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This paper presents a method, primarily conceived as an emergency backup system, that addresses the problem of
amanned space capsule that needs to execute a safe atmospheric entry from an arbitrary initial attitude and angular
rate in the absence of nominal control capability. The proposed concept permits the arrest of a tumbling motion,
orientation to the heat-shield-forward position, and the attainment of a ballistic roll rate of a rigid spacecraft with the
use of control in one axis only. To show the feasibility of such a concept, the technique of single-input/single-output
feedback linearization using the Lie derivative method is employed. The problem is solved for different numbers of
jets and for different configurations of the inertia matrix. In the case of an axisymmetric spacecraft, the closed-loop
stability is analyzed through the zero dynamics of the internal dynamics. In the cases in which the inertia matrix has
cross products of inertia different from zero, the internal dynamics becomes practically intractable. In these cases,
only an assessment of closed-loop stability coming from the analysis of different simulation cases is provided. The
results show that for the proposed concept and control method to be feasible, a specific geometric layout of the
actuators is required for each inertia configuration and number of jets employed in the system.

L

HE location and orientation of the reaction control system

(RCS) jets in a manned atmospheric entry capsule is arranged to
provide control in three axes: that is, torques on pitch, yaw, and roll.
At the end of a mission, after separation from the service module
(SM), the RCS maneuvers the capsule to the entry attitude and,
during nominal atmospheric flight, manages the orientation of the
capsule’s lift vector to control crossrange and downrange. In the
absence of backup systems, a major malfunction in the nominal RCS
after the separation from the SM would prevent the capsule from
actively recovering from either a possible tumbling or from an
adverse attitude that could result in a non-heat-shield-forward entry.
The difficulty in attaining a heat-shield-forward attitude before the
onset of heat rate levels that could jeopardize the safety of the crew
would be higher in entry capsules with two aerodynamic trim angles
of attack, as was the case in the Apollo spacecraft, which had a weak
trim point close to the apex [1].

To date, the only way to cover for the preceding situation is to add
redundant control systems that are similar in logic to the nominal.
The Russian Soyuz provides redundancy for the roll jets only, making
the assumption that the spacecraft is already placed at the right
attitude before entry, with very small initial rates [2]; on the other
hand, the Apollo capsule had two RCS strings: that is, two complete
three-axis control systems, one being the backup of the other [3].

In case a software or hardware failure makes it impossible to fly a
guided atmospheric entry, the emergency entry system mode is
invoked to fly a ballistic entry. A ballistic entry is solely focused on
crew survival. To achieve a safe ballistic entry, two control phases
need to be executed sequentially: First, the spacecraft must be
oriented such that the heat shield faces the incoming airflow (i.e.,ina
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heat-shield-forward attitude) to counteract the heat rate buildup, and
second, the spacecraft must attain a ballistic roll rate during entry to
prevent a lift-vector-down situation that would result in excessive
loads on the crew.

This paper presents a new backup control concept that, by
providing one-axis control with a minimum of one pair of opposed
body-fixed backup jets under the constraint of the maximum torque
that it can provide, will be able to arrest a tumbling motion, orient the
spacecraft’s longitudinal axis so the capsule’s heat shield is placed in
the forward position, force it to remain bounded within a selected
total angle of attack 6 (angular distance between the longitudinal axis
and the direction of the velocity vector), and attain a ballistic roll rate.
Furthermore, for a capsule designed to have two complete RCS sets
of actuators, the technique proposed in this paper could be included
as an emergency last-ditch system that involves little mass addition.

The spacecraft, using the proposed backup technique, constitutes
an underactuated system (a system with fewer independent control
inputs than degrees of freedom) with nonlinear dynamics. The
problem of attitude maneuver and stabilization of a rigid body with
one control started to be studied in the 1960s to deal with spin-
stabilized bodies, for which the simplest control involves a single
thruster at right angles to the spin axis of the satellite or missile. A
large roll rate had been given to the body for its stabilization, and the
thruster is turned on for fractions of time at each revolution about the
spin axis so that the desired attitude changes are achieved. Athans
and Falb [4] consider the problem of time-optimal velocity control of
arotating body with a single axis of symmetry. They show that for a
single fixed-control jet, the system has the properties of a harmonic
oscillator. Thus, a switching curve can be derived to implement the
control scheme. The cases of a gimballed control jet and two control
jets are also considered. No mention is made of the complete attitude-
reorientation problem, however. Other references discuss the
problem of reorienting a rotating rigid body with one control [5—14].
However, in all cases, a zero initial transverse angular velocity and a
constant roll rate during the control phase are assumed. Jahangir and
Howe [15] develop a control scheme to take a missile to some final
attitude in minimum time while reducing the transverse angular
velocity to zero. Although some arbitrary initial transverse angular
velocity is considered in this case, the study assumes, together with a
constant roll rate throughout the control phase, a determined initial
attitude at which the initial missile-body-axis system coincides with
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the inertial-axis system. Although the results presented in these
works are very well suited for spinning bodies, they are not
applicable to the case of a tumbling body that needs to achieve a
specific orientation of its longitudinal axis, as in the case being
considered in this paper.

Aeyels and Szafranski [16] establish that a rigid body can be
smoothly stabilized with a linear control law with just one control
torque, as long as it is aligned with an axis having a nonzero
component along the principal axes and there are no symmetries in
the body. Later, it was shown that there exists a nonlinear control law
that achieves asymptotic stabilizability for the case in which body
symmetries are considered [17]. A control law that stabilizes a
uniform rotation of a rigid body about its intermediate axis using a
single torque about its major or minor axes was later derived [18,19].
With these results, a single axis control could be designed to stabilize
a tumbling body; however, such a control would not be able
necessarily to maneuver the vehicle to a desired orientation or to
impart a specific roll rate.

As for the controllability when only one actuator is available,
Crouch [20] provides the controllability condition for the full state
when the jet actuator yields one independent torque. However, that
condition does not guarantee taking the system to an equilibrium
point. In other words, as mentioned in that paper, the local
controllability is not guaranteed. Because our goal is to take a subset
of the state to an equilibrium point, Crouch’s controllability
condition does not apply to the control problem addressed in this
paper.

To show the feasibility of the proposed emergency concept, the
control technique of single-input/single-output (SISO) feedback
linearization using the Lie derivative method is employed [21,22].
Feedback linearization applied to the three-axis attitude control
problem has been proposed to deal with cases in which linear
approximation assumptions do not apply [23-26]. Feedback
linearization applied to underactuated nonlinear spacecraft has only
been found in [27], in which the spacecraft model considered had six
degrees of freedom, three translational and three rotational, with four
control inputs, three of which are for attitude control, resulting in a
problem of a different nature from the one dealt with in this paper,
because in our case, we are not interested in translation control.

