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Finite Element Modeling for Free Vibration Control
of Beam Structures using Piezoelectric Sensors and Actuators
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Abstract

In this study, the method of the finite element modeling for free vibration control of beam-type smart structures with
bonded plate-type piezoelectric sensors and actuators is proposed. Constitutive equations for the direct piezoelectric effect
and converse piezoelectric effect of piezoelectric materials are considered. By using the variational principle, the equations of
motion for the smart beam finite element are derived. The proposed 2-node beam finite element is an isoparametric element
based on Timoshenko beam theory. Therefore, by analyzing beam-type smart structures with smart beam finite elements, it
is possible to simulate the control of the structural behavior by applying voltages to piezoelectric actuators and monitoring
of the structural behavior by sensing voltages of piezoelectric sensors. By using the smart beam finite element and
constant-gain feed back control scheme, the formulation of the free vibration control for the beam structures with bonded
plate-type piezoelectric sensors and actuators is proposed.

Keywords - smart structure, piezoelectric material, piezoelectric sensor, piezoelectric actuator, beam finite element,
timoshenko beam theory, constant-gain feed back control scheme
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SARA7) 9 FAAE7NE 0] 8T BF2E AfEA N DI fos

&7 (direct piezoelectric effect)t &, LA Rl
A717%E 718 25, dAARE o AF o] G =
=4, o1& F¢H EH (converse piezoelectric effect)zh
gt oled AHYAR}} AUAERE AETA

WA R BHEFoZH AHI|AUA L J)AA A Ale]
9] ¥#7) ¢ (transduction mechanism)7} A Et}. o]
23 4HEHE natural quartz crystals. polycryst-

l_.

alline piezoceramic, semicrystalline polyvinylidene
polymer, A9 M} 22 AEEAH FEHH, Lead
zirconate titanate(PZT), Polyvinylidene fluoride
(PVDF) 59 ¢HAE7 714 A82A F2 A8
SRy

Allik 5(1970)°] #HAEY FFTFaasAd
TAHRE LET o B2 #HH AFE]
Benjeddou(2000) & ©|&{g AvlETZ
Halol] BT 25 ALH4, @?Eﬁc}% ZAS
2gt vk Sl ofo] m2w, dAes ded #e
84 F9 2uE {IFQLE0 7HHLQ ub gl ?

Shen(1994, 1995)& 2 XM (offset) AH S 2= 242
A Timoshenko® F3oAE F2gsl7] HeiA Hu-
Washinzu HE¢e& g A& om, BrxzEe 9
A3 oo HAE A dg APARFE(D.O.Fs.
of electrical potentia)E =3ttt Carpenter
(1997) & Ho| U305 AT AAE {3 A4
A EE ZE Euler-Bernoulli 2 #3t24E 7sle]
.Y olgld] g 2L AYARET} Qe B f¥8s
of Jidel #e B2 A4t FP4 vk gtk Robbins %
Reddy(1991)& 2ERFAPEE 71&3td 4F79 AFH
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Ho] 22 A4 mdoln,
T 259 xRy ueddE NFENEn AW
e dFsttn sE S mda Suabdelel ARt
AP EEE Rdolt}, maA -‘w%wiq AN&EH
o] Wigld] wlgt A2 wPsjalgon] BAHE Y A
%@?%01] q%sw AAE 82 295 Bazt Ro(1994)

