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Abstract: Efficiently scavenging piezoelectric vibration energy is attracting a lot of interest. One im-
portant type is the frequency up-conversion (FUC) energy harvester, in which a low-frequency beam
(LFB) impacts a high-frequency beam (HFB). In this paper, four interface circuits, standard energy
harvesting (SEH), self-powered synchronous electric charge extraction (SP-SECE), self-powered syn-
chronized switch harvesting on inductor (SP-SSHI) and self-powered optimized SECE (SP-OSECE),
are compared while rectifying the generated piezoelectric voltage. The efficiencies of the four circuits
are firstly tested at constant displacement and further analyzed. Furthermore, the harvested power
under FUC is tested for different electromechanical couplings and different load values. The results
show that SP-OSECE performs best in the case of a weak coupling or low-load resistance, for which
the maximum power can be 43% higher than that of SEH. As the coupling level increases, SP-SSHI
becomes the most efficient circuit with a 31% higher maximum power compared to that of SEH. The
reasons for the variations in each circuit with different coupling coefficients are also analyzed.

Keywords: piezoelectric vibration energy; frequency up-conversion; interface circuit; coupling level

1. Introduction

The continuous development of semiconductors over the last three decades has
brought tremendous technological advances in wireless sensor networks (WSNs) [1], mi-
croelectromechanical systems (MEMS) [2] and the Internet-of-Things (IoT) [3,4]. Providing
an efficient and sustainable power source for these systems without using batteries has
become a focus of research [5,6]. There is a multitude of energy in the environment, and
vibration energy is one of the most abundant and ubiquitous [7,8]. A piezoelectric harvester
that converts the mechanical energy of vibration into electrical energy has been widely
studied [9–11], due to the high power density of piezoelectric materials.

Generally, a piezoelectric harvester consists of a mechanical oscillator, a piezoelectric
transducer unit an electrical energy extraction and a storage unit [12]. In many cases, the
resonant frequency of a piezoelectric harvester is relatively high, while the environmental
vibration frequency is low. In order to achieve efficient energy harvesting, the resonant
frequency of the mechanical oscillator needs to be matched to the low frequency from the
environment [13]. Among the methods used so far, increasing the vibration frequency
from the environment is an effective solution, namely, the frequency up-conversion (FUC)
approach. It has the following advantages: (1) it improves the efficiency of low-frequency
vibration energy harvesting, (2) facilitates the expansion of bandwidth, (3) reduces the
volume of the harvester and (4) increases the energy density.

The implementation of FUC has been extensively studied. One of the most common
structures is the contact up-conversion mechanism, which usually has two or three beams.
Gu [14] used three beams to achieve FUC via the periodic impact between the driving beam
and the generating beams. Halim et al. [15] presented a low-frequency vibration energy
harvester that exploited the mechanical impact of the mass of a flexible dynamic magnifier
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on a harvester base stopper. This mechanical impact delivers a large secondary force to the
secondary beam. Edwards [16] et al. presented a single cantilever FUC mechanism under
stochastic excitation when configured as an electromagnetic energy harvester. Wang [17]
et al. presented a cantilever beam with magnets attached to the ends that impacted two
flexible stoppers, which were placed on each side of the beam. Liu [18] et al. proposed a
meandered cantilever as a low-resonant-frequency cantilever and a straight cantilever as a
high-resonant-frequency cantilever. Gu [19] et al. proposed an energy harvesting device in
which a low-frequency resonator impacted a high-frequency energy harvesting resonator,
resulting in energy harvesting predominantly at the system’s coupled vibration frequency.
Chen [20] et al. presented the FUC energy harvesting system composed of a lower frequency
PZT narrow bimorph with an extended iron proof mass and a higher frequency PZT wide
bimorph without a proof mass. Zhang [21] et al. designed a piezoelectric vibration energy
harvester in which a high-frequency generating beam was triggered by the rope or impacted
directly by the low-frequency driving beam. Halim [22] et al. presented a lateral ball impact
that pushed the mass block on top of the parabola and the piezoelectric beam downward,
producing vibrations perpendicular to the direction of the ball’s motion. FUC with the
contact method also allows ambient excitation to be loaded directly onto the oscillator.
Abedini [23] et al. added a pair of rack and pinion and a crank–slider mechanism between
the high-frequency beam and the low-frequency beam so that the energy harvester can
obtain more energy. In addition to contact up-conversion, magnetically driven non-contact
is also available. This type avoids energy loss during contact between the components,
reduces noise and increases the energy harvesting range, efficiency and system lifetime.
The device consists of a low-frequency piezoelectric cantilever with a rectangular magnet
attached to the free end, a higher frequency piezoelectric cantilever with smaller rectangular
magnets and an assembled anchor [24,25]. In this mechanism, the driving beam can also
be replaced with a disc attached with a magnet, and the rotating disc causes the power
generating beam to vibrate [26].

