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Abstract
Piezoelectric energy harvesting (PEH) systems, as a kind of electromechanically coupled system, are composed of two
essential parts: the piezoelectric structure and the power conditioning interface circuit. Previous studies have shown that
the energy harvesting capability of a piezoelectric generator can be greatly enhanced by up to several hundred percent
by using synchronized switch harvesting on inductor (SSHI) interface circuits, the most extensively investigated family of
synchronized bias-flip interface circuits. After SSHI, some other bias-flip circuit topologies, which utilize active
approaches for PEH enhancement, have been proposed sporadically. Yet, how active is active enough for harvesting as
much energy as possible was not clear. This paper answers this question through the generalization and derivation of
existing bias-flip solutions. The study starts by analyzing the energy flow in existing featured interface circuits, including
the standard energy harvesting (bridge rectifier) circuit, parallel-SSHI, series-SSHI, pre-biasing/energy injection/energy
investment scheme, etc. A synchronized multiple bias-flip (SMBF) model, which generalizes the bias-flip control and sum-
marizes the energy details in these circuits, is then proposed. Based on the topological and mathematical abstraction, the
optimal bias-flip (OBF) strategy towards maximum harvesting capability is derived. A case study on the series synchro-
nized double bias-flip (S-S2BF) circuit shows that the potential of the PEH interface circuits can be fully released by using
the OBF strategy. The proposed SMBF model and OBF strategy set the theoretical foundation and provide a new insight
for future circuit innovations towards more powerful PEH systems.

Keywords
Piezoelectric energy harvesting, synchronized bias-flip circuit, power conditioning, energy flow, work cycle analysis

Introduction

The ambient energy harvesting technologies have
attracted extensive research interest from different engi-
neering disciplines during the last decade. The energy
harvesters convert the dispersive energy in their sur-
roundings into useful electricity. By equipping these
energy harvesting units, it is possible that someday all
distributed and mobile electronics will become self-
powered devices. The piezoelectric transducer provides
one of the most popular transduction mechanisms for
extracting useful electric power from ambient vibration
sources (Cook-Chennault et al., 2008). In studies of
piezoelectric energy harvesting (PEH), various solu-
tions have been developed for broadening the band-
width of energy transfer from the vibration source to
the mechanical structure (Tang et al., 2010; Zhu et al.,
2010) and/or enhancing the energy transduction from
the mechanical structure to electrical storage (Guyomar

and Lallart, 2011; Szarka et al., 2012). According to the
literature, the bandwidth broadening task can be more
effectively achieved by mechanical methods, such as
adopting bistable mechanical structures (Harne and
Wang, 2013). On the other hand, the power condition-
ing circuit plays an important role for increasing the
global coupling coefficient of a PEH system (Lien
et al., 2010; Shu and Lien, 2006a; Shu et al., 2007),
which leads to more harvested power under the same
mechanical vibration.
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Since the first specific study on the effect of harvest-
ing interface circuit over PEH systems (Ottman et al.,
2002), the record of harvesting capability has been
refreshed time after time as a result of unremitting cir-
cuit innovations (Guyomar and Lallart, 2011; Szarka
et al., 2012). In particular, the family of synchronized
switch harvesting on inductor (SSHI) interface circuits
has set a significant milestone in circuit evolution. They
have brought out the idea of synchronized switch har-
vesting for PEH enhancement. Compared to the bridge
rectifier solution, which is usually referred to as the
standard energy harvesting (SEH) interface, the SSHI
interface circuits can enhance the harvesting capability
by up to several hundred percent (Guyomar et al.,
2005; Shu et al., 2007). In SSHI, the synchronized
switching action takes place at every displacement
extreme, which makes sure that the income power from
mechanical to electrical fields is always positive and, at
the same time, also increases the transduced power
(Liang and Liao, 2011a). Since the piezoelectric voltage
is quickly changed with respect to a bias voltage source
in each synchronized instant, the synchronized switch-
ing action was more intuitively called (voltage) bias-flip
action by scholars working on energy harvesting inte-
grated circuits (ICs) (Ramadass and Chandrakasan,
2010). In the SSHI solutions, the bias-flip actions,
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are
all passive, that is, the bias source always absorbs
energy from the system or is energy neutral.

After SSHI, some solutions have emerged based on
the thought that the harvested capability can be further
enhanced by taking active intervention, that is, pump-
ing a suitable amount of energy back to the piezoelec-
tric structure with proper timing, in order to gain more
return (Guyomar and Lallart, 2011; Lefeuvre et al.,
2009; Liu et al., 2007, 2009). Yet, the difference between
necessary passive and auxiliary active bias-flip actions
as well as their cooperation towards more harvested
power were not articulated until the emergence of some
synchronized double bias-flip (S2BF) solutions, such as
the pre-biasing (Dicken et al., 2009, 2012), energy injec-
tion (Lallart et al., 2010; Lallart and Guyomar, 2010)
and energy investment (Kwon and Rincon-Mora, 2012,
2014). Based on a similar thought towards energy har-
vesting enhancement, these three solutions carried out
two sequential bias-flip actions in each synchronized
instant. The intermediate voltage between the two bias-
flip actions (one passive for energy harvesting and the
other active for pre-biasing/energy injection/energy
investment) was spontaneously preset to be zero in
these three individual studies.

Most of the recent circuit studies have focused on
either the technical details towards practical implemen-
tation of SSHI (Lallart and Guyomar, 2008; Liang and
Liao, 2012a; Ramadass and Chandrakasan, 2010) or
the proposals of other single (Lallart et al., 2008; Wu
et al., 2013), double (Dicken et al., 2009, 2012; Kwon
and Rincon-Mora, 2012, 2014; Lallart et al., 2010;

Lallart and Guyomar, 2010) or even triple (Elliott
et al., 2013) bias-flip solutions. Yet, given the evolution
of the aforementioned bias-flip solutions for PEH,
some fundamental questions are also of interest.

1. Is it that the more bias-flip actions in each syn-
chronized instant, the higher the harvesting
capability of a PEH interface circuit?

2. If the idea of energy investment works, how we
can get the best energy return on investment, that
is, maximum net harvested power, by properly
allocating each bias-flip action?

3. Is it possible to derive a general rule for direct-
ing the design of the synchronized bias-flip inter-
face circuits, rather than studying case by case
as before?

Some of these curiosities have been discussed by the
author in one of his papers presented in the
PowerMEMS 2013 conference (Liang and Chung,
2013). As an extended version of that conference paper,
this paper not only answers the aforementioned ques-
tions, which are crucial for the profound understanding
of existing bias-flip solutions, but also develops a gen-
eral model and optimal bias-flip strategy towards the
future development of PEH interface circuits.

