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Abstract: Vibrational energy in ambient environment can be transformed into electrical
power through piezoelectric energy harvesters and using synchronized switch
harvesting on inductor (SSHI) techniques can significantly improve energy extraction
efficiency. To enhance energy harvesting efficiency, this study proposes an efficient
self-powered parallel SSHI (ESP-PSSHI) interface circuit. It enhances the passive peak
detection switch, simplifies the circuit topology, reduces switching delay, and
minimizes the “second inversion”, contributing to increased energy harvesting
efficiency. To improve the impedance-matching characteristics of the circuit, the
proposed circuit is combined with a DC-DC converter module and finally, a stable
electrical output is achieved. The performance of the ESP-PSSHI circuit in power
generation 1is analyzed through simulation and subsequently verified via
experimentation. Experiments show that the maximum output power of the ESP-PSSHI
circuit is 2.42 and 1.16 times higher than the output power of the standard energy
harvesting (SEH) circuit and self-powered parallel SSHI (SP-PSSHI) circuit,
respectively. Through capacitor charging experiments, it is concluded that the output
power of the optimized ESP-PSSHI circuit is 1.5 times the output power of the
LTC3588-1 circuit.

Keywords: piezoelectric; energy harvesting; interface circuit; efficient self-powered
parallel SSHI

1 Introduction

Low-powered microelectronic devices have become increasingly common in
environmental monitoring, structural health monitoring, industrial manufacturing, and
other fields as science and technology advances[1-3]. Wireless sensor networks (WSNs)
have been limited in their development by the inability to provide long-term stable
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power. Most of these electronic devices depend on chemical batteries for power supply.
However, chemical batteries pose several problems, such as large size and short life
span, as well as environmental pollution. Therefore, a number of researchers have
focused their attention on environmental energy harvesting techniques. Various forms
of energy are available in the environment for our utilization, such as solar energy, wind
energy, thermal energy, and vibration energy. In certain applications, due to limitations
such as climate conditions, vibration energy may be the sole source of energy.
Piezoelectric vibration energy harvesting possesses advantages over electrostatic and
electromagnetic methods in terms of ease of miniaturization and high energy density[4,
5]. For this reason, using the piezoelectric energy harvester (PEH) to convert
environmental vibration energy into electrical energy for long-term and efficient energy
supply of electronic products has become a hot research topic[6-9]. On this basis, the
paper will design the interface circuit for piezoelectric energy harvesting to increase the
output power of PEH and manage the output electrical energy to realize the effective
utilization of environmental vibration energy.

Output electrical energy of PEHs is in alternating current (AC), while most current
wireless sensor devices require direct current (DC) power [10-13]. As a result, it is
essential to design an interface circuit that can convert the AC power output from the
PEH to DC power [14, 15]. Four classic circuits can convert AC to DC, among which
the SEH circuit is the easiest to implement, consisting of four diodes and a filter
capacitor [16]. It has the advantage of being simple, stable, and reliable. However, the
voltage and current output of the SEH circuit exhibit an excessive phase discrepancy,
which reduces the energy extraction efficiency, and the load has an impact on the output
power. To improve energy harvesting efficiency, Guyomar et al. [17] introduced the
parallel SSHI (P-SSHI) circuit as an extension to the SEH circuit. The P-SSHI circuit
is designed to rapidly reverse the voltage across a piezoelectric material (PZT) through
control of both the switch and inductor. This modification reduces the reactive power
and increases the efficiency of energy harvesting. Taylor et al. [18] presented a series
SSHI (S-SSHI) circuit, which connected the PZT in series with the electronic switch
and inductor, using the switch on and off to nonlinearly synchronize the voltage
generated by the PZT, improving the output efficiency. However, the control of its
switching time is more complicated. To make that the circuit output power is
independent of the load, Lefeuvre ef al. [19] designed the synchronous electric charge
extraction (SECE) circuit, which was decoupled through the implementation of Buck-
Boost converters. The SECE circuit has been widely studied by researchers due to its
insensitivity to loads effects on its output power. Wu et al. [20] proposed an optimized
SECE technique, which improves the conversion efficiency and broadband

