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Abstract. Piezoelectric materials have been widely used as actuators for vibration control in the past decades. However,
most authors consider only analog circuits connected to the terminals of the piezoelectric material while ignoring the use
of digital components (such as micro controller, arduinos, etc). In this work, we explore the use of these digital devices
associated with piezoelectric elements in order to reduce vibrations on a host structure. Piezoelectric circuits using digital
devices require reduced number of electric components (compared to fully analog circuitry approaches), allow enhanced
manipulation of piezoelectric voltage and current output and also paves the way to more intelligent systems with adaptive
capabilities. This paper explores the theory of digital shunts and presents a numerical model using a Matlab-Simulink
capable of representing an electromechanical systems associated with a micro-controller. Numerical results are presented
in frequency domain and experimental results are carried out for validation of the numerical model.
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1. INTRODUCTION

In the past decades, piezoelectric materials have been investigated as an alternative technique for controlling undesired
vibrations on a large variety of mechanical structures. Piezoelectric materials present a coupling between mechanical
forces and electrical fields, meaning that these materials strain when exposed to a voltage and, conversely, produce an
electrical voltage when strained (Moheimani S.O.R., 2003). Due to this coupling, mechanical energy can be extracted
from the structure and dissipated in an electrical impedance, thus reducing vibrations. The main advantages of using
piezoelectric materials consist of lower weight penalty, lower volume and ease to handle when compared to some of the
traditional methods for vibration control.

The proper design of the electrical impedance plays a fundamental role in reducing vibration of an electromechanical
system. Passive impedances, such as resistive, capacitive and inductive circuits were extensively investigated in the
literature. Uchino and Ishii (1988) demonstrated that a resistive shunt has an analogous effect to constraint layer damping
treatments on the structure. Capacitive shunts (Lesieutre, 1998) provide small changes in structural stiffness with changing
external capacitance but does not modify damping. Forward (1979) investigated an inductive circuit and showed that
the inductor cancels the internal piezoelectric capacitance, resulting in an undamped dynamic vibration absorber effect.
Furthermore, by combining a resistor and an inductor (in series as explored by Hagood and Von Flotow (1991) or in
parallel as showed by Wu (1996)), one obtain the effect of a damped dynamic vibration absorber (as an electromechanical
analogue of the well-known Den Hartog vibration absorber). Among passive impedance, resistive-inductive (RL) shunt
circuits (series/parallel) have received most attention for presenting greater vibration attenuation. Nonetheless, several
issues with passive impedances have been reported, such as narrow frequency bandwidth effectiveness and the requirement
of large inductances for the RL cases.

To overcome these limitations, several researchers have also explored different types of nonlinear piezoelectric shunt
circuits (providing a nonlinear impedance for the piezoelement) to enhance the vibration suppression bandwidth of piezo-
electric absorbers and reduce the inductances required. In the early 2000’s, Richard et al. (1999, 2000); Clark (2000);
Guyomar et al. (2000); Corr and Clark (2002) developed the Synchronized Switching Damping (SSD) techniques, which
consist of including an electrical switch in series with the piezoelectric material. The switch is synchronously driven with
the structure motion and, during short periods, the switch connects the piezoelement to a circuit which can be either a
simple short circuit (SSDS) or a small inductor (SSDI). Due to this process, a voltage magnification is obtained and a
phase-agreement between the structural velocity and the piezoelectric voltage occurs, increasing the energy dissipated by
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the piezoelectric material when compared to passive techniques.
Although several techniques have been successfully developed for piezoelectric vibration control, most of them rely

on analog circuitry to implement the control method. Thus, in order to implement each technique one should build a
different analog circuit. In this sense, some researchers (Matten et al., 2014; Moheimani S.O.R., 2003; Nečásek et al.,
2016) started to explore the use of digital platforms connected to piezoelectric materials to reduce vibrations, naming
this technique digital shunts. Digital shunts are able to create equivalent electrical impedance across the electrodes of a
piezoelectric element. Electrical impedance establishes a relation between the current and the voltage of the piezoelectric
material, which is is computed by a digital device with a recurrent equation. As main advantages, digital shunts require
reduced number of electric components (compared to fully analog circuitry approaches), present very low threshold
(ideally with zero threshold, since no semi-conductive components are required, but some threshold issues are observed in
experimental tests) and also allow enhanced manipulation of piezoelectric voltage/current output, which provides adaptive
capabilities to the system. In addition, they allow implementation of different techniques without performing changes in
the circuit topology since modifications are carried out via software programming inside the microcontroller unit (MCU).
A disadvantage of the digital approach, however, relies on the fact that its operational frequency bandwidth is restricted
to a lower bandwidth if compared to analog circuits (due to limited processing performance of the MCU). Moreover,
the digital platform often requires external power source to operate and such dependence difficult their application to
self-powered systems. Despite these drawbacks, the digital shunts pave the way to more intelligent systems with adaptive
capabilities.

