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Abstract: Since the aerodynamic center moving backward sharply in hypersonic flight. the stability margin of the
hypersonic vehicle increases largely while the maneuverability decreases. We proposed a novel method to solve this
contradiction. We used relaxed static stability (RSS) to improve the maneuverability in hypersonic flight, and de-
signed the stability augmentation system (SAS) to ensure the stability in subsonic flight. Therefore, the relation-
ship between static stability and maneuverability was quantitatively analyzed in the first step, and the numerical
value of RSS was obtained on the premise of good maneuverability. Secondly, the relationship between static sta-
bility and aerodynamic parameters was quantitatively analyzed. We properly adjusted aerodynamic parameters
based on the quantitative relationship to achieve the specific static stability set in the first step, and therefore pro-
vided the engineering realization methods. The vehicle will be statically unstable in subsonic flight with the specific
static stability. Lastly, SAS was needed to ensure the stability of the vehicle in subsonic flight. Simulation studies
were conducted by comparing the linear SAS to the nonlinear SAS, and the results showed that the nonlinear dy-
namic-inversion controller can synthesize with proportional-integrall-derivative(PID) controller robustly and stabi-
lize the hypersonic vehicle.
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0 Introduction

A hypersonic vehicle generally refers to a ve-
hicle flying at Mach 5 or above!'’. As a promising
space vehicle to achieve fast global response, hy-
personic vehicles have attracted increasing com-
mercial and military interests’*, Despite several
advantages, it also brings many challenges and a
vast amount of tasks still to be solved™.

When the speed of a hypersonic vehicle in-
creases from subsonic to hypersonic range, the
aerodynamic center of the vehicle will move
sharply backward, which largely improves the
stability margin while decreasing the maneuver-
ability. Therefore, the contradiction between sta-
bility and maneuverability needs to be solved ur-
gently. Relaxed static stability (RSS) is regarded

as a general way to solve it
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However, RSS is seldom quantitatively stud-
ied for hypersonic vehicles at present. For a good
maneuverability in hypersonic flight, hypersonic
vehicles are quantitatively designed to be statical-
ly unstable in subsonic flight with RSS. There-
fore, they are is less stable and more maneuver-
able in hypersonic flight than general vehicles.
Consequently, a stability augmentation system
(SAS) is needed to ensure the stability of the
statically unstable vehicle in subsonic flight.

Linear control methods have been applied to
the SAS design of most modern airliners""'", in-
cluding the conventional feedback control and the
optimal control. The pitch rate and the normal o-
verload were fed back synthetically to the elevator
channel in the augmentation control system by
Chen Chuang™'*.
airliners with RSS by Blight"**.

LQR was applied to modern
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optimization was used to analyze the aircraft pitch
axis SASH*,
[15]

However, the linear SAS has its
limits'". Linear control method is used by line-
arizing the model at a given operating point, but
if the system dynamics are highly nonlinear or the
system deviates significantly from the operating
point, the linear SAS may not work effectively.

Nonlinear control methods have also been ap-
plied to the SAS design of some other aircraft.
The thrust vector was combined with the dynam-
ic-inversion by Steinhauser''™ to analyze the im-
pact of RSS on lateral flying qualities of X-31A.
The multi-objective design of a fuzzy logic aug-
mented flight controller for a high performance
fighter jet was described by Stewart’,

The basic idea of dynamic inversion control is
to cancel the nonlinear dynamics of nonlinear sys-
tem by using feedback function, then. the unsat-
isfied dynamics will be replaced by the desired lin-

[18]

ear ones >, When dealing with the control prob-
lem of nonlinear system with multi-input and
multi-variable, dynamic inversion control method
can simplify the design process dramatically.
Nevertheless, the dynamic inversion method is
much more sensitive to the modeling errors. This
method will present a bad performance in the
presence of modeling uncertainties. Experts pro-
posed several ways to improve the robustness of
this method among which proportional integral
derivative(PID) was the easiest way for engineer-
ing realization™***, PID has attracted significant
interests in aircraft control areas, thanks to its
simple design process and strong robustness a-
gainst external disturbances and parameter varia-
tions. Therefore, we combined PID with the dy-
namic inversion method to improve the robust-
ness in this paper.

