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FORENORD

STEAP 11 {s a series of three computer programs developed by the
Martin-Marietta Corporation for the mathematical analysis of the navigation
and guidance of lunar and {nterplanetary trajectories. STEAP is an acronym
for Space Trajectory Error Analysis Programs. The first series of programs !
under this name was developed under coatract NAS 1-8745 for Langley Research
Center and wvas documented {n two volumes (STEAP User's Manual, STEAP Analytical ;
Manual) as MASA Coantract Report 66818. Under contract RAS 5-11793 the STEAP :
gseries vas extensively modified and expanded for Goddard Space Flight Center. :
This second generation series of programs is referred to as STEAP II.

BTEAP 1I {s composed of three {ndependent yet related programs: NOMNAL,
EREAN, and SIMUL. All three programs require the integration of u-body
trajectories for both interplanetary and lunar missions. The virtual mass
technique i{s the scheme used for this purpose in all three programs.

—

The firat program name4 KOMNAL {s responsible for the generation of
o-body nominal trajectories (either lunar or interplanetary) performing a
aumber of deterministic guidance events. These events include {initial or
injection targeting, midcourse retargeting, and orbit f{nsertion. A variety
of target parameters are available for the targeting eventa. The actual '
targeting is done iteratively either by a modified Nevton-Raphson algorithm i
ovr by a steepest descent-conjugate gradient scheme, Plinar an. nonplanar
strategies are available for the orbit insertion computation. All maneuvers

may be executed either by a simple impulsive model or by a pulsing sequence
wmodel.

L M i -

» [

ERRAN, the second program of STEAP II, is used to conduct linear error
analysis studies along specific targeted trajectories. The targeted trajectory
may however be altered during flight by retargeting events (computed either
by linear or nonlinear guidance) and by an orbit insertion event. Knowledge
and control covariances are propagated along the trajectory through a series
of measurements and guidance events in a totally integrated fashion. The
knowledge covariance {s processed thrgugh measurements using an optimal
Kalman-Schmidt filter with arbitrary solve-for/consider augmentation.
Execution errors at guidance events may be modeled either by an impulsive
approximation or by a pulsing sequence model. The resulting knowledge and
control covariances may be analysed by the program at varicus events to
determine statfstical data including probabilistic midcgurse correction sizing
and effectiveness, probability of impact, and bissed aimpoint requirements.

The third and final program i{n the STEAP II series {s the simulation
program SIMUL. SIMUL is responsible for the testing of the mathematical
wodels used {n the navigation and guidance process., An ™actual” dynamic
wmodel i{s used to propagate an "actual” trejectory. Noisy measurements from
this "actual™ trajectory are then sent to the estimation algorithm. KHere
the actual measurement, the statistics associated with tha'. measurement,
and an "assumed™ dynsmical model are blended together to generate the filter
estimate of the trajectory state. This process i{s repeated continually
through the mesasurement schedule. At guidance events corrections are computed

118
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bascd on the estimate of the current state.
corrupted by exccution errors and added to the "actual” trajectory. The
statistics and augmentation of the filter, the mismatches {n the "actuai®

and “agsuned”™ dynamics, and the execution errors and measurement biases

These corrections are then

~
f’

may then be varied to determine the effects of these parameters oa the

navigation and guidance process.

The documentation for STEAP 1I consists of three volumes: the Analytic,
Prograsmer's and User's Manuals. Each of these documents is self-contained.

The Analytic Manual consists of two major divisionms.

The first section

provides a unified treatment of the mathematical analysis of the STEAP 11
programs. The general problea description, formulation, and solution ate
given in a tutorial manner. The second section of this report supplies the
detailed analysis of those subroutines of STEAP II dealing with techunical

tasks.

The Programmer's Manual provides the reader with the information he
Both the overall structure of the
programs aa well as the computational flow and analysis of the individual

nteds to effectively modify the programs.

subroutines is described in this manual.

The User's Manual contains the information necessary to operate the

in detail. Example cases are also given and discussed.

“programs. The input and output quantities of the programs are described
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1, INTRODUCTION

This Programmer's Mamual is intended to supply the reader with
sufficient {nformation about the STEAP Il programs to enable him to
efficiently modify them. Both the overall structurs of the programs
and the computational flow of thas individual subroutines are described
in this manual,

This section describes the contents of the Programner's Manual,
Following this discussion the nomenclature used thLroughou. the report
is presented,

The third section of this manual describes the four basic com-
ponents of STEAP II: the n-body trajectory propagation package, the
nouinal trajectory genmerator NOMNAL, the error ammlysis program ERRAN,
and the similation program SIMUL, The general purpose and capability
of each of the programs is briefly summarized,

Chapter 4 of this volume examines the STEAP 1I programs from a
more detafiled viewpoint., The operational structur=s of each of the
wain components {s described at the subroutine level., The individual
subroutines are defined and cross-referenced according to the three
main programs of STEAP II,

Chapter 5 contains the definitions of the variables appearing
in common blocks throughout the programs, The vagiables are first
listed according to the common blocks to which they belong. The pro-
grams requiring each of these common blocks &re also noted., Following
this all the common variables are listed in alphabetical order with
their common blocks referenced, Tables detailing the definitions of
large, frequently referenced coumon arrays are also provided,

Chapter 6 comprises the bulk of this volume, Each of the sub-
routines is documented in detail in alphabetical order, The purpose
of the subroutine 1is supplied, Subroutines supported or required
by the subroutine are listed., Arguments and interval variables of
the subroutine are defined and usage of common variables is noted,
The mathematical analysis upon which the subroutine is based {s then
discussed {in full, Finally a flow chart of the computational flow of
ths subroutine is provided,

_— -
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2. NOMERCLATURE

A. Arabic symbols .

7 Symbol Definition
a Semi-ma jor axis of conic
‘ BT Impact plane parameter
B:R Impact plane parameter
; Cxx Correlation between position/velocity state and solve-for )
§ s parameters
i Cru Correlation between position/velocity state and dynamic
consider parameters
va Correlation between position/velocity state and measure-
ment consider parameters
Cx u Correlation between solve-for parameters and dynamic
8 consider parameters
Cx v Correlation between solve-for parameters and measurement

consider parameters

i e Eccentricity of conic :
% E Eccentric anomaly |
|
g f True anomaly on conic
i
é G Observation matrix relating observables todynamic consider B
g parameter state
H
% ? H Observation matrix relating observables to position/velocity
3 state
4 e
\ 1 Inclination of conic (reference body equatorial) v
J Measurement residual covariance matrix
K Kalman gain constant for position/velocity state
L . Observation matrix relating observables to measurement
consider parameter state
Mean longitude
N Observation matrix relating observables to solve-for
. parameter atate
j Mean anomaly
»
A
2

v T T . SR 2
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Dimension of solve-for parameter state

Dimension of dynamic consider parameter state .
Dimens{on of measurement consider parameter state

Semi{latus rectum of conic
Probability density function

Position/veloc ity covariance matrix
Un{t vector to periapeis of conic
Solve~-for parameter covariance matrix
Dynamic noige covariance matrix
Execution errpor matrix

Unit vector in plane of wotion normal to P
Rad{ius

Radius of closest approach

Radius of sphére of influence
Measurement noise covariance matrix
Actual noise covariance matrix

Unit vector normal to T 1in plane perpendicular to appr --*
asymptote directed south ( R = S x T )

Target planet capture radius
Kalman gain constant for solve-for parameters
Velocity correction covariance matrix
Approach or departure asymptote
Time of closest approach to target body
Time of intersection with sphere of influence of target body
Time interval
~
Unit ve tog\lying in ecliptic plane normal to § .
é;‘_ 5§ x K
A
If?x KI

Dynamic consider parameter covariance matrix

\
where K {8 unit normal to ecliptic plane.)
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v Velocity
vo Measursment consider parameter covariance matrix '
Hj Target parameter covariagnce matrix
/H\ Unit normal to orbital plane
X Actual position/velocity state

U ’ X Targeted nominal position/velocity state

X Most recent nominal position/velocity state

B. Greek Symbols
a Auxiliary jarameters
r

Guidance matrix

3
r alight path angle
] Declination of vector
. Av Velocity increment
) t € Measurement residual
5. Exrrors in target param:zters
é» L ] Vari{ation matrix relating position/velocity variations to
i J target conditions
A
f On State trgnsition matrix partition associated with solve-for
f ‘ ] parameters
. 8 State transition matrix partition asscciated with dynamic
xu consider parameters
0 Longitude or right ascension
A Projection of target condition covariance matrix W, into the
J impact plane 3
H Gravitational constant of body
i - \ ) .
H Biased aimpoint
@ ° s
v Sampled measurement noise
True anomaly .
) f
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Subscripts
c

CA

K

8

S1
Superscripts

A
T

-1

Magnitude of gaussian approximation for midcourse ~~rrection

Correlation coefficient
Standard deviation
Launch azimuth

Target parameters

Targeting matrix

State transition matrix for position/velocity state

latitude

Sensitivity matrix

Matrix relating yuidance corrections to target condition

« viations
Longitude of ascending node
Argument of periapsis

Longitude of periapsis

Control variable (PC)

Closest approach (rCA)

Final variable (tf)

Initial variable (ti)

Index of current guidance event (P
Index of current measurement (Pk)

Knowledge variable (PK)

Solve-for parameter (xa)

Sphere of influence (tSI)

Augmented variable (¢A)
matrix transpose (1)

Matrix inverse (0-1)

3
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Variable immediately before instant (P; or v )

+ +
Variable immediately after instant (Ph ox Vv )

K. Abbreviations

AU

CA
ERBAN
FTA
GHA
J.D.
km

M/C

POL
Q-L
s§/C
SF/C
SIMUL
S01
ST

STEAP

2VBP

VP

Astronomical unit

Closest approach to reference body

Brror analysis program

Pixed time of arrival guidance policy
Greenwich hour angle

Julian date (referenced either 0”" or 1900yt)
Kilometers

Midcourse correction

Nomi{nal txrajectory generation program
Probability of impact

Quasilinear filter event

Spacecraft

Solve-for/consider

Simulation program

Sphere of influence

State transition matrix

Space Irajectories Error Analysis Programs
Virtual Mass

Two variable B-plane guidance policy

Three variable B-plane guidance policy

Iy
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3. SUMMARY OF MODES

The Space Trajectory Error Analysis Programs (STEAP) consist of
four subprograms cor operational modes, The first mode, used as a
subroutine by eack vt the other three programs, is the trajectory mode
VMP by which an n-bod; .rajectory (lunar or interplanetary) is propa-
gated by the virtual msiss technique, The second mode is the nominal
trajectory generator or targeter (NOMNAL) by whf'ch a lunar or inter-
planetary trajectory meeting spccified conditlons is determined, The
third mode {3 the error analysis program ERRAN {n which the navigatf{on
and guidance characteristics of & nominal trajectory are analyzed by
linearly propagating knowledge and control covariances along the
trajectory, Finally the simulation mode SIMUL tests the mathematical
models used in the navigation and guidance processes by modeling the
tracking and correction of an "actual” trajectory, In this chapter
a general description of each of these modes will be provided.

3.1 The Virtual Mass Propagator VMP

The dynamic model used by STRAP s supplie. by the trajectory
propagation package, The only external forces a.%ing upon the space-
craft are assumed to be the gravitational forces of the celestial
bodfes considered in the integration, Both the spacecraft and the
gravitational bodies are assumed to be point masses so neither space-
craft attitude nor planet asphericities are considered,

The celestial bod{es to be i{n the integration are specified by
the user and may include the sun, any of the nine planets, and the
earth's mooa, The motfon of the planets about the sun and the moon
about the earth are modeled by using mean ecliptic elements of date,
If the user desires, each of the planets can be set {n a fixed ellipse
referenced to some epoch for speedier computation,

The coordinate system used {n the integration i{s also specf{fied
by the user, The options available are either heliocentric ecliptic
or barycentric ecliptic (nom{nally for lunar trajectories),

The actual scheme used {n the propagation of the trajectory ia
the virtual mags or yaricentric technique (see reference 15). Nc
actual {ntegration is performed by the trajectory mode; che key idea
of the virtual mass technique is to bui{ld up an n-body trajectory by
using a8 sequence of conic s2ctions around & moving effective force
center called the virtual mass, At esch instantaneous moment along
the trajectory, the combined effects of all the gravitational bodics
can be viewed as resulting from a fictitious body of unique magritude
and position which is called the virtual mass, The computational pro-
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cedure then assumes tha: over & small time {nterval the motion of the
epacscraft csr ba represanted by a tvo-body conic section arc ralative
to this virtual mass, The complete trajectory is thus generated by

a series of small arcs pieced together fun steps vhile updating the
position and magnitude cf the effective force center. The main ad-
wantage of the virtusl mass technique is that the tedious numerical
integration of the differential equation: {s avoided.

Apother significant feature of the wvirtunal smass technique is its
flexibility, By varying a simple narameter called the "accuracy level’
related to the true snomaly increment of each step, trajectories rang-
ing from & sequence of relatively few conic section arcs correasponding
to a very approximste solution to those requiring a large mumher of
arcs corresponding to highly accurate solution: may be genmerated, -

3.2 The Nominal Tra jectory Targeter BOMNAL

BOMAL {s responsible for the generation of a nominal trajectory
for efther lunar or interplanetary missfions. The method of propaga-
tion in efther case is the virtual mass n-body integrator. The tra-
jectory may be processed through a series of deterwdunistic maneuvers
{aclmiing fnitial or injectiom targeting, subseguent rerargeting, and
fioally orbit fnsertion, A wariety of target parameters are availatle
for the targeting events. Roth coplanar and nonplanar strategies are
permitted in the orbit imsertion maneuver,
b A

If an {nitia]l state for the problem {5 known, this may be read
ia to start the trajectory. Othervise KOMNAL generates {ts own zero
iterate, In interplanctary missfions this fnvolves solving the Laxbert
time of flight equation for the massless planet trrajectory that connects
the desired initfal and final positions in the apecified time interval,
Four options are available in describing these reference points:

_ ‘"Infeial Point Final Point
Launch Planet Target Planet
Launch Planet Specified Point
Specified Point Target Plavet
Spacified Point Specified Pofnt

If tho fnit{al point {s referenced to the launch plamet, a launch profile
i{s consulted to gensrate a realistic set of injection condition consis-
tent with the heliocentric trajectory,

Yor lunar trajectories a slightly different procedure {s used,
The required data for the lunmar zero {terate includes specf{fication of
the dagired semima jor axis vwith respect to the moon, radius apd time of

»



clossst approach to the woor, and ipclination to the lunar equator,

I ’ . Then the gemaration of the xaro iterats is scconplished by first target-
ing & patched conic trajectory and then a multi-conic trajectory to the
desired conditions,

A targeting event msy be processed immediately after obtaining
& zar0 {terate states or a4t any point along the nominal trajectory,
At a targeting event the current velocity is refined to yield a tra-

Jectory satisfying targsat parameter constraints, The pocsible target
psrameters are;

1, TIRP 5. BT 9. SMA Qunar)
: 2, T81 6. B-R 10, Xr
" 3. TC8 7. ERCA 1. YR
i 4, TCA 8. IKC 12, zp

The targeting method to be used is specified by the user. Efther a
modified Bevton-Raphson algorithm or a steepest descent/conjugate grad-
{ant technique may be used,

. Orbit insertion events are also available {n NOMRAL, At a speci-
fied time the spacecraft state relative to the target body is cowputed,
The resulting conic trajectory relative to the target body is then
compared with the desired orbit to determine the optimal time to make
the insertion and the required correction., At the proper time the
velocity correction is then implemented. Two strategies are permitted
i{n the orbit insertioan computation:

Coplamar - The desired semimajor axis, eccentricity, and
periapsis shift 2f & coplanar orbit are apecified.

Houplanar - The desired plane of the post-insettlon stat~ ds
specified along with nominal values of the oxbit
elexments, 4

§
|
{
k
A

Ths targeted correction, orbit famsertion correction, or an exter-
oally supplied correction may be executed if desired, Two models are
svailable for this implementation; a sizple izpulsive addition or a
wore complex multiple pulse model,

The program will integrate and record the perlodically-corrected
g-Lul trajectory until reaching & termdnation time specified by the
user,

ot EVIPRRENRPERSS S5 THe sads Ak - + b Sl b ot
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- 3,3 The Error Anmalysis Program ERRAN ’

. . The error analysis program ERRAN is a preflight mission analysis
- tool used primarily to propagate cowariance mairices along selected
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The guidance event is the wmost complex event and yields much
usaful {nformation for preflight mission analysis, Several types of
guidance events are available {n ERRAN, At a midcouraec guildance
svent the user can choose from three midcourae guidance polictes,

The midcourse guidance event can also be constrained to satisfy
planetary quarantine requirements, At an orbital insertion guidance
event the user can choose from two insertion policies, Options are
also available for changing target conditions {n mid-flight and re-
targeting the trajectory using nonlinear techniques, or for simply
applying an externally-supplied or precomputed AV at some arbitrary
trajectory time, Two thrust models are available: {impulse and L>pulse
series, Executfion error statistics are generated using an error =adel
defiped by a proportionality error, & resolution error, and two pcint-
ing angle errors. At a midcourse guldance event i{in ERRAN we also
compute a statistical AV and the target condit{on covariance matrix
both before and after the midcourse correction,

3,4 The Si{mylation Program SIMUL

The simalation program SIMIL i{s the most complex program in the
STEAP set of programs, In SIMUL the validity of the navigation and
guldance process i{s examined by simulating an actual mission. Space-
craft state estimates are generated {n SIMUL, as well as covarfance
matrices., The results given by the error analysis program ERRAN be-
come meaningful only when SIMUL shows that the estimated spacecraft
trajectory counverges, within reasonable bounds specified by t.he co-
vwariance matrix, to the simulated actual trajectory,

All state transition matrix, parameter augmentation, and measure-
ment options described {n section 3.3 are also available in SIMUL,
As {n ERRAN, the computational procedure in SIMUL {8 divided into basic
eycle computat{ions and cvent computations. The SIMJL basic cycle {s -
concerned with the generation of state estimates and an actual tra-
Jectory, together with all quantities generated in the ERRAN basic
cycle, Efgenvector and prediction events in SIMUL involve all com-
putations performed {n the corresponding ERRAN events, In additiom,
the SIMIL prediction event propagates state estimates forward to the
time to vhich we are predicting,

All options available {n the ERRAN guidance event (see section
3.3) are also available in the SIMIL guidance event. The treatment
of the midcourse gufdance event, however, is different in several
Tespects, First, since an estimated spacecraft state is generated
f{n SIMU/L, an actval midcourse AV can be computed, rather than a
statistical JV as in ERRAN, Also, all linear midcourse AV's computed
in SIMUL can be recomputed using nonlinear techniques, Finally, since

"an sctual trajectory is generated im SIMUL, actual target errors after

the midcourse correctfon are also computed,

v . M-
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interplanstary or lunmar trajectories, Three main quantitative resu.ts
are avalladles from ERRAN: {l) knovledge covariances, which provide

" & measure of how well the actual trajectory {s known after each measure-
ment {s processed; (b) control covariances, wvhich vhen propagated
forward to the target provide a measure of how vell the nouinal target
conditions will be satisfied by the sctual trajectory; and (c) statisti-
cal midcourse &V's,

State transition mmtrices are required %o propagate covariance
matrices over an arbitrary interval of time, Three methods are avail-
able for computing the 6§ x 6 position/velocity state transition matrix,
The first two methods, vhich are analytical methods, are analytical
patched conic and analytical virtual mass., The third method uses
nunerical differencing to compute the state transition matrix. To
fncrease the accuracy of the analytical techniques over long time
intexvals a state transition matrix cascading option {s also available.
Augmented parameter state transition matrices are always computed
usiog mumerical di{fferencing.

bl LIV, - 3 %
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Measurements are processed {n an optimal recursive cousider filter,
Up to 23 dynamic and measurement parameters may be solwed-for or con-
sidered, The dynamic parametevs {include bilases in .e gravitational
constants of the Sun and the target planet and biases {n the 6 orbital
) elements of the target planet, Measurement biases include biases i(n
. the locations of the 3 earth-based tracking stations, and bilases {2
' all wmeasurements, Awaflable measurement types are range, range-tate,
star-planet angles, and apparent planet diameter measurements, Meisure-
ment noise for each measurement type is assumed to be constant.
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The computational procedure {n ERRAKN is divided into basic cycle
somputations and evant computations, Basic cycle computations are
voncerned vith the propagation of covariancrs forward to & measurcment
. time and processing the measurement, Events refer to a set of specialized
4 - coxgutation, not directly concerned with measurement processing, shich
: can be scheduled to occur at arbitrary times along the trajectory.

—
T3 BT U N TIAS KT A

L Tha threc events available {n ERRAN are eigenvector events, pre-
diction events, and guidance events, At an eigenvector event the posi-
tion and velocity partitions of the knowledge covariance matrix are

: diagonalized to reveal geometrlc {nfo-mation about the size and orienta-
. : tion of the position and velocity navigation uncertainties, Associated
N - hypersllipsoids ars also computed, At & prediction event the most

Tecent covariance matrix {s propagated forvard to asome critical tra-
Jectory time to determioe predicted navigation uncertainties {n the
.- absence of further measuresents,
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A quasi-linear filtering event, not defined {n ERRAN, {s also
available {n SIMIL, At a quasi-linear fi{ltering event the most
recent nominal trajectory is updated by using the most recent state
estimate, This permits more accurate computation of state transition
and cbservation matrices vhich in turn helps prevent the occurrence
of divergence of the state estimate,
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4, DESCRIPTION OF SUBROUTINES
4,1 Ipdex of Subroutines

The subroutines making up the STEAP programa are listed according
to categoery in Tabls 4,1 following, The programa are divided into three
gereral classes: the subroutines making up the virtual mass propaga-
tion package used by the three basic programs, the sdditional subroutinss
required by ROMRAL and then the additional subroutines used in ERRAN
and SIMIL, In Table 4,2 the subroutines are listed again by category
with a brief summary of their purpose, Thus Table 4,2 can be used to
track down the subroutine im vhich a specific task i{s performed, The
individual :rubroutines are then documented in ‘etail in alphabetical
order in Chapter 6,

4,2 VMP Subroutine Hierarchy

The executive program for the virtual mass n-body trajectory
propagator is named VMP, The reader should inwestigate the detafiled
analysis and flow chart of VMP in the {nd{vidual subroutine documenta-
tion in Chapter 6, The summaries of the subroutines of VMP are given
in the first part of Table 4,2, The subroutines are conveniently
divided into four general classes:

Conic Subroutines based on conic approximations

Ephemsris Subroutines used to compute the positions and
velocities of the gravitatiocial bodi:s at
different times along the trajectory

Propagation Subroutines used in the direct computation of
the trajectory of the spacecraft moving under !
the {nfinence of all the gravitational bodies

Input/Qutput Subroutines processing efther the input or
output from the virtual mass trajectory propagation

The calling hierarchy of the virtual mass programs is given in Figure
4,1, All sudroutines within a given block are at an identical lavel
relative to the calling hisrarchy unless they ere enclosed by
parentheses, Subroutines within parenthesas ara called by the pre-
ceding subroutine, Otherwise calls to subroutihes are indicated by
arrows, ‘Thus all subroutines within blocks comnected directly to
VP are called directly from VMF, .
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4,3 NOMNRAL Subroutine Hierarchy

The first of the three independent programs of STEAP is the
rominal trajectory targeter NOMNAL, The main program controlling
the processing of the program goes under the same name, Reference
i{s made to the complete documentation of NOMNAL in Chapter 6, The
subroutine hi{erarchy of NOMNAL {8 provided {n Figure 4,2, BLOCK DATA
loads the planetary constants used by many of the subroutires; it is
therefore available to all subroutines of NOMNAL, PRELIM reads the
{nput data and calls ZERIT for the computation of a zero iterate if
pecessary, ZERIT {n turn calls HELIO or LUNA for the actual computa-
tion of the interplanetary or lunar zero iterate respectively,
NOMNAL calls TRJTRY for the propagation of the nominal trajectory
betwesn guidance maneuvers, TRJITRY of course calls the VMP package
described in Figure 4,1, NOMNAL calls GIDANS for the actual process-
ing of any guidance event, GIDANS calls VMP to initialize arrays
for the other events, If a targeting event requires a zero {terate
computation ZERIT i{s called, Subroutine TARGET controls the target-
.ng events; INSERS controls the insertion decision computations,
HOMNAL calls EXCUTE for the execution of either type ewvent,

4,4 ERRAN and SIMUL Hierarchy

The calling hierarchy of the subroutines used {n ERRAN and SIMUL
is shown in Figures 4,3 and 4,4, respectively, The similar structmure
of ERBAN and SIMUL {8 apparent from these two figures, All subroutines
can be classified under ore or more of the following categories:
input, ocutput, basic cycle (measurement processing), or events,

The calling hierarchy of the subroutines {s indicated by the
level of the subroutine in figuream 4,3 and 4,4, A given subroutine
calls all those subroutines which are directly connected to the
subroutine and are located on the next lower level, For the purposes
of clarity, the lowest level subroutine on a given branch is enclosed
in parentheses, BLOCK DATA i{s shown comnnected to the main hierarchy
with a dashed li{ne to indicate that the constants stored in BLOCK DATA
are available to all subroutines,

The complete documentation of all subroutines used in ERRAN
and SIMUL {s given in Chaptsar 5 of this document,
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’ Table 4.1 BTEAP II Subroutines

I. Virtual Mass Bubroutines

+ A, Conic B. Ephemeris C. Propagation D. Irput/Output
‘ . 1. CAREL -1, TIME 1. VP 1. TRAPAR
: 2. ELCAR 2. BLOCX DATA 2, ESIMT 2. INWTZ
; 3. IMPACT 3. ORB 3. VECTOR 3. PRINT
4. EPHEM &, VMASS 4. SPACE \
‘ 5. CENTER 5. NEWPGE
6. PECEQ
i 7. BUIMX

11. BOMNAL Subroutines

A, Executive B, Zero lterate C. Targeting D. Insertion

1. NOMNAL 1. ZERIT 7. LUNCON 1. TARGET 1. INSERS

2. PRELIM 2. HELIO 8. 'NTAR 2. TAROPT 2. COPINS

3. TRJTRY 3. LAUNCH 9. ..ULCON 3. TARMAX 3. NONINS
4, GIDANS 4. FLITE 10. MULTAR 4. DESENT E. Pulsing Arc

5. EXCUTE 5. BERIE 11. BATCON 5. MATIN 1. PREPUL

6. LUNA 12, MATIN 2. PULSEX

- 3. PERHEL
4. (BATCON)

11X. ERBAN and SIMUL Subroutines

‘ A. Exscutive C. Navigation D. Event E. Input/Output

;7 1. ERRAN 1. RAVM 1. SETEVK 1. DATA

i 2, SIMUL 2. SCHED 2. DETEVS 2. DATAL

b ‘ 3. TRARM 3. PRED 3. DATAS

b B. Dynamic Model 4, TRAKS 4. PRESIM 4. DATALS

g 1. NIM 5. TARPRL 5. QUASI 5. CONURT

fi 2, NDi8 6. SBTAPRL 6. GUIIM 6. TBANS
F 5 3. P8I 7. MENO 7. GUISIM 7. CORREL

b 4. KDDI 8. MENOS 8. GUID 8. STMFR

e 5. PLRD 9. BIAS 9. GUIS ' 9. SUBL

h 6. MU 10. RNUM 10, VARADA 10. TITLE

H 7. KM 11, DYNO 11. VARSIM 11. PRINT3

b 8. CoNCZ 12. PYNOS 12, PARTL 12. PRNTS3

3 9. CASCAD 13, GHA 13. BIAIM 13. PRINT4

5 14, JACOBI 14, POICOM 14. PRNTS4

i 15. BYELS 15. QCOMP

] 16. LIGRY 16, NONLIK

¥ 17, PULCOV

o 18. EXCUT

%\4 19. EXCUTS

53
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Table 4.2 STEAP Il Subroutine Summaries

Bubroutine

I. Virtual Mass Bubroutines

A, Conic
1. CAREL
2. ELCAR
3. IMPACT
B. Eghemeris
1. TIMR
2. BLOCK DATA
3. OB

4. EFHEM

3. VECTOR

&. VMASS

D. Iaput/Catput
1. TRAPAR
2. INPUTZ
3. PRINT
4. SPACE
S. NBIFGE

I1. BONRAL Subroutines

A. Executive
1. ROMNAL

2, PRELDM

3. TRITRY

4. GIDANRS

5. EXCUTRE
B. Zero Iterata

1.

ZERIY
HELIO
LAURCH
FLITE

. SERIE
LURA
LURCON
LUNTAR
MULCQR

Functioca

Convert Cartesian state to conic elements
Convert conic elements to Cartesian state
Compute impact plane parsxmeters

Convert J.D. to calendar date or vice versa
Set gravitational body ephemeris constants
Compute orbital elements of gravitational
body at given time
Compute inertial state of gravitational body
at given time
Convert state of bodies to barycentric cvordinates
Compute transformation matrix from ecliptic
to equatorial coordinates
Compute rotation matrix

Executive routine for virtual mass trajectory
propagation

Determine final position and magniti:de of VM
on current step

Compute the spacecraft final position om curreat
step

Determine VM data for current step

Compute and :..crd navigation parameter date
Convert input data into VMP compatible form
Print output of VM tra jectory

Space paper for output purposes

Record headings for each new page in VM printout

Control nominal trajectory generation (Main
program)

Perform preliminary work for K(MNAL

Propagate virtusl mass trajectory to next event

Control computation of trajectory correction

Control execution of trajectory correction

Control computation of zero {terate

Compute heliocentric phase of interplanetary
zero iterate

Cozpute launch phase of interplanetary zero
iterate

lanbert time of flight equation solver

Battin generalired function solver

Contr- 1 lunar zero {terate generation

Generate patched conic lunar trajectory

Control patched conic targeting

Generate lunar multi-conic trajectory

@)
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Table 4.2 SYEAP II Subroutiss Summsries (Cont'd)

Compute unaugmented partition of STM by patched
conic technique

Compute unaugmented partition of S™ by wvirtual
mass technique

Compute unaugmented partition of SITM by cascaded
Darby matrizants

10, MULTAR Control multi-conic targeting
11, BATCON Propagate conic trajectory
C. Targeting .
1. TARGE? Control m=body targeting
2. TAROPY Set up target parameter arrays
3. TARAX Compute Newton-Raphson targeting matrix
4. DESENT Comp-ate steepeat descent-conjugate gradient
corrections
5. MATIN Compute matrix inverse
D. Insertion
1. INSERS Control orbit insertion computations
2. COPINS Cozpute coplanar orbit imsertion
3. RONINS Compute nonplamar orbit insertion
E. Pulsieg Arc
1. PREPUL Perform prel minary work for multiple pulses
2. PULSEX Execute pulsing arc
3. PERHEL Propagate perturbed heliocentric coaic
4. (BATCON) Propagate couaic trajectory
IIX. ERRAN and SINUL Subroutines
A, Executive
1. ERBAN Control error analysis prcgram (Main program)
2. SIMUL Control simulation program (Main program)
B. Dynsnic Model
1. N Control generation of trajectory data for ERRAN
2, NDSS Control generation of trajectory data for SIMUL
3. PSIX Coutrol computation of state transition matrix
(sm)
4. N0 Compute unaugmented partitoln of STM by numerical
differencing
5. PLND Compute STM partition associated with ephemeris
biases
6. NUND Compute STM partition associated with gravitational
constants
PCIM
Cauc2
CASCAD

9.

C. Kavigation .
1. BAVM Propagate covariance matrices between measurements

and between events

2. SCHED Select next measurement tiz~ from measurement
) schedule

3. TBARKM Compute observation matrices

4. TRAKS Compute observation matrices and actual measure-
ments

5. TARPRL Compute target planet position partials

6. STAPRL Compute station location position and velocity
partials

7. MEERO Compute assuned measurement noise covariance
@atrix
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Table 4.2 STRAP II Bubroutine Summarie. (Cont'd)

8. MENOS Compute assumed and actual wmeasurement rojie
covariance matrices
9. BIAS Compute actual measurement bias .
10, MM Generate random numbers
11. DYNO Compute dynamic noise covariance macrix
12. DYEOQB Compute dynamic noise covariance matrix and
actusl dy .amic nolise
13. GHA Compute Greenwich hour angle
14, JACOB1 Compute eigenvalues and eigenvectors of a matrix
15. HYELS Compute hyperellipsoids
16. EIGHY Control computation of eigeovalues, eigzavectors,
and hyperellipsoids
D. Zvent
1, SETEVR Perform computations common to most events in
ERRAN
2. SETEVS Perform comprtations common to most events in
SIMUL
3. PREL Ferform prediction event in ERRAN
4. PRESIM Perform prediction event in SIMUL
5. QUASI Perform quasi-linear filtering event in SIT4UL
6. GUIDM Perform guidance event in ERBAN
7. GUISIM Perform guidance event ih SIMUL
8. GUID Compute guidance and variation matrices in ERRAN
9. GUIS Compute guidance and var{iation matrices in SIMUL
10. VARADA Compute 3VBP variation matrix in ERRAN
11. VARSIM Compute 3VBP variation matrix in SIMUL
12. PARTL Compute partials of B*T, B*R wrt state
13. BIAIM Perform bjiased afmpcint guidance
14. POICOM Compute probability of impact
15. QCaMP Compute execution error covariance matrix
16. NONLIN Control execution of nonlinear guidance events
17. AULCV Propagate covariance matrix across a series of
) pulses
18. EXCUT Control execution of pulsing arc in ERRAN
19. EXCTS Control execution of pulsing arc in SIMUL
E. Input/Output
1. DATA Perform preliminary computations and read data
in ERRAN
2. DATAl Continuation of DATA
3. DATAS Perform preliminary computations and read data
. in STMUL
4. DATAS] Continuation of DATAS
S. CONVRT Convert JPL {njection conditions to €artecian
components
6. TRANS Compute coordinate tranaformations
7. COaREL Compute and print corre.ation matrix partitions
and standard deviations
8. STMPR Print ST™ partitions
9. SUBI1 Compute position and veloc{ty magnitudes
10. TITLE Print titles
11, PRINT3 Print basic cycle data in ERRAN
12, PRINTS) Print ERRAN gummary
13. PRINT4 Frint basic cycle data in SIMUL
14, PRINTSS Print SIMUL summary
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S GCOMMON VARIABLE DEFINITIONS

]

THE BULK OF THE VARIABLES USED IN THE STEAP PROGRAMS ARE C~“MIN
VARIABLESes TMESE VARIABLES ARE DEFINED IN DETAIL IN TMIS CHAPTER.
THE FIRSY SECTYION LISTS THE COMMON BLOCKS IN ALPHABETICAL NRDER.

THE PROGRAMS (NOMNAL, ERRAN, SIMUL) USING EACH COMMON BLOUK Arc
HOTEQ. THE VARIABLES OF EACH COMMON BLOCK ARE DEFINED IN THE ORDER
THAT THEY APPEAR IN THE COMMON BLOCK.

THE SECOMD SECTION LISTS ALPHMABETICALt Y ALL VARIABLES APPEARING
ANYWHERE IN COMMON. THE COMMON BLOCK YO WHICH THE VARIABLE BELONGS
IS REFERENCEO. THE DEFINITION OF THE VARIABLE IS THEN GIVEN.

THE THIRD SECYION SUPPLIES THE DEFINITIONS OF SEVERAL LARGE

.FREQUENTLY REFERENCED ARRAYS, THE ELEMENY APPEARING IN EACH COMPON-

ENT OF EACH ARRAY IS NOTED.




5.4 COMMON YARIABLES BY BLOCKS

IN THIS SECTION COMMON BLOCKS APPEARING IN STEAP ARE LISTED IN
ALPHABETICAL ORDER., VARIABLES WITHIN THESE BLOCAS ARE LISTED AND
OEFINED IN YTHE ORDER THEY APPEAR IN THE PROGRAM.
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ATRANS (8) CLOSEST APPROACH STATE
| THPR(3) MOST RECENT TARGET STATE
‘ TNOMC (D) NOWINAL CLOSESYT APPROACH TARGEY STYATE,INCLe. TIME
TNONB(3) MOMINAL B-PLANE TARGET STATE
PHIZ (3,3) INVERSE OF VARIATION MATRIX PBRTITION
VINF MYPERBOLIC EXCESS VELOCITY
TINJ INJECTION TINME
| PROSI ALLONABLE PROBABILITY OF IMPACT
é ADA(3,6) VARIATION MATRIX
ég T3010) ARRAY OF GUIDANCE EVENT TIMES
{j IBAG NOT USED
gf tPa NOT USED
ﬁ IGUID(5,10) ARRAY OF GUIDANCE EVENT CODES
ﬁ 11 GUIDANCE EVENT COUNTER
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PMASS (11)

CN(80)

ST(50)

EMN(15)

SHJUR(18)

RADIUS(11)
RHASS (1)

ELMNT C80)

SPHERE(1%)

XP(6)

NO(11)

SO ap CHed o > @) ¢ NN W) G D B P M W @ W M @ @ 0 U Tk @ B WS 4P WGP T @ DA W 5 B @ B W W WD B NS

/8LK /7 MODES NOMNAL, ERRAN, SIMUL

TRAJECTORY TIME IN DAYS

GRAVITATIONAL CONSTANTS OF PLANETS IN
AU ®*3/DAY® 2

CONSTANYS USED TO CALCULATE THE ORBITAL
ELEMENTS OFf THE FIRSY FIVE PLANETS
(SEE LARGE ARRAY DEFINITIONS IN SECTION 5.3)

CONSTANTS USED YO CALCULATE THE ORBITAL
ELEMENTS OF THE LAST FOUR PLANETS
(SEE LARGE ARRAY DEFINITIONS IN SECTION 5.3)

THE CONSTANYS USED YO CALCULATE THE ORBITAL
ELEMENTS OF THE MOON
(SEE LARGE ARRAY DEFINITIONS IN SECTION 5.3)

CONSTANTS USED TO CALCULATE THE SEMI-MAJOR
AXES OF THE PLANETS

THE RADIUS OF A GIVEN PLANET IN A.U.

THE RELATIVE GRAVITATYIONAL CONSTANY OF A
STATED PLANEY WITH RESPECT TO THE SUN

CONTAINS THE ORBITAL ELEMENTS QOF THE PLANETS
(SEE LARGE ARRAY DEFINITIONS IN SECTYION 5.3)

THE SPHERES OF INFLUENCE OF THE PLANETS IN
AU

THE POSITION AND VELOCITY OF A PLANET IN
INERTIAL ECLIPTIC COORDINAYES

AN ARRAY OF PLANET CODES BEING USED TO
GENERATE THE VIRTUAL MASS TRAJECTORY
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/CNTRIC/7 MODES NOMNAL, ERRAN, SIMUL

D D B a® B 6 60 S O0HS B BHOE Wi @ O M @ S WD B0 o e e

dbad -

IBARY REFERENCE COORDINATE SYSTEM COOE
=0 MHELIOCENTRIC COORDINATES
=1 BARYCENTRIC COORDINATES

ICOORD MON~=FUNCTIONAL IN ERROR ANALYSIS MODE
INITIAL NON< FUNCTIONAL IN ERROR ANALYSIS MODE
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/COM / MODE' NOMMNAL, ERRAN, SIMUL

L P Y Y R ¥ Py L Y ¥y Py P e T L L L 2 ¥ X L ¥

; Vii6,7) AN ARRAY WHICH STORES PERTINENY VECTORS USED
IN THE CALCULATION OF YHE VIRTUAL MASS
TRAJECTORY (SEE LARGE ARRAY DEFNS IN SECT 5.3)

[—

.}iL Flahyb) CONTAINS THE POSITIONS AND VELOCITIES OF THE,
NSNS PLANETS AT A SPEGIFIED YTIME PLUS THE POSITIONS
gfﬁ AND VELOCITIES OF THE SPACECRAFT RELATIVE YO
= THE PLANETS (SEE LARGE ARRAY DEFNS IN SECT 5.3)
» - g
i ; PI THE VALUE OF THE MATHEMATICAL CONSTANY PI
p
1 RAD THE NUMBER OF DEGREES PER RADIAN
g
: ITRAY IN INTERNAL CODE USED TO DETERMINE HOW MANY
ITERATIONS HAVE BEEN ACCOMPLISMED IN TVHE
VIRTUAL MASS PROCEGURE
KOUNT A CODE WMICH SPECIFIES WHETHER PRINT=-GUT IS
TO OCCUR AFTER THIS TIME INCREMENT
INCHNT NUMBER OF INCREMENTS USED
: INCPR SPECIFIES AFTER HON MANY TIME INCREMENTS
! PRINT=QUT IS TO OCCUR
; )
; INC DETERNINE WHETHER THE ABOVE OPTION IS 10 BE
: USED
g
] IPR : A CODE WHICH DETERMINES If PRINT=-QUT IS TO
g; OCCUR AFTER A SPECIFIED NUMBER OF DAYS
£
)
5
e _28
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NBOOYI NUMBER OF BODIES CONSIDERED IN VIRTUAL MASS
TRAJECTORY

NB800Y BASED ON ABOVE VALUE--EQUAL TO &°®NBODYI-3

IPRT (&) SPECIFIES PRINT OPTIONS (IN STEAP TRAJECTORY

THIS OPTION IS OMITYED., WHEN PRINY=0UT OCCURS
ALL SECTIONS ARE AUYOMATICALLY PRINYED)

KL PROBLEM NUMBER (NOHMNAL ONLY)
IPG PAGE NUMBER (NOMNAL ONLY)
LINCY LINE COUNY (NOMNAL ONLY)
LINPGE LINES PER PAGE (NOMNAL ONLY)

D D A S @D DA ARG TH D R D P TP ® @y b P W D D . ED W T A D D ED W Gy s P = - AR e e A P T WD D WP Shys D WP AP P W W 4D WP =

/CONSY 7 MODES ERRAN, SIMUL

-y W G RN TP TP P D o S D D W e S D W WP D wh W EDED GP EPGR @ IO WD VB W W G T B D W W e --J -----

OMEGA ROTATION RATE OF EARTH

EPS OBLIQUITY OF EARTH

SAL(3) ALTITUDES OF STATIONS

SLAT (3) LATITUDES OF STATIONS

SLON(3) LONGITUDES OF STATIONS

DNCN(3) CONSTANTS FROM WHICH DYNAMIC NOISE IS COMPUTED
MNCN (12) MEASUREMENT NOTISE GCONSTANTS

NST NUMBER OF STATIONS TO BE USED (MAXIMUM 3)
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usT(3) DIRECTION COSINE ARRAYS OF THREE REFERENCE STARS

VST(3) DIRECTION COSINE ARRAYS OF THREE REFERENCE STARS

HST(3) DIRECTION COSINE ARRAYS OF THREE REFERENCE STARS

FoP OFF-DIAGONAL ANNIHILATION VALUE FOR POSITION
EIGENVALUES

Fov OFF-DIAGONAL ANNIHILATION VALUE FOR VELOCITY
EIGENVALUES
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/CONST3/ MODES ERRAN, SINMUL
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DELAXS TARGET PLANET SEMI-MAJOR AXIS FACTOR USED IN
NUMERICAL DIFFERENCING

DELECC TARGEY PLANET ECCENTRICITY FACTOR USED IN
NUMERICAL DIFFERENCING

DELICL TARGET PLANET INCLINATION FACTOR USED IN
NUMERICAL OIFFERENCING

DELNOD ' TARGEY PLANEY LONGITUDE OF YHE ASCENDING NODE
FACTOR USED IN NUMERICAL OIFFERENCING

OELM TARGET PLANET ARGUMENT OF PERIAPSIS FACTOR
USED IN NUMERICAL DIFFERENCING

DELNA TARGET PLANET MEAN ANOMALY FACTOR USED IN
NUMERICAL OIFFERENCING

DELNUS SUN GRAVITATIONAL CONSTANT FACTOR USED IN
NUMERICAL DIFFERENCING

OELNUP TARGET PLANEY GRAVITATIONAL CONSTANT
FACTOR USED IN NUMERICAL DIFFERENCING
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2ERD THE NUMBER ZERG (0) TO NINE SIGNIFICANT FIGURES
ONE THE NUMBER ONE (1) TO NINE SIGNIFICANT FIGURES
THO THE NUMBER THO  (2) TO NINE SIGNIFICANT FIGURES
THREE THE NUMBER THREE (3) TO NINE SIGNIFICANT FIGURES
FOUR THE NUMBER FOUR (&) TO NINE SIGNIFICANY FIGURES
FIVE THE NUMBER FIVE (5) VO NINE SIGNIFICANT FIGURES
EIGHT THE NUMBER EIGH! ) TO NINE SIGNIFICANT FIGURES
TEN THE NUMBER YEN (10) TO NINE SIGNIFICANT FIGURES
NINETY THE NUMBER NINETY (90) YO NINE SIGNIFICANY
. FIGURES
HALF THE NUMBER ONE-HALF (1/2) TO NINE SIGNIFICANT
FIGURES
|
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ZERD THE NUMBER 2ERO (0) TO NINE SIGNIFICANT FIGURES

ONE THE NUMBER ONE (1) TO NINE SIGNIFICANT FIGURES
THO THE NUMBER TWO  (2) TO NINE SIGNIFICANT FIGURES
HALF THE NUMBER ONE-HALF (1/2) YO NINE SIGNIFICANT
FIGURES

THREE THE NUMBER THREE (3) TO NINE SILNIFICANT FIGURES
ENL THE NUMBER 1.E-1 TO NINE SIGNIFICANT FIGURES
EN2 THE NUMBER 1.E-2 YO NINE SIGNIFICANT FIGURES
EN3 THE NUMBER 1.E-3 TO NINE SIGNIFICANT FIGURES
EMs THE NUMBER 1.E-4 YO NINE SIGNIFICANT FIGURES
EMS THE NUMBER 1.E-5 YO NINE SIGNIFICANT FIGURES
EN6 THE NUMBER 1.E-6 TO NINE SIGNIFICANT FIGURES
En? THE NUMBER 1.E-7 TO NINE SIGNIFICANT FIGURES

x

; ENS THE NUMBER 1.E-8 TO NINE SIGNIFICANT FIGURES

i

f EN9 THE NUMBER 1.E=9 TO NINE SIGNIFICANT FIGURES

{ EN50 THE NUMBER 1.E=50 VO NINE SIGNIFICANT FIGURES

‘ THOPT THE MATHEMATICAL CONSTANT 2.%PI

B

¥ ENL3 THE NUMBER 1.E-13 TO NINE SIGNIFICANT FIGURES
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TEV(50)
TPT2(20)
SIGRES
SIGPRO
SIGALP
SIGBEY
HPT?

P?

TAU?

AINC?

ANODE?

PERP?

ECC?

ove(3s)

NEV
IEVNT (50}
IHYPL

TIMES OF EVENTS

PREDICTION TIMES

VARIANCE OF RESOLUTION ERROR

VARIANCE OF PROPORTIONALITY ERROR
VARIANCE OF ERROR IN POINTING ANGLE 1
VARIANCE OF ERROR IN POINTING ANGLE 2

ORBIT INSERTION VARIABLES. NON-FUNCTIONAL IN
EXISTING PROGRAM '

ORBIT INSERTION VARIABLES. NON-FUNCTIONAL IN
EXISTING PROGRAM

ORBY °~ INSERTION VARIABLES. NON-FUNCTIONAL IN
EXISTING PROGRAM )

ORBIT INSERTION VARIABLES. NON-FUNCTIONAL IN
EXISTING PROGRAM

ORBIT INSERTION VARIABLES. NON-FUNETIONAL IN
EXISTING PROGRAM

ORBIT INSERTION VARIABLES. NON-FUNCTIONAL IN
EXISTING PROGRAM -

ORBIT INSERTION VARIABLES. NON=FUNCTIONAL IN
EXISTING PROGRAM

ORBIYT INSERTION VARIABLE. NON-FUNCTIONAL IN
EXISTING PROGRAM

NUMBER OF EVENTS
CODES OF EVENTS

HYPERELLIPSOID CODE USED TO DETERMINE IF
Ksi, K33, OR BOTH
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ICOT3(20)

NPE
NGE
IPOL

1IPOL

1C0Q3(20)

NEVY
NEVZ2
NEV3
NEVL
NQE

NEVS
NEVS

NAE

NAF6(20)

NEV?

COOE USED TO DECIDE IF BOTH POSITION AND
VELOCITY EIGENVECTORS ARE REQUESTED

CODES WHICH DETERMINE WHICH GUIDANCE POLICIES
ARE BEING USED

NUMBER OF PREDICTION EVENTS HAVING "“CCURRED
NUMBER OF GUIDANCE EVENTS HAVING OCCURRED

CODE WMICH OETERMINES IF FIXED-TIME~OF-
ARRIVAL GUIDANCE EVENY HAS OCCURED

CODE WHICH DETERMINES IF EITHTR TWO-VARIABLE
OR THREE=-VARIABLE B-PLANE GUIDANCE POLICY

MAS OCCURRED

ARRAY OF CODES WHICH DETERMINE WHICH
EXECUTION POLICIES AR:Z TO BE USED IN GUIDANCE
EVENTS

TOTAL NUMBER OF EIGENVECTOR EVENTS

TOTAL NUMBER OF rm~cDJCYYON EVENYS

TOTAL NUMBER Ur GLUL.JANCE EVENTS

TOTAL NUMBER OF =COMCON- EVENTS

QUASI-LINEAR FILTERING EVENTS HAVING OCCURRED
TOTAL NUMBER OF QUASI~LINEAR FILTERING EVENTS

VOTAL NUMBER OF ADAPTIVE FILTERING EVENTS, NON-
FUNCTIONAL IN EXISTING PROGRAM

ADAPTIVE FILTERING EVENTS HAVING JCCURRtDe NON-
FUNCTIONAL IN EXISTING PROGRAM

ARRAY OF AODAPTIVE FILTERING EVENT CODES. NON-

FUNCTIONAL IN EXISTING PROGRAM

ORBIT INSERTION VARIABLES. NON=FUNCTIONAL IN
EXISTING PROGRANM
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10P17 ORBIT INSERTION VARIABLE. MNON~FUNCTIONAL IN
EXISTING PROGRAN

NEVS ORBIT INSERTION VARIABLE. MNON~FUNCTIONAL IN
EXISTING PROGRAM

NEVO ORBIT INSERTION VARIABLES. NON-FUNC iONAL IN
EXISTING PROGRAN

NEV10 GROIT INSERTION VARIABLES. RON<FURCTIONAL IN
EXISTING PROGRAN

NEVLL ORBIT INSERTION VARIADLES. NON-FUNCTIONAL IN
EXISTING PROGRAM
JEXE 7/ MODE ERRAN, SIWUL

XXIN(6) STATE VECTOR TRANSFERRED YO EXCUT OR EXCUTS

01PX JULIAN DATE TRANSFERRED YO EXCUT OR EXCUTS

DELPX(3) VELOCITY CORRETION TQ BE MODELED AS AN IMPULSE
SERIES

QKX(6,6) EFFECTIVE EXECUTION COVARIANCE MATRIX

oUNAYQLS) ARRAY OF EXECUTLON ERROR VARIANCES

INPX INPUSLE SERIES CODE
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/GUY / NODES ERRAN, SINR

PG (6, 6)
CXXS6(6y24)

CXUG(6,8)
CXVG(6,15)

PSG(2&,24)
CXSUG(24,8)

CXSVG(24,15)
X6(6)

16

En(2,6)

POSITION/VELGCITY CONTROL COVARIANCE

CONTROL CORRELATION BETWEEN POSITION/VELOCITY
STAYE AND SOLVE-FOR PARAMETERS

CONTROL CORRELATION BEVWEEN POSITION/VELOCIVY
STATE AND OYNAWMIC CONSIDER PARAMETERS

CONTRGL CORRELATION BETWEEN POSITION/VELOCITY
STATE AND MEASUREMENY CONSIDER PARAMETERS

SOLVE~FOR PARAMETER CONTROL COVARIANCE

CONTROL CORRELATYION BEVTWEEN SOLVE-FOR
PARAMETERS AND OYNAMIC CONSIDER PARAMETERS

CONTROL CORRELATYION BETWEEN SOLVE-FOR .
PARAMETERS AND MEASUREMENY CONSIOER PARAMETERS )

POSITION/VELOCITY STATE AT MOST RECENT
GUIDANCE EVENT

TRAJECTORY VTIME AT WMOSY RECENT GUIDANCE EVENT

VARIATIOMN MATRIX RELATING POSIVION/VELOCITY
ODEVIATIONS YO B.T AND B.R DEVIATIONS

/INPTAR/ MODE NOMNAL, ERRAN, SIMUL

ANG

- - - e @ G- - - e

TARGET INCLINATION CONVERTED FROM INPUT FORMAT 7O
VALUE BETWEEN 0O AND 180 DEGREES AND SATISFYING
APPROACH ASYMPTYOTE CONSTRAINT
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OTAR(3)

PCON(I)
TTIOL (3)
BCONC(I)
RI(6)

RNQL6)

RSI(6)
RKE(6)

DECLIN

OTAR(3)
TCA
RCA
SmA
CAI
RPE
TSI
ENU

ZLUNHARTY/ MOBE NOMNAL

AP D S - B B DA P B @ O T D AR AR YD G AU b W W bk e Sh-em-an

TARGEY VALUES JF SMA, B8.Y, AND BeR IN LUNAR TAR-

GETING
PERTURBATIONS IN CONTROLS (ALPHAL0ELTA,THETA)

ALLOMWABLE TOLERANCES IN SMA, 8.7, B.R
MAXIMUM STEP SIZES OF CONTROLS
GEQGCENTRIC STYATE OF S/C AT LUNAR SOI

GEOCENYRIC SYAYE OF CENTER OF MOON AT TSI IN
EQUATORIAL UCOBOROINATES

SELENOCENTRIC STATE OF S/C AT LUNAR S0I

GEOCENTRIC STATE OF CENTER OF MOON IN ECLIPTIC
COORDINAYES ATV TSI ’

DECLINATION OF APPROACH ASYMPTOTE WITH RESPECT
YO LUNAR EQUATOR

OESIRED VALUES OF SMA, RCA, AND INC

JeOo OF TIME AT LUNAR CLOSESY APPROACH (DESIRED)

RADIUS OF CLOSEST APPROACH TO MOON (DESIRED)

SEMI-NMAJOR AXIS OF LUNAR HYPERBOLA (DESIRED)

DESIRED CLOSESY APPROACH EQUATORIAL INCLINATION

RADIUS OF EARTH PARKING ORBIY
PROJCCTED J.D. AT SOI INTERSECTION

GRAVZITATIONAL CONSTANY OF EARTH (KM3I/SEC2)
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TSPH RADIUS OF LUNAR SOT (KNM)
TRANSFORMAT ION MATRIX FROM EARTH-EQUATORIAL TO

EQLQ(S,3)
LUNAR EQUATORIAL COORDINATES
ITAG FLAG SPECIFYING STAGE OF TARGETING
s1 IN SMA TARGETING
=0 IN SMA, INC, RCA TARGETING
JMEAS 7 MODES ERRAN, SIMUL
: THN(1000) TIMES OF MEASUREMENTS
MCODE (1000) ARRAY OF MEASUREMENT CODES
NN TOTAL NUNBER OF ‘EASUREMENTS
NCNTR NUNBER OF MEASUR ENTS HAVING OCCURRED
/NISC 7 MODET ERRAN, SINUL
3 ACC ACCURACY FIGURE USED IN VIRTUAL MASS PROGRAM
i
; FACP POSITION FACTOR USED IN NUMERICAL OIFFERENCING
d
; FACY VELOCITY FACTOR USED IN NUMERICAL DIFFERENCING
P BIA(12) MEASUREMENT RIASES
i TONF DYNAMIC NOISE FLAG
7
2 ICOOR STATZ VECTOR CODE WMICH DETERMINES IN MHICH
5 COORODINATE SYSTEN THE VECTOR IS READ IN
3 :
. ITR MODE FLAG
INNF MEASUREMENT NOISE FLAG
‘] 1sP2 . SPHERE OF INFLUENCE FLAG
£
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EVNM(11) EVENY NANME
MNNANE(12,3? MEASUREMENT NAME
CHPNM (30D COMPONENT NAME
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/JOVER /7 MODEt SIMUL

- e o - o - - -

RF (6) FINAL TARGETED NOMINAL STATE VECYOR
RF1(6) FINAL MOST RECENT NOMINAL STATE VECTOR

D G EhED G) ERNE-AD P S an Wy-ab D e ah-ap @ G W - e e -

/70VER1 /7 MODE SINMUL

- Ca o L X o 2 X X o L X X 2 2 2 T T 2 2 ¥ 0 T T = L = L ¥ ¥ = 1

DD - D @ o B D W W e an

RI(6) INITIAL TARGETED NOMINAL STATE VECTOR
TEWN TIME OF CURRENT EVENT
, RI1(5) INITIAL MOST RECENT NOMINAL STATE VECTOR
§ ICO0E EVENT CODE
f? NAFC NON-FUNCTIONAL ADAPTIVE FILTER CODE
i NR NUNBER OF ROWS IN THE OBSERVATICN MATRIX
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/0VERL 7/ MODE ERRAN, SIMUL

-t - apan - - WO W SO P S o

P U5 > W W W W B WD D DODHRD

DTINE TIME INTERVAL BETWEEN ORBITAL INSERTION DECISION

AND EXECUTION

- S @ )b P B @ T DD

- WAk W W ap W G D AN WD e @ @ < b Gh-ab e

/0VERR /7 RODE ERRAN
RI(6) STATE VECTOR AY EVENT TIME
TEWN EVENT TINME
/0VERX /7 MODE ERRAN, SIMUL
Ix NONL INEAR GUIDANCE CODE
JX GUIDANCE EVENT COUNTER
XIN(G6) STATE VECTOR TRANSFERRED YO NONLIN
/O0VERZ /7 MODE ERRAN, SINU
RF (6) FINAL TARGETED STATE VECYOR
RF1(6) FINAL MOST RECENT NOMINAL STATE VECTOR
16P MIDCOURSE GUIDANCE POLICY CODE
6A(3,6) GUIDANCE MATRIX
. 40
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/PBLX / MOOE ERRAN, SIMUL
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AC2,3) FTA IMPACY PLANE TRANSFORMATION MATRIX

XMNUS(2) NOMINAL IMPACT PLANE TARGEYT STATE

EXEC(3,3) EXECUTION ERROR COVARTANCE MATRIX

CR CAPTURE RADIUS OF TARGEY PLANET

POI PROBABILITY OF INMPACT

XLAN(2,2) PROJECTION OF TARGET CONDITION COVARIANCE MATRIX
INTO THE IMPACTY PLANE

XLANMI (2,2) INVERSE OF XLAM(2,2)

DVRB(3) VELOCITY CORRECTION REQUIRED TO REMOVE AIMPOINT
BIAS

DVhP(3) UPDATE VELOCITY CORRECTION

PSTAR NOMINAL PROBABILITY DENSITY FUNCTION EVALUAYED AT
TARGEY PLANETY CENTER

DVN(3) ' COMMANDED VELOCITY CORRECTION TRANSFERRED TO
BIAIM

DELV(3,10) ARRAY OF EXTERNALLY-SUPPLIED VELOCITY CHANGES

IIGP MIDCOURSE GUIDCANCE POLICY CODE

SED AIMPOINT GUIDANCE EVENY FLAG

IBIAS BIA
= 0 AIMPOINY NOT BIASED
= 1 AIMPOINT BIASED

IDENS PROBABILITY DENSITY FUNCTION CODE. NON-FUNCTIONAL
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PLANET (11) NAMES OF PLANETS
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PULMAG THRUST MAGNITUDE OF PULSING ENGINE
PULMAS NOMINAL MASS GF SPACECRAFT DURING PULSING ARC
DUR . DURATION OF SINGLE PULSE
, 0TI TIME INTERVAL (DAYS) BETWEEN SUCCESSIVE PULSES
| DVI(3) VELOCITY INCREMENT ADDED ON TYYPICAL PULSE
DVF (3) VELOCITY INCREMENY ADDED ON FINAL PULSE
PULT TOTAL TIME INTERVAL OF PULSING ARC
RK(2,3) POSITION VECTORS OF LAUNCH AND YARGET PLANETS
AT IMPULSIVE TIME (MIDPOINT OF PULSING ARC)
VK(2,3) VELOCITY VECTORS OF LAUNCH AND TARGET PLANETYS
AT IMPULSIVE TIME (MIDPOINT OF PULSING ARC)
FS(2,5) F-SERIES COEFFICIENTS OF LAUNCH AND TARGEY BODIES
; 6S(2,4) G-SERIES COEFFICIENTS OF LAUNCH AND TARGET BODIES
% 6G(3) GRAVITATTONAL CONSTANTS OF SUN, LAUNCH, AND TAR-
GET BODIES
| NPUL NUMBER OF PULSES IN PULSING ARC
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XBOY
XBOR
X0SI
XRSI(3)
XVSI(3)
XRC(6)
X0C

DMUSB
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TTING
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/SAVVAL/

ORIGINAL
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ORIGINAL
ORIGINAL
ORIGINAL
ORIGINAL
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/SINCNT/
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BIAS IN

BIAS 1IN
PLANET

BIAS IN
BIAS IN
BIAS IN
BIAS IN
BIAS IN

BIAS IN

MODE

VALUE
VALUE
VALUE
VALUE
VALUE
VALUE

VALUE

MODE?®

ERRANy SINUL

OF
of
OF
OF
OF
OF

OF

XY X T Y Y Y X Y o ¥ o T ¥ X X ¥ 3 = L X X o T L X L X o X L o X L o o o 4 2 L X L L L L K L L L 1 % o o J

BeT IN NONLINEAR GUIDANCE
B«.R IN NONLINEAR GUIDANCE
TSI IN NONLINEAR GUIDANCE
RSI IN NONLINEAR GUIDANCE
VSI IN NONLINEAR GUIODANCE
RC IN NONLINEAR GUIDANCE

DC IN NONLINEAR GUIDANCE
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SIMUL

GRAVITATIONAL CONSTANT OF SUN

GRAVITATIONAL CONSTANT OF TARGET

SEMI-MAJOR AXIS QF TARGET PLANET

ECCENTRICITY OF TARGET PLANET

INCLINATION OF TARGEY PLANET

LONGITUDE

OF ASCENDING NOOE

ARGUMENT OF PERIAPSIS

MEAN ANOMALY

FIRST TIME USED FOR UNMODELLED ACCELERATION

SECOND TIME USED

FOR UNMODELLED

ACCELERATION




UNMAC(3,3)
SLB(
AVARM (12}
ARES (20)
APRO(20)
AALP(20)
ABET(20)

I ANMNF

UNMODELLED ACCELERATION

BIASES IN STATION LOCATION COﬂkTANTS
VARIANCE OF ACTUAL MEASUREMENT NOISE
ACTUAL RESOLUTION ERROR

BCTUAL PROPORTIONALITY ERROR

ACTUAL ERROR IN POINTING ANGLE &
ACTUAL ERROR IN POINTING ANGLE 2

ACTUAL MEASUREMENT NOISE FLAG

45




o

R
.
R A N

%
e IR T NN

- r o ey

prorrrgrgrareeEs TSR rY Y Y T T X Y Y T R Y L L R Y L L L L Al Dl el LR Rl Rl e

/SIML

/ MODES’ SIMUL

DD D D B ED I W D D B W G S G S S m S S S (At U S (B 4b T @ T I AP G ad B B B-B.@ e B

XI1¢6)
XF1(6)

ADEVX(S)
ADEVXS (2h)
EDEVX(6)
EDEVXS(28)
W (6)

I1(6)
iF(6)

ANOIS (&)
RES(4)
EY (W)

AY (&)
AR(4y4)

ADEVXB(H)
ADEVSB(26&)

AYMEY (&)

EDEVXM(S)

EDEVSM(24)

INITIAL STATE VECTOR OF MOST RECENT NOMINAL
TRAJECTORY

FINAL STATE VECTOR OF MOSY RECENT NOMINAL ,
TRAJECTORY

ACTUAL DEVIATION IN THE STATE VECTOR

ACTUAL OEVIATION IN SOLVE~FOR PARAMETERS
ESTIMATED DEVIATION IN THE STATE VECTOR
ESTIMATED DEVIATION IN SOLVE-FOR PARAMETERS
ACTUAL DYNAMIC NOISE

INITIAL ACTUAL STATE VECTOR .

FINAL ACTUAL STATE VECTYQOR AFTER ADDING EFFECT OF
UNMODELED ACCELERATION

ACTUAL WHITE NOISE
RESIOUAL

ESTIMATED MEASUREMENT
ACTUAL MEASUREMENT
ACTUAL MEASUREMENT NOISE

ACTUAL DEVIATION IN STATE VECTOR AT BEGINNING
OF TRAJECTORY

ACTUAL DEVIATION IN SOLVE-FOR PARAMETERS AT
BEGINNING OF TRAJECTORY

ACTUAL MEASUREMENT NINUS ESTIMATED MEASUREMENT

ESTIMATED DEVIATION IN THE STATE VECTOR
(FOR ADAPTIVE FILTERING)

ESTIMATED DEVIATION IN SOLVE=FOR PARAMETERS
(FOR ADAPTIVE FILTERING)
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/SIM2 / MODBES SIMUL

P EDGY EPED W R I D WG N NGO PR D OP A DC DO BN O TR ORNBRO R VRSB RNNARE VDR RRBER OGRS ED

NB1(41)
ACCL
NBOO1

ARRAY OF PLANEY CODES IN ACTUAL TRAJECTCLRY
ACCURACY USED IN ACTUAL TRAJECTORY
NUMBER OF BODIES IN ACTUAL TRAJEGTORY
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/STH / MODES ERRAN, SIMWL

> - P T r o ¥y = Ty b X o I ¥y ¥y ¥ X ¥ 2 F X R F ¥ X ¥ 2 X X X T L B F K X L & o D X 2 2 - 2 B L 4 B KX X L E £ 2 2 2 2 X o2 J

P(6,y5)
CXXS(6y24)

CXU(6,8)
CXV(b6,15)

PS(24424)
CXSU(24,8)

CXSV(24y15)

UQ(8,8)

POSIVTION/VELOCLITY COVARIANCE

CORRELATION BETWEEN POSITION/VELOCITY STATE
AND SOLVE~FOR PARAMETERS

CORRELATION BETWEEN POSITION/VELOCIVY STATE
AND DYNAMIC CONSIDER PARAMETERS

CORRELATION BETWEEN POSITION/VELOCIYY STATE
AND MEASUREMENY CONSIDER PARAMETERS

SOLVE-FOR PARANMETER COVARIANCE

CORRELATION BETWEEN SOLVE-FOR PARAMETERS
AND DYNAMIC CONSIDER PARAMETERS

CORRELATION BETMEEN SOLVE-FOR PARAMETERS
AND MEASUREMENT CONSIDER PARAMETERS -

NYNAMIC CONSIDER PARAMETER COVARIANCE MATRIX
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V0(15,15) MEASUREMENY CONSIDER PARAMETER COVARIAKCE
MATRIX

NATE IF THE EMTIRE COVARIANCE MATRIX WERE ASSEMBLED FROM THE
GIVEN PARYITIONS THE RESULTANT MATRIA #40ULD BE P(53,53)
WITH THE SYMMETRLIC STRUCTURE~

P(556) CXXS(6520), CXU{6,8) CXV(6,15)

L L L X o B 2 L 2 & 2 T T X L X L X T X R L 2 X ¥ X X R X - 2 L T X ¥ 2 XX X L2 XX & R X J

PS(24,2&) CXSU(24,8) CXSV(24,15)
P‘ss'ssj. L X L P o 2 X ¥ L T O T T 4 ¥ ¥ X 3 2 T 2 ¥ 2 2 T T TR X T X R T
U0(8,8) CUV(8,15}
vi(15,15)
PHI(646) POSITION/VELOCITY STATE TRANSITION MATRIX
TXXS(6y24) STATE TRANSITION MATRIX PARTITION ASSOCIATED WITH
‘ SOLVE~FOR PARAMETERS
TXU(6,93) STATE TRANSITION MATRIX PARTITION ASSOCIATED WITH
DYNAMIC CONSIDER PARAMETERS
Q(6,6) DYNAMIC NOISE COVARIANCE MATRIX
Ribyb) MEASUREMENY NOISE COVARIANCE MATRIX
AK(6y6) KALMAN GAIN CONSTANY FOR POSITION/VELOCITY
STATE
S(20y6) KALMAN GAIN CONSTANY FOR SULVE-FOR
PARAMETERS
H(by6) OBSERVATION MATRIX RELATING OBSERVABLES TO

POSITION/VELOCITY STATE

LECTY LY OBSERVATION MATRIX RELATING OBSERVABLFS

TO SOLVE-FOR PARAMETER STATE

Glhy8) OBSERVATION HATRIX RELATING OBSERVABLES
. TO DYNAMIC CONSIDER PARAMETER STATE

- = - TR TR T T i
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B Al

AL (4, 15)
NPHR (&4 h)

PB(6,46)
CXXSB(6426)

CXuB(s,8)

CXVB(6415)

PSB8(24,24)

CXSUB (24, 8)

CXSVB (24, 15)

PP(6,6)

CXXSP(6y2%)

CXUP(6,8)

C VP (6,15)

PSP(2h,y24)

OBSERVATION MATRIX RELATING OBSERVABLES
T0 MEASUREMENT CONSIDER PARAMETER STATE .

NON-FUNCTIONAL IN PRESENT ERRJIR 4ANALYSIS
PROGRAM

POSITION/VELOCITY COVARIAMCE AY INITIAL TINME

CORRELATION BETHWZEN POSITION/VELOCITY STAYE
AND SOLVE-FOR PARAMETERS AT INITIAL T:ME

CORRELATION BETKEEN POSITION/VELOCITY STATE
AND DYNANIC CONSIDER PARAMEYERS AY INITIAL
TIME

CORPELATION BETHREEN POSITION/VELOCITY STATE
AND MEASUREMENY CONSIOER PARMETERS AT
INITIAL TINME

SOLVE-FOR PARAMETYER COVARIANCE AT INITIAL
TIKE

CORRELATION BETWEEN SOLVE~FOR PARAMETERS
AND DYNAMIC CONSIDER PARAMETERS AT
INITIAL TINME

CORRELATION BETMEEN SOLVE-FOR PARAMEYERS
AND MNEASUREMENT CONSIDER PARAMETERS AT
INITIAL TIME

PDSITION/VELOCITY COVARIANCE MATRIX
PRIOR TO PROCESSING A MEASUREMENT

CORRELATION BETWEEN POSTIVYICN/VELOCITY
STATE ANO SOLVE-FOR PARAMETERS PRIOR TO
PROCESSING A HMEASUREMENY

CORRELATION BETWEEN POSITYON/VELOCITY STATE
AND DYNAMIC CONSIDER PARAM. "ERS PRIOR TO
PROCESSING A MEASUREMENT

CORRELATION BETHEEN POSITION/VELOCIYr STATE
AND HMEASUREMENY CONSIDER PARAMETERS PRIOR
TO PROCESSING A MEASUREMENT

SOLVE~-FOR PARMETER COVARIANCE MATRIX !
PRIOR TO PROCESSING A MEASUREMENT

49

T T T T T T e T L S T X e



ey

A S

Yr e Jé
g D3OI IR W I T M e e e - s

CXSUP (2498) CORRELATION BETWEEN SOLVE-FOR PARAMETERS
AND DYNAMIC CONSIDER PARAMETERS PRIOR TO
PROCESSING A NEASUREMENTY

CXSVP(24s15) CORRELATION BETNEEN SOLVE~-FOR PARAMETERS AND
MEASUREMENT CONSIDER PARAMETERS PRIOR TO
PROCESSING A MEASUREMENT
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/STVEC /7 MODES ERRAN, SINMUL

T a-an-am-an - o o - - aren e

DD W D ab W R W DG D B e

XI(6) INITIAL VEMICLE STATE VECYOR OF ORIGINAL NOMINAL
XF(6) FINAL VEHICLE STATE VECTOR OF ORIGINAL NOMINAL
XB8(5) BEGINNING ORIGIMAL NOMINAL VEHICLE STATE VECTOR
NOINL OIMENSION OF SOLVE-FOR PARAMETER STATE

NOINM2 OIMENSION OF OVNAMIC CONSIDER SYATE

NOIN3 DIMENSION OF MEASUREMENT CONSIOER PARAMETER STATE
TAUGIN(2A) INPUY AUGMENTATION VECTOR OF ONE2S AND ZERO#S
IAUG(2W) AUGHMENTATION VECTOR

IAUGDC(8) DYNANMIC CONSIDER AUGMENTATION VECTYOR

IAUGMC(15) MEASUREMENT CONSIDER AUGMENTATION VECTOR

—— —
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/TAREAL/Z MODEt NOMNAL, ERRAN, SINUL

AC(5,10) ACCURACY LEVELS (UP TO 5) USED IN EACH GUIDANCE
EVENT
PHI(3,3) TARGETING WATRIX
TING(10) TINES OF EACH GUIDANCE EVENT REFERENCED TO EPOCH=
~INITIAL TINE, SOI TIME, OR CA YIME
g TAR(6,18) DESIRED VALUES OF TARGET PARAMETERS (UP TO 6
AVAILABLE) FOR EACH GUIDANCE EVENT
: DAUX(3) DESIRED AUXILTARY PARAMETER VALUES OF ITERATE
‘; AAUX(3) ACTUAL AUXILIARY VALUES OF ITERATE
1 DTAR(3) DESIRED TARGET VALUES OF ITERATE
% ATARL3) ACTUAL TARGET VALUES OF ITERATE
- TOL(6,10) ALLONABLE TOLERANCES OF TARGEV PARAMETERS FOR
EACH GUIDANCE EVENT
TOLR(6) NOT USED IN CURRENT TARGET VERSION
CYOL(6) TOLERANCES FOR CURRENT EVENT
‘ FAC(3) SCALING FACTORS USED IN BAD STYEP CHECK
THPR DAYS BETWEEN PRINTOUTS OF NOMINAL YRAJECYOR™ -
PERV (10) PERTURBATION SIZE FOR VELOCITY COMPONENTS IN
CONSTRUCTING SENSITIVITY MATRICES IN TARGETING
] EVENTS
o DINTG(10) NOT USED IN CURRENT TARGET VERSION
| )
[ DT(10) JULIAN DATES OF TARGET TIMES
19 DELV (3,10} EXTERNALLY SUPPLIED VELOCITY CORRECTION OR
| VELOCITY INCREMENT COMPUTED BY INSERTION DECISION
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TRTH
RINC(G)
TIN

01
DG(10)
DELTAY

THY
RRF(3)

DELTAV(3)

OVMAX (10)

ACKT
EQECP(3,3)

TINS
SPHFAC(10)

TRAJECTORY TIME (DAYS) REF. TO INJECTION
CURRENT STATE VECTOR AT I-TH EVENTY
JULIAN OATE AT INJECTION

JULTIAN DATE ASSOCIATED WITH RIN ARRAY
JULIAN DATES OF EVENY TINMES

NUMBER OF DAYS INTEGRATION IS TO CONTINUE IF
NO OTHER STOPPING CONDITION OCCURS

GRAVITATIONAL CONSTANT OF TARGEY PLANETY
SPACECRAFT PQOSITION AT END OF INTEGRATION

CORRECTIONS YO BE ADOED YO VELOCITY COMPONENTS
FOR NEXT ITERATION

MAXINUM ALLOWABLE CHANGE IN ANY VELOGITY
COMPONENT FOR EACH EVENTY

TRAJECTORY INTEGRATION ACCURACY

TRANSFCRMATION FROM ECLIPTIC YO EQUATORIAL
SYSTEM FOR TARGETY PLANE

INTERNAL CLOCK TIME AT START OF COMPUTER RUN

REQUCTION FACTORS FOR TARGETY PLANETY SPHERE
OF INFLUENCE FOR EACH EVENT
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/JTARINT/ !“O0OE: NOMNAL, ERRAN, SIMUL *

R RS A ) G D P G- -0 SD-uRA) ED ED @b GBS SR W G AR WD AF-US W G5 WS ED Wn G0 W D GFuD G ED Gn W WD GP UGB G- e e 9B uP ob 4D UB G OF Y G5 UD W 4B AD-YB D O FD-EPuD W

- NOGYD TOTAL NUMBER OF GUIDANCE EVENTS
KYIM(10) EPOCH TG WHICH GUIDANCE EVENY TIMES ARE REFER-
ENCED

=0 EVIMT MOT PRQCESSED
=1 IMITIAL TIME
=2 SO0I TIME

. =3 CA TIEEZ

‘ =L CALENDAR JAL7E

KTYP(10) YYPE OF GUIOANCT EVENT FOR EACH EVENT
S=f TERMIMATION CUINY
=3 TYARGETI!'G £H(EHTY
=2 DQETARGETTIVL Zveey
=3 ORBIT INSCRTIC., EVENT

KMXQ(410) COMPUTE/EXZCUTE MOLLZS FO® ZACH GUIDANCE EVENT
. =1 CCOMPUTZ VZLOTITY CORRECTION ONLY
=2 EXSCUTE VE.CCLTY CORRICTION ONLY
=3 COMPUTE AMD IMMZOTATELY EXECUTE CORRECTION

!
i =k COMPUTE BUT SXtECUYE CORRECTIGON LATER
! MOL(10) EXECUTION MODELS FOR EACH GUICANCE EVENT
i =1 TMPULSIVE
£ =2 PULSING ARC
. NPAR(10) NUMBER OF TARGET PARAMETERS IN EACH TARGETING
r EVENT
KTAR(6,10) CODES OF TAPCIT PARAMETERS (UP YO 6) FOR EACH

TARGETING LVENT OR ORBIT INSERTION OPTION FOR
EACH INSERTICH EVENT

YA e e o
PN Pl

KEYTAR(3) KEY DEFINING DISIRED TARGEY PARAHETERS FOR
4 CURRENT EVENT

- s

MAT(10) TARGETING MATRIX COMPUTATION CODE FOR EACH TAR-
GETING TVENT
=1 COMPUTE TARGETING MATRIX ONLY AT FIRST LEVEL
=2 COMPUTE TYARGETING MATRIX AT EACH STEP
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I18ADS(10)

NOIT(10)

MAXB(10}

LEVELS
LEV
NITS

MAXBAD

IBASTY

MATX

ISTARY

IFHASE
NOPHAS

ITARM

IBAD

BAD STEP FLAGS FOR EACH TARGETING EVENT

=1 NEVER USE BAD STEP CHECK
22 USE BAD STEP CHECK AT FINAL LEVEL ONLY
a3 USE BAD STEP CHECK AT ALL LEVELS

THE NUMBER OF TOTAL ITERATIONS ALLOWEOD AT THE
FIRST AND LAST LEVELS OF TARGETING EVENTS FOR
EACH GUIDANCE EVENY

THE NUMBER OF BAD STEPS ALLOWED OURING ANY TAR-
GETING EVENY

NUMBER OF ACCURACY LEVELS FOR CURRENT EVENT
CURRENT LEVEL IN CURRENY TARGETING EVENT
ALLOWABLE NUMBER OF ITERATIONS FOR CURRENT EVENT

MAXIMUM NUMBER OF BAD ITERATICNS FOR CURRENT
EVENT

BAD STEP CHECK INDICATOR FCR CURRENT EVENT

MATRIX COMPUTATION CODE FOR CURRENY TARGETING
EVENT (SEE DEFN OF MAT)

STAGE OF INITIAL TARGETING }

=0 NO TARGETING STARTED

=1 FIRST PHASE STARTED AND HAYE TARGETING MATRIX
22 SECOND PHASE STARTED AND HAYE MATRIX

PHASE COUNTER FOR CURRENY TARGETING EVENT
NUMBER OF TYARGETING PHASES FOR CURRENT EVENT

FLAG TO CONTROL GCONSTRUCTION OF TARGETING MATRIX
=0 DO NOY COMPUTE TARGETING MATRIX

=1 COMPUTE TARGETING MATRIX ON CURRENY ITERATION
BAD STEP FLAG FOR CURRENTY ACLURACY LEVEL

=1 DO NOT CHECK FOR BAD STEP
=2 CHECK FOR BAD STEP
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IsTOP

NOPAR

KWIT

IPRE

NCPR

IFINT(10)

KGYD (1)

KSICA

KUR

KAXTAR(3)

LVLS(10)

NOSOIX

STOPPING CONDITION INDICATOR 1IN SUBROUTINE
TARGET

=4 SYOP ON TINE

=2 SYOP AT SPHERE OF INFLUENCE

=3 STYOP AT CLOSEST APPROACH

NUMBER OF TARGEY PARAMETERS FOR CURRENT EVENT

TERMINATION FLAG
=0 CONTIKNUE RUN
=1 TERMINATE RUN

CASE FLAG
=0 FIRST CASE
=1 STACKED CASE

NUMBER OF INTEGRATION INCREMENYS BETWEEN PRINT~
DUTS OF NOMINAL TRAJECTORY

NOT USED IN THIS TRAJECTORY VERSION

INDICES OF EVENTYS TQ 85 PROCESSED

FLAG I NYCAYING STAGE OF NOMINAL TRAJECTORY
21 SOI ..I7 YET INTERSECTED

=2 SOI INYERSECTED B8UT NGO CLOSEST APPRJOACH
=3 CLOSEST APPROACH ALREADY ENCOUNTERED
INDEX OF CURRENT EVENT

KEY DEFINING AUXILIARY PARAMETERS FOR CURRENT
EVENT

NUMBER OF ACCJYRACY LEVELS TO BE USED ON EACH TAR-
GETING EVENT

OUTER TARGETING FLAG
=0 NORMAL TARGETING
=1 OUTER TARGETING N
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/TARVAR/ MODE ERRAN, SIMUL

DS LGP D CHUD A g Y D G ED-ED R G BED R GGt Ch TSNP ap W P @ En CHeh CD WP Wb @ WL G5 P W WD G GB WD D Gp W WA T WS TP G Sm W WS WD Wy w-Gp G G uB W TP

XTAR(6,10)
XTOL(6,10)
XAC(5,10)

{ XPERV (10)

XOVMAX (10)
! XFAC(10)
XOELV(3,10)

TGT3(10)

LKTAR(6,10)

[ TR R

LKTPC(L0)
LKLP(10)
LNPAR(10)

LLVLS (10)

ey

PO Y

" e R B o a -~ . . "
BV UL N SO

DESIRED TARGEY VALUES
YOLERANCES ON TARGEY PARAMETERS
ACCURACY LEVELS EMPLOYED IN TARGETING

VELOCITY PERTURBATION USED YO COMPUTE TARGETING
MATRIX

MAXIMUM ALLOWABLE VELOCYTY CORRECTYION
SPHERE OF INFLUENCE FACTYORS
NONL INEAR VELOCITY CORRECTION

DESIRED TARGEY TIMES REFERENCED TO INITIAL
TRAJECTORY TINME

ARRAY DEFINING TARGEY PARAMETERS
ARRAY OF TARGET PLANETS

ARRAY OF LAUNCH PLANETS

NUMBER OF TARGET PARANMNETERS DESIRED

NUMBER OF INTEGRATION ACCURACY LEVLES USED
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/TIH / MODE® ERRAN, SIMUL

Pt G @ P AP @D W w» W WP GO W En W W W aD -

AR TP W WD oy P G AP D U G AP YD G P P PP UP TR % D GRS UP G R G WD ST ) YD SN D G P W G G DS Y G GD-AD P AP S uD W bGP Gm @D B WD B 4R 9 b 48 O

DATEJ

JULTAN DATE OF INITIAL TRAJECTORY TIME
(REFERENCED YO 1950Q)

TRTML INITIAL TRAJECTORY TIME
OELTM TIME INCREMENT
FNTM FINAL TRAJECYORY TIME
; UNIVT UNIVERSAL TIME
! TRYNB TRAJECTORY TIME AT SEGINNING OF TRAJECTORY
/THMH2 / MODE: SIMUL
T1 EIGENVECTOR EVENT TIMES
1 T2 PREDICTION EVENT STARTING TIMES
{ Ta CONIC COMPUTATION EVENT TIMES
]
3 15 QUASI-LINEAR EVENT TIMES
§ 16 NOT USED
f 17 NOT USED
:
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/TRAJCO/ MODE' ERRAN, SIMUL

EREPUL D P AP D DA IR D @D W EP G ) S G P W W G EPUD P W D TS W S D D WD UP TR ED b W GOV OB D =Gy SN G G L S T D OF @S 4 B b Y O s A3 G b G-ab @

DTMAX
ACCND
DTSUN
OTPL AN

NTMC
ISTHC
ISTHY

NDACC

MAXIMUM TIME INCREMENT FOR WHICH ISTMC IS
VALIO

ACCURACY USED IN NUMERICAL DIFFERENCING IF
NDACC INDICATES

STATE TRANSITION INTEGRATION INTERVAL WHEN
THE SUN IS CENTRAL BOOY AND ISTMi=1

STATE TRANSITION INTEGRATION INTERVAL WHEN
TARGET PLANET IS CENTRAL BODY AND ISTM1=1

NOMINAL TRAJECTORY COBE
STATE TRANSITION MATRIX CODE
ALTERNATE STATE TRANSIYION MATRIX CODE

NUMERICAL DIFFERENCING ACCURACY CODE

PSP TS G5 DT WP P DD G GP D WD U WD EPAT D D G G D GNP WP G D D P D S WP S G GP YD WP U D D WP WD Wt P ED GPTS W ms G AP v TP WS Gn P TP WP A AP W wp W W

/TRJ / MODEt ERRAN, SIMUL

P A P A WD - G D T W G DA TP W TP W T T WD T WP W WD WP TGP W WD P TS YD DD > P T D DD W =D W D e AP WP P U P W WD v U ED G VS

RCA1(6)
RCA2(6)

RCA3(6)
RSOIL ()

RSOI2(3)

RSOI3(3)

STATE AT CLOSEST APPRCACH ON ORIGINAL NOMINAL

STATE AY CLOSESY APPROACH ON MOSY RECENT
NOMINAL

STATE AT CLOSEST APPROACH ON ACTUAL TRAJECTORY

POSITION AT SPHERE OF INFLUENCE ON ORIGINAL
NOMINAL

POSITION AT SPHERE OF INFLUENCE ON MOST RECENT
NOMINAL

POSITION AT SPHERE OF INFLUENCE ON ACTUAL
TRAJECTORY
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VSOIL(3)
VS0I2(3)
VSO0I3(3)

TCAL
TCAZ

TCA3
TSOIt

Tsor2
TSOI3

B8SIt
BSI2
BSI3
BOYSIL
BDTSI2
BDOTSI3
BORSI1
BORSIZ2
BORSI3
ISOIL
Is0I2

VELOCITY AY SPHERE OF INFLUENCE ON ORIGINAL

NOMINAL

VELOCITY AT SPHERE COF INFLUENCE ON MOST RECENT

NOMINAL

VELOCITY AT SPHERE OF INFLUENCE ON ACTUAL
TRAJECTORY

TIME AT

TIME AT
NOMINAL

TIME AT

TIME AT
NOMINAL

TIME AT
NOMINAL

TIME AT

CLOSEST APPROACH OF ORIGINAL NOMINAL

CLOSEST APPROACH OF MOST RECENT

C:..2SESY APPROACH OF ACTUAL TRAJECTORY

SPHERE OF INFLUENCE OF ORIGINAL

SPHERE OF INFLUENCE OF MOSYT RECENT

SPHERE OF INFLUENCE OF ACTUAL
TRAJECYORY

B ON ORIGINAL NOMINAL

B ON MOST RECENT NOMINAL

8 ON ACTUAL TRAJECTORY

8 DOT T
8 0OT T
B DOY T
8 DOT R
8 00T R

8 00T R

ON
ON
ON
ON
CN

ON

ORIGINAL NOMINAL
MOST RECENT NOMINAL
ACTUAL TRAJECTORY
ORIGINAL NOMINAL
MOST RECENT NOMINAL

ACTUAL TRAJECTORY

SPHERE OF INFLUENCE CODE FOR ORIGINAL NOMINAL

SPHERE OF INFLUENCE CODE FOR MOST RECENT

NONINAL
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LR

T

ISOI3
ICAL
ICA2
ICA3

SPHERE OF INFLUENCE COOE FOR ACTUAL TRAJECTORY
¥

CLOSEST APPROACH CODE FOR ORYGINAL NOMINAL

CLOSEST APPROACH COOE FOR MOSYT RECENT NOMINAL

CLOSESY APPROACH CODE FOR ACTUAL TRAJECTORY

/TMTRIX/ MODES NOMNAL, ERRAN, SIMUL

L D L D L L L LY LN L L B L L L ¥ Y P ¥ ¥ ¥ L ¥ 22 T ¥a ¥ 2 ¥y X XL ¥ ¥y 13
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CHI(3,3)

SENSITIVITY MATRIX (TRANSHERRED FOR QUTPUT)

Il = s ]



PO VB OO DT DD OO ND RN WG WP W o S B G W D D G D D G W D AR -

/M / MODES NOMNAL, ERRAN, SIMUL

ey o Y P Y Y Y Y Ry YR YYD LR LR L L LR T L Rl L LD L L R el ekl el ol od

: ALNGTH
i ™

l DELTP
| RC(6)
0c
RSI(3)
y VSI(3)
i 0SI
RVS(6)
VMU

8

1 BOT
BOR
OELTH
TININT
¥ RE (6)

| RTP(6)
13 CAINC
; RCA
%;1 TACA

fa

.._..};\I ."_(‘ . : s

St as ]
PURT TR . SR LW

U

LENGTH UNITS PER A.U.

