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Abstract—The power conditioning circuit plays an important
role in a piezoelectric energy harvesting (PEH) system. Sophisticatedly designed circuit can increase the harvesting capability by
several times. The synchronized multiple bias-ﬂip (SMBF) model
generalizes the performance of existing interface circuits and
offers prospect for future circuit evolution. Among all ideal SMBF
derivatives, the parallel synchronized triple bias-ﬂip (P-S3BF)
circuit makes the best compromise between cost and effectiveness.
This paper introduces a practical implementation of P-S3BF. It
is realized by an inductive current-routing network, which is
controlled by six MOSFET switches. The steady-state operation
principle towards PEH enhancement is analyzed in detail. The
transient behavior is also illustrated for highlighting the adaptive
feature of the new circuit. Both theoretical and experimental
results show that, under the same harmonic displacement excitation, the prototyped P-S3BF circuit can increase the maximum
harvested power by 24.5% compared to the cutting-edge parallel
synchronized switch harvesting on inductor (P-SSHI) circuit, and
287.6% compared to the standard bridge rectiﬁer circuit.
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Fig. 1. Principle of PEH power conditioning. (a) Schematics. (b) Equivalent
impedance model [4].

A. Principle

achieved with constant displacement excitation of the structure. Given such condition, a piezoelectric structure can be
simply modeled as an ideal current source ieq in parallel with
the piezoelectric capacitance Cp and a leakage resistance Rp ,
which summarizes the effect of dielectric loss, as shown in
Fig. 1(a). ieq is proportional to the vibration velocity ẋ. The
working frequency of piezoelectric structure ranges from several Hz for large structure to several kHz for MEMS structure,
which is relative very low compared to most switching power
electronics. The ωCp Rp constant is usually much larger that
unity. Therefore, Rp is large enough to be neglected in the
parallel network unless the magnitude of vp , the voltage across
Cp , is boosted to a much higher level.
The objectives of PEH power conditioning are in two
folds. One is for ac-to-dc conversion. The other is for harvested power enhancement by intervening the mechanical-toelectrical power conversion, which happens in the piezoelectric
transducers. Such task might be achieved by making large
voltage across the piezoelectric output electrodes, i.e., vp in
Fig. 1, in phase with the current ieq .1 Conventional power
factor correction (PFC) circuit can hardly handle this task,
due to the fact that the compensatory inductance is up to
several hundred Henry. Instead of using the conventional PFC
circuit, most existing solutions take advantage of the low frequency feature of mechanical vibration and capacitive output
impedance of the piezoelectric device. Power electronics take
actions sparsely only when ieq or its mechanical counterpart,
the vibration velocity ẋ, crosses zero.
The combined effect of Cp and the power conditioning

To focus on the harvesting capability of the circuit, its
effect on mechanical dynamics is neglected, which can be

