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Abstract: Along with the increase in renewable energy, research on energy harvesting combined
with piezoelectric energy is being conducted. However, it is difficult to predict the power generation
of combined harvesting because there is no data on the power generation by a single piezoelectric
material. Before predicting the corresponding power generation and efficiency, it is necessary to
quantify the power generation by a single piezoelectric material alone. In this study, the generated
power is measured based on three parameters (size of the piezoelectric ceramic, depth of compres-
sion, and speed of compression) that contribute to the deformation of a single PZT (Lead zirconate
titanate)-based piezoelectric element. The generated power was analyzed by comparing with the
corresponding parameters. The analysis results are as follows: (i) considering the difference between
the size of the piezoelectric ceramic and the generated power, 20 mm was the most efficient piezo-
electric ceramic size, (ii) considering the case of piezoelectric ceramics sized 14 mm, the generated
power continued to increase with the increase in the compression depth of the piezoelectric ceramic,
and (iii) For piezoelectric ceramics of all diameters, the longer the depth of deformation, the shorter
the frequency, and depending on the depth of deformation, there is a specific frequency at which
the charging power is maximum. Based on the findings of this study, PZT-based elements can be
applied to cases that receive indirect force, including vibration energy and wave energy. In addition,
the power generation of a PZT-based element can be predicted, and efficient conditions can be set for
maximum power generation.

Keywords: renewable energy; energy harvesting; piezoelectric ceramic; PZT; power generation

1. Introduction

Renewable energy refers to the energy collected from resources such as the sun
and ocean, which is naturally replenished over time and provides energy mainly for
applications such as electricity generation and heat production [1,2]. Of late, due to
concerns regarding environmental issues such as climate change and global warming,
research on renewable energy harvesting systems is being actively pursued along with the
increase in renewable energy development.

Among these renewable energies, wave power generation is an ocean energy that
primarily utilizes the vibration energy of waves. As wave power generation has relatively
lower regional restrictions than power generation based on seawater temperature difference
or tidal streams, it has high potential for development [3,4]. Moreover, its power density is
10 times higher than that of the other renewable energies and it can be easily predicted based
on the weather forecast; hence, energy harvesting is easy. However, mooring wave power
plants in the ocean for large-scale energy harvesting is economically disadvantageous
because they are vulnerable to corrosion, and the associated installation cost increases [5,6].
In this study, a piezoelectric energy harvesting system is used to improve the efficiency of
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wave energy and vibration energy, which are difficult to develop due to concerns such as
economic problems.

Energy harvesting is a technology that converts the energies generated from external
sources such as renewable energy into electrical energy. There are various types of energy
harvesting systems, including light energy, gravitational energy, and body energy. Recently,
the piezoelectric energy harvesting system has been extensively applied in various fields
because it is inexpensive [7-10].

Piezoelectric energy is the energy collected in a solid substance such as ceramic or
crystal in response to latent heat or mechanical stress. It features a lightweight, compact,
and a rapid and simple conversion mechanism [11-14]. As piezoelectric energy is aimed
at charging low-power storage devices such as batteries and capacitors, it assists in har-
vesting useful energy, reducing the production and maintenance costs of energy with low
production efficiency, and reducing the chemical waste energy from battery replacement.
Therefore, piezoelectric energy is applied in several industries such as manufacturing and
automobiles [15-18].

As an application example of piezoelectric energy harvesting, Sun et al. utilized the
piezoelectric equation to increase the efficiency of the low-frequency energy harvesting
existing in the surrounding area [19]. They studied a theoretical model stacked in serial
or parallel in the d33 mode [20,21], in which stress is applied in the axial direction of the
front part of the piezoelectric ceramic [22,23]. Truitt et al. modeled a PVDF (Polyvinylidene
fluoride) piezoelectric flag system and proposed an approach for wind-based piezoelectric
energy harvesting [24]. Fang et al. studied a vibration energy recovery system through the
structure of a piezoelectric composite cantilever generator [25]. Viet et al. investigated a
floating energy harvester for harvesting wave energy using the piezoelectric effect [26-29].
Further, they harvested energy in intermediate and deep waters [30]. Moreover, Li et al.
developed an ocean wave energy harvester using the piezoelectric effect from the transverse
wave motion of water particles [31].

