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A Novel Rectifier-Less Synchronous Electric Charge
Extraction and Inversion Interface Circuit for PE

Energy Harvesters
Zhidong Chen , Yinshui Xia , Ge Shi , Xiudeng Wang , Huakang Xia , and Yidie Ye , Member, IEEE

Abstract—A novel rectifier-less synchronous electric charge ex-
traction and inversion (ReL-SECEI) interface circuit for Piezo-
electric energy harvesters is proposed in this article. At the peak
voltages of the Piezoelectric Transducer (PZT), a portion of electric
charges is inverted on the clamped capacitance Cp, so that the
PZT is automatically regulated at a higher output voltage state
to improve extracted energy from the PZT. In addition, the self-
powered implementation of the ReL-SECEI circuit is presented.
It reduces the number of components by optimizing the positive
and negative synchronous switches. The rectifier-less and simpli-
fied designs reduce the internal power loss and, hence, improve
the energy harvesting efficiency. The ReL-SECEI circuit is ver-
ified by the experiment, the harvested power is load-dependent
and the peak output power is obtained with the optimum load,
which reaches 4.2 times that of the standard energy harvesting
circuit.

Index Terms—Charge inversion, energy harvesting, piezoelectric
(PE), piezoelectric transducer (PZT), rectifier less.

I. INTRODUCTION

IN GENERAL, batteries need to be implanted in the wireless
sensor networks (WSN) nodes to provide a continuous and

reliable electric energy supply, while regular battery replacement
is inevitable. Since there are various forms of ambient energy,
such as wind energy, vibration energy, thermal energy, and so
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on [1], WSN nodes can be self-sufficient by integrating an en-
ergy harvester and converting the ambient energy into electrical
energy [2], [3].

The energy harvester using Piezoelectric Transducers (PZTs)
is one of the energy harvesting techniques and can convert
Piezoelectric (PE) energy into electrical energy [4], [5], [6].
However, the PZT outputs the alternating current (ac) voltage
while direct current (dc) power supply is required in the WSN
nodes. Usually, the interface circuit is essential to achieve energy
transfer from a PZT to the energy storage, and then a dc supply
can be obtained to power these ubiquitous WSN nodes. The
simplest one is called the standard energy harvesting (SEH)
circuit, which is composed of a diode rectifier bridge and a
filter capacitor. The SEH circuit has its limitations in terms
of energy harvesting efficiency, rendering it suitable only for
strongly-coupled PZT [7].

A variety of nonlinear interface circuits were proposed to
achieve higher energy harvesting efficiency, such as parallel-
synchronized switch harvesting on inductor (P-SSHI) [8] and
series-synchronized switch harvesting on inductor (S-SSHI) [9].
The SSHI techniques employ the LC oscillation to reverse the
PE voltage quickly at the peak voltage points during 1/2th of
the LC oscillation period (tSSHI = 0.5TLC) and it has been
demonstrated that the peak output power ratio between a high-
quality SSHI and the ideal SEH can reach 8 times [10], [11],
[12]. However, these SSHI designs are load-dependent and their
ultimate performance is only achieved with the optimal load.
Thus, the double SSH by Lallart et al. [13] and the enhanced
SSH by Shen et al. [14] interface circuits were proposed to
reduce the load dependency and a wider operating range is
achieved with the extra regulation circuits. Chen et al. [15], Long
et al. [16], and Xia et al. [17] adopted multi-input S-SSHI and
P-SSHI circuits, respectively, to enhance harvested power. These
multi-input interface circuits can harvest energy from multiple
PZTs simultaneously; however, the load-dependent drawbacks
still exist. SSH on capacitors (SSHC) is another technique that
the OFF-chip inductor is replaced by the switched-capacitor and
can be fully integrated [18], [19], [20].

To address the load-dependent drawback, the applications of
the maximum power point tracking (MPPT) technique in SSHI
were studied. Fang et al. [21] associated the S-SSHI circuit with a
continuous MPPT technique named fractional normal-operation
voltage. Precharged energy is essential to power the active
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devices before the MPPT starts. Wang et al. [22] introduced a
self-powered MPPT controller implemented with passive com-
ponents for the SSHI interface circuit. Nonetheless, the voltage
drops of the passive components restrict the MPPT efficiency
with low input voltage. Yue et al. [23] proposed a duty-cycle-
based MPPT algorithm for P-SSHI circuit to maximize output
power. However, an integrated analog computer is required to
calculate the MPP.

