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Mr. Steve Green
LEM Dynamics Section
P]^ant, 25
Grumman Aircraft Corp.
Bethpage, Maryland

.',,t, i

NASA - l,lSC
B1dg. /+ Room 136 CY5
2101 Webster-Seabrook Road
Houston, Texas 77058
June Zla, L96/+

SflD sAtc

s-X Bo tsb{

SA@.T

Dear Steve,

This document was written in answer to NAA and Linkrs cor.r:ents on
the first document wh-ich I presented to you some months ago. -'::e
information presented in this seeond document is directly applicable to
the LEM, AI,IS, and IMCC integrated mode of operation as far as math model
compatibility is concerned.

This document is presented for lnformation on1y. MSC w111 have a
I'stripped-downrt version of the .IPL Ephemeris tape by July 31. If
questions arise concerning any areas covered therein, please feel free to
contact me at your convenience.

Sincerely,

-frti.'-/i 7rr..^l/-
Sam H. Nassiff f/
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NASA - MSC — 
Bldg. 4 Room‘ 136 CFS 
2101 Webster-Seabrook Road 
Houston, Texas 77058 

‘ (Blvéja% {I “-4 1". June 24, 1964 
. in” . , ‘Egn‘nic 

Mr. Steve Green wig $0 ‘3“ 

LEM Dynamics Section 
Plant 25' wag} ‘ 
Grumman Aircraft Corp. 
Bethpage, Maryland 

Dear Steve, 

This document was written in answer to NAA and Link's comments on 
the first document which I presented to-you some months ago. The 
information presented in this second document is directly applicable to 
the LEM, AMS, and IMCC integrated mode cf operation as far as math model 
_compatibi1ity is concerned. 

. 'This document is presented for information only. MSC will have a 
"stripped-down" version of the JPL Ephemeris tape by July 31. If 
questions arise concerning any areas covered therein, please feel free to 

-1 -contact me at your convenience. 

._‘ Sincerely, 

. M y a  75%? 
V J  Sam H. Nassiff 
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coordinate system used irr the Moon posltlon subroufine

I

a.r To:
,. FROM:

DATE:
SUBJECTI

'I
L,

t,

The'coordinate system that is useC in the moon positlon subroutlne
is defintld by the mean equator and the m*an orbit of the earth (the ecliptic)
at the neareet beginning of a Besselian year. For example, the coordinate.',.'
system used for a mission that bbgins in ;he interval from July 1, 196g
through June 30, 1964 would use the mearr equator and ecluinox at the be_
ginning of the Besselian year 1964 (denotr,d by 1964. 0) wnich occurea January
1.314. .The x axis is defined alor.g the ascending node oJ'the ecliptip on the
equator (the equinox), the z axis is definec along the mean polq, and the y
axts is defined ,so as to complete a right i,anded set.

The 'coo.rdinate system j.s clcfined Iry the mean equator anci ecliptic
as of a certain date because flre true e quaior and ecliptic are constantImotion. The nrotion of the equator is ca,rsed'primarily by gravitational

, attraction of the sun and moon of the earilr,s equatorial buldge is divided
into two components one component, ca.:Ied 1uni-solar ece sion, defines
the position of the mcan pole and consists of a smooth long pe rotation

'of the mean pole around the pole of the ec.iptic with a period of about.26,000 .,.
year8.

The other component, called nutat:on, describes the true pole relative ;
to the mean pol..: and consists o.i n'rany oscillatory terms with periods ranging - 

.';

from 19 years to a few days: , The primar.T term isfrrregular circular mo- ,:
tion of the true pole about thc mean pole with a period of about 1g years and , ,

an amplitude of about g'f, .Nutation is desc:rlbed by two quanfities; hutation in - .,
longitude (A/) ano nutation ln obliquity (A r ). These quantities are shown in
Fig. 1 and are'deflned by a series gimilar to the Brown.series for the position,l

Expianator y Supplement to the Astronomi:al Ephemerls and Ameriian
Office, 1961,
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7.5} 5 12,310: " I SGA Distribution 
'.-'I 'f::.-"'I.-1{FR'OM:, Larry D. 1Brock 

I’i-I I? 1 DATE: September 16, 1963 
:3 : . I' SUBJECT: Coordinate System Used in the Moon Position Subroutine I . . .‘3 

I,’ ‘ T. The coordinate system that is used in the moon position subroutine ‘ 
’ :74. ' ’ is defined by the mean equator and the mean orbit of the earth (the ecliptic) .1I1 

at the nearest beginning of a Besselian year. For example, the coordinate�¿, .IItII 
C i’ ".' I 'system used for a mission that begins in the interval from July 1. 1963 I If. 

:II" through June 30 1964 would use the mean equator and equinox at the be- , 
3, 5- ginning of the Besselian year 1964 (denoted by 1964. 0) which o¢cures January 

1. 314. The x axis is defined alohg the ascending node oi the eIliptiI on the 
' I,I equator (the equinox), the z axis i s  defined along the mean poleI, and the y_ 3 

i’- 1 axis is defined so as to complete a right landed set. - I ' ' 3’3- 3. ' L “  " The coordinate system is  defined by the mean equator 'nd ecliptic " 3I 
,I fi'If' as of a certain date because the true. equator and ecliptic are i constant . . I I. ~33 . motion. 1 The motion of the equator is caused primarily‘by th gravitational if": 

attraction'of the sun and moon of the earth's equatorial buldge ml is  divided .' 
3 ‘IL'I.into two components One component1 ca' led luni- solar prece sion' defines 

the position of the mean pole and consists of a smooth long perIod rotation 
of the mean pole around the pole of the ec11pt1c.with a period of about .,26 009 1 fII'I 

.I -.'.- years. 1 
1. ‘ If The other component. called nutat19__n, describes the true pole relative 

‘ .33 to the mean p011: and consists of many oscillatory terms with periods ranging 4 5 3. 2:35.13: , from 19 years to a few days: , The primary term isw‘irregular circular mo- 1! 
. . . ”.3 ' "Ition of the true .pole about the mean pole with a period of about 19  years and .1. .1. 

'I“.,II'.:II’:II.III an amplitude of about 9". Nutation is described by two quantities; nutation in ' I. 
I longitude (Aw) and nutation in obliquity' (A ( I .  These quantities are shown in 

Fig. 1 and are defined by a series similar to the Brown series for the position {- 

. 1Explanatory Supplement to the Astronomical Ephemeris and American .. .. Dphergeris and Nautical Almanac, I-IIIer- Majesty's Stationery Office, II19I5II1I,I {l'-.:,-:I' Pt: 2 . ‘ '- . , . . . . . 
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e2, Several of the terms in quation (1) can be
neglected in trarrsfornin
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. coordinates to the ref
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from earth fixed
ce coordinates.
tem in which much

of the data from the Nau cal Almanac Offlce
is given such as the prtsi of the moon, sun,
stars, etc. Thus poscible errors are avolded
ln transforming theae data.
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2. Several of the terms i n  equation (1) can be ‘3 
9 -_ neglected in transformin‘g from earth fixed 
' .  

.coordinates to the refere‘nce coordinates. 
‘3." This is the coordinate sy‘stem in which much 

I.~j~ 3‘ of the data f rom the Nautical Almanac Office I: 

’ I is given such as the position of the moon. sun, 
I stare. etc. Thus posuible errors are avoided 
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of the moon. The Nautical Alrnanac Offit:e uses all terms of Ol'Oooz or greatett
These series are giten on pages 44 and 45 of the Explanatory Supplement to the'
Ephemeris.Thereare69termsforA{land40terrysforAe

The motion of the ecliptic is called planetary precession and is.caused .'

by the gravitational force of-the planets on the earth as a whole, It cbnslste
primarily of a slow rotation 7r (0. 47" per year) of the ecllptlc about a dlameter'
that18a1aos1ow1yrotating(TI-).Thispt.eceasioni88hown1nF1g.2,.,,

.,.

:z-

I

Mean. Equinox

The Motion of the Ecliptlc
Figure 2

't

't

I

€o

aa

-"-----d-

TT ! rzoo

: -/'/

r a a, IA r.', r

r ?,1:',t'I r l:1 r'l ,

.-'12'

I

rl

a

I

I

l'

ri

t.

I. .,

\

t,

of the mobn. The‘Nautical Almanac Office uses all terms of Oi'OOOZ or greater; 
.. These series are given on pages 44 and 4 5  of the Explanatory Supplement to the' 
V . 7‘ Ephemeris. There are 69 terms for AV; and 4 0  terms for A6 xwvtromlihgfbTSRPNMIGCA. 

The motion of the ecliptic i s  called planetary precession and .15 caused.”- 
by the gravitational force 0f the planets on  the earth as a whole. It consists 
primarily of a slow rotation 1r (0. 47" per year) of the ecliptic about a diameter 
that is also. slowly rotating (Tr). 
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This precession is shown in Fig. 2. 
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The precession of the ecliptic is combined with the precessional
component of the motion of the aquator to form thc total precession
wlrich clefirtes the mean erluat<>r and ccliptic.2 A vector ln rectangular
coordinates referred to the equinox of cne epoch (19S0. 0 + TO) carf be
transformed to'the rectangular coordin:rtes of the vector referred to
another epoch (1950. O + TO + T) by the ,:quation ' 1.. '

["lx
Itxlv
Ilx

a

Yx

Y
v

Y

Zx
.7

v
Z-

where '/
I - (.00029696 + . 00000026 To) T2 -. o00ooo13 T3

-Xy = - (. OZZS+941 +. 00C01355 To) T -. OOOOO6?6 T2
+ .00000221 T3

xx

Yx

Zx =-)( z
.s - (. 0097i690 +

j
+.00000096 T'

1 - (. OOO249?5 + . O0O00O ]O To) T2 -. OOOOOO1S T3

,y = - (. 00010858 + . 00000002'TOI T2.

1 - (.,OOO 04721 - . oooooo(f"o) T2

ocooo4l4 To) T + . OO0OO2O7 T2

Y=
v

Y

z

z

where T., and T are in tropical centurier;.U

Some of the advantages ot' using li coordinate system referred to
the mean equinox at the nearest beginnir g of the year are the following:

1. The precession of thr: earth can usually be 
.

neglected in computirrg the earth oblateness
acceleration. Since rhe reference equinox
is always within six rnonths of the mean
equinox of date, the rnaximum error ln the

)

2 ibid pp. 34

A-4
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'2: ‘2 . coordinates referred to the equinox of one epoch (1950. 0 + To) can be .7 . 

.r . w — w ' w — r � ¿r r  1 - . - . 7  w . v 7 — . “  “ , 7  
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The precession of the ecl ipt ic i s  combinedwith the precessional ';. 
"component of the motion of the equator to form the total precession 

which defines the mean equator and ecl ipt ic. 2 A vector in rectangular 

transformed to- the rectangular coordinates of the vector referred to I! 
another epoch (1959. 0 + Tojrl- T) by the equation ' .I 1:1 '2 
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‘whe're, :. 1 1 /. . ';I,-I,I. ; , 
' i rixx'a'I 1 - (. 00029s + 00000026 To') T2 - .00000013 T3 : 

Y,“ - éxyL-ec02234941+.00001355 T0)T-.00000676 T2 12‘ 
_- + 00000221 T3 .I.I 

a�¿zx - -x2 11 -(. 00971690+. 00000414T0)T+. 0000020712 
* 1 +. 00000096 T3 

Y9 . 1 - (. 00024975 + .00000030 To) T2 _ '. 0.0000015 T3. I-II-_.. 

Yz I Zy c f ( .  00010858 + , 00000002‘ T02LT2' . 

. 2 1 I. 
Z2 3 .1"- (.,I00004721 - .000000(7’I‘0) T , 

Iwhere To and T are in tropical centuries. 
Some of the advantages of using :1 coordinate system referred to .. 1‘ 

the mean equinox at the nearestbeginnirg of the year are the following: ; ‘ 

. é]: , 1. The precession of the earth can usually be ’ . ~ , 
neglected in computing the earth oblateness ,. 

3 1 acceleration. Since the reference equinox ‘.-:‘. ' 
i ‘ is always within 'six months of the mean .. . 

" 1 '1 " . equinox of date. the maximum errIor'in the .3 j: ,' . . .  

.1 4j x {1.95” pole due to precession is about 102. f - . II"; ; 
2 2 ' " . , 1  III- . .' . . . f l ' ?  . ‘I . 

' i ' ' 1 '  ' ' ' . .' 1' - T 2 Ibid pp. ‘;34 . . -_ .v ; -. , 1 I1. 
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APPENDIX B

STANDARD ASTRODYNAMIC CONSTANTS

AND CONVERSION FA]TORS

FOR PROJECT APO::LO

January 8, 196;+

o Be11comm, Inc.
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STANDARD ASTROI)NAMIC CONSTANTS AND

COMERSTON FACTORS FOR PROJECT APOLIP

The attached Appenillces 1.,.st the current standard s.stro-
dynamlc constants for ProJect Apol..o along wlth a set of conver-slon factors 1n a form suttable fo:' qulck access. AlL valuesglven are ldentlcaL wlth those whl<:h wllL appear 1n the secondlssue of the OMSF Program Dlrectlve' entltled- "Natural Ervlronment
and Phystcal Standards for proJect Apo11o.',

The present document ls 1r tended to serve two prlmary
purPgs-e-s: (1) to make tt:e standar'd astrodynamlc const-ants rladtlyavallable to the user tn a non-elas s1f1ed document, and (e) torefLect several mlnor modlftcatlons of the constanLs condained 1nthg orlglnal OMSF document, L.e., the value of G has been "irinirvmodtfled for the sake of lnternai conslstency; the rotatlonal-ratland mean equatorlaL radlus of the Ivoon have 66en addedi and a ietlof convetston f,aotons .has been fu:r,lshed.
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STANDARD ASTRODYNAMIC CONSTANTS AND 
-, CONVERSION FACTORS FOR PROJECT APOLLO. 

‘ I 

The at tached Appendices list the current standard astro-; 
dynamic constants for Project Apollo along with a set of conver- 
sion factors in a form suitable for quick access. All values 1 ’  
given are identical with those whi(:h will appear in the second 
issue of the OMSF Program Directive. entitled "Natural Environment 
and Physical Standards for Project Apollo." 

The resent document is irtended to serve two primary 
purposes: (1 to make the standard astrodynamic constants readily 
available to the user in a non- classified document, and (2) to 
reflect several minor modifications of the constants contained in ‘ 
the original OMSF document, i.e., the,value of G has been slightly 
modified for the sake of internal consistency; the rotational ratel 
and mean equatorial radius of the Noon have been added; and a set 

- of conversion factors has been furnished. . 
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STANDARD ASTRODYNAYJTC COi{S:CANT;J FOR PROJECT APOLLO

0eneral Constants

l.L Veiloclty of l1ght 1n a vacurrm

c . 299792.5 km/eec

L,2 Unlversal gravltatlorial cons;tantr

e r 5,61L x 1o-8 cm3 gm-l 8()c-2
I

1.3 Astronomlcal unlt
B.llr r 1.49599000 x toSkm

1.4 Ephemerls tlrre - Unlvereal l'1me reductlon

The relatlonohlp between Ept ernerls TLme (Ef)

and Unlversal Tlne (UT) 1s g lven Ln the

Amerlcan Ephemerls and iVautlcaL Almanac.

2 Earth Constants

C

C

2.L

2,2

2,3

2,\

Equatorlal Earth radlus (gravlta8lonal)

R" '. 5378.155 km

Flattenlrtg

f r L/zgl.3o ' ^' ,.

Accel.eratLon of gravlty ai equator 
c

ge z 9.78030 m/sec?

Rotatlonal rate of the Earth

deglsec

a

tg'

where T 1e the numb,er or' Jul lan centurlee from

1900 January U.5 U.T. (iuIlar Date E 24I 5O2O.O)

rThls a11ghtlg fnodlfLed ve:Iue o I o, adopted for lnternal
consleteDCYr vLll appgar 1n tlre eecotd laeue-of the OIISF docu-nent nNaturar Envlronnent and l,hyalc tr standarde for proJect-
Apo11o.

it,r'l

C

I

36a--u' .64.09692 + 0.00i64 T

00
C ! STANDARD ASTRODYNAMIC CONSTANT3 F0 

1 General Constants 

-:;1.1 

‘ l § 1 t 2  

ya 

- 10 ”  

‘72.1 

V 2 . 2  

. 2 .3 '  

2.” 

B- 1 . e
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PRoJEcr APOLLOT..‘IQ’§» $1 

velocity of light in a vacuum . . ”I ' 

ci- xwvtromlihgfbTSRPNMIGCA299792. 5.km/sec ? § ‘ - ‘ .;'1:vl , g'. vi 
Universal gravitational conutanti p” DYT : e zwomlkihgfedaZXVUPMLJIGDCA ‘ 

'0 e 6.671 X410"8 cm3 gm‘;scc-lQ : ' I }  2% _ E 

Astronomical unit I I : 

a.u. - l. �À9599000 X 108 km 

Ephemeris Time - Universal Time reduction 

The relationship between Eptemeris Time (ET) "p Q 

and Universal Time (UT) is given in the I 0 

American Ephemeris and Nautical Almanac." 

"H;2;rEarth Constants ' . h T J 

Equatorial Earth radius (gravitational) . “, i V. ‘px  

he - 6378.165 km. ' I" 
Flattening 

r - l/298.30 " “§£'j 
Acceleration of gravity at equator . . A 

- 9. 78030 m/sec2 ‘ . ’ 
Rotational rate of the Earth W 

60 
”e ' .o 9 + 0.001 T deg/sec 
where T is the number of Julian centuries from 

1900 January 0.5 U.T. (Julisl Date I 201 5020.0)  

“This slightly modified value or G, adopted for internal 
consistency, will appear in the secozzd issue of the OMS? docu- j_ . '. 

"ment "Natural Environment and Physical Standards for Project ' - 
Ap°11°e' 

' i _ . ‘ . '  . l 4 , l ‘ - . . t . I , v . , ‘ v. . . . 1 v _ ‘ .  . ~ , _ _ . | - ~‘ ' y f --e:~jl.l}lzr! "Q ‘ ;  '. ' -' ‘- ' ‘ : - 4-": 3H ,' ' .' - 1 ' ' ‘ ' ‘ ’ . ' 7 I  ‘ ln '  ‘ . , . a . ,--. , , - , a . . ..- '.i_...—.r....__._. ‘ 
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c

2.5 GravltatlonaL

V(rr0 ) b
potentltal

[,; * 
(]) (:. 3 s1n2o

P-2

fun<:t1on
2

t.

I

+

)

0) elrr 0

. L (F)' (3' - 3o eln2o + 3i er.n*o)

where J ! 1.62345 x io-3

H--5,75X10-6
P s 7,875 x 10-6

.r r magnltude bf geoc:ntrlo radlus vector
$ '. geocentrlc 1atltule

2.5 Gravltatlonal parameter

E" s GM" r' 3.9BGo3e x 105 x^-3/r""2
2,7 Mass of the Earth

M" ' 5'975 x to24t<g

H 
(F)' ,, 5 s1n2

(

3 Const ants

3.1 .Mean lunan radlus

fl a 1738.09 km

3.2 Botatlonal rate of the Moonc
'm 

o #fh--nnu :33 i ,

where T le the number; of iu11an centurles fron 19oo

.5 U.To (Jul1an Date tr 2ql 5O2O.O)anuaryJ 0C

1 t."''
a

I

I

I

a

I

,

2.6 

2.7 

2.5 Gravitational potential fun<=tioni , ’ P- 
}! ...- 

~V(r,¢) r F? [1 + %f(;—) (J. - 3': sin 20) 

' 3 
1“? + (2:) (3 - 5 sanzo) sin 0 

+
 

H 
3 

D 2 V n ?" W3 - 30 sin 0 + 35 sin 9 )  

'wnere J -'l.623h5 x 10‘3 

3: H - -5.75 x 10‘5 
D - 7.875 X 10‘6 

,r - magnitude of geocantrio radius vector 

¢ - geocentric latituie 

Gravitational parameter 

ue - 0Me - 3;986032 x 105|km3lse02 
Mass of  the  Earth : '  ~ 

Mei- xwvtromlihgfbTSRPNMIGCA5.975 x lozukz 
l. " _ 3  Lunar Constants 

3.1 -Mean lunar radius 

- R - 1738 .09  km , V 

(;) ‘ 3.2' Rotational rate.of the Moon 

50 92a. 6”" .. 3 0 9 .5E3'1‘676IHT; sec 1 “‘ ' 

where T is the numberiof Julian centuries from 1900 

.January 0.5 U.T. (Julian Date - zui 5020.0) ,.1 
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r

3.3

3.4

Pnlnclpa1 axes .. t''' '

a i' L738.57'km

b.-''L738.21 km
;/-

c r L737.49 lrn

where a 1s dlrected toward ;he mean center of the lunan

d1sk, c 1e colncldenL vilth r;he lloonte rotatlonal axls

and b ls perpendlcuiar to ir and c.

Pn1nclpa1 moments of lnertlir
I r 8,8782 x ro34xg :neters2

! r 8.8-800 x to34xg n,eters2

c E 8.883? x rO34t<g ,,"r"r"2

i

3.5 Earth-Moon mass ra;1c

t4-/14- B 81.3015-e-m
3.6 Gravttatlonal pararne'cer

Im o GM, o \.902778 X 103 L*r3/ru"Z

3.7 0ravltatlonal potentlal func tlon
2

[,+
m

u

+L

J
3

n,r\

rl (1-3 s1n o)
2

c V(r, 0, e )

where:

(F)' ("os2e .ouzo)]

Ja3109X1o-7
la5o8x1o-7
r t magnltude ,f,r' selenocentrlc nadlus vecton

0 E selenocenii,lc Labliude

0 . :selenocentrlc longltude

c

Rr. U38.39 km', mean equatorlal r.adtus of the Moon

I

C

.\)

t

J

3. 3 Principal axes ; 

a / � À 

‘J3.u 

335 

3.6 

3.7 

\ 

--.
-..

.._
_ 

l 

e 

- a I’l738. 57 km 
//// 

» 5 8/-/i738. 21 km i 
/ l - ;>% 

. " '  c I 173701‘9 km 

,/</(" lwhere a is directed toward the mean center of the lunar 

disk, 0 is coincident with the Moon's rotational axis 

'and b it perpendicular.to a and 9. 

Principal moments-of inertia , ; . _ .; 
5 . ‘ ‘ - . - ‘ J 

A - 8.8782 x 1039kg meters2 § E a . = ‘ _. 
2 i 
2 

‘B - 828§UG'X losukg meters 

C - 8,8837 X 103hkg meters 

Earth-Moon mass ratio 

Me/Mm - 81.3015 

Gravitational parameter 5 

"m - GMm - n.902778 x.1o3 km3/eec2 

'GraVitational potential functidnl 

' 3‘ 
v(‘rla¢a°) " r—m [1 + 

n
a

h
 

@252 (1- Blair: 65 
in zwomlkihgfedaZXVUPMLJIGDCA2 ' “ 

,+ L(;E) (c0828 008285]_ 

3109 x io‘7 where: J 

608 x 10'7 f ’j ' ‘ ' . I 

r'- magnitude of selenocentric radius vector 

8 i selenocentric lat i tude 

"e - selenocentric longitude 

R - l738. 39 km - mean equatorial radius' or the Moon 
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0

{ Solar Planet Con tant
Planet ,JUass Fratlo

Mr/Mp1"r.,ot

Eph eme nldes

.1
q 0B6q 5

332951. 3

3 r 088, ooo

yg47 ,39
--'

Oravltatlonal
Conetant

k^3/uu"Z

1,327t51ttS X 1011

30.247695 X 105

3,986032 X j.o5

4,zg?T8o x roq

L,267L06 X 108

5

J

The ephemerldee of celest1al bodl.es (Sun, Moon anc planets)
to be. used sharl be the comprenensrve set belng prepared
by the Jet propuJ.slon Laboratory (to be mg,<ie avalLable 1n
late'1953). The JpL rnaterlar co:rsr.sts of thnee magnetlc
tapes coverlng 'the year6 19r0 2o0o t 4n englneerlng docu-
ment descrlblng--uiutoata and tape forna.b, plots of resr.duals,
and symbollc and blnary decks of i.lser subroutlnese sultabr.e
for use on the rBM 209q. Data not prr>vlded wlthln thr.E sourceshaIl be taken from the Amerlcan Epher:erLs and NautLcal Alaanac..

6 Atmos henl Modeis

Tae atmoepherlc models to be used 1n /.poi.Io reference
traJeatory calcullatlons are as foJ.J.ows : I

. a. For launch phase calcuLailons, the patrl,ck
Reference Atmosphel.e Le Eo be, used up to 35 ktr,

.. and the U..S. Stai,rd,ard Abmo6pherer I9dZr. 1s to
be uged above 35. kn. :

(

a ),ti"

I
I

I
li lll r' I

-i
.i/

Sun

Venus

Earth

Mars

Juplter

)

" “W" ,  ’ 7 "  7 H I", 

I 

‘ o  I. I ‘ , / §  
 “ Solar and Planetary Constants A 

’ Gravitationall 
Planet I I II ,Mass Ratio 

=I ..;%(%¢K’ :onstgnt 

ILII;3517I'fIII'Ms/MPlanetI' . km /Be° ' - Sun,—"""/'.’ I 1 '2 1.327151% 2: 1011f" 
,-—' Venus '; 5;} noesus ; xwvtromlihgfbTSRPNMIGCA3:21:7695 x 105 

Earth I ' ._ "I 332951.3 “-1,, 3.986032 2: 3.05 
Mars I. '. I 3,088,009/’I' : I  h .é97780 'x  10”. , I. . , I I 8 Jupiter _ v1.5: 10147.39 . I I , 1.267106 1: 10 . I/f / I I 

.. f/; 

5 Ephemerides 

. The ephemerides of celestial bodies (Sun, Moon and planets) 
to be,used shall be the comprehensive set being prepared 

v by the Jet Propulsion Laboratory (to be made available in 
late 1963). The JPL material consists of three magnetic 

‘tapes covering.the years 1950 - 2000,  an engineering docu- 
1.?- 

ment describingithe data and tape fornat, plots of residuals, 
and symbolic and binary decks of user subroutines, suitable 
for use on the IBM 7094. .Data not provided within this source shall be taken from the'American Ephemeris and Nautical Almanac» 

3 I 6_ Atmospheric Models ' ' I 
. ' I -IIThe atmospheric models to be used in Lpollo reference 

trajectory calculations are as follows: , 
I 

I 
| "  a.’ For launch phase calculations, the Patrick 

Reference Atmosphere is to be used up to  35 km, 5 I A ' I ‘ _ ‘ I I  
f and the 0.. 8. Standard Atmosphere, 1962, is to 

be used above 35 km. I' : . . I  t - . 
.I .1 2 zwomlkihgfedaZXVUPMLJIGDCA' I ' ' I I ‘ I I u. ' ~ I.. . . . . o" " .'. .._-_-_.. ._" ‘_ ._ ___.—.-—‘-'—-——-——v~ —- - ---~-.*-»~-"-“-"‘ "' " "  ' """" 

‘ 



I

:

c

a For reentry

Atmoophene,
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calculatlone

L9'o2, 18 t;o
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I
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Standard-
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a

t
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L
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C

c
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I
I

!

t.
I

I

I
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For reentry calculations 
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CONVERSION FAC1 l0Rs

' rn the folIowlng table .f conve"lron factors aLl
lengtho are glven.1n rnternatlona;. un1ts1 €.gop rnternatlonal
feet, nautlcal n11es, sta,iu'ce mlJ.e s, ets. Those converelon
factore denoted by an asterlsl< are to be coneldered as'exact.

In order to converc

From To Multlpl vBv

C

o

,^\../

feet

meters

Bg. feet

8e. metere

nautlcal m1les

statute mlLes

nautlcal m1Ies,

pounds

kllograms

pounds

slugs

kllograms

meters

feet

sg. neters

sg. t'eet

kllometers

kllometers

feet

kllogranre

pounds

sJ.ugs

pounds

slugs

kllogran:r

0.3048 00oor

3.2808 3990

0,0929 0304r

Lo,7639 .10q2

1.8520 00OOr

L.6og3 44oor

6076.1154 9556

I(

0,\535

2,zAi-6

0. 0310

32.174o

0, 0685

14.5939

9237,

2262 ,

8og5o

4eso

2L7 66

029\slugs

I
I

a

(

c

.l

,

,-'t:

} ? B-6 

CONVERSION FACTORS - ; * 

In the following table of conversion factors all' 

1engths_are given in International units, e.g., International_v5‘; 

feet, nautical miles, statute miles, etc. Those conversion'f 

,<:>332 ' factors denoted by an asterisk are to  be considered as exact. 

;. In order to'convert 
i 

H 

feet , . 1 ' 3 meters : .' o.3ou8 oooo' 
' ‘. meters ‘ . feet 3 3 .2808 xwvtromlihgfbTSRPNMIGCA3990 

_ / '5f7-ad,sq.'feet ' sq. meters _ 0.0929 030”. 
‘ V‘Ji' sq. meters sq. feet '~ 10.7639-10h2 

5 nautical miles L.. kilometers zgi' . 1.8520 0000“. 
statute miles 3.,5‘”. kilometers I I E ”i“1.6093 “#00: I 

nautical milesvw3ri' feet z-f 3 "“”6075.115h 8556 

pounds =xfa 3 ; . kilograms ‘ 1 ? :3'o.h535 9237' 
kilograms : ‘ ///’/bounds {.1 3 " t  it 2.20u6 2262. 

3' pounds ~j;;§€<: w' . slugs ;; 'j._v; . 0.0310 80950 
_<:>' I . “slugs’ ”3‘: f '3-, pounds é: 1 '  :-: 32.1740 $856 

_Lij{1;'j"ikiiograms 3 .‘ slugs ,:I 'g T. 0.0685 21766 . 
nk‘ Islugs ;. 3_.“ I':' kilograms; '3é2f 1”.5939 029R ‘ 

. ' " I “  , . '3 H ,  I ‘  . ' . . . ‘ ' �¿ .~,’ " 3 . I ‘.".'-, - . 3 zwomlkihgfedaZXVUPMLJIGDCA f .j _, - 1 ' ,  - . .  ,' , 3'_ _ . , ._' . .  3. .3.‘ . , . _ 3 3 ‘ . 3 . 

'3". ‘ 3 ' : . ' / ’ :  ', ' ’ I , '  V '.e 2-. -..-f.. _......._i_'.._..._7 ‘ 3 . W _  .,,.-_.,__-- .7.............. - w  1...“. “~- 

I 

._.—;..,..~.__._._.~_.~.-. .7 _ -~_-..... 2 .. .. 
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C

From

pounde,/sq. foot
kllograns/sq, meter

H--'l

kllograrcs/aq. neter
pounds,/eq. foot

tlpLv By

4,9924 275\

0.2049 15144

gs

ESgrede

T

{rad

grede

rctr.! 0.01745. 32925

5'1,29577 95131

3.1rir59 26fi6

radl.ane

8o (netere/aec/sec)

8o(teet/sec./eec )

_:,

netere

feet (U. S.

,9,8065 5ooor

32.L740 4glg

tlonshlp between thouded:

0.30itg oo5i.

'vey) 3.28og 33:3

It

./'

C

o

I

For reterence Dr

..u 
' . .u. -;. s;;;;;";;";Ti;"8i""fi1il;r,,1; i;: a

I
feet (U.

meters

S, Survey)

\

Sur
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BrA ufnll.'

Memorandum
Cf/fffght Crew Support Dtvlslon.Attentlon: l,Ir. S.-U. Nasetff - ---'-'

t

t !!a

FROM

TO

SUBJECT:

Refpre'ic-es:

Otr/Ctrtef, l,Ilselon plarurlng antl

, Ana\ya1e D1vteJ.on --'
IMCC end, A116 tGthematlcal Mod.el

--. Eeccruiiendatlons

In rep\r refer to:
Ou (ma: avn)

"rr{cc and Alvri Mnthemablcar Mod.er ccnpatlbllrty
Requlrementg " I.IASA laanne! t,lececraft Center,

It{emorand.rm from North Arnerl canr ,'keLlmlnar5r
Colmenbe on Beference (e),r

Docr.uuent by the Offlce of lv.annett Spece !,11ght,
Y. 

D P BOaO.OOS& ,'Nattunl EnvliomenU and. ptlyelcal
Staadarcl.e for proJect ApoJ.lo"

Qoqum60 !y Qaaard, Space l'.tlght Center, d.ated.[&y .1, L95l ;. "Intezplanetaqr ilaJeetory' Drcke-
Method. (IIEM) hogram Manua.L,,

aftf, fecnnfcal Beport 6O-eBt, d,atecl, Atrgust 1960

l
i Ccrmnsnla and

(")

(u)

(o)

(a)

(")

1. fntrod.uctlon

B. At the request of the Fllght slmuratr.c,n &anch of the flt1ghtcrew support Dlvlslon, the following has been preparea la an effortto better d'eflne _coq>atlblllty requlrements be,iween the Al,lS and. IMCCmathematlcat noaelsr- 1nd to rlpry to the ..*..*Ji;r-ii;;;"d";.*and Llnk Drv1s10n of General *"lrron (r;f*;;;"\iili:'ys rusrJ

b. The paragraphs 1n thls nemorandr:rn are generaqy 1o the ord,erof coments ae they appear 1n refereo.u lu) . 
- '-

2, Stand.ard.lzatlon ), , .

a. rb effeec- coll|patlbllrty betveen the Al$ and, rtoc, staad.arritl-zatlon of the mathematlcat moalrs-rs .requr""a,rrtu; r""da-io prr.v"t."rconsta'tal. coord.:taate qy'teynsr 
. 
and eptreor'errs;;;:'vel'vvv ev,v

b. staattard.lzatlon ln strmborory and. u'1te of measurened ls

. :! :1.
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. C; iI 7 ‘ .  I Requirements" NASA Manned ‘pa ecIraft Center, 

egg}. 3 . ‘ 1 m - . “ECU L. I . UNITED STATES oOVEnNMEN'r I.” 0 o4 . 
. - u“ 3 13 Memorandum ~ . - *9 ~ , .. E ,t ' , - which: 

. I! 1'0 -: ’zI-II ’cr/Fiight Crew Support Division . 2, 5" "—‘ ,I . ‘ i xAttention: Mr. 8.1!. Nassiff / -“ ., _~ -; T'IE_ / Inreplyreferto: 1 1 , ;  .". i non : ;  3; OM/Chief, Mission /Planning and . 0M (EDB:svm) ' ,f I' 3". ‘ .7 ' iI'I Analysis Divi/si/ony E. �À." _:‘,II. . 

_ tumor: ’ mac and ms/ Mathematical Model- cements and I ' 1.“;[‘_ , " If? 3 J '/-Reccmnendations I . - . '- ' -  
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Referinc’esri I(a), "IMCC and Am Mathematical ModelI Canpatibility 
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/ _  -’. {E IE OMA (HDBmvm), November 8 I 1 I 5 ;  
’ ' . ' E ’  ' -’ . ‘ . ‘E  I z j ‘ »  

.. 'E - ' . .EE’ I;;(b) Memorandum from North American, f'Preliminary I E . . . . '- ' ' t .  ‘-‘- j Cements on Reference (8)" . , - r . , I -' ; ‘ : f ‘  - E ' .I _ .3. ,(c) Document by the' Office of NannE‘ed Space Flight, " , I ‘ 3' M-D E 8020. 008A, "Natural Envi oment and Physical : ' ; I 3? Standards for Project Apollo" 1 ' I ~ ; '. ‘ ' i. :5- ' 7 z. 1 zwomlkihgfedaZXVUPMLJIGDCA ‘ . - ‘ E .1' ' ’. g (d) Document by Goddard Space FligIrt Center, dated j g. . May. 1, 1963, "Interplanetary IITraJectory Encke ~' ' ' I - Method (mm) Program Manual" 1 ' 

(e), ARL Technical Report 60e281, dEate’d August 1960 : , .. I ‘ ‘ 
- .  K i . , a .' ‘ “£3 1 1. Introduction _ . ’  f y � ¿ .- ,;§ 

- -‘ ’ ,5, I '~ ._ a. , At the request of the Flight Similation Branch of the Flight - I ‘ Crew Support Division, the following has been prepared in an effort '1 C' ' - g' I ' , to better define compatibility requirements between the Am and IMCC " . ,i ‘ mathematical models, and to reply to the comments by North American I I and Link Division of General Precision (reference ‘.(Ib)) g ‘ 

of comments as they appear in reference (bI). 

"i’a.....8tandardization ' E ' I’EEEEE’E " ' ' .-.-. 

b .  The paragraphs in this memorandum are generally in the order ,E E " 
Ex . - ‘ . ' I", ' ' 'S 

a.  To effect compatibility between the m3 and' IMCC, standardi- zation of the mathematical models is required with: respect to physical constants, coordinate systems, and ephemeris data. ; i, a ‘ 
’ : I _J ,  : . . :  i i b. Standardization in symbology and units of me’asuremnt is » ' 11f ; - ' :‘ required at least for output qnantities.I,‘ . . .  , . ‘ ' ' - :  

E . IE ' :7 “i5: . I . . ‘ I  I ; .  ' I '  ’ C “  I . I  ‘ "I I‘" .II'I V I : 

--_ ' . : . .Ii 2;: .; -- . '  t V ’ l q ’ .  
, _ : ; ’ l 1 1 . ‘ 

L ’ ’4 E“ I 5” ‘EI’;, ’ ’ “E‘E;E ' ' . I I I E .I’ :II I OI~ .I ', ’___,’._’._'_._f:-"’ t o  ' ‘ I -1"" ~~'.E 51.; .4... " 
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,. Baslc Coorcllnate System

a. Elther of two baslc geocentrlc coord.:nate eyetena are belng
congld'ered' for the lunar traJectory programe 1n the Il,iCC. loth eyeteuaare eesentlalLy the usual geocentrlc equatorjaL lnertlal coord.lnate
eyetens; ln one eyetem the baslc reference is mean of d.ate, and. 1n the
second. system the reference ls of a parblcuLer ejpoch Buch as the neareet
beglnnlng of the Besse1lan year. 

I

b. Append'lx A deflnes some of the ad.vantages of uelng a coord,lnate
systen referencecl to a partlcular epoch. Ihls eppend,lx 1e lnclu6ect forlnfo::aatlon only, and lt may not be conelud,ed that a flxed. referencefrane wILI necessarlly be used. ln the II{CC.

. Though the preparatlon of the speclal ephemerls tapes v111 bed'lctated. by the cholce of reference systems, ':he fo:mu1at1on of thetraJectory programs may well be lnd.ependent o.l the cholce. Thle !1111 bed'lecuseed' firrther 1n the Rphemerle sectlon of thte memoranar.urn (p"".g.pt f ) .
d'. On the basls of the lnfo::natlon avallrrbLe at thls tlne, 1t- 1s

recomend'ed' that the coord.lnate eystem for tht: AI,!S be referenced. to themean eatth equatorlal plane and the mean equiliox of the nearest beglnnlngof the Bessellan year. If 1n the futr:re 1t 1rr d.ecld.ed, that the coord.lnats
eysten of e flxed' epoch vlLl not be treed ln tlro IMCC earbh-noon nodel,the oaly modlficatlon necessary to effect co41ratlb111ty between the AIISand the r],lcc w111 be 1n the ephemerls tape 

"oittrr" for the Al,!s.

h. l,lethod of IlaJectory Co4rutatlon

a' Ihere shoulal' be no regulrenent for the nrethematlcal modele 1n othe Al,ls antl D,lcc to e4>1oy the same nethods of traJectory ccurputatlonor method.s of lntegratlon. Ttre onry requlreme nt should be on theeccuracy of the coq>utatlons w1th1n the Al4S. l{hen operatlng wlth thelilcc, the AIrE should. be capable of computlng the traJectory-parametereaccwately w1th1n certaln um1te. iJhen these Bccurecy tfurt-s ere
exceed.ed., Al4s traJectory updatlng shouli be requlred,. Theee llmltgare d.lscuseed in the eectlon on Alas traJectory -o""rrr.cy-(il.g";;rr- 

:r).
b. tr'or lnfomatlon, the ad,vantagee and. d.lsad,vatrtages of speclaltraJectory ccrnputa!_lon technlgues as verl aa brEee for copart-aon Breconsldered, ln detelI ln reference (e).
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,. Earth-Moon P1ane Coorcllnate Systen

The moonre orbltal plane ls the funda,rnentat plane of the rcrtatlnggeocentrlc earbh-noon plane coord.lnate syetem rrs d,escrlbed. 1n 
""i"i"i"" 

(r).The )0{P a:<le 1s d,lrected. outvard, fro thl geoc,:rcer 
"ronslh; "*rtt 

_r*o
llt"r -t!9 ne alrle l1eg la the earth-nooo iI.u,r, ad the-z{p axle copleteethe riglt-band,ect ortbogoral coorritlnatu uy"i.r. '.
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5;. system referenced to a particular epoch. 

dictated by the choice of reference systems, 

and the mac will be in the ephemeris tape routine for the ma. 

