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Modeling and application of piezoelectric
vibration-based power generator
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Abstract: The piezoelectric vibration-based power generator is a promising MEMS electricity source to
power wireless sensing nodes for the fault diagnosis of rotary machines. In this paper,a piezoelectric
vibration-based power generator is designed and the mathematical model of the cantilever piezoelectric
generator used in rotary mechines is established. Then, the effects of the axial extension force on the
stiffness of the beam and the frequency of the generator are analyzed,and the formulas of the frequen-
cy, output voltage and output power of the cantilever piezoelectric generator are derived. The output
property of the piezoelectric vibration-based generator fixed on a rotary frame is measured. Obtained
results show that the maximum output power of the generator is about 35 uW at the rotation frequen-
cy about 14. 25 Hz. The output power decreases quickly when the rotation frequency deviates from the

frequency of the generator.
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1 Introduction

Nowadays, most wireless sensing nodes are
powered by batteries, which need to be replaced
or recharged because of their short lifetimes.
For wireless sensing networks ( WSN) with
thousands of sensing nodes located in the remote
or dangerous regions, it is tedious or impossible
to replace or recharge these batteries. The pow-
er has become the bottleneck technology for the
application of WSN. The MEMS electricity
sources based on the harvest of the external en-
vironment energy have attracted more attentions
for the advantages of low costs, long lives, ma-
intenance-free and so on. The vibration-based
microgenerator which can convert the environ-
mental vibration energy into electricity power is
one of the most promising MEMS electricity de-
vices for WSNIY2 | So far, three types of vibra-
tion-based generators, electromagnetic, electro-
static and piezoelectric ones have been reported

in literaturest ™,

The piezoelectric generator re-
ceives more and more attentions in recent years
for its advantages, such as simple structure,
high energy density, easy to be machined and so
on. Roundy et al designed a piezoelectric vibra-
tion-based generator with the volume of 1 cm’
which generated 375 W electrical power from a
vibration source of 2.5 m/s* at 120 HZ" .

For rotary machines such as a huge electromo-
tor, the vibration information of the rotary parts
can be used to monitor the real-time status of the
machines™”. The online fault diagnosis technolo-
gy based-on vibration measurement is of impor-
tance to discover these faults in advance to avoid
huge losses of lives and assets. The wireless
sensing technology has to be used when the

sensing nodes are installed on the rotary parts

such as the vanes of a huge electromotor. The
vibration-based generator has a potential to pow-
er these wireless sensing nodes because it pro-
duces electricity power when the machine rotates
in the gravity field. The mathematical model of
cantilever piezoelectric generator has been estab-
lished™ * %1, but only a few literatures reported
its mathematical model when it is used in rotary
machines. The mathematical model of the canti-
lever piezoelectric generator used in rotary ma-
chines is established at first, and then the exper-

imental results are presented.

2 Mathematical model of cantile-

ver piezoelectric generator

2.1 Structure and operational mechanism

A vibration-based cantilever piezoelectric genera-
tor is schematically showed in Fig. 1. The gener-
ator is composed of a cantilever, a fixture and a
proof mass. The upper layer and the bottom lay-
er of the cantilever are composed of piezoelectric
materials. The middle layer is a metal layer as
the electrode between the upper and the bottom
piezoelectric layers. The proof mass is at the
free end the cantilever and the other end of the
cantilever is fixed by the fixture. With the rota-
tion of the machine, the components, perpendic-
ular to the beam, of the gravity force and of the
inertial force of the proof mass cause the beam to
deform and vibrate. This deformation causes the
change of the stress in the piezoelectric layers.
The change of the stress causes the change of the
voltage between the two electrodes of the piezoe-
lectric layer because of the piezoelectricity
effects. This voltage can power a load. When

the frequency of the rotation is close to the fre-
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quency of the generator, the output power is

large.

Proof mass

Fixture
Piezoelectric layer

/

Middle layer

Fig.1 Schematic of cantilever piezoelectric generator

2.2 Mathematical model of a cantilever piezoe-

lectric generator used in rotary machines
Roundy et al established the model of the pie-
zoelectric generator by using the deflection at the
joint point of the cantilever and the mass. Be-
cause the difference between the deflections at
the joint point and the center of the mass is neg-
lected, Roundy model is inaccurate when the
length of the mass is larger than that of the can-
tilever. To extend the applicable range, He et
all® established two models of the cantilever pie-
zoelectric generator by simplifying the generator
as a single-degree-of-freedom system and two-
degree-of- freedom system respectively, which
the difference between the deflections at the cen-
ter of the proof mass and at the end of the canti-
lever has been considered.

When the cantilever piezoelectric generator is
fixed at the clamped point on the rotation part of
a rotary machine rotating at a constant angular
velocity of w, » it is assumed that the neutral axis
of the beam coincides with the radial direction of
the rotation. The centrifugal force of the mass
and the component in parallel with the cantilever
of the gravity force of the proof mass exert an
axial extension force onto the beam. The compo-
nents, perpendicular to the cantilever, of the in-
ertial force and the gravity force of the proof
mass cause the beam to vibrate. The model is
schematically shown in Fig. 2. The axial direc-
tion is denoted by x. Let y(x) denote the deflec-
tion of cantilever along its neutral axis, [/, and [,

respectively the length of the cantilever and the

mass, t¢ and t, respectively the thickness of the
piezoelectric layers and that of the middle metal
layer, w and m respectively the width of the can-
tilever and the mass of the proof mass, and r,
the distance between the rotation center and the
clamped point. It is assumed that only the part
with the length of /, near the clamped point of
the cantilever is covered with metal layers, and
only this part of the piezoelectric layers produces

electricity.

