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Design of piezoelectric power generator in tire
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Abstract: A novel power generator in the tire which is applied in a wireless Tire Pressure Monitor Sys-
tem(TPMS) was designed. The piezoelectric convertor constructed by bender arrays was merged to
the inner surface of a tire to transform the mechanical deformation into the electric power and supply
to the sensors of TPMS. A Finite Element Model(FEM) for the convertor was established based on
the second piezoelectric function and the piezoelectric convertor with different sizes was analyzed by
ANSYS 11.0 in a transient method. Then,a target of 6 cm” was selected to observe its characteristics,
and the effective current is 5 pA. As the wireless sending component needs 10 mA every 30 s, an ar-
ray with 40 piezoelectric convertors was used in the generator and a power conditioning circuit with a
multiple path charge coupling module was also designed. Experiments show that when the frequency
of tire rotation is 15 Hz, the average power through the conditioning circuit is 150—350 W and the
instantaneous power can reach 50 mW, which proves that the power generator can work efficiently.
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1 Introduction

The vast reduction in size and power consump-
tion of COMS circuitry has led to a large re-
search effort based around the vision of ubiqui-
tous networks of wireless sensor and communi-
cation nodes. With the increase in number of de-
vices and the decrease in size, the replacement of
depleted batteries becomes impractical, so the
wireless nodes needs to be self-powered™. In
this case we are dealing with the micro power
generator for wireless tire pressure monitoring
system (TPMS).

Mechanical vibrations have received attention
from various researchers as a potential source of
power for sensors and wireless electronics in a
wide variety of applications. Generators based
on electromagnetic, electrostatic, and piezoelec-
tric conversion have been suggested in the litera-
turet,

In the paper a design of power generator in
tire based on piezoelectric conversion is put for-
ward. Because of the highly energy density and
small size, the piezoelectric convertor can be
placed on the inner surface of tire. Convertors
will transform the mechanical deformation into
electric power to support wireless sensor net-

work while the tire is rolling.

2 Generator configuration

A target size of 1 cm X4 cm has been selected,
which is based on the size of typical wireless sen-
sor network. The power of signal sending com-
ponent ranges from several yW to hundred. 8
parallel groups of convertors are attached onto
the inner surface with an equal interval along the
circumference of tire and each group includes 4
benders. The wireless sending component is
placed onto wheel hub, as shown in Fig. 1 and

Fig. 2.

Because of the gravity, the surface of tires
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Fig.1 Wireless TPMS in car
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Fig. 2 Piezoelectric convertors in tire

contacting with road deforms to flat during the
running of cars. By the mean time, those piezoe-
lectric convertors are bended by tires continu-
ously. So they can convert the mechanical ener-
gy into electrical power. And regulated voltage
is sent to wireless sensor networks after a power
conditioning circuit. The generator can work as
batteries for TPMS.

3 Electroomechanical model

By analyzing the structure of piezoelectric mate-
rial we came to a conclusion that the equation of
state can be described by the second piezoelectric

]

function™, which is written in reduced-matrix

form as:

T=CtS —eE T ct —érs
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Where S is the six-dimensional train vector, T is
the vector of stresses, D is the three-dimensional
electric displacement vector, E is the electric
field vector, CF is the six by six compliance ma-
trix evaluated at constant electric field, e is the
three by six matrix of piezoelectric train coeffi-
cients.

So a two-layer bending element as a power
generator is assumed and electrodes are placed
on the surfaces perpendicular to the z axis. Most
vibrations exist only along the z axis. A circuit

of the generator is shown in Fig. 3.
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Fig. 3 Schematic of piezoelectric convertor and

bender structure

Those assumptions are based on the model of

[ where the equivalent resistor, R, ,

Roundy
represents mechanical damping, the equivalent
capacitor, Cy, represents the mechanical stiff-
ness. ¢ is equivalent tress generator that repre-
sents the stress developed as a result of the input
deformations, n represents the equivalent turn
ratio of the transformer and C, is the capacity of

the piezoelectric convertor. Thus the used stress

variable is ¢ not T, and the stress-strain rela-

tionship is S = s¢ (or ¢ = ¢S).

