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3. Flow Chart for the Step-size Control

E. O.S. Je=m | Continve E.O. 5.
I=m
HDFG = 0 HDFG =0 A HD = § Sat HDFG
HOFG HD to zero
HD £ O
F
Calcutate b, ./ Check h, = h, ] Continye
and save g h, 1 EO.8.
hc :%: hl
he < by heck fo e > by Augment HBANK] by n where
HE = 0
h, == 2h Compute n where
i 2= h/2h
h
Reset HBANK! and Reset HEANK] and
ND to zere NDion
Save n where
= 2h/h,
When halving is Augment HBANKZ by n,
executed, h, = 2h where 2* = h,/h,
4 3
Set HDFG = 0 Call ABTB «
A
» Record new h; == h,
y
» Continye E, O, §,
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Vi. DESCRIPTION OF THE OUTPUT FOR THE SPACE
TRAJECTORIES PROGRAM WITH INTERPRETATION
OF THE MNEMONIC CODES

A. Output Philosophy

The output of the Space Trajectories Program displays for each trajectory the
fundamental astronomical constants used in the calenlation, the injection con-
ditions which serve as a starting point for the trajectory, and desired output
groups which are requested principally as a function of time. The selection of the
groups and the print times is phase-dependent as described in Section IVE-2.
The start of the phase in which powered Bight is used is heralded by the
powered-flight header,

To facilitate identification of the output quantities, a lettered mnemonic code
precedes the floating-point representation of the quantity printed; each ouiput
group consists of an array of pairs and falls into one of the classifications: geo-
centric, geocentric conic, heliocentrie, heliocentric conic, spacecraft and powered
flight, target, and target conic. Each output group is further identified by a header
which gives the reference body for the group and the class of output, and which
further identifies the group in addition to the mnemonic codes.

As a further class of output, each tracking station has for identification a unique
name which appears in its output group; all station output is of the same format
except for the station name which therefore functions as an identifying header.

A sample output of the Space Trajectories Program is given in Exhibit A,
followed by explanations of related output groups and interpretation of the
mnemonic codes.

JPL TECHNICAL. REPORT NO. 32.223
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Exhibit A, Somple of space Hrojectories output
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0%

AN e e A R R S e e
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, LUNAR TRAJECTORY FOR DISPLAY OF QUIPUY e
GME .39860320 06 J._ .16234500-02 H ~.57499999~0% B .78749999-05  RE 63781650
G .66705996-19 K U8B745998 29 8 . 58763998 29 ¢ BBEN0TIE 2T s =
L BFE 143007585 04 | GMS. »13271544 12 GMV  .32476950 06  GMA  .42977799 0%  GMB .00000000 €0 GMJ .12671G60 Of
INJECTICN CONDITIONS MOON JULIAN DATE 2437605.46008102 NOV.

26 REM
a0 GMJ
I 1961

GEDCENTRIC RAD L66111676 04 LAT-.1%3126895% 02 LON 35185650 03 VR 10531770 02 PTR ,.53912348 0} AZR .12183937 03
EARTHYETXED GML 10000000 02 S6C -23900000 2 10 LO26510G0 05 GHA 26615889 b2 GRU 40040594 67
"""" O DAYS A HRS T T E RINY 0L o0 SEC T T T T AT AN BATE 4T 608 A GOGB 0 T T T T T T T TUROV T T8 T2y G2 AL 00n
GEG G ENTRIC T T T T e EQUATORTAL LOURDINAYEY
X L61020315 04 Y LZ20384378 D4 7 UT5773455 04 BX ~.3Z2657006 01 DY T.8T5504G1 01 DI ~.BETU%660 5Y
,,,,,,, R__.66111673 04  DEC ~,13312894 02  RA_ 18472312 02 v _.10931419 02  PTH .51935801 Oy = Al .12053672 03
R .66F116TL O LAT Yidizdg4 02 LON T LASTE9650 G TP R 1Y A F PYE TIETGI29HE THY ATE TLYZ21B393T 03
eo..X8 -.11487518 09 1 ¥S -.86241661 08 I§ ~.37395627 08 DXS§ .19345540 02  OYS 7.21662717 02  DIS ~.9131948}1 0%
XM ~,33705844 08 YM O L20458179 06 IN 30244289 05 GX¥ -,83378919 0D fyM ~.T6933039 o GEM " =VFLE5RTT & O
XT ~,33705844 06 Yt L 20458171% G6& ZT  .9024428% 05 DXY? -.53328919 00 oYY -.76%33039 08 D1t —.24058118 00
RS  .14843302 09 ¥S  L.30021333 02 A 40448255 46 VM .96651224 DO BT .4044825%5 06 Vi .G6651224 00
.-.BED -.13400356 02 ALY .23410565 03  LOS  .19028130 063 | RAS 423689711 03  RAM .14874382 03 LOM  .12212801 03
DUT  .34000000 Q2 £T .15000800 02 PR . 48953285 GO SHA L.36332697 04 DEY ~.14592105 02 PEw T VI2E%191 07
GEOCENTRIC T TTTTrrmrmmmmmmmmmmmmmmmmmmmmmmmmmmmm e fuNis™ T ORBTFAL B.F and 88 7 EGUATORTAL "COORDINATES ™
EPDCH OF PERICENTER PASSAGE JULIAN DATE 2437605.45880927 NEBV., 1,19481 23 (0 41.122
LLBMA_ .360606209 66 ELL  ,9820891Q 00 ING  .3305388% 02 LAN L 17714929 03 APF 219449016 03 ~ RCA . 63565008 Ca
vh . .99195071-01 €3 ~.10888951 01 €1 LTi%127%4C C5 SLR L12995569 05 APD LT2586767 Q6 YEP T L105878Z246 03
e dA 210482147 02 EA .99919346 00 | MA 21794620601 ~ DAC -.78438361 01 RAD .$3712649 Gl ~ MYA .1B8C00000 03
WX . 27126051~01 Y .54475266 GO wl 83815793 00 PX TTISTT4325Y 6D PY  L16i30761 00 FE - 13847355 00
gX -.209545%51 00 gY L B2293841 00 ol -,5280178¢ 40 RX w,188%1423 08 RY 37401758 00 81 -.50806012 GO
$X0 L971742251 GO SYD .L161307161 OO $20 —. 13641353 ¢e TX L954335)17-01 TY -.91328567 00 YI ~.35568201 00
mmmmm BX__.20954558 00 _BY ~.82293645 €0 82 52807791 00 _  MX -,38387022 00 MY . 77985642 Q0 =~ MI -.4%443643 00
B.t L38794487 05 B.R —,57027818 45 8 L6B9T2345 05 PER T 367135872 0% EMD T L69215423-07 NGOG — 4617904307
T ETRAYS 1Y RRSY 49 MINL  5.827 SEC, T JULTAN DAVE 243 Ta0W. 3024 T ie T NGV 46,1961 77 14781 38,08
GEOCERTRIL EQUATDRTALCOORDINATES
”””””” X UEGR63E4R 86 T Y L, 29945887 04 2 L2683 O T bW <L19416d60 0 Y T UEGIAVITAT UG T BE T UETIVIRIY G0
...... R 39917157 06  DEC  .29607674 Ol RA  ,18043060 03  V .2167¥7931 Gl PIH .68384241 02 = AZ .30947390 03
R .3991771%5 06 LAT  .29607674 Ol LON . 24384899 02 VE L2975BT704 02 PTF  .3§832467% 01 ALE TLIT09TSTE 03
X5 - 11016135 59 ¥ -,9113245% 08 18 —.395161LT 08 OXS  L20435530 02 DYS -,26210708 G2 IS ~.8762722% 01
XM —. 45001579 06 YM -, 20879216 04 IN L21158252 05 OXM 1950643801 BYM ~.92545351 GO DIM —.37€19457 60
e XY 240001535 88 ) ¥1 -»20815216 G4 . . LY _-21135%2%2 65 BXT __.195G6438-G1  OYE -.92545351 OO BIF ~,32619497 00
RS .1483313%1 0% VS 30041717 02 RM . 400580321 06 vM L9B1451%1 00 RY TTLHOGBE0ITI D VU984 T91 00
L.BED .2980%082 Q1 ALY .39279%4) 06 103  ,28301831 03  RAS .21959972 03 | RAM 180299035 83 10K 24371764 Q3
DUF . 34000000 02 BT  .599%9999 (2 DR L2¢153453 01 SHA -, 27174378 Cé CES - 15450419 62 DEM TLIHITTIRGY OV
N e = . e B — [ .
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A ke e e e e e SR TRAIEC Y ORIE S e e e e 2
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, LUNAR TRAJECTORY FOR DESBLAY OF CUTPUY e e
GEOCENTRIG CONEE ORBITAL B.7 AND B.R EQUATORTAL COORDINAYES
EROCH OF PERICENIER PASSAGE s SULTAN DATE 2437606.26008734 NOV. 2,896) 168 14 31.330
SMA «, 14756990 06  ELC  .16517328 O% INC  L14043133 03 LAN ,.18401488 03 APF TV 242013T3 0% T RER T L9EIII0AZ TGY
LoLJWH 164384310 01 €3 .27022131 01 €1 .31B77235 06  SLR 25492974 06 APD  .00000000 00 TFP 16782230 06
T4 L10283726 03 EA T LB2934364 02 WA VI671%41756 93 gAe Jiatanibd 02 RAD T TI1B064909 T8Y T AYA T L 1TTISRRT TG
WX -, 44644530-01 WY L63543611 6O w7 «,TTCEB6LTE 00 PX_ .19209%91 00 PY ~,I5177096 00 PI - 63082445 0C
QX -.98036G15 00 GY w.11624ee5 UG Qf ~.88502251-901 RX —.L4b80064 OO RY 48424170 00 Ri ~.87066664 GG
A0 -.BI65T0T3 €0 SO L314B6914 L0 S20  .31147761 0C TX 2431821413 0O Ty __»823337580 00 JI _ _.3613317%F OO0
BYX -.44064475 OO0 Y -~.T050378% GG 87 ~.55565624 00 MmX L 2T03RT22-01 MY TUTT21LT00 00 MY 7L 63490493 700
B w2 BBRGLIR26I 06 BaR 45034496 05 8 _.19391920 86  PER  .0000008G 00 GMD .55164090-04 NOB . 43146510-04
HELIOCENERTIL ECLIPTIC CODRDINATES
........ K_ 10976234 09 ¥ _.99336496 08 I .199B60QC 05 OX -.22426936 02 Dy .22823516 02 @ OF .3203546320 40
R .14B03916 09 LAY . T1352060-02 LDON  .42145452 &2 VO .31599456 (2 PYH -.23%17084 01 KT TTLUEGAIRTYATD2
,,,,, XE__+2303613% 09 YE_ 99331043 08 1 ~.12200000 03 . DXE ~.2043553Q 02 DYE  .22028572 02  DIE ~.83124636-0%
XY L10976133 09 YT  .99337542 OB IT .201175C0 65 DXY -.20416024 02 OYY  L71069736 02 BZf  .6BCA4SLIO-CL
LIE = . 67124811~04  LOE 42040567 .03  LIT 7786117602 10T 42146111 02 RST 14803884 09 Y51 29324223 012
EPS L 13699183 03 £S5 L10837696 0O SEP  .429029%& 02  EPM  .14373027 03 EMP 36122655 02  MEP .14704288& 00

