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Abstract

It is of great significance for developing self-powered micro-devices to ex-
plore the research of piezoelectric effect in conversion of wind energy into
electricity. Based on the different excitation modes, the existing wind energy
piezoelectric generators are firstly classified. The research status of wind pie-
zoelectric generators is further analyzed, and characteristics of various types
of wind energy piezoelectric generators are summarized. Finally, the future
research direction and emphasis of wind energy piezoelectric generators is
proposed to carry out its miniaturization, lightweight and integration.
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1. Introduction

With the development of low power products such as wireless sensor networks
and MEMS, etc., higher requirements for power supply life, volume and main-
tenance cost are put forward. However, the traditional chemical batteries have
some problems, such as limited energy density, high cost, periodic replacement,
easily caused environmental pollution and so on. Exploring new power supply
mode is an urgent problem for developing micro device [1].

Among all kinds of green energy sources in nature, wind energy has attracted
much more attention for its abundant, clean, safe and wide distribution. The
conversion modes of wind energy are mainly electromagnetic, electrostatic and
piezoelectric [2]. Among these, the piezoelectric devices have become one focus
in developing micro-devices in that its simple structure, small size, pollu-
tion-free, high energy density and so on. The paper will describe the research
status of wind energy piezoelectric generator for furtherly understanding cha-

racteristics of the wind energy piezoelectric generators.
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2. 0n Wind Energy Piezoelectric Generator

According to the different excitation modes, wind piezoelectric generator can be
divided into the following types, including windmill, vortex-induced, galloping

motion, directly excited, resonant cavity and hybrid.

2.1. The Windmill Type

Windmill piezoelectric generator uses wind to drive the blade or turbine to ro-
tate and to excite piezoelectric vibrator’s motion for generating power through
indirect excitation components. The indirect excitation components may be a
pick, convex tooth, steel ball, or magnet mass. When using a magnet mass as a
exciter, the type is called a non-contact excitation.

Priya designed a windmill type piezoelectric generator at 2005, as shown in
Figure 1 [3]. The twelve piezoelectric bimorph beams were evenly arranged
around the cylindrical pipe around the horizontal windmill axis, and a moving
plate was also equipped on the axis. When the generator was working, the blade
was driven to rotate by the wind and the generated torque was transmitted to the
windmill axis through the cam mechanism and the suspended mass to drive the
pick and the piezoelectric bimorph beams to vibrate and generate electric charge.
When matching resistance and wind speed were 6.7 kQ) and 4.47 m/s respective-
ly, 7.5 mW electrical energy was generated which could meet the energy supply
of microelectronic sensors. The energy conversion efficiency of the generator
was 18%, while one of the other same generators was only 1%.

In order to improve the capturing efficiency of wind energy, Myers et al. [4]
proposed a windmill piezoelectric generator with three blades at 2007, as shown
in Figure 2. The internal crank mechanism of the generator transformed the
vertical rotation into horizontal motion to impact two groups of piezoelectric
vibrators to do vibration and generate electricity. One group of piezoelectric vi-
brator was composed of 9 piezoelectric bimorph beams. The entire generator
was carved out of ABS plastic. The overall structure size of the generator was

76.2 mm X 101.6 mm x 127 mm. When the average wind speed reached 2.8 m/s,

*Bimorph bea
- "% Pick

*Ballbear Axis ™
» Axis _Support bar

. s o *Windmill
—~
. . Mass = “=ws i
. " Cam
Figure 1. Windmill piezoelectric generator by Priya [3].
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Figure 2. Piezoelectric generator with three blades by Myers et al. [4].

the power generation device could generate nearly 5 mW of electrical energy.
This generator improved the capturing and conversion efficiency, the total
working efficiency increased much more than the one in Ref [3].

Based on the systematic analysis of the basic mechanism of wind energy pie-
zoelectric power generation, Zhang [5] proposed two design schemes, as shown
in Figure 3. The first one used the wheel for capturing the wind energy to rotate
and drive the horizontal axis and the hub, so that the free-moving steel ball in
the hub impacted the free end of the cantilever to produce vibration, thus con-
verting the wind energy into electricity. The 2nd transferred the wind wheel’s
horizontal rotation into linear motion of the cam-worm mechanism, thereby
driving the motion of the cantilever piezoelectric vibrator on the beam. The ex-
perimental results showed that the power generation efficiency of the 2nd gene-
rator was higher, and its structure was simpler and the wind speed range was
wider than the 1st one. But this generator’s size was too larger to use in mi-
cro-device.

