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Figure 1 Variable swept-wing near space vehicle

FEH T — P AR A S A 2 X 2% (1 B B G DL S, SEIL T NSV a3 A AR I RS rh 2 25 A BRI £
i, JFiEL A3 Lyapunov [759RIER] T IR DI R GE AR EVE. STER [5] BF T 1 AFAEANRA E PEAT A
[l i AR B 3R NSV L34 7 i, 2 pROEFE I 28 T P05 KA TN TR FNPLsh IF e 1A
SEHIE. AR BT SR PLIR 5 AT DRSS AT R i g o A A AR Ak, SR B AT SSF BAT R
FITPUHIARLE R NSV AT R L 8 P2 ] (RO 7E R e /b

ZJEHE NSV RAMRAKH T, UITHEREE 2L, mHANR EERMEhdES, a5
BRI SR R AL, XA S HC AT RGER AT TR AR L sRARLERT 984S & 1RF .
BEA R AN E PR RN R T 2 RGERI PR REIE BREEME, N 1 it B A iR & Rk . miks
AT T R G, R AL AR ] U5 5 T YOOI S8 A 45 2 i D L3 i JBU ) — Mo RO i, T
SRR O~ Sy B, T DLRTSRN ANH € R G0 T PRHEAT A&, HE T IS 00I0 5% ) A v B 5 A1 57
ARATPOARARH . SCHR (6] KT TIN5 (K 5P AR 48 52 B 1 — A RN 1O &
PREZIZEHI. SCHR [7) AT ERAGTE RGP IR AT, 456 D IEHE AT 48 5T,
B 1IN AL AT R AOAS RS E A o 1 DY e 38 J0 AHL RS (o7 B BR s ) i L. A4 1 7 12 E A A 1
B XS BRI S AU, B R A&, BRI Z T 125 0 2 kA 45 4 [12~15],
SCHR [16] WEFE 1 — SR T ARLNET- IO AR A = E G BRI, S8R 70 AT & 2R
A A

S VA SCHRIR K, A SCRIBETE H Ao PRAEAR 5 $5 3 A AT R BEAT RAT 3 B A ER B P2 R,
AV I RE AT G PR 732 25 RS RAT e AN RAT I R, R R 1] (835 M98 2 Be A1 e BEN
T, VTt L A ) s DA S v R R A R R R s R AR T U I g0 & AT RS R
E T PRATIENL, £ TP A THR ZZ WS T YOI s S A, 255 T2 i) 05 V5 PRAIE AR 42 ) R S8
PRERFEACR.

2 HERA

KT AR G i R E N NSV S ahgs i B 1 s 07

ISR TN NSV [P 2 ZEA KPR (canard, CAN). G BRI EAE (left elevator
aileron, LE; right elevator aileron, RE) M3 J7 I (rudder, RUD), AH S [14: M AE H i #5351
H 6c,0a, 8,6, Foon. VAT %5 B BRI ELHR R E RESXEL, [RIFESEMT RATVERE. /NSt fi, EsZ
K, KT IRNTERE AR K, SEfife J45 B3G5, {H IR BEL 14 R 22 FRAR AT I UG Ffa i, FH)
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N, EIEH T EE TR, AR NSV BRI RE: AT s T 3 AR W S b BT, Mot
B B AL P P8, L3R5 St AR A N Dy 40°, £EHE AR IN D 60°, £E it AR IN D 750

2.1 SEEHRERE
FESCHR [18] HOZERE b, WIHES S H FPRAE TN
H= V sin~y. (1)

W VAU EUR Ay BPIRESTTREA

—4S°DCH" M 4 T eosa
M b

V = —gsiny+ (2)

—S°WCM 4 Tsina

E , 3)
Hr g o ATEE; VO AT, v AR MR NSV IR g NE IR ¢ ~Eh %,
S0 FoREVIHAES o) MEHLERSERR; 07", C7 BINEYIBE S o(t) NIVSBI RS T N
RANHLEIHEST; o RIBA. o(t) : [to,0) = E = (1,2,3) jj}ZF?iia NSV JG 8/ 7354 40°, 60° F 75°
IS R AR 2R M D) e R BRI D) e fs 5