How to quantitatively solve the contradiction
between stability and maneuverability of hyper-
sonic vehicles has seldom been studied and the
study of SAS on hypersonic vehicles is rare ei-
ther. We proposed a novel way to solve the con-
tradiction quantitatively and also presented a re-

laxation process.

1 Hypersonic Vehicle Model

The research object is a hypersonic vehicle

with variable winglets on both sides of the fixed-

wing. The function of the winglets is to increase
the lift as well as the flight efficiency. Stretching
and retracting winglets can also effectively change
the aerodynamic parameters in order to achieve
the specific static stability.

Our model is comprised of five state varia-
bles X=[V.h,a,7.q]"and two control inputsU, =
[8.,PLA]", where V is the velocity, y the flight
path angle, h the altitude, « the attack angle, q
the pitch rate, §. the elevator deflection and PLA
the throttle setting. The fifth-order longitudinal

equations of the hypersonic vehicle are, respec-

tivelyl?o2]

V: TCOSa —D — g % Sin')/
m

- L+ Tsinag g X cosy

Y= - -

h =Vsiny

a=q—7

(‘Z :Mxv/lyy

The value of the lift, the drag, the pitching
moment and the radius from the Earth’s center
are modeled, respectively, ast™

L =0. 5pV25C,,
D =0. 5‘oV25C,)
M,, =0.50V*sc[Cy (@) + Cy (8.) + Cu(g) ]
r=h-+ Rg 2)
Different phases of thrust are modeled, re-
spectively, ast?®
T=PLA .+ (2.99X10° —h+1.33 X 10 'h? —
6.48 X 107 "°h* +3.75 X 10° « Ma®,0 < Ma < 2
2< Ma <6
T= PLA .« (7.53X10% « Ma” —1.50 X 10" « Ma® +
1.16 X 10° « Ma® —4.36 X 10° « Ma" +
8.07 X 10° « Ma® —6.97 X 10° « Ma® +
3.94 X 10° « Ma +3.93 X 10°%)
2 < Ma <6 (€D
T=—5.43X10" +6.64 X 10" X h +
3.24 X 10° X PLA43.74 X 107" X (h X PLA)
6 < Ma < 24;h < 57 000 ft
T=—1.64X10"+3.24 X 10° X PLA +
3.24 X 10° X PLA+2.1295 X 10* X PLA
h > 57 000 ft
Relationship between aerodynamic parame-

ters and attack angles is formulated from the em-
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pirical formula. In order to build an accurate
model for control design in subsonic flight, the
aerodynamic parameters are replaced with curve-
fitted approximation based on the relationship and
given points. The aerodynamic parameters of
stretching winglets are used in taking off and
climbing phase while the aerodynamic parameters
of retracting winglets are used in hypersonic
cruise. The fitting curves of stretching winglets
at Ma =0. 8 are shown in Figs. 1—3.
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Fig.1 Fitting curve of lift coefficient C; at Ma = 0. 8
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Fig. 2 Fitting curve of drag coefficient Cy at Ma = 0. 8
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Fig. 3 Fitting curve of pitching moment coefficient C,, at

Ma = 0.8

The parameter perturbations of the hyper-
sonic vehicle is defined as
m=m,(1-+ Am)
I, =1,(1+AD
s=so(1+ As)
c=co (1+ Ac) 4)

2  Quantitative Relationship Between
Static  Stability
ability

and Maneuver

In this section, the quantitative relationship
between static stability and maneuverability is
firstly studied. In terms of the studied relation-
ship, we can obtain the specific static stability on
the premise of good maneuverability. In addition,
a way to relax the hypersonic vehicle to the spe-

cific static stability is proposed.

