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Abstract: An electroaeroelastic model for wind energy harvesting using piezoelectric generators is presented. The
flow field is mapped in detail. The force which the fluid flow exerts on the generator is formulated. The output
voltage levels generated from the mechanical strain within the piezoelectric elements are determined. An analytical
model is developed with consideration of the interactions between the fluid, solid and electric. Various analytical
results are obtained, such as flow velocity contour and pressure contour for the flow, moving trajectories, stress
contour and output voltage of the harvester. A prototype is fabricated and tested. The simulation result is close to

the experimental result. The model developed in this paper can predict the performance and behavior of different
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energy harvesters. And it also can be used as a design tool for optimizing the performance of the harvester.
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0 Introduction

In recent years, with the rapid development
of wireless network and microelectronic devices,
there has been more and more requirement of
electrical energy for these devices. Most of the
current small electronic devices and wireless sen-
sors are battery-powered. The batteries have a

limited life and need frequent charge’.

In certain
situation, when wireless sensors are placed out-
side of high-rise buildings, battery replacements
are money-consuming in maintenance. And it is
also one of major bottlenecks for the development
of wireless network. Energy harvesting {from en-
vironmental vibration is one of the promising al-
ternatives, which has been actively explored.
Small wind energy harvesters are divided into
two kinds: turbine type and vibration type energy
harvester. Bansal et al. developed a micro turbine
generator working at a low wind speed™®. The
12-blade design achieves a generator output power

of 4.3 mW at a tunnel flow speed of 10 m/s, and
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can operate at flow speeds down to 4. 5 m/s.
Karami et al. presented a new piezoelectric com-

pact wind turbine™!.

The piezoelectric bimorphs
are made bi-stable by incorporation of repelling
magnetic force. An 80 mm X 80 mm X 175 mm
nonlinear piezoelectric wind generator can gener-
ate milliwatts of power from wind as slow as
2 m/s.

The vibration type energy harvesters are di-
vided into three categories: electromagnetic vi-
bration, electrostatic vibration, and piezoelectric
vibration energy harvesters''® . Zhu et al. devel-
oped an electro-magnetic miniature wind harvest-
er). Tts permanent magnet is installed on the
free end of the cantilever beam. The airflow over
the aerofoil causes the cantilever to bend and
drives the permanent magnet to swing. Then the
magnetic flux is changed and electricity in the
coils is produced. The generator can operate at

wind speeds as low as 2.5 m/s with a correspond-

ing electrical output power of 470 pW. Kwon de-
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veloped a new type of wind energy harvesting™,

which has a "T" shape from the top-view. When
the clamped-free cantilever beam is excited by air
flow, it will vibrate back and forth in the horizon-
tal direction. And the piezoelectric material is de-
formed and generates electrical energy.
Piezoelectric harvesting is more effective than
electromagnetic harvesting at small scales. It has
attracted considerable attention in recent years.
In the present work, an analytical model for wind
energy harvesting using piezoelectric generators is
developed. The interactions between the fluid,
solid and electric are analyzed and modelled. A
prototype of an energy harvester is fabricated.
And the experimental testing results are com-

pared with the computational ones.

1 Analytical Methods and Modeling

Wind energy harvesting using the piezoelec-
tric structure usually performs a two-step energy
conversion. Fluid flow kinetic energy is first con-
verted into mechanic vibration energy of the har-
vesters. Second, the mechanical oscillations of
the piezoelectric ceramics are converted into elec-
trical energy. The relationships between fluid-

solid-electric interactions are shown in Fig. 1.
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Fig. 1 Relationships between fluid-solid-electric inter-

actions

The ke turbulence model is routinely used
in computational fluid dynamics (CFD) for its ro-
bustness, economy, and reasonable accuracy.
It is a semi-empirical model, and the derivation of
the model equations relies on phenomenological
considerations and empiricism. It gives a general
description of turbulence by means of two trans-

[11-12]

port equations . It is used to simulate the flu-

id flow conditions. The k¢ model include two ex-
tra transport equations to represent the turbulent
properties of the flow. The turbulent kinetic en-
ergy k7% describes the energy in the fluid flow
field, given by
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The turbulent dissipation e’ describes the

rate of dissipation of the fluid kinetic energy, giv-

en by
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where u; is the velocity component in the corre-

sponding direction, E; the component of rate of

i
deformation, g, the eddy viscosity, pu, =pC,k" /e,
and ¢x» 0., Ci.» C,. are the adjustable constants.

The interactions between the fluid and the
solid domains are modeled according to the New-
ton's third law * 4,

When the load is transferred from the fluid to
the solid, the action-reaction force can be ex-
pressed as

J ide=J dV (3)
Vr 4

B

When the load is transferred from the solid
to the fluid, the action-reaction force can be ex-

pressed as
| Frav=| Flav D
Ve Ve

where V, and V; are the volumes of the solid do-
main and {luid domain, respectively; F', F% are
the cellular action-reaction forces when projecting
the load from the fluid to the solid mesh; and
Fi., FL the cellular action-reaction forces when
projecting the load from the solid to the fluid
mesh.

