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Abstract: Since the subsystems of aerodynamics. propulsion, structure and so on in hypersonic vehicles involve
characteristics of nonlinearity, strong coupling and uncertainty, and typical hypersonic vehicles adopt slender-body
and wave-rider layout with widely-used lightweight materials, the accuracy of the modeling with a conventional rig-
id-body assumption is challenged. Therefore. a nonlinear mathematical longitudinal model of a hypersonic vehicle
is established with its geometry provided to estimate aerodynamic force and thrust using hypersonic aerodynamics
and quasi-one-dimensional flow with heat added and capture vehicle aeroelasticity using a single free-free Bernoulli-
Euler beam model. Then the static and dynamic properties of the rigid and rigid-aeroelasticity coupling model are
compared via theoretical analysis and numerical simulation under the given flight condition. Finally, a LQR con-
troller for rigid model is designed and the comparable results are obtained to explain the aerolasticity influence on
the control effect. The simulation results show that the aeroelasticity mode of slender-body hypersonic vehicles af-
fects short period mode significantly and it cannot be simply neglected.
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0 Introduction new generation of hypersonic vehicles commonly

uses lightweight flexible material, and its aerody-

Hypersonic unmanned vehicle is an un- namic shape is generally elongated body, having a

manned aircraft that travels at high speeds. The waverider layout. Special structure and aerody-

term hypersonic refers to speeds faster than five namic layout result in the low natural vibration

times the speed of sound or Mach 5 at altitudes frequency of hypersonic vehicle structure obvious-

higher than 20 km. An "air-breathing” hypersonic
vehicle takes oxygen from the atmosphere rather
than having to carry it in the form of fuel oxidizer
during flight. It can increase the effective load ca-
pacity in the same state of take-off loads. The air-
breathing hypersonic vehicle provides a promising
technology for low-cost and time-saving flight
both in commercial and military fields”.

The vehicles become more complex because
of the profound coupling among aerodynamic and

[2]

propulsive phenomena At the same time, a

ly, where the structural flexibility of the airframe
or the aerodynamic surfaces for aircraft attitude
control increase greatly™. The longitudinal dy-
namics of a classical hypersonic air-breathing ve-
hicle is established with rigid and aeroelasticity
coupling based on Lagrange equation''’, called
the Bolender and Doman model. An overview of
scramjet-powered hypersonic vehicle with aero-
elastic-propulsive interactions modeling and con-
trol challenges is studied”*. And then, the fur-

ther work for the model simplification is imple-
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mented for model-based control"™. Typically, a
linear parameter-varying (LPV) version of the
model is developed for robust control design, and
a novel LPV regulator design methodology is de-
veloped considering the case of over-actuated™.
A controller for flexible hypersonic vehicle is syn-
thesized using H.. LPV techniques, where a least
squares optimization is performed on the tracking

U7 Meanwhile, other control methods

error state
for flexible hypersonic vehicle are developed. A
suitable controller formulation for trajectory
tracking of a hypersonic vehicle is derived, which
explicitly accommodates nonlinear constraints in-
volving both state and control variables!'®?. How-
ever, no literatures further explore the interaction
between rigid and aeroelasticity modes.

Here a dynamic model of rigid-elastic cou-

The

body surface aerodynamic force of the vehicle is

pling of hypersonic vehicles is first built.

estimated based on oblique shockwave theory and
Prandtl-Mayer equation. A quasi-one-dimensional
Rayleigh flow scramjet propulsion model with
heat increase is used to estimate the engine
thrust. In addition, a typical elongated waverider
configuration can be approximately considered as
a single free-free Bernoulli-Euler beam, where
longitudinal vibration of partial differential equa-
tions with viscous damping is used to establish
the equivalent elastic model of the vehicle. Sec-
ondly, the static characteristics of rigid body and
rigid-aeroelasticity coupling body are compared in
the Matlab simulation environment. The dimen-
sional derivatives of short period mode are ana-
rigid-aeroelastic

lyzed between the rigid and

body, and further the dynamic characteristic of
both body is simulated. Finally, according to the
rigid model, a LQR controller is designed for the
rigid-aeroelastic coupling model. Simulation re-
sults show that the aeroelasticity of a hypersonic
vehicle of slender waverider configuration has a
more significant impact on the short period mode,

which cannot be neglected.