2.1 Relationship between static stability and

maneuverability

From the longitudinal, we obtain

- L+ Tsing g X cosy
= — 5
TV % )
Multiply mV at both sides, we can get
mVy =L + Tsina — mg cosy (6

N; =L + Tsina represents the normal force
without gravity. Next, dividing mg at both sides,

we can obtain

Zr =n— cosy 7
g
. Ny
where n is the normal overload, n=—. Thus,
mg
n= Vj/ —+ cosy (8)

g
In terms of linearization, the deviation ex-

pression is written as

_AVdy, Vo day
Anzig dz g dt

The quadratic differential Aysiny, and the de-

Aysiny, 9

viation AV are neglected for the sake of brevity,
therefore

n~zd7)’ (10)
g dt

According to the small-perturbation theory in
Ref. [29], the standard expressions of linear

small-perturbation are derived by using the dy-
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namic coefficients. The standard expressions are
defined as follows
AV +an AV + ay Aa+ aj; Ay =0
A+ an AV + an A) + as Aa + aby Do =
— ax NS, — ab Ad.
AY + an AV + as Ay — as Da = as; A,

A= Ay + Aa (1D
M,
where Ay =—Mq,a2,1 :_%9a25 =——",ay =
I}’.y I.)/,V I_)/,V
My M, __ M,

Iw s Ayy I‘yy s Az — Iw s A3y —
(T+L,) _ Ls __ (& -
mV o = v 4T (me)’) P da

(Tya + Lyv) _ (Ta+D,) _
— > ay = ——————,a;; = (gcosy),
mV mq
a _ (TV - X\/)
11 m, .

The maneuverability can be measured by the
maximum normal overload of the vehicle. For the
calculation of the maximum normal overload, the
normal overload produced by unit deflection of
the elevator should firstly be calculated. The
transfer function from the normal overload n in
Eq. (10) to the elevator deflection ¢, is defined

_An(s) . sAY) VYV

W, (s) = = —sW,, (s
o (8 Ao.(s) 2. g gb o ()
(12)
Cramer rules are used to obtain
_ K.
WoO=rmor ety (Y
where K = %43 —dudss o 1 )

as + azas

Vaz + asas,
£ — s T Az as, '
In Eq. (12), W, (s) is substituted as

v K.
g (T3 +26T,s+ 1D

According to Eq. (13) , the physical meaning

Wsn(S): 14

of K, is the proportion of the steady value of Ay to
the elevator deflection §. at the end of transient
process. Therefore, the measurement index of
maneuverability can be defined as the proportion
of the normal overload to unit elevator deflection
at the end of transient process, it can be written
as

\4 7Ka25a31 T dsdss

Wenme =—K (15
g g au tasasn

a

We remove as, »as; because of their tiny val-

ues, thus
T+L
M a
e LV aspay _Vv o mV
(o g ax T axas g M +M T+ L,
“ T mV
T+ C. QS
v Con Qv
g T+C.QS
— C. SmQSc + C,,QSc T
(16)
where Q represents the dynamic pressure Q

1

?‘oVZ, S the wing reference area, ¢ the wing

mean geometric chord, and S,, the static stability,
where

— — X g
Sm =Xy T XLeg — Lj“ - C% (17)

where z, represents the position of the aerody-
namic center and x, the position of the gravity
center.

The position of the gravity center is moved to
achieve RSS. The effects of changing static sta-
bility S,, on the aerodynamic parameters are dis-
cussed, respectively,

(1) The change of S,, has no influence on Cr »

C. .Cp by moving the position of the gravity cen-

ter.
2)C,5, = —Cy, Lpe ¢ Tme—x
‘ e C 9, c
¢, T TS, 0 g
9, ¢

(3) Cpy = =20y + 222G, — 2" VE (19)

b C, =C1‘a()7(g—)7(f) 20

Substitute Egs. (18), (19) in to Eq. (16),
the simulation result on the unit normal overload
with S,, is obtained in Fig. 4.

The maneuverability index (the maximum
normal overload of the vehicle) is produced when
the elevator deflects to the limited angle (£20°),
therefore, the simulation result on varying ma-
neuverability index with S,, is obtained in Fig. 5.

In order to ensure the good maneuverability
in hypersonic flight, the measurement index of
should

Maneuverability cannot be ensured

maneuverability value between

2- 577L.’%()7‘51j X
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Fig. 4 Simulation results on unit normal overload with
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Fig. 5 Simulation results on varying maneuverability in-

dex with S,,

when the measurement index of maneuverability
is under 2. 5 and both the vehicle and the pilots
can hardly bear if the measurement index of ma-
neuverability is over 7.

Based on the original given position of the
gravity center, the measurement index of maneu-
verability of the original vehicle is calculated to be
1. 25, which is under the proper value interval of
the measurement index. The process to obtain
the numerical value of S,, on the premise of good
maneuverability is as follows.