An impact type piezoelectric windmill generator was proposed by Yang at
2014, as shown in Figure 4 [6]. When the generator was working, the piezoelec-
tric bimorph beams was struck by the free-moving steel ball and generated elec-
tricity. When 10 piezoelectric bimorph beams and 7 steel balls were used, 613
uW of electricity can be output at the speed of 200 r/min and matching resis-
tance of 20 KQ. The structure was simpler than the above ones. The impact vi-
bration was also used to trigger the free movement of bimorph beams and gen-
erate much more electricity.

With the study in a deep-going way, many researchers not only improved and
created the structure, but also studied the mechanism of wind-induced piezoe-
lectric power generation. Based on the mathematical modeling and FEM analy-
sis, Liang [7] concluded that the triangular piezoelectric cantilever with inner arc
had better output characteristics. An impact type of PVDF piezoelectric harve-
ster with wind direction restraint device was designed and manufactured, as
shown in Figure 5. The experimental results showed that the optimized device

reduced the starting wind speed from 4 m/s to 2 m/s, and the maximum output
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(a) ()

Figure 3. The schemes of two kinds of wind generators by Zhang [5]. (a) The first one;
(b) The second one.

(6)

Figure 5. An impact type piezoelectric windmill generator with restraint device by Liang

[7].

power was up to 198 uW. If two cantilevers were connected in parallel, the out-
put power was increased to 282 uW.

Xu [8] and Luo [9] were proposed the piezoelectric generator with wind cups
to improve capturing efficiency of wind energy at 2017-2018, as shown in Figure

6. While the generator was working, the stick rotated with the wind cups to make
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Figure 6. The piezoelectric generator with wind cups by Xu and Luo [8] [9].

the piezoelectric vibrators excite by themselves. The results showed that the
starting wind speed was about 3 m/s, and the optimal load of rectangular or tra-
pezoidal piezoelectric cantilevers was 25 KQ with corresponding output power
of 0.11 mW and 0.13 mW, respectively. Meanwhile, the optimum load of trian-
gular piezoelectric cantilever was 20 KQ, and the corresponding output power
was 0.18 mW.

In order to reduce friction loss and prolong service life of the generators,
many scholars had devoted themselves to the development of contactless pie-
zoelectric devices. A windmill generator using magnetic force to make piezoe-
lectric cantilever vibrate was designed by Karami at 2013, as shown in Figure 7
[10]. The size of PZT-5A piezoelectric bimorph cantilever was 58 mm x 12.7
mm X 0.38 mm, and the overall size of the device was 80 mm x 80 mm X 175
mm. The permanent magnets with the same polarity were mounted at the wind-
mill and the free end of the piezoelectric bimorph beams. When the windmill
was rotating, periodic reciprocating vibration of piezoelectric bimorph beam
occurred under the combined action of magnetic force and mechanical restoring
force that made the piezoelectric beam generate electric energy. The axial and
tangential arrangement of magnets was studied in the experiment. The experi-
mental results showed that the tangential arrangement was better and generated
several milliwatts of electricity at the wind speed of 2 m/s.

To meet the development of micro-device, the micro windmill generator was
designed by Nasrin at 2015, as shown in Figure 8 [11]. Under the action of the
wind, the blades rotated with the hub and the magnets. Due to the interaction
among magnets, the piezoelectric cantilever produced periodic up-down vibra-
tion, and finally converted wind into electricity. The starting speed of the gene-
rator was 2.1 m/s, and the maximum output power density was 0.59 mW/cm’.

Figure 9 showed the piezoelectric generator proposed by Ji and et al. at 2016
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Figure 7. Magnetic type of windmill piezoelectric generator by Karami [10].

Permanent magnet
(PM)

Figure 9. The piezoelectric generator with magnetic force by Ji et al [12].
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[12]. In order to reduce the starting wind speed, the generator adopted vertical
axis and S type impeller. Magnets were installed on the rotating shaft and canti-
lever beams. Meanwhile, to increase the working bandwidth and collect more
wind energy, a block or arc-shaped frequency-increasing buffers were added into
the generator. Thus, the working wind speed range increased from 5.38 m/s -
6.38 m/s to 2.92 m/s - 13.0 m/s and the working frequency bandwidth increased
by 9.1 times, and the optimum matching resistance decreased from 350 kQ to 1
kQ.

