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Adaptive Reentry Control for Hypersonic Vehicles with Saturation
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Abstract: The saturation of control surfaces is more likely to occur for the hypersonic vehicle (HSV)
during reentry, and the dynamic model of HSV possesses the feature of strong uncertainty. Both prob-
lems make the design of reentry attitude controller a challenging task. The method of external anti-
windup system combined with the second-order terminal sliding mode control law is presented for the
nonlinear control problem of the restriction of control surfaces. It can realize the compensation for the
control surface saturation and let HSV smoothly track the command signals. Then, the adaptive sliding
mode disturbance observer (ASMDOQ) is proposed to estimate aerodynamic parameter uncertainties and
strong external disturbances for strong uncertainty. This method does not need the information of dis-
turbance bounds and has fewer learning parameters, so it is suitable for the real-time control. Finally,
the simulation of attitude control for the reentry HSV is conducted, and the results show the effective-
ness and robustness of this scheme.

Key words: hypersonic vehicle;reentry; anti-windup;second-order terminal sliding mode control; adap-

tive sliding mode disturbance observer

i 88 75 €47 2% (Hypersonic vehicle, HSV) Hh SR I 1Y 2 RS S O R R T R AR A B A K
AR AL TIC 3 Iy A ] 3 RS e AR e ) AR R 2 PR AR R R e M RE L L RS RS
HOR A P O S AR —B . BE.HSY  AERE . HIKGCHSV IR “iT 4 W ifg HSV
PUBCR A9 A A R AT 28 S (B T 20~70 km) (Bl R PR B AT e BE L R R A S B

EETE ERARPEEA (61304099, 61374183) W BhII H ; v Jo w5 A% Fe AR b 55 9% (NS2013084) W B3l H
YriE B ER:2014-11-09; 81T HEE:2015-06-10
BIS1EE HPAENT . &, 1+, B ##7 , E-mail : duyanli@nuaa. edu. cn,



834 &

N

22O o= Mt

P CRIE"

JUE AR VAR AL B SR A E P R
AL KA R A T H ) Sy AR B
KA D o BRI, ol 52 LA 2800 P it
AL B W 45 i Sk I B0 — MR A B U
TR,

T i TR A0 1 4 A T R, SR 4 3 i <K
e R R AT g AN Il B 1B T T Anti-windup
P Tl 4 R f DRt A SZ BIR R] R . SCRLS IR RAT 4k
JE L BE VAR A R G T D AR DA S Bl e R
1377 BRI R T Anti-windup £ i £ 2847 #b
P ARG RAT R Y Ry =3 AR S R R T S
bro&AT & A AR RLR M E RS A . SCERL6 1456 T
Anti-windup F13Z 46 0, 3 o /)N 25 R B 5T T H
AR Ge B Ra e P B SRS T G AT AL R
[ PR AR S RGN TERE . SCERL7 8T X /AT
AR B R/ T 3 32 57 R [ A T 2 M o A 45 X
ALH) J5 kit 730 & Anti-windup M2 &5, HIF
WA —Fh R Gk F 1A Anti-windup #ME B9 5
%

BN 2 AN B 2 1 A b S5 T4 1 42 o ) R
SCHRCS B FE 1 AR Lok T 0 WL 00 6 H AR L (H 2 e %
KA BN F 52 PR T 40 22 A B, 3
BRLOJH Hh T T AL G i AL T Super-Twisting
e I T A PR UL % I A P B 3 BE L TR
HEREYLEh R B . SCERC 10— Fh
TSR 0 O 000 25 A At TV il o 8 ) 8% ) A A i AR
T OB IO T FHE AR B EME DR ICE
T A RORT AL . SCHRLTT R AR T2 M 4% 19 A
TP AR 7 G AU AR L ) L BRI
RAETIAAAE R T AL R G HAEL = 2
B L AR T F9E B HSV mE .
PRSI I M R R o R v G T HL A A
A S H bR

AR SCAS SE MR R e 1 43 A7 7 L % HSV R A
BERGWT T —MAMAE Anti-windup #8545
4 B Terminal 3584 % (Second-order termi-
nal sliding model control, STSMC) 1] 3 4 K17 15
P A S MBS I () A TR AT R AR . AR L B
PR o AR N E R0 4 T T Super-
Twisting S835 1 & W I AT 00 &5 (Adaptive
sliding mode disturbance observer, ASMDO) J5
. EXW TSR E. B A& N 0S5
A AR IS G HSV By SE R . s 38 2 4
SERG R 1 AR ] SRS R RS I AR

