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Longitudinal inversion flight control based on backstepping for
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Abstract : For the feature that hypersonic vehicle longitudinal motion model is highly nonlinear ,unstable ,multivariable
coupled and includes uncertain aerodynamic parameters, itsflight control system is designed based on the method, in
which nonlinear dynamic inverse control with backstepping is combined. This system applies nonlinear dynamics
inverse control as control inner-loop. The coupled multivariable relations are relieved by accurately linearizing the
nonlinear multi-input-multi-output systems, and backstepping is adopted as control out-loop in order to guarantee
globa stability of the system and the efects of uncertain parameters are attenuated. The smulation studies
demonstrate that the proposed method can ensure the longitudina stability and improve the flight quality for
hypersonic vehicle.

Key words: Longitudina flight control ; Hypersonic vehicle; Dynamic inversion control ; Backstepping

[1.2]

X-43A , ,

[1.2]

: 2005-11-16; : 2006-02-11.
(19805 , ; , ;
(19575, . :



314

22

[4]

Matlab/ S mulink ,

(V =4590.3 m/'s,h =33528 my = 0deg,q =

0 deg/ 9 (51
y = oSt - D H_S.ZI:\L (1)
m r
v = +mV ST V2r‘2 ’ (2)
h=vsry, (3)
a=gq-y, (4)
4= Myl ly. (5)
L = 0.pV?sC., (6)
D =0.PV’sCo, (7)
T =0.9PV’sCr, (8)
My = 0.PV’sc[Cu @) +
Cu@e) + Cu(9g], (9
r= h+ R, (10)
C. = 0.620 31, (12)
Co = 0.645 @* + 0.004 337 & +
0.003 772, (12)

] 0.02576B,B < 1,

© =) 0.0224+0.00338 B > 1, (13)
Cu@) =- 0.038(% +0.036 617 +
5.3261 x10°°, (14)
Cu(g = (d2V)q(- 6.7981% +
0.301 3t - 0.2289) (15)
Culec) = c0.-0). (16)

[6]

B =- ZwB - wB +wh.. (17)
[71
m=m(l+Am), (18)
lyy = lo(1 +A1) x10°, (19)
s=5(1+A9, (20)
c=o(l+A0, (21)
G =co(l+Ac), (22)
P =po(l+Ae) x10°. (23)
|[Am| <0.02,|]A1] <0.01, |As| <0.02,
|Ac] £0.01,|Ac| <0.01,|A¢ | <0.02.
(24)
Be
de; \Y h.
3
\ h
, \Y h
n m
B. O ,
: Be
0. (8
{V = f\/(X),{/ = Wi x/ m,
. (25)
V = (x+ xX'Qax)/ m;

h = fo(X), h = Vs + W ooy ,
h=Vs +2Wcoy - W2sry + W coy |
h® = vsry +3Wcoy - (26)
3W?2sry +3WCO$/ -
3WY 1V - Wiy + W ooy .