For purely electrical circuits, the system equa-
tions are then determined by Kirchhoff's voltage
law (KVL) and current law (KVL). Taking the
sum of ‘voltages” around the mechanical side of
the circuit yields the expression,as shown in e-
quation (2).

ow=R,S+S/C,+nV . (2)

And the other parameters are given by the fol-

lowing equations.

i=C,V, (3)
Gin:}Zn . 4)

The input stress ¢ is decided by the thick ness
of bender b and the deformation along the 2 axis.
Substituting them into equation (2), we can cal-
culate the relationship between T and output
voltage V.

— _d31 Cp

2t.

Then n= —d; ¢,/2t.,» where C, is the elastic

T V. (5)

constant for the piezoelectric material. Finally
the output voltage has the following form.

_20.(F\y =0k S—¢,kS)

v d;nCp

(6)

4 Finite element model of trans-
former and simulation by AN-
SYS 11.0

Using piecewise-linear function to represents the
displacement of every divided nodal along the
convertor'. Supposing displacement of element
x; has the following expression:

a()([)}

u(x,t):(l,x)[

al t)
( T, —x XX )[”i*‘(t)J
X Xi— ’Iiififl u,; (1)
where (z;,_ <a<x,) . (7

The equation of variation can be written as e-
quation (7) using expression of gross stiffness

and electro-mechanical coupling vector.
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KU(t) +MU(t) =PV

{ PUDO+CV=Q )
And nodal solution

K.U,+M,U =P, V+F,

{Kab/UaJrMab'UanVJer | @

Where M is gross mass matrix, K is gross stiff-
ness matrix, P is gross electro-mechanical cou-
pling vector. By knowing nodal displacement U
(t), we can calculate force Fy and quantity of e-
lectricity Q can be calculated.

ANSYS 11. 0 is a common computer simula-
tion software. Piezoelectric analysis belongs to

L1 Calculations are based

coupling filed analysis
on direct coupling field. Element type of PZT-5
is solid 226. Fig. 4 shows a single periodic analy-

sis.

'NODAL SOLUTION ANSY|
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SMX=3.147
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Fig.4 ANSYS model of one bender

The process of analysis is as follows:

(1) Creat an ANSYS model by following pa-
rameters. Both piezoelectric layers are 139 pum,
and elastic metal in the middle is 102 ym shown
in Fig. 3. Input elastic matrix permittivity ma-
trix and piezoelectric matrix.

(2) Mash it by a smart size element.

(3) Analyze it by a transient method. It can
be divided into five time steps to describe the
procedure of one cycle. On different time point
can be given by different loads.

(4) Set up restrains on the convertors, force
load, time steps, and the start solve.

(5) After processing, calculate a voltage-time
curve and come out the effective voltage of the

whole procedure, as shown in Fig. 5. Effective

voltage of this curve is given by the equation
10).
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Fig. 5 Voltage in one procedure
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J‘ufdz+J" Widt +J2ufdz
u, =, |2 g ‘ ~0.133 V.
tz _O

(10)

By repeating this process at different sizes of
the convertor, the relationship between voltage
and dimension can be solved. Curves have been
fitted out by least square method, as shown in
Fig. 6. A proper size can be chosen to fit the de-
mand before the engineering design to reduce the

cost.

5 Power conditioning circuit

A power conditioning circuit can be used to reg-
ulate the power and supply energy to low-power
electronic device, sensors and remote circuit
with high instantaneous power consumption in
the environment of mechanical deformation. The
circuit commonly seen in literatures''? has a
limitation on output power (usually between
several pW to tens), but sometimes the trans-
mitting component need several mW. So a struc-
ture of convertor arrays has been brought in.
The assistant circuit is to supply the hysteresis

comparator, electrical switch and fulfill the de-
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