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Abstract
The introduction of a switched-mode bidirectional energy conversion circuit (BECC) facilitates
the development of piezoelectric devices toward integrated and energy-efficient multi-functional
designs. These new designs realize the organic combinations of two or more functions among
energy harvesting (EH), vibration excitation (VE), and dynamic sensing. Yet, the structural
effect after applying the BECC was not comprehensively investigated and strictly quantified.
This letter analyzes the electromechanical joint dynamics of a piezoelectric structure using the
BECC, which was developed after the synchronized triple bias-flip (S3BF) technique, under
different EH and VE operation modes. It shows that the EH modes electrically induce an extra
positive damping effect, while the VE modes induce a negative one. A lumped model and
impedance analysis are used to evaluate the electrically induced damping and the energy
conversion efficiency by the BECC. The closed-form expression of the vibration displacement
under different operation modes is derived. Experiments are carried out under different
operation modes and frequencies. The theoretical and experimental results show good
agreement. They validate the damping tuning capability of BECC in either positive or negative
damping directions. This switched-mode interface circuit offers a promising solution for
building an adaptive dynamic control of piezoelectric structures with high energy efficiency.

Keywords: piezoelectric structure, bidirectional energy conversion circuit, dynamic analysis,
structural damping
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1. Introduction

As one of the most extensively utilized electromechanical
transducers, piezoelectric transducers can be made into dif-
ferent engineering products, such as sensors, actuators, and
small-scale power generators (energy harvesters). Given the
conservation of energy, in all piezoelectric designs, the energy
is either converted from mechanical to electrical form or in
the opposite direction. Power electronics enable more efficient
and flexible power conversion in different power levels, from
micro-watt to kilo-watt [1]. A trend of deeper fusion between
piezoelectric structure and power electronics is observed in
recent years [2–4]. More complex switched-mode circuits
were designed, enlightening more versatile applications of
piezoelectric devices.

The multi-functional concept was observed in some
recently proposed designs. Some studies combined either
two of the actuation [5, 6], energy harvesting (EH) [4, 7–9],
and sensing [10] functions for realizing the compact and
integrated piezoelectric solutions, e.g. self-sensing actuation
designs [11, 12], optimized actuation by nonlinear circuit
design [13], and time-sharing vibration excitation (VE) and
EH design [14]. Guyomar et al proposed the concept of a
self-powered autonomous wireless transmitter/receiver sys-
tem for the nondestructive evaluation (NDE) purpose [15]. In
their design, the EH and VE functions were realized by dif-
ferent circuit modules and separated piezoelectric elements.
To integrate different functions in a single circuit, Zhao et al
proposed the bidirectional energy conversion circuit (BECC),
which carries out EH and VE functions in a time-sharing
manner [14, 16]. The proposed circuit can be utilized in non-
linear vibration systems to carry out self-powered orbit jumps,
with which more energy can be harvested within the fre-
quency hysteresis range [17]. Moreover, Gao et al recently
proposed the multi-functional piezoelectric circuit [18], which
integrates all the dynamic sensing, EH, and VE functions
toward more versatile applications. All of the aforementioned
multi-functional designs extend the dimensions in engin-
eering design toward self-contained and robust system-level
solutions.

The principle of the BECC based on a synchronized triple
bias-flip (S3BF) interface circuit [19] was introduced in [14],
with a detailed analysis and quantification of the energy con-
version process. On the other hand, given that a piezoelectric
transducer connects themechanical and electrical domains, the
process of energy conversion is accompanied by the variation
of the system’s dynamic behavior. The BECC can not only
alter the energy flow but also provide a dynamic control to
piezoelectric structures. Since switched-mode power electron-
ics are used, this BECC solution is more energy-efficient than
the previous op-amp-based designs for resistance or imped-
ance tuning [20, 21].

In this letter, we provide theoretical and experimental stud-
ies on the dynamics, specifically, the damping effect, of a
piezoelectric structure, when applying the BECC and different
operation controls. The dynamics analysis of BECC builds a

theoretical foundation for the potential applications in energy-
efficient and multi-functional electromechanical systems,
e.g. nonlinear energy harvesters [15] and vibration-powered
NDE devices [22, 23].

