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Abstract. In the passive vibration attenuation, the electronic circuits containing synthetic
impedances to resonate with a typical mechanical vibration problem is the simplest way to
avoid the large volume and weight of traditional inductors, which need to be large due to
low-frequency scenario of mechanics dynamics. In order to construct those simulated
inductors to provide energy transfer from mechanical vibration to electrical circuit, schemes
with operational amplifiers are used, that deliver high values of henrys with formation law
depending of resistors and capacitors connected to these amplifiers. In this study it was held
the experimental evaluation of circuits employing three kinds of synthetics inductors,
configurable between serial and parallel arrangements, applying three types of shunts
circuits described in the literature, tuned to mitigate three modes of a structure. The results
were organized to provide an overview of the attenuation capability, showing the impact of
circuit tunings for each vibrate mode. Thus, the experiments indicate, for example, that for the
rated circuits, the tuning with the greatest attenuation is Wu Parallel when setup to the first
mode. Overall, the results point to a potential attenuation capability, that can be further
enhanced from the use of other circuits more adapted in the literature.

Keywords: Passive Vibration Control, Experimental Evaluation, Passive Shunt Circuit,
Synthetic Inductor.
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Experimental evaluation of synthetic inductors applied in passive shunt circuits to vibration mitigation.

1 INTRODUCTION

In literature of passive vibration control of smart structures, papers such as Moheimani
(2003) and Soltani et al. (2014) describes from the fundamentals to recent advances in theory
related to the use of electrical circuits coupled to piezoelectric vibration mitigation. With
regard to passive circuits in which there is no directly power insert to control vibration, one
possibility is the use of tuned electrical impedance to resonate with the electrical impedance
generated by a piezoelectric coupled to the structure, in order to maximize the effect energy
transfer via electromechanical coupling. To this end, the papers of Hagood & von Flotow
(1991), Wu (1996) and Wu & Bicos (1997) presented the first development of theories for
passive circuits and demonstrated the need for large inductance values (values above mH) to
balance the capacitive nature of the piezoelectric wafer at low frequency, which in practice is
only feasible through the use of synthetic inductors, since the traditional methods of
construction inductors require large volumes and prohibitive addition of mass (Sedra, 2009).
More recently, the work of Yamada et al. (2010) showed significant differences in the
calculation of tunings of resistors and inductors for shunts circuits, with distinction of values
when using compliance, mobilitance or accelerance. From the experimental point of view,
works like developed by Behrens et al. (2003) and Thomas et al. (2012) reported the use of
synthetic inductors vibration control schemes, but little or no discussion about the different
possibilities for such circuit inductors, as well as the performance mode or attenuation level
are exposed. Thus, this work presents the experimental evaluation of the performance of a
monomodal shunt circuit for attenuating vibrations, which were combined three types of
topologies with three types of synthetic inductors, evaluated in three different modes of
vibration. For this task, a clamped-free aluminum beam was used as a host structure for a
piezoelectric coupled to the shunt circuit, illustrated in Fig. 1.
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Figure 1: a) Schematic of test b) Experimental assembly.

2 ELETROMECHANICAL DYNAMICS

In their pioneering paper, Hagood and von Flotow (1991) have demonstrated that through
the elementary mass and stiffnesses matrices for both mechanical, electrical and
electromechanical coupling effects it is possible to construct the following equation of motion
of a structure incorporating piezoelectrical elements by using standard procedure:
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where ug and @y are the vectors of displacements and electrical potential respectively; Fz and
Qg are the vectors of imposed forces and electrical charges; Kuu is the purely mechanical
stiffness matrix, Kup = Ku are the eletromechanical stiffness matrices and Koo is the purely
electrical stiffness matrix. Moreover, considering the analysis in the frequency domain
(neglecting the initial conditions), Eq. (1) assumes the form:

(Kuw =@°Muy U (@) + Ky () = F () (2a)
KU (@) + K@ (o) =0(w) (2b)