ACLD(active constramed
T 98 244 wak
%{Zﬂi’“ﬂ ot x*“r““ﬂ

T

-layer damping) BEA]2H
238 stfed, Ry2ed
£ FASRA, 4 Fo T AW SAet
$r}.? wtdel], Benjeddou %( 997, 1999) YHAE
Fol Bz FHd H&d Fede Addg S FA
e 252524 (extension actuation mechanism)
< Adstn, FAAETol IS Rl HEE A5

de Addy e ueide ADdEEE (shear actuat-
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ion mechanism)< A|<tsle], o] F B disie] 24zt 2
A4 Hea® BN sn via 9 AES £t
Smyser 5(1997), Surace $(1997), Aldraihem %
(1997)2 Timoshenko Hol& % Euler-Bernoulli %
o] & o] &3l 2 AH Hess dagct. a8ln
£ JdF7E dA3t Aldraihem 5(1997)2 A %4
FAE 98l PZT/Ep H&ARAAE Saint-Venant
%‘%‘Jﬂr AU EY S A8t 3-H BOAE /e
. Lesieutre 5(1996)2 ZHaFdHglel Moy
2‘} ?ﬂ”?}—ri .“%_7}0}"' AAWMAE 32 Hermite g
®beHe 34 Resg T
ol9} ZL V|EY A4S 1 oA el H2s 24y
& Edle] AntER §312 4 (smart beam finite ele-
ment) 7} AA=HAZAE EF8T f AT M=
O vhEe] e ZEA0 YolA sRMe] o] Folx]R]
gkt 71E9 EFxEY] 3848 AlEEo o
Ae FUHHAS Timoshenko B f3tasae 213 1
2 otz tEsi, sl date] gL olv 7&%
vt 9ith? Hermite 52 A1 B f3ase A%
gEe nHsA Rz, A9HEE 18st= Timo-
shenko Eo|&8 0|83} [soparametric EF84E
FEgozZH ADHY S 18]d dAo] 7hs3ttt. Isopa-
rametric 2R3 a4e A2 AALAE 4 (shear loc-
king)°] @AsE Aoy, B dAFolMe Addddde]
FA Al 1-point Gaussian AEY-2 A&t Ag7z]
A4S & 4d2e Timsoshenkon H Faaio|t} o]
Timoshenko B f3t849 A4 ﬂ ‘ﬁ o] 8-+ ¢}H 2
5719 FHAA 9] fhas o] ArAThA
Eaﬂﬁﬂ«] Ut E L2 @ﬂo}_’ 8 A fr3ta i
o] 7led Aolth, wEtd, £ At 1—'5 Y] bzt
7] (piezoelectric sensor)$t FAZE7 (plezoelectrlc
actuator)7} F&H ] v BAEHY AuEFTXEY &
dod RPIE A3 244 ~vER {24E AL
olg}dt AvlER FILAE o8¢ BF2EY AFAF
Aolel feask myst wgdl gz e At :}‘:}
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Piezoelectric actuator -
applied L ¥ >
voltage T ™ *
ARA
Node | @ Y
Node J "
N LN Itl I
X X |
A \ S———1substrata i
v\ \—beam-type structure
z Piezoelectric sensor

% 1 ADIER $3e49 HE

A A, oldd LAPA % FAREA I}
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L7 19} PALTI 0D E5IBA g
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(1) BpzEd B]fﬂl FARA7 9 AT e B
ojt}.

(2) AABEE 259 &9 "@H3Fez AT (polariza-
tion) &t}

(3) A7l =UHAUE o, xZWe ek wt A)stEc)
(4) A=) 371 Hejolt},
(5) A gE #Asn, Sy, A8

(2) Timoshenko Ho]&& & &3}

(3) S2H89 0,9 AR 1,

(4) FHAEY BF2E Aloje ¢A HAE o ok (pe-
rfect bonded).

(5) BREZE, gARA7, ¢AA=IE A

=3

e

2.2 $H5 A9 4

ol

BIPZ2E, AAA7], dA2E7E AEo s 2383s)
B2 ogy Zo] 1ZE ' Y& Y& Ay e

= (1)

A7IX, E;, z;, b, t;2 129 @A 7P SiHe
2RY ;39 47K A”, i F9 Z, (Z9 FAolt
(29 1).

