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INTRODUCTION

This report is generated in response to MSC/TRW Task Assignment A-7 "Apollo

Circumunar Abort Guidance Capability Study." This task assignment and sub-

sequent amendments specified the generation of a computer simulation to

determine abort trajectories for the Apollo mission. This computer program

was to generate these trajectories for the interval from insertion into

parking orbit (geocentric) to reentry, exclusive of LEM lunar operations.

The basis of this program was to be the MIT simulation described in Reference 1.

The integration scheme used in this simulation was the MSC/MAB Lunar Landing

Missions Program. This is a large, flexible simulation using the Encke

integration method. Since all the capabilities of this simulation were not

needed, many were removed in order to reduce the size of the program.

The logic of Reference i has been used, with minor modification, for those

abort conditions considered originally by the MIT logic. Where new logic was

required to expand the capabilities of the program, an attempt was made to

maintain sufficient similarity in computational method to make efficient use

of subroutines.

In addition to the abort trajectory determination logic, this task was con-

cerned with the guidance (steering) laws to be used during the abort maneuver.

The "abort from midcourse" section of Reference 2 was used as a source for the

guidance model. Reference 2 was also used as the source for a set of navigation

equations. A rudimentary simulation of these navigation equations has been



included in the completed program in order to increase its value as an

analytical tool.

The MIT logic was configured originally with emphasis on conserving computer

storage requirements; the program described here has had the emphasis shifted

to flexibility of computation and operation.

This report is intended to present the philosophy expressed by this logic,

discuss its shortcomings, and review alternate approaches. The specifics of

the simulation, including detailed logic flow charts, equations used in the

formulation, and a users' manual for the simulation are also presented.
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I. SUMMARY

The computer program described in this report is an abort logic based on

a model developed by the Instrumentation Laboratory, MIT. The MIT logic

has been used, with modification, for each of the modes considered by the

original simulation. Where the program has been expanded to increase its

capability, an attempt was made to maintain enough similarity with the

original logic to permit the maximum amount of subroutine sharing.

The simulation computes return trajectories for that interval on Apollo

missions from insertion into earth-parking orbit to return; LEM lunar

operations are not treated. The simulation is configured to generate the

abort trajectory, or family of trajectories, which satisfy the specified

constraints or optimization criteria. These trajectories are first gen-

erated analytically, and consist of simple conics or patched conics,

depending on the region in earth-moon space which contains the abort.

Following the analytic generation of the abort, an option is given to

generate the precise (integrated) trajectory which satisfies the analytic

return conditions. Where optimization occurs, it is performed around the

analytic, rather than the precise trajectories. Further option is given

in that the abort maneuver may be performed in the simulation either

impulsively or with consideration of a finite thrusting mode. The thrust-

ing interval occurs within the constraints of a guidance (steering) law

applicable to these thrusting intervals. The target parameters for the

guidance model may be determined, during the search for the precise

trajectory, so that no errors are introduced by consideration of the

finite burn, or so that the integrating portion of the search may be done

with an impulsive thrust simulation, and only the final (converged)
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trajectory simulates the guidance. This mode produces errors in the termi-

nal conditions attributable to the effects of the finite burn compared to

the impulsive simulation.

To make the simulation more realistic and to increase its value as an

analytical tool, a rudimentary simulation of the navigation equations,

intended for on-board computation, is coupled to the guidance equations.

As an option, the navigation equations may be entered initially with pre-

set errors in position and velocity.

The simulation has been used to generate abort trajectories from a number

of abort situations. These studies were made to determine areas of needed

improvement in the logic. Where these problem areas were found, the orig-

inal logic was modified. Other areas of inadequacy or inefficiency were

seen and are pointed out in this report for further study.

These areas include:

io The ordering of computation in the orbital mode, outside-the-sphere

2. The method of selecting iteration limits in the conic subroutines

3. The optimization logic in the inside-the-sphere and circumlunar sections

4. The control logic for the inside-the-sphere section

5. The generation of the precision trajectory inside-and outside-the-sphere.



CHARACTERISTICS OF THE ABORT LOGIC

The objective of this task was to generate a logic which would determine,

for a variety of abort situations, the trajectory which returns to earth

with acceptable reentry conditions, subject to a variety of constraints.

These constraints have led to the division of the logic into distinct modes,

with differing requirements. These modes are:

i. Landing-site mode, in which the spacecraft is returned to a spec-

ified landing area

2. Time-critical mode, in which the spacecraft returns in the minimum

elapsed time, subject to a specified amount of velocity available

for the abort

3. Fuel-critical mode, in which the return is accomplished with

minimum expenditure of propellants.

Returns are computed analytically as simple conics or patched conics.

Where the entire abort trajectory is near the earth, the conic is geo-

centric, and the computation is called "outside the sphere." Where the

abort is determined near the moon, two conics - one selenocentric, the

other geocentric - are determined and "patched." At some point on both

conics, the position vectors are coincident, and the velocity vectors

differ by the velocity of the moon. The solutions associated with these

conics are called "inside the sphere." In a third category, the abort is

"outside" the sphere, but the post-abort trajectory enters the sphere of

lunar action prior to return. These returns are called circumlunar.



The final constraint, that of return to a water landing, may be generated

either in the time- or fuel-critical modes, and may be either inside the

sphere, outside the sphere, or circumlunar.

In both the inside- and outside-the-sphere modes, the abort maneuver may

be performed at the earliest possible time, or the logic may advance the

pre-abort trajectory past the earliest possible time before computing the

abort maneuver. The first of these techniques is called "midcourse"; the

second "orbital."
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, COMPUTATIONAL METHODS

In this section, each of the major categories of the logic will be dis-

cussed separately. The order in which they are grouped follows the orga-

nization of the computer program. Since some reorganization was done to

the MIT logic, the order does not follow the organization of Reference 1.

3.1 Outside the Sphere, Midcourse, Time and Fuel Critical

3.1.1 Description

This computational mode is a separate subroutine (TC-FC) in the program.

The subroutine is entered when time- or fuel-critical modes are selected

and the initial state vector is greater than 35,000 statute miles from the

moon. The return trajectory will abort with no lateral maneuver (in-plane),

and solutions will be produced for reentry range angles of 30° and 85°.

The return trajectory to the reentry altitude is the same in both cases,

but the latitude and longitude of the landing site are computed for both

values of the reentry maneuver angle. For these calculations, an average

reentry range angle rate of _ rad/hr is assumed.

The computation consists of the required velocity at abort in terms of the

flight-path angle at abort, the orientation of the pre-abort trajectory,

and the magnitudes of the position vectors at abort and at reentry.

The computation is an iterative solution of the required velocity at abort,

using the cotangent of the flight-path angle at abort as the independent

parameter. In both time- and fuel-critical modes, the initial computation

is the determination of the minimum fuel trajectory. If the mode is fuel-

critical, the fuel-critical solution is examined. If the required velocity

exceeds the velocity available for abort, the minimum fuel solution is



returned with a warning concerning the circumstances. If there exists a

greater velocity capability for abort than is required for the fuel-

critical solution, the iterative loop is reentered to drive the required

change in velocity to that value available. Implicit in this technique

is the assumption that the minimumtime return will always occur when the

total velocity available for abort is used. No exception to this assump-

tion is apparent. The bounds on the cotangent of the flight-path angle

(COGA)were originally selected so that the minimumvalue produced a

parabolic return conic and the maximumvalue produced a return conic which

could not enter the moon's sphere of action prior to reentry. This set of

values is still used, unless a limiting value for the maximumreentry

velocity has been input. In this case, the limits are the positive and

negative roots of the solution which results in the maxin_umreentry

velocity.

3.1.2 Discussion

This subroutine is free from singularity and converges rapidly in all

circumstances. The only alteration to the logic of the original MIT

program is in setting the limits on the independent variable and detecting

that circumstance where insufficient fuel is available for the fuel-

critical solution, whenin the time-critical mode. These changeswere

madeto allow for a hyperbolic reentry and to enhance the efficiency of

the subroutine.

3.2 Outside the Sphere, Midcourse, Landing Site

3.2.1 Description

This computational mode is a separate subroutine in the program. The

subroutine is called when the abort position is outside the lunar sphere

of action, the period of the pre-abort orbit is greater than lO hours,



and the modeis landing-site. The return trajectories in this logic return

to the four landing locations assembledin the program. All geometric

possibilities for each location are computed. For each location, the solu-

tion characterized by a minimumchange in velocity at abort is saved. From

these minimum-fuel cases, the minimum-return-time solution is used to gene-

rate the precision trajectory.

For each landing location, return inclinations are considered between a

minimumvalue equal to the magnitude of the latitude of the landing site

and a maximumvale of 38°. The interval is divided into 5° increments.

For each inclination interval, the velocity required for plane change is

computedfor one of the possible return planes with the specified incli-

nation. If the plane-change velocity requirement exceeds the allowable

expenditure of fuel, the other solution is examined. If neither solution

satisfies the plane-change capability, the inclination is incremented.

If the fuel constraints are not violated by the plane-change requirements,

one of the intersections of the return plane with the locus of the return-

site latitude is selected, and the computations proceed.

The location of the landing site is determined at a time corresponding to

a parabolic return, and the difference in right ascension between this

location and the previously determined intersection is found. This loca-

tion when converted to equivalent time (earth's rotation) with the para-

bolic flight time, deter_&nes the transit time to the landing location.

The reentry conic subroutine is used to determine the conic solution or

to determine that a solution does not exist. If a solution is not found,



or if the solution found violates the constraints imposed on the reentry-

range angle or the velocity available for abort, the transit time is

incremented by a sidereal day, and the computations are repeated. The

reminder of the sohtions are examined, in turn, by combining the landing

locations with the geometric parameters for the return.

3.2.2 Discussion

This logic restricts transit time so that the return is to be not less

than the parabolic trip time. This implies that solutions maynot be

examined for hyperbolic return. To extend the capability to hyperbolic,

the computation of transit time corresponding to the maximumvalue of

reentry velocity is required. While this does not represent a major

computation, it was not felt that the additional complexity was justified

in this mode.

This section of the logic has been found to be reliable and reasonably

fast in computation. No modifications were madeto the original logic

specified by Reference 1.

3.3 Outside the Sphere, Orbital

3.3.1 Description

This computation mode is entered when the abort point is outside-the-

sphere, the period of the pre-abort trajectory is less than 10 hours,

and the mode is landing-site. In this mode, the abort maneuver is per-

formed at some time after the earliest possible time. The landing

locations and the range of inclinations are treated as in 3.2.

The computation is initiated by selecting an inclination and one of each

of the two geometrical parameters for the return. The location of the

lO



landing site is computedfor the abort time. The normal to the return

plane (containing the landing site) is constructed. The intersection of

this plane and the plane of the pre-abort trajectory determines the abort

location. The angle between the initial position and the abort position

is determined. If this angle exceeds 270°, the geometrical parameters for

the return are changed individually until a solution is determined which

does not exceed this constraint, or until the range of inclinations has

been exhausted. Whena parameter set is found which passes the previous

test, the conditions on the pre-abort trajectory at the abort position

are computedand used to determine the velocity requirement for plane

change. If the velocity requirements exceed the available velocity, the

geometrical parameters are again varied individually until a solution is

found, or the range is exhausted. Whenthe above test is passed, the

transit angle from the abort position to reentry is computedwith an

assumedreentry-range angle of 30° . Should this angle be negative, the

procedure discussed previously is reentered to find an acceptable param-

eter set. The next test is on the contangent of the path angle at the

abort position for the post-abort trajectory.

If this parameter indicates that the return conic is hyperbolic, the

search logic is again entered. Whenthis test is passed, the logic

computes the time at which the landing location will be reached. This

time is comparedwith the previously computedvalue which was initially

set as the time the logic was entered. Whenthe difference between

these times is large, the location of the landing site is recomputed

for the time just determined as the return time. The computations are

then restarted, and the process continued until the time difference at
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the landing site is small. Whenthe time loop is converged, the velocity

required for abort is computedand comparedwith the available velocity.

If the velocity required for abort is less than that available, the solu-

tion is stored. This procedure is repeated until each of the possible

solutions for each landing location has been explored.

3.3.2 Discussion

Somedifficulty exists in this subroutine because someof the parameters

for the return are examined before the time loop is converged. For example,

on the first pass through this logic, if the velocity required for plane

change is too large, the logic will resort to a different solution, even

though the solution which failed the test was computedfor the incorrect

location of the landing site. This procedure mayfail, for this reason,

to find all of the possible acceptable solutions. During the course of the

task, the logic was altered to fail these tests on constraints only if the

time loop had converged. As in the midcourse landing site problem, the

return is precluded from examining hyperbolic returns. The shortcoming

maybe overcomeby changing the test on the cotangent of the flight-path

angle (COGA)from the parabolic limit to a value computedfor the maximum

reentry velocity. This will necessitate a change in the time computations

to allow their solution for hyperbolic conics.

An infrequent source of difficulty in this subroutine has been an oscil-

lation in the time loop. This has not been found to be a frequent or

serious occurrence. A permanent "fix" could easily be madeby damping in

the time loop. This damping, however, has not been added. A fixed damping

factor would slow the rate of convergence for all cases, including the

majority which do not oscillate. An alternative would be to add logic

12



to detect oscillation and to damponly those solutions. This was not done,

since it was felt that the few instances of occurrences did not justify the

added complexity.

3.4 Reentry Conic Subroutine

3.4.1 Description

This subroutine is used to solve for the parameters of the return conic,

given a reentry flight-path angle, the time on the return conic to the

landing site, and the transit angle to the landing site. The logic consists

of an iteration on the cotangent of the flight-path angle at the abort point

to simultaneously satisfy the transit angle and the transit time. The

reentry portion of the trajectory is assigned the average rate of 4 rad/hr.

The reentry-range angle is not bounded.

3.4.2 Discussion

This subroutine has been found to be trouble-free and computationally

efficient.

3.5 Conic Subroutine

3.5.1 Description

The conic subroutine is designed to solve three distinct conic problems

involving time. These are Lambert's problem, in which the initial and

final position vectors and transit time are specified; Kepler's problem,

in which the initial position and velocity and transit time are specified;

and the time-theta problem, in which the initial position and velocity are

specified with the transit angle. In each of these problems, a solution

is made for the missing parameters among initial and final position and

velocity and time.

These conic solutions are written around Battin's parameter, a universal

conic variable, so that no distinction need be made according to the type

of conic.
13



The solution to Lambert's problem consists of an iteration on the contangent

of the flight-path angle and the universal parameter. The other solutions

iterate only on the latter.

3.5.2 Discussion

In both of the iterative loops, the form of the logic driving the iteration

was modified to provide a linear search (falsi) on the independent variable.

The change was made to provide more rapid convergence. An attempt was made

to "gain" the loop driving both iterations, but several instances of insta-

bility were observed. The present formulation is a linear search. One

persistent difficulty has been found in assigning the maximumallowable

value for the universal variable. The parameter has value to infinity and,

in the practical sense, to very large numbers. These large values are

observed primarilywhen a solution is made on the hyperbola when the radial

distance (true anomaly) is large. The use of a very large value can result

in overflow in computation of internally generated functions; the use of

too small a value may result in failure to converge.

With the exception of this minor problem area, the subroutine has been

found to be an excellent tool, furnishing rapid convergence and freedom

from singularities coupled with a simple formulation.

Because of the way in which this routine is used in the abort logic, an

exceptional degree of accuracy and consistency has been required. These

requirements have made it necessary to formulate the subroutine with

double precision. While this undesirable situation might be avoided by

altering the logic in the remainder of the program, or by modification

to this routine, neither was deemed justifiable.



3.6 Inside the Sphere

3.6.1 Description

This subroutine is the largest single computation block in the program. The

solution of each of the modes is contained, in addition to a fairly large

optimization logic. The solution produced is, in each case, a patched conic

exhibiting the desired earth-phase characteristics. The earth-phase

solution, for the time-and fuel-critical solutions, is made with a fixed

return inclination. The independent variable for optimization is the energy

related quantity VSS. This quantity (VSS) is the square of the speed in the

earth phase at the sphere, divided by _ . Since the magnitude of the

position vector (geocentric) at this point varies little, the quantity is

related to the semi-major axis for the transfer. The logic in this

subroutine consists mainly of three sections: a logic to achieve a patch, a

logic to select the fuel-optimum abort time, and an optimization loop. These

will be described individually.

3.6.1.1 Patch Technique

The patch is produced by maintaining a position match and an energy match

and by forcing the angle between the velocity vectors from the two conics

to a small value.

To initiate the patching procedure, a selenocentric position at the exit to

the moon's sphere of action (MSA) is assumed. A value for VSS is selected,

along with a time at the MSA. The inclination for the earth-phase conic is

generated according to the declination of the moon, if the mode is time-or

fuel-critical. These data are used to determine the earth-phase conic.

The velocity on this conic at the exit point is transformed to the lunar

phase, and a conic, whose exit speed is the same as this velocity_ is
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generated containing the abort position and the exit position. The angular

difference between the velocity vectors from the two conics (that generated

in the earth phase and that generated in the moon phase) at the exit point

is the error in the patch. This error will be removed by altering the

position of the exit point. The change in the position of the exit is

computed as a rotation through the angle between the velocity vectors and

parallel to the plane defined by the two vectors. At the exit point, the

moon-phase conic has a large true anomaly; thus, the position and velocity

vectors are separated by a relatively small angle. This implies that the

motion of the position vector will well represent the motion of the velocity

vector. The earth-phase conic velocity vector at the sphere (for constant

VSS) is relatively invariant with the location of the exit point. Since a

constant vector difference (the velocity of the moon) exists between this

vector and that vector transformed to the moon phase, the moon-phase velocity

from the earth-phase conic is insensitive to the motion of the exit point.

The change in the exit point is made, then, to rotate the moon-phase conic

velocity through the angle representing the error. This procedure is

repeated until this angular error is small.

When the patch has been achieved, the transit time on the moon-phase conic

is computed, used to calculate the time at the exit point, and compared with

the previous calculation of this time. If the difference is large, the exit

time is set equal to the time derived from the transit, the moon is

"repositioned," and the entire computation is repeated. The patch is

considered complete when the time difference is small.
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3.6.1.2 Minimum De-orbit Logic

The logic inside the sphere, like that used outside the sphere, contains both

midcourse and orbital modes. Again, the midcourse logic demands abort at the

earliest possible time; the orbital logic delays abort until a later time

determined by optimization. The parameter for optimization in this case is

the amount of fuel required for abort. Also, in similar fashion to the

outside-the-sphere logic, the choice between midcourse and orbital modes is

made internal to the logic, based on the pre-abort trajectory. The mode is

set orbital if the eccentricity of the pre-abort trajectory is less than

0.7, or if the radial velocity (selenocentric) is positive, or if the

distance from the selenocenter is less than i0,000 statute miles. If none

of these conditions is met, the mode is midcourse. In addition, if the

solution desired is fuel-critical, the mode is set orbitalregardless of the

previous tests.

Even though the earth-phase conic must be direct, the patch allows the

moon-phase conic to be either direct or retrograde. This choice is made,

based on the sub-regime (orbital or midcourse) and the angle between the

abort position and the exit (MSA) position. The motion is retrograde if the

angle between the abort position and the exit point is less than 180 ° (for

retrograde motion). If the transfer angle is greater than 180 ° and the mode

is midcourse, motion will be direct.

Once the post-abort type has been selected, the optimum departure time is

selected by advancing along the pre-abort trajectory in fixed angular steps

until an extremnm in required velocity for abort is reached. This search

procedure is facilitated by checking the angle between the abort and exit
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position, prior to entry into the de-orbit logic. When this angle is larger

than 180 ° and the mode is orbital, the pre-orbit trajectory is integrated

forward to a time corresponding to a time on the conic trajectory where the

position vector is nearly 180 ° removed from the exit point. For those cases

where the exit position is contained in the plane of the pre-abort

trajectory, the angle will be exactly 180 °. This procedure is followed

because the velocity required for plane change is maximized when the exit

position projected on the plane of the pre-abort trajectory is 180 ° from the

abort position. The orbital logic is configured to find the velocity minimum

on the "exit" side o£ this maximum. When the fuel-optimum departure position

has been determined, the patching logic is re-entered.

3.6.1.3 Optimization Logic

This logic is written around the inside-the-sphere solution, and, with the

exception of the determination of the earth-phase conic, is the only logic

in this phase which distinguishes between the various abort modes (time-and

fuel-critical and landing-site). For the landing-site mode, no genuine

optimization is possible. In this mode, the first entry into this section

compares the velocity requirements from the patched abort conic with the

available. If the limit is exceeded, 2_ hours are added to the transit time

in the earth phase. If this action will result in a total elapsed time to

return of less than 120 hours, the inside-the-sphere solution is repeated.

If this action does not reduce the required fuel to acceptable limits, the

logic returns no solution.

In the fuel-critical mode, this logic returns the first solution,

corresponding to the minimum value of VSS if the pre-abort trajectory was

elliptical (selenocentric). For hyperbolic conditions, pre-abort, the logic
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searches on VSSuntil an extremumis reached on the required velocity-VSS

function, at which point the solution is returned. For the time-critical

mode, two paths are furnished. The paths are selected by meansof a flag

set by the conditions of the pre-abort trajectory. The first path is

selected if the pre-abort conic is hyperbolic and the modeis orbital. In

this branch the initial patched conic is generated for the maximumvalue of

VSS. If this conic solution satisfies the constraint of available velocity,

the solution is accepted, and the subroutine exited. If the velocity

constraint is violated, the parameter VSSis reduced by a fixed amount, and

the inside-the-sphere problem is resolved until the velocity required is

less than that available. Whenthis condition is achieved, a linear search

is madeon VSSto derive the required velocity to the available velocity.

Whenthe difference between these is less than 5 statute m_les per hour, the

solution is accepted.

In the other branch, the initial solution for the earth-phase conic is made

with the minimumvalue of VSS. A second solution is madeimmediately with

the maximumvalue for VSS. The required velocity for the minimumVSScase

is tested against 1.01 times the available velocity. If the required value

exceeds this percentage of the available velocity and the solution exhibits

direct motion, the modeis set to orbital, and the entire problem reinitiated.

If the solution was retrograde, the solution with minimumVSSis accepted,

even though it violates the velocity constraint.

If the velocity constraint is not exceededby the minimumVSScase, the

required velocity for the maximumVSScase is tested against 0.99 times the

available velocity. If the required velocity is greater than this percentage
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of the available velocity, a linear search is made on VSS to drive the

required velocity to within _ statute miles per hour of the available

velocity. If the required velocity is smaller than this fraction of the

available velocity, the maximum VSS solution is accepted.