2. Energy flow and damping effect

As shown in figure 1, in any piezoelectric interface circuit,
there are three possible energy flows, i.e. the energy flow
to the piezoelectric transducer (denoted as ∆Et in the yel-
low branch), that to the energy storage device (∆Es in green
branch), and that dissipated into heat by the parasitic resistance
(∆Ed in orange branch). Given the conservation of energy,
for this electromechanically coupled piezoelectric system, we
have ∆Et+∆Es+∆Ed = 0. The aforementioned BECC is a
special kind of piezoelectric interface circuits, which either
converts −∆Et into ∆Es (EH mode as shown in figure 1(b))
or, the other way around,−∆Es into∆Et (VE mode as shown
in figure 1(c)). The forward and reverse energy conversions
cannot happen simultaneously. They operate in a time-sharing
manner. The four operation modes realized by the S3BF-
based BECC are briefed in table 1. The EH modes make the
piezoelectric voltage vp in phase with the equivalent current
ieq, while the VE modes make it out of phase with ieq. The
product of vp and ieq is the power extracted from the mechan-
ical structure.

It was well studied that an ideal EH solution introduces a
(positive) electrically induced damping effect to the vibrat-
ing structure [24–26], which is denoted as De in figure 2(a).
The mechanical lumped model in figure 2(a) is a comple-
mentary version of that in [24] after considering the detailed
dynamics in practical implementations [27]. Although a gen-
eral piezoelectric structure might not only behave as a damper
under different interfaces and control. This paper focuses on
the dynamic effect when connected to the BECC, which spe-
cifically produces either a positive (EH mode) or negative
(VEmode) damping effect. Therefore, when executing the EH
operation with the BECC, the total damping increases beyond
its intrinsic mechanical damping D. Moreover, since different
EH modes carried out by the BECC have different intensities
in energy extraction [14], by running the EH programs, the
total damping can be tuned in the positive direction within
some extent. As a result, if the base excitation remains the
same, the vibration magnitude will be reduced under the EH
mode, as illustrated in figure 1(b).

Besides the EH modes, the BECC can also run the VE
modes, in which energy is pumped from the storage device to
the transducer, i.e. the piezoelectric structure. Such actuation
counteracts the intrinsic mechanical damping and enlarges the
vibration magnitude under the same base excitation, as illus-
trated in figure 1(c). In this letter, this counteraction to the
intrinsic damping is summarized by a negative damping coef-
ficient, which is still denoted as De but provided a negative
number. In this way, the dynamic effect of the BECC under
both the EH and VE modes can be uniformly described.
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Figure 1. A piezoelectric structure using BECC under:
(a) open-circuit condition. (b) EH mode (damping increased),
(c) VE mode (damping reduced).

Table 1. BECC operation modes.

Operation mode

Conducting switches for vp bias-flip actions

at ih falling edge at ih rising edge

S1BF-EH S1, S6 S2, S3
S3BF-EH S1, S6 → S2,

S6 → S2, S4
S2, S3 → S2,
S5 → S1, S5

S1BF-VE S1, S5 S2, S4
S3BF-VE S1, S5 → S2,

S4 → S1, S5
S2, S4 → S1,
S5 → S2, S4

The detailed operation and power evaluation of series-S3BF and its
derivative BECC were introduced in [14, 16].

3. Dynamics analysis

The BECC introduces tunable damping to the electromech-
anically coupled system. The damping contribution can be
quantified based on harmonic analysis [28]. In the previous
studies of shunt damping or EH, the power conditioning cir-
cuit induces positive damping to the system [29], while in
some VE studies, the circuit induces a negative equivalent
damping to the system [20]. BECC provides an integrated and
flexible solution enabling a wide range of damping tunability
from positive to negative values. In this section, an equivalent
impedance model based on harmonic analysis is derived for a
better understanding and evaluation of the dynamic effect of
BECC.

The piezoelectric cantilever beam shown in figure 1(a) is
excited by a harmonic base acceleration ÿ(t) near its first res-
onant frequency. The beam dynamics is approximated by an
equivalent lumped model, which consists of massM, damping
D, and stiffness K, as illustrated in figure 2(a). The piezoelec-
tric patch and its connected BECC introduce three dynamic
components to the system: an open-circuit stiffness Kp, an
electrically induced damping De, and additional damping Dp

equivalently induced by the dielectric dissipation [27]. In prac-
tical piezoelectric transducers, usually we have Dp ≫ Kp/ω.