1  Modeling of Hypersonic Vehicle
with Rigid-Aeroelasticity Cou-
pling

1.1 Geometries of typical hypersonic vehicle

A typical waverider is selected as a hyperson-
ic vehicle configuration, as shown in Fig. 1.
Scramjet engine is placed on the lower abdomen
of the airframe. The lower forebody considered as
the external compression section of the inlet could
pre-compress the air to improve the compression
ability of the incoming flow. The lower surface of
aftbody in relation to the external expansion sec-
tion of the nozzle could increase the propulsive ef-
ficiency without generating induced dragt''.

The geometric parameters in Fig. 1 are de-
scribed as follows. xpozg is the body-axis coordi-
nates. 7y, and 7, are lower forebody turn angle
and upper forebody turn angle with respect to xp
axis respectively. ¢, is aftbody vertex angle. L;,
L, and L, are the length of forebody, engine and
aftbody respectively. Obviously, the total length
of the vehicle is L, =L+ L, + L,.

height of the scramjet engine.

h; is inlet

= 7
Mé’_(x’\*:_[é
=~ ~ _ Reflected shock _ ~ ~
Oblique shock ~ -7

Fig. 1

Shear laye

Geometries of typical waverider
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1.2 Aerodynamics of hypersonic vehicle . 1+ 7 —1 Ma?.

In order to obtain the required aerodynamic Tﬁ T (8
o4t M z

for modeling, oblique shock and Prandtl-Meyer
expansion theory could be used to estimate the
surface force in the study of hypersonbic vehicle
modeling. In different flight conditions, the
shock effects on forebody, the engine combustion
chamber and the aftbody expansion surface of the
hypersonic vehicle are considered. The force on
the surface of the vehicle is estimated by studying
the flow relationship between the shock and flight
state.

For the hypersonic vehicle configuration
shown in Fig. 1, attack angle is «» and lower fore-

If flow
turn angle §,=a+7;,==0°, oblique shock theory is

body turn angle related with xy axis is zy;.

used to estimate the pressure on the surface of

forebody P, and temperature T,

2cotf, (Ma?®. sin“B — 1)

tand, 7Ma (y+1—2%1nﬁ)+2 @D
1+ smﬂ
Ma  sin(B, — 8,) = - )
}’Ma?sinz‘&—yT
P

2y N
=1+ +1(Ma csinB, — 1) (3)

P.

T, P, 2+ (y—1Mad> sinzﬁS

T. P. (y+1Ma’ sin® B,
where Ma.., P.., T.

pressure, and static temperature, respectively;

(€Y

are the Mach number,

Ma,, P,, T, the Mach number, pressure, and
static temperature, after the flow through the
shock, respectively; y the heat ratio; and g, the
shock angle.

Otherwise, if the flow turn angle §, = a +
711<<0°, then the expansion wave appears on the
forebody surface of the vehicle, and Prandtl-Mey-
er theory could be used to estimate the pressure
on the forebody surface of the vehicle!®!?). Let
0= —90,. airflow parameters (Ma,, T,, P,) after

the expansion wave is

v(Ma..) = /7+ arctan(\/erl(Maigfl))—

arctan(y/Ma? — 1) (5)

V(Ma) =v(Ma.) +3d (6)
y =
P, L
C M

where v (Ma) is the Prandtl—Meyer function,
whose value is determined by the heat ratio y and
the mach number of the airflow.

Therefore, the pressure on the lower fore-
body can be resolved along with the x and z body-

axis components

F‘I-.f :*PsttanTU (9)
Fz.f:*Pst (10)
M;=x=F,—xF. QD)

where L; is the length of forebody shown in
Fig. 1. (a1, ;) the coordinate that is the aerody-
namic center of forebody with regard to the air-
craft center of gravity.

Similarly, the aerodynamic force and mo-
ment on the upper surface F,. ., F.., M,, the
aerodynamic force and moment on the lower sur
face F.,, F.,. M,, and the aerodynamic force
and moment on the control surface F, ., F..-
M., can be obtained by oblique shock theory and
Prandtl-Meyer theory.

