St 2 EF I AN03WE 2A & s]=F7] ppl059~1066

AA ARE o] &3 AFLA #S HEdA A|2E A & HA
System Analysis and Design for a Vibration Converted
Power Generator using Piezo Materials

=t s % *% *kk
PEARELE SN FL A P2

Kyong-Ho Kim, Myoung-Hun Keum, Seung-Yeop Lee and Byoung-Sik Ko

Key Words : Ambient Energy(}fFoll\ix]), Electric Energy(A7joluA]), Energy Converter(el\x] #$), Micro Power Generation
(2428 Mg 94, System Analysis(Nl2¥ 314), Optimal Design(#3 “d7)), Piezoelectric materials(¢3A A=),
Vibration Energy(ZSol11%))

ABSTRACT

A power generation system are proposed to convert ambient mechanical vibration into electrical energy using
cantilever-type piezoelectric materials. The vibration-based power device can be used for self-powered systems
without batteries. This paper presents the theoretical analysis for the coupled equations of piezoelectric and structural
motions and investigates the dynamic characteristics of the self-power system using transfer function method. The
theoretical model is verified by the finite element analysis of the resonance frequency, the dynamic response of the
structure and the sensor sensibility. Experimental results measured using a prototype system agrees with the
theoretical predictions. The system is shown to produce 253 (# in average. Finally, we perform the optimal design

for system variables to maximize output power.
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Table 1 Initial design specifications

Mass m 0.09 kg
Total Length L 275 mm
Width w 10 mm
PZT Height ha 0.2 mm
Plate Height hy 0.3 mm

Table 2 Material properties

Plate Elastic Modulus E, 7.17x10" N/m?

Plate Poisson Ratio 173 033
PZT Elastic Modulus E, 11.4x10° N/m®
PZT Poisson Ratio Ug 0.32
. cu 12.3x10™"°m*/N
PZT Compliance c ~4,06x10 /N
Piezoectric Coupling da,de -171x107%C/N
. Zo 8854x10"°F/m
PZT Permittivity Py 170
PZT Capacitance G 8.4246e-009 F
PZT Internal Resistance R 100 kQ
External Resistance R 30 kQ
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4. Ay 3 £9]

4.1 M= 9 AH

2de APAL HES] A8 olgd o AHEE
AA AgE e A 2aE AR AR 489e s
gk 71A71E o144 1G W99 &g AHARE 20 -
200 Hz 99 e 71A¢ 8tx, 7HEEASE 71E U
olHz sl ALFLE ALNSHT) Fig. 99 Zo] dojH
274 9 g A9 AlaY(Siglab)9] 471 Ade & S
A3 A4 ARHE 249 JAd EEAE o8l
7 7MEEE st A% 7|4 47 wEE wad
Mg olg3tol T ghe Aolg Aldete Addwig] E WY
o] a71% TN 2dx F 849 PIT F =R
28 Ade &3t vi3E vgaNRE  MTI-2000
Fotonic Sensorg AH&-8}¢ich

4% Az Fig. 100 Jehd wiel gtk 30 k@ Fsbd
golAel Mg g APPSR, HAse JHL A
F50] DC Fel2 A= g 1 27| =ASE0

Ch.1Ch.2 Ch3Chd

dsp Siglab NRRRER

Chl Acceleration of base
Ch2 Displacement of base
Ch3 Displacement of mass
Chd Voltage output of pzt

Fig. 9 Experimental Setup

.i\"_‘// \\ o~

T e e e
0 40 60 80 100 120 140 160 180 200
b Frequency (Hertz)

- 15{7 —_— T —

_—

/) <

1

0 120 140160 180 200
Frequency (Hertz)