The calculated value of S,, in hypersonic
flight should be between 0. 04—0. 11.

Position of the gravity center is derived as
follows

X, =X,—S,. ¢ @D

Hence, we know X, is calculated between

21.8—23.2 m. The subsonic value of aerodynam-

ic center coefficient is given to be 0. 6, and the

static stability formula is S,, =(X, — X,)/c. As a
result, the calculated value of S, in subsonic

flight should be between —0.19——0. 26.
2.2 The specific static stability

According to previous section, value of RSS
should be between — 0. 14——0. 26. Considering
the effects of changing static stability S,, on the
aerodynamic parameters discussed before and the
formula C,, =C,, +C,a+C, 8. +Cq- the simu-

lation result is obtained in Fig. 6.
021

0.1r

-0.2 1 1 L ]
-0.2 -0.1 0.0 0.1 0.2

Fig. 6 Simulation result on varying pitching moment C,,

with S,,

Fig. 6 illustrates that S,, decreases as C,, in-
creases. Thus, in order to achieve the specific
static stability, both the curve-fitted C,, and the
derivative of the curve (C,,,a) are required to in-

crease properly,as shown in Fig. 7 and Table 1.

0.05 /

0.00

—0.05F Original fitting
curve of C,
Adjusted fitting

_curveof C, ) )

5 0 5 10 15 20

al/ (%)

-0.10'

Fig .7 Adjusted fitting curve of C,,1 at Ma = 0.8

Table 2 shows several engineering realization
ways to increase C,, ,C, and the possibility to use
them in the hypersonic vehicle.

Now the proof is provided to show the cor-
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rectness of the adjusted fitting interpolation of

is 0. 6. We can get from Fig. 8 that

C,. Lyel;=L,
The force diagram of the vehicle with RSS in ly+1lp=1,—1.X0.6=29—30X0.6=11
subsonic flight is shown in Fig. 8. 22
The subsonic aerodynamic center coefficient
Table 1 The increased fitting interpolation of C,
Ma a/(*)
—30 —15 —3 0 3 6 9 15 30 45 60 75 90

0 0.0317 0.039 0.0408 0.0428 0.0478 0.0559 0.0659 0.0759 0.0919 0.1005 0.12 0.1271 0.1507
0.3 0.026 4 0.0317 0.0335 0.0355 0.0385 0.0416 0.0456 0.0556 0.0616 0.0702 0.0797 0.086 8 0.100 4
0.5 0.0251 0.0304 0.0322 0.0342 0.0372 0.0403 0.0433 0.0483 0.0543 0.0629 0.0724 0.0795 0.093 1
0.8 0.0198 0.0251 0.0269 0.0279 0.0289  0.03 0.031 0.036 0.042 0.050 6 0.0601 0,067 2 0,080 8
2 0.0181 0.015 0.0127 0.0122 0.0116 0.0111 0.0105 0.0093 0.006 0.0024 —0.001 —0.005 —0.009
3 0.016 1 0.0142 0.0127 0.0123 0.012 0.0116 0.0112 0.0104 0.0085 0.0066 0,0047 0.0028 0.0009
5 0.0154 0.0139 0.0127 0.0124 0.0121 0.0118 0.0115 0.0109 0.0094 0.0079 0.0064 0.0049 0.003 4
8 0.0101 0.006 0.0027 0.0018 0.0011 0.0002 7E—04 —0.002 —0.007 —0.011 —0.016 —0.02 —0.024
12 0.0173 0.0036 —0.007 —0.01 —0.013 —0.016 —0.019 —0.025 —0.039 —0.054 —0.069 —0.084 —0.099
15 0.018 4 —0.007 —0.028 —0.033 —0.037 —0.043 —0.048 —0.059 —0.087 —0.114 —0.142 —0.169 —0.197
18 0.016 4 —0.025 —0.058 —0.066 —0.074 —0.082 —0.091 —0.109 —0.153 —0.198 —0.242 —0.287 —0. 331
20 0.019 —0.035 —0.078 —0.089 —0.098 —0.11 —0.122 —0.145 —0.203 —0.261 —0.319 —0.377 —0.435
25 0.009 —0.084 —0.158 —0.177 —0.194 —0.214 —0.234 —0.274 —0.374 —0.474 —0.574 —0.675 —0.775

Table 2 Engineering realization ways to increase C,, ,C,,

Engineering realization ways

Possibility to use in the hypersonic vehicle

Gravity center back-shift

Big: This is the easiest way. Adjusting the fuel tank position would work.

