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Abstract—Harvesting vibration energy from the environ-
ment using piezoelectric energy harvesters (PEHs) helps
achieve battery-free embedded devices. Synchronous electric
charge extraction (SECE) has load-independent power out-
put. It is suitable for harvesting energy from multiple piezo-
electric transducers. This paper presents a self-powered
SECE interface circuit for piezoelectric energy harvesting.
The proposed interface circuit implements a passive zero-
crossing detection, harvests energy from multiple piezo-
electric transducers with only one inductor, and outputs
79.3% more power than a standard full bridge rectifier in
experiment.

Keywords—piezoelectric energy harvesting (PEH), self-
powered, synchronized electric charge extraction(SECE)

I. INTRODUCTION

Over the years, vibration energy harvesting has been
a popular research topic. Vibration energy is widely
available in ambient environment and can be used to
power embedded systems like wireless sensor nodes.
These devices may become self-powered and even get
rid of batteries by using vibration energy[1].

In vibration energy harvesting using piezoelectric ma-
terials, different interface circuits have been proposed. A
simple and direct approach is to use a full bridge rectifier.
(FBR). It is also known as the standard energy harvesting
(SEH) circuit.

For weakly coupled piezoelectric energy harvesters
(PEHs), many interface circuits based on synchronized
switch were proposed to improve the harvesting ca-
pability. The first synchronized switch technique was
proposed in [2] and is known as parallel synchronized
switch harvesting on inductor (P-SSHI). Another kind
of harvesting technique is synchronous electric charge
extraction (SECE) [3]. The self-powered versions of these
interface circuits were also proposed to eliminate the need
of extra sensors and external power supplies [4].

To harvest more energy, the possibilities of using
multiple harvesters to form a PEH array were explored
[5][6][7][8][9]. PEH arrays can harvest energy at a wider
range of frequencies or from different directions. The
vibration amplitudes and frequencies are usually different.

Multiple PEHs in an PEH array can share the in-
ductor and output capacitor. Sharing components helps
reduce cost and volume of the system. Ref. [4] presents
a self-powered SECE circuit with shared zero-crossing
detector for PEH voltage. Active components are used
to achieve precise switching control and low conduction

loss. [10] presents a SECE interface circuit with passive
components and utilizes envelope detection to achieve
peak detection. Although the peak output power of SECE
is only a half of that of P-SSHI scheme [11], SECE is
still an excellent candidate for array harvesting. Since the
power output is load-independent, it can handle multiple
PEHs with different electromechanical characteristics.

A self-powered SECE circuit for piezoelectric energy
harvesting arrays with passive zero crossing detection
(ZSECE) is developed. This circuit can harvest energy
from multiple PEHs regardless of their phase differences.
Its input voltage can be as high as 16 V peak-to-peak.
Precise peak detection is achieved using a comparator.
Passive zero-crossing detection scheme is implemented
to reduce the cost of the circuit by eliminating the need
for another comparator and logic gate, compared with the
active zero-crossing detection scheme in [4]. No extra
cold-start circuitry is needed. The circuit only needs off-
the-shelf components to build.

II. ZSECE INTERFACE CIRCUIT

Fig. 1 shows the schematic of ZSECE circuit. It com-
prises five modules: a full-wave rectifier, a pre-harvesting
module, a peak detector, and SECE interface with zero-
crossing detection. L, D4 and Cload in the SECE interface
can be shared by multiple PEHs.

A. Operation Principle of SECE Interface Circuit

Fig. 2 shows a general SECE circuit. It is a typical
harvesting scheme based on synchronized switch tech-
nique. At the voltage peaks of PEH, the switch S is
turned on. The inductor and parasitic capacitor of the PEH
together forms a resonant loop. The energy stored in the
parasitic capacitor Cp is transferred to the inductor. Fig.
3 shows the harvester voltage v and inductor current iL
waveform of SECE circuit. In ideal case, the switch will
be turned off after all the energy has been transferred
to the inductor, which is also the time when the voltage
across the parasitic capacitor reaches 0. After the switch
has been turned off, the current in the inductor will be
freewheeled to the load.

To harvest energy from multiple PEHs, the circuit can
be extended as shown in Fig. 4. Since the inductor only
conduct current in one direction, multiple inductors can
harvest energy at the same time without interfering one
another, even if their phase difference is comparable to
(t0 − t1) [12]. The circuit can be extended further in the
same manner.
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Fig. 1. Overview of proposed interface circuit.
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Fig. 2. SECE interface circuit
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Fig. 3. Voltage and current waveform of SECE circuit

B. Pre-harvesting Circuit

Fig. 5(a) shows the schematic of pre-harvesting cir-
cuit. MD1 is a depletion MOSFET. The threshold voltage
Vth of MD1 is negative, so MD1 will remain on as long
as the voltage across Cs does not exceed |Vth|. When
there’s enough voltage on Cs, MD1 will turn off. Hence
the output voltage Vs is given by (1).

