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Atmospheric Re-Entry Control for Low Lift/Drag Vehicles
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The re-entry trajectory control of a low lift/drag (L /D) (/D < 1 sphere-cone shapes) re-entry vehicle is dealt
with. The proposed control strategy is based on the linear quadratic regulator (LQR) design technique and on
the variable structure systems (VSS) mathematical machinery. The LQR results from the solution of a differential
Riccati equation based on the linearization of the equations of motion along a nominal re-entry trajectory. Its
objective is the control of the vehicle in the altitude-velocity plane (vertical plane). Terminal control is performed
taking into account the range to go in the LQR and by pointing the velocity vector towards the target via a VSS
strategy. A single control variable is considered, namely the bank angle, while the angle of attack is kept constant
to assure the required L /D. The proposed technique is applied to the assured crew return vehicle re-entry mission
in presence of off-nominal aerodynamic and atmospheric and initial conditions. Extreme cases results and a Monte
Carlo simulation are presented to test the robustness of the proposed control strategy, which show that the target
point is reached with an accuracy of 1 km in more than 50% of the cases and the required 7.6-km maximum error

is not exceeded with probability larger than 0.9.

Nomenclature
Ar = reference area
A(t) = linearized system dynamical matrix
b(t) = linearized system input vector
Cp = drag coefficient
CL = lift coefficient
D = drag force
g = acceleration of gravity
go = acceleration of gravity at sea level
L = lift force
m = mass of the vehicle
Py = terminal state weighting matrix
P(t) = solution of the differential Riccati equation
0 = state weighting matrix
R = input weight
R = controllability matrix
Rg = radius of the Earth
Ryc =rangeto go
r = distance from the Earth’s center
t = flight time
Vv = Earth relative speed
Xp = downrange
X = full state vector
Xy = vertical plane state vector
X = reference state vector
Yp = Cross range
a = angle of attack
B = sideslip angle

y = flight-path angle

8x1 = state error vector

so = bank angle error

0 = geocentric longitude

U = Earth’s gravitational constant
P = atmospheric density

o = bank angle
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reference bank angle
geocentric latitude

= heading angle

= Earth’s angular velocity
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Introduction

GREAT deal of current research in space activities is oriented
towards design and development of space stations and orbiting
laboratories to allow permanent manned presence in space. In such a
project the problem of low-cost transportation becomes crucial. Nor-
mal operation, like crew rotation and resupply, can be supported with
a Space Shuttle Orbiter. However, it is impractical to keep a Shuttle
always in readiness to face any possible event, such as an emergency
requiring an immediate evacuation of all or part of the crew. Eco-
nomic alternatives to the Space Shuttle are reusable payload vehicles
with low lift-to-drag (L/D) ratio, like the assured crew return vehicle
(ACRYV) that could be docked to the space station and available for
immediate undocking, deorbit, and return to Earth, Its feasibility has
been investigated in the United States' and in Europe,? and its main
objectives have been identified as 1) providing emergency return of
a seriously ill or injured crew member, 2) providing immediate crew
return when an emergency requires evacuation of the station, and
3) providing crew return from the station if the Space Shuttle is not
available in the time frame needed. Thus, the vehicle is fundamen-
tally a re-entry vehicle capable of returning the crew to Earth and
landing safely and accurately in spite of the vehicle’s limited aerody-
namics to avoid an expensive recovery and long turnaround periods.
The typical ACRV mission can be composed of three phases: 1)
the retreat, in which the vehicle is ejected by the space station and
reaches the parking orbit; 2) the orbital flight, in which the deorbit
boost is performed to reduce the vehicle velocity and the perigee alti-
tude to obtain the required flight-path angle and the desired velocity
at the edge of the atmosphere; then the vehicle covers an orbital arc
until it reaches the atmosphere re-entry point, usually located at 120
km altitude; and 3) the atmospheric flight composed of a) re-entry:
the ACRYV shall stay in the re-entry corridor with upper bounds de-
fined by maximum C;, and lower bounds by upper limits on the load
factor, pressure, and heat flux; b) parachute flight: the drogues are
opened at a prescribed altitude to stabilize the vehicle and to reduce
its velocity, then parachutes are opened; and c) landing: retrorockets
are used to reduce the deceleration at impact.
In this paper we address the control of a low L/D vehicle (i.e.,
Apollo-like shaped vehicles, with L/D value of 0.3) during the
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re-entry phase. Traditionally, two control strategies are used in the
re-entry phase®: 1) guidance using predicted capability, in which the
controller computes the path to reach the desired destination start-
ing from the measured actual state variables and 2) guidance using
a precomputed nominal path stored on board, in which the objective
of the controller is to contrast the variations of the measured state
variables from the stored values. In both cases heating and accel-
eration limits must be taken into account; in the first strategy this
generates a set of constraints in the actual path definition, whereas in
the second one the limits are considered during the phase of nominal
trajectory computation. Moreover, the control system must provide
a certain degree of robustness against off-nominal entry conditions,
aerodynamic uncertainties, and atmospherical disturbances.

