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Control for Underactuated Reentry Aircraft in Small Angle of Attack
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Abstract; The control problem for under-actuated reentry vehicle like HTV-2 is considered with small angle of at-
tack. The control strategy for an aircraft with positive lateral control departure parameter relies on strong lateral
stability, which declines with the decrease of the angle of attack. Thus, to control the lateral-directional motion in
a stable state is hard and even impossible in some scenarios where the under-actuated reentry vehicle, like HTV-2,
flies in a low angle of attack. To address this problem., the lateral-directional open-loop motion characteristics are
analyzed. The results show that in an uncontrolled state, the lateral-directional motion can automatically converge
to stabilization thanks to the aerodynamic damping effect. Therefore, a method of turning-off the lateral-directional
control and inviting aerodynamic damping to control can achieve stability. The six-degree-of-freedom simulation
show that the lateral-directional motion can be stabilized by the aerodynamic damping, and the lateral position error
caused by the bank angle deviation is limited near the zero-rise angle of attack. The control strategy is effective.
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0 Introduction

In 1958, Moul and Paulson" proposed the
parameter LCDP to predict the lateral divergence
of controlled vehicle when studying the aerody-
namic layout design of a hypersonic glide vehicle.
For a long time, LCDP<C0"' has been used as a
design guideline to guide aerodynamic layout and
control strategy design. This guideline has suc-
cessfully guided the design of reentry vehicles
such as space shuttle®™, X-33M, X-37BF!, With
conventional control strategy'® , when LCDP>0,
the roll control reverse problem will arise, resul-
ting in lateral-directional instability.

Remote reentry vehicle normally has a wide
flight profile. Thus, requiring a negative LCDP
in a complete flight mission implies that a direc-
tional stabilizer, like ventral fin and tail, or a
control mechanism, like rudder, is necessary,
but it can be a drawback for the pursing of high
performance aircraft.

Among the reentry vehicles already known to
the public, the US HTV-2 remote reentry vehicle
represents the ultimate coupling design of the aer-
odynamic and control. Despite its two unsuccess-
ful flight tests, HTV-2 is the aircraft with the
most compact aerodynamic shape so far. Ref.[7]
presented the general morphology of HTV-2, as
shown in Fig. 1. The flat shape of HTV-2 with
sharp front and steep sweep has the characteris-
In addi-

tion, its rear edge is equipped with an expansion

tics of both wave body and lift body™ .

flap (flap rudder) and a reaction control system

(RCS) control mechanism.

Fig. 1 The configuration of HTV-2

For an aircraft with extremely simple and
smooth aerodynamic shape like HTV-2, strong
directional static stability is difficult to obtain.

Thus the characteristic with a negative LCDP for

the whole flight is not easy to achieve. Compared
with the strong directional stability, it is easier to
obtain strong lateral static stability by adjusting
the dihedral or anhedral angle of the body-wing.
However, LCDP is easy to be greater than zero
with strong lateral static stability. There will be
roll "control reverse" problem if the single pair of
flap rudder are utilized with conventional control
strategy.

In the literature, control measures in the
flight state with LCDP>>0 have been proposed for
space shuttlet®™, X-37B"" and a reusable launch
vehicle™ separately. However, for a minimal-
shaped aircraft like HTV-2, these control strate-
gy is rarely effective with LCDP>>0. In recent

0214 carried out relevant work

years, Li Huifeng
to solve the control problem with LCDP>0, sole-
ly relying on the body flap. One of his research is
to work out a side-slip angel, which is controlled
by ailerons, to dominate the roll channel®*. He
also pointed in other studies'® ' which stood on
the perspective of non-linear system that when
LCDP> 0, the lateral motion of the controlled
aircraft is a non-minimum phase system, there-
fore he and his team designed a specific controller
based on this feature.

Integrated design criteria for aerodynamic
and control strategies that match the case of
LLCDP>0 is provided in Ref. [6]. Therefore, we

analyze the problem of the control for small angle

of attack and present a solution in this paper.

1 Control Problem Analysis

Here we suppose the lateral-directional mo-
tion is controlled by aileron. When LCDP<C0, the
control law is normally

Ou =ky, AY. +hywa  ky, >0k, >0 (D

When LCDP >0, the control law was pro-
posed in Ref. [ 6] through lateral-directional sin-
gle-state feedback stability analysis, as

O =k AV, TR, 0y Ry, <05k, >0 (2)

Compared with fhe conventional éontrol law
in Eq. (1), the polarity of the feedback gain of
the back angle deviation is changed from positive

to negative in Eq. (2). The angular velocity feed-



No. 6 Min Changwan, et al. Control for Underactuated Reentry Aircraft in Small---

l
Ne)
(o2}

back is changed from the roll angular velocity to
the yaw angular velocity. The design constraint
of the bank angle deviation feedback gain is
shown as
-
Cla

tang < k,, <0 3

From the design constraint of £, . it can be
seen that as the angle of attack decreases, the
range of £, becomes narrower, and when the an-
gle of attack approaches zero, there will be no
value for £, . The strategy will fail under a small
angle of attack.

The control problem mentioned above can be
derived from a physical mechanism as well. For
flight states with LCDP>>0, the lateral-direction-
al stabilization control, in essence, utilizes Cf and
C% ,which are the cross-coupling between the lat-
eral and the directional channels. When the bank
maneuver is needed, the side slip angle is first
generated by the yaw coupling term C?% , and the
rolling moment is produced by the side slip angle
through the lateral static stability Cf. Thus,
strong lateral static stability of the aircraft is re-
quired in the control mechanism. However, for
the aircraft with extremely simple shape like
HTV-2, the lateral static stability of it decreases
with the decrease of the angle of attack. Fig. 2
shows that when flying at a small angle of attack,
the aircraft has poor lateral static stability or even
is unstable. Therefore, the strategy using lateral
static stability for lateral-directional control will
fail because of the poor lateral static stability with
small angle of attack, which is consistent with

the result of theoretical analysis.