ZREITEHE NSV EH AN SEARESHABN, R RITHRES SR AN, A8
JEHE NSV &A@ 8 i 1)

4 = —gcosy/V+

Q= fo0 4 g7y, (4)
79+ g7, (5)

Het @ = [a, 8,47 FREEM; w = [p,q.r]" FREEMEE; M, = [lo,me,ne] " Fadzhl I, 1o
NREEE R IIE « me R IISE « n DR A6, AT b5 5 B AR I Al 006 M, HE 5
BB 17 0(t) « [to, 00) — E = (1,2,3) R WTHATIHE S 70 = (129, 759, 1707,
PO =150, 170, 17O 970, g7 il A, Ak aRisy 17

w_

1
oo = MVCObﬁ ( S‘T(t)C —|— Mg cos~ycos pu — Tsma)
o(t) _ o(t U(t)
Is MV ( jS )C 5 B+ Mgcosysinp — Tsmﬁcosa)
o _ g o ‘7( )
fu(t) v cosy cos ptan B + M—qS ( Btanvcosu

T
(sin (tan v sin p + tan 3)

+C’L7a (tan<ysinp 4 tan 8)) + %

— cos atany cos psin §),

—tan S cosa 1 tanBsina
g;’(” = sin o 0 —cosa )

sec fcosa 0 secfsina
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la(t) (Ig(t) _ Io(t))

aero — 4T

7 = d vy
7= e |
o) _ M = pr(E” — 12)

fq B o(t) 5
Iy

fa(t) _ ngfg()) *pq(]'gét) _ Igfgt))

o " !

g7 = diag((1Z) 71, (1g0) =, (124) 7Y,
b 07, o7 A RFIRIEVIAE S o(t) I HEEA T REREEARN 11 28 120, 1737, 1289 3R
TEVIHAE S o(t) I AT RS & 1200, mZ8), nZll) JRAEDIAE S o (t) I AT RHUAZ 21 /S
FATHE. IR R0E, oA 8 U SR [17]. A T AT AT, T R e

BBl REGMIRAES v) = [H, V)T ZTFHES T B R0, REFAIRA R
.

g2 DIHTERIOEHIE RN o, of T, k =1,2,3.

51381 ([19]) EXRWILEFME R RS, LA —NESHIEER Lyapunov ¥ V(x) € O, H
W2 Vi(l|lz)) < Vi) < Va(||lz]), TRA Viz) < —a V() + e, HF VL, V0 R 5 R & K> KR H
c1, e WIEHE, WAL «(t) —BUHE 5t

51382 ([20)) X TAEEM a >0 Fl 2 € R™, HUIFAERXKA: 0 < ||2]| — 2T tanh(z/a) < ma,
Horp ¢ BWE ¢ =e D KL, B ¢ = 0.2785.

3 TREREVIRARGITHIEFZIT
3.1 BEEHIER

ASCH H B2 SEINLE 5 3 A AR R o KAT i H O AT VOREREE, R A5 )
{0 RATIES). DA o, MREDBLIHED T, (ERTIE RGO BRI B IR ARSI 5, 1 o HE
= TS AR DT AR I R B
H = VUh, (6)
Hrdr U, = siny, MUIEHRATEES v, WTHIR v = arcsin Uy, 1532
& SR L IR RZEN
eg =H—H.. (7)
Bt AR
Un ==V kiPen — He), (8)
Seof, B, BB AR, BIHAENEE KO > 0 (78 Uy € -1, 1]
FE X Lyapunov A V7 = €3, /2, ¥ HRG49

"/la(t) — eHéH — _k_?{(t)e%[- (9)
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RV ORGUEBUR A B0 5 AL T R U T s

1% _ —gsinvy & 0 ] [T] 7 10)
A —gcosy/V 0 ﬁ L
ot 7 = —gseWegl )4 Teosa, L = —§S° t)CU(t) + Tsino. MR (10) A4
= fi+ g:F, (11)
Kt oy = (Viy]T, fi = [~gsiny, —geosy/V]", g: = diag{1/M,1/(MV)}, F = [T, L]". {ER%ATEH]

