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APOLLO REENTRY GUIDANCE

D. J. Lickly, H. R. Morth and B. S. Crawford
Space Guidance Analysis Group
Massachusetts Institute of Technology
Instrumentation Laboratory

Summary

The problem of designing a system of steer-
ing logic for the reentry phase of the Apollo
‘mission is discussed in detail. The guidance
system is an automatic, self-contained inertial
system using a digital computer. Its objective
is to guide the spacecraft to a preselected land-
ing site without violating certain prescribed
conditions of safety. The relationship between
overall mission requirements and reentry range
requirements is discussed.

Performance, flexibility, and simplicity are
put forth as design criteria. The critical mea-
sure of performance turns out to be the system's
ability to steer properly in spite of initial navi-
gation errors, cspecially the resulting error in
indicated rate-of-climb. A system which
achieves the desired performance is described
in detail. Its principal features are approximate,
analytical formulae for predicting the range of
various trajectory segments and the use of a
computed reference trajectory scheme for con-
trolling during the critical, supercircular phase
of reentry.

I. Introduction

The reentry phase of the Apollo mission is
unique in several ways. It is the last link in a
long sequence of steps; inaccuracices or mistakes
committed during reentry cannot be compensated
for in a subsequent phase. It is the only phase
in which aerodynamic forces, rather than rocket
thrust, are used to modify the spacccrafi's tra-
jectory. The period of communication - blackout
during reentry is one of two periods (the other
being flight behind the moon) during which im-
portant actions and computations within the
spacecraft cannot be monitored and checked on
the ground.

The accurate landings of Mercury flights
MA-8 (Schirra) and MA-9 (Cooper) raise the
question: Is reentry guidance necessary for lu-
nar missions? The answer is, emphatically,
yes. The main reason involves the dynamics of
reentry at escape velocity. Although escape
velocity is greater than orbital velocity by a fac-
tor of only V2, the sensitivity of reentry range
to an error in the entry flight path angle is sev-
eral orders of magnitude greater than in the or-
bital entry case. (seec section II for detailed
discussion) Thus a ballistic reentry or a con-
stant I./D reentry flown open-loop fashion would
impose unreasonable accuracy requirements on
the preceeding phase. Furthermore, even if
such an accuracy were possible, non-standard
atmospheric conditions and non-standard space-
craft aerodynamic characteristics would cause
large landing-point errors.

The two objectives of reentry guidance are,
in order of importance:

1) safe return to the surface of the earth,
and

2) landing-point control.

It is important to realize that these objectives
must be achieved in spite of non-ideal equipment
performance and non-standard environmental con-
ditions.

For purposes of guidance system design, safe
return means that the deceleration during reentry
should never exceed some prescribed limit (per-
haps 10 g's), nor should the spacecraft skip back
out of the atmosphere at greater than orbital vel-
ocity. The reentry trajectory may include a free-
fall, "ballistic lob" portion out of the atmosphere
in order to reach adistant landing point. but
this must be done at sub-circular velocity. A
super-circular exit velocity would result in an
extended elliptical flight, before return to the
atmosphere, with limited supplies of power, oxy-
gen, cte. The midcourse guidance phase has the
first responsibility for a safe return in that the
spacecraft must be steered into an acceptable
"corridor' from which a safe return is possible.
It is then the job of reentry guidance to achieve
objeetive number two, range-control, without
interfering with objective number one, safe-re-
turn.

IEquipment is heing designed to accomplish
these objectives, as well as the objectives of the
other mission phases, without the aid of exter-
nal inputs (though capabilily exists to accept ex-
ternal inputs if available and useful). This equip-
ment includes a space-sextant, an inertial mea-
surement unit, IMU, and a general purpose type
digital computer. During reentry the sextant is
not useful. Figure 1 is a block diagram of the
Apollo Guidance and Navigation system as used
during reentry. The main sub-systems are the
IMU, the navigation portion of the computer pro-
gram, the steering portion of the computer pro-
gram, the stabilization and control system and
the spacecraft itself. The main subject of this
paper is the development of the steering logic, the
block in Fig. 1 whose inputs are navigation infor-
mation and whose output is a roll command to the
stabilization and control system.

The equipment available offers a unique de-
sign problem. First, the system must be tailored
to operate successfully with the information avail-
able from the Inertial Measurement Unit.
the digital computer will strongly influence the
steering logic. For example, logical branches

are much faster on the digital machine than are
the multiplications characteristic of linear feed-
back control systems.

Secondly,
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(e The primary reentry guidance system shown
in Fig. 1 is capable of completely automatic
operation, (This is not true of the other phases
of the Apollo mission in which the astronaut's
functions are vital and irreplaceable.) It is felt
that the astronaut's most useful role during re-
entry is to monitor the operation of the automatic
system and to be prepared at all times to over-

. ride it in case of malfunction. In that event he
would form the central link of a simple back-up
system which could not match the automatic
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-which could ensure a safe-return trajectory.

Listed below are basic ground rules and
limitations which govern the reentry system de-
sign.

1) The system should be self-contained.

2) The system should be automatic,

3) No thrust is available during reentry,
except for attitude control.

4) The reentry capsule is a low L/D
vehicle,

5) There is only one control parameter,
roll angle, which is used to point the
lift vector in a desired direction.

6) Acceleration should not exceed some
prescribed level.

7) Super-circular exit velocities are
ruled out.

8) There is a limited supply of fuel for
rolling maneuvers.

9) The computer speed and capacity are
limited. '

10) The accuracy of the initial navigation
information is limited.

11) The accuracy of the inertial gyros and
accelerometers are limited.

A basic ground rule not included above in-
volves the ranging requirements. These are
discussed in the following section.

II. Range Requirements and Capabilities

Requirements

The requirements imposed by the overall
missionon the reentry phase are indicated below.
There is no simple cause-and-effect relationship
which clearly shows what the reentry range re-
quirement should be. There is, rather, a com-
plex system of trade-offs involving various oper-
ational considerations, the total impulse avail-
able to the spacecraft for the trans-earth injection
and midcourse phases, the vehicle's aerodynamic
characteristics, the midcourse guidance perfor-
mance and the reentry guidance performance. A
complete discussion of all of these matters is not
attempted in this paper, but some of the over-
riding factors are discussed briefly.

