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FOREWORD 

This addendum defines the symbols used in the math-flow diagrams 
in the LMS technical proposal. For convenience, the definitions are 
grouped according to the figures in which the symbols occur, and the 
figures themselves are included as part of the glossary . . To show the 
complete equation structure on which the LMS computer loading esti
mates were based, the portion of the glossary devoted to the LEM and 
CSM equations of motion has been expanded to include the subsidiary 
groups of equations necessary for weight and balance computation and 
command module control by the LMS instructor. 
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1. LMS.AXIS SYSTEMS (EQUATIONREFERENCE FRAMES) 

The LMS axis systems, all right-handed orthogonal triads, are defined as follows: 

I-frame 

E-frame 

B-frame 

FB-frame 

H-frame 

J' -frame 

The origin of the I-frame is at the center of mass of the sun. The 
x1, Y1, and Z1 axes are fixed in orientation with respect to the 
"fixed" stars. This axis system may be chosen to represent the 
primary inertial system for the four-body problem under considera
tion. 

The origin of the IE-frame is at the center of mass of the earth. 

The X1E and Y1 axes are in the equatorial plane of the earth. 

The z1E axis isEdirected toward the north pole. The orientation 

of the X1E' Y1 , and Z1 axes is fixed with respect to the "fixed" 
E E 

stars. 

The origin of the IM-frame is at the center of mass of the moon. 
The X1M, Y1M' and Z1M axes are defined to be parallel to the 

XIE, Y1E' and Z1E axes. 

The origin of the E-frame is at the center of mass of the space
craft. The XE axis is coplanar with the geographic polar axis 
of the earth or moon, depending on whether the computation is for 
earth orbit or for motion during the lunar phase. The XE and YE 
axes lie in a plane which is perpendicular to the radius vector, 
with positive XE directed toward the north and positive YE directed 
toward the east. By virtue of the directions assigned to XE and 
YE, positive ZE is directed toward the center of the earth or 
moon. 

The origin of the B-frame is at the vehicle center of gravity. The 
Xa and Za axes form a plane which is parallel to some reference 
plane which is fixed with respect to the configuration of the vehicle. 
Xa and z8 are fixed in direction by considering them to be parallel 
to some reference directions which are arbitrarily assigned to the 
reference plane. 

The origin of the fixed body frame is at some fixed point in the 
vehicle. The fixed body frame is denoted by XFB, Y FB, and 
ZFB and is parallel to the body frame. 

The origin of the H-frame is at the vehicle's center of gravity. 
The XH and Y H axes lie in the plane which is perpendicular to 
the vehicle's radius vector, with positive XH directed along the 
projection of the translational velocity vector on this plane. Po
sitive ZH is directed toward the center of the earth or moon along 
the vehicle's radius vector. 

The J' -frame is coincident with the IE-frame during earth orbital 
computation. During computation of vehicle motion in the lunar 
phase the J' -frame is referenced to the equatorial plane of the 
moon. The origin of the J' -frame is at the center of mass of the 
moon. The X and Y J' -frame axes lie in the moon's equatorial 
plane. The Z J' -frame axis is positive out the north pole of the 
moon. The orientation of the J' -frame is fixed with respect to 
the fixed stars. 
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JR-frame 

Ecliptic-frame 

The J' -frame differs from the J' -frame only in that it rotates 
with t~e surface of the earth during earth orbital computation 
and with the surface of the moon during lunar phase computation. 

II I 

The JR-frame,js defined in a complimentary fashion to the JR-
frame. The JR-frame rotates with the moon during earth orbital 
computation and with the earth during lunar phase computation. 

This is an inertial frame of reference whose directions are fixed 
with respect to the ecliptic. 
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2. LMS EQUATIONS OF MOTION (LEM AND CSM) 

2.1 SYMBOLS ASSOCIATED WITH FIGURE 19 

b31, b32' b33 

cu, c12, C13 

c21' c22' c23 

c31' c32' C33 

Co 

(C1)1a' (C2\a' 

d11, d12' d13 

d21' d22, d23 

d31' d32' d33 

Dxb, Dy' 
b 

Dz 
b 

0x:' Dy , · Dz 
h h h 

(C3)l8 

The magnitudes of the projections of a unit vector along the 
LEM B-frame X axis on the IE-frame or IM-frame X, Y, Z 
axes. 

The magnitudes of the projections of a unit vector along the 
LEM B-frame Y axis on the IE-frame or IM-frame X, Y, Z 
axes. 

The magnitudes of the projections of a unit vector along the 
LEM B-frame Z axis on the IE-frame or IM-frame X, Y, Z 
axes. 

The body axes components of the distance vector measured 
from the origin of the body axes to the origin of the fixed 
body axes. (ft) 

The magnitudes of the projections of a unit vector along the 
IE-frame or IM-frame X axis on the LEM E-frame X, Y, Z 
axes. 

The magnitudes of the projections of a unit vector along the 
IE-frame or IM-framei Y axis on the LEM E-frame X, Y, Z 
axes. 

The magnitudes of the projections of a unit vector along the 
IE-frame or IM-frame Z axis on the LEM E-frame axes. 

The magnitudes of the projections of a unit vector along the 
LEM B-frame X axis on the LEM E-frame X, Y, Z axes. 

The magnitudes of the projections of a unit vector along the 
LEM B-frame Y axis on the LEM E-frame X, Y, Z axes. 

The magnitudes of the projections of a unit vector along the 
LEM B-frame Z axis on the LEM E-frame X, Y, Z axes. 

Orbital drag coefficient. 

Magnitudes of the projections of the distance vector measured 
from the origin of the fixed body axis to the center of rotation 
of the gimbaled descent engine on the X, Y, Z axes of the 
LEM FB-frame. (ft) 

The magnitudes of the projections of a unit vector along the 
IE-frame or IM-frame X axis on the J' -frame X, Y, Z axes. 

The magnitudes of the projections of a unit vector along the 
IE-frame or IM-frame Y axis on the J' -frame X, Y, Z axes. 

The magnitudes of the projections of a unit vector along the 
IE-frame or IM-frame Z axis on the J' -frame X, Y, Z axes. 

The magnitudes of the projections of the orbital drag force 
on the B-frame X, Y, Z axes. (lb) 

The magnitudes of the projections of the orbital drag force 
on the H-frame X, Y, Z axes. (lb) 
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eu, 

e21' 

e31' 

Fx'' 
b 

Fx' e 

Fx ' h 

Gx' e 

Gx~, 

h 

Ixx 

Iyy 

Izz 

IXY 

Iyz 

e12' e13 

e22' e23 

e32' e33 

Fy'' F ' 
b zb 

Fy' e 
Fz 

e 

Fy' 
h 

Fz 
h 

Gy' e 
Gz 

e 

Gy' 
e' Gz' 

e 

Effective moment arms of the ascent thruster with respect 
to the LEM B-fr,ame X, Y, Z axes. (An effective moment 
arm about all three axes is represented in order to account 
for possible thruster misalignment. ) (ft) 

LEM I-frame to B-frame quaternion parameter notation. 
(See WADC Technical Report 58-17, "On the use of Quaternions 
in Simulation of Rigid-Body Motion," by Alfred C. Robinson.) 

The magnitudes of the projections of a unit vector along the 
J' -frame X axis on the LEM E-frame X, Y, Z axes . 

. The magnitudes of the projections of a unit vector along the 
J' -frame Y axis on the LEM E-frame X, Y, Z axes. 

The magnitudes of the projections of a unit vector along the 
J' -frame Z axis on the LEM E-frame X, Y, Z axes. 

The magnitudes of the projections of the LEM total applied 
force vector minus the gravitational force vector on the LEM 
B-frame X, Y, Z axes. (lb) 

The magnitudes of the projections of the total applied force 
vector on the E-frame X, Y, Z axes. (lb) 

The magnitudes of the projections of the total applied force 
vector on the H-frame X, Y, Z axes. (lb) 

The magnitudes of the projections of the gravitational force 
vector on the E-frame X, Y, Z axes. (lb) 

The magnitudes of the projections of the force vector which 
includes the gravitational effects of the earth, moon, and 
sun on the E-frame X, Y, Z axes. (lb) 

The magnitudes of the projections of the force vector which 
includes the gravitational effects of the earth, moon, and 
sun on the H-frame X, Y, Z axes. (lb) 

Vehicle altitude above the earth's or moon's surface 
measured along the radius vector. (ft) 

Moment of inertia about the B-frame X axis. (slug-ft2) 

Moment of inertia about the B-frame Y axis. (slug-ft2J · . 

Moment of inertia about the B-frame Z axis. (slug-ft2) 

Product of inertia due to nonsymmetric mass distribution 
with respect to XZ B-frame plane. (slug-ft2) 

Product of inertia due to nonsymmetric mass di~tribution 
with respect to the XY B-frame plane. (slug-ft ) 

Product of inertia due to nonsymmetric mass d~tribution 
with respect to the XZ B-frame plane. (slug-ft ) 

The universal gravitational constant. (lb-ft2/ slug2) 

The direction cosines of the line of action of the ascent thruster 
with respect to the LEM B-frame X, Y, Z axes. (In order 
to account for possible misalignments of this thruster, all 
three direction cosines are used in projecting the thrust 
associated with the ascent engine. ) 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

L 

X. 

x.R 

m 

mu, m12' m13 

m21' m22' m23 

m31, m32, m33 

Mxb' Myb' Mzb 

nu, n12' hl3 

w m 

¥la/I' 0 B/I' 'PB/I 

q 

The angle of latitude with respect to the J ' -frame. (rad) 

The angle of longitude with respect to the J' -frame. (rad) 

Longitude measured with respect to the earth' s or moon' s 
surface. (rad) 

Vehicle mass. (slugs) 

The magnitudes of the projections of a unit vector along the 
J' -frame X axis on the CM X, Y, Z E-frame axes. 

The magnitudes of the projections of a unit vector along the 
J' -frame Y axis on the CM X, Y, Z E-frame axes. 

The magnitudes of the projections of a unit vector along the 
J' -frame X axis on the CM X, Y, Z E-frame axes. 

The magnitudes of the projections of the total applied moment 
vector on the B-frame X, Y, Z axes. (ft-lb) 

The magnitudes of the projections of a unit vector along the 
IE-frame or IM-frame X axis on the X, Y, Z CME-frame 
axes. 

The magnitudes of the projections of a unit vector along the 
IE-frame or IM-frame Y axis on the X, Y, Z CM E-frame 
axes. 

The magnitudes of the projections of a unit vector along the 
IE-frame or IM-frame X axis on the X, Y, Z CME-frame 
axes. 

The magnitude of the rotational velocity of the earth. (rad/sec) 

The magnitude of the rotational velocity of the moon. (rad/ sec) 

The magnitude of the projection of the absolute rotational 
velocity vector of the B-frame on the B-frame X axis. 
(rad/sec) 

LEM B-frame to I-frame Euler angles. These angles are 
those obtained by three successive rotations of the B-frame 
with respect to the I-frame, the rotations commencing with 
the B-frame parallel to the I-frame. The first rotation ., 
through ¥1B/I, is about the position the B-frame Z axis has 
when the B-frame is parallel to the I-frame. The second 
rotation, through 0 B/I, is about the position the B-frame 
Y axis assumes as a result of the first rotation. The third 
rotation, through 'PB/I, is about the position the B-frame 
X axis assumes as a result of the second rotation. (rad) 

The heading angle of the H-frame. This is the angle the 
H-frame X axis makes with the E-frame X axis. (rad) 

Dynamic pressure. (lb/ ft 2) 

The magnitude of the projection of the absolute rotational 
velocity vector of the B-frame on the B-frame Y axis. 
(rad/sec) 
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I rCM' rCM 

I 
rCM/E 

I 
I rCM/M 

I 
I rEM 

' 
I 

rs 

II 

rs 

I ' II 

ry, rv 

I 
I rVE 

I 
1. 

rVM 

,, 

I 
rCM/L 

I rb 

I p 

s 

I (J 0 

I 

The magnitude of the radius of the vehicle as measured in the 
IE-frame or IM-frame. This quantity is measured in the 
IE-frame during earth orbital computation and in the IM
frame during lunar phase computation. (ft) 

The magnitude of the radius of the CM as measured in the 
I-frame. rlM' denotes the value of this quantity during 

" earth orbita computation, and rcM denotes the value of this 
quantity during lunar phase computation. (ft) 

The magnitude of the radius of the CM as measured in the 
IE-frame. This quantity is of interest during lunar phase 
computation and, hence, must be differentiated from rcM, 
which is the magnitude of the radius of the CM as measured 
in the IM-frame during lunar phase computation. (ft) 

The magnitude of the radius of the CM as measured in the 
IM-frame. This quantity is of interest during earth orbital 
computation and, hence, must be differentiated from rcM, 
which is the magnitude of the radius of the CM as measured 
in the IM-frame during earth orbital computation. (ft) 

The magnitude of the radius of the moon as measured in the 
IE-frame. (ft) 

The magnitude of the radius of the sun as measured in the 
IE-frame. (ft) 

The magnitude of the radius of the sun as measured in the 
IM-frame. (ft) 

The magnitude of the radius of the LEM as measured in the 
I-frame. rv' denotes the value of this quantity during earth 

" orbital computation, and rv denotes the value of this quantity 
during lunar phase computation. (ft) 

The magnitude of the radius of the LEM as measured in the 
IE-frame. This quantity is of interest during lunar phase 
computation and, hence, must be differentiated from r,which 
is the magnitude of the radius of the LEM as measured in 
the IM-frame during lunar phase computation. (ft) 

The magnitude of the radius of the LEM as measured in the 
IM-frame. This quantity is of interest during earth orbital 
computation and, hence, must be differentiated from r, 
which is the magnitude of the radius of the LEM as measured 
in the IE-frame during earth orbital computation. (ft) 

The magnitude of the distance from the LEM to the CM. (ft) 

The magnitude of the projection of the absolute rotational 
velocity vector of the B-frame on the B-frame Z axis. 
(rad/sec) 

Atmospheric density. (slug/ft3) 

The reference area for the orbital drag coefficient. (ft2) 

The angle between the X a-YB plane and the axis of the 18th 
thruster. (rad) 
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(11./1 

t 

Tn 

Tx' b Tyb, Tzb 

uh 

UR 

VR 

VR 

The angle between the Xa-ZB plane and the axis of the 
18th thruster. (rad) 

Mean solar time. (sec) 

Thrust of the nth engine. (lb) 

The magnitudes of the projections of the total thrust 
vector on the B-frame X, Y, Z axes. (lb) 

The projection of the vehicle's velocity vector on the H
frame X axis. (ft/ sec) 

The magnitude of the projection of V R on the B-frame X 
axis. (ft/ sec) 

The magnitude of the vehicle velocity relative to the 
rotating atmosphere. (ft/sec) 

The magnitude of the projection of V R on the B-frame Y 
axis. (ft/ sec) 

The magnitude of the projection of V R on the B-frame Z 
axis. (ft/ sec) 

IE-frame or IM-frame coordinates of CM position. These 
quantities represent IE-frame coordinates during earth 
orbital computation and IM-frame coordinates during lunar 
phase computation. (ft) 

(X1)CM/L' (Y1)CM/L' (Z1)CM/L IE-frame or I?d-frame coordinates of CM position relative 
to the LEM. (ft) 

(X1E)M, (Y1E)M, (Z1E)M 

(X1E) ' (Y1E) ' (Z1E) 
s . s s 

(X1M) ' (YIM) ' (Z1M) 
E E E 

(X1M)s' (Y1M)s' (Z1M)s 

xe'-, :;~, ze"'-
<x1~> , (Y1~ , <z1 '> 

S, E S, E MS, E 

IE-frame or IM-frame coordinates of LEM position. These 
quantities represent IE-frame coordinates during earth 
orbital computation and IM-frame coordinates during 
lunar phase computation. (ft) 

IE-frame coordinates of the moon's position. (ft) 

IE-frame coordinates of the sun's position. (ft) 

IM-frame coordinates of the earth's position. (ft) 

IM-frame coordinates of the sun's position. (ft) 

E-frame differential acceleration components. (ft/ sec2) 

IE-frame components of the differential gravitational 
acceleration components due to the sun and the moon. 
(ft/sec2) 

IM-frame components of the differential gravitational 
acceleration components due to the sun and the earth. 
(ft/sec2) 

7 



I 
I 
I 
I 
I 
I' 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

NOTE: 1. A dot placed above a quantity indicates the first time derivative of that 
quantity. 

2. Two dots placed above a quantity indicates the second time derivative 
of that quantity. 

3. The subscript t = t 0 means the value of the quantity at the start of 
computation. 

4. The fallowing subscripts are to be read: 

CM 

E 

G 

LEM 

M 

R 

s 

V 

Command Module 

Earth or E-frame depending on the manner it is used. 

Gravitational 

Lunar Excursion Module 

Moon 

Relative 

Sun 

Vehicle 
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THRUST MOMENTS 1 MOMENT EQUATIONS BODY AXES RATES 3 QUATERNION RATE EQUATIONS 4 QUATEHNIONS 5 

I-FRAME TO B-FRAME DIRECTION COSINES 

2 2 2 2 
all ' "1 · "2 • e3 + "<1 

B-FRAME TO I-FRAME EULER ANGLES 

11 

l 
THRUST FORCE B-FRAME COMPONENTS 19 

WHERE 

T = T 18 ( 1 • sin 2 o - sm2 0 8 ]½ 
¾ lB ;/, 

ORBITAL DRAGE B-FRA.ME COMPONENTS 

28t----.. 

Dy a 

' 

EARTH 
ORBIT 

LUNAR 
PHASE 

• ½[ 2222 
"1 - "4 ~ • e3 ¾ - "2 'b.,. K1 el U-el - e2 - e3 - e4 )] 

,__,,_._,,_._, ''--------<... " I 2 2 2 2 r - "2 ' ~, · "s Pb + °"4 qb + "1 rb + K1 e2 (l•e1 • "'2 - e3 - e4 )] 

·_ 2222 
e3 - ½ ( - e2 pt,.,. "1 g_b - "4 rb + Kt e3 {l-el - "2 - "3 - "4 )] 

I 

E- FRAME TO I-FRAME DIRECTION COSINES 13 J' • FRAME ro I-FRAME DIRECTION COSINES 14 

' E-FRAME TO B-FRAME-DIRECTION COSINES 12 1"'►-----"1 

ell c,2 C13 

c21 c22 c2s 

c31c32Cs 

all al2 al3 

"-21 a22 a23 

a31 a32 "-33 

bl! bl2 bl3 

b21 b22 b23 

bJl b32 b33 

(
ACCELEROMETER) 
SIMULATKIN 

bl! b12 bl3 

b21 b22 b23 

b31 b32 b33 

WHERE : 

ell = - slnLe08~ 

e 12 = - sin>.. 