1 Making large v is an essential, but not sufﬁcient, condition. Refer to [4]
p
for the whole story.

I. I NTRODUCTION
The energy harvesting technologies have been extensively
studied for more than a decade, in order to explore the selfpowering solutions for distributed wireless sensor networks
(WSNs) and portable devices [1], [2]. These solutions enable
the future devices to power themselves by scavenging the
energy from their ambiance. Piezoelectric transducers can be
utilized to harvest the energy associated with ambient vibration. The harvested power of piezoelectric energy harvesting
(PEH) system ranges from μW to mW level, which is suitable
for some WSN applications. The power conditioning circuit
converts the output ac from the PEH transducer into usable dc
for powering electronics such as sensors, processors, etc. In
the meanwhile, it intervenes the electromechanical conversion
from the electrical side, such that can increase the harvesting capability. It was reported that sophisticatedly designed
interface circuits can enhance the energy harvesting capability
(maximum output power) by several times [3]. Therefore, the
pursuit of more capable PEH interface circuits is one of the
emphases in the research of PEH technology.
II. PEH P OWER C ONDITIONING
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circuit can be further modeled with an equivalent impedance
model, as shown in Fig. 1(b) [4]. 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 component.
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The synchronized bias-ﬂip (SBF) interface circuits are the
most extensively studied circuit family for PEH enhancement.
The idea is to instantaneous change the vp polarity according
to that of ieq . It can be achieved because the response
of electrical circuit is much faster than that of mechanical
structure. Considering the internal capacitance Cp , the most
energy efﬁcient way to make instantaneous change to voltage
polarity across Cp is to connect an external inductor Li to
Cp and utilizing the under-damped transient response of the
LC circuit. The voltage change is maximized with lowest
energy effort when
 the connecting time equals to half of an
LC cycle, i.e., π Li Cp [3], [4]. Such instantaneous voltage
change is called (voltage) “ﬂip”. And “bias” in SBF refers
to the reference voltage of the ﬂipping action (usually a dc
source connected in series with the LC circuit).
The synchronized switch harvesting on inductor (SSHI) is
one of the earliest proposed and most popular SBF circuits. By
only utilizing one passive (energy extracting) bias-ﬂip action,
SSHI can increase the harvested power by several folds [3],
compared to the bridge rectiﬁer, which is usually taken as the
benchmark for harvested power comparison. Moreover, the
state-of-the-art research shows that the harvesting capability
can be further improved by taking active (energy injecting)
bias-ﬂip intervention, i.e., pumping a suitable amount of
energy into the system at a suitable instant, in order to gain
more return [5], [6].
Based on the evolutionary history of SBF circuits, Liang
proposed a general synchronized multiple bias-ﬂip (SMBF)
model summarizing the principle of existing SBF circuits and
also providing prospect for future circuit development [4]. The
harvesting capabilities of parallel- and series-SMBF circuits
are expressed as follows
M 1−γ
+ 1;
π 1+γ

(1)

M 1−γ
,
π 1+γ

(2)

R̃harv,S-SMBF =

where γ is the voltage ﬂipping factor, M is the number of
synchronized bias-ﬂip actions. From (1) and (2), it can be
concluded that, with a ﬁxed γ, which is determined by the
quality factor of the LC circuit, the harvesting capability can be
further enhanced beyond the state of the art by sophisticatedly
carrying out more bias-ﬂip actions at every synchronized
instant, i.e., increasing the number M in (1) and (2).
III. P-S3BF I NTERFACE C IRCUIT
The SMBF model has only provided a theoretical forecast
of future PEH circuit development. Practical implementation
of the multiple bias-ﬂip actions is an issue. Some S-S2BF
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Fig. 2. P-S3BF interface circuit (need revision: larger font, specify the internal
components inside the piezo).

solutions (usually referred as pre-bias or pre-damping solutions) require pre-charged dc voltage sources for realizing the
well-organized bias-ﬂip actions [6], which is not self-adaptive
under different vibration conditions. From the observation of
the intermediate and bias voltages under optimal harvesting
conditions (Fig. 11 in [4]), the most cost-effective solutions are
P-S1BF (an alias of P-SSHI), P-S3BF, P-S5BF, etc., because
they can achieve the best harvesting capability by making full
use of 0, 1, 2, etc. adaptive voltage sources, respectively. In
this paper, we introduce the implementation and operation of
the self-adaptive P-S3BF interface circuit.
From the optimal bias-ﬂip (OBF) strategy derived based
on the SMBF model [4], optimal P-S3BF requires three bias
voltages, i.e., −Vb , 0, and Vb . Since zero volt just means short
circuit, −Vb and Vb are symmetric with respect to zero, the
three bias voltages can be realized by using only one auxiliary
voltage source, i.e., negative connection, short circuit, and
positive connection. On the other hand, under the optimal
condition, the energy income and expenditure of the bias
voltage source balance in each synchronized instant, which
means that the bias source need not to provide additional
energy for carrying out the triple bias-ﬂip actions. So general
speaking, P-S3BF makes the best compromise between circuit
complexity and harvesting capability.
Practical circuit topology of P-S3BF is shown in Fig. 2.
The circuit is composed of two shunt branches: one for biasﬂip actions and the other for energy harvesting. In the bias-ﬂip
branch, six MOSFET switches and six diodes form the currentrouting network; the inductor Li has the same purpose as that
in SSHI, i.e., to form an under-damped switching LC circuit.
The harvesting branch is just a convectional bridge rectiﬁer
for the ac-dc conversion.
A. Steady-State Operation
The detailed operation principle of P-S3BF is illustrated in
Fig. 3. When the equivalent current ieq (t) crosses zero, three
different current paths are formed successively in the bias-ﬂip
branch for rapidly ﬂipping vp (t) for three times with respect
to the dc bias reference voltages Vb , 0, and −Vb , respectively.
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Fig. 3. The working phases of P-S3BF in half of a vibration cycle. (a)–(e) Waveforms. (f)–(j) Circuit operations. (a) and (f) Open circuit. (b) and (g) Constant
voltage. (c) and (h) The ﬁrst bias ﬂip. (d) and (i) The second bias ﬂip. (e) and (j) the third bias ﬂip.