3.6.2 Discussion

The inside-the-sphere logic has been found, of all the program logic, to be

the section most prone to failure. This failure is exhibited in either

outright failure to converge, or in £inding non-optimum solutions. In

addition, the logic has been found to be relatively inflexible, thus reducing

its value as an analytic tool. The most frequent failure was a tendency for

the patching mechanism to oscillate in such a manner that the solution was

not reached. This fault was corrected, at MIT suggestion, by damping the

"patch" loop whenever successive solutions reversed direction. The damping

was accomplished by averaging angular rotations of the exit-position vector.

The fix has been entirely successful, at the cost of relatively small

increase in program complexity. A second failure mode was found in the

oscillation of the time loop. This occurred infrequently; however, this loop

was damped in a similar fashion to the exit-position loop.

The non-optimum solutions, found by comparisions with similar simulations,

were found to be attributable to the manner in which the abort was selected

(i.e., the choice of retrograde or direct) and to the operation of the

de-orbit logic. As a study effort, the logic was altered so that the form

of the abort was forced to compare with the comparison trajectories. While

this brought about excellent agreement, the difficulty in mechanizing these

changes brought attention to the lack of flexibility. Attention given the

problem of program control in the inside-the-sphere logic would considerably

improve the simulation.
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The modified logic exhibited a tendency to generate abort trajectories which

impacted the lunar surface. While this tendency was not observed in the

original logic, a changewas madeto apply a minimumaltitude constraint.

This was effected by controlling the de-orbit logic (or VSSfor the midcourse

mode) to insure non-impact.

The final area deserving additional attention is the de-orbit logic. While

the original logic is seen to be trouble-free and compact, it is not clear

that the minimumproduced is optimum. During the simulation, there were

indications that an occasional trajectory benefited by aborting prior to the

opposition of the exit point. Thesecases violated the original logic when

abort modeswere forced which would not have been selected by the original

logic.

Changesmadeto the original logic were minor, and generally consisted of

replacing formulae which exhibited indeterminacy, or in using alterations

designed to makeviolations of the logic easier. These violations were

performed to study specific abort situation.

3.7 Precision Trajectory, _ Outside the Sphere

3.7.1 Description

The technique used outside the sphere to generate the precision trajectory

consists of calibrating an analytic statement of the trajectory against an

integration of the initial conditions of this trajectory. The mechanism is

fairly simple, and is constructed so that a conic trajectory is produced

which connects the abort position with some reentry position at the conclusion

of the analytic portion of the program. This reentry position is selected to

satisfy the constraints and optimization criteria placed on the problem.
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The state vector at the abort position (post-abort) is integrated forward

over a time corresponding to transit time from the analytic trajectory. A

Lambert's problem is solved with the abort position vector, the terminal

position vector from the integration, and the transit time. The initial

velocity from the conic solution to Lambert's problem is differenced with the

previous value to produce a correction to the initial velocity. The

procedure is repeated until the terminal position from the integration is

sufficiently close to the desired terminus from the original analytic

solution.

3.7.2 Discussion

The procedure used here is three dimensional, and only the terminal (reentry)

position is controlled. This forces the effects of perturbations to be

evidenced in the terminal velocity. In the simulation this result is

apparent, since neither the reentry flight-path angle nor the reentry speed

agrees with the desired value. Theseeffects are small (on the order of

0.i°), and no effort has been madeto develop a more sophisticated model.

Such a model might consist of the calibration of the entire analytic model,

driving iteration, rather than the Lambert's solution. Such a search could

be made six dimensional.

An infrequent occurrence has been a failure to converge. This situation was

recognized in the original (MIT) logic, and a fix was specified. This fix

consisted of solving the problem in reverse so that the initial, rather than

the final, position was satisfied. While this is a reasonable solution, it

was felt desirable in this simulation to include a guidance "targeting"

schemeas a part of the iterative solution. This precluded the use of the

specified fix.
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As described in the section concerned with the steering logic, the target

parameters are functions of the elements of the post-abort trajectory. Since

these are readily obtained from the trajectory decision logic, an option was

provided to include a simulation of the guided (finite) thrusting interval.

This option maybe exercised in one of three ways: the iteration may be done

entirely with impulsive simulation of the thrusting, the iteration performed

impulsively and the converged solution repeated with the finite burn, or each

iteration maybe madewith finite burns. The last method has the advantage

that the final trajectory is adequate in the presence of the finite burn

within the restriction of the formulation. Additionally, it has been found

that the procedure does not appreciably slow the rate of convergence.

Oneproblem encountered with this targeting technique occurs in abort from

near-reentry altitudes. In this instance, the time required for the burn may

exceed the transit time on the impulsive conic to reentry. Whenthis situation

is encountered, the simulation cannot compensate; thus, no convergence is

achieved.

3.8 Precision TrajectorF_ Inside the Sphere

3.8.1 Description

In contrast to the solution used outside the sphere, the inside-sphere logic

uses a linear partials search. This is accomplished by solving from the

inside-the-sphere conic for the rates of velocity with position at the exit

point. These solutions are determined by successive perturbations of the

nominal exit position with Lambert's problem solved each time (abort position,

perturbed exit position, and transit time). A similar set of sensitivities

is derived from the equation set used to determine the earth-phase conic.

When the sensitivities have been developed, the nominal abort conditions
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(post-abort) are integrated forward to a time corresponding to exit from the

sphere for the analytic solution. The reentry conditions are integrated in

reverse to this same time, and the error in position and velocity between

the two conics is computed. The sensitivity matrices are used to drive

these errors to small values in an iterative loop.

3.8.2 Discussion

The technique used here has been found to be rapid in convergence for the

first several iterations. The original logic allowed a total of four

iterations, without regard to the errors remaining at the end of the fourth

pass. Some instances were observed in which these errors were large, and

the logic was modified to allow an additional four iterations. The increase

in accuracy was small over the additional iterations.

Additional study is necessary in this area to adequately improve the method.

It should be pointed out that the method used inside the sphere, unlike the

solution outside the sphere, is six dimensional.

3.9 Circumlunar

3.9.1 Description

This logic, like the inside-the-sphere logic, achieves a patch by use of

linear sensitivities. The parameter used for optimization is the transit

time to the first entry to the MSA. The mechanism is as follows: a transit

time to the sphere is assumed, an entrance point is assumed, and Lambert's

problem is solved between the two positions. The velocity resulting at the

sphere is transformed to the moon phase and propagated to the exit from the

sphere. The entrance position is perturbed, and the sensitivities of the

exit position with the entrance position are computed. In an initialization
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procedure, these partials are used to drive the exit point to a point 45 °

behind the earth-moon line in the plane of the moon's motion, and the earth-

phase conic is solved exactly as in the inside-the-sphere logic. The value

for VSS on the earth-phase portion is taken from the moon-phase conic

(transformed earth phase). This procedure results in conics which match in

position at the exit from the sphere, have the same energy, but whose

velocities at this point are separated by some angle. The entrance position

is again perturbed, this time resulting in partials relating to motion of the

velocity vectors from the two conics. These sensitivities are used to drive

the angular separation to a small value.

The optimization logic is quite similar to that used inside the sphere,

except that transit time to the sphere is used for optimization. The primary

assumption made is that minimum time trajectories will result from maximum

reentry velocity trajectories. Thus, if the mode is time-critical, the

transit time to the sphere is adjusted until the reentry speed is equal to

the maocimum value. If this solution does not violate the constraints placed

on the minimum lunar altitude or the maximum velocity available for abort,

the solution is accepted. If either constraint is violated, an attempt is

made to satisfy the constraints by moving the minimum amount away from the

maximum reentry speed conditions. If the mode is fuel critical, successive

solutions are made, using transit time to the sphere as a variable, until a

minimum required velocity condition is reached. The constraints on reentry

velocity and lunar altitude are treated as in the time critical case. For

the landing site mode no a_tempt at optimization is made. As in the inside-

the-sphere logic, if no solution is found initially, the earth-phase transit

time is incremented by 2_ hours in an attempt to reach a solution. If a
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constraint is violated on the first attempt, the same transit time increment

is used.

3.9.2 Discussion

Many alternatives were investigated in selecting a patching technique for

the circumlunar mode. The one selected was the only one found which

converged consistently in each of the abort situations tested. In addition,

it converges rapidly and is a fairly small logic package.

The optimization logic is one area obviously in need of improvement. This

logic, particularly for the fuel-critical mode, requires what seems to be an

excessive number of iterations. It is also possible that there may be

simultaneous consideration of the various constraints and optimization

parameters. Of the entire collection of logic in the simulation, this is the

area most requiring further investigation.

3.10 Precision Trajectory_ Circumlunar

3.10.1 Description

This routine was designed to share the logic used in solving the precise

trajectory from inside the sphere. The single major modification is the

manner in which the rates of change of exit velocity with exit position

are determined. Since no closed solution exists for the statement of exit

position, due to the required coordinate transformation at the entry, an

analogous problem to Lambert's could not be solved. Instead, the compo-

nents of initial velocity on the post-abort trajectory were perturbed

individually, and these perturbed conics were propagated to the exit time

for the nominal trajectory. These trajectories then furnished the rates

of change of position and velocity at the exit with the initial post-abort

velocity. These two sets of partials were combined to produce the deriv-
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atives of velocity at the exit with position at the exit. Once these

derivatives were established, the inside-the-sphere routine was used to

compute the necessary change in the exit position in order to "patch"

the integrated segments of the trajectory. The initial velocity corre-

sponding to this new position was approximated by use of the sensitivity

matrix relating post-abort velocity with exit position. The procedure

was repeated until the errors in position and velocity at the sphere were

small.

3.10.2 Discussion

This routine has been found to be trouble-free and relatively efficient.

An investigation was made into the improvement in the rate of convergence

afforded by multiple solutions of the sensitivity matrices. The rate was

not appreciably increased, and the present formulation computes these

quantities only once.

3.ii Water Landing

3.11.1 Description

This logic does not solve specific trajectory problems, but is a control

logic written around the other modes. The purpose is to define the time

or fuel optimum trajectory which impacts on water. The mechanism uses a

set of tables giving the boundaries of the land masses. These tables

consist of ordered pairs of latitude and longitude. The tables are ordered

so that successive pairs in the table define adjacent points on the land

boundary. At present, the land area is represented by two land masses

defined by a very few boundary points.

In this mode, the desired return will be either time or fuel critical,

and the trajectory may be outside the sphere, inside the sphere, or
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circumlunar. In any event, the optimum conic (time or fuel critical) is

generated, and the resulting landing site is checked to determine if the

impact was on a land mass. Since several regions of longitude contain no

land areas, the longitude of the return site is first tested to determine

if it lies in one of these areas. If it does, the optimum solution is

accepted. If not, the table of boundary points is entered and searched

until a latitude pair is found which bounds the impact latitude. These

latitudes and the corresponding longitudes are stored, and the search

resumed to find the next pair of latitudes bounding the return latitude.

When two such pairs are found, an interpolation is performed to produce

the longitudes corresponding to the latitude of the return. If the

longitude of the return is not contained in the interval between these

two longitudes, the data is discarded, and the search is continued for

an additional set which bound the return latitude. This is continued

until it is determined that the impact was on land, or until the table is

exhausted. If the table is exhausted, the procedure is repeated for the

remainder of the land masses. If no land impact is found, the optimum

trajectory solution is accepted.

If it is determined that the impact was on land, the logic returns to the

trajectory determination logic, in the landing-site mode, and finds the

analytic solution for each of the boundary points in the table corresponding

to the land mass on which impact occurred. These solutions are then searched

to find the appropriate minimum.

3.11.2 Discussion

The underlying assumption in this logic is that if land impact should occur,

the most desirable water site will occur on the boundary of the land mass
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which contained the optimum return. This implies that the problem does

not have relative minima such that a desirable return is located further

from the optimum return than the boundaries. While this has not been

observed, the problem merits further study.

It is also felt that to be useful, the land boundaries need to be more

precisely defined by using additional points in the tables. In that case,

a more sophisticated search along the boundaries would be feasible.

3.12 Abort Steering Law

3.12.1 Description

The steering model used in this program was taken from Reference 2. It

is the simplest of the modes given in Reference 2, since steering is not

affected by the time derivative of the required velocity. In this model,

a required velocity which satisfies a set of parameters is computed for

each position during the integration. The thrust vector is aligned along

this direction, and integration continues until the velocity is equal to

the computed, required velocity.

The target parameters are p, the semi-latus rectum; e, the eccentricity;

i, the inclination; and two flags defining the direction of the radial and

tangential components of velocity. As explained in the precision trajec-

tory sections, an option is provided to determine these parameters during

the iteration so that no errors result in the simulation of the finite

burn.

Also included in the simulation are a rudimentary set of navigation

equations taken from Reference 2. These consist, in essence, of a trape-

29



zoidal integration of a spherical gravitational acceleration and the

acceleration due to thrust. An attempt was made to simulate the action

of the accelerometers by approximating the change in velocity due to

thrust. In the simulation, these navigation equations are used to furnish

the state vector to the guidance model, while the standard trajectory

simulation integrates the total acceleration. An additional option is

the capability to input initial errors into the navigation equations in

order to perform error analyses.

3.12.2 Discussion

The sole problem encountered in the guidance simulation involved a case

which resulted in a failure of the guidance to produce a steering function.

This occurs when the position vector is larger than the apogee distance

computed from the target parameters, p and e. It is felt that this occur-

rence will be infrequent, and no corrective measures were applied.
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d, OVERLAY STRUCTURE

The function of this section is to define the linkage to the overlay

structure of' the program. Overlay became necessary as the program capa-

bilities increased. The structure is defined to provide a minimum of

tape interface, since the present 709A-II stand alone software utilizes

tape overlay. The overlay structure is defined in two sub-sections:

_.i Linkage Directory - Giving subroutine names within a prescribed

link.

LINK 0 Am AC4
BL_CK

CINT

CNVRT

DERIV

ENCKE

FSFB

JPLEPH

LAMBS

LATL_N
LSCR
MAIN

MJ_P
MTRXMP

NEWT

_SCUL
P uR
PRINTN

RASCGR

P_EENTY

P_EST_R
RKINT
STEP
SUBSAT
SUI_

TB oy
TE_N
UNII

VCMSC

VECT

WLSCN
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A.l Linkage Directory - continued

LINK i

LINK 2

LINK 3

LINK

LINK 5

LINK 6

LINK 7

_RIGIN A ANALYT

_RIGIN B TCFC

_RIGINB _UTS

_RIGIN B CIRCUM

_RIGIN A INM_

_RIGIN A INITAL

INV3X3
NAVIER

PEIC_M

PMATC

PRINTT

PTCIN

TCUT

THRI

TPRINT

_RIGINA PRINTI
_AD
S_m_L
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4.2 Overlay Linkage Map - Showing the various levels of the links and

the function of each.

I LINK 2

LINK 0

I LINK

LINE 3

i LINK

I LINK 4

ILINK 6 LINK 7

Link

LINK 0

LINK i

LINK 2

LINK 3

LINK 4

Functional Definition

Basic analytic and integration control; Encke free-flight

control and computation; outside the sphere midcourse

landing site computation.

Analytic control.

Outside the sphere midcourse time critical and fuel crit-

ical analytic computations.

Outside the sphere orbital landing site analytic

computations.

Circumlunar analytic computations.
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_.2 Overlax_Linka_e MaD - continued

Link

LINK S

LINK 6

LINK 7

Functional Definition

Inside-the-sphere analytic computations.

Thrusting routines for Encke; inside-the-sphere control

and final integrated trajectory computation routines.

Case initialization routines.
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o INPUT

This section of the document will be devoted to defining the necessary

inputs to ATAP. The inputs will be considered in two categories:

1. Standard inputs to the MSC-Encke Lunar Trajectory program.

2. New inputs required to take advantage of the abort features

of the program.

5.1 Standard Inputs

The standard inputs (category l) will be discussed only in terms

of the changes to the existing MSC documentation concerning inputs

to the program. The major differences are as follows:

INJECT - The ATAP program will only accept values of ll or

21 as inputs. (i.e._ only x, y, z_ x_ y, z, either

geocentric or selenocentric, are acceptable inputs

for the initial state vector).

The variety of special stops, such as GAMETH, are

not recognized by ATAP. The program controls stops

only through use of TMAX and RMINE.

RMINE - Should always be set to 1.01910943 earth radii.

5.2 New Inputs

The new input parameters (category 2) are defined in Table I.

Specific headings and sub-headings in the table are defined below.
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5.2 New Inputs - continued

Card Format Information:

PARAMETER NAME - Up to six alpha-numeric characters represen-

ting the name of the parameter being input.

Columns 1 - 6 on the data card.

PSEUDO OP. - Describes to the input loader the format of

the parameter, columns 16 - 72 of the data

card, being loaded (BCD - alpha-numeric;

OCT - octal; DEC - decimal).

DEC. PT. - Defines if decimal point is required for the

given parameter.

R - decimal point required

NR - decimal point not required

PARAM UNITS - Defines the units expected by the program for

this parameter.

MAX ENTRIES

THIS NAME

MODE

- Defines the maximum allowable entries which

can be input to the program under the given

name.

ASSOCIATION - Defines how each of the new input parameters

are associated with the operational modes of

the program. The user may scan the columns

for required or optional inputs to the mode

which he intends to execute.

ST - Standard trajectory or non-iterative

type of run.
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MODE ASSOCIATION - continued

PARAMETER

DESCRIPTION

TC - Time critical mode desired.

FC - Fuel critical mode desired.

LS - Landing site mode desired.

R/_ - R = required input for the mode;

_ optional input for the mode.

- Description of the parameter being input.

In the event the program expects one of sev-

eral values for this parameter, these values

along with their description will also be

presented.

Appendix A will present sample input lists for execution of the various

modes of operation of the program.
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, OUTPUT

The function of the output section will be to present all of the new

print blocks which may appear during the running of ATAP. The sub-

sections are organized in the order in which the print blocks may

appear during a given run. The exception to this is the last section

which gives all the error messages that may appear. Accompanying each

block print will be a list describing each parameter of the blocks.

The description will contain the symbol, as it appears in the block;

verbal description of the parameter, and the units associated with the

parameter, Parameter definitions for identical print blocks (only title

may have changed) will make reference to the first occurrence of the

print blocks in the sub-sections.

The output sub-sections are organized as follows:

6.1 Intermediate Solutions

6.2 Final Solution

6.3 Landing Site Limits - Outside The Sphere

6.4 Iteration Summaries

6.5 Target Parameter Definition

6.6 Thrust-Phase Print

6.7 Error Messages
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6.1 Intermediate Solutions

The following block prints define the conic solutions of the

landing site mode problem for each of the landing sites in ques-

tion. Each solution for a given landing site will produce this

print. If multiple solutions exist for a given landing site,
the program will automatically pick the minimum fuel solution.

When multiple landing sites are involved, the program will then

pick the minimum time solution from the possible minimum fuel
trajectories.

6.1.i Outside-The-Sphere Midcourse Landing-Site Mode Solutions

OUTSI0_ IHQ SPHRE NIC_OURSi L,IUIDIIIG SITE li_E S_UVlalIS

LINOilIG $|V! NO. ! SOLUTIQN NO. l

DVR0 *HR _A ,FR L&, LOnG
|.0,71|,)OE 00 |.),2)4240E OO -,., 17N-0| 2.01,1,ZIO I¢ Ol -,. i]_EdlP_IIID, O| i.)@O,vvg_ ,,

VA|X VABY Veil AFX pJ_
-?.2 ?S'_911SOE'O | 2.41rO246COE-O| | .S|)|ll?liOE-O I -9.979SSO)iOlE*O | I. 92411ql]lliOiE*O | T * ll491r S|)Ol*@J

_ . TFL_ THLS INCA DAY SGll |NT|A
3.9988416_ _1 *._3_$610/ 66 5:12|6?41a|-01 --2._I]_/10L_l "-- -Z. w_ w v._ OU -|.uuuggOOOt n

Description Unit____As

DVRQ Computed velocity change required to reach er/hr

the landing site.

Re-entry range angle.

Cotangent of the flight-path angle at the

abort point.

TFR Time of flight from the abort time to hrs

re-entry.

LAT Latitude of the landing site. deg

Longitude of the landing site. deg

VRBY Required velocity at burn termination, er/hr
VRBZ

RFY Desired position vector at re-entry, er
RFZ

Time of flight from the abort time to the hrs

landing site.

L_NG

TFLS

radians



6.1.1

Symbol

THLS

INCR

DAY

Outside-The-Sphere Midcourse Landing-Site
Mode Solutions - continued

Description

The central angle from the abort position

landing site.

Desired return inclination.

Number of earth rotations. One rotation

equals 23.93_71 hours.

SGM Designator of the two return planes, none

INTER Designator of the two possible plane none
intersections.

Inside-The-Sphere Landing-Site Mode Solution

A &1
|.V)4Q_OQOk O0 -J.4@41405C[ OU

6.1.2

t UVIQ

|. 2 J44, J2_Ol. OU

--- VkUX

1 • 3_)_q_OE OZ

Units

radians

radians

hrs

VgSV V_Bl AFx RF¥ IIFZ

T_L$ rMLS INCg

7.72711200i-01 -6.6293bO4OE-O! -S.O10270|OIE-OZ

Av }_te_

See parameter descriptions above.

6.1.3 Outside-The-Sphere Orbital Landing-Site Mode Solutions

_;$1D_ l_i SPHkRt _,R{_II"AL LdUeO_I_GSlt _ nuOk _LUllC,_$ .

_&NUING $|I,_ NU. ,_ SOLUIIC_kl NO. 1

_.ill_VQ(rOL _i ,_._03329_U_: 02. O. *,.OJ,_?il/Ot:-_l -l.O_O0000Oi O0 I._)OOUUOOUI_ O0

_ _0¥_ ........................................

VX_4JI Va_14V-- VJ(#_ KFX " geY nFL

Z.JZl_-_IoOt VC _.i6/l_q60E _Q ?e|_b_?t,_-bl _.5_31S|Vuk-OI ll.lUlllq&OOt-Ol 2._aS_O+)_Ok-UI

LAT

DAY

XNCR

The latitude of the desired landing site. deg

The longitude of the desired landing site. deg

Number of earth rotations. One rotation hrs

equals 23.93AA71 hours.

The desired return inclination. radians
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6.1.3

S.ymbol

SGM

INTER

TLS

TFC

c xR

CA, RR

THLS

TFX

DVR

VXPX
VXRY
VXRZ

RFX

RFY
RFZ

Outside-The-Sphere Orbital Landing-Site
Mode Solutions - continued

Description

Designator of the two return planes.

Designator of the two possible plane
intersections.

Time of flight to the landing site measured
from the initial time.

Time of flight from the intersection of the

planes to re-entry.

Cotangent of the required flight-path angle
at the intersection of the planes.

Difference between the atmospheric flight
range angle and THIS.

The angle between the intersection of the

pre/post abort planes and the landing site.

The time of flight to the intersection of

the planes.

The computed velocity increment required to

reach the landing site.

The required velocity at burn termination.

