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Abstract: Piezoelectric energy harvesters have attracted much attention because they are crucial
in portable industrial applications. Here, we report on a high-power device based on a magneto-
mechanical piezoelectric energy harvester to scavenge the AC magnetic field from a power-line
cable for industrial applications. The electrical output performance of the harvester (x4 layers)
reached an output voltage of 60.8 Vimax, an output power of 215 mWnax (98 mWins), and a power
density of 94.5 mMWmax/ cm? (43.5 mWyms/cm?) at an impedance matching of 5 k() under a magnetic
field of 80 uT. The multilayer energy harvester enables high-output performance, presenting an
obvious advantage given this improved level of output power. Finite element simulations were also
performed to support the experimental observations. The generator was successfully used to power
a wireless sensor network (WSN) for use on an IoT device composed of a temperature sensor in a
thermal power station. The result shows that the magneto-mechanical piezoelectric energy harvester
(MPEH) demonstrated is capable of meeting the requirements of self-powered monitoring systems
under a small magnetic field, and is quite promising for use in actual industrial applications.

Keywords: piezoelectric energy harvester; industrial application; AC magnetic field; power-line
cable; wireless sensor network; multilayer device

1. Introduction

Energy harvesting is becoming an important technology for smart industrial monitor-
ing systems [1,2]. Sustainable energy is harvested from ambient sources including magnetic
fields and mechanical, thermal, and solar energy sources, which are then converted into
electricity. Among these, a magnetic field is a powerful source for use in conditions with
space and time constraints [3-5]. An oscillating magnetic field is an energy source that can
be used for energy harvesting, and magnetic fields generated around electronics, power ca-
bles, and manufacturing machines are all surrounded by fields with a power of 60 Hz [6-9].
However, it is difficult to collect energy from low magnetic fields. A piezoelectric material
can be made subject to vibrational energy by a permanent magnet attached to the end of a
cantilever that is shaken by a magnetic field, and can generate electricity through an energy
harvester even under nearly negligible magnetic field conditions. The self-mechanical
torque acting on the energy harvester is caused by the magnetic moment of the tip mass,
an external magnetic field that exerts a force perpendicular to the direction of the magnet.
Low-power wireless sensor nodes use conventional batteries, which due to their limited
lifespan must be maintained and replaced periodically [10,11]. Compared to conventional
industrial monitoring systems, smart systems have easy-to-configure environments, allow-
ing simple configuration changes of objects in industrial areas. For example, there are no
constraints pertaining to where control devices can be located because these devices do
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not require batteries. Self-powered systems provide users with the convenience of various
control system locations and freedom of movement as well as the absence of the require-
ment of regular services [12,13]. A system based on a wireless sensor network (WSN)
can be operated with applied mechanical energy, especially under harsh environmental
conditions [14].

In this paper, the self-mechanical torque acting on the energy harvester is caused
by the magnetic moment of the tip mass, an external magnetic field that exerts a force
perpendicular to the direction of the magnet [15]. The magneto-mechanical torque ()
applied to the energy harvester under the external magnetic field (B) can be expressed as:

T=mXxXB=MxBxV @D

where m, M, and V are the magnetic moment, magnetization, and volume of the perma-
nent magnet, respectively. Self-mechanical torque (7) arises when the permanent magnet
attempts to align the magnetic moment under an external magnetic field, as shown in
Equation (1). For this reason, piezoelectric energy harvesting technology is proposed to
achieve high performance for generating electrical energy from an ambient magnetic field.
In general, PZT-based ceramics are widely used in acoustic, vibration, sensor, and energy
harvesting devices due to their high transduction coefficient (d x g), spontaneous polariza-
tion, and high energy density levels. In order to improve the application of piezoelectric
materials in energy harvesting, a high energy density (U) level is required [16,17]. This can
be expressed by the following equation.

u= @(d x g)(i)z @

Here, d is the piezoelectric charge constant; g is the piezoelectric voltage constant; F
denotes the force applied to the piezoelectric harvester; and A is the area of the piezoelectric
harvester according to Equation (2). A high energy density material is realized with a
high piezoelectric charge constant and a high piezoelectric voltage constant [18,19]. To
enhance the output power, we used a multilayer device with high piezoelectric properties
and a proper energy density level. In particular, a multilayer device can be improved to
yield high energy harvesting properties [20,21]. It is thought that the piezoelectric constant
of the material can be increased with further study of the new composition and that the
mechanical vibration condition can also be determined by the vibration source [22,23].
The multilayer approach is believed to be very effective in increasing the generation
current [24,25].