2.3 gAAE AW A (constitutive equati-

ons of piezoelectric materials)

(1) PRI @ 2uPee-AGE-H1ge)
= q_%jq_ QE}- 1).4),9)~11)

0,= Ee,— Edy e, (2)

A7, Ee 4383171 (electric field) F73tolA g
BAAS 8 FUPHIE 4y B8io ZAFEA
x-zM Aesle AWM E & (piezoelectric strain con-
stant), e, & zFWIFo 2] A8 A7 (applied elec-
tric field)o|th.

HHE7) U AFeE-AdigE dAE e
Z},

Too= GVs (3

G=E/(2(1+v)

A7A, 7T AEAPE, DA
SH-AeddE WAE F

olH, AZA7 g Atg
Aottt (ve TSH]).

4y

—%

L

e

) FAAAO) g
et 2o,

A7IA-AE -89 dAle

Dz: /‘;ez—}' eg&lex: (/llz’_Edél 2)€2+Ed£316x (4)

A71M, D= A7 9 (electrical displacement), e,
© A7 (electric field), piv ARG E 2AG A9
F7473<2 (permitivity constant), ey $HA-SEAS (pie-
zoelectric stress constant), ple 432 ZA3ldA

9o FAAS(permitivity constant)o|t}.
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PALAI| S PAAENE 0188 BPEE AFVBAol U FIeL BI2}

2.4 WX Y% (variational principle)9 A&

fffv{c?upié}a’v+fffv{aexax+8rxzrxz}dv

= [ J(se.n)do—sup+ [ | spioias=0 (5)

AZIA, pe GAANAY A&, ¢ FHEV] A
(electric potential), o;& ¢A2E79] FHAS} (sur-
face charge), »= ETFXE WY P BTZE 7}
Ae o, §;& FRANL JtElA e gAErY &
HA, Ve 29 AFoltt. 12, double dot( -) Al
Zrol tigk 2zm] &, o Wi (variation) & YERATE

ok, A1), (2), (3), (DE B ddstz, 23
Fzsto sk v 2 ARgLe]l =¥

1<
o

fol{aupAi;}der fol{l%?lElg—f-}dx
+ [ (o8CABdx~ |, [‘d(b\_alEdel a¢1}

B fol{ﬂffl By Q-5 et [ 2150 A o8 ax

SNES

Edngn d@] fO[ 3(59251) ZAI a9 }

B fol{ a(gib 2 u A} a; }dx- SuP+ fﬂl&ﬁlabldxzo 6)

n n E
pA= leibitiy Z bt +Ezz2b A

% iZl 4 z,; pA= ile,‘b,‘f,‘ (7)

Qi=2z bty Qr=2,b,t; A,=bt; Ai=b,t,

2.5 @235 (shape function)el] 2]& WA} A
99 x4

B gaase gAses Agode) AARe gl
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of 84 WolAe] M-S et 2o H¥It

w(x) = lel + N2w2
(8)
0(7(7) = ngl +N262

A71N, Ny=(I—x)/l, Ny=x/l°]t}.
FAE7 % 7-}1]7]9] A9 (electric potential)

o 2xE Edshe @ &3 ol AR AT oj7IA,
A9e] BEE yygoz dgsivin g

$1(x, v, 2)=(2;—2)¢}(x)
$1(x, v, 2)=(2,—2)¢5(x)

(9)

A71M, i(x), ¢ FAFF AN Fol

ola] them o] E@GTH

#0(x) = Ny %, + Ny 83,

#5(0) = Ny ¢% + Ny ¢y

(10)

A7)~ (10) & AR 2] (8) dHYste] Helsia 2

d gdgE, steuy 59 Alxd gPEe

TA4E 53l 5994 (equations of motion) S F =

g F UHF-F). o] FHA Agste FE-HARA,
ARG E-HY WA, AV 3-AA8A = G2 2ot

(1) &MY A (curvature-displacement relation-

ships)
&=L —Bp{u) (11)
(2) A E-¥HY HAA (shear strain-displacement
relationships)
e=-D _ 90— B>{ u) (12)
S dx s