Vs =

{
max(Vrect) max(Vrect) ≤ |Vth|
|Vth| max(Vrect) > |Vth|

(1)

Pre-harvesting circuit is connected behind the rectifier
to harvest a small portion of the energy to supply power
to the peak detector. The peak output voltage of rectifier

is half of the peak-to-peak voltage, it and can be higher
than 40 V in some cases. Such high voltage can damage
the components in peak detection circuit, so MD1 is
added for protection. Other protection method such as
parallel connected zener diode will consume large amount
of energy when Vs rises above the maximum voltage.
The power consumption of this protection scheme is also
less than those source-follower-like topology where a
zener diode and resistor is connected in series to generate
voltage reference.

With proper selection of Vth, the circuit can start
working as soon as enough energy is delivered. If the
minimum operational voltage of peak detector is higher
than all the depletion type MOSFETs available, the pro-
tection topology can also be cascoded to output higher
voltage. Fig. 5(b) shows a cascoded protection that has
a maximum output voltage of 2|Vth|, and more stage is
possible.

In the cascoded configuration, the parallel connected
resistor and capacitor serve to stablize the voltage at the
gate terminal of MD2. Since the leakage current of MD1
will slowly charge the gate terminal and eventually make
Vs reach max(Vrect), a large resistor is used to slowly
discharge CGS and C1. The gate capacitance Cgs2 is
comparable to CDS1, the drain-to-souce capacitance of
MD1, this will affect the voltage level, so a capacitor
that is much larger than CDS1 is added to make CDS1

neglectable.

Since the power is directly drawn from the PEH
instead of the output, the pre-harvesting circuit also grants
the ability of cold-starting-up. It can power the peak
detector without any additional cold-start circuit, no pre
charged battery or capacitor is required.

C. Peak Detector

Fig. 6 shows the schematic of the peak detector.
Ctrig and Rtrig together forms a RC delay network. The
voltage of the PEH is compared with a delayed version
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Fig. 4. SECE circuit for PEH array with two PEHs
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Fig. 5. Pre-harvesting circuit. (a) One stage pre-harvesting circuit. (b)
Cascoded pre-harvesting circuit.

of itself so that the slope of the voltage is determined.
The comparator generates a square wave Vtrig(t) where
a rising edge corresponds to a voltage peak of the
piezoelectric transducer.

The operational frequency range of such a peak detec-
tor is limited. When the frequency is too low, the voltage
difference on Rtrig would be smaller than the hysteresis
of the comparator. When the frequency is too high, the
detection delay is too large. But this bandwidth is still
much larger than that of most mechanical structures used
in piezoelectric energy harvesters. The design margin
is enough for most cases. Thanks to the large input
resistance of comparators, Rtrig can be selected to be
relatively large and Ctrig can be small to decrease the
power dissipation on Rtrig .

D. Passive zero crossing detection

Fig. 7(a) shows the topology of SECE interface with
zero crossing detection. The square wave control signal
from peak detector is coupled to the gate of M3 through
Cg . Fig. 7(b) shows the waveforms of Vtrig , Vrect and
the gate source voltage Vgs of M5 at a voltage peak of
the PEH. t0 indicates the arrival of the voltage peak. At
t0, a rising edge is sent from the peak detector to the gate
of M5, the amplitude of which is slightly less than Vs.
Since Vs must be smaller than the maximum voltage of
Vrect, D2 will be reversely biased at this moment. As M5
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Fig. 6. Peak detector
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Fig. 7. Passive zero crossing detection and turning off. (a) schematic.
(b). voltage waveform of Vgs of M5, Vrect and Vtrig

turns on, the energy stored in the PEH is transferred to
the load and Vrect begins to drop. When Vrect drops to
be lower than Vs at t1, D2 becomes forwardly biased and
force Vgs to drop to Vrect. M5 becomes diode connected
and remains on until Vrec−VD2 falls below the threshold
voltage of M5 at t2, then M5 will turn off. By adjusting
the threshold voltage of D2 or using multiple diodes in
series, the turn off voltage can be adjusted. When Vtrig

becomes low again, Cg will discharge through D5, and
one switch cycle completes.

The absolute value of turn-off voltage is not critical.
It only needs to be less than the threshold voltage of the
rectifier to avoid additional losses, as the rectifier will be
cut off when PEH voltage drops below threshold value.
Therefore no more energy can be harvested. D5 and D2
will be forwardly biased if Vrect becomes negative. So a
rectifier is needed to keep Vrect positive.

E. Effect of Incomplete Charge Extraction

Threshold voltage of rectifiers and peak detector delay
will cause incomplete charge extraction, as shown in Fig.
8. For peak detectors based on envelope detection, the
detection delay will cause a fixed voltage loss, i.e., the
charge extraction process will start after the voltage of
PEH drops below peak voltage by a certain value. On the
other hand, the threshold voltage of rectifier will cause
some charges to be left in the PEH after extraction. In
that case the charge extraction process will stop when the
voltage of PEH drops below a certain value. The amount
of output energy at each extraction is given by (2).