Thus, the equations of motion must be modified in order to consider the shunt circuit.
According to Ohm's law, the relationship between flow of charges and electric potential,
which depends on the electrical impedance Z(w), can be written in the frequency domain as:

1__

Q) =27 (0)(o) ©

Proceeding the elimination of Q(w) by combining Egs. (2b) and (3) and replacing ®(o)
resultant in Eq. (2a), it is possible to obtain the frequency response function (FRF) of Eq. (4):

1 . B

H (o) :!Kuu - Kuw(Kw _j_wz_l(“’)j Kou _“)ZMUUI (4)

Apart from mechanical, electrical and electromechanical terms, the Eq. (4) show the
influence of electrical shunt circuit in the system’s FRF, introduced by its impedance Z(®).

3 SHUNTS CIRCUITS TOPOLOGIES

For the shunt circuit lodged at the Fig.1 and in which its effect is pointed in the FRF
electromechanical system, Eq. (4), three of the widely held topologies circuits and their
tunings were tested: a series, in which the shunt impedance circuit assumes Z(w) = R + wL,
and two parallel, with impedance equal to Z(w) = wRL/(R + wL), showed in Table 1:

Table 1 - Topologies and their equations to tune the parameters of the shunt circuits evaluated..

Topology

Tuning equations for R and L

V2K;; 1

R= L=
Cpzrwn (1 + KZ) Cpzr(1 + KZ)w?

Hagood e von
Flotow Serie
(Hagood & von
Flotow, 1991)

R R 1 L 1 Hagood e von
VVYV = = 2 Flotow Parallel
. L V2KijCpzreon Cozr|1— Ki w2  (Hagood & von
LYY Y 2 ) Flotow, 1991)
R Wu e Bicos
VVYV R = 1 _ 1 Parallel
u L 2.8287f,CS,r K CSr2ufia)? (Wu & Bicos,
m S“YPZT ") PZT S 1997)

Where Kijzw/fnz—fsz/fs is the generalized electromechanical coupling factor,

a=(1- Ké-/Z)l/2 is the optimum normalized tuning frequency, CS,; is the capacitance
value after adhered to structure (Wu & Bicos, 1996), Cp,r It is the capacitance of the
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piezoelectric measured outside the structure, in the case of ACX QP15N, the value measured
was Cpz1=75,3nF, w, is the natural frequency in rad/s (and f, em hertz) for piezo in open
circuit state and fs is the natural frequency (in hertz) to piezoelectri short-circuit condition.

4 SYNTHETIC INDUCTORS

The topologies to be implemented as a shunt circuit described in Table 1 were constructed
using as synthetic inductors schemes described by Tellegen (1948), termed as gyrator and
Riordan circuit (1967) and Antoniou (1969) depicted in Fig. 2. In these circuits, the
operational amplifier, the capacitor and associated resistor causing, in schematic terminals,
the shift of almost 90 ° of phase voltage, resulting in the required function of an inductor.
According to literature, the value of the simulated inductance in gyrator scheme takes
L=R;R,Cs, with R; adjustable, while in Riordan and Antoniou’s circuits assumes
L=(R:R3C3Rs)/R; in both configurations, in which case being Rz the adjustable resistor.

X
N
AA
\A 4

b) c)
Figure 2 — Synthetic inductors circuits: a) gyrator, b) Riordan, ¢) Antoniou.
Below, Fig. 3 exhibits the PCB Design - Printed Circuit Board, its 3D design and the
finished PCB, for the investigated mono-modal shunts. It is emphasized that the PCBs allow
independent adjustment of both the inductance value via adjustable resistors Ry (gyrator) or

R3 (Riordan and Antoniou), and adjusting the shunt tune resistor R (Table 1), besides allowing
the reconfiguration of the topology series and parallel listed in Table 1.

ﬁ >0mm F Gyrator

Riordan
3 'A:';- A

Figure 3 -Mono-modal shunt circuits gyrator, Riordan and Antoniou: from PCB design to PCB finished.

