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SUMMARY

This report describes a Phase A performance-analysis computer program,
HILTOP, that has been developed explicitly to generate optimum electric propul-
sion trajectory data for missions of interest in the exploration of the solar system.,
HILTOP is a double-precision, FORTRAN IV, IBM 360 production program which
is primarily designed to evaluate the performance capabilities of electric propul-
sion systems and which may, in the hands of a skilled analyst, perform efficiently
in the simulation of a wide variety of interplanetary missions. HILTOP uses nu-
merical integration of the two-body, three-dimensional equations o;ﬁ motion and
the Euler-Lagrange equations. It contains transversality conditions which permit

the rapid generation of converged maximum-payload trajectory data, and allows

. the optimization of numerous other performance indices for which no transversa-

lity conditions are included. In addition to optimizing the thrust direction and on-
off switch times, other significant performance parameters that can be optimized

are jet exhaust speed, power level, hyperbolic excess speeds, launch asymptote

. geocentric declination, flight time and launch date. The ability to simulate con-

strained optimum solutions, including trajectories having specified propulsion time
and constant thrust cone angle, are also optionally available. The program is de-
signed to handle multiple-target missions with various types of encounters, such as
rendezvous, stopover, orbital capture, and flyby. Performance requirements for.

a variety of launch vehicles may be determined. The documentation includes problem

formulation, program usage specifications, sample problems, and detailed subroutine

descriptions.
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 NOMENCLATURE

Generally, upper-case symbols denote vectors and lower-case symbols

denote scalars. Lower-case symbols with bars denote unit vectors. The abbre-

viations EPS for electric propulsion system and BVP for boundary value problem

are used,

a EPS instantaneous thrust acceleration; semi-major axis

ac Semi~-major axis of primary-target capture orbit

ai Solar power law coefficients

;1 Arbitrary unit vectors used in (132) and (139)

2 .

b A coefficient in the efficiency law

b1 :

b2 Launch vehicle coefficients

C Vector constant of optimal rocket problem, expression (63)

c® Radians-to-degrees conversion factor

c EPS jet exhaust speed (constant); abbreviation fqr cosine function
cr - Retro stage jet exhaust speed

cl Auxiliary quantity given by expression (74)

c

1 .

c 9 Coefficients in quadratic expression for ,Avi; expression (78).
c .

d A coefficient in the efficiency law; an auziliary quantity in the coast-phase

solution; solar flux density

.E

Eccentric anomaly (a scalar)
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A coefficient in the efficiency law; the base of the natural logarithms;

eccentricity; subscript denoting Earth
Spacecraft unit angular momentum vector
Spacecraft unit radius vector

EPS unit thrust vector

Spacecraft unit velocity vector

Retro stage characteristic speed exponential factor gi\ien by expression (76)

Unit primer vector
Auxiliary scalar function defined by (215)

EPS instantaneous thrust magnitude; f-function of the f and g series;

subscript denoting a desired value; true anomaly; auxiliary variable defined

by equation (147)

Retrp stage thrust magnitude

Auxiliary quantity given by expression (77)

Auxiliary scalar functions in the coast~phase solution, equation (45)

EPS reference thrust acceleration; g-function of the f and g series;
BVP point-constraint geometric mean of the weighting factors -

Auxiliary quantity given by expression (97)

* Spacecraft angular momentum vector

Magnitude of spacecraft angular momentum vector

Spacecraft unit angular momentum vector '

Yériational Hamiltonian

Cartesian components of spacecraft angular momentum vector
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s
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kdrop

i

samp

R

Thrust~switching step-function

Subscript pertaining to an intermediate target; inclination to ecliptic;
general subscript or running index; inclination of parking orbit about
Earth

Unit vector along x-axis

Parking orbit inclination associated with range safety limit

Index-set of the BVP dependent variables -

Unit vector along y-axis

Unspecified-reference-power indicator

EPS propulsion system jettison indicator (retro maneuver)
Retro stage existeﬁce indicator

EPS tankage jettison indicator (retro maneuver)

Arbitrary positive constant associated with performance index; temporary
variable ultimately equated to inverse of the characteristic degradation
time

. Unit vector along z-axis

Auxiliary quantity given by expression (75)

Intermediate-target drop-mass factor defined by expreséion (6)
Retro stage tankage mass factor defined by expression (11)

EPS structure mass factor defined by expression (8)
Intermediate-target sample-mass factor defined by expression (6)

EPS tankage mass factor defined by expression (7)

. Launch site latitude (scalar)

Mean anomaly (scalar)

xi
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Retro stage structure mass defined by expression (11)

Exponent in step-size law, expression (39); subscript denoting time at
~ the primary target; number of BVP dependent variables -

v

Coefficients used in computing nuclear and total magnitudes of a celestial
body (scalars)

Nuclear magnitude (scalar)

Total magnitude (scalar)

Spacecraft total mass variable

Auxiliary unit vector given b)} expreséion (32)

Intermediate-targe;c drop-mass given by expression (6)

Net spacecraft mass

VInitial spacecraft mass (payload of launch vehicle) given by expression (2)
EPS propellant mass

Electric propulsion system mass given by expression (4)

Retro stage mass

Retro stage propellant mass given by expression (9)

Retro stage structure and tahkage mass giveh by expression (11)
EPS structure mass

Intermediate~target samplé-mass given by expressidn (6)

EPS tankage mass

»

Propellant mass increment due to primary-~target spiral maneuver

xii
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Unit vector normal to the solar arrays
Unit vector directed along a planet's north pole

Subscript denoting launch time; subscript denot‘in'g the beginning of a
computation step

A celestial body's position vector; BVP partial derivative matrix

EPS instantaneous power; subscript denoting a perturbed, or neighboring,
parameter; auxiliary variable in equations (79)

Ratio of housekeeping to reference power, ph/pref

Total instantaneous power developed by arrays
Housekeeping power

EPS reference power

Auxiliary quantities in coast-phase solution, expressions (54) and (55)

Auxiliary variable in equations (79); solar array radiation damage factor
Spacecraft position vector

Magnitude of R

Primary-target capture-orbit apocenter distance '

Earth-to-spacecraft communication distance

Unit vector along line of ascending node

Primary-target capture-orbit pericenter distance; primary-target swingby
passage-distance

. Swingby passage~-distance unit vector

Value of r for which 7Y-curve is ata maxunum

- Abbreviation for sine function; auxiliary variable used in equations (79);

degradation time

xlii



Av
o

- Av
g

Unit vector dirgcted toward Canopus

Time

Retro maneuver burn time given by expression (12)
Time-increment due to primary-target spiral maneuver

Generalized universal anomaly during thrust phases

Generalized universal anomaly incremeht, equivalent to the computation'

step-size during numerical integration
Magnitude of spacecraft velocity
Characteristic speed of a rocket maneuver
Escape speed from launch parking orbit

Minimum velocity impulse required for non-coplanar injection from a
circular orbit to a given excess velocity

Speed of a spacecraft in a circular orbit

Planetocentric speed at primary-target swingby closest-approach point;
auxiliary speed given by equation (72)

Hyperbolic excess velocity (or encounter velocity)

- Swingby planet arrival hyperbolic excess velocity

Swingby planet departure hyperbolic excess velocity

Hyperbolic excess speed (or encounter speed)

Retro stége impulsive veldcity increment magnitude; characteristic velocity
associated with primary-target spiral maneuver; incremental speed required

at powered swingby
Retro stage total vélocity increment magnitude

Minimum incremental velocity (magnitude) for coplanar boost out of
circular orbit :

| Velocity penalty due to noncoplanar boost out of circular orbit

e
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7*

Velocity penaity due to launch azimuth
Auxiliary variable in equations (79)

First Cartesian component of position; a general variable; a general
state variable; auxiliary variable in equations (79)

Second Cartesian component of position; auxiliary variable in equations (79)
Third Cartesian component of position

EPS specific mass; geocentric right ascension of launch excess velocity

Auxiliary parameters defined by equations (211) and (212)

Specific mass of the solar arrays
Communication angle (Sun-Earth-‘spacecra;ft)

Specific mass of the power conditioning and thruster subsystem

.f;rbitrary, independent angles defining orientation of excess velocity in
(132) and (139)

independent variable of coast-phase solution, also generalized to be the
independent variable on the entire trajectory

Value of B at the beginning of a computation step

Computation step size (increment of frajectory independent variable)
Normalized power function

3y/3r

37/3d, where d is the solar flux density

Launch hyperbolic—excess-w'relocity asymptote déclination; BVP dependent-

variable tolerance '

Bend angles of hyperbolic arrival and departure trajectories, expression (213)
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Total bend-anglc givea by éxpression (214)

- Kronecker delta function

Auxiliary quantity in the coast-phase solution; obliquity of the Earth's
equator to the ecliptic

EPS efficiency

dn/dc |

In-plane thrusf angle |
Travel angle increment
Travel angle

Primer vector (adjoint to spacecraft velocity)

Magnitude of A; a general adjoint variabie; the iterator inhibitor

Adjoint variable associated with jet exhaust speed

“Adjoint variable associated with degradation time

Thrust cone angle Lagrange multiplier

Adjoint variable associated with mass ratio

~ Adjoint variable associated with propulsion time

Adjoint variable associated with thrust cone angle
Gravitational constant of the sun; a general gravitational constant

Gravitational constant of the primary target

Mass ratio

Mass ratio increment at an intermediate target
Performance index; ratio of circle circumference to diameter
Partial derivative of 7 with respect to arbitrary vari_.ablé X ‘

Adjoint variable associated with reference thrust acceleration I
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Aﬁxiliary variable used in equations (79)

’fhrust switch function

Special fo‘rm of thrust switch function, given by equation (186)
Portion of total thrust switch function, given by (193)
Propulsion-—éorner-proximity tolerance~interval

EPS propulsion time

Characteristic degradation time

Transformation matrix for rotating from ecliptic to equatorial coordinate
system

Thrust cone angle (between thrust and radius)

‘Angle between normal to solar arrays and the spacecraft-sunline
Out-of—plane thrust angle |
Longitude of ascending node of an orbit

Angular position from the ascending node of an orbit to the spacecraft;
argument of perifocus of an orbit ~



I - INTRODUCTION

HILTOP is a Phase A performance analysis computer program that has
been developed explicitly for the purpose of generating optimum electric pro-
pulsion trajectories that are of interest for the exploration of the solar system,
The program contains a propulsion system model that assumes jét exhaust speed
(épecific impulse) is' held constant throughout the flight, while power and thrust
may either be held constant, to simulate nuclear electric, or varied with solar
distance, to simulate solar electric propulsion. The thrust direction time history
and the engine‘ on-off times are determined by the program to extremize a pre-
selected performance index. The indirect optimization method is employed for
this purpose. A basic knowledge of optimization theory is required to understand

this report, For a discussion of optimization theory, see Reference [1].

The electric propulsion system is permitted to operate throughout the
heliocentric flight. The initial conditions of the heliocentric flight are assumed
to be established impulsively by a conventional launch vehicle. Two distinct
problem formulations are available. In the launch vehicle dependent formulation,
the initial spacecraft mass (i.e., the payload of the launch vehicle) is a specified
function of the launch hyperbolic excess speed and launch parking orbit inclination,
and these two parameters are available as independent parameters to optimize the
distribution of performance between the launch vehicle and the electric propulsion .
system. In the launch vehicle independent formulation, the reference power is -
specified and the initial spacecraft mass is optimized for a given launch excess
speed to maximize net spacecraft mass, In either fomu_la.tion the hyperbolic
geocentric trajectory ultimately established by the launch vehicle is then con-
sidered from the viewpoint 6f asymptotic expansion theory and the spacecraft's
motion is added to the motion of the Earth relative to the Sun, Only zero order
terms of the expansion are retained such that the initial'héliqgentric position of
the spacecraft is equal to the position of the Earth on the,p‘fescribed launch date,

and the initial heliocentric velocity of the spacecraft is equal to the vector sum



of the Earth’s heliocentric velocity and the launch hyperbolic excess velocity.

The direction of the launch excess velocity is determined as part of the optimi-

zation problem.

HILTOP may simulate missions having as many as four targets (celestial
objects) along a trajectory. One target is designated as the "primary" target
(which may be absent in such missions as, for example, extra-ecliptic probes).
In addition, up to three "intermediate'" targets are permissible, such that the
intermediate targets are visited prior to the primary target. At present, inter-
mediate targets must be relatively massless objects such as comets and asteroids,
because the gravitational perturbing effect of an intermediate target on the space-
craft is not coded into the program. In addition, the spacecraft is optionally per-
mitted to swing-by the primary target and continue onward ballistically to up to 5
"post-swingby'' targets. A multiple-target mission may consist of .aﬁy combina-
tion of flybys, rendezvous, and stopovers involving the intermed.iat'e targets in-

cluding possible sample retrievals and dropoffs of instrument packages.

A power degradation model has been incorporated into the formulation of

HILTOP. The model allows a single parameter (denoted "characteristic degrada-

tion time") to describe the power degradation behavior of an electric propulsion
spacecraft to a degree which fundamentally affects the solution to the trajectory
optimization problem.

The option of simulating spacecraft housekeeping power applies to solar
electric propulsion with specified reference power. The housekeepihg power
is a specified constant power generated by the solar a_.rrays' and shunted away
from the thruster power-conditioners and directly to the spacecraft payload for -
"housekeeping" purposes. A solution to the problem of optimizing electric
propulsion heliocentric trajectories, including the effects of geocentrid launch
asymptote declination on launch vehicle performance capability, is developed ‘

using variational calculus techniques. The model of the launch vehicle per-

.
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formance includes a penalty associated with a non-easterly launch plus another
penalty érising from a non-coplanar launch from the parking orbit. Provisions
for range safety constraints are included. Optimal trajectories will generally

have the launch excess velocity offset from the initial primer vector.

.Tbe programl's ability to simulate all-ballistic missions includes powered
and unpowered multiple swingby missions with an optional deep space burn. This
capability renders HILTOP a powerful tool for ballistic mission design and optimi-
zation, with tremendous flexibility for creating imaginative multi-target mission

profiles.

For planetary orbiter or asteroid or comet rendezvous missions, a com-
putational technique similar to that for launch is provided to include a high-thrust
retro maneuver to achieve the desired arrival conditions at the primary target.
The arrival hyperbolic excess speed at the primary target is available as an in~
dependent parameter to optimize the distribution of performance between the retro -

stage, of specified thrust and specific impulse, and the electric propulsion system.

The use of the zero order asymptotic matching to account for high-thrust .
maneuvers in the vicinity of a planet permits all trajectory computations to be
carried out in the heliocentric referehce frame whefe a central, inverse square
gravitational field is assumed. The location and motion of the planets within this
system are defined as functions of time through an analytic ephemeris routine
which contains osculating planetary orbital elements which are quadratic functions
of time. Comets and asteroids are assumed to have constant orbital elements.
The motion of the spacecraft in the heliocentric reference frame under the influence
of the electric propulsion system is governed by a set of first and second order
ordinary differential equations, known as the state equations. Associated with the
state equations is another set of first and second order ofdinary differential equa~
tions, known as the adjoint equations, which are inherent in the application of the

indirect method of optimization. These two sets of equations.must be solved



simultaneously. During thrust phases the solution is obtained by numerical inte-
gration; however, ciuring coast phases, an analytic solution of the differential -

equations is known and is employed.

The program is coded to yield a complete optimum solution by the indirect
method only for the problem of maximizing net spacecraft mass. The reason for
the restriction to a single performance index for the complete solution is thaf the
transversality conditions, whicl.l comprise a portion of the Necessary Conditions
of the solution, are dependent upon the choice of performance ‘index and only one
set of these conditioﬁs is presently coded. Coincidentally, however, a complete
set of Necessary Conditions is also available for the problem of minimum flight
time with fixed net spacecraft mass because the transilersality conditions for this
problem are identical to those for maximum net spacecraft mass with fixed flight
time. A large variety of specific problenis may be posed within the framéwork

of these two general problems.

The program iterator routine, whose primary function is to solve the
bouﬁdary value problem that arises in all trajectory optimization problems, is,
in fact, a generalized parameter optimization package. The iterator has two
basic modes of operation: (1) the satisfy mode in which the sole purpose is to
satisfy all specified boundary conditions, and (2) the improve mode in which a
gradient technique is employed to improve a selected perfofmance index while
maintaining satisfaction of the specified boundary condi_tions. This iterator may
be used in the following manner, If the spec.ific problein to be solved is. cdntained
in one of the two general classes of problems indicated in the pi'eceding paragraph,
then all Necessary Conditions, including transvérsality coﬁditions, are available
for evaluation in the program, These transversality conditions are ,inéluded as
part of the boundary conditions, and there results a two point boundary value
problem with an equal number of boundary conditions and unknown parameters,
_A solution of this boundary value problem is Aassumg_‘ad to be a solution of the

original optimization problem v(specified problem to be solved); consequently,

N . .
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the complete solution to the uriginal problem is assumed to be obtained upon the
successful convergence in the satisfy mode. If, however, all of the required
transversality conditions are not available for evaluation within the program, as
in the case of a pérformance index other than as indicated in the preceding para-
graph, then there will exist more independent parameters than boundary conditions
that can be invoked.l Thus, an infinite number of solutions exists to the boundary
@ue problem posed, and all degrees of freedom may be used to improve the
selected performance index. For such a problem, the iterator first solves the
overdetermined boundary value problem in the satisfy mode, and then proceeds

to the improve mode, in which the performance index is successively improved
while maintaining approximate satisfaction of the boundary conditions. When

the perfbrmance index can no longer be improved on successive iterations, the
iterator assumes that the extremum has been successfully isolated and terminates
the search. An important feature of the improve mode is that any program para- -
meter that is available for specification as a boundary condition may be chosen as

a performance index. Consequently, the program provides considerable flexibility

“in treating a variety of problems. The primary drawback of the improve mode is

that it is costly and time consuming to use extensively because of the normally
slow convergence rates concomitant with direct techniques, and therefore it is
highly recommended that the problem of interest be posed within the framework

of the satisfy mode whenever possible.
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IL, FORMULATION
A, SPACECRAFT AND TRAJECTORY MODELS,

The following discussion is oriented toward the programming logic aspects
of the HILTOP computer program. For the sake of simplicity and clarity, the dis-

cussion of solar array radiation degradation is discussed separately in Section C.

1. Spacecraft Mass Components. The spacecraft is composed of

an electric propulsion system and associated tankage and propellant masses, a
structure mass component, a retro propulsion component (for maneuvers about a

primary target), a set of instrument package masses to be dropped at intermediate

- targets and a net spacecraft mass as follows:

n-1

m m +m +m +m +m +Zm . tm R
0 ps p t s r drop i net

i=1

where mo is the initial spacecraft mass; mps’ mp, mt are the electric pro~
pulsion engine and powerplant, propellant and tankage masses, respectively;- mS

is the structure component; mr is the retro propulsion mass; m drop i is the in-

‘strument package mass left at the ith target; and m o is net spacecraft mass

(payload)., In the analysis to follow, the subscript o denotes the launch body and
n the primary (final) target. The net spacecraft mass consists of the scientific
instruments, communications, navigation, and other engineering hardware, shield-

ing, and any other mass components required to carry out the mission of interest.

Under one program operating mode, known as the launch vehicle dependent
mode, the initial spacecraft mass is governed by the performance capability of a

launch vehicle according to the. relation,

__[-vc/b2]
m°=b1e -b 3’ . (2)
where 1 . _
- 2 2 92
vc = [v@o + veJ 3 3)
o aEoaEd
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provided that the déciination of the departure asymptote at Earth escape ‘does
not exceed the latitﬁde of the launch site (in magnitude). Whenev.er the departure
asymptote declination exceeds the launch site latitude in magnitude, the above ex-
pression for the characteristic velocity, Ve should be expanded to allow non-
coplanar burns by the launch vehicle and/or non-due-East launches from the launch
site. The equations for this more complicated.case of a non-coplanar launch are
treated in a subsequent paragraph. In expressions (2) and (3), V;O is the departure
hyperbolic excess speed, Ve is an internal constant equal to the escape speed at
185 km altitude above the Earth's surface, and bl’-bz’ b3 are constants which
define the performance capability of a given launch vehicle. These constants may
either be input directly or taken from an internal table of constants that have been
pre-computed for selected launch vehicles. The constants in the internal table
.were generated using a least squares algorithm and data from Reference [2]. The
- payload capabilities of the specified launch vehicles were curve ﬁt to the above

equation for initial spacecraft mass,

Under a second operating mode, known. as the launch vehicle independent
‘mode, the initial spaceéraft mass is completely unconstrained. The program then
determines the _optimum initial mass which results in the maximum net spacedraft
mass for given reference power. The launch excess speed may be either fixed or

optimized.
The electric propulsion engine mass is given by,

Moo = Pres [at + @1 + Ap) oza] . @)

where pre ¢ is the reference power (see‘ Electric Propulsion System) at, is the ‘
specific mass of the thruster and power conditioning subsystem, aa is the specific
mass of the arrays, and Ap is the ratio of housekeeping to reference power, an
input constant., The ‘electric pi:opulsion propellant mass mp is obtained by inte-
grating the derivative of mass ratio over all thrusting arcs and employing the

equation,

(4
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n-1
- Y
= - + ) .-
mpn mo @ Vn) .L:-l (msamp i mdrop i) 2 ®)
i= : :

where Un is the mass ratio at the primary target (i.e., prior to the optional

retro maneuver) and msamp i is the sample mass picke_d up at the ith target.

‘The sample masses and drop masses are specified as linear functions of

the initial mass, as follows:

m .=m k .3 m .=m k -
samp i o samp i drop i o dropi:

)

ci . are inputs and are available as independent para-
rop i _

meters of the boundary value problem., Both m . and m . are available
samp i drop i

where k and k
samp i

as dependent parameters,

The electric propulsion propellant tankage mass and structure mass are

computed, respectively,

ms = ksmo , . (8)

where kt and kS are input constants,

The total retro mass array is given by the sum m = mrp + m . where

the retro propellant requirement, mrp’ is given by the following:

9

mrp - (movn-']ps mps B Jtmt) ex’

where mps and m, are the electric propulsion system and tankage masses,
respectively; jps and j ¢ are input jettison indicators set equal to one if the
electric propulsion engine mass and tankage mass components are to be jettisoned

prior to the retro maneuver and equal to zero otherwise; and ex, is given by



[-Av'/c ]
e =1-e T, . o)

where Av' is the magnitude of the required velocity increment of the retro stage

and cr is the retro jet exhaust speed, evaluated as the product of the input retro

specific impulse and the reference acceleration of gravity (9.80665 m/secz). The
computation of Av' is discussed in Section B, Part 3, Target Conditions and

Spacecraft Constraints.

The retro structure and tankage mass component, m is given by

rst’

= + ’
Mest - Pre krtmrp’ 1)

where Inrs is the input structural mass and krt is the input retro tankage factor.
The burn time associated with the retro maneuver, tb, is computed as a function

of the input engine parameters,

tb= __ZL_I.‘_ (12)

where fr is the input thrust level of the retro stage.

2. Electric Propulsion System. The independent parameters

associated with the propulsion system are.refer'enée thrust acceleration, g,
and jet exhaust speed, c. g is the thrust magnitude at 1 AU from the sun
divided by the initial mass, and is not to be confused with the acceleration of
gravity at 'the Earth's surface, which is not used (as a symbol) in this document.
The instantaneous thrust acéeleration- is computed by,

v o’

@3)

where ¥ is the instantaneous power ratio (described belew), V is the instan-
tanéous mass ratio m/mo, and ho is a step function equal to one if the engine

is operating and equal to zero otherwise. The prbp'ulsion system is assumed to

10




operate at constant jet exhaust speed. AThe inétantaneous power, p, delivered to

the power processors, is computed by
= . =h
p=gm c¥h /2n=h ¥yp ., a4)

where 7 is the engine efficiency and the reference power, pre £ is the power

delivered to the power processors at 1 AU from the sun.

The thrust magnitude, f, generated by the electric propulsion system is

given by

- - 21p
f: gmo'yho Pt @5)

The propulsion system efficiency is assumed to be a function of the jet ex-

haust speed and is given by

2
n-= be re, ) a6)
(] +d

where b, d, and e are constants specified in program input.

The power ratio Yy is defined

y=£—, . @7)

The electrical power model of thé electric propulsion system is specified through
an input option indicator. For nuclear electric spacecraft, the power remains
constant throughout the trajectory, For solar electric space'craft, the power is
modelled as a function of solar distance and solar array orientation relative to

the sunline. The six options available are given below:

Option 1 Not presently used.
4
i/4 A
Option 2 vy=Q@1+Ap)d z aid - Ap, 18)
' i=0 S - :
11



thion 3

Option 4

Option 5

Option 6

where d fepresents the density of photons impinging
the solar. arrays. The definition of d is

d= COSZ

5 | 19)

r

where X is the angle between the normal to the array

~and the spacec;‘aft-sun line, For Option 2, X =0

The coefficients a; comprise a set of internal constants
with the following values: :

i a,

1
0 0.6270
1 5.3054
2  -10.0376
3 7.1073

4 -2.0021

These values are consistent with solar distance r expressed

in AU. Also, it is possible to input the coefficients a; to
the program. (See HILTOP Input). The program expects
the Y-curve to peak at some distance rpe ak from the sun,

and r,pe ak is about 0.665 AU for the coefficients listed
above,

rY=1.

Same as Option 2 for r greater than rpeak' For r less
than r peak’ Y lS held constant at the peak value by setting

CO8 X = (r/r ak) .

qat'ne as Option 2 with the side condition that ¥ < GAMMAX
-where GAMMAX is an input constant, This is achieved by

setting cos X = (r/r )2 where r, is the distance at which

7= GAMMAX.

Same as Option 2 except ‘y is held constant at the peak value
everywhere.

12

-

[ 3



LY

4

‘These five available options may be described roughly as follows. Option 2 is the

current projected—sta’ce—of—the-art'basic SEP power law. Option 3 is the nuclear
electric propulsion (NEP) power law. Options 4, 5, and 6 are variations of
Option 2, in which the solar panels are either shielded or tilted away from the
sun at the smaller solar distances, and in Option 6 it is assumed that reflecting

flaps gather the required solar energy at the greater solar distances.

3. Target Ephemerides. When it is desired to generate trajectories

involving targets which are specific celestial objects, the program includes the
capability of internally generating a specific target's state (position and velocity)-at
any given time, If a target is a major celestial object in terms of mass (Mercury
tﬁrough Pluto), the orbital elements eccentricity, argument of perihelion, ndde,’ in-
clination and mean anomaly are computed as quadratic power series in time, and
the semi-major axis remains constant with time. If a target is a2 minor celestial
object in terms of masé (comet or asteroid), the orbital elements are constant
with time. In either case, Kepler's equation M =E - e sin E is solved iteratively
for the eccentric anomaly E; in this equation, M is the mean anomaly and e is
the eccentricity. Finally, the target's position, velocity and acceleration are ex-
pressed in a Cartesian coordinate system with the x-axis directed toward the
vernal equinox of date, the z-axis pointing toward the north ecliptic pole, and the

y-axis completing the right-handed system.

4, Differential Equations, The attainment of an optimum electric

propulsion trajectory requires the repeated simultaneous solution of two sets of
differential equations, the state equations and the adjoint, or Euler-Lagrange,
equations. The state equations aré comprised of the equations of motion of the
spacecraft plus the equations describing the change of the spacecraft as a function

of time.

The motion of the spacecraft is assumed to take place in an inverse square

heliocentric gravitational field and to be influenced by an electric propulsion system

B &



with thrust directed optimally. ‘The second order differential equations of motion
are given by '
R=b £X 3

9

_ LR
s (20)

where R is the heliocentric position of the spacecraft; r = IRI ; M is'the sun's
gravitational constant; g is the reference thrust acceleration (thrust magnifude

at 1 AU from the sun divided by initial mass); ¥ is the normalized power varia-
tion which may be a function of solar distance and solar array orientation; V is the
mass ratio m/mo; e

t
function control variable associated with the thrust switch function. Only the sun's

is a unit vector in the direction of thrust; and ho_ is the step

gravitational effect on the spacecraft motion is taken into account, the effects of all
other celestial objects beihg neglected during heliocentric flight. The complete set
of state equations for this problem includes the equations of motion above and the

following three first order differential equations:

p=-b &L, | 21)
g=0, (22)
¢=0, | . @3)

where g and c¢ are the propulsion system parameters, defined previously, which

are constant on a given trajectory. In addition, the following differential equations
T=h , o - @4)
=0, . @5)

where T is the propﬁlsion time and @ is the thrust cone angle (the angle between
the radius and thrust vectors), are considered state equations for problerﬁs with
constrained propulsion timé and fixed cone angle,- respectively. The condition of
fixed thrust cone anglg is implemented through the latter differential equation in

conjunction with the side condition,

14



ét-R-rcos¢=o. (26)

The differential equations which govern the behavior of the adjoint variables

are given by

h g

A SH AL _i{\. o N 4
A 5(A.R)R s v yr(Aetcxv)

r r .

- R :

+Ax (et- " cos @), | 27)
. hcg'}' _
v T3 (A'et), : (28)

v

Yy oon X p.z ¥ |
Ag— o (At =T ), , (29)
. h gy

___o
Ae= - E Ay (30)

where ¥' =3v/3r; A is the familiar primer vector which is adjoint to the
velocity; Av is the adjoint variable associated with the mass ratio; /\g is the
adjoint variable associated with the reference thrust acceleration; Ac is the ad-
joint variable associated with the jet exhaust speed; and Ax is a Lagrange

multiplier that is identically zero if thrust cone angle is unconstrained and de-

fined
A - (mxe)
A =-b BY LA . (1)
OV R (mxe,)

if the cone angle is fixed. The unit vector m is defined

RxA 32)
IRxA|

m=

Also, if thrust cone angle is fixed, an additional adjoint variable A " is introduced

which is adjoint to the cone angle ¢, and its differential equation is

15



| A¢=AXR . (mx‘et). | (33)

Finally, a constraint on propulsion time requires the introduction of AT, an
adjoint variable associated with propulsion time. Because propulsion time does
not appear explicitly in the state equations, AT is a constant, i.e.,

] - 0 . . )

A T (34)

If propulsion time is optimized, the constant value of A T is zero,

5. Optimality Conditions. The control variables available for

optimization aiong the trajectory include the unit thrust direction vector e R and
the step function ho' The application of the Maximum Principle of optimal control
theory leads to the result that the proper choice of the control variables is that
which maximizes the variational Hamiltonian, 'hv, at each point along‘the path,
'The variational Hamiltonian for the problem formulated here may be written
- 17 vV ° °
=h EX p-5 -Lx +- L -E AR -A-
h, 5y ( e, c).v gy)‘-r) r3(A R)-A°*R. (35)
Since the quantities gv¥/v and ho are non-negative, it is obvious that hv

is maximized with respect to e, by aligning ét with A, and this is the choice

t
made if the thrust cone angle is unconstrained. In the event of a constraint on cone

angle, one simply chooses e, as close to A as the const_faint will permit. By

t
considering the intersection closest to A of a circular cone about R (with half-

angle equal to ¢) and the R - A plane, one easily determines the optimum €

subject to the fixed cone angle constraint, to be
- 1 - _ '
et'=;[Rcos ¢+ (mx R) sm¢] s (36)

with m as defined in expression (32).

~ The proper choice of ha is seen to depend on the sign of the switch function

o, defined by

16
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0=A'e-fk +—=A_. (37)

Again, since gvy/v is non-negative, the variational Hamiltonian is maximized

with respect to ho by choosing hcr as follows:

A

hc=0 if 0<0, . (38a)
hc=1 ifo>0. (38b)
Recall that the permissible values of ho are limited to zero and one.

6. Integration., Integration of the differential equations associated
with the state and adjoint variables is done in two distinct modes which depend upon

the thrust switch function, ¢. These two modes are discussed below,

Thrust

Numerical integration is required on thrust intervals. The independent
variable of integration is the generalized universal anomaly, u. The relationship

between derivatives with respect to time and u is given by

@39)

where r is the spacecraft’s solar distance and n is an input constant (not to be
confused with subscript n used elsewhere). Au, the independent variable interval
used for the integration, is an input constant. Denoting derivatives with respect to

u with the prime, the conversions from time to u derivatives are

=1 x ' - (40)

x"=r2n(R .zR nx +££> . 41)
. r

17



A standard foﬁrth-order'.Runge-Kutta numerical integration technique for
first-order differential equations is used. A value of n equal tb 1,5 will
regularize the differential equations with respect to the mathematical singularity
associated with the gravitational force at the point r = 0 (where the sun is located).
This is accomplished by inherently taking smaller steps in time (which is an inte-
grated quantity) when closer to the sun and larger steps when farther from the sun,
assuming Au = constant. Equation (39), however, allows the removal of only the
solar singularity from the optimal rocket problem, and has no provision for the
other singularity, which is characterized by an extremely high thrust rotation rate
and occurs whenever the primer vector passes relatively close to the origin of
primer-space (A= O) during a thrust phase. The difficulty associated with the
primer-origin singularity is lessened by continuously cutting down the step size
Au as the primer origin is approached. It is noted in péssing that when forced-
thrusting is invoked for an optimum flyby mission, the primer-origin singularity
will occur at the flyby target (as will become apparent in the 'diséussion of trans-

versality conditions in a later section).

Coast

During any coast phase, the two-body equations of motion and the associated
adjoint equations are known to possess analytic solitions obtainable in closed form.
The particular form of the solution used in HILTOP is derived in Reference [3]
and is simply repeafed here. This solution employs a universal variable, . 8, de-

fined implicitly through the differential_gquation

padi @)

where M is the gravitational constant of the attracting body.

- For elliptic, two-body trajectories, this equation has the solution

| ﬁ-ﬁ°=J25EfEJ; o S @y
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where E is the eccentric anomaly and a is the semi-major axis,

The problem to bé solved is that of evaluating the state and adjoint variables
at 8= ,80 + AB given the values of these variables at B8= Bo. This is accomplished

as follows. Given Ro and f{o (the state at B= ,80) compute

o] [e] o]
=R ° S N .
d, =R, R, @4)
2
1.2 Yo
a T u

= A8)%/a= ®-E)" .

Then, using the truncated infinite series expression
16

k
A g (=€)
G, =(AB) @k+i)1 ° : (45)

compute the functions Gi for i=5 and 4. Thereafter, the functions Gi’

i=0, 1, 2, 3 are computed from the recursion forrhula,

{
Gi=-(-éi!£L-§G (46)

i+2

and are employed to evaluate the familiar f and g functions, i.e.,

= _1._. -9
g= (rOG + G

) '
m s Z @7

r=r G+ R G, +G, ,
i
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t-t =g+ ——
v
) Vi G,
f=- ,
rr
(o]
_ G
g=1l-=7">: @7)
‘ cont,
R=fR_+gR_,
R=fR +g'1i

which provide the state and time at the given value of 8= BO+A/3 . g in this
section is not to be confused with the reference thrust acceleration used widely

throughout this document. The corresponding equations for the adjoint variables

are:
‘ Bx (t) Bxi(t) .
)t.(t)" )i &, )X (), (48)
‘ ‘t’ ax ¢) ' ° -
J o
3% () AEEACHE 4
L= 5= At )+——— X ¢), | (49)

ox.(t) j o . J
j o axj(to), :

where i, j =1, 2, 3, and repeated subscripts in the same term imply summation
over the range of the subscripts. The variableg xi(t) represent the three
Cartesian components of R(t) while the A.i(t) represent the components of A (t).
The partial derivatives indicated are given as follows, with Gij denoting the

Kronecker delta function:

p x
3x . 1% 2G, - ASG
Tt gl 6y Jers, i [, )
0. T o i
J ° -, } o
| %o, ] .. _ _
+ (3G, -ABG) — |, . - - (50)
_ 5 4 «/-[1 - _ | ‘
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Bxi i "o '_ . ’ _?i 0, o,
= p.x -G.x ]+ [(ZG -ABG. )—+(3G_. -ABG )——]+g6., (51)
. . g 1%, " T2%. J7 4 3'r 5 4 ij’
l 3% j j 0 Vi
J
l t axi Iixi P Xo,L r 'l_xoi p2xoj X s i(_)l
, Tk (e )]
I onj _ r3 ro3 [T oj r r03 T, Ji 1
I %o, G,-ABG, | .
- + —i + ——— 2G . - " ]+f ,
3 [<G1 T )“/_” X, * @G -ABGH x| |+£0,, (62)
rr (o} i i
I o
I B)El X, ] xl-xol p2on
= =-—[px -Gx]+ [ -Gx]
| axo r3 1l o 2 oj r «/ﬁ [ 1l o.
1 .
. xo f-
- __.L [ - __H. -A : J.;. ; 6
l + 0 (G, ABGZ) T %o, * @G, BG3) X, J* 805, (53)
o i i
where
I ' 1 4
p, = —[SG -ABG, + — (2G,-ABG_)+r (G, -ABG )] . (54)
1 5 4 4 3 3 2
I Vi - Vi °
- d_ |
, - _ "o _ e A .
I P, 2G4 ABG3+ = Gy AﬁGz) T BGl . (55)
7] A
llv i The values of the derivatives of all other state and adjoint variables vanish
- during coast phases; therefore, their solutions are trivial,
I ' 7. Units. The internai units of the program are kilogram for mass,
l _ AU for distance and tau for time, which implies speed in EMOS. (One tau is the
ﬁ.‘ time required for a massless particle to travel one radian in a circular orbit of .
l radius 1 AU about the sun). To convert from internal units to the MKS system,
- multiply by the following constants:
I 21



Distance - r = 1,49599 x 10} meters = one AU
‘ i 2 -3 2
Acceleration - u/r” =5,9301282604 x 10 ~ m/sec

Velocity - /i /r = 29784,916613 m/sec = one EMOS = one AU per tau
Time - ,/ r3/y/86,4(‘0 = 58,132440991 days = one tau

A solar gravitational constant of 1.32715445 x 1020 m?’/sec2 is assumed. There

is no conversion from input to internal units for the initial Lagrange multipliers,
which are required to start a trajectory. Hence the input values of the multipliers
are consistent with the internal units of the state variables; i.e., mass in kilograms,

distance in AU, and time in tau.