The synchronous electric charge extraction (SECE) technique
by Lefeuvre et al. [24] is the first interface circuit that can elimi-
nate the power load dependency (or at least weakly dependent).
First, all the energy stored on the PE clamped capacitance Cp

is transferred to an inductor L in 1/4th of the LC oscillation
period (tSECE = 0.25TLC); second, the energy on inductor L
is released to the final storage through the freewheeling diode.
Several improved interface circuits were proposed based on the
basic SECE topology, such as the self-powered optimized SECE
by Wu et al. [25], the self-powered SECE with low phase-lag
by Shi et al. [26], the SECE with residual charge inversion
by Dini et al. [27] and the synchronous inversion and charge
extraction interface by Cheng et al. [28]. Furthermore, Romani
et al. [29] and Dini et al. [30] employed SECE-based circuits for
multi-input PZTs with a single inductor configuration to harvest
more energy. Wang et al. [31] introduced a multi-input SECE
circuit based on buck structure for PE energy harvesting.

Since nonsinusoidal vibrations are typically encountered in
the environment, interface circuits under different vibration
modes were carried out. Costanzo and Vitelli [32] introduced a
nonlinear dynamic maximum power transfer control algorithm
in the case of nonsinusoidal vibrations. The performances of
SECE and S-SSHI interface circuits under variable mechanical
excitation was studied [33]. Costanzo et al. [34] proposed a
self-powered power optimizer under nonsinusoidal vibrations
to enhance the power harvesting capability, which is imple-
mented by a switch-mode circuit and behaves like a negative
capacitance. Dalin and Hasan [35] presented a self-powered
SECE circuit, which has low phase lag and is only suitable for
low-frequency pressure-type PE energy harvesting.

Usually, a rectifier bridge is employed in these interface
circuits to provide ac–dc conversions, such as the diode rectifier
bridge and negative voltage converter. The rectifier bridges only
work when the PZT voltage exceeds the threshold voltage and
causes lots of energy loss. Especially, when the output of the PZT
is weak, the energy consumed by the rectifier bridges may even
exceed the energy harvested by the load. As a solution to this
issue, Cai and Manoli [36] proposed an interface circuit based
on the autonomous conjugate impedance matching method,
which removes the rectifier bridge so that energy loss can be
reduced. Du et al. [37] proposed an efficient SSHI interface
circuit, which increases the input range of the PZT. Although
the abovementioned solutions improve the energy harvesting
efficiency with low voltage, extra control circuits are required
and the complexity of the circuit is increased. Shareef et al.
[38] proposed a multi-input rectifier-less ac–dc interface circuit.
However, it suffers from drawbacks in inefficient switching and
complicated gate drive so a high circuit loss exists.

Fig. 1. Equivalent circuit model of a PZT.

In this article, a novel rectifier-less synchronous electric
charge extraction and inversion (ReL-SECEI) interface circuit
is proposed and the self-powered implementation of the ReL-
SECEI circuit is presented. The proposed ReL-SECEI circuit
extracts the partial electric charges and inverts the remainder on
the clamped capacitance Cp of PZT to achieve improved output
power. In addition, the self-powered and rectifier-less designs
reduce the internal power loss and, hence, improve the energy
harvesting efficiency. The inversion voltage of the ReL-SECEI
circuit is significantly related to the output voltage, so that the
harvested power is load-dependent and there is an optimum
output voltage when the harvested power reaches the peak. The
drawback can be addressed by employing MPPT techniques.

The rest of this article is organized as follows. In Section II, the
circuit topology of the SECE and the proposed Rel-SECEI are
introduced, respectively. In Section III, the self-powered imple-
mentation of the Rel-SECEI circuit is described. In Section IV,
the experimental work is provided. Finally, Section V concludes
this article.

