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Passive Suppression of Nonlinear Panel Flutter
Using Piezoceramics with Multi Resonant Circuits

Seong Hwan Moon, Seung Jo Kim

ABSTRCT

Many analytical and experimental studies on the active suppression of nonlinear panel flutter by using
piezoceramic patch have been carried out. However, these active control methods have a few important problems;
a large amount of power is required to operate actuators, and additional apparatuses such as sensor systems and
controller are needed. In this study passive suppression schemes for nonlinear flutter of composite panel, which is
believed to be more robust suppression system than active control in practical operation, are proposed by using
piezoelectric inductor-resistor series shunt circuit. Toward the end, a finite element equation of motion for an
electromechanically coupled system is proposed using the Hamilton’s principle. To achieve the best damping
effect, optimal shape and location of the piezoceramic(PZT) patches are determined by using genetic algorithms,
The results clearly demonstrate that the passive damping scheme by using piezoelectric shunt circuit can

effectively attenuate the flutter.

LM E

He ZelE dde]l 2&&oY F 2859 KFF
of ¥o & u WA FTHEAARH B4R @Yo
% A TREL AMEEA oy did EEEE IA
A717]1 91E B2 A7 HPEo FY=HAA gk

Scott ¢} Weissharr! = PZT 9} YA1d4EE A}%?‘SM
Riz ¢ EUE 5% ¢ s5AHolg B¢ 48 &

2 E Bﬂ@‘% S5t Zhou2 T sty e EU
2 9 3FL ned Hdy g EeEg % A

of ¥ #MAe 595t Hagood 2 Von Flotow® &

El2r fag AR st 71AH A7 A
EA4e 7lEdtE $34 8 #5839 Hollkamp' & 2
24 3l 3o AHE Y Po] HYHAE AZAE
AEZ7 R3d o & A dANEE 7}"]-!— =5
o mEg Ao & F UL B9 FUY. Tang® & B
2 didtd 5% 2 5 AE A AEHeR

TAEURE A9Y BETEE T
v 4o, HgUE BBeTTeL

N AEFE Ao & + UTE BE9FAY. Hollkkamp &
Gordon® & 2 Atgl9] 4 & = @ x4 diso F
FAYHE HL3AY FEA] $HE Edz ¥
AFHY IA¢UE 29H BHolng #aEe) i@
AEAo g 833t

B dFdME d9eizel Ayt M2 JYE A4
" gFe ME 3127 3ag gAMzEes AMege
2N FEARY o el HY FFo Y8
A Fe 75 Aol WY& AR vME did £
oo oig oA 437 #y=Ho o tgFe HE
328 o83 uidyg wd Foy AAE A% F5A
o] WHle] feas A FEHAH, nAHF
ol &(CLPT)# von Karman o) ¥4y wol.uigyg o
Aol AlEsolFoeY FV|HOoRE H2E | A o]
2 AHEEIY AlaEe HY E8E A7) A 4A
Aetge] #A YA fX7F FH2 dnHdEE g
o ZAAsAY HAEY EEH E=EE A9
g FBUHE T vAE 29 JAHE] dofR
™ Newmark-f & AI83td Alojd FAS] Az
Ao nF=loj At

-1204-



AR 7|AH/A7E A EAE Zied F= F
AL o83 gol 3 Holxr)
o=c’e-h'D
E=-he + D
oq7|1A, o, D, E¥E 2t 3, WY E, A71¥A ¥4
(GB AT AR, A7 (DA A1F AAxHE g
B Fo, h, B, & GHAS FF, FH e, @A
FE oujgich YAz D 9 § = AT As|EYg)
‘?—J’é@ WY g g oo
Ho e HdE 71A3 L,

O]

Tmlumoz g3 Hof

=l ‘?J"“Ri"il weA dAGS b= g Zo] B
5oz
hz[hsl hy, 0] @
A 7)A,
h d}l(cll: +Cll;) d3IED
3
€l el (1-v)

