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Abstract: The long-term CO, emissions of transformer substations require constant monitoring.
In this study, we propose a piezoelectric vibration energy harvester designed for self-powered
CO; monitoring of transformer substations. The proposed harvester comprises multiple slender
piezoelectric cantilevers arranged in parallel, which results in a higher operational frequency and
a significantly enhanced power output capability. Experimental investigations were conducted to
assess the energy harvesting performance. The results show that the harvester can effectively capture
the vibration energy, yielding an RMS power output of 2.99 mW, corresponding to the operational
frequency of the transformer substation. Additionally, a wireless CO, sensor node was developed,
demonstrating an operational mechanism for CO, monitoring. The capacitor takes approximately
1220 s to charge for the initial data measurement and transmission. The findings confirm that
the energy harvester is capable of providing sufficient power to operate the sensor node for CO,
monitoring in transformer substations.

Keywords: piezoelectric energy harvesting; multiple-layer cantilever; enhanced efficiency; wireless
sensing; CO, monitoring

1. Introduction

Building construction and electricity transportation contribute the majority of carbon
emissions. With the aim of carbon neutrality and carbon compliance, it becomes critical
to monitor distributed carbon emissions of the key nodes of electricity transportation, i.e.,
monitoring the carbon emissions of transformer substations. With the growth of the Internet
of Things (IoT) and environmental energy harvesting, self-powered wireless sensors have
received significant attention [1-13]. Mechanical vibrations are continuously available
at transformer substations with constant operational frequencies of 100 Hz [14-16], thus
providing a large amount of reliable renewable energy to power sensor nodes without
additional carbon emissions. Piezoelectric energy harvesting has the advantages of a
simple structure and high efficiency for harvesting electrical energy from vibrations [5-12].
Typically, cantilever-based piezoelectric energy harvesters (PEHs) are employed to harvest
the environmental vibration energy [17-24] and to be connected to power wireless sensor
nodes [5,14,18,19].

In the early stages of research in this area, Roundy observed that a piezoelectric trans-
ducer experiences an uneven strain distribution along its longitudinal axis. To address this,
he proposed that a trapezoidal beam would exhibit a more uniform strain distribution,
potentially doubling the energy output compared to conventional designs, with the goal
of optimizing the shape of the energy harvester [25]. This concept of strain smoothing
subsequently garnered significant attention in the literature [26-29]. In addition, adopting
advanced materials would also enhance the efficiency of vibration energy harvesting [30].
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A non-resonance piezoelectric energy harvester was also proposed to achieve a robust
performance at different frequency points [31]. In subsequent years, significant efforts
were directed towards broadening the bandwidth of energy harvesters. Several innova-
tive mechanisms were proposed, including Duffing oscillator-based nonlinearities [32,33],
segmental stiffness [34], internal resonance [35-38], multimodal configurations [39], and
frequency up-conversion mechanisms [40,41]. Notably, Duffing-type piezoelectric energy
harvesters (PEHs) incorporating permanent magnets have demonstrated large amplitude
voltage outputs over a wide frequency range when subjected to large amplitude excita-
tions [42—47]. More recently, Duffing-type PEHs with multiple small, stable, and flexible
potential barriers have been designed to optimize their performance under low-amplitude
excitations [48-52].

The aforementioned PEHs were designed and optimized for general applications. In
contrast, the mechanical vibrations in a transformer substation exhibit a constant oper-
ational frequency of 100 Hz in China and Europe, or 120 Hz in the US [14-16]. Slender
piezoelectric cantilevers are typically used in these applications, because they can generate
significant strain on their surface, effectively converting mechanical energy into electri-
cal energy through the 1-3 electromechanical coupling effect. In contrast, thick beams
and thick piezoelectric materials tend to experience large shear strains in the epoxy resin
bonding layer, which significantly reduces the efficiency of the PEH. However, typical
slender piezoelectric cantilevers exhibit low resonant frequencies [21-29], which limits their
applicability in harvesting mechanical energy from transformer substations. Moreover,
it is important to note that a single piezoelectric transducer has a limited power output
due to the inherent strain and voltage constraints of its design. Increasing the number of
piezoelectric transducers, particularly by employing multiple slender cantilevers, offers a
promising solution to these limitations.