' When evaluated in internal units, the equations presented previously yield
" power in units of kg - AUz/tau3 and thrust in units of kg - AU/tauz, To obtain
these quantities in the MKS units (i.e., power in watts, thrust in newtons), multiply

by the foliowing factors:

Power ~ / ;zs/r5 = 176,6283757392 mz/sec3

" Thrust - p/r2 = 5.9301282604 x 10> m/sec’

 Thrust in pounds is obtained by dividing the thrust in newtons by the factor
4,4482221811, |
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B. BOUNDARY VALUE PROBLEM

1. Boundary Constraints, The HILTOP program currently provides

for nearly 100 different dependent pafameters (end conditions), although certain of
these are coded mutually exclusive. There are about half as many independent para-
meters available in the program and therefore a subset of the dependent parameter

arfay must be chosen for a well-posed problem. The independent parameters include

the adjoint variables (i.e., the primer vecfor and its time derivative at the start of

each possible trajectory segment and the adjoint variables associated with mass ratio,
degradation time and propulsion time at the start of the first trajectory segment),
the reference thrust acceleration, the jet exhaust speed, the launch asymptote de-
clination, the launch time and hyperbolic excess speed and the times and excess
speeds at the various possible targets. Also included are the thrust cone angle (if
constrained), -the inclinainn of the parking orbit about Earth, the heliocentric de-
parture vglocity, and the sample-mass and drop~-mass factors at each possible
intermediate target. The dependent parameters include the spacecraﬁ position and
velocity differences with respect to each possible target along a trajectory, the
launch time and hyperbolic excess speed and the times and excess speeds at the
various possible targets, and, indeed, all of the independent variables (except the
primer vector time derivative) are available also as dependent variables, as this
allows the analyst to fet the program iterator move one trajectory solution toward
another trajectory solution. This provides wider flexibility and more confrql in
solving the boundary value problem, particularly in instances where successivé caSes
are employed to . sweep a range of values of one or more of these parameters, In
addition, total flight time, propulsion time,: degradation time, net spacecraft mass,
reference power, final solar distance, and the transversality conditions which yield
optimum flybys, launch time and excess speed, target encounter times, reference
power, reference thrust acceleration, jet exhaust speed, launch parking orbit in-
clination, launch asymptote declination, thrust cone angle, and travel angle are
available as dependent conditions to be satisfied. The complete list of options avail~

able is found in the section Definitions of Input Parameters.

2



2, Initial Conditions for State and Adjoint Equations, The launch

planet's position Po and velocity 130 are either inﬁut directly or computed for
the specified launch date using the ephemeris routine that is available in the pro-
gram, Given these vector quantities, the program computes the spacecraft's
initial heliocentric position Ro to coincide identically with the launch planet,

Ro = Po" The spacecraft's initial heliocentric velocity may be input directly to

the program; however, the program's normal operating mode is to equate the
initial velocity to the sum of the velocity of the launch planet and the hyperbolic ex~

cess velocity, i.e.,

R =P +V__ (56)

where V@o is the launch hyperbolic excess velocity. The magnitude Veo is

. available as an independent parameter, and therefore may be either specified or
optimized. The direction of V_ is usually optimized , although one option does
permit partially constraining v, through the geocentric declina‘tion which also is
available as an independent paramete;'. The initial mass ratio Vo is specified to

be one on all trajectories.

‘The adjoint variables at the start of each possible trajectory segment, which-
are contained in the list of independent parameters, are direct inputs to the program
for the first trajectory of an iteration sequence, except that some of the adjoint
variables associated with departing from an intermediate té.rget may be generated
internally by the program as being continuations from the previous trajectory seg-
ment, For all subsequent trajectories in an iteration sequence, these adjoint vari-
ables either remain as input or are varied by the iterator, A value for the initial
adjoint variable associated with mass ratio must be input to the program, and a
value for the initial adjoint variable associated with propulsion time may be input
(the default-value of zero yields optimum propulsion time), The values of the
initial adjoint variables not included in the list of independent parameférs (.e.,

)‘g’ )‘c’ and A ¢) are set to zero because the specific initial values assigned to.

- these variables are arbitrary.
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3. Target Conditions and Spacecraft Constraints._ Three basic

options are availabie for specifying the target conditions with each option being
designed for a particular type of mission., Within each option, considerable
flexibility is available for treating many variations of a mission type. The three
options will be referred to as the ephemeris, the open angle, and the extra-ecliptic '

options,

As the name implies, the ephemeris option is employed for missions in
which the primary and/or intermediate targets are celestial bodies for which the
positions and velocities (of the bodies) are either input directly or computed using
the analytic ephemeris. Denoting a specific target's position and velocity as Pi
and Pi’ respectively, a cqnstraint on the spacecraft position R.l is imposed by

nulling the position error; i.e., by forcing the satisfaction of the equation
= - = 0.
AR =R - P, _ (67

Similarly, a constraint on the spacecraft velocity Ri is imposed by nulling the

velocity error,
AR =R. -P -V _.=0, (°8)

:th

where Vmi is the arrival excess velocity at the i*" target. These equations

apply both to intermediate and the primary targets.

The open angle option is restricted to problems of two-dimensional motion
in the x-y plane. The option is designed specifica.liy for the problem of open angle

transfer from a given point to a specified solar distance Tee This target condition

is written, simply, .

IR |=x, | (69)

where the subscript n denotes the primary, or final, target. The capability of
imposing circular orbit conditions at this solar distance is also available. This

vector target condition is written in the form of a vélocity error as follows:
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Aﬁ=f{n-‘/?£<ﬁg “n >-an=o, ,  60)

where U is the gravitational constant of the sun and k is a unit vector along the

z-axis,

The extra-ecliptic option provides the capability of targeting to a final

perihelion distance r inclination to the ecliptic i,, and orbital eccentricity

f’ f’

e, starting from a launch planet of specified position and velocity. The formula-

f
tion imposes the condition that the spacecraft be at perihelion at the final time,

Thus, four of the six conditions required to completely define the final position
and velocity are specified. The two open degrees of freedom lead to a like number

of transve_rsality conditions which are
HeC=0, : (61)
k-c=0, - : (62)

where H is the angular momentum vector of the final orbit, k is the unit vector

normal to the ecliptic, and C is the vector constant of the motion defined by

c=(Rx;\)_- ®RxA). (63)

These equations may be solved for the osculating orbital elements, £, the longi-
tude of ascending node and, w, the angular position from the ascending node,

evaluated at the final time. This leads to the relatibns

Q=tan? [(c -j)/(C* i')] . (64)
'w=tan-1[ heA r,/(h- A J 65
. (- )re/(e A)v, |, (65)
where | Bi=cos ifl?;i-slnif (ExC.)/'IExCI, ©6)

,vf'=A/u(1+ef)/r , : . ’ 67)
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and where A and A are evaluated at the final time. The target conditions are

then written as position and velocity errors as follows:

(cw cl -swsfci

f
AR=rf cwsf+sw s ci; |[-R=0, (68)
i swsif | |
[swcQ-cwsh Cif_
A1.2=vf -sst+cchcif -li=0, (69)-
cw‘sif

where s and c¢ denote sine and cosine, respectively, and R and R are the

final integrated heliocentric position and velocity vectors, respectively.

An alternate set of end conditions for the extra ecliptic mission is also
available. The alternate set relaxes the requirement that the final position be at
perihelion. The final state is specified in terms of the semi-ma'jor axis,
eccentricity, and inclination. The other three end conditions are transversality
conditions associated with open longitude of node, argument of periapse and true
anomaly. The first two of these conditions are given by (61) and (62), and the
third is:

g(A-R)+r2(;\-1i)=o. o (70)

For either of the first two options above, the capability is provided for
evaluating the propellant and structural mass requirements of a high-thrust
retro stage which brakes the spacecraft, approaching the primary target along
a hyperbolic orbit of excess speed v°°n , into an elliptical capture orbit of peri-
center distance rp and apocenter distance r- The retro stage thrust fr and

jet exhaust speed c are specified by input. The retro maneuver is assumed
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to take place at the periapsis of the approach hyperbola; therefore, the impulsive

change in velocity is giveﬁ by

2
' or v i
cw 2 ,ou2Z (T2 \
b=ty n vaviy?- (A ) | )
where )
=ut/rp. (72)

and U ¢ is the gravitational constant of the primary target. Provision for includ-
ing the finite thrust velocity penalty is optionally available. This feature employs
the theory developed by Robbins (Reference [4]). The total velocity required, in-
cluding the velocity penalty, is given by ‘

Av' = Av + e exfx , (73)

where Av' is solved iteratively with the following equations,

_ 2 2., 2 _ 2

e kc {vwn +vp )/(an + 2vp )s . (74)
ve (mV -j -jm) 2 4

= pr o n "ps ps tt

1{c cr( - 2r £ )’ . (75)
pr
e =1_e(-Av'/c_r)’ (76)
X
2cr

f"2‘(1+ v')e ’ ' | (77)

and where .jps and j ¢ are the jettison flags or indicators defined previously in

Section A.

The usual definitidn of characteristic speed vc,. used in the computation
of initial spacecraft mass, is given by equation (3). As stated previously, this
definition is valid only if the magnitude of the geocentric declination 0 of the '
launch excess velocity is lesé than or equal to the latitude 6f the launch site, If -
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. orbital plane, This minimum angle is 0 - i. Gunther

this condition is violated, then the launch vehicle payload (i.e., the initial spacecraft
mass) becomes a function of the direction of VmO also. High geocentric declinations
of Vm0 can be aqhieved by establishing a high inclination launch parking. orbit, by
employing a non-coplanar injection from the parking orbit, or by a combination of
both. The usual method of defining launch vehicle performance cofresponds

to a due-East launch from the ETR. Such a launch yields a parking orbit in-
clination equal to the launch site latitude, or about 28.5 degrees. The HILTOP
Ihodel of initial spacecraft mass for high declinations consists of adding to the normal
definition of v, 2 velocity penalty associated with a non due-East launch, to achieve
a greater parking orbit inclination, and a penalty due to the non-coplanar injection

maneuver,

The velocity penalty incurred with non due-East launches from the ETR is
shown graphically in Reference [2] as a function of the parking orbit inclination.
This velocity penalty Avi is adequately approximated with a quadratic curve fit

of the form
Av.=c. il+c_i+c ' (78)
i 1 2 3"
Given a reference orbit inclination i and a circular orbit speed vy the

velocity penalty Avg associated with a non-coplanaf departure from this circular

orbit to the desired hyperbolic excess velocity at a declination 6 is defined as

follows. Assuming the line of nodes of this reference orbit is an open variable, one

may choose this variable to minimize the angle between the excess velocity and the
5] has shown that the mini-
mum incremental velocity required to achieve a given Voo along an asymptote not
lying in the orbital plane from a specified circular orbit is obtained from the solution

to a quartic equation in the sine of the out-of-plane angle. Defining
=i 6 — i\ - .
s=sin(0-i); p vmo/vo ;

(79)
p=82 (Pz+4);
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2 2. 2
q=s (1-s)p ;

x=[ @2’ +o/3° + q/zjl/ L[S e’ - q/2]1/3;

y=«/92/4—x; | (79) .

(cont)

W'-l";‘.[P/Z‘PY'*‘/(P/Z+y)2+4(x/2+Jm) ],'

then Gunther's solution for the magnitude of the minimum velocity impulse required

to accomplish this maneuver is

' 2
vg=voj.p +3—2\/(1+pw-w2)(2+pw)' . (80)

and the penalty Avg is the difference between vg and the velocity increment re-

quired if the out-of-plane angle were zero, i.e.,

Avg=vg- <,/vm°+ Zvo - vo) . (81)

Thus, the definition of the characteristic speed for those cases in which the

asymptote declination lies outside the interval [-i, i] is
2 2
v =Jv +2v. + Av, +Av_=v _+v_+ Av,. : (82)
c ®o 0 i g o0 g i~

The transversaiity conditions to be developed later define the optimum
choices of 0, i, and the geocentric right ascension @ of the excess velocity.
Once these are known it is necessary to evaluate Vooo in the ecliptic Cartesian

coordinate system. This vector is evaluated

T cohs o cos b
- T . : :
v_ =v_ & sin® cos ‘6 , (83)

sin 6
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where @ is the transformation matrix,

(1 o 0 ]

d= 0 cos€ -gine |, - (84)

0 sin€ cos¢€

b -

and € is the obliquity of the ecliptic. A more complete development of this

formulation, with examples, is given in Reference [6].’

At intermediate targets, the mass ratio may be discontinuous to account .
for mass drops and sample pick-ups. Since these mass components are defined

to be proportional to the initi_al mass, the mass ratio discontinuity is

Av. =V, -v =k -k, .. (85)
i i i sampi dropi

Position and velocity at intermediate targets are continuous. The intercept of an
intermediate target is achieved by imposing a constraint on the position error. At

the ith target, this constraint may be written

AR.=R,-P_ =0, , (86)
1 1 1

One may optionally constrain the passage speed Vi at an intermediate target.

The constraint equation for this is

AR.=R, -P -V __=0.  (87)

The direction of Vwi is optimized.

In simulations of trajectories which are all-ballistic, the program is capable

of simulating a single deep-space burn, or impulsive velocity-change, at any point

prior to arriva.l at the primary target. The three components of the incremental
velocity AV are independent variables of the boundary value problem, such that,

ata spécified time, the spacecraft velocity is incremented:
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[ . .
R =R + AV, , (88)
The use of this program option is described in the Sample Problems and Results

section under Sample Case H, Multiple Ballistic Swingby Mission.

In the HILTOP program, stopover missions having optimum stopover time
are simulated simply by forcing the spacecraft to rendezvous with the desired inter-
mediate target. If the trajectory segment immediately following the intermediate~
target arrival-time begins with a coast phase, then the duration of that coast phase
is the optimum stopover time., If that trajectory segment begins with a thrust phase,
then the optimum stopover time is zero. To simulate a stopover mission having a
specified stopover time, as in Sample Case E displayed later in this document,
the same intermediate target should be specified twice consecutively, and of course
the spacecraft should be fbrced to rendezvous with the intermediate target at the
fixjst encounter. Then inputting values for A and A at the start of the stopover
trajectory segment (as boundary value problem independent variables) to be re-
latively small with respect to the mass ratio multiplier by D~ will force the thrust
switch function to be negative and cause the spacecraft to coast along with the inter-
mediaté.target until the desired departure time is encountered*. In this manner the
trajectory blodk print and extrema of selected functions are available during the

stopover phase.

The capability is provided for constraining the total flight time of the mission
(not including the flight time of the optional ballistic swingby-continuation trajéctory
segment). This feature is particularly useful in problems for which the analytic
ephemeris is employed and for Which the launch and (final) arrival dates are opti-

mized but flight time is specified. The end condition is written
t.=t =t , ' (89)

where tf is the specified total flight time and to and tn are the launch and (final)

arrival dates, respectively.

*Qr, alternately, an imposed coast phase may be employed.’
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The capability for constraining propulsion time is implemented through

satisfaction of the optional end condition,

t .
= n
T = j‘t hg dt (90)

e

f
pulsion time. It should be noted that this constraint is an equality constraint; that

where hc is the step function defined in Section A and 7T_ is the desired pro-

is, if invoked, the propulsion time is forced to be equal to the input value (after
convergence is achieved) regardless of whether this input value is less than or
greater than the optimum propulsion time. Given a solution for constrained pro-
pulsion time, one can easily determine whether this propulsion time is less than or

greater than the optimum value by the sign of the associated adjoint variable, A‘r .

. A negative value of A‘r indicates the constrained propulsion time is less than

optimum whereas a positive value of )LT indicates the constrained propulsion time

is greater than optimum,

Several spacecraft parameters are available as constraints. These are the

net spacecraft mass, m the intermediate target drop and sample masses,

net’

mdropi and msa.mp i? respectively, and the reference power, P s The equations
employed in computing these two parameters are given in preceding sections,

Spacecraft Mass Components and Electric Propulsion System, respectively.

All trajectories are integrated forward from the launch date to and are
terminated at the time (1:n -to) later. Primary-target conditions are computed
using the variables evaluated at this trajectory termination time. For multiple-
target missions in which intermediate targets are present, the integration is
interrupted at intermediate times i:i and appropriate quantitiés are stored for

the computation of dependent conditions.

4, Transversality Conditions. The application of the indirect method

of optimization leads to a set of necessary conditions, some of which are known as
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transversality conditions, that must be satisfied by the solution. In essence, for
every boundary condition left open* in the problem posed, the indirect method pro-
vides a transversality condition. For a given performance index # which is to be

minimized, the general equation for the transversality conditions is written

n
kd1r+z [A° dR - A *dR+A_dv+X dg+A dc+A do¢
< v 8 c ®
i=1 :
t, .
1 . .
+X_dT-h dt] =0. . (1)
T v t. 1 )
l-

The convenient choice is made whereby )Lg, )‘c’ and A s are forced to be con-
tinuous at each intermediate target, which means that, for example, only Ag(tn)
need appear in the derived transversality expressions rather than the cumbersome

expression
: n-1

A=) A 6 =M ) A ).
i=1

This is because Ag(tn) alone, with lg(to) =0 and A;(ti) = A{;(’ci) for each i,
has the same value as the cumbersome expression cited above if )tg (to)_ were pot
zero and )\g (ti) were not continuous, and this is due to the absence of Ag in the
differential equations, the same being true for Ac and A @ The scalar k is an
arbitrary positive constant which expresses the arbitrariness of the performance
index; in other -words,‘ the minimization of 7 is equivalent to the minimization of
2w, 3m,..., etc. k effectively renders the general transversality condition linear
and homogeneous in the adjoint variables, thus allowing the elimination of one ter-
minal condition from the problem by appropriate choice of a value for k. Due to
the independence of an unconstrained boundary condition, its differential is

arbitrary, forcing its coefficient to vanish independently of all other terms {n the

equation and thereby yielding the desired transversality condition;

In the program HILTOP, all available transversality conditions are derived

for the problem of maximizing net spacecraft mass, i.e., 7=~ m ¢ From the

*The terminology "open' is synonymous with unspecified and "fixed" is synonymous
with specified. An open parameter is generally optimized. Also, final time refers
to time at the primary target. :
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earlier definition of m one may write

net’
=13 + - . .
m errs+mo {ks kt (1+kt) Vn+1ra+krt) ex [(1+tht) Vn

n-1 n-1

-3 - Y
X kt @ Z (ksamp i kdrop i))]+ a +kt) 'Ll ksa.mp i
i=1 i=

n-1

- k }+ [ -3 j +k ]
~tz dropi mps 1 Jers(1 rt) ®xd? %2)
i=1

where jr. is a constant equal to one if a retro stage is employed and equal to zero
otherwise. For the launch vehicle dependent formulation, m is a function only
of the launch excess speed Voo and possibly the geocentric declination 6 and
launch parking orbit inclination i, 'and mps is evaluated

mps =op =0gec m0/217 , . - (93)
where

oz=ozt+(1+Ap) aa,

"Of course, if reference power is constrained in this formulation, then mps is

fixed, and only two of the three parameters g, c, and mo are independent. On
the other hand, for the launch vehicle independent formulation the reference power

(and therefore mps) is always fixed and m is obtained directly from the equation,
m znpref/gc . (94) |

such that m is functionally dependent upon g and ¢, Thus 7 may be written
functionally in its most general form,
4
T=Mgyr Vap Yy & © 6, i). (95)

®n

Consequently, using the notation M= dm/dx, one obtains
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\'4 0 v ®n

dr=m  dv_ +m dv. +7 dv +7 dg+m de+mdb+mdi.  (96)
- v n g c 6 i ‘
(o] on n

To write the partial derivatives indicated, it is convenient to first define a factor,
jp, which is equal to zero if reference power is fixed and equal to one otherwise.

Also, employing the notation of earlier sections, define

4c . f 1-e) '
. 1x X
gx = Jrex @ +krt)[1 + > , 97)
2¢_~c, (f -e)
r 1'x x

(where gx is a new symbol similar to e, and fx) and note that

n-1
_ o g Z
m_  dm k k+] (1+k)u +(1+k) samp i
o o
: , i=1
n-1 n-1

. AN '
- kt Zl kdrop i +gx [‘(1 +tht) Y Jt t @~ Ll (ksamp i drop 1»
l:

_i o fge 4- o8
| JpJps 21 - (98)
Then one may write the indicated partial derivatives of 7 as follows for the launch

- vehicle dependent formulation:

. amb
m o= , (99)
Voo MM, BVQO
. ' 4 2
T o= 20m V- Jps s E TR e )V, [1+ 201 el Ve :I L00)
Ve T 2+ [2 £ - --2] 2+ 2 2_'_2 2
oo (an._,2vc) Cp=C ey CVan* Ve ) Vop™27,)
n,,n =m [g a+jk)-a+k)], | @01)
Tps. -
T = : -} g . ) 02
e jp_ 2 @ Jpsgx) | | L 102)
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| fps cn' |
Tmip o (- ) -
c Jp p 1 n 1 Jpsgx> s (103)
' Bmo
"6~ "™ 56 ° | 104)
0
amo
T ST - o)
0
where 7' =dn/dc and
om dm dv
o _ 0 c
ov dv dv i
®0 c ®0

- c
-Xi) dv 36 °’
c

(106)
om dm Odv
o _ 0 e
ot dv oi
C
dm, v /b,)

av =-(b'1/b2)e ¢ "2,

The forms of the derivatives avc/ va-o , avc/ 96 and avc/ai depend on the de-

finition of v, For relatively small geocentric declinations of Veoo’ v, is given

by equation (3). Then

ov
c __=®0
3v°° v °
ov -
== (107)
36 ’ '
avc
30
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In the high-declination case where v,c includes the penalties due to launch azimuth
and non-coplanar injection, the derivatives are considerably more complex. The
formulas for the derivatives of v, with respect to the three independent’parameters

v ., 0 and i are
®©0

ov ov
c_ _ g
ov ov ?
©0 ©Q
avc ov

where, from (78)

3i =
aAvi/ i 201i+02 , (109)

and, from (79) and (80),
" dv /3i=-03v /36. 10
. g °° A (110)
The derivation of the partial derivatives avg/ avmo and avg/ 30 is straight-

forward although somewhat cumbersome. The equations for these partial

derivatives,employing the notation defined earlier, are as follows:

v v2 w(3+2pw-w2)(a p/3v .)+(3p+2p2w-3pw2-4w)(aw/av )

L T =0 - =2}, a1
Vao Vg © 2Vao 2,[@+pw-w))e+pw)

| 2 2 2

v V (30+2p "W -3pw -4w) ‘
.g_ag_= JE ¢ : g% ., aiz)

. 2vg«/<1+pW'v?2)(2+pw> | o
where

3pfov, =iv, | (13)
g8’

1

1
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v o) /
"wo 2.2 Vwo avwo 9 x2/4+s2

dw_1/foy [9x L x(0x/30)+45(3s/30) (p dy
-3 5%+ (55 +(§+3)3% Vewor2-},

36 Laéd 9 ;{‘2"_"2'/4_'_8

ds/00 = cos (6-i),
By/va0 = [(p/z) Bp/vao - Bx/vao:]/2y,

dy/36=- (3x/36)/2y,

| } .
ox 11 @/20u/0ut 0/ 60/28) 29 T [0 or® o] 7
N Y ’

2 -2/3

o Jaerers)’

with u=v or 6,
©0
_ 2 2
aq/avma 2ps“(1-s )(ap/bvwo) )
2 2 .

3q/36=2p"s(1-25")(3s/39),
dp/av_ =2ps” @p/3V_ )

p/ov, =2ps (9p/ov_ ),
dp/d3b=2s (p2+4)(8s/a 6).

For the launch vehicle independént formulation, the partials "v and
on

e A2 Bl ) (B 2
@g ®0

a14)

(115)

(116)

117)

118)

» 119)

(L20)

@121)

@22)

(123)

7, remain unchanged from expressions (100) and (101), The remaining partials

n

become,
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M, =mg=m =0, S (124)
®©0 -
m
7 =-=—207 ' | (125)
g & m °
mo cn'
"c='2_<1' —ﬂ—n )nmo, (126)

Of course, for the launch vehicle independent formulation, the factor jp is always
taken to be zero, since a condition of the formulation is that reference power is

fixed.

Now, consider the differentials dR and dR at the initial and final times.
At launch

dR =dP =P dt , | @z

dRo = dP0 + deo = Podt0 + deo . - (128)
The differential deO may be written in téfms of ndifferen.tiavls in its magnitude

and any two arbitrary, but independent, angles which would uniquely deiine the
orientation of Vm_o. Because of its importance in the f'ormulation,vone of these angles
will be chosen to be the geocentric declination, 0, For convenience, the other -

" is chosen to be the geocentric right ascension, &, In terms of these angles, deo
may be written

A\

av_ = —==2
®0 Vmo

deo+ (nvaooo) do+ [(V@oxnp)wio/vmocos 6146, ' (129)

3

where ﬁp is a unit vector in the direction of the Earth's North Pole.

At the primary target the form of the differentials will vary according to

"the target condition option chosen, For the ephemeris option
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’ | .dR_=P dt_, , (130)

and, providing the velocity at arrival is not left completely open,

an = Pn dtn+ dvmn . (131)

As above for deo’ we may choose any two independent angles, say Ozl and 012,
and the magnitude Vwﬁ as a set of three parameters uniquely defining an, and

dav may then be written
®on

132)

_ wn - -
den = Voo den + (a1 X an) doz1 + (a2 X an) da

2 I

where 5,1 and 52 are unit vectors normal to the planes in which ozl and 0:2,

respectively, are measured.

For the open angle transfer option, the fixed final solar distance gives rise

to the scalar equation,

R -dR =0, (133)

and, if the final orbit is constrained to be circular,
. - -ﬁ_ - +
dr J "3 kxdR )+av, , (134)
n

with the expression for den being as given above.. For the extra-ecliptic option,
it may be recalled that the final radius, speed, inclination to the ecliptic, and flight
path angle are fixed. Optionally, the semi-major axis, eccentricity and inclination
may be fixed. It is therefore convenient to write the differentials of position and
velocity in terms of the two or three non-vanishing differentials dﬁ'ﬁ, dwn, and,

when applicable, dfn, where fn is the final true anomaly. These are,

dR = k x R ) dnn + (b x R Jdw +df), (135)
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dR_ = ®xR_) hx R
n (kan) dQn+ (thn)(dwn+dfn) .o 136)
where h is a unit vector along the final angular momentum Rn'x ﬁn"
At intermediate targets, the differential of the position vector is
=d = . ’
dRi Pi Pidti . @37)

while, for the velocity vector,

dR.=dP. +dV =D dt. +dv . . (138)
1 i @] 1§ 1 @i

As above for 4dv and dV_, we write dV__ as follows
©0 ©on ® i

. -} - - .
d = — o, + o, _ .
Vmi vmi dei+ (ailemi) d i1 _(aizwii) d (2 (139)
Other optional constraints which result in variations in the form of the
transversality conditions are the flight time, which results in .
dtn = dto , (140)
and the reference power, .pref’ which yields,
, dm
§E+(£_ﬂ_'>dc+ =0 41
g \c 1 , (141)
where, in its most general form,
dm v dv 3'Vc
=2 (L .._°d6+—,—di). 42
dmo avc (avmo dVmo'*' 36 oi @42)

Finally, the fact that the initial mass ratio is always taken to be unity yields the
result,

dv 143)

I
(=]
L]
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The constraint equations (in differential form) are employed to eliminate
from the general transversality equation (91) a like number of differéntials. Re-
quiring that the coefficients of the remaining differentials vanish provides the
appropr’iéte set of transversality conditions for a specific problem, However, be-
cause the adjoint equations are linear and homogeneous in the adjoint variables, it
is possible to fix the initial value of one of the adjoint variables. It is convenient
to choose the initial mass ratio multiplier A y 28 the independent parameter to
be held constant, and choosing a value of unityowill generally result in initial values
of the other adjoint variablés also of order one., Also, the arbitrary positive pér—
formance index constant k in expression (91) will be assigned a value which causes

the transversality condition associated with the final mass ratio to be satisfied;
k= )\V /'nu . (L44)
n n
The choice of eliminating A from the boundary value problem independent para-

meters is ﬁade }Jy the progra(;n user when the program inputs for a particular pro-
blem are composed. Indeed, it is sometimes, but not often, advantageous to not
hold XV fixed when attenﬁpting to obtain a converged solution to a particular pro-
blem. ’I?he choice of eliminating the final mass ratio transversality condition from
the boundary value problem dependent conditions is made arbitrarily and is accom-
plished automatically by the internal coding within the program. These two choices
reduce the order of the boundary value problem by one, which is considered to be
advaﬁtageous in this particular instance (in terms of conserving computation time),
even though it is not always advantageous to reduce the order of a boundary value
probiem, thereby forcing the boundary value problem onto a possibly highly non-.

linear constraint subspace.

Once these choices are made, the appropriate transversality conditions may

be derived and written as follows:

For open launch excess speed with m béing independent of & and i the
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transversality condition is, -

kva g amo
" Tx T &, "o 149
[o] o o (o]

For open launch excess velocity direction with initial mass independent of & and i:

A xv_ =0, ) (146)

This implies Vmo" 'Ao; Vmo aligned with Ao is usually the proper choice.

For cases in which mo is a function of 0 and/or i, the transversality

conditions are modified as follows, where
f= [ks +k - (L+k)V_- gAg/kmoj dmo/dvc. _ (147)

Open excess speed:

1 vg/avao) =D VW Vg =0 - (148)

Open geocentric declination of Vmo:
- ° n : 6 =
f(avg/a 6) Ao [(Vwoxnp)xvmo/vmocos l=o0. (149)

Open right ascension of V°°o:
-Ao . (np?cVQo)=0 . . - (150)

Open launch parking orbit inclination:

f(BAvi/ai - avé/B 6) = 0. (151).

Note that these last two equations are functions only of initial conditions*; hence, they

may be solved directly for « and i, which therefore need not be included explicitly

as independent parameters. Equation (150) dictates that @ be equated to the geocentric

*Assuming f # 0.
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‘right ascension of Ao’ or 180 degrees therefrom. Equation (151) may be solved

for i; however, the expressions are sufficiently complex that thé s.olution must be

obtained iteratively.

For open excess velocity direction at an intermediate target, the condition is,
AT-A Y xV_ =0 oas2

For open excess speed at an intermediate target, the primer is continuous, i.e.,

AT-AT=o0. (153)

For open excess velocity direction at the final target, the transversality condition
is
: A.n X an =0, @154)

The proper direction of an is usually opposite An.

For open arrival excess speed (at the primary target) in problems where a retro

stage is employed, the transversality condition is,

[~ -]
- 2 _1=0. - (155)

For open thrust acceleration with unspecified reference power in the launch vehicle

dependent formulation, the transversality condition is,

kw
TE' +1=0, (156)
. _

For open jet exhaust speed with unspecified reference power in the launch vehicle

dependent formulation, the transversality condition is,

kw

-Ac +1=0, a57)

C
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These last two equations also apply for open thrust acceleration and open jet ex-
" haust speed, respectively, in the launch vehicle independent formulation with
fixed reference power. Of course, the appropriate expressions for the partials

of M must be used, however.

If the reference power is specified using the launch vehicle dependent
formulation, but both reference thrust acceleration and jet exhaust speed are

left operT, the last two transversality conditions are replaced in favor of the one

condition,

ig_g. en'
1->Lc c(1— 17 )=o. | (158)

In the preceding equations Ag and )\c are evaluated at time tn’ the time at
which the spacecraft is to be at the primary target. When using the open angle

transfer option, the transversality condition associated with the open angle is
[A xR -A xfl]"ﬁ=0. (159)
L n n n n _

For either the ephemeris or open angle options, if the final velocity is completely

unspecified, as in the case of flyby missions, the appropriate vector transversality

-condition is,

A =0, | (160)

This causes the primer locus (trajectoi‘y in primer-space) to hbme-in. on the
origin of primer-space, v&hich is a singularity of the optimal rocket pfoblem_

(as previously mentioned) if the spacecraft should be thrusting at _thaf point,
waéVer, if forced-thrusting is not invoked via the propulsion-time multiplier
)«T, condition (160) tends to cause a coast phase to occur at the time of flyby,
thus avoiding the singularity. A similar situation can occur at the initial time
for the launch frehicle independent mode if launch excess speed is to be optimized.

4This leads to the condition

A =0, (161)
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For the extra-echptlc option, the fact that §2 and w are left open in spemfymg the

final state gives rise to the two conditions,

H

c-k (162)

0, (163)

=]
it

C .

where C=R x Ao - R0 X Ao is the vector constant of the motion on a given
trajectory segment and h is a unit vector along the angular momentum of the

final heliocentric orbit. If the option is employed which additionally leaves final

true anomaly open, the extra condition,
f—(A“R)+r2(A-i{)=0, (164)

applies. The transversality condition associated with open launch date for the

ephemeris option is,

-A *P+A +P +h =0, (165)

the condition for open encounter date at an intermediate target is,

+ - .- PG o + -
"(Ai.’Ai)'Pi+(Ai -Ai)- Pi+hvi-hvi-o, (166)

while the appropriate condition for opén arrival date (at the primary target) with
the ephemeris option is, |
A *P-A P -h =0, @L67)
n n n vn

n

Since the variational Hamiltonian hV

segment, the time at which it is evaluated on that segment is arbitrary. The preced-
ing conditions pertaining to initial and final time are applicable if the total flight time
is unconstrained, In the event that the total flight time is fixed while both t0 and tn

are left open, the two preceding conditions are replaced with the single condition re-

presented by the sum of the two, i.e.,
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A+*P-A*P -h -A +P+A *P +h. =0, (168)
n n n n vn (o] (o] [o] o voO

For either the open angle or extra ecliptic options, the appropriate transversality

condition associated with open arrival date (i.e., open flight time) is

-h =0, . (@69)

where the' signs (+ and -) in all the preceding expressions are displayed as they

are coded in the program.

Finally, the transversality condition associated with unspecified, but con-

stant, thrust cone angle is,

A¢ (tn) =0, @70)

5. Partial Derivatives. In solving the two~point boundary-value

_ problem, the finite difference method is used for computing the required matrix

of partial derivatives of the dependent variables (i.e., end conditions or constraints)

‘with respect to the independent variables. The finite difference method involves

individually perturbing each independent variable X, to be optimized and computing
an associated perturbéd dependent parameter vector Yp. The amount each inde-
pendent parameter is perturbed, Axi , is specified by program input. The desired

partial derivatives are then approximated as follows:

Y -Y

oY o) .
P = = .
, el | . an)

ox,
i

where Y represents the nominal dependent parameter vector. The finite difference

. method is dompletely general and is applicable to all end condition options available

in the program.
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C. EXTENSION OF SOLUTION FOR POWER DEGRADATION,

The assumed spacecraft and trajectory models are as described earlier in
Section A and are not repeated here; the nomenclature used in the following
analysis is also described in Section A, except for the introduction of new symbols

which are described in the text as they appear,

Historically, this electric propulsion power degradation model first appeared
in the literature in [7], and then soon afterward an improved discussion appeared in
(8], in which several of the ramifications and consequences of the theory are also
discussed. For deeper insight into the analysis, the reader is therefore referred

to [8], from which much of the analysis below is extracted.

The model discussed here is concerned with the manner in which the per-
formance of a solar array degrades due to high energy particle damage. It is
assumed that one can define a damage factor q which has a value of unity at the
initial time and which decreases in value with time during the course of the mission

such that the power output, p, of the arrays at any time may be written

P=AYPres e 172)

where Pt is the reference power and ¥ is the power factor which is a functiqn
of solar distance and array orientation relative to the sun. The damage factor q
may also be thought of as a time~-dependent efficiency. The derivative q is nega-
tive, and is assumed to be linearly proportional to q and to ‘the density of particles
impinging on the solar cells. For simplicity, it is assumed that the particle density

d is of the same form as the density of photons striking the surface of the array,
i.e., _
e .’ n ,

d= - ' @173)

where er is a unit vector along the sun-spacecraft line, n is a unit vector normal

to the arrays such that Er » n> 0 implies the front of the panels faces the sun, and
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r is the solar distance of the spacecraft. Then

q =-kqd, C@74)
and
Kk
q=e fo ddt', (175)

where k is the constant of proportionality. It is convenient to introduce a para-

meter s, called degradation time,

t _
s=[ dat, (176)

or 0
s=d, . | . a77)

Thus, under the above assumptions the degradation time accumulates at a faster
rate when the spacecraft is nearer the sun, which is a characteristic one might
expect. Note that when the spacecraft is maintained at 1 AU with the panels
normal to the sun line, s =1 and the degradation time is equal to the flight time.
.Thén k may conveniently be thought of as the inverse of a reference time, called

the characteristic degradation time denoted by T,, and the degradation factor g

becomes

Actually, there is little reason to allow the degradation time s to continue to
accumulate during coast phases since the arrays 'may be turned edgewise to the
sun and the degradation process may be effectively halted. Therefore, we adjust
equation (177) to read

s = hod R 179)

where h(J is a step function equal to one during thrust phases and equal to zero

during coast phases.

The characteristic degradation time T d is an engineering parameter that

must be determined experimentally, For example, by exposing a solar cell to
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the particle emission of a sclar simulator and measuring the performance of the
cell over a period of time, one should be able to estimate a reasonable value of
T.. Another source of information would be measurements from actual spacecraft

d
which employ solar cells for power supply.

The assumed exponential form of the degradation factor, although intended
for use with SEP systems, is applicable for NEP systems as well. The principal
difference is in the definition of s; for example, S = ho' The exponential form
also permits one to evaluate radio-isotope systems by defining s =1 and letting

T p) represent the time for the radioactivity to dissipate to 1/e of its initial level,

In the development which follows, the formulation applicable to SEP is used
exclusively. The equations of motion and adjoint equations are given in Section A;

the equations affected by .the inclusion of power degradation in the model are given

below,

Power degradation affects the problem in a very fundamental sense, beginning

with the rocket-thrust term in the equations of motion:

- - “e - . _ —E
V=R aet 3 R, A _
r (180)
R=V,
where R is the position vector, r is the magnitude of R, V is the velocity
vector, M is the gravitational constant of the sun, a is the magnitude of the thrust
acceleration and e, is a unit vector in the direction of thrust. The thrust accelera-

t .
tion a is a function of several variables and may be written as follows:

a=ho%z-q-, | asl)

where g is a reference thrust acceleration evaluated under a prescribed set of con-
ditions, V is the ratio of current to initial mass, and q is the degradation factor

defined above. The power factor Y is assumed tobe a funétion of the density, d,
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of photons incident on the airays, where d is as written in equation (173). The

a

general form of V¥ is,

4
_ i/4
y—d' .ZO aid . (182)
1:

1]

The coefficients ai are chosen so that this equation will adequately describe the
power output of a gfven array. The only restriction of the a, is that their sum
is equal to one. Then at r =1 AU, with the arrays normal to the sun line,

¥=d =1, The summation term in (182) represents the temperature effect.

