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Introduction



WSNs: IoT revolution, structural monitoring, predictive maintenance

Energy supply of Wireless Sensor Networks

Hundreds/thousands of smart devices 
that need a power supply 
(typical mW power level)



In this context, Energy Harvesting has gained huge attention in the last years
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By recovering otherwise wasted ambient energy, 
it can represent the possibility for enabling 

ubiquitous and sustainable sensing

Fit and forget installation
to get rid of the main grid and of 

the continuous replacement/recharging of batteries . 

Fit & Forget 



Power Electronic Interfaces
In the maximization of the delivered power,

a key role is played by the power electronic interface 
needed between the harvester and the DC load
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If the power electronic interface 
is not properly designed, 

a huge amount of energy can be wasted



Vibration Energy Harvesting
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A vibration energy harvester 
is a device able to convert 

vibrations mechanical energy 
into electrical energy



Piezoelectric

The most studied technologies are by far 
the piezoelectric and electromagnetic ones. 

They are the only two that have also reached commercial maturity.
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Piezoelectric vibration energy harvesters
Piezoelectric effect : the ability of some materials to generate an electrical voltage in response 

to an applied mechanical stress. 

It allows the conversion of mechanical energy into electrical energy. 

They are typically employed in 
resonant cantilever configurations:

Resonant Piezoelectric Vibration Energy Harvesters 
(RPVEH)



Resonant Piezoelectric Vibration Energy Harvesters (RPVEHs)

mPĄ vibrating mass [kg],

kPĄ spring stiffness [N/m],

cPĄ viscous damping 
coefficient [Ns/m], 

ɎPĄ piezoelectric 
force factor [N/V]

Í

ʃ
Ø Ô

Ã

ʃ
Ø Ô

Ë

ʃ
Ø Ô Ö Ô

Í

ʃ
ÙÔ

É Ô ʃẗØ Ô
CPĄ piezo output capacitance

2
ʃ

Ã
,

Í

ʃ

#
ʃ

Ë
Ë
Í

ʃ

Tip mass

xP(t)
vAC(t)

iAC(t)

vAC(t)



Resonant Piezoelectric Vibration Energy Harvesters (RPVEHs)

Sinusoidal input vibration 
at the mechanical resonance frequency fres

(angular frequency ɟres)  

Tip mass

xP(t)
vAC(t)

iAC(t)

vAC(t)
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Benchmark: maximum extractable power 
(Maximum Power Transfer Theorem) 



Resonant Piezoelectric Vibration Energy Harvesters (RPVEHs)

Very useful parameters to study RPVEHs:

Tip mass

xP(t)
vAC(t)

iAC(t)

vAC(t)
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Electromechanical Coupling Coefficient Normalized angular frequency Normalized RPVEH Bandwidth 
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Power electronic interfaces



Double stage AC/DC interface for RPVEHs

Due to its simpler implementation, 
the double stage architecture based on a passive AC/DC Diode Bridge Rectifier (DBR) 

is the most suitable for low power applications 

Many laboratory prototypes and commercial products are based on this architecture

- A. Brenes et al., 2020, ñMaximum power point of piezoelectric energy harvesters: a review of optimality condition for electricaltuningò Smart Materials and Structures , vol. 29, 2020, doi: 

10.1088/1361-665X/ab6484

- P.D. Mitcheson, I. Stoianov, E.M. Yeatman, ñPower-extraction circuits for piezoelectric energy harvesters in miniature and low-power applicationsò, IEEE Trans. Power Electron. , vol. 27, pp. 

4514ï4529, 2012

- L. Costanzo, T. Lin, W. Lin, A. L. Schiavo, M. Vitelli and L. Zuo, "Power Electronic Interface With an Adaptive MPPT Technique for Train Suspension Energy Harvesters," in IEEE Transactions 

on Industrial Electronics , vol. 68, no. 9, pp. 8219-8230, Sept. 2021, doi: 10.1109/TIE.2020.3009584.



Even with an MPPT technique, the maximum power extracted with a DBR is much lower than P MAX. 

