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A novel wind power harvester using piezoelectric effect is developed. This engineering structure device
employs a wind turbine that extracts kinetic energy from the wind and converts it into the rotational
motion of a shaft. The rotational shaft is connected to a Scotch yoke mechanism that is used for convert-
ing the rotational motion into linear vibrations of two piezoelectricity-levers through springs. A mathe-
matic model is developed to calculate the root mean square value of the generated electric power. The
influences of some practical considerations, such as the rotational speed of the wind turbine and the stiff-
ness of the springs, on the root mean square of the generated power are discussed. The research results
show that a power up to 150 W can be harvested for a piezoelectric wind turbine with a radius of blades
of 1 m at the wind speed of 7.2 m/s, and the designed angular velocity of 50 rad/s.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The increasingly consumption of traditional energies has caused
serious energy crisis and environmental pollution on a global scale.
Wind energy has been regarded as one of the most important
renewable and green energy sources to solve the above problems
[1]. Wind turbines have been used on one of the traditional ways
of transferring kinetic energy from wind based on the principle
of electromagnetic induction [2,3]. The power coefficient of the
wind turbines with output of megawatt has been reported up to
40–45% at the optimal tip speed ratio of 5–7 [4]. However, these
large-size turbine generators are always complex, costly, and nor-
mally induce a cogging torque which restricts the cut-in speed. For
small wind turbines located in areas of unfavorable wind, they are
of little practical use except in rare situations [5,6]. As a result,
using unconventional approaches such as vortex induced vibration,
galloping, flutter, and buffeting to harvest the wind energy have
been recently proposed [7–15]. To provide a more efficient energy
transfer process, piezoelectric technology is the most prominent
candidate for converting mechanical energy to electricity with
highest efficiencies and lowest costs owing to their high energy
generation density, high voltage generation capability and simple
configurations and economic benefits [16–18].
Early works about a piezoelectric windmill were carried in liter-
atures [9,10]. The proposed devices had ten piezoelectric bimorphs
arranged along the circumference of a horizontal-axis wind turbine
rotor shaft in the cantilever beam form. The oscillating torque to
vibrate the bimorphs was generated using the camshaft gear
mechanism. A power of 7.5 mW at the wind speed of 10 mph
was measured across a matching load of 6.7 kX. Authors also
addressed some drawbacks of this device and gave an optimized
structure made of only plastic parts in the later work [11]. Sirohi
et al. [12] developed a piezoelectric energy harvesting device based
on a galloping cantilever beam. The harvested wind energy is
transferred to a galloping beam which has a rigid tip body with a
D-shaped cross section. Piezoelectric sheets were bonded on the
top and bottom surface of the beam. During galloping, vibrational
motions are induced due to aerodynamic forces on the D-section,
which is converted into electrical energy by the piezoelectric
(PZT) sheets. Their experimental and analytical investigations of
dynamic response and power output have shown that a maximum
output power of 1.14 mW was measured at a wind velocity of
10.5 mph on a prototype device of length 235 mm and width
25 mm. Rezaei-Hosseinabadi et al.[13] presented a topology for
piezoelectric energy harvesting made of a lift-based wind turbine
and a piezoelectric beam with contactless vibration mechanism.
The research results showed that a power density of 2 mW/cm3

at 3.8 V at the wind speeds above 0.9 m/s can be achieved. Kishore
et al. [14] designed an ultra-low start-up speed windmill made of a
72 mm diameter horizontal axis wind turbine rotor with 12 alter-
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nating polarity magnets around its periphery and a
60 mm � 20 mm � 0.7 mm piezoelectric bimorph element having
a magnet at its tip. This wind turbine was found to produce a peak
electric power of 450 lW at the rated wind speed of 4.2 mph. Wu
et al. [15] developed an effective and compact wind energy can-
tilever harvester subjected to a cross wind. Sufficient electrical
energy output as high as 2 W was realized by tuning the resonant
frequency of the harvester with a proof mass on the tip of the
cantilever.

