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Control-Oriented Modeling and Analysis of a Hypersonic Vehicle
with Coupled Aerodynamic-Propulsion-Elastic
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Abstract ; Considering the elastic vibration of hypersonic vehicle, and the characteristics of nonlinearity, strong
couplings and uncertainty, a dynamic model for a flexible hypersonic vehicle is developed. Firstly assumed modal method is
used to compute the natural frequencies and mode shapes of the flexible structure. Oblique shock and Prandil-Meyer flow
theory, Eckert’ s Reference Temperature Method and 1-D flow relation are applied for estimating aerodynamic forces,
moment and thrust of the hypersonic vehicle including viscous and flexible effects . Then, the deflections of vehicle body
and aerodynamic characteristics on vehicle surface are analyzed. Finally, a control-oriented model of the hypersonic vehicle
aerodynamic is presented by using curve-fitted approximations. The simulations show that the elastic vibration can change
the flexible mode and aerodynamic layout, and the control-oriented model not only can reduce the complexity of the model,
but also retains physical characteristics and non-minimum phase of the mechanism model.
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Fig. 1 Hypersonic vehicle geometry
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Fig.2 The Flexible vehicle model
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Table 1 The vehicle angel at different mass levels

&/ (kg - m~')  9679.57 7599. 686 5519.85
Aty /(°) -2.1944 -2.3835 -2.8132
Ar, 7(°) 0.5844 0.7047 0.9167

KT A AT R R R R SR, 1B
S KATERIED i Ma = 8,k = 25908 m,a = 1°,8, =
5.8°,5, =5.8°,8, =-7.4°,¢ = 0.6,7, =0.509,
M, ==0.077,n; =-0.029 KM T AT, HETHTA
MG KT M50k Ar, = 0.7907°,Ar, =
0.5672°, HFRMEIMAF R 2 Pim. K 5HET
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R AR T RE AT RS, T & LT &8 A=
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Table 2 The airflow characteristics of the vehicle surfaces

and engine channel

SFg (R RBEE(R/

S FE3 (R

) #y/s(°) ) /kPa
R 8 400. 42 46.35
s3] 7.7/1.5  428.3/447.3  58.58/67.91
O NG| 6.38/6.20 605.22/635.8 162.24/182.19
RHPLADOL  5.44/5.2  798.98/863.33 398.79/484.27
Mpeas 1.95/1.92  4612/4684 3057/2669
EHPLH O 3.96/3.92  1968/1992  135.5/153.41
JER T £ 3.96/3.92 1968/1992  75.57/79.49
BT 7.54/7.47  447/454.6  56.18/56.32
FhpefTG AR 10.02/9.82  261.95/272.5  10.5/12.1
FHEMETT R AR 6.67/6.60  588.9/568.9  151.7/138.9
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N, =~ ¢SCy (Ma,a,8,,8,A7, ,AT,), i =1,2,3
(21)
[HRBAPEZEPETEE IR 3 Fim,
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Table 3 The range of the variables

A Y Ak Fies]
V/(m-s™') 2286 ~3353 5./(°) -20~20
k/m 25908 ~41148 ¢ 0.05~1.5

a/(°) -5~5 A7, /(°) -3-~3

8. /(°) -10 ~10 Aty /(°) )

XoFHLERASEAY Ffy R H S S B , SR I 25 1|1
SIHTRIELE s SRR R A TR R ) R
) REPLE 2T 53518

C, =C/"Ma + Cia + C¥5, + C>8, +

C'Ary + Ci7A7, + C)

C, =Cl'Ma + Coa + Ch**"'MaAr, +
C%GA”M(}ATZ + Cgaeo@e +
C%ad, + C¥ AT, + CX2alAT, +

2 2 &2 o2 62 Q2
Coa +Cps, + Cxo. + C))

C, =Cia + Co¢p + C}*Maa + Cy**Mad +
CY* MaAr, + Citad +
C‘;ATIC\’,A’T] + C‘T”A”([)ATI +
CAIAT? + CaPd +
Cita’d + C7 o’ Ay +
CfA”(fATI + C';AT%aAfi +
CH AT + C
Cy =Ch'Ma + C%a + Chep + C%5, + C5, +
Ci AT, + C5? AT, + CY,
Cy, =Cy'Ma + Cya + C%3, + C8, +
CY'Ary + CyAT, + €y, 1 =1,2,3 (22)
S RPEX R R RIARES B RAS F
RN ZTR R H, TR X RE
AN ERBOPRE R S5 EH B NLRERE
Ko HWITFFEX T RGBT RERT U R4
MIPLE K BE R /N, UPE Rk b 208 T 3 T
BETR, ik T SRR B, B AR R P A
TARITAFE R, 7, PG 2T T
PIBERR SR E RN ELE, IMIEREPE
A 5 RS A S LA TE M X 5 RS AR M
BRSO , R B T R sh— e i —B S5 48 22 1 4
G Heop T BT IS MR SR X IR
H LG T R 4 ~ 8 FiR.