The desired position vector at re-entry.

Unit____gs

none

none

hrs

hrs

none

radians

radians

hrs

er/hr

er/hr

er



6.2 Final Solution

The following block prints define parameters of the final accepted

conic solution. These prints are mode dependent and will appear

just prior to the iteration summary prints. Included are prints

for outside the sphere, inside the sphere, and circumlunar
trajectories.

6.2.1 Time-Critical Mode

S4JLUTIU_ UStO FOil TImE CRITIC41.

..... _ ..... Ay R VX

- --][-_, ] 3 6iI_IE O0

I_a_vx |uMvv suauvt l_Fx Itpv
-$, |19_qG001E O0 °6.4_ 1)6$0E°0| °1.22 ?@4210[-0| -2,404635_0E°0| II. )ON&@4@_-0 |

.... J[ | b_J_ IF $ENIMA PERIO0 TA

1.6b@b6660E-O 2 | • 02 Sg Oq4t.O_-O | 1_'_'_ I OIE'_ C |._-[klS0E 0O | • 64Mb@664bOIf -.O l

VZ

1 .O_v 4rwleINm N

RFZ

S. 3_, ll'44N_-@ |

nU

|. gqlQ1111&_ I111

DescriDtion

RX

RY

RZ

BURNVX

BURNVY

BURNVZ

TBURN

TF

SEMIMA

VX

VY

VZ

RFX

RFY

RFZ

TA

MU

}
Required velocity at burn termination.

Position of the vehicle at the abort time.

Time to initiate thrust.

Total time of flight from the initial time.

Reciprocal of the semi-major axis of the

pre-abort trajectory.

I Velocity of the vehicle at the abort
time.

I Desired position re-entry.
vector at

Period of the pre-abort trajectory.

Abort time measured from the initial time.

Gravitational parameter of the central

Units

er

er/hr

hrs

hrs

1/er

er/hr

er

hrs

hrs

er3/hr 2



6.2.2 Fuel-Critical Mode

$OLUTIQk USEO FOR FUIEL (RITICAL IqOD£

RX R¥ Rl VX VY VZ

|.99S1_660k OI 1.03184060E _U 1.63626610E O0 -1.I|_06000E O0 -2.076S13g0£-0| -T._Sr_6_E_I_I_

BURkV_ 8URNVY BURkVl RFX RFY RF_

-1.201U_2UCE UU _.4UO?9)IUE-OI -I*4941U6?OE-OI -8._3114050_-01 S. 3_1989S01E-01 -1.64S|2_WE-01

T6U_N TF $£_IM& PERIO0 TA NU

O. 1.0999329_ Ol 2._291|_10E-02 3*3032LOOOE 02 O. |._4_[6_'-_[ ""

See above for parameter definitions.

6.2.3 OutsideTheSphere Orbital Landing-Site Mode

_bLbll_N U_[U tb_ C_T$__I_t )PMtKt URU|IS_I. L&_D|I_. $|TE NUDk

kX _y Nl V_ V¥ ¥l

_UR_VA _UN_¥Y _Uk_¥£ _FX AFY _F_

Tb_ IF $£MiMA P_IUU 1A MU

See above for parameter definitions.

6.2.& Outside-The Sphere Midcourse Landing-Site Mode

SOLUTION USED FOR OUTS|DE tHE SPHEAE NEOCOURSE LANOING SIIE NnnE

_ RX RY Rl _ V¥
1.99579600E O| |.0_8_060£ O0 _-6_J_66--[_'-0_ -|*I 06000E O0 -2.Q76513_IOE-Ol

BURNVX BUANVY BURNVI RFI RFY

-b,_OlOOS|OE-O| 2.366|P|;OE-O| -2*OSZ4822OE-OI -9.15_&0S90£-0| 3.43T_9_SOIE-OI

T6QRN TF SENIAA PERIOD |A

O* 1.438571ZOE Ol _*6_lOE-O_ 3.3@321000E O_ O.

V/

- 7 * 35 | ZI_IUtE-OZ

RF]

-Z. lI5_4kq_-O I

1.9_I094 |&O_ Ol

See above for parameter definitions.



6.2.5 Inside-The-Sphere Solution

+___

_Axv ue IN_ue l,k spMtat°s SU_.U;II_IN

ILl|| gLIil JLI3l kLl_l VUL||| VUL|I| ¥(A.|3l VOk|_|

-2_t)lOS_Gk-Ol -3.J_1583k-Ul -1.016o9|6_-_2 2o_50U$_1_-01 -_,O_|]/]E-O| |.|IO@6l_l OO 6.ZlI_YUIE-O[ |,)IgIIIOE 00

VL¢ll VL42) VL/_ VL-"['_-_T...... lSlil .... RT_"l_) RSI)| _Si4I

|./_3U6_Ok-01 _._?_Sl2_k-ui I.U_104S_ O0 |0_i_72|7_ O0 -_.g3|9OO_ 01 1.94)Ig_I1E O_ 1.3_)2543& O| 5.6000018| O|

RL

Descriotion Unit s

The position vector, relative to the moon,
at the time of burn initiation.

er

m

VL The required velocity, relative to the er/hr
moon, at the abort time.

VS The velocity vector, relative to the er/hr
earth, at the lunar sphere of action.

VRC The required velocity vector, relative to er/hr

the earth, at re-entry.

The velocity vector, relative to the moon, er/hr
at the abort time before the abort.

The position vector, relative to the earth+

at the lunar sphere of action.

er

RR The desired re-entry vector relative to er
the earth.

DVR The required velocity increment from er/hr
pre-abort to post-abort at the abort time.

TL Time of burn initiation measured from the hrs

initial time.

TF The total time of flight from the initial hrs

time to re-entry.

TFE The time of flight from the lunar sphere of hrs

action to re-entry.
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6.2.6 Circumlunar Solutions

CIRGU_LU_AR $OLUTIO_ - SUWWARV PRINI

RL(J RLIEI RL(3| RL RSM([) RSNIE) HSMI3)

J,6147020E Ol -_,Z583878E O! -|,3347224E Ol 4._66303EE Ol -B.7702706E O0 -4.46B5745E-Ol -q.3|SS479E-OI

VL|| VLIE) VL(3) VL LAT LUN INCR

4.4017_q_E-OL -3.93BO_29E-OI -_,2546800E-01 b.32194§EE-O| -O.O000000E-20 -O.O000000E-20 5.7204892E-01

_Rli RRIZl RRI3) RR VR(II VR(2) VRI$)

-5,_I710i7F-01 8,37956|SE-Ol |,4705241E-O1 I.OIg_BEIE O0 -J,?452753E O0 -3.851qSI6E O0 ].I3)BIglE O0

_S|l _S|EI RSI3I RS VS[/)

4.1191H_OF Ol -2,q234004E Ol -l,8130955E Ol _.3666846E OI -4.0914649E-01

RMIL _MIZ) RM(3) RM VMIL)

k._9(+Plblb Ol -2+_7RTI_6E Ol -I.TIgQ_OOE Ol &.OI12557E OI _.471632_E-OI

RMI(I RMII2) RM|I)) RMI VM|(I)

W.14_14b_F OI -3.TuSEBi2E Ol -2.13|OlObE Ol 5.qSb435_E Ol 4.)gOSOTbE-Ol

TFh 1^ OELT Ti_E TL

Sb_ I_VR

RSM

8.830qlEbE O0

INTER

1.0000000_ O0

VR

6.zxq7620E O0

VS(2) V$13I VS

4.1qO7938E-Ol 1,5072373E-01 6,04Tbq_qE-O|

VMIEI VM(3) VM

4.157025SE-01 2.0970784E-01 5,BO78E_OE-O|

VMJI_) VN[I3) VMI

3.4997tEOE-O1 |.71018_lE-01 b.8696533E-Ol

IFF IS VS$

l.gSvll@_t Ol 2.1502683E Ol -O.O()O0000E-20 5.2106547E Ol -O.O000000E-20 I.R370505E-02

UR

b.2197B63E O0

R_.'I

VT_,

I.,AT

INCR

INTER

RR

VR

RS

VS

Description Units

The position vector relative to the moon at er
time of burn initiation.

Position relative to the moon at the lunar er

sphere of influence.

Velocity relative to the moon at time of er/hr
burn initiation.

Latitude of the landing site. deg

Longitude of the landing site. deg

Desired inclination of return trajectory, radians

Designator of the preselected intersection

of the landing site with the return plane.

Desired position vector at re-entry, er

The required velocity at re-entry, er

Position at the lunar sphere of influence er
relative to the earth.

Velocity at the lunar sphere of influence er/hr
relative to the earth.
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6.2.6

Symbol

RM

VM

RM1

VM1

TFH

TA

DELT

TIME

TL

TFE

TS

VSS

SGM

DVR

UR

Circumlunar Solutions - continued

Description

Moon's position at time TA + DELT + TIME.

Moon's velocity at time TA + DELT + TIME.

Moon's position at time TA + DELT.

Moon's velocity at time TA + DELT.

Time from RL to RSM.

Time of abort measured from initial time.

Time from abort to first pierce point at

lunar sphere of influence.

Time required to go from entry to exit

in the lunar sphere of influence.

Time of burn initiation.

Time of flight from RS to RR.

Time of arrival at the lunar sphere of
influence.

Square of the velocity divided by _E

relative to the earth at the lunar sphere
of influence.

Designator of the preselected return plane.

The required change in velocity.

The magnitude of the required re-entry

velocity.

Units

er

er/hr

er

er/hr

hr

hr

hr

hr

hr

hr

hr

i/er

er/hr

er/hr
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6.3 Landing Site Limits - Outside The Sphere

The following block prints define the landing sites corresponding

to the minimum and maximumre-entry range angles for the time

critical/fuel critical modes. These prints are applicable only

to outside the sphere solutions.

6.3.1 Fuel Critical Mode

Symbol Description Unit s

MINLAT Latitude of the landing site corresponding radians

to the minimum re-entry range angle.

MINL_N Longitude of the landing site corresponding radians

to the minimum re-entry range angle.

MAXLAT Latitude of the landing site corresponding radians

to the maximum re-entry range angle.

MAXL_N Longitude of the landing site corresponding radians

to the maximum re-entry range angle.

Time- Critical Mode

LA_DI_G SiTE LIMII$ TI_ CaITI_L

MI_LAT MI_ MAXLAT _XL@N

_._,_IblI6)_IE-D! °S.35|@$,_/IE O0 -_.600S1_$1E-02 -3.85S931SIE O0

6.3.2

See parameter definitions above.
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Iteration Summaries

The following block prints describe the intermediate results of

each iteration cycle.

6.4.1 Outside-The-Sphere Iteration Summary

YI#PI|| vJd_a_| vlePa)) , eUK_VRI|! o_qvlg_l

q.uSSiI_I_Z-_L -5._eo_]8o#_*01 -_._l _i-Ol 2.1_97Z230|-01 -], 0000| O0

E_ uF IT_AII_ ....

I_lltNval)l
1,]_4i8460£°0|

KFPI)|

Z.)eS_O_.C_O4[*Ok

m

RFP

RFB

DELRF

SGMN

Description

The Lamberts velocity at the abort point

for the desired transit time between the

abort position and re-entry.

th
The n value of the required velocity
at burn termination.

The computed position vector at re-entry.

The desired position vector at re-entry.

The computed position vector at burn
initiation.

The magnitude of the vector difference of

the computed and the desired re-entry

position vectors. Convergence occurs

when this pargmeter is less than .25 miles.

The indicator of the transfer angle.

SGMM i, @_180 °

SGMM = -i, @_180 °

Unit s

er/hr

er/hr

er

er

er

er
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6.A.2 Inside-The-Sphere/Circumlunar Iteration Summary

..... _u_A*Y oe Iwt*A11o_ _. _ I_S!oE w_ejp__K_e ....

___*LI|I kLi_b RLiJ) *Li_I VLLIL| VLGI2) VLGI3| VLG(4|

nSRti) N_NI_I H_M|J| R._I{_| VSMI|| V_M(ZI VSR¢$| VSR|4|

ASILI *$121 _1$1 _S|_I VSlil V$1_l VSI)I ¥Sl_J

O_L*l |l _EL_I21 ULLR( 31 D_L*(4| DELVI|) Ut:LVi2) OELVI$| DELV(4)

rL TF_ _$ |* TFE

Description Units

RL The position vector relative to the moon er
at the time of burn initiation.

RSM The position vector relative to the moon er
at the lunar sphere of action.

RR The desired re-entry vector relative to er
the earth.

R_ The position vector relative to the earth er

at the lunar sphere of action.

DEL_ The vector difference of the two computed er

position vectors at the lunar sphere of
action.

DEL_

VLC

m

VSM

The vector difference of the two computed

velocity vectors at the lunar sphere of
action.

Velocity vector relative to the moon at the
time of burn initiation.

The velocity vector relative to the moon at

the lunar sphere of action.

The required velocity at re-entry relative

to the earth.

The velocity vector relative to the earth at

the lunar sphere of action.

er/hr

er/hr

er/hr

er/hr

er/hr
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6.A.2 Inside-The-Sphere/Circumlunar Iteration
Summary- continued

Symbol

TL

TFH

TS

TR

TFE

Description

Time of burn initiation measured from the

initial time.

Time-fromburn initiation to the lunar

sphere of action.

Time at the lunar sphere of action.

Time of flight from the initial time to

re-entry.

Time of flight from the lunar sphere of
action to re-entry.

Unit s

hr s

hrs

hrs

hrs
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6.5 .Target Parameter Definition

This block print will appear whenever finite burns are to be

executed by the program during an iterative type run. These

parameters define the target for the burn model guidance

equations.

6.5.1 Target Parameters

T_UT PLLIL_TERS

-- _ E I ssn Sis
|,l_Sl_4N O0 S,l@i4017e-O! [.061902N Ol l.o00000Ol O0 -l.

Symbol

P

E

SGM

sQs

Description

The semi-latus rectum of the post-abort

trajectory.

The eccentricity of the post-abort

trajectory.

The inclination of the post-abort trajec-

tory relative to the earth's equator.

Indicator defining the (sign) of the compo-

n_ent_of velocity at abort in the direction of
hxR.

Indicator defining the (sign) of the radial

velocity at the abort.

Units

er

deg
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6.6 Thrust-Phase Print

The following block prints define the output of the navigation

equations simulation and of the thrust acceleration computation

routines. They appear at each print cycle of the thrusting

phase.

6.6.1 Navigation Simulation Print

WM__t_ON ew .p,s,mttel

IIW 1.99546510e 01 I 0lli)agilOi 04) | 6|4i044001 00 | 0044116001 01

ViII -1. l_Kl_95_(_ O0 -I,,SI4WiH01-01 -I.III01STOI-0J

- . - t OilltlTIl-Ol..... C_GS_II __+ -_,_41_@!4__24)i-01 -i ..141411t01 -4.041111401_0) iS6 4 91Tit144mi-02 dl _TillliOl. Ol_ " • .....

...... _I_1_ __ --Le,1 ilt441)qllJl_OP_.. + i.llOOqileilGloOI 4_ @691161101l 04 0VSIN I 6151151)01-0l i.liNI6ll_lOl--IJl_......... -4.6YIilIPlI-Ot

R_

VSN

m

CGSN

Description

The position vector determined by the inte-

gration of the navigation equations.

The velocity vector determined by the inte-

gration of the navigation equations.

Two-body accelerations used in the integra-

tion of the navigation equations.

DVSAN Analytic velocity increment, er/hr

SSG Summation of the perturbation accelerations, er/hr 2

DVSIN Integrated velocity increment• er/hr

Units

er

er/hr

er/hr 2

6.6.2 Guidance Equations Print

• US -J-lOl411Z14101_ OO I.+I)_I__0101-01 +l.4.tl.l)l)O('-Ol .J.zlT_le+ool oo

..... JIl_ _ +-l-._'_s41* ',,oe-o$ $.+SISOIIiK--04, -,I.0144)4+11oI-0$ S.slo$1ol01-04 ATM

VRDE_ The desired velocity at burn termination, er/hr

V_ The velocity to be gained, er/hr

ATM The magnitude of the thrust acceleration• er/hr 2
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6.7 Error Messages

The following represents error messages which may appear in the

course of a given run.

6.7.1 No Solution - Outside The Sphere Orbital Landing Site Mode

QQTSIOE TNE SPHERE OAIITAL LANOING SITE NOOE SotUrlOllS

NO SOLUE|Q_I FOa LAT|TUO£t -S.4/_$F6|E°OI LONGIIUOEa 2o]illq)_14k_! 04

NO LJIIIQ|NG SIIE FOUNO CUIS|Oe THE SPNEAE OlI|||AL.

[.lid_OF C&$E _l_. 1

When running the landing site mode (IAM_DE -- i), outside the sphere,

if no solution for a particular landing site can be found, the pro-

gram prints the latitude and longitude of that landing site in
radians and tries to find a solution for the next specified landing

site. If no solution can be found for any specified landing site,

the program prints the message, "No Landing Site Found Outside The

Sphere...," and goes on to the next case.

6.7.2 No Solution - Inside The Sphere

NO SOLUI|Gq INSIpE E_E Spl,4nE.

lie O oF.c*s_ No. ?

If a solution cannot be found when inside the lunar sphere of action,

the program prints, "No Solution Inside The Sphere," and goes on to
the next case.

6.7.3 Insufficient Fuel

T_ AVAiLAkE FUEL IS L_SS TH_ T_ M|NIm_ Rf_IAED. [ME F_L_I_ S_UTI_ USES T_ NINI_N FUEL PoSS|SLE.

When running the time critical mode (IAM_DE = 2), outside the sphere.
if the available fuel (AVFUEL) is less than the minimum required to

find a solution, the above comment is printed and the program computes

the minimum fuel solution.

6.7.A Optimum Trajectory Impacts On Land

OPI'IML)M TRAJELTI]RY IMPACT_ ON LANO

LAT LON LAN[J MAS_

-2.961t, 569_E 01 L.L|_'SI_6E 02 !

When a water landing is requested and the nominal trajectory fails to

impact on water, the above message appears. It defines the latitude

and longitude of the nominal impact point and the land mass containing

the impact point. The program will proceed to find the relative opti-

mum trajectory using the boundary points of the specified land mass

as target points.
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. SUBROUTINE SPECIFICATION

The following section will define the subroutines which have been gen-

erated under this task. These subroutines extend the capabilities of

the MSC Lunar Trajectory program to determine abort trajectories from

any point, after translunar injection, on an Apollo type trajectory.

It is the intent of this section to give as much information about these

subroutines so that the user may fully understand their capability.

Each subroutine is defined by three sections:

1. Basic Description - giving subroutine name, purpose, name

common blocks used, subroutines called for, and approximate

storage.

2. Input/Output Interface

3. Flowcharts - giving basic flow and equations.

The subroutine descriptions are presented on the following pages being

listed in alphabetical order.

56



SUBROUTINE:

PURPOSE:

CALLING SEQUENCE :

NAME COMMON USED:

SUBROUTINES REQUIRED:

FUNCTIONS REQUIRED:

APPROXIMATE STORAGE :

ALPAG_

To compute a the right ascension of Greenwich.
go'

CALL ALPAG_ (JD, RAC_)

None

None

None

121
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SUBROUTINE:

INPUT AND OUTPUT:

NAMED

i/o COMMON

I

¢

SYMBOLIC

NAME OR

LOCATION

JD

RAGM

PROGRAM

DIMENSION

1

1

MATH

SYMBOL

JD

go

DATA

DIMENSIONS

0RUNITS

tad

DEFINITIONS

Julian Date

Right ascension of Greenwich at

Oh day of epoch.
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E'NTER REGION I

FOR COMPUTING

a go (RAG M)
i

I
JD (JULIAN DATE)J

DPR = 57,2957795

D = JD - 2433282.5
i

_ .
RAGM = 100.07554260 + (.9856473460)*D

+ (2.9015 X 10-la) D2

iiii ii i

I
N=Q

S=N
F=Q-S

• i

1
iii II

L_.( _x,,,)
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CALLING SEQUENCE:

NAME COMMON USED:

SUBROUTINES REQUIRED:

FUNCTIONS REQUIRED:

APPROX]31ATE STORAGE:

ANALYT

To control the overall flow of the abort trajec-

tory determination logic.

CALL ANALYT

INTGR

C NST
INDS
A_'PUT
BUPd_R

aVM ¢N

BLANK

CTPT

VCMSC, TCFC, LSCR, _UTS, JPLEPH, RASCGR, CIRCUM

ABS, SORT

655
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SUBROUTINE: ANALYT

INPUTANDOUTPUT:

NAMED
I/0 COMMON

I INTGR

I INTGR

I INTGR

I C_NST

I INDS

I CJNST

I CJNST

I AINPUT

iNTGR

¢ INTGR

INTGR

SYMBOLIC

NAME OR

LOCATION

TA

PROGRAM

DIMENSION

i

MATH

SYMBOL

BURNPR

R

V

USSTER

XMU

TW_PI

RAD

M_DE

TF

RFA

TBURN

BURNVR

6

6

1

1

1

1

1

1

1

3

2rr

TF

%

TB

%

DATA

DIMenSIONS

OR UNITS

hrs

er

er/hr

statute mi

er

er3/hr 2

deg/rad

hrs

er

hrs

er/hr

DEFINITIONS

Time of abort measured from
initial time.

Position of the spacecraft at
time TA.

Velocity of the spacecraft at
time TA.

• Conversion factor:

3963.20799

Gravitational parameter of the

central body.

6. 283185307

57.29577951

M_DE = i, landing site.
M_DE : 2, time critical•

MJDE : 3, fuel critical•

Time of flight measured from

initial time to re-entry.

Desired position vector at

re-entry.

Time of burn initiation measured

from initial time.

Velocity required at end of burn.
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SUBROUTINE: ANALYT(continued)

INPUTANDOUTPUT:

I/O

¢

¢

NAMED

COMMON

AINPUT

AINPUT

I AINPUT

AINPUT

INM_3

INMJC

¢ _c

_TPT

SYMBOLIC

NAME OR

LOCATION

SEMIMA

PER

TAGG

CFLAG

INSFG

INCR

INTER

SGM

DVR

PROGRAM

DIMENSION

1

1

1

1

1

1

1

1

MATH

SYMBOL

l/a

P

nv r

DATA

DIMENSIONS

OR UNITS

(1/er)

hrs

rad

+l

+l

er/hr

DEF_ITIONS

Reciprocal of the semi-major

axis of the pre-abort trajectory.

Period of the pre-abort

trajectory.

For nominal operation in outside
the sphere modes: TAGG : 0

Inside the sphere: TAGG / 0

: 0, if no solution has been

computed.
: i, if a solution has been

co_put_,

0, no circumlunar logic.

i, do circumlunar logic.

= i, if the abort time is inside

the lunar sphere of action.

Return inclination.