TIME UNITYS PER DAY

PRINT INCREMENTS (IN DAYS)

iTATE AT CLOSEST APPROACH

JULIAN DATE,EPOCH 1900,AT CLOSESY APPROACH
POSITION AY SPHERE OF INFLUENCE

VELOCITY AT SPHERE OF INFLUENCE

JULIAN DATE, %P0CH 1900, T SHHERE CF
INFLUENCE

POSITION OF VEHWICLE RELAYIVE TO VIRTUAL MASS
GRAVITATIONAL CONSTANT OF VIRTUAL MASS

B AY SPHERE OF INFLUENCE

B8 0OT ¥

8 DOT R

IMCRENMENT IN TRUE ANOMALY USED

TOTAL TIME USED

POSITION AND VELOCITY OF EARTH

POSITION ANC VELOCIYY OF TARGET PLANET
INCLINFTION AT CLOSEST APPROACH

MAGNITUDE OF CLOSEST AFPROACH POSITYION VECTOR

TRAJECTORY SEMIMAJOR AXIS WITH RESPECT TO TARGET
800Y AT CLOSEST APPROACH TO TARGET B8ODY
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SSS(3)
NLP
NBOD
NB(11)
NTP
INPR
IPROB

ISPN

INCMT

IEPHEM

ICL

IPRINT

ICL2

OIRECTION COSINE VECTOR QOF SPACECRAFT SPIN AXIS
CODE OF LAUNCH PLANEY

NUMBER OF BODOIES USED IN VIRTUAL HASS PROGRAM
CODES OF PLANETS

CODE OF TARGET PLANEY

PRINY INCREMENTS (IN INCREMENTS)

PROBLEM NUMBER

SPHERE OF INFLUENCE .ODE

=0 SPHERE OF INFLUENCE NOT INTERSECTED

=1 SPHERE OF INFLUENCE ALREADY ENCOUNTERED
TOTAL INCREMAENTS USED

ERHEMERIS CODE

CLOSESY APPROACH CODE

=0 C'OSEST APPROACH NOT ENCOUNTERED

=1 CLOSEST APPRUACH ALREALY ENCCUNTERED
PRINT CODE

=0 OUTPUT INITIAL AND FINAL DATA

21 DO NOY OUTPUT INITIAL AND FINAL DATA
CLOSEST APPROACH TERMINATION CODE

20 00 NOT STOP AT CLOSESY APPROACH
21 STYOP AT CLOSESY APPROACH
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/7XXXL 7/ MODE: ERRAN, SIMUL

- - -y - Eas e e Y - -

XaL(2&)
Xu¢s)

XV{15)
X* AB(6)
XEMC(24)

KPRINT

ZOAT(6)
R

FI
PSI1
) ¥4
TIML
TIN2
THELS
PHILS
TI

TF
THEDOT
RPRAT

SOLVE-FOR PARAMETER LABELS

M e ®wecoseeee

OYNAMIC CONSIDER PARAMETER LABELS

HEASUREMENY CONSIDER PARAMETER LABELS

VEKHICLE POSITION/ VELOCITY VECTOR COMPONENT NAMES

AUGUMENTATYION PARAMETER LABELS

CORRELATION MATRIX PRINTY COOE

- s wh AL W DDA ED WD P D €D WD D G W WS D S -

/ZERDAT/ MODET NOMNAL

ZERD ITERATE VECTOR

PARKING ORBIY RADIUS

INJECTION TRUE ANOHMALY

ANGLE OF FIRSY BURN .
ANGLE OF SECOND BURN

TIKE INTERVAL OF FIRST BURN
TIME INTERVAL OF SECOND BURN
LONGITUDE OF LAUNCh SIVE
LATITUDE OF LAUNCH SITE

NOY USED

R f U§ED

ROTATION RATE OF LAUNCH PLANET
PARKING ORBIT INVERSE RATE




N ‘zlﬁxh
el J7._PRT Y B

2

IAGC Lan— i

\
h

SIGMAL
1ZERO

KOASY

LTARG

8 .
R

NOMINAL LAUNCH AZIMUTH

ZERO ITERATION FLAG

=0 INITIAL STATE READ IWN
a1 PLANET=-TO-PLANET

2 PLANET=-TO=-POINY

23 POINT-TO-PLANET

34 POINT=TO=-POINT

=10 LUNAR TARGETING

PARKING ORBYY INDICATOR
a-1 SHORY CCAST
=1 LONG COAST

TYPE OF MISSION FOR TARGETING
=0 INTERPLANETARY MISSION
=1 LUNAR MISSION

VHPH

DPA

RAP

s

/ZOUY /7 MODEt NOMNAL

- AR WY e T T -G AP e S W S DD W I T G- - WS b G e e e e

HAGNITUDE OF HYPERBOLIC EXCESS VELOQCITY
BODY (VRP VECYOR)

DECLINATION OF VHP

RIGHT ASCENSION OF VHP

B D w Cs R D - - D AP W - - - . S - . - WD -, W W = > w

- W - - -

AT TARGET

[_oaan BN BN -
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5.2 COMMON VARIABLES IN ALPMABETICAL ORDER

IN THIS SECTYION ALL VARIABLES APPEARING IN COMMON A"7 LISTED
AND DEFINED IN ALPHABETICAL ORDER. THE SECOND FIELD SERVES
TO IDENVIFY THE BLOCK IN WHICH THE VARIABLE APPEARS.

A(2,3)

AALP(20)
AAUX(3)
ABEY (20)

AC(5,10)

ACC

ACC1
ACCND

ACKT
ADA(3,6)

ADEVSB(2&)

ADEVX(6)
ADEVXB(6)

ADEVXS (24&)

AINC?

AK(6; &)

PaLK FTA IMPACY PLANE TRANSFORMATION MATRIX
SIMCNT ACTUAL ERROR IN POINTING ANGLE 1
TAREAL ACTUAL AUXILIARY VALUES OF ITERATE
SIMCNTY ACTUAL ERROR IN POINTING ANGLE 2

TAREAL ACCURACY LEVELSC(UP TO 5) USED IN EACH
GUIDANCE EVENT

MISC ACCURACY FIGURE USED IN VIRTUAL MASS PRO-
GRAM
SIN2 ACCURACY USED IN ACTUAL TRAJECTYORY

TRAJCO ACCURACY USED IN NUMERICAL DIFFERENCING IF
NDACC INDICATES

TAREAL TRAJECTORY INTEGRATION ACCUr.ACY

BAINM VARIATION MATRIX

SIn ACTUAL DEVIATION IN SOLVE-FOR PARAMETERS
AT TRAJECTORY BEGINNING

SIng ACTUAL DEVIATION IN THE STATE VECTOR

SIing ACTUAL DEVIATION IN STATE VECTOR AT BEGIN~
NING OF TRAJECTORY

SIng ACTUAL DEVIATION IN SOLVE-FOR PARAMETERS

EVENY ORBIT INSERVION VARIABLES. NON-~FUNCTIONAL
Id EXISTING PROGRANM

ST KALMAN GAIN CONSTANT FOR POSITION/VELOCITY
STATE

N



Y sla i |
|
!
L ~~
y AL (6 415) STH OBSERVATION MATRIX RELATING OBSERVABLES
| YO MEASUREMENT CONSIDER PARAMETER STVATE
ALNGTH v LENGTH UNITS PER A.U.
AM (4, 20) ST GBSERVATION MATRIX RZLATING OBSERVABLES

! YO SOLVE-FOR PARAMEYER STATE

ANODE? EVENY ORBIYT INSERTICN VARIABLES. NON=-FUNCTIONAL IN
IN EXISTING PROGRAM

! ANG INPTAR TARGET INCLINAYION CONVERTED FROM INPUT
FORMAY TO VALUE BETWZEN 0 AND 180 DEGREES
AND SETISFYING APPROACH ASYMPTOTE

S CONSTRAINT
c ANOIS (&) SIN1 ACYUAL WHITE NOISE
APRO(20) SIMCNT  ACTUAL PROPORTIONALITY ERROR
ARGy &) SINML ACTUAL MEASUREHENT NOISE
ARES (20) SIMCNT  ACTUAL RESOLUTION EX30R
ATAR(3) TAREAL  ACTUAL TARGET VALUSS OF IVERATE
: ATRANS(6) BAIN CLOSEST APPROACH STATE
f AVARM(12) SIMCNT  VARIANCE OF ACTUAL MEASUREMENT NOISE
% AY (&) SINL ACTUAL MEZASUR °NT
; AYHEY (&) SIMg ACTUAL MEASURTACMT MIMUS ESTIMATED
; MEASURENMENT
;; B v B AT SPHERE OF INFLUENCE
é% BCON(3) LUNART  MAXIMUM STEP SIZES OF CONTROLS
5 BOR VN 8 DOT R
i BOT N 8 DOT T
BIA(12) ~ MISC MEASUREMENT BIASES

e U

et bt B
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.
2 8SI1 TR B ON ORIGINAL NOMINAL
8sI2 TRY B8 ON MOST RECENY NOMINAL
8SI3 TRJ B ON ACTUAL TRAJECTORY
1: BOTSI TRJ 8 DOT Y ON ORIGINAL NOMINAL
4
BDYS)2 TRJ B DOY T ON MOSY RECENT NOMINAL
8DTSI3 TRJ B DOY T ON ACTUAL YRAJECYORY
BORSI1 TRJ B DOY R ON ORIGINAL NOMINAL
| 4
| BORSI2 TRJ B DOY R ON MOST RECENT NOMINAL
BDRSI3 TRJ B DOT R ON ACTUAL TYRAJECTORY
CAI LUNART DESIRED CLOSESY APPROACH EQUATORIAL
o INCLINATION
.8
}7;5 CAINC VM INCLINATION AT CLOSEST APPROACH
!Eﬁ CHI(3,3) THTRX SENSITIVITY MATRIX(TRANSFERRED FOR OUTPUT)
: CHPNM (30) NAME COMPONENT NAME
f CN(80) B8LK CONSTANTS USED TO CALCULATE THE ORBITAL
ELEMENTS OF THE FIRST FIVE PLANETS
(SEE LARGE ARRAY DEFNS TN SECTION 5.3)
| CR PBLK CAPTURE RADIUS OF TARGET PLANET
] CTOL (B) TAREAL YOLERANCES FOR CURRENT EVENT
i CXSU(24,8) STH CORRELATION BETWEEN SOLVE-FOR PARAMETERS
! AND DYNAMIC CONSIDER PARAMETERS
% CXSUB(2%4,48) STH CORRELATION BETWEEN SOLVE-FOR PARAMETERS
3 AND DYNAMIC CONSIDER PARAMETERS AT
5 INITIAL TIME
.i
?} CXSUG (24,8) Gul CONTROL CORRELATION BETWEEN SOLVE=-FOR
i PARAMETERS AND DYNAMIC CONSIDER PARAMETERS
’1
ﬂ CXSUP (24, 8) GUIL CORRELATION BETWTEN SOLVE-FOR PARAMETERS

AND DYNAMIC CONSIDER PARAMEY_ <3 PRIOR TO
PROCESSING A MEASUREHMENT




CXSV(24y15)

CXSVB(24y15)

CXSVG(24,15)

CXSVP (26,15)

CXU(6,8)

CXuB(6,8)

CXUG(6,8)

CXUP (6,8)

CXV(6,15)

CXVB(6,15)

CxVG(€,45)

CXVP(6,415)

STHM

STH

GUI

ST

STM

STH

GUI

STH

STH

STH

STM

N

CORRELATION BETWEEN SOLVE-FOR PARAMETVERS
AND MEASUREMENY CONSIDER PARAMETERS

CORRELATION BETWEEN SOLVE-FOR PARAMETERS
AND MEASUREMENY CONSIDER PARAMETERS AT
INIVTIAL TIME

CONYROL CORRELATION BETWEEN SOLVE=-FOR
PARAMETERS AND METASUREMENT CONSIDER PARA=-
METERS

CORKELATION BEYHEEN SOLVE-FOR PARAMETERS
AND MEASUREMENTY CONSICER PARAMETERS PRIOR
TO PROCESSING A MEASURENENY

CORRELAYION BETWEEN POSITION/VELGCITY
STATE AND OYNAMIC CONSINER PARAMETERS

CORRELATION BETWEEN POSITION/VELQCITY
TATZ AND DYNAMIC CONSIDER PARAMETERS AT
INYYTAL TIME

CONTROL CORRELATIUN BETWEEN POSIYION/
VELOTITY STATE AND DJYNAMIC CONSIDER
PARAMETERS

CORRELATION BETWEEN POSITION/VE_OCITY
TATE AND DYNAMIC CCNSIDER PARAMETERS
PRIOR TO PROCESSING A MEASUREMENT

CORRELATION BETWEEN POSITION/VELCCITY
STATE AND MEASUREMENT CONSIDER PARAMETERS

CORRELATION BETWEEN POSIVION/VELGCCITY
STATE AND HEASUREMENT CONSIOER PARMETERS
AT INIVIAL TIHE

CONTROL CORRELATION BETHEEN POSITION/
VELOCITY SYATE AND MEASUREMENT CONSIDER
PARAMETERS

CORRELATION BETWEEN POSITION/VELOCITY
STATE AND MEASUREMENT CONSIDER PARAMETERS
PRIOCR TO PROCESSING A MEASUREMENT
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CXXS(6,524)

CXXSB(6y2&)

CXXSG(6e26)
CXXSP(652%)
DL

DAB
DATEJ

DAUX (3)

oc
DEB
DECLIN

DELAXS
DELECC
DELICL
DELNMNA

OELRUP

DELMUS

STH

STH

GUI

STN

TAREAL

SIMCNTY
TIME

TAREAL

VM
SIMCNT

LUNARY

CONST3

CONST3

CONST3

CONST3

CONST3

CONSY3

CORRELATION BETWEEN POSITION/VELOCITY
STATE AND SOLVE-FOR PARAMETERS

CORRELATIGN RETHEEN PISITION/VELOCITY
STATE AND SOLVE=-FOR PARAMETERS AT INITIAL
T INME

CONTROL CORRELATION BETYTWEEN POSITION/
VELOCITY STATE AND SOLVE~-FOR PARAMETERS

CORRCLATION BETWEEN POSITION/VELCCITY
STATE AND SOLVE-FOR PARAMETERS PRIOR TO
PROCESSING A MEASUREMENT

JULIAN DAYE ASSOCIATYED WITH RIN ARRAY
BIAS IN SEMI-MAJOR AXIS OF TARGET PLANET

JULIAN DATE OF INITIAL TRAJECTORY TIME
(REFERENCED TO 1950)

DESIRED AUXILIARY PARAMEYER VALUES OF
ITERATE

JULIAN DATE,EPOCH 130Q0,AT CLOSESY APPROACH
BIAS IN ECCENTRICITY OF TARGET PLANET

DECLINATION OF APPROACH ASYMPTOTE MITH
RESPECT TO LUNAR EQUATOR

TARGEY PLANETY SEMI-MAJOR AXIS FACTOR USED
IN NUMERICAL OIFFERENCING

TARGEY PLANET ECCENTPICITY FACYOR USED IN
‘NUMERICAL OIFFERENCING

TARGET PLANET INCI INATI_N FACTOR USED IN
NUMERICAL DIFFERENCING

‘TARGET PLANET MEAN ANOMALY FACTOR USED IN

NUMERICAL DIFFERENCING

TARGET PLANEY GRAVITATIONAL COHNSVANT
FACTOR USED IN NUMERICAL OIFFERENCING

SUN GRAVITATIONAL CONSTANY FACTOR USED IN
NUMERICAL DIFFERENCING

69




DELNOD CONST3 TARGEY PLANEY LONGITUBE OF THE ASCENDING
NODE FACTOR USED IN NUMERICAL DIFFERENCING
' DELPX(3) EXE VELOCITY CORRECTION TO BE MODELED AS AN
IMPULSE SERIES

| DELTAT TAREAL  NUMBER OF DAYS INTEGRATION IS TO CONTINUE
IF NO OTHER STOPPING CONDITION OCCURS
| DELTAV(3) TAREAL  CORRECTIONS TO BE ADDED TO VELOCITY
‘ COMPONENTS FOR NEXT ITERATION
| DELTH VA INCREMENT IN TRUE ANOMALY USED
| DELTM TINE YIME INCREMENT
5 DELYP VA PRINT INCREMENTS (IN DAYS)
i
; DELV(3,10) TAREAL  EXTERNALLY SUPPLIED VELOCITY CORRECTION ,
OR VELOCITY INCREMENT COMPUTED BY j
INSERTION ;
DELV (3,10} PBLK ARRAY OF EXTERNALLY-SUPPLIED VELOCITY
CHANGES
DELW CONST3  TARGET PLANET ARGUMENT OF PERIAPSIS FACTOR
USED IN NUMERICAL DIFFERENCING
DG (10) YAREAL  JULIAN DATES OF EVENT TIMES
DI8 SIMCNT  BIAS IN INCLINATION OF TARCET PLANZT
DINTG(10) TAREAL  NOT USED IN CURRENT TARGET VERSION
!
§ DIPX EXE JULIAN DATE TRANSFERRED TO EXCUT OR EXCUTS
! DNAB SIMCNT  BIAS IN MEAN ANOMALY
R
. DHUPB SIMCNT  BIAS IN GRAVITATIONAL CONSTANT OF TARGET
i PLANET
/| DNUSB SIMCNT “BIAS IN GRAVITATIONAL CONSYART OF SUN
3
" DNCH(3) CONST  CONSTANTS FROM WHICH DYNAMIC NOISE IS
i COMPUTED
N DNOB SIMCNT  BIAS IN LONGITUDE OF ASCENDING NODE
oPA ZouT DECLINATION OF VHP

BN yn s
ARG
v

~
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DSI M JULIAN DATE, EPOCH 1900, AT SPHERE OF
INFLUENGCE
DY (10) TAREAL  JULIAN DATES OF TARGET TIMES
| DTAR(3) TARCAL DESIRED YARGEY VALUES OF ITERATE
DTAR(3) LUNARY  TARGET VALUES OF SMA,B.T, AND B.R IN
LUNAR TARGETING
: DTI PULS TIME INTERVAL (DAYS) BETWEEN SUCCESSIVE
i PULSES
o DT IME OVERL TIME INTERVAL BETWEEN ORSITAL INSERTION
L DECISION AND EXECUTION
b
; i DTHAX TRAJCD  MAXIMUM TIME INCREMENT FOR WHICH ISTMC IS
! VALID
DTPL AN TRAJCO  SYATE TRANSITION INTEGRATION INTERVAL KWHEN

TARGET PLANET IS CENTRAL 80DY AND ISTHMi=l

NS N
Ay )

: DTSUN TRAJCD  STATE TRANSITION INTEGRATION INTERVAL WHEN
Lo THE SUN IS CENTRAL BODY AND ISTMi=1
v DUMMYQ(4) EXE ARRAY OF EXECUTION ERROR VARIANCES
! § DUR PULS DURATION OF SINGLE PULSE
f
t OV8(3) EVENT  ORBIT INSERTION VARIABLE. NON-FUNCTIOMAL
i IN EXISTING PROGRAM
i DVF(3) PULS VELJCITY INCREMENT ADDED ON FINAL PULSE
L DVI(3) PULS VELOCITY INCREMENT ADDED ON TYPIGAL PULSE
N
y DVMAX (10) TAREAL  MAXIMUM ALLOWABLE CHANGE IN ANY VELOGITY
i COMPONENT FOR EACH EVENT
|
; DVN(3) PBLK  COMMANDED VELOCITY CORRECTION TRANSFERRED
| TO BIAIM
j DVRB (3) PBLK VELOCITY CORRECTION REQUIRED TO REMOVE
g AIMPOINT BIAS
!
4
/
¥
A
7
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PRIV T

DVUP (3)
Ows
ECC?

EDEVSHM(24)

EDEVX (6)
EDEVXM(H)

EDEVXS (2W)

EIGHT

ELMNT (80)

EM(2,6)

EML

EN2

EM3

ENG

EMS

EME

PBLK
SIMCNTY

EVENT

SIML

SIML
SIML

SIML

DPNUM

BLK

GuUl

DPNUH

DP NUM

DPNUM

OP NUM

DPNUM

DP NUM

UPDAYE VELOCITY CORRECTION

BYAS IN ARGUMENT OF PERIAPSIS

ORSIT INSERTION VARIABLES.

IN EXISTING PROGRAM

ESTIMAYED DEVYIATION IN SOLVE-~FOR

PARAMEYERS

ESTIMATED DEVIATION IN THE STATE VECTOR

ESTYIMATED DEVIAYION IN THE STATE VECTIR

{FCR ACAPTIVE FILTERING)

(FOR 2DAPTIVE FILTERING)

ESTIMATZD DSVIATION IN SOLVE-FOR

PARAMETERS

THE NUMSER EIGHT
FIGURES.

(&)

TO NINE SIGNIFICENT
TARGETING MJICE ONLY

CONTAINS THE ORBITAL ELEMENYS OF THE

PLANETS

VSEE LARGE ARRAY DEFNS IN SECTION 5.3)

VARIATIGN MATRIX RELATING POSITION
/VELOCITY DEVIATIONS TO 8.7 AND B.R

DEVIATIONS

THE NUMBER {.E-1
FIGURES

THE NUMBER 1.€E=2
FIGURES

THE NUMBER 1.E~3
FIGURES

THE NUMBER 1.E-~4

- FIGURES

THE NUMBER 1.E=~5
FIGURES

THE NUMBER L1.E-B
F IGURES

T0

T0

T0

10

10

T0

NINE SIGNIFICANTY

NINE SIGNIFICANT

NINE SIGNIFICANT

NINE SIGNIFICANT

NINE SIG..IFICANT

NINE SIGNIFICANT

NON=-FUNCTIONAL IN
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EN7
EM8
EM9
EM13
EM50
EXN(L5)

£EMU
EPS

EQECP (3,3)
EQLG(3,3)

EVNH(11)
EXEC(3,43)
EY (&)

Flhabols)

FAC(3)

Facp
FACY

FI

DPNUM

DPNUM

DPNUM

DPNUM

DPNUM

BLK

LUNART
CONST

TAREAL

LUNARTY

NAME
PBLK
SIML

CcoM

TAREAL

MISC

HISC

ZERDAT

THE NUMBER L.E~7 TO
F IGURES

THE NUMBER 1.E=8 YO
FIGURES

THE NUYRER L.E-3 YO
FIGURES

THE NUMBER 1.E-13 YO
FIGURES

THE NUMBER L.E-50 TC
FIGURES

NINE

NINE

NINE

SIGNIFICANT

SIGNIFICANT

SIGNIFICANT

SIGNIFICANY

SIGNIFICANT

THE CONSTANTS UST0O TC CALCULATE THE ORBIT-

AL ELEMZIWTS QF THE MO

ON

GRAVITATIONAL CONSTANY OF EARTH(KM3I/SEC2)

OBLIGQUTITY OF EARTH

TRANSFORMATION FROM t£CLIPTIC TGO ZQUATORIAL
SYSTEM FOR TARGEY PLANE

TRANSFORMATION MATRIX FROM EART~-
EQUATORIAL YO LUNAR EQUATORIAL COORDINTES

EVENT NAME

EXECUTION ERROR COVARIANCE

ESTIMATED MEASUREMENT

CONTAINS THE POSITIONS AND
THE PLANETS AT A SPECIFIZD

MATRIX

VELOCITIES OF
TIMZI PLUS THE

POSITIONS AND VELOCITIES 0¥ THE SPACE-
CRAFT RELATIVE YO THE PLANZTS

. SCALING FACTORS USED IN B4 <TgP CHECK

POSITION FACTOR USED IN NUHERICAL DIFFER-

ENCING

VELOCITY FACTOR USED IN NUMERICAL DIFFER-

ENGING

INJECTION TRUE ANOMAL

Y

\ -l
[V}

- T T T < e
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FIVE OPNUM THE NUMBER FIVE (5) TO NINE SIGNIFICANT
FIGURES. TARGETING MODE ONLY
FNTH TIME FINAL TRAJEGCTORY TIME
FopP CONST2 OFF-DIAGONAL ANNIHILATION VALUE FOR
POSITION EIGENVALUES
FOUR OP NUM THE NUMBER FOUR (4} TO NINE SIGNIFICANT
, FIGURES. TARGETING MODE ONLY
: FOV CONST2  OFF-DIAGONAL ANNIHILATION VALUE FOR
* VELOCITY EIGENVALUES
FS(2,5) PULS F-SERIES COEFFICIENTS OF LAUNCH AND TARGET
BODIES
G (s 8) STH OBSERVATION MATRIX RELATING OBSERVABLES
TO DYNAMIC CONSIDER PARAMETER STATE
SRR, GA(3,6) OVERZ  GUIDANCE MATRIX
- M »
‘ - 4
2*,& 66(3) PULS GRAVITIONAL CONSTANTS OF SUN, LAUNCH, AND
s TARGET BODIES
-
: GS(244) PULS G-SERIES COEFFIEIENTS OF LAUNCH AND TARGET
i BODIES
? Hl4y6) STH OBSERV:L(ION NATRIX RELATING OBSERVABLES TO
| POSITI N/VELOCITY STATE
} HALF DP NUM THE NUMBER ONE~HALF (1/2) TO NINE SIGNIF=-
: ICANT FIGURES
; HP7 EVENT ORBIT INSERTION VARIABLES. NON-FUNCTICNAL IN
) EXISTING PROGRAM
f . HPHR(b,4) ST NON-FUNCTIONAL IN PRESENT ERROR ANALYSIS
¥ PROGRAM
) LAMNF _SIMCNT - ACTUAL MEASUREMENT NOISE FLAG
o
4 IAUGIH(2W) STVEC INPUT AUGMENTATION VECTOR OF ONEZS AND
g ZERD-S
g
ﬁ TAUG (24) STVEC AUGMENTATION VECTYOR
i .
/i TAUGDC (8) STVEC DYNAMIC CONSIDER AUGMENTATION VECTOR
¥
i
¢ : 14
i
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LAUGMC (15) STVEC MEASUREMENT CONSIDER AUGMENTAYION VECTOR
IBAD TARINT  BAD STEP FLAG FOR CURRENT ACCURACY LEVEL
71, DO NOT CHECK FCR BAD STEP
=2, CHECK FOR BAD STEP
» IBADS (10} TARINT  BAD STEP FLAGS FOR EACH TARGETING EVENT
g =1 NEVER USE BAD SYEP CHEQUE
j \ =2 USE BAD STEP CHECK AT FINAL LEVEL ONLY
=3 USE BAD STEP CKECK AT 4LL LEVELS
in
| 1846 BAIM NOT USED
. IBARY CNTRIC  REFERENCE COORDINAY SYSTEM COOE
;S IBASY TARINY  BAD STEP CHECK INDICATOR FOR CURRENT EVENT
d
IBIAS PBLK SIASED AIMPOINY GUIDANCE EVENT FLAG
0 AIMPOINT NOTY BIASFD

1 AIMPOINT BIASED

i
‘jr;ﬂ I1CAL TRJ CLOSEST APPROACH CODE FCR ORIGINAL NOMINAL
2
- | ICA2 TRJ CLOSEST APPROACH CODE FOR MOSY RECENT
P NOKINAL
i
' L ICA3 TRJ CLOSEST APPROACH CODE FOR ACTUAL
, § TRAJECTORY :
d
f 1C023(20) EVENT  ARRAY OF CODES WHICK DETERMINE WHICH
f EXECUTION POLICIES ARE YO BE USED IN
N GUIDANCE EVENTS
s ICOT3(20) EVENT COGDES WHICH DETERMINE WWRICH SUIDANCE
A POLICIES ARE BEING USED
. 1cL VM CLOSEST APPROACH CODE
’ =0 CLOSEST APPROACH NOT ENCOUNTERED
g =4 CLOSEST APPROACn ENCOUNTERED
4
B 1CL2 VM " CLOSEST APPROACH TERHKINATION CODE
i =0 DO NOT STOP AT CLOSEST APPROACH
o =1 STOP AT CLOSESY APPROACH
§
L4
g} ICODE " OVERY MEASUREMENT CODE
i ICO0R MISC CODE TO DETERMINE WHICH COORDINATE SYSTENM
;| THE INITIAL STATE VECTOR IS INPUT
£
Ei
’%
;51
7
3 75
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v
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ICOORD
IDENS

IDNF

IEIG

IEPHEM

IEVNT (50)

IFINT(10)

16P

IGUID(5,10)

IHYPL

II
1IG6P
IIPOL

INNF

INC

INCHNT

INCHT

INCPR

INITIAL

INPR

INPX

CNTRIC

PBLK

MISC

EVENT

VM
EVENT
TARINT
OVERZ
BAIM

~vENT

BAIM
PaLK

EVENT

CoM
VM

CaM

CNTRIC
VM

EXE

N . )
I SO <L i

NON=FUNCTIONLL IN ERROR ANALYSIS HQOE

PROBABILITY DENSITY FUNCTION COOEe NON-
FUNCT.ONAL

DYNAMIC NOVSE FLAG

CODE USED Y0 DECIOE IF BOTH POSITTON AND
VELOCITY ELGTZ..VECTORS ARE REQUESTED

EPHENMERIS C70E

CODES OF EVENTS

NOT USED IN TRIS TRAJEGTORY VERSION
MIDCOURSE GIUDA.TE POLICY GODE
ARRAY OF GUIDANCE EVENT CGDES

HYPERELLIPSOID CODE USED TO DETERMINE IF
K=1, K=3, OR BOTH

GUIDANCE EVENT COUNTER

MIDCOURSE GUIDANCE POLICY CODE

CODE WHICH OETERMINES IF EITHER TWO
-VARIABLE OR THREE~VARIABLE 3-PLANE
GUIDANCE POLICY HAS OCULURRED

ME ASUREMENT NCISE FLAG

DETERMINE WHETHER THE ABOVE CPTION IS 10
8E USED

NUMBER OF INCREMENTS USED

TOTAL INCRENCNTS USED

- SPECIFIES AFTER HOW MANY TIME INCREMEINTS

PRINT=-0UT IS TO OCCUR
NON=-FUNCTIONAL IN ERUOR SMALYSIS MODE
PRINT INCREMENTS (Ir. i“CREMENTS)

INP - 3ERFES CODE

—~ T T T e T L e AR T Ty



NG Sy,

Qs

I0PT7 EVENY ORBIT IMSEQTION VARTABLE. NON-FUNCTIONAL
IN EXISTING PROGRAMS

IPG COH PAGE NUMBER

IPHASC TARINT PLASE COUNTER FOR CURRENT TARGETING EVENTY

IP0L EVENTY CODE WHICH DETERMINES IF FIXED-TIME-QOF-
ARRIVAL GUIDANCE EVENT HAS OCCUREC

1PQ BAINM NOT USED

IPR COM A CODE ¥WHICH DETERMINES IF PRINT-QUY IS YO

NCCUR AFTER A SPECIFIED NUHSER OF DAYS

IPRE "URINY CONTROLS INITIALYIZATION J3F PROGRAH
CONSTANTS IR SUBROUTINE -PRELIM-.

IPRINTY VM FRINT CCOSE
=0 OUTPUT YNITZAL AND FINAL DATA
=1 00 NOT QUTPULT DATA

by ol - -
1 e

7 IPROB VM PROBLEM NUMBER
] IPRY (&) com SPECIFIES PRINT OPTIONS (NOT APPLICASLE
j TO STEAP TRAJECTORY) .
! ISOI1 TR SPHERE OF IMFLUENGE CODE FOR ORIGINAL
| NOMINAL
| ISOI2 TRY SPHERE OF INFLUENCE CODE FOR MOST REGCENT
NOMINAL
'y 1SOI3 TRY SPHERE OF INFLUENCE CODE FOR ACTUAL
: TRAJE CTORY
IsP2 HISE SPHERE OF INFLUENCE FLAG
ISPH VM _ SPHERE OF INFLUENCE CODE

=0 SPHERE OF INFLUXNCE NOY INTERSECTED
=1 SPHERE OF INFLUENCE INVERSECZTED

- — -
»

ISTARY ~ YARINT STAGc OF INITIAL TARGETING
=0 NO TARGETING STARTED
=1 FIRST PHPASE STARTED -HAVE TARG
MATRIX
=2 SECCMD PHASE STARTED - HAVE TARG
MATRIX

77
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ISTHL
ISTHC

i°YoP

ITAG

ITAPH

ITR

ITRAT

IX
IZERO

JX

KAXTAR(3)
KEYTAR(3)

KGYD(10)

YTRAJCO
YRAJCD

TARINY

LUNARY

TARINT

HISC

CoN

OVERX
ZERDAY

OVERX

TARINY

TARINT

TATINT

ALTERNATE STAYE TYRANSITION MATRIX CODE
STATE TRANSITION MATRIX COOE

STOPPING CONDITION INDICATOR IN SUBROUYINE
TARGET

=4, SYOP ON TIME

=2, SYOP AT SPHERE-OF-INRFLUENCE

a3, STOP AT CLOSEST APPROACH

FLAG SPECIFYING SYAGE OF TARGETING
=1 IN SHMA TARGETING
=2 IN SMA, INC, RCA TARGETING

FLAG T2 CZONTROL CONSTRUCYION OF TARGETING

MATRICES

=0, DO NOY CALCULATE STATE TRANSITION

=1, CALCULATE STATE TRANSITION MATRIX
AFTER EACH ITERATION

MODE FLAG

IN INTERNAL COQODE USED TO OETERMINE HONW
MANY ITERATIONS HAVE BEEN ACCOMPLISHED IN
ThE VIRTUAL MASS PROCEDJURE

NONLINEAR GUIDANCE CODE

ZERO ITERATION FLAG

=0 INITIAL STATE READ IN

=1 PLANET YO PLANET

=2 PLANEY TO PCINT

=3 PQTNY YO PLANET

=& POINT TO POINT ;
=10 LUNAR TARGETING

GUIODANCE EVENY COoUNTER

KEY DEFINING AUXILIARY PARAMETERS FOR
CURRENT EVENT

KEY DEFINING DESIRED TARGET PARAMETERS FOR
CURRENT EVENT

FLAG INDICAVING GUIDANCE INFORMATION IN
CORRESPCNDING COLUMNS OF INPUT ARRAYS
=1, INFORMATION .

=0, NO INFORMATION
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MO YA

KL
KKX2(10)

KOASY

KOUNT

KPRINT

KsIca

KTAR(6,10)

KTINC10)

KTYP(10)

KMXQ(10)

coN

TARINTY

ZERDAY
COM

XX XL

TARINT

TARINTY

TARINT

TARINT

TARINY

PROBLEM NUMBER (NOMNAL ONLYV)

COMPUTE/ZEXECUTE MODES FOR EACH EVENT
=1 COMPUTYE VELOCITY CORRECTION ONLY
=2 EXECUTE VELOCITY CORRECTION ONLY

=3 COMPUTE AND IMMEDIATELY EXECUTE CORRECTIONS

=4 COMPUTE BJUT EXECUTE CORRECTION LATER
==1, SHORT COAST. =+, LONG-COAST

A CODE WHICH SPECIFIES WKETHER PRINT-0UT
IS YO OCCUR AFTER TYHIS TIME INCREMENT

CORRELATION MATRIX PRINY CODE

SYOPPING CONDYTION INDICATOR IN SUBRQUTINE
TRJTRY =1, STOP ON TINME
=2y STOP AY SPHERE-OF~-INFL''¥FNCE
=3y STOP AT CLOSEST AFPROAULH

CODES OF TARGET PARAFETERS (UP TO 6) FOR
EACH YARGETING EVENT OR ORBYT INSERTION
OPTION FOR EACH INSERYION EVENT

EPOCH TO wHICH GUIDANCE EVENT YIMES
ARE REFERENCED

-0 EVENY NOT PRCCESSED

=1 INITIAL TIME

=2 S0I TIME

=3 CA TIME

=4 CALENDAR DATE

TYPE OF GUIDANCE EVENT FOR EACH EVENT
==1 TERMINATION EVENT

=1 TARGETING EVENT

=2 RETARGETING EVENT

=3 ORBIT INSERTION EVENT
COMPUTE/EXECUTE MODES FOR EACH
GUIDANCE EVENT

=1 COMPUTE VELOCITY CORRECTION ONLY

" =2 EXECYUTE VELOCITY CORRECTION ONLY

=3 COMPUTE AND IMMEDIATELY EXECUTE
CORRECTION
=4 COMPUTE BUT EXECUTE CORRECTYION LATER
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KUR
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LEV
LEVELS

LINCY
LINPGE
LKLP(10)
LKTAR(6,10)
LKTP (10)
LLVLS(1D)
LNPAR(10)

LTARG
LVLS

MAT(10)

HATX
MAXB(10)
HAXBAD

MCNTR
MCODE (1000)

TARINY

TARINT

TARINT
TARINT

COoH
CON

TARVAR

TARVER

TARVAR
TARVAR
TARVAR

ZERDATY

TARINY

TARINY

TARINY

TARINY

TARINY

MEAS

MEAS

[
W
Pl
‘v
-

B
—_— A - U,

FLAG INDICATING HHICH EVERY IS YTHE CURRENT
EVENT

TERHINATION INDICATOR =0, CONTINUE RUN
=1, TERNINATE RUN

CURRENT LEVEL IN CURRENT TARGETING EVENT

NUHMBER OF ACCURACY LEVELS FOR CURRENT
EVENT

LINE COUNT (NOHNAL ONLY)
LINES PER PAGC (NOMNAL ONLY)

ARRAY OF LAUICH PLANETS

ARRAY DEFINING TARGET PARAMETEKS

ARRLY OF YARGET PLANETS

NUMBER OF INTEGRATION ACCURACY LEVELS USED
NUMBER OF TARGET PARAMETERS DESIRED

= 0, INTERPLANETARY TARGETING. =1, LUNAR
TARGETING

NUMBER OF ACCURACY LEVELS T0O BE USED ON
EATH VTARGETING EVENT

TARGEYING MATRIX CORPUTATION CODE FOR
EACH TARGETING EVENT

=1 COMPUTE TARGETING MATRIX ONLY AT
FIRSY LEVEL

-2 COMPUTE TAKGETING ~aTRIX AT EACH SYEP

MATRIX COMPUTATION CODE FOR CURRENTY
TARGETING EVENT (SEE DEFN OF MAT)

‘THE NLMBER OF BAD STEPS ALLOKWCED DURING
ANY TARGETING EVENT

MAXIMUM NUMBER OF BAO ITERATIONS FOR
CURRENT EVENT

NUMBER OF MEASURCMENTS HAVING OCCURRED

ARRAY OF MEASUREMENT COOE"

T e e e ey TR T T



MOL(10)

MNCN(12)
MNNAME(12, 3)
MONTH{12)
NAE

NAF6 (20)

NAFC
NB(L1)
NB81(11)

NBOD

NROD1
NBGDY

NBODYI
NCPR

NDACC
NOIM1
NDIM2

NOIM3

NEV
NEVL

NEvVe

TARINY

CONSTY
NANE
PRT
EVENT

EVENT

OVERL
VH
SIM2

v

SINM2
COM

COM

TARINTY

TRAJCD
STVEC
STvVEC

STVEC

EVENT
EVENT

EVENT

g

EXECUTION MODELS FOR EACH GUIDANCE EVENT
=3 IMPULSIVE

=2 PULSING ARC

MEASUREMENY NOISE CONSTANTS

MEASUREMENT NAME

NAMES OF MONTHS

ADAPTIVE FILTERING EVENTS HAVING OCCURRED.

ARRAY OF ADAPTIVE FILTERING EVENY CODES.
NON~FUNCTIONAL IN EALISTING PROGRAM

ADAPTIVE FILTER FLAG
CODES OF PLANETS
LRRAY OF PLANEY CODES IN ACTUAL TRAJECTOKY

NUMRER OF BAODIES USED IN VIRTUAL MASS
PROGRAM

NUMBER OF BODIES IN ACTUAL TRAJECTORY
EQUAL YO &*NBODYI-3

NUMBER OF B80DIES CONSIBERED IN VIRTUAL
HMASS TRAJECTORY

NUMBER CF INTEGRATION INCREMENTS BETWEEN
PRINT-0UTS OF NOMINAL TRAJECTORY

NUMZRICAL DIFFERENCING ACCURACY CODRE
DIKENSION OF SOLVE-FOR PARAMETER STATE

DIMZINSION OF DYNAMIC CONSIDER STATE

- OIMZINSION OF MEASUREMENT CONSIDER

PARAMETSR STATE
NUMBER OF EVENTS
TOTAL NUMBER QF EIGENVECTOR EVENTS

TOTAL NUMBER OF PREDICTION EVENTYS

81



w0y,
B - ten

S

£

C e LTI L

hVS SRS NP

I N TR, .

L .
o re A A e,
e e e A e

NEV3
NEVSe
NEVS

NEVH

NEV?

NEVS

NEV9

NEV1O

NEV11

NGE

NINETY

NITS

NLP

NHN

NO(11)

NOGYD
NOIT (10)

NOPAR

EVENT
EVENT
EVENT

EVENY

EVENY

EVENT

EVENT

EVENT

EVENT

EVENT

DP NUM

TARINT

'L
MEAS
BLK

TARINT -

TARINT

TARINT

TOTAL NUMBER OF GUIDANCE EVENTS
TOTAL NUMBER OF =-COMCON- EVENTS

YOTAL MUMBER OF QUASI-LINEAR FILTERING
EVENTS

TOTAL NUMBER OF ADAPYIVE FILTERING EVENTS.
NON-FUNCTIONAL IN EXISTING PROGRAM

ORBIT INSERTION VARIABLES. NON=-FUNCTIONAL
IN EXISTING PROGRAM

ORBIT INSERTION VARIABLE. NOK-FUNCTIONAL
IN EXISTING PROGRAMS

ORBIT INSERTION VARIABLES. NON-FUNCTIONAL
IN EXISTING PROGRAM

ORBIY INSERTION VARIABLES. NON-FUNCTIONAL
IN EXISTING PROGRAM

ORBIT INSERTION VARIABLTS. NON-FUNCTIONAL
IN EXISTING PROGRAM

NUMBER OF GUIDANCE EVENTS HAVING OCCURRED

THE NUMBER NINETY (S0} TO NiNE SIGNIFICANT
FIGURES. TARGETING HMCODE ONLY

ALLOWABLE NUMBER OF IVERATIONS FOR CURRENT
EVENT .

CCOE OF LAUNCH PLANETY
TOTAL NUMBER OF MEASUREMENTS

AN ARRAY OF PLANET CODES BEING USED T9
GENERATE THE VIRTUAL MASS TRAJECTORY

TOTAL NUMBER OF GUIDANCE EVENTS

THE NUMBER OF TOTAL ITERATIONS ALLOWED AY
THE FIRST AND LASY LEVELS OF TARGETING
EVENTS FOR EACH GUIDANCE EVENT

NUMBER OF TARGET PARAMETERS FOR CJURRENT
EVENT
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NOPHAS

NOSOI

NPE

NPUL

NQE

NR
NST
NTNC
NTP
O0dEGA

ONE

OTAR(3)
P(6,6)

PB(6,5)
34
PCON (3)

PERP7

PERV(10)

PG(6y0)

TARINY

TARINY

EVENT

PULS

EVENT

OVER1
CONSTY
TRAJCD
VM
CONSY

DPNUN

LUNART
STH

STH

EVENT

LUNARY

EVENT

TAREAL

GUl

NUMEER OF TARGETING PHASES FOR CURRENT
EVENT

OUYER TARGETING FLAG
=0 NORMAL TARGETING
=1 OUTER TARGETING

NUMBER OF PREDICTICON EVINTS RAVING
OCCURRED

NUMEER OF PULSES IN PULSING ARC

QUASTI~LINCAR FYLTERING EVENTS HAVING
OCCURPRED

NUMBER 0OF R0O%WS IN THE C3SERVATION MATRIX
NUMNBER OF STATIONS TC Z€ USED (MAXIMUM 3)
NININAL TRAJECTORY CODE

COCE OF TARGET PLANET

EARTH-S ROTATION RATE

1. SUMBZR ONE (1) TO NINIZ SIGNIFICANT
< {GURES .
DESYED VALUES CF SMA,RCA, AND INC
POSITION/VELOCITY COVARIANCE

POSITION/VELCCIYY CCVARIANCE AT INITIAL
TIME

ORBIT INSERTION VARIABLES. NON-FUNCTIONAL IN
EXISTING PROGRAM

FPERTURBATIONS IN CONTROLS (ALPHA,DELTA,

THETA) .

ORBIT INSERTION VARIABLES. NON-FUNCTIONAL IN
EXISTING PROGRAM

PERTURBATIONS SIZE FOR VELUCITY COMPONENTS
Ix CONSTRUCTING SENSITIVITY MATRICES IN
TARGETING EVENTS

POSITION/VELOCITY CONTROL COVARIANCE
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PHI(3,3)
PHI(6,6)
PHIZ(3,53)
PHILS

PI

PLANET (11)

PMASS(11)

POI

PP(6,56)

PROBI
PS{24424)

PSB(24,24)

PSG(24L,24)
PSI
PSI2

PSP(24k,24)

PSTAR

PULMAG

PULMAS

PULT

- ————

TAREAL
STN
BAINM
ZEROATY
COM
PRY

8LK

PBLK

STH

BAIHK
STH

ST

GJI
ZERDATY
ZERDAY

STH

PBLK

PULS

PULS

PULS

TARGETING MATRIX. REQ=D ONLY IF ISTART=1,2
POSITION/VELOCITY STATE TRANSITION MATRIX
INVERSE OF VARIATION MATRIX PARTITION
LATITUDE OF LAUNCH SITE

THE VALUE OF THE MATHEMATICAL CONSTANY PI
NAMES OF PLANEYS

GRAVITATIONAL CONSYANTS GF PLANETS IN
A.U.,®%3/7DAY®S2

PROBABILITY OF IMPACY

POSITION/VELJOCIYY COVARIANCE MATRIX
PRIOR T3 PROCESSING A MEASURTMENT

ALLOWABLE PROBABILITY OF IMPACT
SOLVE~FOR PARAMEYER COVARIANCE

SOLVE~FOR PARAMETER COVARIANCE AT INITIAL
YINE

SOLVE~-FOR PARAMETER CONTROL COVARIANCE
ANGLE OF FIRSTY BURN
ANGLE OF SECOND BURN

SOLVE~-FOR PARAMETER COVARIANCE MATRIX
PRIOR YO PROCESSING A MEASURIMENT

NOMINAL PROBABILITY DENSITY FUNCTION
EVALUAY=D AT TARGEY PLANET CENTER

THRUST MAGNITUDE OrF PULSING ENGIEN

" NOMINAL MASS OF SPACECRAFT DURINL PULSING

ARC

TOTAL TIME INTERVAL OF PULSING ARC
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P

Q(6y6)
QX (6,6)

R4y &)

RAP

RAD
RADIUS (11)
RC(6)

RCA
RCA
RCéi(&)
RCA2 (6)
RCA3(6)

RE (B)
RESC(W)
RF(6)
RF{B)
RF1(6)
RF1(6)
RI(B)
RI(6)
RI(6)
Ril

STH

EXE

STH
ZourY
COM
BLK
VM

VM

LUNART

TRJ

TRJY

VA
SImg
OVER
OVERZ
OVER
OVERZ
OVERL
OVERR
LUNARY

OVERL

DYNAMIC NOISE COVARIANCE MAYRIX

EFFECTIVE EXECUTION ERROR COVARIANCE
MATRIX

MPCASUREMENT NOISE COVARIANCE MATRIX
RIGHT ASCENSION OF VH2

THE NUMBER OF DEGREES PER RADIAN

YHE RAQDIUS OF A GIVEN PLANEY IN A.U.
STATE AT CLOSEST APPROACH

MAGNITUDE OF CLOSEST APPRZLCH PJISITION
VECTOR

RADIUS OF CLOSESY APPROACH TO MOON
(CESIRED)

STATE AT CLOSEST APPRGOAC+ ON ORIGINAL
NOMINAL

STATE AT CLOSEST APPROACH ON MOST RECENT
NOKINAL

STATE AT CLOSEST APPROACH ON ACTUAL
TRAJECTQRY

POSITION AND VELOCITY OF EARTH
RESIDUAL

FINAL TARGETED NOMINAL STATE VECTOR
FINAL TARGETED STATE VECTOR

FLNAL MOST RECENT NOMINAL STATE VECTOR

-FINA_L MOST RECENT NOMINAL STATE VECTOR

INITIAL TARGETED NOMINAL STYATE VECTOR
STATE VECTOR AT EVENY TIME
GEOCENTRIC STATE OF S/C AT LUNAR SOI

INITIAL MOST RECENT NOMINAL SIATE VECTOR

85



5
v~

Y SRt Fusodd s i A0 B Bl

R

et
aneti Ll 8L Y

P S

*C-‘:{g. 3 «p}«?. N

r‘:\t“ - ’
fop
o

e e s L AT AT

—a

&

PRPRDEE DIV A,

s

L
RSV

L b

RIN(B)
RK({2,3)
RMASS (11}
RME(6)
RMQ(6)

RP
RPE
RPRAT

REF(3)

RSI(3)
RSI{6)

RSOI1(3)
RSQI2(3)
RSOI3(Y

RYP(6)
RVS{6)

S{24,4)

SAL(3)

SIGALP

© 86

TAREAL

PULS

.

BLK

LUNRART

LUNARY

ZERDAT
LUNART
ZERDAT

TAREAL

Vi
LUNART

TRJ

TRJ

TRJ

M

Lk

STH

CONSY

EVENT

CURRENT STATE VECTOR AT I-TK EVENT
POSITION VECTORS OF LAUNCH AND TARGET
PLANETS AY IMPULSIVE TIME(MIDPOINT OF
PULSING ARC)

THE RELATIVE GRAJITAVYCNAL CONSTANT OF A
STATED PLANET WITH RuSPECY TO THE SUN

GEOCENTRIC STATZ CF CENTER QOF MOON IN
ECLIPTIC COORDINATES AT TSI

GEOUCENTRIC STATE OF CENTER OF MQOON ATY
TSI IN EQUATORIAL COORDINATES

PARKING ORBIT RADIUS
RADIUS O0F EARTH PARKING ORBIT
PARKING ORBIT INVERSE RATE

SPACECRAFY rOSITION AT ENDO OF INTEGRATION,
USED IN BROKEN PLANE TARGETING

POSITION AT SPHERE OF INFLUENCE
SELENOCENTRIC STATE OF S/C AT LUNAR SQI

POSITION AT SPHERE OF INFLUENCE ON
ORIGINAL NOMINAL

POSITION AT SPHERE OF INFLUENCE ON MOST
RECENT NOMINAL

POSITION AT SPHERE OF INFLUENCE ON ACTUAL
TRAJECTORY

POSITION AND VELOCITY OF TARGET PLANETY

POSITION OF VEHICLE RELATIVE YO VIRTUAL
‘MASS

KALMAN GAIN ZONSTANT FOR SOLVE=-FOR
PARAMETERS

ALTITUDES OF STATIONS

VARIANCE OF ERROR IN POINTING ANGLE
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SIGBET
SIGMAL
SIGPRO
SIGRES
SLAT (3)
SLB(9)
SLON(3)

SMA

SHJR (18}
SPHERE (11)
SPHFAC(10)
SSS¢3)
S7(50)

T

T1€20)
T2¢20)
T3(10)

T4 (20)
T5(20)

EVENT
ZERDAT
EVENT
EVENT
CONSY
SINCNT
CONSTY

LUNART

8LK

BLK

TAREAL

b'L,

BLK

BLK

TMW2

TMN2

B IM
THN2

THNW2

VARIANCE OF ERROR IN POINTING ANGLE 2
NOMINAL LAUNCH AZIMUTH

VARIANCE OF PROPORTIONALITY ERROR
VARIANCE OF RESOLUTION ERROR
LATITUDES OF STATIONS

BIASES IN STAYION LOCATION CONSTYANTS
LONGITUDES OF STATIONS

SIMI-MAJOR AXIS OF LUNAR HYPERBOLA
(DESIRED)

CONSTANTS USED YO CALCULATE THE SEMI-MAJOR
AXES OF THE PLANETS

THE SPHERES OF INFLUENCE OF THE PLANETS 1IN
A.U.

PEDYNCTION FACTYORS FOR TARGET PLANET SPHERE
OF INFLUENCE FOR EACK EVENT

OIRZCTION COSINES VECTOR OF SPACECRAFY
SPIN AXIS

CONSTYANTS USED YO CALCULATES THE ORBITAL
ELEMENTS OF THE LAST FOUR PLANETS

(SEE LARGE ARRAY DEFNS IN SECTION 5.3)
TRAJECTORY TIME IN DAYS

EIGENVECTOR EVENT TIMES

PREDICTION L_J/ENT STARTING TIMES

ARRAY OF GUIDANCE EVENT TIMES

CGNIC CONMPUTATION EVENT TIMES

QUASI-’ INEAR EVENT TIMEC
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\ sdla 3
:
- 16(20) W2 NOT USED
7 THH2 NOT USED
TACA M TRAJECTORY SEMIMAJOR AXIS WITH RESPECT

TO TARGEY BOOY AT CLOSEST APPROACH YO
TARGET BOOY

. TAR(6,10) TAREAL DESIRED VALUES OF TARGET PARAMETERS (UP
C TO &€ AVAILABLE) FOR EAGH GUIDANGE EVENT
I TAU? EVENT ORBIT INSERTION VARIABLES. NON-FUNCTIONAL IN
cod IN EXISTING PROGRAN

’ TCA LUNART  J.0. OF TIME AT LUNAR CLOSEST APPROACH

(DESTRED)

TCAL TRJ YIME AT CLOSESY APPROACH OF ORIGINAL
NUMINAL

TCA2 TRJ TIME AT CLOSEST APPROACH OF MOST RECENT
NOMINAL

YCA3 RY TINE AT CLOSEST APPROACH OF ACTUAL
TRAJECTORY

TEN OPNUM THE NUMBER TEN (10) Y0 NINE SIGNIFICANT

' FIGURES. TARGETING NODE ONLY
| TEV(50) EVENT TIMES OF EVENTS

j TEWN OVERL TIME OF CURRENT EVENT

5 TEVN : OVERR EVENT TIME
i g TF ZERDAT  NOT USED

: 16 GUI TRAJECTORY TIMF AT MOST RECENT GUIDANCE

i EVENY

el

i TET3(10) TARVAR  DESIRED TARGET TIMES REFERENCED TO INITIAL

! TPAJECTORY TIME

4

i > THEDOT ZERDAT  ROTATION RATE OF LAUNCH PLANET

{0 .

THELS ZERDAT  LONGITUDE OF LAUNCH SITE
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THREE

TI
TIMG(10)

TIMG
TIn2
TININT
TIKS

TIN
TINJ
™

THANCL1350)

THPR(3)

THOMB(J)
TNONC(T)

™U
TMU

TOL(6,10)

TRTH

T TOL(641D)

TOLR (9)

DPNUM

ZERDAT
TAREAL

ZERDAT
ZERDAY
vH

TAREAL

TAREAL
BAIM
VH
HEAS
BAIN
BAIN
BAINM
TAREAL
LUNBRT
TAREAL

TAREAL
TAREAL

TAREAL

THE NUMBER THREE (3) YO NINE SIGNIFLCANT
FIGURES

NOT USED

TIMES 0F EACH GUIDANCE EVENY RLERENCED
YO EPOCH-INITIAL TIME, S.I TIME,

OR CA TIME

TYIME OF FIRST BURN

TIME OF SECOND BURN

TOTAL TIME USED

INTERNAL CLOCK TIME AT START CF COMPUTER
RUN

JULIAN DATE AT INJECT.ON

INJECTION TINME

TINE UNITS PER DAY

YIMES OF MEASUREMENTS

MOSY RECENTY TARGET STATE

NOMINAL B-PLANE TARGETY STATE

NUMINAL CLOSEST APPROACH TARGEY STATE
GRAVITATIONAL CONSTANY OF TARGEYT PLANET
GRAVITATIONAL CONSTANT OF MOQN(KMI/SEC2)

ALLOKABLE TOLERANCES CF TARZET PARAMETERS
FOR EACH GUIDANCE EVENT

TRAJECTURY TIME (DAYS) REF. YO INJECVION

TOLERANCES OF TARGET PARAMETER. FOR EACH
TARGETING EVENT

NOY USED IN CURRENT TARGET VERSIONM
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3 YPT2(20) EVENT  ARRAY OF TIMES TO WHICH A PREIOICTION IS MADE
TRTM TAREAL  TRAJEGTORY TIME ON NOMINAL TRAJECTORY
TRTHL TINE INITI/L TRAJECTORY TIME
TRTHB TINE TRAJECTORY TIME AT BEGINNING OF TRAJECTORY
. TSI LUNART  PROJECTED J.Da AT SOI INERTSECTINU
2 TSOIL TRJ TIME AT SPHERE ~F INFLUCNCE OF ORIGINAL
Co NOMINAL
b
,. 1S0i2 TRY TIME AT SPHERE OF INFLUENCE OF MOST RECENT
NOMINAL
i 1S0I3 TRJ TIKE AT SPHun. OF INFLUENCE OF ACTUAL
: TRAJECTORY
{
TSPH LUNART  RANIUS OF LUNAR SOI (KM)
TTIML SIMCNT  FIRST TIME USED FOR UNMODELLEU
g - ACCELERATION
#0
fcoid i TTIN2 SIMCNT  SECOND TIME USED FOR UNMOGDELLED
: ACCELERA TION
o TTOL (3) LUNART  ALLOWABLE TOLERANCES IN SMA,B.T,8.R
THO BPNU-  THE NUMBER TWO  (2) TU MiNE SIGNIFICANT
F IGURES
THOPI OPNUM  THE MATHEMATICAL CONSTANT 2. *PI
i T7¢6,8) STH STATE TRANSITION MATRIZ PARTIVION
! ASSOCTATED WITH DYNAMIC CONSIOER PARAMETERS
g TXXS {6 pZb) STH STATE TRANSITISN MATRIX PARTITION
; 2SSOCIATED W.iH SOLVE-FOR PARAMETERS
o
5
f U0(3,8) STM _DYNAMIC GCONSIDER PARAMETER COVARIANCE
g MATRIX
fi UNIVT TINE UNIVERSAL TIK:
g UNMAC (3,3) SIMCNT  UNMODELLED ACUELERATYION
3 USTC ) CONST2  Din:iCTION COSINES OF 3 REFERENCE STARS
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V(16,7

V0(15,1,)
VHPH

VINF

VK(2,3)

vHy
VSI(3)

VS01i1(3)
VS0I2(3)
VSGCI3(3)

VsST(3)
4(L7)
WST(3)
XAC(5,510)

X346)

M:12) )
X8DR

Xx0C

XDELV (3,10}

CoM

STH

Z0UY

BAIM

PULS

VM
VH

TRJ

TRJ

TRJ

CONST2
SINg

CONST2
TARVAR

STVEC

SAVVAL
SAVVAL
SAVVAL

TARVAR

- ~ —_—

AN ARRAY WHICH STORES PERTINANT VECTORS
USED IN THE CALCULATION OF THE VIRTUAL
MASS TRAJECTORY

(SEE LARGE ARRAY DEFNS IN SECTION 5.3)

MEASUREMENY CONSIDER PARAMETER COVARIANCE
MATRIX

MAGNITUDE OF HYPERBOLIC EXCESS VELOCITY
AT TARGET BODY (VHP VECTOR)

HYPERBOLIC EXCESS VOLOCITY

VELOCITY VECTORS OF LAUNCH AND TARGETY
PLANETS AT IMPULSIVE TIME (MIOPOINT OF
PULSTING ARC)

GRAVITATIONAL CONSYANTY OF VIRTUAL MASS
VELOCITY AT SPHERE OF INFLUENCE

VELOCITY AT SPHERE OF INFLUENCE ON
ORIGINAL NOMINAL

VELGCITY AY SPMHERE OF INFLUENCE ON MOST
RECENTY NOMINAL

VELOCITY AT SPHERE OF INFLUENCE ON ACTUAL
TYRAJECTORY

DIRECYION COSINES OF 3 REFERENCE STARS
ACTYUAL DYNAMIC NOISE

DIRECTION COSINES OF 3 REFERENCE STARS
ACCURACY LEVELS EMPLOYED IN TARGETING

BEGINNING GRIGINAL NOMINAL VEHICLE STYATE
VECTOR

ORIGINAL VALUE OF B.T IN N-L GUIDANCE
ORIGINAL VFLUE OF BeR IN N-L GUIDANCE
ORIGINAL VALUE OF DBC IN N-L GUIDANCE

NONLINZAR VELOCITY CORRECTION
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XDSI SAVVAL

XDVMAX(10) TARVAR
XF(6) STVEC
XF1(6) SIM1L
XFAC (10) TARVAR
XG(6) GUI
XI(6) STVEC
XI1(6) ‘ SIM1
XIN(B) OVERX
XLAB(6) XX XL
XLAN(2,2) PBLK
XLAMI(2,2) PBLK
XMUS (2) PBLK
XNHM(24) XX XL
XP(6) 8L K
XPERV (10) TARVAR
XRC(6) SAVVAL
XRSI(3) SAVVAL

ORIGINAL VALUE OF TSI IN N~L GUIDANCE
MAXIHUM ALLOWABLE VELOCITY CORRECTION

FINAL VEHICLE SYAYE VECTOR OF ORIGINAL
NOMINAL

FINAL STATE VECTOR OF MOST RECENY NOMINAL
TRAJECTORY

SPHERE OF INFLUENCE FACTORS

STATE VECTOR AY VYIME OF LAST GUIDANCE
EVENTY

INITIAL VEHICLE STATE VECTOR OF ORIGINAL
NOMINAL

INITIAL STATYE VECTOR OF MOST RECENT
NOMINAL

STATE VECTOR TRANSFERRED TO NONLIN
VEHICLE POSITVION/VELOCITY VECTOR
COMPONENTY NAMES

PROJECTION OF TARGET CONDITION COVARIANCE
MATRIX INTYO THE IMPACY PLANE

INVERSE OF XLAM(2,2)

NOMINAL IMPACT PLANE TARGET STATE
AUGUMENTATION PARAMETER LABELS

THE POSITION AND VELOCITY OF A PLANEYT IN
HELIOCENTRIC ECLIPTIC COORDINATES

VELOCITY PERTURBATION USED YO COMPUTE
TAPGETING MATRIX

'ORIGINAL VALUE OF RC IN N-L GUIDANCE

ORIGINAL VALUE OF RSI IN N-L GUIDANCE
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XSL(24&)
XTAR(6,910)
XTOL(6,10)
Xu¢s8)
XV(15)
XVSI(3)
XXIN(6)

zarn)

ZDAY (6)

ZERD

ZI(17)

ZF (6)

XX XL
TARVAR
YARVAR
XXXL
XX XL
SAVVAL
EXE

SINML

ZERDAY

DPNUM

SIMy

SIML

SOLVE-FOR PARAMETER LABELS

DESIRED TVTARGET VALUES -

TOLERANCES ON TARGEY PARAMETERS
OYNAMIC CONSIDER PARAMETER LABELS
MEASUREMENTY CONSIDER PARARETER LABELS
ORLGINAL VALUE OF VSI IN N-. GUIDANCE

STYATE VECTOR TRANSFERRED YO cXCUT OR
EXCUTS

ACTUAL SYATE VECTOR
ZERD ITERATE VECTCR
IF IZERD=0 Z0AT(1-6)= INITIAL STATE
=2y354y ZDAT(1-3)= INITIAL
POSITION
ZDAT(%-SLi FINAL POSITION

THE NUMBER ZERO (0) YO NINE SIGNIFICANT
FIGURES

INITIAL ACTUAL STATE VECTOR

FINAL ACTUAL STATE VECYOR AFTER ADODING THE
EFFECT OF UNMODELED ACCELERATION
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5.3 Large Array Definitions

In this section large arrays appearing in CCMMOX will be displayed.
The arrays depicted are frequently referenced in trajectory propagation
subroutines in STEAP; hence the programmer studying such subroutines will

find the following tables extremely useful,

Tables 5.1 to 5.5 describe arrays containing planetary ephemeris con-
ptants, The values actually stored in these arrays may be found in the

docurentation for BLOCK DATA, Tables 5,6 through 5,8 contain variables used

in the virtual mass propagation procedure. Discussions of these variables

may be found in VMP, EPHEM, ORB, and similar routines,

Constant 1 Q & e M a w E a, 8,
Mercury 1 2 3 4 5 6 .1 8 1 2
Venus 9 10 11 12 13 14 15 16 3 <
Earth 17 18 19 20 21 22 23 24 s 6
Marsg 25 26 27 28 2§ 30 31 32 7 8
Jupiter 33 33 35 36 37 38 39 40 9 10
Saturn 41 42 43 44 45 4 47 438 11 12
Uranus 49 S50 51 52 53 54 55 56 13 1+
Neptuna 57 58 59 60 61 62 63 64 15 16
Pluto 65 66 67 68 o9 70 71 72 17 18
Moon 73 74 75 76 77 78 719 80
Table 5,1 ELMNT Array ~-- Conic Elements Table 5,2

Constant 1041 1399 Q Q4 q & Gepey )6y
Mercury 1 2 3 4 5 6 7 8 91011 12 13 14 15 16
Venus 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
Earth 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56
Mars 61 62 63 64 65 66 67 68 69 70 71 722 73 74 75 76

Table 5,3 CN Array -- Inner Planet Comstants

Congtant g 4 B 9§ & @ ey e My M
Jupiter 1 2 3 4 5 6 7 8 9 10
Saturn 11 12 13 14 15 16 17 18 19 20
Uramus . 21 22 23 24 25 26 27 28 29 30
Neptume 31 32 33 34 35 36 37 3 39 40
Pluto 41 42 43 44 45 46 47 48 49 50

Table 5,4 ST Array -- Outer Planet Comstants

17 18 19
37 38 39
57 58 5%
77 78 79

SMJR Array
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Moon

Constant

gl
N e

s & ——————— e

1231.01.11.21.310.;

6 7 8 9 10 11 12 13 1¢ 15

Table 5.5 EMN Array ~- Lunar Constapts

X
y—

e

f TRG (1)

TRG (3)
TRG (4)

TRG (2) -

F-Array

cos E
ein B
cos £
sin £

TBG (5)
TRG (6)
TBG (7)
TRG(8)

cos 1
sin 1
cos Q
ain Q

Note:

Subscript

indicates component is

i-th body referenced to inertial
coordinate system

Subscript

81 {ndicates component

is spacecraft referenced to i-th

body

.Table 5.6 P-Array =-- E_Ehmtga Da;a_

TRG{9) coBw
TRG(10) sinw
TRG(1l) cosw
TRG(12) sinw

.Tabla 5,7 TRG Arvay =-_ Trigonumstric Functions

TBC (13) cos(wW+ £)
TRG(14) sin(w+ £)
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Table 5,8 W-Array -- Virtual Mass Propagation Variables
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6. INDIVIDUAL SUBROUTINE DCCOMENTATION

This chapter contains the ind{vidual documentation Ior all the sub-
,routines in the STEAP II series. The rollowilng information is given for
each subroutine,

190,

11,

Purpose: The tasks performed by the subroutine,
Calling Sequence: The statement by which the subroutine is called,

Arguments; The argucents in the calling sequence, their definition,
and {dentificarion as Lnpur, output, or both,

Subroutines Supporcea: A list of subroutiues calling the aud-
routine being documcnted,

Subroutines Required: A list of wuvroctines called by the sub-
routines being documented,

Local Symbols: The interual (non-common; variables used in the
subroutine and *heir definitious,

Common Computed/Used: A llst of variables appearing ia common
blocks which are both computed auc used (see Chaptzr 3 Zfor
definitions).

Common Computed: A list of commou variables which are set in the
proyram,

Common Used: A list of common variables only used by the sub-
routine,

Analysi{s: The detaf{led mathematical analysis on which the sub-
routine is based (Lf applicable),

Flowchart: A flowchart of the operation of the program (Lf re-
quired),

The reader {s referred to Chaprer - rfor an index of all subroutines
of STEAP II (Tables 4.l and 4.2) and for the calling hierarchies of the basic
subprograms o. STEAP II (Figures 4.1 to 4.~).
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SUBROUTINE  BAYCON

PURPOSES BATCON IS A CONIC PROPAGATOR USING THE BAYTIN UNZVERSAL

BATCON-A

VARIABLE FORMULATION.

CALLING SEQUENCES CALL BATCON(GH,RV,VV,DT,0V,SV) ¢

ARGUMENTSS &N
RV (3)
yvi(3)
DY
oviy)
SV

SUBROUTINES SUPPORTEQS

)4

o M M 4

0

SUCROUTINES REQUIREDS

LOCAL SYMDOLSs ALP
AsSQ
CONY
CON
DEL X

EX
FY

GHSQ

6T

RI
RO

98

GRAVITATIONAL CONSTANT
INITIAL POSITION VECTOR
INITIAL VELOCITY VECTOR

TIME INTERVAL OF PROPAGATION
FINAL POSITIQON VECTOR .
FINAL VELQCITY VECTOR

PERHEL

NONE

BATTIN ALPHA VARIABLE

SQRY OF ALP

INTERMEDIATE VARIABLE
MORMALIZED TYIME

CORRECTION TQ CURRENT VALUE OF X

B d R AT S B L AT A s e e w o wm ~ e

E RAJSED YO THE ASQ®X POMER

F SERIES FGR VELOCITY EVALUATED AT EPOCH

okt o DRI

F SERIES FOR POSITYION EVALUATED AT EPOCH
SQRT OF GRAVITIONAL CONSTANT

G SERIES FOR VELOCITY EVALUTED AT EPOCH
G~SERIES COEFFICIENT FOR POSITION

KEPLER-LIKE EQUATION ITERATION COUNTER
NAME FOR COMPONENTS OF IHITIAL POSITION
HAGNITUDE OF INITIAL PCSITION

SQUARE OF RO

o TN S L8 s & 4

T T T T T P T e AT R T S A i

T ey
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SIG6
uo
Ul
u2
u3
Vi

Ve

1 e - mm— e el e

ITERATE VALUE COF RADIUS
INTERMEDIAYE VARIABLE

BATTIN TRANSCENDENTAL FUNCTIQN
BATTIN TRANSCENDENTAL FUNCTICN
BATTIN TRANSCENDENTAL FUNCTION

BATTIN TRANSCENDENYAL FUNCTION

BATCON-B

NAME FOR COMPONENTS OF INITIAL VELOCITY

SQUARE OF INITIAL SPEED
BATTIN ITERATION VARIABLE
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BATCON-1

BATCON Anslysis

BATCON 485 a conic propagator using the Battin universal variable formu-
lation. A total derivation is too involved to be given here; rather
the results of Battin's work will be given here.

Let the initial state of a point mass moving under the influence of a
gravitational force U bYe given by Tor Voo It 18 required to determine

the state T, V at a time T units later. It is useful to introduce the
parazeters

° U“ (1)

Battin's approach is to introduce a new independent variable x(t) in place
of time by the relation

ax Ve

at * T(t) x(0) = O (2)

¥

This parametrization greatly simplifies the comic propagation problem. For
suppose that the value of x correspording to t = T is given by X, i.e. x(T) = X.
Then the finsl atate is given by

T = R, (X) 'i-‘o * B,(X) T:‘o

V . Vl(X) T, * VZ(X) v,
where
1 1
RI(X) =1l-r, UZ(X) 22(1) -{jir [roUl(X)+ aoUZCX)] (&)
V- 1
vl(X) = "r—o—-;:_: Ul(X) | VZ(X) sl = -zz UZ(X)
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ATCON=-2
and where
C"“‘ o x
— a >{
, a
U (X) w cos a¥X a >0 0. (X) = .
° - l 31..‘*71[-_62 X
-coah'\f*dx a<o e — a <9 (s)
RV
[y &3

The problem is thus reduced to the determination of X. X 1. gexerated
iteratively by the recursive formulae

x " X - \//J_tn - "ﬂ t L A)& (6)
orl el a
T
n .
where
' v 0y N
VH t roUl(xn) v Uz(xn) v LBKAn)
(7}
n ( .~
r roUO(xn) + 0 Ul\xn) - UZ("n)
To start the process the initial guess is set to
, n 5 7 r Tl
x, = X_LJ.T_. ‘l- OZV.U T-t—-iz; i}.ra-ro(l-aro)l,'l'l‘f (&)
o ( 2r ér © L ° y .
o °
The program sets X - X wren the correction Ax is less than 10'8.
It terminates if the number of iterations exceeds 10.
Refererces:
Battin, R.H., Astronautical Guidance, ¥cGraw-Hill Boox Co.,
New York, 1964. :
Battin, R. E. and Fraser, D.C., Space Guidance and havigation, AIAA
Professional Study Series, 1970,
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BATCON=3

BATCON Plowchart

ENTER

Compute O‘O, a, etc. ]
J

Compute in{tial guess x l
|

'

|
Compute Uy(x),U, (»),U, {x} |

|
|
!
|
|
<Iteracions : 10 ST0P i
|

<0

’

Compute correction Ax to x

\%

D

<
Compute R,, R R
R
Vl, Vou T, v J
RETURN
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BIADM-A
SUBROUTINE BIAIM
PURPOSES TO PERFORM BIASLO AINPCINY GUIDANCE.
CALLING SEQUENCES CALL BIAIMIRI,TEVN)
ARGUMENT:  RI !  KCHIMNS.  SPACECRAFT STATE AY TIME OF BIASED
AIMPOINT GUIDANCE EVENTY
TEVN I TIME OF BIASED AIMPOINY GUIDANCE £MENT
SUSROUTIKES SUPPORTED? GUISIM GUIDN
SUBROUTINES REQUIRED? MATIN  POLCCHM PSIM GCCHP
LOCAL SYWBOLS  ADAi VARIATION MATRIX AT TINE T(J+1)
8B RIGHT HALF PARTITION OF ADAL MATRIX
csaQ CONSYANT DEFINING CONSTRAINT ELLIPSE
c1 A COEFFIEIENT IN THE NEZESSARY CONDITIONW
ce A COEFFIEIENY IN THE nECESSARY CONDITION
a C3 L COCFFIEISNY IN THE NICESSARY CONDITION
Cé 4 COCFFIEIENT IN THE NECESSARY CUNDITION
o 4 COEFFIEIENT IN THE NECESSARY CONDIVION
c SQUARE ROOT (CF CsQ
DELMU  AIMPOINY BIAS IN IKPACY PLANE
DENOM  INTERKEDIATEC VARIADLE
DET DETZRMINANT OF PRQUECTED TARGET CONDITION
COYARIANCE MATRIX
OVBIAS BLAS VELOCITY CORRECTICH
VYT TOVAL VELOCITY CORRECYIGK IF EYTAS IS
REMOVED
.DVT TOTAL VELOCITY CORRECTION IF BIAS IS
APPLIED
DVUPP  UPDATE VELCCITY ITERATE
01 PARYIAL DERIV. TIVE USED IN NEKTON
ITERATION TEC..WIQUE

05
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BIADM-1

BIAIM Analysis

Subroutine BIAIM performs biased aimpoint guidance computations. If
planetary quarantine constraints are in effect at injection or &t a
midcourse correction, and i{f the ncminal aimpoint does not satisfy these

congtraints, subroutine BIAIM will compute a biamsed aimpoint and the
required bilas velocity correction guch that the constrainte are satisfied
and gome performance functional is winimized.

Aimpoint bissing is performed in the impact plane and as such permits
only two degrees of freedom {n the selection of the biased aimpoiat. The
general aimpoint {n the impact plane will be denoted by the 2-dimensional
vector ﬁj' where the j-subscript indicates that the biased aimpoint

guidance event is occurring at time tj' Three midcourse guildance policies
are availgble i{n STEAP, and it will be necessary to relate ﬁj to the
specific aimpoint for each of these three policles. These relationships

are summarized below:

(a) Two-variable B-plane (2VBP):

ﬁj- B-T Q)
B-R

(b) Three-wariable B-plaune (3VBP):

ﬁj - [1 0 o} 3-1] (2)
o 1 o B-R
s1

(c¢) Pixed-time-of-arrival (FTA):

Ho- A?CA (3)
wvhere ?CA is the nominal closest approach position of the spaceccrafit

relative to the target planet. Coordinate transformation & projects
the 3-dimensional vector fC.A (referred to wcliiptic coordinates) into

an equivalent FIA impact plane which is defincd to be the plane
containing ?C.A and perpendicular to the spacecraft closest approach

velocity -‘;C.A relative to the target planet. If the ecliptic
coordinate T v
T s of Tea and Veu are denoted by T ry, T, and Vs

vy, AP respectively, then the transformation & is given by

B T S S

Cer e S e,
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i
Y r Y 7
X . 2z
A = Tea Tea Tea (%)
fl Vz - rz Vv rz Vx - rx Vz r}: VJ - rv VX
i Tea Ve Tea Vea Tea qu )

Spacecraft state variations at tj are related to <impoint variations

(taxrget condition variatiouns) by the variation matrix 7 , which 1s always
)

available prior to calling BIAIM. Thus, the statistical state dispersions
about the nominal following the guidance correction at t, and rcpresentec

-

+ .
by the control covariance P. , can be related to the cispersions about
h

~ +
the nominal aimpoint represcnted by UJ accoraing to the cquation

. e otk Loim s

] e Y
.

W e et gt (5)
] 309 nj
Tae control covariance PC is computed from .
3 i
+ - r vt
ch « Pka -+ '?-C— _l_g—tl 6) ;
- I { ~
L 0 ! Q‘_j 1
where Pk- is the knowledge covariance prior to the guidance event and
aj is the execution error covariance. 3
Transformations employec in equations {1) through (3) can alsc be employed 3
to project Uj into the impact Dlane. The resulting pro-ection is denoted i
-+
by the covariance Jq,, and is obtained from Wj aceording to the Zollowing L
equations: 1
-+ <
(a) 2VBP A - (7 :
J o3 )
+
(b) 3VBP : /'LJ = [1oolw 11 0 (8) .
0 1 0 0 1 .
0 ©
+ T

(¢) PIA /LJ - AW, A (9)

i
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BIADM-3

With covariance Jﬂa available, it is now possible to compute the

probability of impact PPI. Assuming the probability density fuaction
associated with ﬁ; {8 gaussian and nearly comnstant over the target

Planet capture area permits us to coapute PPI using the equation

2

Ml = WRC ) (10)

where B 18 the target planet capture radius and p represents the
c

gaussian density function evaluated at the target planct center and is
givean by

1 - T -1 - oy
p ®» —2 . exp -.]:“*A ‘[} (1)
k 2 i .
2w [N |
i
The nominal impact plane aimpoint is denoted by il.*. Subroutine BIAIM

calls subroutine PRICEM to perform the computations involved i{n equations
(7) through (11).

"Capture radius 'Rc is simply the physical radius R of tne target

P
pla-et 1f the FTA guidance policy is employed, while for the twc B-plarne
v licies the capture radius is given by

wh-re ”p is the target planet gravitational constant and Vee 1is the

‘\yperbolic excess velocity.

If the probability c¢f impact PPl does not exceed the permissible iwpact
probability PI , and 1f the nominal aimpoint hag not been prev:ivusly

biased, we simply return to tubroutine GUIIM (or GUISIM). I:f the nomiual
aimpoint has been previocysly bilased, a velocity correction L‘,'{B. required
3

tc remove that bias 1s computed prior to returning. But if PPI exceeds
PI’ an aimpoint bias éuj and the aasociated bias velocity correction AV,

LW
must be computed. Before describing the details of the biasing technmigue
it is necessary to define the relationship between AV anc o U for
linear midcourse guidance policies. 3 -

Linear impulsive guidance policics have form
v, = I 8X (3
3 3% (23)

T v ooy
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BIADM-4

where I} is the guidance maetrix and 6?} 15 the spececraft state

deviation from the targeted nominal tralectory. (Whese guldance pclicies
are discussed in more detail in the subroutine GUIS anulycis section.)
Such guidance policies can be readily generalised to accouant for changes
in the target conditions from their nominal values. 7Tnis gencrelized
version of equaticn (13) has form

AV, = I X + W 5n (1)
3 3 3 3 5

where ¢S can also be referred tc as a guidance matrix. TFor the purposes

of the BIAIM analysis, we bshall assume that 6}7ﬁ a gquatica (l&) is

always an aimpoint change in the Zapact planc. iﬂus, W will be a 3x2

guidance matrix. The derivation of the ua maltrix s &u;tc 6imilar to

-

the derivatiou of the 7 matrix aand will not be uresealed here. I we
i

partition the previously discussed variation matrix 7 as Icllows:

) ! 1
Uj = [‘71 = Uzl %))
then the ¥ matrices for the threc micicurs-e¢ yuldahte policies are
given by the following equations:
T T -1
(a) 2vEP - Voos S m ) (16)
-1
(b) 3ver /AN S S (17)
: © oo
l
Lo 0]
-1 T
(¢) FrA YV e 7 & (18)

If an aimpoint bZlas were to beé removed at time t

, the required velocity
correction would he given by

aVgs = - ¥ s (29
J ] 3 .
£ an aimpoint bias were to be imparted at time t, , tne bias velocity
correction would be given by “ :
AV, = wj SL 20y
j -
\
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BIADM-S5
(1)
If an aimpoint biag) bﬂj had beea previously imparted, and if a new
ai{mpoint bias & | is to be imparted, then the total bias velocity
correction would be given by
2) 1)
av, - v [“% - ol ] (21)
3 i 3 3

The general statement of the biased aimpoint guidance problem is as fdllows:
Find an aimpoint ifj in the impact plane which satisfies the impact

probability constraint

PPl & PI (22)

and minimizes a performance functional having form

- - I el ot - -
J-(uj-u)A(uj—y) (23)
- %
vhere U is the nominal aimpoint and a is a constact symmetric matrix
that will be cefined subsequently.

The solution of this problem 1s detailed in the cection cn biased aixnoint
guidance in the analytical manual. Only the results will be presented here.
The assumption of constant probability density over the target plane:
capture area permits us to rewrite constraint equation (22) as

2 2 Y]
+ 2 + A - C 24
Aoy A, U H v A, (24)
where 2 )
7-\
C = ZL\ Rc (255

2 I/H%?I

1 3
H, A

and ;7 - “l and /1-1- [-A A .
' X
LA N
Tae inequality has been replaced by an equality since the solution caa be
shown to lie on the comstraint boundary, which, frow ingpection of equation
(24) 18 an ellipse centered at the target planet.

If ¢
b

chosen as a 2x2 identity matrix. The minimization of J is then equivalezt

to nminimization of the miss distance [ﬁ - ﬁ*! . If t’j is not the

-~
fical midcourse correction time, A will be-defined as follows:

~
is the time of the final midcourse correction, matrix A wilil be

110
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’ ‘/" ~ T :;‘.
A v /4 (26) ‘
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%

Here ¥ denotes the aimpoint guidance matrix for the next midcourae .

In this case the minimization of J

‘ , i.e., the velocicy
- 1 ;
required to remove bias &M  at time tj+1 will by minimized. The :
computation of "'3+1 is based on the variation matrix 77#1, just as WJ

. However, nj+l can be computed more efficiently by

P

correction occurring at time tj+1 .
is equivalent to the minimization of AVRB

was based on 7

3
using the relationship

i
i
i

~1
n - 1 ¢ 7)
Hl S B 0 SO |
where ¢j+1,j is the state transition matrix over [tj' tj-fl]'
1f we define
2
. - 8, a,
a a
3 2

then the necessary condition for a minimum {s givean by

2 2 :
@ Ay-aA)dp v @A, - Ju)+ & A, - r)du, . :

T T

* * * *
*Ca A H T e A p va T M u

R
. 1 P

* *
R A N W AR LN W AR R W P (28)

Thuse, our problem is reduced to finding ul and yz which satisfy

equations (24).and (28). Since the analytical solution of these equations
proved intractable, a standard Newton {teration technique is employed in
BIAIM which quickly converges to solutiona for ”1 and yz « The {iteration

2 process ig zt«artcd with an initial guess defined as the intersection of the
| extended " vector and the constraint boundary defined by equation (24)

This initial guess is given by

TP T T R

o
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.
o H o -
R e A
“2
(29)
] ( Q) c
H, °8a "zv ) 2 u
A —= +2A -z +A
1 2
A& A

where ¢ 18 defined by equation (25).

In addition to the previously described iteration process, subrcutinc
BIAIM also_employs an outer iteration loop which accounts for thc depen-
dence of 81 {equation (6)) on 5]; . The execution error covariaunce

3

is a function of the total velocity corre ..{on at t but the tota!

- 3t
velocity correction, in particular AVp , depends on 6”1 . This coupling

is resolved by recomputing 31 at the end of the previously descrived
‘blasing technique and repeating the biasing cycle until the error fuuction

1 Pl & P ox10
ML - I 1 *

_1s satisfied, This outer iteration process is not performed, however, if

: tj = {njection time since at injection equation (6) i. replaced by the

equation

and 31 is alwaye zero.

Beference: Mitchell, R, T., and Wong, S. K.: Preliminary Flight Path
Analysis Orbit Determination and Maneuver Strategy Mariner
Mars 1969. Project Document 138, Jet Propulsion laboratory,
1968.
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BIAIM Flow Chart

BIADM-8

‘ ENTER ,

In{tialize iteration countexr ITRN and
define guidance policy code IIGP.

NO

N

‘/___)

IIGP

L“‘"'\\L‘ YES

>17 )

matrix A .

Compute FTA transformation

Compute nominal FTA
and most recent FTA

aimpoint zz*
7

aimpoint

Set capture radius
the physical radius

Rc equal to
of planet.

]

6d =

Compute ¢3 matrix and

—_ —a¥

-
L

Compute nominal B-plane aiax-

point 7'¥ and most recent

B-plane aimpoint 7 . |
!
v

Compute effective capture radius
Rc for B-plane guidance policies.

YES

Write out

R
c

Compute ¥ watrix and
0= g-u”
|
and .
wj

imparted?

Write out bias 81 .

y

Compute velocity correction required

to remove bias [\ B

° ‘

67

Set —\7 =0 ,
et OV .

¥

NHO YES
__——<<Ltj = injection time?‘-:>”"‘1

o

~ %
Set Q‘l and
[}VV to zero.
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et AV,or = AVpy *+ AV

Call QCAMP to compute execution
error covarisnce .6_1 - J(Ml,m,r).

>

y

et

Write out A\

RB

and 6;.

/

sizulation error amalysis

Set

V. _=AV .
OVip = OBV

write out Aj

and PPl fo

the nominal aimpoint.

Call PRICEM to compute andw
r

|

4

E_.< PRI & PI 7\/

NO

Set [7- ;l‘ *.

Set IBIAS = 0 ,

BIAIM-9

Will a velocity bias
be actually imparted?

YES

Set IBIAS = 1 ,

RECRTILEN -7
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A
YES tJ - time'of final NO
| midcourse correction?
~
Set A = I, SetAt-tj_ﬂ- tj and call
PSIM to compute the state
transition matrix é(tj+1,tj).
i
T Call MATIN to compute
Shee ., e,
H+14
Compute variation matrix r;j+1.
Compute w_j+l mstrix for the
appropriate guidance policy.
~ T
Compute A = wj+1 wjﬁ-l'
YES ) NO
< mENs 417 D
f
Writs: IDENS QF.IDN Compute constants defining the
NPT AVAILABLE, elliptical constraint boundar,
associated with Aj'
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Write out the equation of the
elliptical constraint boundary.

<mm> 0 1>

NO

gueas 22 °.

Comput_:. and write out the initia"

by

Initislize Newton fteration counter IKNT.

L

Compute constants defining necessary
condition for a minimum.

determine the

Use Newton iteration technique to

i{-th iterate 6',}1.

Ml

Write out

ﬁi and 41,

1

r 1+1 { —
Set H - g+ 6;11 and
increment IKNT.

IXNT > 25 ?
yd

¥
E_< lbﬂ;\"l dp; l<1. 1>

NO

m

Write: HNewton's method did not
converge in BIAIM,

A

5000
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f;i Write cut final {teration U .
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‘ Copute =R -0 and

. -

= Avbiau - wj 6”

and write out, J '

T
2
¢
t
i

Store .ﬁ“'l in the XM array.

TS
< Ty = injectioti time? \/; @

e e e e S g e D 1

NO
y
set —_ ! — —
\' =AV +/\V
AU? AUPabias
and _,

Avwr 'Avm'r +&V bias

Call QCP to cm:;:pute
Q_1 = Qj (Avm)

and write out,.

Call PPIC®™ to compute A

3
and PPl for aimpoint ﬁ“l.

Update {teration counter ITEBN,
. J

7 e -3
. _ sz PléP x10 7>——m—~
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SUBROUTINE BIAS !
PURPOSES COMPUTE THE ACTUAL MEASUREMENT BIAS IN THE SIMULATION :
PROGRAN ;
RETURN THE ACTUAL MEASUREMENT BIAS YO GE USED IN THE i

‘ SIMULATION MODE. ;
| CALLING SEQUENCE! CALL BIAS(MCODE,BVAL) é

. ARGUMENTS BVAL O THE ACTUAL BIAS TO BE USED IN THE
MEASUREMENT ;

MCODE I MEASURENENT TYPE COOE
SUBROUTINES SUPPORTEDS SIMULL

COMNMON USEDS BIA

TN P et . o 3 oo 7 Ao 2 ST 3 EBuoet v o ot e oo
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BIAS Analysis
The eotusl measurement T° atuutkugtnnw

Y‘ - Y * bk »

x =X Py

vhere Y,  is the ideal measurement, which would be made in the absence

of instrumentation errors, "k is the actusl measurement biaas and vk
represants the actus]l mseasuremcnt noise.

The function of subroutine BIAS is to computs the measurcesnt bias hk

for the appropriate measuressnt type. The comstant biases for all measure-
ment devices are stored in the vector BIA. Sudroutine BIAS selects the
appropriate elements from this vector to comatruct the actual measurement
biasn.
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BIAS Flow Chart

Compute the bias vector
for 3 star-planet angle
measurements.

<—nc¢m! - 1}

11,12,13

Compute the bias for
the appropriate star-
planet angle wmeasure-
ment,

L ! . 1
:
3
|
BIAS-2 ?
i
:
-
i
- 1.
(= ) |
i
{
:
. {
9 10,11,12,13 :
{ MCYDE = : > \/: e
1,2,3,4,5,6,7,8 i
;
M@x g H—YE 5
| even 1
. / |
i
v |
EETURN ;
Compute the bias ‘or Compute the bias vector
a range-rate measure- for & range and range-
went from the appro- rate measurement from !
priate station. the appropriate station. !
|
~——.
BETURN
10
o~ v
Compute the bias for v i
an apparent planet h
diameter measurement.
T
RETURR
121
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BLOCK DATA :
PURPOSES TO LOAD CONSTANTS INTO COMMON LOCATIONS USED IN VARICUS :
OTHER PARTS OF THE PROGRAM. :
CALLING SEQUENCES NOME |
ARGUNENTY NOME . 3
SUBROUTINES SUPPORTED HALF THE SUBROUTINTS USE THE CONSTANTS i
STORED BY THIS SUBROUTINE 1{
SUBROUTINES REQUIRED  NONE §
COMMON LOADED CN1 CN ELMNT  EMN EVNM |

RADIUS RAD RMASS  SMJR SPHERE

F MNNANE PI PLANET PMASS
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i
3
: BLKDAT Analysis
‘ Subroutine BIXDAY is responsible for setting up constants used in

cooputing ephemeris data for the gravitating bodies.
E The arrays set up by BLEKDAT and their definitions are as follows:
} Array Definition
' CN(80) Constants defining mean elements for inner planets
¢ ST(50) Constants defining mean elements for cuter planets

? SMJIR(18) Constants defining semi-major axes for planets and
] wmoon
{ BPMIN(15) Constants defining lunar elements
. PMASS (11) Gravitational constants of sun, planets, and moon
RMASS (11) Mass of bodfes relative to sun
BADIUS (11) Surface radii of sun, planets, and moon
SPHERE(11) Sphere of influence radii of sun, planets, and moon
MONTH(12) Names of months for output purposes
PLARET(11) Rames of planets for output purposes

The definfitions of the CN, ST, SMJR, and EMN arrays are provided in
Tables 2 through 5 on the following page. The actual constants stored
in those arrays are the ephemeris data listed on the next pages following.

