
A Self-Sensing Synchronous Electric Charge
Extraction (SECE) Solution for Piezoelectric

Energy Harvesting Enhancement
Linglong Gao, Li Teng, Junrui Liang, Haoyu Wang, Yu Liu, and Minfan Fu

School of Information Science and Technology
ShanghaiTech University, Shanghai, China

Email: {gaoll1,tengli, jrliang, wanghy, liuyu, fumf}@shanghaitech.edu.cn

Abstract—In piezoelectric energy harvesting (PEH), the har-
vesting capability can be enhanced by using the synchronous
electric charge extraction (SECE) interface circuit. The charge
extraction actions are carried out when the vibration displace-
ment, or equivalently the piezoelectric voltage, attains its extreme
values. Sensing and peak detection are two necessary func-
tions supporting synchronous charge extraction. In the previous
studies, these functions were realized by using an external
displacement sensor or a self-powered voltage peak detector.
In this paper, a new self-sensing SECE solution is proposed.
The sensing function is implemented simultaneously based on
the switching actions of the buck-boost type SECE circuit under
strong discontinuous conduction mode (DCM) operation. Peak
detection is realized by analyzing the changing trend of the sensed
piezoelectric voltage with a micro-controller. Different from the
previous self-contained SECE solutions, this design samples the
vibration information throughout a whole cycle, rather than
merely telling the peak positions. It gives more degrees of freedom
for the design and implementation of the synchronized switch
control towards more robust and adaptive solutions for PEH
enhancement.

Index Terms—Piezoelectric, energy harvesting, synchronous
electric charge extraction, switched-mode power converter, self-
sensing solution

I. INTRODUCTION

The piezoelectric energy harvesting (PEH) technology has
attracted great research interest, especially toward the Internet
of Things (IoT) and wearable devices [1]. Battery-free IoT
devices are proposed as a promising architecture in some
dangerous applications like the health monitoring of railway or
bridge [2]. Due to frequent traffic transport, replacing batteries
at the monitoring sites is dangerous. Since vibration energy
exists in these applications scenarios, the vibration energy can
be converted into electricity to power the monitoring systems.
An interface circuit is used to rectify AC electrical energy from
the piezoelectric transducer into DC electricity. The simplest
interface circuit to fulfill this function is called the standard
energy harvesting (SEH) circuit, which consists of a full-wave
diode bridge. Due to the capacitive property of a piezoelectric
transducer, the power factor achieved by SEH is much lower
than one.

Some switched-mode interface circuits, such as synchro-
nized electric charge extraction (SECE) and synchronized
switch harvesting on inductor (SSHI), were invented for PEH
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Fig. 1. Piezoelectric energy harvesting device using synchronized switch
interface circuit. (a) PEH circuit using external sensor for synchronization.
(b) PEH circuit using self-sensing solution, where the dynamic information
is simultaneously collected from the piezoelectric transducer.

enhancement by making the voltage and current of the equiv-
alent piezoelectric source in the same polarity [3], [4]. This
was also referred to as running power factor correction (PFC)
technology [5]. In the conventional designs, SECE [6], SSHI
[7], and their derived topologies [8]–[11] use external sensors
to detect the voltage peaks across a piezoelectric element and
carry out charge extraction or voltage bias-flip actions, as
shown in Fig. 1(a). In addition, self-powered SSHI and SECE
were invented for realizing self-contained solutions for SECE,
and SSHI [12]–[15]. These interface circuits use voltage peak
detectors composed of discrete analog devices to detect the
voltage peaks without using an external sensor. The self-
powered design allows interface circuits to use a synchronized
switch and get rid of external sensors. However, the self-
powered design only tells the positions of the voltage peaks,
rather than samples the vibration information throughout a
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Fig. 2. (a) Conventional SECE circuit topology; (b) Waveform of SECE.

whole cycle. This paper proposes a self-sensing SECE solution
for PEH, whose configuration is shown in Fig. 1(b). Compared
with the previous self-powered solution, the self-sensing SECE
can sample the vibration information throughout a vibration
cycle. Given the more design freedoms brought by the self-
sensing solution, more adaptive solutions based on the self-
sensing method might be designed and implemented for PEH
enhancement under complex vibration conditions.

II. CONVENTIONAL SECE
Piezoelectric materials have the properties of connecting

the electrical domain and mechanical domain. When the
cantilever beam structure with piezoelectric material vibrates
in simple harmonic, the piezoelectric transducer is equivalent
to an alternating current source ieq , a piezoelectric equivalence
capacitor Cp, and a dielectric leakage resistor Rp connected
in parallel in the electrical domain, as shown in Fig. 2(a). Due
to the equivalent capacitor Cp of the piezoelectric transducer,
there is a phase difference between the voltage and current of
the equivalent current source ieq when using a standard energy
harvesting (SEH) interface circuit for rectification.

