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Abstract—Self-powered realization for synchronous 

switching circuits is a hot spot for piezoelectric vibration 
energy harvesting. As a well-known approach, the 
electronic breaker is widely used for its simplicity and 
reliability. It plays an important role on the performance of 
the piezoelectric generator by affecting the available 
open-circuit voltage and the switching phase lag. In this 
paper, a comprehensive model is developed for improved 
performance analysis with missed factors included in 
comparison with previous investigations. The combined 
influence of the envelope resistor and the capacitor on 
both the phase lag and the open-circuit voltage is newly 
considered while the additional phase lag effect induced by 
charging the switch parasitic capacitance with the 
envelope capacitance is supplemented. Experiments and 
simulations validate the proposed model with better 
accuracy and the results show that these supplemented 
factors are important to the generator performance, 
especially for the micro-power energy harvesting with 
small piezoelectric capacitance or displacement 
magnitude. Moreover, more detailed design guidelines are 
deduced from the proposed model. 
 

Index Terms— Piezoelectric Energy harvesting, 
Self-powered synchronous switching circuit; Electronic 
breaker. 

I. INTRODUCTION 
HE rapid development of micro power circuits promotes 

new possibilities of scavenging energy from environment 
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vibrations, leading to the advancement of wireless sensor 
network (WSN) of battery free [1]. Piezoelectric generator is 
one of the promising techniques that can scavenge energy from 
ambient vibrations. Beside the improvement on the mechanical 
structure to increase power density [2] or operation bandwidth 
[3-4], the study of electronic interface circuits is another 
important subject. For the purpose of regulating the alternative 
current (AC) to direct current (DC) from harvested electricity, 
the standard circuit composed of a rectifier and a capacitor was 
firstly proposed [5]. However, the energy return phenomenon 
that part of the energy without being extracted goes back to the 
mechanical system [6] makes its performance not good in low 
electromechanical coupling cases [7]. To increase the harvested 
power, many synchronous switching harvesting techniques 
were developed, for instance, synchronized switching 
harvesting on an inductor (SSHI) [8-10] and synchronous 
electric charge extraction (SECE) [11]. The advantages of 
performance enhancement in low electromechanical coupling 
cases and low load dependence were observed for these 
circuits. Further improvements on SSHI such as double 
synchronized switch harvesting (DSSH) [12], SSHI with 
magnetic rectifier (SSHI-MR) [13] etc. or on SECE such as 
optimized SECE (OSECE) [14], tunable SECE [15] etc. were 
proposed with different features as well. 

For these synchronous switching circuits, the self-powered 
realization remains a hot topic. A variety of approaches have 
been studied, including electronic breakers [16-18], mechanical 
switches [19-21], velocity control [22] or integrated circuits 
[23-25] etc. Among them, the electronic breaker composed of 
an envelope and a comparator receives great interests due to its 
simplicity and reliability. It is firstly proposed for SSHI [16] 
and subsequently extended for other synchronous switching 
circuits [18]. In the self-powered switching circuits with 
electronic breakers, the switches, which are in fact powered by 
the piezoelectric source, automatically take actions to invert the 
piezoelectric voltage based on the information from the peak 
detectors that the maxima or minima are attained. Therefore, 
the harvested power is strongly related to the available 
open-circuit voltage magnitude and the phase lag between the 
switching actions and the corresponding piezoelectric extrema 
in the self-powered circuits [17].  

Lallart and Guyomar conducted a primary analysis by 
including the voltage drop on the diode and the transistor [16]. 
Nevertheless, other components in the circuit were not 
accounted and the phase lag was assumed to be constant. Liang 
and Liao presented an improved analysis which contained the 
influence of the envelope capacitor and the leakage resistance 
of the piezoelectric element [17]. The phase lag induced by the 
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diode and the transistor in the electronic breaker was analyzed 
as well. The design and optimization of the self-powered 
synchronous switching harvesting circuits relies on the accurate 
model. However, the envelope resistor and capacitor’s 
influence is not well analyzed in existed models. In particular, 
the switch’s parasitic capacitance and turn-on threshold are not 
considered either. In this paper, a comprehensive modeling and 
analysis taking these two factors into consideration are 
proposed. Investigations show that, the envelope resistor and 
capacitance affects the switching phase delay and the 
generator’s open-circuit voltage while considerable additional 
phase lag is introduced for charging the switch’s parasitic 
capacitance to turn on the switch. The harvested power is then 
greatly affected, especially for a piezoelectric generator with a 
small intrinsic capacitance which is usual for micro-power 
energy harvesting, i.e., MEMS generators. With the proposed 
model, better understanding and more precise suggestions on 
the design of the synchronous harvesting circuit can be found 
and more accurate performance evaluation can be performed. 
For instance, the performance degeneration observed with large 
envelope resistors or small envelope capacitances (see Fig. 9 in 
[17]) can be well understood, whereas it was not explained by 
the previous models [16-18]. 

This paper is organized as follows. Section 2 presents the 
introduction on the principle and operation of the OSECE and 
its self-powered realization with the electronic breaker. The 
Self-powered OSECE (SP-OSECE) circuit is selected here due 
to the easy feasibility of the self-powered circuit and low load 
dependence [14]. It thus facilitates the discussion by choosing a 
constant load without affecting the generality. Section 3 
introduces the detailed investigations about the self-powered 
circuit based on electronic breakers. An improved model is then 
proposed to study the performance by a thorough analysis on 
the phase lag and the open circuit voltage as a function of the 
aforementioned parameters. Then it is validated by experiment 
and simulation with further discussions presented in section 4. 
Based on the proposed model, further discussions on the circuit 
design are performed with guidelines concluded in section 5.  