II. SECE AND REL-SECEI TOPOLOGY

A. Equivalent Circuit Model

The equivalent model of the PZT is an electromechanical
coupling system, as shown in Fig. 1. It can be equivalent to
a transformer-based circuit, which consists of mechanical do-
main, coupling domain, and electrical domain. The governing
equations are given by [8]

M ü = Fm −Ku−Du̇− αVp (1)

ip = αu̇− CpV̇p (2)

where Fm, M, D, K, and Cp are the external mechanical vi-
bration force, modal mass, damper, global equivalent stiffness,
and PE clamped capacitance, respectively. α and u are the PE
force-voltage factor and vibration displacement in the mechan-
ical domain. Vp and ip are the output PE voltage and current,
respectively.

B. SECE Circuit

The SECE is a typical interface circuit for PE energy harvest-
ing. Fig. 2(a) shows the typical SECE circuit, which is composed
of a PZT, a diode bridge rectifier, a switch S, an inductor L, a
diode D, and an output capacitor Cr. At the peak of the PZT
voltage, energy on Cp is first extracted to the inductor L and the
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Fig. 2. Topological structure of (a) SECE; (b) proposed Rel-SECEI.

PZT voltage drops from the peak to 0. Then, energy is transferred
from L into the output capacitor Cr. The energy that can be
harvested is computed in [27].

Eh = 2CpV
2
P0(1− 2γ)2e

−π/(ω01τ) (3)

where τ = 2L/r with L and r assumed to be the inductor value
and the resistance of the inductor. γ and ω01 can be obtained in

γ =
Vγ

VP0
ω01 = −1

√
LCp (4)

where Vγ and VP0 are the threshold voltage of the diode bridge
rectifier and the open-circuit voltage of the PZT, respectively.

From (3) and (4), it can be seen that the diode rectifier bridge
causes a portion of energy loss. As the open circuit voltage VP0

decreases, the energy loss caused by the diode rectifier bridge
increases. And when VP0 is small (VP0<2Vγ), the SECE circuit
cannot harvest energy from the PZT anymore. Hence, if the diode
rectifier bridge can be removed, the energy that can be harvested
will increase.

C. ReL-SECEI Circuit

The topological structure of the proposed ReL-SECEI circuit
is shown in Fig. 2(b). In contrast to the SECE circuit, the
Rel-SECEI removes the diode bridge rectifier by optimizing
the energy harvesting method. Fig. 3(a) and (b) shows the
energy harvesting model in the positive half cycle and in the
negative half cycle, respectively. The ReL-SECEI divides the
energy harvesting operation into two parts, charges inversion
and charges extraction, to achieve efficient energy harvesting.
In addition, it can be seen that the LC resonant loop in the
ReL-SECEI circuit has no extra energy-consuming components,
which contributes to the more efficient LC resonance.

Fig. 3. Energy harvesting models and waveforms. (a) Energy harvesting model
in the positive half cycle. (b) Energy harvesting model in the negative half cycle.
(c) Waveforms of the ReL-SECEI and SECE.

Fig. 3(c) shows the working voltage waveforms of the PZT
in the ReL-SECEI and SECE circuits. As illustrated, the ReL-
SECEI and SECE do the energy harvesting operation at the same
time. The SECE extracts the whole charges of the PZT while
the ReL-SECEI extracts the partial electric charges and inverts
the others so that the working voltage of the ReL-SEC EI is
significantly higher than that of the SECE. Its detailed working
principle is described as follows.

Define tp and tn as the duration time of the LC resonant loop in
the positive half cycle and in the negative half cycle, respectively.
The inversion factor λp and λn in the positive and negative half
cycle can be expressed as⎧⎨

⎩λp = e
−ωtp/2Q

λn = e
−ωtn/2Q.

(5)

In the positive half cycle, the PZT voltage Vpzt >0. The switch
S is turned ON when Vpzt reaches its peak, and the peak voltage
can be expressed in

Vp,max = Vn,m+2
αuM

Cp

(6)

where Vn,m is the inversion voltage of the previous negative half
cycle.

