4 25 p A

H33EHE2M Vol. 33 No. 2
2016 -2 H Control Theory & Applications Feb. 2016

DOI: 10.7641/CTA.2016.50522

F T3 >Cor B DL 3R R 58 U -5 )

Flh A2 R, Ralit?, i
(1. BETFERE Biat Ik S50, Befi 7542 710051; 2. iR HHENEE SHA R, L5 100084)

FHE: B3 SRR H AL A € AT I POAL I 52 T -5 4] 1m) R, AR R L = R AR L T H AR 2 A
EH SE AR 88 3k TF 0 43 5740 BT o A TR0 T L R S Sk B2 1 I A A TR b b S R AR R AN A S RN T 7 L BR
W PR 52, ) 08 2 B A5 %o BR R AR 22 HEAT AN, Wit T — Fh 0 SR8V G R SOb P %, @i R Mz iR 2R
B IREFREAT A& MR, BOR T RNER AT BERMI R E, S MM Sl 7 XL %
BB . N E A EIE T 2 H B R A RO R i Sk ()

FHEIR: LIRS 2 B R 4y 300 AT BE R OB ]

FESES: V249 ERFRIREE: A

Prediction and suppression of wing rock using bifurcation analysis
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(1. Air and Missile Defense College, Air Force Engineering University, Xi’an Shaanxi 710051, China;
2. Department of Computer Science and Technology, Tsinghua University, Beijing 100084, China)

Abstract: To predict and suppress the wing rock phenomenon appeared at high angle of attack, a new multiple degree-
of-freedom model is first established via reasonable simplifications of lateral dynamics as well as a considerate access
to wing rock’s primary properties. The wing rock motion is then predicted accurately in the open-loop analysis through
using the bifurcation method. On this basis, a robust constraint adaptive backstepping control algorithm is proposed in the
presence of model uncertainties and external disturbances, in which a command filter is introduced to impose magnitude
limit on actuators and the tracking errors are compensated by filter dynamics. Moreover, the tracking errors in adaptive laws
are replaced by compensated errors which renders a stable adaptation process even though the input saturation occurs. The
closed-loop bifurcation analysis show that the wing rock motion is suppressed efficiently. Finally, the effectiveness of the
multiple degree-of-freedom model and robustness of the proposed control algorithm are verified by six-degree-of-freedom
numerical simulation.
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Fig. 1 Equilibrium of states in the open-loop analysis
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(32)
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Fig. 7 Time histories of lateral commands tracking
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Fig. 9 Estimation of uncertain parameters
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6 %58 (Conclusions)

IS A HIRSE N FI PR DN Ul RS2 2 E )
oM 5 4 I B 7T R AR SCHAMIE 7T 45 SRR
FIT ST RN 7] 22 1 R AR BB A A 5 IR ML B 2
SIAE B, I TIN5 S M BEE SEEU LI ER Sl
100y BVRERF TN, TR T P B 24 SRR 1 1 S 2
il g vT LA AN N LR R s 5, H BAERR AR
5E RN 1 52 L0 R 26 A T B i P 5 A ek AN 5 47 1)
FEHIROR. BB RE RN —F R 2 AE LB 50,
A HUE AR R QSR AR A AR FC AR RS,
ST BEREHERA R AL IR R IR XS T IF R ) 2%
I3 HT I B A A TR S L 3 S TR 400 sk BFF 7 R A A
VRS o L, AR TR 7R T R GV IR S 2
ST B RN LT BB S, AR S K
R 514k 45 5 24 A AR 2R M B ) 2R I S W
NI B A

SE ik (References):

[1] LIU Wei, YANG Xiaoliang, ZHANG Hanxin, et al. A review on in-
vestigation of wing rock problems under high angles of attack [J].
Advances in Mechanics, 2008, 38(2): 214 — 228.

CAlf, B/, SIS, 45, KT Z B (L3 B8R o] Bt 70 2%
R (7). F15ERE, 2008, 38(2): 214 — 228.)

[2] GUGLIERI G. A comprehensive analysis of wing rock dynamics
for slender delta wing configurations [J]. Nonlinear Dynamics, 2012,
69(4): 1559 — 1575.

[3] GUGLIERI G, SARTORI D. Design of a sliding mode control for
wing rock suppression in highly-swept wing aircraft [J]. Internation-
al Journal of Aerospace Sciences, 2013, 2(1): 1 - 10.

