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An auto disturbance rejection backstepping super maneuver
nonlinear control law design method

YANG Tingting, LI Aijun, SUN Xun

(School of Automation, Northwestern Polytechnical University, 710072 Xi’ an, China)

Abstract; To improve the super maneuver flight control performance with model uncertainty, a super maneuver
flight control law design method based on auto disturbance rejection backstepping control is approved in this paper.
The high angle of attack six-DOF nonlinear airplane model is established. Based on the backsteppint design
method, the steady flight control ability for nonlinear airplane model is realized. For model uncertainty, the extend
state observer of the auto disturbance rejection control is used to observe the modeling error and online compensate.
The super maneuver flight digital simulation results show that the controller has high angle of attack control ability
with 40% model error. The auto disturbance rejection backstepping nonlinear control method has good super
maneuver fight control performance.

Keywords: high angle of attack; super maneuver; backstepping; auto disturbance rejection; extend state observer

LB Rk S LS SR — S M RE L XPRRAY S S5 AR Sl A T A 8 A T A
RO BB bR 2 —. HAMOLERe R THRD R AR P2 R PP il A7 K
DLEERE SR g 9 I RGE sihl, oF FLA SR g A AR T RO L S A 55 b B o) A8 75 e o IR
ORI A ML B s Ry M K IF FARMESR AR A P Ve
A R RO O T PR R TR K FHAEZe M4 1l 7 v S itk pR B AL 3 42 T Y A g
A2 BHLEhEE AR T Xy ARORR. AR sh A R B L Bl A A
PR A RAT I KA AT e (B AR g ke 718 (L AR AY 0015 22 75 20 22 IO 2% 55 E AT 7
PE AR EEE B R S LR AR ERAMEE AEAEAEAR R H 454 B 2. Backstepping il

D AR B B O B AR ) O vk A B AR

KREB. 2014-05-13 SR RS A T RS F R AR R
BEWE: F5 [1AFEIEE (61374032) ; ARG, R BATHE BT ARG Lyapunov BRACHT
B o LA B B R R S

18I : 5 e — ), X, Zy £ 5 NN U= N 4 \ — J LD
R o) 8 S 1A St MR SERE RO O O 4 TR LS B T

BEEE . BEE, yangtingting@ nwpu.edu.cn. E ?ﬁ?ﬁ%%ﬂﬁ]ﬁ%—‘ﬁéﬁ E‘JT}E%H&* , EE EP



55 9 Wl S BB AR NE BT E f - 47 -
IRk 27 B s T ST LR R SR IR AE AT o, FRATAESE , o, DA, M, iR

STk Rt IEraraauin IR ELE-$2 0 B EOE- PN

SEVEIRSS AP S IR Y ORI 25251 T4l 3
M IR R G 0 R A B T G R O B
R B R LE SR P S 1) R SRR RE CRIE A B 45 G
JEL OB ARl R T T T A LB AR L
TR A IR TEAE TR KSR 25 I 45 1k B
BT RS PR IR 28 3 53 A 0128 (R R U R
X KGR W KBS B, — e 25 A7 30% 1) AR 158 22
Bl Stk — [ R0, ) 1 B A0 4 o R G B R S XL
Xt AR 22 AT S A A T S M B T —Fh A
¥ S AR 2 s il 5 ik

1 KHMARTANEEEELEREE

HA G A B R Y 1 B R AT
LRI BT B OCE R X2, B
BEOXF IR A9 A Sl R AT A T, A RE
{52 I A AR S ARG ] e B ! Al 2 R
B HESF O KA. ALK 7S A o FERE AL Ny

dv L, Y+,

y . .
— =— ———cos acos B + sin @ — gsin ¥
dt m m

d Y+,
Ea = w —Pw, - — “cos @ —;‘/sina +%cos Jeos vy,
d
dij:w}' taw, + (Z +1t,) +%cos dsin vy,
dw,
o =Bwow -Boww + (M +M,),
dow,
g—wa—wa + (M, +M,),
do, J, - J, J. 5
= w0, -l -w) + (M, +M,),
At J. J, i i
d
d;::w’ - tan J#(cos yo, - w_sin y),
dd ) N
—=—w w
% ,sin y .cos Y,
de 1 ( in y)
— = . cosy —w.siny),
dt  cosd Y Sy

h
dn =Vsin(9 - a),
dt

dz .