• • cc.>sL co.s\ 

=- slnLsin~ 

cosLsin~ 

e31 = cosL 

€32 " O 

e33 = - sinL 

dll dl2 dl3 

d21 d22 d23 

d31 d32 d33 

B-FRAME FORCE suMkAnoN F~b' F~b. F~b E-FRAME COMPONENTS OF THE APPLIED FORCE 

21 
Fxb , Txb + Dxb 

7 201-----i 
Fx , F~ C11 • F~ c21 + F; C31 • Gx + m X\ 

e b b b e e 

F~ - Tz + Dz 

' ' ' 

l 

' ' 
Fye , Fxb c,2 + Fyb c22 + Fzb c32 + Gye • m Y~ 

xe,. 
Ye\, 
ie\ 

29 

♦ m Z\ 
' 

E-FRAME DIFFERENTIAL GRAVITATIONAL ACCELERATION COMPONENTS 

x., \ =xi\ bll • y I\ b21 • ZI \ bJI 

Y.,\ = Xr\ bu• Y,\b22 • ZI\ b32 

ze \ ~ x, \ bl3 + YI\ b23 • zl \ b33 

(Xi'> , 1l}J , (Zl\.) 
Es,M Es,M ES,M . 

EARTH 
ORBIT 

LUNAR 
PHASE 

,,~, 
S, E 

"11 "12 "13 

"21 "22 "23 

e31 e32 €33 

I 
sin L, cos L 

EARTH ORBIT: 

LUNAR PHASE: 

d 11 , ·,,, d31 ARE J' -FRAME TO I- FRAME DIRECTION 

COSINES SUPPLIED BY THE EPHEMERIS DATA 

r, sin L, 
cos L 

I-FRAME COMPONENTS 
OF htficLE POSiiiON 

(Xtly • r (-b13) 15 
(Yllv • r (-'rr,13) 

(Zllv '" r (-t,33) 

H- FRAME COMPONENTS OF THE APPLIED FORCE 
H-FRAME EQUATIONS OF MOTION 23 

/ [Fyh + utisln'i'bsinLJd,- + (l""h] _ 
t0 muh rCOIIL t-10 

TRIGONOMETRIC RESOLUTION 30 sin it--h, cos '+'h 
SPHERICAL COORDINATE RATES 

sj,i l. : 1. 570796 ~ • , 6459637 ~J + . 0'706B968 ~J - . 004673766 ~ 1 .. ________ __ 31,--

WHERE: 

,.. 
!; , 1i'" 

• . 0001514842 ~9• -1 " I; " l 

:._ = J., 0 "' ). " ; 

:. -" . \ ,,. " ). " ,,. '2 
:.:.).+ ,:- -rt!i" >._ :'-~ 

' 2 

\. , i. • 2ir 3,i " - ~ 2,,, ,-

' .. 
r ; r r (I,- ♦ [ r lt = I ,, " 

r,coe L 

1------------------------""'I ,(Gx l , 'E cos J. , (+) " l -sln2 '-R 

m 

AND -------.! (
WEIGHT ) 

BALANCE 

(35) 
f in L, eoe L, r 

( 3 5 )-'-"' _L,_,oo_L,_,_ 

{ 3 0) •'-""-'•-·-•-00
-'-• ....... 

E-FRAME COMPONENTS OF THE EARTH'S GRAVITATIONAL FORCE 3 3 
DURING EARTH ORBITAL PHASE 

(GXe) ~ ~ { [ sin L cc. L] [ - 2. OOIJ6603xl028 • I 48332493 SI~ L !d033 
E 

(Gy ) • 0 
' E 

• 1. 21459577 ( 3 + 7 sln2 L )1tl04O] ,· 

(Gz ) = - ; (. I. 407654Jtl016 _ I. ODOe830bl028 ( 1 • 3 sin 2 L) 
e E r r~ 

• (5. 93329972:<1032) {3 ·_ 5 s1n2 L) ~ 
' 

3. O36489181tlO39 
(3 - 30 sin2 L + 35 s1n4 L] : 

E-FRAME COMPONENTS OF THE MOON'S GRAVITATIONAL FORCE 39 
DURING LUNAR PHASE 

= - 1. 12600937JtlO28 ,. m (sin L cos L) [ 3.1091tlO-4 

, {. 6O8x10" 4) \cos 2 'R - stn2 i..H)] 

28 
- I. 12600:37x1O m (cos L) (2 sin 'R coe 'R) 

' 14 6 
~ I. 731400xlO m { 1 + 5. 702395xlO [ (3.109xl0•4} (l 

r~ r 2 
- 3 sin2 L) 

(Oz ) ., 
EARTH 

----- ORBIT 

,--

LUNAR 
PHASE 

EPHEMERIS 
DATA 

40 

I 
(X1 ) , (Y1 l , tz1 ) 

Es Es Es 

EARTH I-FRAME DIFFERENTIAL ORAVITIONAL ACCELERATION COMPONENTS DUE TO THE SUN 
AND MOON 

34 

, { (XI )2 + (VJ )2 + (Z 1 )2 } 3/2 
EM EM EM 

(XIE) , (YI ) , (ZI ) 
M EM EM "' { [ (X1E)M • (X1\l2 • [ (Y1EIM • (Yi\l2 ♦ [ (Z1E)1,1 

(X1M) , (Y1 ) , (Z1 ) 
s Ms Ms 

I 
(r? ' { [ (XIE) • (X1EI i2 • [ (Y1E) • (YI ) ]2 + { (ZI ) • (Z1E)M)2 ) J/ 2 

S M S EM ES 

(rvEl3 , { I (- XIE) (XI) ]2 - ( (- Y1E) - {Y1lyJ2 + ( (- z 1 J - -(Z1) ]2} 31 2 
M V M EM V 

,,-v·l3 = j [ <x1Ml - (X1l 12 - f (Y1MI - (Yilv l2 
+ f (zI l - (Zilvi2 J 3/ 2 

S V S MS 

.. _" ., l THESE QUANTITIES 

cos ;J,-h ARE FOUND USING 

srn 'R 

cos 'R 

TRE A 'IOVE METHOD 

WHERE: 

(XIM) , (Y 1M) , (Z1Ml , 

s ' ' 
(XL_) ' (YI ) ' (ZI ) 

"ME ME ME 
( EPHEMERIS) 

DATA 

SPHERICAL COORDINATES 

' sin L - r sin L d,. + I sin L I t = to ,, 
WHERE: 

slnL=LcosL 

cos L = H " t-sin2 L 

' ' '-R = ( 'Rd,-• [l. R] _ 
to t - to 

r= / rrl,-½fr]t • t 
,, 0 

r, sin L, 
cosL 1 1lR 

35 

ALTITUDE AND BODY VELOCITIES 
RELATIVE TD ATMOSPHERE 

VR = (+) ' 'uR• + vR· + wR•· 

h = r - [ f (si11 L} OR t (\R, sin L} J 

q • f (h) (EARTH ORBIT ONLY) 

43 

RELATIVE GEOMETRY BETWEEN THE 
COMMAND MODULE AND LEM 6 

FROM AMS DURING 
INTEGRATED OPERATION 

COMMAND MODULE H-FRAME 
cQMPONENTS OF THt AFPLlto 

RADAR 
t-------------<► SIMULATION 

COMMAND MODULE E-FRAME 
10 1-fl.tAME blktC IION COSINES 

n11 n12 n13 d11 dt2 d13 

dJ1d32d33 

WHERE: 

m12 • -sin "<::M 

<1113 ' -COS L(:M COB /.CM 

m21 • -sin 1<:M Sin I.CM 

m23 = •COS 4::M sin .l.cM 

m31 E cos LcM 

m33 • -sin LcM 

COMMAND MODULE ff-FRAME 
EQOATto»S OF MOIION 

foHCi,; VftfuR 16 

(~h) , 
CM 

(GY°b) ' 
CM 

LUNAR 
PHASE 

EARTH. 
ORBIT 

cos 1<:M -

<nil mt2 m13 

m21 m22 m23 

m31 m32 m33 

(Gx ) • (Gx ) cos ('+'h) + (G~ ) sin (,t,iJ TRIGONOMETRlC RESOLUTION 
hcM "CM CM "CM CM 

7 

sin LcM, Co9 LcM 

17 

I-FRAME COMPONENTS OF 
COMMAND MODULE POSITION 

(XJlcM, rcM f•n11) 

8 

COMMAND MODULE SPHERICAL 
COCHlDiNATE RATES 

sin (\,"h)cM, 

ms (>!-h)cM sin (,t,h)CM' 

cos (>;,h)CM 

ms LcM, rcM 

18 

I 

25 ' COMMAND MODULE SPHIJRICAL 
COORDiNATb 

sin J.cM • I. 570198 ~CM - . 6459637 (cM3 + ,07968968 tcM5 - 004673766 tcM7 

10,) ,(G~) , 
ecM ecM 

(Gz) 
'cM 

COMMAND MODULE E-FRAME COM
P-ONENTS OF THE GRAVITATIONAL 
EFFECTS OF THE EARTH. _ _!,IOON, 
AND SUN 

\l. "HERE: 
WHE.RE: 

sin LcM • LcM cos LcM I 
cos LCM , ( ♦ )-11 - sin 2 !...C r 

(>-H)CM , (, (~R1cM d"r , f (>-R CMl t,to 

32 

26 

COMMAND MODULE E- FRAME COMPONENTS OF 
THE EARTH'S GRAVITATIONAL FORCE DURING 
THE EMUH ORBII PHASE 

9 

sinLc:M -:J.+7 sin 2 L,;:: 
, I. 48332493 --- x 1033 + 1. 21459577 ( ~ M )x 1040 

rcM rcM 

• I 48332493 1< 1032 cos LcM (3 - 5 sin2 LcM) } 
'CM 

(~) ♦ 3. 03648978,. 1039 (3. 30 s1n2 LcM ♦ 35 sln4 LcM)] 
rCM r(:M 

EARTH 1 
ORBIT 

~ LUNAR 
PHASE. 1 

[(GXelM]cM' {GYelMlcM.' 

[(GZe>MlcM 

COMMAND MODULE E-FRAME COMPONENT,i OF 
THE MOON'S GRAVITATIONAL FORCE DURING 
THE LUNAR PHASE 

mcM sin LcM cos LcM 
( (Gxe) ) = -1. 12600931 x 1028 ~?. ! J . 109 x 10-4 

M CM re.,. 

28 mcM cos 4::M [ 2 sin (An)cM cos {>-R)cMl 
12600937 X 10 4 

[(Gzel l "' [l.7314001tl014mcM l 
MCM ~ 

sln (>-RlcM 

COi (>.R)CM 

'CM 

5. 102395 1t 106 
I< • I , I 

'CM 

27 

{G~) "' (Gx) 
e CM e CM 

• (ZJ'1 ,,31 
CM 

sin (;/,h)cM, cos (,t,h)cM 

sin (AR)cM, cos (ARlcM 

THESE QUANTITIES 
ARE FOUND USlNG 
THE ABOVE METROO 

sin (Wh)CM, 

cos (iL-hlcM 

rc M, s i n Lc:M, ,---------------------------------"" 

" 

{G~ ) 
'CM 

{G~ J 
'CM 

(X1)cM• l•J!cM• (ZI)cM 

{8)---, --~ ... 

(Ai\tM• 

cY(')cM' 

(ZI\J 
CM 

' 
' \ 

EARTH 
ORBIT 

• (Z1\) n32 
CM 

(ZI\)C M 1733 

(Gxe)cM' 

(GyelcM' 

(Gze)cM 

LUNAR 
PH.ASE 

WHERE: 

COMMAND MODULE ORBITAL DRAG 
ff-FRAME COMPoNENfS 36 

<DxhJcM • -[ (ICM ScM (CDlcMl I t11tJRlcM +-( (VRlc.<l 

(Dyh)cM • -{ CICM ScM (CD)cMI [tvhlRlcM +[ (VR)cwl 

(LJzhlcM = -[ CICM SCM tColcMl [h.-h>nlcy+(VR)cwl 

(17) 

(18) 

COMMAND MODU LE ALTITUDE AND 
H-l-'RAME VELOCITY CdMP,ONENT.,i 
RELATIVE TO THE ATMOSPHERE 

cos 1<:M 

37 

[lvh)R] • -rcM ""e cos LcM c os (,;.h\; M 
CM 

-----•t[ (Wh)R] '-icM 
CM 

hcM • rcM • ( (sin Lc::M) 

COMMAND MODULE <:ARTH l•FRAME DIFFERENTIAL GRAVrfATIONAL ACCELERATIONS 
but TO IHE 50:!'I AND M N 44 I 

COMMAND MODULE MOON I-FRAME DIFFERENTIAL GRAVITATIONAL ACCELERATIONS 
DUE 10 THE SUN AND EARTH 

45 

[(Y1,l) = K2 

M S, E CM 
- mM 

r(z 1MIE 
l-- 
.. (rEM)3 

RELATIVE GEOMETRY BETWEEN COMMAND MODULE 
AND SUN AND BETWEEN COMMAND MODULE AND 
EAR'!_!! 

38 

(r~Ml3 ,( I (X1Mls • (X1)cMl 2 - I (Y1Mls - (YilcMJ 2 + [ztMls - (ZilcMl 2 }312 

RELATIVE GEOMETRY BETVr'EEN COMMAND MODULE 
AND SUN AND COMMAND MobULE AND MOON 

46 

( EPHEMERIS) 
DATA 

Figure 19 LMS Equations of Motion (LEM and CSM) 
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2. 2 COMMAND MODULE CONTROL EQUATIONS (FIGURE 19a) 

(e1) c' (e2) c' (e3) C' (e4) C . . . . 

The magnitudes of the projections of a unit vector along 
the LEM B-frame X axis on the IE-frame or IM-frame 
X, Y, Z axes. 

The magnitudes of the projections of a unit vector along 
the LEM B-frame Y axis on the IE-frame or IM-frame 
X, Y, Z axes. 

The magnitudes of the projections of a unit vector along 
the LEM B-frame Z axis on the IE-frame or IM-frame 
X, Y, Z axes. 

The magnitudes of the projections of a unit vector along 
the commanded B-frame X axis on the H-frame X, Y, Z 
axes. 

The magnitudes of the projections of a unit vector along 
the commanded B-frame Y axis on the H-frame X, Y, Z 
axes. 

The magnitudes of the projections of a unit vector along 
the commanded B-frame Z axis on the H-frame X, Y, Z 
axes. 

The magnitudes of the projections of a unit vector along 
the CM E-frame X axis on the IE-frame or IM-frame X, 
Y, Z axes. 

The magnitudes of the projections of a unit vector along 
the CME-frame Y axis on the IE-frame or IM-frame X, 
Y, Z axes. 

The magnitudes of the projections of a unit vector along 
the CM E-frame Z axis on the IE-frame or IM-frame X, 
Y, Z axes. 

The magnitudes of the projections of a unit vector along 
the CM H-frame X axis on the CM B-frame X, Y, Z axes. 

The magnitudes of the projections of a unit vector along 
the CM H-frame Y axis on the CM B-frame X, Y, Z axes. 

The magnitudes of the projections of a unit vector along 
the CM H-frame Z axis on the CM B-frame X, Y, Z axes. 

LEM I-frame to B-frame quaternion parameter notation. 
(See WADC Technical Report 58-17 , "On the Use of 
Quaternions in Simulation of Rigid-Body Motion" by 
Alfred C. Robinson. ) 

Commanded LEM I-frame to B-frame quaternions. 

Incremental changes in the LEM quaternion rates due to a 
difference between the commanded quaternions and the 
actual quaternions. (sec-1) 

10 
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'h1, · • ·, 1'33 

(yll) ' (y12) ' (Y13) 
C C C 

K1, K2 

LCM 

>..CM 

I/IC, 0 c' 1/J C 

The magnitudes of the projections of a unit vector along 
the CM B-frame X axis on the IE-frame or IM-frame 
X, Y, Z axes. 

The magnitudes of the projections of a unit vector along 
the CM B-frame Y axis on the IE-frame or ~-frame 
X, Y, Z axes. 

The magnitudes of the projections of a unit vector along 
the CM B-frame Z axis on the IE-frame or IM-frame 
X, Y, Z axes. 

The time rate of change of y
11

, ••. , y 33• (sec-1) 

The magnitudes of the projections of a unit vector along 
the commanded CM B-frame X axis on the IE -frame or 
IM- frame X, Y, Z axes. 

The magnitudes of the projections of a unit vector along 
the commanded CM B-frame Y axis on the IE-frame or 
IM-frame X, Y, Z axes. 

The magnitudes of the projections of a unit vector along 
the commanded CM B-frame Z axis on the I -frame or 
IM- frame X, Y, Z axes. E 

The magnitudes of the projections of a unit vector along 
the CM B-frame X axis on the LEM B-frame X, Y, Z 
axes. 

The magnitudes of the projections of a unit vector along 
the CM B-frame Y axis on the LEM B-frame X, Y, Z 
axes. 

The magnitudes of the projections of a unit vector along 
the CM B-frame Z axis on the LEM B-frame X, Y, Z 
axes. 

Gain constants. (sec -1) 

The latitude of the CM measured with respect to the 
J' -frame. (rad) 

The longitude of the CM measured with respect to the 
J' -frame. (rad) 

Commanded B-frame to H-frame Euler angles. These 
angles are generated by rotating the B-frame away from 
the H-frame through the angles 1/1 , 0 C' and cp • The 
first rotation, through 1/1 , is abofit the B-frarrl:e Z axis. 
The second rotation, thr&igh 0 , is about the B-frame 
Y axis. The third rotation, through q, c , is about the 
B-frame X axis. (rad) 

The heading angle of the CM H-frame. This is the angle 
measured from the CME-frame X axis to the CM H-frame 
X axis. (rad) 

(Txb) CM, (Tyb) CM' (Txb) CM The magnitudes of the projections of the instructor-con
trolled commanded thrust vector on the CM B-frame 
X, Y, and Z axes. 

