics
Type of treatment All Struts and DVAS Struts and DVAs Strut dampers
Temperature sensitivity High Moderate Low Low
Temperature range Moderate Moderate Wide Wide
Loss factor Moderate High Low Low
Frequency range Wide Moderate Moderate Moderate
Weight Low Moderate High Moderate
(*)DVA: Dynamic Vibration Absorber.
Table 2. Shunt circuits (adapted from Lesiutre, 199  8).
Resistive Resonant Capacitive Switched
I I
I | p
ca] 17 e c
I |
| |7
L—t —4a
This circuit results a behavior thatThis circuit behaves similarly to | This circuit changes the stiffness The most important feature of this
is similar to viscoelastically- the classical dynamic vibration | of the piezoelectric element. circuit is to adjust the behavior df
damped systems. absorber. the circuit in response to any
change in the system.

A series of papers have been reported about theemire¢opic.
Wu (1996) makes considerations about the beha¥itireoresonant
shunt circuit in the parallel topology. Steffen dndhan (1999) use
control techniques and optimization strategieshimm design of both
active and passive vibration reduction devicespgigiezoelectric
materials. Steffen et al. (2000) examine the use paésive
techniques for vibration reduction combining dynarmvibration
absorbers (DVAs) and piezoelectric patches couptedesonant
shunt circuits. In that work, natural optimizatitechniques were
used in the design of the damping system. Parklamén (2003)
discuss the non-idealities of the synthetic induosed in the shunt
circuits and propose an improvement by adding dapacin
parallel to the piezo, aiming at reducing the valvequired for the
inductance.

This work is devoted to the study of passive dam@pstems
for single modes or multiple modes. As comparedptevious
contributions, this paper presents a complete stoodycerning
resonant shunted piezoelectric, including the diwaly and
experimental aspects together with the synthetitudtor design.
Besides, the study devoted to the multimode cgz@sents a more
realistic approach. Previous works considered thiimode case a
simple extension of the single mode case. Also, tise of
optimization techniques is considered a valuabletrdmution
because no closed solution can be derived for thimode case.
The optimization results were validated experimigntahe present
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contribution is organized as follows: first, the deting of
piezoelectric patches coupled to shunt circuitsentthe basics of
resonant shunt circuits (series and parallel) aesemted together
with a literature review about this topic; followgnthe devices used
in passive control (piezoelectric patch and symthetductors —
Riordan and Antoniou types) are analyzed from libth electrical
and experimental viewpoints; then the modeling aftirdegree-of-
freedom mechanical systems, including the effe€tthe passive
damping mechanism is presented; in the sequenocewadesign
methodology for the multi-modal case is proposedsoA the
optimization method used for design purposes, namntble
LifeCycle Model, is briefly reviewed. Finally, expmental results
are reported, illustrating the success of using itethodology
presented as applied to passive damping applisatbmechanical
and mechatronic structures.

Nomenclature
A = the matrix of surfaces, perpendicular to the eledield
A; and A; = the transversal section areas according to the

vectorsi andj [n]

B = the diagonal matrix of the lengths of the pedeotric
patch
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B; andB; = the initial patch lengths according to vectors
andj [m]

CEZT = the inherent capacitance of the piezoelectriciptaken
at constant stress (free)

D = the vector of electrical displacemef¥ii?]

E = vector of electric field\/m]

I = the electric current

K = the stiffness of the mechanical system

ijE is the stiffness of the piezoelectric patch takeapen
circuit

L =the inductance

PZT = piezoelectric patch

R = the resistance

S =the vector of material engineering strains (non-
dimensional)

S; = the strain (non-dimensional)

T = vector of material stresse¥/frf]
T, = the stress [N/f

V = the electric voltage
Y =the electric admittance

ZSHUNT(5) = the electrical impedance of the shunt circ( |
SHUNT
Zj

device with the shunt circuit shunt
d = the piezoelectric material constant relatingistto voltage
[mV]

di = the piezoelectric material constant relatingagé inith

i
direction to strain in thigh direction
i andj = coordinate axes that indicate the direction for
electrical and mechanical vectors
k = electromechanical coupling coefficient

k. = the modal stiffness related to the mode r

m, = the modal mass related to the mode r

s = the matrix of compliance for the materjai?/N]

s = the Laplace variable

Greek Symbols

¢ = the matrix of dielectric constants for the miier

[CZ(N.m)]
J = the non-dimensional tuning ratio
ay, = the electrical resonance frequency [rad/s]

«, = the resonance frequency of the mechanical systenft

[rad/s]
& = the damping factor
y = the non-dimensional frequency
Subscripts
PZT relative to the piezoelectric patch
Superscripts

E value taken at constant field (shoxuat)

ELECT relative to an electrical parameter

D value taken at constant electricabldisement (open
circuit)

MEC relative to a mechanical parameter

RSP pertaining to resonant circuit shunting

S value taken at constant strain (cled)p
OPTM relative to the optimal condition
PARALLEL relative to the parallel circuit topology

J. of the Braz. Soc. of Mech. Sci. & Eng.

(9 = the mechanical impedance of the passive damping
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SERIES relative to the series circuit topology
SHUNT relative to the shunt circuit

T value taken at constant stress)free
t transpose of the vector or matrix

Modeling Piezoelectric Patches coupled to Shunt Giuits

Figure 3 illustrates the case in which a piezoelectric Ipatis
coupled to a shunt circuit and bonded to a flex#ttecture Figure
3-(a) shows the complete system arigure 3-(b) depicts the
simplified model for the passive damping device.

Shunt
Circuit

ZiSHUNT(S)

Figure 3. Model for a piezoelectric patch boundedt o a shunt circuit.

where:
* PZT is the piezoelectric patch,

« zPMUNT(g) is the electrical impedance of the shunt circai, [

e i andj give the coordinate axes that indicate the dioecfor

electrical and mechanical vectors,
« T; is the stress\/nT],

vectorsi and | [nf],

* B; and B; are the initial patch lengths according to vectors
andj [m],

* S; is the strain (non-dimensional), and

« Sisthe Laplace variable.