To reorient the spacecraft to the heat-shield-forward position, we
need to control one variable only: the total angle of attack. This
justifies the feedback being SISO, with the consequence that all the
other variables (angular rates and roll angle) will have no control
(although they should remain bounded). Nevertheless, all resulting
angular rates should comply with medical constraints in the case of a
manned vehicle. However, these medical limits are in fact very high
in the case of an off-nominal entry [28], ranging from around
450 deg /sduring 100sto 60 deg /s forupto 700 s. We will see that
the initial angular rates would have to be of that order to result in
similar rates at the end of the control phase. Also, such high initial
rates would saturate a reasonable control torque capacity, and
therefore such (somewhat unrealistic) severe initial conditions are
not going to be considered in this study.

The closed-loop stability of the proposed control on 6 will be
analyzed for the axisymmetric inertia matrix /. > I, = I, in which
it will be shown how two different geometric arrangements of the
actuators influence the global closed-loop stability of the system,
which will be studied through the zero dynamics of the internal
dynamics [21,22]. Also in this case, the trajectories generated by the
feedback control loop will be compared with those generated by an
optimal indirect method.

Two more inertia configurations will be considered: a realistic
complete inertia matrix with I, > I,, > I, I;; # 0 and a partially
complete inertia matrix with I, > I, >1, I # 0, with the
remaining cross products of inertia equal to zero, representing an
intermediate inertia in complexity between the axisymmetric case
and the realistic case. In both, the internal dynamics become
practically intractable, and therefore the control design will be
influenced by the results and guidelines derived from the case of the
axisymmetric inertia matrix. The assessments in stability in these two
cases will be derived from the experience of running different

simulations. It will be shown that specific arrangements of the
geometric layout of the actuators will be required for each case.

We will see that in the process of achieving the heat-shield-
forward attitude, a roll rate is generated. This roll rate needs to be
higher in absolute value than a given ballistic rate. However, a roll
rate too high, although complying with the medical criteria, could
jeopardize the safe deployment of the landing system. Furthermore,
the unintended presence on the spacecraft of even a small rolling
aerodynamic moment might result in an unacceptable roll rate from
either the ballistic or the landing system standpoint.

These problems lead to the second phase of the control. The
proposed solution consists of switching from the control on 6 to a
control on roll rate w,, using the same control technique of SISO
feedback linearization and the same set of body-fixed backup jets.
Under a control in w,, the other variable of interest, the total angle of
attack, will have no control. In the absence of atmosphere, this might
result in 6 losing its heat-shield-forward orientation. Therefore, the
transition to control in @, must be done in the presence of
atmosphere, when the dynamic pressure is sufficiently high as to
result in appreciable aecrodynamic restoring moments that will tend to
trim the capsule in the designed primary trim point in the heat-shield-
forward position.

Even though the control on 6 can be used in the presence of
atmosphere, for the sake of evaluating the control response and its
effectiveness in an environment without perturbations, its
applicability will be studied in exoatmospheric conditions [between
SM separation and entry interface (EI)]. Therefore, for all practical
purposes, we will assume zero atmospheric density when analyzing
this control phase. Also, the gravitational moments and the rate of
change of the flight path angle along the portion of the elliptical
orbital trajectory from SM separation to EI are basically negligible
and will be ignored.

Throughout the paper, the values used for the different inertia
configurations, arms, backup RCS jet thrust levels, and the
aerodynamic moment curves will correspond to those of the Apollo
entry configuration [1,29]. Presumably, a set of backup jets would
have less thrust than the nominal set and would use a different type of
fuel and would therefore have a different fuel allotment. A trade
analysis on these different possibilities is not going to be addressed in
this document, because the main purpose of this paper is to show the
feasibility of the proposed emergency backup operational concept.

II. System Equations

The equations describing the control problem are those of a
rotating rigid body, with extra terms describing the effect of the
control torques. They therefore consist of kinematic equations
relating the angular position with the angular velocity and dynamic
equations describing the evolution of angular velocity.

A. Dynamic Equations

The dynamics of the rotational motion of a rigid body are
described by Euler’s equations. Let / be the inertia matrix of the
spacecraft, and let @ denote the angular velocity vector with
components along a body-fixed reference frame located at the center
of gravity (c.g.) and aligned along the principal axes of the
spacecraft. The dynamic equations are presented in Eq. (1), in which
ku denotes the control torque vector:

0 w, —w
lo=|-w, 0 o |lo+tku=owlo+ku (1)
w, -, 0

B. Kinematic Equations

The kinematic equations relate the components of the angular
velocity vector with the rates of a set of parameters that describe the
relative orientation of two reference frames: an inertial frame and the
body-fixed frame. In the formulation of this problem, the inertial
frame (OX Vo I?V, and 2V) is associated with the velocity vector. It is
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defined with its origin located at the c.g. of the spacecraft, with the X v
axis pointed along the velocity vector, the Yv axis pointed along the
angular momentum of the trajectory, and the ZV axis pointed along
Yy x Xy The body-fixed frame (OZ, 3, and %) is defined by the body
axes. In this case, when the rotation angles are zero, the X axis goes
along the longitudinal axis, aligned with X v, being positive toward
the heat shield, § is aligned with —Y, and ? is aligned with Z,. For
convenience, we will consider a 1-3-1 sequence of rotations, which is
a type-2 Euler sequence. The rotations involved are ¢ about X v, 0

about Z,, and ¥ about £, where Z}, is the resulting Z,, after the first
rotation. This selection results in the kinematic equations (2):

@ = (~w,cos Y + w,siny)csc o
0= w,siny + w, cos ¥ 2)
¥ = o, + (0, cos ¥ — w,_ sin ) cot O

C. Equations of Motion

Combining Egs. (1) and (2) yields the attitude control problem.
We can see that 6, the variable that we want to control first, only
depends on wy, w_, and ¥ in the kinematic equations; therefore, the
equation for ¢ can be ignored. This makes sense because 6, as well as
its angular components, angle of attack, and sideslip angle, are
invariant to a rotation around the velocity vector. Hence, the
equations of motion can be reduced to

®=1I"olo + Iku
é:wysinl//—ka)zcost// )
V=0, + (w, cos ¥ — w, sin ) cot §

III. Nonlinear Feedback Algorithm
The system in Eq. (3) can be written in the form of a SISO system:

Y=fx)+gu  y=h(x) 4
where
x=(0, o, o, 0 Y7
I lw

f) =

wy SInY + w, cos Y
w, + (w, cos ¥ — w, sin ) cot 6

gx)=U"k 0 0)7 h(x)=0-106,

with x € N", where n is the system order (5 in our case), f and g are
smooth vector fields on ", and /4 is a smooth nonlinear function, and
where 6, is the desired, or targeted, 6. A large class of SISO nonlinear
systems can be made to have linear input—output behavior through a
choice of nonlinear state feedback control law that is given with
generality by [22]

L O

where L,h(x) and L,h(x) stand for the Lie derivatives of & with
respect to f and g, respectively; y is the relative degree of the system;
and the input v is a scalar that results from the product of the feedback
gain vector times the error vector. This control law yields the yth-
order linear system from input v to output y: d”y/ds¥ = v, where y is
the smallest integer for which LgL_ifh(x) =03G(=0,...,y—2).Itis
easier to understand y as the smallest integer for which the control
signal appears in d”y/d¢ for the first time.