Double stage AC/DC interface for RPVEHs

DBR power vs. V DC at different vibration frequencies Maximum DBR power vs. ɟN for different RPVEH parameters



Optimization techniques have been proposed to increase the DBR power 
and reach PMAX avoiding the waste of precious energy

Switching-type interfaces: they operate synchronously with the vibration of the host structure 

The most widely used and improved are
SECE (Synchronous Electric Charge Extraction)

SSHI (Synchronized Switching Harvesting on Inductor)

Double stage AC/DC interface for RPVEHs

- L. Costanzo, A. Lo Schiavo and M. Vitelli, "Analytical Study of Piezoelectric Harvesters With SECE and SSHI Under Variable Excitation," in IEEE Transactions on Industry Applications , vol.

58, no. 2, pp. 2280-2290, March-April 2022, doi: 10.1109/TIA.2022.3142664.

- L. Costanzo, A. Lo Schiavo and M. Vitelli, "Active Interface for Piezoelectric Harvesters Based on Multi-Variable Maximum Power Point Tracking," in IEEE Transactions on Circuits and

Systems I: Regular Papers , vol. 67, no. 7, pp. 2503-2515, July 2020, doi: 10.1109/TCSI.2020.2977495.



SECE - Synchronous Electric Charge Extraction

+

_
vDC(t)

VBAT
Lm Load Standard circuit of SECE

Periodic operation of SECE under a 
sinusoidal acceleration:

two intervals of time triggered on 
the maxima and minima of vDC = |vAC|. 
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SECE - Synchronous Electric Charge Extraction

t = Tvib /2 
vAC reaches a peak 

and the MOS is 
turned ON

TSECE< t < Tvib /2
MOS OFF, diode forward biased:

Cp is charged in open circuit 
vAC and vDC = |vAC| increase

t = Tvib /2 + TSECE 

vAC reaches zero 
and the MOS is 

turned OFF again

Tvib /2 < t < Tvib /2 + TSECE

MOS ON, diode reversed biased:
the energy is quickly transferred 

from Cp to Lm

1 2
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and the MOS is 
turned ON

TSECE< t < Tvib /2
MOS OFF, diode forward biased:

Cp is charged in open circuit 
vAC and vDC = |vAC| increase

t = Tvib /2 + TSECE 

vAC reaches zero 
and the MOS is 

turned OFF again

Tvib /2 < t < Tvib /2 + TSECE

MOS ON, diode reversed biased:
the energy is quickly transferred 

from Cp to Lm

1 2



SECE - Synchronous Electric Charge Extraction

t = Tvib

vAC reaches a 
negative peak 
and the MOS is 

turned ON

Tvib /2 + TSECE< t < Tvib

MOS OFF, diode forward biased:
Cp is charged in open circuit 
vAC and vDC = |vAC| decreases

t = Tvib + TSECE 

vAC reaches zero 
and the MOS is 

turned OFF again

Tvib < t < Tvib + TSECE

MOS ON, diode reversed biased:
the energy is quickly transferred 

from Cp to Lm

the energy stored into Lm is transferred to the 
battery through the diode.

1
2



Improved performance 
compared to a DBR

SECE - Synchronous Electric Charge Extraction

+

_
vDC(t)

VBAT
Lm Load

Differently from DBR (and from
SSHI), the SECE does not
require a further conversion
stage with MPPT to adapt the
DCside voltage

SECE and DBR powers vs. V DC at different vibration frequencies



Compared to the SSHI, SECEis not always
able to extract PMAX.

SECE - Synchronous Electric Charge Extraction

SECEextracts a power equal to PMAX only for
particular values of the harvester
parameters :
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Maximum SECE power (at ɟN = 1) vs. RPVEH parameters

Maximum power of SECE and DBR vs. ɟN 
for different RPVEH parameters



SSHI - Synchronized Switching Harvesting on Inductor

Standard circuit of SSHI

0

0

0

0

DBR
SSHI 

Periodic operation of SSHI under a 
sinusoidal acceleration:

The switch SW remains open for most of 
the vibration period and closes only 
when Ὥ crosses zero (ὨὺȾὨὸ π)

The presence of Cp has a negative effect 
on the extracted power

The SSHI interface is aimed 
just at compensating the effect of C p

by fasting the transition times of the voltage vAC(t)

1 2



SSHI - Synchronized Switching Harvesting on Inductor

The switch is 
turned OFF when 
Ὥ reaches zero. 