L ain(e - 8,
%=Vcos(19 -a).

Hrp, vy, m N CHLE R, P OAHETT, Q HFH
1, Y AT, Z2 R0, o HESA, B oI, O
RIS, vy RS, @ AIRAUA , o, JITRF: A

TR, M, IR, M ORI AR, B R R AT
JE, 2 e s, Lo RATEEES, J, R RALSE « il
WU, 1, CHLE R, A EHLZ - W
Jo HRHLGE xy ETHTCERR.

KM A R -30° ~90°. KEh AL T
EV IR E AW A G AR AR A HE ) R i I T

B2 (RIE 5 Il fe A8 A i S R i Z AR e M AR Al R
X T B ST K T RAHIL G A 7S R R A L R AR
B e Bl B i 0 20 BB TN B RATIR
BB E RBER I E—E. P K A
7N H B ARG A BB RN A T Y.

ey R R SR B Mt Ta] b A i A
ey

i, cos 8, cos O,
t,|=FC,| cosd,sing,, |. (1)
L, sin 8, cos 8,

Horr: 8, MHET R RORE ) % FA I 6, MHETT R
N A RE, F O A RS HLIEHE DT, C,
N AN K S HLAHHE ) R %L

7E A RBIHUEGN RS b= A i SR

M, cos b, sind, | |z,
Myp == FrC[)r S 6):1)}'005 5“:: . xtr -
M cos 8, sind x

zp wy wz | r

cos 5“;} sin §,, z,

F,C,| sin 0,,c08 8, |.[x,|. (2)

cos d,,8ind,, | |x,
2 ROREAHLB AT H

ARG CHLIGL A 7S F iy BERLRL LK N bR 73 5 7
AR BT S

x, =f,(x,) +g,(x)x, + 60,
% =fi(%) +g(x)u + 0, (3)
y =%,
_’y 0)76 Sa +5”,’(l
ﬁq:‘! x] = B 9x2 = w} ’ u= 87' +6!17r 9f;)(xl>:
Ko , de +6,,
fy(xl) fwx(xZ)
fB<xl) , fi(xy) = fw;(xZ) .
fa(xl) fwz(xz)
So(x))=(Z +1,) + %COS Usin vy,
_ Y+, ) g "
= — = el + —
f(x,) — c0s @ — —Tsin @ + ~7cos deos ¥,




- 48 - U S W A N - 547 %
fy(xl) =0 I./1 =- vlz':‘zl + zvll‘gu(xl )z, + ZV:‘Sl- (10)
waExZ; :i}’wa'wz - B[;ywxw)” S PR A R S I BER AR ZER 23,33 =
. xJZ __ . e w =, FE w SRR AT R,
ful =" P, 0 -0 S AT G
: 4 b
1 - tan dcosy tan ¥sin vy XA EPB/J 2 R 4
g(x)=| a 1 0 s zz=x2 =f(x,) + g(x)u + 6O, -
B 0 ! Si(x,) +gi,(x2)(zs+uq) +@2_x2q:
M2« + MO 0 0 —
5 5 f(x2)+g(x2)(z3+u)+@ (11)
glw) =) 0 MiwMy 0 B CMAC 022 ¥ 4 ST 26 45 1 R 5, i
0 0 MM R DL e,

K. s, ARIFE, o, HTIIAE, 8, AT, s, MifE
Nk w2, 8, AHETI R EM WL, 8, N
e S R BERHMREE | @, .0, AR & M.

FE SR R 25 AR

Z TX T Xy, (4)

Hops xy, ARG R N PGE v, |, x,, WRGE
il 2.

