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Energy harvesting for self-powered wireless sensor networks (WSNs) is increasingly needed. In this paper, a self-powered WSN node
scenario is proposed and realized by coupling the electric charge extraction interface circuit, power management module, and
wireless communication module. Firstly, the output power of an optimized self-powered energy extraction circuit is compared with
different energy extraction circuits under various loads and excitation amplitudes theoretically. Then, an energy-harvesting setup is
established to validate the load-carrying capacity and working condition of the self-powered optimized synchronized switch
harvesting on inductor (SP-OSSHI) circuit. It gives guidance to select and estimate the appropriate energy-consuming level for the
sensor and modules. Finally, by connecting the energy-harvesting system, power management element, and sensing part together,
a self-powered wireless sensor node is accomplished. Under 18 Hz resonant excitation, the whole self-powered system transmits 32
bytes of data every 30 seconds including the acceleration and environment temperature. This prototype strongly proves the feasibility

of the self-powered WSN node. These research results have potential to be used in different application fields.

1. Introduction

With the continuous advancement in integrated circuit,
microelectronics, low-power sensors, and wireless com-
munications technology, the emergence and development of
wireless sensor networks (WSNs) have been given more
attention and been widely used [1, 2]. For example, Sarkar
and Misrab [3] proposed that a miniature wireless sensor
could be implanted into a human body to detect blood
glucose concentration, pH value, and oxygen content and
identify cancer cells, etc. Winkler et al. [4] used wireless
sensor networks to disseminate a large number of sensing
nodes around important targets such as temporary com-
mand posts. By deploying them in advance, once the ene-
mies entered the detection range of the sensing node, the
WSNs could detect their position, movement speed, and
other information. As an important part of wireless sensor
networks, wireless sensor nodes are widely distributed. If
batteries are used as the power supply, their lifespan and

replacement cost in harsh environments would be a serious
problem [5-8]. In addition, in many applications, due to the
location of the device (e.g., aerospace), battery replacement
is cuambersome or impose unnecessary risks (e.g., implant-
able biomedical devices such as pacemakers) [9]. Therefore,
wireless sensor network nodes need an independent, long-
lasting, maintenance-free self-powered power supply. En-
ergy-harvesting technology can convert environmental en-
ergy (such as light energy, heat energy, mechanical energy,
electromagnetic energy, biochemical energy, and wind en-
ergy) into electrical energy and provide power for micro-
electromechanical devices [10, 11]. Sensors based on MEMS
technology consume only microwatts to milliwatts of power
to operate properly, so energy-harvesting technology can
meet their power needs.

In the industrial production and daily life, vibration is
widely distributed, with high energy density and various
forms [12]. Especially in implantable structures, vibration
energy can be converted into electric energy, providing
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a stable power supply for MEMS devices. Compared with
other types of vibration energy-harvesting methods (elec-
tromagnetic [13] and electrostatic [14]), piezoelectric vi-
bration energy harvesting has significant advantages in
terms of structural size, material properties, output power,
and stability and can be an ideal power supply solution for
MEMS devices [15].