CILAMCE 2016
Proceedings of the XXXVII Iberian Latin-American Congress on Computational Methods in Engineering
Suzana Moreira Avila (Editor), ABMEC, Brasilia, DF, Brazil, November 6-9, 2016



Bruno G.G. L. Zambolini-Vicente, Anténio M. G. de Lima, Roberto M. F. Neto

5 EXPERIMENTAL EVALUATION

Based on the presented experimental setup in Fig. 1, the procedures were carried out
described in Hagood & von Flotow (1991) and Wu & Bicos (1997) for R and L of tune,
applying to the Table 1 equations, obtaining thus Table 2. It should be noted that f, e f, open
circuit and short-circuit frequencies, must be obtained leaving the piezoelectric structure set in
open circuit and with their short-circuit terminals, respectively. The frequencies wn € wg are
the frequencies f, e f; in rad/s and the capacitance C$,; must be measured with the
piezoelectric already glued to the structure.

Table 2 - Topologies and their tunings of shunts circuits evaluated.

Hagood & von Flotow Series Tuning

Unshunted Natural/Short Cicuit Coupling Resonant Circuit
Frequencies Freqgs Factor Parameters
fa fsc Wn Wsc Ksy R L
[Hz] [Hz] [rad] [rad] [ad] [Q] [H]

Mode #1 | 31.690 31.940 199.114  200.685 0.125 11600  329.82
Mode #2 | 194.80 194.90 1223.96  1224.59 0.032 491.00  8.856
Mode #3 | 530.50 531.10 | 3333.23  3337.00 0.048 267.10  1.193

Hagood & von Flotow Parallel Tuning

Unshunted Natural/Short Cicuit Coupling Resonant Circuit
Frequencies Fregs Factor Parameters
fy fse On Msc Ksy R L
[Hz] [Hz] [rad] [rad] [ad] [kQ] [H]

Mode #1 | 31.690 31.940 199.114  200.685 0.125 377.7  337.59
Mode #2 | 194.80 194.90 1223.96  1224.59 0.032 239.5 8.869
Mode #3 | 530.50 531.10 3333.23  3337.00 0.048 59.29 1.197

Wu & Bicos Parallel Tuning

Unshunted Capacitance | Normalized | Coupling Resonant Circuit
Frequencies after glued | Opt. Freq. Factor Parameters
fa fsc CIEZT o Ks1 R L
[Hz] [HZ] [nF] [ad] [ad] [ka] [H]
Mode #1 31.690 31.940 65.54 0.996 0.125 430.6 381.82
Mode #2 194.80 194.90 65.54 1.000 0.032 275.1 10.179
Mode #3 530.50 531.10 65.54 0.999 0.048 68.05 1.372

Beginning in the R and L tuning values listed in Table 2, took place for all three modes in
each of the three tunings, for each of the three circuits, in the three piezoelectric connection
conditions (open circuit short circuit and connected shunt circuit), the experimental evaluation
of 81 FRFs, resulting from all possible combinations in impact test of 30 averages, with 1600
acquisition points in FRFs, with frequency band from 0 to 800Hz, always with controlled
temperature 24°C. Thus, Fig. 4 illustrates two such FRFs as an example of the results
obtained:
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Figure 4 — Examples of FRFs obtained: above topology Wu & Bicos parallel with inductor Antoniou,
tuned in Mode #1; below topology Hagood & von Flotow parallel with gyrator inductor tuned in Mode #2.