The aforementioned piezoelectric harvester devices have been
mainly developed for energy supplies of wireless sensors. There-
fore, most of them are small in sizes and the energy outputs are
always in the scale of mW. Recent researches have shown that
piezoelectric harvesters can harvest power range from several
watts to hundreds of megawatts [19–23]. Xie et al. [19,22] devel-
oped a novel piezoelectric technology of energy harvesting from
high-rise buildings and found that a power up to 432.2 MW can
be realized. Viet et al. [23] proposed a floating energy harvester
(FEH) using piezoelectric effect to harvest energy from water
waves. Based on their simulated results, the root mean square
(RMS) of 103 W can be achieved when the wave amplitude is
2 m. Hence, it is imperative to develop harvesters with high power
using piezoelectric effect from wind.

In this research, a wind energy harvester using piezoelectric
technique is developed. This proposed piezoelectric wind turbine
incorporates the advantages of the conventional wind turbines
and the piezoelectric harvesters. Wind turbine rotor blades with
the shape optimized by aerodynamics and connected to a horizon-
tal shaft are employed as the driving device. The wind-induced
rotational motion of the shaft is converted into translation motion
of a slotted rod through a Scotch yoke mechanism. Both sides of
the slotted rod are linked with a spring used for transferring the
linear motion into vibrations of two piezoelectricity-levers. The
extracted wind power is directly converted into an applied force
on the piezoelectric bars with levers for amplification to achieve
a more efficient energy harvesting process. In addition, since only
few structural components with small sizes are required, the cur-
rent engineering structure device is much smaller and lighter than
the conventional wind turbines.

2. Design and modeling methods

Design of a horizontal piezoelectric wind turbine is depicted in
Fig. 1(a and b). Three blades with a radius of R are attached to a
Fig. 1. Schematic diagram of a horizontal piezoelectric wind turbine: (a) a
shaft that is used to link the internal piezoelectric device. As seen
in Fig. 1(b), the main piezoelectric harvester consists of a Scotch
yoke mechanism, two springs with stiffness coefficient of k1, and
two piezoelectric levers. The Scotch yoke, shown in Fig. 2, is a
reciprocating motion mechanism, converting a rotational motion
into a linear motion [24]. A slotted rod is used to make sure the
motion is only in the direction perpendicular to the axis of the
shaft by a cylindrical slider attached to a wheel. When the wheel
rotates at an angular velocity, x, the end points of the slotted
rod are displaced from their initial position by an amount zs (in
time t) given by zs = Ysinxt, where Y is the amplitude, i.e. the dis-
tance between axles of the cylindrical slider and the shaft.

The piezoelectricity-lever device, shown in Fig. 3(a), consists of
a lever with a long moment arm L2 and a short moment arm L1, a
fixed-hinge for restricting linear displacements of the lever, and a
piezoelectric bar with a Young’s modulus, width, length, and
height of EP, a, b, and h, respectively. Since the piezoelectricity-
lever devices are connected to the slotted rod by two springs, the
harmonic motion is then converted into a spring force F(t). The
force location is at the point C and magnified n times at the point
A on the piezoelectric bar by the lever mechanism, where n is the
ratio of the length of the long moment arm to that of the short
moment arm, n = L2/L1. Consequently, the electric power is gener-
ated by the piezoelectric-lever design.

In order to estimate the spring force F(t), one of the piezoelectric
lever is used as an example and is simplified as a damped single-
degree-of-freedom (spring-mass) system, shown in Fig. 3(b)
[23,25]. The equivalent mass me, spring stiffness ke, and damping
coefficient c can be derived from the material properties and
dimensions of the lever and piezoelectric bar.

