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Abstract: A state feedback-based method is proposed for design a gliding hypersonic vehicle control system. After
establishing the dynamics model for the gliding hypersonic vehicle, the features of its strong coupling is analyzed. Then, an
improved gliding hypersonic vehicle control system is considered for solving the problems such as external disturbance, wide
parameter variation range and strong coupling during the reentry of the gliding hypersonic vehicle. The robust control system
composed of servo compensator and pole assignment-based stable compensator is improved by adding a state feedback-based
decoupled structure to approximately decouple inputs and outputs of the gliding hypersonic vehicle. Simulation results of
tracking attitude angle commands after random variation of parameters and trajectory commands in wide flight envelope
validate the control ability of the control system, also demonstrate the validity of the design method for the control system of
gliding hypersonic vehicle.
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Fig. 1 The improved control system structure

2.2 fERERE A BOT

AR SO FPIRES B 15 3h 25 gk i ( fR] PROIR 25 B 15t i
) J7 AT AR Rl AR B RSB A —
Pt Er & 77 8 , AR R AT IR AR AR 0 R G A
T B AE RS i AR — B E A A T B S A
B BEEIETR , S5k, 1 MR A 3 AT

AR IR (2) W R RS TSR o IRTS R B A
R APRS R 5 S AR S T3
u=-Kx+Ly (4)
X, K, Hp x n GRS RBHERE L, 2 p x p 4k
NZSHRFE R v g p ESFH R0 & o RS G

FEl AR 1 PR



w2

BRI S 2R D R v, B SR s g Al
(2) BB BB B 5N -

o, = min{k|l cA*'B#0}(i =1,2,-,p) (5)
Hrr, p B i B4 A5 BE AT e BN SR1B
FEFEY RS , 515 R AR RRE AR «

c,A"'B] Te,

L
c,A""'B e,
N T AR O B SRR R AN AR A Sh A M RE,

R TREREEZOR . A PEMBE T REM
EREZ T

al

E =

or =TI G- )
=1
a: * a; -1 * *
= 8"+ Bigys™ A+ Bus +By  (7)
gy e IR

- Y * ar-1 * *
¢, A" +,31(a1—1)‘31A T4 B A + Bye

a, * a,-1 * *
Lc, A% +,8p(ap_1)cpA P+ +BC,A + By,

[cipr (A)
= : (8)
Le,, (A)

HRGM T RABIEER E Ea 5, BIRZER
GERETE , I R 42 o 2 b RS R 1 [ e AR
BT

K,=E'F,L, =E"' (9)
2.3 fAfRFMESFBIT
AR B R, 7SS B TC # 2 4 R A
S BRI AR RS B A A SN R ' S %
MME5y, (1) FSNBIRENES d(1) FFEARERT
AIRERY, R AR X T FR AR BR A AR A5 5 % &R
GEHIR
WA (s), A, (s) RN E) d URSERA
55y MR ZHAW 82K, HR% &
A (s), Ay (s) BRIB/NAERA(s) ,BA(s) HsHIm
WL, B
A(s) =s" +68,s" " + - +8,5 +6, (10)
AP wERR m R RS, BAMER R4 HTE X
E o WERREIE TG BUAE R 40T

BRZEL WA TR AR R 195
0

o -] a
LA DU P P AL
1

HETT A] A IR AME AR RS FE AT
Ac = diag(?’l Y2 ’"'9%') , Bc = diag(ﬂl s ﬂz PR ﬂz)

(12)
2.4 HHEAMESSHBOT
ARG, ZERGHERNT X
X =Ax +By
{ J J (13)
y = Cx

H#1A, = A - BK,, B, = BLyv,
G BRI A, LB, R ZERS
KBERMER KK, , AR RGRE TN

[x] =Ax + B,y + B,y,
x&'

e Al Lol

(14)
HrpaEhlfER v

v=v +v,=[-K Kc][:] (15)

RGN T RE A TP R R KR b
S HFHEARTE s Vi LA B R ER, 8O T s
T RGREIRIE RITERAE R B LN AT EABEM
PRERVERE R ARHMEARBC BIE XS 6 R G (14) #H1T
WEFHMEARICE, BT K, M K (R G4 E HRA
RIFHshSHE6E