Such actions drive the piezoelectric voltage vp (t) towards a
more opposite value in the most energy efﬁcient manner. The
three paths share the same inductance. The switch-on time is
the same. Therefore, the three bias-ﬂip actions have the same
ﬂipping factor. The working phases in a half vibration period
are described as follows:
1) Open circuit: This phase starts right after the last upstairs actions. During this phase, the bias-ﬂip and harvesting
branches are blocked. Cp is charged by positive ieq . Therefore,
vp the voltage across Cp rises from the initial value −V3 until
it arrives at V0 , as shown in Fig. 3(a).
2) Constant voltage (harvesting): In this phase, the diode
bridge is conducted. ieq ﬂows into the harvesting branch.
Since Cr  Cp , vp is clamped at V0 , as shown in Fig. 3(b).
The energy income from the current source ieq in this phase
balances with the energy consumed by the dc load RL in a
half vibration cycle.
3) The ﬁrst bias ﬂip: This phase starts at the positive-tonegative zero-crossing point of ieq . In this phase, only MR1
and ML2 are turned on. The charge in Cp ﬂows through
a much larger Cb until vp reach its ﬁrst peak. The current
direction is conﬁned by DL2 ; therefore, the current ﬂows
unidirectionally and it stops after half an LC cycle. The
reference voltage of this bias-ﬂip action is Vb . Cb absorbs
energy from Cp during this phase.
4) The second bias ﬂip: This phase follows the ﬁrst biasﬂip action. In this phase, only ML1 is turned on. The current
through Cp is conﬁned by DR1 in the same direction as the
ﬁrst bias-ﬂip action did. The charge stored in Cp ﬂows through
the zero voltage reference. vp ﬂips from positive to negative.
In this phase, there is no energy change in Cb .
5) The third bias ﬂip: This phase follows the second biasﬂip action. Only ML1 and MR3 are turned on. The current
ﬂow is conﬁned in the same direction by DR3 . The reference
voltage of this bias-ﬂip action is −Vb . It drives vp to a more
negative value by injecting a speciﬁc amount of energy from
Cb to Cp .
The bias-ﬂip actions in the last three phases carry out
the downstairs shape voltage migration for vp . After the
aforementioned ﬁve phases, there are another ﬁve counterpart
phases in the rest half cycle. The last three out of the ﬁve
carry out the upstairs shape voltage migration for vp likewise.
It is worth noting that, in steady-state, the energy absorbed
by Cb in the ﬁrst bias ﬂip equals to that injected by Cb to
Cp in the third bias ﬂip. Moreover, the energy in Cb does not
change during the second bias-ﬂip action. Therefore, under
steady state, Cb is energy neutral.
B. Harvested Power
The P-S3BF interface circuit is nonlinear, because it consist
of bridge rectiﬁer and MOSFET switches. The concept of
impedance is used in conventional linear ac circuit analysis
for showing the magnitude and phase relations between two
sinusoidal variables. In order to use the impedance concept for
analyzing P-S3BF, an assumption is made that the inﬂuence
of high order harmonics caused by the harvesting circuit is
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much smaller than that of the fundamental harmonic. Under
such assumption, the equivalent impedance of the circuit is
decided by the fundamental harmonic of vp and the sinusoidal
ieq . According to the formula provided in [7], the equivalent
impedance of the combination of Cp and P-S3BF circuit can
be derived as follows
Ze (jω) =Rd + Rh − j(ωCa )−1