Xf oz, KA

= fi(x) +g,(x)z +g,(x)m, + O, —y,. (5)

Z, =X, ~ Xy

ﬁai CMAC" ™ Hift 2 [0 4 38 30T 4 18 2R 6 1A AS B
%o, 1%

O, =N,"A +¢&, = (Nl' +]§I'{‘)A1 +e,,

0, =N'A,, (6)

N =N, - N,

b, N, WA R & IR, N, Hof
PR 1 B, N, SRR A A (8 1 i 152
5E S B,
v, = gl () oz —f(x) ~ N'A, +y,). (7)
FAAG IO B N, AR R (AU B N, H
#(6) . <7>4t/ﬁ<s> i

=g,(x )z, — vz +NA T &, (8)

" 1
ROV, = —ziz, +

£ X Lyapunov 5

—2 N'N,, Itk S48

1i—l

vV, =zlg0(xl)22 _”1zlz| +ZTNTA1 +
1 no_ .
€12 +72NT1'N11’- (9)
M i=1
WN, ==n4z,, st

- fi(x,) - N’;AZ -g,(x)z).

FE A B AL 5 V5 30 B A M0 1
N,, JfFHu AKX (11) 15

u, =§8; _l<x2> (= 1,2,

=g(x,)z; = vz, = g, (%)) 7 +NA t &,

. e 1
& X Lyapunov PREL V, = V, + ?ZEZZ +

72 NN, , Ik G15

2 ]z]z] + zz 8 +z2g(x2>z3

N2A222 + 72N2Ii Nzi-
M2 i=1
PEIT A A%
szsz +
Hﬂf&ﬁ/}ﬁ/}j‘i%‘%
u=-(u+u)/T
Forbr s w PRt | u, NUEUA A
X ARE TR 2508 2, , SR P15
z3—u—uq——(u+u1)/7+@.

VEHF CMAC W22 R 48T RS RBIEHE ),
SERUIEE ISR A 0,

2
T T

21 Z; & * 2,8,(%,) z5.

=

3
U = u - (W;Fz +8,(2,)z, vz + 2 @jsgn(zj>)7-
Jj=1
[ PR AT 4 S
23 == N§A3 - g(x,)z, — 132,

PSR A W B L, 75

3 N
- Y Osgn(z) + O,
j=1

zﬂsgn(z) +NA + &,.

j=
ZNT 3i

1
PRELV, =V, + z3z3
N3 i=1

:_gz<x2)22 V323 —

7€ X Lyapunov PR

RFHF



59 1

Wl 5 AHLSIIELNE APt Bas Rl it - 49 -

3 3
= Zyjzjlzj + sz.l(gj - sgn(z) ).
j=1 j=1

HEEFEQ > e, || B ATV, < 0. il R
3 1) ST A BRSO 2 1

3 HAR YRR AL B

EA SNSRI 5 el S Erjie v/ ok irid <00 2 32 N E
PERE ELIEOC R B A PTH0F il e A0 AR P AL S
A I SICR A WL A5 AN AT LA 325 RAS S R 1Y
Fhr T ELREE AT ) R ST v i) PP AN SMIE A 552
AR, AT 52 AOAN R P A B Bt P i M.

LM EAFES G AR R N IR

x =f(x,9.c, R A
o o, o) IRHE BB, w(e) W
ﬂ%Aﬂmwﬁ*ﬂ%ﬁﬁﬂ.

it alt) = fla,n, - ERTOR X0
#%ﬂ%%%%ﬁﬁ%#ﬁﬂﬁﬁ%Mﬁﬁﬁﬁ

x(t) ,x(t) o) L a(e).
APKE AR AT E X RIS

) +w(e) +bu(t).

X :xza

X, =X

X, =X, T bou,
xn+1 :a(t)5

Y = X;.

NIDE P SINA VRIS

-Big (r, —x(t)),

r,=r,

. (12)
r, =r. —B.g,(ry —x(t)) +bu(t),
Tt == Buai&un (1 = x(1)).
MM ZE S5 B, > 0, 1L x(1) ﬁﬂ?ﬁ‘u/\lﬂ‘]?\éﬁ%
ARSI ER ER T ok RS AL 5, B
(1) = x(e) e ,r, (1) =27 (1) ,r,,,+|(t) =" (1),
ATLAE 20D 8 ANME RS 45 IR SR B 4G
T, I RENE 4 ) RSB TS A SERHE a () LT,
WGZA ARSI A2 — ST T R GBI .