Power conditioning and harvesting
capability

A PEH system can be divided into two parts: the piezo-
electric structure, which is sometimes called a piezoelec-
tric harvester and the power conditioning circuit, also
called the interface circuit, because it handles the piezo-
electric interface between the mechanical and electrical
domains. The dynamics of the mechanical and electri-
cal parts are mutually influenced; yet, for highlighting
the circuit design and analysis, the effect of a piezoelec-
tric structure is usually summarized by an AC equiva-
lent current source ieq, whose value is proportional to
the vibration velocity, in parallel with the piezoelectric
clamped capacitance Cp, as shown in Figure 1(a)
(Ottman et al., 2002; Wu et al., 2009). The power con-
ditioning interface circuit is connected in parallel with
both ieq and Cp for extracting power from the

Figure 1. Principle of a PEH system with power conditioning
circuits: (a) schematics; (b) equivalent impedance model (Liang
and Liao, 2012a).
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equivalent current source. The early power condition-
ing circuit was totally passive, such as the bridge recti-
fier in SEH. Later research has shown that, by
manipulating vp, the voltage across the piezoelectric ele-
ment, according to the variation of ieq, for example,
making them in phase and increasing the magnitude of
vp, more power can be extracted from the vibrating
piezoelectric structure (Guyomar et al., 2005). The cur-
rent sensor in Figure 1(a) illustrates the sensing and
synchronization of ieq, or, more practically, its propor-
tional equivalent, the vibration velocity.

Liang and Liao (2012a) has provided an equivalent
impedance model for the dynamics of an interface cir-
cuit, as shown in Figure 1(b). In the impedance model,
Rh and Rd denote the effects of energy harvesting and
dissipation in an interface circuit, respectively; Ca is an
accompanied reactive (usually capacitive) component.
Their values are functions of the non-dimensional recti-
fied voltage ~Vrect, as shown in Figure 1(b). Based on the
impedance model and given that the magnitude of ieq is
constant, it is easy to identify the optimization objective
of the power conditioning circuit. That is, to increase
the value of Rh as much as possible, no matter how
much Rd and Ca are, because the harvested power is
expressed as follows

Ph =
1

2
I2
eqRh ð1Þ

where Ieq is the magnitude of sinusoidal ieq.
In an dynamic PEH system, the increase of Rh inten-

sifies the damping effect of the system through the
piezoelectric backward coupling, and consequently
might decrease ieq. So Ph cannot increase monotoni-
cally along with the increase of Rh, when taking the
structural effect into consideration. In the previous
studies, the circuit performance was usually indicated
by the harvested power (Guyomar and Lallart, 2011)
or global coupling coefficient (Lien et al., 2010; Shu
et al., 2007), which tangle with some factors in the
piezoelectric structure. In order to separate the contri-
bution of interface circuit for better evaluation, in this
paper, the non-dimensional resistance ~Rharv is defined
as the figure of merit for indicating the harvesting capa-
bility of an interface circuit, that is

~Rharv ¼D max½Rh(~Vrect)�vCp ð2Þ

If all the diodes and rectifiers are ideal, that is, have
zero voltage drops, ~Rharv has no relation with the
mechanical and piezoelectric parameters. It is merely
determined by the circuit topology. For example, in the
ideal SEH interface circuit, Rh obtains its maximum
value 1=(pvCp) when ~Vrect = 1=2 (Liang and Liao,
2012a); therefore, the ~Rharv of SEH is 1=p according
to (2).

Besides energy harvesting, the effect of the interface
circuit on structural damping is also of concern (Wang
and Inman, 2012). Likewise, the damping capability of a
circuit can also be defined as another non-dimensional
resistance

~Rdamp ¼D max½Rh(~Vrect)+Rd(~Vrect)�vCp ð3Þ

For SEH, by assuming ideal rectification, we can have
Rd = 0; therefore, ~Rdamp = ~Rharv = 1=p. For the resis-
tive load, which has been extensively used as the har-
vesting circuit equivalent in the structure emphasized
studies (Erturk and Inman, 2009), we can have Rh = 0

and maximum Rd = 1=(2vCp) when the shunt resistor
equals 1=(vCp); therefore, ~Rdamp = 1=2 according
to (3).

The two figures of merit ~Rharv and ~Rdamp provide
independent and efficient indices for evaluating the per-
formance of different circuit topologies. Yet, it should
be reminded again that, for the whole PEH system,
only when the backward coupling effect is weak enough
to be neglected does the higher harvesting capability,
that is, larger ~Rharv, lead to more harvested power; like-
wise, larger ~Rdamp, to more extracted power. For mod-
erate and strongly coupled cases, the harvested power
and extracted power also depend on the mechanical
dynamics (Shu and Lien, 2006a; Shu et al., 2007). In
these cases, the harvested and extracted powers can be
estimated based on a joint electromechanical model, for
example, the equivalent impedance model (Liang and
Liao, 2012a). Since this paper focuses on the harvesting
capabilities of different circuit topologies, ~Rharv is taken
as the major consideration for circuit evaluation
hereafter.

Circuit evolution

A vibrating piezoelectric structure generally outputs an
AC voltage across its electrodes, which can be con-
verted into DC with a rectifier for powering DC load
and/or charging electrical storage. The bridge rectifier
provides the most universal interface for converting AC
electricity into DC. It can be used for the conversions
from different AC sources. Yet, the internal character-
istics of different transducers are quite different (Szarka
et al., 2012). For example, a piezoelectric transducer is
characterized as an ideal current source in parallel with
an inherent capacitance, as shown in Figure 1(a), while
an electromagnetic transducer is characterized as a vol-
tage source in series with its self-inductance (Khaligh
et al., 2010). If an interface circuit is designed according
to the unique feature of the specific transduction
mechanism, more harvested power might be obtained.
This proposition stimulates the evolution of PEH inter-
face circuits.
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Standard circuit

The initial comprehensive investigations of the PEH
circuit date back to Ottman et al.’s work based on the
bridge rectifier interface (SEH) in 2002. The same
research group has also studied the damping effect
induced by a PEH system using an SEH interface
(Lesieutre et al., 2004). Ever after, the bridge rectifier is
taken as the standard interface circuit and also provides
a baseline for the later developments (Liang and Liao,
2009; Shu and Lien, 2006a,b). The SEH circuit topol-
ogy and corresponding waveforms are shown in
Figure 2(a) and (e), respectively. With SEH, each half
waveform cycle can be divided into two phases, that is,
open circuit and constant voltage, as distinguished by
different background colors in Figure 2(e). It was
demonstrated that the harvested power has a parabolic
relation versus the rectified voltage V0. A maximum
power point tracking should be implemented for main-
taining the optimum operation (Ottman et al., 2002).