characteristics compared to the SECE. Brenes ef al. [21] proposed the frequency-tuning
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SECE technique, which potentially doubles the bandwidth energy harvesting capacity
compared to the latest bandwidth enhancement techniques. The SECE circuit exhibits
stable output performance, however, the energy harvesting efficiency is impacted by
the control accuracy of the electronic switch. The SSHI technology, on the other hand,
has a much more stable operating performance than the SECE technology, even though
its output power depends on the load. Chen et al. [22] proposed a self-powered multi-
input SSHI circuit capable of harvesting energy from via piezoelectric ceramics with
different phases. Wang et al. [23] designed a rectifier-less synchronized switch
harvesting on inductor interface circuit, which operates in the S-SSHI circuit mode
during the positive half-cycle and in the P-SSHI circuit mode during the negative half-
cycle. Experimental results showed that the maximum output power of the circuit is
significantly higher than the maximum output power of the S-SSHI circuit. In general,
the P-SSHI circuit not only has better broadband characteristics than the S-SSHI circuit,
but can also harvest more energy. It is currently considered to be an efficient interface
circuit for energy harvesting [24]. It should be noted that the power comparison of the
above interface circuits is based on the fact that PEH works under weak
electromechanical coupling conditions. Under medium electromechanical coupling or
strong electromechanical coupling conditions, the influence of electromechanical
coupling coefficient on the whole system needs to be further considered [25].

Several improvements have been made to the P-SSHI circuit in order to maximize
the energy harvesting efficiency. Lu et al. [26] proposed a rectifier circuit based on the
P-SSHI technique, which uses two comparators to monitor the voltage of a piezoelectric
element and uses a pulse signal to close an electronic switch to reverse the voltage. By
combining the benefits of the SECE circuit and the P-SSHI circuit, Lallart et al. [27]
designed a synchronous inversion and charge extraction (SICE) circuit. The output
power of this circuit is five times as that of the SEH circuit. To extract more energy,
Liang et al. [28] designed a parallel synchronized triple bias-flip (P-S3BF) circuit. The
efficient extraction of energy was achieved by reasonably distributing the voltage
inversion action. Experimental results showed that the output power of this circuit was
increased by 24.5% relative to that of the P-SSHI circuit. Du et al. [29] proposed an
SSHI circuit with a cold start function, which enabled the PEH to start from a cold state
with even a low-level excitation. The purpose of this scheme is to promote the
development of a self-powered interface circuit. Badr et al. [30] proposed the NVC-
PSSHI circuit by using a trigger circuit and a negative voltage converter (NVC) for the
P-SSHI circuit, which implemented both cold start and self-powered functions.
However, all the above circuits require an external power supply or other auxiliary
circuit system for peak detection and switching control while improving energy

harvesting efficiency. This not only increases the complexity of the circuits, but also
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does not meet the current demand for self-powered nodes in wireless sensing networks.
To simplify the circuit and realize the self-powered function, Lallart ez al. [31] designed
a passive peak detection circuit and used this electronic switch to design a self-powered
P-SSHI circuit. Liang et al. [32] designed a self-powered SSHI circuit. To reduce the
negative effect of "second inversion" caused by the transistor parasitic capacitance in
passive peak detection circuits, Liu et al. [33] designed an optimized self-powered P-
SSHI circuit, but the circuit has a large switching delay. However, the passive peak
detection circuit utilized in the above interface circuit used too many electronic
components, which raised the internal losses and decreases its efficiency. Therefore, in
this paper, the passive peak detection switch will be improved to increase the power
output.

Although the P-SSHI circuit has high energy harvesting efficiency and broadband
characteristics, its output power varies considerably under different loads, which
hinders its further use in wireless sensing. In recent years, researchers have investigated
impedance matching techniques that can significantly improve energy harvesting
efficiency when the internal impedance of the PZT is matched to the impedance of the
circuits [34-36]. In order to achieve impedance matching, Li et al. [37] proposed a
perturbation observation algorithm for tracking the maximum power of P-SSHI circuits
and experimentally showed that the technique could achieve a maximum tracking
efficiency of up to 97%. Chew et al. [38] designed a high-pass filter circuit which is
capable of tracking half of the PZT open circuit voltage to achieve maximum power
output. However, the use of the above technique for maximum power monitoring
requires the PZT to be disconnected from the load and therefore results in a loss of
energy. To reduce energy losses, Sharma ef al. [39] designed a damped tuned circuit. It
obtained the maximum power point by monitoring the frequency information of the
PEH. When the operating state of the PEH changed, the circuit was able to
automatically adjust the electrical damping without disconnecting from the load. Thus,
the electrical damping matched with the mechanical damping, resulting in a higher
energy output. In the above mentioned interface circuits, a large number of external
control circuits are used in order to achieve impedance matching, which increases the
internal losses and instability of the circuit and makes it difficult for the circuit to be
self-powered.

