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Abstract

The problem of low vibration energy collection efficiency in the environment
is the focus of the current piezoelectric power generation technology. In order
to improve the collection efficiency of vibration energy in the environment, a
key technology of piezoelectric power generation is studied, which can collect
the vibration energy of multiple directions in the environment. Firstly, the
mathematical model of piezoelectric cantilever beam is established by using
the basic theory of piezoelectric power generation technology, and the vibra-
tion mechanics analysis of the piezoelectric cantilever beam is carried out.
Then, the finite element simulation of the piezoelectric cantilever beam is car-
ried out by using ANSYS, and the natural frequency is consistent with the
ambient vibration/environment frequency; finally, multi-directional piezoe-
lectric power generation device is made, and the theoretical analysis and expe-
rimental test are carried out. The experimental results show that the key
technology of multidirectional vibration piezoelectric power generation can
effectively improve the collection efficiency of vibration energy in the envi-
ronment.

Keywords

Multi-Directional, Vibration Energy, Structure Optimization,
Collection Efficiency

1. Introduction

Micro-electromechanical systems have been widely used in field animal GPS

tracking monitoring, embedded systems, health monitoring, national defense
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security application systems and environmental monitoring, etc. [1], but the
power supply has been hindering its development. At present, researchers all
over the world focus on collecting energy from the environment for the power
supply of micro electro mechanical systems [2] [3]. MAS (Multi-Agent System)
is a kind of artificial intelligence computing method; its independent characte-
ristics make it possible for electronic devices with common or conflicting goals
to coexist in complex power systems. MAS based on JADE (Java Agent Devel-
opment Framework) platform for Agent information interactive, distributed si-
mulation based on JADE simulation platform has become an important research
direction in recent years [4].

With the continuous development of energy harvesting technology, piezoe-
lectric power generation technology has become the focus of research in the field
of Micro-electromechanical (MEMS) power supply [5]-[11]. In 2003, at Univer-
sity of Virginia, Henry A. Sodano studied the bimorph structure of piezoelectric
cantilever beam and Donald J. studied the piezoelectric cantilever beam [12]
[13], When the device is applied with 50 Hz sinusoidal vibration, a 3 V voltage
can be output. South Korean scientists Ji-Yoon Kang and Hyung-Jun Kim [14]
designed a piezoelectric cantilever vibration energy-harvesting device, which
produces voltage by deforming it with a certain intensity load. In 2006, Jilin
University had designed a press disc piezoelectric power generation device; this
device has been successfully used in microelectronic devices. In order to improve
the energy collection efficiency of piezoelectric devices, Yuan Jiangbo of Harbin
Institute of Technology has developed a composite piezoelectric cantilever beam.
The output energy can be used to supply power for MEMS devices [15]. Energy
storage devices are arranged in the non-grid-connected wind power generation
system to ensure the power quality, and it has become the key to full utilization
of renewable energy. In the case of wind speed fluctuation, the DC bus control
strategy of the wind turbine is proposed in this paper. It can reduce the impact
on the unit converter and the power load; this ensures safe and stable operation
of non-grid connected wind turbines [16].

Through investigation, the piezoelectric power generation technology is based
on direct piezoelectric effect, excluding the reverse piezoelectric effect [17] [18],
but the direction selectivity of the unidirectional piezoelectric device is stronger
and the change of vibration direction in the environment greatly reduces the
collection efficiency of the power generation device. In view of the above prob-
lems, the influence of the direction selectivity of piezoelectric devices and the va-
riability of environmental vibration direction is fully considered in this paper,
the key technology of multidirectional vibration piezoelectric power generation
is studied in this paper to improve the efficiency of vibration energy collection in

power plant.

2. Key Technical Principle of Multi-Directional
Vibration Piezoelectric Power Generation

In this paper, the multi-directional vibration piezoelectric power generation
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technology is a multi-directional vibration piezoelectric power generation de-
vice, the structure design is as follows: A multidirectional piezoelectric gene-
rator is composed of five identical piezoelectric cantilever structures with a
mass block, a support body and a fixed base. Five identical piezoelectric canti-
lever beams are equally fixed on the support like a fan; the geometry model is
shown in Figure 1. The principle is: when the device is excited by a certain di-
rection. Due to force, when the piezoelectric cantilever will vibrate in this di-
rection, the vibration energy collection can be achieved. When the excitation
direction changes, the piezoelectric cantilever beam on the device always has
vibration on the cantilever beam in the corresponding direction, Therefore,
the vibration energy in the environment can be collected in a multi direction
manner, and the collection efficiency of the piezoelectric device can be im-
proved.