2.2. Vortex-Induced Type

Wind energy harvesting piezoelectric device based on vortex-induced vibration
generates electricity through a piezoelectric oscillator. The vortex-induced part
may be a kind of blunt structure such as cylinder or block. It is set at the front of
the piezoelectric oscillator along the wind direction. Karman whirlpool is formed
to drive the oscillator for vibrating when the generator is working. Based on the
working principle, Akaydin et al. [13] studied the energy harvesting efficiency in
unstable whirlpool and analyzed the energy harvesting of the beam at different
positions in the fluid. They found that the energy harvesting efficiency was only
0.0035%. To improve the efficiency, Weinstein and et al [14] put forward a
power generating device with fins on piezoelectric cantilever at 2012, as shown
in Figure 10. In the range of 2 - 5 m/s wind speed, the additional fin could adapt
to the external frequency and achieved resonance, thus improving the power
generation efficiency. The generator generated 200 uW power in the diameter of
15 cm pipe when the average wind speed was 2.5 m/s. When the flow rate in-
creased to 5 m/s, 3 mW of the electricity could generate.

In 2013, Sun and et al. [15] proposed a vortex-induced generator with a small
wing at the free end of a piezoelectric beam, as shown in Figure 11. When the
wind passed through the wing, periodic lift and drag on the upper and lower
sides was triggered. Because of the existence of blunt body, the lift force of wind
increased, which induced the cantilever beam to bend upward and periodically
swing under the action of inertia force and mechanical restoring force, thus

converting wind energy into electric energy. The device was fabricated by thick
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Figure 10. Wind energy generator with fins by Weinstein et al [14].
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Figure 11. A vortex-induced generator with a small wing by Sun ez al [15].

film screen printing technology. Its overall size was 37.5 mm x 37.5 mm x 37.5
mm. It generated 0.1 - 0.85 uW power and 0.5 - 1.32 V open circuit voltage in
the range of 1.5 - 8 m/s wind speed.

He [16] designed a MEMS piezoelectric generator based on vortex-induced
and micro impact in 2013, as shown in Figure 12. The flexible cantilever beam
had a certain angle with the direction of wind speed to increase the harvesting
energy area. When the wind speed exceeded the critical one of the flexible canti-
lever beam, it produced violent vibration and caused periodic continuous colli-
sion with the colliding body. Thus, under the combined effect of vortex-induced
and collision, the device gained more energy than the only vortex-induced ge-
nerator. When the wind speed was 15.9 m/s and the resistance of 100 kQ was
connected, the effective output voltage of the generator was 406 mV and the

corresponding output power was 1.6 uW.

2.3. Galloping Motion Type

Wind energy harvesting piezoelectric device based on galloping motion adopts
to connect the bluff body directly with the piezoelectric vibrator. When the bluff
body swings under the action of wind, it takes vibration with the piezoelectric
vibrator to generate electricity. In 2011, Sirohi [17] designed a mirco galloping
motion piezoelectric generator, as shown in Figure 13. The generator was
mainly composed of two piezoelectric cantilevers and one equilateral triangular
prism. The two piezoelectric cantilevers were attached to the two ends of the
prism respectively which size was 72.4 mm x 36.2 mm x 0.267 mm. The prism
as a bluff body generated galloping motion under the action of wind, and thus
driving the piezoelectric cantilevers to vibrate. The test results showed that when
the wind speed was 11.6 mph, the maximum output power was up to 53 mW.

In 2016, Hu [18] designed a miniature wind power generator based on gal-
loping motion with one square prism shown in Figure 14. The generator added
PET slices on the edges of the prism. Compared with the generator without PET
slices on the prism, the output power of the proposed generator increased by

about 150% when the wind speed was 2 m/s.
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Figure 12. MEMS piezoelectric generator based on vortex-induced and micro impact [16].
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Figure 13. Mirco galloping motion piezoelectric generator by Sirohi [17].
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Figure 14. A miniature wind power generator based on galloping motion with four prism
by Hu [18].
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2.4. Directly Excited Type

The directly excited piezoelectric generator generates the Karmen whirlpool on
the rear side of the beam through the blast of the overpressure electric beam.
The alternately shedding of the whirlpool changes the front and rear side pres-
sure on the vibrator alternately, so that the piezoelectric beam makes self-excited
vibration to generate electricity.