11 
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(TX ) ,.J (Ty ) , (Tz ) The magnitudes of the projections of the instructor-
h Civi h CM h CM controlled commanded thrust vector on the CM H-frame 

X, Y and Z axes. (lb) 

The magnitudes of the projections of a unit vector along 
the CM H-frame X axis on the IE-frame or IM-frame 
X, Y, and Z axes. 

The magnitudes of the projections of a unit vector along 
the CM H-frame Y axis on the ~-frame or IM-frame 
X, Y, and Z axes. 

The magnitudes of the projections of a unit vector along 
the CM H-frame Z axis on the I -frame or I -frame 
X, Y, and Z axes. E M 

12 
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INSTRUCTOR 
CSM BODY 
AXES THRUST 
COMPONENT 
CONTROL 

1 

UNOOCKED 

(CM EOM) -

(LEM EOM) • DOCKED 

2 
" CANNED" ATTITUDE 

MANEUVERING poo---

INSTRUCTOR 
H- FRAME 
EULER ANGLE 
CONTROLS 

3 

sin ).CM' cos ). CM ' 

-
INSTRUCTOR 
SELECTION 
SWITCH 

-

-

COMMAND MODULE I-FRAME TOE- FRAME DIRECTION COSINES 

1323 = 0 

~12 = · sin LCM sin 'cu /3 = - cosL cos• 
31 CM CM 

COMMANDED I - FRAME TO B-~E DIRECTION COSINES 

(y ll) (yl2) (Y13) all al2 a13 tu t12 tu I 
C C C 

(y 21) (y 22) (y 23) = 0
21 °22 °23 t21 tzz t23 

C C C 

(Y31) (y 32) CY33l 
C c C 

0 31 °32 °33 t31 t32 (33 

COMMANDED H-FRAIIE TO B-FRAME DIRECTION COSINES 

all = cos B c COB "'c 

a
12 

= cos Be sin 1/,,c 

Q = Bin 8 
13 C 

a21 = sin •c sin Bc COB J/,c - cos •c sin ,i,c 

a22 = sin ♦c sin Bc sin ,i,c + cos •c COB ,i,c 

a23 = sin ♦ c COB BC 

a31 = cos ♦ c sinBc cos J/,c + sln ♦c slnJ/,c 

a32 = coa •c sin B c sin ,i,c - sin ♦c cos ,i,c 

033 = coa •c COB BC 

4 

5 

6 

(Tx ) ' (Ty ) ' (Tz ) 
b CM b CM b CM 

-(CM EOM) 

(LEM EOM) -----•• 

COMMAND MODULE I-FRAME TOH-FRAME DIRECTION COSINES 

UNDOCKED 

COMMAND MODULE I -FRAME TO B-FRAME 
DIRECTION COSINE RATE COMPUTATION 

7 

8 

(yll) , ... , (y33). ~----... ~ 
C C 

' DOCKED 

COMMANDED I - FRAME TO B- FRAME QUATERNIONS 

9 -
(e 2) = [ (y

12
) - (y 21

) I :- 4 (e 1
) 

C C C C 

(e3{ = I (y31) - (1'13) I .:.. 4 (e1) 
· I. C C C 

(e4) = I (y23) - (y32) I:- 4 (el) 
C C C C 

COMMANDED QUATERNION RATES 

I 
10 

-

-
SWITCH 1S CLOSED 
WHEN INST. OR 
" CANNED'' MANEU
VERING HAS 

CONTROL 

LEM EOM QUATERNION ------~ 
COMPUTATION 

t., •1 = Kl I <•1\ - •1 

6 e2 
= K1 [ (e

2
) I - •2 
C 

6 •3 = Kl I (e3)c - •3 

6 •4 = Kl I <•4\ - •4 

I 

I 

SWITCH CLOSES 
WHEN INSTRUCTOR 
OR "CANNED" 
ATTITUDE MANEUVER-

------------- ING HAS CONTROL 

COMMAND MODULE H-FRAME THRUST COMPONENTS 11 

(Ty_ ) = 611 (Ty_) + 612 (Ty ) + 613 (Tz ) 
.,. CM .,, CM b CM b CM 

(TyblCM = 621 (TxblcM ♦ 622 (TyblCM ♦ 623 (Tzb)CM 

(T Z ) = 631 (TX ) + 632 (Ty ) + 633 (T Z ) 
b~ b~ b~ b~ 

COMMAND MODULE B-FRAME TO H-FRAIIE DIRECTION COSINl!S 

611 612 613 : I ~11 ~12 (13 

6
21 

6
22 

6
23 1· = I t21 t22 tz3 

6
31 

6
32 

6
33 , I t:tl t32 '33 

Yu Y12> 13 

Yz1 Yzz > 23 

>31 Y32 Y33 

COMMAND MODULE I-FRAME TO B-FRAME DIRECTION COSINE 
COMPUTATION 

t 
Yu = ( Yu dT + [ Yu It =t 

to o 

I 

Y33 = rt Y33 dT. I Y33 it =! 
0 0 

AMS DURING 
INTEGRATED 
OPERATION t 

12 

13 

CM EOM 

.. (_T_z_)-----•:~ :~~TIO! 

h CM 

(TX) , (Ty) 
hCM hcM 

I Yu l t =t , ... , I Y3 3 l t =t 
0 0 ... ----. 

LEM B-FRAME TO COMM AND MODULE B-FRAME DIRECTION COSINES 

11:11 11:12 11:13 Yu Y12 Y1'3 all ~l a31 

ll:z1 11:zz ll:23 = Y21 Y22 Y23 •12 &zz •32 

~l ~2 ~3 Y31 Y32 Y33 •13 &z3 ~3 

I 

INITIALIZATION OF COMMAND MODULE I-FRAME TO B-FRAME 

DIRECTION COSINE COMPUTATION 

3 
[Y .. I = E {11:,L a. . [ 

IJ I = I 11; = 1 - l<J I = I 
0 , 0 

(FROM LEM EOM) 

14 

15 

• LEM EOII QUATERNION 
COMPUTATION 

Figure 19a Command Module Control Equations 
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2. 3 WEIGHT AND BALANCE EQUATIONS (FIGURE 19b) 

A. ' Ax ' Ay ' Az lb b b b 

B* 

(I ) 
0 jFB DS 

(61. ) 
lFB HT 

(61· ) 
lFB HT(RCS) 

(61. ) 
lFB LOX 

Body axes components of the distance vector measured 
from the origin of the body axis to the origin of the fixed 
body axes along the X, Y, and Z body axes. (ft) 

Boolean term. 

Moments of inertia of the complete veh~cle about the 
X, Y, a.'ld Z fixed body axes. (slug-ft ) 

Moments of inertia of the compl~te vehicle about the 
X, Y, and Z body axes. (slug-ft ) 

Products of inertia of the complete vehicle about the 
body axes in the XY, XZ, and YZ planes. (slug-ft2) 

Fixed body moments of inertia of the empty ascent 
stage. (slug-ft2) 

Fixed body moments of inertia. of the Command Service 
Module. (slug-ft2) 

Fixed body mo~ents of inertia of the empty descent 
stage. (slug-ft ) 

Incremental moments of inertia. of the ;uel in the fuel 
cell about the fixed body axes. (slug-ft ) 

Incremental moments of inertia of the gaseous oxygen 
in the gaseous oxygen tank, about the fixed body axes. 
(slug-ft2) 

Incremental moments of inertia of the helium in the 
helium tank about the fixed body axes. (slug-ft2) 

Incremental moments of inertia of the Reaction Control 
System · helium in the helium tank about the fixed body 
axes. (slug-ft2) 

Incremental moments of inertia of the landing gear about 
the fixed body axes. (slug-ft2) 

Incremental moments of inertia. of the liquid hydrogen in 
the liquid hydrogen tank about the fixed body axes. (slug-ft2) 

Incremental moments of inertia of the liquid oxygen in the 
liquid oxygen tank about the fixed body axes. (slug-ft2) 

Incremental moments of inertia of the o?:C,Ygen in the oxygen 
tank about the fixed body axes. (slug-ft2) 

Incremental moments of inertia of the ascent engine pro
pellant about the fixed body axes. (slug-ft2) 

Incremental moments of inertia of the descent engine propellant 
about the fixed body axes. (slug-ft2) 

Incremental moments of inertia of the reaction control 
system propellant about the fixed body axes. (slug-ft2) 

14 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

(61. ) 
lFB WT 

m 

moAS 

mHT(RCS) 

mLHT 

(mA0 . ) 

lFB DS 

(mA. ) 
lFB HT 

(mA. ) 
lFB HT(RCS) 

(mAjFB) LHT 

Incremental moments of inertia of the water in the water 
· tank about the fixed· body axes. (slug-ft2) 

Indices representing X, Y, or Z axes. 

Total vehicle mass. (slugs) 

Mass of the empty ascent stage. (slugs) 

Mass of the Command Service Module. (slugs) 

Mass of the empty descent stage. (slugs) 

Mass of the fuel in the fuel cell. (slugs) 

Mass of the gaseous oxygen in the gaseous oxygen tank. 
(slugs) 

Mass of the helium in the helium tank. (slugs) 

Mass of the reaction control system helium in the 
helium tank (slugs) 

Mass of the liquid . hydrogen in the liquid hydrogen tank. 
(slugs) --

Mass of the liquid oxygen in the liquid oxygen tanks. 
(slugs) 

Mass of the oxygen in the oxygen tank. (slugs) 

Propellant mass of the ascent engine. (slugs) 

Propellant mass of the descent engine. (slugs) 

Propellant mass of the reaction control system. ( slugs) 

Mass of the water in the water tank. (slugs) 

Incremental moment of the empty ascent stage about 
the fixed body axes. (slug-ft) 

Incremental moment of the command service module 
about the fixed body axes. (slug-ft) 

Incremental moment of the empty descent stage about the 
fixed body axes. (slug-ft) 

Incremental moment of the fuel in the fuel cell about the 
fixed body axes. (slug-ft) 

lncremental moment of the gaseous oxygen in the gaseous 
oxygen tank about the fixed body axes. (slug-ft) 

Incremental moment of the helium in the helium tank about 
the fixed body axes. (slug-ft) 

Incremental moment of the reaction control system helium 
in the helium tank about the fixed body axes. (slug-ft) 

Incremental moment of the liquid hydrogen in the liquid 
hydrogen tank about the fixed body axes. (slug-ft) 
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I (mA. ) 
lFB LOX 

I (mA. ) 
lFB OT 

I 
{inA, ) 

lFB PAE 

I 
(mA. ) 

.lFB PDE 

(mA• ) 

I 
lFB PRCS 

(mAj ) 

I 
FB WT 

I 
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Incremental moment of the liquid oxygen in the liquid 
oxygen tank about the fixed body axes. (slug-ft) 

Incremental moment of the oxygen in the oxygen tank 
about the fixed body axes. (slug-ft) 

Incremental moment of the ascent engine propellant 
about the fixed body axes. (slug-ft) 

Incremental moment of the descent engine propellant 
about the fixed body axes. (slug-ft) 

Incremental moment of the reaction control system pro
about the fixed body axes. (slug-ft) 

Incremental moment of the water in the water tank about 
the fixed body axes. (slug-ft) 
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VEHICLE J 
MASS 
COMPONENTS 
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(1) VEHICLE MASS (3) CENTER OF GRAVITY LOCATION 

m = mo AS + mPRCS + mPAE + mLHT + mGOT + mLOX 
..,__....,TO INTEGRATED 

* + m HT + mHT(RCS) + Bt [ moDs + mPDE + mFC 
OPERATION 
EQUATIONS 

.....,_ ___ m -----------~ 
* 

+ mwT + mHT + moT] + B2 me /SM 

(2) FIXED BODY INERTIAS 

* + (Aij FB)LoX + (Alj FB)HT + (Alj FB)HT(RCS) + Bi [ Ioj FB)Ds 

+ (Aij FB)PDE + (Alj FB) FC + (Aij FB)WT + (Aij FB)HT + (Alj FB)OT 

(4) VEHICLE INERTIA 

-m~ 

_ TO INTEGRATED -----------!-~ OPERATION EQUATIONS 

I 

Ajb VEHICLE 
I -- MOTION 

COMPUTATIONS 
-m ---

--2 2 
H .-IjFB .. Iyy = IyyFB - (AzB + AxB) m 

-Ij -

2 2 
lzz = IZZFB - (AxB + AyB) m 

---11~ TO INTEGRATED 
OPERATION EQUATIONS 

Figure 19b Weight and Balance Computations 
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3. LMS VISUAL DISPLAY SYSTEM EQUATIONS 

The magnitudes of the projections of a unit vector along the 
LEM B-frame X axis on the IE-frame or IM-frame X, Y, 
Z axes. 

The magnitudes of the projections of a unit vector along 
the LEM B-frame Y axis on the IE-frame or IM-frame 
X, Y, Z axes. 

The magnitudes of the projections of a unit vector along 
the LEM B-frame Z axis on the IE-frame or IM-frame 
X, Y, Z axes. 

Relative azimuth and elevation angles of CM with respect 
to the LEM B-frame Z axis. (rad) 

Relative azimuth and elevation angles of the earth with respect 
to the LEM B-frame Z axis. (rad) 

Relative azimuth and elevation angles of the moon with 
respect to the LEM B-frame Z axis. (rad) 

Relative azimuth and elevation angles of the sun with 
respect to the LEM B-frame Z axis. (rad) 

The magnitudes of the projections of a unit vector along 
the IE-frame or IM-frame X axis on the LEM E-frame 
x, Y, z axes. 

The magnitudes of the projections of a unit vector along 
the IE-frame or IM-frame. Y axis on the LEM E-frame 
X, Y, Z axes. 

The magnitudes of the projections of a unit vector along 
the IE-frame or IM-frame Z axis on the LEM E-frame 
X, Y, Z axes. 

A Boolean term which is equal to one for lunar phase 
simulation. 

The magnitudes of the projections of a unit vector along 
the LEM B-frame X axis on the LEM E-frame X, Y, Z 
axes. 

The magnitudes of the projections of a unit vector along 
the LEM B-frame Y axis on the LEM E-frame X, Y, Z 
axes. 

The magnitudes of the projections of a unit vector along 
the LEM B-frame Z axis on the LEM E-frame X, Y, Z 
axes. 

The magnitudes of the projections of a unit vector along 
the CM B-frame axfs on the IE-frame or IM-frame X, Y, 
z axes. 

The magnitudes of the projections of a unit vector along 
the CM B-frame axis on the IE-frame or IM-frame X, Y, 
Z axes. 

18 
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h 

1. o. s. 

L 
t 

L 

The magnitudes of the projections of a unit vector along 
the CM B-frame axis on the IE-frame or IM-frame X, Y, 
Z axes. 

Distance across a selected orbit. The distance, measured 
from D~, perpendicular to the trace of a selected orbit on 
the surface of the moon. (ft) 

Distance along a selected orbit. The distance along the 
trace of a selected orbit on the surface of the moon. (ft) 

The magnitudes of the projections of a unit vector along 
the ecliptic-frame X axis on the IE-frame or IM-frame 
X, Y, Z axes. 

The magnitudes of the projections of a unit vector along 
the ecliptic-frame Y axis on the IE-frame or IM-frame 
X, Y, Z axes. 

The magnitudes of the projections of a unit vector along 
the ecliptic-frame Z axis on the IE-frame or IM-frame 
X, Y, Z axes. 

LEM altitude above the earth's or moon's surface 
measured along the radius vector. (ft) 

The pagnitudes of the projections of a unit vector along 
the JR-frame X axis on the LEM H-frame X, Y, Z axes. 

The pagnitudes of the projections of a unit vector along 
the JR-frame Y axis on the LEM H-frame X, Y, Z axes. 

The magnitudes of the projections of a unit vector along 
t 

the JR-frame Z axis on the LEM H-frame X, Y, Z axes. 

The magnitudes of the projections of a unit vector along 
the CM B-frame X axis on the LEM B-frame X, Y, Z 
axes. 

The magnitudes of the projections of a unit vector along 
the CM B-frame Y axis on the LEM B-frame X, Y, Z 
axes. 

The magnitudes of the projections of a unit vector along 
the CM B-frame Z axis on the LEM B-frame X, Y, Z 
axes. 

Constants which depend on the inclination and the longitude 
of the ascending mode of a given orbit selection. 

Constants which depend on the orientation of the moon 
relative to the sun. 

The distance along the Z body axis to the surface of the 
moon. (ft) 

The angle of latitude with respect to the J' -frame. (rad) 

Latitude referenced to the great circle defined by the 
intersection of a selected orbit and a theoretical moon 
of constant radius. (rad) 

19 
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I p~l' p22' P23 

I 
P3p P32, P33 

IJ,,h 

I 
<111, q12, q13 

I (121' q22, 423 
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I 
rp 
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Latitude referenced to the lunar great circle which contains 
the moon-sun line. (rad) 

Longitude referenced to the great circle defined by the 
intersection of a selected orbit and a theoretical moon 
of constant radius. (rad) 

Longitude referenced to the lunar great circle which 
contains the moon-sun line. Measured from the 
right ascension of the sun on the lunar surface. (rad) 

The longitude of an arbitrary point on the surface of the 
earth. (rad) 

The longitude of an arbitrary point on the surface of the 
moon. (rad) 

Longitude measured with respect to the earth' s or moon' s 
surface. (rad) 

The magnitude of the rotational velocity of the earth. 
(rad/sec) 

The magnitude of the rotational velocity of the moon. 
(rad/sec) 

The magnitudes of the projections of a unit vector along 
the JR-frame X axis on the LEM H-frame X, Y, Z axes. 

The magnitudes of the projections of a unit vector along 
the JR-frame Y axis on the LEM H-frame X, Y, Z axes. 

The magnitudes of the projections of a unit vector along 
II 

the JR-frame Z axis on the LEM H-frame X, Y, Z axes. 

The heading angle of the H-frame. This is the angle the 
H-frame X axis makes with the E-frame X axis . (rad) 

The magnitudes of the projections of a unit vector along 
the ecliptic-frame X axis on the B-frame X, Y, Z axes. 