An important operational requirement is that
the system should be able to accomplish a com-
plete lunar mission at any time during the lunar
month in any year. This means that the moon's
declination can be as large as 28. 6 degrees,
north or south, at the time of the moon-to-earth

trajectory. (The maximum occurs in 1969.) The
return trajectory, from the moon's sphere of in-
fluence to the point of entry into the earth's atmos-
phere, is approximately an ellipse with a transfer
angle near 180 degrees. Therefore, when the
moon has a substantial northerly declination, the
reentry point must have a substantially southern
latitude,” and vice-versa. This concept is pic
tured in Fig. 2. Shown in Fig. 3 are ground tracks
of paths leading to a landing site in southern United
States. Also shown are lines of constant range to
the landing site and loci of entry points corres-
ponding to different lunar declinations. For a

28. 6 degree north declination the minimum range
from entry to landing is 4800 nautical miles and
requires a 90 degree inclination return ellipse.
Other operational factors, such as tracking sta-
tion capabilities, may place a constraint on the
allowable return ellipse inclination and, therefose,
greatly increase the reentry range requirement.

Capabilities

The Apollo Command Module is a wingless,
axially symmetric, reentry vehicle constructed so
that its center of gravity is displaced from its
axis of symmetry. When flying in the atmosphere
it trims with a low, constant ratio of lift to drag.
Its only means for modulating the trajectory is to
roll about the wind axis, so that the lift vector
may be pointed anywhere in the plane perpendicu-
lar to the velocity vector. Rolling is accomplished
with reaction jets.

Shown in Fig. 4 are the range capabilities for
a series of low L/D vehicles which hold 1ift up
throughout the reentry trajectory. Range is plot-
ted versus the initial flight path angle. The dotted
line connects cases which have a maximum dece-
leration of 10 g's. This figure demonstrates
several important points. It shows, first, that
long range capability is due more to the initial
energy (corresponding to escape velocity) than to
the ability to use lift. Even the ballistic vehicle
can achieve a very large reentry range if it enters
at just the right flight path angle. A more impor-
tant question, however, concerns sensitivity. The
slopes of the solid lines in Fig. 4 are a measure
of the sensitivity of reentry range to deviation in
initial flight path angle. For example, the slope
of the zero lift line at a range of 4000 n. m. is
10, 000 n. m, /milliradian. For any given range,
the sensitivity decreases for increasing L/D. For
ranges greater than 1500 n. m., however, the sen-
sitivities are still too great to permit an open-loop
reentry quidance system.

The dotted line in Fig. 4 shows that lift pushes
down the bottom of the acceptable reentry corridor.
That is, due to the lifting capability a much wider
range of initial flight path angles are permissible,
relaxing the requirement on midcourse guidance.
Furthermore, the figure shows that an L/D of
approximately 0. 4 or greater is required to main-
tain a 5000 n. m. range capability across the en-
tire corridor.

The curves in Fig. 4 tell nothing about minimum
range capability. Consider the case corresponding
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’to an entry angle of 7.4 degrees and an L/D of
0.4. As soon as the peak (10 g) acceleration
point is passed, the spacecraft can roll its 1lift
vector downward to shorten range. In this parti-
cular case, a minimum range of 600 n.m. is
achievable without exceeding 10 g's anywhere
along the trajectory. Thus, lift serves to decrease
sensitivity to errors, widen the corridor and extend
. the useful ranging capability (maximum and mini-
mum) across the corridor.

The lateral range capability is quite small ag
.shown in Fig. 5, which plots the entire reentry
capability "footprint'' for three values of L/D.
The figure shows again that the ranging capability
is due to initial velocity rather than aerodynamic
characteristics. On the other hand, lateral range
capability is increased significantly by increasing
the lift to drag ratio.

III. Design Criteria and Philosophy

Three criteria for judging the design of a
system of reentry steering logic are simplicity,
performance and flexibility. These are discussed
in turn below.

Simplicity

In this case simplicity is not really a measure
of reliability. Since a general purpose type com-
puter is used, the various arithmetic and logical
steps of a complex program are carried out by
the same hardware elements. A simple program
does have an advantage over a complex one in
that it is easier to ''debug' it; that is, to make
certain that it provides a proper course of action
in every conceivable situation. The desire for
simplicity is at times in conflict with the other
criteria discussed below. These other criteria
taken together might be termed ''rationality".
That is, based on the information available and
the degree of confidence in that information, the
system should do the most rational thing in all
circumstances.

Performance

In evaluating the performance of a system of
steering logic the only useful measure of effec-
tiveness is the extent to which steering errors
are minimized.

A distinction should be clearly made between
navigation errors and steering errors.  Navigation
errors are inaccuracies in the determination of
the spacecraft's own position and velocity. In
considering the causes of missing a desired tar-
get point it is convenient to think of a navigation
error as the error in where the spacecraft thinks
the target is. Steering errors, on the other hand,
represent the spacecraft's inability to reach the
position where it thinks the target is.

The most obvious type of steering error in-
volves the final phase of the reentry trajectory.
Since there is only one control variable, roll an-
gle, it is difficult to drive both the downrange and

crossrange components of the indicated target
displacement precisely to zero simultaneously
even though the target was within the attainable
range capability of the spacecraft shortly before
the end of the flight. It is relatively easy, how-
ever, to make this steering error negligibly small.
(See discussion of lateral control in section V).

In a well designed system, therefore, the expected
miss-distance should be approximately the same
as the expected navigation error near the end of
the reentry trajectory.

A more subtle, and potentially more serious,
type of steering error involves control actions
which are taken in a much earlier phase of reentry;
specifically, while the velocity is still super-cir-
cular. The danger is that during this super-cir-
cular phase, while the sensitivities are high, im-
proper control actions based on imperfect data
(that is, navigation errors are present) may re-
sult in a large enough trajectory deviation such
that later control actions are incapable of com-
pensating sufficiently for the early mistakes. Thus,
steering errors are a function of navigation errors,
and the functional relationship is markedly depen-
dent on the steering scheme. On the other hand,
navigation errors are not a function of steering
errors or the steering scheme, except in a second
order way. To state the problem in another way,
during the super-circular phase the range-capa-
bility "footprint'' shrinks rapidly and there is a
danger that the target will slip outside the shrink-
ing footprint due to an improper control action.

In this situation, a relatively small navigation
error could cause a huge target miss if the steer-
ing logic does not diagnose the trend in time.

