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Finite time control design for re-entry hypersonic vehicle with
disturbance observer
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Abstract: The finite time attitude tracking control problem is investigated based on disturbance observer for the reentry
hypersonic vehicles with bounded external disturbances and model uncertainties. Firstly, the attitude model is divided into
a two-loop structure based on the multiple time scale technique, and then terminal sliding mode controllers are designed for
each loop. Secondly, disturbance observer is designed to estimate external disturbances and uncertainties, and the chattering
caused by the big controller parameters of the sliding mode control can be eliminated. Stability is presented on the basis
of Lyapunov analysis. Finally, simulation is carried out to demonstrate the effectiveness of the proposed controller for the

6-DOF reentry model.
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2 A AT 8 BN RS BRI (Reentry

model of hypersonic vehicle)
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(£2 + 0) cos ¢ sin x] + cos p[x cos y—
$sin x siny — sin ¢ cos ¥)]—
(£2 + 6) cos ¢ cos x sin v, ()
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2.1 THI A (Control-oriented model)
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0. ¥4 LA PR Z I s2ma /R AN A B, M3l 75 f
K@@)-©) &N F e
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{é) = Rw + AD;,
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3 Al BEdEfl 8% rh (Terminal sliding mo-
de control design)

H T AT ERE RAT IR, B A AL A
ANT SRR AR, R RAT AR 4 AR (9)
3 PR IR B (25 A 2 [ % ) M (] (2335 A [ % ),
BETT 73 500 Bt X B [ B8 BT POULI 2% SE BN 25 &
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B d. Tl 7 RAT AR I SE R AR 55, X
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BT FIRRE ).

BRi& 1 AAERMIAT FIEE o, #153
[AD:]| < 1.
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3.1 ZA Il K ) 28 W T (Attitude angle loop
control design)

TR B AT BT AT A R B RV R R, (B
(RITE SIS M it B VB I R () /g SEB; 243K
(S IUNIEALIAN NS Sk s I DN IEliE e 21
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SRR TR I B ) ds S e Rz &
FOFHIR ) AL BAL b, BT SO0 25 A AR M2 T 1)
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3.1 A [B]ER WL 28 ¥ T (Attitude angle loop
observer design)

AR I Tk UL 25 PO AR A e (AN s A
TP B S I LI, AR UL 0L SE Py B8 7 47 i 4 2 8,
R URAZE ) 2 S B BOL FOR AT B )L

XF 209 AN E A Dy BT R A AU 25

é = Rw + ADl + )\13(@ — é),
AD; = 215 + M2(0 — ),
219 = 213 + A11(6 — é)a
2'513 = )\10(@ - é)
(10)
R BN 4 0, Ay, Az, A, B8
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312 ZEZ S Ia] i 2% I B A ) 2% T (Attitude
angle loop terminal sliding mode controller
design)
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XFE(13) T [A] R, T
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(14)
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Z18]

(S.’@ = —K@sgn Soe, (15)
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He) A (14), 1
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3.2 HASAER B H] 45 T (Attitude angular
rate loop control design)
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321  BIASHEF B EE BT (Attitude angu-
lar rate loop observer design)
BAD, i THE A AD,, AD, i = 3) 25 75
FESEILA Do HIREIN, SO0 es BA LT
O =fw)+IT"M 4 ADy — 6o + Aaz(w — @),
ADy = zp + Aga(w — W),
92 = 23 + A1 (W — W),
223 == )\Qo(w — C:))
(19)
R ADs, Moo,
Agl, )\22, )\23, 1@62 + )\236(3) + )\226(2) + )\216(1)
oo = OF) Z H0ils /2 Hurwitz A3 8 1 5514, T4 e 3 i
S — MR ABER N 2O, FoR AN N
[e2]] < e, (20)
,EQEP: €y = (621,622,623) ,E9 > Oj‘j'fi%::d\%%%ﬁ
PUF BT Bt oh i PRI 25, BTHE S fdi
(e B PR 2 S PR AR 2 2
3.2.2 é%*ﬁaai%lﬁl% T BRI 4 BT (Atti-
tude angular loop terminal sliding mode con-
troller design)

HTREMERNIRES R Z e, WITITTN LS
FHIHE AR 0] B AR -
S = €w + jot (Kyiew + Kype®2)dt,  (21)
H dFipy,h E O F
Ko, Ko > O FH .
X (24) K TFIF )R T, T