1214

---BPS. . LT9277553.02 . MSP L 9B91A702-02 SMP. . 1067Z178 03 SEM  .43050066 02  £FS 13685409 03  ESM  .1060710¢ 00

EPT  .14373027 063 ETF  .36122655 02 TEP 14704286 6C  IPS .¢9277553 G2 TSP  .98911702-02 ~STP L.10072178 03
So-SET L L42030056 02 SFE L RIGBAARE 03 L BT L EGABTLO0 OO e e
SPACECRAFT ATTIIULE AN POWERED FL{GHY SELENOCENTRIC £QUATORTAL COORGINAYES
s BX 23309904 00 LY LA91B9188 0G| CZ . .83887245 CC CR =:33032792 00 CPH 77472363700 _ CTH__.53915358 00
CW  .35443289 00 €V 39685103700  CGM -. 84865147 €O CPE LT8863795 G277 LPY T TI1344000970% T CPFMTIYGTIIEIA LR
o CRG L 21R26177C 03 LRV LTOINARNG G2 L.l PHI  +21371750 03  PSI  .32737112 02  THA .32737112 02
F 7 L00000000 00 ¥TTL00000060 6 ACT T L0DDCCODD 68 INA .0000000C 00 1AS  .0G60D000 00
SELENGCERTRIC EGUATORTAL COURDTNATES
““““““ XUTIE2ETAT 47T VG086 T0Y CY T SU55686891 63 DX L2054 TOY T BY T L1B269762 01T BTV 93TBHIV 66
R .17380900 Q4. DEC -.17992012 02 RA __.326736817 03 V_ .26929934 01  PTH ~.85574023 02 AL  L56891172 02

"""""" RTUITIBCE9T 04 T UAT SU43402778 01 LON TTL3T1244%9 03 VR T LP6928%89 0T TPTR VUASEL9EAT U2 TRIRT T T664 85 62

LTS 15159357 0] LhS  .22060488 03  LTE —, 38063675 0} LNE  .35745196 £3
ALY .§998:1078-01 SHA  .170774&66 04 ALY L I0321495 02 DR ~.26B49626 01 OF .68507319~02 RO L EY4TESET 07
L HGE L Z230G81T 03 SVL ~. 18324544 00 HNG L T9Z217436 02  SEA AR AR08 B2 e e
BB ENO T R e ———— e m m 1 o CONEC  _  ___CRBIYAL B.¥ AND 8,R ~ EQUATORIAL COORDINATES
EPOCH OF PERICENTER PASSAGE JULIAN DATE 243T4608.207115949 NOV, 4,1961 14 59 10.421
SMA -.30383508 04 ELC  .1604371& Q1 INC 37186323 02 LAN  .3520835%9 03 APE  .13790257 03  RLCA ,13282400 02
LW .12700263 61 03 .16125668 G) €1 36120943 03 SLR ,26622866 02  APL  .00000000 00 _ TFP -.45639272 03
TA -, 146863648 02 EA ~,583561561 02 MA -, 10930402 02 0A]  L21200638) 02 RAT T LI4I33%772707 T TMYA T LTT4AES230 03
e MR 83244615201 WY -,5986496%5 06 W& .1966%421 0C PX -.66137613 00 PY _«63119017 0G| BI 240519207 GO
ax ~. 74542095 00 QY —. 49317148 60 QI ~.44B47548 00 RX ~.Y3273064 00 RY LiSTT4I5% 4D 2 W IH0TEANTIT OY
SX0  .58902467 00 SYL -.67440637 OO SI0 ~.44572611 00 DAQ ~.26437806 02 RAG  .31113388 03 16  .65944282 02
SX] —.72797026 00 SY] .5B8241%59 GO 521 L36E63081 GG tX  .61263801 G0 Y .70BB82728 40 T¢ 21223561 44
..... 8x_ (68053634 00 BY  .54985:27 00 Bl .4B42B696 00 MX  .T9667437 00 MY ~,73559021-11 @ MI .B83244170-01
B.T L270G28028 03 B.R -.58531979 02 B L.2B4410%2 03 PER  L16435%01 b2 0 777 TTTTTToTToTTmTEmmmmmamammmmmmmmmmmn
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CASE (N) SPACE TRAJECTORIES (Page X)
{1dentification as input to cells 100--109)
GME Bg, [ H H D D BE a4 REM ag
G G A A B B cC C OME o AU 4,
GMM 4, GMS CMV g, GMA 4, CMB s CM] gy
sg Sravitational coefficient for the Earth in 8, Earth radius to convert lunar ephemeris e gravitational coeflicient for the Moon in
km3/sec? to km km?/sect
I coeflicient of the second harmonic in ¢ universal gravitational constant for - ro gravitational coefficient for the Sun in

Earth’s oblateness

FEarth’s oblateness

H cocflicient of the third harmonic in A}

P coefficient of the fourth harmonic in

Earth's oblateness

a Earth radius to be used in the Earth’s A

nar oblateness, km’/sec®-kg

moments of inertia for the Moon to be
used in the lunar oblate potential; units
are kg-km?

rotation rate of the Earth in deg/scc

Astronomical Unit to convert planetary

Fe

B

2

km?/sec®

gravitationa! coefficient for Venus in
km? /sec?

gravitational coefficient for Mars in
km?/sec?

gravitational coefficient for Baryeenter
in km®/sec’

gravitational coefficient for Jupiter in

o] oy
oblate potential, km ephemerides to km km? /see?