II. PRINCIPLE AND CIRCUIT 

A. OSECE circuit 

For a sinusoidal excitation u=uMsint, the short-circuit 
current from the piezoelectric generator is 

coseq Mi u u ta a w w= =                             (1) 
according to the piezoelectric constitution equation. Here,  is 
the force-factor of the piezoelectric generator and u is the 
displacement. As a result, the piezoelectric element can be 
modeled as a current source in parallel with an intrinsic 
capacitance C0 and a leak resistor R0. For the ideal case of no 
dielectric loss (R0=∞), the open circuit piezoelectric voltage of 
the piezoelectric element is expressed as 

0 0

1
p eq

u
V i dt

C C

a
= =ò                             (2) 

Fig. 1 presents the OSECE approach and the corresponding 
typical waveforms. In this approach, a fly-back transformer 

composed of three windings L1, L2 and L3 is used with a 1:1:m 
turn ratio. Two switches S1 and S2 are in series with L1 and L2 
respectively at the primary side while L3 is connected to the 
energy storage element Cr and the load RL at the secondary side.  

 

 

 
Fig. 1. (a) OSECE approach; (b) Typical waveforms. 

The operation principle, detailed in [14], is briefly explained 
as follows. The switch signal S is applied to two switches at the 
same time while S1 and S2 are closed for positive and negative 
driving signal respectively. At the beginning, with S1 opened 
and S2 closed, the piezoelectric element is in the open-circuit 
status due to the diode D2. The piezoelectric voltage Vp 
increases with the displacement from –uM to uM. S1 is then 
closed and S2 is opened, leading a transient LC oscillation 
which is further divided into two processes (1) and (2) in Fig. 1. 
At the end of the process (1) (a quarter of LC oscillation 
period), most of the electric energy is stored in the transformer 
without going to the load because the voltage on L3 is negative 
and the secondary side is blocked by D3. At this moment, the 
current Ipri is maximum while Vp equals zero. After that, the 
circuit enters process (2). C0 is charged by L1 along the reversed 
direction. As soon as Vp= –Vpm = (Vload+VD)/m, the secondary 
side is conducted and the remaining energy on the transformer 
is transferred to the load in the form of current Isec. Next, the 
circuit enters the half period denoted (-) in which Vp decreases 
with the displacement towards the negative peak with similar 
operations. 

For each switching, the energy transferred to load is: 
E=C0(VpM

2-Vpm
2)η /2                            (3) 

in which the efficiency η is determined by the load and the 
quality factor related to the dissipative components including 
the transformer, the switches, the diodes etc. [18] and we have 
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Then the transferred power is  

Ph=E/ηfuMVload/m+uM/C0 
where f=/(2). Since the voltage is inversed at each 
displacement peak as shown in Fig. 1 (b), the piezoelectric 
voltage has the same sign as ieq. Therefore, the output power 
converted from the vibration by the piezoelectric generator is 
always positive. It hints that the produced electric energy is 
completely extracted and not back to the mechanical dynamic 
system. The inverted voltage after switching is used as a bias 
for subsequent conversion from mechanical to electrical energy 
in the generator so that the performance in low coupling cases 
can be improved.  

 
Fig. 2. SP-OSECE approach.  

B. Self-powered realization with electronic breakers 

In order to implement the OSECE approach for the fully 
self-powered purpose, the electronic breaker firstly proposed 
for SSHI in [16] to produce the switching signal is applied to 
the OSECE circuit as well. The corresponding circuit 
realization is shown in Fig. 2. Two identical electronic breakers 
which contain an envelope detector (Rpi, Dpi, Cpi) and a 
comparator Tpi are used for the positive and negative maxima 
respectively. The MOSFETs highlighted in the yellow box are 
used as the switches with the parasitic capacitors (Cgsi, Cgdi) 
plotted in dashed lines. Considering that the diode’s parasitic 
capacitance is in the pF order and the voltage across the diode is 
small, it is neglected in the circuit. Different from the usual 
series resistor to suppress the possible MOSFET gate ringing, 
two parallel gate resistors Rgi are used in consideration of 
discharging the gate charge in order to turn off the MOSFET 
before the turning on of the other switch. Therefore, the 
simultaneously conducting of the two switches can be avoided 
so as to ensure the proper operation of the circuit. Moreover, the 
neutralized charge can be decreased correspondingly, which is 
favorable to the performance. Notably, a frictional series 
resistor r is added at the primary side to account for the parasitic 
loss of the switches (conducting resistor Rds-on), the diodes 
(voltage drop VD) and the transformer (coil resistance and 
magnetic loss). Meanwhile, r1 is added for the loss at the 
secondary side from the transformer and the diode. The 
modeling of the transformer is difficult due to the strong 
nonlinearity. However, in our case, the transformer is assumed 
to work in the non-saturation region only, thus  a simple model 
can be used with magnetic losses included by r and r1 as well 
[26] while the parasitic capacitance is neglected due to the low 
frequency application. It is reminded that r and r1 are used only 

for modeling the losses of circuit, not real components. 
According to the working principle introduced before, S1 and 

S2 need to be closed and opened alternatively at the proper 
displacement extrema. Since the piezoelectric is in open-circuit 
status except during the inversion process, the breaker detects 
the voltage peak instead of the displacement extrema by 
comparing the piezoelectric voltage with the preserved peak in 
the envelope detector. Due to the similarity, only a half 
vibration period is considered here while similar results are 
expected for the other half period. For elaborating on the 
working process of the self-powered circuit, we can further 
divide the half vibration period into four phases as shown in 
Fig. 3. For each phase, the current conducting branches are 
underlined in black with the current direction indicated by the 
arrows, while the others are plotted in grey. With the variable 
symbols defined in Fig. 2, the simulated waveforms by 
LTSpice© are also presented in Fig. 4 and Fig. 5. As a 
reference, Fig. 4 (b) plots the experimental and simulated 
waveforms together, which show good consistence. 

