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FOREWORD

ASTOP was originally developed in 1970 under Contract NAS5-11193 for
the NASA Gouddard Space Flight Center. The development work was sponsored
by Mr. Kenneth I. Duck. Principal contributors to the program, in addition to
this author, were Samuel Pines and Henry Wolf of Analytical Mechanics Assiciates,

Inc.

This documentation was prepared under Coniract NAS8~29945 for the NASA
George C. Marshall Space Flight Center under the direction of Mr. Reynolds

Duncan,

The contributions of all of these individuals are gratefully acknowledged.
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ABSTRACT

ASTOP, an Arbitrary Space Trajectory Optimization Program, is designed
to generate optimum low~thrust trajectories in an N-body field while satis{ying
selected hardware and opervational constraints. The approach consists of dividing
the trajectory into a number of segments or arcs over which the control is held
constant, This constant control over each arc is optimized using a parameter
optimization scheme based on gradient techniques. A modified Encke formulation
of the equations of motion is employed. The program provides a wide range of
constraint, end conditions, and performance index options. An equally important
feature is that the basic approach is conducive to future expansion of features such

as the incorporation of new constraints and the addition of new end conditions,
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I, INTRODUCTICN

Over the past several years there have been a limited number of attempts
to develop a low-thrust, N-body trajectory optimization program. Most, if not all,
of these have been calculus of variations programs which tasically differ from the
widely used two-body program formulaiions orly in the number of attracting bodies
included in the gravi.ational field simulation, That is to say, there has been little
or no concerted attempt to incorporate more realistic system and subsystem simula-
tions and/or hardware and operational constraints in the N-body formulations,
In fact, the step from two-body to N-body has been a formidable one and has not
as yet been successfully completed, The prob’-m appears to be due to the high
non-linearities existing in the proximity of a planet which cause extreme convergence
difficulties in the solution of the boundary value problem. And, of course, introducing
constraints and increasing the complexity of the models will only serve to magnify

this problem,

In ASTOP a different approach to the development of a low-thrust, N-bodv
trajectory optimization program is employed. The underlying principle is that the
trajectory is divided into a series of segments over which the control is held con-
stant, Thus, over each segment (or arc), the control is represenied as a vector
of parameters rather than a set of time-varying functions, Consequently, the
optimization problem is no longer one of the calculus of variations, but instead is
a parameter optimization problem for which a variety of gradient techniques have
been developed and successfully employed. An extremely important side benefit
of this approach {s that constraints may be added and models made more complex

without a great amount of re-programming,

The basic philosophy upon which ASTOP is built is that the performance
that may be achieved by fully optimizing a trajectory subject to specified constraints
is generally insensitive to the control variables in the vicinity of the optimum.,
Pursuing this thought, one might concede that a slowly varying control variable

might be replaced over a time arc by a constant value with only a small loss in




-

performance and, by choosirg a sufficiently smail time interval, even falirly large
control variable rates might be accomodated with small performance penalties.
The basic premise of ASTOP is that, for the low thrust interplanetary missions of
current interest, the number of constant control arcs which are renuired to yield a
performance near that of the variational optimum is quite small, possibly on the
order of five or six. When one further considers the complexity of the hardware
required to continually vary the thrust direction relative to the spacecraft, the
stinplicity of the approximate optimal constant control arcs becomes increasingly T

more interesting.

ASTOP is designed such that a complete mission trajectory is comprised of a
series of constant control arcs. The number of arcs and their durations are input.
The spacecraft orientation angles are the control parameters and, along with the arc
end times, certain propulsion system and spacecraft design parameters, and selected
initial conditions, are available for optimization, The spacecraft design assumes that
the solar arrays (if any) are fixed relative to the thrust vector; consequently, a speci- .
fied spacecraft orientation affects the performance in three ways: (1) the direction of , ~
the thrust vector; (2) the direction and magnitude of the solar pressure; and (3) the ‘
magnitude of the power generated due to the incidence angle of the sun's rays on the

solar arrays.

Operational constraints are provided through an option which permits one to
force the spacecraft orientation to follow a specified vector. This constraint may be
employed to satisfy a requirement that an antenna point toward the Earth or that a
sensor point toward a specified star or the sun, This feature is termed the Constrained
Mode. There are two primary hardware consiraints incorporated in the program, One
is represented by the fact that the orientation of the arrays is expressly related to
spacecraft orientation and, therefore, to thrust direction. This, of course, couples ‘
the effects of choice of thrust direction and the power generated as a function of array ,
planform area exposed to the sun, The second hardware constraint is the option of
imposing the condition that power input to a thruster be held constant even though the
power generated by the powerplant may be variable, This is accomplished by assuming




that individual thrusters are turned off as needed and that the fraction of a power unit

left over is simply radiated in the form of heat.

The program is designed such that thrusting is not permitted during the first
arc following deﬁarture of the launch parking orbit, Solar pressure forces are also
neglected during this arc; consequently, the spacecraft orientation has no effect on
the motion and no providions are made for orientation angle inputs on this first arc,

The duration of the arc is fnput and may be made as long or short as desired,

The program will presently accomodate a maximum of 13 arecs, including
the first in which no thrusi is permitted. The maximum number of independent para-
meters presently is 19 while the maximum number of dependent parameters is 30,
These limitations may be extended in the future by increasing the dimensions of

certain arrays,

ey T, 4




II, PROGRAM FORMULATION

Equations of Motion, The equations of motion of the spacecraft in the gravita-

tional field of n attracting bodies and subject to other perturbing accelerations such

as thrust and radiation pressure, are given by, *

& va
Rv='5: Be—g * A A @
i=1 rv(

where ﬁv is the total acceleration acting on the vehicle, K, is the gravitational

constant of the ith attracting body, R , is the posi..on of the vehicle relative to

vi
the ith body, rvl = 'Rvil’ and Ap and Asr represents the non-gravitational
perturbing acceleration due to thrust and solar pressure, respectively. These
equations are put into observable form by referring them to a reference body c.

The equations of motion of the reference body are:

n R
s ci
RC = - z “i 3 ’ (2)
l=1 rci

i#e

where rc = IRciI . Subtraction of Equation (2) from Equation (1) results in the

i
equations of motion of the vehicle with respect to the reference body c.

& va 2 va Rcl
ve ~ He 3 -z ML™3 ™ T3 :'+Ap+Asr ’ @)
r =1 r r
ve vi cl

t#e

with Toe ™ Ival . This permits uniform computation of the perturbations, re-
gardless of reference origin,

If Equation (3) is integrated directly by some numerical scheme, there results,
after a number of step-by-step integrations, an accumulation of error which leads to
fnaccurate results, To avold this loss in precision, it is convenient to write Equation
(3) in the form:

*In this section, upper case symbols commonly denote dimensiored veciors, lower
case symbols with an over bar denote unit vectors, and other lower case symbols
denote scalars,

§ PRECEDING PAGE BLANK NOT FI"¥"™




va=Rk+€.

The velocity and displacement vectors can be written as:

vc=Rk+€ i

Roe B ™ £

The reference body (the one in whose sphere of influence the vehicle travels) is
chosen so as to minimize the perturbat ~ns,

In this method R, is taken as:

k
R
'Y - K
Ry =-H¢ .3 @)
k
and
R R n R R
w ve _k7.V, _vi_ clJ
g‘"“c[ 3 3]‘L“t 3 3] TAT AL ©)
r r = r
ve k vi ci
i#c

Equations (4) constitute the equations of motion of the Kepler problem and are
solved by subroutine TBDP, The accelerations ‘£ are known as the Encke perturba-

tions and this formulation of the equations of motion {8 termed as Encke formulation,

The terms appearing on the right hand side of Equation (5) involve numerous

R

terms of the form -% - -32 where R and Ro may differ only by small amounts.
r r
o

A computation scheme, which avolds loss of precision due to the subtraction
of nearly equal terms and which also is correct when va is not small, is emploved,
Defining the variable u as:

2 1
u= <5 (Ro+2AR)~ AR ,
o
where AR=R -Ro, then the difference terms on the right hand side of (5) may be
evaluated

- Oamnd [
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The method presented ylelds accurate trajectories using relatively little
computer time, All significant solar system bodies may be included without undue
complications, Since the perturbations only are integrated, the allowable integration
interval i fairly large over niost of the path, Even in the vi.inity of Earth or another
planet a relatively large interval (compared to other schemes) may be used without
limiting the stability and accuracy of the solutions. The perturbations are kept small
in two ways, First, the two-body orbit is rectified whenever the perturbations exceed
a specified maximum value compared to the corresponding unperturbed values. This
limits error build-up with respect to particular reference body, Second, the reference
body of the two-body problem is changed from Earth, to sun, to planet accordingly, as
that reference body would contribute the largest perturbing force otherwise, This
method is referred to as a moditied Encke formulation and will handle circular orbits
and zero Inclination, which are normally singular regions for the standare e
formulation, The problem is defined in terms of p2iameters which havc - physical
significance (namely, the position and velocity vectors) which are direel  -ciatable to

measurable quantities.

The acceleration due to the thrust of the propulsion system may be written

for any propulsion system, Here T represen:s the thrust vector and m is the mass
of the spacecraft, For an electric propulsion system, the power output {s limited and
it is convenient to write the thrust acceleration in terms of parameters more directly
related to the propulsion system design. Onec such parameter is the refercnce power,
P that is generated by the power source., This is related to the thrust magnitude
through the equation




2p. M
f= ITI = ""5_ ’
where 7 is the propulsion system efficiency factor and c 1is the jet exhaust speed.
The characteristics of the propulsion system parameters will be discussed subse-

quently.

Considering the total number of photons impinging on the spacecraft in unit
time, let us assume that a ratio ¢ (0 = c. <1) is absorbed by the spacecraft, and
that the remainder {s reflected with a reflection angle equal to the angle of incidence,
Then, we may write the resultant spacecraft acceleration due to solar radiation
pressure, assuming that the spacecraft may be approximated as a flat plate of area
a;

ksa - -.r Lo
Asr B _n;-é Ier. n| 2@ -ca)(er‘ n) n+caer] ’
where ér is a unit vector along the heliocentric position vector, r is the solar
distance, n is a unit vector normal to the assumed flat p’ate representing the
spacecraft, and l-:s is a solar constant representing the solar radiation pressure
on a flat plate normal to the sun line at unit distance from the sun, assuming all

photons are absorbed,

Propulsion System Cha.:: teristics. It is essential that the program be capable

of simulating the characteristics of cither nuclear or solar electric propulsion
systems, The mathematical descriptions of the two types of propulsion systems
differ primarily in the representation of Py the power generated. For a nuclear
electric system, P is generally agsumed to be constant over a trajectory, while
for a solar electric system, P, will vary with the polar distance and with the
angle of incidence of the sun's rays to the solar panels, Let P, represent the l
power tha! can be generated by the solar panels at unit distance from the sun if

the panels are normal to the sun line, and let ¥ denote the ratio of power available
at any specific solar distance and incidence angle to that available at unit distance

with normal incidence, Furthermore, let n be the unit vecior normal to the panels

o ————
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with a direction such that the solar cells are facing the sun providing Er *n>0,

Then we may write, for the nower available to the propulsion system, pa
P, =P, 7~ P,
where px represents a constant increment of power that may be agsigned for

purposes other than primary propulsion, such as housekeeping. Unless otherwise

specified, it will be assumed that pr = pa. The assumed form of ¥ is

4
vy=d ? aidi/é.
i=0

where d is the density of photons incident on a unit area of the arrays and is de-

fined _ 9
d=(, - 0)/r",

and n is related to n as follows:

nif e *n>0

ﬁ’:{h -r
if e *n<0 °
r

(=1}

The coefficients a,, i =0, 1, --~, 4, are input constants. Nuclear electric pro-

ii
pulsion is simulated by setting

7=1.

For either type of propulsion system, the jct exhaust speed is assumed constant
over the trajectory, The efficiency factor is taken to be a function of the jet exhaust

speed ¢ of the form,

where b and d are specified constants, (Note that d is distinct from the photon
density defined above), The mass flow of the propulsion system is
f

ms===,

c
It should be noted that the acceleration due to radliation pressure will generally be
a factor of interest only for solar-electric systems. For such systems, the

assumption that the spacecraft is a flat plate in the computation of the solar pressure
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is appropriate since the solar panels comprise the major portion of the spacecraft
area exposed to the sun. The area a of the solar panels, which appears in the equa- i
tion for solar pressure, is related to the power capacity of the panels through the
equation -

a= kp pO + Aa * |

wherc kp is a specified quantity representing the area of solar cells required to

generate a unit of power at unit distance from the sun, and Aa is a specified constant, ‘

Depending upon the particular propulsion system hardware involved, it may
be desirable to force the power input to a thruster to be constant, Since, for a solar ‘
electric system, the power generated will not be a constant, it will be necessary to
modulate the total power fed to the thrusters and to control the number of thrusters
in use at each instant in time. To this end, define a power increment Ap which
represents the desired power level of each individual thruster. Then for a given i
power available to the propulsion system, P the number of thrusters that may be »
in operation is
t=mod (b, 8p),
where mod (a,b) is the largest integer that is less than or equal to the quotient 4
a/b. This means that a portion of the power available, p @ given by
Py =P, -1 4p
must be discarded. The actual power used by the propulsion system is

P, = 4 Ap.

Spacecraft Design Considerations. For reliability reasons, it is desirable

to fix the orientation of the solar panels of an electrically propelled spacecraft rela- ‘
tive to the central portion of the spacecraft, Consequently, the normal vector, ﬁ, ’ j ‘
that appears in both the propulsion and the solar pressure terms of the equations of ‘
motion must be expressed in a body-fixed coordinate system, For this purpose,
introduce the Cartesian frame OIJK which is fixed in the spacecraft, Relative to
this system n would be written

n=cos & cos BI + cosa sin BJ + sinaK ,
where the angles @ and A would be design parameters that are specified and held

constant throughout the trajectory,

10
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It is also useful to define an additional arbitrary unit vector, say s, that is
fixed in the OIJK system, i.e.,

~

|
6——4——-—#-' J
So |

N

s =cos 0 cos €1 + cos Osin €J +5in 0K .

The angles 0 and € are also specified design parameters that are held constant
throughout the trajectory, The purpose of this vector will be discussed subsequently

in the section pertaining to flight mode options.

The thrust direction, defined by the unit vector
& =T/ iT|,
is assumed fixed in the OIJK coordinate system and directed through the center of

gravity, We will, without loss of generality, assume that
ep = I

Flight Mode Options, It is desired to provide 1. : capability of generating

approximate optimum trajectories for a given mission for a variety of flight modes.
For all flight modes, the trajectory is divided into a series of arcs. Over each arc
the control parameters are held constant, and we seek the optimum control para-
meters of each arc. In general, the available control parameters will include certain
fnitial conditions, propulsion system parameters, engine on and off times, and the
thrust angles. Two basic flight modes are provided. The first is termed the uncon~
strained mode for which complete freedom is permitted in selecting the optimum
spacecraft orientation for a given arc, he second mode is termed the constrained

mode because the body~fixed unit vector, s, discussed previously, is required to




continuously lie within a cone of specified half-angle about a known vector. The
orientation of s within the cone is arbitrary as is the roll orientation of the space-

craft about s.

A. Unconstrain’ d Mode. Let XYZ represent the inertial frame of reference
in which the trajectory computations (heliocentric) are made. We define the orienta-
tion of the spacecraft in terms of the IJK axes, relative to the inertial frame through
the angles &, v, {. Let £ denote the nodal angle which is a rotation about the Z
axis to the node of the 1-J and X-Y planes; ¥ denotes a rotation about the nodal
line and is the inclination of the I-J plane relative to the X-Y plane; { denotes a
rotation in the I-J plane from the node to the I-axis. The transformation from the
XYZ to the IJK system is

(clck-s8sécv) (clsé+slcécv) (slsv)
A, v,8)= | (-slct-clsécv) (-slsé+clcécy) (clsv)
(s€sv) (~c ésv) (cv)

where s and ¢ denote sine and cosine, respectively. Since the transformation is
orthogonal, the inverse of A(£, v, {) is equal to its transpose, facilitating the
transformation from the IJK to the XYZ system. Thus, the vectors n and ET
in the inertial coordinate system, which ave reavred for the equations of motion,

are
cos acos B

n=A(, v, C)T cos asin 8

sinqa

1
6. =AE, v, DT [g]

where the superscript T denotes transpose. The choice of the three angles at the
start of each arc 18 completely unconstrained; however, once the cholce is made,

the angles are held constant throughout the arc.
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B. Constrained Modz, A problem of particular interest is that of optimizing
the motion of the spacecrafi subject to the constraint that the antenna, which is fixed
relative to the spacecraft, be continuously pointing in the general direction of the
Earth. Other constrained problems of interest include thrusting at a fixed angle to
the sun line and thrusting along the velocity vector, All of thesec problems may be

considered within the framework of the following general formulation.