Designator of the return plane

intersection with the landing
site.

Designator of the return plane.

The required velocity change for
the abort trajectory.
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ENTER

CONTROL ROUTINE FOR

ANALYTIC PACKAGE WITH

RA, VA, TA, XMU, DV

_-[ TAG1 =2 + _

JAC=Z,'RA- VA'V--A/MU J

- +

PC=(_ _). (_*V-_/MU I I PERIOD--2r_,/_/ACaMU-_--i
T = TA + .5,'FIND' POS. RA = ABVAL _ TAGG= l J I

AND ATVEL'T,R-M,V'-MOFMOON EC: _/I-PCAC INIT= I J r
= E'M"+ 35000

UNIT(-UNIT((VM* R/V_R---M)) ENTER OUTSIDE MIDCOURSE
SUBROUTINE AND -_

DEC= SIN-I (RSz/R TIMECRITICALOR

. FUEL CRITICA__L __ _ "_

RETURN WITH RF, TF, VR

[INCR =-.3IDECI +37.5J v _. J_ _ ENTER PRECISION TRAJECTORY

, INTER = I J 1_2_ DEC _-_1 CALCULATION FOR OUTS IDE ___._.

sP,ERE.RETURNwITxPREC____SION
I ,_C__-_'._ I V I ,_C_=_0 J _AU,C,W_OC,_'.V,I I I ' I

SGM = + I J
LAT = 29.8 J

NG = 264.55]

SGM = -I J _

T = -31.367 I---

G = 136.886J

ENTER INSIDE

MIDCOURSE AND

ORBITAL SUBROUTINE,

RETURN RL, RR,__RS, RSM,

TFH, TFE, TL, VL, VRC-,

RM, VM, VS, TS, VSS

i H

TAGGrL = 0

E ooy 1
t _

ENTER OUTSIDE ORBITAL

SUBROUTINE AND

RETURN WITH TF, RF, VR

I
I

i

ENTER OUTSIDE MIDCOURSE
LANDING SITE SUBROUTINE

AND RETURN WITH TF,Ri_',VR

1
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SUBROUTINE:

PURPOSE :

CALLING SEQUENCE :

NAME COMMON USED:

SUBROUTINES REQUIRED :

FUNCTIONS REQUIRED :

APPROXIMATE STORAGE :

CIRCUM

To generate the abort trajectory which enters

the moon's sphere of influence, passes around

the moon, and returns to the earth with accept-

able re-entry conditions.

CALL CIRCUM

INPUT

AINPUT

C_NST

INDS

BURNPR

RVM_N
INTGR

 -MCc
INTGRK

JPLEPH, LAMBS, LSCR, VCMSC

ARC_S, ARSIN, ATAN2. C_S. SIN, SQRT, ABS

6_



SUBROUTINE: CIRCUM

INPUT AND OUTPUT:

NAMED

I/O COMMON

I AINPUT

I AINPUT

I AINPUT

I INTGR

I INTGR

I INTGR

I C_NST

I C_NST

I C_NST

I C_NST

SYMBOLIC

NAME OR

LOCATION

M_DE

AINPUT DV

AINPUT RR

RPMIN

URMAX

TA

EMU

PMU

USSTER

RADIAN

PROGRAM

DIMENSION

1

1

1

1

1

1

6

6

1

1

1

MATH

SYMBOL

Av

%

_MIN

URMAX

TA

V

%

I

65

DATA

DIMENSIONS

OR UNITS

er/hr

er

er

er/hr

hr

er

er/hr

er3/hr 2

er3/hr 2

statute mi.

er

deg/rad

DEFINITIONS

M@DE : i, landing site.

M_DE : 2, time critical.

M_DE = 3. fuel critical.

The maximum allowable change in
velocity.

Magnitude of the re-entry

position vector.

Minimum allowable lunar

pericynthian altitude.

Maximum allowable re-entry

velocity magnitude.

Time of abort measured from

initial time.

Position of the vehicle at time

TA (SCI).

Velocity of the vehicle at time
TA (ECI).

Gravitational parameter of the
earth: 19.9094165

Gravitational parameter of the
moon: .244883757

Conversion factor:

3963. 20799

Conversion factor:

57.2957795



SUBROUTINE: CIRCUM(continued)

INPUTANDOUTPUT:

NAMED
I/0 COMMON

I C_NST

I INM_C

I INM@C

¢

¢

INM_C

¢ I_C

¢

¢

¢

INM@C

INM_C

i_c

SYMBOLIC

NAME OR

LOCATION

SGMM

INCR

INTER

SGM

PROGRAM

DIMENSION

RL

RSM

VL

RRV

VR

RS

VS

TFH

4

A

A

1

MATH

SYMBOL

iR

\

RSM

%

%

%

%

%

TFH

DATA

DIMENSIONS

OR UNITS

+l

rad

+l
m

+ 1

er

er

er/hr

er

er/hr

er

er/hr

hr

DEFINITIONS

SGMM = + i for @_180 °

SGMM = - i for @-=180 °

Desired inclination of the return

trajectory.

Designator of the preselected

intersection of the landing site

with the return plane.

Designator of the preselected

return plane.

The position vector relative

to the earth at time of burn
initiation.

Position relative to the moon

at lunar sphere of action

(outgoing).

Velocity relative to the moon
at time of burn initiation.

Desired re-entry position vector.

The required velocity at

re-entry.

Position at the shift relative

to the earth (outgoing).

Velocity at the shift relative

to the earth (outgoing).

Time from _ to RSM.
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SUBROUTINE: CECUM (continued)

INPUT AND OUTPUT:

I/O

¢

NAMED
COMMON

INTGRK

INM_C

INM_C

INM_C

INM_C

¢

¢

¢

¢ RW ¢N

¢ INM¢C

¢

SYMBOLIC

NAME OR

LOCATION

DELT

TIME

TL

TFE

TS

VSS

DVR

UR

RM

VM

RM1

VM1

PROGRAM

DIMENSION

1

1

1

1

1

1

1

6

MATH

SYMBOL

AT

TIME

TL

TFE

TS

VSS

UR

%

%

1

DATA

DIMENSIONS

OR UNITS

hr

hr

hr

hr

hr

i/er

er/hr

er/hr

er

er/hr

er

er/hr

DEFINITIONS

Time from abort to first pierce

point at lunar sphere of
influence.

Time required to go from entry

to exit in the lunar sphere of
influence.

Time of burn initiation.

Time of flight from RS to %.

Time of arrival at the lunar

sphere of influence (outgoing).

Square of the velocity divided

by _E relative to the earth at

the lunar sphere of influence.

The required change in velocity

to achieve the abort trajectory.

The required re-entry velocity.

Moon's position at time

TA +_T + TDfE.

Moon's velocity at time
TA +AT + TIME.

Moon's position at time

TA +A T.

Moon 's velocity at time

TA +AT.
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'i ENTER CIRCUMLUNAR

t| WITH TA, 1_, _, SGM,
iNCR,MODE,MU E .MUM, RR,COGR

!

YES NO

I

E

T--"
NO

3<0/

YES

1
(H)2

MUM

4_

VSS :
MU E

"_:_

J ENTER LANDING SITE

SUBREGIME WITH

TAGG=2, 1_, 9"A,

MU E, TS=TAiTIME+ *'T

I [_ _1
R2 "

LR2 - l

_(K):sIN-_ I_--_:1._

RETURN

•_=_ _____
RM

!(VMXRM)Xi-ml

- UNIT (U_XRS)]

! fll ,: 11

I ;[; ',° i t. ' -- - I _ J45-,=(i)j

8E(K):SIN I . C (,,2_:CM j-&(ll _,

.,_ _ YES =

: _ - MUE T

I HE. HE I

TI_4 X _J YES PE MU E EE I PEW ,_(2') - a. I) _(3)- a.(l)

T I l-RE W I CM(I,1): _'8(2)- _') CMII,2): h(3)-PERO'_'-"L--.S(')El : COS -i _ I CM(2,1): _'CM(2'2)=

i ENTER JPLEIff4 WITH J -PERAL PE_.OLTSD : TA + AT + TIME TI _ El - EE SIN(El)
_EM(2)- _EMti) _EM(3)- oEM(I)

• I-mS W I CEM(I ,I) CEM(1.2)I E2 : COS -_ _ -PERAL ' PERDL

JRETURNI_, _'_, TIME J E2 : SON E2 * ,I+SGNI PI oEM(3)- 6EM(i)
T2 : E2- EE SIN(E2) CEM(2,]) hEM(2)- 8EM_i) CEM(2,2)=

_ -PERAL ' PERDL
__ TFE CI2-TI) CE_I I) ,_E(2)- n'EIl_ _E(3)- aE(_)

IENTERTIME-THETAWITH J L_ VW- MUE ' =" ....-PERAL , CE(.,2):_--PERDL

IRSJ_I, VS_, THETA, MUM_ CE(2,1) _,E(2)- ;>Eli) CE,2,2):----
-PERAL ' PERDL

1 iIP-RSMI J I _"_ YES R_

THETA=2ITHTJ I [.I:o,-PER_ I

SGN : SIGN(DVR-DVRP)

NO

YES

> YES

NO

YES

t-°1
'n= ^T*_T i J

T _ UR NL'_bX- LIR ' T | J

_,T: _T+-%-% T I I

L NO g YES

YESI,,,T /OV-DVR_a. I

INO! i D'_,:O_

-7 o_,_P_D,,RI F
]t

YES

t L=2, DVRI_=DV_

D_A _-v'_-

OVP_- 109Ft

I_RINT DuENOToSOLUTIONL's"1
NSUFFICIENT FUEL"

NO

DAYE = 24

"NO SOLUTION

"l_r'ro INSUFFICIENT

FUEL _ RP LIMIT"

INO

YES

NO

ILrL, Ra_(, TFH, TA, _T,

•_N_,qI, TL,I_,_E,
11_E, TS, VSS, 1_, V_,

NO

NO

YES

! RPP = RP

Q= 2

I_I.|NT "NO I

_'O_ON 0UEI
TO LOW I

PERICYNTHION" J

\ I_P-R'PP I '

RPP = RP

&T = _.T +3.% T
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SUBROUTINE:

PURPOSE:

CALLING SEQUENCE:

NAME COMMON USE@_-:

SUBROUTINES REQUIRE_,_:

FUNCTIONS REQUIRED:

APPROXIMATE STORAGE:

ENCK_

To supply the control logic for the execution

of the trajectory program.

CALL ENCKE (INDIC)

BURNPR

NAVERR

AINPUT

BLANK

PRINTI

SQRT, ABS

9O3

_Additional input/output of the ENCKE subroutine.
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SUBROUTINE: ENCK_

INPUTANDOUTPUT:

NAMED
i/o C ON

I AINPUT

I AINPUT

I BURNPR

I BURNPR

I BURNPR

BURNPR

_dc.itional

SYMBOLIC

NAME OR

LOCATION

NAVFL

INSFG

BURNVR

BURNFL

DELTI

NTPRSV

Iput/outpu

PROGRAM
DIMENSION

1

1

3

of the EN,

MATH

SYMBOL

V
r

_T

!KE subrc

DATA

DIMENSIONS

OR UNITS

er/hr

hrs

ratine.

DEFINITIONS

Input flag:

= i, compute navigation errors

during thrust.
= O. do not com_ute navigation

errors.

= O, for outside the sphere
analytic modes.

= i, for inside the sphere
analytic modeG,

The velocity required at burn

termination of an impulsive burn.

= -i, non-iterative run.

= O, impulsive burn, no burn
print.

= 2. impulsive burn. burn orint.

= 3, integrated burn, no burn

print.

= 4, integrated burn, burn print.

Minimum time from epoch to
abort. = .016666666 unless

input.

The input value of the number of

thrust periods.

7O



I T_'-_ST = ;"

IS" 2'" = -"

NPR _ 1

INIT = 1

NN=I

POSRC = .01

VELRC : .0]

TITLE = 0.

TITLE '

DIREC .

IMODE = 0

IVSF5 =

RCRK = 4.

NV: I

IPRINT = 0

TMAX = I_0

T START = 0.

O SCALE = 7

I SCALE = 7

CINE = .01562.5

CINNE = .5

CINNL = .25

CINL : °0625

tS TFG = 0

NAVI:LG : 0

BURPFL = I.

BURNFL = O.

DELTM : .0166666666

DELTI = 10 _

BURNVR I = 1030

ADATA 1 TO ADATA 7 = 0

=I
ADATA 16 TO ADATA22 = 0. I

I LOAD = 0

TEP : TE(NPR)

TDLTA = TD(NPR)

TP = TSP+TDLTA

NAVEL = NAVFLS

RMiNE : RMINES

TMAX = TMAXS

I CALL SUMR (I

t

..,;>

TCUT (n

I
t

t
R(0 = X(I)

RD(I) = XD(I)

WHERE I = 1,3

NAVFLS = NAVFL I

INAVFL = 0

RMINES = RMINE

RMI NE = 0.

TMAXS = TMAX

TMAX = T START + DELT I

-

Itx==C==o .l

J =

FALSE

CALL SUMR (2_

CALL RKINT

CALL TCU T(_

CALL RKINT I

I-

I

J_/x,P(ll 2. xipi3)2, x,E_2 J

1

I TEST = I
"V/D-DXIP(1)2+DXIP(_ 2 _DXIP (5) J

CALL CINT

_CALL iSCUL J

J I START = IVSFS I --

CALL STEP _ 1

I i I

.AND.

FALSE

_<

r_ .i.P: TP+T DLTA I

I TDL TA = TD(NPI_ I

TEP= TE(N_ I
TP = TS (NPR} I

NPR = NPR'H i

<

CALL RESTOR (-

CALL PRiNTN(1)

DO I = I,LL

CALL RKINT

HRK = J

TD L,/F LOAT(IN 10/RC RK I

LL = INK INT(RCRI0 I

7z



SUBROUTINE:

PURPOSE:

CALLING SEQUENCE:

NAME COMMON USED:

SUBROUTINES IKEQUIRED:

FUNCTIONS REQUIRED:

APPROXIMATE STORAGE :

INITAL

To initialize navigation equation parameters.
Execution of the subroutine occurs before

integration begins.

CALL INITAL (DELTAT, VSIN)

VEH

AINPUT

VEHICL

INDS

NAVERR

VCMSC

None

160
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SUBROUTINE: INI TAL

INPUTANDOUTPUT:

NAMED
I/O COMMON

I AINPUT

I AINPUT

I AINPUT

I AINPUT

I AINPUT

I AINPUT

I AINPUT

AINPUT

AINPUT

I INDS

¢

¢

NAVERR

NAVERR

SYMBOLIC

NAME OR

LOCATION

NAVFL

DUR

DVR

DWR

DDUR

DDVR

DDWR

RSN

VSN

_U

CGSN

ISTFG

PROGRAM

DIMENSION

1

1

1

1

1

1

3

3

1

MATH

SYMBOL

%

%

%

DATA

!DIMENSIONS

0RUNITS

er

er

er

er/hr

er/hr

er/hr

er

er/hr

er3/hr 2

er/hr 2

DEFINITIONS

Input flag to use navigation
equations.

Input position error navigation
equations.

Input position error navigation
equations.

Input position error navigation
equations.

Input velocity error navigation
equations.

Input velocity error navigation
equations.

Input velocity error navigation
equations.

Position vector for navigation
equations.

Velocity vector for navigation
equations.

Gravitational parameter of the

central body.

Gravitational acceleration for

the navigation equations.

= i use navigation equations.
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SUBROUTINE: INITAL (continued)

INPUT AND OUTPUT:

NAMED

i/o CO_ON

I VEH

I VEH

I VEHICL

¢

¢

SYMBOLIC

NAME OR

LOCATION

R

RD

ROD

DELTAT

VSIN

PROGRAM

DIMENSION

12

12

12

3

MATH

SYMBOL

%-

R

-r

R

_T

DATA

DIMENSIONS

OR UNITS

er

er/hr

er/hr

hrs

er/hr

DEFINITIONS

Double precision position vector.

Double precision velocity vector.

Single precision velocity vector.

Time increment.

Integrated navigation equations

velocity.
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J ENTER J

INITAL J

x_:_ xx_XRV-'R (X R"V

XRM --I_.[
XRVM IXRVl

XRVRM = IXRV'RI

I v--xRv/xRvMI

I ,
RSN = DU RoU+DV RoV+DWRoW+X R

VS N = DDURoU+DDVRoV+DDWR_W+XV

CGS"_= (-XMU/I RS'-N12)(R]'-N/IRs_l)
m g

VS I N = RDO

DELTAT = O,

?5



SUBROUTINE:

PURPOSE:

CALLING SEQUENCE :

NAME COMMON USED:

SUBROUTINES REQUIRED:

FUNCTIONS REQUIRED:

APPROXIMATE STORAGE:

To patch two conics, one relative to the earth and

one relative to the moon_ at the lunar sphere of

influence to produce a return trajectory to the

earth. The conics generated satisfy the constraints

imposed by the designated mode. This regime of
operation is used only when the spacecraft is within

the moon's sphere of influence.

CALL (UT,L Na,TAG2)

INTGR

AINPUT

C_NST
VEH

INPUT

BURNPR

INDS

INTGRK

DINTGR

I_UT

ENCKE, JPLEPH, LAMBS, LSCR, RASCGR, VCMSC, LATL_N

C_S, SIN, SQRT, ABS

3169
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SUBROUTINE: IN_

INPUTANDOUTPUT:

i/o

I

NAMED

COMMON

INTGR

I INTGR

I INTGR

I AINPUT

I AINPUT

I L_N_C

i

I C_NST

I CJNST

SYMBOLIC

NAME OR

LOCATION

TA

DV

LAT

M_DE

INCR

SGM

INTER

EMU

PMU

PROGRAM

DIMENSION

6

1

1

1

1

1

1

1

1

1

1

MATH

SYMBOL

R
O

O

TA

Av

LAT

L_NG

i
r

%

_M

DATA

DIMENSIONS

OR UNITS

er

er/hr

hr

er/hr

deg

deg

rad

+l

+l
m

er3/hr 2

er3/hr 2

DEFINITIONS

Position of spacecraft at time

TA with respect to the earth.

Velocity at time TA.

Time of abort initiation

measured from initial time.

The maximum allowable change in
velocity.

Latitude of the preselected

landing site.

Longitude of the preselected
landing site.

M@DE : i, landing site.

M_DE : 2, time critical.

M_DE = 3, fuel critical.

Return inclination.

Designator of the return plane.

Designator of the return plane

intersection with the landing
site.

Gravitational parameter of the
earth:

19.9094165

Gravitational parameter of the
moon :

.244883757
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SUBROUTINE: INM_ (continued)

INPUT AND OUTPUT:

NAMED

i/o COMMON

I AINPUT

I AINPUT

I AINPUT

I AINPUT

¢ i_

INMJC

¢ INM_c

SYMBOLIC

NAME OR

LOCATION

TAG2

RR

c_R

RE41N

IWATFG

RL

RSM

TFH

TL

VSS

TEE

FROGRAM

DIMENSION

1

4

A

1

1

4

1

MATH

SYMBOL

ctn 

_MIN

\

RSM

TFH

TL

%

VSS

TFE

DATA

DIMENSIONS

OR UNITS

er

er

er

er

hr

hr

er

1/er

hr

DEFINITIONS

TAG2 = I, go around moon.

TAG2 = 2, reverse.

Magnitude of the re-entry

position vector.

Cotangent of the re-entry flight
path angle, cot (96_)

Minimum allowable altitude at

lunar pericynthian.

Land mass number = 0 if nominal

trajectory impacts on water.

Position relative to the moon at
time of burn initiation.

Position relative to the moon at

lunar sphere of influence.

Time from% to R-SM.

Time of burn initiation.

Desired position vector at

re-entry.

Square of the velocity divided by

_E relative to the earth at the

lunar sphere of influence.

Time of flight from _S to %.
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SUBROUTINE: INM_ (continued)

INPUTANDOUTPUT:

I/o

¢

NAMED

COMMON

INM_C

BURNPR

INTGRK

¢

INTGR

SYMBOLIC

NAME OR

LOCATION

TS

BURNVR

TIME

DVR

TF

PROGRAM

DIMENSION

1

1

MATH

SYMBOL

TS

%

TIME

Av R

TF

DATA

DIMENSIONS

OR UNITS

hr

er/hr

hr

er/hr

hr

DEFINITIONS

Time of arrival at the lunar

sphere of influence.

Velocity at the end of burn.

Time required to go from entry

to exit in the lunar sphere of
influence.

The required change in velocity

to achieve the abort trajectory.

