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MEMS hybrid power-generator from vibration energy
ZHANG Yang-jian,SAN Hai-sheng
(PenrTung Sah MEMS Research Center, Xiamen University, Xiamen 361005,China)

Abstract: A hybrid vibration-powered microgenerator has been presented by combining the structures
of piezoelectric generator and electrostatic generator,and the structure of the microgenerator is opti-
mized by a Finite Element Method(FEM) to obtain the desired low resonant frequency. Then,an ana-
lytic model is established to predict the behavior of the hybrid power-generator and a MATLAB/SIM-
ULINK is utilized for the numerical simulation. The simulated results reveal that the hybrid power-
generator has a higher output power than those of two energy harvesting mechanisms at a special reso-
nant frequency. For a resonant frequency of 282 Hz, the simulation result shows the output power from the
hybrid mechanism is 4. 85 pm,which doubles 2. 11 ;W from the original capacitive mechanism.
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MEMS
vert the vibration energy into the electrical pow-
1 Introduction er to drive wireless systems"”. The main con-
verting mechanisms are piezoelectric mecha-
Much work has been done on the development of nisms, capacitive mechanisms and electromag-
the different energy harvesters which can con- netic mechanisms'>'. In this paper, we present a
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design combining the capacitive and piezoelectric
energy harvesting mechanisms. The design can
be fabricated by MEMS technology in a compact
structure to form a MEMS hybrid energy har-

vester.
2 Design principle

The design is based on a capacitive energy har-
vester structure which is known as Out-of-plane
gap closing typet™, as shown in Fig. 1(a). The
mass and cantilevers are fabricated by deep reac-
tive ion etching process (DRIE) on a silicon wa-
fer. The two glass wafers with the cave are
bonded onto the silicon wafer to define the vibra-
tion space for the mass. Two different metals
(Pt and AD) are deposited on the mass and glass
respectively to form two electrodes of the capaci-
tor. The work function difference of the two
metal electrodes can offer the initial bias voltage

for the energy harvester so that the external bias

voltage can be avoided.

T

(a) Typical capacitive energy harvester

(b) Hybrid design

Fig. 1 Principle structure of energy harvester

In our design, when the mass is vibrated,
the distance between the two electrodes chan-
ges,and then a variable capacitor is formed. The
vibration of the mass will lead to the variation of
charges stored in the capacitor, thus provides
current for the load. To improve the efficiency
of the energy converting, the piezoelectric film
can be deposited on cantilever beams by using
the sol-gel process. Under the driving of a vibra-
tion source, the cantilever beams bend, and the
surface stress of the piezoelectric film in X or Y
direction will cause the voltage on Z direction.
This design can fully make use of the vibration
energy, and will certainly improve the perform-
ance of the energy harvester.

The cantilever beams were designed with the
L. shape to prolong the length of the piezoelectric
film and reduce the natural frequency of the
structure. The Fig. 1(b) depicts the schematic
design of this hybrid energy harvester.

3 Analytic modeling

Most analytic models for vibration energy
harvester are based on the linear theory proposed
by Williams and Yates™!. According to this the-
ory, the conversion of the vibration energy into
the electrical power can be considered as an extra
damping., e. g. , electrical damping. The dynam-
ics of the energy harvester can be expressed by

dz

PEE
ma—;+(be+bm)a—t+k°z:ma , (D

where m,k .2, by, b., a are the mass, spring
constant, mass displacement in Z direction, the
mechanical damping coefficient, the electrical
damping coefficient, and the external accelera-
tion.