A7l A FA T =
FAAFE 2ol dh
a™, o] LS ATxyyE W3 & o A
Aol FARAHA (NS H&H Eo] BYHA

AAE LHYHE 2AMsy e

o 1 v 0 £

x D x
O'y :(T—_—Z)P v 1 0 5),
%), 0 0 (1-v)/25, 15,

b 1 1
_(f_:)p 1oAT = by 31¢ D,
0 0 »
1

Ey=—D;~[hy hy ole, &, &,f o)
33

TAHFEO|B(CLPT)E Wi o2 WiE &y 3o
Fdsodct
u(x,y,z,ty=u,(x,y,t)—z 0w/ Ox
V(x,)’,Z,t)=Vu(X,y,t)_26W/ay (4)
w(x’y’z’t):wo(x’y’t)
AN (Wavaw,) © FUHHAAM L AR E Yepdt
von Karman 2] ¥]AE ®9.9y & AL g &
o] E@s oA,

€, Uy W W
e=1¢, =1 v, o1 whyo b-ziw,
£, U, +v,, 2w, + w, 2w_xy
={ea )+ feo }+ 2k} ®)

A7) {g) £ HIAEY A VYEE Ui

2. &7 0

obdta 1.7 o4 ag: obst 5 olste] HERA ¥
Ae Adel F&3e F7IYL A2E | A o|EoR
AAsA Bd ¥ 5 o e g’

2 2
P, =—£—j—éﬂ°—{cos¢% +sin¢%;)— +[11‘:[2 _f)

= _[ Do l0 cos¢aw 8a Duoaw
a’

o, a' ot
A7} @,=Dyy /pha’ =

(6)
2AAHE WAL AFSE o
nat, P8 $ATs 39 BAALE 98
3} o) EALoj AL}

6w+l !

- pan(Mi —2)

j’zpmV:aS/ﬂDllo » 8, T pha)aﬂ3

1Y)

3. Xjug Al

4Eslzrh R HHARE Eysle HdY &%
HAgdoel U Y2 E ¥
1A 8 = f S(T-U+W)dt=0 ®)
Lo oors 1 o
T:i—’i"psurudV +5V_’[p,,u7udV ©

1 ¢, 1
U—Eyzfs o,,dV+-2—y‘!'s o, dV+EV!D3E3dV (10)

A7 U & Tud U2 BgAns GaMs
o AR 28R WA Gor PAH
.
Hde A71EAA Br1YD o
o,

Solxw e g

W =(-LO- RO + [ (p,) wdA
7tz deEe, A%, a8m

@1
d7|4, L R QO & ey
£ oul g

Fo84 AALE A8 4 A ALY 247 AMES
ojX v Ztztel AAHAE 470 FY AHEm wi. w,
wy ) & 2789 8 AFE@w v) 7 EABE, dd @
FAUNESL BIE7918)  Lagrange polynomial 3
Hemmite polynomial ©] Z}2} ARg-s oA ).

u N"'X e e e
v - N wmszwm N W=wab (12)

my
A713 A9 D,  dRARY ve AHG L=
AstZo A EAMgozE dAsTYT A E,

-1205-

1 ow
V@t

5}



b2

AP
a9, AV|IAReE dAlE Alade ojistd #
#ad Yol Frsojzict

(13)

M,W, +GW, +[ 1A + K, +K 7 + K1, (Q)
+Kl,,,(W,) +K1,,, (W,) +K2,(W2) |W,
+[ K,, +K1,,(W,) |W,

=P, +H, Q+HI, (W,)

(14)

M Wm+[ Kmb+K1mb ]wb+mem
=P A,+quQ

LJ

(15)

LQ+RQ +——1—‘—Q
p (16)
=[ H}, +HIJ (W,) ]W, +HL W,

WA 14) o (15) & Hdy FY £ " BY 2%
B g ZigsiTe JoZM, MAY dWde qAA
gl AFFE FYANY, olgj Hdle FREY IF
£ A = g 4B H(piezoelctric force)E H LT},
4 (16)& dde A9 Aoz o|Fo)x A7 H2E
U FE deoz2 i ZAAE #de dHAME ddd
A2 H'W & 244714 gt