Since the product of current ieq and voltage vp is the
power extracted from the piezoelectric structure, in
order to maximize this power, we should tune vp until
it is in phase with ieq (for unity power factor), and at
the same time, enlarge the vp magnitude as much as
possible. This idea leads to the inventions of the follow-
ing series of synchronized bias-flip interface circuits.

Passive bias-flip circuits

The most notable and extensively investigated synchro-
nized bias-flip circuits are SSHI (Guyomar et al., 2005;
Shu et al., 2007). The circuit topology and correspond-
ing operating waveforms of the parallel version of SSHI
(P-SSHI) are shown in Figure 2(b) and (f), while those
of the series version of SSHI (S-SSHI) are shown in
Figure 2(c) and (g).

In SSHI, an inductive circuit branch, which is com-
posed of the switch S, inductance Li, parasitic resis-
tance r and bias voltage Vb in series is connected to the
piezoelectric electrodes. The operation of a bias-flip
action is illustrated by the transient vp waveform shown
in Figure 3. Without any switching on and off, vp main-
tains the same value, as shown by the gray dotted line.
If the switch is turned on at the ton instant, r, Li and Cp

the piezoelectric capacitance form an under-damped
resistor-inductor-capacitor (RLC) circuit, such that vp

starts to oscillate from the initial value Von with respect
to a bias voltage Vb, as shown by the gray dashed line.
At a toff instant when the corresponding vp =Voff, we
turn off the switch, such that vp will stay at Voff, as
shown by the black solid line. In all SSHI solutions, the
switch-on interval is set to be half of an an RLC natu-
ral period, that is

tp = toff,p � ton =p
ffiffiffiffiffiffiffiffiffi
LiCp

p
ð4Þ

such that the largest voltage changing can be achieved.
Denoting the voltage extreme at toff,p as Voff,p and the
quality factor of the RLC circuit as Q, the ratio

gp =
Voff,p � Vb

Von � Vb

= � e�p=(2Q) ð5Þ

evaluates the voltage change ratio with respect to the
bias voltage Vb. Such a ratio was called the inversion
factor in the SSHI studies.

2

On the other hand, in some
bias-flip solutions, the switch-on interval is shorter than
tp, making such factors above gp or even above zero (Liu
et al., 2009), as shown by the general bias-flip case in Figure
3. In this paper, we use another term (voltage) flipping fac-
tor

3

for evaluating a general bias-flip action. The flipping
factor g is available within the following range

� 1\gp � g� 1 ð6Þ

where the number � 1 represents the ideal voltage
inversion with a lossless RLC circuit, that is, r = 0 or
accordingly Q=‘, gp represents the maximum voltage
inversion decided by the finite Q factor of the practical
RLC branch in use and the number 1 represents the
cases without rapid voltage change in the synchronized
instant, for example, SEH.

Denoting the voltage different between Von and Vb

as U, as shown in Figure 3, for each action, the energy
input into the bias source is

DEb =Cp(1� g)UVb ð7Þ

In the bias-flip actions of all SSHI solutions, we have

UVb � 0 ð8Þ

which gives a non-negative DEb implying that the bias
sources always absorb energy (greater sign) or are
energy neutral (equal sign). In this paper, these energy
extractions (from the piezoelectric structure) are
referred to as passive bias-flip actions. Since both P-
SSHI and S-SSHI use only such bias-flip actions in
their synchronized instants, we call them passive bias-
flip circuits. The synchronized bias-flip actions not only
make vp and ieq in phase, but also enlarge the magni-
tude of vp. Therefore, the passive bias-flip circuits can
enhance the PEH capability by up to several hundred
percent (Guyomar et al., 2005; Liang and Liao, 2011a;
Shu et al., 2007).

Besides SSHI, there is another extensively studied
solution utilizing single passive voltage changing action
at each synchronized instant for PEH enhancement,
which is called the synchronized electric charge extrac-
tion (SECE) (Lefeuvre et al., 2005; Tang and Yang,
2011). The vp waveform of SECE looks like that of S-
SSHI with Vb = 0 and g = 0. Yet, in SECE, the induc-
tor in the switching branch is utilized as an intermediary
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agent for passing the extracted energy to the storage
capacitor, rather than merely enabling the RLC reso-
nances. Given the different working principle, SECE
cannot be counted as a bias-flip solution; therefore, it is
not studied in this paper.

Hybrid bias-flip circuits

Ever since the proposal of passive bias-flip circuits, a
lot of research efforts have been put into their dynamic
modeling (Liang and Liao, 2012a; Lien et al., 2010; Shu
et al., 2007), transformation (Guyomar and Lallart,
2011) and implementation (Lallart and Guyomar, 2008;
Liang and Liao, 2012b). On the other hand, new tech-
niques continuously emerged.

To continue the PEH improvement, we have to fur-
ther magnify the synchronized piezoelectric voltage vp.
But, how to achieve the goal? One answer is to artifi-
cially assign the waveform of vp. Liu et al. (2007) stud-
ied the PEH enhancement with the ideal work cycle, in
which vp is driven as a square wave in phase with the
vibration velocity, while Lefeuvre et al. (2009) and
Guyomar and Lallart (2011) specified the same ideal
cycle as the Ericsson cycle. Liu et al. (2009) utilized a
pulse width modulation (PWM) solution called active
PEH (APEH) for eliminating the switching loss in the
steeply changing points of vp, where the adjective active
was utilized for the first time in the studies of
PEH power conditioning. The corresponding circuit
topology and waveforms of APEH are shown in

Figure 2. Featured PEH interface circuits and their waveforms: (a) SEH topology; (b) P (parallel)-SSHI topology; (c) S (series)-SSHI
topology; (d) topology shared by active PEH (APEH) and return to zero (RTZ)-single supply pre-biasing (SSPB); (e) SEH waveforms;
(f) P-SSHI waveforms; (g) S-SSHI waveforms; (h) APEH waveforms; (i) RTZ-SSPB waveforms.
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Figure 2(d) and (h). It has many bias-flip actions in
each half cycle to actively constrain vp around the vol-
tage Vb (for positive ieq) or �Vb (for negative ieq). Yet,
active voltage assignment requires a reverse flow of the
harvested energy, which leads to the key question for
the active PEH scheme: how we can optimize the net
energy income by making a rational energy investment?