Anything which might cause the trajectory to
deviate from a nominal trajectory (one resulting
from perfect information and standard conditions)
should be regarded as a possible source of a ser-
ious steering error. A list of these possible
sources follows:

1) Errors in the indicated initial position
and velocity (at the start of reentry).

2) Initial misalignment of the IMU.

3) IMU gyro and accelerometer errors.

4) WNon-standard atmosphere.

5) Non-standard spacecraft aerodynamic
characteristics.

The first three items in the above list are the
causes of navigation errors.

A study of a variety of steering schemes has
revealed that the chief troublemaker is the error
in indicated rate-of-climb during the super-cir-
cular phase. This error, in turn, stems mainly
from initial condition errors, item 1 above. In
fact, the main theme of this paper is that the re-
entry steering scheme must be designed to keep
negligible the steering error resulting from in-
itial navigation errors, the navigation errors at
the end of the midcourse phase.

Flexibility

There are two concepts of flexibility appli-
cable to the Apollo reentry guidance problem; the
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@ tirst might be called mission flexibility, the se-
cond, trajectory shaping flexibility.

Although the primary mission is the lunar
landing and return mission with reentry at appro-
ximately escape velocity, the system will also be
used in some preliminary earth orbital missions
and must also be capable of handling a continuous
spectrum of conditions due to the possibility of
aborts. Since there are a variety of possible re-
entry conditions and a variety of possible target

it 3 3 om nanailsy,
ranges, it is desirable that the system casily

- adapt to these possibilities. This desire for mis-
sion flexibility points toward a steering scheme
based on approximate analytical formulae which
apply to a broad range of conditions rather than
one based on a prestored reference trajectory
which could apply accurately only to a narrow
range of conditions.

The second concept of flexibility may be view-
ed in terms of a particular mission. Given a
particular set of reentry conditions, there is some
degree of choice in selecting a trajectory to reach
a landing point at a particular range. There are
a variety of factors, some unrelated to the gui-
dance problem, which can influence this choice.
For example, some trajectories are superior to
others in the amount of heat to be absorbed by the
reentering spacecraft. Another example is the
fact that some trajectories make it easier for the
astronauts to monitor the performance of the auto-
matic system. The main point here is that a
steering scheme which eliminates this choice is
less desirable than one which leaves unspecified
some ''shaping parameters'' which can be speci-
fied in a late stage of design or even in flight.

Two design principles which are sometimes
ignored, but which are particularly important for
missions of this type, may be stated as follows:

1) The steering must be consistent with
the nature of the real input data.

2) The steering must be designed to dove-
tail with the general characteristics
of the onboard digital computer.

These ideas are examined in some detail below.

Compatibility with Input Data

It is relatively simple to control a spacecraft
if perfect information about present position and
velocity is continuously available. In a real sit-
uation, however, the data is far from perfect due
to measurement errors and other things that in-
ject "noise" into the system. Therefore, as dis-
cussed previously, one of the most significant
criteria for judging the merits of a set of steering
laws is its ability to handle large errors in the
input variables and still do an adequate job of
guiding,

A corollary to the above is that the steering
logic should not be over-designed. That is, the
accuracy of the steering equations need not be
apprecably better than the accuracy of the navi-
gation. For example, if the knowledge of position

is no better than say, 2 miles, it does not make
sense to design steering equations that would guide
the vehicle to within 10 or even 100 feet of where
it thinks it should be. Of course, if this comes
for free, i.e., no increase in complexity, nothing
is wrong with it. But usually, a more accurate
system will necessitate a more sophisticated and
complicated set of steering equations.

Compatibility with Digital Computer

The use of a digital compuier as a control
element in a closed-loop type system is becoming
more common every day. There are many obvious
problems that must be investigated in programm-
ing a computer to perform the vital control and
command function. Among these are the timing
requirements, the storage allocation, the quanti-
zation effects, etc. For the most part, however,
steering logic is designed considering an analog
type system and the equations are then fitted to a
digital computer. But a digital computer offers
new fields and new ways to solve conventional pro-
blems. Tailor-making the steering equations for
the characteristics of the digital computer used is
a more subtle problem.

The ease with which a digital computer can in-
troduce non-linearities into a control loop is an
area that can be explored at length. In a conven-
tional analog system, switching was costly and one
usually relied on proportional type control. How-
ever, the decision-making and switching ability of
a digital computer is cheap and fast. The conven-
tional analog technique of adding and differencing
signals and then weighting them with various gain
constants can be replaced with switches and branch
instructions in a digital computer. This often
leads to much better performance since the effect
of certain signals can be weighted in a highly non-
linear manner to achieve desired results. It is
almost always faster in terms of machine time
since instructions such as branching and compari-
son are much faster than multiplication. However,
a simple set of equations on a block diagram is now
replaced by a complicated appearing flow-chart
full of tests, branches, and multiple paths. WNever-
theless, this may represent a system that is ac-
tually simpler, faster and more efficient for a
digital computer to solve than the cleaner looking
ones. In general, the field of tailoring control
logic to accomodate a digital computer is a fertile
one that remains largely unexploited.

IV. General Description of Steering Scheme

This section describes a specific set of steer-
ing laws to meet the objectives which were des-
cribed previously. These steering laws are by no
means in their final form, though as is shown in
the next section, they will meet all mission ob-
jectives in the face of imperfect information. We
describe them in detail now to point out the fea-
tures which we feel must be incorporated in any
guidance scheme for this mission.

Figure 6 shows that a typical entry trajectory
is divided naturally into almost distinct parts. It
is natural that the steering should be considered
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g these same parts. Prior to entry, the IMU is
aligned and the vehicle is oriented to reentry
attitude. On entering the atmosphere, the phases
are:

1) Ensure a safe capture avoiding excessive
g's and heating at one extreme and an un-
controlled skip out of the atmosphere at
the other extreme.

2) Steer to conditions at the edge of the at-
mosphere so that most of the desired
range will be achieved in a ballistic
phase.

3) Fly through this ballistic phase.

3") Or fly a constant altitude phase if the
range is short.

4) Finally, steer to the landing site upon
reentry.

Shown in Fig. 7 is a logic flow chart to ac-
complish each of these phases, much as will be
programmed on the airborne computer. Updated
navigation data appears {(at the top of the figure)
once in each computing cycle. The program flow
proceeds (downward through the figure) through
one of the four major sections, producing a roll
angle command. This command is then the input
to the stabilization and control system for one
computing cycle period.

