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This report describes a general purpose Interplanetary Trajectory 

Encke Bkthod (ITPI) Program, prwra-d i n  the  FORTRAN N language. 

The method employed i s  designed t o  give the maximum available accuracy 

without incurring prohibit ive penalties i n  machine time. 
research described i n  Reference 4, the Ehcke nrethod was selected as best 

satisfying these requirenEnts. However,  the c lass ica l  mcke method was 

modified t o  eliminate som of i t s  objectionable features. 
Encke method is  described i n  Appendix A. 

On the  basis of 

This modified 

The perturbations included i n  this program are the  gravi ta t ional  
a t t rac t ions  of the  Earth, Moon, Sun, lkrcury and the outer planets.  The 

outer planets are considered as point masses. Additionally, the ef fec ts  

of the  zow1 and tesseral harmonics of the  Earth, as w e l l  as aerodynamic 

drag, smll corrective thrus ts ,  and radiat ion pressure including the  

shadow ef fec t  of the Br th ,  are cmsidered. !J3e input m y  be prepared 

i n  any one of several common systems and a great var ie ty  of output 

options are available. 

Additional options that are currently under development are explained 

i n  Section XIII. 
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11. NOTATION 

Upper case - vectors; Hats - unit vectors; Lower case - magnitudes 

De s c ri p t  i on 

Cartesian coordinatesof vehicle with respect t o  
reference b e  

Velocity components i n  Cartesian Coordinates 

Time 

Longitude measured from Greenwich, + Ehst 
(used i n  Section I v  and Appendix H) 

kngitude of vernal equinox 

Speed 

Geodetic altitude" 

Geodetic la t i tude  . 

Geodetic f l igh t  path angle 

Geodetic f l i gh t  path azimuth 

Acceleration parameter ( defined i n  Appendix E) 

Right ascension 

Astronomical uni ts  

Earth r a d i i  

Earth mass 

Semi-ma j or axis  

Symbol 

X Y Z  

X Y Z  

t 

. . .  

6 

eo 

V 

h 

cp 

Y 

A 

U 

RA 

AU 

E 8  

me 
a 

Units - 

km 

h / s e  c 

hrs . 

degrees 

degrees 

km/sec 

km 

degrees 

degrees 

degrees 

degrees 

ER 

* N o t e :  The following 3 symbols with primes denote the corresponding 
geocentric quant i t ies .  Geocentric i n  t h i s  report refers t o  a 
spherical earth, i .e. ,  e2 = 0. In  t h i s  case cp' 3 6 = 
declination. 
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Description Symbol 

Vehicle posit ion vector R 

Distance t o  vehicle r 

Perturbation displacement vector 

Perturbation displacement vector components 

Perturbatf,an acceleration F 

Coordinate functions and their  t i m e  der ivat ives  

lkss paranreter 

Earth's eccentr ic i ty  as used i n  Appendices H, I, L, S e 

Mean motion n 

P, Q 
~n 

U n i t  vectors f o r  c l a s s i ca l  two-body orb i t  solution 

Eccentric anomaly as used in Appendix T E 

Elevation -le as used i n  Appendix I 

Ro . -% 
. E 

Incl inat ion of o rb i t a l  plane i 

R i g h t  ascension of the ascending node n 

Vector from the body t o  vehicle 
%T 

G.H.A. Greenwich Hour Angle 

Argument of perigee u 

Paramters  which account f o r  polar oblateness of tk 
earth, defined i n  Appendix H 

Right ascension of the s ta t ion  mr id i an  

Range measured from observation s t a t ion  

Direction cosines measured i n  a topocentric coordinate 
system 

Declination 
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suBscms 

Vehicle 

i t h  perturbing body 

Quantity obtained fram Keplerian sol\;rtion of 
two-body problem 

Reference body as used i n  Appendix B 

Stat ion 

RA - RB 
Value a t  rec t i f ica t ion  time 

Corresponds to x, y, z components respectively 

Value at perigee 

Symbol 

V 

i 

0 

n = 1, 2, 3 

P 
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111. GEXERAL PROCElxmE FOR TJSING PROGRAMS 

I n i t i a l  conditions, terminal condi t ims and pr int  frequency, as 

well as other parameters control l izg the rlow of the program, are read 

as input The computation of the  t ra jec tory  then proceeds until one of 

the terminal conditions (e . g e  maximum tine) has been reached o r  an 

e r r o r  is encountered. 

i t s  termination and proceeds to t he  next case. When an end of f i l e  i s  

enccllntered on the input tape,  control  i s  t ransferred t o  the monitor. 

A t  t h i s  t i m e  the  program pr in ts  t h e  reason f o r  

111-1 



The initial conditions necessary f o r  the specif icat ion of a 

t ra jectory are: 

1. I n i t i a l  posit ion of the  vehicle re la t ive t o  the reference body. 

2. Initial velocity of the vehicle re la t ive t o  the reference body. 

3.  Initial time of launch referenced t o  a base t i n r e .  

For specification of the i n t i a l  conditions, the reference systems and 

units sham bel= may be used. 

r 
4 .  Cartesian Coordinates 

The coordinate system is  defined as follows: 

1. The origin is  a t  the center of the refezence body. 

2. The x-axis is  in  the direct ion of the wan equinox of 
Ikcember 31.0 of the year of launch. 

3 .  me xy p m  is  the =an equatorial  plane of the Earth. 

Initial posit ion is  given by the x, y, z coordinstes of the 
vehicle. 
ponents of the  vehicle. Initial time of launch from base 

t i m e  If the program is  used i n  i t s  

t o  be used fo r  the above are: s t a n d a d  form, the units 

I n i t i a l  velocity is  given by the i ,  9,  i com- 

(1) ( t )  is a l so  given. 
(2) 

x, y, z - kilometers 

x, y, z - kilometers/secmit 

t - month, day, hours, minutes, and seconds frm 
base t ime  

The year of launch must a l s o  be given. - - - - .  - - , - - . . .~- - . - - - . . , . . -~~. . ”~- . ,~ .  
(1) 

(2) 

The base time is  0.oh ZRI Deceniber 31 of t h e  year previous t o  the 
year of launch. 

Scale factors &re used t o  converCthe input units t o  the units used 
internal ly  (ER or  AU 8 ” .  A 4  other set of units may be used 
by changing the< sct: ’’ 

described i n  Sect c 
. s ‘with the appropriate I D  card as 

I V - 1  



B S;e odet i c Polar Coordinates 

Initial position of the vehicle i s  given by: 

1. Geodetic l a t i t ude  ( ~ p )  

2 Longitude(3)( 0)  , measured fran Greenwich 

3. Geodetic a l t i t u d e  (h) 

4. Ungitude of vernal equinox(3) at i n i t i a l  time (eo). This 
quantity my 3e computed by the program or may be loaded 

Initial velocity of the vehicle is given by: 

1. Speed (v) w i t h  respect t o  the center of t h e  Earth. 

2. Flight path azimuth (A) measured clockwise from north i n  
a plane normal t o  the geodetic alt i tude.  

3. Flight path ang;le (v) measured from a plane normal t o  the  
geodetic a l t i t u d e .  

Initial time of launch f r a n  base time(')(t) must a l s o  be given. 

The following units must be used w i t h  the above quant i t ies :  

1. cp, 8, and 00 - degrees; h - kilometers 

2. A and y - degrees; v - kilometers/second 

3. t - month, day, hours, minutes and seconds 

C Geocentric Polar Coordinates 

Ordinarily an input given i n  polar coordinates w i l l  be interpreted 
as described i n  the preceding Paragraph B. However, i f  NOPT(1) = 1 ( 4) , 
the program h-i .21 interpret  l a t i t ude  as declination, height as distance 
above a spherical Earth of equatorial  radius, and f l i gh t  path angle and 

azimuth w i t h  reference t o  a plane normal t o  the radius vector. 

(3) 

- - - - 9 - - - 9 - - - - - - - - - - - ~ - - - 9 . - . - . 9 - - . - -  

If the r ight  ascension (RA) a t  i n i t i a l  time is known, it may be used 
in place of longitude ( 0 )  The longitude of the  vernal equinox ( e o )  
i s  then se-, t o  zero. 

( 4 )  See INPUT Section, 
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D e  Osculating Element Input 

The osculating elements t o  be input are: 

Argunrent of perigee 

Longitude of ascending node 
Inclination 

Semi-majm axis ( i n  Earth r a d i i )  

Eccentricity 
Ti=  of perigee, mean anomaly, eccentr ic i ty  anomaly, 

or  t rue  anomaly (04v one) 

The program converts the  above t o  Cartesian coordinates and then 
continues normaUy. (See Section IX, LD = 10.) 

E. Comments 

1. The program computes in Cartesian coordinates. Units used 
in te rna l ly  in the computation are: 

(a) -Position: 

(b)  Velocity: ER/HOUR or  AU/HOUR 
( c )  Tine  : Hours 

Earth b d i i  (ER) or  A s t r o n d c a l  Units (AU) . 

(Earth Radii units are used in t h e  Earth or  Moon 
Reference. Astronomical U n i t s  are used i n  the 

sun, Mercury, Venus or outer planet reference). 

2. The user  is r e s t r i c t ed  t o  Cartesian coordinates when launching 
from any body other than the Earth as directed i n  preceding 
versions 

3 .  Equations f o r  converting t h e  i n i t i a l  conditions from Polar 
t o  Cartesian coordinates are shown i n  Appendix H. 



V. !ERMIIIATING CONDITIONS 

The set of conditions which w i l l  terminate a t ra jec tory  mrny be 
sl.lmnrarized as: * 

1 Wxirmlm tie of f l i g h t  hours. 

2. m i m u m  distance from any possible reference body considered 
i n  the solution. 
;trint block "ARRAY (l ,n,J)  

Iast value i n  R-vector of integrat ion and 

3 .  Minimum distance frm any possible reference b d y  considered 

<-n the solution. F i r s t  value i n  R-vector of integrat ion and 
pr in t  block ARRAY ( l ,n , l )*  

Any of these condi t ims will terminate a +,rajectory. Loading a 
large number i n t o  any of the maxima and a zero in to  any of the minima 

w i l l  make the corresponding conditions i n o s r a t i v e .  A proper choice of 

these numbers w i l l  p e m t  complete coupta t ion  of tk desired t ra jectory,  
avoid extensive unnecessary canputation and guard against  fau l ty  input 

* n designates reference body. 

n = 3 Mrth 
n = 2 Moon 
n = 3 Sui 
n = 4 Venus 
n = 5 lhrs 
n = 6 J u p i t e r  

n a 7 Saturn 
n = 8 Uranus 
n = 9 Neptune 
n = 10 Pluto 
n = 12 Mercury 
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VI. PERMISSIBLE PERIUFBATIONS 

The t ra jec tory  computation consists of two parts, the  exact solu- 

t i o n  t o  the two-body problem and integrated additians t o  t h i s  solution 

f o r  the e f f ec t  of perturbations. 

e r ro r s  i n  the modified Ehcke method depends on preventing the accumulated 
round-off error i n  the integrated perturbation displacement from affect ing 
the  computed posit ion.  This i s  achieved by always keeping the  perturba- 

t i o n  displacement snoall and rect i fying whenever the perturbation exceeds 

specified limits. The constants mentioned below are used i n  determining 
the alluwable limits as ratios of the perturbation posit ion and velocity 

t o  the two-body position and velocity, respectively. 

The successful control of rowid-off 

This r a t i o  f o r  the position vector is shown i n  the  following sketch. 

Trajectory 

Perturbation Displacement 

Kepler Trajectory 

Encke Method 
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The recommended values f o r  these ra t io s  are as follows: 

Position Ratio 

POSRCS 

Velocity Ratio 

VELRCS 

(+ .om1 

and these are incc-porated i n t o  the  program. 

by altering the data subroutine, or  by reading them in under I D  = 12, 
or  by using Subroutine M o d i f .  

Modifications may be made 
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V I I .  RADclR INFORMATION PROGRAM 

The program may be used t o  simulate radar data i f  desired. A 

maximum of 30 s ta t ions  can be processed at  one tine. 
information i s  required f o r  each s t a t ion  considered: 

The following 

1. Station Name - f o r  ident i f ica t ion  purposes 

2. Position of Radar Stat ion 

a. Longitude ( e )  of the s t a t ion  frun Greenwich - degrees, 
minutes and seconds* - posit ive eastward. 

b Geodetic l a t i t u d e  (cp )  of the  s t a t ion  - degrees, minutes 
and seconds* - posit ive north. 

c. Altitude (h) of s t a t ion  above sea level - feet. 

The simulated zdar information consists of azimuth, e l eva t im ,  
topocentric rlght ascension and declination, s lan t  range, and range rate. 
It i s  printed at every normal p r in t  t i m e  for which the elevation angle 
i s  posit ive.  Refraction i s  not considered. 

This section i s  ccded as a subroutine and may be called at any time. 

+t Alternatively, these quant i t ies  may be given i n  degrees and decimals. 
Zero's must b, loaded i n t o  the positions reserved fo r  minutes aud seconds. 
The f rac t iona l  p a r t s  w i l l  not appesr i n  the pr!-ntocL reproducing the 
s ta t ion  coordinates. They w i l l ,  however, be included in the  computation. 
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V I I I .  SUBROUTINE MODIF 

Modifications t o  program constants, which normally remain unchanged 

during the  running of a number of cases, m y  be made by using the  

appropriate common i n  conjunction with a compilation of a subroutine 
cal led hDDIF’. 

H l e v e l  statements, and/or read statements. 
is  suggested t o  f a c i l i t a t e  stacking of cases. Any modification included 

in this scbroutine w i l l  be operative f o r  a l l  succeeding cases, unless it 
i s  revoked. 

This subroutine may include data statements, FORTRAN G or  

The use of read statements 

Modifications required more frequently may be accomplished through 

the use of ID(1)  I s ,  as described i n  the section (Section M) . 