Magnitude(
o

Fig. 10 Experiment results a) relative displacement
b) output voltage

42 &3} Hia

HAg AYANE A EAE AAE Fig 114 vehd
Atk AR Agdhkre 3T B A3 vl
g bt Holm LS ¢ & Uk v A Ae
AFuol el ekzhel Holg vehied oL =dw 7}
A7)t ZPREAN Bshe APFX) 54 2 TBE
A 4% A% Roez BAY adn nFoE Fod
ol Aol #lY mddA HWA ojgle vE FIF
S8 wiAElE ) gEd Jehd dsein & 4 o

(a) _ e

0y PR Simulation Model

% L i ~— Experiment

£04 H i

< :

20.2

E \

o

g o i I et

2
Frequency (Hertz) 10

© 1,1 [ Simutation Model |
i | — Experiment

—
4

-

1]

Magritude(volts/G)
o_o°

©

i 2
Frequency (Hertz)w

Fig. 11 Comparisons' of experiment and simulation
results, a) mechanical transfer function
b) total transfer function

-1063-



43 T3 SEEUe] NYY Bt

B eRolie 43 94 A29e AAE AT PEe
T 705 $HUSE A8ART, 4YE FA AFAAT
2o dERs 2de A2ge 4348 AE e
A $ESE2 o Adel AP B9l A2do) Y42
W9 el ¥ SUe et A% 99 Bt
ok wEA Fig. 12614 7kQ F34 a) 35 Hz, b) 62
Hz o 8 Hold 999 20ld B 339 2718 s
Wit 2an 2 ANe) F1glE A8l siEFsiaNe
HeHeel 2719 1V 2Hsh QRS o ms %8
Hg397) WEolch o)k Lo] 1S A71e) A okl
Hel 2t S4o] 4Y4E 77| AEA, & =R A
N AP 2de YT 9¥ 5 Ao

a)25 0)30

, 3sHz s 62Hz
£, ®Shpe0atvolsG g Slope=10.6 voits/G
5 o
2 1 @

E £

(24
n

=
£

i >
Exdited Accateration (G)

85Hz

Excile1d Aooelerati%m (G)

£
@

4) 12
10

o

A\Siope=0.87 volls/G

Volits/G

Vrms(Volts)
QN PP

S =N w

i2 3 4 S - N
Excited Acceleration (G} Frequency (He nz)’o

Fig. 12 Linearity Evaluation

44 2% F7|MK s} st 2HEY

A2"e A A% BAYEE Y AYon 4
a8l veht slokh Alxdle) 3238 F, 7 Fug
9o} i} e H) AYE YA Ho] BREolmE
A48 B WlN &4 Fug g de] FIAL /ES
TE #of gt a2y w3 FF PEE JHEEA @2
F5 4QoXe ZIAA §3 2dg Tk s T8
ol¢ Zol shie Al2d R 9 orRe] HIHA §4o
o I WEA o7} Fig. 139 veht ok AAE HA =
do) Q71 FFRE R,9 F7)o) WE AY Y FE
el Aoz A of 30 kedlM Hol 28& Role AL
o 4 Aok oW MY LAYolE ¥Rt Wi AR
EAS nojed, £ Al2d 94 Rl 4 54 2 99
W2l PZT HY 2Ads) A% A% £99 3 9
gkg uy) gRojtk ag=E & My YT Lo] A
YAl A 9§ 2 =2 FAY et Ao
Fig. 14& MAXIM jite] Application noteslA A7/H& Bl
AAE % AHAY FA2E B A2 AIFsE
52 £3% dzeld, 24" ACAY L ARH A

Power Qutput (Watts)
o w 3 o

4 6
External Load (Ohms) x10*

= Fig. 13 Power Output by External load under
60Hz Excitation

oo - N
P | o0
Power WISTERESS
Source ocioc
RECTIFIER v CONVERTER
COMPARATOR
weut |°pis -l oyreur
I REFERENCE SAUTDOWK
= RESERVOR l 1

CAPACITOR — =

Fig. 14 The input to a DC/DC converter for power
conversion comprises the panel, a reservoir
capacitor, and a comparator/reference circuit
that
adequate power is available