Between the piezoceramic and load, an interface is
needed to extract as much electricity as possible from the
piezoceramic and rectify the unstable AC current. The most
basic energy-harvesting circuit is called the standard energy-
harvesting (SEH) circuit, composed of a rectifier bridge,
a filter capacitor, and a load resistor. Guyomar et al. [16] and
Lefeuvre et al. [17] proposed a nonlinear technique named
“synchronized switch harvesting on inductor (SSHI)” and
“synchronous electric charge extraction (SECE),” signifi-
cantly increasing the output power. Under the same dis-
placement excitation, SSHI can increase the harvested power
by 9 times, compared to SEH. Nonlinear techniques applied
to the resonant mode or pulse mode make the harvesting
device smaller and the coupling coefficient lower. The SECE
technology combines the nonlinear technology with a DC-
DC converter structure to enable energy extraction 4 times
higher than the SEH technology, and energy extraction is
independent of load resistance or output voltage [18]. Lallart
et al. [19, 20] proposed the double synchronized switch
harvesting (DSSH), which consists of two parts: the series
inductor and the buck-boost converter. After theoretical
analysis and experimental verification, the output power of
the circuit is independent of the load and the power is
increased by 5 times, compared to SEH circuit. Wu et al. [21]
simplified the optimized synchronous electric charge ex-
traction (OSECE) and replaced the rectifier bridge with
a flyback transformer with two primary windings connected
to the piezoceramic. The circuit retains the advantages of
the SECE circuit and further improves the extraction effi-
ciency. Zhang et al. [22, 23] proposed an Ericsson energy
extraction technology for bulk piezoelectric ceramics which
can significantly increase the energy output power and
applied it to ocean wave power generation. Lefeuvre et al.
[24] proposed phase-shifted synchronous electric charge
extraction (PS-SECE) to control the phase-shift phase angle
using the maximum power point tracking algorithm. Under
the electromechanical coupling conditions, the energy ex-
traction efficiency can be significantly improved, and the
frequency bandwidth is greatly increased. Under high elec-
tromechanical coupling conditions, the maximum power of
the PS-SECE circuit can be about twice that of a conven-
tional SECE circuit. In the self-powered system, the ac-
quisition of energy is critical. Some researchers theoretically
study the efficiency of energy collection under different
excitations [2], improve the electromechanical coupling
[25], and examine how to collect energy with wider fre-
quency and wider vibration [26]. Zhang et al. [27] proposed
a vehicle-bridge coupling platform to study and experiment
the energy extraction of piezoelectric ceramics under dif-
ferent positions and vehicle conditions, which provided
a theoretical reference for the layout of the energy extraction
module on the bridge health-monitoring sensor network.
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Su et al. [28] proposed a set of steel corrosion-monitoring
devices that use piezoelectric energy harvesting to provide
self-power supply, which can automatically predict the
corrosion process and take appropriate mitigation measures
based on the data information to extend the service life and
improve the building safety factor. Through the above
analysis and conclusion, we can see that the high-efficiency
piezoelectric energy-harvesting circuit can fully extract the
electrical energy generated by the piezoelectric ceramic and
greatly increase the energy output power [29]. Therefore, the
piezoelectric energy-harvesting technology has great appli-
cation prospects in self-powered devices such as wireless
sensing, structural health monitoring, and corrosion damage
prediction.

In order to make the self-powered circuit easy to build
and easy to integrate with the sensor and comprehensively
consider the energy extraction capability, we chose the self-
powered optimized synchronized switch harvesting on in-
ductor (SP-OSSHI) for the wireless transmission module.
The SP-OSSHI circuit uses a multiplex method of rectifier
circuit and peak detection module. It has the ability to rectify
while also enabling charge extraction. In this study, its
carrying capacity under various load conditions has been
studied and compared with other interface circuits. At the
same time, the selection of power management modules for
the extracted electrical energy is particularly important. The
power management module optimizes system-operating
time, enhances system stability, and optimizes the energy
configuration [30]. Based on the above considerations, the
use of LTC3588 as a module for power management at the
nanowatt level is fully capable. The communication module
is a commercial product from TI. Modeling simulation and
experiment have been conducted to validate the feasibility of
this project.

2. Electromechanical Coupling Model and
Interface Circuit Analysis

2.1. Piezoceramic Electromechanical Coupling Model. The
piezoelectric energy-harvesting devices make use of positive
piezoelectric effect to convert mechanical vibration of the
base structure into electrical energy. Because of the external
stress applied to a piezoceramic, the wall movement induces
the electric charges accumulated on both sides of the
electrodes.

The establishment of the electromechanical coupling
model is to combine the electric factor with the mechanical
factor, as shown in Figure 1. The mechanical loss is
equivalent to the viscous damper C, M is the mass, K is the
equivalent stiffness of the structure, F is the external exci-
tation, and u is the structural displacement.