It is noted that when airflow entering the en-
gine, the airflow direction will change from paral-
lel to the forebody to parallel to the engine axis.
This is because the flow will get through the new
shock layer. Here a single reflect shock is used to
Using Egs. (1—4)
and the oblique shock theory, the further com-

model the new shock layer.

pressed airflow parameters (Ma,, T, P,) can be
obtained, here, Ma, is the Mach number of the
compressed airflow, T, the temperature and P,

the pressure. Thus the additional force and mo-

[4]

ment are-
F.we =yMai P, [1—cos(zy,ta) h; (12)
F. e =yMai P, sin(z,,, +a)h; (13)
Mo = Zintet F o inter ™ Zinter F e e (14)

where h; is the height of engine inlet, (i s inie)
the coordinate of the flow turning point with re-
spect to the center of gravity. Besides, the flow
engine nozzle exhausted will expand and form a
shear layer as a result of generating pressure on

the aftbody. According to Prandtl-Meyer theory
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and shear layer approximate pressure formula™

P‘ InP./P.
F..= (PP )71tan(rg —+ 71,)
(15)
o P. InP./P.
Fo==P Ly pppy—1 19
M, =zF,,—x.F., an

where (x,, z,) is the coordinate of aftbody aero-
dynamic center relative to the aircraft center of
gravity and P, the pressure of the inner nozzle of
the engine.

According to principle of force synthesis, the
aerodynamics effect on the airframe axis x and =
of the hypersonic vehicle are
F.=F, +F, ,+F, +F, .+F .+F. . (18
F.=F. +F.  +F. +F .+F.+F.. (9

The lift and drag force expression by coordi-

nate transformation are as follow

L =F,sing — F.cosa (20)

D =—F,cosa — F.sina 21D
Aerodynamic pitching moment is

M=M;+M,+M,+M,..+M,+M,_ 22)

1.3 Thrust of hypersonic vehicle

A quasi-one-dimensional Rayleigh flow with
heat increase is used to estimate the scramjet
shown in

thrust of hypersonic vehicle, as

Fig. 2. The engine model comprises three
parts: a diffuser chamber, a combustion cham-
ber, and an inner nozzle, that is, parts D@® in
Fig. 2, respectively. The fluid in the diffuser and
inner nozzle is assumed to be a one-dimensional
entropic flow, and the fluid in the combustion
chamber is characterized as a one-dimensional
flow with heat increase in the tube with the con-
stant area. In this paper, only the stoichiometric

ratio ¢ is considered as the engine input, and dif-

fuser area ratio is fixed value A,=1.

Reflected
shock .~ 4,

AT=1(¢)

Fig.2 Schematic of scramjet engine

In the diffuser, continuity equations (mass
conservation) is applied to calculate the Mach
number Ma, , temperature T,, and pressure P, in

the diffuser exit

1 b

N

<1+7y;1Ma§>kl <1+7y;1Ma%>771

—A} : (23)

Ma? d Ma?

1+%1Maf
T.=T | —— =7 (24)

1+7TMa§

117 . Yy |7

});1 — ljl 4““““““ii4444447 ( 22 5 )

1+ 2L Ma?

where A, ﬂAZ/AI is the area ratio of the diffuser.

Furthermore, the stagnation temperature at the
entrance to the combustion chamber is obtained

as

T. 7<1+y Maz)Tz (26)

In the combustor, liquid hydrogen (LLH2) is
the fuel. f and f, are characterized as the fuel-to-
air ratio and stoichiometric fuel-air ratio of liquid
hydrogen respectively, so the stoichiometric nor-
malized fuel equivalency ratio of fuel combustion

def
in the combuster can be defined as ¢ = f

s CON-

st
sidered as the engine control input. The tempera-
ture increment of the combustion chamber is de-

termined by the follow equations

AT:AT(TtZ7¢’Hf’77c’cp’f‘"):<%> .

(M—th) 21

cy
where H;=119 789 kJ/kg is the heat of reaction
for liquid hydrogen (LH2), 5. =0.9 the combus-
1 004. 832 J/(kg « K) the

specific heat of air at constant pressure, f, =

tion efficiency, ¢, =

0.029 1 the stoichiometric fuel-to-air ratio for
LLH2. Once the temperature increment is con-
firmed, according to classic one-dimensional Ray-
leigh flow relationship, the Mach number Ma;,
temperature T3, and pressure P; of the combus-

ter exit are easily obtained™”.