. . /
Sw = €w + Kojeq + Kopell? =

, g2 < p2 < 2q,

: : q2/p2 __
W — we + Kojeq + Kopel?? =

f(w)+I""M+ ADy — o, +

Kyieq + Kyl (22)
BT R i, A 7E A R 18] A il 2 21
S0 = —Kysgn sy, (23)

H K, =diag{ko1, kuo,ke, }>0. H 3021 &K (22),
BT A I 2R
M = I(—K21€w — KQQ@?S/I)Z — AbQ +

We + I @Iw — K ;8¢ 54,). (24)
KR eHAR(22), M
S = —Kpsgns, + es. (25)

1 BT R AL R S PR GE My 2 BT 2 i TR
FUZFRREAT R 70 1, R, MR 77 3 B ah B T, BEARAIE
IR GEIREENE, MAE RIEPIA ARSI, FRORIEIZIAM

A sE Ik, RN G RAUESRIN IR T s 0 8 T-F, e AT %,
RGN R IF L so T %, fifeoa T%, BTLA, fELLFE
FER SRS HON, FHEMF Ko MiR/INTR R T T Ko RK
JCER. RENE T 1RE T, SETR AR
e SIS SAL, W MRES 5 (M W2 S5
4 R4 (Stability analysis)

EE1  HRFOK MG, M¥xhl i
2 M Ko = diag{ker, koo, ko, }, Ko = diag{ke1,
Ewa2s ks }s B koi > agi + €14, kwi > Qi + €2, 1
=1,2,3 (e1y, ey N IUETHRZER EF, agi, awi N
FER/NIEZO I, W BB 2 Bk 2%, HAEATR
IR P, 2835 A BRI IR 22 WS B 2

WE JEHUT T ) Lyapunov PR 4L

V =1/2s580 + 11285 54- (26)

B (17 AR (25), xR 26) Rk FH
V =s880 + shéw =
sy (—Kosgnse + el) + 50 ( K sgnsy, + 62) =
—s@K@sgnso + s@el — s Kwsgnsw + st weé2 <
—ko1 [se1| — ko2 [sez2| — kes [ses| + €11 |se1] +
€12 [se2| + €13]503] = kw1 |Swi| — Fw2 [Swa| —
Ews [Sws| 4 €21 [Sw1] + €22 [Swa2| + €23 [Sws] -
(27)
Fko; > ao; + €15y kwi > Qwi + €25, 1 =1,2, 3, ae;,
aw; > 0, M7
V < — ae1 se1| — aes |se2| — aes |ses| —
w1 [Swi1]| — Qw2 [Swa| — w3 [Sws| <
= 0o, (|se1] + [se2| + [se3])—
Aw min([Sw1] + [Swa| + [swa]) <
— amin(|Se1| + [s02| + [s03] + [Swi| +
|Swa| + [sws), (28)
HH: ag,, =min{ae, ado2, @463}, Gw min=min{ a1,
A2y Qw3 }y Gmin =MIN{ao, .., Qe min - HICHR[22]7]
@
V<— amin(’591|2 + |5@2|2 + !593|2 +
’3w1’2 + ‘3w2‘2 + ‘3w3|2)% =
— 25, V2. (29)
B SCHR (23170 60, 5% 1 6 A BIR B[] e 8310, —
A2, B A A R AR (RIS A PR 24230 mT A A
PRIER R ZE 10 AT BRI TS SR 25
2 YRR AE AN B SO, OIS T R 4
Ak THTE, — R, PRI TR 22 B T P HIE,
Fr AFRATT A e B2 /N (s il 25 240, win] DR B 98 557
RS il g e RN T 7 A PR e 38 2 BT B R 1)
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FE 3 FOUR A R IR L0 v A 120,y 5 A
e, 2 FBURBEHId A ad R, BB R SlLS
FIIRSE BRER, (5 5 S EEE I AREIL K. 546, ekt
IR 2 I VL A R R S T R BB AT 5 BR L

5 KEHLIEEI A 5 0] R 7 BR (The elimination
of the virtual control singularity problem)
Bt ae i, 7 2 2 A7 S5, EHRE K

(7N &H Kosgn se, FHIFEXw AT RS, 7 T fi#

PRAXAN ), SCHR [27-2913 Hi 7y 38 07 V5. Ji4h, N

IR DRAT 5 R BB AN 8 [ LR AT RE 7 A AR (7],

— AT R A A0 T2 VA o SO A R A

sle, |(sle)] < 1,
sat(s) = {sgn(sle), |(s/e)| > 1.