There are thus far no reports of a piezoelectric device for a real-time monitoring
self-powered WSN system to scavenge the AC magnetic field from power-line cables. It is
crucial to develop an industrial type of energy harvester to resolve the power source issue
of the continuous need to supply electrical energy to the wireless condition system.

Here, we demonstrate the electrical output performance of a MPEH based on a multi-
layer device under an AC magnetic field. The results show significantly enhanced electric
output power suitable for a self-powered WSN system. This harvester (x4 multilayers)
has an output voltage of 60.8 Vmax and output power of 215 mWnax (power density:
153.6 mW /cm?®) at an impedance matching of 5 k) under a magnetic field of 80 pT. It
was successfully used as a power source for an IoT WSN that includes a temperature
sensor. By deploying the optimized harvester around the power-line cable of a power
plant, we successfully demonstrate a continuous power supply for wireless sensors and
data transmission systems using the leakage AC magnetic field from the power-line cable.

2. Experimental Section
2.1. Demonstration of Piezoelectric Energy Harvesting System

Main component of the piezoelectric energy harvesters (PEHs). The PEHs used in this
paper are all commercially available models (MIDE, USA) of PPA-1011 (x1 layer), PPA-
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2011 (x2 multilayers), and PPA-4011 (x4 multilayers) from Piezo Protection Advantage. A
permanent Nd magnet was attached to the end of the harvester. The amount of magnetic
material was adjusted to configure the resonance frequency. The output voltage generated
from the system was measured using an oscilloscope (Tektronix, DPO4054B) while a
Helmholtz coil connected to a function generator (Agilent, 33220A) and a high-speed
bipolar amplifier (NF, HSA4014) generated the AC magnetic field. With the use of the
Helmholtz coil, it was possible to produce a uniform AC magnetic field. By changing
the frequency of the function output of the function generator, it was possible to change
the frequency of the generated magnetic field. Finally, it was also possible to change the
strength of the magnetic field by controlling the amplifier. The electric energy harvested was
measured under a magnetic field strength of 80 uT in the frequency range of 30-90 Hz. To
calculate the current and power of the harvester, an external load was connected in parallel
with the harvester and the output voltage was measured through the load resistance in the
range of 100 () to 10 MQ. The power values were calculated using Ohm’s law, P = V2/R,
in all cases. To calculate the power density, the power value was divided by the volume of
the harvester. Using the harvested energy, a bridge rectifier was employed as an AC-DC
converter to turn on the LEDs.