Dicken et al. (2009, 2012), Lallart et al. (2010);
Lallart and Guyomar (2010) and Kwon and Rincon-
Mora (2012, 2014) developed some solutions, which
gave some preliminary answer to the aforementioned
question. These solutions share a similar principle, but
were titled in different terms, that is, pre-biasing
(Dicken et al., 2009, 2012), energy injection (Lallart
et al., 2010; Lallart and Guyomar, 2010) and energy
investment (Kwon and Rincon-Mora, 2012, 2014),
respectively. One of their derivatives, which is called the
single supply pre-biasing (SSPB) (Dicken et al., 2011,
2012), shares the same circuit topology with APEH, as
given in Figure 2(d). Yet, their control principles are
different. SSPB only makes two bias-flip actions during
each synchronized instant. From Figure 2(d), the
APEH and SSPB topology can be modified from the S-
SSHI one by replacing the four diodes in the rectified
bridge with four bi-directional switches and removing
the switch S, whose function is taken over by the four
new switches. Such a replacement enables the reverse
current flow from the energy storage capacitor Cr to
Cp, such that the energy stored in Cr can also flow back

to Cp. The operating waveforms of SSPB are shown in
Figure 2(i). Comparing Figure 2(g) and (i), the profiles
of SSPB and S-SSHI waveforms look the same; their
difference hides in their synchronized instants as shown
in the enlarged views of the two sub-figures. The S-
SSHI has experienced one bias-flip action, while SSPB
has two. In SSPB, the bias voltages in both actions are
Vb and �Vb, respectively, and zero is designated as the
intermediate voltage connecting the two actions.

4

More
detailed operation of SSPB can be referred to the
papers of Dicken et al. (2009, 2012) and Elliott et al.
(2013). The double bias-flip actions in each synchro-
nized instant enable the further increase of vp magni-
tude under the same ieq. Looking into the details of the
two bias-flip actions in each synchronized instant of
pre-biasing/energy injection/energy investment, we can
find that, the first one satisfies the condition described
by (8); yet, from the second bias-flip, we have

UVb\0 ð9Þ

which gives a negative DEb implying that the bias
sources absorb negative energy, in other words, inject
energy into the piezoelectric structure. In this paper,
these energy injections (to the piezoelectric structure)
are referred to as active bias-flip actions. Liu et al.
(2009) used the term ‘‘active PEH’’ for designating the
PEH solutions involving active bias-flip actions. Yet,
literally speaking, merely active actions do not provide

Figure 3. Transient voltage waveform in a bias-flip action.
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harvestable energy, as indicated in (9); passive actions
are necessary for the purpose of energy harvesting.
Given this existing ambiguity, in this paper, a new
term, hybrid bias-flip circuits, is used for summarizing
these energy harvesting solutions involving both active
and passive bias-flip actions.

Energy flow and work cycle analysis

In order to make a comprehensive analysis on the per-
formance of different interface circuits, we should first
have a clear understanding on the energy composition
in the PEH systems. Given the emergence of active
bias-flip action, the energy flow chart given by Liang
and Liao (2011a) should be revised for generalizing the
energy picture in the existing PEH solutions. The
updated energy flow chart is shown in Figure 4. The
energy composition of a PEH system might be from
three different physical fields, that is, mechanical, elec-
trical and thermal. Path A denotes the energy that is
transduced from mechanical to electrical through the
piezoelectric channel, while path B represents the
energy rewind due to the phase difference between ieq
and vp. In the electrical part, there are generally three
energy outlets according to the existing interface cir-
cuits, the AC load, series branch and parallel branch.

The AC load, which is mostly seen in the structure
emphasized studies, directly turns the converted electri-
cal energy into thermal energy (path H).

The series circuit branch carries out the bias-flip
actions; therefore it can be found in all bias-flip cir-
cuits. If the series branch is not used for energy harvest-
ing, like that in P-SSHI, all income energy (path C) will
be dissipated in the bias-flip process (path F). If it is
equipped with the energy harvesting function, like that
in S-SSHI, then some of the energy is turned into stor-
able or useful DC energy (path E) after paying some
price of energy dissipation during rectification (path

G). Path D denotes the pre-biasing/energy injection/
energy investment process, which breaks the one-way
energy flow to the series branch. So the series branch
with path D is an active circuit branch.

The parallel branch denotes a one-way power rectifi-
cation process, which is usually realized by a bridge rec-
tifier. The income energy (path I) is converted into
storable or useful DC energy (path K) in this branch.
The rectification process might also cause some energy
dissipation (path J).

Based on the energy flow chart shown in Figure 4,
we can further formulate the net harvested energy (per
cycle) as follows

Eh, net =Eharvested � Einvested

=Eextracted � Edissipated
ð10Þ

where Eharvested is the energy combination from paths E
and K, Einvested corresponds to that from path D,
Eextracted is the energy sum from paths E, F, G, H, K
and J minus the investment from path D and Edissipated

is the sum from paths F, G, H and J.
In the analysis, the targets of power conversion and

energy harvesting were usually confused. Many PEH
related studies regarded more extracted energy as the
objective of energy harvesting enhancement, as damp-
ing related studies did (Miller et al., 2012; Wang and
Inman, 2012). The area enclosed by the work cycle in
the charge-voltage or displacement-force plane, which
is proportional to the extracted energy per cycle, was
regarded as a measure of energy harvesting capability
(Deterre et al., 2012; Liu et al., 2007, 2009). Liang and
Liao (2009) and Guyomar et al. (2009) pointed out that
harvested energy is not proportional to extracted
energy. Liang and Liao (2012a) specified the three
equivalent components Ca, Rh and Rd , corresponding
to alternating energy, harvested energy and dissipated
energy, respectively, in practical PEH systems, as

Figure 4. Energy flow chart summarizing the possible energy flow directions in the existing interface circuits.
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shown in Figure 1(b). They further identified the net
power that goes into harvesting component Rh, that is,
the product of the vibration frequency f and Eh, net in
(10), as the target for energy harvesting. From (10),
there is a difference Edissipated between the extracted
energy Eextracted and the net harvested energy Eh, net,
which results from the energy dissipation during the
bias-flip actions and rectification processes.

Among the three aforementioned circuit branches,
the energy composition of the series branch is the most
complicated; the harvested and dissipated energies in a
general bias-flip action need to be better clarified. In
most bias-flip cases, g was set at its negative lower
bound, that is, gp as given in (5) (Guyomar and Lallart,
2011); yet, in some studies, g was selected to be some
value above zero (Liu et al., 2009). The energy details in
these two negative g and positive g cases are of interest
towards better understanding of the bias-flip actions.