First, the energy on Cp is extracted to the load with the loop
of the capacitors Cp, Cr, the switch S and the diode D. When
the PZT voltage Vpzt drops to the output voltage Vdc, the diode
D cuts off and the charges extraction stages finishes. Then, the
switch S is still turned ON and the capacitors Cp and the inductor
L form an LC resonant loop. Since tp is equal to 1/2 LC resonance
period (tp=0.5TLC), the residual electric charges are inverted on
Cp. The extracted energy and the inverted voltage in the positive
half cycle can be obtained , respectively, as follows:

Ee,p =
1

2
Cp(V

2
p,max − V 2

dc) (7)

Vp,m = λp · Vdc. (8)
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In the negative half cycle, Vpzt<0, the energy harvesting
process can also be divided into two parts: 1) charges inversion
and 2) charges extraction stages, as shown in Fig. 3(b). The peak
voltage Vn,max in the negative half cycle can be expressed in

Vn,max = Vp,m+2
αuM

Cp

(9)

where Vp,m is the inversion voltage of the previous positive half
cycle.

Then, switch S is turned ON, and the capacitor Cp and the
inductor L form an LC resonant loop. After 0.25TLC, the energy
on Cp is transferred to inductor L, Vpzt drops from the peak value
Vn,max to 0, and inductor current increases from 0 to the peak.
Switch S remains in the conductive state and inductor L starts to
charge Cp inversely. At the same time, diode D is cut off since
the voltage across inductor L is less than Vdc. The PZT voltage
Vpzt and inductor current IL can be defined as

Vpzt(t) = Vn,max cos(ωt)e
−ωt/2Q (10)

IL(t) =

√
Cp

L
Vn,max sin(ωt)e

−ωt/2Q. (11)

When the voltage at the ends of the inductor exceeds Vdc,
diode D is conducted, and the residual energy on L begins to
charge output capacitor Cr through D. Hence, tn is larger than
0.25TLC, and the inductor charges the Cp inversely to a certain
negative voltage –Vn,m as shown in Fig. 3(c).

The extracted energy and inverted voltage in the negative half
cycle can be obtained, respectively, as follows:

Ee,n =
1

2
Cp(V

2
n,maxλ

2
n − V 2

dc) (12)

Vn,m = Vdc. (13)

tn is the duration time of LC resonant loop and can be expressed
as

cos(ωtn)e
−ωtn/2Q=

Vdc

Vn,max
. (14)

The range value of tn is given in

π

2
< ωtn < π. (15)

According to the working principle of the ReL-SECEI, the
harvested energy is transferred to the output capacitor in one
cycle can be expressed as

E = Ee,p+Ee,n. (16)

The corresponding harvested output power is finally given by
(17) shown at the bottom of the this page

It can be seen that there is an optimal output voltage when the
harvested output power reaches its peak value, and the optimal

Fig. 4. Self-powered ReL-SECEI circuit.

TABLE I
COMPONENTS REQUIRED IN THE CIRCUITS

load voltage and the peak output power can be obtained

Vdc,opt =
2αuM

Cp

1 + λpλ
2
n

1− λ2
pλ

2
n

(18)

Pout,max = 2f
α2u2

M

Cp

[
(1 + λ2

n) +
(1 + λpλ

2
n)

2

1− λ2
pλ

2
n

]
. (19)

When the output voltage deviates from the optimal value, the
output power reduces. The integration of the MPPT controller
can make the proposed circuit output the maximum power. In
addition, it should be pointed out that the peak output power
described in (18) is the energy that theoretically can be harvested.
In other words, it is electrical energy that the PZT converts from
mechanical energy. If an interface circuit is connected, since
parts of energy are consumed, the optimal load voltage and the
peak output power will reduce.

III. IMPLEMENTATION OF THE REL-SECEI

Fig. 4 shows the implementation of the self-powered ReL-
SECEI circuit. Except for the output capacitor Cr and the
interfaced PZT, only a synchronous switch, an inductor and
a diode are required. And the synchronous switch consists of
four transistors (Q1, Q2, Q3, and Q4) and a small detecting
capacitor C1. The components required in each self-powered
circuit are shown in Table I, it can be found that the proposed

Pout =
1

2
fCp(V

2
p,max + V 2

n,maxe
−ωtm/Q − 2V 2

dc)= 2fCp

[
α2u2

M

C2
p

(1 + λ2
n) +

αuM

Cp

Vdc(1 + λpλ
2
n)−

1

4
V 2

dc(1− λ2
pλ

2
n)

]
. (17)
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Fig. 5. Typical waveforms of the self-powered ReL-SECEI circuit.