2.2. Interface Circuit Analysis

2.2.1. Standard Energy-Harvesting Circuit. The standard
energy-harvesting (SEH) circuit is composed of a full-bridge
rectifier and a filter capacitor Cyy( in parallel. The full-bridge
rectifier converts the alternating current generated by the

85UB017 SUOWWOD BA 1D 8|dedt|dde ay3 Aq peusenoh a1e sapiie VO ‘8N JO S8INJ 10} AreIqIT BUIIUO 8|1 UO (SUONIPUOD-pUR-SLLBY WD AB| 1M AReiq 1 BU1|UO//:SdNU) SUORIPUOD PUe Swid | 84} 88S * [1202/60/70] Uo Ariqi8ulluo A8|1M ‘@oueld 8UeIyo0D Aq 9685.78/8TOZ/SSTT OT/I0P/W00" A3 1M ARe.q1utjuo//sdny woly pepeojumod ‘T ‘8TOZ ‘87TE



Shock and Vibration

u TF

Rigid mass M

Damper C
ES

Electrical
:> extraction
circuit

Equivalent stiffness K

Piezoelectric element

FiGure 1: Electromechanical coupling model.

piezoceramic into a direct current. The filter capacitor Cype
outputs a constant DC supply for the load R, as shown in
Figure 2.

The rectifier bridge works only if the absolute value, V
(can be expressed by Equation (1)), on the piezoceramic
equivalent capacitor, Cp, exceeds V. plus the diode
threshold. The electric charge will transfer from Cy; to the
rectifying capacitor, Crpc. The output voltage V- and
output power of the SEH circuit Pgpyy can be expressed as
follows:

1
vaz dt = javpu dt- GV}, (1)
Ve o walUyR )
D€ WRCy + (n/2) 2)
Pggy = Vhe = _ WUR (3)
R (wRCp + (7/2))

where (CpV3)/2 is the energy stored in the equivalent
capacitor; thus, IVPI dt is the energy actually flowing
into the subsequent collection circuit and used for the
load. « is the force factor of the piezoceramic, w is the
vibrational angular velocity of the system, and U is the
vibration displacement amplitude of the piezoceramic.
The optimal load R, of the SEH circuit can be obtained
from Equation (3):

OPgpy _ 7'[

=0=R,, = ——
OR Pt 2wCp

(4)

Equations (3) and (4) lead to the maximum output
power (Pgpir)max Of the SEH circuit:
_ waUy

(PSEH)max - 27TCP . (5)

2.2.2. Series Synchronized Switch Harvesting on Inductor
Circuit. Series synchronized switch harvesting on inductor
(S-SSHI) connects an inductor L and a switch S in series
between the piezoceramic and the full-bridge rectifier, as
shown in Figure 3.

Iy '\D G ==le

= Crec § R TVDC

FIGURE 2: Schematic of the standard energy extraction circuit.

i, 0 ¢, = v, L CREcg R Ve

FIGURE 3: Schematic of the series synchronized switch harvesting
on inductor circuit.

The working principle of the circuit is to close the switch S
at the amplitude of the mechanical vibration. At these times,
a high-frequency oscillating electrical circuit L —C, is estab-
lished. Its oscillation period 7 is much smaller than the me-
chanical vibration period T. When the oscillating circuit is
working for half a cycle, the polarity of the voltage across the
piezoceramic will instantly reverse, and the voltage is reversed
from Vy; to V. Losses occur during flipping. Most of the
losses are caused by the inductor. The quality factor introduced
into the inductor is Q; . The alternating current amplitude of
the inductor is inversely proportional to the power supply
frequency. The synthetic effect of inductance and frequency is
called inductive reactance, and the expression is shown in
Equation (6), where X is the inductive reactance, f is the
frequency, and L is the inductance. Q, is the ratio of stored
energy to energy consumed by the energy storage component,
which can be abbreviated as Q; = X;/Rp¢, where Ry is the
series resistance. The flipping factor is . The relationship
between the absolute value of the voltage across the piezo-
electric ceramic V- and the absolute value of the reversed
voltage V., is expressed as Equation (7):
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X, =2nfL, (6)

Vin=Vpe = e_(ﬂ/(ZQL)) (Vi =Vpe) =m- (Vyy=Vpo),
(7)
s0 m = e~ Q).