INJECTION CONDITIONS (EQUINOX) (TARGET) {(JULIAN DATE) {CALENDAR DATE)
(Central Body) X0 X, YO Y. 0 7, DXo X, DYO Y, DI0  Z,
{Type) GMC 5, 5GC o, TO ¢, CHA  7(T.) GHO (T (Ref. plane’™®

X,

Y. 5 vernal equinox Cartesian position, km

Z,

Xo

Y. > vernal equinox Cartesian velocity, km/see

Z,

ye elevation angle of reference vector for powered flight, deg

a. azimuth angle of reference vector, deg

t, seconds past midnight of injection time, sec
¢(T.) Greenwich hour angle of vernal equinox at injection epoch, deg
7{Ty} Greenwich hour angle of vernal equinox at previous midnight, deg

smmasas T — PR ‘ ..........................
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¥ I type is spherical inertial, then the line appears as:
RAD R DEC ¢ RA o Vv PTiI T AZi %

if Earth-fixed or selenographic, the line appears as:
RAD r LAT ¢ ILON ¢ VR v PTR y AZR ¢

if energy-asymptote, the line is modified to read:

R radius, km r radius, km %1 azimuth at launch site, deg

¢ latitude, deg R

¢ declination, deg radius, km

¢ longitude, deg

@ right ascension, deg o I' path angle, deg

velocity relative to rotating coordinate
system, km/sec . ow ” ‘o pivg | ’ 2 feene?
Vv velocity, km/sec ¢ “energy” or vis vive integral, km?®/sec

y path angle relative to rotating coordi-

nate system, deg ¢ declination of ascending asymptote, deg

I path angle, deg
o azimuth angle relative to rotating co- &y right ascension of ascending asymptote,
% azimuth angle, deg ordinate system, deg deg

**If ecliptic coordinates are input, then ECLIPTIC is printed; otherwise space is
left blank.

POWERED-FLICHT PARAMETERS THRUST F FLOW MASS m, BURN ¢,

F  thrust, b force
1 mass flow rate, b mass/sec
m, initial mass, Ih

t» burning interval, sce

The powered-flight header appears only at the start of the powered-Hight phase

Format for time at print epoch:

(SEXAGESIMAL INTERVAL (EQUINOX) (JULIAN DATE) (CALENDAR DATE)
PAST INJECTION)

€TZ-TE 'ON LHOLHM "TVDINHOAL TdI
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GECCENTRIC GROUP

CEOQCENTRIC {COGRDINATE PLANE)
X X Y Z DX X DY Y Dz 7
R R DEC RA @ vV VvV PTH T AZ =
R LAT ¢ 1L.ON VE v PTE v AZE o«
XS X, 5 Y, S Z, DXS X, DYS ¥, DS %y
XM Xy M Y, M Zy DXM Xy DYM Y DIM 7y
Xt Xy YT 7Yr ¥ Z: BXT }‘(r DYT l"f DZT Zr
RS R, V8 Vs RM Ry VM Vy RT R: VE Vg
GED ¢ ALT  hy LOS 4, RAS o, RAM o, LOM 4,
DUT AT DT h DR R SHA d DES &, DEM ¢,
X Xr
Y} vernal equinox Cartesian position, km Y,-} the geocentric position of the target body, km
Z Zy
}"} vernal equinox Cartesian velocity, km/sec Yf} the geocentric velocity of the target body, km/sec
A Zr
B radius, km Ry Earth-Sun distance, km
¢ declination, deg Vs the geocentric speed of the Sun, km/sec
@ right ascension, deg Ry Earth-Moon distance, km
V  inertial speed, km/sec Vi speed of Moon, km/sec
i pathangle, deg R, Earth-Target distance, km
X azimuth angle, deg Vy speed of Target body, km/sec
r radius, km ¢’ geodetic latitude
¢ geocentric latitude, deg hy  altitude above the Earth's surface, km
g longitude, deg gy longitude of Sun, deg
v Earth-fixed speed, km/sec &y right ascension of Sun, deg
y Earth-fixed path angle, deg vy right ascension of Moon, deg
¢ Earth-fixed azimuth angle, deg #x longitude of Moon, deg

e . . Fa .
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Xa
} the geocentric position of the Sun, kin

the geocentric velocity of the Sun, kin/sec

Xar
} the geocentric position of the Moon, km
} the geocentric velocity of the Moon, km/sec

aT

jor e 13

e

$s

by

Ephemeris Time minus Universal Time, sec
Adams-Moulton step size, sec
radial speed, km/sec

Sun shadow parameter, km
~ R X Ro|
d = sgn (R R}

Rso

declination of the Sun, deg

declination of the Moon, deg

TRACKING STATIONS

{STATION NAME) HA o DEC 3, ELE AZl o

POL ps LKA A DHA & DDE §, DEL §; DAZ &

XIP X YIP Y, 2P Z, RGE DRG  $i, DDR %,

RDI » PHI ¢, THI 4, FBI  fa, FCIL e, FRQG £
a; local hour angle of probe, deg X

8; local declination of probe, deg
vi north azimuth of probe, deg

a; elevation angle of probe, deg

pi polarization angle, deg
A;  look angle, deg

hour-angle rate, deg/hr

o

Onas

declination rate, deg/hr
¥i  azimauth rate, deg/hr

&; elevation rate, deg/hr

Yip

Tin
Fip
Yo
T
-H
4
f2,
f‘"i
fi

axes parallel to those of the true equator and equinox of date,

km

} Cartesian coordinates of the probe centered at the station and

slant range of probe, km
slant-range rate, km/sec

rate of the slant-range rate, km/sec?

radius of the station, km

north geacentric latitude of the station, deg

east longitude of the station, deg

additive constant for doppler, cps

multiplicative constant for doppler, cps/km/sec

doppler: fi = fu, = fo, Tuy, ops

£22ZE "ON LUOdJdaYH "IVIINHDIAL "idl
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(CENTRAL BODY)
EPOCH OF PERICENTER PASSAGE

QSCULATING CONICS
CONIC
{(JULIAN DATE)

(TYPE OF BT AND B+ R)

(COORDINATE PLANE)
(CALENDAR DATE)

SMA @ ECC . INC LAN @ APF o RCA ¢
VH  Va C3 o Cl o SLR p APC g TFE  at
TA o EA E MA M DA ¢ RAI* e MTA  bou
wxX W, wy W, WZ W, PX P, PY P, PZ P,
QX Q. QY @, QL Q. BX R, RY &, RZ R,
SXr S Syr S, LY/ L ™ T, TY T, T2 T
BX B BY B BZ B MX M. MY M, MZ M,
BT BT BR B-R B b PER P oMDr & NOD® &
a semimajor or semitransverse axis; g < 0 &, right ascension or longitude of incoming B, X-component of
for hyperbola, km asymptote, deg unit vector B
¢ eccentricity, rad Oay  Maximum true anomaly, deg B, Y-component of g - B
i inclination, deg unit vector B T b
0 longitude or right ascension of ascend- W, X-component of B: Z-component of
ing node, deg W, Y-component of} W =P X Q unit veector B
« argument of pericenter, deg “;z )Z('C‘Oﬂipﬂne‘nt ﬂg M, X-component of M
g closest approach distance, km » A-component o M. Y-component of MM = W X R,
P, Y-component of) P ,u" 70 i st of Af R.
V. hyperbolic excess speed {velocity at P, Z-component of A d-component of .
apogee for e}fipse), km/sec B+T TF-component of B, km
¢, twice the total energy per unit mass or Q. X-component of B-R R-component of B, km
vis viva integral, icm’*l’/sec" 8’ ;»compﬂnen{ 0; Q b magnitude of B, ki
; . Zecomponent o < d
¢, angular momentum, km?/sec R, X-component of P period, days if heliocentric, otherwise
o ocenter Ttaneor o By component of I T e e
2 ’ R, Z- spé o P e e
At time from pericenter passage, sec component of e Ve sinh ( Ze ) '
S.  X-component of S, incominge the linearized time-oflight correction,
v true anf)maly, deg S, Y-component ofl l: z:;{"::n:’j’é’ target conic only, see
E  eccentric anomaly, deg S Z-component of } TYTIPIOIE % rate of change of argument of perigee,
M mean 3:}‘0maiy, deg T, X-component of deg/day
¢, declination or latitude of incoming T, Y-componentof ) T=R X 8§ i rate of change of right ascension of the
asymptote, deg T. Z.component of ascending node, deg/day

“Values are printed in the heliocentric and taricbcentere{! conics. {n addition, the

! : ed SXO SYO 520 DAD RAQ TF
w:vherq Q is for outgeing asymptote. This line is printed just above the line marked
SXE 8Y1.... The geocentric conic prints §XO SYO 5Z0 in place of $X1 SYI

target-centered conic prints an extra line mar

SZ1 in line siv and prints DAQ and BAO in place of DAY and RAY in Hne three.
TF, the time of fiight, is in br for Moon or Earth target, in days otherwise,

+*
% andd § are printed only in geocentric conic.