In this research, we introduce a novel multiple-cantilever piezoelectric vibration
energy harvester designed for self-powered CO, monitoring in transformer substations.
The system features slender piezoelectric cantilevers arranged in parallel, with connectors
at both the fixed and free ends, facilitating an S-shaped bending mode of vibration. This
innovative design offers several advantages. The assembly of multiple cantilevers and
the S-shaped bending mode significantly boost the resonant frequency of the PEH system,
aligning it with the operational frequency of transformer substations. Furthermore, the
integration of multiple piezoelectric transducers substantially enhances the system’s power
output capacity. To validate the proposed PEH, a self-powered wireless sensor node has
been developed for assessing its performance in CO, monitoring within the context of
transformer substations.

The remainder of this paper is organized as follows: the system configuration is
presented in Section 2. Experimental studies and discussions of the system for self-
powered CO, monitoring are presented in Section 3. Finally, the conclusions are provided
in Section 4.

2. System Design

The self-powered sensor node for CO, monitoring within transformer substations, along
with the prototype of the proposed piezoelectric energy harvester, is depicted in Figure 1.
The self-powered sensor node comprises a multiple-cantilever PEH, a microcontroller-based
sensor node equipped with a CO, sensor module, and a wireless module, as illustrated in
Figure 2. Additionally, the multi-layer piezoelectric cantilever system is composed of three
identical piezoelectric beams that are stacked vertically. A proof mass is affixed to the free end
of the multi-layer PEH to fine-tune its resonant frequency. This PEH is subjected to excitation
in the vertical direction.
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Figure 1. (a) PEH for transformer monitoring; (b) self-powered sensor node.
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Figure 2. (a) Prototype of the proposed multiple-cantilever PEH; (b) s-shape vibration mode.

The key advantage of the proposed PEH comes from the multiple-layer configura-
tion of the cantilever. Multiple piezoelectric cantilevers are assembled to enhance the
resonant frequency of the PEH. In addition, the S-shape vibration mode is also shown in
Figure 1b. The vibration mode was obtained using a Finite Element Method (FEM) simula-
tion using COMSOL Multiphysics 6.1. In the FEM analysis using COMSOL, hexahedron
element and linear element orders were used. The COMSOL model consisted of three
75.18 x 20 x 0.16 mm?3 stainless steel cantilevers. Six PZT-5H piezoelectric transducers
with identical dimensions of 15 x 20 x 0.2 mm? were glued at the root and free end of
the cantilevers. A magnetite-based proof mass was introduced to provide additional con-
straints for the bending of the three beams. A fixed constraint was added on the base of the
fixed end of the cantilever beam as the boundary condition. The modal shape of the beam
was evaluated through Eigenfrequency analysis.

It can be seen that each section of the cantilever is undergoing an S-shaped bending
motion, as shown in Figure 2. The proof mass introduced additional constraints, ensuring
that the free ends of the cantilevers experienced no rotation, which would result in signifi-
cant bending moments. Hence, the torques in the longitudinal direction of the piezoelectric
cantilever were decreased to zero and then increased from the free end to the fixed end
of the beam. In other words, both the fixed and free ends of the beam undergo strain
concentrations. As a result, piezoelectric transducers were mounted at the tip of the beam.
This would further increase the system-level stiffness of the cantilever, thereby raising the
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resonant frequency to match that of the transformer substation. Piezoelectric transducers
can be attached at both the fixed and free end of the beam to increase the power output.

3. Experimental Studies and Discussions
3.1. Experimental Setup

The experimental setup of the proposed multiple-layer PEH is shown in Figure 3. In
this research, we mainly focused on illustrating the features of the proposed harvester
experimentally. Ghodsi developed a detailed analytical electromechanical coupling model
in Ref. [31]. The PEH contained three piezoelectric cantilevers with connections at both the
fixed and free ends. The spring steel substrate of the piezoelectric cantilever had dimensions
of 75.18 x 20 x 0.16 mm?3. Six piezoelectric transducers (15 x 20 x 0.2 mm?) were glued
to the root and free end of the cantilevers using epoxy resin DP460 (3M, St. Paul, MN,
USA). The lead zirconate titanate-5 piezoelectric transducers were purchased from Jiayeda,
Co., Ltd., Changde, China, with Young’s Modulus of 106 GPa and piezoelectric coefficient
ds; = —171 pC/N. The proof mass was attached at the free end of the PEH. The proof mass
was made of permanent magnet blocks. Permanent magnets were glued onto the cantilever
as the primary proof mass. Additional permanent magnets were attached to the primary
one to tune the natural frequency of the harvester to the operational frequency of 100 Hz.
As the permanent magnets would provide attractive force to each other, the additional
permanent magnets were added to the fixed location at the free end of the cantilever. The
number and sizes of the magnets were carefully selected to adjust the resonant frequency
of the model to 100 Hz. A 200 N shaker was adopted to provide the base-movement
excitations. The root mean square (RMS) output voltages of the piezoelectric transducers
were measured by a NI-DAQ device (PCle6343) (National Instruments, Austin, TX, USA)
with a sampling frequency of 20 kHz. In addition, the amplitude of the base-movement
was measured by an accelerometer.

