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Abstract—In piezoelectric energy harvesting (PEH), utilizing
the synchronized switch interface circuit can significantly en-
hance the energy harvesting capability. Vibration sensing is nec-
essary for carrying out the synchronized switch actions. The peak
detection was usually implemented with an external displacement
sensor in the early designs, which was not compatible with self-
contained and integrated applications. This paper proposes a
compact self-sensing synchronized switch interface for PEH by
using a modified buck-boost topology and implementing a time-
sharing control on it. The interface circuit works in strong
discontinuous conduction mode (DCM). The sensing function
is realized by extracting a tiny amount of charge from the
piezoelectric transducer, which introduces little influence to the
piezoelectric source. While the energy harvesting function is
realized by extracting charge at a higher intensity. The two
functions cooperate in a time-sharing way. The sensed full-cycle
information is used to identify the voltage peaks, at which the
switch actions are synchronously carried out. The self-sensing
mechanism is studied theoretically and experimentally. In the
experiments, the self-sensed information of the piezoelectric
voltage matches the measured result. The peak detection is well
performed. The newly proposed self-sensing mechanism offers
a more informative and flexible solution for the designs of
synchronized switch interface circuits.

Index Terms—Self-sensing, time-sharing control, energy har-
vesting, piezoelectric materials, vibration.

I. INTRODUCTION

The piezoelectric materials are widely applied in indus-
trial applications to fabricate electromechanical transducers.
Through piezoelectric transducers, the electrical signal can
be converted into vibration or sound, and vice versa. As a
result, the dynamic information of a piezoelectric structure
can be sensed in the form of an electrical signal. The elec-
trical signal can be further digitized and processed. Based
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on this principle, motion sensors such as accelerometers are
fabricated. Accelerometers can be applied in motion sensing
and smart wearable devices. Besides, the energy associated
with the mechanical vibration can also be transformed into
electrical energy via the piezoelectric elements. Piezoelectric
energy harvesting (PEH) technology is developed based on
this principle. The harvested energy can be used to energize
the low-power electronics toward more battery-free internet
of things (IoT) devices [2]-[5]. It can reduce the maintenance
cost, especially when those devices are massively distributed
in some wide-range and/or long-lasting applications, such as
bridges, railways, and power grids [4], [6].

In addition to supplying energy, in some designs, the
piezoelectric transducer also works as a motion sensor. With
the help of the direct piezoelectric effect, in their design,
Chew et al. used a single piezoelectric transducer as the
strain sensor and energy harvester [7]. These two functions
are realized by using two independent circuit modules. When
enough energy is harvested and stored, the voltage of the
transducer is sensed by an analog-to-digital converter (ADC)
in the wireless sensing embedded system. The sensed result is
further processed to reflect the dynamic strain information.

The full-wave and half-wave bridge rectifiers are the most
extensively used piezoelectric interface circuits. It rectifies the
ac voltage into the dc form [8], [9]. The interface circuit
utilizing a full-wave diode bridge is called the standard energy
harvesting (SEH) circuit. The maximum power of SEH is
limited because of the negative power in a vibration cycle. The
synchronized switch technology is proposed as a special power
factor correction (PFC) technology for piezoelectric energy
harvesting (PEH) enhancement [10]. The most representative
topologies include synchronized switch harvesting on inductor
(SSHI) [11], [12] and synchronous electric charge extraction
(SECE) [13].

To further enhance the PEH capability, the multi-step bias-
flip and charge extraction schemes have been proposed [14],
[15]. These methods can reduce the inductor current peak,
such that to reduce the power dissipation in the equivalent
series resistance (ESR). Although the maximum harvested
power of SSHI is higher than that of SECE [16], [17], SECE
has an advantage of load independence [18]. Some up-to-date
designs were developed based on the principle of synchronized
charge extraction. For example, synchronous inversion and
charge extraction (SICE) outperforms the previous designs
by alternately combining one charge extraction with several
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Fig. 1. Different sensing solutions in synchronized switch PEH. (a) Using additional motion sensors; (b) Using piezoelectric element as a sensor and an ADC
module for digitization; (c) The proposed design, using piezoelectric element as a sensor and switched-mode circuit for quanitification.