, h .  Method of Trajectory Computation 
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5 ' . 2 . ' . ‘ l l 

"5.  Basic Coordinate: System 3. 

a .  Either of two basic geocentric coordinate systems are being 
considered for the lunar trajectory programs in the IMCC. Both systems 
are essentially the usual geocentric equatorial inertial coordinate 
systems; in one system the basic reference is mean of date, and in the 

- '- second system the reference is of a particular epoch such as the nearest _ p 
:_ beginning of the Besselian year. 3 f f. L z ' l 

b .  Appendix A defines some of the advantages of using a coordinate . 
This appendix is included for 

information only, and it maynot be concluded that a fixed reference 
.frame will necessarily be used in the mac. 

c .  Though the preparation of the special ephemeris tapes will be 
she formulation of the 

trajectory programs may well be independent o:.’ the choice. This will be 
. ‘ discussed further in the Ephemeris section of this memorandum (paragraph 1 ) .  

d .  On the basis of the information available at this time, it is 
recommended that the coordinate system for the AMS be referenced to the 
mean earth equatorial plane and the mean equinox of the nearest beginning . s. ' ’ of the Besselian year. If in the future it in decided that the coordinate- ~ system of a fixed epoch will not be used in the mac earth-moon model, 
the only modification necessary to effect compatibility between the ass 

5.. There should be no requirement for the mathematical models in ' ‘ the MB and IMCC to employ the same methods of trajectory computation 
or methods of integration. The only requirement should be on the 
accuracy of the computations within the AMS. When operating with the 5 '. 11400, the ALB should be capable of computing the trajectory parameters 
accurately within certain limits. When these accuracy limits are 
exceeded, ANS trajectory updating should be required. These limits are discussed in the section on ALB trajectory accuracy (paragraph ll). 

b .  For information, the advantages and. disadvantages of special trajectory computation techniques as well as bases for canparison are considered in detail in reference ( e ) .  . 5 

5 .  Earth-Moon Plane Coordinate System 

The moon' 8 orbital plane is the fundamental plane of the rotating geocentric earth-moon plane coerdinate system as described in reference (a ) .  The XMP axis is directed outward from the geocumter along the earth-moon . line, the IMP axis lies in the earth-moon plan-3, and the an? axis completes the right-handed orthogonal coordinate system. , . . . -~ ~54}» ; ) ] l l : '= | - . '5  
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5. unlt of rtme

B. Beference (a) tmplled a requlrement for tI-me output to be 1n daya,

B. Ihe .IPt, ephemerie package ehould be re:dy for dlstrlbutlon 1n the
lmmedlate ftrture. It ls urderetood tha'c the peckage shall conslet of at least
the folLowlng:

(f) Three nagnetlc tapee contalntng ephernerldes of the er:rr, Eoon,
and, planets for the yeare 1950 through 20@.

(a) f}ro documents, whtch ln part desc:clbe ln detatl the d,ata, tape
format, and certaln subroutlnes.

(l) Symbollc and, b1nary deeks of user subroutlnes sultable for the
rBM ?09[.

hoursr.mlnutes.and second.s, excluslveJy. fhle. ls lncorrect; though the nlaEloa
wlIL (probabry) be referenced to GIrf,I, thrust 1,h6iss nouLd aieo protab\y be
referenced to elapsed tl:ne from phase lnltlatlon i- ln gecondg.

b. The unlt of tlne meaeurement J.n the cc,mputetlon of the traJectory la
l-rsneterlal; orny the Al,lEi and IMCC output unlts mubt be colrpatlble.

c. In the ephemerls, lunar posltlonc ard veloeltles are referred, to the
geocentrlc equatorlal rectengular reference frame bf the mean equator and
equlnox of 1,950.0 = JD2\) 2&.1lP-1, In the IMCCr.the epoch for whlch data
w111 be requlred'v111 be ln Unlversal Tlrne.' lecauee,the ephl:aerls data 1a la
Sphemerls Tlme, the Unlvereal Tfue epoch mtrst be con#erted to Ephetrerla 3r-rneprlor to enterlng the lnterpoletlon routlne.

7. Stand,ard Epheneris

a

c. The recorrnended, data lnterpolatlon roui;lne sultabLe for use
7@4, le lncluded 1n the ,rPL ephemer.ls packege. Ttrough 1t wouLd, notthat arly routlne used be checked, vlth the ,Ifltr routlne as a stendaral.

be
the IBM
r Ir€C€68atlY,,

Through Mleelon Plannlng and. Analyele lllvlelon, a spec1a1l routlne
1s avallab1e whlch effords certaln advantagea j.n ter:ns of courputer
requlremente and coq>utatlonal speed.. fhe rou{,1ne le lnograrr',ed, tn Sortran IYard ls eultable rfor use on the IBI{ ?091r

d. The etsndarrcl.ephernerle package v111 be mde avallable to l{or:th Anerlcaa
ard Llnk at the earilest poeeible tl-re.

I

I

I

i

I

I

t

b. The detatls of the ,IPL ephemerls w111 Lnfluence the cholce of the
baslc reference system for the IMCC lunar prog::ams. If the d,e.ta on lhe ephemerla
tapee ls reierenced, to a flxed epoch, ft wr:-f )erhaps be more 

"oo""ri"nt-f------computatlonalJy to reference the baslc frame to the nearest beglnnlnf of the
BesseLlan year than eontlnuously rotate to obtrrln a coord,lnate system referenced-to the mean of date. Append.lx A conte,lns exce:pte from an l,Ifp memorqnd.r:m 1n
vhlch the edvantages of referenclng to a partlr:u1ar epoch are d,lecus*ed.

I
I

' I O 
u. : f  . I  _ I :  . ; . xwvtromlihgfbTSRPNMIGCA ‘ ‘ I t .  . l ’.f! I .  . . , I 

I 

format, and certain subroutines. 

6.‘ Unit of Time " ? 

a .  Reference (a), implied a requirement for time output to be in days, 
: hours ,.minutes and seconds, exclusively. This is incorrect; though the mission ‘ 

will (probably) be referenced to GMT, thrust phaies would also probably be 
referenced to elapsed time from phase in i t iat ionr in seconds. 

b .  The unit of time measurement in the computation of the trajectory is 
imaterial; only the A16 and IMCC output units mutt be compatible. 

c .  In the ephemeris, lunar positions and velohities are referred to the 
geocentric equatorial rectangular reference frame of the mean equator and 
equinox of 1950.0 8 JD 2115 3282.123. In the IMCC, the epoch for which data 

' will be required will be in Universal Time.‘ Because the ephimeris data is in 
Ephemeris Time, the Universal Time epoch must be converted to Ephemeris Time 
prior to entering the interpolation routine. . 

7 .  Standard Ephemeris f . 

a .  The JPL ephemeris package should be ready for distribution in the 
immediate future. It is understood that the package shall consist of at least 
the following: 

(1) Three magnetic tapes containing ephemerides of the sun, moon, 
and planets for the years 1950 through 2000. 

(2 )  No documents, which in part describe in detail the data, tape 

(5)  Symbolic and binary decks of user subroutines suitable for the IBM 709h ‘ a ;—.1 

b .  The details of the JPL. ephemeris will influence the choice 0 the 
basic reference system for the mac lunar prog. ams. If  the data on he ephemeris 
tapes is referenced to a fixed epoch, it will perhaps be more conven ent 
computationally to reference the basic frame to the nearest beginnin of the 
Besselian year than continuously rotate to obtain a coordinate system referenced 
to the mean of date. Appendix A contains excerpts from an MIT memor ndum in . 
which the advantages of referencing to a particular epoch are discus' ed. 

c .  The recommended data interpolation routine suitable for use n the IBM 
7091+, is included in the JPL ephemeris package. Though it would not be necessary 
that any routine used be checked with the JPL routine as a standard. 

Through‘Mission Planning and Analysis Division, a specializ routine 
is available which affords certain advantages in terms of computer s rage 

' requirements and computational speed. The roui ins is programmed in Fortran I V .  
and is suitable‘ ifor use on the IBM 709;. 3 I . 

d .  The standard ephemeris package will be mde available ,t.° North inaction: 
and Link at the earliest possible time. 

I I; I 
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8. Necessartrr conplexlty of the l,lattrematlcal l,tod.er for the AI,IS

e. Tlre requlred. frequency of AI'E traJectory update, of course,
d.epend.o r4ron the AI4s traJectory accuracy requlrements es stated 1nparagraph 11. If thls frequency of requlrea upaate 1e to be at e'rl
nlnln,{2s6, lt 1s reconnend.ect that the A}4S nabhematlcal nod.el lacLud.eat least an oblate earbh, a trla:<lal moon, and, ,the sun.

b. Solar pre_ssure and. the planetary perUr:itatlons are nob slgntfl-cant; and' on the baels of the beet knodn value for the earth equatelalerllptlclty tem, the erllptlclty may be ign:red. vlthorrt serloue
conSequence.

c. For ccmrputatlonal efflclency, 1t
coqrutatlon ln the tmed,late vlclnlty of
trla:<lal1ty antl the sun pe:turbatlon nay
tmecllate vlc1n1ty of the trla*laI moon,
be lgnored..

le felt that for orblt
the oblate earth, ltrnar
be :[gnoretl; rhen 1n the
eafi;h oblatenese te:ms uagr

9,. Baelc Features of the IMCC 1laJectory programs

a. Because 1t vas felt that marly of the featr:ree of the ffE&I
Progra:n would' be of lnterest and of come yaltte ln the formulatlon of the
tr.:I":l::!oy rder, the nathenatlclr. apnrenc.lcee frcm the rr&r prograa
I'lanual were lnc}uded 1n reference (a).

rMCC traJectory prog"am vr[1 be very slm1rar, lt must be i:ryhaelzed.that 1n general, the IMCC program w111 bear jrttte reaemblance to therrE[I Prograu; certeln\y, the iwo programe DuEt .nort be congldered,gJmonJmoua.

10. Thrustlng loglc

Except for the eerth lar.mch ancl the translular lnJectlon phases, Mi1,guld'ance w1II be prlmarlly enrployed, dr.rrlng each of thl trrruet'phases ofthe Apolr.o mlsslon. rn the rMCC, durlng Ihmstrng, a cowel.l tlcrrdguewlLL be used' for lntegratlng the equatlons or nobrou

Ll' Recor"mend'ed AI4S TraJestory Ccoryutatlon Acr*r.roaod llpdete Requlremeut

e' The coryllexlty of the AI4S mathenratlcal rrod.el and the necessaryfrequency of Al,ls-traJectory rryd.ate d.epend. prr,o.ruv upon the atto*"ut"tolerancee praced' r4ron posltlon end vhocriy :cmryrrtatlon wlthln the Ar\8.It 1s lrrposslble to state elther posl.t1on or-'reloclty tolerances lrhlcbwould. be appllcebre d.urlng the dtatlon 9f an Aporlo mlsslon. Accurecytolerancee vhlch vorlit be neanlngfirl d,rrrlng p,."ir"rrto ptreses of a DlsBlonvoulcl be unreasonable d,trlng other phasee.- inrerrer, at least the follorlngrecco-eaclatlous are feasLble.
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8. Necessary Complexity of the Mathematical Model for the Am 

a .  The required frequency of Am trajectory update, of course, : . .  . g; 
depends upon the ANS trajectory accuracy requirements as stated in _ ._ . ii _ 
paragraph 11. If this frequency of required update is to  be at all ' 
minimized, it is recommended that the AMS mathematical model include 
at least an oblate earth, a triaxial moon, and ,the sun. . 
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b .  Solar pressure and the planetary perturbations are not signifi- ;‘ - - ’ 
cant, and on the basis of the best known value for the earth equatorial- 
ellipticity term, the ellipticity may be ignored without serious , . -  ' 
consequence. 

c .  For computational efficiency, i t ;  is felt that for orbit -. j . ' .  computation in the innnediate vicinity of ' the oblate earth, lunar ' . g g triaxiality and the sun perturbation may be ignored; when in the ._ . �À ‘ immediate vicinity of the triaxial moon, earth oblateness terms may : _ . -‘ " 2. ‘ 
be ignored. ,3 ' :  ’ 

9 .  Basic Features of the IMCC Trajectory Programs 

a.  Because it was felt that many of the features of the ITEM Program would be of interest and of some value in the formulation of the ‘ ~ ' . 5 ALB trajectory model, the mathematical appenoices fran the ITEM Program. ' 5 ," ' Manual were included in reference ( a ) .  . : ' ' 

'_ b .  Though many of the basic features of the ITEM Program and the - IMCC trajectory program will be very similar, it must be emphasized ; - that in general, the IMCC program will bear little resemblance to the : " ' ITEM Program; certainly, ; the two programs must not be considered '.' - synonymous. ; ' a . ' 
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' 10. Thrusting Logic 

Except for the earth launch and the translunar injection phases, MIT -- . g . guidance will be primarily employed during each of the thrust phases of - it I; r j the Apollo mission. In the mac, during thrusting, 9. Cowell technique 1 .- g: - will be used for integrating the equations of motion. ’ .- " ~V . . '. 
-.' - . o . - ‘ 11.3econnnended ANS Trajectory Computation Accuracy and Update Requirement 
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a .  The complexity of the ANS mathematical model and the necessary ..’ '_ ' .- ,1 frequency of AMS trajectory update depend primarily upon the alloble . g . '3 ‘5 tolerances placed upon position and velocity computation within the ANS. ' ‘ It is impossible to  state either position orv‘relocity tolerances which would be applicable during the duration of an Apollo mission. Accuracy tolerances which would be meaningful during particular phases of a mission would be unreasonable during other phases. 
recmmendations are feasible. - . 

However, at least the following 
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(f) Durlng the translunar coast phar;e, lt 1evectorlal difference between the pred,lcted AI,rs and trl,trcc
be less than flve nautlcel ml].eg.

l:
Durlng the traneearth coast phase, 1t levectorlal dlfference betveen the predlcted A!4s ard rMCC

be iees than ten nautlcal mlles.

When these vectorlal dlfferencee are exceeded, 1t 1g recmerrtedthat ulxlatlng be requlred.

12 ' fn reference (u) lt ras proposed, that certeln computatlons be d,eleted,flon the AI'IS progra.m.

lrlhlle lt ls edrrantageous to eLlmlnate as m1r\y computatlon6 as posslble,'1! 1s necessar]r to lncorporate a certaln d.egree of vereatlllty 1n order thatthe AI4S program may satlsf! future cllsplay iequlrenents. The ecllptiecoonllnates, for lnetance, rnay be qulte uset\:l- [n shad,ow g!ar:-1at1on; and. theosculatlng elenents coqputatlon may be neceeearj/ for the guldance Lnplenentatloa.The other proposed d,eletlons seem in ord,er

fr' Appendlx B ls a cqpy of lrstandard. Astrodynrumlc Constants and, Conversioatr'actors fo: koJect ApoILo' d.eted, January B, igril+. ttu *r":r""rrled, nercorand,ralr+as dletrtbuted by BeLLcom and 1s corp,r,lruie w:-th the lnfonmatlon in reference(c) vhlch le confidentlal' tte uncf"s"rflud d,or:ument contalns convenlentconverslon factorE-vhlch are not lncLud,e<i 1n re:'eren"" (c).-i" partlcuJarptlte nag9lcel' n11ea-!6nfsst conrrerslon is of, lntr:rest.

4'*";) /fu
ilarold D.,Beck
Beadl Lunar IraJectory gectloa

:lEncloeures 2

5

reconmnend,ed, that the
perlcynthlon vectqia

recormended that the
retura perlgee nectoe

I

AIPROVAL:

ohn P. l'trayer
Cblefy l,llgelon Analyale rDlvlslon
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I ' I  1 ' (1) During the translunar coast phase, it is recommended that the : ;  _ vectorial difference between the predicted AMS and IMCC pericynthion vectors 
,- be less than five nautical miles. I: L " 1; 1:: ~~ : ' f} . During the t r a n s t  coast phase, it is recommended. that the . : 

vectorial difference between the predicted ms and IMCC return perigee vectors . ;.§ ‘. be less than ten nautical miles. ‘ ff 

When these vectorial differences are exceeded, it is recommended ; t that updating be required. 1 g i ; 1/ ' ".1: E: 12. In reference (b)  it was proposed that certain cOmputations be deleted 3: i ‘ from the A16 program. ,- % 

While it is: advantageous to eliminate as msmr computations as possible; j w i t  is necessary to incorporate a certain degree of versatility in order that i; ' the ABS program may satisfy future display requlrements. The ecliptic '1, xwvtromlihgfbTSRPNMIGCA‘ coordinates, for instance, may be quite useful in shadow simulation; and the 1 f !  {j osculating elements computation may be necessary for the guidance implementations 1‘ g ‘ The other proposed deletions seem in order. 2 E 
l. 

13. Appendix B i s - a  copy of "Standard Astrodynxunic Constants and Conversion '1. Factors for Project Apollo" dated January 8,194)!» The unclassified memorandum é ' was distributed by Bellcomm and is compatible with the information in reference If k (c) which is confidential. The unclassified document contains convenient 4,", g conversion factors which are not included in re1‘ erence ( c ) .  In particular, _ _ , : 3  f the naut cal miles-to-feet fonversion is 61‘ interest. ' t " 

/ ‘ . /  | : � ¿-  I ”E W � À � À . f ;  
/ . ‘ 1' Harold D. Beck - ; L .-  f '  i ~'1 3 _ 1‘ .. ‘_ i, -2 Hess,.13unsr maectory Section ' 2 E 

Enclosures 2 1 ' ' i § E E E ' " .. ‘ . . f  , ' l '  E 1‘ z ‘4 z t 

. :  APPROVAL:— 1 . ' E' 3 . ‘1 7 ,- 
a? Qp .  ‘ ' .1! . .. 3 T: . i? 

30h“ 1" Mayer - ' ‘4’ ‘-‘ ‘ 1 i, 2' ' ‘ i :- Chief, Mission Analysis Division ’ x; . ;_;-‘ ;I4 ' ', g 5r 

. w ' ‘ ” , I . -"" n' 2.”; ",I I E; E ' '- ' E. 2E - 1-t x I , "  -_' f 1'. . . . I, 2’ I . h :‘ 

k ' . ”E 'E.‘ . : ‘ E. 
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E . 1 . '1 E f‘l-fiw; V ‘E " “ I f  « I  : w '  ,... I: L ) ! "  'E-‘ ' L;;;.E ‘ .. ' 7 -  i-_ i , “  __ ._.._ 1 -_'_ -‘J. 1 9'- 
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INTRODUCTION 

\ 

The report R-3hl entitled xwvtromlihgfbTSRPNMIGCAA Statistical Optimizing Navigation Procedure For 

S ace Fli ht, revised edition, May 1962, by Richard H. Battin of the MIT Instru- 

mentation Laboratory, Ref. 1, is written in an unusually concentrated fashion. 

For this reason, simply to read the report with some sort of understanding i s  a 

prodigious task. Indeed the writers of this present memorandum have found that 

their colleagues who have attempted to do this found the task too formidable and 

consequently they Just did not read the report. 

In th is  present memorandum, the writers have selected Chapter 3, R-3hl, 

Fundamental Navigation Matrices for clarification. They have supplied the steps 

. which are missing .in the original exposition, together with detailed explanations. 

of the mathematics-and the terminology. Although this paper i s  complete within 

i tself, i t  i s  suggested that it be read in conjunction with R-3hl. Then the 

reader can decide how well the writers have succeeded in their purpose. 

The nomenclature and symbols conform to those used by Battin. Definitions 

are provided for the sumbols as they are introduced. When there is  no ambiguity, 

arguments of functions are deleted for convenience; that is  R i s  used instead 

of R ( t ) ,  E instead of g ( t ) .  
No attempt has been made to pass Judgement on the value of Battin's 

' proposed navigation-and guidance system. This would be presumptuous until all 

of R-3hl is  presented in such a manner that it can be better understood. Although 

Battin's N & G scheme‘is applied for translunar midcourse navigation and orbital 

navigation phases it i s  essentially the same for LEM rendezvous mission, as 

stated in the LEM N 8. G Systems meeting No. 6, held at Houston on October 3, 1963. 
The mathematical procedures which are used in the R-3hl report also constitute the 

fundamental building blocks for other navigation and guidance procedures, as 

well as their error analyses. 
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FUNDAMENTAL NAVIGATION MATRICES 

Basic to the solution of the navigation problem is  a certain collection 

of matrices, which will be introduced here. The role which these matrices play 

in the navigation theory is indicated, and it is shown how they may be obtained 

as solutions of differential equations. 

1. General Solution of the Linearized Trajectory Equations 

Consider a vehicle which is launched into orbit at time tL and travels under 

the influence of a gravity field to reach a target point at time tA. The 

navigation procedure is based on the assumption that a standard reference trajectory 

has been precalculated. let 30 (t) and 36 ( t )  be  the position and velocity vectors 

at time t for a vehicle travelling on the reference path. Since there are 

initial errors which are due to the inability to put the vehicle into the exact 

reference orbit at injection or launch, the true position and velocity vectors 

£s(t) and 18(t) will not correspond with the associated reference values. The 

assumption i s  that these deviations from the reference trajectory are small 

. throughout the complete path so that linearized equations can be considered valid. 

To find the basic equations of motion, first let 3s (t) and 1s (t) denote 

the position and velocity at time t of the vehicle in an inertial coordinate 

system. Lower case letters with an underlying bar are used to represent column 

vectors. That is: 

28
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33(5) and 1572‘ 

‘ gs �Àj 7;; (2‘) 
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When the vehicle is in free fall, that. is no propulsion is applied, the 

. ' equations of motion for unit mass are: I 

am) 6115/29, its /r/ _L___:__W'/Z‘ — a 2 :  . (1.2) 42‘ 5 )2 dz‘ �Àig— zwomlkihgfedaZXVUPMLJIGDCA47/») 

In the above [1. equals G (ml + m2), in the egs system, for a two body problem. 

This can be replaced by LG”, where m is the mass of the more ponderous body. 

For a space ship in orbit around the Earth, mlwould be the mass of the Earth. 

G is  the universal gravitational constant, Ref. 2, p. 16, and is not t o  be 

confused with the matrix G (16 , t), Eq. (1.9). 

Let the vectors 30 (t) and 1,0 (t) denote the position and velocity at time 

t, which the vehicle would have if it adhered exactly to the reference trajectory. 

The corresponding differential equations for the vehicle reference trajectory are: 

‘ 5%": 24/?) , gsg/z �¿). (1.3) 

The deviations J2. and (£1! at time t which represent the differences 

between the actual and the reference positions and velocities respectively are 

defined by: ‘ 

Jé/t)=@5/ �À'go/ �À 2 JZV/lf)=K/[/’%/ �À - (1.2;) 

d x 4 
RME/zZt/ �¿/ '47/Za} = 3’52”; 5f ,9 (1.5) 

and 

§m=3aw 74/24) = 162:; 2‘) 11%: Z7 - M 
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9/4“) [3 {2: 35%;): @lz�Àxww) -"~72~%'232Z5J%;Z’/j 

. and 3 (1.7) 

421:); 552/ must) rig-mar): a/HH/j- 
Since i t  has been assumed that the deviation of the actual trajectory from the 

nominal i s  small, a Taylor’s series representation inzvhich the higher order 

terms are discarded of EKES, t )  about 30 ( t )  is  valid. The Tayloras series is: 

9; lamest) at yak/vex 2M xwvtromlihgfbTSRPNMIGCA+ 9f?" r/zs—za) 
agg/O/jr _x) ,L :?)0/5 ’20) . (1.8) 

In Eq. (1L8) i=Xs: VS: ZS components, and all derivatives are evaluated 
1 

a t  x 0 ,  yo " .  Z'o - 

gas»? j/.4;;f)= �Àjx‘ �Àé’l/ M” //.7 if“??? ”*5 /§-z:) 

This equation can be rewritten as:  
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. In matrix form this latter is: 

R (3%, (33%, (Ag—sh“ we 
3&6'é7 �Àé�Àé (9355) (3333‘) (233%.)0 . bis-Jo (1.9) 

XS 33$ 337 ' 5“? 

jig-2:11 (?‘§f')o (3:5): 6 j 
The matrix above consisting of first order partial. derivatives is  denoted by 

G (30, t). In what follows, upper case or capital letters will be used for 

matrix notation. From Eqs. (1.5) and (1.6), the equations of motion can be 

written as: 

git/Wu, rim-r) zGW—W - 
Q in which 51) has the components H xs-xo, ys-yo and 26-2 . 

° zwomlkihgfedaZXVUPMLJIGDCA3 To evaluate the elements of G (30, t), remember that g (is, t) = —-/u. [55/13. 

The x, yf and 2 components of the right side of this identity are: 

x3 35 '25 I 
‘- -5 — l _, .,....__ ' 

/°" ”(5 ) [u ”is J [4’ 2 3  (1.11) 

Then a A) 

(3% ’ (3% : ( 35%)0 
�¿e‘spectively: 

- {Af �¿awo ; ($765515), (iii/gig) . 
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1 1 
For this Ill/differentiation, use i s  made of the fact that Q : (x5 4.35-1.25) 

and =(% +3. ”3+?)1 
The matrix G (30, t )  can now be written as: 

(RM). (its). ~ (5:31;). zwomlkihgfedaZXVUPMLJIGDCA‘ 
\ 

(�¿nale w’zf �¿i-Bat�À (gram (“2) 

(Mo (tam; 23W) 
L—- 

.— 

In Ref .  l, p. 1h, Battin states that the matrix G (36 , t )  i s  symmetrical. 

The development which has just been presented here proves this assertion. The 

elements of G ( r o  , t )  are functions of the characteristics of the reference 

t ra jectory and are independent of the components of 6 9 b .  

At the bottom of p. 11, Ref. 1, Battin develops a useful fundamental set 

of solutibns of Eqs. (1.10) in an extremely cursory manner. Since the general 

solution of th is  system of  six f i rs t  order differential equations can be expressed 

as a superposition of six fundamental solutions, we shall digress at this point 

to  explain what i s  meant by a fundamental set of solutions of a linear homogeneous 

system of ordinary differential equations. The term linear homogeneous system 

can be written as (L H). 

On pps. 68-69 of Ref. 3, the definition of a fundamental matrix of solutions 

will be found, the highlights of which will be presented here. Let A ( t )  be an 

n x n matrix with elements a . of continuous complex functions on a real time 
13 

interval (Tl T2) .  Then the linear system of differential equations 
'. 9 - . 

— A { d Z  7 f Erik-EL) (1.13) 

s
k

i
:
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1 is called a linear homogeneous system of the nth order. It has been shown in 

. Ref. ‘3 that a unique solution of f5 (t) exists such that {6 (t: [)equals some 

value g . In the following theorem, the terms field, vector space, linear 

dependence, linear independence, and basis are explained in Ref. 5 pps. l, 

3, 7, and 10 respectively. The theorem is: 

i 
The set of all solutions of (LH) on (T1, T2) form an 

n—dimensional vector space over a complex field. 

| 
To show that the space is n-dimensional, a set of n linearly independent solutions 

¢1 (t), . '. ., ¢n (t) must be exhibited such that every other solution of (LH) 

' i s  a linear combination with complex coefficients c1 of the.se ¢i i: i, . . ., n. 

If‘g �¿, i=1, . . 1, n, are n linear independent points in the vector x space, 

the uniqueness provision, previously mentioned, shows the existence of n solu- 

tions {61 of (LH) such that 361 (z): 5 i. The method of proof of the theorem 
is to assume the theorem not to be true, and then to find a contradiction. 

That is the assumption is made that the ¢i are not linearly independent, but 

rather are dependent. Then there must exist n complex numbers ci, not all 

. zero , such that 

ID 

i Z (Lg/L7 =5  ' {56/77: 5)) (1.14) 
‘ L'=/ 
\ 

This implies that 

It 1 

[ C o  'é/Z)‘ )— 95‘4'30; (1'15) 
1 45’ 
i 

and this latter contradicts the assumption that the C1 are not linearly 

independent, and proves the theorem. 
\ 

1The consequence of this theorem is that every solution ¢ (t) is a 

unique linear combination of the ¢i such that 

. ¢ =‘gco 691%” (1.16) 

1 
1 
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; Eq. (1.16) can be carried over to  Battin's report in that if the set of fundamental 

V . solutions {61 are known, a unique general solution {25 can be obtained. If 

£51, xwvtromlihgfbTSRPNMIGCA. . ’ n ¢  are a set of linearly independent solutions of (L H), they are 

said to form a M or a fundamental set of solutions of (L  H) .  

For the application of the above digression to the solution of ' E q .  ( 1 .10 ) ,  

use the initial and teminal conditions defined by the differential equations to 

obtain particular solutions. Denote'the time of launch by t If the launch point 
I . L ' . :  

is  the origin of coordinates, then the particular solution 

€x=o - 535%" 
any as am):— We 

\ 6‘2- : o , EU; 0 
represents one fundamental solution. That i s  (014(1) ’ 6:11; (C) satisfy 

the differential equations 

fixes/raw ; fe/m/�À/weM/M�À- as 
In particular the values of {Q} / Q ) ,  000‘ (5' ) satisfy (1.18) 

for t=tL1 Another �Àmdamental solution is  �Ày ( f ) ,  zwomlkihgfedaZXVUPMLJIGDCAJ‘V'z {f} satisfying 

the equations 

1%(3‘a2/f )= Eff); $(J‘yglt2/=&@¢t)myt)j (1.19) 

J‘zw 5‘75!" 
‘ : 1  
£202}: 83:0 , cpl/wt); JV (1.20) 

1 £ 250  a é z o  o 
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.L 
A third fundamental solution is (953 (u) , J31}; (f which 

. satisfies the equations 

é/aaxt �¿wa/ry (ii/Aw): ma�¿a/gm, new 
with initial conditions 

0 0 

. / ,. 0 
@342) s 0 '- ) (fl/3754) "’ (1.22) 

0 ' / 

These three fundamental solutions can be summarized in matrix form as R (t), 

V (t)_where 

. ' gaff/ivy), 5M": 4/90 29PM), (1.23) 

and _ a o 0 / 0 0 

‘ 
y f 0 I 0 a 

19/4): 0 a 0 £0,  [/(tl), J, (1.2» 
0 0 / 

0 0 0 

In (1.2+) a row or column represents-a fundamental solution, each of which is 

the deviation in position and velocity at launch from a predetermined reference 

trajectory. The symbols 0 and I denote the null matrix and identity matrix 

respectively. ' 
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A second group of three fundamental solutions can be found by considering 

. the terminal conditions at arrival time, t=t 

and (1.2)) are 

‘ 

. 

fk’h‘kW/z‘) " 5V7?) =5�Àw�¿/w/Z‘ ; (1.25) 

A' Companion equations to (1.23) 

and 

0 0 0 / 0 0 

. 
1} .— 0 g . 

�Àake  a a 20, 1/ 2;)— a I -I. (126) 

‘ 
0 0 / 

0 0 0 

For the physical meaning of R* and V*, it is convenient to consider the roles 

of launch and arrival points as reversed. In the literature, Eq. (1.25) is 

. called the adjoint equation of (1.23). 

In a manner similar to  the development of the matrix G (£0, t), the 

elements;of the matrices R and V will now be found, From Eq. (1.10) 

59/573535/0 ‘go/f) 9 (1.27) 

where 

“2
%

 1/;W)=[Wz( MM) .. Wg/Wéx, w) r M W WJW WW] 

@Mf) :[/ZZ{VM,W%,W[£,Z/ :4} /%’@’7521z7‘ �¿zz/”5’1, 1%”?! ”5'2: {8/ 
(1.28) 
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@I/f/\='=@ am) 7;“? (gap/9211702302} gal) (g?— 252) 

‘ f/‘a’a‘gf‘gaxa �À7hu 

‘ . 

In matrix form this is 

» Mx 90;; 9052 ”'3‘” 
; M5?) (ma) (2%? V5145: , 

Evil 0 971310 5e: ‘ 

In the aPove the matrix of partial derivatives is denoted by R(t). The 

derivatives are evaluated at X0, yo, 20. 

Although the matrix for V (t) can be found from the second of Eq. (1.10), 

on p. 15‘of Ref. 1, Battin states that the elements of the R and V matrices 

represent deviations in position and velocity from the corresponding quantities 

on the reference trajectory as the result of certain deviations in the launch 

velocity from its reference value. In order to follow the work of Ref. 1, 

PROPRIETARY 
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' we shall proceed as follows: 

$3119 3: ”IE/3f) ’%/t) ,4 where (1.31) 

Wig/WM): 7g (25.244222 "(asamn �¿j 
\ 

and 1 

11701:): ”Q/gcvzé’gé’f) :29] 5,2622%25/"5/760267’yé’tyu 32). 

Then Isinc‘e the correspongling values on the actual and the reference trajectories 

'are close enough to assume linearity, a. Taylor‘s-series expansion with higher 

order terms neglected furnishes a'valid approximationi That is 

-5/2‘2?! Z/i/ £7, {LMWEJ +/§%’”//7€2 “2/ "/2"2% 27/25?” 
. 

alf,- xwvtromlihgfbTSRPNMIGCA , . 
*/ /——-“L‘J “jg/75(0):)?” 

+/:1£t/L/y§z-zr) ox )f'“ (1.33) 

This i s  rewritten as 

azr- 2L) ~ 
(7623 (37? (37:0 1651);; 

E/tj—E/ �À-1' 3 1 9 M “  )0 a vgg'ugg (1.314.) 

- Mix/)0 (”2/ M? 
3 2% are aw: ) @5252 

. 3 (2?“ )0 2053 )0 (20.51? a 
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The matrix above of partial derivatives evaluated at the launch point is denoted 

by V (t). The R and V matrices are not independent. On p. 13, Ref. 1, it is 

shown that I ' 

Wt) = E/f) ((f) - (1-35) 

The validity of this matrix equation follows from Eqs. (1;3o), (1.3M) and 

3123‘. 5251' £153; 
(i.;§.——— ‘94L . - 694D . 0 

iaaS �À! 0 ‘Sx .a .52 

\ (1.36) 

3/2 
5/5); (315%.. 5: z, ’25? 

—.—-—-- 

{ELL (.335? an, 
91’22’. 

70 B 

‘ (“Al/€24“) (91:21 (34/5? )0 . 3452. /'0 
_J 

The elements of matrices R* (t), v* (t), and 0* (t) can be found by 

analogy. The differentation takes place at the arrival time t=tA for the adjoint 

case. 

Now the @neral solution of Eq. (1.10) 

�¿/féké‘e” , f/ �Àrj—E’ �Àatj 422/ (no) 
Can be written as 

All/f) == R/fLC; + PM? 
Alf/f) = V/ �Àg + 1/75]; , (1.37) 
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In these equations 3 and 3* are arbitrary constants. They represent the required 

six constants which arise from the solution of the differential equations. For 

. the particular problem at hand, they must be manipulated to. fulfill the require- 

ments of the equations for all values of t, including the initial and final 

conditions . 

2. 'Ihe Vector Velocity Correction 

When the vehicle is at the position as at time t and is to continue in 

free fall to the target destination :0 (tA) in the time t A-t, there is an 

associated vector velocity required. This vector velocity can be obtained from 

Eq. (1.37). For the vehicle to pass through the target point, the requirement 

isthat g * 

@(Z‘A)=0=E/ZZ)E +P/§)_C_ . (2.1) 

Since R* \(tA) = 0, see Eq. 11.26), it follows that 3 equals zero in (2.1). 

. Hence Eq. (1.37) becomes 

Jib/2‘) z P7199“ 1 (2.2) 

air/t) :y‘mg" ' (2.3) 
Premultiplication of the first of these latter two equations by the inverse 

matrix [78%)] 4 yields 

and 

* = [ zwomlkihgfedaZXVUPMLJIGDCAP717] 45411? , (2.1;) 
since 

[2%)] "3%) = ma�¿a 722]”; I 
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When this emression for 3* is substituted in the second equation, the result is 

air/2‘) = V'fry �¿’f �¿j’C-QL/z) . (2.5) 
Ehe expression for 31f (2‘) Eq. (2.5) is the velocity deviation of the vehicle 

which must exist at position as (t) at time t in order for the position deviation 

at arrival 622/27,) to be zero. It is to be noticed that in (2.5) day/Z") 
is expressed in terms of Jig/t) , where 092(1‘) is itself not known. We can 

state that in general, 614.1(1‘ zwomlkihgfedaZXVUPMLJIGDCA) would be determined by the initial con- 

ditions at launch, together with the time history of the thrust subsequent t o  

launch. 

If a correction 6211‘) is made in the velocity of the spacecraft 

at time t, in keeping with Battin's notation, (13-) and (t+) will be used to 

distinguish the velocity just prior to the correction from the velocity 

immediately'after the correction. To proceed with the analysis, assume that 

the actual deviation in velocity 6‘1)“ (7.“) which exists at time t is known. 
. Then the velocity correction which is needed to achieve a velocity Wf+> 

at time t to  make the terminal position deviation zero, that is @[z‘AF-Qis 
\ 

Alf/f) .—: a???) "day/{W . (2.5) 

Substitution of (2.5) in the above gives 

it —I 
AM) = V7t)[p(t)] ( �¿g/r) — flint). (2.7) 

w . -/ 
Denote the matrix V7Z7[P?t).] by C* (t) (see Eq. (1.35)). 

Then. Eq.i(2.7) is rewritten as 

A�Àf) == (ma/r) ~JZW'f-). (2.8) 
.L 

In the development of this latter equation, if the value (EL! L41") ,. prescribed 
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by the launch conditions, is taken for 6:9(23 , and alfyié) is 

. considered arbitrary, it can be shown that Eq.(3.ll+), p. 13, Ref. 1, holds. The 

value of‘ J?L(%) at time t differs from zero as a result of an error 

in the injection velocity. The intermediate steps leading to the referenced 

equationiare as follows: 

In Eq. (1-37), the launch conditions are 

Jib/222:0 = 27;); xwvtromlihgfbTSRPNMIGCA+ 7c°%2)£* . (2.9) 

Since the matrix R (tL ) = O, the zero matrix, and R* (t L) ¥ 0 it follows that 

gf=0.1Then for the second of (l 37), one can write 

632152.) = V�ÀO-C— ' (2.10) 

But since':V (tL‘) = I, the unit matrix, then 

5012212... :—C— ' . (2.11) 

Then (1.37) can be written as 

Jim) 13/275215.) 