The aforementioned works aimed to optimize the structure of the generator. However,
the electricity from the generator is alternating current (AC); in most cases, it cannot
directly supply low-power electronic devices. In practical applications, AC is transformed
into direct current by an energy extraction circuit. It can also improve the output power.
Therefore, a lot of research has been conducted on the optimization of energy extraction
circuits. Guyomar [27] et al. proposed a synchronized switch harvesting on an inductor
circuit (SSHI). Lefeuvre [28] et al. proposed a synchronous electric charge extraction circuit
(SECE). The output power of the SSHI circuit depends on the load. Although the output
power of the SECE circuit does not depend on the load of the circuit, it requires a very
accurate closing time of the synchronous switch, which is less practical in application.
Wu [29] et al., based on the SECE circuit, designed an optimized synchronous charge
extraction circuit. Compared with SECE, the circuit changes from one switch to two, the
operation mode is more flexible, two diodes are reduced and the power loss is reduced.
This circuit has the advantages of the SECE and SSHI circuits, improves the output power
of the circuit and has a weak load dependence. The above circuits need to control the
opening and closing of one or more switches in the process of extracting energy. The
types of switches are divided into electronic switches and mechanical switches [30–33].
According to the circuit of the control switch, electronic switches can be divided into a
self-power supply [34–38] and an external power supply [39,40]. In practical application, it
is inconvenient that an external power supply is required for the external power supply.
Therefore, the self-power supply has been considerably studied. Self-powered switching
circuits, the electronic components powered by the piezoelectric source automatically,
detect the piezoelectric voltage maxima or minima and turn the switch on or off properly.
Although the electronic switch can stabilize the output power, the electronic components
in the circuit will consume some energy. The delayed opening of the electronic switch will
reduce the power of the harvester.
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At present, most of the research on FUC mainly focuses on the design and improve-
ment of the mechanical structure, while there is less research on the circuit of energy
harvesting. The research regarding energy extraction circuits is mainly aimed at the steady-
state condition, and FUC is rarely considered. The energy generated under FUC is unstable
and attenuated. As a relatively special energy form, it is different from the energy generated
at constant displacement and constant force under steady-state conditions. During observa-
tion of the energy input mode, the injected energy of each cycle into the FUC mechanism is
a constant value, while the injected energy in the case of constant displacement or constant
excitation under steady-state conditions varies. At present, there are few studies to compare
the energy harvesting performance of the circuit under the condition of FUC. This paper
applies SEH, SP-SSHI, SP-SECE and SP-OSECE to harvest the energy generated by the
FUC vibration energy harvester and offers a comparative analysis of the differences in the
energy scavenged by the four circuits under FUC conditions.

2. Theoretical Model
2.1. Device Configuration and Working Principle

As shown in Figure 1e, the energy harvester system with frequency up-conversion
is composed of two cantilever beams that face each other. The low-frequency beam is
narrower and longer, with a mass block at the end. The high-frequency beam is integrated
with four parallel-arrayed piezoelectric thin-film energy harvesting elements, and the
end is pasted with a mass block. The resonant frequency of the low-frequency beam is
4.85 Hz, and that of the high-frequency beam is 36.25 Hz. There is a distance, d, between the
low-frequency beam and the high-frequency beam, which affects the impact performance
between the two beams.
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Figure 1. Configuration of the FUC energy harvesting system. (a) SEH circuit and wave of piezo-
electric voltage (b) SP-SECE circuit and waveforms of piezoelectric voltage (c) SP-SSHI circuit and
waveform s of piezoelectric voltage (d) SP-OSECE circuit and waveforms of piezoelectric voltage
(e) Mechanical structure of FUC.



Micromachines 2022, 13, 1596 4 of 13

When the FUC energy harvesting system is excited by the external low-frequency
vibration energy, the low-frequency beam resonates and impacts the high-frequency beam
via its end mass. Afterwards, the low-frequency beam and the high-frequency beam
move together for a short period of time. This is the first stage of mechanical movement.
In this stage, the kinetic energy of the low-frequency beam is transferred to the high-
frequency beam. In the second stage, the two beams begin to separate and then vibrate
independently. The amplitude of the high-frequency beam attenuates exponentially at its
resonance frequency, thus converting the vibration energy into electrical energy through the
piezoelectric effect. The low-frequency beam continues to be excited by the low-frequency
vibration energy in the environment until it hits the high-frequency beam in the next cycle.

2.2. Modeling of the FUC Energy Harvesting System

The model of the piezoelectric energy generator based on FUC is shown in Figure 2.
The harvesting system can be assumed to be two spring–mass–damping balance models.
Here, k0, c0, m0 are the spring stiffness coefficient, damping coefficient and mass of the
low-frequency beam in the system. The high-frequency beam with a spring stiffness k1,
damping factor c1, and mass m1 is placed at a distance of d from the low-frequency beam.
In the model, the displacements of the high-frequency beam and low-frequency beam are
s1 and s0, The second order differential equation of the mass motion in phase 2 can be
expressed as follows [18,21]:

m0
..
s0 + c0

.
s0 + k0s0 = −m0a sin(ωt) ; s0 − s1 < d (1)

m1
..
s1 + c1

.
s1 + k1s1 = −m1asin(ωt) ; s0 − s1 < d (2)

where a and ω are, respectively, the acceleration of excitation and the circular frequency of
excitation, and the time is expressed as t.
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Figure 2. Modeling of cases 1 and 2 of FUC system.