[4] GO T H. Lateral-directional aircraft dynamics under static moment
nonlinearity [J]. Journal of Guidance, Control, and Dynamics, 2009,
32(1): 305 -309.

[S] CAPELLO E, GUGLIERI G, SARTORI D. Performance evaluation
of an L1 adaptive controller for wing-body rock suppression [J]. Jour-
nal of Guidance, Control, and Dynamics, 2012, 35(6): 1702 — 1708.

[6] RONG H J, HAN S, ZHAO G S. Adaptive fuzzy control of aircraft
wing-rock motion [J]. Applied Soft Computing, 2014, 14(1): 181 —
193.

[7] IBRIR S, SU C Y. Robust nonlinear feedback design for wing rock
stabilization [J]. Journal of Guidance, Control, and Dynamics, 2014,
37(1): 321 - 325.

[8] KUPERMAN A, ZHONG Q C. Disturbance observer assisted robust

control of wing rock motion based on contraction theory [J]. Simula-
tion, 2013, 89(9): 1128 — 1136.

[9] KORID K, KOLHE J P, TALOLE S E. Extended state observer based
robust control of wing rock motion [J]. Aerospace Science and Tech-
nology, 2014, 33(1): 107 - 117.

[10] ZRIBI M, ALSHAMALI S, AL-KENDARI M. Suppression of the
wing-rock phenomenon using nonlinear controllers [J]. Nonlinear
Dynamics, 2013, 71(1/2): 313 —322.

[11] LIU Kai, ZHU Jihong, FAN Yong. Aircraft control for spin-recovery
with rate saturation in actuators [J]. Control Theory & Applications,
2012, 29(5): 549 — 554.

AL, SR 209k, YE 55 . ARHLIE SR AT Y CHL R R 4 i (3], 32
HIFEE SR, 2012, 29(5): 549 - 554.)



242 B owo#H w5 N

33 4%

[12] LIEBST B S. The dynamics, prediction, and control of wing rock in
high-performance aircraft [J]. Philosophical Transactions-Royal So-
ciety of London Series A Mathematical Physical and Engineering Sci-
ences, 1998: 2257 — 2276.

[13] LI Y, SHI Z. Characterization of unconventional multi-dimension
wing rock phenomenon [C] //International Conference on Modeling,
Identification and Control. Okayama, USA: IEEE, 2010: 24 — 29.

[14] ABDULWAHAB E N, CHEN H Q. Periodic motion suppression
based on control of wing rock in aircraft lateral dynamics [J].
Aerospace Science and Technology, 2008, 12(4): 295 — 301.

[15] CHEN Yongliang, SHEN Hongliang, LIU Chang. Prediction and sup-
pression of wing-rock [J]. Acta Aeronautica et Astronautica Sinica,
2005, 26(3): 276 — 280.

(FRAKSE, TR R, XML HLIRE S8 B0 -5 1) (7). 028 224, 2003,
26(3): 276 — 280.)

[16] CHEN M, GE S S, REN B B. Adaptive tracking control of uncer-
tain MIMO nonlinear systems with input constraints [J]. Automatica,
2011, 47(3): 452 — 465.

[17] DONG W, FARRELL J A, POLYCARPOU M M, et al. Command
filtered adaptive backstepping [J]. IEEE Transactions on Control Sys-
tem Technology, 2012, 20(3): 566 — 580.

[18] FARRELL J, SHARMA M, POLYCARPOU M. Backstepping-based
flight control with adaptive function approximation [J]. Journal of
Guidance, Control, and Dynamics, 2005, 28(6): 1089 — 1102.

& R A

JAME  (1988-), 59, WLHITCAE, HATRFT T MAB %0 S
“KAT4%HH, E-mail: zhouchijun666@ 126.com;

FRE  (1960-), B, #d%2, WL, Hatrair oy kT
il i 50 B4R, E-mail: hmleinet@ 126.com;

KAyt (1968-), B, iz, WA S, BB AT RA AT
iy JELktEgEd). %S BT, E-mail: jhzhu@tsinghua.edu.cn;

F O (1986-), B, EEWETC A, HATHET S [ B D15 i
54744, E-mail: yinhang321@163.com.