Given a bias-flip action, which changes vp from
Vb +U to Vb + gU with respect to the bias voltage Vb,
as illustrated in Figure 3, Figure 5(a) and (b) show the
energy compositions in two cases (the corresponding
voltage waveforms are shown on the right of the subfi-
gures), whose flipping factors are g.0 and g\0,
respectively. In both cases, the energy difference before
and after the action is considered as the change of
energy stored in Cp, that is

DECp =
1

2
Cp(Vb +U )2 � 1

2
Cp(Vb + gU )2 ð11Þ

A part of this energy is dissipated in the non-ideal
switching branch. The amount of this energy is

Ed, flip =
1

2
CpU2(1� g2) ð12Þ

which is illustrated by the trapezoid KMFE in
Figure 5(a). For better illustration, the trapezoid is
reformed into the triangular area KNE. On the other
hand, since a specific amount of charge has flowed
through the bias voltage Vb, the bias voltage source
absorbs an amount of energy from Cp, that is, DEb

defined in (7). Comparing (11) and the sum of (7) and
(12), we can have

DECp =Ed, flip +DEb ð13Þ

which agrees with the conservation of energy.
The bias voltage Vb can be further decomposed into

two parts, the voltage storage Vs and the forward vol-
tage drop of some diodes (like those in S-SSHI) Vds

(Liang and Liao, 2012a). Therefore, the energy DEb can
be further broken down into two parts: the diode
dissipation

Ed, diode =Cp(1� g)UVds ð14Þ

which corresponds to the area enclosed by CEJI (trans-
formed from CEGD) in the Figure 5(a) case and QSXV

in the (b) case; and the energy being absorbed to or
injected from Cp

Eh, source =Cp(1� g)UVs ð15Þ

which corresponds to the area enclosed by ACIH

(transformed from ACDB) in the Figure 5(a) case, and
OUVQ in the (b) case.

Comparing the two cases presented in Figure 5(a)
and (b), it can be observed that with the same absolute
value jgj, the flipping dissipation is the same; yet the
diode dissipation and harvested energy in the g.0 case
is less. Therefore, the g\0 bias-flip is more efficient in
terms of energy harvesting. In particular, when g = gp,
the harvested or invested energy is maximized while the
dissipated energy is minimized in a bias-flip action.

With the overview of the energy flow within the
PEH circuits and the graphical insight on the energy
composition in the bias-flip process, Figure 6 draws the
energy flow charts and energy cycles for the aforemen-
tioned five PEH interface circuits as well as the resistive
loading case. In the resistive loading case, whose energy
flow is shown in Figure 6(a), all extracted energy is dis-
sipated by the linear AC load, as graphically shown in
the work cycle. Other than this linear case, the work
cycle of all harvesting interface circuits is formed by
three essential line segments: a horizontal one

Figure 5. Energy compositions in the bias-flip processes. (a) Flipping factor g.0. (b) Flipping factor g\0.
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Figure 6. Energy flow charts of: (a) resistive load; (b) SEH; (c) P-SSHI; (d) S-SSHI; (e) APEH and RTZ-SSPB, and working cycles of:
(f) resistive load; (g) SEH; (h) P-SSHI; (i) S-SSHI; (j) APEH; and (k) RTZ-SSPB.

Liang 9

 at CHINESE UNIV HONG KONG LIB on April 26, 2016jim.sagepub.comDownloaded from 



representing constant voltage phases, a perpendicular
one representing bias-flip phases and an oblique one
with the slope of C�1

p representing the open-circuit
phases. The enclosed area in all solutions corresponds
to the extracted energy in one cycle. Detailed energy
dissipation in the bias-flip phases can be figured out by
using (12) and (14). The diode dissipation in the con-
stant voltage phases can be calculated with the formula
provided by Liang and Liao (2011a). According to (10),
subtracting the dissipated energy from the extracted
energy gives the net harvested energy, which corre-
sponds to the green area in Figure 6. Figure 6 intuitively
shows how P-SSHI and S-SSHI can enlarge the har-
vested energy, compared to the SEH case, and how the
RTZ-SSPB can further outperform SSHI. Nevertheless,
from the work cycle analysis, the performance of
APEH is not as good as claimed.

5

If we further enlarge
V0, the difference between the extracted energy and dis-
sipated energy will become negative. The negative net
harvested energy implies that the investment has
already exceed the income energy. Therefore, rational
energy investing strategy is crucial towards higher net
income.

General synchronized multiple bias-flip
model

The existing energy harvesting interface circuits have
already covered some bias-flip cases including the zero
bias-flip (SEH), single bias-flip (SSHI) and double bias-
flip (SSPB) solutions. Yet, the studies of these bias-flip
circuits are still case by case. A generalized model can
make the analysis more convenient. On the other hand,
such a model might also lead to a new insight towards
future harvesting circuit improvement.

Intuitively, from (10), we know that the only way to
achieve better harvesting capability is to maximize the
extracted energy, while at the same time, minimize the
dissipated energy. Given the flipping factor as a practi-
cal constant, with a close observation of the work cycles
in Figure 6, we can conclude that the increase of
extracted energy requires a larger voltage change after a
series of bias-flip action(s) at each synchronized instant,
while less dissipated energy prefers a smaller voltage

change at each bias-flip action. Because the dissipated
energy in each bias-flip action parabolically rises
according to the corresponding voltage change, as given
by (12) and shown in the energy cycles in Figure 6. The
only way to satisfy large energy extraction at small
energy dissipation is to make a large voltage change by
combining multiple small bias-flip steps. This interesting
conclusion also leads to the proposal of a generalized
synchronized multiple bias-flip (SMBF) model.

The conceptual circuit topologies of SMBF are
shown in Figure 7. The two configurations of series
SMBF (S-SMBF) and parallel SMBF (P-SMBF) are
derived from their single bias-flip counterparts, that is,
S-SSHI and P-SSHI, respectively, by adding more
series bias-flip branches with different bias voltage
sources Vb, i and a constant flipping factor g for sequen-
tial bias-flip actions. In every zero-crossing instant of
ieq, the piezoelectric voltage vp is flipped M times with
respect to the bias DC voltage sources from Vb, 1, Vb, 2,
to Vb,M in sequence, where M is a non-negative integer.
The bias voltages are assumed unknown variables at
start. The source symbols in Figure 7 are only for indi-
cating positive directions, rather than actual polariza-
tion. In practice, these bias sources might be realized
by large capacitors or battery banks. Half of the switch
paths with switch S+m are for downstair (high to low)
voltage flipping, while the others with switch S�m are
for upstair (low to high) flipping. Even the flipping fac-
tor g can be selected separately for each bias-flip within
the range described by (6) towards a more general
model, the lower bound, that is, gp, is usually preferred
for making the largest voltage change with the lowest
dissipative cost, as discussed in Figure 5. The diode
and rectifier forward voltage drops are denoted as Vds

for the series branches (bias-flip branches) and Vdp for
the parallel branch.