Figure 2. Lumped model of a piezoelectric system. (a) Mechanical
schematic; (b) equivalent impedance network of the piezoelectric
insert and shunt BECC.

Assuming this much-greater condition holds, the lower end
of Kp can be regarded as connecting to the ground in the
preliminary analysis. The detailed implementation of BECC
is shown in figure 2(b) [14]. It was derived based on the
S3BF interface circuit topology [16], which can realize two
EH and two VE modes by modifying the switch control logic
in every synchronized instant. As shown by the gray arrows in
figure 2(b), the circuit transfers energy from the piezoelectric
current source ieq to the storage capacitor Cp in the EH mode,
and in the opposite direction in the VE mode. The red dashed
frame in figure 2(a) indicates that the value of De is related to
the bias voltage Vb and switch control.

The BECC dynamics can be studied based on the equi-
valent circuit shown in figure 2(b). Given that ih the current
flowing through the Cp and BECC combination is a harmonic
function

ih(t) = Ih sin(ωt), (1)

where Ih is the current magnitude;ω is the vibration frequency.
No matter under any EH or VE mode, the voltage across
the piezoelectric element can be formulated with a piecewise
equation as follows

vp (t) =

{
Voc [1− cos(ωt)]−VM(Vb,γ), 0⩽ ωt< π;

VM(Vb,γ)−Voc [1+ cos(ωt)] , π ⩽ ωt< 2π,

(2)

where Voc = Ih/(ωCp) is the open circuit voltage magnitude,
VM is the final voltage after the Mth bias-flip actions in each
current zero-crossing instant from positive to negative ih [14].
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Figure 3. (a) Electrically induced damping effect and (b) energy
conversion efficiency under different non-dimensionalized bias
voltage Ṽb (flipping factor γ =−0.5).

It can be expressed as a function of the bias voltage Vb and
flipping factor γ according to different operation modes [14].

By studying the magnitude and phase relation between the
fundamental harmonic of vp and ih [27], we can formulate the
equivalent impedance of the clamped capacitor Cp and BECC
combination in the frequency domain as follows

Ze( jω) =
Vp, f ( jω)
Ih( jω)

=
1

ωCp

[
4
π

(
1− ṼM

)
− j

]
, (3)

where Ih( jω) and Vp, f ( jω) are the frequency-domain expres-
sions of ih and that of the fundamental harmonic of vp, respect-
ively; ṼM = VM/Voc is a non-dimensional VM . The imaginary
part of Ze is a constant number. By taking the electromechan-
ical analogy, it corresponds to an electrically induced stiffness
in the mechanical domain, i.e.

Kp = α2/Cp =−α2ω Im[Ze], (4)

where α is the force-voltage coupling factor, which describes
the coupling intensity of the piezoelectric structure. On the
other hand, Re the real part of Ze is a tunable resistive compon-
ent related to Ṽb = Vb/Voc through ṼM. The flipping factor γ
is fixed after circuit manufacturing. In the mechanical domain,
it corresponds to an electrically induced damping

De = α2Re = α2Re[Ze]. (5)

Figure 3(a) shows the picture of De as a function of Ṽb under
different BECC operation modes. In the EH modes (blue
curves), De is positive. S3BF-EH makes larger De compared
with S1BF-EH. Therefore, the EH capability of S3BF-EH is
stronger. In the VE modes, De is negative. Therefore, the total
damping is reduced by adding De to the mechanical damp-
ing D. Compared with S1BF-VE, S3BF-VE mode can further
reduce the electrically induced damping under the same Ṽb.
This implies that S3BF-VE has a stronger excitation capabil-
ity compared with S1BF-VE.