The direction of vibration in the environment is changeable, and the direction
selectivity of the unidirectional power generation device is stronger. In this pa-
per, the key technology of multidirectional vibration piezoelectric power genera-
tion breaks the traditional one way of collecting vibration, the vibration energy
in the environment is collected from multiple directions. When the vibration
direction changes, the cantilever beam in the corresponding direction generates
vibration to collect the vibration energy in the environment. Therefore, as long
as the optimization device is able to produce resonance, the multi-directional
vibration piezoelectric power generation key technology can achieve the highest

efficiency.

Figure 1. Multi-directional vibration piezoelectric power generation device.
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3. Mathematical Modeling and Analysis of
Piezoelectric Cantilever Beam

The mathematical model of piezoelectric cantilever beam is established based on
the power generation theory of piezoelectric power generation technology. In
the mathematical modeling of the piezoelectric cantilever, one piezoelectric can-
tilever is selected as the research object. Figure 2 shows a pressure of a multidi-
rectional piezoelectric generator Schematic diagram of an electric cantilever
beam. We glued the piezoelectric ceramic on the substrate.

When the piezoelectric cantilever generator structure is forced to vibrate, the
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Figure 2. Schematic diagram of piezoelectric cantilever beam. (a) Main view; (b) Top

view.
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vibration mechanics and open circuit voltage analysis are carried out. The pie-
zoelectric cantilever power structure can be used with spring damping system as
shown in Figure 3 and this is equivalent to the vibration model.

In the above vibration model, k, represents the equivalent stiffness of the
piezoelectric cantilever, the equivalent damping is expressed by C_,, and the
m,, is the lumped mass of the system. The relative displacement between mass
and support is expressed by Y., , Displacement of vibration source is ex-
pressed by Y., ;,. The theoretical model of piezoelectric cantilever beam is as

follows [19]-[24].

+C +k =M, Yeain (1)

mca yca,ou ca yca,ou ca yca,ou

The vibration is analyzed; the absolute displacement of mass is Y.y oy + Yeain »
under the excitation of vibration source, the inertial force generated by mass
block can be expressed as

Fca = mca ( yca,ou + yca,in) (2)

In the process of vibration of piezoelectric devices, the device converts me-
chanical energy into electrical energy. In this process, the open circuit voltage
generated by the upper piezoelectric plate of the piezoelectric cantilever power

generation structure is

_41Xle31bp,da|p,da Fea (hp,da +h, da)( lag.ca — Ip,da)
@i\l 4 , )
|:3X1Ep,dabp,dahp,da (hp dat hm ats hm daj }
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Figure 3. Equivalent model of cantilever beam vibration system.
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The width and thickness of the piezoelectric plate, respectively; 0 4.,h; 4
length of the elastic substrate, the distance from the free end of the piezoelec-
tric cantilever beam to the mass center of the mass block; |44, and |4 is
the sum of | .5 &, Dielectric constant of piezoelectric material; €;; The
intensity of electric field in piezoelectric layer on cantilever beam; E 4,E 4
The elastic modulus of the elastic substrate and the piezoelectric ceramic plate,
respectively.

Similarly, the open circuit voltage produced by the lower lamination of the

cantilever beam in the electromechanical conversion process V., 5=~V .

4. Finite Element Simulation Analysis of Piezoelectric
Cantilever Beam

Finite element simulation software ANSYS multi-physics coupling analysis
module can do a good simulation of piezoelectric coupling field, to achieve me-
chanical energy and electrical coupling analysis. In the analysis of piezoelectric
ceramic plates by ANSYS, the influence of the size of the elastic substrate and the
parameters of the mass block on the output voltage and frequency of the piezoe-

lectric cantilever beam is optimized.

4.1. Finite Element Simulation Model of Piezoelectric
Cantilever Beam

PZT (Lead zirconate Titanate) is used to make ultrasound transducers and other
sensors and actuators, as well as high-value ceramic capacitors and FRAM chips.
The PZT piezoelectric ceramics were used as the initial piezoelectric cantilever
beam, its length, width and thickness were 30 mm, 15 mm and 0.2 mm, respec-
tively. Beryllium bronze is used as material for metal elastic substrate. Its length,
width and thickness are 45 mm, 15 mm and 0.2 mm, respectively. Using iron
blocks (mass) of length, width and thickness of 12 mm, 15 mm and 5 mm, re-
spectively. The finite element model of the piezoelectric cantilever beam is

shown in Figure 4.

4.2. Effect of Mass Thickness on Frequency

In order to obtain the relationship between the mass size parameter and the nat-
ural frequency of the piezoelectric cantilever, the thickness of the mass is set to 4

- 8 mm, and the other parameters are unchanged. Results as shown in Figure 5,

Figure 4. Finite element simulation model of piezoelectric cantilever beam.
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Figure 5. Relationship between mass thickness and natural frequency.

the one or two order natural frequency of the piezoelectric cantilever decreases
with the increase of the thickness of the mass block, and the second order natu-
ral frequencies are below 100 Hz. Thus, the natural frequency of the piezoelectric

cantilever can be easily adjusted by adjusting the size of the mass block.