Conslder the body-fixed unit vector s, given by
s=cos 8 cos €I+cos 6 sin € J+sin 6K ,

where, as stated previously, 6 and € are specified angles representing spacecraft
design factors. s is an arbitrary vector that may be used for different purposes in
different problems, As an example, it may represent the antenna pointing direction,
In the most general constrained case, we require that the spacecraft be continuously
oriented such that s lies within a cone of specified half angle about a known unit
vector }-{(t). This latter vector is determined internally in the program according

to an input option flag, The input options permit defining 1_{(t) as the direction

from the spacecraft to any planet, the sun, or a star, or as the direction of the helio-
centric velocity vector. The position of s in the cone about J-E(t), which requires
two angles for specification, may be specified or optimized, Also the orientation of

the pacecraft about s is available as a parameter for optimization.

To determine the inertial components of certain body~fixed vectors, e.g.,
ET and n, it is necessary to define a series of rigid body rotations and the trans-
formations associated with each, To this end, consider two arbitrary unit vectors
a and © aud suppose a is rotated about b through an angle @ to a position c.

In general, c¢ is given by

where A(b, @) is a transformation matrix of the form

A(b, ®)=Ucosa+B(l ~cosa)+Csina,

13



Ststen ot

with U being the 3x3 identity matrix, 5
"blb1 b1b2 b1b3
B= b2b1 bzb2 b2b3 |
b b b3b2 b3b3

- 31
and ) .
0 -b:3 bz ’ ‘
C= b3 0 -b “j‘a
_b2 b1 0 ;

where bl’ bz, b 3 are the components of b. In vector notation, this general trans- f
formation may be written
¢ =cosoa+ 4 -cosa)(z;- 5)5+sina(5x§)
At any instant in time, the spacecraft orientation in inertial space may be
defined through the following sequence of rotations. TFirst, consider the body axis
system IJK aligned with the inertial frame such that the components of s are iden-
tical in the body and the inertial coordinate systems. Then rotate the IJK system

through an angle o such that s is aligned with §(t). The angle © is given by
«l - =

O=cos (8 *X) 0=so=1m)
and the rotation is about a unit vector m which is normal to both s and X , l.e.,

m = (s x x)/sino.
The transformation for this rotation is, of course, A(m, 0) for which the general
form is given above. We now seek two rotations which together miquely define the
location of s within the cone about x, For reasons which will become clear subse-~

quently, we choose first a rotation about x through an arbitrary angle ¢ followed ‘ .

by a rotation about a vector rormal to x through an angle . The particular normal .

—;J
W’”‘ R -

vector about which this latter rotation takes place is entirely arbitrary and we pick, .
for convenience, one which is easily attainable and which is known to be normal to
x without checking. This vector is the one which m would occupy after rotating

through the angle @ about X, Denote this vector q, then

q=A(x, ¢) m,

— ey R bed
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and the transformation matrix for the third rotation is A( 5, ¥). This particular
choice for the second and third rotations was made because it results in a single
control parameter, namely ¢, through which the constraint that 8 lle within a
specified cone about x may be imposed. Letting wmax represent the specified

hali--.one angle, then the constraint is satisfied simply by forcing

R .

max

If the value of Y to be used at a particular time satisfies the inequality constraint,
then the solution proceeds as if there were no constraint. If, however, the inequality
constraint would be violated, then y is set equal to "bmax' Denoting as . the

I
vector s in the inertial system, we then have

§I=A<c]. ¥) x.

The final rotation required is one about §I through an angle 6, for which the
transformation matrix is A(EI, 8). The angle 6 defines the roll orientation of
the spacecraft ahout the vector s (or 51), and is an independent parameter for

optimization,

The application of the above-defined transformations permits one to obtain
the inertial components of any unit vector, say p, that is fixed in the IJK system

and has the known components p_, P, p3. Denoting the inertial components of p

1
as p., p. D, then
I1 12, 13
- — ~ ﬂ
p P
I1 ) i ) i 1
p =A(s,, 0) A(q, ¥) A(x, ¢) A(m, 0) P
12 I 2
P Py
e 34 o -
Of course, this transformation is valid for both 5 =n and for p= ;T .

Two special cases of the above formulation for the constrained mode warrant

mention, The first is that by setting wmax equal to a large number, one may

15
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effectively run unconstrained trajectories with the same control parameters used in
the constrained mode. The second is that 8 may be forced to coincide with x

»xactly by requiring that

b=¢ =0,

max

However, if this is done, then ¢ and 6 are not independent parameters and it is
convenient to set ¢ =0, If this is done, then both A(:_t, @) and A(c'i, Y) degenerate
to the identity matrix, and 6@ is the only spacecraft orientation angle remaining to be

optimized,

The anglee ¢, ¥, and O are held constant over each arc of the trajectory,
although they are permitted to vary from arc to arc. Also the input angle ¢max
is held constant over each arc, but is permitted to change at the start of each
arc. This allows the study of cases in which s is either little or not at all constrained

over some arcs and very tightly consirained over other arcs.

Optimization Parameters. At the user's option, the following parameters

-

are available for optimization,
Initial Conditions

i, &, w - inclination, longitude of ascending node, and
argument of perigee of the launch parking orbit,

X , yp , zp - initial planetocentric position components, and

Po Po Py
X_,¥._ ,z -initial planetocentric velocity components; or
Py Py Py
t0 ~time at departure of parking orbit, and
vp - speed at departure of parking orbit
o

Propulsion system parameters

P, - reference power
c -  jet exhaust speed
16
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Spacecraft design parameters
o, B - direction angles of solar array normal vector

6, ¢ - direction angles of constraint vector (e.g., antenna
pointing vector)

Arc end times

tl' t2,

.- tn - times at which arcs terminate

Thrust angles (independent set for each arc)
Unconstr.ined mode

£, v, ¢

Constrained mode

¢, b, 6

Initial Conditions. The initial position and velocity of the spacecraft at de-

parture of the launch parl:ing orbit are direct inputs, These inputs are in the form
of the geocentric ecliptic Cartesian coordinates of the position and velocity xpo,
y X .Y z.po' The time of launch from the parking orbit is the input

po’ zpo' po’ “ po
launch date t L Once the initial position, velocity, and time are defined, the motion

of the spacecraft is integrated forward along a coasting arc in the n-body force field

(no solar radiation pressure) to an input time t_, which represents the time at which

1’
the electric propulsion system is turned on and solar radiation pressure is included

in the perturbations. Typlically, tl

of the time interval between the high-thrust phase and the starting of the low-thrust

will be several hours past to' The introduction

phase serves two purposes, First, it includes in the simulation a phase that will be
necessary in a mission to erect solar arrays and/or make other preparations, and
check out systems before commencing the interplanetary phase of the mission,
Secondly, the time interval permits the vehicle to recede from the proximity of a
planet which, inherently, is a region of high non-linearities and which frequently

cause considerable difficulty in the trajectory and mission analysis,

17




Two options are available for optimizing the point of departure from the
parking orbit, In one ouption, the spacecraft s assumed to have a prescribed
ephemeris in the given orbit such that the variation of the launch time resulis in
the variatlon of the point of departure as defined by two-body motion in the parking
orbit, In this option the independent parameters are the speed at departure vpo
and the initial time to. Partial derivatives of the state with respect to these para-
meters are obtained analytically rather than by finite differences over the first arc,

These partials are obtained:

3R 3R s
P =0 Py - Po
oV ! oV v
P, P, P,
3R \4 3R
N N S
ot - v '’ 3t 3
0 R | p IR [° Po
P, o P,

- a
Bmo o8y . (vlD / o) amo_.
= - — o i =— =0,
ov a ot
P, 2 o

where Rp . fip are the planstocentric position and velocity at departure of the
o o
launch parking orbit, The partials at the end of the first (two-body) arc are then
immediately obtained by multiplying these partials by the state transition matrix
for that arc. The partials of the initial mass m  are obtained by differentiating
the equation
-vp /a2

m =a.e [o] -8
o 1 3

9 and 8, are input constants describing the performance capability

of a specific launch vehicle. The second option permits variations in inftial posi-

where al, a

tion and velocity through variations in the circular launch parking orbit orientation

. \ ,
S —
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and the speed of deperture. As in the previous opticn, the departure point is
assumed to coincide with the periapse of the departure hyperbola, From the in-

put planetocentric position and velocity vectors Rp R I-:(p ,
o o

compute the angular

momentum

and define ,
h=n/|H|; 4=(kxh)/sint,

where k is a unit vector along the North Pole and i is the inclination of the
parking orbit relative to the equator, The unit vector L les along the ascending
node of the parking orbit on the equator. The inclination is obtained from the
equation

cosl=ﬁ-k.

Letting the independent parameters for this option be the inclination i, the longitude

of node £}, the argument of perigee w, and the departure speed vp , the desired

partials are written °
03X _ -
3L XX,
0X =
30 kxX,
3X _ -
aw =h x X »
om Am om
o _ o _ ° .o
ot i dw !
where X denotes either R or R remalin

. The partials with respect to v
Po o Po
the same as for the first option above. Agalin, the partials at the end of the first

arc are obtained by rultiplying the above by the state transition matrix.
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Trajectory Integration., A trajectory is generated by numerically integrating !

the second order differential equations for the Encke perturbations £ and the first
order equation for the mass flow rate m . The program is designed such that any
perturbation trajectories required by the differential corrections scheme for the
evaluation of partial derivatives are integrated simultaneously with the nominal tra-
jectory, Consequently, at any one time, the program may be intcgrating either a
single trial trajectory or a total of (p+1) trajectories where p is the number of
perturbation trajectories. The number p may differ from arc to arc as explained
in the description of subroutine GENMA. |

The two-body trajectory that serves as the reference for the Encke perturba-

tion is evaluated in subroutine TBDP, The same two-body reference trajectory is

employed for the nominal and all assocliated perturbation trajectories, thereby saving
considerable computational effort, The criteria for rectification of the reference tra-

)} . jectory is applied only to the nominal trajectory, however.

A sixth-order, backward-difference integrator is employed in the program,
The difference table is constructed using a fourth-order Runge-Kutta integrator
with a step size equal to one-fourth the standard interval, After completing six steps
with the Runge-Kutta, integration commences with the backward-difference formulas
for 18 additional steps at the reduced interval, After every fourth of the total 24
steps, the results are stored in a separate table such that, after the 24th step, a
! difference table is available for continuation of the integration with the backward-

difference formulas at the full step size.

The independent variable of integration used in ASTOP is the universal

variable, B. This variable is related to the change in eccentric along the two-

body reference trajectory, as follows:

B=va_ (E-E),

[
A o 5T

where ak is the semi-major axis, E (s the eccentric anomaly and the subscript .
o refers to an arbitrary ep.ch, such as a rectification point, Through differentia-
tion, it is seen that
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B=valn,,

where M {s the gravitational constant of the reference body and Iy is the
magnitude of the position vector on the two-body reference trajectory. Conse-
quently, denoting derivatives with vespect to B with the prime, the first and

second order derivatives of any variable x with respect to 8 may be written
x'=x/8,
G ® 2 .
"e 1 .
x"=x/B"+x'®, Rk)/rkﬁ ,

where Rk and Rk are the position and velocity vectors, respectively, on the

TSR

referenc.: two-hody trajectory.

It should be noted that, in the discussions throughout this document, the
terminology '"trial trajectory' and '""nominal trajectory' are generally synonymous ij
when referring to the storage of trajectory data In various arrays, Trial trajectory
implies that no perturbation trajectorics are currently being evaluated, Trial tra-
jectory data are stored in the storage locations reserved for nominal trajectories H

when both nominal and perturbation trajectories are generated.

As a final point, it will be noted in various subroutine descriptions that
various arrays will be referred to as position vectors or velocity vectors but are
actually dimensioned six, The reason for this is that ASTOP frequently requires
the magnitude or the square or cube of the magnitude of a vector, To avoid re-
computing these quantities, these magnitude related variables are selectively com-
pu.ed and stored in a consistent format for subsequent use, The format ol a typical

six vector R with components x, y, z and magnitude r is

3 2
R=[x,yz r,r, "],
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Partial Derivative Mairix, The partial derivatives of the performance index

and the end conditions with respect to the independent parameters of the p roblem
are required for the parameter optimization and for the solution of the boundary value
problem. For the most part, these partials arc generated through the use of a
differential corrections technique involving the simultanecous generation of the
nominal trajectory and several perturbation trajectories, As a means of reducing
the number ot perturbation trajectories rcquired, each arc is considered separately,
Perturbation trajectories are integr.ated over an arc only for the perturbations
actually in cffect over the arc. The perturbations include those imposed through

the choice of independent parameters (only those applicable over the arc) plus all
state variables, At the end of each arc, the partials of the final state with respect
to all perturbations (including the initial state) are forin.ed. On fibscquent arcs,

the partials with respect to independent parameters that were applizable on pre-
ceding arcs are propagated by successively applying the state transition matrix

for each successive arc to the partials matrix of the preceding arc. A detailed

description of this process is given in the discussicn of subroutine GENMA,

After the matrix for the final arc is generated as above, the end conditions
are formed along with their partials with respect to the final stalte, Thus, the de-
sixjed partial derivative matrix required by the iterator is formed by multiplying
the matrix of partials of the end conditions by the matrix of partials cf the final
state, The appropriate equations are given in the description of subroutipn FNMAT.

Parameter Optimization and the Boundary Value Problem. A generalized

itexrotor, subroutine MINMX3, is employed to solve the boundary value problem

[——

and to perform direct parameter optimization, This routine has two basic modes,
known as the ""select! and the '"'optimize' modes., In the select mode, the iter~tor
attempts only to satisfy the specified end conditions. In the optimize mode, an
attempt is made to improve the performance index while maintaining satisfaction
of the end conditions, The transition from select to optir.ize mode is automatic,

If no perforr .ace index is specified, the iteration is terminated upon successful

22
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completion of the select mode; i,e., the optimize mode is never entered. Typlcally
the iterator displays quadratic convergence properties in the select mode, but rather
slow convergence rate when nearing the solution in the optimize mode. Details of

the algorithm are presented in the discussion of subroutine MINMX3,

Planetary Ephemerides. Planetary position and velocity data are obtained

as a function of date with the use of an analytic ephemeris routine, Planetary orbital
elements are stored as quadratic functions of Julian 'date. The stored coefficients
for eccentr.city, inclination, longitude of ascending node and laiitude of perihelion
are referenced to an epoch of January 0.5, 1900, while the coefficients for mean
Ir.gitude are referenced to an epoch of January 0.5, 1965, The position and velecity
vectors are computed in ecliptic Cartesian coordinates in an Equinox of date frame,
The computations are performed in subroutine EPH, and the equations and approach

used are described in the discussion of that routine.

Rather than compute the planetary ephemerides by calling EPH each time
they are required, a table of planetary positions and velocities is computed once
each case at equal intervals in time, and interpolation is used for all subsequent
evaluations. This table provides for up to 250 locations for each Cartesian com-
ponent of each vector, The time interval between tabular entries is determined
internally, being a multiple of four days and depending upon the anticipated mission
duration, That is, for mnission durations less than 1000 days, the interval is four
days; for missions of 1000-2000 days, the interval is eight days; etc. The table
is constructed in subroutine EPHEM; the interpolation is performed in subroutine
INT.
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11, PROGRAM INPUTS

Namelist Input Feature. Inputs to ASTOP are given through the namelist

feature of the IBM Fortran IV programming language, The input namelist is
named MINPUT, and every input required or used in the program is declared by
the name in the list. The general form for assigning an input value to a quantity is,

simply
NAME = VALUE

where NAME is the name assigned to the variable and is included in the namelist,
and VALUE is a numerical or logical quantity consistent in form (i.e., logical,
interger, or real) with NAME. All MINPUT names commencing with the letters
I-N represent integers, whereas all names commencing with the letters A-H or
O-Z are double precision floating poini numbcrs, All input data sets must begin

with the characters
&MINPUT

commencing in card column 2 and followed by at least one blank, The data set

must end with the characters
&END

préceded by at least one blank, Card column 1 is ignored on all input cards.
Multiple data assignments on a single card is permissible if separated by commas.
A comma following the last VALUE on a card is optional, The order of the input
data assignments is arbitrary; i.e., they need not be in the same order as listed
in the namelist, In fact, there is no requirement that any specific input parameter
be represented in the input data set, If no value is included in the inputs for a
particular parameter, the default value is used. A complete list of non~zero de-
fault values of input variables is given later in this section. For other details re-
garding the namelist feature, the reader is referred to the IBM System/360
Fortran IV Language Manual,

PRECEDING PAGFE BLLANK NOT FII.MED
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After reading inputs, the routine MODIF is called and can be used for
modifying variables not available as program inputs simply by recompiling the

subroutine.

Input Variable Descriptions

Variable Definition
ALPHA o - angle, in degrees, between n and
its projection in the body fixed I-J
plane.

ALl al, 2y a3 - coefficients representing the

AL2 performance of a particular launch

ALS vehicle and used in evaluating tiie

initial spacecraft inass as a function
of the departure speed. 8y and ag
are in kilograms; a, is in meters
per second,

AO Array of up to ten coefficients a; used in
the polynomial for the power variation Yy
with solar distance. Not used if constant
power option is in effect (NOPT (66)=1).