As in Hagood and von Flotow (1991), the generalresgion
that describes the behavior of piezoelectric malgrisuch as the
one shown irFigure 3, is written as:

D] (&' d|E
e &l
dt SELT
where:

« D is the vector of electrical displaceme@¥iif],
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* E is vector of electric field\J/m,
» S is the vector of material engineering strains (domensional),
« T is vector of material stresses [Njm
« £ is the matrix of dielectric constants for the miaig C¥(N.n?)],
« s is the matrix of compliance for the materia[N], and
« d is the piezoelectric material constant relatingistto voltage
[M/V].

Hagood and von Flotow (1991) also shows how toRge(1)
together with the basic equations of voltage andect from the
electricity in order to obtain the following expsésn:

1T _[YEECT(9) &ad VT
HER

ELECT _y/ D SHUNT
Y =Ypzr +Y

@

where:

« V is the electric voltage,

« | isthe electric current,

« B is the diagonal matrix of the lengths of the p&eotric patch,
« A is the matrix of surfaces, perpendicular to theteiefield,

* Y is the electric admittance, and

* Y1 =SChyt.

At this time, it is important to define the piezeeiric constant
known as electromechanical coupling coefficiekt, Hagood and
von Flotow (1991) define this constant as being rlationship
between the peak energy stored in the capacitotrengeak energy
stored in the deformation of the material takingpiaccount open
electrodes for the piezoelectric patch. Physicahg, square of this

coefficient, k2, represents the percentage of energy of mechanical

deformation that can be turned into electric enenyy vice-versa.
Mathematically, the electromechanical coupling ot is
defined as:

KA: dn

| \/%:5?

where d;; is the piezoelectric material constant relatingfage in

©)

theith direction to strain in thigh direction.

To close the modeling, Hagood and von Flotow (13$ibw the
mechanical impedance, in the non-dimensional fofor, the
piezoelectric patch with a shunt circuit as defibgdhe equation:

_ 1-¢
zP(9  1-WFEC(y

SHUNT
o9 =2 3

4

where ZHSHUNT

damping piezo device with the shunt circuit.

Finally, Hagood and von Flotow (1991) show thatftieguency
response function (FRF) that relates the acceteratnd the
external force of a resonant shunted piezoeleatrithe Laplace
domain is:

32

H(s) = k +sZ"(3+ &m

®
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This equation is valid for a single mode systerastm, and k,
are the modal mass and modal stiffness relatduketonbder.

Resonant Shunted Piezoelectrics - RSPs

According to what has been seen up to now, theopleztric
patches can be modeled as a capacitor in seribsamitontrolled
voltage source. Therefore, in order to obtain amast shunt circuit,
the circuit shown in Figure 3 can be compound oinaluctor and a
resistor. The RL shunt circuit forms an RLC resdmegtwork with
the piezoelectric patch. This approach allows tissigation of the
energy associated with a given vibration mode.his tase, the
strain energy (associated with the vibration) iswvested into
electric energy and dissipated in the form of héagugh the Joule
effect. From the mechanical point of view, dampm@troduced by
appropriate tuning the resonance frequency of th@ Retwork to a
given frequency related to one of the vibration p®df the
mechanical structure.

Series Resonant Shunt Circuit

The resonant shunt circuit in series, as showRgine 4, was
proposed by Hagood and von Flotow (1991). The sscheme can
be found in Lesieutre (1998), Steffen and Inman9€)9 Caruso
(2001), Fleminget al. (2002), Fleming et al. (2003) and Park and
Inman (2003).

Figure 4. The series resonant shunt circuit.

An analysis of this circuit leads to the followingations:

(9 is the mechanical impedance of the passive

1
ySHUNT & — :
i (9 s+ R
(6)
ZELECT (g = LCPz1S + RGpr S
1
LCF 7S + RChyr sl
where:
* L is the inductance,
* R is the resistance, and
ABCM
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« Cp,7 is the inherent capacitance of the piezoelectitcp taken

at constant stress (free).
Or, using Eq. (4), the non-dimensional impedancemwritten
as:

1
LCS,7S* + RGor 5"1]

|

ijRS%ERIES(S) =1- sz[ (7)

Equation (7) can be rewritten as:

62

—_— 8
2+ 0%y + 32 ®

ijRSE’ERlES(y) =1- KJZ [
where:

e 0= % is the non-dimensional tuning ratio,

wh = S is the electrical resonance frequency,
VLCpz7

system,
& = RCS,7wE is the damping factor,
E

@1:(K+Kf%j

mechanical system, corresponding to the open ticase,
K is the stiffness of the mechanical system,
E_

T,

corresponding to the open circuit case, and

is the resonance frequency of th

is the stiffness of the piezoelectric patc

y= %ﬁE is the non-dimensional frequency.

Hagood and von Flotow (1991) point out that theapesterso
and & are similar to those found for the DVA. Conseqlerthe
series resonant shunt circuit can be designed hgidering these
similarities.

Figure 5 illustrates the two above-mentioned configuratiéors

vibration reduction purposesigure 5-(a) shows a system containing

a DVA; andFigure 5-(b) depicts a system containing an RSP.

Dynamic
M y
bsorver
Kpva Cova a
DVA
f(t) = Fsin(at) 1 ( )
| i | Primary
$ K lx(t) System
| ’|
(a)
f(t) = Fsin(at) | v |
I lx(t) Primary
System

(b)

Figure 5. Comparison between systems with a DVA (a)

and an RSP (b).
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W, = % is the resonance frequency of the mechanical
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The generalized electromechanical coupling coeiffici is
k* i

defined as:
[kl et

where K is the ratio between the piezoelectric short drmodal
stiffness and the total system modal stiffness.

Now, it is possible to compare the frequency respdunnctions
for the DVA and the RSP, as calculated for the primmass for
both cases:

E
Kij

K2
K+Kf

ij

9)

K
1

H RSFS)ERIES( )= (52 " yz) ’ 526}/ (10)
M) _(1+y2)(52+y2+62£y)+Kijz(y2+52<,‘y)
HEYA (v 1)

(1+2) (0 v+ 0%+ {65+ 5%

Equations (10) and (11) highlight the similaritiestween the
DVA and the RSP. It can be seen that the genedalize

electromechanical coupling coefficienKijz, for the system with

RSP series is similar to the relationship betwden mass of the

eDVA and the mass of the primary structuge, for the system with
DVA. However, notice that the DVA operates by absug the
kinetic energy associated to the vibration of thienpry structure.
The RSP, in a general way, dissipates a portighefktrain energy

pthat is converted into electric energy. As a consege, the optimal
locations for each type of damping system are wiffe the DVA
should be connected to a point of maximum displagnand the
piezoelectric patch of an RSP should be bonded tegeon of
maximum deformation.