By inspection of Eq. (4) we can see that the relative degree y will
depend on the specific form of the product I~'k. Therefore, both the
inertia matrix and the geometric layout of the jets are the two factors
that affect the relative degree of the system. Note that y can only take

the values 2 or 3 (it cannot be 1, because the first derivative of the
output, 6, never contains the control): it is 2 if the vector I~k has
either its second or third component other than zero, and y would be 3
if the vector I~'k only had its first component other than zero. A y
higher than 3 is not possible.

A. Normal Form

The relative degree, and hence the product I~'k, has important
implications in the stability characteristics of the system under
control, because the dimension of its internal dynamics is given
precisely by n —y. When y is defined and smaller than n, the
nonlinear system in Eq. (4) can be transformed into a so-called
normal form, which shall allow us to take a formal look at the stability
of the system through the notions of internal dynamics and zero
dynamics. The normal state becomes

P(x) = (&

and the normal form of the system can be written as

gy U/ T]n—y)T

n = L =q &

e —
§1=Lh(x) =6 My =Lyt = q2(&.m)

£ = L) =&, : )
i]nf]/ = Lfnnfy = qnfy(g7 77)
h(x) =&

where the vector field 7 is a solution of the set of partial differential
equations:

£, = LI/h(x) + L, L} h(x)u

Vn;(x)g(x) =0

To show that the nonlinear system in Eq. (4) can indeed be
transformed into the normal form of Eq. (§), we have to show that we
can construct a local diffeomorphism ®(x) such that Eq. (5) is
verified. To show that ®(x) is a diffeomorphism, it suffices to show
that its Jacobian d®/dx is invertible; that is, that the gradients V§;
and V7 are linearly independent.

1<j<n—-y 6)

B. Internal Dynamics

The internal dynamics associated with the input—output
linearization correspond to the last n — y equations of the normal
form and they constitute the unobservable part. However, the control
must account for the stability of the whole dynamics, and therefore
the system will be stable if the internal dynamics remain bounded. To
assess the stability of the internal dynamics, we will use the zero
dynamics of the system, which are defined as the internal dynamics
of the system when its output is kept at zero by the input. As
mentioned in [21], the zero dynamics is an intrinsic feature of a
nonlinear system that does not depend on the choice of the control
law or the desired trajectories.

The constraint that the output / is identically zero in zero dynamics
implies that all of its time derivatives are zero. Thus, the
corresponding internal dynamics of the system, or zero dynamics,
describes a motion restricted to the n — y dimensional manifold
defined by & = 0. Also, for the system to be in zero dynamics, the
input control # must be such that 4 stays at zero. This means that in
zero dynamics, the normal form can be written as

[él =O""véy=Ovﬁl ZQI(Ovn)""’i/n—y=qn—y(0’n)’h:O]

The analysis of the zero dynamics of the internal dynamics will be
carried out for the control on 6 in the axisymmetric inertia case only.
The resulting expressions in the intermediate and realistic inertias are
practically intractable. Nonetheless, we will see that useful conclu-
sions from the axisymmetric case can be extended to the other more
realistic cases.

C. Control Design on 6

To establish the feedback control loop, the error signal is de-
fined by
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Fig. 1 Control on 6: closed control loop with y = 3.
v—L%0 y— AW — aw

cg y

fa——

X

[Ny
4

Fig. 2 Axisymmetric inertia matrix; one-axis control torque with
components in roll and yaw (two jets).

Side views Top view

e, =10, 9.[1, éd)T — (6, 0, é)T

or
e,y = (040" —(8,6)"

depending on whether the relative degree y is 2 or 3, respectively
(note that these are the only two possible values for ). In both cases,
the desired target values of the derivatives of the total angle of attack
are zero. The feedback control loop with relative degree 3 is depicted
inFig. 1, in which the feedback gain vector K is such that a desired set
of closed-loop pole locations p is matched.

IV. Case with an Axisymmetric Inertia Matrix

In the case of an axisymmetric inertia matrix, we are going to
compare two different jet geometry layouts that will result in the only
two possible values of the relative degree y. Because the inertia
matrix is a given, the only factor that can determine y is the vector k.
A vector k = (k,,0,0), corresponding to a pure roll torque, will
result in a nonlinear system with y =3, whereas a vector

= (k},0,k.), corresponding to a torque with roll and yaw
components, will result in a nonlinear system with y = 2.

A. Case of Torque with Roll and Yaw Components (y = 2)

In the case of a jet layout providing a torque with roll and yaw
components (Fig. 2), the term /'K’ is given by

I;)] 0 0 cos o I} cosa
r'e=(o ' o 0 |= 0 |u
0 0 ')\ -sina —I7'sina

where « is defined in Fig. 2. The system in Eq. (4) becomes

(o8 0 I} cosa

w, aw,w, 0

o, |= —aw W, + | —IZ'sina |u

0 o, siny + w, cos Y 0

v , + (@, cos ¥ — w, siny) cot 0
h(x)=0-6, %)

where a = (1 —I,,/1..). The calculation of the necessary Lie
derivatives yields the next expression of the control:

L,L:6 —I7'sinacosy

where A = w, cos Y — w, siny and v = K - e, with K and e being
the feedback gain vector and the error vector, respectively.

Let us now study the stability of this system through the zero
dynamics of the internal dynamics. The external part of the normal
system will have two components, because y = 2, and can be written
as

=0 =h)=60-60, &= §=0=5
£, = Lih(x) +L Lh(x)u =AW — aw,) — I sinacos Yu

=Lh(x)=0

The internal part of the normal system, which will have three
components (n — y = 3), must satisfy Eq. (6). In this case,

8(x) = (Ik, 0 I'K, 0 0)

thus, Eq. (6) becomes

8771 ()_%] lk/ —i-%],,lk/ =0

90,

—3”2 ()_—8"21 e+ R g~
8a)z o

d ]

= ()——uk;+ﬂl;'ki=0
o, -

One possible solution to this system is 17 = $; =w,,
=&, = ko, + Ko, and n; = &5 =, where k. = I;'k,
and k7 =IZ'k,. This selection satisfies that ®(x) is indeed a

diffeomorphism,
0P
span (ﬁ) e
dx

and we can therefore proceed with the derivation of the internal
coordinates:

— ’
= —klaw,w,

m =,

nm = Lin = a0, = L¢n,

N =Lm;=0w,+ (a)ycost//—a)zsinl//)cotezwx+Acot9=1/}

In zero dynamics, we have that e = 0 (thus, v = K - e = 0) and
L20 6 = 0. These two conditions result in # = 0 from Eq. (8). The
fact that u = 0 in the equations of motion (7) 1rnp11es that w, is
constant. Also, the condition that L2<9 A(z// —aw,) = 6 = 0 leads
to two possible situations with the same implication: either A =0,
which means that 1// Wy (because N3 =w, +Acotl = w) or
w = aw,. Both results mean that 1// is constant, because we saw
before that w, is constant in zero dynamics. Based on these results,
we can see that the internal part of the normal system can be written as

N =cw, ﬁzz_kgclwy N3 =y OF ¢ )
where ¢; = aw, and ¢, = w,. The internal system (9) is clearly
unstable. The component 15 will not remain bounded for all time,
increasing or decreasing indefinitely, depending on the value taken
by c;.