Range predictions are used in several places
in the flow chart. These predictions are accom-
plished by dividing the trajectory into several
segments and representing each by simple appro-
ximate equations. Limits and switching criteria
are also represented in the same way. There are
two reasons for this: first, more sophisticated
formulations are not consistent with the accuracy
of the input data; and secondly, the digital com-
puter is especially adapted to this type of formu«
lation. An alternate approach, for example, us-
ing fast time repetitive solutions to generate
range predictions would put too severe a burden
on the computer, and would generate a very accu-
rate prediction only if it really had the indicated
position, velocity, drag, etc.

The inputs to the steering logic are:

1) Vehicle acceleration

2) Total velocity

3) Altitude rate

4) Vehicle coordinates

5) Landing site coordinates

There are other possible input variables.
Altitude is rejected in favor of acceleration. The
acceleration provides a sort of pressure altitude.
This input makes up for atmospheric variations
in part, and it is the drag level rather than al-
titude which is a more significant factor in deter-
. mining vehicle performance,.

Altitude rate is selected over drag rate be-
cause of the possibility of noise in the drag rate
signal, although, as will be shown, altitude rate
signals have significant errors and there may be
a possibility to correct them with drag rate infor-
mation,

The navigation task of determining vehicle
coordinates will not be discugssed, and the proce-
dure for determining the landing site coordinates
on & rotating earth will be deferred.

Now consider each phase in detail.

Phase I - Initial Descent

In most cases the effect of this portion of the
steering nrogram is to select a roll angle com-
mand and to hold it at that value until phase 2 be-
gins. . The governing factor in this selection is
the performance of the previous phase (midcourse
guidance). As can be seen in the logic flow dia-
gram, the lift can be directed in one of three di-
rections. Up lift, away from the earth, is called
for in steep entries and down lift in shallow en-
tries. This down lift is maintained until the drag
has built up to a value, KA, signifying capture by
the atmosphere. There is also a possibility of di-
recting lift to the side, should midcourse accura-
cies be such that the vehicle is in the center of the
corridor, but with a large lateral error.

The specification of the dividing line between
steep and shallow entries is somewhat subjective.
Which is worse, a prolonged skip, or excessive.
g's and an extra high heat rate?

Phase 1 ends when the indicated rate of des-
cent is reduced to a preselected level. (VRl is
that level on the chart). This level is one “of
the shaping parameters mentioned earlier. It
could be computed, automatically, as a function
of the initial range and entry angle or could be
"keyed in' manually.

Phase 2 - Steer to Exit

A computed reference trajectory technique is
the main feature of this phase. Fortunately, this
reference trajectory computation can be accom-
plished by simple analytic formulae.

Errors in altitude rate information were the
main reason for selecting this type of steering,
The inexact knowledge of the vertical direction is
the main source of this error. For example, a
3.5 n.m, error in the downrange component of the
indicated spacecraft position at the start of entry
means a one milliradian error in the knowledge
of vertical and corresponding 36 feet per second
error in altitude rate indication.

All other schemes studied were too sensitive
to this error and unconirolled skips often resulted.
That is, the vehicle exited at super-circular ve-
locity, flying roughly a full 360 degree orbit last-
ing several hours before re-entering. The inhe-
rent instability of the vehicle flight path in this
super-circular region is the main reason for this
phenomenon. Lift must be directed down to main-
tain equilibrium between centrifugal and gravity
forces. If the vehicle is displaced below this
equilibrium point, too much down lift results, and
then divergence. If the vehicle is displaced up,
there is too little down lift, and again divergence.
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Many guidance schemes will overcome this
divergence with good information, but special
attention is required to prevent errors from caus-
ing the trajectory to diverge.

The reference trajectory gives a degree of
stability to the actual trajectory even with bad
information. That is, the vehicle is constrained
near a preassigned drag history. Or said another
way, the drag information is weighted more ’
heavily than is the altitude rate information.

The reference trajectory we have studied is
a constant L/D trajectory chosen so that exit
conditions are proper to atiain the desired range.
In the equations below the symbol (L/D) refers
to the vertical component of the lift to drag ratio,
the predominant factor in determining range of
gliding vehicles. The reference is calculated on
the basis of drag level and velocity at the start
of this phase.

An iteration is required to calculate exit
velocity V; and altitude rate RDOT| such that

the predicted range angle A, matches the desired
range angle THETA, This gredicted range angle
is composed of four parts approximated by sim-

ple formulae. All derivations appear in Appendix

A =A1 +A2+A3+A

P 4

where

range angle to exit.

1
S (L/D); Hg In (D /D )

range angle in ballistic phase.

-1 =2
=2cos - ((1- Vv, cos v/

\/1 +(-2\—/'-I% + :\713) cos2 ¥)

A3 = range angle for equilibrium glide
in final phase,

1 2
= - -2—(L/D)2 In(1-V,;)

A4 = range angle correction for impro-
per flight path angle at start of
equilibrium glide phase.

( 2H.G VL
(-v LZ)G R

S

_ - RDOTL)
VL (L/IAD)2

£

i
2
il

reference L/D for reference path.

= reference L/D for equilibrium
glide.

scale height of atmosphere

Do=~ drag at start of exit phase,

= drag at exit.

exit
T2 _y?2
Vi =V /| GR
G = gravity
R = earth radius RDOT
cosy = cos{flight path angle)=~ cos —-v-—L
L

Note that this iteration is made but once, defining
the reference trajectory VL and RDOTL.

The reference trajectory is a drag and alti-
tude rate history as a function of velocity. The
similarity in shape of constant L/D trajectories
to equilibrium glide lines was noted. The equili-
brium glide line is the locus of points where the
lift force balances the centrifugal and gravity
forces i. e.

2 SC
—G+lpV2 L

— = =0,
2 m

<

This suggested that the reference trajectory could
be approximated by an equilibrium glide line at a
reduced gravity, such that the glide line is dis-
placed to the left. The reduction in gravity,GMAR,
for this approximation is 9
v
G G-
MAR R

The reference trajectory is then a reference drag
acceleration

2

Dogr = — - G - Gyag) / (WID)_

2|

The altitude rate reference, RDOTref’ is

chosen to correspond to constant L/D flight as
described in Appendix B and is a linear function of
velocity.

RDOTref = (L/D)1 v, -V)

0

where
V0 = initial velocity.
The steering is then similar to that described
in reference 2 among other places.