Damping reduces the vibration magnitude by removing
energy from the electromechanical system. The energy extrac-
ted from the piezoelectric transducer, i.e. negative transducer
energy income, in one vibration period T= 2π/ω can be for-
mulated as follows

−∆Et =
ˆ
T
vp (t) ih (t)dt=

π I2hRe

ω
. (6)

The detailed expressions of other energy flows ∆Es and ∆Ed
in different operation modes of BECC are documented in [14].
The energy conversion efficiency under either EH or VEmode
are defined as follows, respectively,

ηEH =
∆Es
−∆Et

, ηVE =
∆Et
−∆Es

. (7)

Given ideal lossless switches and diodes in the switched-
mode circuit, figure 3(b) shows the energy conversion efficien-
cies under different operation modes. For all the cases, max-
imum conversion efficiency attains around Ṽb = 1. When Vb

decreases or increases beyond Voc, the conversion efficiency
decreases due to the quadratic increase of the (electrically) dis-
sipated energy ∆Ed. We must note that the larger conversion
efficiency neither implies stronger EH or vibration-exciting
abilities, nor better performance, but only a more efficient use
of the energy. A larger adjustable span of positive or negat-
ive damping, as illustrated by the vertical axis in figure 3(a)
is the emphasis of this paper. A higher energy conversion effi-
ciency is not the prior design objective at this stage. Figure 3(b)
only gives an idea about the cost-effectiveness of energy usage
in this damping tuning solution. In general, within either the
EH or VEmodes, the triple bias-flip versions, i.e. S3BF-EH or
S3BF-VE, produce larger (positive or negative) damping mag-
nitude; yet, they are implemented at lower energy conversion
efficiencies, compared with their single bias-flip counterparts,
i.e. S1BF-EH or S1BF-VE, respectively. The reason is that,
in the bias-flip-based interface circuits, more bias-flip actions
lead to more energy dissipation, which lowers the conversion
efficiency. However, the net harvested energy in the EHmodes
or the injected mechanical energy in the VE modes can still
increase due to the larger amount of energy extracted from the
transducer or from the storage, respectively. The effectively
transformed energy (∆Es in EH modes or ∆Et in VE modes)
induces the ultimate positive or negative electrically induced
damping effect on the electromechanical system.

After the analyses of the electrically induced damping
effect and the energy conversion efficiency of BECC, we can
further investigate its damping tuning capability in a whole
dynamic system. According to the lumped dynamic model
shown in figure 2(a), and given the Dp ≫ Kp/ω assump-
tion, the governing equation of this system can be written as
follows

Mẍ(t)+ (D+De) ẋ(t)+ (K+Kp)x(t) =−Mÿ(t). (8)

De is the only tunable equivalent component in operation.
Given the harmonic base excitation y(t) = Ysin(ωt), where Y
is the amplitude. The phase of y(t) has nothing to do with that
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in (1) and (2). The harmonic relation in (1) and (2) is only
used to derive (3). Solving (8) yields the displacement under
steady-state base excitation

x(t) = λ
Mω2Y
K

sin(ωt−φ) , (9)

where

λ=
{(

1+µ− ω̃2
)2

+ [2(1+ η)ζω̃]
2
}−1/2

(10)

is the displacement amplification factor, while

φ = tan−1

[
2(1+ η)ζω̃

1+µ− ω̃2

]
(11)

is the phase of the forced vibration. In (10) and (11), ω̃ =
ω/ωn is the normalized frequency, where ωn =

√
K/M is

the natural frequency. η = ζe/ζ = De/D denotes the ratio
between electrically induced damping and mechanical damp-
ing. ζ = D/(2Mωn) and ζe = De/(2Mωn) are their corres-
ponding damping ratios. µ= Kp/K represents the ratio
between electrically induced stiffness and mechanical stiff-
ness. Therefore, under the same base excitation, (10) infers
that larger electrically induced damping De leads to smaller
displacement amplitude factor λ.

The analysis mentioned above was based on the Dp ≫
Kp/ω assumption. Equations (8)–(11) give an intuitive under-
standing about the effect of different induced De. In a more
accurate power evaluation, we have to turn to the improved
model, which considers the effect of finiteRp [27]. The amend-
ment can be done by replacing the Kp andDe terms in (8) with
the following two terms

K ′
p =−α2ω Im

[
ZeRp

Ze +Rp

]
, D ′

e = α2Re

[
ZeRp

Ze +Rp

]
, (12)

respectively. A more accurate solution of displacement x(t) is
obtained numerically. The frequency responses of the piezo-
electric cantilever under different operation modes, which are
obtained theoretically with the improved model, are subjected
to the experimental validation in section 4.