This paper presents a practical association of digital devices to piezoelectric materials that requires low-cost electrical
components and free software. Through this digital interface, the impedances of the resistive, resistive-inductive and
SSDI techniques will be reproduced across the electrodes of the piezoelectric material. Since the impedance is created via
software, no changes are required in the circuitry topology. This paper presents a numerical model of the digital shunt in
Matlab-Simulink capable of simulating both an electromechanical coupled system as well as an MCU. In order to validate
numerical results, experimental tests are conducted and results are compared with numerical predictions.

2. PIEZOELECTRIC SHUNTS USING DIGITAL DEVICES

Digital platforms typically work with positive voltage values, between 0V and 5V, whereas piezoelectric materials
yields to alternate voltage whose amplitude might exceed hundreds of volts. Figure 1 shows the schematics of a circuit
developed to associate piezoelectric elements to digital devices in order to mimic the analog shunts of the traditional
piezoelectric-based techniques employed for vibration control. The proposed circuit demands two voltage converters
(VC): i) one employed to adjust the piezoelectric voltage to the required input level of the digital device and ii) one to
adjust the voltage output of the digital device into the proper voltage level the piezoceramic patches would experience in
case they were connected to analog shunts. Note that the voltage converters are not Analog-to-Digital (AD) or Digital-
to-Analog (DA) converters. AD-DA converters are considered as elements of the digital platform and the combination of
AD-DA converters with the digital processing unit is designated hereafter as digital device.

Figure 1: Electrical concept of the digital piezoelectric shunts.

In combination with the two voltage converters (VC), digital devices can create equivalent electrical impedance across
the electrodes of a piezoelectric element by establishing a relation between the current (Ip) that flows through the piezoele-
ment and its corresponding voltage (Vp). In the so-called Voltage Based Digital Shunt (VBDS) approach proposed in this
paper, such relation is computed by measuring the piezoelectric voltage and calculating the corresponding piezoelectric
current, with both tasks being carried out using the digital device. The input voltage converter, VCin, (the one that
precedes the digital device) performs a weighted sum to enable the digital device to read the electrical output provided
by the piezoelectric element (voltage) and the output voltage converter, VCout, performs a similar procedure to deliver
the signal produced by the digital device back to the piezoelement. Particularly, the first process adds a positive offset
to Vp and decreases its amplitude to match the operating range of the digital device, whereas the latter adds a negative
offset and increases the amplitude of the output provided by the digital device to properly deliver the electric output to
the piezoelement. Figure 2 shows a schematic diagram of the circuitry employed to implement the VBDS approach. One
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should notice from the diagram that both voltage converters are each composed of a voltage summing sub-circuit and
the difference between VCin and VCout is that the first includes the resistor (Rsh) and the latter includes the operational
amplifier OA1.

Figure 2: Schematics of the circuit developed for the VBDS approach.

In practical terms, the digital device reads the voltage VMC
in that results from the processing of Vp by the input voltage

converter,

Vp =
Rs1

Rs2
VMC
dd − Rs1

Rf1
VMC
in , (1)

calculates the correspondent piezoelectric current (Ip) and drives it to the piezoelement after the processing of the output
voltage converter. The relation between Vp and Ip depends on the vibration control technique employed, as shown in
Tab. 1, where the term Vpi is used for the switching techniques (SSDS/SSDI) and stands for the piezoelectric voltage
value at the beginning of the switch process and ωd is given by,

ωd =

√
1

LCp
−
(
R

2L

)2

. (2)

In the synchronized switch techniques, the piezoceramic patch is switched from the open-circuit condition (where
Ip = 0) to a specific electric circuit at proper moments. For the digital shunt, the switch action (closed or opened) is
obtained by changing the relation between Vp and Ip (which is programmed in the digital device) along time, as described
in Tab. 1.