Similarly to the system with a DVA, the design b&toptimal
RSP series is obtained from the optimal tuningoratt, and the
optimal damping factor,&, for the system. Therefore, these
expressions are as below:

e = L]

J2K;;

(1+ Kijz)

(12)

{RSFS’ERES =
OP

Figure 6 illustrates the transfer function of the systenthwan
RSP series, adoptingij2 =0.05, 0= 65,515,5,“'53, and considering the

non-dimensional frequencyy :7% , for different values ofé .

Similar to the system with a DVA, the two invarigmdints P and Q
can be observed. Also, by increasing the valuehef damping
factor, the system behaves as a single degreeedfdm one.

July-September 2006, Vol. XXVIII, No. 3 /297
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[ =000 As in the series circuit, the analysis of the eleat circuit leads

25 . . . .
‘ e 20150 to the following equations:

— & optm = 0.301
20 | £ === £=0.450 | 1 1
‘ | £ = Infinity | YSHUNT( Q =+
: ! Ls R
15 | ! (14)
' ZELECT(g = LRGz1 S
]

RLCL,; €+ Lst R

|Hig)|
I B

And, consequently:

2
ijRSBARALLEL(S) =1- I{[ Ls“+ R g

RLGS,+& + Lst

] . ; . : . as)
Figure 6. Transfer function of the primary mass for systems with an RSP 2
series. Z_RSBARALLEL(S) =1- ka[y-'-{a]
! & +y+&3°
Finally, once the optimal parametes and & for the RSP ) ) )
series are obtained, it is possible to determieeofitimal values for Usmg _Eq. (1'5b)l and éhe. prr?per m?defl_lng Of_ the EnQIOF
the inductor and resistor of the shunt circuitnirthe following ~SYSteM. Itis possible to obtain the transter flomcas:
equations:
H RSBARALLEL( ) - (62<r * yzf * y) (16)
RSBeries — 1 = 1 = 1 Mp = 2 2 2 2,2
Lopthi CSt? s B2 cs (1+Ki'2)%2 (5 E+y 5+y)(1+y )+K.,V<r
CPZT(wré?PTM ) zT i
(13) Wu (1996) presents details for obtaining the optipzaameters
RS of the circuit. Similarly to Hagood and von Flotq®991), he also
ngER,Es_fopqgﬁR'Es_ ‘/EKij makes use of the transfer function to draw his kmiens. This
Roptv™ = cs _C§ (l+ Ki‘z) way, the expressions are:
1% 770 i
RSB Ki'2
Parallel Resonant Shunt Circuit OopTi e = 1+?'
The parallel resonant shunt circuit (seiure 7) was first a7)
proposed by Wu (1996), aiming at overcoming impletagon . 1
difficulties of the series circuit. The practicapects regarding the EOpThRALEL = ——
two circuit topologies will be discussed in theelasections. 2N

i | And consequently:
i 1

ng?[v?ALLEL =
2
cs, |11 |,z
PZT 7 n

(18)

| L) RESRupies = 1
S
] j V2K Co v,

Figure 8 shows the transfer functions of the system wittR&#P
parallel, adopting Kijz =0.05, 6=5§§$§AR'ES, and considering the

non-dimensional frequency = % , for different values off .

1

[

I;§R §L
I T

1

Figure 7. The parallel resonant shunt circuit.
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25, . . : . : - t

— £=0.000
===+ £=1.500
— Eoptm = 3.162
-== £=4500
....... £ = Infinity

20}

[Higl

Figure 8. Transfer function of the primary mass for systems with an RSP

parallel.
Electric Analysis of the Shunted Piezoelectric
Components

The following sections show the analysis of thezpedectric
patch and the synthetic inductors from the eleaitritewpoint. For
the piezoelectric patch, the associated impedandeita behavior
are verified when bonded to a vibratory structdieo basic types
of synthetic inductors are presented.

The Piezoelectric Patch

As an example, the manufacturer
Corporation) provides the information presenteda. 3 about the
ACX QP15N piezoelectric patch.

Table 3. ACX QP15N specifications.

. . Number of
Size [mm] Weight[g] elements
50.8 x 25.4 x 0.254 2.268 1 piezoelectric patch

Piezoelectric patch Operation range

Capacitance [nF]

size [mm] [V]
45.974 x 20.574 x
0127 100 +100

However, for the system compound by an ACX QP15Ndied
to a flexible beam as shown #mgure 9, by using an impedance
analyzer (Hewlett Packard HP4194A), a variatiorthef impedance
with respect to the frequency is found, as shownidaye 10 .

Figure 9. ACX QP15N + Beam System.

Figure 10 shows also that impedance is not purely reaciihe.
real part of the impedanceijgure 10-(a), introduces a resistive
element. Besides, the imaginary part of the impeéagure 10 -(b),
confirms the capacitive element. From the phasgegurgure 10 -
(d), the predominance of the capacitive comporentrified, since

J. of the Braz. Soc. of Mech. Sci. & Eng.
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characteristics of the ACX QP15N + Beam + RLOAD sys
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he values obtained are close to —90°. The inhémgedance of the

piezoelectric patch can be viewed as a resistare 10-(e), which
is in series with a capacitafigure 10 -(f).

x 10

ACX QP15N PZT Impedance (Z)

= m

Resistence

500

400

300
f[Hz]

300 500 200
f[Hz]

100 200

Figure 10. Impedance for the ACX QP15N + Beam syst em.

To validate the above-presented model, the ACX QP15

beam system is tested using the setup showiguire 11.

Flexible Beam

7

Piezoelectric Device

Shaker—
% Rioap

Figure 11. Experimental setup for the verification

of the electrical
tem.

A shaker excites the system according to a preegfirequency
and amplitude. Therefore, according to the modelwofg the
piezoelectric device, the controlled voltage soujiogernal to the
patch) also produces voltage. Electrically, thecssistituted by the
piezoelectric patch and load resistance formsauiticharacterized
by a voltage source, a capacitor, a resistor alod@resistance, as
shown inFigure 12.

Rpzr!
| |
Cpzr!

&

Figure 12. Resultant electric circuit from the ACX
system.