 

 

 

 
Fig. 3. Four phases of SP-OSECE approach in a half vibration 
period: (a) Natural charging; (b) Voltage inversion; (c) Energy 
transfer; (d) Charge neutralization. 

Phase 1: Natural charging. The current from ieq charges C0 
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towards the maximum VpM as shown in Fig. 3 (a). The envelope 
capacitor Cp1 is also charged through Rp1 and D1 while Cp2 and 
Cgs2 are charged through TP2 and the base resistor Rb2. Due to 
the existence of Rp1 and D1, the peak value of Vcp1 appears later 
and smaller than VpM with a difference of ΔV1 shown in Fig. 4. 
Afterwards, the peak value of Vcp1 is preserved on Cp1 while Vp 
and Vcp2 start to decline until VpM-ΔV1-VBE and phase 2 begins. 
In this phase, the MOSFET parasitic capacitors (Cgs1, Cgd1) and 
the gate resistor Rgi also bypass a little part of the current ieq. 

 
Fig. 4. (a) Simulated waveforms of the SP-OSECE circuit; (b) 
Comparison of experimental and simulated waveforms Solid 
lines: experimental; Dashed lines: simulated. 

 
Fig. 5. Zoomed waveforms around the inversion instant. 

Phase 2: Voltage inversion. As Vp declines to VpM-ΔV1-VBE 
(VBE denotes the transistor base-emitter threshold voltage), the 
transistor Tp1 starts to conduct and Cgs1 is charged by Cp1. A 
voltage drop  ΔV2 on Cp1 is found in Fig. 4, which hints the 
charge transfer from Cp1 to Cgs1, also indicated by the collector 
current ic1 of Tp1 in Fig. 5. As the gate voltage Vg1 reaches the 
MOSFET threshold Vth, the switch S1 turns on and C0 starts a 
quick discharge from the voltage VpM-ΔV1-ΔV2-VBE through the 
inductive path L1 as indicated by the current iL1 in Fig. 5. 

Notably, the MOSFET switch undergoes a transition from the 
linear region (large Rds-on) to the saturation region (small Rds-on), 
which brings losses in this phase. However, the transition is 
short since the charging speed gets faster after the voltage 
inversion begins due to the rapidly increased voltage difference 
between Vcp1 (Tp1’s emitter) and Vp (Tp1’s base). Considering the 
difficulty to detail the variation of Rds-on, the loss is roughly 
covered by the friction resistance r. 

Phase 3: Energy transfer. When the piezoelectric voltage is 
reversely charged to –(Vload+VD)/m by iL1, the voltage on L3 is 
larger than Vload+VD so that it begins to charge Cr with iL3 as 
shown in Fig. 4 and Fig. 5. Owing to the large value of Cr, Vload 
is almost unvaried so that most of the energy in the transformer 
goes to the load. To be noted, iL1 does not immediately 
decreases to zero due to the non-ideal transformer and the series 
resistance r in the circuit. As a result, the piezoelectric voltage 
continues to decrease until -Vb as seen in Fig. 4, slighly lower 
than the ideal case –(Vload+VD)/m in Fig. 1. When iL1 decrease to 
zero, S1 turns off and the inductive circuit is blocked by D1. 

Phase 4: Charge neutralization. After Vp reaches the local 
negative extreme –Vb, some charges are still preserved on Cp1, 
Cp2 and Cgs1 with positive voltage Vcp1, Vcp2 and Vg1 as shown in 
Fig. 4 and Fig. 5. Consequently, two current paths to balance 
the voltage between Cp1, Cp2, Cgs1 and C0 are established: (1) 
Cp1 (Cgs1) → Tp1’s emitter (collector) → Tp1’s base → Rb1 → C0 
and (2) Cp2 → C0 → Rp2 → D2. The waveform of ic1 (current 
from Cp1), ic2 (current from Cp2) and ib1 (base current of TP1) are 
plotted in Fig. 5. ib1 has a larger value than ic1 due to the current 
from Cgs1 flowing through the collector. By observing Fig. 4 
and Fig. 5, it can be found that the RC time constant for Cgs1, 
Cp1 and Rb1 is small so that Vcp1 gets close to Vp shortly while the 
RC time constant for Rp2 and Cp2 is relatively larger so that 
more time is spent for Vcp2 to get close to Vp. The charge 
neutralization leads to the piezoelectric voltage retreat towards 
zero until a new local extreme -Vpm as seen in Fig. 5. It is 
worthy of note that the use of a series resistance Rp2 makes Vcp2 
changes more slowly than Vp so that the circuit will not trigger 
the voltage inversion immediately at the negative side. In 
particular, it helps to reduce the misjudgments about the 
maximum or minimum that could be caused by the 
piezoelectric voltage noise induced by high-frequency 
environmental vibration or switching operation. Moreover, the 
reversely charged Cgs2 in the natural charging phase starts to 
discharge through Rg2 until zero so that it is easy to be charged 
by Cp2 to the turn-on threshold of S2 with less charge needed.  

