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Adaptive sliding mode high maneuvers flight control based on
backstepping procedure
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Abstract: A nonlinear adaptive variable structure control method is proposed in the presence of model nonlinearity and
parameters uncertainty for high maneuvers flight. The adaptive sliding mode control law is obtained recursively via an
appropriate choice of Lyapunov function based on backstepping procedure. With fixed parameters optimization done by
using a chaotic particle swarm optimization algorithm of adaptive parameter strategy, good system performance is achieved.
To prevent the singularity of the high-frequency gain matrix during parameter adaptation, a SDU decomposition of matrix is
found, which is useful to get non-singular control law. Simulation results show the effectiveness of the control algorithm.

Key words: high maneuvers flight; adaptive sliding mode control; backstepping; SDU decomposition; optimization

algorithm

[

1 5 5

PR TE BE KBLIK > 32 285 s BBl PR A i
FEVE, e — AN E BN RAE NS P BT %
. AERHLEh AT, Eh S M R BLR w5
ARG S HEES), [ AR R C R R Ak
LePER L, AR AR S M T iR AL B 5 112 3
JiRE, A BeRIE RAT %4 KHLah RATHE I R g ik ot
SR b AR R e R, AT 22 BN 22 B T R A
FEAR KA E VEI X R GEHEAT G R BT

R SR Pl TR AT IR R 4
e o1, AR RS FEE v s S5 A4 BT PR ARy o, T EL R
T BB AR AE, (45 &0 2 5k s) B AT s G i
A 8 1) AR G5 4 42 T SR 2R 8 ) AN s il A DL C 4%
P, M0 CHLAE R HLE) AT IS, ANB 8 PEAEAE 2 AN L

Wi BEA: 2010-05-13; {&[E HEA: 2011-01-06.
HEWB: iaFe#iE4 0 H (20090753008).

VERC AR . ALt I 20 11 38 N s ) 5 iR BN T A
e, VO R R B T R G A AR ety
PE, HA R 0o R i i, HAE TG S 11 Ol
, A RSB A R — e A
PE. X T 28N 25 RGN B N, 7
ARG 25 B S 3G N I E IS T Be s RS AT 5, AR
oA AN R 3 fift o — A5 B HE AT S 42 A
AR,

AR SCHE B R ML AT I Y 4 ) v A
a R B A TR S A B 3 AR 5 e s ol O %L B
LA ALy : 3T Lyapunov 252 PEHE 8, DL—FPid A
(1) 5 3 3% B Lyapunov p& £5 FH A4 38 o (] k00428 045
T, WO O TR I s R ISR A o e N R
(1) SDU 73~ fiff figk v 19 35 . it 4 vh 27 e M ) AL Ay ke B

fEZE RN PN F(1984—), T3, Wk, SR ARZME AT H ) IR AR IT; 3 TLE(1956—), 55, ¥R, 1 42 S0,

MR REFE IR 5 N AT P I SR I



1378 =

K

& * % 26 %

(IR, 58t — Bl 138 5 2 B [ YRtk T A
E KA B 5 B8, LASG Bh A HE A, A T
B0 6 R GUEAT AHLEN 7 ZURF ST, 45 SRBGIE T 1%
RO R RHLEN SN F 2 ML IR 4 | AT, B
R I e
2 R RAHLEIRY

ARSI % Sk BRI SN 1 R Ak
RO, Pl F 02 S B A TR A 6, o, B I HRER,
At E B B8 o, o, B, p, g, 7, O 0 I S A5 R
45, BRI RIS,

baBpqrd =

[ D+ qtanfsin ¢ + rtand cos ¢ ]
q—pB+zaAa+(go/V)(cos b cos p—cos b)
Y + p(sinag + Aar) —
rcosag + (go/V) cosOsin ¢
LgB+1pp+1,q+lr+(lgaB+lar)Aa—igr | +
Mo Aa + Myq + iapr — mapf+
me(go/V)(cos 0 cos ¢ — cos )
ngf + ner + npp + NpaPAc — izpq + ngq
i gcos¢ —rsing |
[0 0 0 ]
0 0 28,
Y. Yo, O {%]
Is, ls. 0 5 | - (1)
0 0 mg, | [0
TNL(;G ns, 0
L 0 0 =z, 4