H
 

and 
(2.12) 

(W) .= Wt} 092%.). 
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[2(3)]"5‘4/27‘ -= Jim) , <2-13) 

6m = W27[x>/ry’2ryr) 
‘ ‘ zwomlkihgfedaZXVUPMLJIGDCAC(75) Jib/z) xwvtromlihgfbTSRPNMIGCA, (2.110 I“

 

w ’I ‘ 

where C is defined by V/flP/t/j , see Eq. (1.36). At the terminal 

point t =?tA, the equation 

3%) = EléMy/é) ‘ (2.15) 

. is obtained from (2.12). The value of i f  (a) is not zero unless the 

injection velocity error Jig-[12) is equal to zero. 

It should be noticed that in Eq. (2 .5) ,  JE’E’) represents the 

velocity deviation which is required at time t for (1221/22) to equal zero. 

However the 62/21? in Eq. (2.1%) is the actual velocity deviation which 

exists at time t. In general, these two deviations will not be equal, in which 

case the difference between the required and the existing can be called the 

necessary velocity correction. This is 
\ 

M75) = 659.4%) — arm/f). (2.16) 
\ 
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Substitution of the first of (2.12) .into the above gives 

Ag (:4 WW? �À] 2%) AM) �¿rm/27] P�À/fy/zz) 

=[ 1/27/22p — V/z‘)[ my 1%) cry/r.) 
\ 

=2: ~A/2‘M1 �¿/i): (2.17) 

where 

“/4 /f) is defined by €7t)P/t) .. V/Z‘) ' (2-18) 

By analogy‘ « A  *(ZM / is’defined by 

C 1/1. (2‘) 5 [ft/P75) SVW) ' (2.19) 

For the interpretation of Eq. (2.17), it is assumed that the velocity 

deviation zwomlkihgfedaZXVUPMLJIGDCA6 11/12) at launch is known. The value of A f ($ )  

in Eq. (2. 8) is the required velocity correction at time t. In this equation 

J y / f - )  is the velocity deviation immediately prior to  the correction. 

In Ref. 1, p. 3, a time convention based upon discrete observatiOns is 

adopted. Let tn represent the time of a measurement, and t the time of a 
V n+1 

later observation. Then (2.8) can be rewritten as 

3* .1‘ $2 4— ,_ .1 
l Alf/Z72) " C/l’nklp �¿v/cn) [if/2:2) 7 (2-20) 

where 521/ 22") is the velocity deviationjust before thencorrection is i 

made. The.matrix fann of (2.20) is ‘ ' 

~ « # 62?’L 
. ‘ A257 3 [C]; , '1], '51-’17) 

1 _ 
‘ F’F?(:>F’F?IIEJFI\F2\{ 

‘\ 

(2.21) 
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. In Ref. 1, p. 9, the above matrix is replaced by Bn; that is, 

c “ zwomlkihgfedaZXVUPMLJIGDCA I "T n .. 2.22 BIL 1: I , ( ) 

where I 115 the 3 xwvtromlihgfbTSRPNMIGCAx 3 unit diagonal matrix. The 6 x l deviation vector 

1 

6‘ 84%. 
Zn '-‘- (2.23) 
" Syn. 

defines t1he "state" of the 'vehicle dynamics at time tn. Finally, Eq. . (2 .21)  

is I 

1‘ 
Alf", = Bn, 5‘26!» ' (2.211) 

1 

1 3 Differential Equation Solutions 

1 
The 1matrices C, 0*, A ,  [1* 1' may also be obtained directly as the solutions 

of diffe11ential equations. The definition of C has been given in (1.35) as 

1 ' -/ 
I “ C(t}= Vm[/?/f)] ' (3-1) 

The .‘corresponding equation for 'C* is 

C�¿‘ ) :  V 1%? W] (3.2) 
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From the fact that the initial Values of the R and R* matrices are zero. there 

. are singularities in C and 0*; That is in Eq. (3.1), R ( tL)  = O, which gives 

C (tL)—> co , whereas in (3.2) R* (tA) = O. The latter furnishes the 

singularity 0* ( t  A ) »  00 . Hence Battin decided to Zwork.’ directly with the 

inverse matrices C':L and (C*)'1 in order to avoid the singularities. The inverse 

’of (3.1) is ' 

C'l/Z) ={W�À[2/�À]_} xwvtromlihgfbTSRPNMIGCA= Elf) V75) .3 (3-3) 

A t t = t  L the above i s  

C’l/ZL) = P/Z‘L) V722) . (3.10 

From Eq. (1.2% R(tL) equals the zero matrix, and V ( tL) the identity matrix. 

Then the singularity is avoided since 0'1 (tL) equals 0. ‘ 

. Post-multiplication of (3.3) by v (t) gives 

' 67:) W = at), (35). 

Which upon differentation with' respect to t i s  

4.6. 1%,. dz 
d f y  * C � ¿»  22.- . (3.6) 

The Eq. (1.23) shows that??? = v, and 3% = G R. (This G = G (r0, t )  is the 

3 x 3 matrix of Eq. (1.9) 'and is  not to be confused with the universal 

gravitational constant.) When these are substituted in (3.6), the result is 

c" — ,. [.234 we?» V. K M 
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Postmultiplication of (3.7) by V 1(t)  gives 
\ 

‘ ' 4 " 

i 5—; xwvtromlihgfbTSRPNMIGCA+ (”my "I. <3-8) 

The Eq.. 3.3),. 0'1: :RV 
. the above to yield 

\ —/ g 4 
1 gig f C / E C  =I . (3.9) 

'1, is substituted into the second term-on the left of 

This latter equation is Eq. (3.18) of Battin's report, -Ref. 1, p. 1h. In a 

manner similar to the above the following can be develop'ed from Eq. (3.2); 

*’/ ; 
if” *‘I d?— + C 55' = zwomlkihgfedaZXVUPMLJIGDCAI , (3.10) 

\ 

. In order to derive differential equations for A(t) and A39“): commence 

by rewriting Eqs. (2.18) and (2.19). Thus 

M) = 142‘) - (WE/t), (2.18) 

and 

Aye/t) 7' V737 “C(57PK/t) . (2.19) 

In the following :procedure, a differential equation will be developed for A(t), 

the first of these two. First differentiate (2.18) with respect to t. 

This gives 

Edd-=12!" dd)?" ” 5 %  (3.11) 

PROPRIETARY 
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Rewrite Eqs. (1.23), (1.25), and (3.2). .These are respectively 

311g: 1 Egg-“‘6'? JP!" ’ JV‘ 4: a? *V 2 .2? =63”; 
and ‘ _ , . a (.3.12) 

. ' cup/’2’". ' 
\ . 

.Differentiation of the latter of these gives 

1—/  

i f x =  dig-2’1”“? xwvtromlihgfbTSRPNMIGCA+ Vii/{f . (3.13) 

Substitution of (3.13) 'into (3.11) allows the latter to be written as 

AM . V x x— zwomlkihgfedaZXVUPMLJIGDCA-—+/ Vx T-‘JGR'V-é-E Vii]? C 'V  (3. 

=§R- 4-2*2*” 55—? ,2— —c’*/ 

The last step was obteined by the use of Eq. (3.12). Use is Made orbth‘er fact that 
R* R*'1 equals the identity matrix I. Then differentiation with respect to t 

of R* RV; = I .gives 

x _ x-I , _ 
3123?)” +Exj§ =0 . - (3.16) 

\ 
Premlpiplication of the above by R* 1 yields 

H V. ' 
Z": = “I?“ 21:12,. I» . . (3-17) 

I 
@tununlul , 

. «3 

.’r 
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* *el 
When this is substituted into the term - g 9-13- R of Eq.- (3.15), 

. at at 

this term becomes 

\ * ,  * w  
, % M § K R ' :  W 

Substmtion of g = V* and V* R*‘1 = me from (3.12) into the above gives 
\ 
‘ WNW/2""? s 5232, ' (3.19) 

\ 
\ 

Eq. (3.15) can now be written as 

‘ 214: 4,? <4]? +62“? C *,V 
s 

‘l’ or 

i 5574 (*1/1’Z’W—‘O . (3.20) 

¥ 
But from Eq. (2.18), it is known that /\= V’C xwvtromlihgfbTSRPNMIGCAP . When this is 

substituted into (3.20), the latter becomes 

5/24 +67%???) = 
or ‘ 

5-24 +Cx/1 = 0  , (3.21) 

} PROPRIETARY 
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This latter equation is Eq. (3.21),  p. 1h of Battin's report. Since /4 equals 

. v - c* R,‘ which in turn is V - V* R* '1 R from (3 .2) ,  the initial condition for 

/\ is 

A/fi) 

N
 

W4) - v’m’wé J m)  . 

Reference‘to Eq. (1 .2h )  shows that the first term on the right of the above is 

the identity matrix, while the second term on the right is the zero matrix. 

Therefore . 

i A/Z�¿) = I  J (3-52) 

. i i , 
From conditions of similarity, the following differential equation can be obtained: 

1 gimta, with WW4. (3.23) 

‘ h. The State Transition Matrix 

On account of the dynamic coupling of position and velocity, it is convenient 

t o  introduce the concept of a six dimensional space in which the coordinates 

represent the components of both position and velocity deviations of the vehicle 

from the‘reference path as functions of time. Points in this space are defined 

by the six dimensional deviation vector 

33"” g m  

‘ 6Y9" _‘ 52m (ii-l) 
5.1”: 51;” " �¿rm 

0 i 5W 
‘ (WE/v ' 

} PROPRIETARY 
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The vector [2 m , which is the same as 81d“) defines the 

. state oi‘ the vehicle at time tn. Transition from one state at tn to another at 

.tn+1 ls‘prOVlded by the relation. 

= d; x . 1 Jiynd1 negrt éj-IV (“'2) 

The term 

¢�ÀZ�Àl 2"”) =3 ¢I¢H1n (“'3) 

is called the state transition matrix. In this section, we shall augment 

the write-up of it which is presented in Ref. 1. For this purpose, Eq. (1.37) 

will be} rewritten for tn. These equations are 

I (93(4) =P/zz)£ xwvtromlihgfbTSRPNMIGCA+ 27mg 2 
. ‘ (4.1;) 

» (fir/22) =z//zz).4 + W”)! . 

In the following, values of g and 3* lwhich are found from the above will 

be used} in similar representations of 62”w and J‘zr/fn �À) . First 
premuitjipiy the first equation of (1th) by R (tn)' = Rn' to obtain 

it -/ _, —/ .. 1 zen J14,»— RM? 92,1239 , 
w 

from which 

_ -/ 4 i 1* 

C -‘ n42?» ‘1’» 3n 9 ', (Ii-5) 
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is obtained, since Rgl Rn = I. Substitution of (4 ,5 )  into the equation for 

. ‘ J‘y'n Of (hJL) gives 

* s -/ - 
If» s 14a fit/u '141PI5P: .5." xwvtromlihgfbTSRPNMIGCA+ K2 9 

_.. Vaz�¿’agn +/—;{z/19,;’/P,,"my;e , (1.6) 

The relieving definitions (1.35), (3.1), and (2.19); 

$12; e an . AZ =14: ‘61P; ) 

when substituted in (h.6) yield 

‘ ,e x 
\ f2); = 6,10%”), + A); _C_ . (h.7) 

This lainter equation can be rearranged as 

4‘ x /\,L,C_ =Jy‘n‘CnJ‘2m , (1.8) 

*-l 
which when premultiplied by A gives 

x *" or c =-’/In [J‘y‘m " Ch, {Ln}. (#9) 

In a. similar fashion 2 may be obtained as 

-/ ‘ 

_C_=/I,b/J‘y‘,,, ’CZQA.) I (h.10) 
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Now it is desired to express Jib/tn”) and J] 1112;”, zwomlkihgfedaZXVUPMLJIGDCA) in terms of 

. Rn-l-l and Vn+l' The forms of the constants _c_ and c*in these expressions are 

Eqs. (11.10) and (1+. 9) respectively. The Eqs. (1.37) for t = t n+la re 

at‘ at 
J‘Lbn �À xwvtromlihgfbTSRPNMIGCA= Pn�À-C— *' Ply/g 

(1.11) 

Substitution for g and g* into the above gives 

J‘ �À’n �À = Prw AZ/J‘y’ �À ‘6: £4”) + 2/2; Ark-”B ’60 J9”) ) 

5%,, = %+/A:[J‘Z7 ’s �¿’”) * K; Aid/J???) ”47597) - 
. 

(11.12) 

Rearrangement of terms in the above furnishes 

0(‘404—15/ �¿or/ �À�À—l�Àe);43/)J:%‘/Pw,/1;C:+ZLA/1jz7/J4” 

fy �Àfl=/K; �À/Igl+ ;,/1:)c&rvf-,,‘ �À4,,,/I’,f€+,,2,) �¿,, , 

(1+ 13) 

These equations can be written in partitioned matrix form as 

1 ,— * .7 

Sign“ ’(PIMA; 6: +Pm1/12-lc �À) [PM/A0 + 1):” A2, (pin 

“ 

315.1. (um/m; 113:1; ’5”) y,,,, Aim”; A17 61% 

1 . 
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This can be written as 

(525(22w) = ¢/tn+/2;t2) J‘ZE/fn/ 2 (11-15) 

where ybn �À n is the matrix of (11.111). 

Inn order to determine the state transition matrix ¢n +1 n in the form of 
) 

Eq. (3. 31), p. 15, Ref. 1, proceed as follows. Rewrite (11.11;) as 

‘ 4t 4 x 4 

(9% 0+1 PM Rm: ’An C" . A n 81% 

J * *"c " J 1151+! vn-H n+1 'A n n A n 1r!» 

1 RM ’2‘”. (Cn ago-'(A) O -I C? (Din 

VIN-I a+| GIN/J)" ‘I C: 8!” . 

01.16) 
It should be noted that in (11.16) 

'I can, * x "  {-I __ I 
(C17 0) -/]0[,7, and that QC, ——-_Z', 

where I is the identity matrix. 

The state transition matrix shows the relationship between I 1” f, and 

8x” , which is 

J‘Z/t �À�À) = ¢/t;)¢/)Z;7) fir/2:7) ' (11.17) 
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t)= �¿> +1, ' n  n+l,n 
to be ascertained from the position and velocity 

Knowledge of the matrix �À (tn allows the position and velocity 

vector‘ c£k57*/ at time t n+1 

vector; l’7 at time tn. Successive applications of (h.17) produce the 

following 

52: (g) = W2; 51.51/72) 2 M” 
where to represents initial time. If the time intervals are close enough together 

in order not to violate the assumptions of linearity, then 

( �¿g/t2) = we, :M‘; a) . (1.19) 

Substitution of 01.18) into (11.19) gives 

Jig/:2): /z, /,)¢/:, L2) 3‘24 (a), 

which can be  rewritten as 

d" z = 315/151?) 5:250 ' (11.20) 

Generalization of the above leads to the relation 

6‘79, =¢Kt �Àjzgj 6:10 , (11.21) 

in which 

11:04 
525/2224) .—.— Usb/f, , �À’ Z) ‘  (1.22) i 

i 
l 
i 

L 
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The relation between the inverse and the transpose of a non-singular state 

. transition matrix can be found in the following manner. First write 

H 434/57) 1 �¿t», 27») fat/Zn) . (new 

If the matrix ¢n m = ¢  (tn t m) is non-singular,Eq . (n.23) can be premultiplied 
by¢nlm to find J‘Z/tn)m . This is 

5b,“)? 525,1 == zwomlkihgfedaZXVUPMLJIGDCAJ26,” ,_ (mu) 

\ 

Another1 representation for Jim is 

(fl/n = ¢/”3 xwvtromlihgfbTSRPNMIGCA”/ J21” - (ms) 

Comparison of Eqs. (1+.21L) and (11:25) shows that 

O *y 4 
¢o,m :: ¢Mj �À . . ~ (me) 

An‘ alternate calculation to (h.l6) for the transition matrix can be made 

directly from a consideration of the system of perturbation equations, as is- 

done in Ref. 5. Define the perturbation of the state vector g by 

w 
l 

\ 

$94 »= 6‘71, , n=§X+' 
<53 = 5X1 , 503'; (SC; (h.27) 

8X5 2 (91}; =I5‘Xb , 3?
 

u 
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Then the system of Eqs. (1.10) can be written as 

. ‘ 274532 5 F/f/fg J (ma) 

<97}, 0 o '0 / o 0 J76, 
15722 ' 0 a O / 0 5X2 

/ J75 
(m3 30 a; 3 0  5264. Gigi of?! 025?} 

gag mama o w m 
M, �¿�¿sj/afz yin/32;. 0 0 0 (P22 

5" ‘ 9 2 3 0  

‘i 

Q
Q

Q
 

Q
B

 

Q
 

Q
0

 

‘3
5 

\ (hr-29) 
IL partitioned form, the matrix F is 

\ 

\ 

O I 
i F ""' (n.3o.) _cTo , 

For the solution 0f (”-28): let ¢ (t: to) be a nonsingular matrix having zwomlkihgfedaZXVUPMLJIGDCA6 

columns of 6 linearly independent fundamental solutions (see the discussion 

on fundamental solutions, Section 1, General Solution of the Linearized 

Erajectory Equations.) Then b is the solution of 

311mg) == Paw/:4). M) 

I PROPRIETARY @ 
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In the ‘approach which will be used the initial condition of ¢ (t, tn.) is a six 
dimensional matrix formed in the following manner. That is ¢ can be obtained 

one column at a time if Eq. (h. 28) is solved zwomlkihgfedaZXVUPMLJIGDCA6 times, each with a different 

member of (£3; (to) set equal to unity, and all the other members equal to 

zero. That is by the use of a . 

(11- 32) l ‘ 6‘ z/a)= 

Q
§

Q
Q

§
\

 
calculate the corresponding 6% “(£11 ) by solving the trajectory Eqs. (1+. 28) 
Then 

0/2‘ /,,==) ;6 {two )Xx �Àk) (11.33) 
\ 
i 

is formed. The required state transition matrix ¢(l) 

represents deviations from the reference trajectory at time tn in relation to 

for this equation 

initial deviations at time to xwvtromlihgfbTSRPNMIGCA. Use this ¢n�À as the first olumn of ¢n o' 
)0 i 

For the‘second column, solve0 for the corresponding Jag/M from the 

trajectory equations Where 

(11.31») 
In 

6:75 (0) = 

C
3 

t: 
C

3 
Q

> 
‘\ 

C
) 

is an initial condition, The relation corresponding to (111.33) is 

' Jx’ �À�Àz) : 75[2/)52,0/ fill/)0) . (has) 
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-In this manner, the six columns of [6 (n,o) can be found. The matrix is one 

with zwomlkihgfedaZXVUPMLJIGDCA6 fundamental solutions, and is known as a fundamental matrix. 

We shall now introduce the concept of a system- of differential equations 

which is adjoint to  the system of Eqs. ( h . 2 8 ) ,  see Ref. 3. In general, from the 

rule fOr the differentiation of two product matrices 0(, andF with respect to t 

: f/D‘N‘“ é‘ �Àmf—Q? 
1 

where in general lag-,8 #�À is . If o( is replaced by ¢, and �À 

by its inverse matrix W1, then the above is 

£x¢¢0= W: $25;— ‘3“. 
Since ¢ ¢'1 is the identity matrix I, its derivative is o the zero matrix. 

Thus (114.37) can be rewritten 

i gw  ¢§~§ . 
I 

Premult‘iplication of the above by {ZS-l gives 

it E? 

from which 

i PROPRIETARY ‘ _ 7 _ 

(#351 

(4-37) 

(4-38) 

' ’ ’/ 

0“¢ I92 I xwvtromlihgfbTSRPNMIGCA+ ”I“! , (M9) 

’ 5? %: Jef¢ 5% a. (Mo) 
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\ 
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In‘order to apply (M.HO) to the Eqs. (h.3l), postmultiply the latter by 

. W1 to yield . . _ 

{it}; %” = F¢¢4 , " {n.ui) 

OI' 

gf’ = F . (M?) 

Then.in;Eq. (h.h0) if ¢ is a fundamental matrix for (L H); see Section 1, 

GeneraliSolution of the Linearized Trajectory Equations, 

‘ 1e" xwvtromlihgfbTSRPNMIGCA, __ 754/4? W z -¢"/ 
l 

in which (h.h2) has been used. In this equation the conjugate transpose of the 

Q reciprocal ¢'l can be substituted. That is- if ¢'l is replaced by if”, the 
\ 

equation reads as 

:‘é/ �À” = 47¢?" . 
i 

In this latter the rule is that when a matrix product ¢-lF is transposed then the 

order of thezmatrices which form the product is reversed. This system of equations 

can be'rewritten as 

31243 z—Fg‘ �¿ , (ms) 

PROPRIETARY 
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This in turn has a fundamental matrix (9 which is the solution of 

Z i a — 7 '  - ms d t ‘ F a ’  ( . )  

Th? expansion of ET is 

o a we �Àit/tit 
/ (7 C7 C9 67 

Q 0 o a a 
0 0 0 0 

(M7) 

or in partitioned matrix form _ T 

F T: 0 G (M8) 
I 0 

The linear system represented by-(h.3l) can be replaced by its associated adjoint 
system (h.hh). In many solutions of physical probléms this has certain advantages. 

The logic which allows this replacement comes under the notion of'reciprocity. 

As an example of Maxwell-”s [theorist 'Rt'c'it‘mtitt consider a tightly stretched 
string.‘ Then a concentrated load applied at position 1 of the string produces the 

PROPRIETARY 
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same deflection at position 2 as would be produced at position l.by the same 

load applied at position 2. In the replacement of a linear system by its adjoint 

certain pitfalls must be avoided. Suppose that in the system under discussion 

a function f (t) represents an input at time t, and r(t+Z) represents the 

accompanying response at a time interval Z'later than t. In order for the 

system to b e  arealizable one, the response must follow the input in time. 

When these notions are transferred to the adjoint system, the time t must 

be run backwards to be both compatible with the original, and also to provide a 

realizable system. These ideas are developed completely in Refs. zwomlkihgfedaZXVUPMLJIGDCA6 and 7. In 

Ref. 8 it is proved, and from Appendix F, p. 398, Ref. 6, it can be deduced, 

that in‘our problem 

1 g/z‘)=/¢/fj/-IT . ' 04.19) 

i 
\ 

The transpose of both sides of the above furnishes 

1 -/ 7' 
, ¢ =: a xwvtromlihgfbTSRPNMIGCA, (n.5o) 

where it has beem remembered the transpose of an already transposed matrix 

returns the original matrix. 

New Eq. (h.28) can be rewritten in partitioned form as 

[22.61; 0 I £15m 
3 (2+. 51) 

J35; 5' 0 5‘55 2 

PROPRIETARY 
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and G can be seen by comparison 

1 (Page. = 55b 

1 «fig, : Gala. , “'52) 
The derivative with respect to time of the first of these is 

N ’ 

516% xwvtromlihgfbTSRPNMIGCA= 5‘1 b 

When the second of ( #52 )  is substituted for the right side of the latter, the 

result is  

6‘2“ = 66‘1“ (“ '53) 

Now if this same procedure is followed for the adjoint system (MAS), the corresponding 

. partitioned form is 

' (971 T 8 -a, O G’ Zia, 
, -.—_ — (mu) 

5% I 0 5A5 . 
Expansion of this latter gives 

' T 

A‘ga : — zwomlkihgfedaZXVUPMLJIGDCAG ebb 
‘ . (h-ss) 
‘ 6‘ 23: = "' 8A0, 1 
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Reference to Eq. (1.12) shows that the matrix G is symmetrical, so that the 

above can also be written as 

i 551, = G'Jéb' (2+. 57) 

The reager will recognize that when a matrix is symmetrical it is identical with 

its transpose. 

and (#57)  have the same form. 

For the solution of Eq. (it-53) assume that 

to unity, and other initial conditions equal zero. 

for 6‘75!) 5 X 2 ,  5x3 
for the explanation of the numerical subscripts. If 

. 6);;6X556‘722 

What is of interest in these manipulations is that Eqsc (LL53) 

<99 (22) 
Then the system is solved 

is  set equal 

and their first derivatives, see (n.27) 

J‘Xy is set equal to 

and 67% .1 (his then the first column of the ¢ 
matrix is obtained. However in having obtained the solution of ( # 5 3 )  with a 

unit initial condition on J‘X, 

obtained with a unit initial condition on 

, a solution of Eq. (1+.S'7) has also been 

JEX¢_ , other initial conditions 

are zero. Then by setting (”ff-(9)4, yg‘ék’ and JA;=’(£]‘ ,“the fourth column 

of the 6 matrix has been obtained. In a similar manner a positive unit initial 
0 I zwomlkihgfedaZXVUPMLJIGDCA U 

condition on d‘xl’ 6‘X2 I 613 , that is on 6x4, 5)?) d‘Xb is equivalent 
to putting a negative unit initial condition on (YA, , JAN {)5 respectively. 

Notice the interchange of the subscripts a, b between Eqs. (n.52) and (#355). 

If‘this analysis is carried through completely and both the 9 and ¢ matrices 

are written in partitioned form as 

PROPRIETARY 

(h.58) 

44, J 
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then it follows that 

I 9 ”  - ' (LL-59) 

\ 

l 

1 But from Eq. (5.50) [5-1 =9T'. When this is used in (A59), the reciprocal 

¢- is 
T 7 

¢—/ ' 6" ’ z 

‘ , 63f 9’ r '  (ll-.60) 

which isi the sought for result. ILikewise 

\ 7 7 

z 7 l 9 "37 a; 

The abovje analysis applies to trajectories which are run forward in time, to 

trajectories wh‘ch are run backward in time, and for any initial and final times. 

Due to the symmetrical properties of the perturbation equations, the transition 

matrix which relates any two points on the trajectory can be inverted in this manner. 

Our Eq. (11.60) is Eq. (3.31;) p. 15 of Ref. 1 and brings us to the end of 

Section }3 of Battin's report R-3hl. 

141em 
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IMO-51+O—32Z 
(E? \7/7 éSJuly 196A 

- 3-027 
�ÀzwomlkihgfedaZXVUPMLJIGDCA , 

From: F. DeVito, D. Lowen, Systems Analysis, x-l3hl 

To: E. Stern H. Rothstein C. Witt 
R. Knoetgen A. Nathan T. Kelly 
M. Olstad P. Munter W. Rathke 
qHaggerty G. Sullivan E. Bonan 
J. Roth F. Yagi R. Fleisig 
J. Kmiecik M. Fish C. Kirchen 
R. Catenaro F. Kractovil F. Lamazor 
A. Whitaker N. Gutfield G. Patterson 
T. Heuermann F. Zito, RASPO S. Chomak 25¢: 

Subject: MODIFICATIONS OF PROGRAM FOR AIIOCATING SYSTEM ERRORS. 

Reference: (1) LEM Engineering Memorandum IMO—5h0-l93, A Method for Allocating 
System Errors,by F. Lamazor, G. Patterson, S. Chomak, dated“ 
16 December 1963. 

Introduction: 

This memorandum is a continuation of Reference (1) in which a method for 
allocating system errors among the error sources is described. The general 
closed-form solution which yields the £511 from the simultaneous equations ( 9 ) ,  
(10), (ll), (12) of Reference (1) is derived in Section A. Section B contains 
a description of how to expand the program to provide for error sources with 
fixed allocations and for error sources with sensitivities that are proportional 
to the source error. The solution derived in Section A requires no modification 
to include the results of Section B. 

Section A -- Closed Form Solution of Equations Utilized in Maximizing the Payoff 
Functionz P. 

Consider the following set of equations in the variables 42;: EXE, ... , 
£§{h, o< , (5 , 3’. 

2323— Aa+JZfSI £911.: “..- i (1) ax; l x X  (221+ 2X; 0 L 52,1...37 



_ — u . . . — _ — - _ — — _ _ u . — _ — — — — — _ — — — — — — — — — . — ~ - ~ — — — — - — — _ — — _ _ _ — — - _ — _ — — — — — — — — — — — - — - — - — — - — - — —  

21 
(2) C ’ Z C A X " )  = 0  

L‘LI 

(3) 2 2X; X 

P is the payoff function to be maximized; fl, f2 are the two end point errors; 
X1, X2, .. zwomlkihgfedaZXVUPMLJIGDCA. , Xn are the independent error sources; and 0% , (5 , are 
Lagrange multipliers. 

The solution of equations (1) may be expedited by defining the new 
variable, 

(5) A y i  E 1* 5X1: which upon substitution into the above equations yields, 

P ' ii,— )/2.�¿ ='— 0 L : /  L . 1 .  

(1') 35?}— 14% 775755;" 2X 4 J 7 

V I 1, 2. 

:1 
”t 

: I if... A 4' L O  (3) '_J X; {7’ 
U-‘v/ 

‘w 
V, 9+). ' 5 

(I43) A L 0 :4 a a" 
From equations (1'), it is clear that 

_XZ 2%! 2r” '._. 
(6) Ag =2’ ”55/9 xwvtromlihgfbTSRPNMIGCA+ D/S'i ‘ ’33) 7 



— — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — — —  

and substituting (6) into equations (3') and ( h ' ) ,  one obtains: 

“ ’ Q f l  9 7 L ! —  2 $4336 #2822) * ’2? 2X" 9X” 
‘7 X/ 

L271. ('72—‘75, :Xf: 2/\ J36:- = 0 

<8) 2217:: 23? “4%: f 5763:" 
L-’-/ 

One now has 2 equations and 2 unknowns in (:Z” and 1 / .  

e xwvtromlihgfbTSRPNMIGCA —. 23¢. '23 ,,_. (2i: 
Lt C.E Z. 53a>x 

L‘-'—\ 

: %  g: a : W  Jacl— zwomlkihgfedaZXVUPMLJIGDCA()X%’ 

5733*) 
Substitution into equations (7) and w(8) yields 

C: '* aZI/3 "45 I): (L) 

cz+é/bt+1 33'”. 

(3
 

P
l 

Ill 

(9) 

Simple solution yields, assuming a non-singular system, 

’6‘ Cg, A) - C / £ /  5/:— C,é/ —aIC’L  . 

4/11 "A/ 2’ 4’4’ "All, 

The solutions for and 6/ may now be substituted into (6) to yield the 
n A yi' s. From equation ( 2 ‘ ) ,  one obtains 

°"-[ZZCA3 H]?— , which upon substitution into equation (5) yields the 
desired outputs 

X =- i AM LtZ<Aa<>’1‘i 
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Note that i f  the number of end point errors is k, then there are k linear 
equations (equivalent to (7) and (8) ) with krunknownsu Cramer's rule may then 
be expeditiously applied to obtain the 1 ' s ,  for  non-singular systems. 

Section B - -  Fixed Error Allocation and Linear Sen§itivitie§. 

Reference (1) was written fo r  the case of error sources that have constant 
sensitivities and unknown allocations. In  order to provide for error sources 
with fixed error allocations and for  error sources with linear sensitivities, 
equation (1) (and ( 2 )  ) of Reference (1) is changed to the following relation 
(derived in  Appendix I ) :  

f = [ Z ( A - ) 2  + Z (M) + Z (ZA-i'ZZlXZ)] 
("mm-H 

where §C m, n,  and the Ai are inputs according to the following schedule: 

1:5 i 55 �À A1 = sensitivity x fixed error allocation 

( 2  + 1) xwvtromlihgfbTSRPNMIGCAé i e 111 A1 = constant sensitivity 

(m + l) 55 i =5 n A1 = coefficient of squared term in quadratic 
function 

3f 
The calculation fo r  the derivative 3X; similarly depends on the value of 

the subscript "i' so that the appropriate logic must be included in  the program. 
This calculation (also shown i n  Appendix I )  is as follows: 

in o 
I 'DXI‘ 

m ’452 29/10»): 

n zwomlkihgfedaZXVUPMLJIGDCA% = 84? Xf/c’m 

1 

( 9 + 1 )  
( n + 1 )  

Ik
 

||\
 
I
I
\
 

M
 

I
A

 
M

 

H
 

* Valid only i f  the quadratic state variables are symmetric with respect to the 
nominal operating point (see page 5, Eq. 3 ) .  
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Appendix I-- Modifications to the Mathematical Mbdel of the Error Allocation Program 

The error allocation program is modified herein to include those error sources 

whose allocations are fixed and whose end point error contributions are quadratic. 

Figure 1 depicts the state variable ¢ and the end point error 'F for an error 
source whose contribution to the total error is linear (see Reference 1). This is 
the type of error which is handled by the present computer program. The case of a 

quadratic error source is shown in Figure 2. For the purpose of this memorandum, it 

is assumed that the output of a quadratic error source is symmetric with respect to 

the nominal operating point X” so that the slope (sensitivity) at the operating 

point is zero. 

The end point error 7; or the deviation of the state variable (output) {6. , 
for the case of independent error sources, is 

{=A¢, 
and the root-sum-squared total error is 

- [ Z  (1%7‘07’2 

where X, 1" AX“ 

The end point error attributable to independent error sources which have fixed 
error allocations X i r j  relative to nominal values Xin is 

[F =[lg ga/li):d Xi; (XMfJVZ 

(1) 

I 

(2) 79‘ = [é’i-zjfzn 

2¢ where 4‘. xwvtromlihgfbTSRPNMIGCA= (if) _ (xix) for f 24' a/ 
L A"._X‘_n 4. Xi; 

The case of an error source which can be described by a constant sensitivity 

(see Figure l) 

4 :  t z constant for ”n a ,4‘ a (/11) 

33
%
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is treated in Reference (1).. The end point error attributable to independent 
linear error sources i s  

(3) {I = [xix (A’x’fj? 
If the state variable ¢I i s  a quadratic function of the inputs _X‘: (m 9236m+ 1)), 

then 

A = (Mi xwvtromlihgfbTSRPNMIGCA+ 43X; w”) 4) 9”"! 

The quadratic function may be expressed by a Taylor series written about the 
nominal point. Noting that all derivatives except the f i rs t  and second are zero: 

, (4’74) X— X 3 Mick- emnw s w a m )  + 7:,— zwomlkihgfedaZXVUPMLJIGDCA( a) 
where ¢,”(Xn)refers to the second partial derivatives 3:9; 3 /  since 

9X; K =  X" 

there are no cross product (Xi X1 ) terms. 

The end point error due to the quadratic error sources is  

{2’ = 54/1) — any”) 
(1+) z, 

a = gmMr—Xn) + 1941mm 
If the output $5, is  symmetric with respect to the nominal inputs L ”  I X‘- = 0 

(see Figure 2),  then 

(5) g’fxn) =’ 0 

The second partial derivative of the state variable with respect to an input 21 i s  

2a (6) 2—3 = 2/4, 
@213. , 

The substitution of equations (5)  and (6) into equation (1+) and taking a root- sum- 
squared total yields the end point error attributable to  quadratic error sources. 

'J 
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(7) g :  [2  (4742)]é 
(=M�Àf/ 

The independent errors (equations (2), (3),  (7)) are combined into a root—sum— 
squared total as shown in equation (8). 

2 2 2 /  

5‘[ �¿* �¿*€]2 
I 2 2 

€= [2642) xwvtromlihgfbTSRPNMIGCA+ 2.1/44) + Z /4z”)] 
:2? 1:4";/ 

where ,4 = 76,-- /a '> /  t a . 7‘44 4 ' 
Kc X¢'=X¢‘n +X1'F( ) 

,4" = constant sensitivity for W a 4' a V,‘// 

A} = coefficient of squared term in quadratic function 

for“ M a 4‘ ’z (”W 44/ 

'DE' . 
The partial derivative .53? for the quadratic case is calculated as follows: 

4 
/ — /  Z 

(1-) )" "' 2 Z a ”Mi-X? z 4 + zmm +2 (4-4;) ’ 2x; 
l=1/ away 

2 3 
2 “4" 2’: 

2f 

2 44/4 
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$29 E V  
\ 

"Q44 _ _ _ _ N a 
Q! Input Der/brig!) s; M. 
t I 

$2 I 
‘u : ‘1? 

g) X,» irrarjource 

FIGURE 1 - LINEAR ERROR SOURCE 
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2(0) Error Jet/rte 

FIGURE 2 — QUADRATIC Hausa SOURCE 
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GRUMMAN AIRCRAFT ENGINEERING CORPORATION 

LEM ENGmEERING MEMORANDUM ; ‘ % W  

' 210-9 2 
6 July 1 h 

From: L. J. Armani/H. K. Dunton "fo \ 
\ 

To: J. W. Coursen/C. R. Spinner 

Subject: TRIP REPORT5.XTASI HARDWARE MEETING NO. h AT MIT/IL JUNE 30 - 
JULY LLz 1261+. 

Enclosures: (1) List of Attendees at XTASI Hardware MEeting No. h MIT/IL 
(2)  Agenda of XTASI Meeting No. A at MET/m, June 30 - Julyel, 1961+. 

SUMMARY: \ 

XTASI Hardware Meeting No. A at MIT/IL was attended by personnel from 
GAEC, NAA, MIT, Raytheon and NASA (chairman). The attendees and agenda 
are listed in Enclosures 1 and 2 respectively. 

The objectives of these meetings is to  ( a )  exchange information and 
( b )  resolve hardware problems related t o  NAA simulation instrumentation. 

The purpose of GAEC personnel attendance at these meetings are threefold: 

1. By observing NAA's and MET's problems and resolution of these pro- 
blems, GAEC will be able to  avoid the same pitfalls in the F08 
and FMES ef for ts .  

2 .  To establish a rapport with the personnel involved s o  that when LEM 
problems arise, they may be solved as easily and rapidly as possible. 

3.  These meetings are a good advance source of information as t o  NASA's 
thinking and may prove valuable in formulating the test plans in the 
F08 and FMES. 

The items discussed at this meeting which are of direct interest are sum- 
marized below: 

\ 

hm 4 

\ 

PROPRIETARY 



4 

PROPRIETARY 

GRUMMAN AIRCRAFT ENGINEERING CORPORATION Page 2 

SIEMENQEEE‘BPFQJEMQWWT-ENQ�À-lk??? _________________________ §-§E}Z-}2§E_-_ 

1. MIT presented a preliminary outline of a "Daily Checkout of Simulation 
Equipment" (GEE portions only). John Miller of MIT estimated that it 
would take approximately one hour to perform the checkout. 

MIT (John Miller) stated that the G&N subsystan would not work, without 
a major redesign, if the IMU and PSA were not connected in a flight con- 
figuration. NAA (Paul Green) stated that it was not possible to fit the 
IMU and PSA on the FAT because of their size. RASPO MET (T. Michaels) 
will check with MSC for resolution of this problem. 

After much discussion concerning monitoring of the NAA required AGC 
signals, it was decided that if the signals were available elsewhere 
in the system, they would not be monitored at the computer interface. 

As a result of.an action item (X-H-16) from XTASI Meeting No. 3, MIT 
designed a recommended buffer circuit for monitoring AGC signals. At 
Meeting No. 3, Eldon Hall (MIT) insisted that MIT build the buffer cir- 
cuits because, (1) MIT had the parts available and (2) MIT has a better 

feel for the circuits that had to be buffered. At this meeting, MIT 
(Don Bowler and Eldon Hall) tried to pursuade NAA to build the circuits, 
but NAA simply restated MIT's arguments from the last meeting and refused 
to  build them. 

NAA requested that MIT prepare a list of signals which would be on "Down— 
link". MIT admitted being delinquent on this matter and intimated that 
they were "not sure" of what signals would be on "downlink". 

NAA (P. Green and S. Robbins) stated that NAA had called Raytheon with 
regard to  the CTS training for NAA and GAEC personnel (action item 
x—Hee3, Meeting no. 3) and were informed that there will be no CTS or 
AGC available for training the class beginning July 13, 196%. NAA felt 
that all of the other information to  be taught at the school is available 

in the CTS manuals and indicated they would not send personnel t o  the 

school. 

Ted Michaels (RASPO/MIT) indicated that the training course may get a 
CTS and AGC in September l96h and that the next class begins in December 
196A. 