By carefully observing the circuit and the waveforms in Figs. 
3-5, some important facts can be found: 

(1) The envelope detectors (Rpi, Dpi, Cpi) which are connected 
in parallel to the piezoelectric element work as a load beside the 
leak resistance R0 and affects the original system bypassing the 
current out from the source ieq, leading to the magnitude 
decrease of the voltage in the natural charging phase. The 
charge neutralization phase after the inversion consumes a part 
of the charges on the piezoelectric element. It will then also 
decrease the available piezoelectric voltage peak VpM. 

(2) Due to the voltage drop on Rpi and Dpi, the detected peaks 
on Cpi are lower than the real peaks VpM with the difference of 
V1. In addition, there exists a phase lag between the detected 
peaks to the real peaks.  
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(3) In order to turn on the switches, the piezoelectric voltage 

|Vp| is required to be lower than the preserved peak on Cpi in 
order to make Tpi conduct, thus Cpi can charge Cgsi, making |Vgi| 
larger than the threshold Vth required to switch on the 
MOSFET. A significantly phase lag is introduced by this 
process as seen in Fig. 4. As a result, the voltage inversion 
happens much later than the ideal case corresponding to the 
peak piezoelectric voltage. Moreover, it is worthy of note that a 
minimum requirement on Vcpi’s magnitude (=VpM-V1) exists 
so that Vgi are greater than Vth after the final balance between Cpi 

and Cgsi. The corresponding open-circuit piezoelectric voltage 
magnitude VpM to trigger the switching action and let 
SP-OSECE work properly is called the starting voltage.  

With the displacement magnitude uM given, ieq is fixed. The 
SP-OSECE circuit’s harvested power is mainly related to the 
open-circuit voltage, the switching phase lag and the circuit 
quality factor for the selected RL. Considering that the quality 
factor is mainly determined by the selected components, few 
efforts can be done except using highly-efficient components to 
enhance the quality factor as much as possible.  

Therefore, the open-circuit voltage and the phase lag induced 
by the SP-OSECE circuit impose more critical influence on the 
harvested power. The studies, in which the influence of the 
envelop resistance Rpi is assumed to be negligible, have been 
performed for SP-SSHI by Liang et al. [17] and for 
SP-OSCECE by Wu et al. [18] based on the first fact. However, 
to reject the noises from environmental vibrations or switching 
operations, Rpi is usually selected to be relatively large. More 
important, the studies [17-18] on the phase lag only considered 
the voltage drop of the diode and the transistor while the 
influence of the envelop RC circuit and the charging process of 
Cgsi is probably more relevant as implied by the waveforms in 
Fig. 4 and Fig 5. Therefore, a thorough analysis taking all the 
facts into consideration is expected and performed in this study.  

III. ANALYSIS 

A. Open-circuit Voltage 

Without any circuit, the open-circuit voltage magnitude of 
the piezoelectric equivalence can be written as: 

10
, 2 2 2

0 00 0

1 and tan
1

M

oc org org

u R
V

R CR C

a w
j

ww
-= =

+
         (6) 

The leak resistance R0 leads to a magnitude decrease compared 
with eq. (2) and a phase difference between Vp and u. As the 
SP-OSECE circuit is applied, the induced open-circuit voltage 
variation can be analyzed by observing the natural charging 
phase in Fig. 3 (a). By neglecting the voltage drop on diodes, 
transistors and inductors and removing the non-conducting 
branches, the SP-OSECE circuit can be viewed as a parallel 
connected RC network including Rp1, Cp1, Cgd1, Cgs1, Cgs2, Cp2, 
Rb2, Rg1 and Rg2. Considering the large value of Rgi and the small 
values of Cgd1 and Cgs1, the RC network can be further 
simplified by excluding these components. It yields: 
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Here, the voltage Vg2 is thought to be the same as Vcp2 by 
neglecting the voltage drop on Tp1. Then the open-circuit 
voltage can be obtained by considering the first natural 
charging phase at the instant where the SP-OSECE circuit is 
connected to the piezoelectric element with zero initial 
conditions for Vp, Vcp1 and Vcp2. Applying the Laplace transform 
leads to the open-circuit voltage Voc and the phase difference 
between Vp and u as 
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Here, we use the circuit symmetry: Cp1=Cp2=Cp, Rp1=Rp2=Rp, 
Rb1=Rb2=Rb and Cgs1=Cgs2=Cgs. In comparison with eq. (6), the 
open-circuit voltage with SP-OSECE gets smaller and the 
induced phase difference  is larger as well. In particular, with 
(Cgs+Cp)Rb<<1 and CpRp<<1, we have: 

0
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a w

w
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            (11) 

It can be inferred that the SP-OSECE presents an equivalent 
effect of increasing C0 thus decreasing the electromechanical 
coefficient. With  and uM unvaried, Voc decreases. Especially, 
the decreasing effect is more obvious in the case of small C0 if 
Cp is comparable. Notably, Cgs is taken into consideration in 
comparison with previous studies [17-18]. With Rpi and Cpi, the 
difference between VpM and Vcpi is 