(3) A71A-AY FA (electric field-electric potential

relationships)
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9,
el=— 821 =(Bp{e}; et=— ¢

={( B {@a}

(13)
A7, (@) =Coh 8> 7. {@n}=< PR L=
3.2 A71& "M (electrical actuating vector)

Y 2049} o] AzFI e B FEEE X
A8 ¥ (distributed applied charge density) & A<

i

9‘1_

(voltage, difference of electric potential) 2.2 E¥
I, FAZE7] mEeAe) Age] HES ek, ZAEA
ol o8] 2+ B g@add Fgete AAEFHHE 7
4 4

Z(applied surface charge density)
2 AgAge s gdshd ggn zg V12

- t t
o= ol alena )

= - Voltage (14)

A71M, ¢12 x, v, 29 FFEbe 7V SellM ¢i(x, v, 2)
= #¥o] 7hesit.

a8z, A(9E o8t hHAET] BRAA Y A
T o2 2t

o] W& (variation) &

o= (2= oKD |, =8 ;
z—zlf2

M= (- oD | __ =l (15)
z=2z 5

! ‘

|
= “1 piezoelectric
——actuator  / material
—_l
applied L . ;Z 1
voltage —— A"l T (EY ¢ P I >%
T
o =-0

electric potential
a $,(x.5.5)= (2,- )40 (%)

surface electrode

a2 2 A2Xedo| ost MIIHEREH (electrical actuating
model)

71, HA e} v A4 BRyzE A Fad o
Ag7)19] AR ofNH S Yehdt

webr, 4(14)9 (15)F o83t 2H8xste o
F¥H = A7|ZEWE (electrical actuating vector)E

TAE F A (FE).
3.3 544 (equations of motion)

Pl Axw BEY THE Fol] AEHoR o
o g eFPgel FHE.

[M @} +([ K]+ KD wd - [Ku]{ 21}
_[Kﬂnl]{ 9.} ={P} (16)

[Kpu] Ta}+[ Kpal{ 01} ={ @i} (17)

[Klml]T{ u}+[Kpn2]{ ¢n}:{0} (18)

ol A(16), (17). (18)& @ﬁié(statlc conden-

sation) Al7]H t& A& L ¢ JTHF
(M a}+[ K {u}={P} (19)
o 7]A,

[K']=[K]+[ K]+ [ Km][ Knz) [Kmi]"
+[K,,,,1][K,,,,2]_1[ Kﬂnl]T (20)

{P*}:{P}‘l_[Kpll][KﬂZ]_l{ Q1) 21

ol A} o] 94¥E FAY AP YL, I}
HE] S ¥ (assemblage)dte] &3 Zo| HA| XAFlE
F2Eo FEHHAE TS &

[M{ O} +[ ) O} + [ K Uy ={F) (22)

4714, [ClE olel 74 We] e PHE + 9o
®, Rayleigh#l 48 7438 ol¢sha [ M) [K)
g AHgstol F4% 4 vk

919 2(22) 8 ANse) APlETREY WA, &5, 7}
Smol U HAE AL 4 Yok ER, A9 0D

S EMATRTESE| =2& M16F H235(2003.6) 187



LAHA 7 G dAAFIE o] 8T Brzge] AFATAAd o

3.4 AfRA%5A°l 7I'Y : Constant-gain feedback
control 713

FAZE79 FAAA 7o) FAd H4zEo 24
< 39 37 Zo] FFZEQ ETZET AW ofgiH
Fatglo] qtAaEr et rARA Ve &g et ¢
Z3_7]:rL(plezoelectrlc devices)E —T“é—?vll’/} HIZEo

=]

1&}57] o} == (feedback)
%E} °ﬂ °‘°1’\1 A QAL AT A, &
A% LZVMWh AGHY Fo] TAYsIn, o] 2 Ut A
ZA| 7)o sl=wlsE] s A AAEI|A QAU ES
dAA7I B2 AiAor HFZE AES A 5=
nE HAsiA €