X = seR AR B (e,) = e, , IE4
h,(e,,e,) =e, = Bf,(e,) + kg, (e )sign(e,),

—Bifo(e) —Bi(e, =Bif.(e)) +
k,g,(e, ,e,)sat(h, - g;l)-

hy(e,,e,,e5) = e

Hrb: gi(e)) | gy(e,e,) AT 2L 0E 5E R 4L,
g](()):O’gZ(O’O) O’kl \kZ\k3 j‘jl%ﬁ~
WER ARG (12) SHEB iR AR

’ dg,s
1877]{62 _BlkZ - k1k2 ﬂ

3 1

11, 1. d
ki B; ‘f%‘ —,szfgz + k?k2k3 dgl
3 & €

dg;s 2dg]s dg,s
kld—e1 — bk |+ Ky de, ,(1+k) de, I
(13)
MW ZRGE (13) B PITAT BLZB I B3 I . SR ™
SRPR A LI 85 Xof 200 42 ] ] g8 A7 AN 1P 52
At 55 M 3 sl RS I 5 1 B Uik B
e(k) =r (k) - a(k),
r(k+1)=r(k) + T[ry(k) - Be],
ry(k+ 1) =r,(k) + T[ry(k) - B,fal(e,a,,8,) ],
ry(k + 1) =ry(k) = TB5fal(e,a;,85).

By > kyky + + k§k3 +

dg,
=21+
de,

max {k, +

|x [“sign(x), || > 8,
x/8'7" x| < 6.

BL T ok R AL 5% 1Y 8 B A i A
wgso == r3/b, SEE T ACK SO E R AS B
PAMAE il 22 AL

4 fFEIE

it 1 s v 4 1 7 3R AT R A B AL B /AT HE
il R 9t DR 28500 00 2% 14 A7 RS B 5 P M
O Rl S8 v, =11.6, 0,=8.9, v,=6, 7 =
0.003, 2,=0.001, £2,=0.1, £,=1 000. CMAC ##1 %5
MSH. n =0.3, 124628 € = 100, mALEHH
10 000. 4 5K AR A MM 25 S %4, B, = 150, B, =400,
B; =60,a, = 0.4, a, =0.1, 5, =0.01, 8, =0.01.

FEALEL Yy 10/ (s + 10) |, fii2 T I 5% 42 BR Ky
+20°, RHAVRIRTRIE ) Ko, e 1 R 200, 75 67 £
h 0° ~360°.

B 1 g5 T LS R A IR e pL3h R AT 45
Mk, RHUREREEE 97 m/s, A 110K F IRES,
LB BT (AL A Pk 3] 89° I 4F, Bl /S
[] A2 BT, (300 20 Tk 5 B LT A, RALER
BRFR COIRAS. AT Bl & mT LUE ) Rl
M 7 THGH BE A8 A E DR A, AT 3.3 s, 3 AR H))
IKF] 890, HE ) K i IE R W B, ¥ )i Bide RN
2.9g, HEAAALN 70 m, ZEGN A FRON AT FE B
e R AFRRE M A B KA 4K 0.06° , HR B2 L
TSR R

X RIS AL o i R 4 3 S U I 40% 1Y £

fal(x,a,6) =



- 50 - /S =S B A N S ¢

i 47 3

3, AT 60 A AR FF LB 07 BRI, [ F RES
HGERAT ,  CHLE S IO 6023 A RATIRES.
2 25 T HLBl X 2, Fh e 2R AR LA Y
PP g5 1%, LUK AL s O k.
XFEEHITE T A ) AF A R 22 B B0 R A
PUL S5 5 00 RATH il 4%, A i B TS SR AR E
S IR 19% 385 122 B 573 5] B3 A% B A i
R 52 AR HE AUBOR B il 7 vk, FG A
NAFTE 8.5% WY, JF il 2B MR G 5 A4 T §a
SE  FASE ST AR 6% HIRR TR ZE.