Table 1: Relation between Ip and Vp for different control techniques for the VBDS approach and the corresponding
maximum value of Ip.

Linear techniques Relation Vp − Ip max (Ip)

Resistive Ip =
Vp

R
max(Vp)

R

Resistive-inductive in series İp = −R
L Ip +

Vp

L
max(Vp)√
R2+(ωL)2

Switched techniques Switch close Switch open

SSDS Ip =
Vpi

R Ip = 0
max(Vp)

R

SSDI Ip = 1
Lωd

e−
R
2L t sin (ωdt)Vpi Ip = 0 1

Lωd
e−

R
2L tm sin (ωdtm) max (Vp)

After calculating Ip (Tab. 1), the digital device must output an analog voltage (VMC
out ) that is related to Ip,

VMC
out =

Rs3

Rs4
VMC
dd − Rs3

Rf2
RshIp, (3)

where Rsh = Vout/Ip is obtained by applying the Ohm’s law and Vout is the voltage signal after the processing of the
output voltage converter (Fig. 1). It is important to highlight that since Vout is the output voltage of the operational
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amplifier OA2 (the same condition is valid for VMC
in and OA3), its maximum value Vout = V max

OpAmp is tailored by the
supply voltage of the operational amplifier. Hence, the following equation is valid Ip = max (Ip) (as shown in table 1)
and the calculation of Rsh is straightforward.

Every technique displayed in Tab. 1 can be employed using the VBDS approach and most part of modifications
required to implement the different techniques occur in the digital device programming. That is, no changes are required
in the analog part of the circuit except for the resistance Rsh, which varies according to the control technique employed.
In addition, the resistance values Rs1, Rs2, Rs3 and Rs4 may be obtained from the standard equation of a summing
amplifier circuit (Fig. 2). For the input voltage converter, for example, one may write eq. 1 as,

VMC
in = − Rf

Rs1
Vp +

Rf

Rs2
VMC
dd . (4)

Assuming VMC
in = max(VMC

in ) when Vp = min(Vp) and VMC
in = min(VMC

in ) when Vp = max(Vp), hence,

max(VMC
in ) = − Rf

Rs1
min(Vp) +

Rf

Rs2
VMC
dd (5)

min(VMC
in ) = − Rf

Rs1
max(Vp) +

Rf

Rs2
VMC
dd . (6)

Considering the resistance Rf1 is selected arbitrarily, one can obtain the resistances Rs1 and Rs2 by manipulating eq. 5
and eq. 6 into,

Rs1 =
∆Vp

∆VMC
in

Rf (7)

Rs2 =
∆VpV

MC
dd

∆Vpmax(VMC
in ) + VMC

in min(Vp)
Rf (8)

where ∆Vp = max(Vp) − min(Vp) and ∆VMC
in = max(VMC

in ) − min(VMC
in ) are design parameters that should be

selected according to each application. The same procedure occurs for estimating the resistances Rs3 and Rs4 (also,
assuming Rf2 is arbitrarily selected) and, therefore, such derivation shall be omitted.

Moreover, in order to implement the equations that represent the digital shunt circuits into the digital device one must
account for the AD-DA converter operations. In this sense, the analog voltage read by the digital device, is linearly
converted to discrete levels as shown in Fig. 3(a), where L = 2n − 1, n is the number of bits of the AD converter and the
parameters min

(
VMC
in

)
, max

(
VMC
in

)
and L are assumed to be known. Hence, the relation between the analog voltage

measured and the level digitally obtained is written as VMC
in = al+ b, where a =

(
max

(
VMC
in

)
−min

(
VMC
in

))
/L and

b = min
(
VMC
in

)
. A similar procedure occurs for the analog output generated by the digital device, whereas the level is

l = c VMC
out + d (Fig. 3(b)) and the constants are c = L/∆VMC

out and d = −
(
L min

(
VMC
out

))
/∆VMC

out .

(a) (b)

Figure 3: Relation between discrete level and analog voltage of the digital device at its (a) input and (b) output.