Total time of flight.
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_J ENTER TIME-THETA 'l J RESUME _ UPDAI"E ORBIT THROUGH _ RESU/VgE WITH

/_ _ 'i _ wlm R-O.v-'o,THET j J W_TH tot ,I Ii THET BY Ii IiNeWIFGsnO.=VO.1ta

( B) (E) (°)_ :_ F-_ _L ' I I.EC,S,ON_'N_O_T'ON:I' ,
_'J ENTER INSIDE MIDCOURSE "_"*'/ SET UP CONSTANTS _: ___ _, _ ( S _._HET-180°_,_ J J INPUT! RO, VO, TA, J J

I 2_ TIME CRITICAL l ITER=O DB£TA =lO ° /I _ ,P'K-.:,/> r * , / I [ W=2/RS-_'_'_S/MUE I l

{ 3.FuelC_ITICAt { . OVRP=I0000,TAG;, i i _ / [AO =Z/_O- V-'O.V-C_/MUMI | [ [ E=_-W_- [ |
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I J (.HI = O DVSS = 5 X I0- I , | I I_ I I .... -I ,. I i

,NPuT.. !CHr :0 TestIer= ._s_ ( /K _ I>". I I _=c°_-'(0- RS'w_/_ I /
R_--_'_.TA.DV LATANDtONGoFl I II_OS:0 ,TSL-0. 1 I --dSAON:SON(RSM%-_S% %] _ -/AO_÷ [ ......_/_,,---I / ..... _ I i r2=E2-e'Stn(em . I |
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,NCR= ,NCUNATIONOFRETURNI GUESST,_EOFA,R,VA_I I i _ I I V "Y" I _ ) I I
sGm =uP(-0DOWN (*0PLANE I I ATSPHERE: I /_ I I_ I+ I I I |

I ' i I 1 ' "
+_ - r"--J_ t _ 1 _'_l ENTER Time THETA , i CALC'ULA1_ retool rY mISM.ATCH: ] I

F_ °°E-_-_ , OOE_S,N_'_ECT,ONAT_ I I _ /'.. + I [ _ _'_'TH" I _ _OS:_,_V_V_v__=UN'T(_S_) _
).. V I I'P"ERERE_T'VE,O ,_,_:I _ _AO-,.;'_:---_ I ) . I - " I I

: _ + UNIT (DUN T (_) 1 _ TF = 0
- + --*-- e-- , i i SGIVI_=-SlGN SINCfHH))

i _ l I l ) lsw,:,] _ _ II +(,-s,,,,,swoI _ ', _ l
I) 1

I vsmxs=2v_x, sw(:-) I I I J I = : _/[)/(s-c)i-il/2a]" .sw)'sw2 l-_"_'?_'T_"7_' L.l _=(_s_i 61l i_ • I I • _ I

+/._- I vS,:_MNS I ' ) ' I I I ": _ _ I "_L'77 7 _:O+'_'__'_--) I \ _ ] I
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I _ / ½ l ANDTEe l I v_:,/__. I=(,.+,,)+#('o-',_I,P,: _ I i [ I
I v ./_ _ ) I I _" _ %'r' _ " ov, ,v-o_ _-' I I SAON:SON(DVR-0VR_I /k. l

F  .,0o F-L'; LL; I
I vs[s:vsmns' I _ I sw_':, I _ l- \ _ ] _ uv,_,,:_,__ _ I I _- T _ -- • ' -

l _ _ S I I I tAGG=I,,Gs :o l ) / \ ' I +r--'IOBETA:-O_TA_I l I

NORMALTOEARTHCENTEREDCONIC 'I ----t.------ v _ I l I ........ I I /_ ! _ Y _ " "° / -"

/ _-- s_n-)'Rs /_ I _ _ I - " _ / _ / I. I L I ,teR-,._eTA:0 /
ut_. - _ Z , -- l . = DEI_TA = I0 °

] ,UNIT (_* UNEsl }

/ ( 1 '

. i A
J CALCULATE EARTH CENTERED CONIC: i l

/ _ _',_1 (coos.u -
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!=::=ovRVSS
I ENTER KEPLERSWITH JRS, VS, TFE

RESUME

1
WITH RR, VR-C]

I
+

VR M

AO DVR -
D

• 1
TESTER = . 9999

SAGN = SGN (DVR - DVRPP)

EXIT

4 _
NO SOLUTION)

DAYE -23

t

IDVR -

DVRPPI +_'J DVSS =-DVSS/2 J
--_TOT = TFH + TFE + 24J

0
'DVR = DVR I J

8-1



liRs._ : Rs_l 71

CRTM_i = ROB-R8 I

CRTMIP : ICRTM_I .JTE/v_ = IH-_I

rtm_ =¢RT_._/c_tmp
GN = TE/vlp'CRT_

HETA = SGN-COS-/ (RO_.R_) + (I-SGN)

I -_ 'OBetA= _PMIN-Rr_tAP'_tA) ]

rr_
IBETAF:I

R67_
v_=v_

THETA! =TflETA

v_- vo(_
TA-TAA

BETA .THETA-BETA

_.J ESrEe nme-rHErA
[ rO,vO. BETA ]

1

I

-RO = II1(_1 "

tE_l, = _.v_
TEMf' = ITE/_I

CRTh_ = TEM-lS/TEMP

RI_ = -RSM_ (CRTIV-_ 'R_'M) *CRT M_

RB = IR_

TE/_ : (R(_*_)

SGN : SIGN _CRTMP-tEMP)

tEmP =

THETA- SON*COS -I ITEMP) - IJ .-SON)* _r

AO = 2,/RO-(V_'V(_/PMU

6

0 EXIT
SOLUTION _

I ,,TSN :

J TSR

Its:

_,t,

J DELT,P = RI_-RPMIN 1

TSRN

rSN •

_EW1

)

jvs  _vssI_RPR:RP

VSS=VSS +DVSS

CHK:I.

©

COMPUTE THE
NOMiNAl. LANDING

SITE

>

<
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SUBROUTINE:

PURPOSE:

CALLING SEQUENCE :

NAME COMMON USED:

FUNCTIONS REQUIRED:

APPROXIMATE STORAGE :

I_V3x3

To invert A (3x3) matrix.

CALL INV3X3 (A, B, DT)

None

210
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SUBROUTINE: INV3X3

INPUT AND OUTPUT:

NAMED

i/o c_oN

I

¢

¢

SYMBOLIC

NAME OR PROGRAM

LOCATION DIMENSION

A 9
(3,3)

B 9
(3,3)

MATH

SYMBOL

A

DT i A

A-1

DATA

DIMENSIONS

OR UNITS DEFINITIONS

Input matrix.

Output matrix.

Determination of A.

= O, A is singular.

I '

S4



SUBROUTINE:

PURPOSE:

CALLING SEQUENCE :

NAME COMMON USED:

SUBROUTINES REQUIRED:

FUNCTIONS REQUIRED:

APPROXIMATE STORAGE :

IAMBS

To solve the two-body problem for initial velocity

given two position vectors and the transit time;

final position given the initial position and veloc-

ity and the transit time; or transit time given the

initial position and velocity and the transfer angle.

CALL IAMBS (VIB, V2B, LKT)

INTGR

INTGRK

C_NST
INDS

VCMSC

DABS, DC_S, DSIN, DSQRT

i013
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SUBROUTINE: LAMBS

INPUTANDOUTPUT:IAMBERT'SEQUATIONS

NAMED
i/o c_oN

I

I INTGR

I INTGR

I INTGR

I INDS

i C_NST

I C_NST

¢

SYMBOLIC

NAME OR

LOCATION

LKT

RIB

R2B

XMU"

PI

SGMM

VIB

PROGRAM

DIMENSION

1

6

6

1

1

1

MATH

SYMBOL

%

%

TF

_T

%

DATA

'DIMENSIONS

0RUNITS

1

er

er

hrs

er3/hr 2

+l

er/hr

DEFINITIONS

Entry flag for Lambert solution:
= i

Initial position vector. .

Final position vector.

Transit time.

Gravitational parameter of the

central body.

3.1AI59265A

SGMM = +i for @=-180 °

SGMM = -i for 9c180 °

where @ is the transfer angle

Initial velocity.
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SUBROUTINE: LAMBS(continued)

INPUTANDOUTPUT:KEPLER'S EQUATIONS

NAMED
I/O COMMON

I INTGR

I INTGR

I INDS

I C_NST

INTGR

¢

SYMBOLIC

NAME OR

LOCATION

PROGRAM

DIMENSION

MATH

SYMBOL

LKT

RIB

VIB

XMU

PI

R2B

V2B

1

1

1

1

6

6

%

%

TF

_T

%

%

DATA

DD4FmNSIONS

OR UNITS

er

er/hr

hrs

er3/hr 2

er

er/hr

DEFINITIONS

Entry flag for Kepler solution:
= 2

Initial position vector.

Initial velocity vector.

Transit time.

Gravitational parameter of the

central body.

3.1A159265&

Final position vector.

Final velocity vector.
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SUBROUTINE: LAMBS (continued)

INPUT AND OUTPUT: TIME-THETA

NAMED

I/0 COMMON

I

I INTGR

I INTGRK

I INTGR

I INDS

I C_NST

INTGRK

SYMBOLIC

NAME OR

LOCATION

LKT

RIB

VIB

THETA

XMU

PI

T2

PROGRAM

D]]_ENSION

1

MATH

SYMBOL

%

%

@

T

T[

TF

DATA

DIMENSIONS

OR UNITS

3

er

er/hr

rad

hrs

er3/hr 2

hrs

DEFINITIONS

Entry flag for Time-Theta
solution: = 3

Initial position vector.

Initial velocity vector.

Transfer angle.

Transit time must be set to O.

Gravitational parameter of the

central body.

3.1A159265&

Transit time.
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]ENTER LAMBERT'S

SUBROUTINE

INPUT: RI; R2; TF': K=O /s

-I O -< 180 °
SGMM= +I e>180 °

DLX=I.

UNRI=UNIT(RI)

UNR2=UNIT(R2)

RI=IRII

R2=IR21

R=RI/R2

TH = =, (SGMM+I)-SGMM*

COS-I (UNRI-UN R2)

TH2=-TH/2

C = ICOS(TH)-R) //SIN(TH)

['2.*R
B=COT(TH2)+ ¥1 .-COS(TH)

ENTER KEPLER'S JSUBROUTINE

1
INPUT:RI; Vl; TF: l/L; K=I

I

ENTER

TIME-THETA

SUBROUTINE

1
INPUT: RI; Vh

TF=O, p ; TH

K=2

DLX=I

UNRI=UNIT(RI)
RI=IRII

UNVI=UNIT(VI/
COSGA=UNRI UNVI

VI2=VI VI

TH2=TH/2

COGA=COSGA/¢ .-COSGA 2

RIOA--2.=VI2*RI/
."1

P=(VI 2_RI/y)/(I. +C OGA')

../

Q = RIOA.X 2

COMPUTE:

S(Q); C(Q)
i i

TF=TPRME

ERR=TERR

_-( K DLX:O

_(p_ TPRME* (CO GAMX-COGA)
X .,_- COGA-COGAMN

COGASV=COGA

COGA = COGAMN*XKPFCOGAMX*TF
TF+XPP

ARC-=I.-X2*C(Q)

ARGI=TF- R_X3*S(Q)

_= R2-ARG*RI
ARGI

ARG= _'7_ * X • (S(Q)X 2. RIOA-I .)

SET LIMITS ON X: = ARG=I- -X2*C(Q) ARGI=I-R*_X2*C(Q)._

XMIN=O X=XMIN l= ARGI=TF _ R_I3//j X3,S(Q) V2=ARG*RI+ARGI'VI

< > _2=-ARG*_+ARGI*Vi

-" -- R2=-IE21 X

-" -- ARGI =I.-RI/R2*X2*C (Q)

COGAMX=B - .02"I BI COGAMX= B- .02. B V-2=-,ARG*RI+ARGI*_

,: 1> Fx_: ,.,,_7 (_x,,) x : Xo+X_
RIOA

---- -
Q=X2*RIOA ,_ -- ERRo :- 0.

I - R-COS(I"H)_SIN(TH) *COGA l I COMPUTE: L._/" .. , _',_ - I o = " ---

I - I
- , -ERR (X-Xo) I " I

ERR COT(TH2)-COGA)*X-(I'-RIOA*X2*S(Q) > J DLX = _ Z>' I
_:_ I Xo:x;xx+oLX ..._:0>-- .J

ERRo = ERR
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SUBROUTINE:

PURPOSE:

CALLING SEQUENCE:

NAME COMMON USED:

SUBROUTINES REQUIRED:

FUNCTIONS REQUIRED:

APPROXIMATE STORAGE:

LATL N

To transform coordinates to latitude and

longitude.

CALL IATL_N (VEC, LAT, L_N, T)

C_NST
AINPUT

ALPAG_, VCMSC

None

75
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SUBROUTINE: IATL_N

INPUTANDOUTPUT:

NAMED
I/O C ON

I

I

I C_NST

¢

I

SYMBOLIC

NAME OR

LOCATION

VEC

_MEGA

AINPUT JD

LAT

L_NG

C_NST

INPUT

INPUT

INPUT

TW_PI

HRS

XMINS

SECS

PROGRAM

DIMENSION

6

1

1

1

1

1

1

1

MATH

SYMBOL

to

JD

LAT

L_NG

DATA

DIMENSIONS

OR UNITS

er

hrs

rad/hr

rad

rad

hr8

min8

sees

DEFINITIONS

The vector to be transformed to

latitude and longitude.

Time - Hours from epoch time.

Rotational rate of the earth.

Julian Date

Latitude

Longitude

6.2831853071796

Epoch Time - Hours

Epoch Time - Minutes

Epoch Time - Seconds

91



ENTER REGION
WITH _,VEC, JD, T

TO TRANSFORM VECTOR

TO LATITUDE AND LONGITUDE

ALP = TAN -1 I" VEC1.

LON=ALP - aGO- W(T+HRS + (MINS+SECS/60.)/60.

LON:0

LON = LON + 277 LON= LON- 2_

EXIT
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SUBROUTINE:

PURPOSE:

CALLING SEQUENCE :

NAME COMMON USED:

SUBROUTINES REQUIRED :

FUNCTIONS REQUIRED:

APPROXIMATE STORAGE :

LSCR

The purpose of this subroutine is to compute the

conic abort trajectory which departs the pre-abort

trajectory at the earliest opportunity. The abort

trajectory returns to acceptable re-entry condi-

tions and achieves a specified landing site within

the re-entry ranging capabilities of the spacecraft.

CALL LSCR

INTGR

Al%TPUT

NST
PT

BURNPR

INTGRK

INM C
WLSC_N
INPUT

VCMSC, ALPAG@, REENTY, IAMBS

C_S, SIN, SQRT

1201
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SUBROUTINE: LSCR

INPUT AND OUTPUT:

NAMED

I/o c oN

I INTGR

I INTGR

I INTGR TA

I AINPUT

I C_NST

I C_NST

I C_NST

I

I

I C_NST

AINPUT

AINPUT

I AINPUT

I AINPUT

SYMBOLIC

NAME OR

LOCATION

RAB

VAB

DVMX

EMU"

USSTER

PI

_EGA

M_DE

RR

NLS

FROGRAM

DIMENSION

1

1

1

1

1

1

1

1

MATH

SYMBOL

R

V

TA

Av

TAGG 1

W

9_

DATA

DIMENSIONS

OR UNITS

er

er/hr

hr

er/hr

er31hr 2

statute mi.

er

R/hr

er

DEFINITIONS

Position of the vehicle at time

TA.

Velocity of the vehicle at time
TA.

Time of abort measured from

initial time.

The maximum allowable change in

velocity.

Gravitational parameter of the
earth.

Conversion factor:

3963.20799

3.1/+1592654

Rotational rate of the earth.

M_DE = I, landing site.

M_DE = 2, time critical.

M_DE = 3, fuel critical.

Magnitude of the re-entry

position vector.

Number of landing sites for which
solutions are desired.
(NLS

For normal operation in outside
the sphere modes. TAGG = 0



SUBROUTINE: LSCR(continued)

INPUTANDOUTPUT:

I/O

I

NAMED
COMMON

AINPUT

I AINPUT

I AINPUT

I C_NST

_TPT

¢

SYMBOLIC

NAME OR

LOCATION

JD

LAT

L NQ

RADIAN

DVRQ

_TPT THR

_TPT

_TPT

INTGR

INTGR

BURNPR

INTER

TF

TB

BURNVR

RFA

PROGRAM

DIMENSION

1

4

4

1

1

1

1

1

1

MATH

SYMBOL

JD

LAT

L_NG

AVRQ

@R

TF

TB

%

DATA

DIMENSIONS

OR UNITS

deg

deg

de_rad

er/hr

tad

+l

hrs

hrs

er/h 

DEFINITIONS

Julian Date

Latitudes of the desired landing
sites.

Longitudes of the desired

landing sites.

57.2957795

A_
ComputedLAV required for each
solution.

Re-entry range angle.

Cotangent of the return conic

flight path angle at position R.

Designator of the two possible

intersections of the landing site
with the return plane.

Total time of flight from initial
time of re-entry.

Time of burn initiation measured
from initial time.

Velocity required at end of burn.

INTGR

3

er !Desired position vector at
re-entry.

95



SUBROUTINE: LSCR (continued)

INPUT AND OUTPUT:

NAMED

I/O COMMON

I AINPUT

AINPUT

I AINPUT

I WLSC_N

I WLSC_N

I W-LSC@N

I INPUT

I INPUT

I INPUT

SYMBOLIC

NAME OR

LOCATION

IWATFG

INAX

WLAT

HRS

XMINS

SECS

PROGRAM

DIMENSION

3

(6,2o)

(6,2o)

1

MATH

SYMBOL

LAT

DATA

DIMENSIONS

OR UNITS

deg

deg

hrs

Inins

sees

DEFINITIONS

Unit vector (0,0,i).

= O, if no solution has been

computed.

= l, if a solution has been

computed.

Land mass number = 0 if nominal

trajectory impacts on water.

Maximum number of landing sites

per land mass.

Latitudes of the landing sites

surrounding the land mass.

Longitudes of the landing sites

surrounding the land mass.

Epoch Time - Hours

Epoch Time - Minutes

Epoch Time - Seconds
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SUBROUTINE: LSCR (continued)

INPUT AND OUTPUT: For computing the earth conic portion of inside the sphere, the

following additional input is required.

SYMBOLIC

NAMED NAME OR

I/O COMMON LOCATION

I AINPUT LAT

i A PUT L NG

I INCR

I AINPUT DAYE

I _TPT SGM

I AINPUT TFPT

PROGRAM

DIMENSION

1

1

1

1

1

MATH

SYMBOL

LAT

L_NG

TFp

DATA

DIMENSIONS

OR UNITS

deg

deg

rad

+l

hrs

+l

hrs

DEFINITIONS

Desired latitude of one pre-

selected landing site.

Desired longitude of one pre-

selected landing site.

Desired inclination of post abort

trajectory.

Designator of the pre-selected

intersection of the landing site

with the return plane.

Pre-selected value for day:

DAYE = O, or

DAYE = 23.93_7201

Designator of the pre-selected

return plane.

Parabolic flight time calculated

in the conic patching iteration.
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I_,o_ou__o__,_
I w,__oo_o,V_N

L
_ .ATW ATIWATFOLRAOANILONOWLONL JRAOANP

AND DV (AVAILABLE) J INSIDE THE SPHERE:

_, V-A, TA, DV I LAT.,

. . LONG. , INCR, SGM,

LANDING SITES ARE IN INTER, DAYE AND
STORAGE :

I [.AT I = -31.367, LONG I = 136.8 TFPT = MAX. PARABOLIC

, LAT 2=21.117, LONG 2=200.33 TIME CALCULATED IN I

l LAT 3--29.8 LONG 3 =264.5 THE CONIC PATCHING I
EAT4 = -15, LONG 4 = 187 ITERATION

'II NLS=i I
-2._, ,,

I _=' I--- OA¥=O ,
INCR = I LATKJ J K =0

[ DAY = DAYE

! K=K+I ]-_INCRMAX--38°- I

DOWN PLANE
i

RA = IRAI, UNRA = UNIT(RA)

DEC = SIN -I (RA z/RA) IF(INCR

- IDECI) NEG

t NCR = IDECI+ .00005
z=o, o, l)

NORMAL TO RETURN PLANE

UN-H - COS(INCR/(,_- _ SINfDECI

COS2(DEC)_

* UNR-A) + SGM--\/I-/'C©S(INCR)'_I
-- v \COS(DEC'[

UNIT (Z* UNRA)

COMPUTE DV PLANE CHANGE

UNHP = UNIT (RA*VA) IF(UNHPz)

NEG, UNH-P = -UNHP

DVPC = ((I - (LJNH.UN_H-P_2z) _(I
- (UNR-A. UNV-A)-)):_. V#

WHERE,

VA = IVAI UNVA = UNIT(VA)

COMPUTE LOCATION OF

LS AT T=TA+TFP

TFP = PARABOLIC

TIME = [_2RR+RA),/3]V'2(RA-RR)/&UE"

COMPUTE VECTOR

INTERSECTION

UNHN = UNIT (UNH*'Z)

C : SIN (LATK) / SIN(INCR)

UNRLS = C(UNHN*UNH)

-I NTER'_I_ -'_ U N H-'N

i

IF TAGG =0, TM = TA + TFP

IF TAGG=I AND TFPT>TFP SET

TFP = TFPT, TM = TA + TFP
i

TO
, i

EXIT

R =l -- INTER =-I

<
< INTER

+__ _ i DAY = 0

- _I
SGM = -I +

TAGG- .5

=INCR+5 °j t STORE EXIT

+

ovj !_o =ol

TFPT = TFP

UNRLS--F = LOCATION OF

LS AT TM

i
I - - IUNRLSP = UNRLS

UNRLSP Z = 0 UNRLSFz=0

UNRLS'-P =UNIT (UNRLS"-P) UNRLSF'-P = UNIT (UNRLS'--_

SIgN = SGN ((%*UNRLS-I_ . UNRLSF'P)

THE = SIGN COS -I (UNRLS'P • UNRLSF-I_ + (I-SIGN)It

TIME TO_ LS

TFLS = THE_3.8197219) + TFP + DAY

ANGLE TO LS

SIGN = SGN ((Un, I-H* UNI_k) • UNRL'S)

THLS = SIGN COS -I (UNR-A • UNR-L'S) + (I - SIGN))_r

DA_:2319_4720'kp_S:TF_S+OA_I_
I

ENTER CONIC SUBROUTINES

IN THE REENTRY MODE WITH

R-A, RR = _0_0, COGR = COT (96 °)

TFLS, THLS, MUE,

TA AND AMX

RETURN WITH

NOSO = t 0 NO SOLUTION

! I SOLUTION

', IN o

_ d_:?.--_ + UNIT (UN-fi'_'A) I_ '

P, COGA, TFR, THR, TFM

IL = IL +I
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SUBROUTINE:

PURPOSE:

NAME COMMON USED:

SUBROUTINES REQUIRED:

FUNCTIONS REQUIRED:

APPROXIMATE STORAGE:

MAIN

To control the flow of the combined analytic and

integration routines. The routine also acts as
the interation control logic for outside the lunar

sphere of influence computations.

VEH

INPUT

C NST
BURNPR

TINPUT

AINPUT

INDS

INTOR

BURNID

VCMSC, ANALYT, ENCKE, LAMBS, PTCIN, INM_, _TLSCN

ABS

66_
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SUBROUTINE: MAIN

INPUT AND OUTPUT:

NAMED

i/o C ON

I BURNPR

I BURNPR

I AINPUT

I AINPUT

I AINPUT

I

AINPUT RR

AINPUT NLS

I

I AINPUT

AINPUT

I INPUT

SYMBOLIC

NAME OR

LOCATION

BURNFL

DELTI

ALAT

A_L_NG

C GR

CFLAG

H2_FG

IYEAR

PROGRAM

DIMENSION

1

1

4

4

1

1

1

1

MATH

SYMBOL

At I

LAT

L_NG

ctn

DATA

DIMENSIONS

OR UNITS

hrs

deg

deg

er

years

DEFINITIONS

-i, production with no analytic
solution.

O, burn and print only on last
DaSS.

i, set internally to indicate

last pass.

2, burn last pass, print every
DaSS.

3, burn every pass, print last
pass.

A, burn every pass, print every

DaSh,

Minimum time allowable from

initial time to beginning of

abort procedures. .01666667 if
not input,

Latitudes of the selected landing

sites in the analytic package
(landing site mode).

Longitudes of the selected

landing sites in the analytic
package (landing site mode).

Cotangent of the re-entry flight
path angle.

Magnitude of the re-entry
position vector.

Number of landing sites
4).

= O, no circumlunar logic.

= i, do circumlunar logic.

= O, do not use the water landing
logic.