TFZ2EY AR FAY FHE M= ;‘475—11?_‘5}
Al ¢auelEe H&o] "astA dr}. olgd I
At 97 A& (control force) & H12Eo &
YA A Fol AeE AASHA ot AL F2E T
Adhe ¥ o vHBER A4FE Ut oHd
Constant-gain feed back control 71®¥¢]gtEA Con~
stant-amplitude feed back control 7] So] A¢to]
9, 2 dFdA= Constant-gain feed back control
7IHg A8y 4).

fob o

_1::. OIF

2 (21)0l A g} Zo] AntER {340 FgslyE &
g F 7HA s, JRatFdd ArsEdesr FE
"o} 7N, A7eEge] AnERTRES SEA0%

N

| A% A= WAl 9 & A
A(21)9) A71skEete) AdT §AEH Ao A7 s
P& 2ded o 2o

{PY=—[Km] Knz] {Q°) (23)

714, {Ple A=m A7185d, (e AN
7125 E 39 Ao ziE Ad Hr|dEdE ot

S&% =W Ao o] E(negative velocity feedback
control law) & o] &3} A=use Ar|gde: { Q%)
© &3 2ol A

(@)=—G(ut 5 ﬁoﬂ

=c~t,,-(#ébl-%)(ﬂ;-b,,--g)[K,,,z]‘l[Kp,,l]T{u} (24)

188 st=EXMATEIZHE =23 M16W H2&E(2003.6)

il

:{o
oL

P
I
ol
ok

Feedback

Piezoelectric
actuator layer
. {P}(
N
Feedback

— Main structure Control

4

Piezoelectric / l

sensor layer

O8 3 2ntER REea of SSHO ETxEe 78

Sensor Output

A Constant amplitude, negative velocity feedback
Feedback / Constant gain, negative velocity feedback
voltage Ly e
(volt)
0 >
Time (t)
0 4 TSy et MFS 9B Y12lE

Aq714, G =¥ Ad(feedback gain)ol™ A
(constant value)°]|EZ, Constant-gain feedback
control 7|¥elgka 3o}

mebA, A(23)% (24)EFH Ao AVsEde v
3} o] AgHErt.

(P) ==ty (ni b5 ) (12 b )

[Ep ][ K] [ Ema] [ Kpm] (@} (25)

21(25)5 4(19)9 thdste] T 23 b3 A

[ a}+[CHu}+[ K Hu)={P) (26)

71A,

(1=t B )

[ K]l Knzl [ Kome] [ Kpm]" (27)

neA, S5 =W Ao o] E(negative velocity

feedback control law)< A-&3 AvlERFZES %



A E A(22) F38e et 2ol & 4 Utk

(M O} +[ c+ ¢l U} +] K{ U} ={F} (28)

A714, [C°le AdFHe) s T8 Fdd 73
#2345 Ve,

o) A (28)& M3t 2ntETRES WY, &5, 7}
Sxo] diF AqARE 4 F Aok

4. FXI0IHsHA

Aok 2RlER fHake) HHY 2 ELHS AS
3, 2PER §H84E ol§F ARAEAC] dF 5
AN S SRt

4.1 %A PVDF bimorph %X

A dARA 28 59 22 ¢A PVDF bimorph 9
ZHE M3 Algsks PVDFY AREAXNE & 13
Zom, 5749 FU Holo] AnER {FHoLR U
e}, olH 3 A bimorph RE 270¢] PVDF 202 3
A=zt Zo] wiukeko 2 A (polarities) & ZETh
et 285 At osja Zh FellA A gtEo
dystnz Hol P8 HPA A ok, w3 Boj 293

i)

=

Two identical beams

with opposite polarities

$ 1mm=0.5mmx2

5mm

E,=2E9(N/m?, v,=0.29,
d31'=2.2E-11(m/V), 1,°=0.1062E-9(F/m)
% 5 2™ PVDF bimorph QR