Switch SW ON
Diodes are reverse biased 

and Ὥ ḙπ.
Cp resonates with LSSHI

Rapid reverse of vAC that 
lasts half of the Cp-LSSHI

resonance period

Switch SW OFF
ὺ ὠ and diodes 

forward  biased
The diodes conduct, and 

the input energy is transferred to ὅ
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SSHI - Synchronized Switching Harvesting on Inductor
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SSHI - Synchronized Switching Harvesting on Inductor

At resonance, an ideal SSHI can
extract PMAX independently on the
RPVEHparameters .

Differently from SECE, the
maximum extracted power is not a
function of the RPVEHparameters .



SSHI - Synchronized Switching Harvesting on Inductor

However, the maximum power is
extracted only for a particular
value of VDC.

Consequently, a disadvantage with
respect to the SECEis the need for
an MPPT



SSHI - Synchronized Switching Harvesting on Inductor
MPPT feedback control scheme providing 

the reference ὠ for ὠ

The most widely adopted MPPT strategies: 
Fractional Open -Circuit Voltage (FOCV) 

Perturb and Observe (P&O)

- M. Balato, L. Costanzo, A. Lo Schiavo, M. Vitelli: ñOptimizationof both Perturb & Observe and Open Circuit Voltage MPPT Techniques for Resonant Piezoelectric Vibration Harvesters feeding

bridgerectifiersò, Sensors and Actuators A: Physical , Volume 278, 2018, Pages 85-97, ISSN 0924-4247, https://doi.org/10.1016/j.sna.2018.05.017

- L. Costanzo, A. L. Schiavo and M. Vitelli, "Design Guidelines for the Perturb and Observe Technique for Electromagnetic Vibration Energy Harvesters Feeding Bridge Rectifiers," in IEEE

Transactions on Industry Applications , vol. 55, no. 5, pp. 5089-5098, Sept.-Oct. 2019, doi: 10.1109/TIA.2019.2923162



SSHI - Synchronized Switching Harvesting on Inductor
MPPT feedback control scheme providing 

the reference ὠ for ὠ

The most widely adopted MPPT strategies: 
Fractional Open -Circuit Voltage (FOCV) 

Perturb and Observe (P&O)

FOCV: periodic interruptions of power to sense the open -circuit 
voltage, degrading both efficiency and dynamic performance

P&O: steady-state oscillations around the MPP and 
limited dynamic response when the vibration varies 

FOCV DC voltage VDC

FOCV DC power POCV

P&O DC voltage VDC

Input acceleration

P&O DC power PP&O
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Current -Driven MPPT for 
SSHI interface



Current -Driven MPPT for SSHI interface

Objective: achieve MPPT in SSHI interfaces, 
while overcoming limitations of P&O and OCV 

Proposed solution: CD-SSHI interface 
enables operation at the MPP under both 

steady-state and transient vibration conditions 
without resorting to perturbative control strategies or 

interrupting power extraction

It achieves real -time estimation of the optimal V DC (VMPP_SSHI) by 
exploiting only the measurement of the average value of iDC (I DC_av).

ὠ
“ ɇ‖ɇὙ

ψɇ‖ “Ў‫ ρ ‌
ɇὍ Ὑ ɇὍ

ɻ Ὡ

ɇ
ɇ

Ὑ models the losses of 
ὒ and of the switch SW.

Implementation: sensing resistance and active low-pass filter to measure I DC_av, 
RPVEH pre-characterization to obtain ‖, Ὑ , Ў‫ and ɻ

Ὑ



Current -Driven MPPT for SSHI interface

Self-supplied implementation based on commercial DC/DC 
converter SPV1050 by ST-Microelectronics.

- L. Costanzo, A. Lo Schiavo and M. Vitelli, "A Current-Driven SSHI for Piezoelectric Vibration Energy Harvesters," in

IEEE Transactions on Circuits and Systems I: Regular Papers , doi: 10.1109/TCSI.2026.370071