The above studies strive to combine piezoelectric energy and renewable energy such
as the vibration energy of the wind or waves in an energy harvesting system. However,
it is necessary to quantify the power generated by the deformation of the piezoelectric
before calculating the power efficiency of piezoelectric energy combined with various
renewable energies.

This study measured the voltage/current generated by stress in a specific PZT-based
piezoelectric ceramic [32,33] of a circular diaphragm transducer, and confirmed the rela-
tionship between the power generated and the deformation of the piezoelectric ceramic.
To understand this relationship, experiments were performed 10 times by specifying three
parameters that contributed to the deformation, and their average was considered as
the experimental result. Furthermore, the experimental results were used to analyze the
comparative relationships among the parameters after converting the measured charging
voltage and current to power. By analyzing the relationships among the parameters that
contribute to the deformation of the piezoelectric ceramic and the power generated, it is
possible to predict the power generated by a specific piezoelectric ceramic in combina-
tion with various renewable energies related to vibration energy. This can be applied for
predicting the relatively high-efficiency power generation from the fine energy generated
within port structures or ships.

The sequence of this study consists of experimental contents including data collection
method and parameters, starting with the material description of a single piezoelectric
element (PZT). Section 4 shows the results of charging power for three parameters, and
Section 5 concludes.

2. Materials
2.1. Piezoelectric Material

In this study, we used five PZT-based elements. The five types of elements were
divided into ceramic PZT diameters, which were divided into 11 mm, 14 mm, 20 mm,
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25 mm, and 50 mm, respectively, and the ceramic thickness was the same as 0.2 mm. A
model of a PZT-based elements is shown in Figure 1, which is a piezoelectric transducer
structure with a circular diaphragm. As shown in Figure 1, the circular diaphragm structure
was divided into a circular metal sheet (copper) and a piezoelectric ceramic layer, and it was
composed of two electrode layers attached above and below the piezoelectric ceramic layer.

PZT Piezoelectric Ceramic

=P Piezoelectric Ceramic Layer

Electrode
Layer

Copper Sheet ——p Metal Sheet Layer

(a) (b)
Figure 1. PZT based element: (a) front view; (b) side view.

PZT (Lead Zirconate Titanate; Pb [Zr (x) Ti (1 — x)] O3), which constitutes the piezo-
electric ceramic layer, is a lead-based material as a type of piezoelectric material. It has the
advantages of high piezoelectric effect, low dielectric loss, and compatibility with MEMS
(Micro Electro Mechanical Systems) production. Although it has been replaced by lead-free
materials such as BaTiO3 due to lead toxicity, it is still most used in piezoelectric generators.
PZT is a polycrystalline material with a perovskite crystal structure and is shown in Figure 2.

Figure 2. Perovskite crystal structure.

2.2. Piezoelectric Effect

When the piezoelectric material is viewed in crystal lattice structure units, the positions
of positive and negative charges are slightly different, and an electric field is formed around
the atoms or molecules, which is an electric dipole. PZT is one of the materials of the electric
dipole. When the stress or electric field of these materials is applied, the positions between
the atoms or molecules that comprise the crystal change. Hence, polarization occurs
that creates a dipole moment. In the process of polarization generation, the piezoelectric
material becomes piezoelectricity. Piezoelectricity means “charges generated by stress
applied to materials with structures such as perovskite crystals” or “electrical behavior of
ceramics and crystals belonging to a mechanical structure and a particular assessment”. The
piezoelectric effect indicates these piezoelectricity phenomena. The piezoelectric effect is
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divided into two phenomena. There is a direct piezoelectric effect that generates an electric
field when a stress is applied to the piezoelectric material and a converse piezoelectric
effect that deforms the piezoelectric material when an electric field is applied.

In this study, we used the direct piezoelectric effect that generates an electric field
when a stress is applied to a PZT-based element, which is represented in Figure 3.