Therefore, using the correction factors (a,b,c and d) and rearranging eq. 1 and eq. 3 into a more compact for one should
obtain the correct form to implement the digital shunt equations:

Vp = Ā1L+ Ā2 (9)

l = Ā3 (Vp1 +RmeasIp1) + Ā4 (10)

Ā1 = A1 a, Ā2 = A1 b+A2, Ā3 = A3 c and Ā4 = A4 c+ d (11)
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A1 = −Rs1

Rf1
, A2 =

Rs1

Rs2
VMC
dd (12)

A3 = −Rs3

Rf2
Rsh, A4 =

Rs3

Rs4
VMC
dd . (13)

3. NUMERICAL RESULTS AND EXPERIMENTAL VERIFICATION

This section presents the numerical results obtained for the VBDS approach, as well as the experimental verification
performed for the proposed digital shunts. Simulations were performed using the Matlab-Simulink block diagram shown
in Fig. 4(b) for a linear electromechanically coupled structure (Fig. 4(a)) governed by

mẍ+ cẋ+ kx− θVp = Fe (14)

CpVp +Qp + θx = 0. (15)

Lp

Ls

ts

w

z

y

z

x
Substructure

tP

Piezoelectric
element

(a) (b)

Figure 4: Schematics of (a) a generic piezoelectric beam structure and (b) its block diagram equivalent model.

The linear electromechanically coupled structure considered here is an aluminum cantilever beam with two piezoelec-
tric patches (PZT5A) attached to the upper and lower surface of the host structure, as illustrates the schematics presented
in Fig. 4(a), where Ls is the length of the substrate, Lp is the length of the piezoelectric element, tp is the thickness of
the piezoelement, ts is the thickness of the substrate and w is the width of both the piezoelement and substrate. The
piezoelectric elements were connected in parallel (which yields to an equivalent piezoelectric capacitance of 106nF) and a
tip mass of 22.9g was considered. The simulations were carried out using the Rayleight-Ritz approximations considering
the first 10 mode-shapes of the structure and an harmonic base excitation. Table 2 shows the dimensions and properties
of the structure.

Table 2: Geometrical and material properties of the aluminum beam and PZT5A.

Aluminum beam Value Properties PZT5A Value

Length (mm) 115.60 Length (mm) 36.10
Width (mm) 27.80 Width (mm) 20.57

Thickness (mm) 1.02 Thickness (mm) 0.24
Young’s Modulus (Gpa) 70.00 Young’s Modulus (Gpa) 67.00

Density (kg/m3) 2700.00 Density (kg/m3) 7750.00
ε 1800.00 Piezoelectric constant d31 (pm/V) -171.00

In Fig. 4(b), the block "Electrical Domain" can simulate the digital shunts proposed in this paper as well as different
analog circuits. For example, it is possible to simulate the a resistive circuit by inserting an analog resistor inside the
"Electrical Domain" block or by inserting the digital shunts circuitry. If all the equations and circuitry of the digital shunt
are correctly implemented, both cases must yield to the same mechanical (x, ẋ and ẍ) and electrical (Vp and Qp) outputs
for the electromechanically coupled structure, thus numerically validating the digital shunts. The electrical components
used in the numerical simulations and experimental verification for the VBDS approach are exhibited in Tab. 3.

The experimental procedure was carried out for the same conditions simulated numerically (boundary condition,
excitation amplitude and frequency bandwidth), i.e. considering the same electromechanically coupled structure (Tab. 2)
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Table 3: Electrical components of the VBDS circuit.

Parameter Value Parameter Value

Rs1 1.11MΩ Rs2 303.03kΩ
Rs3 7.50kΩ Rs4 23.43kΩ
Rf1 100.00kΩ Rf2 100.00kΩ

OA1,OA2,OA3 LM358 MCU Arduino Due 2009

and circuit parameters. A MT 160 shaker (manufactured by Labworks Inc.) driven by PA 138 linear power amplifier
(manufactured by Labworks Inc.) and a LMS-Siemens SCADAS is responsible for the excitation force, whereas a low-
mass accelerometer (model PCB352A24) fixed at the clamp monitores the base acceleration and a Polytec PDV 100 laser
Doppler vibrometer measures the beam tip velocity. An U8031A 0-30 V DC power supply (manufactured by Keysight
Technologies) powers active components of the circuitry. The mechanical tip velocity (ẋ) and electrical outputs (Vp) of
the system were recorded using the LMS-Siemens SCADAS system. Figure 5 depicts all the equipment employed during
the experimental tests.