SECE was developed to solve this problem [4]. It is one type
of the most popular synchronized switch technology for PEH.
In operation, SECE connects the inductor Li to the equivalent
capacitor Cp by turning on the switch sw when the equivalent
current ieq crosses zero. The charge in the capacitor Cp is
transferred to the inductor Li in a short time (about one-
fourth of an LC cycle). As the charge is all extracted, the
voltage across piezoelectric transducer vp drops to zero as
shown in Fig. 2(b). After the charge extraction, the switch
sw is turned off. The current in the inductor Li freewheels to
the load capacitor Crect. These synchronized switch actions
can keep the voltage and current of equivalent current source
ieq in the same polarity.
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Fig. 3. Self-sensing SECE circuit topology.

Among all popular synchronized switch technology, SECE
has the benefit of load independence. It decouples the vibration
source and the time-varying load of lower-power IoT devices.
Such a feature simplifies the subsequent power conditioning
stage, e.g., no maximum power point tracking (MPPT) is
needed for ensuring maximum power conversion. Therefore, it
shows some advantages toward compact and reliable battery-
free IoT system designs.

III. SELF-SENSING SECE

The SECE circuit can be regarded as a special buck-
boost configuration, in which AC power is converted into DC
in strong discontinuous conduction mode (DCM) operation.
Given the fact that the switching actions carry some informa-
tion of the input and output voltage in the DCM operation, this
information can be acquired to gain some understanding of the
source dynamics. This gives us the motivation to develop the
switched-mode self-sensing SECE solution.

Piezoelectric transducers were extensively used for dynam-
ics sensing in many applications, given that the piezoelectric
equivalent current ieq is proportional to the vibration velocity
ẋ. Since ieq is difficult to be directly measured, people usually
measure the accumulated charge on Cp, which is propor-
tional to piezoelectric voltage vp, with a charge amplifier. A
charge amplifier minimizes the interference on the accumu-
lated charge in the piezoelectric capacitance. According to
the working principle of conventional piezoelectric sensors
and their signal conditioning circuits, the switched-mode self-
sensing technology should also attain the vibration information
at a low charge-interfering cost. It is realized by further
minimizing every charge extraction step during the sensing
operation. A time-sharing mechanism is developed in this
paper for low charge-interfering dynamics sensing function
and high charge-interfering charge extraction function toward
self-sensing SECE.

Fig. 3 shows the circuit topology of the self-sensing SECE.
It is realized by a double-output-rail (positive and negative)
buck-boost converter. This topology includes three switching
paths connecting in parallel to the common energy-conveying
inductor Li. The three paths include the piezoelectric source,
which is composed of ieq , Cp, and Rp, the positive DC voltage
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Fig. 4. The working phases and waveform of self-sensing SECE in the
positive vp half cycle. (a) and (b) Open-circuit phase. (c) and (d) Charge
extraction phases in sensing and energy harvesting. (e) and (f) Freewheeling
phase in sensing and energy harvesting.

source VS1, and negative DC voltage source VS2. The posi-
tive/negative voltage sources provide stable reference voltages
for sensing the absolute piezoelectric instantaneous voltage. In
addition, these sources also work as energy storage devices and
provide stable voltage for IoT devices. The common energy-
conveying inductor path includes a current zero-crossing de-
tector, which is realized by a current sampling resistor RS .
The current zero-crossing detector sends rising/falling edge
signals to a micro-controller whenever a freewheeling phase
ends. The switch control and freewheeling-time recording are
carried out by the micro-controller.

The self-sensing process is similar to that in energy har-
vesting (charge extraction), except that the intensity of charge
extraction is much lower. In both the dynamics sensing and
energy harvesting phases, the extracted charge from Cp is
transferred to the load DC sources VS1 or VS2 according to
the corresponding polarity. Fig. 4 shows the detailed working
phases and waveform of charge extraction in dynamics-sensing
and energy-harvesting phases.

Like conventional SECE, the circuit is in the open-circuit
condition during most of a vibration cycle as shown in Fig.
4(a) and (b). When the circuit works in sensing function,
switch S1 is turned on for a constant interval tcs. The
conducting path and waveform are shown in Fig. 4(c) and
(d). tcs is set to be very short, such that extracting a small
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Fig. 5. Experimental setup. (a) Prototyped PCB. (b) Mechanical structure
and setup.

amount of charge in Cp does not affect the stored charge in the
piezoelectric transducer much. The inductor current iL in the
sensing function is highlighted by the red dashed line segment
of the small triangle in Fig. 4(d). After the small extraction
in sensing, S1 turns off and S3 turns on, as illustrated in
Fig. 4(e). The inductor current freewheels through S3 and
the negative voltage source V2. Most of the energy in the
inductor Li is absorbed by V2. The inductor current iL in
the sensing freewheeling is highlighted by the red dashed line
segment of the small triangle in Fig. 4(f). When iL crosses
zero from positive to negative, the zero-crossing detector sends
a falling edge signal to the micro-controller. It means that
the freewheeling ends, so that the micro-controller can record
the freewheeling time tfs and estimate the instantaneous
piezoelectric voltage with the following relation

v̂p =
tfs
tcs

VS2. (1)

