5 36 &5 5
2023 4£10 A

® z T & F #

Journal of Vibration Engineering

XS RFELERERSEIRA

BEE, x|

(32 2 kT £ AR 5T B, AL AT 100076)

T WAL 2 SR R GE 8 1 A B RAT IR RGBT AR W B DA RAT A s RS 4, % 182 3 R
71 L 0 B 48, WF 90 R e AR LR gl g 24 AR ) T, 43 J31) B T Coulomb JBE #8451 Stribeck B #8 AR R #3717 R G A
SRS R I3 2 KR R 22 Gt I 000 A0 2 B0 IR U5 i 25 48 1 RS R A T 5 1 5 0 Coulomb BE S AR
PRGN LS HCEL S 1A B . DFFE 45 SRR W] T 2 MO R U 5 O[] T B i, 3R A R L2 B — 3L

Vol. 36 No. 5
Oct. 2023

PEOL T VS B S 2 RO AT SE e vy

KR 2 AR AR ; BRI SECRY)
RESES: V421.671; 0322 XERFREARD: A
DOI:10.16385/j.cnki.issn.1004-4523.2023.05.004

51

[l

2 SN AT AT SRR AL | A
TET i 5 7 A AR A, SR RAT AR S RV 4R
il A B, R RAT R AR G A OB R
ERMARGE TG A ISR, B A 0] kA7
TETR B G EE S R R MR R . R AF R R, (] B
Sl LR R 3R A X R BLAG R R h S R R A
Msgm Y AR R T S A B R
&5 v 4 N T BB 1) B B R G IR IR B O Kk
PR W A% B A R R R Bk R R . B
THAEIAR T T T S B4 R 0 T Bl L v AR L R R
A A0 2 T) B o7 M 7R 47 8 B 2 4 Al 2% 7 A R E 1 A
PR BRI % L HL 45 F W N5 00 a4 S A G . BELL A
SECEE T TRMLER N R G, T T IR] A Sl R P A A
BRI 2R G TE 1) 20 0 T 452 50 70 45 3 ] Bt ) 8 482
YERT, PEABIE ST T & [l BROLAG A9 3 A5 5 v . £ e
SEUHENT TG R G A TR B R A S bl A
RLWESE T REAE R R G RAT HOMIREI LA 7 A Bl
W Naf5"BER T I8 it RE 1B & s g
P I] R, 050 e ) B 5 0 A 3 B 1, 5 | e A
R 0 AL A [ R, ) Bl LR M G 5 T R ¢
SERPERE E M . Kholodar ™ #F 5% T WML E il il &
28 ] B % 5 4 A B A B ) ik Y R ) L R BB
[Ea] BT FF 98, G R B A AR R S L B e AR
Wi RAT B2 W A P A4 T I AR

s B H#A: 2021-11-24; 14T H #5: 2022-02-27

XEHS: 1004-4523(2023)05-1216-07

LRAMERT TS HE R UEAT T 2538, I 5 M 4 ] I B B 8] B
FRLE PR A 10T A9 3l Bk 42 ) R U S — 4
B A T Ry A 2 —

TEAR SCAE & 22 4 1) K AT & AR F ] < b e
[ Aol — LA A A e [ B R B8 456 AR 2 Ak X g R e A%
B IE AR o AR — ) R AR 2 A R
A7 Hp = A ] R R R RS 2 RS AR AR B IR R Oy
TIT SR P B, E A L A B AE R AR
Y3 A B O 3 i 0 KO B TR E R A
Prf 280 ARLAE R GEHHRTT L AT T 20 it 4l
TO4EATT o, th iR IT IR B9 30 [ B R B 2 2R 19 T
PREGH A9 3 K B2 B OGTE . 4RI T REREIE" A
Sl B T A A R A R M L B 1 A i
D7 AE o SCHR 12713 PR S LA 4R B A 5 O 85 0
HTHHAT T RGEHLEA 5 4 ER A4 A B
P A S AR SR R R AR S S HCRUI R T 45 F 3
PO RN Z

