%34 %P5 Y ¥ ¥ R Vol. 34, No. 5
202 £ 9 A ACTA MECHANICA SINICA Sep., 2002

% F =0k R BR Bha% - 77 T RO Bk = shiflld]

MR ® B F KT oHfEE
“(ERASEAESTRRER, b 100871)

* ULSAARA S TG SRR, 0% 100083)
TR B BT, Jbs 100080)

B AR RE RIS AR 7 B s AT T BIS 5 RR e . A LQG &
REHARE T i hila:, ARWRRRERE T rELAS LK 44 ERnige, &
WA E RSB ABATH B KBS B LS FEREAT T ok, R A R SO e A A e el
BERY ) BT M B 2 MR 3L AR IR P A R BB R AR . SR MU IR 5 R R 9, Bt
e SlRERYa R

KA Wik, sl Rd, WEhE, MRS

51

it

Fe R Kshas B AT CAE R B RIE A, WEEEE /N, @0 A, # IS N T
EMR GRS, AFRMEPTR A E, BEetARE, HRRED. NBiE AN
JCERE, SCHER (1] X — s RN AR RS 3 1 R 2sh B (% R ey RIPERE A
e —Xf I RS BRI TR A b, BEAT T g AR A SOk [2,3] SR T s
M B s A%, I H5ER TR, SCHR (2] 5350 RIER AR A RE OV AR b KL, e
LT I F ELBCIR T A B R R, ARERIRIAK S R R RE AR A T 1%, 30k (3]
R - MNMEt BREA SR BRER, B &5 K IR% K AR H e 7 12%.

B TR oA X Lk AL IR 348 BRI = sh i i) i 8 = 5 B A BEA TS A, T X TS
XF T FAR B A% /E B LR BBt — S HR BIHESIE R, Bk, ASCHEEAT T 4 A R IR Eh
BT 7T W g 2 s B PR R AR B

1 EEXFHE

B 1 A SCHR 8 AR AR RATRGIR 1A38 % SO IR, MR N 0.92 mm
(H#R 2), AEEEEHK LT RIEFORI T8RN 0.33mm iR (B 1), AiHE%
B 8 R AE T 7T S ok TR E (TR 3).

W 2 B, EEEOH 4 TRBRET (BWA 3 NEHE, w bz HEE, 6.
0y STAIASE = WA y M A). KRMZEE « T, B cR -2 Ehams Hd
BRSNS, BERMLESEE Y, TIEEHRESREMGTEIR

[ml{#} + [kl{r} + [Krgl{6} =0,  [Kq]{r}+[Kgsl{d} =0 (1)

2001-04-22 HR)E—F, 2001-08-17 W RERHES.
1) HEBANSERELSE AW (60034010) frh B+ 545 B ¥ E).



B 5 M BRI : R o SR B3R 3h 88 7+ 0 v 1 BB = sl 757

50 200 2

2 4 Yy

b= 2 200 t z

S ¥ P l z
= 0 S T T T

25
100 e $
[ 150 =l T EEEm piezoelectric actuator
400 [ aluminum plate

notes: 1) 1—piezoelectric actuators, 2—aluminum

plate, 3—balance weight, 4—sensing point. 2 FBEATREE
2) unit—mm. Fig.2 Piezoelectric element
A1l #BYRER

Fig.1 Sketch of model

Ko (v} = [w 0. 6,7, (6} AW AMERR, [m) k] 450 ERAAEEE, (K. =
K" = /V (B, ]T(e][B,1dV, [Kgg] = /V [By|"[€][B41dV, [B,], [By] tirR AL 7 & ¥

HIRL,  [e] A s v AR R
HEB NI ROBER
[ml{#*} + [K"[{r} =0 (2)

Ko (K] = (k] — [K gl K gl K or] ABURIBARIBE, B (2) AR BN HRBE v, A1
Hizs o
SIAS” SLABKR (€} = [8.1{w}, &, 0 = F AR

[MI{€} + (1 + igllw?][M]{€} = {Fa} + {Fv} ©

Sk (M) 7 XURR, o SRR, {Fa) 0 RREAH, (Fa} = ov?(Al(e),
pyv HEHARMESERANE, [A] A7 URRASHHRE. 500 (A] T TR
R, EHRE (3) HEOOREST N, BEX (A] A EEHA.