A. 

Radiation Pressure - may be included by loading a coefficient i n t o  

RACOE M 

The number t o  be loaded is: 

KC A r - 
m 

C i s  the radiation pressure i n  dynes/cm2 at  a distance of 1 AU from t h e  r 
Sun. 

= 4.6 x log5 
cr cm 

(estimated value) 

** Real number 
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A area i n  cm2 

m mass ingrams 

K sca l e r  36002(2~55.)2/6378.165 x lo5 = .in78 x lo8 seconds 
t o  hours, ER t o  AU, cm t o  ER 

The radiation pressure w i l l  only be a c t i v e  i f  sunlight impinges 

on the  vehicle. 
therefore,  be run only i n  conjunction with the  optional shadow computa- 

t i o n  as described i n  Appendix 0. 

For correct r e s u l t s  the radiatim pressure should 

If, huwever, the expected t ra jectory m y  be safely assumed t o  be 

en t i r e ly  out of the b r t h ' s  shadow, shadow testing may be avoided w i t h  

a consequent saving i n  =chine time. 
modification cards should be included i n  MODIF': 

In t h i s  case, the following 

SHmV = 1.w 
sHDNl= 1.m* 
NOFT(1'() = 0 

B. Aerodynami CDraq 

If inclusion of the aeroaynamic drag i s  desired, the drag parameter 

1/2 CD A/M m y  be i n i t i a l i z e d  by I D  = 23, as described i n  (Section IX) 
or  loaded i n t o  subroutine mDIF by means of t he  follawing card: 

The uni ts  of CD A/M are the area i n  c18 and t h e  mass i n  grams. 
layered atmosphere rotat ing with the  Earth i s  assumed. 

obtained by a l i nea r  interpolation of the density-alt i tude table. 
above m y  be incorporated i n t o  the Block DATA subroutine. 

A 

The density i s  

Th% 
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C . Atmospheric Tables 

Atmospheric tables for  the drag computation are stored i n  core. 

They correspond t o  COSPAR International Reference Atmosphere of 1961, 
contained i n  the Report of t h e  Preparatory Group f o r  an International 

Reference Atmosphere, accepted a t  the  COSPAR meeting i n  Florence, April  
1$1. 

giver! i n  ER from the  center of the Earth. 

t h i s  atmosphere, the  following procedure should be followed: 

The uni ts  f o r  the  air  density are grams/cm3 and the  height i s  

If it is desired t o  change 

NTAR - * The number t o  be entered 
i s  N - the number of 
en t r i e s  i n  the density table. 

I = l ,  2, - - -, N - the  values 
of r for which densi t ies  are 
given, i n  ascending order (a  
maximum crf 50) 

RHOT(1) - w I = l ,  2, - - -, N = the values 
f o r  t k e  air density i n  grams/cm3 
i n  respective order corresponding 
t o  the preceding r table. 

If other uni ts  are used fo r  the  density table, the drag parameter des- 

cribed i n  Part B of t h i s  section must be read in with l ike units and the  

constant (-6378.165I.D)" normally i n  DRSC has t o  be changed accordingly. 
The negative sign d i r ec t s  the drag force opposite t o  t h e  velocity. 
constallt c o ~ v e r t s  the drag from the  uni ts  used f o r  A, M and p t o  ER/hou?. 

This 
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D. Printout 

The program provides a special  printout near the Earth, Moon, Sun, 
or T-Planet reference. This prinout occurs a t  every integraLIon s tep  
and is useful f o r  observing the behavior of these relevant quant i t ies  

during ascent and re-entry. 

modification cards: 

This feature  is triggered by the following 

SERE(1) = w I = 1, 2, . . . e . . . . . . . .  12 

For printout near Eart-h use index 1 

Mc m 2 

Sun 3 
Venus 4 
Mars 5 
Jupi ter  6 
Saturn 7 
Uranus 8 
Neptune 9 
Plut 0 10 

Mercury 12 

.'--I ER u n i t s .  

m 
AU 

AU 

AIJ 

AU 

AU 

AU 

AU 

AU 

AU 

The numbers used above are the radial distances within which t h e  special  
printout i s  t o  be effect ive.  

Mooa references and astronomical units fo r  t he  remaining planet references. 
A zero i r r  any of the  SEFa( I) Is suppresses t h i s  feature .  

The wits are ear th  radii for the Earth and 



E. Ephemeris Time 

The planetary coordhates  are i n t e q o l a t e d  using ephemeris time. 

E T = U T + A T E  

An appraxirnaee value of A T E (35 seconds) i s  used. To change this 
quantity, t h e  following card, giving A T E in hours, is inserted: 

E m  = * 

To restore  or iginal  quantity: 

ETMUT = .00988888888p* A T E is 35 seconds. 
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F .  Inclusion or Ekclusian of Rrturbations 

Ordinarily included are the graviational attractions of the Moor;, 

Sun, Wrcury, and the outer planets. 
the earth ( a d ,  3rd and 4th zonal harmonics) are included if 
NOP!P(50) = lo* A maximum of 15 zonal coefficients may be used. To 
exclude any or a l l  of these perturbations, the following modifications 
should be included in subroutine MODIF: 

The gravitational f i e l d  of 

Zonals EPJ (2,3,4, ........ 15) = 0.DO 

Tesserals 
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Inpct t o  the program is  read i n  as follows: 

Eech set of input i s  preceded by an ID card which contains an integer  

number terminating i n  column 10. 

information startirg in co!-unm 11. 

This card may a l so  contain Holleri th 

I D  = 1 Permits one card of Holleri th information - usually used fo r  
case ident i f ica t ion  . 

I D  = 2 Permits one card cantaining a set of 72 fixed point 1's or  
0's. 
subroutine. A zero is used fo r  normal operation and a one 

i s  used t o  pr in t  diagnostic fnf'ormation in the proper sub- 
routine. 

system does not zero out core before load t i m e  and normal 

operation is  desired. In  the program, these f lags  are 

referred t o  as NC(1). 

B c h  f lag  (1 or 0) corresponds t o  the sane numbered 

A blank card after I D  = 2 w i l l  be necessary if the 

ID = 3 Performs s i n i l a r l y  t o  I D  = 2. 
0's t o  be read i n t o  NOPT(1) ( I  = 1 t o  72). 
permit the incorporation of various opticns i n t o  the  

program. 

NOPT(1) = 1 indicates polar geocentric coordinates 
= 2 indicates geodetic coordinates when polar 

load is used. 
a re  used for  pr in t  options. 

It allaws a card of 3's and 

These flags 

Following are the currently available options: 

NOPT (2-13) 
= 0 indicates no pr in t  

= 1 indicates pr in t  

N o m (  2) 

NOP"(3) 

I?OPT( 4) 
NGM 5) 
NOH?( 6) 

is associated with XR pr in t  
i s  associated with XRMl pr in t  

i s  associated with XVE pr in t  

i s  associated with XVM pr in t  
is  associated with XME print  
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NOP!C( 7) 
NOPT( 8) 

N o m  9) 
Nom( 10) 
NOPT( U) 
NOPT( 12) 

NOF’T( 13) 
NOFT(14) = 1 

MCFT(15) = 1 

NOPT(16) = I 
NOPT(17) = 1 

NOpT(20)  = 2 

NOpT(20)  = 3 
~om(25) = 1 

NOFT(33) = 2 

NOP!C( 40-44) 

i s  associated with XVS pr in t  
i s  associated wi th  XVVN pr in t  

i s  associated with XVMR pr in t  

is associated W i t h  XVJP print  

i s  associated with XI pr in t  

i s  associated with XIm pr in t  

i s  associated with I E X I  p r in t  

p r in t s  data statement parameters 

deletes regular pr in t  af’ter r ec t i f i ca t ion  

deletes pr in t  in r ec t i f i ca t i an  
ac t iva tes  shadar computations 

act ivates  predictor only in tegra tof l  

ac t iva tes  predict or-corrector integrator* 
pr in ts  spin a x i s  angles. 

used in canjunction with NC(47)  t o  allow the  user 

t o  input a desired spin vector. 

rutates posit ions and veloci t ies  from equatorial  
t o  e c l i p t i c  coordinates f o r  pr int ing 

= 0 indicates no pr in t  

This option may be 

NOPT(40 and 4.1)= 1 is  associated with XVPl  p r in t  

NOPT(40 and 42)=1 is associated with XVP2 

N O W 4 0  and 4 3 1 4  is associated with XVP3 
NOFT(40 and @)=1 is associated with XVP4 
NOPT(40 and 451-1 is associated with XVP5 
NOPT(40 and 46)=1 is associated with XVP6 

NOPT(50) = 0 N o  zonal or Tesseral harmonics are used. 

NOpP(5O) = 1 Includes the  gravi ta t ional  f i e l d  of the  Earth 

NOPT(50)  = 2 Includes zonal and tesseral harmonics 
( a d ,  3rd, and 4th zonal harmonics) 
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NOpT(51) = 1 
NOP!F(65) = 1 

NOFT(68) = 1 

N O R ( 6 8 )  = 2 

XOP!I!(69) = 1 

NOPT(~O)  = 1 

IELIF2 

-3 

NOFT(7O) = 2 

NOPT(70) = 3 

ac t iva tes  restart feature (see ID+). 
ac t iva tes  t r a j ec to ry  search (ID=18 qust be included) 

ac t iva tes  residual computations with radar s ta t ions .  

(IM1 must be included). 

ac t iva tes  residual computations without radar s ta t ions .  

(IW1 must be included) . 
ac t iva tes  so la r  engine logic  for small corrective 

thrus ts .  

upon request. 

TMs option can be made available 

ac t iva tes  element roatim. !l!his option is  used i n  

IELD conjunction with a variable cal led XELD. 
should be set i n  subroutine MODIF as follaws: 

Permits e c l i p t i c  elements for input, resu l t iag  i n  

equator ia l  osculating elements output. 
Permits equatorial e l e m n t s  for input, resul t ing i n  

e c l i p t i c  element output. 
Permits osculating element input, Rrouwer mean 
e l e w n t  output. 

This option can be made available upon =quest. 
ac t iva tes  Beta Integratolrlc 

permits element load with the period (HRS) sub- 

s t i t u t ed  for t he  sed-major axis A(ER) - 
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ID = 4 Used t o  r e sd  i n  start t i m e  of flight i n  year, month, day, 
hours, minirtes, and seconds: 

ta rge t  reference using the following f o r m t  (515, F5.2, 215) . 
The reference bodies are numbered as follows: 

s t a r t i ng  reference body; and 

1 = Earth . 4 = Venus 7 = Saturn 10 = Pluto 

2 = M x a  5 = W r s  8 = Uranus 12 = Mercury 

3 = sun 6 = Jupi te r  9 = Ikptune 

ID = 5 Used f o r  polar load and reads i n  8, cp, h, v, A, y, and 80. 

The format used i s  ( 3 E O . O ) .  

angles i n  degrees, a l t i t ude  i n  kilometers easured f r o m  
the surface of the Earth, and the velocity in kil-ters 
per second. 

w i l l  ccmpute the proper 80. 

The program expects a l l  

If eo i s  read i n  as lOOO.OD0, the program 

ID - 6 Used f o r  Cartesian input. x, y, z, 2, $, and 2 are read 

i n  wi th  f o r m t  (JCeO.0). The program expects these coor- 

dinates t o  be equatorial  i n  kilometers and kiloeters per 

second, M-th the s t a r t i ng  reference body as center. 

ID = 7 This option generates i n i t i c l  c a d i t i o n s  f o r  a t ra jec tory  
which is  designed t o  get a spacecraft t o  t h e  target within 

a specified number of &Vs, without th rus t .  The input is: 

the  Jul ian date of start t i m e ,  the f l i gh t  t i m e  i n  days, 

option number, and the  radius of the  Earth's sphere of 

influence The f o r m t  used is  (3EQO.O) 
Option number 1 starts i n  Sun Reference. 
Option number 2 and 3 are not activated,  however, 

they can be mde available upon request. (See 
S e c t i o n ~ m )  
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When Option - 1 is  used, input f o r  ID=? must be followed by 

4 cards 

Card 1 = 0, 0, 0.51373647&6* Folmuat (Ij,D12.6,D18.8) 
Card 2 =I Blank 

Card 3 =I Blank 

card 4 = Blank 

ID = 8 This I D  permits one t o  read ir a vector of special  p r i n t  

times. The first card after the ID card contains the nu- 
ber of such pr in t  times from l t o  50, format (IlO) . 
me following card or cards contain the times, formst 

( 3 E O . O ) .  

( s o l a r  engine option), these times are used fors ta r t ing  

and stopping the  so la r  engine. 
engine, the even nunhers shut the engine of f .  

If this ID is  used i n  conjunction w i t h  NOpT(69) 

Odd nunibers start the 

ID = 9 !Chis ID reads i n  the following: PRSP, RACOE, TIIMEL, STI, 
V I ,  C m ,  ENPLAN, and TR using foxmat (3IQO.O) . 
PFSP A non-zero value wi l l  suppress normal pr in t  times 

until  the specified t i m e  i n  horns has been reached. 

RACOE A non-zero value will ac t iva te  imdiation pressure 
computations. 

TIMEL Maximum t i m e  of f l i g h t  i n  hours. 

STI Not activated 
V I  N o t  activated 

CclrFT Triggers ncdal crossing plrint . 
If CCNP and ICCNT are set t o  non-zero, ECNT w i l l  
take precedent. 

A non-zero activa%es the number of perturbing bodies 
t o  be used in the  calculations.  This must be an 
integer 1 or 12. 

(See I D  = 14 also) 

E8PIAIV 

If 1 i s  used t h e  ephemer i s data 



TR A non-zero vahe, i n  conjunction with NOPT(51),  w i l l  

ac t iva te  t h e  restart feature.  TR should be set t o  
t h e  des i r e d  restart time i n  hours. 