1001 Tn S
%50/\ﬁ S
3_5 .

0 5 10 0 5 10
t/s t/s

(b) DA<

0 5 0 0 5 10

t/s t/s
(c)is )it 25 ()l £
5100 ~100
EE 5 050{ é 30\/
5000 RN
5 10 (3(%) 5 10
i/j t/s
()i BE (e
20 101
<! 3 A
S
=20 s =10 )
0 5 10 0 5 10
t/s tls
(o) VIR (h)HE g % s RE A D

1 ARSEEEHLEH {5 H i £k

0 5 10 0 5 10
tls tls
(a)i £ (b)fiFAm 32
4 o 0.1
2 3 c 'l
<2 O I | SR
: -0.1
0 5 10 0 5 10
tls t/s
()i )3 35 (d)m34 £
20 10 M
> A < r
s Y &0 Y
-20 =10 v ]
0 5 10 0 5 10
t/s t/s
(OR@==E (071 5% SRS A Ot
B2 60 FRFFI BN A EXT L th 2k
5 # %

1) BT 1 U0 S B0 I 2 v 4 ] 07 1 RE A% 52
BRI LS CAT P,y T e TR Ak

BRITF i, REAE ] AR TR TSR,

2) R T EAERZE AR, R T KR A g
RERSHEA T S2 AT 5 A0, IR I R 42 T T O
B S5 T A TR RCR.

3) %5 EAMERT LR T HL S AT M
HA AT PUH THE W55
%25 Uk
[1] R, =0, M. FT Backstepping ¥ il BLE )

et R R G MEHLEITE[)]. Az "# 40,2005, 26

(4): 430-433.

[2] s&IRE, PNEEE, BAEAL A DTS S TE L) kAT
PRIET g R BRI [ ] P S BB, 2006, 21(4)
477-480.

[3] CHARLES A, MARK C, MICHAEL F. The X-31
experience: aerodynamic impediments to post-stall agility
[R]. Washington DC; AIAA,1995.

(4] J7ig. AFCLEzma% A As e tE b X[ D] JEst.
HrERREBE, 2001

[5] ALBUS S. A new approach to manipulator control: the
cerebellar model articulation controller ( CMAC ) [ ] ].
Trans, ASME, J Dyn Syst Meas Control, 1975, 97(3) .
220-227.

[6] WARREN D, BRENDAN B, JESS C. An adaptive
backstepping controller for a hypersonic air-breathing
missile[ R]. Washington DC; ATAA, 1995.

[7] EDOUARD R, MOMHAMED B, ADRIEN D. Nonlinear
backstepping based trajectory tracking control of a gun
launched micro aerial vehicle [ R ]. Washington DC:
ATAA, 2012.

[8] KIM D. A design of CMAC based fuzzy logic controller with
fast learning and accurate approximation [ J]. Fuzzy Sets
and Systems, 2002, 125(1) : 93-104.

[9] #E5UiE. M PID FOAREN AHTHfhl” SR [ )], £ T
2, 2002, 9(3); 13-18.

(108 —, 5K3CHE. ApTPtiEman kL) ], FhHl ity
JiFH, 2002, 19(4) ; 485-492.

[HRR, &=, BRIk, 5. 3EF BACKSTEPPING f7JG
AP RGBT [ ], AL ZS R K 22440
2001, 33(3) . 250-253.

[12]PAN J F, CHEUNG N C, YANG J M. Auto disturbance
rejection controller for novel planar switched reluctance
motor [ J ]. IEEE Proceedings:
Applications, 2006, 153(2) . 307-316.

[13]SUN Dehui, SHI Yuntao, LI Zhijun. Research on multi-
objective optimal tuning of auto disturbance rejection
controller [ C ]//Proceedings of IEEE
Conference on Automation and Logistics 2007. Jinan:

ICAL, 2007; 1437-1441.

Electric  Power

International

(H8E AAi)