In phase 1, as shown in case 2, the mass motion equation of the high-frequency beam
and the low-frequency beam combined is shown as follows by assuming that the impact
loss is included in the damping ratio [41,42]:

(m0 + m1)
..
s0 + (c0 + c1

.
)s0 + k0s0 + k1(s0 − d) = −(m0 + m1)asin(ωt) ; s0 − s1 ≥ d (3)

2.3. Voltage Model

The open-circuit voltage generated by the high-frequency beam can be calculated
according to the displacement X0 [19,43]. The calculation formula is as follows:

Vo = −
d31tpσs

ε
=

(
−

d31tp

ε

)
3X0Lp3

bptp2 (4)
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where d31 is the piezoelectric coefficient, tp is the thickness of the high-frequency beam, ε is
dielectric constant, σs is the stress distribution on a high frequency and Lp3 and bp are the
length and width of the high frequency, respectively.

According to the two dynamic stages of energy acquisition described above, the
generated voltage can be written as a function of time:

V =


V0
2 sin

(
ωcoupt

)
e−ξt1ωcoupt , n 2π

ω0
< t < (n + 1) 3π

2ωcoup
; phase1

V0
2 sin

(
ω1

(
t− (n + 1) 3π

2ωcoup

)
+ 3π

2

)
e−ξt2ω1t ,

(n + 1) 3π
2ωcoup

≤ t ≤ π
2ω0

(n + 1); phase2

(5)

ξt1 =
c0

2(m0 + m1)ω0
+

c1

2(m0 + m1)ω1
; ξt2 =

c1

2m1ω1
; ω0

2 =
k0

m0
; ω1

2 =
k1

m1
; ωcoup =

√
k0 + k1

(m0 + m1)

where n is the number of cycles of the collector, ξt1 is the total damping ratio of the coupled
vibration, ξt2 is the total damping ratio of the free vibration of the high-frequency beam, ω1
is the resonant frequency of the high-frequency beam, ω0 is the resonant frequency of the
low-frequency beam and ωcoup is the resonance frequency in coupled motion.

2.4. Energy Extraction Circuit

In the piezoelectric energy harvesting system, the piezoelectric energy extraction circuit
is an indispensable part that also affects the energy harvesting efficiency. The principle
of the standard energy harvesting interface (SEH) [41,43] is shown in Figure 1a, which
mainly consists of a full-bridge rectifier composed of four diodes and a smoothing capacitor
(Cr). The load resistance (Rload) represents the equivalent input resistance of the following
electronic module to be supplied. The diode is equivalent to an ideal diode, and the voltage
drop VD and its loss are ignored. When VP > Vload, the SEH circuit can transfer the energy
generated by the piezoelectric element to the load end. The synchronous electrical charge
extraction [28,44,45], as shown in Figure 1b, is an improvement of the standard circuit,
which adds an inductance L, a switch S and a diode D between the rectifier bridge and the
filter capacitor. In addition, a peak detection circuit is added to control the switch. The
peak detection circuit is composed of an envelope detection circuit (1) and a comparator
circuit (2). When the switch S is closed, L-C0 circuit oscillation is established, and the charge
accumulated in the clamped capacitor C0 is transferred to the inductor L. After one quarter
of the oscillation cycle, the energy stored on the inductor is transferred to the load once the
switch is opened. The left side of the transformer is the primary-side coil, and the right
side is the secondary-side coil. Parallel synchronized switch harvesting on inductor [46,47]
is shown in Figure 1c. Compared with the standard circuit, an inductance, two electronic
switches S and two identical peak detection circuits are added. The peak detection forces
the corresponding switch to open when the output voltage of the piezoelectric element is
the maximum value of the positive half cycle and to close when it is the minimum value of
the negative half cycle. The peak circuit on the right is opposite to that on the left. When
the mechanical displacement reaches the maximum and minimum values, the two switches
S are closed alternately to establish L-C0 circuit oscillation. After the switch is closed for
half an oscillation period, the piezoelectric voltage is inverted. The optimized synchronous
electrical charge extraction is shown in Figure 1d. The flyback transformer is used to replace
the inductor. The transformer divides the circuit into two parts. The left part is similar to
the parallel-switch circuit, in which the peak detection circuit and the electronic switch
circuit are the same as the parallel-switch circuit. The left part of the transformer is the
primary-side coil, and the right part is the secondary-side coil. The two switches are closed
alternately in a vibration cycle. This switching strategy allows the voltage to be reversed
twice in a vibration cycle. The power calculations of the four circuits are shown in Table 1.
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Table 1. Normalized harvested power for different interfaces [48,49].

Interface Harvested Power

SEH P = πk2Qm[
π
4 +

ζR

(1+ζR)
2 k2Qm

]2
ζR
∗

(1+ζR)
2

SP-SSHI P = 4 f0C0VS

[
VP −VD + VDe−π/2QI

]
− 2 f0C0VS

2
(

1− e−π/2QI
)

SP-SECE P = πk2Qm

[ π
4 +k2Qm]

2 e−π/2QI

SP-OSECE P = πk2Qm

[ π
4 +Xk2Qm]

2
sin2(ωI tm)e

−ωI tm
QI[

1+εc+cos(ωI tm)e
−ωI tm

2QI

]2
(2−2εv2−εv2εc)

2

4

* ζR = 2RlCpω/π, QI is the quality factor of the L-C0 oscillating circuit, k2Qm is the figure of merit of the

electromechanical structure, εv2 is voltage ratio and ωI tm = arctan
(
− 2√

ζR

)
+π, εc =

Cp
C0

.