ARICAHATR AT AR = MR T T TEXT A
7% 18 12 B wl (8] B A EE 45, SR T HE 5 a0 A 4 A 1Y
J7 ik BT S AR LM Bl g 2 AR

1 RgEE

1.1 RZGAEmR

23 SHE AT WL 2 355 A7) R 28 8 1 2 RE DL AL P
Jt

A BTG, — e Hhy AN T F) B 7 4 IR A o) R G B R AR



o5

Ji) [ 0 4 2 RS RN AR e Al R R R S B 1217

PRI AR o AR SO I B X B A LA BIL AR
gy AN VB AL FE AR T A | il A AT A S 2R
A PR 2 SME AR GE o 5 I 4 B0 0 F i SCH 1 ol ) el
TR FNHE S A 100 5% Bl 1) 4] e A 3 45

i TR 368 o A il A S e Y e 3 e el R 2
TSP Be L, VR Sl A4 Sl il A A il 417 3 A T i
Bl AT 7 A B A ) T 3 e A il Al R e 23 E R
frae b 50 AT d BB ML

BERU(E S 2%

K1 =R
Fig.1 The air rudder system

1.2 REHWNEFRE

— AT R IE B RAT A A A R K SR 1 R R
N R BE RS OR, B T I BE R, AH > T — A WA, A Ut A
S ) AL 2 T T A 2 A LA O A A X T
el o AR R R ) W R R M MR .

FERE 3R G0 8 1 2 MR, — FBOKE 6 4 19 S 43 b
HRCFIAE Bl At i [ 2, 6 A6 1806 sl | O T &5 g
T 2 ff o 7, AT A5 2 0 R 2 T R B 2SS R SR
BADR B . B 29, T, k28 S SR AE il 1Y 55 sh i
i, K R A 5 A T L KA Bl 25 A A R
Jo 1Y S R WIS, C R S5 R0 R R LS 240, 2¢ iz
SIBR, T R el e sh i B A B8 1 0, T R <8
i 0 kA b 00 T, 0, G TG . BRAR A AR
B LA S50 A0 B, J,, K R C 43 BE 35 B 1 55 ff 0 748
e s A B AR A i R /N TR AT RA E H
R

AR 2, 28 SAE 3 T2 07 fh

1.0+ CO.+ T (0, ¢)+ T:=T. (1)
K Ty o % R B SRR AR S AR LR A
Xh:
K9, —e), 0.=¢
T (0.,e) =< K(0.+¢), 0.<—e (2)
0,]0.]<<e

ME A WL RAE  BEHE I T— Bk H Cou-

B2 o AU R G RO B 2

Fig.2 Mathematical schematic of the air rudder system

lomb FE 4845 AR Stribeck B8 R A 2R . a2 R H
Coulomb JEE A5 #1 T ,
wr,Mf){M“ /=0 (3)
—M,, 6,<0
K M h Coulomb FEE# T4 .
4n 52 A Stribeck EEZE R R ) .
Tf(ér,Mf,/el,/eg)z{M‘k‘ﬁ'“gﬁ'gf 6’.20 (4)
—M;— k6. + k6., 6.<<0
o MR EEAEE A by ks R B BE A 7 4 4R T
R BT
by=1.5(1— ko) /v,
{k3=0.5(1/e0)/vi
b v, B EE I BN i B A T A S s kg N
/N BEE SIS B A M 2, Y k=1
B, Stribeck BE #2155 B IR £k Coulomb BE B HY
AR, JC e SR FH WIR A BE B2 S A G S & — N IR 2
PR G5, HoAL i3 oR RIS RE fA7 90 b 35 7R 2k 1A B4
I X R4 1 4B 2 00X R R R e
AL R A SR A e . e, WU (D) o
AR S, TREPR b, — B2 S5 sh i
JoE Al DO g ), 5 () ol 37 i R M S B0 A4
(BP R H Coulomb FE4E BRI RIEF 19 K, C, M, e) 5% 6 |~
(R R Stribeck 2 # B AU Y K, C, M, e, ko, v,)
PR S — A DU S 5N S B A

(5)

1.3 & 851 A Bz 5K

SCHRL10-11 ] rp i o 2% Al 2 B0 7 i, i T
T T I A 2R G A R 2 A A AN T Y [
I AR SCHE o 348 T 0 3 ) AR e AR e 2 R
ANIT o 5 SCHRE T (5082 W00 8 0 5k 32 A
[, AR SR A G i i