The magnitudes of the projections of a unit vector along 
the ecliptic-frame Y axis on the B-frame X, Y, Z axes. 

The magnitudes of the projections of a unit vector along 
the ecliptic-frame Z axis on the B-frame X, Y, Z axes. 

The magnitude of the radius of the vehicle as measured 
in the IE-frame or IM-frame. This quantity is measured 
in the IE-frame during earth orbital computation and in 
the IM-frame during lunar phase computation. (ft) 

The projection of the LEM' s radius on a plane perpendicular 
to the moon-sun line. (ft) 

Absolute range of CM from LEM. (ft) 

The constant radius of a theoretical moon. (ft) 

20 
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8 B/E' q, B/E' 1/IB/E 

0cM/L, 'l>CM/L, 1/lcM/L 

8 E/H' q,E/H' 1/IE/H 

8 E/M' q, E/M' 1/1 E/M 

8 S/L' q, S/L' 1/ls/L 

XcM/L' YcM/L' ZCM/L 

X1 y Zt 
CM/L' 1cM/L' CM/L 

(X1)S/L' (Y1)S/L' (Z1)S/L 

(X1E) ' (Y1E) ' (Z1E) 
M M M 

(XI ) ' (YI ) ' (Z1 ) 
Es Es Es 

(XIM) s' (YIM) s' (Z1M) s 

XM/L' YM/L' ZM/L 

XS/L' y S/L' ZS/L 

LEM attitude with respect to the LEM E-frame. 

CM attitude angles with respect to the LEM body axes. (rad) 

Earth attitude angles with respect to the H-frame during 
earth orbital computation. (rad) 

Earth attitude angles with respect to the H-frame during 
lunar phase computation. (rad) 

Moon attitude angles with respect to the H-frame during 
earth orbital computation. (rad) 

Moon attitude angles with respect to the H-frame during 
lunar phase computation. (rad) 

Starfield display with respect to LEM body axis. (rad) 

LEM B-frame coordinates .of CM position. (ft) 

IE-frame or IM-frame coordinates of CM position relative 
to the LEM. (ft) 

IE-frame or IM-frame coordinates of the sun's position 
relative to the LEM. (ft) 

IE-frame coordinates of the moon's position. (ft) 

IE-frame coordinates of the sun's position. (ft) 

IM-frame coordinates of the sun' s position. (ft) 

IE-frame or IM-frame coordinates of LEM position. 
These quantities represent IE-frame coordinates 
during earth orbital computation and IM-frame coordinates 
during lunar phase computation. (ft) 

LEM B-frame coordinates of the moon's position. (ft) 

LEM B-frame coordinates of the sun's position. (ft) 

21 
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CELESTIAL SPHERE PROJECTOR SIGNALS 

1 
STAIUIELD DISPLA Y WITH RESPECT 
TO LEM BODY AXES 

"' ~SIL• q12 

cos i,'.,5/ L z (•)"' I. s 1n2 ""slL sin 1J,5/L 

(L.EM EOM) au, · • a33 - YAW 
SEHVO 

I-FRAME TO 
ECLIPTIC FRAME 
DIRECTION 
COSINES FROM 
EPHEMERIS DATA 

INPUTS 
FROM 
LE M 
EOM 

(11 , ... , f33 

!lln fils/L : qll + cos ~ 5/ L 

cos filS / L • q13 + cos 1£,gfL 

sin IIS/ L = -q32 +- cos \!,5/ L 

cos !1S/ L " q22 + cos ',/,5/L 

WHERL : 

qll "" 111 a11 .. f 12 a 12 + f13 a13 

Ql2 " f11 :i.21 • f12 a22 • ftJ a23 

Q13 = !11 331 + 112 a32 + f1 3 a33 

Q22 = f21 az1 1 122 a22 + [23 a23 

Q32 • f31 ilzt • r32 a22 - f33 az3 

LUNA H OCCLUDE"R ·p1rc11 nw Y AV. 

-XMh 
sln E Lu ; " 2 2 2 

L (+) \ X M/L. y M/L • z MIL 

Sin AZM/ L " \I 2 2 
(+) y M/ L .. z M I L 

cos il,5/ L 

sin lils/ L 

cos lil s / L 

sin llsfL -
cos 11S/L 

2 

PITCH 
SERVO 

ROLL 
SEHVO 

Siu ELM/ L 

cos ELMfL 

sln AZM/ L 

cos AZMI L 

PITCH 
OCCLUDER 

YAW 
OCCLUDER 

EPHEMERIS (X1E)M, (Y1E)M, (Z1E )M 
DATA 

INPUTS} au, ... , a33 
FROM 
LEM XJy, Yiy, ZJy 
EOM 

V. HERE: 

XMfL " r CJ3 • B;1 { a 11 (X1E) • au (Y(£) • a13 (Z JE) I 
M M M 

LUNAR DIAME. TER 3 

4 
CSM OCCLUDER PITCH AND 
YAW AND CSM DJAMEfER 

"' 
sin ELcMI L 

sm ELCM/ L 
cos El<:M/L 

cos ELcMfL 

11D l:LcMI L' FROM RE NDEZVOUS 
sin AZCMI L 

> 
s in AZCM/ L TV P IC KUP .SIGK-\L 

coa ELcMI L' GENERATION cos AZCMI L 
- cos AZcM/L 

sln AZcM/ L• !(RcMfL) 

c oa AZcM/L J(RCMfL -

PITCH 
OCCLUDF.R 

YAW 
OCCLUDER 

CSM 
DIAMETER 

LUNAR 
DIAMETER 

SOLAR SIMULATOR SIGNALS 

HELATIV I:. AZIMUrH AND ELEVATJO:'.\ 
ANULE.:> OF fHt: SUN V.lTII RESPEC T 
TO LEM BODY Z AXI.::i 

WHERE: 

AND 

(X1).s1L"' 0~ (XJrls .. DM (XJM>s • (XJ)y 

. 
(Yr)sfL "' BM (YIE)s .. BM {YIM)s - (YJ)v 

14 

cos AZSfL 

sin ELsl L• _ 

cos EL.sh 

srn AZS/ L 

<" OS AZS/ L 

sin E L.::i/ L 

cos ELg; L 

... 

(
OUTPUTS TO~ 

► APPROPRIATE 
SERVOS 

T RIGONOME TRIC 
RESOLUTION 

(LEM EOM) 

AZslL' ELslL 

TRIGONOMETRIC I AZ Mlv ELMfL 
RESOLUTION 

I 

sin A~Ml v 

cos AZMl t, 

sin ELM/ V 

cos ELM/ L 

l 

(LEM EOM) 

sln L, 

cos L, 

sin:>.., 

cos A 

(LEM EOM) ~'-----i 

LUNAR EFFECTS PROJECTOR SIGNALS 

DISTANCE ALONG AND ACROSS A 
s·ETECTEo ORorr 

V.HE RE >.'AND L' ARE FOUND BY 
TRIGONOMETRIC RESOLUTION FROM: 

sm L' " K1 cos L co5 A + Kz cos L sln A + K3 sin L 

cos L' • (+) ✓ 1 • sin2L' 

5 

sin A' " [ K4 cos L cos A• K5co1 L1ln A+ Kg sln LI• coa L' 

cos>.' E [ K7 ens L cos A • Ka cos L sin A] +- cos L' 

NOTE: 

K1 - Ks DEPEND ON THE INC LINATION AND THE 
LONGJTU DE or THE ASCENDING NODE or THE 
OR BIT SELECTED 

T HE FOLLOWING SIGN A LS ARE CONSIDERED TO 
BE A FUNCTION or LEM ALTITUDE ABOVE THE 
LUNAR SUR FACE: 

3. FlLM SC ALE SITE SELECTOR CONTROL 
SIGNALS 

4. FILM SCALE (MULTIPLIER) 

8. CASSETTE ILLUMINATION QUIC K DISSOLVE 
CONTROL 

9. CASSE TTE OUTPUT QU ICK DISSOLVE 

10. LUNAR ILLUMINATION VARIFOCAL DRIVE 

11 . DIAPHRAG M DRIVE FOR MOON HORIZON 
ANNULI 

12. SHUTTER CON TROL FOR LANDING PHASE 

SCAN ROLL1 PITCH1 AND YAW 
ABOUT LEM Z AXIS 

sin OE IL " c u 

cos QEI L " {+) ✓ I - sin2 0EI L 

6 

7 

r, sin L, cos L, 
(LEM EOM) 

sln A, cos A 

sin OE/ L 

(SCAN J 
cos "E I L PITCH 

DIAPHRAGM DRIVE FOR 
SUNRISE/SUNS£ i' ANNULI 

THE SUN' S RA YS ARE VISIBLE WHEN; 

OR 

rp-R,,,2:.0 

WHERE: 

rp • rcosr 

cos r = (+) " I - sin2 r 

sln T " cos L .. cos {A"t=l 2. OO - A'• ) 

sin L" = K9 cos L eos>. • Kio cos L sin>.+ Kil sin L 

cos L" = f•) ✓ 1 - s1n2 L" 

8 

sin A"~ [ K12 cos L cos >.• K1 3 cos L sin A+ K14 sin L ] ♦ cos L" 

cos A' . = [ K1 5 cos L c os A • K 15 cos L sin A] + co5 L .. 

NOTE: 

Kg - K15 DEPEND ON LUNAR ORIENTATION 
WITH ltESPECT TO THE SUN 

90 - I A" - A·\=12.00 I 

DUAL TERMINATORS "X" AND "Y" 

THESE SIG NALS ARE USED TO DEPICT THE 
THANSITION FROM THE LIGHTED TO THE 
DARKENED PORTIONS OF THE LUNAR 
SURFACE. THIS TRANSITION IS A FUNCTION O F 

90 - IA .. - A"t= t2.oo l 

9 

(LEM EOM) c u , ' ' '' c33 sin IIEI L 

~SCAN ) 

r 
" 

sin AZCM/L' cos AZcMIL' sm ELCMI L' 

cos ELcMI L 

I TRlGONOMETIUC J 
RESOLUTION 

CSM otcLUSION SWJTCH 15 
SWITCH JS TURNED ON WH EN: 

AND 

\ rLsJL - ELc M/L I < f <RcMfLl 

SWITCH IS TURNED OFF WHEN: 

IAZsfL - AZcMI L l i r tRc MfL) 

OR 

LUSAR OCCLUSION SWITCH 16 

SWITCH IS TURNED ON WHEN : 

AND 

SWITCH l::i TURNED OFF WHEN: 

OR 

\ F LsfL - ELMfL I 2:. f (RLJ M) 

( 
SWITCH ) 
SIGNAL 

(
SWITCH ) 
SIGNAL· 

sin ilE/ L = ·c 12 t cos OtlL 
cos ilE h ROLL 

cos i;,EIL ., -q3 + cos 0EIL 

sin it,E/i 
~SCAN) sin WEI L = c2 1 ♦ COB lilEI L cos WEfL 

YAW 

cos IVEIL" c3 1 ♦ cos gEI L 

II 

CRT DISPLAY 

13 

( 
F'ROM RENDEZVOUS ) 
TV PICKUP SIGNALS 

CRT F'OCU1;l DRIVE 

LUNAR LANDING PROBE SIGNALS 

(LI .M EOM) t )l , <.:J 2. (' IJ 

c 23, c33 

ROLL, PITCHC AND YAW OF LEM 
wtTH RESPE T To LUNAR 
VEH IICAL RESOLVER 

17 

RANGE TO LUNAR SURFACE WR 18 
FOC US ~t AND FOCUS ~z 

s in "el f: 

C<1S lilB / 1,_ 

sin 08/ E 

c,'5 0u 11,_ 

(
PlfCII ) 
SIG NAL 

( HOLL ) 
' SIGNAL 

(
Y AW ) 
SIGNAL 

(LJ::M [OM) r, CJ3 THESE SIGNALS ARE CONSIDERED TO BE ( ) 
.;...-"'---.lo! A FUNCTION OF THE Dl3TANCE TO THE I-----~ FOCUS 

LUNAR SUR FACE MEASURED ALONG THE SIGNALS 
LINF. OF SIG HT: 

19 
(LLM EOM) -'' -'' '--~ 

THE F'OLLOWING SIGNALS ARE 
CONSIDEHED TO BE ,\ F'UNCT ION 
or LEM ALTITUDE ABOVE THE 
LUNAR SURFACE: 

6. ALTITUDE TO LUNAR SURFACE 
FOR PROBE HEIG HT 

; 7. FOV FOCUS CONTROL wt 

8. rov FOCUS CONTROL 11'2 

AWNG AND ACROSS 
ORBIT !RAVEL 

THESE SIGNALS ARE CONSIDERED 
TO BE THE SAME AS DISTANCE 

20 

ALONG AND ACROSS A SE LECTED 
ORBIT WHICH HAS BEE N GENERATED 
FOR THE LUNAR EFFECTS PROJEC 'l'OR: 

D>.• , DL' 

ADDITIONAL SIGNAL REQUIREMENTS 

10 11 
EARTH ATTITUDE ANGLE.:l WITH RESPECT TO 
THE MOON ff-FRAME AND MOON ATTITUDE 
ANGLES WitH RESPECT TO THE EARTH H- FRAME 

SIU >-H, 
C<.•S ,\g 

(LU.I EOM) 
s in L, 
ens L 

I E sin QEI M or sin OM 

cOB "EI M or cos 0 M/ E 

1/E .. 

MOON AND EA RTH ATTITUDE ANGLES 
wrrH HESPECT To THE H- FftAME 

BM sin "MJ H • BM sin OE/ H • -h13 

BM cos "Mi tt .. BM cos "E / H "' (+) " 1 • (h 13)2 

BM s in iMl tt .. si.i sin ~El tt = h23 +- (-.)" I - (ht3)2 

BM cos iM/ H .. B~ cos PEI H " h33 +- (+) ✓ I - (ht3)2 

BM sin iJ, MI H • 8~1 sin IJ,E l tt " h12 +- (+) ✓ I - (h13)2 

Sill 9M/ H 01' sin gE I H /1 PITCH 
IGNA cos "M i tt or cos gEl tt \S 

HCLL 
((jr,;,a, 

SIil ~M/ H m sin 11E. / H (~ 

cos 0Mf!1 or cos IIE I H sin 11E / M or sin 1111, 

cos IIE I M or cos 11 M/ E 
BM cus ,J., M/ H + s;., cos IVE/H . hu +- (t) " I - (h13)2 

sinl,'.,MI H orsln;,i,EI H 
YAW .\ 
IGNA/ 

WHERE: 

Pu " [ (BM cOB A[., BM cos >.M) bl}+ (BM sin A[ .. 0;1 sin AM) bit] 

[ cos "1h] + [ ( BM cos >.E + B),f cos >.M) b 12 

• (BM sln >-E + et1 sin AM) b22] [ sin IVh] 

Pt2 = i (BM cos "E • ei.t cos AM) bu+ (BM sin AE I eM sin >.M) b21l 

( sin \1-'td + ( ( BM cos "E • D~ cos AM) b12 

+ (B M sin AE + eM sin AM) b22l [ cos it-h] 

M/e sln 11,,EIM or sin iJ, 

cos i,t,EI M or cos ,J, M/ E 

WHERE: 

hll • J 11 cos IVh .. J12 sin IJ.-h 

h12 • ·JU sln~h + h2 cos "1 h 

h13 • -cos L cos >.R 

h23 "' • cos L s in ,\R 

h33 = -sin L 

i1 I "' -s in L cos AR 

h2 • -sin >.'R 

RELATIVE AZIMUTH AND ELEVATION 
ANGLES OF THE EARTH WITH RESPECT 
To THE LEM Z DODY AXIS 

RELA fl VE AZ IMUTH AND ELEVATION 
ANGLE.:> Ot' THE bM WI IH RESPECT 
TO THF L£M Z BODY AXIS 

-XCMfL 
sm El.,eMfL = RCMI L 

WHERE : 

HCM/L "' (+) ✓ x 2cMfL t yZCM/L t z2cM/L 

= RANGE TO CS M FOR TRACK 

FROM AMS DURJNG } 
INTEGHATED MODE 
AND FROM LEM EOM 
DURING NON-INTEGRATED 
MODE 

(LE M EO M) au, · · ·, a33 

,. 

n<OM} LEM q3. t2J, c33 
>OM 

il ll, ... , '33 

WHERE: 

I 

RENDEZVOUS TV PICKUP SIGNALS 

21 

~

' HOM SOLA!) 
IUULArION 
IGNAU. 

SIil AZs L • n ,s AZs L• 

SUI ELs L· n,s l:.Ls L 

I 
t-----<~ (AZ to CSM) I 

sin ELcM/ L 

cos ELc M/ L 
(EL lo C3M) 

SUN ASPECT ABOUT CSM TRACK 

THESE SIGN ALS ARE CONSIDEH ED TO BE 
THE .::iAME AS T HE SOLAR AZ IM UTH AND 
EU VATJON ANGLE SIGNALS GENERATED 
f'Oll TH~ SOLAR SIMULAT ION : 

sin AZs/ L• cos AZsl u Sin ELs f L• and 

ens E Lsl L 

HI,,AD-ON SUN SIGNAL 

sln AZS/ L 

cos AZSI L 

sin ELs/ L 

cos El..s l L 

T HIS SIGNA L IS CONSIDERED TO BE 
TURNED ON WH EN 

IAZs,ii l <E and IELsfL < E. E>O 

TlllS SIGNAL IS CONSIDERED TO BE 
TUHNED O FF WHEN 

I AZsJL l ~ E or I ELsfL 2:. E, PO 

RcM L 24 
I 

RO LL PITCH, AND YAW ArTirUOE or 
CSM ',\,•iiH RESPECT TO LEM Z M::IS 

sm lil CM/ L = k ll 

CO!i gCM/ L " l•) ✓ 1 - sin2 "cMI L 

cos 11C MI L = •k31 +- cos QcM / L 

cos \1.-C MI L " k13 + cos gCMI L 

WHERE: 

25 

Ku : (C 11)A MS a u • (C 12)AMS a J2 • (C 13) AMS a13 

k12 • (C u )A MS a2 1 • (CL2)AMS a22 + (C13)AMS a23 

'k13 = (C11)AMS a31 + (C12)AMS a32 l (C t 3)AMS a.33 

RAKOE fO CSM FOCUS 

sin IVc M/ L . /YAW ) 

cos \1.-c M/L lSIGNAL 

cos\!.. 111 / 8 or cos~ E / H 
s 

12 

cos AZEI L 

sin ELEIL 

cos ELE/ L 

22 
sin AZs/ L 

cos AZSI L 

cos ELSI L 

23 

Figure 20 LMS Visual Display System Equations 
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4. LMS REACTION CONTROL SYSTEM EQUATIONS 

4. 1 VARIABLES 

BX 

F 

t• 
A 

F' B 

f1 (PRESSURE RATIO) 

f2 (TFUEL) 

f3 (Toxm> 

f4 (PMANFUEL) 

£& (PMANoxm> 

Effective area of the squib, the two solenoid valves, and the 
four pressure regulator valves, which connect the helium 
reservoir with the region immediately downstream of the 
pressure regulators, and upstream of the check valves (in2). 