= i, compute a water landing site

Epoch Time - Year

lO0



SUBROUTINE: MAIN (continued)

INPUTANDOUTPUT:

NAMED
I/O CO ON

I INPUT

SYMBOLIC

NAME OR

LOCATION

DAYS

INPUT HRS

I INPUT

I INPUT

¢

BURNPR

INTGR

¢

C_NST

¢

¢

MINS

SECS

VIBP

BURNVR

RFA

RFP

SGMM

RFB

DELRF

PROGRAM

DIMENSION

3

1

6

1

MATH

SYMBOL

V
r

V
r

Rf

R
r

DATA

DIMENSIONS

OR UNITS

days

hrs

minutes

secs

er/hr

er/hr

er

er

er

er

DEFINITIONS

Epoch Time - Days from beginning

of the year.

Epoch Time - Hours

Epoch Time -Minutes

Epoch Time - Seconds

The Lamberts velocity at the
abort point for the desired
transit time between the abort

oosition and re-entry,

The nth value of the required
velocity at burn termination.

The computed position vector at

re-entry.

The desired position vector at
re-entry.

The indicator of the transfer

angle.
SGMM = I 9_180_

The computed position vector at
burn initiation.

The magnitude of the vector

difference of the computed and

the desired re-entry position
vectors. Conv_g_nne _nn1_

when this parameter is less than
•25 miles.

i01



IINmAUZE: NLS: 4, RR= 1.0_937622I i
PRECISION TRAJECTORY CALCULATION J I J LATI = -31.367 L_NG i = 136.883 J J ENTER INTEGRATION SOBROUTINE TO

FOR OUTSIDE THE SPHERE OF INFLUENCE, H GIVEN: QMILE = 6.30802119 x I0 °5 I LAT2 = 21.117 L_NG2 = 200.333 J J READ INPUT DATA, COI_IVERT AND

DRIVER FOR INSIDE THE SPHERE AND DRIVER Z = (0,0,I) COGR = -.1051042353 J-_J LAT 3 = 29.800 LONG 3 = 264.550 _ INITIALIZE ALL NECESSARY DATA AND

FOR NON-ANALYTIC TIJECTORY RUNS. J"_-_=

OCOGR2 = I * COGR 2 I LAT4 = - 15 000 L_NO- = 187 000 J J COMPUTE THE INITIAL "JRAJECTORY. "

J Q=Q-I

J /: _ YEAR:,YEA__ <_ BORNFL">--
/ <... r: u ,,,,,_ TA =TMAX _
| _ SR=R

IJD= 2433282.5+ 365 (YEAR- '950.)+ Q+ (DAYS-1 .+(HRS + (M'NS + SECS/60.)/6_ )/24 )J I f S_= RD 0 1

J INOSOF= I " " _ XN= (YEAR- 1948.)/4. _- u | i

N =XN

Q=N i

F =XN-Q I

I
BURNVR = BVRS !

F,_ BVR_ J j ENTER PREC,SION TRAJECTORY CALCULATION J .J

J _ FOR INSIDE THE SPHERE OF INFLUENCE J

J BVR'_ = BURNV_ J--_J ENTER ANALYTIC CONTROL J _ I _._" = _J i = lJ TMAX

IVRSF = I SUBROUTINE INSF

' _ -- = l TB J -- J ENTER INTEGRATION SUBROUTINE TO UPDATE

' ' : 1)" "_- I_R = = J---_THE TRAJECTORY TOT B

! R_URNW,T."__ ENTER,NTEGRAT.ONSUBROUTINETOI __ !RET_'NW.TH_ t----tSG_:-S,ON(S_'"_)-Z,!
t / EPOCHTOREENTRY i----1 NTPR:NTPRSV_ B_:BURN_

i _ J RFP'= RF_ RETURN WITH BURNV_ ENTER LAMBERT'S SUBROUTINE

_ TEMPT=IRFX-RF_I:t J JT_: TF+TB TOCOMPUTETHEVELOC_T_
J TTR = TB AT THE END OF BURN

I
SGMM=-SIGN((S]_'RFA-)'Z) _J OF RESULTS J J BURPFL = 1 [_'J MODE = -1*MODE ]

i ENTAEL%IT,N_ 'CDE THFt _PAH,E_EN _ )E.'I_

v ,_

.
I I .

IENTER LAMBERT'S SUBROUTINE TO COMPUTE A _ RETURN WITH VIBP _ BURNVR = BURNVR + BZ_- Vl_ I SUBROUTINE
-NEW VELOCITY AT END OF BURN. ! ' I I I

)

J X:SR1

, pR,NTSU/_V_Ry __D : SV[__ I

OF RESULTS

ENTER WATER LANDING J

SITE CONTROL SUBROUTINE J
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SUBROUTINE:

PURPOSE

CALLING SEQUENCE:

NAME COMMON USED:

SUBROUTINES REQUIRED:

FUNCTIONS REQUIRED:

APPROXIMATE STORAGE :

NAVIER

To simulate the navigation equations used in

the on-board computer to advance the state
vector.

CALL NAVIER (DELTAT, VSIN)

PERTS

VEHICL

AUT_

INDS

AINPUT

NAVERR

VCMSC

None

154
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SUBROUTINE: NAVIER

INPUTANDOUTPUT:

NAMED
I/O COMMON

I/@ AINPUT

I/_ AINPUT

I/@

I/_

I PERTS

NAVERR

NAVERR

I

I

SYMBOLIC

NAME OR

LOCATION

RSN

VSN

DELTAT

VSIN

ACCEL

DVSIN

DVSAN

VEHICL RD_

NAVERR SSG

NAVERR CGSN

INDS XMU

AUT_ HRK

PROGRAM

DIMENSION

1

3

3O

3

3

12

1

1

MATH

SYMBOL

%

%

AT

%

AVIN

V

ZG

%

AT

DATA

DIMENSIONS

OR UNITS

er

er/hr

hrs

er/hr

er/hr 2

er/hr

er/hr

er/hr

er/hr 2

er/hr 2

er3/hr 2

hrs

DEFINITIONS

Position vector for navigation

equations.

Velocity vector for navigation

equations.

Time increment.

Integrated velocity used by the

navigation equations.

The integrated perturbative
accelerations (double precision).

Integrated velocity increment.

Analytic velocity increment.

Single precision velocity
vector.

Summation of perturbation
accelerations.

Approximation to the gravita-
tional acceleration for the

navigation equations.

Gravitational parameter of the

central body.

Integration step size.
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SUBROUTINE: NAVIER(continued)

INPUTANDOUTPUT:

I/0

¢

NAMED

COMMON

NA1fEI:_

S!q_BOLIC

NAME OR

LOCATION

UAVFLG

PROGRAM

iDINENSION

i

MATH

SYMBOL

DATA

'DIMENSIONS

OR UNITS DEFINITIONS

Navigation parameters have been

computed.
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II I

ENTER JNAVIER

-i
TEMP = _:ACCEL

DVSI'N = RDO-VSIN

DVSA'N : DVSIN - (SSG+TEMP). DELTAT/2.

RSN = RSN + DELTAT.(VSN+CGSN.DELTAT/2. + DVSAN /2.)

VSIN = RDO

1
SSG = TEMP

TEM_ = -XMU/IRSI_I 2 * RSN/IRS_II

VS-N = VS'N +(CGS_ + TEM_)[2., DELTAT + DVSATI

CGSN = TEMP

DELTAT = HRK

NAVFLG = I

RETURN
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SUBROUTINE :

PURPOSE:

CALLING SEQUENCE :

NAME COMMON USED:

SUBROUTINES REQUIRED :

FUNCTIONS REQUIRED:

APPROXIMATE STORAGE :

_UTS

To establish the conic trajectory which satisfies

the re-entry constraints and allows the space-

craft to land at one of the pre-selected landing
sites using less than the specified DV. More than

one solution to the problem will be generated,
although only the minimum time solution will be

output for further computations.

CALL _mTS

INTGRK

INTGR

_TPT
BURNPR

AINPUT

c NST
WLSC_N
INPUT

BLANK

ALPACa, VCMSC

SIN, C_S, SOIRT, ABS, ATAN

IAI9
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SUBROUTI :

INPUT AND OUTPUT:

NAMED

I/O COMMON

I INTGR

I INTGR

I AINPUT

I AINPUT

I AiNPUT

I IN TGR

I C_NST

I CJNST

I AINPUT

I AINPUT

I CJNST

I AINPUT

SYMBOLIC

NAME OR

LOCATION

RA

VA

DV

PaR

c_oR

TA

EMU

RADIAN

M_DE

TJD

PI

LAT

PROGRAM

DIMENSION

6

I

i

1

i

i

i

i

i

MATH

SYMBOL

Av

I%1

ctn 

TA

1T

LAT

DATA

DIMENSIONS

OR UNITS

er

er/hr

er/hr

er

hr

er3/hr 2

deg/rad

deg

DEFINITIONS

The position of the spacecraft
at time TA.

The velocity of the spacecraft
at time TA.

The maximum change in velocity.

Magnitude of the re-entry

position vector.

Cotangent of the re-entry flight

path angle.

Time of abort measured in hours

from initial time.

Gravitational parameter of the

earth. 19.909_165

57.29577951

M_DE = I, landing site.

M_DE = 2, time critical.

M_DE = 3, fuel critical.

Julian Date

3.1A159265A

Latitudes of desired landing
sites.
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SUBROUTINE: _UTS (continued)

INPUTANDOUTPUT:

NAMED
i/o COMMON

I AINPUT

I AINPUT

INTGR

INTGR

INTGR

BURNPR

_TPT

_]_PT

@TPT

JTPT

_TPT

_TPT

SYMBOLIC

NAME OR

LOCATION

L_NG

NLS

TF

RFA

TTR

BURNVR

W-LAT

WL_NG

DAY

INCR

SGM

INTER

PROGRAM

DIMENSION

1

1

6

1

3

1

1

1

1

1

1

MATH

SYMBOL

L_NG

TF

%

TB

VR

DATA

DIMENSIONS

OR UNITS

deg

hrs

er

hr

er/hr

rad

rad

hr

rad

+l
w

+l

DEFINITIONS

Longitudes of desired landing
sites.

Number of desired landing sites.

Total time of flight from

initial time to re-entry.

Desired position vector at

re-entry.

Time of burn initiation measured

from initial time.

Velocity required at end of burn.

Working storage for the latitude

of each landing site.

Working storage for the longitude

of each landing site.

DAY = 0 or

DAY = 23.93447201

Desired return inclination.

Designator of the two return
]planes.

Designator of the two possible
intersections of the orbital

plane with the UN_ plane.
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SUBROUTINE: _UTS (continued)

INPUT AND OUTPUT:

i/o

¢

NAMED
COMMON

_TPT

_TPT

_TPT

_TPT

_TPT

¢ _TPT

¢ JTPT

I AINPUT

AINPUT

I AINPUT

I AINPUT

i WLSC_N

SYMBOLIC

NAME OR

LOCATION

TLS

TFC

CA_P_

THLS

TFX

DVR

UNZB

IWATFG

LMAX

PROGRAM

DIMENSION

1

1

1

1

1

3

1

1

6

MATH

SYMBOL

TLS

TFC

ctn 

@

@LS

TFX

DATA

DIMENSIONS

0RUNITS

hrs

hrs

rad

rad

hrs

er/hr

DEFINITIONS

Time of arrival at the landing
site measured from initial time.

Time of flight from the inter-

section of the pre-post abort

orbit planes to re-entry.

Cotangent of the required flight

path angle at the intersection of
the planes.

THLS minus re-entry range angle.

Angle between the intersection of

the planes and the landing site.

Time of flight to the inter-

section of the planes.

A
Computedi_V required for each
solution.

Unit vector (0,0,i).

= O, no solution has been

computed.

= l, a solution has been
comnuted.

Land mass number = 0 if nominal

trajectory impacts on water.

I. + COGR 2]

Maximum number of landing sites
per landmass.
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SUBROUTINE: _UTS (continued)

INPUTANDOUTPUT:

NAMED
I/0 COMMON

I WLSC_N

I WLSC_N

I INPUT

I INPUT

I INPUT

SYMBOLIC
NAMEOR
LOCATION

WLT

WLN

HRS

XMINS

SECS

FROGRAM
DIMENSION

(6,20)

(6,2o)

1

1

1

MATH

SYMBOL

LAT

L_NG

DATA

DIMENSIONS

OR UNITS

deg

deg

hrs

mins

secs

DEFINITIONS

Latitudes of the landing sites
surrounding the land masses.

Longitudes of the landing sites

surrounding the land masses.

Epoch Time - Hours

Epoch Time - Minutes

Epoch Time - Seconds

iii



_J
ENTER ORBITAL SUB-REGIME

WITH GIVEN MODE

LANDING SITE

i VXR= P*MUE/RX (COGXR UNR--X+(UN-A*UN-R'X)) j

RF_. = RX*UNRX

TEMP = (RF_,*VXR-)*RF_, / (RF,a,*VXR-')*RF_,

RF._, = UNRX*COS(TH)+T EMP*SI N(TH) *RR
DVR=VX- VXR

COMPUTE ANGLE
BETWEEN UN'R'x AND

UNR L-L-_

SIGN = SGN ((UN-_* UNR-X!'UNR_L_
THLS = SIGN*COS -_ (UNR-X .UNRLS)

+ (I-SIGN) _r

TH = THLS - THR

COMPUTE DV PLANE

CHANGE IF (UNHP Z) NEG,

UNH-P = - UN H--P

DVPC = J(l- (UN-A
U N _-_)2)a

(I-(UNR-X " UNV-X) 2 JI/2 vx

INPUT: RA, VA, TA kORBIIAL

DATA AFTER AGC HAS HAD TIME TO

DO THIS CALCULATION) RR-REENTRY

ALTITUDE, DV-DV AVAILABLE
THR = REENTRY RANGE ANGLE

COGR -- COTANGENT OF

REENTRY FLIGHT PATH ANGLE

LAT_ :-3i.367, LONG i = 136.883

LAT2: 21.117, LONG2: 200.333

LAT 3: 29.8 , LONG 3: 264.55

LAT 4 : -15.0 , LONG 4 = 187.00

THR = 30° TFERR = co

(K- NLS

LIMITS ON

INCLIN.

OF RETURN

ID4CR = LAT K

INCRMAX = 38°

K=K+I

INCRMAX

SGM=+ 1

DOWN

PLANE

j TLS=TLSS }

l TFC = (F/A 3' 2)*DE ÷I/I_(i-

COS(DE)) COGXR-(I-A)SIN(DE))

TLSS = TA + (TFX + TFC) + THR/4
TFERR = TLS - TLSS

2 LCOGAM = (I -COGR ) RX/RR- I.

SIN(TH) (I-R)

cooxR - *COG I
WHERE, R = RX/RR /

COMPUTE TIME TO REENTRY

F=¢RX3/MUE, COGDEZ =(COT (TH/2)- COGXRfP/,_

SIGN = SIGN (COT(TH/2) - COGXR)

- i COGDEZ - I
DE = SIGN COS + (I - SIGN)Tz

COGDEZ + I

p = 2(R-I)/R2(I+COGR 2)

- (I +COGXR 2)

A=2-P (I+ COGXR 2)

COMPUTE:
RX =P*RAj (I-COS(THX) _ P(COS(THX)

- COGA*SIN (THX)))

COGX-- (((+COS(THX)) SIN(THX)) (I-

RA/RX) - COC-A) RX/RA

VX : 4 MUE*P_ R,_ RX) _ (COGX UNR_2

.+ (UNH--P * UNRX))

COMPUTE TIME TO GO THRU THX

COSGA : UN-R-A • UN-VA

COGA = COSGA / '_/I-COSGA z
P: ('R-A* V--A) • (RA* V-A)/ MUE.RA

AA = 2 - P(I + COGA 2) , F = _//MUE

COGTHX : COT(THX/'2)
COGES = (COGTHX - COGA) 2 P/'AA

SIGN = SON (CO.GTHX - COGA)

DE: SIGN*COS -I (COGES-I)/(COGES+I)

-. (I-SIGN) _ , TFX : (F,/_/-_ (DE +
[P-TAA'COGA *(I-COS(DE) ) L (I-AA_ SIN(DE)

INTER = + 1

[ SGM

i

=-I

INCR = INCR+2 ° J

Ist INTERSECT.

_.INTER = -I

t

J
SET TIME OF

ARRIVAL AT LS

EQUAL TO

PRESENT

TLS = TA

IAF LG = 0

COMPUTE UNRLS,

LOCATION OF

LANDING SITE

AT TLS.

(UN IT VECTOR)

COMPUTE NORMAL TO RETURN

PLANE

COS(INCR--) I-_ UN RLS-]
:UNH = COS2(DEc)IZ -SIN(DEC)

MIJl .COS(INCR) _2 ' -+ SG -_ tUNIT(Z*UNR_))
,COS (DEG)I

WHERE DEC = SIN -I (RAz/I R._. I)

"2 =
* = CROSS PRODUCT

UNIT (7 =UNIT VECTOR

COMPUTE INTERSECTION OF J

ORBITAL PLANE AND RETURN J

PLANE. UNH-P = UNIT ('R'A*V-A) I
UNRX = INTER*UNIT (UNH-* UNA-F)I

I COMPUTE ANGLE BETWEEN

R"A AN D UNR-X

SIGN = SGN ((UNHP*UNRA)" UNR-X)

THX = SIGN*COS -I (UNR'-A." UNR"X)

= (I-SIGN)rr

ZZ2
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SUBROUTINE:

PURPOSE:

CALLINGSEQUENCE:

NAMECOMMONUSED:

SUBROUTINESREQUIRED:

FUNCTIONSREQUIRED:

APPROXIMATESTORAGE:

PEic_

To compute the target parameters (p, e, i, SQS,

SGM) for the burn model guidance equations.

c_ PEIC_

VEHICL

BURNPR

INDS

AINPUT

VCMSC

SQRT

193
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SUBROUTINE: PEIC_M

INPUT AND OUTPUT:

NAMED

I/0 COMMON

I VEHICL

I BURNPR

I AINPUT

I INDS

AINPUT

AINPUT

AINPUT

AINPUT

AINPUT

SYMBOLIC

NAME OR

LOCATION

R

V

PDES

EDES

CINC

SQS

SGM

PROGRAM

DIMENSION

12

3

3

1

1

1

1

1

1

MATH

SYMBOL

m

R

%

Z

P

e

i

DATA

DIMENSIONS

0RUNITS

er

er/hr

er3/hr 2

er

deg

+l.
m

+l.

DEFINITIONS

Single precision vehicle position
vector.

Required velocity at the end of
burn.

Unit vector (0,O,1).

Gravitational parameter of the

central body.

Semi-latus rectum post abort

trajectory.

Eccentricity post abort

trajectory.

Inclination of the post abort

trajectory.

Indicator defining the sign of

the component of velocity at _
abort in the direction of h x R.

Indicator defining the sign of

the radial velocity at the abort.
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II

ENTER

PEICOM

A=2/IRI - 1_12 /XMU

RV =R x V

ZR=ZxR

RVM = IRVI

PDES = RVM2/XMU

EDES = V/I. -PDESeA

ZRDt_ = Z-'R/iZ'RI

RDVM = RV/RVM

CINC = COS -I (RVDM-_ *57.29577951

RDV = R.V

sqs = R_/IR_1

SGM- RVD-_• ZRD_/IRVDM• ZRDMI

PRINT TARGET PARAMETERS

PDES,EDES,CINC, SGM, SQS
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SUBROUTINE:

PURPOSE :

CALLING SEQUENCE :

NAME COMMON USED:

SUBROUTINES REQUIRED :

FUNCTIONS REQUIRED:

APPROXIMATE STORAGE :

PMATC

To calculate sensitivities of the velocity

vector with the position vector at the lunar

sphere of influence.

CALL PMATC (CM, RS, VS, CMMII)

INM_C

AINPUT

C_NST
INDS

INTGR

BURNPR

INTGRK

vcMsc, I_S, LSCR, I_V3Z3

C_S, SIN, SQRT

535
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SUBROUTINE: PMATC

INPUTANDOUTPUT:

NAMED
i/o co_oN

I I_C

I I_C

I _c

I INM_C

I

I

I INM_C

I INM_C

I INM_C

I AINPUT

I AINPUT

I AINPUT

SYMBOLIC

NAME OR

LOCATION

RL

RSM

TFH

VSS

RS

VS

TS

INCR

SGM

M_DE

c_R

PROGRAM

DIMENSION

1

1

4

1

1

1

1

1

1

MATH

SYMBOL

\

m

RSM

TFH

VSS

%

%

TS

I%l

DATA

DIMENSIONS

OR UNITS

er

er

hr

i/er

er

er/hr

hr

rad

+l

er

DEFINITIONS

The position vector relative to

moon at time of burn initiation.

Position relative to the moon at

the lunar sphere of action.

Time from RL to _SM.

Square of the velocity divided by

I_E relative to the earth at lunar

sphere of influence.

Position at the shift relative

to the earth.

Velocity at the shift relative
to the earth.

Time of arrival at the moon's

sphere of influence measured
from initial time.

Return inclination.

Designator of the return plane.

M_DE = i, landing site.

M_DE = 2, time critical.

M@DE = 3, fuel critical.

Cotangent of the re-entry flight

path angle.

Magnitude of the re-entry

position vector.
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SUBROUTINE: PMATC(continued)

INPUTANDOUTPUT:

NAMED
i/o COMMON

I AINPUT

I C_NST

I C]_NST

I C_NST

I INDS

I INTGR

I INTGR

I INTGR

I INTGR

I INTGR

¢

SYMBOLIC

NAME OR

LOCATION

TAGG

EMU

PMU

SGMM

XMU

TA

RI

V1

R2

CM

PROGRAM

DIMENSION

1

1

1

1

1

1

6

1

3

3,6

MATH

SYMBOL

SGMM

h

V

TF

%

DATA

DIMENSIONS

OR UNITS

er3/hr 2

er3/hr 2

er3/hr 2

hrs

er

er/hr

hrs

er

DEFINITIONS

: i, abort trajectory is circum-
lunar from inside the

sphere.
= 2, abort trajectory is non-

circumlunar from inside the

sphere.

Gravitational parameter of the

earth: 19.909_165

Gravitational parameter of the

moon: .2_A883757

SGMM : +i, @ _-180°

SGMM :-i, @-=180 °

Gravitational parameter of the

central body.

Time of abort measured from
initial time.

Position of the spacecraft at
time TA.

Velocity of the spacecraft at
time TA.

Time of flight from initial time

to re-entry.

Position of the spacecraft at

re-entry.

Perturbation matricies: "_sm"
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SUBROUTINE: PMATC(continued)

INPUTANDOUTPUT:

NAMED
I/O COMMON

i

I INM_C

I Im C

I Im C

I AINPUT

¢

I AINPUT

I AINPUT

I AINPUT

I AINPUT

I AINPUT

I C_NST

SYMBOLIC

NAME OR

LOCATION

VL

RMI

VMI

DELT

CFLAG

CMMII

IWATFG

DV

XLAT

USSTER

PROGRAM

DIMENSION

L

6

6

1

3,3

1

1

1

1

MATH

SYMBOL

%

%

T

AVMA X

LAT

L_NG

DATA

D]]_ENSIONS

OR UNITS

er/hr

er

er/hr

hr

er/hr

deg

deg

miles/er

DEFINITIONS

Velocity relative to the moon
at time of burn initiation.