- Rpn -
(L/D) = (L/D)y + KO(D - D)
R
+ Agpot (RPOT - RDOT )}
where
(L/D)C = commanded L/D
7\% = influence function of drag on
range
_9oR
aD
KI‘%:DOT = influence function of RDOT on
range
IR __
9RDOT
K = gain chosen to over correct L/D



There is no use of reference range as in re-
ference 2, since the reference trajectory was
chosen to have the desired range.

The two influence coefficients are approxi-
mated by simple functions of L/D and range as
described in the appendix

R 2
KD = Kl R /(L/D)l
and
R _ R R D R
*rpot = {®rpor)y ~ ®rpOT,! B * PRDOT)
where
R ) 2
O\RDOT)O = K2 R /(L/D)l
(x ), = OB for ballistic phase
RDOT’1 aRDOT

Since this reference trajectory is represent-
ed by a simple formulation, shaping of the path
is possible. This shaping is desirable for sever-
al reasons.

1) Heating loads are affected by the path
flown. In general, if convective heating is the
predominant factor, a high heat pulse with the
corresponding short time duration is desirable.

2) The sensitivity of the trajectory to de-
viations from desired values is affected by the
path. The ballistic phase has sensitivity co-
efficients of roughly 2 n. m. /fps for both velocity
and altitude rate deviations, see Rig. 8. The
lower the exit velocity, the smaller are these
sensitivities.

3) Some paths being further from uncon-
trolled skip, are more easily monitored by the
astronaut and back-up equipment.

This particular scheme can be shaped by
two means, somewhat independently. The exit
velocity V; can be changed somewhat by (L/D)1

and the initial portion of the trajectory can be
varied with a different (L/D)ref’ Also, with

good knowledge of position and velocity prior to
entry, some shaping is possible by modifying
the selection of the initial roll angle.

Short Ranges

Short ranges (2000 n. m. or less) do not call
for a ballistic phase. This condition is easily
determined by a logical decision in the digital
computer.

In this case, a constant altitude phase is in-
itiated at or near the start of phase 2. Very
short ranges call for negative lift limited by a
g limiting logic.

As before, the constant altitude phase is
amenable to simple formulae (derived in Appen-
dix A). Altitude rate, RDOT ., is commanded by
the difference between predicted and desired
range,

R.DOTC = Ky (THETA - AP) :
The predicted range AP has four componehts

Ap=Apy *Apy*t Apy + Apy
where

APl = equilibrium glide range angle.

1

i 2
-—2— (L/D)2 In (1 VEq)
A132 = constant altitude range angle
v2

RD VEq

APS = correction for transition to equili-
brium
2

= 2Hg /R (L/D), (1 -’VEq

)

AP4 = range angle correction for transi-
tion to constaht altitude

2
= V RDOT/R ((L/D)y; pc D - — + G)
R

MAX
= 0 if phase started
where

VE = lowest velocity for equilibrium at
altitude

The altitude rate command is limited, if ne-
gative, by the following formulae derived in the

appendix
( ZHS 2
VR2 = v GMAX)
2
v L
+ 2H ( - ) In ( )
SR Lyax
+ 2Hg (Lygax - L)
where
GMAX = maxim;m allowable acceleration
(ft/sec”)
L=L/DD

Lyax = L/Dyax Gyax

This last formula is surprisingly effective con-

sidering the assumption of constant velocity made
in the derivation. With this limit, there is possi-
ble a minimum range trajectory which flies near
a g limit all the way.
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EPhase 3 - Ballistic Lob

No steering is possible during this phase
since the spacecraft has left the sensible atmos-
phere and there is no thrust available. There is
a possibility of ground tracking and correcting.
via uplink telemetry, of navigation information.
Therefore, the navigation portion of the compu-
ter program must be written so that its normal
sequence may be interrupted and the corrections
properly read in.

Phase 4 - Final Glide
Equilibrium glide is the basis of this phase,

but corrections are needed for flight path angle
variation and potential energy correction.

These ranges are derived in the appendix

Ap1 = equilibrium glide range.

It

- 3 (LID), In (1 - 77)

APZ = flight path angle correction
2
_[RDOT _ ~z) v
-(RERE - antg/R(L/D),T T2
Ap3 = potential energy correction

v2

2
D,V
_1 0
_R.(L/D)2 Hsln( > >
8]

L/D is commanded on the difference in pre-
dicted and measured range

K

L/D. = (L/D), - —
c 2 (1 -9?)

(THETA - AP)

We over correct by a factor of 2, K = 4, since
the equilibrium glide range formula would give

-2

AL/D = —
In(1 - ¥2)

Lateral Control Logic

The above discussion of the four phases of
reentry emphasizes the problem of selecting the
amount of 1ift to be applied in the vertical trajec-
tory plane. This vertical component of I./D may
take on any value between plus and minus
(L/D)MAX. If, for example, the commanded

L/Dis + 0. G(L/D)MAX,

ing through 53 degrees either to the right or left,
and results in a side component of 1./D of 0. 8
(L/D)MAX. It is the function of the lateral logic

this is achieved by roll-

to make the choice, at each computing interval,
of either a right or left roll angle command.

Basically, the lateral logic simply directs
the lift to the side where the target is. However,
to avoid a large number of roll reversals, there
is a dead zone built in the logic. That is, lift may
be directed away from the target if the predicted
impact point is within limits, This limit has been
set at approximately one half the vehicle's lateral
range capability and can be represented simply
by the approximation

% vehicles lateral range capability

= kv?

When a roll reversal is called for, the
logic insures that the vehicle will roll in the short-
est direction; that is, less than 180 degrees.
Typically, 4 or 5 roll reversals occur during an
entire reentry trajectory.

¥y
2

Effect of Earth Rotation

Since navigation is performed in an iner-
tial coordinate system, the indicated target point
is continuously moving. In the early portions of
reentry, a very rough time-of-flight prediction is
made by dividing the range-to-go by orbital velo-
city. For purposes of steering, then, the target
is assumed to be at a predicted future location
given by

R =R+ R, (UTR (cos (W ETA)-1)

Tpred T T1

+ UTE sin (W ETA))
where

r = target vector at start of reentry

UTR = unit vector perpendicular to north and
_ UTE
UTE = unit vector pointing east at start of entry

RTI = R cos (latitude)

W earth rate

ETA

estimated time of arrival measured from-
start of reentry

When the velocity is reduced below some preset
value, say 15, 000 fps, velocity relative to the
earth is used as a steering input and the target is
fixed at its instantaneous location at each calcula-
tion. That is, in the last half of the final glide
phase, steering is performed in relative coordin-
ates.