I D  = 10 This I D  permits one t o  load the  i n i t i a l  conditions as 

osculating elements of an ellipse. 

in: SOMEG, LOMEG, INC, A, ECC, ELOAD, ELTRIG w i t h  format 

(3D20.0) 
SOMEG i s  the  argument of perigee 

ZXlMEG is  the longitude of the ascending node 
A is  the  semi-nrajor ax is  

ECC i s  the  eccentr ic i ty  
E3XIA.D depends on ELTRIG 

The following a r e  read 

If EL!TRIG = 1 ELOAD = time of perigee 

ELTRIG = 2 
ELTRIG = 3 
l W I R I G - 4  EZOAD = t rue  anomaly 

EIx>AD = mean anomaly 
EIXW) = eccentric anomaly 

I D  = 11 Permits one t o  alter the  integration and pr int  in te rva ls  of 
the  various reference bodies. The number of cards t o  be 

read i s  a function of EZVPLAN. (See Sample Input Ista i n  

Section 

( 3 I E O . O ) ,  and termicated by any integer greater than or  
equal t o  13 - (FORMAT 110) a s  follows: 

IX) . The data expected are read i n  with format 

Card 1 

2 

3 
4 
5 
6 
7 
8 
? 

contains eight distances from Earth i n  ER 

contains seven integrat ion in te rva ls  in hrs. 
contains seven pr in t  intervals i n  hrs. 
contains e ight  distances from the Moon i n  ER 
contains seven integration intervals  i n  hrs. 
contains seven pr in t  in te rva ls  i n  hrs. 

contains eight distances from the Sun i n  AU 

contaihs seven integrat ion intervals  i n  hrs. 
contains seven pr in t  in te rva ls  i n  hrs. 



10 
11 

I2 
13 
14 
15 
16 
17 
18 

LAST 

contains eight distances from Venus i n  AU 
contains seven integrat ian in te rva ls  i n  hrs. 

contains seven pr in t  intervals  i n  hrs. 

contains eight distances from Mars i n  AU 
contains seven integration in te rva ls  i n  hrs. 

contains seven pr in t  in te rva ls  i n  hrs. 
contains e ight  distances from Jupi te r  i n  AU 
contains seven integrat ion in te rva ls  i n  brs. 

contains seven pr in t  intervals i n  hrs. 

contains an integer .GE. 13 (FORMAT IlO) 

I D  = 12 Permits one t o  mke changes in the program's bu i l t - in  data 
o r  t o  read i n  other-t?han-norml inputs.  This can be done 

by using a subroctine cal led MODIF which must contain the 

proper block c m o n  

I D  = 13 Allows one t o  change input and output scale factors,  using 
f o r m t  ( 3 Z O . O )  

TSCL, IIEKM, and xMH(M. 

The card following +,he I D  card contains 

TSCL is  the t i m e  scale factor  and sits i n  the program 

as 3600. 
and hours t o  seconds 

It i s  used t o  change seconds t o  hours 

RMM s i ts  i n  the program as 6378.l.65, the number of 

kilometers i n  one ER. 
si ts  as 14.9599 x lo7 and i s  the number of kilo- 
meters i n  one AU. 

XMClKM 

ID = 14 sets t r iggers  f o r  apogee, perigee, and nodal crossing p r in t s  
The following card reads i n  ICANT, ICPNT, and ICCNT, using 

format. (3110) 
t h  ICANT = n p r in t s  every n apogee 
t h  ICPNT = n p r in t s  every n perigee 

ICCNT = n p r in t s  every nth nodal crossing 



ID = 15 Nut act ivated 

I D  - 16 Alluws radar s t a t ion  data t o  be read i n .  The card following 
the I D  card contains t h e  number of s ta t ions  t o  be read i n  

with format ( I l O )  

coordinates of the first s t a t ion  with format (A46/7IXO.O) 
This last format is  repeated u n t i l  a l l  s ta t ions  have been 

accounted f o r .  

The next two cards contain the name and 

I D  = 17 is  used f o r  reading i n  so l a r  engine information w i t h  cor- 
corrective thrus ts .  This option i s  not activated*. 

I D  = 18 is  used f o r  the i t e r a t o r .  The card following the  I D  card 
i s  read i n  with the f o m t  (1015) 
Ips 

ITMAX 
NSL 

IPOF'L(IPS) - Ident i f icat ion number( s) of the quant i t ies  t o  

= Number of the dependent p a m t e r ( s )  
= Msxinum number of i t e ra t ions .  

= Number  of the inaependent paramter( s) . 

be achieved. 

IVM(NSL) = Input quant i t ies  t o  be varied i n  the uni ts  and 
sequence of the  polar load, i.e., B,q,h,v,A,y. 

The remining cards are read i n  with the forrnst (7DlO.O)  

-(IPS) = The tolerance t o  which convergence is  desired. 

i f  the solution converges t o  within the special  

tolerance, the  i t e r a t i o n  w i l l  stop. 
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XEPS(NSL) = Epsilon values of the  independent va-iable. 

WAR( NSL) = Epsilons t o  be used f o r  generating secant 

partials 

YCON( IPS) = The desired values of the  dependent variables 

A maximum of any six dependent variables may be selected. 
f ica t ion  number( s) of the quant i t ies  t o  be achieved are as follows: 

The ident-i- 

1. B T Miss parameters 

2. B R Miss parameters 

3 
4. 
5 .  
6. 

Earth, Lunar or '  T-planet Tnclination.* 
Earth, Lunar or T-planet ascending node .* 
Earth, Lunar or T-planet argurrrent of perigee." 

Earth, Lunar or T-planet pericynthion radius .* 

I D  = 20 S t a r t s  the program. 

I D  = 21 Used i n  cmjunction with NOPT(68) f o r  reading i n  nominal 
and var ia t ional  triggers with (aut)  radar simulation. 
If NOpT(68) = 1, the  card following the  I D  card i s  read 
with f o m t  (4IlO) 

NOMllRI 1 = N m i n a l  t ra jectory,  0 = variat ional  

NOQAN 
IOSCTR 

- The number of radar s ta t ions  

0 = Radar residuals, 1 = osculating elenrent residuals.  

The user m y  f ind  t h i s  option convenient f o r  checking out 
numerical derivatives. 
the  I D  card i s  read with forarrt (UO) . 
NO= 1 = Nominal  t ra jectory,  0 = variat ional  

If NOFT(68) - 2, the  card following 

* See Appendix R .  



I D  = 23 Used t o  i n i t i a l i z e  aerodynamic drag computation 
The card following the  I D  card i s  read i n  with format 

( 3 ~ 2 0 . 0 )  

corn* 112 CD AIM. 

D R S P  

DNTAItrc number of en t r i e s  i n  the density tab le .  

I D  = 4 must precede I D  = 5. 
I D  = 20 which must be read i n  last, the I D ' S  may be read 

i n  randosly. 

Except f o r  t h i s  condition and 
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100 m 
300 

10100 
1 om 
10300 
10301 
10500 
lo600 
10700 
lo800 
1 om 
1 1000 

20100 
20m 
20300 
20400 
20500 
20600 
20700 
20800 
20900 
21000 

C SAMPLE LIST OF SUBROUTINE MODlF 
C 
C 

SUBROUTINE MODlF 
IMPLICIT REAL'8 (A-H, 0-Z) 
COMMON/HENRY/H1(480), ME1(12), H2(226) 
REAL * 8 ME1 

ME1 (4) = O.ODO 
ME1 (6) = 0.OW 
ME1 (9) = O.OD0 
RETURN 
END 

c * * * *  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

SUBROUTINE MODIF 
IMPLICIT REAL*8 (A-H, 0--I) 
COMMON/GLOBE/FJG(l5), CG(15,15), SG(15,15!, EF ECG(l5,15), 

EFJ(2) = 1082.'30D-6 
EFJ(3) = -2.30D-6 
EFJ(4) = -1.80D-6 
RETURN 
END 

XFSG(l5, 19, EJGQ, ES22, EC22, ES31, EC31, tsA, EC33, N lZ ,  N2S, N3T, NOQ c * * * *  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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f 

SAMPLE INPUT DATA 

f 

). 

b 
li 

.. 

L 

c 
t 

1 // GO.DATA5 DO 
2 1 TEST CASE FOR I.B.M. 360 VERSION 
3 NOPT(SO) = 1 FOR OBLATENESS 
4 2 
5 000000030000000000000000000000000000000000000000000000000000000000000000 
6 3 
7 21111111111111000000000000000000300000000000000000~0000000000000000000000 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

6 
6095.8?2600 
1.101 9 8 5 w  

4 
1965 5 

14 
0 
9 

0 .0W 
0 . 0 0 0  
1 .ow 

11 
1 

1 .ow 
1 2 5 . 0 W  

0 .0625W 

1.DO 

13 
16 

CARTESIAN LOAD. 
604.3656700 2406.358900 
9.858944500 -4.454985600 

30 12 70 .0  1 4 

0 0 

0.000 10.000 
0. 000 0.000 
0.000 

SET WCTORS FOR DESlREn PLANETS 
SET EARTH VECT . 

4.000 8 . 0 W  

0.0625DO 0 .500  

2.  Do 6.  DO 

SET K TO TERMINATE READ. 
RADAR STATIONS 

32 2 
33 ROSMAN 
34 277.0 7 . 0  4 . 2  35 I 1 2 .  
35 CANBERA 
36 148. 57.  20 .9  -35.  37.  
37 20 STARTS THE PROGRAM. 
a/* 

. 7  

5 2 . 7  

2874.56 

3766.588 

4 
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1 / /  G0.DAT.U OD 
2 1 ITERATOR DATA FOR M A R S  T W .  1973 
3 NOPT(65) = 1 FOR SEARCH. 
4 2 
5 0000000000000000000000000000000000000000000000000000~000000000000000000 
6 3 POLAR GEOC 
7 11110010100001110000000000000000000000000000000001000000000000001000000 
8 4 START TIME 
9 1973 8 1 13 4 1.0 1 5 
10 5 POLAR LOAD ( LONG, U T ,  ALT, VEL, AZ, FPA, LVE) 
1 1  1 12.30999000 -25.700 00 262.129601)o 
12 11.605000000 77.7800000 00 6.6500000000 
13 IOOO.0W 
14 9 
15 8000.000 
16 0.000 
17 12.000 
18 1 1  
19 1 
20 1.000 
21 125.000 
22 
23 0.062500 
24 
25 
26 12.000 
27 
28 
29 3 
30 0.000 
31 
32 
33 12.00 
34 
35 
36 24.000 
37 
38 
39 5 

0 . 0 0 0  8000.000 
0.000 0.000 

SET VECTORS FOR DESIRED PLANETS 
SET EARTH VECTOR 
4.000 8.0W 

0.12500 0.500 

12.ODO 48.000 

SET SUN VECTOR 
1.3097994800 10.00 

12.  Do 

24.000 

SET MARS VECTOR 
40 .00004077600 .OOO 1600 
41 . 00500  
42 
43 0.0625W 0.12500 
44 
45 
46 1.oDo 
47 
48 
49 
50 
51 
52 
53 2 
54 100.0 
55 0.0 
56 1 .  
57 
5 8 / '  

12.000 

.0003200 

0 . 5 0 0  

12.000 

13 
14 
0 0 1 
18 ITERATOR 
10 2 1  2 1 4 
-100.0 . 0000 i .000001 -.0002 -. 00000 1 0.0 

1 .  1 .  1 .  1 .  1 .  1 .  
1 .  

SET K TO TERMINATE READ. 

20 START 
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x. OUTPUT 

A. k o g r a m  Outputs 

The following informt ion  is  printed as the output of the program. 

1. T i t l e  

2 .  

3.  Launch t i n r e  - year, month, day, hour, min, sec. 

4. 
5. List of parameters used i n  run. 
6. 

Case number and any identifying t i t les .  

Input - i n  the Sam? units as they'were entered in to  t h e  program. 

A t  each rec t i f ica t ion  the following data are printed: 

(b) RECTIFICATION PRlYT (a) REFERENCE 

PERT OVERUNPERI = (c)  TIME = (d) RELTAT = (c) 

(a) Reference body 

(b)  and (c )  
( c )  If ( c )  = 0, rec t i f ica t ion  m y  be due either t o  switch of 

reference body o r  t o  change of integration in te rva l .  

If (c)  # 0, then the pos i t im ,  velocity, perturbations or 
the inc reEn ta1  eccentric anomaly have exceeded the permis- 
sible limits and (b) indicates  which has been exceeded 
(see Section VI). 

indicste  the reason fo r  rec t i f ica t ion  

These indications axe given as: 

PO - Position 
VL - Velocity 
TH - Incremental eccentric anomaly 

(d) Time of rec t i f ica t ion  
(e) Integration in te rva l  
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Y e a r ,  Month, day, hour, second from time of launch 

Print  t i m  i n  hours From time of launch 
Posit ion coordinates and laagnitude of r ad ius  vector with respect 
t o  the reference body - kilonreters/second 
Velocity components and mgnitude of veloci ty  vector with respect 
t o  the  reference body - kilometers/second. 
Right ascention and declination i n  Earth reference system - degrees 

Longitude or sub-satel l i te  point e degrees 
Latitude (geodetic) - degrees 
Geodetic height above the  Earth 's  surface - kilometers 
Greenwich hour angle = degrees 

Geocentric flight path azimuth - degrees 

Geocentric f l i gh t  path angle = degrees 

Geodetic f l i gh t  path azimuth - degrees 
Geodetic f l i g h t  path angle - degrees 
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Moon longitude - angle between the projection of the vector 
f r o m  the Moon t o  the vehicle onto the  Moon's o r b i t a l  plane 
and the  Moon-Earth vector (Moon reference only) - degrees 

Moon l a t i t ude  - angle between the radius vector connecting 
the Moon and the VeMcle and i t s  projection onto the o r b i t a l  
plane of the Mom about the Earth (Mwn reference only) - 
degrees 

Selenocentric f l ight path azimuth - degrees 
Selenocentric f l i g h t  path angle - degrees 
True anomaly - degrees 

Semi-major =is of t ra jec tory  - ER 
Eccentricity of tra j e c t o r p  

+ = e l l i p s e  - = hyperbola 

Closest distance t o  the  reference boay (not necessarily the  
Fartn)w - kilameters 
Farthest distance f r o m  the reference body (not necessarily the 
Earth)H( me&ningful only f o r  e l l i p t i c  orbi ts)  - kilometers 
IncUna t im of the  o r b i t a l  plane defined as the angle between 
the posit ive polar axis and the angular momentum v e c t o f l  - 
degrees 

*+ These are the  osculating values and hence only const i tute  an estimate 
of the  quant i t ies  described. 
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ARG PERIC 

PERIOD 

- R A ASC NOIN3 - 
- M ANOMALY - 

E ANOMALY = 

T PERK 

UNIT PERICENTER POSITION VECTOR = 

UNIT ANGULAR MDMENTUM VECTOR = 

Argument of pericenter - angle measured from the  ascending 
node t o  the  pericenter vecto*- degrees. 