Figure 8 shows the conceptual waveforms in SMBF.
The enlarged view of the positive to negative transition
shows how the bias voltage sources Vb, 1, Vb, 2, � � �, and
Vb,M are allocated, and how the switches from S+ 1,
S+ 2, � � �, and S+M take shifts, towards the downstairs
voltage variation. The negative to positive transition
involves the opposite upstairs voltage variation; there-
fore, S�1, S�2, � � �, and S�M take shifts to change vp

Figure 7. Conceptual SMBF interface circuits. (a) S-SMBF. (b) P-SMBF.
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progressively by taking reference to the bias voltages
�Vb, 1, �Vb, 2, � � �, and �Vb,M . The intermediate vol-
tages connecting two bias-flip actions are denoted as
Vm (m= 0, 1, 2, � � �, M). Their differences to the bias
voltages Vb,m+ 1 are denoted as Um+ 1, as shown in
Figure 8.

Figure 9 shows the energy cycles in SMBF. These
two subfigures give ideas about how the multiple bias-
flip actions reduce the dissipated energy (filled in blue)
meanwhile enlarging the extracted energy (enclosed by

the work loci). The diode dissipation is also illustrated
in red in Figure 9.

By changing the non-negative number M, the SMBF
can deduce most existing bias-flip solutions. For exam-
ple, open-circuit connection can be regarded as S-
S0BF, SEH is P-S0BF, S-SSHI is S-S1BF, P-SSHI is P-
S1BF and RTZ-SSPB is a special case of S-S2BF.
FRTZ-SSPB is a special case of S-S3PB (which will be
explained in the case study section). The actively driven
Ericsson cycle solution can be regarded as a special case

Figure 8. Waveforms in SMBF. (a) S-SMBF. (b) Enlarged view of a synchronized instant in S-SMBF. (c) P-SMBF. (d) Enlarged view of a
synchronized instant in P-SMBF.

Figure 9. Energy cycles in SMBF. (a) S-SMBF. (b) P-SMBF.
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of P-S1BF, where Vb = � V0 and g = 0. The PWM
driven APEH is different, since it flips the voltage many
times outside the synchronized instants; yet, its har-
vested energy in one cycle is similar to that obtained
with the rectangular Ericsson cycle.

Optimal bias-flip strategy

The introduction of active bias-flip actions has brought
some new challenges to the circuit design of PEH sys-
tems. The bias voltages should be properly allocated to
make sure that vp changes in a downstairs and upstairs
style. But even with the good bias-flip order, there is no
guarantee for the best energy return on investment. A
mathematical formulation is of necessity for optimizing
the performance of a general SMBF circuit.

With the denotations on the intermediate voltages of
vp and the bias DC sources, which were used in
Figure 8 and 9, the voltage relation in each bias-flip
action can be expressed as follows

gUm = g(Vm�1 � Vb,m)= Vm � Vb,m

(m= 1, 2, � � � ,M)
ð16Þ

In addition, as shown in figure 8(c), the difference
between V0 and �VM in P-SMBF is denoted as DU ,
that is

DU =V0 +VM ð17Þ

In such way, S-SMBF can be regarded as a special case
of P-SMBF, in which

DU = 2Voc, ð18Þ

where

Voc =
Ieq

vCp

ð19Þ

is the open-circuit voltage, that is, the voltage magni-
tude across the piezoelectric element without connect-
ing any shunt circuit, and v is the vibration frequency.

Based on the definitions of (16) and (17), the rela-
tions among these unknown voltages in all SMBF solu-
tions can be generalized as follows

1 1

1 �1
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. . .
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1� gð ÞU1
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.

1� gð ÞUm

..

.

1� gð ÞUM

2
6666666664

3
7777777775

ð20Þ

Solving the equation gives

Vm =
DU

2
+

1� g

2

XM
i=m+ 1

Ui �
Xm

i= 1

Ui

 !
ð21Þ

The net energy income of all bias DC sources in Figure
7 can be formulated by

Eh = 2Cp½
PM

m= 1

1� gð ÞUm(Vb,m � Vds)

+ 2Voc � DUð Þ(V0 � Vdp)�
ð22Þ

where each Vb,m can be expressed as functions of U1,
U2, ., UM , and DU . Since U1, U2, ., UM , and DU are
independent variables, optimal harvesting condition
can be derived by taking the zero partial derivatives

∂Eh

∂Um

= 0

∂Eh

∂DU
= 0

8><
>: ) Um, opt =

Voc � Vds

1+ g
DUopt =Voc +Vdp

8<
: ð23Þ

where m= 1, 2, . . . ,M . Since the rectifier voltage drop
is usually 0.5 to 1 volt, which is much smaller than the
output voltage of most ceramic based piezoelectric gen-
erators (Cook-Chennault et al., 2008). In the following
parts, we discuss the harvesting capabilities of different
bias-flip circuits by assuming all the directional diodes
are ideal, or the open circuit voltage is large enough,
such that Vds and Vdp in (22) and (23) can be neglected.

Submitting the optimal condition that given in (23)
into the expression of net harvested energy shown in
(22), the maximum harvested energy of SMBP can be
obtained. In addition, by combining (1), (2) and (19), it
can be derived that

~Rharv =
max½Eh, net�

pCpV 2
oc

ð24Þ

Therefore the harvesting capability of P-SMBF circuit
family can be obtained as follows

~Rharv, P�SMBF =
M

p

1� g

1+ g
+

1

p
ð25Þ

Based on the general expression, we can efficiently
deduce the harvesting capability of some existing bias-
flip circuits in the P-SMBF family. For instance, P-
S0BF (SEH) is 1=p and P-S1BF (P-SSHI) is
2=p=(1+ g) (Lefeuvre et al., 2006). Different from P-
SMBF, where DU is variable within 0, 2Voc½ �, in S-
SMBF, DU is fixed at 2Voc. Other optimal conditions,
that is, the optimal Um in the series case are the same as
those in the parallel case, as given by (23). Therefore,
the harvesting capability of S-SMBF circuit family can
be obtained as follows

~Rharv, S-SMBF =
M

p

1� g

1+ g
ð26Þ
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Based on (26), the harvesting capability of S-S1BF
(S-SSHI) is (1� g)=(1+ g)=p, the same as that pro-
vided by Lefeuvre et al. (2006).

Based on (25) and (26), Figure 10 summarizes the
harvesting capabilities as functions of g in the P- and
S-SMBF solutions. It shows that, under the same bias-
flip number M, P-SMBF is able to harvest more energy
than its series counterpart. All figures of merit ~Rharv

approach infinity as g approaches –1 (ideal lossless flip-
ping case), except the M = 0 (no flipping) cases. The
larger the M, that is, the more bias-flip actions for vp in
each synchronized instant, the larger ~Rharv under same
g. In other words, the constraint against further
improvement of harvested capability in conventional
SSHI, which results from the practically achievable
minimum g, might be broken through by sophisticat-
edly enabling more bias-flip actions in each synchro-
nized instant.