In the proposed design, the piezoelectric bar is firmly bonded on
the lever at the region of point A. Due to the high tensile/compres-
sion stiffness of the piezoelectric bar in the force direction, the
lever is supposed to be fixed throughout points A and B and equiv-
alently transformed into a cantilever beam with a length of L2.
Hence, the equivalent mass me can be calculated as me = qlAlL1n,
where ql and Al are material density and cross-section area, respec-
tively. In this work, the lever is made of steel, and its cross-section
is rectangular in shape with a width and height of s1 and s2, respec-
tively. The dimensions of the lever face are selected as s1 = 0.015 m
and s2 = 0.004 m, unless otherwise noted.

Since the applied force at point C induces an elastic deflection of
the cantilever and axial deformation of the piezoelectric bar, the
equivalent spring stiffness, ke in Fig. 3(b) can be yielded as [26]:
n overview of the device, and (b) an internal structure of the device.



Fig. 2. Scotch yoke mechanism.
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Fig. 3. Sketch of the piezoelectricity-lever device: (a) the lever in a realistic model, and (b) the equivalent mass-spring-damper model.
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ke ¼ klkp=ðkl þ kpÞ; kl ¼ Els1s32=4ðL1nÞ3; kp ¼ Epab=ðn2hÞ ð1Þ
where kl, El, kp, Ep are spring constant and Young’s modulus of the
cantilever and piezoelectric bar, respectively.

The equivalent damping coefficient, shown in Fig. 3(b), can be
expressed as a sum of the mechanical and electrical damping
coefficients:

c ¼ cl þ ce ð2Þ
The mechanical damping force of the cantilever beam is trig-

gered due to the internal structure damping force [27] and the fric-
tion between the viscous air and the cantilever beam in the
vibration process, and hence is given as:

cl ¼ 2n
ffiffiffiffiffiffiffiffiffi
klml

p
ð3Þ

where n is the damping ratio.
Besides the mechanical damping, there is an equivalent electric

resistance when the work done by the spring force is converted
into electricity [28]. The electrical damping coefficient, ce, can be
derived as [20]:

ce ¼ n2d2
33k

2
e=ðp2caf Þ ð4Þ

where d33 is the piezoelectric constant in the polling direction; ca is
the electric capacity of the piezoelectric bar; f is the natural vibra-
tion frequency of the single-degree-of-freedom system.

Once the equivalent mass me, spring stiffness ke, and damping
coefficient c are obtained, we can get the equation of motion of
the equivalent mass me using Newton’s second law:

ml€ze þ c _ze þ keze ¼ ðzs � zeÞk1 ð5Þ
where zs and ze are the displacements of the slotted rod and the
mass me, respectively. As is discussed above, horizontal motion of
the slotted rod is expressed as zs = Ysinxt. Eq.(5) is then trans-
formed as:

ml€ze þ c _ze þ ðke þ k1Þze ¼ zsk1 ¼ k1Y sinxt ð6Þ
Hence, the model can be considered as a damped single-degree-
of-freedom system subjected to an equivalent harmonic force:

ml€ze þ c _ze þ kze ¼ F sinxt ð7Þ
where k = ke + k1 and F = k1Y. We can easily obtain the displacement
of equivalent mass me [29]:

zeðtÞ ¼ X sinðxt � /Þ ð8Þ
where X is a constant that denotes the maximum amplitude of ze(t);
/ is the phase angle:

X ¼ Fffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk�mlx2Þ2 þ ðcxÞ2

q ; tan/ ¼ cx
k�mlx2 ð9Þ

Consequently, the relative displacement, z(t), of the spring-
mass system is:

zðtÞ ¼ zsðtÞ � zeðtÞ ð10Þ
The magnified force, Fm(t), applied to the piezoelectric bar can

be computed by:

FmðtÞ ¼ n½k1ðzsðtÞ � zeðtÞÞ � c _zeðtÞ� ð11Þ
Hence the charge, voltage, and current generated by piezoelec-

tric bar at time t can be expressed below:

