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In recent years, the need for low power electronic circuits like sensors and wireless systems has
been considered by many researchers. Excessive weight, limited lifetime of the batteries and also
the problem of replacing them, are the main reasons for harvesting energy from ambient
vibrations. Among the various sources of environmental energy, mechanical vibrations have
gained in popularity due to their availability. Between the different methods of ambient vibration
energy harvesting, piezoelectric method, is one of the good ways to harvest energy due to the
favorable effects of electromechanical coupling. The most common means of harvesting energy
from vibrations is a cantilevered beam with one or more piezoelectric layers. In the present
paper, electrical energy harvesting from Euler-Bernoulli trapezoidal cantilevered unimorph beam
with base excitation using distributed parameter method has been considered. First, equations of
motion are analytically obtained and then using Assumed modes method(for rectangular beam),
system’s natural frequencies are calculated and output voltage, current and power diagrams are
presented. For verifying results, presented voltage, current and power output diagrams for
trapezoidal configuration close to rectangular configuration, the results of which are published in
references, will be compared. Then, functional parameters for trapezoidal energy harvester with
resistance value changes for energy consumer have been analyzed.

Please cite this article using:

T e odlitw! Jod w,le I Ao (pl a glay )l (sl

M. R. Asgharzadeh, K. Jahani, A. Kianpoor, M. H. Sadeghi, Energy Harvesting Investigation from Unimorph Trapezoidal Beam Vibrations using Distributed Parameters Methoed,
Modares Mechanical Engineering, Vol. 14, No. 15, pp. 96-102, 2015 (In Persian)



Ve 9 031 ysuol Loy doxe

0dulh 23595 S kel gy )l oSkl b S isUlg us AV S b (Sl H93 Hus bl )l H1 (53] bl 33 () 32

Caizmon [9] wisges &l Joe ol sl Pl Gl ps Az )0 WS e
lesls sloriy eotin
Slyiion JSb sleijg sazzoSay &5 s S leol [10] o fSam 5 (s,
Jebis gm0 S & S (oS 551 ads 50 e 9 Skes
148593 dwdid 4 50,5 s 5 [L1] ()5 g uss cail anils
al ol Gly slably b Jgep g bl ol syt oy oy 4 06
38,56

Loy G5 el Jds 4 PZT a¥ L JbyS Sy 55 ¢l
S5l 555 oEaSs Jome 50 aiijod 0nil) wsSxe (sladijed (g Sy
- oo oy s (oSl g 1 el (it 15 3l it (cal 4
oo Gl am j5 g 1eS i e Gl al 4 Jlasl Joe j 555
@3 ety @lie ol po el (LS ane Sy 50 4 Cod A
S5 ol JSO (laBje8 ooy b (I skl 5 Sl (S Sl
Slo)logad 5 0000,5 oy 0o a8 byl gy 5l sl b Y
b oS el oud e (29 OlF g Ol s 4 e
SorSlgs Y & s Sgo oy 2SIl 00,5 e sl gy
A s og mSUl (g w (g0, Sy (S Iyl cod loads fuatie
ol WF 4 e bl slse aie,Sy 5 i (29,5 Sy 0
odd (B S oad Jae gl Geized 2050 i 579
bt slapy a5 Wil ale b oyl S0 alu] oS ine oy et
sloyehl sandsed 0gii ol piaps 5 SVl 5 e
sSxe S5 15 ol alie ol 4 0ad il Lalg, 45 ol (B4, a3y
438 00sls Jsb Comd wcdlo 1 5 4 peodgi ol b el Jlosl L5 5
sloyelly gy Cuje g eyt Sl 5SS 5 S 4 ddy, o
SRS alaly gy ol o 85 el Gl WSy Sl 00d @8
L PZT ¥ S5 55 0 Shoe (o) 99800 dnlns S5 55 JS 55 (55
ol Gasly oo i glo el by, ) ool (gladijed (sane Sy
el 00t 3155 K0t Lawgh (9iSL a5 all oo Slades SIS