A9 EYHQ HEH2 B&E Ad(Fig ol o
sla] Sl WAHAE BE 3 Yoz FHPE g

2o,
M, 0 0 0](W, GO0 0 0]fw,
oM_ooW,+oooow_
o o0 L o0}|Q 00 R 0][|g
0 o0 0 Ll 00 0 RJ|Q
AA 0 0 0 K, K, H, H |
6 000 K, K, H, H.,
+
6 000 H, H,, 1€}, o0
0 000 Hl, H, 0 IC},
Kur 0.0 0 K1,,(Q 6 0 ¢
0 000 0 000
0 000 0 000
0 000 0 6 00
Kl1,,(W,)+ K1, (W) K1,(W,) Hi, (W,) HI} W,)
. K1, (W,) 0 0 0
H1. (W,) 0 0 0
HI. (W,) 0 0 0
K2,(W,) 0 0 0]}[W, Py
W,
. 0 000 ol [P an
0 ¢ 0 0|l @ 0
0 ¢ 0 0]){@, 0

xe,

MU +CU+(K +K,, +K1+K2)U=P  (13)

4.1 HMY &
AN2dle RAFEE Fol7] 98 Y WYL ol &
=3

U=>>1,,04.} (19

r=1 s=|

Atzty gdel QolME F7] 2§ Wioge 6 A
(m=6)8] A RIol 2WWgo o AMH HoE
(n=1) ALREE viud Huag Fejgy EAL DAY
£ gl
a8 4 (199F 9§37 #Fo]

U=3n.00)=0n

4 (19) & 20) H& (18)2lo] dYs A &3 L
Ay ng wAHYo] FrEojzit

(20)

My, +Cn, +(K+K,,  +K, +K, m=PF @n

4.2 PZT o HEo AN U X

PZT o 2271 R MF7t FoRAL o, 73 & ¢4d ¢
(piezoelctric force)& @ 4 UEF Y41 Y7t 24
olxw, o] AAQL KA Y FE F3d FPH
At A Y(piezoelectric force) HQ 7} F71&te] wet,
Alzde f % HojAe @9ge Fobs HY, §=
Az H'W 7F AXA ol upzl g2ue] AEgg F
3 s olAE A7l e Fx FriEA €4 ¢
Az fxe dig PRE WESD de A7-71A
A AAdTA H & HHEEA AU & FH A2y
o] Wisgo] ARAoR Ff 2 £ Uk

HHzg FAHANA ALEFHARE dsAee e 2o

maximize :

'H| @2)

4714, ®’H & @9 da3 =29 ¢4 g on)s
W HZ v nEdde] H1 dE BEE v
HAo YA A7 AAFHAA D i, FHe A
BAghkat Agtglo]l A =ojxol & pole placement
method.) & %8 o]Foizic}

5. ¢X &4

Newmark-B 4 & At83t o x=0.75a & y=0.5b

-1206.,



XM e g AF §4& A

AL s dio] SR A R [457-45990%0°], L2
&9 03x03x000lm & BEFAgHo] ALEHiARD,
0.0005m ¢ PZT 7} B¥#xs wHwe & ZHAd
2agoiAg.  #dd  FEHAAE EE¥EdE
AT =T, sin{mx/a)sin(zy /b) 3 ol 7HAsHed
28 A ASF wM L0010 2 7F3ATH

Fig. 2 = AR Eg 2=(1,1) & Alojsr) 9%
PZT o ¥Aoitt. Fig, 3 & TAH A% 3k(R=3899Q)
M AUEAE AN AFFe FPE ANY
Axgoltt. Hule ®HPE ZA e HAHY
AYe AN AFF7 74 IA WEgE & F
glt}. Fig. 4 ¥ Fig. 3 oA F#H2A HFH yelr
& 25 oA AFGE WA tEM AFee
28 AAE Ao, W HFggdME AEFL
gtz Fyssta, Aggto]  FolAFE
Autaelel AL Y3 AL B UG =21
el ZAxe} nlRAAR HHo MY oA FAEFF
ezt 1Y AZRE ¢ F# doh. o] 1Yo RFE
A& g gko] 2800 @ Yol FajACt,

Fig. 5 & 9 &% gz Fadslgd s¢A+s
A=290 3hollA wErdeHdlMe gL FFAolE9
AL 32 o4 5 Ut HHY AYvi2gh(25H) 9
Ho] AYgh(2800Q)0lH oleig I Aol AFE
943 dAHo] F& Fig. 6 02 FE| & F o).
Fig. 7 € A=180 3} £X9¥3} AT/AT.=1.6 94 sid
$FL A Fa oglen MEIZ oA zEo