Set t o  zero f o r  c i rcu lar  orb i t s  and poorly determined f o r  near- 
c i rcu lar  orb i t  s . 
Period-? hours 

Mean motion- - radians/hour 

Right ascensicw of t h e  ascending node measured from the  vernal 
equinox eastward along t k e  e q u a t o f l -  degrees 

Mean anoml? - degrees 

Eccentric a n o m a l F  - degrees 

Time of nearest p e r i c e n t e m  - hours 

Components of the unit vector directed from refezence toward 
per i  cent e* 

Components of t h e  unit  angular momentum vector 
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B. Optional Outputs 

xvPl YW1 P 1 RVPl 

The above optional output appears between xRI3T and RIGHT ASCENSION 

in t h e  standard output. For ins t ruc t iom on how t o  obtain, see 

Section IX, I D  = 3 .  

(a) 

(b) 

(c) 
(d) 

(e)  

(f) 

(g) 

Coordinates of vehicle with respect t o  the  Earth - kilometers 
Coordinates of vehicle with respect t o  the Moon - kilometers 

Coordinates of t he  Mom with respect t o  t he  Earth - k i lmte r s  
Coordimt2s of vehicle with respect t o  the  Sun - kilometers 

Coordinates of vehicle with respect t o  Venus - kilometers 

Coordinates of vehicle with respect t o  Wrs - kilometers 

Coordinates of vehicle with respect t o  Jupi ter  - kilometers 



Coordinatesof vehicle with respect t o  Saturn - kilometers 

Coordinates of vehicle with respect t o  Uranus - kilometers 

Coordinates of vehicle with respect t o  Neptune - kilometers 

Coordinates of vehicle with respect t o  Pluto - kilometers 

Coordinates of vehicle with respect t o  E-M Sarycenter - kilometers 

Coordinates of vehicle with respect t o  Mercury - kilometers 

Perturbation vector and magnitude o f  the  perturbations with 
respect t o  the reference body - kilometers 

Perturbation veloci ty  vector and magnitude - kilometers/second 
Perturbation accelerat ion vector and mgnitude - kilometers/second* 

X-6 



2. Shadow Print* 

SHADOW 
PENUMBRA PASSAGEFROM 

PENUMBRA 
SHADOW 

To PENUMBRA 
SUN 

SHADOW 

PENUMBRA 

The above optional output appears before TIME I N  YEAR, MON!lB, DAY, HOUR, 

MIN, SEC i n  the  standard output. It i s  controlled through the INPUT 
subroutine [NOPT(17)] (see Section IX, I D  = 3 ) .  

(a) Time a t  which vehicle traverses denoted shadow boundary - hours 

(b) T u t a l  time the vehicle spends in denuted shadow region during 
current traverse - hours 

(c)  T u t a l  accumulated time spend in denoted shaduw region since 
launch - hours 
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3 .  Radar Output* 

STATION 

AZIMLJTH 
ELEXATION 
TOPOC. R A  
TOPOC. DECL. 
SLT RNG 

RANGE 

This output appears a t  the t a i l  end of a norm1 printout .  

card in the JXPUT subroutine w i l l  control this segment of the 
program (see Section D(, I D  = 16) 

An ID 

Stat ion name ( ident i f icat ion)  f o r  each s ta t ion  

Azimuth and elevation with respect t o  each s t a t ion  - degrees 

Topocentric right ascension and declination with respect t o  
each s ta t ion  - degrees 

The s lan t  range t o  each s t a t ion  - kilometers 

Rate of change of s lan t  range f o r  each s ta t ion  - kilometers/ 
second 

If the  elevat ion is negative ( the vehicle i s  below t h e  horizon), 

t h i s  pr in t  i s  suppressed f o r  the s t a t ion  i n  question. 

X-8 



4. Reentry Output 

REENTRY PRINT TIME INER'PIAL SPEED 
( kilometers/second) 

Right ascension, declination, b r t h  subsa te l l i t e  points and f l i g h t  

path azimuth and angle as given above. 

The above optional output appears betheen GEOD ELEV and MOON 
SUBSAT POINT i n  the standard output. 

5. Trajectory Search Output 

The output consists of the normal ITEM output f o r  a nominal t ra jec tory  
and the same t ra jec tory  output f o r  each var ia t ion requested f o r  each 

i t e r a t ion .  The output format used only f o r  the  t r a j ec to ry  search 
f ollclws : 

(a) 
(b) 

( c )  

( d )  

(e) 
( f )  

(g) 

Change i n  la t i tude  - degrees 

Change in  longitude - degrees 

Change i n  a l t i t ude  - kilometers 

Change i n  velocity - kilometers/second 
Change in azimuth - degrees 

Czange i n  f l ight  path angle - degrees 
Change i n  i n i t i e l  time - hours 
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5 Trajectory Search Output (cont .) 

QUANTITY CODE 
DESIRED VALUE3 OF ABOVE 

REQUIRED ACCURACY 
Q W I T I E S  0 

(c> 
MATRIX OF PARTIAL DERIVATIVE3 (d) 
RESIETAIS AND HCANGFS IN 

IIUTIAL CONDITIONS (e)  (f) (g) 

( 3 )  Code indicating quant i t ies  t o  be searched f o r .  
(Dj ijesired value6 of above quantit ies - degrees, kilometers, 

seconds 

(c )  Tolerances allowed on above values - degrees, kiiometers, 
seconds 

(d)  Matrix with the  dependent variables arranged by row. The 
independent by column 

(e) Residuals ( desired-nominal) of quant.i ;ies desigmted by the  
quantity code 

(f> Change required i n  i n i t i a l  conditions. 

(g) Normalized changes i n  ini t ia l  quantit ies i n  ord.er of the  
var ia t ions.  

The option associated with t ra jec tory  search routines is init iated 
by an I D  card in the  INPUT scbroutine (see Section I X ,  I D  = 18) 
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5 .  Impect Parameter oil.tput* 

(a)  Ihit vector in  the  direct ion of the incoming asymptote. 

( b )  Unit vector normal t o  !iWK! and the  asymptote i n  a right-hand sense. 

(c)  Unit vector parallel t o  the e c l i p t i c  (or  Moon o rb i t a l  plane) and 

psrpendicular t o  the incoming asymptote. 

(d) Ve- .or from the  oody t o  the vehicle as it crosses the  impact plane, 

(e! The dot prod;.& of at the crossing and THAT. 

( f,' at the  crossing and EZBAT. The dot product of 
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7. w%F e, Perigee, N o d a l  Crcssing Print 

Apogee and perigee print  times axe computed more accurately 

than formerly, and the nodal crossings are founri by i te ra t ion .  

The trigger fo r  apogee is  I-; fo r  perigee ICPNT; for  nodal 

crossiap ICW. 

fitting a parabola through three neighboring points and deter- 

mining t h e  minimum or  maximum respectively. 

found i t e r a t ive ly  by 

The acogee and perigee print  times are found by 

The crossing t i m e  is 

is  the t i m e  for  which 2 changed in  sign. tco 



The units used i n t e r m w  are Earth Radii and B r t h  Radii/hour 

i n  the Earth and Won references, and Astronomical Units and Astro- 

nomical Units/hour i n  the  Sun, Mercury, Venus thru  Pluto Reference 

systems . 

The re l a t ive  positions of the so l a r  system bodies are obtained 

from a tape generated by the Jet Propulsion Iaboratory. A separate 
program prepares a binary tape referred t o  the mean equinax of MID- 
F I I P ,  containing 16 days perrecord, in a form compatible with the 

main program. 
reads i n  the proper f i le an3 record, keeping 32 days of tables i n  

core storage a t  a time. 

The Ephemeris Subroutine searches the tape and 

The first record on each file* consists of the year, number 

of records and number of files* i n  fixed decimal form. 
successive records contains the  foilowiug information: 

Each of the 

word 1: Initial  time of record i n  hours fran base time. 
(0.0% December 31 of year previous t o  launch). 



Equatorial coordinates of hkrcury i n  two-day in te rva ls  follow ( 9  x 
values, 9 y values, 9 z values). Then 27 consecutive five-wori! 
blocks containing the equator ia l  coordinates, in four-day intervals of 

Venus w i t h  respect t o  the  Sur; 
Sun with respect t o  the Earth 

a r s  with respect t o  the  Sun 

Jupi te r  with respect t o  the  Sun 

sP.turn with respect t o  the  Sun 

Uranus with r z s p c t  t c .  the Sun 

Neptune with respect t o  the  Sun 
Pluto with respect t o  the  Sun 
Esrth-Moon barycenter with 

respect t o  the Sun 

are followed by three 32-word blocks containing the  equator ia l  coor- 
dinates af the  

X M E  YME ZME Moon with respect t o  Earth 

h h  The Moon coordinates are stored i n  half’-day intervals (0.0 , 12.0 UP: 
with distance masured i n  EX. A l l  other tables am i n  AU. 

The equatorial  coordinates of the  planets and of the  Moon are 

followed Sy their velocities, i n  exactly the sa= order. 
a1-e i n  ER/day. 

Moon veloc i t ies  
A l l  other veloc i t ies  are i n  AU/day. 

A t  present, an ephenreris tape i s  available for 1s5 - 1969, and 

1- - 1982, writ ten i n  5 and 15 two year groups respectively, eech of 
which uverlaps one year. 
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C .  hhemeris i n  Core 

The astronomical tables are stored i n  core i n  @-hour in te rva ls  

f o r  tk Sun and t h e  planets, and 12-hour intervals  f o r  the  Moon. 
There are always 32-days of tables available, arranged i n  such a way 

that the value of t i m e  f o r  which the  interpolation takes place i s  

not near either end of the t ab le .  

In location T m ( 1 ) ,  t he  t i m e  of the  first en t ry  from the 

initial time i s  stored. 

x coordinates of the Sun w i t h  respect t o  the  Earth. 

In TABLE(2) t o  TABLE(10) there are 9 
The following 

chart indicates the storage 

saved. 

t o  

t o  

t o  

t o  

t o  

t o  

t o  

t o  

t o  

t o  

t o  

t o  

locations of the remaining astronomical 

y coordinates of the S-XI with 

z coordinates of the Sun with 

respect t o  the  Earth 

respect t o  t h e  Earth 

x, Y, 
with 

x, Y, 
with 

x, Yt 
with 

x; Y, 
with 

x, Y, 
with 

x, Y, 
with 

x, Y, 
with 

x>  Y, 
Moon 

z coordinates of Jupi ter  
respect t o  the  Sun 
z coordinates of Wrs  
respect t o  the  Sun 

z coordinates of Venus 
respect t o  the Sun 
z coordinates of Saturn 
respect t o  t h e  sun 
z coordinates of Uranus 
respect t o  the  Sun 
z coordinates of Neptune 
respect t o  the Sun 
z coordlnates of Pluto 
respect t o  the Sun 
z coordinates of the Earth- 
k rycen te r  wi th  respect t o  

the Sun 

with respect t o  the  Sun 
x, y, z coordinates of Mercury 

x coordinates of the Moon with  
respect t o  the Earth 
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~ A m ( 3 6 4 )  t o  TABLE(428) y coordinates of the  Moon with 

TABLE( 429) t o  TAi3L ( 1!.93> z coordinates of the Moon with 

respect t o  the Earth 

respect t o  the Earth 

These are followed by the  veloci t ies :  

TABLE(494) t o  TABLE(Z0) 2, 9 ,  i coordinates of the Sun 

TABLE(521) t o  TABLE(347) 2, 9 ,  2 coordinates of Jupi te r  

TABLE(548) t o  TABLE(601) i ,  9, i coordinates of Venus 

TABLE(791) t o  TIIBLe(985) i ,  9,  i coorriinates of the Moon 

with respect t o  the Earth 

with respect t o  the Sun 

with respect t o  the Sun 

w i t h  respect t o  the Ebrth 

D. Perturbation Program 

The perturbation prwmrn solves three d i f fe ren t ia l  equations f o r  

XI, ETA, ZE2A. 

terms replaced by the storages cont&ling them, i s  representative of 
a l l  three equations and is  given belaw: 

The d i f f e r e n t i a l  equation f o r  XI, w i t h  the various 

where, f o r  example, i n  the  first. term GME = 9 i s  t n e  mass 0' ;he Earth, 
and VCOR(4) i s  the length cubed of the vector [VCOR(JI, VCOR(21, VCOR(3) I .  
C'.tnilarly, i n  the other terms the  denominator is the  length cubed of the  

:or containing the  corresponding numerator. In  the case where the  two 
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t e r m  within each of t he  brackets are nearly equal, they are computed 

by t h e  special  method described i n  Appendix E t o  avoid loss of accuraoy. 