The output voltage V. and output power of S-SSHI
Pg_gspyr can be expressed as follows:

walUyR(1 +m)

Ve = wWRCyp (1 + m) + ((/2) (1 - m))’ ®
» Vi w*e?U%R(1 +m)? )
SSSHUT TR [WRCy (14 m) + ((/2) (1 - m)]*

The optimal load R, of the S-SSHI circuit can be ob-
tained from Equation (9):
0P ssp mol-m

=0=R__ = . .
OR P 20C, 1+m

(10)

The corresponding maximum output power (Ps_ sorr) max
is
2772
wa Uy, T+m

(P57$SHI)max = 21Cy (11)

1-m

By comparing Equations (5) and (11), Equation (12) can
be obtained:
(Ps_sspi)max _ L +m

(PSEH)max 1-m’ (12)

From Equation (12), when the flipping factor is usually
between 0.5 and 0.8, the maximum output power of S-SSHI
is 3-9 times, compared to SEH. However, in the S-SSHI
technique, the switch is generally controlled by an external
synchronized square wave, which consumes extra power and
needs a peak detection technique. To further simplify the
auxiliary devices, a self-powered peak detection circuit is
introduced by Lallart and Guyomar [31], Richard et al. [32],
and Liang and Liao [33].

2.2.3. Self-Powered Optimized Synchronized Switch Har-
vesting on Inductor Circuit. The self-powered optimized
synchronized switch harvesting on inductor (SP-OSSHI)
circuit used in this paper is shown in Figure 4. An im-
provement was made based on the S-SSHI, replacing the
switch with two passive peak detection modules, as shown in
Figure 5. To realize the on-off of the switch at the maximum
and minimum values of the vibration displacement, the peak
detection module is composed of an envelope detector,
a comparator, and a switch.

The working principle of the passive peak detection
module is as follows: resistor R, diode D;, and capacitor
C, form an envelope detector to detect the voltage signal of
the piezoceramic. When the piezoceramic voltage rises, it
charges the capacitor C,. At this time, the transistors T'; and
T, are blocked; Ry, will ensure that the base-emitter voltages
of T, and T, do not interfere with the envelope detector and
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capacitor C,; when the difference between the input voltage
and the voltage of the capacitor C, is larger than the
threshold voltage of T, the transistor T, turns on. The
capacitor C, discharges through T, D,, and T,. Therefore,
T, turns on. The capacitor Cp, discharges through D; and T',,
which is the energy extraction process.

In the positive half cycle of the piezoceramic output
voltage signal, the circuit can be divided into the following
four working phases.

(1) Stage I. Circuit Charge Stage. The voltage of the
piezoceramic increases as the positive displacement
increases. The capacitors Cp, C,, and C, begin to
charge. The voltage across the capacitor increases,
and all transistors in the circuit are blocked. When
the displacement of the piezoceramic reaches
a maximum value, the voltage across the capacitors
Cp, Cy, and C, also reaches a maximum value. The
current flows as follows: B—i, — A and A —
CpllR,D,C,|RyT,C, — B.

(2) Stage II: Voltage Reversal Stage. As the displacement
of the piezoceramic starts to reverse, the voltage
on the capacitor Cp decreases. When the differ-
ence between the input voltage and the voltage of
the capacitor C, is greater than the threshold
voltage of T, the transistor T, turns on. The
capacitor C, discharges through T, Ry, D,, T,
Crec> Dg, and L. Therefore, T, conducts. Cp and L
constitute an oscillation circuit through D, T,,
Crec» and Dy so that the voltage across the pie-
zoceramic is rapidly reversed. The current flows as
follows: B—Cp—A— (B—C, — T, —
D))RyT\D,|| Dy — T, — CygclR— Dy — L
—Band B—C, — T,

(3) Stage III: Inductor Freewheeling Stage. After the
voltage reversal across the piezoceramic is com-
pleted, the transistor T, is blocked. Inductor L
transfers energy to capacitors Crpe, C;, and Cp
through diodes and transistor T'; to supplement the
capacitive dissipation voltage. The current flows
as follows: A— Cp|R,D,C;, —B— LD, —>
CrecllR—T3Dg — A.