E 1 AdTMEYY LdRalERe MEEYX|

ABEAA PVDF PZT GENF
EN/m%) 2.0x10° 6.3x10° | 7.3x10%
Poissons ratio 0.29 0.35 0.3
o(kg/m®) 1800 7600 2630
dy (C/N) 2.2x107" | 3.7x10™° -
23(F/m) 1.062x107°| 1.393x10°® -

) AT 4 o) WS e Aol BAe
g, ¥ A7 9@ A4 ARES A2 A5 @
A4 ARE vlmald. & 204 2223t 1] o)
4 Rmo 2 AHoe AEAL vzegen, E 3
3} 2% GlAE FEHLE OVelA 200V7HR] Al
WA 8 Ede aguge vaskge 000 sz
75} vmeel vasl He HUNE Holm Yo
W, AR M E oS 2AE AR E Hel F3
9¢¢ & 4 dd. 38 TME He 22% B
3

-
lemd AHUAE AAH o2 7L Wl 2 PVDF3 ol

.

Ao LAt wmatRrt V110 Jjzol g4 A5
Hgj o] 2o ZAlele ANEAARE A&+ USS L F
Ak F 4ol e 71EY ATFEAA At gad o)
Ay A4 FRAREY §, AAFEY F, g
I EFARES] £ BoFa ot B Ao Aekst ~
MtEE f3t8 4 71E ATE vste AUFHeE e
T FRAFEYG AVIARES o8l HEwA &
&4 HMERE 98 F YUSS ¢ F U

F 2 YA bimorph2e| X9 H|m(Z2H: V) (X10°m)
44 (mm) 20 40 60 80 100
Theory(Tzou,
1991)
Tzou(1991) 0.124 0.508 1.160 2.100 3.300
Shen(1995) | 0.132 | 0.528 | 1.188 | 2.112 | 3.300
Chen(1997) | 0.139 | 0.547 | 1.135 | 2.198 | 3.416

2 ap 0.131 | 0.524 | 1.180 | 2.098 | 3.278

0.140 | 0.552 | 1.224 | 2.208 | 3.451

F 3 gzl e kM bimorphi.e) MIEHS HIm(X 10™m)

Ak (Voltage) 50 100 150 200
Theory(Tzou,
. . . 0.6
1991) 0.1725 | 0.3451 0.5175 900
Chen(1997) 0.1755 | 0.3409 { 0.5067 | 0.6819
i 0.1639 | 0.3278 | 0.4916 | 0.6555
70 T A
60 —& —A - Tseng(1989) W
- -~ Experiment(Tzou, 1991) /// h
E_ —% —V - Theory(Tzou, 1991) e
© 50|~ 51 —f7- Hwang(1993) )y = -
w —~0-—0- Chen(1997) =
§ 40|~ ©©—06- Present P -
= Z
& 30 oz i
© P
T 20f y .
o
2
10| -
Q
0 50 100 150 200
Voltage (Volt) <
OE 6 AsNtel Wt mE Bot ARl W

TEMATAEESEE =27 M163 HM25(2003.6) 189



TR G FHAF7NE ol & BRF2ES AHREA ol g

Theory(Tzou, 1991)

350 —————————— —-—-- Derivative of strain(Hwang, 199¢
~A-—A- Hwang(1993, 5 Ele.)