ook @555 gL yolly gy 4 3w e -2
5 S8 slakized aeSy bkl oS S 5 lie Gl o
ond a3 S a5 (655l eanST caloy lpe 4 oSSy Y Sy
date el e S o alnss 1S Gy 55 Jao (LS5
ol g5 LIS e i 4y oSS laoslin Sy ol Laid a5 o
a¥ 5 ouilig ) oSSl 4 gl ala Loy iUl o8 ol ol 58
L) 25 528 &5, 8k odez S w4 bl sk 4 G Sl
ol oLt (1) Woles S50 45 gies
W (x, t) = wp (x, ) + Wrer(x, ) 1
7 2 @rbWra (1) 5 5 ab eSS > wp(x )] o o8
el Jo S Sl &
Ssdise ol (2) ably Sjp0 4 s S5 o (eioen
wy (x, t) = g(t) + xh(t) )

97

douilo -1

@srl 4 ol a5 SLbI e 516551 o5l Cass @ anl
il slecdyin b oang Tl el 1y eslinad B (S, )
05 5 o B (Sig xS b sl Lo w035, (S5 50 559555
Sr9re il Jo BB oy (nl ez el Gl 4 g, B pan
Ol (s sb @S Jom 5 1) 093 (655 033 ae g o4 e
S (o ooliinl (551 @te Blge 4 (5L 5l et

5055 gogamme yar BT a5 sl ol lags il 5 ool Lol JSio
2 0 B ediiSaiud 5 55,55 5 S 4 wilge o] Lags
Tt Glalr o wdlgiee & pig Slajgeie wiile (blag 3590
2 ozen s lagl (0bsy (lp Sl 55y 2oy w0y Je ¢ ytns
Ot ol Wi oo 65l (AR (Ngd cual BPS slagincw 3,
Gl 5l eolainl (Ol cpl wdssoly Lid go)lse iz ol
9 QA e 05 LS sl (Sl ) Sl (5551 gzren slaume
gz o3 B S e e 3 805 (5551 U alS el o g
Ao oo ualS 1) b jguin aydss

(Sloles N Slse (5551 ok 51y &5 it slopilSe (oo,
5 SeSlie ipmbliaeg 2SI LS Do)l vz atew iUl 4
Dl el 51 ool oty dds 4 S Sl 05l o(Sslinly 2SIl
PP IS eizen 5 (Slflag iU KiksS S5 csls oo
S50 Gl 6obj 59 SVle g 03ls olatsl 3o ) Az g G S e
[21] el onss axags

b Sy 5 oltles | ) (55, oS bl sy (5 Jghane
A e 03l Sy (59) 3 oS S (PZT) Sealig o Y iz b S
Sy 4 e S Slgie laaY 5o ool sbml (Seelus (9,5 9,5 o
Syl Y gl oS plasg 2SIl alins 4 oS 59,5 o (S0l 51
Jeas amlp 2l Bl 5005 o0 0538 5 g pslaer wilin e
alowsy 4 S0 1) ool 1B (S 28Ul (531 4 (il ) SilSe (53
s e Caglie Ll (eizen 5 [3] Syl g sl L,
Siledde g9 aw PZT o5 S 58 (LA )8 Gl cg o9e
Bh8 Jon ) Wl le a5 ol 428,515 oolicil 550 (pakizee Lo
58 7S 55 oyt ol 235153 85 Pgumantizl Jao s Fatgy Jus
5 Iagl el @85 )18 s 9 50 S pSUlgs ¥ 9o b Su L Lbte
Sdg (5] SlaediS Sl ) 5o liime sl 95> [4] o Sen
odiSlyee 5 8 ez ol A5 0g At Joo Sy o] g3leiiy Joe
294k S5 b solil 4z, o JaslB] 5 sellg g ead S
5 s, am o ls 4o wols &l urbliiey 55 el el
5 b ity o9 |y ol sla e o5 wis,S 330 [6] Sen
sl 5 2 bl Sl Y g0 b eSSy s [T])Sen
widges Bl (Il S g 00,5 () 5Slgend 15 Gizmes 5 (Join
Wl Gl Jo a¥ss (el 105588 S Gl Gerl 5 S8
Sl g Sy 5 ahenS gy gz 4 055 SYlEe o o] [8]ase S
D)) 88 @bl 5 (o200 5 Job Slals)) sl by, cul &5 s S