The constants stored in the other arrays are given below.

e gy

Body BUSS (AU>/day?) RMASS™ RADIUS (AU) SPHERE (AU)

¥ Sun 2.959122083(-4) 1.0 4.66582 (- 3) NA

: Mercury 4.850(-11) 1.639(-7) 1.617(-5) 7.46(-4)

: Venus 7.243(-10) 2.648(-6) 4.044(~5) 4.12(-3)

4 Earth 6.88757(-10) 3.003(-6) 4.263(-5) 6.18(-3)

7 Mare 9.5497905(-11) 3.236(-7) 2.279(-5) 3.78(~3)
Jupiter 2.8252(-7) 9.547(~4) 4.7727(-4) .3216
Saturn 8.454(-8) 2.857(-4) 4.0374(-4) .3246
Uranus 1.290(-8) 4.359(~5) 1.5761(-4) .346
Neptune 1.5(-8) 5.069(-5) 1.4906(-4) .5805
Pluto 7.4(-10) 2.501(=6) 4.679(-5) .2366
Moon 1.0921748(-11) 3.696(-8) 1.161(-5) 3.71394(-4)
* Truncated from program values
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3
' Array Definitions
'
1
; Constant {1 Q0 o e X a & = a8 .
Mercury 1 2 k] 4 5 6 7 8 1 2
! Venus 9 10 11 12 13 14 15 16 3 4
% Earth 17 18 19 20 21 22 23 24 5 6
‘} Mars 25 26 27 28 29 30 31 32 7 8
} Jupiter 33 34 35 36 37 38 39 40 9 i0
{ Saturn 41 42 43 &4 45 46 47 48 11 12
1 Uranus 49 S50 S1 52 53 534 55 56 13 14
: Reptune 57 58 59 60 61 62 6 64 15 16
: Pluto 65 66 67 68 69 70 71 72 17 18
i Moon 73 % 715 16 11 18 719 8
Table 1. EIMNT Array -~ Conic Elements Table 2. SMIR Array

Conatant 104, 1,1, 9,22 28,3, & G eje; e, e 4,4 ¥, 1,

¥ !arcury 1 2 3 4 5 6 7 8 9101112 13 1415 16 17 18 19 20
) E Venus 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
"% Earth 41 42 43 44 45 &6 47 48 49 50 51 52 53 54 55 56 57 58 59 60
£ Mars 6l 62 63 64 65 66 67 68 69 70 71 72 73 74 715 76 77 78 79 80
- E Table 3. CH Array ~-- Inner Planet Constants
]
3 ~ ~
: Coastant 14 iy 'QO 91 Wy wl N e !o !1
]
3 Jupiter 1 2 3 4 5 6 7 8 9 10
Saturm 11 12 13 14 15 16 17 18 19 20
: Uranus 21 22 25 24 2% 26 21 28 29 30
: Neptuns 31 32 33 34 35 36 37 a8 39 40
Pluto 41 42 &3 &4 45 46 47 48 49 50

Table 4. BT Array -- Quter Planet Constants

Constant 9091 Q 92, 50 51 52 53 Ip L, L, L, 1 e &
Moon 1 2 3 & 5 6 7 8 9 10 11 12 13 14 15
Table 5. BN Array -~ lunar Constants

124




B T T F T TN e - T T St e g e

BLKDAT=3
Flanstsry and Lunar Epheaerides

Hean Elemants of Mercury
1= 0,1222233228 + 3.24776688 x 10'5 T - 3.19977029% x 10'7 2

Q = 0.8228518595 + 2.068578776 x 10™2 T + 3,034933644 x 10”6 T2
© = 1.3246996178 + 2.714840259 x 10°2 T + 5.143873156 x 10-5 T°
e = 0.20561421 + 0.00002046 T - 0.000000030 T2
M = 1.785111955 + 7,142671000 x 10°2 & + 8.72664626 x 10”9 p?
a = 0.3870986 A.U. = 57,909,370 kn

Mean Elements of Venus
{ = 0.0592300268 + 1.7555510339 x 107> T - 1.696847884 x 10~8 12
Q = 1.3226043500 + 1,570534527 x 1072 T -+ 7.155849933 x 1076 12

2

©e 2,2717874591 + 2.457486613 x 10”2 T + 1.704120089 x 10~5 T2

e = 0.00682069 - 0.00004774 T + 0.000000091 1'2

2 44 1.682497399 x 10”6 p?

M= 3.710626172 + 2.796244623 x 10~
a = 0.7233316 A.U. = 108,209,322 kn
Mean Elements of Earth
1 =0
Q=0
@ = 1.7666368138 + 3.000526417 x 10”2 T + 7.902463002 x 10°6 T2
+ 5.817764173 x 1078 T°
e = 0.01675104 - 0.00004180 T - 0.000000126 T2
M = 6.256583781 + 1.720196977 x 1072 d - 1.954768762 x 1077 D?
- 1.22173047 x 1077 |
a = 1.0000003 A.U. = 149,598,530 kn
Mean Elements of Mars

{ = 0.0322944089 - 1.178097245 x 10™° T % 2.201054112 x 10”7 T2

e
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- 9.308422677 x 1078 3

.

BLEDAT-4

Q = 0.8514840375 + 1,345634309 x 10°2 ¥ - 2.424068406 x 10°8 72

T = 5,8332083089 + 3.212729365 x 102 T + 2.266303939 x 10°6 22

-2.084698829 x 1078 T3
e = 0.09331290 + 0.000092064 T - 0.000000077 T2
+ 4.363323130 x 10°10 p3
a = 1.5236915 A.U, = 227,941,963 km
Nean Elements of Jupiter

{ = 0.0228410270 - 9.696273622 x 10”° T

trarstmasnly xCH I @ T b T a1 T e

LY

ﬁ ,

2 = 1.7355180770 + 1.764479392 x 10°2 T

@ = 0.2218561704 + 2.812302353 x 1072 T

e = 0.0483376 + 0.00016302 T

M = 3.93135411 + 1,450191928 x 10™> 4

a = 5.202803 A.U. = 778,331,525 kn
Mean Element of Baturn

1 = 0.0435037861 = 7,757018898 x 10~8 ¥

Q = 1.9684445802 + 1.523977870 x 1072 T

= 1.3897996653 + 3.419861162 x 1072 T

e = 0.05589%00 - 0.00034705 T

M = 3.0426210430 + 5.837120844 x 10°° 4

a = 9.538843 A.U, = i,azs,m,lw ko
Mean Elements of Uracus

1 = 0.0134865470 + 0.696273622 x 1076 %

Qe 1.2826407705 + 8.912087493 x 10°3 T

= 2.9502426085 + 2.834608631 x 1072 T

M = 5.576840523 + 9.145887726 x 10°> 4 + 2.365444735 x 10~/ p?
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e = 0.0470463 + 0,00027204 T

M = 1.2843599198 + 2.046548840 x 10°% 4

BLEDAT-3

a = (19.182281 - 0.00037008 ) A.U. = (2,869,640,310 - 83271 )

Mean Elements of Heptune

{ = 0.0310537707 - 1.599885148 x 1074 T

Q= 2.2810642235 + 1.923032859 x 1072 T

T = 0.7638202701 + 1.532704516 x 10™2 T

e = 0.00852849 + 0.00007701 T |

M = 0,7204851506 + 1.03308%473 x 10™% 4

a = (30.057053 + 0.001210166 T) A.U. = (4,496,490,000
Mean Elements of Pluto

1 = 0.29967069708596%

Q = 1.1914337550102258

W = 3.509919302791948

e = 0.2488033053623924

M = 3.993890007 + 0.6962635308298997 x 10°°

a = 39.37364135300176 A.U. = 5,890,213,786,145,730 kn

. Mean Rlements of Moon

1 = 5,1453964°

+ 181039 T) km

Q = 259,183275° - 0.0529539222d + 0.002078 Tz + 0.000002 e

3 o b o
W= 334,3295%6" + 0.1114040803d4 - 0.010325 - 0.000012

L = 270.434164° + 13.1763965268d - 0.001133 T + 0.0000019 T

a = 00256954448 A.U,

. e = 0.054500489

[ Y
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BLXDAT-6

The above elements are referred to tha mean equinox and ecliptic
of date except for Pluto.

The elemants for pluto ars oscillating values for apoch 1960
Beptember 23.0 BT, = J.D. 2437200.5

The time interval from the epoch is denoted by T when mscsured
in Julian centuries of 36,525 ephemeris days, by D = 3,6525 T
when measuxred {n units of 10,000 ephemeris days, and by d =
10,000D = 36,525 T when measured {n ephemeris days. Times are
measured with respect to the gpoch 1900 January 0.5 E.T, = J.D.
2415020.0,

Arngular relations are expressed in radians for planets and degreas
for moon.

Referencess gl) Bpace Research Conic Program, Phase IIX, J.P.L., May 1969

(Planetary constants)

(2) The American Ephemeris and Rautical Almanac - 1965, U.S.
Govermment Printing Office, Washington, p. 493 (Lunar
conatants)
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SUBROUTINE  CAREL
PURPOSEY TRANSPORM CARTESIAN COORDINATES TO CONIC ELENENTS
CALLING SEQUENCES OALL CAREL(GMyRyVsTFPyA EgWsXI XNy TA,PP,QQyHN)

L aliain s bk e

{
: ARGUMENTS  GM I GRAVITATIONAL CONSTANT OF THE CENTRAL B0DY §
j R(3) I POSITION VECTOR RELATIVE TO CENTRAL 800Y %
} v(3) I VELOCITY VECTOR RELATIVE TO CENTRAL BOOY §
{ TFP O TINE OF FLIGHT FROM PERIAPSIS ON THE CONIC %
A 0 SEMI-MAJOR AXIS OF THE CONMIC !
3 O ECCENTRICITY OF THE CONIC
M 0 ARGUMENT OF PERIAPSIS OF THE CONIC ;
X1 O INCLINATION OF THE CONIC TO THE REFERENCE
FRANE
XN O LONGITUDE OF THE ASC(NDING NODE OF THE
CONIC
TA INSTANTANEOUS TRUE ANOMALY OF THE CONIC

0
PP(3) 0 UNIT VECTOR TOWARD PERIAPSIS ON CONIC
Qa(y) 0
WN(D) O UNIT VECTOR MORMAL TO ORBITAL PLANE

UNIT VECTOR NORMAL YO PP IMN ORBITAL PLANE

SUBROUTINES SUPPORTEDS TAROPT _UNCON MULTAR EXCUTE COPINS
NOMINS CPROP L L1 GUISIN NONLIN
PULSEX GUIDN

- SUBROUTINES REQUIRED! NONE

LOCAL SYMBOLSS AUXF ECCENTRIC ANOMALY (MYPERBOLIC CASE)

AVA MEAN ANOMALY (ELLIPTIC CASE)
. COSBA  COSINE OF THE ECCENTRIC ANOMALY (ELLIPTIC
CASE)
CTA COSINE OF THE VRUE ANOMALY
c MAGNITUDE OF THE ANGULAR RMOMENTUM

o1V INTERNMEDIATE VARIABLE IN CALCULATION OF
ECCENTRIC ANONALY
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&

EA

RAD
RO
RM
SINEA

SINKF
STA
TANG

L)

el e

ECCENTRIC ANOMALY (ELLIPTIC CASE)
SEMI-LATUS RECTUM OF THE CONIC

DEGREES TO RADIANS CONVERSION CONSY?NT
TIME OERIVATIVE OF RADIUS

MAGNITUDE OF CARTESIAN POSITION VECTOR

SINE OF THE ECCENTRIC ANOMALY (ELLIPTIC
CASE)

HYPERBOLIC SINE OF AUXF
SINE OF THE TRUE ANONMALY

INTERMEDIATE VARIABLE USED YO CALCULATE
SINHF

MAGNITUDE OF THE CARTESIAN VELOCITY VECTOR

INTERMEDIAYE VECTOR USED YO CALCULATE
PP, QQ VECTORS

- ———
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CAREL Analysis

CAREL converts the cartesisn state (position and velocity) of a massless ;
: point referenced to a gravitational body to the equivalent conic elements ;

about that body, 1

Let the cartesian state be denoted ?, V and let the gravitational con- :
stant of the central body be u . {

The angular momentum constant ¢ 1is

c -l?x?" (1) :

e b e 2 "

A
The unit normaul W to the orbital plane is

. § - z_’zt_z (2)
4 The semilatus xectum p {8 :~
. cz
’ﬂ L Q)
The semi-wajor axis a {8
a = X ’2- (‘0)
Y
Z-"%

Thus & D0 €or elliptical motion, a < 0 for hyperbolic motion. The
eccentricity e 4s

- . .
e 1~ : (5)

Thus e 1 for elliptical motion, e > 1 for hyperbelic motion. The
inclinat{ion of the orbit { {s computed from

cos { = Qz < (6)

The longitude.of the ascending node @ 18 defined by

¥
tanQ} = -55 (7)
y
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CAREL~2
The trua anomaly £ at the given state is computed from
cos £ =» R=l .m('-i (8)
er ne
Bov define an suxiliary vector € by
? - h 4 '6. - i "lf » (9)
c c

Then 9 , the unit vector to periapsis, and a , the in-plane normal
to P, are defined by

? =~ Tcosf - Zeinf (10)

Q = Tsinf + Zcos f (11)
where 9--:-.. The argument of periapsis w 15 then computed from

tan w = -E (12)

The conic time from periapsis t 1is computed from different formulae

depending upon the sign of the s&ni-mjor axis. For a >0 (elliptical
motiocn)

3
a
tp- e (E -~ e 8in B)
‘/ 2
cos E = £t cos { ginEw=—t € sinf (13)
l+ecos l1+ecos £

Por a <0 (hyperbolic motion) the time from periapsis ia

/1
tp" -:—(eainhﬂ-‘ﬂ)
-1
.\/—:-+ tan (14)

tanh

N

-
N s

Reference: Battin, R. H,, Astronautical Guidance, McGraw-Hill Book Co.,
Bew York, 1964.
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SUBROUTINE CASCAD

PURPOSES T0 COMPUTE THE STATE TRANSITION MATRIX DEFINING STATE
PERTURBATIONS OVER AN ARBITRARY TIME INVERVAL BY CAS-
CADING DANBY MATRIZANTS OVER SEGMENTS OF THE TNTERVAL ,
USING EITHER PATCHED CONIC OR VIRTUAL MASS TKO 80OY ;

FORMUL AE.
CALLING SEQUENCES CALL CASCAD(RI,SYMAT) v
ARGUNRENTS RI I POSITION AND VELOCITY OF VEHICLE AV

BEGINNING OF TIRE INVERVAL

STHAY O STATE TRANSIVION MATRIX OVER OESIRED
INTERVAL

SUBROUTINES SUPPORTEQt PSIN

SUBROUTINES REQUIRED? CONC2 VNP

LOCAL SYNBOLSS OELTAT TVIME INTERVAL USED IN A SINGLE ITERATE
DELY TIME INTERVAL OF CURRENT ;ROPAGAYION
o1 INITIAL YINE OF IYFRATE

IFLAG FLAG TO DETERMINE MHETHER ITERATION IS
CONPLETED

108 FLAG INDICATING HELIOCENTRIC OR
PLANETOCENTRIC PHASE

ISP3 FLAG USED AS TRAJECTORY INTEGRATION
SPHERE OF INFLUENCE STOPPING COOE

PHI CUNULATIVE STATE TRANSITION MATRIX OVER
INTERVAL ( T8, TK)
PSI CUNRULATIVE STATE TRANSITION MATRIX OVER

INTERVAL ¢ V0, TKel)

PYP STATE OF TARGET RELATIVE TO INERTIAL
COCRDINATE AT VYIME WX

RAY STATE OF SPACECRAFT RELATIVE TO DOMINANT
800y FOR MATRIZANT

RKO STATE TRANSITION WATRIX OVER INTERVAL
(TR, TK*1)

RS INERTIAL SPACECRAFY STAYE dr ™

RSF INERTIAL SPACECRAFY STATE AT TKei

133
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134

SPACECRAFT STATE RELATIVE TO VIRTUAL MASS
AY TXK .

SPACECRAFY STATE RELATIVE TO VIRTUAL MASS
AT TKey

INTERMEDIATE VARIABLE

CUNULATIVE TRAJECTORY TIME FROM INITIAL
TINME T0 TXel

VIRTUAL MASS MAGNITUDE AT TK
VIRTUAL MASS MAGNITUDE AT TKel

ICL

ACC ALNGTH DATEJ QELYH OTPLAN
DTSUM  ISTMi NTP PNASS RYP
RVS ™ TRTHL ViU v

e meen am la ey at

SOG4 00 LI Kul Ll




o' )
ke
-

1,
k.

PR

CASCAD Analysis

CABCAD approximates the state transitiocn matrix °t ° defining state

»
perturbations over an arbitrary interval [to, tf by recursively
computing state transition matrices over intervals [to. tl] ’ [to. tz] rees

» [to. :f] . §

The recursive formula for the ktl {iteration based on the keth iteration i
is given by

LBV E. . ISV R D T S

%10 = Yk %k,0 (L
where . is the state transition natrix for the ktl-st interval

[ =::]'§

—'r.he time interval A"bfl - "H»l - tk it determined by the position vector
T of the spacecraft relative to the taiget planet along the nominal n-body
trajectory at the time t, . Then if RSOI denotes the rasdius of the sphere
of {nfluence of the target planet the time interval is defined by

Atb‘-l - Atphut 1f tks B‘SOI

- Atm 1f r, and the n-body nominal

> l8(')1
trajectory propagated over Atwn does

not intersect the SOI.

= At 1f 1 > Ry, and the n-body nominal

tra jectory intersects the BOI after the

time interval Atsox vhere AtSOI Atsun .

vhere Atplnnzt and A‘sun are input parameters. For the last interval
2 partial step may be required so that Atn = tf - tn-l . .
The ¥ watrix may be computed by either of two models. " In the patch

kt+l,k
conic model the position and velocity vectors _i:, -V.k of the spacecraft

relative to the dominant body (the sun if Atk_ﬂ = Ac or At___, the
sun 501
target planet if A‘H-l - Atpl p) at the time t, 1s used to define a

135
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conic with respect to the dominant bedy and the Danby matrisant over the
given interval defines WH-l,k (cpic2) . .

-t

In the virtual mass model the poaition and velocity vectors .l.‘, vk are

coaputed relative to the virtual mass and the gravitational conatant used
is that of the virtusal mass magnitude at the time tk The Danby matrizant

corresponding to this conic then is used to ‘ccnput.e WHI k (CgniC2).
The recuraive ess coptinues until the state transition matrix over the
entire interval to. tfj ie determined.

Reference: Danby, JJM.A., “The Matrizant of Keplerisn Motion,” AIAA
Journal, vol 2, no 1, January, 1964.
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CENTER-A

SUBROUTINE CENTER

PURPOSES TO CONVERT THE POSITION AND VELOCITY VECTORS OF THE
GRAVIVATING BODIES FROM REFERENCE B80DY ECLXIPYIC YO

BARYCENTRIC ECLIPTIC AND STORE THEN IN THE F ARRAY.

<

CALLING SEQUENCES CALL CENTER
SUBROUTINES SUPPORTEDS EPHENM
SUBROUTINES REQUIREDS NONE

C e e e v et e i

LOCAL SYNMBOLS BARYC POSITION AND VELOCIYY OF CENTER OF MASS
RELATIVE YO EARTH, (AU, AU/DAY)

F ARRAY OF PLANEY EPHEMERIS DAYA IN AU,

AU/DAY UNITS. DATA INDICATED BY THE

FOLLOWING INDICES

4*1-2,J VELOCITY OF I-YH PLANET RELATIVE
TO THE SUN (INPUT) AND RELATIVE
TO YHE BARYCENTER (QUTYPUT)

L*I-3,J POSITION OF I-TH PLANET RELATIVE ‘
TO YHE SUN (INPUT) AND RELATIVE
YO YHE BARYCENTER (OUTPUT)

GO®IM-2,J VELOCITY OF MOON RELATIVE TO
EARTH (INPUT) AND RELATIVE YO
BARYCENTER OUTPUT

L*IM-3,J POSITION OF HOON RELATIVE TO
EARTH C(INPUT) AND RELATIVE TO
BARYCENTLCR(OUTPUT) I

e T e T

1

K

i

GEJP POSITION AND VELOCITY OF BODIES RELATIVE
YO THE EARTH. (AU, AU/DAY)

A

IND INDEX USED YO EXTRACY EARTH EPHEMERIS DATA
. RELATIVE YO SUN FROM F-ARRAY
IX INCEX OF IJ-TH GRAVITATIONAL B0ODY
SuM SUM OF GRAVITATIONAL CONSTANTS i
(AU®S3/DAY®S2) .
SUN POSITION AND VELOCITY OF SUM RELATIVE TO
EARTH (AU, AUZDAY)
COMNON COMPUTED/USEDS F INITAL V
COMMON USEDS NBODYI NO PHASS  ZERO

- el Bl e = —— ]
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CENTER Anslysis

let tha stata vector of position and velocity 0f the gravitating bodias
(excluding the moon) in heliocentric ecliptic coordinates be denoted
P» &1y At some reference time. Let the index of the earth be iy. Then

the coordinates of all bodies (excluding the moon) relative to the earth
is

-
L= 9 -0, 1=1,0 , 161,
B (1)
= - -
v, " W, -wiz {=],n , i#i!

Lat the poaiu_g_n and velocity of the moon relative to the earth be
denoted -t.lx, viu.

Define the radius vector to the ceater of masa (in earth ecliptic coordin-
ates) by

- n
- T -
‘m 'i- Z l‘i ri M Z Ili (2)
i=1 {i=1

o
-t - 1 —

The coordinates of all gravitating bodies relative to the center of mass
may then be computed

—ii ® '1'1704
. @
?1 -V -V‘q

i

ki, .

S

T
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SUBROUTINE CONC2

PURPOSES COMPUTE STATE TRANSITION MATRIX USING ANALYTICAL
PAYCHED OONIC OR ANALYTICAL VIRTUAL MASS TECHNIQUES

CALLING SEQUENCEs CALL CONC2(R,V,DELT,GNX,PSIEC)

ARGURENTS ODELTY 1

6nX ) ¢
PSIEC 0
R I
v I

SUBROUTINES SUPPORTEDS

LOCAL SYNBOLSS A

AL
A2
A3
AM2
c1
CSE
CYA
CTA2
0OX0
DOYO
DX0
pvo

EA

TIME INCREMENTY OVER MHICH THE STATE
TRANSITION MATRIX IS BEING COMPUTED

GRAVITATIONAL CONSTANT OF GQVERNING B0ODY
STATE TRANSITION MATRIX

POSITION OF THE VEHICLE RELATIVE TO THE
GOVERNING BODY

VELOCITY OF THE VEMICLE RELAVIVE TO THE
GOVERNING 80DY

PSINM CASCAD PCTH

SEMI-HAJOR AXIS
INTERMEDIATYE VARIABLE
INTERMEDIATE VARIABLE
INTERMEDIATE VARIABLE
INTERMEDIATE VARIABLE
MAGNITUDE OF RXV

COSINE OF ECCENTRIC ANOMALY
COSINE CF TRUE ANOMALY
COSINE OF TRUE ANOMALY ON ELLIPSE
}MTERKEDIATE VARIABLE
INTERMEDIATE VARIABLE
INTERMEDIATYE VARIABLE
INTERMEDIATE VARIABLE
ECCENTRICITY

ECCENTRIC ANOMALY

R
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)

OPEC
ORB

PI
PSIOP
PV

f -

RRD
RTHD
R2
R3
SNE
SNF
STA
STA2
TINL

- TINR

Ll
uy
X0
Yo

conca-B

INTERMEDIAYE VECTOR
INTERMEOIATE VECTOR
INTERMEDIAYE VARIABLE
INTERMEDIATE VARIABLE
INTERMEOIATE VECTOR
INTERMEDIAYE VARIAGLE
SEMI~-LATUS RECTUNM

MATHEMATICAL CONSTANT .
INTERNMEDIAYE STATE TRANSITION MATRIX
INTERMEDIATE VECTYOR
INTERMEDIATE VECTOR

R 00T Vv DIVIQED B8Y MAGNITUDE OF R
MAGNITUDE OF R

R DOT V

INTERMEDIATE VARIABLE
INTERMEDIATE VARIABLE
INTERKEDIATE VARIABLE

SINE OF ECCENTRIC ANOMALY

SINE OF F

SINE OF TRUE ANDMALY

SINE OF TRUE ANOMALY ON ELLIPSE
INTERMEDIATE TVIME

INTERMEDIATE TINME

MAGNITUDE OF ¥

RXV

INTERMEDIATE VARIABLE
INTERMEDIATE VARIABLE

De R S « UY ‘.4_‘
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CONC2-C
- ]

T™aPI

HALF ONE THREE
ZERO

.
INTERMEDIATE VECTOR
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THO

CoMMON USEDS
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CORC2-1 3
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CORC2 Analyais :
. 3‘.
CONC2 s responsible for ths computation of a state transition matrix i
about a conic trajectory using the Danby matrizant analytic formula. :
Danby has shown (see Reference 2) that the state transition matrix (or ’}
matrizant) has a particularly simple form if written in the orbital plane :
coordinate systen. The state transition matrix ¢ defined by §
bxg = @ (tg, to) &X ) j
where 61‘. 6:° refer to perturbations about a conic trajectory at time %
tgs t, Trespectively may be written in the orbital plane system %
; "y » -1 / i
| . Olty, t) = M ) M " (t) . () |
wvhere Nf€t), !-l(t) may be computed from the following formulae
s - . - \
M= |X YX-h 0 2X-3TX YY 0
Y -XX 0 2Y-3TY -YX-2h 0
0 0 Y 0 ., 0 -X
X vk o -k-37% ¥2 + ¥¥ 0 Q)
b -x2.x8 0  -¥-37Y  -k-nX 0
LO 0 Y 0 0 X |
xl e am®st (%)
wvhere X,Y,i,i,i,? are evaluated at the time ¢
h 4{s the angular momentum constant
T 1s the time interval from ¢ to some epoch (periapsis) =
and A = diag ( a/g, a/yh, 1/h, a/u, a/ub, 1/h) (5)
/ 3
0 -1 ! 3
Je= [1 0} (6) :
§
Thus to use the Danby fox.'mlation one must determine the transformation 3
from the reference frame to the orbital plane coordinates, compute the ;
values of the quantities X,Y,%,¥,%,¥ and b and T at the times tor ¢, :

and then use .the above equations.

Let the initial etate of the conic be denoted T, ¥V, the gravi{tational
force {1 , and the time 1néetva1 At. Then the unit vectors in the
direction of periapsis, {n the direction of the angular womentum vector,
and é- 9 x defining the orbital plare coordinate system may be computed
by the following conic equations ’

\
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? CONC2-2 j
N 1
O -
i hom | ®xVl I 3’
v ,
' 9.2%1 (8) s
E r = M (%)
} v
s 2 |
; - (10) i
: P
: H 1
i L4 o [
(1 a = —L—z—— (11)
‘ 2 - v/
e =\V1-7P '(12)
cos £ = 2= X oin £ = LD (13)
2 er ue
- _-'l - I - i 14
3 hv h'l’ (14)
e $ = cost -;’e - 8in £ % (15)
& = sin t%-&coc £z . (16)
!
|
£ = < (17) |
: r
3 The transformation matrix from the original T, V system to the orbital
E plane system may then be written

4 !
Let the true ancmaly at the pertinent time (t, or tf) be denoted £ .,
Then the quantities required {n (3) are written

JENEREIR) (18)

X = rcosf ) Y » rosint
i-i-:oaf-rflinf Y = §ein £+ rf cos ¢ (19)
- . HX I - oYX
z 3 ¥ 3
r T

Having computed the atate transiti{on matrix ) corresponding to the
orbital plans system by equations (2), (3), (&), it {s an easy task to
convert {t to the normal reference system

6= 1817 (20)

143




- ov

B e = TP .

LA T e s e

P

"» "
R TR T R M Y I T

&

References:

CONC2-3

Battin, R, H,, Astronautical Guidance, McGraw-H{ll Book Co.,
New York, 1964,

Danby, J.M.A., Matrizant of Keplerian Motion, ATAA J,. vol. 3,
no. 4, April, 1968,

- W e ]

—

-

P NS Ty

N

T X2 A Ll

AL IO L

RN KT PR g UL




e t":’vc:_xi aolpsodaw - - . e T

e R VR T IR R PR O I e e

CONC2 Ylow Chart

Compute ?, 6, Q. and
transformation matrix T

Compute 71' T s

£
and ff (Xepler

equation) for
ellipse.

CORC2-4

1A

Compute T -rf.
and fi (Kepler

equation) for
typerbola.

Compute X,Y,k,1,%,%,
nee), W le,), and 6,

T
Compute @ = TP T,

()
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SUBROUTINE  CONVRY

PURPOSES T0 CONPUTE TME GEOCENTRIC EQUATORIAL COORDIMATES OF THE

VENICLE,.
CALLING SEQUENCES

ARGUNENT S GANNA
R
PHI
THETA
VEL

@’1‘ SIGHA

vy

vz

CALL CONVRT(R,PHI ,THETA,VELGAMNA,SIGHAsX Y2,y

© M ke i P

VXoVY,V¥Z)
PATH ANGLE
GEOCENTRIC RADIUS
OECLINATION
RIGHT ASCENSIOM
VELCCITY
AZINUTH

X COMPONENT OF POSITION
EQUITORIAL COORDINATES

Y COMPONENY OF POSITION
EQUITORIAL COOROINATES

I COMPONENY OF POSITION
EQUITORIAL COGCRDINATES

X COMPONENT OF VELOCITY
EQUITORIAL COQRDINATES

Y COMPONENT OF VELOCITY
EQUITORIAL COORDINATES

Z COMPONENT OF VELOCITY
EQUITORIAL COORDINATES

WIIES SUPPORTEDS DATA ~ OATAS

LOCAL SYNBOLSS B1

82
; w
3 ce
| .
1% cT
s6
e

INTERMEDIATE VARIABLE
INTERNEDIATE VARIABLE
INTERMEDIAVE VARIABLE
COSINE OF PATH ANGLE
COSINE OF DECLINATION

COSINE OF RIGHT ASCENSION

SINE OF PATH AKGLE

IN GEOCENTRIC
IN GEOCENTRIC
IN GEOCENTRIC
IN GEOCENTRIC
IN GEOCENTRIC

IN GEOCENTRIC 5,

~ T = S =]
‘
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SINE OF DECLINATION
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SINE OF RIGMY ASCENSION
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CONVRI-1

CONVRT Analysis

Geocentric equatorial position and velocity components are related to geo-
centric radius, declination, right ascension, velocity magnitude, flight
patb angle, and azimuth through the following equations: .

x = r cos ¢$pcos @

y=1rcos ¢ sin @

z=r sgin @

v (8in T cos Pcos 8 - cos T 8in 0 8in 6 - cos T
cos ¢ sin ¢ cos 6)

v (8in T cos @ 8in © + cos T sin @ coa 6 - cos T
cos ¢ 8in ¢ sin 8)

g
]

v (8in 7 sin @ + cos T cos ¢ cos @)

The definitions of pertinent quantities are apparent in the following
figure.

equator
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SUBRQUTINE COPINS

COPINS-A

PURPOSES TO DETERMINE THME INPULSIVE CORRECTION AND TIME REQUIRED
T0 INSERT FROM AN APPROACH HYPERBOLA INTO A COPLANAR
ELIPTICAL ORBIY,

CALLING SEQUENCES

ARGUNENTSS &N
R(3)
v(3)
1]
1] 3
DELM
TEX
DELV(3J)
LEX

SUBROUTINES SUPPORTEDS

I

[ B - B - I - B

SUBROUTINES REQUIREDS

LOCAL SYMBOLSS AA

3

CALL COPINS(GM,RyVyOA DE,DELMyTEX4DELV,IEX)

GRAYITATIONAL CONSTANY

POSITION VECTOR AT DECISION
VELOCITY VECTOR AT DECISION
OESIRED SEMINAJOR AXIS

QESIRED ECCENTRICITY

OESIRED PERIAPSIS SHKIFY

TINE FRON DECISION TO EXECUTIOM (SECONDS)
INSERTION VELOCITY CORRECTION
EXECUTION GODE

=0 EVENY IS EXECUTABLE

a{ NO EXECUTABLE SOLUTION FOUND
INSERS

CAREL ELCAR

COEFFICIENT DEFINING TANGENTIAL SOLUTION
FOR A

NYPERBOLIC SEMIFAJOR AXIS

THE CONSTAMT 180

CANIDATE SOLUTION FOR SEMINAJGR AXIS
CANIDATE SOLUTION FOR SEBINAJOR AXIS
TARGET SENMINAJOR AXIS .

gOEFFICIEIY DEFINING TANGENTIAL SO’ ""ION
arR A :

TANGENTIAL SOLUTION CONSTANT

COEFFICIENT DEFINING TANGENTIAL SOLUTION
FOR A

149

™ 'Lﬂ‘«‘ ’ !‘“%W%/WW‘“ fCseare f -



S T T ———— Sm—
e — p——
——

TTY e e -

f N ‘
N . e
TTE s TrAT e TY \f Y, gt ey

15C

Coe
COSTH
cosu

DELVN
BISC
DISK

DRA
DRP

Dvn

4] ]

EH

ERRNMAX

ERR
ER

ETA

HI

Hk

HR
10PY

IS0L

COPINS-B

1/t

COS(THETA)

COStwW)

YANGENTIAL SOLUTION CONSTANTY
HAGNITUDE OF FINAL CORRECTION
DISCRIKINANY OF SOLUTICN FOR THETA

DISCRIKINANY OF TAMGENTIAL SOLUTION
FOR A

DESIR+D APOAPSIS RADIUS
DEIRED 2ERIAPSIS RADIUS

MAGWIYUDE OF VZLOCITY CORRECTION FOR
CANT'TOAYE SOLUTION

VELOLY v ¢ CORRECTIOM OF CANDIQATE SOLUTION
TANGENTIAL SCLUTTION CONSYANT
HYPERBOLIC ECCENTRICITY

SCALAR “RROR ASSOCIATED MWITH IMPOSSIBLE
SOLUTION

SCALAR LRRORS OF CANDIDATE SOLUTIONS
RAQIUS ON ELLIPSE AT IWSERTION
TRUE ANMOMALY OR ELLIPS: AT INSERTION

ECCENTRICITY QF ELLIPSE

INCLINAYIUN OF HYPERHUGLA

ASCERDING NOOE OF HYPLRUOQLA

HYPERDOLL1C PERIAPSIS RADIUS

KRADIUS Or KRYPCRDOLA AT INSERTYION

TYPE OF SOLUTINM

=0 NRAITS INTERSECY

=L MUST MODIFY OR8IT TO JBTAIN SOLUTION

JNDEX OF SOLUTION

PENRPO

SR s

e
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MIN
NSOLS

PI

PP

QQ
RAD
RA
RD
RENG

RNAG

SGN
SINW
STA

SYGN

TFPE

YFPH

THA
TINDX
TIMD

COPIKS-C

INOEX OF MINIMUM LOSS FUNCTIONM SOLUTION
NUMBER OF SQLUTIONS

MYPERBOLIC SENMILATUS RECTUN

THE MATHEMATICAL CONSTANT PI

UNIT VECTOR TOWARD PERIAPSIS

ELLIPTICAL SEMILATUS RECTUNM

UNIT VECTOR IN ORBITVT PLANE NORMAL YO PP
QEGREE YO RADIAN TRANSFORRATION
APOAPSIS RADIUS

RADIUS YO DECISION STATE

MAGNITUDE OF RADIUS ON ELLIPSE AFTER
INSERTION

POSITION VECTOR ON ELLIPSE AFTER
INSERTION

POSITION ON HYPERBOLA BEFORE INSERTION

MAGNITUDE OF RADIUS ON HYPERBOLA BEFORE
INSERTION

PERIAPSIS RAOIQS

PARAMETER IN TANGENTIAL SOLUTICH
SIN(W)

TRUE ANOMALY ON HYPERBOLA AT DECISION
POSITIVE OR NEGATIVE SIGN IN QUADRAYIC
ilTERﬂEDIAYE VARIABLE

TIRE FROM PERJAPSIS ON ELLIPSE
HYPERBOLIC TIME FROM PERIAPSIS AY INSERY
TRUE ANOMALY OF INSERTION ON HYPERBOLA
TINE FROM DECISION TO EXECUTION

TINE FROM PERIAPSIS AT DECISION
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COPINS-D

vD SPLED 17 DECISION
VEMG SPELD ON LLLIPSE AFTER INSERTYION
Ve VCLOCYYY VECTOR ON ELLIPSE AFYER INSERTION
VH AL AP CUTOR N O HVPERBLOA BEFORE
R EEAN ool DEFORPE INSERTION
i L NN OF PERIAPSIS
o : : V1A Wt ALE

Ve Wty NESE

Vi T s INTRG HYPERBSL IC

ANV S R
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(. INING RYPERBOLIC
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COPINS-1

COPIRS Anslysis:

COPINS determines the impulsive correction and time required to insert

from an approach hyperbola into a coplanar elliptical orbit. The approach
hyperbola 1s specified by s planetocentric state T, V at a decision time
td' The desired elliptical orbit is prescribed by input parameters a, e,

D wheres a and e are the aemi{-major axis and eccentricity of the
desired ellipse and AW (s the angle (measured counter clockwise) from

the hyperbolic periapsie to the periapsis of the desired orbit. The
s{ituation {s fllustrated {n Figure 1.

a8

s
%

NS

Figure 1. Approach Hyperbola and Desired Orbit

The planetocentric ecliptic state T, V at the time of decision ty 1is
firet converted to Keplerian elements (ay, ey, iy, u» &2y, tug) Via sub-
routine CAREL where tud {s the time from periapsis (negative on the approach i
ray). The ln\nglc f.. between the hyperbolic periapsis and the approach

asymptote S i1is conputed from

® l—
.

0 < £, %° (1)

cos £, =

Thus the angle & between the hyperbolic periapsis and the desired elliptical
periapsis s given by

The hyperbola and ellipse may therefore be described in the PQ plane by
standard coni¢ formula, specifically,




o
\ Site

COPIKS~-2

@3)

3- 1+cz cos (0 - w)

A
where @ 1s measurad counter-clockwise from P and Py:Pp AaTe the semi-

latus rectum of the hyperbola and ellipse respectively, Obvioual_)i {f an
angle of ‘ntersection 8% 4a known, the states on both conics ( *, VH*)

and (_r“, 7;) may be computed from conic formulae and the deasired impul-

ST I Rraegp, T e

IR 1y ity iR S SOt IRV

hG uatiees =
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sive correction {s giveun by

I Y
av vp a (4)

Likewise the tine from periapsis to the intersection point t* may be
coonputed using hyperbolic formula and therefore the time from decision to
execution is given by

At-t*-r.d (5)

Thus the cophm; insertion problem reduces to the determination of the
optimal angle @ for the impulsive maneuver.

From (3) the values of 6 for which r = r, are given by

.|
cos @ = :H._i_;t_z‘/}!__ (6)
y2+z
wvhere
X = Pg - Pg
y-pBQBCOBU‘ p! CB (7)
z*pgexain(d
D=y +z2-12

If the discriminant D=0 there are at most two real nou-extraneous
solutions @,,8, such that r,(68) = Ty (8). Note that the angle 6 may

oot lie {n the region inside the approach and departure seymptotes. If
there are two solutions, both Av 's are computed by (4) and the minimm
Av transfer is selected.

|
L
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If D<O0, the applied hyperbola and the desired orbit do not intersect and
there is no impulsive transfer between the two conics. In such s case the
desired elements a, and e, are modified to determine the "best' tangen=

tial solution possible. Three different modifications are tested:

(1) Vary r. while holding rp at the desired value,.
(2) Vary T, while holding ¥, &t the desired value.
(3) Vary &, while holding e, at the desired value.

The three modification schemes are illustrated in Pigure 2 where the crigrnal
nonintersecting orbit is shown by the broken lines.

a. Modify r‘ b. Modify rp c. Mcdiiy a
Figure 2. Candidate Orbit Modifications

It 45 desired to modify the "a" and the "e" of the desired orbit ¢~ achieve
the tangentfal confi{gurations. PFProm (6) {t {s obvious that a nececsary
condi{tion for a tangential solution 1is given by D=0, Using (7) D may be
written .

o o2 (a2 - 2 .
D Py (cz 1) + Py b + 2pﬂpB cppey
whare b = e -1
c = 2pe, cosw (8)

where 1t {s observed the approach hyperbola is fixed and {t {s der‘red not
to vary the Ww of the desired ellipse so that subsequent apsida. r>tations
are avoided,
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COPINS-4
Hodification Option 11 Rewriting (8a) {n terms of a and L leads to
2 2
AZD o (4 r, b+ b rP Py - 2 L c) a
+(-2p2r-l»r3b-2p r2+3r2b)¢
H p P H p 1
2 2 4 3
+(purp+rpb-crp) . (9)

How 1f D {s set equal to O, r_ held at its desired value, and the resulting

quadratic solved for "a', the solution will correspond to the tangential
solution which holds rp constant, If a<0 or imaginary, the solution

is disregarded. The wmodified eccentricity is of course defined by

T
e = 1-.2 (10)
a
Mod{ficatfion Option 2: Rewriting (8a) in terms of a aund T, leads to
= wrlbear p+21, o)e’
2 3 2 2
+(-2pHr —Arab-ZpHra-3rac)a
(11)

2 2 4 3
+(pﬂra+rab+cra)

For computational purposes the similarity between (9) and (l1) may be
exploited. Again secting D = 0 and holding r, 4at its desired value,

the value of "a" may be determined which specifies the tangential solution
holding r, constant,. Having determined a reaiistic value of "a", the

corresponding eccentricity {s given by

Y
a8
e = -:—-]_ (12)

Modification Option 3: Rewritio- (84) in terms of & and e

D = (dzb)az + (Zpud - cd ez)a - dpé

leads to

d = (l-c;) (13)

Setting D ~ 0 and solving for "a" while holding e, at its desired value

then defines the option 3 solution.
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COPINS-3

(L

1o detemine the "best” mod{fled orbit from the three candidate options
a2 ruther srbitrary scheme s used. A scalar error {s assigned to each
upelal. wncurding to a weighting factor and the difference between the
desire: and achieved values of the periapsis and apoapsis radii:

B, = W ([ar,]|+ [ar|)

el . the ccalay factor Ui is set to 1,2,3 respectively for the three

c. aus the preferred strategy is the one which requires a correction
7.y it o oapsis while the least desired scheme requires subsequent corrections
iapsis and epoapsis.

-« wined orbital elements that neceasarily lead to & tangential
«v. (o) way now be used to compute the angle of intersection 0 .
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COPINS Flow Chart
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COPINS-6

Set Nominal values of flags: IEX=IOPT=0, NSOLS=l

Compute elements of hyperbola at time of decision
(CAREL) and record.

Compute coefficients X,Y,Z of quadratic equation
defining cos 8 (equns 6,7) and discriminant DISC

DI1SC=? — 250

<0
Y

Prepare for tangen®tial solution modifications by )
setting IOPT = 1, NSOLS = 3, and compute conatants
B,C,D for tangential! solutions (eqn 8). |

o i

ISOL = ISOL + 1

Set g =

Modif
odify rp

solution. Modify r, solution.

L i= o] Set g = rp, { = +1

Ni

Modify "a" solution. Compute

cc

Compute coefficients, AA, BB,

defining taugential solution.

coefficients AL, BB, CC of

L1 1]

of quadratic in "a" quadratic in "a",

y

Compute discriminant DISK of quadratic
cefining "a" of tangential solution.
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COPINS=7

20 Set - 103

¢ Is0L

Determine two candidate
sclutions 8y, &, .

I 105)

w/ l ‘
>0 C¢term’ne é corresponding to a,

105

Compute X,Y,Z, ['ISC
for tangential solution,

S8olve quadratic for cos 6. °
>1 el : =XhSOLS
(leos 01 = 7} 1SOL~? ’@

L=
Y‘SOL@
<1 .

25
5 = 107,
ot ‘ISOL

Determine principle value
of 8: O <8 <.

IOPT=7 > 105
. ,o

Determine e corresponding to a;
) <0
e = ? £
e>1
e< 0 i
Ser € - 1025_4}
e>1 IS?L
I<e<l i

s .

U VL TR S SRS




R

ctma—

o Temm

-

. .
N
helxd f'r"*"r'v’w--ﬂl‘wﬂr‘ BT T T T 4 5 S g
4 - .

v e

Determine radius at intersection on
hyperbola T, and ellipee T,

oy =7 [= 1) =

ellipse
[

Compute state ?;, V; and time

t, on hyperbo.a and state on

Tor Ve at intersection,

0~ -8

Cocpute insertion velocity and time
AVISOL = V - V

°‘150L

IOPT=?

-]A At >0

10%°,

ISOI.l
At <O

1507

=2

)

Choose index MJ:
Bet A4V = _

Ar =

of minimum

1IN
A yy

- .5x10% or At <0

KIR
IEX = ]

If €

Set

r

Ay

()
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SUBROUTINE

CORREL

" PURPOSES COMVERT COVARIANCE MATRIX PARTITIONS TO CORRELATION
' MATRIX PARTITIONS AND STAMDARD DEVIATIONS AND WRITE
THEN QUY

CALLING SEQUENCE!

ARGUMENT s

SUBROUTINES SUPPORTEDS

(4
cxXxse

PSP
cxup

Cxvp

ve

cxsup

cxsyp

LOCAL SYmMBOLSS OuM

COMMON USEDS

IEND

ROW

2z

I

CALL CORREL(PP,CXXSP,PSPyCXUP,U0,CXVP,V0,CXSUP,

CXSVP)
POSITION/VELOCITY COVARIANCE MATRIX

CORRELATION BETWEEN SOLVE-FOR PARAMETERS
AND POSITION/VELOCITY STATE

SOLVE~-FOR PARAMETER COVARIANCE RMATRIX

CORRELATION BETWMEE:. POSITION/VELOCITY STATE
AND DOYNAMIC CONSIDER PARAMETERS

DYNAMIC CONSIDER PARAMETER COVARIANCE
MATRIX

CORRELATION BETMEEN POSITION/VELOCITY STATE
AND MEASUREMENY CONSIDER PARANMFYERS

MEASUREMENT CONSIDER PARAMETER COVARIANCE
NATRIX

CORRELATIOM BETMEEN SOLVE~-FOR PARAMETERS
AND DYNAMIC CONSIDER PARAMEYERS

CORRELATION BETXEEN SOLVE~FOR PARAMETERS
AND MEASUREMENY CONSIOER PARAMETERS

PRINTL SETEVS GUISIM PRESIM PRNTS4
PRINY3 SETEVN GUIDM PRED PRNTS3

IMVERSE OF SQUARE ROOT OF DIAGONAL
ELEMENTS IN DYNAMIC AND MEASUREMENT
CONSIDER COVARIANCE PARTITIONS

CAUNTER INDICATING TOTAL NUMBER OF
AUGMENTED STATE VARIABLES

INTERMEDI/TE COMPUTATION AND OUTPUT VECTOR
INVERSE OF THE SQUARE ROOYT OF DIAGONAL

ELEMENTS IN VEWICLE AND SOLVE-FOR
COVARIANCE PARTITIONS

i
{
!
i
1
{
3
i

STAMOARD DEVIATION
KPRINT NDINL  NOIM2 NDIN3  ONE

161
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DATA-A

SUBROUTIME DATA

PURPOSES TO READ INPUT DATA, TRANSLATE THIS DATA INTO PROPER
INTERNAL VALUES, ASSIGN VALUES YO UNSPECIFIED NAMELIS®
VARIABLES, SET NECESSARY INITIAL VALUES, COMPUTE
DIMENSIONS OF STATE TRAMSITION, OBRSERVATJON, AND
COVARIANCE MATRIX PARTITIONS, ORDER MEASURMENT and EVENWY
SCHEDULES, AND PRINY OUT INITIAL CONDITIONS IM THE ERRAN
PROGRAN.

CALLING SEQUENCES CALL DATA

ARGUMENTS MNONE

SUBROUTINES SUPPORTEDS ERRON

SUBROUTINMES REQUIREDS CONVRT EPHEM GHA ORB PECEQ
TINE TRANS XYZRV

LOCAL SYMBOLSS Al INCLINATION
AMIN INTERMEDIATE VARIABLE
ANODE LONGITUDE OF ASCENDING NODE
A SENIMAJOR AXIS
ouUNl INTERMEDIATE STOR . ARRAY
ouM INTERMEDIATE STORAGE ARRAY
0 INTERNEOIATE JULIAN OATE
DATE ARRAY CONTAINING FINAL JULIAN DATE

EARTH CALENDAR DATE AT WHICH EARTHS QORB1YAL
ELEMENTS WILL BE CALCULATED

€ éCCEHTRICITY

FNDY OATE OF FINAL TINE

GAMNMA PATH ANGLE

6N GRAVITATIONAL GONSTANT COF CENTRAL 800V
ICNY COUNTER

IDAY CALENDAR DAY OF FINAL TIME

'
1
]
1
N
i
E
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IHR
ININ
INO

IYR
JUPITER

LDAY
LHR
LMUIN
LNO
LYR

MARS

MERCURY

MOON

RENY
NEPTUNE

onNt
PHIT

PLUYO

PRD

RDS

RD
SATURNM

SEC

DATA-B

CALENDAR HOUR OF FINAL TIME
CALENDAR MINUTES OF FINAL TINE
CALENDAR MONTH OF FINAL YIME
CALENDAR YEAR OF FINAL TINME

CALENDAR DATE AT WHICH ORBITAL ELEMENTS OF
JUPITER WILL BE CALCULATED

CALENDAR DAY OF INITIAL TIME
CALENDAR HOURS OF INITIAL TINME
CALENDAR MINMUTES OF INITIAL TIME
CALENDAR MONTH OF INITIAL TINME
CALENDAR YEAR OF INITIAL TIME

CALENDAR DATE AT WHICH ORBITAL ELEMENTS OF
MARS WILL BE CALCULATED

CALENDAR DATE AT WHiICH ORBIVAL ELEMENTYS OF
MERCURY WILL BE CALCULATED

CALENDAR DATE AT WHICH ORBITAL ELEMENTYS OF
EARTHS MOON WILL BE CALCULATED

NUMBER OF ENTRIES IN MEASUREMENT SCHEDULE

CALENDAR DATE AT WHICH ORBITAL ELEMEN:S OF
NEPTUNE WILL BE CALCULATED

ARGUMENY OF PERIAPSIS
DECLINATION

CALENDAR OATE AT WHICH ORBITAL ELEMENTS OF
PLUTO WILL BE CALUCLATED

INITIAL SEMI-LATUS RECTUK OF SPACECRAFT
CRBIY

GEOCENTRIC RADIUS OF VEHLCLE
BAGNITUDE OF POSITION VECTOR

CALENDAR DATE AT WHICH ORBITAL ELEMENTS OF
SATURN WILL BE CALCULATED

INTERMEDIATE CALENOAR SECONDS

()
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SECI
SECL
SIGHA
TA

THETA
URANUS

VEL
VENUS

VL

VUNIY

COM§ON COMPUTED/USEDS

COMNON CONPUYEDS .

CALENDAR SECONQS AY FINAL YIME

CALENDAR SECONOS AT INITIAL TIME

AZINUTH

TRUE ANOMALY OF

VELOCITY

RIGHY ASCENSION

CALENDAR DATE
URANUS HILL BE CALCULATED

INSTANTANEQUS POSITION AND

DATA-C

AT XHICH ORBIYAL ELEMENTS OF

INJECTION VELOCITY RELATYIVE YO EARTH

CALENDAR DATE AT MHICH ORBITAL ELEMENTS OF

VENUS WILL BE CALCULATED

MAGNITUDE OF VELOCITY VECTOR

INTERMEDIATE VELOCITY

ACCND
Cxu
DELICL
DELTP
EM1
ENnS
FNTH
IC0Q3
{341
INPR
ISTHC
NOACC
NEViL
NEVS
NMN

PS
SIGBET
S$SS
THO

Vo

BORSI1
BOTSI3
CXSUG
CXV8,
ENL3
KALF
ICA2

e r—— e —— p——— e ——~

ACC
Cxv
DEL MA
DELM
ENG
EPS
FOP
ICDT3
IE, AEM
IOPT7
ISTNL
NOIN1
NEV1
NEVE
NO

P
SIGPRO
TEV

\

NST

BCRS12
BSI1
CXSvVs
CxvG
EMe
IAUGOC
ICA3

ALNGTH
cxxs
DELMUP
DTMAX
EMS
EPSO
FOvV
ICOORD
TEVYNT
IPRINT
KPRINY
NOIM2
NEV2
NEV?
NST
RAD
SIGRES
TMN
usTy

XI

BORSI3

8SI2
CXSV6
Cxxs8
EN3
TAUGHC
ICL2

Cxsu
QELAXS
DELMUS
OTPLAN
cMb
FACP
JAUGIN
ICOOR
IHYPY
IPRY
MNCN
NDIM3
NEV3
NEV9
NTHMC
SAL
SLAT
™

uo

Xy
8DTSI1
BSI3
cxus
CxxS6
EMS
IaUG
ICL

CONVERSION FACTOR

CxSyv
DELECC
DELNOD
DTSUN
ENT
FACV
IBARY
IDNF
IMNF
I1SP2
NBOD
NEVLO
NEV&
NEV
ONE
SIGALP
SLON
TRTHL
vsY
ZERO

BOTSIZ
Cxsus
CxuG
DELTM
EM
ICAY
11POL
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INCHTY
IS013
NAE
NQE

RSOI2
16

TsoI12
VSOI3

AINC?7
ELMNT
IPROB
PERPT
TAU?

INITAL
ISPH
NBOOYI
OMEGA
RCAL
RSOI3
THREE
TSOI3
X8

XV

ANODE?
EVNN
MNNANE
PI
TPT2

IPOL
ITR
NEVS

RCA2
TCAL
TIMINT
THOPI
XF

DATEJ
NB

PLANET
XLAB

ISOIY
HCNTR
NGE
PG
RCA3
TCA2
TRTHB
vsSolg
{4

DNCN
NLP

PMASS
XNM

DATA-D

cCC?
HP?7
NTP
P7



.am‘?\Wﬁgwﬁq ;{ﬁ,}-rnn"i. v e

PROGRAN DATAS

TATAS-A

PURPOSES TO RERD INPUT DAYA, TRANSLATE TNIS CATA INYQ PROPEK
INTERNAL VALUES, ASSIGN VALUES TO UNSPECIFIED NAYELISY
VARIABLES, SEY NECESSARY INITIAL VALUES, COMPUTE
DIMENSIONS OF STATE TRANSITION, OBSERVATION, AND
COVARIANCE MATRIX PARTITIONS, ORDER MEASURMENT AND EVENT
SCHEDULES, AND PRINT OUT INITIAL CONDITIONS IN TRE SIMUL

PROGRAM.

CALLING SEQUENCES CALL DATAS

SUBROUTINES SUPPORTEDS MAIN

SUBROUTINES REQUIREDS

LOCAL SYRBOLS Al
ANODE

DATE
Duni

ounm

EARTH

FNOT
GANMA
oM
I0AY
IHR
ININ
Ino

CONVRY DATALS ELCAR EPHEN ORB
PECEQ TIME TRANS

INITIAL INCLINATION OF SPACECRAFT ORBIT

INITIAL LCNGITUDE OF ASCENDING NODE OF
SPACECRAFT ORBIY

INITIAL SENMI-MAJOR AXIS OF SPACECRAFT
ORBIT

ARRAY CONTAINING FIKAL JULIAN DATE
PLANETO-CENTR.C ECLIPTIC SPACECRAFY STATE
COORDINATE TRANSFORMATION FROM PLANETYQ-
CENTYRIC EQUATORIAL TO PLANETO=CENTRIC
ECLIPTIC COORDINATES

JULIAN DATE AT LAUNCH

CALENDAR DATE AT MMICH ORBITAL ELEMENTS OF
EARTH WILL BE CALCULATED

INITIAL ECCENTRICITY OF SPACECRAFY QRBIT
FINAL JULIAN DATE

INJECTION PATH ANGLE

GRAVITATLONAL CONSTANT OF TARGET PLANET
DAY OF FINAL COMPUTATION

HOUR OF FINAL COMPUTATION

MINUTE OF FINAL COMPUTATION

MONTH OF FINAL COMPUTATICN
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IYR
JUPITER

LOAY
LHR
LMIN
LMO
LYR
HARS

MERCURY
MOON

NENT
NEPTUNE

ONME

PHIY
PLUTO

PRD

RDS

RD

SATURN

SECI
SECL
SEC

L
« m"";
« o
r

{

TS 2 o

DATAS-B

YEAR OF FINAL COMPUTATION R

CALENDAR DATE AT WHICH ORBITAL ELEMENTYS OF
JUPITER WILL BE CALCULATED

LAUNCH DAY

LAUNCH HOUR

LAUNCH MINUTE

LAUNCH MONTH

LAUNCH YEAR .

CALENDAR DATE AT MMICH ORBITAL ELEMENTS OF
MARS NILL BE CALCULATED

CALENDAR DATE AT WHICH ORBITAL ELEMENTS OF
MERCURY WILL BE CALCULATED

CALENDAR DATE AT WHICH ORBITAL ELEMENYS OF
MOON MILL BE CALCULATED

NUMBR OF ENTRIES IN MEASUREMENT SCHEDULE

CALENMDAR DATE AT WHICH ORBITAL ELEMETNS OF
NEPTUNE WILL BE CALCULATED

INITIAL ARGUNMENT OF PERIAPSIS OF SPACE~-
CRAFT ORBIY

INJECTION DECLINATION

CALENDAR DATE AT WHICH ORBITAL ELEMENTS OF
PLUTO MILL BE CALCULATED

INITIAL SEMI-LATUS RECTUN OF SPACECRAFY
ORBIT

EARTH-CENTERED INJECYION RADIUS
OUMNY VARIABLE

CALENDAR DATE AT WHICH ORBITAL ELEMENTS OF
SATURN WILL BE CALCULATED

SECOND OF FINAL COMPUTATION
LAUNCH SECOND
SECOND OF CALENDAR DATE AT MHICH ORBIVTAL

R S ——
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A

SIGMA
TA

THETA
URANUS

VEL
VENUS

VL
VUNIT

COMNON CONPUTED/USED? -

COMHON COMPUTEDS

Rl
¥
!
L £
(

9
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DATAS-C

ELEMENYS OF A PLANEY WILL BE CALCULATED

INJECTION AZIMUTH

-

INITIAL SPACECRAFT TRUE ANOMALY
INJECTION RIGHT ASCENSION

CALENDAR DATE AT WHICH ORBITAL ELEMENTS OF
URANUS WILL BE CALCULATEC

INJECTION VELOCIYY RELATIVE YO EARTH

CALENDAR DATE AT ¥HICH ORSITAL ELEHENTS oF
VENUS WHILL B8E CALCULATED

DUMMY VARIAGLE

VELOCITY CONVERSION FAGTOR

AALP ASEY ACCND ACCH ACC

ADEVX  ALNGTH APRO ARES BIA
cXSu CXSY cxu Cxy CXXS

0AB DEB DELAXS ODELECC DELICL

OELMA  DELMUP DOELMUS DELNOD DELYP

DELW 018 DMAB OMUPB  DMUSB

ONOSB DTMAX DOTPLAN OTSUN DKB8

E¥e EM& ENS EM6 EN7 :
Ens EPS EPS5Q FACP FACV i
FNTM FOP FOvV IAMNF  IAUGIN

I3ARY ICDOTI  ICOORD ICOOR  IDNF
IEXG IEPHEM IHYPL  IMNF INPR

IOPT?  IPRINT IPRY ISP2 ISTMG
ISTHL  XPRINT MNCN NBOD1  NBOO :
NB1 NDACC  NOIML  KNDIM2  NDIM3 !
NEV10 NEVil NEVQ NEV2 NEV3 :
NEV& NEVS NEVE NEV7 NEVS :
NO NST NTMC ONE PS t

P RAD SAL SIGALP SIGBET ?
SIGPRG SIGRES SLAT sL8 sLor f
s$SS ™ TRTML  TTIML  TTIA2 ;
THO T UNMAC  UST ue I
VST Vo NST XI XP ]
ZERO ,

ADEVXS BORSI1 BDOR>IZ B8DRSI3 BOTSIL
BOTSIZ2 BDTSI3I 86SIt 8si? BSI3 .
DELTM  EML3 En, EN3 M9 |
HALF TAUGDC 1AUGMC TAUG TeAL

ICA2 ICA3 ICCw: ICL2 IC.

“NCHT INITAL IsoOIt Is012 IS0I3

ISPH ITR NBODYI NEVS RCAL

L3
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COMMON USEDS
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RCA2
TCAL
TIMINY
THOPL
XSL

AINC?
ecc?
NAF6
PI
TPT2
15

RCA3
TCA2
TRTNB
VSOIl
XU

ANODE?
ELMNY
NB
PLANET
Ty

16

RSOIL
TCA3
TS0l
vsol2
XV

AVARNM
F

NLP
PMASS
T2

17

RSOX2
TEV
TSOI?
vS0Ol3
21

DATEJ
HPT
NTP
P?

13
XNM

DATAS-D

RSOI3
THREE
758013
XIi

DNCN
IPROB
PERP7
Tau?
Te

—.

.



DATA1-A

SUBROUTINE  DATAL

PURPDSES YOTCONTINUE THE INITIALIZATION PROCESS DESCRIBED UNDER
DAT A,

CALLING SEQUENCES CALL DATAL(NENT)
ARGUNENT?S NENT I NUNBER OF CARDS IN THE MEASUREMENY SCHEDULE

SUBROUTINES SUPPORTEDS DATA
'SUBROUTINES REQUIRED! GHA
LOCAL SYNBOLSS AMIN INTERMEOIATE VARIABLE
AP INTERMEDIATE TIME ARRAY
ICNT COUNTER ON MEASUREMENT SCHEDULE CARDS
IROM INTERMEDIATE ROM INDEX
MEAS MEASUREMENT CODES

r!? NOUT DIMENSION OF AUGUMENTED COVARIANCE M’ [RIX
SCHED ARRAY OF TIMES IN MEASUREMENY SCHEDULE

COMMON COMPUTED/USEDS  [EVNT  NEV NMM SLAT SLON
‘ ' TEV THN T Y2 T3
: Té 15 16 17 T
i COMMON COMPUTEDS CxSUuB CxSUG CxSvB CXSVG  Cxus
: CX UG cxve (o $74 CXXSB  CxXSG
f EM EPS lIPOL IPOL MCNTR
f MCODE  NAE NGE NPE NQE
: OMEGA P8 PG PS8 PS6
: 16 X8 XF X6
b ¥
4 COMMON USEDS CxsSu CXSvV cxu cxv CXXS
, ’ DATEJ  ONCN EM7 EMS EPSD

EVNN FACP FACY FNTM IC0Q3
IONF IGUID IHYPY IRNF ISTHC
MNCN MNNANME NOINML NDINM2 NDIMJ
NEVL NEV2 NEV3 NEVL NEVS

NEV6 NEV? NST ONE PS
P RAD SAL PT2 TRTHL
v Ve Xl ZERD

ROV S

DM Mdade 4 A | A Sl it i inhn sk B fe ke
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DATALS-A

SUBROUTINE  DATALS

PURPOSES TO OONTINUE THE INITIALIZATION PROCESS DESCRIBED UNDER
o DATAS.

CALLING SEQUENCES CALL DATALS(NENT)
ARGUNENTS  NENT I NUMBER OF CARDS IN THE MEASUREMENT SCHEDULE

SUBROUTINES SUPPCRTEDS DATAS
SUBROUTINES REQUIREDS GHA
L00§L SYMBOLSS AMIN INTERMEDIATE VARIABLE
AP INTERMEDIATE TIME ARRAY
ICNY COUNTER ON MEASUREMENY SCHEDULE CARDS
IROM INTERMEDIATE ROW INDEX
hEAS MEASUREMENT CODES
NOUT DIMENSION OF AUGUMENTED CUVARIANCE MATRIX
PARAN ARRAY OF AUGMENTED BIASES
SCHEL ARRAY OF TIMES IN MEASUREMENTY SCHEDULE

COFFON CONPUTED/USED? AQEVXS TIEVNTY NEV NMN SLAT

SLBE  SLON TEV  TAN  T1
T2 13 Té 15 T6
7 T

; COMMON COMPUTEDS ADEVSB ADEVXB CXSUB  C¥SUG  CXSVB

CXSVG cxus CXxUG Cxve CYve
CY.SB CXXSG EDEVXS EDEVX EM

EF S IIPJL IPOL MCNTR MCODE
NAE NGE NPE NQE OMEGA
PB PG PSB PSG 16
X8 XF X6 XIg Z1
COMNON USED! ' ACCi ADEVX AVARNM BIA Cxsuy
o CXSv cxu cxv CxXxs oAB
DATEJ DEB 1 34:] OMAB omMuUPB
OxUS8 ONCN DNOB o] 1] EN7
EMS EP50 EVNM FACP FACY

FNTR IANNF IAUGIN ICOQ3 ICOT3
IONF IHYPY INNF ISTHC MNCN
MNNAME NBODQ NBi NDIMY NOINM2
NDIN3  NEVY NEVZ NEV3 NEVé
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DATALS-B
-
NEVS NEVO NEV? NST ONE
PLANEY PS P RAD SAL
TPYT2 TPTNY TYIML TTIN2 UNMAGC
ug '2] XDUN ) 94 ZERD
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SUBROUTINE  DESENT

PURPOSES TO COMPUTE A CORRECTION TO AN INITIAL VELOCITY BY THE
' STEEPESY DESCENT OR CONJUGATE GRADIENY TECHMIQUES FOR
USE BY TARGET.

~ CALLING SEQUENCES CALL DESENT (ERCyIT,KREK)GMNP,PP)
ARGUMEXTSS ERC 1 SCALAR ERROR OF CURRENT ITERATE
Iv I70 ITERATION COQUNTER

KReK I STEEPEST DESENT RECTIFICATION NUNBER

enp 170 PREVIOUS GRADIENY MAGNITUDE (INPUY)
CURRENY GRADIENY MAGNITUDE (OUT-,UT)

PP(3) 170 PREVIOUS GRADIENT (INPUT)
CLURRENT GRADIENY (OQUTPUT)

SUBROUTINES SUPPORTEDS TARGEY
SUBROUTINES REQUIRED?S TAROPT VYNP

LOCAL SYNMBOLS$E ACK CURRENT ACCURACY LEVEL
AER ABSOLUTE ERRORS OF TARGEY PARAMETERS
AUXN VALUES OF AUXILIARY PARANMETERS OF CURRENT
ITERATE
[ 1) OIRECTIONAL DERIATIVE

DELVH MAGAHITUOE OF PREDICTED CORRECTION

BEVI DEVIATION OF NOMINALLY-PREDICTED AUXILIARY
PARAMETERS FROM CURRENT ITERATE VALUES

DUNM DUMRY VARIABLES
oun DUMNY VARIABLES
DVEE YELOCITY PERTURBATIONS

- DWW AAXIMUM ALLOMWABLE VELQCITY INCREMENY
ERB SCALAR ERROR OF NOMINALLY-PREDICYED STEP
eC CURRENT GRADIENT
GNC NAGNITUJE OF 6C
L1 NOMINALLY PRLDICTED STEP MAGNITUDE

174
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T = T T,

COMMON CONPUTEDS
CONMON USEDS

HH
HS
IEND

IsSp2

PC
PERR
]
QC
RSF

COMMON CONPUTED/USEDS

g

NN
P 2%

DESENT-B

CORRECTION MAGNITUDE AFTER CQNST:A[H TS
CORRECTION MAGMITUDE AFTER PARABNOLIZ FIT

FLAG SET YO 1 IF TOLERANCES ACCEPTASLE
ON PERTURBED TRAJECTORY

SOI STYOPPING CONDITYION FLAG

=0 00 NOT SYOQP AT SO

=1 SYOP AT SOI

DIRECTION OF CORRECTION

PERTURBED ERRORS

MAGRITUDE OF UNNORMALIZED DIRECTION VECTOR
UNIT VECTOR IN DIRECTION OF GRACIENT

FINAL STATE OF INTEGRATION

DELTAV ISPH RIN TEN

ICL2 ICL INCHY RRF

AAUX AC ATAR ctoL 0AUX
OELTAT DTAR DVNAX 01 FAC
IPHASE ISTOP KUR LEV LYLS
NOPAR  PERV TRTN THO ZERO

175
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DRSEET Analysis

DESENT comp-*as & correction to an initial velocity by the steepest
descent or conjugete gradient techniques for use by TARGET.

The technique used is determined by the value of METHOD, DESENT takes n
steps in the conjugate gradient directions before rectifying by making a
steepest descent step where n = METECD - 1 . Thus if METHOD = 1, all
steps are taken {n the steepest descent direction.

Let the current {terate initial state be dencted Let the scalar
error of the auxiliary parameters corresponding to this state be denoted ¢
Let the perturbation size for the sensitivities be dv .

b i
T, V .

The current gradient E'C ie computed by numerical differencing. For the
i k~-th component of E.c the corresponding component of velocity is perturted

by dv

. a
. 2

- — T
. vV = + dv
p v [am. 62:’ 3 ] (L)

!

&
—
The initial state ( r, vP ) is thea propageted to the final stopping
cond.tions. Let the auxiliary parameters of that trajectory be deaoted :p
The error associated with the perturbed state is then

B

— — —h .
- W - :
€, ( @ - a ) 2) ‘

- -a ¥
' where W represents the weighting factors and a are the desired target :
couditions. The k-th component of the current gradient is then -

. €@ — ¢
g. scx-“ﬁdv

The corrected gradieut is given by ;

(3) m

-
Pp. = ? steepest descent step

P+ E’ conjugate gradient step (%)
2 P <
is_|

P

where the subscript ¢ refers to a current parameter, p refers to a
previocus~step parameter.
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The unit vector {n the direction of the next step is then given by

- -5 ()
Pc

d = g - ¢q 6)

The nominal step size h is computed from a linear approximation to null
the error

h = — )

The initfal state corrected by this nominal correction is then propagated
to the final stopping conditions and the resulting error € computed.
The three conditions

y(o) = €
y(h) = €
y'(o) = d 8)

may now be applied to the formula of a parabola 5 - e* = g(x - h"’)2 to

predict the optimal step sire n* yielding the minimum error € *

-2
n* - dh (s)

2(dh + € - € )

The correction for the current is then given by

Av = b* 2{8 (10)

Beference: Myers, G. E., "Properties of the Conjugate Gradient and Davidon
Methods", AAS Paper 68-081. Presented at 1968 AAS/AIAA Astro-
dynamics Specialist Conference, Jackson, Wyoming.
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DESCENT Flow Char

Set KOMP = 0, get up accuracy
level, perturbation Av, and _,

save nominal auxiliary values @,

Set up ISP2, ICL2 Flags
based on ISTOP flag.

KMP = KMP + 1

Call VMP to integrate tra-
Jeetory to stopping conditions

Did trajectory miss SOI ;:‘ - V- AT_(:KQ(P)
and ISTOP ¥ 1 Av BMP) = AV ®oMy) /4

NO

Call TAROPT(3) to compute and
store trajectory target parameters
— —
a, and auxiliary parameters g

P

Do target parameters r
satisfy tolerances? P

NO

Compute error of component €
ck =y ('T: -a’)

and comp of grad = & " £k
Av
k

TN

IEND = ]

L
{ RQMP:NOPAR )

—df

a
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L OV
-
{ ‘-”“‘{':‘, - -
Does IT = 1 or R
IT = 0 (mod RXREX)?
v s
pc 8c P -

!

Compute direction -‘Tc of correction
— P
qc - - C
Pe

Compute diractional derivative DD
—dd —
DD = grad €. q

v

Compute nominal size of correction
h = € /|DD]

l

Integrate nominally corrected state
(VMP) and call TAROPT to compute
auxiliary values to generate nominal

error € .

Compute optimal step size n*
by parabolic fit.

A

o

Compute correction AV = h* qc -

v

Update parameters for next iterate
iT=IT+ 1

Py = Pe

lgpl - I 8ml

S
RETURN

DESENT-4
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DYNO-A

SUBROUTINE DYNO

PURPOSES COMPUTE DYNAMIC NOISE COVARIANCE MATRIX IN THE ERROR
ANALYSIS PROGRANM

CALLING SEQUENCES CALL DYNOCICOODE)
ARGUMENTS IC00E 1 ZERO IN ERROR ANALYSIS MOOE

SUBROUTINES SUPPORTEDS ERRANN SETEVN GUIOHM PRED

LOCAL SYMBOLSS D2 SQUARE OF (DELYM®THM)

COMMON COMPUTEDS Q

COMMON USEDS DELYH DNCN IDNF ™
\
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DYNO-1

DYN{ Analysis

Subroutins DYN} evaluates the dynamic noise covariance matrix Q over
thatiuintmal&t-tkq-tk. The matrix Q is sssumed to have

forn
b 4 y 2
Q = diag (§ X, At %KZAt , %K}At KO, KO8, KBAtZ)

vhere dynamic noise constants H. ‘2' and X_ have units of kmalaecb.

3
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DYNOS-A

SUBROUTINE DYNOS

PURPOSES COMPUTE DYNAMIC NOISE COVARIANCE MATRIX AND THE ACTUAL
DYNAMIC NOISE (UNMODELFO ACCELERAYION) IN THE SIMULATION
PROGRAM

CALLING SEQUENCES CALL DYNOS(ICODE)

ARGUHMENT $ ICOJE I INTERNAL CODE TO DETERMINE IF THE DYNAMIC

NOISE MATRIX IS COMPUTED OR IF THE ACTUAL
OYNAMIC NOISE IS CALCULATED

SUBROUTINES SUPPORTEDS SIMULL SETEVS 6UISIM PRESIM

LOCAL SYMBOLSS OV INTERNAL TIME INCREMENT
02 SQUARE OF (DELTM®TM)
IC INTERNAL CODE ON DY CALCULATION
T1 CURRENT TIME
T2 CURRENT TIME + OELTA TIME

COMMON COMPUTED/USED3 |
CORMIN COMPUTLDS Q
b

COMMON USEDS DELTH ONCN HALF IONF ™
TRTNL TTINY TTIN2 UNNAC ZERO

Py
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DYNOS~1

DYN$S Analysis

Sudroutine DYNES performs two functionas, It's first function is
identical to that of subroutine DYNJ, namely, to evaluate the dynanic
noise covariance matrix Q over the time interval N\t = ol " Y

The second function of eubroutine DYNES is to comute the actual
dynamic noise Weel? which represents the integrated effect of

unmodelled accelerations acting on the spacecraft over the time
{nterval Nt. Actual dynamic noise w . s used elsewhere in the
program to compute the actual stste deviahm of tre spacecraft
from the moat recent nominal trajactory.

—

If we define w. "3 T
we define w | W . w , where
kel [: rk‘\1 Vel ]

5‘ and —‘;v denote the contriiutions of unmodelled
“kel k+l

accelerations to spacecraft position and velocity, respectively, and

if we assume constant unmodelled acceleration a, then

— - 2 -— —
" = 8 ( -t )+ 0 { -t) ¢+ w
x'l“1 3 t'k+1 tk vk "kol tk x'k

-— —
W
Vier = A -8 ka

The program permwits the entire trajectory to be divided into three
arbitrary consecutive intervals, over each of whicn a different con-
stant unmodelled acceleration "a can be specified. These intervalas are
represented by (to. tl), (tl, tz). and (tz. tf). where t_is the

ipitial trajectory time and tf is the tinal trajectory time. If "k
and tkol occur in different intervals, then the above equations zust
be evaluated piece-wise over (tk' ”kol ) .
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DYN#8 Flow Charxt

xaQor:obe\ Q

DYNOS-~2

computed? /

L

&3

Compute dynamic noise
covariance matrix Q ,

Initialize @ to zero

attk'

= Gon T

No

()

YES
(tk*-l)tl ? —'>—

No

I =1 (1st interwval)

At =t T Y%

IC =1

Compute Ac? |

Compute actual dynamic
noise I at the end of
the interval At ,

o

I1»s2 )
At =t Y
IC = 1

I =2 I=3
At-:z-tl At-t,k+1-t
4 IC =1

l

I =2

2 Atntz-tk
IC = 1
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X

)

I = 3 (3rd interval)

At =t "%
IC = 1

% ok -
oWy Lo
70 DYNOS-3
Ve
\tk>t2 ?
v
YRS
¢ "‘k+1>‘z"}
wo
I = 2 (2nd {nterval) 80
At =t Yy
IC =1 ,
I = 3 (3rd i{nterval
At =t T
IC = 5
-+
40
' N YES
<tk+1 >ty7 J/
© (%)
I =1 (lst {interval)
At = tl - tk I =1 (lat interval)
IC = 2 At = tl - tk
¢ =3
40 J
>
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SUBROUTINE EIGHY

v

-

EIGHY-A

PURPOSES TO CONTROL THE COMPUTATION OF EIGENVALUES, EIGENVECTORS,
: AND HYPERELLIPSOIDS.

CALLING SEQUENCES C/LL EIGHY(VEIG,FOXyHARG,IFNT)

ARGUMENTS VEIG I

FOX I
HARG I
IFNY I

SU3IROUTINES SUPPORTEDS

SUBROUTZIKES REQUIREDS

LOCAL SYMBOLSS EGVCT
EGVL
ouT

COMMON USEDS

186

MATRIX TO BE DIAGONALIZED
FIMAL OFF~OIAGONAL ANNIHILATION VALUE

MATRIX FOR MHICH THE HYPERELLIPSOID I
BE COMPUTED

FORMAT FLAG
=1, PRINY POSITION EIGENVALUE TITLE
22, PRINT VELOCITY EIGENVALUE TITLE
23, PRINT EIGENVALUE TITLE

SETEVS GUISIM GUISS PRESIM GUIDNM

HYELS JACOBI

EIGENVECTOR MATRIX

EIGENVALUE NKATRIX

SQUARE ROQTS OF EIGENVALUES

IHYPY

S 70




Y

&

s
)

EIGHY~-1

BIGKY Flow Chart
. ENTER
\____D

: Call JACEBLl to compute —‘l
4]

4 eigeanvaluvs and eigenvecto
of the {nput matrix,

* |
- . . v
' Write out efigenvalues, i

the{r sjuare roots, and }

[

eigenvectors.

I
«3 R
SR (THYPL = 2 7) YES

/

S : NO

/|

l‘e : (Call HYELS to compute and

l ! l write out the 1 0 hyperellipsoid
i
!

associated with the {fmat ?
l matri-.. :
== MR . J R
J YZS ;
(1YPL =17 » ) ;

SR —

NO

gy

Call HYELF cto compute and write
out the 3u hyperellipseoid

sssociated with the input .
matrix, | :

B R R L2t
[ A

X g e
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SUBROUTINE  ELCAR

PURPOSES TRANSFORMATION OF CONIC ELEMENTS TO CARTESIAN
COORDINATES

CALLIN. ZEQUENCES

ARGUMENTS (|
A
E
L]
XI
XN
TA
R(3)
RN
v
L L
TFP

SUBROUTINES SUPPORTED:

1
1
x .
1
1

I

SUBROUTINES REQUIREDS

LOCAL SYMBOLSS

188

AUXF
AVA
cI

cx

CN
cost

cY

A

CALL ELCAR(GM A EoHyXI XMy TAgRyRM, V,VN,TFP)

GRAVITATIONAL COMSTANY OF CEMNTYRAL B0ODY
SENIMAJOR AXIS

ECCENTRICITY

ARGUMENT OF PERIAPSIS

INCLIMNATION IM REGERENCE SYSTENM
LONGITUDE OF ASCENDING MOOE

TRUE AMOMALY

POSITION VECTOR IN REFERENCE SYSTEM
POSITION MAGNITUDE

VELOCITY VECTOR IN REFERENCE SYSTENM
VELOCITY MAGNITUDE

TINE FROM PERIAPSIS

DATAS vnp NONMLIN COPINS MNONINS
DATA MELIO MULTAR CPROP

MONE

ECCENTRIC ANGMALY (HYPERBOLIC CASE)
HEAN ANORALY (ELLIPTIC CASE)

CASINE OF INCLINATION

VELOCITY FACTOR USED TO CALCULATE FINAL
VELOCITY VECTOR

COSIKE OF LONGITUDE OF ASCENDING NODE

COSINE OF ECCENTRIC ANOMALY (ELLIPTIC
CASE)

COSINE OF TRUE ANOMALY

(\/—.%

PPIRES A Lav. P, IT-  CRULNTE ¥ STV R R
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Cu

o1V

EA

SINEA

SINNF

SI

ST
SN

TANG

COSINE OF SUF OF ARGUMENY OF PERIAPSIS ANKD
TRUE ANOMAL Y/ COSINE OF ARGUMENT OF
PERIAPSIS

THE SUM 1.¢E®(COSC(TA/RAD)). USED AS A
DIVISOR IN SUBSEQUENT EQUATIONS TO
CALCULATE TFP

ECCENTRIC ANORMALY (ELLIPYIC CASE)
SENI=-LATUS RECTUN

OEGREES TO RADIANS CONVERSION FACTOR
SINE OF ECCENTRIC AMOMALY (ELLIPTIC CASE)
HYPERBOLIC SINE OF AUXF

SINE OF INCLIMATION

SIMNE OF LONGITUDE OF ASCENDING NODE

SINE OF TRUE ANGNALY

SINE OF THE SUM OF ARGUMENRY OF PERIAPSIS
AND TRUE ANOMALY/ SINE QF ARGUMENT OF
PERIAPSIS

INTERNEDIATE VARIABLE USED TO CALCULATE
SINNF

189
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ELCAR-1

ELCAR Analysis

ELCAR traansforms the standard conic elemsnts of & massless point referenced
to a gravitational body to cartesian position and velocity components with
Tespect to that body.

Let the gravitational constant of the body be denoted 4 and the given
conic elements (a, e, {, W, 2, £). The semilatus rectum p {is

p = a(l-ed) )
Then the magnitude of the radius vector is given by

P
r-1+ecosf @)

The unit vector in the directiom of the position vector is
e ux-cos(U*f)cosQ-cosisin(u+f)sinQ
uy-cos(ui- f) 6in @ + cos i sin (w + f) cos Q 3)

u = gio (w+ f) sin {
z

The positiom vecror T 1is therefore
T = 4% (%)

The velocity vector v 1is given by

v " /—s [(e + ccs f)(-8in w co8Q -cos i sin Q cos v )

-8in f (cosw cos8 2 -cos8 i s5in Q sin w )]

v = ‘/—:- [(evcoa £)(-sin o 8in Q +cos 1 cos Q cos w )

-8in f (cos w sin Q+cos i cos Q sin u)]

v‘ n~ ‘/.i. [(e + cos f) sin 1 cos w ~-8in £ sin { 8in u] (5)
P

The counic time from periapsis t is computed from different formulae
depending upon the sign of the sgmi-major aris. For a >0 (elliptical
motion)

e. _—
Lt = \/5— (E - e sin E)
'y p “

prE g
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ELCAR-2
e + cos § vV, e2 sin f
E ————— e, inE = e
cos .1+ecosf sin l1+ecos £ (6
For a <0 (hyperbolic motion) the time from periapsis 1.
3
t = 2. (e sinh H - H)
P M
H . e -1 £
unhz Py :anz (2)
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SUBROUTINE

PURPOSES

CALLING SEQUENCES

ARGUMENTS

SUBROUTINES SUPPORTED!

SUBROUTINES REQUIRED:

EPHEN

EPHEM~A

YO COMPUTE THE CARYESIAN STATE OF DESIRED BOOIES AT

SPECIFIED YIMES ACCORDING TO TWO OPTIONS!

(1) ECLIPTIC COORDINAYES OF ONE BODY RELATIVE YO ITS
REFERENCE BODY (SUN FOR PLANETS, EARTH FOR MOON)

(2) ECLIPTIC COORDINATES OF ALL GRAVITATIONAL BODIES
RELATIVE TO THE INERTIAL COORDINATE SYSTEM (EITHER
HELIOCENTRIC OR BARYCENTRIC).

0

IC

LOCAL SYMBOLSS: A

192

0D

ECAM

ECC
En
E2
E3
FCTR

FN1

CALL EPHENC(IC,D,N)

JULIAN DATE OF REFERENCE TIME (REFERENCED
1950)

FLAG SET EQUAL TO 1 FOR OPTION 1 AND TO O
FOR OPTION 2

NUMBER OF GRAVITATIONAL BODIES TO BE
COMPUTED

HELIO LAUNCH LUNTAR MULCON MULTAR
EXCUTE TRAPAR VMNP DATAS PCTH
PRINTL PSIM TRAKS GUISIM GUISS
PINTS&E DATA PRINT3 TRAKNM GUIDM
GUID

CENTER

SEMI-MAJOR AXIS OF LUNAR CONIC

ONE TEN-THOUSANDTH TIMES THE INPUT
ARGUMENY D FOR COMPUTATIONS IN FN1, FN2

ECCENTRICITY OF LUNAR CONIC

ECCENTRIC ANOMALY USED YO SOLVE KEPLER
EQUATION

ECCENTRICITY USED TO SOLVE KEPLER EQUATION
MEAN ANOMALY OF LUNAR CONIC

E SQUARED

€ CUBED

VELOCITY DIVIDED BY RADIUS

STATEMENT FUNCTION DEFINING A THIRD ORDEK

POLYNOMINAL. USED IN COMPUTATION OF MEAN
ANOMALY OF INNER PLANETS AND OF MOON

SerAa - =
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FN2

IJKL

IR

IND

ITENP

ITESY

!a Ve
——

ITESY2

L GOA

PI2

TRG

VEL
WX
RY

Wz

COMMON COMPUTED/USED1?

COMMON USEDS

o reen <N o -&Vv;f'a R LR

EPHEM- B

STATEMENT FUNCYION DEFINING A FIRSY ORDER
POLYNOMINAL., USED IN MEAN ANOMALY COMPUTA-
TIONS OF THE OUTER PLANEYS

LNDEX FOR LOGIC CONTROL

INCREMENT COUNTER IN SOLUTION OF KEPLER
EQUATION

INDEX, ROW OF F OF LUNAR COORDINATES

INOEX, RQOW OF ¥ OF COORDINATES OF THE
I-TH PLANET

INTERMEDIATE VARIABLE USED TO NORMALIZE
CONIC ANGLES

INTERNAL CODE MWHICH DETERMINES IF
COORNMINATES OF EARTH ARE BEING CALCULATED
IN ORDER TO COMPUTE THOSE OF MOON
INTERNAL CODE MWHICH DETERMINES IF
COORDINATES OF EARTH HAVE BEEN COMPUTED
PRIOR YO COMPUTING THOSE C TYHE MOON
INDEX USED IN CALCULATION OF MEAN ANOMALY
SEMI-LATUS RECTUM

THO TIMES THE MATHEMATICAL CONSTANT PI
HELIOCENTRIC RADIUS OF PLANET

ARRAY NF TRIGONOMETRIC FUNCTIONS OF
SPECIFIED ANGLES

VELOCITY 0OF PLANET
X-COMPONENT OF 1N ERMEDIAYE VECTOR, W
Y-COMPONENT OF INTERMEDIATE VECTOR, W

Z~COMPONENT OF INTERMEDIATE VECTOR, W

ELMNT F T 4

CN EMN IBARY NBODYI NO
ONE PMASS ST TWOPI WO
ZERO

193
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EPHEM~1

EPHPXM Analysis

]
EPHEX first determines the current value for the mean anomaly of the
pertinent body. The mean anomaly M 18 computed from

M= )lo + )(lt + u2:2 + )(2:3 for inner planets
M= Ho + Hlt for outer plauets
K=l + L+ Le?sLt? -D(t) for the moon
Zepler's equation M = E - e sin E 15 then solved iteratively to determine

“he eccentric anomaly E . The subsequent computations are basic comnic
nanipulations:
p = a(l - 02)

r =a{l - e cos B)

VI

cos f= R_-IL gin £ = Vl - cos2 £ sgn(sin E)
er

coa Y = E gin 7V = V; - <:os2 sgn(sin E)
™v

W= ’(:.:—Q

The cartesisn position and velocity relative to the reference body are then

— A A Q
i + r j + r '
x y * z

o]
]

r cos(W+ £) cosQ - r ein(w+ £) 8in 2 cos |

a}
]

T cos(W+ £) »infl + 1 sin(W+ £) cos & cos {

"
]

r sin(w+ £) sin 4
-—
v

=- ::: [:(9 xT) cos? +"r‘sin7}

where & = (sin 4 ain.Q)?— (sin 1 cos Q) ?+ (cos L)Q
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EPHEM=-2

When optfon 1 {8 used, the reference body for all the planets {s the sun
while the reference body for the moon {s the earth.

]
When option 2 {s used with heliocentric inertial coordinates, the cartssian
state of the earth is added to the cartesian state of the moon to convert
the state of the moon to helfocentric coordinates before storing that
state {n the ¥-array,

When option 2 {s used with barycentric imertial coordinates, subroutine
CENTER is called to convert all elements to barycentric coordinates before
storing in the F-array.
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PROGRANM ERRANN

ERBAN-A

PURPOSES TO CONTROL THE COMPUTATIONAL FLOW THROUGH THE BASIC
CYCLE (MEASUREMENT PROCESSING) AND ALL EVENTYS IN THE

. ERROR ANALYSIS MODE.