225 P 2, A0 0 1 ey 3R O BOR Sl 4
Ty EEFE T AN O TR R RS, W E



1218 & & T

% 36 &

A4 F) A1 e o KR R A 2
K F U A ik X (D) #EAT R A . T R
RGBT EM B R F 3R, Atk 7T DL 208 1
YOI, AR B — U e 0, AR QN TR 3K T
TC:TO[Sin(a)Z)cosh*cos(a)zf)sin/z} (6)
Y D W) 7 A ¢
0,= 0, sin(wt) (7)
o T G, 4330 A U o R R T A %) R
w SRR 5 b kg o 15755 35Dl A AL 22
1.3.1 w AR
U 2 B 1 2% ] Coulomb FE AL, #5K(2),
(3), (6)F(TARAZ (1) J5 B — TR I 30 1 3R %
RN e TR

4M{+K(CO0C{)+T()Sinh):0 (8)
w(T, cosh+ J.0,w" )+
K0,(sin2¢ —x+ 2¢)=10 (9)

A p=arcsin(e/6,)s
WA ()M W EMME, SRR AGE NS
R AU g S R O R

[K(l _ sinlZg)¥ 2y )—J,wz} 0+

Us

(10)

(4M[ + Cw) 0:=T¢
T ¢ = arcsin (e/0,), BT LL2 (10) J& — > i i
D7, JC I SR AT R A bR K000 kG i 0 A AT e ik X

ML (10), a2k 4

KC—K(I—M‘MD) (11)
i
Ay Er R B s M (4 SR W B DT iy 5 (10) SR AR
W A i 197 R K -
- ! - ()
/(Kefrwz)ZJr( M -+ Cw)
nd,

H (12) AT 1, 551 00 1 R G2, WA
BB @ = K. /J, W 25 54 8
1.3.2 SAHKER
25 22 BIOAE 0 5% JT] Stribeck BRI K (2)
(4),(6) (TR (1) B i — VI I 7 1) 5
A5 31 R A T 8 S Al T AR
AM;+ = (COyw + T, sinh — Mk, 0,0 +

3 .

ZMf/egﬁjws):O (13)
7(T, cosh—+ J,0,0*)+
KO sin(2¢)— x4+ 2¢]=0 (14)

it 2 C13) AN (14) 78 AR 22, 15 BIE R GE N
2 BB i A3 o R

16|:K<1 _Sm(Z?MD)_]er:' 05+
T

2

+4Cw — 4M ki w + 3M[/eg<9§w3) 05 =16T;

( 16M;
Tf(90

(15)

2 RERAERZESHIR A

2.1 RIGHER

XF 32 AT A% S B Al T B 28 e AR 8 T JRe At )
I, W 3R o WOk AR = AER LY
5 g, DAAR BOROR B LA o a s AR 5 B A A
R A S A ) IO TR A% £ 0

K3 28 A &R e i g
Fig. 3 FREF test setup of the rudder system

DU B, AR 4 [ A TR it o S (A Y IE X
WO AR D05 5 AR T R T A0
T.(t)=F(¢)+l

LR R S B el b i R RS
[Fi) Fof >R A i 3 A% gt dan o L O il TSRS
I YE T 5 £ 0 AT 3 S AR BT AR L e gt £k

ér(t):A]([)*Az(f)
L

A AHLA, RN R A SR T A LA A T
P A RS R 1 B

R0 W T A ALCHL % 0 R (B 53 531 D 70 Nem
(A 41)F1 60 Nem (B 41) i) 19 21 B4 , 25 S an &1 4 B
o B AT AR SR AR R GE QT AR A T BR A F
— AL 5 BT A R L, AR I — kX R A % 346
/.= 63062.8 Nem,

HY &L 4 0] UL Bl 25 J8CHR 0 6 e A B, 3 R
I 5 T A 0 G AT BT I B R R BB Y R 4R
PR G 8l 12 R

(16)
A

(17)