QðtÞ ¼ d33n½k1 � ðzsðtÞ � zeðtÞÞ � c _zeðtÞ� ð12aÞ

VðtÞ ¼ d33n½k1 � ðzsðtÞ � zeðtÞÞ � c _zeðtÞ�=ca ð12bÞ

IðtÞ ¼ d33n½k1 � ð _zsðtÞ � _zeðtÞÞ � c€zeðtÞ� ð12cÞ
where the electric capacity of the piezoelectric material can be com-
puted by [20]:

ca ¼ cv � a� b� 0:0001=ð0:01� 0:01� lÞ ð13Þ
The generated electric power on each piezoelectric bar can be

expressed below:

PeðtÞ ¼ IðtÞ � VðtÞ ð14Þ
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Since two piezoelectricity-lever devices are included in this
device, the total generated electric power should be:

PSðtÞ ¼ 2PeðtÞ ð15Þ
Finally, the expression of RMS of the electric power is provided.

The RMS of the generated electric power from time 0 to t can be
given as:

Prms
S ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
s

Z s

0
P2
Sdt

s
ð16Þ

After the mathematic model is developed, we can estimate the
generated charge and voltage from the piezoelectric bar as well as
the RMS of the electric power. In this work, the material properties
and dimensions of the piezoelectricity-lever device are provided in
Table 1, unless otherwise noted. To find an efficient design of the
piezoelectricity-lever and verify the effectiveness of the harvesting
system, the aerodynamic model of wind turbine are adopted here.
The mechanical power of the turbine, P, is given by [6]:

P ¼ 1
2
qpR2m3WCPðkÞ ð17Þ

where q is the air density, which equals 1.225 kg/m3 at a tempera-
ture of 15 �C at sea level; R is the turbine radius; vw is the wind
speed. The factor CP(k) is the power coefficient of the turbine, which
is determined by the Tip-Speed Ratio k . The tip-speed ratio k is cal-
culated as the ratio between the speed of the tip of a blade and the
wind speed vW :

k ¼ Rx
vW

ð18Þ

The relation between the power coefficient CP and the tip-speed
ratio k is determined by the shape of the blade. An empiric CP(k)
relations exist in literature [30] is used here:

CPðkÞ ¼ 0:73
151
k

� 13:65
� �

e
�18:4

k þ0:055ð Þ ð19Þ

In the traditional horizontal-axis wind turbines, blades rotates
only when the aerodynamic torque, T, exceeds the combined resis-
tive torque of the drive train and generator, TR. The starting rotat-
ing wind speed, when T = TR, is called the cut-in speed. Wood [31]
used the standard blade element theory to calculate the cut-in
wind speed and provided the following equation:

UC ¼ 2TR

NqR3Icp

 !1=2

ð20Þ

where UC is the cut-in speed; TR is the resistive torque and can be
expressed as TRmax = k1Y

2 in this model; N is the number of
blades;qis the air density; R is the blade tip radius; and Icp is the
chord-pitch integral determined by the shape of the blades.

From Eq. (20), we can find that the cut-in speed increases with
the increasing resistive torque for the same blades. Therefore, for
wind turbines located in areas of unfavorable wind, the resistive
torque should be very small. In addition, increasing the number
and the radius of the blades lead to a low cut-in speed for the same
resistive torque.
Table 1
Material properties and dimensions of the piezoelectricity (PZT4)-lever device.

Piezoelectricity (PZT4)-lever device

a (m) b (m) h (m) l1 (m)

0.015–0.025 0.015–0.025 0.1 0.02

Cv(nF) 0.375 for the piezoelectric patch with the geometry of 0.01 m, 0.01 m, 0.0001 m.
3. Results and discussions

In this section, based on the above developed numerical model,
we investigate the effectiveness of the piezoelectric wind turbine.
Particularly, this work studies the effect of the spring stiffness,
the amplitude, the angular velocity of the wind turbine, the ratio
of moment arms, and the width (length) of the piezoelectric bar
on the generated power. By using the aerodynamic model and
empiric relations between the power coefficient CP and the tip-
speed ratio k, the extracted mechanical power of a three-bladed
wind turbine with radius of 1 m can be calculated, and the simu-
lated results are compared with the RMS of the generated electric
power.