Moon's position at time
TA + AT.

Moon's velocity at time

TA + AT.

Time from abort to first pierce

point at lunar sphere of
influence.

: O, no circumlunar logic.

/ O, do circumlunar logic.

Inverse of sensitivity_tr_
CMMI.

Landmass number : O if nominal

trajectory impacts on water.

Maximum allowable change in

velocity.

Latitude of the desired landing
site.

Longitude of the desired landing
site.

Conversion factor:

3963. 20799
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SUBROUTINE: PMATC(continued)

INPUTANDOUTPUT:

NAMED
i/o COMMON

I C_NST

I AINPUT

SYMBOLIC

NAME OR

LOCATION

RADIAN

Z

i PROGRAM
iDIMENSION

1

3

MATH

SYMBOL

DATA

DIMENSIONS

OR UNITS

deg/rad

Z

DEFINITIONS

Conversion factor:

57.29577951

Unit vector (0,0,i).
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ENTER PERTURBATION MATRICES SUBROUTINE

WITH RL, RSM, TFH, MUM, RS, VS, VSS, TS,

MODE MUE, LAT, LONG, INCR, SGM, INTER

CFLAG, V'-'_, DELl', RM--i", V'M"I

_CFL_G.__

DEFINE:

PE'-R3 = (I00,0,0), P_6 = (0,I00,0)

P_9= (0,0,too),RR=4040
COGR=COT(ge°),

I_=RSM, R2=RL, T=TFH,

I=0, K =0, RT]= RS-M,

MUj = MUM

q ENTER LAMBERT SUB..

I
RETURN V1

DEFINE:

PER3= (CONST,0,0), PER6 = (0, CONST,0

PER9 = (0,0,CONST),RR = 4040, COGR = COT(96 °)

V1 = VL,. Vll =VL, I = 0, K=O, R1 = RL

MUj=MUE, T=DELT, CONST = .00001

ENTER KEPLER

WITH R1, V1, T

MUj

ENTER KEPLER

WITH R2, V2, TIME, MUj

= V1--1 + PERK MUj = MUE ]"_A

_l RETURN R2, V2 ]

!

I

t
R-q = R2 - RM1

V--I = V2- VM1

RETURN vs K1----I

MUj=MUM

K=K+3

Q

CM I = (0/-'-I 3- V-lo) / I00, (V-16 -

t t

CM I = TRANSPOSE (CMI)

Vlo)/m0 (v19- Vlo)/m0)

_-1 = R-S,I _ i + 9

Rll =R1, MUj = MUE,

V1 o = VS, K = 3.

UNH -

Rq = RlI _- PE--RK, R1 = IR-II, UN_ = UNIT (R-I),

= ('0,0,I) DEC = SIN -I (R17_/RI)

Cos(,NCR)[_-SIN(DEC)UNR1]
COS 2 (DEC}

_/ _OS(INCR)_ 2
+ SGM ---\COS 'iDEC)/ UNIT (Z * UNR"I)

COGS = -

VRS = VSS - 2,/RI + 2,/RR,P = RR2*VRS, / (I + COGR 2)

VRS \ RRI (I+ COGR 2) - 1

VlK- = _//P*MUj [COGS, UN_+UNIT(UNH*Ri)]R12

K=K+3

EXIT

CMMI :-

CMM2 =

(RSMS -

(RSMS 7 -

RSMSIG -

(VSMS -

(VSMS 5 -

VSMS 6

RSMS 1) CONST

RSMSI),/CONST

RSMS1/CONS]"

VSMS 1)/' C O N ST

VSMS2)/CONST

VSMS3)/CONST

)

I i i i

R"l= RI_ + P@I< I
TAGG = 1.

TA = TS

ENTER OUTSIDE

MIDCOURSE SUBROUTINE

IN THE SECOND

"MODE" USED FOR

THE INSIDE SPHERE

CALCULATIr_N

I RETURN V'-i K J

iRSMS 5 - RSMS2) / CONST (RSMS 6- RSMS3),/ CONST 1

(RSMS 8 - RSMS2)/ CONST (RSMS 9- RSMS_/ CONST I(RSMSII - RSMS2)/CONST (RSMS]2 - RSMS3)/CONST

(VSMS 7 - VSMSI)/ CONST (VSMS,o-VSMSi)/CONST I,

(VSMS 8 - VSMS2)/CONST (VSMSil VSMS2)/CQNST li(VSMSc; - VSMS3)/ CONST (VSMS12 VSMS3)/CONST

14

DEFINE:

PER3= (100, O, O)

PER6= (0, 100, O)

PER9 = (0, O, 100)

C_A I : (CMM2) (CMMI) -I I
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SUBROUTINE:

PURPOSE:

CALLING SEQUENCE :

NAME COMMON USED:

SUBROUTINES REQUIRED :

FUNCTIONS REQUIRED:

APPROXIMATE STORAGE :

PRINTN

To print specified trajectory parameters at

specified print intervals.

P ETN (IPRn T)

DINTGR

VEHICL

PERTS

VSATPT

C_NST
MISC

BURNID

AINPUT

VEH

PLANET

ELEMNT

INPUT

INDS

TINPUT

NAVERR

BURNPR

VCMSC, SUBSAT, TPRINT

ATAN2, SQRT

2390
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SUBROUTINE: PRINTN

INPUT AND OUTPUT:

i/o

¢

¢

NAMED

COMMON

BURNID

SYMBOLIC

NAME OR

LOCATION

VRDES

BURNID AVRDES

BURNID

BURNID

AINPUT

AINPUT

NAVERR

NAVERR

NAVERR

NAVERR

VD

ATM

RSN

VSN

CGSN

SSG

DVSAN

DVSIN

PROGRAM

DIMENSION

3

1

3

3

3

3

MATH

SYMBOL

V
r

V
r

%

a

n

n

m

G
n

m

?
g

Av
an

DATA

DIMENSIONS

OR UNITS

er/hr

er/hr

er/hr

er/hr 2

er

er/hr

er/hr 2

er/hr 2

er/hr

er/hr

DEFINITIONS

Required velocity at end of burn.

Magnitude of VRDES.

Velocity difference between
actual and desired.

Acceleration magnitude.

Position vector for navigational
equations.

Velocity vector for navigational
equations.

Gravitational acceleration for

the navigation equations.

Sunm_tion of perturbation
acceleration.

Analytic velocity increment.

Integrated velocity increment.
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SUBROUTINE:

PURPOSE:

CALLING SEQUENCE:

NAME COMMONUSED:

SUBROUTINES REQUIRED:

'UNCTIONS REQUIRED:

_PPROXIMATE STORAGE :

PTCIN

To control the logical flow of the abort program

when the spacecraft is within the lunar sphere of

influence or on circumlunar trajectories.

CALL PTCIN

INPUT

TINPUT

AINPUT

VEH

C_NST

INDS

MISC

BURNPR

mr ¢N
IN2_IR

INTGRK
BLANK

VCMSC, ENCKE, INV3X3, LAMBS, LSCR, MATRX, MTRXMP,
PMATC

sn_, c/%, SO_T, _S

1517
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SUBROUTINE: PTCIN

INPUT AND OUTPUT:

I/O

I

NAMED

COMMON

INM_C

I INM_C

I INMJC

I C_NST

I INM_C

I INMJC

I I_'_C

I II_JC

I iNMJC

I INM_C

I INM_C

SYMBOLIC

NAME OR

LOCATION

RL

RSM

TFH

PMU

VL

TL

RR

VR

TFE

TS

VSS

RS

PROGRAM

_DIMENSION

1

MATH

SYMBOL

%

RSM

%

VL

TL

%

%

TFE

TS

VSS

w

RS

DATA

D]9{F_SIONS

OR UNITS

er

er

hrs

er3/hr 2

er/hr

hr

er

er/hr

hr

hi_

i/er

er

DEFINITIONS

The position vector relative to
the moon at time of burn

initiation.

Position relative to the moon at

the lunar sphere of action.

Time from RL to RSM.

Gravitational parameter of the
moon: .244883757

Velocity relative to the moon at
time of burn initiation.

Time of burn initiation.

Desired re-entry position vector.

The required velocity at

re-entry.

Time of flight from IS to RR.

Time of arrival at the moon's

sphere of influence measured
from initial time.

Square of the velocity divided by

SE relative to the earth at the

lunar sphere of influence.

Position at the shift relative

to the earth.
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SUBROUTINE: PTCIN(continued)

INPUTANDOUTPUT:

I/O

I

NAMED
COMMON

INM_C

I C_NST

I

I INM_C

I AINPUT

I AINPUT

I AINPUT

I AINPUT

¢

¢

SYMBOLIC

NAME OR

LOCATION

VS

EMU

LAT

L_NG

INCR

SGM

M_DE

DV

cmR

TAGG

VSM

VLC

PROGRAM

DIMENSION

4

1

1

1

1

1

1

1

4

MATH

SYMBOL

%

_E

LAT

L_NG

iR

AVMA X

ctn

VS

VB

DATA

DIMENSIONS

OR UNITS

er/hr

er3/hr 2

deg

deg

rad

÷l

er/hr

er/hr

er/hr

DEFINITIONS

Velocity at the shift relative
to the earth,

Gravitational parameter of the

earth: 19.9094165

Latitude of the desired landing
site.

Longitude of the desired landing
site.

Return inclination.

Designator of the return plane.

M_DE : i. landing site.
M_DE : 2, time critical.

M_DE : 3. fuel critical.

IMaximum allowable change in

velocity.

Cotangent of the re-entry
flight path angle.

: i, abort trajectory is
circumlunar.

: 2, abort trajectory is non-
circumlunar.

Velocity at the lunar sphere of
action relative to the moon.

Velocity at burn termination
relative to the moon.
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SUBROUTINE: PTCIN(continued)

INPUTANDOUTPUT:

NAMED
i/o CO ON

I AINPUT

I INTGR

I BURNPR

I INPUT

I INPUT

¢

¢

I RVM_JN

I RVMJ_N

I AINPUT

I

SYMBOLIC

NAME OR

LOCATION

Z

TA

NTPRSV

X

XD

DELR

DELV

RM

VM

CFLAG

CMMII

VL

PROGRAM

DIMENSION

3

1

1

3

6

1

3,3

4

MATH
SYMBOL

TA

%

VI

AR

Av

%

%

CMM1-1

_L

i i

DATA

DIMENSIONS

OR UNITS

hr

er

er/hr

er

er/hr

er

er/hr

er/hr

DEFINITIONS

Unit vector (0,0,i).

Time measured from epoch to
abort.

Input value of the number of

thrust periods.

Position at the abort time

relative to the moon.

Velocity at the abort time
relative to the moon.

Position mismatch at the lunar

sphere of action.

Velocity mismatch at the lunar

sphere of action.

Position of the moon with

respect to the earth at time TS.

Velocity of the moon with

respect to the earth at time TS.

: O, no circumlunar logic.

i 0, do circumlunar logic.

Inverse of the sensitivity_tr_
CMM1.

Velocity r_lative to the moon at
time of burn initiation.
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SUBROUTINE: PTCIN(continued)

INPUTANDOUTPUT:

NAMED
Ilo C_ON

I AINPUT

I AINPUT

i zm_c

¢

SYMBOLIC

NAME OR

LOCATION

IWATFG

THC

VRC

PROGRAM

DIMENSION

1

1

1

MATH

SYMBOL

@
r

VB

DATA

DIMENSIONS

OR UNITS

rad

er/hr

DEFINITIONS

Land mass number = 0 nominal

trajectory impacts on water.

i + COGR 2]

Re-entry angle.

Re-entry velocity.
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PRECISION TRAJECTORY

CALCULATION FOR INSIDE

THE SPHERE REGIME

G WEN :
b

I. FROM MOON CONIC RL, RS_A,

TFH, MUM, VL, TL
2. FROM EARTH CONIC RR, VR,

TFE, TS, VSS, RS, VS, MUE, LAT,

LONG, INCR, SGM, INTER

3. MODE ,CFLAG
4. POS. AND VEL. OF MOON,

R-M, V-M,(AT TS)

DEFINE:

VL-C = V i, VRC = VR,

RSMC = RSM, RSC= RS,

VSCC = VS,RR = 4040
COGR = COT (96 a)

'r =UNIT MATRIX

J=O,

CALL INTEGRATION

WITH RL, VLC, TL, TFH.--t I
J RETURNRS_,vs_J

I ]

[TA=TL+(TFH+TFE) J

J CALL NTEGRATION JWITH R"RI VR-C, TA, TFE.

t

RETURN R-S, _-5 1

PRINT ITERATION
SUMMARY 't

_] CALL PERTURBATION J IRETURN J
• =- tlL Q

T_,C_Sc_,cu,_,,o_I I_, c_J
• ' _ C_M;;,l

_RSD = (I+ CEIN CM) RS

+ (CE + CM)-' (VM - VSM - VS+CM(RM+RSM))

VS-D= V-_ - VS%- C_ (RS--D- R-_- RS--M)

._ RSM-D = RSD - RM,

CALL LAMBERTS

WITH RL, RSMC

+ (RSMD - RSM), TFH

MU.. I ; = MUM

-_ RETURN V'-L ]

RS-C = RSC + (RSD - R-S), RSC = IRSCI

UNRS-C = UNIT (RSC), Z = (0,0,I)

DEC = SIN -I (RSCz/RSC)

- /cos (I,NCR)\r-

UNH ::_COS 2 (DE_)L Z-SIN (DEC) UNRSC]

_/'_'_'_"-_','_-°sI'_cR!'_2- -+ SGM I-_-_"_'_'1 UNIT (Z * UNRSC)

VL = VL + (CMMI) -1

<

1
-.t-

|

VRS = VSS - 2/RSC + 2/RR I

p = RR2 VRS,/(I+COGR 21

SS RSC 2

COGS = _-_S [-_R"I (I+COGR2')-I

VS_ =_'- °_-scUE _OGS*UNRS-C

+U N I T(U N_I*RS'_)]

(COGS +(RSC/RR)COGR)

COGTH = I -RSC/RR

SAG N = SGNICOGTH)

1TH = SAGN COS -I CO_ + d + (i-SAGN)tt
I

-- • L --

RR = (I-(RR/P)(I-COS(TH))) RS'C + (RR RSC/_/P*MUE) SIN(TH) VSC

U_RR: UN,T(RR),UNHP=UNH*UNRR
VRt=- P*,/_E_ErCOGRUN_R+UN_P]A=2- (P/RSC)(I+COGS2)

RR L J

F =_/RSC3/MUE , COGDEZ= (COGTH - COGS) 2 p/RSC*A

SA_.:_._co_. co_
sAo,.,.cos-,[-co_-, l+ I,-sA_..DE =

COGDEZ+ I
-II

TFE = (F,/'v/A-3) (DE+ V RSC COGS (I - COS(DE)) - (I-A) SIN(DE))

I

I
MU; = MUE

TAGG = 1.

CALL OUTSIDE

MIDCOURSE

SUBROUTINE

I
i[ RETURN

vff, TH J

COGTH = COT (TH/2)

COSGA = UNIT (RTO • UNIT (VS_

COGS = COSGA ,/_/I-COSGA 2

(RSC*VSC).(RSC * VSC)
p=

MUE

!
VL"C = V--Li VR-C = -VR--L

RSMZ = RSM--_+ (RS_A--6- RS_)
J=J+l
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SUBROUTINE:

PURPOSE:

CALLING SEQUENCE:

NAME COMMON USED:

SUBROUTINES REQUIRED:

FUNCTIONS REQUIP_ED:

APPROXIMATE STORAGE :

REENTY

To solve for the conic which satisfies the

landing site and re-entry constraints.

INTGR

INTGRK

C_NST

AINPUT

VCMSC

SQRT, ABS, C_S, SIN

3_8
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SUBROUTINE: REENTY

INPUTANDOUTPUT:

NAMED
I/o COMMON

I INTGR

I AINPUT

I AINPUT

I

I

I C_NST

I CCNST

I C_NST

¢

¢

INTGRK

SYMBOLIC

NAME OR

LOCATION

RAB

cm_

RR

THLS

TFLS

AMX

_MU

PI

RADIAN

N_S_

TFM

TFR

FROGRAM

DIMENSION

6

1

1

1

1

1

1

1

1

1

1

1

MATH

SYMBOL

%

ctn

@LS

TFLs

½

1]"

TFM

TFR

DATA

DIMENSIONS

OR UNITS

er

er

rad

hr

er

er3/hr 2

de_rad

hr

hr

DEFINITIONS

Position of the spacecraft at

time of abort measured from
initial time.

Cotangent of the re-entry flight
path angle, cot (90V)

Magnitude of the re-entry
position vector.

Central angle from R to UNRLS.

Time of flight to the landing
site.

Limiting vahe of the se_-_Jor
axis.

Gravitational constant of the

earth: 19.9094165

3.141592654

57.29577951

N_S_ = O, return no solution.

N_S_ = i, return solution.

Time of flight from re-entry to
landing site.

Time of flight to re-entry from
TA.
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SUBROUTINE: REENTY(continued)

INPUTANDOUTPUT:

NAMED
I/O CO_ON

INTGRK

INTGRK

INTGRK

INM_C

I AINPUT

SYMBOLIC

NAME OR

LOCATION

THR

C_GA

P

THC

FROGRAM

DIMENSION

1

1

1

1

1

MATH

SYMBOL

9R

otn7

P

@R

133

DATA

DIMENSIONS

0RUNITS

tad

tad

DEFINITIONS

Re-entry range angle.

-),
Cotangent of_the return conicJ

at position R.

Return conic semi-latus rectum.

Re-entry angle.



ENTER I
REENTRY

SUBROUTINE

INPUT:

RR =REENTRY ALTITUDE

R'_, = INITIAL POSITION

COGR = COTANGENT OF
PATH ANGLE

REENTRY FLIGHT

TFLS=TIME OF FLIGHT TO LANDING SITE
THLS=CENTRAL ANGLE TO LANDING SITE

SET UP ITERATION BOUNDS ON COGA

COGAMX = _1 + COGR 2) RAR-_--- I

COGAMN = -COGAMX

1
RA = n_l, R -- _AR

M =I-R, B=- 2M

C =R 2(I+COGR 2)-I

D=R COGR F = !I_/. RA3
V

p- (2-R/'MA×)2RR

nA /4

I + COGR

1
I coo ,:

COGTH = (COGA + D)/M

P = B/(C - COGA 2)

A=2- P(I +COGA 2)

2
COGES = (COGTH - COGA) P/A

SIGN = SGN(COGTH - COGA)

DE = SIGN COS -I [(COGES - I),/('COGES + I)]

+ (I -SIGN) Pi

TFR : F,/_[DE *_/'P_C'COGA(1-COS(DE))

- (I-A) SIN(DE_]

SIGN = SGN (COGZH)

THC = SIGN COS-I[('COGTH2-t)/(COGTH2+" I
+ (I-SIGN) F0

THR = THLS - THC, TFM = THR/4

TFER = TFLS - (TFR + TFM), TFERR = ITFERI-10 -7

+

Icoo  A :CO AI
I i

COGA=COGAMN + J

RETURN

NOSO = 1, P,

COGA, TFR,

THR, TFM

(COGAMX - COGAMN)

2

I
CERR = COGA -.99 COGAM2

CERM -- COGA + .99 COGAM1

o

J NOSO = 0

I RETURN

4-



SUBROUTINE:

PURPOSE :

CALLING SEQUENCE :

NAME COMMON USED:

SUBROUTINES REQUIRED:

FUNCTIONS REQUIRED:

APPROXIMATE STORAGE:

To store program input quantities in their

assigned locations.

None

INPUT

AUT_

C_NST
INDS

MISC

TINPUT

AINPUT

BURNPR

None

None

&87
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SUBROUTINE: SYMBOL

INPUTANDOUTPUT:ADDITIONALINPUT

NAMED
I/0 COMMON

I AINPUT

I AINPUT

I AINPUT

I AINPUT

I AINPUT

I AINPUT

I AINPUT

I AINPUT

I AINPUT

I AINPUT

I AINPUT

I AINPUT

SYMBOLIC
NAMEOR
LOCATION

NAVFL

DUR

DVR

DWR

DDUR

DDVR

DDWR

SQS

PDES

EDES

CINC

SGM

PROGRAM
DIMENSION

1

1

1

1

1

1

1

1

1

1

MATH
SYMBOL

_U

_V

_W

Av

Aw

P

i

DATA

DIMENSIONS

OR UNITS

er

er

er

er/hr

er/hr

er/hr

er

deg

DEFINITIONS

Input flag to use navigation
equations.

Input position error, navigation

equations.

Input position error, navigation

equations.

Input position error, navigation
equations.

Input velocity error, navigation

equations.

Input velocity error, navigation
equations.

Input velocity error, navigation

equations.

Indicator defining the sign of

velocity at the abort radial.

Semi-latus rectum post abort

trajectory.

Eccentricity post abort

trajectory.

Inclination post abort trajectory
relative to the earth's

equator.

Indicator defining the sign of
the component of the post abort

xelocity in the direction of
hxR.
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SUBROUTINE: SYMBOL (continued)

INPUT AND OUTPUT: ADDITIONAL INPUT

rio

I

NAMED
COMMON

AINPUT

I AINPUT

I AINPUT

I AINPUT

I AINPUT

I AINPUT

I AINPUT

I AINPUT

I BURNPR

I BURNPR

I BURNPR

SYMBOLIC

NAME OR

LOCATION

UKV

I DE

AVFUEL

NLS

ALAT

ALZ 

VR

BURNFL

DELTI

PROGRAM

DIMENSION

3

1

1

1

MATH

SYMBOL

Z

av

ctn

LAT

L_NG

%

AT 1

DATA

DIMENSIONS

OR UNITS

er/hr

er

deg

deg

er/hr

hrs

DEFINITIONS

Unit vector (0,0,i).

Analytic mode type:

1 - landing site.
2 - time critical.

- fuel critiqal.

Available fuel.

Cotangent of the re-entry flight

path angle.

Magnitude of the re-entry

position vector.

Number of landing sites
(_s _ _).

Latitudes of the possible

landing sites.

Longitudes of the possible
landing sites.

Velocity required at end of burn.

: -I, non-iterative run.

= O, impulsive burn no burn

_rint.
= 21 impulsive burn, burn oriDt.

= 3, integrated burn no burn

print.

= A, integrated burn, burn

print.

Minimum time from initial time to

beginning of abort (.O16666666)
if not input.