1 BAGNFRE

SO HSV B S % NASA 22 Fi A 5¢ 0
PR v M R AT BRI HSV N B
JE A RIS I AT S SRk 12 Pk i
e S5 P BT R BE R B A R
T RATHUE AT TR IE L )BT AR S B £ AR 4
‘FZISJ

R =h =Vsiny @)
%:Vsmxcosy (2)
Rcosd
5 :VCO}XCOS)/ (3)
V=A17[(—D—Mgsin}/) 1)
-V . Lsiny —Ycosu
1= R cosytandsiny MVeosy (5)
y=1/(MV) « (Lcosy + Ysiny) +
(V/R — g/V)cosy (6)
a =q — tanf( pcosa + rsina) + 1/(MVcosp) -
(— L + Mgcosycosy) 7
B = psina — rcosa + 1/(MV) -
(Y — Mg cosysiny) (8
1 = — secB(pcosa + rsina) — tanB/(MV) «
Mo tany
(L — Mg cosycosp) + MV

(Lsing — Ycosu) 9

Uy =1 ~qr | la
b =71 + I (10)

- . =T« pr | ma
q——ly -+ I, (1D

- U, =1, «pg | na
r=——71 + i 12)

s Roo f1S 43000 2 RAT & A X b0 1Y & L&
JEVA AR EE s Viysvsasf o 3 5100 HSV 1 %AT
TRE TR 7 5E AR R A AR AT A A R
R s poqsr 53900 0 VR B L ARF AT 0 D A AR 3 %
D.Y ®L 4350 h= sl Ji oy fe e < & B BE
Ji Wy F T Iy Lo 0L y Be i, e AT
HSV it it B ARk R ELs Lo sma sma 5350 R
5 15 BN g R ARSI e A D R A AR
A BB A S B AE TE  5  AE AR TR D .
R ARUE TR QAT (1 2 4Pk DL S AT # A B 45
a1 B ] R 6 HSVAE T8 i 7% /B 2F 47 FR 6.
HSV e 181 i %% £ 1) 32 R A
—30° < 8L+ 0k »0p < 30° (13
K 800k 0p 43 AR A2 A T I3 R 1w G 1Y)



56

FRAE T » 55 - e P RAT A L R T 4 835

ﬂﬂiﬁ%ﬁly 6. :[51,731'\’ 931)]T %ﬂ—'\‘ﬂﬁl’:’fﬁﬁl WE, 0, FE
dﬁﬂ"]%’:ﬁﬂﬁ%ﬁlﬂy‘j M; = [[a s My vna]'r s H M; =
g6, Hih g, J& 5 HSV B0 X1 E AR,

2 HSVHUBMBANEREH REEH

2.1 Anti-windup &%

Anti-windup 4§ ¥ J& X AT % 10 F1 3R L 1k &
S8 BB AN BIAE SAT AL A7 78 I P 1 A0 g 41
R G RE W B AN AEAE AR RN 22 52 1 A SR P REAS
S . W UL BN AE 56 Anti-wind-
up RGEA AL . B 1 ZSMEB Anti-windup 45
il B REA 254, Horp F AN Anti-windup #ME £
45, K BRI — & &5, vy 2REW
it RBRES o B o, AMETT, QBB R . An-
ti-windup R 48 f05i H HH 45 1020 AR 1 4 09
N R IR AT R A ] A AR A B R
SN Anti-windup REEHY . A SCAE AL FEORAT 2R
AT 24 of [R) 8L b P (o] % A o 42 ) s CRID 428 i) 4% KO
KR J& STSMC AR L 4l HOk ) AT AR An-
ti-windup RZE K it HSV A K5 R 45 19 i
TR TR A R B

sat(u)—u
]

Y v v,

N
u
< O

B 1 A Anti-windup & Gt FeAS 25 1)
Fig. 1 Basic structure of external anti-windup system

2.2 BAERBEHRREN

HSV A YA P 2 58 nl L2y Sy e L1 w4
[l A& 2 Frzs s 3 B H AR A5 25 A i
¥ Z BR VA B AT 5 /T PEAFAE B B0 AR 9 30 22
BRER A8 4 Q0 ok B £ A i f 48 S 8. . il
HSV #4735 M Q W] LUPE E i) M B 25 Q. .