To overcome the various problems in the above interface circuits, an efficient SP-
PSSHI circuit based on the P-SSHI circuit is proposed in this paper. The use of diodes
and resistors in the passive detection switch is reduced, while two inductors are set up,
and the positive/negative peak detection circuits operate with different inductors,
effectively reducing the effects of “second inversion”. In this way, the switching delay

of the circuit is reduced while the internal losses are decreased. Thus, the effectiveness
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of energy harvesting is increased. In order to improve the impedance matching
characteristics of the circuit, this paper continues to optimize the proposed circuit. By
using a DC-DC converter and a properly designed external circuit, the PEH outputs the
stable power supply. The superiority of the designed circuit is demonstrated in

simulations and experiments.

2 Analysis of the PZT equivalent circuit model and interface
circuits

2.1 Equivalent circuit model of the PZT

When an external force deforms a PZT, its internal polarization occurs, generating
positive and negative charges on its two opposite surfaces, thus forming an electric
current. Figure 1 depicts an electromechanical coupling model of the PZT. Ly, is the
mechanical mass; Cx is the mechanical strength; Ry, is the mechanical damping; » is the
coupling coefficient; and Cp is the internal capacitance of the PZT. Since this study is
based on the cantilever piezoelectric vibration energy harvester, its electromechanical
coupling coefficient is very low. Therefore, the establishment of the equivalent circuit
model and the formula derivation of the interface circuit power in this paper are based
on the PEH working under the condition of weak electromechanical coupling [40].
When the PEH operates under resonant conditions, the electromechanical coupling
model can be simplified to the corresponding uncoupled model as illustrated in Figure
2. Where the current source /p, capacitor Cp, and resistor Rp are connected in parallel to

form an equivalent circuit model[41].

Lo Ry, G
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Figure 1 Electromechanical coupling model

2.2 Analysis of SEH

The early interface circuit utilized in PZT energy harvesting, the SEH circuit, is
depicted in Figure 2. Four diodes and a filter capacitor make up its fundamental

structure. When the PEH is subjected to sinusoidal excitation, its vibration displacement
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and output voltage are shown in Figure 3. When the beam moves in the positive
direction, the voltage of the PZT increases continuously. When the voltage of the PZT
is greater than the load voltage, the rectifier bridge is turned on, and the current begins
to flow to the load. Due to the clamping effect of the filter capacitor, the voltage of the
PZT remains unchanged. When the PZT moves to the maximum positive displacement
and begins to move in the opposite direction, the current direction changes from
positive to negative, and the PZT is reversely charged. The working process of the
circuit in the negative half cycle is similar to that in the positive half cycle. However,
due to the internal parasitic capacitance of the PZT, this circuit has excessive reactive

power during rectification, which reduces the energy harvesting efficiency [42].

Model of simplified circuit
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Figure 3 Theoretical waveform of SEH circuit

When the electromechanical coupling of the PEH is weak, the energy harvested
by the PEH is negligible compared to the external input. Hence, the excitation
displacement Uwm of the PEH remains essentially constant. The voltage across the load
can be shown as the following equation when the voltage drop V4 of the diode is
neglected[43]:

_ 20U,,0R,
° 2R C.w+7

(1
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The corresponding output power is stated as:

B \/LZC B 4a2Uwa2RL

= 2
R, (2RC.,w+r)? @

Analysis of the aforementioned equation demonstrates that the output power varies
with the load, making dP/dR1 =0, the optimal load can be obtained as:

Ropt = :
41C,

)

The corresponding maximum output power at this point can be expressed as [44]:

p 0oy

4
= o, @

where o is the circular frequency of excitation and « is the force factor.

2.3 Analysis of P-SSHI

Despite its simple structure, the SEH circuit generates excessive reactive power
during operation, resulting in wasted energy. To solve this problem, researchers have
improved the SEH circuit by rationalizing the design of the circuit structure and using
the synergy of the electronic switch and the inductor, reducing energy losses. The
topology of the circuit is shown in Figure 4. An external auxiliary circuit is required to
control the switch in this circuit. When the PEH is subjected to sinusoidal excitation,
its vibration displacement and output voltage are shown in Figure 5. It can be seen from
the waveform in the figure that when the PZT moves to the positive extreme value, the
switch S is closed, and the internal capacitance Cp of the PZT and the inductance in the
interface circuit constitute the LC oscillation circuit. After half the LC oscillation cycle,
the switch S is disconnected. At this time, the voltage on the PZT reverses from the

previous Vpc to - V.
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! Dy ®D
L 5D R +
< — L Vipes
@]p ==Cp 2:RP I N T Cl' f)cc’RL
S Fiy D4 & D3