ReL-SECEI circuit uses fewer components than other interface
circuits proposed previously.

Take one working cycle period t0–t6 for discussion. The
typical waveforms of the self-powered ReL-SECEI circuit are
shown in Fig. 5. Fig. 6 shows the detailed working principle in
positive half-cycle natural charging time (t0-t1), positive half-
cycle extraction and inversion time (t1-t3), negative half-cycle
natural charging time(t3-t4), and negative half-cycle inversion
and extraction time(t4-t6).

A. Positive Half-Cycle Natural Charging (t0-t1)

In this period, the equivalent current source ip charges Cp of
PZT and C1, as shown in Fig. 6(a), while the working voltage
Vpzt of the PZT increases and the waveform of Vpzt is shown in
Fig. 5. When Vpzt reaches its peak value, it can be expressed as

Vp.max = Vn,m+
2αuM

Cp + C1
. (20)

Due to the detecting capacitor C1, the peak voltage on Cp

reduces and causes energy loss. If the value of C1 increases,
the energy transferred on Cp decreases since the C1 and Cp are
connected in parallel in the natural charging state. The energy
loss caused by C1 can be expressed as

Ep,loss1=
1

2
Cp

(
Vn,m+

2αuM

Cp

)2

− 1

2
Cp

(
Vn,m+

2αuM

Cp+C1

)2

.

(21)
Although the energy loss can be decreased by reducing the

value of C1, small C1 may cause the following restrictions:
the ON-resistance of the switching transistor in the synchronous
switch is large and the energy on Cp will not be fully extracted.

Hence, C1 should meet the following condition:

C1 >
1

β
Cp. (22)

C1 is related to the dc gainβ of the transistors in the synchronous
switch and Cp. It should be noted that an appropriate value
should be chosen for C1 in the synchronous switch.

At the same time, the voltage on C1 also reaches its maximum
value after charging by ip

VC1.max = Vn,m+
2Ip

ω · (Cp + C1)
− VBE (23)

where VBE stands for the transistor threshold voltage.
Starting from the peak point, ip begins to reverse and Vpzt

decreases. However, the voltage on C1 remains unchanged be-
cause the charges stored on C1 cannot be released. At time t1,
Vpzt drops to Vp,max-2VBE, so that transistors Q1 and Q2 are
turned ON. The phase lag θ between the peak voltage point and
the switching operation can be calculated as in

θ = cos−1

(
Vp,max − 2VBE

Vp,max

)
. (24)

B. Positive Half-Cycle Extraction and Inversion Time (t1–t3)

At instant t1, Cp, and Cr constitute the first loop with the
conduction of Q2 and D, so that the energy stored on Cp is
transferred to Cr, as shown in Fig. 6(b). And the voltage Vpzt

drops quickly (time t1-t2), as shown in Fig. 5.
At time t2, the energy extraction process stops since the

voltage Vpzt is lower than Vdc+VD+VCE(sat) and the diode
D is cut off. VCE(sat) and VD stand for the saturated conduction
voltage and the conduction voltage drop, respectively. During
this period, the main energy loss is caused by diode D and the
transistor Q2

Ep,loss2 =

∫
(VCE(sat)+VD) · I(t)dt. (25)

From another perspective, the extraction efficiency in this pro-
cess can be expressed as

ηp,e =
Vdc

VCE(sat) + VD + Vdc
. (26)

From (26), it can be found that extraction efficiency can be
maintained at a high level when the output voltage is high. And
most of the energy will be consumed if the output voltage is low.

At instant t2, L and Cp constitute the second loop with the
conduction of Q2 so that the residual energy stored on Cp is
transferred to L, as shown in Fig. 6(b). After 1/2 LC resonant
period, Cp is charged reversely, causing the voltage Vpzt inverts
–Vp,m. The main energy loss in the LC loop is caused by the
transistor Q2 and the inductor L and can be expressed as

Ep,loss3 =

π
√
LC∫

0

(VCE(sat) · iL + r · i2L)dt (27)

where iL and r stand for the current of the inductor and the
equivalent resistance of the inductor L, respectively.
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Fig. 6. Four phases within one cycle. (a) Positive half-cycle natural charging (t0-t1). (b) Positive half-cycle extraction and inversion (t1–t3). (c) Negative half-cycle
natural charging (t3-t4). (d) Negative half-cycle inversion and extraction (t4–t6).

