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Synchronized Triple Bias-Flip Interface Circuit for
Piezoelectric Energy Harvesting Enhancement

Junrui Liang , Member, IEEE, Yuheng Zhao, and Kang Zhao

Abstract—The power conditioning interface circuit plays a cru-
cial role in the energy harvesting (EH) capability enhancement in
piezoelectric EH (PEH) systems. The principle of most existing
synchronized switch circuits for PEH enhancement was summa-
rized under the recently introduced synchronized multiple bias-flip
(SMBF) model. The optimal bias-flip strategy derived from SMBF
provides valuable insights for future circuit development. Based on
such theoretical foundation, this paper implements a new interface
circuit called the parallel synchronized triple bias-flip (P-S3BF) for
further boosting the harvesting capability beyond the state-of-the-
art solutions. By sophisticatedly allocating more bias-flip actions,
it makes the best compromise between higher extracted power and
lower dissipated power for power conditioning, toward maximum
net harvested power. Moreover, the bias voltage reference in P-
S3BF is self-contained and self-adaptive. Compared to the other
existing solutions involving active voltage manipulations, these two
conveniences brought in by P-S3BF are the most significant and
necessary features, which facilitate the practical stand-alone im-
plementation of P-S3BF under different periodic vibrations. Ex-
perimental result shows that, with the piezoelectric cantilever in
use, which vibrates at a constant deflection magnitude, the P-S3BF
circuit harvests 24.5% more power than its single bias-flip coun-
terpart, the extensively studied parallel synchronized switch har-
vesting on inductor; and 287.6% more power than its null bias-flip
counterpart, the standard EH bridge rectifier.

Index Terms—AC–DC power conversion, capacitive source,
energy harvesting (EH), piezoelectricity, synchronized bias-flip,
vibrations.

I. INTRODUCTION

K INETIC energy harvesting (EH) is one of the most in-
vestigated EH technologies for powering the low-power

Internet of Things devices and microsystems applications [2].
The power conditioning circuit plays an important role toward
the more efficient electromechanical power conversion [3]. In
particular, in the EH systems using piezoelectric materials as
the electromechanical transducer, literature has shown that, by
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replacing the ordinary ac-to-dc full-wave bridge rectifier with
a more capable power conditioning circuit, a weakly coupled
piezoelectric harvester can perform like a strongly coupled one.
Therefore, more power can be harvested by using the same
structure under the same vibration excitation [4], [5].1

In the early studies of the piezoelectric EH (PEH) systems
around 2002 and 2003, the ordinary full-wave bridge rectifier,
which is also referred to as the standard EH (SEH) interface
circuit later, was investigated [7], [8]. It has shown that the max-
imum power point tracking (MPPT) is an important issue for
the power optimization in PEH systems, like most renewable
energy systems. A few researchers regarded the MPPT in SEH
as the impedance matching process [3], [9]; yet the maximum
power point of SEH, in fact, does not correspond to the global
matching point of the entire electromechanical system, but only
the local maximum subjected to the SEH constraint [10]. The
harvesting capability can be further enhanced according to four
circuit-design criteria as follows:

1) To improve the power factor by manipulating the piezo-
electric voltage, making its zero-crossing instants align
with the current zero-crossings.2

2) To enlarge the magnitude of the piezoelectric voltage with
some passive voltage manipulations,3 such that the ex-
tracted power, as the product of current and voltage, is
increased.

3) To further enlarge the piezoelectric voltage magnitude by
inserting active voltage manipulations;4 at the same time,
try to reduce the energy dissipation at voltage manipula-
tions.

4) To make the best compromise between larger piezoelec-
tric voltage magnitude, i.e., more power extraction, and
less power dissipation for voltage manipulation by sophis-
ticatedly implementing the optimal voltage manipulation
strategy, such that to obtain the maximum net harvested
power.

1A comprehensive review and comparative study on the existing PEH inter-
face circuits were published in [6]. In the following introduction, we only brief
the significant clues toward the invention of the new solution. The reader who
is not familiar with the listed techniques, please see [6] for more introductory
information.

2The piezoelectric equivalent current is proportional to the vibration velocity,
which cannot be quickly changed by electrical manipulation because of the
mechanical inertia; therefore, it is usually regarded as an ideal current source.

3In the passive voltage bias-flip actions, energy flows from the piezoelectric
structure to the harvesting circuit [6].

4In the active voltage bias-flip actions, energy flows backward from the
harvesting circuit to the piezoelectric element [6].
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After SEH, the development of PEH power conditioning circuits
can be roughly divided into four periods, according to the pro-
gressive awareness and fulfillment of the four aforementioned
goals.

The first goal was realized around 2005 by the synchronous
electric charge extraction (SECE) circuit [11]. In SECE, once the
equivalent current crosses zero (called the synchronized instant),
the piezoelectric voltage is forced to zero by rapidly removing
all the charge from the piezoelectric capacitance Cp . With such
actions, the voltage and current always have the same sign.
Positive extracted power is ensured at any instant throughout a
cycle [12].

The second goal was achieved by the family of synchronized
switch harvesting on inductor (SSHI) circuits in 2005 [4], [5].
By utilizing a half cycle of the step transient of a series resis-
tance, inductance, capacitance (RLC) circuit, which is formed
by Cp and an external inductor, we can not only change the sign
of the piezoelectric voltage at the synchronized instants, but
also enlarge the voltage change after each synchronized instant,
which leads to a larger voltage magnitude in the whole cycle.
In the integrated circuit (IC) research community, the SSHI
technology was referred to as the bias-flip rectifier [13], which
described the voltage manipulation at the synchronized instants
more intuitively. During the first and second developing peri-
ods, many derivatives of SECE and SSHI were proposed, such
as the double synchronized switch harvesting [14] and enhanced
synchronized switch harvesting [15]. All those techniques can
be regarded as the special cases of the single bias-flip solutions
(with different flipping factors).