Hi: RETHz=(p o 8 p g r 0)T 35 NE
L2 RN U2 N1 5 I o = S e SN K 1 B e AN
JT AR A RN A LI IR TR 34N, 20 0] A
LA ¥ £ 04, 7 10) KE Al % £ 6, AT B8 T e % £13 6.
la = pVESHCL,/2 , mq = pVES,cCmgy/2, ng
pVES,bCngy/2(a = {a, B,q- - }) NECTARE T IR BN
T by AT BB SO 2 MRS R
AE £k 1 B8 B, S A BERS A O A, X AR B AL s,
=15, + las, A, s, = N5, + Nas, Aay, i1, io, i3 HTE
T EO AR

EXy = (¢,0,8)", w= (p,r,9)",
(¢, v, 8,0), T2 (1) AT 5 R T B

y= Po(z1) + D1 (z1)wr + B(z1)w + Gu,

7729,$1

w= wo(x) + 1/’1 (.’IJ)U}Q + D(xa U}u)u, (2)
n = Io(x).
Hrp: @, 01, B, G, v, 11, D, Ty HAELNE R E sk

a1, FARTE AN 5 FE (1) 7T 3045w, we, wy N HIA
B P E B R, RN E. Bl s v H
SEALERHLBI I, RIES 8 2 80 AR H0, BT vl 14

o AN w1 B 5 PR R et g (¢) W 3 B 301
B ERIN yo(t) .
3 EHISEI
LEB V8 B R BE 2 Wi 44 Hh A F B
Big1 WHEHNSHEDID Y. = [ ¢ a0 BT H
T W2 [Yes Yo el < cas ca € RN EAHIIRIIESZSL.
Big2 SV, HEgRHEC YV =0,§=0.

Ri&3 FECIHELE am, Bm € R, XTI
Wi o] < am M8l < B Mo, B € R, $y, P1, 1,
V1, D BRI T AT

R4 EIESEEO, € RIALIO <0, <
/2.

Rig s ZmEflremst e, BIG = o.

22 SCHR (6] 3 R 4 ) A A 4 o A N
B D BAS THE 039 B3, 10 78 S 500 3 3E Y AR
D BEV] e o A5 e, 5 | R4 i A6 10 O 4% 15, A8
B N R B8 23 e ] AT R0 b G X — ) T,
3.1 ZEMESDU 4

LA 2 (1) R (2), 13

ls, ls, 0
D=|ns ns 0 },
0 0 1ns,
i NFERE D ¥ LDU 43 fif ok
D = LD*U. 3)

Horpe LoARALF =MBE, U N L =M D =
diag{Ay, Ag/ Ay, As/As}, Ay = s, Ay = Is,ns, —
fis s, Az = ms, (Is,ns, — s, 1s,) HTEHIHAH D
(I 32728 0 D ¥ EE— SDU i i X
D = SD,Us,. 4)

JLrp: SOOI FRIE i HBE, U K547 =B Dy =
diag{sgn(A1 )71, sgn(Az/A1)72, sgn(Az/A2)v3}, 7i(i
=1,2,3) MEEKTEFMSLE. TR v, 7

S=LD*D;'LT,

U, =D;'L~"D,U.

8 Q) W LA U, RN (5) 15

o)

! du | v; 'sgn(diq)dar 0
[ 75 tsgn( d11 dor (d3177 '+ 42| 75 Hdi! 0 ;
0 vs ' ldss|
1 us O
Us=1]0 1 0} . (6)
001

e ug = (diz — 7277 'darsgn(Ag))dyy, dij AHIBE
D W5 i AT AER j HITTER.



559 1] 3

5 AT RBE A EMBAERIG) K ATIEH 1379

32 EHlEEE
Mg S v B AR AR, SR T IR
RIERE LT e =y — ye. 7T
s:e—i—KOL:e. @)
Ko J0 FRIEE R B, B0 OB 5IN &0 T 1 ik &
Gef et X (7) K F2IFAN ), 15
§= @+ P1(z1)wr + B(x1)w — Yo + Koe =
Py (z1)wr + B(z1)(@ +wa) + Po — Yo + Koe.  (8)
Hrp
W=+ wy, 9)
wq A IEE ) REALMZ 1, @ Oy o TR) G 45 AR R R 2. Bk
T &P ) B, I8 i Lyapunov B8 503E $F wy. Ifiﬁﬂg
X Lyapunov B84
V= (s s+ W] Rty ), 10)
Wy = wy —wy KA ﬁ‘lﬁﬁ, w1 ARF BN S HIAN
{H, Ry I IEE XS M REEE, T
Vi = sT(®y(21)w1 + B(a) (@ + wg) +