Figure 5: Equipment setup used during the experimental tests.

Results are shown as Frequency Response Function (FRF) of the beam tip velocity and the piezoelectric voltage per
base acceleration for the linear cases (resistive and resistive-inductive in series), whereas for the nonlinear cases (SSDS,
SSDI and NES) the frequency spectra analyzed for the same output signals resulted from a closed-loop stepped-sine base
excitation. As it can be seen from Fig. 6 and Fig. 7, in a general sense there is good agreement between numerical and
experimental results of the VBDS, CBDS and the baseline analog correspondent cases for all circuits analyzed.

For the RLs results (Fig. 6(a), Fig. 6(b), Fig. 7(a) and Fig. 7(b)) the resistance value of 500Ω represents the near
purely inductive case, the 10MΩ resistance represents the near open-circuit condition and the 10kΩ resistance represents
the optimal value to reduce vibrations since the FRF exhibits a charateristic plateau-like curve as reported in the literature.
An inductance sweep was (numerically) performed in the vicinity of the value L = 1

/
ω2
nCp in order to obtain the optimal

inductance L = 0.93
/
ω2
nCp. It is important to mention that employing the VBDS technique to reproduce the RLs

technique present a great advantage in practical applications when compared to the analog approach. For the presented
case (Fig. 6(b)), for example, the required inductance, 352H , would demand a very large coil, which would be impractical
in many applications. However, the digital approach can simulate a 352H inductor (and even higher inductance values)
with the advantage of enabling the internal resistance of the inductance to be adjusted accordingly, meaning that very high
quality factor inductors can be obtained.

The SSDS/SSDI results (Fig. 6(c), Fig. 6(d), Fig. 7(c) and Fig. 7(d)) were obtained when the system was excited near
its first resonance frequency at a base acceleration level of 0.04g. In the SSDS case, it is considered that the piezoelectric
patch is switched to a resistance load of 5kΩ and, in the SSDI case, the piezoceramic patch is switched to an inductor of
1.96H with an internal resistance of 2kΩ. In both cases, an ideal switch (with no internal resistance or threshold to be
triggered) is considered and the switch is closed precisely at the voltage extrema. Such characteristic is not commonly
obtained with analog shunts but it can be easily implemented in digital shunts, providing better control on the internal
resistance as well as switching moments, thus, allowing the inversion the process to occur with very low losses and
consequently increase the performance of the technique. It is noteworthy mentioning that the results shown in Fig. 6(c)



25th ABCM International Congress of Mechanical Engineering (COBEM 2019)
October 20-25, 2019, Uberlândia, MG, Brazil

22 24 26 28 30 32

100

(a)

22 24 26 28 30 32

100

(b)

23 24 25 26 27 28 29 30

100

(c)

23 24 25 26 27 28 29 30

100

(d)

Figure 6: Comparison of numerical and experimental results for the (a-b) tip velocity FRF regarding the linear techniques
and (c-d) the tip velocity spectrum for the nonlinear switching techniques.
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Figure 7: Comparison of numerical and experimental results for the (a-b) voltage FRF regarding the linear techniques and
(c-d) the voltage spectrum for the nonlinear switching techniques.

are obtained when the electromechanical coupling of the first mode is considered. The presence of higher harmonics
undermine the performance of the SSDS/SSDI technique to detect the piezoelectric voltage extrema originating from the
first mode.
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4. CONCLUSIONS

This paper presents an approach to implement digital shunt for different piezoelectric-based vibration control tech-
niques presented in the literature. The proposed digital shunt (VBDS) can successfully reproduce the linear resistive and
resistive-inductive techniques as well as the SSDS/SSDI nonlinear switching techniques. On the other hand, the VBDS
cannot handle polynomial relations between Ip and Vp and therefore is not able to implement polynomial nonlinear tech-
niques such as the Nonlinear Energy Sink. This issue is being addressed and on going work is currently being done to
development another digital shunt circuit.
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