Due to their high piezoelectric properties and their ability to function as high-energy
piezoelectric energy harvesters, piezoelectric ceramics based on PbZrTiOz (PZT) have
been used as piezoelectric materials. Generators composed of piezoelectric ceramics with
a polymer matrix have high power generation characteristics under external vibration
with excellent piezoelectric properties (dz3: 650 pm/V, dz;: —320 pm/V). We achieved a
relatively high output voltage factor by inducing strong magnetoelectric (ME) coupling
through a magnetic mass under a low AC magnetic field. To realize this, the operating
environment of the piezoelectric energy harvester consisted of a multilayer piezoelectric
film and a d3; mode piezoelectric device with the magnetic field generated from an AC
power-line cable, as shown in Figure 1a. The size of the piezo-energy harvesters was
x4 layers (size: 7.0 x 2.5 x 0.135 cm3). The high piezoelectric coefficient and high ME
magnetic coefficient of the piezoelectric device in the low magnitude magnetic field range
contributed to the improvement of the strain-mediated coupling in the composite material.
The magnetostrictive effect converts the magnetic field into mechanical strain through
the magnetic mass and then converts the piezoelectricity into an electric charge through a
piezo-energy harvester (see Figure 1b). To achieve high ME coupling, the overall structural
design, in addition to the magnetic mass, was optimized to increase the deformation
amplitude of the device at 60 Hz. To quantify the effects of the strain amplitude and
generation characteristics, multilayer devices were used in various configurations (x1, x2,
and x4 layers) to induce different levels of elastic stiffness throughout the structure. These
are referred to henceforth as the x1, X2, and x4 specimens. To realize MPEH operating at
a frequency of 60 Hz, a permanent magnet tip mass was attached to the end of the device
and secured firmly to promote the down-bending mode of the AC magnetic field. The
permanent magnet tip acts as a vibration source due to the magnetic field generated from
the AC power-line cable. Therefore, the maximum output was measured by installing
the energy harvester at a distance of 3 cm above the cable and the tip of the harvester. To
maximize the strain, the optimum amount of power is applied by adjusting the weight
of the permanent magnet tip. The quantitative contribution of the magnetic tip mass for
the MPEH.
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Figure 1. (a) Schematic of the magnetic field energy harvesting process using the piezo-energy harvester. (b) Photograph of
the piezo-energy harvester for scavenging the magnetic field of AC power-line cable.

2.2. Demonstration of the MPEH around a Power-Line Cable

The South East Power Plant power-line cable (340 kV, 60 Hz), located at Youngheung,
was used through a harvester to scavenge leakage magnetic field and current flow. The
signals obtained from the wireless temperature sensor system (eZ430-RF2500T, Texas
Instruments, Sherman, TX, USA) were transferred to a notebook computer via wireless RF
signals. To demonstrate the method used to power the wireless sensor system, a 330 puF
capacitor was charged to 7 V using the harvester. The charged voltage and sensing data
were collected every 2.3 s during the demonstration.

2.3. Numerical Section

Finite element simulations were carried out in this study using the commercial soft-
ware ABAQUS. The main purpose of finite element simulations is to numerically back up
the experimental observations and to accurately predict the electromechanical behavior of
the MPEH. The quadrilateral element, which has three displacement degrees of freedom
per node (uy, uy, and uj in the x, y, and z direction) was employed to model the piezo-
electric material layer and substrate. By assuming that perfectly conductive electrodes
completely coat each finite element on the top and bottom surfaces, the single electrical
degree of freedom, which is the voltage across the electrodes, is adequate for simulating the
electrical behavior. The cantilever-shaped finite element models for the piezoelectric energy
harvester with x1 layer, x2 multilayers, and x4 multilayers are displayed in Figure 2. For
the piezoelectric ceramics layer, the quadratic brick element with one electrical degree of
freedom (C3D20E) in ABAQUS was employed, while the quadratic brick element with 3 x
3 x 3 integration points (C3D20) was used for the substrates. The piezoelectric material
properties listed in Table 1 were used in the current simulations.

The piezo-energy harvesters consist of one layer (70 x 25 x 0.70 mm?), two layers
(70 x 25 x 0.714 mm?3), and four layers (71 x 25.4 x 1.32 mm?) as indicated in Figure 2.
The characteristics of the piezoelectric material used in the piezoelectric devices are shown
in Table 1.
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(b) (©)
Figure 2. Finite element models of the piezoelectric energy harvesters with (a) x1 layer, (b) x2 layers, and (c) x4 layers.

Table 1. Characteristics of the piezoelectric materials used in the piezo-energy harvester.

Sample Dielectric Capacitance ds3 d3, 833 K d33 X833
P Constant (nF) (1012 m/V) 10 12m/V)  (10-3 Vm/N) P (10-12 m?/N)
PZT-5H 3800 97 650 —320 19 0.75 12,350

3. Results and Discussion

The generated voltages from the harvester with different magnetic fields were obtained
from the finite element simulations, as shown in Figure 3. To define the magnetic field in the
simulations, a magnetic vector potential boundary condition was employed in ABAQUS.
The x4 layers piezo-energy harvester was used for the simulations and the corresponding
finite element model is shown in Figure 2c. As shown in Figure 3, the generated voltages
increase as the magnetic fields increase, as do the maximum voltages. This result is in
line with the experimental observation in Figure 4c. The maximum voltage value with the
magnetic field of 80 um was obtained as 62.9 at a frequency of 60 Hz, which is quite close
to the experimental results.