V. Performance

The principal measures of steering system
performance, as indicated in section III, are the
magnitudes of the various potential sources of
steering error to which the system will adapt. A
successful adaptation means that the steering
error is kept smaller than the navigation error.
It is impossible, in an unclassified paper, to pre-
sent detailed, quantitative performance data. It
is possible to state, however, that the system
described meets the various quantitative perfor-
mance requirements adopted. It is also possible
to give a qualitative discussion of the manner in
which this system does adapt to the error source
found to be most troublesome.

The most severe requirement placed on the
steering equations is to negotiate entry trajec-
tories with a large error in the indicated altitude
rate. For a number of reasons, this is the term
with the greatest effect on various steering equa-
tions. Consequently, its effect will be discussed
in some detail.
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5 An important characteristic of the altitude
rate error is that it is essentially constant during
the critical, super-circular, phase. The inerti?.l
navigation system accurately monitors changes in
velocity and its components, but has no knowlgdge
of the errors in the initial navigation information
fed into it. Thus, the indicated altitude rate sig-
nal is a smooth, ''unnoisy' one with, possibly, a
large bias error.

To illustrate the operation of the guidance
equation, a set of examples will be analyzed. Fi-
gure 9 shows a plot of the reference trajectory
given as altitude as a function of velocity. Also
shown is the real trajectory flown. As shown
these do not correspond exactly. However, the
reference does serve as a guide-line to steer by.
It's importance can be more easily understood
by considering the case where a constant error
of 100 ft/sec is introduced into the indicated al-
titude rate.

Two of these type trajectories are shown in
Fig. 9, one for a +100 and the other for -100
ft/sec error. As shown they do not follow paths
that are very close and do not exit from the atmos-
phere with a velocity near to the nominal valqe.
What they do accomplish is to arrive at the right
spot down-range. How they achieve this ?esult is
not a simple matter to understand in detail. How-
ever, some insight can be gained by examining
Fig. 10. This shows the trade-off between \{elp-
city and altitude rate for constant range b.alhstlc
skips. As it points out, there is not a unique set
of conditions that must be met in order to go a
particular range during the skip portion. .Indeed,
there is a family of combinations of velocity and
altitude rate that will fill the bill. It is this fact
that is the nub of the steering logic that is pre-
sented in this paper. Although the nominal tra-
jectory selects particular values of the exit con-
dition variables, velocity and altitude rate, itis
in general impossible to achieve them in the pre-
sence of noisy inputs and the limited response
capability of the entry vehicle. However, it is
not necessary to meet the nominal exit conditions
exactly, or even very closely. What i§ .attempted
by the steering is to exit at some conditions that
cause the vehicle to traverse the right amount of
range,

The exit conditions for several flights, both
with and without errors, are shown in Fig. 10.
Although the points do not all agree precisely in
their ranging characteristics, they are close
enough so that the terminal phase can make up
the difference quite easily. (This is, after all,
all that is needed). Eventually, if the errors
become large enough, the system just could not
compensate well enough (especially, soon enough)
for proper range control.

The important role perfcrmed by the r(—?fer—
ence trajectory in the successful augmentation
of these steering equations is not readily appa-
rent. It offers good firm bench marks upon
which it is possible to steer in spite of rather
significant noise sources. The trouble with ’ghe
alternative approach, a predictive system, lies

in its sensitivity to large input errors, especially
since the dynamics of the equations of motion are
basically divergent at this time and controlability
is being lost at the same time. This does not
mean that a predictive system could not be made
to work, but to adequately desensitize it requires
the addition of other equations to perform functions
closely akin to the vital ones supplied by a refer-
cnce tirajectory.

Let us oversimplify their operation in order
to present a better comparison. A predictive
system computes, in each cycle, a predicted
range based on the present indicated values of the
input variables. It then selects a control action
based on the difference between predicted and de-
sired range. A reference trajectory approach
selects control actions based on some relation-
ship between certain input variables, such as ve-
locity, drag and rate-of-climb; and a comparison
with a "reference' set of relationships. In doing
this, it pays more attention to developing trends.
Although both approaches may work well with
good data, it is this fundamental difference in con-
cept that swings the balance to the reference tra-

jectory appraoch when confronted with erroneous
data.

To summarize, the chief criterion to judge
the merit of a proposed set of guidance equations
is their ability to steer to a predetermined land-
ing site with the 'least miss'. However, it is
felt that "least miss" should not mean the lowest
possible figure for the "normal" or design case,
but that it should imply something about holding
down the miss distance to reasonable values for
as broad a spectrum of off-design conditions as
can be tolerated. In other words, the guidance
system should handle input uncertainties as large
as possible. The major contributor has been
singled out to be errors in the indicated altitude
rate. The ability of the system to withstand size-
able uncertainties in this variable has been demon-
strated. And it has been mentioned that other
noigse sources have not degraded the system per-
formance significantly. Thus, it is felt that a set
of guidance equations with good design character-
istics have been developed.
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Derivation of Approximate Equations

Appendix A

For completeness the several equations
- used to calculate range and limiting velocities are
assembled here. Most of these equations are
well known. Some are unique. In all cases, ap-

" proximations are made to simplify the analyses
and yield formulas consistent with the digital com-
puter used to implement them. It is realized that

.improvements in certain areas are possible to get
more accurate formulas with little increase in
complexity and work is continuing to this end.
Also, no attempt is made here to reduce the num -
ber of time consuming multiplications and divi -
sions as will be done before the equations are im-
plemented.

The basic set of equations for a reentry
vehicle analysis are in a rotating wind axis frame

SC
2
. %—Y = % pVv TD G sin v (A-1)
’ sc
dy _ 1 V _ L _
Fraiad vl I - \) cos 'y+ 5 VT (A-2)
- - vsiny (A-3)
d Range _ 0
——dfj—=§Vcosv:Vcosv (A-4)
p = f(H) (A-5)

where

V = velocity
p = atmospheric density
D

sC
e ballistic parameter
SC—L = lifting parameter
m
v = flight path angle between velocity
and local horizontal
G = gravity acceleration
H = altitude
R = radius of path

R, = earth radius

[=3

This set will be the basis of most of the deriva-
tions which follow,

1. Equilibrium Glide Range

- Assume:

1. R, L/D, and G are constant

2. gravity term (G sin 7) in drag equation
is negligible

flight path angle is small, cos v = 1,
sin v = vy

b 3.

