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SUMMARY

The guidance system for maneuvering vehicles within a planetary
atmosphere which was studied uses the concept of fast continuous predic-
tion of the maximum maneuver capability from existing conditions rather
than a stored-trajectory technique. In the method of display and control
used, desired touchdown points are compared with the maximum range capa-
bility and heating or acceleration limits, so that a proper decision and
choice of control inputs can be made by the pilot.

A piloted fixed simulator was used to demonstrate the feasibility of
the concept and to study its application to control of lunar mission
re~entries and recoveries from aborts. A repetitive solution time on the
order of 6 seconds was adequate for re-entries from satellite speeds where
conditions were not changing rapidly, but for re-entry at parabolic speeds
from lunar missions a faster solution time was indicated. The regions of
entry conditions leading to control-sensitivity problems corresponded to
trajectories which skipped up to the edge of the atmosphere. The simu-
lation was also used to define the ground areas that would be attainable
during typical entries using this method of guidance control for a vehicle
with moderate lifting capability (lift-drag ratio of 0.5).

INTRODUCTION

Various systems have been studied for guiding maneuverable vehicles
through a planetary atmosphere to a desired touchdown point without
exceeding arbitrary temperature and acceleration limits. The concept of
using perturbations about a fixed or stored trajectory has been considered
in many studies (refs. 1 through 5 for example). These studies have shown
that successful touchdown control with good precision can be achieved if
the actual Initial conditions of the entry are sufficiently near the stored
values and if enough perturbation variasbles are used. The fixed-trajectory
method is inherently limited, however, to the conditions and situations
stored in the system.



Guidance systems for advanced missions may have to cope with wide
variations in sbort and entry conditions for nonstandard atmospheres.
These requirements have stimulated interest in the possibilities of mere
"universal" system concepts that do not depend on stored conditions but,
rather, continuously compute or predict the future trajectory from the
present actual conditions. In addition to greater generality a continuous-
prediction system might possess advantages In deriving and displaying
hazardous flight regimes and in computing the total maneuvering capability
to enable the pilot to decide upon alternate flight paths or destinations
more easily. : '

From experience with fire-control systems 1t is inferred that one of
the major problems in a continuous-prediction system will e the form of
the equations used as a basls for the prediction computer. A satisfactory
compromise must be achieved between the confllicting requirements for a
reasonable amount of computing equipment, accuracy, speed, and realistic
input information. To gain insight into these questions, a research pro-
gram has been conducted with three goals: (l) to develop a continucus
trajectory prediction technigue, (2) to develop a display and control
system to use the information generated, and (3) to study by means of an
analog simulation how a pilot might be used to close the control loop and
toc assess the system capabilities. Since some of the need for generality
in such a guidance system is associated with emergency or near—emergency
conditions, the agpproach has been kept as simple as appeared feasible.

This report will describe in detail the equations used for the
prediction of re-entry trajectories. The limitations and errors associated
with the equations will be discussed along with a method of using this
prediction scheme for re-entry control. The description and results of a
piloted simulation are included to investigate the use of this guidance
system for re-entry control. The re-entries simiated were both return
trajectories from a lunar mission and trajectories that may occur in
recoveries from aborts. No attempt has been made to match this terminal
guidance system to particular midcourse guidance systems. It is assumed
that the vehicle has arrived at the edge of the atmosphere within safe
limits of entrance angles and velocltles for the given vehicle.

NOTATION
A acceleration factor, g units
b . gpan, ft
CD drag coefficient, D .
qs3
L

Cq 1ift coefficient, —
98



m

=

pitching-moment coefficient, pitching moment

gSc

yawing moment

qSh

yawing-moment coefficient,

side-force coefficient, E;
qsS

mean chord, ft

drag force, 1b

gravitation acceleration unit, ft/seczih

altitude, ft

gain constants for simulated rate damping

gain‘constants for simulated reaction controls

Cp for desired trim condition

drag ratio in equation (5), — - —
Cp for 'existing trim condition

lift force, 1lb

moments of inertia about the x, y, and z axes and product
of inertia about x and z axes, slug-ft

mass of vehicle, slugs

rolling, pitching, and yawing angular velccities of body
axes, radians/sec

dynamic pressure, %QV2, lb/ft2
distance from planet center, ft

downrange value along local great circle route in space,
miles

crossrange value normal to local great circle in space,
miles

surface area, f£t2 -

time, sec
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N

circumferential velocity component normal to radius
vector, ft/sec

circular orbital velocity, Ngr, £t/sec
ratio, u/uc
total velocity, ft/sec
side force, 1b
dimensionless function of T determined by equation (
CDS
qu appropriate boundary condltlons, —
angle of attack, radians

atmospheric density decay parameter, ft71, or sideslip
angle, radians

roll, pitch, and yaw controller deflections

flight path angle relative to local horizontal direction;

positive for climbing flight
atmosphere density, slugs/cu ft
roll angle
pitch attitude angle

lateral deflection angle

Subscripts

respect to destination
initial condition

trim for maximum L/D

trim for zero IL./D

o

condition at roll angle, O

circumferential component normal to radius vector

O—3 I~ '
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X along great circle route
Y normal to plane of great circle route
X,V 2 respect to x, y, and z vehicle wind axes

BASTC CONCEPT

For clarity a brief description of the final system concept is
presented prior to the general discussion of the prediction equations,
the display and control system, and the simulation results.