(4) Stage IV: Charge Neutralization Stage. When the
charge in the inductor is completely transferred to
the capacitor, the transistors T', and T'; are blocked.
Capacitor C, has not discharged yet, and the extra
charge in C, will flow into Cp, and C, until the three
voltages are the same. The current flows as follows:
A — GCy|R,D,C, —B—C,D,R, — A. Posi-
tive half-cycle energy extraction is completed.
Negative half-cycle energy extraction is performed in
a similar way.

3. Simulation Analysis

The proposed SP-OSSHI circuit is modeled and simulated
in Simulink, and the circuit simulation waveforms are
obtained. Figure 6 is the simulation waveform of the output
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FIGURE 4: Schematic of the self-powered optimized synchronized switch harvesting on inductor circuit.

R

= Vo,

FIGURE 5: Passive peak detection module.

voltage V. Figure 7 is the current waveform of the inductor
L. The first flip corresponds to Stage II (voltage reversal
stage) in the SP-OSSHI circuit, and the second flip cor-
responds to Stage III (inductor freewheeling stage). As
shown in Figure 6, the output voltage V) of the piezo-
ceramic is reversed after the peak. This is because the
voltage drop of the threshold voltage of the diode and the
transistor in the passive peak detection module leads to
a certain phase lag between the system peak voltage and the
actual switching time. After the reverse phase of the
voltage, the vibration displacement continues to move to
the negative direction, and the voltage V}, of the piezo-
ceramic also drops to the reverse peak. The peak detection
module works again, and the similar process is repeated.
From the above process, it is easy to see that the switch
conducts two times in each vibration cycle. The switch
conducts at the positive and negative values of the vibration
displacement, respectively. At this point, the inductor L
and capacitor Cp constitute L — C,, oscillating circuit. After
one-fourth of the oscillation period, the energy in the
capacitor Cp is completely transferred to the inductor L. As

60
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Voltage (V)
o

-40 \ \ \
-60 L "
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FIGURE 6: Output voltage waveform of a piezoceramic using the SP-
OSSHI circuit.
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Ficure 7: Inductor current waveform with the SP-OSSHI circuit.

shown in Figure 7, the current in the inductor L rapidly
increases from zero to the maximum and decreases to zero,
that is, the first flipping; then the inductor L will continue
to discharge current, that is, the second flipping.
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In this paper, the inductor characteristics have been
analyzed in detail. The actual inductor can be simulated as 4
passive ideal components: series inductor (L), series resistor
(Rpc), shunt capacitor (C;), and parallel resistor (R;). The
equivalent model of the inductor is shown in Figure 8. Ry is
a DC resistance, which is the resistance measured when the
DC current is applied to the inductor. R; is the loss of the
magnetic core. C; is the distributed capacitance between the
inductor inner coil and the lead terminal. To simulate the
power output of the circuit under different inductor values,
R, is ignored during simulation. C is set to 1 nF by default,
Rpc =2nfL, and the load resistance is R=50Kk(. The re-
lationship between the inductor parameters and the power
output is shown in Figure 9. The optimal inductor value
appears at 20-24 mH.

To illustrate the performance of different interface cir-
cuits regarding energy extraction efficiency, the output
power of the three circuits under different loads is compared,
as shown in Figure 10. The simulation results show that the
output power and output efficiency of the SSHI circuit are
much better than those of the SEH circuit under the con-
dition of small load (10kQ-200kQ). As the S-SSHI circuit
switch is controlled by an external control circuit, whose
switch conduction time is controllable, its energy extraction
efficiency (excluding the controlled power) is better than
that of the SP-OSSHI circuit. Since the passive peak de-
tection module exists in the SP-OSSHI circuit, the charge
accumulated in the detection capacitor in the detection
circuit needs to be discharged through the resistor, which
not only is difficult to control but also causes energy loss.
Therefore, the SP-OSSHI circuit is lower in power than the
S-SSHI circuit. By comparing the maximum output power of
the SP-OSSHI circuit and the SEH circuit, the result shows
that the output power of the SP-OSSHI circuit is about 5.8
times that of the SEH circuit.