389 18 Folzx Aol Fig. 804 ¥ Ax g},

Fig. 9 & % 7le Ee®l 2= A& Az #F3X
dunALg AgId PIT 9o 4% AXNE FAE
A7 e vebdc. A FIFEL 1 A 2= gAE
A% PZT HAAeld, Hulg FIFEL 2 A RE
44 ¥ PIT AXE dEg. f3dA
dnaFoH & Ade] dFeE 600 22 Fen,

RN EL 0.9 18T 0.03 o HZHEL Algatgc.

Fig. 10 oA e} Zo} a=360 oA WL IFgAre|E
A%E st9, Fig. 11 & olgjg FgAlE AsL
Li=40H, Ls=7.3H, R;=6618Q, R= 3094Q < & %
Aol =YE HE24 dd gds g &
Bo{Ztl. Fig. 12 & Fig. 13 & @&F¢ dx e
Hdel TEAL dAHE BEE BeFa o).

6. EE&

3 Jie F Jle] SdE LR MEINZE ALY
Ay g EeeE FEHoz AAANA F e
wle] fEad HAHE A AANEHJG. FHA
dndEL ALgsd gAAZEe] HHe Y4
127 AASHol M. Newmark-p WHE AM&3ly
Aztgd oA BEgAs Hd ZyH A o@
37 3R o AT dsn HE 2§
ol g% £F Ao 7jge ZEE AAANINE d° wi¢
aRHee o F Uk FEMoRgE 1 Axe
ol A, ¥ % JA Yedde HEFA 2
A Az g ®BIEHQ ezl gasty gow,

Aol Hae] w2  WadHA  @Fam AlAaHel
A H(robust)ol oA - HE  EE EAol HA=Z
288 & J= FHE A3 U

22

€ d7e FH7ER SAAATE A o
AEdAFUS

:ﬂn

1. Scott, R. C., and Weisshaar, T. A., “Controlling Panel Flutter
Using Adaptive Materials, ” Journal of aircraft, Vol. 31, No. |,

"1994, pp 213-222.

2. Zhou,R. C., LAl Z,, Xue, D. Y., Hauang, J.-K., and Me;j, C.,
“Suppression of Nonlinear Panel Flutter with Piezoelectric
actuators Using Finite Element,” 4144 Journal, Vol. 33, No. 6,
1995, pp 1098-1105.

3. Hagood, N. W,, and Flotow, A. V., “Damping of Structural
Vibrations with Piezoelectric Materials and Passive Electrical
Networks,” Journal of Sound and Vibration, Vol. 146, No. 2,
1991, pp 243-268

4. Hollkamp, J. J., “Multimodal Passive Vibratian Supptession
with Piezoelectric Materials and Resonant Shunts,” Journal of
intelligent Material Systems and Structures, Vol. 5, No. 1, 1994,
pp 49-57 ‘
S. Tang, J., Wang, K.W.,, and Philen, M., “Sliding Mode¢ Control
of Structural Vibrations via Active-Passive Hybrid Piezoelectric
Network,” Proceedings of SPIE Smart Structures and Materials
Conference (Newport Beach, California), Vol. 3668, 1999, pp :
543-553. s

6. Hollkamp, J. J and Gorden, R. W., “An Ex;;erimental
Comparison of Piezoelectric and Constrdin-ed Layer
Damping,” Proceedings of SPIE Smart Structures and
Materials Conference, Vol. 2445, 1995, pp 123-133.

7. Kim, S.J, Han, C. H,, and Yun., C. Y. “Improvement of
aeroelastic stability of hingeless helicopter rotor -blade by
passive piezoelectric damping,” Proceedings of SPIE Smart
Structures and Materials Conference, 1999, pp 1552-1561.

8. Goldberg, D. E., Genetic Algorithms ir Search, Optimization
& Machine Learning,

Ry
Ly
air flow Pa(x,y,
S &al
PRAS———

Fig. 1 Schematic diagram of a panel with two

piezoelectric patches
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Fig. 2 The shape and the location of piezoceramic

patches
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Fig. 9 Optimal shape and location of piezoceramic

patches
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