Eextracted =
1

2
Cp[(Vppoc − VH)2 − V 2

L ] (2)
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Fig. 8. Incomplete Charge Extraction.(a) Ideal SECE waveform with
no incomplete charge extraction. (b) Incomplete charge extraction due to
residual charge. (c) Incomplete charge extraction due to peak detection
delay

TABLE I. COMPONENTS USED IN PROTOTYPE

Component Part Number Important Parameters

M1,M3 AO3415 Vth = 0.7V VGS = ±8V

M2,M4 AO3414 Vth = 0.7V VGS = ±8V

M5 ZVN4424GTA Vth = 1.4V CGS = 200pF

MD1 BSS159N Vth = -2.4V

Cs - Cs = 5µF

Ctrig - Ctrig = 1.5nF

Cg - Cg = 820pF

D1,D4 BAT54 VF=0.24V @ 0.1mA
IR=2 µA@25V

D2,D3,D5 1N4148 VF = 0.62V @ 5mA
IR = 3 µA@20V

L - L = 120 mH
ESR = 166 Ω@3 kHz

Where Vppoc is open-circuit peak-to-peak voltage of PEH
in deal case, VH is the voltage loss caused by peak
detector delay, and VL is the voltage of the PEH after
extraction. For a commonly used self-powered switch
shown in Fig 9, VL = 0 and VH = VD + VBE . For
the proposed circuit, VH = 0 and VL = 2VD. If VH and
VL is roughly the same, then for one energy extraction,
(3) can be derived.

1

2
Cp[(Vppoc−VH)2−02] <

1

2
Cp[(Vppoc−0)2−V 2

L ] (3)

That is, if one of VH and VL has to be introduced into
the harvesting system, and VH ≈ VL, then introducing
VH will cause less power loss. This is how precise peak
detection can help improve efficiency, even at the cost
of leaving some residual charge in the PEH after charge
extraction.

III. EXPERIMENTS

A. Experimental Setup

To evaluate the performance of ZSECE, a prototype
is fabricated with discrete components and printed circuit
board (PCB). Table I shows the parameters of the com-
ponents used on the prototype. To reduce the effect of
threshold voltage, The MOSFETs on the bridge rectifier
have low threshold voltage at the cost of low breakdown
voltage between gate and source and high CGS . While
M5 serves as a switch, so a MOSFET with low RDSON

and low CGS is selected to reduce the driving loss and
conduction loss.

Fig. 9. Conventional self-powered SECE interface circuit based on
peak detection [13]

Fig. 10. Shaker, cantilever beam and PCB prototype used in experi-
ments. The inductor is externally connected.

To compare the performance of ZSECE and other
interface circuits, the self-powered SECE interface circuit
in Fig. 9 is also fabricated with 1N4148, 2N3904 and
2N3906. And a full-wave rectifier is fabricated with
1N4148. All three interface circuits use the same type
of output capacitor. And the two SECE circuits use the
same L, D4, and Cload for fair comparison.

The PEH is attached to a vibration shaker powered
by a power amplifier. A function generator provides a
sinusoidal control signal of the power amplifier. The open
circuit peak-to-peak voltage Vpp is adjusted manually be-
fore experiments. Fig. 10 shows the mechanical structure
and PCB prototype.

B. Experimental Results

Fig. 11 shows the output power of a single ZSECE
unit, a full-wave rectifier (SEH) and a conventional self-
powered SECE circuit. The open circuit Vpp in this case
is 12.0 V and frequency is 43.33 Hz. The output power
drops slightly at high Vout because some current will
leak through the drain of M5 in the harvesting process
if Vout rises too high. ZSECE can harvest 79.3% more
energy than SEH and 64.7% more energy compared to
conventional self-powered SECE.

Fig. 12 shows the captured waveform of two ZSECE
harvesting power from two different PEHs. The two
ZSECE units share the same inductor and load. The load
is 5MΩ. The red line and blue line are PEH voltage
waveforms of 42 Hz and 35.9 Hz separately. The green
line is ac coupled output voltage. At each voltage peak
of PEH, the output voltage rises, indicating energy is
transferred from PEH to load as expected. The output
power of PEH1 (red line) alone is 46.39 µW. The output
power of PEH2 (blue line) alone is 41.76 µW. The output
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Fig. 11. Output power of ZSECE, Full bridge rectifier (SEH) and
conventional self-powered SECE in Fig. 9

Fig. 12. Voltage waveform of two PEHs (red and blue) and output
voltage (green)

power when both PEHs work simultaneously is 84.872
µW. The output power of both PEHs working together
is slightly less than the sum of two PEHs working
independently, since the output voltage is high.

IV. CONCLUSION

This paper introduced a self-powered SECE interface
circuit with passive zero crossing detection (ZSECE) for
piezoelectric transducer array energy harvesting. ZSECE
can harvest energy from multiple PEHs with only one
inductor regardless of their phase difference. Output
power is almost load independent. It uses passive zero
crossing detection to reduce cost. ZSECE can harvest
79.3% more energy compared to SEH and 64.7% more
energy compared to self-powered SECE.
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