AAAE A A ow FAPAE Fae] A Bl &

A Z ooz §AY AW DC-DC HE77} FFdn

FW%o] HAE AL FHE ¥ AR 7 URT

ghe Rojth B Al&ade EE AMEd i A4 Al

282 9] AFAAED & ggde] BHVE LA

Bz A% YL FFsprlde #5 ol Aol

gty 48 Fa AVUAE ARA7IR Beg WY

& £3HEe ARshs Yol {830 olg HaiM A

< A F A& FA7F L7Eh AAE MAXIM itd

A MAX6663 MAX931%} 22 ARY 1AL o8 A

go] 3250 4% AAAFA ol 85I AT, £ A

2dos A5 248 A Folot

converter
[10}

enables the only when

45 £3 I dX

ol Foln =l s Fig. 16% 2 7H5=rt ¢
7He A% 29 YL AEgoldg F e 71
7MEEE 20 - 80 Hzlle 99 Fuie 2718 §46H
th. o] A%, 1x5%e) BF AY S 252 HE AN
A4 AxEo) A8 A, 7P 9A o)A} S A
o] AEgPe ENolth. tiREe] A4 WE 743 99
74Ro) 48 2 JERtEE Fig 163 o) dREHA

_1064..



231 B 292 BAY. dety oed 3aEy &
& nigos A2 dAshe ARte & =2dA AA
F FHELE ol8s] E4E 71 i HEEYe 3
7l EBE A% YA Ae A 59 &9
2 F3A01E AF FRES F3A A Aol AHF
oct.

o
o

Acceleration(G)
o

-]
Y]

-1

15T 82

0.4 68 o8 1
Time (sec)

Fig. 15 Random excitation under 20 ~ 80Hz
band

x10°
3

Power Output(watts)

Fig. 16 Poweroutput about excitation

5. A dA

5.1 & HAE st 3435 ¥ =24

HH HAE 48 B 4 (180 2HAY 4E& A
g3le ol AANSE Fig. 49 vt Utk o9k 4
& Fue hRe] vl diF Ad 3HEe Tk
Ao] F83H, TAMR Thga o] =T F Y
9 Fug 0,4 SEETT ZFEE A 4 @9 7)
A A o3 WEY A7le 4 (193 Zo] e
d 4 ok

=G, 0, )z}

olo] W EHEE 4 (17 2T,
x=0,L oA &322 4 (20)9} 2o}

(19)
Ay =dE:s

M = M, g =6E, 75 6=6E, 15| Gl wIZ) (20)

A7 &T @holN HY S FEFA P g,
PZTRENA 2Astng 4 (125 &34 4 QD# 2

_ 3RE,+(2h,+h)h,E, )
- L¥h,+ k) G0 )IZ) (21

gty Alzage] &8 Fogeel 7pRle) 277t Fod Ag
HH 47 FAE Fig. 4 9 Table 19 Yehd AAWNSFE
3 Table 3%t o] F43t & ¢ Aot A7|H & 4
(18)9) AYEHE, ne FAFHNF 0,=V k/m, 12 g
= 4 DY Hd $gHojn, T, FEY, S.Fo
dAAFE vk

Table 3 Formulation

Variable Vector X={x;, 1y %354 %5} T
Cost Function minimize {- AX)}
. X imin S XS K e
Variables Constraints
(i=1,2,3,4,5)
Equality Constraint h(X)=w,
Unequality Constraint £,(X)< —g%‘i

gog 4¥gsie] APAY 2 Alxwo] B HAHE HE4
7] A, & =29 A, A 271nd) o g
3 HHste P8 B1lth

F%9 T4 h, hbe & PZT 2 583 2o 44
AE] FHo] AgHo] Yorz 7] MAAGLE 1ARA|
7tk ol F L, wE AANSEE § 4% 1A 32 F9
42 AN2H9 830 625 Hzet 319, A% me &
HE7l Hog F dAMSe A 99 oA 1G 2719
7Hwe) digt HAsE FAsig. FoAe] A A
T g adizel 7 2o FAE gez dFsged, A
A 2de] 27] € AFA e} Ay T BASE 3
2ot} Melstch