The mass ratio satisfies the differential equation,

13=-hog—c’iﬂ, | (183)

using V=1 as an initial conditi'on, where c is the jet exhaust speed which is

assumed' to be constant over the trajectory.
The vgriaﬁonal Hamiltonian becomes,
hv=.A° R- A - f{fxvﬁ +AT‘;' +AS§ +Agg° +Acé
=ho[&gﬂ(/\.-Et-ng)w\_sdfar]- r_‘;’(A"R)-A °1°2, (184)

and the adjoint equations are

“—_-E- §E ° m o-_z a_d
A= r3A+r5(R A)R+ho[ A c"u)”‘s]aa’
(185)

-y BYX9 Al ' ’
AU ho 5 (A 'et),

v
o —_p XL o pa.s Y '
Ag hc v A t cAu)’
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i =.-h MA
o, v’

c 2
c
(185)
y -n BY9 4o Y cont,
A ha urd _(A ©t clu)’
where 4 . y
*:a 4 = ? ( .l) 14
Y v/3d =) a(1+;)d’",
i=0
od 1 - - - -
-B—I-{= 3 [n-S(er ") er]'
T

The control variables are the thrust direction e ¢ the switch step funption
h , and, providing the array orientation is not constrained to yield maximum
power, the normal direction n, According to the Maximum Principle, these con-
trols are chosen to maximize the variational Hamiltonian (184). The maximum of
hV with respect to ho is seen to depend totally on the sign of the term in square
brackets. That is, denoting

_£g74 .oV
o* == (A e, CAV)+ASd+AT, (186)

then choose ‘
ifg*x > .
_[r ito 0 a87)

ho 0 ifox<o0 °

Maximizing hv with respect to ét is also accomplished by inspection. Since é't

appears only in the dot product with A and since the coefficient of that dot product

is non-negative, i.e.,
h gya/v20, | | (188)

then hv is maximized with respect to ;'t by making A - e, as large as possible,
whiqh is the same result as when there is no degradation. The control vector n
appears explicitly in (184) through the density d as given by equation (173). .In
fact, since n appears in hv only through d, n affects hV only through its dot

product with ér' Letting the angle between n and gr be denoted X such that
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ér * n=cos X, then it is clear that there will be a "best" angle X between n

and ér to maximize hv’ but that n may lie along any element of a right circular

cone of half angle X about ér' For the moment, we will put aside the question of

the explicit direction of n and concentrate on defining the optimum X or, alterna-

2

tively, the optimum d. The optimum value of d is determined by maximizing hv

with respect to d, i.e., by solving for the root of the equation

—Y=hnh =X =9, | (189)

Performing the indicated differentiation yields
E_Z—t-g'— 4+ =
> o, )\S 0, ‘ (190)
or A v
S

‘y*:

= ’ (191)
ga0 .

where, using (182),

4

and

o =A‘e, - . - (@193)

/4

Because of the form of (192) equation (190) is a quartic in the variable div , and

is solved by iteration in the program. A more détailed discussion of the solution
to (190) is given in Reference [8]. for a specific set of coefficients a,. For now, -
assume that the optimum value of d is found from (190). Then the optimum angle

X is immediately obtained

»

i
[
NN

cos X= dr2 o (194)

Of course, equation (190) does not take into consideration the fact that d can never

”

exceed the inverse square of the solar distance. Consequently, the right hand side

of (194) may exceed unity, undexr which condition the program sets cos X =1 (i.e.,
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X = 0) implying that n is directed along ;’r'

If the d that represents the solution to (190) exceeds the upper limit allowed
for d whether that limit is imposed by the problem or by nature (i.e., l/rz), the
correct choice for d is that upper-limiting value. Likewise, on the lower side, d

is physically limited to be non-negative, Therefore, a negative solution to (190) is

disregarded, and d is set to zero which corresponds to X= 7/2 (panels oriented

edgewise to the sun), and the engines are shut down,

The precise definition of n has no bearing on the solution of the problem,
except as it affects d as defined in (173). The appearance of n in the state and
adjoint equations and the variational Hamiltonian is solely through the density d
except in the equation for A where n appears explicitly as part of the partial
3d/3R, defined following equations (185). Actually, this partial is valid only if
d is permitted to vary with R, That is, if either d =0 or d = constant is imposed
then 9d/dR becomes the null vector and the entire term drops from the equation
for A Furthermore, if d is the solution to (190), then the last term of A in
(185) again drops out because the term in square brackets is the left side of (190).

Therefore, the only time the term in question remains in the equation for A is

when d = l/r2 which corresponds to cos X= ér *n=1 and implies n = e .

Under this condition -
od 2 -
2L == . 9
BR 3 er (1 5)

' The boundary condition pertaining to the initial degradation time is

s¢)=0. (196)

If the final degradation time, 5 is unspecified, the transversality condition

associated with degradation time is

A =0, 197)
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The initial value of A.S is unknown and therefore becomes one of the independent

parameters of the boundary value problem. From equations (185), it follows that

o = o i o
X s - X g (198)
d
and, therefore,
A=A =--§—(A X ). (199)
n %o d €n € 4
Using the boundary conditions As = Ag =0, it follows that
n o
A= ;_g- A . (200)
SO d gn

Thus, if an approximate value of A is available from a trajectory similar to the

_ n
one of interest, a reasonable guess of )&S is easily approximated,
o
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D, AUXILIARY COMPUTATIONS

The following paragraphs present the equations employed in a variety of
auxiliary computations throughout the program. The computations are termed
auxiliary because they do not influence the optimization results or procedures,
with the possible exception of the Spiral Capture computations, Rather, the com-

putations are made for printout purposes.

1. Standard Block Print Variables. A standard print block is

employed for printing information at various points along a trajectory. Each

standard block contains a total of 40 paramefers as follows:

TIME Time since departure, in days.

SEMI-MAJOR AXIS Semi-major axis of the osculating heliocentric trajectory.
2 V2
a=1/(—— —), in AU,
r M

ECCENTRICITY Eccentricity of the osculating heliocentric trajectory.
e =, / 1- hz/ua , where h is the magnitude of the
angular momentum,

INCLINATION Inclination of the osculating heliocentric trajectory re-

lative to the ecliptic.

i= cos_l(l'«-: - H/h), in degrees where H is the angular

momentum vector, H=R x ﬁ .

NODE Longitude of ascending node of the osculating heliocentric

trajectory plane on the ecliptic, measured eastward from

the vernal equinox.

Q= sin-1 [3- . (kx H/h)‘]= cos-l[i- - (kx H/h)], in degrees.
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ARG POS

RMAG

TRAVEL

R1, R2, R3
V1, V2, V3
MASS RATIO

THRUST ACC

L1, L2, L3

14, L5, L6

L7

LG
LC

LPHI

Angular position in osculating orbit plaue from ascending

node measured in direction of motion,

wzcos—l[R - (kx H)]= Sin—l[R - [Hx (k x )] ]

rh sini

2 .
rh sini

_in degrees.

Magnitude of the instantaneous heliocentric spacecraft posi-

tion vector. r = ]RI , in AU,

Approximate travel angle since launch, in degrees.

R, ° R,

6 =X. 6. where 6. = cos t (__‘___._lll_>
t 1 1 1 r‘ r.
“ii-1
and R, is the spacecraft position vector at the i

computation step.

Cartesian components of current position vector, in AU.

_ Cartesian components of current velocify vector, in EMOS.

Ratio of current mass to initial mass.,

Ratio of current thrust acceleration to current solar

gravity acceleration (= ho_g Y4q rz/u V).

Cartesian components of primer vector, A.

Cartesian components of time derivative of primer vector,

A.

Variable adjoint to the mass r.atio, AV .
Variational Hamiltonian, hV.»

Variable adjoint to the thrust acceleration, >‘g°
Variable adjoint to the jet exhaust speed, )Lc.

Variable adjoint to the thrust cone angle, X s
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CONE, CLOCK

HMAG

POWER FNCT
SWITCH FNCT

PSI, THETA

PHI
LATITUDE

LONGITUDE

- Two angles, in degrees, defining the angular position of

Canopus relative to a spacecraft fixed coordinate system.
Employing a built-in unit vector s in the direction of

Canopus, the two angies are defined

CONE = cos_1 (s - _es)

(e xet) (e X §) ] -1[ (e xet)x(e X S) 5]
|e xe | le xs| °

CLOCK = cos'l[
|e xe I le xs|

where és is a unit vector pointing from the sun to the spacecraft.
Magnitude of the angular momentum vector, in AUz/tau .
h= ,R X R | .
The power function Yq defined in an earlier section.
The thrust switch function @.

Thrust angles relative to the instantaneous osculating

trajectory plane. - PSI is the out-of-plane angle and THETA

is the in-plane angle, in degrees.
=1 o~
Y = sin e, H/h)

HxR

-1 -
m>= cos " (e, * R/r cos )

- T -1 <- °
6 = sin ¢
Thrust angle relative to the sun-spacecraft line

¢ = cos™* (Et - R/r), in degrees.

Ecliptic latitude of spacecraft, in degrees
-1
=gin = (z/1).

Ecliptic longitude of spacecraft, in degrees

= sin-1 (y/Jx2+y2>= cos-1 <x/Jx2+y2 ) .
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FLT PTH ANGLE Heliocentric flight path angle, in degrees
= sin”! R - li/rv).

VMAG - Heliocentric speed, in EMOS
v = ,RI .
PROP TIME : Total time propulsion system has operated, 7T, in days.

The above standard block may be augmented in two ways. When power degra-
dation, as indicated by the input variable TPOWER, is simulated, a single line of
information is automatically added to each block, as displayed in the Sample Pro-
blems and Results section, Case G, .Comet Rendezvous Mission. When the input
variable MPRINT is 2 or 3, three extra lines of information are generated per
block, as displayed in the Sample Problems and Results section, Case H, Multiple
Bailistic Swingby Mission, Thesevtwo types of additionélly printed lines may appear

simultaneously.

(a). Power Degradation. The single line of power degradation in-

formation contains eight parameters as follows:

S Degradation t'ime, s, since departure, in days.

LS Degradation time adjoint variable, XS.

DENSITY Density parameter, d, in AUZ,

DPOWR . @dy/3r, inAUT

DPOWD qdy/3d.

DEGRAD : Thé degradation factor, q.

CHI Solar ar'ray orienfation angle X, in degrees,

CHI REF Solar array orientation angle which the arrays would have

if oriented for maximum power, in degrees.

(b). Target-Relative Coordinates and Comet Magnitudes. The

three extra lines which may appear via using MPRINT contain the following information:
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R1 REL
R2 REL
R3 REL

14

v

V1 REL
V2 REL
V3 REL
RMAG REL

VMAG REL

S/C NUC MAG

S/C TOT MAG

v

-

Carizsian components of current spacecraft position vector,
with respect to the next astronomical body to be encountered
along the trajectory in a moving coordinate system generated
by that body, with the x-axis pointing outward along the
body's heliocentric radius vector, the y-axis in the body's
orbit plane in the sense of the body's motion, and the-

z-axis completing the right-handed orthogonal system, in

kilometers, with the origin of coordinates at the body.

Cartesian components of current spacecraft velocity vector,
in kilometers/second, in the target-relative coordinate system

described directly above (see R1 REL).
Magnitude of R1 REL, R2 REL, R3 REL, in kilometers.
Magnitude of V1 REL, V2 REL, V3 REL, in kilometers/second. -

Nuclear magnitude (of comet) of the next astronomical body to

be encountered along the trajectory, as seen by the spacecraft,

MN= M0 + M1 log |R _Rtargl + M2 log10 IR |

10 targ

. -R
Rtarg . (Rtarg ) ] CO

+ ,03 cos—l[ | IR RI

Rtarg targ

where M , M
o] 1

with the target, and c® is the radians-to~degrees conversion

, and M2 are magnitude constants associated

factor, The arc-cosine term is the phase angle.

Total magnitude of the next astronomical'body to be en-

countered along the trajectory, as seen by the spacecraft.

are magnitude constants associated

M =M, +M, log . [R-R

T 3 |+ M log, =

targ targA

where M3, M4, and M5
with the target.
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GEO NUC MAG Same as S/C NUC MAG, except as seen by the Earth.
GEO TOT MAG = Same as S/C TOT MAG, except as seen by the Earth,

ANG(V, R) Angle which (V1 REL, V2 REL, V3 REL) makes with the
positive x-axis in the target-relative coordinate system des-
cribed under R1 REL, in degrees.

ANG(V, R) = cos (V1 REL/VMAG REL)

ANG(V, XY) Angle which (V1 REL, V2 REL, V3 REL) makes with the xy
plane in the target-relative coordinate system described under
R1 REL, in degrees. |
ANG(V, XY) = sin "~ (V3 REL/VMAG REL)

R1 REL ECL Same as R1 REL, R2 REL, R3 REL except expressed in the
gg IIR{IEE:E Egi ecliptic coordinate system of date.
V1 REL ECL Same as V1 REL, | V2 REL, V3 REL except expressed in the
“Z ggiggi ecliptic coordinate system of date.

in kilometers.

VMAG ECL Magnitude of V1 REL ECL, V2 REL ECL, V3 REL ECL, in

kilometers/second.

2. Extremum Point Summary Print.” For the final trajectory of

each case, a table of extremum points of selected functions occurring along the
trajectory is evaluated and printed. This table contains the following variables;
the number of iterations required to isélate the given point, time from launch,
ecliptic longitude, solar distance, communication angle and distance, thrust switch
function, the three thrust angles, ¥, 6, and ¢, the power input to the thrusf sub-
system, and the array orientation angle X . Extrema are evaluated for all of these
functions except the time from launch, ecliptic longitude, and array orientation

angle. In addition, the table includes the initial and final times, all thrust switch
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points, and the points at which the power profile changes under Options 4 and 5

of the power function selector. The values of all functions contained in the table

are printed each time an extremum or special point of any function is encountered,

Extrema points are evaluated by locating points at which the derivatives of
the functions go to zero. The other special points (e.g., thrust switch points)
are obtained by defining a function which goes to zero at the special point (e.g.,
the thrust switch function o) and isolating these roots, A general set of routines
is employed for determining all the extrema and special points. The procedure
is to check at each computed point whether any root of interest has occurred
within the current (most recent) computation step. I a root is known to exist,

an iteration scheme is initiated to isolate the point and store the related informa-

* tion. This is undertaken on all trajectories to define the special points and the

extremé of the thrust switch function. The extrema for all other functions are
obtained only for information purposes, however, and therefore are evaluated

only for the last trajectory of each case.

The ecliptic longitude printed in the table is referenced to the longitude '
at launch; consequently, the value printed at the initial time is zero. There-
after, the longitude is accumulated in increments so that the value will exceed
360 degrees if the spacecraft traverses more than one revolution of the sun.

The angle is printed in degrees.

The solar distance is simply the magnitude of the spacecraft's helio-
centric position vector and is printed in AU, Extrema of the function are ob-

tained by isolating those points where r=R°* I'{/r is zero.

The communication distance is defined to be the distance from the Earth

to‘ the spacecraft and is evaluated in AU as follows:

r =‘|R - Pel , (201)
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where Pe is the heiiocentric position of the Earth. The extrema in rc are

evaluated by locating the points when
®R-P (R—P =0. 202
: e) e) (202)

The communication angle is the angle in degrees subtended at the Earth between

the Earth-spacecraft and Earth-sun lines. It is evaluated as follows:

1 P - (Pe—R)
o =cos [ ] (203a)
© o | |p_-R|
e e
except at the initial time when R = P ; then,
arP @ -R)
o = cos [ ]. (203b)
¢ e | [P -R}
Extrema of this communication angle correspond to the roots of the equation,
[(R-P.)x(fc-i:)]x(R-P)  ® xP)xP
e e - . p_+ e "®-P)=0. (204)
| [lr-P | -2 | [p |
e e e e

The above equations for communication distance and angle assume that the input
parameter NDIST is set to its default value of 3, which corrésponds to Earth.
Any other celestial body may be chosen as the reference for the calculations,
through proper choice of NDIST, in which case the vectors Pe and 1'3e then
represent the position and velocity vectors,. respectively, of the corresponding

feference body.

The thrust switch function is evaluated as defined earlier. Extrema of
the thrust switch function correspond to the roots of the equation*,
R 2 1
G=A-e+A"e ~h Yo XY R R)A (205)

t oclc 2
gy r

*In the absence of power degradation; q £0.
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with

e, = 'IX—IE [(A.'x A)xA], (206)

if thrust direction is not constrained, and

s RSN
e, ercos¢ (mxer mxer) sing , (207)

if thrust cone angle ¢ is constrained where

e =R/r,

r

¢ =L [(®xR)xR]

.= 5 [®@xR)xR],
T

5A=A/A,

: 1 . (208)

ek=—?-UAxA)xA],
A

- RxA

m=-——//r—",

, IRxAI '

m=—— x[@_xs,+3_xe,)xm].
|erxeAI

The extrema of the thrust ahgles Y, 6 and ¢ are defined by isolating
the points at which their time derivatives vanish., For the case of unconstrained

thrust angles, these derivatives are defined:

1 - .- - ..:
d)_coszb (et eh+et eh)’
$ =2 (Z: - )
sing "t r t “r°’
(209)
8= 1 (sin¢¢3-cosesin¢¢’),'

sin B cos ¥

e +e *e +sinBOsin ' ,
vre ey in ¥ P)

S S
cosBeos P 't
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where e ¢ is as defined above for the unconstrained thrust angle case, and

6. = ® xR)/|R xR| = H/h,

h
éh='13'[(HxI:I)xH:, s

h | |
II:I=h0£%9- ®xe), 210)
év=—hXér’

e =-L'3

v 2 r°
r

The two expressions for 8 are employed to avoid singularities when either

sin 8 or cos 6 vanish.

For the case of constrained thrust cone angle, no extrema of the cone
angle ¢ is sought since the angle is a constant. The derivatives of the other

two angles are as defined above using the expression for e ¢ appropriate to the

case of constrained cone angle and setting ¢ = 0.

The instantaneous power input to the thrust subsystem, in kilowatts, is

also listed. Extrema of this function are isolated by locating the roots of the

function d(yq)/dt,

3. Swingby Continuation Analysis. Auxiliary computations are

optionally provided, invoked by the NAMELIST input vector MOPT4, whereby

ballistic swingbys past the primary target may be simulated.

In one mode of program operation, invoked by MOPT4(1) > 0, single
swingbys past the primary target may be simulated to up to ten post-swingby

targets per case.
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In another mode of program operation, invoked by MOPT4 (1) < 0, multiple
swingbys along a singlé trajectory may be simulated, first swinging past the
primary target and then subsequently swinging past more targets downstream
along the trajectory. One multiple swingby trajectory may be simulated per

case,

In either mode of operation, the following basic assumptions are made.
The swingby continuation computations are independent of the trajectory leg
leading up to the swingby target, which may consist of an optimized electric
propulsion trajectory segment (if the swingby planet is the primary target),
except that the arrival V_ and arrival time at the swingby planet are used in the
determination of the swingby passage conditions. Each swingby maneuver is cal~
culated under the assumption of the patched-conic approximation, aﬁd the swingby
planet's sphere-of-influence is assumed to have zero radius as seen from inter-
planetary space and infinite radiué as seen from the planetary vantage point.
The passage time in the swingby planet's sphere-of-influence is neglected (taken

to be zero in the heliocentric frame).

Each swingby maneuver may be either unpowered or powered, and these
two cases are discussed in the following sections. Since the unpowered swingby
solutions are embedded in the wider class of powered-swingby solutions, tending
to appear in pairs which are separated by a region of braking powered swingbys,

the more general case of powered swingbys is discussed first,

(a). Powered Swingbys. This type of swingby xhaneuver is re-
stricted to occur at the mutual perifoci of the abproach and departure hyperbolic
arcs; the powered phase is impulsive and the thrust is colinear (pro or con) to
the velocity at closest approach. Whether the swingby is powered or unpowered,
the trajectory segment leading up to the swingby planet has been pre-determined,
this being the method by which the program has been designed to ‘obtain swingby

solutions. Therefore the swingby time and the arrival hyperbolic excess velocity
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v, A are known. ‘In the following analysis, subscript A pertains to arrival at
the swingby planet and subscript D pertains to departure.

A basic éssumption of the powered swingby problem posed here is that
the flight time from the swingby planet to the next target is specified, This being
so, the program is able to converge, by iteration, on some ballistic trajectory
from the swingby planet to the next target having the specified transfer time, im-
plying that the departure hyperbolic excess velocity VeoD at the swingby planet
is thereby determined. Therefore, the heliocentric trajectory before and after
the swingby plane't is determined, and it then remains to perform the required

computations pertaining to the hyperbolic arcs within the swingby planet's sphere

of influence,

The closest approach distance is found by iteration as follows. Let

) T Veq
o, =1+ L2 -2 (211)
A 7 :
and 9
;. p=D | 212
ep ity ’ )

where v, A = le AI ' Vop T IVle , rp is the (unknown) passage distance,
and u is the swingby planet's gravitational parameter. Then the approach and

departure hyperbolic bend angles are given by

On

A_ S
5 - cosec O, =sin (l/ozA),

A
(213)

(o

D -1 . =1
5 =cosec ~a =sin (1/0:D) ,

and these must sum up to the total bend angle, which is specified in terms of

Vm=A and V°°D:
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| ]

4 .

% % !
0 = 5+ 5 =co [ ] . (214)

Therefore, using rp as the independent variable, the zero of the quantity

F =sin_ (l/oz )+sin_ (1/01 y-cos [-——é—-iQ] (215)
Vop Vep -

is obtained by Newton's iteration, using the derivative,

2 2
a =<-) °°A/A D/ D | 216)

ey

When the iteration is converged, the passage distance rp is in hand, and the im-

pulsive velocity increment is computed,

Av = J—E+ \/—E+ : @17)

where the square-root-quantities are the hyperbolic speeds at closest approach.
The remaining parameters defining the planetocentric transfer are computed as

follows. The inclination of the swingby orbit plane to the planet's equator is given

by
. -1 -
i=cos "(hen), (218)

where h is the unit vector along the angular momentum of the hyperbolic passage
trajectory and ﬁp is a unit vector pointing toward the swingby planet's north pole.

The éscending node angle of the swingby orbit plane is computed as,

!
Q= tan ('.,hx/hy)’ . (219)

and is placed in the proper quadrant by using the system library routine DATAN2.
The argument of perifocus is given by,
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S -
W = cos (rp rn), ‘(220)

where Ep is the unit vector pointing toward the closest approach point and ;n
is the unit vector lying along the line of nodes and pointing toward the ascending

node. This is adjusted for the proper quadrant by the test,

h (r xr ) <0, W= 27T - W,
Z n Pz

In the right-handed planetary reference frame, the z-axis is toward the planet's

north and the x-axis points toward the ascending node of the planet's equator on

the ecliptic.

(b) Unpowered Swingbys. This type of swingby maneuver is
considered to be a powered swingby having Av = 0. The program adjusts the
post-swingby heliocentric trajectory segment, by iteration, until the swingby
\departure v, magnitude equals the given arrival V_ magnitude. The primary
independent variable in this iteration is the post-swingby transfer time to the
. specified target, which was held constant in tﬁe powered swingby case. Thus

v =v_» and the swingby passage distance is obtained from the formula,

oD 'wA

( N 'Tval -1). (221)

The other orbital parameters are obtained from the same relations given above in

the section, Powered Swingbys.

The program can generate multiple-revolution ballistic arcs, and a parti-
cular solution obtained by the program may not be unique, even for the same trans-
fer time. All solutions are reachable, however, by means of inputting an approp~

riate initial velocity guess for the trajectory segment in question. .

4. Spiral Capture. The program provides the option of computing

approximate perfoi'mance requirements of an electric propulsion spiral capture
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maneuver at the primary target planet. The approximation is based on asymptotic
matching techniques developed by Fimple and Edelbaum ([Reference [9]) and by
Breakwell and Rauch (Reference [10]). The technique assumes that a helio- .
centric trajectory to a conceptually massless point with position and velocity

of the primary target planet is available. The approximation then yields the
additional propellant and propulsion time that would be required above that of

the heliocentric trajectory to insert the spacecraft into an orbit of periapse rp
and apoapse ra using the electric propulsion spiral maneuver. It should be
noted that the additional propellant and time computed in this approximation does
not represent the propellant and time spent performing the spiral with very high
accuracy because the heliocentric trajectory included a trajectory segment which
was within the geometric boundaries of thie sphere of influence of the planet., The
additional propellant and time computed is more appropriately considered a cor-
rection to the heliocentric trajectory which, when added to the requirements of
the heliocentric trajectory, yields a good estimate of the total performance re-

quirement, including those of the spiral.

Defining the semi-major axis of the capture ellipse,

= + 2 222
a = @, *1)/2, (222)
and the thrust acceleration at the end of the heliocentric trajectory
= v
a gva/ o’ (223)

then an incremental velocity associated with the spiral maneuver is calculated,
7} | a a2
1
Av =, = [1-1.84(-“—-0—)4], A 224)
%e Ky _

which leads to the additional propellant
-Av/ c)’ (225)

= 174 -
Amp m n(1 e
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and the additional time
At=c( - e_AW/ﬁ)/a-n .

This option is invoked with the input parameter MTMASS.
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E. SPECIAL PROGRAM FEATURES

The following paragraphs describe several special features available in
HILTOP which are provided to alleviate certain numerical difficulties and to in-

crease the program's generality and flexibility.

1. Perturbation Step Size Selector. The program generates a

partial derivative matrix of the dependent variables with respect to the independent
variables by integrating trajectories neighboring the current nominal trajectory.
The perturbation step size of each independent variable, which is used to vary

that lone variable in order to generate its associated neighboring trajectory, may
be input to the prograrh, Each neighboring trajectory is used to generate one
column of the partial derivative matrix, each element of which is constructed

by forming the simple ratio of the difference between the neighboring and nominal
dependent variable values to the perturbation step size. Each element of the
matrix thus constructed represents the secant-slope-approximation to the actual
dependent variable slope, and this approximation comes closest to the true value
for some unique perturbation step size value for each independent variable. The‘
approximation becomes poor for large step sizes because the secant-slope deviates
farther from the true slope, and becomes poor for very small step sizes because
the numerical accuracy of the computer and also of the trajectory generation

algorithm with its numerous iterations introduces computational noise.

A program option controlled by the input variable KPART is available
which attefnpts to determine the optimum perturbation step size for each inde-
pendént variable. The program accomplishes this by taking a linear walk in
the base-10 logarithm of each independent variable step size starting from the
input or default value and not exceéd ing KPART steps. The program first steps
in each direction (smaller and larger step size) to determine the proper direction
of the walk, and each step consists of varying the step size one-half order-of-

magnitude. For each linear walk (for each independent variable), that one column
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of the partial derivative matrix associated with the indepeﬁdent variable is com-
puted for each step of the walk, and each element of that column is compared be-

tween the nth step and the (n + 1)'Ch step of the walk., The element whiéh has

th and the (n + 1)th steps is

the largest normalized error in comparing the n
. selected as the criterion function, and this maximum-error-element is allowed
to vary as the walk progresses. The walk continues until the criterion function is
minimized, at which point the optimum perturbation step size is considered to be
determined to within one-half order-of-magnitude. The process is repeated for
each independent variable perturbation step size, to arrive at an optimum set of
step sizes, which are then input to the program's iterator in place of the original

values, A summary of the step size optimization is printed.

2. Avoiding Corners in the Propulsion~-Time Function. The pro-

gram monitors the thrust switching function along each trajectory to determine
when to optimally switch the thrust on or off (at the roots of the switch function).
At times the program's iterator moves the trajectory into a region where two
successive switch function roots approach each other and become very close to-
gether, which physically represents very rapid thrust—sWitchiﬁg, and whi_ch mathe~
matically represents a corner in the propulsion-time function. This means that
the iterator is attempting to either add or eliminate a coast phase or a thrust
phase to the trajectory. The iterator has severe difficulty when switch function
rodts become very close together, simply because this represents a crease in the
otherwise~smooth dependent variable functions of the boundary value problem, and
the iterator is not designed to handle such situations. To avoid this difficulty, a

program option controlled by the input variables GAP and NHUNG is available

which monitors the closeness of the switch function roots. When the program de- |

tects that the itérator is having difficulty with a propulsion-time corner, the pro-
gram halts the iterator, returns logic control to the MAIN program, and intro-
duces two cases (in addition to the user's input cases). The first additional case

avoids the propulsion-time corner by forcing the spacecraft to thrust continuously
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throughout the mission. After the iterator attains convergerce with forced-thrust-
ing, the program attempts to converge on the original case using the forced-thrust-
ing trajectory as the initial guess. The program geneiates the forced-thrusting

j b tti A_=10 t ).
trajectory by setting ’ )\V(O)

3. Lagrange Multiplier Scaling. The Lagrange multipliers, or

adjoint variables A and A, atthe start of each trajectory segment may be
scaled such that the initial mass-ratio Lagrange multiplier has unit magnitude.

The program will do this automatically if the input variable NORMAL is set

equal to one.

4, Generation of an ASTEA Tape. The HILTOP program is

capable of generating a trajectory tape or sequence of punched cards suitable
for input to the ASTEA (Arbitrary Space Trajectory Error Analysis) computer
program [llj.- This is accomplished by means of the NAMELIST input variables
MPUNCH and NTAPE. The contents of the HILTOP output tape or punched

cards are described in the section, Program Output.

5. Scratch Pack Output. The HILTOP program was developed

for use at the computing facility at the NASA Goddard Space Flight Center. That
facility supports conversational remote input terminals, and special provisions
have been made in the program for effective use with the remote terminals.
Specifically, fortran WRITE statements are included throughout the program to
direct selected program output to unit 11 and unit 12 'oﬁtput devices,

Job control cards are used to define these units to be special disk packs from
which the data can be retrieved and printed at the remote terminals, If this
feature is not wanted or is incompatible at the installation, IBM JCL DD DUMMY
cards for each unit may be included in the job control cards. The run summary
is written on unit 12, and the iterator independent and dependent parameter values
are written on unit 11, The independent variables are written in a format com-
patible with NAMELIST input and therefore may be used directly in a continuation

run,

75



6. Normal Run Termination, The computing facility at NASA

GSFC requires as input an estimate of the machine time tiecessary to execute
the run. The operating system will not permit this time to be exceeded, and

it automatically terminates the run if the input tinﬁe estimate is reached. To
avoid losing valuable information should this occur, the timé remaining for

the run is continually monitored during execution (using the GSFC library
routine REMTIM). If the remaining time becomes less than an input number of
seconds, control in the program is transferred to MAIN which causes the most
recent trajectory to be integrated and all requested information printed for that
trajectory. The run then terminates normally., REMTIM is called only from

subroutine TIKTOK, and may be dummied by setting its two arguments to 100.

7. Ballistic Trajectory Option. HILTOP specifically contains the

ability to generate one- or two-impulse ballistic interplanetary transfer tra-
jectories, i.e., trajectories that do not use an electric propulsionvsystem. The

. impulse at launch is provided by the indicated launch vehicle, while the impulse
at the primary target, if required, is accomplished with a retro stage defined

by input characteristics. Two options are available for generating ballistic tra-

jectories.

The first option is simply to use the program in the same manner as
for electric propulsion trajectories but force the thrust switch function to always
be negative such that the electric'propulsi_on engine hever turns on. This is most
easily accomplished by setting the input parameter IBAL equal to 1. This simply
causes the program to set a number of parameters internally to assure that a
ballistic trajectory is generated. The program uses the coast phase solution to
generate the trajectories and the iterator is employed to converge on the desired

end conditions,

The second option is more straightforward and automatic. Setting the in-

put parameter MOPT equal to 1 causes the program to generate a ballistic
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flyby transfer from the launch planet to the specified primary target; setting
MOPT equal to 2 results in the generation of a ballistic rendezvous trajectory
to the specified primary target. In this option the ballistic trajectory is com-
puted before entering the logic in which electric propulsion trajectories are
normally evaluated. Therefore, this procedure may be used to obtain the im-
pulsive solution as a first guess to the electric propulsion trajectory, since -
this o?tion automatically generates values for the initial adjoint variables A0

and A andalsofor v .
o ©0

The latter option requires fewer inputs and less detail to obtain the
ballistic trajectory, but is restricted to fixed launch date, fixed arrival date
single~target cases. The former option may be used fof multiple-target |
missions and permits one to optimize the launch and/or arrival dates because
the appropriate transversality conditions are valid for ballistic as well as
electric propulsion trajectories. It is sometimes very convenient to ﬁse the
two 6ptions sequentially, using the second option in the first input case to get
A, '1&.0 and vmo, and then using the first option in the second input case to

get the full computational and printout advantages of the program.

8. Rotation of Primer Vector with Launch Date, The mission

analyst is frequently faced with a problem of possessing a solution for one launch
date and desiring a solution for a different launch date. Theoretically, such a
problem may be solved by treating launch date as both an independent parameter .
and a dependent parameter. However, unless the launch date difference is re-
latively small, this approach to the solution often leads to numerical difficulties
due to high sensitivities of the trajectory to arbitrary changes in the components

of the initial primer vector and its time derivative.

Generally, the initial primer vector and its derivative will maintain
similar relationships to the initial position vector as launch date is varied.

Consequently, a simple rotation of the vectors through an angle equal to the
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displacement of two initial position vectors will often yield acceptable first guesses

of the multipliers from which convergence can be achieved. An option is provided, -
using the input parameter IROT, which automatically accomplishes the rotation of
Ao and /o\o, In using this option, a case must first be executed to initialize the
position vector of the original case. This initialization may be accomplished by
running a single trajectory or a regular iteration. In either case, the initial
position of the last trajectory generated is used as the reference position. On the
next case, the parameter IROT should be set to a non-zero value and the initial
position vector is evaluated using the (supposedly) new launch date. The angle be-
tween this new position vector and the reference position is evaluated, and Ao
and 'li‘o from the preceding case are rotated through this angle about the ecliptic
North Pole. The rotated vectors are then used as initial guesses for the second

case.

9. Limitation of Power to Power Processors. An input variable,

GAMMAX, provides an option of simulafing the limitation of a maximum power

that can be processed by the power conditioners. For example, the propulsioii

by the arrays at 1 AU. If a trajectory passed through a perihélion distance less
than 1 AU, the power developed by the arrays might excéed the design point,
Using this option, the program would simulate the constraint by assuming the
arrays are tilted to the sun line by an amount necessary to reduce the power factor
Y to a value equal to GAMMAX. The solar distance below which the arrays must
be tilted is evaluated internally and depends on the coefficients of the solar power
law.' This distance is evaluated once for each case, and the array tilting is
triggered on crossing this solar distance. The option may be used with <
the power degradation option, but the tilt angle does not take q < 1 into account, |

To invoke this option, it is necessary to set MODE = 5.

10. Housekeeping Power. This program option applies to solar

electric propulsiori and is currently not combined with the power degradation
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option. The program therefore does not allow the use of both options simulta~
neously. The program input quantity controlling the housekeeping power
simulation is DPOW, which is the ratio of housekeeping power to reference power

and is given the symbol Ap:

ap=p /o_;. (227)

This spacecraft model assumes that the power required by the operating
components at each instant of time exactly match the power developed by the

solar arrays:

=p+ :
P,=P+P, s (228)

where pé is the power developed by the arrays, p is the instantaneous power
delivered to the power conditioners, and ph is the housekeeping power, which
is constant with time. Currently, all trajectories generated by the program
using the housekeeping power simulation must satisfy the condition that pa > P,
so that p remains positive; in other words, engine shutdown when p = 0 is not

coded into the program.

11, Imposed Coast Phases. It is occasionally desirable to impose
coast phases over specified time intervals of a trajectory. The option is provfded
through the two input arrays TOFF and TCOAST to impose up to 20 coast phases
throughout a trajectory. To invoke this option, the elements of TOFF must con-
tain an ascending sequence of times, in days from launch, at which the engines
are shutdown. Corresponding elements of TCOAST define the duration, in days,

of the associated coast phases. To work properly, one should assure that
TCOAST(I) < TOFF (I+1) ~ TOFF(I).

An imposed coast phase may partially or completely overlap an optimum coast

phase and vice-versa.
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I1I. PROGRAM DESCRIPYION

This section provides a users' manual of the HILTOP program and pro-
vides an introduction to the basic logic flow of the program. A brief description
of the function of each routine is provided in a subroutine glossary, along with a
subroutine calling sequence table, Subroutine and labelled common cross refer-
ence tables are presented, followed by tables of each labelled common variable
cross referenced to every subroutine referencing the variable. A complete list
and description of the input parameters are given and are followed by a description

of the computer program output.

The job control language required to execute an object program module
residing on a user disc pack at the GSFC IBM 360, Model 91 computer facility
is presented. Additionally, the basic machine requirements for program execu-

tion on the GSFC 360/91 system are presented.
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A, PROGRAM STRUCTURE

1.- MAIN Program. The subprogram MAIN represents the first

execufion entry-point and the primary driver of the HILTOP program, MAIN calls
the routines which read the program inputs and perform initialization computations
for each case, transfers control to the iterator, and calls the summary print rou-
tines after the iteration phase is completed. A logical flow chart of MAIN is pre-

sented below.