Big: Retracting winglets is the easiest way to move the dynamic center forward,

Retracting winglets

which will increase ultimately.

Adding canard wings

Increasing the aspect ratio

Small: Adding canard wings will sharply increase the drag in hypersonic flight.

Small: Increasing the aspect ratio will increase the drag in hypersonic flight.

Fig. 8 Forces of the hypersonic vehicle in subsonic flight

where L, = %{oVZSC,‘ = %{oVZSC,‘ua L, =

1 < 1 <
?{OVZ S,,wC L o - ?{0‘/2 S/,u, (/ I‘a{, Sp .

A subsonic trim point of the new hypersonic
vehicle model is obtained by using new C, :V =
108 m/s,a=4.81°,q=0"/s,y=4.81°,5.=8. 41°,
h=2 009. 38 m. Hence, we can calculate that

lp~4.5,0,, = 6.5

Consequently, the static stability is calculated as

S, =X,—X,=(18—-22.5)/20=—0. 225, which
is in the proper interval — 0. 19— — 0. 26. There-
fore, the measurement index of maneuverability
of the vehicle with specific RSS is calculated as
3. 86,

2.5—7. Ultimately, the correctness of the adjus-

which is in the proper value interval

ted fitting interpolation of C,, is proved.

3 Stability Augmentation System for
Hypersonic Vehicle With Relaxed
Static Stability

3.1 Stability augmentation system design based on

the conventional feedback control

3.1.1

The conventional feedback control is com-

Controller design

monly used in modern airliner. Severe nonlineari-
ty. strong couplings., various uncertainties are big

challenges for hypersonic fight control design,
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because high velocity causes vehicle very sensitive
to changes in flight condition. We verifiy the ap-
plicability of conventional feedback control meth-
od to hypersonic vehicle.

Short-period motion plays the leading role at
the initial stage of the longitudinal motion. Long-
period motion can be neglected. The pitch rate
feedback control, the attack angle feedback con-
trol, the normal overload feedback control and
the mixed comprehensive feedback control are in-
cluded in the conventional feedback control meth-
ods. Combination of the attack angle feedback
control and the pitch rate feedback control are
used in this paper, which guarantees the control
precision as well as the reliability. The new hy-
personic vehicle model with adjusted increased C,,
obtained in previous section is used in this sec-

tion. The control law of the controller is as

A0, =K,Aq + K, Aa (23)
where ¢, = — (%/f + M, +M&> .o, :M‘(I/Za M,

Block diagram of the controller is shown in
Fig. 9.

M«s, a -z q_>
d d S+es+6 §7 La
k
[ = |
k
[ ™ |

Fig. 9 Block diagram of the controller

The transfer function is obtained by substitu-
ting the adjusted aerodynamic parameters to the

model. Then, we know

Aa 0.369 9
NS, 5 10,422 35 | (23.613 6 1 0.369 9k
(24)
A% _ (0.369 95 +0.156 2)/
A9,
[+ (0.422 3+0.369 9k, )5+
23.613 6+ 0. 369 9%, + 0. 156 2%, ]
(25)

After dividing the nonlinear vehicle model in-
to two SISO linear systems, the root locus meth-
od is used to obtain the proper closed-loop gain
which will basically improve the dynamic per-

formance. Root locus method is used to find out

k,sk, with best dynamic performance, conse-
quently
k, =3.k, =10
3.1.2 Simulation results
The controller designed based on the conven-
tional feedback control is applied to the nonlinear
vehicle model. The simulation results are shown

in Figs. 10—12.