Ma; (Hy%lMa%) :Ma§ <1+%1Ma§)

(yMa?+1)* (yMai+1)* +
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(Wﬁ\fiﬂn)% (28)
= ZGi;ﬁZJZ(AAﬁZa)Z (29)
P :PZGi%Zz) (30)

As it is assumed that the inner nozzle of
scramjet engine is isentropic, the diffuser area ra-

tio A, can be substituted into inner nozzle area ra-

. def Ae .
tio A, — AL and airflow parameter (Ma,, T..
3

P.) of inner nozzle exit can be obtained according
to Egs. (23—25). Ignoring the fuel flow rate,
theorem of impulse is used to get the engine

thrust formulal®

T=m,(V.,—V.)+(P.—P.)A.— (P, —P.)A,

31
where m, is the flow rate of air through engine,
V. the flow speed of engine exit, V.. the flow
speed of free flow, P, the pressure of engine inner
nozzle exit plane, A; the area of engine inlet, and

A. the area of inner nozzle exit plane.
1.4 Aeroelasticity modeling of hypersonic vehicle

The typical hypersonic vehicle is slender
waverider configuration, which is approximately
equivalent to a single free-free Bernoulli-Euler
beam. The bending vibration differential equation

of a single free-free Bernoulli-Euler beam is™"-

{oA 92w+ 92 (EI (’)hw):f(x,t) _dm(x,t)

ALt dx’ dx

(32)
where f(x,1) and m(x,1) are used to denote the
external force and moment distributed on per unit
length beam, respectively.

The method of variable separation is applied
to solve Eq. (32). Introducing principal coordi-
nate transformation, the natural frequency
w(x,t) can be expressed by the natural mode of

vibration @; (x)

w(x,t) = D @,(x)7, (1) (33)
i=1

where 7,(2) is the corresponding generalized coor-
dinate of the ith order natural mode of vibration.
The orthogonal property of the natural mode of
vibration is utilized, and the effect of viscous

damping is considered further.

The differential equation of normalization
concerning the generalized coordinates »; (£) can

be expressed ast'"

771(t)+25w17]1(l‘)+w,27],(t) :fl(t)/M,
i:17273"" (34)

l
where M, :J pA®? (2)dx is the quantity of vibra-
0
l
tion mode. f; (1) :J [f(x, )P (x) +m(xst) »
0
@, (x)]dx the force of vibration mode. Here the
corresponding f(x,2) and m(x,t) are the aerody-
namic force and distribution of aerodynamic mo-
ment, respectively.
The deflection angle of beam is used to sub-
stitute the transformation, and the deflection an-
gle at x place and ¢ time can thus be expressed

as[loj

aw(xst)

Ep (35)

O(x,t) = tanf(x,t) =

The method of separate variable is utilized a-
gain, and the corresponding deflection angle
0. (x,t) of the ith order natural mode of vibration
can be expressed as

0.t) = [0,y (0] =922 ()

(36)

The elastic deformation on the tip of nose of
the airframe will change the attack angle of the
aircraft, and the elastic deformation on the after-
body of the airframe will change the deflection an-
gle of the control surface correspondingly'**!. The
change in the forebody attack angle can be ap-
proximated given by the deflection angle on the
end of the craft nose §; (0, ¢). Considering the
first three-order of vibration mode, the corre-
sponding attack angle change is Aq. Similarly,
the deflection angle of aftbody control surface
0;(x; »t) approximates to the change of control
surface attack angle, and the corresponding
change of control surface angle is Ad.. So the at-
tack angle and control surface after elastic de-
formation change to a=a,— Aa and 8. =8... — Ad. »
where the subscript "r’ means a situation of rigid
body.

