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Abstract—In this paper a nonlinear int
examined to increase the power efficiency o
based piezoelectric energy harvester. In 
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piezoelectric patches and the interfacing circ
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charge extraction (OSECE) nonlinear techniq
optimize the interfacing circuit. The equiva
fluttering flags is introduced and simulated wi
using the Matlab and PSIM software. The 
show the good agreement with the theoret
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Fig. 1. Schematic of two galloping
interfacing circuit to sing load. 
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rectifier, such as SECE techni
full-bride to rectifier the piezo
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Figure 2. In this technique, a t
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at the extreme value of the disp
of velocity to shift the pha
piezoelectric element. These te
piezoelectric-generator is weak
i.e. only a small amount of mec
structure and converted in elect
the piezoelectric-generator with
to an operation under strong co
the output voltage [21, 22]. 

ng-based 
er 

an Vasic 
ENS Cachan 
e Cergy-Pontoise 
an, France 
e.ens-cachan.fr

herefore, in this paper, we study 
t two flags working in galloping-
tion. 

 
g piezoelectric energy harvester with 

topologies and corresponding 
d. The most efficient switching 
nto two groups according to the 
wave bridge rectifier and the 
he switching circuits places the 
bride rectifier, such as parallel-

g Harvesting on an Inductor) the 
ches after the full-wave bridge 
ique [19]. Besides by using the 
oelectric voltage and in order to 

al. [20] propose the Optimized 
xtraction (OSECE) technique as 
transformer and three diodes are 
d full-bridge to rectifier the 
ate the primary and secondary 
witching circuit only turns “ON” 
placement or at the zero crossing 
ase of the voltage across the 
echniques are used because the 

kly coupled to the host structure, 
chanical energy is taken from the 
tricity. The electrical behavior of 
h the SSHI circuit is equivalent 
oupling conditions by increasing 



To provide an interface for a multi flags
the interface called optimized synchronou
extraction (OSECE) were used in this wo
energy from each flag should be connec
therefore we propose a new structure, whic
the piezoelectric transducers working at dif
and different voltage amplitudes to one load
this new interface, in the next, an equ
galloping piezoelectric energy harvester 
considered and combined with the interfa
experiments will be compared to the s
(MATLAB+PSIM software) to show the
galloping-based applications. The paper is or
the second section summarizes the simulatio
with electric interface. In section 3, the expe
the proposed electric interface with flags are 
the last section concludes the paper. 

Fig. 2. Optimized synchronous electric charge extractio
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as shown in Figure 3. The circu
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Fig. 3. Equivalent circuit of a gallopin
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Fig. 4. Equivalent circuit of two gal
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 The theoretical waveforms are shown in F
can see that the OSECE interface put in phas
voltage and the mechanical current that
technique increase the output power. Mor
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expression of the output power of OSECE tec
equation (3). 

Fig. 5. Waveform of the OSECE technique. 
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Where ω I =
1
LIC0

 and QI = 1
rI

LI
C0

 are th

frequency and the quality factor for the LC r
turn’s ration in the OSECE as shown in Figu
refer to inductance of the transformer in 
capacitance of piezoelectric patch and resi
resonance. 
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 The simulation results of the output pow
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number 1. The maximum power is 133 μW f
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maximum power is 143 μW for a load 316 k
7(c) shows the output power of the combin
output power is 276 μW. When the two fl
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Fig. 6. Simulation setup in PSIM. 
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Fig. 7. Simulation restults for (a)GPH 1 (b)GPEH 2 (c)GPEH 1+2. 

 

III. EXPERIMENTAL SETUP AND RESULTS 
The experimental setup and circuit photos are shown in 

Figure 8. Two galloping piezoelectric energy harvesters 
(GPEH) are placed on a steel plate and fixed by the magnetic 
clamper. A Laser vibrometer (LK-G152 and LK-G3001P, 
KEYENCE) is place on the right side of the GPEH to measure 
the tip displacement. The external wind source is driven by two 
fans (4184 NXH) and the wind speed U can be controlled by a 
DC power supply from 12-28 VDC. The generated wind range 
is around 1.5 m/s to 6 m/s. Two GPEHs are driven by two fans 
simultaneously and, through two combined OSECE interfacing 
circuit, the harvested energy from two piezoelectric patches 
charge a single load. Two diodes, one transformer and two 
switches are used in each OSECE interfacing circuit as Figure 
8 shown. The model of diodes are BAT48 and the voltage drop 
is around 0.22V. The model of transformer is PT8SM. There 
are two windings in primary side and one winding in the 
secondary side. The turn’s ratio is 1:1:2 and the inductance is 
around 10 mH. The output rectifier capacitor is 4.7 μF. The 
dimensions of steel beams, piezoelectric patches and bluff 
bodies are shown in Table 1. The model parameters of the two 
GPEHs are shown in Tables 2 and 3. Two different length 
GPHEs are used here to show the performance of the combined 
OSECE. 