The effect of spring stiffness k1 and the amplitude Y on the RMS
are first investigated because they determine the performance of
the piezoelectric wind turbine. As mentioned before, for small
wind turbine located in areas of unfavorable wind, the resistive
torque of the electric generator should be very small. The field test
results in the work of Clausen et al. [5] showed that for a designed
two-bladed turbine with the radius of 2.5 m, the cut-in speed is
less than 3 m/s when the resistive torque is 1 Nm. Wood [31] used
a derived equation to calculate the cut-in speed and provided a
value of 4.75 m/s for a three-bladed turbine with a length of 1 m.
In this model, several small values ranging from 0.4 Nm to
1.2 Nm, of resistive torque, k1Y2, are used. Fig. 4 gives the effect
of spring stiffness k1, on the RMS of the generated electric power
when the angular velocity, ratio of moment arms, and the width
of the piezoelectric bar are 50 rad/s, 20, and 0.015 m, respectively.
It is revealed from Fig. 4 that, when k1Y

2is set as a constant, the
RMS increases nonlinearly with a rise of the spring stiffness. When
the stiffness changes from 5000 N/m to 40,000 N/m, the RMS
increases from 15W and 30W to 60 W and 180W corresponding
to the resistive torque of 0.4 Nm and 1.2 Nm, respectively. This
observation is interpreted by the fact that the force applied to
the piezoelectric bar is proportional to k1Y according to Eq. (11).
When the resistive torque k1Y

2 keeps a constant, a growth in the
stiffness of springs will lead to a decline in the value of k1Y, shown
in Fig. 5, and correspondingly an enhancement in the force applied
to the piezoelectric bar. The finding indicates that increasing the
stiffness of the spring and decreasing the amplitude to keep a con-
stant resistive torque can get a higher energy harvesting efficiency.
In addition, increasing the amplitude Y and keeping a constant
stiffness of the spring can also enhance the applied force k1Y. But
it should be noted here, the resistive torque will increase accord-
ingly, which will make the turbine less effective at low speed wind
regions.

The effect of the angular velocity of the wind turbine on the
RMS is shown in Fig. 6. The stiffness of the spring, the amplitude,
and the ratio of moment arms are set as 40,000 N/m, 0.005 m,
and 20, respectively. It is seen clearly that the RMS increases non-
linearly from 0W to 252 W with a rise in the angular velocity from
0 rad/s to 100 rad/s. This observation is mainly because that an
increase in the angular velocity leads to a decrease in the period
of the equivalent harmonic force, and hence causes an increase
in the kinetic energy of the harvesting system and the generated
electric power. Actually, the optimal angular velocity can be deter-
mined by Eqs. (17)–(19). In the real design, a large power coeffi-
n d33 (C/N) Ep (N/m2) El (N/m2)

0.0017 3e�10 7.5e10 2.1e11
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cient CP should be adopted in order to extract a high power from
wind. The maximal value of CP obtained from Eq. (19) is 0.44 for
a tip-speed ratio k of 6.91. Using the above values and substituting
a designed wind speed into Eq. (17) and (18), we can calculate the
extracted mechanical power P and the corresponding angular
velocity x.

As has been noted, wind turbine starts to rotate only when the
wind speed is larger than the cut-in speed. For a given resistive tor-
que, the cut-in speed can be estimated based on Eq. (20). Using the
chord-pitch integral in Ref. [31], the calculated cut-in speed for a
three-bladed turbine with a radius of 1 m is 7.5 m/s when the
resistive torque is 1 Nm. This value over-estimates the actual
cut-in speed by a factor of two according to the conclusion of Wood
[31], which means the actual cut-in speed is nearly 4 m/s. There-
fore, the designed wind speed ranging from 5.6 m/s to 8.5 m/s is
used to study the efficiency of the proposed device. The simulation
results are depicted in Fig. 7.