Fig. 178 AY &gs Jephdd. £8& 2ot 83
Zol YegE A vehhe AL & = Qo oldl uha,
Fig. 189} Ad§g9] arle & Hoke Zold ug uzgx
7b 8 ZA JEidth gelA o] o)fd] HHASRE 1w
3 38-38S 50 Mpaolztz AY #A$, Zol LY g &
dHon MY & AT, E wel A$e 4= FI
Aoz Fzof A ¥ UM 7 2 &g Hddd 2
= HF 44 % L=19 mm, w=10 mmo|®}, ojn &g
< 32 Moldh

-1065-



Power autput (Watts)

17 Power about

width

Fig. output length &

-
o N

b
o

Maximum stress (pa) ‘

[#]
[=l=]

6
Width (mm)

Length (mm) 10 4

Fig. 18 Maximum stress about
width

length &

6.d 2

2 =2dME 4BARE ol8sto AlxweA st
T A AFAYAE ¥, AYS PNNE AHIA A
28e s A A2de H 2 72 Y
o A4 W43 A Fulg SRHPFE HEse oley
TS 83 53 54 B4sgh Aal 2dE Azt
of 49& Yo o83 H4ny vlwdd gIyL
A £, J1AH A BE @) A2" W -9
7o 3713 54 U &9 54 AE3S Y /18
AYe Y537 A WS AN =9, AFHAE
A% FAS TP AFo) L3 A 24 44
g AN AT

z 7
£ ERe WEE FRAEIBAY HESTRAWAY
(KRF-2002-041-D000G3)S] Sja) 278508 olo] ZHAte
Fy.

21023

[1] Shenck, N.S. and Paradiso, J.A, 2001, “Energy
Scavenging with Shoe-Mounted Piezoelectrics”, IEEE
Micro, Vol. 21, No. 3, pp. 30742.

[2] Ching, NNH. Wong, H. Li, W.J. Leong, PHW.
and Wen, Z 2002, "A Laser-Micromachined
Multi-Modal Resonating Power Transducer for Wireless
Sensing Systems”, Sensors and Actuators A, Vol. 97-98,
pp. 6857690.

[3] Roundy, S. Wright, PK. and Pister, K.S., 2002,
"Micro-Electrostatic Vibration-to-Electricity Converters”,
Proceedings of IMECE 2002, New Orleans, Louisiana.
(IMECE2002-39309)

{41 Amirtharajah, R. and Chandrakasan, AP, 1998,
“Self-Powered Signal Processing Using Vibration-Based
Power Generation”, IEEE Journal of Solid-State Circuit,
Vol. 33, No. 5, pp. 638776%5.

[5] Yu, J.-C. and Lan, C.-B., 2001, "System modeling
of microaccelerometer using piezoelectric thin films”,
Sensors and Actuators A, Vol. 88, pp. 1787186.

[6] van Kampen, R.P. and Wolffenbuttel, RF. 1998,
"Modeling the mechanical behavior of bulk-micro
machined silicon accelerometers”, Sensors and Actuators
A, Vol. 64, pp. 1377150.

[7] Nemirovsky, Y. et al, 1996, "Design of a novel
thin-film piezoelectric accelerometer”, Sensors and
Actuators A, Vol. 56, pp. 2397249,

(8] Eggborn, T., 2003, "Analytical Models to Predict
Power Harvesting with Piezoelectric Materials”, Master
Thesis, Virginia Polytechnic Institute and State
University.

[9] Rizzoni, G., 2000, "Principles and Applications of
Electrical Engineering”, 3rd ed., McGraw-Hill.

[10] MAXIM. co., "Hamessing Solar Power with
Smart Power-Conversion Techniques”, Application notes,
http://www.maxim-ic.com/appnotes.cfm/appnote_numb

er/364#photons

-1066-