Following, Table 3 shows the summary table of all the reduction levels achieved for all
arrangements topologies/inductors/modes. The comparative FRF amplitudes were established
for the open piezoelectric and amplitude values are in m/Ns?.
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Table 3 — Decreasing amplitudes for all combinations of topologies, inductors and evaluated modes.

| Gyrator | | Riordan | | Antoniou |

Open | Reson. Open | Reson. Open | Reson.
'Egmd Circuit | Circuit %ol Circuit | Circuit K Circuit | Circuit %ol
Flo\':g\r/lv #1 | 48,68 | 4250 [ 12,70 4512 | 3522 | 21,94 41,89 | 3481 | 1690
Serie #2 | 4484 | 406,3 | 9,39 402 350,1 | 12,91 4138 | 3426 |17,21
#3 | 965,2 | 916,9 | 5,00 983,2 | 886,5 | 9,84 1002 | 906,5 | 9,53

Open | Reson. Open | Reson. Open | Reson.
'Eg\]/%?]d Circuit | Circuit %ol Circuit | Circuit K Circuit | Circuit %ol
Flotow #1 | 48,68 | 43,42 | 10,81 46,03 | 34,87 | 24,25 43,57 | 3515 |19,33
parallel #2 | 420,7 | 3494 | 16,95 4049 | 352,8 | 12,87 419,8 | 3409 | 18,79
#3 | 967,2 | 8979 | 7,17 980,2 | 882,6 | 9,96 999,8 | 9056 | 9,42

Open | Reson. Open | Reson. Open | Reson.
Wu & Circuit | Circuit %ol Circuit | Circuit %ol Circuit | Circuit %ol
Bicos | #1 | 48,68 | 4559 | 6,35 46,48 | 34,16 | 26,51 43,15 | 30,28 | 29,83
Parallel | #2 | 422,7 | 357,4 | 15,45 422,8 | 360,9 | 14,64 420,2 | 339,2 |19,28
#3 | 957,2 | 875,1 | 8,58 998,7 | 9131 | 8,57 994,8 | 907,9 | 8,74

6 RESULTS AND DISCUSSION

Through the consolidated data in Table 3, the results were organized in Average Decrease
Amplitude per Synthetic Inductor, Average Decrease Amplitude per Topology and Average
Decrease Amplitude per Vibrate Mode, as can be seen in Fig. 5-7.

60,00%

50,00%

40,00%
#3
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20,00% m#l
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Figure 5 — Average decrease of amplitude per type of synthetic inductor versus vibration modes.
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Figure 6 — Average decrease of amplitude per topology versus type of synthetic inductor.
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Figure 7 — Average decrease of amplitude per vibration mode versus topologies.

The analysis of results provides the following conclusions:

e Observing the Fig. 5, the Antoniou and Riordan circuits have similar
performance to the 3rd mode, being based Antoniou best inductor for 2nd mode
and Riordan better for the 1st vibrate mode. If the interest is to attenuate more,
regardless of the mode, then the solution is given using Antoniou. Furthermore,
it should be noted good performance scheme gyrator inductor for 2nd mode
higher than the obtained with inductor Riordan.

e Focusing on topology (Fig. 6), it can be said that Wu Parallel is the compromise
solution, delivering maximum reduction for the 2nd mode and 3rd mode,
slightly lower than the Hagood Parallel on 1st mode.
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o About the attenuation point of view modes (Fig. 7), it is evident that the largest
reduction achieved appears to 1st mode in all topologies. Observing the 2nd
mode, it can be affirmed, however, that Hagood parallel configuration has a
lower reduction performance than the others. In addition to the 3rd mode, all
topologies have practically the same level of reduction. Generally all modes,
again note that the performance tuning Parallel Wu shows slight superiority.

7 CONCLUSIONS

In summary, the experimental investigation of mono-modal circuit indicates that the tuning
Wu Parallel provides better reduction than the others, this results in a way discussed in own
Wu & Bicos work (1997). As for the best circuit for synthetic inductor, at first Riordan
inductor figure how best candidate, followed closely by Antoniou inducer. Moreover, on the
underperformance of topology Hagood Series, it can be affirmed that parasite resistance
problems may be present in the circuit, which has been reported and investigated in the work
Viana & Steffen Jr. (2006), as well as solutions involve adding more operational amplifiers to
limit the effect was proposed by Yuce & Minaei (2009).
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