Fig.2 Schematic of mathematical model of cantile-

ver piezoelectric generator

Because of stress stiffness effect, the axial ex-
tension force changes the stiffness of the cantile-
ver and the frequency of the cantilever genera-
tor. In most cases, the component perpendicular
to the cantilever of the gravity force of the proof
mass is much smaller than the centrifugal force
of the proof mass. Compared with the influence
of the centrifugal force of the mass on the stiff-
ness of the cantilever, that of the component
perpendicular to the cantilever of the inertial
force of the mass can be neglected. The axial ex-
tension force is approximately given by

F.~mw:. (1)

In the following, the force produced by the
flow of the gas can be neglected. Let P and M
respectively denote the shear force and the ben-
ding moment on the cantilever at its joint point
with the proof mass. The total moment on the
beam is given by

M (x)=P{,—x)+M—F.y(x) , (2)
where the third term in the right side of the e-
quation denotes the moment produced by the ax-

ial extension force. When the deflection of the
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beam is small, the differential equation of the

beam is

F, _PL+EM_Pr .

V4
YTEP T TR EI

where E and I respectively denote the elastic

Pl/,‘FM

y=—

When F, approaches 0, the above solution ap-

proaches the deflection of a cantilever without

[ ?Ism g}l,,) l,cos
F., F,
[l,, I EI l,)+cos

When P and M are exerted by the components
of the gravity and the inertial force of the mass,

we can get

g =)

modulus and the sectional inertial moment of the
beam. The solution of Eq. (3) with the bounda-

=0 is given by

ry conditions of y|,—o=yv"],—

Pl/, +M

A/ 5 TF W

the axial force. The deflection and the rotation

angle at the end of the cantilever are given by

F, M [F.

}l/,)}+?|:1_C Z/,):| (5)
M/ |F

E}Z[') } <1n lb) (6)

Substituting Egs. (4), (7) and (8) into Eq. (2),
we get the total bend moment M, (x). When the

average stress in the upper piezoelectric layer is

P=—mgsin wyt—my , 7 denoted by 6= (mgsinw,t +my)/b* * ", we ob-
M=—0.50,mgsin wyt—0.5L,my . (8) tain
e — F1 )
1\ EI. [F.,, 1E B
([, +0. 5[,,,)Z F. sm,\/; “IF Z D
When the deflection at the center of the mass is de- in the upper piezoelectric layer. We get
noted by vy, = —e/b" ™, where is the average strain
(l,+0.5., W EIF, sm,\/i‘ —FEI(cos, / —/,—1)
b= ET (10)

IF . IF, ElI. . |F, IF, J ’
EZE, 5 2 7‘1 7‘1 — Q 7‘1 —_— ~ Z
|:(O. 250, El +0. 5,1 El -+ F )sin EIZ) lcos EIZ)

For the proof mass, the stiffness of the supporting
beam is K,,=Eb"“ b"* * and the frequency of the canti-

lever generator is given by

1 B
fﬁZTt m

an

By establishing the equivalent circuit model of

the piezoelectric generator™, such parameters as the
output voltage and the output power can be derived.
When the generator rotates with the frequency of wy »
the output voltage on a resistor with the resistance of

R is given by
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U= P B - ) az
[7%*(£+4w5f)wé]+m[Y‘bibuﬂ )+§”§f 2]
where ¢ and ds are respectively the permittivity and rotation frequency about 14. 25 Hz. We may

piezoelectric strain constant of the piezoelectric mate-

rial, C, is the capacitance of the generator, k;; =

dsin/Y /e is the couple coefficient, and g is the gravi-
ty accelerometer. When the upper and the bottom pi-
ezoelectric layer is in series,a=1. When they are in

parallel,a=2. When «, =27 f, the output voltage is

given by
. 2Yedt " g a0 & ,
U= )/( 280 el kD) ).
(13)
The output power is
=|U|*/2R . (14

3 Experimental results

A testing system including an electromagnetic
electromotor, a rotary frame, an optical counter
and an oscillometer is established. Both the can-
tilever piezoelectric generator and the measuring
circuit are fixed on the rotary frame. The optical
counter and the oscillometer are used to record
the angular velocity of the frame. To measure
the output power of the generator, the alterna-
ting current produced by the generator is
changed into direct current by a full-wave recti-
fied circuit and a capacitor with the capacitance
of 2 200 pF is charged by the direct current. By
changing the voltage on the electromagnetic elec-
tromotor, the angular velocity of the frame can
be controlled. For different input voltages on the
electromagnetic electromotor, the voltages on
the capacitor are measured after the frame has
been rotating for 10 minutes. Fig. 3 is the meas-
ured output power of the generator versus the

rotation frequency. According to Fig. 3, the

maximum output power is about 35 W at the

conclude that the frequency of the generator is a-

bout 14. 25 Hz. The output power decreases

quickly when the rotation frequency deviates

from 14. 25 Hz.
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Fig. 3 Measured output power vs rotation speed

4 Conclusions

The piezoelectric vibration-based power genera-
tor fixed on a rotary machine produces electricity
energy when the machine rotates in gravity
field. It is a very promising electricity source to
power wireless sensing nodes for the fault diag-
nosis of rotary machines. For a cantilever piezo-
electric generator fixed on a rotary machine rota-
ting with a constant angular velocity, the effects
of the axial extension force on the stiffness of
the beam and on the frequency of the generator
are analyzed. The formulas of the frequency,
the output voltage and the output power of the
cantilever piezoelectric generator are generated.
For a cantilever piezoelectric generator fixed on a
rotary frame, the measured maximum output
power of the generator is about 35 uW at the ro-
tation frequency about 14. 25 Hz. Experimental
results show that the output power decreases
quickly when the rotation frequency deviates

from the frequency of the generator.
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