B R R T S EOR I E R G R AR
UFR &R IR REAA ORI BR R BHR. Ter-
minal P82 78 1 38 P 8 BT gl AJRZ
BB (0 A T T BT R B R 22 B8 AT RIS [
WSk 3 2 B AR GEARZSTE 48 7€ B I ) Y 3K 3210 4 82
REB5E 2 MER . A XSG B Al Terminal
TR PR A8 [l B 0 AT B3t R I B3t Anti-wind-
up RGERAMEIL AR A R0, AT
LR ER RE7 WO iU W= R AU E N I DOR AP
FR 2 0 U /N B 225 i DLIRTE ASMIDO SR X e [l g%
PEAT TG T JF i 5 Ao B 42 o A . T 1 [ g% X i

i STSMC BJVAl 3 i H 65 e 20K . B AR fa il &
GAE AN IE 2 B .

: Anti-windup
: .
o, D+ Af,
2 Ll o]
| 1B [E B | D, | P B {asv L1
STSMC| _, ISTSMC ™
(1]
| | BEM T,
SMDO| D,
a,B,u P, 4, ¥ (@)
)

B 2 HSV %A H R 45 K

Fig. 2 Structure of HSV attitude control system

3 HSV BANZEBEG SRR

3.1 RBEIBE MG ERET
8 [ 42 o] e A (S 2 A5 A 2 TE A PRI ) P4 R
AR E Y Q. I RN LSFEY 0. H
MR R G B A BRI . RIE0T~9) A
e 1] % 77 A 0 B A T A B 2R /0N il 20 s H
XoF 32 101 % 40 52 0 DU 18 1] g% 228 285 5l g = R ] ik
AR B S AR R S
Q=f +of tgo a4+
A Q=[a:Bspl 0 =[p.q.r] s f. =0 s[5+
fu.10 Ry
fo=1/(MVcosp) « (— L + Mgcosycosu)
(15)
fo=1/(MV) « (Y — Mgcosysiny)  (16)
f.=1/(MV) « [ Ltanf — Ltanysinyg —
Mg cosycosy « tanfB+ Ytanycosy | 7
g e 3 X 3 M, KX N

—tanfcosa 1 — tanfBsing
g = sina 0 — cosa (18)
— secfcosa 0 — secfsing

KAS~1DOH LMY WERSAXBEBEARHS
B, HSV S 8l S 8ok XA 7 — o B 19 A
ST Af, FoR f BARTE R/ H AL,
Jics

Ri% 1 lafll <qplel (19)
Hrfog ARIER |« | A3 oo L.

T 2t VAR I 40 R

s:ﬂﬁ,+£)<algp+blﬂyi%)df (20)

P R =Q—Q. NIBEIRERE; ag >0, by > 0;



836 Mo oM o= M

AT &

g <pr <2q.H py g HIEFE.
Xof WA I s P i oK A () S B AT A
s=0.+a,Q +b60957 =0 —Q +
a .+ 6,802,497 21)
XADOR/ARXCH . HE s=Ff +Af +go—02.+
a R, +6,Q,9" FE5

b
s=Af — gl @] sign() — 5 — 5

A st =L, L S ENXH ‘s, ‘ « sign(s;) ,
0 <<k <1 NEGEHEEITSH. TREAEH 1,
IR 1 ARG QOB 1
SR FH 1 I 4 ol A Oy
o =g ' (—f+Q —aQ — 0" —

22

k

; ; _ s _ 5
7l | sign(s) 5 5 ) (23)
2 Y [ A
p=m sl el (24)

H g, AT, U0 ] P B R e E . R IR 2 Q.
) bty o5 T 0 6 A BB T RSB . o, g Ry
n WIAETE s m > 0 Bt S5

IERR & X Lyapunov BN

fLT l ~2
V—Zs S+27n77 (25)

R p=p—n . X VREEGE IR 22 st
CHRA 5
V:srl'é—l—m%;:s'r(Aﬂ *7‘7 | 1 sign(s) —
1 1 ~
ES—*S*‘)+77HSH [l < sl afl —
1
plel sl *fs sf—s s'tyllsl el <
. Lo 1.
el sl —plel sl —Les Loy
- fii Teo 1 1.
sl el = 58S 5slst <0

Hdf Lyapunov B BRI - s F1 g #7305 Fa a2
VARERCD VA4 0, +a Q. +0,0,2 =0, %
AFHFEFU Q, 9" (i=1,2,3), F

Q" Q. +a Qs 46, =0 (26)

, . b, — o .
/?"\ x :Qw] /b 7% x :11,7(11(2«1' Ny :Tit:(26)

e

T+ a uxszl@ 27)
1 D1
il AR QD AN 2=, LR 15
_ l—=a, /1y
—a, Va 91[_1 0. +b/a (28)

R RO N
# i (28) , 1] A4S H Sl B S AR S Q. =0 R

6]