The third goal was proposed together with the concept of “ac-
tive energy harvesting” in 2009 [16] in order to approach the so-
called ideal Ericsson energy conversion cycle [17]. The voltage
bias-flip actions in the SECE and SSHI derivatives are all passive
because the bias voltage sources only do negative work (absorb-
ing energy) to flip the piezoelectric voltage in SSHI. Being active
means the bias voltage source can also make backward energy
injection to the piezoelectric element, or more exactly to Cp , so
as to do positive work and prebias the piezoelectric voltage be-
fore the start of charge accumulation in the next half cycle. The
voltage change after each synchronized instant can become even
bigger with the prebiasing [18]. On the other hand, the intro-
duction of a bidirectional energy flow between the piezoelectric
structure and the harvesting circuit makes the voltage manip-
ulation more complicated. Another design target in this period
was how to minimize the power dissipation of the both passive
and active voltage manipulations. Liu et al. used the pulsewidth
modulation (PWM) controlled H-bridge to reduce the switching
current through the inductive branch. As they claimed, it might
lead to less joule heating in operation [16]. Nevertheless, the
power dissipation was underestimated in that study, because the
nonzero current switch (non-ZCS) dissipation of the inductive
path was not taken into consideration. Hence, the amount of
injected energy during the active manipulation was not properly
formulated. In fact, no matter whether PWM control is used
or not, the energy injection to change the piezoelectric voltage
from V1 to V2 through the work of a dc bias voltage Vb should
be calculated as ΔEb = ΔQVb = Cp(V2 − V1)Vb , rather than

ΔEb = Cp(V 2
2 − V 2

1 )/2 nor ΔEb = Cp(V 2
2 + V 2

1 )/2 as for-
mulated by (13) and (15), respectively, in [16]. The actual ΔEb

can be much larger than the estimation under large Vb . Hence,
the power injection in early active schemes was underestimated
[16], [17]; the idea of active EH was sort of vague at this stage.
The more rational solutions involving low-dissipative active
voltage manipulation (by using ZCS double bias-flip actions)
were introduced around 2010 to 2014 [18]–[20]. Since the ZCS
condition is satisfied in the two bias-flip actions (first passive and
then active), only the Q factor of the LC circuit accounts for the
power dissipation in the bias-flip manipulations. If we realize
the same voltage change with two ZCS bias-flip actions, instead
of one, the root mean square (rms) current decreases; therefore,
the total joule heating can be significantly reduced. On the other
hand, in most of these solutions except [19], the dc biases were
implemented with some additional voltage sources, which are
neither self-contained nor self-adaptive according to the vibra-
tion magnitude [18], [20]. Such external voltage sources might
hinder the practical application of these double bias-flip designs.

The introduction of active voltage manipulation has raised
a subtle question to the circuit designers. Because, in general,
PEH should be a passive process for extracting useful energy
from vibrations, the instantaneous active energy injection must
be strictly planned; otherwise, too aggressive backward injec-
tions might exhaust the harvested energy or even be possible
to turn the energy harvester into an actuator. Such question has
led to the fourth goal concerning about the compromise
between the total energy extraction in a whole cycle and the
energy dissipation for carrying out the voltage manipulations.
Liang [6] has provided a theoretical insight on such compromise
based on the synchronized multiple bias-flip (SMBF) model,
which generalizes the behavior of most existing PEH interface
circuits.5 Making such compromise is doable after clarifying the
energy flow inside the PEH systems and distinguishing the net
harvested energy as the objective function for optimization, i.e.,

Eh = Ein − Eout = ΔE − Ed. (1)

Ein and Eout stand for the energy income and investment in
one cycle from the viewpoint of the dc energy storages, ΔE
and Ed stand for the extracted energy and dissipated energy in
one cycle from the viewpoint of the whole power conditioning
circuit. Readers can refer to [6] for better understanding
about the subtle difference, in terms of energy flow, upon
the two standpoints.6 The maximum net harvested power is
obtained by carrying out the bias-flip actions according to
the optimal bias-flip (OBF) strategy, i.e., flipping the voltage
successively with respect to a set of optimum bias voltages [6].
The theoretical generalization and optimization have shown
attractive prospect toward future PEH circuit improvement.

This paper puts the OBF strategy into the first-step practice.
A new power conditioning interface circuit called the parallel
synchronized triple bias-flip (P-S3BP) is developed for further

5Most of the existing PEH interface circuits accord with the bias-flip principle.
There are exceptions, say, the SECE [21], [22].

6Compared to [6], the nomenclature is revised here for more rational and
efficient presentation. Eh , Ein , Eout , ΔE , and Ed in (1) correspond to Eh,net,
Eharvested, Einvested, Eextracted, and Edissipated, respectively, in [6, Eq. (10)].
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Fig. 1. Conceptual P-SMBF circuit [6].

Fig. 2. Waveforms in P-SMBF [6]. (a) Entire cycles. (b) Enlarged view of a
synchronized downstairs transition.

enhancing the EH capability beyond the state of the arts. The op-
erational principle and circuit implementation of P-S3BF were
released at the 2016 IEEE Energy Conversion Congress and
Exposition [1]. This paper, which is an extending version of our
ECCE conference paper, provides more information about the
original idea and detailed analysis of P-S3BF. Section I provides
a short review of the background and evolution of PEH interface
circuits. Section II introduces the original idea toward the in-
vention of P-S3BF. Section III shows the steady-state operation
of the circuit. Section IV discusses the transient and adaptivity.
Section V provides an impedance model for estimating the har-
vested power. Section VI shows the prototyped P-S3BF circuit
and experimental results. Section VII concludes the paper.

II. PRINCIPLE

The idea of P-S3BF is originated from the key results of the
OBF strategy, which is developed based on the SMBF model.

