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Review of the characteristic model-based hypersonic flight
vehicles adaptive control
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Abstract: Tsien Hsue-shen proposed the terminology hypersonic in the paper “similarity laws of hypersonic flow” for
the first time in 1945. Hypersonic flight vehicles have strong military and civil application prospects, where the control of
hypersonic flight vehicles is one of the key science and technology problems. The researches of hypersonic flight vehicles
have made great progresses; while there have been great difficulties in the test of them, for example, X-51A and HTV-
2. This phenomenon has to trigger us to think profoundly. The restriction of the research of aerodynamics results in the
current dynamic models with significant uncertainties of structure and parameters compared with the true vehicles, which
restricts fundamentally the research of its control theory and approach. And the complexity of the hypersonic dynamics
results in the complication of the control method in engineering. Hence, for the hypersonic flight vehicle control problem,
we need to the study the interdisciplinary of aerodynamics and control and the adaptive control apt to the engineering.
For the above problems, we have done some researches. A three axes coupling hypersonic flight vehicle model analogy
X-20 and its aerodynamic model were constructed. Combining the engineering, the control was research according to the
table type of aerodynamic data. The characteristic model has the important advantages with strong coupling and without
analytic dynamic equation. In recent years, characteristic model-based control of hypersonic climbing, gliding and reentry
have been researched. In this paper, we shall first introduce the characteristic theory. This review of the characteristic
model-based control of hypersonic flight vehicles is followed. Finally, conclusions and future work are summarized.
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Fig. 1 Schematic of characteristic model-based adaptive control
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A DO, BN T AT S B, Ao
ST T M RIRE T RER S, S 800 LU
TR,

XTI 3)BET T HEA TR IR s s it
SERCEA T EARI, BRI (13), FEAFAE A E TR
NEHT T HCA R, ARETEAES: 1) B R
HifwiZz: £30%; 2) BIFHJE IR 22 £50%;
3) BRI 22 £10%; 4) K TH M7 45 km
LN E E 15%, 70 km i B LA EHL£30%, 45 km
~70 ke BEAZ AR 307 L) WL B v R
TSI TR HAR, BARR G
3.2.3 B4 FIH I P AR E P (Closed loop

stability of golden-section control)

REAEASE R 1) SR B AT S AR (¥, 3% HUR F 427k
DX Ta] I AR R GBI 4 HH s <pr o B ) B A M 4%
1.

F & A ATAR RS TR, HE
MEEE ARG HA W T B

(

)

— CDj

alk +2) =
Fri(k)alk +1) + fia(k)a(k)+
g1(k)oa(k) + f1(5, 8),

Bk +2) =

fo1(k)B(k + 1) + faa(k)B(k)+ (15)
g2(k)op(k) + fa(a, 9),

ok +2) =

F1(k)p(k + 1) + fao(k)p(k)+
G3(k)0s(k) + fs(a, B).

o R A AR TR g JEAR AT S0 s (15) Y R B A AE
e B A4y E R, T DS B 05) I IR

X(kﬁ + 1) = A(k)X(k) + F($1,$2,$3), (16)

Ak) 00
Ak)=1 0 Ayk) 0 |,
0 0 Ay(k)
1
Ai(k)=| 7 o .|, i=1,2,3,
| fio — kil fiz [ — Kilufir

F=00fi0f0f"
S Gi .
Y Gio+ N2’ 1=123
E 2 HEmEAEH TS HLs)
ERGS), e BIEHQHTEEIT, FIS R
A A6). WRAFAE— N KAEISH] ho fH15
X(k+1) = A(K)X (k)

SEFRHUARE I, W RAE IR < holt, 2 (16) R
3.3 i K KL EAT 2 BN 8 P (Space
shuttle-like flight vehicles reentry control)
T & 51 PR A ] 84 R (Preliminaries and
problem formulation)

AT IR [N, FR R kAT SR s
ATHE HHEEN L B B H RIS AT R U AR JR
Y IE HE N HUER RS, IRl i KR R,
LA FIHER FI R, BN AR 2 A
BUT SRR AAS 52 3R, 180 4n o i 1k S FL AR A,
AT R UL AR SR AR A L S5
P AR MR (R AR AL A5 BRI B PN 22 e 72
SR I AR AK, | A ) i O FNHRERE 1 SE 35 LR A% A
AR B R DAY S b s R W7/ e B SN 1 £
HH R BRSSP S LT R A IR EAN
T 1, B35 KR P 22, XS BRI I 225 4]
IRSC I 245 IR PR BRI AR S AN e F AR )
BIETRAT. A T D IX L IR R ) R, RN
ARG A SRR B R O),

WK WAL AT 2P IHEEB TTREA

331

h =wvsin#,
SCpv?
=" 277]2” —gsind, (17)
- pSCLv gcos  wcosl
f=——coso — ,
v r

Forp AR YU S ILSCHR [33], AR 2> %5 8 AE — €
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R R, BEbF S o, B2 B DR as(k) = —1 — a1 (k)AT,
. B(k) = b(k)AT?,
332 M FHFGERE R 0 E 38 S A R ay(t) = 200 _ 2y