70
60 Max. Voltage: 62.9V
= —40uT
& 50 { Max.Voltage: 50.7 V ——60uT
©
S 40 —80uT
>
T 30 - Max. Voltage: 32.2V
<
@ 20 H
]
9O 10 -
0 T T T T T T T L
10 20 30 40 50 60 70 80 90 100 110
Frequency (Hz)

Figure 3. Finite element results of the maximum voltages according to the variations of magnetic
field and frequency.
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Figure 4. (a) Experimental apparatus for harvesting electric energy by adjusting magnetic field and frequency. (b) Harvester
used in the experiment and size in detail. (¢) Maximum voltage of harvester depending on the magnetic field and frequency.
(d) Displacement and output voltage depending on the magnetic mass of harvester. (e) Open-circuit voltage generated from
x4 harvesters under an AC magnetic field of 80 uT at 60 Hz for 10 s. (f) Generated current generated from x4 harvesters
under an AC magnetic field of 80 uT at 60 Hz for 10 s. (g) Output power depending on load resistances. (h) We utilized
electricity generated from the x4 harvester to illuminate 972 LEDs.

Figure 4a shows the performance of the piezo-energy harvester under an AC magnetic
field. The size of the piezo-energy harvester is x4 layers (7.0 x 2.5 x 0.135 cm?3), as shown
in Figure 4b. The characteristics of the piezoelectric material used in the piezoelectric
devices are shown in Table 1. Figure 4c shows the output voltage of the x4 harvester
according to the frequency of the AC magnetic field. Output performance from x1, x2,
and x4 harvesters under an AC magnetic field of 80 uT at 60 Hz, as can be seen in Figure
S3 (see Supporting Information). As the magnetic field increased from 40 uT to 80 uT, the
voltage of the harvester increased and reached an output voltage of 60 Vnax at a frequency
of 60 Hz. In order to harvest a 60 Hz magnetic field using the piezo-energy harvester,
the mass of the magnetic tip was adjusted through an attachment strategy. Because each
energy harvester has a different elastic stiffness, a magnetic tip with a different mass is
attached to the top and bottom of the beam. The mass change of the magnetic tip was
found to be a factor causing some deformation of the resonance frequency of the MPEH.
The experimental observation shown in Figure 4c was further supported by performing
the steady-state dynamics (modal) analysis through the finite element simulations. The
numerical results are displayed in Figure 3. Figure 4d shows the displacement of the tip
mass and the output voltage of the x4 harvester under various magnetic masses. The
output voltage of 60.8 Vimax was observed when there were seven tip masses of 10 g each;
this performance can be attributed to the increased mechanical stress due to the magnetic
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and weight conditions. In addition, the permanent magnet itself vibrates under magnetic
field oscillation, where the magnetization phenomenon of the tip mass also contributes
to the magneto-mechanical vibration, resulting in a higher electrical characteristic for the
x4 harvester. Using a magnet as a proof mass contributes to the force generated by the
generator through the given force, determined as shown below. The power generated at
the harvester is approximately proportional to the square of F;, [22,23].

_ II
len

x F2 3)

Here, M, is the weight of the tip mass; w;, is the natural frequency; and F, is the force
on the tip mass generated by the AC magnetic field.

Open-circuit voltage of the x4 harvester generated 60.8 Vimax (36.7 Vims) at a magnetic
field of 80 uT for 10 s, as shown in Figure 4e. Output current of the x4 harvester generated
5.54 mAmax (3.74 mArms) at a magnetic field of 80 uT for 10 s (see Figure 4f). The x4
harvester was 215 mWpnax (99 mW,ns) at a load resistance of 5 k(), with the matching
resistance changing according to the different internal impedances (see Figure 4g). The
calculated power density of the x4 harvester (cantilever: 7.0 x 2.5 x 0.13 cm®) was
94.5 MW pax/cm? (43.5 MW/ cm? ) and that of the x4 harvester (total module: 7.9 x 7.45
x 1.7 em3) was 2.15 mWmax/cm® (0.99 mW s /cm?). At the magnetic field of 80 uT, the x4
harvester was able to illuminate 972 commercial LEDs connected in parallel (see Figure 4h).
This observation is further demonstrated through the finite element simulations, as shown
in Figures S1 and S2 (see Supporting Materials).