bias-flip actions in some sequent synchronized instants [16].
Multiple charge extractions with bias- flip (MCEBF) provides
another improvement by extracting a part of the charge and
flipping the remaining charge at each synchronized instant
[19]. Some synchronized switch solutions were implemented
on integrated circuit (IC) chips [15], [20]-[23] to reduce the
circuit size. As the volume of the inductor is much larger than
other electronic devices in the synchronized switch solutions,
some inductor-less IC solutions were proposed to reduce the
inductor by using switched-capacitor technology [24]-[26].

The sensor is not only an important part of the IoT de-
vices but also indispensable in the synchronized switch PEH
technology for carrying out proper switching actions toward
higher harvesting capability. The most straightforward solution
for synchronization is to refer to the signal from an external
motion sensor [27]. In the previous studies, the utilized motion
sensors include laser vibrometer, approximation sensor, ac-
celerometers, etc., as illustrated in Fig. 1(a). On the other hand,
it was known that a piezoelectric transducer itself can also
serves as a sensor. The open-circuit voltage is propotional to
the deformation of the piezoelectric element. In some designs,
the pieoelectric element is used as a sensor in some vibration
cycles and as an energy harvester in the other cycles by
toggling two independent circuit modules. In these designs, a
commercial ADC is used to digitize the piezoelectric voltage
in the sensing mode [28], [29]. The system diagram of these
solutions is illustrated in Fig. 1(b).

In this paper, we propose a new self-sensing solution based
on volt-second balance, an inherent characteristic of switched-
inductor power electronics. The voltage quantification and
switch control can be implemented using a low-cost micro-
controller, which has a fundamental timer module. The system
diagram of the proposed design is illustrated in Fig. 1(c). The
sensing and energy harvesting functions are carried out by
using the same interface circuit, but different control strategies.

II. SWITCHED-MODE SELF-SENSING PRINCIPLE

SECE is one of the most extensively investigated interface
circuits for PEH enhancement. Its circuit topology is illustrated
in Fig. 2(a). SECE consists of two parts: a full-wave bridge
rectifier and a charge extraction circuit. The full-wave diode
bridge rectifies the input current following into the charge
extraction stage to the same direction. The charge extraction
circuit transfers all the charge in the piezoelectric capacitor C),
to the load side through an inductor L; at each synchronized
instant, where a voltage extreme (peak or valley) is attained.
Without charge extraction, the remaining charge in C, will be
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Fig. 2. SECE circuit and transient waveform. (a) SECE circuit. (b) Con-
ventional buck-boost dc-dc converter for comparison. (c) Transient r-L;-C),
circuit. (d) Waveform in full charge extraction (conventional SECE process).
(e) Waveform in tiny charge extraction.

neutralized in the following half vibration cycle. The charge
extraction circuit in SECE is similar to the dc-dc buck-boost
converter, whose topology is illustrated in Fig. 2(b). The
inductor L; in SECE plays the same role as that in buck-
boost converter. It conveys energy from the input source to the
load in an isolating way. Since the charge extraction is carried
out almost instantaneously, it works in a strong discontinuous
conduction mode (DCM). The difference is that, in SECE, the
piezoelectric capacitance C), is small; therefore, the voltage
encounters a rapid transient drop to zero. While in the con-
ventional buck-boost dc-dc converter, the input capacitance is
relatively large. Therefore, the voltage changes very little after
the charge extraction. No matter for the SECE or buck-boost
converter, during the sw turn-on interval, the equivalent circuit
is a transient underdamped RLC circuit, which is formed by
the piezoelectric capacitance C,,, inductance L; and equivalent
series resistance (ESR) r, as shown in Fig. 2(c).