1 2 2 21
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oc

p p

V V
V V

R Cw

-
D = -

+
                              (12) 

As it has been previously pointed out, for the purpose of 
switching on the MOSFET, the charge transferred from Cpi is 
required to charge Cgsi from zero to Vth. Then we must have: 

1 2 2 2
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41
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in which VCE is the emitter-collector voltage of Tpi. It can be 
noted that VCE will be relatively large for small Cp with weak 
current corresponding to Tpi’s amplification region and close to 
the saturation voltage VCE_sat for larger Cp with relatively large 
current. The left side in eq. (13) stands for the charge stored on 
Cpi at the peak amplitude and the right side represents the 
minimum charge for turning on the MOSFET. The term 
Vth/(4Rgf) is the estimation of the leakage charge through Rgi 
assuming the critical condition that Vgsi is linearly increasing to 
Vth for a whole quarter of the vibration period T/4. It gives the 
SP-OSECE’s starting condition: 

2 2 2
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In combination with eq. (11), it is found that Cp and Cgs will 
simultaneously affect both sides of eq. (14), the open circuit 
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voltage and the starting threshold Vstart. Moreover, substituting 
eq. (10) into eq. (14) with the given MOSFETs and transistors, 
a minimum of displacement amplitude is obtained as the critical 
starting displacement uMC, which is a function of Cp. 

B. Phase lag analysis 

Beside the open-circuit voltage, the phase lag induced by 
electronic breakers in the synchronous switching extracting 
circuits imposes critical influence on the performance of the 
generator. The phase lag refers to the delay of the switching 
action relative to the ideal position of the Vp extreme, which is 
unavoidable owing to the electronic breaker’s principle. When 
analyzing the phase lag, previous researches [17-18] mainly 
focused on the voltage drop across the diode and the transistor 
VD+VBE corresponding to the conduction of the comparator 
transistor Tpi. In fact, the phase lag is induced by several 
different aspects. An improved analysis has been performed in 
this paper and the detailed information is seen in Fig. 4. The 
total phase lag a can be further divided into 1, 2 and 3. 1 
stands for the phase lag due to the envelope RC circuit (Rpi, Cpi) 
and 2 represents the phase lag induced by the well-known 
voltage drop VD+VBE. Furthermore, 1 and 2 can be viewed 
together as the phase lag induced by the necessary voltage drop 
V1+VBE to turn on Tpi. After the conduction of Tpi, the switch Si 
is not turned on until Vgi is greater than Vth. The charging of Cgsi 
brings the envelope voltage Vcpi down simultaneously and 
induces the additional phase lag of 3 as seen in Fig. 4. This 
voltage drop is estimated as: 

2 3/ / ( )gs th p th gV C V C V Rq wD » +                (15) 
The second term stands for the leakage current on Rgi assuming 
that Vgsi is linearly increasing to Vth. The total phase lag is 

1 11 1 2
3cos (1 ) cos (1 )BE BE

a

oc oc

V V V V V

V V
q q- -D + D + +D
= - + = -   (16) 

Combining eq. (15) and eq. (16), V2 and a can be solved. It is 
interesting to find that large Cp will reduce V2 and diminish 
the phase lag induced by the Cgs charging, but it will lower Voc 
and increase the phase lag at the meantime. Reversely, small Cp 
increases the phase lag by higher V2 but reduces the phase lag 
by obtaining larger Voc. It implies a complex relationship 
between a and Cp and an optimal Cp can be found for obtaining 
a minimum phase lag using eq. (15) and eq. (16).  

Using eq. (10) and eq. (16), the phase difference Vp and u is  
ψ=a-                                         (17) 

C. Efficiency 

The energy transfer efficiency is influenced by many 
various loss factors from the switches, diodes and the 
transformers etc. According to the operation principle,  is 
mainly related to the voltage inversion phase and the energy 
transfer phase, and it can be written as =12. is the 
efficiency of the voltage inversion process related to frictional 
resistance r from the diode, the transformer and the switches 
and 2 is efficiency of the transformer’s secondary side with r1 
for the transformer and the diode. According to analysis in [14], 
we have  

2cos Q load D
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V V
V V e
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                            (18) 

for the voltage inversion process. Here, Q = (L1/C0)-1/2r-1 is the 

LC circuit quality factor to be determined with experimental 
identifications for L1, C0 and r while  is the phase angle of the 
LC oscillation at the end of the voltage inversion. The 
corresponding current of the secondary side at this instant ts is:  

2
0

3( )
1

sin
s

Q

a

L t

V e C
i

m L






                           (19) 

Then the efficiency 2 can be written as: 
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Here,  is the energy transfer duration. When iL3 can be 
assumed linearly decreasing to zero as implied in Fig. 5, 
namely, iL3 ≈ iL3(ts)(t-ts)/  for ts≤t≤ts+, the efficiency can be 
simplified using eq. (18) and eq. (19): 
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in which κ = Vload/(Vload+VD).  Considering the energy balance 
and using the efficiency definition, we have 
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Given a κ (eg., ≈1 for Vload>>VD), we can calculate , 1 and 
2 using the equations (18), (22) and (23). Considering that  is 
dependent on Vload, a trial value of  can be firstly assumed for 
the calculation of  and Vload, then  is updated with the 
calculated Vload and the recalculation of  and Vload is performed. 
The iteration stops with the satisfied accuracy reached.  It is 
reminded that r and r1 varies with the working conditions in a 
certain range. However, for convenience, the estimated 
constant r and r1 values are often used as an approximation in 
most cases. 