1- Energy harvesting

2- Power Density

3- Lumped parameter model

4- Distributed parameter model
5- Finite element model

15 o plats 14 055 1393 il oslallssd e s SIS oh 0



O 9 031 ysuol Loy doxe

0dulh 23595 S el gy il oSkl b S isUlg s AV 5 b (Sl H93 Hus bbbl H (53l bl )3 (w32

s 4 (9) aaly 50 ay (SelSeg miSI SLlysS 05 L ala,
Yydzw(x)
9 =—L——"(hZ - h}) ©)
2h,
oS ySllyy @Y S Jooe Vg oS pSlgs ol dgg Vb Lals, o
SOl (5 e 3l A oml bl s 4 he gy ha
S ez 5l S pSlgrn Y 0 gL g S e 5l SO Sl 4y

Ly, Sygo a4 15 Bye 5 owikl Glee 4 bgiye Laly, (pizen

s 5 e i (1) 5 (10)

1= -0 (10
9

wi = wa- 0% (1)

5P A Wy )la]; bl o 15 By Camd T 3gd hatly, 0 a5
ol (12) ol 3o oFaSS Jomo jo
W1
r=— (12)
Wo
aal, S0 4 <S> Aol (12-8) Ly, 5l eolitul b coles 4o

Se sy (13)
— |YI(x )¢+19V(t) +c51(x) i 4at
+c, awri;ng t) ( ) rel( )+19V(t)
_ 2wy (x,t) awb (x, t)
= —m(x) ez G gy (13)

Jo sl (S8 SadysS b SilSe o8 > dolas (13) ke
Lilsy 5l (SelSe SalysS b (S pSUlae dobes 05T s 4 sl
Sl o oolazul (14) alal, & 90 4 G 5Slg 5
D3 = dj; Ty + &3 Es (14)
G5 o (So Sl byl ed3 o Ko Sl ol D (14) b,
w43y L Glasuging eimed ool (Sl By 5 ol

2,7, Vs 5E3(t)— YO NS L

4 (14)4143|)53§3 =& —

D50 gmsisl (15) abl &)50

£33 ff ) (15)

5 e 3l S Sllgs Y S e alold lsie 4 Npe Bpee b

weils aunlys (16) alal, 3.l

02 ,
s,(u.t) = —hpc% (16)

Eoley g X abii o Gy aY lwgie s (55,55 (X, £)aS
]

L (A7 adal) o151 6550 5 (15) o (16) aba; (5, lSl> L
b salss axsq(t) oSSl

Dy (x,t) = d3Yps1(x, t) —

q(t) =
f (o) 5 5 S Das (1)

15 o plats 14 055 1393 il oslallgsd e Sl uwdigo

Sy Slgsy ¥ S b aiized 5 1S

2 S h() 5y Caz o 55 ooe 2S5, g(E) VL by, o
SilbeZ e Jo

@wa)bsb||uuu‘u7u$]y);)bs J)}dJQLxA

Dyl s QL:». (3) doleo )50
62M t w(x,t

YI(x)——2 ( ), m(x) 652 )_o ©)

it CJ“" Ls”’)‘-.’.‘ olee I(X) 0 KL Jgae Y (358 abail, 5o
S WX t) 5 5 Jsb wxly yipem(x) (sies ples M(x, )
el 5 o858

e OlFee ) s bt g9 g0 (Sl clib ol s sl
@lalsn Cuslie b (2l ol Jsl g [12] w85l o ot
@ls calpo 535 0)ls b slojler b (A3 (oliee 090 £95 5 (95mng
g aslys (4) alal, & g0 4 oS > alolro «piasa