For the inversion process, from time t1 to t2, the inversion
voltage Vp,m can be obtained as

Vp,m+VCE(sat) = (Vdc + VD + VCE(sat)) · λp. (28)

C. Negative Half-Cycle Natural Charging Time(t3-t4)

In this period, it works the same as the positive half-cycle
natural charging time. ip also charges Cp and C1, as shown in
Fig. 6(c).

D. Negative Half-Cycle Inversion and Extraction Time(t4–t6)

At time t4, Vpzt drops to Vn,max-2VBE and then Q3 and Q4 are
turned ON. Then L and Cp constitute the LC oscillation circuit
with the conduction of Q3 so that the energy on Cp is transferred
to L, as shown in Fig. 6(d). When the conduction time of Q3

is larger than 0.25TLC, the inductor charges Cp inversely to a
certain negative voltage, as shown in Fig. 5.

At time t5, the inductor voltage exceeds Vdc+VD and the
diode D is conducted. The charges inversion process stops and
the generated energy loss can be expressed as

En,loss1 =

∫
(VCE(sat) · iL + r · i2L)dt. (29)

Then, the residual energy on L begins to charge Cr through
D. During this period, the main energy loss can be obtained in

En,loss1 =

∫
(VD · iL ++r · i2L)dt. (30)

From (29) and (30), it can be seen that the main energy loss
is caused by the diode D, the transistor, and the inductor. The
components with low threshold voltage and the inductor with
high-quality factors can reduce energy loss. However, the higher
quality factor means a larger inductor volume, which limits its
application in micro WSN nodes.

IV. EXPERIMENTAL WORK

A. Experimental Setup

The experimental platform is set up to verify the above
theoretical analysis, which is composed of the PZT, a signal
generator, an oscilloscope, a power amplifier, a bench multime-
ter, a shaking table and the tested interface circuits, as shown
in Fig. 7. The PZT from Mide Technologies, with 190 nF
corresponding internal capacitance, is fixed on the shaking table,
and the shaking table is excited by the power amplifier and
signal generator. Three tested circuit fabricated by the discrete
components based on ReL-SECEI, SECE, and S-SSHI is shown
in Figs. 4, 8(a) and (b), respectively. Three different inductors,
2.2 mH with 16 Ω internal resistance, 4.7 mH with 20 Ω internal
resistance and 50 mH with 100Ω internal resistance, are adopted
to test the energy harvesting performance of the circuits. A 4.7 nF
capacitance is used as C1 while an electrolytic capacitor with a
10 μF capacitance value is used as Cr. Two PNP transistors and
two NPN transistors use the components 2N3906 and 2N3904,
respectively. The diode uses the component 1N4148.
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Fig. 7. Experimental setup.

Fig. 8. Circuits and waveforms of (a) SECE and (b) S-SSHI.

The signal generator is adjusted to make the PZT work near
its resonance frequency of 19 Hz and the open circuit voltage of
the PZT, Voc = 3 V. The PZT is interfaced in the input end of
the proposed Re-SECEI circuit while a 100 kΩ load resistor is
connected to the output end. Fig. 9 shows the measured voltage
Vpzt, output voltage Vdc, and inductor current iL waveforms in
the experiment, in which there is an enlarged view of the rising
and falling edges. The falling edge means the charges extraction
and inversion in the positive half-cycle, while the rising edge
means the charges inversion and extraction in the negative half-
cycle. The falling edge can be divided into two stages: 1) the
charges extraction stage from time t1 to t2 and 2) the inversion
stage from time t2 to t3, as shown in Fig. 9. And the rising edge
can also be divided into two stages: 1) the charges inversion
stage from time t4 to t5 and 2) the charges extraction stage from
time t5 to t6. It can be seen that the captured waveforms in the
experiment are consistent with the waveforms in the analysis,
as shown in Fig. 5, which verifies the feasibility of the proposed
circuit.