, , m
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SUBROUTINE: SYMBOL (continued)

INPUT AND OUTPUT: ADDITIONAL INPUT

NAMED

I/O CO ON

I AINPUT

I AINPUT

I AINPUT

I INPUT

I BURNPR

SYMBOLIC

NAME OR

LOCATION

H2_FG

CFI_G

RPNIN

BURNFL

PROGRAM

DIMENSION

1

1

1

1

MATH

SYMBOL

URMAX

DATA

DIMENSIONS

OR UNITS

er

er/hr

DEFINITIONS

= I, compute a water landing
site.

= O, do not use water landing

logic.

= O, no circumlunar logic.

= i, do circumlunar logic.

Minimum allowable lunar

pericynthian altitude.

Magnitude of the maximum

allowable re-entry velocity.

= -i, non-iterative run.

= O, impulsive burn, no burn

print.
= 2. imn_s]ive burn burn n_nt.

= 3, integrated burn, no burn
print.

= &, integrated burn, burn
orint,
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SUBROUTINE:

PURPOSE:

CALLINGSEQUENCE:

NAMECOMMONUSED:

SUBROUTINESREQUIRED:

FUNCTIONSREQUIRED:

APPROXIMATESTORAGE:

TCFC

To establish the conic trajectory satisfying the

re-entry constraints and which will return the

spacecraft in the shortest time with the available

fuel, or will return the spacecraft with the mini-
mum fuel.

CALL TCFC

C_NST
BURNPR
AINPUT

INTGR

INTGRK

_TPT

LAMBS, IATL_N, VCMSC

SIN, C@S, ABS, SQRT

652
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SUBROUTINE: TCFC

INPUT AND OUTPUT:

SYMBOLIC

NAMED NAME OR

I/O COMMON LOCATION

I INTGR

I INTGR

I AINPUT

I INTGR

I AINPUT

I AINPUT

RAB

VAB

I

DV

TA

I AINPUT M_DE

I C_NST

C_NST

I CJNST

INTGR

INTGR

]9(U

USSTER

PROGRAM

DIMENSION

6

1

1

1

1

1

1

MATH

SYMBOL

V

Av

TA

ctn 

%

DATA

DIMENSIONS

OR UNITS

er

er/hr

er/hr

hrs

er

e_/hr 2

statute mi.

er

DEFINITIONS

Position of the spacecraft at
time TA.

Velocity of the spacecraft at
time TA.

The maximum allowable change in

velocity if non-zero. If = O,
com_ut_ m_n_mumv_]ocitv transfer.

Time of abort measured from

initial time.

Cotangent of the re-entry flight

path angle.

Magnitude of the re-entry

position vector.

_EE E = I, landing site.

2, time critical.

MODE = 3, fuel critical.

Gravitational parameter of the
earth. 19.909&165

Conversion factor:

3963.20799

PI

TF

, L

TBURN

1 TF

1 TB

hr

hr

3.1AI59265&

Total time of flight from
initial time to re-entry.

Time of burn initiation measured
from initial time.

]40



SUBROUTINE: TCFC(continued)

INPUTANDOUTPUT:

Ilo

¢

¢

¢

¢

NAMED

COMMON

BURNPR

I C_NST

AINPUT

I AINPUT

I AINPUT

_TPT

INTGR

¢

SYMBOLIC

NAME OR

LOCATION

BURNVR

MINLAT

MINL_N

MAXLAT

RADIAN

HY_FG

DVR

UNRF

ALAT

PROGRAM

DIMENSION

3

1

1

1

1

1

1

1

1

1

1

MATH

SYMBOL

vR

@min

rain

@
max

k
max

R

LAT

DATA

DIMENSIONS

OR UNITS

er/hr

rad

rad

rad

rad

deg/rad

er/hr

er

deg

DEFINITIONS

Velocity required at end of burn.

Latitude of the landing site

corresponding to the minimum
re-entry range angle.

Longitude of the landing site

corresponding to the minimum

re-entry range angle.

Latitude of the landing site

corresponding to the maximum

re-entry range angle.

Longitude of the landing site

corresponding to the maximum

re-entry range angle.

57.29577951

= O, if no solution has been

computed.

= l, if a solution has been
comouted.

Input flag for water landing
logic.

1+ C03R 2]

Required velocity change for the

computed analytic solution.

Desired position vector at
re-entry.

Nominal landing site,'s latitude.

Computed only if H2_FG =i.

iA1



SUBROUTINE: TCFC(continued)

INPUTANDOUTPUT:

I/O

¢

NAMED

COMMON

SYMBOLIC

NAME OR

LOCATION

A_N

PROGRAM

DIMENSION

1

MATH

SYMBOL

L_NG

DATA

DIMENSIONS

OR UNITS

deg

DEFINITIONS

Nominal landing site 's longitude.

Computed only if H2@FG = i.

1_2



!

ENTER MIDCOURSE SUB-REGIME

WITH MODE GIVEN

TIME CRITICAL
FUEL CRITICAL

m

INPUT: RA, VA, TA, RR = 4040

COGR = COT(96 °)

DV= I DV, MODE 2

H20FG _ 0, MODE 3

I DVM-

l
DVM = 0

RA = IRAI, R = RA/RR B = 2 (R-I),

C = R2 (I +COGR 2) - I

BOUNDS ON COGA:

PP = RR(2-RR/97000) /RA (I+ COGR 2)

COGAMX=V_
COGAM.--_I+COGR_ R-1

COGAMN = -COGAM
DCOGA --. lfCOGAMX - COGAMN)

DV_'4T = DVM, DVM = 0

DVR-- I0000

TR Y= 1, COGA = COGAMN

UNH -- UNIT (RA * VA)

IF UNH z NEG, LI_IH = -UNH

UN-P = UNIT fUNH*RA)

COGAM1 = COGAMX

!COGTH - (COGA + COGR RA/RR)
(I-RA/RR)

SAGN = SGN(COGTH) 2

THR__SAGNCOS-I cOG;_9_ _+1)+(, -SAGN)Tr

ENTER CONIC SUBROUTINES IN THE

TIME-THETA MODE WITH

RA, VR, THR, AND TF = 0

--t cooAM×:COOA

J.-j _OOA_: _OOAI_
HCOOA:COOAMNCOOAM --COOAM I

0v_ : 0w-0v_I
DVERR --IDVERI-'5 J

[_ P = B](C-COGA 2)

V-R =_MUE P/RA (COGA UN_ + UNP

DVR = IV-R-V-AI __ + _

._-_ DVRP- DVR ' I DCOGA-- -DCOGA/2 I SAGN: SGN (DVR] F

J _ ÷ t'l -DVRP_I i

I n
ICOGA:COoA_ _

4-_ DVM= DVMT I '---'<_DVR:DV.> -" I

 4"ov.:oI -

/- q_Tu_w,_._FCI
L /FC = TFC + TA I

COMPUTE LOCATION OF MAXIMUM AND

MINIMUM LANDING SITES AND THE

ASSOCIATED TIMES.

I. THMIN = 30° , TMNI = TFC + THMIN

TMN=TA+TMNI , UNP= UNH*UNRA

UNLSMN = COS (THR + THMIN) UNRA

+ SIN (THR + THMIN) UNP

2. THMAX = 85 ° , TMXl = TFC + THMAX

TMX = TA + TMXI

UNLSMX = COS(THR 4- THMAX) UNRA

+ SIN (THR + THMAX) UNP

UNR-F = (COS(THR)UNR-'A + SIN (THR) UN-P)RR

1
j TRANSFORM

UNLSM_ & UNLS-'M

INTO LAT, LONG

COMPUTE THE NOMINAL LANDING SITE

AND THE ASSOCIATED TIME

THA = 57.5 °

TMA = TFC + THA + TA

UNLS,_ = COS (THR + THA) UNR,_

+ SIN (THR + THA) UN'P

,l
i

J TRANSFORM UNLSAINTO LAT, LONG
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SUBROUTINE:

PURPOSE:

CALLING SEQUENCE:

NAME COMMON USED:

SUBROUTINES REQUIRES:

FUNCTIONS REQUIRED:

APPROXIMATE STORAGE:

TCUT

To control the initiation and termination of the

thrusting phases.

CALLTCUT(INDIC)

DINTGR

VEH

VEHICL

BURNID

PERTS

TINPUT

INPUT

INDS

AUT_

MISC

NAVERR

BURNPR

INTGR

INITAL, NAVIER, VECT, FEIC_M, VCMSC, SUMR, DERIV,
RKINT

EXP
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SUBROUTINE: TCUT

INPUTANDOUTPUT:

NAMED
i/o c_oN

I DINTGR

I/_ TINPUT

I TINPUT

I INPUT

VEH

INTGR

I

¢

¢

I VEHICL

VEHICL

BURNID

BURNID

SYMBOLIC

NAME OR

LOCATION

INDIC

NTPR

PROGRAM

DIMENSION

1

1

MATH

SYMBOL

T

TT

INDS

TTR

TSTART

R

SR

R_

RD_

XR

Z.DR

ITHRST

1

12

6

12

12

4

4

1

T
O

%

V

%

Av F

DATA

DIMENSIONS

0RUNITS

hrs

hrs

hrs

er

er

er

er/hr

er

er/hr

145

DEFINITIONS

Initialization indicator.

Current time double precision.

Number of thrust print cycles.

Time to start thrust.

Epoch time in hours from Oh day

of epoch.

Double precision position vector.

Position at start of thrust.

Single precision position vector.

Single precision velocity vector.

Position required.

Velocity difference required.

= l, start thrust

= -1, end thrust



SUBROUTINE: TCUT(continued)

INPUTANDOUTPUT:

I/O

I

NAMED
COMMON

BURNPR

BURNID

I BURNPR

NAVERR

I INDS

NAVERR

I PERTS

I

SYMBOLIC
NAMEOR
LOCATION

BURNFL

VR

BURNVR

PROGRAM
DIMENSION

1

3

MATH

SYMBOL

¢

ISTFG

IM_DE

SSG

ACCEL 3O

V
r

V
r

E
g

DATA

DIMENSIONS

OR UNITS

er/hr

er/hr

er/hr 2

er/hr 2

DEFINITIONS

: -i, non-iterative run.

: O, impulsive burn no burn

print.

= 2, impulsive burn, bur_ print,
= 3, integrated burn no burn

print.

= _, integrated burn, burn

print.

Required velocity at thrust
termination.

Required velocity at thrust
termination.

= l, use navigation errors.

= O, do not use navigation

Integration type:
= O, Encke

= l, Cowell

Summation of perturbation
accelerations.

Perturbation accelerations

_URNIO TC4

BURNID MASS

TINPUT IMASS

TINPUT TCINT

double precision.

1

1

1

t
go

W

W
O

T
C

hr

lbs

lbs

hrs

Thrust time to go.

Current mass of the vehicle.

Input mass of the vehicle.

Cowell integration step size.
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SUBROUTINE: TCUT (continued)

INPUT AND OUTPUT:

NAMED

i/o cO_ON

AUT_

I

I

I

¢

¢

¢

SYMBOLIC

NAME OR

LOCATION
FROGRAM

DIMENSION

1

4

1

1

HRK

BURNID VD

TINPUT MMASS

TINPUT MSFL

VEH RD

INDS KRECT

MISC IST@P

12

1

1

MATH

SYMBOL

T

AV

Wm

W

DATA

DIMENSIONS

OR UNITS

hrs

er/hr

ibs

lbs/hr

er/hr

DEFINITIONS

Integration step size

runge-kutta.

Velocity difference.

Minimummass during thrust.

Mass flow rate•

Double precision velocity vector
of the vehicle.

Rectification code•

= -i, thrust time error.
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RETURN

J ENTER 1TC U T

ONOFF = 1.

THP = 0

SVS N = 0.

KTB = 0

ITTR-T S TA R1) ..0

TURN ON

THRUST ENGINE

s_ =
x-_= RO

xD_ = RDO
I THRST = I

_: lv_:_URNV_I

I _u_,co,,I
1

J MODE = I MODE JI MODE = 1

1
(DELTAT VSIN)

_ ISTFG = 0 J

I

J CALLSUMR_,_J

C RETURN )

1

_<

>

-< ,,

r

+

J TEMP = |__

(MASS-MMASSl/MSFLI--

J ONOFF = 1. JI START = 1

J

J TG_ =-1

I

HRK = TCINT J

I THRST = I IUNN = 0.

dl

I >
J TCINT = | --_ /

,48828125X 10-3 rl-_._ T-°_

I

MASS = I MASSI'mI'_

i

=

IUN }._EXPkl -VD(41-_l

IUDOT = (UN-UNN)/HRK

TEMP ="-UN/U DO T I

HRK TEMP
TGO 34.5

>

u.I

- SSG(I) = ACCE L($) -ACCE L(7) TACCE L(13) +ACCE L(19_

J CALL DERtV SSG(2) = ACCEL(21-ACCEL(8),_,CCEL_14)-_,:CCEL(20 )

I V ISSG(3) = ACCEL(3)-ACCEL(9)-,_CCEL{I_',ACCEL_21)

J

I TE,_

TT

J CALL NAVIER J(DELTAT, VSIN)

CALL RKINT l

_I

Iui ii i
I C_LLV"_.)1

J ONO. o. !

,= I
.T

SVSN S NX_,_

t
J _i_ 'I"X-PROD I

CHANGED SIO_N" J

't

l SNX = lSIGN(XPROD(1))

I(RO,VD, X_Ol_

I THRST = -1

KRECT = 4

I MODE = MODE

ONOFF =

I(0EL,A s,-,I

CRETUR")

RETURN

I
DO I = I,K |

CALL RKINT I

HRK = TEMP/RCRK

K = RCRK

0

+

WR,TEL__'STO_::-,L._ )
"THRUST TIME ERROR"l - [ NTPR =0 I _ RETURN

RETURN )

Z/+8



SUBROUTINE :

PURPOSE:

CALLING SEQUENCE :

NAME COMMON USED:

SUBROUTINES REQUIRED:

FUNCTIONS REQUIRED:

APPROXIMATE STORAGE :

THRUSI

To compute the components of acceleration due to

the thrusting of the spacecraft and using the

MIT guidance equations.

CALL THRUSI

DINTGR

VEHICL

BURNID

PERTS

NAVERR

TINPUT

AINPUT

C_NST
INDS

VCMSC

SQRT, C_S

301
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SUBROUTINE: THRUSI

INPUTANDOUTPUT:

NAMED
i/o COMMON

I NAVERR

I

I

i I

I

¢

¢

SYMBOLIC

_NAME OR

LOCATION

ISTFG

AINPUT RSN

AINPUT VSN

VEHICL R@

VEHICL RD_

C_NST

TINPUT

TINPUT

TINPUT

TINPUT

BURNID

BURNID

RADIAN

TTR

IMASS

THRM

MSFL

VRDES

VD

PROGRAM

DIMENSION

1

4

3

12

12

3

4

MATH

SYMBOL

%

%

r

TT

W

W

%

m

Av

DATA

DIMENSIONS

0RUNITS

er

er/hr

er

er/hr

rad/deg

hrs

lbs

lbs

ib s/hr

er/hr

er/hr

DEFINITIONS

= i, navigation equations are to
be used.

Position vector for navigation
equations.

Velocity vector for navigation
equations.

Single precision position vector
of the vehicl at time T.

Single precision velocity vector
of the vehicle at time T.

Conversion factor:

57.29577951

Time to initiate thrust.

Input mass of the vehicle.

Thrust magnitude.

Mass flow rate.

Required velocity.

Velocity to be gained.

150



SUBROUTINE: THRUS1 (continued)

INPUT AND OUTPUT:

Ilo

¢

NAMED

COMMON

BURNID

BURNID

BURNID

PERTS

I C_NST

I DINTGR

I INDS

I AINPUT

I AINPUT

I AINPUT

I AINPUT

SYMBOLIC

NAME OR

LOCATION

MASS

ATM

AVRDES

AT

EMU

T

XMU

PDES

EDES

SQS

CINC

PROGRAM

DIMENSION

1

1

1

6

1

1

1

1

1

1

1

MATH

SYMBOL

W

IAL

DATA

DIMENSIONS

0RUNITS

lbs

er/hr 2

er/hr

er/hr 2

er3/hr 2

hrs

er3/hr 2

er

deg

DEFINITIONS

Current mass of the vehicle.

Acceleration magnitude.

Magnitude of VRDES.

Acceleration components due to
thrusting.

Gravitational parameter of the
earth. 19.909&165

Current time double precision.

Gravitational parameter of the

central body.

Semi-latus rectum post abort

trajectory.

Eccentricity post abort

trajectory.

Indicator for the sign of the

radial velocity component at the
abort,

Inclination of the post abort

trajectory.

151



ENTER ITH RUS I
:.__=_N (i)/ = RO (I)

VSN(1) RDO(1)

J WHERE I = 1,3

H

AUKXI = V/UKXI(1)2 + UKXI(2)2t UKXI(3)2" H

1
!uKx, , =uKx' ' 'AUKX'J-'wH  E,=3

/

VD(4) = #VD(1) 2+ VD(2) 2 + VD(3) 2

i
COMPUTE MAGNITUDE OF

THRUST VECTOR

MASS = I MASS -(MSFL(T-TTR))

ATM = (TH RM/MASS)EMU

RSN(4) = RO(4) F "_

CALL CROSS

(UKV(1), UIR(1), UKXI(1)

UKV(1) : 0.
UKV(a : 0.
UKV(3) : i.

SMD2=SMD2 J_

OINC : CINC/RADIAN __ UIR(I) = RSN(1)/RSN(4)

ALPHA : COS (OINC) WHERE I : 1,3

SMD : UKV(1) UIR (1) + UKV(2)UIR(2)+UKV(3)UIR(3) J

ALPHA(UKV(1)-SMD UIR(1))

UIN(1) = I-SMD2

WHERE I = 1,3

+UKXI(I)
I-SMD2 - ALPHA 2

I-SMD2

SOLVE VELOCITY

GAIN EQUATION

VD(II = VRD.ES(1) - VSN(1)

WHERE I =- 1,3

VRDES = SQS UIR(I)

WHERE I = 1,3

PDES

-- CA LL CROSS

(UlN(1), UlR(1), XlNIR(1)

i

_XMUF'DES
+ Xl NIR(1)

RSN(4)

COMPUTE COMPONENTS OF

THRUST VECTOR

(v_l,,/AT(1) = ATM VD(4)

WHERE I = 1,3

AVRDES = VECMG(VRDES) RETURN )
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SUBROUTINE '

PURPOSE:

CALLING SEQUENCE:

NAME COMMON USED:

SUBROUTINES REQUIRED:

FUNCTIONS REQUIRED:

APPROXIMATE STORAGE:

WLSCN

To control the logic which will insure that the

abort trajectory impact point will be in a water

area. This is an option which will be exercised

only if the nominal impact is on land and the

proper inputs have been made to request a water

landing. The computed trajectory is the minimum
time solution for the time critical mode and is

the minimum fuel solution for the fuel critical
mode.

CALL WLSCN (LAT, L_NG)

AINPUT

C_NST

I UT
RV_N
INTGRK

INTGR

INPUT

ANALYT, ENCKE, INM_

None

;

_12
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SUBROUTINE: WLSCN

INPUTANDOUTPUT:

NAMED
z/o-C ON

I WLSC_N

I WLSC_N

I WISL_N

I WLSC_N

AINPUT

AINPUT

I C_NST

¢ I_UT

SYMBOLIC

NAME OR

LOCATION

IMAX

KMAX

WIT

WIN

INSFG

IWATFG

RADIAN

LAT

L_Na

PROGRAM

DIMENSION

6

1

(6,20)

(6,20)

1

1

1

1

1

85

MATH

SYMBOL

LAT

L_NG

LAT

L_NG

DATA

DIMENSIONS

OR UNITS

deg

deg

de_rad

deg

deg

DEFINITIONS

Maximum number of landing sites
per land mass.

Maximum number of land masses.

Latitudes of the landing sites

surrounding the land masses.

Longitudes of the landing sites
surrounding the land masses.

= i, the abort point is inside

the lunar sphere of action.

Landmass number = O if nominal

trajectory impacts on water.

Conversion factor:

57.29577951

Latitude of the nominal

trajectory.

Longitude of the nominal

trajectory.

Trajectory data necessary for the

integrated phase when inside the
soher@,
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I WATER LANDING SITE CONTROLSUBROUTINE

PRINT: OPTIMUM TRAJECTORY IMPACTS ON WATER

LAT LO N G

X.XXXXXXXX X.XXXXXXXX

IWATFG=0 _J _ >

"---_LONG=LONG+I80°__

J_-_J LONG : LONG - 360 J

1 IM=2

j

LNLL = LNL(1) +
i

LLL= LNL(3) 4

_<

< CIK, IL +

ONG:

(LNL (2) - LNL (1)
(LAT - LTL (1)

(LTL (2) - LTL (1)

(LNL (4) - LNL (3) (LAT - LTL (3)

(LTL (4) - LTL (3)

THE ANALYTIC CONTROL _ )NG:

SUBROUTINE I j L >

ENTER THE ENCKE SUBROUTINE TO INITIALIZE THE

J-_ NECESSARY PARAMETERS FOR A RESTART OF THE ABORT

J LONG = LONG- 180 1

>

PRINT: "OPTIMUM TRAJECTORY IMACTS ON LAND"

LAT LONG LAND MASS _

x /LAT = WLT (IWATFG, IL) / RADIAN J

LONG = WLN (IWATFG, IL) / RADIAN -PI

I----

( RETU"N I
I

L_LONG: LONG+360 J

LTL(IM+I)=WLT(IK, IL)

LTL(IM+2)=WLT (IK, IL+I)

LN L(IM+I)=WLN (IK, IL)

LN L(IM+2)=WLN(IK, IL+I)

>

[
i ENTER THE INSIDE THE

SPHERE ANALYIC COMPUTATION

SUBROUTINE
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. CONCLUSIONS AND RECOMMENDATIONS

The MIT based abort logic is seen to be efficient, compact and free from

indeterminacy. It is a powerful tool for analysis; however, if it is to

be considered as a candidate for real-time computation, it is recommended

that the program be given a more thorough evaluation. This evaluation

should be performed by persons more familiar with the requirements of a

real-time logic than were the developers of this simulation. Additionally,

it is felt that the simulation would benefit by being used and subsequently

critized by those working in areas which might use the program as an

analytical tool.

The major uncorrected flaw in the logic is a lack of flexibility in speci-

fyin_ the parameters for the post-abort trajectory. This is evidenced,

parti ularly, in those abort trajectories generated inside the moon's

spher_ of action.

While RW has enjoyed the direction and cooperation of MSC/MAB during the

perfo_._nce of this task, it is recommended that further development of

this program be suspended until MAB has had an opportunity to use the

simulaton in order to better define those areas in which the logic should

be exte ded and improved.
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APPENDIX

The following pages contain sample input for

the various modesof operation in the program.
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