Figure 1 1is a block diagram of a guidance and control loop containing
the concepts studied in this report. An inertial platform and navigation
computer continuously measures and computes the present flight conditions
and destination information to feed to the prediction computer. The pre-
diction computer continuously computes the maximum maneuver capability
with respect to the destination (or destinations) and feeds this informa-
tion to an automatic control system and a pilot's display. Elther the
automatic control system or the pilot, through an override, controls the
vehicle to acquire and keep the destination in the center of the maximum
maneuver capability envelope.

The elements considered in this report are the prediction computer
and display. The function of the prediction computer is illustrated by
figure 2 for a typical re-entry. From the existing vehicle condition,
trajectories are computed for three constant trim values that give maximum
downrange, minimum downrange, and maximum crossrange which are used to
define the limits of predicted maximum range capabillity. The important
proint is that the differential equations of motion for the trajectories
are solved by a "fast" computation in the airborne computer so that repe-
titive solutions are made continuously for the changing flight conditions.

The desired destination is also shown on figure 2. This information
is located with respect to a nondimensionallzed maximum range boundary and
presented to the pilot by a typical display shown in figure 3. Thus, the
pilot, by noting the destination with respect to his maneuver capability,
can make a choice of control inputs.

Limits may be imposed on the range capability of a particular vehicle
in the form of acceleration or heating boundarles or in the form of condi-
tions for which the vehicle would "skip" out of the atmosphere in an unde-
sired manner. With repeated prediction of total trajectories by fast
computation, one or more of these limits can be indicated on the display,
as shown by a typical boundary in figure 3, or fed to the automatic
control system.



PREDICTION THEORY CONSIDERATIONS

Choice of Equations

The equations used for the prediction of range in this navigatlonal
method should, of course, be fairly general, be reasonably simple and
accurate, use feasible inputs, and be suitable for rapid solution by the
airborne computer. A closed-form solution of the range equation would be
ideal, but no universal equation is known. The Sanger range equation for
equilibrium glide (ref. 6) and the work of Eggers and Allen (ref. 7) give
good closed-form solutions for high L/D vehicles with small flight path
angles. The work of Allen and Eggers (ref. 8) gives a closed-form solu-
tion for zero L/D vehicles with large entrance angles. None of these
equations could be considered universal enough for general range
prediction, especially for low I/D (= 0.5) vehicles.

With no closed-form solutions, either stored empirical range data or
fast computation of the equations of motion must be considered. Reference
5 describes a method of using linear predilction about stored trajectories.
The method of storing complete nonlinear empirical range data in an air-
borne computer is feasible, but in order to cover many possible flight
conditions and retain the desired generality, computing and storing this
data would be a large task for each mission. It appears, then, that the
fast solution of the trajectory motion would be the more desirable method
to study.

First of all, to make the fast computation as simple as possible it
is important to have simple equations which describe trajectory motion,
and thus equations which only use those variables (such as velocity, flight
path angle, altitude, deceleration, m/CpS, and L/D) that strongly influ-
ence the vehicle maneuvering capability. Chapman (refs. 9 and 10) has set
up a simple mathematical model which defines the important variables
influencing re-entry trajectories. A comparison is made below of the
quantities needed to describe a trajectory for standard computations and
those needed for the Chapman mathematical model.

Airborne measurements Vehilcle parameters
Standard V, 7, h m/CpS , L/D
Chapman V, 7, Ay L/D

The Chapman model combines the vehicle's mass to drag ratio (m/CDS) and
altitude into a decleration measurement which gives an effective "density
altitude.” This density altitude is related through the Chapman equations
with an exponential altitude-density variation.

<



There are three factors which make the use of the Chapman equations
attractive for this application. First, the computations are simplified
by the use of acceleration (density—altitude) inputs. Second, the rela-
tion between density and geometric altitude will be unknown during an
actual entry; therefore the use of the effective density-altitude varia-
tion may provide a better basis for calculation on the usual nonstandard
days. Third, the equations dc not use geometric altitude as an input.
Reference 11 shows that large errors may be present in the megsurement of
geometric altitude during a re-entry 1f an Inertial platform is used in
the loop. The Chapman equation, which uses the acceleration measurement
instead of the geometric altitude, will not be strongly affected by this
inertial platform error.