Fig. 10 shows the simulated and experimental output power
curves of the proposed ReL-SECEI versus the different output
voltage Vdc under sinusoidal vibrations. The simulated output
power in the figure is simulated by the LTspice platform based
on the model of Fig. 1. The detailed parameters for simulations
are given in Table II. The experimental output power is obtained
under the sinusoidal vibrations, as shown in Fig. 11(a). It can
be seen that there is an optimal output voltage in the proposed
circuit under the fixed vibration amplitudes. The output power

Fig. 9. Captured waveforms in the experiment.

Fig. 10. Simulated and experimental output power versus Vdc under different
vibration amplitudes.

TABLE II
PARAMETERS FOR SIMULATIONS
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Fig. 11. Output of the PZT under. (a) Sinusoidal vibrations. (b) Intermittent
vibration.

Fig. 12. (a) Measured peak output power under different excitation frequencies
f. (b) Measured output power versus Vdc under nonsinusoidal vibration.

decreases as the output voltage Vdc deviates from its optimal
value, which is consistent with the previous analysis. The inver-
sion voltage of the ReL-SECEI circuit is significantly related to
the output voltage, so that the harvested power is load-dependent
and there is an optimum output voltage when the harvested
power reaches the peak. The drawback can be addressed by
employing MPPT techniques and the high output power can be
maintained.

Fig. 12 shows the experimental output power of the ReL-
SECEI, S-SSHI, SECE, and the SEH versus the different out-
put voltage Vdc under sinusoidal vibrations (Voc = 6 V). The
ReL-SECEI, S-SSHI, and SECE are implemented by the same
synchronous switch, inductor, and energy-storage capacitor. In
addition, the components used in the experiment also remained
consistent. Three different inductors, 2.2 mH (16 Ω), 4.7 mH
(20Ω), and 50 mH (100Ω) were adopted to test the performance
of the ReL-SECEI, S-SSHI, and SECE. The electrical quality
factor is 6.7(2.2 mH), 7.9(4.7 mH), and 5.1(50 mH), respectively.
The tested circuits adopt the inductors with different quality
factors and the output power changes. Although the value of

50 mH is the highest, the electrical quality factor is lowest. It
can be seen that the ReL-SECEI, S-SSHI, and SECE has the
worst performance when the inductor with 50 mH is adopted.
An inductor with a high-quality factor will reduce the energy
loss and improve the output power. The influence of the inductor
on ReL-SECEI, S-SSHI, and SECE is related to the inductance
value and influenced by the internal resistance. However, the
inductor with a high-quality factor will increase its volume and
limit its application in micro WSN nodes.

Among them, the ReL-SECEI and the S-SSHI are influ-
enced evidently by the inductor while the inductors have less
influence on the SECE. The reason is that the ReL-SECEI and
the S-SSHI operate the inversion voltage with the LC resonant
loop, an inductor with a low-quality factor will decrease the
inversion factor and reduce the output power. In addition, the
duration time of the LC resonant loop in the ReL-SECEI and
the S-SSHI is longer than that in the SECE, which increases the
energy loss on the inductor. Since no inductor is used in the SEH
circuit, it makes no difference to the SEH circuit.

The SECE has the best load adaptability, however, the peak
output power is lower than the S-SSHI and the ReL-SECEI.
This is that the S-SSHI and ReL-SECEI increase the working
voltage of the PZT through the inversion voltage so that the peak
output power improves. Since the S-SSHI achieves the inversion
voltage through the LC resonant loop with the PZT, the output
capacitor and the inductor, it has the worst load adaptability.
The output power of the S-SSHI performs the best when the
output voltage Vdc<3 V while the output power of the ReL-
SECEI performs the best when the output voltage Vdc>3 V. The
maximum output power of the proposed ReL-SECEI can reach
4.2 times that of the SEH circuit with the 4.7 mH inductor.

When the inductor is replaced, the output power curve of the
S-SSHI is severely affected while the optimal output voltage of
the S-SSHI remains unchanged. The research of Wang et al. [22]
also illustrates this characteristic. The output power curve and
the optimal output voltage of the proposed ReL-SECEI are both
affected when the inductor is replaced. These characteristics are
consistent with the description of (18) and (19). No matter, which
inductor is used, the peak output power is the highest among the
tested circuits. This is that a portion of electric charges generated
by the PZT is inverted to improve the working voltage and the
peak output power is increased. In addition, the diode rectifier
bridges in the other circuits increase the energy loss, which not
only decreases the conversion efficiency but also reduces the
inversion factor.