Ji) [ 0 4 2 RS RN AR e Al R R R S B 1219

16,/ T,/ (tad « N+ m")

e T=60 N m

235 06 07 08 09 10
1

4 FETRAT AR A AN R G A6 K s
Fig.4 FRF test data of the rudder system of a launch vehicle

2.2 SHHRF]

TR SR e 3R A R O A R T (o)
T 37 WA 0, (w ) 2 AT AR o AR 4 =X (10) A1 (15)
Be R ESTE 2 A3 pR X, SR F MATLAB FE £k 1 #5 /)N
3 T H nlinfit R B0 A3 50 £ B o] 58 ) B S
Bl 32 TR R B s 2R A T
(51PN = (E N 2 i R S R (Wi QRS B e D)
FH 2855 e 0 5 0 (B A5 Ak A R w,, F1 R (E
To (o), M N 18 AH 0, (w,) 5545 B R85 (12) % K,
C, M, e B {E P47 90 4 A8 1, V8 4 i nlinfit 58 3500
WA -

A3 5% A4 B 2H A (A+B) 4 2t B 48 17 40
AL ERmMEIM2, K SM6 R, H, (A+B)4l
PO T 508K A 41 A0 B 41038 50808 Bk Al kel
nlinfit PR 4 A B HEAT S HOR DL B 8RR
FEAE— A H00E 25 S ] LA TR) i S B A 4 R B 21 i 4k
B

F1 NOSPEBAJNER(EFT—HLEF)
Tab.1 Identified values with the four-parameter model

(with frequency normalization)

T K/(N+m)

C/(Nem) M/(N+em) e/rad

Ad 56563.5 3896.95 39.28 0.00038
B4 60791.4 3544.35 44.81 0.00051
(A+B)4  63328.5 5745.67 36.74 0.00048

F2 ASPERBAGFNERGARIFT—ULE)
Tab.2 Identified values with the six-parameter model

(with frequency normalization)

K C M Z .
TR / / o/ e/ b U/ ]

(Nem) (Nem) (Nem) rad (rad-s )
AZH 58158.1 4250.70 40.03 0.00041 0.960 0.984
B4 61173.6 4721.96 43.81 0.00053 0.991 0.673

£ W (=)}

|6,/ T,/ (rad « N e m™)

w

1.0

KIS USR5 4

Curve fittings of the test data with the four-parameter

Fig. 5

model

%107

o AWK

o B

SS— AL ERATRA
BAZRRANTLAB

6.0

1
»
154

T

>
(=
T

|6,/ T, / (rad « N
2
W

w
=
:

251

2'(965 0.70 0.75 0./?0 0.85 0.90 0.95

Fl6 NSRRGSR

Fig. 6 Curve fittings of the test data with the six-parameter

model

NS T I

(1) JCi8 K H 14 2 5B 7 (Coulomb B8 48 55 741 )
W 7S S BB A (Stribeck FE LA ) | SR 8 — T80
BRI HB AT DL Gy b LG il e A (E R N Y
Stribeck B 5 B S5 £, 3238 1, 3 AR L & Cou-
lomb FE LA

(2) Bl R A 2 5% B 2400 80 Hs R A7 S5
U5 45 J A 0 45 SR B W) 5 B A (E 2 T 2 8Os R
S RA — 27 WML R A WA Al R . —
Py R NG LS R A e R AW R R
X E ARG AR T O —Fp i L S50 — 2
XA AR L AL A Tn] A i A M — , 7 20 08 1HO0 15
PR AR SR B0 —H R BB W
ST B 4 R R 2 8, B (A +B)
T, RN BB SR A R RIS T AR B
AR I H A . SR, NI 5B G LA A A R, (A+



1220 & 3 T

R 36

B) 4R 45 R IF A RE 2 AR 4F i L5 A A B 4
Kot

2 LRI, DU 2 OB B N S RO B AR U RE A
A — PRl B0 S B AR A A R S B AR e A A 12
Rk, i — A T B0 A SRR A R 2 BOF A
AE R WS oA T oL 8 T2 45k o I, X A4
BT HR AN Al 5