The typical directly excited piezoelectric generator is the piezoelectric bionic
tree. Figure 15 showed the device proposed by Li and et a/ [19]. The generator
had 5 vibrating units which were called “leaves”. Each “leaf” consisted of PVDF
“stem”, plastic hinge and isosceles triangular polymer plastic “blade”. One end of
PVDF stem was fixed on the bracket, which was perpendicular to the direction
of airflow. The free end of the stem and the blade were connected through the
plastic hinge plate to form an “L” shape. When a single vertical stem structure
was adopted, the critical starting wind speed was 3.5 m/s. The maximum output
power was 296 uW when the wind speed was 8 m/s and the external load 10 MQ.

In order to increase the power density, the effect of “blade” and “stem” on the
output performance was further studied in Ref. [20]. The test results showed that
the vertical arrangement structure was more suitable for capturing wind and its
amplitude was larger than that of the parallel arrangement. The critical starting
wind speed and the maximum output power of the generator increased with the
area of equilateral triangle. When the “stem” was a narrow PVDF with a size of
41 mm x 8 mm x 0.205 mm and loaded with 30 MQ, the maximum output
power of 0.14 mW was obtained under the wind speed of 7 m/s. At this time, the
maximum power density was 2.036 mW/cm’. When the stem was a double-layer
PVDF with a size of 72 mm x 16 mm X 0.41 mm, the maximum output power is
0.615 mW at wind speed of 8 m/s and external load of 5 MQ. The output power
was larger than that of single-layer structure, and the power density was 1.3
mW/cm®.

In 2011, Bryant et al [21] proposed a wind energy generator with an airfoil
hinged at the free end of PZT piezoelectric cantilever beam, as shown in Figure
16. The device vibrated to generate electricity through the flutter of the piezoe-
lectric beam. When the size of the generator was 254 mm x 25.4 mm x 0.381
mm, and size of the piezoelectric vibrator was 46 mm x 20.6 mm X 0.254 mm,
the critical wind speed of the device was reduced to 1.9 m/s. When wind speed
was 8 m/s, the output power was up to 2.2 mW. However, the volume of the ge-
nerator was larger because of the wing.

Figure 17 was a miniature generator that could collect multi-directional wind
energy by Zhao in 2015 [22]. Unlike the traditional structure, the windward
body of the generator adopted an arc-shaped flexible bell-like structure, and the
PZT piezoelectric layer with a size of 20 mm x 14 mm x 0.2 mm was covered at
the bottom of the arc-shaped flexible structure. Its critical starting wind speed
was too low to 2 m/s. When the wind speed was up to 17 m/s and the resistance
was 15 kQ, the output power was 1.73 mW. When the wind speed was 10.5 m/s,

18 LED lights in series were lit simultaneously.
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Figure 15. The piezoelectric bionic tree by Li [19].

PZT patch

Figure 17. Bell-like piezoelectric generator by Zhao [22].

2.5. Resonant Cavity Type

This kind of piezoelectric generator has a resonant cavity which is used to
change the flow field distribution and increase the starting load force acting on
the piezoelectric oscillator for producing larger amplitude to generate more

electricity.
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In 2011, IMEC of the European Centre for Microelectronics Research and
Holst Center of the Netherlands jointly designed the kind of two generators, as
shown in Figure 18 [23]. The first one in the left had a vacuum cylinder with a
length of 17 cm and a diameter of 8 cm. The length of the vent is 2 cm, and the
diameter of the hole is 2 cm. The resonance frequency of this harvester was 160 -
400 Hz, it could work in the wind speed 10 - 15 m/s. The second resonator had a
vacuum cylinder with length 3.5 cm, diameter 6.2 cm. The vent length was 1 cm
and diameter 1.4 cm. The resonant frequency of the generator was 553 - 900 Hz,
which could operate under the wind speed of 16 - 20 m/s. The piezoelectric vi-
brators in the two generators were MEMS cantilever structure. In order to im-
prove the amplitude of self-excited vibration, latex film was installed at the bot-
tom of the resonator. The test results showed that the output power of the first
one was 2 uW when the wind speed was 13 m/s, while the output power of the
second was 42.2 uW when the wind speed 20 m/s.