The basic Chapman equation from reference 9 used for trajectory
prediction is shown below:

ﬁ@_d_z+§_l"ﬁg+@<%>=o (1)

@ du u

This nonlinear differential equation 1s solved repetitively during flight
within an atmosphere. The solution 1s a variation in Z as a function
of UW. To determine the downrange for each solution the following
integration is made:

ad , miles r = 4000 miles for earth (2)

Ry = 5280J—f 7

To determine the crossrange for each solution the following approximation,
as described in reference 12, is used:

s1n W

, miles

Ry = 5280\/— f

with | (3)

.@E—__l__ al=
= a3 <>Sinq)

where ¢ = hSO and ¥ is limited to 90° for maximum crossrange.

The constants assumed in the equations (r, vBr, vgr) will be a
function of the particular planetary atmosphere in which the vehicle is
operating. These studies use only the parameters for the earth's atmos-
phere but the computation procedure is perfectly general in this respect.

The initial conditions for the repetitive solutions of the nonlinear
differential equations are taken from the velocity, flight-path angle,
and acceleration measurements during the flight as follows:



v
o = ——ESE—Z, Jer = 25,800 fps for earth (%)
Ver
Z; = ES:&EZ s VBr = 30 for earth (5)
Jpr T3
<d_§ - Jor stn v + L (6)
du 1 U4

The equation is solved for a constant (L/D) or, if needed, an L/D
variation with velocity (to approximate L/D variation with Mach number
for this solution). The factor X is used to correct the acceleration
input from the drag value being held at the existing trim condition to

the drag value for the desired trim condition for a computation. The value
K can be made a constant equal to 1 for those vehicle configurations for
which the resultant drag change is small compared with 1lift changes. For
vehicles for which the drag change is large with changes in 1ift K can
be made a function of the L/D (or a) being held. This K can also be
used to find the trajectories resulting from the use of parachutes or drag-
modulation controls to control the longitudinal accelerations such as
outlined in reference 13.

ILimitations of the Prediction Equations

The limitations of equation (1) for the prediction of trajectory
motion are described in reference 9. An important limit on this solution
is that it holds only for trajectory motions where appreciable drag exists.
The absolute altitude limit is defined in detail in reference 9; to a first
approximation equation (1) is good only for altitudes to about 300,000 feet
from earth. In addition, throughout this report the approximate form for
shallow entries has been cbtained by setting cos y =1, sin ¥ = 7 and by
disregarding L/D tan 7 and tan® y compared with unity. This small angle
approximation generally Indicates a better trajectory prediction capability
during the first part of the manned re-entry trajectory when the flight
path angles are small, as compared with the terminal portion of the tra-
jectory (below about 100,000 £t), when the flight path angles become large.

The range quantities are predicted from an inertial cylindrical
coordinate system based upon the instantaneous great circle route in
space. The crossrange computed from this coordinate system is for a "flat
earth" approximation away from the great circle. As reference 12 shows,
this prediction is very good up to 1,000 miles crossrange on earth.
Because the range solution is given for a great circle in space, the effect
of the planet's rotation, with respect to the great circle, must be consid-
ered. The appendix indicates the effect of the planett's rotation on the
range prediction and considers forms that may be used with the range
prediction outlined above.
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Any limitations on the longitudinal trajectory prediction can be
eliminated by use of the full trajectory equation of motion transformed
into U as the independent variable. For each particular re-entry problem
it may be desirable to investigate additicnal terms, from the full equation,
that could be added to equation (1) to extend the limits of the solution
for the particular problem.

Error Analysis

End-point guidance errors associated with the prediction outlined
above could come from many sources. The largest end point errors will come
from the inertial platform and associated computer which gives the vehicle
position and velocity vector relative to the earth destination. These
errors, of course, will be a function of guldance components, accuracy of
initial fixes, and the length of integrating time from these fixes.

The inertilal-platform error analysis of reference 11 has been used
here to indicate representative maximum prediction errors that might be
expected with the trajectory prediction method of this report. A repre-
sentative satellite re-entry of the L/D = 0.5 body, as outlined in ref-
erence 11, is shown in figure 4(a). In figure U4(b) the error introduced by
the Chapman model (with no inertial-platform errors) has been determined
from a comparison of the predicted range values with the range values for
the complete equation of motion used in reference 11 for a standard density
variation. It can be seen that during the latter portion of the trajectory
below 100,000 feet, where the end—point error would be determined, the
range predlction is within about 3.5 miles.

