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Abstract. This paper describe a new tunable circuit used in a piezoelectric dynamic vibration
absorber. The circuit consists in a controlled nonlinear voltage in series with the usual induc-
tance. The non-linear voltage act as a nonsmooth bilinear gain multiplying the piezoelectric
voltage. One salient feature of this set-up is the ability to tune the electrical resonant frequency.
Focusing on a 1:1 resonance between the mechanical and the electrical systems, a tuning based
on a numerical study is explained, and the method is experimentally tested.

Key words: Dynamic Vibration Absorber, Smart Structures, Non-smooth Nonlinearities , Tun-
able Circuits.

1 INTRODUCTION

Dynamic vibration absorber using piezoelectric resonant shunt are an efficient method to
attenuate vibration. To improve the integration of this solution in mechanical structures, piezo-
electric shunt were proposed in [1]. In the case of resonant RL shunt, the inner capacitance of
the piezoelectric resonates with the inductance but parameter drift can hinder the performances.
Mechanical non-smooth nonlinearities have been proposed to overcome similar problem e.g.
for shock isolation [2] or non linear energy sink [3] to cancel vibrations. In the case of piezo-
electric shunts, non linearities consisting in switched circuit connected to piezoelectric can also
be used for wideband vibration reduction [4].

In this paper, a nonsmooth nonlinearity is introduced to realize a tunable resonant piezoelectric
shunt absorber which can be tuned either on a 1:1 or a 2:1 resonance. Focusing on the 1:1
resonance, analytical and numerical studies presented in the paper shows a behavior similar to
a linear resonant shunt. It is shown that the inductance can be downsized without significative
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loss in the vibration attenuation. Experimental results of such a non linear shunt applied to the
first twisting mode of an hydrofoil are also presented to validate the theory.

2 Principle and theoretical analysis

2.1 Governing equations

(a) (b)
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Figure 1: (a) Elastic structure coupled to the nonlinear shunt circuit; (b) graph of the function V. — V,,; =
BV + V).

The system considered is depicted in Fig. 1 consists in an elastic structure excited by an
external mechanical loading. The proposed electrical circuit is connected to the piezoelectric
patch fixed to the structure. Following the usual assumption [5], the displacement denoted
u(a,t) can be approximated by considering the excited mode i.e u(x,t) = ¥ (x)q(t) where
() is the mode shape and ¢(t) is the modal displacement. Then, (Q(t), ¢(t)) are given by the
dynamic coupled equations:

F
G+ 260G + g + Q = — cos t, (1a)
mCy m
. . 0 Vil
2 s, n —
Q + 28w.Q + w;Q + LCpq 7 0. (1b)

In the above equations, m, &, w, 0, and F' are, respectively, the modal mass, the mechanical
damping ratio, the natural frequency in open circuit condition (Q) = 0), the piezoelectric cou-
pling coefficient, and the forcing, all corresponding to the considered mode. C,, is the effective
capacitance of the piezoelectric patch for the mode [6]. The electrical natural frequency is

1

We = and electric damping ratio is {, = § % where I? and L are the resistance and the

p
inductance in the shunt circuit, respectively.

The voltage across the piezoelectric patch [5] and the nonlinear voltage are respectively given
by:

V= @40 Va= B8V + V) @

p
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and the non-linear voltage is chosen as follows : Combining (1b) and (2) give the new equations
for the system:

0 F

G+ 26,00 + g+ Q = — cost, (3a)
mC, m

Q + 26w.Q + w2Q + w20g — Pw? (Q + g + |Q + bg|) = 0. (3b)

2.2 Free vibration of the 1IDOF system

There are no analytical solutions for Eq. 3, so a IDOF model is first considered obtained for
6 = 0:

@ +26eweQ +w;Q — fwf (Q +1Q) = Pcost, 4)
where P is the forcing amplitude. For this part, let P = 0 and rewrite Eq. (4) by taking the
different cases :