1=ay/py
pl ln alari(o) +bl (29)
al(pl —ql) [71

R, 2. W) b6 i JT 46 BB 8 70 A7 KR 1 8] 9 0
KN E
3.2 REERAEEHIBMESENRS
REIEERGEREN 0 =[p.q.r]" . WIERE
L PE TR (10~12) . P[]t B35 By g 2 A5 70 ] 4
WOIE W ALY R S

t;, =

o=f +Af +gM:+d, (30)
Kb fr=07 0 f 10 BRI FRIERA N
f=L o *II;) - +‘;j° (31
f(,:”‘*f:) by . (32)
/- :#+”fﬁ’ (33)

JﬂﬁﬁLlem s Maero ﬂinemmh s Ny ﬂsﬂn« E/J ilgﬁ’
B Lo + 1y =12 55 . g, MRIBATH

dlag{l1 Ily ’Ii}
GO M =M, 243 3l e i 5% 7 A2 1Y 42 1l
J1H . Tioh s Af I WIARTRER S dp AR
T M EXEEGTID, =0, +d, .
3.2.1 w3 Anti-windup #ME & 4 & 35 H &
&3t
Pela] B 25 R AN 2 R o i % SCRRC15 ] 48 3T
4 Anti-windup #MERGEM F BB H
F:0. =f/(0.)tg + (ho.) + A (35)
B Lyapunov BRELHN V(w.w) =0k ¢ Pay * 0. o X
B P, HXIEEHFE. ¥ (o) &R

+ d
ho.) =—g; - 7‘/72:0)

34

——2.g".
P - 0. (36)

Anti-windup #M% 7 58 19 Hi 45 BT
M =0. v =h(e.) +g - filo.) 37
PAF 2 Anti-windup #M4$IHE 0 HE S 72
MEARZEEXGOFE AL, i d, WA LR
[m] % s o 2 ol 45+ B A SCHY AT 40 A STSMC 42 il

o oAb 2 i A T BT R

Sr—m., +J/ (aza)k +b2wqu//’g Ydr

AP 0. =0 —0. —0. HREEEEIRE: a, >0,
by =05 Py > qo» H povqo NIEA L, XT3 (38) W b
SR E] S H HFARAAR T Af, 1 d, B 30) F
Anti-windup R4 FE LR (35),0]15

(38)



%5 6 1 I IE T 55 < e R R

AT AT A A 837

S, =w, + o, +0,0.%" =0 — 0, — 0.+
a0, + b0, =f,+gMc—o. — f(0.) —
g *hlow,,) —g/Autao +b0.2" (39)
A Me g B 35 A X4 HSV i £ Jp 46, B
Mc =M, =g;6. . BAb &, &% 2 i PR | 5 i e
P Ffr o T 5 PR [ g s o g LD S O AR 48 2l
6.0 MBS 6. M EME LN A6 =6, — 6 -
L 2 H R Au i 2
Au=g;A\0. =856, — 86,0 =M¢ — My, (40)
Fr A UOARAK B 3
éf =f,TgMc — C;)f - f-/‘(maw) -
g o, +ao +b0,2" 41D
A5 ==K, « s, K, ABOGFSEC AR (4D
A DA 5 R [l B o AR
Mo, =—g,'[f;—o.— f(®.) — g h(o.) +
a:e, + 00,2 + K, s,]=
— g/ (f—o. +ao. +bo”"+
K, +s)+g/' -« flo.+ho. 42)
A = (37 By 25
3.2.2 B ASMDO #9i%+t
AL B0, BERMREEESAERE S T
D, . RHGHHEHA R0, AR A Super-twisting
okt SMDO, I £ Hf ASMDO > Xt [a] %
AT REHES TAMEESIE . &
BATE T TSR L FHE, B 28
>,
2 fRitmlE D, =D, .Dp.Dp) ' i
RID, [ < 6w lo |70 Horb i =1.2.3.0, HRMIE
B X FARLE R G (30) M iE AN R B ASMDO

Jo-za)—l—z
i=—f;,—gMc—v (13)
LA)/:V
A
v, =1+ |o; T, sign(o;) + 1y Jsign(m)df
(44)
Zil :P;”a)”2“0’”2 (45)
_ e 1.1
1,2—2111+25+2/1 (46)

XHi=1,2,3,6=[01+0:.0; ] NEIBNIGEIM . 0 H
Ple] B AR s 2 ETBIDIRAS . v Sl B I A
D,y ASMDO X} D, Bifliit#ith . o, >0 Hi%itZ
B, A Mle AARRIESLEL, Lo 0L, >0 Jy B N it
S, SCEREL6 JAE i 2 L bR &5 4 T il 2t Lya-
punov JFIERG T L F L, BOTE R AR SO B