Fig. 2 Lateral static stability versus the angle of attack

2  Open-Loop Stability Analysis

The expression of the lateral-directional state

equation is

A [8 Cop sina COSa C1op
A wn bs, b, 0 0
A w, bs, 0 bs, 0
AY, 0 cosa —sing 0
Aﬂ Csp
ACU,,-[ [)gy
+ A6, (4)
Awyl /73/)
AY, 0
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The characteristic equation of the open-loop
system is derived as
A=s" 4 (—byy —cop—biy)s® +
(— bsysina — bg,cosa + bi,by, + biycop + bapesp)s” +
(bypb s, sina + croghspsina — b1,05,065 +
b1y, cosa — bgyc105c08a) s +
(D2,b 54 105C08a — D1, 5C 105510) (5
The characteristic equation has four charac-
teristic roots. In general, these four characteristic
roots are two real roots and one pair of conjugate
roots. The two roots correspond to the roll mode
and the spiral mode individually, and the conju-
gate roots correspond to the Dutch roll mode™™.
Scenario 1

Regardless of the effect of the aerodynamic
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damping terms b,,and b;,, and ignoring the small
parameters ¢ and cops the open-loop system
characteristic equation is simplified as
A=5"[s* 4+ (— bs,sing — bs,cosa) | (6)
In Eq. (6), the characteristic root of the roll
mode and the spiral mode is zero, and the Dutch
roll mode corresponds to the conjugate virtual
root with zero real part, and the natural oscilla-

tion frequency of the Dutch roll is shown as

wh = — b, sing — bs,cosa =
Jy
- ﬁqSL (Ceosa + ﬁ(:'fsina> =
1 ‘
—7a¢SL + Cln (N

7.

Considering the common situation of C% 4, <<
0, setting the initial yaw angular velocity as 1 °/s
and all other states as zero, the response of each
system state is shown in Figs. 3—6. The motion
pattern of w,; »w, and B is constant amplitude os-
cillation with frequency equal to wp, under the in-
But the bank angle is

itial angular velocity.

monotonically divergent.

Fig. 3 Response of the side-slip angle
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Fig. 4 Response of the roll angular velocity

Fig. 5 Response of the yaw angular velocity
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Fig. 6 Response of the bank angle

Scenario 11

Next, we consider the effects of aerodynamic
damping items b, and b,, and the small parame-
ters csp and c¢i05. According to the final value theo-
rem, the expression of the final value of the sys-
tem states are derived in Eq. 8 with any initial dis-
turbance. It can be seen that the final value of
each state of the open-loop system converges to
zero at any initial interference

limX(zf) =lims(sI —A) ' X(0) =

s—>0
0 0 0 0
0 0 0 O
X(0) (€]
0 0 0
0 0 0 0

With the same initial disturbance as Scenario
1 presented, the response of each state of the sys-
tem is shown in Figs. 7—10. w,1 sw, and g con-
verge with oscillation quickly. The bank angle
appears to diverge slowly at the beginning but
eventually converges to zero and the convergence

process is slower.
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Fig. 7 Response of the side-slip angle
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Fig. 10 Response of the bank angle

In the typical state, the change of by, 105, 5 css
and c,op with the Mach number is shown in Fig.
11. In the high Mach state, the aerodynamic
damping effect is weak. Thus, the effect of aero-
dynamic damping on the motion of the system can
be neglected. With the decrease of the number of
Mach, the aerodynamic damping effect is en-
hanced. There is a possibility for the uncontrolled
aircraft to converge in the effect of aerodynamic

damping.
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Fig. 11  Change of typical parameter with the Mach

number

3 Simulation Analysis

For the long-range reentry vehicles, the
small angle of attack often occurs in the low Mach
state for a short period of time before landing, as
shown in Fig. 10 where the lateral-directional aer-
odynamic damping effect is enhanced in the low
Mach state. When the aircraft flies with small an-
gle of attack and can not be stabilized based on
the design criteria of LCDP>0, the use of aero-
dynamic damping to achieve lateral-directional an-
gular velocity stability can be considered.

Based on the above strategy, six degrees of
freedom simulation is carried out. Considering
the uncertainty of the parameters, the simulation
curves are shown in Fig. 12. At the end of flight,
the lateral static stability decreases as the angle of
attack decreases, the polarity of the LCDP chan-
ges from positive to negative, the control strategy
based on the LCDP>>0 will be invalidated.

When the value of LCDP reaches the critical
point, the control to the lateral-directional is re-

leased, and the lateral-directional angular velocity
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and side slip angle can be stabilized by aerody-
namic damping. In a short time, the bank angle
deviation shows an increasing trend, but the error
is small. At the same time, near the zero-lift an-
gle of attack, lift is relatively small. Under the
combined effect, the lateral position error caused
by the bank angle is small, the effectiveness of

the strategy is verified.
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Fig. 12 Simulation analysis curve

4 Conclusions

A flight control strategy for underactuated
reentry aircraft in small angle of attack is investi-
gated, in which a control strategy using aerody-
namic damping is proposed to stabilize the sys-
tem. The simulation results show that the atti-
tude of the system can be stabilized and the guid-
ance error is small.

The control strategy proposed in this paper
requires knowledge of LCDP in flight to trigger
switch of control strategy. However, how to ob-
tain the value of LCDP in flight need further re-

search in future.
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