Q+2%w.Q+wQ=0 if Q<0 (5a)
Q+ 2w Q+w’Q=0 if Q=0 (5b)
where w, = w.1/1 — 2/3. In the conservative case ({. = 0), it is clear from Egs. (5) that the free
response is a succession of one half period of sine of period w, and one half period of sine of
frequency w., as illustrated Fig. 2(a) . Then, the oscillation period can be expressed as:

2
=TT, T (©)

De  we W’

T

where @, is the modified angular frequency of the free response due to the nonsmooth term,
which reads:

- 2yT—23 o0yT=23 1 e

We = We = ) = )
1+v1=28 1+vI-28/IC, ' w
—_——

n

(7)

where 7 is the ratio between the modified (w.) and unmodified (w.) natural frequencies. It is
important to observe from Eq. (7) that even if the behaviour is nonlinear, the free oscillation
frequency of Eq. (3b) does not depend on the amplitude and that [ controls the free response
frequency. As shown on Fig. 2(b), the ratio 1) can be lowered to zero (at = 0.5) and increased
up to a factor of 2 (for 5 — —o0). Note that 5 should be less than % to avoid unstability.

2.3 Forced response of the 1IDOF system

The non-linearity introduced respects the following property |axz| = a|z| for x € R and
indeed, introducing the dimensionless parameters ¢ = w,t, Q = Q%, Q=0 Jwe, Eq. (4) can
be rewritten as follows:

Q+260+Q~8(Q+Ql) = cosO. ®)
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Figure 2: (a) Example of the free response of Eq. (4) over one period. (b) Ratio n = @, /w, as a function of (.

which depends only on the damping ratio &, and the gain 5. As a consequence, the shape of the
resonance curve of Eq. (8) is independent of the excitation level P.
However, the non-linearity generates harmonics. This was studied by numerical simulations of

B=10.492 B =0.444 f=0.3136 B =0
400 r ;

B = —0.84B = —3.883 = —20.758 = —152.497
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Figure 3: Harmonics HO, H1 and H2 of the periodic solutions of Eq. (4) in the vicinity of the primary resonance,
as a function of Q = Q/w, for £, = 0.005. The harmonics’ amplitude is normalized with respect to the excitation
level. The vertical dotted black lines show the value w.(5).

Eq. (8) using an Harmonic Balance Method implemented in the MANLAB software [7]. Fig. 3
shows the dimensionless frequency response, normalized with respect to the excitation level, of
the zeroth (HO), first (H1), and second (H2) harmonics of the periodic solutions for different
values of [ (other harmonics are present, but negligible). It was observed that relative ampli-
tude of the harmonics and their damping remain independent of the excitation level [8]. In other
words,the nonlinearity distributes the power between the different harmonics in proportions in-
dependent of the input amplitude and fixed only by the coefficient /.

Thus, it was hypothesized that the dynamic of each harmonic can be modeled as a linear oscil-
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lator, so fo p € {0, 1,2}, one has :

Qp + 25@(6)(1}6@]7 + (Dng = pr(B)PCOS Qt» (9)

where (), is the approximated response of the p-th harmonic of Q(t), £&.(3) = 77%3) (cf. Eq. (7))
is the modified damping ratio due to the nonsmooth term, and ¢, (/) are ad-hoc gains that were
identified. Fig. 4 where the identified ¢, are depicted as function of 5 and 1 — 273 in log scales

(shown by markers) and polynomial approximation as ¢,(3) = ZZ:O ap logio(1 — 25).

10° 10% 10! 10° 107! 102 1072

0 . . | |
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Figure 4: ¢, as a function of 3 corresponding to harmonics HO (red), H1 (black), and H2 (blue). The circles
denote the values estimated by fitting the analytical and the numerical responses for each value of /3, and the solid
lines denote the closed form approximated polynomial curves (solid lines).