Energy harvesters for generating energy from magnetic fields have been developed
based on strong ME couplings. Piezo energy harvesters and magnetostrictive materials
based on various combinations make use of simple harvesters to produce electricity from
the magnetic fields dumped around them [26,27]. V. Annapureddy developed magnetic
energy harvesters using PMN-PZ-PT and Ni plates. Through reduced energy losses, the
maximum output power was measured of 2.1 mW/cm? at 60 Hz. M. G. Kang developed
energy harvesters, consisting of amorphous FegsB5Sijg and a piezoelectric macrofiber
composite (MFC) structure harvested energy of 9.8 mW and 125 mW /cm? (see Table 2).

Table 2. Comparison of output performances of existing magneto energy harvesters.

Output Voltage Output Power Power Densit Frequenc

Energy Harvester P W) & I()mW) (mW/em®) y &Iz) y Ref.

Ni/low-loss PMN 24 - 2.1 60 [28]

Ni/PMN 2.5 - 0.046 60 [6]

Fe-Ga SCMF 76.5 - 3.22 60 [29]
MPEH 60.8 215 94.5 60 This work

FBS/MFC - 9.8 125 60 [30]

PZT-5H - 39.2 19.6 60 [31]

The experiment was conducted at the thermal power plant with power-line cables
(see Figure 5a,b). The x4 harvester was used to generate power from the actual magnetic
field of the power-line cable (345 kV, 2000 A, ILJIN 2003), as indicated in Figure 5c. The
magnetic field near the power-line cable was found to be a small one of 70-80 uT. Tip mass
moves up and down due to the ambient magnetic field from the power-line cable.
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KOREA SOUTH-EAST POWER CO. —34 e Power-line cable
(KOEN) . " 4 .

Figure 5. (a) Photograph of the thermal power plant with power-line cable. (b) Actual photo of power plant with power-line
cables. (c) Photograph of the 345 kV power-line cable installed at the power plant.

A real photo of the experimental setup with an energy harvester for scavenging a
magnetic field of an AC power-line cable (see Figure 6a,b). The displacement of the tip
mass was 4.65 mm, as indicated in Figure 6¢c. Generated output voltage was 19.2 Vpax
(12.0 Vims) and output power was 25.1 mWnax (10.7 mW,ns) at a load resistance of 5 k()
(see Figure 6d,e). Utilizing the electric power generated by the magnetic field of the actual
active power-line cable, it was possible to supply power to a wireless sensor network for a
real-time monitoring system.
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Figure 6. (a) Actual photo of the experimental setup with a x4 harvester with the actual magnetic field of a power-line cable.
(b) Photograph of the piezo-energy harvester for scavenging the magnetic field of an AC power-line cable. (c¢) Displacement
(mm) of the tip mass under an ambient magnetic field from the power-line cable. (d) Output voltage (V) of the x4 harvester
generated by the magnetic field of power-line cable. (e) Output power (mW) of the x4 harvester generated under various

load resistances.
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The conversion efficiency (1) of the x4 harvester is determined by the proportion of
energy collected by the magnetic layer, which is converted to electricity and expressed as:

o\ Output power (Poyy)
n(%) = Input power (Py,) x 100 @)

Input power (P;,) is related to the magnetic field energy spread through the cable [12].
The magnetic field collected by the x4 harvester is related to the following equation:

2 ([ B2 LB ax
Py, y fjj Bdxdydz 25 vXxf (5)
where the magnetic induction intensity is (B); v is the total volume of the harvester; and
y is the magnetic permeability and resonant frequency (f). In this situation, input power
of the MPEH was 43.68 mW and output power (P,;) of the MPEH was 25.1 mW, so the
energy harvester power efficiency was 36.5%. We found that the harvesting performance
was heavily influenced by the structural elements of the elastomers, which varied with the
number of layers. Using this high-efficiency module, the power generation characteristics
were measured using the magnetic field from a power-line cable installed in an actual
thermal power plant.
As mentioned earlier, powering a data transfer component of a wireless sensor node is
a practical application of energy harvesting technology. Here, to assess the applicability of
the developed harvester to IoT devices, we demonstrate how to use the power generated
from a magnetic field energy around a power cable to power wireless sensors and data
communication systems. Wireless sensor systems have been used for the wireless transmis-
sion of data from temperature sensors. Before turning on the sensor system, the harvester
was connected to a simple circuit consisting of a rectifier, a 330 uF capacitor, a resistor,
and a step-down converter to store enough electrical energy for system operation (see
Figure 7a). The wireless sensor system is attached to the power-line cable and detects the
ambient temperature while electricity is being delivered to the transformer. The electrical
energy required to operate the system was tapped by energy harvesters placed on the
power-line cable. After the harvester was charged to the capacitor for 3.8 s, the stored
energy was applied to the wireless sensor system, which started to send temperature
information to the laptop every 2.3 s. It was found that sufficient power is available to
operate the wireless sensor system for 3.8 s (see Figure 7b). After operating the sensor
system, the charged voltage dropped abruptly to approximately 4.8 V in approximately
1.6 s and the sensor system transmitted information. In the operating mode, the sensor
system transmitted temperature information 16 times over a period of 40 s. The ambient
temperature, measured from the ambient temperature of the power-line cable, ranged from
22.3 to 27.4 degrees, as shown in Figure 7c. Through this demonstration, we confirm the
validity of the harvester and also confirm that it is applicable to power-line cables, which
can be used as a ubiquitous power source to power loT applications.
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Figure 7. (a) Electrical circuit for powering the wireless sensor and data transmission system utilizing the magnetic field

generated from the power-line cable of the power plant. (b) Graph of the current drawn from power-line cable of the power

plant, charged to 330 uF through the harvester, and measured the temperature data obtained using the charged energy.

(c) Graph measured from the ambient temperature of the power-line cable ranging from 22.3 to 27.4.

4. Conclusions

In conclusion, by using a multilayer piezoelectric structure harvester, we demon-
strated a magnetic field energy harvesting device with improved harvesting properties.
A permanent magnet tip mass was optimized to contribute to energy harvesting. The
x4 harvester was found to produce high output power of 215 mWpax (98 mWynns) at an
AC magnetic field of 80 uT, sufficient to power a 972 LED array. Utilizing the magnetic
field generated from a power-line cable used by the thermal power plant to determine the
feasibility of the harvester, high output power levels of 25.1 mWnax (10.7 mW ) were
generated and used to charge a 330 uF capacitor in 3.8 s. This level of power was sufficient
for IoT applications, as demonstrated by supplying power to a temperature sensor and a
data communication system every 2.3 s. We will model the structure with improved power
generation per unit area by increasing the number of layers and improving the properties
of the piezoelectric materials and develop models with high magnetic performance to make
a harvester that can be used in industrial appliances.



Energies 2021, 14, 2387 11 of 12

Supplementary Materials: Finite element results can be found in the Supplementary Materials. The
following are available online at https:/ /www.mdpi.com/article/10.3390/en14092387/s1, Figure S1:
Numerical results of output voltage generated from finite element simulations in terms of (a) under
unit force, (b) under 2 times unit force, (c) under 3 times unit force and (d) under 4 times unit force,
Figure S2: Maximum voltage generated from x1, X2, and x4 harvesters under various applied
external forces, Figure S3: (a) Output voltage generated from x1, X2, and x4 harvesters under AC
magnetic field of 80 uT at 60 Hz for 10 s. (b) Maximum voltage generated from x1, x2, and x4
harvesters under various AC magnetic field conditions at 60 Hz. (c) Maximum power with resistance
changes generated from x1, x2, and x4 harvesters under AC magnetic field of 80 uT at 60 Hz.
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