Prediction methods are based on the computation of future tra-
jectories. The main drawback of this technique is the high compu-
tational burden, which does not seem appropriate for small payload
vehicles. Several techniques have been proposed to overcome this
problem, among which are numerical fast-time algorithms (collo-
cation methods*>) or approximate closed-form (see Ref. 6 and ref-
erences therein) solutions of the equations of motion, eventually
combined with optimization procedures to satisfy performance re-
quirements, or, recently, the use of neural networks.”

Nominal trajectory methods are based on the classic concepts of
tracking and regulation systems. Namely, the tracking error, i.e.,
the difference between desired and actual trajectory, is input to a
controller that acts to reduce the error and steer the vehicle onto
the nominal trajectory. Since the design of the controller is more
easily done in the linear time-invariant setting, the commonly used
approach is to consider a single equilibrium point and obtain a linear
time-invariant model of the plant to be controlled. Unfortunately this
is not the case for a vehicle in the re-entry phase. Indeed, the model
can still be linearized, but along a reference trajectory, not at a single
point. The result of such a process is a linear time-varying system.
Linear time-varying models are considerably harder to treat than
invariant ones, both for the analysis of structural properties, such
as controllability and stability, and for the reduced availability of
control techniques. The nominal trajectory guidance method stores
the state variables and the feedback control gains, as a function of
a given independent variable along the path. The independent vari-
able may be the obvious quantity time, or it may consist of one state
variable or some combinations of several of them. In the Shuttle,
for example, a drag vs velocity schedule is stored in the onboard
computer. The drag profile is corrected in flight to follow a pre-
scribed path and, based on ranging techniques,? to reach the desired
target point. Final cross-range errors are corrected performing bank
maneuvers. Further researches investigate whether path following
guidance is effective in controlling the re-entry trajectory of a low
L/D vehicle® ! in the presence of perturbations,

In this paper, we approach this problem using linear quadratic
(LQ) and variable structure systems (VSS) techniques. More specif-
ically, an LQ time-varying controller is designed to follow a pre-
scribed trajectory in the vertical plane and recover final displacement
errors, whereas a VSS strategy is used to point the vehicle velocity
vector towards the target. From a practical point of view the proposed
strategy is easily implemented on low-cost, low-weight re-entry ve-
hicles because it requires only storing on board a precomputed set
of LQ control gains, a reference trajectory, and a navigation system
to determine the actual state variables. Finally, the proposed control
law has been applied to the ACRV re-entry mission.

Model

To develop our trajectory control problem we have chosen a pro-
posed European vehicle model for the ACRV mission. The equations
of motion of an unpowered re-entry vehicle considered as a point
mass m flying inside the atmosphere of the spherical rotating Earth
are,!! for the kinematics,
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The state vector of the model is given by the standard Earth-fixed
variables

x=[r 6 ¢ V y 7 Q)

and D and L represent the aerodynamic forces acting on the vehicle
whose expression is given by

L= 5pV*CrAns ®)
D= %pvchAref &)

Data to model the density of the Earth’s atmosphere are taken from
the U.S. Standard Atmosphere 1976; winds are not considered dur-
ing simulations. For the gravity forces, a Newtonian gravity law
g = u/r?is assumed.