3. Experimental Results
3.1. Experimental Setup

The mechanical part of the experimental system under steady-state conditions and
FUC are shown in Figure 3a,b, respectively. The mechanical part includes an aluminum
alloy low-frequency beam (110 mm × 10 mm × 0.3 mm) with a low natural frequency
and a beryllium copper high-frequency beam (100 mm × 30 mm × 1 mm) with a high
natural frequency. The root of the beryllium copper is attached with piezoelectric elements,
and the end is pasted with a mass block (24 g). Similarly, the end of the low-frequency
beam is pasted with a mass block (54 g). The mechanical part of the energy harvesting
device is installed on a vibrating table, which is driven by a signal generator (dg1032,
RIGOL, RIGOL Technologies, Inc., Beijing, China) and a power amplifier. The frequency
of its sinusoidal excitation can be adjusted. With the adopted laser displacement sensor
(HLC203BE, SUNX, Panasonic Industrial Devices SUNX Suzhou Co., Ltd., Suzhou, China),
the displacement amplitude of the beam tip is kept constant by tuning the excitation
level. An acceleration sensor (PCB©, M352C68, PCB Piezotronics, Inc., New York, USA)
is attached to the shaker to acquire the excitations. Meanwhile, the piezoelectric voltage
is captured by the oscilloscope while the load voltage is recorded by a voltage meter.
Figure 3c shows the printed circuit board used in the experiment, and the circuits on it
are the SP-SECE circuit, SP-OSECE circuit, SP-SSHI circuit and SEH circuit, respectively.
The used components and their characteristics are listed in Table 2 from their experimental
identifications or factory datasheets. The system parameters in the experiment are listed in
Table 3.
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Table 2. Components and parameters.

Definition Value Definition Value

Diode (Di, Dpi) BAQ135 Cr 100 uF
Transformer MSD1278T-105KL Rbi 3.3 kΩ

BJT (Si) MMBTA05LT1G Rgi 1 MΩ

Rload
Pin-type resistance

(external connection) Rpi 100 kΩ

Transistor (Tpi) MMBTA56 Cpi 1 nf
Inductance L1, L2, L3 (H) 1 × 10−3

Table 3. System parameters in the experiment.

Parameter Value

Clamped capacitance of the piezoelectric element C0 (F) 20.68 × 10−9

Piezoelectric coefficient α (N/V) 5.557 × 10−4

Open-circuit mechanical quality factor Qm 63.8
Squared electromechanical coupling coefficient k2 0.01
Open-circuit resonance frequency of HFB f1 (Hz) 36.25

Stiffness of high-frequency beams (N/m) 1450

3.2. Experiments under Steady-State Conditions

The efficiency of the circuit affects the energy harvesting of the circuit, so it is necessary
to understand the characteristics of the four circuits before they are applied to the FUC
generator. As depicted in Figure 4, with the increasing load resistance, the efficiency of
the SP-OSECE, SP-SECE and SP-SSHI circuits η = Eload/Ein decreases continuously. Ein
is the extracted energy from the piezoelectric material, and Eload is the energy obtained
on the load. Because the energy extracted from the piezoelectric material by these three
circuits dissipates on components such as diode D, switch S, transformer L and resistor R,
their efficiencies are lower than that of the SEH circuit, and, with the increase in resistance,
the more energy that is extracted from the piezoelectric material, the more energy that is
dissipated. For a small resistance value, the energy loss of SP-OSECE is mainly located at
the secondary-side of the transformer. With the increase in resistance value, more energy
is extracted, but the dissipation caused by the circuit quality factor QI and the diode
connected to the primary-side coil become larger. In addition, the charge neutralization
effect is increasingly obvious, and the capacitance value of the piezoelectric elements used
is small, resulting in lower and lower efficiencies of the SP-OSECE circuit. The dissipation
of SP-SECE is mainly caused by the full-bridge circuit and the circuit quality QI, which have
a relatively small growth range along with an increasing resistance. From the perspective
of circuit structure, SP-SSHI has no secondary-side coils and diodes. Therefore, the energy
dissipation of the SP-SSHI circuit is less than that of SP-SECE and SP-OSECE with a higher
efficiency. In the steady state, in order to avoid the influence of electromechanical coupling
and to focus on the circuits, the constant displacement case is considered first with the tip
displacement of the high-frequency beam kept at 1 mm, while the resistance changes from
10 KΩ to 2 MΩ. The output power results are shown in Figure 5a. The SP-SSHI circuit is
the best when it is above 100 KΩ, and the SP-OSECE circuit is the best when it is below
100 KΩ. Their general trends are basically the same, but there is a slight difference. From
Figure 5a, it can be seen that the power of SP-OSECE with a large resistance at constant
displacement decreases faster than that of the constant force. This is because more energy is
extracted from the piezoelectric elements with a large resistance at constant displacement,
but the dissipation is also large. As shown in Figure 5b, in the case of constant force, the
coupling level decreases, and SP-OSECE becomes outstanding.
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3.3. Experiments under Frequency Up-Conversion Conditions

The experimental results of FUC are shown in Figure 6. In this figure, points A to B
are the coupled motion of the two beams, and points C to D are the free vibration stage of
the high-frequency beams.

Micromachines 2022, 13, x FOR PEER REVIEW 10 of 14 
 

 

 

Figure 6. The open–circuit voltages of the HFB. 