The above analysis has shown a broad picture of the
energy harvesting capability of the SMBF interface cir-
cuits. Procedures of voltage flipping should also be
investigated for learning about the implementing
details towards such an achievement. Figure 11 illus-
trates the intermediate voltage Vm and bias voltages
Vb,m in the synchronized positive to negative (down-
stairs) transition of vp, under different bias-flip number
M. It can be observed that the more bias-flip actions
implemented in a synchronized instant, the larger the
amplitude of vp that can be achieved. Under the opti-
mal harvesting condition, each voltage stair produced
by a bias-flip action, that is, Vm � Vm+ 1, is the same.
For the M = 1 cases, that is, S-SSHI and P-SSHI, all
bias-flip actions are passive (UmVb,m � 0). In other
words, energy is harvested during these actions.

6

For
the M � 2 cases, some of the bias-flip actions are pas-
sive, while some are active (UmVb,m\0). Therefore,

maximum harvested energy is attained with the hybrid
schemes when M � 2. Moreover, one significant fea-
ture of optimal P-SMBF can be observed from Figure
11(b). Regardless of the value of M, bias voltages Vb,m

are distributed symmetrically about the zero voltage
axis. As the voltage change produced by every bias-flip
action is the same under the optimal condition, it
implies that the sum of energy income of all bias DC
sources from Vb, 1, Vb, 2 to Vb,M is zero. Therefore, the
net harvested energy all goes into the rectified DC
source V0 in the parallel branch.

Case study: S-S2BF & SSPB

The up-to-date bias-flip interface circuits, including
pre-biasing (Dicken et al., 2009, 2012), energy injection
(Lallart et al., 2010; Lallart and Guyomar, 2010) and
energy investment (Kwon and Rincon-Mora, 2012,
2014), use two sequential bias-flip actions for enhancing
the harvested power. In these solutions, the intermedi-
ate voltage between the two sequential bias-flip actions
is mandatorily fixed at zero, rather than regarded as a
free variable; therefore, they can be regarded as a spe-
cial case of the S-S2BF solution.

For more practical implementation, Dicken et al.
(2012) has reused a single voltage source for making
two bias-flip actions and developed the RTZ-SSPB cir-
cuit, which has the same harvesting capability as the
general pre-biasing circuit. Under these two conditions,
that is, zero intermediate voltage and reused single bias

ha
rv

Figure 10. Energy harvesting capabilities of different bias-flip
solutions (M from 0 to 5).

Figure 11. Piezoelectric voltage vp with intermediate and bias
voltages at the synchronized positive to negative (downstairs)
transition under optimal harvesting conditions (g = � 0:5). (a)
Optimal S-SMBF. (b) Optimal P-SMBF.
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voltage, the harvesting capability of RTZ-SSPB is
expressed as follows

~Rharv, RTZ�SSPB = ~Rharv, S�S2BF
��
V1 = 0; Vb, 1 +Vb, 2 = 0

=
8

p

�g

1� g2

ð27Þ

The harvesting capability of RTZ-SSPB is illustrated
by the gray dotted line in Figure 10. It can be observed
that it outperforms SEH (P-S0BF), S-SSHI (S-S1BF)
and P-SSHI (P-S1BF) when g\� 0:123, �0:172 and
�0:333, respectively. Yet, it cannot catch up with the
optimized S-S2BF, which is obtained by regarding V1,
Vb, 1 and Vb2 as unconstrained variables in optimization.
The reason for such difference is of interest.

On the other hand, if the V1 = 0 constraint is elimi-
nated, the harvested power might drop given other V1

values. Elliott et al. (2013) proposed the FRTZ-SSPB
solution, in which they added one more switching
action by shorting Cp in between the two bias-flip
actions, such that force vp can RTZ before the next
active bias-flip action and make an even higher harvest-
ing capability, compared to RTZ-SSPB. The FRTZ
action is equivalent to an additional bias-flip action
inserted in between the two actions in RTZ-SSPB,
whose individual flipping factor g2 = 0 and Vb, 2 = 0.
The harvesting capability of FRTZ-SSPB is expressed
as follows

~Rharv, FRTZ�SSPB

= ~Rharv, S�S3BF
��
g2 = 0; Vb, 2 = 0; Vb, 1 +Vb, 3 = 0

=
2

p

1� g

1+ g

ð28Þ

Comparing (28) and (26), the FRTZ-SSPB has the
same harvesting capability as optimal S-S2BF, as also
illustrated by the gray solid line in Figure 10. So FRTZ-
SSPB outperforms RTZ-SSPB as optimal S-S2BF does.

For comparing the detailed operations of RTZ-
SSPB, FRTZ-SSPB and other unconstrained S-S2BF,
Figure 12 shows their simulated vp waveforms under
five discrete V1 values when g = � 0:5, while Figure 13
shows their harvesting capability ~Rharv as functions of
continuous V1 under six discrete g values. The results
obtained with the PSIM circuit simulator show good
agreement with the theoretical prediction.

From Figure 12(a), the vp profiles have no significant
difference among different S-S2BF under five selected
V1 values, unless we enlarge the synchronized instant,
as shown in Figure 12(b). Given the same profile of vp

and ieq, the five cases with different V1 in Figure 12(a)
extract the same energy from the piezoelectric structure
in each cycle. Yet, their harvested energies are different
as functions of V1, as shown in Figure 13(a). Since V0

and V2 maintain the same values in all the five cases,
the changing of V1 is achieved by tuning the two bias

voltages Vb, 1 and Vb, 2, which consequently influence the
harvested power. From Figure 13(a), more energy can
be harvested when V1 =Voc rather than 0, regardless of
the value of g; yet, the superiority of optimal S-S2SHI
over SSPB is reduced as g gets smaller (stronger voltage
inversion).

From Figure 12(c), the vp magnitude in FRTZ-
SSPB gets larger as the intermediate voltage V1 gets
larger. It implies more energy is extracted in each cycle,
given the unchanged equivalent current ieq. The
enlarged view shown in Figure 12(d) gives more idea
about how the FRTZ-SSPB forces vp to zero by short-
ing Cp in between the first and third bias-flip actions.
From Figure 13(b), under the same g, a ~Rharv curve has
the same peak value as that in S-S2BF. Yet, rather than
all peaks attained with the same V1 = 1 value in S-
S2BF, the peaks in FRTZ-SSPB are attained with dif-
ferent V1 under different g. It should also be noted that
the FRTZ-SSPB, as a special case of S-S3BF, which
utilized three bias-flip action in each synchronized
instant, has the same harvesting capability as its double
bias-flip counterpart, that is, S-S2BF. But, from Figure
10, its harvesting capability is still not comparable to
the optimal S-S3BF.