x4 ANREGUASE
Table 4 The coefficients of fits for the lift

AT BUE AT BUHE
cie -0.0078 Ce 0.4526
ce 6.3754 cin 4.5243
(04 0.0404 chm2 -0.8544
(0 0.7604 ») -0.0749

x5 HAORBMEHE
Table 5 The coefficients of fits for the drag

AT TUfE AT A
Cle 0.0227929 cean ~11.9859
cs -0.019642 cgim 2.19907
Clan -0.00771762 ce 8.48039
Cla 0. 00606497 c¥ 0. 948761
Cle -1.95541 % 0. 514945
C3e 1.07448 c 0. 128786
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Table 6 The coefficients of fits for the thrust
A WU WA BUHE
cs -0.1295 for¢3 -113.5513
c$ -0.8081 c -105.2961
(Mo -0.2643 cé 380. 9874
Cllat -0.1369 CePhn -807. 4864
CHfabmt 0.5271 lo-2! -17104.854
Cob 10.2759 ceat 3543.4502
Cobn1 -160.2438 foi] -125392.33
cgAn 5.7604 ch 0.0722

xT IFWAEREEE

Table 7 The coefficients of fits for the pitching moment

AT BE AT B
Cla 0.3927 C% 21.9205
cy 55.9432 cin 31.0326
c$ -0.8856 cin 27.4994
C3 -25.2385 c4 0.8055

x8 T UAREMUEHE

Table 8 The coefficients of fits for the generalized forces

AT B AT BUHE
cye 0.0001 c! 0.0844
CH, -0.5898 Cy? -0.0963
Ci -0.1525 Ch, -0.0011
Cx -0.1233 cxe 0.0009
Cy;! -0.1763 Cx, -0.2427
Cyp? 0.1691 C, 0.0530
5 -0.0058 C, -0.0958
Ce -0.0002 Cyt 0.0511
cs, -0.2255 Ci2 0.0588
C, -0.0869 3, 0.0078
Ch, -0.0926

T KRB S A R R A B, AR Bh
T WEAR S5 B A ) R B — R 2 T SRR
WERR . F=4ERIMNIE 4 ~6 Fis, ha BB
T P15 S 500 A 4 L ot T RS B bR — 3R,
EE ST B 5 p (28 O, FIE REIHE 0.9 LA
b UG SRR B3 /s thAh, TH T B
T HD I FE R =AY SO B G 2T TR
R 2 4 5 29 0. 0773, 0. 01308, 0. 3017, 0. 3455,
0.0086,0.0044 ,0. 004 , L& AL RELF

0 \\ h 9
-0.05 3 8.5
M frag 01 15 s

B4 FHAORBSEALDSHECERE
Fig.4 Lift versus o and Ma

h =25908 m, Q = 05,5, =8, = 0°,
¢ =0.6,Ar, = A, = 0°

BS BARBSLA KSR E

Fig.5 Drag versus o and Ma
h =25908 m,Q =0°/s,5, =8, = 0°,
¢ =0.6,Ar, = Ar, =0°

IR EIE 3

B6 H—T XNRBELUA LR AR RE

Fig.6 1st Generalized force versus a and Ar,
h = 25908 m,Ma =8, Q =0°/s,5, =8, =0°,
¢ =0.6,Ar, =0°
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Fig.7 Poles and zeros map

£9  DFECH 8, RN 25908 m TR PH A
Table 9 Trim at Mach, 25908 m for the model
Rsg BUE NI B

Ma 8 73 /m 0.005494

h/m 25908 8./(°) 11.352
a/(°) 4.6375 8,7(°) 8.2981
7, /m 0.16169 ) 0.51914
7, /m 0.02482

F 10  BEAIBI R B X AR TS
Table 10 The pole distribution and modes of vehicle model

B AR

IS FHLJE te /(rad/s) i
0.0001 -1 0. 0001 S JE 3
-0.0732 1 0.0732 S JE
-2.1x107%£0.018i 0.012 0.018 K &
-0.3949 £19.7398i  0.02 19.7398 H—Brmnk
-0.9557 £47.77551  0.02 47.7755 g w1t R
-1.8964 £94.8013i  0.02 94,8013 H=

11 AR RO DL RRAE ] &, REASRAL AR
B BFES TR E . AT LA AT =B <sh 5
VERRAS RO M A R R B AR Fr 2R o A 3
PRSI SRR 4031 e O READ TR AN L
A 5, [R5 3l B ESATC (R B T A Y
FRIARZS AR S 2 6] RO &

F 11 HERIBRHIE ) B AR
Table 11 The eigenvectors of vehicle model

R 1" B 2" ik 3% ik HEM KA

14 —-0.0521 +0. 00181 -0.0018 +0.00011 -0.1553 +0.0011 0.0528 -0.877

h +0. 00071 0 +0. 00061 -0.1037 -0.0012
y 0 0 0 0. 0002 0. 0001
a +0. 00011 +0.0001i -0.0002 +0. 00331 0.4423 -0.0095
Q 0. 001 -0.0058 +0.00011 -0.3236 +0. 01041 0.4036 0. 4408
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