JERHE SR 5 S 0 o, AIES T, AT T A1 L {1545 3.
WA AR 2 BRI ZEE AN

e V-V,
=] " |= (12)
€y Y= Ye
Wit
F:* 71(‘]0 +k?(t)€t*fﬂt ) (13)
H 2= (Vo] ” BIEAES, K9 = diagkd" 150 BEEETSHHE Y 1D > 0. %X Lya
punov A V7 = =e? /24 67/2, HXTH RS
Vi = evéy +ejey = kel — kIWe2, (14)
3.2 ZESIEHIZEIT
FEa N R E S R4
i = [ (@) + g7 (21)22, (15)
w2 = f5 " (w2) + 95 (w2)u + a7, (16)

K g, € R™ (i € {1,2) NRGRAAE; « e R™ NRAGRHIE; 70 c R, 7O ¢ Rmxm
BIRJEH Lipschitz ESEREG o(t) : [to,00) — E = (1,2,3) NAESBCHEEYIBEE. do® =
AfTD + A@”® ] AfD € R™ HRGIAHED, Ad°® € R™ AIMERANA ST E. BT R
G EAEAR M E G AT a7®, FAERFIEFEE n°®, 2 (|d7® | < n7®.

RS R, N FHRRIEEN, S NFEZMET PRI ES (nonlinear disturbance observer, NDO).
FTF M Z AT THE, Bt T T AT B I5 0 W B 48 2 2 ) 45

(1) AR TS BT, £ExF a0 (15) A (16) FER A & R4, Wit an P aEg i+
PEAL 2 124,

(17)

de® — ez, —Qot) 5,
2= 50 (29) 495" (22)utde®,

Hot do® BxfFH do® [fbiE, « RTINS RNEIRE, Q°® = diag(Q",Q3", 5™, H
HH QI > 0,05 > 0,05 > 0.
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RS 5T TR UL S 028 R ) AT B bR R B

SE TG TR ZEN 470 = ¢o) — go® | JpHK G A5
g7 —jo _ jo®)

ORI OPSPCOP

_ieh _ Qo o, (1)
EFUW A Lyapunov BREL )
Wwel _ i(cza(t))Tda(t)’ (19)
FERH R 21
o) (@O ot — (e )T (o0 _ oot goi)
}(da(t))TdU } 0|~ (@70t Qe go
)
1

7(d6(t )Tdcr 2( a(t))? _ (da(t))TQa(t)d'cr(t)

l\D

_ (da(t)) |:Qa(t) :|da(t) + 2( o(t))Z’ (20)

ERAIER Q°W, 115 Q°®) —1/2 > 0 BOL, MRHETI B 1 w50, BTt i F eI 885 45 TP it vh i
ERA T, B (|de@ || < 7@,

(2) F TP 2R M LA T B BT, SR A IR ) 5, 48785 A [m] s RN 283 f1 Tl 6 [
PEPERIAS. W R R (a) LA R L STRE 577, (b) LA HE 5 Bl B
HH ER S A R (R s A NP7 2

XA (15) A (16) FrfiR LS T RS, £ T AN TR Z S T HOM 28 1 5L fili b,
B ) 7 ik R BT R A, DSk SEIL DI T ERER S 5 R ASE S0 H 1. L8 H R B kit
R

1 RS A [l R P i 8 T

E SCBE IR R ZEN

er=la—ac,B—Be,p—pe]t = a1 — 710, (21)

H 2. WZHERLES, 456 (15) W15
€1 =% — L1 = ff(t) (x1) + gf(t)(fﬂl)@ — T1c. (22)

N T B A, R S Wt
51 = Crer = [S11, S12, S13) 7, (23)

Hr,

C11 C12 C13

Ci=|co co2 o3| >0
€31 €32 €33

Eﬁ_ﬁ.?%éiﬁﬁg Cij > 0, 'fﬁ Ci382 + Ci2S8 + Ci1 IEé Hurwitz %%IHEE@E (Clgf(t))_l ﬁ?’f