SUBROUTINES SUPPORTEDS

SUBROUTINES REQUIRED!

LOCAL SYMBOLSS AY
ICODE
YPRN

MMCODE

-~

AT T

REVENT
NR

{
’

TRTH2

COMMON COMPUTED/USEDS

CCNMON COMPUTEDS

COMMON USEDS

ERRON

SCHED NTH PSINM OYNO ThAKM
MENO NAVH PRINTI SETEVN GUIDM

DUMMY VARIABLE

EVENY CODE

MEASUREMENTY COUNTER FOR PRINTING
MEASURENENT COOE

EVENT COUNTER

NUMBER OF RONS IN THE OBSERVATION MATRIX

TINE OF THE MEASUREMENT

ICODE MCNTR RI TEVN TRTML
XF XI :
OELTM

FNTH IEVNT IPRINY ISTMC NEV
RNN NR NTNHC RF TEV
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ERRAN~1

ERRAN Analysis

Subroutine BRRAN controls the computational flow through tha basic cycle
(measurement processing) and all events in the error analysis mode.

In the basic cycle the first task of ERR/N {s to control the generation
of the targeted nominal spacecraft state xk+l at time tk+1 , given the

—

state X,  at time L Then, calling PBIM, DYNP, TRAKM, and MENQ,

successively, ERBAN controls the computation of all matrix {nformation
required by subroutine NAVM in order to compute the covariarce matrix

partitions at time tk+1 {mmediately following the measurement.

A

At an event ERRAN simply calls the proper event subroutine or overlay where
all required computations are performed.

97
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ERRAN Flow Chart
{ ENTER )

Initialize event counter NEVENT J

and priant counter IFPEN.

T

220 >

ERRAN=-2

Defd at ti t
efine state lﬁ( me X

[ ]

Call SCHED to obtain the time

Tl
measurement code.

of the measurement and thej

Define time interval At = t -t

-

k+1
v

Does an event occur before t 7
k+1

NO
- 7
Call NI to compute state X .
k1 i
LIncrement measurement counter MCNTR, J

Call PST® to compute state

t, t
[k k+1

transition matrix partitions over

|
|

-

!

Call DYN@ to compute Q .

‘ k+1l,k
I

X

Call TRAXM to compute the ob-
cervation matrix partitions at

el
i
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1]
't
'

Call MEN@ to compute Rk+1 .

Call NAVM to compute covariance |

t titio at ¢t
matrix par ns e+ 1

Increment print counter IPEN,

ERRAN-3

NO

<<»Is it time to print?44;>_

YES

Call PRINT3 to write out all
basic cycle data,

Reget time and state in prepar-
ation for next ‘asic :ycle.

Qlﬁl >t ?}

NO

NO
{ Have all measurements been processed?

YES

NO

<i;Have all events been performedf4:>f

YES
RETURN

Define state §£+1

at time tk+1 .
T
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B Igal '
wlbol

Define time interval At = tf -t

r~ k+1
and state .
wtl

Call NIM to compute state if .

Call PSIM to compute state tramsition
wmatrix partitions over [tk+1’ tf 1 .

Call DYN® to compute Q .
P f, k+l

SO

Call NAVX to compute covariance
matrix partitions at tf .

()

ERBAN-4

PR T PRGN 2N

P X P

Aa e —rr e e a e e

1B

TR v ) TN

e




SR SIPL A

.
1
“
<
'
.

ERRAN-5
Define event code ICQDE
and event time tJ
Lj NO
ICPDE < 52 )—
YES
4
Call SETEVN to compute information
common to most types of events.
N\, ICPDE « 2?2 -
2 3 4 6
|
- Write: Adaptive filtering
Call prediction Call CPNCM event not available with
event overlay. event overlay. error analysis.
Call GUIDM. Write: Quasi-linear
filtering event not
available with errxor
analysis.
y

Increment event counter.

201
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PROGRAN ERRON

‘kj

»
2l

PURPOSES TO CONTROL THE ERROR ANALYSIS OVERLAY SCHEME

SUBROUTINES SUPPORTEDt

SUBROUTINES REQUIREDS

LOCAL SYMBOLSS IRUNX
IRUN

202

NONE

DATA EBRRAN  PRNTS3

YOTAL NUMBER OF DATA CASES
DATA CASE COUNTER

ERRON-A

—we a0
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SUBROUTINE ESTHY

PURPOSES TO UPDATE THE FINAL VALUES OF THE PRECEDING COMPUTATION
INTERVAL MHICH SERVE AS INITIAL VALUES FOR THE NEW STEP,
YO OEVERMINE THE DESIRED STIZE OF THE NEXY YIME INCREMENY
ON THE BASIS OF TRUE ANOMALY OR REQUESTED PRINTTIME,
AND TO ESTIMATE YHE FINAL POSITION AND MAGNITUDE OF THE

VIRTUAL MASS.
CALLING SEQUENCES CALL ESTMT(D1,DELTM,TRTM

ARGUMENTS D1 D { JULIAN DATE, EPOCH 1900, OF THE INITCAL
TRAJECTORY TIME

DEL TN b ¢ TIME INTERVAL OVER NHICH THE TRAJECTORY'
MILL BE PROPAGAYED (DAYS)

TRTM I INITIAL TRAJECTORY TIME (DAYS) REFERENCED
TO INJECTION

SUBROUTINES SUPPORTED: VMP

SUBRbUfIKES REQUIREDS WNONE

COMMON COMPUYED/USEDS INCMNTY V

COMMON COMPUTEDS ITRAT KOUNT ’

CONNON USED? IKCPR INC IPR

203
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ESTMI-1

ESTHT Analysis

The initial values of the state variables are first set equal to the
values at the end of the previous interval. The nominal time interval

to be used during “he current step is computed from
pr - —F (1)

where c, is the constant input true ancwmaly increment relative to the
virtual mase trajectory.

The time interval to the final time tf or to the next time printout tp

is computed and the current time interval /\t 1is adjusted if necessary.

Finally the virtual wass final position and magnitude are estimated by
the expansioans

VE vB

T = T + r t + t

v v v Al v A '
E B B av

SR

- a

-

[Rv.
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BSIMT Plow Chart

(o=

y
Update state variables
for next step.

ESTMI-2

NO
Q Pirst interval? >——<

Is printout to occur YES
after this increment?

==

¥

Calculate nominal

value of Atk .

< tB+atk—>tf>

Qr, "t -ty

P
"% E
R S +

P tp At]:a

E

Estimate final magnitude “V

and position ?V of virtual mass.
E

RETURK
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SUIROUTINE EULMX

PURPOSES YO COMPUTE THE MATRIX REQUIRED TO DEFINE TRANSFORMATIONS
FROM ONE COORDINATE SYSTEM YO ANOTHER.

CALLING SEQUENCES CALL EULMX(ALPyNNyBET 3 MM, GAN,LL,4P) !

ARGUKENT ALP I FIRST ROTATION ANGLE (RADIANS)
NN I FIRST AXIS OF ROTATION
BET I SECOND ROTATION ANGLE (RAOIANS)
L1 I SECOND AXIS OF ROTATION .
GAM I THIRD ROTATION ANGLE (RADIANS)
LL I THIRD AXIS OF ROTATION

P(3,3) 0 TYRANSFORMATION MATRIX

- SUBROUTINES SUPPORTEDS PECEQ

!
:
!
:

SUBROUTINES REQUIREDS NOKE
LOCAL SYMBOLSS & INTERMEDIATE ROTATION MATRIX

ALPHA  TEMPORARY LOCATION FOR EACH OF THE
ROTATION ANGLESE ALP, BET, AND GAM

0 INTERMEDIATE PRODUCY MATRIX

F TRANSFORMATION MATYRIX FOR ANGLE ALP

6 TRANSFORMATION MATRIX FOR ANGLE BET

H TRANSFORMATION MATRIX FCR ANGLE GAM

N COUNTER SHONWIANG NUMBER OF COORDINATE AXES

.FOR WHICH CALCULAYIONS REMAIN

NAXIS TEMPORARY LOCATION FOR EACH OF THE AXES
OF ROTATIONS NN,MM, AND LL

COMHON USEDS - ONE ZERO
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EXCUT-A

SUBROUTENE  EXCUT

PURPOSE - COXTROL EXECUTION OF A VELOCITY CORRECTIGN MODELED AS AN
INPULSE SERIES IN THE ERROR ANALYSIS PROGRANM

'CALLING SEQUENCES CALL EXCUY

SUBROUTINES SUPPORTEDt GUIDH
SUBROUTINES REQUIRED: PREPUL PULCOV PULSEX

COMMON CONPUTED/USED?S XXIN
COMMON COMPUTEDS QK
COMMON USEDS DELPX, DIPX, TH, INPX

207
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SUBROUTINE EXCUTE

e \
2]

EXCUTE~A

PURPOSES TO CONTROL THE ACTUAL EXECUTION CF THE VELOCITY
INCREMENT DELTAV.

CALLING SEQUENCES CALL EXCUTE

SUBROUTINES SUPPORTEDS

SUBROUTINES REQUIREDS
LOCAL SYMBOLSS A
DV
E

INDEX

JX

MODEL
PP

QQ
RN

RSI
RTYB

TA
TFP
vSI

208

GIDANS

PREPUL PULSEX CAREL PECEQ
SEMIMAJOR AXIS OF DOMINANT BOOY CONIC
MAGNITUDE OF VELOCITY INCREMENY
ECCENTRICITY OF DOMINANT BODY CONIC

CODE OF BODY BEING TESTED FOR DONMINANT
BODY

INQEX OR CODE OF DOMINANY BODY

SUN VALUE OF INO

IRQEX

INQEX OF S/C-REL-TO0O-BODY ROM OF F-ARRAY
EXECUTION MODEL (1=IMPULSIVE, 2=3PULSE ARC)
UNIT VECTOR TO PERIAPSIS IN ORBITAL PLANE
UNIT VECTOR NORMAL TQ PP IN ORBITAL PLANE

POSITIOM AND VELOCITY QF S/C AT END OF
EXECUTION BY PULSING ARC

POSITION VECTOR OF S/C RELATIVE TO
DOMINANT BODY AT EXECUTION TIME

‘RADIUS MAGNITUDE TO BODY BEING TESTED FOR

QOMINANTY BODY
TRUE ANOMALY ON DOMINANT BQGDY CONIC
TIME FROM PERIAPSIS ON DQOMINANY BODY CONIC

VELQCITY VECTOR OF S/C RELATIVE TO
DOMINANT BODY AT EXECUTION TIME

URIT NORMAL TO ORBITAL PLANE
ARGUMENT OF PERIAPSIS OF DOMINANT B80DY

yas, o~



PO ——

T T A (e « ey Xt 7w 9

IS ALES ¥

AP, plVgy oo RSB RA e g rpmare T we

XI
XMy
XN

COMMON COHPUTED/USEDS
COMMON COMPUTEDS
COMMON USED?

EXCUTE-B

CONIC
INCLINATION CF DOMINANT 80DY CONIC
GRAVITIONAL CONSTANY OF DOMINANT BODY

LONGITUDBE OF ASCENDING NQDE OF DOMINANY
8oQy

BELTAV D% RIN TRTM

KYIM

ALNGTH DELV F KUR MO.
NBOD NB PMASS PULTY SPHERE
™ THO v
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EXCUTE-1

EXCUTE Analysis

EXCUTE is the executive sybroutine controlling the actual execution of
the velocity increzent Av. The Av is computed by TARGET or INSERS or

read in by the user.

Before executing the correction EXCUTE computes peripheral information
of interest to the user. It first determines the dominant body acting
on the spacecraft. If the spacecraft 1s in the moon's SOI (with respect
to the earth), the moon {8 the dominant body. If not in the moon's SOI
but in any of the planets' SOI (with respect to the sun) that planet is
the dominant body. Otherwise the sun {s the dominant body.

Having determined the dominant body EXCUTE computes the state of the space-
craft relative to that body. It then computes the conic elements of the
tra jectory both before and after an impulsive addition of the Av in
ecliptic coordinates.

If the dominant body is not the sun, it makes the same computations in
equatorial coordinates.

-EXCUTE then operates on the current value MODEL of the array MDL. If

MODEL = 1, the impulsive model of execution is commanded. The AV is
therefore added to the current inertial ecliptic velocity before returning
to GIDANS.

If MODEL = 2, the pulsing arc model of executicn is required. PREPUL is
called to perform the preliminary work needed for the pulsing arc. PULSEX
then actually propagates the trajectory through the series of pulses. At
the completion of the arc EXCUTE updates the time and incrtial ecliptic
state (both posirion and velocity) of the nominal trajectory to the state
determined by PULSEX.

[OYAR IO T SN S

© ot e

U

e




L S N

R

R S R P AL

B Ay o

w

e

e e

o

1~

EXCUTE-2

EXCUTE Flow Chart ‘ !

ENTER

v

Computc index and code
of dominant body (DB).
T
v
Determine spacecrait state ~7W
to DB and x4 of DB.

I

Y,
Compute ecliptic conic of
S/C wrt DB before and
2fter impulsive correction. |

I ;
Compute equatorial conic of
S/C wrt DB before and after
impulsive correction.

DI s vl 30 Tt i A \ne a - Y

LT VG G AN

S

I

Call PREPUL for preliminary
work for pulses.

-

N ,

k.4

Call PULSEX for actual I
execution by pulse model, i
v !
Update time and state to }
values at end of arec, 8
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EXCUTS-A

SUBROUTINE EXCUTS

PURPOSE COMTROL EXECUTION OF A VELQCIYY CORRECTION MQODELED AS AN
IMPULSE SERIES IN THE SIMULATION PROGRAM

CALLING SEQUEMNCES CALL EXCUTS
SUBROUTINES SUPPORTEDS GUISIM

SUBROUTINES REQUIREDS PREPUL, PULCOV, PULSEX

LOCAL SYMBOLS RN EFFZCTIVE SPACECRAFY STATE AFTER A
VELOCITY CORRECTION MODELED AS AN IMPULSE
SERIES

COMMON COMPUTED/USED? XXIN
COMMON COMPUTEDS ax

COMMON USEDs DELPX, DIPX, TM, INPX

212
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EXCUTS Flow Chart

( ENTRY )

CALL
PREPUL

IF
INPX

EXCUIS-1

YES
CALL

=2

PULLEV

NO

t CALL
PULSEX

RETURN )
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FLITE-A

SUBROUTIKE  FLITE

PURPOSES TO SOLVE THE TIME OF FLIGHY EQUATION (LAMBERT-S THEORENM)
USING BATTIN-S UXKIVERSAL EQUATION FORMULATION.

CALLING SEQUENCES CALL FLITE(RL,R2,)THETA,GM, TFyAyEyK) %

ARGUMENTSS RY b¢ INITIAL RADIUS
R2 b¢ FINAL RADIUS
THETA I CENTRAL ANGLE

GM I  GRAVITIONAL CONSTANT :
TF I  TIME OF FLIGHT 5
A 0 SEMIMAJOR AXIS :
E 0 ECCENTRICITY 3
X 0  ERRO% COOE

=8 NO ERROR

=1 ERROR

SUBROUTINES SUPPORTEDS HELIC

SUEROUTINES REQUIREDS NONE

LOCAL SYMBOLSS AMISS ERROR IN ITERATE
BIGNO CONSTANY = E+25 }
81 CONSTANTY = § 3/2

CHECK ERROR IM ITERATE

cx BATTIN C-FUNCTION OF X
cY BATTIN C-FUNGTION OF Y

c GHORD LENGTH !
DEM INTERMEDIATE VARIABLE

P SEMILATUS RECTUN

ROOT INTERM DIATE VARIABLE
SLOP VALUE OF DERIATIVZ OF T(X)

SX BATYTIN S=-FUNCTION OF X '

214
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%
SY BATYIN S=FLullYICH BF Y
S1 SEMIPERIMETER
S sINTERMEDIAYE VARIABLE (=1-C/S1)

TINME FLIGHT YIME CORRESPONCING TO ITERATE X

T KORMALIZED YIMZ OF FLIGHT
V) FLAG SET TO 2 IF X LESS THAN PI 2,~1 ELSE ?
vBi INTERMEDIATE VARIASBLE
v FLAG SET T0 &t FOR TYPE I,-4 FQR TYPE II

‘ X1 STARTING YALUE FOR X

j X VARIABLE INTROQUCED TG REPLACGE A

3

:

Y INTERHEDIATE VARIABLE AS FUNCTION OF X
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FLITE~1

FLITIE Acalysis

FLITE solves the time of flight equation (Lambert's theorem) using Battin's
universal equation formulation. Stated functionally Lambert's theorem

states that the time of flight ts is a function
- +
t t G +r,. . a) L

solely of the agum L + T, 01 the distances of the initial and final points

of the trajectory from the ce:tral body, the length ¢ of the chord joining
these points, and the length «f the semirajor axis a of the trajectory.
Usually the time of flight is known and it i{s desired to solve for the sexi-
ma jor axis. The standard formulationm involves different equatioas for the
elliptic, parabolic, and hyperbolic cases, all of which them iterale on a

to determine the solution.

L

LT ] 7 YN

In Battin's approach the semimajor axis a is replaced by a new variable x .

By further introducing two new transcendental functions S(x) and C(x),
the special cases of the flight-time equation are combined into one single,
better behaved formula. The functions S(x) and C(x) are defined by

S(x) = Vx - Sig Vx C(x) = I-c:s X x>0
X
sinh V-x - V-x - cosh V-x -1 x <0
3 -X
Vx
- X - 1 -
r 2 x=0
A parameter Q i{s introduced as
8-¢C
Q » e—
s
wvhere c-(r2+r'2-2rr coso)i
1 2 12
, |-l .
[ =2 (r1+r2+c) (3)

The universal flight-time formula is

216
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FLITE-2
--
r S 3 Q3/2 Sy '
3/2
TS S
yCly) = Q x C(x) @) ;
where T = J% :f . The choice of the upper or lower sign is

8
made according to whether the traansfer angle 8 is less or greater than
180° respectively.

The development of equations (4) is too long and complex to be given here.
It may be obtained from the first reference listed beldw. The following
steps of that reference are noted:

(1) the tvo body problem on pp. 15,16

(2) the "vis viva"™ equation and Kepler's equation on pp. 50,51

(3) Lambert's theorem proved from Kepler's equation on p. 71

{4) the basic flight-time formula and detailed analysis oa pp. 72-78
(5) The universal formulation on pp. 80,81.

Instead of using the equations (&) the authors of refence 2 (listed below)
determined y as a function of x as

xsc00) <20 o

- -kangs_ciL!).i_J

Therefore a single variable iteratioa is possible. Newton's wmethod {8 used
to solve (4a) given T and Q as

¥y = l.arcsinz

i
ﬁ"—zﬁ’-‘lq-xi x< 0 (5)

T(x) - T
x - x - — (6)
. T' (<)
n
1
{
. 3/2
where T(x) = -—3%'2@'1- + Q —3'%'2)— (@)
Cx) I 60

— 3/2 ———
beu [T - 1VERGY )
T'x) - @) !

25V C(x)
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TLITE-3

2 2-xC(x)
- - S o
k 58“ (' x) 2_yc(y) 3 ( ) '
As lz-yC(y)l —0, k—+1 . Therefore if ]Z-y'C(y)) < 10—“ k is set d
to 1. Algo T‘(x) breaks down as x—0 . Therefors the approximition :
is used: .
1 ¥ 3/2 -6 )
T'(x) = 23— |x] < 10 (10)
2r

The starting value for x i1is given by x = xl - Ax(T,Q) where

x = 82.1678 + 352.8045 T

- (123954.8504 Tz + 43904.0083 T + 13423.6819)%
- 2.36 3. 2
Ax(T,Q = + ( 3 + T+ .1) (0.3 Q°+0.7Q) (11)
T + .15

o insure that the routine will not fail for large or small values of T
certain restrictions on T are built into the program. The nowinal value
of T is forced to be no larger thanm 950,000 and no smaller than 1076
This forces the corresponding limits for x of -823.0473 < x £ 39.14553.

Finally convergence is achieved when lT(xa) - Ti < 3 T

Baving solved for semimajor axis a , the semilatus rectum p 1is given by '

”

—— pd

5 rlrzsinG ) ) )
- + - Lo A !
2a + s8n (tm 9% Vi s é (12) :

- 1
P 2 { 'd s-C

Then the eccentricity e is given by
1 ? 13
e - = (13)
Beferences:

(1) Battin, R. H., Astrooomical Guidance, McGraw Hill Book Co., Inc.,
New York, 1964.

(2) Lesh, H. F., and Travis, C., FLIGHT: a Subroutine t» Solve the
Plight Time Problem, JPL Space Programs Summary 37=53, Vol. II.
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FLITE Flow Chart

ENTER

Enforce restrictions on T

Compute zerc iterate x

FLITE-4

Compute S(x), C(x)

Compute S(y), C(y)

Eaforce restrictions on g‘]

]

and T(x)

I

Enforce restriction on x

xC (x)

- ]

Compute

pP,e

T(x) - T

x = x - T (%)

b
1

Compute T'(x)
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GHA-A

SUBROUTINE GHA

PURPOSES TO COMPUTE THE GREENWICH HCUR ANGLE AND THE UNIVERSAL
TIME (IN OAYS) WHICH IS USED IN THE TRACKING MOQULE TOQ
ORIENTY THE TRACKING STATICNS ON A SPERICAL ROTATING

EARTH.

r
>

CALLING SEQUENCES CALL GHA ;
ARGUMENTSS MONE ;
SUBROUTINES SUPPORTEDS DATALS DATAL

LOCAL SYMBOLSs O NUMBER OF DAYS IN TSTAR
EQMEG EARTH ROVATICN RATE

GH GREENKWICH HOUR ANGLE

ID INTERMEDIATE VARIABLE

REFJD JULIAN DATE OF JAN. 0, 1950

i
i 3 . TFRAC  FRACTION OF DAY IN TSTAR %
i +
: TSTAR  JULIAN DATE, EPOCH JAN. 0, 1950, OF i
5 INITIAL TRAJECTORY TIME ‘
| 3
| COMMON COMPUTEDS UNIVY i
: COMMON USEDS DATES EM13 .
¢ }
E
E ;
E
!
b
! |
220 -
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GHA Analysis
Subroutine GHA computes the Graaawich hourdaggle {n degrees and days at
some epoch T* referenced to 1950 Jauuary 1“0". Epoch T* is computed from

Tk = J.D.o + 2415020,0 - J'D'RKF

whare

J.D., = Julian date gt launch time ¢t referenced to 1900
0 o
January 07127,

J°D'RE? = Raference Julian date 2433282.5 °'

= 1950 January ldOh referenced to January 0d12h of
the year 4713 B.C.

and 2415020.0 = 1900 January 0°12% refereaced to January 09122

of the year 4713 B.C.

ngg T* {3 the Julian date at launch time t  referenced to 1950 January
1 .

The Greenwich hour angle corresponding to T* i{s given by '~
GHA(T®) = 100.0755426 + 0.985647346d + 2.9015 x 107 2> 4% + ot
vhere 0 £ GHA(T*) < 360°
and d = integer part of T*, t = fractional part of Tw,
and W = Earth's rotation rate is degrees/day.

The Greanwich hour angle im Jdays is given by %%&.

Py
——e m . ————— - T R T Ayl
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GHA FPlow Chart

date.

Define Earth's rotation xate in
degrees/day and reference Julian

M

Compute T* and the integer and
fractional parts of T*,

v

GH at time T*,

Compute the Greenwich hour angle

—
YES NO
| GH £ 0 ?
GH = GH + 3soj
XO

YES o

\GH - 360, £0 17

|

|

¥

GH = GH - 360.]

in days,

Compute Greenwich hour angle
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GIDANS-A

SUBROUTINE GIDANS

PURPOSES EXECUTIVE ROUTINE FOR COMPUTATION OF REQUIRED GUIDANCE
EVENT

CALLING SEQUENCES CALL GIDANS
SUBROUTINES SUPPORTEDS NOMNAL NONLIN

SUBROUTINES REQUIREDt EXCUTE ZERIT TARGET INSERS TIME
VHP

LOCAL SYmMBOLSS OTIME DELTA TIME (DAYS) BETWEEN ORBIT INSERTION
COMPUTATION AND EXECUTION

IZER VECTOR OF COQOES USED FOR RETARGETING
IZER(KUR)=0, 00 NOT RECOMPUYE ZERO ITERATE
#0, RECOMPUTE ZERO ITERATE
I INDEX
KTYPE VALUE OF KTYP(KUR) INDICAYING TYPE OF
EVERNTY
=1y ORIGINAL TARGETING
=2y RETARGETING
=3y ORBIT INSERTION

MODEL DOES NOT APPEAR IN CURRENYT VERSION SEE
EXECUTE

COMNON COMPUTED/USEDS KMXQ KWIY TIMG
COMMON COMPUYEDS DELY KTIM ZDAT
COMMON USED3 DELTAV KTYP XUR MOL RIN

223

e et -

o B 5

3 v




+

L el ot S et e a2 2 L e e e T mm?i" 2

e
é;
5

fa

GIDANS-1

GIDANS Analysis

GIDANS {a an executive routine reeponsidble for processing a guidance
maneuver from the computation of the velocity increment Av tu the

execution of that correction.

Before entry to GIDANS, TRJIRY has computed the index cf the current
event (KUR) and has integrated the nominal trajectory to the time of the
event. GIDANS now evaluates the KUR component of two integer arrays KTYP
and KMXQ. The values of these flags determines the operation of GIDANS.
The flag KTYP specifies the type of guidance event to be perfi_rmed while
KMX) prescribes the compute/execute mode to be used according to

KTYP = -1 Termination event KMXQ = 1 Compute Z;; only
1 Targeting event 2 Execute AV only
2 Retargeting event 3 Compute and &xecute Ev
3 Orbit Insertion « Compute but execute AV later

GIDANS first checks for a termimation event, £ the currert index prescribes
such an event, the flag KWIT is set to 1l and & return {s made to the main

program NOMNAL.

In preparation for a normal guidance event, GIDANS calls VMP with the
current spacecraft heliocentric state and a time increment of zerc to
restore the F aad V arrays providing the current geometry of space-
craft and planets. If the current event is an execute-only mode, the
transfer is made to the execution section of GIDANS for the addition of
the pre-set velocity increment.

Otherwise GIDANS interrogates KTIY? for the type of maneuver to be computed.
FPor a targeting event, subroutine TARGET is called directly for the compu-
tation of the AV necessary to satisfy input target conditions. After
calling TABGET the F and V arrays are restored as indicated above.

A retargeting event Is defined as a targeting ~vent which requires the
computation of a new zero Lterate. Thus a retargeting event is an event

in which the current nominal state when integrated forward would miss the
target conditions badly. Such an event would be the broken-plane correctionm.
For this eveat TRJTRY stores the current position (and possibly the target
position) in the ZDAT array. It then calls ZERIT for the computation of

the massless-planets initial velocity consistent with the target conditions.
It then operates identically to the targeting event.

The remaining guidance maneuver is the insertion event. GIDANS calls
INSERS for the computation of the velocity increment Av and the time
interval At before it is to be executed.

Subroutines TARGET and INSERS signal trouble to GIDANS via the flag XKVIT.
If problems are encountered during their operation such as nonconvergence
in TARGET or no insertions possible in INSERS KWIT is set to a 1. Other-
wise KWIT = 0, Upon return to NOMNAL, if KWIT = 1 the current case will be
terminated while XWIT = 0 will allow the current case to continue,

A -
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GIDANS-2

If the current event is a compute-oniy mode, TRIJTRY now sets KWIT = 0 (80
that the program will continue regardless of whether the correction com-
putations were successful or not) and returns to NOMNAL., However if the
current event falled (XWIT = 1) and was to be executed (KMXQ ¢ 1) C .DANS
considers this a fatal error for the current cage 2nd returns with KWIT = 1,

I1f the compute/execute mode L8 compute-execute later (KMAG = 4) as is the
insertion event, GIDANS now sets up for the suusequent execute-only event.
The 2§3 computed is stored in the DELV array, the time of the execution is

computed ( tox = 5 + At ) and stored in the TIMG array, and the KMXQ ¥lag

is get to a 2 (execute-only). The return is then madz to NONAL.

For an event to be executed at the current time (KMXQ = 2,3) GIDANS now
calls EXCUTE for the completion of that task.

It should be noted that for all events that are completed at this time the
KUR component of the KTIM array are set equal to 0 so that they are no
longer considered in determining the next event in TRIJTRY. Only iu the
cage of KMXQ = 4 is the KTIM flag noun-zero upon exit from GIDANS.
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G-DANS-3

GIDANS Flow Chart

$

FSet up geometric arrays F,V for cucrent stateT

[P S

|

‘? H
'
t

DI R VRN

=]

Vi ;
Call TARGET } Set up ZDAT array. | Call L‘(SERSJ
y

Restore F,V arra Call 2ERIT,
Call TARGET. (
11
g

NV

Restore ¥,V array. J

! !
¥ ;
i \
| |
! !
£
) KWIT=0 lag Definitions
£ KTIM=(0
KTYP = -1 Termination event |
! # 1 Targeting event )’
! = 2 Retargeting eveat |
: 's. 3 Orbi:t insertion ‘
{
f_ KMXQ = 1 Compute Av only
E = 2 Execute Av only
§ — 1 = 3 Eompute and execute g‘_‘y
3 Store Av,t = 4 Compute but execute Av
K [XQm2 later
KT D=1 {
B KWIT = O Confinue case
|/ = 1 Problem, terminate case
RETUR KTDM ¢ O Guidance event to be
Call EXCUTE srocessed
KTIM=0 = 0 Event already processed.
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GUID-A

SUBROUTINE GUID

PURPOSE CONPUTE GUIDANCE HMATRIX, VARIATION MATRIX, AND TARGEY
CONDITION COVARIANCE MATRIX AT A MIOCOURSE GUIDANCE
EVENY IN THE ERROR ANALYSIS PROGRAM

CALLING SEQUENCES CALL GUID

SULROUTINES SUPPORTEDS GUIDM

SUBROUTINES REQUIRED!S EPHEM HYELS JACOBI MATIN NTM

ORB PARTL PSIN STMPR VARADA
LOCAL SYMBOLS A THO-VARIABLE B-PLANE GUIDANCE SUB-MATRIX A
B8 THO-VARIABLE B=PLANE GUIDANCE SUB-MATRIX B
BDRS 8 0OT R

B8ORY VALUE OF B DOY R RETURNED FROM PARTL (NOT
USED)

BOTS v 00T T

8OTY VALUE OF 8 DOY T RETURNED FROM PARTL (NOT

USED)
8sS MAGNITUOE OF B VECTCR
338 VALUE OF B8 RETURNED FROM PARTL (MOT USED)
0 INTERMEDIATE JULIAN OATE

DUML ARRAY OF EIGENVECTORS ’
EGVCY ARRAY OF EIGENVECTORS

EGVL ARRAY OF EIGENVALUES

ICs INTERMEDIATE STORAGE FOR ICL2

ICLS INfERHEDIATE STORAGE FQOR ICL

INCMTS INTERMEDIATE STORAGE FOR INCNTY

IPR INTERMEODIATE STORAGE FOR I?RINT

Isp INTERMEDIATE STORAGE FOR ISP2

PBR PARTIAL OF B DOT R WITH RESPECT TO STATE
VECTOR

PBY PARTIAL OF 8 DOT T WIYH RESPECY YO STATE
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COMNMON COMPUTED/USED?S

PHIL
PHIZ2
PHI3
RI
RoW
RIPS

sQp
TCA
TSI

XCA

XSIp

XSIV

COMMON COMPUTEDS

COMMON USED?

228

VECTOR
INTERMEDIAYE ARRAY
INTERKEOQOIATE ARRAY

INTERMEDIAYTE ARQRAY

NOMINAL SPACECRAFY STATE AT GUIDANCE EVENT

GUID-3B

YARGEY CONDITION CORRELATION MATRIX

INERTIAL SPACECRAFY STATE AT SPHERE OF

INFLUENZE

TARGEY CONDITICN STANDARD OEVIAYIONS

TRAJECTORY TIME AY CLOSEST APPROACH

TRAJUTORY TIME AY SPHERE QF INFLUENCE

INERTIAL SPECECRAFT STATE

APPROACH

AT CLOSEST

SPACECRAF ~ .  "ON RELAYIVE TU [ARGEY
PLANET AT SPHERE OF INFLUENCE

SPACECKAFY VELOCITY RELATIVE YO TARGET
PLANE( AT SPHERE OF INFLUENCE

ICL2 IPRINT ISPH
xP

DELTH EM TRTML
ALNGTH B80R 80T
0C 0SI FNTM
IBARY ICL IHYPL
NB NTMC NTP
P RC RSI
ZERO

Isp2

TSOIY

g

Fov
ISTMC
ONE
TH

NO

DATEJ

NB0D
PHI
vsI
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GUID Analyeais

Subroutine GUID 48 used in the error analysis mode to compute the same
quantities which subroutine GUIS computes in the simularion mode. Sub-
rvoutine GUID differs from GUIS in that instead of calling NIMS and ABRSIM
as does GUIS, subroutine GUID calls NIM and VARADA. In additiocn, he

state transition and varfation matrices computed in GUID are rcfurenced to
the targeted nominal eince the most receat nominal i{s not defiued for the
error analysis mode. These differences entail only minor logic differences
in the flow chart for GUID, and for this reason no GUID flow chart is pre-
sented. See subroutine GUIS analysis and flow chart for further details.
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SUBROUTINE  GUIDM

PURPOSE CONTROL EXECUTION OF A GUIOANCE EVENT IN THE ERROR
ANALYSIS PROGRAM

CALLING SEQUENCE: CALL GUIOM

SUBROUTINES SUPPORTED?:
SUBRCUTINES REQUIREDS

LOCAL SYRBOLS: ADA

AMAX

cCxsu1
Cxsv:
Cxu1l
Cxvi
CXxS1

ouMi

EGHM
EGCVCY
EGVL
EXEC
EXV
6A
-GAP
1C00L
ICODEZ2
6P

230

ERRANN

CORREL OYNO GUID HYELS JACOBI
NAVWNM PSIN STHPR

VARIATION MAIRIX

INTERHKEDIATE VARIABLE USEKD TO FIND MAXINUM
EIGINVALUE OF VELOCITY CORRECTYION
CCVYARIANCE MATRIX (S MATRIX)
STORAGE FOR CXSU KNOWMLEDGE COVARIANCE
SIORAGE FOR CXSV XNOELEDGE COVARIANCE
STORAGE FOR CXU KNOWLEDGE COVARIANCE
STORAGE FOR CXV KNOWLEDGE COVARIANCE
STORAGE FOR CXXS KNOMLEDGE COVARIANCE
INTERMEDIATE VARIABLE

VECTOR SUH OF UPDATE AND STATISTICAL
VELOCITY CCRRECTIONS

MAXIHUM EIGENVALUE OF S MATRIX

ARRAY OF EIGENVECTORS

EXECUTION ERROR COVARLANCE MATRIX
EXPECTED VALUE OF VELOCITY CORRECTION
GUIDANCE MATRIX
INTERMEDIATE ARRAY EQUAL JO GA TIMES P
INTERKAL CONTROL FLAG
INTERNAL CONTROL FLAG
KIDCOURSE GUICANCE POLICY CODE
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IapP
ISPHC
MAP

IRS

VEIG

CoOMMON CONPUTED/USEDS

COXHON COMPUTED:S
COQ!OS USEDs

EXECUTION ERROR CODE

TEMPORARY STORAGE FOR IS

INDEX OF MAXIWUM EIGENVALUE OF S
SPACECRAFY VELOCTITY RELATIVE TO TARGETY
PLANEY IN PLANEYO-CENTRIC EQUATORIAL
COORDINATES

STORAGE FOR PS KNOMLEDGE COVARIANCE
STORAGE FOR P KNOMWLEDGE COVARIANCE
NOMINAL TRAJECTORY STATE AT GUIDANCE EVENT
RAGRITUDE OF STATISTICAL DELYA-¥
INTERMEDIATE VECTOR

STANDARD DEVIATION OF NAGNITUDE OF
STATISTICAL DELTA-V

INTERMEDIATE VECTOR

TRACE OF S MATRIX
INTERNEDIATE VARIABLE
NATRIX YO BE DIAGONALIZED
INTERHEDIATE ARRAY

CXSUG CxSu CXSVG Cxsv CxXus

cxu CXxXve Cxv CXXS6 cxXxs
ISPH NGE PG PSG PS
P 16 X6

DELTM TRYMI XI
FoP FOV ICDQ3 ICOT3 IEIG

INYPL  ISTHC NHOIM1 NDINZ2 NDINM3
ONE Q SIGALP SIGBEY SIGPRO
SIGRES YWO uo vo XF
ZERO R
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GUIDX Analysis

Subroutine GUIDM {s the executive guidance subroutine in the error analysis
progran, In addition to cortrolling the computational flow for all types
of guidance events, GUIDM also performs mamy of the required guidance
computations itself,

Before considering each type of guidance event, the treatment of a general
guidance event will be discussed, Let :j be the time at which the guidance

event occurs, _Before any guidance event can be executed the targeted
noxinal state xj", krnowledge covariance Pl’(' , art control covariance P:

- h| bi
most all be available, where ( ) 4indicates values immediately before
the event, The first two quantities a = available prior to entering
GUIDM, However, GUIDM controls the pr¢ -“gation of the control covariance
over the interval [tj-l' tj ] , Where :J decotes the time of the previoua

guidance event,

The next step in the treatment of a general guidance event is concerned
with the computation of the commanded velocity correction and the executiom
arror covariaonce, In the error analysis prograx a non-statistical welocity
correction {s coxputed vhenaver the nominal target conditions are changed;
otherwisgae, only a statistical velocity corxrection can be computed, The

coemanded velocity correction AV‘J is ther used to compute the execution

erroxr covarisnce wmatrix 31' A summary of the exacutlon error model and

the equations used to caq;ut.aa can be found in the subroutina QCE&NP™ _
apalysis sectiom. J
The lsst step ia concerned with the updaring of raquired quantities prior
to returning to the basic cycle, An assumption underlying the modeled
guidance process is that the targeted nominal is always updated by the
commanded velocity correction, Iz the error analysis program only the
non-statistical component is used to perform the state update and is
-{adiested by the variable AVL'P . Thuos, the targeted nominal state

) 3

icmediately following the guidance euvent is given by

= + =z - 0
X .= X +1-2--1.
J J [Av ]
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e e i e o] B A L ) Y 0 M N € 5 L1 et MR
N

AN B I A G A Sl SR B TR et - M+ SO P 8 5



B SIS .

The knowledge covariance is updated using the equation

)

if an impulsive thrust model 1s assumed, If the thrust is modeled as a
series of izpulses, then an effective execution error covariance Qe

couputed and the Lnowledge covariance is updated using the equation

n’d
+
[ ]
N'd
|
+
| —
o 10
[}
-T-
olio

+ — ~
P = P +Qaff°

In efther case the control covarfiance is updatad simply by setting

This equation is a direct consequence of the assumption that the targeted
nominal state i{s always updated at a guidance event,

A "compute only” option s available in GUIDM in which all of the ( )T
quaniitics will atill ba computed and printed., _Howsver, the state and all
covariances axe then reset to their former ( ) values prior to returning
to the basic cycle,

Each speacific type of guidance event involves the computation of other
quanti{ties not discussaed above, These will be covered in the following
discussion of specific guidance events,

1, Midcourse and Biased Aimpoint Guidance

Linear midcourse guldance pclicies have form

-~

A
L) X
AVKJ r 3 ] 3

where the subscript N ipdfcates that this is the wvelocity correction
required to mull out deviations from the nominal target state, This
notation is required to differentiate between this type of velocity

~ caxTection and welocity corrections required to achiese an altered target
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atate, Linear midcourse guidance policies are discussed in more detail
tn the subroutine GUIS analysis section,

Subroutine GUIDM calls GUID to compute the guidance matrix, !‘J. and the

target condition covariance immediately prior to the guidance event,
"3 , and then uses [', to compute the velocity correction covariance S

3 3
wvhich 4is defined as

and I8 given by the equaticn

- - T
s, = T, ( - P )T, .
] hi cJ Kj ]

‘This equation assumes that an optimal estimation algorithm is exployed in

the navigation process, since the derivation of this equation requires the
orthogonality of the estimate and the estimatiom erxor,

In the error analysis program AVN {8 never available since no estimates

bi -

623 are aver gemerated, Only the ensemble statistics of 86X are availabla-

which means only a statistical or effective velocity correction "E [AVH ]"

3
can be computed, In the STEAP errox anmalysis program this effective velocity

correction i{s assumed to have farm

"E[A;. " = 5, 21 .
¥y Y Tay

The magnitade o, {8 given b7 tre Hoffran-Young appraximation

]
P3 -Vr_-?:—; (1 + B(x-2) )
. a:s.4
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“ A-tracasj-)uli- xz'i‘ xs,
B AA + A N,

‘ and Xl, xz, X3 are the eigenvalues of SJ. The direction of the effective

F ~elocity correction is assumed to coincide with the eigervector correspond-
ing to the maxicum eigenvalue of Sj. This efgenvectcr {8 denoted by aj' An

alternate modal assumes the direction coincides with the wvector ().1. ).2, A3).

THF L L L F F TSP CIT NI, TT T I. SOVSTRTR VL IR PRSIV PP SO SRR

If planetary quarantive constraints must be satisfled at a midcourse correction,
GUIDM calls BIAIM to compute the naw aimpoint My and the (non-statistical)

bias veloeity correction K\}B . All computations in BIAIM are based on linear

.
t
£
n
:
i
¢
%

dance theory. However, an option 48 available {n GUIDM to recompute
» but not u , using nonlinear techniques, This optioca 18 recommended
BJ 3

if a biased aimpoint guidance event occurs at tj
should also be noted that '(fj i8 set to zero if tj

it is assumed that the injection covariance does not change for small
changes {n injection velocity,

—trn

= injection time, It
= {njection time since

After the updated control covariance P: has been computed, the target

b
condition covariance matrix V}' following the guidance correction {8 com-

puted using the equation 'y

+ T
AR Te, ™3

vhere variation matrix "_1 has been previously computed in subroutine GUID, i)

2, Re-targeting

In the error analysis (and simalation) program a re-targeting event
is defined to be the computation of a velocity correction AGRI required to

achieve a nev set of target conditions using nonlinear techniques. Since
the origioal targeted nominal will be used as the zero-th {terate {n the
re~targeting process, the new target cond{t{ons must be close enough to the
original pominal target conpdition to ensure a covergent process,
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It should be noted that after a re-targeting evert the new target condi-
tions are henceforth treated as the nominal targer conditions,

3. Orbital insertion

An oxbital {unsertion event is divided into a decilsion event arnd an
exacution nt, At a dacision event the orbital insertion velocity
correction A pI and the time {nterval At separating decision and execution

are computed based on the targeted nominal state at tJ. The relevant

equations can be found {n the subroutinz CPPINS anslysis section for co-
planar orbital insertion; in NPINS, for non-planar orbital insertiom.
Before returning to the basic cycle, GUIDM schedules the orbitzl insertion

execution event to occur at t P + At and re-orders the necessary event

arrgys accordingly,

At ap orbital insertfon execution evept the targeted nominal state 18 up-
dated using the previously computed Ava' In addition, the planeto-centxic
equatorial components of Ava and the nominal spacecraft cartesian and
orbital element atate following the insertion maneuver are computed,

4, Externally-supplied velocity correction

At this type of guidance event the targeted nominal state is simply
updated using the extermally-supplied velocity correction AVEX

Bacause of the complexity of the GUIDM flow chart, a simplified flow chart
depicting the main elemants of the GUIDM structure precedes the complate
GUIDM flow chart,

i i ot R WP RVEPRT .. ] - ]




TP TR, IS, BT, 1O T S 7 S mes M e v e M bt e e

P 1o et g St ol G B L S

L, | | )

ol

st O
. nc ayndwo)
~

a ~
f {
By = dMyy

CUIDM-6

.ﬂmo Y 1waoujiuou ous&g..lu.—

K SEA
| rllA‘.‘.ﬂmoQ 1gaujyuou ) r
ON . AN
A 0= oV |
ﬂmoqu ﬂmboc .ﬂp aindwo)y .ﬂw a1ndwog
Ty samdemn ‘ p r
i [
, . s'd
i 4 — fFsauog3ijpuod 303183 ﬁb pue o< -
N . ndwo p uoy3liasuy
w 23 2 {wujmou ajepdn jujodwye paseyq 3induw) Bumo[ (0] FIUBWALS
L %\ ; mm»._ 1®317q10 puw jaueld
g I an ] 03 JAFIV[IX 23WI8
ﬂw Nmoﬂ - ﬁm:ad o< = oV A::ﬁaasuc 881q 33v13258ds ajndmo)
. L) ON *JU2Ad UOIINIAIXD
. *BUOIIFPUOD uoyliasuy Iuryag H\
*Awixe A1dd 338183 M u dAdTYOW ._.—. N Qw 4, Pu® .ﬂm .Heoﬁ pug auf3 s
uy parxols Nmoﬂ o3 H&OQ aindwoy .wz .nL a3ndwoy uoy31asuy ajinduwo)y Hs0<a m:&d
AV Sujiafiwy-ax 981N000p M f uoysyIap uoyIxag uoyINIexd
pariddng — -0y 1¥3IFq10 uoj3lasuy [P3I}qI0
-A11Pu133IX3 (i = 3uanre eucmvuaw ) ]
.Hﬂum a3ndwo)

L e sk Aaales TTorm

ct o=

3x8Y) MO (1 WITND Par)F1duig




e %%e WALTRSTY I

s~

1
*gady1lsul aduwjivAaod pue

fg10303A 31818 21031834

GUIIM~7

tgowyd

~g§a0}]131vu 2OUEFIVAOD PpU¥
€g10309A 93918 azupdn

‘gamyd

3 A3712012A 2INJaxy

juo§ioarIo

S3aX

.num pue exm ajepdn 03 38n
pue 82§18 asnduf 10}

ﬂw EYS SR R L ajndwo)

2o3100 tLA { = lapouw 3sniyld sind
ag (nduy RS
Sax
NaL oz:lAde 38 UOJFIIVAL0D £3325013A I921] v .
|
006
g

ey VR

T P T T R N 1

J



:'.‘—-...;- Dra e

RO AR . et ol

:
4
:
6
g
£
g

GUIDM Flow Chart

<>

Define guidance event index II.

Store impulsive AV execution error
variances {n the DUMMYQ arrxay.

\'J
Save ISPH and set IC¢DE2 = 1.

. ;

310

ICPDE = 7

1

—

Store all knowledge covariance matrix
partitions in the Pl, CXXS1, CXUl,
CXvl, PS1l, CXSUl, and CXSV] arrays.
Store all control covariance matrix
partitions in the P, CXXS, CXU, CXV,
PS, CXSU, and CXSV arrays.

Call PSIM and STMPR -> compute and
write out the state transition matrix
partitions over the interval

[ti'l’ tj] )

Call DYND to compute the dynamic noise
covariance matrix. Write out,

Call NAVM to compute the control co~
variance matrix partitions over

{:5-1’ :J} .

290

GUIIM-8
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Call C@RREL to compute and write out
control correlation matrix partitions
and standard deviations,

Store position/velocity covariance
matrix partition (Pl aryay) in the PP
array for use in subroutine PEICEM,

\

Set ICQDE2 = 2,

Store position partition of the P

array in the Z and VEIG arrays.

I

[Call EIGHY to comgite and write out
the elgenvalues, elgenvectors and
hyperellipsoid of the position par-
tit{on of the P array.

Store velocity partition of the P

array {n the 2 and VEIG arrays.

Call EIGHY to compute and write out
the eigenvalues, eigenvectors, and
hyperetlipsoid of the velocity par-

tition of the P array.

GUIDM=-9

199
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Write out compiete description
of guidance event, |

: |

GUIDM=-10

~
{ I1GUID(5,II) = ? />*
2,3,4

4,5

105

é

e -7 N
< IGUID(1,IX) ? )

1,2,3

Y
Define guidance policy code IG® —1

and execution error code IQP.
J

= -

Call GUID to compute [3, n ,»HJ
3

and ccertain quantities required

for biased aimpoint guidance.

- ISPH = 07

Restore state vector,
time, and knowledge
covariance matrix pare
titions to their t,

values. Restore ISPH.

YES

N

NO

7

-

YES

- 2 \L
<:ltj {njection time s
NO.

Compute velocity correction co-
variance wmatrix Sj' Write out

cocrelation matrix and standard
deviatioos. Compute and write out
eigenvalues and eigenvectors.

/

- IGP = 27 >

NO

Compute and write out

hyperellipsoid of SJ.

858

Set "z[mxj}"

to zero.
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GUID-11 J
858 i7"
&
R
YES NG
QP = 02 ]
\..___._/ 1 3
Use simplified method for c:curm):-utirxg—1 {Use Hoffman-Young formula
g [A . ]“. Write out. Compute i to compute "E [lA N ]". 4
! LNy .
and write out 5 an. {ts eigen- lwfite out.
values, cigeweétora. and hyper-
ellipsoid.
!
; _ i
. 900 }
, 862
ok
! v
e ’ NO YES
. - IGUID(3,1I) = 07 ;
- Store '"E A? .I" in DVN arra X0 )L S !
[ Ny | y (:1 = {njection time?
" for use in subroutine BIAIM, |
¥ .o
Compute b’j using Set ’51 = 0 and
Call BIAIM to perform biased aim- "E {AVN } " Avup - 0.
point guidance event. Return 3 b
gimpoint *‘J’ bias valocity *
correction A@UPJ, and execution
error covardiance matrix 'Q‘J. seE IRET = 1 909
242 '
— %
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r 3

NO !

Set IX = ] and JX = II.
Set XIN to state at tj.

At T st

Write: Bias velocity correction will ‘
be recomputed using nonlinear guidance. :

1 <—IGUID(1,II) - ?\f 3
FTA 3VBP
2 | 2VBP :
lConynte Julian date corresponding
*o and set IGP = 1.
Def{ne target variables Define target variables
| XTAR, IXTAR, LNPAR, XTAR, IKTAR, LNPAR,
and TGT3 for nonlinear and TGT3 for nonlinear
2VBP guidance. 3VBP guidance.

Compute position and
velocity of target
planet at the specified
time. 3

Define target variables
XTAR, 1LKTAR, LNPAR,

aad TGT3 for nonlinear
FTA guidance.

T M me———— - - Laalian ] P‘W
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Call NONLIN to cempute

oonlinear bias velecity

correction. Return XDELV,
2

GUIIM~13

KWIT = 07 )
YES !
4
Set AVUP to XDELV, Write: Nonlinesr guidance
b failed. Linear guidance

A?U,j and i{ts magnitude.

Comput> magnitude. Write out

will be employed.

Set §

244

{tj = injection u.me?>

{4y}

Compute '6 using

=t (AT, |".
AvUPJ + [Avgj ]
Set IRET = 2,

Write out correlation matrix
and standard deviations
associated witk ﬁj.

2
{ IRET = 7 >~ 2

¥ﬂr——/

y
Set AQUP to zero.

105

.,
=

P

mila O taem e

PRV

IRl r kA DU Dt B ) 4

-

PY. |

T BRI DR A NS T



PSR T

LA SvA 1§77 VB -

At

1,2,3
(YES)

y

N

IGUID(4,1IY) = ?
(Nhat kind of thrust
is to be employed?)

3 (fi{inite burm)

Write: Finite burxa
not available.

IGUID(5,IX)=? 4
(Is velocity correction
to be treated at :J?) 0)
‘\\\L¥7 2 \{Z:::>
wodel ) L] 9{}4
AJ//’ Unpulse
series)

1 (single impulse)

EXIT

Store Pl array in PSAVE array.
Update knowledge covariance by
adding QJ to the velocity par-

tition of the Pl array. B

GUIRM~14

o

IGUID(1,II)=4 or ;E:>

YES

105

-
L
r~

v

Call CPRREL ts write out control
and knowledge correlation matrix
partitions and standard deviations
Just after the guidance correction.

v

i
v
ICPDE2 = 3

S09

X0
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GUIIM-15

AR o b s P e 8 KT8

p

v

N\
{ 16U (1,11) > 42 >
NO

W3]
(Icum(i,u) - 2‘3—-—-——“-o
[

YES

KN = 2

¥

Compute target conditiorn covariance
matrix Hj* following the guidance

correction., Write out the associated
correlation matrix and standard
deviations.

Compute and write out eigenvalues,
eigenvectors, and hyperellipsoid
associated with Uj+.

T
|

Bt s Al ottt 3 TROMEY 4200 ) BCIDES a3 € LA vt W COMI o i oo m

R

e e ten -

IGUID(5,I1X) = ?

(Is velocity correction to be executed?)

>z.. -

1,5 | (YEBS)

Store PSAVE array
{n the Pl array so
that the Pl arcay
containsg the know-
ledge covariance
Just before the
guidance event,

Urdate and write out targeted nowinal
immediately following the guidance
correction.

246

Update state vectors:, times, and control
and knowledge covariance matrix partitions
in preparation for next cycle. Restore

ISPH.

1 f
| .
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M 54
\

[+ 3

wn

-

=

_¥o IGUID(L,ID) € 3 or N YES N
1GUID(1L,I1) = 7 1/

I bt s e B RS s S MR LR TS 0 2 DKM € s L DRt e P8 1 a7 mnlt o LD P

: Set AGU? to the pre-specified Write: Error in
7 J a IGUID array.
: DELV array. Write out AVUPJ -
Laad {ts magnitude. EXIT
NO
<1cum(1,n) -4 or5? >_—,

YES
-
Compute and write out nominal
spacecraft state relative to the
target planet immediately following

; orbital insertion. \
- —— |

Define Julian date at orbital
{nsertion and set IGQP = 2,

9974 Call PECEQ to compute the trans-
formation from planeto-centric
ecliptic to planeto-centric
equatorial coordinates.

-

Compute and write out planeto-

[ centric equatorial coordinates of

i AVUP and the relative spacecraft
3

state.

T

Y
Compute target plaret gravitational
constant. Call CAREL to compute the
orbital elements of the spacecraft
orbit. Write out elements.

Conpute 33 using AVUPJ' }
Set IRET = 2 ,




GUIM-1"

PRV OIS SRR Y

iy & T

Set IX = 2 and XX = II.
Set XIN to state at t .

3

Define IXTAR array for
orbital {msertion.

S

-
Endenat Lo {=0 Y 1 PV VWPVREPR TR W

Call N@NLIN to compute

orbital insertion AV and
time. Return XDELV and !
TGT3.

Set AQUPJ to XDELV and

DIP to TIGT3. ‘
YES
{ XWIT = 1 }
X0 }L
Vs Write: Orbital
(—‘—Eo N IGUID(5,11) ¥ 2 ? > insertion failed.
YES .
Canputc‘a using ]
AQUP . get Define orbital insertion execution <1U“ID(5’II) 2 >
event, Write out time at which

IRET = 3 . event wili be executed. YES NO

Re-order event arxrays as required
by previous definition of orbital
ingertion event,

@ £x1T @

248
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Set IX = 1 and JX = II,

Set XIN to state at tj.

Call NQNLIN to perform
re-targeting event (target
variables are defined in
namelist). Return XDELV. l

i S—ITIERT 1 P AT P T AT TN T Ry O] SR ~

Set Avurj to XDELV.

NO

GUIIM-18

L T oy
.

O

o R,

.—YE-S———<xcum(5,n) =2 ?>

3 NO

Update nominal target conditioms
{a TN@B and TN®C arrays.
Write out.

—

Compute Qj using AVUPJ‘ Write

out AQUP and its magnitude.

Set IRET = 2 |

)

Write: Re-targeting
failed.

<zcum(5,;1) -2 ?>

NG ‘ YES
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Set XXIN to state at t..
Set DELPX to AV.. + 'J'z aAv, .
R, N

Define Julian date at tj.

Set INPX = Z and store impulse
series execution error variances in
the DUMMYQ array.

Call EXCUT to compute the effective
execution error covariance matrix
corresponding to the impulse series.
Return QK.

r

]

Y

Restore single impulse execution
error variances into the DUMMYQ array.

[
v

Store Pl array in the PSAVE array.
Update kuowledge covariance by adding
effective Qj to the Pl array.

GUIIM~19
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GUIS-A

PURPOSE ' COMPUTE GUIDANCE MATRIX, VARIATION MATRIX, AND TARGET
CONDITION COVARIANCE MATRIX AT A MIOCOURSE GUIDANCE
EVEMT IN THE SIMULATION PROGRAM

SUBROUTINES SUPPORTEDS

SUBROUTINAS REQUIRED:

LOCAL SYMBOLS A
88
8DR1

8071
81

DUNL
DUM
EGVCY
EGVL
ICLS
ICS
IPR
ISPS
PBR

PBY

PHIL
PHIZ
PHI3

>

GUISINM

EPHEM HYELS JACCBI MATIN NTMS
ORB PARTL PSINM STHPR VARSIM

TWO~VARIABLE B-PLANE GUIODANCE SUB-MATRIX A
THO~VARIABLE B-PLANE GUIDANCE SUB=-MATRIX 8

VALUE OF B8 0OO0Y R RETURNED FRON PARTL (NOY
USED)

VALUE OF 8 DOT Y RETURNED FROM PARTL (NOT
USED)

MAGNITUDE OF B VECTOR RETURNED FROM PARTL
(NOT USED)

ARRAY OF EIGENVECTORS
INTERMEDIATE ARRAY

ARRAY OF EIGENVECTORS

ARRAY OF EIGENVALUES
INTERMEDIATE STORAGE FOR ICL
INTERMEDIATE STORAGE FOR ICL2
INTERMEDIATE STORAGE FOR IPRINT
INTERMEDIAYE STORAGE FOR ISP2

PARTIAL OF B DOT R KITH RESPECT TO STATE
VECTOR

PARTIAL OF B DOY 1 NITH RESPECT YO STATE
VECTOR

INTERMEDIATE ARRAY
INTERMEDIATE ARRAY
INTERMEDIATE ARRAY

— e — —
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e

RI1

RI

RMCA

RHSI

ROMW
RTPS

sQp
TCA
YSI

VHMCA

VNSI

XxCA

COMMON COMPUTED/USEDS

COMMON COMPUTED?S
COMMON USEDS

252.

GUIS-B

MOST RECENT NOMINAL SPACECRAFT STATE AT
GUIDANCE EVENT

TARGETED NOMINAL SPACECRAFY STATE AT
GUIDANCE EVENT

SPACECRAFY DISTANCE FROM TARGEY PLANEY AT
CLOSEST APPROACH

SPACECRAFY DISTANCE FROM YARGEY PLANEY AY
SPHERE OF INFLUENCE

TARGEY CONDIT.CN CORRELATION MATRIX

INERTIAL SPACECRAFT STATE AT SPHERE OF !
INFLUENCE

TARGEY CONDXTION STANCARD DEVIATIONS
TRAJECTORY TYIME AT CLOSEST APPROACH
TRAJECTORY TIME AT SPHERE OF INFLUEWCE

MAGNITUDE OF VELOCITY OF VEHICLE RELATIVE
T0 TARGEY PLANET AY CLOSESY APPROACH

MAGNITUDE OF VELOCITY OF VEMICLE RELATIVE
TO TARGEYT PLANET AT SPHERE OF INFLUENCE

SPACECRAFT VELOCITY RELATIVE YO TARGEY
PLANET AT SPHERE OF INFLUENCE

EN ICL2 IPRINT ISPH 1sP2
NO xe

QELTM  TRTML

ALNGTH BOR BDT B DATEY
oc DSI FNTM FOvV F
IBARY IHYPHL ISOIL ISTNC N80O
N8 NGE NQE NTMHC NTP
ONE PNI P RC RSI
™ VSl ZERD

Bk & A L b bt

BB et srnaboen




GUIS~1

GUIS Analysis

Bubroutine GUIS is called at a midcourse guidance eveat at tj in the

simulation mode to compute three primary quantities for the selected mid-
course guidance policy. These three quantities are the variation matrix
nj. the target condition covariance matrix prior to the velocity correction

w}, and the guidance matrix I} . Three midcourse guidance policies are

available: fixed-time-of-arrival (FTA), two-variable B-plane (2VBP), and
three-variable B-plane (3VBP). All are linear impulsive guidance policies
having form

AV - INsk
3 ] J

where [}Q is the commanded velocity correction, and 48X 1s the estimate

of the spacecraft position/velocity deviation from the La%geted nominal.
The relevant equations for each guidance policy will be summarized below.

The variation matrix T)j for FIA guidance relates deviations in spacecraft

" state at tj to position deviations at time of closest approach tCA’ and

is given by

]
where [01 | 02] {8 the upper half of the state transition wmatrix ¢(tCA,

The guidance matrix for FIA guidance is given by

AR

The variation matrix for 3VBP guidance relates deviations in spacecraft
state at ¢t to deviations in B-T, B-R, and tSI’ WileTe tSI is the time

at which the sphere of influence i{s pierced. Unlike the variation matrix
for FTA guidance, which car be computed analytically or by numerical differ-
encing, the 3VBP variatipn matsix must always be computed using numerical
differencing since no good analytical formulas are available which relate

deviatfions in spacecraft state at tJ to deviations in :SI . If the

variation matrix {s writtea as

then the guidance matrix for 3VBP guidance is given by

1} - [-nz.lnli -I] )

t.).

J
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The variation matrix for 2VBP guidance relates deviations in spaceciaft
state at tj to deviations in BT and B+R and is given by

77:1 - MO (:SI, tj)

where M 4s an analytically computed matrix relating B.T and BeR
deviations to spacecraft state deviations at tgy and ¢(tSI,:j) is the

r

state transition matrix over Lt"tSI] . 1f n {8 written as

773 - [A;B]

i then the guidance matrix for 2VBP guidance is given by

e e & P ACICTOUT I YT T T AT NPT L I R TN TET L AT T
|

T T-l -1
[j‘ - {-B (BB ) A i -BT(BBT) B]

-

All state transition matrices and, hence, all variation mairices used by
the above three guidance policies are referenced to the most recent nominal
‘trajectory for improved numerical accuracy.

Once the variation matrix UJ is available for any of the above guidance

policies, the target condition covariance matrix can be computed using

- - T
W = T p 7
3 io¢y 4
where Pc is the control covariance matrix immediately prior to the

guidance gvant.
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YES

!

ENTER

IGP = 2 )

I~ FTA

Call NIMS to integrate targeted
nominal to final time t_. and to

s

define closest approa h conditions.

2 ~ 2VBP
/ 3~ 3VBP

Was SOI encountered‘\\\ NC

over [;j, tf] ?.-////

b

|

'

GUl1Ss-3

P R TP Ny .

to astate at
LH matrix.

7 Call PARTL to compute partials
of B'T and B-R with respect

t .
SI

—

Compute cycle.

geted nominal.

Write: SPI not encountered on tar-
Returning to basic

Compute time tCA and position

and velocity magnitudes at
closest approach.

ditions for targeted nomical.
Write out M matrix.

Write out closest approach con-]

Define variables ATRANS, VINF,
and T™MPR required for biased
aimpoint guidance.

RETURN \

el X A

(o
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CUIS=4
\ \\L
YES
< N@MTRI=0"
— !
NO \9 3
. \
Call NIMS to integrate most
recent nominal to final time ¢ Set most recent nom-
£ inal to targeted
and to define closest apprcich nominal at ¢t
conditions. £
NO Was SO] encountered YES
1 over (tj, t,] ?

AR

RO o X

R
D
.. I S

miedt. A

SR A
D
! <Py

Write: SPI not encouarered on Call QRB and EPHEM to cumpute
most recent nominal. Raturn- position and velccity compon-
ing to basic cycle. ents of target pianet at
- closest approuch on most recent
nominal.

y
RETYRN Compute inertial ecliptic pos~- )
ition and velncity components of

spacecraft at closest approach
on most recent nominal.

Write out closest approach conditionsgw
on most recent nominal,

Call PSIM to compute state transition }

matrix partitions over t,, t_ | !
37 Tea, |

& J

on most recent nominal. Call STMPR

to write out these partitions. Set

ISPH = ]

Compute variation matrix T  for
FTA guidance policy.

256

- — - ———m R—-



T,

pEpRE S L Lot Tl ol v sl o Sl o o0 DA Sied

i
1

—

GUl1S~5

Write out vari.tion wmatrix 7

Computc target condition covariance matrix
W, and write out as:ociated correlation

3

matrir and standard leviat.ons.

Call JACPBI and HYEL; to comrute eigenvalues,

eigenvectors, and hyrerellipsoid of W .
Write out. J

.

Call MATIN to fnvert the seconc ha.f of the
variation matrix r]j

JRE—

Ve

\ tj = injection time‘i>

NO

4
Compute guicance matrix J . Set ['= 0.

O YES RETURN
{ wr-=-312 >

N /

l—-‘irite out guidance ma.c1x
' for FIA guidance policy.

Write out guidance watrix J©
for 3VBP guidauce policy.

<D
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t YES Has SPI beea previously *\\\\7 NO i

; ‘ encountered oa targeted i

1 nominal? §

N by

g

f Write: S@I has been previously Call NIMS to integrate targeted :

: encountered on targeted nominal. nominal to fircal time t, and to !

ﬁ B-plane guidance policies ua- define sphere of influen:e con~ é

! defined. Returning to basic !

! ditiomns. 3

. cycle. i

: :

YES //r_;as SOI eacountered ¢

ISPH = O over [t , t ? 3

b f ;

o |

RETURN Write: S@I anot encountered :

on targeted nominal. Return-
ing to basic cycle. i
H
y
RETURN
Call PARTL to conpute partials of BeT
and B-R with respect to state at tSI'

e ae a dd el O gies soal. e

Compute M matrix.

l ocity magnirudes at sphere of influence.

] Compute time L5y and position and vel-

nominal. Write out

Write out S@I conditions for targeted

M matrix.

for biased aimpoint

Derfine variables TMPR and VINF required

guidance.
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NO i
i
Call NIMS t¢ integrate most ] (féct most recent nominal 5
recent nominil to final time ! | equal to targeted nom- i
tf and to di!ine SPI cunditions. | | 1nal at tee ;
Pl i
li {
i
i\ i
N 1
a /" Was S@I -ncountered \\\ YES i
. ¢ — '
r——————‘“*<\\over [ . T, ] ? |
1
i
1
Write: S@I not encountered Call PRB and EPHEM to compute
on wost recent nominal. position and velocity components !
Returning to basic cvcle. of target planet at S@I on most i
recent nominal.
B
!
RETURN

Compute inertial ecliptic position
and velocity components of space-
craft at SQPI on mest recent nominal.

\

Write ocut S@I conditicns on wost
recent nominal.

NO ) YES
1GP=3?

Call VARSIM to compute variationm matrix
nj for 3VAP guidance policy.

1SPh=Q 1




GREEEA - .
RIS 2
H 7«\" -

.
i 3t P \

GUIS-8

4 s o ——— i Cae o e i t—

Call PSDM to compute state transifion
matrix partitions over [ tj' tSI] on

most recent nominal. Call STMPR to
write out these partitions. Set ISPH = 1,

PRSP A calt e aelis. AR Eas & <4 Ihad S F 1 £ RN

v

|
i

(Cau PARTL to compute partials of BT {

and B-R with respect to most receot
nominal state at t . Write out these

lgpartials.

Compute variation matrix ﬂj for 2VBP

P e e kgt s f = —— A b= e At gk by on

guidance policy. Write out.

P
DI k

B |

Compute target condition covariance ma-

trix Hj- and write cut associated cor-

relation matrix and standard deviations.
| ‘L

Call JACPBI and HYELS to compute eigen-
values, eigenvectors, and hyperellipsoid
; of Hj'. Write out.

—~

Call MATIN to invert BBT.

NO YES ’ .
.,___<tj = injection time? >—— )

, 4 o
Compute guidance matrix [ for f} Set I =0 . .
t.

2ZVBP guidance policy and write ou

4;“,‘4“;)‘ [N

N

.

RETURN =
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VARIATION MATRIX
AaCTUAL RESOLUTICN ERROR
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" STORAGE FOR Cx$U KNUWLEDGE COVARTANCE
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STORAGE FOR CXU XNOWLEDGE COVARIANCE
STORAGE FOR CXV KNOWLEDGE COVARIANCE
STORAGE FOR CXXS KNOWLEDGE COVARIANCE
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INTERMEOCIATE VARIABLE
ARRAY OF EIGENVECTORS

NAGNITUDE OF COMKANDEC MIDCOURSE VELOCITY
CORRECTION
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OUE YO NAVIGATION UNCERTAINTY
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¢ EXM MAGNITUDE OF UPDATE VELOCITY CORRECTION :
: GAP INTERMEDIATE ARRAY EQUAL TGO GA TIRES P 3
[ GA GUIDANGE MATRIX 1
: ICODE2 INTERNAL CONTROL FLAG i
: i
; 6P MIDCOURSE GUIDANCE POLICY CODE j
: ouT SPACECRAFT VELOCITY RELATIVE TO TARGEY :
t PLANET IN PLANETO-CENTRIC EQUATORIAL 3
g COORDINATES i
PS1 STORAGE FOR PS KNOKLEDGE COVARIANCE i
!
gg P STORAGE FOR P KNOWLEDGE COVARIANCE ]
RF1 MOST RECENT NOMINAL SPACECRAFT STATE AT g

GUIDANCE EVENT

VEIG MATRIX YO BE DIAGOMNALIZED

RF TARGETED NOMINAL SPACECRAFT STATE AT
GUIDANCE EVENT 3

ROW INTERMEOIATE VECTOR 5
sqQP INTERMEDIATE VECTOR i
s1 ACTUAL PROPORTIONALITY ERROR |
|

4 INTERMEDIAY. ARRAY

COMMON COMPUYED/USEDS ADEVX CXSuU6 Cxsu CXSve Cxsy

CxVUG Cxu CxveG Cxv CXXS6
Cxxs EDEVX ICODE NGE PG
PSG PS P RIL 16
XF1 X6

COMNON COMPUTED: DELTH  TRTNML XIs X1

COMMON USEDs AALP ABEY ADEVXS AP0 ARES
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! GQUISIM Analysis |

Subroutine GUISIM {8 the . xecutive guidance subroutine ia the simu-
lation program, In addition t« controlling the computational flow for
all types of guidance events, (UISIM algo performs many of the required
guidance coxputations itself,

Before considering each type of guidance event, the treatment of a

1
general guidance avent will be ifscussed, Let t-1 be the time at which !
i

the guidance event occurs., Be.ore any guidance event can be executed the
targeted nominal state XJ, most recent noxinal state Z{J, estimated state {
x- ~— ;
deviation 5xJ from most recent nominal, actual state deviation 6XJ from ;

, and control covariance P
% €3
mist all be avatilable, where ( ) indicates values immediately before the
event, Only the control covariance is not available prior to cntering
GUISIM, The propagation of the control covariance over the interval
[tj-l’ tJ » where tj-l denotes the time of the previous guidance event,

{s performed within GUISIM,

most recont nominal, knowledge covariance P

The next step in the treatzent of a general guidance event is con-
cerned with the computation of the coxmanded velocity correction, execution
arror covariance, actual execution error, and actual velocity correction.
In the simulation program a non-statistical commanded velocity correction |
can always be computed, This cxmmanded velocity correction 4 is used

e e —— —— s

to coxpute the execution error :ovariance wmatrix Q, and the actual execu-

b

tion error 34V,. A summary of the execution error model and the equations

<4 b d
used to compute Qj &and ‘SA\I.1 can be found in the subroutine QCPMP analysis

section, The actual wvelocity correction is then computed using the equation

- i o+
Avj AVJ WJ

The last step is concernmed with the updating of required quantities
prior to returning to the ‘basic cycle. An assumption underlying the
=0 aled guidance process i{s that the targeted nominal is always updated
by the coumanded velocity correction, In the simulation prograc the
update velocity correction AQUP i{s always identical to the coxxanded

3
velocity co:irection A‘\}j. This 48 in contrast to the error analysis program

where AaUP 15 equated with the non-statiastical component of A?’J. The
b
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most recent and targeted nominal astates immediately following the guidance .

evant are updated using the equations

~t  ~- . AL 0
X =X 48X, +| == =
p! 3 J
aAQUP
3
—+ 4
Xy =Xy

The actusl and estimated state deviations from the most recent nominal are
given by

&' =X 6§"+
3 SR 3

3

%no

X+
X, =0
3

The previous 4 equations assume &an impulsive thrust model, If,
instead, the thrusat is modeled as an impulse series, then an effective

estimated state ﬁeff apd an effective actual state xaff are coxputed,

The equatf{ons used to compute these effective states are summarized in
the subroutine PULSEX analysis section., The previous update equations
are then replaced by the Zollowing equations

A
= X

>+
xj eft

+ ~3
X - X

~4
8y = X oes -.ieff

At
6X, =0
]

The tnﬁvladp covarisnce is updated using the aquation

{
y;f.r; + 9..‘L..3.
: I B IS

L

ACLARS e s A
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i{f an {mpulsive thrust model is assumed., If the thrust is modeled as a
series of impulses, then an effective execution error covariance off is

computed and the knowledge covariance is updated using the equation

This equation {8 a direct consequence of the assumption that the targeted
nominal 18 always updated at a guidance event,

A compute only" option {s available {n GUISIM {n which &8l1 of the
( ) quantities will still be cimputed and printed, However, states,
deviations, and covariances are then reset to their former ( )  values
prior to returning to the basic cycle,

Each specific type of guidance event involves the computation of
other quantities not discussed above, These will be covered in the
following discussion of specific guidance events,

1. Mdcourse and biased aimpoint guidance,

Linear midcourse guidance policies have form

v = [ X
. PR R

where tne subscript N Indicates that this is the velocity correction
required to null out deviations from the nominal target state., This
notation is required to differentiate between this type of velocity
correction and velocity corrections required to achieve an altered
target state. Linear midcouzse guidance policies are discussed in
more detail im the subroutine GUIS analysis section,

Subroutine GUISIM calls GUIS to compute the guidance matrix, [, and
the target condition covariance immediately prior to the guidance eveant,

W7, and then uses I, to compute the velocity cogrectiom covariance §,, which

J ]
is definad as

LREREPT. VI S TRRIN- L SPIUNET PIONPRR.L. VL TPV WP =3 P CASV DLPLRE T XN S oM. 7 L% g
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s, == [AVNJA\FNJJ,

and {s given by the equation

This equation assumes that an optimal estimation algewithm {- employed
in the navigatfon process, since the derivation of this equation requires
the orthogonality of the estimate and the estimation error,

A
Since state estimates 6X, are generated in the simulation program,
A -
an actual AN& can always be computed, This is in contrast to the error

b A
analysis program where only a statistical or effective ANN can be computed,

3

The perfect velocity correction AV,, defired as the velocity correction

j’

_required to null out actual deviations from the nominal target state, i{s

also computed for midcourse guidance events, Assuming linear guidance
theory, the perfect veloci{ty correction is given by

Av, = T 56X
= 3

where 5xj is the actual deviation from the targeted nominal, An option

~
is also avallable in GUISIM for re-computirg AVV using nonlinear techniques,
-3

However, it should be noted that the nomlinear two-variable B-plane guidance

poligy, unlike the corresponding linear policy, coustrains the z~-compouent

of AN‘ to be zervo,

3

If planetary quarantire coustraints must be satisfied at a midcourse
correction, GJISIM calls BIAIM to compute the new aimpoint “j and the

A
bilag velocity corractiOn.AVB . All computations {n BIAIM are based on
4

-

linear guidance theory, However, an option i8 available fn GIISIM to re-

compute the total velocity correction ANB + AQN » but not ua. using «on-

: bi 3
lineax techniques, This option is recoumended 1f a biased aimpoint guidance

avent occurs at tj = {njection time, It ghoull also be noted that QJ is

set to zero {f tJ = injection time since 1t {v asesumed tuet the injectien
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covarianca doaes not change for small changes in injection wvelocity,

-+
After the updated control covariance Pc has been computed, the

bi
target condition covarlance matrix H+ following the guildance correction

b
is computed using the aquation
T
W,=17n P
3 e,

wvhere variation matrix nj has been previously computed in subroutine
QUIs,

2. Re-targeting,

In the simulation (and error analysis) program a re-targetiné event
R

is defined to be the computation of a velocity correctiou A T required

. to achieve a new set of target conditions using nonlinear techniques.

~ A -
Since the state estimate Xj + 6X‘ is used as the z.ro-th 1terate in

the re-targeting process, the :ew target conditions must be close enough
to the original nominal target conditions to ensure . convergent process,
A

It should be noted that after a re-targeting event the new target
conditions are henceforth treated as the nominal target conditions,

3. Orbital {unsertion,

An orbital insertion event is divided into a cdecision event and an execution

event, At a decision event tle orbital imnsertion velocity correction Z§V¢1

and the time interval At s parating decision and execution are computed
~

™ - A -
based on the state estimate X + 3X,. The relevant equations can be

J
found in the subroutine CPPINS analysis section for ¢pp’anar orbital
ingertion; in NPPINS, for non-planar orbital insertion. Before returning

to the basic cycle, GUISIM schedules the orbital insertion execution event
to occur at

At an orbital inmertion execution event the previously computed
AVPI is used to update the targeted nominal state, In addition, the

A
planeto-centric equatosial components of AVDI and the actual spacacraft

cartesian and orbital element states following the insertion maneuver are
computed,

267
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tj + Ot and re-orders the necessary event arrays accordingly.
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4, Externally-supplied velocity correction,

~r - -

At this type of guidance event the state estimate X + i‘ is simply
updated using the externally-supplied velocity correction ZBQEX .

Because of the complexity of the GUISIM flow chart, a simplified
flow chart depicting the main elemsnts of the GUISIM structure precedes
the complete GUISIM flow chart,
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variances in the DUMMYQ array.

Store impulsive AV .seeution error]
)

T
.

Define guidance event index II. _J

IC@DE2 = 1‘]

S

3
——< xcporz - 7 H>—

1

Write out actual dynamic noise and

the estimated and actual deviations
from the most recent nominal at t..

Score all knowledge covariance matrix |
partitions in the Pl, CXXS1, CXUl,
CXv!, PS1, CXSUl, and CI5vL arrays.
Store all control covariance matrix
partiticus in the P, CXXS, CXU, CXV,
PS, CXSU, and CXSV arrays.

Call PSIM and STMPR to compute «nd
write out the state transition matrix
partitions over the interval

y

Call DYNPS to compute the dynamic
noise co arifance matrix. Write out.

l

\
Call ,.{ to ~ompute the control co-
variar e matrix partirions over

Lege1e ‘J] :

!
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AV

Call CORREL to compute and write
cut control correlation matrix
partitions and standard deviations.

Store position/velocity ccvariance}

matrix partition (Pl array) in the
PP array for use in subroutine

POICOM.

!

J

Store position partition of the P
array in the 2 and VEIG arrays.

T
!

v

Call EIGHY to compute and write out
the eigeanvalces, eigenvectors, and
hyperellipsoid of the positiom
partition of the P array.

!

!
W

-

Store velocity partition of the P
array in the Z and VEIG arrays.

|

v

Call EIGHY to compute and write out
the eigenvalues, eiyenvectors, and
h) perellipsoid of the velocity par-
tition of the P array.

I

@

GUISDe-10
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ST ey

Write out complete deacriptio;]
or guidance event. J

- \
<1cum(5,n) ?/

2.3,41

854

GUISIM-11

45 Va ' U
IGUID(LI . 11I) = 2
\ (LID =2 =

)

Define guidance policy code IGP.

7 _
Call GUIS to compute 1}, "3' Hj’

and certain quantities required
for biased aimpoint guidance. J

1

[

YES — 5P =07 )

NO

Reatore state vector,

tire, and knowledge co-

variance matrix par-
titions to their i ~

values.

< tJ = {njection :ime?_:>r,
NO

Compute velocity correction covars,
{ance matrix SJ. Write out cor-

relation matrix and standard dev-
f{ations, Compute and write out 1
eigenvalues and eigenvectors. ]

IGP = 2 ?
-\ 16 2

NO

Crapute and write out hyperellipsoid of S

g

&5
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§
|
!
E
¢
i
'
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!
|

A7)

Compute and write out actual and estimated
position/velocity deviations from the

targeted nomical.
JL

Compute and wrire out the coxmanced and
perfect velocity correctinns to null out
errors frou wmost recent target conditicus.
Conpute end write out the error in the
velocity correction due to navigation
uncertainty.

——

NO

subroutine BIAIM,

GUISIM-12

Call BIAIM to perform biased aimpoint
guidance event. Return aiwmpoint 130

bias velocity correction aAv and

4
(W

—

UPJ

M ———— - ——
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]
i
3
1 E execution error covariaunce matrix 5 .
&
é

)
|
|
|
a

~ j NO YES
Stote AVNJ in DVN array for - in | :j - injection time?
! z
]

L

|

Set 53 to zero.}

9760
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GUISIM~-13

YES
<:cum(3,n) -2 ?/X >@

NO

Set IX = ] and JX = IJI. !
Set XIN to estimated state at tj.’

———d

Write: Commanded velocity correction will
be recomputed using nonlinear guidance.

1

9974

Compute position and velocity
of target placet at the
specified time.

3
<1cum(1,n) - 7>
FTA 3VBP
2| 2VBP
[Compute Julian date corresponding
[ t0 tea and set IG@ = 1 | Q
Define target variables Define target variables

XTAR, LKTAR, LNPAR, and XTAR, IXTAR, LNPAR, and
TGT3 for nonlinear 2VBP TGT3 for aonlinear 3VBP
guidance. guidance.

|

J

Define target variables XTAR,
IXKTAR, LNPAR, and TGT3 for
nonlinear FTA guidance.

9980
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9580

N
Call N@NLIN to compute J

nonlinear commanded velocity
correction. Return XDELV,

-

GUISIM-14

Set A‘?UP to XDELV. Conmpute

3 A
magnitude. Write out AVUP
and {ts magnitude. 3

YES
YR injection time?
N >

T‘NO
Vi
Seta -0. Compute F} using AVUPj'}
p Set IRET = 2 . B

Write out correlation matrix
and standard deviations assoc-
fated with 51.

2 DETTTR 3
‘\_.___r____/r

-

i
i

Vi

Compute and write out eigen-
values, eigenvectors, and
hyperellipsoid associated with

It

900

9760

if___

Set AVUPJ to AV

l

Nj°

NO

Write: Nonlinear
guidance failed.
Linear guidance

wvill be employed.

j

S5761

)

n

Y .
YES
@ IGUID(Z,II) = 0 7 D

i LTt
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55N N S

900

IGUID(4,I1) = ? 2
(What kind of thrust model 904
is to be employed?) (impulse

series)

3 (finite burn)

Write: Finite
burn not available.

EXIT

1| (single impulse)

L-—————“__—T

CUISIM-15

YES

Store Pl array in PSAVE array. ~update

knowledge covi.riance by adding Qj 1o

the velocity , “rrition of the Pl array.

a3

©

Call CPRREL t( write out coatrol and
knowiedge correlation matrix partitions
and standard deviations just after the
guidance correction.

(i3]

]

1.2.3 IGi m(s;ll) -7 ) 4
i (Is velicity correction to \IGUID(I,II) » 4 or 5?)
(YES) be tre. ted at tJT) (NO)

NO
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GUISD¢-16

Qtj = {njection time? >,
NO |

= NO
CAVU,J[ $0 7\r
YES |
v

Use AQW to compute the actual
3

execution error GAVj. Compute

the actual velocity correction

Avj. Write out 6AVJ and AVj.

Set 8AV and
AVJ to zero.

YES
< IGUID(1,II) ¥ &4 or 5 ?‘>"—‘_‘

NO

Compute and write out planeto—centr;]
equatorial components of AV .. !

3
i

K
¥

¥
{ 1GUID(4,11) # 2 ?)

NO

’'a
XXIN to the actual sta..c
- tj' Set DELPX to AVJ,.

— -

Compute Julian date at tj' Set
INPX = 1 |

Call EXCUTS to compute the
effect{ve actua] state. Return
XXIN, Set XACT to XXIN.

9102
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GUISIN-17
— 9102

T S e 2 A a s Sl G A Shae ~deid

. Qmuxn(x.n) $4ors 7} X0

YES
91020

w4
- 16UID(, 1D > & 1)

B

Compute Julian date at tj'
Set 1G9 =~ 2 .

NO

B o U

NN = 3

(revma,m =21 b

YES

9974

NN = 2

N I Coupute target condition coviriance ]
- matrix Hj following the guidance

correction. Write out the associated
correlation ratrix and standard
A deviations.

Compute and write out eigenvalues,
eigenvectors, and hyperellipsoid
associated with W.,%*.

Py

Compute and write out actual target W
error due to navigation uncertaiaty,
actual target error due to execution
error, and total target error.

S

2 IGUID(S,I1) = ? “
(80) (Is velocity correction to be executed?

1,3 (YBS)
Store PSAVE array in the Pl
array ~o that the Pl array a
contains the knowledge co-
ariance just before the
| ~uidance event,

279
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g GUISIM-18
E‘
é’ - YES
| W”L_'( IGUID (4,11) = 2 ?
§
{ i
i - \
' Update most recent nominal 1 Updat: moe* recent nominal, .
i targeted nominal, and estimated ! targeted aominal, and estimated

ané actual state deviations for
a AV pplied as an impulse series.

and actual state deviations for
an {mpulsively-applied AV.

r

fae -

Write out most recent nominal, targeted
nominal, and estimated and actual state
deviations.

Update state vectors, times, and coatrol
and knowledge covariance matrix partitions
in preparation for next cycle. Set
N@MIR] = O .,
RETURNX
Ko IGUID(1, 1) < 3 or \ YES

IGUID(1,IX, = 7 i /

Set AQUP to the pre-specified Write: Error i(n
IGUID array.

DELV array. Write out AQUP
and {ts magnitude. i

i BXIT -
Compute §  ust 9 . g

} g uetne a¥pp, .
' Set IRET = 2 . B
v'F

! - » "Aﬁ
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" 1 Y _
;
)é'
ps
i
l !
'1 NO YES
E ————-(IGUID(A,II) 1 ?}
i
| Compute actual spacecraft < \
state relative to target IGUID(4,11) ¢ 2 ?j’
planet immed{ately following NO
1 orbital insertion,

CUISIM-19

VRN

han'§

series thrust model,

Compute actual spacecraft stste relative |
to target planet immediately following
an orbital insertion employing an {mpuls

Write out actual spacecraft state relative
to target planet immediately foilowing
orbital insert{on in ecliptic coordinates.

Compute and write out above spacecraft
relative state in planeto-centric equatorial
coordinates.

Compute target planet gravitational constant.
Call CAREL to compute the orbital elements

ot the spacecraft orbit. Write out elemente,

s g e Mt s

w
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GUISIM-20

854

Set IX = 2 and JX = II, )
Set XIN to estimated state at t .,

: < eavrme mmm’/ﬂ'f'ﬁ"}mw;‘”“ kA St
3

Define 1XTAR array for orbital insertion.

VA
Call N@NLIN to compute orbital B

insertion AV and time. Return
XDELV and TGT3,

Set AV, . to XDELV and
ue,

DT® to TGT3.
\‘
YES
(xIT = 17 W
NO
NG Vs Write: Orbital |
XIGUID(S,II) ¥ 2 ?> insertion failed.J
YES
Com 5 i 7\}
pute 3 using A UPJ'

N _
IRET Define orbital {ngertion IGUID(S5,iI) ¢ 2 °
Set = 3. execution evenr., W .2 (

ocut time at which ev.nt
will be executed.

Mo
& ' () C=0)

Re-order event arrays as
required by previous
definition of orbital
insertion event,

)
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o
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CUISIM=-21 ,
i r
. . b
s
| Set IX = 1 and JX = II, S
3 Set XIN to cstimated stote at tj’ j i
Call NMNLIN to perform .e~targeting [n
event (target variables are defined
in nameli{st). Return XiELV, o
Set AQUPJ to XDE ﬂ 1 —
{
NO -
CEXXED:
YES S

g___——( IGUID(5,11) = 2 D Write: Re-tar,cting
failed.

- NO T

Update nominal target condftions IGUID(S II) = ~ ?
in TNgMB and TNEMC ar:ays. (» .10 “7>
Write out.

)I YES NO

;_L 320 EXIT
Compute ﬁj using AVUNJ' Write

TN v

out AQUPJ and {ts ma; nitude.
Set IRET = 2 .,

C a

e —
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\

det XXIN to estimate state
at t,. Set DELPX to A%PJ.

I

¥

Define Julia; date at tj;

P

Set INPX = 2 and stors i;pulse
series execution error var-
iances in the DUMMYQ array.