£€TE-2E€ "ON LHOJHY TYIINHDIAL "1dr




18

HELIOCENTRIC GROUP

HELIGCENTRIC {(COORDINATE PLANE}
X X Y Y Z z PX X DY ¥ Dz Z
R R LAT g8 LON vV Vv PTH T AL %
XE X, YE Y ZE Z; DXE X, DYE Y, DZE Zs
XT X YT Yr T 2y DXT X, BYT Yr DLYT Z,
LTE 38 LOE g4 LTT B» LOT Ay BRST Ry VST Ver
EPS K?Rxp, Rer) ESP  Z{Rg Ry SEP £ (R Bex) EPM £ (Rir Rus) EMP Z(Rew,Rex) | MEP L (Rys, Reg}
MPS Z{Rur,Rer} | MSP /{RusRe) | SMP /(Rew,Rew) | SEM Z(Rec.Rus) | EMS Z(Rgw,Row) | ESM £ (Res, Rus)
EPT Z{Rgs Rrp) ETP LZ(Rgr, Rep) TEP Z(Rre, Rex) TPS Z{Rrp, Rin) TSP £ {Brs Rps) STP  Z{Rsr,Ryp)
SET L (Reg, Brs) STE Z(Rgr, Rgr) EST  Z(Rze Rrs)
X Ar  celestial longitude {or right ascension) of the target, deg
Y; vernal equinox Cartesian position, km Rur distance of the target from the Sun, kn
;% Ver speed of the target with respect to the Sun, km/sec
. , . ; L (Rgp, Ryp}  Earth-Probe-Sun angle, deg
% vernal equinox Cartesian velocity, km/sec /(Ros Rys) Earth-Sun-Probe angle, deg
B Sun-Probe radius, km L{Rgg, Rpg}  Sun-Earth-Probe angle, deg
8 celestial latitude (or &, the declination if equatorial), deg Z{Rep, Ryp) Earth-Probe-Moon angle, deg
X celestial Jongitude (or @, the right ascension if equatorial), deg £ {Rew, Ren}  Earth-Moon-Probe angle, deg
V  speed, km/sec Z{Rup, Ry} Moon-Earth-Probe angle, deg
P path angle, deg L (Ryp Rep}  Moon-Probe-Sun angle, deg
£ azimuth angle, dey Li{Rus, Ry Moon-Sun-Probe angle, deg
Xy L (Rew, Rp)  Sun-Moon-Probe angle, deg
Y:; heliocentric position of the Earth, km . i
Zs £ {Rgg, Ryr}  Sun-Earth-Moon angle, deg
¢ z (Rxn, Rg,g) Earth-Moon-Sun aﬂgtﬁ, deg
L{Rye, Ry  Earth-Sun-Moon angle, deg
Ze L{Rgp Brpd  Earth-Probe Target angle, deg

heliocentric position of the target, km

X
Yy i heliocentric velocity of the Earth, kin/sec
z heliccentric velocity of the target, km/sec
Bg celestial latitude (or declination) of the Earth, deg
A, celestial longitude {or right ascension) of the Earth, deg
Br celestial latitude (or declination) of the target, deg

[i (l‘gr’, l‘ ;-r)
£ (Reg, Rpg)

£{Rrp, Ryp)
£ (Rrg, Rig)
£ {Rur, Rer)
£ (R, Bry)
£ (Ryr, Ruz)
é {R},'Sp R?‘h’)

Earth-Target-Probe angle, deg
Target-Farth-Probe angle, deg

Target-Probe-Sun angle, deg
Target-Sun-Probe angle, deg
Sun-Turget-Probe angle, deg
Sun-Earth-Target angle, deg
Sun-Target-Earth angle, deg
Earth-Sun-Target angle, deg
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SPACECRAFT GROUP
SPACECRAFT ATTITUDE AND POWERED FLIGHT

(CENTRAL BODY)

(COORDINATE PLANE)

CX C, cY C, CZ C; CR C'R CPH C-¥ CTH C-¢&
W C-wW v C-v CCM C-(WXV¥y | CPE Z{C ~ Ry) CPS (€, ~Rg) | CPM L{C, — Ryp)
CPC  Z(C, Coun) CPT  Z{C, ~ Rypp) PHI ¢ PSI ¢ THA ¢
F F M m AC a INA Ja IAS  fu?
C. X-component of C Cis given by L{C, — Ryp) Axis-Probe-Earth angie, deg
C, Y-tomponentof C } the input quan. £(€, — Ryp)  Axis-Probe-Sun angle, deg
C. Z-component of C ) tities yo, oc L{C, ~ Ryp)  Axis-Probe-Moon angle, deg
(é%:: msiig’ :}:)) R R L{€, €Cesx)  Axis-Probe-Canopus angle, deg
. cos fam
’ R -— . o - AFLL
C o cosl(C,0) Z{C, R-,»;)r Axis-Probe-Target angle, deg
cosp = §; +(
O= 60°
- {sing&x(SXS,)'C $<3
cos® P +sind R = (0,0,1) o= sini§eC  —0900 = g = 90
§ =
where l¥] Skeich 6.
b = % & = o X R’ F thrust, 1b . r Spacecraft coordinates
M
e ; — Rr@
m  mass or weight, Ib W=y~ (T — T) §, = Ron
C-W cos(€,W) - RXV 4 acceleration, km/sect _F, m, Rea
YERXV Ja =i 8, = 5
C V' cosl{C, V) v fa integral of a, km/sec P
_y B[ _ 8.X8.
C{W XV} cosL{C(WXV)) v f4 integral of g, km*/sec’ Jat =% [.w ] 8 I8, XS}
TARGET GROUP
(TARGET) CENTRIC (COORDINATE PLANE)
X X Y Y Z z DX X DY Y Dz %
R R DEC ¢ RA o v Vv PTH 1 AZ 3
R r LAT ¢ LON 4 VR o PTR + AZR o
LTS B LNS &y, LTE 8.4 LNE a.p
ALT hy SHA d ALP a DR R Dr ASD 3
if{;E (‘)gg SVL 4’37 }ING (’}.\‘T SEA 8;
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%
¥ target-centered vernal equinox position, km
yA
X
Y target-centered vernal equinox velocity, km/sec
Z
R radius from target center, km
¢ declination (or celestial latitude), deg
@ right ascension {or celestial longitude}, deg
V  speed relative to the target, kin/sec
I" target-body path angle, deg
¥ target-body azimuth angle, deg
r radius from target center, kin
¢ target-centered latitude, deg
¢ target-centered longitude, deg
v speed relative to the rotating target, km/sec {for Moon only)
y rotating target-body path angle, deg
o rotating target-body azimuth angle, deg

Sketch 7. lHfuminated crescent
orientation viewing angle

. R;rp U“(0,0,l}
- s
R?‘I«
Vz“vWXSJ
S o Rrgy
e RT() Am UXS.’!
[U X 8,]
_ 5, X8,
@ W“{Ss,XSd cosa= A+V

Beo
©
Beo
@

hy

s e TR

‘I-’NT
Oy

.