In the FUC experiment, 𝑘2𝑄𝑚 = 0.63 and an acceleration of 0.4 g were used to com-

pare the SEH, SP-SECE, SP-SHHI and SP-OSECE circuits. The output waveforms of the 

piezoelectric elements are shown in Figure 7, and the comparison of the output power is 

shown in Figure 8. The resistance changes from 10 KΩ to 2 MΩ. If the load of the circuit 

is below 100 K, the SP-OSECE circuit is recommend. The SP-SSHI circuit can be selected 

above 100 K. From the results, it can be seen that under the FUC conditions, the SP-SSHI 

and SEH circuits also have the problem of matching the best resistance, and higher energy 

can be harvested near the best resistance. SP-SECE has small power variation due to its 

small dependence on resistance. Since the efficiency of SP-OSECE decreases with an in-

crease in the resistance value, the energy harvesting is highest for small resistances com-

pared to other circuits. 

 

Figure 7. Experimental waveforms of the piezoelectric harvester (𝑘2𝑄𝑚 = 0.63). 
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In the FUC experiment, k2Qm = 0.63 and an acceleration of 0.4 g were used to
compare the SEH, SP-SECE, SP-SHHI and SP-OSECE circuits. The output waveforms of
the piezoelectric elements are shown in Figure 7, and the comparison of the output power
is shown in Figure 8. The resistance changes from 10 KΩ to 2 MΩ. If the load of the
circuit is below 100 K, the SP-OSECE circuit is recommend. The SP-SSHI circuit can be
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selected above 100 K. From the results, it can be seen that under the FUC conditions, the
SP-SSHI and SEH circuits also have the problem of matching the best resistance, and higher
energy can be harvested near the best resistance. SP-SECE has small power variation due
to its small dependence on resistance. Since the efficiency of SP-OSECE decreases with
an increase in the resistance value, the energy harvesting is highest for small resistances
compared to other circuits.
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In order to observe the influence of electromechanical coupling on energy harvesting,
experiments were carried out on the FUC harvester for several cases of k2Qm = 0.1088,
0.1472, 0.192 and 0.3072. The output power comparison is shown in Figure 9, and the
maximum power under different coupling levels is shown in Figure 10. In general, the
power obtained by the four circuits increases with the increase in the coupling level because
the mechanical energy also increases when it is converted into electrical energy. When
the coupling coefficient k2Qm ≤ 0.192, the SP-OSECE circuit obtains the highest power.
For k2Qm > 0.3, SP-SSHI appears to be the most effective technique for power, when it
is around the optimal load. When the electromechanical system is weakly coupled, less
mechanical energy is converted into electric energy. Hence, SP-SSHI and SEH extract less
energy at this time, and SEH performs worse. However, SP-OSECE has the effect of gaining
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extracted energy, so it is the best electric circuit in the case of weak coupling. With stronger
electromechanical coupling, the energy loss in the SP-OSECE circuit becomes larger, and
the efficiency decreases continuously. Therefore, for k2Qm > 0.63, SP-OSECE becomes the
worst. With the increase in the coupling level, the energy extracted by the SP-SSHI circuit
increases, and its efficiency decreases less than that of SP-OSECE and SP-SECE, so the load
end of the SP-SSHI circuit obtains the highest power. The reduction in the efficiency of the
SP-SECE circuit is less than that of SP-OSECE, which results in the power obtained at the
load end being slightly higher than that of SP-OSECE after the coupling level increases.
Although the SEH circuit itself extracts less energy from the piezoelectric element, it has a
higher efficiency due to less dissipation. It improves in the case of strong coupling. If the
coupling level continues to increase, the conversions of mechanical energy into electrical
energy by the other three circuits will be suppressed. When the coupling coefficient reaches
a certain value, SEH will be the best circuit. Experiments with higher coupling coefficients
were not implemented due to experimental conditions.
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4. Conclusions

In this paper, a typical FUC device is described, which is composed of two beams.
There are mass blocks at the end of the low-frequency beam and the end of the high-
frequency beam. Four circuits, SP-OSECE, SP-SECE, SP-SSHI and SEH, were used to
harvest energy with the FUC generator for comparison purposes. The efficiency of the
four circuits was firstly tested in steady state with a constant displacement of 1 mm. The
results show that the efficiency of SP-OSECE decreases with an increasing resistance value,
while SP-SECE has a smaller reduction, and SP-SSHI and SEH are more efficient. Especially
at large resistances, SP-SSHI works more efficiently than SP-OSECE, with more than two
times the efficiency, while SEH performs more than three times as efficiently as SP-OSECE.
The reasons for the decrease in efficiency as the resistance value increases and the difference
in efficiency between the four types of circuits were analyzed. The experiments on the FUC
vibration energy harvesting were conducted with different k2Qm. Based on the findings
of the experiments, selecting the best circuit requires comprehensive consideration of the
magnitude of load resistance and the strength of the electromechanical coupling. It is
recommended that the SP-OSECE circuit is suitable when the electromechanical coupling
is weak or the load value is low. Under these situations, the maximum power of the SP-
OSECE circuit can be 43%, 15% and 40% higher than those of SEH, SP-SSHI and SP-SECE,
respectively. In the case of moderate electromechanical coupling, the SP-SSHI circuit can
harvest the most power around its optimal resistance. Specifically, the maximum power of
SP-SSHI can be 31% higher than that of SEH, and the improved values will become 24%
and 21% when compared with SP-SECE and SP-OSECE.