The maximum assumed inertial platform input errors which, when added
together, give the maximum end-point errors have been taken from reference
11 as follows:

Initlal altitude error 500 ft

Initial range to go error 0.4 mile

Initial rate of climb error 1 ft/sec

Initial velocity error -1 ft/sec
Acceleration bias 107% g

Gyro drift rate -2(10) 77 radian/sec

The effect of these errors in the prediction of range by the Chapman
equation is shown in figure 4(c). It can be seen that the end-point error
could be as much as 8.2 miles below 100,000 feet. The largest portion of
this is the error of 4.8 miles in the range-to-go as determined from the
inertial-platform computer. As can be seen from figure L4(a), there is a
portion during this re-entry where there is typical radio blackout and
little chance of up-dating the navigation information. Any up-dating that
is possible during the re-entry would cut down the integrating time and
thus cut down the navigation errors. These errors were calculated for a



10

constant L/D value. In the actual case, the end-point error would also
be infiuenced by CL and Cp variations in the low Mach number region, and
would be influenced by the type of end-point landing devices, such as
parachutes. ‘

In addition to the end-point errors computed above, there are

- wuneertainties which will affect the prediction of range by any method.
These uncertainties are primsrily the variations in density altitude pro-
file that willl occur from day to day and errors in the assumed aerodynamic
coefficlents which are spproximated from test data.

It is dimportant to bring out the fact here that because of the
uncertainties in the range prediction listed above the computing errors
in an actual airborne computer may be small in comparison. As shown in
figure 1, a high accuracy computer, of the digital type, will be needed
to give position Information. In contrast, the guldance prediction
computer can tolerate lower accuracles because it ls continuously being
fed corrected informsation and, as stated above, is predicting boundaries
based on estimations. In the guldance prediction computer either an
analog computer or a sufficlently fast digltal computer could be used to
solve the prediction equations.

DISPLAY AND CONTROL CONSIDERATIONS

This section will outline a general method of displaying and using
for control the range prediction information obtained by the method
outlined in the previous section.

Display

Destination and maneuvering capabilities,- A selected display has
been shown previcusly in figure 3. The destination 1s presented on the
pillot's display in relation to the predicted range capabilities of the
vehicle, rather than in coordinates related to longltude and latitude on
the swrface of the earth. Three range values on the ground plane are used
to fix the coordinate of the destination. The values used are two down-
range quantities (Rxm , Ry . ) and one crossrange quantity’(RY ). The

ax min MaX

destvination 1s presented as & pip on a display where the coordinates of
the the destination have been normalized in the following manner.

RX-d_ - RX *
Downrange positicn of destination = e (7)
RX - - RX ,
MAK min
RYd

il

Crossrange position of destination

(8)
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Thus the display appears to the pilot as though he were looking through

a window in the vehicle as it approaches its destination. The fixed

face of the display lndicates the locus of end-points, with respect

to the destination, at which the vehicle would land if the given combina-
tion of roll angle and trim angle of attack (L/D) were held constant for
the rest of the flight. An important assumption made in mechanizing this
display is that the locus of end-points retains the same relative shape
during the trajectory. The shape will be different for each particular
vehicle because of different 1ift and drag characteristics. The con-
stant relative shape for each particular vehicle has been found to be

a good approximation for re-entry speeds less than satellite velocity.

For speeds near or above satelllte velocity the relative shape can change
during the re-entry. The effect of uncertainties in the relative shape,
in addition to the other uncertainties, such as density variation, aero-
dynamic characteristics and computing errors, does not create a substantial
problem iIn the closed-loop control of range. Thils is because the pilot,
in noting the drift of the destination position on the display, can make
corrective control inputs about the predicted control input values to
correct for the apparent drift. When the destination is in the center of
the maneuver capability, the pllot has £50 percent of the control capabil-
ity available to make corrections. The uncertainties are critical during a
re—entry when the pilot is asked to make a choice of destinations. Then
the shape of the capabililty envelope and the effect of other uncertainties
are of major lmportance and the pilot's choice of destination will only
be as good as the prediction.

Ilight envelope limlts.- Each type of vehicle will have particular
limiting flight conditions imposed by factors, such as heating and accel-
eration, that must be avoided. The possibility of adding this information
to the display was considered. The same trajectory equations of motion
that gave the range values also give values of acceleration and heating.
It can be shown that the expressions derived in reference 9 for the

deceleration, heating rate, and total heat input can be expressed in the
following manner.

Deceleration = Constant XN 1 + (L/D)% TZ (9)

[

Heating rate at stagnation point = Constant x §3/2 z1/2 (10)

i

Total heat input per unit area }
at stagnation point

Ty a
Constant X\/n us/2 du (11)
J o Nz

The last two equations depend on the flow conditions assumed, and for this

report are based on laminar boundry-layer flow with air as *the working
fluid.
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If any of these gquantitles exceed the given limits during the
prediction of the maximum or minlmum values of downrange capability,
control inputs could conceivably be made which would subsequently result
in the vehicle's exceeding the limits. There are two ways that this
information can be generated and given on the display to aid the pilot
in control. First an L/D boundary marking which 1s some empirical
function of the amount of overlimit can be mechanized on the display.
Second, when the limits are exceeded, the next solution of the trajectory
equation could use a AL/D value from the orginial I/D. In this manner
the system would "hunt" for the L/D that would just reach the limit, and
this value of L/D could be shown on the display as a boundary marking.