APS a - gpecific propulsion system and power-

plant mass in kilograms per watt,

ARCDTA(Q,I) t, - time at end of ith arc in hours from

the input Julian date,

ARCDTA(2,]) T‘ ~ trigger with possible settings of +1.

A positive setting indicates that the
ith arc will be a thrusting arc, whereas
a negative value indicates a coasting arc.

ARCDTA@3, I) £, v, L, or 6, ¥, ¢ - the appropriate set

ARCDTA@4,1)

ARCDTA (5. 1 of three spacecraft orientation angles

(5, 1) in degrees, for the ith arc,

ARCDTA(@, 1) ¥ - maximum permissible value of the

mMaX angle ¥, in degrees for the itharc,

Used only if operating in the constrained
flight mode,

B b
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ARCDTA(7,])

BL

p. - incremeni of vower, in watts, generated
by the po.ver source but not available
for primary propulsion, for the ith are,

For the first arc, only tl is needec ¢« " used.

A triply dimensioned array (8, 3,12, of program
integration intervals as a functiou of radial
distance from the current reference body,
There can be up to 7 integration in‘ervals

as specified by the 8 radial points,

Define the array as ARRAY (J, K, L), then

L=1, 12 - corresponding planet reference,

as follows:
1 - Earth 7 - Saturn
2 - not used 8 - Uranus
3 -sun 9 - Neptune
4 - Venus 10 - Pluto
5 - Mars 11 - not used
6 - Jupiter 12 - not used

K=1 - radial value, in Earth radii when
referring to Earth reference; in

AU otherwise,.
1
=2 - integration interval, in (Earth radii)?

when referring to Earth reference;
in (AU)? otherwise,

=3 - not used,
J=1, 8 —up to 8 radii or 7 intervals,

The integration interval ARRAY (J, 2, L)
applies between the two radial distances
defined by ARRAY (J, 1, L) and ARRAY
J+1, 1, L). The distances must be input
monotonically increasing with J,

b - dimensionlegs coefficient used in the

expression for electric propulsion
system efficlency.’
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BTA

BX

B-angle, in degrees, between the pro-
jection of n in the body fixed I-J
plane and the I (thrust) axis,

Array dimensioned (4,100), containing the independent para-

meter information,

BX(1,J)

BX(2,dJ)

BX(@3,J)

BX#4,J)

Trigger indicating whether Jth parameter
is to be an independent parameter in
boundary value problem,

BX,J) =0,
= 1.

Not an indererdent parameter,
Used as independent parameter,

Perturbation increment used to compute
partial derivativer, Used only if trigger
is on, Units are same ag that of the
parameter,

Maximum change to Jth parameter per-
mitted in a single iteration, Should be a
positive quantity. Used only if trigger is
on, Units are same as that of the parameter,

Weighting factor. Should be a positive quantity.
A guideline for selecting these weights is

to estimate the uncertainty in how well you
think you know a given independent variable.
Then set the weighting factor equal to the
inverse square of the uncertainty, where the
uncertainty is expressed in the same units
as the input units of the variable. The
smaller the value of the weighting factor,
the more the importance given to the
associated variable by the iterator,

The initial values for all independent parameters are input
separately as described below, The specific independent

28
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i J=1
|
‘ =2=5
| \
=6
= 7.9
=10-12
[ -
|
L1
[
r

. } parameters associated with the various values of J in the
' BX array are as follows:

t0 ~ time of departure from Earth parking
orbit in hours from the input Julian
launch date (XJLD). The input value
is assumed to be zero, Since analytic
partials with respect to to are employed,
BX(2,1), the increment, is ignored.

delta increments in the parameters argu-~
ment of pericenter (w), longitude of
ascending node (§), inclination (i) and speed
at pericenter (vpo), respectively, The uniis

are degrees for the angles and Earth radii
per hour for vpo. These are increments

to the nominal values obtained from the
position and velocity vectors and are there-
fore zero on all nominal trajectories, No
input value is required for these parameters,
Since analytic partials are employed for these
parameters, the perturbation increments are
ignored. These parameters may not be used
in conjunction with either J=1 or 6,

v_ = speed at departure from Earth parking
Po  orbit in Earth radii per hour. This
parameter is not input but is computed
from the VEL vector, Not used if
BX(@,5) is equal to one,

X, ¥, and z components, respectively, of
the geocentric position at departure from
the Earth parking orbit, in Earth radii.
May not be used as independent parameters
if independent parameters 1-6 are used,

X, ¥y, and z components, respectively, of

the geocentric velocity at departure from

the Earth parking orbit, iu Earth radii per
hour, May not be used as independent variables
{f independent parameters 1-68 are used,
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BX J =14 Jet exhause speed c¢ of low thrust pro- ;
(cont) pulsion system in m/sec. :
=15 Reference power p_ of low thrust pro- o

pulsion system in watts, s i

=16-17 *  Angles o« and B, respectively, in degrees, i

defining the direction of the unit vector n,
the normal to the solar cell array, relative ‘ )i
to the body fixed coordinate system OIJK. e

=18~19 Angles 0 and €, respectively, in degrees,
defining the direction of the s vector rela-
tive to the body fixed coordinate system .
OLJK. (

=20 End time of the first arc in hours,

The remaining parameters are in groups of four for each arc o
commencing with the second are. i pertains to the arc number .
where {2 2,

4i+13 The first three parameters are the spacecraft ‘
4i+14 orientation angles, in degrees. The orientation =
4{+15 angles £, v, { (unconstrained mode) or 0,

¥, ¢ (constrained mode) have identification .
numbers 4i+13, 4i+14, 4i+15, respectively. j
The mode is determined by option NOPT (G5).

B H
41+16 The last parameter for each arc is the time ] : i
at the end of the arc in hours, S

BY Array, dimensioned (3,50), containing information pertinent to “ :
the dependent parameters. For each dependent parameter the :
{terator requires up to three input quantities, These inputs
are:

parameter is ignored and ig not considered
a dependent parameter, The,. the other
two inputs pertaining to the L' para-
meter need not be input, If trigge> is on
(t.e., not equal to zero), the L h para-
meter {8 considered to be a dependent

BY(@, L) Trigger. If off (i.e,, equal to zero), the ' ;
parameter or constraint, '
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BY BY(2,L)

{cont)

BY@3, L)

P TS - - - o

Desired value of the dependent parameter.

Tolerance of convergence to desired value.

The specific dependent parameters assoclated with the several
possible values of L are as follows:

L=1

=16

= 17%

Initial mass less low thrust propellant
and retro propellant if any, in kilograms,

Net spacecraft mass m in kilograms.,

Reference thrust fo in newtons.
Heliocentric distance r in AU,
Heliocentric speed v in AU/hr.
Helio. semi~-major axis a in AU,
Helio. flight path angle ¥ in degrees.
Helio, ecceni.ricity e,

Helic, apocenter distance r, in AU,

Helio, pericenter distance rp in AU,

Planetocentric distance rT in AU,

Planetocentric speed v_, in AU/hr.

T

Planeto. semi-major axis an in AU,

Planeto,. flight pr *h angle VT in deg.

Planeto, eccentricity eT.

Planeto. apocenter distance r in AU,

Ta

in AU,

Planeto. pericenter distance er

*When this parameter is designated as an end condition, its trigger i{s automatically
reset to zero as is that of rp (L=11), and the triggers of the Cartesian coordinates

(L=18-20) are set to one, The desired values of rp

and the tolerances of the

Cartesicn coordinates must be input, A flag is set internally to re-evaluate the desired
values of the Carteslan coord‘nates on each trajectory.
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BY
(cont)

CA

CE

CNI

CR

DELP

DLTA

DP

DSQ

ECI

EMUDD

o e < ——— o

Cartesian coordinates of vehicle

;g with respect to target in AU,
= 21-50 Not used,

The notation employed above for the end coanditions is con~
sistent with that used in the description of subroutine FNMAT

of this report. The reader is referred there for a mathematical
description of each end condition,

¢~ fraction of photons incident on the
a
solar arrays that are absorbed
o= c, =1). The remainder of the
photons are assumed to be reflccied
at an angle equal to the incidence
angle,

¢ - jet exhaust speed of electric propulsion
system, in meters per second,

Not presently used,

¢_ - jet exhaust speed of the retro stage
in m/sec.

Ap - power of the individual thrusters, in
watts. A non-zero value implies dis~
crete steps in power consumed by
electric propulsion system as distance
from the sun varies,

6 - angle, in degrees, between s and its
projection in the body~fixed I-J plane,

Aa - portion of spacecraft area lndezpendent
of the reference power, in m*,

d2 - coefficient used in the expression for
electric propulsion system efficiency,
in units of m2/sec?,

Not used,

Not used,
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ENPLAN

EPSLON

ER

IREFNB
IREFNT

ITF

ITMAX

MOPT

The flag defining the number of attracting
bodies to be included in the siraulation,
Referring to the list of planet numbers in
the description of IREFNB, the input
number for this flag means that al! bodles
{n the list whose planet number is 1288 than
or equal to this flag are included ir the
simulation, Thus, the input value of this
flag should be greater than or equal to the
target planet number, If the target is not a
pianet, the flag must be greater than or
equal to 3,

€ - angle, in degi'ees. between the pro-
jection of s in the body fixed I-J
plane and the I (thrust) axis.

Vector containing the x, y, and z com-
ponents, respectively, of the inertial unit

vector along which s is to be directed.
Used only if NOPT (64) = 2.

These two fields are the planet numbers of
the launch and target planets, respectively.
The code numbers for the individual planets
are as follows:

1 ~ Earth 6 - Jupiter
2 - not presently used 7 - Saturn
3 - Sun 8 - Uranus
4 -~ Venus 9 - Neptune
5 - Mars 10 ~ Plute

Provides normal termination conditions for
runs which require more execution time than
is estimated, The value specifies the number
of CPU seconds required to execute the
summary trajectory,

Maximum number of iterations In each of the
two modes, select and optimize, of the
fterator,

Index defining which of the available end
conditions is to be the performance index
of the problem, Corresponds to the {ndex
L of the BY array,
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NARCS Number of arcs comprising the complete
trajectory, including the initial arc
commencing at departure from the launch
parking orbit during which no thrust is
permitted,

NOPT A 72 element array of ASTOP option flags,
Elements 2-13 and 40-46 are used to
select or suppress printout of position and
velocity information relative to various
reference bodies, A non-zero value input
for a specific element results in the print-
ing of the associated vector at each print
point, Note that for elements 41-46,
element 40 1aust also be set non~zero,
The vectors associated with each element
are as follows:

2 -~ Spacecraft position relative to current
integration reference body, in km,

3 - Spacecraft velocity relative to current
integration reference body, in km/sec,

4 - Spacecraft position relative to Earth,
in km,

5 - Spacecraft position relative to Moon,
in km,

6 - Moon position relative to Earth, in km,

7 - Spacecraft position relative to Sun,
{n km,

-

i

8 - Spacecraft position relative to Venus, é
in km, i

9 - Spacecraft position relative to Mars, %
in km,

10 ~ Spacecraft position relative to Jupiter,
fn km,

11 - Spacecraft position deviation from
reference two body confc, {n km,

12 - Spacecraft velocity deviation from
reference two body conic, in km/sec,
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NOPT
(cont)

13 -

40841 -

40&42 ~

408&43 -

40844 -

40845 -

40&46 -

Non-~two body accelerations actling on
spacecraft, in km/sec?,

Spacecraft position relative to Saturn,
in km,

Spacecraft position relative to Uranus,
in km,

Spacecraft position relative to Neptune,
in km,

Spacecraft position relative to Pluto,
in km.,

Spacecraft position relative to Earth-
Moon barycenter, in km,

Spacecraft position relative to Mercury,
in km, (Not available)

The remalining 2lements that are currently used by ASTOP are
as follows:

16 -

33 -

B -

36

Controls the printing of information at
each rectification point,

=0 - informatfon is printed
#0 ~ printout {s suppressed

Controls the units of printout of the

osculating orbital clements semi-

major axis a, apoapse distance Tas

and periapse distance rp.

=0 - a in units of Earth radii and
rp and r a in kilometers,

#0 - a, rp and r_ inunits of AU,

a
Indicates that the orbital elements

of the target are input. This option

{8 not currently available, The

value should be zero, the default value,

o i e B RO, NN

e e o 2 o e Bty o 4 o v P



57 -

5, =

60 -

63 -

64 -

36

R e L CE -

Indicates that a final retro maneuver
is to be simulated,

=0 - no retro maneuver,

#0 - a retro maneuver is to be
performed. The parameters
RTA and RTP as well as
the retro stage structural
and performance parameters
must be input,

Defines whether the {terator commences
in the select or opt'mize mode,

=0 - start in select mode,

#0 - start in optimize mode, This
option will usually be employed
on continuation cascs.

Triggers optional printout of trajectory
information at arc end points on the
final trajectory only or on all tra-
jectories.,

=0 - printout requested on final
trajectory only,

#0 - printout requested on all
trajectories,

Contains the identification number of
the planet toward which 8 is tobe
directed. The code is the same as
for the inputs IREFNB and IREFNT.
Used only if NOPT(64) =1 and
NOPT (65) = 2.

Defines the type of coustraint placed
on the ©& vector, as follows:

=1 - 8 directed toward the planet
indicated by NOPT(63).
2 - 8 s directed along the input
inertial vector ER.
3 - 8 is directed along the helfocentric
velocity vector,
Used only if NOPT(65) = 2.
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NPR

NPWR

OMI

POSs

POSRCS

.

€5 - Defines the steering mode,

=] - unconstrained mode
2 - constrained mode.

66 - Defines the type of electrir propulsfon
system,

=0 - golar elzetric
#0 ~ nu:lear electric

68 - Specifies the orlentation constraints
of the solar arrays.

=) - array articulation is restricted
to rotatior abcut the longitudinal
axis,

#0 - avrays are foiced to be normal
to the sun line throughout the
trajectory.

A non-zero value ¢ wses the partic! deriva-
tive matrix to he printed in subroutine
MINMX3. This flag need not be set since
the matrix is automatically printed
elsewhere,

Number of coefficients used in polynomial
expression for power as a function of solar
distance, Not used if constant power option
is in effect (NOPT (66) = 1).

Not used,

Vector containing the geocentrix x, y,
and z components, rcspectively, of the
spacecraft position a. departure from the
Earth's parking orbit, in Earth radii,

Position deviation rectificatinn criteria,
Reference two-body trajectory is rectified
if |¢] 2/rk2 > POSRCS,

po - reference power in watts,
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RBRE

REKM

RTA
RTP

SAI

SOI

THTS

TIMEL

TPI

TSCL

VEL

VELRCS

WTOPT

Radius of the Earth's gphere of influence
in Earth radii,

Distance conversion factor. Equal to the
number of kilometers in one Earth radius.

Apocenter and pericenter distances, res-
pectively, of capture orbit about target
planet, in planetary radii.

Not used.

Not used.

)
Maximum change permitted in the osculating
eccentric anomaly beyond which rectification
of the nominal two body orbit is performed
before continuing the integration of the
trajectory.

Total time interval in hours from XJLD over
which ephemeris table for all planets in
simulation is created at start of run.

Not used,

Time conversion factor for input/output
purposes, Normally set to 3600,

Vector containing the geocentrix x, y

and z components of the spacecraft velocity
at departure of the parking orbit, in Earth
radii per hour,

Velocity deviation rectification criteria,
Two body reference trajectory is rectified
¢ |§|%/@ - R) > VEIRCS.

Weighting factor for the performance index
in the optimize mode. Larger values of
WTOPT result in more relative emphasis
being placed on the performance index as
compared to the end conditions.
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XJLD

XKST

XMDKM

YAMBDA

, "

Array of seven perturbatlons of state
variables x, y, 2, x y, z and m, res-
pectively, at the start of each arc except
first. Used to evaluate state transition
matrix for each arc. The appropriate units
are AU for position, AU/hr for velocity and
kilograms for mass., Only heliocentric
position and velocity are used as state
variables,

Julian date (with leading 244 omitted)
which represents the launch date corres-
ponding to the initial conditions input in
POS and VEL,

k - surface area of solar arrays per unit
reference power, in m2/watt.

kr - tankage factor of the retro stage.

k - solar pressure acting on flat plate at a
distance of 1 AU from the sun
assuming all ghotons are absorbed,
in newtons/m=,

ks ¢ structure factor of the spacecraft,

kt - tankage factor of the electric propulsion
system,

Conversion factor for distance, equal to
the number of kilometers in 1 AU,

Inhibiting parameter to control the step
size in the iterator, MINMX3, The input
is used only on continuation cases,
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Input Variable Defaulr Values

ALl = 138726,52
AL2 = 3776, 8656
AL3 =1999. 2024

AO = .627
5.3054
-10.0376
7.1073
-2,0021

APS = .03

ARRAY (2,1, D* = 400,
ARRAY(Q, 2, I)* =, 00390625
BL = .769

CE = 30000.