Call EXCUTS to compute the
effect{ve execution error co-
variance matrix and the
effective estimated state
corresponding to the impulse
series., Return QK and XX '™,

|

Restore siuzle impulse execution

error variances into the DIMMYQ

array.
J

}

Store Pl crray ian the PSAVE

array. Update knowledge co-

variance by zxdding effective
I to the =~ array.

l
|

]

CUISIM-22
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SUBROUTINE HELIO

HELIO-A

PURPOSES YO COMPUTE THE ZERO ITERATE INJECTION STATE FOR
INTERPLANETARY TARGETING

CALLING SEQUENCES CALL HELIO

SUBROUTINES SUPPORTED?
SUBROUTINES REQUIREDS

LOCAL SVYMBOLSE AMEL

ARGP
ASCND
ATP
AZF
AZI
82
CB0R
cBov

COSASH_
coss
COSFS
COSF
cosPSl
COSTHE
CRCA

ZERIY

LAUNCH FLITE ELCAR  EPHEM ORB
PECEQ TINE

SENI-MAJOR AXIS OF TKE HELIOCENIRIC CONIC

ARGUMENT OF PERIAPSIS OF THE HELIQCENTRIC
CONIC IN RADIANS

LONGIYUDE OF THE ASCENDING NODE OF YME
HELIOCENTRIC CONIC IN RADIANS

SENMI-MAJOR AXIS OF VTARGEY PLANEVYOCENTRIC
CONIC

AZIMUTH AT DF ON THE HELIOCENTRIC CONMIC
IN DEGREES

AZIMUTH AT DI ON THE HELIOCENTRIC CONIC
IN DEGREES

SQUARE OF THE B VECTOR MAGNITUDE OF THE
TARGET PLANEYOCENTRIC CONIC

DESIRED B.R MAGNITUDE AV DF OF THE TARGEY
PLANETOCERTRIC CONIC

DESIRED B.T MAGNITUDE AT OF OF THE TARGEY
PLANETOCENTRIC CENTER :

CONSINE OF ASCND

INTERMEDIATE VARIABLE FOR AIIZAZF EQUATION

COSINE OF FS
COSINE OF TAI
COSINE OF PSI
COSINE OF THETAI

DESIRED RCA MAGNITUDE AT OF OF THE TARGET
PLANETOCENTRIY CONIC

sl WA 1 O Lo et L
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DELY

OF
DI
O0SICA

EHEL

EQEC

ETP

FF

FS

IDAY

IDUN

ITIN

LDAT
0APO
OASN
OECC

OGAF

0GAX

TIME OF FLIGHY (SECS) OF MELICOENTRIC
CONIC '

FINAL JULIAN DATE OF HELIOCENTRIC CONIC
INITIAL JULIAN DATE OF MELIOCENTRIC CONIC
DELYA TIME (DAYS) FROM SPHERE-QF-INFLUENCE
Y0 CLOSESY APPROACH OF THE TARGET PLANEY
OCENTRIC CONIC

ECCENTRICITY OF THE HELIOCENTRIC CONIC

TRANSFORMATION MATRIX FROM ECLIPTIC YO
TARGETY PLANET EQUATORIAL AT DF

ECCENTRICIYY OF THE TARGEY PLANETOCENTRIC
CONIC

INTERMEDIATE VARIABLE FOR COMPUTATION OF
DSICA

TRUE ANOMALY OF THE TARGEY PLANEVYOCENTRIC
CONIC

CALENDER DATE CORRESPONDING YO DF

OUMMY ARGUMENT FOR CALL TO SUBROUTINE
FLITE

INDICATES COMPUTATION OF HELIOCENTRIC
STATES
=0y, CONPUTE INITIAL AND FINAL STATES
=1, COMPUTE FINAL STATE ONLY
INDEX

INDEX

_CALENDER DATE CORRESPINDING YO DI

APOAPSIS RADIUS OF THE MELIOCENTRIC CONIC
ASCND CONVERTED YO DEGREES

OUTPUY ECCENTRICITY OF THE MELIOCENTRIC
CONIC

FLIGHY PATH ANGLE AT OF OF THE NELIO-
CENTRIC CONIC

FLIGHY PATH ANGLE AT DI OF THE HELIO-
CENTRIC CONIC

LI SR RO N TP S )

A i L 4 Bt £ ol AT, Ol (LS T S B30




UELIO-C

A i Bl @ &

OMCA CENTRAL ANGLE OF THE HELIQCENTRIC CONIC
OINC INCLINATION OF THE HELIOCCNTRIC CONIC
OLAF LATITUDE AT OF OF HELIOCENTRIC CONIC

OLAI LATITUDE AY DI OF HELIOCENTRIC CONIC
OLOF LONGITUDE AT OF OF MELIOCEnN.RIC CONIC
oLOI LONGITUDE AY OI OF HELIOCENTRIC CONIC

OPER ARGUMENT OF PERIAPSIS OF THE HELIOCENTRIC
CONIC IN OEGREES

2SS A VA 1 B Ao MR E LS K ¥ AT STR M bl S 2L LN 3
.

ORCA PERIAPSIS RADIUS OF HELIOCENTRIC CONIC

ORF MAGNITUDE OF HELIOCENTRIC POSITION AT OF !
IN OQUTPUT UNITS

ORI MAGNITUDE OF HELIOCENTRIC POSITION AT OI
IN OUTPUT UNITS

OSHA SEMI-MAJOR AXIS OF THE HELIQCENTRIC CONIC
IN QUTPUT UNITS

OTAF TRUE ANOMALY AT OF OF HELIOCENTRIC CONIC

IN DEGREES

OTAX TRUE ANOMALY AT DI OF HELIOCENTRIC CONIC
IN CEGREES

OVF MAGNITUDE OF HELIOCENTRIC VELOCITY AV DF

IN KILORETERS

ovl MAGNITUDE OF HELIOCENTRIC VELOCITY AT DI
IN KILOMETERS

OVPF VELOCITY OF TARGEY PLANET AT OF
ovel VELOCITY OF TARGET PLANET AY OI

.PHEL SEMI-LAUS RECTUM OF HELIOCENTRIC CONIC
PLINC INCLINATION (IN RADIANS) OF HELIOCENTRIC

CONIC . !
PSIT CENTRAL ANGLE (IMN RADIANS) OF HELIOCENTRIC

CONIC
PYP SEMI-LATUS RECTUM OF TARGEY PLANETOCENTRIC

CONIC AT OF, USED TO CALCULATE 0SICA ‘
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L
¥ |
f s HEL10-D
i S, .
%
A RF MAGMITUDE OF TARGET PLANET POSITION AT OF
; RI MAGNITUDE OF TARGET PLANET POSITION AT DX |
i RN MAGNITUOE OF RY VECTOR -
} RT HELIGCENTRIC POSITION VECTOR OF THE FINAL i
CONIC CORRESPONDING YO OTAF
RN MAGNITUDE OF THE RZ VECTOR
| RZ HELIOCENTRIC POSITION VECTOR OF THE FINAL
i CONRIC CORRESPONDING YO OTAL
SGN INTERNAL SIGN VARIABLE USED TO OEFINE THE

TRANSFER PLANE ORIENTATION
SINASN SINE OF ASCND
SINF SIN OF TAI

ML W LT Loy 40 AsiPare b ¥

S INHF HYPERBOLIC SINE OF THE AUXILIARY VARIASBLE
F USED TO CALCUWLATE DSICA

JE_fl-ﬁf '

SINPSI SINE OF PSI

X st SECONDS IN CALENDER DATE IDAT
| | sL SECONDS IN CALENDER DATE LDAT
i SUNWU  GRAVITATIONAL CONSTANT OF SUN IN
KM®S3/SECeS2 1
h : TAF OTAF IN RADIANS
TAL OTAI IN RADIANS

TANF TANGENT OF THE AUXTLIARY VARIABLE F USED
-TO CALCULATE DSICA

TERN INTERKEDIATE VARIABLE USED TO CALCWATE
CRCA

TESY INTERMEDIATE VARIABLE USED TO CALCWRATE
AZINUTHS AND PATH ANGLES

TFP DUNMY VARIABLE USED YO CALL ELCAR

THETAI INTERMEDIATE ARGLE USED TO DEFINE ARGP

TSPH SPRERE-OF~INFLUENCE OF TARGET PLANET IN
KILOMETERS
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VF
VHAT

VHP

VHPH

VI

VMAG

VTH

vT

vVZu
vz

WHAT

WMAG

XF

X1
CONMMON COMPUTED/USEDS
COMMON COMPUTEDS

COMMON USED!

VELOCITY OF THE TARGEY PLANET AT OF

INTERMEDIATE VECTOR USED YO DEFINE AXI,
AZF

HYPERBOLIC EXCESS VELOCITY OF TME TARGET
PLANETOCENTRIC CONIC AT OF

MAGNITUDE OF THE VHP VECTOR USED YO
CALCULATE DSICR

VELOCITY OF LAUNCH PLANET AT OI

INTERMEDIATE VARIABLE USED YO OEFINE AlI,
A2F

MAGNITUOE OF VY VECTOR

HELIOCENTRIC VELQCITY VECTOR OF THE FINAL
CONIC CORRESPONDING YO OTAF

KAGNITUDE OF THE VI VECTOR

HELIOCENTRIC VELOCITY VECTOR OF THE FINAL
CONIC CORRESPONDING TO OTAI

UNIT -VECTOR NORMAL TO THE TRANSFER PLANE
MAGNITUDE OF THE NON=UNITIZED WHATY VECTOR
POSITION OF THE TARGEY PLANET AT OF

POSITION OF YHE LAUNCH PLANETY AT DI

™U VHPM
0PA NO RAP RIN TIN
" ALNGTN DG oY IZERG  KTAR
KUR NLP NTP ONE PL
PMASS  RAD SPHERE TAR ™
THO XP 20AT ZERO
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HELIO Analysis

HELIO computes tha sero iterate initial state for interplanatary trajectories.
The i{nftial and final states are determined either by an arbitrary position
vector or by the location of a specified planet at a . escribed time according
to

T

P £ PR et e+ e S e o IR PP, (NTTY

2%0

IZERD =

& W

The final time used

approach (CA) to the planet,

planet to planet

planet to arbitrary final point
arbitrary {nitial point to planet
arbitrary initial point to final point

in locating a planet must correspond to the closest
Therefore if the target time is read in as

a sphere of influence (S50I) time, a modification s required. The helio~

centric conic is computed (as described below) using the ¢t
determine the final position. The approach asymptote vﬂ?
to that trajectory i{s used with the desired r

SOI to CA. If
ea

T
CA

“h

Py

time to
81

corresponding
ca compute the time from
is not a target variable then the target values of B-T

"and B‘R are used to estimate the r

[}
<
5
+
»N §
L <}
IS
N
~N
+
&
bo
N
P}
'\

(2)

. 2
= an(l-eh)'

and the hyperbolic time to go from 501 to CA is given by

At

BICA

where

-v—“3 (esich ¥ - ¥) (3)
HP
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HELIO-2
3 e~ ! £
tanh & = L tanh =
2 s *l a
h
P
cos £ = 1L 0, 1) %)
e T
196

The final time {s then given by te ™ tgy * AtSICA .

The initial and final positions 'i"1 and 't'f of the heliocentric conic

are either input or computed from the positions of planeta determined by
ORB and EPHEM. The unit normal to the heliocentric orbit plane is
-l -
' i £
Vo —— ‘ (5)

Ty * T |

The inclination to that ,.ane is

W
cos { = ‘ )
The ascending node of the plane {s given by
N\
—x
tan Q@ = = €
-W
y
The central angle of transfer {s defined by
T, .7
cos ¥ = A1 (8)
ritf

The semi-major axis a and eccentricity e of the heliocentric conic are
computed frow lambert's theorem in subroutine FLITE. The true anomaly fi

at the initial and final points are computed from

p - c(l-cz)

p-r
P-r couftcol\l'-.—;{
cos £, m ——b sin § = £ (8)
i er - s
i . sin ¥y
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HELIO-3

+
ff-ft'i'

Finally, the arguzent of periapsis W 1is computed from

cos(w+ £ ) = L (10)
i T

where /U\- (cos @, s1n Q , 0) .
Therefore the initial or final states (T T, V‘ Y or (T £ f ) may now be
computed by EICAR. let (T, V) denote eit.her state and let (Y, VP )

denots the state of the relevant planet. The departure (or approach)
asyaptote is then givean by

- v -V (11)

v - V.
BR i P

HP

-—t —-— >
- v
b4 P

The latitude and lorgitude of the position vector are
T
s8in § = 3 tan § = X (12)
T r
x

The path angle [ oay be computed from

cos I' = P2 ’ (13)

Trv

The azimuth of the relevant state is

N\
.mz - L?XV)'U (14)
TV
- A\ o
cosT = VU (15)
-VecosTl

If the initial state is referenced to a planet, subroutine LAUNCH {s called
to convert the departure asymptote and launch profile into an imnjection
radius, velocity, and time. Otheiwise the initial state is returned as the
infitial state on the heliocentric conic.

Jefarence: OSpace Research Conic Program, Phase IIX, May I, 1969 Jet
Propulsion laboratory, Pasadena, CAlifctnu
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In{tialization
ITIM = O
tf = DT(KUR)

t, = DG(KUR) J

At-tf-tl

(_X.i,vi) - gtate of LP
(ORB, EPHEM)

O,

HELIO~4

((—i ,_\; ) = state of TP at t

(ORB,EPHEX)

at t, X, = ZDAT(1),2DAT(2) ,ZDAT(3)
T ]
«1,3 -2,4
I1ZEXO = 7 ‘
£ Li‘f = ZDAT(4),ZDAT(5) ,2DAT(6)

|

Compute heliocentric plane elements

Orbital plsne normal
Central angle of transfer ¥
Orbital plane inclinatfion {

!

Compu

accentricity from lambert's theorem (FLI

te heliocentric semi-major axis and j
TE)
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Compute hellocentric conic angles

£ T, w

1) f{!

on heli{ocentric conic

Compute {nitial velocity ¥

{
(EICAR)

Compute znproach asymptote ‘V;P

YES

———

Is Top 2 ta.get YES,
parameter?

NC

Compute 82 - B-T2 +

8'82

v

24

r, = - vﬁ- + %/ (———2 + 632)

ca 1P v

Kp

Compute rominal time

from nominal approach

go from SOI to CA = At

to

SICA
conic

Set DF = BF + At
ITIM = 1

§ICA

HRELIO-S

RO

At bt s
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Compute initial state on heliocentric
conic (ELCAR) and associated data.

3,4

Compute VHE at launch planet.

Compute launch profile to deter-
mine injection state (LAUNCH).

RETURN

HELIO~6
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SUBROUTINE  MYELS

! PURPOSES Y0 COMPUTE AND PRINT THE TWO-DIMENSIONAL OR THREE=-
‘ OIMENSIONAL WHYPERELLIPSOXD OF A SPECIFIED MATRIX.

CALLING SEQUENCES CALL HYELS(KS,P,N)

g ARGUMENTS  KS I

H :
i [ I

4

i X
N I

SUBROUTINES SUPPORTEDS

SUBROUTINES REQUIREDS
LOCAL SYMBOLSS K2
PI

Pi2

P13

n———
.

P23

COMMON USEDS

SIGMA LEVEL OF THE MYPERCLLIPSOID

MATRIX FOR WHICH THE HYPERELLIPSOIO IS TO
8E COMPUTED

OIMENSION LIMITS OF THE SQUARE MATRIX P

EIGHY GUISIM GUISS SETEVN GUIONM
GUID PRED

MATIN

SQUARE OF SIGMA LEVEL

INVERSE OF MATRIX P

THICE THE VALUE OF (1,2) ELENEV . PI
THICE THE VALUE OF (1,3) ELEME~T OF PI
THWICE THE VALUE OF (2,3) ELEMENT OF PI
TENPORARY STORAGE VECTOR FOR ARRAY P
THO

= e hay B b e s cani

kA e M e a6 22
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KYELS Analysis

Subroutine HYELS computes and writes out hyperellipscids associated with
a 2 or 3 dimensional cova-: ince matrix P,

If P {s agsumed to be the covariance matrix of an n-dimens{onal random
variable x having a gaussian distribution with mcsan zero, then the pro-
bability density function {a given by

1 1a
= i o [3E ]

Re~writing this equation as

oT -1 » 1 o2

. shows that the surface of constant probability density p is an w-dizen-

sional ellipsoid, wvhere m is the rank of P, The constant k can de shown
to correspond to the sigma level of the ellipsoid,

For n = 3, the above squation has form

axz +»by2 + czz +d xy +texzg+£yrm kz
where a=a, d = 2‘12

b=y @ =2,

=83 £= 28,

1

and the a,, are the elemsnts of 2

i

Subroutine HYELS uses this equation to compute & 3~-dimensional hyperellip-

soid, and sets the appropriste constants to £6ro to compute & 2-dimensional
hyperellipsoid,

Reference; H, Sorenson, "Kalman Piltering"”, Advances in Control Systems,

Vol, 3, C, T, leades (B4,), New York: Academic Yress, 1966,
p. 2489,
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SUBROUTINE INPACY

IMPACT-A

PURPOSES TO COMPUTE TME ACTUAL IMPACY PLANE PARANETERS BDT AND
BDR CORRESPONDING TO ANY POINT ON AN INCORMING HYPERBOLA.
IT HAS THE OPTION YO CONVERT TARGEY VALUES OF INCLIN=
ATION XIN AND RADIUS OF CLOSESY RCA INTO EQUIVALENT
TARGEY VALUES OF DBTY AND OBR.

CALLING SEQUENCES

" ARGUMENTS R(3)
V3)

GMX

Y(3,3)

80OY
BOR
XIN
RCA
08Y
OBR

TCA

KOPY

SUBROUTINES SUPPORTEDS

- 4 -

>y

SUBROUTINES REQUIREDS

LOCAL SYMBOLSS

298

AB

AIN

ANG

CALL IMPACT(R,V,GMX,T,B80T7T,B0RyXIN;RCA,0BT,0BR,

TCA,KQPT)
POSIYION VECTOR YO CENTRAL BOOY AT EPOCH
VELOCITY VECTOR YO CENTRAL BODY AT EPOCH
GRAVITATIONAL CONSTANT OF CENTRAL BOOY

TRANSFORMATION MATRIX FROM REFERENCE TO
INCLINATION SYSTEM

VALUE OF ACTUAL 8.7 EVALUATED AT EPOCH
VALUE OF ACTUAL B.R EVALUATED AT EPOCH
DESIRED INCLINATION (DEG) (OPTYIONAL)
DESIRED RADIUS OF CLOSEST APPROACH (OPVTION)
TARGEY VALUE OF B,T BASED ON XIN, RCA
YARGEY VALUE OF B.R BASED ON XIN, RCA

TINE FROM PERIAPSIS ON CONIC

TYARGEY VALUE COMPUTATION FLAG

=0 D00 NOT COMPUTE TARGET VALUES

={ COMPUTE TARGET VALUES OF B.T, B.R
(MUST READ IN OPTIOMAL INPUT)

TAROPT LUNCON LUNTAR NULTAR VNP
NONE

INTERMEDIATE VARIABLE FOR CALCULATION OF
RV,SV,TV SYSTEM

TARGEY INCLINATION IN RADIANS. AFTER
NORMALIZATION

OCUTPUT VARIABLE WHEN ODECLINATION
CONSTRAINT IS VIOLAVED

[
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AUXF

BMAG

8V

COECL
COELN
CTA
Cu

Ci

o8

ODECL

DELM

I1I

In

PI

PV

Qv

RAD

IMPACI-B

ECCENTRIC ANOMALY (HYPERBOLIC CASE)
SENI-NAJOR AXIS OF R~V CONIC
MAGNITUDE OF DESIRED B VECTOR
ACTUAL/OESIRED B VECTOR

MAGNITUDE OF ACTUAL 8 VECTOR
COSINE OF DECL

COSINE OF DELNM

COSINE OF TA

COSINE OF W

MAGNITUDE OF VECTOR NORMAL TO ORBITAL
PLANE IN INERTIAL SYSTEM

DESIRED MAGNITUDE OF DESIRED B VECTYOR

DECLINATION OF APPROACH ASYMPTQTE 1IN
INCLINATION SYSTEN

LONGITUDE OF ASCENDING NODE IN INCLINATION
SYSTEN

ECCENTRICITY OF THE R~V CONIC
INCLINATION SIGN INDICATOR.

21, INTLINATION IS POSITIVE

z=1y, INCLINATION IS NEGATIVE

INDICATOR FOR DIRECVION OF MOTION OF THE
TRAJECTORY

=1, MOTION IS POSIGRADE

==1,MOTION IS REYROGRAOE

MATHEMAYICAL CONSTANT 3.161592653589733

INTERMEDIATE VECTOR USED TO CALCULATE
OESIRED B VECTOR

SEMI=-LATUS RECTUM

INTERMEDIATE VECTOR USED TO CALCULATE
ACTUAL B VECTOR

OEGREES TO RADIANS CONVERSION CONSTANT

299
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RO
RM
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RY

SOECL
soeLw
S INKF
STA

SV

SN
SX

TANG

TA
THS

04

VINH
VX
WHAG

L1

IMPACT-C

TINE DERIVATIVE OF RM
NAGNITUDE OF THE POSITION VECTOR R
00T PROOUCY OF R AND V VECTORS

VECTOR USED YO CALCULATE ACTUAL AND
OESIRED 8 OOV R

SINE OF DECL
SINE OF DELW

MYPERBOLIC SINE OF AUXF
SINE OF TA

VECTOR USED TO CONSTRUCT RV, TV VECTORS.
PARALLEL TO THE APPROACH ASYMPTOTE

SINE OF W

VARIABLE USED YO DETERMINE SIGNS OF DBT,
0B8R

INTERMEDIATE VARIABLE FOR CALCULATION OF
AUXF

TRUE ANOMALY FOR CALCULATION OF AUXF
INTERMEDIATE ANGLE FOR CALCULATION OF W

VECTOR USED YO CALCULATE AC.UAL AND
DESIRED B DOTY 7

VELOCITY AT INFINITY
MAGNITUDE OF THE VELOCITY VECTOR V

. MAGNITUDE OF VECTOR NORMAL TO ORBITAL

‘PLANE IN INCLIRATION SYSTEM

VECTOR NORMAL TO ORBITAL PLANE IN
INCLINATION AND INERTIAL SYSTENS

ARGUMENY OF PERIAPSIS
APPROACH ASYMPYOTE IN INCLINATION SYSTENM

NINETY ONE THO  ZERO

PV Lmany

S
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INPACT-1

INPACT Analysis

The impact parameters B-T and U8-R form a convenient aet of variables
for the description of tne apprc. ch geomstry for lunar end interplanetary
missions. Let o reference carte .fan coordinate system XYZ (ecliptic in
STEAP) be established at the cen.er of the target body. Let Voo denots
the hyperbolic axceas velocity o the spacecraft in the XYZ asyatem. An
auxiliary coordinate system R-5 T may be constructed relative to the Vo
by tha definitions

A A
A -— A fal A A
5§ = Voo V0 T- 52K ReSxT Q)
|3 x|
A A
Tnerefore S 1is i{n the directio: of the approach asymptote, T lies alcag
the intersection of the impact p ane (tne plane normal to and passi.g

through the center of the planet) and the refecence plane (XY-plane), and
R completea the right hand ayst.m. The T wector lies in the impact
plane and i{s directed to the inc ming asyuptote. Then B*T and B-R have
the usual vector definitions.

N

Incoming hyperbols N

Figure 1. Impact Plans Parameters

In the optional part of the subroutine, the target impact parametaer -i*
associated with 3 apnd a target inclination i (relative to target planet
equator) and radius of closest approach Tcp 18 computed. However given

an approach asymptcte ?» thexe are geners_ly four trajectories with the

saxe values of { and Tea® Two of these trajectories arxe retrograde and

- Lomg,
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IMPACT-2

two are posigrade, For eacn type of motion therg are two distinct planss
that nave tne saxme inclination and include the 8 vector. These are
distanguished by the direction of totion when the approach asymptote 1is
crossed, i.e., wvnetner the motion 1s from nortn to soutn (nortnern approacn)
or from soutn to north (southern approach). let O0& & & 90°, Tnen

- satting the target inclinations to tne foilowing values deterrinep tne

trajectory which will be specificd:

i Trajectory
»
a posigrade with northern approach
-0 posigrade with southern approach
180+ C retrograde with northern approach
180- a retrograde with southern approach

The possible trajectories are illustrated in Figure 2.

i=18 +a

{ =180 ~«x

Figure 2. Posaible Trajectories with Same Inclination

The detailed computations for the basic paxt of the program are straight-
forward. Using tns standard conic abbreviations,

—

c=|{TxV (2)

R (3)
e’ B

P

a =L )

2-“}”

-

q

~—
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IMPACT-3
e1-2 (6)
e
b =Vpja] (n
CO'f- L—r- (8)
ex
8in f = g 9)
el
A-r _i’—*
Z < v -é-r (10)
A ';‘ —
P=—cos £-2 sin £ (11)
T
3-¥-mf+'z‘co.z (12)
Tae=2—% + == 1 13)
azﬂ,z aﬂz
A ~ N
T- 2xX (16)
8§ xXK
’i- Gx? 15)
— 2
et % + 22 Q Qe
ulz"'bz Vglﬂ;?
. ~
B ™~ ?.T (17)
Pa)
BeR = -sol (18)

The computations for the optional part Qf the program which coauverts
the { and 1, into an aquivalent proceed as foliows. The

approach asymptote is first convertsd into target planet equatorial
coordinates and {ta right ascension and declination computed
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INPACT-4
A
84 = & zemq \
s
9 = tan~} .(_qlx 19)
8 (S‘l)x

8 = ato”? (Bq)‘

The angle A0 between the ascending node of the trajectory and the
right ascansion of the approach asymuptots is from Napiers rule

unds *

sin Q= (20)

tan 4

after assuring that Iil A l6s| . The ascending node of the trajectory
is then coaputed recalling the definitions of the angle 1

Q= 6, + 40 (+7) Q1)

Thus the unit vector to the ascending node is given by

’iA = (coaQ, sin L2, 0) (22)

The normal to the orbital plane (in target planet equatorial coordinates)
is

A
v fx & (23)
= A A
T |BgxE |
This 4{s now converted to the ecliptic coordinate system
A T A
Uc - Qlcm ¥Wq (24)
Ihe unit vector in the desired B direction i»
AN
a S x Hc )
- (25
T TR
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DAPACT-5

B*= ¢ 1+ &4 (26)

- VY
Then the targst impact paraneter {a B* = B* B* . The target values are
then given by their obvious definitions

-— ~
B'T* = k* - T

2)

kL

"~
BeR* = - R

Finally the hyperbolic time froc (T, ¥) to periapets {i ccoputed from
the conic formula

-P-. £—C—L .S. \
tash 2 e +1 032
(28)

t = \/"—u‘—- (e sioh ¥ = ¥)

Reference: Kizner, W., A Method of Describing Miss Distancas for lunar
and Interplanetary Trajectories, Balliastic Misgiles and
Space Technology wol I1I, Pergamon Press, Kew York, 1961.
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INPUTZ~-A

SUBROUTINE  INPUTZ

PURPOSES TO CONVERY THME INPUY INFORMATYION FOR THE VIRTUAL MASS
PROGRAM INTO VARIABLES COMPAYIBLE WITH THE REST OF THE
VIRTUAL MASS SUBROUTINES
CALLING SEQUENCES CALL INPUTZ(RS,NTP, IPRINT)
ARGUNENTS RS(®) I INERTIAL STYATE OF S/C AT INITIAL TIME
NTP I CODE OF TARGEY 800Y
IPRINT I INITIAL INFORMATION PRINY FLAG

=0 PRINT INITIAL DATA
=1 D0 NOT PRINTY INITIAL OATA

SUBROUTINES SUPPORTEDS VHMP
SUBROUTINES REQUIREDS TINME SPACE

LOCAL SYuBOLS: O INTERMEDIATYE VARIABLE FOR PRINTOUT
. PURPOSES
D2 JULIAN OATE OF FINAL TRAJECTORY TIME
I0AY DAY OF CALENDAR DATE OF FINAL TRAJECTORY
TINME
IHR HOUR OF CALENDAR DATE OF FIMAL TRAJECTORY
TINME

IMIN MINUTE OF CALENDAR DATE OF FINAL
TRAJECTORY TIME

o MONTH OF CALENDAR DATE OF FINAL TRAJECTORY
TINME

INERR NOT USED

P CODE OF I-TH PLANET FOR STORAGE OF PMASS
ARRAY

IYR YEAR OF CALENDAR DATE OF FINAL TRAJECTORY
TING

LDAY DAY OF CALENDAR DATE OF INITIAL TIME
LHR HOUR OF CALENDAR DATE OF INITIAL TIME
LHIN MINUTE OF CALEXDAR DATE OF INITIAL TIME
LMo MONTH OF CALENDOAR DATE OF INIVIAL TINE
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Ao e

LYR
SECI
SECL
TP

COMMON COMPUTED/USED!
COMMON COMPUYEDS

COMMON USEDS

IRFUTZ-B

YEAR OF CALENDAR DATE OF INIYIAL YIME
SECOND OF CALENDOAR DATE OF FINAL TIME
SECOND OF CALENDAR DATE OF INITIAL TINE

INTERMEDIATE VARIABLE FOR CALCULATION OF
COMPUTING INTERVAL

v

F INC IPR ITRAY KOUNT
NBODY

NBODYI NO PMASS ZERO
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SUBROUTINE  INSERS

W
iy
cﬁ:“”
»‘ ':
<

y -
X ' '

&

INSERS-A

PURPOSES TO CONTROL THE PROCESSING OF AN ORBITAL INSERTION EVENT,

_ CALLING SEQUENCES CALL INSERS(DTINE)

ARGUMENT 8 DTINE o]

. SUSROUTINES SUPPORTEDS
SUBROUTINES REQUIREDS
LOCAL SYMBOLSS DA

DE
1)
DN

DuTP

ECEQI
1)
1EX

I0PY

RSP

TEX

vspP
vsQ

] CONMON COWPUTED/USEDS
' CONMON CONPUTEDS

- COMMON USEDS

308

TIME INTERVAL FROM DECISION TO EXECUTION
(DAYS)

GIQANS

COPINS NONINS PECEQ

DESIRED SEMINMAJOR AXIS

BESIRED ECCENTRICITY

DESIRED INCLINATION

DESIRED LONGITUDE OF ASCENDING NOOE

DESIRED ARGUMENTY OF PERIAPSIS SHIFY OR
DESIRED ARGUMENT OF PERIAPSIS

ECLIPTIC TO EQUATORIAL TRANSFORMATION
GRAVITIONAL CONSTANT OF TARGET BODY
UNEXECUTABLE EVENY CODE

20 EVENT IS EXECUTABLE

=1 NO EXECUTABLE SOLUTION FOUND
INSERTION STRATEGY OPTION

=1 COPLANAR INSERTION

=2 NONPLANER INSERTION

SPACECRAFT PQSIVION IN ECLIPTIC COQRDS

_ SPACECRAFY PQSIVION IN EQUATORIAL COORDS

TIME INTERVAL TO EXECUTION (SECONDS)
SPACECRAFT VELOCITY IN ECLIPYIC COORDS
SPACECRAET VELOCITY IN EQUATORIAL COORDS
QELTAV

DELY  KTIN  KWIT

ALNGTH D14 F KMXQ KTAR
KUR NBOoD L] NTP PHASS
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INSERS~1

INSERS Analysis

INSERS controls the processing of an orbital insertion avent. The sub-
routine COPINS and NONINS perform thd actual computations for the co-
planar and non-planar optiony respectivelv,

INSERS first records the specific parsmeter . -1as fur the current orbit
insertion event,

It then computes the cuxrrent state (;, ;) 0i ... spacecraft i{n target-
planet cantered ecliptic coordinates. Subroutine PECEQ 1s called to
compute the transformation matrix ¢ from ecliptic to equatorial
coordinates. The planet centered m“inl coordinates are then
r =¢ r
q ECEQ

v =& v

q ECEQ

This state is then sent to COPINS or NONINS for the computation of the
insertion velocity/\v and the time interval t between the current time
and the time at which%the {nsertion should take place, (based on conic
propagation about the target body). The correction/)v, is then con-
verted to ecliptic coordinates q

— T-—A
Dv =& lﬁvq
If the event {8 A& compute-only mode, tha return {s made tc GIDANS,

If the event {s to be executed the flag IEX (set by COPINS or NONINS
to indicate success or failure) i{s then {nterrogated, If IEX = ],

no acceptable insertion event was found and so the sxscutive flag

¥WIT {s sel to 1 before returning, If IEX =~ O an acceptable insertion
was dstermined and so it {s set up,
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INSERS Plow Cha:'t
ENTER

Store curreant {nsertion parameters

’

Compute ecliptic state of spacecraft
wrt target planet r, v, compute ¢m.

and compute planetcentxic equatorisal
state r , Vv
- 9 9

Call COPINS for
coplanar insertion
computation of\v, At

Call NONINS for
non~-planar {nsertion

computation of\v,At

Convert Av to ecliptic

e Sl x'm(-oJ'_

KWIT = 1
=D (T
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SUBROUTINE

PURPOSES

CALLING SEQUENCES

ARGUP-NT S

SUBROUTINES SUPPORTEDS

JACOBI

JACOBI~A

TRANSFORMATION OF A REAL SYMMETRIC MATRIX TO OIAGONAL
FORM BY A SUCCESSION OF PLANE ROTATIONS TO ANNIMILATE

TYHE OFF-DIAGONAL ELEMENTS AND SUBSEQUENT COMPUYATION
OF THE EIGENVALUES AND EIGENVECTORS OF THAT NMATRIX

A I
L k4 0
v 0
| I
FOD I

LOCAL SYNBOLSS AIIP

AIPIP
AIPJP
AJPJP
cs
DEL
IREDO
KR
KRPL
NML
RAD
SN

™

T4
viIie

CALL JACOBI(A,M2,V,N,FOD)

MATRIX TO BE OIAGONALIZED (MILL BE
DESTROYED)

VECTOR OF EIGENVALUES (LENGTH N)

MATRIX OF EIGENVECTORS (N BY M DIMENSION)
DIMENSION OF SQUARE MATRIX A

FINAL OFF=-DIAGONAL ANNIMILATION VALUE

EIGHY GUISIN GUISS PRESIN SETEVN
GUIDM GUID PRED

INTERMEDIATE VARIABLE
INTERMEDIATE VARIABLE-A(IPIP)
INTERMEDIATE VARIABLE=-A(IPJP)
INTERMEDIATE VARIABLE=-A(JPJP)
INTERMEDIATE VARIABLE
DIFFERENCE IN ELENENTS OF A
COUNTER
DIMENSION OF A
KR ¢ 1

N-
INTERMEOIATE VARIABLE
INTERNEOIATE VARIASLE
INTERMEOIATE VARIABLE
LARGEST OFF=DIAGONAL ELENENT
INTERMEDIATE VARIABLE
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JACORI-1

JACOBI Analysis

The Jacubi method sublects & real, symuetric matrix A to a loaucncc of |
transformations based o & rotatioun matrix:

_ cus ¢K -sin ¢l
% sin @ cos @
K K

where all other elements of the rotation matrix are identical with the
unit matrix., After n multiplications A is transforwmed into:

L xa

A' = 0 .... 0O AO .... 0 i

1f DK is chosen at each step to make a pair of off-diagonal elements

zero, then A' will approach diagonal form with the eigenvalues on the
diagonal. The columns of 01 02...0u correspond to the eigeunvectors of A.

The angle of rotation @ 1s chosen in the following way. If the
four entries of 0x are ia (1,i), (1,3), (§,1) and (j,j) then the corres-

poading elements of 01-l A 01 are

oga LB = .

Limestal -, .

bii - ait coazg + 2‘1j sin § cos @ + ‘jj alnzo

bij - bj‘ = (ajj - ‘11) sin @ cos § + aij(cosze - sinzﬁ)

bjj - ai1 sinzﬂ - 2.1) sin @ cos § + njj c0529

If @ 18 chosen 50 that tan 2§ = 2.ij/(aii - ‘jj) then

bij - bji =0

. §

——
M B AL TR T S S o

Each multiplication creates @ new pair of zeros but will introduce a non-
zero contribution to positions zeroeg out on pre.ious steps. However,
successive matrices of the form 0. 2~" O "l A0, 0, will approach the

2 1 1 "2
required diagonal form.

R S e =

Reference: Scheid, Frances: Theory and Problems of Numerical
_ Analysis, McGraw-Hill Book Compeny, Inc., Eew York,
1968.
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. JACOBI-2

t - JACOBI Fluw Chart m ‘
1Y q-

Set inftial V matrix te unity. %
Set W2(1) = A(1)

< Is A a 1x! mtrxx?}%

NO '

P

. Set Tl = AHS(A(2)). Scan upper
off-dfagonal elcmeuts of matrix A
hy rows tu find greatest element {n
ahsolute value. Set Tl equal to !
this element.

N OT Ty

Y

Set IREDO = 0. Scan upper off- i
diagonal elements of matrix A by rows
until a value greater than Tl {s
found. Pivot on this element.

ﬁ‘m
&

4

’ ‘

’
/] .
La7i 0 IRl Rl e o n, -

Compute rotation aagle @.
Set IREDO = 1
Compute eigvn\)ectors and
diagonalize matrir A.

—~—er—

{ IREDO-17>

NC
YES
Place diagonal from
< Tl .LE. F@D? >————1 i
NO

Tl = Tl » 0.001

baRa PG clatit “aaian Tl s gt (Lo L SR S
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LAUNClH=A

SUAROUTINE LAUNGCH

PURPQSEY TO COMPUTE THE INJECTION TIMF, POSITION, AND VELQCIT.
FROM THE DEPARTURE ASYMPTOTE AND THFE LAUNCH PROFILE

ARGUNMENTT OI JULTIAN DAYE AT INJECTION (QUTPUT)
R2 PO0SITION VECTOR AT INJECTION (OUTPUTY
: vz VELOCITY VECTOR AT INJECTION (OUTPUT)

SUSROUTINES SUPPIRTEDI HELIO

PUP PR

SUBROUTINES REQUIREDS EPHEMN ORA PECEQ
LOCALS SYMBOLS! ANGLE INTERMEDIATE ANGLE USED TO DEFINE TL

Azt PLANETOCENTRIC AZUMUTH AT INJECTION (DEG)

3
.
4
r
H
¥
0
3
¥
.

AHAT UNIT VECTOR NORMAL TO SHMAT AND WHAT USED
TO DEFINE THE P-Q ELEMENTS OF THE
DEPARTURE HYPERBOLA
ANAG MAGNITUDE OF THE NON-UNITIZED SMAT VECTOR
COSFL  COSINE OF FL |

“OSFS COSINE OF FS

COSGANK COSINE OF GAMMAI

COSPHI COSINE OF FI

COSSIG CONSINKE OF SIGMAL
cosuL CONSINE 92F kL

c3 VIS VIVA ENERGY ON THE DEPARTURE
HYPERBOL A

DD INTERMEDTIATE VARIABLE USED TO CALCULATE
o GREENWICH HOUR ANGLE

oLA PLANETOCENTRIC TQUATORIAL DECLINATION OF
. THE DEPARTURE ASYNMPTOTE

£QecC TRONSFORMATION MATRIX FROM ECLIPTIC TO
LAUNCH PLANET EQUATORIAL

.
vl B runabd a3 0 MASE A Eotueitevn Bt AN B el S o SR
-

FL TRUE ANOMALY OF LAUNCH SITE POSITION
VECTOR

316
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FS
GAMMAL
GM
GuLpP

HE
I0

INR
InM

LHR
LMN

PHAY

PHII
PSlsB

QHAY

RAX
RAL
REFJD
RINAG

RI
RLHAY
SECI
SECL

TRUE ANOMALY OF DEPARTURE ASYMPTQTE
FLIGHT PATH ANGLE AT INJECTION
GREENWICH HOUR ANGLE

GRAVITATIONAL CONSTANY OF THE LAUNCH
PLANEY IN XMe®*3/SECee2

ECCENTRICITY OF TME DEPARTURE MYPERBQLA

INTERMEDIATE VARIABLE USED TO CONPUTE
GREENWICH HOUR ANGLE

HOUR OF IMJECTION
NIRUTE OF INJECTION
INDEX

INDEX

HOUR OF LAUNCH

RINUTE OF LAUNCH

UNIT VECTOR POINTING TOMARD PERIAPSIS OF

THE WYPERBOLA
LATITUDE OF INJECTION
THE AKRGLE FROM LAUNCH YO INJECTION

UNIT VECTOR NORMAL TO PMAT POINTING IN THE

OIRECTION OF MOTION

RIGHT ASCENSION AT INJECTION

RIGHT ASCENSION OF DEPARYORE ASYNPTOTE
JULIAN DATE FOR 1950

MAGNITUDE QF THE SPACECPAFT PCSITION AY
INJECTION

SPACECRAFT POSITION AT INJECTION
LAUNCH SITE POSITION UNIT VECTOR
SECOND OF INJECTION

SECOND OF LAUNCH
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SHAY

SINFL
SINFS
SINGAN
SINPHI
SINSIG
SINNL

SLR

T8

TC

TEST

TFRAC

THETAI

™

T1

Tl

THN

TSTAR

THOFOR

VHL

VIMAG

ooty o ‘
LAURCH-C

UNIT SPACECRAFT VELOCITY VECTOR IN
EQUATORIAL SYSTEM AT INJECTION

SINE OF FL
SINE OF FS
SINE OF GAMMAIX
SINE OF FI
SINE OF SIGMAL
SINE OF WL

SIMI-LATUS RECTUM OF THE DEPARTURE
HYPERBOLA

TIME BETWEEN LAUNCH AND INJECYION IN
SECONDS

LENGTH OF PARKING ORBIT COAST IN SECONDS

INTERMEDTIATE VARIABLE TO YEST FOR
VIOLATION OF AZIMUTH CONSTRAINT

INTERMEDIATE VARIABLE USED TO CALCULATE
GREENWICH MOUR ANGLE

LONGITUDE AT INJECTION

INTERMEDIATE VARIABLE USED TO CALCULATE
CLOCK TIMES OF LAUNCH AND INJECTIGN

INJECTION TIME IN DAYS REFERENCED TO
MIDNIGHT OF THE LAUNCH DAY

LAUNCH TIME IN DAYS REFERENCED TO MIONIGHT
OF THE LAUNCH DAY

"INTERMEDIATE VARIABLE USED TO CALCULATE

CLOCK TIMES OF LAUNCH AND INJTCTION

INTERMEDIATE VARIABLE USED TO COMPUTE
GREENNWICH HOUR ANGLE

CONSTANT VALUE, EQUAL TO 24&.

MAGNITUDE OF VZ, THE INPUT VECTOR OF THE
DEPARTURE ASYMPTOTE

MAGNITUDE OF SPACECRAFT VELOCITY AT
INJECTION
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WHAT

L 18
WMAG

XTIM

COMMON COMPUTED/USEDS
COMMON COMPUTEDS
COMMON USED?

LAUNCH-D

UNIT VECTOR NORMAL TO THE LAUNCH PLANE IN
EQUATORIAL SYSTENM

RIGHT ASCENSION OF THE LAUNCH SITE
MAGNITUDE OF THE NON-UNITIZED WHAT VECTOR

INTERMEDIATE VARIABLE USED TO COMPUTE
CLOCK TIMES OF LAUNCH AND INJECTION

SIGMAL

NO

ALNGTH DPA FI FOUR KOAST
NINETY NLP ONE PHILS PMASS
PSI1 PSI2 RAD RAP RPRAT
RP THEDOT THELS TINL TINZ
™ THO VHPH xP ZERO
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LAUNCE-1

LAURCH Analysis

LAURCE computes the injection time, position and velocity from the
departure velocity 'G'n (computed in HELIO) and the launch profile par-

ameters input by the user.
The rotation matrix & defining the transfomation from ecliptic to

uatorial coordinates is first computed (PECEQ). The departure velocity
vnx is then normalized and converted into ecliptic coordinates to yield

A
the departure asymptote § .

D . .?:*Q. 1
3 ¢ o (1)

~
Aux{l{ary {nformation associated with § 1is then computed. The energy
03, the declination &g and the right ascension Os of the departure

asymptote, and the eccentricity of the departure hyperbola are given by

[ 3]

s
[*] - X
tan s sx

r C
g-1+_%_3. (2)

where rp is the desired parking orbit radius and x4 1s the gravitational
constant of the lsunch planet.

”~
The unit 1 W to the launch plane {n equatorial coordinates is then
computed. is defined by

Hz = Cco8 ¢1. sin :L

¥
-W 8 5 +k S [1-(824»92)]

y 82 82

x y

| = - (VJSY+EE.S'3 (3)
z 8
X
7 o

crarma M m i - vm

[ VPO
1
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LAUNCE-2

where OL {s the launch site latitude, ZL is the launch azimuth,

and kx = 41 or -1 for the long or short coast time models respectively.
Ths second equation defines an implicit constraint on }:L

coal2 $

2
sin ¥ < > £ %)
L cos $
L

The right ascension at launch 61. may now be defined by

+ %
"x sin @L sin ZL -1 cos ZL
cos 9 - 2

L woo-1

Hy ain °L gin ZL - H! cos X

8ia 61. - 7 L (5)
v -1
z

and the unit vector toward the launch position is then

&L = (cos °L cos 8§ , cos ¢L sin 91. , 8in ¢L) (6)

Pa A

The complementarxy unit vectors P, Q defining the orientation of the
hyperbola within the launch plane are now introduced. Let

7~ ~

B = § x/i} ¢))

N\
The true anocmaly of the departure asymptots is cos £. - - %. Then P and
N\ ’
Q are given as
/\ N\
= S8 cos f + B gin £
8 8

A A (8)
= 5 gin £ ~ Bcos £
8 8

o) )

The true anomaly of the launch site f_ mAy now be given

1
A

/\
cos fL - ix L 4
sin £ - N m/Q\ )
r ~ R

The angle WB between launch and injection {s

Vg = 2r - £ +f (10)

KY N
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LAURCE-3

wharxe ‘I is the desired true anomaly at injection read in as input.

The coast time tc mAy now be computed from

. - [:“'B - (\i'l + Wz)] 3 (11)

wvhere 1'1 and \yz axe the angles of the firgt and second burns and
ké is tha inverse of the parking orbit coast rate, all of which are
vead {n as {nput.

The tims between launch and injection is therefore
kg = ottt (12)

where tl aund t2 are the input time durations of the first and second

The unit vector to injection is

7\ \ 7\
R = Pcos £ + gin £ 13
I I Q I a»

The semi-latus rectum p 1is
2
- e -1
P C (14)

k)

The radius magnitude to injection {s

B - " (15)

1+ e cos £
I

The {njection speed is

v, =\/c. + £ (16)

The path angle at injection is

cos T - —YER_
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IAUNCH= 4
The injection latitude is
A
sin ¢, - Y (18)

Y.

The injection right ascension {s

tan @ = (19)

1 X

X

The injection longitude {ea

6. = 0 + - - Wt 29
1 L 61 eL B (29

where OL {s the longitude of the launch site and & s the rotation rate
of the launch planat, both being read in as i{nput.
The injection azimuth is

8 -coa(fa-f)sin L

cos T = —E- i 1 21)
sia (£. - fx) cos ’I

The launch time on the day of launch {s
(eL -OL-GHA)modZI

Yo m (22)
where GHA {s the Greenwich hour angle at 0h UT of the launch date
o 0 o 1-3_3
GHA = 100.07554260 + 0.9856423460 Td + 2,915 x 10 T‘ (23)
where 'I'd = days past Oh January 1, 1950.
The {njection radius vector s now computsd from
A
L -ny (24)
V., = XE (Q X Jcos I'_ + in T
x co
1 & 1 b fi ¢ 1
The injection time s
T = T +¢t +¢
I ° L B (23)
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AUNCH-5

where To i{s the Julfan date of the launch calenday Jdats.

The injection position and velocity are now rotated into the ecliptic
plane, The position and velocity of the launch planet at the time TI are

computed and added to the injection stats to get the heliocentric injection
state.

Raference: Space Research Conic Program, Phase IIX, May 1, 1969, Jet
Propulsion laboratory, Pasadena, California.
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: LAUBCE Plow Chart
(om )
D v

' Convert departure asymptote 'ﬁ;z to

PaN
equatorial coordinates, normal{ze to get B8 .

N

) Correct nominal launch azimuth {f needed.
s A
P Compute normal to launch plane W,.
i 2

;) Compute launch state variables.

)
?

A ’ I
Conp.te and Q of Yaunch hyperbola. ]

:le. N |
l é Compute !

time from launch to injection.

P A

—

o

Compute {njection state '?;,'7& rel to planet,

- — o ap—— =

> -
AT VA e

Compute launch and injectiou time.

|

|
!
|
|
]

; \
Computa state of L,P, at injection tirne
ald
R,V
, : PP

SVAS A T e e PR
) —

Computs haliocentric injection state

‘I - T + Rp
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SUBROUTINE  LUNA

PURPOSEY TO CONTROL THE GEMERATION OF TME Z8AR0 ITERATE FOR LUNAR
TARGETING

CALLING SEQUENCES CALL LUNA !
SUBROUTINES SUPPORTEDS ZERLT

SUBROUTINES REQUIREDS LUNTAR MULTAR

LOCAL SYNBOLSS I INDEX

oSPH ORIGINAL SPHERE OF INFLUENRCE OF TARGFY
PLANET IN A. U,

CONNON COMPUTED/USED? OTAR SPHERE

COMMON COMPUTEDS BCON CAI IBARY ICOORD PCON
RCA RPE SHA TCA TSPH
TTOL
COMMON USEDS ALNGTH OT FOUR KUR  NTP
ONE RP SPHFAC TEN 20AT
\]
-
i
{
i
’ {
3
i
é
;
;
h
A
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LUNA Analysis L
e
LUNA i{s the controlling subroutine for lunar zero iterate targeting. It :
first serves an interface role in which it i{nitialires constants and
renames variables for the other lunar targeting routines. It then calla
LUNTAR for the targeting of the lunar patched conic. When that {8 com-
pleted it calls MULTAR for the targeting of the multi coanic trajectory.
It then returus coatrol to PRELIM.
{
LURA Flow Chart ;
—

Initialize and
rename constants.

Call MULTAR

———

RTTE W
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SUBROUTINE  LUNCON

PURPOSES YO COMPUTE THE ACTUAL VALUES OF THE TARGET PARAMETERS
(A; BDT, BDR) FOR A LUNAR PATCHED CONIC TRAJECTORY
DETERMINED B8Y CONTROL VALUES OF ALPHA, DELT), AND THETA.

CALLING SEQUENCES CALL LUNCONC(ALPHAI,DELTAI,THMETAI,AN,B807,B0R,
SIGHAL,ITR)

t

ARGUMENTSS ALPHAI I ANGLE DEFINING PERIGEE OF TRANSFER CONIC
(RAD)

DELTAI I OELINATION OF LSI POINT (RAD)
THETAI I RIGHTY ASCENSION OF LSI POINY (RAD)

AN 0 SEMINAJOR AXIS OF LUMAR CONIC
8oy o IMPACT PARAMETER OF LUNAR CONIC
83R o IMPACT PARAMNETER OF LUNAR CONIC

SIGMAL I/0 NOMINAL LAUMCH AZINUTH OR THAT REQUIRED
ITR 0 OQUTPUT ITERATIGN COUNYER _
SUBROUTINES SUPPORTEDS LUNTAR
SUBRGUTINES REQUIREDS CAREL IMPACY
LOCAL SYMBOLSS ALPHA  ALPHAI IN DEGREES
AQUY TEMPORARY LOCATION FOR AM

cc ANGULAR MOMENTUM OF THE EARTM camaen r
TRANSFER CONIC . !

COEL COSINE OF DELTAIX

CECC ECCENTRICITY OF THE EARTH CENMTERED E
* TRANSFER CONIC 7

COSDEC COSINE OF DECLIM |
!
COSPL  COSINE OF PMIL a

COSPS  INTERMEDIATE VARIABLE YO TEST FOR
VIOLATIN OF SIGMAL CONMSTAINTY

COSSIG COSIME OF SIGRAL

cp SENI-LATUS RECTUM OF EARTH CENTERED
TRANSFER CONIC
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CSnA

cr

DELYA

GAMNMI

PHIL

Qqxn

RNAG
ROUT

RPH
SOEL
SHAY

SIGH
SINDEC °
SINPS

SINSIG
SX
TAX

SENI-MAJOR AXIS OF EARTH CENTERED TRANSFER
CONIC

COSINE OF THETAIX
OELTAI IN DEGREES
ECCENTRICITY OF LUNAR CONIC

INTERMEDIAYE ANGLE USED TO CONPUTE EARTH
CENTERED TRANSFER CONIC

INDEX

LATITUDE OF LAUNCH SITE *
SPACECRAFY POSITION AND VELOCIYY AT LSI
POINT IN M “=~CENTERED EARTH EQUATORIAL
COORDINATES

DUNNY VARIA LE FOR CALL CAREL

ODUMMY VARIABLE FOR CALL TQ_ CAREL
RADIANS TO DEGREES CONVERSION FACTOR
MAGRITUDE OF THE RI VEC!OR

VELOCITY AT LSI IN GEOCENTRIC EQUATORIAL
SYSTEM

RADIUS OF PERIAPSIS OF LUNAR CONIC
SINKE OF DELYAX

URIYT VECTGR POINTING FROM THE EARTH TO THE
POINY OEFINED BY DELTAIy, THETAJ

SIGMAL IN DEGREES
SINE OF DECLIN

INTERMEDIATE VARIABLE USED TO VYESY FOR
VIQLATION OF SIGMAL CONTRAINTY

SINE OF SIGHAL
SINE OF THETAX

TRUE ANOMALY OF THE LUNAR CONIC
CORRESPONDING TO YTHE RSI VECTOR
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THETA
VHAG

MMATY
HMAG
L L)

L1,
XHAT
XIn

YHAY

COMMON COMPUTED/USEDS
COMNON CONPUTEDS
COMMON USEDS

330
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4
E
y

TIME OF FLIGHT FROM PERIAPSIS CORRESPOND=
ING YO THE RSI VECTOR

THETAI IN DEGREES

SPACECRAFY VELOCITY MAGMITUDE USED TO
CALCULATE DECLIN

UNIT VECTOR NORMAL TO THE EARTH=-PHASE
ANGULAR MOMENTUM CONSTANY

ARGUNENT OF PERIAPSIS OF THE LUNAR CONIC
OUMNY VARIABLE FOR CALL TO CAREL

SAME AS SHAT VECTOR

INCLINATION OF THE CONIC

LONGITUDE OF THE ASCENDING NOOE OF THE
LUNAR CONIC

CROSS PRODUCT QF THE MW!!AT ANC XMAT VECTORS

RI RSI

QECLIN '
EMU EQLQ KOASY NINETY ONE
PHILS RNQ RPE SIGnA TWU
TSPH THo ZERO
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LUBCON Analysis

The point of intersection of the Earth-centered conic with the lunar
sphere of {nfluence (L81) (s determined by the angles and §.
Bslative to the woon in Earth-equatorial coordinates tnat point i»

xsx cos8 cos O

fgy = |Bsy cosbsin @ (1)
Rsx ainé
where ‘BI is the radius of the LSI. Relative to the earth that point is
B = B+ ig (2)

vhere ﬁ is the radius vector to the center of the moon at the time of
LEI iuntersection tsy in earth equatorial coordinatea.

There are at most two planes which contain ﬁ: and satisfy tne launch
latitude ¢ and azimuth [ constraints. Let Q denote the unit mormal

* to either of these planes. Now let QL‘ OL, QL denote the unit vector,

longitude, and latitude of the launch site. Construct a local horizon
cooxrdinate system at the launch site as indicated in Pigure 1.

Pigure 1. Local Horizon Coordinate System
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LUNCOR-2

A Q;, A A A
Here Zh -q » Y, is normal to 2, in the Z-O-QL plane, and Qh .Qh x?b.
In the local horiron syste., the position and velocity are very simply
represented

T
Serbeod )

T
V;- V([cos§ sinf , cosécosl , unﬂ

vhere I {s the launch azimuth and § 18 the declination wrt the local
horizontal. Thus

v -cos l
.- .i:—:_v%- - a1 f (%)
LN 0

The tran:formatiorn matrix converting a vector in the local horizon system
to the equatorial system is

T = j-gin OI. -s8in BL cos OL cos GL cos OI.
cos OL -gin ¢L cos OL. cos BL sin OL (s)
| 0 cos 91. sin BL N

Therefore since q
coordinate system is

Qz = cos ﬂL sinz. (6)

A
- IW; » the z-component of W in the equatorial

Since Q is_ a8 unit normal it must satisfy both Q-Q = 1 and '\}Q- 0
vhere £a= _9 . Solving for the two remaining components of Q,

X
q
A A A 2 2

Qy_-?zsysz_tsxdh(é;:?z) 1y

2 . .2

B2+ 5!

N
LA ’675+a=g=) (8)
gx

To eliminate the ambiguity of sign {n (7) the short-coast plane corresponding

to the negative sign is used. Note that (7) also imposes a constraint on
the launch azimuth

332

et Madaan o i o =

et e el e e . 43




— e ———

¢

E IR

-~

S_z
3
£
e

'
L s

et
1a P Y -

[k e
TP R ey AR T RIS T et ey e

LURCON-3

s’y £ (9)

Now choose ? -9 x 'S\ to complete a right hand system @, ?, 9). Then
the position at LSI relative to the earth 1s (RI, 0, 0). Now let «a

determine the perigee point_{n the orbital plane & = 0) measured
counterclockwise from the -£ axis. Then the perigee point is (-rp cosa,

-r_ sina, 0) where 18 the parking orbit radius (input). Therefore

P
the true anomaly o¢ the earth centered conic at the 1SI 1s given by

£, = 180 -a (10)
2
- afl - e°) - -
The two equations H T+ = cos st and rp a(l - e) may be

solved simultaneously for the semi-major axis a and eccentricity e
of the unique earth centered conic

Ry - ¢
I__» (11)

8 -
rp lx cos fSI

Y - .—r.P_. (u)

Thus th'c\: velocity of the earth centered conic at the 1SI is in the
@, 9. W) system

~ ]
v: - \ju(l-ez) e gin fSI ,
na(l-e?) / R (13
e 0 — %
Trandforming to the earth aquatorial coerdinate hysum
- ‘ ¢
A A
¥ 14)
5y Uy ¥y
A
s U ¥
z z z ]
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Now 1f (‘D-;Q, V.) are the position and velocity of the moon at ¢t

uQ - 81
Barth~centered coordinates and (Dq, V;) are the posilion and velocity of
the spacecraft at tg; then tne state of the spacecraft with respect to

the moon at tgy 1is in earth equatorial coordinates

T " By - B
— (15)
Vs “ Vé.";q

Using the transformation matrix Gmm defining transformations from

earth equatorial to lunar equatorial the state in the IQ system is

T = Pemuq Bs1

V51

(16)

—

vsq - gKQIQ

The impact plane parameters B*T and B'R, and the inclination & »
may now be computed by calling subroutines ACTB and CAREL.
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SUBROUTIHE  LUNTAR
PURPOSES YO GENERATE A PATCHED CONIC TRAJECTORY FOR LUNAR

HISSIONS CONSISTENT MITH TARGET PARAMETERS AT THE MOON
OF (ACA, RCA, ICA, TCA) AND LAUNCH PARAMETERS (PHIL,

TRETAL, SIGMAL).
CALLING SEQUENCES CALL LUNTAR
SUBROUTIMNES SUPPORTEDS LUNA

SUBROUTINES REQUIREDS LUNCON EPHEM  INMPACY MATIN ORB
PECEQ

LOCAL SYMBOLSS AA SEMI-MAJOR AXIS OF THE LUNAR CONIC FOR THE
NOMIMAL TRAJECTORY

ALNGTH SANE AS AU

ALPHAI REFINED ANGLE (RADIANS) DEFINING POSITION
OF PERIGEE ON THE TRANSFER CONIC
(NOMINALLY SEY TO FIVE DEGREES)

ALPI PERTURBED VALUE OF ALPHAI USED TO SOLVE
FOR RCA, ICA, ACA

AUDAY CONVERTS KM/SEC TO AUZDAY

AUS SAME AS AU

AU CONVERTS KILOMETERS (KNM) TQ ASTRONOMICAL
UNITS (AU)

BOR B 0OT R FOR THE NOMINAL TRAJECTORY

8OY 8 00T T FOR THE NOMINAL TRAJECTORY

B8INC QBTAINABLE INCLINATION USED TO CALCULATE
QESIRED B8 DOY T, B DOT R

OELI PERTURBED VALUE OF DELTAI USED YO SOLVE
FOR RCA, ICA, ACA

DELTAI REFINED ANGLE (RADIANS) DEFINING DECLIN-
ATION OF THE LSI POINY (NOMINALLY SET TO
DELTAQ)

DELTAQ DECLINATION OF YHE HOONS POSITION AT TIME
TSI

OELY TIME FROM TSI TO TCA IN SECONDS
OEL REFINING VALUES FOR ALPMAl, DELTAI, THETAI

.

At ks Ao s o b e aae s s s
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DENONM

EcC
ECEQ

ECLQ

ERR

ITAR

ITER
I7

ONENAT
PAX

PARP

PARTA

PART MW
PART X
PART?
PARTZ
PHI

Sl
s
e
«
r

f
R oo ’ _

LUNTAR-3B

INTERMEOIAYE VARIABLE USED TO LINIT THE
DEL VALUES FOR EAUH ITERATION

OESIRED ECCENTRICITY OF THE LUNAR CONIC

TRANSFORMATION MATRIX FROM ECLIPYIC TO
EARTH EQUATORIAL

TRANSFORMATION MATRIX FROM ECLIPTIC YO
LUNAR EQUATORIAL

VECTOR OF DIFFERENCES BETWMEEN DESIRED AND
NOMINAL VALUES OF B DOY T, B DOT R, ACA

LOGIC CONTROLLING INDICATOR
=1 IMPROVE ACA ONLY
=2 INKPROVE RCA, ICA, ACA
ITERATION COUNTER FOR NOMINAL TRAJECTORIES

ITERATION COUNTER FOR PERTURBED TRAJECT-
ORIES

INDEX
INDEX
INDEX
UNIT DUMMY MATRIX FOR CALL TO INMPACY

DUMMY VARIABLE FOR CALL YO LUNCON MWHEN
ITARSY

DUMMY VARIABLE FOR CALL TO LUNCON MHEN
ITAR=Y

INTERNEDIATE VARIABLE USED TO REFINE ACA
WHEN ITAR=1

" INTERMEDIATE VARIABLE USED YO COMPUTE DELTY

INTERMEDIATE VARIABLE UYSED 10 COMPUTE DELY
INTERMEDIATE YARIABLE USED YO COMPUTE DELTY
INTERMEDIATE VAKIABLE USED YO COMPUTE DELY
MATRIX RELATING PERTURBATIONS IN ALPHAI,

CELYAI, AND THETAI TO CHANGES IN B DOT T,
8 DOT Ry, AND ACA

-
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)

PSI

PTAR

RAD
RMAG
SIGMAL

TAR
THEIX

THETAIX

THETAQ

™
TSICA
COMMON ?OHPUTEOIUSEDt

CONMON COMPUTEDS
COMMON USEDS

TN RTOR LI TIMSTAONRC RGN L LS TR AT P e
1

LUWTAR-C

TARGETING MATRIX RELATING PERTURBATIONS
IN 8 00T T, B8 0OOT Ry ANO ACA TO CHANGES
IN ALPHAI, OELTAX, AND TMETAI

PERTURBED BALUES OF AA, BDT, BORy, USED TO
CALCULATE PHI

CONVERTS DEGREES TO RADIANS
MAGNITUDE OF THE RMQ VECYOR

LAUNCH AZIMUTH SET IN LUNCON (NOMINALLY |
30 DEGREES) ‘

NOMINAL VALUES OF AA, B80T AND BOR USED TO
CALCULATE PHI '

PERTURBED VALUES OF THETAI USED YO SOLVE
FOR RCA, ICA, AND ACA

REFINED ANGLE (RADIANS) ODEFINING RIGHT
ASCENSION OF THE LSI POINT (NOMINALLY SET
TO THEYAQ)

e e

RIGHT ASCENSIGON OF THE MCONS POSITION AT {
TIME TSI

CONSTANT VALUE OF SECONDS PER DAY i
DUMNY ARGUMENT FOR CALL TO IMPACT

OTAR EQLQ ITAG REQ RSI

THU TSI

EMU NO RME -
8CON DECLIN FIVE ONE OTAR i
PCON PMASS RCA SHA TCA !
TSPH TTOL THO XP ZERO
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. LUNTAR-1

LUNTAR Analysis

LUNTAR gensrates a patched conic trajectory arriving at closest s;roach
to ghe Moon at a specified time tca and meeting prescribed tarxget

values at that point as well as standard launch quantities. The target
parameters are

t Julian date of required closest approach (CA)
A referenced 1900
Tea Radius of CA
1“ Inclination (relative to lunmar equator) at cal
ac, Semi~major axis at CA
The launch parameters
QL Launch site latitude
GL Launch site longitude
SL launch azi{muth (nominally set to 90°)
rp Parking orbit radius

The eccentricity of the moon-centered hyperbola may be computed

T
e =1a--GA (1)
CA BCA

vhere ‘GA< 0. The hyperbolic time A4t to go from RSI (radius of lunar

sphere of influence (ISI)) to periapsis nay be computed from
At = £( Uy 8cas ecus RSI) 2)

whers ux is the lunar gravitational constant. The time at which the
probe should intersect the LSI i{s then

t = t - At ‘ 3)

1 The inclination must bg specified according to the format described in
IMPACT. Yor 0<1<9 the {nclinations ¥i prescribe posigrade orbits

while 180° X define retrograde orbits. The positive signs denote approaches

from the north, the negative signs designate scuthern approaches,

-

R R
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. LUNTAR-2

The position ‘gx and velocity VME of the moon at g1 relative to the

sarth in earth ecliptic (EC) coordinates are computed by ralling ORB and
EPHZ, Transformation matri-es gECEQ and Gmm defining transformations

from EC to BQ (earth equatorial) and EQ to 1Q (lunar equatorial) respectively '

are then coumputed by PECEZQ., The position and velocily of the moon in the
EQ system are

Rq ~ -a.xczq Lo
{4)

Vg = B’umvu

Call the point of intersection of the vector BHQ with the LSI the bullseye

point, Then {n moon-centered Earth-equatorial coordinates the vector to
the bullseye point 18 given by

- X, >
T - - _;LQ (5)
B <qu Re1

‘From this vector one can calculate a set of angular coordinates ( 60, Oo)
of the bullseye poiat. Any other porint on nhe LSI is determined by giving
general coordinates ( §, 8) = ( 50 + Ad, 90 + A6).

D

Row let such a set of coordinatns by given., They determine a vector RI

from earth to the LSI (in the EQ-system). .lie vector ?I along with the
launch parameters 9,, 6, Z:L then determines the plane of the Earth-LSI

transfer (see LUNCON). Now let « be measured coun-er-clockwise in that
plane from :EI’ The parameter o specifies the location of the perigee

point of the transfer conic, thus the vector to perigee 18 fixed as 'r“

r
where the perigee magnitude rp ie fixed as input. The vectors 7’9 and
TI then determine a unique conic for the Earth-LSI phase (see LUNCON).

Let thne state at the LSI on that conic (relative to Earth-equatoriil cooxdine
ates) be denoted by fl' .VI. The state relative to the moon may then be

computed as
¥ = X -X%
. TR (6)
v, - 'v‘I-va
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4,

Plane of Earth-1SI
transfer (ABC)

> Y
Q

. B (Ascending node of ERarth~-LSI
b asd transfer plane)

! Figure 1. Iunar Patched Conic Targeting

|

i
F ; Thus the elements relative to the moon may br computed from standard comic

4

formula. The three angles ( §, 8, @) form a .t of independsn* controls
to be varicd to meet the three coustraints (rc,, ica, 8ca). The controls

are depicted in Figure 1.

LUNTAR uses the standard Newton-Raphson algoritim to refine the controls to
wmeet the constraints. This targeting is done in two atages. In the first
stage the contxrols § and 8 are held f{vad at the bullseye point (60, Go)

while O 1s varied until the semi-major axis target .GA is met. Then

ali three controls are varied to satisfy the three target constraints, The
pPreliminaxy targeting of 2 is essential to the success of the procedure.

Ouce the {n initial targeting {8 completed, the semi major axis of future

m&mlmm".ﬁmmv i e
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{terations {n the second stage will not vary much from the target value
8, Yor such iterates the excess hyperbolic velocity at the moon will be

generally constant. This permits tne substitution of the auxiliary impact
plane parsmaters B°T and B¢«R for the less linear parameters of rCA and

1CA (see IMPACT). In LUNTAR the impact plane parameters are referenced to

the 1Q system,

Suppose tnat in the first

The procedure may now be described in detafil.
Using the controls

stage of targeting the current value of & is ax.
(ax. 60. Oo) the resulting semi-major axis is found to be & (LUNCON) .

A perturbed value for the first control is then used (QK +Aa, 60, Oo)

producing a perturbed value of semi-major axis (ex + Aa). The (k+1)st
value of @ is then given by the standard numerical di{<ferencing approximation

a -a+2-‘-’-<au-%) (7

- The second stage of the targeting of the lunar patched conic uses the

vector analogue of the above procedure. The curreunt iterate (ax, 6K' GK )

is fuput to LURCON to obtain the current target values (ax, B-TK, B-RK).

BT and B*R are determined from subroutine IMPACT

The target values
If all

and the errors of the kth iterate are computad (ea, eprs °BR)’

tnoree erxrors are within tolerances, the procedure is terminated. Other-
wise the sensftivity matrix ¢ 15 computed by numerfcal differencing &s

in the first stage

The {uverse of $ 4s the targeting matrix.

to be

The k+1 iterate is then defined

f_ Aaa Aa5 Aang h 3
3 Aa as 46

!
; As-ra 487, AB-'rO |
. VY] 26 (8 :
f A8-R, AB-R;  AB-R '¢
| Aa Ad Ae )
L —~ :

¢ MRNNT_ g § o iAM 2O o mrh
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This procedurs is repeated until couvergence is achieved.

[E—y )7 3

™

- PR D A bd s b o Bk S BRI Y o
L AE w
5

ara—tae

- awaa

T Rttt oy 2 v, T R TG "

342

R L POV TSUT I BRI LIV R AL PR ZRR | -\ R 1 v LT AY-CAD S S AL SO N 1~
PR
. St

O ey e e



v .

=
B2

A ol Fua e & SR IR

¢

\
PP Y

R I T

e

YT

e ¥ 1

SO

" P
o

PROGRAN RAIN
PURPOSES TO CONTROL THE SIMULATION OVERLAY SCHERE

SUBROUTINES SUPPORTEDS EONE

SUBROUTINES REQUIREDUS DATAS SIMUL PRNTS4

LOCAL SYMBOLSS IRUNX TOTAL NUMBER OF OATA CASES
IRUN DATA CASE COUNTER
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SUBROUTINE HATIN

|'3

~ip
!
P

i

MATIN-A

PURPOSE! YO COMPUTE THE INVERSE OF A MATRIX.

CALLING SEQUENCES

ARGUMENTS AlN,N) I

R(N,N) O

SUBROUTINES SUPPORTED?

)¢

SUBROUTINES REQUIRED?S

LOCAL SYMBOLSS

COMMON USEDS

AL

ALBAR

DETR

IX
XR
HIXI
NIXJS

MIXL

XOFF

CALL MATINCA,R,N)

MATRIX TO BE INVERTED
RESULTANY INVERSE OF MATRIX A
OIMENSION OF A AND R

HYELS NAVH BIAIN POICOM GUISS
TARMAX GUID LUNTAR MULTAR

NONE
ACLL) ¢+ S C(INTERMEDIATE VACIABLE)
INTERMEDIATE VARIABLE
INTERMEDIATE VECTOPR
INTERMEDIATE VECTOR
INTERMEDIATE VECTYOR
INTERMEDIATE VECTOR
OIMENSION OF A
INTERMEDIATE VARIABLE
INTERMERIATE VARIABLE
INTERMEDIATE VARIABLE
INTERMEDOIATE VARIABLE
INTERMEDIATE VARIABLE
.INYERﬂEDIATE VARIABLE
En7 EN9 ONE LERQ

- O T AR LSRG BRI T LR e A Lo e K ALI D Sl £ o o <
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MERO-A

SUBROUTINE  NENO

PURPOSES COMPUTE ASSUMED MEASUREMENT NOISE COVARIANCE MATRIX IN
THE ERROR ANALYSIS PROGRANR

CALLING SEQUENCES CALL MENO(MMCODE, ICODE)

ARGUNRENTS ICODE I INTERNAL CODE USED TO DISTINGUISH BETMEEN

THE THMO ALTERNATIVES LISTED ABOVE
MHCODE I MEASUREMENY MQDEL COOE
SUBROUTINES SUPPORTEDS ERRANN
COMMION COMPUTEDS R
COMNON USEDS INNF MNCN

Wﬁé a! gl’ R R R T
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MENS Analysis

The linearized observation equation employed by the navigation process
is given by

A A
ér, « B Ox." +n,
where 6! {8 the measurement deviation from the nominal measurement, Hk

is the augmentod observation matrix, GXk is the augmented state
deviation from the nominal augmented state, and ﬂk is the assumed

measurement noise.

The function of subroutine m i8 to compute the measurement noise
covariance matrix Rk which describes the statistics of Ny The constant

variances for the measurement noises associated with all available
measurement devices are stored in the vector MNCN. Subroutine MENZ
selects the appropriate elements from this vector to comstruct the
measuresnt noise covariance matitix Rk'
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MERO Flow Chart

Zero out Bk matrix,

Only constant noise
ava{lable at present.

NO Is measurement ::>>
noise constant?
l N
YRS
RETURN
. ﬁL_\

v

Compute the ‘k matrix for

3.ltnr-planat angle meas-
urements.

HMCEDE=? S

10,11,12,13 @

1,2,3,4,5,6,7,8

NO YES
MMCEDE e en?

Compate the Bk mntri;“l

for a range-rate weas-
urement from the
appropriate station.

\

Compute the ‘k watrix

for a range and range-
rate measurement from

the appropriate astation.

11,12,13

Compute the Rk matrix

for the appropriate
star-plane angle wmeas-
urewment,

10
<’“°‘°’_‘"’/¥ .

Compute the Rk matrix

for an apparent planst

diazeter measurement.

3
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SUBROUTINE  MENOS

PURPOSES CONPUTE ASSUMED AND ACTUAL MEASUREMENTY NOISE COVARIANCE
MATRICES IN THE SIMULATION PROGRANM

CALLING SEQUENCES CALL MENOS(MMCODE,ICODE)

ARGUMENTS ICODE I INTERNAL CODE USED TO DISTINGUISH BETHWEENW .
THE TWQ ALTERNATIVES LISTED ABOVE

MMCODE I MEASUREMENT MODEL CODE
>t [] '
" SUBROUTINES SUPPORTEDS SIMULL

COMON COMPUTED/USEDS R

COMMON COMPUTEDS AR

COMMON USEDS AVARM IANNF IMNF MNCN ZERO
|

k !

i
i
{
g -
i
i
j
i
%
{
|
]
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instrumentation errors, b, 18 the actual measurement bias, and Y

g N

wats

MENfS Analysis

\

The linearized odservation equation eaployed dy the navigation process is
given by
A A
dr, = B Ox,
where 6! is the measurement deviation from the nominal measurement, Hk
is the uugnentod observation matrix, éxk is the augmented state deviation
from the nominal augmented state, and nk is the assumed measurement noise.

The actual measurement Yk. is given by

wvhere Xk is the ideal measurement, which would be made in the absence of

k
rerresents the actual measurement noise.

k

Sudbroutine MENOS performs two functions. It's first function, which is
identical to that of subroutine MINO, i8 to compute the measurement noise
covariance matrix R which deascribes the statistics of noise nk' The

conatant variances for the assumed measuremont noise. associated with all
available measurement devices are stored in the vector MNCN. Sudbroutine
KENGS selecta the appropriate elements from this vector to construct the

measurement noise covariance matr;x Rk. ,

The second function of MENOS is to compute the measurement noise covariance
satrix xk which describes the statistics of the actual noise Vk' The

constant variances for the actual measurement noises associated with all
availadble messurement devices are stored in the vector AVARM. Subroutine
AVARM selects the appropriate elements from this vector to comstruct the
seasursoent noise covariance matrix 'gk.
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MEESS Flow Chart

X

<>

<J//" 1s !k or gk

'n
Compute ‘k' See

MEND flow chart
for details.

()

\\\kFo be computed?

MERQS-2

ATAL

Zeto out gk matrix.,|

et !i to the
previocusly computed

Rk'

{ MMCPDEZ = 7 )~

Compute the gk matrix

for 3 star-planet
angle measurements.

g

()

e

N/

10,11,12,13
A

]1,2,3,6,5,6,7,8

y’

NO

~
YMCQDE 1
even P

YES
—

Compute the Bk matrix

for a range-rate meas~
urement from the
appropriate station.

1
Compute the R matrix |
for a range and range-
rate measurement from
the appropriate sta-
tion.

10

< WMCPDT = 7}

11,12,13

Compute the‘jk mAatrix

for the appropriate
star-planet angle

measurement.,

Compute the j& DALY IiX

for an apperent planet
diameter measurement.

um‘

RETURN
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SUBROUTINE  HULCON

MULCON-A

PURPOSES TO PROPAGATE A SET OF CARTESIAN COORDINATES ALONG A
LUNAR MULTI-CONIC TRAJECTORY OVER A SPECIFIED TIME

INTERVAL.

CALLING SEQUENCES CALL MULCONCSEI,TLI,TF,DT,SNKF)

: ARGUNENTSS SEI(S) I
; {8 1
n TF 1
ot 1
v SNF(6) O
el SUBROUTINES SUPPORTEDS
o f SUBROUTINES REQUIREDS
D LOCAL SYNBOLSt ALNGTH
e A
: CosF
OF
o1
EMN
’ EN
1 IDONE
| I
| 1IN
™
| "
;

INITIAL SPACECRAFT GEQCENTRIC STATE
INITIAL INJECTIONM TIME (JD EPOCH 195Q)
TIME INVTERVAL OF PROPAG.TION

STEP SIZE USED IN MULTICONIC PROPAGATION
FINAL SPACECRAFT SELENOCENTRIC STATE
MULTAR

CPROP  EPHEN ORB

CONVERTS KILOMETERS TO ASTRONOMICAL UNITS

PERTURBING ACCELERATIGON VECTQR OF THE MOOM
OVER THE ITERATION INTERVAL

COSINE OF TRUE ANOMALY ON SELONOCENTRIC
CONIC AT END OF ITERATION INTERVAL

FINAL TIME USED IN ITERATION INTERVAL
INITIAL TIME USED IN ITERATION INTERVAL
MAGNITUOE OF FIRST THREE ELEMENKYS OF EM
GEOCENTRIC ECLIPTIC STATE OF MOONM
STOPPING CONDITION INDICATQR

=) PROPAGATION CONTINUES

=] STOPPING CONDITION REACHED

INDEX

JULIAN DATE OF FINAL TIME ON THE ITERATION
INTERVAL

CONVERTS SECONDS TO DAYS
SFACECRAFT VELOCITY VECTOR WITH RESPECT T0

EARTH AND/OR MOON BEFORE AND AFTER LUNAR
PERTURBATIONS AT DI AND OF
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COMMON COMPUTED?
COMMON USEDS

- e e
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' ';t‘sg.ff‘ : u

3
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MULCON-B

MAGNITUDE OF THE X VECTOR

GEQCENTRIC PC3SITION OF SPACECRAFT AT DI
AND GEOCENTRIC POSIVION OF MOON AY DF

GECCENTRIC VELQCITY OF SPACECRAFT AT 01
AND GEOCENTRIC VELOCITY QF MOQN AT OF

SPACECP 'T POSITION VECTOR MITK RESPECT YO
EARTH . "/OR MOON AT DI AND DF BEFORE AND
AFTER LUNAR PERTURBATIONS

NO

EMU ™y THO xp ZERO

LA
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HUICHN Analysis

The equaticns of motion of 8 spacecraft traveling under the (nfluenca
of the earth and moon may be written

. [T8e3 T, Hy
N e e "
z Ty oy T
) M e}

vhere T Y, T are the position vectors of the spacecratt-to-earth,
the lpacccu t-to-no-on. and the moon-to-eart! retpectively and ”E' ux

are the gravitational constants of the eart.. and moon respectively,

The mlti-conic approximation of the solution to (1) proceeds as follows.
Lat rl k,'?. X be the geocentrir state at some time L. This state

is propcgnted by conic formulae to obuin.g‘n estimt? of the geocentric
state at time + At iven by r v .
S " Ht 4t s Y TRkt VR kH

To account for the third term perturbations, the state of the moon relauve
to the earth at the two timepoints is computed, denoted by ‘D( Kk’ D( k

and (im,kﬂ’ VD( k+1) The average value of this acceleration 1. then
determined from
[y .‘_m_‘_s_\‘;"@..x__l._ 2)
b R TR '

The corrected geocentric state is then given by:

R +%'t(4:)2

) R E,k+l ,
(3) :

" -l
v, - %'+ 1 4c ;

E,k+1 E,k+1

The effect of the direct lunar perturbations {s then added. The state ‘
of the spacecraft relative to the moon is first computed :

7' +" T
r -
M,k+] Kkl DMk
(4)

LA L
M,kt+l E,k+l B, k+1
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~nly,

MUIIR-2
g
This state {3 then provagated linearly backwards in time over the time
interval At to obtain
— - ! -t
ek "~ Tl T w4t G ‘\ :
[ - = N | \ ’
i, x Vg, k1
This state {s now propsgated forward in a ule_n;ocentric conic to obtain
a final state relative to the moon ( x)(,k-ﬂ’ vl!.hl ). The geocentric
state of the spacecraft at time ¢4 afi t considering all terms of (1)
i{s then given by
T - T +X
R, k+1 M, k+] B, k+1
£
ij ? = ;7’ +Tl- ©
- E k+] el B, k+]
: ‘ Th.~ completes one cycle of the multi-~conic propagation.
L~
The multi-conic propagation proceeds until an input finel time is reached
or unti]l the selenocentric conic passes through pericynthioa.
l
' Referance: Byrnes, D. V. and Hooper, H. L,, Multi-Conic: A Fast and
| - Accurate Method of Computing Bpace Flight Trajectories,
AAS/ATAA Astrodynamics Conference, Santa Barbara, Cal,, 1970, 3

AIAA Paper 70-1062.
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SUBROUTINE RULTAR

PURPOSES TO CALCULATE THE TRANSLUNAR IMJECTION CONDITIONS FROM
TYARGETED PATCHED-CONIC CONOITIONS ANO CALLS vMP YO
PERFORM THE NOMINAL TRAJECTORY MEEDED BY ITERAT.

CALLING SEQUENCES CALL MULTAR

SUBROUTINES SUPPORTEDS LUNA

SUBROUTINES REQUIREDS HULCOM CAREL ELCAR EPHEN  INPACY
RATIN ORS PECEQ TINE

LOCAL SYNBOLSS AE SENI-MAJOR AXIS OF THE EARTH-ECL IPTIC,
TARGETED PATCHED-CONIC TRAJECTORY

ATARN NOMINAL VALUES OF THE TARGETY VARIABLES
ATAR DESIRED VALUES OF THE TARGET VARIABLES
ATOL TOLERANCES OF TARGEY VARIABLES

o BCOR WMAXIMUN STEPS ALLOMED IN ITERATIVE
CORRECTION OF CONTROL VAKIABLES

8J ZERO TRUE AMOMALY USED TO DEFINE PERIGEE
OF THE TARGETED PATCHED-CONIC TRAJECTORY

8STEP MULTI-CONIC STEP SIZE (HQURS)

CHl SENSITIVITY MATRIX RELATING PERTURBATIONS
IN CONTROL VARIABLES TO CHMANGES IN TARGETY ,
VARIABLES -

DELP VALUE USED TGO PERTURB TLI FOR COMSTRUCTION
OF CHI

DELTNH NOMINAL TIME FQR PROPAGATION

o&aeLY INTEGRATION TIME YO BE USED, AND TIME
ACTUALLY USED, IN THE MULTI-CONIC
PROPABATION

DELYV VALUE USED YO PERTURB VELOCITY COMPONENTS
. OF RY FOR CONLTRUCTION OF CMI

R SVENN

oV CORRECTION ACTUALLY ADDED TO CONTROL
VARIABLES

EcEQP TRANSFORNATION MATRIX FROM EARTH ECLIPTIC
T0 LUNAR EQUATORIAL

S IR R Gttt 4

EECEQ TRANSFORMATION MATRIX FROM EARTH ECLIPTIC

¥
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ERR
FAC

FRAG

HYT
IOATE
ISTY
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JERTH

JROON

nITS
MDEX
PERBN

PERNX

PERT
PHIA

PHIB

PHIC
PPE

MULTAR-B

Y0 EARTH EQUATORIAL

ECCENTRICITY OF THE EARTH=-ECLIPTIC,
TARGETED PATCHED~CONMIC TRAJECTORY

ITERATE ERRORS IN TARGEY COMODITIONS

INTERMEDIATE VARIABLE USED TO OMECK FOR
MAXINUM STEP

INTERMEDIATE VARIABLE USED TO COMPUTE
PHIAy PHIBy PHIC

MYPERBOLIC TINE TO LUNAR PERIAPSIS (DAYS)
CALENDAR OATE OF INJECTION

INDICATOR FOR COMTROL VARIABLE
PERTURBATION

ITERATIONS COUNTYER

INDEX

INDEX OF EARTH IN F=ARRAY

INQEX OF MOON IN F-ARRAY

INDEX

INDEX

HAXIRUM NUMBER OF ITERATIONS ALLOMED
SAME AS JERTH .

MINIMWUN PERTURBATION OF CONYROL VARIABLES
FOR CONSTRUCTION OF CMI

.MAXINUN PERTURBATION OF COMTROL VARIABLES

FOR CONSTRUCTION OF CHI
PERTURBATION VALUES USED TO CONSTRUCT CNMI

TRANSFORMATION MATRIX FROM RTM TO EC
SYSTER AT TLI

TRANSFORMATION RATRIX FROM RTH TO EC
SYSTEX AT PERTURBED TLI

PRODUCT OF PHIB AND TRANSPOSE OF PMIA
CUMNY VARIABLE FOR CALL TO CAREL
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PSIt

PTAR

Qae
RENAG
REPEY

RN
RSE

RT

sCn

SEC
STEP
STLI

TAE

TR
87
TFP

TN
TINM2

TARGET MATRIX (INVERSE OF GHI) RELATING
PERTURBATIONS IN TARGET 'VARIABLES TO
CHANGES IN CONTROL VARIABLES

PERTURBED TARGET VALUES ;
PREODICTED CORRECTIONS TO COMTROL VARIABLES
DUMMY VARIABLE FOR CALL TO CAREL

DUNMY VARIABLE FOR CALL TO ELCAR

WININUM ALLOMABLE INJECTION TIME
DIFFERENCE IN KTH AND X+2 ITERATIONS TO
AVOID REPETITION-TRAP CORRECTION

MAGNITUDE OF THE SCM POSITION VECTOR

INJECTION STATE IN EARTH EQUATORIAL SYSTEM
AT TLI

ROTATED INJECTION STATE FOR VIME
DIFFERENTIAL

INJECTION STATE USED IN PERTURBED MULIT-
CORIC PROPAGATIONS '

FINAL STATE IN "UNAR ECLIPTIC SYSTEN ON
THE WULTI-CONIC

SECONDS OF CALEMLAR OATE OF TLI
MULTI-CONIC STEP SIZE (SECQONDS)

ORIGINAL VALUE GF TLI, RESTORED FOR :
SUCESSIVE ITERATIONS

TRUE ANOMALY OF EARTH-ECLIPTIC TARGETED :
PATCHED=-CONIC TRAJECTORY

QUMMY VARIABLE FOR CALL TO IMPACY
DUNMY VARIABLE FOR CALL TO INPACYT 3
TIME OF FLIGHY FROM PERIGEE OF THE

E°"TH-ECLIPTIC, TARGETED PATCHED-CONIC
TRAJECTORY

JUPRUR N SRR

INJECTION DATE OM K~1 ITERATION
INJECTION DATE ON K=2 ITERATION
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COMMON USEDS

TLS
e
VERAG
VX

WME

WME

XIE

XNE

~ | COMMON COMPUTED/USEDS
s ~ CONMON COMPUTEDS

INJECTION JULIAM DATE

DUNKY VARIABLE FOR CALL TO ELCAR

DUMNMY VARIABLE FOR CALL TO ELCAR
MAGNITUDE OF THE SCM VELOCITY VECTOR
ARGUNENT OF PERIAPSIS OF THME
EARTH-ECLIPTICy, TARGETED PATCHED~-CONIC
TRAJECTORY

QUMMY ARGUMENT FOR CALL TO CAREL

IRCLINATION GF THE EARTM-ECLIPTIC,
TARGETED PATCHED=-CONIC TRAJECTORY

LONGITUDE OF ASCENDING NODE OF THE
EARTH-ECLIPTIC, TARGETED PATCHED-CONIC
TRAJECTORY

NO RZ

ICQORD RIN TIN

ALNGTH CAI ENU F HALF
KUR N8OD NB ONE RCC
SHA TAR TCA TEN ™y
™ TSl THO ZERO
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NULTAR Analysis
A}

let the ecarth equatorial state of the pr_gbe a_t‘ the 18I as computed from
the patched conic targeting be denoted Tigs Vis* Bubroutine CAREL is

called to compute the conic elements and comnic time from perigee At
based on the geocentric conic. The time of injection {s then computed
as

trx ™ sy - 4t (1)

The position and velocity of the probe at t'n.x i8 given by the state

along the conic at perigee (true anomaly of zero) and determined by
EICAR to be -;TLI' ?‘m. 1f ém {8 the transformation matrix from

the EC (earth ecliptic) to the PQ (earth equatorial) system, then the
patched counic injection state in EC coordinates is

R T
T T Peerq rix
(2)
v = ¢T v
I ECEQ TLI

Bince the earth is revolving about the E-M barycenter in time, the EC
injection state must be rotated if an earlier or later injection time {s
to be used. The necessary rotation matrix may be easily computed through
the introduction of the R-T-W coordinate system. Let the state of the
earth at some time t, in BC (bar/centric ecliptic) coordinates be

denoted -P;. -‘-I‘k. Coustruct the R-F-% system at that point as

A ?} Q R "ek A e A )
=< =T = 1 - x
x & k {kavkl Ik X R

A A A
The transformation matrix from the Hl-Ik-“k system to the ecliptic system

to the ecliptic system is then given by
Al a La
¢k - Bi ll Ik ;Hk Y]
At a time ‘k+ the state of the earth i{n BC coordinates is given by
- 1 A A A
R*ﬂ, vk-ﬂ and the transformation from the R -

T - W
k+1 k+l ktl
in accordance with (4). Injection

system to

ecliptic coordinates {s given by 4'k+1
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MULTAR- 2

states at times t  and t ., will be called "equivalent™ if they are

A \
identical when expressed in the pertinent R-Q-G system. Therefore {f
('?;, #; ) tes the injection state in EC coordinates at time tk' the

equivalent state in BC coordinstes at tetl is givea by

i o —

T+l Vel x % .
- (5)

= -

Vie+l 0 Vit x y

174 - & ¢ (6)

The targeting algorithm used by MULTAR may now be described. Let the
1njeq£}on state in EC coordinates on the k=th iteration be denoted
(ty, Ty. ¥y ). This state is propagated forward using the wmulti-counic

propagator MULCEN to determine a final state '?h,‘;i to the moon in ecliptic
coordinates. IMPACT is then called to compute the B-Tk, B-Rk and t

* Eé'k

actually achieved on the trajectory and the target values of BT , B -Rk
required to satisfy the 1CA and Tca constraints. The semi-major axis
a of the k-th iterate is corputed from the conic formula

/ 2\‘1
., V.
. MM

a = :u\ —u—x—-—-/ ¢))
Errors {n the four target conditions
AT = FA.T - [ aaar ]
AB.T BT, - B:- T, ®
AB-R B-R, B -R
Baf  [an e

11 the exror in each parameter is less than the allowable tolerance, the
process stops.
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KULYAR-3

If convergence has not been _gchieved a Newton-Raphson {teration {s entered.