The assumed modes method (based on a

global basis) is used to obtain natural frequen-
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cies, mode shapes, and finite-dimensional ap-

6147 Tt results in a model whereby

proximants
the rigid body dynamics influence the flexible dy-
namics through generalized forces. When the as-
sociated beam model is assumed to be made of ti-
tanium with a dimension of 30. 48 m in length,
0.244 m in height, and 0. 304 8 m in depth, the
nominal modal frequencies are wy = 22. 2 rad/s,
wi =48. 1 rad/s, ws = 94. 8 rad/s as a conse-
quence. Hence, it ensures that the beam model
and the vehicle have the same vibration character-
istics.

1.5 Rigid-elastic dynamics model

Considering the influence of the earth's cur-
vature, it is assumed that the thrust direction is
along with the engine axis, which is parallel to
the airframe axis. Take the fuel stoichiometric ra-
tio of combuster ¢ and elevator §. as the input,
and choose the flight state variable X="[v, «, ¢,
hs 05 p ,;]1 s s ;72, 7 %]T, where velocity v,
attack angle o, pitching angular velocity ¢, height
h and pitching angle 0 are rigid modal; and 7, ,7'7[
(i=1,2,3) are elastic mode. Lagrangian method
is used to deduce the nonlinear equations of longi-

tudinal model of hypersonic vehicle!'*

. Tcosa—D .

= (C();fa)*gsm(@*a)

« ( muv 4 (v RE+h,>COS a

- MATzy

L

h=wvsin(0—a)

0=q

=28y @iyt £ (O /M, i=1,2,3
(37)

2
where g=g, ( » Rg is the earth radius, g,

R
Rei7)
the gravity acceleration at sea level, m and I, the
mass of hypersonic vehicle and its rotary inertia
along with y axis, respectively. L, D, T and M
are lift force, drag, thrust and pitching moment,
respectively, obtained from antecedent modeling
of aerodynamic, thrust, and structural system.
zr is the vertical distance from the gravity center

to the thrust line.

2 Simulation of Rigid-Aeroelasticity
Coupling for Hypersonic Vehicle

The aim of this paper is to illustrate the
characteristics of the rigid-aeroelasticity coupling
model for a general regularity. Furthermore, the
accuracy of aerodynamic force estimated by ob-
lique shockwave theory and Prandtl-Mayer equa-
tion has been demonstrated'?’. Within the cur-
rent model, forebody deflections influence the
rigid body dynamics via the oblique shock which
influences engine inlet conditions, thrust, lift,
drag, and moment. Aftbody deflections influence
the attack of angle seen by the elevator. As such,
{lexible modes influence the rigid body dynamics.
Hence the model accuracy can meet the needs of
the analysis of control-oriented characteristics for

the rigid-aeroelasticity coupling model.
2.1 Selection of geometric parameters

Select the front edge point as the origin of
coordinates, directions of x and z axes are shown
in Fig. 1. The geometric parameters are: total
length L, = 30. 48 m, forebody length L; =
14.33 m, aftbody length L, = 10. 06 m, lower
forebody turn angle 7;; = 6. 2°, upper forebody
turn angle 7, = 3°, aftbody turn angle 7z, =
14. 34°; engine inlet height 2, = 1 m, diffuse
chamber area ratio A;=1, inner nozzle area ratio
A, = 6. 25; control surface effective area A, =
1.58 m?, position (—25.9, 1.1), mass m =
2 000 kg, rotary inertia around axis y I, =5 X
10° kg « m*, gravity center position (—16.8, 0),
elastic mode damping £=0. 02, and the aeroelas-
ticity modal frequencies wy =22.2 rad/s, wp =
48.1 rad/s,s wi =94. 8 rad/s. As the aeroelastici-
ty mode is considered, the mass-normalized mode
shapes and derivatives of the vehicle’s transverse
vibration are shown in Fig. 3.

2.2 Simulation of hypersonic vehicle static char-

acteristics

In a Matlab environment, we separately trim
the rigid body model and the model considering

the first three-order aeroelasticity, and the trim
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Fig. 3 Mass-normalized mode shapes of vehicle' s

transverse vibration

states of the two shown in Tables 1, 2.