By — Yo + Koe) + 07 Riw;. (11)
P ES
wi = B7(21)[-Qu1s — @1 (1) —
(20 — 9 + Koe)], (12)
Q1 M IEEX FFEE. F50 12) AN (8), 13
$ = —Q15+ D1 (x1)wy + B(x1)w; (13)
4%;’&(12)1&)\(11) 73
Vi = —5TQus + 0T (OL(x1)s + Riwy) +
@B (z1)s. (14)
ATEEREC (14) RIS H 520, P A & M A
Wy = —wy = —Rl 451 (15)
iy
Vi =—sTQis+ STB(xl)cD. (16)

DRl o AN 2 d e s A 2, T LA L
St e i) s i AR e (9) sk 545
W= () + U1 () wa + D (2, wy) u — g =

2wt

Yo (z) + 91 (2) wy + SDUsu — wy, 17
@q = g—;’fﬁcl + Z‘ZC e + gydjj + gf%l. (18)
FRUER K Lyapunov B %L
Vo=V + %GJTS‘%, (19)
k3
Vo = —sTQus+ STB(xl)cD +

TS (4o + rws + SDUsu — wg) =

—sTQus + JJT(BT(xl)s +
Mo + rws — wg) + DUu).  (20)
K U, 2 B b= S, A
UgOy
0
0
4% S~ (o + vrws — wa) FIELENEBHULTE
5,

Usu=u+ (Us — Isxs)u =u+ 21

“Haho + prwa — dg) =

_ Owy .
1 —_— PR
S (¢o + Yiws <3x1 T1 +
Owq . Owy .. Owg:

Gy det Gatiic 5ot )) = pawe. (22)
H: o, € R ERREL, w, € R™ APTHRA
SRR RES. B 2, 22) 10N (20), 17
Vo = —5TQu1s + 0T (BT (21)s 4+ Deu +
(715gn(A1)usd,, 0,0) + pawa).  (23)
P gL EET e
u = D7 (=B (21)s — Qi — paw}; —
(y1sgn (A1) ur6,,0,0)T — Ksgn (@)). (24)
Forr: wz Al wl RIS EL w, Fu, 4 XH, Aw, =
Wa —w, Aug = ug—ut HAHHETRIY: Qo N IEEN
FE; K = diag(ki, k2, k3), ki > 0,0 = (@01, @2, @3) 7.
#aL24) 1ON (23), 15
Vo = —sTQ1s — 0T Qow — & Ksgn(@) +
OpaAwg + @1y15gn(A1)6,Au, <
*Ql” 1> = Q)@ + 71 |@1] 16, |Auy| +

Z @i
@WUAIEE’J ki {E 15
ki > ”‘palH Awam +m |6r‘ |Au5m| + u,

—ki + ||90az|| HAwa'H (25)

ko = [|pazll Awam + pa2,
ks 2 ||@as|| Awam + pi3- (26)
EF‘ HAwaH Awam |Aus|
j(ﬂ:gﬁ’lu%iﬁ. FH L 26), 71
3
~QulslP - Qa1 = Y il @)
i=1
i Barbalat '€ ¥, 24t — co i}, © — 0, s — 0, B
e; W ] 12, H I 1T 5 i 2002 1 0 R B2
BRI 2, J7 72 (24) 1T A 4 A AN I
pR B, A B b B RE LS, FH i 4 sat bR A AR
sgn ER%Y, B

1
) vl <e
sat (v) =< € (28)

sgn (v), |v| > e.

Ausms M1, U2, U3 7\%



1380

}5

K

& * % 26 %

Hr:e=09,veR.
33 fhEZ%

e BRI I Bk, SRR RS Ko, Qa,
R1, Qa, K Hl~y;, DAL FE AR H FEI, AT 55 5 K. gl
BAE g — M R B, S 2N H T 28T
PRI AR B SO FE N2, J) BN Rl e, h T Podi 3k
PRGN S RS R AE, AEF AN TAER 32 T
— B Y S ECR S TR DR RO R, 10Tk
H B V3 R AR BB S 5 | B PSO Hh, A7 R
P A R AR A 2R, TR AR IS B 1) ) P A A
23 8] P AR B R AR A AR, TR A2 HH 3 A1 38
ARG P LABRE SR 1R 5T 5[] IS AR AR o B 3
JEEJ7 220 B N RS SR RE 1 AT IR TEP 80, $ B
P SIRORS B BARSRVE R IR W SCHR [9]. DAL, 2T
A RPRS R el st an WO b S e 31N

Step 1: WJARACRL T HERE A S50 (B AUH, Inas
).