The contents of the C O W  storage at  any time, t ,  depends upon 
the  reference or ig in  a t  t h a t  ti=. 

CONTENm OF COW STORAGE 

Earth 
Ref. - 

XVEO 

mi 

XES 

XEVN 

XEMR 

X E J P  

SUn 
R e f .  

XSE 

XSM 

xvso 
XSVN 

XSMR 

XSJP 

- 
Venus 

R e f .  

X ! r n  

XVMM 

XVNS 

xwlqo 

XvNMR 

XVMB 

Jupi te r  
Ref. 

XJPE 

X J P M  

XJPS 

XJPVN 

XJPMR 

xvm 

Here XVE refers t o  the x component of the  vehicle with respect t o  the  
Earth, with corresponding def ini t ions f o r  t h e  other quant i t ies .  
addi t ional  subscript of 0 denotes quantity derived from the  two-body 

proklern 

An 

All 
Refs. 

D E  
_c_ 

XVM 
XVS 
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X I 1 1  . Available Upon Request 

Numerous additims and improvemnts are under development t o  the 

current 0s/360 version. 

general  use t o  interested organizations.* A brief description of some 
of the additions are t ls follows: 

These additions can be made available f o r  

1. I J t i p l e  Vehicles 

It is  now possible t o  integrate  N t ra jec tor ies  simul- 

taneously (N = 1 t o  3 0 ) .  

two-body solution f o r  a l l  t r a j ec to r i e s  or  separate two-bodies 

for each t ra jectory.  

The user has the option of using t h e  

2 .  Laabert Is Problem. 

The program has the  capabi l i ty  of generating i t s  own 
i n i t i a l  coaditions when one i s  interested i n  a specif ic  in te r -  
planetary t ra jectory.  This option requires a s t a r t i ng  Julian 

date, a desired f l i g h t  time, and 8 target planet.  
option, there i s  a further option which computes the i n i t i a l  
conditLons on the sphere of influence of the  Earth o r  on 9 
parking orbi t  inside the Earth's sphere of influence. 

Within t h i s  

3 .  J. P. L. Qhemeris. 

It i s  now possible t o  read the J.P.L. Qiiemeris d i rec t ly  

rather than by the method described i n  Section X I - 1 .  

capabi l i ty  i s  obtained by adding a module of subroutines tha t  

would permit the t ra jec tor ies  t o  be integrated wi th  respect t o  
the mean equincoc of 190. 

This 

4. Small Correc+,iw m u s t .  

5 .  TraJectory Search 

It i s  planned t o  automate the i t e r a t ion  schellhe t o  go from 
- - ~ - - - - . - - - ~ - . - - - ~ . - - - - - - ~ - ~ - - ~ - - ~ . .  
WAddress : Head, Theoretical Mechanics Branch, laboratory f o r  Space 

Physics, Code 643, Godd,Ljrd Space Fl ight  Center, Greenbelt, 
Wryland 2077; 
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two-body, t o  patched conic, t o  fill t ra jec tory ,  and t o  increase 

the number of variables t o  be adjusted, in optirpal fashion. 
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Section X I V  bkthods of Integration 

The integrat ion scheme employed by t he  Interplanetary Wa jectory 

&cke e t h o d  program i s  a sixth order backward difference scheme, 

init iated by a Runge-Kutta scheme. The routine used i s  1. Newton- 
Gregory integrat ion scheme for general second order difference equations. 
(See Appendix C .) . 

m e  program has an ortion (NOFT(~~) + 0) f o r  integrat ing Beta 
instead of t i m e .  Computation is  much faste.: i n  
th i s  mo<e, however, the user i s  cautioned t o  choose delta beta with 

can=. 

(See Appendix M.) 

The program has an option (NOPT(20) = 2 or  3) for  integrat ing 
second order d i f f e ren t i a l  equations by means of interoolat ing a table 

of second order derivatives. The size of the ;sble and the option of 
usjag predictor-corrector, o r  predictor only, &re inputs t o  the  program. 
(See Appendix J) . 
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!Rie problem of orbit  determination over long t i m e  periods 

requires a precise technique f o r  integrat ing the equations of 
motioI;. 

procedure that yielaa the min im loss of information due t o  the 

accumlation of numerical round-off e r rors .  The Encke perturba- 
t i on  method has been sham t o  require minimum machine computation 

time f o r  a m€nim loss of numr ica l  accuracy. 
diction scheme presented herein uses a modified form of the Encke 

method with the  initial posit ion md velocity vectors replac- the 

conventional P and Q vectars of the Encke scheme. avoiding 

reference t o  the position of perigee, it is possible t o  avoid 
numerical ambiguities arising fran near-circular orb i t s  and orb i t s  

of l o w  incl inat ion.  

Reference 4 contains an m y s i s  of an integrat ion 

The orbi t  pre- 
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E. EQUATIOIS OF M X I O N  

In  a Newtonian  s y s t e m ,  the equst ims of m o t i o n  of a w t i c l e  in 
the gravitational f i e l d  of n a t t rac t ing  bodies and subject t o  other 

perturbing accelerations such as thrust ,  drag, oblateness, radiation 

pressure, e tc .  are given by 

These equations are put into observable form by referring t h e m  t o  a 
reference body c. The equations of m t i o n  of the mference body aze 

n 
- 0. r R = -  

3 
ci r L lJIi 

i+c 

C 
i=l 

Subtraction of EQuation (B.2) fraa Equatim (B.l) results i n  the 

equations of mution of the vehicle with respect t o  the reference body c.  



C .  INTEX;RATION PROCFZUP~ 

If Equation (B.3) is integrated d i r ec t ly  by some numerical 
schem, there results, after a number of step-by-step inlzgmtians,  

an accumulation of e r r o r  which leads t o  inaccurate results. To 
avoid t h i s  loss i n  precisian, it i s  convenient t o  write Quat ion  
(3.3) i n  the fora 

0. 0. 0. 

R = % + A R  vc 

The velocity and displacement vectors can be writ ten as 

R vc = % + A R  

The reference body (the one i n  whose sphere of influence the 

vehicle travels) is chosen so  as t o  mj-nimize the perturbations. 

.. 
I n  this method i s  taken as 

(c.1) 

and 

Equations ((2.4) consti tute the equations of motion of the  Kepler 

Tpoblem and are solved as described i n  Appendix D. 
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Equations ((7.5) are integrated numrically.  The integration 
scheme eqloyed by the ITEM program i s  a s ix th  order backward difference 
scheme, i n i t i a t ed  by a Runge-Kutta scheme. The routine used i s  a Newton- 

Gregory integration scheme fo r  second order difference equations written 

by S. Pines and J. Moban of Analytical hkchanics Associates, Inc.  

A s  derived i n  Appendix D, t he  solution of t he  Kepler problem may be 

represented by the vectors &, k, the sca la r  a and the  rec t i f ica t ion  
t i m e  t o .  

The rec t i f ica t ion  process consists of moving Rvc, Rvc i n to  the  
locations & and I&, t i n t o  to and the computation of a and n.  

For computational convenience, the coefficients appearing i n  
Equations ( D . 2 )  are a l so  computed during rec t i f ica t ion .  
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D. SOLUTION OF THE KEPLER TWO-BODY PROBID4 

The unified formulation of the two-body problem i s  used fo r  
both e l l i p t i c  and hyperbolic cases. 

i=o 

and 

. 
P2 F2 1 g = l - -  r 



where 

do 

JCL 
r = f3' F2 + ro F4 + - B F3 

R = f R  + g i  
0 0 

. .  
R = f % + g &  

0 

2 
vO -1 

a = ( 2  - - )  
r o  IJJ 

2 .  . 

cy is determined from the  modified Kepler equation 

See Figure 1 for  the  two-body orbi t  which resu l t s  from the solution of 

Equation ( C  .4) with the  i n i t i a l  conditions: 
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y Axis 

Figure 1.  Geometry af the Elliptic Two-Body Orbit 
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E. COMPUTA’PION OF PERTt’REATION TEZW 

The terms accounting f o r  the Encke term and the  planetary per- 

t u r h t i o n s  appearing on the r ight  hand side 
R & I  involve numerous terms of the form 3 - - where R and may 

differ ~ n l y  by small amounts. 

R - RO = 5 which i s  small, and for  the planetary perturbations, the 

difference i s  Etc which also often i s  small. 

f Equation (C.5) 

r ro3 
For the Encke term, f o r  instance 

A computation scheme, which avoids loss of precision due t o  

the subtraction of nearly equal terms and which also is correct 
when Rvc i s  not small, i s  employed. 

below: Find 

This scheme is described 

3 3 
rO r 

0 
A- 

R RO AB R(u3 + 3u2 + 3u) 
- - - = - +  

3 3 r 0 El ( 1 . 5 )  
r 

rO r 

0 
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F . CONCLUSIOXS 

The method presented yields  accurate t r a j ec to r i e s  using 

re la t ive ly  l i t t l e  computer time. Summarizing some of the important 

features : 
All signif icant  solar  systcn; bodies m y  be included vi.thout 
undue complications 

Since t h e  perturbations only are mtegrated,  the  allowable 
integrat ion in te rva l  i s  fairly L r g e  Over most of the path.  
Even i n  the v ic in i ty  of Earth or anather planet a relatively 
large in te rva l  (compare5 t o  other schemes) m y  be used 
without l imit ing the s t a b i l i t y  and accuracy of the  solutions.  

The perturbations are kept smll i n  two ways. 
body orb i t  i s  r ec t i f i ed  whenever the perturbations exceed a 
specified maximum va lue  compared t o  the corresponding unper- 
turbed values. This limits e r ro r  build-up with respect t o  
par t icular  reference body. Second, the reference body of the 
two-body problem i s  changed from Ear th ,  t o  Sun, t o  planet 
accordingly, as tha t  reference body would contribute the 
largest perturbing force atherwise. 

F i r s t ,  the  two- 

This method w i l l  handle c i rcu lar  orbi ts ,  zero incl inat icn,  e t c .  
The problem i s  defined i n  terms of parameters which have real  
physical significance (namely, the posi t ion and velcci ty  
vectors) which are d i r ec t ly  relatable t o  measurable quant i t ies .  
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G e  OBLATENESS T E m  

A subroutine cal led GOBL was modifed t o  obtain, inertial 

Cartesian coordinates, the gravi ta t ional  perturbation acceleration 
due t o  a rotat ing nonspherical body whose mass coeff ic ients  are 
given i n  terms of the  zonal and tesseral harmonics. The methoc? 

described herein avoids the c l a s s i ca l  s ingular i ty ,  which occurs 
f o r  polar passage, when using spherical  coordinates t o  describe 
the gravi ta t ional  potent ia l .  This method a l s o  minimizes the  

numerical e r ro r  incurred on double appl icr t ion of coordinate 
t ransformtior i  from i n e r t i a l  t o  body-fixed and back again in the 

case of a rotating nonspherical gravi ta t ional  body. 
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DERIVATION OF THE EQUATIONS 

The potent ia l  a t  a point R, i n  the coordinate system f ixed i n  the  

body, is given by 

wh2re 
Z u = -  r 

t an  A = Y 

* 
dn n - (u2 - I> 1 Pn(u) = - 

2nn! dun 

m 
P (u) = (1 - u 2 m / 2 d  p (u)  
n,* dum 

The accelerating force vector, i n  the bodg-fixed Cartesian coordinates, 
i s  given by 

where 

i 4) 
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A A  A A 

Combining the scalar coeff,;,ients of the  vectors R, k, and k x R, we 

have 

F =  - -  
2 r n=2 

n n  u a  f m  

m = l  

n n  
A A  

P ( S  COS mA - C sin a)] kxR m 
n , m  n , m  n , m  n+2 ( 1-u2) ni2 r m = l  

Exadnation of E q .  ( 5 )  indicates that, for a polar passage w i t h  u - 1, 
n A  

3 sfngularity occurs i n  the coefficient of the kxR term and in the 

derivatives of the associated Iegeudre polynomials P 

remove this s ingular i ty  and t o  avoid numerical inaccuracy i n  t ra jec tor ies  
close t o  u = 1, it is canvenient t o  change the  coordinates f romthe 

spherical  r, u, A system t o  the four-parameter system d e f i x d  below. 