YIGo) 62M(x t) () GZM;EJ;,tt) .. awgaz, t)
+m(x)aaLt§x) = @)

lie s 4 (4) doles ;5 (1) akaly 5,1 L (5) alad,

0%M(x,t) c I(x)aswm(x, t) c Owre(x, 1)
0x2 , s ( )6x46t a ot
0°wpe(x, t
+m(x)7gt2
_ 0“Wp(x,1) Iwy (x, t) 5
= —m(x) 9e2 —c, 9t )

sl ol 05 C5T(X) 5 595y 2lme oy Ca (D) abal; o

Gl (59005 alade mhaw (6lyy Joles

Bl s e SiSllgin o lle Luls, 51 eslizl L
0 aplys dculone (6) alayl, &0 4 M(x, £)
Ry Re
M(x,t) = — f TSw(x)ydy — f TP w(x)ydy ©)
Ry Ry

5 5 o S TP slaized 5 o,e WIX) (3od alal, o oS
il S SUlg i Y jo ATy
Cesd 4 (6) Wolra ,5 S Sy a5 Ly ()l L (7) aba,

hp

M(x.t) = f Yow(x )M 2 dy

e he

fy Wrel 2 d31 (7)

weo ey — | VO%WE) iy
hp hp
b sals s (8) ala, 4 (7) alal c(sjlwosls b

M(xt) = YI(x )M+ V(L) ®

98



Ve 9 031 ysuol Loy doxe

0dulh 23595 S kel gy )l oSkl b S isUlg us AV S b (Sl H93 Hus bl )l H1 (53] bl 33 () 32

9 Vb alaly o (€20) jio adgl 5Ly (253 b siluosles jslare &

ol (27) abaly o (o 05 i

V() = en Z ¢rf _dﬂr(t) 27)

Gl L s @losS (28 &5 Lx
T14] sgi o0 00ls 1,3 (28) alasl, & jg0 4 (21) alaly yo ()

_ / 1 Ar Ar
or(x) = m[coshfx—cosfx

A A
—ar(sinhfrx - sinfrx)] (28)
(29) abaf 31 &5
o = sinhA; — sinA, (29)

coshA, + cosi,
anls> (30) absl, )50 4 (28) Wolre sl laoge (j35: dgae by,

0g

fl; maes(x) e (x)dx = 6,5,

L d*
f VIG)bs ()~ 3 ¢r( = w25, (30)
Jo_s}w 5 oolitl puizmad oS, dolae ,o (21) alal, oyols 130
e n Jol> (31) doles Sloj Ceond J> 5 ladge 05 Sgec
d*n,(t) dn,(x)
G2t o ol @O+ V@ =N G
gdee Jol> (32) bl 51 & ol e s YU alai] o
csl (x)wy Ca
= 32
& 2YI(x) 2m(x)w, (32)
(33) abul, yp0 42 g 0t onal Jloge KilysS o35 A i
Dgdd g0 iy 2l

(33)

d¢r(x)
Xr = dx

x=L

aals> Ly (34) alal, & 9o 4 alivs 5L gl (31) woles > L

1
ne(t) = w—rd

¢
f [N (D) — .V (D)]e 5 Dsinw 4 (¢ — 7)dT (34)
=0
ol eains LS5 slapy 5 (SlSe 5,8 @b YU abal, o
g oo ol (38 -35) Ll
NE(E) + N (E) (35)

dg(t) R dh(t)
dt MR dt
d?g(t) d?h(t)
dt? 4 dt? ] @7

oy d

No(t) =

(36)

Ne(6) = —caln”

NI(E) = ~mD
= [ puwrix

L
1= [ xo.0oax (39
S 5 (39) abaty yo a5 jebplen
casls aualys (27) 50 (34)

alal, 6 KL L ocl onds ools ylis

99

byrye polie plysoo Q1) (S mSUl L abaly 051 Cews @ 51
055 apsloe (19) 5 (18) Luly, 50 21, V(E) 5605 5 1(D) sz