Acceleration sensor

NI-DAQ

R |
4_{[—.4’]

Power amplifier
Shaker

Figure 3. Experimental setup of the proposed PEH.

In order to validate the performance of the self-powered CO, monitoring, a self-
powered wireless sensor node was designed consisting of an STM32F103C6 microcontroller
(STMicroelectronics, Geneva, Switzerland), an analog CO, sensor, a Zigbee wireless module
CC2530 (Texas Instruments, Dallas, TX, USA), six LTC-3588 voltage rectifications/regulators
(Sparkfun, Boulder, CO, USA), and energy storage capacitors, as shown in Figure 3. The
LTC-3588 was proven to have good performance for rectifying and regulating the output
voltages from piezoelectric transducers [31]. It outputs 3.3 V to power the microcontroller,
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sensor, and Zigbee wireless modules. In Figure 3, three LTC3588s are drawn in the sketch
due to the space limitation of the figure. The other ones are represented by ellipses.
To guarantee a sufficient and stable power supply for the wireless sensing node during
operation, this study employed 16,000 uF capacitors for energy storage. A microcontroller
was used to manage the sensor and Zigbee module, with its clock frequency set to 16 MHz
to minimize the overall power consumption. Opting for a low-power microcontroller, such
as the STM32L or Attiny85 (Microchip Technology, Chandler, AZ, USA), could further
decrease the power usage of the sensor node. An ADC port was selected to retrieve the
analog signal from the CO, sensor. Acknowledging that the wireless module and the sensor
are the primary consumers of electrical energy in the circuit, we designed the power supply
to these modules through multiple GPIO ports, which have the capability to be shut down
instantaneously to conserve energy. The receiver, a secondary CC2530 Zigbee module, and
a laptop were included in the host computer, as shown in Figure 4b. Typically, the Zigbee
wireless data transmission module can have a theoretical communication distance of up to
250 m outdoors. In the experiment, the receiver was placed in the vicinity of the wireless
sensor node for the conceptual illustration. The proposed system, excluding an antenna
of the wireless transmission module, would be enclosed in a shielding box to prevent the
electromagnetic disturbance of a transformer substation.

Base ]

]
16,000 pE I —

Capacitor L

Sensor node Host computer
(b)

Figure 4. (a) Diagram and (b) experimental platform of the wireless sensing node and host computer.

3.2. Voltage and Power Output Performance

In this section, we evaluate the frequency responses of the voltage and power output
of the proposed multiple-cantilever PEH. Noting that a power transformer substation
has a primary operational frequency of 100 Hz [8-11], the performances of the PEH were
evaluated close to this frequency value. Base-movement excitations with a constant am-
plitude of acceleration were provided by an electromagnet shaker and controlled by an
acceleration meter, as previously illustrated in Figure 3. It was illustrated experimentally
that a Three-Phase Three-Leg Core with a 142 mm ribbon, which was 142 mm wide and
had a 60 mm lamination thickness of its core, would yield vibration with amplitudes up to
1.5~4 g [53]. Therefore, the acceleration values of excitations were chosen as 0.373~2.98 g,
which are common values in real applications [53].
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Figure 5 shows the open circuit voltage output under forward and backward frequency
sweeping. The voltage outputs of the piezoelectric transducer on the first layer at the fixed
end (PZT1) under excitations with different amplitudes are presented for illustration. The
forward frequency responses are shown in Figure 5a, where the frequencies of excitations
sweep from low to high. It can be seen that the harvester reached its RMS open circuit
voltage output of 14.28 V under 0.745 g amplitude excitation in the forward frequency
responses, as shown in Figure 5a. An increase in the amplitudes of excitation can effectively
enhance the voltage outputs. For instance, the peak output of the PEH is 29.17 V under an
excitation of 2.98 g. Additionally, the proposed PEH exhibits a softening effect under a large
amplitude excitation of 2.98 g, i.e., the voltage outputs lean towards the left under a large
amplitude excitation with a sudden decrease at 98.88 Hz in the forward frequency sweep-
ing. This phenomenon can be attributed to the nonlinearity of the additional constraints,
which led to uneven stress in the three beams, since the three cantilevers are assembled in
parallel. In addition, the backward frequency responses are shown in Figure 5b, where the
frequencies of excitations sweep from high to low. The frequency responses under forward
and backward responses show difference with each other due to the exitances of nonlinear-
ity. The voltage outputs in this scenario are smaller than those under forward frequency
sweeping. The high voltage output can be achieved by properly selecting the frequency
sweeping direction in a real application. Additionally, an increase in the amplitudes of
excitation can effectively enhance the voltage outputs. Nevertheless, the PEH has large
amplitude voltage outputs around 100 Hz that could power the wireless sensor node.
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Figure 5. (a) Forward and (b) backward open circuit voltage output of PZT1.