A. Synchronized Multiple Bias-Flip and Optimal Bias-Flip [6]

Figs. 1 and 2 show the conceptual SMBF model and its op-
erating waveforms with M bias-flip actions in each synchro-
nized instant, respectively. In Fig. 1, the piezoelectric source is
modeled as a current source ieq in parallel with the piezoelec-
tric capacitance Cp . An inductor, whose inductance is Li and

parasitic resistance is r, is connected in series with the piezo-
electric transducer for carrying out the transient bias-flip actions.
The two diodes D+ and D− are used for the current steering
purpose. The switch S+m and bias dc source Vb,m form the mth
(m = 1, 2, . . . ,M ) switching path for the positive-to-negative
(downstairs) voltage manipulation. The other half switches S−m

and upside-down voltage sources Vb,m form the switching net-
work for the negative-to-positive (upstairs) voltage manipula-
tion. The four diodes D1 to D4 and the dc source V0 form an
ordinary bridge rectifier as the parallel branch. Fig. 1 has only
shown the parallel version of SMBF; the series counterpart was
also studied in [6] and is not repeated in this paper. From the
operating waveforms shown in Fig. 2, the SMBF provides a
general model summarizing the operation of most existing PEH
circuits. For example, SEH is a special case when M = 0, i.e.,
P-S0BF, while P-SSHI can be regarded as P-S1BF.

At the downstairs instant of the general P-SMBF case, as
shown in Fig. 2(b), the piezoelectric voltage vp flips for M
times with respect to the dc biases Vb,1 , Vb,2 , ... , and Vb,M in
succession, such that vp starts from V0 , goes through the inter-
mediate voltages V1 , V2 , ... , VM −1 , and finally arrives at VM . It
should be clarified that, in the SMBF model, the voltage sources,
which are shown in Fig. 1, are just symbols or a mathematical
concept denoting the constant dc voltages, whose values are free
for optimization, rather than real implementations by dc power
supplies. In the previous studies, either the bias voltage [16],
[17] or the intermediate voltage [18]–[20] was presumed before
formulating the voltage bias flips. The maximum power obtained
under any presumption is a constrained local maximum, rather
than the global maximum. With the SMBF generalization and
abstraction, we formulate the bias-flip design as a mathematical
optimization problem, e.g.,

max
ΔU,Vb , 1 ,Vb , 2 ,...,Vb , M ∈R

Eh(ΔU, Vb,1 , Vb,2 , . . . , Vb,M ). (2)

How to correctly formulate the net harvested power Eh is an-
other must, which can be achieved by carefully analyzing the
energy flow within the PEH system [6]. Adopting the optimal
set of bias voltages, which makes the maximum Eh , is not
just for reducing the rms current, which is related to the Joule
heating, in voltage manipulations, but for making the best com-
promise between more passive power income and less active
power investment, or equivalently, higher extracted power and
lower dissipated power, as formulated in (1). It was shown in [6]
that, with the same flipping factor γ, the more bias-flip actions in
a synchronized instant, i.e., larger M , the higher the attainable
maximum harvested power.

B. Why Parallel Synchronized Triple Bias-Flip?

An immediate question might be asked following the proposal
of SMBF model and OBF strategy: how to make the theoretical
concepts into engineering practice? Do we need to implement
the M + 1 bias voltages with M + 1 dc supplies or batteries?
More importantly, since the bias voltages should follow the
vibration magnitude, does it mean the M + 1 extra dc supplies
or batteries should be controllable according to the vibration
feedback? In some existing “active” solutions [16], [20], we do
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Fig. 3. Distribution of the optimal bias voltages at downstairs transition in
SMBF (γ = −0.5). (a) S-SMBF. (b) P-SMBF.

see that extra controllable dc supplies or batteries were used
for providing the bias voltages. However, the harvested power
in PEH system is usually tiny; it can hardly afford the energy
for implementing such self-contained and self-adaptive voltage
sources.

Fortunately, by looking into the distribution of the optimal
bias voltages, as marked with the “×” symbols in Fig. 3, we find
an unforeseen convenience for implementing the parallel version
of SMBF. The convenience is derived from two observations:

1) The bias voltages Vb,m in P-SMBF are symmetrically
distributed with respect to zero volt, i.e.,

Vb,m = −Vb,M −m+1 , m = 1, 2, . . . ,M. (3)

2) The voltage change of each bias-flip step is the same, i.e.,

Vm−1 − Vm = constant, m = 1, 2, . . . , M. (4)

From the first observation, if there is one adaptive source
for making the bias voltage, by reusing the bias source for-
wardly and reversely and combining with the free zero-volt bias,
which can be realized with some power electronics, e.g., the H-
bridge, we can furthest make three bias-flip actions, in total, i.e.,
P-S3BF; in other words, flip vp with respect to Vb,1 , Vb,2 = 0,
and Vb,3 = −Vb,1 in succession. If there are two sources, we can
make P-S5BF, etc. On the other hand, given the energy income
(absorption) of the bias voltage source in the (m)th bias-flip
action

ΔEb,m = Cp(Vm−1 − Vm )Vb,m (5)

and the energy income (negative value means investment) of the
(M − m + 1)th bias-flip action

ΔEb,M −m+1 = Cp(VM −m − VM −m+1)Vb,M −m+1 (6)

if we implement Vb,m and Vb,M −m+1 using the same dc source
in forward and then reverse directions, by substituting (3) and
(4) into (5) and (6), and summing up the two energy incomes of

Fig. 4. P-S3BF interface circuit. (a) Circuit topology. (b) Driving circuit.

the same source, i.e., (5) and (6), the net energy income of this
specific bias voltage source is

ΔEb,net = ΔEb,m + ΔEb,M +1−m = 0. (7)

Equation (7) implies that, at steady state, all bias voltage sources
in P-SMBF are energy neutral. They can be self-sustained with-
out external power supply. All harvested energy goes into the
bridge rectifier. This is a very useful feature for separating the
bias-flip function and the harvesting function. The optimal S-
SMBF solutions do not have such convenience, as we can ob-
serve from Fig. 3(a), under specific M , the optimal set of bias
voltages Vb,m in the series cases are not symmetric with respect
to zero volt.