. Start
program
execution

If requested,
 default omputi bflllflstlc GUESS
input BEGIN raJeC ory °1
parameters o’ v o
terate for
, A . solutlon
Read inputs.
Terminate run INPUT
after last case A
ecompute fina

trajectory and FINISH
rint summary

V

initialize
parameters QSTART
for iteration '

\/
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AEINWT

ALBEDO

ANSTEP
BEGIN
BOOSTR

CARKEP

CDERIV

CHECK

CHECKI

CHKINT

CONVER

CONVRT
CORNER

DATE 1

DECLIN

DERIV

2. Subroutine Glossary,

Assigns target body orbit elements for selected comets and asteroids,

Computes photometric magnitude of a given astronomical body as
seen by both the spacecraft and an observer on Earth,

Takes analytic coast~phase step- in state and adjoint variables.
Assigns default values prior to reading input.
Initializes launch vehicles coefficients. Entry point in OMASS,

Converts from Cartesian position and velocity vectors to Keplerian
orbital elements.

Computes functions monitored by subroutine CHECK,

Monitors trajectory for engine switch points, target times and
other extremum-table entries.

Initializes CHECK for each trajectory, Entry point in CHECK.

Initializes CHECK for each trajectory segment.‘ Entry point in
CHECK.

Converts vector from ecliptic to equatorial coordinate system.

Converts derivatives between time and generalized universal
anomaly,

Initializes quantities for additional cases which avoid propulsion-
time corners,

Computes Julian Date from calendar date.
Computes launch asymptote declination.

Evaluates derivatives of state and adjoint variables for numerical
integration.
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'EFM
EFMPRT
ETA
ETAINT

EXTAB

FINISH

FUNCT
GET I
GET Q

GET RV

GUESS

GUNTHR
IMPRNT

IMPULS
INCOND
INPUT

INTERP

Computes target position, velocity and acceleration using stored
or input osculating elements.

Prints target and spacecraft position and velocity at target-inter-
cept times,

Computes engine efficiency and first derivative with respect to
jet exhaust speed.

Initializes constant coefficients for engine efficiency. Entry point
in ETA.

Prints extremum table of selected functions.

Recomputes final trajectory for full program printout, case
summary, optional punched cards and trajectory tape generation.

Computes :iuxiliary functions required at each computation step.
Computes launch parking orbit inclination,
Computes iterator dependent variables.

Computes optimum final position and velocity for extra-ecliptic ‘
missions..

Main control subroutine for iteration to find ballistic two~body
trajectory and associated adjoint variables between specified
end conditions in given flight time.

Computes minimum impulsive speed between circular orbit and
hyperbolic orbit and derivatives with respect to v_ and i .

Prints initial and final positions and velocities each iteration in .
GUESS. '

Trajectory generator used by GUESS,

Transforms position .and velocity from polar to Cartesian coordinates.

" Reads and writes program inputs (NAMELIST) for éach case.

Interpolates for roots of functions monitored by CHECK.
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.

<

LOAD
MAIN
MINMX3

MORE
OMASS
PARINC

PDATE
PMPINT
PMPRNT

PRINT

PRINTR

PRIOR

PUNCH
QPRINT
QSTART
RADAR

READER
RETINJ

RIDGE

e
- o
—

Computes quantities for extremum table.
Program entry and master control.
Generalized iteration and parameter optimization routine,

Contirols ballistic swingby continuation analysis and computes
ballistic trajectory extension beyond primary target.

Computes for a specified launch vehicle, the initial spacecraft
mass and derivatives with respect to v and i,

. Adjusts perturbation step sizes to maximize accuracy of partial

derivative matrix.

Computes year, month, day, hour from Julian date.

. Establishes dimensions for partial derivative matrix print routine.

Partial derivative matrix print routine. Entfy point in PMPINT,

Prints iterator independent and dependent variables on scratch
packs (units 11 and 12).

Iterator summary print routine.

Saves integrated variables and restores their derivatives at each
computation step.

Punched card and magnetic tape output routine,
Case setup and summary print routine.

Performs initialization computations for each case,.
Evaluates corﬂmunication distance and angle,

Reads special A-format input cards containing independent para-
meters, Entry point in PUNCH.

Computes retro engine or electric propulsion spiral performance
requirements at primary target.

Monitors propulsion-time corner proximity. Entry point in
CORNER.



RKSTEP

SCOMP

SETUP

.SIMEQ

SMQINT
SOLAR

SOLINT

SPRINT
STEP
STORE
STOREI
SUMMRY

SWING
SWPRNT

SWSTO
SWTRAJ

TAP
TAPSET

TFORM

. Takes thrust-phase step (fourth-order Runge-flutta integration).

Series computation for f and g series solution of trajectory
during coast phases.

Computes iterator logical variables, primarily for use in GET Q.

Solves a system of simultaneous linear equations. Entry point in
SMQINT, |

Initializes for SIMEQR,
Computes spacecraft power ratio yq and related parameters,

Initializes for SOLAR, Computes solar poWer law critical radii
by iteration when coefficients are input. Entry point in SOLAR.

Point by point trajectory print routine.

Performs a computatipn step along a trajectory.

Reorders and removes multiple entries in extremum table,
Initializes for STORE.  Entry point in STORE.

Stores specific quantities and prints run summary.

Computes ballistic swingby continuation trajectory to specified
post-swingby target,

Dummy print routine passed to MINMX3 through its argument list,
Entry point in SWTRAJ.

Stores output data at switch points. Monitors Hamiltonian accuracy.
Trajectory generator used by SWING,

Trajectory integration supervisor. Computes one trajectory seg-
ment,

Initializes parameters which force TAP to generate a ballistic tra-
jectory segment, '

Vector transformation routine. Entry point in VSCAL.
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THANG
THANGD
TIKTOK
TRAJ

TRAJI
TRAVEL
TBJ INT
TWINKL

UNITD

VADD
VCROSS
VDOT
VMAG
VPRINT
VSCAL

VSUB

Computes thrust unit vector in fixed cone angle case. Entry point
in THANGD.

Computes time derivative of thrust unit vector in fixed cone angle
case,

Monitors remaining execution time on computer, by calling
REMTIM. Provides normal run termination.

Basic mapping routine for the MINMX3 iterator. Supervises
trajectory-segment computation and initializes for GET Q.

Initializatipn for the beginning of each trajectory.,

Computes incremental travel angle.

Initialization for TRAJ. Entry point in TRAJ,

Computeé unit vector in direction of Canopus.

Computes time derivative of a unit vector along an arbitrary
vector, given the arbitrary vector and its time derivative. Entry
point in VSCAL,

Vector addition routine. Entry point in VSCAL.,

Vector cross product routine, Entry point in VSCAL.

Vector dot product routine. Entry point in VMAG,

Vector magnitude routine,

Print routine for optimum COV Earth departure (e.g., NERVA).

Computes product of a scalar and a vector.

Vector subtraction routine, Entry point in VSCAL.

Detailed descriptions of all subroutines are presented at the back of this

document.

87



3. Subroutine Calling Sequence. The table on the following two

pages displays the hierarchy of calls to the various subroutines in the program.
The order of subroutine names shown is approximately the order in which the |
calls occur in the listings, but not necessarily the order they occur in the logic
flow. -Multiple calls to any given routiﬁe from another routine are noted only
once in the table. The table on the third page following presents the same infor-
~mation in a different format, Each subroutine is listed alphabetically and is

followed by a list of all sub-programs that reference the subroutine,

As noted in the sequence table following, the program contains a number
of secondary entry points within selected sub-programs. A complete list of these

entry points follows,

Entry Point Sub—program
CHECKI CHECK
CHKINT CHECK
RIDGE CORNER
ETAINT ETA
BOOSTR OMASS .
PMPRNT PMPINT
READER PUNCH
SIMEQ SMQINT
SOLINT SOLAR
STOREI STORE
SWPRNT SWTRAJ
THANG THANGD
TRJINT TRAJ
vDOT VMAG
VCROSS VSCAL
VADD VSCAL
VSUB VSCAL
UNITD VSCAL
TFORM VSCAL
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MAIN TIKTOK~— REMTIM
F ~ FINISH (SEL BOTTOM OF PAGE)
- SUMMRY
- BEGIN
-FQSTART——DATEL
F AEINWT —— DATEL
- SOLINT*
- EFM
- QPRINT —— (SEE CALL BY FINISH)
- SETUP '
- BOOSTR*
- ETAINT*
- TWINKL
- TRJINT* ETA
OMASS - DECLIN
RETINJ -{GUNTHR
EFM GET I ~— GUNTHR
-INPUT TIKTOK (SEE TOP OF PAGE)
- FREADER*
- CORNER
—-GUESS —— MINMX3 (SEE CALL BY MAIN)
- IMPULS -SCOMP
- SMQINT ANSTEP-[PR IOR
- SIMEQ#* SCOMP
- MINMX3 T SMQINT
- PMPINT
- TIKTOK (SEE TOP OF PAGE)
- TRAJ —————— (SEE NEXT PAGE)
PD5 ¢} SWTRAJ (SEE CALL BY SWING BELOW)
- IMPULS (SEE CALL BY GUESS ABOVE)
- PRINTR
CCHECK {}- SWPRNT
- IMPRNT
- PARINC TRAJ (SEE NEXT PAGE)
- PMPRNT#*
| SIMEQ*
- FINISH — TRAJ (SEE NEXT PAGE)
- PRINTR
L PRINT
"+ EXTAB
- QPRINT EFMPRT-PDATE
- SUMMRY BOOSTR*
- CORNER PDATE
SOLAR
MORE —7 SWING — AEINWT— DATE1l
EFM
‘ _ MINMX3 — (SEE CALL BY MAIN)
~ PUNCH EFM SWTRAJ—ET'M
CONV ER—!:TAPSET
- TAPSET TAP-—(SEE CALL BY TRAJ)
HTAP—(SEE CALL BY TRAJ)
FEXTAB
“EFMPRT-PDATE
*Entry Point
89



TRAJ rTRAJI —

;"Entry Point

~RIDGE*
_EFM
- RADAR EFM
- CHECKI*— STOREI*
L SOLAR
- TAP —THANG*
- THANGD
L SOLAR
| CHKINT*~~CDERTV THANGD
RADAR EFM
AEINWT
L EFM LOAD TRAVEL
STORE '
- CONVRT
- DERIV ——SOLAR
-CDERIV—(SEE ABOVE) _
. ETA - FUNCT——(SEE CALL FROM STEP)
_STEP ——~RKSTEP PRIOR
L DERIV—— SOLAR
ANSTEP PRIOR
SCOMP
| FUNCT THANGD
ETHANG*
Lsorar
- CHECK —~CDERIV—— (SEE ABOVE)
' - INTERP LSTEP — (SEE ABOVE)-
CDERIV~—(SEE ABOVE)
- L.OAD ——-TRAVEL
_STORE
- STEP (SEE ABOVE)
. STOREI*
- TRAVEL |SOLAR
L FUNCT THANGD
' ETHANG*
-SPRINT ——ALBEDO LSOLAR
—SOLAR
- CARKEP
- EFM
_PUNCH—— EFM
L SWSTO ——SOLAR '
- OMASS —-DECLIN
—EGUNTHR
GET 1—— GUNTHR
- RETINJ
- GET RV—INCOND
- GET Q
- VPRINT
L. PRINT
- RIDGE*
. PRINTR
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v

A ME
AEINWT
ALBE OO
ANSTEP
BEGIN
BOOS TR
CARK EP
CCHECK
CDER 1V
CHECK
CrECKI
CHKINT
CONVER
CTONVRT
CORNER
DATE 1
DECL IN
DERIV
FFM

»

EFMPRT
ETA
ETAINT
EXTABR
FINISH
FUNCT
GETI
GETQ
GETRV
GUESS
GUNT HR
IMPULS
INCOGND
INPUT
INTERP
LOAD
MINMX3
MORE
CMASS'
PARI NC
PDATE
PDS
EMPINT
PMPRNT
PRINT
PRINTR
PRIOR
PUNCH
QPRINT
CSTART
RACAR

?

SURKROUTINES

QSTERTY
SPRINT
IMPLLS
MAIN

QFRINT
SPRINT

MINMX3

CHECK
Top
TRAJY
TaP
SWING
TeP
FINISH
AEINWT
CMAES
RKSTEP
ALBEDO
TRAJ
NCRE
TRAJ
CSTART
FINISH
MA TN
CHECK
OMASS
TRAJ
TRAJ
MATIN
GETI
GUESS
GETRV
MA TN
CHECK
CHECK
GUESS
OPRINT
TRAY
MINMX3
EFMFRT
MINMX3
MINMX3
MINMX3
FINISH
FINIGH
ANSTEP
FINISH
FINISH
MAIN
CDER1V

RECAFR

STEP

QSTART

INTERF

MA IN
QSTART
PRINT
TAP
PUNCH
TRAJI
QPRINT

MORE
TIKTOK
STEP

ML IN

QPRINT

SOLAR
SOLAR
RKSTEP
SPRINT
QSTART

TRAJI

SUBROUTINE CROSS REFEREMCE TABLE

FEFERENCING NEVWIER

SWING

TAP

Q3 TART RADAR SPRINT SWING

TAP

SWING

TRAJ
TRAJ
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CROSS REFERENCE TABLE (CONTINUEL)

NA ME
READER
REMT IM
RETINJY
RIDGE
RKSTEP
SCoMpP
SETUP
SIMEQ
SMQI MNT
SCLAK

SOLINT
SPRINT
STEP
STORE
STORE!

SUMMEY
SWING
SWSTC
SWTRAJ
TAP
TAPSET
TFORM
THANG
THANGD
TIKTCK
TRAJ
TRAJI

- TRAVEL

TRJINT
TWINKL
UNITD
VADD
VCROSS
Voot
VMAG

VPRINT
VSCAL
VSUB

SUBRUUTINES FPEFERENCING NMEMJER

MAIN
TIKTOK
TRAJ
TRAY
STEP
ANSTEP
CSTART
GUESS
GUESS
CHECK
TRAJI
QSTART
INTERP
CHECK
CHECK
CHECK
FINISH
MORE
TAP
SWING
MCRE
MORE
SPRINT
FUNCT
CDERTV
INPUT
FINISH
TRAJ
LCAC
CSTART

CSTART

CCERTV
CDERIV
CARKEP
ALREDO
ALBEDO
TAP
TRAY
CDERIV
ALBELCO

TRAJI
IMPULS

MINMX3
MINMXZ
DER1IV

TAP
INTERF

TIKTCK

SWTRAJ
SUWTRAJ

TAP -
FUNCT
MATIN
PARINC

TAP
THANGD

TAP
CDERI1V

CARKEP

CARKEP

INCOND
CDERIV

2

FUNCT QPRINT SPRINT SvwSTO TaAP

TAP

TRAJ

TAP
MINMX3

GETRV INCCND GPRINT SPRINT SWING
CDERIV RADAR SPRIMT SWING
CDERIV QPRINT RADAR SPRINT SWING

SPRINT SWING TAP
GETRV - SWING

-

)
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. 5

4. Common Array Information. Throughout the HILTOP program

a total of 8 labelled common arrays are employed. In the tables to follow are
presented cross-reference information sufficient to inform the user as to the
occurrence of specific common arrays and of speciﬁc’ common variables through-
out the program. The first table presents for each common array a list of all
subroutines in which the named common appears. This is followed by separate
tables for each common, containing subroutine- references to each common vari-
able. These tables list only variables that are actually referenced one or more
times throughout the program. For each variable are listed the Fortran name,
the type of variable (i.e., R*8 for double precision real, I*4 for integer, etc.),
the address of the variable in decimal bytes- relative to the start of the common,
and the name of the subroutine in which the variable appears. A separate line
appears for each subroutine in which the variable is referenced. For the second
and subsequent subroutine references, no other information is repeated unless
the Fortran name of the variable is different, in which case the new name and the

relative address are repeated. The definition of any referenced common variable

is given in the External Variables Table of the subroutine referencing the variable.
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COMMCN CRDSS

NANME
EXTREM

GUNC CM
INTG K4

I TERAT

ITERZ2

LOGIC4

REAL B

SOLS YS

REFERENCE TABLE

SUERQUTINES FREFERENCING MEMBER

BEGIN
STORE
GETI
BEGIN
FINISH
MORE
QSTART
SUMMRY
TRAJ
BEGIN
INPUT
QPRINT
TAP
BEGIN
QSTART
BEGIN
FINISH
MAIN
PRICR
SETUP
SWSTO
ALBEDO

- DECLIN

FUNCT
INPUT
PRINT
RETINJ
SWSTO
TRAYI
BEGIN
SWING

CDER IV
TAP
GETQ
CDER IV
GETQ
PARINC
RADAR
SWING
TRAJI
CDER1IV
MINMX3
QSTART
TRAJ
GETQ
SWING
CDERIV
FUNCT
MINMX3
PUNCH
SCLAR
TAP
ANSTEP
DERIV
GETI
INTERP
PRINTE
RKSTEP
SWTRAJ
TRAVEL

" EFM

TRAJ

CHECK

GUNTHR
CHEZK
INPUT
PRINT
RKSTEP
SWSTO

CORNER
OMASSE
RADAR
TRAJI
GUESS
SWTRAJ
CHECK
GET!
MOREZ
QP RINT
SPRINT
TAPSET
BEGIN
EFM
GETG
LOAD
PRIOR
SOLAR
TAP
TwWINKL .
EFMPRT

EXTAE

CMASS
CCRNEF
INTERF
PRINTR
SETUF
SUTRAJ

FINISH
PARINC
SETUP

VPRINT
1 MPULL S
TIKTICK
CCRNER
GETG

GCMASS
QSTART
STEP

THANGD
CCER1V
EFMFERT
GETRV

MAIN

PUNCH
SPRINT
TAPSET
VERINT
MCRE

94

INTERP

DER1IV
LOAC
PRIOR
SOL &P
TAP

GETG
PRINT
SOL AR

MINMX3
TRAJTI
DECLIN
GETRV
PAR INC
RADAR
STORE
TIKTCK
CHECK
ETA
GUESS
MINMX3
QPR INT
STORE
THANGD

QPRINT

LOAD

EFMPRT
MATIN
PUNCH
SPRINT
TAPSET

GETRV
PRINTR
SPRINT

PARINC

DERIV
INTERP
PRINT
RET INJ
SUMNMRY
TRAJ

CONVRT
EXTAB
IMPRNT
MORE

QSTART
SUMMRY
TIKTOK

QSTART

PRINT

EXTAR
MINMX3
GPRINT
STORE
TIKTOK

GUESS
PUNCH
SWING

PRINTR

EXTAB
tLcap
PRINTR
RKSTEP
SWING
TRAJT
CCRNER
FINISH
INVPULS
CMASS
RADAR
SWING
TRAY

SPRINT

.
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CiaMng

CUIM AN

VARl asLE

A4

2]

Q

nsg

OMIN

GMAX

38
133

YYY
BrNJMX

P4

VAT £ 3L

g 4
~E
A RERS!

Rx
f< 2

DY

o

R g
R*»8

95

CRGEE

REFEIENCE TA3LE

LEMSTH PR

>
E}
T

R4

lanc

[
N O
B OO
o

N

252¢

n
'
g
(W)

SI3IRQUT I NI
HGUESSE
SWI MG
TRAJI

IMPULE
MINMX3
PARIMNC
OS5 TART
SaTiAY
TIKTGOL
I=6IN
GET2
SWING
I MPULS
MINMX3
PARINC
S%uTHRAJ
GUESS
SwING
MINMX3
CETART
GUESE
SwlN3
M NMXZE
QS TART
GUZESS
SWINS
M1 WNMX2
PRINTR
G52 TART
GUESE
SWINS
MINVMX2
PRIMNTR
QL TART
PARINC
GJESE
SWINS
MINMX2
OSTART
MINMX3
MINMX3
TiKTI3KL
GUESS
MI NMX 3



COMMON VAR ABLE CROSS REFEQENCS TA3LZ

(W}

CUMMON keErLa LEN3TH 152¢C

VAR T AZL A T SUBRCUTINI

e

PN

'u‘v’-

2l
SAVE
PAYLOD

A4
XMAGS

CTANK

FT

vVJ

vVIimMe

QL <
1t

*

,
P
%
e O

o

Qs

(o8

O:.

Rx g

Rxd

RRG

Rx g

R¥8

96

2
o m
>
.l
O
DL

o M

~
hY)

G6

104

JEGIN
S MR Y
GET2
TRAY
PRINT
DUNCH
PRINTR
QPRINT
OMASS
GET2
TRAJ
EXTA3
PRINT
PUNCH
PRINTZ
QPRINT
RETINI
TAPSET
TRAY
3EGIN
INRUT
PUNZH
GPRINT
TRAJ
I NPUT
PUNCH
QP RINT
TA2
GET2
DERIV
FUNCT
SOLAR
SwSTD
TRAJI
CDERLYV
Q5 TART
RETINJ
SPRINT

GET2
TRAJ
SOLAR
TRAJI
CIOERIV
Qs TART
RZTINJ
VPRINT
TRAJ
TRAJI



>

Y

Y

CRMMIMN

VAT ASL D

O7¥ASE

DMPFETR

(@]
-1
RE
st
—(

(XA SN

THEET

[
T
-
x
|
—

DVEL

VLGSES

XJLD
TRIP

BT

REALS

TY &

=3
e 2
2EE
R
R

=
N

e gs

R+ A

Re g
R%38

97

(COUNTINUVED)

ADDR

bad
-
J

O

P
h

1w

17¢&

184

2058

21¢

SUBRGCUTINZ
OECLIN
GPRINT
QS TART

TRAJ

2 JNC A
GPRINT
rHETINJY
I Ny
PUNCH
RETINJ
TRAJ
BEGIN
INOPUT
PUNZH
B3EGIN
INPUT
PUNCH
CRPRINT
RZTINJ
BEGIN
[NPUT
PUNCH
OPRINT
KETINJY
BESINM
I NPUT
PUNTH
QF RINT
FETINY
3EGIN
TNOUT
PUNCH
CPRINT
REITINJ
PUNCH

- OPRINT
RETINJ
TRAJ
PUNCH
QP RINT
PITINJ
PUNTCHA
QPRINT
Rz TINJ
I NPUT
SOLAR
QPRINT
S UNCH
Q>RINT
PUNCH
QP FINT



COMMON

VAR T AGBLFE
F
FEF
Pk M

FrniaX

ANGT

H3UR

TERMAX

AA]

ITATE

XG

P L

31

01

11

T <

nn
x (I"./

REALS

s R

Rx8

u,

T XL
LI d
[s1 3 7]

R&H

A

R*&E

v 8

R*8

R% 2

98

(CONTINUZO)

ADDR
268
29¢;
3C4

2le

4ce

S1e2

52¢

5248

4]
(Y]
(o)}

SUBRCUTINI

PUNCA
O2RINT
AUNCH
QP RINT
PUNCH
OPRINT
PUNCH
QPPINT
BEGIN
INPUT
BUNZH
Q53 TART
BEGIN
I NPUT
PUNCH
QS TART
TMAALN
BEGIN
INPUT
PUNCH
QS TART
GETO
TRAJ
BEGIN

GETRV

GUESS
INPUT
PUNCH
RADAR
TRAUI
OPRINT
Q53 TART
GETQ
TRAJ
GUESS
TRAJIL
BESIN
INPUT
PUNCH
QP RINT
Qs TARY
BEGIN
INPUT
PUNCH
QP RINT
QSTART
I NPUT
PUNCH

Q2RINT.

QSTART
INPUT



]

CALAMON

VAR TABL T

33

POAFIX

AR

AT

cCl

CNI

CM1

<ol

REALZ

TYE

A
.N_.
m

o,
T
n

e}
L3
[y

Feg

99

(CONTINUED)

ADDFR

544

5€23

&4s

SUBROUTINZ
PUNTH

GPRINT
QS TART
I RPUT
PUNTH
OPKRINT
G5 TART
I NOUT
PUNTZH
QCPRINT
Q3TART
TTRAJ
REGIN
INPUT
P UNC A
CSTART
BEGIN
GETRV
I NPUT
P UNCH
CSTARXT -
GETRV
Q5 TART
GETRV
CS TART
GETRV
QS TART
GETRY
S TART
InPuT
PUNZH
GSTAST
£ v
BEGIN
INPUT
PUNZH
QORINT
QS TART
EFv
INPJT
PUNZAH
OSTART
EfFv
IN2UT
PUNCH
CETART
EFfm
INPUT
DUNZ A
OSTART
EF v



COMM T

VAR T AGL

- EMUGDD

RADBGDD

-4
>

(SR IGH

sSTEP1

%)
~
m
L%
M

TMAX

o
Q
G

TDV

TDELV

w
13
"

o

R

23

(CONTINUED)

ADOE

[8) 5¢

Ho4

(&)
LN ]
AR}

531

683

2
&

SUBRDUTING

INPUT
PUNCH
QSTART
-~V
INPJIT
P UNC 4
QP RINT
O5TART
£Tv
TAaJd

I NPUT
PUNZH
CWING
CSTART
TRAJ
BEGIN
1 NPUT
PUNT 4
CSWINS
OSTART
Ta>
CHEZC
INTERP
TA>
BEGIN
1 NPYUT
PUNCH
TAD
BEGIN

INPUT

PUNCH
TA?
GETQ
TRAJ
GUESS
TRAJI

I MPULS
QSTART
SWTRAJ
TAPSET
MORZ
BEGIN
INPUT
SwINS
EwTRA
TAD
GETO
BEGIN
INPUT
CSTART
TA?

’
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CidrRGN

VAR T ASLE

AP
T HuG
Sy NG

HOHIMG

XCioM

GL AL

1)
m
1

SEFAn

ANGLE

T RURN

-t
o
>
-
i

KEALE (CONTINUED)

o 8

[44)

V%

Fo= 8

R#=&

101

ADDR

-

1

..

&l6

292

[l
o)
mn

11z

Ny
[§Y
N

n
>
D

SURRLGUTINE
GCETART
BEGIN
CHEZKL
[ NPUT
FINISAH-
OSTART
TIKTOL
CHezCK<
CORNZR
CHZECK
CORNER
CHzZK
CORNER
LOAD
CHECK
R ADAR
CDOERIV
LOAD
FFADAZR
GET2
TRAJ
TRAJI
QP RINT
QS TARTY
GET2
TRAJ
TRAJI
QOFRINT
QS TART
GET2J
TRAJ
TRAJUI
QZTART
GET2
TRAJ
TRAJI
G3TART
T4a?
LOAD
PRINT
TRAJI
QPRINT
SPRINT
TAPSCT
PUNCH
QPRINT
TRAJ
PUNCH
TRAJIL
QPRINT
QZTART



CONMON REALS (CONTINUED)
VAR T AFLE TYLE ADDR
TOATES ) 1248
TOATEX R 3 1256
3 A RxH 1264
&DC R*xE 1272
SPV R#» Y iz82
TANGLE e §y 1304
AAA ~%a 131¢
£33 R* 8 13z6
CCc PRx=§ 1328
S ANG1 R & 336

<4
ANG2 R 8 1364
e R#& 13552
SE R%B. 1368
CE R¢S8 12¢8
DECL R*& 1376
102

CUBRLHTINE
MORZ
TRAJ

SWINS
TRAJI
QPEINT -
GSTART

EF M
TRAJ

P UNCH
RADAR
S HWING
TRAJI
GRPRINT
QSTART
SEPKINT
Tw INL
Tw INKL
CPRINT
T INK
LOAD

C TRAJT
TAPSET
TRAVE .
GETI
CMASZS
GETI
OMASS
OMASS
GETI
OMASS
PUNCH
TRAJI
GPRINT
CMAGS
PUNCH
OPRINT
. BEGIN
GET2
BEGIN
TRAJI
DT CLIN
TwINK,
GET2
BEGIN
TrAJL
DecCLIN
TwINK.
GETI
OMASS
PRINT
PUNCH

-

L 4

4



"

-

a.

1

CipMae

VAR T AtiLE

X InZh

ALTAY

TG0

RMAK

EMIN

PaAX
CONMnls
COMANG

RTSw T

P31
THETA

PHi

FEALE (CONTIRUED)

TYRE

2R

R 2
>

RN 4)

R*#

103

AD DR

17384

ey
wal
Q0
4%}

14C7T

140¢

14146

144

1440

1464

1480

SURRCYTING
CEZCLIN
Q2 RINT

TA>
FUNCT
SOLAR
Mass
PUNCH

GPRINT
TAD
GET)
FUNCT
SwsTD
TRAJI
CPRINT
TAPRPSET
MO Z
BEGIN
I NPUT
CHICKL
PRINT
PUNTZHA
ZTGRE
QRPRINT
CHECK
PRINT
PUNT A
5IGR:
QP RINT
CHECZK
STORZ
QO RINT
T XTA3
PUNZH
TAPSZTY
EXTAZ
PUNCH
TAPSZT

TA>

ZXTA3
COERIV
QAETART
SPRINT
LOAD
CDERIV
SORINT
LOAD
COERIV
S3PRINT
LOAD
COERIV
SPHRINT



COMIATN

VAR T &3 &

GPLAN

FPRLAN

P ISPY

THZIPY

TIMEPY

XiLPY

AN

XANG 1

XA 2

R

PP

SwITCH

Dw 1TCH

SAIX

£CIX

RE AL (CONTINUZSD)

TYPRE

£ 5

e o
o2
L I 51

R# 8

FPng

g

)

104

ADDR

1452

1816

18C0

18490

SUBRCUTI NZ

GeT2
TRAJ
FZTINJ
TRAY
RETINJI
QPRINT
RZITINJ
QORINT
PETIND
QP RINT
PETING
GPRINT
FITIN
e ADAR
CDERIV
I NPUT
OMASS
I NPUT
CMASS
TA?
GET2
LOAD
TRAJ
FUNCT
PUNCH
CDEF1L1V
CUNVRT
QP RINT
SPRINT
TA>
CHECKL
CEUNCT
CDERIV
- TA?
GET2
LOAD
CHECKL
FUNCT
CDERLIV
SPRINT
TA2
FUNCT
CDERIV
VA2RINT
EFM
INPUT
RADAR
SWING
QSTART
E5v
INPUT



C a0 REALS (CONTINUED)
4
VAR T ALLFE TYRPE ADDR SUBROUTIME
NAGAR
SWING
. QS TART
ChiX RE2 1BAL EFv
INPJUT
) RADAR
SelINS
QS TART
CHrxX W 12 EFv
I NPUY
RADA=
SeINSD
CSTART
cOr X B2 14567 E=v
INPUT
fabAx

SWINS

. Q& TART

T IX 228 2nel S
ImpPuT

RADAR

SalNG

QS TART

2 char: EF W
INPJUT

RADAR

SWING

0SS TART

RACOX [ R 3 So8G INPUT
RADAR

SwWING

QS TART

AL PiHA A DA 25120 TRAY
BEGIN
INPUT
PUNCH
QPRI NI
TeAJ
BEGIN
INPJUT
PUNCH
QPRI NT
AN R» & za4Cl TA>
BEGIN

UEFRIV

INPUT

PUNCH

CONVRT

AN R+ 5 c4Gse TAD
DERIV

CDERILV

Q
i
§

M5 X

T

'S
m
P
oy
[N}
X

AL PHAT

.

’

105



CMniN

VAR TAZLE

= 2N

P13

P S ION

DECLAM
PEVS

XAMIZDA

FP SHNMH

SUNMU)

CONTM

REALE (CONTINUED)

%8

R* g

A
.,
o

R*a

106

ADDI

ny
o
pary
o

2424

Taar

n
B
o
o8

Zueq

2504

SUBRCUTING

CONVRT
Tad
DERIV
GETQ
GETRY
TRAJI
DECLIN
OPRINT
GETQ
TRAJ
GZY2
TRAS
BEGIN
INPUT
DHINT
TRAJI
3EGIV
INPUT
QSTART
PRINT
TRAJI
GUESS
[ NPUT
SRINT
MINMX3
PRINTR
EFM
GETI
GET2
LOAD
BEGIN
CMAES
PRINT
PUNCH
SWING
ALBEDD
EFMPRT
QP RINT
G53TART
SPRINT
Tw INK -
GETQ
BESGIN
QS TART
VPRINT
E=M
TRAJ
BEGIN
QSTART
TA>
GET2



1

-

y

COoMutsy  REALE (CONTINULD)

VAR TAZLE TYPE ADDR SUBPCUTING

) LOE D
TeAJ
BEGIN
CHECK
PRINT

P UNCH
ZADAR
SOLAXR
SWING
SWSTZ
TRAJST
CORNER
INTEZD
GPRINT
QS TART
CPIKINT
SHTRAY
TAP3ET
ETA

TA>
GET2
REGIN
CMASS
SwiNSg
EFtP2T
OPRINT
EETINJ
SPRINT
GET2
BEGIN
RETINJ
CUnNPW REH 2544 TR A J
BEGIN

PI R4 s 2552 BEGIN

’ RADAR

TwiPl R 3 2560  EF“
BEGIN

CONDS Fe g 2569 BEGIN
IPRINT

CONLET R*6 2576 REGIN
‘ RETINJ

CONG R>a z584 BEGIN
RETINY

DELTA REE 25527 TA>
_ GET2
XESING P ZECO MDXZ
I NPUT

YSWING ex £ 3047 MOR S
SWING
TRAJ .
BEGIN

CoMGP Five s

N
vl
n
s

(V3]
N
J
[N
Q

CUNAD [ RO

XS
o
Oy

TGFF &g 4

107



CTMAGN KEAL® (CONTINUED) I
VAR [ ABL L TYPE ADDR SUBKOUJTINS I
INPUT
QPRINT
CSTART I
TCUAST Ko 4360 TRAJ i
I NPUT
_ QP PINT
TCHECK R & 64523 Ta> I
TRAJ
CHECK
CDERIV I
TAPSET
F CEES 5160 GUESS
ANSTED
G R 5168 ANETZP I
' Ko b 5175 GUESS
' ANSTED
GX RH 5224 GUESS I
ANSTEP
ER Ry 5448 USTART
2D PRS- sa47z QSTART l
=N R*a 56495 GSTARY
ZND R 8 5520 QO5TART
AXIS % & 5544 DERIV : l
QSTART
AXISD Rk 5568 CSTART
ALTITU Fx & s5592 GETQ
' ’ INPUT I
Q3 TART
VPRINT
TG R%8 5680 : $wSTO I
PRINTR
H3W 28 E6GoL sSweT)
PVELOC RA G ISy Yate SWINS '
SWTRAJ
TUASE R*& 6424 SWINS
SATRAJ
TSUM R*3 6432 MORE l
SwING
SWTFRAJ
ZETATE Roxe £440 SVWINS . '
: SWTRAJ
ETH R 6601 TA>
' DERIV
FUNCT l
S®KSTI
CDERIV
05 TART I
SPRINT
THANG)D
ETHD = R#&8 6624 TA> l
FUNCT
108 |



C OGN REALE (CONTIMUZD)

VAR T ARLE TYPE ADD SUHROUTI
CDERLV
Q37A2T
SPRINT
THANG

[N

S IT [PER &E72%

~
bs
iy -l
O >
< A

o N
n

~

21
FUNCT
COERIV
< IR ] R 5729 TAD
oelly

COERLV

THANGD

CiIPiH1 TER:! £735 Ta»
DERILIV
COERIV

THANS
PILC SR £¥d} £744 Ta=>
DER1V

FUNCT
GSWST3

. CPRINT

HEetd R¥ g 67672 TA?
TRAJ
C763 TOGET2
TRAJ

(o

1AM X R

= T f4 228 € a0 SeSY3
XJLa ICE &GO OQOPRINT
HOCURD . W £ BCcens GPRINT
HiUR A SR~ BL16 CPRIINT
C3 e E224 QP RINT

C4 WG £43- QPP RINT
SR Pup 84 OGP RINT
ARFe its 2 8C6 3 GPPRINT
KSR fre 8 E056 CORINT
DFEOW Kz3 ERAA-T TRAJ

INPUT

“S50LAR

QPRINT

GAMIAAX R%&E c264 BEGIN
‘ INPUT

SCLAR

DMIN i g L7z CHECK
SOLAR
TaAD
SCLAR
s = SOLAR
CDERIV
CHECK
scLaR
TRAJIL

X
(0
[
o

Y

DPMAX R

™
Q
Pl
o4
X

CHFNCZ R¥

c
W)
per
-
n

CHFNC R g

109
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COCMMUON

VAR TABL S

S AP
DROPS

PMEDT

PMN

P4

RT

PO%uR

RS ALY (CONTINUED)

TYEE

R4 Bs

R+ a8

110

ClE6

2176

9184

Sle?

SUSROUTI NI

COERILV
TRAJ
QPRINT
TRA S
OPRINT
TAD
FUNZT
CDERIV
TA?
GET2
TRAJ
DERLV
FUNCT
SCLAR
TRAJI
TRAJ
DERIV
FUNCT
TRAJI
Ta»
DERTYV
FUNCT
SOLAR
SWSTD
TRAJI
ANSTED
CPRINT
SPRINT
DERIV
3WSTD
TAD
DERIV
FUNCT
S#WST2
ANSTED
SPRINT
peERIV
FUNCT
CVASS
CET2
TRAJ
TAD
LOAD
DERIV
FUNCT
SOLAR
SwWST)
CDERIV
OPRINT
RETINJ
SPRINT

S

5

(3

LY



s

2>

.

1

COMEHC AN

VAR T ASLE
pDPoA

TAUPOW

CHALS
DMDVC

am
2 X
Fp
GCsT

vid

Vs

VINF

VyneT
Ve
XLUNG

YLONG
AV J

FTVJ
FTcvy

Fesl

SKOUNT

PEALS

(CONTINMNULZD)

TYDE ADDR
REe Y240
R%5 CZas
Ry 2256
B C 64
Py G272
R i1
R 8 cpax
BRI G296
e B c3ng
R# & aziz
R & 9321
R g G328
R¥ & ©236
By CZ44
REE c344
=g 92E2
R*8 9360
[SERS $362
R*E G272
S E R A 93864

111

SUEROUTINI

TAD
DERIV
FUNCT
SOLAR

COERIV

SPRINY

TA®
DERIV
FUNCT
SOLAR

CDERIV

CERIV

GET2
OMASS
GE T2
RETINJ
TRAJ
FETINJ
TRAY
RETINJ
TRAJ
RETINJ
GET2
TRAJ
FETINJ
TRAJ
FETINJ
GETO
TRAJ
RETINJ
TRAJ
RETINJ
TRAJ

RETING

Q3TAT

SPRINT

TAD

TRAJ
DERIV
FUNCT
E¥STI
TRAJI
SPRINT
TRAJ
TRAJI
DERIV
TRAJI
GET2
TRAJ
GClrASS
Load



CoMMON

VAR I ABLE

DA X

AK

TRPOWER

DEGRAD

PWMAXE

RPMAXD

KPCANC

LDPOWD

R ALS

CTYPE

R=2&

R: &

R¥ &
Fxg

Rx» &
RAEEG

R*3

Rxg
R*8

R &

R*8
112

(CONTINUED)

ADDR

Q464

c472
9480

c4488

a51ze

9520
o526k

SUBRGUTINEZ

CHECK
INTER?
SOLAR
SPRINT
GET2

TRAJ.