In 2010, Clair [24] proposed a resonant piezoelectric wind power generator by
imitating the vibration principle of the reed when playing harmonica in Figure
19. The wind energy generator could generate 0.1 - 0.8 mW power in the range
of 7.5 - 12.5 m/s wind speed, and the maximum energy density reached 0.02
mW/cm.

In 2012, Du [25] proposed a piezoelectric wind energy generator with reso-
nant cavity, as shown in Figure 20. The vibrator consisted of piezoelectric and
flexible beams and was at a certain angle (a = 12°) from the cavity. The maxi-
mum power of 1.28 mW was generated when the overall size of the generator
was 64 mm X 22 mm x 14 mm, the length/width of the piezoelectric beam was
38/6.4 mm, and the average wind speed 17 m/s. The device obviously improved
the harvesting efficiency than the one without the flexible beam.

In 2014, Wang [26] proposed an electromagnetic wind energy generator with
double bifurcated reed vibrator, as shown in Figure 21. The maximum output
power and conversion efficiency reached 56 mW at 20.3 m/s and 2.3% at 4 m/s
respectively when the size of the air inlet was 60 mm x 60 mm. The working
wind speed range lied in 3.2 - 21.2 m/s. The device effectively increased the vi-
bration amplitude of the reed and the effective working range of the wind speed.

In 2017, Zhang [27] proposed a miniature wind energy generator based on

piezoelectric
energy converter adjustable =
i top ™\,
P ' Helmholtz §
/ / ek cavity

adjustable
bottom

membrane

Figure 18. Two kinds of wind generators jointly designed by IMEC and Holst [23].
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Figure 20. A generator with rigid and flexible beams by Du [25].

Figure 21. A generator with double bifurcated reed vibrator and magnet and resonant
cavity by Wang [26].

tuning fork with double reed and resonant cavity, as shown in Figure 22. The
structure had better harvesting performance from wind than the reed. When the
cavity size was 40 mm x 40 mm x 140 mm, the wind speed of 6 m/s and the op-
timal load of 0.15 M(Q, the output power was 0.83 mW and the energy conver-

sion efficiency reached 0.62%.

2.6. Hybrid Type

In order to further improve energy conversion efficiency, Che [28] designed a
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Figure 22. A generator based on tuning fork with double reed and resonant cavity by
Zhang [27].

two-degree-of-freedom wind energy generator which combines galloping mo-
tion and vortex-induced vibration in 2014. Its working principle was shown in
Figure 23. When the wind speed reached a critical starting value, the bluff body
moved along left and right to drive two external beams to vibrate, and thus
causing the piezoelectric vibrator deformation to generate electric energy. Mean-
while, the eddy current was formed thereafter the bluff body to force the middle
beam to vibrate and generate electric energy. When the wind speed reached
6m/s, the output power was 1.5 mW.

In the same year, Zhao [29] designed a generator similar to that above one.
The difference was that the permanent magnet was used as a mass at the free end
of the inner beam and another magnet was installed at the corresponding posi-
tion of the bluff body, as shown in Figure 24. Combined with magnetic force,
the generator further reduced the critical wind speed to 1 m/s and increased the
output power. 4 mW electricity was captured at 5 m/s wind speed. However,
when the wind speed exceeded 4.5 m/s, the energy harvesting efficiency was not
as good as the traditional galloping generator with one-degree-of-freedom.

In 2015, Cao [30] proposed a wind energy generator for TPMS power supply,
as shown in Figure 25. The generator mixed the mechanism of direct excitation
with resonant cavity and vortex-induced. It was integrated with the TPMS
transmitter and installed in the valve core. It rotated along with the tire to supply
power for the TPMS system. The harvesting energy part of the device was
T-shaped cantilever beam and extended to the outside of the cavity for effective-
ly capturing periodic wind energy. In addition, the two sides of the cavity were
opened and a cylinder was placed in the middle to generate vortex-induced vi-
bration and disturb the airflow in the cavity for promoting the vibration of the
piezoelectric beam. The experimental results showed that if the transverse part
of the beam was 30 mm x 10 mm x 0.2 mm and the end transverse rectangle was
26 mm X 16 mm x 2.2 mm, the system worked in the optimal working condi-
tion. The slender cylindrical structure with a diameter of 4 mm could improve
the vibration of the beam. When the load was about 3 MQ, the maximum output
power was about 0.0231 mW, which could meet the requirement of TPMS sys-

tem.
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Figure 23. Two-degree-of-freedom wind energy generator by Che [28].
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Figure 24. Two-degree-of-freedom wind energy generator with magnet by Zhao [29].