Denoting the estimated voltage v̂p of the nth measurement
result as vp,n, the voltage peak positions can be identified
when

sign [v̂p,n−1 − v̂p,n−2] = −sign [v̂p,n − v̂p,n−1] . (2)

Once a peak position is located through self-sensing and peak
identification, the energy harvesting function takes place with
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Fig. 6. The experimental waveform of self-sensing SECE. (a) The overview
of vp and iL. (b) The enlarged view including two sensing and one charge
extraction actions.

TABLE I
CIRCUIT PARAMETERS AND COMPONENT TYPES.

NMOS PMOS Diode Li Rs

ZVN4424 ZVP4424 NSR0240H 200 mH 100 Ω

MCU Comparator f0 Cp a
TM4C123GXL TLV3201 29.41 Hz 50 nF 0.5 m/s2

a full charge extraction action. During the charge extraction,
switch S1 is turned on for one fourth of an LC cycle, i.e.,

tce =
π
√
LiCp

2
. (3)

After tce, all charge in Cp is extracted by the inductor.
As shown in Fig. 4(d), the voltage across the transducer
immediately drops to zero after the charge extraction. The
extracted energy, which is temperately stored in the inductor,
freewheels to load voltage source VS2 through S3. When the
charge extraction ends, zero-crossing detector sends a falling
edge to the micro-controller, such that the circuit gets back to
the open-circuit condition.

IV. EXPERIMENT

The prototyped printed circuit board (PCB) of self-sensing
SECE and piezoelectric cantilever beam structure used in the
experiment are shown in Fig. 5. The excitation frequency of
the vibrating base is 29.41 Hz and the acceleration magnitude
is 0.5 m/s2. The sampling frequency of the self-sensing func-
tion is fs = 500 Hz. Other circuit parameters and component
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types are listed in Table I. All switching actions are carried out
by a micro-controller, which is powered by external batteries
at this stage.

Fig. 6 shows the voltage waveform of the self-sensing
SECE. From the vp waveform, we can observe that, at the
voltage peak positions, vp drops to zero because of the charge
extraction actions. There is actually a small delay between
the peak positions of each charge extraction instants. The
delay is introduced by peak position identification, which is
approximately one self-sensing sampling period, i.e., 2 ms in
this experiment. The detailed waveform of self-sensing action
and charge extraction action is shown in Fig. 6(b). Like the
conventional SECE, it stays at an open-circuit state, where
the inductor current is zero, in most of a period. The smaller
triangular peak current corresponds to the self-sensing action.
Its charging time is very short and has no significant influence
on the piezoelectric voltage. Since the second sensed vp value
is less than the first one in the positive cycle. This position
is judged as a voltage peak. Therefore a charge extraction
action, which is associated with the highest triangular inductor
current in Fig. 6(b), is immediately carried out after the
peak identification. We can also observe that the piezoelectric
capacitor Cp drains out after this charge extraction action.

The sensed voltage value of vp is exported from the micro-
controller via its serial communication, as shown in Fig. 7.
The sensed voltage waveform is very close to that obtained
from the oscilloscope in Fig. 6(a). The peak positions are ac-
curately detected from the sensed voltage. Since the sampling
frequency is 500 Hz, the sampling period is 2 ms, which is
set by the program. A good balance should be made towards
more accurate peak detection (requires higher sampling rate)
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and less power consumption for sensing functions (requires
lower sampling rate). Fig. 8 validates that by using the self-
sensing SECE, the harvested power has been increased by
73% compared to the SEH case. It is much less than the four-
time criteria under weakly coupling conditions [4]. The level
of improvement is related to other dynamics issues, such as
the coupling level and circuit dissipation, which are out of
the scope of this paper. From this experimental validation,
we have shown the feasibility of this self-sensing method for
synchronized switch PEH. Future improvements will be made
to further reduce the delay in peak identification and improve
the sensing performance.

V. CONCLUSION

A new self-sensing and peak detection solution was devel-
oped for SECE toward PEH enhancement. It realizes energy
harvesting and sensing functions in a time-sharing fashion
without using an external sensor. The sensing function is
implemented by the switching actions of the buck-boost type
SECE circuit under strong DCM operation. The time ratio
between the inductor charging and freewheeling phases is used
to estimate the piezoelectric voltage. The sensed voltage data
is calculated and recorded by a micro-controller. The peak
detection is realized based on the sensed data. Compared
with other self-contained SECE solutions, this self-sensing
design samples the vibration information throughout a whole
cycle. It gives more information about the vibration, including
its frequency and displacement, which can be later used for
self-contained simultaneous energy harvesting and vibration
analysis, etc.
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