CDERLV
Ta>
LOAD
DERIV
FUNCT
S 0OLAR
SwSTD
SPRINT
GET2
TRAY
GETO
TRAY
TRAJL
"TRAJ
TRAJI
GETG
TRAY
GETQ
TRAY
TA>
FUNCT
SCLAR
CDERIV
GETD
TRAJ

TRAJS-
GETQ .

TRAY
GET2
TRAY
GETQ
TRA Y
BEGIN
INPJUT
SOLAR
QP RINT
FUNCT
SOLAR
SPRINT
SOLAR
S0LAR
QSTART
S0OLAR
QS TART
SOLAR

4

3

[}



!

\]

. N .. - . - .

CLirpabrs REZALS (CONTINOLSD)

VAR T &3 & TYE ADD=
wERTM NGRS &c352
X ~mE /0N

X ISR 1CCC T

XD P2 icacs

113

S SR RUTING

COERIV
SPRINT
GETQ
TRA J
Taz
LOAD
GUESE
PRIDY
ANETED
TPeNT
I MBS
INTERD
O3 TART
RKATER
TAa>
GET2
LOAS
MOR I
TRAJ
CHECK
DERIV
FUNZT
GETRV
GUESSE
PRIDR
PUNZH
RADAR
SULAR
SWING
Sw3T3
TRAJI
ANSTZ 3
CDERIV
CONVRT
IMPRNT
MPULS
INTE22
CPRINT
QuTART
KKSTE?
SPRINT
SWTRAJ
TAPSET
VPRINT
TRAJ
DERIV
FUNCT
PRIUR
ANSTED
CCERIV
GSTART



COMMON

VAR T ADL

SBETA

o
]
-}
>

STAU

TAU

XINT

XOINT
XTINT

XTDINT

REALS (CGNTINUED)

TYPE

Ry
3
m

R#8
R &

R&g

114

ADDR

ic8CcC

1c9ce

icete

Jut
~
&
]
&

ot
s
2
[

>

[ ayyvy

[#13 &%4
oD
DO
oo

15247

SYBRCUTINZ

RKETEZD
SPRINT
PRICR
ANSTZP
INTERP
RKSTz?
CH=CZKL
PRIDR
.TRAUJI
ANSTEZ2
COERIV
RKSTER
TAPSET
PFICR
PKETERP
GETQ
PRINT
PRIIJR
PUNTH
TRAJI
FPRINTR
QPRINT
RKSTE>
SPRINT
GETQ
TRAJY
QPRINT
TRAJ
GETZ
TRAJ
QP RINT
GETQ
TRAJ



3

.

COMMON VARTAGLE CROSE REFZIRINCE TAS3LZ

COMMOIN EYXTREM LENSTH 21757%

VAK [ AL S TYPE ADDR SUBRCUTIMNI
g£o sz ' SEGIN
TIME [P . EXTA3
STORE
ca EXTAZ
. 3STOXE
2T SREg 16C0 EXTAS
5T0RZ
(&R S R 5 220¢C EX7A3
PEINT
STO=*=
NSO Fx5 4nce EXTAZ
S3TOGRE
AMGCCHA R* & 64c; EXTAD
STaNE
ANGB 3] R¥ g L6 EXTAZ
STORZ
ANGCTHE P CeCG EXTAS3
STO=T
AMGPIt] R EY 11207 E XTA3
STOR:
POWE X Rk g 128C% EXTA3
STOR:Z
CHIX L) 344C ChHECK
£EXTAZS
STOFRZ
EXTA3
STORT
LCAD
CHECZKL
S TORE
5] IRE 2 4 21287 TA?
LoAD
CHECK
COERIV
INTER>

L

@
3
2

TRAV £ &

..,
v
—
W

Y

I
~m
se
o
D
o
)

AK OJUNT

D)
o,
Ly}
N
]
Q:
Y
o)
s8]
[
(%)

115



COMMON VARIABLE CROSE REFEREM

CUMMION

VART ABLF

V3

vVIinlv

DVVLG

DVICG

GL 1
LoDvveG

LOVIGS

GUNCGH

YPE
< * 5

A

R 8

L* 4
L&

Lt

116

£

LENSTH

ADDR sSu
C

B

16

oo
O

o))

CZ TA3L:Z

61

BROUTINZ
OMASS
GUNT AR
OVA3S
GUNTHR
GETI
GMASS
GUNTHR
GETI
OMASS
GUNTHR
OMASE
GUNTHR
QOMASS
GUNTH?
GET1
GETO
OMASE
GUNTH?Z
GET2
GETI
UMASS
GUNT ~(<
GETI
QMASS
GUNT AR

N



*

r

COMMMGN

CGMmUN

Mmoo

ot
= n
Sr
U <
3]

12K
ITF

LINE

JPERTINT

MBOOUST

MORT

NTADLE

MUAY

MONTH

MYEAR

VARTASLE

INT GR4

I*x4

I*¢4

117

CROL:E REFERIMNCHE

LENSTH

ADGI

~s
h

Ny
i

N
&

N
w

[¢Y}
")

4qn

44

400

BEGI N
I NPUT
Q3 TA3T
SUMIARY
Ta>
LUAD
BEGIN
CHEZK
£ XTA3
I HPUT
PUNCH
soLaz
CLTART

BEGIN.

I NPUTY
PUNZH4
HEGIN
IMPUT
TIKTO<
PRINT
SCLAR
ML NMXE
O0START
TRAJ
INPUT
I NPUT
P UNC
QP RINT
GIUTART
MA TN

I NPUT
PUNCH
CORNER
BEGIN
I NPUT
PUNZH
QS TART
BEGIN
INPUY
PUNCH
QS TART
BEGIN
I NPUT
PUNC 4
OSTART
BEGIN
INPUT
P UNC 4

TA3LZ

\..

SUBSCQUTI NE



COmearing

VAR TABLE

MEAD

MMUPLAT

MR INT

1ROT

JPP

JT

MOpP

-4
”

MOPT3

MOPTA4

NTARG

INTOGRSG (CONTINUELD)

TYPLE ADDR
[%4 48
T4 S2
[ & 5%
[+ & 60
I=4 a8n
1%x4 84
1*4 eg
174 gz
I1%4 9¢€
I*4 102
I1%4 140
118

SUBROUTINZ
OS5 TART
MAT N
INPUT
CORNER
BEGIN
I NPUT
CORNER
FINISH
INPJT
FINISH
QS TART
MAaT N
BEGIN
I NFUT
PRINT
PRINTR
QPRI NT
QSTAXT
INPUT
PUNCH
CORNER
QSTART
TRAJ
I NPUT
PUNCH
GPRINT
TRAJ
1NPUT
PUNCH
QPRINT
TRAJ
INPUT
PUNCH
TRAJI
EFMPRT
QP RINT
QSTART
"SPRINT
MOR =
TRAJ
BEGIN
INPUT
P UNCH
TRAJI
QPRINT
QSTART
SPRINT
TAPSET
MORZ
I NPUT
SWING

L}

*

Y



14

COm MG

VAR L AT

MATARS

NSPEC

MP UNCH

LCUUNT

NP RINT

NS WP AR

NORMAL

LIMPrl
KPAaRT
!H‘JM'G
NH'JN‘G

KOUNT

[HT GRA

TYRPE

I+4

Y

[ -

I*a

I=4

[¥4

x4

119

(CONTINUTZD)

ATDR

144

ra
(6]

el

164

106

ny
b
&

n
[
ny

SUBRCUTING
SuTaay
INPUT
PUNGH
CARINT
START
CHECKL
EXTAS
PRINT
$TORS
TRAJY
TAPRPSETY
INPUT
PUNCH
FINI<H
INTER>
QS TART
SPRINT
QL TART
SPRINT
TA?
TRAJ
BEGIN
I NPUT
PRINTR
GLTART
FINISH
M NMX 2
OPRINT
QL TARY
3EGIN
I NPUT
MINMXE
I NPUT
OSTART
GETQ
SETUPR
TRAJIL
MAIN
INPUT
CORNER
TRAJ
CHgCK
CUOKMER
SEGIN
INPUT
CORNER
MAIN
EXTAS
PRPINT
PUNZH
CORNER



CM0ON

VAR T AGBLZ

1AL

MY LZARD
MY EARA
MOND
MUNA
MCAYD
MDAY A
LxX

MX X
JJ
KF

JHUNG

MAJOR

MAJORS

MINOR

LAUNCH

IS5TAR
TEND

1SPIN

1GUT

INT GRA4

TYPE

I+4
%4
I1+4
I# 4
I+4
1% 4
14

14

144

124

I=4

120

CONT INUEDR)

ADDR

Y

NN
S ER AV
[5 < JP -E }

iV T
RN S CUN N
& D N

o
44

N

24¢

264

")
ﬂ
(3%

SUBRIOUTINE

EFMPKT
FINISH
QP RINT
CLTART
SPRINT
TIKTOL
INPJUT
PUNCH
Q=TART
OPRINT
QP RINT
QP RINT
QPRINT
OPRINT
QP RINT
TRAJI
CP2INT
QGSTART
TIKTIK
GET2
WP RINT
CSTART
TA2
CHECKL
TA>
CHECK
MATN
CUOENZR
FINISH

TIKTOK

TRAJ
PRINT
MINMXZ
PRINTR
TIKTOKL
MT NMX3
PEINTR
TIKTOKL
MI NMX 3
PRINTX
INPUT
PUNCH
SETU?
QSTAKT
P UNC 4
PUNCZH
SPRINT
INPUT
SCLAR
GET2

I NPUT

.

A



14

>

14

CAOMMOoN

VAR TABLE

Ny

FNTRR

LES

LEGMAX

VO X

ITHTER

LOADX

NS w ING

NDIST

NPERF
MPEDF
[ypiny

INTEZRX

1T Gicd (CUNTINUED)

TYSE

[ 4

HES

I#4

[<4a

121

ALDP

2946

500

0
-
i

ty
W

&)

SJUBRGUTING
PRINTR
QLETART

PRINT
SweTl
THAJY
MI NMX3
PRINTR
TARPLET
SWUSTI
PRINTR
I NPUT
IMTER?
TRAJ
CSPRINT
TARSET
GET2
TRAJ
SETJI?
EF bR T
PRINTR
QP NINT
GSTART
SFEFRINT
TAPSET
TRAJ
INRPUT
QP RINT
GSTART
SORINT
TAPSET
TRAJ
QS TART
SPRINT
I NPUT
057ART
E£XTA3
INPUT
GPRINT
Q5 TARY
MOR =
INPUT
BcGIN
I NPUT
RADAZ
INPUT
QS TARTY
MAT N
OSTART
I NPUT
AT NMXE
MODRE



e

CpAMON

’

VAR TAULY

MA XHAM

NLEAVE

M5 X ING

(O

MM

(NISER
NPHIZT

NCHK
NCEP

JCMAX

NI X

SINT GRS (CONTINUEDR)
TYRPE ADLDH
4 564
1+ 4 e
I*xa 597z
I+ 4 745
144 152G
| 1360
[ %4 1204
[x4 i2cr
I[+4 131¢
I=4 1316
I~4 1327
[»4 1324
I 4 132183
I1+4 14CD
122

SUBKOUTINZ

SwIN3
SPHEINT
SwuTRAJ

SEGIN

I NPUT

SwsTO

CwINS
SWIRAJ

MORZ

INPUT

TFRAJI
PARINC
GSTART

GET2Q
MI NMX3
CLTART

TA>
TA>

DERIV

2RIIR
RKSTE>

CHECZK

LOAD

cCHECK

STORE

TA>
PRINT
TRAJI

TA>
PRINT
TRAJI

TA2

LoAD

TRAJ

CHECK
COERLIV
TAPSET

TA>

LUAD

TRAJ

CHECKL
TAP3ZT

PRINT
MINMX3Z



L d

»

k4

COMMO

COMMON

VAR I A3LL

3 X

3Y

CoMX

ciny

50

VAERT ACLE

ITEFAT

Ri &

8

~n &

CrC

5% REFERINCE TAzZLZ

LENSG TH 7364
ADDR SULRGUTI NG
i TRAJ

L\
Q
O
L]

5C4C

5607

6160

S3EGIN
GUESS
NPUT
PRINT
PUNCZH
SETJ?
CURMNER
FINIZA
PafeINT
CORINT
QCTART
FEG 1IN
1 NPUT
SETU?
COURNI™
PHINTR
QP RINT
GSTART
GETQ
TRAY
BEGIN
GUES:Z
SCLAR
FINISH
PARINC
PRINTR
CESTART
SEGLIN
PRINT
PRINTR
QS TART
TA>
GETD
TRAJ
GETRY
oMAZS
FADAR
50LAR
TRAJI
COERIV
FINISH
PRINTR
QP RINT
QS TART
SPRINT
VP RINT
TRAJ



COMMIEN

VAR T ABL

FXL

FXL}

ITEFAT (CONTINUELD)

TYRE ADDR
R+ 8 £720
R=G TZ28%

124

SUBKOUTINE
PRINT
PiUNTH
SCLAR
S#INS
FINISH
QRPRINT

GETQ
OINT
PRINTR
O3 TART
MINMX3
PRINTR

-

3

A



1

L]

h

v

COMEDN VART ALGLE

COMIN

VAN TAZLE

E HROR

cREO=X

CLVRG

FALTE
FlL XPUa

Q2R

HONDER

HIUNG

TUDLFLG

L*> 4
L4

74

L=4
La &g

L% 4

125

REFERINCE TADLEZ

LENSTH

ADDR

e

&4

1)

{0

N o
S S

(@]
™

UB2 0UTI N

Ta>
GET 1
MATN

AEGIN
CHECK
PUNCH
SOLAR
SHSTD
FINISH
P RINT
SUMMY
TIKTGL
TRAJ
TRAJI

MATIN
BEGIN
PUNZC A

FINIZH

QP RINT

OSTART

SMMRY

TIKTO<

BLGIN
GETD
TPAaJ

PRINT

QP EINT

OGS TART
MA LN

QS TART
TRAJ

CHECK

MI NMX3

PARINZ

0START

CURNER

FINISAH

MI NMX 3

MI NMX 2

IMASS

PRINT

TRAJI

QP RINT

05 TARYT
Ta>

CHECK

DER1IV

PRIDR



COMMON LOGICA (CONTINUED)

VAR ] Af—_\L = TypE
cuTECL L4
FIXTHR Lea
QvLOES e
. FLYSY x4
O
% ,_f;:?:_o ¥ P.U:{Y%‘T‘g
GoR QoAb
RGAKE Lea
RENCEZ va
PasvEL L7 4
SPIRAL e
VELGSS Lna
REGION L4
ERODE Led
126

ADDPR

4.

44

43

6E

72

76

SUBRCUTINE
RADAR
DECLIN
QS TART
THANG)D
GETA
TRAJ
FRADAR
TRAJI
OPRINT
0START
SEPRINT
TA>
GZT2
CHEZL
Defelv
FUNZT
PRIOR
COERIV
Q2 RINT
QU5TART
RKSTE?>
SPRINT
TRAJ
QSTART
GET2
TRAJ
OPRINT
G53TART
RETINJ
QPRINT
GSTART
QETART
RETINJ
OSTART
RETINJ
TRAY
QPRINT
Qs TART
KRETINJ
TRAJ
QSTART
KETINJ
TA>
CHECZK
DER1V
FUNCT
SCGLAR
QSTART
TA>
LOAD

1]

*

’

£y



1

L
ax

.

[ 4

COM LOGICA (COMNTINUEDR)

VA TAGLE TYEP L AUDIR
Frae [ 89
LRI L« &4
TILT L* 4 Be

HOUZE L=x4 Z

TRACK L4 G

PLANET L4 tor

GJEX L a4 1C4

1 XTAU L+4 1¢8
127

SUBROJTINE
CHECK
DRIV
EXTAS
FuNZT
PRIGR
SOLAR
TEAJ]

CDERLV
Q2 RINT
FKSTE?
SPEINT
TAPSET
CH=ZCXK
DERIV
SCLAR
(L AR
CHECKL
S QOLAR
sCLaAax
TA>
Se»ING
FINISH
OSTART
SPRINT
GETY
TRAJ
RADAR
TRAJI
FINISH
OPKINT
QS TART
SPRINT
TAD
TRA Y
CHECK
PRINT
soLaR
STOXZ
SWING
TRAUI
CDERILV
CORNER
FINLISH
INTEX?
PRINTR
GSTART
TA?
CHECK
FUNZT
TRAJI
TAPSET



COMMUN

VAR TA3LE
HE AT

FIneT

COAZT

[

ERCGDE

[
x

PR ZLCRD

XLOAD
wWilRL

P CumvV .

MAXPOwW

LO5ICH (CONTINUED)
Tvyog ADDPR
L4 112
LL4g 126
L4 122
L=4 124
Lr4 1228
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VARTAZL TYPE ADDI SUBRGOUT I NS I
SETUR
AGA L 655, GETQ
SETU? ~”I
AL L4 6675 GET2 '
SETUD
AGC Lée- 664 GET2 ;I
SETJ>
A7A L4 Y-S GET2
SETUD
A7i3 L4 672 GET2 I
‘ 3ETUD
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©ABA Lva 6aL GETD
: SETU? ’
ABE L4 684 GET3Z 'l
SETU?
AL1A Lta 693 GET2
SETUD
ALYS L4 6972 GET2 l
CETJ?
Al1C Leb 696 GETD
TRAJ l
SETUP '
ALZA L& 7CC ' GET2Q
SETUD l
ALER L4 7¢4 . GET2 ;
< SETJ?
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TRAJ ;l
SETU>
ALB L*a 71z GET2 .
CETJ? 'I
ALbA L& 71¢ GET2
SETU>
Aiag L4 724 GET2 '
SETU?
AlaC - Lia 724 GET2
SETJ? :
AlSA Lra 728 GETQ ‘jl
' SETU?
A158 Lrs 722 . GET2
. SETUD .
ALOA L% 64 726 GET2 .
'SETU?
ATGB L4 740 CGET2 I
SETJ2
A16C L4 7644 GET2
: SETJD
AfFi ] ' L*a4 748 ' GETQ I
SETU?
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VAR TASLE TYPE ADDR SUSROUTI NS
478 L* & 1800 GETQ
SETJ>
AL 3A L4 16C4 GETQ
SETUD
A4BR Lra 1608 GETD
SETU?
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SETJ?
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SETJD
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: SETUD
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' SETUD
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: SETUD
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. SETU?
AS7A L& 1645 GET?
SETU>
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. ’ SETU
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AGSE L6 tE6L GET2
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. , SETU>
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AFRTA L*é& 17006 GET2
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B. HILTOP INPUT

1. NAMELIST. Inputs to HILTOP are given through the NAME-

LIST feature of the IBM Foftran IV programming language. The input NAMELIST

is named MINPUT, and every input required or uséd in the program is declared

by 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 NAME-
LIST, and VALUE is a numerical or logical quantity consistent in form (i.e.,
logical, integer, or real) with NAME. Unless otherwise specified, all MINPUT
names commencing with one of the letters I through N represent integers,

whereas all names commencing with one of the letters A through H or O

~ through Z are double precision floating point numbers., Each NAMELIST case

must begin with the characters
& MINPUT

commencing in card colume 2 and followed by at least one blank, and end with

the characters
&END

preceded by at ledast one blank. Card column 1 is ignored on all NAMELIST
input cards. Multiple-data assignments on a single card are permissible if
separated by commas, Blanks in the variable field, VALUE, are taken as
zeroes, A comma following the last VALUE on a card is optional on the IBM
system. The order of the input data assignments is arbitrary; i.e., they need
npt be in the same order as listed in the NAMELIST, In fact, there is no re-
quirement 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 de-

fault value is used (see Default Values). For other details regarding the
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NAMELIST feature, the reader is referred to the IBM System 360/Fortran IV

Language manual. NAMELIST cases may be stacked back-to-back indefinitely.

program inputs are given in the Sample Problems and Results section. Default- -

2. Definitions of Input Parameters., Spécific examples of the

values of inputs are given in the next section.

The program inputs, in alphabetical order, are:

AE
ALPHAA
ALPHAT
ALTITU

AN

ASOL

BI

Desired final extra-ecliptic inclination, i. Related to AE, AR,
and IOUT., [deg] :

Desired final extra-ecliptic eccentricity, e. Related to AAI, AR,
and IOUT.

Specific mass of solar arrays, « . (kg/kw]

Specific mass of power conditioning and thruster subsystem, «,.
[kg/kw] t
This input variable is associated with program logic which has
not been kept up~-to-date, specifically, logic pertaining to opti-
mum departure of a NERVA-type rocket from Earth orbit. This
variable should be ignored.

Trajectory—integration exponent n in eXpression (39).

Desired final extra-ecliptic perihelion distance, rf. Related to
AAI, AE, and IOUT. [AU]

Array of five elements consisting of the solar power law co-
efficients a, in expression (18). ASOL(@) > 0 tells the program
to use the input coefficients rather than the internal coefficients.
The coefficients are normalized internally, and the program exe-
cutes the iterations to produce the required remarkable points of
the power curve (which are printed).

Efficiency coefficient b in expression (16). Related to DI and EL
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Bl
B2
B3

" CNI

CNIX

CSTR
CTANK
CTRET

DI

DMRETR

DPOW

ECI

ECIX

El

Launch vehicle coefficients b 1’ b2 and b3 in expression (2).
Used only if MBOOST is negative,
[kg, m/sec, kg]

Inclination to ecliptic of primary-target orbit, Input only when
MOPT3 = 11. Related to ECI, OMI, SAI, SOI, TPI, EMUODD

-and RADODD. [deg]

Array of five elements, the first three of which may be currently

~ used. Inclinations to ecliptic of intermediate-target orbits. In--

put CNIX(i) only when MOPTX(i) = 11, Related to ECIX, OMIX,
SAIX, SOIX, TPIX, EMUODX, and RADODX. [deg]

Structural factor, ks’ in expression (8).

Propellant tankage factor, kt , in expression (7).

Retro tankage factor, kr ,;, in expression (11).

Efficiency coefficient d in expression (16). Related to BI and EI
[km/sec]

Retro engine mass, m__, in expression (11). kgl

Ratio of housekeeping power ph
power transmitted to the propulsion system is that generated by

to reference power P_¢* The

' the arrays less housekeeping power which is constant along the

trajectory. The power output of the arrays normal to the sun at
1 AU is pref + ph. This option should not be invoked on missions

during which large solar distances are encountered where the power
developed is less than P, Erroneous results will be obtained.

Eccentricity of primary-target orbit. Must be less than unity.
Input only when MOPT3 = 11. Related to CNI, OMI, SAI, SOI,
TPI, EMUODD, and RADODD,

Array of five elements, the first three of which may be currently
used. Eccentricities of intermediate~target orbits. Input ECIX(i)

only when MOPTX(i) = 11. Related to CNIX, OMIX, SAIX, SOIX,
TPIX, EMUODX, and RADODX. '

Efficiency coefficient e in expression (16). Related to BI and DI.
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EMUODD

EMUODX

GAMMAX

GAP

HOUR
IBAL

INTPR

I0UT

Gravitational constant of primary-target. Inpht only when
MOPT3 = 11. Related to ECI, CNI, OMI, SAI, SOI, TPI, and
RADODD. [m3/sec?]

Array of five elements pertaining to the gravitational constants
of intermediate-targets. These inputs must be ignored at present.

Maximum permissible value of the power function ¥ when MODE = 5,
At solar distances less than the value for which Y= GAMMAX, the
solar arrays are assumed to be tilted such that ¥ is maintained at
the limiting value.

Propulsion=corner proximity tolerance-interval, Ag. See discussion
in the section Avoiding Corners in the Propulsion-time Function,
Whenever the thrust switch function ¢ grazes the zero-axis within
the tolerance IAo‘l on any trajectory, an internal counter is in-
cremented, and the trajectory is considered to be in the neighborhood
of a propulsion-time corner. Positive value of GAP causes forced-
thrusting case to be inserted, negative value causes bypass to next
case, whenever the internal counter reaches the related input
variable NHUNG, '

Hour-of-day of reference date (e.g., 17.352D0), Related to
MYEAR, MONTH, and MDAY,

Ballistic option indicator. Setting IBAL # 0 invokes dption 1 dis-
cussed in the section Ballistic Trajectory Option.

. Indicator which specifies print-length when the iteration in sub-

routine INTERP fails. Value of 0 causes shortprint and 1 causes
detailed-print.

Extra-ecliptic mission indicator, IOUT =1 or 2 indicates that
extra-ecliptic target conditions are desired, in which the iterator
dependent variable triggers Y1(2) through Y6(2) are set equal

to 1, and for which the input LAUNCH (which see) should probably

be set to 1, and parameters related to LAUNCH also set appropriately.
Ordinarily MOPT2 = 3. No retro stage may be employed.

=1 i, e, r specified; £ =0.
p n
=2 i, e, a specified; fn optimized,

In the above, i = final extra-ecliptic inclination, e = final
eccentricity, rp = final perihelion distance, a = final semi-

(continued on next page).
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L3

I0UT
(cont.)

IRK

IRL

IROT

ISPIN

ITF

ITPRNT

JPP

JPRINT

major axis, and fn = true anomaly at the final time. Final 2
and @ are optimized in both cases. Related to AE, AR, and
AAI, :

Numerical integration option (currently not used).

Primer-origin-proximity step-size~control indicator. Value of
zero causes the bypass of control, leaving the step~size Au
constant, See discussion in the section, Integration (Thrust).

A non-zero value of IROT causes the input ecliptic projection of
the primer vector and its time derivative to be rotated about the
z-axis through an angle equal to the difference in longitudes of

the spacecraft between the last trajectory of the previous case

(or zero if no previous case) and the first trajectory of the current
case, This feature permits one to use the initial adjoint variables
from a 2-dimensional trajectory as the initial-guess inputs for a
3~dimensional trajectory using the ephemeris option.

Spinner indicator. Not used at present,

Provides normal termination conditions for runs which require
more machine time than is estimated. The value specifies the
number of machine-time seconds (CPU and I/0) required to exe-
cute the summary trajectory after halting the iteration-sequence,.
[sec] Does not apply if subroutine REMTIM is dummied.

Indicator for special print from MINMXS3 iterator. Non-zero value
invokes print.

Jettison indicator j for electric propulsion system prior to
primary-~target retro-maneuver, as used in expression (9).

=0 Propulsion system not jettisoned

=1 Propulsion system jettisoned prior to retro maneuver,

Unit 11 printout-length indicator. A value of zero causes the
iterator independent and dependent variables to be output only for

each summary-trajectory; a value of one causes the same output
additionally at each iteration of an iteration sequence.
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JT

KPART

LAUNCH

LOADX

MAXHAM

MBOOST

Jettison indicator j, for electric propulsion tankage prior to
primary-target retro-maneuver, as used in expression (9).

=0 Tankage not jettisoned

=1 Tankage jettisoned prior to retro-maneuver,

Option for automatically selecting improved independent parameter
perturbations for generating the iterator's partial derivative matrix.
The option is invoked by setting KPART = N (N > 0), where N is the
maximum number of allowed steps, as discussed in the section,
Perturbation Step Size Selector. KPART must be set back to zero

if not desired on subsequent cases.

Launch mode selector, pertaining to the optimization of the de-
parture asymptote declination, invoked by LAUNCH = 1. Related
to X10, Y10, X17, and Y17, :

Intermediate-target initial-guess feature. Should be used with
NSET(5) =1, and then set to zero on the subsequent case. A non-
zero value of LOADX will invoke this feature, whereby the primer
A and its derivative A will be loaded into the iterator independent-

variable arrays at each intermediate-target provided that the trigger .

of the independent variable is on. The sole purpose of this capa-
bility is merely to generate an initial-guess for a multiple-target
mission, where the values loaded into the iterator arrays represent
continuous A and A at each target,

Maximum number of times that the program will print the warning
message BAD HAMILTONIAN on any given computer run,

Launch vehicle selector.

O O30 Ui wWwhHO

ATLAS (SLV3X)/CENTAUR
TITAN III C

TITAN III C (1207)

TITAN III X/CENTAUR
TITAN III X (1207)

TITAN III X (1207)/CENTAUR
SATURN IB/LM

SATURN IB/CENTAUR
SATURN IC/SIVB/CENTAUR
TITAN III X (1205)/CENTAUR
TITAN III B (CORE)/CENTAUR
11 TITAN III D (1205)/CENTAUR
(continued on next page).
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MBOOST =12 DELTA
(cont) 13 TITAN II D
. 14 TITAN III D (1205)/CENTAUR/TE364 (2250)

15 TITAN II E/CENTAUR
16 SHUTTLE /TRANSTAGE
" 17 SHUTTLE/DELTA
18 SHUTTLE/AGENA"
19 SHUTTLE/CENTAUR
20 SHUTTLE/CENTAUR/BURNER II (2300)
NEG Use input booster coefficients B1, B2, and B3.

.
bR

MDAY Day-of-month of reference date (e.g., 26). Related to MYEAR,
' MONTH and HOUR,

- MODE Power variation option selector. The value of MODE is equal to the
option-number of the power-curve, discussed in the section, Electric
Propulsion System (which see). Possibly related to ASOL and
GAMMAX. MODE =1 has been eliminated.

MONTH - Month-of-year of reference date (e.g., 8). Related to MYEAR,
MDAY, and HOUR,

MOPT Ballistic option indicator. Using MOPT invokes option 2, discussed
in the section, Ballistic Trajectory Option, as follows:

=0 No action (use input A , A , and v_ ).
o o ©0
=1 Generate ballistic solution with flyby end conditions.

= 2 @Generate ballistic solution with orbiter end conditions.

Related to REVS.

MOPTX Array of five elements, the first three of which may be currently
used. This array specifies the target-number, or planet-number,
of the successive intermediate-targets, and a value of zero indicates
absence of the intermediate-target, A zero-entry must not precede
a non-zero entry, Planet selection is the same as for MOPT2,
MOPTX (1) pertains to iterator parameters X41-X50 and Y41-Y50;
MOPTX(2) pertains to X51-X60 and Y51-Y60; and MOPTX(3) pertains
to X61-X70 and Y61-Y70. Times at the targets are X48, X58, and X68.
Not to be used unless MOPT2 # 0.

» .

LY
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MOPT2 Launch planet number and ephemeris-option indicator, I
=0 Analytical planetary ephemeris is not used. . I

# 0 Analytical planetary ephemeris is used and the specific
launch planet is selected as follows:

vl

=1 Mercury =27 Hebe
2 Venus 28 Iris
3 Earth 29 Flora I
4 Mars ' 30 Achilles
5 Jupiter 31 Amor
6 Saturn - 32 Hidalgo I
7 Uranus 33 Alinda
8 Neptune 34 Grigg-Skjellerup @977)* .
9 Pluto 35 Kopff l
10 Ceres 36 Grigg-Skjellerup (1982)*
11 Input Target ** 37 Ganymed :
12 D'Arrest (1982)%* 38 Ivar ' I
13 Encke (1980)* 39 Beira
14 Icarus (1987)* _ 40 Kepler
15 Eros 41 Giacobini-Zinner (1985)* .
16 Geographos (1983)% 42 Borrelly (1987)*
17 Encke (1977)* 43 Tempel II (1988)*
18 Encke (1984)* 44 Tempel IT (1983)* I
19 Encke (1987)* .45 Tuttle-Giacobini-Kresak
20 Halley 46 Schaumasse
21 Betulia 47 Honda-Mrkos~Pajdusakova I
22 Toro (1983)* 48 Giacobini-Zinner (1979)* o
23 Pallas 49 Icarus (1987)*
24 Juno 50 Toro (1987)* - I
25 Vesta 51 Geographos (1987)*
26 Astraea I
MOPTS3 . Planet number of primary target. Planet selection is the same as
for MOPT2. If ephemeris is not used, MOPTS is used only for I
retro-stage mass computations., -
MOPT4 Array of ten elements, specifying up to ten post-swingby targets. . I
: Planet selection is the same as for MOPT2, and a value of zero
indicates the absence of a post-swingby target. A negative value
in MOPT4 (1) selects multiple ballistic swingbys, rather than a set I
of single swingbys in which case also set MAXHAM = 0, Negative .o
values (in absolute value) produce planet selection the same as for
MOPT2, When MOPT4(l) < 0, the remaining elements of MOPT4 (i) I
(continued on next page)
*Year-value indicates apparition for which internal orbital elements are most accurate,
**Input corresponding orbit elements (see CNI, CNIX). None are available for the ;'
launch planet, ‘
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MOPT4
(cont)

MPOW

MPRINT

MPUNCH

<0 and > -

MREAD

may be positive or negative. See the.section, Swingby Continuation
Analysis for details and Sample Case H for an example-case.
Should be used only for primary-target flyby missions. Related

to T2, MSWING, NSWING and XSWING,

Flag used in conjunction with the solar array degradation option,
Value of zero results in the optimum orientation of the arrays
relative to the sun line. A non-zero value forces the arrays to
an orientation yielding the maximum power achievable at that
instant. Related to TPOWER. :

Indicator for printing the summary-trajectory (final trajectory of

"~ a case) as a function of time or for invoking extra printout.

=0 Small-size block print at thrust switch points only
(SWITCH POINT SUMMARY page).

=1 Same as = 0, except expands to become a standard print-
block of parameters for each computed point along the tra-
jectory, including the trajectory extension controlled by the
input variable TGO.

=2 Same as = 0, except each block contains extra lines consisting
of target-relative coordinates and target magnitudes.

=3 Combination of =1 and =2,
Punched-card and trajectory-tape generation control.

=0 No special output,
1 Punch final values of independent parameters.

2 In addition, punch selected mission analysis parameters used
for graphic documentation or other purposes.

100 Punch trajectory output used with the ASTEA program. The
absolute value of MPUNCH determines the frequency of tra-
jectory points output, e.g., -3 would result in the punching
of every third integration point,

101 Trajectory tape output used with the ASTEA program. The
absolute value less 100 determines the frequency of trajectory
points output. Related to NTAPE,

Card input option (iterator independent variables)

=0 No special cards input,
(Continued on next page).
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MREAD
(cont)

MSWING

MTMASS

=1 The inde¢pendent variables generated by a previous run by the
MPUNCH =1 or 2 option are input following the NAMELIST
case, as discussed in the section, Program Output.

Array of ten elements, used only when running multiple-target
ballistic swingbys, such that MSWING (i) corresponds to MOPT4 (i)
and selects the type of swingby maneuver desired at the respective
swingby target. Used only if MOPT4(1) < 0. The shooting method
(MINMXS iterator) is used, and values of -1, -2, or -3 correspond
to a swingby passage distance initial guess of rp=*® (i.e., con-
tinuous heliocentric velocity). Each element MSWING (i) may have
any of the following values:

= -1 Go* directly for unpowered swingby; if and only if it fails,
go for powered swingby having flight time T2(i) = initial
guess.

= =2 Go directly for powered swingby only, having T2(i) = flight
time of post-swingby leg. -

= - 3 Go directly for unpowered swingby; then, whether it succeeds
or not, go for powered swingby having T2(i) = flight time.

= —.4 Go directly for unpowered swingby, but using initial velocity
guess loaded into XSWING(, i), j =1,2,3, similar to
MSWING() = - 1.

=-5 Same as = -2, except use initial guess as in = - 4.

. *"Go for'" means "attempt to obtain (solution)",

Related to MOPT4, T2, XSWING, and NSWING.

Mission;type selector pertaining to the primary target.
=0 Flyby mission, | |
1 Orbiter (high-thrust retro-maneuver without velocity loss).
2 Orbiter (high—thruSt'/retro-maneuver with velocity loss).
3 Specified arrival excess speed v_ . '
If Ve = 0, rendezvous mission
It Veon > 0, controlled flyby mission
No retro-maneuver in either case.

4 Orbiter (Electric propulsion system performs spiral maneuver.
Arrival excess speed an must be specified as zero),

(continued on next page)
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MTMASS
(cont)

MUPDAT

- MYEAR

NDIST

NHUNG -

NORMAL

NPERF

NPRINT

Other parameters which may be related to Mi'MASS are DMRETR,
CTRET, RPER, RAP, THRET, SPIRET, JPP, and JT.

Flag indicating whether iterator independent variables at end of one
case are to be updated for use as first guesses of next case.

=0 Do not update independent parameters.

1 Update independent parameters for next case to be those obtained
at end of iteration on the current case,

Year of reference date (e.g., 1982). Related to MONTH, MDAY, and
HOUR. ‘

Identification number of celestial body to be used as the reference
for the communication distance and angle measurement printed in
the Extremum Point Summary Table. Identification code is the
same.as for MOPT2.

Maximum number of propulsion-corner-proximity occurrences
allowed in a given iteration-sequence. Related to GAP.

Automatic adjoint-variable scaling,

=0 No action.

1 All A and A are scaled such that Avo becomes unity.

Identification number of end condition that is to be used as the per-
formance index when employing the direct parameter optimization
feature (Improve Mode). The identification code is the same as
the i inthe Yi end condition array.

Print selection flag, Permits selection of amount of printout
desired on each case, '

Print only the case summary,

Il

o B N O

Print switching point summary of final trajectory.

Print MINPUT and case setup,

Print trajectory summary on each iteration.

Print partial derivative matrix each iteration.
Combinations of options obtained by summing options desired.

If NPRINT > 15, printout consistent with NPRINT = 0 is obtained,
(continued on next page).
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NPRINT
(cont)

NSET

NSWING

NSWPAR

NTAPE.

If the sign of WPRINT is reversed to negative, the iterator inde-
pendent and dependent variables additionally are printed for every
trajectory which HILTOP generates (including neighboring trajec-

tories).

Iteration-sequence control array.