300 s .. —$#-—%- Hwang(1993, 10 Ele.)
= -+ —.3- Shen(1995, 5 Ele.)
'><5 250[- ~0—0O- Present(5 Ele.)
g 200
3 _
2 150
5
£ 100}
3
(]

50|-

0
0 20 40 60 80 100
Distance (mm)
ozl 7 dhlmeH|w (BT HA#He 1em)
H 4 oM X vl
A4 e A= (degrees of freedom)
FRAFES | NS | FARES

Tseng(1989) 36 108 36 144
Hwang(1993) | 12 36 5 41
Shen(1995) 6 48 12 60
Chen(1997) 12 36 12 48

2 a7 6 18 12 30

4.2 PZT §AZA717F 349 4FvlE 28

AN dAZY 28 83 & 6% PZT ¢AA7]7t
Hadg Ry JBEE HAgt? genFEe 99
o ol 649 PZT $ARA7I7 ez Hatso
lon, Agshe PZTS ¢Fuwe AREAAE £ 13
2t} 0 2% 2ot AAWMYI} 0.47625¢m(3/16 inch)
of 22 o Z+ FARX 7 Bl LA AL Y
st1, 2 AFE Shen(1995)9) 4% 2 4@ 9} vl
atch? & 5ol 9k o] Shen(1995)¢] #1Ax| sk )
& A AHAE Fu deon, AdA 9 vudide

o]

2%0M 4% H 2o 243 QAHE Holn] & dAgt1 gl

[
%

Top view

PZT sheets
—Hle— 00254 cm thick

0.03175 cm l l l

Side view

Aluminum beam

0.15875 cm

J% 8 6ol PZT YXEX|7|7t F&E LF0|gE
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F b YNLX|7|2 Liret vlw(Voltage)
GAAA7) 1 2 3 4 5 6
Specimen 1 11.0 | 88 | 7.26 - - -
Specimen 2 11.5 | 84 | 7.23 - - -
Specimen 3 11.25] 8.9 | 7.25 - - -

Shen Sﬂ*-iil 10.9819.04 | 7.10 | 5.15| 3.20 | 1.26
(1995) E(zoéiﬁ) 24 |38 19| - | - | -

Az (11.01)9.06 | 7.11 | 5.17 | 3.22 | 1.27

B ]

=97 E(Z‘%;T”)) 21 40| 19| - | - | -

4.3 R7xEY A{FAFA

Mol He HyzEe] dHe 0¥ 99 #oh 1
g3, BFEES 44 EF2E0m) T 34 dE B
TFzEo| M (3@25m), WA mFe] WHE IF
stoba 7Hg stk R 2E 9 YAV E PATRE #
Zeglon, @HEGA A AREYAE £ 634 #oh. 1

e &
A 103 Zo] @AY BPEFE 40709 2

fom, 347 A% BIZEE 4679 =
233 sge

A2 2% 3
WER {3g 4T

I 6 E7xE ctHEMR Y MEESHX|
9u A4, m?) 5.922
BARAE(L, m?) 17.157
AHE ZAYE PZT
E(N/m?) 3.532x 10" 6.3x10"
v 0.2 0.3
#5(F/m) - 1.3x10°
o(kg/m®) 4812 7600
dy (m/V) - 1.9x107°
249 (%) 5
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&alo] A7IskEol Alelger 28 Anoln, o
AAH e A7l2s FRAEZA 29 129 HoiAm 9]
o AEol A mebx 2719 Aojge dA 2t
1 ss & 7 ok 28 134AME oled AMdE o
3 g8 # sl Gaino] $7F o2 Qldte 43
Ao AFwol A FaFe &AE Uk

I
2

Bx
o

4.3.2 373t A4 H3zE
VAT FTUHAAL 27 AHMY 1.0% FoIA =
ZFo AR ES FEAIZT. Gaing 2000742 W EA] 7]

M AR EA o d4EY Wgs dvEo, ad
149k 1594 Hol= v Zo] Gain ©| 2000¥ o, Z
747 T AAUIE BAe] Zolxl gho R AojH
olfg JEY Azte a9 167
1791149 2& 17125 FRAET} Aojdes ug 72
=0l 71lA7] wEoltt, 28 184 & o]2g A2 o
ges] &A= Sledl, Gainol F7HHOR Qe dZ]
A9 AgAeol dAS Ao A9 F 3

0.16

| Gain=0

Vertical deflection (m)

0.16 !
Time (sec)

0.16

042 | Gain= 5‘OO

Vertical deftection {m)

-0.16 !
0 1 2 3 4 5 6
Time (sec)

0.16

012 Gain = 1000

Vertical deflection (m)

012 |
-0.16 !