Earth
hinge angle

Target
swivel angle

Target
Hinge angle

selenographic latitude of the Sun, deg
selenographic longitude of the Sun, deg
selenographic latitude of the Earth, deg
selenographic longitude of the Earth, deg

(fer Moon only)

altitude above the target body’s surface, km
Sun’s shadow parameter, km

— Ry, X Ry}
d == T o0 (R R )

R?’O TP o)

illuminated crescent orientation viewing angle, deg
radial rate, km/sec
transverse angular velocity, deg/sec
angular semidiameter, deg

right ascension of Earth in spacecraft coordinate system, deg
declination of target in spacecraft coordinate system, deg
right ascension of target in spacecraft coordinate system, deg
L{(Byp, Rip) — 8, deg

Sketch 8. Hinge
and swivel angles

€os Oup = 8,0 8,
sin Ogg # 8, (8, X §) 0= By < 360°

{Siﬂ ‘;331« . 83 - S —O(9 = (I-‘Sgt = 90°

s @sg‘ =R S;] * :1
sin Bgr = 8, (8, X §) 0 =5 Qyp < 360°
. Rﬂ'") . SI X Se
Si - RPO S is; X Sgl
. .. Reg Ry
L S —— S = e
b' R:'@ : RPT
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APPENDIX

Description of Major Subroutines

INDEX

1. input-Qutput Routines .

2.

3

4,

ECLIP

GHA
GEDLAT

JEKYL
SPECL
CLASS

EARTH

SPACE

RVIN
RVOUT
LOOP

Rotates equatorial Cartesian coordinates to ecliptic
and vice versa .

Calculates Greenwich hour angle of the vernal equinox

Computes geodetic latitude as a function of the
geocentric latitude .

Provide orbital elements for output as a function of
rectangular coordinates .

Transforms Earth-fixed spherical to space-fixed Cartesian
coordinates for input .

Transforms space-fixed Cartesian to Earth-fixed spherical
coordinates for output

Transforms spherical to Cartesian coordinates
Transforms Cartesian to spherical coordinates .

Generates station-fived or topocentric coordinates as a
function of space-fixed Cartesian coordinates

Basic Coordinate Transformations .

ROTEQ

NUTATE

MNA
MNAL

MNAMD
MNAMDI

Ephemeris

INTR
INTR1

Transforms Cartesian coordinates from the mean equator
and equinox of date to the mean equator and equinox of
1950.0 and vice versa .

Transforms Cartesian coordinates from the true equator
and equinox of date to the mean equator and equinox of
date and vice versa

Calculate the nutations 8¢ and 3 for NUTATE; trans.
form Moon-fixed Cartesian position coordinates to the
mean equator and equinox of 1950.0 and vice versa

Transform Moon-fixed Cartesian velocity coordinates to
the mean equator and equinox of 1950.0 and vice versa .

Read ephemeris tape; interpolate on coordinates to obtain
intermediate values of the positions and velocities

Encke Method Calculations

ENCKE

Calculates the Encke contribution to the acceleration
instead of the central-body term

. 56

.57

. 61
. 81
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INDEX (Cont'd}

ORTHO  Obtains initial conditions for integration in the
Eackemode . . . . . . . . . . . . . . ...

CONIC Obtains orbital elements suitable for the Encke method
from rectangular coordinates at the initial point of
integration in the Encke mode , . . . . . . . . . .73

QUADKYP Obtains solution to Kepler's equation for the hyperbolic
CASE . .« « « a4

KEPLER  Obtains solution to Kepler's equation for the elliptic case
and generates the corresponding Cartesian position

coordinates for either the ellipse or the hyperbola . . . . 76
PERI Solves the pericenter equation for the true anomaly and
obtains the Cartesian position coordinates in the
twobody orbit . . . . . . . . . . . . . . . . .78
SPEED Calculates the Cartesian velocity coordinates in the
two-body orbit. . . . . . . . . . . . . . . . .78
5. Perturbations . . . . . . . . . O . . O . O L . ...
HARMN  Calculate contribution to acceleration arising from the
HARMN] oblate igure of the Easth. . . . . . . . . . . . .77
XYZDD Calculate contribution to acceleration arising from the
XYZDD1  triaxial ellipsoidal figure of the Moon. . . . . . . . .78
BODY Calculate contribution to acceleration from the influence
BODY! of the noncentral bodies . . . . . . . . . . . . .8
6. VariationalEquations . . . . . . . . . . . . . . . . . . .8
VARY Calculate coefficients for derivatives to be used for the
SVARY variational equations . . . . . . . . . . . . . . .8
7. NumericalIntegration . . . . . . . . . . . . ., . . . . . .8
MARK Obtains numerical solution of the equations of metion for

evaluation at specific times and for specified values of
chosen dependent variables . . . . . . . . . . . .8
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1. Input-Quiput Routines
ECLIP

The ecliptic plane is characterized by its inclination to
the equator, € the obliquity of the ecliptic, and its
ascending node on the equator, the vernal equinox.

Z
e 4

Sketch A-1. Relation hetween ecliptic
and equatorial planes

In Sketch A-1, X, Y, Z is the equatorial frame; X(, Y:’ ZE
the ecliptic. 7 is the vernal equinox, The coordinates are
related by

X, 1 0 0 X
Ye = 0 COS€  sine€ 14
Z, o —SiRE  COSE€ Z

The calling sequence is given by

CALL ECLIP
(OP) XY

X -3 X2 X — 1 contain the input vector; Y — 3,
Y ~ 2, ¥ — I contain the cutput vector; X = Y is per-
mitted. OP = PZE assumes equatorial input to be rotated
to ecliptic; OP = MZE regards input as ecliptic and
rotates to equatorial.

Normally X, Y, Z is regarded as the true eguator and
equinox of date and € the true obliquity; however, for
some applications it is necessary to rotate between the
mean equator and equinox of 1850.0 and the ecliptic of
1850.0; for the latter purpose €gn0., the mean obliquity
of 1950.0, is used. To provide for this fexibility, ECLIP
assumes that the desired obliquity has been placed in the
COMMON location ET.

56

The subroutine uses nine cells of erasable storage start-

ing at COMMON.

GHA

For purposes of caleulating 7 {T), the Greenwich hour
angle of the vernal equinox at epoch T, the following
mean value is assumed:

T {T) == 100707554260 + 0298564734604
+ (299015) 107 + ¢ {mod 360°)
0% Pu (T) < 360°

where T is the epoch under consideration in U.T.; d is
integer days past {f January 1, 1950; ¢ is seconds past Ot
of the epoch T. o, the Earth’s rotation rate, is assumed
to be a function of time:

0.00417807417
© T (53T T0T 4 des/sec

Given 80, the nutation in right ascension, the true value
of the hour angle is computed:

TAT) = Pu(T} + &a

The calling sequence consists of
CALL GHA,

where it is assumed that the U.T. epoch appears in dou-
ble-precision seconds past O® january 1, 1950, in the
COMMON cells T, T + I, and that 3« has been com-
puted and appears in NUTRA, 7 (T} is stored in the
COMMON location GHA(T), while «» is placed in
OMEGA and o in rad/sec is stored in LOMEGA.

The subroutine uses seven cells of erasable storage
starting at COMMON.,

GEDLAT

To obtain an accurate numerical expression for the
small difference between the geodetic latitude ¢’ and
the geocentric latitude ¢, a Fourier series expansion is
resorted to, The geometry appears in Sketch A-2:

o
ZI
%
b
P ¢
o Y o %

Sketch A-2. Geodetic and geocentric latitudes
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Consider a point P above the Earth and extend a line
to the center of the Earth O. If a spheroidal Earth is
assumed, then let OZ be the spin axis of the Earth and
the plane ZOX contain the line OF with Q the inter-
section of OF with the surface; OX lies in the equatorial
plane. Then the angle ¢, the geocentric latitude, is the
angle between the lines OQ and OX. If the normal YQ
to the surface is constructed at Q to intersect OX at Y,
then ¢/, the geodetic latitude, is the angle between the
lines YQ and YX. The ellipse of cross section is character-
ized by q, the semimajor axis, and b, the semiminor axis.
It is convenient to introduce ¢* = 1 — b%/¢* to describe
¢ — ¢’ by a Fourier series.