Table 1 Trim states in the given flight condition (rigid)

v M X=[vsasq,h,0]" U=[¢.0.]"
km (me+s ',rad,rad+ s ',m,rad) (1,rad)

7 24 2 084.04,0.014,0,24 000,0.014 0.249,0. 208

7.5 25 2237.93,0.017,0,25 000,0.017 0.282,0. 204

8 26 2 392.48,0.020,0,26 000,0.020 0.323,0.203

8.5 27  2547.62,0,022,0,27 000,0.022 0.368,0. 204

9 28 2703.51,0.025,0,28 000,0.025 0.420,0. 206

Table 2 Trim states in the given flight condition (consider-

ing aeroelastic)

X= ["Uqayq h.g,
Ma h/ 771.7}“777.7}9,77; s ]” U=[¢.0.]"
km (m/s,rad,rad/s,m,rad, (1,rad)
1,1,1,1,1,D
2 084. 04,0, 022,0,24 000,0, 022
T2 028 94,0,0.002 63,0,0.008 6,0 O+ 236:0-191
... 2237.93,0.025,0,25 000,0.025
7.5 25 (098 66,0,0.002 56,0,0. 008 6,0 O 289:0-187
2 392.48.0.028,0,26 000,0, 028
8 26 028 32,0,0.002 49,0,0. 000 86,0 O 308+0-186
i 2 547.62,0.030,0,27 000,0. 030 .
8.5 21 0 027 96,0, 002 44,0,0. 000 85,0 O 3030187
o g 2703.51,0.032,0,28000,0.032 0 0. oo

—0.027 55,0,0.002 39,0,0.000 84,0

Compared Table 1 with Table 2, when the
aeroelasticity is considered, the elastic deforma-
tion of the airframe will induce changes of the at-
tack angle of balance point and control input. To
better elucidate the problem, through simulation
and analysis, Fig. 4 illustrates the transverse de-

formation excited by aerodynamic force and mo-

ment in the condition of Mach number 8 and

0.04
0.03
0.02
0.01
0.00
-0.01

~0.02 The 1st flex mode
0.03 The 2nd flex mode
The 3rd flex mode

-0.04 Sum of 1st, 2nd & 3rd flex
0.05 modes

Rigid

o
=]
o
o0
<

—
7]
172}
3

¢
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=]
]

=

=
g
=]
5

o
o

o
()
7]
=
'
>
17
=1
8

=

~0.06 10 15 20
Length of fuselage / m

Fig. 4 Transverse deformation of fuselage under the

condition: Ma=8, h=26 km level flight

height 26 km level flight.
From Fig. 4,

the fuselage caused by the first-order aeroelastici-

the transverse deformation of

ty is almost the same as that caused by the first
three-order aeroelasticity. It means the one-order

aeroelasticity is most influential on the vehicle.

2.3 Simulation and analysis of dynamic charac-

teristics

The effect of aeroelasticity on the short peri-
od mode is analyzed as follows. Using the values
of trim state obtained in Section 2. 2, one can ap-
proximately linearize the longitudinal non-linear
model of hypersonic vehicle in the given Mach
number and flight height with the small perturba-
tion linear equation

AX=A -+« AX+B - AU (38)
where the state of a model of rigid body is defined
as

AX & [Av,AasAgs AR, AG]T
AU & [A¢.06.]"

And the state of a model of rigid-aeroelastici-
ty coupling is defined.

AX 2 [Av,AasAqs AhsAO A s Aqy s Ap s A7 »
Ans 7A;]s]T
AU & [Ag.08.]"

Now the short period mode is considered, let
v=0, §=0, h=0. Furthermore, the problem is
simplified, which is analyzed only in consideration
of the first-order aeroelasticity. Therefore, we

have the short period motion equation of the first-
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order aeroelasticity coupling mode, written in a

polynomial matrix form via Laplace transforma-
[11]

tion
V() V() V() V() Aa ( S)
—M, .\'*Mq *1\/1,71 .\‘*MVI AQ(S) —
&4 Q2w — Ny st :
“Ni, —N., J5 T T NGO | [an @
L 1 (w%*Nl.m) J4
T
Low
Vi Ag(s)
(39)
Zs, A8 (s)
vV, M(sc Nl.au

The short period characteristic polynomial of
the first-order aeroelasticity coupling has the form
as follow, which is a new short period and the
first-order aeroelasticity mode.