Uncorrected effective flow area (in2). NOTE: Further 
explanation of this variable is given in paragraph 3. 3. 1 of 
the technical proposal. 

The symbol Ax, where X is a 1, 2, or 3 digit numeric sub
script, is an arithmetic quantity, the existence of which is 
implied by the corresponding Boolean quantity Bx and the 
following relations; Ax= 1 if Bx= 1, and Ax= 0 if BX= 0. 
NOTE: The B's are defined in Section 4. 3 

See definition of Ax. 

Fractional sensor error, i.e., the ratio of the actual sensor 
error to the maximum plus or minus variation in sensor error. 

Fuel quantity. (lbs.) 

Summation of the fuel flow rates for the 8 reaction control jets 
of RCS-A. (lbs-sec- 1) 

Summation of the fuel flow rates for the 8 reaction control jets 
of RCS-B. (lbs-sec-1) 

Incremental increase in ascent engine fuel consumption rate 
due to RCS operation. (lbs-sec-1) 

Thrust output of a single reaction jet if the TCA solenoid valves 
are open. (lbs.) 

0 0 0 

See definitions of MT, MTF, and MTo· 

See definition of PF· 

See definition of PO· 

The fuel flow rate for a single thruster if the TCA solenoid 
valve is open (lbs-sec-1). NOTE: This function will be de
fined for PMANFUEL in the range OS. PMANFUEL S. 250 psia. 

The oxidizer flow rate for a single thruster if the TCA solenoid 
valve is open (lbs-sec-1), NOTE: This function will be defined 
for PMANoXID in the range o ~ PMANoxID s. 250 psia. 

Represents the available specific impulse as a function of the 
available 0/F ratio (sec). NOTE: This function will be de
fined over a sufficient range of f 5/f4, say C 1 s. f5/f4 ~ C2, 
such that f6 (C3) may be assumed equal to zero if C3 is less 
than Ct or greater than C2. 
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0 

o' A 

bOAsc 

p 

Pc 

bPc 

APcAP 

APcAR 

PCREW 

The i th system constant. NOTE: The K's are defined in 
Section 4. 2. 

Mass flow parameter based on upstream total pressure. The 
mass flow parameter, as applied, is a function of the ratio of 
pressure in the helium reservoit to regulator outlet pressure, 
and for helium has a range O .s. MT .S. 0. 21. (~/sec) 

Mass flow param~ter as applied to the check valve upstream 
of the fuel tank, MTF = f (PREG/PFUEL). (~/sec) 

Mass flow parameter is applied to the check valve upstream 
of the oxidizer tank, MTo = f (PREGIPox10). (.J"R"/sec) 

Oxidizer quantity. (lbs.) 

Summation of the oxidizer flow rates for the 8 reaction control 
jets of RCS-A.(lbs-sec-1) 

Summation of the oxidizer flow rates for the 8 reaction control 
jets of RCS-B.(lbs-sec-1) 

Incremental increase in ascent engine oxidizer consumption 
rate due to RCS operation.(lbs-sec-1) 

Instructor indicator readings displayed on the RCS pressure 
indicators if the instructor selects to read true values. (psia) 

Commanded regulator outlet pressure. (psia) 

Increment in commanded regulator outlet pressure as refer
enced to the nominal regulator outlet pressure of 181 psia. 
This increment may be applied to the series regulators in 
either the primary or redundant branches of RCS-A or 
RCS-B.(psi) 

Increment in command regulator pressure for the two series 
pressure regulators in the primary branch of RCS-A. This 
increment represents the difference between the actual regu
lator command pressure for the two series regulators and the 
nominal regulator command pressure of 181 psia. (psi) 

Increment in command regulator pressure for the two series 
pressure regulators in the redundant branch of RCS-A. This 
increment represents the difference between the actual regu
lator command pressure for the two series regulators and the 
nominal regulator command pressure of 181 psia. (psi) 

Increment in command regulator pressure for the two series 
pressure regulators in the primary branch of RCS-B. This 
increment represents the difference between the actual regu
lator command pressure for the two series regulators and the 
nominal regulator command pressure of 181 psia. (psi) 

Increment in command regulator pressure for the two series 
pressure regulators in the redundant branch of RCS-B. This 
increment represents the difference between the actual regu
lator command pressure for the two series regulators and the 
nominal regulator command pressure of 181 psia.(psi) 

Crew indicator readings as displayed on the RCS pressure 
indicators. (psia) 
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PFUEL 

. APFUEL 

PmsT 

PMANFUEL 

PMANoxro 

Poxro 

APoxro 

Q 

QsEL 

PF 

PO 

T 

Fuel tank pressure.(psia) 

Fuel pressure drop from the fuel source to fuel manifold . 
The fuel source will be either the RCS-A fuel tank, the 
RCS-B fuel tank, or the ascent engine fuel tank. (psi) 

Helium reservoir pressure,(psia) 

Instructor indicator readings as displayed on the RCS 
pressure indicators. (psia) 

Fuel manifold pressure.(psia) 

Oxidizer manifold pressure.(psia) 

Oxidizer tank pressure. (psia) 

Oxidizer pressure drop from the oxidizer source to the 
oxidizer manifold. The oxidizer source will be either 
the RCS-A oxidizer tank, the RCS-B oxidizer tank, or 
the ascent engine oxidizer tank, dependent on the status 
of the main propellant shut-off valves, the crossfed 
valves, and the ascent engine feed valves.(psi) 

Pressure regulator outlet pressure.(psia) 

Instructor indicator readings displayed on the RCS pressure 
indicators if the instructor selects to read pressures other 
than the pressures dictated by the crew selector switch 
position.(psia) 

Instructor indicator readings displayed on the RCS propellant 
quantity indicators if the instructor selects to read true values. 
(%) 

Crew indicator readings as displayed on the RCS propellant 
(fuel or oxidizer) quantity indicators.(%) 

Instructor indicator readings as displayed on the RCS pro
pellant (fuel or oxidizer) quantity indicators.(%) 

Variable instructor control of propellant leakage. The in
structor may apply this leakage rate to the fuel and/or 
oxidizer tanks of RCS-A and/or RCS-B as per the instructor 
Boolean inputs B119 thru a122. (lbs-sec-1) . 

Instructor indicator readings displayed on the RCS propellant 
quantity indicators if the instructor selects to read propellant 
quantities other than the propellant quantities dictated by the 
crew selector switch position.(%) 

Fuel density (lbs-in-~) NOTE: As indicated on Figure 21 
of the propcsal, fuel density is assumed to be a function of 
fuel temperature. 

Oxidizer density (lbs-in-3) NOTE: As indicated on Figure 21 
of the proposal, oxidizer density is assumed to be a function 
of oxidizer temperature. 

Instructor indkator readings displayed on the RCS temperature 
indicators if the instructor selects to read true values.(° F) 
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I TcREW 

I TFUEL 

I THe 

T1NST 

I 
TMANFUELA 

I TMANoxIDa 

I Toxw 

I TsEL 

I TMANFUELA 

I T' MANo:xwa 

I 6t 

I 
I VffeFUEL 

I 
VHeoxw 

Wffe 

I WHeFUEL 

WHeoxw 

I WcvF 

I Wcvo 

I 
• 

WHeLEAK 

I 

Environmental control temperature.( 0 R) NOTE: Further 
explanation of this variable is given in paragraph 3. 3. 3 of 
the proposal. 

Crew indicator readings as displayed on the RCS tempera
ture indicators.(° F) 

Common temperature of fuel and ullage helium in the fuel 
tank.( 0 R) 

Temperature of helium in the helium reservoir. (0 R) 

Instructor indicator readings as displayed on the RCS tem
perature indicators.(°F) 

Temperature of the fuel in the RCS-A fuel manifold.( 0 R) 

Temperature of the oxidizer in the RCS-B oxidizer 
manifold. (0 R) 

Common temperature of oxidizer and ullage helium in the 
oxidizer tank.( 0 R) 

Instructor indicator readings displayed on the RCS tem
perature indicators if the instructor selects to read tem
peratures other than the temperatures dictated by the 
crew selector switch position.(° F) 

Steady-state temperature of the fuel in the RCS-A fuel 
manifold. ( 0 R) 

Steady-state temperature of the oxidizer in the RCS-B 
oxidizer manifold. (0 R) 

The effective full open total on time for 8 thrusters as 
measured over the last . 20 second interval divided by 
. 20 seconds. The manner by which this dimensionless 
parameter accounts for lsp variation in the short pulse 
width regime is discussed in paragraph 3. 3. 4 of the 
proposal. 

Ullage volume in the fuel tank. (in-3) 

Ullage volume in the oxidizer tank. (in-3) 

Weight of helium in the helium reservoir.(lbs) 

Helium quantity occupying the fuel tank ullage volume.(lbs) 

Helium quantity occupying the oxidizer tank ullage volume. 
(lbs) 

Helium flow rate through the check valve and into the fuel 
tank.(lbs-sec-1) 

Helium flow rate through the check valve and into the 
oxidizer tank.(lbs-sec-1.) 

Variable instructor control of helium leakage. The in
structor may apply this leakage rate to the helium reservoir 
and/or the fuel and oxidizer tank ullage of either system A 
or Bas per the instructor Boolean inputs B101 thru Bio5· (lbs/sec) 
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SUBSCRIPTS: 

A 

B 

ASC 

IIA 

Ila 

NOTE: 

Summation of the helium flow rates through the primary 
and redundant pressure regulator branches. (lbs-sec-1) 

Helium flow rate out of the fuel ullage relief valve.(lbs-sec-1) 

Helium flow rate out of the oxidizer ullage relief valve. 
(lbs-sec-1) 

Pertains to RCS-A 

Pertains to RCS-B 

Pertains to Ascent Engine 

Crew indicator input from RCS-A 

Crew indicator input from RCS-B 

(1) A dot placed above a quantity indicates the first time derivative of that quantity 

(2) Two dots placed above a quantity indicate the second time derivative of that quantity 

4. 2 CONST ANTS 

K5 

K7 

Ka 

Defines the range of APc in the absence of full open pressure 
regulator failures, i.e., if there are no regulators failed open, 
-K1 ~ APc ~ K1 .. (psi) 

Incremental change in APc due to full open failure of the high
pressure pressure-regulator valve.(psi) 

Incremental change in APc due to full open failure of the low
pressure pressure-regulator valve. (psi) 

Constant to be evaluated to provide acceptable transient 
response of regulator outlet pressure to system loading. (sec- 1) 

Constant to be evaluated to provide acceptable transient 
response of regulator outlet pressure to system loading. (sec-2) 

Constant to be determined as a function of steady-state regu
lator data and the selected value of K5. ( in4 lbs- sec-2) 
NOTE: The ratio Ks/K5 is determined from the

4 
steady-state 

regulator data as Ks/K5 = - ~Airno/clPREG- ( in lbs-1) 

Constant to be determined as a function of zero-flow steady
state regulator data and the selected value of K6,(in4 lbs-lsec-2) 
NOTE: The ratio K7 /K6 is determined from the steady-state 
regulator data as K7/K6 = -aPREG/aPHe• 

Constant to be determined in accordance with the regulator 
preload, such that the zero-flow steady-state value of regulator 
outlet pressure (PREG) equals the regulator outlet command 
pressure (Pc) at a specified value of reservoir pressure (PHe). 
( in2 sec-2) NOTE: The ratio Ka/K7 is defined as K8/K7 = 
PHes psi, where PHes is the specified value of PHe referred 
to above. 
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I 
Effective flow area (AREG) if the high pressure helium K9 

I 
squib valve is open and both series pressure regulators 
are failed open in a branch with an open high pressure 

. solenoid valve. (in2) 

I Kio Ratio of the gas constant for helium to the volume of the 
helium reservoir tank.( 0 R-1- in-2) 

I KU Compressibility factor for helium minus one,(ZHe-1). 

K12 Ratio of specific heats for helium minus one,(d'1He-1). 

I K13 Ratio of Ki3 to the specific heat of helium at constant 
volume, where Kb represents the ratio of heat input 
rate of the reservoir tank (Qae) to the difference in 

I 
environmental temperature and helium temperature, 
K13 :::; Qae/[ Cv (Tc - Tae)]. (lbs/sec) 

I 
K14 This constant is provided in the event it is necessary to 

adjust the temperature rate and may be considered to 
have a value of zero at this time. 

I K15 Constant to be evaluated to provide acceptable transient 
response of regulator outlet pressure to system loading. 
(sec-in2) 

I Kt6 Check valve flow area when the check valve is open. 
(in2) 

I K17 Gas constant for helium, Rae• ( in- 0 R-l) 

K1a Ratio of relief valve flow rate to ,propellant tank pressure 

I 
when the relief valve is open~(in2-secl) 

K19 Ratio of K'ig to the specific heat of helium at constant 
volume, where K'19 represents the ratio of heat input 

I rate of the fuel tank (QF) to the difference in environ-
mental temperature and fuel temperature, K19 :::; 
QF/[ Cvae (Tc - TFUEL)]. 

I K20 Ratio of specific heats for helium,(fae). 

K21 Multiplicative inverse of the specific heat of helium at 

I constant volume, cv-1. (0 R- in-1) 

Ratio of specific heats for helium minus one,(Oae-1). K22 

I K23 Ratio of the fuel specific heat to the specific heat of 
helium at constant volume,(CVF/Cvae>· 

I K24 Ratio of K'24 to the specific heat of helium at constant 
volume, where K"l4 represents the ratio of heat input 
rate of the oxidizer tank (Qo) to the difference in environ-

I 
mental temperature and oxidizer temperature, K24 :::; 
Qo/[ cvae (Tc - Toxm>] • 

K25 Ratio of the oxidizer specific heat to the specific heat of 

I helium at constant volume (Cvo/CVae>· 

K2s Total volume of the fuel tank.(in3) 

I K27 Total volume of the oxidizer tank (in3) 

28 



I K28 The product of average fuel consumption rate and the ratio 
of mission time to real time.(lbs-sec-1) 

I K29 The product of average oxidizer consumption rate and the 
ratio of mission time to real time. (lbs-sec- 1) 

I K30 This constant is included in the event it is necessary that 
the range of oxidizer leakage rates be greater than the 
range of fuel leakage rates. If this is not required, K30 = 1 

I 
and may be deleted. 

K31 The ratio APFUEL/F' if the fuel flow path is from the ascent 
engine fuel tank to either the RCS-A or RCS-B fuel manifolds, 

I 
and the cross-feed valves are closed.(sec-in-2) 

K32 The ratio APFUEL/F' if the fuel flow path is from RCS-A or 
RCS-B fuel tanks to the RCS-A or RCS-B fuel manifolds, 

I respectively. (sec-in-2) 

K33 The ratio APFUEL/F' if the cross-feed valves are open and 

I the fuel flow path is from the ascent en1,ine to the common 
(RCS-A/RCS-B) fuel manifold.(sec-in- ) 

I 
K34 The ratio APFUEVF'' if the cross-feed valves are open and 

the fuel flow path is from either the RCS-A or RCS-B fuel 
tank to the common (RCS-A/RCS-B) fuel manifold.(sec-in-2) 

I K35 The ratio [ APoxm/0'] /[ APFUELIF']. 

K36 The ratio between the rate of change of fuel temperature in the 

I 
RCS-A fuel manifold to the difference between the steady-state 
and actual fuel manifold temperature.(sec-1) 

K37 The ratio between the rate of change of oxidizer temperature 

I in the RCS-B oxidizer manifold to the difference between the 
steady-state and actual oxidizer manifold temperature.(sec-1) 

I 
K39 Maximum fuel leakage rate.(lbs-sec-1) 

K39 Greatest plus or minus variation in control temperature about 
the nominal level of 530 °R, i.e., 530-K39 ~Tc~ 530 + K39,(R0

) 

I K40 That value of PREG below. which the regulator caution warning 
light will be on. (psia) 

I K41 That value of PREG above which the regulator caution warning 
light will be on if either of the high pressure helium solenoid 
valves are open.(psia) 

I K42 That ratio of oxidizer to fuel quantity above which the RCS 
caution warning light will be on. 

I IC.43 That ratio of oxidizer to fuel quantity below which the RCS 
caution warning light will be on. 

I K44 Maximum plus or minus variation in sensor error for the 
helium reservoir pressure sensors.(psi) 

I K45 Maximum plus or minus variation in sensor error for the 
helium reservoir temperature sensors, the fuel temperature 
sensors, or the oxidizer temperature sensors.( 0 R) 
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K51 

K52 

Maximum pms or minus variation in sensor error for the 
fuel or oxidizer pressure sensors.(psi) 

Maximum plus or minus variation in sensor error for the 
fuel quantity sensors.(lbs) 

Maximum plus or minus variation in sensor error for the 
oxidizer quantity sensors.(lbs) 

Conversion from 0 R to ° F, K49 = 459. 7.(R0
) 

The ratio of 100 to the nominal fuel load of a single RCS 
fuel tank.(%/lbs) 

The ratio of 100 to the nominal oxidizer load of a single 
RCS oxidizer tank.(%/lbs) 

Minimum value of temperature shown on the RCS temper
ature indicators.(° F) 

Maximum value of helium leakage rate (WHeLEAK). 
(lbs-sec-1) 

4. 3 BOOLEAN QUANTITIES 

NOTES: (1) All definitions pertain to B = 1. The words which should be substituted to denote 
conditions pertaining to B = 0 are shown in parentheses. 