A limit that may be necessary is determined by the L/D value which
would make the vehicle skip out of the atmosphere particularly for speeds
near or above satellite velocity. This limit is especlally important for
systems based only on the solution of equation (1) because this solution
does not hold for skip beyond the influence of aerodynamic acceleration
forces. If it 1s desired to use the skip maneuver out of the sensible
atmosphere to extend the range capability, then a suitable set of equa-
tions must be added to the prediction computer.

Control

One obvious method the pilot can use to control the flight path is
to trim to the one combination of angle of attack and roll angle that the
display indicates can be held constant to reach the destination. However,
since the indicated trim conditions will probably change during the tra-
Jectory because of uncertainties in the prediction, changes from the
original trim condition will usually be necessary.

Another method of control, which gives the largest safety margin for
the uncertainties in the prediction, is to overcontrol and get the destina-
tion Into the center of the predicted capabilities. Overcontrolling is
done by trimming to the angle of attack for maximum maneuver capability
holding the indicated roll angle out past the destination from the center
of the display. When the destination pip comes to the center, the wvehicle
is then trimmed to the center of the capabllity thus leaving the maximum
amount of control available for uncertaintles.

How this method of re-entry control will tie in with a final landing
or touchdown will depend upon the particular vehicle. A vehicle with
conventional landing capability could use this method until it reached a
beacon or landing flight path corridor (as outlined in ref. 14). Those
vehicles which depend upon a parachute could use the prediction method
in this report if a value of K in equation (5) were used which
corresponded to the added drag of the parachute and IL/D = 0 in
equation (1).
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The control of the vehicle along the trajectory will be affected by
the time it takes for the repetitive solution of the trajectory equations.
The time of solution gives an effective delay to the closed-loop control
of the vehicle. The maximum allowable time will be a function of how
rapidly the fiight conditions change during the trajectory. For instance,
slower solution times could be used for an equillbrium glider than for
a low-1lift vehicle entering the atmosphere at large flight path angles.

A real time simulation study was made to gain some insight into the
ability of thls method of repetitive solution of trajectory equations in
combination with the display system to give re-entry guidance control.

SIMULATION OF GUIDANCE METHOD

An analog flight simulation was made to investigate the use of
the guldance method outlined above with example re-entry problems. The
re-entries chosen were those that would be encountered by a lifting
vehicle during a lunar mission. This investigation covered both re-entries
into the earth's atmosphere with near-parabolic return velocity and
re-entries for conditions that may occur from aborts during the boost
trajectory.

~ Description of Simulation

The flight simdator consisted of a fixed cockpit in combination with
an electronic analog computer. The flight simulator layout and display
are shown in figures 5 and 6. As shown in figure 6 the pilot was given
the following display information:

Trajectory position display:

Veloclty
Altitude

Rate of c¢limb
Acceleration
Range to go

Short-period control display:

Three body position angles
Three body axis rates

Guidance display:
Maximum maneuver capability and destination with boundary markings

Bank angle
Trim condition for L/D and corresponding angle of attack
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The pilot control was applied through a two-axis side controller in
combination with toe pedals. A block dlagram of the analog simulation is
shown in figure 7. The andlog computer: (1) accepted control voltages
from the pilot controls and solved the resulting vehlcle's six-degrees-of-
freedom motions; (2) computed the repetitive prediction equations; (3)
generated the display information.

The vehicle equations of motion describe six-degrees-of-freedom
dynamics along a great circle route (with small cross displacements) over
the curved earth with no rotating atmosphere. The complete set of motion
equations is shown in table I. The 1956 ARDC standard atmosphere was used
in the computation of vehicle six-degrees-of-freedom motions. The alti-
tudes simulated were from 100,000 to 300,000 feet because it is in this
range that the major portion of the atmosphere entry is completed, and also
because it was desirable in the analog simulation to keep the range of den-
sity variation as small as possible for scaling accuracy. The simulated
mass parameters (table I) were based on the Project Mercury capsule but the -
1ift and drag was assumed to be that of a flat plate nearly perpendicular to
the airflow, with a maximum L/D of 0.5. Proportional reaction controls
were simulated about the three axes. Constant-gain damping augmentation N
was included about the three axes so that the short-period damping would
be near critical at the highest dynamic pressures. This damping along with
very little coupling in the aerodynamics made the vehicle very stable in
the short-period mode so that the pilot function was mainly one of
guidance control.

3 =

The analog computer was programmed to solve equation (1) repetitively
for the prediction of range and limits. The initial conditions for each
solution were taken from equations (4), (5), and (6) with the value X of
equation (5) used as 1. Because the analog computer was not equipped with
high-speed computer components, the solution of the prediction equation
could not be considered fast. The integration rate was A;fi . = 7 seconds,
in addition to a 1 second re-set time. This meant that the solution from
parabolic velocity would be about 8 seconds, solutions from satellite velo-
city would be 6 seconds, and solutions from one-half satellite velocity
would be 3.5 seconds. It can be seen that the solution was faster as the
vehicle neared the destination. One of the items of interest in the simu-
lation was the effect of this solution time. The method of predicting the
maneuver capability is shown by a sketch in figure 8. The prediction of
the minimum value of downrange was solved with L/D = 0 in equation (1).