590



HEB FEREE B 49E 5

XSS kB AS A L B v A A s v
w30 = —(Crg7 D) O = Crige + KPSy + 7 Otanh(S1 /a)), (24)
Heh k] > 0,670 > 0 fil a > 0 BB H tanh(5L) = [tanh(5), tanh(522), tanh($12)]T.
A ARG B S R AT S R B G A N R IR, e AR R NSV fRE . [

1, AR SR T IE V) B Bk AR 755 R B
4 Lyapunov EREUH

V3a(t 751 517 (25)
i vy R GarA
V=575 (26)
P 20 AN EINFTAG
vy =578, = st { k7 S) — e7Wtanh <‘i )} . (27)
MR 58 2 A g
—e7®8, T tanh <1) < ="M )19y + 37V ¢a. (28)
a
TR A
V7 <~k OSTS) - 270 |8y + 370 < —kT OV 447" ®9)

ot k7@ = 267, I = 3270 o
55 2 25 BEES AR R P A it
R 2 25 A [ 4 1 A N A D 825 Al 3 Tt ) H TR o, 28 SUR S AR IR ERIR 220N

=[P = perq — qesm —1e] " = w2 — e (30)
TR Sy Wit Rl E—2, B
Sy = Caes = [Sa1, S22, So3] ", (31)
et Oy NRFRTH IO IE T BB RE. XTI & A2 A B R R 1 38 ROV S i T

= —(CogS N HCo fFD — Coitge + k5 Sy + Cod”® + 370 || Cy | tanh (¢ Sy /b)), (32)

Hoet k5@ > 0 A b > 0 HEIFSHL, tanh(27752) = [tanh(£75520) tanh(£75522) tanh(£75 52 )T,
QN O] =Br VEiILE e ]

$70 = O (||| [|1Sa]| — 67 p7W), (33)

Hir wo® >0, 670 > 0 NiKITFSHL
€ X Lyapunov EEUH
Vi = 3888+ s (37O, (34)

ﬁ\:l:':] @U(t) —_ gpa'(t) _ @o’(t)7 L)Zo’(t) — ()bo(t) _ @a(t) — _(pa(t).
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RS 5T TR UL S 028 R ) AT B bR R B

TR
1 _, Aa
SQ 52 ﬁ(‘p (t) (t)
3 ~o(t)
=57 | Cad™®) — kg(t)52 — 7@ ||Cy || tanh <<p b S2>}
1 o
— — @@ UC: 152 - 675 -
MRiEsIHE 2 A
— 8,7 tanh(¢7® Sy b) < =) || Sa| + 3¢b. (36)
T2, F

Vi <Gl |82l 7@ — kM ST S, — A”t>ncannszn+—3ncan<b
—Cal 1152l & “+6WN“% W@<WH
— KO8T Sy — 5870 (3 0)2 £ 3] G| ¢+ 367 (702

< _ k;‘c(t)vf(t) + w?(t)’ (37)

Horp k;(t) _ min<2kg(t)760(t)w0(t)), w;(t) -3 ||02|| b+ 50(t)(<pa(t))2/2.

4 TREMSH
X TATHEAS ko, PR Lyapunov J5 2N

Vk :‘/1k+‘/2k+v},k+‘/4k
1 ~k

1 1 1
:§e§+2 Vg ﬁ SlTSl+ 5232+2

ES)
VE=VE L VE+ VI + VE < —kljed — kel — kEe2 — FPVE + F — KRV + gk < —XPVE 4 gk (39)

Horfr AP = min(2k,, 2k¢, 2K5, kP k), 0 = oF + ok

XA SR SR AL DI R G, T Ul R GU R E PEHR 45 1 AT SR AE AR A 3 N AT 4%
P RS RE M . AT LA VI R ST AR R Gefese vk, s i 5] 2

SI3E3 ([22]) WIRAFIE a1, s, a3, 71 € K=, & > 0 HFE—DNHIERE V - R? — RT fH#54E
ISEER s YN <]

(40)