T+
R S i fttt

5 v L

Step before generation Generation step
(before applying stress) (after applying stress)

—0
[t »"-ri

Figure 3. Illustration of the direct piezoelectric effect.

2.3. dsz Mode (Piezoelectric Transverse Mode)

PZT-based elements generate an electric field when contraction or expansion occurs
between the electrode layers. At this time, an actuation force is produced in the piezoelectric
ceramic layer, and the stress direction and the electric field indicate the working modes
as shown in Figure 4. Figure 4a shows the d33 mode in which the applied stress and the
generated electric field are the same in the transverse direction (3 direction). It is mainly
used for the stack-type transducer. On the other hand, Figure 4b shows the d3; mode,
and the applied stress is the Longitudinal direction (1 direction), a generated electric field
is the transverse direction (3 direction). It has been extensively studied using cymbal or
cantilever type transducers.

d P
3 3 d3 3 !
L %
larizationf \ :2 P Iarization' \ :2
1 P
P
€) (b)

Figure 4. Working mode: (a) Transverse mode (d33 mode); (b) Longitudinal mode (d3; mode).

In this study, we used the d33 mode, which applied stress in the transverse direction
(3 direction) to a PZT-based element of a circular diaphragm type piezoelectric transducer
and generated the electric field in the same direction (transverse direction/3 direction).

3. Experimental

This experiment used five PZT-based elements of a circular diaphragm piezoelectric
transducer. The used five PZT-based elements were piezoelectric ceramic PZT with diameters
of 11 mm, 14 mm, 20 mm, 25 mm, and 50 mm, respectively (SMG Catalog number 1361121,
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1361186, 1361133, 1361122, and GO’SUN Catalog number 4903791962, respectively). And
the thickness of all piezoelectric ceramics was equal to 0.2 mm. The experiment was set to
measure the voltage and current generated through a piezoelectric charging circuit with con-
tinuous stress in the plunger, shown in Figure 5. As shown in Figure 5, the PZT-based element
connected to the piezoelectric charging circuit and is supported by a TPU(Thermoplastic
Polyurethane)-made case. A flexible form of TPU material was used so as not to interfere
with the deformation that occurs when stress is applied to the piezoelectric element using
the plunger. Moreover, the electric wire connected to the metal sheet was allowed to pass
through the TPU-made case, and the design is as shown in Figure 6.

(a) (b)

Figure 5. Experimental setup: (a) Front view; (b) Top view.

(a) (b)
Figure 6. TPU-made case model: (a) Top view; (b) Bottom view.

The reason why the piezoelectric element was not fixed from the side is to prevent
deformation of bending or breaking that occurs when more than a certain amount of
stress is applied. The piezoelectric charging circuit was designed for the bridge diode
rectification circuit shown in Figure 7. Three parameters that contributed to the deformation
of the piezoelectric element were selected as the experimental parameters and indexed
for convenient comparison, as shown in Table 1. The charging voltage and current were
measured using LabVIEW software and a DAQ board (DAQ USB-6003); five data were
collected per second.
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Figure 7. Bridge diode rectification circuit (piezoelectric charging circuit).

Table 1. Parameter index.

Parameter Index
x mm Diameter of the piezoelectric ceramic (PZT) Sy
x mm Deformation Depth of the piezoelectric ceramic (PZT) Dy
x Hz Deformation Frequency of the piezoelectric ceramic (PZT) fx

3.1. Data Collection Method

The unit of the voltage generated when stress is applied to a piezoelectric element
is mV and the unit of the current is pA. As the measured current when is applied one
period stress is very small, there is a possibility that the accuracy may be degraded by
measurement noise. Hence, one experiment was conducted by fixing the applied stress
period to 10 times. the experiment was conducted by fixing the number of stress cycles
to 10. In addition, considering the error in the diameter of the piezoelectric ceramic (Sy)
attached to the PZT-based element, the result data for each parameter was derived by
averaging the values of 10 experiments.