4.3. Effect of Thickness of Piezoelectric Plates on Frequency
and Output Voltage

In order to analyze the influence of the thickness of piezoelectric ceramic plates
on the natural frequency and output voltage of piezoelectric cantilever, the
thickness of piezoelectric ceramic is set to 0.1 - 0.8 mm, and the other parame-
ters remain unchanged. The static force analysis and modal analysis of the pie-
zoelectric cantilever beam are carried out at the free end (without mass) by ap-
plying the force of 0.3 N. The analysis results are shown in Figure 6 and Figure
7 respectively.

The relation curves of synthesis Figure 6 and Figure 7 can be obtained on the
basis of the low natural frequency of the piezoelectric structure, the piezoelectric

plates’ thickness corresponding to the maximum output voltage is selected.

4.4. Effect of Substrate Length on Frequency and Output Voltage

In order to analyze the effect of the metal elastic length on the natural frequency
and output voltage of the piezoelectric cantilever, the length of the elastic sub-
strate is set to 35 - 65 mm, and the other parameters remain unchanged. The
static force analysis and modal analysis of the piezoelectric cantilever beam are
carried out at the free end (without mass) by applying the force of 0.3 N. The
analysis results are shown in Figure 8 and Figure 9 respectively.

The analysis of the relation curve between synthesis Figure 8 and Figure 9
shows that the increase of the length of the metal elastic substrate can not only

reduce the natural frequency of the low-voltage structure, but also increase the

DOI: 10.4236/wjet.2018.61001

7 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2018.61001

A. Habib, A. Ananta

Frequency/Hz

1200

1000

o0
[=]
S

o))
(=3
(=]

S
[=
(=]

(3]
[=
S

Y
1st Order

—_—d

- L Y,
————— 2nd Order

0.3 0.4 0.5 0.6 0.7 0.8

Thickness of Piezoelectric Plates/mm

Figure 6. Relationship between thickness and frequency of piezoelectric plates.

Output Voltage/V

35

10

0.

1 0.2

0.3 0.4 0.5 0.6 0.7 0.8

Thickness of Piezoelectric Plates/mm

Figure 7. The relationship between piezoelectric plate thickness and output voltage.

Frequency/Hz

1400

1200

1000

800

600

400

= b4
1st Order
{ Y,
T 2nd Order
-y
a3 — *
= -
“.— - _.
1 1 1 1 1 )
35 40 45 50 55 60 65

Elastic Substrate Length/mm

Figure 8. The relationship of frequency of substrate length.

DOI: 10.4236/wjet.2018.61001

World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2018.61001

A. Habib, A. Ananta

5 r

50

45

40

35

Output Voltage/V

30

25

20 1 1 1 1 1 J
35 40 45 50 55 60 65
Elastic Substrate Length/mm

Figure 9. The Relationship between Substrate Length and output voltage.

output voltage. Therefore, in the actual design, long elastic substrate should be

chosen as far as possible but within the scope of the stress permit.

4.5. Effect of Substrate Thickness on Frequency and
Output Voltage

In order to analyze the influence of the thickness of the metal elastic substrate on
the natural frequency and the output voltage of the piezoelectric cantilever, the
thickness of the elastic substrate is set to 0.2 - 1 mm, and the other parameters
remain unchanged. The static force analysis and modal analysis of the piezoelec-
tric structure are carried out at the free end (without mass) by applying 0.3 N,
and the analysis results are shown in Figure 10 and Figure 11 respectively.

The relation curve between synthesis Figure 10 and Figure 11 shows that the
increase of the thickness of the elastic substrate not only increases the natural
frequency of the piezoelectric structure, but also decreases the output voltage of
the piezoelectric structure. Therefore, the thin elastic substrate should be chosen

when the strength of the metal substrate is allowed.