N T R Ly R L
SIE 1 e R ARy A

r=—¢|x \%sign(z‘l) + x, + EC(D

z, = —wsign(x,)

7))

Az, e ‘1‘1 ‘%Sign(«ﬁ ) er)J sign(zx,)dr =£&@) ,

BeAb (6 [ < 8] |7 IS H >0, 0 >0
REMH oy Fl 2y 76 A BRI 8] Wi S5 30 S 7 0
XRERIT 2 RSE L M L, SR e
o o 1A BRI ] UL SR % . b 6 Tl e XT3
PR 2 flx, . BB 2 AIERI IR BTk .
ERR o X fE SR S, IR AR A R (30) F1
(43) 7] P45 %)
c=wtz=f,+gMc+D,—f,—
gMc—v=D,—v (48)
HE D REIENG X (48) T RN (4D Y
FKiKE X
J(',I:_[” oo |t

4 sign(a;) +L;, + D}/,’

. 49
L;,- =—1, «+ sign(o;)
Fae
‘(- (é‘,»l ) _ ( i 17sign(a,)) (50)
Co v;
JUES)
G¢=0+¢=lal+ul,
sign(e;) =sign(&) . & |=|a T (5D
TRRER49~5D . F
Jtll _ (—lntn + C,zlJr D;)
2 |7

V ¢ . . _Z'7 i
1;'2 = —lpsign(o;) = —Lpsign({) :égll

EaN

(52)

M 49~52) 051, 5, — 0 B, R (52) iy 4y
Foaain £, G2 RN

. 1 —1./2 1/2 1 [1/2}
i = 1 i 1 Di
¢ 6,2{1,2 0 C+6,7 o]

(53)

ENGEPY

(& =AL +BD,; (54)
‘ 1 [z o1z -
A a,%{—az o}’B’ -
1 1/2 . . ‘
‘ [ i } B L B C B A BRI A
o; 2

BN LW o, Ao, tRELEA PRI E] P iS4 3 2
Bt Lyapunov pRi%{



838 MO OMo% M K Ok % ¥ R 84T %
V=CIPL 4 sl — 1) S, — 1) 5 | oAt e/l (6>
2k 2,
62,&/2 O
O . st 61 FIsk (63) T4
. /1_’_ z - N . . - — 1
;—Et':,j: P{ € 18} j‘jX‘T%IEKE%E%? /1 ﬂ]e V() <_C1I<Q+Q>€,/‘O’z‘7 (65)
- €&
Ay oY =K Y = i 4 * * Ny E
j\]ﬁf%‘ﬂf;’:ﬁs K1 ﬂ:‘n K2 j‘j{f%‘ﬂf;&é&’ Zil ?Fn liZ 7"7 [] ~ +7_
EHE. e . g=0+e= Z .
- : 1
T [P 42 SN
. S Ve CIPC’ 6 Uy — ) QA+e) — e 2€ 2 A
= (55) 7] LLE AL 2lpe . 1
. . “ EZ)+?81€
V:V() +7(le _Zixi >2 +7(Zi2 _ZE )2
2/c‘1 2/Cz Z(l 1 )
(57) liz—?s—?(k+s)+
€
XX (56) 19 Vo SRS A%, 36 5 GO A %&E
g ' -
V, =ETPL + TP, =T (PA, +ATP)YE, + M
1 li i
2D;BIPg, =—§10¢,/ |6, |7 +2D;BIPg, (58) z,2=§+%+% (66)
§ T =—(PA. +ATP), C(53) F st .
Ak 0/ [ LS CENECERLIIEN (e+o0G e+ 55 .
(04)9ﬁ mu%’[[d > Hrj‘sﬁQ> O’

i A+ e — 20e z,z—%e—%(a+ez>
- L *ZAE*L(A—FEZ) €
i2 2 2
(59)
ZB,TP:‘ 11 A+ —¢] (60)
O-{ 2

XK | D, | < 00 lo |7 B2 ARHER (60) , 7]

(58 &k Ny
v, <800 s e

A

B GOMRAKXGDHH L H
82; /\+€2 —E | " =
e e ||

2

oA te) — %5256

é}[?ﬂ g | {%ﬂ}
il o ?62;6 0 CiZ
2 02i€
B L [C C ] - 821 (A + S ) 2 {;1:[ B
Cl " “ 821‘6 O ;2
2