The equilibrium glide is the locus of points
where the centrifugal, gravity and lift accelera-
tions balance. In this case, Eq. (A-2) becomes

2 sC
\% 1 2 L
R "Gz AV (A-6)
The range angle is
1 t2
Ap1 *R Stl (A-7)
Substitute for dt from drag Eq. (A-1) to get
\'
A L § 2 vdv
P1 R V1 sC
_1 22D
z P m
Vo v .S_.C_L_
-1 SV m_ gy (A-8)
1 2 sC
V' _ gl D
R m
=2
1 -V 2
1 2 - 2 A\
=5 L/D1n , where V“ =
2 1 - V21 RG

The above form of the equation is good for below
satellite speed. Another form is derivable for

conditions above saiellite speed. It is clear the
equation is singular at satellite speed since zero
lift is required for equilibrium at that condition.

2. Equilibrium Glide Flight Path Angle

Make same assumptions as for equilibrium
glide range and assume also exponential variation
of density with altitude.

e -H/HS

P = Py

Divide Eq. (A-3) by (A-1) to eliminate

time
SC
siny = - 3 pV —2 g% (A-9)
take differential of (A-6)
SC SC
2V, pV ~Llgv=-1 dp "L V2dH
R m 2 dH m
dp . _ o
dH HS
so wl2v o, S
dH _ SIR 7P 2G/V
- -7 SC HS
dv 1 V2L L 1 V2 L
3P 3P m
(A-10)
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Substitute (A-10) into (A-9) to get

»

2G HS

sin y =- (A-11)

vZ /D

3. Range Angle Correction for Improper Flight
Path Angle af Start of Equilibrium Glide
Phase

From Rosenbaum's thesis, Ref. 3, we see
the sensitivity of range to variations in flight
.path angle from equilibrium glide value
d Range _ R V2
Oy 1-V2

The change in flight path angle from ballis-
tic phase to equilibrium glide is

2GH

S 1
Ay = —_—— t = RDOT
v® L/D v
so the range correction is
Al - 1 0dRange N
R Y
2H, G
A =[—2— +rpoT| —Y¥
V(L/D) (1-V2)GR

(A-12)

For transition from ballistic phase to equilibrium
glide RDOT = - R.DOTL. For transition from

constant altitude to equilibrium glide, RDOT = 0.

4. Range Angle for Constant L /D Portion

Assume altitude rate constant and velocity
constant for this calculation. The usual condi-
tion is a fairly rapid change in velocity and build
up in altitude rate. In this case, the range angle

is
A, =L v oat
1" R 'L
where
At = AH/RDOTL
= Hg In (DO/Dmin)/RDOTL
SO we can write
v D
A - 1 __L_ Hg In | —2
R RDOTL D

min
(A-13)

5. Constant Altitude Range

The range equation (A-7) is directly inte-
grable since p is constant at constant altitude.

Va

Apy = -2 1 (7 _vdv

R p 'V, V25C

1 D

m
2 v

=¥ (L (A-14)

RD v,

6. Transition to Constant Altitude from Positive
RDOT

Assume constant p, V and that full negative
lift is applied to make the transition. The equa-
tion for RDOT is then assuming small flight path
angles

2
dRDOT _ _ L1 L Vo G
dt R
where SC
]'_,1 = l p V2 -___E
2
m

The time elapsed in the transition is

-ARDOT

2
L +X.q
R

At =

and the range angle is

VRDOT

A VAt =

1

P4 T 3

R RS L/DD - +G§
R

7. Ballistic Range

From polar form of conic we have

R:‘z._
1 -ecosf

radius

semi latus rectum
eccentricity

true anomaly

- e
H o a n

we see that 2f = ballistic range

Ay =2 cos”! L-L/R)
e
But
2/R =2 cos? ¥y

and

e2 =1- 272 cos21+v4cosz'y
so finally,

1- V2 cos? ¥ 1

_ -1
A2 = 2 cos {

N1+(T4 - 2V2) cosy S



" It is straight forward to show that the sensi-
« tivity coefficients of range to velocity and flight
path angle are

dA
P2 o
= K, cos27(2 +2ull - Vz)/e),
CAY RAD/FT/SEC
dA
P2 -
— = - K, cosysiny(2 +u(2-V2)/6),
9y RAD/RAD
where
K, = 2-‘72/ 1 - u2 e

us ({/R-1e

8. Maximum Allowcrd Negative Altitude Rate

Assume
1. constant velocity
2. small flight path angle
3. exponential change of density
with altitude
4, full up lift is applied to avoid
acceleration

then

V2 9 SCy,

dRDOT _ V' .1 2 201
dt R 2 m

eliminate time by

at - —9H

RDOT

and set V2 ) SCL
CF = — -G, L=>=pV ——
R m

[ CIE

This gives

R dR

pot 4Rpor = (CF+L) dH

Integrate this H-H
H, _ 1
S RDOTdRDOT = S CF+L, e Hy du
1 H

2 2
RDOT. - = - -
OT, - RDOT{ = 2 CF (H, - H;) +2Hg (L, - L,)

Ly
= 2 CF H, Inl — +2HS(LZ-L

)
S 1
Ly
To find RDOT2 consider drag acceleration
only
SC
2 m

set differential of above equal to zero to find=
dH

IV 2t Epay

an _ “Hs

dv v

use equation (A-9)to get

ZHS
siny = - _2— €max

\%

or
2H

_ s S
RDOT2 = Vsiny ——T €max

so we can write finally
2

2H.g
(RDOT,)? = [ —S_max} 2 Hg CF In L
v L
max
+ 2HS (Lmax - L)

9. Potential Energy Correction to Equilibrium
Glide Range

The approximation is that the glide slope is
proportional to L./D, a better approximation for
high L/D vehicles. In this case the range is

Aps - i (L/D), (H - Hy)

In terms of measurable drag and velocity
this is

21 Po
AP3 = = (L/D)2 HS 1n (——)
R p
1 Dy v
-1 (L/D), H_ In
R 25 \p VO2

The constants DO’ V. are the final values that
all trajectories with e same W/CDA tend to.