Figure 4 Schematic of the P-SSHI circuit
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Figure 5 Theoretical waveform of P-SSHI circuit

Due to the presence of energy losses, there exists a ratio relationship y between

Vbc and Vm, which is defined as the inversion factor, and the expression is shown as:

7=\\//—m,(0<7<1) ©)

DC

After the voltage reversal is completed, with the negative movement of the PZT,
the voltage of the PZT continues to increase negatively. When the voltage rises to -V'pc,
the rectifier bridge is turned on, and the PZT supplies power to the filter capacitor C;
and the load Rr.. When the PZT moves to the negative extreme value, the rectifier bridge
is disconnected, and the PZT no longer supplies power to the filter capacitor and the
load. At this time, the switch S is closed again and the above process is repeated. The
voltage Vpc across the load can be represented as following equation when the voltage
drop Vg of the diode is disregarded[43]:

2aU,,R o
DC (6)
(1-y)C.Ro+x
The output power may be calculated by using the given equation:
Vv 4a’Uy0°R
— _DbC _ M L (7)

R [(1-7)C.R @+x]

From the above equation, it can be concluded that there is an optimal load for the
circuit to maximize the output power. Let dP/dRi=0 to obtain the optimal load, as

follows:

1

Ropt = 21C.(-y) ®)
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According to the above equation, the output power can be derived as:

_ wa’U}, ©)
" 2C(1-y)

The above derivation reveals that the output power of the P-SSHI circuit is
significantly higher than that of the SEH interface circuit.

3 Circuit design

As part of the design process for the efficient SP-PSSHI circuit, we have improved
the peak detection circuit. Two inductors and four diodes are provided in the peak
detection switch. The positive and negative peak detection switches operate with
different inductors to reduce the effect of “second inversion” and to ensure the
uniformity of energy flow. In order to reduce the forward voltage drop of the diodes,
Schottky diodes are used in the circuit. The improved circuit ESP-PSSHI for the SP-
PSSHI circuit is displayed in Figure 6, and Table 1 shows the models of the critical

components in the illustration.
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Figure 6 Schematic of ESP-PSSHI circuit

Table 1 Models of circuit components

Component Model
D1-Ds SS34
0», 04 TIP32C
01, O3 TIP31C

In Figure 6, the principle of maximum value detection is similar to minimum value
detection. Therefore, we will focus on the maximum value detection principle and
analyze the operating characteristics of the ESP-PSSHI circuit in conjunction with the
four stages of circuit operation. In the analysis process, combined with the theoretical
waveform of the ESP-PSSHI circuit. When the sinusoidal excitation is applied to the
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PZT, the corresponding AC voltage is generated, that is, the open circuit voltage Voc.
When the ESP-PSSHI circuit is connected, the voltage and current waveforms are
shown in Figure 11. The four operating stages of the circuit works as follows:

Natural Charging: As the PZT moves from the initial position to the maximum
displacement, the equivalent current source ip begins to charge the circuit positively,
and the PZT voltage and the peak detection capacitor voltage gradually increase, as
shown in Figure 7. This process corresponds to the phase ¢ to phase d in Figure 11.
During the charging process, the rectifier bridge is disconnected at this stage because
the voltage of the PZT is less than the on-state voltage of the rectifier bridge. The
equivalent current source ip and the internal capacitance Cp of the PZT, the peak
detection capacitor Ci, form a charging circuit, and the current transfer path is ip+—Cp

// Rp=ip-, ip+—= Q3> C1— ip..

r .
i\

R 3
5
rg

0s

]

Figure 7 Natural charging stage of the ESP-PSSHI circuit

ip "9 Cp=

Energy extraction: Once the voltage of the PZT increases to the conduction
voltage of the rectifier bridge, as depicted in Figure 8, the current passes through the
filter capacitor Crect and the load R1, and energy extraction starts. During the conduction
of the circuit, the voltage between the capacitors Cp and C remains constant due to the
clamping effect of the filter capacitor. This process corresponds to the phase d to phase
e in Figure 11. In the energy extraction stage, the voltage of the PZT reaches the
maximum Vu. At this time, the current transfer path is ip+— Cp // Rp—ip., ip+— D5 Crect
// RL= D7 ip-.

