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Abstract: Three methods used for aeroelastic state-space modeling are discussed in this paper. They are least
square (LS) method, minimum-state (MS) method and {it state-space approximation (MA) method. The
modeling characters of these methods are analyzed and summarized through two models, according to flutter
and response of frequency respectively. In the research of rational function approximation methods (LS and MS
methods) on aerodynamic forces, the effects of lag root are highly analyzed. The character of MA method is
also discussed. Finally, the modeling effects and utilizing principles are compared integrally, which then could
be considered as assistance to engineering applications. The simulation results indicate that the MS method,
used conveniently, is the preferable one which can generate models with low order and appropriate accuracy.
The model founded on MA method gives the best accuracy of response of frequency, as compared with that of
the standard result.

Key words: aeroelasticity; aeroservoelasticity; unsteady aerodynamics; flutter; state space equation

BEEBUACRAT AR BOT ORI R R, AT S BRI DAL, EADRAERER®T

¥ E B AR K, I =2 Se i f AR AR 2 ) R 5
MARES, . A E5EMOBEERAERZE
&, BT & 0 s ) Bl 3  (ASE) [n) 3 52 31 %
ARKREY, £5% I RS R AR A B
Hi (SISO #& il , 7 FH 2 i 4% i 338 7T DL ik 47 ASE
b, AW AT B RS HER, AEREE S
FEHIE, PRI R 2, FBHEH RE WS
RIELHAZH B MIMO) B, 9\ i B i) 45
A BE A SRR AR R R i S BRI
BEZRaeW R ASE M it iR,
20 e R R T —ERREHEL, LRSS
6] 7 vk g LAl 378 MIMO £ %5 19 43 0 [a) S 75 L)
Ry, TRREEITERBEREMBRE

W8 H #A:2006-10-25; &7 H #:2007-06-29

ESWH :EZRHRPEIS (10432040,10502003) ; # ik 248 F
ANA S H iR (NCET-04-0170)

HIREE 2R B E-mail: sc16710@ase. buaa. edu. cn

B,/ st R 5 AR 2 ) B8 5k L T B4R
ASE 43 Hr 9 HEI 2 .
KRR EH HT RN
MoijJrKoq:%szoQ'q 1

Kb -Q AARE W Bl I R BE M, A RS T
B OB A, x4 S 3 (D R3S =8 1) JE 2 ok
TONE . AnAmREAROECT B AR E B R 3h  R BOE
& 47 L BB AR A R R
e,

MR TAERERS S M EKERA 4
P 5« e/ — 3 (LS) ¥4 & IE S [ (MMP)
B B/NRZS (MS) IR LA IR A 25 /] (MA)
T HA L ET 3 AR RS A R RS
prRe R b DR PAR T TER AN LT VR 2 /N
A7 ) U SR A [R] # S8 58 B B RGE Y
BRI R, TR A 2 AR AL, [ AP RAE 20 i

PDF CfH4#i[H] "FinePrint pdfFactory Pro" i kA G ww. Fineprint.com.cn



http://www.fineprint.com.cn

$82 W oz

S

%28 %

22 90 AR AU XS <3k 1 A B eR B & 7 1 3R AT i B
FET B LA R RS B 7k b B3 A&
7 1k B X B G A X 4 S B B A SR . B A
MA MR BI SRR A F35h, BEA TR
5/ o 2%l AR T ¥ 16 A3 M A5 P T B TR AT SR
AR B IR 45 2R B R R W, B 42 ] AR i
CAnBR IR 3= 3h M D A4 82 e 77 76 7T R

AICEEZA ST LS ¥ MS 3 F MA B ARE
25 [a) R AL AR 23 NS Bh H0 H0E R L B R N
JBE R A 3 A A BERIT BRI . I X 2% 07 vk
HEAT R GURIRT L, AT A 7 35 9 328 8 A AR i A
RftZ%,

1 EXER

LMERGREZ W FEREK
x=A+x+B-u (2a)
y=Ce+x+D-u (2b)

SRS HEEN EHME TR ES
HTREAINOEX, FHANEKERE S H
PORES M EE FEAWEITE A NAHER
BAUA 77 vk (A0 LS 3 \MS 325 R R o i #8165 7
Bam MA ), PE AR X B 7E T X5
FRBUE MR AL A TR

(D F/PN (LS

@© Ls s hla

FEE W REIERE Q B9 LS ¥ 2 R BUR

T
E;s

N
0,() =0 +Qis+ Q5" + Z, T

itFP:Qo 9Q1 ,Qz 9Ej:l:é]jg nXm m;%ﬁIQF’rjjjgg
WEGCWHOAEER. FEHA

§=%=y+ik @)

s=octiw (5
Kb HSHERKE ;0 HIRFBEMR ;0 HiBZHE
WRV R RATHEE .
WAL CHAET REMEEET LK
I Q
Q0 = Q(k) = F(k) +ie Gk (6)
XHF:FR) G5y 51 QU KL AR . %
FEFEYYR noXm By SEAE [
METEN —BEAE—Hr, BARY s=
ik B A Q=04,. HRX@AKXGOMRAHKS, S
SEER MR R 23 ) AE A, BB ST 4 LR P 7 R
P.y=5»b €D

3

LH:y=[0 & @ | E Ey]"

KD RFETTRRA, AR & /D M43
Q0,,0:,Q: E; ZRBUER%

@ LS RS =

B CORAR B B IEAZ 3 7 A,
2 PR 46 2 T D AT 45 21 S 3l IR 25 25 ) O AR
KoMK, HERELER

x=[q, q | xi xiv T
u=1[q. q. q]"
s+ E; s E_;
Xy = V] * qs + V] ° q.
s+ ?rj s+ ?rj