Author Contributions: Conceptualization, W.L.; methodology, H.L.; validation, H.L.; formal analysis,
H.T.; investigation, H.L.; resources, H.T.; data curation, K.C.; writing—original draft preparation, H.L.;
writing—review and editing, H.L.; visualization, K.C.; supervision, W.L.; project administration, W.L.;
funding acquisition, H.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by a school-level project of Panzhihua University (Panzhihua
University [2016] No.72), grant number 2015by44.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hodge, V.; Okeefe, S.; Weeks, M.; Moulds, A. Wireless Sensor Networks for Condition Monitoring in the Railway Industry:

A Survey. IEEE Trans. Intell. Transp. Syst. 2015, 16, 1088–1106. [CrossRef]
2. Guo, S.; Yang, L.; Yuan, Y.; Zhang, Z.; Cao, X. Elastic energy storage technology using spiral spring devices and its applications:

A review. Energy Built Environ. 2022, 6, 5. [CrossRef]
3. Sandhu, M.; Khalifa, S.; Jurdak, R.; Portmann, M. Task Scheduling for Energy-Harvesting-Based IoT: A Survey and Critical

Analysis. IEEE Internet Things J. 2021, 8, 13825–13848. [CrossRef]
4. Jo, S.; Byeng, D. A phononic crystal with differently configured double defects for broadband elastic wave energy localization

and harvesting. Crystals 2021, 11, 643. [CrossRef]
5. Gu, Y.; Liu, W.; Zhao, C.; Wang, P. A goblet-like non-linear electromagnetic generator for planar multidirectional vibration energy

harvesting. Appl. Energy 2020, 266, 114846. [CrossRef]
6. Shao, H.; Chen, G.; He, H. Elastic wave localization and energy harvesting defined by piezoelectric patches on phononic crystal

waveguide. Phys. Lett. A 2021, 403, 127366. [CrossRef]
7. Lee, G.; Lee, D. Piezoelectric energy harvesting using mechanical metamaterials and phononic crystals. Commun. Phys. 2022,

5, 94. [CrossRef]
8. Fang, S.; Zhou, S.; Yurchenko, D.; Yang, T.; Liao, W. Multistability phenomenon in signal processing, energy harvesting, composite

structures, and metamaterials: A review. Mech. Syst. Signal Process. 2022, 166, 108419. [CrossRef]
9. Wen, Z.; Jin, Y.; Gao, P.; Zhuang, X.; Rabaczuk, T.; Djafari, B. Topological cavities in phononic plates for robust energy harvesting.

Mech. Syst. Signal Process. 2022, 162, 108047. [CrossRef]
10. Anton, S.; Sodano, H. A review of power harvesting using piezoelectric materials (2003–2006). Smart Mater. Struct. 2007,

16, R1–R21. [CrossRef]
11. Shu, Y.; Lien, I. Efficiency of energy conversion for a piezoelectric power harvesting system. J. Micromech. Microeng. 2006,

16, 2429–2438. [CrossRef]

http://doi.org/10.1109/TITS.2014.2366512
http://doi.org/10.1016/j.enbenv.2022.06.005
http://doi.org/10.1109/JIOT.2021.3086186
http://doi.org/10.3390/cryst11060643
http://doi.org/10.1016/j.apenergy.2020.114846
http://doi.org/10.1016/j.physleta.2021.127366
http://doi.org/10.1038/s42005-022-00869-4
http://doi.org/10.1016/j.ymssp.2021.108419
http://doi.org/10.1016/j.ymssp.2021.108047
http://doi.org/10.1088/0964-1726/16/3/R01
http://doi.org/10.1088/0960-1317/16/11/026


Micromachines 2022, 13, 1596 12 of 13

12. Muralt, P.; Polcawich, R.; McKinstry, S. Piezoelectric thin films for sensors, actuators, and energy harvesting. MRS Bull. 2009,
34, 658–664. [CrossRef]

13. Li, H.; Tian, C.; Deng, Z. Energy harvesting from low frequency applications using piezoelectric materials. Appl. Phys. Rev. 2014,
1, 041301. [CrossRef]

14. Gu, L. Low-frequency piezoelectric energy harvesting prototype suitable for the MEMS implementation. Microelectron. J. 2011,
42, 277–282. [CrossRef]

15. Halim, M.; Park, J. Piezoceramic based wideband energy harvester using impact-enhanced dynamic magnifier for low frequency
vibration. Ceram. Int. 2015, 41, S702–S707. [CrossRef]

16. Edwards, B.; Aw, K.; Hu, A. Mechanical frequency up-conversion for sub-resonance, low-frequency vibration harvesting. J. Intell.
Mater. Syst. Struct. 2016, 27, 2145–2159. [CrossRef]

17. Wang, C.; Zhang, Q.; Wang, W. Low-frequency wideband vibration energy harvesting by using frequency up-conversion and
quin-stable nonlinearity. J. Sound Vib. 2017, 399, 169–181. [CrossRef]

18. Liu, H.; Lee, C.; Kobayashi, T.; Tay, C.; Taya, C.; Quan, C. Piezoelectric MEMS-based wideband energy harvesting systems using a
frequency-up-conversion cantilever stopper. Sens. Actuators A Phys. 2012, 186, 242–248. [CrossRef]

19. Gu, L.; Livermore, C. Impact-driven, frequency up-converting coupled vibration energy harvesting device for low frequency
operation. Smart Mater. Struct. 2011, 20, 045004. [CrossRef]