The aforementioned theoretical insights have provided a clear
picture of the goal as well as the feasibility toward the devel-
opment of future PEH interface circuits. Ideally speaking, we
would like to implement the bias-flip steps as many as possi-
ble for making better EH capability; but practically speaking,
to implement such multiple bias-flip actions, many electronic
switches should be added and properly organized, which in-
creases the circuit complexity. Therefore, at this stage, we select
P-S3BF, as it offers a rational balance between circuit complex-
ity and PEH enhancement.

III. STEADY-STATE OPERATION

The implemented P-S3BF circuit topology is shown in Fig. 4.
It is composed of the bias-flip branch (also referred to as the se-
ries branch in literature) for carrying out the triple bias-flip
actions at each synchronized instant, and the harvesting branch
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Fig. 5. Five working phases of P-S3BF in half of a vibration cycle including the downstairs bias-flip actions. (a)–(e) Operation waveforms. (f)–(j) Control
sequence. (k)–(o) Active circuit branch. (a), (f), and (k) Open circuit. (b), (g), and (l) Constant voltage. (c), (h), and (m) The first bias flip. (d), (i), and (n) Phase 4:
The second bias flip. (e), (j), and (o) The third bias-flip.
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(the parallel branch in literature) for EH. The bias-flip actions
are carried out with a current steering network, which is com-
posed of six MOSFETs: MRm and MLm (m = 1, 2, 3), and six
Schottky diodes: DRm and DLm . The MOSFET driving circuits
are illustrated in Fig. 4(b). The switching sequence is sent out
from a microcontroller. Given that the bias-flip branch is en-
ergy neutral at steady state, no extra controllable power supply
is used in the final design. The bias voltages are realized with
an auxiliary capacitor Cb , whose value is much larger than the
piezoelectric capacitance Cp . Therefore, under steady state, the
voltage across Cb is regarded as a constant. All harvested energy
only goes into the storage capacitor Cr in the harvesting branch.

A. Operating Principle

The steady-state waveform, control sequence, and active cir-
cuit branch in different phases of a half vibration cycle are
illustrated in Fig. 5. A positive half cycle can be divided into
five phases: open circuit; constant voltage; and three bias-flip
actions, whose working principles are explained as follows.

1) Open Circuit: Fig. 5(a), (f), and (k) shows the circuit
operation in this phase. This phase takes place when ieq > 0
and vp < V0 , where

V0 = Vr + 2Vd (8)

is the rectified voltage of the harvesting branch. Vr is the
voltage across the storage capacitor Cr . Vd is the diode forward
voltage drop. In this phase, both the harvesting and bias-flip
branches are cutoff. The current ieq flows into the piezoelectric
capacitance Cp and the shunt resistance Rp , which represents
the effect of the dielectric loss. Rp was absent in most literature
about SSHI; yet, it was proven that its effect is not negligible
in the bias-flip solutions [23], [24].

2) Constant Voltage: Fig. 5(b), (g), and (l) shows the circuit
operation in this phase. When vp arrives at V0 , the diodes D1
and D4 in the harvesting branch conduct. As the capacitance
of the storage capacitor Cr is designed to be much larger than
Cp , vp is clamped at an almost constant voltage V0 . Without a
dc load Rl , V0 will slowly increase as the harvested power is
gradually accumulated in Cr . When Rl is connected, in steady
state, the power harvested from the piezoelectric source equals to
that consumed by Rl . Given such energy balance, V0 maintains
constant in this phase.

3) The First Bias Flip: Fig. 5(c), (h), and (m) shows the
operation in this phase. The first bias-flip action is triggered
when the current ieq crosses zero from positive to negative. In
this phase, the transistors MR1 and ML2 , which are respectively
controlled by the I/O pins PR1 and PL2, are turned ON, as shown
in Fig. 5(m). It opens an outlet to the charge stored in Cp so
that there is a current rapidly flowing through the inductor Li

and the auxiliary capacitor Cb , which provides a bias voltage
Vb + Vd . After half of an RLC cycle, i.e., about π

√
Li Cp , vp is

changed from V0 to V1 . As there is a current steering diode DL2
in the conducted branch, the current can only flow through the
clockwise direction as shown in Fig. 5(m), therefore, vp stops
at V1 . The two transistors are then turned OFF, and the first
bias flip ends. In this phase, the current flows into Cb from its

Fig. 6. Energy cycle of P-S3BF.

positive electrode; therefore, Cb absorbs energy. According to
the definition of [6], the first bias flip is a passive action.

4) The Second Bias Flip: Fig. 5(d), (i), and (n) shows the
operation in this phase. This phase is carried out right after the
first bias flip. In this phase, ML1 , which is controlled by the I/O
pin PL1, is turned ON. The current also flows clockwise making
vp flip with respect to Vd and drop again to V2 . Since Cb is not
connected to the resonant circuit, there is no energy change in
Cb . The second bias flip is also passive.

5) The Third Bias Flip: Fig. 5(e), (j), and (o) shows the
operation in this phase. MR3 and ML1 are turned ON in this
phase. The current flows clockwise making vp drop to V3 . In
this phase, Cb is reversely connected in the resonant circuit;
therefore, provides the −Vb + Vd bias voltage for the voltage
flipping. The current flows out of Cb from its positive electrode.
Cb injects energy into Cp . Therefore, the third bias flip is an
active action.