(26)
{v' = (0 ,Y =Tux,
. (27)
Yy =Tux + x'Tx.
x=[Vy a B hT,fv(x) f(x
(1) (2 W =

Ofv(X)/0x, Qs = @i/ OxTu = Ofy (X)/ 0x [z



3 315
aTl/ 8x. le = e,
4.5 @na P Xo, = & = Xu, ,
17.8] ; (41)
. Xv, = & = Xy, ,
a =0o + (PV’x/21y)de, 28
. ..O (P ) (28) Xv; = & = Xy, =V - V.
B =Bo +wP.. (29) , (41)
, (41)
&o = 0.pVi[Cu@) + ez 3
Cu(d) - @]/ 1y - Y, (30)
fo =- Zwp - wf (31) = X
=- Z0P - wP. 1
T Zi, = Xu, - Tv, (X,) | (42)
0 = [VY G0 Bo MU= [Be 8.7, Zi, = Xy - Ty, (X, , Xy,)
3 3 2 1 2 '
: MV 3 h 4 Ty, (i = 1,2) (42
, (41) , (42)
\Y; Vo b bl [Be 2
(4) = (4) + bo) = ko + BU. . ' ,
h ho b b Zv, = Xv, =- Gy, Zu, + Gi, Xv, + Xv,. (43)
(32) 2, Wy, = 0.52\2/1 ,
7.8l Tv, =- G, 2, , G, >0,
Vo = @ix + x'Q2x)/ m, (33) 2, =- G2y, + 2y,
h” = 3w coy - 3W?sry + 3Wcoy - Zv, = Xv, - —VLZv1 =
o ) 0z, (44)
3WV SV - Wy + Xv3 + Jvz(Zv1 ,sz) ,
1 x0 + XT92X)§W/m+ W =- G. 2 + 2. Z
.- 1 1 1 1 2"
Veooy (M xo + x ', X) , (34) Zv, , 2, Wy, =
bu = EV*spwi/2m)cost (35  0.5%, + 0.5Z,, Tv, =- Z, - G, 2,
bz =- (PVi/2mly) (TS + I, (2, ,2v,) , G, >0,
Dv - TacCOS!) , (36) Zv, =- 2, - G, 2, + Zu,, (45)
b = (OVZSIBOOi/Zm)S'n(Q +Y), (37) sz =- G, Z\Z/l - Gy, Z\Z/2 + Zu, Zu,
ke = (PV:/2mly) [ Tcos@ +Y) + 2 3,
; - i Zv, = Xv, - ~="Zv, =
lacOY + TaSN@ +Y) - Dusry ], (38) 3 4 iz 0z, Vi
D = 0D/ &L« = OL/ &, X, + I, (20, 120, 20,) . (46)
T =0T/ &,¢ = dcr/ B. 20,20, , 20, Wy, =
SZE v h 0.5%, +0.5Z, +0.52%, = Wy, +0.5%, ,
3 4 ! BC d. st = sz + Z'v3 ZV3 =
7)‘ ( - G, 2, - C,Z0, + Zv, 20, + Zv, Zu,. (47)
[9’,101 47n, 2z, =-GC,2v, - Zv,, G,
. -0,
(82, B ’ Vb, =- G, Z, - G,Z, - G, Z, < 0. (48)
S,
[ V} :[ J = s, (39) (42) : (41)
h(4) S [12,13]
o Xv, =V -Va Zv, =- G, 2, - 2,
U=B'"(S- R). (40) (46) ,

e =V - Vg, Xv :[e/,év,e/,e/]T,
V4

V =Vg- G, 2, - 2, -

2

W (2,20, 20,) . (49)



22

2 4 )

316
en = h- hd,Xh:[&,éh,“ew,eh, DD5
© 4
& ]T , 2 3
@ ) &®
h™ =ha" - Cy Zn, - Zn, - g 2
1E X . . .
In, (Zn \ Zn, , Zny , Zn,) . (50) 0 10 20 30 40 50
(49)  (50) (39)  (40) Z 1ol
(=)
U, 1 , z 5
V4 Sv B. \Y =
Ya = , S = U = Y = , ﬁ
h S o 0 . .
0 10 20 30 40 50
Yd Y o0
22
Yo 5 F 5] S| e epl | U | = 0
L E AT It e b [
f f | e U
REZRX 0 10 20 30 40 50
1 i 8]/ s
4 4 50 s
1 / ’
, Matlab Smulink, Vv = '
4590.3m/s,H = 33528 m,y = 0deg, q=0 (24 ’
deg/ s , 0 |
Ve = 30m/s hc =70
m, 2 , 2
C\/l:0.5,OJ2:1,0J3:0.1,Ch1:2,Ch2:Ch3 ’
= Cy, = 0.02, 50 s ' ’
2 4 ’
5 30| K LTS ,
g
.1.& L]
Lb 10} ]
P
O " " " L
0 10 20 30 40 50 ( ),
i 8]/
2 Ve =30m/s '
- - ( References)
e TR [1] Fidan B, Mirmirani M, loannou P A. Hight dynamics
g 60f e and control of air-breathing hypersonic vehicle: Review
P ATEE . .
e 40 and new directions[ C]. AIAA Internationa Space
= Planes and Hypersonic Systems and Technologies Conf
i 20 and Exhibit. Norfolk: AIAA , 2003: 1-16.
0O 1-0 2-0 3-0 4-0 20 [2] Schmidt D K, Velapoldi J R. Hight dynamics and
I El/ s feedback guidance issues for hypersonic airbreathing
he = 70 m vehicles| C]. AIAA Guidance, Navigation, and Control

Conf and Exhibit. Portland: AIAA , 1999: 859-871.
[3] Farell J, Sharma M , Polycarpou M. Backstepping based
flight control with adaptive function approximation[J].
J of Guidance, Control and Dynamics, 2005, 28 (6) :
1089-1102.
[4] Farell 3 A, Sharma M, Polycarpou M. Longitudinal



317

flight-path control using online function approximation
[J]. J of Guidance, Control and Dynamics, 2003, 26
(6) : 885-897.