7 —
i|

Ip "9 Cp= R],;‘é Cea=—= R §

D;

Figure 8 Energy extraction stage of the ESP-PSSHI circuit
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Extra open circuit: When the PZT moves to the positive extreme, its output
current is zero, and then it starts to move in the negative direction. The current source
ip charges the circuit in reverse, and the voltage across the PZT begins to decrease, and
at this time, as shown in Figure 9, the rectifier bridge is disconnected. The voltage
across the capacitor C| remains constant due to the threshold voltage of the transistor
0> and the reverse cutoff of the diode D;. This process corresponds to the phase e to

phase fin Figure 11. At this time, the current transfer path is ip.— Cp // Rp—ip+.

V

ip "9 Cp=

f
-

L
<
Rp3

Figure 9 Extra open circuit stage of the ESP-PSSHI circuit

Voltage inversion: When the voltage difference between the PZT voltage and the
peak detection capacitor C; is the threshold voltage Ve of the transistor, the transistor
(- conducts, while the transistor O is prompted to conduct, and then enters the voltage
inversion stage, as seen in Figure 10. An LC resonant circuit is now formed by the
inductor L1 and the internal capacitor Cp of the PZT, with the current transfer path being
Cr—D1— Q01— L1—Cp; At this time, the electrical energy within the peak detection
capacitor is now beginning to be harvested, and the current transfer path is C1—~Q0>—
01— L1—C. After a 1/2 resonant cycle, the PZT voltage reverses from the maximum
value Vm to -Vm, this process corresponds to the phase f to phase g in Figure 11, the
negative detection circuit begins to operate, and the circuit enters the negative half-

cycle operation process.

Figure 10 Voltage inversion stage of the ESP-PSSHI circuit

Figure 11 demonstrates that when the vibration displacement reaches an extreme

value. Its voltage is not immediately reversed, which is caused by a switching delay in
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the circuit. The switching delay causes energy dissipation, for which the energy loss

can be reduced by optimizing the circuit structure.
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Figure 11 Output voltage waveform of ESP-PSSHI circuit

When the PZT is subjected to a harmonic excitation and its frequency is near the
first-order resonant frequency of the PEH the equivalent current source can be

expressed as:
., =1, sin(wt) (10)

where /v and o are the current source amplitude and frequency, respectively.
Combining equivalent electrical model of the PZT with Kirchhoff’s current theorem,

we can obtain the equivalent current / flowing out of the PZT, as follows:
| =1,,sin(et)-CV (11)

where Cp and V are the internal capacitance and voltage of the PZT, respectively.

Assuming that the expression of the mechanical vibration displacement is:
u=-U,, cos(at) (12)
The following equation can found:
| = wal,, sin(wt) - CV (13)
Combining equations (11) and (13) yields:
ly=27fal,, (14)

where Unm and a are the vibration amplitude and the force factor, respectively.

The following formula illustrates the connection between the open-circuit voltage

12
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and the current source current:

Voc = =~ (15)

During half an operating cycle, i.e., the time period from point a to point ¢ in Figure
11. The PZT voltage varies during a half-cycle when it is not linked to the interface

circuit as:
AV = Do (16)

When the ESP-PSSHI circuit is connected, the analysis starts from a in Figure 11.
When the PZT moves to the extreme value of the negative direction and will move in

the inverse direction, the voltage across the PZT at this moment -V is:
-V, =—(Vpe +2Vp) (17)

where Vpc denotes the voltage across the load resistor. The capacitor C; voltage Vc at

the moment of point a is:
Ver ==V =Vee) (18)

where Ve 1s the transistor base emitter conduction voltage value. The voltage of the
PZT starts decreasing with the inverse vibration, while the voltage across capacitor Ci
stays as a constant. When the difference between the voltage of the PZT and the voltage
of C11is Ve, O3 conducts, i.e., at moment b. At this time, the value of the voltage across

the PZT -Vm can be expressed as:
_VM :Vcl +Vbe (19)

s conducts and then prompts Q4 to conduct, at which time the voltage of the PZT
begins to invert, from -Vy at moment b to Vi, at moment c. Due to energy loss, the

voltages before and after the inversion are shown below.

Vi =Ny = 2V, (20)

where vy is the inversion factor (0<y<1) and Q represents the quality factor of the LC

resonant circuit. The equation shown below can be used to describe Q.

1L
Q=24C 21
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By analyzing equations (20) and (21), we can observe that the inversion factor y
has a direct correlation with the quality factor Q of the LC resonant circuit. Therefore,
the quality factor of the circuit can be enhanced by choosing suitable electronic
components to improve energy harvesting efficiency.