1−γ
1
2
6
(1 − cos θ) + sin θ
=
πωCp
1+γ

+ j(sin θ cos θ − θ) ,

(3)

where ω is the vibration angular frequency; θ is the phase
angle of the open-circuit phase, which is related to the rectiﬁed voltage across Cr . In the total Ze (jω), the harvesting
component Rh is the ac equivalent counterpart of the dc load
RL , which can be expressed as follows


2−γ
2
˜
(1 − cos θ) − VF (1 + cos θ),
(4)
Rh =
πωCp 1 + γ
where V˜F = VF /Voc is the normalized forward voltage drop
of a diode. According to the topological relation shown in Fig.
1(b), the harvested power can be calculated as follows

2
Rh  Ieq Rp 
,
(5)
Ph =
2  Z e + Rp 
where Ieq is the magnitude of the equivalent current source
ieq , which is proportional to the vibration velocity.
C. Transient Performance and Adaptivity
One of the signiﬁcant features of the proposed solution is
that the dc bias voltage Vb provided by the capacitor Cb is

self-adaptive. Given the speciﬁc current routing restrictions,
Cb can be charged up from zero by the piezoelectric source at
start-up; it can also be charged or discharged to a new level
when vibration goes up or down, respectively.
When the interface circuit begins to work, there is no energy
stored in Cb and thus Vb equals to zero. At the synchronized
instant, vp is ﬂipped to the opposite sign after the ﬁrst biasﬂip action, such that the second and third current paths are
blocked by the current routing diodes. There is only one BF
action, as shown in Fig. 4(a). After this, Cb is purely charged
at every synchronized instant until V1 reaches the ﬁrst critical
point −Vb , as shown in Fig. 4(b). As Vb keeps rising, in the
range of −Vb < V1 < 0, the third BF action is activated (the
second current path is still blocked), as shown in Fig. 4(c).
In this stage, Cb is charged in the ﬁrst BF and discharged
in the third one. Since the voltage drop in the ﬁrst action is
larger than that in the third one, the net energy input to Cb is
positive. Therefore, Vb keeps rising until V1 reaches the second
critical point zero, as shown in Fig. 4(d). As Vb keeps rising,
in the range of V1 > 0, the second BF action is activated,
as shown in Fig. 4(e). The Cb stops charging and the voltage
Vb becomes stable only when the voltage changes in the ﬁrst
and third bias-ﬂip actions are the same. Under steady state
operation, we have V1 = Vb /(1 − γ).
Thanks to the dynamic energy balance of Cb , an adaptive
bias voltage source Vb is achieved. In each synchronized
instants, Cb absorbs energy from Cp in the ﬁrst BF action
and returns energy to Cp in the third BF action. If vp
increases beyond its current steady-state magnitude due to
external perturbation (increase of vibration level or increase of
electrical load RL ), the stroke of the ﬁrst BF action becomes
larger than that of the third on, i.e., V0 − V1 > V2 − V3 . Since
the energy absorbed by and return from Cb is given by
Ein = Cp (V0 − V1 )Vb ,

(6)

Eout = Cp (V2 − V3 )Vb ,

(7)

the unbalanced energy ﬂow will charge Cb up until the net
energy input becomes zero. On the other hand, when vp drops
below its current steady-state magnitude, the voltage change
of the third bias-ﬂip action will be larger than that of the ﬁrst
one; therefore, Cb will discharge until it arrives at the new
energy equilibrium.
The self-adaptive feature ensures that the voltage is properly
ﬂipped with respect to the suitable dc bias voltages, regardless of the changes on vibration level or electrical loading
condition. Moreover, it should be noted that smaller Cb helps
faster arrival at the steady state. However, if Cb is too small,
say, approaches the capacitance of Cp , it might fail to provide
constant dc voltage towards stable triple BFs operation.
IV. E XPERIMENT
Fig. 5 shows the experimental setup. The main mechanical
structure is an aluminum cantilever beam, which is excited
by a shaker. Two piezoelectric patches are bonded near the
ﬁxed end of the beam. One patch is for energy harvesting
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TABLE I
M ECHANICAL S PECIFICATIONS
Parameters