NSET @)
NSET (2)
NSET (3)

NSET (4)

NSET (5)

Not used for input.
Not used for input.

Maximum number of iterations permitted in attempting
to satisfy constraints in satisfy mode. If zero, no upper
limit imposed,

Flag indicating whether constraints are to be satisfied
prior to entering improve mode.

=0 Satisfy constraints first,
1 Prqceed immediately to improve mode.

Maximum number of iterations permitted after entering

- improve mode., Setting NSET(5) =1 causes iterator to
- be bypassed and computes single trajectory to obtain

printout.

Swingby continuation analysis option indicator, NSWING must be
negative and has the same definition as MSWING (which see);
NSWING must be used when MOPT4(1) > 0, and may be used when
MOPT4(1) <0, If MOPT4() <0 and MSWING (i) = 0, then MSWING(i)
will be set to the value of NSWING. Related to MSWING, MOPT4

and T2.

Iterator independent-variable perturbation~increment contrbl.

=0 No action,

1 Allows the iterator to vary a given independent-variable
perturbation Ax whenever a neighboring trajectory is
detected which has a different number of thrust switch points
than the associated nominal trajectory. Ax is varied until
the same number of switch points is achieved.

Specifies the unit-number for the ASTEA trajectory tape. Pertains
to when MPUNCH < - 101,

146



L3

OMI

OMIX

POWFIX

PSIGN

RADODD

RADODX

RAP

REVS

RPER

SAI

SAIX

Ascending node angle (with respect to vernal equinox) of primary-
target orbit. Input only when MOPT3 =11, Related to CNI, ECI,
SAI, SOi, TPI, EMUODD, and RADODD. [deg]

Array of five elements, the first three of which may be currently
used. Ascending node angles of intermediate-target orbits.

Input OMIX (i) only when MOPTX(i) = 11. Related to CNIX, ECIX,
SAIX, SOIX, TPIX, EMUODX, and RADODX. [deg]

Lau'nch—-vehicle—independent (i.e., no launch vehicle) trajectory
option in which the value of POWFIX is the spacecraft's reference

power, [kw]

Flag defining the sense of the launch hyperbolic excess velocity
relative to the initial primer vector. A value of +1. results in
the assignment of the geocentric right ascension of the excess
velocity equal to that of the initial primer vector. A value of -1,
causes the geocentric right ascension of the excess velocity to be
180 degrees from that of the initial primer.

Radius of primary target. Input only when MOPT3 = 11, Related
to CNI, ECI, OMI, SAI, SOI, TPI, and EMUODD. [meters]

Array of five elements pertaining to the radii of intermediate
targets. These inputs are not used at present,

Apoapse distance of capture orbit about primary target.
[planet radii]

Number of complete revolutions of the ballistic trajectory gene rated
when the associated input MOPT is used. Must be a positive whole
number,

Periapse distance of capture orbit about primary target.
[planet radiil

Semi-major axis of primary-target orbit (must be positive). Input
only when MOPT3 = 11. Related to CNI, ECI, OMI, SOI, TPI,
EMUODD, and RADODD. [AU]

Array of five elements, the first three of which may be currently
used. Semi-major axes of intermediate-target orbits (must be
positive), Input SAIX(i) only when MOPTX(i) = 11. Related to
CNIX, ECIX, OMIX, SOIX, TPIX, EMUODX, and RADODX.
(au]
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SOI

SOIX

SPIRET

STATE

STEP1
STEP2

TCOAST

TDV

TGO

Argument of perilielion of primary-target orbit. . Input only when
MOPT3 = 11, Related to CNI, ECI, OMI, SAl, TPI, EMUODD,
and RADODD, [deg]

Array of five elements, the first three of which may be currently
used. Arguments of perihelion of intermediate-target orbits.,
Input SOIX(i) only when MOPTX(i) = 11. Related to CNIX, ECIX,
OMIX, SAIX, TPIX, EMUODX, and RADODX, [deg] ‘

A Retro-stage specific impulse (pertaining to the retro-maneuver

at the primary target), [sec]

~ Array of six elements containing the Cartesian position and velocity

components of the primary target. Use only when MOPT2 =0 and

the trigger settings of Y1(2) through Y6(2) are 0 or 1, [AU, AU/tau]

(tau = 58,132440991 days)
Thrust-phase computation step size, Au. Related to AN,
Coast-phase computation step s;lze, AB.

Array of twenty elements, consisting of the durations of the coast
phases corresponding to the coast-phase start-times input in the
associated array TOFF, [days]

Time of occurrence of an impulsive deep space burn, in days from
the start of the trajectory, which may be used only if the entire
trajectory is ballistic (i.e., electric propulsion is not permitted
with this option, nor is a third intermediate target). Iterator in-
dependent variables X64, X65, and X66 must be turned on, as
these are used as the AV vector components of the deep space
burn in EMOS. Also, set MAXHAM = 0. The following special
feature is available regarding a first intermediate-~target. If
1.D5 < TDV < 2,D5, then the burn occurs (TDV - 1.D5) days
after passage of that target; if TDV > 2.D5, the burn occurs
(TDV - 2.D5) days before passage of that target, [days]

Ballistic trajectory-extension print option.. When zero, no action,
When positive, TGO = the number of days that the trajectory is to
extend ballistically beyond the primary-target when no swingby-
continuation is requested, and ballistically beyond the (last) post-
swingby target when swingby-continuation is requested (in addition
to the post-swingby trajectory segment itself). Any negative value
will invoke printout of only the post-swingby trajectory segment or
segments when swingby-continuation is requested. Applies also to
trajectories with multiple swingbys, [days]
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TPI

TPIX

TPOWER

TSCALE

T2

XANG1

XANG2

XSWING

Retro-stage thrust, fr, used only when MTMASS =2, [lbs]

Array of twenty elements, consisting of the times, in days from
the start of the trajectory, at which iniposed coast phases are to
begin. Times must be in ascending order. Related to TCOAST.

| [days]

Time from reference date (MYEAR, etc.) to perihelion passage,
for the primary target. Input only when MOPT3 = 11, Related
to CNI, ECI, OMI, SAI, SOI, EMUODD, and RADODD. [days]

Array of five elements, the first three of which may be currently
used. Times from reference date (MYEAR, etc.) to perihelion
passages, for the intermediate targets. Input TPIX(i) only when
MOPTX(i) = 11. Related to CNIX, ECIX, OMIX, SAIX, SOIX,
EMUODX, and RADODX. [days]

Solar-cell degradation characteristic-time; nuclear electric pro-
pulsion radioactive-decay characteristic-time. Related to MPOW,
(days]

Iterator dependent-variable tolerance-interval scaling factor;
scales all tolerances multiplicatively by the amount TSCALE.

Array of ten elements consisting of initial estimates of swingby-
continuation trajectory-segment flight-times, i.e., T2(i) corres-
ponds to MOPT4(i). [days’]

Latitude of the launch site. Used only if LAUNCH is non-zero.
Related to XANG2. [deg]

Maximum parking orbit inclination permitted by range safety
considerations, Used only if LAUNCH is non-zero. Related
to XANGL. [deg]

Array of velocity vectors consisting of initial velocity guesses of a
given post-swingby trajectory segment. Used only when either
NSWING or MSWING has a value of -4 or -5, See especially the
description of MSWING = -4, Velocity consists of exactly the same
values as found in the V1, V2, V3 locations of the trajectory block
print (first block). Related to MSWING, NSWING, MOPT4, and T2,
[AU/taul :
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X0

Array of seven elements, the first six of which contain the Cartesian

position and velocity components of the launch planet. The seventh
element is not used for input. Used only when MOPT2 = 0,
(AU, AU/tau] '

The following describes the iterator independent and dependent variable

arrays of the boundary value problem, Input pertaining to the individual inde-

pendent parameters is contained in the arrays X1 through X70. The independent-

parameter arrays have five elements for each variable, as follows (where i =

1, 2, 3, vo., 70):

Xi(l)

Xi(2)

Xi(3)

Xi4)

Xi(5)

Input value of parameter. Must be input regardless of trigger
setting, If trigger is on (i.e., Xi(2) = 1), input value is used as
initial guess of independent parameter and is varied at each subse-
quent iteration. If trigger is off, the parameter is not used as an
independent parameter and is not changed.

Trigger indicating whether parameter is to be an independent

parameter in boundary value problem.

Xi(2) =0 Not an independent parameter,
(Trigger is "off'"),

1 Use as independent parameter,
(Trigger is "on'),

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

Perturbation increment used to compute partial derivatives by
finite differences. Used only if trigger is on., Units are same

as that of the parameter.,

Weighting factor. Should be a positive quantity. A value of 1. is

generally recommended, The larger the weighting factor, the more.

the parameter is inhibited from varying. Used only if trigger is on.

The independent variables are as follows:
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X1

-

X2

X3

X4
X5
| X6
X7
X8
X9

X10

X11

X12
X13
X14

X15

X16

X17

A @)
A @)
A@)
A )
A @)
A_G)

vo

Initial primer vector,

Initial primer derivative.

Initial mass-ratio adjoint-variable.
Propulsion-time adjoint-variable.
Not used.

Geocentric declination of launch hyperbolic
excess velocity. [deg]

There is no conversion from input to internal units for any of the adjoint variables.

Reference thrust acceleration, g. [m/secz] ‘

Electric propulsion system jet exhaust speed, c.

[m/sec]

Launch hyperbolic excess speed, Voo

[m/sec]

Hyperbolic excess speed at primary target, xrc;n.

[(m/sec]

Initial time, to’ measured from the reference
date (MYEAR, etc,). [days]

Time at the primary target, tn, measured from
the reference date (MYEAR, etc.).
[days]

" Launch parking orbit inclination, i, Used only

if LAUNCH = 1. Optimized internally by the
program if both X17 and Y17 triggers are
off, [deg] '
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X18 ;EO
' . Initial spacecraft heliocentric velocity. Not
X19 yo required unless one of the three triggers is on., .
. [AU/tau] (tau = 58.132440991 days)
X20 z
o
X21 Constant thrust cone-angle, ¢. Non-zero value

invokes the constant-¢ constraint, 0 <g¢ <180°,
Zero-value implies that ¢ is optimized along the
trajectory (variable ¢). [deg]

X22 through X29 are currently not used (although some locations following X21
are reserved for additional constant thrust cone-angles).

X30 As Degradation-time adjoint-variable.

X31 through X40 are currently not used. X41 through X50 ‘pertain to the first
intermediate target, X51 through X60 pertain to the second intermediate target, and
X61 through X70 pertain to the third intermediate target, The corresponding
intermediate-target parameters are ignored if the intermediate target is absent,
Subscripts 1, 2, and 3 pertain to the first, second, and third intermediate

targets, respectively.

X41 Al (1)
X42 | A1(2) -} Primér vector (at start of trajecto\ry segment)
X43 | Al(S) ]
X44 A @)
X45 : /\1 (2) . } Primer derivative (at start 6f trajectory segment)
X46 | A1(3) ]
X47 Encounter speed at first intermediate target,
Vo1t [m/sec] :
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X48

X49

X50

Time at the first intermediate target, t,

measured from the reference date (MYEAR,
etc,). [days]

Sample-mass factor, k , for sample-
samp 1

retrieval at first intermediate target.

Drop-mass factor, k , for instrument-
drop 1

package dropoff at first intermediate target,

The independent variables X51 through X60 and X61 through X70 are

identical to X41 through X50 except that they pertain to the second and third

intermediate targets, respectively. A third intermediate target may not be

present when simulating ballistic missions having a deep space burn (See TDV),

in which case X64, X65, and X66 are used as follows:

X64 Ax
X65 Ay
X66 Az

Deep-space velocity-increment, [AU/tau]

Inputs pertaining to the individual dependent parameters are contained in

the arrays Y1 through Y70. The dependent-parameter arrays have three ele-

ments for each variable, as follows (wherei=1, 2, 3, ..., 70):

YiQ)

Yi@)

Yi(3)

Desired value of the dependent parameter.

Trigger, If off (i.e., equal to zero), the para-
meter is ignored and is not considered a dependent
parameter. Then the other two inputs pertaining
to the parameter need not be input, If trigger is
on, (i.e., not equal to zero), the parameter is
considered to be a dependent parameter or con-
straint. Certain of the parameters may have -

up to three non-zero trigger settings. These will
be discussed individually below.

Tolerance of desired value (full interval width),
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It should be noted that the transversality conditions, which comprise some of the
parameters, are developed under the assumption that all constraints are of the
point constraint type. Therefore, the satisfy-mode is sufficient in solving any
optimization problems for which a complete set of transversality conditions is

available,

The dependent-parameter arrays are as given below, T(x) represents
"the transversality condition associated with x' and the function T(x) will have
different values depending upon the constraints imposed on the problem. See

NOMENCLATURE for definition of symbols and subscripts.

Trigger 1 Tfigger 2 Trigger 3

Y1 Ax (avu] : alAU] Solar distance* [AU] TE)
Y2 Ayn[AUJ , e T (6 O T(6 N
Y3 Azn [AU_] : ildeg] T(,)
v4  Ax_[AU/tau] L@ T(>;n) T¢) ?
Y5 Ay [AU/tau] : T (W) T(y ) | optimal v

n : n X0

. ' . flyby /
Y6 Az n[AU/tau] . T (f) T(z ) TN)

*Applicable only for two-dimensional motion in the xy plane. Also requires that
MOPT2 =0,

Under Trigger 1 above, the first set of conditions applies to ordinary targeting

conditions for position and velocity, and also to extra-ecliptic conditions to be

satisfied when IOUT = 1; the second set of conditions applies to extra-eclipt'u.:‘

missions when IOUT = 2, T ), T(w), and T(f) are symbols for the trans-

versality conditions yielding optimum final node angle, argument of perihelion,

and true anomaly, respectively.
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-Trigger 1 Trigger 2 T_’;‘Eégﬂ_@_
Y7 Vn A vn’ mnet [ng
N Y8 T(T) 7 [days]
Y9 Currently not used.
‘ Y10 T(6) 6 [deg] Used only if LAUNCH # 0.
Y11 T (g) g[m/sec2] pref[kw]

Y12 T {c) clm/sec]

Y13 Tw ) VmO[m/sec]

®0

Y14 T Ve [m/sec]  extra-ecliptic inclination [deg]

i )
I Y15 T ) t [days]
c Y16 T - *
| t) t [days] t -t [days]
' *Time transversality with flight time fixed is assignéd to Y15 undertrigger 1.
' Y17 T ) ildeg], Used only if LAUNCH # 0.
l : where i = parking
orbit inclination,
l | Y18 T ) % _[AU/tau]
I Y19 T(}°ro) 370[AU/tau]
Y20 T(z o z o [AU/taul

Y21 T() ¢ [deg] for ¢ =
constant with time,

Y22 through Y29 are currently not used.
Y30 T(s) s [days] (Degradation time)

Y31 through Y40 are cufrently not used. Y41 through Y50 pertain
to the first intermediate target. »

Y41 Ax, [AU]
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Trigger 1 ' _ Trigger 2
Y42 Ay, lau]
Y43 Azl (AuU]
Y44 Ax 1 (aAu/tau] : T (:él)
Y45 Ay, [Av/tau] | T(,) °§S§al
Y46 Az [au/tau] T(,)
Y47 Veq [m/sec]
Y48 T () | ty [days]
Y49 ™ samp1 kg ]
YSO mdrop 1 [ng

Y51 through Y60 and Y61 through Y70 are identical to Y41 through
Y50 except that they pertain to the second and third intermediate targets,
respectively,

3. Default Values of Input Parameters. The following is a complete,

alphabetical list of the default values of program input quantities having non-zero de-

fault values, except for the iterator arrays. All other inputs are zeroed, The de-

fault values of the iterator arrays Xi(l), Xi(2), Yi@), and Yi(2), fori=1,2,3,...,70,

are zero, and the default values of Xi(3) through Xi(5) and Yi(3) for the same

range of i are listed in the listing of program inputs of Sample Case H.

ALPHAA 15. | IRK 1
ALPHAT 15. IRL 1
AN 1.5 ITF 3
AR 1. MAXHAM 5
BI .76 - MDAY 1
CTANK .03 MODE 4
CTRET 1/9 "~ MONTH 1
DI 13. MOPT3 10
GAMMAX 1. MUPDAT 1
GAP | .0001 MYEAR 1975
HOUR 12, NDIST 3
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L

]

NHUNG
NPRINT
NSET (3)
NSET{5)
NSWPAR
NTAPE
POWFIX
PSIGN
RADODD
RAP
RPER
SAI
SPIRET

25

300
300

17

1.
1.
38,
2,
1.
300.
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STATE)
STATE(5)
STEP1
STEP2
TDV
TGO
THRET
TOFF
TPOWER
TSCALE
T24)
X0(1)
X0{5)

1.
1.
.03125
.125

-1.

-1.

400,
20%-1,
10, %30
1.

50%i

1.
1,0000015



C. PROGRAM OU fPUT

Program output under normal termination conditions provides a listing
of the program inputs, a .description of the iterator independent and dependent
variables, the iteration history, the thrust switching history {which optionally
expands to become the trajectory block print), an iterator summary-page des-
cribing the results of the iteration, the table of extrema of selected trajectory
functions, the mission schedule giving calendar dates and target positions and
velocities, and the performance summary page describing the spacecraft masses.
' These output components are besf: understood by perusing the vérious sample

cases which are included in this decument.

-

The listing of the prograrﬁ inputs consists of a listing of the iterator in-
dependent and dependent variable arrays, followed by a presentation of the re-
maining program inputs, which is alphabetical except that floating-point quantities

precede integer quantities.

The page describing the iterator independent and dependent variables con-
tains only those X and Y parameters (from the listing of program inputs) hairing
non-zero trigger values, as these are the parameters relevant to the boundary
value problem to be solved. The index of éach independent and dependent variable
is given, together with the value of each independent variable, the desired value

of each dependent variable, the independent-variable iteration-step limits and

neighboring-trajectory perturbation-increments, the dependent-variable acceptabi—_

lity-tolerances, and the iterator weights.

The iteration history consists of a summary-print of the iterator independent

_and dependent variables at each iteration-step, and also the thrust switching times,
spacecraft masses, and propulsion system parameters. Depending on the value of

the input variable NPRINT, the iterator partial derivative matrix -@ yi/ o) xj may

be printed, and also a summary-print of every trajectory which the program gener-

ates, including the neighboring trajectories, may be obtained. In the partial
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derivative matrix, yi are the relevant dependent parameters, Xj are the

relevant independent parameters, and i is the row index.

The thrust switching history expands to become the trajectory block-
print according to the value assigned to the input variable MPRINT. The indi-
vidual components of the block-print are described in the section, Aﬁxiliary
Computations. The block~-print occurs at each compute-step, which generaliy
corresponds to fixed increments in the trajectory independent variable, u on
thrust ares and B on coast arcs. This is not available as the iteration proceeds

but only on the final, summary-trajectory of each case.

~ The iterator summary page displays all of the iterator independent
variables (at the end of the current iteration), since many of them affect the
trajectory computations even when they are held fixed. Also displayed {s the
"switch~count history", which is a listing of the total nﬁmber of thrust switching
boints on the nominal trajectory of each iteration~step, and the number of both
thrust-phase and coast-phase computation steps for the current summary-tra-

jectory, which is the final trajectory at the end of the iteration-sequence for the

given case.

The entries in the table of extrema of selected trajectory functions are
described in the section, Auxiliary Computations. The mission schedule gives
the position, velocity, solar distance, and ecliptic latitude and longitude of
the spacecraft and each target at the target intercept or rendezvous time, and

also the two-body transfer angle between the launch planet and each target.

‘ The performance summary page includes a mission-type and launch
vehicle description, electric propulsion system structural parameters and
mass summary, extreme trajectory and performance conditions, launch and
primary-target hyperbolic excess speeds and, if applicable, the high thrust

retro maneuver and capture orbit summary pertaining to the primary target.
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A print option is availablé which allows the extension of the sdmﬁary—
trajectory ballistically beyond its normal endpoint, which is useful for determining
where the spacecraft goes after the primary mission objectives have been accom-

. plished, This print option is controlled by the program input quantity. TGO, and
consists of the trajectory block-print, extremum table of selected functions, and
an additional mission schedule entry. This print option is displayed automatically

whenever the primary-target swingby-continuation-analysis is requested.

HILTOP optionally provides punched-card output for each case under
normal program termination conditions. When the program iﬁput variable
MPUNCH =1, the punched-card output coﬁsists of seven cards for each case,
containing all seventy of the iterator independeht variables consecutively, each
card containing ten independent variables in A8 format, 10A8. It is these
seven cards which may be used to initiate a trajectory oﬁ a subsequent run, by
using the program input variable MREAD =1. When the program input variable
MPUNCH = 2, five additional cards are p_unChed for each .case, and these cards
contain the pertin_enf information which summarize a converged, optimal tra-
jectory. No cards are punched for a given case if a trajectory or iterator error
condition exists for that cé.se, including convergence failure or obtaining maxi-
mum allowable iterations, The contents of the five summary cards (cards 8

- through 12), having units identical to the program input units, are as follows:

Card 8 Format
power function indicator, MODE 2

numerical integration indicator, IRK

launch vehicle indicator, MBOOST

ballistic solution iﬁdicator, MOPT

day of month, MDAY

ﬁlonth of year, MONTH reference date
years since 1900, MYEAR - 1900

ERBRRERERH
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13

-

.

Card 8 (cont)

A, A rotation indicator, IROT

retro maneuver propulsion system jettison
indicator, JPP

retro maneuver tankage jettison indicator, JT
launch planet indicator, MOPT2

primary target indicator, MOPT3
mission-type indicator, MTMASS

ballistic solution indicator, IBAL

blank

launch' mode indicator, LAUNCH
star-sighting indicator, ISTAR

spacer

case number

card identifier

Card 9

specific mass, o= o+ (L +Ap) o

tankage factor, kt

structure factor, kS

retro engine mass, m_

rt
primary-target orbit periapse distance, rp

retro tankage factor, k

primary-target orbit apoapse distance, ra
retro stage thrust magnitude, fr

retro stage specific impulse

hour of the day (reference date)
éxtra-ecliptic final inclination

efficiency coefficient, b

efficiency coefficient, d
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Format

A4
A4
A4
A4
A4
A4
A4
A4
A4
A4
A4
Ad
A4



C_ax_'g_g (cont) . Format
efficiency coefficient, e A4 ~
launch vehicle coefficient, b 1 A4 )
launch vehicle coefficient, b 9 A4
launch vehicle coefficient, b 3 A4 )
- extra-ecliptic perihelion distance A4
extra-ecliptic final eccentricity | A4
case number ' 12
card identifier A ' I2
Card 10 Format
input primary-target position and velocity 6A4
input initial state and mass ratio TA4
reference power in no-launch-vehicle mode,pref A4
thrust-phase computation step size, Au - A4
coast-phase computation step size, AB A4
unused location | Ad
input primary-target gravity constant, u : A4
input primary-target radius A4
case number : 2
card identifier | 12
Card 11 Format
input primary-target semimajor axis A4
input primary-target eccentricity ’ , A4
input primary-target inclination | A4 .
. input primary-target ascending node A4
input brimary-target argument of perihelion - A4
input primary-target perihelion time | A4 )
exponent in step-size law, n A4
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Card 11 (cont)

launch-sgite latitude, L

limit. i
range safety limit, lmax
launch asymptote declination, 6

launch parking orbit inclination, i

primary-target communication distance, rc

primary-target communication angle, ozc
retro-stage structure and tankage mass, m
retro-stage propellant mass, m
retro-maneuver incremental velocity, Av
retro-maneuver velocity loss

final solar distance

power at primary target

case number

card identifier

Card 12

launch Julian date

flight time to primary target

initial spacecraft mass, mo
1 m

power plant mass, ps

propellant mass, mp

tankage mass, m,

structure mass, mS

refergnce power, pref

efficiency, 7

net spacecraft mass, m

net
reference thrust (newtons)
maximum solar distance

minimum solar distance
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A4
A4
A4
A4
A4
A4
A4
A4
A4
A4
A4
12

2

Format

A4
A4
A4
A4
A4
A4
A4
A4
A4
A4
A4
A4
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Card 12 (cont) - Format

maximum power | Ad
maximum thrust A4
electric-propulsion burn time, T A4
travel angie, Gt : Ad
retro-maneuver burn time, tb . A4
primary-target capture-orbit periapse-speed A4
case number : 12

card identifier 12

No information regarding intermediate 'targets' is punched. It is not
feasible to desig‘n a card~punch routine comprehensive enough to meet every-
body's possible requirements, and therefore the user seriously contemplating
using punched cards for summary purposes should design his or her own

punched quantities and formats.

On option, the program will write the final trajectory on a magnetic tape,
or punched cards, for input to the ASTEA program (see definition of input para-
meter MPUNCH). When punched, each trajectory point requires five cards. The

content and format of these cards are as follows:

Card 1 T1, WI, PRATIO, IEND, ITHR, where
(3D15.0, 2I2) TI= the time since the start of the trajectory (days).
WI = the mass ratio, current mass over initial mass
h (unitless).

PRATIO = the power ratio, current power available over
power available at one AU from the sun. For
nuclear electric spacecraft, PRATIO =1
always (unitless).

IEND = Flag which indicates last trajectory point,

=0 - not last trajectory point.
=1 last trajectory point.
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Card 2

(6D12.0)
Card 3
(4D15.0)
Card 4

(6D12.0)

Card 5

(6D12.0)

ITHR = Flag which indicates thruscing or coasting,

=1 Indicates thrusting (and thrust-on switching points).
=0 Indicates coasting (and thrust-off switching points).

RI(H), I=1, 2, 3; RDI(D), I =1, 2, 3, where

RI= spacecraft position vector at current time-point
(AU).

RDI = spacecraft velocity vector at current time-point
(AU/tau).

ELI(D), I=1, 2, 3; CSI, where
ELI = solar radiation pressure unit vector.
CSI = solar radiation pressure coefficient cS (AU?"/tauz)°

PIM, I=1, 2, 3; PDI(), I =1, 2, 3, where

Pl = target planet position vector at current time-point
(AU).

PDI = -target planet velocity vector at current time-point
(AU/tau).

ELAM(), I=1, 2, 3; ELAMD{), I1=1, 2, 3, where

ELAM =  Primer vector (Lagrange multipliers adjoint to
spacecraft velocity), in any units. This is merely
a vector which lies along the thrust vector.

ELAMD = time derivative of ELAM (any units/tau).

If the trajectory is output on tape, the contents of the tape are nothing more
than the contents of the five cards described directly above. The format of each
tape record is (30A8) , so that each record consists of 30 words, each of length

8 in the A-format. The organization of the tape record is as follows:

TI, WI, PRATIO, ATHR, RI(, I=1, 3),
®DIM, I=1, 3), (ELIQD), I=1, 3), CSI, (I, I=1,3),
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(PDI), I=1, 8), (ELAMQ), I=1, 3), (ELAMD(, [=1, 3),
AEND, UNIDUM, UNIDUM, UNIDUM

where the names and their units are given directly above in the description of the
cards, UNIDUM (universal dummy variable) represents unused words. Finally,
ATHR and AEND are real variables which replace the integer quantities ITHR

and IEND, respectively,z which are punched on the cards.
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D. JOB CONTRCL FOR HILTOP

1. Program Execution, The HILTOP program is stored at the

Goddard Space Flight Center IBM 360 model 91 computing facility in object module

form as a member of a partitioned data set on a user disc pack. The job control °

cards sufficient to access and execute the program are as follows:

// EXEC LUANER,REGION. GO=30K1, PANI= EP="1AI U, 51 ZE=304K]
J/7GU.SYSLIT DY DsH=1 LJ‘)(LGFIIAIL),WIQV SHIL,DECL=NECF] =
J/CGU.FTU7ESGL D SYSOUT= ,,n”“~(w"”rw FR,LRgEeL=20,0LKS128=30)
//GOFTIIFO0Y DD SYSUUT=1,008=(ECFi=FD !’FFL-=f,)L‘>l‘F 2g)
J/7GO.FT12F 001 D svinh.~4 wr'—(PrPr1=~: LAENL=84,BLES125=30)
f/7GUDATAL DY = .

The NAMELIST input data cards follow the last job control card listed above.

2. HILTOP Program Machine Requirements. When compiled on the

IBM 360 Model 91 computer at the Goddard Space Flight Center under the Fortran
H Level 21.7 compiler with the computer optimization level equal to two, the
HILTOP program occupies approximately 312,000 decimal bytes in core. This
includes the core requirements for the following IBM library subroutines which

‘the program uses:

IHCCOMH?2 THCLATN?2

. IHCECOMH IHCLEXP
THCEFIOS IHCLLOG
IHCEFNTH IHCLSCN
THCERRM HCLSQRT

- IHCETRCH IHCLTANH
IHCFCVTH IHCNAMEL
IHCFDXPD IHCUATBL
IHCFDXPI IHCUOPT
IHCFIOS?2 REMTIM
IHCLASCN

- .
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The prograin is written almost entirely in double-precision Fortran IV
using the non-standard Fortran statement IMPLICIT REAL*8 (A-H, O-Z)., This

results in the assignment of an 8-byte word location to each real variable name
which begins with one of the letters A through H or O through Z, unless the
name is specifically declared to be of another type. An 8-byte word contains 15
decimal digits on the machine cited. As in standard Fortran IV, names commenc-
ing with one of the letters I through N represent integer variables of 4-byte word

length.

The peripheral equipment referenced by the HILTOP program is the card
reader, assigned to unit 5, the high speed printer, assigned to unit 6, the card
output, assigned to unit 7, and two arbitrary output devices, assigned to units
11 and 12, VThe execution step requirements of{the program are a little less

than 350,000 bytes of Main Core Storage.

168



IV, SAMPLE PROBLEMS AND RESULTS

A list of the necessary program inputs and a copy of the resulting
printed output are presented in this section for each of eight sample problems,
The sample problems were selected to display the use of most of the important

features of the program. The first problem is an orbiter mission exhibiting

the use of a high thrust retro engine and a launch vehicle with input reference

characteristics; the second problem is an asteroid rendezvous mission and em-
ploys two cases to exhibit the indirect and the direct optimization techniques;
the third problem is a deep space probe that makes use of the two-dimensional,
open-angle formulation and yields the minimum flight time solution for specified
net spacecraft mass; the fourth problem is a Jupiter flyby mission that displays

the ballistic swingby continuation feature, the fixed cone angle feature, the con-

. strained propulsion time feature, and the launch vehicle independent formulation;

the fifth problem is an Encke rendezvous mission encountering two asteroids en-

route; the sixth case is an extra-ecliptic mission that displays the housekeeping

power option and exhibits the effects of high launch asymptote declinations on launch

vehicle performance and the low thrust trajectory; the seventh case is a comet
rendezvous mission which includes the effects of solar array degradation due to
radiation effects; and the eighth and final case displays the HILTOP's powerful
capability for ballistic mission design and optimization. The specific mission
chosen is a cometary flxby past Giacobini-Zinner followed by a deep space Burn
10 days after passage, a return to and swingby of Earth (unpowered), a second
swingby of Earth (powered), and finally encountering the comet Borrelly nearly
1023 days from launch. The tremendous flexibility for cfeating imaginative,

multi-target mission profiles is demonstrated in this example.

Machine-time quotes are not given for the sample problems because the
machine-time values are not necessarily representative of the machine-time
requirements for running the HILTOP program to perform the task of electric

propulsion mission analysis. A single trajectory on the IBM 360 Model 91
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computer takes from about .003 minutes of CPU time for "fast" missions such

as direct outer-planet flybys to about .012 minutes for "'slow' missions such as
Mercury orbiters. However, it is not the time-per-trajectory that is important,
but rather it is the total number of trajectories required in an iteration-sequence

that counts, and quite often that number is not as small as in the sample problems

displayed.
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B 4

»

A. MERCURY ORBITER

The objective is to place maximum net spacecraft mass intoa 1.2 by
22.8 radii orbit about the planet Mercury for specified launch date and flight
time of 510 days. The analytic planetary ephemeris is employed to locate
Earth and Mercury on the appropriate dates and to evaluate the initial and
final state vectors. The long flight time for this mission (compared to ballistic

transfers) is common to the class of optimum electric propulsion trajectories

_characterized by a 2% revolution spiral about the sun. Solar electric propulsion

with power ratio Option 4 (i.e., peak power is maintained near the sun) is
assumed, The bobs‘cer parameters are input and represent the TAT (3C)/Delta/
TE 364-3. The final éapture orbit insertion maneuver is performed with a
chemical retro stage, and the retro velocity increment computation includes

the finite thrust velocity penalty.

GALHPUT X1(2)=1,00,X2(2)=1.D0,X3(2)=1.00,X4(2)=1.D0,X5(2)=1.D%
Xp(2)=1.uu,x7=1.nu,x11(2)=1.nu,xlz(2)=1.DO,x13(2)=1.00,x1u(2)=1.no
Ylg2)=1.nu,Y2(2)=1.U0,Y3(2)=1.93,Yu(2)=1.DD,Y5(2)=1.n@,vu(2)=1.00
Yllf2)=1.nu,v12(2)=1.n0,713(2)=1.nu,vlh(2)=1.oa,npul¢T=15,HT3ASS=2
HUPF2=3,HUPT3=1,RPER=1.2D0,RAP=22.3DQ,THRET=2.D1,JPP=1,JT=1 HBNOST=~1
Q}=50315.3320u,n2=21u9.980990,n3=uu.uSnn,mYEAL=1Jso,nan7u=2:HnAY=2u
x;;—g.u7lgn~1,x2=3.92790n-1,x3=-1.713ﬂn-1,xu=1.nh31n-1,xs=u.3199341
iggzézgg;lg;igﬂli=z.33039n—u,x12=u.27950&,X13=u.53h7n2,x1u=1.u132793

The entire electric propulsion system and the electric propulsioa propellant
tankage are jettisoned prior to the retro maneuver. The parameters optimized
in this case include the reference thrust acceleration (and therefore the reference
power), the jet exhaust speed, and the launch and arrival excess speeds. The
NAMELIST input data set used to generate this case is reproduced above and

the complete output obtained with NPRINT =15 and MPRINT =0 is displayed

on the following pages.
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B. CERES RENDEZVOUS

The objective of this missipn is to rendezvous with the asteroid Ceres
with maximum net spacecraft mass. The rendezvous is accomplished by simply
matching the heliocentric position and velocity of Ceres on the arrival date. Ex-
cept for the launch excess speed provided by the Titan III B (Core)/Centaur, the
entire mission is performed by a solar electric propulsion system, i.e., no re-
tro stage is employed. To show how one inputs an arbitrary planet ephemeris
for a primary target, the orbital elements of Ceres are input' directly; however,
the same results would be obtained for this case by setting MOPT3 = 10. Although
the launch and arrival dates are left open, the flight time is constrained to 655
days. The program optimizes the reference thrust acceleration, the jet exhaust
speed, the launch excess speed, and the launch and arrival dates. Rendezvous is
achieved by driving the arrival excess speed to zero, and retro-stage mass com-

putations are bypassed by setting MTMASS = 3.