D() =[5+ 2w yst (o), ][5 + (2w),, s+
(w®) fJ (40)

Considering M; =0, N, =0, the method of
frequency weighting and balance reduction of or-
der is used™, and we can approximately get the
short period polynomial coefficient in the case of
in Eqgs. (41—42),

where the first two items in the right side of

rigid-aeroelasticity coupling

Eqgs. (41—42) are the short period coefficient of
rigid body mode

[lJr(é)]M,h N,

(@Zxﬁém—(wéz)mf o
(41)
Z’71
B , (FONLHM, N,
R o (42)

Similarly, the new polynomial coefficient of

the first-order aeroelasticity in Eqs. (43—44) can
be otained. The first items in the right side of

Eqs. (43—44) are single aeroelasticity mode coef-

[1 + (‘27) }MW N,

ficient.

(), ~ o’ + . (43)
@ @l w1 7N171
Z
B ‘/771>N1H+M71 qu
Q&) ~ 25w + —— (44)

wi — Ny,

The effects of aeroelasticity mode and short
period coupling mainly reflect in the rest parts in
the right side of Egs. (41—44). And it is exactly

the existence of rigid-aeroelasticity coupling terms

) [H(g:)}Mhm o (%)NIQ—FM“ N,

z __ 2 _ ’
Wi ]\]1,“ @1 N‘m

thus leading to a greater effect on the short period
mode of vehicle considering aeroelasticity than
that considering rigid body vehicle.

For further elucidating the problem, choose
Ma=8, h=26 000 km level flight, and the corre-
sponding coefficient matrixes of rigid body model
and rigid-aeroelasticity coupling model are ob-
tained respectively. Then the eigenvalues of sim-
ulation are given in Table 3 correspondingly.

In Table 3, the phugoid modes of both rigid
body model and rigid-aeroelasticity coupling mod-
el are close to imaginary axis, leading to neutral
stability. The height mode is almost unchanged,
and the change of short period mode is more sig-
nificant. Besides, the aeroelasticity mode affects

short period mode significantly.

Table 3 Characteristic roots of rigid and rigid-aeroelasticity coupling model under the given flight condition

Characteristic roots of rigid model

Characteristic roots of rigid-aeroelasticity coupling model

Damping Natural

Damping Natural

Figenvalue ratio  freq. /(rad » s ') Mode Eigenvalue ratio freq. /(rad+s ') Mode
—5X107°+40.037 71 0.001 3 0.037 7 Phugoid —2X10 '240.045 9i 0.004 4 0.045 9 Phugoid
—4.069 8 1 4.069 8 Short period —3.014 2 1 3.014 2 Short period
3.961 5 —1 3.9615 Short period 2.933 3 —1 2.933 3 Short period
—0.003 9 1 0.003 9 Altitude —0.003 8 1 0.003 8 Altitude
—0.463 924,627 8 0.019 24.627 8 st aeroelastic
—0.952 4+49.683 61 0.019 49.683 6 2nd aeroelastic
—1.899 0+91.138 3i 0.02 91.138 3 3rd aeroelastic
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Generally, since aerodynamical moment and
aeroelasticity are deeply influenced by center of

gravity and mass distribution, the characteristic

ity. When the center of gravity is moved forward
and backwards, the eigenvalues of simulation are

listed in Tables 4,5 correspondingly.

roots of rigid and rigid-aeroelasticity coupling From Tables 4, 5, it is obvious that the con-

model are compared by moving the center of grav- clusion drew above is universal.
Table 4 Characteristic roots of rigid and rigid-aeroelasticity coupling model in the given flight condition (with CG moving for-

ward)

Characteristic roots of rigid model Characteristic roots of rigid-aeroelasticity coupling model

Damping Natural Damping Natural

Eigenvalue ratio freq. /(rad = s~ 1) Mode Eigenvalue ratio freq, /(rad + 51 Mode
—0.000 1£0.039 1i  0.002 6 0.039 1 Phugoid  —0.001 240.071 2i 0.016 9 0.071 2 Phugoid
—2.8219 1 2.8219 Short period —1.430 3 1 1.430 3 Short period
2.713 2 —1 2.713 2 Short period 1.346 7 —1 1.346 7 Short period
—0.0039 1 0.003 9 Altitude —0.0039 1 0.003 9 Altitude
—0.462 3+24.679 81 0.018 7 24.679 8 1st aeroelastic
—0.953 54£48.508 3i 0.019 7 48.508 3 2nd aeroelastic
—1.897 4+91.667 4i 0.020 7 91.667 4 3rd aeroelastic