Value or model

Piezoelectric patch (PZT - 5)
Cantilever beam (Aluminum)
Rp
Cp
f0
Voc

20.0 × 20.0 × 0.1 (mm3 )
90.0 × 20.0 × 1.0 (mm3 )
1.06 MΩ
28.42 nF
24.9 Hz
15 V

TABLE II
E LECTRICAL S PECIFICATIONS
Parameters

Value or type

Schottky diodes
MOSFETs
Li
Cr
Cb
γ

SS16
Vishay Si4590DY
47 mH
10 μF
4.7 μF
−0.7

and the other is for displacement sensing. For generating
the synchronized switch control in P-SSHI or P-S3BF, an
electromagnetic (EM) sensor, which is composed of a coil and
a pair of permanent magnets, is employed to sense the relative
velocity between the cantilever beam and the vibrating base.
The permanent magnet serves as a proof mass, which can both
lower the natural frequencies and increase the displacement
of the free end at the same time. When the output voltage
of the coil crosses zero, which is proportional to the relative
velocity of the beam and ieq , the micro-controller (MCU) is
then triggered to drive the MOSFETs with speciﬁc sequences
as shown in Fig. 3. In order to prevent noise in the EM
sensor from accidentally triggering the MCU, a low-pass-ﬁlter
(LPF) is connected between the EM sensor and the MCU. The
parameters of the piezoelectric structure, i.e. Cp and Rp , are
identiﬁed from measurement results. The prototyped P-S3BF
circuit is shown in Fig. 6. Detailed mechanical and electrical
speciﬁcations are listed in Table I and II, respectively.
Experiments are carried out for obtaining the harvested
power Ph under constant magnitude harmonic displacement
excitation. Three interface circuits including the standard
bridge rectiﬁer circuit (SEH), P-SSHI, and P-S3BF are con-

The experimental waveforms are shown in Fig. 7. The
voltage proﬁle of P-S3BF is quite similar to that of P-SSHI,
except the details in the synchronized instants. Three voltage
stairs about the same height are observed in the synchronized
instants, which shows a good agreement with the theoretical
prediction. Vb can always track the optimal value under different normalized output voltage Ṽo as expected. Experimental
results on harvested power agree with the theoretical one.
It shows that P-S3BF outperforms the cutting-edge P-SSHI
solution, in terms of maximum harvested power. With the
prototyped piezoelectric structure, P-S3BF can increase the
harvesting capability by 24.5% compared to P-SSHI, and
287.6% compared to SEH, respectively.
V. C ONCLUSION
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This paper introduces a new interface circuit parallel synchronized triple bias ﬂip (P-S3BF) for piezoelectric energy
harvesting (PEH) enhancement. The circuit operation principle
under steady-state and the transient performance and adaptivity
were analyzed in details. The current-routing network with
the synchronized triple bias-ﬂip strategy help cut down the
power dissipation in bias-ﬂips. The adaptive feature makes
P-S3BF a practical solution compared to the state-of-the-art
S2BF designs. Experiment on the prototyped PEH system
showed that the harvesting capability of P-S3BF outperforms
P-SSHI by 24.5% and SEH by 287.6%, which also agrees
with the theoretical prediction. Future efforts should focus
on the holistic equivalent impedance model for the whole
electromechanical PEH system using P-S3BF.
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nected to the piezoelectric structure for comparison. The
theoretical harvested power is obtained based on the equivalent
impedance model. It is expressed as functions of the normalized rectiﬁed voltage V˜0 = V0 /Voc . The experimental results
are measured for validation. Under constant displacement
magnitude excitation, the mechanical effect resulting from the
backward coupling can be neglected; therefore, the current
source piezoelectric model is valid. The normalized rectiﬁed
voltage can be changed by connecting different load resistors
RL to the dc output port.
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