The output for two separate cases is shown for this mission. The first
case depicts the solution as obtained using the indirect method involving the
satisfaction of the appropriate transversality conditions. Because the inputs
were very close to the desired solution and because the indirect method genérally
exhibits quadratic convergence characteristics in the vicinity of the solution, only
four iterations were required for convergence. The second case displays the use
of the direct optimizaﬁon capability of the program. This method ignores the
transversality conditions and attempts to improve the performance index directly
while maintaining approximate satisfaction of the specified end conditions. Note
that this case is simply added behind the first case on a single run submittal.
Using the value of MUPDAT = 0 assures that the independent variables of the
two ca'ses are identical, 'Starting from the same initial condifions as case 1,

the direct optimization procedure requires 33- iterations to converge.
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This example is somuewhat unfair to t‘he direct method in that it only
shows the input setup; it shows neither the strong convergence property of the
direct method when the inputs are far from the solution nor the flexibility of the
method in choosing the performance index. It does show, however, that con~

siderable machine time is required once the iteration approaches the desired

solution. The inputs for the two cases are listed below, followed by the program

output for the two cases resulting from the settings of NPRINT =3 and
MPRINT =0,

SATHPUT X1(2)=1, Od, (2(2)=1.10,%3(2) =1,D1, X4(2)=1.D0,
X6(2)=1.b0, X12(2)=1,D9,X12(2)=1.D8,X13(2 ) 1, UU,Al)(z
Y1(2)=1.D0,Y2(2)=1.DO,Y3(2)=1.DO,YH(2)=1.HO Y5(2)= 1.
Y11(2) =1,00,Y12(2)=1.09,V13(2)=1,00,¥15(2)=1.00,Y1%&
NPRIRT=3,iiPDAT=5, LAUNHCH =0, HORIAL=1,!18005T= lﬂ,mLPH
ALPIA.—;L.)07
HOPT2=3,000PT3=11,i1YEAR=1975,ii0NTI=11, MYAY =10, iDUR=G6, 52300, X 7=, 290!
ol\l—z. 7U7Jl)iJ ECt= 075'.“)0 (‘)“-—1“.’1[’7”‘ 9il1=5G,51374¢2 20, )‘J.-—/T 35221
A1=06, 7710-¢,A° G.JSSW h,X3=-2.)33q 1, ”h=-1 I 2b=-1,%X5=4,0330-1
X6=3.3765-2,X11=5,4370-L,%12=3,18404,X13= 1.)LGD),A15—-).107
CRIG=1.5049D2 GiEND ’
WIPHPUT Y11(2)=4.00, Y12(2)=9. DG,Y13(2)=0,09,Y15(2)=0,D0
Y7=1.03,3.09,0.D0,1 Pr.\r 7 &GEHD :

OJ o] ﬂllv

OF p L
" 200p GACE I
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¥Y¢3 3 0.0 . 0.0 . 9« $559599596699690-05,
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Adl= 0.0 VAEs 0.0 «ALPHAA= 12.50000000000350 s ALPHAT= 12.5000000000C000 ALTITU=
6.0 2ANS  1450000CCCOCC0000 »AR= 1.€C0000000000300 +ASOL= 040 » 0.0 .
0.0 « 0.0 s 040 18Iz 0.7600000000000000 yBiz 0.0 +32=
0.0 «832 0.0 sCNI=  10.6(700000000000 +CNIX= G.0 s 0.0 .
Q.G e C.0 ¢ 040 +CSTR= D0 2 CTANCE  0,29995959999999993~01,
CTRETs G 2121113181312113 WOI=  132.€0€000€00CC0Q00 yOMREYRS 0.0 »DPOWN= 0.0 ECI=
0.759000G00000000000-01,ECIX= 0.0 ) « 040 s 0.0 : .
0.0 WEIT 0.0 »ENMUOOD= Cu0 +EMUGOX= 0.0 ' -
Cel v 0.0 s 0e0 v 0.0 ¢ GAMMAXZ  1.000000000000000 »5aPa
0.9S99999999959999C-04h0URE  6.523CCCOCCCCCCOC »ONI= 80.51374800000000 «ONMIX= 0.0 ’
6.0 v 0.0 + 0.0 ‘ vy 0.0 ¢ POWF IXs ~1.000006000000000 .
FSIGA= 1.000000000000000 PRAD3DC= 14GCCCCOCCCOCOQ00 WyRADOOX= Q.0 e 0.0 .
0.0 « Q.0 » 0.0 +RAP= 38.00000000000000 ¢REVS3 0.0 B
RpER=  2,0000006¢00000000 +SAI=  247€750CCLCOCCO00 ¢ SAIX= 0.0 « 0.0 .
¢.0 . 0.0 ’ e Qe +SCl= 71.85291820000000 +S014= 0.0 .
0.5 v G.O ¢ O0e0 v 0.0 ySPIRET= 300 .0000000C00000 ’ mm
$TATEs  1.000000000C0000¢ e 0.0 + 0.0 v 0e0 s 1.00(000000000000 . —t
0.0 vSTEP1= 0.312€CCALCCCCOOCCD-0lsSTER2= 0.1250000000000000 «TCOAST= 0.0 .
040 s 0.0 s 0.0 sy 0.0 v 0.0 ’
Ce0 . Q.0 » G0 s OO sy 0.0 *
6.0 ¢ 0.C » 0.0 . 0,0 » 0.0 .
0.C s 0.0 y 0.0 y 0.0 +TOV=E =1,.0000C00C0000000 »T30=
-1.¢G3005003C00000 «THRET= 400.€C€C0CCOGCA0Q0 «TOFF= ~1.0000000000600000 + -1.000000000060000 » ~1.000200000000000 "
-1.C0C0360G0020CA00 e ~1,00C30C3CCCCOCCO » —1.00CCOCCCAC00000 ¢« —1.0000000600G0000 « —1.000C000Q020030C0 '
=31.C30C0C003CL0000 r ~140000C00CCCLCCCO ¢ =1400€CCCECCCCCO00 + —1.0066000000006CQ0 s« =1.0Q00000000C000000 ’
=1« CICOCOGE0D00000 » ~1.0C00800CCCCCCCO s =1.0CCCCCCCCO00000 *» =~1.000000000000000 s =1+G0000000C000000 .
=1403¢30000000600C0 s ~1.0000000CCCEOCCO 2 TPI= 0,0 «TPIX= 0.0 v 0.0 ’
0.0 s 0.0 : v. 0.0 »TPOWER= 0,10000000000000000 31,VSCAL Ez
1.020002000060000 +T2= 50.000CCOCOCCCO00 » 1€0.CLCCO06000000 s - 150.0000060000000 + 200.0000200000000 .
2506,0000600000000 »  300.00000¢CCCC000 ¢+ 350.0¢CCCTO000000 y 400.00000000030000 s 450.,0000000000000 » .
$08.0000000006000 s XANGL= 0.0 *» XANG2+= 0.0 +XSWING= 0.0 ’
C«Q s 040 v 0.0 s 0.0 s 040 ) -
0.0 ) y 0.0 sy 0.0 v 0.0 » 0.0 .
0.0 » 0.0 » 0.0 . 0.0 . » 0.0 .
0.0 . 0.0 » 0.0 . 0.0 y 0.0 '
0.0 v 0.0 vy 0.0 v 0.0 y 0.0 .
0.0 s 0.0 v 0.0 » 0.0 » X0=  1.000000000000000 .
0.0 ¢ 0.0 » 0.0 s 1.000001500000000 y 0.0 }
0.0 «IBAL= . Qs INTPR= Qs1QuYa Q4 LRK= [ - TS 1, IRQT= Q4+ 1SPIN=
0.1TF= 3¢ ITPRNT= O uPP= 0+ JPRINT= 0,JT= 0+ KPART= Qs LAUNCH=
0.LCATX= O, MAXHAM= €,MB0OOST= 10,MDAY= 19, MODE= 4, MINTHs L1.ROPT=
O HOFPTX= O, Ce 0, O, 0 W MCPRT2= 3.,MOPT3a 11.4IPT4= 0,
O 0, O, O O, Q, O» Qe 0, NP0 Wz 0,
HPRINT = 0 ¢ MPUNCHS OsMREAD= 0sMSRING = o, 0, O O O
0. 0, O, Q. 0, MTMASS= 34 MUPDAT= 0yMYEARS 1976,N01ST=
3, NHUNG= 25,NORMAL= 1.NPERF = 0 «NFRINT= 3.NSET= O 0, 330,
Qe 3004 NSW INGS CoNSWPARS 1+NTAPES 17
SEND
‘ [}
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s {

CASE 1

NOe INDEX

3 i
2 2
3 3
L) 4
S S
& [
7 1§
) 12
9 13
10 1S
11 16

NOo INDEX

1 1
2 2
3 3
4 4
s 5
6 [~
7 il
8 12
9 13
10 15 .
11 16

VALUE

2.28750000000000000 00
2.225675675€756750D0-03
-B.557423243243243200-01
~3.858108104108103900-01
1.6333459¢59459460D 00
29975 7297267297300-01
Q.487000300C0000000~C4
3.18600000000000000 C4
1.€460000000000000D 03
~5410Q000CC000000000 02
1+44900000000000000 02

1 TERATOR -PARAMETERS

INDEPENDENTY VARIABLES

STEP LIMIT

3.00C0Cc00006CCCO0OCD 00
3.CCc0cCcCCOCCO0OCCDO 0O
2.0€00€C000Q0CCCO0000 QO
3.0600CCC0000C0000D 00
3.CCCOCCCCCO000000D 00
3.0€COCCGC00Q0CLEACCO 00
Ce9559655555995590D0~04
£.CC00¢CC00C0C000CT O3
€4CC00CCCI000C0000D 02
€40CCCCCCOQCQ00000QD QO
14€C00CCC0OC0OCCC0000 02

DmvmzomZﬂ VARIABLES

VALUE

* 0 e

00000 OCOO0O0OOO0O
.
OoOO0OoOOOCOOODOO

500C00000000Q4Q000 Q2

THIS CASE IS CCAVERCED.

11 TRAJECTORIES WITHOUT PART JAL CERIVATIVES ANO

TOLERANCE

§+55555555555599900-05
Ce55655569696$555CD-05
§e5559666556$6596CD-05
6+5555555965555590D-05
$+56565555556569600~-05
$e5665665G69G65555950D~05
$e555665$6655559900-05
$+5655555955555590D~05
$e$5555665565559900-05
G eSGSG59$99695S9900-05
$.665565595565596C0~05

PERTURBATION

1.0000000000000000D~08
1.0000000000000000D~08
1+00000000000000000~08
1.00000000000000600D~08
1.00000000000000000-08
1.0000000000200000D-08
1.0000000000030000D0~11
9.9999999999999950D-04
9+9999999999999990D~05
9+ 9999999999999990D-07
9.9999999999999990D0-07

r

WEIGHT

1.0000000000000000D
1.00000600000000000
1.00000000¢920200000
1.00000000000000000
1.0000000C000650C0 00
1.0035000000003Q00040D
1.008000000000%00¢CD
1.00008000000C000¢CD
1.C000000000000000D
1.0000000000000000D
1.00000000000000000

4 TRAJECTCRIES WITH PARTIAL DERIVATIVES REQUIRED FOR THIS CASE.
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EARTK

C.0

1.05135897D~01

287733750
6.0
1950895690

1173132593
le 2184757440
14239531840~
=1e231038%6 0D
T.41600329D

~.~wu~;nmwc
1o V7841770
2.0 5383340~
~1. 331845940
4« C00EC4LS9D

INRUT TARGET

$.350080000
-2.523000200
O 2,410097350
-8.558236970
-4 s 238076130

T
‘N R

o0

(Y

02
00
o1
oo
vl

c2
(X}
o2
[*2]
o1

02
00
00
00
00

SEMI~-MAJOR AX1S ECCENTRICITY

R2
L2
LtC
THET A

1.108511120 00

~1.011154570 00.

2.352321310-03
0.0
2.41604143D 01

1.592801710 00
438357954 35D~01
8.41£83827C~01
=1.330356140~01
64130299590 01

1502601710 GO
G+1469055230-01
T +767855160-01
=133035314D-01
663121462320 01

2.75674959¢D 00
=3.800948320-01
=6+532475540 00
=4+358104340-G1

14046238260 02

{

R3
L3
LEKT
PHI1

8.2175$8£380~-02
0.0
-8.E£568€7340~-01
0.0
6.44567357D 01

34341276170-01
~6.2CELEET7D~02
$+73¢97£390~-01
0.0
6.€5€685€62D0 01

3.341276170-01
~4+126615C50-02
6.7C2934720~-01
0.0
64554913720 ¢

7+SES9S6570-C2
Ce24402G890-01
—1«3270&4350 0C
0.0
1.64581683D0 02

SWITCH POINT SUMMARY

INCLINATION NCDE

vl Y2

Ls LS

CONE CLOCK
LATITUDE LONSITUDE

START OF TRAJECTORYs THRUST ON

1.010374210 00
1.02705186D0 00

~3.859331350-0¢
7.566568840D 01
0.0

9.593606070 01
9.9858400C0-02
1683549170 00
7155846140 01
~8+40639393D 01

SWITCH THRUST GOFF

240368266840 00
-8.2880383%90-02
=T7«€63775870—-01

9.35481125D0 01
~1.843465550 00

8652993140 01
9.45557562D~-01
=4.484531370-C1
1.145139360 02
24170687630 61

SUWITCH THRUST CN

2.03€82664D 00 8.6529981aD 01
“1e5571CL?2€0-01 9412465407001
=7+C8B0473€10~01 ~3.68$2499:1D=-01

Qe477EL7S6D 01 142111438CD 02
~1e7E8273432C0 00 2.716$3:120D 01

END OF TRAJECTCRY, THRUST ON

14080700CCO 01 8.05137479D 01}
6626575926002 ~6«360329070~01
14€403517C0 00 —=2.54129341D-01
84165691670 01 9.65%08204D 01
14009591300 01 —14714347210 02

ARG PQS

v3

L6

HMAG

FLT PTH ANGLE

1.800000000 02
-1.819898260-02
2.998583640-01
1.049210260 00
3.829048930-01

2.951629550 02
©e2T77563040-03
7.02308941C-01
1.185454210 00
1.667834560 01

3.006194580 02
7.491718470-03
6.62528C79C~01
1.1894854210 00
1.745730410 01

1.07762621D 02
=341230175950-02
~€+415655300~01

1.65876177D0 00

2.401460500 00

RMAG

MASS RATIO
L7

POWER FNCT
VMAG

1016605690 00
1.000000000 00
1.030000000 00
9+791069300-01
1.032095050 090

1.308149720 00
8 753305290-01
14253174440 00
6.8535113060-01
9+49196293C~01

14346924350 00
8.753805290~01
1.253174440 00
64554477560-01
9.256861630-01

2.592202310 C0
6+7535391530-01
244463006290 00
2+1658306360-01
6.406746450~01

7.

PAGE
TIAVEL
THIUST ACC
HAM
SWITCH FNCZT
2332 TIME

0.0
T«21059282)-02
1.187572012-01
1.50718323) 00
0.0

1.05764446D> 02
5.925692050-02
11875713900V
0.0

“1.173139590 €2

1.112209430 02
5.667141100-02
1.187571395-01
0.0

1173139590 02

2.72158716> 02
2.4206651370-02
1418757:720-01
$5¢3977C489) 00
64679596720 02

1

189 .
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CASE 1 EXTREMUM POINTYS OF SELECTED FUNCTIONS

4 TIME  ECLIFVIC SCLAR CCMMUNICAT JON SWITCH THRUST ANGLES INPUT ARRAY
LONGITUCE OISTANCE . ANG.E  DISTANCE FUNCTION PSI THETA PHI POWER ANGLE
0 0.0 0.0 1.617 $2.5 0.0 €N 1.51D 00 -19.5 84.2 84 .8 13.3  ON ' 0.0
6 644729 Bledl 14170 MHAX 1€GeS 0.17 2.100-01 Bl 61.7 62.0 10.9 0.0
5 92.033 &7.0 1.198 16¢.2 6.20 1.330-01 13.5 60.7 MIN 61.6 10.6 0.9

4 103.184 9s.6 1.244 fE. & Ce26 4.800-02 22.5 NIN 60.1 62.6 © 10.0 6.0 .
4 117.314 105.8 1.308 145.7 0.35 OFF €.0 3s.2 61.3 66.6 9.3 0.0
8 121.360 168.5 1.327 145.% 0.38 MIN -2.320-03 Btk s ¥ S 0.0 90,0
S 125.516 111.2 14347 142.0 0.41 ON 0.0 . 40.7 6341 69.9 8.9 0.0
S 179.05% 139.2 1.566 111.3 c.95 - 2.55D-01 MAX 58.0 91.7 $0.9 6.8 6.0
S5 30%.062° 183,11 £«1038 4648 2467 1.240 00 34«2 MAX 114.4 . 11040 4.2 0.0
4 379.13C 205.4 2.318 S.€ 2.3 2.010 00 19.3 113.2 MAX 111.8 3.6 0.0
4 395.98% 209.7 Z.352 MIN 2.3 3.36 241D 00 1647 11247 111.7 3.5 0.0
4 410.733 213.3 2.280 .0 MAX 3.38 _ 2.36D 00 14.6 112.4 111.6 3.4 0.0

4 &26.714 2&7.6 2.5823 1€3.2 MIN  1.61 £.310 00 -3.6 105.4 105.3 2.9 0.0 .
5 635.3279 267.8 2.583 MAX 1&3.3 1.61 5.320 00 ~3.6 105.3 105.3 2.9 0.0
4 E55.0060 272.6 z2.592 1£1.7 1.67 ON 5.600 00 -4.3 104.6 104.6 2.9 3N - 0.0
MISSION SCHEDULE mu
. —
LD RBa 20T S48358558600 09 GaMeTa
_28425914255D_00 JULIAN CAIE DEPART EARTH
X ¥ z xdaY YooT 2007 RADIUS LAT. LONG.
PLANEY  1.G5135000-01 ~1.0111566D 00 3.0 9. 784€267D-01 0.92083670-02 0.0 1.0166057C 00 0.0 ~86.064
S/C 1.0513590D~01 —1.01115460 GO 0.0 1.027CS170 00 9.968584000-02 ~1.81989820-02 1.01660570 00 0.0 ~84.,064
» N
SERLL L3a 1927 S, 0TS459E8D 00 Gat,Ta
— e e nRAB528 £ 22350 00 UL IEN_CAT ARRIVE AT INPUT TARGET
. x Y z x00T YDOT 2007 RADIUS LaT. LONS,

FLANEY  =2.5236302C 00 =3.50064550-C1 4+544035SD~01 €.26575530-02 =6.3€53291D0=-01 -3.12301770-02 2.59220230 00 10,096 =171.435
$/C  ~2.92360020 00 ~3.80094530-01 4.5%4C35$D~01 6+26575930~02 ~6e36632910-01 =3.12201760-02 2.5%220230 00 10095 ~371.435

TJ4C—E30Y THRANSFER ANCGLE BETWEEN EARTH AND INPLT TARGET .uw 27T2.5885 DEGREES,

- ——— —— -

e e e o e e 8 e B o e S > = -————

4 . _ , : _ . . .



4 £ 4
. J .
. . 4
CASE 1 (CCNVERGED) PERFCRMANCE SUMMARY
EARTH T0 INPUT TARGET tndikﬂnxmo >Dn~<>r EXCESS SPEED
. ARRIVAL AT 144973 DAYS AFTER INPUT TARGET PERIHELION
LAUNCH VERICLE IS TITAN II1I 3(CORE)/CENTALR CCOEFFICIENTS = 41836.9750 2499.6729 2293.2199)
LD = JUN 28, 1975, m-mwmw FHOLWR € GMT AD = APR 13y 1977, S5S.8755 HOURS GMT FLIGHY TIME = 655.0000 DAYS,. ‘

JULIAN OATE 4286147448 *JULI AN DATE 43246474948

ELECTRIC PROPLLSICN SYSTEM PARAMETERS

EFFICIENCY COEFFICIENTS
ALPHA 4 (KG/KW) ALPRA T (KG/KW) TJANKAGE FACTOR STRUCTURE FACTOR 8 D (KM/SEC) E

12,5000 125000 0.C300 0.0 . C.76000 13.00000 0.0

ELECTRIC PROPULSICN SYSTEM MASS SUMMARY (KG)

INITIAL POWER PLANT PROPELLANT TANKAGE STRUCTURE NET NASS

1232.8634¢ 338.2736 400.5722 . 12,0172 0.0 482.9304 [\
’ 2]
~
ELECTRIC PROPULSICN SYSTEM PEZRFORMANCE SUMMARY
Pl AU) (Ku) PLRSKP) (KW) PUTARG) (KW) THRE1 AU) (N) ACC{1 AVU) (M/SEC¥%2) ISP (SECQC) EFFIC SHAR DEG (0AYS)
13.53249 ' 0.0 2¢53GC7 .0.5€3815 4.,4883520-04 3236 .803 .0+651 41 1.00000000 30

EXTREME TRAJECTORY AND PERFORMANCE CONDITIONS
KAX DIST (AU) MIN OIST (AU) MAX POWER (KWw) MAX TYHRUST (N) BURN TIME (DAYS) OCEGRD TIME (DAYS) © TRAV ANG (JE6)
2.5922023 1.0166057 20252159 - 0454224390 646479947 216.47167 272.15872
DEPARTURE AND ARRIVAL CONDITIONS

DEP DECL (ODEG) PARK INC (DEG) DEP VINF (M/SEC) | C3 (KM¥%2 /SECH®*2) "ARR VINF (M/SEC) C4 (KMEX2/SECHED)
~13.7301 2845000 1€0€.79719 2.392582 0.00018 : 0.000000



CASE

WX N X X WX W
-
COESNGE RSN~

b

A1
X119
Xid
X7
X138
X119

o

> ¥ W
[NV S DR

MR ¥

M ox M X %
Cw e oo
CENOCQRELN OO NEQA N~

> )

M X
LS T T W PO S T

x
<

*
o

SR R L
LS 2 o

[N

w

¥ % M N ™
[CRURE o
PO B UGLGEWR OO NG

s

(.3
>

DL

¥R g kR RERN

Bt h AU WU RE SN

LI O I I B I ]

Y

[ I A

BB rn e B #

#on

U Fenne ke koBop

2 TI¥E TO GO

2.287500€0CC00000D Q0.
2e2236750756756750~03,
=0.5574324324322622C~01,
=3.35810£1081001¢80-01,

1.653345945945340D 00,

2e9979Q72G729729730~01,
1.00000006560000C0D 00,

042 .
0.C .
0.0

v
4.5 87000C00GCCO0000~04,

3.18£840000000000C00 G4,
1.546C00020000CCO0 G 3,
0.0 . .
-5,1G000GC000030C0D 02,
1.44900600500000000 02,
0.0 .
0.0 * *’
0.0 .
G.0 .
c.0 *
C.0 »
0.0 3
¢.0 »
0.0 »
0.0 .
C.0 .
0.0 ’
0.0 »
0.0 .
0.0 v
Jel °
0.0 v
0.0 .
G.0 .
G.0 .
0.0 .
OO .
J.0 .
0.0 .
Cel '
0.0 .
0.0 .
0.0 .
J.0 .
00 .
0.0 .
g.C .
0.9 v
C .2 .
0.0 .
0.0 .
0.0 .
0.0 .
0.0 .
0.0 .
0.C N
C.0 v
[V Y] .
~ o~

1

CPU 2384,

170 42 SEC

PROGRAM INPUTS

1.00CCC0CCQOC0O0COD
le0CCCCOCCCCCCOCCD
1.00CCCCCCCOCCOCOO
1.608€C0CCCCCCOCOD
1.CCTCCCCCCCCCOCOD
leCCCCCCGCCCCOOCED
0.0 -

0.0

0.0

Ced .
1.0CCCK0LCCCCCOCCD
1.00C2CCLCCCC00LCD
1.0C08CCeCiccccoCced
0.0
1.CCcccocccccooced
1.0€€CCOCCCCCO0CED
0.0 :

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0 S ok

oo I.wﬂ

¢.0 =i

) [E) TAW

0.G < )

C.0 [l n%

0.0 -

o.w M o2

o Z 3
q

0.0 Wa (=™

0.0 3.

0.0 fix B

0.0 oo

0.0

0.0 -

0.0

0.0

9.0

0.0

0.0

$e6

0.0

0.0

0.0

0.0

6.0

0.0

0.0

0.2

0.0

0.0

-~ ~

00,
00,
0C.
00,
Q0.
00,

'

e ¢ e ¢ w

* e " e =

* ® % 8 9 o ¢ W e 4 4w e -

* e w ¢ o

3.CCO0CCO0000000000 00,
3.C000G0CC0000000D €O,
3.€CCCCLCC00000C00D 0O,
3.CC00C0000000C00D 00,
34CCCCCCOOCT00300D GO,
3.CCCCCO00000GO00D 00,
3.0000C000C0G0G00D 00,
2.CCCO0C0O000C020000 00,
3.C600C0000G0000D0D 00,
$.CCOCOCO0C0000G00D 01y
S0 555559955999 72990-04
2.C0€CC00020003000D 03,
S.CCOOCE0CO002000D Q2,
6.CCCCC0550C00800D 02,
8,CCCCCCT0OCCOCI0COD 0C,
1.CL3C0Q00CACCO000D 02,

. 1e4CC000000000C000D 01,
1.,CC0OCCO0GCO000CO0D 00,
1.CCO0C3T%50C0Q0CIC80D 00,
£ CCCCCODOCOCITCCD €O,
1.CCCO0D000CC000CD 05y
1.CCCCCCOTCT02000D 01,
£4CCICCODCOOCOICGD 01,

1.CCCCCOOTCOICO000 Ol
1.CCO0C00COLCA0CO0D Gl W
1.0CCCCIV000TVCTT0 Ot
1.CCOC0005030G3000D 08,
1+C3CCCCTOCO00C00D 0O}
i+CCCCCCUO00GO0200CD 01,
1.€CC0000C00C00000 01,
14CJCCCCAVRCILO0CD 0L,
1.C00CCTTCTO0%003D 01,
1.€CCCCCICOTC0000D 01y
1.CCCCCCOTTCE0N0GOD Oy
1.G6000000C00C08000 Ot
4eCCCCT0O00I0000000 01
1,CCCCEC0O00C0OGO20D 01,
1.€CCCGGO0D0200C0D 01,
1.CCC00000C00D0000 01,
1.CCCUOCCOOCUOCCOT Cly

3.€CC0CC32CC500000 CO,
3¢CCGCLCCTOOCI0COD Q0
2.CC0CC2000C006C0D 00,
3¢CCCCCCOO00C00000 00,
3.0COCCO3000000GC0D 00,
Z2+CCCCOCCO0000D00D 00,
S.CCCCCOVB000020060D 02,
€.CL000000C06G0IC0OST 01

3.CC0CCCCO520006C0D CO,
34CCCCLCO00000200D 00,
3.00C0C0000CCCOG0D 00,
3.CCCCLOC000GCO00D 00,
I4CCCLITTLOTVICTULID Ty
3.C€C00C00000GCOS00 00,
3,CCICCC000000000D 00,
3.0050G620003030C0D 00,
S.LICCCCC000000QCCD 02,
« LTS 000000UUG000 01
-7 .€800003000080 GO,

3 NAARAAAAAAAAAN AN,

{4 m

1.C000000000000000-28,
1.000000600000000D-08,
1.000000000C000C0L-08,
1.0000060000000005~08,
1.00C0000600000005~08,
1.000000C00003€COCD-C3,
9.9999599695539990~07,
G+9099999999995493-07,
9.9999969%99999990~-07,
Fe999999999599999D-07,
1.00000C00CC0O0000D~11
Ge9GI909993955969D-04,
DeVITTIIGITIVIVNITIVO~0S,
9.5593999696G9C6S970-049,
999969V TV5959590-07,
G+9992999299995999(C-07,
De9999999G95999990-05,
D49693G999%9969590~C5,
9.9999¢99959999590~05,
9e$9990CY95996999D~09,
DeV99GA9395999599L-05,
GeD9II9GCUUIITTO0=05,
9.999995099999995D-0Y,
$+49G99999959555990~05,
9.6999999994U300990-05,
9499999999%9995990-05,
Q6969946996959 39D=-05,
999099595599 39630-05,
Ge 9999969999V 9GG0~CH,
DeYG995S5999929590-08,
996999359959 09990~05,
9.0999999U05939955D-C3,
PeIVUGFGO599T9UVIIGV=CH,
9 GIVIVINIVIGTGOTHIC =05,
94999994 UCTI09955L~05,
Y96599999993999495-53,
Fe9CIVGO99ST5093D 33,
FSGVUVI9399959906~05,
GeP95I5V99597 3559005,
GeTGIOUGVIIHNIUGSGO~05,
1.0€02G00002C8CC000D~C8,
1.G006J0Q03GIJL0A0-26,
1.00536G0000C0C0COD—-08,
1.000000CG0CT0000C~03,
1.00000C050C0C000C0-04,
1.060000CG00CC0000-03,
9.909G9999996 9999 -05,
9.9995G999999599%L~07,
1.0000000C80CCO0COD~08
1.00000C5C3L006J0C0-0G,
1.000000000000000C-08,
1.0000000000000000~345,
1.000C003000003CCD~-03,
1.C300000000080000-08,
1.000C0C0000000035C-08,
1.00000C0000C0000C~08,
G 9999995 99$99995C-05,
FeOD999GI9999%DISD-07,
1.000600050C000000D~048,

W AAAAAAAAARAAAAAAN_AD

O b B e e B G s B B B B gt b e e B B e Bt B G he Be e B G B g e e RS e g = b b Pt e g e

L I T I

«G00000000000G00D
«000000000C0S020)
«000003000000000D
«000C3030GC00000D
«300CC0GCI0C00000
+000€000C06Q0C00D
«0200000C€2G20000D
«00000000206C000CO
«00000260C3000000D
«0000COCO00V0G000D
«+CO003CQ05CO00202
«000000000C00CD0D
«Q000CU0AIQOCITITY
«G30000CC22000C0D
»03000000538CC00D
«035GCC0CT000G00D
«02020030C0C000CD
»00000CCCOCTOLO0D
«000035300656GCCO00D
«C0GGC0CC0006500D
«GGV3C0235003000000
+COQCO0CTO0Q00008)
«C200600600000050D
-0000000000G322¢CD
«CCG0D0035000C20D
«J00C00G0I0CCO00D
«30390000000005352
«0CCO000C0C06020D
«0C3J0200000350CCD
«00C0050C0G0JGO0D
«08CSCCOIDVICOCLV0D
«2523000Co000CGCD
«03002209030G30000D
«00008005GI000030D
«0GCCO0002CCRR00D
«CCOCG00CCUC0002
+00C3C0030C000C0D
«2000000306CUCOOJS
+00CTOCLCOC0GCO0D
«030600Q000C0000D
«CCOII000UBCOCCOQ5
«C000CA5CI0OTOCCOS
«0000CC0C0000C0CY
«00COC3CCOV000COD
«00300020000200000
+000C003CG000008D
«JGQ00U0COCO0COCOID
«0200C302CC0OC0CO0D
«GG0000GCOOCO0TDD
«JC002303C820CC0CY
«03CCCAG300C0CO0O
«0000002000000C02
«00GC00CCSCR00000
«20G39000000G6000202
«000J30940CICO0CG0D
«0000025000000C000
»200000000C000002
«C0000C00C000000D
+0G00030300C00002

ARAANANANNAANAAN
L3

00,
90,
00,
QG,
oo.
00,
00,
GO,
00,
00,
0G.
00,
Vo
Q0.
00,
00,
[+
Q0
00,
20,
30,
00
00,
oG,
00,
A0,
00,
COe
00,
02,
[Tl
00,
Q0.
(o3
00,
00,
00,
00,
00
06,
05,
004
39,
00,
20,
00,
Q0.
00,
COo.
CC,
00,
oo.
OCe
GO,
00,
00,
00,
00,
00,

an,

193

’, . . . .
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$¢6595599599999990-05 ¢
$e$555559999959499D~05 .
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S $SC959€999999990-05,
9e5S555555T999996G0-05 o
$.665569559955995D-05,
$e$55655959999599D-05,
$e$955SSSGTS909990-05
$.559659959996939D-05,
$+659559999969959D-05,
$4$ST999399559990D0-05
$465$555S559599999D =05,
§e5595599539699990~05,
6.55955555559$995L-0S,
$v55655999% 999299005,
$45556565555999399D—05 «
$.65$55569999999990-05 ,
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¥S57 = 0.0 . 0.0 N $$655655555299990~05, .
V58 = 0.0 . 0.9 N 4555595098 59999D 54
¥EG @ 0,0 . 0.0 . 9. 6555655 5UG909TYD -0,
¥EI % 0.0 ' 0.6 . $+566559655599555D~CS , '
¥éi o= 0.0 . 0.0 N $4$955599595999$9D-05
VE2 . 0.0 N 0.0 . $+5855559U96995590-05,
Y63 = 0.0 . 0.0 . 9.56569595545999990-05, .
¥64 = 0.0 ’ 0.0 ' $e$655$5G99999999D=05,
véS = 0.0 > 0.0 . 943659%95954999695-05,
Yoo @ 0.0 . 0.0 . $.5$556599U999U99D-05,
Y87 = 6.0 , 0.0 . $.$655$6699699999D-05,
Y58 = G.O . C.0 . §+$5565$599669969D-05,
VE9 3 0.0 . 0.0 . $+5655655595992990-05, .
<qo = 0.0 . 0.0 ’ $.5699555995999990~05,
QUTRUT
r>h' a0 . <AE= 0.0 sALPhAA= 12,50000000000000 s ALPHAT= -.mooooooooonooo WALTITU=
0.0 sANZ  145C0CCCCCCOCL0000 »AR=  1.0CCC0C00000000C »ASCL= 0.0 » 0.0 .
0.0 v 0.0 y 0.0G »yS1= 0e7T600000000000000 yBl= 0.0 B2z
C.0 e E3= 0.0 «CNI= 16.5807€4000000003 »CNIX= 00 v 0.0 »
0.0 . 0.0 ¢ 0.0 «CSTR= 0,0 +CTANKE 0.2999996969$999990~01,
CTREY» Oelillillliltrrny DIz 13.¢0CC00CGCCCCOO yOMEETRS 0,0 «DPOW= Q.0 WECI=
0.7%5000000000C0080C-03.ECIK= 0,0 s 0.0 v 0.0 » 0.0 N
.0 +vEl= 0.0 : WEMLODD= C.0 SsEMUODX= 0,0 .
0.0 « 0.0 s 0.0 v 040 s GAMMAXS  1,000005000030000 WGAPS
0.96099%%9996999S9C-04,hCURE  6.523CCC0CCCCC00C »CNI=  80.513748Q0000000 +CMIX= 0.0 ’
0.9 ¢ 0.0 s 0.0 _» 0.0 yPOUFIXs =1.0C0000000000000 .
P3IChs  1.,90000060€000000 fRADODC= 1.€CCCOCLCCG000000 +RADGDX= 0.0 v 0.0 .
el v 0.0 v 0.0 JRAP= 38,00000000000000 VREVS= 0.0 N
RPZAE 2,000000000G30000 1SAls 2,7&75CCCCOCCCCOC eSAIX= 0.0 + 0.0 C .
0.0 e 0e0 v 0.0 «SOI= 71.85291820000000 «S0IX= 0.0 .
C.0 v 0.0 .« 0.0 . 0.0 _1SPIRETs  3030.0000000000000 '
STATE2 -2,52357506203239461 =0 3726452283291 4 v 0.4264431933486205 » 0.62515604079902600-01,-0.6366602913326269 P
~0.21197465 \ommqnaon-op.mqmnwu 0.2128CCCCCLCCO0COD~CL,STEP2= 0.125C0000600000000 +TCOAST = 0.0 .
0.0 ¢ 0.0 . 0.0 . 0.0 v 0.0 . s
Ca0 ¢ 0.0 s 0.0 v 0.0 s 0.0 ' puiv]
0e0 s 0.0 ¢« 0.0 + 0.0 » 0.0 ’
5.0 s 0.0 s 0.0 v+ 0.0 «TOVE ~1,0000C0000000036 «TG0=
~1.02303C250006C000 ¢ THRET= 400.CCC0CCCGCO0CO o TOFF= ~1,C0C000000030000 v —1.000000000053003 v =1.000600000000000 '
~iaC20%3600CCE0SD0 v =1 .CC00G00CLCCGECO » =1.€CCCCECCLCECCOCE » —1.0000000000008000 » ~1+000006300C000200 v
~1.C3380200000C0CO s =1 .CCCCC00CCCCCCCD e =3400GCLCCCCCCO0000 v ~1.0G500600000G000 » ~1+00300005CC00000 .
-31.C0U0L000CC00000 « =1.C000008C(CCCO000 » =1.00CCCCCC0000000° s —~140650000000000000 y —1.006006563¢000009 .
-1.026G0000G000600 s =14C0060CO00GCCCOCO0 sTPI= 0.0 WTPIX= 8.0 v GeC .
0.0 « 0.0 « 0.0 s TPOWER= 04.0000006000000000 31,TSCAL Ex
14006000000C000C00 y72= 50,0C00CLCC0OCCCO00 ¢ 1C0.CCCCOC0000000 vy 150.0006000000000 » 200.000C€0000000GC0
23C. 0050353603 G000 » 200.000000CCC0CCC s 350.CC8CCOCO00000 » %00.,0000C0000C003 v 450,00€0G3C000000 v
53C.0000005000000 NGl= 0.0 P XANG2= 340 «XSUING= 0.0 "
0.0 v 0.0 . Q.0 v 0.0 v 0.0 .
Vel s 040 » 0.0 v 0.0 s 0.0 .
0.0 « 0.0 . 0.0 y 00 s 0.0 N
OeC » 040 s 0.0 « 00 s C.0 .
.0 » 0.0 « 0.0 v 0o v 0.0 .
00 ¢ 0.0 y 0.0 ¢ Qa0 »X0= O0J10S135E965743675
~1+011154539394612 s 0.0 s 1.027C916€1S51613% +» Ce99BSBLO0CLI3173600-01,-0,18198932367870170-01»
1.C05G00T000C006Y olBAL= G INTPR= 0+10UT= 0 s IRK= 1s IRL= Ye IRGT= 0,ISPIN=
0,1TF= 3y ITPRNT= CyoPP= O+ JPRINT= ) 0sdT= O KPART: Os LAUNCH= '
O\ LCALX= OeMAXHAMS 5+MBODST= 10,MDAY= 19 4 MCDE= 5y MONT H= 114M0PTs
CoaKSPFTX= O Ce O QO 0y MOPT2= 3,MOPT 32 11,43PT4s 0,
G ‘N Oy Qe ¢y B 0, 0, 04 MPO W= 0,
MARINT & 0y MPUNCh= Cs MREAD= Qs MSUIRG= O N G O, Qs
[} O 0, 9, 0, MTMASS = 3, MUPDAT = 0y MYEARS 19764NDIST=
3¢ NHUNG= 25,NORMAL = 1.NPERF= 7 o NPRINT= 3,NSET= i1, 11, 300,
G 300 NSW ING= CeNSLPAR= LoNTAPE =
LERD
v
L4 s 3 [
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CASE 2 . ITERATOR PARAMETERS
INDEPENDENT VARIABLES
NOs INDEX VALUE SIEP LIMIT PERTURBATION WE IGHT
1 1 242875000CGC0Q0000GD 0Q 2.£8C0CC0O0C00CO000D 0O 1.00000000000000000-08 1.0000000C00000000D 00
2 2 2.22567567567567500-63 3.€CCCOC0OCOCCOCO000D 00 1,00000000000000000-08 1.00000000000000000 00
3 3 ~8e557423243224324320D-C1 2L.CCCCCCCOCACCLEOCOD 00 1.00000000000C00000~08 1.0000000060030000D 00
Q 4 ~3.85£108iC61GE10BCD-01 2.€CCCCOCOC0O0CO0CO0D 00 1.00C0000600000300C0-08 1.0000000000000000D 00
s S 1.6834%55359459660D 00 3.CCCCCCCCCOCCCCOCD 00 1. 0C000006C003600000~CH 1.00000000000C0006D 00
6 6 2.997972972G72073C0-C1 2.cCcocccccoceccocce o0 1.0000Q803CC0G000030-08 1 .C0000000000000000 00O
7 11 4.4E70CCC0C00000030~04 $55555559555555500-04 1.0000000000000000D~11 1.000000065600000CD 00
2] 12 3.1840CCCC0C0GC0000D 04 Z.CCCOCCCOCCCCCOCOD 03 94 9599959995955590D0-04 1.000000G00300C30GD 00
9 13 1.5460G60000C0G0000D €3 §4€CCOCC0000C00000D 02 9. 99999999999999900~05 1.00000000000000000 00
10 15 ~5.1000€000000000000 02 £.06CCCCCOCOCCOO00OD 0O 9. 99999959999999900~07 1.000000C000000000D 00
1 16 1.4490€000000C0000D €2 146C00CCCOCCCCCO00D 02 9+ 99999999999999900-07 1.0000000000000000D0 00
DEPENDENT VARIABLES %)
(o]
NO. INDEX . VALUE TALERANCE ~
1 1 0.0 $e55655555S55$9990D~05
2 2 0.0 $e556SSGSSSSISSSSUD-CS ) -
3 3 0.0 R $e55595569655$59900-05 .
e % 0.0 $+5$SSESSPIG65G$SG0D~0S
s 5 Q.0 $e56655955S55$655C0~CS
s 6 0.0 $566596595555565$CD-05
7 7 1.000000C0000000000 03 0.0
8 16 6.5500€00C00C00000D €2 $4538$955955955996CD~05

" 1TERATCR IS NOW IN IMPRCVE MOCE. . . . ’

THIS CASE 1S CCNVERCED.