The vehicle has an Apollo-like shape with a maximum diameter of
4.5 m and a height of 4.6 m. The total mass is 6000 kg with six crew
members. The L/D ratio necessary to meet the requirement of 100-
km cross range has been found to be 0.3. This ratio is obtained with
a constant angle of attack of about 20 deg. For illustrative purposes
drag and lift coefficients are assumed to remain constant with Mach
number values. The vehicle is aerodynamically stabilized via a trim
ballast mass and the attitude is controlled by means of reaction jets.

Since the angles of attack and sideslip are assumed to be constant
along the trajectory (¢ = 20 deg and 8 = 0 deg), the only control
variable is the bank angle . The mission requirements concern the
landing accuracy; in particular they prescribe an accuracy of 7.6 km
at 1o at the drogue opening (7-km altitude). To satisfy such require-
ments it is convenient to introduce two auxiliary variables, namely
downrange and cross range. The cross range of a particular trajec-
tory point is defined as the perpendicular distance from the point to
the initial great circle measured on the Earth surface. Downrange
is then the distance along the initial great circle from the initial point
to the point at which the cross range is measured. The initial great
circle is defined by the initial heading at the initial latitude and lon-
gitude point L(6,, ¢y) (see Fig. 1). Then for the point F (8, ¢) the
downrange X p and the cross range Yp are defined by

LF
Xp = Rgcos™! T (10)
cos[sin™ " (sin L F siné&)]
Yp = Rgsin~!(sin LF sin§) (11

and
LF = cos™! [sin ¢ sin ¢y + cos ¢ cos ¢y cos(f — ;)] (12)

is the angle subtended by the great circle from the initial point to
the actual one, where the subscript 0 refers to initial values, and £ is
angle between the initial great circle and the preceding great circle
and its expression is
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Fig. 1 Downrange, cross-range, and range to go geometry.

Figure 1 shows the downrange and the cross range for the target point
T (9;, ¢,)- Inthe sequel we will consider the range to go as a variable
to be controlled, i.e., the distance between the actual position of the
vehicle and the target point measured along the great circle through
the same points (i.e., arc FT in Fig. 1). It can be expressed as

Ry = Rp cos™'[sin ¢, sin @ + cos ¢, cos ¢ cos(6; — 6)]  (16)

where the subscript ¢ refers to the target point. Its differential equa-
tion is

Ry = —(Rg/r)V cosy cos(¥ ~ ) an
where ¥ is given by

J= T fan-! - sin(6; - 6)cos ¢, cos¢ a18)
2 sin ¢, — sin¢ cos(Rrg/RE)

From a computational point of view, the inverse tangent must be
computed on four quadrants using Eqgs. (13) and (14). Geometrically
Rrc is a curvilinear abscissa along the preceding great circle, with
its origin at the target point, and v is the angle between the local
parallel and the FT arc.

Problem Formulation

In this section we discuss the control strategy to track the refer-
ence trajectory and address some controllability problems arising
from this approach. We can approximately decouple the control in
the vertical plane (i.e., the r—V—y plane) from that along its per-
pendicular direction. Then we can select a control strategy for the
vertical plane independently from that needed to control in the or-
thogonal direction. This statement can be easily proved considering
that, if we neglect Coriolis and centrifugal forces, the set of equa-
tions describing the motion of the vehicle in the vertical plane, (1),
(4), and (5), involve only the variables r, V, and y. This assumption
is valid because the low L./D results in limited cross range and the
entry duration is brief. Moreover, since the nominal behavior of the
variable Ry depends on the same variables, it can be controlled
with the same varjables if we require that the vehicle flies straight to
the target (¥ = ). Nevertheless, in the case of off-nominal atmo-
spheric or aerodynamic conditions, even perfect (r, V, y) tracking
would result in a range to go offset; thus an additional Ry feedback
should be considered to meet the landing accuracy. Finally, note that
the sign of the control variable o does not affect the preceding equa-
tions. Any control strategy in the vertical plane gives a degree of
freedom on the sign of the global control variable o. This degree
of freedom will be used to control the error in the orthogonal direc-
tion. In particular, according to the considerations of the previous
section, the selected control strategy is to define a control law such
that the vehicle velocity will point to the target. Hence we define
the heading error angle as ¥ — ¥, i.e., the angle between the actual
velocity vector and a vector from the vehicle to the target point.