4.3. 1 

B5 

B6 

(2) To aid in identifying the Boolean quantities on Figure 21, they have been 
categorized as indicated below: 

Number Range 

Computer Inputs from Crew Bl to B99 
B100 to B199 
B500 to B599 
B600 to B699 
BS00 to B999 

Computer Inputs from Instructor 
Computer Outputs to Crew 
Computer Outputs to Instructor 
Booleans Used Internal to the Computer 

Crew Inputs 

High pressure helium squib valves are (are not) being 
commanded open. 

Propellant cro_ssfeed squib valves are (are not) being 
commanded open. 

High pressure helium solenoid valve in the primary 
branch of RCS-A is (is not) commanded open. 

High pressure helium solenoid valve in the primary 
branch of RCS-A is (is not) commanded closed. 

High pressure helium solenoid valve in the redundant 
branch of RCS-A is (is not) commanded open. 

High pressure helium solenoid valve in the redundant 
branch of RCS-A is (is not) commanded closed. 

High pressure helium solenoid valve in the primary 
branch of RCS-Bis (is not) commanded open. 
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I Ba High pressure helium solenoid valve in the primary 
branch of RCS-B is (is not) commanded closed. 

I B9 High pressure helium solenoid valve in the redundant 
branch of RCS-B is (is not) commanded open. 

I B10 High pressure helium solenoid valve in the redundant 
branch of RCS-B is (is not) commanded closed. 

I 
B11 Solenoid valves connecting the ascent engine propellant 

tanks with the RCS-A propellant manifolds are (are not) 
commanded open. 

I B12 Solenoid valves connecting the ascent engine propellant 
tanks with the RCS-A propellant manifolds are (are not) 
commanded closed. 

I B13 Solenoid valves connecting the ascent engine propellant 
tanks with the RCS-B propellant manifolds are (are not) 
commanded open. 

I B14 Solenoid valves connecting the ascent engine propellant 
tanks with the RCS-B propellant manifolds are (are not) 

I 
commanded closed. 

B15 RCS-A main propellant solenoid shut-off valves are (are 
not) commanded open. 

I B15 RCS-A main propellant solenoid shut-off valves are (are 
not) commanded closed. 

I B17 RCS-B main propellant solenoid shut-off valves are (are 
not) commanded open. 

I B1s RCS-B main propellant solenoid shut-off valves are (are 
not) commanded closed. 

I 
B19 TCA isolation solenoid valves for thrusters #1 and #3 are 

(are not) commanded open. 

B20 TCA isolation solenoid valves for thrusters #1 and #3 are 

I (are not) commanded closed. 

B21 TCA isolation solenoid valves for thrusters #2 and #4 are 

I 
(are not) commanded open. 

B22 TCA isolation solenoid valves for thrusters #2 and #4 are 
(are not) commanded closed, 

I B23 TCA isolation solenoid valves for thrusters #5 and #8 are 
(are not) commanded open. 

I B24 TCA isolation solenoid valves for thrusters #5 and #8 are 
(are not) commanded closed. 

I B25 TCA isolation solenoid valves for thrusters #6 and #7 are 
(are not) commanded open. 

I B26 TCA isolation solenoid valves for thrusters #6 and #7 are 
(are not) commanded closed. 

I 
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B27 

B38 

4. 3. 2 lnstructor Inputs 

B104 

B105 

TCA isolation solenoid valves for thrusters #9 and # 12 are 
(are not) commanded open. 

TCA isolation solenoid valves for thrusters #9 and #12 are 
(are not) commanded closed. 

TCA isolation solenoid valves for thrusters #10 and #11 are 
(are not) commanded open. 

TCA isolation solenoid valves for thrusters #10 and #11 are 
(are not) commanded closed. 

TCA isolation solenoid valves for thrusters #13 and #15 are 
(are not) commanded open. 

TCA isolation solenoid valves for thrusters #13 and #15 are 
(are not) commanded closed. 

TCA isolation solenoid valves for thrusters #14 and #16 are 
(are not) commanded open. 

TCA isolation solenoid valves for thrusters #14 and #16 are 
(are not) commanded closed. 

Temperature-pressure monitor select switch is (is not) in 
"H" or "helium" position. 

Temperature-pressure monitor select switch is (is not) in 
the "FUEL" position. 

Temperature-pressure monitor select switch is (is not) in 
the "OXID" position. 

Temperature-pressure monitor select switch is (is not) in 
the "MANIF' position. 

Fuel-Ox _monitor switch is in the Fuel (Oxidizer) position. 

The helium leakage rates defined by B106 thru B10a pertain 
(do not pertain) to RCS-A. 

The helium leakage rates defined by B106 thru B108 pertain 
(do not pertain) to RCS-B. 

The helium leakage rates defined by B106 thru B108 pertain 
(do not pertain) to the helium reservoir. 

The helium leakage rates defined by B106 thru B108 pertain 
(do not pertain) to the fuel ullage. 

The helium leakage rates defined by B106 thru B108 pertain 
(do not pertain) to the oxidizer ullage. 

An incremental helium leakage rate of 1/7th of the maximum 
leakage rate is (is not) present. 

An incremental helium leakage rate of 2/7ths of the maximum 
leakage rate is (is not) present. 
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I B10a An incremental helium leakage rate of 4/7ths of the maxi-
mum leakage rate is (is not) present. 

I B109 Pressure regulator failures denoted by B111 thru Bua 
pertain to RCS-B (RCS-A). 

I Buo Pressure regulator failures denoted by Bu1 thru Bu7 
pertain to the redundant (primary) regulator branch. 

I B1u One or both regulators are (neither regulator is) failed 
closed. 

Bu2 The high-pressure pressure regulator is (is not) failed 

I open. 

Bu3 The low-pressure pressure regulator is (is not) faUed 

I 
open. 

Bu4 An incremental change in regulator command pressure 

I 
of 1/7th of the maximum change is (is not) present. 

Bu5 An incremental change in regulator command pressure 
of 2/7ths of the maximum change is (is not) present. 

I Bus An incremental change in regulator command pressure 
of 4/7ths of the maximum change is (is not) present. 

I Bu7 The incremental changes due to B114 thru Bus result 
in an increase (decrease) in regulator command pressure. 

I Bua Any two parallel pressure regulators, i. e. , one in the 
primary and one in the redundant branch, are (are not) 
failed closed. 

I Bug The propellant leakage rates defined by B123 thru B125 
pertain (do not pertain) to RCS-A. 

I B120 The propellant leakage rates defined by B123 thru B125 
pertain (do not pertain) to RCS-B. 

I 
B121 The propellant leakage rates defined by B123 thru B125 

pertain (do not pertain) to fuel leakage. 

B122 The propellant leakage rates defined by B123 thru Bl25 

I pertain (do not pertain) to oxidizer leakage. 

B123 An incremental propellant leakage rate of 1/7th of the 

I 
maximum leakage rate is (is not) present. 

B124 An incremental propellant leakage rate of 2/7ths of the 
maximum leakage rate is (is not) present. 

I B125 An incremental propellant leakage rate of 4/7ths of the 
maximum leakage rate is (is not) present. 

I Bl26 The high-pressure helium solenoid valve failures defined 
by B127 thru B130 pertain to RCS-B (RCS-A). 

I B127 The high-pressure helium solenoid valve in the primary 
branch is (is not) failed open. 

I 
B128 The high-pressure helium solenoid valve in the primary 

branch is (is not) failed closed. 
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I B129 The high-pressure helium solenoid valve in the redundant 
branch is (is not) failed open. 

I B130 The high-pressure helium solenoid valve in the redundant 
branch is (is not) failed closed. 

I B131 The main propellant shut-off valves for RCS-A are (are not) 
failed closed. 

I B132 The main propellant shut-off valves for RCS-B are (are not) 
failed closed. 

I 
B135 The TCA propellant isolation valve failures defined by B136 

thru B139 pertain to RCS-B (RCS-A). 

B136 The TCA isolation valves in quad # 1 are (are not) failed 

I closed. 

The TCA isolation valves in quad #2 are (are not) failed B137 

I 
closed. 

B13s The TCA isolation valves in quad #3 are (are not) failed 
closed. 

I B139 The TCA isolation valves in quad #4 are (are not) failed 
closed. 

I B140 An incremental change in environmental control tempera-
ture of 1/7th of the maximum change is (is not) present. 

I B141 An incremental change in environmental control tempera-
ture of 2/7ths of the maximum change is (is not) present. 

I 
B142 An incremental change in environmental control tempera-

ture of 4/7ths of the maximum change is (is not) present. 

I 
B143 The incremental changes due to B140 thru B142 result in 

an increase (decrease) in environmental control temperature. 

B144 Sensor failures defined by B155 thru B159 pertain to RCS-B 

I 
(RCS-A). 

B145 Sensor failures defined by Bl55 thru B159 pertain (do not 

I 
pertain) to helium reservoir pressure. 

B14s Sensor failures defined by B155 thru B159 pertain (do not 
pertain) to helium reservoir temperature. 

I B147 Sensor failures defined by B155 thru B159 pertain (do not 
pertain) to fuel pressure. 

I B14s Sensor failures defined by B155 thru B159 pertain (do not 
pertain) to fuel temperature. 

I B149 Sensor failures defined by B155 thru B159 pertain (do not 
pertain) to fuel quantity. 

I 
B150 Sensor failures defined by B155 thru B159 pertain (do not 

pertain) to oxidizer .pressure. 

B151 Sensor failures defined by B155 thru B159 pertain (do not 

I pertain) to oxidizer temperature. 
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I Bt52 Sensor failures defined by B155 thru B159 pertain (do not 
pertain) to oxidizer quantity. 

I B153 Sensor failures defined by B155 thru B159 pertain (do not 
pertain) to propellant manifold pressure. 

I B154 Sensor failures defined by B155 thru B159 pertain (do not 
pertain) to propellant manifold temperature. 

I B155 The applicable sensor as defined by B144 thru B154 provides 
(does not provide) ·a zero output. 

I 
Bt56 An incremental error in sensor output of 1/7th of the maxi-

mum error is (is not) present. 

B157 An incremental error in sensor output of 2/7ths of the maxi-

I 
mum error is (is not) present. 

B159 An incremental error in sensor output of 4/7ths of the maxi-

I 
mum error is (is not) present. 

B159 The error in sensor output defined by B156 thru B15a results 
in sensor outputs greater (less) than the true value. 

I B1eo Indicator failures defined by Bt61 thru B172 pertain to 
RCS-B (RCS-A). 

I Bt61 Pressure indicator displays (does not display) its minimum 
value. 

I B162 Temperature indicator displays (does not display) its 
maximum value. 

I B163 Quantity indicator remains frozen at its present value(is not 
failed). 

B164 The applicable talk-back indicator defined by B165 thru 

I 
B172 is failed on (off). 

B165 Talk-back indicator for the high pressure helium 

I 
solenoid valve in the primary branch is failed in accordance 
with B16o and B164 (is not failed). 

B166 Talk-back indicator for the high pressure helium 

I 
solenoid valve in the redundant branch is failed in accord-
ance with B16o and B164 (is not failed). 

I 
B167 Talk-back indicator for the ascent engine propellant 

feed v_alves is failed in accordance with B160 and B164 (is 
not failed). 

I B168 Talk-back indicator for the main propellant shut-off 
valve is failed in accordance with B16o and B164 (is not 
failed). 

I Bt69 Talk-back indicator for the TCA propellant isolation 
valves for Quadrant No. 1 is failed in accordance with 
B16o and B164 (is not failed). 

I B170 Talk-back indicator for the TCA propellant isolation 
valves for Quadrant No. 2 is failed in accordance with 

I 
B16o and B164 (is not failed). 
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4. 3. 3 Crew Outputs 

Talk-back indicator for the TCA propellant isolation 
valves for Quadrant No. 3 is failed in accordance with B160 
and a164 (is not failed). 

Talk-back indicator for the TCA propellant isolation 
valves for Quadrant No. 4 is failed in accordance with a160 
and B164 (is not failed). 

Signal to extinguish the improper-valve-sequencing-light 
is (is not) present. 

Signal which enables the instructor to monitor fuel quanti
ties, when the crew is monitoring oxidizer quantities, is 
(is not) present. 

Instructor activates (does not activate) momentary switch 
to display propellant manifold pressures and temperatures. 

Instructor activates (does not activate) momentary switch 
to display oxidizer tank pressures and temperatures. 

Instructor activates (does not activate) momentary switch 
to display fuel tank pressures and temperatures. 

Instructor activates (does not activate) momentary switch 
to display helium reservoir pressures and temperatures. 

Instructor activates (does not activate) momentary switch 
to display true values (no sensor or indicator failure effects) 
of all system display parameters. 

Accelerated run signal is (is not) present. 

Talk-back indicator indicates that the high pressure 
helium solenoid valve in the primary branch of RCS-A 
is open (closed). 

Talk-back indicator indicates that the high pressure 
helium solenoid valve in the redundant branch of RCS-A 
is open (closed). 

Talk-back indicator indicates that the high pressure 
helium solenoid valve in the primary branch of RCS-B 
is open (closed) . 

Talk-back indicator indicates that the high pressure 
helium solenoid valve in the redundant branch of RCS-B 
is open (closed) . 

Talk-back indicator indicates that both solenoid valves 
connecting the ascent engine propellant tanks with the 
RCS-A propellant manifolds are open (closed). 

Talk-back indicator indicates that both solenoid valves 
connecting the ascent engine propellant tanks with the 
RCS-B propellant manifolds are open (closed). 
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B517 

B518 

B519 

B520 

4. 3. 4 Instructor Outputs 

Talk-back indicator indicates that both RCS-A main pro
pellant shut-off valves are open (closed). 

Talk-back indicator indicates that both RCS-B main pro
pellant shut-off valves are open (closed). 

Talk-back indicator indicates that both TCA isolation 
valves for thrusters #1 and #3 are open (closed). 

Talk-back indicator indicates that both TCA isolation 
valves for thrusters #2 and #4 are open (closed). 

Talk-back indicator indicates that both TCA isolation 
valves for thrusters #5 and #8 are open {closed). 

Talk-back indicator indicates that both TCA isolation 
valves for thrusters #6 and #7 are open (closed). 

Talk-back indicator indicates that both TCA isolation 
valves for thrusters #9 and #12 are open {closed). 

Talk-back indicator indicates that both TCA isolation 
valves for thrusters #10 and #11 are open (closed). 

Talk-back indicator indicates that both TCA isolation 
valves for thrusters #13 and #15 are open (closed). 

Talk-back indicator indicates that both TCA isolation 
valves for thrusters #14 and #16 are open (closed). 

Regulator caution warning light for RCS-A is on (off). 

Regulator caution warning light for RCS-B is on (off). 

RCS-A FAIL caution warning light is on (off). 

RCS-B FAIL caution warning light is on (off). 

Talk-back indicator indicates that the high pressure 
helium solenoid valve in the primary branch of RCS-A 
is open {closed). 

Talk-back indicator indicates that the high pressure 
helium solenoid valve in the redundant branch of RCS-A 
is open (closed) . 

Talk-back indicator indicates that the high pressure 
helium solenoid valve in the primary branch of RCS-B 
is open (closed). 

Talk-back indicator indicates that the high pressure 
helium solenoid valve in the redundant branch of RCS-B 
is open (closed). 
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B617 

B618 

B619 

B620 

B621 

B622 

Talk-back indicator indicates that both solenoid valves 
connecting the ascent engine propellant tanks with the 
RCS-A propellant manifolds are open (closed). 

Talk-back indicator indicates that both solenoid valves 
connecting the ascent engine propellant tanks with the 
RCS-B propellant manifolds are open (closed). 

Talk-back indicator indicates that both RCS-A main pro
pellant shut-off valves are open (closed). 

Talk-back indicator indicates that both RCS-B main pro
pellant shut-off valves are open (closed). 

Talk-back indicator indicates that both TCA isolation 
valves for thrusters # 1 and #3 are open (closed). 

Talk-back indicator indicates that both TCA isolation 
valves for thrusters #2 and #4 are open (closed). 

Talk-back indicator indicates that both TCA isolation 
valves for thrusters #5 and #8 are open (closed). 

Talk-back indicator indicates that both TCA isolation 
valves for thrusters #6 and #7 are open (closed). 

Talk-back indicator indicates that both TCA isolation 
valves for thrusters #9 and #12 are open (closed). 

Talk-back indicator indicates that both TCA isolation 
valves for thrusters #10 and #11 are open (closed). 

Talk-back indicator indicates that both TCA isolation 
valves for thrusters #13 and #15 are open (closed). 

Talk-back indicator indicates that both TCA isolation 
valves for thrusters #14 and #16 are open (closed). 

Regulator caution warning light for RCS-A is on (off). 

Regulator caution warning light for RCS-B is on (off). 

RCS-A FAIL caution warning light is on (off). 

RCS-B FAIL caution warning light is on (off). 

Improper-valve-sequencing light is on (off). 

Light indicating that the crew monitor select switch is 
in the OFF position is on (off). 

Light indicating that the crew monitor select switch is 
in the H position is on (off) . 

Light indicating that the crew monitor select switch is 
in the FUEL position is on (off). 

Light indicating that the crew monitor select switch is 
in the OXID position is on (off). 

Light indicating that the crew monitor select switch is 
in the MANIF position is on (off) . 
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Light indicating that the crew fuel-oxid monitor select 
switch is in the fuel position is on (off). 

Light indicating that the crew fuel-oxid monitor select 
switch is in the oxidizer position is on (off). 