3 ASHEBRIAMNER

55 LRI 295 B i Ie i B A BE AL iy T AT A
AR, EEHT WYEREN RIS 2. A
Hr 7ot R m B A AT SEME . BRI TR E X
fit:, Stribeck B #8455 Y AH X T Coulomb JBE #8455 71 Jf g
B B A A, R e 7 TR DY 2 40 Coulomb JEE #8455 AU L Rt
AT

225 [ 3, M PR A5 VR G T X A R T
AR T (), 30 X e il S 45 Rz s R — A B Tk
J1F()e B2 HR 45 42 il T Coulomb JEE 482 1) 7 A #1L
B, H 3 A Bl B R] S b B R O 7 AR Y EE 4R AR R
MBS HAGEL B T.(O)MAE . B, iT7E
(3) 3L ath I ¥ R4 0 T kA anfl , Sk i r -

, M +|p-T(2)|, 6,=0

T(60,,M;)= _ (18)

~M,—|p-TA2)], 6.<0
b Mk B B A B A5 e T ()| S L
W, 51 AN S8 R R R et (D) il ik
1 R Ge R AL bl 7 B R S BCR 54 (RFK, CL M,
wae) B TS EE

K BT A W U L R X (2)
(18), (6) A (7)) A K (1) 7 B — W I 301 1) &
B, 15 2P 18 I T il O R

AM~+ 7 (COyw + T, sinh )+

2p(cosh—+ hesinh)=0

7(T, cosh—+ J,0,0*)+

K0, sin (2¢)— n+ 2¢ |+ 24h T, cos h =0 (20)

F g0 (19) F(20) , 1 T AHAL 22 h AALTE = £
PREC T AR AE AR = A PR BN AR A TE IR0 S 5K
5L AU 38 38 R A S I~ A8 R T 2 A o 2 15 B AT o
B, I, 1S H0R 8 2 B0 0 AN R FH i A
TR 2 AN Y, T L TR B R T AT AR A 5K
B .

FE VU 2 B0 R 280 ) R il b, 0 R 2 s
Bl AR LG A A A  BAHR(A+B)
ZH IR AT UG A R R SRR 7 AR .

(19)

®3 ASHEBAFNER(FERFT-ULE)
Tab.3 Identified values with the five-parameter model

(with frequency normalization)

K/ c/
(Nem)  (Nem)

56371.0 5885.45
58054.1 5821.54
58463.9 5779.76

M,/
(Nem)

18.71
18.20
17.78

T i e/rad

AH
B4H
(A+B)4H

0.34
0.35
0.35

0.00033
0.00035
0.00036

x10°

o

N
=

AR _
AHSERRNTLRA SR
BLHZHE g %
B4 RN THB £
---------- A+BHERAN P
THA P
----- A+BHL RN P

o
n

2
(=
T

THB

16,/ T,/ (tad « N + m")
& &
e w

2
W
T

=2
S
T

25

0.65 0.70 0.75 0./%0 0.85 0.90 0.95

K7 LSRRGS
Fig.7 Curve fittings of the test data with the five-parameter

model

AL SR JH AN ] 00 3 K8 TR AR A5 9 5 2 8L
— BB, Ul W] T2 BORE R AT LA AT AR A
SRR I

T BB D 2 B T 1 22 I 7 T P S A
B JCVe o JEE S5 AR A, LA P 2 6 BB , A 1R 31 i)
JO7 73 At H ] SR T R 45 A0 A D U o DG R A O 2
FEVERLJE ™ o Coulomb JBE {5458 7Y mli thr it FE 458 A5 7 X
(18) Hb 4 5 {EL 045 24 FHLJE R KN

o, =M (21)
nhow
B E AR, TR S 00R e PRI
3 (18) H iy b A 101 25 35 BHL 2 R % H -
CC2:2yT(>(Cosh+/L-sinh) (22)

nhow
WA, I TR0 3 S iR i, 1F TR
JIME A, IF 5 AR 22 hAH G
MAE (2D FN(22) , TS KB AL 9 % 30 e
EX oK
AM;+ 2uTy(cosh+ hesinh)