QP15N + Beam + RLOAD

This way, the current and the electric power Brp,p can be
calculated by using the Ohm’s law:

Vin(@)  _ Vour (@)

I(w) =
Zrotall@)  Rioap
(19)
2
RMS
P —\/RMS| RMS_ (VOUT )
Loap = VouT Roomo
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Experimentally, the voltag¥y («) can be obtained through an The Resonant Shunt Circuit and the Synthetic Induabr
oscilloscope, by keeping the terminals of the pééacric element

in open circuit, as illustrated in Figure 18, (w) depends on the
magnitude of the excitation provided by the shak&s the

excitation remains the sam#,y (w) is not altered.

RpzT,
|
|

Cpzm

wl

[

Figure 13. Setup for the experimental obtaining of

Consequently, by varying the load resistance analsoring the

voltage in the load
VouT X Rioap: | XRioap @nd Poap X R papCan be generated.

Figure 14 illustrates the comparison of the experital data with
those obtained from the analytical model of theppeed electric

circuit.

resistance, the curves corredipg to

Frequency = 110 Hz
1

V\N(w).

200

300

400 500 600

£
— analytic Hta)
% experiment ||

700 800 900 1000

— analytic | (®
t experiment ||

(=]
o
B3
(=]
(=]

power [ulV]
;N(JLQ\

(=1
o
(=]
(=1
(=]

’
8
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w |
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=1

w
(=1
(=]

|
(=1
o

500 600
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o experi_mem n

400 500 600
Rload [kohms]

Frequency = 200 Hz

700 800 900 1000

voltage [mV]
g 3

3

100 200

300

400 500 600

- - 4
— analytic (d)
% experiment ||

700 800 900 1000

— analytic /(e
o« exp_erimem |

100 200

300

400 500 600

700 800 900 1000

— anaﬁﬂ:ic [l

o experi_mem n

400 500 600
Rload [kohms]

Figure 14. Experimental versus analytical data for

+ Rioap System.

700 800 900 1000

the ACX QP15N + Beam
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Equations (13) and (18) show that the values ofitldectance
are inversely proportional with respect to the dagérequency. In
the real cases, the associated frequencies at&veblaow. As a
consequence, the resonant shunt circuits requige lalues for the
inductance. These values would typically attaindreds of henries.
The weight and the volume of such inductors wouldken
unfeasible the use of this technique. To overcom ltmitation,
synthetic inductors are obtained by using operati@mplifiers, as
in previous works (Riordan, 1967; Antoniou, 1969g@henson,
1985; Schaumanet al, 1990; Massara et al.,, 2000 and Park and
Inman, 2003). Even assuming different configuratjadhese circuits
are known as synthetic inductors or gyrators. le fhresent
contribution, two types of synthetic inductors weesplored,
namely the one proposed by Antoniou (1969), andather one
based on Riordan (1967). For the sake of simplicibey are called

Antoniou synthetic inductor and Riordan synthetieductor,
respectively.

Antoniou Synthetic Inductor

Figure 15 shows the synthetic inductor circuit asppsed by
Antoniou (1969).

OA;

Figure 15. Circuit for the Antoniou synthetic induc tor.

The input impedance is given by equation (20):

_ 472375

4
N7 7,

(20)

From the previous equation, a synthetic inductahbined by
using the following relations:Z, :_%C v 1= R, 2,7 Ry,
4

Z3 = Ry and Z5; = R;. The equivalent circuit impedancgy, is the
same as an inductot{,), as shown below:

Zi = jodeq s

(21)
_ _RRGR
eq R,

Riordan Synthetic Inductor

Figure 16 shows the synthetic inductor circuit asppsed by
Riordan (1967).

ABCM



Multimodal Vibration Damping through Piezoelectric Patches and ...

1
Z Leg=———5— (23)
0A, ‘ (2r felet)ZCPZT
et OA,
Vi AR Vs Z'able 4. Experimental values for R 1, Rz, Rz and Rs and the calculated one
|—> or L eq.
Zu Z “ Experiment | Rk | R, [k2] | Ry[k] | Ry[ke2] | Leq [H]
= [la #1 2.18 217 97.7 216] 23.00
#2 5.51 5.52 38.6 5.51 23.03
£ #3 14.78 14.68 14.35 14.67 22.0
, o ‘ o #4 46.2 46.2 4.61 46.0 23.01
Figure 16. Circuit for the Riordan synthetic induct or. #5 99.9 99.3 213 99.1 23.04
#6 219 220 0.964 221 23.01
In despite of presenting a different topology, gwations for #7 330 329 0.643 329 23.02
the input impedance are the same as those of ttenid synthetic
inductor. Figure 18 and Figure 19 present the graphics ofathplitude,
phase and coherence of the transfer function ferttvo types of
Practical Aspects about the Synthetic Inductors synthetic inductors. A comparison between the twpes of

synthetic inductors does not allow any straightfmavconclusion

In order to test the performance of synthetic indicat low  about the superiority of one with respect to tHeeat However, by
electrical frequencies (as typically found in maskechanical taking into account the graphics of the module ahdse, it is
systems), experiments simulating the resonant shinatit were possible to notice good repeatability for the tesitce the
performed. An RLC series filter was configured Imistexperiment resonance frequency remains approximately the damall the
by using the synthetic inductor together with aistes R,, a experiments. The graphics of the coherence inditaealong the

capacitor Cp,r and a signal generator (Brilel & Kjaer Sine/Nois¢XPeriments the values of the coherence becomeewprebably

. . . . due to the values of the resistors. Finally, @l possible to notice
Generator Type 1049). The filter is described by E2), which that the electric network available contaminates ékperiments in

relates the voltage ifR, and the voltage in the generator. A signakqy, (used in Brazil) and in some other harmonitsall the
analyzer (Spectral Dynamics SD380) was used tooperfthe experiments.
frequency analysis of the circuit. The setup &f #xperiment is

shown in Figure 17. Antoniou
H phase(f) coherencef)
IS ./ S L
1 b 075} | 45 ! 075 ! | |
H onp(@) = (22) 05| | 9 = '
1 1 025! | as) 025 f
1+ = al - pb— L i 1 ool - | [ | | gl 2t 4 f |
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R wWCozr g e R R e
o078 | s | 078
— 0s o | os {
PC SD380 Analyser 2 0% — o |y _ |
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= (== 075! i as { 075 {
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Figure 17. Experimental setup to test the synthetic inductors. 075/ {45
E 05| { o
0.25| | .45