Fig. 2(d) shows the waveform in a normal SECE process.
Given the piezoelectric voltage starts from v,(0) = V4. The
transient voltage v, (¢) and inductor current ¢, (¢) are expressed
as follows

vp(t) = Voe St cos(wat — ), 0 <t < Tric/4; (1)
in(t) = —VoCpwne “nt cos(wat — ¢ — 0), 0 <t < Tric/4,
2

1
n — 5 = Wn 1- 2 3
w VLG, wqg =wnpV1—¢ 3)

are the natural frequency and resonant frequency of the

where
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Fig. 3. Switched-mode self-sensing SECE circuit.
circuits, respectively;
27
Tric = —, 4
W
is the RLC cycle of the r-L;-C), transient circuit;
_ 1 ¢ 9 — -1
© = tan =cos (. (®)]

1-¢%
are two phase differences. The damping factor ( is inversely
proportional to the quality factor ) with the following relation

(=55 =y, (©)
2Q 2V L,

In a normal SECE action, the transient switch sw conducts
for an interval of TRric /4.1 At the end of this switch-on
interval, the piezoelectric voltage v, approximately arrives at
zero, as illustrated at ¢, instant in Fig. 2(d). All charge in C),
is extracted and transferred to the capacitor C, through the
inductor L;.

On the other hand, when the sw conduction interval is
much smaller than Tgy /4, as illustrated in Fig 2(e), a small
amount of electric charge in the piezoelectric capacitor C,
is transferred to the inductor L,;. The voltage across the
piezoelectric capacitor v, only changes a little bit, i.e., Av,. In
addition, the derivative of the inductor current at the switch-on
instant can be formulated from (2) as follows

d(% = % )
t=0 i

The current waveform in tiny charge extraction is almost the

same as that in the buck-boost converter, i.e., magnitizing

the switched inductor with a constant voltage, under strong

DCM operation. Given a sufficiently small switch-on interval,

the volt-second balance principle approximately holds for a

The underdamped RLC branch usually has a high Q or equivalently low
damping ratio; therefore, wy ~ wny,. In practice, The Trrc/4 interval can be
more properly obtained through measurement.
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piezoelectric source. Therefore, the product of piezoelectric
voltage v, and the tiny piezoelectric charge extraction interval
t. (also the magnitizing interval of L;) equals to that of
reference constant voltage V,. and the freewheeling interval
ty, ie.,

tlciino vp(0)t, = Vity. (8)
Providing a constant V., the measurement value of piezo-
electric voltage ¥, can be calculated by learning from the
proportional relation between the tiny charge extraction and
freewheeling times, i.e.,

_ Wty

P tc :

Compared with the direct voltage quantification using ADC
module, the proposed self-sensing solution has two benefits:

€))

o It reuses the same charge extraction module to realize
the sensing function; therefore, it is more compact. No
additional module and auxiliary circuit is needed.

o It is not necessary to consider the voltage limit or the
polarity issue as most ADC solution does.

This switched-mode self-sensing solution well fits the piezo-
electric sources, which are featured as high-voltage, bipolar
ac, and capacitive output.

III. CIRCUIT IMPLEMENTATION

A. Topology

Based on the self-sensing principle mentioned in Section
IT and considering the polarity and control issues, the cir-
cuit topology of proposed switched-mode self-sensing SECE
circuit is illustrated in Fig. 3. This design includes four
sorts of branches: piezoelectric ac source, positive/negative
voltage references, positive/negative rails (storage capacitors),
and inductor branch for energy delivery. All energy flows go
through the inductor branch from the source to the storages.
All voltage information is generated in the inductor branch by
comparing the piezoelectric voltage with the absolute reference
voltages. The ac source branch is connected to the inductor
branch by a bidirectional switch Sp; (in red), as shown in Fig.
3). Either of the reference voltage branches or energy storage
branches is connected by a unidirectional switch. Switches
Sqn in blue only allow downward current, while those S, in
green only allow upward current.

