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1. Introduction

Advances in wireless communications and low-
power technology have enabled more widespread use of
wireless sensor networks(WSNs). However, the limited
life expectancy and high replacement cost of batteries
still make it difficult to use wireless sensors."
Piezoelectric energy harvesting (PEH) technology which
harvests electrical energy from ambient vibration energy
has emerged as a possible solution to eliminate the need
for batteries in wireless sensors. Recently, as a compact
and durable piezoelectric energy harvester, a PEH skin
which can be directly attached onto a vibrating structure
as one embodiment has been proposed. From a system
integration perspective, one of the most important
aspects is the impedance matching between the PEH skin
and the electrical regulation. However, the impedance
matching has been treated in the mechanical and
electrical domains individually. Therefore, this work
presents an integrated design methodology for
impedance matching of a PEH skin by optimizing the
mechanical and electrical design variables
simultaneously to maximize electric power.

2.  Design Methodology for Impedance
Matching of PEH Skin
The several analytical models have been developed

to predict electric power generated by a PZT patch
attached to a substrate (see Fig. 1).

Fig. 1 A schematic representation of PEH skin
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According to IEEE Std. (1987), the linear constitutive
equations for piezoelectric materials are given by
equations (1) and (2).?

E -
Tr/ = C:,u_e.ul"k (l)
D =e,S,+ E,'z £, (2)
wherec, , ¢, , ¢, are the elastic, piezoelectric, and

permittivity constants, respectively. 7, is the mechanical
stress, §,, is the mechanical strain, p_ is the electric

displacement, and £, is the electrical field. Because the
thickness of the PEH skin is thin and the PZT patch is a
transversely isotropic material, equation (2) can be
reduced as:

D, =¢, (S +8,)+&,E, 3)
where D, is the electric displacement component along
the z-axis, £, is the permittivity component at constant
strain. Because the electrodes of the PZT patch are
connected to an external resistive load r, , the electrical
circuit equation can be expressed as:

d - _— v(t)
—([p(e (S, +S)+ s”E,)dA)=(— “)
di 3 R,

where v(r) denotes the output voltage under the given

vibration condition. Equation (4) can be rewritten by
assuming the uniform electric field in terms of the
electric potential difference as:
dv“) hpv(’) h”e_“

+ =
di  Re,A &4
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P—s, +5,)da (5)
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where A4 is the area of the PZT patch and 4, is the

thickness of the PZT patch. To determine the steady-state
power output under harmonic vibration, let the dynamic
strain components be harmonic at the same frequency w
for simplicity:

o

S, =S¢

1

s S2 =Sqe’ (6)

where ; is the unit imaginary number, and s, , .
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are the strain magnitudes. If the steady-state voltage

st

output is v(r) = Ve’ ,e quation (5) can be reduced to:
5 o joe, R h A(S +5,) ™

JOR £ A+ h,

Therefore, the steady-state power amplitude is as:
o' R AIAT(S, +S,)] ®
P = =
'R, (55) AT+ h]

The maximum power p__ can be obtained at
optimal resistance which is obtained from a derivative of

the power equation (8) as:

aP
— =0 )
3R,
R, =R;
then be reduced to:

h

R = —L (10)
. we A

By substituting equation (10) into (8), the maximum
power output can be derived as:
Pmu:me_;hp/i(_S;+Sz): an
2¢,,
To achieve the maximum power, the size of the PZT
patch can be determined as:
h
A (12)
2] £, R,

The dielectric permittivity at constant strain and the
thickness of the PZT patch are known values. We can
also know the external load once the target application is
specified. As a result, the optimal size of the PZT patch
can be determined.

3. Experimental Validation

Fig. 2 shows the experimental setup. The boundary
condition of the PEH skin is fully clamped along the all
edges. From the experiment results(Fig. 3), we can find
that the output power is maximum at the optimal
resistance. These observations are in agreement with the
results predicted by analytical analysis.

As shown in Table 1, if we know the resistance and
frequency of the target application, the optimal size of
the PEH skin can be determined during the design
process

Fig.2 Experimental setup
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Fig.3 Validation of electric power at optimal resistance

Table 1 Estimation of the PEH skin size

Diameter 48.65 Hz 69.5 Hz 90.35 Hz
©m | | 6ad(@) D.(em) | Load()D.(cm) | Losd(@) D.(em)
3 501k 295 301k 3.18 | 250k 3.6
] 301k 3.80 190k 400 | 140k 409
5 179k 493 132k 480 | 100k 484
3 121k 599 100k 552 | 70k 578
7 90k6 95 65k 684 | 50k 684

4. Conclusion

The proposed methodology can be wused to
simultaneously optimize the electrical and mechanical
design variables to achieve maximal output power.
Because we just consider the resistance in impedance
matching, our future work will include the consideration
about capacitors and inductors as well as resistance.
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