C. Bobelis, GAEC N&G, stated that he would find out if GAEC was going to  
send anyone, in light of this information, and notify T. Michaels. 

PROPRIETARY 



9 

PROPRIETARY 

GRUMMAN AIRCRAFT ENGMRING CORPORATION ‘ Page 3 
EE£§WE§§§E§EWQ§§§W£ -ETQZEQZEQQ .......................... §-§E5.L¥-5E2§ll_ 

7. :In an informal discussion with Ted Michaels, the writer asked what was 
happening with Block II. He stated that he had Just returned frontSC 
where he had attended the first of a series of four meetings to  be held 
on Block II. He said that a block diagram of the Block II system was 
generated by NAA and MIT which makes the SOS completely back up. That 
means that the ROS will be controlled directly fran the G8d‘I unless in a 
:back up mode. 

8. T. Michaela also stated informally that Raytheon and Kollsman would be- 
come sub—contractors to AC Spark Plug before July 29, l96h, the reason 
being that xwvtromlihgfbTSRPNMIGCANASA wants AC to  be responsible for all schedules and deliveries. 

9. NAA made a brief presentation to their propOsed IMU and PIPA simulators. 

10. The next XTASI meeting will be held on August 18 and 19 at NAA. 

R H : d  

cc: R. Carbee 
A. Whitaker 
H. Kline/G. Emilio/J. Winsten 
H. Wright/J. Cohen 
H. Peek. 

t Distribution ;' 
hlo File ‘ 
G. Henderson 
R. Constable 
C. Bobelis 
C. Witt Jr. 
F. Fitzgerlad 
R. Magner 
LEM Project File 
Data Management 

KM R. Holmes 
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ATI'ENDEES: XIASI Hardware Meeting N0. 1+ MIT/IL ' 

T. Michaels RASPO/MIT 
J. Miller MIT 

E. Hall MIT 
D. Bowler MIT 
G. Savage NAA 
P. Green NAA 
S. Robbins NAA 
A. Selagy NAA 
J. Freeman RAY 
J. Poundstone RAY 
C. Bobelis GAEC 
R. Holmes GAEC 
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AGENDA 

XTASI Meeting No. h at MIT/IL June 30 - July 1, 1961+ 

1. Review old action items. 

2. Review of Block 100 changes .as listed in NASA TWX 105W OOOOS-ALOULO 

3. Downlink information - The information on downlink is .required to  
complete simulation data acquisition requirements. 

h. IMU Simulator - Discuss method of IMU simulation to assure correct 
interface with G8aN subsystem. 

5. PIPA Simulation - discussion of correct PIPA interface to introduce 
acceleration into the simulator. 

6. Remote DSKY's - discussion of providing remote indication of DSKY 
signals for remote display, control and data acquisition. 

. 7. Discussion of 8-1 optics CDU requirements. 

8. Discussion of Spacecraft Optics - answers to  questions on optics sub- 
mitted to H. Koso. . 

9. Discussion of available information for simulation canputer and core 
rope simulator. ‘ 

PROPRIETARY 
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Notes3 1,

1o

a

' rl" ' J

llhe steerlng err'cr (uoay refereneed) plgnat electrlca]' interactlon ls

defined for the primary Guldlance aud Navlgatloa Subeyeten (pCmS) and the

Ffleht Control Subsystem (FCS) of the llnar &ccureion Module (L,ix'{) '' '

The eignare are defined at the int"lru"" of the ,"Ng when operatlng

in any vehlele control mode provldlng eteerlng error anct total
attltucte slgnals to the FCS. Ioatllng On the steerlng errorg

dleo tncluclee that cauBed by cockpit dleplaye and teleuetry

requlrenents. TirO referenee voltage requlred for CES (Control

Electronles Sectlon) trnwer supply synchronlzatlon 1e also defined'

r Speel flcation of Signa.ls

A. Reference Voltage

(1) The CES Po'*er SuppLy Synchronlzing Voltage sha]1 be supplied on

twc lines. This voltage shall- be from the same aouree ee the

excitation voltage for tlre ladtler networks cf the steering error

Coupling Data Units (CUl), and shall have the followlng charaeter-

istics:

(a) Referenee Voltage = Eo sin rrt fnarmonfc eoutent eonslstent wlth
deflnltlon of paragraph B(?)]

(:) Amplitucle; 28 ! O,'t volts rms (for a 0.5 to 2.0 watt load)

(4) rYequencv' 
[:o'.: ffi [: x:l H:,:::il:;":vnchronization

(l) Loa4: 2.0 watts maximum (lneIudlng Abort Guidance and

Dloplays requlrements) at a minimum po$er faetor of O.8.

REVlcD 'NO.'
LIS-3OO'10O03

SHEET
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Notes: 

A. 

1. 

2.  . 

I. ' Specification of Signals 

Reférence voltage 

(1) 

(2) 

(3) 

(h) 

(5) 

‘3 - 

I " :  i I 

The steering error (body referenced) signal electrical interaction is  

defined for the Primary Guidance and satiation Subsystem (PGNS) and the 

Flight Control Su?system (c )  of the Lunar Excursion Module (Lm)..-. 

~The signals are defined at  the interface of the PGNB when operating 

in any vehicle control mode providing steering error and total 

attitude signals fo  the F08. Loading on the steering errors 

also includes that caused by cockpit displays and telemetry 

requirements. The reference voltage required for CES (Control 

Electronics Section) power supply synchronization is also defined. 

r
a

n
g

-
N

J
»

:
 

,
‘

 
.r . 

The CES Power Supply Synchronizing Voltage shall be supplied on 

two l ines. This foltage shall be from the same source as the 

excitation voltage for the ladder networks of the steering error 

Coupling Data Units (CDU), and shall have the following character- 

is t ics:  3 
*1 

Reference Vbltage§u Eo sin wt [harmonic content consistent with 
definition of paragraph 3(7)] 

i. 

Amplitude: 28 €05 volts ms (for a 0.5 to 2.0 watt load) 
? 

Frequency: 800 i 8 cps (or better) with computer synchronization 

, (Yedfto 800 cps without synchronization) 

Load: 2.0 watts maximum (including Abort Guidance and 

Displays requirements)at a minimum power factor of  0 . 8 .  
l . 
t» 

7“. 
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t.

a

exceed l+! votts rms and sha1l return cxponentlel'1y to

specified leveLs tlittrin I seeonds' I

(f) The Reference Voltage w111 be leolated fyon ground tn the CES.

B Attitude Steering Error Sl8nal Componente

The steering errot signaL shall eonslst of 3 component

steering error voltages each supplied on a palr of ground-

tsolatecl liies, Eacb steerlng error voltage sha1.l be of the

folloving form: E" = Au I(Eo sln ("* + e)

Es = steering error voltage (destgnated E*r E, or E, for

eorrespond.ing vehicle axes) .

KEo = seale factor tn volts per degSee

A" = Attltutte steerlng error component angle in degrees (designated

A*, A" or A, fot eorresponding vehici-e axes) ' Ae varles

' increnentally and corresponda to the dlfference between the

actual vehicle attltutte antl a eommancled attitude'

e = carrier phaoe shlfb
w = 2rI (Boo)

Steering Error Slgnal Carrler: The steering error signal carrier

shatl be an Boo eps slnusoidal voltage synchronous wlth the

Reference Voltage and Linearly proporticnal to steerlng error.

(5)

(r)

The Reference Voltage nay have a turn-on overdrlve not to

(:) Source rrnpedance! 1 K J\lg (neference)..

Wi:ere:

(r:)
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( 6 )  The Reference vol;age may have a turn-on overdrive not to 

exceed us volts rms and shall return exponentially to 

- specified levels tithin 5 seconds. :  

(7)  The Reference Voltage will be isolated from ground in the CES. 
‘) 

f 

B . ‘  Attitude Steering Error Signal Components .1  
i . 

( l ) _  The steering erro} signal shall consist of 3 component 

steering error vditages each supplied on a pair of ground- 

isolated lines. gpach steering error voltage shall be of the 

following form: .33 = Ae KEo sin (wt + 0) 

Where: E5 a steering error voltage (designated Ex, Ey or E2 fo r .  

corresponding vehicle axes) . 

KEo a scale factor in volts per degree 

Ae a Attitude steering error component angle in degrees (designated 

Ax, Ay or AZ for corresponding vehicle axes) .  Ae varies 

' incrementally and corresponds to the difference between the 

actual vehidle attitude and a commanded attitude. 

0 a carrier phdse shift 

w # 2 “  (800) 

(2)  Steering Error Signal Carrier: The steering error signal carrier 

shall.be an 800 cps sinusoidal voltage synchronous with the 

Reference voltage and linearly proportional to steering error. 

1 KILb; (Reference). (3) Source Impedance! (i 
x§. 

‘ 
E 

. - ; 'SHEET'ICD'NO. REV 
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F1lght Control SyOtem to each steerlng error stgnel ehall be

as follows:
t

I

(4) Ioa6 Inpedrn"" arrJ Scrle Faetor: The load preaentecl by the

J

(u) Z = NK t 5%, angle of Z = O t 5 degreee'

(f) KEo = 0.3 t T% rns volts per degree for
o.l"* la"\*e"

(2) KE^ = o.p t I@rms vorts per hegree for
o ? [o"l ( o.1o or 5"< t au\1 v"

(b) Loatl impedanee range: lOK:-- ?'4 8OK, angle of Z ,' O' t 5'

(r) ffio = o.3 t 13$ rurs volts per dtegree for
o < I Ae\ !: t5".

Z = :--- when PGNS ls not ln use.

The steering error voltage shaI1 never exeeed 1! volts 1Ts

for elrcuit protectlon considerations.

a

(")

(a)

(:) Pirase Shift: The phase ehift between each steerlng error voltage,
E"r and the reference voLta8e Eo shaLL be ae follovs:

lel * g" for Eu = 1.8 volts (eorrespondlng to an error A" = 6")

(6) Nu)-J- Voltage: Total- null (coneleting of hernonlcs and quadrature)

shalL not exeeed 55 millivolts rms (when Ae = 0).

(f) Harmonlc Contentr @ @
(B) Resolutlon: The steerlng error elgnal. resoLutlon 1s 2 $ /zt5 rad.lans.

REV

INTERFACE CONTROL DOCUMENT
SHEET

G oFro
rcD NO.

LIS-3O0-1ooo3
ENQ 17.2 t.U

QUMMAN AIRCRAFT ENGINEERING CORPORATION l 
BEI'I‘IPAGE, L. l., NEW YORK 

(h) 

(5) 

(6) 

Load Impedance and' Scale Factor: The load presented by the 

Flight Control System to each steering error signal shall be 

as follows: ‘ 

in
 

”
w
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n
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w
e
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”

:
5

5
7

 

3(a) z a 20K 1 5%,: angle of 2 an 0 t 5 degrees ' 

- ( 1 )  no a 033 t 7% me volts per degree for 

0.1%: (Ae (26°  ' 

(2) Kli:o = 0 .  +10%rms volts per ‘degree for . 

o (RAB o.1° or 6‘((Ae\==15' 
(h) Load impedance range: 10K: " 2 %  80K, angle of z - 0' 1 5° 

(1) mo = 0 .3  t 13% ms volts per degree fer 

o < i A 4f: 15". ' . 

(c )  Z a cat-when PGNS is not in use. 

(d) The steering error voltage shall never exceed l‘D volts ms 

for circuit protection considerations. . 

Phase Shift: The phase shift between each steering error voltage, 

Es, and the reference voltage E0 shall be as follows: 

IO( 5": 8° for E5 € 1 3  volts (corresponding to an error Ae - 6') 

Null Voltage: Total null (consisting of harmonics and quadrature) 

shall not exceed 56 millivolts me (when Ae :- O). 

ENG 37.2 I - “  

(7) Harmonic Content: 2:c @ 

.(8) Resolution: The ~li’I’eering error signal resolution is 211’ /215 radians. 
:I 

4:3 
3 
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(9) Response: The response of the steering error slgnal shall be as

deflnetl ln LIS-29O-1OOO1-

IT. Definition of Steer ing Component Angle:

. The attitude steering error component angle, Aer.sha1l be as foLlovs as

A" approaehes zero:'

(r)

(e)

(i)

ou = o*1 sin (Ao"-Aoe) * stn (A1"-Aru) stu A*

A" = Aro(+stn (A1"-are) cos Ar*co*og * stn (Aro"-A*)sin Ao*

A" = Ar€<-sin (Aie-Alg) eos'\*siilog * a;-n (A."-A',*)cos AoU

where: * Signlfles "ls proportiona.l to".
A = Ivlu outer gimbal angle

= IMU middle gimbal angle

= IMU inner glmbal angle

= outer axls command angle

= micldle axls command angLe

= trlner axis command angle

og

A

(L) Slgnal Phase:

For Yav:

For Pitch:

For RoLL:

A
mg

ig
A

oc
A

mc
A oic

Figure 2 illustrates a meehanlzatlon of the Steerlng Error Signals.

The steering error signal phaelng ls deflnetl one body

axls at a time using positive rotati.ons neasurecl from

IMJ glmbal zero positlon as shown.

A positive rotation ls defined as a clockwise rotatlon of the

vehlele about lts axls vlewed from the inslde of the vehlcle

out along' the posttlve directlon of the axis (Flg:ure 1).

REV
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(9 )  Response:' The response of the steering error signal shall be as 

defined in LIB-290- 10001. 

5‘ 

I I .  Definition of Steering ErrogkComponent Angle: 
g 

e The attitude steering errorgcomponent angle, Ae’ shall be as follows as 

A6 approaches zero: .  ' g 

(1) For Yaw: _ Ae sl:?( sin (Aoc- Aog) + sin (Aic‘Aig) sin Am6 

(2) 'For Pitch: Ae s Ayeac+sin (Aic'Aig) cos AmgcosA08 + sin (Ame-Amg)sin A08 

(3) For Roll: Ae a Az!’<-sin (Aic'Aig) cos‘AmgsinA08 + sin (Amc'Amg)°°§ A08 

I 

where: Ch‘ Signifies "is proportional to" 

A6g = IMU outer gimbal angle 

Amg = IMU middle gimbal angle ‘ 

Aig = IMO inner gimbal angle 

Aoc = outer axis command angle' 

AInc = middle axis command angle 0‘ 

A ic  = inner axis command angle ‘ .  

Figure 2 illustrates a mechanization of the Steering Error SignalsJ 

(h )  Signal Phase: The steering error signal phasing is  defined one body 

axis a t i a  time using positive rotations Measured from 

'IMU gimbal zero position as shown. 

A positive rotation is defined as a clockwise rotation of the 

vehiclejabout i ts axis viewed from the inside of the vehicle 

out alohg'the positive direction of the axis (Figure l ) .  

I 
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A posltlve vehlcle dlsplaeement of Oo to LBOo from a

commanded. posltlon ahall glve rlee to a out.of phase

(f8o' from reference noltage) eteerlng error slgrial.'
r'

A negatlrre vehlcle d:laplacement of Oo tci"I8O" froui a

eomnrinded posltlon shall glve'r1ee to an ln.phaee '.

steerlng error algnaI,

Flgure 1.

Inertial Orlentatlon LB,l Bod,y

and IMU Gtobal Axes

\
I

)

OGA

{ aX fu<le
(Yau)
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(nou)

,/
Y A:<te
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A positive Vehicle displacement of 0° to 180' from a 

commanded position shall give rise to a out of phase 

(180° from reference voltage) steering error signal. 

A negative vehicle displacement of 0° to‘ 180' from a 

commanded position shall give rise to an in phase ) 

steering ‘error signal. ' 
‘I 
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g . Figure l . 
't 
7 
. ’> oak Inertial Orientation LEM Body 

and IMU Ginbal Axes 
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S. Chomak, A. Schnur
Systems Analysis and. Integration, XL9B6

To J. Russefl
F. Kratochvil
E, Stern

I" Kell-y/x. Rathke
E. Bonan/T. Fessend.en

Carbee
Whitaker
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Subject:

Reference:

PREFERFED GYRO ORTENTAT]ON FOR THE ABORT SENSOR ASSEMBLY (ASA)

(f) Inertial Guid.ance Engineering, by M. Fernand.ez and G.R.
Macomber - Prentice-Hall, Inc. - L962

Summary:

The question of orienting the gyros in the ASA is consid.ered with
the intention of minimizing the d"rift rates incurred. by operating the
gyros with applied" accelerations.

Discussion:

One major cause of d"rift rates appear as a consequence of the fact
that the center of mass is not coincident with the center of buoyancy.
Consid.er tkre fol-l-owing illustration:

SA
/rnA

ACC€LERATilIB FORq€

CENTER OF BOOYANQY

TA

CENTER OF MASS

IN€R"IAL R€ACTION

OA

qr

L
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From: S. Chomak, A. Schnur 
Systems Analysis and Integration, X1986 

To: J. RuSSell R. Carbee 
'F. Kratochyil A. Whitaker 
E. Stern R. Fleisig 
T. Kelly/W. Rathke F. Doennebrink 
E. Bonan/T. Fessenden G. Henderson 

Subject: PREFERRED GYRO ORIENTATION FOR THE ABORT SENSOR ASSEMBLY (ASA) 

Reference: (1) Inertial Guidance Engineering, by M. Fernandez and G.R. 
Macomber — Prentice—Hall, Inc. — 1962 

Summary: 

The question of orienting the gyros in the ASA is considered with 
k" the intention of minimizing the drift rates incurred by operating the 
\ gyros with applied accelerations. 

Discussion: 

One major cause of drift rates appear as a consequence of the fact 
that the center of mass is not coincident with the center of buoyancy. 
Consider the following illustration: 

SA 

ACCELERAT/IV e FORCE 

CENTER OF'BUOMANCY 

CENTER OF MASS 
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(
Torque is developed" as a function of the direction and. magnitud,e

of the acceleration float mass (ftoated" gyro) and. the d.eflection of the
center of mass. The effect of an unbal-anced. mass is to pre3ent a
moment couple which results in an undesired. drift rate. During powered
flight the force field. created by the thrust vector is d.irected. along the
bod.y X-axis (gravity does not affect the gyros d,uring f1ieht). On the funar
surface the gravity fielcl is in the X-axis direction also.

Minimization of this drift may be accomplished- by orienting the
unbalanced. couple !0" from the sensitive axis. Consequently, a require-
ment is established. for mounting the gyros. The preferred. orientation
is that the gyros be positioned. so that the output axes (Oa) are aligned
in the d.irection of sensed. accelerations whenever possible.

The preferred orientation based, on this requirement is il-Iustrated.
in the following sketch.

QOo RorAT/oN ABour fA rs ALLzuED

5A

FORCE FIELD
OA

TA Z FoRoARD

5A

5A
Xl\Z tu pos/rtve /_EM axrs

Note: No positive-negative direction of the gyro axis are implied. by
the above discussions.
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Torque i s  developed as a function of the d i rec t ion and magnitude 
of the acceleration float mass ( f loated gyro) and the deflect ion of the 
center of  mass .  The e f f ec t  of  an unbalanced mass i s  to preéent a 
moment couple which results in  an undesired d r i f t  ra te.  During powered 

fl ight the force f ield created by the thrust vector i s  directed along the 
body X-axis (gravity does not a f fec t  the gyros during f l i gh t ) .  On the lunar 

surface the gravity f ie ld  i s  in the X-axis d i rect ion a lso.  

Minimization of th is  d r i f t  may be accomplished by orienting the 
unbalanced couple 90° from the sensi t ive ax is .  Consequently, a require- 
ment i s  established f o r  mounting the gyros.  The preferred orientation 
i s  that the gyros be positioned so that the output axes (0A) are aligned 
in  the d i rect ion of sensed accelerations whenever possib le.  

The preferred orientation based on th is  requirement i s  illustrated 
i n  the following sketch.  + X  

I 

1% 
90 °RorA r/o/v Agour IA /5  ALLOWED 

I SA 

GA zwomlkihgfedaZXVUPMLJIGDCA| 
FORCE FIELD I 

I CA 

/L _____ _-  __. 
/ / I A  Z FORWARD 

, SA 

X, >32 ~POS/7'IVE LEM AXIS 

Note: No posit ive-negative d i rect ion of the gyro axis are implied by 
the above d iscuss ions.  

1 

SC/AS: dh 1 
cc:  M. Olstad H. Rothstein D. McCabe T.  Heuermann 
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F .  Saphra R.  Schindwolf F .  DeVito F.  Zito, RASPO 
G.  Sullivan J .  Asbedian C.  Witt Data Management 
K .  Speiser R .  Adornato B.  Perini LEM Pro ject  File 
P .  Kelly L .  Tucker R .  Witt 
D .  Hawkins L .  Weber A .  Kreutzer 
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I. Ir{mqprrqmoN

The pr.rrpose of thls repor-b ie to set forth the systms requtraoents of the

Abor.t Gutd.aace Systm. ftrs pr{marlr coneern 1g to deflae firncttonnl requlre-
nents of the systa. ft 1e antletpated that trts tnformattou wt11 fora the basts

of tbe maJor Abort Guld.ance System conputer speciflcatiou revislon that 1s

about to be und.ertaken. fhe requlrements coatelneil tn thls d.ocunent are per-

tloent to the LES4 10 or lunar ladlng mlse1on. Other mlsstous for whtch there
are d.tsttnct requlrments wlIL b covered 1n separate documents. Nr.merlcal

requlrmeuts for both the tEM 10 Misslon and. other mlestoas wtll be treated tn
separate d.oermentg.

The scope of thls report encompasaed. d.eflnrpg the follou.lng aspects of Abort

Guid.ance Systeen Operatlon.

€Lo Ground Fcu1es

b. Constralnts
co Mlsslon obJectlves

d. Speclflc tasks

€. Cmputatlonal Requlrements

. f. Vehicle characterlstlcs and ljnrtations
g. Input-output requlrements t

It wlIl- be.notlced that th€ requlreenents stated in tbis docr.uent are qulte
speclflc ratber than general in nature. fhls ,has been done because specifies
are more easi\r cormtrnlcated. tr\rrthe:sor€;eontradictlons in requlrernents are

uore easlIy identtfled. and ellmlnated. It ie anttclpated that thls set of
requlreoents rrill for:nn a baels or for:rd.atlon upon r.rhlch the many detalled. require-
ments ca.n evohfe.

In consld.eratlon of a set of requlrments for the Aborb Guldance Systen;the
questloa of the te'rrs ln wtrlch to speak of the couputattonal reqmtrs arosg. A.-natural-

dAlcma had to be cousitlered. It ls lq>ortaat to state the destred end results
rrnd deslred. teehnleues tbct should be employed. to obtaln those reBu1t6. It ts .
not par.ttcularly destrable to constrata tbe speclftc Cquatlons used to brtng the

specific techntques to fnrltlon. Hovever the only satlsfarctory method of
conrmunleating corputatlonal requlremeat tg tn the language of computatlon namely,

ecluattons. Wttb tbis tn mindra set of prtmary qurintltles (See Sectlon VI) and a

set of teehnlques are d.efiaed. These prrmary quantlties ard technictues represent

ttre system requirements. Ttre speclflc equattons serrre to d.eflue the systems
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I. W 
The purpose of this report is to set forth the systems requiransnts of the 

Abort Guidance System. It's primary concern is to define hmctional require- 

meats of the systen.’ It is anticipated that this information will form the basis 

of the major Abort Guidance System computer speci �¿cation revision that is 

about to be undertaken. The requirements contained in this document are per- 

tinent" to the LEM 10 or lunar landing mission. Other missions for which there 

are distinct req �Àranents will In covered in separate documents. Nmnerical 

requirements for both the 1m 10 Mission and other missions will be treated in 

separate docments. 

The scope of this report encompassed defining the following aspects of Abort 
Guidance System Operation. 

a. Ground Rules 

b. Constraints 

c. Mission objectives 

6.. Specific tasks 

e. Computational Requirements 

1’. Vehicle characteristics and limitations... 

3. Input-mitput requirements 

It will benottced that the requirments stated in this document are quite 

specific rather than general in nature. i'his has been done because specifics 

are more easi communicated. Furthermore, contradictions in requiranents are 

more easily identified and eliminated. It is anticipated that this set of 

meats can evolve. 

requirements will font a basis or foundation upon which the many detailed require- 

In consideration or a set of, requirements for the Abort Guidance Systan,the 

question 01- the ternain'nhioh tospeak ofth‘e computational :roqntis arses... manure]. 

« m m  to be considered. It is important to state the desired and results 

and desired techniques that should be employed to obtain those results. It is ”e- 

not particularly desirable to constrain the specific equationsgused to bring the 

specific techniques to fruition . However the only satisfactory method of 

communicating computational requirement is in the language of computation namely, 

equations. With this in mind,a set of‘primary quantities (See Section VI) and a 

set of techniques are defined. These primary quantities and techniques represent 

the system requirements. The specific equations serve to define the systems 
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requlrements as deflned aboverand to fona a fou:d.atlon for subsequent evolutlon.

It ls antlclpated that the Abort Guldance Systen Conputer Spcctflcatlon wlll
follow ln a simtllar vein.
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requirements as defined above, and to xwvtromlihgfbTSRPNMIGCAform a. foundation for subsequent evolution. 

It is anticipated that the Abort Guidance System Conputgr Specification will 

follow in 9. 31311113: vein. 



I II,IIROilICTION (Cont' d.)

A. Ground Rulee

The systeus regulreooente for the ,ibort Guld.auee System are based upon the
followlng NASA d.lrecttves:
(r) ho96 wora computer

(e) General serta.l data ltnk between the PGNS and AGS

(:) Data Entry irud Dlsplay Unlt for the Abort Computer

(l+) l4SC noaltorlng to be {rrFteuented

B. lfu.1or Cluiractertstlcs of the Computer

Wlth regard. to the above dtrectlves, the Computer Speclficatlon 1s to be based

upon the follovtng Abort Guld.aace System conflgurational constraiuts:
(l) F\rll eapablltty navtgatlou syeteur utll.lzecl for alL mtsslon phases.

(Z) Erp3-1ctt Gulclance Technlques are used.

(S) MSC noultortng concepts vtLL be lrpleuentecl
C. F\:nct1ona1 Objectives

The basic Abort Ouldance Strrstem firnctlona]. ObJecthrel Irpleoented. by the aXA

Cbuluter are as follove. '' -

(f) Abort from Porered. Degcoat (bearon or non beacon)
(2) Abo* from lunar srufaee )

(S) Abort fnom Powered aecent
(t+) Abort from Coastlng Deseent

(:) Eagine Se1eet Capabtlity (d.esceut-asceat engine combtnatloa or aseent englne
onty)

(6) SeIf contatued mld,course correctlon eapablllty (wtth elther matn eagtae or RCS).

(f) Perforts IoJectlon Maneuver from phastng orbtt to iutercept orblt
(B) TraJectory optlntzatlon Capabtllty (tnffrght cholce of rend. pt.)
(fO) Abort monltorlng capabtltty

Constralnts
The baslc abort gutdaace system requtraeut lrpleenented by tbe eonputer are rs
foLlows:
(f) 3OTOOO ft. mlalmum pertctrrnthlon altitucte matntained. for aII aborts
(z) Tota1 AV requlred to rendezvous d.oes not exceed 98% of buctgetl @.g.2

V Bud.get for Aseeat Stage = 55h6 fps
V hrdget for Deseent Stage = 738, fps

(S) System can handle maxtmrm out-of-plane condltton of .!o

D

(

I .  mowcrxon (Cont'd) 

A.  

B. 

C. 

D.  

Ground Rules 

The systems requirements for the Abort Guidance System are based upon the 

following NASA directives: 

( l )  #096 word computer 

( 2 )  General serial data link between the PGNS and AGE 

(3)  Data Entry and Display Unit for the Abort Computer 

(h) MSC monitoring to be implemented 

Major Characteristics of the Cmuter 

With regard to the above directives, the Computer Specification is to be based 

upon the following Abort Guidance System configurational constraints: 

(1) Full capability navigation system utilized’for all mission phases. 

(2) Explicit Guidance Techniques are used 

(3) M80 monitoring concepts will be implemented 
Functional Objectives 1 

The basic Abort ouidance System motioned. ovaeettvee Implemented by the ABA ‘ 
Computer are as :l’ollows: A " a “‘3' x 
(CL) Abort from Powered Descent (beacon‘or non beacon) 
(é) Abort from lunar surface . '2 _ 
(3) Abort from Powered ascent 
(h) Abort from Coasting Descent 

(5)  Engine Select Capability (descent-ascent engine combination or ascent engine 

only) ' 
(6) Self contained midcourse correction capability (with either main engine or R08). 
(7) Performs Indection Maneuver from phasing orbit to intercept orbit 
(8) Trajectory Optimization Capability (inflight choice of rend. pt.) 
(10) Abort monitoring capability 

Constraints 

The basic abort guidance system requirenent implemented by the computer are a s  

follows: . 

.(1) 30,000 ft.  minimum pericynthion altitude maintained for all aborts 

(2)  Total AV  required to rendezvous does not exceed 98% of budget, exgr, 
V Budget for Ascent Stage :- 66h6 fps 
V Budget for Descent Stage =- 7385 fps ‘ '7 

(3) System can handle maximum out-of-plane condition of .5' 



(4) Guld.ance System mrst brlng CSM to wlthln 5 n.ml. of CSM with a relatlve
veloclty d.evlattou of leas thau 3O fbe

(:) fO hour maxlmrm fltgffi tlme from abort lnlttatlon to rend.ezvous.(contingeacy tlme)

fr;q! eclory Constralnts
The folLorrlng traJeetory constralnte are to be iryIemented by the Aborb Guidanee

System:

1. Lan:nch Windov - Constants appeartng in the gulclance equations (Section V)

muet be actJusted to lnsure the launch rrlnd.ow obJectlves indicated. by the
accomparqrlng sketch:

CSM POSITION
FOR,,ON TIME,
LEM LAUNCH

CSM
ORBIT

B

A

C

D

7

o
4

1.55"

SECS
80

75.4"

M

MOON

93,6 "

(h) Guidance System must bring CSM to within xwvtromlihgfbTSRPNMIGCA5 n.mi. of CSM with a relative 
velocity deviation of less than 30 1pc 

i 
(5) 10 hour maxim flight time from abort initiation to rendezvous.(contingency time) 

Trajectox�¿r Constraints 
The following trajectory constraints are t‘ be inblemented by the Abort Guidance ‘ 
System: ' 

1. Launch Window - Constants appearing in  the guidance equations (Section V)  

must be adjusted to insure the launch window objectives indicated by the 

accompanying sketch: 

CSM POSITION 
FOR"ON TIME' 
LEM LAUQ‘CH B 

ORBIT 



The CSM poslttons for vhich a dlrect intereept ageent traJectory carc be

attained, are indieated on the Ftgure - pt A to pt. B) Note that a dlrect intercept
trajectory is d.eflnecl as one vhose transfer ,rngle 1e less than 35O'. The CSIrI

posttions, at launch tlne, for vhlch it ts posslble to go lnto a parking orbit
wlthout exceoding the lOhour contlngency tlme, are also shown on the figure -
pt. D to pt. A. (A launctr 1s notrequlretl for CSM posltions "C to D"). For

nminal eonditions, aD "on tiue" launch (r,s ladlcated on the figure) is aeffned as

the l-arrnch (rrfthln tbe tllrect tntercept Launch vlndow) for which a comblnation

of total AVl and. ttme to read,eznrous, 1s mtnlmlzed..

2. Par Orblts - Cons tants appeartng tn the guld.aace equattons (Section V) must

be aclJusted., ln order to tneure the capablJ.lty of the Abort Guldance System

to gulde tbe vehlcle on elther one of the follolrlng two parking orblts.
a. Iov eccentrlctty, low apoctrnothton orblt, Ia thts tylpe of orblt a }ov

perictrmthlon of FrOOO ft. ts mai-ntaineal rlth an aLJ.owable excess

veJ.oclty {over-epeecl) of up to 20 ft/sec. .

b. High eceentrictty, hlgh apocynthlon orbtt. A clear pertetrmthlon of :prOOO

feet is speclfled. a,utl the apoclmthlon on the ord.er or )O nauttcaL mlles.
Excess veloeltles (over-speeds) a.re" on the orrd.er of 12O ft/sec.

._----/ C-5M ORB\r-

A Y?€ CL

rvrs b,

e

3. Mid.course lon Coastralnts
a) The nlnlmun tlue before a niclcourge coreetlon uaneuvor can be executed is

20 ndnutes subsequeat to bu:rcsut. fhls tl&e tneludes tbe radar lock on pro-
cedures, radar data proeurment, i1r1fl mprnra'l 1nsert16n of the radar data into
the computer.

b) The mldcourse lraneuver to correct for out-of-plane errors 1s to be made at the
llne of nod.es. The vehlcle Launcbes in a plane parallel to the CSI,! orbtt
apprcixirnately 90 degrees prtor to the line of nodes.

The r,aunch Arrhuth for gotng lnto a parklng orbtt ls constratned to beparallel to the CSM Plane ('reloctty raeetor-at burnout parallel to tbe CgM plane).

A t

The CSM positions for which a direct intercept ascent trajectory can be 

attained, are indicated on the Figure - pt xwvtromlihgfbTSRPNMIGCAA to pt. B) Note that a direct intercept 

trajectory i s  defined as one whose transfer angle is less than 360“. The CSM 

positions, at launch time, for which it is possible to go into a parking orbit 

without exceeding the tour contingency time, are also shown on the figure .. 

pt. 1) to pt. A. (A launch is not remix-ed for CSM positions "0 to D"). For 
naninal conditions, an "on time" launch (as indicated on the figure) is defined as 

the launch (within the direct intercept launch window) for which a combination 
of total AV, and time to rendezvous, is minimized. 

‘ . L  

2. Pghigg Orbits - Constants appearing in the guidance equations (Section v) must 
be adjusted, in order to insure the capability of the Abort Guidance System- 

to guide the vehicle on either one of the following two parking orbits. 
a. Low eccentricity, low apocynthion orbit, In this type- of orbit a low/ 

pericynthion or 3),000 ft. is. maintained- vith an allowable excess : I. 

velocity �Àavor-speed) «up/to 20 rt/secl. “ 
b. High eccentricity, high apocynthion orbit. A- clear pericynthion 0133,000 

feet is specified'and the apocynthion on the order or 90 nautical miles. 

Excess velocities (over-speeds) ' m i c .  on the order of 120 ft/sec. 

L /  CSM OEBV" 

T Y P E  q ,  

c .  The Launch Azihuth for going into a. parking orbit is constrained to be 
parallel to  the CSM Plane (velocity vector a t  burnout parallel to the CSM Plans). 

3. Midcoupe Correction Cogt�Ànts 
/ a) The nininmm time before a nidcome correction maneuver can be executed is 

20 minutes subsequent to burnout. This time includes the radar lock on pro- 

cedures, radar data procument, and m l  insertion of the radar data into 
the computer. 

b) The nidcouree mane‘mier to correct for out-of-splane errors "is to be made at the 
line of nodes. The vehicle launches in a plane parallel to the CSM orbit 

appmadmately 90 degrees prior to the line of nodes. 



If. Computer Routtnes

Thls eectiou outllnes the varlous computer routtncs that tnplcncnt tbe Abort

Gulclance Systeru f\ractlonal obJectlves. For these routtncs, a mtsston pbase,

ard. ttne utlllzatlon breakdor+n 1s presented la Sectlon III.
(f) Proceeelag of ASA gyro and aeceleroncter lnforuatlon - accundation of

pulses over a flxed. ttme lntct:\ral.
(z) Dlreetlon costne upd.atfug - BecoDd orrler lntegratlon.
(:) Attltude computatlons - for guldance (e, V,il and dlspray (BnaII &,0,[).
(l+) Rotatlon of bod.y axle AV components to tbe tnerttal fr,r&e.
(:) Ltllvl tnerblal navigatton routlne - traJectorll tntegratlon.
(6) Calculattou of LEIvI navlgattoual- quantities u.sed for the monltorlng tcchntque

(Seetion lX)
(f) Badar Data Filter for Nzrvigatlon Updating (near optinun ani time varylng)
(8) LEM orbit oete:minatton routlne
(g) Flight Planning aad predletlon - Va calculatton vta He:rtck P lteratlon

method, constraint checke, a.tod traJectory optlmlzatlon.
(fO) Steerlrg routlne - fi,rnctlou of the veloctty to be gatned veetor, e.nd tncfudee

powered flight predtctlon.
(ff) Vehtele polntlng routlne for fascllltatlug a radar "Iock on" condttlon.
(re) Altgnnent routlnes (ruU, Lunar) - calculatlon of lnltta1 dlrectlon coslnes

dlrectly from the E\r-ler englee.

(13) Cmputer checkout routlnes (Sectloa IX)
(ft+) Mode selectlon logte

I
I

‘ 

I I .  Computer Routines 

This section outlines the various computer routines that implement the Abort 

Guidance System functional objectives. For these routines, a mission phase, 

and time utilization breakdown is presented in Section III. 

(1) Processing of ASA gyro and accelerometer information - accumulation of 

pulses over a fixed time interval. 

(2) Direction cosine updating - second order integration. 

(3) Attitude Computations - for guidance (mu), 95) and display (83a11d,8,5 ) .  

(h) Rotation of body axis 13V components to the inertial frame. 

(5) LEM inertial navigation routine - trajectory integration. 

(6 )  Calculation of LEM navigational quantities used for the monitoring technique 

(Section 1x) 

(7) Radar Data Filter for Navigation Updating (near optimum and time varying) 

(8) LEM orbit determination routine 

(9)  Flight Planning and prediction - \@,calculation via Herrick P iteration 

method, constraint checks, and trajectory optimization. 

(10) Steering routine - function of the velocity to be gained vector, and includes 

powered flight prediction. 

(11) Vehicle pointing routine for fascilitating a radar "lock on" condition. 

(12) Alignment routines (IMU, Lunar) - calculation of initial direction cosines 

directly from the Euler angles. 

(13) Computer checkout routines (Section IX) 

(1h) Mode selection logic 



III. Misston itrr.se and Time Llne Utlllzatton

Itlisslon i'hase

o
.r{.P .P +{dEt+rq{Phodo+,trdoo{JtroP{(oor+.rqrOoout.r-ro!1

A <P PO b0 O h b0lt+, d d P.dO HO' il O OP 'r'llOfu {r t{ F{ $i< {>.Jo@0ro0rr0..{ d } r{ Fh cJhh O O t{ Oo OOfu()Ap{F{vOvCOMPUTM ROUTIIIE

L

l-. Mod,e Selection
2. Checkout

3. Attltude }iefereoce & A V Accumulation

a. Inltlallzation
b. Directlon Costne Updating

e. E\rler angle & B ball calcul.atlons
d.. AV aceuroulartion

h. Lfl4 Navlgatlon Routlue

xx x

xxxx x

xxxx x

xx

x

x

xxxx x

XXXX X

x

x

x

xx
xxxx x

xx x

x

\_

\_

x x

xxxx x x

x

x

x

x

x

xxxx
xxxx
xxxx

x

x

x

x

x):xxx

I t)

a, Inltlallzation
b. Upd.ating

co LEM lnerblal state veetor d.etenaination

d.. Utillzation of U, if etc. for monitoring

5. Guid.ance rrnd Stg:ring
a. CSM state d.eterulnation

b. Radar d.ata utlLLzatj-on
c. LHvI orblt dete:mlnatton

d.. Herrlck P, constrained. checks & traJ. opt.