It is noted that the S-SSHI circuit and the SP-OSSHI
circuit almost have the same energy extraction efficiency in
the ideal condition, while the in-site application of both of
them will be weakened by the electric loss, peak detection,
and switch control.

4. Experimental Verification

4.1. Energy Extraction Circuit Verification. In order to verify
the above theoretical and simulation analysis, the experi-
mental setup of the SP-OSSHI circuit proposed above has
been performed, as shown in Figure 11.

Experimental equipment mainly includes the piezocer-
amic, cantilever beam, noncontact vibrator, laser displace-
ment sensor, SP-OSSHI interface circuit, SEH interface
circuit, vibration console, and oscilloscope.

The cantilever beam system is shown in Figure 11. A
50 mm x 50 mm x 0.15mm piezoceramic is attached to the
fixed end of the cantilever beam. A noncontact vibrator is
arranged above the free end, which is controlled by the
vibration console in different frequencies and excitation
amplitude. An  oscilloscope (ROHDE&SCHWARZ,
RTB2004) was used to measure the input and output. The
first-order natural frequency of the system was 18 Hz, and
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FiGure 8: Equivalent model of the inductor.

24

I

w

&
L

Power (mW)
o
w

225+ R

2.2

0 10 20 30
Inductor value (mH)

—— Fitted curve
o SP-OSSHI point

FIGURE 9: Inductor-power simulation waveform.
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Figure 10: Three PEH circuits’ output power with different load
resistance values.

this was used as the excitation frequency. The component
parameters used in the SP-OSSHI interface circuit are shown
in Table 1.

The load voltage and responding power output under
different load conditions of the SP-OSSHI circuit and the SEH

85UB017 SUOWWOD BA 1D 8|dedt|dde ay3 Aq peusenoh a1e sapiie VO ‘8N JO S8INJ 10} AreIqIT BUIIUO 8|1 UO (SUONIPUOD-pUR-SLLBY WD AB| 1M AReiq 1 BU1|UO//:SdNU) SUORIPUOD PUe Swid | 84} 88S * [1202/60/70] Uo Ariqi8ulluo A8|1M ‘@oueld 8UeIyo0D Aq 9685.78/8TOZ/SSTT OT/I0P/W00" A3 1M ARe.q1utjuo//sdny woly pepeojumod ‘T ‘8TOZ ‘87TE



Shock and Vibration

Noncontact vibrator

Cantilever beam Piezoceramic

Laser displacement sensor

Vibration
console

PEH
interface

FIGUre 11: Vibration energy-harvesting experimental setup.
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Figure 12: Two PEH circuits’ experiment output power with
different load resistance values.

TaBLe 1: Component parameters.

Components Parameters
ip 120 uA/18 Hz
Cp 54.1nF
R, R, 200k
Diodes 1N4004
T, T, TIP32C
T, T, TIP31C
L 20mH
Crec 10 uF
Cy, G, 2nF
Ry Ry 50 kQ)

circuit are shown in Figure 12. The experimental verification
results show that the simulation and experiment of the output
power versus different loads coincide with each other. Mainly
due to the voltage drop of the diode and transistor threshold,
the energy loss caused by the internal resistance of each
component and the quality factor of the inductor leads to the
eddy current loss of the inductor itself in the actual circuit. In
the low-load region, the output voltage of the piezoceramic is

low, and the loss comes from the conduction voltage drop of
the diode and the thermal energy loss of each resistive ele-
ment. In the high-load region, the output voltage of the
piezoceramic is high, and the energy loss caused by diode and
transistor threshold voltage drops is relatively in low per-
centage, but the energy extraction circuit increases the current
in the charge-discharge circuit. The thermal energy loss of the
entire circuit resistive element including the internal re-
sistance of the inductor is increased. Comparing the optimal
power of the experimental circuit, the output power of the SP-
OSSHI circuit is about 1.5 times that of the SEH circuit.