The four controls are 'v'k » Vi o Vk , and tl' For the velocity components
x y z

»
a perturbation Av 1is added to the pertinent component while the rest ot

the {njection state is held ~onstant before propagating with the multi-conic.

For the time perturbation, the rotation matrix WA corresponding to the
perturbed time t + At () is first computed. The injection state used

in the perturbed propagation for time is then ["k + at, WA .;k’ 'Jﬁ 'v‘k] .

A sensitivity matrix is computed using the results of the numerical
differencing:

B Aa Aa T
X = x b
Av Av
x y
AB T, .
Avx . 9
Az R )
Av
x
.AtCAx A‘t‘.lst
4 At
| T _

da
vher¢ i{n the term —B y 4a
AB B
produced by the variation of the S control component and AS is the
change i{n the S control component. The ktl iterate controls are then
given by

~8 the change in the @ target parameter

AC = rdv i
x

bvo o x“lar (10)
év

4
Lét

The k+1 4{njection state is then cocmputed by first determining the {njection

state after rotation due to the change in injection time and then adding
the injection velocity corrections

her T ot 0t
Teer = ¥ F (1)
Vo1 = UV + 89

The {teration process is repeated until tolerable errors are met. The con-

verged injection state is then integrated in the virtual mass trajectory.
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MUND-A
™
SUBROUTINE MUND
PURPOSES TO COMPUTE THE AUGMENTED PORYION OF THE STATE TRANSITIONR
MATRIX MHMEN THE GRAVITATIONAL TONSTANT OF THE SUN OR OF
THE TARGEY PLAMET HAS BEEN AUGHMENTED TO THE BASIC STATE
VECTOR.
CALLING SEQUENCES CALL MUND(RI,RF,POSS)
ARGUMENT S RF I POSITION AND VELOCITY OF THME VEMICLE AT THE
‘ END OF THE TINE INTERVAL
RI I POSITION AND VELOCITY OF THE VENICLE AT THE
BEGINNING OF THE TIKE INTERVAL
\]
POSS I DISTANCE OF THE VEHICLE FROM THE TARGET
PLANET AT THE INITIAL TINE
SUBROUTINES SUPPORTEDS PSINM
SUBROUTINES REQUIRED? NTH
LOCAL SYMBoLS: IC COUNTER FOR VARIABLES AUGMENTED TO STATE
VECTOR
IPR TENMPORARY STORAGE FOR IPRINT
RPER ALTERED POSITION AND VELGCITY OF YEMICLE ;
AT FINAL TINKE i
SAVE TEMPORARY STORAGE LOCATION FOR GRAVITA- ;
TIONAL CONSTANTS OF SUN AND TARGET PLANEY -

COMMON CUMPUTED/USED!
COMMON CONMPUTEDS
COMMON USED:!
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HUND Analysis

The nonlinear equations of motion of the spacecraft can be written symbol-
{cally as

—*‘ vt

x--f.(-;pfﬂnt) (l)

vhere x 1s the spacecraft position/velocity state and ;Z? is a vector
composed of the gravitational constants of the Sun and the target planet.

Suppose we wish to use numerical differencing to compute those columns of
oxx and exu associated with gravitational constant biases included in the
8 -

augmented state vector over the time interval [tk-l’ tk} . Let Oj (tk’tk-l)
represent the column associated with the j-th gravitational constant bias.

—

We assume we have available the nominal states x *(tk-l) and ';'*(:k), which,

gs course, were obtained by numerically solving equation (1) using nominal
M . To obtain oj(tk’ tk-l) ve increment the j-th gravitational constant

bias by the pertinent numerical differencing factor ﬁ»gj and numerically
integrate equation (1) over the interval [tk-l’ tk} to obtain the new
spacecraft state ;G(tk)' where the j-subscript on the spacecraft state

indicates that it was obtained by incrementing the j-th gravitational
constant bias. Then
—a ~ %
— y x, (8) - x (t)
OJ (Ll, \k-L) - s (2)
A
> A §
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MUND-2
MUND Plow Chart
‘ ENTER )
; , — - NO
( ledpy, 1a X or u>————>®
I
YES
Increment g after saving
{ts original value.
i v
Y
. 5
3 Call NI to compute the state
ﬂ; at t‘k resulting from the
- % incrementation of K, at tk-l’
o
’ i Y
i E Reset ps to its original
o g ualue.
!
X, APR T
! r———<h&” in x or u?>—’———‘1
; 8 8
i
!
F Compute the appropriate colum;‘ Compute the appropriate column
; of On. using equation (2). of Gm using equation (2).
]
:
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{
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;
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MUKD-3

NO

Is §y in X or
up 8 J '

Is spacecraft within six times X0
the target planet sphere of
influence?

YES

Increment Mp after saving

{ts original wvalue.

Call NIM to compute the state
at t resulting from the

incrementatfon of yp at t

k-1"

Reset up to its original

value,
* - K z
| 1s 6yp in X or u? f
! :
Compute the appropriate column Compute the approprtate column j
of © using equa lon (2). of 8 using equation (2). '
xx. xXu

.
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NAVM-A

SUBROUTINE NAVM

PURPOSES TO PROPAGATE COVARIANCE MATRIX PARTITIONS P, CXXS, CXU,
Cxv, PS, CXSU, CXSV FROM THE TIME OF THE LAST MEASURE~
MEMT OR EVENT TGO TME PRESENT TIME USING A CONSIDER RE~

CURSIVE ALGORITHM,

CaLLING SEQUENCES CALL NAVMINR,ICOOE)

ARGUMENTS [CO0E I INTERNAL CODE WHICH DETETMINES IF A
MEASUREMENT IS BEING PROLESSED

NR I NUMBER OF ROMS IN THE OBSERVATION MATRIX

SUBROUTINES SUPPORTEODS SIMULL SETEVS GUISIM PRES(M ERRANN
SETEVN GUIDM  PRED

SUBROUTINES REQUIREDS MATIN

LOC‘L SYNBOLS AJ MEASUREMENT RESIODUAL COVARIANCE MATRIX AND
ITS INVERSE

AKM INTERMEOIATE ARRAY
DuUM INTERMEDIATE VECTOR

PSAVE INTERMEDIATE ARRAY

SUM INTERMEDIATE VARIABLE
SW INTERMEDIATE ARRAY ;
COMMON COMPUTED/USEDS AKX CXSUP  CXSU CXSVP ° CXSV :
CXUP  CXU CXVP  5XV  CXXSP
CXXS PP PSP PS ?
s ]
COMMON USEDS AL AM G H NDIML
NDINZ NDIM3  ONE PHI Q
R TXU TXXS U0 VO
2ERO

s SBIRS WL A  ae AD bi 2
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RiVM-

BAVM Analysis

The sugmented deviation state vector {s defined as
™. [%or, w0
where
¥ = position and velocity siute (dinension 6)
\' = golve~-for paremeter state (dimension nl)
¥ = dynamic consider parameter state (dimenasion nz)
V = measurement consider parameter state (dimension u3)

The linearized equations of motion have form

x-P1T+F2'i'B+P3'ﬁ
X = 0

8

T = 0

¥ = ¢

and solution

Xy = OGHLIOX + en. (kt1, k%, + 6, (et 0T +q

x+l
¥» - 2
By+1 8y
B " ‘
V1~ Y

where dynamic noise 3; ‘has been added to the solution of '§;+1. This
solution can be written in augmented form

he ? TCI s e e e n

A J -
e ¢* a0 RH 4 thA

vhere the augmented state transition matrix Gﬁ(krl,k) is defined as

N
;




-

N i

T A e RO AP

‘ -
@ (x*1,k) = ¢ On. Om 0
0 xnlx 0, O 0
0 0 ﬁbxnz 0
0 0 0 I
L n3x n3

RAVM- 2

Henceforth state trans/tion matrix partitions will be written without
stafing th-~ associated ifntervel of time, which will always ve assumed to

be fk. k

The measurement deviation vector 37 (dimension w) i{s reiated to the

augmented deviation ctate vector throuvgh the equation

wvhere the augmented observation matrix i1s defined as

A

L L TN

and 'ﬁ; {s wmeasurement noise.

A
The sugmented statc covariance matrix P can be written in terms of

k
its partitions as
PA » [ P C c c
k K xxsk xu, xvy
CT P c
xxnk 8y cx.uk xgVv
T T
c c U c
w x.uk o uv,
T T T
cka cx'vk cuvk Yo

AT RY AR IR . PO BT R
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RAVM-3

Prediction and filtering equations for the partitions appearing in the
previcus equation will be written below. Equations need not be written
for the consider parameter covariances Uo and Vo since these do not

change with time. Also, cuv will be set to zero because of the assumption

that no cross~-correlation exists hetween dynamic and measurement consider
parameters. In the equations below Q and R Trepresent the covariances
of the dynam_.c and measurement nolses, reapectively, defined previously.
A minus superscript on covariance partitions indicates the covariance
partition immediately prior to proceasing a measurement; & plus super-

- script, immedistely after processing a measurement. If IC@DE indicates
that a measurement is not to be processed, the filtering equations are
bypassed. To improve nunzfical accuracy and avoid nou-positive definite
covariance matrices, P, P.P, P:, J, and J! asre alvays symmetrized

after their camputation.

Prediction equations:

.. o= (¢t + ¢ ¢t + 0 ct )l +
k+1 k xx xX xu xuk
8 Bk
- T - T
c e + C oy, * @
xXx b o 4 xu] xu
‘k+l & +1
c_ oc + o B+ 8 cJ"r
-
XX XX XX xu x_ U
Sx+1 *x s % ®k

¢ - &c + exx Cx u + 0xu Y \
xuk+1 8 s Kk
c- - c* 3
x u X u
® xt1 5 x ;

k+1 k 8 8 x
c. - ¢
x v x v
k+l k

369
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Filtering equations:

el "Th A T N B Y Sa P Y L B Y Ae

vhere
I - T - T - T
- P +C +¢C +C
A K+ Dx+l =g Mt S e x4 +1
- P T, I +cC I +c T
B+ oy et T O By v 0y Gty L
by+1 8 k+] 5 x+1
T T
- T - T T
1 T G B TS u M U G
K+ K+l
T T
- T - T T
- C +C +V
B L T T T S Y

The Kalwman gain matrices for both position/velocity state and solwve-for
paerameters are given by

-1

B+l = A+l %xn
5 = 3 1
K+l B+l 1

The covarianc~ partitions immediately after processing & measurement are

given by

+ - T

Avl ™ B T RNaa A

+ - . T

cna - cxx' RS WORR. W)
K+l K+

) 2T - I

'H-I Bk +1 skﬂ Bkﬂ

+ - T

(] = C -

. x Ket1 D1

o » o

320
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NAVM-S

x4l X+l
+ T
¢ - ¢ = Kok

xv 1 k+l

e+l x+1

+ - T
cx.v - cx.v * By B

K+l K+l

Reference: lLese, Gentry; Falce, Ralph; and Hopper, Fred: Interplanetary
Trajectory Error Analysis, ""olume I - Analytical Manual.
MCR-67-441, Martin Marfetta Corporation, Denver, Colorado,
December 1967 (Completed under Contract KAS8-21120).
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NAVM Flow Chart

(o)

Compute covariance matrix partitions
at ty,q using prediction equations:

P C Cc C
k+l XX xu xv
3k+1 k+l1 k+1l

Svometrize Pk+1 .

RAVM- 6

TETTTTT TS ST g TN TTYTYT 3T ey ver -

. e

.
ik Sl o1 "'é“"'ﬂt‘ WEREWTL L e sy

Update covariaqse matrix Compute measurement residual
partitions at tk+1 by covariance matrix Jk+1 and
symmetrize,

|
equating them to the pre- Compute Kalman gain mwatrices
viously computed covar- and S

fance matrix partition. xk+1 k+1°

Update covariance matrix
partitions at t:;l using f£1l-

tering equations.

Symmetrize PY  and P .
k+1 LW

|
;;‘
j
i
:
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SUBRUWUTINE NOTM

PURPOSES TO COMPUTE THE UNAUGMENTED PORTION OF THE STATE TRANS-
ITEON MATRIX USING THE NUMERICAL DIFFERENCE TECHNIQUE.

CALLING SEQUENCE: CALL NDTM(RI,RF)

ARGUKENTS RF ¢

RI ¢

SUBROUTINES SUPPORTEDS
SUBRGUTINES REQUIREDS
LOCAL SYMBOLSS F1
F2
IPR
apr

SAVE

COMMON COMPUTED/USEDS
COMMON COMPUTYEDS
COMMON USEDS

POSIVION AND VELOCITY OF THME VEHICLE AY THE
END OF THE TIKE INVYERVAL

PQSITION AND VELOCITY OF THE VEHMICLE AT THE
BEGINNING OF THE TIME INTERVAL

PSIN
NTH
TEMPORARY STCRAGE FOR FACP
TEMPORARY STORAGE FOR FACQY
INTERMEDIAYE STORAGE FOR IPRINTY

POSITION AND VELOCITY OF VEHMICLE AT
INITIAL TINME

TEMPORARY STORAGE FOR ACC

ALTERED POSITION AND VELQCITY OF VEHICLE
AT INITIAL TINME

ALTERED POSITION AND VELOCITY OF VEMHICLE :
AT FINAL TIME

ACC FACP FACV IPRINTY
PHI
ACCND CELTH  NODACC ONE ZERO
]
€ c
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NDM-1

EDTM Analysis

The nonlinear equations of motion of the spacecraft can be written symbol-
1ically as

T = E(F t) 1)

vhere X {s the spacecraft position/velocity state.

Suppose we wish to use numerical differencing to compute the state tran-

sition matrix ¢(t.k, tk-l)' Let 3‘(&, tk-l) represent the j-th c:lumn

of @(t.k tk ). We assume we have availabie the nominal states x (t:k l)

and x (tk) To obtain a'(t:k t 1) we increment the j-th element of
(% 1) by the numerical differencing factor Ox, and numerically integrate

equation (1) over the time interval I:tk-l’ tk} to obtain the new space-

craft state ;z(tk). The j-subscrip: i{ndicates x (tk) was obtained by

incrementing the j-th element of x (t, ;). Then

() - x*)
o X'y %
a’}(tk' tk-l) a'xj @

j=1,2,..., 6

)

JUTP SN TUR U I VIR S

é




. .
o e gl ot e g o e < ogon

KD Flov Chart

( 1s At > 1x10'8?> s

YES

Select numerical differencing
accuracy.

Set O = 1.

Call NI to compute the
state at the end of the

time interval [tk- 1 Lk] .

Set column index N
to 1.

Save nominal values of

numerical differencing factors.

Multiply nominal numerical
differencing factors by 10
1f At < 10. Divide factors
by 10 1f Dt > 100.

RETURN

Increment the N-th element of the

atate at tk'-l by the appropriate
numerical d{fferencing factor.

Call KM to compu.e the
state at S‘
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Compute the N-th column of
@ using equation (2).

Increment column
index N,

£n>6 >

YES

Reset saved value.
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SUBROUTINE NEWPGE

NEWPGE-A

PURPOSE! PRINYS APPROPRIATE HEADING AT THE TOP OF EACH PAGE MWHEN

PRINTOUT OF TRAJECTORY INFORMATION IS DESIRED

CALLING SENUENCE OALL NEWPGE

SUBROUTINES SUPPORTED INPUTZ PRINT SFLCE
SUBROUTINES REQUIREDS NONE

COMMON COMPUYED/USEDS 1P6

COMMON COMPUTEDS LINCY

COMNON USED? KL
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NOMNAL-A

PROGRAM NOMNAL

PURPOSEt TO CONTROL THE ENTIRE GENERATION OF A NOMINAL TRAJECTORY
FROM INJECTION TARGETING THMROUGM MIDCOURSE CORRECTIONS
AND ORBIT INSERTION.

CALLING SEQUENCES NONE (MAIN PROGRAM)

SUBROUTINES SUPPORTEDS NONE (MAIN PROGRAM) -

SUBROUTINES REQUIRED! GIDANS PRELIM TRJTRY

COMMON COMPUTED?S IPRE
COMMON USED® KMIT
378
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NOMNAL Analysis -

NOMNAYL {s the executive program controlling the entire generation of a
nominal trajectory from injection targeting through midcourse corrections
and orbit insertion.

NOMNAL begins by calling PRELIM fur the preliminary work including '
ifnitialization of variables, reading of the input data, and computation
of zero iterate values of initial time, position, and velocity {f required.

NOMNAL then calls TRIJTRY., TRJTRY first determines the time of the next
guidance event. It then integrates and records the nominal trajectory to
that time. TRJTRY then returns control to NMMRAL,

NOMNAL next calls GIDANS., GIDANS.processes the computation and execution
of the current guldance event. NOMNAL then reenters its basic cycle by
calling TRJTRY to propagate the corrected trajectory to its next guidance
event.

Two flags are used by N(MNA'., The flag IPRE is initialized at zero in
NOMNAL., During the processing of the first data case PRELIM sets it to
unity. PRELIM uses IPRE to :letermine whether to preset constants to
4{nternally stored values or "eave them at their previous values before
reading the next data case,

The second flag KWIT determines whether the current case should be continued

or terminated according to the flag value zero or unity respectivel’ Ter-

mination {8 indicated when a fatal error occurs during trajectory propagation

or guidance event computation or when the desired end time is reached. i
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NOMRAL Flow Chart

=

IPRE = 0O ﬁ’

>

Call PRELIM™

]

Call TRJTRY
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SUBROUTINE NON

INS

134 .

NONINS-A

PURPOSES TO DETERMINE TME TIME ANDO CORRECTION V.. {OR FOR AN
INSERTION FROM AN APPRO/.CH MYPERBOLA INTO A SPECIFIED
PLANE AMD AS NEAR AS POSSIBLE TO A PRESCRIBED CLOSED

ORBIT,
CALLING SEQUENCE

ARGUMENT S )
X(3)
Z(3)
DA
ot
DuTP
ouTP
D.
ON
THEX
VEL(
L1EX

SUBROUTINES SUPPORTEDS

8§ CALL NONINS(GM,Xy29DA,DE)ONTP4DI,DNyTHEX,yVEL)

3

SUBAOUTINES REQUIREDS

LOCAL SY®BOLS?S

AM
ANG
ARC2
ARC
A
Cerl
CEN

IEX)
GRAVITATIONAL CONSTAAT
PCSITION VECTOR AY JECISION
VELOCITY VECTOR :© UcCISION
DESIRED SEMIKLJOR AXIS
DESIRF® ECCENTRICITY
DESIRED ARGUMENT OF PRRIAPSIS
DESIRED ARGUMENT OF PERIAPSIS
DESIRED INCLINATION
DESIRED LONGITUGE OF ASCENJING NODE
TIHE FROM DECISION TO EXECUTION (SECONDS)
INSERTION VELOCITY vECTOR
EXECUTION COOE
=0 EXECUTABLE SOLUTIOM DETCRMINED
=L NO EXECUTABLC SOLUTIQN FQUND
INSERS
CAKLL ELCAR
KYPERBOLIC SEMIMAJOR AXIS
YRUE ANOMALY OF MYPERBOLIC ASYMPTQTVE
360.
180.
SEMIMAJOR AXIS OF MODIFIED ELLIPSC
COSINE OF DI
COSINE OF DN

[} ]
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CHI
CHN
CTAE
CTASY
CuTXE
CHTXH
DELV
DRA
ORP
DYA
ovn
ov

EN
ERRMA X

ERR
ETAX

NININ

NIR

COSINE OF
COSINME OF
COSINE OF
COSINE OF
COSINE OF

HI
HN
ETA
TASY
HTXE

EONINS-B

COSINE OF MNTXM

VELOCITY CORRECTIONS OF CANDIDATE SOLUTION
QESIRED APOAPSIS RADIUS

DESIRED PERIAPSIS RADIUS

DUMMY VARIABLE FOR QUTPUT

MAGNITUDES OF CANDIOAYE CORRECTIONS
MAGNITUDES OF CANDIDATE CORRECTIONS
HYPERBOLIC ECCEMTRICITY

SCALAR ERROR ASSIGNED TO IMPOSSIBLE
SOLUTION

ARRAY OF SCALAR ERRORS OF SOLUTIONS

TRUE ANOMALIES AT INTERSECTION POINYS ON
ELLIPSE

ECCENTRICITY OF MODIFIED ELLIPSE
HYPERBOLIC INCLINATION

HYPERBOLIC LONGITUDE OF ASCENDING NODE
HYPERBOLIC PERIAPSIS RADIUS

TRUE ANOMALIES AT INTERSECTION POINTS ON
HYPERBOLA

CANDIDATE HYPERBOLIC TRUE ANOMALY AT
INTERSECTION

INDEX OF OPTIMNAL INTERSECVYION POINT
INCEX OF OPTINMAL SOLUTION (POINT AND WOD)

()
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NCPOS

NSOLS
RTL
NT2
PH

PI

QQ
RAD
RA
RHYP
RMAG
RM

RP

R1

SEI
SEN
SGNZ
SHI
SHN
STA
TAE
TASY
TAXE

NONINS-C

FLAC INDICATING MHETHER ANGLE BETMEEN NOOE
AND INTERSECTION IS GREATER OR LESS THAN
180

NUFBER OF SOLUTIONS

INOEX OF FIRST SOLUTION

INDEX OF LAST SOLUTION

HYPERBOLIC SEMILATUS RECTUM

THE MATHEMATYICAL CONSTANTY PI

UNIT VECTOR TOWARD PERIAPSIS

UNIT VECTOR IN ORBITAL PLANE NORMAL TO PP
DEGREE 70 RAODIAN FACTOR

APDAPSIS RADIUS

HYPERBOLIC CANDIDATE RADII TO INTERSECTIOM
RADIUS T2 INTERSECTION POINT

RADIUS AT DECISION

PERIAPSIS RAOIUS

RAQIUS TO INTERSECTION POINY OR ELLIPSE
RADIUS VECTOR YO HYPERBOLA AY INVTERSECTION
RADIUS VECTOR TO ELLIPSE AY INTERSECTION
SINE OF DI

SINE OF DN

.SIGN OF DECLINATION OF INTERSECTIGN POINT
SINE OF HI

SINE OF HN

TRUE ANOMALY AY DECISION

ARRAY OF ELLIPYIC TRUE ANOMALIES

TRUE ANOMALY OF ASYNPYQTE

TRUE ANOMALY AT INTERSECTION POINT ON

383
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TAXH

TA
TOEC
YEXC

TEX

TTF
L L]
vi

NTXE

WTXH

XINT

YINT
TINTY

RONINS-D

ELLIPSE

TRUE ANOMALY AT INTERSECTION POINT ON °
HYPERBOLA

TRUE ANOMALY
TINE FROM PERIAPSIS AT DECISION

TINE FROM PERIAPSIS AT EXECUTION ON HYPER-
BOLA

ARRAY OF CANDIDATE TIMES FROM DECISIOM TO
EXECUTIOM

TIME FROM PERIAPSIS AT DECISION ON ELLIPSE
SPEED AT DECISION

VELOCITY VECTCR ON HYPERBOLA AT EXECUTION
VELOCITY VECTOR ON ELLIPSE AT EXECUTION
ARGUKENT OF PERIAPSIS ON ELLIPSE

ARGUNENT OF PERIAPSIS ON NYPERBOLA

ANGLE BETWEEN ASCENDING NODE AND INTER~-
SECTION POINT ON ELLIPSE

ANGLE BETHEEN ASCENDING NODE AMD INTER-
SECTIOW POINT ON HYPERBOLA

UNIT NORMAL TO ORBITAL PLANE
ARGUMENT OF PERIAPSIS

X COMPONENT OF INTERSECTION POINT
Y COMPONENT OF IRTERSECTION PQINTY
l.COHPONEHT QF INTERSECTION POINT
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NONINS-1

FONINS Analysis

RONINS determines the time aud correction vector for am impulsive insertion
from an approach hyperbola into a specified plane and as near as possible
to a prescribed closed orbit. The approach Byperbola {s specified by
giving the planetocentric equatorial state T, vV at the time of decision
td. The final orbdit is defined by giving its desired orbital elements

(n!, D ‘x""z'gz) again in planetocentric equatorial coordinates.

Bubroutine CAREL {s first called to convert the hyperbolic state at decision
T, V into Keplerian conic elements (l,_l, e iy “ﬁ' 'QB' tﬂd) vhere ty,

1s the time from periapsis at decision (negative on the approach ray).
The points of intersection of the approach orbital plane and the desired

orbital plane are then determined. The elements defkning the two planes
are therefore given by i, 'CH and LE’QB . Let A denote the unit

A
vector towa the ascending node of an orbit and B denote the f{n-plane

norual to in the direction of motion. Then
A
A = (cosQ, sinl , 0) (1)
A
B = (-8inf cos i, cosQ cos 1, sin 1) )

A A A A
Hence the noxrmal to the orbital plane C 1is given by C = A x B or

3 = (8inQ sin 1, -cos Q sin 4, cos 1) (3)

The direction of the line of intersection of the two planes is therefore
deternined by Y-enxé! or

X = (cos 1y sin {; cos QB - sin i cos 1 conLH,
cos £, sin 1, aian - 8in 1 cos 1 ain.QB,

sin £ sin (c:chK sian - ain.t)a cos.,)z)) )

Then the unit vector alodg the line of intersection toward the northern
hem{sphere is given by

4 3 =
= gn X, -

Therefore the true anomaly tu along the hyperbola at the northern inter-

(5)

section point is given by

A A
‘cos (Wy + £0) = XeAy (6)
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RONINS-2

The true amly on the hyperbola at the southern point is therefore

4+ 180°. Note that there exists a region of true anomalies lying be-
tsgen the 1nccm1ng and ocutgoing asymptotes for which the hyperbola is not
defined, Similar equations define the true anomaly on the ellipse at the
two points of intersection. Note that this implies that the modifiad

ellipse will have the same () as the desired ellipse.

For the intersection true anomaly fxx the radius magnitude on the hyper-
bola may be determined

2 ,
a (1 - e)) ~
- H H . . )
1 1+ e, cos £H

To permit an impulsive insertion, &y and ey must be modified to aatgffy

aE(l - eg)

1 = 1 +e_cos § (8)
E E

There are three candidate modifications examined to determine a "best"
one: (1) Vary T, while holding rp constant
(2) Vary rp while holding r, constant

(3) Vary a while holding e counstant

"Bepgt"” 1s defined below in terms of a weighted scalar function of the

changes in T, and rp . .
T +r
Rewriting (8) in terms of r, and (using am= -———2 e ;—f;E) yields
a4 p
the useful relation
2rar
r‘(l + cos f!) + rp(l - cos fx) - -———-zrl (9)

Bquation (9) may be solved for r as
a

. 'rlrp(l ~ cos fz)
"a 2r -1 (1L+cos £) (10)

This yields the r, which defines the modified orbit holding rp at its
desired value. The semi-ma jor ax{s and eccentricity are then computed from

.= r‘+1! e = ra-rE
2 r‘+rp
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NONIKE-3

Similarly (9) may be esolved for rp as

rxra(l + cos £)

r = Q11)
P 2 t, - rI(l - cos f)

This determines the modification {s rp required to achieve an inter-
secting ellipse having the desired r, - .

Pinally (8) may be solved trivially for the 8y required to produ.
i{ntersection for the desired eccentricity.
r. {1 + e, cos £ )
E )4
a_ = X (12)
E 2
(1 - ep)

An error is assigned to each of the candidate solutions as
E, - Hi [!Aral + Ibrp]]

where Or., Atp are the errors between the desired and modified values
of L and rP . The weighting factor Ui is assigned rather arbitrarily.

Currently the weighting factor is W = w where

L 11 Y21

{f the true anocmaly is on the incoming ray
{f the true anomaly s on the outgoing ray

1

2
= 1 4f option 1

2 1if option 2

3 4{f option 3
Thus a solution on the {ncoming asymptote is preferred over one on the
outgoing asywptote and one subsequent trim is preferred over two subsequent
trims,

Having determined the elements of an intersecting orbit the insertion para-

meters are easily computed., The velocity on the hyperbola at the {ntersection
point may be computed from ELCAR as Tai . The velocity on the ellipse following

the f{nsertion (s computed by calling ELCAR with the modified elliptical ele-
ment to get '#; . The impulsive ZvV 1is then given by

av - '#; - vy

The time interval from th. ecision to the execution is given by the hyper-
bolic time from the initiai point to the relevant intersection point.
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HONINS Plow Chart ( ENTER }

i T N SV

Compute hyperbolic elements at time of decision
(CAREL) and record.

Compute true anomaly on hyperbolic at two poiats of
intersection with desired orbital plare fhl' th'

Eliminate any solutiocn océurring before time of
decision or in impossib]: region between two asymptotes
and set indices NT1, NT2, NSOLS accordingly.

—_——y ——
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v

Compute cartesiah state on hyperbola at fhi (ELCAR)
and record.

Modify r, of desired ellipse to obtain intersection

with hyperbola and compute cartesian state (ELCAR).
Compute A—v‘l and € = 21| ar,

T

L

Modify r of desired eliipse to obtain intersection

P
with hyperbola and compute cartesian state (ELCAR).
Compute sz and 62 -'I'IArp] . J

L

Modify "a" of desired ellipse to obtain intersection
with hyperbola and compute cartesian state (ELCAR).
Compute av, and €, = 31 (]Ara + Arp| ).

NONINS-4
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RONINS-35

e

1 = NT2 |

I<NT2

I:NT2

RETURN

Choose index MIN of minimum ek.
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NONLIN-A

SUBROUTINE NONLIN

PURPOSES TO COMTROL EXECUTION OF NON-LINEAR GUIDANCE EVENTS.
CALLING SEQUENCES CALL NONLIN

SUBROUTINES SUPPORTEDS GUISIM GUIDM

SUBROUTINES REQUIREDS CAREL ELCAR GIDANS

LOCAL SYNBOLSS AA ARGUMENT FOR SUBROUTINE CAREL
oI JULIAN DATE OF EVENT
EE ARGUNMENT FOR SUBROUTINE CAREL

ISNPR SAVE INPR VALUE

ISPRNY SAVE IPRINT VALUE

KEY INTERMEDIATE VARIABLE IN SETTING UP TARGET

ARRAY
KICL2  SAVE ICL2 VALUE
KICL SAVE ICL VALUE
KISPH  SAVE ISPH VALUE
s KISP2 SAVE ISP2 VALUE .
ODELT  SAVE ORIGINAL QELTP VALUE

CSPH SAVE ORIGINAL SPHERE OF INFLUENCE OF
TARGETYT PLANEY

PP ARGUMENT RETURNED FROM CAREL

QQ ARGUMENY RETURNED FROM CAREL

RMAG ARGUMENT FOR SUBROUTINE ELCAR

TAA TRUE ANOMALY

_TFFP TIME OF FLIGHT FROM PERIAPSIS

TFP TINKE FROM PERIAPSIS *

TRTIME TRAJECTORY TIME OF YHE GUIDANCE EVENTY
VHAG ARGUMENT FOR SUBROUTINE ELCAR

L ARGUMENT FOR SUBROUTINE CAREL
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NONLIK-B
' :
Xx1 ARGUMENT FOR SUBROUTINE CAREL j
XXN ARGUMENT FOR SUBROUTINE CAREL :
XYZTAA ZERO TRUE ANCMALY ARGUMENT FOR SUBROUTINE i
ELCAR i
COMMON COMPUTED/USEDS  DELYP  DELV DSI ot IBADS j
1cL2 ICL INPR IPRINT ISPH i
1SP2 KLP KMXQ KTAR KTIN i
X1p KWITY MAY HAXB MOL '
NOIT NTP RSI SPHERE TAR |
1673 TIN TMU 1oL VSl ,
XDC XOELV  XRC 20AT
/
CONMON COMPUTEDS ACKT AC BOR CL g 0c
06 DVMAX D1t ISTART 1ZERO
KTYP KUR LVLS NLP NOGYD .
NP AR PERV RC RIN SPHFAC !
TING TRT N
COMI:ON USEDS ACX ALNGTH DATEJ  DELTAV , IX
JX LyLP LKTAR  LKTP LLVLS
LNPAR PMASS + TM 13 - XAC
XBOR XBDT XDSI XOVMAX XFAC
XIN XPERV  XRSI XTAR XTOL

XVSI ZERO

’
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NONLIR-1

K@NLIN Analysis

N@NLIN {s the interface subroutine between the non-linear guidance sub-
routines of N@MNAL and subroutine GUIDM of ERRAN and subroutine GUISIM
of SIMUL. NPNLIN selects the necessary data from the ERRAN and SIMUL
common blocks and stores into the common blocks of NEMNAL the information
needed to compute and/or execute the A required in order to meet
specified target conditious.

The most {mportant task performed by NPNLIN i{s the selection of the desired
guidance scheme, The variable IX is tested and control is transformed
according to the following:

IX = ], retargeting to specified target parameters
= 2, -bit insertion to specified orbit
= 3, OV execution by a series of specified pulses

Por each type of event, NPNLIN then sets up values controlling the type of
guidance event (KTYP), implementation code (KMXQ), and execution model
code (MDL). For retargeting only, NPNLIN stores the remaining values
needed for A‘g calculation and prints the zero iterate conditions.

NPMNAL calls GIDANS to perform the guidance event and restores parameters
necessary for the basic cycles of ERRAN and SIMUL. For retargeting only,
N@MNAL then stores the conditious at sphere of influence and closest

approach of the target planet which were calculated by subroutine TARGET.
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NENLIN Flow Chart

Save the hasic cycle
parameters and set up
the general guidance
parameters,

N

KMXQ(1)=4 KTYP(1)=1
KTYP(1)=1 KMRQ(1)=2
MDL(1)=1 XTYP(I)-3 MDL(1)=2
KHXQ(I)-L
MDL(1)=1
Bet up remaining <
target parameters
and print zero EEEE—
{terate conditions.
CALL
GIDANS

Restore besic cycle
trajectory parameters,

cond{tions,

YES y
Was target time at Store C.A.
closest approach? conaiiions.

RO

Calculate C.A,

Store 5.9.1. NO

cond{tions,
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SUBROUTINE NTM

NIM-A

PURPOSES CONTROL COMPUTATION OF NOMINAL TRAJECTORY IN THE ERROR
ANRLYSIS PROGI- M

CALLING SEQUENCES CALL NTM(RI,RFyNTKC,ICODE)

ARGUMENT ¢ ICODE I

NTMC I
RF 0
RI I

'SUBROUTINES SUPPORTED!

SUBROUTINES REQUIREDS
LOCAL SYMBOLSS D01

RMP
Lt

COMMON COMPUTED/USEDS

COMMON USEDS

394

INTERNAL CODE THAY DETERMINES WHICH
TRAJECTORY IS BEING RUN AND MHAT
INFORMATION IS DESIRED

NOMINAL TRAJECTORY MODULE CODE THAT
DETERMINES WMICH TYPE OF TRAJECTORY PROGRAM
IS 70 BE USED (NOTE OCONLY THE VIRTUAL MASS
TECHNIQUE IS SUPPLIED XITH THIS PROGRAM.
HOWEVERy, WITH LITTLE EFFORT ANY TRAJECTORY
PROGRAM MAY BE ADDEDO AS AN EXTRA OPTION.)

POSITION AND VELOCITY (i THE VEMICLE AT THE
ENDO OF THE TINKE INTERVAL

POSITION AND VELOCITY OF THE VEHICLE AT THE
BEGINNING OF THE TIME INTERVAL

ERRANN MUND NOTM PUND PSIM
SETEVN GUID VARADA PRED

VMP

JULIAN DATE, EPOCH JAN.O, 1900, OF INITIAL
TRAJECTORY TINME

DISTANCE OF VEHICLE FROM TARGEY PLANET AT
SPHERE OF INFLUENCE QR CLOSEST APPROACH

MAGNITUDE. OF THE VELOCIYY VECYOR

BORSIL BORSI2 BORSI3I 8DTSI1 BDTSI2
BOTSI3 8BSIt BSIZ2 BSI3 ICAY
ICA2 ICA3 ICL IS0l 1S0I2
ISOI3 ISPH RCAL RCA2 RCA3
RSOIL RSOX2 RSOI3 TCAL TCA2
TCA3 TSOIL 1s0I2 YSOI3 VS0Ig
vSolI2 VSOI3

ACC BOR BOY 8 OATEJ
ocC QELTH  OSI IPROB 1SP2

ITR NQE RC RSI TRTNL
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NTM-]1

WIM Analysis

Subroutine NIM {s used to generate the (most recent) targeted nominal
trajectory in the error analysis mode. Bubroutine NIM is equivalent to

s subroutine NIME from which all lcops associated with ICODE = -3, -2, 2, 3
have besn removed. Yor this reason no further analysis and no flow chart
will be prasented for subroutine NIM, Refer tec subroutine KIMS.
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SUBROUTINE NTHS

v
F 3

PURPOSES CONTROL COMPUTATION OF TARGETED NOMINAL, MOSY RECENT
NOMINMAL, AND ACTUAL TRAJECTORIES IN THME SIMULATION

PROGRAN

CALLING SEQUENCES CALL NTHS(RI,RF,NTHC,ICODE)

ARGUNENT S 1C00% I

NTHC 1

F
5ty RF 0

| : RI I

SUBROUTINES SUPPORTEDS

v

SUBROUTINES REQUIREDS

LOCAL SYMBOLSS ACCS

D1

K1
K2
K3
K&

K5

K6
NBODS

R, T

N8S

I

R errfﬂf«‘r

396

R

Srprer

INTERNAL CODE THATY DETERMINES MWMICH
TRAJECTORY IS BEING RUN AND WHAY
INFORMATION IS DESIRED

NOMINAL TRAJECTORY MOOULE CODE THAY
OETERMINES WHICH TYPE OF TRAJECTORY PROGRANM
IS YO BE USED (NOTE ONLY THE VIRTUAL MASS
TECHNIQUE IS SUPPLIED NITH THIS PROGRARN.
HOWEVER, WITH LITTLE EFFORY ANY TRAJECTORY
PROGRAM MAY BE ADDED AS AN EXTRA OPTION.)

POSITION AND VELOCITY OF THE VWEMICLE AV THE
END OF THE TINME INTERVAL

POSIVION AND VELOCITY OF THE VEHICLE AY THE
BEGINNING OF THE TIME INTERVAL

SINULL NUND NOTH PLND PSIN
SETEVS GUISS VARSIN PRESIN

L L1
INTERREDIATE STORAGE FOR ACCURACY

JULIAN DATE, EPOCH JAN.,1900, OF INITIAL
TRAJECTORY TIYME

INDEX FOR SENINAJOR AXIS ELEMENT
INDEX FOR ECCENTRICITY  ELEMENT

INDEX FOR INCLINATION  ELEMENT

INOEX FOR ASCENDING NODE ELEMENT

INDEX FOR PER.APSIS ELEMENT

INDEY FOR MEAN ANOMALY  ELCMENT
INTERMEDIATE STORAGE FOR NBOD
INTERMEDIATE STORAGE FOR NB ARRAY
OLSTANCE OF VENICLE FROM TARGET PLANET

e 2 e —
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SAVEL10 INTERMEDIATE
INVERMEDIATE
INTERMEDIATE

SAVEY
SAVE?2
SAVES
SAVES
SAVES
SAVE®
SAvE?
SAVES
L)

. CONRON CONPYTED/USEDS

INTERMEOIATE

INTERREDIATE

INTERMEDIATE

INTERMEDIAYE

INTERMEOIATE

INTERMEOIATE

MAGNITUDE OF THE VELOCITY VECTOR

ACC
80TSI2
CN

ICL
NBOD
RCA3
ST
1S0I2

ACC1
OAB
o018
oSI
NBODI
RC

STORAGE
STORAGE
STORAGE
STORAGE
STORAGE
STORAGE
STORAGE
STORAGE
STORAGE

BORSI1 BODRSIZ
BOTSI3 BSI1

EMN ICAL
IS0oI} ISoIe
NB PHASS
RSOIl RSOI2
TCAL TYCAZ
TSOI3 V30I}
ALNGTH BOR
DATEJ ocC
OMAB DMUPB
ous IPROB
NB1 NGE
RSI ™

BDRSI3
8s1e
ICA2
ISOI3
RCAL
RSOI3
TCA3
VSOI2

80T
oesB
gnusse
ISP2
NQE
RN

88TSIL
8313
ICA3
3P
RCR2
SUR
TSOI
vSCI3
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NIME Analysis

Subroutine NIME is used to generate any of the three tiajectories rsquired
in the simulation mode -- the (most recent) targeted nominal trajectory,
the most rec 't nominal trajectory, and the actual trajectory.

The input variable ICODE is used to distinguish between these trajectories.
It {s unimportant to the virtusl mass technique which trajectory is being
computed. However, {t {s important to keep them separated so that the
proper codes are set that check for approaching the sphere of influence of
the target planet and reaching closest approach. It is also important to
keep separate the conditions at which these occur for each trajectory. The
following list describes ICODE completely.

ICODE = 3, NTMS will check to see if the sphere of influence and/or
closest approach has been reached on the actual trajectory.
If not, VMP will check for these conditions and on encountering
either, ND4S places the conditions in special storage locations
8o they will be saved for future reference.

ICODE = 2, KTMS performs the same operatioans as described above for the
most recent nominal trajectory.

"ICODE = 1, N™™5 again checks for sphere of influence and closest approach
as above for the targeted nominal trajectory.

ICODE = O, the only important information in this situation is the state
vectoy at the encd of the time interval. Therefore, NIMS does
not check to see if closest approach or sphere of influence is
encountered. This might occur in numerical differencing, €or
example.

ICODE = -1, 1t is {mportant to know if sphere of influence or closest
approach {s reached on the targeted nominal trajectory. However,
it {8 not desired that the information be stored for future use.
This situation occurs in the guidance event.

ICODE = -2, the same comments way be made as if ICODE = -1, except this
18 on the most recent nominal trajectory.

ICODE = -3, again, this value of ICODE is treated the gsame as is ICODE =
-1, for the actual trajectory.

Physical constants, planetary ephemerides, and other information relating
to the dynamic model are the same for the targeted and most recent nominal
trajectories. This {s oot true for the actual trajectory. There may be
bilases in the target planet ephemerides and the gravitational constants of
the Sun and target planet. The numerical accuracy and the mmber of celes-

tial bodies empl)yed {n the generation of the actual trajectory way also
differy

iR AL SR~ Gt LLrmrsmm e



¥ Mgt ot e o e

&

e
- trm

{

T Y NN T S T T MK T I AV EC Y~ wh v gy e

?‘.{5:“ -

Ephemeris biases are specified as bisses in orbital elements a, e, 1, Q,
w, and N ,. However, within the program are stored the ephemeris constants
of a, e, 1, R2,, and X for the planets and a, e, {, 2,&, and L for

the wmoon, where

Ny
W e w+ 2

L « X4+ w+ 2 .

Incrementation of G and L requires addition of bisses in 0 ,w, and
M as indicated by the above equations.
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NIMS Ylow Chart

Compute Julian date associated
with trajectory time LHI .

l

\

Is actual trajectory\
to be computed?

NO

Add actual dynamic bilases
to nominal dynamic pare
ameters. BSet actual tra-
jectory numerical accuracy.

patched conic
—/'trajectory code NIC = ?_>

1

Write: Patched conic
trajectory not available.

N\

2{ virtual mass

\ NO
D

YES

ISPH = 1 |
ICL = 1

YES |ISPH = 0
< ICEDE < O 7>'_‘—"—’1c1. -0

NO
S N 3
o= )
targeted actual
nominal t to
. 2 | most recent rajectory
nominal
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TRs-4

Has actual trajectory

Has most recent nominal .
pierced sphere of influence? piarced sphare of influence?

Has targeted nominal
pierced sphare of fnfluencel?

lus

NO

YBS

ISMFH = O

ISPH = 1

ISPH = O

ISPH = 1

RO

ISP = 0

YRS

Ism =]

T Et St OO TTorgee

IT,

countered closest approach? countered closest approach

Has targeted nominal en- >
h

Has most recent nominal en>
?

Has actusl tra jectory en-
countered closest approach?

)_ ¥O YES X0 e
£ ° ICL = 0 IcL = 1 ICL = 0 ICL = 1 'xcx.-o' [(acrL =1
-

D 1 e ] M‘Y*'W‘rpwm.n”y ~ -

Call VMP to compute the

specified trajectory

at tk .
28
< ICPDE € oe\, —a@ i
. #O

5

ICPDE = ? /L

&

401




1 At e © e o~

R Y. Lol

T e

PBIEN Y g nre o -

".‘!’
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Was sphere of influence
previously pierced?

16911 = 1

nd;l

KIMS5-5

‘ NO Did targeted nominal plerce Did most recent nominal
sphere of {nfluence? pierce sphere of influence?

Was sphere of influence
previously pierced?

T

NO ‘o

ISQI2 = ]

8tore sphere of influence
conditions for the targeted
nominal trajectory. Write
out sphere of {nfluence
conditions

YES

KO

—>

Was closest approach

Was closest approach
previously encountered?

Store closest approach coa-
ditions for the targeted
nominal trajectory

Write out closest approach
conditions,

—>

AN

Store spnere of influence

condi{tions for the most recent

nominal trajectory. Write
out sphere of influence
conditions.

i

NO

3
v

previOualv encounterc?i//’gf

T

"

Store closest approach con-
d{itions for the most recent
nominal trajectory.

)

YES

ICA2 = ]

Write out closest approach
conditions.:

Did targeted nominal en- Did tarzeted nowminal en- ,
counter closest approach? counter closest approach?

4

identical to target ncuiml?/

<Il most recent nominal

YES

o

P VN



NIMS-6

%0 Did actual trajectory Was actual trejectory KO . ,
' plerce sphere of influence? computed? .

YES YES

Was sphere of influence Reset dynamic parameters
previously pierced? and trajectory numerical
y accuracy to their nominal

l NO values.

ISPI3 = 1

Btore sphere cf (nfluence
conditions for the actual
tra jectory. Write out
sphere of i{nfluence con-
ditions.

YES Was closest approach
' previocusly encountered?

LY

3
]
)
{

Store elosest approach don- . ;
ditions for the actual
trajectory.

RO ﬁ
Did actusl trajectory R
encounter closest approach? :

J, YES

B

ICA} = 1 é

. !

i :
Vrite out closest approach . i

i condi{tions. .

,,.-.,..,,
A
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ORB~A

SUBROUTINE ORB

PURPOSESt TO COMPUTE THE ORBITAL ELEMENTS == INCLINATION,
LONGITUDE OF ASCENDING NODE, LONGITUDE OF PERIMELION,
ECCENTRICITY, AND LENGTH OF SEMIMAJOR AXIS -~ FOR A
SPECIFIED PLANET AT A GIVEN YIME,

CALLING SEQUENCES CALL ORB(IP,D)

ARGUMENTE: D I JULIAN DATE, EPOCH 1300, OF THE TIME AT
WHICH THE ELEMENTS ARE TO BE CALCULATED
1P I CODE NUMBER OF PLANET

=1 SUN
22 MERCURY
=3 VENUS

. x4y EARTH

: =5  MARS
=6 JUPITER
=7  SATURN
=8 URANUS :
=10 PLUTO
=11 MOON

SUBROUTINES SUPPORTEDS DATA DATAS PCTH PRINTI PRINT& .
PSIM TRAKM TRAKS TRAPAR VMP
GUIDM GUID GUISIM GUISS PRNTS3
HELIO LAUNCH LUNTYAR MULCON HMULTAR
PRNTS4 TRAPAR

SUBROUTINES REQUIREDS NONE

LOCAL SYMBOLSS FNi STATEMENT FUNCTION DEFINING A THIRD ORDER
POLYNOMI AL . 1
FN2 STATEMENT FUNCTION DEFINING A FIRST ORDER ;

POLYNOMIAL i
ITEMP INTERMEDIATE VARIABLE

PI2 THICE THE MATHEMATICAL CONSTANT PI ;

COMMON COMPUTED/USEDS  ELMNT T

COMMON USEDS CN EMN SMJIR SY TWOPI

o S paa A T RN S TRt

Ry e T
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ORB Analysis

e

oRB-1

ORB determines the mean orbital elements for any gravitational body at

a specified time,

The elemants used are sem{~-major axis
longitude of the ascending node

a , eccentricity e , inclination

elements are referenced to helfocentric ecliptic for the planets or geo-
centric ecliptic for the moon.

The mean elements are computed from time expansi{ons as follows,
Then the value of a

any of the elements.

- ®here the constants

a
k

(t) = a + a
o

1

are stored by BILKDAT.

2

t + a_t

2

These constan*s are stored

+

3
o
3t

{ato the arrays CN, ST, and EMN for inner planets, outer planets, and
The def‘nitions of these arrays and the values

the moon respectively.

L,

2, and longitude of periapsis &. These

let &« be
at any time ¢t is given by

stored are provided in the analysis of the previous subroutine MEKMT. The

element value as computed from the above equation is then returned in the
" EIMRT array according to the gravitational body code

EIMNT (8k-15)
ELMNT (8k-14)
BIMNT (8k-13)
EIMNT (8k-12)
EIMNT (8k-10)
BIMNT (8k-9)

i

0
@

e
a
w

k =

[o WAV BN SN S

Sun
Mercury
Venus
Earth
Mars
Jupiter

- OO 00 r

Xk as

Saturn
Uranus
Neptune
Pluto
Moon
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SUBROUTINE PARTL

PARTL-A

PURPOSE COMPUTE PARTIALS OF 8 DOT T AND 8 DOT R WITH RESPECT TO
SPACECRAFY POSITION AND VELOCITY

CALLING SEQUENCES

ARGUMENTS B
BOR
BOT
PBR
PBY
R
v

0
0
0
o
0
I
I

CALL PARTL(R,¥Y,B,B0T,BOR,PBT,PBR)

IMPACT PLANE PARAMETER

B 00T R

B OOT T

PARTIAL OF B DOT R MITH RESPECT TO R AND V
PARTIAL OF B DOT T WITH RESPECY TO R ANOD V¥
POSITION OF VEMICLE RELATIVE TO PLANET

VELOCITY OF VEMHICLE RELATIVE TO PLANET

SUBROUTINES SUPPORTEDS GUISS GUID

LOCAL SYMBOLSS

COMMON USED!

H3

RU

S

v

v2
uzpPve
Uy
uvs
ve

INTERMEDIATE VARIABLE
INTERMEDIATE VARIABLE

MAGNITUDE OF VELOCITY
INTERMEDIATE VARIABLE

SQUARE OF U

INTERMEDIATE VARIABLE
INTERMECIATE VARIABLE

CUBE OF UV

SQUARE OF MAGNITUDE OF VELQCITY
ZERO




I L YT W 4

g pe e m

e v s

g

f
i
é
§
£
B
&’.

-

PARTIL~1

PARTL Analysis

PARTL {s responsible for the computation of the partials of B:T and
B'XR with respect to the cartesian components of position and velocity.

let the state of the spacecraft with respect to the target body at i{nter-
section with {ts sphere of {nfluence e dencted

T -[:x, y,z]r r _-\/‘-";2“::7 (1)
vV = [i, Y, t]’ v =V, - T4 g2 (2)

/N
Introduce the approach asymptote S and approximate it by the direction
of

Py

g = (3)

<}

The B-plane is the plane normal to X containing the center of the target
body. Aoy vector £ within the B-plane must satisfy therefore

T.F= 0 )

The impact parameter vector B 1s determined by the intersection of the
B~plane and the incoming asymptote. The incoming asyzptote is givea par-
smetrically by

F=T+v¢ (5)

c'l'hc time at which the asyaptote intersects the B-plane ma~ Le "iatevmined
by applying the B-plane condition (4)

8.7 + ’S\-?‘t = 0 R
¢ = - L (6) ;
V2

Therefore the B-vector {s given by

3~ ¥-I¥ ¥ ?;
v2
L L] L T
f-[x-ax,y-ay,z-az] N (7,

where Qe i'i = .B:._*._li;”_l_i_
'2 i2+§2+£2

B
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Now assuming that the
the B-plane, it 1s defined as

T - A2k
lS x Kl
?.[1,-5,0]
u u
wvhere u2 - %2+ 92 « The R axis is
ra) A~
R = SxT

Now combining (7), (8), (9) B-T and
the state components

BT = L (xy - xy)
u

B-R = [(xi+y9)é-u

gl

vhere u? = x2 + 32 | vZ = y2 + 32,

The partials may now be computed from

PARTI~2

T axis {s to lie in the x~-y reference plane and

(8)

defined by

(9)

B°R may be computed in terms of

(10)

differentiation of the above equations.

‘ B'T - ..z B.R = .:x_..
ax u ax uv
OB.T .. x 8B-R . i
B u oy uv
88T . o OB:R ..
ED 9 v
e ol . 3 . r 0 ') » * * 0
aB-. - - X (xx +yy) aaB:'(R c 32 3 t.uz(vzx - Rzi)-%ad 4+ VZ)(H * YY)J
x u u'v
. . , R : |
gBy'r - "5 (xx + yy) %89R = 3z 3 Lu vy - yzi)-yu? + vI) (xx + 1))
u u'v J

d J% (xx + yy - zz) +
v
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SUBROUTINE PCTH

PURPOSES CONTROL CONPUTATION OF STATE TRANSITION MATRIX USINE FuE
AMALYTIGCAL PATCHMED COMIC TECHMNIQUE

CALLING SEQUENCES CALL PCTM(IRI)

ARGUNKENT S RE I POSITION AND VELOCITY OF THE VENIGLE AT W
BEGINNING OF THE TINKE INTERVYAL

SUBROUTINES SUPPORTEDS: PSINM

_ SUBROUTINES REQUIREDS CONC2 EPHEM ORSB

LOCAL SYNBOLSS D JULIAN DATE, EPOCH JAN.O, 1908, OF INITIAL
YINE

OELY LENGTH OF TIME INCREMENT IN PROPER UNITS

ouUN TENPORARY STORAGE FOR STATE TRANSITIONM
MATRIX

GNS GRAVITATIONAL CONSTANT OF GOVERNING BOOY

1P COOE OF PLANEY

RH DISTANCE FROM SPECIFIED PLANEY

RS POSITION OF VEMICLE RELATIVE YO SPECIFIED
PLANET

vs VELOCITY OF VEHICLE RELATIVE 7O SPECIFIED
PLANEY

CONMON COMPUTED/USEDS XpP

CONMON GONPUTEDS NO PHI

COMMON USEDS ALNGTH OATEJ DELTM F IBARY
NBOD N8 PMASS SPMERE TN
TRYAL

609
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PCT™ Analysis

Subroutine PCIM does not actually compute the state transition matrix
O(tk, tk-l) 1tself; this 1s accomplished by calling CPRC2 from within

PCTM. The primary function of PCTM is to determine the dominant body at
tire t.1 t° be used in the computation of ¢(tk, tk-l) by means of the

analytical patched conic technique.

On interplanetary trajectories we compute the distance separating the
spacecraft from each of the celestial bodies included in the analysis.

If the distance betveen the spacecraft and the i-th body {s less than or
equal to 1.l times the sphere of influence of the i-th body, the i-th
body is selected as the dominant pody. Otherwise, the Sun is selected as
the dominart body.

On luna trajectories we compute the distance separating the spacecraft
from the Moon. If this ¢istance is less than or equal to 1.1 times the
sphere of fnfluence of the Moon, the moon is selected as the dominant body.
If not, the Earth is selected as the dominant body.

bt TN R
Ry

,"‘,)(23"7'\'1‘1 «.d«p. ?’ SR
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PCIM Flow Chart ..
ENTER

Compute Julian date at t, ,.

v

1s reference coordinate system bary -
heliocentric or barycentric
ecliptic?

helio -

I =1

: 1

Compute position and velocity of I-th
body. Compute position, velocity,

and position magnitude of spacecraft

I1=1+1 relative to I-th body.

Is spacecraft within 1.1 times the
sphere of influence of the I-th body?

N0 jvt 81l celestial bodies >

\been treated?

)

Select Sun st dominant body.

(cbe

Caputc. gravitational constant of
douinant body.

Call CHC2 to corputs @
snxlytically over the time

toterval [t ., t ]. , o

Select I-th body as
[domimnt bodv.
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Compute position and velocity of I-th
body. Compute position, velocity, and
position magnitude of spacecraft rel-
ative to I-th body.

NO

I-th body = zar:h}
YES

Store position and velocity of
spacecraft relative to Earth.

e

o~

\V YES NO
<‘l‘arget body = xooH th body = xoox}—l

KO

Is spacecraft within 1.1 times
the sphere of influence of the

v

‘\\\Efth body?

Is target body = Moon and is
I-th body = Moon?

NO

,YES

8elect i-th body
as dominant body.

Select Earth as domnin-
ant body.
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SUBROUTINE PECEQ

PURPOSES TO COMPUTE THE MATRIX OEFINING THE TRANSFORMATI®Y €naM
PLANET CENTERED ECLIPTIC COORDINATES TO PLANEYT CEMTERED
EQUATORIAL COORDINATES AS A FUNCTION OF THE PARTICULAR
PLANET AMD TINME.

CALL ING SEQUEMCES CALL PECEQ(NP,U,ECEQ)

ARGUNENT NP I CODE OF PLEMVTY *
0 I JULIAN DATE, EPOCH 1980, OF REFERENCE TINE

ECEQ(3,3) 0 TRANSFORMATION MATRIX FROM ECLIPTIC YO
EQUATORIAL COORDINATES

SUBROUTINES SUPPORTEDE TARGET HELIO LAUNCH LUNTAR MULTAR
INSERS TRAPAR VHP DATAS GUISIN
DATA GUIDN EXCUTE
SUBROUTINES REQUIREDS EULNX
LOCAL SYNBOLSE: 0D JULIAN TIME (EPOCH 1980) DIVIOED BY 18008,
D6TR CONVERSION FACTOR FRON DEGREES Y0 RADIANS

EcoP TRANSFORMATION MATRIX FROWN ECLIPYIC TOQ
ORBITAL PLANE

OPEQ TRANSFORMATION MATRIX FROM ORBITAL TO
EQUATORIAL PLANE

1 YEARS OF JULIAN TIWE (EPOCH 1988)

X1 THE INCLINATION OF THE ORBITAL PLANME TO
ECLIPTIC PLANE

xIQ INCLINATION OF PLANEY EQUATOR TO ORBITAL
PLANE

XL _ YHE LONGIYUDE OF THE ASCENDING MODE OF THE
ORBITAL PLANE TO THE ECLIPTIC PLANE

xLQ THE LONGITUDE OF THE ASCENDING NOODE OF THE
PLANET EQUATOR TO THE ORBITAL PLANE

COMMON USEDS EnN EN2 ENG EnS Ené

EN? ENnS ZERO
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PRCEQ Analysis

PECEQ ion matrix
is respounsible for the computatien of the transformat
from ecliptic to planet equatorial coordinastes for any planet (or moon)

" at any time.

Figure 1. Geometry of Ecliptic, Orbital, and Equatorial Planes

Figure 1 {llustrates the geometry of the problem, In that figure the
following definitions hold

XYz The ecliptic coordinate axes
XYz, The orbital plane coordinate axes
xQYQZQ The planet equatorial coordinate axes
i Inclination of orbital plame to ecliptic plane
Q Right ascension of orbital plane to ecliptic plane
é Inclination of planet equator to orbital plane
] Right ascension of planet equatorial to orbital plane

Time expansions for the mean values of the angles are evaluated at the

specific time. Theu the constructiom of the transformation matrix proceeds
in two steps:




R e

IECAI S Pata A MUY ST

PECEQ-2

In the firast step the transformation from the ecliptic to orbital plane
coordinates is made. This {a done by rotating about the z-axis through
an angle Q and then about the resulting x-axis through an angle {1 :

Tecop = {( Q adout 3, 1 about 1)

The tranaformation from the orbital planme to the equatorial coordinates
is accomplished in & similar fashion:
Tpeop = (@ about -3, & about -1)

The rotstion matrix (or Euler matrix) for each of these transformetions is
computed by subroutine EUIMX, The transformation from ecliptic to equatorial
is now given as the product of these matrices

Teceq = Tormq “Ecor

415
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SUBROUTINE PERHEL

PERHEL-A

PURPOSESY TO PROPAGATE A HELIOCENTRIC TRAJECTORY CONSIDERING THE
' PERTUBATIONS PRODUCED BY BOTM THE LAUNCH AND TARGEY

BOOIES.

CALLING SEQUENCES CALL PERHEL(GMoHSI HLTIZHLTF,DELT,HSF)

ARGUMENTS en(3)
HSI(6)
HLTI(2,3)
HLTF(2,3)
DELTY

HSF (6)

SUBROUTINES SUPPORTEDS

SUBROUTINES REQUIREDS

LOCAL SYMBOLSS CON
DELR
PER
PSF

PSI

RAV
RA
RF

RI

416

I

I

I

I

0

GRAVITATIONAL CONSTANTS OF SUN,LAUNCH AND
TARGEY PLANKETS

HELIOCENTRIC ECLIPTIC SPACECRAFT STATE
(INITIAL)

INITIAL HELIQCCENTRIC STATES OF LAUNCH AND
TARGET BODIES

FINAL HELIOCENYRIC STATES OF LAUNCH AND
TARGET BODIES

TIME INTERVAL OF PROPAGATION
HELIQCENTRIC FCLIPYIC SPACECRAFT STATE
(FINAL)

PULCOV PULSEX

BATCON

INYERMEDIATE VARIABLE

RF-RI

PERTURBATION INM FINAL STATE

SPACECRAFY POSITION RELATIVE TO PLANET
(FIRAL)

SPACECRAFT POSITION RELAVIVE TO PLANETY
(INITIAL)

AVERAGE OF RI AND RF
INTERMEDIATE VARIABLE
MAGNITUDE OF PSF
INTERMEOTATE VARIABLE
MAGNITUDE OF PSI

B S

o
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PERHEL Analysis

FERREL is responsible for propagating a heliocentric trajectory considaring
the perturbations produced by both the launch and target bodies, The equa-
tions of motion of a body moving under the influence of the sun wvhile per-

turbed by a smaller mass are

-h e, -~ -l
A M T u(Y - T ) uT . )
Y & a - -
r3 I-F_-t‘ ’3 rm3
m

where T {a the vector radius from the sun to the spacecraft
T is the vector radius from the sun to the perturbative mass

=
H,, 4 are the gravitational constants of the sun and mass respectively,

Assuming that the indirect term is small, attention may be directed to the
first two terms only. Suppose that ('?;(t), ﬁ;(t)) satisfy

= —
T - v
o o
- )
- H T,
v a-a
° 3
T
[o]

Then (ro(t), vo(t)) are given by the familar equations of conic motfion.

A first order corrected solution necessary to account for the direct term
force must then satisfy

— - ’
T = T + 8t = V
)

- - -
S % j» r (x_-7])
v - v 4+ v = - ‘lo o - ” —_— T (3)
3 - - 13
T r =T
o %o~ T

Applying the conditions (2) leads to the equations defining the corrections

3r =~ v
i~ 7 (4)
v [ =3

R
where if-'?;(t) -'?;(t) is the position vector of the spacecraft with respect

to the perturbing mass,

One further assumption enables one to solve in closed form the perturbations
produced by the thi{rd mass. Generally R (t) and R (t) are nearly linear
functions of time, Therefore suppose that the initial and final values of

these variables are known to be Rl, lz, 11, lz over the interval At.
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‘, —
Introduce the definitions
m—— - -
AR = ‘2 - ll
AR = B, -1 (ot |BR])
<R> = § (n1 + nz)
A X X (s
AR = 2 . 1
R
1
Then the equation defining the velocity perturbation would be
— had b a ~ v
bv = -qu a+bt3 a-Rl c-Rl
(c +d¢t) - (6)
-f; - é-p-‘ d = é_R.
Fa\d At

It {s more convenient however to transform from time t to position
magnitude p as the independent variable. This may be d.one since the
position magnitude is assumed to be linear in time with p = AR .
- At

According to the assumptions, the position vector R s & linear function
of p also

-~in -dn ol »

R = B p )

t

+
ol -l -l -t
Bince R ( 91) - ll and R ( p2) - Rz, the constants are

-A. - -ﬂ - -é—R- R - - RI Rz ‘ﬁ/\x
Y S NS
3 . OR (8

AR

In terms of p the equations defining the perturbations may be written
(with primes indicating differentiation with respect to p )

3t o= Dt 3y

AR
3ot = - HOt A+TBp (%)
AR o3

These equations are easily integrated to determine the perturbations caused
as the spacecraft moves from to fz relative to the perturbative body:
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PERKIL-3
p i aadi
ron At A+ Bp
dv = '%’x_ / 53 de
R
. Z(_x_-_l_) +-B‘<_1-._1_)]
R 2 \,2 2 ) R,/ |
a P 1/ ]
t N Ao
ol W <k> AR - AR , p-xz (10)
12
X
2 — ‘}
R S O e I
AR L™ Y2 r 17 ]
R 1
1
2 A —
. sAc |1 AR , AR (%(i‘z) ] .4_8.> (1)
Ax 2 1 AR2 Rl Rl

PERHEL calls BATCON for the generation of the uncorrected heliocentric
conic, computes the initial and final positions of the spacecraft relative
to each of the launch and target planets, and computes the perturbations
based on equations (10) and (11) above.
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PERHEL Fiow Chart

Call BATCON to propagate state
over At as heliocentric conic

| 20

IB= 1B+ 1

’ vompute {nitial and final relative
[ position of 5/C to body IB

Compute perturbations of IB body

Add perturbations of launch and
target bodies to conic final state

]

RETURN

PERHEL~4



PLND-A
/-\
SUBROUTINE  PLND
PURPOSES TO COMPUTE COLUMMS OF THE STATE TRANSITION MATRIX '
PARTITIONS TXXS AND TXU ASSOCIATED WITH TARGET PLANET
EPHEMERIS BIASES INCLUDED IN ~AE AUGMENTED STATE VECTOR
BY & NUMERICAL DIFFERENCING TECHNIQUE.
CALLING SEQUENCES CALL PLND(RI,RF)
ARGUMENTS  RF I POSITION AND VELOCITY OF THE VEHICLE AT THE
END OF THE TIKE INTERVAL
RI I PGSITION AND VELOCITY OF THE VEMICLE AT THE
BEGINNING OF THE TIME INTERVAL
SUBROUTINES SUPPORTED: PSIN '
N SUBROUTINES REQUIREDS  NTM
LOCAL SYMBOLSS DEL TEMPORARY STORAGE FOR TARGET PLANET SEMI-
MAJOR AXIS FACTOR USED IN NUMERICAL
OIFFERENG ING
Ic COUNTER FOR VARIABLES AUGMENTED TO STATE
VECTOR '
TEMN VECTOR OF INOICES FOR ORBITAL ELEMENTS OF
THE MOON
: IEND  FLAG FOR VARIABLES AUGMENTED TO STATE .
{ . VECTOR :
f IPR TEMPORARY STORAGE FOR IPRINT i
NEM VECTOR OF INOICES FOR ORBITAL ELEMENTS OF ;

INNER AND OUTER PLANETS

i

b

i S

RPER ALTERED FINAL POSITIOWX AND VELOCITY OF
VEHICLE

5 SAVEL  TEMPORARY STORAGE FOR CONSTANTS OF §
AUGUMENTED ELEMENTS OF TARGET PLANET :
SAVE2  SAME COMMENTS AS SAVEQ %
, COMMON COMPUTED/USEDY  CN EMN IPRINT SMJR ST é
COMMON COMPUTEDS TXY TXXS %

COMMON USEDS ALNGTH OELAXS OELX  FAUGDC IAUGIN

IAUG NTNC NTP
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PIND Analysis

The nonlinear equations of motion of the spacecraft can be written
symbolically as

* & (X, T(t), t) (1)

where X {s the spacecraft position/velocity state and e(t) 1is a
vector composed of the b orbital elements a, e, 1, Q,w, and M of the
target planet. The motion of the spacecraft is, of course, dependent
on the pos{tions of other celestial bod{es, but this dependency reed not
be explicitly stated for the purposes of this analysix.

Buppcse we wish to use numerical differencing to compute those columns |,

of 84x and 8., associated with target planet ephemeris biases included
8

in the augmented state vector over the time interval [tk-l' tk] . Let
-63("1{’ t'k-l) represent th- column associated witn the }-tn ephemeris bias.

We assume we have avajilable the nominal states ?*(tk ) and ?*(tk),

-1
wvhich, of course, were obtained by numeri:zally solving equation (1) using
nominal e(t). To obtain 3j(tk, ’-},_" we increment the _-th orbital

element by the pertinent numerica. *. -encing factor Ae, and numerically

-
integrate equation (1) over the interval [t‘k-l’ tk] to obtain the new ‘
spucecraft state Tj(tk), wh:re the !l-subscript on the spacecraf:i state

indicates that it was obtained by incrementing the j-th orbital element.
Then

- _*
- . xi(tk) - x (ty) ;
°y (0 Nt e, . ) ;

Ephemeris biases are defined as bias.s of the basic set of orbital elements
a, e, 1, w, and M . However, within the program are stored the ephemeris .
constants of a, e, {, 2, G, and M for the planets and a, e, {, .Q, W, and
L for the moon. Thus, in order to increment certain of the basic elements
we m'st increment certain-combinations of the stored ephemeris constants,

The elements W and M &ire related to the longitude of perihelion W
and the mean lorgitude L as follows:

W= w-Q

K = L - W

Thus, to increment Q by A & without chauging the other 5 basic elements
Tequires that we also increment & by AQ for the case of a planet, and

LR GRId o T ol WML arags b von - 4 Pear b




« el :
PLND=2
~
/
both & and L by A/.p for the case of the moon. To increment W by Aw
ve simply incremznt W by AW for a planet, while for the moon we must
{increment both ¢ and L by AwWw. 7To increment ¥ by AM for the moon
we simply fncrement L by AN,
In the PLND flow chert we euploy the following definition:
a j=1
e 2 .
P = 1 3
J Q 4
(A 5
M 6
. )
¢
5
£
E
: .
;
fu
%

op
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P1MD Flow Chart

{in x or
s
YES

j=17

l,xo

Is the target YES
planet the Moon?

NO

NO Is the target YES
planet beyond Mars? ’

Increment the appropriate ele-
ment of the CN array after
saving its original value.

v

Call KT to compute the state
at t, resulting from the incre-
mentation of the j-th orbital

element at t .
k-1

v

Reset the appropriate element
of the CH array to its original
value,

Increwent th.e appropriate ele-
wment of the ST array after
saving its original value.

Call NI to compute the state

at t vresulting from the incre-

mentation of the ;-th orbital ;

element at t . ,
J

3

Reset the appropriate element
of the ST array to its original
value.
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x|

Is dpj in X

or .

-9

Compute the appropriate
column of §,, wusing
s

equation (2).

Y

Compute the appropriate
colusm of 8, using

equation (2).

Increment the appropriate element
of the 8JR or EMN array after
saving its original value,

v

Call NIX to comvute the state at
resulting from the {ncrewment-
at{ion of the semi-ma or axis at

S%-1-

Reset the appropriate element of
the 8MJR or EMN array to its
originsl value.

Increment the appropriate element
of the EMN array after saving
its original value.

v

Call NIM to compute the state at

resulting from the increment-
ation of the j~th orbital elewent
of the Moon at th-l'

Reset the appropriate element of
the EMN array to {ts original
value.
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SUBROUTINE POICOM

PURPOSE COMPUTE PROBABILITY OF INPACY
CALLING SEQUENCEs CALL PCICOM(XXXX,DET)

ARGUMENT XXxx I
BDEY b¢
SUBROUTINES SUPPORTEDS

SUBROUTINES REQUIREDS

LOCAL SYRBOLSs PNQM
SAVE
SuM

COMMON COMPUTED/USEDS
COMMON USEDS

DETERMINANY OF LANMBOA MATRIX

BIAINM

MATIN

P+ RQM TRANSPOSE
INTERMEDIATE VARIABLE
INTERME ATE VARIABLE

ADA® PM. *+ ADA TRANSPOSE

IEND POl PSTAR XLAN
ADA A CR EXEC
ONE Pl PP THO

ZERO

POICOM-A

AIMPOINT IN YHE IMPACT PLANE VECTOR

I16P
XLANMI

Py P SN P P AOP

e E T ey, 40
B -

ok
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POIC(%-1

POICOM Analysis

Subroutine POICOM computes the target cordition covariance H; after a g idance
correction, the projection of H+ into the {mpact plane, and the probabi ity of

3
fmpact of the spacecraft with the target planet,

The target condition covariance matrix H; is defined as

+ - ~ T T
My o Ty By T M,

k

wvhere nj is the variation matrix for the appropriate guidance policy, P
3

is the knowledge covariance prior to the guidance correction, Qj is the
execution error covariance, and M is defined as the following 6 x 3 matrix:

X = [o i 1]’

Before the prob&bility+of fmpact can be computed, it is necessary to compute
the projectionj\j of HJ into the {mpact plane. The covari&nce/\j 1is computed

as follows for each of the three available midcourse guidance policies.

a. Fixed-time-of-arrival:

+ T
Ag=Aw, A

vhere transformation A is defined in the subroutine BIAIM analysia.

b. Two-variable B-plane:

10
1 o ol ,
- whio 1
My 010_|J
0o 0 °
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POICOM-2

Assuming the probability density function associated withj‘\.j is Gaussian

and nearly constant over the target planet capture irea permits us to
compute the probability of impact using the equation

2
=R
POL < P

where R is the target planet capture radius and p is the Gaussian probability
dmityctnnction evaluated at the tarxget planet center and given by

po Ly e[ 1A, ]

Zﬁhjl

vheare ﬁ is the aimpoint in the impact plane.
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POICOM=-3

POICOM Plow Chart

Compute target condition
covariance matrix

+
VJ.

Compute and write out 1&1

covariance matrix.

Call MATIN to compute A :1.
4

Compute

FIee

Compute det (4 ,).

I

Evaluate Gaussian probability
density function p at target
planet center.

Compute and write out the 3
approximate probability of
{mpact,
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PROGRANM PRED

PREL-4

PURPOSE CONTROL EXECUTION OF A PREDICTION EVENT IN THE ERROR
ANALYSIS PROGRAM

SUBROUTINES SUPPORTEDS ERRANN

SUBRCUTINES REQUIRED?

LOCAL SYMBOLS Ccxsu1
7 3 B Y
Ccxusl
Cxvi
CxxsS1i
ouM2
DUM3
DUM
EGVCT
EGVL
ICODE
IPR

ouT

PEIG

PS1
Pl
RF
TPY
VEIG

COMMON COMPUTED/USEDS

CORREL DYNO HYELS JACOBI NAVM
NTH PSINM STHPR

STORAGE FOR CXSU COVARIANCE ARRAY
STORAGE FOR CXSV COVARIANCE ARRAY
STORAGE FOR CXU COVARIANCE ARRAY
STORAGE FOR Cxv COVARIANCE ARRAY
STORAGE FOR CXXS COVARIANCE ARRAY
ARRAY OF EIGENVECTORS

ARRAY OF EIGENVALUES

B DOT T AND B OOT R COVARIANCE MATRIX
ARRAY OF EIGENVECTORS

ARRAY OF EIGENVALUES

INTERNAL CONTROL FLAG

STORAGE FOR IPRINT

ARRAY OF STANDARD OEVIATIONS AND
CORRELATION COEFFICIENTS

MATRIX WHOSE MHYPERELLIPSOID IS TO BE
COMPUTED

STORAGE FOR PS COVARIANCE ARRAY

STORAGE FOR P COVARIANCE ARRAY
NOMINAL SPACECRAFT STATE AT TIME TPY |
TINE TO WHICH PREOICTION IS TO BE MADE
INTERMEDIATE VECTOR

(% $4V) cxsv cXu cxv CXXS
IPRINY NPE PS P

—— — ¥ r.r%ﬁ‘?ﬂt“m%—



COMMON COMPUTEDS
connon USEDY

<

L

- . cvrlll LT s

QELTH

1,
ISTHC
NTNC
vo

TRTNHL

FoP
NDIMY
ONE
Vo

xl

FOvV
NDIM2

XF

IEXG
NOINM3
1PY2

INYPL
NGE
TSOI1
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PRED Analysis .

Bubroutina PRED executes a prediction event in the error analysis mode. .
Subroutinae PRED di{ffers from subroutine PRESIM {n two respects. First,

the propagated knowledge covariance part{tions are based on the (most

recent) targeted nominal, rather than on the most recent nominal as in

PRESIM. And second, estimated position/velocity deviations are not

propagated 4{n PRED since eastimates are processed only in the simulation

mnc4ie, and not in the error sanalysis mode. See subroutine PRESIM for

further analytical details. A flow chart for PRED is not presented here

since {t {s but & subset of the PRESIM flow chart.
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SUBROUTINE PRELIM

PRELIM-A

PURPOSE TO PERFORM THE PRELIMINARY WORK ASSOCIATED MWITHM THE

NOMNAL PROGRAM INCLUDING THE READING OF THE INPUT DATA,

INITIALIZATION OF CONSTANTS, AND THE COMPUTATION OF A
ZERO IVERATE IF REQUIRED

CALLING SEQUENCES CALL PRELIM

SUBROUTINES SUPPORTEDS
SUBROUTINES REQUIRED?
LOCAL SYNMBOLSS OF

D1

6S

KALF
KALG
KALIX
KALY

KEY

SF
SI
LN

LOMMON COMPUTED/USEDS

NOMNAL

CPMMS TINE ZERIT

JULIAN DATE CORRESPONDING TO KALF ARRAY
JULIAN DATE CORRESPONDING YO KALI ARRAY

ARRAY OF VALUES OF SECONDS CORRESPONOING
YO0 KALG ARRAY

INDEX
INDEX

CALENDAR DATE OF FINAL TRAJECTORY TINME

ARRAY OF CALENDAR DATES OF GUIDANCE EVENTS

CALENDAR DATE OF INITIAL TRAJECTORY TIME
ARRAY OF CALENDAR DATES OF TARGET TIMES

LOCAL VARIABLE USED TO COMPLETE
INFORMATION IN THE ARRAY

SECONDS OF FINAL TRAJECTORY TINE
SECONDS OF INITIAL TRAJECTORY TIME
SECONDS OF TARGEY TIMES CORRESPONDING TO

-KALT ARRAY

AC ALNGTH D6 0 3 FI
IBADS IBARY ICOORD IFINT IPRE
ISTARY 1IZERO KGYD KMXQ KOAST
KTINM XKTYp LTARG LVLS MAT

MAXB MDL NBOD NB NCPR
NOGYD  NOITY NPAR ONE PERY
PHILS PSIt PSI2 RIN ° RPRAT
RP SIGMAL SPHFAC SSS . TAR
THEDOY THELS TIMG TINMt TIN2
TIN THPR ™ ZOATY

I -
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COMMON COMPUTED!

COMMON USEDS

o
¥

DINTG
IEPHEM
NINETY
TRTHM

ACKT
KTAR
NTP

e

S
‘A

EIGHT
IPRINT
RAO
THO

DELV
LEVELS
PHI

FIVE
KSICA
TEN
ZERO

07T
MAXBAD
PMASS

FOUR
KUR
THREE

DVMAX
NITS
TINS

PRELIM-B

HALF
NBOOY!
THU

IBAST
NLP
TOL

PR, SR TV U
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PRELIM-1

PSELIM Analysis

PRELIM (s responsible for the preliminary work required b; NOMNAL including
the initialization of variables, the reading of input, and the computation

of zero iterate values for initial time, position, and velocity if necessary.

On the first call to PRELIM, PRELIM presets constants toc be used on the
entire series of runs, These constants include the double precision numbers

and the launch profile parameters. On subsequent calls these variables
&re not reset.

PRELIM then presets constants for individual runs. These constants presently

include most of the guidance event parameters. The user may rasily change
the two sets of constants for his pert‘cular needs.

PRELIM then accepts the input data. It reads data in the NAMELIST format.

Target times must Le read in as calendar dates. PRELIM next converts these
to Julian date referenced 1900 and stores the converted values in the TAR

array.

"1f the flag L4ZERO is nonzero, ZERIT is called for the computation of rhe
tero iterate values of initial time, position, and velocity. ZERIT {n turn

calls HELIO for interplanetary trajectories and LUNA for lunar trajectories.

PRELIM then converts guidance event times referenced to initial time to
calendar data and converts times read in as calendar dates to times ref-
erenced to the injitial time. When the latter is done, it sets KTIM to

v acknowledge that conversion. :

Finally PRELIM records all pertinent data.
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PRELIM Flow Chart

o T

Preset constants for
series of runs _J

) }

Preset constanta for
current run.

1
|

Y

Read input data. J

‘

r—'V(Zonvert calendar dates

|

of target times to J.D,
and store in TAR array,.

IZERO=1

¥0 }

Call ZERIT

ref'd to initial time to
calendar date and vice
versa.

Convert guidance times ;

Record data.
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PREPUL~-A

SUBROUTINE PREPUL

PURPOSES T0 PERFORM THE PRELIMINARY COMPUTATIONS REQUIRED FOR THE
PULSING ARC MOOEL.

CALLING SEQUENCES CALL PREPUL(RIN,DELTAV,D}1)

ARGUMENTSSY RIN(S6) I INERTIAL STATYE OF SPACECRAFY AY NOMINAL
TIME OF CORRECTION

DELTAV{(3) I TOTAL VELOCITY INCREMENT TO BE ADDED
D1 I JULIAN DATE OF NOMINAL TIME QF CORRECTION
SUBROUTINES SUPPORTEDS EXCUTE EXCUTS

SUBROUTINES REQUIRED? TIME

LOCAL SYMBOLS: A SEMIMAJOR AXIS
C INTERMEDIATE VARIABLE IN F AND G SERIES
\]
p8 JULIAN DATE AT BEGINNING OF PULSING ARC

DELVM MAGNITUDE OF TOTAL IMPULSIVE CORRECTION
0t JULIAN DATE AY ENO OF PULSING ARC

DVFYM MAGNITUBE OF FINAL PULSE OF SEQUENCE

ovIn MAGNITUDE OF TYPICAL PULSE OF SEQUENCE

0 INTERMEDIATE VARIABLE IN F ANO G SERIES

G GRAVITATIONAL CONSTAJT OF BODY UNDER
CONSIDERATION

I0 CALENDAR DATE Or CRITICAL TIMFS FOR OUTPUT

MAXP MAXINMUM NUMBER OF PULSES ALLGNKED

NDX . ARRAY OF CODES OF LAUNCH AND TARGET BODIES

NX INDEX OF GIVEN PLANET COORDINATES IN
F=ARRAY

RD TIME DERIVATIVE OF RADIUS MAGNITUDE OF
PLANET

RR MAGNITUDE OF RADIUS

SD SECONDS OF CRITICAL TINMES FOR OUTPUT
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CONMON COMPUTED/USED!

COMMON USEDS
3
'
1
3
{7'
4
?
i
fz.
E».
)
438

SPEED OF PLANEY

8 DVF
6S NPUL
ALRGTH DTI

F NBOD
NYP PMASS
™ T™MO

ovI FS
PULY RK

OUR FIVE
NB NINETY

PULNAG PJLNAS
v

FOUR
NP
THREE
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PREPUL Analysis
PREPUL is responsible for performing the preliminary computations required
for the pulsing arc model.

PREPUL fi{rst determines the nominal pulsing arc. Let the following defin-
{tions be made:

T magnitude of pulsing engine thrust
o nominal mass of spececraft

At duration of single pulse

Ati time f{nterval between pulses

K; total velocity increment to be added

The velocity increment imparted by a single pulse is

The number of pulses required is then
i = (.Al'. ] + 1 2)
P L A‘-’1

where [-] denotes the greatest integer function. The magnitude of the
final pulse must be set to

Av, = Av - (Np - 1) Avi (3)

£

The vector nominal pulse and final pulse are therefore given by )

K—V‘i'AV—Q'-

i Av
(4
_— &
Av, Avf Av
The duration of the pulsing arc {s then given by
AT = (B - 1) At (5)
P i

later computations require time histories of the positfon vectors of the
launch and target bodies. An efficient means of obtaining this involves

the £ and g series. Given the state ?o’ 'v'o of body moving in a conic
section about & central bod:; of gravitationsl constant x , the position
vector as & function of t measuvred from the initial time {s given by

T() = (DT, + 8V, (6)
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PREPUL-2
/‘\ :
'h.“ '
n n X
k k
£(t) = Et\t g(t) = Z g t ¢))
k=0 k=1
The constants tk’ B& are computed {u PEEFUL as
f = 1
o
f = 0
1
-n
[ 4 -
2 2r 3
f = #%
3 2x 4
2 2
[ r r r
S w-15-22-9° . 3.2)
4 6 a
24r
[o]
-Hzl.’o 7roi"°2 T,
f = (6 - -3 Y )
3 8r
° —_—
’3 To rgi 2 rgi 2 ro.o2 2 ro2
£ = —3 - 90 + 114 — + 840 2 -630——-9—-650( )-45——'
6 720 ro a # pa M &2
g, - 1
= 0
g,
1
- = f
gy 372
- lg
& 2 3 ;
2
B - '3- f - -1— f 7
) S 4 15 2
2 1
Sf - ff
8 " 3% "% hafy
Reference: Baker, R. M. L. and Makemson, M. W., An Introduction to

~r

Astrodynamica, Academic Press, New York, 1967.
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PXEPUL Tiow Chart
(Com )

IL Compute pulsing arc data

N, AT, Av,, Av
Pv » vig Avf

r -
Comprite current state Tor Vo

of launch and target bodies

Compute f and g series for
launch and target bodies
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PROGRAN PRESIN

PRESIM-A

PURPOSE COMTROL EXECUTION OF A PREDICTION EVENT IN TME
SINULATION PROGRAM

SUBROUTINES SUPPORTEDS SIMULL

SUBROUTINES REQUIRED!

LOCAL SYNBOLS Cxsui
cxsvi
cxug
cxvi
CXXS1
oM2
OM3
on
EGVCY
EGVL
IPR

ouT
PEIG

PS1
P

RFL

TPT
VEIG

COMMON COWPUTED/USEDS

442

CORREL OYNOS HYELS JACOBI NAVH
NTNS PSIN STNPR

STORAGE FOR CXSU COVARIANCE ARRAY
STORAGE FOR CXSY COVARIANCE ARRAY
STORAGE FOR CXU COVARIANCE ARRAY
STORAGE FOR CXV COVARIANCE ARRAY
STORAGE FOR CXXS COVARIANCE ARRAY
ARRAY OF EIGENVECTYORS

ARRAY OF EIGENVALUES

8 00T T AND 8 DOT R COVARIANCE NMATRIX
ARRAY OF EIGENVECTORS

ARRAY OF EIGEMVALUES

STORAGE FOR IPRINT

ARRAY OF STANDARD DEVIATTINS AND
CORRELATION COEFFICIENTS

MATRIX WHOSE MYPERELLIPSOID IS YO BE
COMPUTED

STORAGE FOR PS COVARIANCE ARRAY
STORAGE FOR P COVARIANCE ARRAY

MOST RECENY NOMINAL SFACECRAFT STATE AT
TIKE TP12

TIRE TO WHICH PREQICTION IS TO BE MADE
MATRIX TO BE DIAGONALIZED

CXSuU CXSv cxy cxv Cxxs
ICODE IPRINT NPE PS P
RIL

3
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COMMON CONMPUTEDS

COMMON USEDS

DELTM

ADEVXS
FOP
NDINL
ONE
TS0It
XF1

-

RI

ABEVX
FOV
NDIM2
PHI
TXXS
XF

TRTNL

EBEVXS
IEIG
NOIN3

ug
XSL

XIt

EDEVX
INHYF1
NGE
TEVN
vo
ZERO

PRESIM~B

XI

EM
ISTHC
NTNMC
TPT2

3
K]
Kl
"
€
1
H
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PRESTM-1

PRESIX Analysis

Subroutine PRESIM executes a prediction event in the simulation mode.

In a prediction event the knowledge covariance partitions and the estimated
position/velocity deviations from the most recent nominal trajectory are
propagated forward to tp , the time to which the prediction is to be

made. The knowledge covariance partitions are propsgated using the pre-
diction equations found in the NAVM Anslysis section. The estimate is
propagated using the equation

) 6X. + @ (¢, t

e
8x, = *le, ey 3 xx_ pt T o,

vhere ¢ and 0,, are the state transition matrix partitions over the
8

time interval [tj, fp] .
The position and velocity partitions of the propagated knowledge covariance

are disgonsalized at time tp aund the eigenvalues, elgenvectors, and hyper-

ellipsoids are computed. If a guidance event has occurred previously, so
that the matrix K relating B‘T and B:R variations to position and
velocity deviations at sphere of influence {8 available, and if tp is

vithin one day of the time tSI at wvhich the sphere of influence is en-

countered, then the B-T and B:‘R covariance matrix is also comruted.




PRESIM-2

PRESI® Flow Chart -«
ENTER

Write out actusl dynamic noiase.
Write out estinated and actual
deviations fron most recent nominal
at prediction e¢vent time tj

T
Y

Increment prediction event counter
and obtain time tp to which pre-

(
L.

L»diction is to he made.

! Save all knowl :dge covariance

i partitions at t, .,
| 3

Call NS to compute the most recent
nominal trajectory at time tp .

Call PSI¥ to compute the state tran-
sition matrix rtitions over the
time interval pftj, tp

v

Call DYNPS to compute the dynamic
noise covafiance matrix for the

interval t, t ] .
7 p
. Write out the state transition matrix

¢ partitions and the dynamic noise co-
variance matrix.

A

S

Call RAVM to propagate knowledge
covariance partitions forward to
time tp . Write out the knowledge

AL

RO AT RN

correlation matrix partitions and
standard deviations at time tp

‘
S G s A 1,

S

] s
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PRESIM-3

Compute the predicted position/vel-
ocity deviation at time tp . Write

out these deviations and the most
recent nominal trajectory at tp .

Call JACPBI and HYELS to compute the
eigenvalues, eigenvectors, and hyper-
ellipsoids of the position and velocity
partitions of the knowledge covariance !
matrix at :p . Write out these results.

T

v

Have any guidance events occured and
is tp within one day of tSI?

n:si
—

Compute the correlation matrix and |
standard deviations of B°'T and B-R

at tSI. Compute the associated eigen-

¥ values and eigenvectors. Write out
these results.