The principle of voltage quantification is based on the
relationship described in (9) . An absolute and constant voltage
source is necessary for providing a reliable voltage reference.
The voltage across the load is not a good choice because
of its fluctuation. In this design, we utilize the forward-
bias voltage of a diode-connected transistor for providing an
absolute voltage reference. Given the diode equation as follows

'ud/(nVT) _ 1

ia =1, |e ; (10)

the dynamic resistance of a normal diode, which is also known
as the changing rate of vy under different 74, is expressed as

follows

dUd _ TLVT E*Ud/(nVT) '

falva) =i, =71,

(1)
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It approaches zero rapidly under a large vy. Therefore, the
simplest model of a diode usually only considers a constant
forward voltage drop. On the other hand, for a diode-connected
transistor, given a gain [ between the collector and base
currents, the dynamic resistance can be expressed as follows

’I’LVT

Ralva) = 4 = T3 B1L,
Comparing (11) and (12), the equivalent resistance of the
diode-connected transistor is even smaller, under a high current
gain . It further approaches the feature of an ideal constant
voltage source. Therefore, in this study, we use two diode-
connected transistors to provide positive and negative absolute
voltage references for sensing implementation.

As shown in (9), the voltage estimation relies on an absolute
reference voltage V, and accurate time counts on the tiny
charge extraction interval . and freewheeling interval ;. t.
is actively controlled by a microcontroller. While ¢; is an
essential parameter to be sensed. It is obtained by detecting the
zero-crossing instant of the inductor current. The zero-crossing
comparator requires a high current-to-voltage gain, when the
current is very close to zero. In a general current testing design,
a small sampling resistor is connected in series to sample the
current value. However, if we increase the resistance in order
to enlarge the current-to-voltage gain (resistance) under the
small current condition, the Joule dissipation under relative
large current condition during the full charge extraction also
increases. In this design, we use the nonlinear sampling
diodes D, and Dy, for realizing large resistance under small
current condition and small resistance under large current
condition. The configuration for current sampling and zero-
crossing detection is shown in the inductor branch of Fig. 3.

duy e=va/(nVr) (12)

B. Time-sharing Control and Peak Detection

Based on the circuit topology shown in Fig. 3, the piezoelec-
tric voltage can be sensed in any instant throughout a vibration
cycle. On the other hand, voltage peak detection is realized by
analyzing the sensed data, such that charge extraction actions
can be carried out at the voltage peak instants. Fig. 4 shows
the waveform and control flow chart of the proposed switched-
mode self-sensing SECE.

The sensing actions are carried out with a constant sampling
interval ¢, which is illustrated by the red pulses in the inductor
current ¢;, waveform, as shown in Fig. 4(a). t; is usually
selected much smaller than a vibration cycle, such that more
details of the piezoelectric voltage v, can be measured. The
sensed results are stored in the microcontroller for vibration
analysis, in particular, identifying the voltage peaks for syn-
chronous charge extraction. Three sequential sensing results
can be used to determine whether v,, arrives at a peak position.
A voltage peak is attained when the following criteria is
satisfied

sign [dp,(n—1) = O (n-2)] = —sign [Op,(n) = p.n-1)]
13)
where 0, () is the measurement result of the n'" sample. There
is a small delay between the actual peak and detected peak.
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Such a delay is a commonly seen in other peak detection
designs [30].

Once a voltage peak position is detected, the charge extrac-
tion action is carried out immediately for energy harvesting
purpose. The extracted charge also go through the inductor L;
to the storage. But different from the tiny charge extraction
in sensing, it is a full charge extraction for energy harvesting.
The high iz, pulses in blue illustrate the inductor current during
charge extraction actions in Fig. 4(a). Because of the full
charge extraction, the piezoelectric voltage v, drops to zero.
The extracted charge freewheels to the positive or negative rail
(storage) eventually.

As we can see from the waveform and control scheme of
this proposed switched-mode sensing method shown in Fig.
4, the sensing and harvesting actions are carried out inde-
pendently. Both information acquisition and energy delivery
functions can be realized simultaneously in a time-sharing way
by using the same set of switched circuit branches.