CR = 2941, 995

DSQ = 204490000.
ENPLAN = 6.

ER(3) = 1.

IREFNB =1

IREFNT =6

ITF =10

ITMAX = 50

NARCS =5

NPWR =5

POS(1) = 1.025

POSRCS = . 0001
PO = 50000.
RBRE = 123.4
REKM = 6378,165
RTA = 38,

RTP = 2.

SAI =1,

THTS = 1.5
TIMEL = 15000.
TSCL = 3600.
WTOPT = 1.
VEL(@) =17.
VELRCS =, 0001

XDAR = .1D-8
.1D-8
.1D-8
.1D-9
.1D-9
.1D-9
.1D-2

XKR =.11111110
XKT = .03

XMDXM = 149598000,
YAMBDA =228

Note: All other input variables and arrays are defaulted to zero.

*1=1-12
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IV, PROGRAM CUTPUT

Standard Printout, The printout of ASTOP may be divided conveniently

into four groups as follows: (1) the namelist inputs, (2) the iteration summary,
(3) the final trajectory summary, and (4) the case summary. The iteraiion
summary is written for cach nominal trajectory and contains independent and ue-
pendent parameter information, a spacecraft mass breakdown, and the partial
derivative matrix, The final trajectory summary includes position and velocity
data 2t the initial time and at the end of each arc. The case summary is a
collection of trajectory, spacecraft and mission data that will usually be of interest
to the mission analyst and is intended to serve as a brief, one-page description of
the salient features of the case. A more detailed description of the ASTOP output

is given in the following paragraphs.

To provide a means of verifying the inputs to the program, the input namelist
MINPUT is printed at the start of each case. The format is standard namelist format
as provided in the Fortran language, All input variables are listed in alphabetical

order,

For each trajectory selected as a nominal and for which a partial derivative
matrix is evaluated, the iteration summary is printed starting at the top of a new page
for each iteration, Following a statement of the iteration number is written a block
of parameters preceded with the heading "INDEPENDENT PARAMETERS". The
block contains all parameters, each appropriately titled, that are available for
selection as independent parameters of the boundary value problem regardless of
whether they are actually so designated. Those which are employed as independent
parameters in the specific case being considered are indicated with a double asterisk
beside the title. The length of the block is variable because that depends on the
pumber of trajectory arcs in the problemn, The first line of the block contains seven
parameters representing the initial state of the spacecraft (three components each
of the initial position and velocity plus the initial mass), The second row contains

the jet exhaust speed, ¢, and reference power P, the angles a and B definirg
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the orientation of 1_1, the angles & and € defining the orientation of 5, the initial
time to, and the time of the end of the first (coasting) arc. The next line(s) con~
tains the three thrust angles and the end time for each of the arcs (exclusive of the
first) comprising the trajectory. Each line contains information for two ares,
Following the arc data are the four parameters defining changes in the initial
orientation of the launch parking orbit and the speed of departure frcm that orbit,
These parameters are titled "DLOMS", "DLOML", "DLINC", and "DLVPO'" and
represent changes from the previous nominal in argument of perigee, longitude of
ascending node, inclination to the equator, and speed at periapse of the launch hyper-
bola, respectively. The {inal parameter in the independent parameters block is the

speed of periapse of the launch hyperbola,

The next block of data consists of the 20 parameters which are presently
available as end conditions. These parameters are all appropriately titled and
are preceded by the heading "DEPENDENT PARAMETERS", Again, those para-
meters which are specified as end conditions of the case are indicated with a double
asterisk beside the title. The parameters comprising the 20 available end condi-
tions are the final spacecraft mass; the net spacecraft mass; the reference thrust;
the final heliocentric distance and speed; the final heliocentric osculating semi-~
major axis, flight path angle, eccentricity, apocenter distance and perihelion dis~
taﬁce; the target centered final distance and spced; the final planetocentric osculating
semi-major axis, flight path angle, eccentricity, apocenter distance and pericenter

distance; and the three final planetocentric ecliptic Cartesian components of distance,

Following the block of dependent parameters is a line stating the reference
system in which the integration terminated, the value of the inhibitor used by the
iterator, and a trajectory counter, This counter is the cumulative number of tra-
jectories integrated exclusive of the nominal trajectories, This is followed by a
spacecraft mass breakdown, This includes the initial mass, the low thrust propulsion,
propellant, and tankage masses, the structural mass, the retro propellant and
structure, and the net spacecraft mass, Finally, the iteration summary print is

concluded with the partial derivative matrix, Each row of this matrix represents
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the p~rtials of one of {he spevified end conditions with respect to ali of the indicated
independent parameters. The order of the partials reading across a given row is
the same as that in which independent parameters appear in the firsl block of data
of the iteration sﬁmmary. Likewise, the order reading down the matrix is that in
which the dependent parameters as they appear in the second data block, Additional

self-explanatory messages from the iterator may follow the partial derivative matrix.

Any particular case may terminate for one of several reasons such as (1)
the case is converged, (2) the case will not converge, (3) the maximum number of
iterations specified is excceded, or (4) the case times out, Regardless of the cause
of the termination, a final trajectory summary is then printed. This summary con-
sists of standard program print for the initial time and for the final times of the
several arcs comprising the trajectory. This includes at each point the position and
velocity data as requested through the input flags NOPT(2) - NOPT (16) plas a variety
of osculating elements evaluated at the same times, The osculating elements are the
true anomaly, semi-major axis, eccentricity, periapse distance, apoapse distance,
inclination, argument of periapse, period, mean motion, right ascension of ascend-
ing node, mean anomaly, eccentric anomaly, and time since periapse passage., Each
data point also includes the ecliptic Cartesian coordinate of a unit vector along the

periapse direction and of another unit vector along the angular momentum,

After indicating the launch planet and target of the case mission, the case

summary contains a statement as to whether the program is operating in the constrained

or unconstrained mode for the case, If in the constrained mode, a mcssage is printed
specifying the reference to which s is constrained. For the case in which the
reference is a siar, the input unit vector defining the location of the star is printed,
This is followed with a line of data specifying several of the input coefficients used

for the case. Included are the coefficients describing the capability of the launch
vehicle, the low thrust propulsion system efficiency coefficients, the photon absorp-
tion coefficient Cy and the specific array area kp. A spacecraft mass breakdown
similar to that printed in the iteration summary is then written, followed by the

angles «, B, 6, and € which define the orientation of the n and s vectors in
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the body fixed coordinate system, The next line of data contains a number of low
thrust propulsion system pa~ameters including the reference power, the reference
thrust, the jet exhaust speed, the efficiency, the unit thruster power Ap, and the
array area, A trajectory schedule is then printed, giving pertinent information from f
the ARCDTA array relative to each arc. The first line of the block contains the end

times of all arcs. Below this are written six lines of data containing the three thrust

angles, the power diverted for non-propulsive uses P the maximum allowable :
half-cone angle wmax (applicable only for constrained mode cases), and the thrust ?
mode indicator "ON'" or "OFF'" defining the operational status of the propulsion -
system for the arc. These six quantities are positioned in separate colurans for i
each arc, and the columns are located below and midway between the two times

defining the start and end of the arc. If there are more than eight arcs, the format

is repeated until all arcs are accounted for, No information is printed for the first

arc since no thrust is permitted on the arc, After the trajectory schedule are written

the date, the hyperbolic excess speed, and the energy parameter ¢, at departure of

the launch planet and upon arrival at the target. If no retio maneuvser is required,

the departure and arrival conditions compiete tLe case summary printoyt, If a retro
maneuver is performed, however, then related parameters are printed on z singic
line. These include the retro stage propellant and structure, the periapse and apoapse
diétanccs of the final orbit, the specific impulse of the retro stage, the orbital velocity
al periapse of the capture orbit, and the incremeatn} velocity imparted by the retro
stage, All units are explicitly indicated on the case summarvy page. Examples of

the above types of printout availabie with ASTOP are given in the Section VIII,
EXAMPLE CASE,

Information and Error Messages. A number of messages can be printed

[P

under special circumstances, ‘Thesez messages are listed below, For each one,
the subroutine in which the print statement appears is listed, the logical unit on
which the message is wriiten is given, the circumstances or cause for the message
is explained, the cvesponse of the system is described, and some suggested user

responses are given when applicable,
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Actually all messages are currently written on unit 6 since the logical unit
variable IO is setl to 6 internally, Note that some messages are coded to unit 6
directly, For a description of the variables printed in the messages, the reader is
referred to the description of the appropriate subroutine noted, The description of

the messages, in alphabetical order, follows,
1. CASE CONVERGED

Subroutine: ITMAT
Logical Unit: 10 (=6)

Cause or Reason: The crilerion used by the iterator indicates that the desired
solution was achieved.

System Response: Continues processing,

User Response: None. The message is for information purposes only,

2, EPHEMERIS TABLE FILLED., CHECK INPUT PARAMETER TIMEL ON

FUTURE RUNS FOR POSSIBLE REDUCTION IN EPHEMERIS COMPUTATIONS,

Subroutine: EPHEM

Logical Unit: 6

Cause or Reason: All 250 storage locations in the array TBBL of common
NORML for each Cartesian coordinate of each planet have
beea filled.

System Reeponse: If the input parameter TIMEL significantly exceeds the flight
time, in hours, TIMEL should be reduced on future runs to

eliminate computations of planetary ephemerides at time points
that will not be used,

3. ERROR CONDITION RETURNED FROM MINMX3, RUN TERMINATED IN
SUBROUTINE ITMAT

Subroutine: ITMAT
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Logical Unit:

Cause or Reason:

System Response:

User Response:

10 (=6)

. The iterator, subroutine MINMX3, has detccted an uncorrectable

error and has transmitted and error condition to the calling
routine ITMAT.

The job is immediately terminated after writing the above
message.

Follow the directions given for companion messages generated
in MINMX3 at the time the error condition was detected,

4, ERROR IN PARTIAL DERIVATIVE CALCULATION

Subroutine:

Logical Unit:

Cause or Reason:

System Response:

User Response:

MINMX3
6

An error condition was detected in subroutine TRAJL while inte-
grating a nominal and perturbation trajectories, and an error
flag was returned to the calling routine MINMX3,

An error condition flag is set and returned to ITMAT, A return
is then executw: from MINMZI3,

Presently, no error conditions are monitored in TRAJL. There-
fore, this message will not appear.

5. ERROR TBAR ~ TOBAR TOO LARGE = (D17, 8)
REDUCTION DEN XX ZZ YY DELT IXX

(D25,16) (D25,16) (D25.16) (D25,.16) (D25, 16) (14)
Subroutine: SAMM
Logical Unit: 10 (=6)

Cause or Reason:

System Response:

User Response:

N

The time interval input to subroutine SAMM exceeds the period
of the orbit.

A set of reduction formulae are automatically invoked to assure
accurate computations over the long are,

None. The message is for information purposes only,
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‘. Subroutine:
. Logical Unit:
' 1 Cause or Reason:
W
0oL System Response:
i User Response:
R
{.d
i
!
I’ Subroutine:
-
Logical Unit:
AT
{ Cause or Reason:
!
L] System Response:
r
{
{ User Responsc:
- I.A
S
|
i
* Subroutine:

Logical Unit:

—_—

Cause or Reason:

- User Response:

; “1-. , M @

System Response:

6. FIRST GUESSES WILT. NOT RUN TRAJECTORY

MINMX3
6

An error condition was detected in subroutine TRAJL while
integrating the first trajectory of a case.

An error flag is set and returned to subroutine ITMAT.

Presently, subroutine TRAJL does not monitor any error
conditions, Therefore, this message will never appear,

7. ITERATOR IS GIVING ERKROR RETURN

MNMX3
6

An error condition was detected in subroutine TRAJL while
integrating a trajcctory.

An erroxr condition flag is set and returned to subroutine ITMAT.
A return to the calling program is then executed.

Presently, no error conditions are mornitored in subroutine
TKAJL, Therefore this message will never appear,

8. ITERATOR IS NOW IN OPTIMIZE MODE

MINMX3

6

All specified end conditions have been satisfied within specified
tolerances, thereby completing the objectives of the select
mode of the iterator.

The iteration continues in the optimize mode,

None. Message is for information purposes only.
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9, MATRIX INVERSION NOT PERFORMED ON LAST ITERATION

Subroutine:

Logical Unit:

Cause or Reason:

System Response:

User Response:

MINMX3
6

An error condition was detected in subroutine SIMEQ while
iterating in the select mode. The inhibitor was moderately
large, indicating some convergence difiiculty,

A return to the subroutine ITMAT {is executed after printing
a message defining the number of trajectories generated.

The error condition in SIMEQ arises if the simultaneous equa-
tions being solved are not all independent, Normally this would
suggest an error in defining the independent and/or dependen’
parameters,

10, MAXIMUM ITER. EXCEEDED I, BETA, BETAM1 = (14) (E17.8) (E17.8)

Subroutine:
Logical Unit:

Cause or Reason:

System Response:

User Response:

SAMM
10 (=6)

The iteration for the solution of Kepler's problem did not con-
verge to the requireu tolerance in 40 iterations,

Processing continuzs with *he values attained on the last iteration,

This message is unlikely to appear., iiuwever, if it should
appear, it would signal either a very unusual orbit or a large
time interval, Look for an input error, bad guesses of the
independent parameters, or a program error,

11. MAXIMUM NUMBER OF ITERATIONS EXCEEDED

Subroutine:
Logical Unit:

Cause or Reason:

MINMX3
6

The specified number of {terations, ITMAX, was reached in
efther the select or optimize mode,
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System Response:

User Response:

The last nominal trajectory is integrated once again for print
purposes and the case is terminated.

Resubmit the job with the independent parameters updated to
the last iteration,

12, MDC EPH ERROR

Subroutire:
Logical Unit:

Cause or Reason:

System Response:

User Response:

EPH
6

The iterative solution of Kepler's proklem failed to converge
to prescribed tolerances within 200 iterations,

The values attained after the limiting number of iterations are
used for subsequent calculations,

This unlikely error condition would most likely occur due to
input errors.

13. PARABOLIC ORBIT OSCULATING ELEMENTS SUPPRESSED

Subroutine:
Logical Unit:
Cause or Reason:

System Response:

User Response:

ELCO
10 (=6)
The input position and velocity vectors resulted in a value for
the inverse of the semi-major axis exactly equal to zero, in-

dicating a parabolic orbit.

The calculations and printing of the osculating orbital elements
are bypassed,

None, The message is printed for information purposes only.

14, PDATE FRROR

Subroutine:
Logical Unit:

Cause or Reason:

T e e e

PDATE

6

The input date corresponds to a calendar year greater than 2100,
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System Response: The year is set to 2100 and computation continues,

User Response: Correct inputs or if the date is actually beyond the year 2100,
then rewrite subroutine PDATE,

15, RVE EXCEEDS MAX,

IREFNO = ___ (I3) TIME = (D24.15) R = (D24,15)
Subroutine: DETDT
Logical Unit: 10 (=6)

Cause or Reason: The ¢ .1 “ent radial distance from the reference body exceeds
the largest tabular value for that body in ARRAY

System Responsc: The integration interval is left unchanged and ecomputation
cortinuee,

User Response: Correct the input ARRAY table to ac:omodate the range of

distances encountered on the trajectory,

16, RVE LESS THANMN MIN,
IREFNO = (13)  TIME = (D24.15) R = (D24.15)

Subroutine: DET®DT
Logical Unit: 10 (=6)

Cause or Reason: The current radial distance from the reference body s less
than the first tabular value for that body in ARRAY,

System Response: The integration interval is left unchanged and computation
continues,

User Response: Correct the Input ARRAY table to accomodate the range of
distances encountered on the trajectory.

17, THIS CASE HAS TIMED QUT

Subroutine: TRAJL

Logical Unit: 10 (=6)
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Cause or Reason:

System Response:

User Response:

It was determined from subroutine REMTIM that either the
CPU or 10 time remaining for the job was about to run out,

A final trajectory is generuated for print purposes, the case
summary {8 printed, and the job is terminated.

Resubmit the job after updating the independent parameters,

18, THIS CASE IS CONVERGED

Subroutine:
Logical Unit:

Cause or Reason:

System Response:

User Response:

MINMX3
6

The criterion used by the iterator indicates that the desired
solution was achieved,

Continues processing,

None, Message is for {nformation purposes only,

19, THIS CASE WILL NOT CONVERGE

Subroutine:
Logical Unit:

Cause or Reason:

System Response:

User Responase:

MINMX3
6

While operating in the select mode, the iterator determines
that no further improvement of the dependent parameters can
be achieved.

A flag is sst Indicating that convergence was not achieved,
and a return to ITMAT (s executed.

Analyze the problem to detern.ine if a solution may not exiot,
f.e., a case where not all end conditions may be satisfied
simultaneously, If this appears not to be the case, then the
boundary value problem must be altered, For exampie,
selectively remove one or more end conditions to find which
condition(e) {s causing the problem. A sequence of cases
may then be designed to work the end condition toward {ts
desired value,
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20, TOO MANY ITERATIONS IN SUBROUTINE TBDP

Subroutine:
Logical Unit:

Cause or Keason:

System Response:

User Response:

TBDP
6

The iterative solution to Keplers problem did not converge to
the prescribed tolerance within 20 iterations.