Cs,=C—+ (23)
7[(90((}
DY 2 BB 5 1) 5 R BHL JE R EOR
4M
Coap=C+—— (24)
Tfﬁow



o5 5

JEL 0, 8+ 2 G R T b A 2 B ) 1221

RAFZIM3IT RS E, UL 49 )R 56 5L
P, 45 5] A 2R B ZH T30 5 b A R R S5 50 BH e &R B
X He g O, WK 8 BT s o

,
g0 L2
—C A%
55¢ ——-C, A
O C.BA
' . e C.,BH
450 NN
AV Y
40

SREHMB RS/ (N - m)
s G

09
W
T

N
=
T

1'5().6 0.7 0.8 0.9 1.0

8 WIRP AR AL A AL BE e 22 B T
Fig.8 Comparison of the total equivalent damping coeffi-

cients between the two models

PP A T B EE B4 T 00, DU 2 Bk AL 5
S5 AT B Y S S RUBH S F B /N B A 5 A8 Ak R 1
¥ 5 H S BOBRIE T R iR A SeR IE B OE, —EL
SP— e, (H U S KRR A 2R B 2 T AR B R R S
SRERBR, LS HER B T 0GR —2,
Ul W00 S B0 T LS B0 R S5 R L Re AE 5 — il
TR A S H SR

(ELATHE 02, KR A AT 38 4 K28 X L 5 ik
AT R AR T, TCAT B e AR R i 3 S I AR
b, e R 2 ARk . EEE R B G AT LA
W f1E 2R G0 R 48 0 A0 TE RAT PR AR R B L S H
[

AN, XF 2 1,2 13, TS B0k #0 W B ) B
SRR B EE R AT U SN B H
1), [ BRI 5% 22 186 i nT DL — 52 A 3 1600 W 1
PR BT LA MR A5 e 7 BB, 36 1, 2 F0 3 1 I A
Ti1) B 2 O R LA R A . HE LS B &
B i TR S, DR ER 3 U 4 A
I

4 & i

AKCLFM R RIT a2 SR E IR, FE
iz gy |l (8] PR AEE 38, R I BIE SIS AR 25 A 09 7 ik
R T RGARLNEZ) )2 L n) i, 2 ) — R T
HCHE Coulomb BEFEAL Y (1) 1 S BB RS AH LL 56T
Coulomb JE #8245 A iy DU 2 R AU F1 B T Stribeck B8

PR S SRR, TS 508 0y~ A5 R TR
T IR A 1 R S R — EE A, PSR
7 Je Je 2 ROHe IR R L REAE B — e T Bl X
NSRRI, TS BRSO RT & AT
T IO H AR T OLAE R G AR A B ) e R

SEBRTRAT R A7 G TR 0 R R A A ROk
M0 TSRO R RETH A B 6h 1 RS e EE 45 )
TR 2, 3 FH A B 5

S % Xk

(1] 8K, BRI . B R 0T A B Al 2 v — e 3 By
BRI ] S 2, 2003, 24(6) - 521-525.
ZHAO Yonghui, HU Haiyan. Aeroelastic analysis of a
two-dimensional airfoil with control surface free-play
nonlinearity [J]. Acta Aeronautica et Astronautica Sini-
ca, 2003, 24(6): 521-525.

(2] BT, RA&GR M, 55 TS 3800 25 0l 2k 1 AR 43
Brla]. TR S, 2012, 29(2): 197-204.

YANG Ning, WU Zhigang, YANG Chao, et al. Flut-
ter analysis of a folding wing with structural nonlinearity
[J]. Engineering Mechanics, 2012, 29(2): 197-204.

[3] BRLLZE, 254, skWede. BT CHLERN R B &5
PERRZ W S A LT . HLAKGR 1, 2014, 36(1): 17-23.
XUE Hongjun, LI Lei, ZHANG Xiaoyan. Analysis of
clearance effect on dynamic characteristics of aircraft
control system[J]. Journal of Mechanical Strength,
2014, 36(1): 17-23.

(4] FEfe, RLIE, MY . L RN AT A IR
ZEPELT ] Rsh TR A, 2014, 27(6) : 858-862.
WANG Chenghua, JI Hongjuan, TONG Yinan. Self-
excited vibration for a rudder structure system in flight
[J]. Journal of Vibration Engineering, 2014, 27 (6) :
858-862.