GARCIA-LLAMA AND SENENT 633

i

v
ku A cg

v
ATY

1
N

«|

r
Side views Top view
Fig. 3 Axisymmetric inertia matrix; one-axis control torque in roll

(two jets).

B. Case with Roll Torque (y = 3)

In the case of a jet layout, such as the one depicted in Fig. 3,
providing a roll torque, the only difference from the previous case is
the term I~'k, which is now given by

I} 0 o0 1 I
Fek={o0 1,7 o ]lo|l=] 0 |u
0 0 IZ'/\O0 0
The system in Eq. (4) becomes
o, 0 I
w, am,w, 0
d)z = —aw,wy + 0 Ju
6 w, sin Y + w, cos Y 0 (10)
v o, + (wy cos Y — w, sin ) cot § 0
h(x)=60—16,

where a=(1—1,/I_.). Calculation of the necessary Lie
derivatives yields the next control law:

=L} v— {2y — (a + Do J(aw, — ) — ¢*}0
YT 11 —a)A

an

where ¢ from Eq. (2) was introduced to simplify of the control
expression.

In studying the stability of this system through the zero dynamics
of the internal dynamics, we can see that the external part of the
normal system is given by

=0 =h(0)=0-0, E=0=Lh(x)=0
53:©3:L%h(x):é él =6 5.2:53
& =2V — (a+ Dw)(aw, — ) — @10+ I (1 — a)Alu

The internal part of the normal system will have two components
and must satisfy Eq. (6). In this case, g(x) = (I} 0 0 0 0)7; thus,
Eq. (6) becomes

o, an, o,

:—I_l = — :—1_1 =
g(x) B, 0 a9 S B, 0

am
ox

One solution of the internal system that results in ®(x) being a
diffeomorphism is given by

m=w, m=o, §=Lm=awo, 1§H=Lm=—a0w,

In zero dynamics, we have that e = 0 (thus, v =K - ¢ = 0) and
0 = 0; hence, u = 0 from Eq. (11), which implies that w, is constant
from the equations of motion. Therefore,

= w,=aww, N =w, =—aw,wy

Wy =C1 0, ©,=—C -0, (12)
where ¢; = aw,. This system is stable, although not asymptotically,
because its eigenvalues are nonreal.

In conclusion, we have seen that the global closed-loop stability is
assured in the case in which a pure roll control torque is provided.

The fact that the most stable case is the one with the highest relative
degree possible (y = 3), and hence with the closest possible value to
the system order, is logical, because in the case in which the relative
degree equals the system order, there are no internal dynamics.

Note that even though having more than two jets might not
constitute an added value for this system as an emergency backup,
the option to increase the number of jets from one pair to two pairs, or
to as many as desired, is also viable. The only consequence is that the
maximum control torque capacity would be multiplied by the
existing number of pairs.

C. Test Results with Roll Torque

As indicated in the Introduction, the values of the different
parameters involved in the generation of the test results will be those
of the Apollo entry configuration. In this case, I,, = 8064.4 kg m?
and

I =1 ~ Diyapotio) T Tzapotio)

=1, > = 6813.0 kg m?

In the Apollo capsule, the distance from the theoretical apex to the
c.g. was 2.59 m; therefore, because the x component for the location
of the jets corresponds to that of the c.g., the arm will be given by
1.65 m. The thrust of the Apollo RCS jets was 444.82 N (100 1bf);
hence, the saturation torque value when we have one pair of jets is
~735 Nm. For convenience, when plotting the test results, the
control signal will be expressed as an acceleration (/5 «) rather than a
torque, with the maximum acceleration being 5.16 deg /s

In the case of an axisymmetric inertia matrix the change in the roll
rate due to the control affects the frequency of the oscillation of w,
and ®, but does mnot affect the transversal rate
wr = o7 = (0? + ©?)'/?, where wy is the initial transversal rate
[30]. Therefore, w; cannot be changed during the control process and
represents a physical limitation to the maximum angular rate toward
the desired total angle of attack. This result also indicates that wr,
must be other than zero for this system to be controlled. For all
practical purposes, this is not a tough limitation, because typical rate
deadbands on orbitare from —5to5 deg /sinall axes and from —2 to
2 deg /s before entry. Also, one probable cause to shut down a
nominal RCS is the presence of a stack-on jet, which would impart
additional angular rate on the vehicle before being shut down. In any
case, we must note that an axisymmetric inertia represents more of an
academic case than a real case. More realistic inertia configurations
are addressed in later sections. Nevertheless, the fact that w; remains
constant has important implications in the selection of the settling
time in the feedback controller. This time cannot be smaller than the
time it would take the system to go from the initial to the final total
angle of attack at wy,. Also, because the presence of initial rates will
prevent the system from traveling through the minimum arc, the
settling time should be chosen with some margin to avoid a
continuous saturation of the controller. Therefore, a settling time
t, = (2m/wyy)é is selected, where § is a factor that represents some
percentage of added or subtracted time. Unless said otherwise,
8 = 1.25, which represents a 25% time addition. However, note that
for all practical purposes, the important time is the one that marks the
moment at which 6 becomes confined below the capsule’s side-wall
angle. This time is always smaller than z,.