I The following quantities are defined in Figure 21: 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Boolean Quantity 

Bao1 thru B804 

Bao5 thru Baoa 

8 809 

8 810' Bau 

8 812' 8 813 

B814 thru B81 7 

B818 thru B821 

8 822 

B823 thru B834 

8 835 thru 8 838 

8 840 thru 8 845 

8 846 thru 8 853 

Ba54 thru B861 

B862 thru Ba73 

B874 thru Ba93 

B896 thru B901 

B902 

B903 

B904, B905 

B906 thru B925 

Block Number 

II-5 

II-4 

II-12 

II-4 

II-2 

II-10 

II-8 

II-12 

II-10 

II-13 

II-13 

II-12 

III-4 

III-3 

IIl-1 

III-2 

IIl-7 

II-16 

1-3 

III-1 
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SECTION I - INPUTS SECTION II - SYSTEM ANALYSIS 

CREW L'<P UTS-{l- 11 

Bl (RCS pr~HQI~el 

82 (Croo• -f•,od valve commar>d) 

B3 thru 810 (H4lh 11reosure h.ilun1 oole.,oid val;·es, "open-< l""e '" cvr.im.or1<i11) 

B 11 llu'u B14 (As~ent P•~ l lan! feed &olenold valve., "open-dose" eommaod&) 

B 15 thru 818 (Ma. in prnpe!lant S/ 0 ooleno!d valvu, "op,on-clooe" <ornma.nd., ) 

Bi~ tttru ll34 ITCA iSOlaUon &uleno1d valves , "open - elnu" comrr.an ,u ) 

13~8 thru ll 41 l~leetor , .., itch posit ion, H-FU.i!L-OXIO-M.ANIF) 

B'l2 (PTop,Uant [!Uel or OX!d ) display ••L..ct;on) 

Mm 

INSTfWC'TOJI INPUTS-(1- 2) 

(Hrlh1m leakage ratu for hellum storage t~nk.o, fue l lanko 
and o:'lldiz•r tl.nQ ) 

I 
I 
I 
I 
I 
I 
I 
I 

u-, 
H"F:LIUM R~EFIVOUl- (ll-11 

PRESSURE-PSIA 

l'HeA " l[ l\10 WH~A T""A l" 1 • Ku}"1 

TEMF[RATURE-" R 

THeA,, • THe,._n-1 - {.~G) THeA 

THeB • THtll • (. 50) THell 
n n- l 

HELIUM QUANTITY- LBS 

• WHeA • (, 10) 11/'H~A ,_, 
WHeB • WH•e • (. 10) 11/'Hta 

n n-1 

{2/uc l 

(2/ se<:) 

(10/sec) 

BIOII thru '\is 

Bug thru B125 

8126 thru 8130 

8 131• 5 1~~ 

8135 thr u 11139 

B140 Ihm 8143 

13 144 tOru 8159 

~ 111(1 lt\r u 8 172 

(P reasw-e regulator) 

I 

I 

CHECK VALVE FLOW RATES- LBS/SEC-fll.Tl 

B194 lhr u 8197 -----

(Fuel ar,;I Qll\d\zer leakaRe rate11) 

(High preaowe 1,e]lum oolenold n lves) 

(111.>.,n prn!>'ll,rnl 6hul -ofl 5olenold , alves) 

(TCA prope llant l,,olaliOIJ oolno!d valves) 

(Envlroro m en\al l<'m~ratw-., control) 

IPrn&ur•, t•mp,ualul"P, an(I quant!!y senoou} 

(Pruour e, lemperalure, qu.a.nmy, arid talk-1>£ck ind!CUor s) 

(~ 11.,rn.ate luel-<n<!d quantity nlee!) 

I 

I 
I 

WCTFA = K16 PRECA Mr:r/~A 

wCVFa = Kie "REG8 MI'F / i Ttte9 

" 
wl"VU O x,6 PREG ;.T ;q--

A A 0/1, He A 

w • K p M /~ 
CVOB 16 10;&9 Toll Hea 

where , 

{lfe llum laak&- lu~l tanl;s-ox1d!ter !ankll-man!lold -elect) I O ~ l4.r ,o; 0. 21 

- ------+- + 1 - ~~~ ~~~~~~~ISpFFUELA ll 

,"'JV sec 

HJ:UUJ( Rl.S!:!.-VOlR RAT&!i-(D-2) 

TEMPERATURE RATE- 0 R/SEC 

(ll-!J) \\,!le, .EAi( Tc HELIUM QUANTITY RATl!-Lll.'i /SEC 

---------------i "'H,_... " - WREGA - Arni A103 "s12 WK.LEAK 

LEAKAGE RATE ClITOFr Di,!CRETE 

Ol!PHeA. "'0 

IUPHeA > O 

al OUPKea"'O 

llll'}ie13 > 0 

•-• ra=;;-:c========c-cc-c,-------------, RSCULATOO OUTLET PRESSURE-PStA-(D-S) 

(lw'sec) 

" ' RELIEF VA LVE FLOW RAT~:10 -81 

I PoxIDA,B 

O-O ~--------- -------- - - ---, PYUl'.:L POXID 

+-__ _:•c•c" ___ •:c•'--.i 

Fu::NI RATES-LR..VSEC 

"'avrA . -"s,s Kis PFUEL,_ 

"c A' <lt 6 (Thrustu oo;,eratlng tune over the I.a.s t 1/ 2 seconds) 

ASCEN"I [!<GINE SJMUI.Jt.TION 

rFUELASC P0 ,:10ASC (.Ucenl propell.1m1 tank prenW'u) 

T fUEL., sc' T OKIDASC (A~cenl pr~pellanl tank 1.,mperatw-e) 

(Prc,pellant deplete) 

NOT!:: 

(1) Each BoolHA qua,>llty B1 Implies ti... ulllt~nu of a Boolean 

qua ntity a;. 
'l'h•re: a:_ a I, 1f B,, : O; and~ • 0, If B,c • l . 

(ll) Ead, Boole an qua.tlty B,: hnplieo t llfl axlstnoa of an Arithmetic 

quantlty "x· 

where: A~ • I , ~ 13• • I : ,nd A,. : O; 11 B,._ = 0 

(!Ill T~e ~ub•c rlpls "n" a11d "n-1" rein respectively to the 

" udle\pot~~" and ··8tore•:l'' va1~e ol lhe •ub•crlpled r,1rialJle, 

PROPELLANT TANK-(D-9) WRVfg " A820 K18 PFUELg 

I PRESSURE-l'lllJ\ 

I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 

I 

I 

I 
I 
I 
I 
I 
I 
I 
I 

Poxm11 • 

K17 WH,,FUELA TFUEI.A 

K17 11,'HeFUELe T fUELB 

vReru ~:Ls 

Kl7 WH~OXIDA To:xm,. 

v"•oxw11 

KL 7 WHeoXtDs T 0JCJD» 

11•oxw8 

TEMPERATURE. "R 

TFUELA" " TFUE L"n-1' (. SO) TFUZLA 

T • TFUEL + (.50j TFUl:L 
ruE LEl-n an- I B 

TOXIDAn . ToKID"n-1 + r_.501 TOXIDA 

ULLAGI: QUANTrl'Y- L BS 

( 2/■K) 

12/aec) 

{2/o iocl 

WHeFUl:L = WHeFUEL • (, IO) WHef"UEL, 
An 11 n•I ,. 

ULLACE llOLt:ME -IN~ 

VHeFUELA • 11.26 - (r,o. / PrA) 

y""FUEL13 • K26 • IF1:i/Pral 

VHeOXIDA - ](2'7 • (0,1/ PoAl 

y He • K27 - (09/ Poe) 
mm>, 

PROPELLANT QUANTITY-LB6 

FA • FA • (. 50) rA 
n n-1 . 

F!:1
11 

• F8 n-l • (. 501 :(I 
o,_" • o,_n-l - (. ~O) OA 

0 8 n • ~n - l • (. 50) OB 

PROPELLANT DENSITY LBS/IN' 

PFA " 12 (TFUELA) 

(2i ~ee) 

(2iue) 

(2i&~c) 

(2/ ~eci 

' 

I 

(10/oecl 

(10/oec) 

(10/ oec) 

(10/sec) 

9 101• 8102, B104, !:1105 

Bia THRU Bin 

0aa 
(l-2) --=---+1 

0 If PFUELA < 2$0 PSlJ\ 

L If PoxwA " 150 PSI.A 

0 If PfUELe < 250 PSlJ\ 

l If PoXIDa " 250 PlllJ\ 

II-10 

PROHLLANT TA.'11: RATBS -{D-10) 

TEMPERATURE RATES-"R/Sl:C 

TFUl3LA " ( K1g {Tc • TFUELA j 'K.20 WCVFA TH"A • CK21 FA PFUEL/ PpA) 

• TFUSLA rWcvr,. • Kz2 WRvr..,J)/ {wtte11UEL,_ 'K.23 r,.f 

TruELa .fK1~ (Tc - TFDELi/ + K20 WcvF8 THe8 ,. (t.21 Fa PruEL/-"r5l 

- TruELa 1WcvF8 • K22 WRvr8 Jl /( wHeFUEL; ~3 F s} 

TOXIDA -{K24 {Tc - TOXIDA) • K20 WCVOA Tile,_ '(K21 OA PoxmAI .OoA1 

- TOXID rWcvo • K22 WRVO ]}/{w}!e ♦ K25 OA} 
A A A OJUDA 

TOXIDs t {K24 (Tc - TDXIDal + K20 Wcvo8 Ttte8 ~ (K21 ~ Pon0al.00iil 

- TOXID iWcvr... • Ki2 w-RVO 1Jflw, ~ K;~ oaJ" 
li -ti 8 eOXIDiJ 

ULLA.GE RATES-LDS/ SEC 

w"'ruEL1, • WCVFa . WRVFa - Al02 "104 A616 "'HeLEAX 

WHeOXIDA = WCTOA - WH\IOA • -"10 1 "ios "s1; WHeLEAK 

"'H•ox10i, • WCTOn - WRV09 - "102 -"105 "st7 WHeLE>JC 

PROPl:LLANT RATES-LB8/ SEC 

FA • - "823 { ... ;~9 I ~852 A321 iF~ • "an Fa) • "110 -*m QLE:Aic:l + A15151 i::is) 

j, B " - ";25 { A:9~ [A353 "m (F~ • A~22 j,~) • A110 Am QLEAKJ • Alllil '½s} 

CIA a - "i2-4 { A;951 {AB~2"R21<O~. "s22O~). A119"122K~oQuAKJ•A1NKZi 

OB - · -*~26 ! A~" ! Aas3 "s30 (0~ • "m Cl~) • -'uo "121 K30 QLEAic:l • 111i1i1 K2s-f 

' 

I O if POXIDA " 5 polo 

1 ir PoxmA > , P81a 

' I 
8816 - I 

•.,, · I 
1 1l Poxma > 5 IJl!ll• 

I if t' A ,; 0 

Be23 • l 
'm al 

0 If rA > 0 

I if OA "' 0 

0 If OA > 0 

I II F13 " 0 

o ir Fe > o 

lUOe ~ O 

Olf013 > 0 

1
1 If PFUEL ,e 150 ~la 

Da3J t A 
0 II PFUELA < 150 J>Sla 

1
1 if POJIIOA " I SO pita 

o If Poxm,. < 1so pota 

I II PruELs <' 15D .,.1. 

0 1l Prut:LB < ISO p,rla 

I !I POXll)B l: ISOp•ia 

0 !I POX% <: 150 pel• 

, _, 
Rl:IISUR.E R UUTOR rLOW RATES- Ul:S IS - D-.1 

whuo: "-i-A " 11 (Pue/PREGA) 

0 " Mor,. " .2l 

Wf!EG " Mr PHe AREG / ~ 
B 8 B B E 

where: M<r 8 • 11 (PaelPREG8 ) r-Jl?,.., 

•-• 
EFFECTIVE HEGUl.ATOR FLOW AREA-(Il-4) 

BrrECTIVf AREA-JN2 

AREGA . [A8o:; ";01 A~EGA + "so1~I 11iOII 

D11111THRUOlll AREG13 ~ [Ai(ll "8oe A~EGa. -"aoe ~ I ";oo 

8 118 
(1- 2} -------j~ MODIFIED REGUI.\.TOR AREA-JN2 

(10/•ec) 

I 
r 0/ 1ec) 

jn2/,;ec 

EFFECTIVE ARE.A LJX;JC 

(10/Ho) 

110/Hc) 

DaO!i : a;4ti e;47 • a;og ( Hll6 + Bl 11 (6110 B:4(1 • Bj 10 e;47) ] + Ba10 

BBC':' • 0 ;°" 8 112 Bl 13 [ 9 e.ui e;IO • 8u.7 8 110) 

BSOII • Bl()II B112 Bu3 { Ba41 B;,o • B84il 8110] 

ll-U 

1 U A 0 
• < O 

REGA 

Oi!A~ '°' 0 
A 

ll!A~EG <'. 0 

" 
Ol!A~EGB ;a: 0 

VAAlABLI! lN!n'RllCTOR CONTROUHll•U) 

HELIUM LEAKAGE RATE -LBS/SE( 

PROPELLANT LUKACE RA'IE-LDS/SEC 

w 
CVFA.B 

• 
---- cvo.A,B COKTROI, TEMPERATURE- "R _ __ __, 

Il•U 

PROPELLAl\1 MANIFOLD-(ll-l l) 

f'RES5URE -PSIA 

L- ----1---'ce,~ PMAN = A:40 ( "s21 "es2 PFUEL ' "an "a29 Aa~l pl'"UELs 
FUI.LAn A 

(1-!J 

61A, Ot9 

Ba04, 8~ 

.. FUELA.Sc' Pone.ABC 

TFUEL"8c' ToncABC 

• A835 PruSLASC - j.r [<l PFlJEL/j,~]\ 

Pw..Noxms,, = A84~ {Auo A953 POXIDB •j"u2 A92a AM2 PoxmA 

• A . ... P0 xm • Op [ <l Ponn..loiiJI 
,,.,.,, ASC --., 

• As43 Aa4~ "MANoXll:lan-l 

PRESSURE LOSS rACTOR-SEC/(N2 

[loPFlfiLA/F~J • A;n [J¼1 Aaw • K.32 "asll • Ae22 [i::l3 Aan 

Bul!I TKHU BIOi 

Bit:1 nuru Bus 

8 140 TKRU B14l 

n,09, 8uo 

Bl!% THRU 0 117 
(1-2) 

----

(1-1) 

{1-2) 

[Al'Fui;:1./F~J • A;22 1Kg, -"as1 + K32 A8s, l • -"a22 [ t::33 A937 • K34 -"!l:lsl 

[Al'oxm1110A1 " K35 [L\PFUEL/F.AJ I 

T~fU[LA,T~NOXIDg 

TMANFUELA'Tl4ANoXl°ti 

1.-.PoxID1/~l · K35 (L'.P,-un/FB1 {D-1~) 

ACTUAL TEMPERATURE- "R 

{11-5) 

REGULATOR COMMAND PRISSUR.E-(D-5) 

COMMAND PRESSURE-PSlA 

Pc-" • 181 + "801 llPcAP • A~ll {>Pc AR 

COMMAND Pf!ESSURE D(CJIDIENTS-PSI . . 
.'.PcAP ~ -"1~ A110 (Af'c! 

COMMAND PRESSURE D(CRl:lfr:NT-PSI 

.'.Pc· "1 11/ 7 - A11-4 • l/' · A115 • 1/7 · Aue l I A111 • A~nl 

0-12 

0 If ilPcAP < t-PcAR 

i ir lll'cap "' lll'cm1 

.VA LVE !n'ATUS LOG-IC-(U- 12) 

PRESSURJZATION SQU!B VALV!:.5 

13s09,, • 9809n- l • B1 

CROSS FEED !QUIB YALVES 

Bmn = 8 122~_ 1 • 82 (B8so • eS53l (8as1 .. a8sil (B8s2 • »i5,) 

HELIUM SOLENOID VALVES 

B8411n • { B12e • a; 28l(B.j (B, • 984(1n-l) • e; 26 B12'1] 

Bu7n • [81~ • B~~~]{a;(B5 • Ba47n_J) + arH ll1u J 

Baun - [B~H. B;2al[B;(a., . Be4an- l ) . B12e Bu1l 

BH9 • [a;26 • e;3o](a;o(Ba • Bao ) • Bug 9129) 
n n-1 

ASCENT FEED SOLENOID VALVES 

B13~" • a:2 (B850n-l • 8 111 !B~2 ce;22 • 0;0 11 

B85 1n · e;4 (B85ln-l • B13> I e:i3 ca;22 + a;~1ll 

MATh" POOPli:LLANT S/0 VALVES 

8 a~2n = e;6 l8 ss2n-l • B15) 8 ~31 I aiso 1a;22 • 8 ;51 s;53II 

Bm • s:8 (n853 • n 17) a;32 [ e; 51 1a;22 • e;~0 Bi 52J J 
n n-l 

" " THRUST AVAILABLE-LBS-(U- 15) 

(tv-S) 

D-14 

FR0PEJ..LANT MA.NITOLDRATES-{D-14) 

FROl'ELLANT RATES-LBS/SEC 

'A • ~IA f4 (PMAN ) 
FUE L11 

~~ • Ot8 f4 (PMAN ) 
FUELB 

' OA ; 61A fs (PMANox:mA) 

(I~ = 0t6 f! (PM.AN ) o=, 
TEMPERA'JURE RATES • R/!IEC 

T MAN " TMA_.,; 
FUEL.An fllELAn-l 

(2/uo) U-lJ---- -H~ T .. , ~ K.(T: •• ., -T, •• ., ) 
,.,,.,NrUELA "-:IG """'FUIJ:LA mn"FUELA 

(2/oec) 

STEADY STAT!: TEMPERATURE -"R 

T' A0 \ A A T 
M.ANFUEL • 8411 HZ7 852 fUEL • -"•a "'8u -"853 TFUELa 

A A , 

' "'835 TFUEL.uc} •t t,tO TC 

TMAJ;0 ~ • A:.u l-"uo Aa!">:I TOJCIDs • 1 n ..... Aasz ToxmA 

.. "'aig To:xm,_,c l • rM! Tc 

8 8to • <9;$0 • 8 wi4! (B;s2 • 6 ;27 • fit23l I e;n • w;s1 • Boo4! (a;53 • a;29 • 8 u,)) 

a -(s" R.._ 1,.• • 11 .j • • ·• 
841 - 850 • - - '"'1152 • 8 a2s • 9824 9 811 • ll>ij51 • 8"s ) {8a53 • 8330 • Bsnll 

8 02 = <S:n • 8llo4) (9ir,3 • e;29 • a 05J (9~2 • (B;~ • 8&(,4) <B~z • a;27 • BiJ:13 )) 

I 
5 1U • <S:!1 • 8 ll05) (Re53 • e;,0 • 8a2e) [B~a • (8;~0 •Bwi,) {8s5z .. B8za + 9 rn) J 

f OlfOtA :>O 

l111~tA•O 

I 

,j,MAN "f½7 (T~ - TMAN ) 
OXIDg ox:tDg OXID8 

ASCENT ENG!?fl: PROPELLANT RATES DUE TO RCS-(]l-lS) 

RATE INCREMENTS-LBS/SEC 

LOO,C 

8 903 • 8 uo 8 as.1 + 10sso • Baul ¾22 

f SECTION ID - INDICATOR DRIVES I 
I 
I 
I 

I w, c=---~,-c-c-c,-,c------~ 

~ 
Cfl.EW-ll'fDICilTOR INPUTS-(W-1) 

. INDICATOR [NPUTS 

. et.,_ THJtU 8159 
{I-IJ-----'-"-----""-----1~ Py~nA • A- [PHeA • All'/4 l44 •SI 

I 
-I (D-1) __ ,_"':::,•,,,,_,_._.,.,. •·--.ii 
I 
I 
I 

PFUELA ,B PoxmA,8 

PruEL118 • Agu [PyuELB • A179 IC.is •sl 

TruELnA • Agiz / TrntL,. • Auo ~5 •sl 

I Tf"lll!L Tono 
A,B A,8 I 

,/ll-9) _'_•_·_"_o_,_' -•---I>! 