€. Steering calculattons
f. Utlllzatlon of steerlng calcultrtions to gulde

the vehicle
g. Cr,lculatlons of rad.ar lock on steerlng
h. Utlllzatlon of radar lock on steerlng

III. Mission Phase and Time Line Utilization 

Mission Phase 

8 
3 -p M 

a in $0 +3 E 3 a g g a 
g $ 8 .H o 8 

(g Q m #1 03A <CA 
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o o 3 
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COMPUTER ROUTINE C) 9' 94" <>" 

1. Mbde Selection X X X X X X» 

2. Checkout X X X X X 

3. Attitude Reference 8: A V  Accumulation 

a. Initialization X X X 

b. Direction Cosine Updating X X X X X X 

c. Euler angle & 8 ball calculations X X X X X X 

d. 13V accumulation X X 

h. LEM Navigation Routing 
a. Initialization X X 

b. Updating X X 

c. LEM Inertial state vector determination X X X X X X 

d. Utilization of H, H etc. for monitoring X X X 

5. Guidance and Steering 

a. CSM state determination X X X X X X 

1:. Radar data utilization zwomlkihgfedaZXVUPMLJIGDCA ' x 

c. LEM orbit determination X X X X X X 

d. Herrick P, constrained checks & trad. Opt. X X X X X X 

e. Steering calculations _ X X X X X X 

f. Utilization of steering calculations to guide X X 
the vehicle 

g. Calculations of radar lock on steering X X X X X X 

h. Utilization of radar lock on steering X 

l’) 



L} 

DATA 
ENTRY 

AND 
DISPLAY 

UNIT 

(DEDU) 

A 

(I) SELF TEST 
(2) LUNAR ALIGN 
(3) IMU ALIGN 
(4) AGS STATE VECTOR UPDATE (PNGS) 
(5) CSM DATA (PNGS) 

(GHI I) LEM NAv. DATA (NO PNGS) 
(I2)-(2I) CSM DATA (NO PNGS) 
(22)—-(24) MANUAL DAMP COMMANDS 
(25) ENABLE RADAR LOCK ON 
(25)((27) MARK RANGE AND RANGE RATE 
(28);(29) RANGE,RANGE RATE 
(3O),(3I) SHAFT AND TRUNION NULL 
(32) MIDCOURSE ROTATION ‘COMMAND 
(33) REND. PT. CONTROL PARAMETER 
(34) ENABLE ACCELEROMETERS 
(35) (PM (LUNAR ALIGN) 

(IMZ) RANGE TO CSM 
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(3) AV LEFT 
(4)VELOCITY TO BE GAINED 

(5)—(7) ANTICIPATED RENDEZVOUS POSITION 
(8) TIME TO RENDEZVOUS 
(9) ANTICIPATED LEM PERICYNTHION 
(ID)—(I5) LEM STATE VECTOR 
(Ia—(I8) LEM ATTITUDE 
(I9) INTERCEPT OR PARKING 

(20)—(2I) H AND A 
(23“(27) CSM STATE VECTOR 
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fV. CCMPUIER INPUIS Al{D OIJIPUIS (Coat'rl )

B. EIOSSARY

I. CmcutcF Inouts vla thF Dr].ta lhtrv and Dtenlav Unrt (DW)
Deta eDtered. lnto tbe AEA Cmputer v1e the DEIU ls to be &ceolupllshed,

ln the foJ-lowlng narmer, sxd lrltb the foLlowlug eonstralnts.
(r) Astrouaut enters the address* (c@puter adctrsss of vhere the ttata

or lnput ls to be stored.).
(e) Astrouaut verlfles the addreee.

(:) Astropaut enables use of tbe address.

(tt) Astroaut enters the d.ata.

(l) Astronaut verlftes tbe data.
(5) Astronaut eaables uge of the d.ata.

(f) Data ts to be lu tlec'lmnl forfl.
(B) Ad<lress nay be cod.ed tn octal fo:m.

,t Astronaut utlllzes a Ilst of storage add.resses for the vrrrlables tnvolved,.

la

{pun} -- n : p .  - ‘ :  : T-:~..' ; a e  ‘ - n  . n I ’M! 

Data entered into the ABA Computer via the DER] is to be accmlplishcd 

in the following manner, and with the following constraints. 

(1) 

(2) 
(3) 
(1+) 
(5) 
(6) 
(7) 
(8) 

Astronaut enters the address“ (computer address of where the data 
or input is to be stored). 
Astronaut wrifies the address. 

Astronaut enables use of the' address. 
Astronaut enters the data. 

Astronaut verifies the data. 

Astronaut enables use or the data. 

Data is to be in decimal form. 

Address my be coded in octal form. 

* Astronaut utilizes a. list or storage address» for the variables involved. 

I’L 



(:)

(f) Self, T:est - Upon Computer recetpt of tbe gelf teet d.lscrete, a meoory cbeck
1s tnttlated,. The srrm of tbe contents of the ftxed. n@rJf Loeatlons ls
com,tr ared wtth a pre-dete:mlued. ar&.ber.

(a) hrnar Allen - If an aI lgnment is to be accompllshed on the l-unar surface, and

tbe PGNS ts lnopertrtl.ve, tbe astronaut enters the h:nar altgn code laput
vla the DEDU. fhe couputer, upon senelng the dlscrete accepts accelero-
metcr lnfo:matlou, AVnt "'x1 AV36, ucd thus enables the attltqd.e referr
ence to be altgaed to the locaL vertlcal. Note that tnput (::) - lU
(funar altgn) uust al-so be eutered for luaar allgnnent.

IM, AUsu - If the PGNS ls v'orktrg properly, ancl the astronaut varrts to allgn
the AC"S fuon th,e PtlNS, he enters tbe IMU allgn cod.e irput to tlre cmputer
vta the DEDU' r'be three prlmary system Euler angles 0, \y , and. fi arc
reeeived by the abort cmputer over the crosellnk. The tnlttal d.trectloa
eostnes, are then cmputed. dlroctLy from these Eurer anglee.

(tI) AGS State, Vecigr Uq*ate (FGI[S) - rf the Prlnary Systm is fiBcttoning properly,
ard lt ls d.estred to tnltialtze, or update the AGS l{avlgatlon Routlne, the
astronaut lnserts thls eode tnto the DmU. fhe navlgatlonal quantltles
DCf, Pyf, ,ry. 1k1_ yyl YZf, from the crossLlnk, B.re uttIlzed.

(:) CSM Dirta (PCttS) - ff the Prlmary Syetm 1s firrrctlonlug properly and, CSM lnfon-
matlon frqn the volce-Ilnk 1s rrvallab).e, e.g. , %. ps, hqr hC,
the aetronaut euters the d.ata lnto the IGC rrla the Disky. Upon

the c$l,l Date (Pc!Is) coae lnto tbe DEDU, the tuformatton ts sent
Abo$ Gutd,ance Cmputer, vla the crossl-lnkr Brld utll-lzed by the
routtnes.

(6)-(ff) LBrt Nav.. Data (No E$l) - ff tbe prlmary Systm has fatl-ed., the astroaaut
enters the LEr4 Navtgatton (hr" W pzu vp,;., vyv vrr) arrectly lnto the
emputer, v1a tb,e DEDU. fhts ls used. for tnlttallzlng, or upd.atlng the
navlgatton routlne. (Tte lnformatlon couJd be obtalned. fm tbe CSM via
tbe volce ltnk).

,Pyg, Ppgl V.X6r

lueertlng
to the
guld.anee

5

(re)-(:r) cgM pata (No Eons)

i

(1) m .. Upon Computer receipt of the self test discrete, a masory check 
is initiated. The sun of the contents of the fixed mason locations is 

compared with a pro-determined number. 

(2) w - If an alignment is to be accmuplished on the lunar surface, and 
the PGNS is inoperative, the astronaut enters the Inner align code input 

via the DEW. The computer, upon sensing the discrete accepts accelero- 

meter information, Avg! and AVBZ, and thus enables the attitude reared» 
once to be aligned to the local vertical. Note that input (35) - ¢M 
(lunar align) met also be entered for lunar alignment. 

(3) mu Ala! - If the P638. is working properly, and the astronaut wants to align 

the AGS from the FONS, he enters the IMU align code input to the computer 

viatheDmI. ThethreeprimarysystemE‘uleranglos o, w , ehd¢are 
received by the abort canputer over the crosslink. The initial direction 
casinos, are then computed directly from these �¿ller angles. 

(5) �À §ts§g Vegar Mate (m)  - If the Primary Systas is functioning properly, 
and it is desired to initialize, or update the AGS Navigation Routine, the 
astronaut inserts this code into the DEDU. The navigational «mastities 

t P21, PZL, van VII. YZL from the crosslink, are utilized. 

(5)  can Dag (Pans) - If the Primary System is functioning properly and can infor- 

(5)-(11) 

nation from the voice-link is available, 6.3.. nz,‘ Po! he, pm, 'PYc; PZC:-7VXC: . 

the astronaut enters the data into the IGC via the Diem. Upon inserting 

the can Data (Pans) Code into the new, the information is sent to the 
Abort Guidance Conrpwter, via the crosslink, and utilized by the guidance 

routines. ‘ 

1m Nev. Data L110 Egg) - I: the Primary Systan has failed, the astronaut 
enters the LEM Navigation ( l ,  Pg” p31,, Vase vm- V2.1.) directly into the 
cmputer, via the DEIIJ. This is used for initializing, or updating the 

navigation routine. (The intonation could be obtained from the CSM tie 
the voice link). 

(12)-(21) compete “mm ) 



If the Prlnary System has falIed, and CSM data ( See Input 5

ls avalLable to tbe astronaut, e.g., vla the volce 1lnk, thts tafomatton
ts ailrect}y lnput to tIrc cornputer, vla the DEDIJ, anct utlllzed by the
guld,ance routines.

(zz-e4) - Ivlanual Q, L/ , d Coumanas - Theee are LEM attltud.e commands entered tnto
the coqputer by the astrouaut vla the DEDU. Upon senstng tbese lapute
(see emputer flow d.tagram) the eomputer generates, the corrrrurnds, which

are sent to the control systeu, aud. rotate the vehlcle to the counanded.

attltud.e.

(z>) - Eaable Ba.d.ar Ipck on - After any maneuver d.uring coast, whtch eauseg a "loss
of track"y the astronaut comrrand,s thts input 1n orrler to have the vehiele
autonatlcalJ.y rotated to polnt lts Z axls aLong the IOS, (as calculated
by predlctlon routlnes). The astronaut, by subsequently rotatlug the radar
glnbal angles to zerol wtl1 be very elose (vtthln the accuracy of the pre-
dlctlon nouttnes) to havlng a radar lock on cond.ltloa.

(eCZ7) - Irlark Raqge & Range Rate - f,]re proced.ure for loserttng a rad.ar data potat

lato the eomputer lncLudes separate marks for range, and. rrnge rate. (tUe

mark for range rate ls optlonal). The astronaut, upon obsenrtng a con-

venlent nalue of range (or rarcge rtrte) on the radar lndlcator, lnputs the
mark raage (or mark range rate) eode tuto the D@u. Tbese "tlme" marks are

subsequently utlllzed. ln the radar fllter caleulations.

(a&ag) - Rtnge ald Range B:ite - The values of range, and range rate, are tnput to
the eonrputer vta tbe DEDU after tbe mark lnputs hEve been received. ( as

d.tscussed abone).

(:O.:f) - Shaft and Tn+nton Null - After tnsertlng ttre radar d,ata tnto the couputer,
(rat'ge uo6 sAn8e rate) the vehlcle ls rotated. tn order to nuII out tbe
radar glnbal angles. The tuo gtmbal angles are nulled tndepencleutly, and.

separate narks are utlllzed. These marks are used for stortng tbe present

values of vehtcle dlrectlon eoslaes. After the second mark, the couputer

ca]-cu].ates the lnertlal- IOS iltrectton to tbe CSM.

)

l+

I

\ 

If the Primary System has failed, and CSM data ( seeinput 5 " ) 

is available to the astronaut, e.g., via the voice link, this information 
is directly input to the computer, via the DEDU, and utilized by the 

guidance routines. 

(22—210 - Manual 0, £2 , g cmd - These are LEM attitude comands entered into 

the computer by the astronaut via the DEDU. Upon sensing these inputs 

(see computer flow diagram) the computer generates, the commands, which 

are sent to the control system, and rotate the vehicle to the commanded 
attitude. 

(25) - Enable Eager Lock on - After any maneuver during coast, which causes a "loss 

of track", the astronaut commands this input in order to have the vehicle 

automatically rotated to point its 2 axis along the LOS, (as calculated 

by prediction routines). The astronaut, by subsequently rotating the radar 

ginbal angles to zero, will he very close (within the accuracy of the pre- 
diction routines) to having a radar lock on condition. 

(26-27) - W —- The procedure for inserting a radar data point 
into the computer includes separate marks for range, and range rate. (The 

mark for range rate is’optional). The astronaut, upon observing a con- 

venient value of range (or range rate) on the radar indicator, inputs the 

mark range (or mark range rate) code into the DEDU. These "time" marks are 

subsequently utilized in the radar filter calculations. 

(28-29) - Ragga and Range Rate - The values of range, and range rate, are input to 

the computer via the DEDU after the mark inputs have been received ( a s  ‘ 

discussed above). 

(30-31) - Shaft and mien m1 - After inserting the radar data into the computer, 

(range and range rate) the vehicle is rotated in order to null out the 

radar gimbal angles. The two gimbal angles are mulled independently, and 

separate marks are utilized. These marks are used for storing the present 

values of vehicle direction cosines. After the second mark, the computer 

calculates the inertia1.108 direction to the CSM. 



(SZ; - Mlctcouree. Rotatton CoponEct - Before & desired uldeourse correctlon lnpu).se

ts appl-tetl, lt ls aecessanr to rotate the vehlel.e tn or{er to Ilne up

the thnrst vector (XS) vtth the veloclty - to be galned vector. Ilpon

rocelpt of thts lnputp (vla the DEDTI) tbe couputer ealculates the steerlng
connmnnds vbtcb enable thls notatton.

(iS) - &:pdezvous Polat Coatrol Parameter - The Abo* Guld.aoce Syetem is prorrld.etl

vttb a traJeetory opttmlzatlon capablllty by havlrg the coqruter caleu1ate
(anrtng fJ.tght) the constralnt (t) usea for solvtng the rendezvouo problem.

fhe cogt ftrnctlon, for each rendezvous ts a ltnear combtnatlon of T (tfue
to reod,ezrrous) a.ud Av1' (tota1 A V for reutlezvous) €.g.1 C = A Vr + t(,,
The astr.onaut has tltrect contnol over the traJectory opttnlzatlon teelralclue

by havtng the capablLlty of tnsertlng "K' (trre reuaezvous polnt control
parameter) fnto the coml>uterl vta the DEilJ.

(:4) - &rable-AccoLeromgters - Durineooaet phases, the accelerometer outputs
are set eqrra3. to zero (wftfrfu the corputer). For any traaslattonaL naneuver

performecl wltb the RCS, thls etgnal- enebLes the accelerometer outputs to
be utlLlzed. (for a mld.course perfo:meA \dth the aecent englne, the "ascent

engtne on" slgnaI euables the use of accelermeter tafo:matton).

(f:) - fu - ttrts E\rler angJ-e ts used. for yav allgnurcnt on tbe lunar surface. Tbe

rralue of fi Le dtreetJ.y tnput to the corrputer vla the DmU. (Q t" obtalned

ettber frou stan-slghtlngs, or recorded by the astronaut prtor to shutclorm

on hrnar surface).

fV. B (coattd)
2. Cmputer Outputs vla the Deta, mr:r a$d Dtsplay Uu_$

The procedure for dlsplaylDg data fuon tbe DEEIJ ls as follovs:
(f) Astronaut enters tbe proper address

(Z) Astroaeut verlfles the adcl.rese

(S) Astronaut theu presses a "d.ispJ-ay data" button.
Note: Most of the outputs called. for wlll be ttme varylng - €.9., Vg. fhe DEDU

wtl1 d,tspJ.ay the contlnuous vartatlon.

t(

K 

(32) - Midegggg Rotstig Caused «- Before a desired nidoourse correction inpulse 

is applied, it is necessary to rotate the vehicle in order to line up 

the thrust vector (xp) with the velocity - to be gained vector. Upon 

receipt of this input, (via the IEDU) the computer calculates the steering 

cameras which enable this rotation. 

(33) - Mavens Pom Conml PM” - The Abort Guidance System is provided 
with a traJectory optimization capability by having the computer calculate 

(during flight) the constraint (T) used for solving the rendezvous problem. 

The cost Motion, for each rendezvous is a linear combination of '1‘ (time 

to rendezvous) and AVT (total A V  for rendezvous) e.g., C a 4 V1? *KTT 

The astronaut has direct contrOl over the traJectory optimization technique 

by having the capability of inserting "K" (the rendezvous point control 

parameter) into the computer, via the DEDU. 

(31f) ‘- gable Acgolgm - During coast phases, the accelerometer outputs 

are set equal to zero (within the computer). For any translational maneuver 

performed with the ROS, this signal enables the accelerometer outputs to 

be utilised �¿i’or a midcourse performed with the ascent engine, the "ascent 

engine on," signal stables the use of accelerometer information). 

(35) - 35 - This Elder angle is used for yaw alignment on the lunar surface. The 
value of 93 is directly input to the comma: via the DEDU. (¢ is obtained 
either from star-sightings, or recorded by the astronaut prior to shutdown 

On lunar surface). 

IV. B (Cont'd) 

2. C to Out s v i a t  D a a  and 18. U 

The procedure for displaying data from the DEW is as follows: 

(1) Astronaut enters the proper address 

(2) Astronaut verifies the address 

(3) Astronaut than presses a "display data" button. 

Note: Most of the outputs called for will be time varying - c.g., V3. The DEW 

will display the continuous variation. 



(r ) (a) - Ri'.!S€ to CSM. RaDCe Rate - Tirese quantttles are calculatecl every maJor

guldaaee ctrrcIe aad are avatlable for display at aa3r tlme. Ra^nge and.

range rate shoulcl be dtsplayetl during coastlng naneuvers since they
provtdle usefu.l monltorlng tufo:matlon lf the PGNS las f,alJ-ed.. €.g.p

Ra^ugel ae calculated. by the abort computerl ea.u be eompared. to both range -
ag d.eternlnect fnom the read,ezvous radar, and R"n€€ - obtalned from the CSM

vta tbe rrotce 114k.

(S) - AI-EE! - fhe A V lefb tn the LH{ le eal-culated errery naJor guld.ance cycle,
ancl can be tttgplayect to tbe astronaut at anSr tlne 1n the mlsglon. The

calculatton ts basecl upon the ascent end ilescent stage AV hrAgets, aad

th€ [ V accrmrlattor from tbe X body axls acce]-er.meter. (lbts quanttty
ts usefill for uronltof{ng the Iow level lndlcator).

(L) - VeLoclty to- bq Gatned - At any polnt in the m'lssionr lt 1s posetble to hsve

the DEDU dtsplay the veloctty to be galned. (Not tacluding rendezvous 4V).
It ls thus posstble for the astronaut to antlctpate when to e>qpect engine

eutoff.

(5, 5, ?) - 4ptlclpgted Rendezvoge PosltloJr - At each naJor guldance cycle, the
antlclpated rendezvcms posltion (for aa abort vlth the ACS) ls updated..

Ttrese posttlou cmponerrts are avallab1e for dlsp1ay vta the DEDII at aay

potnt tn the mtselon. The rend.ezvous posltlou ts ind.lrectly controlled
by the rendezvous pt. control parameter (fnput 33).

tB) - tlme to Rendezvous - At each maJor guld.ance cyele, the ttne (nrcm aow) to
reudezvow ls upcl.ated.r end aval1ab1e for d,lsplay vta the DED[].

(s)- Antlcipated. LElvl Pertclmthlon - At each maJor guid.a^nce cycle, the LHt{ pert-
clmthton aLtttucte is caleulatetl by the LEM orblt iletemlnatton routtne,
apd can be dlspIayed to the astronaut vta the DEDU.

(ro-r:) - LEi{ State Vector - The LB4 posltton end ve1.oclty ccmryonennts are calculatett
each navlgatlon cyc1e, by the AGS cmputer navtgatlon routlue and. are

avatlabl-e for cltsplay vla the DEDU.

(rGfB) - !gN,I Attltude - The actual LEIvI attltrrde (e, 6, ty et^aal angles) which ls

ib

(1:); (2) .- 3339 to can, Range Rate . These qmntities are calculated every major 
‘ guidance cycle and are available for display at any time. Range and 

range rate should be displayed during coasting maneuvers since they 

provide useful monitoring information if the PGNS has failed. e.g., 

Range, as calculated by the short computer, can be compared to both range - 

as determined from the rendezvous Maryland Range - obtained from the CSM 

via the voice link. xwvtromlihgfbTSRPNMIGCA ’ 

(3) - A! left ~ The A V  left in the LEM is calculated every major guidance cycle, 

and can be displayed to the astronaut at any time in the mission. The 

calculation is based upon the ascent and descent stage A V  budgets, and 

the A V accumulation from the X body axis accelerometer. (This quantity 

is useful for monitoring the low level indicator). 

10;) - gelocig to 22 Eggs; - At any point in the mission, it is possible to have 

the m display the velocity to be gained. (Not including rendezvous Av). 

It is thus possible for the astronaut to anticipate when to expect engine 

(liftoff- 

(5, 6, T) . gticipam Random Position - At each major guidance cycle, the 
anticipated rendezvous position (for en short with the AGS) is updated. 

These position components are available for display via the DEDU at any 

point in the mission. The rendezvous position is indirectly controlled 

by the rendezvous pt. control parameter (input 33). 

(‘8) «- W .. At each mJor guidance cycle, the time (from now) to 
rendezvous is updated, and available for display via the DEDU. 

(9).- 533. 13125111. rm serum - At each major guidance cycle, the LEM peri- 

cynthion altitude is calculated by the LEM orbit determination routine, 

and can ‘be displayed to the astronaut via. the DEW. 

(lo-15) - IE4 State Vecgr - The ma position and velocity «exponents are calculated 

each navigation cycle, by the AGS computer navigation routine and are 

available for display via the DEDU. 

(16-18) - 1m Attitude - The actual LEM attitude (0, ¢, (p gimbal angles) which is 



calculated every "Attltud.e Conputatlon" cycle (see fJ.ow charts) 1s

avalLable for ctisplay v1a the DED[.]. (erttltuile ls aleo avallable for
d.lspLay vla the B Ba11). Prtor to shutdorn on the Lunar eurface, f
should be d,tsplayed.r arlcl recorded by the astronaut (see laput 35).

(fg) - Intercspt or Parklng - lltre conputer calculate8 the stesrlng cormancls to
eulde the vehlcle either on a dtrect lntercept, or parklng orblt tra-
Jectory, d.ependtng upon rdrether certatn constralntg have been met. e.9.,
perlcynthtoa, AV, etc. ftre result of tbeee coostralat checke can be

d,tsp3.ayed to tbe astrsnaut v1a the DEf[r.

(eO-af) - E3-s - These quantttles are calculated by the AGS couputer navtgatloa
routlne svery uavlgatton ctrrcle, a.nd, are used^ for lilre nonltorlug technlque.

aa

(U g U are sent to dtlsplayrvla mode slrlteh) H and H are aleo avallab1e
for d.isplay vLa the DEDU.

(ze-T) - CS4 S$ate Vectol - Ihe slx corponents of tlre CSM State Vector are com-

puted. every gulda^nce cycle and are avatlable for dlsplay v1a the DWU.

,1

calculated every "Attitudc Computation“ cycle (see flow charts) is 

available for display via the DEEU. (attitudo is also available fer 

display via the 8 Ball). Prior to shutdown on the Lunar surface, ¢ 
should be dxtplaycd, and recorded by the astronaut (see input 35). - 

(19) - W - The computer calculated the stoning cmnds to 
“ guide the vehicle either on a direct intercept, or parking orbit tra- 

Jectory, depending upon whether certain constraints have been met. e.5.,  

pcricynthion, AV, etc. The result of these constraint checks can bc 

displayed to the astronaut Via the mm. 

(20-21) - m - These quantities are calculated by the AGS ccuyuter navigation 
routine awry navigation cycle, and are used for the monitoring tcclmiquc. 

(n e. 15 are sent to display ma mode switch) a and. {I are also available 
for display via. the DEW. 

(22-27) - W - The six components of the 08M State Vector are com- 
puted ovary guidance cycle and are available for display via the DEW. 
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w. g (cont'a)

3. Other Inputs
(f) Iurruts from Abort Sensor Assembly

,r)p, t, q t, r t arelnputstothecomputerfronthe
gyrosr repreoenting bod.y i,ngle increenente aceurmrlated sincd the
previous clirection cosine upd.ate.

b) V.BX, Vtrf, Yg6 are tnputs to the computer fron the aceelero-

meters representlng bod.y axls componente of lntegrated. speeifie
thrust.

(z) Ippgts fron the Control Ulectr,'rntcs Sec tlon (CBS )

a) Ascent englne L- ,, tFn"".rrt englue ts on, there ls au taput

signal present to the eomputer.

b) Deseent engine on - If the descent englne ts on, there ts an toput
signal preeent to the computer. Ttre computer mod.e seleetlon 1s

depend.ent upon the presen,ce of these tnpufs.(See section V A.1).
c) Abort slgnal - If an abort ls lnltlated, regarrlleee of vhich system

perfo:ms the abott, trn input signal ls sent to the computer.

Depend{ng upou the presence of the other signals, the conputer w111

enter the proper mod.e (see mod.e eelectlon log1c flov diagram).

d) Follow up atgnal - fhle lnput stgaal 1s sent to the eomputer vhen

the toggle swtteh on the control panel 1s set to the PGNS posttton.
The cmputer mod.e will depend upon the presence of thls, and. other
input signals (see mode selectlon flov dtagraru)

e) Abort stage slgnrll - ftris s1gnal ls sent to the computer vhen the
Erbort stage button ts d.epressed on tbe eontrol panel" lttls button
ls d.epreseed vhen the astronaut recetves a low l-evel tnd.lcatlou
(if ,rn abort were lnttlatetl vlth the descent engtne), or lf an abort

1s to be lnltlatecl wtth the ascent englne. Ttrts signal is also used.

1n the maJor gutd.ance cycle progra& tn calculatlng the AV remalntng

ln LHvl.

(s) Input from the PaneI

a) Warrup stgnal - This signal uust be present tn order for the eomputer

to be ln the wanup mode (see mode selectlon logte).
(t+) rnputs fron PGNS

a) The Spoch pulses and sertal d.ata eomprtse the aon-mechantzation
portlon of the geaeral pu4)ose sertal data ltnk from the PGNS to the
AGS.

IE

IV. B (Cont'd) 

3. Other Computer Inputs 

(1) Inputs from Abort Sensor Assembly 

a)  p t , .  q . t , r xwvtromlihgfbTSRPNMIGCA, t are inputs to the computer from the 

b) 

gyros, representing body angle increments accumulated since the 

previous direction cosine update. 

‘L'Bx,~ V32, . V3; are inputs to the computer from the accelero- 

meters representing body axis components of integrated specific 

thrust. 

(2) Inputs from the Control Electronics Section (CBS) 

(3) 

(h) 

a) 

b) 

a) 

a) 

Ascent engine gp- If the-ascent engine is on, there is an input 

signal present to the computer. 

Descent engine on - If  the descent engine is  on, there is  an input 

signal present to the computer. The computer mode selection is 

dependent upon the presence of these inputs.(See section V A . l ) .  

Abort signal - If an abort is initiated, regardless of which system 

performs the abort, an input signal is sent to the computer. 

Depending upon the presence of the other signals, the computer will 

enter the proper mode (see mode selection logic flow diagram). 

Follow up signal - This input signal is sent to the computer when 

the toggle switch on the control panel is set to the PGNS position. 

The computer mode will depend upon the presence of this, and other 

input signals (see mode selection flow diagram) 

Abort stage signal - This signal is  sent to the computer when the 

abort stage button is depressed on the control panel. This button 

is depressed when the astronaut receives a low level indication 

( i f  an abort were initiated with the descent engine), or if an abort 

is to be initiated with the ascent engine. This signal is also used 

in the major guidance cycle program in calculating the [3V remaining 

in LEM. 

Input from the Panel 

Warmup signal - This signal must be present in order for the computer 

to be in the wannup mode (see node selection logic). 

Inputs from PGNS 

The Epoch pulses and serial data comprise the non-mechanization 

portion of the general purpose serial data link from the PGNS to the 

AGS. ' 



Iv. B (contti)
,l+. Other ConpuSer outputs

(f) Outputs to CES - EX, Eyt Egare the instantaneous body axls attltude
error slgnals eomputed. every maJor gutd.arcce cycle.

(Z) Couputer output to propulslon - engine cutoff stgnal - corputer calculatee
when to tssue the engine cut-off stgnal (Ve V 9.

(S) Conputer outputs to 8 natt DlopLiy - 'Ihe eomputer makes tbe necessary

attltude ball tranefomatlonsvhenever the IJll,l attttude ls computed.

e.g.t tl,(3,))are the outer, mlddIe, aud lnner glmbaI angles of the
attltud.e ba.L}.

(4) Computer outputs to display mode svitch-total veloctty, altttude rate,
altitudel and lateral velocity - Ttrese quantities are calculated by the

IJD,I Navlgation Routtne, ard are uttlized for the guldance nonitorlng
teehnique.

tq

I

cw“  ' ~ 

IV. B (Con�¿d) 

h .  Other Computer Outputs 

(1) 

(2) 

(3) 

(1+) 

Outputs to CES - Ex, Hp: 3!. are the instantaneous body axis attituie 

error signals computed every major guidance cycle. 

Computer output to propulsion - engine cutoff signal - computer calculates 

when to issue the engine cut-off signal ( V g  a“, 9 .  

Computer outputs to 8 Ball Display - The computer makes the necessary 

attitude ball transformationewhenmr the LEM attitude is computed. 

e.g.,  (0" 6, 2!) are the outer, middle, and inner gimbal angles of the 

attitude ball. 

Computer outputs to display mode switch-total velocity, altitude rate, 

altitude, and lateral velocity - Theeequantities are calculated by the 

LEM Navigation Routine, and are utilized for the guidance monitoring 

technique. 
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IlqFoprsrto,N

In order to s1mplltY the understsrdlng of the l-og1ca1 proeeclure of corryuter

operatloa, the flov charfs are broken d.or*n as foJ.lows:

(f) Computatlon and. Ioglc are separated., accorriling to the cllf,ferent

tt'nlng requlrements. €.g.; Equatlons vhlch are upd.ated. every 1 sec.

appear in a separate fl-ov fron tbose upclated' every 2O ms.

(z) DetatJ.ed mode selectloa Ioglc, vhtch "te6t" for the pnesoace of ta-
put elgnaLs at a "tLmed" rate, (see ltem (f) aUove) ls presentcd.

(S) Tbe abovc routlnes are presented ta the orrXer of decreaslng "t1me"

of upttattDg. €.9.1

a) li[rd,e seleetlon Loglc (fasteet)
b) d.lrection costne upd.atlug arrd AV accumulatloa

c) attltud.e caLerr,latloas

d) navtgatlon cmputatlons
e) guiclauce aact steerlng

(t$) Follovlng each of tho above 5 flov d.lagra.me 1s a separate glossary,

deftntrg all of the "Dumbered." quantltles appearlng ln tbe fl-ov charts.
(:) fte nrncrteal tlnlng requlreueuts for aLL of tbe above routlaes are

given itr a separate d.oeument.

(5) A eeparate flow 1s preseuted for "un-t1med." courputatlons, e.g., allgn-
meut rrcutines.

(f) fire flow eha.rte eontaln detatLed equattons. (Soue equatlons may be

eubJect to change tn accorrlance v'ith the deslgnatlon of PrLmary Compu-

tatlonal Qmntlties appeartng ln Sectiou VI.)
(B) "Exlts" are used to indlcate tbe eorpletion of the narlous "tl&sd"

routtues. (Executlve Progren stateoents are mltted.).
(g) An onerall firnctlonal flow charb 1s presentetl vhlch "t1es-together"

(fn road map fashlon) al.l of the computer functlons appeartug ln the
tletalLed flow charts.

2.0

t

W O N  

In order to simplify the Imderstaniing of the logical procedure of C W  

operation, the flow charts are broken down as follows: 

(1) 

(2) 

(3) 

0t) 

(5) 

(6) 

(T) 

(8) 

(9) 

Computation and logic are separated, according to the different 

timing requiranents. 0.3., Equations which are updated every 1 sec. 

appear in a separate flow from those updated every 20 ms. 

Detailed node selection logic, which "test" for the presence of in- 

putrsignals at a "timed" rate, (see item (1) above) is presented. 

The above routines are presented in the order or decreasing "time" 

of updating. e.g., 

a) Mode selection logic (fastest) 

gh) direction cosine updating and AV accmmlation 

o) attitude calculations ‘ 

d) navigation computations 
e) guidance and steering 

Following each or the above 5 flow diagrams is a separate glossary, 

defining all of the "numbered" quantities appearing in the flow charts. 

The nautical timing requirements for all of the above routines are 

given in a separate document. “ ' 

A separate flow is presented for ""un-timed coumutations, e.g., align- 

ment routines. 

The flow charts contain detailed equations. (Some equations may be 

subject to change in accordance with the designation of Primary Compu- 

tational Quantities appearing in Section VI.) 
"Exits" are used to indicate the completion of the various "timed" 

routines. (Executive Program statements are omitted). 

An overall functional flow chart is presented which "ties-together" 

(in road map fashion) all of the computer functions appearing in the 

detailed flow charts. 

9.0 
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INPUT DISC RETES) 

COMPUTER IDLE 

ROUTINE DURING 
WARMUP 

WRRMUP YES 
COMPLETE 

IS _ 
TES=TID(I|:52)CRE'T=> SET wARMUP 

DISCRETE : O 

IOLE 
ROUTINE 0-3) 

SE E"LUNAR ALIGNMENT 
IN“UNTIMEO ROUTINES” 

SECTION 

SEE IMU ALIGNMEN T 
IN“UNTIMEO ROUTINES” 

SECTION 

GET THE DATA FROM 
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ADDRESS 

I 
DISPLAY 
DATA 

I 
< SET DEDU OUTPUT AGS REQUIREMENTS 

DISPLAY OISCRETE=O LED 540—32 I-29—65 

FRED LAMAZOR 
(‘3 SYSTEMS ANALYSIS 
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I S  
STAGE 

DISCRETE 
= I (I -7) 

YES 

SET 

65=I 

SET (5,, =0 
(SEE“A v LEFT” 

COMPUTATION 
PG. —) 

’ (SEE“ A V LEFT” 
COMPUTATION 

RG.—-—) 

IS 
THE AGS 

IN THE FOLLOW 
_UR MODE 

(1- 8) 

STATE VECTOR 
UPDATE DISCRETE 

YES” 

SET Px P9 P2 v9 V2 

CROSSLINK) 
(SEE LEM NAVIGATION 

ROUTINE) 

EQUAL TO PGNS VALUES 
(VIA INPUT REGISTERS VIA 

(LEM) SET AGS 
STATE VECTOR 

U PDAT E 
DISCRETE , ___ O I. 

-—> 

IS 
CSM DATA 

DISCRETE = I 
(I-Io) 

YES 

STORE CROSSLINK 
VALUES OF CSM SET CSM DATA 
DATA EG.y’C xwvtromlihgfbTSRPNMIGCA’ i t :  ’ 

tACI‘PC,'n-C 

DISCRETE = O 

SEE STEERING 
EQUATIONS 

IN GUIDANCE 
FLOW 

L
L
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e AGS REQUIREMENTS ‘ 

LED 540-32 I-29-GS 
SYSTEMS ANALYSIS 

,5 FRED LAMAZOR 
LEM NAV. SET Px Py Pz 

DATA YES V,C vyvZ 
(NO PNGS) : P W 
DISCRETE=I o o 

I - (SEE NAV. FLOW) (I II) . 
SET NO ‘ STORE VALUES 

D'snTE OF CSM DATA 
:IS , EG‘YC 4c 1c 

CSM DATA 
DISCRETE = I  YES “P’C’nc 

(NO PNGS) > AS OBTAINED FROM 
(I—Iz) DEDU (VIA VOICE ' 

LINK) 

SET 
NO CSM DATA < 

DI§C§ETE 

(NO PNGS) 
IS 

MANUAL YES SET 
DISCRETE = I  OED-67,7 

(I—Is) . W Wm 
dill :¢m 

SET 
MANUAL 

NO DISCRETE 
: 0  

IS 01‘ Wi (194' (’45) 
AGS 'IN FROM EXPLICIT GUIDANCE 

THE AUTOMATIC YES , EQUATIONSQNTERCEPT I 
MODE OR PARK) ARE UTILIzED 

(H4) - FOR STEERING (SEE 
GUIDANCE FLOW) 

NO 

IS 
ENABLE 

RADAR LOCK 
ON DISCRETE 

= I  (I—IG) 
STORE PRESENT 

NO , TIME T4 AND . 7 zwomlkihgfedaZXVUPMLJIGDCA_ 
SUBSEOUENT VALUE SET MARK 

'5 OF R(INPUT VIA ‘—> RANGE 
RANGE DISCRETE YES ' 

= I  (I—I7) 

IS 
NO STORE VALUE MARK 

< OF R INPUT RAggERFéATE 
I C TE 

, SET MARK STORE PRESENT TIME 
“ gfsNggE�¿élEo ‘—“ T»; AND SUBSEOUENT 

VALUE OF R(INPUT 
VIA THE DEDu) 



Iv
: 

IS 
MARK 

SHAFT GI M BAL 
ANGLE NULL (I-I9) 

DISCRIETE 

IS 
MARK 

TRUNNION 0'20 
GIMBAL ANGLE NULL 

DISCRETE 
= I 

NO 

‘ IS 
MID COURSE 

ROTATION DISCRETE 
= I  0-20 

YES STORE PRESENT SET SHAFT 
VALUES OF DIR- ——> NULL DISCRETE 
ECTION COSINES = O 

NO 

STORE PRESENT 
YES VALUES OF DIR— SET 7. =I 

ECTION COSINES -—>‘(SEE GUIDANCE 
Cl: FLOW) 

SET MARK 
TRUNNION 

ANGLE NULL K 
DISCRETE=O 

ENISBLE (ATTITUDE HOLD) 
NO ACCELEROMETER NO SET 

DISCRETE = I  O”; =O’ 
0-22) g4 =¢ 

4": 

YES YES 

ARE 
Eivz 

LESS THAN 

7? ‘ 5 7 ?  25 5 

USE 0:; w ;  (bi, 

CALCULATED FROM 
EXPLICIT GUIDANCE 
TO ROTATE VEHICLE 
TO X9 DIRECTION 
(I NTERCEPT) 

(BEFORE VEHICLE 
UNDERGOES 
TRANSLATION) 

YES SET MIDCOURSE 
ROT. DISCRETE: O 

V 

UTILIZE IL; qbi OJ; 
AS CALCULATED FROM 

EXPLICIT EQUATIONS. 
(INTERCEPT) SET 
ENABLE 

ACCELEROMETER 
DISCRETE 1'- O 

UPON TERMINATION OF 

RCS THRUST 
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1-1"

1-2

1-3

NOITES FOR IIODE SEIECTION T'IOW DIAGNAM

The warmup d,iscrete 1s equal to 1 upon the computer recelpt of a varrtup

s1gnal frm control pa.nel.

Ttre test diecrete ts equal to L upon computer reeelpt of self test
slgnaL (Inprrt f) frcu the DEDU.

Id.1e Routlne represeats thr ferlod betlreen eouputer varrtup and self
test. Tlre ccmputer routlngs clurirg thls pertod, are, as of yet undeflned.

The Lurar a1lgr d.lscrete ts equal to J- upon tbe corputer recelpt of
Iilnar AUgn signa]. (Input a) frm the DEDII.

Tbe IMI align dtscrete ts equal to I upon the conputer recetpt of IMU

altgn stgna]. (Input 3) frm ttre DEDU.

The DEDU O:tput Dtsplay dlscrete ls equal to 1 upoa the astroauut de-

presslng the "display data" key on the DEDU.