As the defining relation, tan ¢ = (1 — ) tan ¢’ is
adopted which leads to the series in %¢” for ¢ — ¢":

s

¢ ¢’ = ) aysin 254

where
v ey
4 7 2 — g*

Alternatively, ¢’ — ¢ may be expanded as a Fourier
series in 24:

= +]
$a= bsin2js
f=1

where the b; are obtained by replacing 1 — ¢* by
1/{1 - ¢*) in the expression for the a;. Incidentally,
by = {1}/ a;is obtained by performing the substitution.

Using the Clarke spheroid of 1866 with a = 6378.2064
km, b = 63585838 km, and the derived value ¢ =
G.006768657997, the following numerical formula results:

' & = by sin 2¢ + b, sin 4o+ by sin 69

where

by = 0919456624
b, = 0700033036
by = 02000000675

An auxiliary problem is the determination of the alti-
tude of P above the spheroid. An approximate solution
is obtained by regarding QP = h as the desired altitude.
If R OP is given, then if p = OQ is calculated, A
would be given by h = R — ,.

The are of the ellipse may be described by the param.
eter ¢, where x = a cos ¢, y = b sin y for Q(z,y}. Then
the expression for g is

p=a Vi efant g

Actually, the formula programmed for p differs in that
¢ was used for ¢:

o= al— efsint ¢

The numerical difference between the twe formulas
may be assessed by expanding p and p’ in power series
in £2 and using the relation

(1= +)sin?y

s = 1 — e*sin’ ¢
# i . 1 . 1 -
—_ PO Tl o i + — L # %
— =1 5 etsin® g — - tsinty m—léssmgb*%*O(z)
..E.:x ...._}‘__ T eip?
- 1 zrsm ¥
4 gt _Lsinfe‘b{sinﬂpml)“isisw
2 8
4 g® —isin‘f{sin3¢wi)“isinﬁé + O ()
' g7 1670 °
SO

i 3{%» o sin® 2 + «5@*9 sin® ysin? 29 + O (:*)}

Thus the maximum difference, occurring near ¢ = 45°,
should be about ¢¢*/8 = 0.06 km.

The calling sequence is given by
(AC) = ¢
CALL GEDLAT

and upon return

(AC) = ¢, (MQ) = o

The subroutine uses 10 words of erasable storage start-
ing at COMMON.

JEKYL

JEKYL is the subroutine which is used to generate
orbital elements to be used either as input to the sub-
routines CLASS and SPECL or for printed cutput. The
equations used are similar in most respects to those
described in the discussion of CONIC {Section 4, Appen-
dix} and are listed here for comparison,

REY? RR 2
= (RR)
L

, the semilatus rectum,

57
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where
RR=R-V,
6 =  RFVZ — (R R)*? , the angular momentum
1 _ 2RV
4 R!,g
£y T - {g- , the “energy” or vis vive integral

At this point a test is made with the help of the LD,
input to determine whether or not ¢ is an acceptable
parameter. g% is defined by
10* ki for the planets
10* km for the Sun

102 km for the Moon

a* =

The motion is considered parabolic and ¢, is set to zero
whenever | a | > a*,

}_—52::2..
a
gz /1= (1« ¢%),the eccentricity
cosv = £ K

zR
siny = _5,‘ I—E-,true anomaly
A
2

4= T closest approach distance
- R z( v , unit angular momentum vector
1
_R
U= 7
v,=Rv.-Rp
[ =}

P=cosvlU, ~sinvV,
Q= sinvl, + cosv ¥,

If ¢, 5% 0, T ~ T, is computed from Kepler's equation
according to the sign of a:

Ifa>0:

cos o= ~§~ (cosv + &)

siﬂﬁﬂﬁ

?

1 — ¢®siny

5a

M=F - ¢sinE #1l--¢>01
orif 1l — 2= 0landsink| > 01

-1 . sin® B | 3sin®E
M= (] e:}smE+(—w~w6 +m40 )

if1—eZ0landcosE > 0,]sinE| 501
M= n{T —T,) whete n = \Vpa™?

Ifa <O
inh F == RR
YT eVula]
Mz=esioghF —F ife— 1>0lorife— 1501

and |sinh F| > 0.1

T . _{3sinh’F  sinh®F
M= (¢ — 1)sinhF ( T Z )

ife—1=6GiandisinphFl =01
M= n (T — Ty) wheten = Vu|a|¥?

1f ¢, = 0, the formula for the parabola is used:
M=\ u{T~T,) =q¢D+ %z}*
where D =R R/\u = /2g an v/2

JEXYL may be called by the sequence

CALL JEKYL
PZE 0, A
PZE B,,C
PZE D,,0
PZE E,,F
PZE G

(ERROR RETURN)

The locations A, A 4 1 contain for input 4 and an 1L.D.
number:

8 = planets
1 = Moon
2 = Sun

The cells B, B+ 1, B + 2 contain the input position
vector R, and the focations C, C + 1, C + 2 contain the
input velocity vector V; the vectors P, Q, and W are
output to the locations ID, ..., D + 8. The single-pre-
cision epoch T is input to location E, while the single-
precision epoch of closest approach T, is output to location
F. Finally, the locations G, ..., G + 2 are used to output
the quantities AT = T — T, ¢\, and ¢
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Additional guantities are stored at the COMMON
eations

ECCEN
IMINE 11—«
AVAL a
PVAL P
NORB n

NU v
JECAN E(or F)
MENAN M

The subroutine uses 13 words of erasable storage start-
ing at COMMON.

SPECL

The subroutine SPECL. is used to calculate the auxiliary
impact parameters B+T and B+ R along with reference
unit vectors R, 8, T and alse B itself. Two cases arise
according to the value of &

{1} ¢ 1, the hyperbolic case with ¢ < §

1 P+ vei—1
K3 —Q
for the incoming asymptote
=1 Vel — 1
B A Q
for the outgoing asymptote

al {2~ 1) falye? =1
e it
for the incoming asymptote

fa] (et~ 1) lal e ~1
p P+ - Q

for the outgoing asymptote

(2) ¢ < 1, the elliptic case witha > (0

S=p for both the incoming and
B = g/ ~ 1] @ f outgoing asymptote options

The remaining two reference vectors T and R are given
in either the hyperbolic or elliptic case by

Tm( S’ 1 '"“Sg—" 0)
VSIES; VSIS
R=8XT

SPECL is called according to the sequence
{AC) = g, a < 0 for hyperbola
(MQ) =
CALL SPECL
PIE A ,n
PZE B
{ERROR RETURN)

The locations 4, ..., A + 8 contain the vectors P, §
W; n = Qis a flag for oulput to be referenced to ar
incoming asymptote while n = 1 references the output t
an outgoing asymptote. The output is placed in the tabl
B,..., B + 14 where the assignment is in sequenc
B-T,B-R,8 B, TR.

The error return will only be used in the case that | ¢
is so large that g% exceeds the machine capacity, an eve
which may happen only for wild trajectories resultir
from an input error,

The subroutine uses four words of erasable storz:
beginning at COMMON.

CLASS

CL.ASS was written as a subroutine to caleulate ac
tional orbital elements from those provided by JEXK

Sketch A-3. Description of the Euler angles
for the orbital plane

The formulas that may be deduced from Sket
are as follows: .

$ = cos W, where 0 < § = 180° for the inclin

sin @ = —%
Sin s
~ Wy, where0 < < 360° for the’

CO8 £ =5 s ; .
sin s ascension of the ascending
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. P,
SHI wp T e
si01 4
cosw = Q. . where 0 = w = 360° for the argu-
sing ment of the pericenter

The formulas for 0 may be derived by constructing the
unit vector N at the ascending node:

UXW

Nm=

TUX W]

where U= (0,0, 1) and sin i = [UX W|. N is then
projected onto the X and Y axes to give the formulas
for the cosine and the sine.