After the positive half cycle, it enters the negative half cycle,
which can also be divided into five phases: open circuit, con-
stant voltage, and three upstairs bias-flip actions. In the upstairs
actions, the transistors, which are symmetric to those in the
downstairs cases, are turned ON for making the counterclock-
wise current flows with respect to the bias voltages −Vb − Vd ,
−Vd , and Vb − Vd in succession.

The three successive bias-flip actions realize a downstairs or
upstairs change of vp . Smaller steps result in less energy dis-
sipation for making the same voltage change across Cp . More
intuition about the energy flow details can be obtained from
the partitioned hysteretic charge-versus-voltage diagram (also
called the work cycle or energy cycle in the literature of vi-
brations) [12], as shown in Fig. 6. It is a special case of those
SMBF energy cycles summarized in [6]. In Fig. 6, the area en-
closed by the charge-voltage curve corresponds to the extracted
energy in one cycle. The blue triangles are the energy dissipated
due to the lossy bias-flip actions with a finite Q factor in the
RLC circuit. The red area is the energy dissipated in the current
steering diodes. The purple area is the energy dissipated in the
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Fig. 7. Two connecting bias-flip actions. (a) Expected downstairs shape.
(b) Unwanted u-turn shape.

bridge rectifier of the harvesting branch; the green area corre-
sponds to the net harvested energy. Quantitative evaluation will
be provided in Section V. Here, we make a quick qualitative
conclusion that the green area (harvested energy) can be en-
larged by increasing the enclosed area (extracted energy) and,
at the same time, reducing the total area in blue, red, and purple
(dissipated energy).

B. Design Considerations

Some design considerations should be highlighted toward the
successful implementation of P-S3BF.

1) Current Steering Network: The current steering network
is the key factor for implementing P-S3BF. Fig. 7 shows the
possibilities of two connecting bias-flip actions without current
steering: the downstairs and u-turn shapes. Since the purpose of
multiple bias flips is to enlarge the vp change in the synchronized
instant, the u-turn showed in Fig. 7(b) is unwanted and must
be avoided. Therefore, in case that the bias voltage Vb,m is
higher than the voltage before bias flip Vm−1 , the reverse current
flow must be blocked by inserting a unidirectional diode in
the active branch, such that the u-turn will never happen and
Vm = Vm−1 after the (m)th bias-flip action. As we can observe
from Fig. 5(m), (n), and (o), the corresponding MOSFET switches
activate the branch with a proper bias voltage for the bias flip,
while there is a diode in each conducting branch for guaranteeing
that the current flows in the correct direction. Without the current
steering network, the self-adaptive feature of P-S3BF, which will
be introduced in Section IV, cannot be realized.

2) Driving Circuits: As shown in Fig. 4(a), the current steer-
ing network has two NMOS transistors (all at the low side) and
four PMOS transistors (two at the high side and two at the low
side). Only the low-side NMOS MR3 and ML3 can be directly
driven by digital I/O pins. For driving the high-side PMOS MR1
and ML1 , the gate voltage should be able to switch between Vb

and Vb − Vth , where Vth is the threshold voltage of the MOS-
FETs. Likewise, the gate voltages of the low-side PMOS MR2
and ML2 should be able to switch between 0 and −Vth . Given
that the switch-ON intervals in each bias-flip action, i.e., half of
an RLC cycle, are short, some passive level shifters utilizing the
transient effect of RC circuits [25] are used here to make the
negative voltage for driving the PMOS transistors. The switch
control sequence is sent out from six I/O pins of a digital con-
troller. As an initiating work on P-S3BF, this study focuses on
the bias-flip patterns toward PEH enhancement. The whole sys-
tem is not self-powered at this stage. The microcontroller and

driving circuit are powered by a battery in the testing prototype.
The power consumption of the switches and their drivers in our
prototype is about 24 μW, which is much smaller than the har-
vested power. The engineering realization of the self-powered
P-S3BF PEH system will be made in our future work.

IV. TRANSIENT AND ADAPTIVITY

As mentioned in Section II, the idea of P-S3BF comes from
the observation of the OBF voltages shown in Fig. 3. Section III
discussed the implementation and steady-state operation. One
more important issue determining whether this technology is
practical or not is how to establish the steady state. More specif-
ically, it is crucial to know how Cb is charged up and maintains
a stable bias voltage at the steady-state operation.

The current steering network enables the self-adaptive feature
of P-S3BF. Fig. 8 shows the transient details of the synchronized
downstairs actions from empty Cb , i.e., Vb = 0 to the steady
state. Fig. 8(a) shows the starting point where Vb = 0. In the first
bias-flip action of this starting point, vp is flipped with respect
to zero volt. It attains a negative voltage V1 after the action.
The second and third bias-flip actions are disabled because the
reverse current flow is blocked by the current steering diodes.
Therefore, V2 and V3 stay the same as V1 . On the other hand,
as shown in Fig. 8(a), the voltage Vb rises a little bit because of
the passing-through current in the first action. Vb rises gradually
because of the charge of the first bias-flip action in the following
cycles [see Fig. 8(b)], until it arrives at Vb,C 1 , the critical point
between single and double bias-flip transients. The waveform
in this critical point is shown in Fig. 8(c), from which we can
find V1 = V2 = V3 = −Vb + Vd .

After Vb passes the first critical point, the third bias-flip ac-
tion is activated, because V2 is larger than −Vb + Vd . the third
bias voltage as shown in Fig. 8(d). The third bias-flip action dis-
charges Cb , which counteracts the first charging action to some
extent. But since the first stroke is larger than the third, the net
charge gain of Cb is still positive, and Vb keeps rising gradually
until it arrives at Vb,C 2 , the second critical point between double
and triple bias-flip transients. From Fig. 8(e), the second critical
point takes place when V1 = V2 = Vd .