Ttre stage dlscrete is equal to 1 upon computer reeelpt of (aborb) staee

laput from the CES. Thle ls used for ealculatlng the A V rmaiaing ln
the LEM.

Ihe AGC ts 1n the follow-up mod.e for the duratlon of PGNS vehlcle con-

trolLed phases (wfttr the exceptlon of the waruup and, allgnnent pertocts).

fhe attttude error slguals calculated by the AGC are nrlled. fbe AGC

wl1L be in the FoJ-ilov-up Mode tf the follomrp signal fuon CE"S ls preeent
(fCtlS-aCS toggle swltch on control pa^neI set to PGNS posltloa) ggg the
varmup anct a"llgnment slgnals are not present.

The AGS State Vector Upclate dlscrete ls equal to 1 upon recelpt of lnput
l+ (acS State Vector Update PGNS) fron the DEDU. Inttiallzatlon for
Navlgatlon, a^nd State Vector Updattry requlre the presence of this
dlscrete.
The CSM Data dlscrete ls equal to 1 when laput 5 (CSM Data - PCNS) ls
recetved bi the corrputer. ftre PGNS transutts the CSM data to the computer

v1a the eross-Ilnk. fhe data to be transmttted lncludes: hCrPyCrP2grVl6grVlCtYZfr
n"2 hqr pa

LEI Navlgatlon Data dlscrete (No PGNS) ts equal to 3. upon couputer recelpt
of taput 6 (ma Nav. Data No PGIIS) vla the DEDII. Tbls d.lscrete remalas

I rrntlL slgnal (tuput rl-) rs sensed. The state vector ( rXtr;Pfy, PzUVxtrV&)

le traosmltted to the eouputer vla the volce llnk and DEDIJ. YZL

CSM Data discrete le equaJ- to 1, upon cqnputer recetpt of lnput 12

I-l+

l_-,

L-6

L-T

1-B

t-g

1-10

l--11

a

l--12

(CSU Oata No PGNS) vla the DEDU. Thls d.lserete remsins 1 untlL

tt

1.1 

1-2 

1.3 

lurk 

1-6 

1-7 

1-83' 

1‘9 

1.10 

1-12 

W101} mus WON FLOW DlAG�¿AM 

The wax-imp discrete is equal to 1 upon the computer receipt of a warmtp 

signal from control panel. 

The test discrete i s  equal to 1 upon computer receipt of self test ; 

signal (Input 1) from the new. 
Idle Routine represents ty�Àeriod between computer varimp and self 

test. The computer routines during this period, are, as of yet undefined. 

TheLunar align discrete is equal to 1 upon the computer receipt of 

was: Align signal (Input 2) from the REEL: 
The IMU align discrete i s  equal to 1 upon the computer receipt of IMU 

align signal (Input 3) from the DEDU. 

lThe DEDU Output Display discrete is equal to 1 upon the astronaut de- 

pressing the "display data" key on the DEDU. 

The stage discrete is equal to 1 upon computer receipt of (abort) stage 

input from the CES. This is used for calculating the A V  remaining in 

the LEM. 

The AGO is in the follow-up mode for the duration of FONS vehicle con- 

trolled phases (with the exception of the wamnip and alignment periods). 

The attitude error signals calculated by the AGC are dulled. The A60 

will be in the Follow-up Mode if the followup signal from CBS-is present 

(Pans-Ads toggle switch on control panel set to PGNS position) g the 
vamup and alignment signals are 923 present. 

The A68 State Vector Update discrete is  equal to 1 upon receipt of input 

h (AGS State Vector Update PGNS) from the DEDU. Initialization for 

Navigation, and State Vector Updating require the presence of this 

discrete. 

The CSM Data discrete is equal to 1 when input 5 (com Date - PGNS) is 
roceivod by the cowIter. The PGNS transmits the 0814 data to the computer 

via. the cross-link. The data to be transmitted includes: PXC:PYCJPZCtVXc:VYCIVZC 

no: he) Po 
LEM Navigation Data discrete (No Pass) is equal to 1 upon computer receipt 

of input 6 (LEM New. Data No PGNS) via the DEDU. This discrete remains 
1 until signal (input 11) is sensed. The state vector (1‘3,n P‘Zivvxn’vw 

is transmitted to the computer via the voice link and BM 
08M Data discrete is equal to 1, upon computer receipt of input 12 

(can Data No PGNS) via. the new. This discrete remains 1 until 

1! 



1-15

1-13

1-1[

r-15

1-17

L-18

L-19

r-20

i.-21-

lnput 21 ls Beosed. Ttre CSM state vector (rXa, Pyg, P74t Vlrr VY6r V2g )

ortltal lnformatlon ( [er pcr bc ) ead epocb ttme, tol are lnput to the
couputer vta the votee }lnk (CSM) aaa DEDU.

The l"lasual d.tscrcte ls equal to 1 upon tho cmputer recelpt of input 22

(ytalnraf e, V , l) comands vta the DEDU. flols d.lscrete remains 1 r:ntil
lnput ah fs sensed. by tbe comprrter. Ttre etgnal.s are the LB4 attttude
naonal csrursad.g 0 n, U ^, Q n .

The AC,C w111 be ln t&e autmotte mode for an AGS takeover, nod a matn

englue ts botng utlllzed.. The gutdance law steertng eoq>utattorrs are

uttltzedl for vshlcle coatroL. The PGNS-AGS toggle svltch on the control
panel ts tn the AGS posltion.

9- , V. ,4- represents the requlred taertlal attltude of ttre vehicle,
e,nd. ts calsulated everT uaJor gutdlance cyc1e.

habl.e radar lock on dlscrete = L. upon cmputer recelpt of tnput 2) vLa

tho DEDU. (nratte redar 1.oek on). The astronaut v1LL utlllze thls
iltscrete upotr eompletloa of aogr utaneuver durtng coast, whtch causes the
CSM track to be l.ost. It ts also used for lnlttally "Locktrg" ou to the
CSM subsequeut to burtrout. (Note ttrat the FGIEIs tnoperattve. ) IJpon

recetpt of thls taputl the conpuber cal.cu1atee the requlred steerlng
ema&d.s 1a orrler to rotate the veblcLe to an orleutattou wtth, the Z

botly axts aLong the IOS d,lreetlon.
Mark Rauge Discrete = 1 upon corputer recelpt of lnput a6 (Urirt< Range)

v1a the DIDU. fhe cmputer etores the present value of tiae tr.
lrlark Range Rate Discrete = I upon computer recetpt of lnput 27 (lvlErk

Raage Rate) vla tbe DEDU. Ibe cmputer stores the present value of tlme
ti. (fote that tbls lnput 1s optlonal. )

Mark shafb glnbal pngl€ auLl. dlecrete = I upon corqputer recelpt of tnput

30 (shaft orrLl) v1a the DETIr. Note that the sbaft angJ-e is uu11ed. first.
I4ark trrrnttoagimbal FrrgLe auJ.l dtscr€te = l upon couputer recelpt of
laput l1 (trr:anlcanult) vla the DEXJ. Note that the trr:rurloa angle ls
nuIled, after the shafb a:agle has been nu1J.ed.

Midcourse rotatlon discrete = I upon cmputer recelpt of lnput 32 (utd-
course rotatlon couoanA) via the DEIIJ. Astronaut utl]-izes this input
lf tJae veblcle ls under AGS contr.oI, a.lrd. a mtdeourse eorrectlon is re-
qutred. (See lnput-output sigaal glossary).
Enable riceeleroneter d.lscrete =L upon computer recelpt of lnput 3h

(enable acceler@eters) vta the DEilr.

L

L-?'2

1-13 

l—lh 

1.15 

1-16 

ly- 17 

1-18 

1.- 19 

1-20 

1-21 

1-22 

input 21 is sensed. The CSM state vector (Pxo, PYc’ Pm, vXci-VYOi' ‘7c ) 

orbital infoniation ( ac, pg, he: .) and epoch tine, to,ese input to the 
computer via the voice link (68M) and DEDU. 

The Manual discrete is equal to 1 upon the conwuter receipt of input 22 

(W1 9, 1/ , ¢) cmnands via the new. This discrete remains 1 until 
input 21+ is sensed by the canputer. The signals are the LEM attitude 

mammlcmmands 0’” ,L / l ” )¢~  . 
The AGc will be in the automatic mode for an AGS takeover, and a main 

engine is being utilized. The guidance lav steerim computations are 

utilized for vehicle control. The PGNS-AGS toggle switch on the control. 

panel 'is in the xwvtromlihgfbTSRPNMIGCAAGS position. ' 

(94'. , (y.- , 4n. represents the required inertial attitude of the vehicle, 
and is calculated every maJor guidance cycle. 

Enable radar lock on discrete = 1 upon computer receipt of input 25 via 

the new. (Enable mdar lock on): The astronaut will utilize this 
discrete upon completion of any maneuver during coast, which causes the .' 

CSM track to be lost. It is also used for initially "locking" on "to the A 

0814 subsequent to burnout. (Note that the $901813 inoperative.) Upon 

raceipt of this input, the computer calculates the required steering 

commands in order to rotate the vehicle to an orientation with the Z 

body axis along the 108 direction. 

Mark Range Discrete = 1 upon conputer receipt of input 26 (Mark Range) 

via the DEDU. The computer stores the present value of time tr. 

Mark Range Rate Discrete =- 1 upon computer receipt of input 27 (Mark 

Range Rate) via the DEDU. The computer stores the present value of time 

t;.. (Note that this input is optional.) 
Mark shaft gimbal angle null discrete = 1 upon computer receipt of input ' 

30 (chart null) via the DEW. Note that the shaft angle is milled first. 
Mark tmnnim gimbal angle null discrete = 1 upon computer receipt of 

input 31 (tannin-mill) via the DEDU. Note that the trunnion angle is 

milled after the shaft seals has been milled. 

Midcourse rotation discrete :4 1 upon computer receipt of input 32 (mid- 

course rotation comsnd) via the DER]. Astronaut utilizes this input 

if the vehicle is under AGS control, and a midcourse correction is  re- 

quired. (See input-output signal glossary). 

Enable accelerometer discrete =1 upon computer receipt of input 3% 

(enable acceleraneters) via the DEN. 

26 
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(LOGIC AND COMPUTATIONS PERFORMED UPON COMPUTER RECEIPT OF 
INCREMENTAL GYRO AND ACCELEROMETER INFORMATION FROM THE ASA) 
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Cu: EII+ACXSCZI ’AQCSI+A_(13AO‘I C a r - T M  tin—(Agata; +A@A%CE‘TK.(I*7)E“—Ka7 65 

cm: EIz'I'Acxscza "ACX Csz +Ag52g— Cs {A}: CT—gérz— C2. +A<X2 A—‘J—g'é C 22+K (I 7)CIZ Kzzcu 

CIs=CE Aoc Caz Aaacsaégzg-é-QLCA {AB-9 c.9232“) CJACI' 'Aaa 62;“ K.(I-7.)E.;Kz7g€.z 
_ _ - Aoz Aoc .. (-ACIZX - Ac: +Ac< Ao< .. - Ca: CaITAQ,C3I’Aa3Cu+ —_21_—_2C|\ zwomlkihgfedaZXVUPMLJIGDCA2 Cal ( 2 5)? Cal E ECSI'I'KIO«:Z)CZI'_I’<27.;CZE> 

+ - _ 

C23: C22..- AG. Cit—AG '5 CIzé—qé—g CI2(A2aC )2 — 22(A2a�¿z) C2,:Aa——_23—_—3 3ACXC 

_+AoI. Aoc _-(Ao<.) _—IAoO ' +Aa Au: 
EEK (I -7)c «2736a 

AG; (:23:n +.AC( C3;ACX3 CI: 2 Cr; 2 C23 2 Ca: .2 (325+ K ( I  72)Ezs-K27362a 

c3: CECE;- CRCB egg-CBC; cncn C1; 6: c -  c c | \  2?. 

AN ENGINE 
ON” SIGNAL(EITHER 

ENGINE)PRESENT OR IS NO 
ENABLE ACCELEROMETER (22) 

DISCRETE : I  ? 
AVx=O 

AGC. AVY=0 
INPUT AV2=O 

. OUTPUT 
UNIT 

Av . (2'3) 
' AV Avx =c,.AVbx +CzIAVbY+C5IAVb2 

b Av y AVy=C,aA\/o+CnAVbY +C32AVbz 
b2 AV;=C.5AVbx+Cz3ZAb+C55A\/bz 

SET ACCELEROMETER INPUT REGISTERS TO ZERO 

I; L _ 
. (2—4) 

‘As =As +[AVX 
AVsy=AVsy+AVy . 

___ AGS REQUIREMENTS 
AV“ AVSFAVZ LED 540-32 1-29-65 

SYSTEMS ANALYSIS 
FRANK DE VITO 



2-t

NCIIES IOR DIIECTION COSINE UpDATIIIG AI{p V ACC{ }{rr4!rIgN

Dlrecttoa Coslue Updattng

2-1.a fhe barrecl quantlties are tho past cllrectlon coslnes
2-1.b Tbe unbarred. quantltles &r€ the upd.ated cllreetlon coslnes

Z-L.c pr q, r are the lnstantalreous r.tes about the Xg, Ygl and

Zg axes,

2-Lbd Ao(t =pAt Aa(a-q71t' A;(s =rAt
deaote the bod,y angle 1nc'roents about X3, Yge Zg axeg respecttvely
turrrd througb tn the ctlrectlon coslne comlrutattonal lnternral.

2-L.e Kl an(l K2 are respectlvely the nomallty and orthogonallty gatn

constraluts.
4V1ir l$fy and AV2 are set equal to zero 1f the vehlele ls not translattng.
These qrantttles reprsaeut the taertlal veloetty componeuts tn terrns of
the body veloclty emponem,ts.

Tbese quantttles are the sensed, veloclty components la lnertlal eoordtnates.

2-2
2-3

2-l+

I

I 7

7.8

K. . 

2-1 

‘2—2 
2-3 

2.1. 

i 
\. 

’ k 

mm: nmscnoncoggmmwm VACW 

Direction Cosine Updating 

2-1.8. 

2‘1eb 

2'10c 

2—H 

2.10.  

m barred quantities are the pant direction ccaines 

The unharmed quantities are the updated direction cosines 

p, q, r are the instantaneous rates about the x3, Y3, an 
Z3 axes. 

Auk,  —- D At  AOL; -- 14? 4.1.3 - 1'4! 
denote the body angle increments about X3, YB, 23 axes respectively 

turned through in the direction cosine computational interval. 

K1 and K2 are respectively the normality and orthogonality gain 

constraints. 

4V1, My and AVZ, are set equal to zero if the vehicle is not translating. 
These quantities represent the inertial velocity components in terms of 

the body velocity components. 

These quantities are the sensed velocity components in inertial coordinates. 

1" 
1 

.. I 
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' TIMED ROUTI NESGONTINUE® 

3 ATTITUDE CALCULATIONS THESE COMPUTATIONS ARE TO BE PERFORMED 
TA SLOWER RATE THAN THE DIRECTION COSINE 

UPDATING, IN ORDER TO CUT DOWN ON ANY 
POSSIBLE ‘ “REAL TIME” PROBLEMS,ANDATA 
FASTER RATE THAN THE GUDDANCE AND STEER— 
ING COMPUTATIONS,|N ORDER TO AVOID DISCRETE 
QERKY) MOVEMENTS IN THE ATTITUDE BAL9 

® 
nMIE EL: 31 _ NOTE xwvtromlihgfbTSRPNMIGCA= 0, WAD ARE AVAILABLE 

CII ‘ FOR DISPLAY VIA DEDU 
W=SNI CIZ 

-| c TAN "a; 
(I) <C22. 

IO=SIN'l €23 

I 
COSp = Q- zwomlkihgfedaZXVUPMLJIGDCA639/2 

. SlN7=C|3/COSB 

05/9 GREATER THAN .00087 mosy=C33/COS 

EQUAL TO OR LESS 7=SIN'CI3/COS 
THAN .00087 

SIN7=CI3/00087 

COS7=C33/00087 
7=SIN' CIB/OOOB? 

Q=SIN'@|2C%7—C32€IN]> H__- --.-. 

5'2 

OUTPUTOOQ 7 

AGS REQUIREMENTS 
LED 540—32 I/29/65 
SYSTEMS ANALYSIS 

FRED LAMAZOR 
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3-1

3-2

NOTES FOR ATTlflJDE CAICUIATIOIVS

The E\rler Fr,gLes e, V , axd f represeat the actuel tE[4 attltrrd.e angles

as calculatetl by the AGS cmputer. (ttre prturry System sequence 1s

pltchl roIL ard lrcw er V , il).

o( , 0 , { d.enote the outer, midclle and tnner glnba1 ang1es of the

attltucle bal.l. (Trre signate, o( , € , N are seut frm tbe lnput-output
unlt to the D/A comrerters aad B-balt

\_

3-1 

3-2 

N01319: FOR ATTITUDE CAICUIATENS 

The Euler angles 0, qt , and ¢ represent the actual LEM attttude angles 

as calculated by the AGS canputer. (The Primary System sequence is 

pitch, roll and yaw e, (,1! , ¢). 

0k , zwomlkihgfedaZXVUPMLJIGDCA8 , b’ denote the outer, middle and inner 31mm angles of the 
attitude ball. (The signan,eL , 6 ) X are sent mm the input-output :1 

unit to the D/A converters and 8-hau . 



F 

TIMED ROUTINES @ONTINUED) 

4 LEM NAVIGATION COMPUTATIONS 

@ 
Vx=As + Lax ' + Vx (4-D 

Vya/lydI-A'gy +Vy  

V2=AVsz +L'9i + V: 

I 
V5y=C|ZVX +C22 V7 +C32V£ 

@‘23 

l . 

I\_/I=Qf+vyz+v;>’/z (4—33 

I 
P X Z P X  +%L|:Vx +VX1‘- ‘  (4.4) 

q 

~~P= lit—[v v -  y Py+2 I” Y‘I'J 

2=Pz +A—E— [Va 1- Vzn-l 

a 1 
[_ 

gz=M_LO I Pz-Zugl 

,‘P3 L 

PZ== si- Pya P; P3=P2\/Ef (4'5) 

9x=PIPx-XLI 9v=£sPrI°I 
H=P—I-M � ¿s f P y V y + P Z V Z  

— — T _  

L g s g X  + 9 X A t  (4'6) 

19v=19y+9mt 

1921:4132 +9£At  

NOTE: vxvyva AVAILABLE FOR 
DISPLAY VIA DEDU 

TO COMPUTER INPUT-OUTPUT UNIT FOR 
——-—>DISPLAYING LATERAL VELOCITY VIA 

DISPLAY MODE SWITCH ' 

TO COMPUTER INPUT OUTPUT UNIT FOR 
—————-> DISPLAYING TOTAL VELOCITY VIA 

DISPLAY MODE SWITCH 

NOTE: Px P, PE AVAILABLE FOR 
DISPLAY VIA DEDU 

' TO COMPUTER INPUT OUT PUT UNIT FOR 
_’ DISPLAYING H & H VIA DISPLAY MODE 

SW ILCITI, 7 O 

AGS REQUIREMENTS 
LED 540—32 l—29-65 
SYSTEMS ANALYSIS 

'FRED LAMAZOR 



NOIE FON LE\,I MYIGATION CIMPUTATtrON

Vp Yyr V2 a:re the lnertlal veLoeity cmponents 1u gultlance c@rdtnates

LElt{ Lateral Veloelty ln Bod.y Coordlnates

TsCaI Inertlal Veloclt^y

Inerblal Pogttlon Coord lnates

t+-5 P3 Square anct Cube of the fnerbtal Posltton Vector

Value of tbe Gravltatlonal Acceloratton at Ctrrent Ttnc

LBtl A'Xtttude

LBd A''tltude Bate

Pred.lcted current lntegrated. gravltles tn luertfuiJ. coord.lnstes

h-r
l+-2

lI-3
ll- l+

vBt

D
:xrY
D

,u,

GX
Gy
Gz.

H

ir

/5,
i8y

1+-6

I

t'gz
(.--

L

3L:F
: 

h-J. 
the 
M3 

h-S 

h—6 

w m E! HAXEQQTION QWEON 

Vx, Vy, V2 are the inertial velocity canponente 1n guidance coordinates 

Var 1m Lateral Velocity in Body Coordinates 

\ f ‘  

.
2

2
;

 
9

.
4

 
““1

24
” 

m 1  Inertial Velocity 

Inertial Position Coordinates 

:33 Square and Cube or the M1211 Position Vector 

Value of the Gravitational Acceleration at Current Time , 
x , , . _ . 1  

l 

3 LEM A�¿i‘bude 
. LEM A":t1tude Rate 

Predicted current integrated gravities in inertial coordinates 

33» 1 



USE FIRST 3 EQUATIONS 
OF BLOCK 5-7 WITH T:O 
AND COMPUTE: 
r —csm =pcgz 
I’ 

NOTE: 
CSM STATE IS AVAILABLE 
FOR DISPLAY VIA DEDU 

5 2 L  

— ..I csm___’r 

COMPUTATION OF 
PRESENT CSM STATE 

5. G_UIDANCE AND 

TIMED ROUTINES (CONTINUED) 
STE E RINC: COM PUTATIONS 

a .— 

DHIDI I+2A pm +A p22 (5 5) 

O I =Ta‘tc P'Z: Kp'z. +Apaz 
p22 :  Pa2+ K 

(5-2) 
u = u H ' 

W2=Pn2/Uz 

>0 51‘; 3" 
I13'," a'£=.I:+W.cf1 

SO r‘: 4"} 
Ill h r“ 

r : r .2. :— 

. 7*K+Vh[ h Xr‘ I  
- izi  + W {L 

P..=K (53 PHI]: —I-x—RI Puz=K —-— —C$m —) -b lb 
pzz: DZZZW: 62 " ”s  p|2+ paa 

pm: W. W2 dz—wl pga—WZ pll+plz 

puzw:  042— 2W; p n +  pH 
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L 
*NOTE: ——I 

‘1 (LEM 
PERTCYN- 

THION) Is  
AVAILABLE 

, FOR ‘DIs- 
PLAY VIA 
DEDU 

OF LEM 
ORBITAL 

'59-. PARAMET- 
j_ ERs” 

I 

T=T,-A-A6 
L? M‘ J+A7£T£J+K 

.. *Aa 
P = K 

(5-6) 

- ‘ r  I COMPUTATION 

—T 

‘ C Z  

=(T+T)h c,MOO zwomlkihgfedaZXVUPMLJIGDCA2 n A 

92 =CossAc U +sinA¢yc 
L =L—SinA U +CosAc) lg. 

CI =L1. L12 COMPUTATION OF 

V_VIa=u.*gz W 
SECS FROM Now' 

.. I C Z )  VZ ) [ S g n  WIQ.‘  w e ]  

We; (Wm/Ca 
_\./.Icc=(l_J_2 C, !,)/C2 

Vz =(CI_U.z" !,)/C2 

# 2  = O ‘ (5-7) 

XI = (P/r )- I 

X2= (IO/PJ- I 
x5 =(c x; xa)/Cz 

X4:.Q(\ CIx2)/Ca 

82— - xf+x§(IFe2> 95 GO TO®) 
X7=(r{/P)s VI- 82x5 

x8=CPc/P)V"€zx4 R ITERAT— 
5452““?! (CZTX‘VXS) ' LON. 

.'_ é _ .CaE‘- Cl‘l’e +X '+Xa  x5 x4 

m =(T-Tp)/ P, ROUNOED TO 
INTEGER 

Tsp*TP 

£122,112“ 

P ‘ P  
P —  =p '+k  

1
2
9
 6
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R
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>_o,_® 

P=P+(T-T�¿)aT 

(5- 8) 



REQUIRED 
VELOCITY 

vp=l VF! AND 
COST 

Vr= V1+VF FUNCTION 
3.: CLO-e) CALCULATIONS 

- (5'9) 
(S-IO) 

_ >0 m . go ‘ T = T + A 6  

C Co I \M/ ( xwvtromlihgfbTSRPNMIGCA i=1+| ‘ 
70 (542 

« O  

V 

C ',= 
To= 
vc,= V: NOTE: To TIME TO . 
qlo: qll R E N D E Z V O U S  R y � ¿c x ‘ P  2+ P - P  1' P — P  7. 

(FM IS AVAILABLE k zwomlkihgfedaZXVUPMLJIGDCA9 C "  9(“1 ’3 
FOR DISPLAY P _P - p _P 

Y=Yr VIA DEDU K2= J‘R—L— “3" “-54-“- 
rp- rI 

=‘= r" / __ w, W'“ \‘BEST RENDEZVOUS. K4=E-F—-El— 
V.= y a  \POINT PARAMETERS R RADAR LOCK 

V,=;.w, ‘ 6z= S'N‘IKZ ON STEERING 

l/j=59h(yI-V) ‘ l  V 
q); TAN <75) 

(S—ID _ 

l
-

2
9

*
6

5
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NOTE: R IS AVAILABLE 
FOR DISPLAY VIA 
DEDU ' 

FE‘ Cc-‘VDZ‘I' (c‘VDz+ QC; - V92 ———+ NOTE: R IS AVAILABLE 
FOR DISPLAY VIA 
D EDU 

3! 



@I I543) 
A6=KA6,LIMA6<I< 

A6=I<A6,LIMA6< K 

NOTE: 
AVL IS AVAILABLE 
OR DISPLAY VIA 
EDU 

I
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2
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CONSTRAINT CHECKS gm?) ‘ . W (548‘ 
W -<o Vf = [LL(%+:§L)]J£ Q—E�¿‘METERS 
so 1|=_\I\LIXU" PARKING ORBII’ UM V12 Vh 2 15- _ 

A7=A7+K V9: [(Vf—Vh)2+r2+vy:l Aar 

A8 =A7 

NOTE: RESULT 
OF THIS CALCULATION 
IS AVAILABLE FOR DISPLAY 
VIA DEDU. EG,DEDU OUTPUT 

(I9) INTERCEPT OR NOTE: 
(PARKING) , Vg IS. AVAILABLE 

-' FOR DISPLAY VIA 
é DEDU 

DIRECT 

WHEN T=T+Tb Q. 

'I (5-20» 
T :_\_/g. 3 +  b A“? KVg KVg) —@ 

(£349) SEND ENGINE 
_ v I ICUT—OFF SIGNAL 

Tb.o."l-‘\7g-:- “’TO PROPULSION 

2L 



WWW“.  . 

K - zwomlkihgfedaZXVUPMLJIGDCA ‘ 
(55 —Q-——- T=a;—"K (5 2|) TBTT‘C 

l 1>O 

vc,= vE—vL— K ( 522) 

v6 , TB-T¢+ T (1+KVG+KVCE) 

“*‘K ‘ “PGT'L‘KTS T 5-2 70 / B  C 3) 
. .1. 222._ l/LL 5.24 

70‘7 9‘: QT r“ . ( ) Ir: =-T+FTs+'IZ HT Ra�¿—KT; 
. ’  \ L lzléI r-K 

gm —- 
Wig—VV/VP L'm IWAIEG’QzZ)‘/z 

29:2 9122+(s9r)(I—ef—W)VZU+ 

v 

E9:6"—9 EW'I:WL-_W E45:¢L_¢ 
Ex: E45 + EOSIN 1/! (5-25) 
Ey =E9COSWCOS<Z> +E l, SIN q) 

Ea: E4; cocos<b+EU eoscz�¿ 

SEND Ex, E E (VIA COMPUTER 
INPUT OUT PUT UNIT TO CEs) 

IF (K— r¢)_>_o SET r'a=‘ +(6 K____'___I’€) AND I"; " K ;  

.75 
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STEERING COM PUTATIONS 

3‘7 
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IIOTES FON GIIIDAI{CE AIID SBERI}IG CAI''I'IATIONS

Ihts routlne coraputes the present CSM posltton and veloctty ard ls
colquted every maJor gutd,aace cye1e.

Ttre present LEM-CSM ra.nge vector B 1s couputed.. horrtslon tn the

calcuJ.atlon ls mad.e for tlne d.tfference betweeu time of d.ata acqulsltion
and tlne of R conrputatlon.

Ttre cmputattoas for the posttlon and. veloetty covartance parameters are'

t[tttalizetl..
Itrese equatlons deserlbe the cllgttal radar ftlter, rrhtch is a simpllfled
tlue-varyiug near optlnun fllter.
The posltlon and veloclty covarlance paraneters are utrvi.ated. for the nerb

eouputatlon eycle.
The presont tB4 orbtt paremeters ar-6 couputed..

fhts routlae computes the CSM state vector T second.s from nov. Local

coordlnate systems ar€ couputed for LE$4 posttlon (now) and CSM (T second.s

from aow).

The Eerrtek-p lteratlon equatloas solve for transfer e]-llpse betveen LEM

(uow) "rvl CSM (at T secoad.s ftom nov).

The [V requirer.ats (for lnJectlon and for rend,ezvous) are computed.

fhe cost f\rnctlon for read.ez\rous at tlne T ts also d.eterz1ned..

The best rend.ezvous parameter€ a6 eomputed. Lt 79 are stored..

156 sange frm LXM to CSM ls computed.. TJre requlrecl lnertla1 attltud.es
to ltue up the Zf, rftU tb,e tnerttal IOS dlrectton ls a1.so computed.

f'he reod.ezvous ttme T 1o updated, anal trtal ladex 1 ls tacrqnentecl so that
eonrputattons >7 to 5.LO e're repeat'ed.

The T lteratlon step slze 1s atlJusted in thls cal.culatton.
ftre {V capablJ-lty rematntng ln the LEvI ls computed.

Ihe LocaL coord,lnate systern locatecl at LEITI for parktng orbtt lnserbton
1s conputed. tu thls routlue.
The deslred parking orbit parameters are cmputed..

A ver:oter tlne-to-bnmout (tfO) ter a more accurate englne cutoff is
cmputed by thls routine.
fho approxlmate ttme to truraout ls comput'ed. for both parklng or dlrect
transfer orbtts.
The tlne-to-go to descent engine stagtng is couputed at thts tlme.
These cmputatloas adJust TB lf stag:lng vllL occur betveen uow and d.eslred.

ttrrust tenolnatlon.

>2

>3

>5

5-6

7T

>8

!'9

5-10

5-11

>t2

S -13r llr
5-L5, 16

YLT

>18
5-L9

5.20

,-2L
. .22

5-,+

39

k - l  

5-2 

5"..3 

5-5 

5-7 

5-8 

5-10 

5—11 

5-12 

5 ‘13 ,  1‘} 

5‘15: 16 

5'17 

5-18 
5-19 

5-20 

This routine computes the present CSM position and velocity and is 

computed every major guidance cycle. 

The present LEM—08M range vector R is computed. Provision in the 

calculation is made for time difference between time of data acquisition 

and time of ‘R computation. 

The cunputations for the position and velocity covariance parameters are' 

initialized. 

These equations describe the digital radar filter, which is a simplified 

time-varying near optimum filter. 

The position and ‘velocity covariance parameters are updated for the next 

computation cycle. . 

The present mm orbit parameters are computed. 
This ' routine computes the CSM state vector T seconds from now. Local 

coordinate systems are consulted for LEM position (now) and (3814 (T seconds 

fronnow). 
The Herrick-p iteration equations solve for transfer ellipse between IEM 

(now) and CSM (at T seconds from now). 

The AV requirements (for injection and for rendezvous) are computed. 

The cost function for rendezvous at time T is also determined. 

The best rendezvous parameters as computed in 5-9 are stored. 

The range from LEM to CSM is computed. The required inertial attitudes 

to line up the 2?; with the inertial nos direction is also computed. 
The rendezvous time T is updated, and trial index i is incremented so that 

computations 5-7 to 5-10 are repeated. 

The T iteration step size is adjusted in this calculation. 

The AV capability remaining in the LEA is computed. 

The local coordinate system located at LEM for parking orbit insertion 

is computed in this routine. ‘ 

The desired parking orbit parameters are computed. 

A vernier time-to-bm'nout (tail for a more accurate engine cutoff is 

computed by this routine. ‘ 

The approximate time to burnout is Computed for both parking or direct 

transfer orbits. 

The time-to-go to descent engine staging is computed at this time. 

These computations adjust T3 11’ staging will occur between now and desired 

thrust termination. 



5-23

s-2h

NOIS IOR cgID${CJt A]{D TSIEERING CAI#UI4rIONS (Cont'cl)

Constant trraw, ltnear pttch steerlng computatloDs are d.oae here. ff , ls
the predltcted hrrnout altttud.e .

fhls routlne couputes requlred attltr.lde rurgles so that the vehlcJ-e tttnrst
vector aad the VO vector are coltnear.
The attltud.e eror sonrmends ln bod.y coorrllnates are computed. and trans-
nlttecl to tbe Control Electroutes Section.

5-25

3r1

k5423 

54-2“ 

5'25 

was FOR was W (Comm 

Constant yaw, linear pitch steering computations are done here. 3?: is 

the predicted burnout altitude . : ~ -‘ 

This routine computes required attitude angles so that the vehiqle thrust 

vector and the VG vector are colinear. 

The attitude error commands in body coordinates are canputed and trans- 

mitted to the Control Electronics Section. 



V B IJNTIMED RCUTI NES:

LU NA R ALIG N MENT

IAVz

AVz

AV

J

FROM
ASA

(ruorr: THESE
EQUATIONS ALSO
ARE USED FOR
PGNS ALIGNMENT)

AGS REQUIREME
LED 540 -32 t-29-65
SYSTEMS A NALYS IS

FRED LAMAZOR

t19

STA R

I
. = +IAVz

iy= fflAvy

COM PUTE R
INPUT-

OUTPUT
UNIT

cos 0-. # sltt @''..

COS 6 t=(l -Sltrt'di)*
s t N t41 

16h,r(i*r I N d.-fr c

cos Vt\-s tN.Wt
u- S Qi.: COs@-
slru @i 

:SlN0,,,

av
grn

stNSi _

c,, (o) - COS tt/t COs 6,",

c,z(o)=COS Q;SlN (/a COS 6p+ Srr.r@;Srru 6"
c,r(o):StN QiStNt/, COSdt tCOSO"Srrt di
c.,(o)= SIN Wu
cr,(o)= COS lli COSQi

c.,(o) = -Cosll*ittt@e
cr, (o)=COS 

VLS| N d;
cr.(o) = C O S Q'St N t/l S I N d. +StN QiCOSd i
crr(o) = -SlN 0, SIN V/rSlN dz + COS Qi cOs 6"

EX IT

I

Z AVz 

ZAVy 

gm 
swam-12; COS +a SIN ' 1 (pm 737!“ ¢m 

COS d;=(I-—SIN‘6L)" 
SIN 

W4 C09 6 gms'N¢mmI 
COSWE“ lL—SINZW )‘z 

kqL“: COS¢m 

SINqJL: SlNcbm 

EX lcos 

UNTIMED ROUTINES: 

LU NAR ALIGNMENT 

¢m 

COMPUTER 
INPEJT" 

OUT U T  
U N I T  s a  

' < FROM 
I Awe: ASA 

C..(o)= cos Ila; COS dz, 

Cz.(0): SIN Wt, 

92(0): COS gm; cosqb; 
95(0): —cos l/lpSINQBL 
Ca(o)fCOSI//,;SIN61; 

camp-cos (p; SlNV/A cos HHSI Ncn-SIN 6,; (NOTE, THESE 
c.,(o) : SIN CD; SIN um cosdz; +COSQ>LSIN 6L EQUATIONS ALSO 

ARE USED FOR 

C340): (05 QL'SINI/j; SING'HSTNCDLCOSGZ 
C53(O)= —SIN gsIN WLSIN 64' +COS (151 C05 6'1. 

PGNS ALIGNMENT) 

AGS REQUIREMENTS 
LED 540-32 l-29-65 
SYSTEMS ANALYSIS 

FRED LAMAZOR ‘ 
no I 



' - C 
c" 

STEE' xwvtromlihgfbTSRPNMIGCA , 
ATTITUDE \ T 

COMMANDS "I“NO 

START 

Rm 
WARM UP AND 
COMPUTER CHECKOUT 

LI) MODE SELECTION 

INPUT OUTPUT 

- i I“) 

DISPLAY READOUT 
ROUTINE 

I 
FOLLOW UP MODE 

COMMANDS 1;; 

G T "  

CI 

UNIT 

AW A 21% 
LUNAR 
ALIGN 

IMU ALIGN 

I - 7 
COSINE .... .. 

INITIALIZATION 

MAN. MODE 
MAN.ATT. CMDS. 

MIDCOU SE 
DATA ACQ. 

1 PRO.- LOGI C 
‘T 

. FLOW DIAGRAM 

&AVACCUM- 
ULATION - 

LOOP 

V' C. COMPOSITE AGc FUNCTIONAL 

C2) DIRECTION C'OSINE UPDATING 
~ "AND 'AV ACCUMULATION LOOP 

p A T  

C4) NAVIGATION COMPUTATION 
LOOP 

STA R T 
NAV. 

LOO P 

COMPUTATION OF 
IN E RTI AL VELOCITY 

J“ PUT 
TRANSFORMATION Avax g3; ' 

O F A V B x A V s y A V B E  U N I T  

TO INERTIAL 9s 
F R A M E  AVBZ 

(3) ATTITUDE COMPUTATION LOOP 

EULER ACNJGEETTCIOII/IEETATIONS 
1 

DO ATTITUDE 8 
BALL COMPUTATIONS 

i 
DISPLAY 

ATTI TUD E 
FROM EXPLICIT 
STEE RING EQS 

ATTITUDE 
FROM EXPLICIT £_ 
LOS CALCUL. - 

\I( q 
COMPUTATION OF 
INERTIAL POSITION 

COMPUTATI O N 

\. 

‘ LED 540:32 
AGS REQUIREMENTS 

I-29'65 
SYSTEMS ANALYSIS 

FRED LAMAZOR 

2 (5) GUIDANCE AND 
STEERING LOOP 

CUTOFF 

I ‘ 
I 

PARKING 
RA DAR 
FILTER 

ORBIT”. 
PARAMETERS 

’ PARKING‘ 

COMPUTATE ' 
LEM ORBITAL 
PARAMETERS 

STATE. VECTOR'IT-SEC S 
F ROM ’N OW 

‘ COMPUTATION OF CSM] 

REQUIRED VELOCITY 
‘AN D COST FUNCTION 
CALCULATIONS 

ORBIT  DIRECT 

CONSTRAINT 

STEE RI NG""""“ 

CHECKS 

RADAR LOC K 
ON STEERING 
EQUATIONS 

3!!) 

NO' -TRIALTIME- 

STORAGE 
QC BEST 

S PARA ’IET E 
I 

m 



1rI. PBN,AITY.CO}E{E.ATIONAT QUANryIB9

eb

6u
q-

ilo
V;
eb

o

I
'l

Q"
Vt
gu

e
Ll

o

a

Roqulred. attlttd.e for parklag orblt for parking Steerrng eqtratlons
rlt

illl

Ie
orb

il

tl

ll

It

e,, Required. attttude for dlrect orblt

Requlrecl attltude for radar l.ock on

Vg for cllrect
orblt

il

cros's llnk frcm
PGNS to AGS

t,

n

trbon IOS
ealcu1atlons

il

Steerlng equatloos

lt

lt

rl

ll

Bequlred tnstantaneous attltude from
PGNS (IMU a11srureut)

II,llJ al.lgment
routlae

It

I

Steering equattons

L

L

tl
e

n

Requlred attltude for rotattng vehlcJ-e
wlth RCS (pr1or to mld.corrrse trB.Ds-
htlon) ,r

From V- (tnter*
cept oiuit)

Dlrectlon
coslues
couputatlons

oeau (f,E"l atti-
tud.e routlne)

Aecelerometers
and. T

e, l, V prcs

Steering Equatlons

Attltude
initiallzation

Computatlon of
inltlal dlrection
eoglnes

Dlrectlon coslne
uptl.atlng

m,C (tuv)
ACC (naaar Fllter)
attltude calcula-
tlons

il,
V; t!

il

It

Aetual LEM Pitch Attltude Augle
Actual LEtrvI RoI1 Attltud.e Angle
ActuaL LES,I Yaw Attltucle Angle

(Yaw) Iunar alignrnent

Inltial dllrectlon eoslnes (lular
aligrraent )

Inltlal dlrectlon cosines for IMI
alignraent

Dlrectton cosines of LEM body a:ces flRlnertlal space

Steerlag calc.

cu(o). . .

ca3(o)

cr(o). . .

ca3(o)

, lrj=
'Lt213

AGC
Ref.