0.35
___ Angle of attack response
0.30 with augmentation control
Angle of attack response
0.25 } ~ without augmentation control
9
&
3
0 1 1 1 1 )
0 20 40 60 80 100
t/s
Fig. 10 Attack angle response
1.0
___ Pitching angle rate response
0.8 with augmentation control
0.6 Pitching angle rate response
~ without augmentation control
5 0.4
<02
>

N

-0.2

-0.4

-0.6 . - - - -

0 20 40 60 80 100
t/s
Fig. 11 Pitch rate response
0.1
0.0 -

S,/ rad
I
54

035 20 20 60 80 100

Fig. 12 Track angle response
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From the results, conclusion is drawn that
the linear SAS applied to the hypersonic vehicle
with specific static stability is capable of impro-
ving the dynamic performance of the short-period
motion, but the conventional feedback control
method can not guarantee the dynamic perform-
ance in long-period motion because of the severe
nonlinearity, strong couplings and various uncer-
tainties of the hypersonic vehicle. Adjusting &, .k,
is only capable of improving the dynamic per-
formance of the short-period motion. As a result,
a nonlinear control method with high control pre-

cision is needed.

3.2 Stability augmentation system design based on

dynamic inversion-PID method

PID combined with the dynamic inversion
method is applied to the hypersonic vehicle, and
the simulation demonstrates the controller per-
formance.

3.2.1

The adjusted increased C,, obtained in Section

Feedback linearization

2.1 is used to build the subsonic vehicle model.
Elevator deflection 8, is the system input while the
attack angle @ and the pitch rate g are the outputs.
Feedback linearization is applied to obtain affine
nonlinear equations, where state variables are x =
[q « |7, control variable is u=¢, , outputs are y=
(g al'.

fined as

The affine nonlinear equations are de-

48,0 (Cus + Cuy — Cad

m — +
al - (M%Ums[ (C, + Crsing) - —gs;ny
{Ck}
5.
0

—F 0} (26)
Y=o 1"

3.2.2 Controller design

The prerequisite to use the dynamic inversion
is that the number of state variables is the same
as the number of control variables. Therefore,
the nonlinear system should be divided into sever-
al subsystems based on the respond speed, and
the number of cach subsystem's state variables

should be the same as the number of control vari-

ables. Then, the dynamic inversion can be ap-
plied to each subsystem respectively.

The system can be divided into the fast sub-
system and the slow subsystem based on the re-
spond speed. The speed of pitch rate response is
much faster than attack angle response. There-
fore, the pitch rate subsystem is the fast subsys-
tem while the attack angle subsystem is the slow
subsystem.

(1) Controller design for fast subsystem

The fast subsystem is defined as

G=A, + Bu @0
where A, :qus;(c% 1 Cy — Ca) B=C,ou=

0. . The dynamic inversion control law for the
fast subsystem is given as
u=B"'(v—A) (28)
where v ="Fk,(q. — ¢) »k, is the bandwidth of the
fast subsystem. The selected k&, is given as
k; =10 rad/s
q. is not only the command signal for the
slow subsystem but also the steady value of the
fast subsystem. The fast subsystem eventually
becomes
g=v (29)
(2)Controller design for slow subsystem
The slow subsystem is the outer layer of the
fast subsystem. The input of the slow subsystem
is the command signal a. produced by second-or-
der system. The output of the slow subsystem is
the input of fast subsystem ¢, . The slow subsys-
tem can be defined as

a=A, + Au (30)

where A, =— (m%) ¢S.(C. + Crsing) + 202, A

v
=1,u=q. The dynamic inversion control law for
the slow subsystem is given as
u=A"(a —A) (3D
where a. = k,(a, — a) »k4 is the bandwidth of the
slow subsystem. The selected &, is given as
kb, =3 rad/s
The slow subsystem eventually becomes
a=a. (32)
The structure of dynamic-inversion controller

for the hypersonic vehicle is shown in Fig. 13.
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Dynamic Dynamic )

inversion inversion Hypersomc 9 «a

control law for control law for vehicle model
slow loop fast loop
Fig. 13 Structure of dynamic-inversion controller for the hypersonic vehicle
3)Dynamic-inversion PID controller design - -
(3)Dy g Ko+ Kpda+ K |dr —a, (33)

From the previous controller design process,
we know that accurate vehicle modeling is the
premise condition for the good performance of the
dynamic-inversion controller. Severe uncertainties
of the hypersonic vehicle can cause big problems
for the controller. Equation shows the uncertain-
ties of the hypersonic vehicle.

To solve these problems, dynamic-inversion
controller is combined with PID controller to e-
liminate the error as well as to increase the ro-
bustness. Slow subsystem is satisfied by introdu-

cing PID controller.