D. Power performance 

The power performance of the SP-OSECE circuit is 
determined by the transferred energy at each switching event, 
which directly relies on the voltage before and after the 
inversion, namely, Va and Vb in Fig. 4. In the corresponding half 
vibration period from t1 to t1+T/2, Vp, Vcp1 and Vcp2 still satisfy 
eqs. (7) - (9) with the following initial status: 
Vp(t1)=Vb; Vcp1(t1)≈-Va; Vcp2(t1)=Vg2(t1)≈-(VpM-V1)Cp/(Cp+Cgs)  
which can be deduced from Figs. 4-5. Here, the voltage drop on 
D1 and Rp1 is neglected for Vcp1 while Vcp2(t1) and Vg2(t1) are 
obtained after charge balance with Tp2’s VCE and the leaking 
effect of Rg2 neglected. Moreover, Vb can be approximated as 
Vload/m since the difference induced by the non-ideal 
transformer and diodes is small. As a result, the piezoelectric 
voltage Vp can be solved directly using eqs. (7) – (9) and the 
phase relationship is t1= for ieq. However, the analytical 
solution is complex and some simplifications are preferred.  

It is observed that the charge neutralization caused by the 
non-zero initial status is composed of two transient processes of 
RC discharging corresponding to Cp1 and Cp2+Cgs, leading to a 
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retreat towards zero for Vp as shown in Fig. 4. Generally, we 
have 2<1<<T/2 and the charge neutralization ends in a short 
time. Then the retreated extreme Vpm is estimated as 

0 1

0
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2

b p a pM
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p gs

C V C V V V
V

C C C

- + -D
»

+ +
                (24) 

using the balance relationship for the total charge on these 
capacitors. After the charge neutralization, Vp can be assumed 
to follow the variations of Voc from Vpm and we have 

(cos cos( ))    ( )p pm oc aV V V t tq w j y w p y» + - + £ £ +  (25) 
Using Vb ≈ (Vload+VD)/m, it yields 
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with Voc given by eq. (10). We then have 
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using eq. (11) and eq. (12). Therefore, according to eq. (5), the 
harvested power on the load can be written as 

2 2 2 2 2 2
_ 0 0( ( ) / ) ( / )SP OSECE a load D a loadP fC V V V m fC V V mh h» - + » -  (30) 

by neglecting VD for the purpose of simplifying the calculation 
of Va subsequently. It is logical that VD<<Vload and 
(Vload+VD)<<Va are satisfied in the usual case. The ignoring of 
VD will not affect the modeling accuracy. Considering 
PSP_OSECE=Vload

2/RL for energy balance, it yields 
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Obviously, with the efficiency η, the load RL and the 
piezoelectric capacitance C0 fixed, the harvested power is only 
related to Va. Comparing the Va expression of eq. (31) with VpM 
of eq. (5) corresponding to the ideal piezoelectric voltage 
before the inversion, it is found that Cp and Cgs increases the 
equivalent capacitance of the piezoelectric element as implied 
by the denominators in these two equations. Especially, Cp 
plays a more important role with a multiplied factor of 4, which 
differs from previous results with a factor of 2 [18]. This is 
because the analysis here includes the influence of the charge 
neutralization of Cp and Cgs, which leads to the foreseeable 
decrease of the available value of Va. More important, the 
effectively produced charge in the half vibration period 
decreases from uM to uMcoscosa due to the phase 
difference between the switching action and the displacement 
peak (corresponding to ieq=0). The factor cos represents the 
phase difference between u and Vp due to R0 and the RC 
network of the SP-OSECE circuit while cosa stands for the 
phase lag induced by 1 the RC phase delay (Rpi, Cpi), 2 the 
voltage drop on diodes and transistors, and 3 the switch 
turning on process. Moreover, the charge CgsVth required to 
switch on the MOSFET also has to be subtracted. As a result, 
the accumulated charge corresponding to the numerator in eq. 

(31) is much lower than the ideal case in eq. (5), leading to a 
smaller Va as well.  

From the analysis above, it is shown that Rpi, Cpi, Rgi, Vth and 
Cgsi impose important effects on Va and the harvested power. 
Notably, Cgs is always unfavorable to the performance by 
decreasing Voc and increasing the phase lag a with Vth together, 
thus the MOSFET switches with small Cgs and Vth are preferred. 
Meanwhile, the leaking current on Rgi prolongs the turning-on 
time of the switches and increases a as well so that it should be 
large enough. Yet, it should however satisfy RgCgs<T/2 so as to 
turn off the switch before the next inversion by discharging Cgs 
in half a period. Due to the more relevant effects, further 
investigations are focused on Rpi, Cpi, Cgsi and Vth. 

 
Fig. 6 Experimental set-up. 