Step 2: VRIAIIEA ™ VT AG T AT

Step 3: PEUMEANRLF (138 I B2 AE, ST AR
4 R AR A

Step 4: MG W 5 25 o % B N BB br
FHEAT PR S, 18 I A e K, [ N
PR RIUPE YR DAY ;

StepS: WHL RGN H bR BT = Y |yi(t)-

Yes))s WU T < = (e AR R 3 325 W 0 50,
IJ%% 7] Step 6; 75 M), 44T Step 3.

Step 6: FIEZL, IRIFMALZ L

ZE LPTIR, T OB LR B IE N RS AT
FEAR A a1 PR,

e ). 4 v,
L N s AN N
St e ] BT S e e LB

|
|
MG 1B

1 BEREE AR A

4 KBS 5

AT GERHLE AT R G S A5 A
PRk, X ILREAT 360° IREA LBl 1 3. T EB I
e AERHLB) CATIN, B Bl (B2 AN BLSE, 28
171 301 SR 2t A A AR, U A AT
NI Dy — 1 i AR 2 . R, S kAL
B ) W5 2, LI IRE T O B A B SE T, I
FLHED R AE B W AH DGR AR O DR, 4 iR
2, PRI DRSS AL B 3 A i USRI

ML FLEEN S5 A 20000 96 R, 0.9 5
W, BN o = 1.5°. ZHEIRAE T ye = (de ac
BT = (360° 10° 0°)T,t € [4,15) , FAb I % A4 i T
fH. &L XS Hw, =0, ui =0, B Aw, = w,,
Aug = u,, W& U S BN E TE A 100%, Xt —Fh
A OLIRE RS, B 2 TR bl RS B4
P i 5 S0 P 2 AN 3 R, o ek S R ) Ay
AH, SR e SEPRE. I 2 AT LUE H, BIMEfE R
AR 2 I, VR B AR R A G ER B R A5 5, b &
M 1 25 SR AR, A B KR 2 /N T 0.02°. MBI 3 T]
WL, &G AR 70 BRI 2 9, LR N AR,
ZEoHT RN, 423 T e S 2 R 2 Ay 2 B R
X T e AT — 5 IR 5.

400 10
on IS
S 200} 3
< ]
2
0—5 15 25 5 15 25
t/s t/s
0.04 40
m002- 5020'
] [}
- E
Q. S
e
-0.02— 15 25 20— 15 25
t/s t/s
B2 XHE ¢, a,B,0 FEMLZ
10 0
3 @
2 g s~ —
] =
10— 15 25 10— 15 25
t/s t/s
10 0
@ o
5y 3
= 2N
[N
10—L - 10— -

5 15 25 5 15 25
t/s t/s
10 0
on on
s 3 .5t U
N N
10— 15 25 10— 15 25
t/s t/s
& 3 KHzhET p, q, v MR # 2k R AT HI e E R EE
5 4 #©

AR T B e T S OD A A RAR
) P 7 VA DL R LR HLB G AT I A 2 ™
A 2 kR 2 BOAN T E R ol A, A A e Y A



oM

B AT R ) QR EARKAS) AT H]

1381

SDU J3 fift 45 1+ 2R A5 A 27 S 42 i 1. A od K {5
TER G SHBEN BRI, 1242 B R G0 T AR AL

B

FAR A, WP RE RAF, JF oy as v i 2 2

B IOTRE 17— FioBT A S B, RORPE s T ek 0%,
WG T RGURRASTERE, Bt AR RBLEh R i R 4t
HATBGT g et

£ % 3Lk (References)

(1]

(2]

(3]

(4]

(5]

(6]

(6]

(7]

(8]

(9]

[10]

Slotine J E, Li W. Applied nonlinear control[M]. NI:
Prentice-Hall Englewood Cliffs, 1991.

