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Abstract: A vibration-powered piezoelectric energy harvester yields the maximum power output when its resonant frequency is
made equal to the excitation frequency; however, the power output is dramatically decreased when the energy harvester is
operated at off-resonance frequency. It has been observed that the resonant frequency of a piezoelectric energy harvester may
change with time and that the excitation frequency often varies when the energy harvester is used in real applications. Hence, in
this study, we propose a piezoelectric energy-harvesting module that is suitable for excitations in a certain frequency range. The
frequency characteristics of the electrical output of the module are studied through analysis and experiment. A simple frequency
tuning method is also suggested for the proposed energy-harvesting module; in this method, frequency tuning is achieved by
changing the electrical connections between the constituent energy-harvesting units of the module.
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(a)
Fig. 1 (a) CAD model and (b) prototype model of the
proposed piezoelectric energy harvesting module
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Fig. 2 Constituent piezoelectric energy harvesting unit in
bimorph connected in parallel and related
dimensions (#,=10 mm (Unit 1), 9.5 mm (Unit 2)
and 9 mm (Unit 3), respectively)
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Table 1 Short-circuit and open-circuit resonant
frequencies of each constituent piezoelectric
harvesting unit

Unit 1 Unit 2 Unit 3

7 3] = 124.7 127.4 131.2

I s (Hz) | /1242 /127.6 /1322

NE = 128.9 131.6 135.5

I s (Hz) | /1286 /131.5 /1352

(Analysis/ Experiment)
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|Enel ey Harvester H Electrical Circuit }7 / FFT Analyzer

| Exciter H Power AMP. H Function Generator

(b)
Fig. 3 (a) Experimental setup and (b) its schematic for
measuring resonant frequencies and electrical
outputs
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Table 2 Short- and open-circuit resonant frequencies of
the assembled piezoelectric harvesting module

1st mode |2nd mode | 3rd mode
H 3] = 124.7 127.4 131.2
I RE¢ Hz) | /1242 | /1276 | /1322
NE = 125.4 128.6 133.5
a5 XNES (Hz) | /1252 | /129.1 /133.7

Fig. 5 Proposed piezoelectric energy harvesting module
expandable to either 1/2, 1/4, and full circular
shapes in a plane or a three-axis type
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Fig. 6 Electrical parallel connection among the

piezoelectric energy harvesting units
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Fig. 7 Mode analysis of the proposed piezoelectric
energy harvesting module for the (a) short-
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Fig. 9 (a) Output voltage, (b) current, and (c) power
when the energy harvesting module is connected
to an external 20kQ resistance
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Fig. 10 Electrical outputs of the proposed energy
harvesting unit at optimal impedance with
respect to frequency: (a) voltage, (b) current,
(¢) power, and (d) impedance
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Table 3 All combinations of electrical connections for

the schematic circuit show in Fig. 11

32 A4 WH 2 oA

Case 1 Unit 1-2-3 ¥4

Case2 | Unit1-2 B3, Unit3 34 ‘
2

Case3 | Unit2-3 W&, Unitl & ‘
3

Case4 | Unitl1-3 W2, Unit2 28 | -

Case 5 Unit 1-2-3 2 &

Case6 | Unit2-3 2%, Unit1 9

Case7 | Unit1-3 2%, Unit2 e

Case 8 | Unit1-2 24, Unit3 ¥4

2 S0
Fig. 11 Schematic of electrical connections among the
three piezoelectric energy harvesting units in an
open state
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Fig. 12 Electrical connections among the three
piezoelectric energy harvesting units in
parallel
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Fig. 13 Electrical connections between Unit 1 and Unit 2
in parallel and Unit 3 in series to them

A o2 A4 BHS HsloF gk A5E 3
=

3.1 CASE 1: Unit 1-2-3 &3 o1&
o] gl gk dsk, A7, g

g uEs A
= Fig. 10 ol AAGE R} Zom Fig 11 o KB
9l F =& Fig 12 o @o] =dHAT o]gA Fo

2M Fig. 10 ] Bl vpe} o] Unit 3 o sl &al+=
I AEFdA Ho EZ5o] wAs) o] A9
Ad &3 (33682 uw)> 7N

Unit 3 (1521.6 pW)oll Al D& = = FHHETE 120%
Bk S e

3.2 CASE 2: Unit 1-2 ¥ & Unit3 2& &

Fig. 13 & 70 oy #] 45 &9] Unit 1 ¥} Unit
2 = HEs A4y, o] ¥Y d4do| Unit 3 7}
AEa2 AZdFo 9= A5 Yl o] AH$-
of tiat Ar] EFHHFS Fig. 14 o JERNSOH
Unit 2 ol @33l 2f Ae F2oA o 2
Hefo] BAZ= S B 5 vk N YA
T w9l Unit2 o Ho = =Fo] 1680.1 uW el
Hhal] o] 749 FHuo W= 3853.1 pW 2A] of
130%°] =7+ 7HA Skt



9% 7hzl b FReE weld g1 AE olUA 53 mE 44 643

()
=]

800

Unit 2W\Unit 3 Unit\Z‘ }Init 3
600
Unit 1
Unit 1—, 400 >

=

Voltage (V)
=
Current (nA)
[ 3
S

0 T T 0 T T
120 125 130 135 140 120 125 130 135 140
Frequency (Hz) Frequency (Hz)
(a) (b)

IS
=3
(=3
=]
53
=3
=)

. g Unit 2\/\ A\
& 3000 = 150
S o | 2 g SNAVAN
= 2000 - U"" 3 PP VAN
£ 1000 & s0

jy \ E Unit 3

0 0 ‘ ;
120 125 130 135 140 120 125 130 135 140
Frequency (Hz) Frequency (Hz)
©) (d)

Fig. 14 Electrical outputs of the proposed energy
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