If the value of deceleration exceeded a given limit of 10 g along the
trajectory, then an empirical relationship taken from references 9 and 10
was used to indicate on the display the minimum L/D that could be held
without exceeding the 10 g 1limit. The prediction of the maximum down-
range value was made with L/D = 0.5. If the maximum downrange trajectory
skipped out of the atmosphere and thus went outside the region where
equation (l) held, then the next repetitive solution included a value of
ﬂAL/D proportional to the amount of overshoot. Thus the repetitive cal-
culation was continually hunting in a closed form for the L/D that

would Just stay within the atmosphere. The upper limit on the skip was
taken as Z = 0.0025 which 1s equivalent to a deceleration of about 0.075 g
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at satellite velocity. A boundary indicating the L/D +that, if held,
would just keep the vehicle within the atmosphere, was alsc shown on the
display for pilot reference.

The guidance display used in this simulation is shown in figure 6.
The "footprint," or range enveloped, was a transparent overlay on the face
of a 5-inch oscilloscope. The destination pip and two boundaries were
presented as moving quantities on the scope. Control information for the
pilot was the bank indicator shown on the left and the trim position indi-
cator shown on the right. This trim indicator shows the position of the
trim control which regulates the trim angle of attack of the vehicle
corresponding to an estimated trim L/D. The trim indicator as shown is
-scaled in both the angle of attack and L/D values. The bank indicator
and trim indicator are correlated by the pilot to correspond to a trim
position on the overlay. The pilot used the relationship of this trim
.position on the overlay with respect to the destination pip to control
the vehicle,

Simulation Eesults

The problem of returning a vehicle from the moon through the earth's
atmosphere has been studied in references 10, 15, and 16. Those studies
have shown that the midcourse guidance system during the re-entry will
have to keep the vehicle within a 1limit of safe atmosphere entrance angles.
The re-entry trajectories for the simulation reported herein were initiated
at 290,000 feet within the safe range of entrance angles. For those simu-
lator runs initiated near the overshoot entrance angle, the skip boundary
first appeared below L/D = O on the guidance display, thus indicating
to the pilot that the vehicle should be rolled on its back (for negative
1ift) to stay within the atmosphere. For those simulated runs initiated
near the undershoot entrance angle, the deceleration boundry first appeared
at the top of the display, thus indicating to the pilot that trim condi-
tions near maximum 1ift would have to be held during the initial descent
to keep from exceeding the deceleration limit.

Maneuver capability.- Figure 9 shows re-entry trajectories for those
entrance angles near the overshoot and undershoot limits. These particular
trajectories were flown with the pilot holding the extreme trim conditions
as indicated by the moving boundaries on the guidance display during a com-
plete trajectory. The maximum range trajectory was flown with a skip to
the edge of the atmosphere followed by trim at maximum L/D. The minimum
range trajectory was flown by diving to the 10 g deceleration limit
followed by trim at zero L/D. This minimum range could be made somewhat
less by trimming at a value less than zero L/D to obtain a deceleration
greater than that for trim at zero L/D. Figure 9(b) shows the ground
area attainable by using the maximum capability of the vehicle, as
determined by the guidance system. For any entrance within the given
entrance angles the guidance system can direct the vehicle to any
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destination within the overlap of the boundaries. A design end point to
give the largest range margin to the guldance system would be in the
center of the overlap of the boundaries.

Control problem areas.- Flying the trajectories along the lower
acceleration boundary on the display gave no difficult control problems.
The procedure was to hold trim conditions just above the acceleration
boundary until the first dive into the atmosphere was checked and trim
conditions near minimum range at L/D = 0 could safely be held. Flying
to those destinations near the upper boundary, or for any trajectories
where a skip up to the edge of the atmosphere (300,000 feet) was needed
to extend the range, produced sensitive control problems. In particular,
for these skipping trajectories, little control effectiveness was available
near the top of the skip, so that the control obtained during the first
dive into the atmosphere strongly influenced the rest of the trajectory.
Figure 10 1s presented to show those values of range and entrance condi-
tions for which control was most sensitive, that is, where small errors
in control resulted in large changes in range.

The sensitive control area includes those entrance angles from -2°
to -3°. With these conditions the display indicated the wvehicle would
have to be rolled on its back (negative 1ift) to stay within the atmos-
phere. For these shallow entrance angles, small changes in control early
in the trajectory with the vehicle on its back mean large changes in the
skip trajectory. The indications of control inputs for these smaller
entrance angles would be in the region below L/D = 0 on the display
as shown in figure 6 so that no clear indication of proper control input
was given to the pilot. It was the fault of the display then, as well as
the sensitive control problem that made the shallow entry angles an
unsatisfactory control region for precise control of range.