Appendix B

Reference Trajectory

This section describes in more detail the
reference trajectory control used in the second
phase of the entry steering. The significant fea-
ture of this steering is an L./D command based
on the differences from a reference drag level
and altitude rate level

i R
(L/D) = (L/D); +K A (D-D_ o)
R (RDOT - RDOT__,)
RDOT ) ref

There are four functions of velocity in this refer-
ence control

AR R

D RDOT D> X RDOT

ref’ ref’
as compared with five in other published refer-
ence trajectory schemes. {See Ref. 2.) The
range of the reference trajectory was chosen to
match the desired range so the reference range
term is missing. It is the purpose of this section

12



’to describe the assumptions that led to the appro-
vximate representation of these four functions.

. The reference drag is an approximation to
that of a constant L/D trajectory. This type of
trajectory was chosen for two reasons: first, the
linear perturbation analysis is directly and sim-
ply applicable, secondly, the reference could
match extreme cases where near full up lift is
required thereby utilizing the full maneuver cap-
ability of the vehicle. It was noted that the con-

_stant L /D trajectory is similar in shape to equili-
brium glide lines in the super circular region.
These lines are asymptotic to satellite velocity
at high altitudes. The reference trajectory is to
be asymptotic to a velocity VL which is less than

satellite velocity. This desired asymptote could
be viewed as satellite velocity in a reduced gravity
field

2 = -
VL = (G GMAR)R

where GMAR is chosen to give the correct value
of VL‘ The equilibrium glide line is then
2
Y.c-a = (L/D)__. D
R MAR ref “ref

The reference L/D positions the trajectories pri-
marily at the start of reference control, since all

glide lines approach the same line at high altitudes.

This starting point need not coincide with the vehi-
cle drag level. As a matter of fact, steep entries
call for a starting reference drag less than the
actual drag and shallow entiries call for a larger
reference drag.

The reference altitude rate (RDOTref) is cal-

culated by assuming that aerodynamic forces pre-
dominate and the vehicle flight path does not
change appreciably. In this case, the change in
altitude rate from zero is related to the'change in
velocity by the vehicle L/D.

RDOT ;= (L/D)1 (Vo -V

The assumptions are borne out by computer
runs of constant L./D trajectories. This is be-
cause the other two forces, centrifugal force &nd
gravity force, oppose each other in the region of
interest, and in fact, exactly cancel at satellite
speed. A correction allowing for the difference
between these two forces has been studied, but
this refinement was found to have little effect.

There is a relation between velocity change,
V0 - VL’ and L/D that is needed before this analy-
sis is complete. The clue to this analysis is the
linear relation of altitude rate and velocity change.
The altitude rate is assumed to be

dH

=K, (V. - V)
at 20

13

The drag equation is then, assuming an exponen-
tial atmosphere and neglecting the gravity compo-~
nent

-H/H

ELG
1

dt

divide the second equation by the first to elimi-
nate the time dependence, valid because

SV2

dH
dt
is always positive
-H/H
av . K. Sy
dH K2 (VO - V)

Separate the variables and integrate from initial
velocity VO and altitude H0 to final velocity VL

and altitude H

L
VL v, -v (.HL K, - H/Hg
S ——- V- — e dH
V0 \"% H0 2
A \
1 - _9 + 11'1-—9
VL VL
K -H_ /H -H_ /H
1y o L Ts_ TTo'Ts
S
2
-Hp /Hg
assume e is negligible compared with
- Hy/Hg
e so we can write finally
Vo Vo _ Hg Dy HgDy
— -1-In— = —5 = —
VL Vi Vo K Vo (L/D)y

This calculation yields L/D1 in terms of

Vor VL and D, L/D1 in turn determines RDOT

and the combination of RDOTL and VL are re-

L

quired for the proper range in the ballistic phase.
It is apparent that an iteration is necessary to
find the proper combination of variables. Also,
the role of the initial drag level in the reference
trajectory is clearly displayed. viz. Higher drag
level will give a greater velocity change other
things being constant.

. . R R
The two influence functions XD and )\RDOT

were solved directly in a series of computer runs
using perturbation (''adjoint") equations to a
series of constant L./D reference trajectories.
This type of technique is now becoming standard
and will be found in Ref. 2.

It was noted that there was a relation among
these influence functions for different trajectories
at a particular point on the trajectory, namely at
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-, the bottom of the initial pullout. This relation is
& for related altitude and altitude rate influence

functions.
2
. Xg . - 000018 R Ft/Ft
0 L/D
R 15 R*
[MB) - BE ri/Rad
V' "Jo L/D

R = range in nautical miles

Shown in Figures 11 and 12 are these formu-
lae compared with the computer results. It is
seen that the functions are directly proportional
to the range squared, and inversely proportional
to L/D. This latter fact bears out the fact seen
in Fig. 4 that the higher L/D trajectories appear
to be less sensitive.

Further, it was noted that the altitude in-
fluence function decays exponentially with altitude

{H-H)/Hg

where

H0 = initial altitude
H

g = atmosphere scale height

Also, it was noted that the flight path angle
influence coefficient decays exponentially with
altitude to a constant value

N 1
i -H.YH
>\R: )\R _ AR e—(H o)' S+KR‘
Y Y 0 Y 1 Y 1
where
1
HS = another scale height different from
H
)xli = constant value of influence function.
1

This constant value is related to the ballistic

3R
oy

but is somewhat less because of the compensating
effecl of the subsequent final glide phase, The
formulae are compared with computer resulis in
Figures 13 and 14,

Summarizing, the influence functions can be

written in terms of Drag and RDOT by noting a
change in drag, thus

14

R _sR D
KH (H-Href) XH Hs In 5 )
ref
. ()R Dpet u DDref
. Hig Dy 5 D
50
H
R . _[4R] Fs
D \ H’O
0
similarly
R R ORDOT R 1
A A by =
RDOT v oy vy
so Hg/Hg
R ref R 1
A = K +{A —
RDOT [50 ¥ )1 v
where
H
P
Hg
K=

2B SRy
7o Y| v
Other possibilities occur in relating these
influence functions. For example, it was noted
that the ratio of these influence functions is al-
most constant over the region of interest. This
fact was incorporated in one version of steering

equations which gave adequate, though somewhat
inferior, performance.

Some effort has been made to find an analy-
sis to support these empirical results. So far,
no complete answers have been found. The per-
turbation equations have been reduced to a sim-
pler form retaining only the more significant
terms, and the desensitizing effect of L/D has
been noted. But this simpler set of equations is
a time varying linear set, and further analytical
progress will be slow.
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