3
Time (sec)

0.16

012 Gain = 2000

Vertical deflection (m)

092 |

-0.16

0 1 2 3 4 5 6
Time (sec)
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Vertical deflection (m)

Bending moment (kN.m) Bending moment (kN.m)

Bending moment (kN.m)

Vertical deflection (m) Vertical deflection (m)

Vertical deflection (m)
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4. Carpenter, M. J.,

5.4 B

£ A7 E Timoshenko Ho] & o] &3te] H3e)
o] GAAATIY GHAE7|7F FaE HEPEe] AuEY
ZEY f3as U“]ﬂ* A ~ulER {3 AE AL
3l1, o|2gt ~AnfER #8249 Constant-gain feed
back control 718 ]%‘?} BAzEY 2-F31EA ol
ek fehes 233 FASE AT Aehg 2n}
EX {F384F AF3] Astd ¢4Ad PVDF bimorph
Sgrs 642l PIT GAAAI7F 3¢ 7rw dF

£ siMsta 712 a9 A9 wlasldn
E9] dAFEolA AAE FHET vimdld E o &7
A HEg do] Jtedd & & Y. ada, @
HixsE 9 3% dF B3xE AfHEA o
st A AN S THSATE A, Add A
ITEE fdtedo] og Bye AnETZEY &AL
ot dHRFIlAA Y FHEgAge o T2E A
2 GAARA 7NN AL B AG Sl g Al gl
o] 7¥edtA HAUth =g, AR EHE Age
25H HAEIe AEAgE Asle dudEs
2 g3t Byl AnfETRES A Hrlo o3 #}
&Y sEAAN thgt Fx8He] A
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1. Z2E-H9AA P2 (curvature-displacement rela-

tionships matrix)
(By={0-+0-=+) (29)

A7), 1& Beie] dojolt},

2. AL E-HAAA ¥ (shear strain-displacem-
ent relationships matrix)

Loz (30)
71N, & Bese ZAREACMY 2w zFou),

3. A7~ BA ¥E (electric field-electric poten-
tial relationships matrix)

(BY=(By=(—15 - %) (31)

4. 87339 (flexural rigidity matrix)

14 !
d(360) . df) , _ T
fo{ o2 B4 }dx—fO<B,> EI{ Bpydx
0 0 0 0
_EL{0 1 0 —1|_
0 —10 1

5. A4 84 (shear rigidity matrix) : 1-point Ga-

ussian quadrature

[ to8cARar= [« BYGACB,yds

_ ; ;]
I o5 ~lg
2L £ 1 2
=G| 2 4 2 4 |=IK] (33)
B B
2 2
A N A
2 4 2 4|

6. +d4E71el 12 FHPE

fo [ d(86) Edy, Q. 3(]51 } = folEdéle By T< Bjydx

:[Ki)ll] (34)

oo

0

, 1
=Ed31b1t121 2
0

-1 _1

2 2

7. FAZA7Y 12 dHAE

J [P e T2 o= [ i By B

:[Kpnl] (35)

OL\'J|F—*O

0

, 1

= EdBlbntnzn 2
0

1 _1
2 2

8. 4AHEe 24 AR

S, [ wea o= [ uiak B Blyas

:ﬂibltl :[Kﬂz] (36)

A
3
A
6

9. dAA71e 22 AR E

13(6¢)5n8¢ I RN

fo[ 0z A 3, }dX—follep<Bp> <B,,>dx
4 1

= 1b,t, ?} 61 =[ K] (37
6 3

10. A712HEWE (electrical actuating vector)

fé‘qﬁlalbdx f6¢10bdx+f8¢(—a)bdx

= ulb; Voltage: ={Q} (38)
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