(u) . In order to 
n,m 

Let  the body-fixed Cartesian vector be 

R = r  [ E ]  



where 

I n  this coordinate system, the potential ,  cp, is given by 

n 

where 

p + r n  
(u2 - 1)" 1 =-- 

n+m A 
2nn: du n,m 

R g ( s , t )  = Real Part of (s + i drn 

Im(s,t) = Imaginary part of (s + i t)m 

i =Ji 

In  this system, the acceleration force vector i n  body-fixed 
Cartesian coordinates i s  given by 



where 

A 

Combining the sca la r  coefficients of the vectors R, 1, 3 and $, we 
have 

or 
A n A A 

For the perturbation coefficient of R, we have 

n 
IC + 5-1  n,m Rm-l  I s  n, J 



However 

fherefw?, i-;-e two inner summations Over the m index can be combined 
t o  lead 

n 

] ( R  C + I  S m n,m m n,m c + (n+m+l)A 
n ,m 

m = l  

Furthermore, i f  we le t  

n 

the  expression f o r  the coefficient of R may be wri t ten as 

n n  
a -  

+(n+m+l)A ] ( R  m C n,m + ImSn,m) n,m r n+2 L i [ U A  n,m+l 
n=2 m=O 

A recurslou equation fo r  A may be derived, which yields 
n,m 

= u A  + (n+m+l)A 
n+l,m+l n , m + l  n,m 

A 

A 

The f i n a l  compact expression f o r  the coefficient of R i s  given by 
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A 

Turning to the coefficient of k, we have 

n 
QD p, an 

r 
( R C  + I S  I]  - CAn,m+l m n,m m n,m‘ a3 - - - C TZ [JnAn,l 

n=2 m=l 

E+ (13) IXCOIES n, 0’ Using the convention that Jn = -C 

The coefficients of 2 and 3, respectively, follow without modification. 

and 



RECURSION EQUATIONS FOR THE IKIDIFIED LEGENDRE POLYNOMIAIS AND TIlEIR 

DERIVATIVES 

We seek a recursion equation f o r  the modified Iegendre polynomial, 

In  any standard reference on Legendre polynomials, we may obtain the two 
recursion equations, 

and 

In terms of A ( u ) ,  Nuat ions (18) and (19) become 
n,m 

= A  n+l,  1 (n+l) A + u A 
n, 0 1 1 9 1  

and 

Combining Eqs (l8a) and (1%) and eliminating An,o, we solve f o r  
A (u)  as follows: n+l,  1 
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or  

- (1 +&)A A n + l , l  5 u(2 +$)An,l n n- l , l  

Successive different ia t ion of EQ. ( 2Oa) yields  

This i s  the required recursion equation. Furthermore, we have 

A = u A  
n,n-1 n,n 

Star t ing with Q. (22), w e  may generate each row of A f o r  fixed 

and through application of 
n,mJ 

n, by retaining the two previous rows of A 

Eq. (21) f o r  m = n-2, n-3, , , , -bo m = l .  Thus, only three rows of A 

need be retained f o r  a given CY. 

n,m 

n,m 

To obtain the  result given i n  Eq. (121, we need only d i f fe ren t ia te  

Eq. (18a) and obtain 

+ (n+m+l)A An+l, m + l  * An,m+l n,m 

An alternate recursion formula f o r  AnJm, which i s  more stable than Eq. 

(211, is 

1 - 1 
(' An,m+l An-l,m+l n,m n - m s- A 
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RECURSION EQUATIONS FOR R 
A ROTATING BODY 

AND Im, AND THE ACCELERATION EQUATIONS FOR m 

For the zero power of s + it, we have 

( s  + i t l o  = 1 

Thus 

& = l  

I o  = 0 

From EQ- (111, w e  obtain the  recursion equations f o r  R and I . m m 
s and t ,  we have 

Given 

We may define 

3 
The f ina l  desired form of the  equations f o r  ar, (Y , a2, and (Y 1 

are given by 
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I n-2 m-0 

I n=2 

m n 
P a  

a 3 =  L -  n+2 
r n-2 

m=O 

m = l  

n 
Y 

m = l  

I n  the  body-fixed system, we have, f o r  t he  acceleration, 

A n n n 

Let the rotat ion matrix N(3x3) represent the  transformation of a 
rotat ing body from i n e r t i a l  t o  body-fixed coordinates. 

Rinert  

Then the i n e r t i a l  acceleration i s  

m 
= N L  F 

O r ,  i n  the i n e r t i a l  system, we have 
n c) n n 

N + a 2 N Z + a  N Finert  r ine r t  + al 3 3  = c y  R 



where 

A 

3 
N1 

- 
*2 - 

N =  3 

11 
12 

13 

n 
n 
n 

n31 
n32 
33 n 
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H .  TRANSFORM4TION EQUATIONS FROM GEODETIC POLAR COORDINATES TO 
CARTFISJAN cooRDINAm* 

The geodetic polar coordinates in  the program ale referrad t o  
an e l l ipso id  of revolution. 

given by 

The equation of a cross section i s  

x2 z2 - + -  c 1 
a2 b2 

where 
b2 =J a2( 1 - e ') 

The slope of t h e  normal, along which h is  measured i s  given by 

1 a2z t an  cp =--  = - 
dz b2x 
dx 

(See Figure 2) 
- 

and 

z b2 

b2 
t an  cp '=  - = - t an  cp - (1 - e2) t an  cp x 

Eliminating x between equations (H.l) and ( H . 2 )  and solving f o r  

z resu l t s  in :  

a(l - e2) s i n  cp 

(1 - e2 sin2 cp) 
z 0 .  

*For geocentric ( i . e  e2 - 0) polar coordinates, c = s = 1 In  t h i s  
case the  la t i tude  input is  ia terpreted as decllnatlon. 

H- 1 



P 

Figure 2. Relation Between Declination, Geocentric and 
Geodetic Latitudes 

a cos Q 
X "  

(1 - e2 sin2 cp,g 
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In units Gf 8:  R and R are then glven by equation ( H . 3 )  

s = (1 - e2) c 

y = ( C  + h) cos cp s i n  ( e  - g3) 

z = ( s  + h) s in  ;9 

2 a v {(sin y cos q, - cos y cos A s i n  q)  cos ( e  - eo) 

- cos y s i n  A sin ( e  - 6,)) 

,. *- = v ( (s in y cos 9 - cos y cos A s i n  cp) sin ( e  - e,) 

1 + cos y s i n  A cos ( 0  - 
, 1 i = v i s i n  y s i n  cp + 20s y cos A cos c p j  

These equations inchde  the e f fec t  of the  rotat ion of t he  earth. 

The longitude of the  vernal equinax ( e o )  at launch time i s  computed 

by the  program from Newcomb's formula. 
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I. TRANSM)RMATION EQUATIONS FOR SIMULATION 

The program computes sight angles (in an azimuth-elevation 
system), s lan t  range and range rate data f o r  up t o  30 radar 

s ta t ions .  !&e vehicle coordinates a re  transformed fran a system 

of geocentric a r t e s i a n  coordinates ( x y z )  , the x-axis i n  the 

direct ion of the vernal equinax and the x-y plane i n  the  equa- 

t o r i a l  plane of the earth t o  the requirea topocentric azimuth 
elevation system. 

transformatians as follows: 
This i s  accomplished by a ser ies  of coordinate 

1. A rotat ion of the coordinate system about the z-axis 
thr- an angle RAx so that x y plane is  i n  the mridian plane 

of the station. 

x '  = x cos RAs + y sin RAs 

y'  = -x sin RAs + y cos RAs 

z' = z 

The velocity transformation must take the ro ta t iona l  velocity of 
the new cmrdiaate  system into account. 

2' = y '  we + i COS mS + s i n  RAs 

where x l Y  g', z' are the rotated coordinates and RAs i s  the right 

ascensiau of the s ta t ion  and we i s  the s idereal  rate of the ear th ' s  

rotat ion.  

longitude i s  computeti by the program. 
The G.H.A. necessary t o  obtaln RAs fran the  s ta t ion  
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2. 

center of the earth t o  the  s ta t im in question 

A t rans la t ion  of the origin of the  coordinate system from the  

X" = X' - ( C  + h) COS Cp 

z "  = z '  - ( s  + h) sincp 

vhere 

s = (1 - e2) c 

2 1 1  ~ i' i" = i'; i 1 1  = i f ;  

where x", y", z" are the t rans la ted  coordinates. 

geodetic l a t i t u d e  an2 h the height above sea l e v e l  of t h e  s t a t ion  

i n  question. 

3.  
plane i n t o  the horizon plane 

Cp i s  the 

A r a t a t ion  of (90 - 9) about the y" axis t o  place the  (xl',zl') 

= x"  s i n  cp + z" cos rp I I 

Y"' = Y" 

z I I '  = - x" COS cp + z ' s i n  cp 

9"' - - 9" 

- 2 COS ;Q + i f f  s i n  cp i"' 
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Now x'll, y"', 2 " '  are the  coordinates of the  vehicle i n  a topo- 

centr ic  azimuth elevation system, with z '  t t  axis pointing t o  zenith 
and the x"' pointing south along the meridian. Range, range rate, 

azimuth and el-vation are then given by 

x l  t I . 
P P =  

z t l l  

E = tan-' = Elevation 
t 12 + y' ' f2)* 



J. A VARIABLE O m  IXERPOLATION SCHE3E 

FOR INTEGRATING SECOND OFXER DIFFERENTIAL EQUATIONS 

A subroutine called was programmed t o  integrate  second 
order d i f f e r e n t i a l  equations by means of interpolating a table of second 

order derivatives.  
pxedictor-corrector, or  predictor only, are inputs t o  the program. This 
subroutine operates in  a fixed step-size mode only. 

The s i z e  of t he  table and the option of using 

The program uses a self-s tar t ing scheme instead of the usual 

Runge-Kutta starter t o  build a table of second derivatives. This scheE 
employs the follawing technique; a first guess for  the tables is  made by 
stepping up the independent variable and ca l l ing  the derivative routine; 

naw, using t h i s  table and the predictor only formulas, calculate every 
point on the table in succession. 
derivatives, or  b) a l l  of the second derivatives, f r a n  one i t e r a t i o n  t o  
the next agree t o  15 d ig i t s ,  we consider the scheme converged and we now 
have a s t a r t i ng  table. 

twelfth-order integrator,  our starter routine c a l l s  the derivative 
routine 89 tines; the Runge-Kutta starter would r equ i r e  176 c a l l s .  
Whenever a s t ep  s i z e  other than the normal i s  required, the program can 

take t h a t  s tep  using the stored table of second derivatives, rather 

than using Runge-Kutta again as is  usually don?. 

When either a) a l l  of the first 

Nornsally this converges i n  8 i t e r a t ions .  For a 
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Derivation of Equations Used 

We assume 

over some 

The f’unction t o  be integrated is :  

that  w e  have 

fs-n’ 

n function 

- - ?  

constant increment 

- fo  t 

h of 

values 

t 

*s-1 

h 

s-n t ts-n+l %-l 

where s i s  chosen to be a t  the midpoint or  close t o  it. We choose s 
i n  such a manner that our c w f f i c i e n t s  w i l l  

The maxim n depends on the word s ize  of 

The function m y  be extrapolated 
interpolation formula: 

S 
t o  t 

be integers f o r  a large 
the computer being used. 

n. 

using an nth order Lagrange 

S-1 
n ( t  - ti) 

s - 1  i = s-n 
(1.1) 
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This r e su l t s  i n  a polynomial i n  t 

n 0 

= 1  j ,n-1 :(ti =I f ) (7- S ti)fj ; S 3 , i  L \ L  

Integrating w e  get: 

j=1 i=n-1 

O n  ,i+l 

i=n-1 

n i+l) 
s-l 

'f . + y(ts-l) J J  
j-1 i=n-1 

Consider each in te rva l  as 1 since they are equally spaced. Now 

i s  an ~lxn matrix S m D  where Sm i s  formed i n  the fol-  t = h - s .  S 

lowing m n e r ;  
of the  t i ' s  of Equation (1.1) i n  the numerators of the  varying 3 ' s ;  the  

next i s  the sum of the products of the t i ' s  taken two a t  a time; e t c .  

Thus we have a matrix of the coeff ic ients  of thc polynomials formed by 

j , i  llxn S 
The first row is all one's; the second is ( - )  t he  sum 

J-3 



t h e  numerators of (1.1) sitting column-wise. The D matrix i s  a 
diagmal ms;t&ix whose elements a= the  denominators of ('1.1) 

We now form matrices A and B where 

n+l- j n+l- j 
( s-n-l+i+ek) - (s-n-a+i) 

n+l- j 
A = a  = - i d  

and 

ASD = cyij 

Equation (1.2) becanres 

= 

and Equation (1.3) becorpes 

n - 

where e = hl/h, hl h when t -t p h. These are the  predictor  
equations 

k s s-1 

If w e  desire a corrector formula, we generate 

j = 1, n+l  

(2.1! 

We use Eqs. (2.1) and (2.2) t o  find y(ts) and $(t,) Then using Eq. 



(l.O), we find f(ts) Now we have a table of n+l  f ‘s and we can f ind 
3 

our corrected functions and f irst  derivatives by: 

j =1 

When hl # h, the corrector formulas are not valid. 

odd integration s tep  i s  required, predictor only may be used. 
rnerefore, when an 

The and B matrices are used t o  generate the i n i t i a l  table of 
In  generating 

i s  i s  
f ‘s a t  each restart by mans of an iterative nrethod. 

i j’  B i j ’  Qn,j’ Bn,j the coefficients (Y 

then integers by l i m i t i n g  n t o  conform t o  the word s i z e  of the computer 

being used. We a l s o  use a least common denominator technique t o  perform 
one, instead of n, divisions. This we see t h a t  t h e  word s ize  of the 

computer controls the order of the integrator  t o  be used. 
constants do not s i t  as integers i n  the =chine, the resul t ing round-off 
causes biased errors .  

C C J 
on a computer, we attempt t o  keep 

When our 

A study was made using t h i s  routine on an IEM 360 Model 91 computer 
t o  in tegmte  the sine and cosine f’unctions. 
was a l s o  used t o  runa a smll number of cases. 

integration intervals  from n/16 t o  n/526, predictor only and precitor- 

corrector, were used with the  fo l lming  resu l t s :  

The Uni~mc 1108 c o q u t e r  
Orders from T t o  12, and 
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n = Number of points (not  differences) 

4t Predictor-Corrector 

n = 6  

n = 7  

n = 8  

n = 10 

Sin IT - 
.a x 
.27 x io-11 
.12 x 10-l~ 
.28 x i o  -18. 