117 TRAJECTCRIES WITHOUT PART IAL DERIVAYTIVES AND 33 4N>Lmnﬂmmnmw WITH PARTIAL DERIVATIVES REQUIRED FOR THIS CASE.

.



CAZE 2 SnlTCH POINT SUMMARY

Pa3E 1
TIME SEMI-MAJOR AXIS ECCENTRICITY INCLINATICN NCDE ARG PGS RMAG TIAVEL
[ R2 R R3 vi v2 v3 MASS RATIO THRUST ACC
L1 [} L3 L4 LS Lo L7 NAM
LG . LC . LPHY CONE CLCCK HRAG POVER FNCT SWITCH FNCY
S THET A PHI LAYZ TUDE LONGI TUDE FLT PTH ANGLE VMAG ARJI> TIME .
EARTH START CF TRAJECTCRY, THRUST ON

Ve 0 1.1084851 7D 00 E£.Z1£542312D-02 1.010€4324D 00 G«5917C35470 01 1.80000000D 02 1,0:660503D 00 0.0

1.048009350~01 -1.0113188GED 00 0.0 1.027112370 00 9.95137039D0-02 —1,820366650~02 140C000006D GO 7+409100730-02

24287226590 00 1.8344330230~03 -8.5€2042¢70-01 lu.mmwuu0000|n~ 1683453700 00 2.995246760-0) 1.00000000C 0O 1.18683C920~-01

o.¢ 0.0 C.0 74595640170 01} 741534284522 01 1.049199730 00 Qe?9107748D-01 1e5068E4520 00
Eeq

“1e931Y5V270 01 544161468980 01 4S3C436D €1 0.0 ~8¢408291530 01l 3.33104724C-01 1.03208543C 00 0.0

SWITCH THRUST GOFF

n.mowboaqqaoounuhnmam—QOlowN.cuummunOoo m.mmcﬂmmouoopN.cmwubmm_oow~.wo&~uﬂoonoo~oom<MbuouUON
4eB3I3325420-01 ~44210EE31%0~02 —€.277322170~02 9e4E5402020~01 4 .95453296D-03 8.7560535340-01 5.924407273-02

844154115640-01 S547279S2¢SC~01 —7.66350C710-01 —4.461702240-01 7402437453C-01 1 +2531C54¢70 00 1.186830300-01 Mﬂ
—1.32990448C-01 0.0 $¢35470£220 0L 141645014200 02 1.1894335¢D 00 6.8530065635-01 0.0 1M
Se1316527€D 01 64£S$7CE00D 01 —~1.844655770 00 2.16978082D 01 1667567260 03 9.49175326GC-01 1417326544 02

SLITCH THRUST CN

Le231G4%035D 02 12592464770 00 3.340SCEL1ED-Cl 2.C37667370 00 6.55492853D 01 3.005729970 02 14346831430 00 1411212759 02
1.177945430 00 6.140526160-01 —44122123465-62 ~1.3533733260-01 9.123857300-01 T.472204740-03 B.75405544D~-01 5.665£205%2-02
LeB25281Co0=0Z2 7.Y7011G550-01 &.€67645510-C1 ~7.CL2607E30~C1 —%4e 63617863001 6.629046310-01 10283105478 00 1.136€30300-01
=“1e25iE3v520 00 ~1432%604480-01 040 $e877316%40 01 1.210811830 €2 1,1894333540 00 6.55501961C0-01 =4.%40852132-16
SeGLSlGYIL

D 01 64312810000 01 6.55445C61ID C1 ~1.,7542$239D 00 2,712815840 01 1.745.:$6650 01 94257480530-01 1417326344) 02

IAFUT TARGET END OF TRAJECTCRY. THRUST CN

6423CCOCCCLE 02 2.767iBISTD 0 7.5€Z116210-02 1.06C8S031D O 84091481670 01 1.077567820 02 2.552185580 00 2.72172926) 02
=2.525414250 0C =2 7977762001 4054311784D-01 6.26T¢24320-02 ~6.365109690-01 ~3.121572220-02 65+7545746560-01 2042597973002
2.B0TEC23i0 00 ~€.5311214820 30 ~1.22¢3CS3S0 CC 1.6395114CD0 00 ~2.540265310-01 =6.414535655-01 24463621370 00 1.136830643-01
“Le39LTVELYZD 00 ~34434£4213EC~C1 0.0 Be165586C3ID 01 9.65416067D 01 1.9585696430 00 2.1£63331750~01 5.596E€7730) 0d °
=4.2382875:0 090 14046189700 02 1.045771360 02 1.0CSE1E360 01 —1.71439580D 02 24402063510 00 6.490%44561110-01 6.46327509) 02

i L
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CASE 2 : ' ITERATCR SUWMARY :

INDEPENDENY PARAMETERS

LoPRIKIC 2.2872270D 00) 2.PRIMZ2( 1.63€43300~03) JWPRIM3I(-8.56204210~01) 4+PDOT1(-3.8523844D-01) Sy POOT2( 1.,6834537> 00)

6, FOCTI( 2.99£24680-01) 7eLMASS{ 1.0CC0CC00 CO) 8, LTAUL 0.0 ) 9, ( 0.0 ) 10, CECLN( 0.0 )

V14 ACCEL( 4.487444¢E0~04) 12,V JETS .1E437020 C4) 2eVINFLI( 1454655300 03) 14, VINF2( 0.0 } 1S, TIMEI(~5.1€C04668D 02)

16, TIME2( 144953120 02) 17, IPARK ( Q.0 ) 18¢VELCIC 040 ] 19,.vELO2( 0.0 )} 20.VELDZ{ 0,0 )

21« THETI( 0.0 ) 22,THETZ( C.0 ) 23,ThETI3( 0.0 } 24 ,THET4 ( 0.0 ) 2SS, THETYS( 0.0 ]
26+ THETOLL 0 <0 ) 27.,THET7( C.0 ) 2E+THETB( 0.0 ) 29.THET9( 0.0 ) 30,LDEGR( 0.0 ) :
31, PHil( 0.0 ) 32, PHIZ2( 0.0 ) 33, PHI3( 0.0 ? 34, PHIGL 0.0 } 35, PHIS( 0.0 )

36, PhIG( 0.0 ) 37, PHIZ7{ C.0 } 38, PHIBL 0.0 Y} 39, PHI9I( 0.0 )} 40,PHILC( 0.0 )
SLyFRL1~A{ 0.0 ) 42,PR2-A( C.0O ) &4JI.PR3I-A( 0.0 } 44 4PD1~A( 0.0 ) A5.PD2-A( 0.0 ).
46+ FD3—A{ 0.0 }  47,VINFA( G.0 ) 48,TIMEAC C.O ) 49,KSAMP( 0.0 } S50,KORSP( 0.0 )
S1,FRAI-6( 0.0 ? £2,PR2-B( C.0 ) £3,PR3I~B( 0.0 } 54.PD1-B{ 0.0 }y S5,pP02-8( 0.0 ) .
50,F03-8{ 0.0 p] S7,VINFEB( C.0 ) S58.TIMEB( 0.0 ) S9KSAMP( 0.0 )  60,KDROP¢ 0.0 )
614+FR1-C{ 0.0 ?  62,PR2-C( C.0 ) &3,PR3-C( 0.0 )} 64,PO1~C{ 040 . )} 65,pPD2-C( 0.0 )
68+,FO3-C( 0.0 ) O67,VINFC( 0.0 ) 6BLTIMEC( Q.0 )} 69+KSAMP( 0.0 } 70, KDRJI2( 0,0 }

OEPENDENT PARAMETERS

1eZELTA X( 7.387910-06) 2)DELTA Y(=1.145000-06) JWOELTA Z(-2.89027D-06) 4+ DELY X0(-1.175320-05) Se DELT YD( 2.942800~05)

6,CELT ZD( S.52408D0-06) 7yNETHASS( ¢«&30570 €2) e, ( 0.0 ) 9. ¢ 0.0 ) 10, { 0.0 )
11, { 0.0 )12, { C.C ) 13, ( 0«0 + 14, ( 0.0 ) 15, { 0.0 ) 0
16 TINE ( 6.55000D 02) 17, ¢ 0.0 ) 18, { 0.0 ) a9, ( 0.0 ) zo, ( 0.0 ) »
21, { 0.0 )y 22, « 0.0 3} 23, ¢ 0.0 ) 24, ( 0.0 ) 25, « 0.0 ) [}
26, ( 0.0 .y 27, ( 0.0 ) 28. { 0.0 y 29, { 0.0 ) 30. t 0.0 )
21, < 0.0 ) 32, t 0.C ) 33, ( 0.0 ) 34, ¢ 0.0 ) 35, t 0.0 )
36, ¢ 0.0 ) 37, t 0.¢C ) 38, ( 0.0 ) 39, ¢ 0.0 ) 40, t 0.0 )
a1, ( 0.0 ) <2, ¢ 0.0 ) 43, { 0.0 1 44, ¢ 0.0 ) 4S5, { 0.0 )
4, ¢ 0.0 )y 47, ( 0.0 ) T4E, { 0e0 ) a9, ( 0.0 ) 5C. t 0.0 "
S1. ¢ 0,0 ) <z, « 0.c ) 53, ( 0.0 ) sa, ( 0.0 ) S5, t 0.0 )
56, t 0.0 ) S7,. ( 0.0 ) S3. 0.0 ) 59, { 0.0 ) oo, t 0.0 )
cl, { 0.0 ) €2, { 0.0 ) 63 t 0.0 ) 6% ¢ 0.0 ) 65, t 0.0 )
1 { 0.0 y 67, ( 0.0 ) 68 { 0.0 ) 69, ¢ 0.0 )" 70, ( 0.0 )
THRUSY SWITCHING TIMES (DAYS) Ce0 CN . 117.327 CFF 1254499 ON 655.000 ON
ELECTRIC PROPULSICN PARAMETERS ) .
PO4ER EFFICIENCY PROP TIME J PROP TIME RAT IO AVE ACCEL
13.5335341464 0.5651430S211 G4€.82715C€9332 6.8571337144 0.9875229144 : 0.0005460255
) MASS CCMFCNENT BREAKDOWN
INITIAL PROPU.SION PROPELLANY TANKAGE : STRUCTURE PAY.3AD

1233.9199895918 328.338€03¢6cC8 A0C+SQEET432R6 12.0152662297 0.0 . 483 ,0572453787

HUNT =0 <0/
SWITCH=CCUNT HISTCRY ALL 4

198 THRUST CCMPUTE m...mnw. 1 COAST COMPUTE STEPS



CASE 2

EXTREMUM PQINTS OF SELECTED FUNCTIONS

1 YIME  ECLIPTIC SOL AR CCMMUNECAT ION Sel TCH THRUST ANGLES INPUT ARRAY
LONGITUBE DISTANCE ANGLE DISTANCE FUNCTION est THET A PHl P OWER ANGLE
° 0.0 0.0 1.017 £.8 0.0 GN  1.510 00 -19.5 84.2 84 5 13.3 ON 0.0
. 7 684.733 81,1 1170 MAX 1€¢.5 017 2.100-01 8.1 61.7 . 62.0 10.9 0.0
8 92.045 87.0 1.198 16€,2 0.20 1.330-01 13.8 60.7 MIN 61.6 10.6 0.0
4 103.178 95.6 1.244 15€.6 0.26 4.80D-02 .22.5 MIN 60.1 62.6 10.0 0.0
4 117.327 0f.s 1.308 18E.T 0.35 OFF C.0 34.2 61.3 66.6 9.3 0.0
5 121,359 108.% 1.327 14%.9% 0«38 MIN =-2,310-03 L 12 1] MR LI EL ) 0.0 900
-] 1254499 1112 1347 142.C Q0sa1t ON =4.44D-16 40.7 63a.1 69 .9 B9 0.0
S 1764076 139.2 1.596 111.2 Ce95 2.55D~01 MAX 58.0 9147 90.9 6.8 0.0
S 300.083 §84.1 2.108 46.6 2.67 1.240 00 34.2 MAX 1l14.4 110.0 4.2 0.0
4 379.233 2085.5 2.318 S.8 3.31 2.€10 00 19.3 113.1 MAX 111.8 3.6 0.0
4 396.009 209.7 2,352 MIN  E.3 2.36 2.19D 00 16.7 112.7 1117 3.s 0.0
4 410.754 213.4 2.280 Sel MAX 3437 24360 00 18.6 11243 111.6 3.4 0.0
¢ 634.733 267.7 2.583 1€3.3 MIN 161 54310 00 -3.6 105.0 10543 2.9 0.0
S 635.399 267.8 2.583 MAX 1€2,3 1+61 5.320 00 ~3.6 105.3 10543 2.9 0.0
4 655.000 272.6 Z.592 125.7 1.67 ON 5.59D 00 4.3 104.6 106.6 2.9 ON 0.0
MISSION SCHEDULE %
\ e
——abiDE 284 1935  2.397L7SCEL 00 GaMela
2442591 ,725C_00. JUl IAN_ LA IE DEPART EARTH
x v z 0ar Yoor zooT RADIUS LAT, LONG.
PLAMNET 1.0480093C~01 =-1.01118870 CO Qa0 . Se 784£6880-01 994768931 70-02 00 1.01660500 00 0.0 ~-844083
$/C 1.04800930-01 —1.0111887D 00 0.0 102711540 00 9.95137090-02 ~1.82036690-02 1+01660500 00 0.0 ~84.083
—AERKM A3a 1277 _5.3STRT5310_ 00 GeMala
244324647250 00 Jul IAN_CAIE ARRIVE AT  INPUT TARGET )
x v z x0T Yoot zooT RADIUS LAT,. LDNG.
FLANET  =2.5236216C 00 =3.75£76620~C1 4.24414670-01 6.26480010-02 ~6,36640380-01 =3.12212460-02 259219310 00 10096 - 171440
S/C  =2.52361430 00 =3.75877760-01 4.544117ED-01 6.26362480-02 -6.36610950-01 —3.12157220-02 2.59218560 00 10,096 ~171.440
TuC=-€00Y TRANSFER ANGLE BETWEEN EARTH AND  INPUT TARGET

15 272.6023 DEGREES.
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C. . DEEP SPACE PROBE

»

The objective of this mission is to transfer a specified net spacecraft
mass from the Earth to a heliocentric distance of 10 AU in minimum time.

The case demonstrates the use of the two-dimensional, open—anglé transfer

r

end conditions. A constant power profile consistent with nuclear electric pro-
pulsion is assumed and the Titan III B (Core)/Centaur faunch vehicle is employed.
The velocity at the final distance is left unconstrained, and the travel angle,
‘reference thrust acceleration, jet exhaust spéed, and launch excess speed are
optimized. Convergence is obtained after two iterations. The program inputs
required for the case are listed below and are followed by the output resulting

from using the default values of NPRINT and MPRINT.

GHINPUT X1(2)=1.b0,X2(2)=1.DC,X4(2)=1.D0,%5(2)=1,D9,%X11(2)=1,D0,X7=1.D0
X12(2)=1.09,413(2)=1,00,X16(2)=1.D00,¥1=1.01,2.,90,Y2(2)=2.D0,Yh(2)=2.D0
Y5(2)=2.00,Y7=4.02,3.000,Y11(2)=1.D2,Y12(2)=1.D0,¥13(2)=1,D0, LALNCH=0 -
iMB0UST=10,UPT3=11,(10DE=3, X1=-4,43100~1,X%X2=2,35D0,Xk=~2, 535507
X5=4,4319D~1,X11=3,25260-4,X12=4,3353990L,X13=1.5239703,X16=1,1D3 %END
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D. . JUPITER FLYBY WITH BALLISTIC SWINGBY CONTINUATION

The objective of this mission is to place maximum payload on a flyby tra-
jectory past Jupiter and to calculate for that optimum flyby trajectory the four

appropriate sets of Jupiter flyby conditions which would result in ballistic con-

tinuation trajectories to Saturn, to Uranus, to Neptune and to Pluto. In addi-

tion to the ballistic-swingby-continuation feature, this case demonstrates the use
of the launch-vehicle-independent option, which is invoked by setting POWFIX to

a positive number, the value of which is the reference power, pre P of the space- .
craft, in kilowatts. The specific case presented here is a 550 day Earth-to-
Jupiter transfer with a launch excess speed of 4 km/sec and with a reference
power of 15 kilowatts, In addition, two constraints are imposed on the solution:
(1) the thrust cone-angle ¢ is constrained to be constant over the thrust period

and (2) the propulsion time is constrained to be 200 days. The parameters

GATIRIPUT X1(2)=1.D0,X2(2)=1.D ,,A)(”) =1.00,X6(2)=1.D¢,X5(2)=1,nn
X6(2)=1.01,%X7=1,09, ul(2)=1.)l:,n 1{2)=1, H;,,u.:(A)=1.DO,J'(15.’-(2)=1.:')!’!
K21(2)=1.09,% 1(’) 1.06,Y2(2)=1.04,Y3(2)=1.01, Yls(2)=2 De,v5(2)=2.09
Yu(2)=2.03,Y3=2 1)”(.0),’11(‘2)—;.. 9,Y15(2)=1.05,Y16=5,522,3,01

Y21(2)=1.00,10PT225 11007325, 10p T4=6,7,3,3,7T2= o 79,2.33,3.93,15_03

NS FiG==-1, HiPRIIT=3, Y EAR=13 80, 110HTH=11, MDY =b, PO4F 1 X=15,00, X1(3)=1.01
X2(3)=1.01, X3(3)=1.01, %6 (3)=1.01,X5(3)=1.01, x6(3)=1.01, ¥1=-£. 756501
X2=G.5775318501, X521, 2596535 70=1, Xl =~G . 7223620901, X6=-2, 1104676101
X6=4,53555076D0, X11=6,573457670-L,X12=2, 34199504, X13=4,D3
X15=-4%.1198677500, X16=5.5533013202,%X21=0. 7455723301 &END

optimized for this case include the reference thrust acceleration, the thrust cone-
angle, and the launch date. The velocity at Jupiter arrival is left open. This
particular case required 6 iterations to converge. The inputs for the case are
listed above and the program output resulting from setting NPRINT =3 and
MPRINT =0 is displayed on the following pages. The pertinent ballistic swingby-
continuation trajectory data are displayed on the pages following the PERFORMANCE

SUMMARY page.
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CAsSE 1 (COCNVERGED) PERFORMANCE .SUMMARY

) "EARTH 70 JUPITER FLYBY

LAUNCH VEKRICLE INDEPENDENT MODE

AD = MAY 6y 1982, 14,8632 HOURS GMT FLIGHT TIME = 550.0000 DAYS,

LD = NGV 2, 1983, 14.8632 HOURS GMT
JULIAN DATE  44546.1193 JULTIAN DATE 4509641193 )
ELECTRIC PROPULSICN SYSTEM PARAMETERS
EFFICIENCY COEFFICIENTS
ALPHA A (KG/KW) ALPHA T (KG/KW) TANKAGE FACTOR STRUCTURE FACTOR N D (KM/SEZ) -3
15.0000 15.0002 5.0300 0.0 0.76000 1300000 0.0
ELECTRIC PROPULSION SYSTEM MASS SUMMARY (KG)
INITIAL POWER PLANT PROPELLANT TANKAGE STRUCTURE NET MASS
922.0672 450,0600 237.1115 741133 0.0 227.8424
ELECTRIC PROPULSION SYSTEM PERFORMANCE SUMMARY o
. 4
PlL AV) (KW) PIHSKP) (Kw) PUTARG) (KW} THREL AU) (N) ACCll AU) (M/SEC¥%2) 1SP (SEC) EFFIC CHAR DEG (DAYS) N
15.0000 0.0 0. 7867 0.648384 7.0318510-04 3007.000 0.63585 1.00000000 30
EXTREME TRAJECTORY ANO PERFORMANCE CONDITIONS .
MAX DIST (AU) MIMN DIST (AW MAX POWER (KW} MAX THRUST (N) . BURN TIME (DAYS) OEGRD TIME (DAYS) TRAV ANG (DEG)
S o4 348711 0e 9885940 15.219181 0465785816 200,00000 109.97300 17575527
OEPARTURE #ND ARRIVAL CONDITIONS
en . .
DEP DECL (DEG) PARK INC (DEG) DEP VINF (M/SEC) €3 (KMripASEdes2) ARR VINF (M/SEC) Co (KM®2/SECH®2)
13.5100 2845000 4000.00000 16.00p90 13772.59044 189.684247
t ]
FIXED THRUST ANGLE =  71.0026 i <G
o

OF POOR ¢
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E. ENCKE RENDEZVOUS WITH DOUBLE ASTEROID FLYBY

This example exhibits the multiple target missiop capability of HILTOP. The
specific example.consists of an 830 day rendezvous mission to Encke, arriv- |
ing 30 days prior to perihelion passage in the 1987 apparition, and encountering the
asteroids Metis and Amherstia at approximately 255 and 551 days, respectively,
into the mission. The launch vehicle is the Titan III E/Centaur while the solar
electric propulsion system is characterized by a reference power of 10 kilov&atts,

a specific impulse of 2900 seconds and an efficiency factor of 0.61. Because this
particular mission results in a nominally high launch asymptote declination, the non-
coplanar launch maneuver logic is implemented by setting LAUNCH =1. The asymp-
tote declination is optimized subject to the constraint that the parking orbit inclination
be no greater than 32.5 degrees. The constrained declination case was obtained in
a sequence of fixed declination trajectories, commencing with the unconstrained case.
In this sequence, it was observed that the initial primer vector was attempting to
sweep through the North Pole. To permit this to happen, it is necessary to define

the right ascension of the asymptote to be 180 degrees from the initial primer.

This is achieved by setting PSIGN equal to -1. Many helpful suggestions for the

use of HILTOP in studying multiple target missions are given in Reference [12].

The inputs to the sample case shown represent converged values for a
reference power of about 9 kilowatts. From these starting conditions a converged
solution for 10 kilbwatts was achieved after 5 -iterations. The complete input
data set is reproduced below and is followed by the program printout associated

with NPRINT.= 3 and MPRINT = 0.
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’ Y
CASE 1 A ‘EXTREMUM POINTS OF SELECTED FUNCTIONS

1 TIME  ECLIPTIC . SOLAR © CCMNUNICATION SWITCH THRUST ANGLES INPUT ARRAY
LONGITUDE DISTANCE ANGLE  DISTANCE - FUNCTION ) THETA PHI PCWER ANGLE
o 9.9 8.0 0.993 6430 0.0 . ON 8.09D 00 -6640 93.9 91.6 19,0 ON 9.6
! 4 11,268 13,9 MIN 0.943 73.1 %.05 7.660 09 ~65.6 7741 6447 10,0 14.9
4 254730 ' 31.7 ¥ 1.070 ) 8é€.4 0.12 6.640 00 =647 53e2 752 13.0 | 0.0
7 Ti1.277  7R.1 1.2319 131.58 0.31 3.200 09 -30.0 -34.1 MIN 99,2 A 7.4 0.0
4 74.155  gn.3 . 1,209 136.7 %.32 MIN 3.180 00 -25.2 ¢ =38.0 aa.5 7.2 0.0
S 123.708 99.3 16495 MAX 15Se7 2.51 . 4.85D 00 15.2 ~64.4 65.4 5.6 0.0
4 254,904 143.0 2.529 56.2 2,92 ON 1.870 01 592 ~108.9 99.5 2.3 . 0.9 .
9 E54.90a 143.a 2.579 . 86.2 2492 ON 1.87C 01 59.2- -108.9 99,5 2.3 0.0
4 341.489 15¢€.0 2.836 MIN 1.8 3.82 1.26D 01 5341 -108.4 100.9 ‘1.8 0.0
5 3L6.670 157.9 2.e73 191 MAX  3.86 1.14D 0} 50.9 -108.3 101.5 1.8 0.0
S 480.800 167.8 2.926 2641 3.79 9.69D 00 46,3 MAX -108.3 102.5 1.7 0.0
S 462.355 166.7 MAX 3,003 8s.2 2.91 5.190 00 14.2 -108.9 108.3 MIN 1.7 0.0
S 4ay1.981 172.8 2.9v2 111.6 2.46 MIN 4.74D 00 ~4.8 ~109.5 109.5 1.7 0.0
S 496.272 173.3 2.989 115.8 2.60 4.750 09 -T.7 ~1¢9.7 MAX 109.5 1.7 0.0
4 £50.064 178.8 2.917 MAX 173.9 1.91 6.300 00 =39.7 | ~112.6 107.2 1.8 : 0.9
4 £50,697 17849 " 24979 173.8 1.91  ON  6.330 20 -40,0 -112.6 197.2 1.8 0.0 -l
<
3 551,697 178.9 2,909 173.8 1.9  ON 64330 00 -40.0 ~112.6 197.2 1.8 0.0 N
7 555.843 179.4 2.897 179.2 MIN  1.90 6.170 00 ~39.8 -112,.7 197.3 1.8 0.0
7 797.499 198.8 2,273 25.7 MAX 3.01 1.090 00 -20.4 -127.4 126.7 2.9 0.0
4 760.354 20%.7 1739 MIN 5.9 2.73 1.830-03 6.1 ~137.0 14645 4.3 0.0
5 769,665 2€9.7 1.736 Se9 2.73 OFF =5.330-15 6.3 -1a7.2 146.6 4.4 . 0.0
S 767.826¢ 211.7 1.659 6e & 2.65 MIN =2.100-02 Wk R Nk R 0.0 9049
7 T76.771 213.8 1.562 Bs S 2.7 ON 0.0 . 18.2 -156.0 15149 Sel 0.0
5 Tb7.975 21843 1.423 12.2 2.39 1.630-01 22.6 -166e3 MAX 153.7 6.0 0.0
8 B14.530 232.1 1.049 MAX 1€s2 1.98 14040 00 30.0 16840 18749 9.4 0.0
4 £15.377 232.7 1.035 16.2 1.97 1.080 00 MAX 30.0 16741 147.6 9.6 0.0 |
4 B17.585 234.3 * 1.009 1641 1.93 1.190 00 30.0 16447 146.7 10.0 0.0
4 8304000 246.7 04788 14.0 173  ON 1.99D 00 27,7 150.8 14046 10,0 ON 5146
. ~ , A : . c A .« T
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F. EXTRA ECLIPTIC MISSION

The objective of this mission is to place maximum payload in a circular
orbit of 1,001 AU radius inclined 45 degrees to the ecliptic. The mission is
2% years (912.5 days) in duration and departs from Earth parking orbit on
April 21, 1979. The solution given in this example is contained in the class of
six-burn soluﬁons which, for the mission duration assumed, tends to restrain
the trajectory from deviating far from the norhinéi 1 AU solar distance. The
specific case chosen uses the Titan III E/Centaur launch vehicle. Tﬁe reference
power (the power delivered to the power conditioners at 1 AU) is 20. 35 kw
and the specific impulse of the thrusters is 3000 seconds. The launch excess
speed is optimized. The extra-ecliptic end conditions are invoked by setting
IOUT =1 and defining the desired values for AR, AE and AAI, the radius,

eccentricity and inclination, respectively,

This case exhibits the use of several optional features of the program.

A total of 0,65 kw of power developed by the solar arrays is reserved for
housekeeping (non-propulsive) uses. This option is triggered with the input
DPOW which is the ratio of housekeeping power to reference power, The power
delivered to the power conditioners at distaﬁces below ’1 AU is not permitted
to exceed that delivered at 1 AU. This constraint is invoked by setting MODE
equal to 5' and GAMMAX (the maximum permissible value of the power factor
¥) equalto 1. The effects of launch asymptote declination are included in the
Jaunch vehicle performance model by setting LAUNCH equal to 1, The equatorial
inclination of the launch parking ofﬁit is limited to a maximum of 36 degrees
through the input parameter XANG2. Since the geocentric declination of the launch
asymptote for extra ecliptic missions is usually much greater than this inclination
limit, the solution will include a non-—coplan#r injection maneuver from the launch

~ parking orbit, The declination of the launch asymptote is optimized. Finally, the

option of inputting the coefficients of the‘power profile is illustrated. The inputs

for this case are listed on the next page.
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It should be noted that the choice of final orbit radius of 1,001 AU rather
than 1.0 AU was made to alleviate numerical difficulties arising as a result of
the corner in the power curve at 1 AU. Neighboring trajectories terminating
on opposite sides of the corner point tend to possess different partial derivatives
(i.e., they will behave differently when subjected to the same perturbation). Con-
sequently, if the final desired distance were exactly the point of the discontinuity,

one might expect convergence retardation when the end conditions are nearly

satisfied;

GMINPUT X1(2)=1.D0,X2(2)=1,00,X3(2)=1.D00,X4(2)=1,00,X5(2)=1.D0
X6(2)=1.D00,X7=1.D0,X10(2)=1,D0,X11(2)=1,D0,X12=2,.941995D%
X13(2)=1, DO X15=3. 1037001, 16= 9 4353702
Y1(2)=1.po, Y2(2) 1.p0,Y3(2)=1.D0,Y4(2)=1,D0,Y5(2)=1,D0,Y6(2)=1, DO
Y10(2)=1,D0,Y11=20, 3500 3.h0, Yl’(2) 1.p0.
LAUNCH=1,HBOOST=1S,MTMASS=3,HODE=5
MOPT2=3,MOPT3=0,MYEAR=1979,MONTH=3 ,MDAY=21
Bl=.63D0,D1=0,D0,CTANK=,035D0, GAMMAX=1,D0,DPOW=3,194103194103D~2
10UT=1, AAI=45,D0,AR=1,001D0,XANG1=28.5DN, XANG2=36,D0
ASOL=1.4382D0,0.00,-.223500,0,D0,-.2147D0 :
X1=~1.849269016836N-02, X2=-3,444545869687D~01, X3=-5,292894680826D 00
Xh= 7,283860051662D-01, X5= 6.4899582772630-01, X6=-3.277641805973D~-01
§10‘-3 8091507295560 01,X11= 2,790574061256D-04,X13= 5,328606534645D 03
END
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G.- COMEY RENLEZVOUS MISSION

The objective of this mission is to deliver maximum payload to the comet
Tempel II, rendezvousing at perihelion of the comet's path in the 1988 apparition.
For the case shown, the arrival date is fixed at September 16, 1988; the launch
date and launch excess speed are optimized to yield maximum payload for the
nominally 4-year class of solutions. The launch vehicle assumed is the Titan
ITI E/Centaur. The electric propulsion system parameters are representative -
of projections of the SERT III spacecraft, Specifically, the reference power is
8,671 kw, the specific impulse is 2900 seconds, the efficiency is 0.63376
and the specific propulsion system mass (arrays plus power conditioning and

thruster subsystem) is 30.285 kg/kw.

This example illustrates the use of the solar array degradation option.
This option is invoked by setting the characteristic degradatfon time TPOWER
to a'value less than 1010, In this case, it is set to 7121* days which means
that if the arrays were situated at 1 AU and oriented normal to the sun line for
this amount of time, the power developed by the array would degrade to 1/e of
its initial power output., The input MPOW = 1 forces the arrays to be oriented
nbrmal to the sun line throughout the mission. Setting the triggers X30(2) and
Y30(2) to 1 results in the optimal adjustment of the trajectory to accomodate
the degradation. The complete set of inputs for this case follows and the resultant

program output begins on the next page.

aMINPUT X1(2)=1.D0,X2(2)=1,D0,X3(2)=1.D0,X4(2)=1.D0,X5(2)=1,D0
X6(2)=1.00,X11(2)=1.D0,X13(2)=1.D00,X15(2)=1,D0,X7=1,D0
Y1(2)=1.00,Y2(2)=1.D0,Y3(2)=1,D0,Y4(2)=1.D0,Y5(2)=1,D0,Y6(2)=1.D0
Y13(2)=1.D00,Y15(2)=1.D0,ALPI{AT=15,285D0,MB00ST=15,MTMASS=3
MOPT2=3,MOPT3=43 MYEAR=1988,MONTH=9,MDAY=16,HOUR=17,22D0
- X12=2,843928504 ,B1=,6337600,0n1=0.D0, CTANK=,1D0,Y11=8.671D0,3.00,1.D0-3
TPOWER=7121.D0,MPOW=1,X30(2)=1.D0,Y30(2)=1,Dn0
X1= 5,072998588224D 00, X2= 3,350183672126D 00, X3=-2.159808142389D 00
X4=-2,069314933312D 00, X5= 4,565247741305D 00, X6= 3.317322088503D-01
X11= 1.647979654151D-04,X13= 6,718039798493D 03,X15=-1,517625284470D 03
X30=-4,.657406222646D-03 &END :

*Corresponds to 5% degradation per year.
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H.  MULTIPLE BALLISTIC SWINGBY MISSION

This computer run demonstrates how the program may be effectively used

in the investigation of all-ballistic missions (with electric propulsion absent).

In general, trajectories are forced to be all-ballistic by setting the pro-
pulsion-time adjoint variable X8 toa "large' negative number (X8 = - 1,D3)
with respect to the mass ratio adjoint variable X7 = 1.D0. These settings (to-
gether with the reference thrust acceleration X11 =1.D-4, jet exhaust speed
X12 = 1,D0, and non-zero primer vector components X2 = ,1D0 at the launch
planet and X42 = .1D0 at the first intermediate-target) guarantee that the
electric propulsion thrust switch-function will be maintained negative, yielding
ballistic flight at all times. The electric propulsion specific masses ALPHAA
and ALPHAT are also set to zero, so that the ﬁet spacecraft mass equals the

launch vehicle payload.

The particular ballistic mission simulation demonstrated here involves
a March 6, 1985 launch of a 1,635 kg payload by an Atlas/Centaur launch
vehicle (using the launch vehicle selection default-value of MBOOST = 0; actually,
chaﬁging MBOOST alters the payload mass computation but not the C 3 or the

trajectory).

The primary target is the Ea.rth, specified by MOPT3 = 3, and there is
one intermediate targef, the cﬁmet Giacobini-Zinner, specified by MOPTX = 41,
The launch occurs fifteen days before (X15 = -~ 15, D0) the reference date
(MYEAR =1985, MONTH = 3, MDAY = 21), and the spacecraft passes Giacobini~
Zinner 174.22 days (X48) after the reference date and arrives back at Earth
353 days (X16) after the reference date.

Ten days after passing Giacobini-Zinner a deep—épace burn (of 188.9
m/sec) makes possible the re-targeting to Earth, This is accomplished by

inputting TDV = 1,00010D5 together with X64(2), X65(2), and X66(2) = 1.DO.
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The deep space burn velocity-increment (X64, X65, X66) initial guess is the

zero vector, by default. The deep-space burn could just have well occurred

before arriving at Giacobini~Zinner (e.g., TDV = 2,000005D5). The iteration
sequence consists of a 6x6 hunt, with the independent variables being the initial
heliocentric velocity at Earth (X18, X19, X20) and the deep-space burn velocity
increment (X64, X65, X66), and the dependent variables being the position target-
ing at Giacobini-Zinner (Y41, Y42, Y43) and at Earth (Y1, Y2, Y3). The setting
MAXHAM =0 is made to avoid unwarranted BAD HAMILTONIAN warning messages

due to the presence of the deep-space burn.

The detailed printout of the iteration sequence is omitted by setting
NPRINT = 3 (compared to the default value NPRINT = 7), and three extra lines
are added to each print-block by setting MPRINT = 2,

Finally, the multiple ballistic swingby option is invoked by means of
MOPT4 = ~ 3, 42, which directs the spacecraft to swingby the primary target
(Earth) in such a manner as to re-target to Earth (MOPT4(1) = - 3), and then,
at the second Earth passage, to again swingby in such a manner as to tafget to
the comet Borrelly (MOPT4(2) = 42). Furthermore, the first Earth swingby is
specified as unpowered (MSWING(1) = - 1) having T2 (1) = 480 .days as the initial
guess of the Earth-to-Earth transfer time, and the second Earth swingby is
specified to be powered (MSWING(2) = - 5) with a specified transfer time from
Earth to Borrelly (T2(2) = 127 days) and using the input Earth-departure helio-
centric velocity initial-guess XSWING(I, 2) =.62D0, .91D0, 0.DO0. Both swing-
by iterations converged, and the powered-swingby incremental speed turned out
tobe -13.7 m/sec, the minus sign denoting a braking burn, The default value
of TGO = ~1,D0 resulted in the printout of several pages describing the tra-

jectory segments following the time of primary target passage.

It should be noted that the tréjectory simulation would have terminated
at the primary target (first Earth encounter) if MOPT4(1) were zero, and would

have terminated at the second Earth encounter had MOPT4 (2) been zero. The
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mission, as simulated, thus consists initially of a cowmet-flyy, followed by a
second comét-flyby making use of a double Earth-swingby to reach the second

comet,

The inputs for this computer run are listed below, and the resulting pro-

gram output is displayed on the following pages.

AMINPUT X7=1.D0,X2=.1D0,X42=,1D0,X8=-1,D3,ALPHAA=0,D0,ALPHAT=0,D0
X64(2)=1.p0,X65(2)=1,D00,X66(2)=1.D0,X18(2)=1,D0,X19(2)=1.D0,X20(2)=1.D0
Yi(2)=1,00,Y2(2)=1.D0,Y3(2)=1.D0,Y41(2)=1,00,Y42(2)=1,D00,Y43(2)=1,D0
MYEAR=1685,MONTH=3 ,MDAY=21,10PT2=3,40PT3=3,M0PTX=41,X11=1,D-4,X12=1.D0
TDV=1,00010D5,X15=-15.n0,X16=353,D0,Xt8=174,22D0
X18=-8,3276D-2,X19=-1,0034D0,X20=-2,0143D~3
T2=480,00,127,D0,XSWING(1,2)=.62D0,.91D0,0,D0
MOPTL==3,42,MSWING=~1,~5,MPRINT=2,4AXHAM =0, NPRIHT=3 &END
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