When no energy extraction is carried out, analysis of equations (10) to (20)
reveals that the amount of voltage change of the PZT after connecting the interface

circuit for half a vibration cycle (time period of Fig. 10a~e) can be stated as:
V, ==V +AV +V,, +V_ (22)

Then the energy transformed by the circuit during half a vibration cycle can be

derived as:
W =V, .Co(V, -V,) =V Co[Voe + (7 =DV + 2y =2V, - (27 +2V,.]  (23)

Meanwhile, assuming that the voltage regulation of the filter capacitor Crec is ideal
and the voltage across the load remains constant, the energy transformed by the circuit
during half a vibration cycle can also be expressed as:

W =Pt =

2
VDC % (24)

R
The voltage Vpc across the load can be calculated by analyzing equation (23) (24).

_ 20R C, Voo +2(y -V, - (y +1V,,.]

V, 25
oe 7+1-y)oR C, (23)
The output power of the system is then determined using equation (25).
V 2
p=-5¢ (26)
RL

As demonstrated by Equation (25) and (26), the output performance of the
system is intricately linked to the components utilized in the interface circuit. Thus, a
well-planned design of the circuit structure can enhance the energy harvesting
efficiency.

To validate the aforementioned analysis of the ESP-PSSHI circuit, we conducted
simulations using the Simulink module in MATLAB. Figure 12 depicts the simulated

output voltage and current waveforms for PZT.
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Figure 12 Theoretical waveforms of the ESP-PSSHI circuit: (a) Output current (b) Output

voltage and load voltage

Figure 12 shows that the rectifier bridge turns on and the energy extraction process
starts when PZT voltage reaches the conduction threshold of the rectifier bridge.
Subsequently, the charge accumulated by the PZT internal capacitor is continuously
transmitted to the filter capacitor and the load side. At this time, the filter capacitor’s
charging and discharging rates have reached dynamic equilibrium, and its voltage is
nearly constant. Due to the clamping effect of the filter capacitor, the PZT voltage
remains constant at this stage. When the voltage across the PZT begins to decrease, the
circuit entered the disconnected state. As the voltage across the PZT decreases to a
certain value, the peak detection switch turns on and the circuit enters the voltage
inversion stage. The rectifier bridge is disconnected due to the low voltage after the
inversion. However, the internal capacitor continues to charge as the equivalent current
source operates. This charging process results in an increase in voltage across the PZT,
which eventually reaches the turn-on voltage threshold of the rectifier bridge.

To assess the performance of the ESP-PSSHI circuit during operation, a
comparison was made between the changes in the output waveforms of the PZT when
connected to the SP-SSHI circuit and the ESP-SSHI circuit, as illustrated in Figure 13.
From the figure, it can be seen that the output voltage of the PZT when it is connected
to the ESP-PSSHI circuit is significantly higher than that when it is connected to the
SP-PSSHI circuit, and therefore its output power will be higher. When the PZT moves
to the displacement pole, the voltage at its ends does not reverse immediately due to the

15
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presence of the switching delay, as can be seen in the Figure 13, the ESP-PSSHI circuit
is able to reach the voltage inversion stage faster, thus reducing the energy loss. When
the voltage inversion stage is over, the effect of the parasitic capacitance within the
transistor causes the inductor L to form a resonant circuit with the internal capacitance
Cr of the PZT, which reduces the voltage of the PZT after reversal. The effect of the
“second inversion” is reduced by setting two inductors in the ESP-PSSHI circuit. By
comparing the output voltage waveforms of the two circuits, it can be obtained that the
ESP-PSSHI circuit is able to get the charge extraction stage faster after ending the
voltage inversion stage, which increases the time of energy extraction and improves the

energy harvesting efficiency.

=== ESP-PSSH] ===SP-PSSHI

000
U L

Time (s)

Voltage (V)

N

L

Figure 13 Comparison of P-SSHI and ESP-PSSHI output voltage

Through the above theoretical analysis and simulation, it is verified that the ESP-
PSSHI circuit has better operating performance than the SP-PSSHI circuit. However,
due to the impedance characteristics of the ESP-PSSHI circuit itself, the output voltage
varies under different loads and operating conditions, which hinders its further
application. The current operating voltage of most sensors is generally around 3.3 V,
while the output voltage of the ESP-PSSHI interface circuit is generally between a few
volts and tens of volts, so it is necessary to continue to optimize the ESP-PSSHI circuit
so that it can transmit stable power to the sensors. Since the output voltage of the ESP-
PSSHI circuit is high, we designed an optimized ESP-PSSHI circuit by combining a
buck DC-DC converter with the ESP-PSSHI circuit to achieve a stable voltage output.