Figure 10, in addition to indicating the sensitive control areas,
shows the usable range of entrance angles for this guldance system. The
corridor limit on the left is a fuzzy boundary which is determined by the
sensitlve control problems for the shallow entrance angles. The corridor
limit on the right is determined by the maximum deceleration value that
can safely be tolerated by the vehicle and the crew. The maximum and
minlmum range boundaries shown in figure 10 were flown, respectively, for
a skip to the edge of the atmosphere followed by trim at maximum L/D
and for the dive to the maximum 10 g 1imit followed by trim at zero L/D.
The region within these boundaries gives the control area that may be
flown with this guidance system. The importance of extending the
g-tolerance limit for the vehicle and crew can easlly be seen in that it
increases the usable area away from the control sensitivity problem region.

Pilot technique and opinion.- The method of pilot control in flying
to an end point within the attainable ground area was as follows: During
the first part of the trajectory when the vehicle was descending into the
atmosphere, the pilot would trim at those conditions which the display
indicated would get the vehicle to the destination. If the destination

o~ =



17

signal appeared below the acceleration boundary, the pilot would trim just
at the boundary. After the initial dive and the point of maximum decel-
eration was passed the pilot would overcontrol slightly to get the destina-
tion into the center of the range capabllity. Once the destination was in
the center of the range capability, the pilot would trim to the indicated
conditions and make small corrections for any drift away from the center
during the rest of the trajectory. The pilots considered this guidance
system satisfactory. In fact, the only plilot function needed was the
simple one of closing the control loop between the bank and trim indicators
and. the navigation display. This meant changing trim conditions ocecasion-
ally during the trajectory. Sophisticated problems requiring decilsions or
the selection of an alternate trajectory were not introduced in this early
study.

The delay time due to repetitive solutions of the guidance equations
did not particularly affect the control for those parts of the trajectory
below satellite velocities during which flight conditions did not change
rapidly. For those portions of the trajectory at parabolic re-entry velo-
citles where the delay time was up to 8 seconds and where the conditions
were rapidly changing during the initlal descent, the delay time was
considered unsatisfactory. Such a delay time would affect pilot control,
though, only when the trim value held was appreciably different than that
Indicated to reach the destinatlon. This meant the pilot had to trim to
the value indicated to reach the destination rather than overcontrol when
conditions were changing rapidly along the trajectory.

Effects of density variations.- The effect of unknown density
variations on the guldance system is shown in figure 11. From the given
entrance conditions, the pilot controlled to a given destination for a
standard density variation and for density variations above and below
the standard values. The nonstandard density values were introduced into
the six-degrees-of-freedom equations as 50 percent of the standard ARDC
density at 300,000 feet with a linear percentage variation in the density
to zero variation at 100,000 feet. As can be seen, the effect of density
was mainly one of changing the geometric altitude trajectory profile.
These density varlations did not affect the display information and, in
particular, did not appreciably affect the ability of the guldance system
to compute the proper boundaries. This is due mainly to the fact, as
pointed out earlier in the report, that this system uses the effective
density altitude, instead of geometric altitude, for inputs to the
computations.

Aborts from a boost trajectory.— Typical re—entries that would occur
from a boost trajectory were also simulated. They not only show how this
guidance system can be utilized during the boost portion of the mission,
but also show how "universal" the system is for any entry into the earth's
atmosphere. The typical boost trajectory chosen to be representative for
the lunar mission is shown in figure 12. With this particular trajectory,
1f any aborts are made up to near the end of boost, the vehicle will enter
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the atmosphere. Should there be an abort, it would be the job of this
guidance gystem to furnish the information both for a choice of a
particular landing point during the atmosphere portion of the entry and
for control to that end point, without exceeding the acceleration limit.
Two abort conditions from the boost trajectory were chosen for investiga-
tion. With the lower velocity, steep-descent entry the vehlcle could
conceivably exceed the accelerstion limit of 10 g. With the higher speed
abort, the vehicle could conceivably skip out of the atmosphere. Trajec-
tories shown in figure 12(a) were controlled to the maximum maneuver
boundaries as indicated on the guldance display. Figure 12(b) shows the
ground area attainable for these entrance conditions. When the vehilcle
enters the atmosphere the pilot is able to choose a destination

within this maximum capabllity and then control to that end point. The
pilot control technique to a landing point during these aborts was similar
to that for lunar mission re-entries, that 1is, trimming up to indicated
values when the conditions were changing rapidly during the first of the
trajectory, followed by overcontrolling during the rest of the trajectory
to get and keep the destination in the center of the range capability.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., Jan. 18, 1961
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APPENDIX
EFFECT OF PLANET ROTATION ON THE NAVIGATION SYSTEM

The planet's rotation, with respect to the vehiclels great circle
route in space, will have two major effects on the navigation system.
First the aerodynamic forces acting on the vehicle will be a function of
the relative veloclity between the inertial velocity of the vehicle and
velocity of the air mass; and second, during the re-entry, the location
of the destination will be changing, with respect to the vehicle's great
circle route.