RS T R0 BB AT B ) 5 A RGAFE
WECE B EHES RE ST B FHEAR L& : B 56
ST R, IR H R G Re s s B
PR SREELAF K n NERETT R &, 4
BN BB S

S =[b, Ab, - A"7'b, |- b Ab,
A*'p ] (16)

e, w, AEHE S 7 5Lt IO B AR
Ja Xt S SR, BN A R B R AR AT 4 A e A A 1
WEEP IR,

P’ =[q, ¢,A -~ ¢,A"" g,
g, A"

q,A - (17)



196 S

H F35%

RN R R I RGeS A I R AL R AE
M REFE T AL

A=P'AP, B =P 'B (18)
Hr An 458, B Jyr x n 456 F A5 B H &R
SRS R B S , B E 1Y n M A 3R
FHEMR S0 r 4, 53 500K A3 B 0% B A R 47 4R
ZIA:

%‘* = H(S—)ﬁ;)
e

(19)
AR b AT AR 2R AR G A I 1O R AL T B
A" ERHMEARBCE LA, X e A% BRI IE R, — €
FFAERS R RAERE K, R RGE M RGN «
A-BK=A" (20)
B ERBRAERE R BER K5, R RER
ARZ S ] PR S SR B

K = KpP™

* -1 Bl Bl
=5 tay, s o tays oy

(21)

K, K = [ - K K, ], 40 40T e e
pessihf K A K,

3 BERRSERSH

T S RIS B R ] R G B IE R M A
AR, HTT ST EMEHD WITIHE, &8
PE S TREER REMEBMERR, #1T TS
hifm AT E. (FEP A TREPRERER, X
RATES AT FAAC R T A0 T BRI -

-20° <5, <20°, -20° <§, <20°,
-30° <5, < 10°
3.1 HRREERGE

FEFPFRENIE EREBURRE A : H = 36 000m,V =
3127m/s, B = 0°,0 = O° A E W HRET 2 4545 &
iAo =10°, B =0°,0 = 0° MG BRGNS 5, 1
KEAEAPDNREEE SRS L, HERMmREER
BT RME; 5 4 DA EHRERWA o = 10°, 8
= 0°,0 = 20° WIBTBRIURN(E S 5 I8 WATas A
BREENIETR, E6Q2), EHESE M
ABSPR I ETHRE R ES T

X =Ax +Bu +d

HAoZ B fE5 AL, BUELT

AM, AM, AM,

I 1, I
=[0 0 0 3 3 3]7(/s) (22)

K AM (i = x,y,z) NIFERRIRR =8ISR T

BT, = x,y,2) B CATERAHXT R AR AR R =4

RN E .

B’ 2.8 3 AR R G E A R L

35

d=[0 0 0

]T

]

301 — s
25

~ 20}

N
1

&, 5

ﬁ 10

B2 SR R T 25 A WA i 2R
Fig.2 The attitude angle responses of unimproved

control system

25

—— gy

[
(=3

BEMA/C)
w o &

B3 St JE 1 R ST 25 A WAL i 2%
Fig.3 The attitude angle responses of improved

control system

I 2 AR ZEAN SRS AR IR DL T, Ok R4
H ARG EIRBEME AT Ar BB P IR B AR 4, (2
HH T i AV T -5 R ™ EE AR S R R, A
A LRSI 50% B 38 22 LM ¥ B4 ok 1) 7Y
P& T & 3 TR, 225 A il a , otk ia 1)
I RGEAESN TSI AEIH O T REf AT AR LR
PR M BR B A B S, 15U A R 3R R i o) 0%
B PR B BRI 408 T 50% , 45 I 35CR 15 8] T B



w2

BREEE WA EE R TR NSRS R B G 197

BHE,
3.2 PimE R E
FERRFRORZS 5 B 2Rl |, 3813 WCG BHR
BN, EARERKE WCC FEMIBLT 21k
RPEBRAISE, BRARRFEER R EER 6
MRBFESEm)y ,ml ,me me ml: LR KR po
SR mTE D RIEE p A0 E B BN
+50% , HARSHAHELE IRl £30% . %3
BRL 16 ) R B B M SR B4 R 0