The excitation amplitude varies and is validated by the
laser displacement sensor (KEYENCE; LK-G3000 + LK-G30)
at the free end (unit in mm): 1.7544, 2.4952, 2.9682, 3.3292,
3.5918, and 3.8152. The power analysis of SP-OSSHI and SEH
circuits under different excitations is shown in Figure 13. It is
easy to find that, under small excitation conditions, the power
of the SP-OSSHI circuit is not significantly improved com-
pared to that of the SEH circuit. It is mainly because the loss of
the components in the SP-OSSHI circuit itself is greater than
that in the SEH circuit. As the excitation becomes larger, the
proportion of the loss of the circuit element itself to the
extracted power gradually decreases, and the advantages of
the SP-OSSHI circuit gradually appear. In the process of
changing the peak-to-peak excitation from 1.7544mm to
3.8152 mm, the optimal power ratio of the SP-OSSHI circuit
to the SEH circuit also increased from 1.24 to 1.95. We can
conclude that, with the increase of excitation, the energy-
harvesting potential of SP-OSSHI will gradually show up.
Under higher excitation conditions, the energy-harvesting
efficiency of the SP-OSSHI circuit will be much higher than
that of the SEH circuit.

4.2. Communication Verification of Self-Powered Wireless
Sensor Nodes. To match the energy extraction circuit and the
wireless sensor node communication module, a self-pow-
ered wireless sensor node communication network is set up,
as shown in Figure 14. Using the above SP-OSSHI circuit,
the load is replaced with the power management module
(Linear Technology; LTC3588). Storage capacitor C is
2000 yF. The module can provide a stable and adjustable DC
voltage supply for wireless sensor nodes. The power man-
agement circuit is shown in Figure 15.
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In order to balance the energy harvesting and con-
sumption, the power supply voltage is set to 3.3V, which
is fit for the triaxial low-power accelerometer (Bosch;
BMA250) and communication module (Texas Instru-
ments; CC1310). The CC1310 module-integrated temper-
ature monitoring sensor collects the ambient temperature
data. The temperature and acceleration information are
wirelessly transmitted to the CC1310 receiver (gateway
sensor node) through the transmitter of CC1310 to com-
plete the wireless transmission of the sensor data signal.
The acquired data can be processed in real time on the host
computer.

In this experiment, IIC communication is used. The
process of sending and receiving bytes is shown in Figure 16.

The communication frequency is set to 433 MHz, and 32
bytes of data are sent through the transmitter. Taking the
temperature data as an example, the data are transmitted to
the CC1310 receiver, and the data are analyzed in the Code
Composer Studio (CCS) integrated development environ-
ment (IDE) of the host computer software, and the data
format obtained by the software decoding is shown in
Figure 17. This wireless sensor node is totally self-powered
with an interval of 30 seconds. After receiving the data, the
receiver directly outputs the data to the host PC through the
serial port. The power consumed during data acquisition and
wireless sensing is shown in Figure 18.

The power loss during wireless transmission is 45 mW,
and the working time is 0.4s. The wireless transmission
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period is set to 30s, and the energy verified by the test can
meet the transmission requirements.

5. Conclusion

In order to solve the power supply problem of wireless
sensor node communication, a self-powered optimized
synchronized switch harvesting on inductor (SP-OSSHI)
circuit is used to harvest the vibration energy. Comparing
and analyzing the power of the SP-OSSHI circuit with the
power of the representative piezoelectric energy-harvesting
(PEH) circuit under different load resistance values, both
the simulation result and the physical experiment prove
that the energy-harvesting efficiency of the self-powered
circuit is high and it is available to be used in industrial
application. LTC3588 is used as a power management
module and a supercapacitor as an energy storage unit to
provide a stable power supply, with unlimited electricity
income and power supply lifespan. The prototype including
transmission modules CC1310 and BMA250 can be further
modified according to different application scenarios. In
the future study, we will focus on coupling the interface
circuit with the load adjustment to further unlock the
potential of self-powered energy-harvesting technique. A
development board integrated with charge extraction cir-
cuit, power management, and transmission module will be
designed as well.
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