20. Chen, S.; Ma, L.; Chen, T.; Liu, H. Modeling and verification of a piezoelectric frequency-up-conversion energy harvesting system.
Microsyst. Technol. 2017, 23, 2459–2466. [CrossRef]

21. Zhang, J.; Qin, L. A tunable frequency up-conversion wideband piezoelectric vibration energy harvester for low-frequency
variable environment using a novel impact- and rope-driven hybrid mechanism. Appl. Energy 2019, 240, 26–34. [CrossRef]

22. Halim, M.; Kabir, M.; Cho, H.; Park, J. A Frequency Up-Converted Hybrid Energy Harvester Using Transverse Impact-Driven
Piezoelectric Bimorph for Human-Limb Motion. Micromachines 2019, 10, 701. [CrossRef]

23. Abedini, A.; Wang, F. Energy harvesting of a frequency up-conversion piezoelectric harvester with controlled impact. Eur. Phys. J.
Spec. Top. 2019, 228, 1459–1474. [CrossRef]

24. Chen, S.; Ma, L.; Chen, T.; Liu, H.; Sun, L. A magnetic force induced frequency-up-conversion energy harvesting system. In
Proceedings of the 2016 12th IEEE/ASME International Conference on Mechatronic and Embedded Systems and Applications
(MESA), Auckland, New Zealand, 10 October 2016.

25. Fang, S.; Chen, K.; Xing, J.; Zhou, S.; Liao, W. Tuned bistable nonlinear energy sink for simultaneously improved vibration
suppression and energy harvesting. Int. J. Mech. Sci. 2021, 212, 106838. [CrossRef]

26. Fang, S.; Chen, K.; Xing, J.; Zhou, S.; Liao, W. Analytical and experimental investigation of the centrifugal softening and stiffening
effects in rotational energy harvesting. J. Sound Vib. 2020, 488, 115643. [CrossRef]

27. Guyomar, D.; Badel, A.; Lefeuvre, E.; Richard, C. Toward Energy Harvesting Using Active Materials and Conversion Improvement
by Nonlinear Processing. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2005, 52, 584–595. [CrossRef]

28. Lefeuvre, E.; Badel, A.; Richard, C.; Guyomar, D. Piezoelectric Energy Harvesting Device Optimization by Synchronous Electric
Charge Extraction. J. Intell. Mater. Syst. Struct. 2005, 16, 865–876. [CrossRef]

29. Wu, Y.; Badel, A.; Formosa, F.; Liu, W. Piezoelectric vibration energy harvesting by optimized synchronous electric charge
extraction. J. Intell. Mater. Syst. Struct. 2012, 24, 1445–1458. [CrossRef]

30. Liu, W.; Qin, G.; Zhu, Q.; Hu, G. Synchronous extraction circuit with self-adaptive peak-detection mechanical switches design for
piezoelectric energy harvesting. Appl. Energy 2018, 230, 1292–1303. [CrossRef]

31. Liu, W.; Huang, Y.; Wang, J. Energy Current Analysis of an Improved Self-Adaptive Mechatronic Approach for P-SSHI. IEEE
Trans. Ind. Electron. 2021, 68, 1434–1444. [CrossRef]

32. Liu, W.; Qin, G.; Zhu, Q.; Hu, G. Self-adaptive memory foam switches for piezoelectric synchronous harvesting circuits. Smart
Mater. Struct. 2018, 27, 117003. [CrossRef]

33. Wu, Y.; Badel, A.; Formosa, F.; Liu, W. Nonlinear vibration energy harvesting device integrating mechanical stoppers used as
synchronous mechanical switches. J. Intell. Mater. Syst. Struct. 2014, 25, 1658–1663. [CrossRef]

34. Chen, Y.; Vasic, D.; Costa, F.; Wu, W.; Lee, C. A self-powered switching circuit for piezoelectric energy harvesting with velocity
control. Eur. Phys. J. Appl. Phys. EDP Sci. 2012, 57, 30903. [CrossRef]

35. Liang, J.; Liao, W. Improved Design and Analysis of Self-Powered Synchronized Switch Interface Circuit for Piezoelectric Energy
Harvesting Systems. IEEE Trans. Ind. Electron. 2012, 59, 1950–1960. [CrossRef]

36. Boisseau, S.; Gasnier, P.; Gallardo, M.; Despessem, G. Self-starting power management circuits for piezoelectric and electret-based
electrostatic mechanical energy harvesters. J. Phys. Conf. Ser. 2013, 476, 2080. [CrossRef]

37. Liu, W.; Badel, A.; Formosa, F.; Zhu, Q. Comparative Case Study on the Self-Powered Synchronous Switching Harvesting Circuits
with BJT or MOSFET Switches. IEEE Trans. Power Electron. 2018, 33, 9506–9519. [CrossRef]

38. Liu, W.; Zhao, C.; Badel, A.; Formosa, F.; Zhu, Q.; Hu, G. Compact self-powered synchronous energy extraction circuit design
with improved performance. Smart Mater. Struct. 2018, 27, 047001. [CrossRef]

39. Chew, Z.; Zhu, M. Adaptive Self-configurable Rectifier for Extended Operating Range of Piezoelectric Energy Harvesting. IEEE
Trans. Ind. Electron. 2019, 67, 3267–3276. [CrossRef]