3.2. Parameter

The first parameter was the diameter of the piezoelectric ceramic (Sy), which indi-
cated the diameter of the piezoelectric ceramic attached to the front surface of the metal
sheet(copper). Four PZT-based elements for each diameter were selected from products of
the same manufacturer: 11 mm(S11), 14 mm(S14), 20 mm(Syo) and 24 mm(Sy4). We selected
a PZT-based device from another manufacturer: 50 mm(Ssp). This was included in the
parameter because it had the same piezo ceramic thickness (0.2 mm) and metal sheet
(copper) as the previous PZT-based elements, but the piezo ceramic diameter was so large.

The second parameter is the deformation depth of the piezoelectric ceramic (Dy) is
compressed by the applied stress. It indicates the depth compressed downward at the
zero points, which are the points that contact the front of the piezoelectric element and the
plunger. Three depth parameters were selected for comparing piezoelectric elements of
all diameters: 1 mm(D;), 2 mm(D;) and 3 mm(D3). When stress is applied to piezoelectric
ceramics with diameters of S11 and 514 to a depth of D3 or more, the piezoelectric ceramic
broke or the copper sheet was bent. When such phenomena occur, breakage takes place
immediately and the charging value decreases, or charging is not possible. Figure 8 shows
different charging curves depending on when the piezoelectric device is partially damaged
and when it is completely damaged.
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Figure 8. Breaking point: (a) partial; (b) full.

The third parameter is the input frequency of the plunger (fr). The input frequency is
that it moves several cycles per second. The input frequency changes depending on the
deformation depth of the piezoelectric ceramic and the speed of the plunger. Depending
on the deformation depth of the piezoelectric ceramic, the length of the cycle changes,
and the distance compressed for 1 second changes depending on the speed of the plunger.
The speed of the plunger used in this experiment can be set at 1 mm/s min intervals from
1 mm/s to 16 mm/s max. The cycle length is 2 mm, 4 mm and 6 mm depending on the
depth of deformation (1 mm, 2 mm and 3 mm). A comparable frequency interval was
specified at 1 Hz in response to a 1 mm/s speed change, and a total of four parameters
were selected: 1 Hz(f1), 2 Hz(fp), 3 Hz(f3) and 4 Hz(f4). when the cycle length is 6 mm, the
frequencies of 3 Hz and 4 Hz were excluded because the plunger speeds of 18 mm/s and
24 mm/s could not be set.

The expression of the three type parameters (diameter of the piezoelectric ceramic (Sy),

deformation depth of the piezoelectric ceramic (Dy), and input Frequency of the plunger
(fx) is shown in Figure 9.

Figure 9. Schematic of parameters deformation.
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4. Results for the Charging Power

We measured the voltage and current using the DAQ (Data Acquisition) board USB-
6003 and LabVIEW software (Korea National Instruments Co., Ltd. Seoul, Korea). Further,
the charging power was calculated as the product of the measured voltage and current as
per Equation (1) and compared.

P(W) = V(V) xI(A) 1)

4.1. Diameter of The Piezoelectric Ceramic (Sy)

After fixing the second parameter (Dy) and the third parameter (f), the charge values
of the diameter of each piezoelectric ceramic (Sy) were compared. Figure 10, Figure 11, and
Figure 12 are all graphs comparing Sy, and each figure number is divided into Dy for easy
comparison on the y-axis. The x-axis piezoelectric ceramic diameter (Sy) of each graph,
and the y-axis is the charging power (P).

Charging power increases for all Sy values. The comparison of S, values was analyzed
by the ratio of the difference in charging power of both S,. The ratio of charging power of
S14 and Sy was 2:8 on average. However, the ratio of charging power between Syp and Sy4
was about 4:6. Considering these ratios, when S, increasesd, the charging power increases,
but the piezoelectric ceramic that had a high-power generation amount compared to the
size is Spg.
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Figure 10. Comparison of the charging power according to Sy for Dy: (a) f1; (b) f2; (¢) f3; (d) f4.
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Figure 12. Comparison of the charging power according to Sy for D3: (a) f1; (b) fa.