As the proposed PEH contains six piezoelectric transducers, the open circuit RMS
voltages of all the transducers were measured and compared, as shown in Figure 6. The
voltage outputs were measured under excitations of 0.745 g. In addition, the voltage
outputs of different piezoelectric transducers exhibited minor differences with each other.
These stem from the various material properties of the transducers, as well as manual
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assembly errors. In addition, it can be observed that the transducers attached to the same
cantilever have similar voltage outputs. In practice, these outputs are influenced by material
properties and the adhesive bonding process. Specifically, the piezoelectric transducers
sourced from Jiayeda exhibit slight variations in their piezoelectric and dielectric constants,
leading to differences in their voltage outputs in this experiment. Nevertheless, all the
piezoelectric transducers can effectively output electrical energy.

PZT1

Voltage output (V)

R . .

920 95 100 105 110
Frequency (Hz)

Figure 6. Open circuit RMS voltage output of all the piezoelectric transducers.

To evaluate the power output capability of the proposed PEH, each of the piezoelectric
transducers were connected to individual resistance loads [32-35]. The power output
responses were measured under a constant excitation of 0.745 g, with different resistance

loads around 100 Hz. The resulting voltage across the load resistance was measured and
recorded, as shown in Figure 7.
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Figure 7. RMS power output performance of all the piezoelectric transducers.

Figure 7 illustrates the relationship between the RMS output power and load resistance
for the piezoelectric transducers, demonstrating that the optimal output power is contingent
upon the specific resistance load. The transducers achieve their peak performance under
their respective best-matching resistance loads, which are 70 k(), 60 kQ2, 100 k€, 70 kQ,
100 kQ, and 80 kQ) for each transducer. Correspondingly, the peak RMS power outputs are
0.69 mW, 0.63 mW, 0.36 mW, 0.39 mW, 0.36 mW, and 0.56 mW, respectively. Collectively,
the piezoelectric transducers can deliver a total power output of 2.99 mW under these
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conditions. It is important to note that increasing the amplitude of the excitations can
significantly boost the power output. It should be highlighted that the resistance loads
were utilized to assess the power output capability. Although connecting the piezoelectric
sheets to voltage-rectifying bridges and capacitors might diminish the output power,
the proposed PEH still demonstrates significant potential to supply power to a wireless
sensor node.

3.3. Self-Powered CO, Monitoring

To validate the performance of the proposed PEH for self-powered CO, monitoring,
the designed wireless sensor node was connected to the output of one of the LTC-3588
power converters. A CO, sensor and a Zigbee wireless transmission module were inte-
grated. The data were transmitted wirelessly to a host computer. The host computer was
powered on continuously to receive data at a random time point. Due to the limited energy
output of the PEH, a control algorithm of the sensor node was designed, as shown in
Figure 8.

‘ Vibration energy harvester

>T
5 <

| LTC3588+Capacitor |

Sufficient electrical energy?

| ‘Wake up microcontroller

Power CO: sensor, Shut down CO: sensor,
measure and record data power wireless module

Send data, shut down
wireless module, STM32
enter stop mode

Figure 8. Control algorithm of the wireless sensor node.