Shkolnikov I A, Shtessel Y B. Aircraft nonminimum phase
control in dynamic sliding manifolds[J]. J of Guidance,
Control and Dynamics, 2001, 24(3): 556-562.

Krstic M, Kanellakopoulos I, Kokotovic P V. Nonlinear and
Adaptive Control Design[M]. New York: John Wiley Sons
Inc, 1995.

Morse A S. A gain matrix decomposition and some of its
applications[J]. Systems and Control Letters, 1993, 21(1):
1-10.

James J Romano, Singh S N. I0 Map zero dynamics
flight control[J]. IEEE Trans on Aerospace and Electronic
Systems, 1990, 26(6): 1022-1029.

Singh S N, Steinberg M L. Adaptive control of feedback

linearizable nonlinear systems with application to flight

(L#EF1376R)

I, R, HWIRN, 85 R REOL AL AR 3T (D). A
AR, 2006, 32(3): 368-377.

(Pan F, Chen J, Gan M G, et al. Model analysis of
particle swarm optimization[J]. Automation Technology,
2006, 32(3): 368-377.)

RWEHD, 7 25 M, S . R BE AL S0 7 M St 9t
JE]. A EHLTRES N, 2007, 43(5): 24-27.

(Zhu L L, Yang Z P, Yuan H. Particle swarm optimization
analysis and research[J]. Computer Engineering and
Applications, 2007, 43(5): 24-27.)

Omranm E T, Salman A. Particle swarm optimization

method for image clustering[J]. Int J of Pattern Recognition
and Artificial Intelligence, 2005, 19(3): 297-321.

Zhang Tamcm Lih. Multimode project scheduling based on
particle swarm optimization[J]. Computer Aided Civil and
Infrastructure Engineering, 2006, 21(1): 93-103.

UM 2z, AR, HE TR A REHR T E D). R
G5 LREBIIE 55k, 2007, 16(3): 134-139.

(Liu S A, Tang F. System identification based on genetic

(7]

(8]

(9]

(10]

(11]

[12]

[13]

[14]

[15]

control[J]. J of Guidance, Control and Dynamics, 1996,
19(4): 871-877.

Tao G. Adaptive control design and analysis|[M]. NJ: John
Wiley, Hoboken, 2003.

XE, BebEPE. — PR RE oD A LR I (0] vk
Tk K254k, 2007, 25(1): 132-136.

(Liu Z, Liang X G. An optimal intelligent backstepping
reaction-jet J  of
Northwestern Polytechnical University, 2007, 25(1): 132-
136.)

PGS, L, R, A SR T Ot R R SR AT
P8 2 5T, R A ], 2010, 22(5): 1222-
1225.

(Sun Y, Zhang W G, Zhang M, et al. Optimization of flight

controller parameters based on chaotic PSO algorithm of

control method for missile[J].

adaptive parameter strategy[J]. J of System Simulation,
2010, 22(5): 1222-1225.)

JEATN, A, SO BHLE) AT AR L PB4 A aE Y
PRI ARG 0] RO LRSS oL T HOR, 2008, 30(4):
710-714.

(Zhou L, Jiang C S, Wen J. Research on robust and adaptive
nonlinear control system of supermaneuverable flight[J].
Systems Engineering and Electronics, 2008, 30(4): 710-
714.)

algorithms method[J]. Systems Engineering Theory and
Practice, 2007, 16(3): 134-139.)

Meih, Li S'Y. Decentralized identification for multivariable
integrating processes with time elays from closed-loop step
tests[J]. ISA Trans, 2007, 46(2): 189-198.

Wang J F, Li W H. Based on the moving horizon estimation
of the nonlinear parameters optimization[C]. 2009 Int
Conf on Computer Technology and Development. Kota
Kinabalu: IEEE, 2009: 184-188.

Abbas Nagar, Tawfik Goulermas. Welfare maximization
in nonconvex rate utility problem of multimedia
communication systems[C]. 2009 2nd Int Conf on
Developments in Systems Engineering. Abu Dhabi:
IEEE, 2009: 3-11.

Aruldoss Albert Victoire, Ebenezer Jeyakumarb. Hybrid
PSO-SQP for economic dispatch with valve-point effect[J].
Electric Power Systems Research, 2004, 71(1): 51-59.
Chang Y P. Integration of SQP and PSO for optimal
planning of harmonic filters[J]. Expert Systems with

Applications, 2010, 37(3): 2522-2530.