The design of DC-DC converter circuits using discrete components has problems
such as high internal circuit losses and unstable operation. Therefore, a commercial DC-
DC converter, LTC3588-1, with an integrated rectifier bridge inside and the ability to
set the output voltage according to the load demand, is used in the research process and
can be effectively combined with the ESP-PSSHI circuit. The optimized circuit is

shown in Figure 14.
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Figure 14 Schematic of the optimized ESP-PSSHI circuit

In this circuit we use a DC-DC converter instead of the rectifier bridge and filter
capacitor part of the ESP-PSSHI circuit, combining the advantages of the ESP-PSSHI
circuit and the DC-DC converter circuit to achieve a stable voltage output. The output

performance of this optimized circuit will be verified and compared in the experiments.

4 Experiment

To prove the performance of the circuit, we built the experimental system shown

in Figure 15.

| Oscilloscope Il‘ ﬁ
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Digital
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Power Vs
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Figure 15 Experimental setup

—

In experiments, the electromagnet shaker is powered by the power generator (IN'V-
1601C). The PZTs in cantilever beam biomorph are connected in series to give a higher
output voltage. the PZTs current and voltage are measured by the digital multimeter
(DMM7510) and the oscilloscope (RIGIO HDD4404), respectively. Then the PZTs are
connected to the ESP-PSSHI interface circuit. The load voltage on the resistance box
(MC-21-A) is measured by the multimeter (DEM 23+). The PEH works in a resonant
state from 21.1 Hz to 21.4 Hz. The primary parameters of the entire system are shown
in Table 2.
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Table 2 System parameters

Devices Parameters
Cantilever beam 300 mmx50 mmx1.5 mm
PZT 50 mmx50 mmx0.6 mm
Cp 100 nF
Ci 2.2 nF
Crect 10 uF
L 22 mH

In the experiment, the resistance box was used to change the load value. The output
voltages of the SEH, SP-PSSHI and ESP-PSSHI were recorded, and the output power
of each circuit were calculated.

To investigate the output performance of the ESP-PSSHI circuit under different
excitation levels, the PEH is adjusted to work at the resonance frequency, three different
excitation levels of Vpp (PZT output voltage peak-to-peak value) equal to 12V, 18 V
and 24 V were taken to explore the output performance of the interface circuit. The
output power curves of the SEH circuit, SP-PSSHI circuit and ESP-PSSHI circuit with
respect to the load are shown in Figure 16. From the overall experimental results, the
output power of the ESP-PSSHI circuit is significantly higher than that of the SEH
circuit and the SP-PSSHI circuit at different Vpp. It can be observed from Figure 16 (c),
the output power of the ESP-PSSHI circuit reaches up to 518 uW under three different
excitations. The output power of the ESP-PSSHI circuit has the largest improvement
compared to the SEH circuit at a Vpp of 12V, and the output power of the ESP-PSSHI

circuit has the largest improvement compared to the SP-PSSHI circuit at a Vpp 0of 24 V.

(a) (b) (©)
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s
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Figure 16 Circuit output power versus load at different excitation levels: (a) V},,=12 V; (b)
Vep=18V; (¢) Vpp=24 V

Subsequently, the output performance of the three circuits was tested with the same
load at different frequencies. In the experiments, three different loads of 100 kQ, 150
kQ and 200 kQ were selected. The output power of the three circuits at the excitation

frequency of 20.5Hz-22.5Hz is shown in Figure 17. From the overall experimental
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results, the output power of the interface circuit is the maximum at the resonance
frequency, and decreases continuously as the frequency increases or decreases. As the
load increases, the output power of each circuit is also increasing, and when the load is
200 k€, the output power of the ESP-PSSHI circuit improves the most compared to the
other two circuits, and at this time, the output power of the ESP-PSSHI circuit is 2.42
times as much as that of the SEH circuit and 1.16 times as much as that of the SP-
PSSHI circuit. It can be observed in the experiment that the change of load does not
have a great influence on the resonance frequency of the system. This is because the
PEH used in this study works under weak electromechanical coupling conditions, the

change of electro-induced damping has little effect on the resonance frequency of the

system.
(a) (b) (c)
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Figure 17 Relationship between circuit output power and excitation frequency at different