[5] Xu H J, Mirmirani M, loannou P A. Robust neura
adaptive control of a hypersonic aircraft [C]. AIAA
Guidance, Navigation, and Control Conf and Exhibit.
Austin: AIAA , 2003: 1-8.

[6] Xu HJ, Mirmirani M. Robust adaptive diding control
for a class of MIMO nonlinear systems[C]. AIAA
Guidance, Navigation, and Control Conf and Exhibit.
Montrea : AIAA , 2001: 1-10.

[7] Xu HJ, loannou P A, Mirmirani M. Adaptive diding
mode control design for a hypersonic flight vehicle[J]. J
of Guidance, Control and Dynamics, 2004 , 27(5) : 829

[9] Marrison C |, Stengel R F. Design of robust control
systems for a hypersonic aircraft[J]. J of Guidance,
Control and Dynamics, 1998, 21(1) : 5863.

[10] Wang Q, Stengel R F. Robust nonlinear control of a
hypersonic aircraft [J]. J of Guidance, Control and
Dynamics, 2000, 23(4) : 577-584.

[11] Lian B H, Bang H, Hurtado J E. Adaptive
backstepping control based autopilot design for reentry
vehicle[ C]. AIAA Guidance, Navigation, and Control
Conf and Exhibit. Providence: AIAA , 2004: 1-10.

[12] Sngh SN, Steinberg M. Adaptive control of feedback
linearizable nonlinear systems with application to flight
control [J]. J of Guidance, Control and Dynamics,
1996, 19(4) : 871-877.

838. [13] . [M].
[8] Wang Q, Stengel R F. Robust nonlinear control of a ,2002.
hypersonic aircraft [ C]. AIAA Guidance, Navigation, (Hu Y M. Nonlinear control systems theory and
and Control Conf and Exhibit. Portland: AIAA , 1999: applications[ M]. Beijing: National Defense Industry
413-423. Press, 2002.)
( 308 )
[6] , . delay systems[J]. Control and Decison, 1995, 10(3) :
[J3]. , 2003, 18(5) : 540-544. 221-225.)
(Liu M, Shao C. Auto-disturbances rejection controller [9] . PID “ " [J].
and its parameter adjusting for asynchronous motor [J]. , 2002, 9(3) : 13-18.
Control and Decision, 2003, 18(5) : 540-544.) (HanJ Q. From PID technique to active disturbances
[7] , , . rejection control technique[J]. Control Engineering of
[J]. , 1999, 14(3) : 285-288. China, 2002, 9(3) :13-18.)
(zZhang T, Wang H W, Wang Z C. Mutative scale [10] , , , Monte- Carlo
chaos optimization agorithm and its application [J]. PID [3]. , 2002, 42
Control and Decison, 1999, 14(3) : 285-288.) (12) : 1651-1654.
[8] , . [31. (Xu F, Li D H, Jiang X Z, et a. Monte Carlo
, 1995, 10(3) : 221-225. smulation of PID tuning methods[J]. J of Tsinghua
(HanJ Q, Zhang W E. ADRC control for large time University , 2002, 42(12) : 1651-1654.)
( 312 )
[8] . Petri [M]. Saety, 1999, 64(1) : 19-31.
, 2005. [11] ,
(Lin C. Stochastic Petri nets and system performance [M]. : , 2003.
evaluation [ M ]. Beijing: Tsinghua University Press, (Xiso G, Li T T. Monte carlo methods in systematic
2005. ) reliability analysisf M]. Beijing: Science Press, 2003.)
[9] . Petri [12] , . Petri
[M]. : , 2004. [J1. , 2004, 24(7) :
(Jiang ZB. Petri nets and its application in manufacture 604-608.

systematic modeling and control [ M]. Beijing: China
Mechanic Industrial Press, 2004.)

[10] Martorell  S.
consdering effects of

Age-dependent  reliability  model
maintenance and working

conditions[J]. Rdiability Engineering and System

(Wang F, Hou C Z. Evaluation of the reliability of
stochastic flow network usng monte carlo method and
the petri net[J]. J of Beijing Institute of Technology,
2004, 24(7) : 604-608.)