.53 x l0'l4 

075 x 10-1 O 
-40 x 10 -12 
0 1 2  x 10 -1 3 

.29 x io-14 
-54 X 

.y3 x 1O-l  

.4g x 1 0 - l ~  

.26 x io 

.49 x 1 0 ~ ~ 4  

.16 x io '1 4 

-1 4 

.I2 x 10 -1 2 

.i8 x io-a 

.30 x io-f 

.17 x i o  '1 4 

.52 x 10 '1 3 

011 x 10 -: 4 

.1g x 10 -1 4 

.31 x 10.~4 
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Predictor-Correct o r  

n 3 11 

n - 1 2  

Predictor O n l y  

n = 6  

n = 7  

n = 8  

Ilt Sin TI - 
-11 

-15 
.I2 x 10 

-84 x 10 
-14 
- 14 

.11 x 10 

.18 x i o  

-11 .34 x 10 
-13 -81 x i o  
-13 074 x 10 

.71 x i o  -13 

.42 x loo6 

.69 x loD8 

.U 10-9 

.17 x i o  -11 
- 13 .21 x 10 

0 8 4  x 
.43 x 10 
.1g x 10 

.18 x 10 

045 x 10 

-10 
-12 

- 14 
- 14 

-10 

-10 
.37 x 10 

.15 x i o  

.62 x io -13 

.31 x io 

.51 x i o  
- 14 
-14 



Predictor Only 

n = 9  

11 = 10 

n = 11 7/15 
7/32 
7/64 
n/U8 

Sin TT - 
-10 
-12 

- 14 
-14 
- 14 

0 8 2  x 10 
011 x 10 
. I4 x 10 

.s5 x 10 

0 4 6  x 10 

.16 lom7 
-10 
-13 
- 14 

*31 x 10 
.34 y 10 
J.5 x 10 

.33 10.9 

-40 x 10 -13 
-41 x 10 -13 

-22 .23 x 10 
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Predictor-Correct or - 
n = l 2  

dt sin n - 
034 x 10 -11 

-29 x i o  -15 

-15 -17 x i o  
-15 027 x 10 

From tbe above we see that, as we increase n, we can a lso  increase 
the A t  up t o  a point. 'phe optimum appears at n = ll for the IW 360 
Model 91. On the Univac 1108, the optimum was a t  n = 12. When using :;he 
predic tor -cored= method, we can maintain the s~rm5 accuracy as pre- 

dictor only, using twice the integration interval at the optinaun n. 
!&erefare, we conclude tbat us- the predictor-corrector judiciously 

(i-e., with tbn proper i n t e p t i a n  interval for the function t o  be 

intP,grsted) may prove t o  be better than predictor cnly, with a very 

slight cost i n  c q u t e r  t i m e .  

Our o p t i m u m  A t  f o r  the sine function was n/64 fo r  predictor only 
and IT/% f o r  predictor-corrector. The prece-5 data a:? t rue fo r  the 

IIM Model 91 cola-uter snd fo r  the function tested. We klieve that, 
w l t h  a compcrter having a larger word size capacity, we wcnild find a 

larger n t o  be optimal since it would be possible t o  generate integers 
i o r  the integration coefficients. 
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A change i n  the hardware of t h e  IEM 360 M e 1  91 was =de which in- 
creased precision i n  multiplication. U s i n g  t h i s  machine, we *-ien ran 

t ra jec tor ies  similar t o  those discussed in the Fehlberg paper.l Instead 
of using a rotating coordinate system, we used an i n e r t i a l  coordinate 

system and integrated in tm Encke mode, using 
variable instead of tim. 

$ as an independent 
We convwted Fehlberg's in i t ia l  conditions 

(xg = 1.2, k = 0, Yo = 0, $0 = 1.~9357509830320, /Lm = 1/02.45) t o  our 

system and they became 

2om = 0 

Yom = 0. 

(The o subscript dencrtes the Moon's initial conditions.) m 

The s ta r t ing  point of our t ra jec tor ies  was a t  apogee behind the Moon, 
on the line of centers of the Ebrth and Xoon. Our integrations t raced a 
figure eight  around the Moon and terminrrted at the second apogee. We 
ran six different  t ra jec tor ies ,  usiag 3 different  A$'S with Uth  and 12th 

order predictor-corrector schems for each. The results w e r e  as follows: 

1 "New One-Step Integration Methods of High-Order Accuracy Applied t o  
Some Problems of Celestial Mechanics", Erwin Feblberg, NASA George C .  
h b r s h a l l  Space Fl ight  Center, HUu';sville, Ala. 
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Order of 
No. of Steps Integration S t a r t i n .  APE 2nd Apogee LE 

.0078125 1258 12 1.2128562765_311 1.2128562765114 

.0078~5 12% 11 1.2128562765311 1.2l.28562764704 

900390625 2515 I 2  1.2128562765311 1 .U28=765340 

*0039@3?5 2515 11 1.2128562765311 1.21285627~5550 
.Oow53=5 5@8 12 1.21285627653~ 1.2128562765353 
001953125 5028 11 1.2128562765311 1.2128562765368 

For this particular problem, = .00390625 with the 12th order 

predictor-corrector scheme appears t o  be the optimum t ra jectory .  



Use of Routine : 

I n  order t o  u t i l i z e  t h i s  subroutine, a programmer must supply the 

following common cards: 

TtJsf 

The varia’oie names may be changed providing the notation f o r  integer  or  

M(14) 
IS 

N1 i s  t h e  order of integration. 

N2 = Nl+1 i s  used f o r  the corrector.  

N21 7 0 i s  used fo r  the  predictor only. 

N 2 1  = 1 is used f o r  the predictor-corrector. 
NEUV is the number of equations t o  be integrated.  
II%T is  the normal integrat ion in te rva l .  
T 

DFI i s  the  current integrat ion interval ,  oddball o r  normal. 

=(I) is  the i t h  function value. 
XID(1) i s  the ith first derivative.  

EXI(1) 
IFST(1) = 0 means the i t h  equation i s  second order. 

IFSTi I )  = 1 means the  ith equation i s  of f i rs t  order. 
For C O W N  AMI, the user must define N1, N21, and NE&N Ln his program. 

For C O m N  AML, the user a l s o  mu& define DELT, DTI, X I (  I>, X I D ( I ) ,  

- mu names may not be changed. 

real n u b e r s  i s  maintained. 

i s  a durmr;y block of storage used in te rna l ly  by the  routine. 

i s  the  reference point fo r  generating the integrat ion coefficients.  

is the independent variable 

i s  the ith second derivative.  

WXI(I), IFST(I) (I = 1, NEQN) a t  T = T ~ .  
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The user must a l s o  supply a subroutine called DERIV, with the  

proper C O N  included and which computes D2XI(I) as a function of XI(I), 
XID(1) and T. 
t i v e  should be stored i n  IlexI(I), and ZXI(1) should be a function of 

XI(1) and T. 

If f irst  order equations are desired, the f i rs t  deriva- 

The following ca l l s  t o  AMAINT are  use;: 
( = a l l  AMAINT (0) - i n i t i a l i z e s  the integrator  and c a l l s  DERIV. 

C a l l  AMAINT (3) - generates integration table .  DEZT may be changed 
before this c a l l  and the user must make sure that the  
proper C a l l  DERIV has been made. 

Call AMADJT (1) - takes one normal integrat ion s tep and c a l l s  DERIV. 

C a l l  AMAINT (2) - requires tk  G IEI be defined pr ior  t o  the call, takes 
an integration s tep  of s i z e  IEI, and c a l l s  t he  
derivative routine . 
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K O  D M  COMPUTATION - 

The drag acceleration is computed, assuming a spherically symmetric 

atmosphere rotat ing w i t h  the earth. Thus: 

where 

'eff Z R - W X R  

w i s  the sideral rotat ion rate vector of the Earth. 



L. COMF'UTATION OF SUBSATELLITE POINT 

The geodetic coordinates of the subsa te l l i t e  point are computed 
by the folluwing method: 

The geoce-tric la t i tude  (declination) i s  obtained f r c m  

z s i n  cp' = - r (L.1) 

This la t i tude  i s  then corrected +. -  geodetic la t i tude  by t h e  f o r m u l a  

9'9 I + a2 s i n  291 + a4 s in  4cpl + a6 s i u  6q* :- a8 sin &p' ( L  02) 

where 

a*=-- ' 164.' + 48e6 + 3581 
1024, 

~ 5 e 8  e8 + 2 {4e4 + 2e6 + ea} + --3 - - 
16 * 16 r 2% r 
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A A A 

e = the  eccent r ic i ty  of t he  earth 

r - t he  distance from e a r t h ' s  center 

See Reference 5 .  

The geodetic height i s  then given by 

h = r cos ( c p  - c p ' )  - Jsz&- 
The longitude i s  obtained by subtracting the  s iderea l  t i m e  of Greenwich 
from the r ight  ascension given by 

t a n  RA = Y 
X 

(L.4) 

(L.5) 
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M* CHANGE OF INDEPENDENT VARYLBLF: - BETA mDE 

According t o  the standard Encke method, w e  introduce a d i f f e ren t i a l  

equation 

D .. 
P = - P  

Id" 

In the construction of the closed-form solution f o r  (Y.11, a parameter 
f3 arises. It i s  related t o  t by Kepler's equation, 

where 
several  power series 

f is  a transcendental function of B and i s  obtained by summing 

If t i s  taken as the  icdependent variable, Equation (Y.2) has t o  

be solved fo r  f3 by an i t e r a t i v e  method, requiring numerous time- 
consuming evaluations of the function f fo r  each integration step.  

Using f3 as the independent variable, however, only requires a single 
evaluation 

It remains, of course, t o  see w h a t  becomes of equation (Y.l) and 

(Y.1 )  

M- 1 



If @ i s  the independent variable. We have, from Kepler's equation, 

that 

a t  any point along the solution of (Y.1 )  Thus 

a t  any point along the solution of (Y.1) and the  i n i t i a l  conditions 
beconre 

kI.oI 

f i  
p(Bo) = xo and ~ ' ( $ 0 )  = 

when 

PO 

Now the  solution f o r  ( Y . l ) ,  p 

any B .  As auxi l ia ry  quantit  

$(to) = o  

and p ' ,  can be wri t ten i n  closed form f o r  

P I  and es i n  t h i s  solution, we have 

1 

D = e . They are computed as functions of p before p 
I P I  

and p '  are 

knuwn; that is ,  with accuracy at  least as good as that of p and p '  

N o t  only are they nee&ed and easy t o  compkte, but they also have t h e  
interest ing property that 

d t  - =  
f i  

and 
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Thus Equaticn (Y.l) i s  solved more economically i n  terms of p than i n  

terms of t .  

Mfferent ia t ing w i t h  respect t o  
* .  

Now we tu rn  t o  Equation ( Y . 3 ) .  To treat it, we want t o  express 

f '  ' i n  terms of t .  From (Y.5) w e  have t h a t  

l P l  5 -  
J i  

g, 

( Y .6) 

Thus (U.7)  i s  the equation t o  be integrated numerically, instead of 

( Y .3) . 
accuracy than the  factors  involving 5 ,  since they depend only on the 

two-body solution. 

mie coefficients and l-q can be calculated with much more 
P 

For analysis of e r ro r  propagation, we write (Y.7) as 



The mechanics of t k  procedure, theil, are easy Lo erumerate. 
i n i t i a l  c o n d i t i a s  are xo and 

The 
Let 

p ( t o >  = xo 

p ' ( t 0 )  = 
~ o l x o l  

f i  

Using these i n i t i a l  conditions, evaluate t, , p,  p '  for eacL 

value of f3 t o  be considered. 

kt 50 = 56 =i 0. Using these i n i t i a l  condition%, integrat2 Equation 
'. . !Ao7) t o  get  I ( B )  and { ' ( S ) .  
right-hand side of Equation (Y.7) are functions of x and possibly X I .  

These are obt.ained by 

!hte that the  f i r p t  two terms on the  

If a t  any point x i s  required, it, can be found from 

Depending on the r ec i t i f i ca t ion  control logic,  there w i l l  be places 
where the solution t o  Equation (Y.l) must be s ta r ted  over. 

point, the  values t, x, 
and 5' are  reset t o  zero. 

At t h i s  

becomt the new to ,  XO, and 20, while 8,  f ,  



. J.  isan an of Modes 

a) It i s  inmediately apparent that elirninating the  necessitd- of 

i t e r a t ive ly  solving Equati m ( Y  2) w i l l  aubstantit.ily increase t n e  
speed cf c o q u t s t  ion. 

b) An importan', advantage arises f'urther from eliminaticg the some- 
t i e s  ponderous logic which sup2lies ini t ia l  guesses f o r  the 

itel---t.i- process and guarantees convergence cf the solution. 

c )  A thi rd advantage of the 8-me+,hcd is not quite  so  apparent, but no 
less importact. It is  w e l l  known that the s i ze  of the integration 
tlme step can be increased as the  distance from the center of 

a t t r ac t ion  iacreases. 

,-eq=ires a cmbersome restart procedure. 

QuatIon (Y.5)  shm-s that equal in te rva ls  of fil correspond t o  

t ir: -rvaln of increasing lengths as the distance incre-ses. 

The ti= Zntervsl t h u s  autcuat ical ly  expands and contracts correctly 
w i t h o u t  outsidc inte,rvention . 

Tds change of the integration in t e rva l  

An exadnat ion of 

d) Geometric s t q - h g  and print- zonditions can - a l l y  be conveniently 

expressed in  terms of B, whereas they cften require iterative deter- 

minaticn: of tne +,ime.  This adkrcintage, however, i s  s l igh t .  

e) If state vectors are r e q u 2 ~ 6  a t  fixed times, an i t e r a t i o n  is neces- 
sary t o  f in2  the corresponding value of fil. 
method is  no better, m d  r 3  worse, than ihe standard methods. 

such vectors are reqKired a t  freqnent, c1osel.y spaced, time points 
(as i n  orbi t  determination, f o r  instance), the advantage 03 the 

@-method 13 marginal. 

In t h i s  case the B- 
If 



N. SHADOW LOGIC 

A coordinate system i s  s e t  up i n  the plane defined by the  centers 

Bath of t h e  light-emitting source, the shadowing body, and the probe. 
bodies are assumed t o  be spherical, and hence a l l  tes t ing  can be carr ied 

out in this plane. The diagram i n  Figure 3 shows this plane. 