C. Detailed Working Phases

To better illustrate the operation details of the proposed
design, Fig. 5 shows five of the key working phases in a
half positive v,, vibration cycle. The five representative phases
include: open-circuit (Fig. 5(a) and (b)), tiny charge extraction
(Fig. 5(c) and (d)), freewheeling in sensing (Fig. 5(e) and (f)),
full extraction (Fig. 5(g) and (h)), and freewheeling in energy
harvesting (Fig. 5(i) and (j)).

1) Open-circuit: During the positive v, half cycle, in most
of the time, the circuit works in these open-circuit phases. The
conducting branches of this phase are shown in red in Fig.
5(b). Two open-circuit phases are separated by two sequential
tiny charge extraction and freewheeling in sensing phases. All
electronic switches turn off during the open-circuit phases.
Only the equivalent ac source i., charges the piezoelectric
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Fig. 5. Five of the key working phases in half of a vibration cycle. (a), (c), (e), (g), and (i) Waveform. (b), (d), (f), (h), and (j) Activated circuit branches.
(a) and (b) Open-circuit. (c) and (d) Tiny charge extraction for sensing. (e) and (f) Freewheeling in sensing. (g) and (h) Full charge extraction for energy
harvesting. (i) and (j) Freewheeling in energy harvesting.
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capacitor C),. Since there is no current flowing through the
inductor branch, v,. the output voltage of the zero-crossing
detector remains in an unknown state, which is marked “x”
in the waveform shown in Fig. 5(a). Since v, is not used by
the embedded program during these phases, the unknown state
does not matter.

2) Tiny Charge Extraction: When the timer records a
multiple of the sampling period ¢, the circuit carries out a
sensing action by starting a tiny charge extraction phase. From
the conducting branches shown in Fig. 5(d), the bidirectional
electronic switch Sy; turns on for a very short interval t.;.
Only a tiny percentage of charge stored in C,, is extracted
by the inductive branch. The piezoelectric voltage v, is
hardly affected. During this phase, the inductor current rises
approximately with a constant time rate (v, —2Vy)/L;, where
V4 is the forward voltage drop of a diode. The diodes used
in this design are all necessary for realizing either current
sampling or current steering. As a small current flows through
the inductor path, v,. the output voltage of the zero-crossing
detector reads high.

3) Freewheeling in Sensing: When a tiny charge extraction
ends after a predefined interval, a freewheeling phase begins.
In this phase, switch S, turns on until the inductor current,
which freewheels through the diode-connected transistor 7.,
drains out. The waveform and conducting branches are shown
in Fig. 5(e) and (f). As a small current flows through two
diode and one diode-connected bipolar junction transistor
(BJT), the inductor current drops with a constant time rate
— (Vi 4+ 2Vy)/L;. V, here is the forward voltage drop of
the diode-connected transistor, which is taken as the voltage
reference in sensing. When the inductor current crosses zero,
the zero-crossing detector output reads a falling edge, which
indicates the end of the freewheeling phase. At this moment,
the duration of freewheeling interval ¢, is recorded by the
microcontroller. The piezoelectric voltage v,, at this very mo-
ment, therefore, can be estimated according to (9) as follows

tys
Up = tL(Vr +2Va) + 2Vq.

cS

(14)

In addition, the sensing results throughout a vibration cycle
are recorded and processed by the microcontroller, in order to
catch the voltage peak positions.

4) Full Charge Extraction: After every sensing action, the
microcontroller inspects whether a voltage peak is attained
according to (13). Once a peak is identified, a harvesting action
is carried out right after this sensing action. The first phase
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TABLE I
PARAMETERS OF THE EXPERIMENTAL SETUP.