Processing continues with the values attained on the last
iteration,

Probable input error. Check inputs,

21, TRAJECTCRY TERMINATED IN RETERENCE OTHER THAN SUN OR
TARGET PLANET. RUN TERMINATED IN SUBROUTINE FNMAT.

Subroutine:
Logical Unit:

Cause or Reason:

System Response:

User Response:

FNMAT

]

At the end of the trajectory, the reference body ID is checked
and determined to be other than the sun or the specified
target body.

The job is immediately terminated,
Check for input errors., This conditfon is unlikely to occur

unless, for some reason, the spacecraft never leaves the
reference system of the launch body,

22, nn TRAJECTORIES WITHOUT PARTIAL DERIVATIVES AND nn TRAJECTORITES
WITH PARTIAL DERIVATIVES REQUIRED FOR THIS CASE

Subroutine:
Logical Unit:

Cause or Reason:

System Respcnse:

User Response:

MINMX3

6

This message is printed prior to executing a return from
MINMXS3 except in those cases where an error condition flag
is returned from TRAJL.

Continues processing,

Follow suggestions given for companion messages,
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V. PROGRAM STRUCTURE

In this section, several tables are presented which represent the overall
structure of ASTOP. These tables are particularly useful in understanding the
organization of the program and in determining the basic relationships among the

various subroutines, labelled commons and common variables,

ASTOP is comprised of 39 sub-programs, including MAIN and BLOCK
DATA. There are no Function sub-programs within ASTOP. Only one subroutine,
DIAG1, contains a secondary entry point, This entry point is named SUMMRY.

Since neither DIAG1 nor SUMMRY use calling arguments, the use of the secondary
entry point is not expected to require modification when converting to other machines,
Subroutine REMTIM is a dummy routine provided for use on systems other than the
IBM computers at GSFC. At GSFC, REMTIM is a library subroutine that returns to
the calling program the time remaining for the job, ASTOP is coded to use this in-
formaiion to avoid "timing-out”, thereby losing valuable information, By properly
re-coding REMTIM, other installations may find it possible to duplicate this useful

feature,

The first table presented displays the calling sequence of the program sub-
routines, This "tree' format is useful in determining what sequence of subroutine
calls may be invoked when a single call to one subroutine is made. The inverse of
this information is presented in the second table. Here, for each subroutine, is
listed all other subroutines which call that subrontine. The third table resembles
the second, but instead lists all subroutines that contain a specified labelled
common, These two tables are listed in the alphabetical order of the referenced
subroutine or common name, Note that ASTOP does not contain an unlabelled

common,

The final set of tables are particularly useful and unique, Each of the
tables represents a specified labelled common and lists each varlable that is
referenced somewhere in ASTOP, For each variable name there is listed the

variable type, the dimension if the name represents an array (a blank denotes

53
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a non-dimensioned variable), the relative address (in decimal bytes from the start

of the common), and the names of the subroutines that reference the variable or

array by the name specified. Note that situations where the same location is referenced
by different names in different subroutines are recognized by instances where the
relative address is identical for two different names and/or dimensions, If a common
block contains a named variable or array that is not referenced in ASTOP, that

variable or array will not appear in these tables.
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Subroutine Calling Seauence

MAIN-[ INPUT — MODIF— LAMBRT-— PDATE

*ENTRY POINTS

ITMAT +—MINMX3 —
FXYZ
FTRAJL ~—TAMAINT — DERIV - TBDP— SUBFG
FPMPRNT RADII
~SIMEQ SOLENG - FINDXB — INT
~FNPRNT—TRAJL (see above) AMAL
~SUMMRY* MTVT
-REMTIM MTMT
FINIT ———pSETI SAMM DCUBIC
DIAG1 —TSUBFG
AMAL
MTVT
- EPHEM— EPH
FRECT —— RADII
[—DERIV (see above)
FMIIP1 — ELCO
-DETDT

~CONTRL T TBDP — SUBFG
AMAINT (see above)
GENMA-[MIIPl —— ELCO

66

INT FNMAT ~—INT
-SUMMRY* RADII
EPH
DIAG1
-Av:.f‘fh’ - .




SUBROUTINE CROSS REFERSNCE TABLE

NAME
AMAINT

AMAL
CONTRL
DCUBIC
DERIV
DETOT
DIAG1
€Lco
EPH
EPHEM
FINDXB
FNMAT
FNPRNT
GENMA
INIT
INPUT
INT
ITMAT
LAMBRY
MIIP}
MINMX3
MODIF
MT MT
MTVT
PDATE
PMPRNT
RADII
RECT
REMT IM
SAMM
SET1
SIMEQ
SOLENG
SUBF G
SUMMRY
T8DP
TRAJL
XyZz

SUBROUTINES REFERENCING MEMBER
CONTRL TRAJL

SETI1 SOLENG
TRAJL

S AMM

AMAINT TPRAJL
TRAJL

FNMAT SETI
MIIP1

EPHEM FNMAT
INIT

SOLENG

GENMA

1 TMAT

CONTRL

TRAJL

MAIN

CONTRL DERIV F INDXB FNMAT
MAIN

MODIF

GENMA TRAJL
I TMAT

INPUT

SOLENG

SET1 SOLENG
L AMBRT

MINMX3

DERIV FNMAT RECT
TRAJL

TRAJL

SETI

INIT

MINMX3

DER1V

S AMM T80P
FNPRNT TRAJL
CCNTRL DER1V
FNPRNT MINMX3
MINMX3

—

P
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CCMMON CROSS REFERENCE TABLE

NAME
AL AN

AM1
AM1

CONRAC
CONVRT
ENG
FNM
FRAN
HENRY

HER

HIM
HIS

1EPH
ILEF

INPR
INTEG

JERR

JHW
KAT
LAMB
LEFT

LEON
LPPR
MEL
MINEPS
MINSEC
NOMLL
NORM
NORML
NPNT
ODBALL
PERAPS
RSCAL
SAML 1
STEVE

TBPR
THAD
vPLLL
XMMM

SUBROUTINES REFERENCING MEMBER

CONTRL
INIT
TRAJL
AMAINT
AMAINT
MIIPL
DlAG]
RECT
GENMA
BLK OT
8LK DT
BLK OT
FINDXH
MOODIF
BLK DT
ITMAT
INPUT
BLK DT
ITMAT
EPH
CONTRL
SETI
BLK OT
BLK OT
FNMAT
MIIP1t
8LK DT
LAMBRT
GENMA
DIAG1
BLK OT
CONTRL
MQOILF
8LK DT
DIAG!
GENMA
INPUT
BLK DT
DIAG1
CONTRL
EPHEM
BLK DT
8LK OT
FNMAT
8Lx OT
S AMM
CONTRL
TRAJL
CONTRL
S AMM
GENMA
8LK OT

DERILYV
LAMBRT

GENMA
8LK DT
RECT
FNMAT
SOLENG
SOLENG
FNMAT
DIAG1
CCNTRL
FNMAT
RECT
CONTRLU
MINMX3
ITMAT
CONTRL
L AMBRT
EPHEM
DER1V
SOLENG
O IAG1
CONTRL
FNPRNT
RECT

D 1AG1
SET!
SETI
INPUT
DIAG1
DERIV
RECTY
DERIV
INPUT
SET1
MINMX3
INPUT
FNMAT
DER1YV
INT
INPUT
EPH
INPUT
INPUT
SETI
DERIV

MQOIF
SUBFG
LAMBRT
FNMAT

DETOT
MIIP}

SET1
CCNTRL
SETI

INPUT
INPUT
DERIV
GENMA
SETI

DER1V
SET1

DIAG1
MINMX3
FNMAT
FINDXB
TRAJL
INPUT
DERIV
GENMA
SETI
FINDXB
SOLENG

MINMX3
EPH
DETOT
SETI
GENMA

SOLENG

TRAJL
GENMA
EPHEM

MINMX3
INPUT

MINMX3
LAMBRT

DETODT

TB80OP
TeoP
SETI
INPUT

57

D1AG)
RECT

OER1V
SOLENG

M1 IP1
DETOT
INIT
SOLENG
D1AGI
SOLENG

FNMAT
SETI1

GENMA
DETDT
INIT
SOLENG

FNMAT
TRAJL

INPUT
FINDXB
SOLENG
RECT

SETIL
F INOXB

SETI

GENMA

ITMAT

Sy

F IND XB

SETI

DIAG1
TgopP

RECT
DIAG1
INPUT
TB0P
FNMAT
TRAJL

GENMA

INPUT

DIAG1]
INPUT
TRAJL
GENMA

LAMBRT
FNMAT

TBoP

TRAJL
FNMAT

MODIF

MINMX3

o — et e i

FNMAT
SOLENG

FNMAT
TRAJL

ELCO
LAMBRT
TRAJL
GENMA

INIT

MIIP1

ELCO

L1TMAT

INIT

GENMA

TRAJL

INPUT

RECT

SETI

3ENMA
rso?

GENM A

EPHEM

MIIPl

INPUT

INPUT

RECT

FINDXB

-AM3RT

INPYT

MII>)

INT

T80P
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COMMON VARIABL® CROSS REFERENCE TABLE

COMMON AM 1T LENGTH 8

VARIABLE TYPE DIm ADOR SUBROUTINE
NEQGN | £ 7.} 0 SET1
GENMA
AMAINT

o e e
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COMMON VARTABLE CROSS REFERENCE TABLE

COMMON AM1

VARIABLE TYPF OIM

T R*8

BETA R*8

oTI R*8

LELTI R*8
X1 R*8 80
XIL R%x8 80
X10 R%x8 80
XiDL - R*8 80
D2x1 R%x8 80
D2X1IL R%*8 80
IFST I*a 80

69
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LENGTH

ADDR
8
a8

16

16

24

24

664

664

1304

1304

1944

2264

SUBROUT INE

AMAINT
RECT
TADP
DERLYV
T8NDO
TRAJL
CONTRL
AMATINT
RECT
AMATINT
SETI
DERIV
DIAGIL
FNMATY
GENMA
MIIPL
CONTRL,
SOLENG
RECT
TRAJL
AMAINT
SET1I
OER1V
GENMA
MIIP1
CONTRL
TRAJ
AMAINT
DERIV
GENMA
MIIP1
SOLENG
AMATINT
BLKDATA

BN SR
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COMMON VARI ABLE CRNSS REFERENCE TABLE

COMMON

VARTIABLE

SNAL

CSAL

SNBET

CSBET

SNDL

CsSDL

SNEY

CSETY

SN X

CsX

SNV

csyv

SNZ

csz

TYPFE

R*8

R*8

Rx8

R*8

R=*8

R*8

R*8

R*x8

R%*8

R%*8

R%*8

R%8

Rx*8

R=8

DIM

60

20

20

20

20

20

20

20

20

20

20

20

20

20

20

LENGTH

ADDR
0o

160
320
480
640
800
960
1120
1280
1340
1600
1760
1920

2080

2240

SUBROUTINE

GENMA
SOLFENG
GENMA
SOLENG
GENVA
SOLENG
GENMA
SOLENG
GENMA
SOLENG
GENMA
SOLENG
GENMA
SOLENG
GENMA
SOLENG
GENMA
SOLENG
GENMA
SOLENG
GENMA
SOLENG
GENMA
SOLENG
GENMA
SOLENG
GENMA
SOLENG

S p—
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COMMON VARIARLE CROSS REFERENCE TABLE

COMMON FNM LENG TH 16
VARIABLE  TYPF oM ADDR  SUBROUTINE
RTA R*8 0 FNMAT
INPUT
BLKDATA
RTP R*8 8 FNMAT
INPUT
BLKDATA
61
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COMMON VARTABL® CROSS REFERENCE TABLE

COMMON HER LENGTH 576

VARIABLE TYPE DIM ADDOR SUBROUTINE oo
1PS 1 & .1} V) DIAGY
FNMAT
ITMAT
MINMX3
NDEP 1%4 0 INPUT
NSL 1«4 4 SETI
DIAGI
FNMAT
GENMA
I TMAT
MINMX3
NIND 1%4 4 INPUT
NSL 1 T *4 8 SETI
GENMA
1FTRG 1%4 12 SETI :
INPUT .
1POFL 1§ 1 30 20 D1AG1 !
FNMAY
INPUT
IVAR 124 100 140 SETY ;
DIAG] !
FNMAT
GENMA
INPUT |
ITMAY
1 TMA X I %4 540 INPUT
ITMAY |
BLKDATA é
NTP 1 %4 544 SET1
DERLIV .
GENMA P
CONTRL
NTPS 144 S48 SET1
DIAGH
GENMA
INPUT
CONTRL
: BLKDATA
NMA X 14 $52 SOLENG
BLKDATA
NPWR I%4 582 INPUT
NJ %5 556 SETI
GENMA
JN 1%4 560 SETY
-GENVA
IPAY 1 § 1] 364 GENMA
TRAJL
NCT1 1es 568 SETI
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COMMON HER (CONTINUED)
VARIABLE  TYPF DIM ADOR
NJL I*s 572
NVARY 1 £ 1 s72
63

SURAROUT I NE
FNMAT
GENMA

CONTRL
SOLENG
SETI
GENMA
INPUT

PR,
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COMMON VARIABLS CROSS REFERENCT TABLE
COMMON HIM LENG TH 240
VARIABLE TYPE DIM ADOR SUBROUT I NE
YCON R*8 30 0 INPUT

ITMAT

[ Fxr‘ﬂ},,, S =g T - Ny . R - - ~(

Loy

5 g i Sr1L
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COMMON VARTABLS CRNSS REFERENCE TABLE

COMMON

VARIABLE

PFG

wX

XVAR

YEPS

XEPS

CHNS

CHN

POFL

XDAR

XDDR

HIS

TYPE

oM

R*8 30.30

R*A

Rx8

R=8

K&A

R*8

R%8

Rs8
R%8

Rx8

65

30

30

30

100

100

30

7

7

LENGTH

ADDR
0

7200

7440

7680

7920

8160

8960

9760

10000

10000

10086

SURROUTINE
D1AGH
FNMAY

MINMXY
INFUT
MINMX3
SET1
GENMA
INPUT
I NPUT
[TMAT
MINMX3
INPUT
MINMX3
SETI

D I1AGI1
LAMBRY
INIT
SET1!
DIAGH
FNMAT
GENA
INPUT
ITMAT
CONTRL
LAMBRT
BLKDATA
DIAGIH
FNMAT
INPUT
BULKDATA
GENVA

J—
1



COMMON VARIABLF CROSS REFERENCE TABLE

S COMMON JHwW LENGTH 2072

X VARTIABLE TYeF DIMm ADDR SUBROUTINE
PYIL R*8 Te7 0 SETI

GENMA
P cPu R*8 730 392 GENI'A
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. COMMON VARIABLS CROSS REFERENCE TABLE

COMMON

VARIABLE
LAMBDA
XAMBDA

KOUNT

L

TYPE
R*8
R#8
154

I1%x4

67

LENGTH 16
ADDR SUBROUTINE

0 MINMX3

0 DIAGY
INPUT

8 DIAGIH
MINMX3

12 MINMX3
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COMMON VARIABLE CROSS REFERENCE TABLE

COMMODN MEL LENGTH 4

VARIABLE TYPF oM ADDR SUBROUTINE
1SoL 1 %4 0 SET1

GENMA
SOLENG

68

i
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.COMMON VAR!ABLE CROSS REFERENCE TABLE

COMMON ALAN
VARIABLE  TvP*® oImM
T R*8
TBET R*A
RHBR R*8
DORHO R*8
. 69

N
. W
b, 2

LEMGTH

ADOR

0

16

24

SUBROUT INE

RECT
Tendp
DERIV
DETDT
D1IAG]1
FNMAT
TRAJL
CONTRL
FINDXS
SETI
MIIP1
LAMBRT
SET1
DERIV
GENMA
TRAJL
CONTRL
SOLENG
CERIV
GENMA
TRAJL

N
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COMMON VARIABLS CROSS REFERENCE TABLE

COMMON

VAR IABLE
XMDKM

FRAN

TYP=
R*8

70

LENGTH 8

ODIM ADDR SUBROUT I NE
0 RECTY
DIAG1
I NPUT
MITIPI
BLKDATA

N
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.COMMON VARTIABLE CROSS RFFERENCE TABLE
COMMON IEPH LENGTH 4
VARIABLE TYPE DIM ADDR SUBROUTINE

NC I*a 0 EPH

EPHEM

NCLL 1 %4 0 FNMAT
P )

o i mamm———
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COMMON VARIABLS CROSS REFERENCE TABLE