A 2, B ST BB AR n B & .
HMARGR RN y=[n, 0, 1" REM
A0 3 B o 2 . RV A0 A R E 0, O WD BT

nz = & = l M F-Zr M és
g g
wy = R§ . q,

FH F AR, 1 U000 8 B2 A% s AR A £ ol B2
RS M &, R, 28 EA 5 RRS
ZHFERKXCHHIBRX, ik, 458 LS RS
%3 ) A BUE AR AL

(2) J/NIREMS) B

© MS S UG

MS A B R BOE LA R

0.5 = 0+ Qs+t 4 > Bt
(8

XH:00,0:1, QN nXm LG des e 3 1
LW G ' om & HEELH, 5 LS
B, s=ik 0,8 Q=0 .

MS @i d, « e, T LS EHHIERK E;,
d. 5 e RMIRBM, KL MS B30 H G
TR EHEN ., YIRS 0 SCEk4].

@ MS BIR 2578 ) AR

BEE LS HEEEE2EM, X BB
H. WEEBRWE,MS EEMKRSTE

X = I:‘.Is qs ; Zal xaN]T
s el s el
Lak — Vk ® qs + ‘/}Z ¢ qc
S + ?rk S + Frk

KAz IR A5 IRE LR, 5 LS
HER RS ERBMARR . HAVRESRRETE
H 2ntN B GRS I8 N, BT L
AR A 25 18] 75 AR B B i (R T LS Sk LR A,

PDF CfH4#i[H] "FinePrint pdfFactory Pro" i kA G ww. Fineprint.com.cn



http://www.fineprint.com.cn

¥ KR 3 RIS BRI 2 WA IR BT L S83

MS ¥k 57 R B B AR K 4.

(3 M RE=MMA) B

PEREZRMANEATEHEIT I NE
B PR B 5 T 8 A L AR G A 3 R O R i
N, A ERE TR,

O MA #iiid

XFF MA SRR A2 R, R G0
ASE n MAIEER, BA X =0 L wi. ATLIIE
ARE— DL T, % x=T - z SR
K@ LML N U TIEX

z=A+z+B-u
yzf'onrﬁou} ©
KRG
A=T"'.A.T= diag(A))
A = [ 20 , ' } ao
—w; —o;i Zo;
3 R BRIE 3 B A RE
F0 bl e b};cl_
1 b, e b}zcz
B=|: :
0 by e b
1o e B
o 0
ch ciz e Ttz
C=C-T=|: : : :
|:C},b1 C}'th C:bl c:’.j
HLEAR B
din  dyy e dlnc
D=D= | : : :
dnbl dan dnbnc
PA B2 o RS A B e O 42 1 T A5
oy AR AR R
© RBUERETE

WIEBIRKR @A P-K :8]is, A — 1 E

B V 3t T AR 2 — 4 BBk R E
Ai = 0; = wil

RAKAQO), AIHERGIHERE A,

W= (O 4k % 3% R EOE X

H(s) =C(s+I—A)'+«B+D (11

AT A Z AT, B8 2 R G LR
H() XD 5RGE A B R BB HITUE,
SR B2 B0 26 B/ — 3R vk [R) R AT A5 B R BUE
M B,C,D. P4t S 0 3CHk7].

2 HES54H

VB 2 DN BIE R BFFERT 5, Ho— S Bl
TR Y, 55— D L4 i T

BB 1:F AL ) A BR T AR B R 4
B . AR IR, B R T (R ARD B A
i H S TR o 2 A R MR AV R R

WRILWBh S A R TE B Y R IT 451
R FH A5 S50 BE RO ABE 2, 4% A1 B A Y W o A 45
MOARITTEMMIRIE, RERFEHETHTESR
TCERL, BT Ao R EER.
AL 678 45 A H 100 MRTT,

P-K Bk i3 4551

Ve = 407.8 m/s, wr = 10.5 Hz

HEl 2 FE=AERREER, ZIETAE 21
J& GRPE R A 2 A0k AR A . IR B
B 1 S5 % Ry R B, 2 i BT MR TT A K
P-K Bk i3 4551
Ve = 46.6 m/s, wr = 3.9 Hz

(D KB UE BT BT 5 iTg

SRR 3h A B R RS AR T kL R
MR PR A BRI . X BT ST S AR AR AL Xk
A7 (Al A A R e S LR

NET IR, g # FE RN EC8 18
Hol. £ 0. 1% 1.0 Z a2 gk B 10 > %fE
VB Dt 5 RAE IR AS L EEAT 3T 5

@ #itJa RS 30 1 R BRI a s

MS #45 LS ¥k R T 3h 71 A B ek Bl &
BT, —EARESHLZ AL XE 1 55
R 2 07 AR RIE T B3 REUE
R IS H BE L S5 R N IET 1 B .

08

07} o o LSH
o MS¥k

0.6

05F ® o
[u} u}

UG RTEY%

04

03 F . 0

0.2

0 0.2 04 0.6 08 L0
e AR

B 1 LS¥kE MS %klA8 Bt (B 6 D

Fig.1 Comparison of approximate accuracies between LS

and MS method (model 1)
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Fig. 2 Comparison of flutter accuracies between LS and MS
method (model 1)
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Fig. 3 Relationships between responses of frequency and lag

roots by LS method (model 1)
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Fig. 6 Comparison of responses of frequency (model 1)
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