The relative velocity between the air mass and the vehicle can be
approximated by letting the independent variable U of equation (1) be
the sum, or difference, of the inertial velocity of the vehicle and the
component of the planet's rotation, in the plane of the great circle at
the destination. The (1 - W% tem in equation (1) which contributes the
inertial centrifugal force to the trajectory equation should contain the
inertial velocity rather than the relative velocity. It i1s particularly
important that the integral from zero to Ui 1in the prediction of range
use the relative velocity so that AT = O when the vehicle reaches the
destination.

To find the distance the destination will move during the re-entry
relative to the great circle route in space it is necessary to know the
time remaining during the trajectory. In reference 9 the following
calculation of time for the solution of Z from equation (l) is derived

' o =
1
t = ——l f —Eu ) sec
NBg“Yo nz

The prediction for range in this report solves the Z function
equation, not to the destination, but for constant trim conditions. A
first-order approximation can be made that changes in time are proportional
to changes in range and the following computation of time to destination
is available.
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With this approximate form the corrected downrange position of the
destination at the end of the trajectory is:

T
1 a3

Uy iy fﬁ"i

- RX + 3 miles
d d  Jer fudﬁ
where 1w ig the velocity of the destination due to earth's rotation

along the great circle route in space, fps.

The corrected crossrange prediction of the destination will be
determined by the difference in the cross motion of destination due to
planet rotation and the cross motion of the vehicle due to the cross
movement of the air msss. During those portions of the trajectories in
the atmosphere the two distances tend to cancel. For those trajectories
that skip to the edge of the atmosphere the correction to the crossrange
positlon of the destination becomes important. An epproximate form of
the corrected crossrange position can be determined from the derivation
of time as outlined above combined with the derivation of crossrange from
equation (8) with the corresponding approximation that crossrange is in
proportion to downrange. For small lateral deflection angles V¥, and
for the lateral force Y equal to D(uY /u) then the corrected crossrange
pesition of the destination is:

fui 4T
Tz

Brg' = Frg * Uxafyy ng—% +J§}'> = )

f“l ag
7z

(8]

. vl

s miles

£11E)

Correction of the touchdown point for the planet’s robation is an
added refinement to the atmosphere re~entry portion of the navigation
system and whether it is included or not would depend upon the type of
re-entry trajectory. PFor instance, the length of time and the relative
change in the position of the destination will be much smaller for those
re-~entries with large negative flight angles through the atmosphere, as
opposed to those re-entries which glide along the edge of the atmosphere.
Also, the orientation of the re-entry will determine whether the down~-
range or crossrange correction should be included. For instance,
re—-entry along a polar route would only need corrections to the cross-
range, whereas re-entries along east-west routes would only need the
downrange corrections.
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TABLE I.~ SIMULATED MOTION EQUATIONS

Wind axis force equations:

* "qSC
V = D _ g sin 7
m
. qSCY g
B = T Ty cos 7 sin @ + p'sin o - r'cos a
-gsC
q = L& cos 7 sin ¢ + q!
Vm \

Body axis moment equations:

p' = Kp,0a - KpP'

. gScC I, - I,
q' = L X prrt + K6e6e _ qul

Wind axis Euler angles:

¢ =plcos a + r'sin o + ¥ sin ¥

. 1 , V cos 7 cos V¥
7=-3 (Azcos @ + Aysin @) + —
§o=—1 (Aycos @ - Aysin @)
Veosy 9
1 .
A, = = (qSCy + mg cos 7 sin @)
=1 (
Ay == (-gSCy, + mg cos 7 cos 9)

Displacements:

t
Ry, = {<3X€> -b/ﬁ V cos 7 cos V¥ dt] cos V¥
*a i 0
£ .
+ [<R~ > _\jp Vecos 7 sin ¥ dt] sin ¥
Yd i o
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TABLE I.- SIMULATED MOTION EQUATIONS - Concluded

t
RYd = [<RYd>i —L/; V cos ¥ sin ¥ dt} cos V¥
t
- [(Rxd> -f V cos 7 cos ¥ dt} sin V¥
i o)

t
hi+f V sin 7 dt -
o

Vehicle aerodynamics:

=
It

CrS

= -0.673 sin a
+ 10 > > -26.5°

CpS §

- = 0.673 cos o

C.5

m> _ ~-0.0678 o

Ly

C..Sb

D = -0.0678 B

I

CYS

- = -0.673 B

Ixz = 0
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Figure 5.- Over-all view of cockpit and analog computer.
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