T
075 I ’ 1
05 1
0325

i

The signal generator introduces in the circuit atevhoise of B e I e e e e
bandwidth 2z to ZHz with 1.25/ of RMS value. The signals were & 0715: 1 1 1] i: T T 1 ] w;‘ e
acquired simultaneously in a sample 16f1.6s, with intervals of £ ol [ ol l\ | “as ’ |
dt=0.7812%ns Then the maximum frequency analyzed is mk 45| | 025 -
fmax=500Hz and the frequency resolution #=0.625Hz. The %0 100 200 300 400 500 %0 100200 300 400 500 0 100 200 300 400 500
transfer function was estimated by using 50 samples L 1 e

The capacitorsC, and Cp 7 and the resistoR, were fixed to Figure 18. Amplitude, phase and coherence of the tr  ansfer function for

. Antoniou synthetic inductor.
108.5F, 110.0F and 9.98Q, respectively. Table 4 shows the
values used for the remaining components alongxtperiments. In
this case, the inductance is calculated accordairtiget equation:

J. of the Braz. Soc. of Mech. Sci. & Eng. C opyright O 2006 by ABCM July-September 2006, Vol. XXVIII, No. 3 /301



0 100 200 300 400 500

Ed 1
075}
05 1
025}
I o
E 1
0.75}

05
025

f[Hz)

Figure 19. Amplitude, phase and coherence of the tr

Riordan synthetic inductor.

Figure 18 and Figure 19 also show a discrepancoydsst the
experimental results and the analytical model aetbffor the RLC
circuit, as described by Eq.(22). For example,lircases the gains
are not unitary in the resonant frequency. It cancbncluded that
the non-idealities of the synthetic inductor geteerane or more
parasite resistances associated with the equivaldottor. Park et
al (2003) discussed about an experiment that etesudhe
impedance of the synthetic inductor. By using arpedance
analyzer, it was shown the existence of a frequedeyendent
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ansfer function for

inherent resistance in the synthetic inductor.

In this work, it is desired to obtain an equivalemidel for the
synthetic inductor. To achieve this aim, four difiet configurations
were tested as candidates for the equivalent tingséd in the

experiments, as shown in Figure 20.

synthetic inductor

synthetic inductor

©

synthetic inductor

Crzr| _
| |
| |
LA pzT
| |
| |
I CP‘ZI|, Ro
! |
- [ 1Pzt
3 Bl
eal) 157

Figure 20. Candidate configurations to the syntheti
circuit (a) a resistor R s in series with an inductor L

parallel with an inductor L

|
T
Ro 1 |
|
|
| |
1 Re Lea3 |
|
[ I |
(b)
synthetic inductor
—— N A— |
|
B
| |
Rp.u'; Leq 3 :
|

¢ inductor equivalent
eq » (b) @ resistor R p in

eq +(C) @ resistor R p in parallel with an inductor
Leqg and a resistor R s in series with this branch and (d) a resistor R

s in

series with an inductor L ¢q and aresistor R p in parallel with this branch.
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Experiment #4 for the Riordan synthetic inductoswagbitrarily
chosen to check which model better describes thewer of the
real circuit. From a curve fitting procedure, itsygossible to obtain
the values ofR; and Ry, as presented in Table 5 and Figure 21.

Table 5. Values of R s and Ry.

Circuit Circuit Circuit Circuit
Figure | Figure . .
Figure 20(c Figure 20(d
Rs Re Rs Re Rs Re
[k [k kA | [k [k [k
4969 | 72.495 | 3.06F 140.591| 3.506] 5.398 x 10
Circuit (a) Circuit (b)
1 - , - . 1 . 5
—— Experiment #3 —— Experiment #3
0.75! === Analytic 0.75! P Analytic
E 05| 05|
025 e 0.25| .
0! i H i i Uf i H l
0 100 200 300 400 500 0 100 200 300 400 500
a0 — . . - a0 . . . -
—— Experiment #3 — Experiment #3
45/ | = Anal_ytic . 45/ === Anal_ytic .
=
@
E i} 0
0__45. .45/ N TR
% 100 200 300 400 500 %0 100 200 300 400 500
f[Hz] f[Hz)
Circuit (c) Circuit (d)
—— Experiment #3 —— Experiment #3
0.75 | === Analytic 0.75! | ===+ Analytic

05 05
0.25/ 0.25 |-t i
ot " . . . 1 ot . . . " 1
0 100 200 300 400 500 0 100 200 300 400 500
90 T z x T 90 T z x r
—— Experiment #3 —— Experiment #3
45 ===+ Analytic 45 ===+ Analytic

0 0
N
_ds ‘-""‘---...---.--4--—'; _45.
_w. . . . . _w. H i i i
0 100 200 300 400 500 0 100 200 300 400 500

f[Hz) f[Hz]

Figure 21. Amplitude and phase of the experimental
transfer functions.

and analytical

By analyzing Table 5 and Figure 21, it can be catkedl that the
best representation of the real electrical ciriugiven by the circuit
(a), for which the synthetic inductor is characted as a resistd®s
in series with an equivalent inductor as described by Eq. (22).
Circuit (d) presents very similar results, howewbe value of the
resistor Ry is extremely high, suggesting th& tends to infinite
(open circuit). This characteristic automaticaiadis to the choice
of circuit (a). In this work, the inherent resistanof the synthetic
inductor is calledRpagasiTE

Once defined the model for the synthetic induciosecond set
of experiments verifies the behavior of the inhemasistance as a
function of the value of the equivalent inductogtib for the
Antoniou and Riordan synthetic inductors. In th@emments, the
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values of R, and C, were fixed to 9.862 and 111.5F,

respectively, and a number of different values tfog resonance
frequency of the circuit,fy, was predefined. Consequently, th

value of the inductor varies, leading to the véoiatof Ropgagite:
For both considered inductors the valuesRyf, R, R, Rs, Cy
and C, were fixed to 9.8&Q2, 46.XkQ, 46.XkQ, 46.k2, 111.5F,

and 112.6F, respectively.
The results can be seen in Table 6 and Figure 22.