&l 4 Ftns o
.20 g
<10}
&
2 0 L . . . . . : . .
0 2 4 6 8 10 12 14 16 18 20
tls
ST R
~
& 0
= T
g-S
0 2 4 6 8 10 12 14 16 18 20
tls
40 g g T g
~ N DA
§20 [qv
E 9 s . . . . : 5 ;
=
= 0 2 4 6 8 10 12 14 16 18 20

t/s

B4 IS SECRR O Em R i 2
Fig.4 The attitude angle responses after random

variation of parameters

R 4 IR, S M S BRI IGO0 T, UM IR
ER IR R IR KA 1% 3, (H I Soa BEAR R, R 25
WRZENE M A 90 B —RE PR , WSt 1) A P
B R R R (BT AR AR R AE 4° LA ; 1600 £A A
KRB 25% K FE A&, 98 55 i 6] A B 3, (B 25
3.3 2HBiE
7 T A 3 e A P R RAT A A R X i A
RSB S ERIR G, AR P RS A A
W, N RAT 3R B AARFR L o K AR PR L &
a3 VAN BB, 2 SR B — S R SR, AT R
WS B BRI B, B B R AT R JRLR
FELRPEBY AR, TRATHE B S AR AR B B X
FLAnfE S ~ 18 9 BiR o
EBA TSR, W7 B 60km [ 3
18km, "WATHEE M Ma22 [EE] Ma5 . g1/ 5 ~ 5] 8 A]
L, FERA L N EPLE SR E T B3 B2 A
B0 £ RIS WL BB L0 T, 25 A P A B Y

30

25

201

15¢

B /()

10}

5

0

0 200 400 600 800 1000 1200
tls

B5 2PulBURE s
Fig.5 The attack angle response during the whole flight

0.3

0.2f

s /(")
& S °©
1Y — o -

&
w

&
£

200 400 600 800 1000 1200
tls

Bl6 Bl L
Fig.6 The slideslip angle response during the whole flight

80
70

60

50

T 40
~
£ 39

g
=20

730 8(')0 8l20 84.10
10

: ==
— 1

-10

0 200 400 600 800 1000 1200
tls

B7 B e £
Fig.7 The heeling angle response during the whole flight

BRENE BE - 2500 Hh O B i 22 2 A O 0° 5 Bl £
AR ZE/NT 1o MW A fR 2 - 0. 4°, 1 2
R 4 O 22 PRASFAE = SC LA TAEEESR . H & 9 AT
0 e dn f e B 07 KA AR PR TREESR, B
R, XUHETRER BT ER RERA



198 T

F35%

y/m

B8 =B

Fig.8 Three-dimensional trajectory

Redwss /(7))

. . . . .
0 200 400 600 800 1000 1200
tls

B9 aBulheinffEimL
Fig.9 The control deflections response during

the whole flight

FERKITREMEE | RAF M sh 1k RE K g atEBE , BESC
U A R AT A R B R A X B R
EE%‘EO

4 &5 it

BT R0 R A R AT AR SRR S M, X —
REPX BB H RE ST T iR AETEEETT
R, BEt T WITHRESERRE HHET T RE
RUTERRBLEE2PE ITHERY., ZREM,
ot Ja IR R A RER O sh A sh, B
FUCE TEWRGEAERMAE H LT MEHMCR; 78
EHARGEAT, “ITRERELRNEE RIFHH
EERERTERE o

2 £ X W

[ 1] Hanson J M. Advanced guidance and control project for reusable
launch vehicle[ C]. AIAA Guidance, Navigation, and Control
Conference and Exhibit, Denver, USA, August 17 —21, 2000.

(3]

[4]

(6]

(7]

[8]

[9]

[10]

[11]

[12]

HH, DU, ERE. s A g ATk
AR RRE[)]. FREM, 2010, 31(5): 1259 - 1265.
[ Huang Wei, Luo Shi-bin, Wang Zhen-guo. Key techniques and
prospect of near-space hypersonic vehicle [ J]. Joumnal of
Astronautics, 2010, 31(5) : 1259 - 1265. ]

Rodriguez A A, Dickeson J J, Cifdaloz O, et al. Modeling and
control of scramjet-powered hypersonic vehicle; challenges,
trends, & tradeoffs [ C]. AIAA Guidance, Navigation, and
Control Conference and Exhibit, Honolulu, USA, August 15 -
18, 2008.