COMMON

VARIABLE
NEOL

NON

NOP6S

NOP64
NOPG63
NS

Né&
NS1

NJJ

R

JLEF

TYPE

I*a

1%4

1%4

T x4

I%4

I *a

I x4

e

I%4

72

LENGTH

DIM ADDR
0

t2

a4

48

52

56

60

64

SUBROUTINE

68

RECT
SFT!
OER1V
GENMA
MIIPt
CONTRL
SOLENG
RECT
SET1
DERtY
GENMA
MIIPY
SOLENG
SFETT
GENMA
INPUT
SOLENG
INPUT
FINDXR
INPUTY
FINOXS
SET1!
GENMA
SET!?
GENMA
SET!
GENMA
GENMA
TRAJL
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-COMMON VARIABLS CROSS REFERENCE TABLE
COMMON INPR LENGTH 4320
VARIABLE YYPE OIM ADOR SUBROUTINE
ARCDTA R*8 720 0 DIAGH

INPUT
BLXDATA
8 Xx R*8 4,100 1120 INPUT
BLKDATA
738
= -
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COMMON VARIABLF CROSS REFERENCE TABLE

COMMON JERR

VAR IABLE TYPE

VAL R%*8
vBLaC R*8
A R%x8

CA Rx8
8L R%*8
Dsa R%x8
DELP Rx8
AO R%8
XKS R*8
ETV R¥R
ET R%*8
xXKp Rx8
ER R*8
cPt R%8
TBIN R*8
ETA R%8
CR R%8
XKR R*8

T

OIM
S68
200

10

T+30

122

74

LENG TH

ADDR
0
o

1600

1608

1616

1624

1632

1540
1728
1736

1760
1784

1792

3496

4A72

4480

4488

4544

SUBROUTINE

BLKDATA
GENMA
SOLENG
INPUT
SOLENG
DIAGH
INPUT
SOLENG
DIAGI
FNMAT
INPUT
SOLENG
DIAGH
INPUT
SOLENG
CIAGH
INPUT
SOLENG
INPUT
SOLENG
INPUT
SOLENG
INIT
SOLENG
SOLENG
D1AG1
INPUT
DIAGL
INPUT
FINDXS
SOLENG
SET!
FNMAT
GENMA
TRAJL
SET!
FNMAT
GENMA
INPUT
SOLENG
DIAGI
FNMAT
SOLENG
DIAGH
FNMAT
INPUT
DT AG!H
FNMAT

i
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.COMMON

VARIABLE

XKY

XKST

APS

AL1

AL2

AL3

JERR (CONTINUED)

TYPE

R%3

R%*8

R%x8

R%8

R%*8

R*R

DM

76

ADDR

4496

4504

4512

4520

4528

4536

SUBROUTLINE
INPUT
DIAG)
FNMAT
INPUT
DIAGY
FNMAT
INPUT
DIAGI
FNMAY
I NPUT

SETI
D1AG1
INPUYT

LAMBRT

SETY
DIAGH
FNMAT
INPUT

LAMBRYT

SETI
DIAGH
FNMAT
INPUT

LAMBRT

Ce i e
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_COMMDN VARI AALT CROSS REFERENCE TABLE 2
COMMON LAMB LENGTH 28 ‘ ;
VARIABLE  TYPE DIM ADDR  SUBROUTINE | .
XJLD R*3 0 EPM S

DIAGL

INPUT

LAMBRT :

BLKDATA ' P

RBRE R*8 16 INPUT et
BLKNDATA }

. |
|
|
i
§
i
A
; ;
|
i .
N !

s WWW.'~ »
B T s e s

e
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COMMON VARIABLZ CROSS REFERENCE TABLE

COMMON LEFT LENGTH 13440

VARIABLE TYPE OIm ADDR SUBROUTINE
XRL R*8 6,20 0 RECT
SFT1
DER1LYV
DETOT
FNMAT
GENMA
MIIPY
CONTRL
XrOL R*8 6420 960 RECT
SETI!
DERIV
FNMAT
GENMA
MIIPL
CCNTRL
FINDXB
vcoL - R%*8 72420 1920 DER1V
MIIPl
MODIF
CONTRL
FINDXB
SOLENG

(4
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U S, U5 N R, . v
COMMON VARIABLE CROSS REFERENCE TABLE
CNAMMON LEON LENGTH 112
VARIABLE TYPE DIM ADDR SUBROUTINE
XR0O R%*8 6 0 TBDP
DERIV
GENMA
TRAJL
XRODT R%8 ) 48 TeoP
DERIV
TMPDP R%*8 96 RECT
TROP
78
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COMMON VARIABLT CROSS RFFERENCE TABLE

COMMON LPPR LENGTH 4
VAR IABLE TYPE DIM ACOR SUBROUTINE
1CcT T4 0 DIAGH
17C 1%4 0 INPUT
79

reush



. COMMON VART ABLE

COMMON NORM

VARIABLE TYRE
TRE= R*8

DLEPH R*8

1TBL 1%4

DIM

22

LENGTH

ADDR
0

8

16

CROSS RZIFENRENCE TABLE

104

SUBROUTINE

INT
EPHEM
DERIV
F PHEM
FNMAT
INPUY
CONTRL
FINDXS
DERIV
F.PHEM
FNMAT
CONTRL
FINDXB
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COMMON VARIABLE CROSS REFERENCE TABLE

COMMON NENT LENGTH 4

VARIABLE TYPE DIm ADDR SUBROUT I NE
NPR 1 *4 0 INPUT
MINMX3
BLKDATA

81
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COMMAOIN VARIABLI CRANSS REFERENCE TABLE

COMMON TBPR LENGTH 4

VARIABLE TYPE OIM ADOR SUBROUT INE
1T3 I1%a o TBDP
MODIF
CONTRL

82

-

eu—
A st s+ 752
P S e

bad
-



v EsTE e -

o
R

5

. COMMON VARIARLE CRDSS REFERENCE TABLE

COMMON
VAR TABLE
BETAM1

GGO

GGO

G1

G2

G3

Ga

GS

FoO
F1
F2
F3
Fa
FS

THAD
TYPE
Rx8
R%8

R*8

R%*8

R*8

R¥*8

R*8

R*8

Rx8
R%8
Rx8
R%x8
R%8
R*8

NIM

83

LENGTH

ADDR
0

® ®

16

24

32

40

48

72
a0
88
9%
104
112

136

SUBROUTINE
SAMM
TBOP

SURFG
TBOP
SAMM

SUBRFG
SAMM
T8oP

SUBFG
SAMM
TB8DP

SUBFG
SAMM
80P

SUBRFG
SAMM

SUBFG
SAMM

SUBFG

SUBFG

SUBFG

SUBFG

SUBFG

SUBFG

SUBFG
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COMMON VARTABLZ CROSS RFEFERENCE TABLE

COMMON
VARIABLE

QMIN

ama x

wTOPY

MOPTM

XMMM

TYPE
R*A8
R%x8
R*8
R¥*8

R%*8

R*g

1 %4

84

DIM
120
30
30

30

30

LENGTH
ADDR

o
0

240

480

720

960

968

|

t
972 :
$UBROUT I NE [
BLKDATA :
SETY o
I TMAT o
MINMX3 b
FNMAT ey
MINMX3 -
ITMAT P
MINMX3 p
1TMAT L
MINMX3 R
1NPUT :
MINMX3 S
BLKDATA Loy
I NPUT i
MINMX3 Vo

A
Loy
S

%:
3
g

B

23wy,
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COMMON VARIABLT CROSS REFERENCE TABLE

COMMON

VARIABLE

ARRAY

CHIND

INTV

IN1X
XN1X

IN2X
XN2X

KSQQ

Xsaa

KM

MDIST

XDIST

ME]

ME

POSRCS

PRVODT

POT

HENRY
TYPE DIM
R¥8 8,3,.12
R%3
R*8 72
R*8 3
R*8 3
R*8 3
R*8 3
R*8 12
R*8 12
R*8 12
Re8
R*8
R#8 12
R*8 12
R*8
R*8
R=8

85

LENGTH

ADDR
(3]

2304

2312

2888
2888

2912
2912

293¢

2936

3032

3128

3128

3136

3232

3328

3336

3344

3472

SUBROUTINE
OETDT
INPUT

BLKDATA
INIT
DETODT
TRAJL
INIT
DER1vV
CONTRL
FNMAT
FINDXB
CONTRL
FNMAT
FINDXB
RECT
INPUT
MIIP}
CONTRL
BLKDATA
SETI
DIAGL
FNMAT
INIT
RECT
DER1V
ELCo
DER1V
CONTRL
BLKDATA
EPHEM
GENMA
FINDXB
SOLENG
INIT
MODIF
CONTRL
BLKDATA
INIT
RECT
MODIF
CONTRL
INPUT
CONTRL

 BLKDATA

INIT
DERLV
INIT
DETOT

[ U
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COMMON

VARIABLE

PCIN

RD

REKM

RRM

RRE

RREU

RCIND

RATIOD

TSCL

THTS

TP1

TIMEL

THET

VELRCS

HENRY (CONTINUED)

TYPE
R*8

R*8

R%8

R%*8

Rxg

R*8

R*3

R%*8

Rx8

R%8

R%8

R%x8

R%*8

R*8

DIM

ADDR
3352

3360

3368

3376

3384

3392

3400

3408

3424

3432

3440

3448

3456

3464

SUSROUTINE

INIT
DETDT
ELCO
OD1IAGIL
ENMAT
INPUT
BLKDATA
ELco
RECT
DIAG]
EPHEM
INPUT
MIIO]
BLKDATA
MODIF
CONTRL
BLKDATA
INPUT
CONTRL
BLKDATA
CONTRL
BLKDATA
DERI1V
TRAJL
RECT
CONTRL
DIAGH
INPUT
MITIP)
BLKDATA
I NPUT
CONTRL
BLKDATA
INIT
SETI
CONTRL
EPHEM
INPUT
BLKCATA
ELCO
TeoP
DER11V
CONTRL
I NPUT
CONTRL
BLKDATA

of
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- COMMON VARIABL=

COMMON

VARIABLE

DAY
YEAR
TDUMMY

ITRIG

IREFNQ

IREFNS

IREFNT

IN

10

T1JK

MONTH
NOPT

INTEG

TYPE

1 %4
1%4
I %4

1 %4

Iea

1%4

I*e

1*4

I %4

1%4

1%a
14

O1M

87

72

LENGTH

ADDR
0

8

12

16

20

24

28

32

36

40

484
s2

CROSS REFERENCE TABLE

348

SUBROUTINE

LAMBRY
LAMBRT
INITY
RECT
CONTRL
INTT
TRAJL
CONTRL
ELCO
INIT
RECY
SETI
DER1V
OEYDT
DIAGI
FNMAT
GENMA
MIIP])
CONTRL
FINDXD
SOLENG
BLKDATA
INIT
DIAGI!
INPUT
BLKDATA
DIAG1L
FNMAT
INPUT
BLKDATA
INPUT
BLKDATA
ELCO
RECT
DETOY
DIAGL
INPUT
ITMAT
M11IPY
TRAJL
BLKDATA
FNMAY
GENMA
CONTRL
FINDXS
LAMBRT
ELCO
RECY

o~y



., COMMON

VARTABLE

NPLAN

NPLAN3

. e

INTEG (CONTINUED)

TYPE

I %4

I %4

DIM

ADDR

340

344

SUBROUTINE
DIAGI1
FNMAT
GENMA
INPUT
ITMAT

BLKDATA
MIIPY
TRAJL

FNPRNT
SOLENG
INITY
RECTY
INPUT
CONTRL
INIY
DERIV

PRSI T

1
3
i
H
; .
1
b
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.COMMON VARTABL® CRNSS REFERENCE TABLE

COMMON NOMLL LFNG TH 4

VARIABLE TYPE OIM ADDR SUBROUTINE
NOMT 1%4 0 SETI
D1AG1
FNMAT
GENMA
TRAJL

S I



COMMON VARIABLZ CROSS REFERENCE TABLE

COMMON NORML LENGTH 96000
VAR IABLE YYp:s DIM ADDR SUBRQUTINE
TeBL R*8 12000 0 INT
. EPHEM
90

P

14
[
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COMMON VARIABLE CROSS REFERENCE TABLE

COMMON RSCAL LFNGTH a0
VAR IABLE TYRE O1IM ADDR SUBROUTINE

RLO ° R%&8 0o SET?Y
LAMBRT
BLKDATA
RPHAT R%x8 3 8 SETI
LAMBRY
HCR R=8 3 32 SET!
ROPML R%x8 3 56 SETI
LAMBRY

)}
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COMMON VARIABLF®

COMMON

VARTABLE

ROTHS
RODTH
RTB
ROTB
ALY

BlJ
cwd
oty

O1AD
xmu

SAML ]

TYPF Lvim
Rx*8 3
R2g 3
R*A 3
R*8 3
R*8 3,3
R*8 3,3
R%x8 3,3
Re8 3,3
Rt
Rsp

92

LENGTH

ADDR
o

24
a8
72
6

168

240

312

384
392

S

CROSS REFERENCE TABLE

400

SUBROUT I NE
SAMM
SAMM
SAMM
SAMM
SAMM
SET?
SAMM
SETI
SAMM
SETI
SAMM
SET!
SAMM
SAMK
SET!

i
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.COMMON VARIABLE CROSS RFFERENCE TABLE

COMMON STE Ve

VARIABLE TYPE

PEL™ R*g
KsaQ Reg
xsQ R28
“1AD R%*8
ROOTD R=8
Tt R#*8
TM20P R*8
) A 4 R%8
XRIOT R*8
SoTMU R=p

7 e e — -

LENGTH

NDIM ADDR
0

16

284

32

40

144

1£2

SUBROUTINE

RECY
DETDT
MODIF
TRAJL

RECT

CONTRL

TROP
DERLV
GENMA
TRAJL

RECT

Teor

RECT

THROP

RECT

Yaoe

CONTRL

RECTY

Teoe

RECT

TADP
DER1V

RECT

T80P
DERIV

RECY

80P
DERLY
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COMMON VARIABLS CRDOSS REFERENCE TABLE

COMMON veLLL LENGTH 16
VARIABLFE TVYpe DIM ADDR SUBROUT INE

VPOO R*8 0 SETI
/§ LAMBRYT
'! 170 1 %4 8 SETI
» GENMA
17Ot 1 *4 12 SET1
GENMA

94
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COMMON VARIABLF CROSS REFERENCE TABLE

COMMON CONRAD

VARIABLE

vTYpe
VORB
DELYV
DELVEL
VvPA
vYe

TYPE

R*8
Rx8
R*8
R%*8
R%g
R*8

LENGTH

DIM ADDR
0

0

8

8

16

16

95

24

SUBROUTINE
FNMAY
D1AG!
FNMAT
DIAGIL
FNMAT
NIAGL

P



COMMON VARIABLF CROSS REFERENCF TABLE

COMMON CONVRT

VAR IABLE
AP SCON

TYPF
R%*8

LENGTH 16
DIM ADDR SUBROUT I NE
0 RECY
SOLENG

96 .
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COMMON VARIABRLS CRNSS REFERENCE TABLE

COMMON MINEPS LENGTH 240
VARIABLE TYPE DIM ADDR SUBROUTINE
EPS R*8 30 o INPUT
- MINMX3
97
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COMMON VARIABLS CROSS REFSRENCE TABLE

COMMON MINSEC LENGTH 4
VARIABLE TYPE DIM ADDR SUBROUTINE
1TF I %4 0 INPUT
TRAJL
% BLKDATA

98
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COMMON VARIABLE CRNOSS REFFRENCF TABLE

COMMON OCBRALL LENGTH
VARIABLE TYPF OIM ADDR
SAlL R*8 0

EC1 R*8 8

CNI R*8 16

oM1 R%8 24

SOt R*8 32

TP1 R*%8 40
EMUDD R*8 48

64

SUBROUTI NE
EPH
INPUT
BLKDATA
FPH
INPUT
EOH
INPUT
EPH
INPUT
EPH
INPUT
EPH
INPUT
EPH
INPUT




COMMOMN VARIABLE CROSS

COMMON PERAPS

VARIASLE TYPF

RDOT R%8
RM R%*8
RP R%x8

EMU R*8

IPER & 1)

DIM ADDR
3 0

24
32
40

48

100

LENGTH

REFERENCE TABLE

52

SUBROUTTINE
FNMAT
MINMX3
INPUT
MINMX3
INPUT
MINMX3
I NPUT
MINMX3
INPUT
MI NMX3

| S
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VI SUBROUTINE DESCRIFPTIONS

In this section are presented detailed descriptions of every subroutine of
the ASTOP program. The descriptions are given in alphabetic order of the sub-
routine name, Entry points are not described separately, but are included in the
description of the primary subroutine, Each description is comprised of the follow~

ing sections:

1) Name of subroutine.
2) List of calling arguments.
3) List of sub-programs referenced by the subroutine being described.
4) List of commons referenced by the subroutine,
5)°  Entry points in the subroutine,
6) List of sub-programs referencing the subroutine being described.
7)  Detailed discussion of pertinent equations and logic,
8) Description of printout and messages generated by the subroutine,
9)  List of any documents referenced in the Discussion,