Table 6. Experimental value for f ¢, Leq and Rparasite-

Antoniou Synthetic Inductor
Experiment|  fq[HZ] L[H] RearasiTelkQ]
#1 396.25 1.3573 0.9553
#2 301.25 2.3175 1.1314
#3 198.75 5.3116 1.7849
#4 100.00 20.6205 4.0478
#5 49.375 81.4147 10.9426
#6 22.50 368.4433 39.4855
Riordan Synthetic Inductor
Experiment fo[Hz] L[H] | RearasielkQ]
#1 401.875 1.4682 1.0776
#2 297.500 2.5302 1.2170
#3 200.000 5.3308 1.7967
#4 99.375 20.5834 4.2154
#5 48.750 81.5618 11.1978
#6 23.125 368.1111 37.6879
Antoniou Synthetic Inductor (a)

40,

E 25
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o
=
£ 20
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& 15!
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s
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P Riordan Synthetic Inductor (b)
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30}
E 25/
=
o
=
o 20/
=
]
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Figure 22. R parasite Versus L for the synthetic inductors.
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Both for the Antoniou and for the Riordan synthétiductors, it
is easy to notice that the value of the parasisistance increases
eWhen the inductance values also increase. Thisvilghas quite

linear along the analyzed range. This means thattaking into

account a pre-defined value for the capacitance, RhC filters

exhibit better performance when designed to opeedtdarger

electrical resonance frequencies. This fact hasegtdconsequence
in shunted piezoelectric applications, since thegdencies of
interest in these cases are rather low from thetredal point of

view.

Multiple Degree-of-Freedom (MDOF) Systems

Real systems are continuous and non-homogeneouigh wh
means that an infinite number of degrees of freediould be
considered to represent them, accordingly. Theeetbe analysis of
this type of systems is only possible through aimalyexact)
models. Unfortunately, the solution of these modsisiot easily
obtained. Thus, it is necessary to use approxireteniques that
describe the behavior of the system by using aefinumber of
degrees of freedom (Maia and Silva, 1997). To etiéyn consider
the undamped N DOF system shown in Figure 23.

f f f
> T
—L » 2 N
k kz ks kN kN+1
m VWA m, FVWA— - MW my
0) ) () 00
/. /. /.
Figure 23. Discrete model for an N degrees of freed  om system.

The equation of motion can be written in the matigtation as:

[K—aM  =f (24)

By taking f =0, it is possible to obtain the modal model for the
free system, which is commonly expressed by theviahg pair of
NxN matrices:

of O 0
]| 4 - O

(25)
0 o0 o
ve[fed {ed - {on}]
The eigenvalues of ,c?....af;, represent the natural

frequencies of the undamped system. The eigenvectrix
(also known as the modal matrix of the systemgpimpound by the
modal shapes given Hy, } (r=1, 2, ..., N).

In order to find the FRF of the system, it is neeeg to perform
the following matrix transformations:

[w M][w] =" m ]
[w]' [K]lwl=[& ]

where m and k, are known as modal mass and modal
stiffness, respectively.

(26)
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The FRF that relates the acceleration obtainetieapositioni
when an external force is applied at the positids given by the
following equation:

Hi (9) = i ¢ Yibia (7)

r=1 kr +52”P

For more details about MDOF systems refer to Maia Silva
(1997).

Modeling of Shunted Piezoelectrics for MDOF Systems

As previously shown in Viana (2005), it is possitdenote the
similarity between Eg. (5), which describes thetayysof 1 DOF
containing the shunted piezoelectric device and(2Zy. which
describes a MDOF system. It can be observed thai{Z(q takes
into account the influence of the N modes in thetesy response.

This way, by considering the analyses above, tfeciebf the
piezoelectric patches and their shunt circuits dan easily
introduced in the MDOF system. This can be achidwedidding

Felipe Antonio C. Viana and Valder Steffen, Jr
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(Ref = 1e-6)
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Figure 25. FRF for systems with and without passive damping.
Optimal Design Strategy for Multimodal Shunted

the term ZJ-?"EC' (9 in the denominator of Eq. (27). Mathematically: Piezoelectrics

wirwkr

ke +5Z'5% (w)+ ¢

N
Hi(9)=> &

r=1

(28)

It is worth mentioning thatm, and k; in Eq. (28) include the

influence of the PZT (Pereira, 2003).

As an example, consider the case as depicted urd-2#. This
figure illustrates an undamped flexible beam (aptaming two
piezoelectric passive damping devices (b). A PZTd aits
corresponding shunt circuit characterize each peasglevice.
Damping in this case is designed to reduce theatidor amplitudes
of two pre-defined modes, simultaneously.

@)

Beam

/
Circuit 0
Figure 24. Beam (a) without and (b) with piezoelect

ric shunt devices.

Figure 25 shows the FRF obtained numerically. Tieuits
were designed to reduce the vibration amplitudethefsecond and
third modes, simultaneously.
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Equation (28) shows that a modification introdugedny mode
influences the FRF in the whole frequency bandsTheans that
the effect of a resonant shunt circuit, tuned fepecific mode, does
not influence only that single frequency, but thieole frequency
band. Therefore, considering the design for multiatopassive
vibration suppression systems, the circuits canoet designed
separately, using closed solutions, as for thesimgpde case. Thus,
the most effective strategy should consider théuémfce of each
mode and the band of interest. In this work, thsigie of the
resonant shunt circuits is treated as an optinumaproblem, as
presented in Steffen and Inman (1999) and Radé&egeften (2000).

For illustration, consider the situation shown iigufe 24-(b)
and described by Eg. (28). The respondé, (s), must be

minimized over predefined frequency bands as chbgethe user.
For example, in the case illustrated by Figure 24 kigure 25, the
second and third modes were taken as target modegténuation
purposes. Consequently, in the most general chsesyistem may
have a group ofN piezoelectric patches and their shunt circuits,
each one tuned up for a different mode. Under tobgsamstances,
the optimal design of shunt circuits consists ofedwining the
value of each one of thil inductors andN resistors to be used in
the shunt circuits.

Then, the optimization problem is defined as thaimization
of the objective function given by:

p
I {R) =2 | Hic(s0)] (29)
m=1
subject to:
Lliower <|—i < Liupper’
i=1,2,..N (30)
Rlower < R < ijper’
where:
* p: is the number of values Bf(s); these values are
computed by using the modeling of multi-modal
ABCM
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piezoelectric shunt systems as shown in the previou For more detailed information about LifeCycle Mottet reader

section,
* Hj(s):is the frequency response function,

* 5, : represents the Laplace variable within the freqye
band of interest;

should refer to (Rojas et al., 2004).