Fidan B, Mirmirani M, loannou P A. Flight dynamics and
control of air-breathing hypersonic vehicles: review and new
directions [ C]. 12th AIAA International Space Planes and
Hypersonic Systems and Technologies, Virginia, USA, Dec. 15
-19, 2003.

Hanson J M. A plan for advanced guidance and control
technology for 2nd generation reusable launch vehicles [ C ].
ATAA Guidance, Navigation, and Control Conference and
Exhibit, California, USA, August 12 - 16, 2002.

Bahm C, Baumann E, Martin J, et al. The X43A Hyper-X
Mach 7 flight 2 guidance, navigation, and control overview and
flight test results[ C]. ATIAA/CIRA International Space Planes
and Hypersonic Systems and Technologies Conference, Capua,
Italy, May 16 —20, 2005.

Georgie J, Valasek J. Evaluation of longitudinal desired
dynamics for dynamic-inversion controlled generic reentry vehicles
[J]. Journal of Guidance, Control, and Dynamics, 2003, 26
(10) . 811 -819.

Hall C E, Shtessel Y B. Sliding mode disturbance observer-based
control for a reusable launch vehicle[ J]. Journal of Guidance,
Control, and Dynamics, 2006, 29(6) : 1315 - 1328.

Recasens J J, Chu Q P, Mulder J] A. Robust model predictive
control of a feedback linearized system for a lifting body re-entry
vehicle [ C ]. AIAA Guidance,
Conference and Exhibit, San Francisco, USA, August 15 - 18,
2005.

TR, AL, FHC —FhE s e AT
MEH L] FMaRmR, 2011, 32(5): 1100 - 1107.
[ Zhang Jun, Zhao De-an, Wang Mei. A robust decoupling

Navigation, and Control

control law for hypersonic vehicle[ J]. Journal of Astronautics,
2011, 32(5): 1100 -1107. ]

fERG, AE, WIE BHREA TSRS AN
R 7 YBR[ D]. SHRPLOF L, 2011, 28(11) .59 - 63.
[ Xiong Song, Zhou Jun, Hu Wei-jun. Research on adaptive
decoupling control method for hypersonic vehicle[ J]. Computer
Simulation, 2011, 28(11) :59 -63. ]

i, Mk, P RTSBASME B AR T A
WS LT]. FEHFR, 2011, 32(11); 2305 —2311. [ Li



w2

BREEE WA EEEE

ATARRELAR SR

199

[13]

[14]

[15]

Hui-feng, Xiao Jin, Lin Ping. Modeling and analyzing of
common aero vehicle with parametric configuration[ J]. Journal of
Astronautics, 2011, 32(11) ; 2305 -2311. ]

Keshmiri S, Mirmirani M D, Colgren R. Six-DOF modeling and
simulation of a generic hypersonic vehicle for conceptual design
studies [ C]. AIAA Modeling and Simulation Technologies
Conference and Exhibit, Rhode Island, USA, August 16 - 19,
2004.

RO SRR EEE [ M. b5t HUBR Tl 3 AL, 2009
192 -282.

REAT, ), PRz SRS R B TR 2 A
EIURIARTOTT]. B SH 24, 2011, 31(3) .25
-28. [ Xiong Ke, Xia Zhi-xun, Guo Zhen-yun. Decoupling

design for autopilot using multivariable frequency domain

[16]

approach for bank-to-turn hypersonic cruise vehicle[ J]. Journal
of Projectiles, Rockets, Missiles and Guidance, 2011, 31(3):
25-28.]

Marcos A. A gain scheduled H-infinity controller for a re-entry
benchmark [ C ].
Conference, Toronto, Canada, August 2 -5, 2010.

ATAA Guidance, Navigation, and Control

YEH RS

FRE(1965 - ) , 5, 88, LA I, EEMNHH KT
251N A ST R

WAF AL VY Z P Tk KA 251 546 (710072)

1,35 : (029) 88493685

E-mail ; jjluo@ nwpu. edu. cn

(iE:EIE)