10) Table of external variables used by the subroutine,

11) Detailed flow chart.
Items 8 and 9 are included if applicable,

The table of external variables include for each variable listed the Fortran
name, the use of the variable, the name of the common array, if any, in which the
variable appears, and a definition of the variable. The variables included in this
table include only those referenced within the subroutine which are available for
use in other routines; e.g., common variables or variables contained in argument
lists, Temporary variables which are evaluated in, and not transmitted out of,
the subroutine are not listed. For any array included {n the table, the dimension of

the array is enclosed in parentheses beside the Fortran name, The use of the variable

101




is indicated by one or more of gix alphabetic codes, which are defined as follows:

A - the variable appears in the argument list of a sub-program called
by the subroutine,

E - the variable is equivalenced to a common variable; the name of the
common variable is enclosed in parentheses under the name of the
common,

R - the variable {8 a program input variable; this code appears only in
the description of subroutine INPUT,

S - the value of the variable i{s changed and stored within the subroutine,

U - the value of the variable is used within the subroutine: {.e,, the
variable name appears on the right hand side of an equation or in
an IF test,

X - the variable name appears in the argument list of the subroutine,

If the variable represents a variable used in the Discussion section of the subroutine
description, the mathematical symbol of the variable is included in the definition of

the variable,

The flow charts included in the subroutine description were prepared by the
proprietary system Autoflow-II at the Goddard Space Flight Center, These charts
are arranged such that the logic flow proceeds down each column and continues at
the top of the next column to the right, Usually 3 or 4 columns will comprise a
page. Each page is numbered in the upper right hand corner., Within each column
there normally will exist several blocks of code. These blocks are numbered
sequentfally from 01 through the logic on each page. Thus, any specific block
of code is identified by a page number and block number. The block number appears
at the upper right of a block, A number shown at the upper left of a block is the
statement number appearing in the subroutine listing, A transfer to a remote block
{s usually indicated by a circle with a number of form xxx.yy inscribed.
Occasionally, the number in the circle appears with xxx directly above yy, In
either case, xxx represents the page number and yy denotes the block number on

that page to which control is transferred. At the end of each page, except the last,
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a transfer to the top of the next page is indicated with the symbol /ELE/ At

the point to which the transfer occurs, a horizontal arrow is shown entering the
logic flow with a number to the left defining the page and block number from which
the transfer took place. A standard convention is employed to indicate selected
operations, For example, a dlamond denotes an IF test, algebraic code is enclosed
in rectangles, a rectangle inscribed in another rectangle denotes the start of a DO
loop or a CONTINUE statement, and a rectangle with a border on both sides denotes
the call of a subroutine. Within the left border on a call to a subroutine is the page
and block number of the start of that routine, The last page(s) of the flow chart
contains a listing of the non-executable statements in the subroutine., These state-

ments include type, dimension,common, equivalence, data and format statements,
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Name: AMAINT
Calling Arguments: INDS

Referenced Sub-programs: DERIV

Referenced Commons: AMI, AM1
Entry Points: None

Referencing Sub-programs: CONTRL, TRAJL

Discussion: This subroutine performs the numerical integration of a set of second

order differential equations. The solution consists of the first and second integrals
of the second derivatives, The current second derivatives are stored in the array
D2XI1, the first derivatives are placed in XID, and the integrated variables are in
XI. Each of these arrays are dimensioned 80 which represents the maximum
number of equations that may be integrated. The actual number of equations being
integrated is specified through the common variable NEQN. If a subset of the equa-
tions to be integrated are first order differential equations, the solutions to this
subset are efficiently obtained by avoiding the evaluation of the second integral.
Only the first integral is obtained and stored in the appropriate elements of XID

and also in the corresponding elements of XI. Whether a specific equation is to

be treated as a first or second order differential equation is indicated v.iih the
common variable array IFST, which is also dimensioned 80. A value of zero in

a specific element of IFST indicates that the corresponding element of D2XI is to

be treated as a second derivative, and a first and second integral are to be evaluated,
A non-zero value, however, Indicates that the corresponding element of D2XI is to
be treated as a first derivative, and only a first integral is to be evaluated and
stored in both XID and XI,

The differential equations are integrated using standard, sixth-order back-
ward-difference predictor formulas. This technique requires that a table of
gsecond derivatives be maintained for the current time and the preceding six inte-
gration points for each variable to be Integrated, Let the vector of variables to

‘ PRECEDING PAGL BLANK NOT ki MED

I
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be Integrated be denoted X, with its first and second derivatives being X and X.
Then denote
i'(‘ =X¢);  1=1,---7

as the tabular values of the second derivatives at the integration times t , where

l’
tl-l - tl =h

and h is the constant integration interval, Also, let decreasing values of the

subscript i represent the more recent integration points such that t. is the

1

current time, t2 is the preceding integration point, et-, The vaiuers of X and

X at previous points are not required, but are available at the current time tl.

The problem is to evaluate X and X for the time tl + h, The formulas for this

purpose are
X, +h) = X(t )+h[>'c(t )+ g :I
1 1 1 T2k P2
. _ . h
X, +W=X¢)* 3 5

where S, and S_ are two vectors of dimension NEQN, defined as fc.lows:

1. 2 7
8 ‘Z X S,=( BX
i=1 i=1
and k, « i and B | are a set of constants which may be Jerived from the sty

backward difference formulas, The values of these constants are

k = 60480

' % B,

1 198721 139849
2 -447288 -243594
3 705549 369399
4 -688256 -354188
5 407139 207495
6 -134472 - 68106
7 19087 9625

Once the integration to time t1 + h I8 completed, the derivative routine DERIV

106

i e e

[ oapi



R

e R e UL o ad R TR

Y.

e T TR S S S Ry Sy

3
[

is called to evaluate 5.((t1 + h)., The tabular second derivatives are then shifted
such that ;(‘_1 is placed in ;{i

in 5'(1- The table is then ready for the next integration step,

for i =7-~2, sequentially,and ;((tl + h) I8 nlaced

The use of this numerical integration technique requires the availability
of the second derivatives for the previous six integration points, Obviously, some
other method i8 required to in'tially construct this table, Additionally, the above
algorithm assumes continuity in X and X over the interval t7 to t1 +h, If
this assumption of continuity is viol :d, it is necessary to discard the tables in
use up to the point of discontinuity and once again construct the table to restart the
algorithm, For the purpose of developing the new table, this subroutine also con-
tains a fourth-order Runge-Kutta (R~K) Integrator., The accurzcy required by the
backwards difference integrator is maintained by tha R-K integrator by using an
integration interval h' equal to one quarter of the standard interval h, The pro-
cedure is to take six integration steps of length h' ur 71the R-K integrator. The
original second derivatives at the initial time (or the time of a discontinuity) and
the derivatives at the end of the six steps are loaded into a special derivative array,
il" This table is then employed by the backward difference integrator to integrate
eighteen additional steps of length h'. At the end of each fourth step, the fourth

derivatives are also loaded into the array X, such that, at the end of the 24 steps

of length h', the complete table of second delrlvatlves for an integration interval
of h is available. The integration interval then continues at the normal fnterval,
It should be noted that only one step of interval h' is executed on a single call to
AMAINT. A set of counters are maintained so that the switch from R-K to the

backward difference forniulas is automatic.
The equations for the fourth-~order Runge-Kutta integration of second

order differential equations are as follows:

- '" v 1
K, ~h X[tl, Xt,) X (t)]

o hl . O
K, = h'x[z1 +5 X(t)) +h' (X(t,)/2 +K1/8), Xe,) +K1/2]
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K, = h'x[t1 o X)) +h' (X (tl)/2 +K1/8),X (t1)+K2/2]
K, = h'ii[tl Y, X)) +h'K ) +K,/2), X ) + K,]
X(t, +h)=X(t;) +h' [5{1 (t,)+ &, +K, +K,)/6]

Q = ¥ o
X(t1+h ) X(t1)+(K1+2K2+_K3+K4)/6

where Kl’ K2, K 4 and K4 are arrays dimensioned NEQN,

The R-K integrator is also used for any non-standard integration interval,
h* < h, The procedure is to first evaluate the integer n which is the largest in-

teger such that

nh' < h*

where h'=h/4, A total of n steps of interval h' followed by a single step of
interval (h* -nh') are then executed using the R-K algorithm to obtain the de-
sired point. Unlike the procedure employed when constructing the derivat.ve

tables, the n+l steps using the R-K formulas are executed with a single call
to AMAINT.

The information as to which procedure to use is passed to subroutine
AMAINT through the calling argument INDS., This integer variable may have the
value of 1, 2, or 3. A standard integration step is indicated by INDS =1, For
this case, the interval may be either h or h', depending on whether the complete
derivative table is available, and the integration technique used may be either the
backward difference or the R-K algorithm, depending on the number of steps
taken since the table construction was begun, INDS=2 signifies that a non-standard
interval h* is to be integrated. The integration over the total interval is per-
formed before leaving the subroutine. A value of 3 denotes that a new derivative
table is to be constructed, and the necessary counters are initialized so that the

construction process is begun. A Fortran variable NRKS is initialized to 24 and
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decremented by one following each integration interval of h', and a variable NRS
is initialized to 6 and decremented by one each integration step of h' by the
R-K integrator. The R-K integrator is used if NRS >0, and the integration
interval h' =h/4 is used if NRKS > 0. A single integration step is performed

on a call to AMAINT if INDS is either 1 or 3,

AMAINT EXTERNAL VARIABLES TABLE

AMAINT-5

Variable Use Common Description |

T SU AM1 Independent variable of integration, t,

X1(80) SuU AM1 Array of integrated variables, X.

DTI SUE AM1 Integration interval, h or h' or h*,
(DELTT)

XID(80) SU AM1 First derivatives of integrated

variables, X.

D2X1(80) U AM1 Second derivatives of integrated
variables, X,

IFST (80) L AM1 Array of flags defining which equa-
tions are first order differential
equations. A value of 0 denot>s a
second order equation; a value of 1
denotes a first order equation.

INDS UX Indicator flag defining the procedure
AMAINT is to use., Value of 1 indi-
cates standard call; value of 2 de-
notes non-standard integration
interval; value of 3 signals the
need to reconstruct the derivative

tables.
NEQN §) AMI Number of equations being integrated,
CWLIN SUE AMl Array equivalent to XI, but dimensioned
(240) XI) to include XID and D2XI.
DELTI sU AM1 Integration interval, h or h' or h*,

G e A m C s A gl 1o ke
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Name: AMAL
Calling Arguments: X, SND, CSD, A

Referenced Sub-programs: None

Referencec Commons: None
Entry Points: None

Relerencing Sub-progrums: SETI, SOLENG

Discussion: This subroutine computes the 3 x 3 transformation that applies

for the rotation of a unit vector a about a second unit vector b through a

given clock angle @ to the position c. Denoting the transiormation matrix

as A (b, a), the transformation may be mathematically represented:
c=AD, a)a.

Pictorially, the rotation appears as in the following sketch:

¥

Note that this subroutine computes the transformation matrix A only. The
resultant vector ¢ is evaluated using the subroutine MTVT. The matrix A

is evaluated with the formula (see Reference).
A, 0)=Tcosa+B( - cosa) +C sin

where I Is the 3 x3 identity matrix, B represents the outer product of b
upon itself, {,e.,
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B = b2 bl b2 b2 b2 b3
b3 b1 b3 b2 b3 b3 |

o

and C (s the cross product operator matrix

[ n
0 -b3 b2
Cm= b3 0 -b1
-b2 bl 0
- .

The elements '* , b

9" and b3 represent the Cartesian components of b.

Reference:

S. Pines and B.F, Cockrell, "Partial Derivatives of Matrices Representing
Rigid Body Rotations, ' MSC Internal Note No. 68-FM-231, September 1968,

AMAL EXTERNAL VARIABLES TABLE

Variable | Use I Common Description
A@3,3) | sx Transformation matrix, A®, ).
X(3) Ux Reference unit vector, b,
Csbh UX Cosine of clock angle a, cos o,
SND UXx Sine of clock angle &, sin &,
120
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Name: CONTRL
Calling Arguments: Nona

Referenced Sub-programs: AMAINT, GENMA, INT, TBDP

Referenced Commons: ALAN, AM1, HENRY, HER, HIS, ILEF, INTEG,
LEFT, NORM, STEVE, TBPR

Entry Points: None

Referencing Sub-programs: TRAJL

Discussion: This subroutine monitors the calculation of the nominal trajectory to
determine when two-body trajectory rectifications and reference switches are re-
quired and to control the integration of the trajectory to precise arc end times.
Upon entry, the current time is compared to the scheduled end time of the current
trajectory arc. If this end time is passed, subroutine TBDP is called to evaluate
the interval in the universal anomaly required to integrate to the desired end time,
Subroutine AMAINT is then called with this interval and the backward integration
is performed. A call to subroutine GENMA is performed to store pertinent tra-
jectory arc information and, if perturbation trajectories are being computed
simultaneously with the nominal, to update the partial derivative matrix to the

et;d of the arc, The arc counter and next arc end time are updated and a flag
ITRIG is set to 1 to indicate that an end of arc has been encountered. A check

is then made to determine if the arc just completed is the last arc of the trajectory.
If so, the flag ITRIG is set to 3 to indicate end-of-trajectory and a return from
the subroutine is immediately executed, Otherwise, the logic flow continues as

if no end-of-arc had been encountered.

The next step is to determine if switch of the reference coordinate system
should be performed. This determination is made on the basis of the distance of
the spacecraft from the various attracting bodies inciuded in the simulation, With
each possible attracting body included in the program there is defined a distance
which may be considered the radius of the sphere of influence, When the space-

craft is within this sphere, the reference coordinate system is centered at the

123
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corresponding body, Switches in the reference coordinate system are performed
at the end of the integration interval over which the sphere was crossed., No

attempt is made to iterate the actual crossing point,

The current reference coordinate system is identified by the common
variable REFNO. When IREFNO =1 (Earth), the possibility of passing into the
sphere of the moon is first checked; if negative (i.e., the sphere was not crossed)
the possibility of passing outside the Earth’s sphere is then checked. When
IREFNO =2 (Moon) or IREFNO > 3 (any planet other than Earth), the only check
is to see if the sphere of the associated body is exited. When IREFNO = 3 (Sun),
the possibility of entering the sphere of each planet included in the simulation is
checked. If the result of any of these checks is positive, the variable IREFNO is
changed to the new reference body identification number and two calls to subroutine
INT are executed to return the position and velocity of the new reference body at
the current time. Unless the crossing is from Moon to Earth, from Sun to Earth
or from any planetl other than Earth to Sun, the sign of each element of these two
vectors is immediately reversed. Additionally, if the crossing is from Earth to
Sun or vice-versa, the units of distance are converted to AU when going to Sun
reference and to ER when going to Earth reference. This conversion of units is
performed not only for the position and velocity vectors just returned from sub-
routine INT, but also for the array of positions and velocities XRL and XRDL,
respectively, of the spacecraft relative to all perturbing bodies and of the Encke
terms in position and velocity, XIL and XIDL. The position and velocity vectors
relative to the current reference body are upda.ed to the new reference body and
the factor for converting between time and universal anomaly derivatives is

corrected for the new reference body using the formula

§=~/;_t/r

where B is the universal anomaly, M is the gravitational constant of the new
reference body and r is the new two body distance. Also, the planetary mass
array, ME, is defined in terms of Earth masses if the new IREFNO is less
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than 3 and in terms of Sun masses otherwise, and the flag ITRIG is setto 1
to indicate that a special event has occurred over the int.:gration interval being

monitored. A return from CONTRL is then executed.

If no reference switches were required over the integration interval, a
final set of checks are made to determine if a rectification of the referenc: two-
body trajectory is appropriate as a result of accumulated deviations from the
reference trajectory. Such rectifications can be triggered by the occurrence of
any one of three events: (1) the change in eccentric anomaly on the reference
two-body orbit since the last rectification exceeding the value of the common
variable THTS; (2) the square of the ratio of the position deviation from the
reference two-body over the distance from the reference body exceeding the
value of the common variable POSRCS; or (3) the square of the ratio of the
velocity deviation from the reference trajectory over the speed relative to the
reference body exceeding the value of the common variable VELRCS. The three
common variables noted are available as inputs to the program. If not input, the

following default values are used:

THTS = 1,5 radians
POSRCS = 1.D-4
VELRCS = 1,D-4

If any one of the rectification criteria is satisfied, the integer flag IDUMMY is

set to indicate the reason for rectification, the flag i:TRIG is set to 1 to indicate
a special event has occurred during the integration interval, and a return from the
subroutine is executed. If none of the rectification criteria is satisfied, the sub~
routine is exited with the flags IDUMMY =4 and ITRIG =2 except for the case
when an end of arc had been encountered for which ITRIG will possess a value of

1,
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CONTRL EXTERVAL VARIABLES TABLL

Variable

Use

Common

Description

T

ME(12)

TI

XI1@3)

XR (6)

CHN
(100)

DTI

K

UA

UE

UE

SUA

ALAN

HENRY

STEVE

AMl1
XIL)

LEFT
XRL)

HIS

AM1

INTEG

Current time in hours from start
of the trajectory, t.