Plate Shell
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Internal circuit PZT

Figure 25. Hybrid wind energy generator for TPMS by Cao [30].

In 2018, Shu [31] proposed a hybrid structure for adding a bluff body in the
resonant cavity. The results showed that the output power of the generator was
larger than one of the collector without resonant cavity in the range of 2 - 12 m/s

wind speed.
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3. Comparison of Piezoelectric Materials and Piezoelectric
Vibrators

The choice of piezoelectric materials and piezoelectric vibrators is important for
energy conversion efficiency and service life of piezoelectric generators. The se-
lection of piezoelectric materials should take into consideration the working en-
vironment and material properties. Commonly used piezoelectric materials in
wind energy piezoelectric generator include PZT piezoelectric ceramics and
PVDF polyvinylidene fluoride thin films. The properties of two materials are
shown in Table 1.

It can be derived from the Table that PZT is widely used in wind energy pie-
zoelectric generators for its larger piezoelectric constants, dielectric constants
and electromechanical coupling coefficients. It has excellent performance and
can obtain high voltage with small deformation. However, it is easy for PZT to
happen fatigue fracture under long-term vibration because of its brittle. Mean-
while, it is difficult to deform under general wind force for its large stiffness.
These shortcomings become more seriously under micro-device design.

In contrast, PVDF is a soft plastic film that can be made of 0.5 mm - 2 mm
thickness. It has the advantages of light weight, small distortion, good flexibility,
high stability, suitable mechanical strength. It is not easy for PVDF to break and
fatigue and more suitable for designing micro wind energy piezoelectric vibra-
tors, especially composite surface piezoelectric ones [33] [34] [35].

Either PZT or PVDF was used, all piezoelectric vibrators adopted cantilever
beam structure because the cantilever is simpler and easier to produce vibration
deformation and generate electric energy under the action of breeze or external

force than other ones.

4. Characteristics of Various wind Energy Piezoelectric
Generators

In summary, windmill piezoelectric generators generally contain many parts
such as wind blades and turbines. The process of manufacturing and assembling
is more complex. When the dialer, convex teeth and steel ball are selected as the
exciting parts, there exists not only serious friction loss but also noise among the
exciting parts and piezoelectric oscillator and rotating body. The working needs
a larger starting moment. In particular, the smaller the size of the generator, the
more complex the processing and assembly of parts are, the greater the propor-

tion of friction loss and the worse the wear of components are. When magnets

Table 1. Properties of PZT and PVDF [32].

Materials  d;,(pm/V) e;,(C-m?) K, Properties’ comparison
Large piezoelectric coefficient, brittleness and
PZT 175 6.5 0.34 .
density
Large flexibility, light weight and large mechanical
PVDF 28 0.06 0.12 |
impedance
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are used to form contactless excitation, although the efficiency and adaptability
of power generation are improved to a certain extent and the starting moment is
reduced, friction loss cannot be avoided between rotating parts, the volume of
power generation device cannot decrease a lot. In addition, there is only one ex-
citation frequency to match the natural frequency of windmill generator, so the
effective working frequency range is narrow.

The three types of vortex-induced, galloping motion and resonant cavity con-
tain bluff body or resonant cavity, which makes the size of wind energy genera-
tors relatively larger in volume and more complex. So it is not suitable for low
wind speed occasions or for minijaturization.

The hybrid type of wind energy piezoelectric generator adopts two or more
mechanisms to collect low frequency and multi-directional wind. So it has cha-
racteristics of broadband and high conversion efficiency. Although designing
this kind of generator is more complex, it is easy to achieve integration and mi-
niaturization if the appropriate mixing mode and structure are chosen.

The characteristics and applicability of different types of wind energy piezoe-

lectric generators are shown in Table 2.