After Vb passes the second critical point, the second bias-flip
action is activated, because V1 is larger than Vd , the second bias
voltage as shown in Fig. 8(f). As the voltage stroke of the third
bias-flip action becomes larger, the discharge of Cb in the third
action gradually catches up with the charge in the first action.
Eventually, the charge and discharge arrive at equilibrium, such
that the P-S3BF circuit attains the steady-state operation, as
illustrated in Fig. 8(g).

Such self-adaptive mechanism works not only for the zero
Vb initial condition but also for those from any initial Vb value.
For example, if the vibration magnitude increases beyond its
on-going steady-state magnitude because of some perturbation,
the stroke of the first action becomes larger than that of the third
one, i.e., |V0 − V1 | > |V2 − V3 |. So the charging effect prevails
over the discharging one; as a result, Vb will automatically rise
to a new equilibrium. Likewise, when the vibration magnitude
drops, discharging prevails over charging; as a result, Vb will
automatically drop to a new equilibrium.
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Fig. 8. Transient toward steady-state P-S3BF operation, illustrated by the piezoelectric voltage vp and bias voltage Vb at the downstairs instant. (a) Initial point with
Vb = 0. (b) Single bias-flip transient (0 < Vb < Vb,C 1 ). (c) Critical point between single and double bias-flip transients (Vb = Vb,C 1 ). (d) Double bias-flip transient
(Vb,C 1 < Vb < Vb,C 2 ). (e) Critical point between double and triple bias-flip transients (Vb = Vb,C 2 ). (f) Triple bias-flip transient (Vb,C 2 < Vb < Vb,S S ).
(g) Steady-state operation (Vb = Vb,SS).

The self-adaptive feature makes sure that the voltage is flipped
with respect to the right dc bias voltages, regardless of the
changes in the vibration level or electrical loading condition.
Smaller Cb makes faster arrival at the steady state. However, if
Cb is too small, say, approaching the value of Cp , it might fail to
provide constant dc bias voltages toward stable triple bias-flip
operation.

V. THEORETICAL ANALYSIS

The P-S3BF topology was derived from the SMBF model, in
which the piezoelectric element was regarded lossless [6]. By
putting aside the dielectric loss in piezoelectric element, Liang
has summarized the harvesting capability, as a new figure of
merit, of P-SMBF as follows:

R̃harv,P-SMBF =
M

π

1 − γ

1 + γ
+

1
π

. (9)

Starting from such theoretical prediction, if the flipping factor
γ = −0.7, the ratios among maximum harvested powers in
P-S3BF, parallel SSHI (P-SSHI) (i.e., P-S1BF), and SEH
(i.e., P-S0BF) are 18 : 6.67 : 1, which implies an incredible
improvement with P-S3BF. Nevertheless, in practice, such high
power gain is not attainable. The dielectric loss in practical
piezoelectric element has a big counteractive effect toward the
PEH enhancement. In addition, such counteractive effect will
be much severer by using more capable power-boosting circuits
[23], [24].

For formulating the simultaneous power-boosting effect of
P-S3BF and counteractive effect of the dielectric loss in the
practical PEH systems, an impedance model is adopted here.
In the equivalent impedance model, the dynamic effect of the
combination of Cp and P-S3BF circuit is broken down into three
equivalent components: the harvesting component Rh , dissipa-
tive component Rd , and equivalent capacitance Ce [10], [24].

Fig. 9. Equivalent impedance model of piezoelectric transducer (electrical
part only) with the P-S3BF interface circuit.

The values of these components are functions of the normalized
rectified voltage Ṽ0 = V0/Voc, as shown in Fig. 9, where Voc is
the nominal open-circuit voltage. In this model, the effect of the
dielectric loss is summarized by the resistance Rp across the
equivalent current source ieq(t).

The impedance modeling starts from the assumption that the
current flowing through the Cp and P-S3BF combination, i.e.,
ih as shown in Fig. 9, is pure sinusoidal, i.e.,

ih(t) = Ih sin (ωt) (10)

where ω is the vibration frequency. Given that the bias-flip
actions are carried out much faster than a mechanical vibration
cycle, the voltage across the Cp and P-S3BF combination can
be described with a piecewise equation as follows:

vp(t) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Voc [1 − cos (ωt)] − V3 , 0+ ≤ ωt < θ

V0 , θ ≤ ωt ≤ π−

V3 − Voc [1 + cos (ωt)] , π+ ≤ ωt < π + θ

−V0 , π + θ ≤ ωt ≤ 2π−

(11)
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where

Voc =
Ih

ωCp
(12)

is the nominal open-circuit voltage; θ corresponds to the rectifier
blocked angle in a half cycle, as shown in Fig. 5(a). θ and
ΔU = V0 + V3 are mutually related with the following relation:

cos θ = 1 − ΔŨ = 1 − ΔU

Voc
(13)

where ΔŨ is the normalized voltage change during θ, as shown
in Fig. 5(a). The fundamental harmonic of vp is obtained as
follows:

vp,F (t) =
Ih

πωCp

{
(sin θ cos θ − θ) cos (ωt)

+
[
2(Ṽ0 − Ṽ3) + sin2 θ

]
sin (ωt)

}
(14)

where Ṽ0 = V0/Voc and Ṽ3 = V3/Voc are the normalized V0 and
V3 . The equivalent impedance of the Cp and P-S3BF combina-
tion can be obtained with the frequency-domain expressions of
vp,F and ih [10] as follows:

Ze,P-S3BF(jω) =
Vp,F (jω)
Ih(jω)

=
1

πωCp

[
2(Ṽ0 − Ṽ3) + sin2 θ + j(sin θ cos θ − θ)

]
.