[5] NaHJ, Kim C, Lee I, et al. Nonlinear aeroelastic anal-
ysis of a rolling wraparound fin[J]. Journal of Space-
craft and Rockets, 2017, 54(5): 1041-1049.

[6] Kholodar D B. Aircraft control surface and store free-
play-induced vibrations in aeroelastic stability envelope
[J]. Journal of Aircraft, 2016, 53(5): 1538-1548.

(7] WA, BOKKE, BB ROLES < g v 0 A 5 45

HIATFELT]. Ji22A4), 2016, 48(1): 1-27.
HU Haiyan, ZHAO Yonghui, HUANG Rui. Studies
on aeroelastic analysis and control of aircraft structures
[J]. Chinese Journal of Theoretical and Applied Me-
chanics, 2016, 48(1): 1-27.

(8] Zmik, Ml  FLUERESHRIMaEREELT].
PR3 TR, 1991,4(3) : 34-40.

LI Yuefeng, HU Haiyan. Parametric identification of



1222 £ I N - 7 55 36 &

nonlinear systems based on energy analysis[J]. Journal [12] Kerschen G, Worden K, Vakakis A F, et al. Past,
of Vibration Engineering, 1991, 4( 3): 34-40. present and future of nonlinear system identification in
(91 T, Mhl. TR EHNSHATIELESH structural dynamics[J]. Mechanical Systems and Signal
HBIERELT]. J3h 5 vhdi, 2009, 28(12): 123-127. Processing, 2006, 20(3): 505-592.
DOU Suguang, YE Min. Nonlinear identification in fre- [13] Noél J P, Kerschen G. Nonlinear system identification
quency domain for parametric excitation system based in structural dynamics: 10 more years of progress[J].
on harmonic balance principle [J]. Journal of Vibration Mechanical Systems and Signal Processing, 2017, 83:
and Shock, 2009, 28(12): 123-127. 2-35.
[10] Z=fl, Ef, Aflife, 45 BT AR AR LR A (14] XM, B2, BE A%, & s AT LI g
ZEGESHARBIT]. sl 5 i, 2000, 19(1): 8-11. BS5 S HOHRT]. F A, 2017, 38(11) : 1147
LI Wei, WANG Ke, ZHU Demao, et al. Parameter 1152.
identification of nonlinear hysteretic systems[J]. Journal LIU Bo, ZHU Xuejun, NANGONG Zijun, et al. Mod-
of Vibration and Shock, 2000, 19(1): 8-11. eling and parameter identification of an aircraft rudder
[11] sRME2E ) . 3% T 4 sh I3k a4 i 260k 2 800 5 system with an electromechanical actuator [J]. Journal
HIT] R3S il 2013, 32(1): 83-88. of Astronautics, 2017, 38(11): 1147-1152.
ZHANG Genbei, ZANG Chaoping. A novel method (15] i 4 . HLBR 8h 5 vhds (M. db st it zs Dol i i
for nonlinear parametric identification based on vibration £, 1998.
tests[J]. Journal of Vibration and Shock, 2013, 32(1): HU Haiyan. Mechanical Vibrations and Shocks [M].
83-88. Beijing: Aviation Industry Press, 1998.

Nonlinear modeling and parameter identification of an air rudder system

ZHOU Guofeng, LIU Bo
(China Academy of Launch Vehicle Technology, Beijing 100076, China)

Abstract: A reliable dynamic model of air rudder systems is essentially important for the flight control system design. In this paper,
the nonlinear modeling of a launch vehicle air rudder system with joint clearance and friction is studied. A four-parameter dynamic
model and a six-parameter dynamic model with free-play and friction are presented by adopting Coulomb friction and Stribeck fric-
tion, respectively. Their reliability is investigated by applying physical parameter identification method to the frequency response
test data. An improved five-parameter nonlinear dynamic model is proposed based on a modified Coulomb friction. It is found that,
the parameters of the five-parameter model identified via different tests show better consistency than the four-parameter and six-pa-

rameter models. Thus the five-parameter model is more reliable.
Key words: air rudder system; nonlinearity; free-play; friction; parameter identification
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