9e1J
(

)
Attltude

+t

riAtlA.tllE,I'Iilt DLECRIHL'IOII SUU}TU.E; DESTIIIATION

It

ll

ll

R A  

a: 

'4  

S 
{A ' u 
,3 
y 
; 

2...”;u‘..." i .  " ,  . l  -.-.. 

M 
a . 

h 
9f; 
0;. 

#1, 
V0; 
.9; 

93“, 
W4 
0; 

954; 

(h; 

9.. 

k g “ .  

0": 
0 
tr 
:5 

°11(°)' . . 

“33“” 

011(0) . e o 

G33“) 

90 ' 1133‘ 
13; 1,2,3 

r " .  
f "  

in. W 

Required attitude for parking orbit 

II : 
’ l  

u ,- 

Required attitude for ‘ direct orbit 

Remand instantaneous attitude from 
mus (mu aug'nment) 

I! 

Required attitude for radar lock on 

Required attitude for rotating vehicle 
with Ros (prior to midceuree tranc- 
letion) ‘ .. 

' l '  

Actual LEM Pitch Attitude Angle 
Actual LEM Roll Attitude Angle 
Actual LEM Yaw Attitude Angle 

-' (Yew) lunar alignment 

Initial direction cosines (lunar 
alignment) 

Initial direction canines for 11m 
alignment 

Direction cosines of LEM body axes W/R 
inertial space 

V8 for parking 
orbit. 

n 

y; for direct 
orbit 

" 

I .  

cross link from 
25118 "to AGS 

" .  

From IDS 
calcn'lations 

!' 

From V 
cept 0gb“) 

�À 

( inter- 

n }  

Direction 
coaines 
comutations 

Dedu‘ (ma atti- 
tude routine) 

Accelerometers 
and; '1‘ 

9, ¢ ’ W m  

AGC (Attitude 
Ref. ) 

m ' M u m  

Steering equations ‘ 

'6 ' J 

[ I  I 

Steering equations 

-Il 

IMU alignment i 
routine " 

Steering eqmationa 

w 

Steering Equations 

M 

Steering calc. 

Attitude 
initialization 

Computation of 
initial direction . 
cosinee 

Direction cosine- ‘ 
u p d a t i n g  r-v :9 " 

AGC (New) 
AGc (Radar Filter) 
attitude calcula- 
tions 

1+: 



PRII{ARI COMPUIATIOI{AL QUAIfTIIIE'S (Contlnued )

c(
I
{

Orter gfunba1 angle of the attltud.e B-Ueff
M1d.t[1e glmbal angle of attitud.e '-ball

'Inner glmba1 angle of attltud.e B-uaU

Body X-axis accelerometer increnent

Bod.y Y-axls accelerometer increment

Sody Z-axls aeceldrometer increment

Body anguLar increments about pltch axls

Body an$Iar increments about Yav axis

Bod.y angular lncrements about roll axis

LB4 state vector from PGNS via erossllr&
(tntttatizatlon and updating)

LEM state vector from CSl4 v1a voiee
link (inserted via Dedu)

dlrectlon
cosines

ASA (accelero-
meter)
ASA (accelero-
meter)
ASA (accelero-
meter)

ASA (Gyro
assenbly)
asA (Cyro
assembly)
AsA (Gyro
assembly)

PNGS

tr8" baII d.isplay
"8" ball cLlsplay
"8" ball d.lsplay

Avmr

A vrr

Avnz

AGC
tion
ACC
tlon
AGC

tlon

I'Iav. computa-

Nav. cmPuta-

itlav. eomputa-

pax

s.^*
rA*

AXA (attitud.e
computatlon)
Ant (attltude
eomputatlon)
AXA (attltude
computation)

LXM Navigation
routine

v*L
v\YL
v,L
P
\

P
vL

P,L

v*L
v
vL

v,L
P*L
P
Yr!

P,L

.1

& 

PRIMAR! COMPUTATIONAL QUABTITIES (Continued) 

k m  

E 
2f 

ZlV �¿x 

may 
AXVBZ 

1>AJt 

Q A t  

r A t  

" r .  

m m WON 

Outer gimbal angle of the attitude 8~ball direction "8" ball display 
Middle gimbal angle of attitude 8-ball 

‘ Inner gimbal angle of attitude 8-ball 

Body X-axis accelerometer increment 

Body Y-axis accelerometer increment 

Body Z-axis accelérometer increment 

Body angular increments about Bitch axis 

Body angular increments about yaw axis 

Body angular increments about roll axis 

IEM.state vector from PGNS via crosslink-H‘ 
(initialization and updating) 

LEM state vector from CSM via voice 
link (inserted via Dedu) 

cosines 

ASA (accelero- 
meter) 
ASA (accelero- 
meter) 
ASA (accelero- 
meter) 

ASA (Gyro 
assembly) 
ASA (Gyro 
assembly) 
ASA (Gyro 
assembly) 

PNGS 

"8" ball display 
"8" ball display 

AGC (Nav. computa- 
tion) 
AGC (Nav. computa- 
tion) 
AGO (Nev. computa- 
tion) . 

AEA (attitude 
computation) 
AEA (attitude 
computation) 
AEA (attitude 
computation) 

LEM navigation 
routine 

$3 



PRIMATY COI'{HIIATIOI{AL QUANIITIffi (Contlnued )

Px
P

J
P

Z

vx
v
Y,

Calcu1ated LEM -inertial coord.lnate

Calculated. Lnl -inertlal coordinate

Ca1culated. tD{ -lnertia1 coordinate

tEM -lnertlal velocitY.

LB4 -lnertial velocitY
LEM -lnertial velocitY

Computed. LEM orbital eccentr.
Computed. IiEM orbltal semi-major d.larneter
Computed LEM pericYnthion

CSM d.ata from PG1NS via crosslink

CSM epoch tlme

CSl4 angular momentum at to
CSII seml-latus rectrun at to
Mean CSIvI angular rate

CSM d-ata from C$r{ via voicelink (inserted-
via Dedu)

AGC

AC.C

AC,C

ACC

AC,C

AGC

Nav

ItIav

IIav

Nav

Nav

Nav

(

(

(

(

(

(

)

)

)

)

)

)

Aec (Guld)(steerrng)

Acc (cuia)(Steering)
Acc (cuia)(steering)
AC,C (cuid)(Steering)
ACc (Guid.) (Steering)

Acc (cura)(steering)

e
a
q

vx
C

vyc

x

Pyc

Aec
AGC

AGC

Nav.
Nav.
Nav.

AGC

AGC

AGC

(
(
(

)
)
)

Guid.ance )
Guid.ance )
Guidance)

(
(
(

PGNS CS,I state vector
d.etermination

,,

I

rlII

v il

It

il

lt

ll

c
P

Itil

il

il

ll

lt

tt

It

ll

z
P

t
h

p

C

lt

n

?r

It

It
nLc

L

vx
e

vyc

v
Z

c
Px

c
Pyc

P
a

e
t

o
h

c

il
CSM

il

ll

il

ItIt

il

il

ll

n

lt

p

il

tl

il

ll

ll

It

il

?t

e

/tf,c lt
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PRIMARY COIMJ‘I'ATIONAL QUANI'I'I'IE (Continued) 

M 

Px Calculated 1m ' dinertial coordinate AGC (Nam) AGC (Guid)(Steer1ng) 

Py Calculated HEM ‘ ~inertial coordinate AGC (Nav.) AGC (Guid)(Steering) 

Pz Calculated 12m ' -inertial coordinate AGC (New) AGC (Guid)(Steering) 

vx 1m -1nert1al velocityp AGC (Nam) AGC (Guid)(Steering) 

vy LEM ~1nertial velocity AGC (Nam) AGC (Guid)(Steering) 

Vz LEM -1nert1al velocity AGO (Nam) AGC (Guid)(Steering)‘ 

e ' Computed LEM orbital eccentr. AGC (Nev. AGO (Guidance) 
a Computed LIN orbital semi-major diameter . AGO (Nev. AGC EGuidance) 
q Computed LEM pericynthion AGC (Nam) AGC Guidance) 

Vx CSM data. from PGNS via crosslink PGNS CSM state vector 

c determination 
V n n '  n 

Y-c 
vz II II II 

c 
II II 

k Px 
n 

c 
P II N 

yc 
H 

Pz II II II 

c 
to CSM epoch time " " 

hc CSM angular momentum at to " " 

Pc CSM semi-latus rectum at to " '" 

”LC Mean CSM angular rate " " 

V CSM data from CS4 via. voicelink (inserted CSM " 
x c vie. Dedu) A 

vyC ' II H " 

vzc H II II 

PX n n n 
c 

P H I! ll 

ye 

P2 u I! H 

C 

L to n u u 

c H H 1' 

PC I! u n 

[ E C  H II " 

‘H 



PRIMATY COMPIEATIOI.IAL QUAT{'IIETIES (Continued.)

Pxc

Pyc

P

vxc

vyc

vzc

,ry

vgx
vgv
v

8z

vgx
vgr
v

Computed.

Computed.

Computed.

Computed.
veloclty
Computed.

Computed.

CS"t x-lnertiel

CSM Y-tuertlal

CSM Z-inertlal

coord.inate C$4
comp.
CSI,I y-lnertial

CS"I z-ine:rtial

posltton

posltlon

i-inertial

velocity coxrp.

velocity cor.qp.

CSI{

C$\,1

CSM

csM

CSIVI

data

data

data

d.ata

d.ata

Actua1 and
required
attitudes

P lteratlon
routine
P lteration
routlne
P lteration
routine

Reqrd. veloclty
for parklng
orbit and
actual LEM
velocity

Target tieflnltlon
and IOS steerlng
Target definltion'
and IOS steering
Target deflnltion
and IOS steerlng
Target deflnltion
and. IOS steering
Tar:let deflnition
anu If)ll steering

Control system

V calculationg

votf
calcul-atlon

ealculationvoo

Steering equations

Ex
E
v

E

vn*

ury

Body axis attltud.e error signals

lt

LB4 Required x-lnertlal veloctty
(intercept )
LB4 requLred. y-inertial veloeity
( lntercept )
LEM required. z-lner-bial velocity
( intercept )

LH{ velocity to be gained. for parking
tEul veloclty to be gained. for parking

LB4 velocity to be gained. for parking

v.- -vHXX
ltry,:vy
vRz - vz

Velocity to be
gained. to 'rfirst"
burnout (intercept)

Required. and. Steering
actua.l- velocttles

gz

8x
bJ

8z

H

H

X-comlonent of lr.urar gravlty vector
Y-cro1np6r,"nt of lunar gravity vector
Z-component of lunar gravity vector

tEM altltud.e from lunar surface

LEM altltude rate Wln to lunar surface

AGC

AC,C

AGC

Nav.
Nav.
Nav.

(
(
(

)
)
)

ACIC (Nav.
AGC (Nav.
AC.C (Nav.

)
)
)

ACc (Nav. )

Aec (uav. )

Monltor
Steering
Monltor
Steering

Display

Display

(

)
(

)

+(

8 

PRIMARY commom QUANTITIES (Continued) 

” m  m m ! “  w m  " ' ' ' W  
K . 

P Computed CSM x-inertial CSM data Target definition . xc xwvtromlihgfbTSRPNMIGCA , , 
and 108 steering 

P Computed CSM Y-inertial position 034 data Target definition' 
ye ' ‘ and IDS steering 

c Computed CSM Zpinertial position CSM data Target definition 
' ‘ and 1.08 steering 

c Computed coordinate 0&4 i-inertial ' CSM data Target definition 
velocity comp. and IDS steering 

V Computed CSM y-inertial velocity comp. CSM data Target definition 
y c v and _108 steering 

vzc Computed CSM z-inertial velocity comp. "3‘- ’- 

Ex Body axis attitude error signals Actual and Control system 
E required 

g y attitudes 
E 

z 
- 3-3.“ 

v LEM Required x-inertial velocity P iteration V calculation 
(intercept) 7 routine ' g 

V LEM required y-inertial velocity P iteration V calculation 
m ( interc ept ) ’ routine g 

K V HEM required z-inertial velocity P iteration V calculation 
RZ ’ ( intercept ) routine ' 8 

V LEM velocity to be gained for parking Req'd velocity Steering equations 

vgx LEM 1 it t be 1 d 1‘ k1 f°r Parking gy ve oc y 0 ga ne or par ng orbit and 

V 2 LEM velocity to be gained for  parking actual LEM 
g velocity 

,4: V x v - Vx Velocity to be Required and Steering 
.’ V8 _ gained to "first" actual velocities 
f 8y I'm ~ “Y burnout (intercept) 

V82 VRz " V2 

‘ ' gx component of lunar gravity vector AGC Nav.) AGC Nav.) 
f‘é gy Y-component of lunar gravity vector AGC given) AGO éNav.) 

gs Z-component of lunar gravity vector AGC Nav.) AGC (Nav.)  

v' H LEM altitude from lunar surface AGC (Nam) Monitor (Display 
' ~ . ' Steering) 
-: H LEM altitude rate W/R to lunar surface AGC (Nam) Monitor (Display 
‘ K Steering) 

‘r! 



PRIlAtrf COIEUIATfONAL QUAI\EITIES (Continued, )

n Magnitudes of B 
"rrd E lnput to the rad-ar Ded-o via rad.ar

d isplay
Dedo via rad.ar
display

Mark

Mark

V.,o

Constant

Constant

Constant

Accelerometers
and. T
Accelerometers
and. T

Constant

P lteration
routlne
P iteration
routine
P iteration
routlne
P lteratlon
routine
P iteration
routlne
acc (cura. )
AGC (C,{rfd. )

Radar fllter

Radar fllter

Rad.ar filter

Radar filter

E:gine cutoff
dlscrete

AVf.ft calculatlon

AVfuft calculation
(before staging)

Computatlon of
lnltlal d.Lrecti-on
cosines

and a calc.

R

f1Iter

tR, t; Tlmes of appllcability of radar d-ata

trt- Shaft and trrrnLon angle null

[**

t8.0. Calculated. tlme for engine cutoff

Kob
Vatue of V* when tr.O. is ealculated.

{V araget for ascent stage

Itotal Ltst AV (bud.get)

fhrust aeceleration (for lunar allgrrment)

Ttme lnterval for resolving Z and. Y
acceleratlon in lunar align proced.ure

lBransfer elllpse semi major d.iam.

Transfer elllpse eccentrlcity

Transfer ellipse semi-latus recturr

llrensfer elllpse pericynthion

Time to rend.ezvous

S of ilerriet',-P iteratlons
Total AV requlred- for intercept and rend.

Cost functlon coefflcient

Kl
'h

a
Z

a
v

T

,R

*R

pR

q.R

T

|t

a
Z

K\- Ah
Kr

P. lteration

P lteration

P lteratlon

P iteratlon

P lteration

AC,c

AGC

FT.
Rend

)

routi.ne

routine

routine

routine

routlne

(
( Rend
Guid"
Guid.

Det
Aec (crrd. ) Pt. Det

)t

\" y 

PRIMARY COMPUTATIONAL QUANTITIES (Continued) 

k m .  E 0 M 

R Magnitudes of g and 3 input to the radar Dedo via radar Radar f i l ter 

. f i lter display 
R Dedo via radar Radar filter 

display 

tR, t '  Times of applicability of radar data Mark Radar filter 

g‘SN Shaft and trunion angle null Mark Radar filter 

AT); 

t3 0 Calculated time for engine cutoff V8 Engine cutoff 
‘ ' discrete 

Kg value of Vé when tB 0 is  calculated Constant --- 

EA [5V Budget for ascent stage Constant lkvleft calculation 

Ki, KB Total LEM [3V'(budget) Constant Zlvleft calculation 

(before staging) 

az Thrust acceleration (for lunar alignment) Accelerometers Computation of 
and T initial direction 

a " Accelerometers cosines 
y and T I 

T Time interval for resolving Z and Y Constant a2 and a calc. 
acceleration in lunar align procedure y 

aR wransfer ellipse semi maJor diam. P iteration P.1teration routine 
routine 

BR Transfer ellipse eccentricity P iteration P iteration routine 
routine 

p Transfer ellipse semi-latus rectum P iteration P iteration routine 
R routine 

qR Transfer ellipse pericynthion P iteration P iteration routine 
routine 

T Time to rendezvous P iteration P iteration routine 
routine 

L K # of Herrick-P iterations AGC (Guid.) AGC (Guid.) 
All. Total AV required for intercept and rend. AGC (Guid.) Ase (Guid) Rend. 

PT. net. 

'Kl Cost function coefficient AGO (Guid.) Bend. Pt. Det. 

ML 



PRIMARY COI\TH,TIITIONAL qg6Y1lftffi ( Contlnued. )

ARAI4ItrM DffiCRTPTION SOI'RCE DE TINABTON

aec (cura. )c= AVr+KrT Cost function

q.1

V
I'

av

Perlcynthion constraint AGC (Guld)

S ot I trial tirnes per major guid-ance cycle Arc (Oufa)

Arnount of AV left in LEM A V E:dget,
accelerometer

Acc (Guid. ) Rena.
Pt. Det.
Aec (Guld. )

acc (cura. )

Constralnt checks
LEF'I

ttt

PRIMARY CWONAL QHANI‘ITIZES (Continued) 

k l �¿�¿�¿�¿�¿i �¿�¿i �Ài �¿n ' WE WEI!“ 

c= AVT+K1T Cost function AGC (Guid.) AGO (Guid.) Rend. 
P t .  D e t I  

ql Pericynthion constraint AGC (Quid) AGC (Guid.) 

Kl # of ‘1‘ trial times per major guidance Cycle AGC (Guid) AGC (Guid.) 

AVIEF'I' Amount of AV'Iieft in LEM A V  Budget, Constraint checks 
‘ ' accelerometer 

‘r'l 



]N] CCOR DI NATE SYSTENTS

A. LEM BODY AXIS COORDINATE SYSTEM

(p^vaw),B

v
B

Ys

(V/ * RoLL)

AGS REQUIREMENTS
LED 540-32 t-29 -65
SYSTEMS ANALYSIS

AL SCHNUR

(o

+{

COORDINATE SYSTEMS 

A. LEM BODY AXIS COORDINATE SYSTEM 
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B. INERTIAL GUIDANCE COORDINATE SYSTEM
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C, RENDEZVOUS RADAR COORDINATE SYSTEM

Xa
/rnururu toN\
\ ANGLE /

FT /\NGLE)

SIiAFT AX IS

Z B

Ys
RADAR BOOM FIXED TO VEH ICLE
l[.] Xe,7a AXIS

AGS REQUIREMENTS
LED 540-32 t-29-65
SYSTEMS ANALYSIS

AL SCHNUR

,t

(,

Ya 

C. RENDEZVOUS RADAR COORDINATE SYSTEM 

(TRUNNION 
ANGLE 

RADAR BOOM FIXED TO VEHICLE 
IN Xe )Zs AXIS 

AGS REQUIREMENTS 
LED 540‘32 I‘29'65 
SYSTEMS ANALYSIS 

" AL SCHNUR 

5’0 



VITI SrmcJaroplzatlon end Rqal Tine Requir@ents

Thts sectlon deflnes qua1tltatlvelyrdata syueb-ronizatlon requirments of
the AGS eomputer. Ttrts sectton Ls not eoncerned wlth slmchronlzation for
meclraalzation, such as stroblng of d.lgltaI d.ata at the proper time to effect
d.ata transmlsslon. Ttre l.atter ttr4pe of synehronlzatlon requlrements are

prlmarlly due to the need. for tlme ldentiflcation of rapidly ch.rnging rlavi-
gatton varlables. Data strmetrronizatlon requlrments can be elther tvo
(z) ways as follows;

1) &f keeplng real tlue at each souree of lnfo:matlon, as r"rel-l as

the AGS cmputer, and. by forclng tbese time recor"d.s to mateh.

2) Ef use of tLue marks or "epoch pulses" assoclated wlth eaeh

data, which ltlentlftes the instant of tlme to vhich the data,

ls assoclated..

FolLovtng ls a table of the aources requlrlng synchronizatloa iind. the data

that ts affected.

"/l

VIII Munch  and Real Time Reguiranggts 
k This section defines qualtitatively ,data symbronization requirements of 

the AGS computer. This section is not concerned with synchronization for 

mechanization, such as strobing of digital data at the proper time to effect 

data transmission. The latter type of synchronization requirements are 

primarily due to the need for time identification of rapidly changing navi- 

gation variables. Data synchronization requirements can be either two 

(2) ways as follows: 

1) By keeping real time at each source of information, as well as 

the AGS computer, and by forcing these time records to match. 

‘ 2) By use of time marks or "epoch pulses" associated with each 

data, which identifies the instant of time to which the data, 

is associated. ’ 

Following is a table of the sources requiring synchronization and the data 

that is affected. 
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S]3{CIMONIZATION TA3IE

AGS . CSM Apollo GuLclaace Couputer

€Lo CSM Poettlon

b. GSM Veloclty
AGS - KIIIS IrB,1 Guldance Coqnrter

B. LHII Posltlon
b. LBII Veloclty
c. Lm{ Attltude Angle

AC.S - Rend.ezvoirs Raclar

&. Beage

b. Baage Rate

c. Sha^ft Angle

d. $rurnton Angle

Cer-brln output clata of the AGS mrst be ln ttre synchronlzatlon vlth the eonrespond.lng

ctata fiq the PGNS for monttorlng pur?osee. Ttrls data ls lLsted. betrow:

.S:mc hroni r,ecl tutput s
Altltude
A1tltude Rate

Lateral Veloclty
Total Veloclty
Iateraal real tl,ue requlraents of tbe AGS refer to ltems whlch requtre accurate

eountlug of t{lnF. }bst of the rrcutlnes and computatlons axd. proeesses clo not

requtrc accurate real. t1me. Ttrere are however, two (2) notable excepttons vhich
are listed belov:

a) Iaertlal eomponent sarnpllng rate
b) Navlgatlon computatton, nanely lategrattoas

Oo

b.

d.

52.
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3. 

0. 

d. 

SYNCHRONIZATION T � À 

ABS 5» 08M Apollo Guidance Computer 

a. CSM Position 

b. 03M Velocity 

A08 '- P0118 LEM Guidance Commitm- 

a. LEM Position 

b. LEM Velocity 

c. LEM Attitude Angle 

AGS - Random Radar xwvtromlihgfbTSRPNMIGCA ’ 
' a. Range 

b. Range Rate 

c. Shaft Angle 

d. Tmnnion Angle 

Certain output data of the AGS must be in time synchronization with the corresponding 

data from the PGNS tor monitorim purposes. This data is listed below: 

2 W  
Altitude 

Altitude Rate 

Lateral Velocity 

Total Velocity 

Internal real time requirmsnts of the AGS refer to item which require accurate 

counting of time. Most of the routines and amputations and processes do not 

require accurate real time. There are however, two (2) notable exceptions which 

are listed below: 

a.) Inertial component sampling rate 

‘0) Navigation amputation, namely integrations 
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IX. SPECIAT TOPICS

A COMPTIIER CHECXtr'UT

Provlslon must be mad.e for verlfylng nor:naL AGC operatlon by perforrlng
tnteraaL ecnaputer self checks. Some cheek proced,ures are ca:rted out

coatluuously, vhlIe others rre perfo:med. at speclftc tl-mes during a mlsston.

1 hqseparqflou antt Pre-Launch

Subsequent to wamup perlods the folLowlng coruputer eheeks are to be

madei

(") Fixed Memory Cbeck

Ihls cheek ls to be perforrred. by sunolng the contents of a'l L the
ft:cedl memory locatlons and conparlng w-1tb a pre-determlned. number.

(t) Artthrytlc. c.heek

A prograrned routlne r11l- check the fiEd.aeentaL arithnetlc operattons,
namely, add.ttlon, subtractloa, multlplleatlon r.nd cllvls1on.

(*) Pgve{ed P.haseg and ,CgastlnqPhases
Whenever tbe LS{ vehleJ.e le ln fIlght, the computer checkout pro-
ced.rrres wtLL luchde tbe artt@tle check as clesertbed. above.

In adAltfou, Partty Checks and Reasonableness Checks are requlred.
(u) Arlttuettc Check, as descrlbed above

(U) Parlty Cheek - The sum of al1 (but the laet) blte of a.rr tn-
striuctloa raord. ls eompared r.,'lth the partty (oaa or even) of the
laet btt,

(.) Beaeo[ab1erress Check - fhose eomputatlons carted out ou a
contlnuous baete provtd.e a reasonabloess check by kegplns
track of the "A- cltffefences" of sqle cffiputed. paraaeters.

If a pre-asetgnecl " A - d.lfference" threehold, is exeeed,ed. then
there le ale ludlcatlon tbat a fatlure uay have taken pJ.ace.

B. GUIDANSE },!oNITORING BS$IIQI'E

Elre basle feature of the nonltortng scbeme as proposed by I,ISC ld to d.etermlne

vlth earLy senstng, catastrophtc fellures. In thts sctteme clisplayslare
utlLlzed. ft 1s asgmed further that the crev vlIL have the capablllty of
vertflrlng the dlsplay. The uonltorlng coacept is {,rrplemented by cmparlng
the foLlourlng 1lke guantltles of cllfferent LEN{ systems:

1. TotaL Attltud.e
2. [otal. Velocity

(3

k 
11. mag, TOPICS 

A. 

B. 

comm c m  . 

Provision must be made for verifying normal AGc operation by performing 

internal canputer self checks. Some check procedures are carried out 

cmtinwusly, while others are performed at specific times during a mission. 

1. ire-Sepagatiog and Pro-Logic]; 
Subsequent to wannup periods the following computer checks are to be 

made: 

(a)  Fig m Check 

This check is  to be performed by sunning the contents of all the 

fixed memory locations and comparing with a pre-determined number. 

(h) Aritgtic Check 

A programed routine will check the fundamental arithmetic operations, 

namely, addition, subtraction, multiplication 9181 division. 

(0 )  Powered Phase; and Coasting Phases 

Whenever the LEM vehicle is in flight, the computer checkout pro- 

cedures will include the arithletic check as described above. 

In addition, Parity Checks and Reasonableness Checks are required. 

(a) Aritmtic Check, as described above 
(1)) Parity Check - The sum of all (but the last) bits of an in- 

struction word is compared with the parity (odd or even) of the 
last bit. 

( c )  Reasonableness Check - Those computations carried out on a 

continuous basis provide a reasoneblmess check by keeping 

track of the " A -  differences" of some computed parameters. 
If a pro-assigned " A - difference" threshold is exceeded then 

there is an indication that a failure may have taken place. 

GUIDANCE MONITORING m m  

The basic feature of the monitoring scheme as proposed by MSG is to detemine 

with early sensing, catastrophic fsilures. In this scheme displays,are 

utilized. It i s  assumed further that the crew will have the capability of 

verifying the display. The monitoring concept is  implemented by comparing 

the following like quantities of different IFM systems: 

1. Total Attitude 

2. {Hotel Velocity 



3. Altltude end A1t1tud.e Rate

h. Otrt-of-P1ane VeJ-octty

fhe usthotl of eonparlng these qra.ntltles and establlsb{ng a catastrophtc fall.ure
vlll, be epeclfled. tn a firture docl&ent.

Each of ttrc above nonltored quantttles w111 have two or uore lnputs that are

se1ected by the astroaaut. The requlred. quantlttes to be dtsplayed are:
1. L.B. Fonra.rcl Veloclty
2. ISC Fo:rrard Veloctty
3. m IOS Iir, Rate (SUaft)
l+. LR Istera]. Veloclty

5, IGC llateral. Ve}oclty
t6. AGS Latera]. Ve]-oelty

T, RB IOS A zlmuth nate (fnrnnlon)
B. IIvltJ Total- Attltrrde

Y. AGS fbtal- Attltude
10. IlB Range Along AJ.tttud.e Beaur

11. IGC Altltrid.e
*12. AG$ Altltucie
L3, LR Veloclty Along Altthrcte Sean

L4. IcC Altltud.e Bate
*1r. AGS Altltud.e Rate

L6. BR Range

If. XR R"nge Rate

*18. AGS AVx (Incremental)
x19. AGS Tota1 VeJ-oclty (Incrmental)
20. IGC Total Veloclty

t+ Strpplled. by AGS Computer

5t

I

3. Altitude and Altitude Rate 

1}. (hm-Wows Velocity 

The �Àatbed of comparing these quantities and establishing a catastrophic failure 

will be specified in a �¿xture document. 

Each of um u m  nonitorad quantities ufill have two or more inputs that are 

gleam by the astronaut. The required quantities to be display“ are: 

l. 
2. 
3. 
h. 

5. 
*6. 

7. 
8. 

*9. 
10. 
ll. 

*12. 

13. 
1h. 

*15. 
16. 

17. 
*18. 
#19. 

L.R. Forward Velocity 

IGC Forward Velocity 

m ms El. Rate (Shaft) 
LR Lateral Velocity 

mo Lateral Velocity 
AGS Lateral Velocity 

RR ms Az�Àhuth Rate (Ix-mien) 
m: Total Attitude 
AGS Tctal Attitude 
LR Range Along Altitude Beam 

me Altitude 
AGS Altitude 

LR Velocity Along Altitude Beam 

me Altitude Rate 
AGS Altitude Bate 
RR Range 

RR Range Rate 
AGS AVx (mammal) 
AGS Total Velocity (Incremental) 
Inc Total Velccity 

* Supplied by AGS Commuter 



C. Inttlallzation Proced.ures Prlor to Launch

A11 the baslc navlgatlon aad guldance courputattons are perforrmed tn Inertlal
Land.iag Slte Coordtnates. The CSM also eomputes and updates lts orbttarl
pararaeters relative to ttrls coordlnate system. Thls tnfor"mertion 1s transmitted
to LEtvl for the guid.ance couputatlons. PGNS cerlculatlons as well as the AGS

ealculatlons must be carrled. out ln thls coordtuaite system. Ilence, a trans-
fomation ls requlred (accountlng for vehlcle mlsorlentatlon, vehlcle shift
and. Iunlr motton) to erect aa iuertlal launch coor'dlnate system which coincldes
vith the tuertterl Landlng Slte Coordlnute system"

The followlng proced.ure w111 deflae the requtred transfor-oatlon matrlx. Thls
procedure w111 be presented. ln syubolic formr, whose detarils v111 be glvea 1n

forth coming docrments. TLre foJ.lovlng &cronyrns wlll d.eflne the vartous coordlazrte

systeur ortentatlons vlth respect to the Land.lng Site Coord.lnate Systen. Ttrese

are utillzed. to produce the requlred. luertial reference fraae.

LSCS

I,DSV

BAF

LV

BAFL

Land.ing Site Coordtnate System

Inertially measuretl Land.tng Stte Verblcal (as measured. vith vebicle
accelerometers)

3od.y Axls Frarne at nomiaal touchdor+a

Launeh Verttcal (as measured on lunar surface prior to liftoff)
Bod.y Axts Frame at Iaunch

fhe ftgure below synbolically shovs hov these eoord.l-nate systems may be ortented,.

LsCS (,,lgRrrr,- trRANlE)

6l

tsAF

tsAFL

Lcl

55

L. 
C. 

LV 

�¿gitialigation Procedures Prior to Launch 

All the basic navigation and guidance computations are performed in Inertial 

Landing Site Coordinates. The CSM also computes and updates its orbital 

parameters relative to this coordinate system. This information is transmitted 

to LEM for the guidance computations. PGNS calculations as well as the AGS 

calculations must be carried out in this coordinate system. Hence, a trans- 

formation is required (accounting for vehicle misorientation, vehicle shift 

and lunar motion) to erect an inertial launch coordinate system which coincides 

with the inertial Landing Site Coordinate system. 

The following procedure will define the required transformation matrix. This 

procedure will be presented in symbolic form, whose details will be given in 

forth coming documents. The following acronyms will define the various coordinate 

system orientations with respect to the Landing Site Coordinate System. These 

are utilized to produce the required inertial reference frame. 

LSCS Landing Site Coordinate System ‘ 

LDSV Inertially measured Landing Site Vertical (as measured with vehicle 

accelerometers) 

BAP Body Axis Frame at nominal touchdown 

Launch Vertical (as measured on lunar surface prior to liftoff) 

BAFL Body Axis Frame at Launch 

The figure below symbolically shows how these coordinate systems may be oriented. 

>~LSC$(|NERTML.FRAME) 
‘ “ >  LDSV 
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(*
The transforuatlons (nrter Angle Set) d.enoted by tbe bracketed. qutrntlttes, a.re

defLaed as follows:
Thrt transfonnation from I-SCS to BAF resulttng from the I.EM vehlcle
land.lng on lunar surface. (fne eurface terrain may tllt the vehicle
&xes from ISCS.

Thi:t transforuatlon from LDSV coord.inates to BAFrwhere LDSV vtIl
be ln error from the ISCS.

That transforuatton of Lunar motton (which tncludeo lunar rotattons,
llbratlons ete.) of the local vertlcal relatlve to I-SCS. fhis
transformatton ts clearly a fi:nctlon of tlme.

Thtt matrtx aceounttng for the shlft of the veblcle vhtle on the

luntrr surface.

Ttre overall transformatlon betveen LSCS at nomlnal touchd.own to
BAtr'L Just prlor to launoh.

The overal.l transformatton [U] may be r,r'ritten as

Irl = Ial tEU'l l^i
This compostte matrix v111 erect an inertlal frame at launch ld.entical to
LSCS. This prowld.es the requlred. uttllzatlon for the attltude reference eompu-

tatlons. The required. state vector for navigatlon lnltlaltzatlon referred to
ISCS may be computed. from:

Iol

lcl

Inl

Ir]

lrl

[rly:-^. = [r7' [, (
Deslred.

{vi**-,=Irl'lrJ- Deslred

BAFt for posltlon, and.

BAT'I,
for velocity

56
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[B] 

I F] 

The transformations (Euler Angle Set) denoted by the bracketed quantities, are 
defined as follows: . 

That transformation from LSCS to BAF resulting from the LEM vehicle 

landing on lunar surface. (The surface terrain may tilt the vehicle 

axes from VLSCS. 

That transfomation from LDSV coordinates to BAP, where LDSV will 
be in error from the LSCS. 

That transformation of Lunar motion (which includes lunar rotations, 

librations etc.) of the local vertical relative to LSCS. This 

transformation is clearly a function of time. 

That matrix accounting for the shift of the vehicle while on the 

lunar surface. ‘ 
The overall transformation between 1.808 at nominal touchdown to 

BAFL Just prior to launch. 

The overall transformation [F] may be written as 

[F] = IBHEIICT'N 
This composite matrix will erect an inertial frame at launch identical to 

LSCS. This provides the required utilization for the attitude reference compu- 

tations. The required state vector for navigation initialization referred to 

LSCS may be computed from: 

{pi BAFL xwvtromlihgfbTSRPNMIGCA= [P I - I  {P g BAFL for position, and 

Desired 

gvgm = [F] “EVE ML for velocity 
Des ired 
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D Inertlal t Compeneation

Inerttal coarponents ttave lnherent error drlfts whleh prod.uce errors in gyro
and. aecelerometer outputs, thus affectlng ettttud.e aad. navlgation. For

strapped-ciovn systems, the gyros are bod.y mounted, in a cluster arrangeueat.

fhe aecel-erometers are also uaounted. ln thls mi.ir4er. The fol].ovtng procedure

descrlbes a technlque for compensating these uowauted. eror clrlfts. Consld.er

a gyro whose eror d.rift, D ls the sun of the scale faetor error, S and. constant
bias, B,

Assrane there exlsts proced.ures for estlmrrttng B and S" Iret the gtrmo output
be expressed. as

Y=YD+B+S*IJ

vhere Yp Is the lrncontem{nated odtput slgnal *d rl ls a nolse component which
canrEle ecrmpensated for. L€t iCS = It f,, wblch ls the scal-e factor compensation
galn. 5 is a smal1 quanttty (to be determi.ned), whose stgn ts such as to
remove the deterrolnlstic scale factor error. For example gyro lncremental rr.rte
output muJ.tiplles Ift , &t belng tieintenral of the rate increment. A glmo

bias correctlon then removes the blers error. fhe rmalnlng signal should. be

si:ap1Y YO *,1 . The schematlc belov shovs hov thls gJnro eompensation procedure
Is mechaaized..

\/

SCAIE FACTOR
CORNECTION

Yr* tl

BrAS coRnrcrroN:. At

r

GNO EBNOR COIVIPENSATION

Compensatton for stmilar errors ln the accelerorneters proeeeds ln exactly
the same way.

GY(o K5

,.-,

D. Inertial Component Compensation 

Inertial components have inherent error drifts which produce errors in gyro 

and accelerometer outputs, thus affecting attitude and navigation. For 

strapped-down systems, the gyros are body mounted in a cluster arrangement. 

The accelerometers are also mounted in this manner. The following'procedure 

describes a technique for compensating these unwanted error drifts. Consider 

a gyro whose error drift, D is the sum of the scale factor error, S and constant 

bias, B, 

Assume there exists procedures for estimating B and S .  Let the gyro output 

be expressed as 

Y = Yb + B + S + n 

where Yb Is the uncontaminated output signal and'Y] i s  a noise component which 

can'ihe compensated for. Let Kg == 113, which i s  the scale factor compensation 

gain. 6 is a small quantity (to be determined), whose sign is such as to 
remove the deterministic scale factor error. For example u gyro incremental rate 

output multiplies KS ., Aft being theinterval of the rate increment. A gyro 

bias correction then removes the bias error. The remaining signal should be 

simply YD + ' q  . The schematic below shows how this gyro compensation procedure 

i s  mechanized. 

/ . 

GYKO W zwomlkihgfedaZXVUPMLJIGDCA" Ks YD+ q 
1’. 