4. Experiment

Experiments are carried out for validating the dynamics ana-
lysis. Figure 4 shows the experimental setup. The piezoelectric
cantilever is excited by a vibration exciter (APS420, SPEK-
TRAGmbH) near the beam’s first-mode natural frequency ωn.
Its output electrodes are connected to a BECC interface circuit.
A laser vibrometer (OFV-552/5000, Polytec GmbH) is used
to measure the relative velocity and displacement between the
tip and vibrating base. Since the relative velocity ẋ is propor-
tional to the equivalent current ieq, which is very close to ih
under a small dielectric dissipation condition, the velocity sig-
nal is also used for synchronizing the bias-flip actions. This
is carried out by a micro-controller (MSP430G2553, Texas
Instrument Ltd) and someMOSFET switches. Table 2 lists the

Figure 4. Experimental setup.

Table 2. Parameters of a linear piezoelectric system.

Parameter Value Parameter Value

M 0.009 kg k2e 0.007
D 0.007Nsm−1 Cb 47µF
K 52Nm−1 ωn 2π×12.22Hz
Li 10mH α 1.13× 10−4 NV−1

Cp 35.75 nF Acceleration Ÿ 0.5m s−2

Rp 1.9MΩ Diode SS16
γ −0.404 MOSFET ZVP/ZVN4424

parameters of the experimental setup and components used in
the experiment.

The displacement amplitudes under different frequencies
(0.9< ω̃ < 1.1) and operation modes in the experiment are
recorded after steady state to evaluate the damping tuning
ability and validate the theoretical analysis. The load condi-
tions used in experiments are short-circuit for S1BF-EH and
open-circuit for S3BF-EH, respectively, to achieve maximum
positive electrically induced damping De in figure 3(a). An
external voltage source is used to provide a constant Vb for
the VE modes to produce the corresponding negative electric-
ally induced dampingDe. All results are shown in figure 5. The
electrical-to-mechanical damping ratio η varies from positive
(in EH modes) to negative (in VE modes). The black curve
represents the open-circuit condition, i.e. η= 0 case. The blue
curves show the cases in EH modes, where η > 0. Compared
with the open-circuit condition, the displacement amplitudes
are suppressed when the EH modes are activated. The vibra-
tionmagnitude under S3BF-EH is lower than that under S1BF-
EH due to the stronger damping effect by a more intensive EH
function. On the contrary, as indicated by the red curves in
figure 5, in the VE modes, where η < 0, the vibration expands.
In these cases, the total damping effect is reduced by introdu-
cing a negative De. Since S3BF-VE can realize a larger VE
function than S1BF-VE, its damping reduction capability is
more significant. From figure 5, the theoretical results match
the experimental data very well. The damping tuning ability
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Figure 5. Displacement amplitude under different normalized
frequency ω̃.

of BECC under different operation modes is validated. The
maximum displacement amplitudes in S3BF-EH, S1BF-EH,
S1BF-VE, and S3BF-VE are 35.9%, 50.4%, 117.9%, and
146.3% to that in open-circuit condition, in which only the
inherent mechanical damping is included, respectively. It is
worth noting that the total damping decreases from the EH
modes to the open-circuit mode and then to the VEmodes. The
peak of the frequency response function, i.e. the resonant fre-
quency location, shifts along the higher-frequency direction.

5. Conclusion

This letter has provided a timely analysis of the electromech-
anical joint dynamics of a piezoelectric structure when using
the synchronized triple bias-flip (S3BF) based switched-mode
BECC. The electrically induced damping effects produced
by the BECC under different operation modes, i.e. S1BF-
EH, S3BF-EH, S1BF-VE, and S3BF-VE modes, were derived
and quantified based on equivalent impedance analysis. With
the tunable damping effect, the vibration of a piezoelectric
vibrator can be reduced by running the EHmodes or magnified
by running the VE modes. The experimental results have val-
idated the influence of BECC as theoretical analysis predicted.
The dynamics tuning ability of BECC indicates a potential dir-
ection toward energy-efficient and multi-functional piezoelec-
tric devices and integrated engineering designs.
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