{ ar(flzl) < V(z) < ao(llz]),
V(z) < —as((lz]) + 7wl o) + &

JRAL, ARG & = f(z,u) EXIE [0,8) ARIRE IR E K.
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5134 ([23]) RBAEIE— RIVELLATHEEE VF R 5 Rk € E={1,2,...,n} (n 2T RAMAN
), ay,a0,7 € K LLRFHA>0,6 >0, p> 1% pge E KAEF v f
) < VP(x) < ax(flz]),
VP (x(t)) < =AVP(x(t) +F(lull o) + &1, (41)
VP(z) < pVi(x)
FAL, H ZR ST 35 5E B I A 2 |
n /i
T)
WLV RG & = 7O (2, u) TEXTE] [0,T) FHNIRESLBRERE 1.
BIETEE NSV R MV RGN ARE i@k P35 5 B IS (R V34T 0 A, FRa i an T e 2.
EEL MRS b # R 1A 2 BRI R ZEA AR G R ATV R 45,
A T B — R T I 25 A AR MR D e ] 845 RATRRES ke B = (1,2,3) W2

Ta>7—;:

ak(llell? < V*(e) < ak(llel)?, )
VE(e) < —ARVE 4 pk[ldb||” 4 gk,
L) e R PR B SR TR 7, 1
> =k, (44)

Hr e = len,ev, ey, 51,52, %1, it 20 £ rnin(%7 sar) > af > 0, a5 > max(%, 5w ), AP >0,
pr >0, 9% >0, p=suppep{as/al} > 1, A=infrep{\'}, v=suprep{y’}. MARFHER WTAHRVITRS
T . RS ER I (0,7) FA R R T — A NS Q={ole < 2O},

JERR  EFXERATAEAS k, £ Lyapunov BEL VF(e) = VI + VI + VP + VF, RHER (38) 7 VE(e) <
—ARVE ok R, TR AT k, WY KRG E S —80H RIS T 86 Qu={z|z <
VT,

fak (18) &1 dF = d¥ — dF, BYAIIFAEHE S pF > 0 fiif5

VE(e) < =MVF gk < —NVE 4 pF||d¥ | + . (45)

P T B B A P TP 28 T DA GRAE T3 TR 2 A, DR (L = > 0 fif
e > ||dF || BT ARYESIEE 3 AN, KATHEE k BIATE (S 5RZE e = [en, ev, ey, S1, 82, @7 £ [0,T) W
KT v FUIE# K oF KA b .

AR TASFEI NSV VMRS, 4208 min(L, o10) > af > 0, a > max(3, y1e) A1 RIS
AIEREL VE R — RY, R (43) HOL. L p= SqueE{@g/&’f}v A=infrep{\'}, ¢= SUPkeE{¢k}7
HHRBI T 4 AT, 3, > = ooaen O/ R NSY IR SEE L BRI 2 X
1] [0,7) EXF T AR LR R SRR E, ELARAT I, H s b AT
T RO AR, BIRES ST — MRS 0={alz < \/Z0/N}.

5 {REIGIE

NG E P 1) 5 BEUE A R, AR i P 3 AT A T A e P AR R 2 TR D) (R, kAT
BT 60° ~ 75° IV, BEAT LA i B A ER BR T . 07 IR 261 LRG3 60°;
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Figure 2 The switching signal of variable-sweep NSV. Efhzk

(a) Change of backswept angle; (b) switching signal of sys- Figure 3 (Color online) Height plots of variable-sweep

tem NSV. (a) Tracking result of flight height; (b) tracking error
of flight height

KATEE Hy = 20000 m; KATHEFE Vo = 1850 m/s; HES Ty = 600000 N; HJUH4E A Al ik F
RN ag = 1.0°, By = 1.0°, g = 1.0° pg = 0.1°/s, qo = 0.1°/s, 1o = 0.1°/s; BHEHHETN
H. = 20000 4 1000(1 — e~%1%) V, = 1860 + 40 sin (0.15¢ + 7). KA TR R ERL EIHE KT
FRIE 60° ~ 75° ZMIHeI CATHRIE, 28 1 S JEHMTE 67° ~ 75° ZIAAR Ak, B 2 1S JEdifATE
60° ~ 67° ZIAIASAK. 24 KAT 2SI L ¥ V=1860 m/s, HLEIFIEALH, 5s W, RGNS 1 BSTH
B 2 BEAS. M RATERINE HIEE V=1860 m/s, FLEIFUHAET, 55 N, RGN 2 BEATIHEIE 1
RS, 7 U, TS A T2 Bl B oINS BN e AUEUE T30, R REARELE £20% 210, B3
R E IO THR 47 = g7 AM. I FRPUR:

AM, = [5 x 10*cos(0.8¢ + 6), 2 x 10%sin(0.5¢ + 2),2 x 10%sin(0.3¢ + 3)}T. (46)

BHIR TS EON k=28, k4=1.2, k] = diag(1/1.2,1/30), k? = diag (1/0.4,1/8), k} = 1.5, k3= 1.2,
kl=10, k2=5, 7 =g = [4,3,2:1,4,2;2,3,4]", e2® = 05, @°® = 0.3, 6°® =1, 7" = 0,
a=0.01, b=0.4; THWMBHIFITSHEN Q! = diag(15,15,15), Q% = diag(10,10,10). & 2~7 At
TSGR ATRUI ARG VIAE T N B BB B MAER 5SS R A R
M2k, & 8 s AR T 2.

mE 2 ATUEN, BMIELEFRERLET 4 WU, U)K 502 225, 43.5, 64.5,
85.5 s /i, 5 )t B FE AR A B AR AT &, W R D3 sz vk, AT 3 A 4 af DL, ikt
D) dE b R BRI AT ZRAE G B A AR O R b = B . R R B S % (5, B iR =M
TR ZE R IR — AN E AT, K 5 R 6 iT LA, TR SIS EORH E TR 52
Wi R, A TG T HORMEE XS 22 e il i o3 () S IR o B A2 ) T SR FH 2 T H0OU0 0 25 1 g 45547 1) 245 e
IR U M A H1) B S AT E PER ST AR A1 TP RG220, {2238 A Rl th @ RS A i e [
FRETH w RS IRIFERER Q. A we. N 7 BT LUE W, FERLAS )4 (0 1 v - B e A % 1 77 A — s A E
ks, (HAERTREZVEHE N . B 8 BRI E &Pttt th 232 WA B e vt i P00 25 e o #ERf . St
WL 2 R G AR R E AT
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Figure 4 (Color online) Speed plots of variable-sweep Figure 5 (Color online) Attitude angle plots of variable-

NSV. (a) Tracking result of flight speed; (b) tracking er-
ror of flight speed

sweep NSV. (a) Attack angle; (b) sideslip angle; (c) roll
angle
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Figure 6 (Color online) Attitude angular rate plots of = Figure 7 (Color online) Plots of deflection angle of

variable-sweep NSV. (a) Roll rate; (b) pitch rate; (c) yaw
rate

control surface for variable-sweep NSV. (a) Left elevator
aileron; (b) right elevator aileron; (c) rudder
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Figure 8 (Color online) Estimation result of NDO for disturbance in attitude angular rate system, (a) in rolling channel;
(b) in pitching channel; (c) in yaw channel
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Robust tracking control of variable swept-wing near space vehicle
based on disturbance observers

Ying XIONG, Mou CHEN", Qingxian WU & Jie YANG

College of Automation Engineering, Nanjing Aeronautic and Astronautic University, Nanging 210016, China
* Corresponding author. E-mail: chenmou@nuaa.edu.cn

Abstract In this study, we establish a nonlinear multi-model switching system for variable swept-wing aircraft
based on the characteristics of multiple working modes and the large flight envelope. The tracking control
of the flight altitude and speed during backswept varying process is studied. To reduce the uncertainty and
external unknown disturbance in the attitude system, a nonlinear disturbance observer is proposed to estimate
the complex disturbance. Moreover, a sliding mode attitude controller is designed to maintain a good attitude
tracking performance. The average dwell time method is employed to prove that the designed controller offers
switching system stability. Finally, simulation results are presented to confirm the effectiveness of the proposed
method.

Keywords variable swept-wing near space vehicle, switching system, disturbance observer, adaptive sliding
mode control, average dwell time
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