For the design of the linear controller, K is calculated using a pole-
placement technique. The location of the poles was chosen such that
there was no overshoot in 6, at least when the control signal is not
saturated. The location of the poles will vary with wy, in the
following manner:

p=(-1 =5 =7)5/t, (13)

Figure 4 presents the results from case 1, in which the initial rates
are at the edge of a typical rate deadband limits. Case-1 initial
conditions are w,y = 2 deg /s, w,y = —2 deg /s, w,y = —2 deg/s,
0y =150 deg, ¥, =90 deg, 6,=9 deg, and 1, =159.1s.
Figure 4 is divided in two parts. The left side presents the locus of
the positive direction of the spacecraft’s longitudinal axis (4x axis)
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Fig. 4 Axisymmetric inertia matrix; roll control torque; case 1 initial
conditions (two jets).

in the projection of the two-dimensional attitude sphere in terms of
the angles of attack and sideslip. Each of the contours represents an
iso-0 trajectory spaced every 10 deg around the velocity vector,
located at the center of the diagram. A spacecraft flying exactly heat-
shield-forward would show its locus right at (0,0), whereas a
spacecraft flying exactly apex-forward would show its locus at (0
4180). The ring in the center represents the Apollo side-wall angle
(32.5 deg); therefore, as a first approximation, to have the capsule
protected from the heat of the entry means that 6 should remain
confined within that ring. The right side of the chart shows the time
histories of the control signal, the total angle of attack, and the roll
rate. The control signal is expressed as a percentage of the maximum
acceleration that the system can generate. The plot showing 6 also
indicates the side-wall angle as a straight horizontal line and the
settling time #,, and the roll-rate plot also shows the closest ballistic
roll-rate value | p, | or — | p,, |, with p, = 15deg /s for this case.

D. Optimal Control via the Indirect Method

To validate the performance of the proposed nonlinear feedback
control, a comparison with an optimal open-loop controller will be
provided. The optimal open-loop controller will be calculated using
an indirect method. This comparison in performance will be only
carried out for the axisymmetric inertia matrix.

The goal of the optimal control law will be to find a minimum
torque energy trajectory for a fixed final time ¢, = ¢, . The selected
settling time in the feedback control law ¢, will be the final time 7, _in
the optimal open-loop control time.

The performance index can be defined as

1[4
J== 2dr
2/0 "

The Hamiltonian of this system is defined as

H= 2 u?
Iglu
aw,w,
+[)‘wx )"wy )‘wz )‘9 )‘w] _awxwy

wy SinY + w, cos Y
o, + (w, cos ¥ — w, sin ) cot 6

1
=5 w? 4+ Al u + Aaw.w, — A aw.w, + dg(w, siny
+ w,cos ¥) + Ay[w, + (w, cos ¥ — w, sin ) cot 6]

where A; are the costate variables. The costate equation A=

—HT(t, x, u, ) becomes

. oH

A wx — Ba)x = _)‘wyawz + )‘wzaa)y - )‘W

. oH .
Aoy = —5— = Ay,aw, — Agsinyy — A, cos ¥ cot 0

: o,

. oH
Ap: = — o —A @, — Agcos Y + A, sinyrcot 0
. H
A= — %—9 = Ly (@, cos ¥ — w, sin yY)csc?0

. oH . .
Ay = “a = —Agw, cos ¥ + Aow,_ siny + A, (@, sinyr

+ w, cos ) cot O

The switching function is obtained from the condition
HI(t,x,u,)) =0:
0H

— =u+ Ay =0= u=—A,T;
ou

: —1
—Umax if )"wxlxx > +umax
— : —1
u= +umax if )“wxlxx < —Umax
—1 : —1
_)"wxlxx if — Unmax = )"wxlxx = +umax

where u,,,, and —u,,,, are the control upper and lower saturation
limits, respectively.
The final boundary conditions are given by

Iy =1y,
x; = [free free free 0, free]
j=0 d=0

Ay =Gy, (xp,v)
with the endpoint function being
G=v(0,—0, + vzéf + u3§j-
where v; are the Lagrangian multipliers of the endpoint function, and

where the subindex f refers to the final value.
Therefore, the components of the final costate vector are given by

0G

}‘a)xf ZW = UB(] - a)A
G
== i B
oyf b0, v, sin Y + vz B cos ¥
G
= = — 3Bsi
wif 3wzf v, oS Y — 13 Bsin Y (14)
G A?
hor =56, = TV G
0G .
)\.V/f = W = U2A — U3B9
f

Because v; can take any value, the inspection of system (14) shows
that the components A/, Ags, and A, can be set free, whereas the
other two components, A, s and A,,. ¢, can be expressed in terms of v,
and v;. From the first and final equations in system (14), we can
obtain

_ 1 )‘wxf A _ )\wxf
273 {Mf ta- a)ABQ} BT 0A

where
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Fig. 5 Axisymmetric inertia matrix; roll control torque; comparison
with optimal result.

A= w,cosY —w,siny B=(1-a)w, +2Acotf

Therefore, the components of the final costate can be expressed as

Aoy = free Aoy = free Ayy = free

Aayy = Vo Sin + v3B cos Auzp = V2 €08 Y — v3Bsinyr
In Fig. 5, the time history of 6 and the control effort are shown for
both control methods.
As expected, the open-loop optimal trajectory requires less control
effort [see Eq. (15)]:

1
I;2 / "1 g = 1.22 % 107 rad?/s?
0

1
2 / "2 i i = 137 x 1074 rad?/s?
0

.
I3 A " i g df = 023 rad/s
N K >

I A \/b;;ti:;dt =0.12 rad/s

The main difference between both time histories is the oscillation
that occurs in the trajectory based on optimal control (there is no
oscillation in the response of the feedback linearization controller).
The selection of nonimaginary poles for the linear controller causes
the response to be monotonically decreasing [see Eq. (13)]. Although
it would be possible to reduce the cost by selecting poles with
imaginary parts and therefore creating oscillations as in the optimal
trajectory, itis very difficult to select these poles for an arbitrary set of
initial conditions; hence, the selection of poles with no imaginary
parts for the linear controller seems interesting from a practical point
of view.

5)

V. Case with a Partially Complete Inertia Matrix

In a manned entry capsule, the c.g. location plays a key role in
determining its aecrodynamic stability and its lift characteristics. The
c.g. location is designed to be offset from the centerline to allow for
some lift during a nominal atmospheric entry. Otherwise, the capsule
would be subject to nominal ballistic entries that would result in high
loads on the crew and in the impossibility of having crossrange and
downrange control. The main consequence in the inertia matrix of
having the c.g. displaced from the centerline (e.g., in the z axis) is that
the term 7, turns out to be other than zero.

In this section, we will evaluate what consequences a matrix of the
form I,, > 1,, > I, with I, # 0, and with the remaining cross
products of inertia equal to zero, has in the geometric layout of the
actuators. Note that this inertia matrix is very close to a realistic one,

Fig. 6 Partially complete inertia matrix; one-axis control torque with
y = 3 (four jets).

because the remaining cross products are typically very small
compared with /. This can be verified by having a look at the inertia
matrix of the Apollo entry configuration, where I, /I, = —1/15,
I1,/1,, =—1/110,and I, /I,, = —1/260.

In the cases in which the axisymmetric inertia matrix was used,
both the closed-loop stability and instability of the internal dynamics
(cases with y =2 and 3) could be demonstrated globally. In the
current case, the stability of the internal dynamics is practically
intractable. However, we have seen in the previous section that a
relative degree of 3 ensured the closed-loop stability of the controlled
system. Without claiming that having y = 3 will ensure stability in
this case, we can follow this guideline, assuming that the higher y is,
the more stable the controlled system will be, because there are no
internal dynamics when y = n (all cases tested with y = 2 resulted in
unstable behavior, whereas the cases with y =3 presented
instabilities under certain conditions that could be dealt with; these
conditions will be shown later). Therefore, we are going to look for
the geometric layout of the actuators that results in a controlled
system with y = 3.