These remarks lead to the following control strategy:

1) Keep the vehicle around both the nominel trajectory in the
vertical plane and the nominal range to go profile.
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Fig.2 Nominal bank angle.

2) Point the vehicle towards the target by means of bank reversal
maneuvers.

The first objective can be accomplished by using an LQ control
strategy. In particular, approximations and errors mentioned earlier,
due to modeling errors, changes in the air density, etc., are supposed
to be absorbed by the well-known robustness properties of the full-
state feedback LQ regulator. To accomplish the second objective
the designer has at disposal only the sign of the control variable.
This consideration leads to the selection of a VSS control strategy,
in which the sliding manifold is defined by the heading error angle.

The nominal trajectory has been obtained by means of an opti-
mization code!? that minimizes the total thermal load taking into
account path constraints on the load factor (i.e., /(L2 + D?)/mgo
with prescribed maximum value of 4 g), maximum stagnation point
heating rate of 600 kW/m?, and terminal path constraints (i.e.,
relative speed between 90 and 110 m/s and flight-path angle be-
tween —80 and —~60 deg). The nominal bank angle & is shown in
Fig. 2. Moreover, in computing the nominal trajectory bank rever-
sal maneuvers have been performed to assure a nominal 100-km
Cross range.

To design the LQ controller we will linearize the equations along
the nominal trajectory. We conclude this section with some consid-
eration about the controllability of a linear system. It is well known
that in the case of time-varying bounded linear systems (i.e., sys-
tems whose matrices are bounded for all ¢) the uniform complete
controllability should be checked by testing the positive definiteness
of the controllability gramian W (¢, ¢t + 1), defined by

A
W(t,t+A):/ &, T)BE)BT (1)®T (¢, 1) dr (19)

where @ (¢, T) and B(¢) are the transition and input matrices respec-
tively. Obviously this condition is not easy to check; then we recall
the definition of instantaneous controllability.!?

Definition. A linear time-varying system is instantaneously
controllable if and only if, at any time ¢, the state can be made
to jump from its current value x(¢7) to an arbitrary value x (z+), by
means of an impulse input function u of order at most n — 1, where
n is the order of the system. O

The test for instantaneous controllability is considerably simpler
than that for uniform complete controllability, involving only the
matrix A(¢) and the vector b(¢), as in the time-invariant case. In-
deed, if the matrices A(¢) and B(¢) are supposed to be continuously
differentiable at least n — 1 and n times, respectively, it is sufficient
to check the condition rank R = » for all ¢,

R =[B(t) L4B(®) -+ Ly 'B()] (20)
and L, B(¢) is the Lie derivative defined by

LAB(t) = A()B() — B(t) 2n
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Generally, instantaneous controllability neither implies nor is im-
plied by uniform complete controllability. However, it is possible
to show!* that in the single-input case bounded systems whose con-
trollability matrix is bounded (i.e., its norm is bounded) with its
inverse and its derivative are uniformly completely controllable.

To test the preceding condition in the present case a certain de-
gree of smoothness in the bank maneuver must be assumed. This
assumption is true from a practical point of view because the propul-
sive moments used to steer the bank angle do not present cusp. The
proposed test shows that the vehicle is not controllable on the nomi-
nal trajectory when the bank angle is zero. This can be easily realized
from a physical point of view, because when the bank angle is zero
the vehicle cannot increase the vertical lift. Thus during the first
300 s and the last 80 s (see Fig. 2) the vehicle cannot be controlled
and is left uncontrolled.

Control

In this section we describe in detail the control strategy used to
reach the parachute deployment area. As mentioned earlier, the first
step is to design an LQ control to meet the nominal altitude, relative
speed, and flight-path angle. The range to go Rr¢ is also controlled
to meet the landing accuracy. The equations describing the dynamic
behavior of these variables are Egs. (1), (4), (5), and (17).