é’i (gzzl 02 (A + ) — §i1 §i232;€)
il

*ETEK(ZH))%DK(SO)E‘%H C?l&n(k +€2) -
CnCodue =0, &0 = |o | Tsign(o,) Bzt (62) 3
Jcs

(62)

owlAte —elet< —Lgoe 63

1
B

2

A
V, . 65 #AL N
Vo <8108,/ 0|7 <—1/0.|* « 2 {Q) |E ]}
(67)
AR (560 1 A AP <V, <
Ao (PYE 3, AR GO |07 <[4 ]<
Vi /A APy 3L A (o) 1 A (o) 2275 1 I 1
B/ NRIB KA AE M, T2 28 (67) i 2
Auin (@) A7 (P
Amax (P
FE I, AR 3R D FI68) XA

V< oVi+ L, — D+ — 1)1 =
K1 K2

V, <— oV 9= (68)

gt —elolloly, i _alollsl..
1

K2
Lo — 05 |+ 2y — 60 + Yty — 1)1, +
K1 K2

plollel. |, | olollel, .
K1 K2

(69)
ARG VT T e < ol [yl =]
j, —lﬁi - ‘;7 V(E,al,‘] 7[,2) 2_ Z_9V? -
olollel., .|
2/61
ﬂi“‘o”?”o-”Z‘lizilE" ;H\: EP ;} _

2K2

min{y.2p e |e]. V2o

ol.lel.) . =



56 FRAE T » 55 - e P RAT A L R T 4 839

X 6D ITRE Ky
V<7% V(ﬁml,ul,g) +Ki([,1*1,1 )le+
1

%um—xﬂa+‘hﬂﬁ”kuA—m\+
2 1
‘(LZGHZ‘Z,Z—ZE ‘ (70)
K2
1&& Z[l *u 1[2 E"J Eﬁmﬁmu@ Zil %n ZiZ ﬁﬁ
R L3 AL ) U Ly — Ly <20 Rl Ly — 15 <0

V=0 0847007 2
V<*777 V(Ci,lil,liz) - ‘lil 711] ‘(Kilzl -
1

elollol:, |, ;.1 _elellsl.,

K1 K2 K2

(7D
T R G AT PRI RIS 7 20 (7D B 56 2 Fs 3
WA E, T RA

pillollol. . mitRER66)4 1 =% -

- P Hsz ”0'”2 vZ,z =

Zn ’ E[] Z,z -

Seolollel.. Wik L L, AR

AT L 2o R Lo 2 2R R0 9 (0 47 B Siet
] ¢, 2550 HBUR R E R, 0 A1l . &
L E B 2 1. HSV PR A %A B Il % A2 21 (1) 4
BT M A S B ) R L MW R | Dy | <
8o o | % BOH T4 0 A P e 3 HLR SR M P B 2
(T4 140 B KB R i B4R 3 % . 24 D, R
| Dy | << 00+ 0 o, |7 (81 >0, 2 BCHR17]
(1 TIE B T VE YR BT & M o B2 T

FRIERUD vIERT A D, =v B v ]
LIRSHAG T T4 D, L R AR S 1 0 T 3SR
AR B M, —— gD, . BT RL, b [ B g
I Mo, 16T 9t 2 iR 1 2

Mo =—¢,'(f; — 0. + w0, +bob'" +

K,es)+v,—g,' D, =Mc+v, +M, (72)
A s Mo R % B0 R % R T 5 B 0 ) STSMC
Pl K, i hl 8%t 250 v, & Anti-windup
FMEI; M, 5 ASMDO [ R LR

4 TE#HR

DL #E P # R AT 4% Winged-Cone 5 51h 441
O e, R HSV Jo3l g i AT . Se st in AR
AN 20 =y, =1000 m.H, =30 km.V, =15Ma ,
xo =70 =0"M =13 682 0 kg,a, = 1°,8, =2.5°,
o =3% po=qo =0 rad/s, BEEHRIELS NE L~
dsWa =6" L ~TsWa, =12°,8. =0"p, =

0°, el B THE N di =3 X 10° (sin(52) + 0. 2)
N« m.d, =3X10° « (sin(12/) —0.3) N+ m,d; =
3X10°(sin(52) —0.2) Nem, T 408 hn7e 6
DI bR AMe =[d, d, .d;]" . 18 BB R 5
BEAER a1 =2,b, =1.q, =T,p, =9.k=7/9, I
FIEEE R SN a, = 1,0, =3.q, =7,p, =9,