5. Experimental Test of Multidirectional Vibration
Piezoelectric Generator

5.1 Experimental Test System

Figure 12 is an experimental system for multidirectional piezoelectric generator,
which consists of an 1) oscilloscope (DS5062C), 2) Sweep frequency signal ge-
nerator (YE1311E), 3) multidirectional vibration piezoelectric generator, 4) The
vibration exciter (JZK-2) and 5) the energy collection circuit. The sweep fre-
quency signal generator can generate a sine wave signal with adjustable fre-
quency and amplitude to drive the exciter to generate vibration. The mul-
ti-directional vibration piezoelectric power generation device outputs the voltage
under the vibration of the exciter, and the output voltage is collected through the
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Figure 12. Experimental test system.

energy collection circuit. The oscilloscope is mainly used to observe the voltage
signal generated by the multi-directional vibration piezoelectric power genera-
tion device.
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5.2. Theoretical Load Output Analysis of Multidirectional
Vibration Piezoelectric Generator

The energy collection circuit of a cantilever beam in a single direction is a stan-
dard energy collection circuit, the theoretical load voltage and load power are

respectively

@RV, .C
Vl,cu = —l;c (4)
wRC, + )

™R (V,,C,)
1l,cu = 2
(a)RC1 + ﬁj
2

The energy collecting circuit of the multidirectional vibration device is con-

©)

nected in parallel by five standard energy collecting circuits. The theoretical load
voltage and the load power are respectively
v - oR(V,,C, +V,,C, +V,,C +V, ,.C, +Vs5,,Cs ) ©
recu T
@R(C,+C,+C,+C, +cs)+§

2
o _ @ R(V,,C, +V,,C, +V,,C+V, ,C, +V5,.Cs )
rcu (7)

2
|:a)R(C1+C2 +C,+C, +CS)+72‘}

where: C,~C,; and V|, ~V;,, respectively, the equivalent capacitance and
voltage of piezoelectric plates ,in different directions. Through comparison and

analysis, we can get:

Vr,cu >Vl,cu (8)
I:)r,cu > I:)l,cu (9)

5.3. Measurement of Natural Frequency and Open Circuit Voltage

Figure 13 shows the relationship between the output voltage and the vibration
frequency when a voltage amplitude of 2 V and 4 V is applied to a single piezoe-
lectric cantilever beam. It is not difficult to see that when the frequency is 50 Hz,
the output voltage is the highest, which proves that the natural frequency of the
piezoelectric cantilever beam is 50 Hz. The simulation results show that the
energy harvesting efficiency of the piezoelectric cantilever reaches the maximum

value in all directions by finite element simulation analysis and optimization.

5.4. Test Result Analysis of Multidirectional Vibration
Piezoelectric Generator

The theoretical load output is verified by applying different directions of excita-
tion to the multidirectional piezoelectric device. When the 50 Hz vibration fre-
quency is applied in the Z axis direction, Figure 14 and Figure 15 are the theo-

retical curves and experimental curves of the output voltage, output power and
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load resistance of the device, respectively. It can be seen from the diagram that
the variation trend of theoretical curve and experimental curve is basically the
same, it is proved that the output voltage and the load power of the multidirec-
tional vibration piezoelectric generator are larger than that of the unidirectional
piezoelectric generator.

Figure 16 and Figure 17 are the curves of the output power and the vibration
direction of the device when the vibration direction changes in different planes.
From Figure 16 and Figure 17, the energy collection efficiency of the piezoelec-
tric cantilever in this direction can reach the maximum when the vibration di-

rection of the environment coincides with the piezoelectric cantilever beam; The
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Figure 16. Output power of vibration direction varying in XZ plane.

022

020 | el

e
—
o0
L

e
=
o
T

S
—
N

Experimental curve

Output Power/mW
=)
N
L]

(=4
—
(=]

[ J Y,

= = = Theoretical curve
0.08

1 1 1 1 1 J

0 10 20 30 40 50 60 70 80 90
Angle between Excitation and X axis/(")

0.06
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cantilever beam with multiple directions in the piezoelectric device can largely
eliminate the strong directional selectivity of the unidirectional piezoelectric ge-
nerator, The vibration energy collection efficiency of the device reaches the
highest level to adapt to the changeable vibration direction in the environment.
Therefore, the multi directional vibration piezoelectric power generation device
designed in this paper has higher energy collection efficiency than the traditional

unidirectional piezoelectric generator.

6. Conclusion

The key technology of multidirectional vibration piezoelectric power generation
is studied. The optimal model of piezoelectric power generation device is estab-
lished by finite element simulation and analysis, the natural frequency of the de-
vice is consistent with the environmental frequency, which greatly improves the
vibration energy collection efficiency of the piezoelectric device, and the energy
collection in a plurality of directions breaks the limitation of the directional se-
lectivity to the piezoelectric device. The problem of reducing the energy collec-
tion efficiency of unidirectional piezoelectric power generation devices due to
the change of the vibration direction in the environment is eliminated. Finally,
the feasibility and correctness of the design concept are proved through theoret-
ical analysis and experimental comparison. The key technology of multidirec-
tional vibration piezoelectric power generation can improve the energy collec-
tion efficiency of piezoelectric power generation device, and the technology is a

green pollution-free technology, and has broad prospects for development.
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