XA [A] 95—k, LS BRAFRALE O

A=A, +A18+A28 +Z _l:;; 4)

He Ao, - AR REGERE, s ANKER, 8 %Etz‘sbm%ﬁr)ﬁ.
AR B AR B X IR 2 A IR ), BRI T 48R 2, ([EMMHRE R 5 H,
A B R R BOE HE A .
FNCR=)_ER; ER}

s, bR, = SIS0 pr; o bR, wES, Q AFRERTHDOMEL, O %
MEHIA ORI, kW ¢ NREIR. RS R NI T R L%
B, BAMBASREPASER R HIAKOE, NTHRET B4R




758 il ¥ % # 2002 £ F M4 F

SRR (5] RIPAL T A S AR 2 T R IR A B, AR, SCRREE AL 4%
SETHERT (B} M, KR RB (A} = (Ao, A, Args]T REFRZR. {E?%%‘?Nﬂg%, Ll
RAA}ARE, i RAMAERE {8}, WMARIISH {8} SAKK {A} AREH R AT
#A, BDHRERE O BEER. K RRIANAMRABE. Ak, AXEH#IT {8:)
AL, R4l {8,} MEHF KB NEHL {A}.

EE X B S HEE TR SR G B AR Bt ), A RIERS KRR, W
THUETEAN L, AT RAE TR TR KB B, S0t 1 i w3 R R 3% A 2210,

{Fv} RERIRE V PR 1, BAMEET RIS LR ERERR, LR
IR UM, HE TR

FE a0 o8
Fy = P ds % —Zdzd it 3
v - 31z</A,, e T y+/Ap By dwdy) (5)

Hrp E, f1 p A2 B0 JE bb R e B A L, dar HERER,  z A s R e
WA, A, O EBHEHmHR.

FIANREE {z} = [€ € X7, xo. ARSI, HEE (3) HALCHIRAS R
= Az + Bu, u JEFHEE, u=V.

YRR s, IR SRR w AR, N OOHIARTE, B

y=w=) (&.{,) =Ce, c=[0 &' 0 (6)
N

2 Wik RIS R RO

R LQG okt iHbIfe, SEORBIE At J = [ (@™ Qa + uT Ru)dt B, Sof
0

Q, R AMBRE. S40RARMOFEHRES: uw= Ko, ¥RFEHHE K, = -R'BP.
PRSI S E T AR RS, B

&t = Ax + Bu+ I
y=Cx+~y
Hep o,y AFRYE AW, B4E Kalman JEPHEHEL, Kalman JEIMASHOMZEREN: K; =

P;CTR™'. P 1 P; W 2% AWML Racatti AF.
Rt ERIEERS T RRE N

y.=Cez.
(E5E BB R L7 vt R B IR M B S 3 RGTIR A R B B %, i
B 6 B HRIRBIES, L AMRBEER, WERENECY 18 B EEH R SOk S R E X

DASEEL, 1 HSC B e R, BRI L 500 4 SR b 47 e
BRI AR HAT: —RRETTRER YR, RSP e



%5 4 WA B < SRR oA S PR Bl 8 ] Y S8 3 sh 4 ) 759

(LB 5 WA SRR (A SCHHT 6 Briead) , s/ BESEAL, RS RISt bl 2 A
F5b, AR RE TS EOA n, REh IR E R EILS KRG ECY v, S
BT BN nong, AR, MBS DG, BLORTHEOM RS n
Br. PUCZESRIESE) A R AT T, RERAD S8 S8 a5 M ORI B KB E
SRR 31 b iash G Ty dat R E T B i SR, RERAEIETUR
BERIERLA RS, AN ARFJRRAESR T o< ka7 o0 Bt , haRmUaRE. — &%
BEE H ORI S A A S A TR AL B, A7 K IR BB I T A TR %, g P S 3R ) (i
k) . Pade MEPETMRL (BRIK) . Leonard® FFAMRE M SahBPEBRIBEAT T R
M. Karpell® W% 8T —# LK ¥, FIIRES, @8R MHEHR Tah B misexs ffe, FM %
SR RIS BRI B K. CFESIM LK X WSS A A, AOAAER
FERBER AR B PECIE RERGRTETN, SaTE AR s s ZE, 8
B 55 AT 4 RS 40 I BR B, T LK IRAES-BS TR, 1BBESE S, MM L(F=#A). K(k
=A) B, R T RBCEI A MREL, MM E THRESES. SEPME AR RIER
BEAFHBHA, A LK RBRORA TR Afl, 1 S REBESE Iy, X0 T B fORAT Rt
ATV IR 5 T . ST ALER Sy, SRR EERY, MERTECREMI R, mHEREARILE %
K.