100 0 0
K, =diag(15,15,15),P,,=| 0 10° 0
0 0o 1

LR B 250k LA 0. 5sin(o) 1E 2 S 80 1 &
PSR AR SCHR A 4 il A B AT O LS 0 . P IS
RIULE 3, B, ap Flp, HBETIES. a1 81
oy ARE AW 60y 20k Fl Op1 AARMA An-
ti-windup R4 19 % 2 A B il 28 K AE 1 W i il
28, ay By My HINA Anti-windup RGEH KN

14
12
10

al(%)
[=)}

25
20

151t
10t

B/

o5t O

0.0 F--§

3.0
25 1
20
151k
10 F\
05\
0.0

-05 f

-1.0

-15

ul)

t/s

(o) gk
B3 R H &

Fig. 3 Output curves of attitude angles



N

840 Mo oM o= M

PNEPNIE S

A ASMDO [ 235 M ERER M2 . aaw Baw A paw LA
KB A4 Y Siaw Oraw M Soaw A BE T A Anti-
windup &% X i A ASMDO [ % 45 £ IR 85 i 48
G T i 7 %

40
20 f|;
off
20 ¥
-40

6./ ()

t/s

3/ (%)

P4 e T 5% b 2R

Fig. 4 Deflection curves of control surfaces

IE 3 ATLLE W Y o, = 6° B, 2 R8T TR 1
AN Anti-windup R 48, 3 A4~ % 285 A (14 B 2 ith
LIFARARGI I IR ERHE 255 . p IS AEAERIR
MR 5 o 33X 2 R T A6 T PR A A5 152 T I 4 o A
Tk B — B Z0 R i o LN A R i 45 R T 5K
Pl e AR IE RS . M o = 12° B3
NEBMA T RBEHE. mHENE 4 TLUE S,
T Qi A 7 BSF ) A2 AR RDBR A5 2o R 4 o AR
S S 30 X P 5 R G P AR o AR R
/2 HSV FR A FE oA i G O

A Anti-windup R4 LLJGE .13 KA F 6 B{E
5 o) R 0 R R o 5t ) e A A o A e R O
S T M o DT JRE G 45 ) k4 B [ S PR B
ZAf 3 A LA A R U8 P OV AR IR BR AR A E T
[FA A Anti-windup #MM R 58 0 FF A B 2 26
FH L o B2 19 07 75 B 307 i PR s v e . i
L e T O 5% A0 1 B R) &b T i FR AL it —
TG H IR J5 e i K 2 A . &1 5 4 Anti-
windup R GE W FMEVERTCRIE 2 By v.) o

FAh B 6 AT D, 5 ASMDO g X0 K .

WIERXGOMAGDH ,FHF D, =Afy + dn

TJ’DZ =

40

;o Com §,
g 30 H ---- Com 6,
< 20k i —-Coms,
€ 1o i
=0 Ri— ; -
-10

[ 5 Anti-windup Z 4t i #ME 3 146
Fig. 5 Compensation control moment of anti-windup

system

1.0
0.5

---D,
— D:-ASMDO

0.0

D,/ (rad * s™)

-0.5

. p,

e

—— Dy-ASMDO

0 1 2 3 4 5 6 7
t/s

(b) D,

1.0 ——-D

10
osl —— D'n-ASMDO
ool \ I\ / }
- w

-0.5
1 2 3 4 5 6 7
t/s
(©) D,
B6 4TS ASMDO W4
Compound disturbance and observation of

ASMDO

D,/ (rad * s™)
|

D,/ (rad * s

Fig. 6

N N R o

RE % S I 3 30T A8 R 3 4 T DI A 2 B0 Wl P 1R
177 ELAZ UL 5 3 T 17 B 75 2 ] M SR > HL
HA B & B PERE

5 HRIE

ARSI WX B T B O 1 M A HSV
ARG, FHxF HSV 8 i IR JZ 3 %5 (8] AT, 57 T
14 25 3 <0 B A 1T & A 0 A 1 4 o ] L 4 T
HhEB Anti-windup £ 45454 STSMC 1y dE 26 1 4t
oL A ) T 0 B ORI TR AR A T R 3 Y
AR

BEXT 2225 ] B 1 R B S ORI E DA RS SR
T Yo o da i R) L 32 T ASMDO |k ok X H:
HEATE LA T IR 3 s T AMEE R AR I A T

il LA &, ASMDO



56 HRIE T 55 < e R R AT AR B IS

JO7 4704 P A 225 841

LSV U I & DB - RN E N E B VA 2 RIDE 2
Bl R TSV 553 A DR A S i o B

\k
N o

D5 BB Y 45 SRR W] T A SCH I 7 35 1A AL

M S A R

S % k-

[1]

(2]

(3]

(4]

(5]

[6]

7]

BT AR T B R R RAT AR AT B s R AR
e [J]. fiias2#4,2013,34(4) :798-808.