The coordinates are defined by unit vectors i and J: 

J - J  = 1 

where 

d = R  m i  -vc - 
Vehicle coordirYites in this system are given by: 

x = R  - i = d  v -vc - 

= R J 3 [-a2 + rvc yv -vc 

zY - K - 0 

(n.3) 

(10.4) 

(a.5) 



1. Shadow Parameters 

a) The t i L s  of the umbra and penumbra cones are: 

ct r 

2 - - 1  r 
C 

d =  
P r 

- + 1  r 
4 
C 

b) The slopes of the  bounding l i nes  are: 

r 
s i n  cyu = cos 8 = - u d  

C 

U 

-cos 0 = sin eu = [i - 
U 

sin (y 

cos (y 

U 

U 
t an  (yu = 

U tan 8, = 
COS 0 

II 

c )  Refraction Correction: 

@ ' = a  - 8  ) 

U U 

t 

(UMBRA) 

e ' - e  - e  
U U 

s in  CY' = s i n  ~y cos - cos (y s in  e 
U U U 

t an  cy' = - 1 + ,Lly=.E 
U 

t an  e - t an  e 

1 + t an  e, tsn 8 

U t a n e '  = 

N-2  





r 

u s i n  a,: 
d' = C 

d) Refraction Correction: (PENUMBRA) 

sin a,; = jsin a, cos 8 - cos (Y sin e l  
P P 

tan a, - tas 6 

tan a' = 1 + t& a, tan e 
P P 

The equations of the bounding lines are given belaw. 

2. The Testing Procedure 

e Line 
P 

I 'vi 
Sunlight 

- x v <  0 tan 6 '  
P 

Go to next test 
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= (X  - d')  tm cy' > 0 Sunlight I yvl V P  P 

I yvI Y P  P 
- ( x  = 6') t a n  a' 9 ; Sunlight penumbra boundary 

Q 2 =  

< 0 Go t o  next test 

If Et = 0, exit here. 

2 0 Penumbra 

0 Go t o  next t e s t  

> 0 Penumbra 

= 0 Shadow penumbra boundary 

< 0 Shadow 

- (xv - d') t an  "\I &4 * lYv1 U 

&2 and Q are stored and saved. The crossing times are fbund by 4 
linearly interpolating for 0-values of 62 and Q respectively, t o  
guararitze that crossing from one region in to  another always occurs 

across these boundaries 

4 



0. SOLAR RADIATION P-SESSURE 

The r a d i a t i m  pressure subroutine computes the force of solar 

radiation on the  slmcecraft if an appropriate pressure cocfficient 
is  used. Tne calculation relies on the  shadow routine t o  set a 

t r igger  t o  multiply the  pressure coefficient by 1.0, 0.5, or  0.0 for 
f u l l  sunlight, penumbra or umbra respectively. Therefore, the shadow 

subroutine must be used i n  conjunction w i t h  the  radiat ion pressure 
routine f o r  most cases. 
i n  sun:.ight See Section VIII-2 t o  avoid elaborate shadow testing. 

If the  spacecraft i s  knm t o  be continually 

- - cRAs,s 
vs m r3 pRP 

(See Section VIII-A-2 for def ini t ion of symbols .) 

This radiat ion pressure subroutine has been found t o  be inexact 
for  setellites of larg= area t o  mass r a t i o  since it only controls the 

pressure t o  the  nearest integration s tep.  For such spacecraft (e.g. 

balloons) several  degrees e r r o r  in t r u e  anomaly m y  r e su l t  after 100 
days unless the integrat ion i s  carried exactly t o  the boundaries. A 

modification t o  achieve th i s  increased precision i s  available and w i l l  

be included i n  future  versions of the  progran;. 
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P. ECLIPTIC COORDINATES 

The e c l i p t i c  coordinates are an appraximate “et obtained by a 

simple ra ta t ion  of the  equatorial coordir-’2s about the x-axis through 
a fixed angle i = 23O26’35’; which !.s app a c i m t e l y  the  t r u e  obliquity 

f o r  Jan 0.0, 1970. More exact coordinates m y  be obtained by changing 

SNE (un i t  normal t o  the  ec l ip t i c )  as Cesired. 

P-l 



Q. MOON ROTATING AND FIXED COORDINATE SYSTEM 

Geocentric coordinates of the vehicle based on t h e  earth-moon plane 

are generated from the  geocentric equatorial  radius vector t o  the vehicle, 
by the geocentric unit vector in t he  direct ion of t h e  moon h, and the 

vector i n  the  direct ton of the moon's velocity, h. 

Coordinates in the rotat ing system, XROT etc . ,  are found bj using 
the current values of these vectors a t  each t i m e  s t ep  i n  the re la t ions  

A 

XROT = 

n 

ZROY - % 

where 
A 

L 

For the  fixed axis system X I N J ,  etc. ,  the initial vectors ( t o >  

and 
value of 

(to) a t  the  time of inject ion a r e  used with the  current 

%E* 



R. TRAJECTORY SEARCH 

The program provides a search routine t o  obtain selected t r a j ec -  

t o r i e s .  

input quantjitizs ( independent variables) t o  search fo r  desired dependent 

variables. 

However, a t  t h i s  ,Titi%, the user i s  r e s t r i c t ed  t o  two dependent variable. 
Modificatioas t o  incorporate the remaining five are available and w i l l  

be included in  fc tura  versions of the program. 

present a re  B T and B R. 

The search is based on l i nea r  theory and varies the polar load 

A m a r t w m  09 any six dependent variables may be selected.  

The quant i t ies  a t  
A A 

A A 

The cosponents of the impact parctmcter vector (B TJJ@’ B RIMp’ 
are referred t o  the e c l i p t i c  plane f o r  TP-planet t r a j ec to r t e s  and the  

Moon’s o r b i t a l  plane for lunar t r a j ec to r i e s .  The number of Independent 
variables must equal the  number of dependent variables f o r  thZa routine 

t o  func t im .  

This version cf the  search routine i s  time consuming i f  the i n i t i a l  
conditions are poorly apprarximted. 
things should be dme. 

Before using this routine, t w G  
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1. 

2. 

A first  guess of the init ial  conditions of the nominal t ra jec tory  
should be obtained from a patched conic or  a similar search 

program. 

The number of variables should be kept t o  a r n i n i m .  
t o  aut-te the i t e r a t i o n  scheme t o  go f’rom two-body, t o  patched 

conic, t o  f u l l  t ra jectory,  and t o  increase the number of variables 
t o  be adjusted, i n  optimal fashion. 
however, it i s  Extremely useful.  

It is ‘lamed 

&en in i t s  present form, 

The i t e r a t o r  uses a modified version of the  MSN-MCUC Principle 

( Reference 6) . 

i s  the matrix of partials 

i s  the vector of changes i n  the  independent variables 

i s  a diagonal rnatrix of weig;,:s 

i s  a vector of residuals 

id 
A 

Axi 

h. 
Yi 

me system t o  be solved is 
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Procedure 

The system 

i s  solved. 

amount, se.S 

If the value of AXi i s  greater  than SIZER, some a rb i t r a ry  

and solve the systcm agaiu. 

than or equal t o  S m .  Naw, run a new nominal + u.j;.CtOi*y wi th  t h e  new 

independent variable 

Repeat these operations ulztil Axi i s  less 

x = Xi + Axi i 

a) If the  new residuals y are greater than the previous ones, set i 

B = Bij + hii 
ij 

Solve t h e  system again and continue solving until tne  dew residuals 
are less than the old. Now the system i s  re  dy f o r  a new i t e r a t ion .  

b) If the nev residuals y are icss than the old, set i 

Solve t ' ie s3;tern again and contfme solvix? u n t i l  the new residuPls 

are  greater  or equal t o  the d f S  

The i t e r a t ion  continues u n t i l  e i t ne r  t h e  maximu niimber of iteratic AS 

(i~ipii) i s  exceeded or  the residuals Ere less than or eqt:al t o  an i n p  5 

tolerance 
R- 3 



S. EQUATIONS FOR FLIGHT PAT€? Aw3appH AND F'LIGRI! PATH A14i;LE 

A subroutine canputes the f l i ght  path azimuth and f l i g h t  path angle 
with the follawiw eqmttcms: 

1. Fli@ p t h  angle 

f? 5s the vertical un i t  vector. In the geodetic system 2 i s  given by 

fi = [cos v COS ( e  - eo), COS CP sin ( e  - eo, S ~ L  CP] 

In the geocentric system cp is replaced by cp'. 
latter system 

Alternatively, in the 

2 .  Flight path azimuth 

1 
A - cos-' [ cos y - cos cp {e - s i n  y s i n  cp}] 

Both formulas are used t o  determine the proper quadrant of A. 
obtain the gewentric output, e2 = 0, cp i s  replaced by declination 

To 

6 - IP'. 
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me o s c m t i n g  e l r E n t s  are obtained from the following equations: 

e cos E } 
(1 - $) e cosh E 

d 
e sinh 
e sin = - 

E - e s i n E  
M = {  e sinh E - E 

M t = t - -  P n 

The angles Q, w y  i are obtaised from the  vectors H and Fy where 

H = R x R  

( T  -6) 

In  terms of these vectors. 

( T o g )  
Z 

H 

h cos i I- - in the  f irst  or  fourth quadrant 
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H X 
h sin i sin il = 

(T.10) 

-E 
Y 

h sin i cos n = 

COS = P COS n + P sin Q 
2 Y 

Z 
P 

s in  w =i - s in  i 
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U. IMPACT P- 

The "impact prameters" are coordinates i n  the "impact It plane. 

This plane passes through the body (planet or the  moon) and is normel t o  
the incoming as-ynptute. 
given by equations (U .1 ,  U.2) i n  terms of unit vectors P (AFpendix T) 
and 

me direct ion cosines of the a s y q t o t e  are 

A 

4 = g x P  

In  the plane defined by S as i ts  normal, two unit vectors (21 and IMP 
are defined. ?!, is parallel t o  the  e c l i p t i c  plane for T-planet 

impacts, and t o  the  mom's o r b i t a l  plane f o r  moon impacts. Expl ic i t ly  

where i is the unit normal t o  the e c l i p t i c  plane, or the  mom's 
& is n o m 1  t o  both 6 and o r b i t a l  plane. 

fran the body t o  the vehicle as it crosses the  impact plane. 
computed a re  the dot products 

i s  the vector IMP. %re 
The data 

and 



v. MOON'S ORBITAL PLAm INPUT AND o m  

X 
k 

k 

f i  X 3, 

Y jY Y 

S Js 

c =  i 

S 
k i 

L - 

A polar coordinate system is  available f o r  input and output which 

uses as i ts  reference plane the moan's o r b i t a l  plane and the vector 
frun the  moon t o  ear th  as unit -rector. Polar coordinates in this 

system are defined analogous t o  geocentric polar coordinates. 
Cartesian coordinates in  t h i s  system are computed by equations ( H . 3 )  
with 

The 

B c = s = r  
and 

eo = o 

Here r is  the radius of the body of departure (earth or moon). B 

These coordinates are then transformed t o  equator ia l  coordinates 
by a matrix C computed as follows: 

.- 
-EM 

The transformation matrix C i s  then given by 

v-1 



and 

The matrix C is unitary, and C - l  = e, p e d t t i n g  easy inversion of 
equations (v.2) . 
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W. EB.URCIONS FOR TRANSLUNAR PLANE INPUT 

The translunar piane input i s  designed t o  permit easy v isua l i i s t ion  

of the  geometric relationships between i n i t i a l  conditions for  circum- 

lunar t r a j ec to r i e s  and the  motion of the moon. 

The i n i t i a l  conditions are given in a coordinate system referred t o  
the translunar plane. This system has i t s  x axis along the  ascending 

node of the vehicle w i t h  respect t o  the moon's o r b i t a l  plane, i t s  y axis 
in the translunar plane a t  r igh t  angles t o  the ascending node, i n  t h e  

direction of motion. In  this coordinate system, i n i t i a l  position and 

velocity vectors are given by 

xm = (rB + h)cos Y 

= (rB + h)s in  Y YTL 

z = o  TL 

Here rg i s  the  rad ius  of t h e  body of departure (earth o r  moon). 

z =  TL 

The translunar plane 
with respect t o  the  moon's 

v s i n  ( y  - Y) 

v cos ( y  - Y) 

0 

is  positioned 
o r b i t a l  plane 

the angle between the  moon's position a t  

by giving i t s  incl inat ion im 

and the lunar lead angle 0, 

inject ion and t h e  descending 
node. The vectors and may then be transformed i n t o  the  equatorial  
system by the  following series of roCations: 

w - 1  



1. 

i n t o  t h e  moon's o r b i t a l  plane 
A rotat ion - im about t h e  x,,,, axis w i l l  ro ta te  t h e  translunar plane 

-s in  ( x ~  + cp) -cos ( A M  + cp)cos i TL cos (hM + cp)sin im 

2. A rotat ion of n - (XM + cp) about the new z-axis w i l i  refer the  moon's 

o rb i t a l  plane coordinate syste.2 t o  the ascending node of t h e  moon's o rb i t a l  

plane (wi th  respect t o  the equator) as x-axis. 

H e r e  h stands f o r  the argument of la t i tude  of the moon. These M 
rotat ions are performd by multiplying I$,L and & by the matrix: 

(w.3) A =  

-cos ( A M  + (9) I -s in  ( A ~  + cp) s i n  iTL 

0 s i n  im m cos i 

3 .  
angle - iM (the  incl inat ion of the WP) 

The moon's o rb i t a l  plane (MOP) i s  rotated about i t s  node through an 

4. 
equinox by a rotat ion - s. 

The ascending node is  brought i n t o  coincidence with the vernal 
These two rotat ions are embodied i n  the 

matrix 

B =  

M cos % -s in  llM cos i 

M s i n  ri, cos (& cos i 

0 s i n  iM 

and thus : 

R =  

s i n  % s i n  iK 

M -cos % s i n  i 

cos i M 

(BA) 

(w.4) 

w-2 