(15)

The expressions of the intermediate voltages V0 and V3 are nec-
essary for simplifying (15). From the observation of the wave-
forms shown in Fig. 5(e), the relations among those intermediate
voltages and bias voltages can be written in a matrix form as
follows:
⎡

⎢
⎢
⎢
⎣

1 1
γ −1

γ −1
γ −1

⎤

⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎣

V0

V1

V2

V3

⎤

⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎣

ΔU

(γ − 1)(Vd + Vb)
(γ − 1)Vd

(γ − 1)(Vd − Vb)

⎤

⎥
⎥
⎥
⎦

. (16)

Given the energy equilibrium under steady state, which was
presented in (7), one more voltage relation can be obtained as
follows:

V0 − V1 = V2 − V3 . (17)

Solving the linear equations formed by (16) and (17) gives
⎡

⎢
⎢
⎢
⎣

V0

V1

V2

V3

⎤

⎥
⎥
⎥
⎦

=
1

1 + γ

⎡

⎢
⎢
⎢
⎣

3(γ − 1)Vd + (2 − γ)ΔU

(γ − 1)Vd + ΔU

−(γ − 1)Vd + γΔU

−3(γ − 1)Vd − (1 − 2γ)ΔU

⎤

⎥
⎥
⎥
⎦

. (18)

The intermediate voltages are all linear combinations of Vd and
ΔU . The voltage differences between the intermediate voltages
Vm and the corresponding bias voltages Vb,m+1 are

U1 = U2 = U3 =
ΔU − 2Vd

1 + γ
. (19)

So the bias voltage Vb at steady state is

Vb,SS = V0 − U1 − Vd =
1 − γ

1 + γ
(ΔU − 2Vd). (20)

By substituting the V0 and V3 expressions into (15), the
impedance of the Cp and P-S3BF combination can be speci-
fied as follows:

Ze,P-S3BF(jω) =
1

πωCp

[

sin2 θ + 6
1 − γ

1 + γ

(
1 − cos θ − 2Ṽd

)

+ j(sin θ cos θ − θ)
]

. (21)

where Ṽd = Vd/Voc is the normalized forward voltage drop of
a diode.

Equation (21) represents the dynamic characteristics of the
Cp and P-S3BF combination. Fig. 9 shows that the impedance
can be further divided into three functional components. The
imaginary part of Ze,P-S3BF corresponds to the reactive compo-
nent, i.e.,

Xe =
1

ωCe
= Im(Ze,P-S3BF). (22)

The real part is composed of the dissipative component Rd and
harvesting component Rh . An energy flow analysis is necessary
for quantitatively distinguishing Rd and Rh [12].

Given the intermediate voltages obtained in (18), the energy
harvested in one cycle, i.e., Eh , and the energy dissipated in one
cycle, i.e., Ed , can be calculated according to the partitioned
energy cycle shown in Fig. 6, i.e.,

Eh = 2Cp(V0 − 2Vd)(2Voc − ΔU); (23)

Ed = Ed,flipping + Ed,steering + Ed,rectifying

= Cp

[
3U 2

1 (1 − γ2) + 2Vd(V0 − V3) + 4Vd(2Voc − ΔU)
]
.

(24)

The three terms in Ed correspond to the energy dissipations in
the parasitic resistance of the RLC resonant branch, the current
steering diodes, and the bridge rectifier. Given that the extracted
energy is the sum of the dissipated and harvested ones, the
extracted energy in one cycle can be obtained as follows:

ΔE = Ed + Eh = Cp

(
4VocV0 − ΔU 2)

= CpV
2

oc

[

sin2 θ + 6
1 − γ

1 + γ

(
1 − cos θ − 2Ṽd

)]

. (25)

With the formula of Eh , Ed , and ΔE, the values of Rd and
Rh can be obtained as follows:

Rh =
Eh

ΔE
Re(Ze,P-S3BF), (26)

Rd =
Ed

ΔE
Re(Ze,P-S3BF). (27)

Therefore, the harvested power Ph can be calculated as the
power absorbed by Rh , i.e.,

Ph =
I2
hRh

2
=

I2
eqRh

2

∣
∣
∣
∣

Rp

Rp + Ze,P-S3BF

∣
∣
∣
∣

2

(28)
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Fig. 10. P-S3BF experiment. (a) Setup configuration. (b) Prototyped circuit.

where Ieq is the magnitude of the equivalent current source
ieq(t), which is proportional to the vibration velocity [10]. Ieq
is a constant when the piezoelectric structure vibrates with con-
stant deflection magnitude and constant vibration frequency.

VI. EXPERIMENTS

Experiments are carried out for validating the feasibility of
P-S3BF, its power enhancement, as well as the agreement be-
tween theory and experiment. Three interface circuits including
SEH, P-SSHI, and P-S3BF are connected to the piezoelectric
structure for comparison. As mentioned in Section I, there were
some “active” solutions for PEH enhancement after SSHI; yet,
most require controllable voltage sources to run, which can be
hardly implemented within the micro- to milliwatt harvesters.
That might be the reason why there are still more new papers dis-
cussing the relative old SSHI techniques nowadays, rather than
the “active” scheme, even the concept has been proposed for
nearly 10 years since 2009 [16], [17]. Given the self-contained
and self-adaptive features of P-S3BF, it is fair to compare its
performance with other self-contained featured solutions, such
as SSHI and SEH.

The theoretical harvested power is obtained based on the
equivalent impedance model. It is expressed as a function of the
normalized rectified voltage Ṽ0 = V0/Voc. Under constant mag-
nitude deflection, there is no electrical-to-mechanical backward
coupling effect. Therefore, the current source model is valid.
The normalized rectified voltage can be changed by connecting
different load resistors Rl to the circuit.