SCALE FACTOR 
CORRECTION BIAS CORRECTIONH‘Art 

GYRO ERROR COMPENSATION~ 

Compensation for similar errors in the acdelerometers proceeds in exactly 

the same way. 
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Iist of Symbqlq ol__Prlnqltrra1 Varlabies:

b
Icsu' ftsu
T

+
a

r

t
t

c

r

estirnated posltion and vel-oelty of LElvl

esrimated posltlon and. ve.Ioclty of CSM

expe,?a?d time from non of rendezvor.us

pr--se.nt tlme
CSM epoch time
1,:me of vaiidity of radar range, & as d.etermlned

ma:rral-1y

LEX,I longitud.inal axis (r:nit vector)
coun+, :rf rad.ar points suppli:d

raw rad.a.z' estimate of LEtrrI's poslrior
'filte= welghts

angu-iar momentum vector of LEM, CSI'I respectlvely
horlzonba.I ve.r.celty of IEl,t

su:n orl var;ance of rad.ar measurements and. p*
LEtrr{ poslticnr velo'e.lty ccvarlances

thLa symbol- stands fo': any flxed. value

Sl- = 1 when new CSM epoch 1s lnput to computer

SZ = 1 when .rad.s.r data 1s present

CSM poslticn, veJ..ocl+,y veetcr at epoch

urlt v,-ctors at vehlcLes poln+"lng radla1iy, horl-
zontally ln pIane, and. peqpendlcular to orblt
pJane, forrnlng orbhogonaJ. trlhedral. Subscrlpts
d.enote us&ge: 1 = 1r LBvI ncrri L = 2t LBrI nor + T
secqrd,s j L = ct CSM at epoch.

seml.-latus rectums of IJ&{, CSM respeetlvely

\

K
-ft
P-a

*.
.I
*1'*z
h.hJ --c
v.h

2
o

P11tP12tPg2

K

9r, vr, !t

S.
J.

e
"z
r .i<,<

Cr

Pr P"

I-3
{g

ATEACHMEI'IT

LBvl Explicit Equation Flov Chart,s

PJP 

ATEACHMENT 

LEM Explicit Equation Flow Charts 

List of Symbols of Principal Variables: 

estimated position and velocity of LEM 

estimated position and velocity of can 

expected time from now of rendezvous 

present time I 

CSM epoch time 

time of validity of radar range, R, as determined 

manually 

LEM longitudinal axis (unit vector) 

count of radar points supplied 

raw radar estimate of LEM's position 

filter weights 

angular momentum vector of LEM, CSM respectively 

horizontal velocity of LEM 

sum of variance of radar measurements and p11 

LEM position, veldrity covariances 

this symbol stands for any_fixed value 

Sl 
S 

02M position, velocity vector at epoch , 

unit vectors at vehicles pointing radially, hori- 

zontally in plane, and perpendicular to orbit 

plane, forming orthogonal trihedral. Subscripts 

i = l, LEM now; i = 2, LEM now + T 

seconds; i = c, CSM at epoch. 

= 1 when new CSM epoch is input to computer 

= 1 when radar data is present 

denote usage: 

semi-latus rectums of LEM, CSM respectively 

1-3 
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4
I List cf SymboLs of Prlnci Variables (Continued.)

CY. CY,a
e.e,c
q,

c
o

J

1,fu
Ac

sem'-maJcr a:Kes of LEtr'{.. CSM orblts
eeceniriej.'.y of I&1, CSM ort.i,fs

IEl"l perilune -.f p:esent orbib
eOst of .)Pt. lm'Jn .rend.ezvOu^s

manru.L se;tlng (by astronau*,) of ltmlte of
rend.ezvous tlme search

llm1ts on rend:zv:us tlme I
pred.j.ebed. cent:al ang{a of CSM rlth respect
to the epoch posltion
predlcbed ve.locJ.+,y vee+,or of CSII{ at rend.ezvorrs

coslne of cent,ral. angle between LE{ (norr) and

CSM (at now + T secords)

sjne of af:resa.id. een,;raL angle

p-:.'t;e r:a'Llon c.ontrol Jldex
pe ricd of trlal +.:ans.fer orb.Lt

time '.o rend.ezvolls assoclated. wlth p lteratlon
par-"ial of p w:Lth respeet to fpjr.Ltia* vsloel Ly vecfor lncrrnent t,o eause

renciezv,)usr assa-;ia;ed. w1o"h bri-al 3
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aseoelated wl.,h tr1al i;lme I
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tlme T
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p::esent vei.oelty-to-be-gaute<1 for best rend.ezvous

time..to-rend.ezvoue fo: best rend.ezvous soiutlon
perlrr;,ne of besb rend,ezrrous orblt
lnd.ex contro.l-Ilnr %, Lrtaf T search lntenral

to
:I

lLz

P

Tp
dr

I1

yr

vt

q.1

e
c

?,

G
v

t'

C

o

L

t-4

5?

“
'

"
J

Q
'

 

Idstii'Symbols of Principal Variables (Continued) 

a a 
’ c 

e e 
’ c 

q 

m
 

.
1

?
 

I
-

a
'

d
‘

r
o

 
no

 
O

I 
I

-
3

’
d

 
l <

 

l-I
 

O
 

<
 

C
) 

1—
3 

re 
p 

o 
o o 

\ 

semi—major axes of LEM, CSM orbits 

-eccentricity of LEM, CSM orbits 

IEM perilune of present orbit 

cost of optimum rendezvous 

manual setting (by astronaut) of limits of 

rendezvous time search 

limits on rendezvous time T . 

predicted central angle of CSM with respect 

to the epoch position 

predicted velocity vector of CSM at rendezvous 

cosine of central angle between IEM (now) and 

CSM (at now + T seconds) 

sine of aforesaid central angle 

puiteration control index 

period of trial transfer orbit 

time to rendezvous associated with p iteration 

partial of p with respect to I? 

initial velocity vector increment to cause 

rendezvous, associated with trial T 

final velocity veetor increment for rendezvous, 

associated with trial T 

total veLocity magnitude required for rendezvous, 

associated with trial time T 

perilune of transfer orbit associated with trial 

time T 

cost of rendezvous associated with trial time T 

present velocity-teabe-gained for best rendezvous 

timeuto-rendezvous for best rendezvous solution 

perilune of best rendezvous orbit 

index controlling as, trial T search interval 
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lntegral. of thrust acceleratlon
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velecLty :eq.u1:red. for lnrklng orblt lnserblon
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tlme to englne ,:nr,off

tlme to descent sect.ion staglng
eompu+"atlon cycle tLne i.ntenral
+l- or --L d.etrnnd.lng on whether lncreased or
decreased. :ner;laI velcclty ls requlred
des lred a.r.t,i:ud.e acceleratlon
yav velceity error
d.esired pJ.teh and yaw attltud.es
desi.red. p,-rln+"j.ng d.lrectlon of IB,I thn:st
veet:r (rrn:t ve.:t:,i)
engin:; ON/OFF s:'.gnd.t-. 6.i. = I when englne OI{

d.escent seetiorr staglng s.lgna1. 6, = i after
stag.lng

reie';.i.ve posl.',:in vecborz 
&SfU - I

magnlr,ude of & a6 meaaured. ty the r:adar

ra'f,e of eha-nge cf B
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rate of change cf LSrl and. CSM a1ttLude
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total velocity magnitude reduired for best 

rendezvous 

predicted IEM burnout altitude rate . 

predicted LEM burnout altitude 
. \ 

- index sequencing trial xwvtromlihgfbTSRPNMIGCAI logic 

integral of thrust acceleration 

AN capability remaining in LEM 

velocity required for  parking orbit insertion 

thrust acceleration from accelerometers 

time to engine cutoff 

time to descent section staging 

computation cycle time interval 

+1 or -1 depending on whether increased or 

decreased inertial velocity is required 

desired altitude acceleration 

yaw velocity error 

desired pitch and yaw attitudes 

desired pointing direction of IEM thrust 

vector (unit vector) 

engine ON/OFF signal. 51 = ,1 when engine 0N 
descent section staging signal. 8 = i after 

‘5 
staging 

relative position vector, ECSM - 5 

magnitude of E; as measured by the radar 

rate of change of R 

lunar gravitational constant 

rate of change of LEM and CSM altitude 

. CSM central angular rate 

integer number of orbits in transfer 

galtitude rate after f irst impulse 

velocity vector after f i rst  impulse 

velocity vector a t  T 
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GRUMMAN AIRCJRAII'II ENGINEERING CORPORATION 

IEM Engineering Memorandum 

IMO- ShO - 211 
13 January l96h 22/51, 

From: E .  Gorczycki 

To: R. Kress ' 

Subject: A.  MS MATH MODEL: KINEMATIC RELATIONSHIP BETWEEN LEM ATTITUDE 
ANGLES ZEUIER ANGLES} AND IMU PICKOFF ANGLES. 

Purpose: 

WMf» ' This memorandum constitutes an initial input into the large-scale effort of “I; 
F - generating math model implementation equations for the Full Mission Engineering � ¿‘ “  
M M  Simulator (FMES). Whenever a math model'is presented in any memo issued by the “ �¿té 
W author, an honest effort will be made to search existing literature to avoid M 71"“ 

2, duplication of work and‘to ive ro e credits to authors of existing memoranda W 5 !  7% 
. on pertinent subjects. Besides, regerences to existing literature will serve as 3 %  

1L 
1 m , an excellent bibliography to substantiate the math model validity and compatibility 
W ‘  with system operation. As additional memoranda are generated on the subject of ~ 

f‘": FMES MATH MODEL implementation equations, they will be issued as supplements or . I] 
A m  addenda to the memorandum bearing the present reference number. Consequently, all zwomlkihgfedaZXVUPMLJIGDCAm 
7" FMES math model implementation equations wil l be identified by a single memo ‘ 

I W reference number but will be differentiated from one another by successi’Ve letters. M 

‘4“ 15.4.. No analytical derivations of results will be presented in these memoranda at l . 
' this time for reasons W 1  be presented in their complete 

form in a final FMES engineering po . ” j g / ” ( M  /.I‘f/- xwvtromlihgfbTSRPNMIGCAé ‘ m “A“ M 

M ' ‘n 
The FMES MATH MODEL of the resent memorandum is preceded by the letter 'A". M R ,  

M90. The subject covers the implemen tion equations of the kinematic relationship The 
Match? between IEM attitude angle, als referred to as Euler angles and IMU pickoff angles. 111’ 

W M  

:23 LM0~€¥O—/£°  of 1.1:, 
M e  arrangement of the Inertial Measurement Unit 441‘. 

The IMU gimbal case is  mounted on the Navigation 4»./ 
Telescope whose function is  space-alignment of the 

t ion i s  derived from three 25 s ize Inertial Reference/�Àaw 
depicted by the large X, Y ,  Z units on the stable I 

x ,  y, 21 units in the same figure represent three 
dulum Accelerometers (PIPA) which measure the , 
rtial reference coordinate system is  maintained by (3 0’0. 

It 

M was: Physical Description of the I 

$0 ‘ ‘ 
W 22 Figure 1 shows schematic 

’ (IMU) as i t  applies to the 
“ �Àop cc Base together with the Scanni 
M 41M IMU. Inertial space stabiliz 
M . Integrating Gyroscopes (IRIG) 

member in figure 1 .  The smal 
23 my}: 16 size Pulsed Integrating Pe 

—- specif ic force. A desired in 
� ¿g  isolating the stable member f LEM motions by means of servo-controlled gimbals - \ 

. which support the stable memb ' 
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ftre It-dJ glnballlrrg conflgpratlon nlght be couonly rGferred to ae rrpltch-on-
the-
zerg
axls

tnelde". lfhe a:cta ortentatl.on of the IMI le. eueh that nlth alL glnbal. anglee
glmba} a:ces orthogonal), the ttrner axtE (Y utlL be allgnecl wtth the LEt pltch

tronaut ) the nldctle a:cle (Z) wfU be allgned wlth the LEI,!

the oirter glmbal axfE (X) along.the LEM ro11 axls
referral to the IIB{ reference coordlnate system

to the astronaut ln the Eanner whtch was Just dlscussed. Ehle
ls clearly shown tn ftgure I.

Pltch and yaw axee heve unltmltecl angular freedom. In the rrpttch-on-the-1ne1de'r

conflguratlon, the IMJ voulcl e:rperlence glmbal Lock lf the IjE],{ ntclclle gtmbal reaches
nlnety degrees; actualIy, the nlttctle glrabal angle te netntalnedl to lees than 7Oo.

Conventlons and Deflnltlon of Terma

Ttre conventlona whlch erc used tn the gcncretton of thc nath noclelE for the
FMES are conalstent wlth thoEe currently tn uec. The IMI glmbal angles, for
lnstance, are reckoned from the conclltlon where the glmbal- axes are tnltlaIIy
orthogonal ancl are deftned eE followe, 

;rJ-. / ",f^-fr
IIvIIJ Inner Glnbal Ang1e. llhe angle formecl by the Z axl,a of the mld.d.J.e
glnbal., Q4g| and tbe Z a:clg of the atable member, Zgy. [he angle 1s
meaeured 1n clegrcee from \rp to ZSM as Ehown ln flgure 1.

IM, Mldd1e 'Olnbal Ang1c. l[hc angle formert by the X axls of the outer
glmbal, )hgr and the X axts of the mlcldle glmbal, Xyg. Ttre angle ls
measured 1n clegrees from &O to &C ae ehown 1n flgure 1-.

IMU Orter Glnba1 Angle. Ihe angle fotuecl by the Y axle of the glnbal
caserYgg and the Y axls of the outer g1mba1 Y axts of the outer glmbal
Y6r6. Ttre a^ng1e lB meaeuretl ln degrees from Ygg to Y66 as shown ln
flgure I.

LElt{ attltucle wlth reepect to a eet of lnert be ctfled.
1n accordance nlth the eequence of rotatlons: )

)
t

,{" ffi,J
-*f .

\c

\rc

Aoo

spe
@J

shen referred wtth reepect to the aetroneut. I
and ro11 (/) when referred wlth respect to the bod.y.
body axee baeed on tbe sequcnce of rotatlone, plt , ro11

yav (()
of LEIorlenta

yaw a8

t ) t

ted. to
the astronaut te aholrn ln flgure 2. By tEI,l angles are deflned
wlth respect to the aetronaut ae foLLovs:

LU\ - eh_/(o

fi Drrer yav an!\,
. - - -'.--\e Errler :altch angtre \ 4r^

V ---u,rrffir.ry\_:3-;
FWf\"

,o -.r,

h",,
>^1J

21

t""L r4.*,, til,;/, ,,*t
ttel ,d-r_ile
kr..^&Lh n MSAW*

c

uao-5uo-211 » ' Page 2 ' 

"""'FM"“" " ....,. 3"ZWZ'3'§;Z:}ZZ"W"""""""""mu """ 

The 1141 gimballing configuration might be comonlyreferred to as "pitch-on- 
t e- -inside“. The axis orientation of the IMU is such that with all gimbal angles 
ze o (gimbal axes orthogonal), the inner axis (Y) will be aligned with the LEM pitch 
axis "(astronaut it . ; : also), the middle axis (2) will be aligned with the LEM 

. : \jend the outer gimbal axis (X) along the LEM roll axis 
- . equent referral to the LEM reference coordinate system 

. . - t to the astronaut in the manner which was Just discussed. This 
is clearly shown in figure 1. 

Pitch and yaw axes have unlimited angular freedom. In the "pitch-on-the-inside" 
configuration, the IMU would experience gimbal lock if the LEM middle gimbal reaches 
ninety degrees; actually, the middle gimbal angle is maintained to less than 70°. 

Conventions and Definition of Terms 

The conventions which are used in the generation of the math models for the 
FMES are consistent with those currently in use. The IMU gimbal angles, for 
instance, are reckoned from the condition where the gimbal axes are initially 
orthogonal and are defined as follows: t [994, {a 553/ . 

I 

AIG IMU Inner Gimbal Angle. The angle formed by the Z axis of the middle ' ; 
gimbal, ZMg} and the Z axis of the stable member, Zsm. The angle is 
measured in degrees from ZMG to 26M as shown in figure 1. 

AMG IMU Middle Cim‘bal Angle. The angle formed by the X axis of the outer ‘\ 
gimbal, X05, and the x axis of the middle gimbal, XMG- The angle is 
measured in degrees from xMG to xOG as shown in figure 1. 

IMU Outer Gimbal Angle. The angle formed by the Y axis of the gimbal 
case, YGC and the Y axis of the outer gimbal Y axis of the outer gimbal 
Yog. The angle is measured in degrees from YGC to YOG as shown in 

‘ figure 1. 

LEM attitude with respect to a set of inerti ference axee. shall be specified 
in accordance with the sequence of rotations: �À 9) roll__ )(and (£5) 
when referred with respect to the astronaut. is“ seque e-I’i’s" p tch ( yaw ( ), ‘ 
and roll (¢) when referred with respect to the body. e orientat n of 1 
body axes based on the sequence of rotations, pit h, r011 yaw as r ated to ~ 

\ 

the astronaut is shown in figure 2. By conventio ELEM atti ude angles are defined 
with respect to the astronaut as follows. xwvtromlihgfbTSRPNMIGCA > 
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fhe subacrlpts ln flgUre 2 ilanotc tlrc orteutatlon of the lffZ trtact Juat
fc r-.l"ovlng a rotatlon tR the or{cr: Tl;" l* -jr/(r) pltch (e)

( a) ro]t 'W)

(s) yer (i)
of rotatton vouldl
ttonal operattona

t tld ,/4- r@rWl correeponcllng
d+ar*&'-'- ?t^J4e

Dlfferent Bequencct
a renumbertng of the rota
flrst rr:tatlon and Bo on.

roqutrre e re
wlth runber

-dlrertng of ftgure 2 vtth
ti I ll to the

tl", ha;
*JL-

A fNffs

C"*, k
,4<*4/,

f,tilJ/
t"' i' Tables II ancl III show clearly the Juetlflcatton f,or the cholce of sequence' (c
of rotatlone: pltch, rolJ., yav for the IW conflguratton ehown 1n flgure 1,

WJhn"o
t{/* .fota
'/)lq4balonget (l ,'l .l:espe

scrffine:.e

4r-{
For thls cholce of aequence of rotatlons, the E\rler angles tranefolxl dlrectly
IliU plckoff angles and vlce verea. Note that for any other sequence of

t1on, an lnteractlon between glmbala takes place ancl the transfortatlon 1s tro /?d.-r dlrect. It 1s obvlous that for the sane ortentatlon of the LB,t bocly vl't ir

WA;
taqct to the etable member reference- axeci, the rnagnltutle of correspondlng !tuler'

s dlffers for

alhA a4U2
l"{ath Mode1 "t* \w,.ctra_<l-c4.

ang-Le transT[e math uodel of the actua]" Etr]er angle to ktnenattc IMJ plckoff

A. Ualsh Dtst. Irtsta D &E (one coPY)

t)%
ruformatl.on 1s ghosn 1n ftgure 3. Note that the ctouble-ended arrow denotee that the

Lransformatlon 1s reverelble.

(:e i E. Stern E. Ntchola
Et*.1

T'* u r/:
L*, A-.

7c--t
9ye. Anal. & Integ. Group Ieaders
Eya. lnal. Peraonnel

/ t" d,- n *r"-

q er,aa4 ; il-.

a.- 42L.c4r

M. 0lstadl

oA-^/* b,-*adz" 6fi Aar'/

/
X"ti;'Lt\nn

%ryfr

/J[10-svo ./Lt/ Table I tabul.atlon of trenafonutton matrlces of

Table III shose the lnverse transfotmatton eguattone from Il'lLI klnenatle

hvLt- t^
apgles tr: actual Euler anglee for the IMJ conflguratton shown 1n flgure 1.

4
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The subscripts in figure 2 denote the orientation of the XYZ triad Just 
following a rotation in the order: . A “  t I 

( l )  pitch (0) TM - 0;. E I a 

(2). roll '(w) W3 gum-�À; Lure... “,5 

0 

Different sequences of rotation would require a re-drawing of figure 2 with 
a renumbering of the rotational operations with number "1" corresponding to the 
first rotation and so on. (”M Mo 2%.. ‘wrta/ W 2 

MW 5”“ ’40 Table I presWtion of transformation matrices of the LEM body axes ’9 �¿ts 
in their final or ntation (denoted by the "3" subscript) with respect to the a 
stable member axes (denoted by the "O" subscript) for different sequences of Wm 
rotation. Thus, in the t ansformation matrix of table I based on the sequence of 

I rotations pitch, roll, yaw, the first row of the matrix represents the direction , M A  
M “  cosines ofkthe 3: body axis with respect to the stabéetmember s .  A similar dis-,1 

“1“" cussion applies to the Y and Z axes- .494»— 4 w e ;  

W ”  1:}: Table I I  shows the transformation equations rom actual Euler angles 0 zwomlkihgfedaZXVUPMLJIGDCA‘ 

W kinematic pickoff angles for the IMU configuration shown in  figure 1. Kinematic 

273.994.; pickoff angles differ from indicated pickoff angles by the amount of  error ritro 

7m 5 duced by the sensing and display devices. 71,}, M ,4; «44’ 

Table I I I  shows the inverse transformation equations from IMU kinematic pickoff 

L. angles to actual Euler angles for the IMU configuration shown in figure 1 . 1 : !  

“1%“? Tables II and III show clearly the Justification for the choice of sequence \\ A 
W of rotations: pitch, roll, yaw for the no configuration shown in figure 1.  5 %  

For this choice of sequence of rotations, the Euler angles transform directly / 

into IMU pickoff angles and vice versa. Note that for any other sequence of ,Xé, 

orotation, an interaction between gimbals takes place and the transformation is  no L. d 

Wlonger direct. I t  i s  obvious that for the same orientation of the LEM body with / ' " 1 

' ~respect to the stable member reference axes, the magnitude of corresponding Euler IR“ 

M u l e s  differs for the different sequences of rotation. ,4 

M W # M  W 
mum A LEMW“A : . 5 4 5 M 5 % � ¿ 

The math model of the actual Euler angle to kinematic IMJ pickoff angle trans-“kw 
formation i s  shown in figure 3 .  Note that the double-ended arrow denotes that the M4,}; 

transformation is  reversible. M l 

. .  r” —----.e . ~ \ _ -  

cc :  E .  Stern F. Eichols I lka M”? J0; ‘ 
A. Walsh Dist. Lists D 8. E (one copy) “14 
M. 01stad Sys. Anal. 1:. Integ. Group leaders . M . 
W. Kozak Bye. Anal. Personnel M ‘ ’1. 12;“- 
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LEM TECHNICAL MEMORANDUM 

MATH MODEL OF INERTIAL MEASURING UNIT(IHU) AND COUPLING 
DATA UNIT (CDU) 0? L31 PRIMARY GUIDANCE AND NAVIGATION 
SYSTE’I 

A. v. Iluzuk 

R. Fleisig 

This report 1's submitted in partial mlfillment of 
Task xwvtromlihgfbTSRPNMIGCA29.2 as described in LEM Project Engineering 
Menorandnm LZSO-MO-BS-E dated 7 May 1961.1. The work 
was perfomed by RCA under contract to GAEC on their 
purchase order number 2-18826-0 (MAS-94100). 

This document describes the mathenatical model which 
has been developed to simulate the operation of the LB! 
Inertial Measuring Unit and the Coupling Data 
Unit. The model described is basedoon the D40 and 
(DU designs as of 15 June 1961;. 

d7/ 
o o In 

mm RCA 
“a. Fleisig (1.) mm» 
O. Sullivan A.  Schneider 
R. Phagan W. Johnson 
J .  Kmiecik J. Quinn 
E. Gorczycki A. Luau]: 
S.  Greene 
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um noon.- er um on can FDR ms 

mmonucnou 

In order to generate a finished nath model of the no and am 

suitable for ms, which is to bar performed in real time, it is necessary 

to have a specification of the time alloted for solving the equations 

defining the NU and CDU in the computer, the cmputer storage allocated 

to this block of equations, the digital computer operating speed, and 

m a  knowledge of the executive routine which will be used in the 

inplunentation of the full simulation, and the characteristics of the 

analog equipment and the associated converters. The performance 

'functions of devices such as the inertial reference integrating gyros 

and the pendnlous integrating gyro accelerometers contain time 

constants of the order of l millisecond. 

Before a decision is made to include the effects of these sisall 

time constants (high frequency dynamics), an investigation of the round- 

off errors resulting from the necessarily diort integration interval should zwomlkihgfedaZXVUPMLJIGDCA' 

be investigated. ‘lhe Math Model of the um and CDU presented here 

neglects the high frequency dynamics mentioned previously as well as 

,the servo stabilisation drive dynamics. The model assumes that the 

coefficients (mass unbalarnes, etc.) necessary to generate the mu 

platfom driftnnatrix will be available. A 
The model generated is preliminary in nature but will serve as a 

starting point for further additions or corrections. me various modes 

of the mu will not be analyzed at this time. his purpose of this morandum 

is to develop a simple, compact representation of the mo that will be 

useful in the 138. Standard GAE!) L84 nomenclatire and sign conventions 
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will be used when they are known. 

HINCTIONAL DESCRIPTION OF ' �¿lE LEM INER‘I‘IAI. MEASURING UNIT 

The Inertial Measuring Unit (mu) is a three-degree-of-freedom 

stabilized platfom assembly consisting of a stable member, 3!, (inner 

gimbal), three gimbals, gimbal mounted electronics, and six inter- 

gimbal assaublies which house torque motors and resolvers. The 

mu is deeimed to provide a space reference for the stable member 

regardless of spacecraft motion. 

The space reference for the stable mmber is established by the 

use of three single degree-of-freedom gyroscopes (IRIG) with their 

input axes mutually perpendicular mohnted on the stable member, and 

aligned along the stable member axes. Each gyro and its associated 

servo drive is used to preserve angular fix‘ity with respect to inertial 

space. In addition,to the three gyroscopes, three angular differentiating 

stablembers (ADA)which sense changes in the orientation of the 

stable member, are used to stabilize the torque drive loops by extending 

the bandwidth without presenting the severe noise and stability problems 

encountered when passive (lead - lag) networks are used. The dynamic 

effects of the stabilization loop discussed above are not considered. 

three pendulous integrating gyro accelerometers (PIGA) with their input 

axes mutually perpendicular are also nounted on the stable master 

and along the stable nanber axes to sense the linear non-field acceleration 

- of the stable member, i .e. ,  the accelerometers measure the components 

of the vector specific force with respect to inertial space along stable , 
) H ‘  0 " 1 4 ‘ ? ‘  

. axes. he outputs of the PIPA's (after processing) are pulses 

and the amber of positive or negative pulses counted in a time interval 

is proportional to the velocity increment increase or decrease accumulated 

v.3" . 

A153,. . , 7  

5 ‘ 3 2  



I . Lm-(B)-1029-1 
Page I: of 114 Pages 

in that tins interval. ‘ 

Each inter-gimbal assembly contains a ginbal angle resolver (er - ‘ 
reeolvers for fine and coarse data outputs) to indicate the orientation 7 

of the stable mother with respect to the LEI bodv. The pesolvere 

provide gimbal angle information. 

FUNCTIONAL DESCRIPTION OF THE LE4 (DUPLING DATA UNIT (CDU) 

The purpose of the three Coupling Data Units (come) is to connect 

the IHU to the LEM Guidance Computer (1.60) and to display DIU angular 

data to the astronaut. The various modes of the mm: will not he . 

considered. The 000's are all unterchangable. 

The CW inputs are the IHU gimbal angle signals indicating the 

angles of the inner, middle, and outer gimbals, and the digital signals 

from the LGC which position the inner, midcne, and outer CDU resolvers. 

The CDU outputs are the digital signals to the LGC which indicate 

changes in the position of the CDU resolvers and the delta angle 

(mu to CD11) signal representing the difference between the IMU ginbcl 

angles and the CD0 resolver angles. 'Ihis signal is supplied to the 

resOIVer network for attitude control, to the nu: control panel for display, 

and to the coarse align amplifier. ' 

INER‘I‘IAL MmSURING UNIT MATH MCDE. 

The initial stable masher axes, 334°, 1840’ and 23,6 font a 

righthanded orthogonal coordinate system aligned with the LEM body _ 

axes at the instant the stable platform goes inertial. 

lhe LEI! body axes, ID, 18’ and 2B form a righthandsd orthogonal 

coordinate system fixed to the body. The positive XE axis points in the 

direction of the astronaut's head measured from his feet (ItB axis 

is astronaut 's yaw axis), the In axis points in the direction of 
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the astromt's extended rigzt arm (YB axis is astronaut's pitch axis), 

and 1B axis points in'the direction or the astronaut's nose points (zB 

axis is astronaut's roll axis). Figure 1, taken from ems LB! I'hgineering 

Memorandum nae-51.0.160- mam dated 29 Novanber 1963 by J. E. Kmiecik, V 
Systans Analysis, depicts the 1.34 bow axis. 

The IHU‘is actually attached to a navigation base which is a 

1‘. ‘ structural part of the guidance and navigation systen. The navigation 
the 

base is designed to provide a rigid supporting structure BBrAmU 

and Optical assembly so that a precision aligment of these units 

may be retained. ' I t  serves as a shock mount and as a seal of the 

spacecraft interior at the optical instrument opening in the LEM 

vehicle wall. The transformation matrix from navigation base axes ( 

to LB! body axes will be neglected, ie, the matrix will be assumed to 

‘ be an identity matrix. I 

Host of the transfomations of coordinates can be expressed as 

the product (composition) of simpler transformations called rotations. 

It is convenient to define the following elementary matrix rotations: 

/ O O 

f, (I ,4) = 0 W A  M A  , 

O ”am/1 coax/4 
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IItaeee rotations represent geometrical rotations which are all positive _ 

according to the ridat-hand rule for rotations when the argument 

A is positive, and each rotation has the same magnitude as the. magnitude I 

of the argument A. The inverse of any of these transformations is 

obtained simply by changing the sign of the argument, i.e., ' 

[f 00]" = if“) 
Consider now an ideal stable member, &.e., the gimbal angles are 

equal to the Baler angles. 'lhe relationship between the ideal stable ' 

'member axes and the body axes is a function of the Baler angles 0, 

¢, and y , defined below. A rotation of 0 about Is; , a rotation 
o 

of I about the carried position or Z , and a rotation of ¢ about the 340 

final position of x carries the stable member axes parallel to the body 
340 

axes. 'lhen by the definition of the matrix (Stable Member Axes 

to LB! Body Area), 

[“453] =[�¿(¢)][5(w][fr{e)] ‘. V (I) 

. «med 

I [BA"“HH-e �À�Àitsu�À�¿em] 3 o” 
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Mending equation (2) yields: 

“(”0049 ‘ M ¢ w 9 m ¢  M V W 9 M ¢  
+M¢M9 +44)“; cog/q) 

[85'5"] = M9” W ¢ m ¢  -a>~45 W41 
#44»! 4 
M W  

-MQ WW W¢M¢m9 - M G M ¢ M ¢ ’  . : '1‘ 

_ + M ¢ m 9  + m e m ¢  1.1; 

For n non—ideal (drifting) stsble platform the (B to 34) matrix is A v 

expressed in terms or the inner, middle, and outer gimbal angles - 

Am, AMG' and A00 respectigely. The (B to a!) matrix for the non- 

ideal platform is obtained by replacing 9, I, and ¢ by AIO’ 

- 510’ ‘00 respectively, in equation (3). 
!_ . 

cow/9m m�Àzc, “AM ”no WAIG Coo/’06 M14"; an A1; MAO; 
* M A O G ‘ M A I G  +MAIG “A “  

[8&5’7] = MA,“ m�Àog GMAmé . ‘MAOG “#516 (y) mam-M 

'MAzaM/qm MAOGMANGMAIG “MAMMA"GM'4°6 ' i; 

4340'“ A06 WAIG  +60¢I416 606A” '__l 
I—u— 

In order to detemine the gimbal angles, it is necessary to obtain 

an expression for the angular velocity of the LE! body (seemed to be 

rigid) with respect to the stable member in gimbal angle rates, and in 

components along the orthogonal KB, YB, and 2B nos fixed in the bath. 
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.‘ . wB-SM _ :- angular velocity of the LE! body with 

respect to the stable number 

110,1”: zwomlkihgfedaZXVUPMLJIGDCAI I?" - unit vectors along XI? 13, and Zn 
‘ " ;; , ' ‘ ~ body axes, respectively 

1’5"] 1/3“ I 1’; - unit vectors along the inner glam 

' (stable nanber), middle ginbal, and 

outer gimbel axes, respectively. 

me unit vectore are in the directions 

of the ginbel angle rates and are not - 

orthogon�À. 

mpg-”gin; 605.941; tom of components along 1x, I 1);, / 1 25 and 1536/15“ ’12“ 

coordinate mm: I 

“18‘5” = w X .  1’8 fwyb Iy, fwz‘ I10 = A16 1‘26 + A H 6  L �¿séfléoc IA“ I (:)3.. 

Taking the dot product- indiceted below: 

50’ 41:20 = III-1W,“ (JIM-ImM/Iel) 
_ V . Mg, ( I I ,  ' Jigs ) xwvtromlihgfbTSRPNMIGCA+ wya {1-75 ' 1/415) + 6&8 (1-33 . ‘1}:6) 
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'91 ° 15'» = A1665”? ' 1A“)* ’4’“ (114,1 He J‘HG)+/ia‘ (1:40.22. 

L . wxa ( L a  ' I i “ ) +  wk (1”: ' 1:3,“)7‘ wig" (1—35.30:)- 

k _ o 
H. ‘ J 

Zia-«5M ' L u z / 4 1 "  (fitted IA“) f [4’75 (111% 1AM) + A09 (2:495 1“”): 

wxe (IX; ' IA“ )+w)é (I)? ' #66) +602, (1—35 ‘1‘}306) 

Subatitutingthe values of the dot predicts, into equation (6), (7), 

and (8) and solving equatione (6), (7), and (8) eimultaneouely, 

yields: . - 

° 404/405 -M/406- 

Ara _ wya m )  7‘ Mi; { WANG-  ) ‘ (9) 

IéM�¿ : wYe ( m  1405) 1“ wéa (Amt/405) I - (/0). L 

A06 ~ wxa + w%(m,qog�¿m�Àne)+ a/gb (M �Àae�¿a�Àns)_ 

m angular Velocity of the LE4 body with respect to the stable menber 

resolved along body axes may now be transformed into gimbal angle 

rates by means of the LB! body to ginbal angle axes transformation 

given below: 

. Coo. A05. - A m  1406 T 0 wits 
Ara . m Ana m Am; _ 

- O Am I406 M A O G  
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The preliminary nth model of the not (mu) is shown in general tone in 

we 2. me basic inputs to the math model are the vector specific. 

force of the LEM vehicle with respect to inertial space resolved alctg 

vehicle with respect to inertial space resolved along LEM body axes, 

w;  I . The effects of the angular accelerations with respect 

to inertial space are not considered in the basic model; however, the 

linearized input and output axis equations for the IRIG and PI‘PA 

will be developed to show that the angular accelerations influence the 

outputs from the IRlG's and PIPA'a(not included in this report). 

The outputs from the math model of the LB! (MU) are the inner, 

middle, and outer gimbal angles and the components of the velocity 

incrment accumulated along the stable nehber axes during the tine of 

one computation cycle {[ti- 1‘4- 1]) e 

2316 vector specific force, 7?; a 8—1 
manber coordinates (£853. ) by means of the LE! body to stable 

, is transformed into stable 

mother axes coordinate transformation which is a function of the (mu) 

gimbal angles. me drift computation determines the angular velocity 

of the stable member with respect to inertial space resolved along 

stable member axes, [(2:71 , (stabilization drive dynamics are 

assumed to be rapid with negligible error), This angular velocity 

my have be resolved along body axes ( 6752.1 ) and combined with d 

the angular velocity of the LEI body with respect to insrtialiapace 
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resolved along both axes, Z536;- , to obtain the angular velocity 

of the body with remect to the stable nenber resolved along body 

axes, zwomlkihgfedaZXVUPMLJIGDCA£73.. 5" . [ll—gt," "may then be transformed into components 

along the gimbal angle axes to obtain the inner, middle, and outer 

gimbal angle rates, 310’ 3H6 and 100, respectively. The gimbal 

angles at any time may then be determined by combining the initial 

gimbal angles with the time integral of the gimbal angle rates. ’ 

The stable platform utilized for 1.34 has only three gimbals ,and 

therefore, it does not possess an "all-attitude" capability, 1.0., gimbal 

lock may occur when the gimbals are coplanar. 'lhe gimbal lock logic 

will provide an indication when ginbal lock occurs and the an, ‘M0’ 

and A06 gimbal angles cannot be used when this condition occurs. 

The actual 1140 has a switch included on the middle gimbal axis to 

signal the astronauts when the middle gimbal angle exceeds 

plus or minus 60 degrees. If gimbal lock does not occur the gimbal 

angles AIG’ ‘HG’ and A00 are merely passed through the gimbal lock 

logic block which will have a unity transfer function for this condition. 

‘lhe gimbal angle irlfmmation is fed back to all coordinate transformations 

which are a function of the gimbal angles. I - 

me vector specific force of the body with respect to inertial 

space resolved along stable lumber axes, which was discussed previously 

is. the force which the three orthogonally mounted PIPA's sense. 

The output of the PIPA's is proportional to the velocity unreelmt 

increase or decrease accumulated in the time interval under i 
i 

consideration. ‘lhis increment is a function of the accelerometer scale 

factor, Kx’ Ky or K2, the wnponent of vector specific force along the 

‘: 
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. « 4 “  >A, ' . , ‘  ' 

particulu- eteble member axis, 2 , r , or r , the accelerometer 
‘9“ ’91 ‘31 

bite, b , b , or b and the time interval under coneideration 
‘31 ’34 '34 

(t1 - t1 - 1). The outputs from the. (11411) math model are the three 

measured ouponente of vector specific force along stable member 

axes and the stable platform gimbal angles. 

DRIFT RATE (DHPUTATION x 
y. 

The drift rate of the stable member with respect to inertial space 

resolved along stable member axes may be determined by equations 

(13), (11;), and (15') given below: 

‘ we.“ 2, mr, [13,, +12% mg [1.31,- r::]   

w“, = 5 xwvtromlihgfbTSRPNMIGCA+ my [ 12:; 4:2] + "SJ-.131,- £i2'J 



~ LII-k e) diva-.1. 

”"ndnmesrl 

when 

‘ 6L6“) wall, I 400,4, I angels:- retes with respect to inertial 

space about the output axes of the X, I z 

and Z IRIG's, respectively, due to rendm "I 

drifts and mess unbalance: clung the 

gyro input and spin axes. 

f'f-i zwomlkihgfedaZXVUPMLJIGDCA ' PX , Ry ) R2. - random drift with respect to inertiel 

‘ H » specs about the output axes of. the I, I, 

and Z IRIG's, respectively. 

MIX xwvtromlihgfbTSRPNMIGCA, NIy 2 MI1L - drift coefficients due to ma autumn ."‘-';;-;;}': 
_ I along the input axes of the I, I and Z 

IRIG's, respectively, in (red/sec. per 

U l unit of vector specific force along the I 

spin axes of the X,  I and Z IRIG's, 

respectively.) 

MSx, M5)! , M5: - drift coefficients due to mass nnbelenee " 
along the spin axes of the 1 , 2 ,  and Z 3110's,x 

i -  ' respectively, in (rad/sec. per unit of vector 

specific force along the negative input axes 

of the X, Y and Z IRIG's, respectively). 



“to analog converter to convert the approximated sine of the difference between 

Pegs ll: of 1b I’egesff“? f 

195x I I3” ,I95; - unit vectors along the spin axes of 

the X, I and Z IRIG's, repsectively.’ ' 

I?" , .1.n J I?“ - unit vectors along the input axes of thefifL 

1 , !  aid 2 IRIG's, respectively. 

The input, output, and spin axes of the moi. are sinp related to the 
stable member axes (neglecting stabilization drive dynamics). The exact 

orientation of the inertial elements with respect to the stable member axes 

has not been determined (by the writer) and therefore the coordinate trans- 

formation between these coordinates has not been specified. When the trans- 

fomtion isdetermined, xwvtromlihgfbTSRPNMIGCAI , I , I , I , I , andI neyberepieeed ff 
~ Iin): Bar ' 832‘ ‘1: 3n 312 ,~ 

by appropriate unit vectors and direction cosines along the stable nenber axes. 

come DATA UNIT MATH MODEL 

'The present coupling data unit (three required to couple mu and 1.00) is 

electronic (non-mechanical) . It consists principally of an analog-to-digital 

converter to convert the gimbal angle(s) into a sequence of pulses and a digital-e; 

the comanded Euler ang1e(s) and the digitized ginbal angle(s) after resolution 

into the sine differences about the LEM body axes. Since the difference angle“): 

are small, the resolved sine of the difference inn. is very nearly the differencev ,1 
angle necessary for attitude control. The resolution and interpolation problems ff f 

associated with the can have not been considered in this preliminary document in 

order that the specified report date could be not. f 

The eonpiete functional block diagram of the preliminary nsth model of the “f ‘1, f 

mu and cm: of the us PGNS is shown in Figures 3 and h. ' 
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