BRAESOESERE, ABR MO VSR B S, TR LT LA

UEREPMZHIME S . (H Ik R U REMR R AT

5 BRI AN SR ] R R RAN T4 BRI AN ]

e, it AAS SO T fift iR FRAS - bR A S B0 R SR 1

FRIAN T 3 [ L [ IS A R 17 955 BR B AN S 2 ] 7Y,

KU T Sigmoid B B0S He A5 bR 4 30

2

T 1+exp(—as) L G

Herba > 0t AL HOR/N B HE Sigmoid R 4L

RIS B2 PR, R A0 32 1) 301 7) A0 52 B ) A\

HX(@25)%N

we = RYO, — Kyjeo — Kypel/"' —

(30)

sig(s)

KoSIG(se) — AD,), (32)
M = I(—Kglew — K22e‘ZL2’/P2 — Aﬁg—i-
We + I @Iw — K,SIG(sy)),  (33)

Horh: SIG(se) = [sig(se1) sig(sez2) sig(ses)]™, H
SIG(Sw) = [sig(sw1) sig(sw2) sig(sws)]t.
6 i E ¥ (Simulation analysis)

{5 B AR F SCHR [31] 9 X =33 75 H BTN
SEVEE, AT AT RN

ho = 260000 ft, v, = 24061 ft/s,
o =0°, 6 =0°, v = —1.064°,
o = 0°, ap = 12.60°, By = —11.46°,
po = —27.29°, p=q=1r=0(°)/s.
RATERZ RIS FHREN 7 BN
doy = 10* x (1 + sin(7t/125) + sin(7t/250)),
dyy = 10* x (1 + sin(7t/125) + sin(7t/250)),
doz = 10* x (1 + sin(7t/125) + sin(7t/250)).
R R AR AR FRE N

434270 0 —17880
I = 0 961200 0
—17880 0 1131541

P FL AR R A E DU AT = 30%1, A
ER I GIERe S i bri|

p1=pa =T, Ao = Ay = bdiag {1, 1,1},

G1 = G2 =5, A\j1 = A\y; = 9diag {1, 1,1},

A2 = Ao2 = Aoz = A3 = 10diag{1, 1,1},

Ky = K3 = Kg = diag{1,3,1,1},

Ky = Ky = K, = 1.8diag{1,1,1}, a = 1.

i 7 A R K 14, 7y 7 B hF AL sl &2
P2, 25 T REshaS A e 2.

P 1533 7S BUR BRER IR L D0 AR R A
RHAERER T EL, AT LU HH 285 A ih 2 A AR eI ] Ay A
BEMSHIRL WML E S, LI vt (P S
REWS S A HOPRIE L ks L AR E ERER. 1250
BRI 3N A5 A IR ER R 2 I 28 32003
TN EG S AT ARATT AR R AR 2. B4 B 0R
P A NTR e F3 0 S A AN i A7 0 AR A it 2k,
AT UUE AR N 2870 ERHRIS I B,
B P vt A2 A 2% BE 98 A RN T 39 BHIR. Btk RT i,
AR SC R I SRS FE R | st DA R ot AT 1R
LT IR,

18.5F : il :

— B — B4 — B

I s 001} - B ol v R ]
e ]7‘% e 0.00 D
= = 0.02 . I -40[-74.64 . 1
S 170 = 20.01 ™0 o= 1 % 7465 - 4

165+ ~0.04f 002 1 1 < Ey/ 1
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Fig. 1 Response of attitude angle of the proposed control method
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Fig. 3 Response of attitude angular rate of the proposed control method
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Fig. 2 Response of attitude angle error of the proposed control method
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Fig. 4 Response of control input of the proposed control method
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diag{l?l’l}a Koy = Ky = diag{lel}: 4!
p2 =9.
P RN 5-8, N AL AL AL,

PR I B R 4 2 0] LUERUN: K1y = K2 =

22

Yoy T RS A,

- T T T T T T T T 0 T T T I
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Fig. 5 Response of attitude angle of terminal sliding mode control
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Fig. 6 Response of attitude angle error of terminal sliding mode control
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Fig. 7 Response of attitude angular rate of terminal sliding mode control
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Fig. 8 Response of control input of terminal sliding mode control
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