In real-world scenarios, external excitation frequencies and
amplitudes often vary, causing fluctuations in the output of
the PZT. Since there are more nonsinusoidal vibrations in the
real environment, the intermittent vibration is carried out to
test the performance of the proposed ReL-SECEI, S-SSHI, and
SECE circuit. Fig. 11(b) shows the open circuit voltage of the
PZT under the intermittent vibration. It can be seen that the
open-circuit voltage of the PZT varies from 5.6 V to 2.4 V due
to the intermittent vibration. Fig. 13(a) shows the output power
versus different Vdcunder the nonsinusoidal vibration. As can
be seen from the figure, the peak output power of the proposed
ReL-SECEI is higher than that of S-SSHI and SECE due to
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TABLE III
PERFORMANCE COMPARISON

Fig. 13. (a) Measured output power versus Vdc under intermittent vibration.
(b) Measured peak output power with different excitation frequencies f under
sinusoidal vibrations.

the rectifier-less design. Especially when the input voltages are
low, the energy caused by the rectifier will increase if a rectifier
exists. As depicted in Fig. 13(b), the peak output power exhibits
variations with changing excitation frequencies. When the PZT
works near its resonant frequency, the open-circuit voltage of
the PZT reaches its maximum value. Notably, the resonant
frequency of the PZT is 19 Hz and the peak output power of the
ReL-SECEI, S-SSHI, and SECE reaches 402 μW, 346 μW, and
256 μW, respectively. Although the peak output power curves
of the ReL-SECEI, S-SSHI, and SECE are similar in terms of
trend and shape, the peak output power of the ReL-SECEI are
higher than those of S-SSHI and SECE. Furthermore, when
the excitation frequencies deviate from 19 Hz and the output
of the PZT drops, the ReL-SECEI has better adaptability. The
reason is that it removes the diode bridge and has a lower energy
harvesting startup voltage.

Table III provides a performance comparison with the state-
of-the-art interface circuits for PE energy harvesters. The circuits
proposed in [41], [26], [12], and [17] are based on three typical
topologies, including SECE, S-SSHI, and P-SSHI. Except for
the circuit in [41], the other circuits in [26], [12], and [17]
are self-powered solutions. The circuit proposed in [42] uses
the double pile-up resonance to enhance the energy harvesting

efficiency while [43] can achieve the energy harvesting without
an inductor.

The circuits in [26] use the extra envelope detection modules
to reduce the phase lag. The extra modules occupy a portion of
energy loss and limit the energy harvesting efficiency. The circuit
in [12] replaces the diode bridge with four passive switches.
Eight transistors and two detecting capacitors are required to
achieve the ac–dc conversion. Since the LC resonant loop in
[12] has more extra energy-consuming components than in the
proposed circuit, the energy loss increases. Due to the rectifier-
less and simplified designs, the energy harvesting output power
of the proposed circuit is higher than that of the circuits in [26],
[12], and [17]. In addition, although the circuits in [41] and
[42] have high energy harvesting ability, the external power
supply is required to power the complicated control circuit.
This means that the control circuit still consumes energy even
without vibration. The circuit in [43] achieves efficient energy
harvesting without an inductor. It can be fully integrated and
the volume of the circuit reduces. Precharged energy is required
to achieve self-starting. Hence, the inefficient passive circuit in
the self-starting process affects the overall performance of the
circuit.

V. CONCLUSION

In this article, a ReL-SECEI interface circuit without a recti-
fier bridge is proposed. The ReL-SECEI divides the energy har-
vesting operation into two parts, charges inversion, and charges
extraction, to achieve efficient energy harvesting. The inversion
voltage of the ReL-SECEI circuit is significantly related to the
output voltage so that the harvested power is load-dependent
and the peak output power is obtained with the optimum load,
which reaches 4.2 times that of the SEH circuit. In addition, the
ReL-SECEI has good adaptability when the PZT outputs low
voltages due to the rectifier-less designs.
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