The control algorithm of the self-powered wireless sensor node is shown in Figure 8.
Note that the PEH provides limited electrical energy, and the STM32 microcontroller
will be in stop mode most of the time. The microcontroller will wake up when the LTC-
3588 outputs sufficient energy. Here, the wireless sensor node requires a 3.3 V power
supply. Additionally, the LTC-3588 will output 3.3 V when the voltage in the energy
storage capacitor is around 4.73~5.37 V according to the datasheet. Serial ports of the
microcontroller were used to connect the wireless transmission module to the register.
When there is sufficient energy in the capacitor, the procedures of CO, measurement and
wireless data transmission will be triggered. Firstly, the CO, sensor will be powered on,
and the data will be recorded. Then, the sensor will be shut down for power saving,
and the wireless module will be powered on for the wireless data transmission. Note
that the sensor and wireless data transmission modules will still consume energy when
connecting to power sources, even if they are not in working conditions. Four GPIO ports
were connected in parallel to power the sensor and wireless modules. The modulus will
be completely shut down when sensing and data transmission tasks are not required. It is
worth mentioning that multiple time delay functions were tested and integrated for the
initialization and operation of the sensing and wireless transmission modules during the
program debugging.

The self-powered wireless sensor node was connected to the capacitor of the vibration
energy harvesting module under an excitation of 2.98 g. The electrical energy charging
in the energy storage capacitor and the energy consumption of the wireless sensor node
during discharge are described by measuring the voltage in the capacitor and the time
of recharging, as shown in Figure 9. A typical excitation of a transformer substation is
sinusoidal due to the constant operational frequency of the AC power line [53]. We can
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easily simulate the working conditions in the laboratory. Therefore, sinusoidal excita-
tion was provided in this research to validate the proposed system conceptually under

2.98 g excitation.
116
/‘ 14

Voltage (V)
w
L
>
Power consumption (mW)

. . . .
0 500 1000 1500 2000 2500
Time (s)

Figure 9. Operation of the wireless sensor node under 2.98 g excitation.

Figure 9 shows the voltage of the capacitor, representing the process of charging, as
well as the power consumption of the wireless sensor node. The charging process starts
from a state of zero electrical energy storage in the capacitor. It can be deduced that it takes
about 1220 s to charge the capacitor for the first data measurement and data transmission.
It is worth noting that in a previous study, it took 8000 s to charge the capacitor and
power a similar wireless sensor node with a single piezoelectric transducer PEH [40]. In
other words, the advantages of multiple piezoelectric cantilevers with enhanced power
output capabilities could be confirmed. In addition, a one-time recharging takes about
630 s in the following cycles. The voltage drop from 5.14 V to 3.76 V, which represents the
power consumption of the processes of powering up, sensor data reading, and wireless
data transmission. In this research, 16000 uF large capacitors were adopted, and thus, the
wireless sensor node will consume 0.0983 | per sensing cycle, with a power consumption of
16~18mW. In addition, choosing a larger capacitor would provide more energy for each
cycle of sensing and data transmission. And the energy storage capacitor starts charging
again to enter the next cycle. Notably, the recharging time is sufficiently short for regular
CO, monitoring in a transformer substation. Notably, the time for recharging would be
further shortened by reducing the power composition of the node.

Figure 10 presents the interface on the host computer with the date of acquisition from
the wireless sensor node. The transmitted data are the original hexadecimal read from
the ADC port of the STM32 microcontroller. They indicate that the system can properly
acquire and send data wirelessly. In the self-powered wireless sensor node, the powering
up and CO; measurement consume a much smaller amount of energy than that of data
transmission, and the control algorithm can be optimized by increasing the number of
data measurement processes while reducing the number of wireless data transmission
procedures. It is worth mentioning that the designed wireless sensing node is a unit that
is capable of edge computing and wireless communication, i.e., it consumes much more
energy than a temperature-humidity meter or LED in previous studies. A more advanced
power management algorithm can be further designed for optimal operation of the system
for CO, monitoring in transformer substations.
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4. Conclusions

In this research, we proposed a multiple-cantilever piezoelectric vibration energy
harvester and a wireless sensor node for CO, monitoring in transformer substations. The
harvester was assembled using multiple piezoelectric cantilevers working in S-shape
vibration mode with enhanced power output capability. We demonstrated experimentally
that the proposed PEH could harvest vibration energy at 100 Hz with a power output of
2.99 mW in total under 0.745 g excitation. In addition, voltage rectification and regulation
modules were built, and a wireless sensor node was designed. The electrical energy
generated by the harvester was injected into a capacitor, and the performances of power
dissipation were demonstrated. It was shown that the system can effectively monitor CO,
with a power supply of the PEH with 1220 s required for the first charge and 630 s for
recharging. The proposed energy harvesting and low-power wireless sensing node can be
applied in remote CO, monitoring in transformer substations.
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