TABLE I.  DIMENSIONS OF THE GPEH AND PIEZOELECTRIC PATCHES 

Symbol Value (unit) 

Steel Beam 1 120*20*0.5 (mm3) 

Piezoeletric patch 1 20*14*0.3 (mm3) 

Bluff body 1 100*30*30 (mm3) 

Steel Beam 2 110*20*0.5 (mm3) 

Piezoeletric patch 2 20*14*0.3 (mm3) 

Bluff body 2 100*30*30 (mm3) 

 

 

 
Fig. 8. Experimental setup and interfainc circuits.. 

 

TABLE II.  MODEL PARAMETERS OF GPEH 1. 

Symbol Description Value (unit) 

M1 Mass 17.7 (g) 

fop
1 Open circuit resonant frequency 7.6 (Hz) 

fsh
1 Short circuit resonant frequency 7.57 (Hz) 

k2
1 Electromechanical coupling coefficient 0.0079 

KD
1 

Equivalent stiffness when piezoelectric 
patch is in open circuit 40.36 (N/m) 

KE
1 

Equivalent stiffness when piezoelectric 
patch is in short circuit 40.04 (N/m) 

D1 Damping coefficient 0.0052 (N/m/s) 

α1 Force-voltage factor 0.0000312 (N/V) 

C01 
Clamped capacitance of piezoelectric 
patch 25nF 
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TABLE III.  MODEL PARAMETERS OF GPEH 2. 

Symbol Description Value (unit) 

M2 Mass 17 (g) 

fop
2 Open circuit resonant frequency 9 (Hz) 

fsh
2 Short circuit resonant frequency 8.97 (Hz) 

k2
2 Electromechanical coupling coefficient 0.0067 

KD
2 

Equivalent stiffness when piezoelectric 
patch is in open circuit 54.36 (N/m) 

KE
2 

Equivalent stiffness when piezoelectric 
patch is in short circuit 54 (N/m) 

D2 Damping coefficient 0.0055 (N/m/s) 

α2 Force-voltage factor 0.0000351 (N/V) 

C02 
Clamped capacitance of piezoelectric 
patch 25nF 

 

 The experimental waveforms of the piezoelectric voltage 
s(channel 1 and 3) of each flag (VP1 and VP2) and the output 
DC voltage VC (channel 2) are shown in Figure 9. The two 
piezoelectric voltages are diphase because of the different size 
of the flag. But these two voltages charge the same capacitor 
without any interference. 

 
Fig. 9. Experimental waveform: channel 1 Vc(10V/div), channel 2 
Vp1(20V/div), and channel 3 Vp2(20V/div) 

 The experimental results for three wind speed U are shown 
in Fig. 10. The black, blue and red curves present the 
simulation results of GPEH1, GPEH2 and the combined 
GPEH1+2 from MATLAB+PSIM. The black curve with circle 
dots, blue curve with square dots and red curve with star dots 
present the experimental results. With the wind speed 
increasing, the power output of three circuits will also increase. 
Comparing the experimental results to simulation results, the 
experimental power is lower than The main reason for the 
losses between the experimental and simulation results is 
because in the simulation the ideal transformer is used and in 
the experiments there are losses when the transformer stored 
and transfer the electrical energy simulation and because a pat 
of harvested energy is used to drive switches. The maximum 
experimental power of the combined structure is 160 μW for a 
wind speed of 5m/s and respectively 75 μW and 80 μW for 
each beam separately. That means that the proposed improved 
OSECE can combine the energy provided by each beam 
whiteout interference. 

 The optimal load for the three cases are almost the same. 
Moreover in the OSECE technique, the optimal load range is 
wider than in classical synchronized switching technique 
harvesting in inductor (SSHI). The output power during the 
resistor load range up to 1 MΩ is almost a flat curve. The 
results also shows that by using OSECE technique to combine 
two flagss to a single load the optimal load will not be changed. 
This technique will not influence the load response curve. It 
means that whole system is load independent and this result 
shows good agreement with the simulation results. 

 

 

 
Fig. 10. Experimental and simulation results in different wind speed (a) 
U=3m/s (b) U=4m/s (c) U=5m/s.. 

Charge from GPEH 1

GPEH 1 GPEH 2

Charge from GPEH 2

T1 T2 T3 T4
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(b)

(c)



 

IV. CONCLUSION 
In this study, an electric interface (OSECE) is proposed to 

connect two piezoelectric beams with only one load. 
Experimental results verify the simulation results by MATLAB 
and PSIM software. In the load response testing (driven at each 
resonance), OSECE technique with two beams show low 
dependence on load effect. The wide optimal load range is an 
advantage in real application and for multi-piezoelectric 
system. The two beams combined system will not influence the 
load curve for each piezo patch. In the case of variation of the 
wind speed, the two beams combined system show good 
performance to plus electrical energy and will not influence for 
each piezo patch either. 

The two beams system proposed in this study is the 
simplest system in the multi-piezoelectric patches system. The 
results show that the combined technique can be used in multi-
piezoelectric patch system and plus the electrical energy 
without influencing the load curve and frequency response. 
This advantage is important to different piezoelectric patches 
and different structure design applications. As the piezoelectric 
flag energy harvesting application, the whole system can be 
composed of many piezoelectric patches and only load need to 
be charge. 
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