The first step is to linearize these equations along the nominal
trajectory; the linearization procedure is standard, i.e., we define a
perturbed state §x; =[8r, 8V, 8y, §Rr]7 suchthatx; =%, + 8xy,
and analogously a perturbed control variable 8 = o —&. Then Egs.
(1), (4), (5), and (17) can be written in linearized form as

8xy = A(t)8x, + b(t)do (22)

As mentioned in the previous section, to decouple these equations
from the remaining ones, we must neglect the Earthrotation (w = 0).
This approximation can be considered as a modeling error to be
rejected by the LQ controller.

The cost functional J we have considered is the classical finite
horizon LQ criterion functional®

1y
J=ax{(zf)Pfsx1(tf)+/ [8x] (1) Q8x1(7) + R80™(r)] dr
0
(23)
where R > 0, Py, and Q are positive semidefinite, and ¢, is the

nominal parachute deployment time. It is well known that the state
feedback control policy that minimizes the index J is given by

T
sdnz—i@5%§59=—Km&M) 24)
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The crucial point in the LQ procedure is the selection of the weight-
ing matrices. Several empirical laws have been proposed to give the
designer effective guidelines. According to Ref. 16 we have chosen
diagonal weighting matrices with
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where the overbar refers to the maximum acceptable value.

With this choice the weighting matrices are

2
1 180 1

P = diag| =, 1, [ — ) , ——
/ lag[5002 (271) 10002j| G0

1 11 [180) 1

= —diag| e =, (o= )

2= 200 ‘a‘g[:sooo2 502 <5n) 100002] GL
oo L (180 -
400\ 20 )

In Fig. 3 the feedback gains on altitude (rad/m), relative speed
(rad - s/m), and downrange (rad/m) errors are shown.

A limiter has been introduced to keep o in the range [—180 deg,
0 deg]. This is because in the presence of heavy disturbances the
controller tries to increase the magnitude of the correcting input
signal, and this can cause a lack of accuracy in the linearization.
Indeed, from a physical point of view it is obvious that the closer
the bank angle is to 0 deg, the higher the vertical lift is, but when
the bank angle exceeds this limit, the vertical lift decreases, and this
phenomenon is not modeled in the linearized system. Moreover this
sign change in the bank angle would act unfavorably also on the
heading control.

The control used to assure the desired cross range is obtained via
a VSS strategy. In particular, we have defined a sliding manifold s
as the heading angle error, i.e.,

s=¥ -y (33)
Then the commanded bank angle is
oc = |o|sign(s) 34

The existence of the sliding motion is complex to prove in the general
case, but under the hypothesis of a flat Earth it can be easily proved.
In this case the equations of motions become
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Fig. 4 Global control scheme; xy = [r, V,~, Ryg]” is the partial state
controlled via LQ.
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and then ¥ can be written as

= (Y -Y
¥ = tan (X,—X) (38)

where (X, Y) are the coordinates of the actual point in a Cartesian
coordinate system with the Z axis directed upwards along the local
vertical, and the subscript  refers again to the parachute deployment
point. From these equations the condition for the existence of the
sliding motion ss < 0 locally around s = 0 (see Ref. 17) can be
easily shown to hold.

The bank reversal strategy cannot be implemented as described
in Eq. (34), since it would produce commutations at infinite
frequency. Moreover, because the vehicle maneuverability is con-
strained (bounded bank angle rate and acceleration), the bank re-
versal maneuver will not be instantaneous. To avoid the chattering
phenomenon it is well known that in Eq. (34) the signum function
can be replaced by a hysteresis loop, whose width is selected ac-
cording to the maximum admissible heading angle error that we
have supposed to be 8 deg in our case.

The overall control scheme is shown in Fig. 4. Note that the
reference bank angle entering the LQ controller is computed in
the absence of bank reversals since only the VSS strategy is respon-
sible for these maneuvers.