Zeng Kaichun, Xiang Jinwu. Uncertainty analysis of
flight dynamic characteristics for hypersonic vehicles
[J]. Acta Aeronautica et Astronautica Sinica, 2013,
34(4):798-808.

B bR, 00 et L Bl - AL S BERAT AR R —
AL AL BT LT . B 5 28 i R K22 2 41, 2013, 45
(6):752-762.

Xiao Dibo, Liu Yanbin, Lu Yuping, et al. Optimiza-
tion design of integrated control for hypersonic vehi-
cles[J]. Journal of Nanjing University of Aeronautics
&. Astronautics,2013,45(6) :752-762.
SNBSS IRAR. R AT 4k A
FRAM ST [T, m s as R K224, 2014,
46(3) :463-468.

Wu Xuzhong, Tang Shengjing, Guo Jie. Three-dimen-
sional autonomous reentry guidance for hypersonic
glide vehicle [J]. Journal of Nanjing University of
Aeronautics & Astronautics,2014,46(3) ;463-468,
Groves K P, Serrani A, Yurkovich S, et al. Anti-
windup control for an air-breathing hypersonic vehicle
model [C] // AIAA Guidance, Navigation, and Con-
trol Conference and Exhibit. Keystone: AIAA,2006,
6557 :1-20.

Zinnecker A, Serrani A, Bolender M A, et al. Com-
bined reference governor and anti-windup design for
constrained hypersonic vehicle models[C] // AIAA
Guidance, Navigation,and Control Conference. Chica-
go:ATAA,2009,6283:1-20.

Sajjadi-Kia S, Jabbari F. Combining anti-windup and
over-saturation[ C] // AIAA Guidance, Navigation,
and Control Conference and Exhibit. Hilton Head:
ATAA,2007,6401.1-11.

Biannic ] M, Tarbouriech S. Optimization and imple-

mentation of dynamic anti-windup compensators with

(8]

[9]

(10]

[11]

(12]

[13]

[14]

[15]

(16]

multiple saturations in flight control systems [J].
Control Engineering Practice,2009,17(6) :703-713.
Nikoobin A, Haghighi R. Lyapunov-based nonlinear
disturbance observer for serial n-link robot manipula-
tors [J]. Journal of Intelligent and Robotic System,
2009,55(2/3) :135-153.

Hall C E, Shtessel Y B. Sliding mode disturbance ob-
server-based control for a reusable launch vehicle[ C]
// ATAA Guidance, Navigation, and Control Confer-
ence and Exhibit. San Francisco: AIAA,2005,6145:
1-26.

Jeong SC,Ji D H,Park J H,et al. Adaptive synchro-
nization for uncertain chaotic neural networks with
mixed time delays using fuzzy disturbance observer
[J]. Applied Mathematics and Computation, 2013,
219(11) :5984-5995.

Chemachema M. Output feedback direct adaptive
neural network control for uncertain SISO nonlinear
systems using a fuzzy estimator of the control error
[J]. Neural Networks,2012,36(1) :25-34.

Colgren R, Keshmiri S, Mirmirani M. Nonlinear ten-
degree-of-freedom dynamic model of a generic hyper-
sonic vehicle [J]. Jounal of Aircraft, 2009, 46 (3).
800-813.

Mooij E. Characteristic motion of re-entry vehicles
[C]// AIAA Guidance, Navigation, and Control and
Co-located Conference. Boston: AIAA,2013,4603:1-
17.

Zaccarian L, Teel A R. Modern anti-windup synthesis
[M]. Princeton, New Jersey: Princeton University
Press,2011.:23-47.

Herrmann G, Menon P P, Tuener M C,et al. Anti-
windup synthesis for nonlinear dynamic inversion
control schemes [J]. International Journal of Robust
and Nonlinear Control,2009,20(13) :1465-1482.
Moreno J A. A Lyapunov approach to second-order
sliding mode controllers and observers [ C] // Pro-

ceeding of the 47th IEEE Conference on Decision and
Control. Cancun, Mexico:[s. n. ],2008:2856-2861.

[17] Moreno J A,Osorio M. Strict Lyapunov functions for

the super-twisting algorithm [J]. IEEE Transactions
on Automatic Control,2012,57(4):1035-1040.