: dq(e) _
i(t) = dt
03wy (2, t)
- f d31thpcw(x)de
x=0
3 eSsw(x)L dV(t) (18)
hy dt
L
. 63W e](x, t)
V(t) = Ri(t) = —R f dax Yphpew() 2
x=0
. e5;w(x)L dV(t) (19)
hy, dt

s_A)}Aodué.))..S.” L\Ad.]bl.bo(lg) )ub;w)ﬂbwl.&;)bs

Sl aalgs oo 4 (20) alayl,

e5;w(x)L dV(t) V(t)

h, dt R

L
GRAVARIC' 3]
f s Yyligain () I 0)

Yoles Jo -3

o it (slula Lol pins @Sl S¥sbes o (sl i ol 0

D¢ o ool (21) alal, & jg0 4

Wea(6) = ) (In,(0) 21)
r=1

2 goge S lKe Cuond oonles Pr(x) Bsd akal, o
2 (21) Lty gols JI3 L oS el Sle; () (‘sua*‘“"’
e aply> (22) b, < (20)

e5;w(x)LdV(t) . @

h, dt R

L
d? ¢, (x) dn. (1)
~ [ a2 T D 22)
=0
T13] oo cows 4 (23) alal, YU dolas (5jloosls b

P, qur() ) 3

dt Rs33w(x)L v =
ol (24) ally 3ok ] 0 o8

d31Yphpchy
$r) = -
fL d2¢r(x) d31 p pch d¢r(t) (24)
o ax? el dx L

5,5 = ).>,u—efc Il 56556 Gyo b lgse |, (23) olas
- oo i 5 (25) alaly &g 4 a5 sl e Slej ol Brme Te el b
Dgd

Re3sw(x)L
o= %hi() (25)
P

w20 (26) alal; b
V() = e [ercz PRLEONI (26)

15 o plats 14 055 1393 il oslallssd e s SIS oh 0



O 9 031 ysuol Loy doxe

0dulh 23595 S el gy il oSkl b S isUlg s AV 5 b (Sl H93 Hus bbbl H (53l bl )3 (w32

A1)l gl 4 Conl 53 a5 03 00,5 o oy p 2K 50 o eols L
cops o les auglio [13] 4 42 5 alool Liale3 gl b allis el jo o
1y, Wo ol3T slesl )s (o ,e 4 W 1o 18 slesil )0 55 (oo o jkans
OlF 5 ol s 4 barye slajlosei 5 00,5 (28 17095 50 4
Hgas ailoyd,F ey aelsl 5 RZ10MQ S S canslin (sl o8,
slod lin Fady iz ol sad ooy lad 2 IS o adllas 350
loads ools lis by JSo 50 5 0als S

o @] zlis 02,5 co sanlie By 4 BiglaJSi 5 o olas
el sl [13] 4o oo all)) gl b Jssd LB s b dlie ol 5o
Sl callas  Llatis oansS

Cuaglia 3T 85 5 b Slalle Liged Ky wyp -5
S sl

5 o a8l cwain (glo el b b (gl jed oaiiS cudls Sy idu ol o

2350 sin L Jgor

i d
R
%Y
* E
100 20
-
S yiSlgm Y o b Jebats 552 IS

e A8 yeaye )8

—_— i iV d

|V/(W2YO )|[Volts.sec 2 /m]

10 0 200 400 600 800 1000
(Hz)_ils 3
o0 dugliie (g 5 5Ll o503 IS
10
""" — 23508 gl
= —_— e OV
2
~ 107
Q
[
g 10°
= 5|
g0 1
;_\O 10‘2794 296 298 00 302
N§ 6
10
107
0 200 400 600 800 1000
Hz) k5 3

00U A lie T QLL)—" )|J5,¢34J$&

15 o plads 14 055 1393 il oslallgsd e Sle o

V() = e Z fefc—

( f [N (2) = eV (@)le 5 Dsinwgg (e — D)dr)de  (39)

D05 o0 4,5 Ja s Siigele Djgo 4 aly S (Sole
WO 55 5 00 S5 252 () b6 <5 slole 25 L
50,5 oo o (40) Lly, 90 4,
h(t) = 8,e7®t | g(t) = Yyel®t | V(t) = V,elet (40)