A. Case with Two Pairs of Opposed Jets

Although, as it has been said before, having more than two jets in
the proposed emergency backup system does not constitute an
advantage, the case in which two pairs of opposed jets are used is
included in this section, for completeness, to show how the number
of jets affects the geometric layout of the actuators. This layout is
presented in Fig. 6, in which |F,| = |F,| = F, and the total torque is
given by

T = Zr,- x F; =2Fd(cosa, 0, —sina)”

which shows that the torque vector is independent of the c.g. offset in
the z axis (Z,). Thus, in this case, k = (cosa, 0, —sin a)”, and the
term I~k results:

| I cosa+ 1. sina
Ik = T I - 0
wlze 7 \ [ cosa— I, sina

To have y = 3, we need to equate to zero the third component of
the vector I~ 'k:

I,
—1I.cosa— I, sina=0= o, = arctan{— IL} (16)

XX

In the case of the Apollo entry configuration, o, ~ 3.73 deg.
Calculation of the necessary Lie derivatives yields the control law,
which is not shown here, given its complexity and length.

B. Case with One Pair of Opposed Jets

When we consider the use of one pair of jets instead of two pairs,
the achievement of the new jet layout is not as straightforward as in
the case of the axisymmetric matrix. If we select the set of jets
numbered 1 in Fig. 6, the term 'k for that set would become

1 I..dcosa + I .dsina
Ik = 7

—1 M
TS =1 |z | sina
izt \ ] dcosa — I dsina
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Fig. 7 Partially complete inertia matrix; one-axis control torque with y = 3 (two jets).

To obtain y =3, we need to make the second and third
components of /~'k equal to zero. In principle, we can see that
equating « to zero to have the second component equal to zero leads
to having the third component equal to —/,_d, hence notresulting in a
closed-loop system of relative degree 3. Therefore, to achieve y = 3,
we need to introduce another degree of freedom in the geometry of
the jets’ layout. That new degree of freedom will come from a
rotation of the location of the actuators around the x axis: o in Fig. 7.
With the geometry depicted in Fig. 7, the torque generated by that set
would be given by

Fcosasino(—dsino + |z.,|) — F cosacos o(d cos 0)
T = —Fsina(dsino — |z,|)
F sina(d cos o)

and /~'k would become
Ik

1 I, cosa(|ze|sing — d) — I, dsinacoso
=T I sina(|ze| — dsino)
welzz ke \ —I o cos |z | sino — d) 4 I d sinacos o
To have y = 3, we start by equating to zero the second component
of I"'k without making o = 0:

. . (lz
|zl —dsine =0 =0, = arcs1n{| ;‘g'}

We substitute this result into the third component, which must be
equated to zero and solved for e, resulting in

{Ixz(lzcg| Sil‘lO'C - d)}
o, = arctany ————
1. dcoso,
In the case of the Apollo entry configuration, 0. ~ 5.18 deg and
o, ~3.72 deg.

C. Test Results

In this section, only a test case with two pairs of opposed jets will
be presented. For the partially complete inertia matrix, the values of
the inertia elements are I,, = 8064.4, I, = 7177.7, I, = 6449.6,
and I, = —526.1, all in kgm?. '

Figure 8 shows the results when the initial rates are within typical
rate deadbands. Case-2 initial conditions are w,, = 1.5 deg/s,
wy =2 deg/s,wy=—1.5 deg/s,0, =160 deg, ¥, =350 deg,
0, =25 deg,and r, = 180 s. Unlike in the case of the axisymmetric
inertia, where u tended to zero in the time of interest as 6 was
confined, with the present inertia configuration, the control signal
becomes periodic and so do the resulting angular rates. Nevertheless,
the control can be turned off at a point at which the conditions are
appropriate to ensure the total angle-of-attack confinement and a
ballistic entry. Simulation experience shows that acceptable results
can be obtained turning off the control when three conditions are met:
first, 6 has reached 6, or is close to it; second, the angle of attack is
negative; and third, the roll rate is in the ballistic range or close to it.
Note that these conditions are found for the present inertia matrix
and, in general, should not be extended to other inertia values or

Max Control Torque = 1470 N m
180

S5
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Fig. 8 Partially complete inertia matrix; case 2 initial conditions (four
jets).
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Fig. 9 Partially complete inertia matrix; case 2 initial conditions (four
jets); turn-off time is 325 s.

configurations. Thus, if the control is turned off at t = 325 s, which is
when the preceding conditions are met, we would get the results
presented in Fig. 9.

Simulation experience indicates that an element that contributes to
making the system unstable is the value of the targeted 6,. Depending
on the initial conditions, a system with a partially complete inertia
matrix may become unstable for 6, smaller than some value 6. It
was found that, generally, 0, is between 15 and 20 deg for this
particular inertia matrix. For instance, case 2 becomes unstable when
0, = 18 deg. Therefore, a convenient approach is to set 8; > O, e-
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+X

Fig. 10 Complete inertia matrix; one-axis control torque with y =3
(four jets).

VI. Case with Complete Inertia Matrix

We are now going to consider the realistic case of a complete
inertia matrix (I, > I,, > I,, with I;; # 0). To convey a more
accurate representation of the actual dynamics, in addition to the
complete matrix of inertia and the c.g. offset in the z axis, we are
going to account for a displacement of the c.g. in the y axis as well
(Y,,); although this displacement is typically of a few tenths of an
inch and could be neglected for all practical purposes. Following the
guideline from the previous cases, we are going to find a jet’s
geometric layout that results in a system with relative degree 3
(y = 3) for the cases when two pairs and one pair of opposed jets are
considered.

A. Case with Two Pairs of Opposed Jets

Tohave y = 3 with two pairs of opposed jets, in addition to having
the jets canted with respect to the y—z plane, we will have the
locations of both sets of jets rotated about the x axis to have another
degree of freedom.

For the jet layout in Fig. 10, with |F,| = |F,| = F, the torque is
given by

T = E r; x F; = 2Fd(—cosa, —sinasino, sina cos o)’

where it can be seen that the torque vector does not depend on either
c.g. offset arms. In this case, k has components k, = —cosa,
k, = —sinasino, and k, = sina cos 0. To have y = 3, we need to
equate to zero the second and third components of I~'k. By
substituting k, from the second component of I~'k into its third
component, we get

k. — (inV2v3(inV1’3/inV1’2) — inV3‘3)
=

inV2'3 — (inV1‘3/inV1’2)inV2‘2

iHV2‘3(inVlv3/inV|‘2) — inV3_3} (17)

= 0, = arctanq — - - - -
inv, 3 — (invy 3/inv, ,)inv, ,

where inv; ; represents the elements of the inverse inertia matrix.
Substituting this result into the second component of Ik, we get

inv, } (18)

inv, 3 coso, — inv,, sino,

a, = arctan{

In the case of the Apollo entry configuration, 0. &~ —7.78 deg and
@, ~3.77 deg. Now I"'k in Eq. (4) becomes

—inv; ; cosa, + sine,(inv, 3 cos o, —inv;, sing,)
I"k= 0
0
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Fig. 11 Complete inertia matrix; case 3 initial conditions (two jets);
turn-off time is 45 s.