Discussion

From Figure 10, it seems that by using SMBF, the har-
vesting capability can be boosted to infinity if the flip-
ping factor g is small enough to approach �1 or the
flipping numberM is large enough. Yet, making infinite
harvested power is not reasonable for practical PEH
systems. Therefore, as mentioned in the beginning of
this paper, the concept of harvesting capability here is
just for evaluating the potential of a specific circuit for
PEH. It is a figure of merit merely related to the circuit
features. For estimating the harvested power in practi-
cal PEH systems, the dynamics of the mechanical struc-
ture as well as the piezoelectric coupling feature should
receive equal emphasis. A efficient joint electromechani-
cal model is of necessity towards the holistic analysis of
PEH systems (Liang and Liao, 2012a).

Besides the mechanical dynamics, there is another
practical factor restricting the unlimited increase of har-
vested power by using power boosting circuits. That is
the dielectric loss of the piezoelectric element. Liang
and Liao (2011b) reported the voltage reversion phe-
nomenon right after each bias-flip action in SSHI, which
weakens the voltage inversion (bias-flip) and conse-
quently decreases the magnitude of piezoelectric voltage
vp and the harvested power a lot. Based on the experi-
mental observation, they identified that such a phenom-
enon is produced by the dielectric loss within the
piezoelectric element. The counteractive effect is aggra-
vated as the vp magnitude is further boosted (Liang
et al., 2014). Since the SMBF model and optimal bias-
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flip (OBF) strategy in this paper are derived under the
assumption of a lossless piezoelectric element, theory
extension is necessary towards the accurate dynamic
analysis and power prediction for practical PEH
systems.

Some of the previous studies have discussed the
physical limitations, for example, depolarizing or break-
down fields of piezoelectric material and maximum
stress of mechanical structure, which might constrain
the harvested power enhancement (Liu et al., 2007,
2009). Yet, through this study, as well as the joint elec-
tromechanical analysis (Liang and Liao, 2012a) and the
understanding of the counteractive effect of dielectric
loss (Liang et al., 2014), we find that, before taking such

physical constraints into consideration, the circuit strat-
egy towards larger extracted power at low dissipative
cost, the rational insight on the joint electromechanical
dynamics and the accurate power prediction considering
practical lossy piezoelectric element, should receive suf-
ficient consideration in the PEH studies.

Practical realizations of SMBF interface circuits are
now emerging. For example, the SSPB solutions pro-
posed by Dicken et al. (2009, 2012) and Elliott et al.
(2013), as well as the energy investment IC solution pro-
posed by Kwon and Rincon-Mora (2012, 2014). For
the M.2 cases of SMBF, more effort should be made
on multi-source implementation, switches management,
etc., towards their technical realization.

ha
rv

harv

Figure 13. Energy harvesting capability under different intermediate voltage V1 in: (a) S-S2BF (RTZ-SSPB as a special case where
V1 = 0); (b) FRTZ-SSPB (RTZ-SSPB as a special case where V1 = 0).

eq

Figure 12. Simulated vp waveforms under different intermediate voltage V1 in: (a) S-S2BF (RTZ-SSPB as a special case where
V1 = 0); (b) enlarged view of a synchronized instant in S-S2BF; (c) FRTZ-SSPB (RTZ-SSPB as a special case where V1 = 0); (d)
enlarged view of a synchronized instant in FRTZ-SSPB. (g = � 0:5 in all cases except g2 = 0 in FRTZ-SSPB.)
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Conclusion

Ever since the emergence of SSHI circuits, the bias-
flip interface circuits have shown their advantage for
PEH enhancement. The introduction of active bias-
flip action in recent studies has shown potential
towards further enhancement of harvesting capabil-
ity; yet, it has also brought in some uncertainties. The
energy income and investment need to be well
planned, otherwise the investment might lead to a
bad return or even cause instability.

7

This paper has
set a theoretical foundation for addressing this return
on investment problem towards future circuit develop-
ment. It was achieved based on the newly proposed
general SMBF model. With the SMBF model and the
derived OBF strategy, we can not only systematically
evaluate most of the existing bias-flip solutions, but
also point out the possible direction of future circuit
evolution. The case study of S-S2BF has shown that
by changing the bias scheme according to the derived
OBF strategy, the harvested power can be further
increased beyond the up-to-date pre-biasing/energy
injection/energy investment solutions. Future efforts
should be made on multi-source implementation,
switches management, etc., towards the technical rea-
lization of more powerful SMBF interface circuits.
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Notes

1. The rapid voltage changing actions at synchronized
instants were called voltage inversion in most of the previ-
ous SSHI studies (Guyomar and Lallart, 2011), while the
active (energy injecting) voltage inversion was specified as
(voltage) pre-biasing by Dicken et al. (2009, 2012). In this
paper, these terminologies are reorganized using the term
bias-flip for three reasons: 1) emphasizing the two impor-
tant factors making each rapid voltage change, that is,
the bias voltage and flipping action; 2) unifying the terms
of these actions, while differentiating them by putting the
prefix ‘‘passive’’ or ‘‘active’’, to recognize their different
energy contribution; 3) incorporating other solutions,
where the voltage is not inverted (Liu et al., 2009) or
remains the same, for example, in SEH, towards the
model generalization.

2. In most SSHI studies, the inversion factor was taken as
e�p=(2Q) (Guyomar and Lallart, 2011; Shu et al., 2007),
while Liang and Liao (2011a, 2012a) took the inverse
number, as that given in (5), for including the plus or
minus information of a voltage inversion, which is helpful
towards the model generalization, for example, SEH can
be regarded as the g = 1 case of P-SSHI.

3. From the online Merriam-Webster Dictionary (www.mer-
riam-webster.com), ‘‘flip’’ has the meaning of to move
(something) with a quick light movement.

4. Miller et al. (2012) has later pointed out the non-zero
intermediate voltage case for SSPB. Elliott et al. (2013)
has further developed an improved version of SSPB, the
force return to zero (FRTZ) SSPB. Therefore, Dicken
et al. (2009, 2012)’s SSPB is specified as return to zero
(RTZ) SSPB hereafter in this paper.

5. Liu et al. (2009) put: ‘‘The amount of harvested energy can

be increased arbitrarily high by increasing the magnitude
of the peak-to-peak voltage applied to the terminals of the
device’’, while Guyomar and Lallart (2011) put: ‘‘Such an
active technique therefore permits an almost perfect inver-
sion, yielding an outstanding harvested energy level (pro-
portional to the output voltage, and thus not limited).’’

6. In P-SSHI, the bias-flip action is energy neutral, since the
bias voltage is zero. The critical zero bias case is included
as passive type in this paper.

7. Disordered or out-of-control active bias-flip actions might
make the energy invested by the energy storage exceed the
extracted vibration energy, which results in vibration
enhancement rather than suppression.
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