5Y Chz S po,e &S > asals Yo is e asels Oo YU Ll jo
sl (S S Caaglin I gy 5ee 5y arelsVo

Lilg, 60K bl oad ools plas (41) alaly jo a5 job oles
bl manly 59y 2l 5] S50 5 (27) ala, s (40) 5 (35)

d’n(t) dn,(x) ;
d;z + 28w rt + winp(t) + x Vel
=m(x)w (Yo + 1 p)e’ " (41)
Dl caws 4 (42) alaly & j50 01 (E) YU Woles S L
ne(6) = [m(x)wz(yrwyo A 90) 1 Voe ] (42)

wrz — w? +]2€rwr
pealss (43) bl a0 (23) akal, 0 V (t) :Voejm ob AL
D)

(1+](‘)Tc V jwt _Z¢r( )d?’]r(t) (43)

C

abyl) & e 4 5Ly mlo (43) alal, o () ools 3L coles yo
Al e oo 4 (44)

1+jwt
()
TC
_ Z SOOI (1% + 1 60) — 2:Val (44)
= g wrz —w? +]'2’frwrw
1, (45) alaly o1 51 Vo ¢y 551 camd 4 5 YU bl (53,5 03l 51
Cls panles>
w JmE) @Yo +7P6)
V. = r=1 wi-w2+j285wrw (45)
0 o Jjw Xrér 1+jwtc
=12 w2428 0w Tc
O (SopSI Caglio 5l spe 5g V(E) = Voel®t bl sl
20,5 selys L (46) alal, o g0
0 jm(x)w3¢r(7/r Yo+vr Go)elwt
r=1 2_w2+i2
V() = O W20 (46)
Z JwxrPr 1+jwt,
r= 1w w2+]26rwr T¢
015 Ok (47) dh") olad
0 jm(x)w3¢r(7/r Yo+vr Go)elwt
r=1 w2472
V(t) — ("r j2érwrw (47)
Zoo JwxrPr + 1+jwtc
=102 w2428 0w Tc

Jlomi w15 (gl a5 o -4
glaiyed p5 slp oead wll Ly, )l ame cux e Gl 0
Sl b (eaitas 15 sl (29,5 0I5 9 Olz GWg 4 by e laloges

100



Ve 9 031 ysuol Loy doxe

.....

—jmx)w y¥
L(t) wp—w?+j28 wrw

— 2 jot e Joxrbr + 1+jwte

w Y()e] R(Zr:lw?—w2+j2§rwrw Tc )
Gy ol 58 Fly Hlagai w05,5 o 0daline 6 JSo 0 a5 665 len
-Cuglis il Jlads aw ly 5P e p (48abl) 25
20,5 o odalin jlagei jo a5 slaald Lol 0008 aw (S S
andllas 8,90 pasm (Sl 45 il oo i (ornb (SlaWilS )8 S5l
[EPREN u.>| 5 LS’“"'JG uwlf).é aw ladd 0'1000 Hz wlf)s odgdste O

Al oo alB an gl)ls 0ud e 5 5o loges cpl il 13

poptty
(49)

s 5l 0del e s 5Ly o3l (g3 5Ly jloges 4y axg3 b
S S Cmglio T3 L el (S Sl canglio b oniie aba,
b oo Sal38l i 3l oadcudls 5y 5ldg o3l

T USs o Gl (295 bz il 8l gl
ges 53 (295 35 Jlagel )0 i 8, S el o0l e 5
bopiee Sl oddeloy glyz e o295 by 03 &b
Cuglie Ll L Ko Ojle @ o) uSe alal) (S Sl Ceglie
Cyizen b o lS e 5l ode] Caws @ by ke (S Sl
235 Cpols ) uilS B (255 Ol omilS B Gsly jloges
205 oo oaalin &5 658 e sl 038 o5 8 IS o (o>
S Caeglie (alidl a4y Cod atiin L8 45T (LS jlogei 9o S
4 S S BB (S S gl i8I L Gl logas L8 il
FB OlF e el i S5 ool 5l &S 5y5b ples (J e
ool e oS el (san slosge 5| ity Sl & Jof agn o Jlaid
sl (3wl gl 050 50 05 sla S el 2gzg 4y el