The stability of the internal dynamics is even more intractable than
in the case of the partially complete inertia matrix; therefore, an
assessment on stability will be given based on simulation experience.

B. Case with One Pair of Opposed Jets

An arrangement with just two jets can be designed so that y = 3. If
we select the set of jets numbered 1 in Fig. 10, we can see that k
becomes

k, o8 &(|zg| SiN O — |yeq| cOS O — d)
k=|k |= —sina(d sino — |z.))
k, sino(d cos o + [yg,])

When this k is used in Eq. (17), the following expression results:

|ycg|f*(invi.j) - |ch| _
p =

sing + f*(inv, ;) coso + 0 (19)

where

inV2’3 (inV1’3/inV1Y2) — inV3v3
il’lV2v3 — (inVlﬁ /inVl_z)inVZz

f*(inv;, j) =

Near o =0, the solution to Eq. (19) for the Apollo entry
configuration is o, ~ —2.66 deg. With this value of o, the second
component of /~'k must be zero, and the following expression
results for .

_invl,2(|ZCg| sin O, — |ycg| COsO, — d)

o, = arctan — - -
¢ —invy,(d sin o, — |z,|) + inv,5(d cos o, + [yeq)

which turns out to be &3.75 deg in the Apollo entry configuration.

C. Test Results

As it happened in the partially complete inertia matrix case, now
the control signal also becomes periodic. Therefore, for practical
reasons, we will also have to turn off the control at a point at which
the conditions ensure total angle-of-attack confinement to the safe
region and the attainment of a ballistic entry. Simulation experience
shows that acceptable results can be obtained using the same turn-off
conditions described in the case of the partially complete inertia
matrix. Also, as in the case of the partially complete inertia matrix, an
element that contributes to making the system unstable is the value of
the targeted 6,. Depending on the initial conditions, simulation
experience shows that a system may become unstable for a 6, smaller
than some value 6. Generally, 15 deg < 6, < 20 deg. For
instance, case 3 becomes unstable when 6; = 15 deg. Asin the case
of the partially complete inertia matrix, the possibility of turning off
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the control before the onset of the unstable behavior seems to exist in
this case too. Again, the best approach would be to select a
0, > 20 deg.

One representative case when two jets are used is presented in
Fig. 11, in which the initial conditions are those of case 3 and the turn-
off time is 45 s. Case-3 initial conditions are w,, =5 deg/s,
wyo = —4 deg /s, w =10 deg /s, 6, = 160 deg, ¥, = 120 deg,
0, =25 deg, and t, = 41.8 s. The complete inertia matrix of the
Apollo entry configuration is given by the following elements:
I,=18064.4, I, =71717, I,=6449.6, [, =-526.1,
I, =—71.9,and I,, = —31.2, all in kg m?.

For the complete inertia matrix configuration, it was found that
singularities in the control law prevented the system from being
controlled in a number of cases. This aspect of the control algorithm
deserves further research.

VII. Inclusion of Atmosphere and Reduction
of Final Roll Rate

Up to now, the proposed control concept has been presented only
from an exoatmospheric standpoint. The implications when
considering different inertia matrices and different numbers of
thrusters have been seen, and different methods of dealing with
potential unstable or undesired behaviors to ensure an acceptable
performance were shown. Nevertheless, should a portion of the
control action take place when the spacecraft is traveling through the
upper layers of the atmosphere, the demand on the controller would
be reduced, due to the spacecraft’s aerodynamic restoring moment.
This aerodynamic moment will allow for an earlier termination of the
control action and for the relaxation of the turn-off conditions.

In the cases in which the initial angular rates are high, the control
on 6 propitiates a high final roll rate. Even though this final roll rate
ensures a ballistic entry and may not violate the crew medical
constraints, it may represent a problem at the time to deploy the
landing system (drogue and main chutes) later in the flight. This
aspect of the crew safety becomes especially important in cases in
which the spacecraft has even a small rolling moment C;. An
unintended rolling moment might be present due to protuberances
and/or cavities in the outer skin of the spacecraft or due to a
nonuniform ablation of the heat shield. Its presence might result in
not having the roll rate in the ballistic range or in extreme roll rates at
the deployment of the landing system. This is what happened during
the unmanned test flight of the Apollo 201, when a pair of electrical
short circuits resulted in a loss of power to both of the command
modules’s independent RCS subsystems, leaving the CM without
any means of attitude control. It was later determined that
protuberances in the outer skin of the spacecraft resulted in a
C,; = 0.00004, which spun up the vehicle until chute deployment,
when the roll rate was estimated to be over 40 deg /s [31]. In this
section, we are going to explore the possibility of controlling the roll
rate with the same set of backup jets that were used to place the heat
shield forward in the first place.

We have seen that to achieve arelative degree 3 in the control on 6,
the jets had to be arranged in a specific geometry, depending on its
number and the spacecraft’s inertia matrix. Nevertheless, this
arrangement has been in all cases, such that the generated torque had
its largest component in the longitudinal axis (i.e., x axis or roll axis).
An interesting advantage can be extracted from this fact: the
possibility of controlling the roll rate through the atmospheric phase
of the flight. In the absence of atmosphere, reducing the roll rate
implies instability in the total angle of attack and the possible loss of
its heat-shield-forward orientation. When the atmosphere is present,
the aerodynamic restoring moment greatly compensates this
instability.

The analysis will be carried out for just two representative cases:
the axisymmetric and the complete inertia matrix configurations,
both with the use of just two jets of 444.82 N (100 Ibf) each. For
simplicity, the effect of the atmosphere in the performance of the jets’
thrust is not going to be included in this study. Despite the presence of
atmosphere, the system model will basically remain the same as the
one presented in Eq. (4). The only difference will reside in the target

function /(x), which needs to be modified accordingly, because now
the goal is to control w,. Now h(x) = @? — p?, where p, is the value
of the ballistic roll rate. The squares are selected to ease the handling
of the signs, because, in principle, in an emergency situation, it may
not matter much whether the spacecraft achieves a positive or a
negative ballistic rate. The acrodynamic moments are not included in
the system. They will be treated as an unknown perturbation that
benefits the control action and will contribute to further confine 6.
Also, it is easy to see that the relative degree of our system is now 1,
because the control already appears in the first derivative of the
variable that we want to control. Unlike in the case when we
controlled 6, now the relative degree cannot be altered and the
expression for the control becomes u = (v — L;w,)/L,w,, where
the input v results from the product of the feedback gain K times the
error e, which are scalars in this case. Therefore, K = 5/(#,6) is now
the location of the single closed-loop system’s pole, where ¢, will
have a minimum value possible given by the maximum roll torque
that can be generated, and e = p2 — ?.