SCHREL 6 MY AAREER, MBI IEEET, EEMH LK AT R IREESER S, BEHIEREE
9B, BRI PSRRI IR R 4

A SCER T ), 1] Tustin BHH P BEUR, KAHEIR 400Hz. FIMEHIRS
A SR A TR DR A TS, BRI B B IR (BEB0R 200 He) | 7R AR —
R PR R Y (BOESE 100 Hz). ARFHRK WG E] A/D, D/A FURE IEE FARGLRE /S, B
BIEF T RME ARG o

LIS T EHIS 1 AT R A KRS TR A

: A
Ter B..C A, Ter 0

e[ el fre o 2}
{ 2 ]u ) { BD.C BC, } { . }

A+ BD.C BC.

XH

%%mﬁ&ﬁﬁAT:[

B.C Acr
AT ARRE Ar WM REMBRTE. BRI RPUTE LA 3, st
J&, WIFRBUEEILE 4.



760 2l 2 = i1 2002 £ ¥ 34 %K

vs) | = mode 1 80 s ianett] | —a— mode 1
- 801 RPN o —ee mode 2 © 0 —s— mode 2
5 701 ——mode 3 g 601 waeanmuen | —— mode 3
2 604 woummeccooocooscomond | mode 4 & —x— mode 4
2 501 —+— mode 5 5 507 —+—mode 5
£ 401 £ 40
'% 30 o g 30 PRp—
é 201 o = 207 . | S,
104 10
0 T T — T } v | 0 T T T T Tt T 1
-6 -5 -4 -3 -2 -1 1 2 -12 -10 -8 -6 —4 -2 0 2 4
real part real part
M3 FIHMLE B 4 HFMRBER
Fig.3 Root locus of open-loop system Fig.4 Root locus of closed-loop system

3 MBERRESIHEMLLE

3.1 EiRE

b 1] 3 3% RS P A I K B A R AR AR I P O I SO B Bk s P, AR el A R
BT HMRIBEAR B, # 1 AR THEARRARESIFEME dTFEERENS—H
Begdt (it H 5B xt 1, RAAEF I EESREAENZR, FTERAEENDES%
BESZYHEN. WEEENTE, RELERSTHEER -8, FUENEIETFEREAR
HRE SR, S

F1 BERARGE (B Hz)
Table 1 Natural frequencies (unit: Hz)

Modes 1 2 3 4 5 6
calculated 3.85 17.40 28.32 53.69 68.47 105.86
tested 3.81 19.44 30.56 63.00 82.50 118.56
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Table 2 Flutter characteristics

Flutter speed (m/s)

Flutter frequencies (Hz)

g=0/g=0.01 g=0/g=0.01

v-g 26.06/30.87 16.74/15.47
open-loop state space 26.00/31.23 16.76/15.51

test 31.5 16.25

full order 31.9/34.0 15.1/14.8
closed-loop  order reduced 31.5/33.5 15.1/14.5

discrete 31.5/33.5 15.0/14.3

test 35.3 15.75
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FLUTTER SUPPRESSION USING DISTRIBUTED
PIEZOELECTRIC ACTUATORS Y

Chen Weimin* Guan De** Li Minf  Zhu Dechao**

*(Peking University, Dept. of Mechanics and Engineering Science, Beijing 100871, China)
**(Beyng Unwversity of Aeronautics and Astronautics, Dept. of Flight Vehicle Design and Applied Mechanics,
Beijing 100083, China)

Jr([nstitute of Mechanics, The Chinese Academy of Sciences, Beiping 100080, China)

Abstract  An analytical and experimental investigation of a lifting surface with distributed
piezoeletric actuators for active flutter suppression is described.

Equations such like structure dynamic equation, flutter equation and state space equation of
piezoelectric laminated structure are developed, based on investigating mechanic-electric coupling.

LQG control law was used for active flutter suppression. Random disturbance existing in mea-
suring signal being considered, so Kalman filter was designed for states estimating. The order
reduction of control law is discussed on two hands. First, the physical reduction of state-space
equations, meanwhile the reduction of aerodynamic lag terms based upon modification of aerody-
namic simulation; Second, after discussed balance realization and LK method, a combed balance
realization and LK method was developed.

Ground tests preparing for wind-tunnel test were implemented after manufacturing model. By
non-contact exciting and non-contact laser measuring, the accuracy of vibration tests improved
pretty well. The control laws were implemented using real time digital control computer, then the
open-loop response of model-control system was tested.

When wind-tunnel tests were conducted employing laser vibrameter and digital control com-
puter, both of open-loop and close-loop velocity response was recorded in tests in order to compare
them, additionally control voltage applied to piezoelectric actuators also recorded in close loop
tests. Tests demonstrate that the test results agree well with that of analysis, and distributed
piezoelectric actuators can be employed for flutter suppression with an increase in flutter speed of
12%.

Key words flutter, active control, piezoelectric, actuator, wind tunnel test
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