Table I. Components and Parameters 
Definition Value Definition Value

MOSFET (Si) IRFP240 Rgi 1 M 
Transistor (Tpi) 2N5401 Cgs 1.25 nF 
Diodes(Di, Dpi) BYV28-100 RL 100 k 
Transformer T1 WE750811290 Vth 3.7 V 

C0 13.75nF VD 0.5 V  
R0 5M VCE_sat 0.3 V  
 0.0003 N/V r1 26 
Rbi 3.3 k m 1 
f 61 Hz VBE 0.2 V  
r 96 L1, L2 ,L3 0.46 mH 

IV.   RESULTS 
In order to validate the developed model, experimental tests 

are performed on a piezoelectric generator with the SP-OSECE 
circuit as shown in Fig. 6. The generator fixed on the shaker 
(2075E-HT, The Modal Shop©)) is composed of a steel 
cantilever (20mm×100mm×0.6mm) and a piezo ceramic patch 
(20mm×30mm×0.4mm). A signal generator (DG1032, Rigol©) 
drives the shaker through a power amplifier with a sinusoidal 
excitation of 61Hz around the generator’s resonant frequency. 
A laser sensor (HL-C203BE, SUNX©) is used to measure the 
displacement whose amplitude is kept constant (tuning the 
driving signal amplitude). The used components and their 
characteristics are listed in Table I from experimental 
identifications or factory datasheet. Since the SP-OSECE 
circuit has low load dependence [15], RL is fixed as 100k. Due 
to the difficulty of directly measuring r and r1, it is estimated by 
best fitting the results with the model. The maximum efficiency 
η is measured to be 25.3% which is around the estimated 
efficiency 23.1% from the model, not so high for the elaborated 
circuit case in the tests. It is due to the high dissipation of the 
transformer, the diodes and the transistors in the low load 
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voltage cases. Meanwhile, the simulation is also performed 
with the LT-Spice© software with the Spice models obtained 
by the vendor for the semiconductor components. All the 
passive components are assumed to be ideal except a series 
resistance of r1 assumed for each transformer winding to 
represent the transformer’s losses. 

Multiple experiments and simulations have been carried out 
varying Cp from 0.75 nF to 30.2nF and Rp from 1 k to 1 
Mwhile uM is kept constant at 1.25mmFig. 7 presents the 
harvested powers seen in Fig. 7 (a), the power first increases 
then decreases when Cp is increasing. This trend is consistent 
with the fact that low Cp introduces a significant phase lag for 
charging Cgs as shown in Fig. 8 (a) while high Cp reduces the 
available Voc and Va. Thus, an optimal Cp exists for the 
SP-OSECE circuit performance. Regarding the influence of Rp, 
the performance decreases as Rp increases as indicated in Fig. 7 
(b). It is attributed to the increasing phase delay of the 
envelope’s RC circuit (Rpi and Cpi) which is seen in Fig. 8 (b). 
Therefore, Rp always imposes adverse effects on the circuit 
performance and should be kept as small as possible while 
preserving the SP-OSECE robustness against noise. Good 
agreements are found between the analytical results from the 
proposed model and both experimental and simulated results, 
as shown in in Fig. 7 and Fig. 8. As a reference, the results using 
the model which does not consider the phase delay effects of 
the envelope’s RC circuit and the charging of Cgs [17-18] are 
also plotted. The reference model can obviously not predict the 
performance of the circuit for small Cp and large Rp for which a 
significant deviation from experimental results is exhibited. 
Using the reference model, the phase delay estimation remains 
smaller than experiment as seen in Fig. 8, especially for small 
Cp and large Rp. Consequently, the power is always over 
optimistic in these cases as seen in Fig. 7. 

 
Fig. 7 (a) Power versus different Cp with Rp=4.7 k; (b) Power 
versus different Rp with Cp=3.4 nF. 

 
Fig. 8 Phase delay a versus different (a) Cp with Rp=4.7 k and 
(b) Rp with Cp=3.4 nF. 

 
Fig. 9 (a) Power versus displacement magnitude uM; (a) Critical 
starting displacement uMc versus Cp. 

Additional investigations have been done to validate the 
proposed model for different displacement magnitude uM as 
shown in Fig. 9 (a) with Cp=3.4nF and Rp=4.7k. Once again, 
good accordance is found between the proposed model and 
experiment while the reference model gives overestimated 
results. Slight difference is observed between the proposed 
model and experiment for small uM of 0.6mm where the power 
is zero in experiment and simulation but nonzero according to 
the model. The reason is that the critical start displacement uMc 
corresponding to the start voltage Vstart predicted by the model 
is higher than the measured one for small Cp as shown in Fig. 9 
(b). It is induced by using VCE_sat instead of VCE in eq. (14) when 
calculating Vstart and uMc. For small Cp corresponding to Tpi’s 
amplification region (VCE>>VCE_sat), the calculated Vstart will be 
smaller than the real one. For relatively large Cp corresponding 
to Tpi’s saturation region, the proposed model gives results 
close to experiment in Fig. 9(b).  

V. DISCUSSION 

With the well validated model, further discussions can be 
performed to give better understanding on the design of 
SP-OSECE, especially about the critical MOSFET switch. Fig. 
10 shows the SP-OSECE circuit’s power with the MOSFET 
switches of varied Vth and Cgs. For each case, the optimal Cp is 
used to ensure the best performance while other parameters are 
listed in Table I. It shows that better results are obtained for the 
cases with smaller product values of Qgs-th=VthCgs which means 
less phase delay and smaller optimal Cp, thus higher power. 
Furthermore, given a constant Qgs-th, a trade-off between Vth and 
Cgs is found that the optimal performance is found for moderate 
Cgs and Vth as shown by the three marked lines corresponding to 
the Qgs-th values of 0.5nC, 1.5nC, and 2.5nC respectively in Fig. 
10. If the values of Cgs or Vth are over bias to one side, the power 
declines. It can be understood through eq. (15) and eq. (16) that 
the increase of either Vth or Cgs will enlarge the phase lag while 
Vth shows more influence. However, Cgs affects not only the 
phase lag but also Va and Voc directly. Consequently, over bias 
values of either Vth or Cgs decreases the power, and the circuit’s 
best performance is obtained for a compromise configuration. 
Moreover, higher Vth imposes more obvious impact on the 
increase of the start voltage than Cgs does according to eq.  (14).  