3 Tuning strategy
3.1 Simplified coupled system
For the 1:1 resonant shunt tuning, the harmonic /; is considered, and the hypothesis dis-

cussed above is used to establish the approximation:

G+ 2604 + &g +

F
Q1 = — cos O, (10a)
mCl, m

Q1 + 2£.(B)w Q1 + W2Q1 + @21 (B)0g = 0. (10b)

Inspecting the model, one observes that the usual coupling factor k characterizing the energy
conversion in piezoelectric [9] must be modified to account for the energy dispatching between
the various harmonics. Thus, we define:

k(B) = kv/or(B) with k* =

Since, ¢; < 0 for all g within the feasible range (cf. Fig. 4), it follows that the coupling is
degraded compared to the linear case.

2

(11)

wmCl
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3.2 Optimal tuning

0.1 025 1 10 100

Figure 5: Optimal value 3° of 0 to tune the RL-shunt as a function of (a) r; = w./@; and (b) as a function of the
reduction ratio of the shunt inductance with respect to its optimal value for a linear RL-shunt Lo /L.

The tuning is basically the same optimization procedure as a linear RL-shunt considering
the modified set of parameters appearing in Eq. (10). Therefore, one must have w® = w.Thus,
following [5], the optimal settings can be derived as given in Tab. 1. Note that the linear case is

Table 1: Optimal parameters and optimal attenuation for the 1:1 and 2:1 tuning cases.

Optimal j3 Optimal R Optimal attenuation [dB]

B2 =3 1= (59)°] R = Bk /A (B®) Am = 20logy (1+ L5 /61(37) )

obtained for » = 1 which gives 5 = 0 where only H1 appears (cf. Fig 3).

Furthermore, the inductance is
Ly
L=—.
7’2

(12)

Therefore, in practice the inductance can be reduced by a factor r? as shown in Fig. 5(a)

compared to L, the inductance required in the case of a standard RL-shunt. For instance,
choosing 7 = 10 results in 3 ~ 0.47 that is 2 = 100.

Fig. 5(b) compares the attenuation Agg for various mechanical damping ¢ and ratio r. Clearly,
there is only a slight dependance on the ratio r, which means that the inductance can be reduced
without signicantly degrading the attenuation.

4 Experimental validation

The tuning is tested on a foil equipped with a macrofiber composite M8557-F1 to actuate the
twisting mode (cf. [8] for further details). The electronic circuit connected to the piezoelectric
patch is shown in Fig. 6. The identified parameters and the components values are summed
up in Table 2. In Fig 7, the FRF of harmonic H1 is shown for different values of 5 with
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nonsmooth voltage

Figure 6: Shunt circuit schematic.
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Figure 7: Experimental frequency response of the first harmonic of the velocity uy; normalized with respect to
the excitation level, for the 1:1 tuning case.

R = R° = 237.582 (first column) and different values of R with § = (°° = (0.444 (second
column). The inductance value used in the simulations is L = 0.737H i.e r = w./w = 2. The
displacement and voltage responses are plotted in dB and linear scales, respectively.

It can be observed that the devised tuning for 5° and R is correct (green curves on each
graphs). In Fig7(a), the detuning of 3 does shift the resonance as predicted, while in Fig7(b)
the detuning of R will degrade the performance of the shunt.

5 Conclusion

A new nonlinear DVA has been proposed by introducing a nonsmooth component in a RL
piezoelectric shunt which features are 1) multiple resonance tuning 2) downsizing of the induc-
tance w.r.t the linear RL shunt. Rules for the optimal settings have been derived from numerical
simulation on the adimensioned model in the 1:1 cas. Experiments show that 1) the circuit is
tunable and 2) the tuning rules are correct.
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Table 2: Electro-mechanical modal parameters.

Parameter ~ w/(27) w/(2m) ¢ m Cy 0 k (x)
Value 509.4Hz 511.36 Hz 0.0012 1042g 32.8nF 52mN/V  0.0875 1
Component R, (K] Ry (k2] Ry (K] C [iF] Rs[kQ] Re (k] Ry [KQ] R (K]
Value 2 1 1 10 82 22 10 10
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