Parameter Value/Type Parameter Value/Type
Piezo patch (PZT) 38 x 12 x 0.2 mm?®  fy (Vibration) 35.1 Hz
Cantilever 100 x 20 x 0.5 mm?®  f5 (Sampling) 800 Hz
Displacement 2 mm (peak-to-peak) '» 50 nF
NMOS ZVN4424GTA NMOS Rgs(on) 43 Q
PMOS ZVP4424GTA PMOS Rgs(on) 8.8 Q
L; (@2kHz) 100 mH r (@2kHz) 160 Q
BITs 2SC4083T106N Crp,Crn 10 uF
Diodes NSR0240H Vr (@1 mA) 072V
Comparator (Ut) TLV3201 Vg (@1 mA) 023V
Microcontroller TM4C123GXL Probe resistance 20 Q

in a harvesting action is full charge extraction. The waveform
and conducting branches are illustrated in Fig. 5(g) and (h),
respectively. The conducting branches are the same as those
in the tiny charge extraction phase in Fig. 5(d). The switch-on
interval is Tric /4, as the conventional SECE action, such that
all charge stored in C), is extracted. All energy is transferred
to the inductor L;. The piezoelectric voltage v,, drops to zero.

5) Freewheeling in Energy Harvesting: After all energy in
C) is transferred to L;, Sp; opens and S, closes. The current
in L; freewheels through the negative-rail storage capacitor
Csy. When this freewheeling phase for charge extraction ends,
the circuit enters a negative v, half cycle. The operation and
conducting branches in different phases of the negative v,, half
cycle are symmetric to the aforementioned five phases in the
positive v, half cycle.

IV. EXPERIMENTS
A. Setup

To validate the proposed design, an experimental setup is
built. It is composed of a printed circuit board (PCB) and
a piezoelectric structure, as illustrated in Fig. 6. The corre-
sponding specifications are listed in Table I. A piezoelectric
patch near the fixed end of the cantilever is connected to the
switched-mode self-sensing SECE circuit. The base vibration
is generated by a shaker, which is controlled and driven
by a signal generator and a voltage amplifier. A differential
laser vibrometer records the beam deflection information,
providing a ground-truth reference for switched-mode sensing.
A microcontroller is used to perform all the sensing, peak
detection, and energy harvesting tasks. In this study, we
emphasize the functional validation of the proposed switched-
mode self-sensing design, the whole system has not realized
self-powering capability yet. The control unit is powered by
a USB cable, which is connected to a PC. The estimated
information of v, is processed by the microcontroller to
identify the peak moments and sent to the PC through the
same USB cable.

B. Functional Validation

The SECE function is implemented by the proposed
switched-mode self-sensing solution. The sampling frequency
in sensing is preset at f; = 800 Hz with an internal timer of the
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Fig. 7. Experimental waveform. (a) Overview. (b) Enlarged view around a synchronized instant.

microcontroller. The global waveform of self-sensing SECE is
illustrated in Fig. 7(a). As we can observe from the waveform,
the synchronous instants for electric charge extraction are cor-
rect at the voltage (blue line) and displacement (green) peaks
with a small phase lag. The small phase lag is due to the differ-
ence between a peak-extraction moment and the corresponding
peak-recognition instant, which is approximately within 0.57
to 1.57 given a pure harmonic displacement (75 = 1/f is
the sampling period). The voltage across positive (v, in red)
or negative (vs, in red) storage devices rises in immediate
jumps at the electric charge extraction instants. During the
open-circuit and sensing phases, the storage voltage gradually
drops due to load consumption. The storage voltages arrive at
a steady state when the energy gain equals to the consumption
in a vibration cycle.

Fig. 7(b) shows the enlarged view around one of the syn-
chronous full charge extraction instants. The smaller triangles
in i;, waveform correspond to the sensing actions. It agrees
with the theoretical design shown in Fig. 5(c)-(f). Given the
tiny charge extraction in sensing, only a tiny drop is observed
in the v, curve (blue one Fig. 7(b)) during the sensing mo-
ment. When the peak voltage is detected, a harvesting action
associated with a larger triangular iy, is carried out. v, drops
to zero under this full charge extraction. v, the negative-rail
storage voltage rises during the current freewheeling.