In order to detail Cp’s influence on the circuit performance, 
the harvested power by varying Cp and C0 respectively and 
keeping the original open circuit voltage Voc,org=uM/C0 (eq. (6)) 
constant is plotted in Fig. 11 (a) using the proposed model with 
the optimal Cp for each C0 highlighted with pink lines and 
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circles. It is seen that the performance is strongly related to Cp 
for small C0. As C0 increases, the performance does not change 
too much for a relatively large Cp range since Cp is much 
smaller than C0. Moreover, the optimal Cp increases with C0 
towards a constant as indicated by the pink line with circles. 
The explanation is that the phase lag from 1 the envelope’s RC 
circuit and 3 the charging of Cgs becomes negligible while Cp 
affects the performance mainly by decreasing Voc. Fig. 11 (b) 
shows the power for different Cp and Voc,org with C0 constant. 
As Voc,org increases, the optimal Cp decreases towards a constant 
as well. The results in Fig. 11 (a) and (b) hints that, Cp imposes 
critical effects on the SP-OSECE circuit by decreasing Voc for 
high Voc,org and C0 cases, and by introducing additional phase 
lag 1 and 3 for low Voc,org and C0 cases.  

 
Fig. 10 Power performance versus the MOSFET switches of 
varied Vth and Cgs. 

 
Fig. 11 (a) Power versus C0 and Cp with Voc,org constant as 
37.5V; (b) Vload versus uM and Cp with C0 constant as 13.75nF. 

 
Fig. 12 Optimal power performance comparison between the 
SP-OSECE circuit and the standard circuit: (a) constant Voc,org = 
37.5V; (b) constant C0 = 13.75nF. 

Comparative studies between the classic standard circuit and 
the SP-OSECE circuit are performed as well. Fig. 12 shows the 

optimal performance of the standard circuit and the SP-OSECE 
circuit for the constant Voc,org case (Fig. 12 (a)) and for the 
constant C0 case (Fig. 12 (b)) respectively with both circuits  
well load-matched. The SP-OSECE circuit performance is 
plotted for six efficiency grades from 10% to 60%. It is seen 
that the efficiency  is necessary to be larger than a certain 
threshold so that the SP-OSECE circuit could outperform the 
standard circuit. As C0 or Voc,org increases, this efficiency 
threshold decreases and the SP-OSECE circuit is inclined to 
achieve better performance easily. It reveals two facts: (1) 
when it is difficult to achieve the efficiency higher than the 
threshold, especially for the small C0 and Voc,org cases, it might 
be better to use the standard circuit directly; (2) when the proper 
design for high efficiency by selecting the high quality 
components, such as the switches with small Rds-on and the 
transformer with low losses etc.,  the SP-OSECE circuit can 
obtain much better performance than the standard circuit, 
especially for large C0 or Vor,org cases.  

Through the discussions above, it is found that the proposed 
model can be used as an effective tool for the SP-OSECE 
design. Some important design rules can be then concluded as 
follows: (1) adopting the MOSFET switch with small Qgs-th and 
Rds-on as possible while the trade-off between Vth and Cgs is to be 
considered with the start voltage covered as well; (2) selecting 
Cp around its optimal value; (3) enhancing efficiency by using 
proper components, such as high-quality transformer, low-loss 
diodes and so on. Besides, according to the former analysis, two 
addition points can be found: (1) using as small Rp as possible 
without risking misjudgment on the extreme; (2) using as large 
Rg as possible while ensuring the discharging requirement of 
Cgs; Moreover, the criterion of using the SP-OSECE circuit or 
the standard circuit has to be judged by comparing the optimal 
power utilizing the proposed model. 

VI. CONCLUSION 
A comprehensive model has been developed in this paper by 
including the influence of the electronic breaker and the 
gate-source capacitance. The phase lag which plays an 
important role in the circuit performance has been thoroughly 
analyzed with these factors included. Experimental and 
simulated studies show that more accurate results can be 
obtained with this model in comparison with previous studied 
models. It is especially relevant for micro-power level energy 
harvesting of the W order with small piezoelectric capacitance 
and displacement magnitude, since the phase lag introduced by 
the envelope detector of the electronic breaker in the form of 
RC phase delay and the necessary charging time for the 
gate-source capacitance become significant in this case. In 
particular, an optimal envelope capacitance exists for the 
determined piezoelectric capacitance and displacement 
magnitude. More precise guidelines on the design of the 
SP-OSECE circuit have been discussed and summarized while 
the comparison between the standard circuit and the 
SP-OSECE circuit has been done. It shows that, the SP-OSECE 
circuit outperforms the standard circuit only if the efficiency is 
higher than a certain threshold. This threshold decreases as the 
piezoelectric capacitance C0 and the original open-circuit 
voltage Voc,org increases. Finally, it can be pointed out that, 
despite that the SP-OSECE circuit is used in this paper, the 
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analysis and the model are also applicable to other self-powered 
synchronous switching energy harvesting circuit using the 
electronic breaker approach.  
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