3.1 Capacitive harvester modeling

The current generated by the capacitive harvest-

er can be expressed by

dQ_d g dC
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where V., A, g,,¢ stand for the voltage across
the capacitor, the overlap area of the two elec-
trodes, the original distance between two elec-
trodes, and the dielectric constant for the free
space, respectively, For a load resistance R, the

power output of the harvester can be expressed

as:
R £ + R _ec AV,
P=ik+ R (wRC., +1)* (<g0—z>2)
R de,
(WRC. F1) ) (3)

where the C,, is the initial capacitance at no vi-

bration. The electrical damping is given as:

(e r AV R
be_<<go—z>2) oRC..¥1° W
The electrostatic force between the electrodes is
given as;
F(\IQ: Q_ _ € A * V_ (5)

Dege A72 . (go_z)z ’
Using Eq. (2) to Eq. (5), the dynamics of the

capacitive harvester can be expressed as

g AV?
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3.2 Hybrid harvester modeling

The electrical damping of the hybrid harvester is
composed of two parts, the piezoelectric part
and capacitive part. For piezoelectric part, the
current created by the stress of the piezoelectric
film can be expressed by

i :4 s dsy * Ypur  wegr . Loy . d£
pzt ’
L \?2 L dr
1+(7)

where d;; is the piezoelectric constant in the 31

YD)

coupling direction, Y,, is the Young’'s modulus
of the piezoelectric film in 1 direction, w,, is the
width of the piezoelectric film, L is the length of
the cantilever, and L,, is the length of the piezo-
electric film.

As summary, the analytic model for the hy-

brid harvester can be presented as following:

mea=m-* %+(bm+be) . %+k s 2t Fa (2<gy)

R

C=C.,+C,.

where C,, is the capacitance of the piezoelectric
film in Z direction. P is the harvested power for

the hybrid energy harvesting mechanism.

4 Simulation results

Generally, vibration-powered harvesters are
working under the resonant state, so the natural

frequency is critical in the design for the opti-

bo=1(gy—2)° L \2 L C =~ €))
¢ = RC+1 ’
+(7) “
B R e'AAi"é 4 e dy » Your 'thZT .LPZT : dz\?
P=—b—"—7 - | (g2 L\* L y *>
(wRC+1)* 1+(7) d

mized performance. The natural frequency of

structure can be investigated by ANSYS simula-

9], The relationship between the natural

tion
frequency in Z-axis and the dimension of struc-
ture is shown in Fig. 2, where T is the thick-
ness of the cantilever, L, is the length of mass.
The external acceleration is defined as 0. 2g (g is

the acceleration of gravity). Then MATLAB/
SIMULINK is utilized for the analytic model-
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ling. Fig.3(a) and Fig. 3(b) show the harves-
ting power distribution for two different energy

harvesting mechanisms.
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Fig. 2 Natural frequency of structure versus the
thickness of cantilever and the length of

mass
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(a) Hybrid energy harvesting mechanism
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(b) Capacitive energy harvesting mechanism
Fig. 3 Harvested power versus the thickness of can-
tilever beam and the length of mass

The output power is very high in the top right

corner of Fig. 3(a) which has been indicated by

the black triangle. But the harmonic analysis of
ANSYS shows that the stresses of piezoelectric
film in the structures indicted by the black trian-
gle range exceed the maximum allowed tensile
strength of 34. 5 MPa", which will cause the
degeneration of the piezoelectric film.

By comparison of two images of Fig. 3, the hy-
brid mechanism can highly improve the output
power of the structures with the natural frequen-
cies within the range of 200 — 400 Hz (as en-
closed by white dash ellipse in Fig. 3(a). e. g.,
for the structure with the thickness of the canti-
lever beams of 62 pm, the length of mass of
7 100 pm, the natural frequency is 282 Hz. The
simulation result shows the output power can be
doubled from 2. 11 ;W with the capacitive mech-

anism to 4. 85 pW with the hybrid mechanism.

5 Conclusions

In this research, a hybrid vibration-powered
generator combining the merits of capacitive
mechanism and piezoelectric mechanism is de-
signed to improve the performance of the capaci-
tive energy harvesting mechanism. Based on the
analytic model and the result of the model struc-
ture analysis from ANSYS, the dynamic behav-
iour of the device is simulated by MATLAB/
SIMULINK. Simulation results show that the
maximum output power of the hybrid mechanism
has increased by 26 % —200% as compared with
that of capacitive mechanism for the structures
with the natural frequencies in the range of 200

—400 Hz.
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