Next, the auxiliary unit vector M = W X N is con-
structed so that « is given by
{Sinmx?'M“P'(WXN) = ~N-(WXP)=~N-Q

cosw = PN

The conic parameters are given by the standard formu-
las for ¢y wf= O:

g=1 mﬁ - the closest approach distance

V, = m.g..f_). , the veloeity at closest approach

V, = wll=e) velocity at farthest departure {¢; < 0)
[

Va = V¢, , hyperbolic excess velocity (¢, > 0)
7. % a{l + ¢) , farthest departure distance {¢, < 0}

P 2 , the period
n

For an Earth satellite, the quantities ¢ and Q are also

computed:
nia} 5 )
o = v i S
o (2 5 st

wn}aé
?2

where [ is the coefficient of the second harmonic in the
Earth's oblateness and g, is the value of the Earth radius
in km. The subroutine assumes that n has been given in
rad/sec and p in km so that & and O may be converted
to deg/day for output.

1= coss

The subroutine is called according to the sequence
CALL CLASS
PZE A,,B

60

PZE C
(ERROR RETURN)
{ERROR RETURN FOR PARABOLA)

Input locations A, ..., A + 8 contain the vectors P, Q,
W, while the table composed of ¢, ¢, w6, 1 — ¢, @, P,
and n is used as input from the cells B,..., B + 7. The
output is stored in the cells C, ..., C + 9 forming the
table

i
£

@

N

s (orViyifey, > 0}
(or zero if ey > §)
P forzeroif ¢y > Q)

Wy
+3

@

Q
In the event ¢, = 0 at entry, the parabola error return is
given.

The subroutine uses four cells of erasable storage start.
ing at COMMON.

EARTH, SPACE

At the epoch T a “space-fixed” Cartesian coordinate
system is defined, centered at the Earth with the X ~ Y
plane the equator, the X axis the direction of the vernal
equinox, and the Z axis the spin axis of the Earth. The
“Earth-Bxed” frame is obtained from the space-fixed by
rotating about the Z axis by an angle v {T), the Green-
wich howr angle of the vernal equinox, to bring the x
axis in coincidence with the Greenwich meridian {Sketch
A-4).

82, 7

/’

. iy

x

Sketch A-4. Earth-fixed equatorial coordinate system
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The coordinates are then related by

sin ¢ (1) X
cos P {T} Y

cos 7 (T)

x rreeree
¥ T A —sincp (1)

zm= 2
and
&\ _ [ s (T sinv(T)\[X
3] T A\ =sin v (T) cosr (T) 'e
~sin P {T) cos T (T} X
Y4 —cos P {TYy —sin® (T} Y
=2,

where o is the rotation rate of the Farth.

The coordinates may be inverted to give

X » cos P (T —siny (T x
Y [ \siny (T) cos 7 (1) ¥

VA
and
J;f _fros P (TY —sinr (T} x
Y \siav(T) cosv(T)}\j
~sin ¢ {T) —cos P {T) x
cos P (T —sinP (1) ¥
7=
z
4
rzlx y, 2} —
a8
x

Sketch A-5. An Ecrth-fixed sphericai set
of coordinate system

In Sketch A5, r is the radius, ¢ the north latitude, and
6 the east longitude of the Earth-fixed position vector, It
is convenient to transiate the Earth-fixed velocity vector
v to the end of the position vector and project it on the

local horizontal, a plane perpendicular to r. v is the
magnitude, v the path angle or the elevation angle
above the local horizontal, and » the azimuth from north
of the velocity vector, The transformation between
spherical and Cartesian coordinates, and the inverse, are
described in the discussions of subroutines RVIN and
RVOUT, respectively, which follow,

EARTH is the subroutine which makes the transforma-
tion from Earth-fixed spherical to Earth-fixed Cartesian
via RVIN and then rotates to space-Bixed Cartesian.
SPACE manages the inverse transformation by first rotat-
ing from space-fixed Cartesian to Earth-fixed Cartestan
and obtaining the spherical set with the aid of RVOU'T.
Both EARTH and SPACE assume that the subroutine
GHA has been called and that the COMMON locations
GHA(T) and LOMEGA contain, respectively, 7 (T} in
deg and w in rad/sec.

The calling sequence for EARTH is
CALL EARTH

PIE A
PZE B,.C
A, .., A+ 5 contain the spherical set r, ¢, 8, v, v, 0.

X, Y, Z are placed in the cells B, B+ 1, B+ 2; X, Y,
Zare placed inthe celis C, C+ 1, C + 2.

The calling sequence for SPACE is

CALL  SPACE
PZE A,B
PZE C.D

AA+1, A+ 2contain X, Y, Z; B,B+ 1, B+ 2 con-
tain X, Y, Z.

The Earth-fixed spherical set r, ¢, 8, u, v, ¢ is deposited
inthecells C, ..., C 4+ 5, while the Farth-fixed Cartesian
setx, y, %, T, y, z is placed in the locations D, ..., D + 5.

The subroutines use four words of erasable storage
starting at COMMON,

RVIN, RVOUT

Transformations between Cartesian position and veloc-
ity R and V and the spherical set {R, ¢, 8, V, T, 3) are
provided for by RBVOUT, while the inverse transforma.
tion from spherical to Cartesian is obtained with RVIN,

&1
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Sketch A-6. Inertial spherical position coordinates

Projecting R on the X ~ Y plane, @ is the angle from
the X axis to the projection measured counterclockwise.
& is the elevation of R above the X — Y plane (Sketch
A-8), The formulas are

X Reos®eos®
R={ Y |*{ Rcosdsin®
Z Rsind
and inversely,
R= VXTF VT2
it L o 0
e=sint g, ~90° @90

S=arg(XY), 056 <360°

tan? %» fx>0
arg (%,3) =
ot L 41800 #xZ -0

To describe the spherical coordinates for the velocity
vector V, it is convenient to construct a new reference
frame obtained by first rotating about the Z axis by an
amount € so that the new X axis lies along the projection
of R on the X — Y plane; a subsequent rotation about the
intermediate Y axis by the angle ® completes the coordi-
nate change. The resultant X’ axis lies along R, the Z* axis
lies in the plane formed by the Z axis and R, and the Y¥*
axis completes the right-handed system and thus remains
in the X —Y plane {Sketch A-7}.
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¥

Sketch A-7. Rotation to the local plane

Evidently
X cosPcos® —sin® —sindcos® X!
Y | =1 cosdsin® cos® —sindsin@ Y
Z sin @ 0 cos & Z

Representing the velocity vector V in the X/, Y, Z¢
system, the path angle I is the elevation of V above the
Y - Z! plane, positive in the radial outward or X’ direc-
tion; the azimuth X is the angle measured clockwise from
the Z' axis to the projection of V on the ¥’ ~ Z plane,
The geometry appears in Sketch A-8.

Sketch A-8. Inertial velocity vector in the
iocel horizontaf plane

Regarding the X’, Y, 7’ frame as nonrotating, V may
be expressed as

X VsinT
V=119 1=| VcsTsin3
Z VeosFeos 3

and rotate to the original frame to obtain XY, 2
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Inversion may be obtained as follows:

v=N%+ v+

.
¥

f‘msin*‘%;w, —90° = =90°
= arg (Z,Y"), 0= < 360°

Of course V expressed in the X, Y, Z' system is given by

X cos®Peos®  cosPsin® sind X
Y | = { —sin® cos & o Y
2 —sindcos® —sin®sin® cosd Z

The calling sequence for RVIN is

CALL RVIN

PZE A

PZE B

PZE ,C
A,..., A + 5 contain the spherical coordinates R, ¢, 8,
v, I‘ 2 X, Y, Z are placed in the locations B, B + 1,

B + 2, while the Cartesian velocity components X, Y, Z
are stored inthe cells C, C+ 1, C + 2

For RVOUT, the calling sequence is
CALL RVOUT
PZE 1A
PZE 1,B
PZE 1,C

X, Y, Z are contained in the ceils A, A + 1, A + 2, while
the locations B, B + 1, B + 2 contain X, ¥, Z. The sphen~
calset B, &,0,V, I, Sisplacedinthecells C,..., C+ 5
as output.