Dynamic

inversion
control law for

slow loop

where K, is the differential parameter, K, the
proportion parameter, and K; the integral param-

eter. Second-order model for q, is
Qw.a, + 28,0, +wiJamdf =28 w,a. (3D

where  is the amplification coefficient, «, the
natural frequency.and ¢, the damping coefficient.
Structure of dynamic-inversion PID controller is
shown in Fig. 14. By adjusting K;,,Kp, K, . the
controller will present a good robustness under

the perturbation of aerodynamic parameters.

Dynamic

inversion u Hypersonic 9 a
control law for vehicle model

fast loop

Fig. 14  Structure of dynamic-inversion PID controller

3.2.3 Simulation results

Dynamic-inversion controller without PID is
firstly applied to the attitude control of the hyper-
sonic vehicle. The initial condition is V =
150 m/s, H=3 620 m,a=0°,¢=0 °/s. Simula-
tion results without aerodynamic perturbations
are shown in Figs. 15,16.

The results show that dynamic-inversion
controller without PID presents a good tracking
performance in the premise of accurate vehicle
modeling and no aerodynamic perturbations.
Considering the severe uncertainties and nonlin-
earity, disturbances are added to test the robust-
ness of dynamic-inversion controller: ==20% per-
turbations of msSe.c,CyC,, . The attack angle
response is shown in Fig 17,

The results show that dynamic-inversion
controller presents a bad tracking performance in

the presence of disturbances. Big error is caused

020
0.15 f\
B
= 010}
3
0.05 Angle of attack response
" with dynamic-inversion control
-------- Command signal for angle of attack
0.00 2 4 6 8 10

t/s

Fig. 15 Attack angle response without perturbation

between the command signal and the response.
Then, PID controller is combined with dynamic-
inversion controller to test the robustness. Ky,
K, ,K; are chosen

K,=2,K;=0.5,K, =4

Figs. 1820 show the simulation results
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2.5 2.5¢
Pitching angle rate
20F 20¢ with augmentation control
__________ Pitching angle rate
~ 15 —~ L5 without angmentation control
;: : 1o}
) S
0.5 ool
0.0 -05}
% 2 4 6 8 1o 0 2 4 6 8 10
t/s /s

Fig. 16 Pitch rate response without perturbation

0.20
oasf —
9
£ 010
3
Angle of attack response
0.05 . .
with perturbation
Command signal for
"""""" angle of attack
000 1 1 1 1 )
0 2 4 6 8 10
t/s

Fig. 17 Attack angle response with perturbation

controlled by dynamic-inversion PID controller in
the presence of disturbances: £ 20% perturba-
tions of m+S,,c,C, ,C,,,a .

Figs. 19,20 show that dynamic-inversion PID
controller presents a good tracking performance
as well as a good robustness. No big error is
caused between the command signal and the re-
sponse. Therefore, the dynamic-inversion PID
controller designed in this section is proved to be

the effective nonlinear SAS for the hypersonic ve-

035 Angle of attack response
0.30 with augmentation control
,,,,,,, Angle of attack response
0.25; - without augmentation control

DLoon mmmems Command signal
0.20f | - .

a/rad

0.15]

0.10f;
0.05f

0.00

0 2 4 6 8 10

Fig. 18 Comparison of attack angle responses

Fig. 19 Comparison of pitch rate responses

< -10
o
-15
20, 2 4 6 8 10
t/s

Fig. 20 Elevator deflection response

hicle. The SAS is capable of tracking accurately

and rapidly without big error.

4 Conclusions

The contradiction between stability and ma-
neuverability of the hypersonic vehicle is solved in
this paper. In the first step, after analyzing the
quantitative relationship between static stability
and maneuverability, the specific static stability is
obtained on the premise of good maneuverability
in hypersonic flight. Second, aerodynamic param-
eters are adjusted properly based on the studied
quantitative relationship between static stability
and aerodynamic parameters to achieve the specif-
ic static stability, which will consequently lead to
the vehicle instability in subsonic flight. Then the
SAS is designed to ensure the stability in subsonic
flight. Finally, the simulation results show the
effectiveness of the proposed nonlinear SAS. It is
verified that with various uncertainties, better
performances and robustness is achieved rather

than the linear SAS.
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