loads: (a) R.=100 kQ; (b) R.=150 kQ; (c) R.=200 kQ

Through experiments, we tested the time for the capacitor to reach steady state
when the PZT charges the different capacitor through the LTC3588 module and the
optimized ESP-PSSHI circuit, respectively. An oscilloscope was used to record the
output voltage as shown in Figure 18, with the output voltage set to a regulated output
of 3.3 V. Experiments show that the optimized ESP-PSSHI circuit has a significantly
higher charging rate than the LTC3588-1 circuit at different capacitances. The
optimized ESP-PSSH circuit reduces the time for the energy storage element to reach
the steady-state voltage, and based on the relationship between power and capacitor
charging time, the output power of the optimized ESP-PSSHI circuit is 1.5 times the
output power of the LTC3588-1 circuit.
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Figure 18 Charging experiment with different capacitors: (a) 100 pF (b) 220 pF (c) 330 pF
(d) 470 pF

Figure 19 shows the experimental and theory results of the ESP-PSSHI circuit
output power variation with the load. From the figure, it can be seen that the maximum
output power of the experiment is less than the maximum output power of the
simulation, but the observed shift in trend is in accordance with the calculated findings.
The reason leading to this phenomenon is the existence of various forms of energy loss
in the circuit. These losses mainly include thermal energy losses caused by the internal
resistance of the rectifier diode and other resistive components and power transmission
losses on the inductor. In addition, a simplified equivalent circuit is applied in the
simulation process without considering the backward coupling of the circuit, which

results in a higher energy output in the simulation than the experimental output [45].
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Figure 19 Output power of the ESP-PSSHI circuit

5 Conclusion

In this paper, we first propose a highly efficient self-powered PZT energy
harvesting interface circuit. By optimizing the peak detection switch, the switching
delay is reduced, and the energy loss resulting from the "second inversion" in the circuit
is mitigated, thereby enhancing the efficiency of energy extraction. The feasibility of
the circuit is verified by simulation and experiment. The experimental results show that
the ESP-PSSHI circuit exhibits higher output power than the SP-PSSHI circuit and the
SEH circuit at different excitation levels. When the PZT output voltage peak-to-peak
value is 24 V, the maximum output power of the ESP-PSSHI circuit can reach 518 pW.
In this case, the output power is 1.24 times and 1.67 times that of the SP-PSSHI circuit
and the SEH circuit, respectively. At the same load and different frequencies, the ESP-
PSSHI circuit also shows higher output power than the SP-PSSHI circuit and the SEH
circuit. When the load is 200 k€, the maximum output power of the ESP-PSSHI circuit
is 1.16 times and 2.42 times that of the SP-PSSHI circuit and the SEH circuit,
respectively. In order to make the circuit achieve impedance matching, we optimized
the ESP-PSSHI circuit by adding a DC-DC converter to the ESP-PSSHI circuit, and
finally achieved a stable power output. The average output power of the optimized ESP-
PSSHI circuit is 133 puW, which is 1.4 times that of the LTC3588-1 circuit. This circuit
can realize energy harvesting without external device power and control, meet the needs
of the current wireless sensor network nodes to achieve self-powered. Furthermore, it
provides a new method for implementing SSHI circuits in practice and also provides
new ideas for the use of nonlinear circuits in combination with DC-DC modules. The
highlights of this paper are shown below:

(1) An efficient self-powered parallel SSHI (ESP-PSSHI) interface circuit is
proposed.
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(2) The ESP-PSSHI circuit enhances the passive peak detection switch, simplifies
the circuit topology, reduces switching delay and minimizes the “second inversion”.

(3) The optimized design by combining the advantages of the ESP-PSSHI circuit
and the DC-DC converter circuit achieves a stable voltage output.

(4) Both the simulation and experimental results demonstrate the enhanced
vibration energy harvesting capability of the developed circuit.

Although the proposed circuit has better output power performance than the SEH
circuit and the SP-PSSHI circuit, it can be observed from the experiment that when the
PEH deviates from the resonant frequency range, the output power of the ESP-PSSHI
circuit decreases a lot. In the future work, the circuit structure should be further
improved around the broadband to adapt to the complex and changeable external
vibration environment. At the same time, the PEH used in this study works under weak
electromechanical coupling conditions, and the influence of electromechanical
coupling coefficient on energy harvester and interface circuit is not fully considered. In
addition, there is still room for improvement in the combined design of nonlinear

circuits and DC-DC modules to further improve energy conversion efficiency.
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