40. Lu, S.; Boussaid, F. A Highly Efficient P-SSHI Rectifier for Piezoelectric Energy Harvesting. IEEE Trans. Power Electron. 2015,
30, 5364–5369. [CrossRef]

http://doi.org/10.1557/mrs2009.177
http://doi.org/10.1063/1.4900845
http://doi.org/10.1016/j.mejo.2010.10.007
http://doi.org/10.1016/j.ceramint.2015.03.143
http://doi.org/10.1177/1045389X15624795
http://doi.org/10.1016/j.jsv.2017.02.048
http://doi.org/10.1016/j.sna.2012.01.033
http://doi.org/10.1088/0964-1726/20/4/045004
http://doi.org/10.1007/s00542-016-3077-y
http://doi.org/10.1016/j.apenergy.2019.01.261
http://doi.org/10.3390/mi10100701
http://doi.org/10.1140/epjst/e2019-800211-8
http://doi.org/10.1016/j.ijmecsci.2021.106838
http://doi.org/10.1016/j.jsv.2020.115643
http://doi.org/10.1109/TUFFC.2005.1428041
http://doi.org/10.1177/1045389X05056859
http://doi.org/10.1177/1045389X12470307
http://doi.org/10.1016/j.apenergy.2018.09.051
http://doi.org/10.1109/TIE.2020.2970662
http://doi.org/10.1088/1361-665X/aae0aa
http://doi.org/10.1177/1045389X14533437
http://doi.org/10.1051/epjap/2012110355
http://doi.org/10.1109/TIE.2011.2167116
http://doi.org/10.1088/1742-6596/476/1/012080
http://doi.org/10.1109/TPEL.2018.2790965
http://doi.org/10.1088/1361-665X/aab339
http://doi.org/10.1109/TIE.2019.2908610
http://doi.org/10.1109/TPEL.2015.2422717


Micromachines 2022, 13, 1596 13 of 13

41. Liu, H.; Lee, C.; Kobayashi, T.; Tay, C.; Quan, C. Investigation of a MEMS piezoelectric energy harvester system with a
frequency-widened-bandwidth mechanism introduced by mechanical stoppers. Smart Mater. Struct. 2012, 21, 035005. [CrossRef]

42. Halim, M.; Park, J. Theoretical modeling and analysis of mechanical impact driven and frequency up-converted piezoelectric
energy harvester for low-frequency and wide-bandwidth operation. Sens. Actuators A 2014, 208, 56–65. [CrossRef]

43. Liu, H.; Tay, C.; Quan, C.; Kobayashi, T.; Lee, C. Piezoelectric MEMS Energy Harvester for Low-Frequency Vibrations With
Wideband Operation Range and Steadily Increased Output Power. J. Microelectromech. Syst. 2011, 20, 1131–1142. [CrossRef]

44. Chen, C.; Zhao, B.; Liang, J. Revisit of synchronized electric charge extraction (SECE) in piezoelectric energy harvesting by using
impedance modeling. Smart Mater. Struct. 2019, 28, 105053. [CrossRef]

45. Brenes, A.; Morel, A.; Gibus, D.; Yoo, C.; Gasnierb, P.; Lefeuvre, E.; Badel, A. Large-bandwidth piezoelectric energy harvesting
with frequency-tuning synchronized electric charge extraction. Sens. Actuators A Phys. 2020, 302, 111759. [CrossRef]

46. Wu, L.; Do, X.; Lee, S.; Ha, D. A self-powered and optimal SSHI circuit integrated with an active rectifier for piezoelectric energy
harvesting. IEEE Trans. Circuits Syst. I Reg. Pap. 2017, 64, 537–549. [CrossRef]

47. Hsieh, P.; Chen, C.; Chen, H. Improving the scavenged power of nonlinear piezoelectric energy harvesting interface at off-
resonance by introducing switching delay. IEEE Trans. Power Electron. 2015, 30, 3142–3155. [CrossRef]

48. Wu, Y.; Badel, A.; Formosa, F. Self-powered optimized synchronous electric charge extraction circuit for piezoelectric energy
harvesting. J. Intell. Mater. Syst. Struct. 2014, 25, 2165–2176. [CrossRef]

49. Chen, C.; Chen, Z.; Xiong, Y.; Shi, H.; Yang, Y. A high-efficiency, self-powered nonlinear interface circuit for bi-stable rotating
piezoelectric vibration energy harvesting with nonlinear magnetic force. Int. J. Appl. Electromagn. Mech. 2016, 51, 235–248.
[CrossRef]

http://doi.org/10.1088/0964-1726/21/3/035005
http://doi.org/10.1016/j.sna.2013.12.033
http://doi.org/10.1109/JMEMS.2011.2162488
http://doi.org/10.1088/1361-665X/ab38fb
http://doi.org/10.1016/j.sna.2019.111759
http://doi.org/10.1109/TCSI.2016.2608999
http://doi.org/10.1109/TPEL.2014.2334611
http://doi.org/10.1177/1045389X13517315
http://doi.org/10.3233/JAE-150093

	Introduction 
	Theoretical Model 
	Device Configuration and Working Principle 
	Modeling of the FUC Energy Harvesting System 
	Voltage Model 
	Energy Extraction Circuit 

	Experimental Results 
	Experimental Setup 
	Experiments under Steady-State Conditions 
	Experiments under Frequency Up-Conversion Conditions 

	Conclusions 
	References