10° >
_ e R=102Q
g — (=10,
N\100 ...... R=10 Q
A ]
19}
%]
4]
e
$1
NAO
s
$10

400 600 800 1000
(Hz) s 3

aijed Joo (S S Caoglibe alitBen oo ans (sl (29,5 515 o9 S

0 200

3

10°

—R=10%0Q
—R=10 : Q
10.4 wams R=10 "

JNAmps.sec? /m]

1
N>‘O
2
X107 1
10°
0 200 400 600 800 1000
Hz) 505 5

el Joe (S0 Sl Cnglie calises Jlade dw gl (g5 bz loges 7SS

101

10
w— 453 g Vge
N —_— e OgeiVgeyd
<< 10*
‘§ 10°
N;; 8
210
3
10-10
0 200 400 600 800 1000
Hz)_.il5 3
[R% 4.....-Lc.a @54,:; uly )\ay,JSJS..'L
g5 i sloyial L1 Sy
Syl [B] () s [2] st [
100 [6] 100 [5] Lmm) Jb [4]
04 [9] 05 [81° n(mm)cuss [7]
L s o5 Lope [10
20 [12] oy e [0
wa(mm)
s e [13
10 [15] 10 [14] » e 18]
wo(mm) sf5T (sl
sl 16
66 [18] ooy wde D8
(GPa)Y
7800 [21] 7165 [20]  (ko/me) p JISs [19]
o Sy ol [22
1190 [24] 23] s rSlgs o [22]
(PmN)d31
1593 [27] gy SO =
&, (nF/m)

e odal Caws 4 [13]@&3.1&)'1 sesls 51 ol e slocuns
Farm skl Giss 3l e J3l (sreeb S8 A o5l s 4 sl
Hz 00gda 4O W Js‘ LS""'JG uMJlS)S dw UJ‘JJL.J el 00l oolaiuwl
;5 wiles Le 0-1000
w; =65Hz , w, =356Hz , w;=956Hz
Sl be gl (ol e ol pd e
$, = 0/010 $, = 0/013 $y = 0/033
SE8y e 5 o el RS pSUlcwglis lade oS Ls’l"‘] 5
Mie 3 6l e Oy s ol by @ly sl ojle (Slio
40,5 aalgs arus s 10°Q610%0Q ) Rakise
P b s ail Siigesle aly S8 > 1S 0 B8 & o) Sl
(N(1)=0) oS o fidro 3 5 sz 5l 5 05 C8 > o0
Al Sl 4 Gl g Al Gl 4 5y o (giluam o Chz Grizeen
s Ay e slajlogas g 4185 Sl 50 (49) 5 (48) Luly, g 4,

W55 0
w _—m@wdy)
V(t) _ r=1 wf—w?+j2 wrw (48)
_Q)ZYOEth :o—]_ . j‘;))(r¢r 1+jwte
T wF-w 28w Tc

15 o plats 14 055 1393 il oslallssd e s SIS oh 0



O 9 031 ysuol Loy doxe

0dulh 23595 S el gy il oSkl b S isUlg s AV 5 b (Sl H93 Hus bbbl H (53l bl )3 (w32

g O b o Rl (s oe 0l g 005 oy Rl (295 515
ot JB (oSl Caglia ol b ogle loges L8, (b g
1 il B ol olie 45 wins_e ol gl (b o & s

4 Wlgs oo yol cpl cde aS conl ans slooge 3 i Gl 4 sl 950
il sl gl oge 55 0l sl S sl 092

&7

[1] M. C. Hamilton, Recent advances in energy harvesting technology and
techniques, in Proceeding of, 6297-6304.

[2] H. Kim, J-H. Kim, J. Kim, A review of piezoelectric energy harvesting
based on vibration, International Journal of Precision Engineering and
Manufacturing, Vol. 12, No. 6, pp. 1129-1141,2011/12/01, 2011. English

[3] IEEE Standard on Piezoelectricity, ANSI/IEEE Std 176-1987, pp. 0_1,
1988.