Planetary mass array in Earth masses
if REFNO <3 and in Sun masses
otherwise,

Time of last rectification, in hours.
from start of trajectory.

Positional deviation of n.. .lzal tra-
jectery from reference two-body
trajectory.

Position vector o. spacecraft relative
to current reference body. Same as
XRL but limited to nominal trajectory
only,

Array of variables available for use
as independent variables in the
boundary value problem, Only the
arc end times are used in this
routine.

Time interval in hours from last
rectification to desired print point.
Value is stored just prior to call
to TBDP, Upon return from
TBDP, DTI contains universal
anomaly integration interval from
current time to desired print point,

Index of array ITBL, Values range
from 1-8 and correspond to Sun,
Jupiter, Mars, Venus, Saturn,
Uranus, Neptune and Pluto, res-
pectively.
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CONTRL EXTERNAL VARIABLES TABLE (cont)

Variable

Use

Common

Description

ITB

MEI
12)

NTP

RRE

RRM

TP1

XID(3)

XIL(80)

SU

SU

UE

SUE

TBPR

STEVE

HENRY

HER

HENRY

HENRY

HENRY

AM1

(XIDL)

AMl

Flag set to 1 immediately preceding
call to TBDP to force that routine to
compute the correct universal anomaly
integration interval required to inte-
grate backward to desired arc end
time. Reset to zero after call to
TBDP.

Gravitational constant of current
reference body, in ER3/hr? for
IREFNO < 2 and AU3/hr? for
IREFNO 2 3,

Array of planetary masses in units
of Earth masses. Index is IREFNO,

Counter incremented along the tra-
jectory and equal to the current arc
number,

Distance from Earth in ER beyond
which the reference is switched from
Earth to Sun.

Distance from Moon in ER beyond
which the reference is switched
from Moon to Earth or vice-versa.

Time in hours from the start of the
trajectory to the next scheduled arc
completion.

Velocity deviation of nominal tra-
jectory from reference two body
trajectory.

Second integrals of Encke terms of
nominal and perturbation trajectories.
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CONTRL EXTERNAL VARIABLES TABLE (cont)

Variable

XRL
(6,20)

IN1X(3)

IN2X(3)

ITBL(22)

KsQQ
(12)

NCT1

NEQL

NTPS

Use

SUE

SUA

SUA

UA

UA

Common

LEFT

HENRY

HENRY

NORM

HENRY

HER

ILEF

HER

Description

Position vectors of spacecraft from
reference body on nominal and per-
turbation trajectories. Dimension
of 6 provides for magnitude, square
and cube of distance plus the three
Cartesian components,

Array of planetary position coordi-
nates returned from egphemeris
interpolation routine INT,

Array of planetary velocity coordi-
nates returned from ephemeris
interpolation routine INT.

Table of values defining relative lo-
cations of the first ephemeris
coordinates for each planetary body.
Ephemeris data are stored in the array
TBBL of common NORML, First 11
elements of ITBL define position location;
last 11 define velocity location, Index
is UK,

Array of planetary gravitational
constants. Index is IREFNO, Units
are ER3/hr? for Earth and Moon and
AU3/hr® for all other bodies.

Index defining the relative location
of arc thrust/coast triggers within variable
array TBIN, Set equal to 10 (NTP-1)+2,

Total number of trajectories being
integrated simultaneously.

Integer equal to the total number of
trajectory arcs minus 1.
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CONTRL EXTERNAL VARIABLES TABLE (cont)

Variable " Use Common Description

RHBR SuU ALAN Factor for converting from derivatives
with respect to universal anomaly, 8,
to time derivatives. Equal to 8 =
Ju/r, where pu is the gravitational
constant of the reference body and r
is the two-body reference trajectory
distance.

RREU U HENRY Distance from Earth, in AU, within
which the reference is switched from
Sun to Earth,

THET U HENRY Change in the two body reference tra-
jectory eccentric anomaly, in radians,
since the last rectification,

THTS U HENRY Maximum change, in radians, of
eccentric anomaly permitted without
rectification.

VCOL UE LEFT Array of spacecraft position vectors

(72, 20) relative to all perturbing bodies on
nominal and perturbed trajectories.
Includes Cartesian coordinates plus
magnitude, square and cube of distance.

VCOR UE LEFT Same as VCOL except limited to

(72) (VCOL) nominal trajectory only.

XIDL SUE AM1 First integral of Encke terms of

(80) nominal and perturbation trajectories.

XRDL SUE LEFT Velocity vectors of spacecraft relative

6,20) to reference body on nominal and
perturbation trajectories. Dimension
of 6 provides for magnitude, square
and cube of velocity plus the three
Cartesian components,

XRDT UE LEFT Same as XRDL but limited to nominal

(6) (XRDL) trajectory only.
129
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CONTRL EXTERNAL VARIABLES TABLE (cont)

MDIST

NPLAN

RATIO

IDUMMY

IREFNO

POSRCS

VELRCS

sU

SUA

Common

HENRY

INTEG

HENRY

INTEG

INTEG

HENRY

HENRY

Description

Time interval, in hours, between
tabular entries in ephemeris table.

Flag initialized to 2 on entry and
subsequently set to 3 if end of tra-
jectory is reached and to 1 if an end
of arc or rectification point is reached,

Conversion factor for converting be-
tween ER and AU,

Number of perturbing bodies included
in the trajectory simulation,

Variable containing the value of the
position or velocity deviation squared
or eccentric anomaly change causing
a rectification,

Flag initialized to 4 on entry and
subsequently set to 1, 2, or 3 if
rectification due to velocity deviation,
position deviation or eccentric
anomaly change is required,

Reference body ID number as follows:

1 Earth 5 Mars 9 Neptune
2 not available 6 Jupiter 10 Pluto
3 Sun 7 Saturn

4 Venus 8 Uranus

Rectification criterion for position
deviation squared.

Rectification criterion for velocity
deviation squared,
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Name: ' DCUBIC
Calling Arguments: C, R, NRE

Referenced Sub-programs: None

Referenced Commons: None
Entry Points: None

Referencing Sub-programs: SAMM

Discussion: DCUBIC is a general routine for the solution of the cubic equation

of the form
3 2
+ + +¢_ =0
X clx czx 03

The approach used is the straightforward application of the solution to cubic equa-
tions contained in many references, including the one below, If there exist three

real roots to the equation, they are returned in the array R. I there is one real

root and two conjugate imaginary roots, the real root is returned in the first ele-
ment of R, the real portion of the imaginary roots is returned in the second ele-

ment, and the imaginary portion of the imaginary roots is returned in the third

element of R. The number of real roots are returned in NRE,
Reference:

C.R.C. Standard Math Tables, Chemical Rubber Co., Inc. 13!P Student Edition,
1964) Pp- 366‘367.
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.DCUBIC EXTERNAL VARIABLES TABLE !

Variable Use Common Description

C@3) UX Array of equation coefficients ¢,
i=1, 2, 3.

R(3) sX Array containing roots of the cubic
equation, as defined in the dis-
cussion above,

NRE sSX Number of real roots to the cubic
equation,
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Name: DERIV
Calling Argument: None -
|
>
Referenced Sub-programs: INT, RADII, SOLENG, TBDP E
[
Referenced Commons: _ ALAW, AM1, HENRY, HER, ILEF, INTEG, LEFT,
LEON, NORM, STEVE
Entry Points: None
Referencing Sub-programs: AMAINT, TRAJL
- Discussion: DERIV evaluates derivatives for numerical integration. The equa- ;
- tions of motion of the spacccraft in the gravitational field of n attracting bodies
- and subject to other perturbing accelerations such as thrust and radiation pressure,
aa are given by,
:. . n Rvi o
H = - F
e Rv Z “i 3 + )_ j ’ (1)
_ i=1 Tvi J
s where ﬁV is the total acceleration acting on the vehicle, K is the gravitational
- constant of the ith attracting body, va is the position of the vehicle relative to
- the ith body, and Fj represents the non-gravitational perturbing acceleration
- such as thrust and solar pressure. These equations are put into observable form
- by referring them to a refercnce body c. The equations of motion of the reference
I body are:
n R
.- - v c‘
e~ "L M 3 ° @
I i=1 rc[
t¥c
I Subtraction of Equation (2) from Equation (1) results in the equations of motion
: of the vehicle with respect to the reference body c.
R 2 R R
] Roa_y _¥e | v el
Rye =~ He 3 lfl “l[r 3 "3 +jz Fye @
ve = vi ct
l i¥e
I 147
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This permits uniform computation of the perturbations, regardless of reference
origin., It should be noted the perturbation arising from the mass of the reference

planet corresponds to the Encke acceleration,

AR =-

R ., is obtained from the ephemeris interpolation routine INT and stored in the

cl
COMP array. R _, is stored in the VCOL array.

vi
If Equation (3) is integrated directly by some numerical scheme, there

results, after a number of step-by-step intecgrations, an accumulation of error

which leads to inaccurate results. To avoid this loss in precision, it is con-

venient to write Equation (3) in the form:

o

nw=ﬁ+é. @)

The velocity and displacement vectors can be written as:

ve =Ry tE 6)

R, =R+ ¢ . ©)

The reference body (the one in whose sphere of influence the vehicle travels)

is chosen s0 as to minimize the perturbations.

In this method f{ is taken as:

k
R
R ==y —X-
Rk “C r3 1] (7)
k
e . k7 T _Reqo
AR=-p_ vc-—— =+ F . 8
[ r3:] y [l‘ l‘ 3] _/_ j ®)
ve k vi ci )
u‘c
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Equations (7) constitute the equations of motion of the Kepler problem and are
rolved by subroutine TBDP,

[ ]

1

>

The terms accounting for the Encke term and the planetary perturbations =

X

appearing on the right hand side of Equation (8) Involve numerous terms of the Q
R

form -%- —-93- where R and Ro may differ only by small amounts, For the
r r
o

Encke term, for instance, R - Ro = AR which is small, and for the planetary
perturbations, the difference is va which often is small also.

A computation scheme, which avoids loss of precision due to the sub-
traction of nearly equal terms and which also is correct when va is not small,

is employed. Defining the variable u as:

2 1
u 1.2(R°+2A1‘l)'AR. 9)
o
where AR=R - Ro, then the difference terms on the right hard side of (8) may
be evaluated

R_Bo_aR, Red+es’en
r3 r3 r3 r3\ )
o o (1+-—3~’

To
VCOL and COMP are the storage blocks from which the planetary pertur-
bations are computed, Both zonsist of several 6-vectors whose components are
x, ¥, 2, 2, e, 2], respectively. The VCOL block I8 d~bly dimensioned and
contains the same vectors, regardless of reference. The position vectors contained
in the VCOL (I, J) block are: |

S Vector
1-6 vehicle with respect to Earth
7-12 vehicle with respect to Moon
13 -18 vehicle with respect to Sun
149



I Vector

19 - 24 vehicle with respect to Veaus
25 - 30 vehicle with respect to Mars

31 -36 vehicle with respect to Jupiter
37 - 42 vehicle with respect to Saturn
43 - 48 vehicle with respect to Uranus
49 - 54 vehicle with respect to Neptune
55 - 60 vehicle with respect to Pluto

67 - 72 vehicle with respect to Mercury

for all J. Vectors fur J =1 correspond to the nominal trajectory while J =2

to J = NEQL corresponds to perturbation trajecotires. The format of the COMP
block is identical to the VCOL format. The contents of the COMP depend on the
reference origin, The COMP vectors contain the reference body with respect to
the perturbing bodies. Since these vectors are the same for nominal and reference
trajectories, the array is singly dimensioned. In this array, one of the vectors
would be the reference with respect to itself, This vector is filled with the un-
perturbed vehicle position (derived from the two-body problem) with respect to

the reference.

The method presented yields accurate trajectories using relatively little
computer time. All significant solar system bodies may be included without undue
complications. All perturbing bodies whose identification number is not greater
than the integer NPLAN are included in the simulation, Since the perturbations
only are integrated, the allowable integration interval is fairly large over most of
the path., Even in the vicinity of Earth or another planet a relatively large interval
(compared to other schemes) may be used without limiting the stability and accuracy
of the solutions. The perturbations are kept small in two ways. First, the two-
body orbit is rectified whenever the perturbations exceed a specified maximum value
compaved to the corresponding unperturbed values. This limits error build-up

with respect to particular reference body., Second, the reference body of the

150
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two-body problem is changrd from Earth, to Sun, to planet accordingly, as that
reference body would contribute the largest perturbing force otherwise. This
method is referred to as a modified Encke formulation and will handle circular
orbits and zero inclination, which are normally singular regions for the standard
Encke formulation, The problem is defined in terms of parameters which have
real physical significance (namely, the position and velocity vectors) which are

directly relatable to measurable quantities.

The computation of the non-gravitational contributions is performed in
subroutine SOLENG. The total accelerations are then converted to second deri-

vatives with respect to the universal variable 8 through the equations

2 -

T R *R
i
c Jucrk

where the prime denotes derivatives with respect to 8.

DERIV EXTERNAL VARIABLES TABLE

Variable Use Common Description
T U ALAN Time in hours from start of trajectory.
KMQ2) U HENRY Array of planetary gravitational con-

stants, in ER3/hr2 for IREFNO s 2,
AU3/hr2 for IREFNO 2 3, Index is

IREFNO.

NQN U ILEF Number of equations integrated on
each nominal trajectory.

NTP U HER Counter incremented along the tra-
jectory and equal to the current arc
number,

XIL(80) U AM1 Second integrals of Encke terms of

nominal and perturbation trajectories.
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DERIV EXTERNAL VARIABLES TABLE ( cont)

Variable - Use Common Description
Ww
XRI(6) U STEVE Position vector on reference two-hody

trajectory at last rectification point,
Contents include [x, y, z, r3, r, r2].

XRL SUA LEFT Position vectors of spacecraft from
| (8. 20) reference body on nominal and per-
~! turbation trajectories. Dimension

of 6 provides for magnitude, square
and cube of distance plus the three
Cartesian componernts,

XRO(6) SUA LEON Position vector on reference two-body
trajectory at current time, Contents
include [x, y, z, r°, r, r2] .

XsQ U STEVE Gravitational constant of current
reference body, in ER3/hr? for
IREFNO < 2 and AU3/hr? for

IREFNO 2 3,
BETA U AM1 Universal variable, accumulated from
last rectification point.
INTV SUA HENRY Array of planetary heliocentric posi-
(72) tion vectors returned from subroutine

INT. The three Cartesian coordinates
of the bodies are stored sequentially in
the following order: Earth, Jupiter,
Mars, Venus, Saturn, Uranus, Neptune,
Pluto. Only the first 24 locations are -
currently used by the program.

NEQL U ILEF Number of trajectories being inte-
grated simultaneously,

RHBRQR SU ALAN Factor for converting between time
derivatives and universal anomaly
derivatives, 8.

o
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DERIV EXTERNAL VARIABLES TABLE (cont)

Variables

THET

VCOL
(72, 20)

XIDL
(80)

XRDL
(6, 20)

DELPH

DORHO

D2XIL
(80)

MDIST

Use

UA

SUA

Su

suU

SU

Common

HENRY

LEFT

AM1

LEFT

NORM

ALAN

AM1

HENRY

HENRY

Description

Change in eccentric anomaly along
reference two-body trajectory,
measured in radians from last
rectification,

Array of spacecraft position vectors
relative to all perturbing bodies on
nominal and perturbed trajectories.
Includes Cartesian coordinates plus
magnitude, square and cube of
distance.

First integral of Encke terms of
nominal and perturbation trajectories.

Veloceity vectors of spacecraft relative
to reference body on nominal and
perturbation trajectories. Dimension
of 6 provides for magnitude, square
and cube of velocity plus the three
Cartesian comporents,

Time interval, in hours, between
tabular entries in ephemeris table,

Factor used in converting between
second derivatives with respect to
time and universal anomaly, defined

rk/f“ .

Array of second derivatives repre-
senting the Encke perturbations for
the nominal and perturbation
trajectories.

Conversion factor for converting be-
tween ER and AU,

Value of universal anomaly on
previous pass through subroutine
DERIV,
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DERIV EXTERNAL VARIABRLES TABLE (cont)

[

Variable

RCIND

SQTMU

XRIDT
()

XRODT
6)

IREFNO

NPLAN3

Use

U

SU

UA

Common

HENRY

STEVE

STEVE

LEON

INTEG

INTEG

Description

Rectification indicator. Value of 1
denotes that a rectification of the
reference two-body trajectory was
just performed.

JH.
Velocity vector on reference two-body

trajectory at last rectification point,
Contents include (x, y, z, v°, v, v°].

Velocity vector on reference two-body
trajectory at current time, Contents
include (X, y, z, v3, v, v2].

Reference body ID number as follows:

1 Earth 5 Mars 9 Neptune
2 not available 6 Jupiter 10 Pluto

3 Sun 7 Saturn

4 Venus 8 Uranus

Number of position coordinates to be
returned from the ephemeris interpo-
lation subroutine INT.
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