The results indicate that, keeping the optimal tip-speed ratio, a
wind turbine with a radius of 1 m can extract the maximum
mechanical power ranging from 152W to 553W when the wind
speed varies from 5.6 m/s to 8.5 m/s, and the its crossponding
angular velocity changes from 39 rad/s to 60 rad/s. Comparing
the RMS of electric power in Fig. 6 with mechanical power in
Fig. 7, we find that for the same angular velocity, the extracted
wind power of the turbine is always higher than the RMS of the
harvested electric power. For example, the wind turbine achieves
a power of 308W when the designed wind speed and angular
velocity are 7.2 m/s and 50 rad/s, respectively. However, the RMS
of the electric power is only 150 W when x = 50 rad/s, which is
nearly half of the power extracted by the wind turbine. In addition,
this gap becomes larger with an increase in the angular volecity.
This finding means the efficiency of the proposed device at large
angular velocity is lower than that at small values. The main reason
for the low efficiency is that the resistive torque in Fig. 6 is only
1 Nm, and the low resistive torque leads to a small force applied
to the piezoelectric bar. Mechanical and electric damping existed
in the piezoelectricity-lever also makes the present harvester less
effective at large angular velocity. Therefore, in the real practice,
wind turbine with a larger radius is recommended in order to get
a larger starting torque. Besides, a gearbox used to amplify the
angular velocity can be adopted for generating a high electric
power.

The effect of the ratio moment arms of the lever on the RMS of
the electric power generated by the piezoelectric harvester can be
clearly seen in Eqs. (11) and (12). Since the applied force is propor-
tional to the ratio moment arms of the lever, a larger ratio of the
moment arms of the lever will lead to a higher power generated
by the piezoelectric bar. Fig. 8 gives the displacement of the equiv-
alent massme when n = 20. Wherein, the angular velocity, the stiff-
ness of the spring, and the amplitude are 50 rad/s, 40,000 N/m, and
0.005 m, respectively. Since the maximal displacement in Fig. 8 is
only 0.00094 m, it is reasonable to use a large ratio n in the real
design which will not break the lever either.

Fig. 9 illustrates the effect of the width and length of the piezo-
electric bar on the RMS of electric power. The angular velocity, the
stiffness of the spring, the amplitude, and the ratio moment arms
are set to be 50 rad/s, 40,000 N/m, 0.005 m, and 20, respectively.
It can be found that the RMS nonlinearly decreases with an
increase in the width and length of the piezoelectric bar. The
RMS decreases from 150W to74W when the width and length
of the piezoelectric bar change from 0.015 m to 0.025 m. The find-
ings show that an increase in the width and length of the piezo-
electric bar will lead to a rise in the electric capacity of ca, and in
turn a decrease in the electric voltage.
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4. Conclusion

In this research, a practical piezoelectric wind turbine based on
an engineering structure device is developed to harvest energy
from wind. The Scotch yoke mechanism is adopted which is driven
by rotating blades subjected to a force generated by wind. Hence,
the rotational motion is converted into the linear motion of a slot-
ted rod which is connected with two levers by springs. On the
other side of the levers, there are two piezoelectric bars. The piezo-
electric harvester transfers and amplifies the collected mechanical
energy to electrical power. A mathematic model is developed to
calculate the RMS of the generated electric power. The results
show that, for a constant resistive torque, the RMS increases with
an increase in the stiffness of the springs, angular velocity of the
wind turbine, and the ratio of moment arms of the lever. Some
experiential and theoretical formula of wind turbine are adopted
to study the efficiency of the proposed device. The simulation
results show that a power up to 150 W can be harvested for a
piezoelectric wind turbine with a radius of blades of 1 m at the
wind speed of 7.2 m/s, when the designed angular velocity is
50 rad/s. Based on the findings, it is possible to harvest a higher
power by increasing the number and the radius of wind turbine
rotor blades.