Simulation Results

To evaluate controller performances, several simulations have
been performed, and some of these are reported in this section. The
effect of off-nominal entry conditions on the relative speed, flight-
path angle, and downrange (i.e., initial latitude and longitude) have
been considered. Moreover, the lift and drag coefficients have been
considered uncertain, together with the model of the atmospheric
density. According to Ref. 2 the range of variations for the preced-
ing parameters, derived from an error analysis during the controlled
deorbit boost, are shwon in Table 1.

An additional 5% (30) constant perturbation on the air density
has also been considered. In the sequel we present in detail two
simulations.

Case A

In this simulation the parameters are selected according to their
values at 1o in such a way to maximize the L/D ratio, i.e., C, in-

Table 1 Parameter nominal values and errors

Perturbed variable Nominal value 3o error
v, m/s 7496 +0.62
y, deg —1.46 +0.016
Xp, km 0 +80
Cr 0.4 +30%
Cp 1.325 +15%
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Fig. 5 Altitude-time history.
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Fig.7 Earth relative speed—time history.

creased by 10% and Cp, decreased by 5%; moreover, the initial speed
and the flight-path angle are increased and the downrange error is
positive, i.e., the actual entry point is ahead of the nominal one. The
results of the simulations are shown in Figs. 5-11 (dashed lines).
Indeed, Fig. 5 shows that once the vehicle has reached its nominal
altitude, it tries to stay below this reference to recover the range to
go error (Fig. 6). Analogously, Fig. 7 shows that the controller tries
to slow down the capsule. Figure 9 shows that the load factor his-
tory experienced by the controlled vehicle stays close to its nominal
value, never exceeding the 4-g limit. The effect of the bank reversals
is apparent in Fig. 10, which shows the behavior of the ground track
around the target point. Figure 11 depicts the bank angle evolution
during re-entry. Roughly speaking, the absolute value of the actual
control is larger than its nominal value. This is done to reduce the
vertical lift. The roll reversal maneuvers are performed to force the
vehicle to point towards the target (see Fig. 10).

Case B

This situation is in some sense dual of the preceding one. In fact,
the parameter perturbations are selected with opposite sign. The
results of the simulations are again shown in Figs. 5-11 (dotted
lines). The simulation results are also dual in the same sense. As
shown in Fig. 5 the vehicle tries to fly above the nominal altitude
to compensate for the L/D reduction. To do this the LQ controller
initially sets the bank angle to zero to gain more vertical lift (see
Fig. 11). The load factor limit is again not exceeded, as shown in
Fig. 9. Figure 10 shows the final portion of the ground track. Note a
substantial difference between this case and case A: now the vehicle
reaches the target from the opposite side. This is due to the low L/D
ratio and consequently to the decreased horizontal lift.
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Finally, to test the robustness of the proposed control law, a Monte
Carlo simulation has been performed to have a more accurate idea of
the dispersions at the target point and the associated probabilities.
The statistics of the errors are taken from Table 1. In Fig. 12 a
histogram of the probability density function of the range to go error
is reported considering 5000 simulations. Note that in more than
50% of the cases the error does not exceed 1 km, and the prescribed
7.6-km error is guaranteed with probability larger than 0.9.

Figure 13 shows the dispersion around the target. The largest
errors happen in the case of low horizontal lift due to a bank angle
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close to zero imposed by the LQ controller to track the trajectory
in the vertical plane; then the low horizontal lift causes a larger
CrOss-range error.

Conclusions

In this paper the re-entry trajectory control of a low L/D vehicle
has been presented and applied to ACRV. The control strategy is
based on LQ and VSS techniques and exhibits strong robustness
properties. The equations of motion of the vehicle are linearized
along the reference trajectory defined by altitude, relative speed,
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flight-path angle, range to go, and a nominal bank guidance law
necessary to assure a required cross range of 100 km. Then a time-
varying LQ controller can be designed on the linearized model to
control the vehicle robustly in the vertical plane. The sign of the bank
angle is determined by a VSS controller to point the vehicle velocity
vector towards the target. Simulation results are presented, in the
case of extreme perturbations of initial conditions, aerodynamic
coefficients, and air density, showing the effectiveness of the control
strategy. Monte Carlo simulations are also provided to show that the
proposed technique fulfills the ACRV mission requirements for the
prescribed range of parameter variations.
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