In the test results that will be presented next, the atmospheric
conditions will be those of an entry from low Earth orbit (LEO) with
Elat 121.92 km (4 x 10° ft) and with an initial Earth reference flight
path angle y, = —1.87 deg that will be assumed constant. This is a
valid approximation, because in a typical LEO entry from that
altitude, the flight path angle may vary just about 1 deg during the
first 300 s. Other Apollo data that will be used to generate the
simulation tests are the reference surface S,.; = 12.02 m? and the
reference length L. = 3.91 m.

A. Axisymmetric Inertia Matrix with Two Jets

In the case of the axisymmetric matrix, the c.g. is contained in the x
axis, and because we are considering a symmetric capsule, the
spacecraft will tend to trim at 6 = 7r/2 or at 6 = 0. In this case, the
control law results:

v _ ) S
2w, 25w, 16

XX

u—=

A case that includes the presence of atmosphere and a C, =
0.00004 is presented in Fig. 12. In this case, the initial conditions are
Wy =2 deg/s, wy=—10 deg/s, w,=—15 deg/s, 6=
150 deg, ¥, =90 deg, 6, =25 deg, and t, =25 s. With these
same conditions, if there was no atmosphere, we would see that
whereas the roll rate would successfully decrease to the ballistic
value, 6 would no longer remain confined within the vehicle’s side-
wall angle. However, with the presence of atmosphere, we can see in
Fig. 12 that 0 gets more and more confined as the dynamic pressure
QOpar 18 built up, due to the restoring aerodynamic moments.

[o% control on

High feedback gain

Low feedback gain

% of max thrust

o (deg)

o, (deg/s)

Time (sec)

Fig. 12 Axisymmetric inertia matrix (two jets); control on @, with
atmosphere and C; = 0.00004; control on @ is not shown.
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Fig. 13 Complete inertia matrix (two jets); control on w, with
atmosphere and C; = 0.00004; control on 6 is not shown.

When there is atmosphere and C; # 0, the effect of a rolling
moment can be thought of as a perturbation p(r) that cannot be
measured or estimated. If the feedback controller is designed for w,
without taking into consideration the effect of the perturbation, the
differential equation that models the tracking error becomes
e, = Ke,,_ + p(f). The main consequence is that the long-term
(steady-state) tracking error will not be eliminated, but due to the fact
that we are mainly interested in reducing the short-term (transient)
tracking error and that a very accurate control of w, is not necessarily
required, an increase in the controller gain will reduce the short-term
error to acceptable levels. As an alternative, an integral component
could be introduced in the controller to improve the long-term
tracking error, but this option is not going to be studied in this paper.
Figure 12 shows a comparison between having a low feedback gain
(with 1/6 = 0.05) and a high feedback gain (with 1/§ = 1) when the
rolling moment is 0.00004.

B. Realistic Inertia Matrix with Two Jets

In the case of the realistic matrix, the c.g. is offset from the x axis.
In the Apollo case, the spacecraft has two trim points: at around
25 deg and at around 165.5 deg. The control law on w, is not shown,
given its length. Only a case with atmosphere and with C; = 0.00004
will be presented. The initial conditions are w,, =2 deg/s,
wyo =—3 deg /s, wy=—5 deg/s, 0, = 150 deg, ¥, =90 deg,
0, =25 deg, and t, =77.2s. In Fig. 13, we can see that the
spacecraft is trimming at the right angle of attack (25 deg). The fact
that the spacecraft is trimming at that angle while having a roll rate is
an indication that the vehicle, as could be expected, is actually
banking about the velocity vector at the trim angle of attack. In this
case, the control on w, was set to zero when the ballistic rate was
reached to avoid oscillations on the control signal when it tries to
keep the ballistic roll rate constant. The consequence of turning off
the control in the case were C; # 0 is that the roll rate will deviate
from its original value throughout the flight, so that eventual control
action will be required to compensate this deviation. Nevertheless,
the requirement to fly at the exact ballistic rate is not a hard one,
especially in an emergency case, and some error margin around that
value should be tolerated. Consequently, the amount of control
correction can be adjusted such that its usage is reduced.

VIII. Conclusions

The results presented in this paper show that the proposed
emergency backup operational concept for atmospheric entry,
producing control in one axis, consisting of a minimum of one pair of
opposed body-fixed jets as actuators and an input feedback
linearization control system, is capable of maneuvering a spacecraft
into a heat-shield-forward position, imparting in the process enough

roll rate to achieve a ballistic entry, and controlling the roll rate
during the atmospheric flight.

It was shown that for the axisymmetric case with relative degree 3,
there exists a feedback control law that can transfer the system to
0 = 60, and 0 = O = 0, whereas the rest of the state variables remain
bounded. Specifically, w, and a)% + @? remain constant. Also, a
feedback control law based on feedback linearization that satisfies
the preceding condition was formulated. The controller’s gains were
designed to depend on the initial conditions and they were generated
following a standard pole-placement methodology. For the
axisymmetric case with relative degree 2, it was shown that a
control law that transfers the system to 6 = 6, and 6 = 6 = 0 will
render the system unstable.

It was also shown that to make the relative degree 3, which is the
maximum value possible when using only one-axis control torque,
the actuators must be arranged in a specific geometric layout that is
dependent on the inertia matrix and the number of jets. In the case of
the control system on w,, the relative degree is 1 and cannot be
altered.

Although in the case of an axisymmetric inertia matrix, the closed-
loop stability of the system when controlling 6 was demonstrated to
be globally stable, in the cases of more realistic inertia configurations
(although some functional conclusions based on simulation
experience were provided), the stability of the closed-loop system
is practically intractable, at least when studying the zero output
dynamics. Other approaches to global stabilization or, more
generally, to the control of nonminimum phase systems have not
been investigated in this research and should definitely be subject to
future work. However, simulation results show that when a relative
degree of 3 is used, a feedback control law succeeds for a wide range
of initial conditions.

In the cases of realistic inertia configurations, it was also shown
that to maintain 6 confined, the control signal becomes periodic. To
save fuel, the control on 6 can be turned off at a point from which 0
will remain confined, and the roll rate will be enough to allow for a
ballistic entry. The turn-off conditions were found for the specific
inertia matrix used in the study. Although the turn-off conditions are
largely relaxed in the presence of atmosphere, the relationship
between turn-off conditions and inertia configurations, together with
the effect of the atmosphere in those conditions, deserves further
investigation.
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