(Characteristic model-based adaptive guid- A Dq vo

ance law design) b(t) = (_2% _ hi) %07

AT AP L AR R =, R B S % L) UOQ N )

W SRS AN, s I A ao(t) = Do _ 20my B9,
IPET AT AR B R ) AL, S T AR B D, Y0 Yo

HIPE AL, TR KR WU R, IR R ST
Je b, AR R PRI Sk
TR I 08 Y 2 ) AR R R 2
e AV INE BRNE s R N = By MV S 115 S
S N 5390 Aw = (CL/Cp) cos o fily = ap,
Forbrap R B g B2 . A AR A R T DA
45?07)5’]%@1‘%“.
y(k +2) = aa(k)y(k + 1) + aa(k)y(k) +

01270 4gap, 2ap,
C%O B vg vo = hs
FRROFK IR A FAT N AR AR FUE W EUE, ATHRRK
FERIM, a1, a2, B € D, DAER@) 5 H e . FIH
BOU B B GOHRZ aq, o, B, HFIREE R
Kby, GG HETT T TR AR R (18) I & 1

uQ-.

Bk)u(k), (1g)  FEb
Hrh- u(k) = up(k) + unrp (k) + ur(k) (19)
ai(k) = 2+ a1 (k)AT + ag(k)AT?, BAEYERFERER
dp. ap, _ 98DyDo _ 2a},, | 2ap,g’ _ 2ap,g  ap,vo° | apeg ap,Cp, _ ap,Ch,
0 apg, Vo ’U()2 ’1)02 o hST’O hs CDO C%

’LLQ(/{?) = 3 D) o,
2gap, ap,
hs

AREMER I T B 3.3.3 AL &0 B IR A E TE(Stability of

unr(k) = nonlinear golden section control)

—[kp(k)y(k)+Kp(k, y(k))(y(k) —y(k — 1))],
kp(k) = [ldn (k) + lado(k)/B(K),
Kp(k,y(k)) = ka(k)(mly(R)" + n2),
ka(k) = —laao(k)/B(k)
MR
up(k) =
{ui"(k‘), v1 — Avp < v < 1 + Av,,
0, FoAty

i=k—N
ky =
ki y(B)[y(k) —y(k —1)] >0,
krgs y(k)y(k) —y(k —1)] <0,

oAt vy IR S B I3k 5 h 2 75 28 1/ e 4 0t
RIS, > 0, m2 > 0, p, N, Avy > 0, Avp, >
0, kyy = kyp = O S4LL

X B LTI A% Lyapunov £2E PR B 25 H 76 5K
AFEHI N A8 HIFeE PEALE. B b ok 4
1.

Big1 B0 < e, < B(k)/B(K) < 2
B2 [y < M, MOyEEUR.
e
fi(k) = —on (k) + ggg[zlal(m 4 Ly (k) —
ladia (k) (mi|y (k)" + n2)],
f2(k)=—a2(k)+g§g[lde(k)(m!y(k)!“Jrnz)],
Af(k) = frlk+1) — fi(k),
Afa(k) = fo(k +1) — fa(k),
A(F2(R) = F2(k+1) — F2(k),

(

A(f5(k) = f3(k+1) — f3 (k).

3 W SR BE LR T, M)A 2R 1 f 4y
T A F H A N PE ISR, 18— Bk
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5 N A H31 4

FesE 7870 251 A
M — \/qll(k‘)cpz(k‘) — g < —€1Af1(k7) <

2
N (k) + \/Qll(k)QQQ(k) — 4,
A(f7(k)) <
—f3(k+ 1)+ (1+ 281 — 0a) fE(k+1) —
filk+1) + 02 — 61 — baa,
A(f3(k) < (1—=62)f5(k+1)—
fHk+ 1) f5(k+1) 4+ 61 — 611,
/ﬂ\:':'ji 0<51<52, 0<(511, 0< 622, 0< 5 < 511622,
01
NCITA (k) [ _E5E,

Ny (k)=—2p12(k+1)—2[p1a(k+1) fo(k+1)—
pa2(k+1) fi(k+1)f2(k + 1)),

O0<er <

q11(k) = p11(k) — poa(k + 1) f3 (k + 1),
q12(k) = pra(k) + pra(k + 1) fo(k + 1) —

paa(k+ 1) f1(k+ 1) fa(k + 1),
q22(k) = paa(k) —pr1(k +1) +

2p12(k + 1) fi(k +1) —
poa(k + 1) fi(k+1).

4 R 45 (Conclusions)

ASCEERTN 3T T AL HL 9 R A A AN
PEmnl T AT A TR FE N
JUBERE. Rt DO DAL R G TR LA
R BRI, AR [ I Bk R i (1
e A AT AR AR A S A R )i
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