NO

&

[ X

!
-

X

S

Reset targeted and most recent nominal 1
states in preparation for next cycle.
Restore saved values of all knowledge
covariance partitions at time tj .

4 t
v
Sl TR A AL RY Lty v e AFAL
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SUBROUTINE PRINT

PRINT-A

PURPOSEt TO PRINT TME VIRYUAL MASS INFORMAYION SPECIFIED.

CALLING SEQUENCE?

SUBROUTINES SUPPORTED!

SUBROUTINES REGUIREODS

LOCAL SYMBOLS?

D

I10AY
IHS
INCHNT
IP

IYR
MIN

MO

RP
RS
RV

SEC

THP
VMR
Ve
VS
VSP

vy

" MAGNITUDE OF VELOCITY OF VEMICL: RELATIVE

CALL PRINT

vmp

VINME TRAPAR NEWPGE SPACE
INTERMIDIATE VARIABLE USED fOR PRINTOUY
DAY OF CALENDAR DATYE OF CURREMI TIME
HOUR OF CALENNAR DATE OF CURRENY TIME
CURRENT TOTAL INCREMENYS FOR PRINTOUY
CODE OF I-TH PLANEY FOR PRINTOQUY PURPOSES
YEAR OF CALENDAR DATE OF CURRENTY TINME
MINUTES OF CALENDAR DATE OF CURRENT TIME
MONTH )F CALENDAR OATE OF CURREHKT TIME

RADIUS OF TI-TH PLANEY RL_ATIVE 70 INERTIAL
FRAME

RADTIUS OF VEMICLE RELATIVE VO INERTIAL :
FRAME ?

RADIUS OF VIRTUAL MASS RELATIVE YO '
INERTIAL FRAME

SECONDS OF CALENDAR DATE OF CURRENT TIME i

POSITION AND VELOCITY OF VIRTUAL MASS
RELATIVE TO PLANETS

R

TO VIRTUAL MASS

- It

MAGNITUDE OF VELOCIYY OF I-TH PLANET FOR
PRINTOUT PURPOSES
MAGNITUDE OF VELOCITY OF VEHICLE RELATIVE
TO INERTIAL FRAME

-

“aa

-

MAGNITUDE OF VELOCITY OF VEHICL: rPELATIVE
YO I-TH PLANEY FOR PRINYOUT PURPUSES

Vo

MAGNITUDE OF VELOCITY OF VIRTUAL MASS
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:
3
g
* i
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COMMON COMPUTED/USED!
COMMON USED?

448

RELATIVE TO INERTIAL FRAME
F v

INCHMNT IPRT NBODYI NBOOY
PLANET ZERO

NO

PRINT-3B

Gewrt AT aav

Teagraee

4
%
i
3
?
)

‘
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PRINT3-A

SUBROUTINE PRINT3

PURPOSE: TO PRINT THE PERTINENY INFORMATION AT TME END OF EACH
MEASUREMENT.,

I CALLING SEQUENCES CALL PRINT3I(MMCODE,NR)
ARGUMENT S MMCODE 1 MEASUREMENT CQOE
NR I NUMBER OF RONS IN THE OBSERVATION MATRIX H

SUBROUTINES SUPPORTEDS ERRANW

PRSI N

e iene. Al stoaon

SUBROUTINES REQUIREDS  CORREL EPHEM  ORB STHPR  TRAPAR
\ LOCAL SYMBOLS: D INTERMEDIATE DATC
;V%?Wi TA STATION NUMBER
IS 03 JULIAN DATE OF INITIAL TIME
| D4 JULIAN DATE OF FINAL TINE
L
IDAY  CALENDAR OAY OF FINAL TIME
IHR CALENDAR HOUR OF FINAL TJME
ININ  CALENDAR MINUTE OF FINAL TINE
140 CALENDAR MONTH OF FINAL TIME
ITEMP  INTERMEDIATE VARIABLE
' IR CALENDAR YEAR OF FINAL TIME
LDAY  CALENOAR DAY OF INITIAL TIME
LHR CALENDAR HOUR OF INITIAL TIME
' LNIN  CALENDAR WINUTES OF INITIAL TIME
g LMO CALENDAR MONTH OF INITIAL TIME
é CLYR CALENDAR YEAR OF INITIAL TIME
? " NUNBER OF MEASUREMENT
RME GEGCENTRIC RADIUS OF VEWIGLE
| RHP BISTANCE OF VEHICLE FROM TARGET PLAHET
SECI  CALENDAR SECONDS OF FINAL TINE
448

~
R e

iy e s

R gl Y e e et

el I el e S



Ly
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M g

M e e e s e

9

o ey

SECL
TRTH2
VME

e

COMMON COMPUTED/USEDS
COMMON USEDS

450

PRINT3-B

CALENDAR SECCNDS OF INITIAL TIME

S ETETTOUY oW b

TRAJECTORY TIME AT END OF INTERVAL :

MAGNITUDE OF VELOCITY OF VEMICLE RELATIVE TO f
TO EARTH '

MAGNITUBE OF VELOCITY OF VEKRICLE RELATIVE TO
TG TARGEY PLAAREY

NO RE RTP XP
AK ALNGTH AL AM cXSuUP
CXSu CXSVP  CXSV cxup CXU

cYvyp cxv CxXxse CxXS DATEJ
DELTH  F 6 H IBARY
IPROB  IPRT MCNTR N"0D NB

NOIME  NDIM2  NDIN3 NTP PP

PSP PS P Q R

S T™ TRTML uo vo

XF XI XL AB XSL Xy !
XV

RN i QS

R ALD

T e e o T ST SR
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PRINT4~-A

SUBROUTINKE PRINT&

PURPOSES TMIS SUBROUTINE PRINTS RELEVANY DATA AT THE EWD OF EACH
MEASUREMENY IN THE SIMULATION MODE

CALLING SEQUENCES CALL PRINT&(MMCODE,NR)
ARGUMENT S MNRCODE I MEASUREMENT CODE

NR I NUNMBER OF ROWS IN TnE OBSERVATION MATRIX
SUBROUTINES SUPPORTEDS SIMULL

SUBROUTINES REQUIRED? CORREL EPHEN ORB STHPR susy
TRAPAR

LOCAL SYNBOLSt ADON ACTUAL STATE DEVIATIQON FROM TARGETED
NOMINAL TRAJECTORY

AODI ACTUAL ORBIT ESTIMATION ERROR
0 INTERNMEDIATE OATE

E0ON ESTIMATED STATE DEVIAYION FROM [ ARGETED
NOMINAL TRAJECTORY

IA STATIGN NUMBER

18 STARZPLANET ANGLE NUKBER

] MEASURMENT NUMBER

ROM ARRAY OF CORRELATION COEFFICIEMYIS
sapP VECTOR OF STANDARD DEVIATIONS

TRTH2 TRAJECTORY TIRE AT END OF INTExvaAL

xE4 POSITION . ND VELOCITY OF EARTH : T TRTM1
.2~ POSITION AND VELOCITY OF EARTH &1 TRTN2
XP1 POSITION ANC VELOCITY OF TARGE™ " ANET AT .
TRTNAL :
4
A
XP2 POSITION AND VELOCITY OF TARGE: .. ANET AT :
TRTN2 ;
-
COMMON COMPUTED/' ;EDS  NO 5
COMMON USEDS ADEVXS ADEVX  AK ALNGTH AL &
' AN ANOIS AR AY CASUP o
451 é
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~

cxsv
cxvp
DELTM

IPRY
NDINM2
PS

XLAB
TF

Vg

CXSvp
Cxy
EDEVXS
HPHR
MCNTR
NDINM3

™
XF1
XP
1

cxXsyv
CXXSP
EDEVX
H
NBOD
NTP
Q
TRTNL
XF
XsL -

PRINT4-B

cxup [+ {V

CxXS DATEJ

EY F

IBARY IPROS

N8 NDINi

PP PSP

RES R

uo vo

XIi XI

XU XV

3




PRNTS 3-A
PROGRAN PRNTS3
PURPOSES TO PRINY A SUMMARY Ot} THE ERROR ANALYSIS MODE
SUBROUTINES SUPPORTEDS ERRON
SUBROUTINES REQUIRED?S CORREL TIME
LOCAL SYNBOLSS 08 MOLLERITH LABEL INITIAL
09 MOLLERITH LABEL FINAL
01 JULTAN DATE, EPOCH JAN.0,1300, OF INITIAL
TINE
02 JULIAN DATE, EPOCH JAN. 08,1308, OF FINAL
YINE
03 JULIAN DATE OF INITIAL TIHE
D& JULIAN DATE QF FINAL TINME
F FUNCTION= SQUARE ROOT OF SUN OF 3 SQUARES
IDAY CALENDAR DAY OF FINAL TINE
IHR CALENOAR HOUR OF FINAL TIME
IMIN  CALENDAR MINUTES OF FINAL TIME
M0 CALENDAR MONTH OF FINAL TIME :
IYR CALENDAR YEAR OF FINAL TIME
LDAY  CALENDAR DAY OF INITIAL TIME
LHR CALENDAR HOUR OF INITIAL TIME |
LMIN  CALENDAR NINUTES OF INITIAL TINE 2
LNO CALENDAR MONTH OF INITIAL TIME f
LYR CALENDAR YEAR OF INITIAL TIME ‘
RI POSITION AND VELOCITY OF VEHICLE AT 5
INITIAL TIME i
RNF HELICCENTRIC RADIUS OF VEK. .E AT FINAL %
TINE .
RMI MELIOCENTRIC RADIUS OF VEHICLE AT INIVIAL
TINE
453
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TR U T TSI e e,

CO.iMON COMPUTEDS

COMMON USEDS

SECI

TRTM2
VE

VHF

L)

vy

COMMON COMPUTED/USEDS

CALENDAR SECONDS OF FINAL TIME

CALENDAR SECONDS OF INITIAL TIME

PRNTS3-B

TRAJECTORY TIME AT ENO OF TRAJECTORY

POSITION AND VELOCIYY OF VEMICLE RELATIVE
YO EARTH AT FINAL TIME

MAGNITUDE OF VELOCITY

TIME

OF VEHICLE

AT FINAL

MAGNITUDE OF VELOCITY QOF VEMICLE AT
INITIAL TIME

POSITION
TARGET PLANET
oc DSI
TRTNML

ACCND ACC
BSI1 8
Cxsy cxus
CXXS8 CXXS
-ONCN oTRA
IAUGIN IDNF
ISPH ISTHC
NOACC NOIMS
NEV2 NEV3
NTHC NTP
PS P

RTP SAL
SIGRES SLAT
TRTHS TS0I1
VST vo

ALNGTH
cxsus
cxu
DATEJ
FACP
IEPHEN
ISTHL
NDIM2
NEV

PB
RCA1
SIGALP
SLON
usY
ST

BORSIa
Cxsu
cxvs
DELTH
FACY
InNF
MNCN
NDIM3
NMN
PLANET
RE
SIGBET
TCAL
ug

X8

AND VELOCITY OF VEHICLE RELATIVE TO
AT FINAL TINME

BOTSI1
cxsvs
cxv
BDELX
FATA
IPROB
MNNAME
NEVL
NST
PS8
RSOIL
SIGPRO
™
VSOI1l
XNM

B

b

Craga. YL
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SRt
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PROGRAN PRNTSH

PURPOSES TO PRINT OUT A SUMMARY OF THE SIRKULATIC(N HOODE

SUBROUTINES SUPPORTEDS SIMULL

SUBROUTINES REQUIREDS

LOCAL SYMBOLS?®

ADON

AODI

BLANK

01

02

VR
06

EDON

IDAY
IHR
IRIN
IMO

IYR

LDAY
LHR
LMIN
LNMO
LYR
REL

NOMINAL

ACTUAL STATE DEVIATION FRGM TARGEED

CORREL EPHEN ORB TINKE

NOMINAL TRAJECYORY AT FINAL TIME

ACTUAL ORBIT ESTIMATION ERROR AT FINAL

T INE

BLANK HOLLERITH CHARACTER

JULIAN DATE,

TINE

JULIAN DATE,

TIME

JULIAN DATE OF INITIAL TINME

JULIAN DATE OF FINAL TINE

ESTIMATED STATE DEVIATION FROM TARGETED

NOMINAL TRAJECTORY

CALENDAR
CALENDAR
CALENDAR
CALENDAR

CALENDAR

CALENDAR
CALENDAR
CALENDAR
CALENNAR
CALENDAR

POSITION
TO EARTH

DAY OF FINAL TINME
HOUR OF FINAL TINE
MINUTES OF FINAL TINME
MONMTH OF FINAL TINME

YEAR OF FIMNAL TINME

DAY OF INITIAL TIME
HOURS OF INITIAL TIME
MINUTES OF INIVIAL VIME
MONTH OF INIVIAL TIME
YEAR OF INITIAL TINME

AND VELOCITY OF VEHICLE RELATIVE TO

ON TARGETED NOMINAL

EPOCH JAN.0,1900, OF INITIAL

EPOCH JAN.0,1900, OF FINAL

At AU -

B~

[ T AL e

AINEST Wil

-
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aegr
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RE3

RMEL

RME2

RME3

RHME

RHPL

RNP2

RMP3

RMP

RNS1

RMS2

RMS3

RMS

RP1

RP2

RP3

SECI

-
X'

v
PO - -

PRNTS4-B

POSITION AND VELOCITY OF VEHICLE RELATIVE TO
TO EARTH ON MOST RECENT NOMINAL

POSITION AND VELOCITY OF VEMICLE RELATIVE T0O
TO EARTH ONM ACTUAL TRAJECTORY

GECCENTRIC RADIUS OF VEMICLE ON TARGETED
NOMINAL AT FINAL TINME

GEOCENTRIC RADIUS OF VEMICLE ON MOST
RECENT NOMINAL AT FINMAL TINE

GEOCENTRIC RADIUS OF VEHICLE OM ACTUAL
TRAJECTORY AT FINAL TIME

GEGCENTRIC RADIUS OF VEMICLE AT INITIAL
TINE

OISTANCE OF VEHICLE FROM TARGET PLANET ON
TARGETED NOMINAL AT FINAL TIME

DISTANCE OF VEHICLE FROM TARGET PLANET ON
MOST RECENT NOMINAL AT FINAL TIME

OISTANCE OF VEHICLE FROM TARGET PLANET ON
ACTUAL TRAJECTQRY AT FINAL TINE

OISTANCE OF VEMICLE FROM TARGET PLANET A
INITIAL TINE

HELIOCENTRIC RADIUS OF VEMICLE AT FINAL
TIME O{ TARGETED NOMINAL

HELIGCINTRIC RADIUS OF VEHMICLE AT FINAL
TIME ON MOST RECENT NOMINAL

HELIOCENTRIC RADIUS OF VEHICLE AT FINAL
TIME ON ACTUAL TRAJECTORY

MELIOCINTRIC RADIUS OF VEHICLE AT INITIAL
TINE

STATE )F VEHICLE RELATIVE TO TARGET PLANEY
AT FIMAL TIME ON TARGETED NOMINAL

STATE OF VYEWICLE RELATIVE YO TARGEY PLANEY
AT FIHAL TIWME ON MOST RECENT NOMINAL

STATE OF VEHMICLE RELATIVE TO TARGET PLANET
AT FINAL TIME ON ACTUAL TRAJECTORY

CALENDAR SECONDS AT FINAL TIME

PP

(
ﬁ St W U T L LN it s
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CORMOR COMPUTED/USEDS

COMMON USZD3

SECL
VNE

VKEL

VeE2

VME3

vHP

VHP1

vnpe

VHP3

VNS

VNHSY

VNS2

VHS3

PRNTS4-C

CALENDAR SECONDS AT INITIAL TIME

MAGNITUDE OF VELOCITY OF VEHICLE RELATIVE
Y0 EARTH AT INITIAL TVINME

MAGNITUDE OF VELOCITY OF VEHMICLE RELATIVE
TO EARTH ON TARGETED NOMINAL AT FINRAL TIME

MAGNITUDE OF VELOCITY OF VEHICLE RELATIVE
TO EARTH ON MOST RECENYT NOMINAL AT FINAL
TINE

MAGNITUDE OF VELOCITY OF VEHICLE RELATIVE
TO EARTH ON ACTUAL TRAJECTORY AT FINAL
TINE

MAGNITUDE OF VELOCITY OF VEHICLE RELATIVE
TO TARGET PLANEY AT INITIAL TIME

MAGNITUDE OF VELOCIYY OF VEHICLE RELATIVE
TO TARGET PLANET ON TARGETED NOMINAL AT
FINAL TINE

MAGNITUDE OF VELOCITY OF VEHICLE RELATIVE
TO VTARGEY PLANET ON MOST RECENY NOMINAL AT
FINAL TIME

TIME

MAGNITUDE OF VELOCITY OF VEKICLE RELATIVE
TO TARGEY PLANEY ON ACTUAL TRAJECTORY AT
FINAL TINE

MAGNITUDE OF VELOCITY OF VEHICLE AY
INITIAL TIME

MAGNITUDE OF VELOCITY OF VEHMIGCLE AT FINAL
TIME ON TARGEVED NOMINAL

MAGNITUDE OF VELOCITY OF VEMICLE AY FINAL
TIME ON MOST RECENT NOMINAL TRAJECTORY

MAGNITUDE OF VELOCIYY OF VEHICLE AY FINAL
TIME ON ACTUAL TRAJECTORY

NO RE RTP XpP 1

AALP ABETY ACCND ACC1 ACC
ADEVXB ADEVXS ADEVX ALNGTH APRO
ARES AVARM BORSI1 BDRSI2 BORSI3
BOTSIL B8O0YVSI2 BOVSI3 BSIi 8SI2

2 ..‘
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8sI3
cxsv
Cxxss
SELNMUP
oMuUPB
Ox8
FNTH
IBARY
1S0I2
MNNAME
NDACC
NEV2
NTHC
PS
RSO0I%
SIGBETY
TCAL
TSOIL
UNMAC
VSOI3
XF1

8

Ccxus
cxxs
DEL AUS
oMuUSSE
EDEVXS
F

IDNF
1S01I3
NBOD1
NOINML
NEV3
NTP

P
RSOI2
SIGPRO
TCA2
TS0I2
usTY
VST

XF

cxsus
Cxu
DAB
DELX
ONCN
EJEVX

IMNF
ISTMC
NBOD
NOIM2
NEVYS
P8
RGAL
RSOI3
SIGRES
TCA3
TSOI3
ug

vo
XLAB

cxsu
cxvs
CATEJ
oIs
ONOB
FACP
TAMNF
IPROB
ISTn:
NB1l
NDIN3
NEVY
PLANET
RCA2
SAL
SLAT
™
TTINL
vVSoIi
WSY
XNM

PRNT! 4-D

cxsvs
Cxv
DEB
OMAB
DTMAX
FACY
IAUGIN
ISOIL
MNCN
NB
NEVL
NMN
PS8
RCA3
SIGALP
SLON
TRTNB
TTIN2
¥S0I12
XB

ZF
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PSIM-\

SUBROUTINE PSINM

PURPOSES TO COMPUTE THE STATE TRANSIVION MATKIX PARTITIONS PHI,
TXXSy, AND TXU OVER AN ARBITRARY INTERVAL OF TIHME (TK,

TKe1),
CALLING SSQUENCES CALL PSIM(RI,RF,ISC)
ARGUMENTS 1SC I CODE SPECIFYING WHICH TECHNIQUE IS TO BE
USED T2 COMPUTE THE STATE TRANSITION MATRIX
PARTITION PHI

RF I POSITION AND VELOCITY OF THE VEHICLE AT THE
ENC OF THE TIME INTERVAL

RI I POSITION AND VELOCITY COF THE VEHICLE AT T(E
BEGINNING OF THE TIME INTERVAL

SUBROUTINES SUPPORTEDS SIMULL SETEVS BIAIM GUISIM GUISS

ek PRESIM ERRANN SETEVN GUIDM  GUID
e PRID
SUBROUTINES REQUIRED?  CASCAD CONC2 EPHEM  MUND  NOTH
ORB PCTH  PLND
LOCAL SYNBOLS® O INTERMEDIATE JULIAN DATE
DELT  TIME INTERVAL IN CORRECT UNITS
ouN TEMPORARY STORAGE FOR STATE TRANSITLON
MATRIX

TANS VARIABLE USED IN EXAMINING IAUG ,IALGIN

POSS ODISTANCE OF THE VEHICLE FROM THE TARGET
PLANET AT INITIAL TINME

RS POSITION OF VEMICLE RELATIVE TO CIUVERNING
BODY AT INITIAL TIME

THSP - CONSTANT EQUAL TO SIX TIMES YHE SPHERE OF
INFLUENCE OF TARGET PLANETY

VEC POSITION AND VELOCITY OF VEHICLE RELATIVE YO
TARGET PLANET AT INITIAL TIME

Vs VELOCIYTY OF VENICLE RELATIVE TO GOVCRNING
BOOY AT INITIAL TIME
COMMON COMPUTED/USED! NO XP
COMMON COMPUTEDS PHI TXU TXXS

459
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COMMON USEDS

ALNGTH
TAUGDC
NB

SPHERE

-‘:

DATEJ
1AUG
NDIME
™

DELTM
IBARY
NOINM2
TRTHL

DTHAX
ISTHY
NTP
L1 1Y

PSIM- B

F
NBOD
RYS

ZERO



PEIM Analysis

PSIM-1

Bubroutine PBIX controls the computation of eacu partit!-u appearing in

the augmented state transition matrix:

PYes o, (+1,k)
. A (x+1,x) = y

}

L 0 ‘ 0

Om(k+l,k)

q

0

0

0

l
c
!
|
i
i
|
!
%
i
!
1!
J

[} N The first part of the subroutine deals solely with the computation of

P (x+1,k) by one of three techniques: analytical patched conic, analytic.1l
y

“‘¥ﬁ§ virtual mass, or numerical differencing. If an analytical technique is
N selected for computing * (k+1,k) over an interval of time greater than he

maximum time interval for which the analytical technique is considered valid,

e we compute ¢ (k+1,k) using numerical differencing or by cascading Danby

L s matrizants.

t . 8
;

. t .
| ' k+1

P

‘EO,\"."{(« (it 2P TN,

ol Treal

P U

f t The remaining parti{tions, 8, and 8,,, are always computed by numerical

differencing. Columns {n these partitions associated with target planet

gravitational constant or orbital elements are computed only if the spac -
craft is within six times the sphere of influence of the target planet a .
Otherwise, these columns are set to zero.

‘
2
i
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PSIM Flow Chart

. ,
L i

PEIM-2

< ENTER > ’ ¢

Zero out partitions @ (6x6),
Ona (6xn1), and Om(éxnz).

4 3
G (0

1,2
NO NO
Is At € At ? IS™MI = 37
< max
r
s YES YES Call CASCAD to
3 compute @ (6x6)
\ 1s€ = 7 using cascaded
Danby matrizants.
r— B I-—f . I
Call PCTM to compute Call CONC> to ccupute | Call NDTM to compute
P (6x6) using the @ (6x6) using the Ll @ (6x6) using the (
analytical patched analytical virtual i ‘ numerical differeacing{ ‘
conic technique. mass technique. AJ { technique. }
: |
YES

nsz? > ]

NO

462

: NO
YES _/ nl = 07 >
' NO

Are there any dynamic
parameters in x, 7

¢

e
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Compute 8ix time. the sphere
of influence of the target planet
and the Julian date at te+1- J

Compute the position components of }
the target planet in the reference |
coordinate system at SRR J

i

i
Compute the distance between the l

spacecraft and the target planet
at tk‘f’l'

Ig or in
%,Y!S
Call MUND to compute approprintgw
columns of gxx and gxu' J

T

PSIM- 3

§
i
|

Are any target planet orbLital XNO . RETU
elements {n ?; or T ? TURN

AALYXS

s spacecraft within six times 'g}\

NO

sviuere of influence of the targf///f

lanet?
\Ln.s

R

11T PLND to compute appropriate |
columnsg of @ and 6
xx xu

of 8 and © zero.
XX xu

Maintain appropriate columas
8

o

.ﬁg__.___
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SUBROUTINE  PULCOV

g

t
PULCO/~A

PURPOSE COMPUTE EFFECTIVE EXECUTION ERROR COVARIANCE MATRIX FO#
A VELOCITY CORRECTION MODELED AS AN IMPULSE SERIES

CALLING SEQUENCE:s CALL
ARGUMENTSS RIN(S) I
DELTAV(3) I
™ ¢

QK (64 6) G

SUBSOUTINES SUPPORTEDS

SUBROUTINES REQ. .REDS

LOCAL SYMBOLSS DELR
DELV
DVFM
OVINM
FSER
GSER

HLTF

PERY
PHI

Qa

RF

RPF

464

PULCOV(RIN, DEL.TAV, TH, QK)

INERTLAL STATE OF SPACECRAFT AT NOMINAL
TIME OF CORLCTION

TOTAL VELOCITY INCREMENT TO JE AQDED
TIME UNITS PER DAY

DEVIATION MATRIX RESULTING FROM EXECUTIOHN
ERRORS

EXCUT EXCUTS

PERHEL QCOHP

PERTURBATION IN POSITION
PERTUBATION IN VELATITY
MAGNITUDE OF FINKL PULSE
MAGNITUDE OF TYPICAL PULSE
F=3ERIES CONSTANT FOR PLANETY
G=SERIES CONSYANT FOR PLANEY

STATES OF LAUNCH AND TARGEY BONIES AT ENT
OF PRNOPAGATICY INTERVAL

CURRENT PERTURBATION

STATE TRANSITION MATRIX QVER TYPICAL
INTERVAL

DEVIATION MATRIX OQURYN; PRCFAGATION
THROUGH PULSES

TYPICAL VELOCITY EXECYTIQON ERROR
COVARIANCE

NOMIN.. INERTIAL 3T:TE OF SPACECRAFT Al
END OF TYPICAL INTEXVAL

PERTURBED INERTIAL STATE OF SPANECRAFT AT
END OF TYPICAL INTERVAL

YNERTIAL STATE OF SPACECRAFT AT BZGIMNING

Iy \}'ﬂw‘ A “%‘Wﬂ s
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OF TYPICAL INTERVAL
TIME IMTERVAL BETWEENM PULSES
Y1092

Tie%3

Tieey

Tiess

T1%%6

oTI OVF ovI FS
(33 NPUL ONE PSIGA

PSIGK PSIGS RK THO
ZERO

PULC(V-B

GG
PSIGB
K

465

Kb AT Lk b DBTO v 550 i 3 ks =

P AT Il DA e D S Aatr

Td e

R R ]

Ve 1 TTDRWS L



466

PULCO /-1

PULCIN Analysis

PULCEV processes the control covariance through the pulsing arc to
determine & measure of the probabilistic deviation of the corrected

tra jectory from the desired trajectory resulting from execution errors.
The pulsing irc itself is computed {in PREPUL. It consists of Hp-l pulses
A—;i and a final pulse va satisfying

G-1) Av, + Bv = B %)

wvhere K: i{s the equivalent single impulse. The pulses are separi ted by
a time interval At1 . The duration of the entire sequence of pulses {s

given by AT = (EP-I) At1 .

PULCN must compute the execution errcr matrices Q, Qf corresponding to

the nominal pulse K;i and the final pulse —A-;f respectively. The error
mode]l for the engina is defined by the input specifications

o: = proportionglity error
2

’k = resolution error

o 2

a = first pointirg error

2
"B = psecund pointing error

The execution error watrix measuring the probabilistic deviation of the
A
actual velocity lacrement from the desired velocity increaent is computed

by QCMP.

The exact equations dcﬁniﬁ the propagation of the covariance matrix are
recursive ir nature. If " is the control covariance {mmed ately afrer

the kth pulae, the covarfance will propagate to the time of the next pulise

"k+1 by the formula

- + T
Per " P B 2
wvhere ¢ is the 6x6 state transition matrix relating perturbations at

k+1,k
"H-l to perturbations at tk . Addiung the pulse at tHl expands the

covariance by

]
]
i
]
i
!
|
|
3
i
3
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i
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vhere Q 1s set equal either to the nominal or final form of Q .

To start the process the control covariance following the first pulse is
given by

. i
P o | e e = = - J (‘5)

For efficiency one simplification is made in the process. Instead of

recomputing the state transition matrix over each interval, the value of
that matrix is held constant at the value corresponding to the “average
interval”. To explain this, let the state of the spacecraft at the time

to of the {mpulsive Av computation be denoted <, V‘o. Then the
“average interval™ is defined to be the perturbed heliocennic trajectory

(PERHEL) resulting from the propagation of the state ( r . vo +% &v)

over the interval ( to' to + At )

The constant state transition matr_i:: ¢ i{s computed by numerical differ-
(T, v+ & LV ) is first propagated over
the At time interval (using PERHEL) resulting {n the state ('i';, '\'ff )
Then the x-couponent of iniual position 18 per~urbed by Ax, leading to
a final state of (T ) upon propagation. " The first column of the

Pf'
matrix is thea computed by
& — ot — — T
Tpe T ¢ Vpe " Vs
$ = (5)
1 Ax ' Ax

\J

The other columns of ¢ are computed by similar computationu using the
remsaining components of position and velocity (y, z, x, y, z).

- = -~ e T~ — - e m——— =% m
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PULCHN Flow Chart

Compute final positions of launch
and target bodies at t -+ At‘

Conpute nominal state
transition matrix ¢

Conpute nominal execution
error matrix Q

: ©

Propagate coutrol covariance to next pulse

- +.T
P - &P ¢
k+1 X

\ YES
last pulse? \}'

Recompute execution error
matrix for last pulse Q

Update covariance by current
execution error

-

‘

P U

t
i
:
2
1
d
3
)
-.%
]
:
i
1

DY

R LT
| g



PULSEX-A
_ :
"
SUBROUTINE  PULSEX
PURPOSES TO CONTROL EXECUTION OF THE PULSING ARC MODEL. "
CALLING SEQUENCES CALL PULSEX(RIN,DELTAV,RE,TH,IRE)
ARGUMENTSS RIM(S) I INERTIAL STATE OF SPACECRAFT AT NOMINAL -
TINE OF CORRECTION k
DELTAV(S) I TOTAL VELOCITY INCREMENT TG BE ADDED
RE(6) O FINAL INERTIAL STATE OF SPACECRAFT (IRE)
™ I TIME UNITS PER DAY
IRE I FLAG DETERNINING FINAL STATE
. =0 RETURN FINAL STATE AT END OF PULSE ARG
- =1 RETURN FINAL STATE AT ARC MIDPOINT
-ii SUBROUTINES SUPPORTEDS EXCUTE EXCUTS EXCUT
v SUBROUTINES REQUIREDS CAREL  PERHEL
;FE LOCAL SYNBOLSS A SEMINAJOR AXIS |
? 0TS TINE INTERVAL IN TIME UNITS :
] oY DUNNY VARIABLE FOR OUTPUT ;
{ 3 ECCENTRICITY é
é FSER  F-SERIES CONSTANT :

6SER G-SERIES CONSTANT

4

HLTF SYATES OF LAUNCH AND TARGET BODIES AT END
OF PROPAGATION INTERVAL

—

HLTI STATES OF LAUNCH AND TARGET BODIES AT
BEGINNING OF PROPAGATION INTERVAL

Fe e, -

]
§ IPUL PULSE COUNTER
é PP UNIT VECTOR TO PERIAPSIS
5 Qa UNIT VECTOR IN ORBITAL PLANE NORMAL TO PP
g i RB INERTIAL STATE OF SPACECRAFT AT BEGINNING
‘ Of PROPAGATION INTERVAL
: TA TRUE ANOMALY
TFP TIME FROM PERIAPSIS '
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‘ » —zer fl"i‘b 3 UE T - —re - ~
‘ PULSEX-B
™ TIME FROM START OF PULSING ARG
s INTERMEDT ATE VARIABLE
2 2 TIME INTERVAL FROM MIDPOINT OF ARC
12 T1%e2
3 T1ve3
T T1e%4
o s T1%e5
. {3 Tissg
L E M ARGUNENT OF PERIAPSIS
x 2 MM UNIT NORMAL YO ORBITAL PLANE
¥
— X4 X1 INCLINATIOK
nu%?- \ XN LONGITUDE OF ASCENDING NGNE
b COMION USEDS oTI DVF ovI F3 GG
‘. 6S NPUL  ONE PULT  RK
g THO VK ZERO
.
4
!:
E
b
g.a
-
}i‘—f‘
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PULSEX-1

PULSEX Analysis

PULSEKX {s respounsible for the actual execution of the pulaing arc. Exper-
imenta have shown that adding an {mpulsive K; at time to may be approx-

imated quite closely by centering an equivalent sequence of smaller impulses
about the nominal time t,

This equivalent sequence cf thrusts is computed by PREPUL. It consists of
Np - 1 pulses K:i and a final pulse K;f satisfying

(x -1) Ay, + Bv, = Av (1)
p £

The pulses are separated by a time i{nterval At . The duration of the
i
entire sequence of pulses {s given by AT = (Np - 1) Ati'

For efficiency the perturbed heliocentric conic propagator PERHEL 4s used
to propagate the trajectory between pulses. PERHEL requires the positious
of the launch and target bodies at the beginning and end of each propagatiocn

. interval. PREPUL stores the position and velocity of the launch and target

bodies ut the reference tire L ( 29 ) and ( oo Varg ) &nd

Y
w)
stores the constants of the t and g series for those states (ka' 81&'
f’l‘k' BTk’ k=1,6). The positior of the launch body at some time t relative

to the reference time to is then given by

. (t) = fL () T o + g () vm (2)

k

wvhere fL(t) - E fl.kt
k=0 (3)

6
X
g (t) = E g t
L k=1 Ik

with similar equations holding for the target body.

The procedure of PULSEX i{s straightforwaxrd. The positions of the launch
and target bodies are computed at the time the pulsing arc should begin:
ty=t - AT/2. PEREEL is then called o propagate the spacecraft from £,

backwards to g . The actual pulsing arc cycle is now entered. The nominal
—
velocity increment Av1 is added to the current velocity impulsively

<}

-’<.-'-t»K’\7i (%)
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PULSEX-2

and the resulting state (?, V) is propagated forward over the time
{nterval A:f. by PERHEL. Another pulse {s added and the process repeated

until lp = 1 pulses have been added. Finally a pulse of st is added.
Two options are now permitted. If IRE = 0 , the firal state is not

altered (NOMMAL)., If IRR = |, the final state {s propagated backwards
back to to for use in ERRAK and SIMUL.

Finally CAREL is called to compute the conic elements of the final state.
For comparison purposes, the impulsive Av 1s added to the state at t

Propagated to the final time t, =t + AT/2 by PERHEL, and those elements
computed.

PRTE PR
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PULSEX Plow Chart PULSEX-3
Propagste launch and targ st bodin
f 1si , T
to start of pulsing arc rz‘f s
Propcgate state of §/C :b_ack to start
t t .
of pulsing arc to ge r8£ -
®
<
i
+ Av Update variables from previou:I
£ step:
=t - 4T |
k 2
- T =T, % =%
IRE : 9 L Lf T4 Tf
- - —» +—A—‘
- r , vV =y v
%r‘ Si Sf S{ St i i
‘ Propagate rSf ?;f back to t : rSf’VSf
Compute final positions of o
launch and target bodles ?Lf’ I
T |
Prepare for impulsive comparison by
setting T =~ ?o’ V-?o + Av
Propagate S/C foward to time 7
= of next 1 t
ReXE Pulsel rger Veer BT
t + t
k a 1{

]
Jropegate ?, v to t, + Ag— i r

<}

>

4

Compute conic els of ("'{,vu) and (Y',¥)

RETURN
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SUBROUTINE QcComP

PURPOSES TO COMPUTE THE EXECUTION FRROR COVARIANCE MATRIX FOR A
VELOCITY CORRECTION.

CALLING SEQUENCES CALL QCOMP(V,EM,Q)

ARGUMENT ¢ v I VELOCITY CORRECTION
Q 0 EXECUTION ERROR "\ATRIX
EN I ERROR MODEL (SIGRES;SIGPRO,SIGALP,SIGBET)

SUBROUTINES SUPPORTEDS BIAIM GUISIMN PULCOV 6GUIDH

LOCAL SYMBOLSS AU SIGALP/U2
BRK SIGPRO* SITRES/R2
BU SIGBET/U2
R y2+22
uz X2+Y2
X2 V(1) SQUARED
Y2 V(2) SQUARED
2 V(3) SQUARED
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QCaMpP-1

QCMP Analysis

Subroutine QCAMP computes the uxecution error covariauce matrix '6 for
a velocity correction AV = (Avx.Av .sz) occurriug at time tj . 1f
y

the execution error is assumed to have form

OZV - k&“‘ﬂzv +65—‘;
AV pointing

where k {8 the proportionality error and 8 {8 the resolution error,

then the elements of the '(5‘1 matrix are given by
2 2 2 ,2 2 2 2
~ 2 v g v V. oo
Ql.-sz[ak+9_Bi.}+axp sa , OV OV, %p
4 p 4
P u2 “2
2 2.2 2 2
~ ~ 2 o PO, AV o
- = AV AV o . - + 1. 248
Q=9 ~ VLY, 19 p2 u? u?
2
§ .=, =~Ovav 2, 2 "ﬂ
- - a ————— -
13~ 31 e | % P BJ
2 2 2 2 Pl 2 2
~ 2 2 o OV p 9 AN AAY R
sz = AV [o + —g-z-] + X a4 X, z 48

23 k pZ
2
2 2 o 2 2
0 =« AV o + =& |+ H o
3 " OV { k p2 ] 9B

2 2 2 2 2 2 s 2 9
h U - 5 o
where AVX + Avy ' I A v, and aa , O <’ %y and

2 .
tfaa are the variances associated with the resolution, proportionality, and
two pointing errors, respectively.
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QUASI=-A
PROGRAM QUASE
PURPOSES PERFORM QUASI-LINEAR FILTERING EVENT IN THE SIMULATION
PROGRAN

CALLING SEQUENCE® CALL QUASI
SUBROUTINES SUPPORTEDS SIMULL

LOCAL SYMBOLS?S

COMMON COMPUTED/USEDS ADEVX EQDEVX NQE XF1

COMMON COMPUTEDS TRTML XIi XI :

COMMON USEDS ABEVXS EDEVXS NDOIMQ TEVN W
XF XSt ZERO



QUASI-1

AL A

QUASI Analysis

At a quasi-linear filtering event the most recent nominal trujectory is
updated by using the most recent state deviation estimate, If i;. i{s the
most recent nominal posi;}on/vclocity state {mmediately preceding the event
at time tj , and {f Sx;' {s the position/velocity deviation estimate,

then immediately folloving the quasi-linear fi{ltering event, the most reécent
nominal position/velocity state is given by

4
+
1
»a2
’
+
O
>
'

The estimated and actusl deviations from the most recent nominal trajectory
must also be updated:

%+
387 = 0
| ]
) ~ 4 ~ o X - s
X - 8X - 6X
3 J 3

A quasi-linear filtering event in no way alters the know. e ana control
uncertainties at time tJ . Thus knowledge covariance Pk and control
covarisnce Pc remain constant across & quasi-linear filtering event.

J
Furthermore, since no velocity cr-rection i{s performed, the (most recen)

- targeted nominal Xj i{s unchanged. Nefther is the solve-tor parameter

state updated at & quasi-linear filtering event.

- - , - ‘
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QUASI Flow Ciart

Increment quasi-linear i
f{ltering event counter, )

—— N

['Hrite out actual aynamic noise
| and estimited and actual dev~
iati{ons £ -om most receprt nomine
al at tim: t, <{raediataly

J

| preceding the ev<. .

Update and write out most recent
n- ._aal position/velocity state.

v

Update and write out estimated

and actual state deviations at

time t 7 immediately following

J
+he event.

]
Keset state vectors and trajectory
S;ne in preparation Zor next cycle.
st NMTRJ = 1 gince targeted
wowinal and moat recent nomi{nal

ro longer coincide. ]
[}

v

‘ RETEN }

U [

QUASI-2
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FUNCTION RNUM

{

PURPOSES TO RETURN RANDOM NUMBERS ON A NORMAL DISTRIBUTION WHITM
MEAN ZERO AND STANOARD OEVIATION SIGHA.

LALLING UFQUENCES Z=RNUM(SIGHA)
LAGUMENTS SIGHA I STANDARD DEVIATIONM

SUBROUTINMES SUPPORTEDS SImULL

LOCAL SYMBOLSET A

NX

RNUN

SS

: L } 8

Yy
Y1
1z
1

SUM OF THELVE RANDOM NUMBERS BETMEEN ZERO
AND ONE

CONTROLLING INTEGER
INTERMEDIATE INTEGER
INTERMEDIATE VARIABLE

RANDOM NUMBER FROM NORMAL DISTRIBUTION
MITH MEAN ZERO AND STANOARD DEVIATIONM

SIGHA

INTERMEDIATE VARIABLE

INTERMEDIATE VARIABLE

INTERMEDIATE VARIABLE

INTERMEDIATE VARIABLE

INTERMEDIATE VARIABLE '
INTERMNEDIATE VARIABLE

INTERMEDIATE VARIABLE

INTERMEDIATE VARIABLE
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REIM Analysis
Punction subprogram RNUX supplies random numbers on a normal distribution
with tear zero and standsrd deviation ¢ .

Twelve racdom numbers Xi between O and 1 are computed, which are then
used to compute the returned random oumber RNUX using the following

equation:

12
RElM = Z Xi-6-0
{=]
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SCHED-A

. SUBROUTINE  SCHED

PURPOSES TO DETERMINE WHATY TYPE OF MEASUREMENT IS TO BE TAKEN
NEXT AND AT MWMAT TIME IT MILL OCCUR.

CALLING SEQUENCES GCALL SCHED(T1,T2,NNMCODE)
ARGUMENTS MMCODE O MEASUREMENT KODEL CODE
B I PRESENT TRAJECTORY TINE

T2 0 TRAJECTORY TIME AT WHICH THE NEAY
MEASURENMENT OCCURS

SUBROUTINES SUPPORTEDS SINMULL ERRANN

LOCAL SYMBOLSS N INOEX
COMMON USEDS WONTR  MCODE  NMN TMN
v ' 8

481
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SCHED Flow Chart

;
2 .
NES A

T2 = TMN(M)
MMCODE = MCODE(M)

SCHED-1
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SERIE~-A

SUBROQUTINE  SERIE
PURPOSES TO COMPUTE THME TRANSCENDENTAL FUNCTIONS USED IN FLITYE.

CALLING SEQUENCES CALL SERIE(X,SXyCX)

ARGUMENTSS X ) ¢ INDEPENDENT VARIABLE
SX 0 BATTIN S~-FUNCTYION OF X
cXx o] BATTIN C-FUNCYION OF X

SUBROUTINES SUPPORTEDS FLITE

SUBROUTIRES REQUIREDS NONE
LOCAL SYWMBOLSS COSH STATEMENY FUNCTYION FOR HYPERBC!.IC COSINE

SINM STATEMENT FUNCTION FOR HYPERBOLIC SINE

€ SARY OF ABS VALUE OF X
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SERIE~-1

SERIE Analysis

SERIE computes the transcendental functions S5(x) and C(x) used {(n
the FLITE progrem in the solutica of lambert's theorea.

The functions S5(x) and C(x) are defined by

S(x) = .l/_x__.'_l;_“_\/.; x>0

= x<0
\/-x
1
- o - 0 1
: x 1)
C(x) - _L__-_C_C;L_J_X— x>0
e cosh V-x - 1
x< 9
-x
= —21- X 0 (2)
For small values of | x | the Taylor series expansions are used
1 x xz
S(X) = 3: - z! + 3—: +...
3)
C 1 X 12
S TR TR v
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3 O SRRIE Flow Chart

‘ ENTER
Use Taylor Ix|< .01 x=7 x>0
expansion for §,C

x < -.01
Use stdlformnla
RETURN | for S,C (x <0)
4
o
e~ ~

L

5 M 20\, g g o
4 .w«& g Al e hESad s Al “WFAK‘J"'WWT;’J’-

Use std formula
for 5,C (x> 0)
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SUBROUTINE  SETEVM
PURPOSE

SETEVN-A

PERFORM ALL COMPUTATIONS COMMON YO MOST EVENTS IN THE
ERROR AMALYSIS PROGRAM

CALLING SEQUENCES CALL SETEVN(RI,TEVN,NCODE)

ARGUMENT S MCODE I
RI I

TEVN ¢

EVENT COODE

TARGETEDC NOMINAL SFACECRAFT STATE AT
PREVIOQUS MEASUREMENT OR EVENT TIME

EVENT TINE

SUBROUTINES SUPPORTEDS ERRANN

SUBROUTINES REQUIREDS

LOCAL SYNBOLS BL ANK
EGVCY

EGVL

IC00E
ouY
- PEIG

RF
VEIG
COMMON COMPUTED/USEDS
CONMON COMPUTEDS
_ COMMON USEDS

CORREL DYNO HYELS JACOBI NAVM
RTM PSIN STHPR TITLE TRAPAR

OUMRY CALLING ARGUMENT

ARRAY OF EIGENVECTORS CORRESPONDING TO THE
COLUMNS OF A GIVEN MATRIX

ARRAY OF EIGENVALUES RELATED YO TME
EIGENVECTORS CONTAINED IN EGVCT

INTERNAL CONTROL FLAG
SQUARE ROOTS OF EIGENVALUES

MATRIX FOR WHICH HYPERELLIPSOID IS TO 8E
COMPUTED

NOMINAL SPACECRAFY STATE AT EVENT TIME

MATRIX TO BE DIAGONALIZED

TRYNL XF

. DELTH XX
Cxsu CXxSsy CXu Cxyv Cxxs
FoP FOV IEl6 IHYPY IPRT
ISTHC NTHMC PS P Q
ue vo XLAB
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SETEVN-1

SETEVN Analysis

Prior to executing any event in the error analysis mode, subroutine

SETEVH i{s called to perform a series of computations which are common

to all events. Subroutine SETEVN computes the targeted nominal trajectory
at t , and propagates the knowledge covaricnce partitions at :k-l , the

time of the previous event or measurement, forward to t.ze tj using the
prediction equations found {n the NAVM Analysis section.

For any svent other than a prediction event, subroutine SETEVN also
computes eigenvalues, eigenvectors, and hyperellipsoids of the position
and velocitv partitions of the knowledge covariance at tj .
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<>

Set At = IR Call NIX

toc compute the targeted nominal
at tj ., Write out,

M
(m(AHO% s
i 1

YEE

Call TRAPAR to compute and write
out set of navigation parameters
for the targeted nominal.

Call PSIM and DYNO to compute
state transition matrix partitions
and dynamic noise covariance matrix
over ttk-l' tj] . Write out.

!

v _

Call RAVM to compute knowledge co-
variance partitions at tj. Write out,

YES
<Is event a prediction event?>—

NO

Compute and write out eigenvalues,
eigenvectors, and hyperellipsoids of
position and velocity parti{tions of
the knowledge covariance at tj.

(Ia event a guidance event? \
J/
NO

|

[

Reset time and state vector in
preparation fcr next cycle.

<

RETURK

SETEVN=-2
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SUBROUTINE  SETEVS

PURPOSE

e e e S R

SETEVS=-A

PERFORM ALL COMPUTYATIONS COMMON TO MOST EVENTS IN THE

SINULATION PROGRAM

CALLING SEQUENCE!

ARGUMENT NCODE ¢
RI 1
RIL I
TEVN

SUBROUTINES SUPPORTEDS
SUBROUTINES REQUIREDS

LOCAL SYMBOLS  DUM
EGVT
EGVL
ICODE
v ouT

PEIG
RFL
RF
VEIG
COQHON CONPUTEDIQSED!
COMMON COMPUTEDS

COMMON USEDS

CALL SETEVS(RI,TEVN,RI1,NCODE)

EVENT CODE

TARGETED NOMINAL SPACECRAFT STATE AT
PREVIOUS MEASUREMENT OR EVENT TIME

MOST RECENT NOMINAL SPACECRAFT STATE AV
PREVIOQUS MEASUREMENT OR EVENT TIME

EVENT TINME
SIMULL

CORREL DYNOS
NTHMS PSIM

HYELS
STHPR

JACOBI NAVM
TITLES TRAPAR

INTERMEDIATE VECTOR 7
ARRAY OF EIGENVECTORS

ARRAY OF EIGENVALUES
INTERNAL CONTYROL FLAG
SQUARE ROOTS OF EIGENVALUES

MATRIX WHOSE HYPERELLIPSOIO IS TO BE
COMPUTED , S

MOST RECENT NOMINAL SPACECRAFT STATE AT
EVENT TINME

TARGETED NOMINAL SPACECRAFT STATE AT EVENT
TIME

MATRIX TO BE DIAGONALIZED

ADEVX EDEVX TRTNL ,XFi XF
XI1 ZF 21

DELTM  XI

ADEVXS CXSU  CXSV  Cxu cxv
CXXS  EDEVXS FOP FOV . TIEIG
INYPL IPRT  ISTHC  NDIML  NGE
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SETEVS-1

SETEVS Analysis

Prior to executing any event {n the s{mulation mode, subroutine SETEVS i3
called to perform a series of computations which are common to all event:.
After computing the targeted nominel and most recent nominal states at

the time of the event t, , xnowledge covariance partitions are propagatecd
forward to time ¢t froé L_ane tu-l of the previous event or measurement

using the prediction equations found {n the NAVM Analysis section. The
actusl trajectory state at tJ {8 computed using

where Z, £ 418 the actual trajectory atate assuming no unmodeled acceleration
has been acting on the spacecraft, and uﬁ is the contribution of the actual

unmodeled acceleration to the actual trajectory state at t, . The actual
o

and predicted position/velocity deviations from the most recent nominal at
tj are given by

ry
and JXJ = ¢(tj, tk-l) s
respectively, where ¢ and exx are the state transition matrir partitions
8
over [ :k-l’ tj] .

For any event other than prediction and quasi-linear fi{ltering events, sub-
routines SETEVS also computes eigenvalues, eigenvectors, and hyper-llipsoids
of the position and velocity partitions of the knowledge covariance at tj .

48]
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SETEVS~-2

3 SETEVS Flow Chart -

Set At=t -t .

Call KI5 to compute the targeted

nominal at tJ .

<Ia targeted nominal 1dent1caR YES

to most recent nominal? f

]

1

Call NIM§ to compute most Set wmost recect nominal equal’
recent nominal at tj . to targuted nominal at t, .

_J

le ]

Inl
\'J ‘
Call PSIM and DYN@S to compute :
state transition matrix partitiots .

and dynamic noise covarfance matrix
over the time interval

[‘x-1 ' ‘J]

el

: Call NAVM to compute knowledge
” . covariance parti{tions at tJ

| M
Compute actusl position/velocity

F‘ state at t . . Compute actual K
s position/velocity state at t

H
IEROP Y VLIRS SR

KA

before effect of unmodeled accel-
eration has been added.




<
o

o

L nTe vy

& Fe

PITOAY

N
<t
Ri4v !

Call DYEGS to coumpute effect
of unmodeled acceleration.

Use to update actual position/
velocity state at tj-.

¥Write ocut targeted nominal,
most recent nominal, and actual
tra jectories at tj N

-{4]

SETEVS-3

(IPHI(L) ' 0?>
YES

Call TRAPAR to coapute and
write ocut set of navigation
parsmeters for the actuai
tra jectory.

Write out state transition
matrix partitions and the
diagonal of the dynamic noise
crvariancc trix over

Ltk-l' tk . ¥Write ocut

knowledge correlation par-
titions and standard deviations
at tj .

Compute actual and predicted
position/velocity deviations
from the most recent nominal
at tj .

Is evint 1 prediction or
quesi-linear filtering event?

T
RO

"‘; l _ !il i ! m RN B DA * ML Lol b330 AP o5 2020 K 21801 omsar 0+ a4 B 4 e e 1WA 27, B AR ecm e s
- .
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Compute and write out eigenvalues,
eigenvectors, and hyperellipsoids

«f position and velocity partitions '

of the knowledge covariance at ¢

SRTEVS-4

Is event a guidance or YES RETURN
CERCOM event?

NO

'

Write ocut actual dynsmic noise
vector. Write ocut estimated and

actual position/velocity and solve- |

for parameter deviations from the
mOst recent nominal at t

j -

Reset time and state vectors in
preparation for next cycle.




SIMUL~A

PROGRAM SImMuL

PURPOSES TO CONTROL THE COMPUTATIONAL FLOW THROUGH THE BASIC
CYCLE (MEASUREMENY PROCESSING) AND ALL EVENTS IN THE

SINULATION PROGRAN

SUBROUTINES SUPPORTEDt MAIN
SUBROUTINES REQUIRED?S B8IAS DYNOS MENQS NAVM NTMS :
TRAKS PRINTA PSIN SCHED SETEVS .
LOCAL SYnBOLS BVAL ACTUAL MEASURENENT BIAS VECTOR
ounN INTERMEDIATE VARIABLE

ouUN INTERMEDIATE VECTOR

.

IPRN HREASUREMENT PRINT TIME COUNTER

<

———
7R Ty - -m4‘~\~i—.‘ :
i

MMCODE MEASUREMENT CODE

R R

NEVENT EVENT COUNTER
RNUN RANDOM MEASUREMENY NOISE
TRTNH2 YIME OF THE MEASUREMENT

A MO AT Ay e e aaaam

COMMON CONPUTYED/USED?S ADEVX ANGIS aAY EDEVXS EDE¥VX
. EY ICODE MCNTR NAFC RES

RF1 RIt RI TEVN TRTML !
XF3L XF xIg xI ZF i
Z1 :

COMMON COMPUTEDS AYNEY DELTH EDEVYSH EDEVXM A

COMMON USED? AK AM AR FNTH H 3
TIEVNT IPRINT ISTHC NAE NAF 6 j
NOIML NEV NSE NMN NQE 1

* NR NTMC PHI RF S

TEV TXXS ] ZERO é

TR Roakiing atatnena t o
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SIMUL~1

SIXUL Analysis

The primary function of subroutine SIMUL {s to control the computational
flow through the basic cycle (measurement processing) and all events in
the s{imulation mode. Subroutine SIMUL also performs some computations

in the basic cycle. All event- elated analysis is presented in the event
subroutines themselves and will not be treated below.

In the basic cycle the first task of SIMUL is to cont.ol the generation
of targeted nominal and most recent nominal spacecraft states, §£+1 and

o~ — ~
xk+1 , Tespectively, at time tk , given states Xk and Xk at time tk .

Then, calling PSIM, DYN@S, TRAKS, and MEN@S, successively, SIMUL controls
the computation of all matrix information required by subroutine NAVM in
order to compute the covariance matrix partitions at time tkil immediately
following the measurement.

After computing the actual state Zk at time tk from

X = X + 6% 1
" X K L

. o~
wvhere d.lk is the actual spacecraft state deviation from the most recent

nomin~., SIMUL controls the generation oif the actual state at time

Z
k+1
tk before the effect of unmodeled acceleration has been added. Then,

having called DYN@S to compute the effect of ummodeled acceleration ‘dk+l'

SIMUL computes the actual state and actual state deviation at time tk+1 :

-

X - 2

+ 2
k+1 K+l - Wil 2)

L od

8541 = N - X o1 3

With both the most recent nominal and actual spacecraft states available
at tk+1 ,» SIMUL calls TRAKS twice in succession to compute the {deal
~

wmeasurements and Xk+1 , respectively, which would be made at each

Y
k+1
of these trajectory states. Calling MEN@S, RNUM, and BIAS to compute the actual

aeasurement noise and bias corrupting the ideal measurement associated with

ti:e actual state, SIMUL computes the actual measurement at time :k+1 using

- +5b

don Y +
k+1 “k+1 ktl Vil (4)

Ca diradt e LAA L o o Taf BANAD s 24 SMAOL sg b ML= s SIGR L o 4

§UET P mp Ry
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SIMUL~-2

vhere b and V.41 Tepresent the actual measurement bias and noise,

k+1
respectively,

All information required for computing both predicted and filtered state
deviations from the most recent nominal at Bt 1 i now available. With

& and On"
intexval [tk’ tk+l ], SIMUL computes the predicted spacecraft state

denoting state transition matrix partitions over the time

deviations and solve-for parameter deviations at tk+1 using

X . "t x

5x,, - $ox + 0""8 6x5: (5)

% 2+

8% ° - 8X (6)
S+l 8y

Prior to computing filtered deviations, S8IMUL computes the measurement
residual from

©
R

3
[}

N 3]
)

€]
where B‘K-H. and HH-I are observation matrix partitions. Filtered

spacecraft state devictions and golve-for parameter deviations are then
computed from

52° 2 +x €
N1 K+l K+l R+l (8
~ ~
A+ A -
éx - §x + S € 9)
brl 841 k1l ktl

vhere lk+1 and s‘w1 are the filter gain constants.

©
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43

R
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JX

SIMUL~-3

S§IMUL Flow Chart ( ENTER >

Initialize event counter NEVENT
and print counter IPRN,

320

y

Define states l& and 'ik at

Call SCHED to obtain the time |
r’k-ﬂ of the measurement and the

i
1
measurement code. i

Define time interval At = t -t .
k+1 k

YES
Qoes an event occur before tk+1?

Call NIMS to compute state ik

+1

YES k NO
v - N
Q NMTRI = 17

Call NIMS to compute Set

state X i - X1 ™ Ken

e

S

Rl N ]

T e



SIMUL~4

Increment measurement counter MCNIR. . ;

Call PSIM to compute state transition ;
matrix partitions over ["k’ tHl

for the most recent nominal trajectory.

Call DYN@S to compute Q .
k+1,k

P /
Call TRAKS to compute the observation )

matrix partitions at t . .
k+1 :

= Call MEN@S to compute le . ‘

Call NAVM to compute covariance matrix

rtitio at ¢t |
pa ne x+1

| 4

Compute actual state 1(h at tk .

Call NIMS to compute actual state
%1 before effect of unmodeled accel-

eration has been added.

|
|
3
T
|
|
%
i

Call DYN@S to compute effect of un-
modeled acceleration UHI .

I




SIMUL-5

Compute actual state xk+1 after

effect of unmodeled acceleration
has been added.

-

!

Compute actual state deviation 6§;+1

Call TRAKS to compute ideal meas-
urement Yk+1 from most recent

nominal.

Call TRAKS to compute ideal meas-
urement from actual trajectory.

FREOv SHUC IV,

IAMA S ST BN raen -

Call MEN@S to compute

R
— k+l

Compute actual measurement noise yk+1 .

!

y

Call BIAS to compute b

AN (oo E LS o R I
.

k+1

TITTNOR P Ragy mvr

\

a
Comput ctual Y
pute actuai measurement Kt

Compute quantities required for
adaptive filtering,

500




A A N om

N

s
o

P SNy SN
gt

.

P

v e U R e ST o - A TN R T - -

Compute predicted state deviations

N d B t ot .
&§k+‘ and § Bl . k+1

Compute measurement residual ¢ ol

F—Eé;pute filteEFd state deviationgﬁw

2+ g +
éx and 68X at .
k+1 81 Ser1 i

Increment print countex XPBN.

SIMUL~6

NO

{ Is it time to print? \>
YES
N

bagic cycle data.

-y

Call PRINT4 to write out all}

S NY —_———-———-——.jl

Reset time and targeted and
most recent nominal states in
preparation for next cycle.
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SIMUL~7

Define event code IC@DE and ) .
event time ¢t . j;

]

N ¥

Y
N R
Sty

NC

-

IC@DE & 5 ? \,

IR
NG 2 9

YES

™

<

Call SETEVS to compute information t .,
common to most types of events. 3

—

FATHATI N

- Sy

S

L

el

s
L Ghag S

{mgmz -7 >

5 6

!

|

‘ ]

i o
Call CONCEM j [ Call adaptive

Call prediction
event overlay. event overlay. : L filtering overlay.
1 4
‘

|
|
i T
} )L N ;

S Call quasi-line;;W
5

7 |

1 2 3 4

g
LA Rz&:{nm

o e
N
LI

ek

U
il

S

2

2%
-%

| Call GUISIH.1

1
!
i
|

filtering event
overlay.

b

v YES
[NAFC 4mye(mz+1)7ji__ﬂ

NO l
i

; i NAFC = O | @
; ; ! '
/ i/ ¥ ]

PRI P, e

L_Fncrement even. counter.




I@ﬁr‘i ' b
{ . ~~..u»a-i.ﬁ’-’....,‘..-..n‘;‘-,.-tx.wa.T.., ey e .
‘ SIMUL~-8
N
, ,
‘ 400
YES
G-

NO

NO
< Have all measurements been proceased

: ! YEs
|
- Y ~ NO
3“, < Have all events been perfomed?j —]
YES |
/ 4

I T

T
Y

‘{’I\)’efine states xk+1 and
Ky 8t time t ..
L

-

Define time interval At = t_ - t

- ~ £ ktl
and states X and X . f @
k+1 k+1
d
(
Call NTMS to compute state if .
, |
[ —  N@MTRI=17 >—
Call NT‘!:L'S to compute Set ~ -
state X . X = X
3 £ £
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SIMUL~ 9

Call PSIM to compute state
transition matrix partitiones
over [tk-bl’ tfl for the most

recent nominal trajectory.

Call DYN@S to compute Qf

o]

kbl

Call NAVM to compute covariance
matrix partitions at tf .

]

oy

Compute actual state Xk at t .

+1 k+1

y

Call NIMS to compute actual state
Xx. at tf before effect o ummodeled

acceleration hes been added. J

|

¥

Call DYNPS to compute effect of un-
modeled aLceleration Ws

Compute actual state Xf after

effect of unmodeled acceleration has
been added,.

Conpute actual state deviations 6Yf .

;

Compute predicted state deviations

6§f and 6§; at ¢t

£ f
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E
SPACE-A
Ok_ﬁ
SUBROUTINE  SPACE >
PURPOSES COUNTS THE NUMBER OF LINES BEING PRINTIO TO DETERMINE g
WMEN TO SKIP TO THE NEXT PAGE WITH A NEW HEADING g
CALLING SEQUENCE  CALL SPACE(LINES) E
ARGUMENT  LINES 1  NUMBER OF LINES THAT WILL BE WRITTEN IN E
THE NEXT QUTPUT STATEMENY :
] SUBROUTINES SUPPORTEDS INPUTZ PRINT  VECTOR VNP
- SUBROUTINES REQUIREDS  NEWPGE g
COMMON COMPUTED/USEDS  LINGY :
COMNON USEDS LINPGE ;
i
1
) 3
i !
) \
a
i3
Bl
G ]
£ i
S5 i
&
h".,r -
&
&

0 THie)
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SUBROUTINE STAPRL
PURPOSES TO COMPUTE THE PARTIAL DERIVATIVES OF STATION LOCATION

ERRORS
CALLING SEQUENCE
ARGUMENTS AL
ALAY
ALON
PA

PAT2

VEC

SUBROUTINES S IPPORTEDS

LOCAL SYMBOLS!

COMMON USEDS

8 CALL STAPRL(AL,ALON,ALAT,PAT2,VEC,PA)

61
62
63
1}

65
66
OMEG

I
I

ALTITUDE OF THME STAYIQON
LATYITUUE OF THE STATION

LONGITUDE OF THE STAYION

STAYRL~A

PARTIAL OF STATION POSITION AND VELOCITY
WITH RESPECT T0 ALTITUDE, LATITUDBE AND

LONGITUDE

LONGITUDE ¢ OMEGA® (CURRENT TIME-LAUNCH

TINE)
UNUSED

TRAKS TRAKM

SINE OF LATITUDE

COSINE OF LATITUDE

SINE(PHI *OMEGACT-UNIVYT))

COSINE(PHI #+OMEGA(T-UNIVT))

WHERE PHI =LONGITUQE
OMEGA=EARTH ROTATION RATE
T =TINE
UNIVT=UNIVERSAL T7TME

SINE OF O0BLIQUITY OF EARTH

COSINE OF 0BLIQUIYY OF EARTH

OMEGA IN PROPER UNITS

-3 OMEGA ™
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STAFRL~1

STAPRL Anslysis

The ecliptic cozponents of the position and velocity of a tracking station
relative to the EZarth are related to station location parameters R, 0, and

@ through the following set of equations:
X = Rcos 8 cos G
Y, = Rcos @ cos€ 8in G + R sin O sin €

-R cos O 8{n € 6in G - R sin 8 cos €

N
»

X = -wRcos @ sin G
Y = WER cos 8 cos € coe G

Z = ~wR cos @ sin € cos .

vhere G = & + w(t - T), and T 1s the universal time at some epoch(usually
launch time).

Subroutine SYAPRL computes the negative of the partials of the previous
quantities with respect to the station location parameters R, 8, and @ .

These partials are sumnarized below:

ax.
= - cos O cos G

- el = R gin 0 cos G

= Rcos B ein G
--——'---[ain(ainﬂ*—cuecocOainG]
- —2L = Rcos €8in 0 8in G - R sin € cos O

&Y
-_83- = -Rcos €cos § cos G

@
N

~~—4f = gin ¢cos @810 G - cos €8in ®

@
]

507

LN

Pon

st e o v

e RNt NE

PR o
der pohi g

:“«;«,‘ o e J""‘

g Ry



=R

X 2P

~ro-

Lagtl: 15115 2 v s ol Wil S0 Aemy o - 20 R 2o Mt B A s

@
[ K

P

"

[ -[llln¢|m00m6+lcoo (conO]

= R sin ¢cos 0 cos G
= & cos O sin G
& <k 8in @ sfn G

= wkcos O cos G

= -~(cos O cos €cos G

» WRcos € ein 0 coa G
= WRkcos €cos 8 sin G
= wsin € cos O cos G

= -wR sin € 8in O cos G

= -wk sin cm_Osinc
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STVPR-A

SUBROUTINE STHPR
PURPOSES TO PRINT OUY THE TRANSPOSES OF TME STATE TRANSITION
) RATRIX PARTITIONS PHI, TXXS, AND TXU OVER AN ARBITRAR -
INTERVAL OF TINME.

CALLING SEQUENCES CALL STNPR(TRTNH1, TRTM2)

ARGUNENT 8 TRTML I TIME AT BEGINNING OF INVTERVAL OVER WHICH
STATE TRANSITION MATRIX PARTITIONS HAVE

BEEN COMPUTED

TRTH2 I TINME AT END OF INTERVAL OVER WHICH STATE
TRANSITION MATRIX PARTITIONS HAVE BEEN

CONPUTED

SUBROUTINES SUPPORTEDS PRINT& SETEVS GUISIM GUISS PRESIM
i PRINT3I SETEVN GUIDNM GUID PRED

COMMON USEDS NOINML NDINM2 PHI Xy TXXS
) XLAS XSt XU

509 .
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SUBL-A

PURPOSES TO COMPUTE POSIVION AND VELOCIYY MAGNITYUDES.

CALLING SEQUENCES CALL SUBL(X,XE,XP)

ARGUMENTS X ) ¢
XE I
XP I

SUBROUTINES SUPPORTEDS

LOCAL SYHMBOLSS RX
RY
RZ

X
vY

vz

510

INERTIAL POSITION/VELOCITY OF THE VEHWICLE
EARTH~S POSITION/VELOCITY
POSITICN/VELOCITY OF THE TARGET PLANET
PRINT L

MAGNITUDE OF INERTIAL POSIYION VECTOR
MAGNITUDE OF GEOCENTRIC POSITION VECYOR

MAGNITUDE OF PLANETOCENTRIC POSITION
VECTOR

MAGNITUDE OF [INERTIAL VELQCITY VECTOR
MAGNITUDE OF GEOCENTRIC VELOCITY VECTOR

MAGNITUDE OF PLANETOCENTRIC VELOCITY
VECTOR

GEOCCENTRIC POSIVIOM/VELOCITY OF THE
VEHICLE

PLANETOCENTRIC POSIVION/VELOCITY OF THE
VEHICLE

A

~
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SUBROUTINE  TARGETY

TABGET-A

PURPOSES TO PERFORM EXECUTIVE FUNCTIONS OF THE TARGETING MODE AS
CALLING REQUIRED SUBROUTINES TO READ THE INPUT DATA,
COMPUTYING THE ZERO ITERATE IF NECESSARY AND PERFORMING
THE ACTUAL TARGETVTING THROUGH THE PRQOGRESSIVE STAGES

USED BY STEAP,

CALLING SEQUENCES CALL

SUBROUTINES SUPPORTED®
SUBROUTINES REQUIREDS
LOCAL SYMBOLSS ABV

ACC

ACK

AER

CERROR

OEV

IspP2
ITBAD
ITER

ITOoL

I7

LONMI

TARGEY
GIODANS
TYAROPY TARMAX DESENT PECEQ VNP

INTERMEDIATE VARIABLE USED TO LIMIT EACH
QELTAV COMPONENT CHANGE

VECYOR OF ACCURACY LEVELS FOR THE CURRENTY
TYARGETING EVENT .

ACTUAL ACCURACY USED BY SUBROUTINE VMNP

ABSOLUTE VALUES OF DIFTERENCES BETHWEEN
DESIRED AND NOMINAL EHD CONDITIONS

CURRENY SUM CF WEIGHTEC OXFFERENCES OF
DESIRED AUXILIARY AND NOMINAL AUXILIARY
END CONDIYIQNS

DIFFERERCES (ERRORS) BETKEEN AUXILIARY END
CONDIVIONS (DESIRED AND NOMINAL)

INDICATOR USED BY SUBROUTINE VMP
=1 STYOP AT SPHERE=-CF-INFLYENCE
=] DO NO STOP AT SPHERE-OF~INFLUENCE

BAQ STEP COUNTER

ITERATION COUNTER

CONVERGENCE INDICATOR
=y CASE CONVERGED
=0 CASE DID NOT CONVERGE

INDICATOR USED 7O LOCATE DESIRED TIME
VALUE FOR OUTER TARGETING

INDEX
INDEX
INDICATOR USED TO CALCULATE ThE PHASE 2

[
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NOMORE

OSPH

PERROR

REOUC
RIS

RR
RSF
S$SOI
STOL
THOF

TVH
VL

vy

XTIME

- COMMON CONPUTEO/USEDS

COMMON COMPUTEDS

h, Yo
e

TARGET-B

TARGETING MATRIX
INDICATOR USED TO LIMIT QUTER TARGETING
=0 OUTER TARGETING HAS NOT BEEN PERFORMED

=i OUTER TARGEYING MAS ALREADY BEEN
PERFORMED

ORIGINAL SPHER OF INFLUENCE OF THE TARGET
PLANETY

PREVIOUS VALUE OF CERRQOR

INTERMEDIATE VARIABLE USED IN BAD STEP
REQUCTION

LOCAL VECTOR USED TO SAVE AND RESTORE THE
RIN VECTOR

INTERMEDIATE VARIABLE FOR QUTER TARGETING
FINAL SPACECRAFY STATE RETURNED BY VMP

INTERMEDIATE VARIABLE FOR QUTER TARGETING
INTERMEDIATE VARIABLE FOR QUTER TARGETING
INTERMEDIATE VARIABLE FOR QUTER TARGETING

PHASE 1 TARGETED VELOCITY AT HIGHEST
ACCURACY

PHASE 1 TARGETED VELOCITY AT LOSEST
ACCURACY

INTERMEDIATE VARIABLE FOR OUTER TARGETING

CURRENT DT TIME USED TO CALCULATE EQECP
FOR TARGET PLANET

crToL DAUX DELTAV OTAR IBAD
IBAST IPHASE ISPH ISTARTY 1ISTOP

ITARM KEYTAR LEVELS LEV MATX
MAXBAD NITS NOPAR NOPHAS NOSOI
PHI RIN SPHERE

DELYP DELYV ICcL2 ICL INCNT

INPR IPRINY XAXTAR KMIT RRF

L
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COMMON USED® AAUX AC ALNGTH ATAR
DELTAT OF DVMAX D1
FAC IBADS KTAR KUR
NAT MAXB NoST NPAR
ONE RC SPHFAC TAR
TOoL TRTH THO 2ERD

TARGET-C

ocC
EQECP
LVLS
NTP
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TARGET Analysis

TARGET 1is responsible for the control of any targeting (nonlinear guidance)
event. The targeting {s done either by the Newton-Raphson technique or by

& steepest descent-conjugate gradient algorithm, the method being specified
by the user. In efther case numerical differencing (s used to compute the

required sensitivities.

I. Preliminaries

The current inertial state of the spacecraft upon entering TARGET {is
first saved (RIS=RIN) along with the original SOI radius (OSPH=SPHERE) siice
both variables may be changed during the course of the targeting. Before
exiting from TARGET these values are restored.

The index of the current event KUR has been computed by TRIJTRY. This
enables the specific targeting parameters for the current event to be set:

Parameter Definition

METHOD Triggers Newton Raphson (=0) or Steepest Descent (¥0)
technique

MATX Determines whether Newton-Raphson matrix i{s computed
alvays (=2 ) or only at low level (=1)

IBAST Determines whether tad step checks are made never (=1 ),
high level only (=2 ) or always (=3)

LEVELS Number of integration accuracy levels to be used

NOPAR Number of target parameters to be used

ACC Actual accuracy levels used in targeting

The following flags are then initialized to zero

¥lag Definition

ITDS Counter for steepest descent iterations

LOWHI Flag {indiceting whether first phase complete (=1) or
not (=0)

NOMORE Flag indicating whether cuter targeting has been done
: (=1) or not (=0)

The target time {s computed and using that time the transformation matrix
¢ECEQ from ecliptic to target planet equatorial coordinates is calculated

(PECEQ).
II. Phase Preparations

TARGET performs the targeting {n one phase unless targeting to TCA (time
of closest approach). In that case the trajectory is targeted in two pharses:
the first phase targets to the target planet SOI (sphere of influence), the
second phase to the closest approach conditions. IPHASE i{s the phase counter,
KOPHAS {s the number of phsses needed,
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If all the phases have been completed, the program prepares to exit.
If the last {terate satisfied the target tolerances ITOL will have been set
toa l. If {t did not, ITOL will be zero and this requires that KWIT be
set to 1 to terminate the program upon returan to the basic cycle,

If the last phase has not yet been completed TAROPT {s now called
with an argument 1 to compute the following phase parameters:

Parameter Definition

KEYTAR(3) Vector of codes of target parameters

KAXTAR(3) Vector of codes of auxiliary parameters

DTAR(3) Vector of desired values of target parameters

DAUX(3) Vector of desired values of auxiliary parameters

PAC(3) Weighting factors for loss function for auxiliary
parameters

ISTOP Flag indicating integration stopping conditions with

ISTOP = 1,2,3 indicating fixed final time, S80I, or
CA encounter

The target parameters are the parameters actually desired; the auxiliary
parameters are the parameters used to do the targeting. The target and

auxiliary parameters are identical except when iCA and rCA are targets.

In that case the corresponding auxiliary parameters are B-T and B:R which
are wuch more linear variables. The codes of the target and auxiliary par-
ameters are as follows:

Code 1 2 3 4 5 6 3 & % 10 11 12
Parameter TRF® TSI TCS TCA BDT BDR RCA INC SMA XRF YRF ZRF

* not :urrently available

I11. level Preparations

Within any phase TARGET operates through a series of integration
accuracy levels prescribed by the user. After completing each level TARGET
checks to see {f the maximum number of levels LEVELS has been exceeded. If
it has the program cycles to the beginning of the 'phase loop" to go to the
next phase. 1f the current level LEV {s less than LEVELS the following
computations are made.

The flag ITARM contrdls whether the previous targeting matrix is to be
used (=1) or whether the matrix is to be recomputed (=2) during the current

level. ITARM {s set according to the current values of MATX, ISTART, and
1EV. .

The flag IBAD controls the bad step logic. If IBAD=1 no bad step check
will be made during the current level; {f IBAD=2 the bad atep check will be
in effect. TARGET sets IBAD according to the values of IBAST and LEV,

The flags ITOL, ITER, ITBAD are set to O to begin the iterations. The
allowable iterations KITS and bad iterations MAXBAD sre also set at this time.

5315
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TARGET=3

IV. Iterate Calculations

Within each level the program makes one or more iterations. After
each {teration the program updates the {teration counter ITER. 1If the
maximum number of iterations for this level NITS has been exceeded, the
program sets KWIT to 1 and prepares for the return from TARGET. Otherwise
TARGET computes the target and auxiliary values corresponding to the
current {terate values of state (position and velocity) RIN.

: The integration parameters are first set. VMP {s then calied to prop~

’ agate the in{tial state to the final stopping conditions. Checks are made ‘
to {nsure that the target planet SOI was intersected if the stopping con-

ditions were SOI or CA. If {t was not intersected and this is the first

{teration, the "outer targeting' phase is entered (see below). If 'outer

targeting' has already been performed, the bad-~step check is entered to

reduce the previous correction by REDUC,

Otherwise TAROPT {s called with the argument 2 to compute the desired
- and actual target (DTAR, ATAR) and auxiliary (DAUX, AAUX) parameter values.
- The absolute error in target values AER and the error {n auxiliary values
DEV are then computed.

. If the current iterate is the first integration at the low level
during the second phase of targeting (LOWH1=1) TARMAX {8 now called to
compute the phase 2 targeting matrix. Then the state RIN {g reset to the f
targeted velocity at the high level TVH to prepare for the recond phase ‘
targeting. The program then returns to the level ‘loop.

DUV

. .
‘ 11
S I S

v v
! Otherwise the program now checks the actual target variables to deter-
uine whether they satisfy the {nput tolerances or not.

-

V. Tolerances Satisfied

If the tolerances are satisfied, the program first checks to see if the -
current targeting phase is outer targeting. If it {s TARGET restores the
. original target parameters and initiates the normal targeting (see Outer
& Targeting below). i

- 1

If the current targeting 1s already normal targeting, TARGET sets
k ITOl»1 to indicate the satisfaction of the tolerances. If the problem is
N a 2-phase and the current level £s the highest level:in phase ! targeting,
- the targeted high level velocity TVH=RIN is saved, LOWHI {s set to l and
& the targeted low level velocity i{s recalled RIN=TVL for the comstruct of
; g the phase 2 targeting matrix. Then the level loop is reentered.

LTIV PSP

VI, Bad Step Reduction {

1f the target parameter values of any iterate are not within the
acceptable tolerances TARGET now assigns a scalar error € to the iterate

using the weighting factors

€= W.AT
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i If the bad-step check is to be made on this {iterate the current error € ‘?
is compared to the previous error ¢ . If ¢ .;ep and the maximum t}
P X
number of bad steps has not been exceeded, the previous correction Jaxrs ) R
{8 reduced by REDUC (usually 1/4). The {nitial state RIN (s adjiusted by :
this and the {terate loop i{s reentered. If the maximum number of bad d
steps has been made, KWIT {s set to 1 and the preparations for return are f}
made. ‘;
VII. Generation of Next Iterate 'f
The correction &:' to any iterate may be computed from either of é

two techniques selected by the flag METHOD. 1I1£ METHOD ¢ O, subroutine .
DESCENT is called for the computation of the AV by a st_epest descent :

algorithm. The numerical value of METHOD determines the number n of
2 conjugate gradient steps between each straight gradient step where n = !
H METHOD-1. Thus {f METHOD=l, every step is in the direction of the gradient. 5
5: But {f METHOD=5, four steps are taken following the conjugate gradient {
%ﬁ direction before rectification by the gradient direction.

1f METHOD=0, the hewton-Raphson correction is used. If ITARM=0, TARMAX

is called for the computation of the targeting matrix ¢ by numerical
differencing. If any of the integrations made in constructing that matrix
sdtisfy the tolerances in 9 , the flag IEND is set to 1 before returning
to TARGET. Thus a check must be made on IEND. If ITARM=l the previous
targeting matrix is used. The correction is chen given by

bv =¢-8a

Ty

.
3 . ﬁ
~ o “

]
DFRRR

+
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vhereaa are the deviations in the iterate auxiliary values. The AV

[P7 % iy N1 REILLGl W R TV P PO Py

LA
48 +8 checked to insure that the maximum step size DVMAX {; not v.olated: if
g it (s, the A v 1is reduced proportionately to satisfy it. The next iterate
. is then set to
k
# (T.V)=(T, v+ &v) '
%
L 5 and the return .s made to the iterate loop,
Lx
15
E VIII. Outer Targeting
i
%
@ Occasionally the zero {terate ini{tial state leads to & trajectory
53 missing the target body SOX. Since all target options except one (targeting
3 to a specified position, {.e., KTAR = 10,11,12) require the trajectory to
b intersect the target body SOl steps must be taken to correct this.

Let the {nitial state propagated forward lead to a t.ajectory with a
closest approach to the target body of «r with T he
pPE 8 y cA Taa? g3 YTE Top

RIS
»

is the radius of the S01.
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Unt{l the initial trajectory inters:cts the SOL the usual targeting can i
not be done. Therefore an 'artificial" SJI is introduced having & radius ﬁ
of "
r = 1,2 xr :
ASI CA .
P
The initial trajectory obviously intersects the artificial SOIl and hence .
may be targaeted to conditions on the ASOI. If the target conditions are %
established as B-TA - B-RA = (O, when this artificial targetinz is comp.eted, 3
the refined trajectory will be headed straight for the target body when it e
hits the ASOI., Thus the refined trajectory should automatically hit the ;%
normal SOI when propagated past the ASOI, To insure that the time of %
intersection with the normal SOI i{s consistent with the target time, an é@
artificial target time 18 also used. Let the speed of the spacecraftr with ;g

respect to the target body at rcA be VCA' Make the approximation that

this speed will be roughly the same for the refined trajectory. Then the
time thet the spacecraft should intersect the ASOL {s

+
N

o}
2
w
-4
e ES 'm U ‘}i By z';{.' i

e
w
-
w
L]

or t -t -

YW,

where the first formula should be used {f the target time is ¢ or t
and the second formula ie used for tSI' Ca

Thus when & trajectory i{s found which misses the normal S0I, the closest
approach state rCA' VCA is recorded. The noxrmal B0l radius 1s stored and

the artificial S0l radius given above {s used in {ts place. Target parameters

of B'?A, B-RA, and tASI are then set up as the targets., When targeting

of this art{ficial problem {s complete, the resulting trajectorv will {(nter-
sect the normal SCI ond the original problem may be solved.

s
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TARGET Flow Chart

LIMINARIES ;
Y

Save original SPHERE, state RIN
Sat parameters for current event:

METHOD, MATX, IBAST, LEVELS, ACC, NOPAR
Inftialize flags: ITDS, LOWHI, NOMORE, PHASE, NOPHAS
Compute ¢E for target time

b o

PEASE PREPARATIONS

- e

IPHALE = IPHASE + 1
LEV = O

SR
< xrnaszzucprsx<:>>_-—

TABRGEZ=-6

|

Bl

1
Call TAROPT(l) to compute KEYTAR ;
KAXTAR, DTAR, DAUX, FAC, ISTOP, NOPHAS

-

|
o, s
Y

LEV = LEV + |

Set ITARM flag
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fet IBAD flag.

l

Set other constants for current level:
ITOL=ITER=ITBAD=0, PERROR, NITS, MAXBAD

LYRRATE CALCULATIONS

C—

T(ER = ITER + 1

AN,

> .

&

St integration parameters: INPR, DELTP,
IPRINT,ISPH,ICL,ISP2,1CL2 ,ACK , INCHT

Call VMP to propagate current iterate RS

i

Call TAROPT(2) to compute desired and
actual target (DTAR,ATAR) and auxiliary
(DAUX,AAUX) parameters and di{fferences
AER(1) = [DTAR(1) - ATAR(1)]
DEV(i) = DAUX({) -~ AAUX(1)

G

Enter '"Outer Targeting”

Set NOSOI = ]

Store original parameters 50I, TOL
Set up artificial parameters KEYIAk,
KAXTAR, DTAR, DAUX, CTOL, 1ISTOP,
ITARY, IBAD, NITS, DVMAX, PERV
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TABRGET-8

Call TARMAX for computation of
low level phase 2 targeting matrix

]

Set peraceters for "Phase 2 Targeting”
RIN=TVH, ITARM=1, ISTART=2,
LEV=LEVELS=1, LOWHI=0

4

N
=]
Are all errors tolerable? N
ARR(1) < CTOL({)
YES
TOLLRANCES
SATISFIED
L—_'\ .1
NQOSOI=?
ITOL=]

¥l

! -1
NOPHAS=? °

Exit from "Outer Targeting"”

Set NOSOXI = 0

Restore CTOL, SPHERE

Set parameters for return to irner
targeting: 1LEV, NOMORE, PERV, WHAXJ

SPUURpp——

-2
ISTART=1?

VL = RIN

- @y ——(5)

1_‘

. %
g—m-xm, RIN=TVL
| LOWHI=1, ISTART=0
| S——
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BAD-STEP -~
EEDUCTION - e

Compute current scalar measure of
error = CERROR using factors YAC

1 2
1BAD=? Y {c&mn:mon ¢
<
PERROR=CERROR | Bad-Step Reduction
| FACBS=1/REDUC ITBAD=ITBAD+]
FACBS=FACRBS + REDUC

Al et

rnzmv-nsmv JREDUC
RIN=RIN + DELTAV

.
—

NI

Call TARMAX for computation
of targeting matrix PHI for
Newton-Raphson procedure.

M e e e

e ALt ot bR Lpndal s d

Call DESENT for computation
of DELTAV by steepest descent or
conjugate gradient technique.

Curako o K

o oiren

: DELTAV = PHI * DEV
;
Inasure that each component }
of DELTAV & IVMAX &
RIN = RIN + DELTAV ?
;l,
5
b,
522 .
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PREPARATIONS FOR RETURN

DELTAV = RIN - RIS

Compute total Av refinement
and restore variables

RIN = RIS

SPHERE

=
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SUBROUTIME  TVARMAX

(Y
%

TARMAZ-A

PURPOSES YO CALCULATE A TARGET MATRIX FROM NOMINWAL INJECTION
COMDITIONS, AND A PERTURBATION FACTOR BOELYV FOR A GIVEN
ACCURACY LEVEL.

CALLING SEQUENCE: CALL TARMAX

SUBROUTINES SUPPORTEDS TARGEY '

SUBROUTINES REQUIREDS
LOCAL SYMBOLSS ACK

AER
AUXN

CHI

DVEE
IsP2

Xonp

PSI

RSF

COMMON COMPUTED/USEDS
" Conmon COMPUTEDS
COMMON USEDS |

624/

BATIN TAROPY vNP

ACCURACY USED TO GENERATE THE TARGET
MATRIX

DIFFERENCES BETWEEN DESIRED AND ACTUAL END
CONDITIONS

NOMINAL AUXILIARY END CONDITIONS
STATE TRANSITION MATRIX RELATING
PERTURBATIONS IN THE RIN VECTOR TO CHANGES
IN AUXN
VECTOR OF VELOCITY COMPONENT PERTURBATIONS
INOICATOR USED BY SUBROUTINE VHP

=0 DO NOT STOP AT SHPERE OF INFLUENCE

=1 STOP AT SPHERE OF INFLUENCE
INDEX
INDEX
INDEX

TARGET MATRIX FOR 2 X 2 EASE, STORED INTO
PHI

FINAL SPACECRAFT STATE RETURNED BY VMP

ISPH PHI RIN TRTM

+CL2 ICL INCNHY

AAUX AC ATAR cvoL DAUX

DELTAT OCELTAY DTAR D1 ISTOP
KUR LEV LVLS NOPAR PERY

ZERO

A\ e W R s w e wesims ems A sms wn o = -

o OB Bk e v
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TARMAX-1

TARMAX Analyais

TARMAX computes the targeting matrix used by TARGET for Newton-Raphaon
refinements. The targeting matrix i{s computed by nurerical differencing.

Let the current iterate initial state be de_x;xgted -x:., vV . Let the auxiliary
parsmetexs corresponding to this state be a . lLet the perturbation size
for the sensitivities be A\v.

The k-th column of the sensitivity matrix is computed as follows. Perturd
the k-th component of velocity by Av:

— — T
) a v+ Av . (1
P [611&’ x ‘31] )
Propagate the perturbed initial state ( ¥, V; ) to the final stopping
;f conditions. Let the auxiliary parameters of that trajectory be denoted ap .

The k-th column ef the sensitivity matrix x is theun given by

a .« a
~—P
X = 2 :
k Av @ :

. Having computed all the columns of x , the targeting matrix is then given
4 by the inverse of x :

St s s

&~ x ! ' (3)

TR Ay
T ST

The targetirg matrix then has the property that to obtain a change AX in
. the rtominal auxiiiary parameters, the velocity should be changed by the
azmount
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TARMAX FPlow Chart TARMAX-2
(o ) :

Set KOMP = 0, set up agcuracy
level, perturbation 4 v, and
save nominal auxiliary values & .

Set up ISP2, ICL2 flags
based on ISTOP flag.

RKOMP = KOMP + 1

ofo

T=T+ Av (xcm’q

v

Cell VP to integrate tra- 3, '
jectory to stopping conditions.J )

;

- 3 i

Did trajectory miss 501 V. o= V- Av (KaP)

and ISTOP ¥ 1 AV (RK@MP) = Av (KGMP)/4 ﬁ

T | !

NO 1 1

y ~ 3

Call TAROPT(3) to compute and “*1
store trajectory target parameters B 3
a_ and auxiliary psrameters a . E|
P P f1
i

k

. ,3

Do target parameters rp YES | IEND - 1 RETURK ~_l':
satisfy tolerances? :1

o

\ ¢

Compute KOMP column of sen- }
sitivity matrix x = ap - 2
Av (KOMP) :

;

¥

< Z . NOPA Comnute targeiing RETURN u-
OMP:NOPAR | ma.Tix & = x- 5

{

3

g
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TAROPT-A

SUBROUTINE TAROPY

PURPOSES TO COMPUTE THE DESIRED AND ACHIEVED TARGET PARANETER
VALUES FOR ALL THE TARGETING SUBROUTINES.