The harvester is mounted as a cantilever
beam and its piezoelectric element is poled along
the thickness direction. The vibrations of the har-
vester exist mainly along the thickness direction.
Therefore, the piezoelectric material is assumed

to experience a one-dimensional state of stress
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along the length direction. The constitutive equa-
tions for the linear piezoelectric element are

S, :51151 T, +d;E,;

Ds :d;nTl +€5TOEJ
where S;, T, are the strain and stress along the
length of the beam, and D;, E; the electric dis-
placement and the electric field in the thickness of
piezoelectric element, respectively. sh is the com-
pliance at constant electric field. ds, , ei; are the
piezoelectric coefficient and the permittivity at
constant stress, respectively.

The 3D k¢ model of the harvester is simula-
ted using the finite element model in FLUENT
(Ansys, Inc.). The analytical model comprises
the fluid domain and solid domain, as shown in
Fig. 2. The air enters {rom the inlet and exits
from the outlet of the cavity. In the inlet, two
plates are used to form a trapezoidal channel,
which would increase the wind flow speed and im-
prove the vibration amplitude of the harvester. It
is known that the harvesting efficiency is depend-
ent on the vibration amplitude and frequency of
harvester. The harvester is composed of piezoe-
lectric element and metal elastic layer. One end of
the harvester is fixed and the other is free. When
the harvester vibrates as it is subject to the exci-
tation of the aerodynamic pressure, the piezoelec-

tric element generates a voltage.

Harvester

Fluid domain

Fig. 2 3D analytical model

The finite element models of the computa-
tional domain are built as shown in Fig. 3. The
fluid domain has 14 998 elements and the solid
domain has 415 elements. To simulate the inter-

actions between the fluid, solid and electric, each

domain is solved separately and the coupling in-
formation between the domains is exchanged peri-
odically. This approach can save computation
time and has enough accuracy in dealing with

many complex non-linear problems',

Outflow
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Inlet

(a) Fluid domain

Fixed support
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Piezoelectric element
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Fig. 3 Finite element model

2 Computational and Experimental
Results

2.1 Computational results

The wind velocity of the inlet is set as
3 m/s. Fig. 4 shows the wind velocity contours in
the fluid domain. The wind velocity around the
harvester is about 6. 5 m/s. It is shown that the
convergent component can effectively amplify the
wind velocity. Fig. 5 shows the pressure contour
in the fluid domain. It can be seen that the pres-
sure in trapezoidal channel is higher.

Fig. 6 shows a vibration period of the har-
vester. The flow direction is from left to right;
and the beam is fixed at its right end. It can be
seen that the harvester oscillates up and down un-
der the force of the fluid flow. The maximum vi-
bration amplitude of the harvester is 0. 15 mm.

The equivalent stress of the harvester is

shown in Fig. 7. It is shown that the stress of the
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Fig.4 Wind velocity contour for the flow

Fig.5 Pressure contour for the flow

0.015 0.030 (m)
0.0075 0.022

Fig. 6 Nine consecutive images of the vibrating beam

in the period

Fig. 7 Stress contour of the harvester

right part is bigger than that of the others. Fig. 8
shows the open circuit voltage output of the har-

vester. The curve of voltage output to time is

similar to a sinusoidal curve. The output voltage
is about 1.7 V.
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Fig. 8 Open circuit voltage output of the harvester

2.2 Experimental results

A prototype of an energy harvester is fabrica-
ted. The experimental setup is shown in Fig. 9.
The convergent component and the piezoelectric
harvester are fixed in a wind tunnel. The wind
speed in the wind tunnel can be adjusted. Wind
velocity is measured by a digital anemometer
(TASI-8818). The output voltage of the harvest-
er is measured by a digital storage oscilloscope
(TBS 1102). When the wind speed around the
harvester is 7 m/s, the output voltage of the en-
ergy harvester is measured. The open-circuit

voltage is shown in Fig. 10. The output voltage is

Fig. 9 Experimental setup
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Fig. 10 Experimental open-circuit voltage of the ener-

gy harvester
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about 1.8 V., the period is 0. 027 7 s, and the
frequency is 36 Hz, approximately. The simula-

tion result is close to the experimental result.

3 Conclusions

This paper presents an analytical model for
wind energy harvesting using piezoelectric genera-
tors. The model has taken the interactions be-
tween the fluid, solid and electric into account.
In the model, the flow field is mapped in detail.
The force which the fluid flow exerts on the gen-
erator is formulated. The output voltage genera-
ted by piezoelectric cantilever harvester is investi-
gated. Various analytical results are obtained. A
prototype of an energy harvester is fabricated and
experimental testing results are compared with
the computational ones. The model developed in
this paper can be used as a tool for optimizing and
predicting the performance of different energy
harvesters. The further study may focus on im-
proving the harvesting efficiency and developing
the electric circuit for energy harvesting and stor-

age.
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