Table 5 Characteristic roots of rigid and rigid-aeroelasticity coupling model in the given flight condition (with CG moving back-

wards)

Characteristic roots of rigid model Characteristic roots of rigid-aeroelasticity coupling model

Eigenvalue Darr:tli)(i)ng freq. /N:rt;;a'l s Mode Eigenvalue Darre?tri)(i)ngfreq. 751:;;1'1 s™H Mode
—0.000 04+0.038 8i 0.001 1 0.038 8 Phugoid  —0.000 240.044 0i 0.004 5 0.044 0 Phugoid
—5.0817 1 5.081 7 Short period —3.976 5 1 3.976 5 Short period
4.970 6 —1 4.970 6 Short period 3.898 9 —1 3.898 9 Short period
—0.004 0 1 0.004 0 Altitude —0.003 9 1 0.003 9 Altitude
—0.466 1+24.637 11 0.018 9 24.637 1 1 st aeroelastic
—0.951 3+£50.751 3i 0.018 7 50.751 3 2nd aeroelastic
—1.901 0£90.573 8i 0.021 0 90.573 8 3rd aeroelastic

3 LQR Control Compared Simula-
tion of Rigid and Rigid-Aeroelas-
ticity Coupling Hypersonic Vehi-

cle

For the rigid body model, take quadratic per-

formance index

= %J (AXTQAX 4+ AUTRAUY A (45)
0

where
jQ:diag([loo,l,100,1,10]) X 10"
IR =diag([1.1]) X 10°

When solving the algebra Riccati equation

PA+A"P—PBR 'B'"P+ Q=0 (46)
the positive definite solution P is obtained.
According to linear quadratic regulator

(LQR) theory, the state feedback gain matrix

K=—R 'B'P=
—0.003 1.1729 —0.01114 0 —1.2358

{ 0.9934 0.000 3 4.8024}

the control

—0.0005 —0.714 5
Hence, law of the non-linear
model is described by
[p.0.]"=L[¢"» 0! I+ K(Av, Aas Ags
Ah AT

. " ”
where the superscript = *

7
represents the input
and state of the balance point. Furthermore, we
add the initial disturbance to the balance point,
and substitute the control law into the rigid body
model. The corresponding state response and in-
the vehicle shown in

put response of

Figs. B) ’ 6.

are

Substituting the control law of rigid body
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Fig. 6 Input responses of rigid model

model into the rigid-aeroelastic coupling model,
we gain the state response and input response of
vehicle rigid body mode and aeroelastic mode, as
shown in Figs. 7—9.

From Fig. 5, when the initial disturbance ex-
ists, the effect on the designed control law is fa-
vorable. Known from Fig. 6, the input is within
reasonable value during the input response
process. Every state and input of the vehicle ap-
proach to the nominal value. In Figs. 7—9, when
the effect on vehicle aeroelasticity is considered,
the control law designed according to rigid body
model will not be able to meet the control effect,
especially the short period modes a, ¢q. The aero-
elastic modes will gradually divergent. Thus, a
great challenge for controller design is posed

when the vehicle is a slender body due to the rig-

id-aeroelastic coupling.

2.602
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2.598
0

0.030
0.028

Fig. 7 Rigid state responses of rigid-aeroelastic cou-

pling model

-0.027
= —0.028
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Fig. 8 Flexible state responses of rigid-aeroelastic cou-
pling model
0.310
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-
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0.307 A 5 5 o o A
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50 60 70
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Fig. 9  Input responses of rigid-aeroelastic coupling

model
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4 Conclusions

A dynamic model of rigid-aeroelasticity cou-
pling for hypersonic vehicles is established. By
theoretical analyses and simulation comparison of
the control-oriented characteristics of the rigid-
aeroelasticity coupling model, one can draw the
conclusion that when the vehicle is a slender body
due to the rigid-aeroelastic coupling, its short pe-
riod mode is greatly affected by the aeroelasticity,
which is innegligible.
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