4.2. Depth to Which the Piezoelectric Ceramic is Compressed (Dy)

After fixing the first parameter (Sy) and the third parameter (fy), the charge values of
the deformation depth of each piezoelectric ceramic (D) were compared. Figures 13-17 are
all graphs comparing Dy, and each figure number is divided into S, for easy comparison on
the y-axis. The x-axis deformation depth (Dy) of each graph, and the y-axis is the charging
power (P). Data were collected by applying stress to the maximum depth to the breaking
point to compare all parameters. At D3 and above, breaking points easily occur at 511 and
S14. Therefore, a stress of D3 or higher was applied to analyze the charging power of all D,.

Charging power for all D, values increased. As the charging voltage of S11 and Sy4
continued to increase, the voltage generated when the piezoelectric ceramic along with



Energies 2021, 14, 2171 10 of 16

the other Sy was compressed to a larger D, can increase. However, it was judged that the
larger the value of Dy, the longer the period during which stress was applied, and the
farther the form was from the wave energy and vibration energy considered in this study.
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Figure 13. Comparison of the charging power according to Dy for S11: (a) f1; (b) f2; (c) f3; (d) fa.
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Figure 14. Cont.
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Figure 14. Comparison of the charging power according to Dy for S14: (a) f1; (b) f2; (¢) f3; (d) fa.
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4.3. Input Frequency of the Plunger (fy)

After fixing the first parameter (Sy) and the second parameter (Dy), the charge values
of the input frequency of the plunger (fx) were compared. Figure 18 is a graph comparing
fx. The x-axis input frequency (fx) of each graph, and the y-axis is the charging power (P).
The reason why f3 and f4 are not present in Figure 18c is that the corresponding speeds
(18 mm/s, 24 mm/s) of the plunger cannot be set. Therefore, Figure 18c is difficult to
analyze. Also, for Sj; and Si4, a charging power value of less than 0.001W (1mW) is
incorrect due to noise if the ceramic is damaged.
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Figure 18. Cont.
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Figure 18. Comparison of the charging power according to fy: (a) Dy; (b) Dy; (c) D3.

The input frequency of the plunger that maximized the charging power in Figure 18a
was 3 Hz. In Figure 18b, the input frequency of the plunger that maximized the charging
power was 2 Hz. This shows the same result for all Sy in each graph. Each graph represents
D and Dy, and the frequency tends to become shorter as the depth of deformation increases.
Based on the depth of deformation Dy from all Sy, we expect that there is a specific fy with
the maximum charging power.

5. Conclusions

Energy harvesting techniques such as piezoelectric energy generation can harvest
useful energy from energy that has low production efficiency. Due to the low range of
piezoelectric energy harvesting, it can be used for amplifying power generation in various
applications. Piezoelectric elements can be connected in series or parallel to accumulate the
generated power or can be combined with renewable energy to amplify power generation.
However, as no data is available on the power generated by a single piezoelectric element,
it is difficult to predict the amplified energy, unless an experiment is performed after
amplifying the energy from a single piezoelectric.

In this study, the generated power by a specific piezoelectric element, namely a PZT-
based piezoelectric ceramic, was measured. Focusing on the deformation that affects
piezoelectric ceramic power generation, the results of piezoelectric power generation
for three parameters that contribute to the deformation are as follows: (i) as the size
of piezoelectric ceramic increases, the generated power increases, but the ratio is not
proportional. Accordingly, considering the difference in the size of the piezoelectric ceramic
and the power generated by each, Syg is the most efficient. (ii) The generated power
continues to increase with the deformation depth of the piezoelectric ceramic up to the point
where the piezoelectric ceramic or the piezoelectric element breaks. (iii) For piezoelectric
ceramics of all diameters, the longer the depth of deformation, the shorter the frequency,
and depending on the depth of deformation, there is a specific frequency at which the
charging power is maximum. It is necessary to analyze the frequency corresponding to
the deeper deformation depth. Based on the results of this study, PZT-based elements
can be applied to cases that receive indirect force, including vibration energy and wave
energy. In addition, the power generation of a PZT-based element can be predicted and
efficient conditions can be set for maximum power generation. Following this study, the
power generated by connecting several piezoelectric elements will be increased, and further
studies will be conducted on the combination of wave and vibration energy.
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