[4] U. Mikio, N. Kentaro, U. Sadayuki, Analysis of the Transformation of
Mechanical Impact Energy to Electric Energy Using Piezoelectric
Vibrator, Japanese Journal of Applied Physics, Vol. 35, No. 5S, pp. 3267,
1996.

[5] C. B. Williams, R. B. Yates, Analysis Of A Micro-electric Generator For
Microsystems, in Proceeding of, 369-372.

[6] S.Roundy, E.S. Leland, J. Baker, E. Carleton, E. Reilly, E. Lai, B. Otis, J. M.
Rabaey, P. K. Wright, V. Sundararajan, Improving power output for

vibration-based energy scavengers, Pervasive Computing, IEEE, Vol. 4, No.

1, pp. 28-36, 2005.

[7] J. Ajitsaria, S. Y. Choe, D. Shen, D. J. Kim, Modeling and analysis of a

bimorph piezoelectric cantilever beam for voltage generation, Smart

Materials and Structures, Vol. 16, No. 2, pp. 447, 2007.

A. Erturk, D. J. Inman, An experimentally validated bimorph cantilever

model for piezoelectric energy harvesting from base excitations, Smart

Materials and Structures, Vol. 18, No. 2, pp. 025009, 2009.

[9]1 A Erturk, D. J. Inman, On Mechanical Modeling of Cantilevered
Piezoelectric Vibration Energy Harvesters, Journal of Intelligent Material
Systems and Structures, Vol. 19, No. 11, pp. 1311-1325, 2008.

[10]S. Roundy, On the effectiveness of vibration-based energy harvesting,
Journal of intelligent material systems and structures, Vol. 16, No. 10, pp.
809-823, 2005.

[11] D. Benasciutti, L. Moro, S. Zelenika, E. Brusa, Vibration energy scavenging
via piezoelectric bimorphs of optimized shapes, Microsystem
Technologies, Vol. 16, No. 5, pp. 657-668, 2010/05/01, 2010. English

[12]J. Humar, Dynamics of Structures: Second Edition: Taylor & Francis, 2002.

[13] A. Erturk, D. J. Inman, A Distributed Parameter Electromechanical Model
for Cantilevered Piezoelectric Energy Harvesters, Journal of Vibration
and Acoustics, Vol. 130, No. 4, pp. 041002-041002, 2008.

[14] A. Erturk, D. J. Inman, Piezoelectric Energy Harvesting: Wiley, 2011.

[8

—

15 o plats 14 055 1393 il oslallgsd e Sl uwdigo

10 T >
—_—R=107 Q
= R=10] ©
_10'4 L § winR=10Y @
137
g
>
210"
g
=
1 )
N>\O
S
§1
10™
0 200 400 600 800 1000

Hz)y 5055
495 Jo (oS0l Cuoglie iliss ke dw (sl (255 Ol loges B S

G5 ez 9 xy -6
b gldiiyed 10,08 s o8 Glils ) 5l @iyl cusls,y ol dlie o
@ bgye SYsleo a3 S w)yp edd @8 slayell (g sl eslan
Slp abgye lalosed’s ads 5 ghiul (255 ls 5 ol s
S0 b mls (6 S ams 035 s 0-1000 HZ ils )5 osg0e
Gl ead juiie Sledbl aS (et Cll> 4y (glasijed (souo,Sg 8,5
ObeSs w2 b (bt 5 (sladifed slaguie, Sy b aY SO s ,S Sy
s (glais 598 oaiS cubls 3l eals cllls (65l e a5 Sl LS
o a4 G it gladijed b o S 15,8 adel Wlsi e
sl bt

e (S yiSUlcaeglio Jlade axgs b 3b s loges o Job b8 axSs
3 ell opl b a8 el st catley 650 Oliee 4 0SB jpas
aeslie (Rl L oSy jsbay el SoaSy Se 0l s 5kls o loges

102