A. Experimental Setup

Fig. 10 shows the experimental setup. The main mechanical
structure is an aluminum cantilevered beam, which is excited by
a shaker. Two piezoelectric patches are bonded near the fixed
end of the beam. One patch is for EH and the other is for dis-
placement sensing. In order to generate the synchronized switch

TABLE I
SPECIFICATIONS OF THE EXPERIMENTAL SYSTEM

Component/Parameter Type/Value

Piezoelectric patch (PZT-5A) 20.0 × 20.0 × 0.1 (mm3 )
Cantilever beam (Aluminum) 90.0 × 20.0 × 1.0 (mm3 )
Rp 1.06 MΩ
Cp 28.42 nF
ω 2 π × 24.9 Hz
Voc 15 V
Schottky diodes SS16 (Vd = 0.5 V@100 mA )
MOSFETs Si4590DY (NMOS and PMOS pair)
Li 47 mH
Cr 10 μF
Cb 4.7 μF
RR 1 , RL 1 30 kΩ
RR 2 , RL 2 1 MΩ
CL 1 , CL 2 , CR 1 , CR 2 1 μF
γ −0.7

control in P-SSHI or P-S3BF, an electromagnetic (EM) sensor,
which is composed of a coil and a pair of permanent magnets,
is installed at the free end for sensing the relative velocity be-
tween the cantilever beam and the vibrating base. When the
output voltage of the coil crosses zero, the microcontroller is
triggered to deliver the specific switching sequences according
to Fig. 5(f)–(j). A low-pass filter (LPF) is connected between
the EM sensor and the microcontroller for filtering the noise
from the sensor. The prototyped P-S3BF circuit is shown in
Fig. 10(b). The specifications of the testing PEH system are
listed in Table I.

B. Results

The operating waveforms of P-S3BF are shown in Fig. 11.
The vp profile in P-S3BF looks similar to that in P-SSHI with a
small flipping factor γ (high Q factor), as shown in Fig. 11(a).
Three voltage stairs are successfully realized and observed in
the upstairs and downstairs synchronized instants, as shown in
Fig. 11(b) and (c). The switch power consumption is evaluated
by sampling the current ibat , which flows out of the battery, as
illustrated by the green curve in Fig. 10(a). Four instantaneous
current pulses are observed at the beginning of each switch
actions. The additional power consumption of the switches is
estimated by approximately taking each current pulse as a tri-
angular area and following the formula7

Psw =
ω

2π
× 8 ×

(
1
2
× 4 mA × 20 μS

)

× 3 V ≈ 24 μW.

(29)

The pictures in the downstairs transient are also shown in
Fig. 11(d)–(f). It can be observed from these three subfigures
that, as the bias voltage Vb rises, the first, third, and second bias-
flip actions are successively activated. The principle of the tran-
sient operation was analyzed in Section IV. A tradeoff should be

7The microcontroller has a 6 mW regular power consumption according to the
measured ibat . The whole system is not self-powered at this point. This paper
focuses on the proposal of the P-S3BF technology; therefore, only the power
consumption of the switches and their control is considered as the overhead
power for implementing P-S3BF:
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Fig. 11. Operating waveforms. (a) Overview at steady state, i.e., when Vb = Vb,SS. (b) Downstairs instant at steady state. (c) Upstairs instant at steady state.
(d) Single bias-flip transient (0 < Vb < Vb,C 1 ). (e) Double bias-flip transient (Vb,C 1 < Vb < Vb,C 2 ). (f) Triple bias-flip transient (Vb,C 1 < Vb < Vb,SS).

Fig. 12. Harvested power Ph as functions of the normalized rectified voltage
Ṽ0 (at steady state for P-S3BF).

made between more constant bias voltage and shorter transient
by adjusting the capacitance value of the auxiliary capacitor Cb .
With the setup used in this experiment, the steady-state opera-
tion is attained in around 2 seconds.

Fig. 12 compares the harvested powers under SEH, P-SSHI,
and P-S3BF as functions of the normalized rectified voltage Ṽ0 .
The theoretical results shown by the continuous curves agree
with the experimental ones shown by the discrete markers.
Comparing the maximum harvested powers in the three self-
contained solutions, we can observe that the P-S3BF outper-
forms the extensively studied P-SSHI and SEH solutions. With
the prototyped piezoelectric structure in use, the ratios of the
maximum harvested powers in P-S3BF, P-SSHI, and SEH are
3.88 : 3.11 : 1. The overhead power of the switches control and
drivers in the recent P-S3BF prototype only takes a constant
24 μW at steady state. It is affordable toward the self-powered
systems and might be further reduced with the IC solutions.

Given the aforementioned ratios 18 : 6.67 : 1 in Section V,
which predicts the harvesting capabilities with the ideal lossless
piezoelectric element, the actual improvement obtained by P-
S3BF is much weaker in practice. Such unsatisfactory is caused

by the counteractive effect of the dielectric loss in practical
piezoelectric materials [24]. Therefore, besides the PEH inter-
face circuit, the dielectric property of the active materials also
play an important role toward the PEH enhancement.

VII. CONCLUSION

Since the early investigations on the PEH power condition-
ing interface circuits [7], [8], the evolutionary history of PEH
circuits can be roughly divided into four periods with the pro-
gressive goals: to make the piezoelectric voltage in phase with
the current; to enlarge its magnitude by using passive bias-flip
actions; to further enlarge its magnitude by introducing active
bias-flip actions; and to make the best compromise between
higher extracted power and lower dissipated power. This paper
has introduced the newly implemented P-S3BF interface cir-
cuit as the first-step practice toward the fourth and latest goal.
The original idea, steady-state operation, and transient behav-
ior of the P-S3BF circuit were discussed in detail. Compared
to other existing solutions involving active bias-flip actions, the
self-contained and self-adaptive features of P-S3BF were high-
lighted toward the practical stand-alone applications. Impedance
analysis was developed for considering the joint effect combin-
ing the circuit enhancement and dielectric loss counteraction.
The feasibility of P-S3BF, its performance on PEH enhance-
ment, as well as the agreement between theory and experiment
were validated. This first-step practice based on the OBF strat-
egy can hopefully lead to the implementation of more innovative
PEH power conditioning circuits in the future.
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