CALLING SEQUENCES CALL TAROPT(ITARO)
ARGUMENT S ITARO I OPTION FLAG

=1 SET UP TARGETING PARAMETERS FOR TARGET
KEYS

=2 COMPUTE ACTYUAL VALUES OF PARAKETERS
=3 COMPUTE ACTUAL AND DESIRED VALUES OF
PARAMETERS

SUBROUTINES SUPPORTEDt TARGEY TARMAX DESENT

SUBROUTINES REQUIRED? CAREL CPMNS INPACT

LOCAL SYMBOLSSt ACK CURRENT ACCURACY BSING USED

A SEMI-MAJOR AXIS OF THcC TARGETY
PLANETOCENTRIC CONIC

cPY YOTAL COMPUTER TIME USED (SECS)
0BOR DESIREQ VALUE OF 8 00T R

0BOY DESRIED VALUE OF B 0OT T

OINC DESIRED VALUE OF INCLINATION
ORCA QESIRED VALUE OF RCA

£ ECCENTRICITY OF TH: TARGET PLANETOCENTRIC
CONIC

TAUX INDICATOR FOR AUXILIARY END CONDITVIONS
=0 TARGEY TO ACTUAL END CONDITIONMS
=1 TARGET YO AUXILIARY END CONDITIGAS

IINC - LOCATES DESIRED INCLINATION IN THE DT&R
ARRAY

IRCA LOCATES DESIRED RCA IN THE DTAR ARRRY

I INDEX

KEY LOCAL VARIABLE USED YO COMPLETYE
INFORMATION IN THE KAXTAR AND KEYTAr 4RRAY

PP DUMNMY VARIASLE FGR CALL TO CAREL

QQ DUMMY VARIABLE FOR CALL TC CAREL

|
1
4
5
j
s‘
{
i
|
}
;
i
!
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b COMMON COMPUTED/USEDS
. COMMON COMPUTEDS
L COMMON USEDS
;
£
3
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;{ * 228
%

MAGNITUDE OF SPACECRAFT
SEMI=MAJOR AXIS

4 e w oy

DUMMY ARGUMENY FOR CALL TO CAREL

TAROPT- B

USED YO COMPUTE

DUMMY ARGUEMENT FOR CALL TO IMPACYT

DUMMY ARGUEMENT FOR CALL TQ IMPACT

YIME OF FLIGHY FROM PERIAPSIS ON THE
TARGEY PLANETOCENTRIC CONIC

INTERMEDIATE VARIABLE TO COMPUTE CPT

DUNMY VARIABLE FOR CALL YO

INYERMEDIATE VARIABLE USED

SEMI-MAJUOR AXIS FOR QOPTICN 9

DUMMY VARIABLE FOR CALL YO CAREL

DUMMY VARIABLE FOR CALL TO CAREL

DUMMY VARIABLE FOR CALL TO CAREL

DUMMY VARIABLE FOR CALL TO CAREL

AAUX
IsToP
RCA

craoL

AC
06
IcL2
LEV
RIN
™U

ATAR

KAXT IR

FAC

BOR
0sSI
INCHY
NOSOX
RRF
™

JAUX DELTATY
KEYTAR NOPAR

BOT CAINC
oY EQECP
IPHASE KXTAR
NPAR ONE
RSI TAR
TOL T™HO

TR TSI T Rl I e

IMPACTY

Y0 CALCULATE

DTAR
NOPHAS

oc
IBAD
KUR
RC
TINMS
VSI
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; TARQPT Analysis
TARPPT (s responsible for computing the deaired and achieved target
parameter values for all the targeting subroutines. Thus to add any
new target parameters TARPPT is the only subroutine that must be modified.
The key variables used by TARPPT and their definitions are
Variable Definition
KTAR(6,10) Codes of target parameters of all targeting events
TAR(6,10) Desired values of target parameters of all targeting
events
KEYTAR(3) Codes of target parameters of current event
DTAR(3) Desired values of target parameters of current event
ATAR(3) Actual values of target parameters of current iterate
KAXTAR(3) Codes of auxiliary parameters of current iterate
DAUX(3) Desired values of auxiliary parameters on current iterate
AAUX(3) Actual values of auxiliary parameters of curreat iterate
The available target parawmeter: and their codes and definitions are ;
1
"Code Parsmeter Definition :
1 Available for use ;
; 2 o1 Time at SOI of target body (an~body integration to SOI) i
g 3 tes Time at CA (n-body integration to SOI, conic propagatioan é
; to CA) g
E 4 tcA Time at CA (n-body integration to CA) i
! % 5 B- T Impact parameter B-T 3
£ . ) B-R Impact parameter B-+R j
5 7 i Inclination to target planet equator 2
: 8 Tea Radius of closest approach to target body %
S 9 aSI Semi-major axis of conic w.r.t target body }
% 10 g X-component of final state (inertial ecliptic system) %
13 11 Ye Y-component of final state j
] 3
; 12 zg 2~component of final state 3
: ' ;
The term target parameter refers to a variable whose final value is to ﬁ
E - conform to a desired value. The term auxiliary parameter refers to a §
variable which is used to compute the progressive corrections. The target 4
parameters and auxiliary parameters are identical uniess the target parameters
{ and rc, are used. In this case the wmore linear variables B+*T and B-R

are used in their place as auxiliary parameters. The desired values of B+ T
and B+ R are then computed (by IMPACT) based on the desired values of i and

r(;A and the approach asymptote.
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TAROPT-2

TAROPT is called under three different options distinguished by an argumcnt
ITARO. The three different options will be dis:cussed in order,

TAROPT(1l) 1s called by TARGET at the beginning of each phase to set up the
proper variables for the targeting. The arrays KEYIAR, KAXTAR, DTAR, and
DAUX are set to the current event values of KTAR and TAR. If tCA is a

target parameter, the number of phases NOPHAS is set to 2. 1If the current
phase is the first phase of a two-phase problem, tCA i8 replaced by tCS

in the KEYTAR and KAXTAR arrays. If 1 and Ty are target parameters,

the corresponding indices of the KAXTAR array are set up for B-T and B-R .
TAROPT then sets up the integration parameters. The integration time interval
Dt 1s set to the nominal difference of the current guidance event time and
target time:

t = t -t
a T G

Then {f none of the target times are triggered ISTOP is set to 1 so trat
the integration proceeds to the target time exactly., If the target time is

tg; OF tog o ISTOP is set to 2 and A\t = 1.1 At . Thus the integration

*will be stopped at the target body SCI. Fiumally 1f the target time is

tea o ISTOP {s set to 3 and /At = 1.1 At . For this case the integration

will be stopped at closest approach to the target bocy. Finally the weignting
factors FAC(3) to be used in computing the scalar loss function are set.

Since all auxiliary parameters are units of length evcept for the time parazeters
only the relative weight of time to length need be irput. Thus the length
factors axe set to unity, the time factor is set to tne input parameter WCHTM,

TAROPT(2) i{s called by TARGET zfter integrating each iterate to the final
stopping conditions. Here TARCPT perform mainly a booxkeeping role., It
must £111 the proper cells of t!~ ATAR, AAUX, and DAUX arravs with values
genegally computed by the virtuai mass routines. The desired valiues of
B+ T and B-R* are computed by calling IMPACT if needed.

TAROPT(3) 1s called by TARMAX and DESENT after integrating each perturbed
trajectory to compute the perturbed values of the auriliary parameters. Thus
the desired values of DAUX need not be computed at this time. Once again,
this task {s simply a bookkeeping job to store the tralectory data correctly
{a the ATAR and AAUX cells. TARMAX and DESENT may tlen operate easily on
these arrays to compute the targeting matrix or gradient directioms.

In both calls TAROPT(2) and TAROPT(3) the trajectory data are printed out
before exiting from TAROPT.

i
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TAROPT Flow Chart

|

ITARO=?

Store parameters for current event !

-

' NOPAR, KEYTAR, KAXTAR, DTAR, DAUX, CTOL |

<Is to, target? >.__,¢ NOPHAS=2 l

NO

ImI+1
KEY=KEYTAR(1)
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I=0
ISTOP = 1

AL Tl

I = I41
KEY = KAXTAR(I)

ISTOP = 2

.

T.ROPT-&

YES [ =
<KZY-2 or KEY-3>———‘)‘ ISTOP = 2

t=1,1A¢t

YES -
< KEY{D—_—’ ISTOP 3

t=1.1AQ0¢

)

FAC(1)=FAC(2)=FAC(3)=1.

(Ia KAXTAR({) < 4

PAC(i)-HGH’D(i{
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TAROPI-5
A' .
NOSO0I~?
r Y .
i Compute DRCA and DIM._J
u() L‘ﬂ -]
prme— IAUX=?
$3 =2 y %)
ISTOP=? . ISTOP=?
t i |
; | |
Y - Y
fall IMPACT wi.h CA Call IMPACT with SOI i Call IMPACT with CA
state to compute state to compu&e BT, state to compute B T,’
| x
BT, BR, toro, B 5, B T, B R, || B i, 3 7%, B R,
3 SICA l L SICA
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/
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Set ATAR = AALX

< KEYTAR({)=1?

- =Q

Q_IAT-?

$7

® e
ISTOP=1?
=3

¥3 |Call CAREL to
compute a,e

[ - - -
TATAR(i) rm“ T a(l-e)

| ATAR({)=INC

DAUX (IRCA)=B-T"
DAUX (I1INC)=B-R*

|

Eﬁecord data

RETURN
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SUBROUTINE
PURPOSE ¢

TARPRL

TARPRI~A

TO COMPUTE THE PARYIAL DBERIVATIVES OF THE POSITION ° :
COMPONENTS OF A PLAIEY WITH RESPECT TO EACH OF ITS .-

ORBITAL ELEMENTS.

CALLING SEQUENCE?

ARGUMENT
PAR

[COBE I

0

SUBROUTINES SUPPORTED?

LOCAL SYMBOLS:

cBo
CI
CLO
COSNU

COSONU

DNUDE

ONUDM

OPAR

DRONUY
E2

IND

PCONP

S8

SI

. SQUARE OF ECCENTRICITY

CALL TARPR.(ICODE,PAR)

CODE O<FINING ORBITAL ELEMENT OF INTEREST

VECTOR OF 3 POSITION PARTIALS WITH RESPECT
YO THE ORBITAL ELEMENT OF INTERESTY

TRAXS TRAKM

COSINE OF LONGITUDE OF ASCENDING NODE
COSINE OF ANGLE OF INCLINATION

COSINZ OF ARGUMENT OF PERIAPSIS
COSINE OF TRUE ANOMALY

COSINE OF THE SUM OF THE ANGLES OF TRUE
ANOMALY PLUS THE ARGUMENT OF PERIAPSIS

PLANET DISTANCE TIMES THE PARTIAL OF
TRUE ANOMALY MWITH RESPECT TO ECCENTRICITY

PARTIAL OF YRUE ANOMALY WITH RESPECT TO 3
MEAN ANOMALY

1./R*(¥R/2E + (2R/ETNU)*(2ZNU/ZE))
WHERE R= PLANET DISTANCE
NU=TRUE ANOMALY
E= ECCENTRICITY H
= PARTIAL OF B

PARTIAL R WITH RESPECY TO NU

INDEX USED IN ARRAY STORING ORBITAL
ELEMENTS OF PLANETS

SEMI-MAJOR AXIS TIMES THE TERM (1-E®E) 0
WHERE E=ECCENTRICITY

i

PLANET DISTANCE

w e e

SINE OF LONGITUDE OF THE ASCENDING NODE

SINE OF INCLINATION

T
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TARIRL-B

SINNU SINE OF TRUE ANOMALY

SINGNU SINE OF THE SUM OF THE ANGLES OF TRUE
ANOMALY PLUS THE ARGUMENTY OF PERIAPSIS

SLO SINE OF THE ARGUMENT OF PERIAPSIS
Xxx SCRATCH CELL
CoOnMrIN USEDTt ALNGTH ELNMNT NTP ONE Xp
ZERO

§
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TARPRI~1
TARYRL Analysis
The position camponents of a planet axre related to its orbita. elements
a, e, 1,92, w, and N tarougn the folléwing set of equations:
' xX=r [coa.Qcoe(u+V) -~ 8in Q st{n(W+ V) cos i] (1)
ye=T [uchos(u-H') + cos Q sin(w+V) cos 1} (2)
=71 sin(w+V) sin £ (3) ;
r=a(l - ezz %)
1+ e cosy
z
tan Y u Lte tan E (5)
] 2 l-e 2
M=E-esinkE (6)

‘i bt

We can vrite equations (1), (2), (3), and (4) symbolically as
x, = fi(a, e, 1,Q,w,V)
aué equations (5) and (6) as .

Ve V (e, M) .

)

| Then tne partials of x, vitn respect to a, e, 1,02, Y, and M can be
evaluated as follows:

—r
PRIV NIRRT VI CTORUS | WDV SIS SR T VL2 7 S SO V)

Ox . 9% o)
Ja Oa
, 8 At FY:
~ = . A @) ;
. Oe Oe oy Oe ]
' v 3
Ix, - 9% X 3
C %
24 o1 5
0% . 2t .
50 50 () ;
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TARPRL~2
o
x 1"t
T T W an
Ox of
1 - 1, v :
o ov o a2 )
H
Oaly -g_V_ and -g—"-— require further consideration before equations (7)
e . |
through (11) can be used to obtain expressions for the 18 desired partial
derivatives.
We obtain _g_”_ by first differentiating equation (5) with respect to E
). |
: and equation (6) with respect to X to obtain
]
Qv | a [ 2
ok b 4
- .and
Ryt O _ a »
P oK r ,
1
i :
§ Then :
1 1
. 2 3
Qv | Qr  2E _ |[a - . (13) ;
H - o OR ax T i
4
e . 1
We obtain ay by first differentiating equation (6) with respect to e 1
e ¥
. to obtain j
B
{ 7 4
; oM - . - ¢ giny . 4‘
‘ Je 1+ ecos?l 3
: 1
This result i{s then combined with equation (13) to yield 3
2 2 A
-3 5 I ) . S _(g_) {1l -~e) stnvy (14) ;
de -3 de T l+ecosv ' :

« TR
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TARPRL~3

The evaluation of the desired partials can now proceed. The resulss
are summarizred below.
a. Partials with respect to a.

LX. o X

dsa a

Ly ou X

da a

oz - Z

X a
b. Partials with respect to e.

L2 S (- SN} 2% [:— cos Qsin(W+ V) -~ sinLlcos(w+v) cos 1]

de T de

de

8 . _29 + 1 2Y.  cos(w+V) sin §
de T de

where q = r 7 [t - a-~ aez(l + sin2 V)]
ae(l - e)

¢. Partials with respect to 1.

—%31‘— = r ginQsin(w+ V) sin {

[

5. =~ °F cosRQsin(w+ V) sin 1

—g—:— = r gia{w+ V) cos {

d. Partials with respect to 2.

-2 S
Y] -y

LY. = Y9+ —%P— [-— sinRsin(w+ V) + cosQcos(w+ V) cos i]
r e

- ~ N e e e R oo
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e, Partials with respect to Ww.

Sx . r[- cosRein(W+¥) - sinQcos(W+ V) cos i]

o
'%z,— - t[- $inQsin(wW+ ¥) + cosQcos(W+ V) cos 1]

oz

FYm r cos(W+V) sin {

£. Partials with respect to M.

OX o X8 4y OV [- cosLc.a(wW+V) - ginQcos(W+ V)cos i]
oM T oM

8Y w Y5 4.0V [- 8inQsin(w+1) + cosQ:08(@+ V)cos i]
). T M

9z . z8_ 4 ¢ QL cos(w+ V)sin 1
oM T r3. 4

where g = 4e sin V

Reference: Battin, R, H.: Astronautical Guidance, McGraw-Hill Book
Company, Inc., New York, 1964,
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TARPRL-5
TARPRL Flow Chart
i Compute the position magnitude
f of the target planet relative
to the Sun.
. Compute sines and cosines of
v, 2, w, {, and W+ P of
] the target pianet. J
H 4
Compute the partial derivatives
of the position components of
the target planct with respect
to the orbital element indicated
by IC@DE.
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TIME-A
.. 7.' N
SUBROUTINE TIME
PURPOSES TO COMPUTE THE JULIAN DATE, EPOCH 1900, FROM THE ' }
CALENDAR DATE OR YO COMPUYE THE CALENDAR DATE FROM THE :
JULIAN DOATE. 4

CALLING SEQUENCE?
ARGUMENT OAY

CALL YIME(DAY,IYR,MO0,IDAY,IHR,MIN,SEC,ICOQE)

170 JULIAN DATE, EPOCH 1300

IYR 0/1 CALENDAR YEAR
MO 0/1 CALENDAR MONTH
IDAY 0O/ CALENDAR DAY
IHR 0/1 HOUR OF THE DAY _
MIN  O/I MINUTE OF WOUR .
SEC  0/I FRACTIONAL SECONDS . %
-
ICODE I OPERATIONAL MODE 3
= 1, INDICATES THE JULIAN DATE IS INPUT, .
: CALENDAR DATE IS OUTPUT ;
! = 0, INDICATES THE CALENDAR OATE IS INPUT, -
; JULIAN DATE IS OUTPUT ¥
SUBROUTINES SUPPORTED:® DATAS  INPUTZ PRINT  VMP GIDANS

e ey e

: LOCAL SYMBOLSS 1A
? 18

Ip

IQ
IR

IS

.
TR IH SRR AT 55 e e g

1Y
I
Iv

SUPRCUTINES REQUIREDS NONE

PREPUL PRNTS4 DATA PRNTS3 PRELIM
GIDANS HELIO MULTAR

YL e -y 4
S v .
Cebr. L Kol

»
pa

5

~
i
NUMBER OF CENTURIES i
YEARS IN PRESENT CENTURY 3

NUMBER OF MONTH (BASED CN MARCH AS NUMBER
ZERO)

[T S N,
RIS

A,
AT

NUMBER OF YEARS
NUMBER OF CENTURIES DIVIDED BY &

NUMBER OF YEARS SINCE LAST 400 YEAR
SECTION BEGAN

PR SR e S

0

NUMBER OF LEAP YEARS IN PRESENT CENTURY

by

s,

NUMEER OF YEARS SINCE LAST LEAP YEAR

NUMBER OF DAYS IN LAST YEAR

e e ey e -

¥
! e R



l l“:” - 1 l
\ TDE-B
. 5-
' Ix INTERMEDIATE INTEGER :

J INTERMEDIATE INTEGER
JO NUMBER OF DAYS IN JULIAN DATE

B W SO

: P JULIAN DAYE

s meyt,

R FRACTIONAL PORYION OF DAY IN JULIAN DATE
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:
. TITLE-A
} -
! ,
© SUBROUTINE TITLE é
PURPOSES TO PRINT TITLES FOR ERRAN. ' ‘ :
}
! CALLING SEQUENCE! CALL TITLE(LINES,TEVN,ICODE) i
' ARGUMENTS  LINES NOT USED j

TEVYN I EVENT TINME
ICODE I EVENY CODE
: ' SUBROUTINES SUPPORTEDS SETEVN

LOCAL SYMBOLSs TPT TIME PREDICTING TO

: ‘ =4 = -

COMMON JSED? IPROB NPE TPYT2

-
"t g
mﬁ*‘mymﬂ*wma*wj
o AT ALl e S+ bk BRI, < a5
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S
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SUBROUTINE TITLES
PURPOSES YO PRINT TITLES FOR SIMUL.
CALLING SEQUENCES CALL TITLES(TYEVN,ICOOE)

ARGUMENTS TEVN I EVENT TIME
ICOOE I EVENT COOE

SUZRCUYINES SUPPORTEDS SETEVS

LOCAL SYMBOLSSs TPT TIME PREDICTING TO

COMMON USEDS IPROB NPE TPT2

TITLES=-A
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SUBROUTINE  TRAKM

PURPOSE!

CALLING SEQUENCES

ARGUMENTS HECY Iz
1085 I

“ITRK I

NR 0

VECTOR O

et
w3

o S

THE OBSERVATIONS AND OBSERVATION MATRIX FOR A GIVEN TYE j
OF MEASUREMENT IS COMPUTED BY THIS ROUTINE ¥

CALL TRAKM(HECV, ITRK,NR,IOBS,VECTOR) Ty

POSITION AND VELOCITY COF SPACECRAFT AT TIME s
OF MEASUREMENT

COOE WHICH SPECIFIES IF MEASUREMEMTI OR

OBSERVATION MATRIX

IS 70 BE CNAPUTED

CUBE WHICH SPECIFIES MEASUREMENY TYPE
(CALLED MMCOOE ELSEWHERE IN PROUGRAM)

NUMBER OF ROWS IN THE QBSENVATION MATRIX

ACTUAL MEASUREMENT

SUBROUTINES SUPPORTEOS ERRANN

SUBROUTINES REQUIRED?®
LOCAL SYMBOLSS AD1
AD2
AD3
AL .
ALAT

ALON

[l
m

COAL
ceP

546

EPHEM

ORB

STAPRL

INTERMEDIATE VARIABLE

INTERMEDIATE VARIABLE

INTERNEDIATE VARTIABLE

ALTITUDE
LATITUDE
LONGITUDE
PARTIAL OF
PARTIAL OF
PARTIAL OF
PARTIAL OF
PARTIAL OF
PARYIAL OF

CQSINE OF OBLIQUITY OF EARTH
COSINE OF STAR=-PLANEY ANGLE
COSINE OF LONGITUDE ¢ CONSTANT

RANGE WITH
RANGE MITH
RANGE WITH
RANGE=RATE
RANGE-RATE
RANGE-RATE

TARPRL

RESPECT 10O X
RESPECT TO Y
RESPECT 10 2
WITH RESPECY TO X

WITH RESPECT TQ Y

U A A T L e\ T s UL ALARATT G e 7 o) I v Sl - W u %

WITH RESPECT 10 Z

Fooby

R R
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TRAKM- R

L]

A A (KA T M, AR e B NS WS VO

; DADP PARTIALS OF STIR=-PLANEY ANGIE 7, - Ri.elT1
‘ T0 VEHICLE POSITION AND VELOCITY

ot an

08opP PARTIALS OF APPARENT PLANET DIaMce ER .74
RESPECT TO VEHKFCLZ PISITION AMD VILCCIIY

DENOM INTERMEDIATE VvARIABLE
0 INTERMECIATE TIME

EX RANGE=-RATE PARYIAt MWITH RESPECT 1te ST.7Y°
LOCATION ERRORS

GECS GEOGCENTRIC EQUATORIAL COCRUINATC:
STATION

N ——— e .

GELS GEOCENTRIC ECLIPTIC COORDINATES - © ..

HECE COORDOINATES OF EARTH

SAL T

HECP COORDINATES OF TARGEY PLANEG

.
ad

‘ﬁq IA TRACKING STATION LOCATION SELSCY TN ton:
f 1co CODE CORRESPCNIING TOU TRACKING o'
r; LOCATION ERRCRS ,
§
; (o COLUMN NUMBER IN OBSTZRVATION M*7 (X
PARTITION WHERE €K IS TO BE STORFD
IEND VARIASLE INDEX VALUE
g IR STAR=PLANET ANGLE INDEX INCARENINT (&L u%
P
&g NA STAR-PLANET ANGLE INJEX LOWER .
g 31 FOR 3 STAR-PLANET ANGLZ:
4 =ITRK=10 FOR SINGLE STAR=-pPLLy. T ¢
B
g NC STAR-PLANEY ANGLE INDEX UP.ER Li -
8 . 33 FOR 3 STAR-PLANET ANGLES
x aITRK=10 FOR SINGLE STAR=-PL::
% PAR PARTIALS RETURNED FRJOM SUBRCUTIv. 1&+:°

PATY INTERMEDIATE VARIABLE
PATZ2 INYERMEDIATE VARIABLE
PA PARTIALS

RAONTF RADIUS OF TARGEY PLANEY

——— —— e
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COMMON COMPUTED/USEDS

COMMON CONPUTEDS

TRAXM-C

RANGE=RATE
RANGE

SQUARE OF RANGE

PARTIALS OF STAR=PLANEY ANGLES WITH
RESPECT TO VEHICLE POSITION

SINE OF OBLIQUITY OF EARTH

SINE OF STAR=PLANEY ANGLE

SINE OF LONGITUDE ¢ CONSTANT
INTERREDIATE VECTOR

AAL AN K NO T
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TRAKM Analysis

Subroutine TRAKM computes observation matrix partitions in the error
analysis mode. It is completely equivalent to the simuizticn mode sub=
routine TRAKS with IPBS always set to zero. Sce subroutine TRAKS for
further analytical -detafls. & flow chart is not presentec for TRAKM
since it 18 but a subset of the TRAKS flow cnart.
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SUBROUTINE TRAKS

PURPOSES TO COMPUTE

ALL OBSERVATION MATRIX PARTITIONS FOR THE
MEASUREMENT TYPE ARD TO COMPUTE THE MEASUREMENT IYSELF,

CALLING SEQUENCES CALL TRAKS(HECV,ITRK,NR,I0BS,VECTOR)

ARGUMENT § HECV

[oes

ITRK

NR

VECTOR

I

o]
0

POSITION AND VELOCITY CF SPACECRAFY AT TIME

OF MEASUREMENT

CODE WHICH SPECIFIES IF MEASUREMENT OR

OBSERVATION MATRIX IS TO BE COMPUTED

COOE WHICH SPECIFIES MEASUREMENT TyYPE

(CALLED MMCODE ELSEWHERE IN PROGRAN)

TRAKS-A

NUMBER OF ROMS IN THE OBSERVATION MATRIX

ACTUAL MEASUREMENT

SUBROUTINES SUPPORTEDS SIMULL

SUBROUTINES REQUIRED?

LOCAL SYMBOLSs AD1
AD2
AD3

ALAT

ALONM

AL
AL
A2
A3
81
82
B3
CE

COAL

cp

350

EPHEM ORB

STAPRL

INTERMEOIATE VARIABLE

INTERMEOIATYE VARIABLE

INTERMEDIATE VARIABLE

LATITUDE
LONGITUDE
ALTITUDE
PARTIAL OF
PARTIAL OF
.PARTIAL OF
PARTIAL OF
PARTIAL OF

PARTIAL OF

RANGE WITH
RANGE WITH
RANGE WITH
RANGE-RATE
RANGE-RATE

RANGE=-RATE

TARPRL

RESPECT TO X
RESPECY TO Y
RESPECTY 10 2
WITH RESPECT
WITH RESPECT
WITH RESPECT

COSINE OF OBLIQUITY OF EARTH

COSINE OF STAR-PLANET ANGLE

COSINE OF LONGITUDE ¢ CONSTANT

T0
T0

\1

r

—_

s
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A h“

)
A
¥

"N’ o

C v e
. R LA

MO, AN 1Y

,m
A AU

REC AV

hifk
»

DADP

p8oP

DENOM

EX

GECS

GELS
HECE
HECP
IA

1C0

IC

IEND
IR

NA

NC

PAR
PAT1
PAT2

PA

TRAKS-B

2ARTIALS OF STAR-PLANEY ANGLE WITH RESPECT
YO VEHICLE PCSITION AND VELOCITY

PARTIALS OF APPARENT PLANET DIAMETER WITH
RESPECT TO VEHICLE POSIYION AKD VELOCITY

INTERMEDIAYE VARIAHGLE

INTERMEOIATE TINME

RANGE~RATE PARTIAL MITH RzSPECY TO STATION
LOCATION ERRGORS

GEOCENTRIC EQUATORIAL COORDINATES OF
STATION

GEOCENTRIC ECLIPTIC COORDINATES OF STATION
COORDINATES OF EARTH

COORDINATES OF TARGET PLANET

TYRACKING STATION LOCATION SELECTION COOE

CODE CORRESPCNDING YO TRACKING STATION
LOCATION ERRGORS

COLUMN NUMBER IN "RSERVATION MATRIX
PARTITION WHERE - 1S YO BE STORED

VARIABLE INDEX VALUE
STAR-PLANEY ANGLE INDEX INCREMENT VALUE
STAR-PLANEY ANGLE INDEX LOWER LIMIT

=1 FOR 3 STAR-PLANET ANGLES

SITRK-10 FOR SINGLE STAR=-PLANET ANGLES
STAR-PLANEY ARGLE INDEX UPPER LINKIT

=3 FOR 3 STAR-PLANET ANGLES

=ITRK=10 FOR SINGLE STAR-PLANET ANGLES
PARTIALS RETIRNED FROM SUBROUTINE TARPRL
INTERMEOIAYE VARIABLE
INTERMEDIATE VARIABLE

PARYIALS

RADNTP RADIUS OF TARGEY PLANET
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ST oxereec

RRATE
R1

SA

SE
SIAL
SP
VEC

COMMON COMNPUTED/USEDS

COMNON COMPUTED:
CORMON USEDS

TRAKS-C

RANGE=RATE
RANGE
SQUARE OF RANGE

PARTIALS OF STAR-PLANEYT ANGLES NITHM
RESPECY YO VEHICLE POSITION

SINE OF OBLIQUITY OF EARTH
SINE OF STAR-PLANET ANGLE
SINE, OF LONGITUDE e« CONSTANY
INTERMEDIATE VECTOR

AAL an H NO xp

G

ALNGTH DATEJ DELTHM En3 EPS

F IAUGOC TAUGIN TAUGMC IAUG
IBARY NBOD NB NTP - OMEGA
ONE RADIUS SAL . SLAT SL8
SLON ™ YRTHB TRTHL THO

UNIVT USY VST © WSTY ZERO

3
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TRAKS Analysis

Subroutine TRAKS performs two functions in the simulation mode. The first
function, wvhich corresponds to 1PBS = 0, is to compute all cbservation
matrix partitions for the measureuent type indicated by ITRX. The second
function, which correspounds to IPBS ¥ O, is to compute the measurement
{tself. If IPBS = 1, TRAKS computes the measurement corresponding to the
most recent nominal spacecraft state., If I@BS = 2, TRAKS computes the
measurement corresponding to the actual spacecraft state, and, if the
measurement is a range or rang(-rate measurcment, to the actual tracking
station locations. The number of rows, NR, in the measurement and the
observation matrix partitions 18 also computed.

A general meAsurement has form

—  amed ed b

Y = Y(X,p, t.

vhere X 1is the spacecraft po:ition/velocity state at time t and if 15

a vector of parawneters. This (quation can be lincarized about nominal X
and p to obtain

* *
7 - (2X) o% (_6_;{) b7
X op

vhere ( )* {ndicates matrices are evaluated at the nominal condition.
Thie perturbation equation caa be rewritten as

57 = uoi'+ndi‘s + G 63 + L&v

—_ * P
8 aY
vhere H = (342) , and (—;} > is aistributed among the M, G, and L
X P

partitione Lo correspond to the partition of the parameter vector 65‘ into
solve-for parameters 6?;, dynamic consider parameters $¥, and weasurement

consider parameters 4V.

In the remainder of this section the meajurement equation and all partial
derivativees required to coanstruct the H, M, G, and L observation matrix
partitions will be summarized for each weasurement type.

A, Rapnge measurement P _.

A range measurement has form

y N

p'o'(;n R, 8,90,¢)

where R, 8, and @ are the radius, latitude, and longitude of the relevant
tracking station.

———— v W
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More explicitly, y -
2 2 z]
- - - + -Y =Y + -2 =2 .

pe[x-x -xlva-v -wira-z -2
where X, Y, 2 = {inertial position components of spacecraft

xg' YB’ zg = {nertial position components of Earth

!8, Ys, Zs = gatation position components relative to Earth,.

Xs, Ys, and Zs are related to R, 8, and @ as follows:

X = Rcos 0 coa G

S
Ys = R cos O cos € 8in G + R sin 6 sin ¢
Zs @ -Rcos O s8in€ sin G + R sin O cos €

where € is the obliquity of the Earth, and

G = ¢§ + GHA

where GHR 1s the Greenwich hour angle at time t .

Partiale of p with respect to spacecraft state are given by

ap 1 8p
—— B e - -x .—-‘--0
X P(x xE S) ax
22 . lw-y -%) B8P _ 5
3y P E s ay
ap 1 8p '
—_—_ - (2 -2.) — = 0
oz P %" % a8z

Partials of P with respect to R, @, and @ are given by

2p . op %% ep %% _ ap %%
F)

OR X, R 3y, R 8z oR
ap ) ap Oxs + 8p oY, . 8P 6Zg
2 P ) YR

e x, e oY, 28 2 e
8 20 % s 9% _ ap 9%
29 2 M ] ays - ¥ azs o9
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v TRAKS~-3
§
£
3 where
; s s 9p ap 4 9p
. e ] - GEEE ’ m——— - -} » —— = -
. L) 9z az
axs X avs Y S
]
| f and the negatives of the parvials of XS' YS' and Zs with respect to
L
[B

R, 8, and @ are summarized in the subroutine STAPRL analysis.

B. Range-rate measurement N .

A range-rate measurement nas forw

PaP(T, R 0,0 0

where all arguments have been defined previously. More explicitly,

! . .
g 3 Ii’
& P e e e A T
]

p'. pxbx+pyéy+pzp.z
D

where p nx-%-xs ‘;xui-is-}.is

-,

= - - b = - Y -
3 Y- Y- Y P, - Yp - X
- - - 6 = - , - i
pz z ZE zS 2z z ZE S
Xs, Ys, and Zs are related to R, 6, and @ as foliows:

XS = «-wWRcos @ 8in G

YS s (R cos O cos € cos G

S = -WR cos O gin € cos G

NN

wvhere ¢) is the rotational rate of the Earth.

Partials of P with reépect to apacecraft state are given by

88 By Pxp 86 _ Py
X P p2 oXx P
b _ By Pyp b A
oY P p2 ot P
86 . Pz _Pub 3 . &
8z P p2 o2 '
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TRAKS-4

The partial of p. with respect to R 18 given by

0b . 05 0% , &b 8% , 88 %,

R —i; R —5;; or Ozs Or

dp a.s+6. 8% . 8p 9%
C—— S—— ———, S— Em—m—
ox, R 9Y, ar azs ok
where
8p _ 88
ax, ox '
and -0—,’1' - "'a—. , etc.
axs &k

The negatives of the partials of XS, Ys, ZS’ xS’ YS' and ZS with respect

to R, ©, and @§ are summarized in the subroutine STAPRL snalysis. Partials

of p with rvespect to @ and @ are treated similarly.

C. Star-planet angle measurement O .

A star-planet angle measurement has form &
. a-d(—i,a,e,i,g,w,ﬂ)

vhere a, e, {, @, w , and M are the standard set of target planet
orbital elements.
If we define 5 - (px, py,p _) to be the position of the target planet

relatfve to the spacecraft and (u, v, w) to be the direction cosines of the
relevant star, then

& cost [%(upx +vpy +vpz)]

wvhere

P=3x -X p=Y -¥Y pPe=2 -7,
x P y z P

and (Xp, YP, Zp) represent the position coordinates of the target planet.
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TRAKS-5

Partials of & with respect to spacecraft state are given by

go. i (g fima) 0
ox sina \ P p2 X
fa 1 (L_QLL“E) 22 .
oy stna \ P p2 oY
CLR PR ALY Ba
oz sina \ P p2 2

vhere

2 X
aina"-f[l-coaa] .

The partial of @ with respect to target planet semi-major axis is given
by
8a | B8a 0% da 8% , 8a 9%

Oa 8xp " da aYp Oa aZp Oa

where Qa __éf. .Qg.,_gg i‘_.__a_g
axp 9x ’ ayp v ' 62p oz ’

and partials of Xp, Yp, and Zp with respect to semi-major axis are
summariz¢d in the subroutine TARPRL analysis. Partials of @ with respect
to Xp, Yp, and Zp do not appear in the above expression since they are
all zero. Partials of @& with respect to the remaining target planet
orbital elements are treated similarly.

D, Apparent planet diameter measurement é s

An apparent planet diameter measurement has form '
B = B(X,a,e,1,02,0,n

where all arguments have been defined previously.
b

Defining P = (px’py' pz) to be the position of the target plinet valative

to the spacecraft and BP to be the radius of the target planet, the apparent
planet diameter can then be written as

g= 2 sin~} (%)
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TRAKS-6

()

Partials of B with respect to spacecraft state are given by

RN STV SR YV SO TV PR s PP L P e

88 2B.P, 9_3 - 0

ox p? [pz _ sz] X ok

88 _ 2R, A P_ﬁ - 0 ‘
8y p? [pz ) sz] 5 oy

oz p? [pz_xpz] } o2 :

The partial of S with respect to target planet semi-major axis is given
by

P IPRTRI

o8 _ 98 9% , 8p 9% , 88 9%
Oa axp ) Oa aYP | Oa aZp Oa

“
3
4

Q@
™

@
N

vere OB . .98 08 . .98 OB . .
axp ox GYP oY azp

and partials of X , Yp, and Zp with respect to semi-major axis are
P
sumnarized {n the subroutine TARPRL analysis.

Partials of f# with respect to X , ‘;' , and z do not appear in the above
expression since they are all zero. Partials o B with respect to the.
remaining target planet orbital elements are treated similarly.
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TRAKS Flow Chart

ENTER

Compute Julian date at me:.suremcnt

time &
|

Call PRB and EPHEM to compute the <1
inertial ecliptic position and '
velocity coordinates of the earth
and the target planet.

R {

t
{
!

YES
19BS ¢ o.\
NO .
Vi
Zero out observation matri{x partitions
H, M, G, and L. . ‘
i T
ITRK = ?
[ } {Al I
24 516 718 9 12 ‘10
¥ v - 3
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Y
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TRAKS=-8

w .

Compute spacecraft position and velocity
coordinates relative to the Barth,.

Compute range P and range-rate 2 of ‘
spacecraft relative to the Earth. J

(IQBS = 0 ?\/ =

NO

: . T,
Set Y= p and Set Ya[:P ,P]
NR=1. and NR = 2 ,

Compute partials of P with respect
to X for the idealized station and
| {nsert in H matrix., Set NR = ITRK,

. N \ YES
<ITRK 1?/ ’ :J‘ RETURN )

NO

Compute partials of P with respect
to B3 for the idealized station and
insert {n H matrix.

RETURN
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A
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X

, TRAXS=9

Compute nominal altitude, latituce, and
long{tude of the IA-th tracking station.

N YES
<1¢ss+27/ \

NO

Compute actual altitude, latitude, and
longitude of the IA-th tracking station.

i( _ |

Compute geocentric equatorial components -1
~¢ tracking station position and velocity |
relative to the center of the Earth.

Compute geocentric ecliptic compouents
of tracking station position and velocity
relative %o the Earth, |

T

!

Compute spacecraft position, velocity, ‘]
range P , and range-rate P relative
to IA-th tracking station. J

< 1935-0?‘/\ = —ﬂ@
YES S/ NOJ e

ITRK odd? il
: - “\L

. ] [ .
Set Y = , P
Set Y= d and NR-I.J g

v
|

N
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TRAKS-10

Cm e e TR AL S TN WS NI ol i b e o

Compute partials of P with respect
to X for the IA-th station and
ansert in H nat;lx.

NO
Are any station location errors 210
in J'is or §V 7

YES

L4
.
o A e e i a4 S RN EAAs . s ) i Bt s
N [
v

Call STAPRL to compute partials of ! h §
station position and velccity components s

with respect to station radjius R ,
latitude © , and longitude @ .

-’ -«" )
\J d ¥ '
Yo ':. .-
N
2ol S S
-
v —

E dR , K=1
ép, = )68 , K=2
-t 1 SN F
| | E @
, NO
< Is 8p, in X or &V 'I>—_1
K s
YES
Compute partial of P with respect to
6PX and insert in the approupriate
column of the M or L matrix.
- Kk>371
) N/
YES ' NO
ITRE> 4 7 K=K +1
52
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NO

Is range-rate bias & X
in 6?3 oxr §v ? /

YES

Compute partial of P with respect to
&) and insert in the appropriate
column of the M or L matrix.

O

Set NR = ]

|

Y

ITEK o0dd? H—

KO

Set NR = 2 and shift all previously
computed p partials into the 2nd
row of the H, M, and L matrices.

Compute partials of P with respect
to X for the l1A-th statioan and
insert in H matrix.

K=1
_——_>‘
‘2
< Is pr ipdi‘s or 8% ?}
) YES

Compute partial of P with respect to
pr and insert in the appropriate

column of the M or L wmatrix.
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YES
< ITRK >4 7 \

NO

TRAKS-12

P
1s range bias 8p \ NO
<£n 6;8 or &V ? /1 ‘ﬂ

=

Compute partial of p with respect
to §p and insert in the appropriate
column of the M or L matrix.

@

Define do ioop parameters
for three simultineouvs star-
planet angle measurements:
RA=]1, RC=3, NR=)}

Define do loop parameters

for the appropriate single
star~planet angle measurement:
RA=ITEK-10, NC=NA, NR=1l

J

- . Compute target planet position and
velocity coordinates and range
relative to the spacecraft.
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1 =NA

!

Compute cosine and sine of I-th
star-placet angle a g

y

v

r——E—< 19BS = 0 7}

NO

Compute partials of a, with respect to

X and fnset in P matrix.

A

Is hias éa in 8%
1 8

or 8V 2

)

‘YES

Compute partial of 01 with respect
to Bal and insert in the appropriate
column of the M or L matrix.

b

)
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TRAKS~-13

[
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Y e B
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X,

Set Y(I) =~ a 4
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da , K=1 —_
de , K=2
&, = i ., K=3
NO - - K 32 , K=4
4//rﬁia 8p_ in X or &u ? w -
N K 3 dw , E=§
&M , K=§
YES
Call TARPRL to (ompute target
planet position partials with
respect to elem:nt apx.
Compute partial of 4::i with respect r.o—‘
8p for all pertinent star-planet \
angles, and ingert u the appropriate
column of the M or- G matrix.
=g
- NO YES
:(,*‘K:>')? ‘§>— -
y
K=K +1 RETURN
Compute target planet position and velocity

craft,

coordinates and range relative to space-

Compute target planet radius.

Set Y = f8, the apparent

pianet diameter.

Set NB=»] .,
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Compute partials of § with respect
to and i{nsert {n H matrix.
Set NR =] .,

Is bilas 88 in 86X or &V ?)———1
< 8

YES

1, et o « .
LI 3 O ::./..mm‘m‘ I Vo L A

e r et Ty clerm <« - =7

Compute partial of B with respect to
33 and insert in the appropriate
column of the M or L mwmatrix. l

- da K=1
de K=2
81 K=3

K=4
K=5
K=6

>
n
p—
Oe
’;3
]

X

v
A SR INS ok TR, AL - g bt sirlo s }

. 5
v
¢ B

NO
_____< 1s dp_ in % or w'z>
K 8

YES '
- Call TARPRL to compute target planet
position partials with respect to

element 6%.

Compute partial of 8 with respect to

épx and insert in the appropriate

column of the M or G matrix.
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TRANS-A

SUBROUTINE TRANS

PURPOSES TO PERFORM ONE OF THE FOLLOWING THREE OPTIONS.
1. CONVERT FROM GEOCENTRIC EQUATORIAL RECTANG-

ULAR COORDINATES TO GEGCENTRIC ELIPTIC
COORDINATES
2« CONVERY FROM GEOCENTRIC EQUATQRIAL COORD~
INATES TO MELIOCENTRIC ECLIPTIC COORDINATES
3. CONVERT FROM GEOCENTRIC ECLIPTIC COORD-
INATES TO HELIOCENYRIC ECLIPTIC COORDINATES

CALLING SEQUENCES CALL TRANS(ICODE 3XyYyZyVX,VY,VZ,XE,YEHZEsVXE,
VYE,VZELEPS, ICOOE?2)

ARGUMNENT S EPS I O0BLIQUITY OF EARTH

1CO0E I AN INTERNAL CODE THAT DETERMINES IF OPTION
1 OR 2 ABOVE MILL BE EXERCISED

ICODE2 I AN INTERNAL CODE THAT DEVTERMINES IF OPYION
3 ABOVE IS TO BE EXERCISED

T 170 X-VELOCITY COMPONENT OF THE VEWICLE
VXE I X-VELOCITY COMPONENT OF EARTH IN
HELIOCENYRIC ECLIPTIC COORDINATES
vy 170 Y-VELOCITY GOMPONENY OF THE VEWICLE
VYE I Y-VE! OCITY CONPONENTY OF EARTH
g v2 1/0 Z-VELOCITY COMPONENT OF THE VEMICLE
VIE I Z-VELOCITY CONPOGNENT OF EARTH *
X 170 X~-POSITION COMPONENY OF THE VEHMICLE
XE I x-POSITION COMPONENT OF THE EARTH
IN HELIOCENTRIC ECLIPTIC COORDINATES
Y 170 Y-POSITION COMPONENT OF THE VEMIGLE
- vE I Y-POSITION COMPONENY OF THE EARTH
Z . 1/0 z-POSITION CONPONENT OF THE VEHICLE
ZE I Z-PCSITION COMPONENY OF THE EARTH

SUBROUTINES SUPPORTEDS DATA  DATAS
LOCAL SYNBOLSS CE COSINE OF OBLIQUITY OF EARTH
DU INTERMEDIATE VARIABLE
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TRANS Analysis

Subroutine TRANS tranaforms the position and velocity components of the
spacecraft from one coordinate system to another, The three options
available with this subroutine are summarf{zed below.

1) Convert from geocentric equatorial coordinates to geocentric
ecliptic coordinates using the following equations:

: X=X
Y=Y Cosé€+ Z Sin €
i Z = -YSin€+ Z Cos ¢
X=X .
g VeYClos€+ Z Sin ¢
% = -Y Stn€e+ 2 Cocae

2) Convert from geocentric equatorial coordinates to heliocentric
o ecliptic coordinates. The same procedure as above 15 used to
convert from geocentric equatorial to geocentric ecliptic. Then
translate according to the following equations: i

Kexex Xe ke

. E
Y=Y +Y Y=Y+Y,
E . . o .
2=2+ Z2 Z= 2+ ZE
3) Counvert from geocentric ecliptic coordinates to heliocentric
. ecliptic coordinates using the following equations:
Xm Xt K=K+
T=Y+Y Y+

Z2=2+ ZE Z=27Z+ ZE
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SUBROUTINE TRAPAR

PURPOSES TO COMPUTE THE FOLLOWING SEY OF NAVIGATION PARAMETERS
-= FLIGHT PATH ANGLE, ANGLE BETWEE' RELATIVE VELQCITY
ANO PLANE OF THE SKY, GEOCENTRIC JECLINATION, EARTH/
SPACECRAFT/TARGEY PLANET ANGLE, ANTIVNA AXIS/LIMB OF
SUN ANGLE, AND SPACECRAFY QCC'LTATZION RATIOS FOR SUN,
MOON, AND PLANETS,

CALLING SEQUENCE: CALL TRAPAR

SUBROUTINES SUPPORTEDS

SUBROUTINES REQUIREDS
LOCAL SYMBOLSt ALFA

AMAG
BETA
co
cT
CZAE

DELTA
0sS

ECEQP

GAMMA

1SAvVE

JNO

PRINT PRINT4 SETVEYS PRINT3 SETEVN
EPHEW 'ORB PECEQ

VECTOR FORMING RIGHT-HANDED ORTHOGONAL
YRIAD WITH XN ANHD SSS VECTORS FOR
CALCULATION OF ANTENNA AXIS/Z/LIMB QF ANGLE
OF SUN

MAGNITUDE OF THE ALFA VECTQOR

ANTENNA AXIS/EARTH ANGLE

COSINE OF GEOCENTRIC DECLINATION

INTERMEDIATE VARIABLE FOR ALL CALCULATIONS

COSINE OF EARTH/SPACECRAFT/TARGET PLANE
ANGLE

GEOCENTRIC ODECLINATION

INTERMEDIATE VARIABLE FOR CALCULATION OF
OCCULTATION RATIOS

TRANSFORMATION FROM EARTH ECLIPTIC YO
EQUATORIAL FRAME FOR CALCULAYIQN OF
GEOCENTRIC JECLINATION

* INERTIAL FLIGHT PATH ANGLE

LOCATION IN THE F ARRAY OF THE EARTH
POSITION AND VELOCITY IN THE INERTIAL
FRANME

SAVES AND RESYORES FIRSTY ELEMENT OF THE
NO-ARRAY FOR BARYCENTRIC NAVIGATION

LOCATYION IN THE F ARRAY OF THE TARGEY
PLANET POSITION AND VELOCIYY IN THE
INERYIAL FANE ‘

. 971
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NINETY
OCCULT
PHI
RDV

REMAG

RINAG

RMAG

RSS
SO

SKYI

SROV

SRE

SRNAG

SRQ
SRTHMAG

SRTP

SVKAG

SX
SZAE

THETA

VHAG

TRAPAR-B

CONSTANT VALUE, EQUAL TO 99.000
OCCULTATION RATIO QF THE I-TH PLANEY
ANTENNA AXIS/LINB OF SUN ANGLE

INTERMEDIATE VARIABLE, DOT PRODUCY OF TWO
VECTORS

MAGNITUDE OF THE EARTH HELIOCENTRIC
POSITION

MAGNITUDE OF THE POSITION OF THE I-TH
PLANET IN THE GEOCENRTRIC ECLIPTIC FRAME

MAGNITUDE OF YHE SPACECRAFT HELIOCENTRIC
POSITION

SPACECRAFYT HELIOCENTRIC POSITION
SINE OF GEOCENTRIC DECLINATION

ANGLE BETWEEN SPACECRAFT VELOCITY RELATIVE
TO EARTH AND PLANE OF THE SKY

DOT PRODUCY OF SPACECRAFT GEOCENTRIC
POSITION AND VELOCITY VECYORS

SPACECRAFT GEOCENTRIC ECLIPYIC POSITION
AND VELOCITY

MAGNITUDE OF SPACECRAFT GEOCENTRIC
POSITION

SPACECRAFT GEOCENTRIC EQUATORIAL POSITION
MAGNITUDE OF SRTP VECTOR

SPACECRAFY ECLIPTIC POSITION RELATIVE TO
TARGEY PLANET

MAGNITUDE OF SPACECRAFYT GEOCENTRIC
VELOCITY

INTERMEDIATE VARIABLE FOR ALL CALCULATIONS

SINE OF EARTH/SPACECRAFT/TARGET PLANETY
ANGLE

INTERMEDIATE ANGLE USED TO CALCULATE
NAVIGATION PARAMETERS

MAGNITUDE OF SPACECRAFT MELOCITY RELATIVE

LT

3

Kinvs e & S

-t

EE el S R

R N

A
iy

e

. o g L .
AN AR e O i Ly

i
&

[N
M
K-



S C ¥ v,

k'_ T YA :xme:f:l?‘_‘_‘:’_h&"ﬂ
;
{
% TRAPAR-C
; TO INERTIAL FRAME
b
4 XMAG  MAGNITUDE OF THE XN VECTOR BEFORE
£ UNITIZING
3
‘ XN CROSS PRGOUGCT OF SPACECRAFT GEOCENTRIC
POSITION AND SPACECRAFT SPIN AXIS
"3
: ZAE EARTH/SPACECRAFT/TARGEYT PLANET ANGLE
= § COMMON SOHPUTLO/USEDS B NO RE
; COMMON USEDT F IBARY NBOD N8B NTP
_ INE PLANET RADIUS RAD $SS )
‘ THO v xp ZERO
| -
I g
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TRAPAR Analysis

‘ The coordi{nate systems and variables required for thc derivation of the
first four navigaticn parameters are shown in Figure 1, The inertial

cocrdinate system XYZ wmay be heliocentric or barycentric ecliptic. _,
The position and velocity of the earth in inertial space {s given by Ty

and 73; that of the spacecraft, by T and ‘;‘; and that of the target
planet (or moon), by ?;IP and —V‘rp’ The xyz coordinate system is

geocentric equatorial.
1. Plight path angle, * .

let 8 denote the angle between T and '\7, so that

cos 8 = X:V and s8in 6 = + [l - <:oa2 OJ .
g B rv
T Then
‘:?}»7 ) y - —z— - g .
. 2
Nows:
; ’ 2, Angle between relative velocity and plane of the sky, a'.
'/f The planf. of__.the sky 18 defined as the plane perpendicular to the
vector T - T,. Let @' denote the angle betwcen "r"-"x:‘E and
?-Tz, so that

(F - Tp) @ )

‘?‘ ?g]'t—v"—‘;‘gl

X

r

cor 8' = and aine'-+il-coaze']
[

7
1! - ____91'
2 ¥

Hote that 1' is not defined 1f the relative velocity ¥V -V, 1s zero,

3. Geocentric declination, §.

~hy o

let (x, y, z) denote the geocentric equatorial cowmponeats of ¥ - Ty
Then

6= tan™ ’/ r -,
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Earth/spacecraft/target planet angle, £.

The angle £ 1s the angle between the vectors “-'i'x and 'i:‘-'r‘n,
30 that
cos ¢ (- Tp) (T - Frp)
|% - || 7 - P
2 1 ¢
and ainf--i-[l-coo f] .

The next two navigation parameters relate to the spacecraf: antenna axis.

The pertinent geometry is shown in Figure 2. The antenna axis

a {s

defined as the intersection between the antenna plane (the plane perpen-
dicular to the spacecraft spin axis % ) and the plane formed by the
¥ -7, aod & vectors. The vector P originates from the limb of the

sun and lies in the T, & plane.

5.

Antenna axis/Earth angle, 2.

Let ¥ denote the angle between the unit spin axis vector 3 and
T - T., so that

B
—4. _—o 8
coalll--a—u and sin Y -+[1-coszw] .
e, |
Then
i1
3' —2—-4’.

Note that the antenns axis is not uniquely defined when the angle Y= 0.
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Figure 2, Anteunna Axis Geometry

o~

wvrca ax{is/limb of Sun angle, @.

it vector n normal to the s, 'r.—_fz plane {s given by

S AT iy
.

(x’-?z) x8

]('r‘—'i‘x) x |

.e unit antenna axis vector O ig8 given by

-— e,
nxs8 .,

—
[o
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TBAPAR-5
The angle 02 denotes the angle between the vectors T and E;,
so that
cos 9, = - L= and 8in §_ = +'[1 - cos” @ ] .

2 T 2 2
The angle 01 denotes the angle between the vectors 2; and '?,
so that

R
- gin~! | 8 Lo X
01 sin ( =/ 0 91.. >

wvhere R. is the radius of the Sun.

Then

The final set of navigation parameters relate to spacecraft occultation
ratios for the Sun and all other celestial bodies assumed in the dynamic
model. The pertinent geometry i{s shown in FPigure 3. The position of

the i-th celestial body relative to the Sun is denoted by T,. Occultation

parameters d and di are defined as the minimal distances from the
8

centers of the Sun and i-th body, respectively, to the Earth/spacecraft
vector T - Tp-

7. Spacecraft occultation ratio for the Sun.

The occultation ratfio for the Sun is defined as ds/RS, where R is
8

the Sun radiua. As long as the occultation ratio is greater than one,
the spacecraft {8 neither being occulted by the Sun nor passing in
frout of the Sun, The occultation ratioc is computed only when the

angle between the T - T and T, vectors is less than or equal to
E E

90 degrees, or, equivalently, when

1f this condition i{g satisfied, the occultation razio is computed using
the equations
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TRAPAR-6

Spacecraft

i-th body

Figure 3. Occultation Geometry

and
. -tg.('r‘- Tp)
T-F |
E

d - 2
Occultation occurs if -iﬁéal and | T - txlé_rz ; Lf —R-g L1 and
8
i?‘- I, ] < y_, then the spacecraft 1s passing in froant of the Sun,

E E

Spacecraft occultationratios for other celestial bodies.

The occultation ratio for the i-th celestial body {s defined as dilxi,

vhere xi 18 the radius of the i-th body. The occultation ratio s
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computed only when
@ - Tg) - (F, - Tp) 20 .

If this conditions ia satisfied, the occultation ratio is computed
using the equations

2 2
di.[.at _be

—

o = |5, -7,

k¥

|- %) [T - T

d —r -— — —
Occultation occurs if -1 =1 and [T - rEl > lri =T, 1£

d - —d
2 1 and lr- rzl.(l-r";-?xl , then the aspacecraft is passing

%

i{s front of the {-th celestial body.
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PRI

~ TRAPAR r.ov chart v

( ENTER ) ’

Compute the following quantities: ] .
1. Flight path angle, 7. ( :
2. Angle between relative velocity |

and plane of the sky, {' (only ;
| i (V- V| >1x1077 la/sec)

: 3. veccentric declination, §. {
;s 6. Earth/spacecraft/target planet ' i
’ aigle, f

5. Antenna axis/Earth angle, 8 )
(ouly if ¥ >0.1 deg) \ .

NO YES
IBARY = 17 }

;R Y .
B , Call RB and EPHEM. Return |
¥ N .» following quauntities: position of Earth relative to
ﬁf bl %o« -x4g/limb of Sun angle, Sun {n XP array. ‘
gb' ! v \€Tly {1 antenna axis defiged). T —
is,,": el T,. % .t occultatlon ratlc \lkl
Ty ; e —
¢ | 5. 52- -.att occultation ratios Compute position cf spacecraft |
;‘:5 : 1 - + - celestial boller. relative to Sun.
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SUBROUTINE TRJTRY

S S PR ]
B x
i 4 o
'3 - .

xole :

; PURPOSES TO DETERMINE THE TIME OF THE NEXT GUIDANCE EVENY AND
~ . INTEGRATE THE NOMINAL TRAJECTORY FROM THE PREVIOUS
EVENY TIME YO THE NEXT TIME.

SUBROUTINES SUPPORTEDS?
SUBROUTINES REQUIRED!
LOCAL SyMBOLSt ACK

DELMIN

DELTN

OELY
ERROR
I1sp2

RSF
COMMON COMPUTED/USED?1
COMMON COMPUTEDS

COMMON USEOS

582

~

CALLING SEQUENCES CALL TRJUTRY

NOMNAL s
VNP

ACCURACY USED YO INTVEGRATE THE NOMINAL
TRAJECTORY

TIME(DAYS) BETWEEN THE LAST EVENT ANC THE
NEXT EVENT

SAME AS OELMIN ~THE TIME VNP IS TO
INTEGRATE THE TRAJECTORY UNLESS ANOTHER

STOPPING CONDITION OCCURS
SAME AS DELMIN
MINIMUM ALLOWABLE VALUE OF DELMIN
FLAG TO CONTROL STOPPING CONDITION
=1 STOP AT SHPERE-OF-INFLUENCE
=0 DO NOT STOP AY SHPERE-OF~INFLUENCE
INDEX
INDEX

SPACECRAFY STAYE AT FINAL TIME

01 ICL2 ICL ISPH KSICA

KTINM RIN TIMG TRTHM

DELTP IEPHEN INPR IPRINT KXUR

ACKY KGYD NCPR NOGYD THPR
v

P
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TRJTRY Analysis

TRITRY determines the time of the next guidance event &ara integrates
the nominal trajectory from the previocus event time tu tne next time.

-
M 0 T2 oI LALLM E ug‘v VA b e S bR el
, .

Special provisions must be made in determining the naat guidance event
because of the flexibility parmitted In specifyin, the times of those
guidance eventa, For every guidance event i, pecasczer: XTM(L) and TIMG(L)
will have been set before entering TRJTRY. KIIM(:)’pri..rices the epoch

to which the guidance event { 18 referenced with XTI .3 = 1,2,3
corresponding to epochs of initial time, sphere oI irIil_.:=ncc (SOI) inter-
section, and closest approach (CA) passage respectively TIMG(i) then
specifies the time interval (days) from the epocrh tr i sLidance event.

] The guidance events do not ceed to be arreaged chrunv.o,ically. After

g execution of each guidince event 1 tne flay KTMM(L) {. et equal to O.

The first computational procedure in TRJIRY [s the sequurnci.y loop. EHEere

a search determines the minimum value of TIMG(1) over <1l values of 1

such that KTIM(1i) ~ 1. The time interval AU between thai time and the
current time {s then _xaputed. If At :. lcss than an ...owable toleraace
¢ (=107 days) the program returns to NGPNAL for the processing of the
current event.

If At 2 ¢ TRITRY wust perform an ‘ntepyréiic. o the nex: ....ance event.
TRITRY first sets up flags controlling iutegration stoppiig conditions
depending upon the current value of KSICA, The flag KSIC* ..:ermines

the current phase of the trajectory. KSICA s iaitially -«t cqual to 1l
(PRELIM). When the taiget planet SOI {s cuCou-tered KSILs .. set to 2.
Finally when CA to tn: target planet occurs it is set to 3.

-
TP

The stopping condition flags are ISP2 and ICL2., The flcc 15P2 determines
whether the Iintegraticr. should be stopped 1z SQIL “f encco.-tcred (ISP2 = 1)
or not (ISP2 = 0). The flag ICL2 determires whulner the 'nt.gratiom saocul:
be stopped at CA if encountered (ICL2 = 1) or not (ICL2 = (),

Therefore if KSICA = 1, TRJTRY sets 1SP2 = ! sc chat the ... :ration will
stop at the guildance event time only if tinat time occurs before SOI. But

if the S80I {s encountered before the event : ma, all tivec recferenced to

the SOI must be updated before determining the¢ aext event. Similarly wheo
KSICA = 2 TRJTRY sets I1CL2 = 1 so that tiucs rofcrenced to CA may be up-
dated when CA occurs. Of course when KBIC. r- 3, all timcs n:ve been updatea
(referenced to initial time) and neither ISP’ uor ICL2 need be set to 1.

Having set the stopping condition flags, TRITRY now calls ¥MY for the
propagation of the tralcectory to the requirecd .topping voadition. At the
end of the i{ntegration it records the c.r.ent trajectory time and state.

TRITRY now sorts again on KSICA, If KSICA = 3, tha trajectory has been
{ntegrated to the time of the current event aud ;0 control may be returned
to NOMNAL,
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- TRJITRY=2

;

¢ -

% 7# ¥SICA = 1 the 80I had not yet been reached at the previcus event. )

B TRITRY then chacks the flag ISPE. The flag ISPH reveals whether the

b curcent trajectory intersected the target planat S0I (ISPH = 1) or did

i not (ISPH = 0), Therefore {f ISFPH = 0, the current guidance event ’

: occurred before the trajectory intersected the S80I and thus the current =
e state correaponda to the time of the guidance event. Therefore the return ‘ %
g is made to NQMNAL, %
Y

i 1f however KSICA = 1 and ISPH = 1 the trajectory integration was otopped !
N at the 80X, TRJIIRY now sets KSICA = 2 and updates all times refeieaced to

: the SOI so that they are now referenced to initfal time (KTIM({) = 1).

i It reenters the sequencing loop to determine the time of the next guidance

& avent where the candidate events now include those originally referenced

L to 80I. .

% Similar steps are made when KSJCA = 2. The flag ICL deasignates whether

i the current trujectory had a CA (ICL = 1) or not (ICL = 0),. 1I1f KSICA = 2 .

Eg and ICL = O, the trajectory encountered the guidance event before reaching

i3 a CA go the return is made to N®NAL. 1If XSICA = 2 and 1CL = 1, the final

time and state of the trajectory refer to closest approach. In this case
TRITRY sets KSICA = 3 and updates to in{tial time.all times originally
referenced to CA, It then returns to the sequencing loop. v
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TRJIRY Ylow Chart

Have t, = current traj. time

!
Vi

Chcoae KUR a8 index of min
velue of all TIMG(1i) such that
RTIM{L) = 1, Set

At = TIMG (KUR) - tk

K51CA=?
\/2

v

Set 1CL2=0 |

Set zcz‘znﬂI
yI.SP?.“OJ

| Set 1C120
| ° I5P2%0

J

[Ict=grate trajectory to stopping cond
1' (Lt ,801,CA) and set - L + t

a

TRJITRY=3

Set KSICA = 2
For KTIM(})n2

KTIM(3) = 1

TING (§)€, +T2G (3)

[:3-34

{Set K8ICA = 3
For KTM(1)=3 set
TING (§)=t, +TDAG( 1)

RKTIM(4) =1

1
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VARADA-A .
- P ﬁ":

SUBROUTINE  VARADA !
PURPOSE  COMPUTE VARIATION MATRIX FOR THREE=VARIABLE 8-PLANE b
GULDANCE PGLICY IN THE ERROR ANALYSIS PROGRAM %

CALLING SEQUENCES CALL VARADACRI,XSIPyXSIV,TEVN,TSI,ADA,B83,80TS, ;
BORS) .

ARGUMENTS  ADA O VARIATION MATRIX }
BS I B OF THE NOMINAL TRAJECTORY .
BORS I B 0OT R OF THE NOMINAL TRAJECTORY A
BOTS I B8 00T T OF THE NOMINAL TRAJECTORY ‘ﬁ

RI I POSITION AND VELOCITY CF THE VEWICLE AT THE 4

TIME OF GUIDANCE EVENT A

TEVN @ TRAJECTORY TIME OF THE GUIDANCE EVENT 3

TSI I TRAJECTORY TINE AT WHICH THE VEMICLE 7

REACHED THE SPHERE OF INFLUENCE ON THE 2

NOMINAL TRAJECTORY =

XSIP I POSITION OF THE VEHICLE AT THE SPHERE OF =

INFLUENGE ON THE NOMINAL TRAJECTORY _;

XSIV I VELOCITY OF THE VEHICLE AT THE SPHERE OF *

INFLUENCE ON THE NOMINAL TRAJECTORY i

SUBROUTINES SUPPORTED! GUID "
SUBROUTINES REQUIREDS  NTN %
¥

LOCAL SYMBOLSS BORL  TEMPORARY STCRAGE FOR 8OR 3
80T1  TEMPORARY STGRAGE FOR 80T ?

81 TEMPORARY STQRAGE FOR 8 4

OSIL+  TEMPORARY STORAGE FOR OSI e

o

IPR TEMPORARY STORAGE FOR IPRINT 2

. 3

Isp TEMPORARY STORAGE FOR ISP2 i

00 TEMPORARY STORAGE FOR IPRINT 5

RF ALTERED FINAL STATE OF VEHICLE :

TSI1  TEMPORARY STORAGE FOR TSI :

é
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COMMON COMPUTED/USEDS

COMMON COMPUTEDS

COKMON USEDS

VARADA-

ALTERED INITfIAL STATE OF v&mICLE

B8OR 8OT 0SI IPRINT  ISPH

I1sP2

B DELTM RSI TRYMe Vsl

DATEJ FiC? Faly Fiatty NTMC

NP
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VARADA-1

VARADA Analysis

Subroutine VARADA employs numerical differencing to compute the variation
matrix 7 for the three-variable B-plane guidance policy in the guidance
event of the error analysis mode. See subroutine VARSIM Analysis for
further analytical details, since the only difference between VARADA and
VARSIM 1is that VARADA comp. .ations are based on the most recent targeted
nouinal, while VARSIM computations are based on the most recent nominal,
The VABADA flow chart is identical to that of VARSIM except for the fact
that in VARADA the nominal position/velocity state at tgy is saved

priov to calling VABADA, while in VARSIM it i{s saved locally.
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SUBROUTINE YARSIN
PURPOSE -l

VARSIM-A

~JTE VARIATION HATRIX FCR THREE-VARIABLE 8-~PLANE
GLUIBANCE POLICY IN THE SIMULAYION PROGRAM

CALLING SeQuiinCEs CALL VARSIM(RIL,TEVN,YSI,ADA)

ARGUHKENT» ADA 0
ok I
TEVN I
1Sl I

SUBRGu. v Ca 2 JPPORTEDS

SUsSNuLTtWES REQUIREDS

LCZAL.&nﬁBG~SS BORS
80TS
8s
IPR
ISPS

RF1

RSIS
TSI}
VSIS
b {

CoHXET™ TTMITED/USEDS

Cormer vomriSTEDS

COH“G'Q w *Voipw

VARIATION MATRIX

VverRICLE POSIVION/VELOCITY ON MOST RECENT
KOMINAL TRAJECTORY AT VIME "“F YHE GUIDANCE

EVENT
TRAJECTORY TIME OF GUIDANCE EVENT
TRAJECTORY YIME AT SPHERE OF INFLUENCE

GUISS

NT NS
TENMPORARY STORAGE FOR BODR

TEMPORARY STCRAGE FOR BOY

-TEMPORARY STORAGE FOR 8

YEMPORARY STORAGE FOR IPRINY
TEMPORARY STORAGE FOR 1ISP2

ALTERED FINAL STATE OF VEHICLE ON MOST
KECENT NOMINAL

TENPORARY STORAGE FOR RSI
TEMPORARY STORAGE FOR TSI
YEMPORARY STORAGE FOR VSI

ALTERED INITIAL STATE OF VEHWICLE ON MOST
RZCENT NOMINAL

BOR 807 8 DSI IPRINT
ISPH ISP2 RSI VSl v
TRTNL

DATEJ FACP FACV NTMC NTP
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VABSIM-1

VARSIM Analysis

Subroutine VARSIM e=ploys numerical differencing to compute the variatiocan
watrix 77 for the three-variable B-plane guidance policy in the guidance
event of the simulation mode. This variation matrix relates deviations

in the position/velocity state at tk to deviations in B-T, B-R, and
t .

SI’
5B-T ﬁl R
g:-n - 7 ﬁk - néx
SI

Since no good analytical formulas which relate 6:51 to dg‘ and dak
exist,numerical differencing wust be employed to coupute n .
Let ‘;I. be the j-th column of the matrix 7, and assume (zost receat)

J e e x e e
nominal B-T , B-R, [SI" and xk are available. 7To ob:ain 7 we
increment the j-th element of .ik* by the mumerical differeuncing factor

DX and mumerjcally integrate the spacecraft equations of wotion Zrom ¢t

b
to the aphere of influcnce of the target planet to obtain the new values
of B-T, B*R, and ¢ . Then
S1 T
<«
o * tey - C
;)» - B-T - B-T B-R - B-R 1 ¢ S1
» »
] Dx Dx Dx
] i i J

Jj=1,2,..., 6

R SR Y S Y |

T ey QS

g sobt Tapriins

3
3
i
;
}
i
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2. REPRODUCIBILITY ¢ OF ald ORIGINAL PAGE 1S ool
5 |
L a v
VARSIM=-2

VARSIM Fiow Chart m

-«
. ) .
Save BT, B-R, B, ASI' and VSI tur g . -
the most recent nominal trajectoiyv. 7
—
T ‘
5
BV S i
) Save IPRINT and uo: IPRINT = I,
Save ISP2 and the. set ISP2 = AT % -
sv that trajectoiv Integraise~ 111 |
stop at the sphaie »i influc.aac. ' y
! T %
'
.” ’
i+ R <
' Set column suuva X-C _‘
— [ A
i "lll’ |
] ‘.T
— -
Set initial state | RV S 2
recent nomiaoal stowe . o Set }
ISPH = Q. ;

‘L

} .

. I, -..<u. & % -lement of star:s

Y —i= vole (L. aumerical difs-
<TvT  ap .. tor FACV,

Increxent N-th element of state
by the position nunerical differ-
encing factor FACP.

.
l
!
. B 1

]

X -

Cali NS (. o apen. ~
values of BT, B, 1.3
t

SI’

/ Did traje»t;;;uzéaih %0 3
Sphet~. (S 24 1&‘ as .--.»L.. ) c

YE; .
o)

\

S _._
]
Owsd W YT . ¢ - .
Rl AW Ll oot omt el et At b acaklh b vt iy cowv
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VARSI¥~-3

Conpute the N-th column of

the variation matrix 7]

vSI for the most receat nominal

tra jectory.

Restore IPRINT and ISP2 flags.

o
[e]
[}
;
-4
10"
— <
+ o
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m
g
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; VECTOR-A ]
- .
g SUBROULYINE VECTYOR ;

PURPOSEe TO COMPUYE THFE VECTOR ORBITAL ELEMENTS K (ANGULAR
#UMENTUM VECTOR), E (ECCENTRICITY VECTOR TOWARD
PERIMELIONY, Y0 COMPUTE THE SPACECRAFT FINAL POSITION
ON THE ORBIT t0 ACCURATELY APPROXIMATE THE DESIRED TVTIME
IKTERVAL, AND YO COMPUTE THE CONIC SECTION YIME OF

FLIGHT.

< e oS 2, o

Cabliin: ~_uUCNCES CALL VECTOR

et e T Lg e T et

SUBRO_.IZHFS SUPPORTEDE VNP

r‘]‘
3

SUBROUTIKES REQUIREDS SPACE
<Gy -iLSs OuM INTERMEDIAYE VARIARE

P e R VU S IV N

GCOMRGie CuMUTEDZUSEDS v
CONAD» CCHPUTEDS KOUNT

COM~ DI e uR HALF ITRAT ONE PI THREE
: TWoPl TWO

U TPSTIY 7 SNGRVISITY < B SEN PO,

RITETAIT RIS | e ey e Tanet <y et T

.«m
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VECTQR-1

VECTPR Analysis

The Kepler vector Tv. repreasenting twice the areal rate of the spacecraft
with respect to the virtual mass to be used during the curreant ianterval

is computed from
b - [ ] l
k Y x Y; (1)

VSB SB

where the position and velocity vectors are referenced to the virtual mass
at the heginning of the interval. The eccentricity vector for the interval

is given by

—
T kxT
Vs Vs
'é' - - B - — B (2)
Vs Ky

where ;V is the average value of the virtual mass during the interval.

The curreat time interval is computed from
OT = Ac+x Al 3)

where the factor K was precomputed during the previous iterations. The
direction of the final position o 1is determined from

v rvsB OT 7y (&)

The wagnitude factor B ia chosgen 50 force the final pisition to satisfy
the orbit equation (e.T = -r + k*/ & )

kz/; v
€))

E..a-i»[c‘

The position and velocity vectors of the spacecraft relative to the virtual
mass at the end of the ianterval are then

T - BF
Vs
z ——h
*vs
T - =Y k x ( <+ ) (6)
T
Vs 2 Vs
E E
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VECTOR=-2

The final position and velocity of the spacecratt in the refervo o {nwriial
coordinates are computed from

T = F_ +F%

S Vs v
E E E
. - ., (7
T - T +r
S Vs v
E E E

The exact conic section time of flight (s now cwaputed., The 1mm=plar 2 coga’

to the wmajor axis is

T = kXxe e ¥ 0
ke
-t -ty IR
k xr ’
Vs
B
. Ty e =0
Sp
The length of the semi-major axis is given by
2
k
a = e ¢ 1
P _ 2 %
by 11-e°
T
a = 2 e=1,1= BE
i - - k2/_. ’
Vs By
i
The projection of the radfus vector orthogonal ro the major axr- AT
by a is given by
n -
rvs1
X, = = i = B,E 1)
<1
The wean angular rate is
A (1-e2)
@ = v ey 1
ka
\c"
- % e = ]
—_—
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vhere w<0 for hyperbolic orbits.

u 3"'&'3-\:‘:'\' . ; B \

-

. y
v .
5‘«'3:1!..__. ___._.._._._._.L-A,-.....m,m. e v IR A - T -

VECTOR-3J

The eccentric anomaly 1is given by

- -1
Ei sin Xi e<1
i=B,E
kzlp- X
- ———‘;—-& e=1 (12)
-1
= ginh Xi e >l
Th M =E -eX { = B,E ) 13
en . . . (13)
and the actual conic time of flight is
ME - HB
Lt = t -t
JAY gt " = (14)

The value of the time factor K to be used in the following interval is

then computed

K--Q—t-_a.i
2

Ae)

(15)
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“"I‘L enrrsndem s e A e ¢ . = Ea = aao S M T
VECTOR-4
‘ ENTER )
Calculate vector orbital ,

-— .

elements k, e .

ITRAT=?

k4

Compute spacecraft final
position and velocity.

Compute Keplerian time
of flight Atk

Compute time factor K
to be usnd in next iteration.
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SUBROUTINE VMASS

PURPOSES TO COMPUTE THE POSITION, VELOCITY,
MAGNITUDE RATE OF THE VIRTUAL MASS.

CALLING SEQUENCES CALL VMASS

SUBROUTINES SUPPORTED? VMP

SUBROUTINES REQUIREDS NONE

COMMON COMPUTED/USEDS F v

COMMON USED! NBODY THREE ZERO

598
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VMASS=-1

VMASS Analysis

The current virtual mass data is computed by VMASS, The magnitude and
position of the virtual mass i{s given by

3

= r M
By V§ S (L
- M
T, " ¥ (2)
v LA
where the intermediate variables are given by
b M, T
- i 1
o= 2 3 (3)
- T.
i=1 iS
n
M
‘o= X (4)
S 3
i=1 r
is
and of course r = [T -F | and T =] T -T T
(s | . S' nd T T, T T where T, Tepresents
the inertial position vector of the i-th body.
The time derivatives of these variables are given by
ﬁs
G, =K (a + —) -
by v ¢ v X (5)
o — .
- } M - rv Hs
v " (6)
S
n
L. » - -
M = i r = r a
)2 3 [ 1 i 1 (
-] T
=1 *,g
7y
i
ﬁs - -3 = @ | ' (8)

599

. £ TR

Y SR

~“v ‘
-

o KR e gt AL, ik, sl

g
e

" Dy o, b AR R

Tt e

S
Ie ¥

G T

Tt W

ST



et R W e b T T

s S . N
VMASS=2
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3 Tis* Yyg
where ag ~ 7T (9)
T
i8

Finally, the velocity of the spacecraft with respect to the virtual mass
is

- r -1 (10)
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VMASS Plow Chart

&>

Compute relative position vectors o€ 3/C

T, and virtual mass magnitude VY ,

is 1
—

Compute vector H , virtual mass position
;;1 , spacecraft position relative to vir-
tual mass rvs, and virtual mass magnitude
v .

b - ———— 3

Compute velocity of S/C with respect td ]
planets 'x"'is, scalar parameter ais and J

auxiliary parameter Ms .

\J
Compute X, T 'E;s and g .,

RETURN

VMASS-3
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SUBROUTINE vMP

VMP-A

PURPOSE PROVIDE LOGIC TO GENERAYE VIRTUAL MASS TRAJECTORY

CALLING SEQUENCEt OALL VMP(RSyACC,D1,TRTM,0ELTM,RSF,ISP2)

ARGUMENTS RS (6) I INERTIAL POSITION AND

INITIAL TIME

ACC I ACCURACY USED IN INYEGRATION

D1 I JULIAN DATE,

TRTHM I TRAJECTORY TIME (DAYS)

VELOCITY OF S/C AT

EPOCK 1300, OF INITIAL TIME

AT INITIAL TIME

DELTH I TIME INTERVAL IN DAYS OVER WHICH THE

%S
R .
K& -

FINAL TINE

TRAJECTORY IS TO BE PROPAGATED UNLESS A
STOPPING CONDITICN IS REACHED

RSF(6) O INERTIAL POSITION AND VELOCITY OF S/C AT

"ok ISP2 1 SPHERE OF INFLUENCE STOPPING FLAG

o =0 00 NOT STOP AT SOI

o =1 STOP AT SOI IF INTERSECTED BEFORE FINAL

. TIME
r Lp‘ .

o SUBROUTINES SUPPORTEDS CASCAD HTMS GIDANS TARGET TARMAX

; NTM TRUTRY DESENT

o) .

) SUBROUTINES REQUIREDS CAREL ELCAR EPHEM  IMPACT OJRSB

B PECEQ TIME ESTNT  INPUTZ PRINT

£ SPACE VECTOR VMASS '

k- LOCAL SYMBOLS AU NOT USED

~ CXI COSINE OF THE TRAJECTORY INCLINATION AT
: CLOSEST APPROACH

0 INTERMEDIATE DATE FOR PRINTOUT PURPOES

' . DELR INTERMEDIATE VARIABLE FOR INTERSECTION
5 OF SPHERE-O0F=-INFLUENCE

5 DELT  INTERMEDTATE YTIME INCRCMENT FOR INTER-
i POLATED SPHERE=OF=INFLUENCE POSITION

ECEQP TRANSFORMATION FROM ECLIPTIC TO EQUATORIAL
SYSTEM FOR TARGET PLANCT

602

ICUY CUTOFF FLAG USED WHEN CLOSESY APPROACH
CUTOFF WAS DESIRED BUT NO VALID CLOSESY

e, T .

U PUE IR

i
i
Z
1
1
H
g
?




TN TR R A L O T M L YLy TR P Tl W LT CE * “IIA Tt ARSI < 2 ¥ Bt (e & coemeeme e e e e

I0AY
IMR
IM0
e

ISPHI

IYR

JdJ

LARCA

MIN

NTPI

RCH

RCHL

RCH2

ROTY

RTENP

SEC

TINCR

TININ

TINL

TIn2

VMP-B

APPROACH FOUND

PRINTOUT CALENDAR DAY

PRINTOUT CALENDAR HOUR

PRINTOUT CALENDAR MONTH

NUMBER OF PLANET, USED IN PRINTOUT
INODICATOR FOR CALCULATION OF SPECTIAL
COMPUTING INTERVAL NEAR TARGET PLANEY
SPHERE=~OF=INFLUENCE

PRINTOUY CALENDAR YEAR

COUNTER FOR NUMBER OF ITERATIONS FOR
INTERPOLATED SPHERE OF INFLUENCE

INDICATOR FOR CALCULATION OF PSUEDO
CLOSEST APPROACH

PRIHTOUT CALENDAR MWINUTES

INDEX OF THE SPACECRAFT VECTORS IN THE
F-ARRAY KITH RESPECT TO THE TARGET PLANET

MAGNITUDE OF POSITION OF VEHICLE RELATIVE
TARGET PLANET AT CLOSEST APPROACH

PREVIOUS RADIUS OF VEMICLE RELATIVE YO
TARGET PLANET

PRESENT RADIUS OF VEWICLE RELATIVE YO
TARGET PLANET

NOT USED

SPACECRAFY POSITION AT INTERPOLATED
CLOSEST APPROACH IN THE TARGET PLANET

"EQUATORIAL SYSTEM

ORINTOUY CALENDAR SECONDS

+ IME INCREMENT USED FOR INVERPOLATED
CLOSEST APPROACH

TOTAL TIME USED IN ONE INTEGRATED
TRAJECYORY

CLOCK TIME AT BEGINNING OF TRAJECTORY '
CLOCK TIME AT END OF TRAJECTORY

-

J
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VCA

vCH
va
VTEMP

XI
XRAG

XN
xQ

n

Tenp

COMMON COMPUYED/USEDS

COMMON COMPUYEDS

604

P-C

GRAVITATIONAL CONSTANTYT OF TARGEY PLANET
(KH®®3/SEC®®2)

INTERMEQIATE VARIABLE FOR CALCULATION OF
SPECIAL COMPUTING INTERVAL NEAR SPHERE~-OF-~-
INFLUENCE OF VARGEY PLANET

GRAVITATIONAL CONSVTANT OF TARGET PLANEY
(KH®®3/SEC®*2)

VELOCITY MAGNITUDE WITH RESPECTY YO TARGEY
PLANEY AT INTERPOLATED CLOSEST APPROACH

MAGNITUDE OF VELOCITY OF VEHICLE RELATIVE
TO TARGEY PLANETY AT CLOSEST APPROACH
BEFORE INTERPOLATION

EQUATORIAL SPACECRAFT VELOCITY RELATIVE YO
TARGEY PLANET AT CLOSESY APPROACH BEFORE
INTERPOLATION

SPACECRAFYT VELOCITY AY INTERPOLAYED
CLOSESY APPROACH IN THE TARGEY PLANET
EQUATORIAL SYSTEM

UNINTERPOLATED E«- -TORIAL INCLINATION FOR
PRINTOUT PURPOSES

INTERMEDIAYE VARIABLE FOR CALCULATION OF
XI

VECTOR NORMAL TO TRAJECTORY PLANE IN
TARGET PLANEY EQUATORIAL S”STEM FOR
CALCULATION OF XI

EQUATORIAL SPACECRAFYT POSITION RELATIVE
TO TARGET PLANET AT UNINTERPOLATED
CLOSESY APPROACH

INTERMEDIATE VARIABLE IN CALCULATION OF
INTERPOLATED CLOSESY APPROACH INCLINATION

VECTOR NORMAL TO TRAJECTORY PLANE FOR
CALCULATION OF INTERPOLATED CLOSEST
APPROACH INCLINATION

CAINC nC 0SI ICL INCHNT
INCHY ISPW ITRAY KOUNT NBODYI
NO RCA RC RSI TIMINT
VS v

DELTH INCPR RE RYP RVS

Ao
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VMP-D '-,

?
3‘ My _{
COMMON USED? ALNGTH 8DR 80T 8 DELTP %
(4,14 11,1} F HALF IcL2 é'j
. IEPHEN INPR IPRINY NBOD NB %
NTP ONE PLANET PMASS RADIUS &
N RAO SPHERE Tm %O ZERO P
:
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VNP Analysis

VMP provides the logic to integrate an N-body trajectory from en
initial spacecraft state (rs. v ) at time t_ to one of the followiry

stopping conditions. B

l. Target planet sphere of influence (SOl) is reached
(1sP2 ¢ 0).

2. The closest approach to the target planet has been reached
(1a2 = 1).

3. The preset final trajectory time :F has been exceeded.
Tha integration logic 18 controlled by ITRAT

ITRAT = 1 Pirst pass through computation cycle (including
ephemeris computation).

2 Second pass through caomputation cycle (excluding
ephemeris).

3 Initialization flag.

To start the integration, appropriate variables are initialized
(PRINTZ) and ITRAT is set equal to 3. The state of all gravitational

bodies at t, are found (ORB, EPHEM). The initial virtual mass position

EV , velocity ¥ , magoitude 4, and magnitude rate a, are found by
B B Vs Vs
VMASS. Virtual mass dependent values are then initilized
H g, i (L
e e VB
: - 2)
Vave VB
3 -r- 3
st VSB 7
x -z ' (%)
SE VSB
2
@r)" =1 (5)
ISPHL = O (6)

RUEYRVE Y

PRVDUEE RS

7 b R SR REDEATAL,
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e o L B L
!
VMP-2 .
A
L
At this point the standard integration routine is entered by calling 3
VECTOR. ' . ?
In the standard integration routine, & new incremant is infvlated by j
calling ESTMT which: $
1. Initislires all appropriate variaries at th= “-ginning i
of the increment (subscript R) tc equal their values )
at the end of the previous increment. |
- 2. Computes a At for the increment based on & modified
true anomaly passage. {
. 3. Computes the time at the end of the increment tg. ]
¥ _ )
v 4. Estimates the final (subscript E) poasition To and magnitude ?
! Hy of the virtual mass. E :
i
:
Based on these estimates, the average magnitude acd velocity of the ;;
virtual mass i{s computed 5
]
“ =1/2 o, +uy ) €)) :
VaAvE 5 Ve i
- - )
v - (r, - T, )/At (8) i
s e VB g
®
Subroutine VECTOR then computes the orbit relative to the virtual ‘§
: mags based on these eatimates. It also refinea the estimate of the i

spacecraft final state (Es , ;’S ). ORB and EPHEM are called to deter-
E E '
mine the state at ty of all gravitational bodies being considered. The
virtual mass position r  , velocity v, , magnitude and magnitude
Ve Ve e
rate 4 are detarmined by VMASS.

Vg

a—
'R
«
S AT S h vy B Wi 2L AR SR R , i
) Nl K gt

Using these refined values, the virtual mass average magnitude “VAV}:
and velocity ;vAVR are recomputed using equations (7) and (8). At this
point & second pass is made through VECTOR to compute the spacaecraft
final state (ts » V z) vhich will be used in all subsequent calculatioas.
VMASS is again ulled to make a final determination of the vixtual maas
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where ¢

P -

VHR-3

position, velocity, magnitude and magnitude rate at the end of the
{incrament,

The virtual mass average accelerations are then computed

- . 2
“VAVB - [“vz - “va = “VB (&)]/“t) (9)

2 - - - 2
% - [x'vx g A (at)]/ ax) (10)

These values are subsequently used by ESTMT to estimate the final
position Ty and magnitude By of the virtual mass for the next
increment. E E v

Tests are now made to determine whether the target planet SOI has been
plerced. If it has the interpolated state at the SOI is found using
the following iterative routine

(11)

(a
ér = Teor " ltST )I

sor * radius of the target planet SOI

Esgn)- position of spacecraft WRT target planet at n-th ifaration

= (n)
5;(°)- r lrST | . 12)
EOEIQ)
ST ST
;s_g‘*‘) - £ (™ +5 0 5@ (13)
L. ()
®s1 = T (1%)

The interpolated state at the SOI {s then used by IMPACT to compute
B°T and B°R,

If trajectory data 1s to be printed at this point, the orbit inclioation
(assuming a hyperbolic orbit about the planet) s computed by first
datermining the "EKepler vector"

k=er_xv 1)
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VMP-4
in planatocentric equatorial coordinites, Then
ks
Cos L = — (16)
1

where 4 = orbit inclination

k‘ = compoaent of k normal to planet equatorial plane

Tests are now made to determina if the spacecraft has reached a closest
approach to the target planet. If it has, the interpolated state at

clogeat approach (r.,, v.,) 18 computed by caliing CAREL with the spacecraft
state just following closest apprcach. CAREL returns the element of the near
planet conic. ELCAR is then called with these conic element and returns the
interpolated state at closest approach.

I1f the spacecraft i{s not within 10 SOI of the target planet, print out of
closest approach data may occur; however, integration continues.

The final tests before starting a new integration increment determines if
the maximum trajectory time te hag been exceeded or a planet has been im-
pacted. If these tests are passed, a new integration cycle is initiated
by calling ESTMT,
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Initialization |

te " %3 +AtHJ
Initialization

M

l‘s -rs ts =X

@

Compute the state of the gravitatiomal

bodies at te, (ri, VL)‘

(ORB, EPHEM)

O,

Compute virtual mass data
M, rv

T, » M_,
LSE S R

-»

Tuo s K
st v

<5

15
»
15.° *y5

, T
E

-
-» -

’ » T »[.l
8 v VSE VE

MP-3

l

ITRAT = 2

Compute virtual mass

av

and velocity

Hy

erage magnitude

-
s X

AvE ¥

AVE

Initialization of virtual
mass dependent values

"H
VE VE

» Ty = T
Viave Ve VSy  Vsg

i 1
“Va

2
r - T y (E) =1
VSB VSE

ISPHL = 0

610

—O

Compute virtual mass
average accelerations

v 5
H » T
Vave  Vave
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(g. e), spacecraft final state
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of flight (At) (VECTOR) -1
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-3 Reduce C2
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Restore C2 to previous value
Refine position at SOI
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Compute urbit inclination
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ZERIT-1

ZERIT Analysis

2ERIT 1is the executive subroutine handling the computation of the zero
iterate values of time, position vector, and velocity vector,

The flag IZERO controls the operation of ZERIT. If IZERO = O, no zero
{terate computation is needed and so ZERIT is exited. 1If IZERO « 10, the
zero iterate {s to be computed for a interplanetary trasjectory so HELIO
18 called before returning. If IZERO=> 10, the zero iterate is to be
computed for a lunar trajectory so LUNA is called for that computation.

ZERIT FPlow Chart

Call LUNA

!

Call HEITIO RETURN
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