The subroutines use four words of erasable storage
starting at COMMON,

LOCP

IetR= (X, Y, Z)and V= (X, Y, Z) be the Earth
centered “space-fixed” Cartesian coordinates of the probe
referenced to the true equator and equinox of date. For
a given station with Earth-fixed spherical coordinates
{ri, ¢, 8:}, it is desired to compute a number of topocen-
tric quantities as given below. The basic coordinate sys-
temns are shown in Sketch A-8.
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Sketch A-9. Earth-fixed stotion coordinates

¢ (T} is the Greenwich hour angle of vernal equinox
at epoch T or aiternatively, the right ascension of the
Greenwich meridian. It is assumed that GHA has com-
puted (T} and the correct value appears in the
COMMON location GHA{T}. r; is the distance of the
station from the center of the Earth, ¢; is the geocentric
north latitude, and 4, is the east longitude.

The Earth-fixed Cartesian coordinates of the station
are
Xg 275 €08 by €08 6
¥i = r; COS $y sin g,
Z ¥ orisingy
Those for the probe are
xm Xeos P (T + Ysin oy (T)
y= — Xsin P {T) + Ycos T (T)
gz 7
%3 Xcos © {T) + Ysin T (T) +wy
y= — Xsin v (T) + Yeos © (T)
ge= 7
= (,%,%)

where o is the rotation rate of the Earth.

Thus the topocentric Cartesian coordinates of the
probe are
Fip = (x — ¥, ¥ ?i,z - Zi}
re = (59.2) =

63
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The slant range ry, is then given by |ri, |, while the
slant-range rate 7;, may be obtained from the formula

. dirl, ) | d{rip i)
intip = t’: = P

B 2!’;;' rip

Provisions have been made to compute 7y, the slant-
range acceleration, when the Earth is the central body.
The pertinent formulas may be developed as follows:

x\ _ [ cosr (T) sine (T) x
¥ —~sirt P {T) ¢os 7 {T) Y
o ~sin P (T)  cos P {T) X
—cos T (TY —sin T (T} Y

X\ . cos T (TY sin P (T)
7 wsin P (T) <os 7 (T)

N
]
-

Fipfip = Tip " Pip ™ Fip*' ¥

s .z - . -
figfipg T Fiy = £ P b 0y Ep

or

?ipm ‘“;}'*“{l'w';“f'vz Wf:gzp}

ip

where v = |r],¥ = (3,5

Contributions to R are obtained from COMMON
locations where they have been deposited by DOT and
are only valid for the Earth as a central body.

The topocentric hour-angle declination system is de-
scribed in Sketches A-10 and A-1L
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Sketch A-11. Locof hour-angle declination
coordinate system

The z—y plane has been translated to the station and
rotated through the angle §; so that x lies along the
meridian; the =’ axis remains parallel to the = axis. The
declination §; is given by

7
5; == gin™ 22
f;p

—90° £ 8§ F90°
and the hour angle may be computed from

ai=8; — arg (¥ip 3ip) (mod 360°), 0% oy < 360°
where

m“% x>0, —90° < rant w << 90°
arg {x,y) = y
tant po <4 180% othetwise

From the above formulas, the angular rates follow:

- z —;‘gpSiﬂsl'
8 = L lipl000
Fip COS 8y
& = X¥ip — ¥Xip
§ T e ————
xig * ¥ip

il B o
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To construct the azimuth-elevation topocentric coordi-
nate system, rotate the x* and z’ axes about the ¢ axis so
that the resultant ¥’ —y’ plane is perpendicular to v; and
the 2 axis points to the zenith; the ¥ — z” plane is still
the meridian plane as illustrated in Sketches A-12 and
A-13.

P

]
i
t
¥
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¥
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¥
1
¥
Sketch A-13. Azimuth eievatien coordinate system

The elevation angle y; may be obtained immediately by

. | I o]
Siny; = S 000 <o, = 000
fi Tip

The compoenent of ry, which lies in the 7 —y” plane is
fiz COS y;i so that the azimuth o; is given by

Mx{p
CO5 oy ==
fipCOS yi
2
. yiy
SiN g T e
TipCOS 'y

By performing the rotations to transform the coordi-
nate systems, ri, may be determined in the & —y"* ~2z"
reference:

Xy B KipSingi cos §; - ¥ipsin ¢ sinfy — zip co5 &

y:; o xigsind; + yiacos 8

Bl T XipgCOS i CO8 G5 i, 08 by sin bz in ¢

ip

The program uses an inverse function defined for
8 == cos™! u = 180° so that

St

-t xé:: \ . ~

COS™H | s tfsineg; =0
TipCOS v

b I

360° ~ cos™ (—i?w) otherwise
7y COS Y

Thus 0 o 5 360°.

The angular rates are calculated from the formulas

| o - i %,-,sin ¥i
i fip C{}S}‘i

i

%75 Feosai (FipCosyi — fip 1Sy}

& = :
' tia <08 vi SIN o4

where X = xsind;cosf; + ysing; sinf, — fcos i,

The look angle A; is the angle between the spacecraft
attitude vector € and the slant-range vector where C is
specified by the calling sequence and is a unit vector
expressed in the true equator and equinox of date. It is

convenient to construct R;, in a topocentric system
parallel to the X, ¥, Z axes:

X, = x;co8 P ATy ~ yisin P (T)
Y= xsin P AT} +ycos T {T)
Zy =gy

R,= (XX, Y—-Y,Z~2Z,)

Then A; is obtained from

A = cos™ (5&%—{3) 0= A = 180°
ip

'The polarization angle p: is defined as

_ i RXR;, CXR,
pi = TR X R, | TCXK,,]

}, 0= py £ 180°

An expression for the measured received frequency,
including a scaled doppler shift, appears as
fw fai — fci ;‘ip
where fz; represents a bias frequency in the receiver and

fei includes the veiocity of light and may be adjusted to
represent either two-way or normal doppler.

The calling sequence is

CALL LOOP
FiE XY
P B,C

€5
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XX+ LX 4 2containR; Y, Y+ 1,Y 4+ 2contain V.

B contains the binary control word which selects the
appropriate stations from among the available 15. The
smali subroutine CW1 transforms the octal input to the
required binary format which permits LOOP to scan
the stations from bit 35 to bit 21,

C,C+ 1, C + 2 contain the unit vector C.

i OP = PZE, LOOP will compute the quantities for
each station in turn and will print out whenever », =
-~ 10° I OP = MZE, y; and ¥, for each station up to a
maximum of five, will be stored in a buffer to be used
by MARK as dependent variables for the view-period
computation.

The parameters describing the stations are stored in
the following sequence:

STABCD +

4 BCD words for
station 1 name

oL e O

71 4 BCD words for
<t station 15 name

STACRD  + ¢ coordinates for

1 { station ]
1
fa, frequency parameters
fo § for station 1

106
107 g’m coordinates for

110 r:: station 15

111 s, )} frequency parameters
12 ff-']_‘r; for station l5

To describe the view periods for the stations, three
other parameters are used:

STACRD ~3 4,

-2 ?.’a
-1 Yo
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The elevation condition is met for rise or set with respect
to the station whenever | v — yo | £ ya; at this time the
station guantities are printed and further testing is sup-
pressed for one integration step. The elevation.rate con-
dition is met for extreme eclevation whenever |3, | = ¥
and v; 2 v.. Upon success, the station quantities are
printed and the test is suppressed for one integration
step.

The subroutine uses 100 words of erasable storage
starting at COMMON.

2. Basic Coordinote Transformoiions

ROTEQ

The general precession of the Earth’s equator and the
consequent retrograde motion of the equinox on the
ecliptic may be represented by the rotation matrix:

X’ dvy  diy i X
b s Ay oo a3 Y
YA dyy iy @33 Z

where X, Y, and Z are expressed in the mean equator
and equinox of 1950.0 and X, ¥, Z’ are the coordinates
in the mean equator and equinox of date, The geometry
of the precession has been represented by the three small
parameters &, =, and § in Sketch A-14:

Sketch A-14. Relationship between fundamental
reference equators

T om0 is the mean equinox of 1950.0; €540, is the mean
obliquity of 1950.0; % ... is the mean equinox of date;
€ is the mean obliquity of date. Measured in the mean
equator of 1950.0 from the mean equinox of 1850.0,
90° - ¢, is the right ascension of the ascending node of
the mean equator of date on the mean equator of 1950.0,
90° + =z is the right ascension of the node measured
in the mean equator of date from the mean equinox of
date. ¢ is the inclination of the mean equator of date to
the mean equator of 1950.0,