Experimental Results

Using a mechanical system composed by a flexib&mhdwo

» L, and R : are the inductors and resistors to be used in tiéezoelectric patches and their respective shurduits, it was

damping of theth mode, respectively, and

* N:is the number of shunt circuits to be used.

The optimization task that defines the design o ghunt
circuits is an example of direct problem. In spfethis, the use of
classical optimization methods fails in many cashse to local
minima found in the design space. For this reagorthe present
work, a natural optimization method was used, ngmile
LifeCycle Model, to be briefly reviewed in the folling sub-
section.

LifeCycle Model — an Overview

LifeCycle Model (Krink and Lgvberg, 2002) is ingtin the
natural optimization context, in which Genetic Aigoms (GA) and
Particle Swarm Optimization (PSO) also belong. laldgy, the
term refers to the passage through the phasesgdiminlife of an
individual. As life phases, can be cited the sexnaturity and the
mating seasons, for example. As it happens in eathe ability of
an individual to actively change its own phasetags in response
to its success in the environment is the main naspn for
LifeCycle. In fact, the idea behind LifeCycle isuse the transitions
to deal with the mechanism of self-adaptation t® ¢ptimization
problem. The fithess offers a criterion used byhemalividual to
shift to another life stage. To close the defimtihifeCycle stages
must be presented. In the present work, two héegistre used as
stages, namely the GA and the PSO. Other versiothe d.ifeCycle
can be proposed by considering other heuristicsaamix of them,
as shown in Krink and Lgvberg (2002).

Since the algorithm is composed by various hegsstit is
necessary to set the parameters of every heunsl in the
LifeCycle model. Nevertheless, there is a paramiategrent to the
LifeCycle model, namely the number of iterationatthepresents a
stage of the LifeCycle, called as stage intervalth® end of each
stage interval, the less well-succeeded individoalst change their
stage in order to improve their fitness. This medhat the
optimization approach does not follow a rigid scleeas proposed
in Assis and Steffen (2003), in which various tegbes are used
sequentially in a cascade-type of structure. lreothords, it is the
mechanism of self-adaptation to the optimizatiombpem that
counts.

It is important to notice that the algorithm cam iin a parallel
scheme, since the original population is dividedisubpopulation
of PSO particles and another one of GA individulsring the
optimization procedure the agents of each subptipaol@ommute
to the other in a way to improve its own fitness.

Details about GA are provided by Michalewicz (19%t)d
Haupt and Haupt (1998), while PSO is comprehengiyalesented
by Kennedy and Eberhart (1995) and Venter andeS&b{2002).

The outline of a basic LifeCycle algorithm is pnesel below:

1. Initialize the algorithm parameters for the PSO &d

2. Evaluate the fitness for all particles (PSO) andiviuals
(GA).If there is no recent improvement, switch thiéCycle
stage (change from GA to PSO or vice-versa).

For all PSO particles, run the PSO algorithm.

For all GA individuals, run the GA algorithm.

Go to step 2 and repeat until the stop critericaateeved.

ok w
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possible to perform the experimental verificatioh tbe design
methodology presented above. Figure 26 shows sdetHil the
experimental setup. Figure 26-(a) gives the coméigon used for
single mode vibration suppression, in which a singjlezoelectric
patch and shunt circuit are used. Figure 26-(b)wshdhe
configuration for two modes, in which a pair of Ppatches and
shunt circuits is needed.

(@)

Force Transducer
(coupled with a plastic
or rubber tip)

Signal
Conditioners

Piezoelectric Accelerometer

Patch

Synthetic
Inductor

(b)

Flexible Beam Details
(the other piezoelectric patch and its
connection with the synthetic
inductor)

Synthetic
Inductors

Figure 26. Experimental setup.

A pair of piezoelectric patches ACX QP10N (QP10N-11 and
QP10N-11573) was used in the experiments. As pusiyjo
presented, the manufacturer furnished the infommashown in
Table 7. However, as was done for QP15N, the vatoesputed in
the design of the shunted PZTs were obtained tests by using
the impedance analyzer Hewlett
corresponding experimental data are illustratdeiguire 27.
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Table 7. ACX QP10N specifications.

Felipe Antonio C. Viana and Valder Steffen, Jr

shows details regarding the FEM model; and Fig@€c2 prese
the degrees of freedom considered.

nts

. . . . Number of
Device size [mm] Device weight[g] elements ) -
50.8 x 25.4 x 0.381 2.834 1 piezoelectric patch (@) ~3.81x 10 m thick
Piezoelectric patch | Device capacitance| Operation range 5 1 x 102 piezoceramics on top and
size [mm] [nF] 1 X m  bottom surfaces of the beam
45,974 x 20.574 x N
+ I
0.254 60 *200 I g
x
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g % mean = 50.7798 FEM mOde|
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Piezoelectric Nth
Figure 27. Impedance for the ACX QP10N + Beam syst em. Patch Beam Element
Elastic modulus [Pa] 69 x 10 70 x 10 -
In the design of the shunt circuits, it was consdethat the Density [Kg/m?] 7700 250 -
capacitance of the piezoelectric patches that ghoeltuned by the | Length [m] 0.051 0.306 0.051
inductor is Cp,7 =50.5033nF (corresponding to the average value | Width [m] 0.0254 0.0254| 0.0254
of the capacitances shown in Figure 27). Thickness [m] 0.00381 0.00317 0.0038{L

Computational Model for the Mechatronic System

As stated above, the modal mass and modal stiffoésbe
system are required in the design of the piezaéteqtassive
damping device. For this aim, it was used thedieiement method
(FEM).

Figure 28 shows the FEM model of the structureufeé28-(a)
presents a schematic representation of the sydtggmre 28-(b)
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The classical Euler-Bernoulli theory for modelitng thbeam was

ABC

used. To validate the model, experimental testsewmmrformed.
Figure 29 illustrates the amplitudes of the FRFawt&d through the
computational and experimental models. It is pdssib notice an
agreement in the resonance frequencies. This m#aisit is

possible to use the model above to design the messnof the
shunt circuits.

M
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Figure 29. Computational and experimental results.

To close the requirements for the design of thenskircuits,
Table 9 shows the generalized electromechanicalplicau
coefficients for the first three modes of the stuse.

Table 9. Generalized electromechanical coupling coe

fficients for each
piezoelectric patch.