References

[1] Herbert GJ, Iniyan S, Sreevalsan E, Rajapandian S. A review of wind energy
technologies. Renew Sustain Energy Rev 2007;11(6):1117–45.

[2] Verkinderen E, Imam B. A simplified dynamic model for mast design of H-
Darrieus vertical axis wind turbines (VAWTs). Eng Struct 2015;100:564–76.

[3] Santangelo F, Failla G, Santini A, Arena F. Time-domain uncoupled analyses for
seismic assessment of land-based wind turbines. Eng Struct 2016;123:275–99.

[4] Akwa JV, Vielmo HA, Petry AP. A review on the performance of Savonius wind
turbines. Renew Sustain Energy Rev 2012;16(5):3054–64.

[5] Clausen P, Wood DH. Recent advances in small wind turbine technology. Wind
Eng 2000;24(3):189–201.

[6] Burton T, Sharpe D, Jenkins N, Bossanyi E. Wind energy handbook. John Wiley
and Sons; 2001.

[7] Priya S. Advances in energy harvesting using low profile piezoelectric
transducers. J Electroceram 2007;19(1):167–84.

[8] Cook-Chennault KA, Thambi N, Sastry AM. Powering MEMS portable devices—a
review of non-regenerative and regenerative power supply systems with
special emphasis on piezoelectric energy harvesting systems. Smart Mater
Struct 2008;17(4):043001.

[9] Priya S, Chen CT, Fye D, Zahnd J. Piezoelectric windmill: a novel solution to
remote sensing. Jpn J Appl Phys 2004;44(1L):L104.

http://refhub.elsevier.com/S0141-0296(16)31149-X/h0005
http://refhub.elsevier.com/S0141-0296(16)31149-X/h0005
http://refhub.elsevier.com/S0141-0296(16)31149-X/h0010
http://refhub.elsevier.com/S0141-0296(16)31149-X/h0010
http://refhub.elsevier.com/S0141-0296(16)31149-X/h0015
http://refhub.elsevier.com/S0141-0296(16)31149-X/h0015
http://refhub.elsevier.com/S0141-0296(16)31149-X/h0020
http://refhub.elsevier.com/S0141-0296(16)31149-X/h0020
http://refhub.elsevier.com/S0141-0296(16)31149-X/h0025
http://refhub.elsevier.com/S0141-0296(16)31149-X/h0025
http://refhub.elsevier.com/S0141-0296(16)31149-X/h0030
http://refhub.elsevier.com/S0141-0296(16)31149-X/h0030
http://refhub.elsevier.com/S0141-0296(16)31149-X/h0035
http://refhub.elsevier.com/S0141-0296(16)31149-X/h0035
http://refhub.elsevier.com/S0141-0296(16)31149-X/h0040
http://refhub.elsevier.com/S0141-0296(16)31149-X/h0040
http://refhub.elsevier.com/S0141-0296(16)31149-X/h0040
http://refhub.elsevier.com/S0141-0296(16)31149-X/h0040
http://refhub.elsevier.com/S0141-0296(16)31149-X/h0045
http://refhub.elsevier.com/S0141-0296(16)31149-X/h0045


80 J.X. Tao et al. / Engineering Structures 133 (2017) 74–80
[10] Priya S. Modeling of electric energy harvesting using piezoelectric windmill.
Appl Phys Lett 2005;87(18):184101.

[11] Myers R, Vickers M, Kim H, Priya S. Small scale windmill. Appl Phys Lett
2007;90(5):054106.

[12] Sirohi J, Mahadik R. Harvesting wind energy using a galloping piezoelectric
beam. J Vib Acoust 2012;134(1):011009.

[13] Rezaei-Hosseinabadi N, Tabesh A, Dehghani R, Aghili A. An efficient
piezoelectric windmill topology for energy harvesting from low-speed air
flows. IEEE Trans Industr Electron 2015;62(6):3576–83.
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