C. Sensing Result

Full-cycle sensing capability is the unique feature of this
proposed design, which was unprecedented in the previous
studies. Fig. 8 shows the comparison of the sensed v, with
this switched-mode self-sensing method and the oscilloscope.
As we can observe, when v,, is at a relatively high level above
3V, the two sensing results match quite well. However, under 3
V, there are some mismatched points. The mismatch is caused
by the non-ideal voltage references, which are realized with
low-cost passive components. When the freewheeling current
is small, the reference voltage can no longer be considered as
approximately constant. Its value is smaller than that in the
large current case. As the piezoelectric open-circuit voltage
in most previous studies is much higher than 3 V, the sensing
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Fig. 9. Harvested power comparison.

mismatches under small v, do not significantly affect the peak
detection in most cases. But for a more universal self-sensing
application, it is definitely an issue. A better solution will be
considered in the future study.

D. Harvested Power

In the proposed solution, the switch control is not a self-
powered version yet; the hardware and software of the embed-
ded microcontroller were not strictly optimized according to
the ultra-low-power criteria at this stage. On the other hand,
we should not simply compare this self-sensing solution to the
existing self-powered SECE, in terms of energy sustainability.
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TABLE II
POWER LOSS BREAKDOWN.

Component Power loss (uW) Percentage
Sh;i Rqs(on) 1.18 1.92%
Diodes 8.21 13.4%
ESR 349 56.9%
Inductor path  Diodes 10.3 16.83%
Ryprobe 4.37 7.12%
Ris(on) 0.24 0.39%
Sup2; San2 g 2.11 3.43%
Total 61.3 100%

Because the functionality has been expanded to a new level
in this study. It is the first design to realize full-cycle sensing,
peak identification, and SECE harvesting function simultane-
ously. Functionality is emphasized in this initial proposal.

Putting the implementation effort of switch control aside,
the harvested power is investigated to prove that the switched-
mode full-cycle sensing does not sacrifice much of the har-
vesting performance. Fig. 9 compares the harvested power
with different interface circuits including SEH, SECE using an
external sensor, and the proposed self-sensing SECE, in this
experiment, where the piezoelectric structure is weakly cou-
pled. From the power comparison, the SECE using an external
sensor or self-sensing solution significantly outperforms the
SEH interface circuit. Ideally, given a weakly coupled system,
the improvement of SECE is up to 300% compared with SEH,
in terms of maximum harvested power. In this experiment,
the improvements by using externally-sensing SECE and self-
sensing SECE are 211% and 146%, respectively. It makes
sense that the self-sensing solution pays a price for this con-
venient, self-contained, and more informative implementation.
The energy harvesting enhancement of this solution is still
significant, compared to the benchmarked SEH circuit.

Table II shows more details about the power losses in the
circuit. The power consumptions of different components are
estimated according to the inductor current ¢;, extracted from
a circuit simulation tool. A probe resistor Rppe is inserted to
sample the inductor current. As the power breakdown shows,
the most power loss is consumed in the inductor path. The
power loss of the single-directional switch is a relatively tiny
part because the freewheeling interval is much shorter than the
charge extraction interval under high output voltage.

V. CONCLUSION

This paper proposed a novel switched-mode self-sensing
solution for piezoelectric energy harvesting (PEH) using a
synchronized electric charge extraction (SECE) interface cir-
cuit. The voltage-sensing function is realized with the same
buck-boost charge extraction circuit, based on the volt-second
balance principle. The hardware topology enabling this self-
sensing SECE is composed of several circuit branches, includ-
ing a piezoelectric source, two absolute voltage references,
positive and negative rails/storages, and an inductive branch
with zero-crossing detection capability for intermediate energy
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delivery. By implementing a time-sharing control in this circuit
with a microcontroller, the proposed circuit can perform sched-
uled voltage sampling, voltage peak detection, and full charge
extraction at voltage peaks. Experimental results validated
the functionality of this proposed design. It can realize full-
cycle sensing, which is unprecedented in the previous PEH
designs. Although some detailed issues, such as the sensing
mismatch under low piezoelectric voltage and the energy price
for realizing the self-sensing function, need to be further
investigated in future work, this proposed solution offers a
new insight toward the designs of self-contained, flexible, and
more informative PEH systems.
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