Generalized Electromechanical
Coupling Coefficient
Mode QP10N - 11571 QP10N - 11573
13 0.0664 0.0929
2nd 0.0223 0.0130
3 0.1175 0.1364

Single Mode Case

Considering that the capacitance of the piezoétep@tch is
Cpz1 =50.5033nF and by choosing arbitrarily the QP10N-11571

PZT patch, the optimal parameters of the resortamtscircuits for
the first three vibration modes are presented n 18.

Figure 30 shows the results of the experimentdeeléo the
vibration reduction of a single mode. For each moalgsidered, the
response of the shunted PZT system is compared tvthopen
circuit case.
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Table 10. Optimal shunt parameters for the single mode case.
Shunt Circuit Configuration
Series Parallel

Target R(?FS"EEARIES ng%ﬁms R(?FS’EQRALLEL ng?ﬁALLEL
Mode | [ko] [H] [KQ] [H]

1% 10.3053 611.0547| 1174.0849 615.103

2nd 0.5837 17.2534 585.416 17.2663

3@ 1.1489 2.4476 42.1820 2.4986

As can be observed, the values of the inductorsexriemely
large, especially for the first mode. As previouahnounced in this
paper, synthetic inductors are designed to overdhegroblem of
large inductance values. For the resistors, it aicad that the
parallel configuration leads to larger values thi@mseries one. This
means an advantage of the parallel topology as aodpto the
series one. Since synthetic inductor presents asparresistance, it
creates a voltage divisor with the load resistothef shunt circuit.
Thus, in order to facilitate electric energy disgipn in the resistor
designed for the shunt circuit, a smaller influemdethe parasite
resistance is necessary. This means that the g@artalbology
becomes more attractive than the series one. Coesty, in all the
experiments presented in this work, it was used plaeallel
topology.
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Figure 30. Experimental results for the single mode
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Multiple Mode Case

As described previously, the design of shunt cirparameters
for the multimode case is treated as an optiminatimblem. The

Felipe Antonio C. Viana and Valder Steffen, Jr

obtained from the optimization
I{Loptm} {R optm}) = 2.1842 x 16°.
Figure 32 shows the experimental results obtainad thie

process gives

attenuation of the vibration in the neighborhoodh# second and multimode case.

third modes is addressed in the present work.

Table 11 gives the shunt circuit parameters asimddaby
following the optimization strategy. Figure 31 gvethe
characteristics of the optimal design: Figure 31l-¢hows the
frequency bands of the spectrum chosen to have thigiation
amplitudes minimized; Figure 31-(b) and @gye the evolution of
LifeCycle along the optimization process.

Table 11. Optimal design of the shunt circuit param  eters for the 1 * and 2m
modes.
Mode Patch Roptm [KQ] | Loprm [H]
1% QP10N-11571 1125.8039 606.701%
2nd QP10N-11573 821.2278 17.1836
225 T I
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BL | N =%
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Figure 31. Optimization for 1 * and 2™ modes — multimode case.

It is important to point out the importance of thygtimization
process in the design of the parameters of thetstitquits. In one
hand, the parameters calculated by using the singlede
formulation give the final value of the objectiventtion equal to

I(L singie} {R singie}) = 2.2085x 18. On the other hand, the design
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Figure 32. Experimental results for the 1

case.

and 2" modes — multimode

Table 12 presents the shunt circuit parameterabtsned by
using the optimization approach. Figure 33 showsctiaracteristics
of the optimal design: Figure 33-(a) exhibits thegfiency bands of
the spectrum chosen to have their vibration amgdisuminimized;
Fig. 33-(b) and (c)give the evolution of LifeCycle along the
optimization process.

Table 12. Optimal design of the shunt circuit param

eters for the 2 ™ and
3 modes — multimode case.

Mode Patch Roptm [KQ] | Loprm [H]
2™ QP10N-11571 814.8445 17.1468
3 QP10N-11573 53.7718 2.5338

ABCM
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Figure 33. Optimization for 2 " and 3" modes — multimode case.

It is worth pointing out the importance of the opiZation
process in the design of the parameter of the sbuatits when
various modes are considered simultaneously. Thenpsers
calculated by using the single mode formulatiordléa the final
value of the objective function equal

J({Lsing,e} ,{Rsing,e})=1.9407x 18. However, the design
obtained from the optimization process
givesI (L optm} {R optm}) =1.7812x 16.

Figure 34 shows the experimental results for theosg and
third modes, obtained for the multimode case.

It is worth mentioning that the results concerrtimg multimode
case take into account two piezoelectric patchesdéw to the
structure. Each patch is tuned to a specific m@dssequently, the
amount of energy dissipated through this systetariger than the
one found for the single mode case (in which alsimgtch was
used).

(multimodase)
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Figure 34. Experimental results for the 2 and 3™ modes — multimode

case.

Conclusions

The present contribution was dedicated to the sbfdyassive
vibration damping by using piezoelectric patched @sonant shunt

to circuits. The analytical model of the system shohat the general

behavior of shunted piezoelectric systems is smtilahe classical
dynamic vibration absorber. This paper presentednaplete study
concerning resonant shunted piezoelectric, inclydire analytical
and experimental aspects together with the symthietductor
design. This was intended to offer a complete stuelyarding
resonant shunted piezoelectric, allowing furtheplamentations by
the interested reader. Besides, the study devotedet multimode
case as developed by the authors represents a realistic
approach. It should be considered that the multencase is not a
simple extension of the single mode case. Also, tise of
optimization techniques can be considered a vatuabhtribution
because no closed solution can be derived for thmode case.
The optimization results were validated experimigntat was
observed that it is possible to obtain closed faotutions for the
shunt parameters only in the case of single motsnwdtion. An
important aspect is that the multimode techniquemasdatory in a
great number of real situations, in which the moakesquite close
in the frequency spectrum. In such cases the infle®f each mode
in the response cannot be discarded. It was negessadesign
synthetic inductors based on operational amplifieis avoid
cumbersome traditional inductors. Details were mgiabout the
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design of synthetic inductors and experimentalstegtre included
to help in the choice of the circuits’ paramet&sth numerical and
experimental results are very encouraging in thsesehat electric
shunt circuits can be successfully used in orderatienuate
vibrations of flexible structures. Further studied be focused on
other attenuation schemes such as the one propgsbe so-called
negative impedance converter.
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