5. Future Trends

With the continuous improvement of integrated circuit technology and micro/
nano electromechanical system technology, micro-devices have become an in-
evitable trend in the development of micro electromechanical systems. The vo-
lume of micro-devices will be smaller and smaller, and the demand for energy

will be less and less. As shown in Table 3, the power consumption of sensors in

Table 2. Characteristics and applicability of different types of wind energy piezoelectric

generators.
Excitation mode Characteristics and applicability
e To collect multi-directions winds
e More components, complex structure
o Easily wear parts
o Large energy loss and low conversion efficiency
Windmill type ¢ High starting speed and not suitable for low wind speed environment

o Narrowly effective wind speed

e Narrow working band

e Low working stability

o Difficult to integrate and miniaturize

e Moderate parts
Unidirectional wind
Vortex-induced and e o 1.rec tonal win .
llopi Hon e Unsuitable for low wind speed
alloping motion types
gatoping YPES o Narrow working band -Moderate conversion efficiency

o Easy integration and miniaturization

e More complicated structure
e Unidirectional wind
Resonant cavity type e Relatively wide working band
o Low starting wind speed -Moderate conversion efficiency
o Difficulty to integrate and miniaturize
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Continued

e simple structure and small the volume
o Suitable for low wind speed
Directly excited type e Relative wide working band
o Higher conversion efficiency
o Easy integration and miniaturization

e More complicated structure

e To collect multi-directions winds
Hybrid type e Wind working band- Low starting speed

e High conversion efficiency

o Easy integration and miniaturization

Table 3. Power consumption of commonly used sensors in network [37].

Sensor Pressure Temperature Humidity Acoustic RF
types sensor sensor sensor sensor transmitter
Power

2.2-3.6 2.5-5.5 1.3-3 1.5-5 03-3

consumption (mW)

network has been reduced to less than 10 mW. With the development of micro-
electronics technology, the power consumption is lower and lower. That makes
possible to realize self-supply of micro-devices using the wind energy piezoelec-
tric generators.

Wind energy piezoelectric generator is an effective choice to achieve self-
powered for micro-devices. In recent years, scholars have done a lot of research
on various wind energy piezoelectric micro-generators and have achieved fruit-
ful results. It has been successfully applied to wireless sensor nodes [23] [36],
wireless wind speed monitoring node [37], TPMS [30] and so on. However,
many wind piezoelectric generators still have some disadvantages such as large
volume and high starting wind speed, which make it difficult to be directly ap-
plied to self-powered micro-devices. Summarizing the current research status of
wind energy piezoelectric generator, a lot of work still needs to be done to realize
the miniaturization of wind energy piezoelectric generator for meeting self-
powered micro-devices. Therefore, it is necessary to innovate design concepts,
develop new materials and use new methods to research in depth towards the
goal of minijaturization, lightweight and integration.

1) Development of new piezoelectric materials. At present, only two piezoe-
lectric materials are commonly applied: PZT and PVDF. Ideal piezoelectric ma-
terials with high electromechanical coupling coefficient and good flexibility can
significantly improve the power generation performance of piezoelectric power
generation devices and adapt to complex surface configuration, which is also
very helpful to the planning and design of new configuration of piezoelectric os-
cillators. Therefore, the application and development of new piezoelectric mate-
rials should be further strengthened.

2) Research on broadband and multi-directional energy harvesting technolo-

gy. Due to the instability and diversity of wind sources in the environment, the
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conversion efficiency of a single fundamental frequency piezoelectric oscillator is
not high. Therefore, it is necessary to carry out research on broadband and mul-
ti-directional energy harvesting technology. The technology will make piezoe-
lectric vibrator resonate or approximate resonant in a certain wide frequency
band to improve its conversion efficiency and environmental adaptability and
power generation efficiency.

3) Exploring multi-mode coupling mechanism. The wind energy piezoelectric
generator based on single mechanism has low energy conversion efficiency and
is difficult to adapt for complex and changeable environment. The adoption of
multi-mode coupling is an alternative way to meet the needs of future technolo-
gical development. Therefore, the research of multi-mode coupling mechanism
and the development of multi-mode piezoelectric vibrators is the key.

4) Development of micro integrated system. Although the main characteristics
of piezoelectric harvesting energy are particularly suitable for the supply of mi-
cro-electromechanical systems, advanced design concepts and manufacturing
technologies must be adopted to achieve miniaturization, lightweight and further
integration with micro-devices. By using the technology of CAD/CAM/CAM and
fusion design, the overall structure design and optimization are carried out.
Meanwhile, by breaking through the limitation of traditional material selection,
light materials such as nylon and PET are selected to improve the flexibility of
the system while enhancing the strength and reducing the weight. 3D printing
technology and thick film screen printing technology are used to carry out the

whole one-time processing of the micro-devices.
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