I 
I 

' JlANFUELA 

TJlANFUEL 
A 

I p)lANOXIDa 

I TWANoxme 

(Il-lS)------1>1 

I 
i-
i 
l 
I 
I 
I 
I 
l 
l 
I 

1 r 
I 
I 
I 

' t 

Fna • Ag15 (Fa• AB-81 K47 •sl 

PoXID:rr11 • <¼1~ [PoxrnA • Asu x~8 •sl 

Poxn>u8 • ¼n [PoxwB • An~ IC.t& •sl 

PMAN:ruE4tA • A9zz [PMANFUELA • Aa90 K4g •sJ 

- MAl".oxiDJJs -A,z:, [ PMANoxiDa A1,t1- l<.le •i,J-

TMANFUELa,. • As24 [T M.ANruELA • AaU '-45 •sl 

TMANOXIDu9 • AQ25 [ TMANoxIDe + Aau 14~ <s] 

FRACTIONAL HNSOR t:AAOR 

. ' ' ·~ ~ (A 159 • A1se> I.Ii• A156 • 'f · 

BeH · B144 Bu~ 

B1!'75 • Bu4 B14~ 

Bf18 ~ BiH B14g 

llll'l1 • B144 Bus 

B979 • Bj44 B147 

6e7g • B10 BJt7 

Baao • Rj44 Btu 

. 
Bse2 • Bt44 Bug 

8833 • B144 814~ . 
Be34 • B10 Btso 

Bus~ Bio B1so 

8186 • Diu D151 

a,1n • Bf.u e1s1 

eaaa • eio em 

B99g • Bio B152 . 
B990 • B14i, B153 

B1111 • D114 B15J 

a,u • 0j44 But 

ea93 • Btu B1s1 

!ml£ 

' . 
89oe • 8 155 • 8 e1s 

B90Q•6h~•Bl11 

Bg10 • Bi ss• e3'13 

Dg11 ~ Bjl~ • ll87~ 

' . 
Bg13 • 8155 • 13880 

8.gu • ej is • 0881 

Bgu • Bis5 • a88i 

B9l5 ~ Biss - sS83 

Bg1~ • a ; s, • D8114 

13g17 • si ss • Elias 

B91a • abs • a88e 

' ' Og21 • 8155 • 85119 

B922 ·Biss,. B$91) 

Ii5123 • Biss · a8V1 

~H • eiss • ui.ua 

892~ ' Bjli + Bt93 

(ALLP'S, T ' S, F'SaodO'S) 

• 
VARlABLE elUT!'Ur:; ro CR[W -(111·2) 

PRESSURE - PSIA 

fC R[ WA • Al;I\IH [ A3s Paeu,,. ~ AJ9 PflJEL11A • A40 PoXID1111 • A4j PMJ,NFUELuA l 

I B1eo THRU 8163 
{1-2) ---=-----+IPcRE\lia • Aa97 [A38 PH~11B ' AJ9 Pru[Lua • Ato PoxIDnB" A41 PMAt>loxm11nl 

I 

' I 
TEMPERATURE• " f 

I 13~0· B51 

I 9H THRU B4i TcREW13 • A99g (A3alu"IIE'> • A39 T:ruELuB • A40 r oxID:us • A41 TMANoXIDI!a -i::4~] 

(1-1) --------.i 

• A;llll K5z 

I 
I 
I 
I 
I 
I 
I 
I 
I 
j Buo 

I e 161 THRO B172 

(1 - 2) ---------.i 

I 
I 
I 
I (ll - UI 

I PHEGA, B 

(II .6) ________ ,. 

I 
I 
I 
I 

QUIINTITY - 'l, . . 
QcREW An • Agoo [ K50 A42 f11,. • K51 "½2 OuAJ • Aaoo QAn- 1 

QcaEW80 a ¼01 [ '-50 A42 ru 8 • K51 A:2 0118 ] • 11;01 Qa~-l 

ASSOCIATED INTER...,AL LOGIC 

m-, 

. . 
ll11Q7 • llt60 • BISI 

DISCRETE OUTPUTS TO CREW - (m-3) 

OUTPUl-S 

• 
8 504 • (Bu3 • B1ee)\fia49 • Bu5 B1u> 

. 
85111 = (BH2 • B1ssl (Be~2 • B584 61t;B) 

ll'HL<NAL. LGGIC 

89&5 • 9160 8164 

1 tr i'JtEG11. ! Mto 
BIN •. 

\0 If PRECA ~ ~0 

• ' 1110 11/fA.?.1142 
B513 " (Bau• B1n) !Bue• 811115 8171) llt,O • 

0110,1/fA<K.42 

8514 • 18"2 • 6111) IH959 • 8~4 B1n) 

(111 OIJl'Fe.?. J<.t2 
Ban • 

!01to8 /,-5<"--42 8501 
THRU 

w, 
INDICATOR KE !Ni...~ WI H NO 
OR INDICAl'OR FAILURE !ID-5) 

R 

B3e TIIRU e,2 

B5Q, BS! 
U-1)-"'----'"------i~ PRESSURE - PSIA 

PFUJ!:LA, B POXIDA, B 

T ruEL,_, B ToxmA , II 

FA , B 0.A ll 
(IJ-j ) • . 

m-• 

TEMPERATURE - • F 

QUANTITY - 'l, 

lNDICATOR READ11'U AS PER 
]NHRUCTOR dVEAAibt §tLtCi10N-(m-6) 

' 
PRESSURE - PSIA ' 

f'S[L11 = As95 [AJ97 rea11 • Aas PFUELn_,,. • -"195 POl'C!Dr!A 

• A194 PM.A lfUELn 11J 

I 
I 
I 

- s!H·nrau-11~ 1-----n:MvrnA-nJRr.- r --
11-l) 

(All P ' S, T'S, F' $, ~nd 0' S) 

PCREWA,B 

TCRi'WA B 

~REWA: B 

f'CREWA B 

TCt!EWA ' 8 

QCRE\11 • 
A, 8 • 

)---~---- + • (IV-I) 

(1-1) 

B2, B11 , Bt3 

Bl5' 817 

Bu THRU Bu 

8 e22 

(U-12) "884~ THRU 8853 

w-, 

111-B 

Ill-4 

QUANTITY - 'l 

'1SEL.,o, ~ A900 [ Kso A:2 FJlA • K51 A42 0D11] 

QSELa • Aao, [ Kso Ah 1'[18 • KS! A42 o u 0 ] 

VARlABLE OUTPUTS TO JNSTR UCTOR"/111-1) 

PRE58URE PSI.A 

TEMPERATURE• 'F 

PA, B rA,B QA,8 

PINS'IA,B 

TJN!,"f 

A, " I 
%J.rrA,B 

1-------"'=------+(IV-2) I 

TINST~ • ilia& [11902 TcREWA • A902 TsELA] • A1aa T4 I 
. . 

T'INSTs • AtQB [ Ag[)Z TcREWB • A902 TSE Lal • "198 Te 

QUANTJTY - % 

ASSOCJATUJ ll>T.l:RNA L LOG[C 

DISCRETE OllTPUTS TO !NSTR.UCl'Ofl.-(lll-81 

' B&01 • Bf!-!e B19a ~ B501 ej96 

Baos • Bsso Bns • a,gs njg~ 

' 

. 
B609 ~ 81354 B19e • B5l';i Bisa 

~12 • B1357 819a + B512 B19e . 
Btl tl - Dssa D196 • D513 8198 

96H • Be59 819a • B;f◄ Bi9a 

I . 
BG]5 • B8$(1 B19a • B5 \ s 8193 

' se,~ • Ba61 B19e .. B51e a19a 

B517 • 6517 

Bffl8 = 8510 

:::: I 
a;82 { Bi [ Ba5j Bes3 • Bas1 Ba:;z • Ba:;: ae,s) ~21 = 

8525 • 840 

8626 = 1!41 

Ben • B42 

~28 • s½2 

• Bt 1 ( B~52 • Ran Ras a) • B13 ( llas1 • au2 Bas2J 

+ IH> ( 8 ; 5(1 + lil22 (BS51 ~ BQ~3II 

,,,, 
THRU 

,, 

9isu p r 
IIV-2) 

TRUf: ST/HlJS at· TC.A ISOLA-TION ~-ALn5-tm-4) 
Bl'i TfffiU !!)~ 

(1-l) ----- ---+iBeHn • ~O (,Bes t n- 1 • !!19) (r 35' 8:3e) 

Bessn ' 1½2 ( Be55n.J • B1 1 i i~IJ~ • B1l~J 
I 

8 es~" = ei4 (Be'.Hln-t , s2,> (Do~• a;37) 

( 1-21 

0 135 THRl/ 13!J9 

-------~ 8 as7n • n;s (Be51n-l • 1>2~! iri;:1~ • 8~37) f-------_.(1\1 -3) 

I 
13518 • 1B863 • 8~12) (BUI• Baa5 9]72) 

B517 • Bgs6 • B8611 (Bate • 8147) 
) I lf DA/FA :S. K43 

872 • 10LfOAfFA>14J 
,,,,, 
r=---<► (IV - 1 ) 

l 
I 

Ats9,, • Bio (8359,,_ 1 • B29I {Br35 • u;31) 

8 sron • 13 ;2 113awn. 1 • B31) (B135 • si39) 

SECTION N - OUTPUTS 

OUTPVTS TO CREW-(TV-1) 

BOOLEAN 

B5111 thru n504 (High preuur< holl~m aolenoid valve. , talk-Hck indicators) 

Bso5, B508 (AKenl propellant teed sol~nold •alveo, tar Ill-back l ndlc~Lur1) 

B5111, Bsoa (Moln propellant S/ 0 ooluold vaJvu, talk-back indicalon) 

BSO(l thni e 516 (TCA 11o latlon aolenold •ah.,&, lalk-l>ltck ir>dlcatoraf 

B511, 8510 (Rog-I. fa ll, Rog-B bll; cautlon-urnl"I llgM9j 

651g, Bs2a (RCS-A fail, RCS-Bran; ~Htloo -warnlng Ug~) 

~ 

PcREW A (S,-a A p,-,,uure ae per crE• selector ,,.1ecn) 

Pc~B (3yl B p~uure u per crew aeleclilr ■wucn) 

TcREWA (Sy , A temperature aa per ere,.. oPleernr swltc~) 

~ 

QCRBW A (Sy, A rYel or <1"'1dlZH QUIUlllly, crew select■) 

ourPUTS TO INSTRUCTOR-[IV-Z) 

BOOLEAN 

BBUJ thru B&ot (Rig~ pret•ure ~elium solenoid nl•u •latu.o) 

Bsos, Bsos lA•cer.t propeU~nt feed •olten[>.[d ul•~• st.a.tu.a) 

Bso7, Bso8 (Main propellut S/0 soluold ulvu st.o1u) 

--- - --- ----
BW9 thru 5615 (TCA !901~\lon aoleoold va lves ■latu■) 

Be17, H6!8 (Heg-A !all, Rei - a r•ll ; cluUon w~ni11111!5hta) 

Bern, 9620 (RCS-A fail, RCS-B fail; caution worr,lng ltght■) 

13621 (IMPROPER-VALVE-SEQUENCING LIGHT 'ON' ) 

Ben th ru 9t126 (Crew selector swlte~ PMlllon, Off,H•rLIEL-OXlD•MANIF) 

lle27, B~2e (Crew prop,:Jla,,\ quan\11y cll1play Hl■eUon) 

TJNST A (Sys A temperature as per crew or Instructor sclocU~n) 

DIGITAL 

QINSTA (Sys A /u,,I a, o~idher quanHlr, c,ew or Lmitructo r se lecla) 

QINSTa (Sy• 8 fuel or oxidizer qu antity, cr~w or lootrocln r .., lects) 

oui:PUTS TO Sl/BSYSJEMS-\IV-3) 

6'C SIMl/LIITIOS 

7, A, 7D (ThrusL available) 

8&54 thru 88SI (T,,,.. slatu3 of TCA lsolallor, nlveo) 

ASCl3NT [NGJNE SIMllL:"JTICN 

.i,j-ASC• 4{)ASC Uscent prope11,1n1 rate <Ille to RCS) 

WEICHT AND BALANCE 

FA , F5, OA, Oa (Propell~nl Quanliti.,,) 

- -

I 

Figure 21 LMS Reaction Control System Equations 
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5. TRAJECTORY DATA FLOW, LMS INTEGRATED OPERATION 

AxFB ' AyFB ' AzFB 
CSM CSM CSM 

e1 'e2 'e3 'e4 CSM CSM CSM CSM 

Boolean quantities used in LEM RCS thrust and 
moment transform to AMS, equal to zero or one as 
determined by orientation logic. 

Boolean quantities used in LEM weight and balance 
transform to AMS, equal to zero or one as determined 
by orientation logic. 

LEM B-frame X, Y, Z components, respectively, 
of the distance vector measured from the LEM B
frame origin to the LEM FB-frame origin. LEM 
B-frame origin coincident with LEM center of 
gravity. (ft) 

CSM FB-frame X, Y, Z components, respectively, 
of the distance vector measured from the CSM FB
frame origin to the LEM center of gravity. (ft) 

Magnitudes of the respective projections of a unit 
vector along the LEM B-frame X axis on the X, Y, 
Z axes of the IE or ~-frame. 

Magnitudes of the respective projections of a unit 
vector along the LEM B-frame Y axis on the X, Y, 
Z axes of the IE or IM-frame. · 

Magnitudes of the respective projections of a unit 
vector along the LEM B-frame Z axis on the X, Y, 
Z axes of the IE or IM-frame. 

Magnitudes of the respective projections of a unit 
vector along the LEM E-frame X axis on the X, Y, 
Z axes of the IE or IM·-frame. 

Magnitudes of the respective projections of a unit 
vector along the LEM E-frame Y axis on the X, Y, 
Z axes of the IE or IM-frame. 

Magnitudes of the respective projections of a unit 
vector along the LEM E-frame Z axis on the X, Y, 
Z axes of the IE or IM-frame. 

Magnitudes of the respective projections of a unit 
vector along the I-frame X ax:1s on the X, Y, Z 
axes of the J' -frame. 

Magnitudes of the respective projections of a unit 
vector along the I-frame Y axis on the X, Y, Z 
axes of the J' -frame. 

Magnitudes of the respective projections of a unit 
vector along the I-frame Z axis on the X, Y, Z 
axes of the J' -frame. 

CSM quaternion parameters (See WADC Technical 
Report 58-17, "On the use of Quaternions in the 
Simulation of Rigid-Body Motion" by A. C. Robinson). 
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Fx' Fy' Fz e e e 

L 

Corresponding LEM quaternion parameters with 
LEM attached to CSM. 

Allowable deviation from -1 for K33 and K23 and 
from 1 for K31 and K21 to allow for computer round
off, etc. 

Magnitudes oftheprojections of the LEM' s total 
applied force vector in the X, Y, Z axes of the 
LEM E .;.frame. 

LEM moments of inertia about the X, Y, Z axes 
of the LEM FB-frame. (slug-ft2) 

LEM products of inertia due to a nonsymmetric mass 
distribution about the XZ, XZ, XY planes of the 
LEM FB-frame. (slug-ft2) 

LEM moments of inertia about the X, Y, Z axes 
of the CSM FB-frame. (slug-ft2) 

LEM products of inertia due to a nonsymmetric mass 
distribution about the XZ '2 XZ, XY planes of the 
CSM FB-frame. (slug-ft ) 

Magnitude of the projection of a unit vector along 
the Z axis of the LEM B or FB frames on the Z 
axis of the CSM B or FB-frame. · 

Magnitude of the projection of a unit vector along 
the Z axis of the LEM B or FB frames on the Y 
axis of the CSM B or FB-frame. 

Magnitude of the projection of a unit vector along 
the X axis of the LEM B or FB frames on the Z 
axis of the CSM B or FB-frame. 

Magnitude of the projection of a unit vector along 
the X axis of the LEM B or FB frames on the Y 
axis of the CSM B or FB-frame. 

The angle of latitude with respect to the IE-frame 
or the J' -frame. (rad) 

The L~M angle of latitude with respect to the IE
frame or the J' -frame updated by IMCC data. (rad) 

Absolute value of distance from origin of LEM FB
frame to origin of CSM FB-frame in Orientations 1 
and 2. Measured along X axis of LEM FB.frame. 
Attachment thru upper docking tunnel. (ft) 

Absolute value of distance from origin of LEM FB
frame to origin of CSM FB-frame in Orientations 3 
and 4. Measured along Z axis of LEM FB-frame. 
Attachment thru forward docking tunnel. (ft) 

The angle of longitude with respect to the IE-frame 
or the J' -frame. (rad) 
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r 

rCORR 

Tx 'Ty ' Tz 
FBLEM FBLEM FBLEM 

Tx ' Ty ' Tz 
FBcsM FBcsM FBcsM 

The angle of longitude with respect to the surface 
of the earth or moon. (rad) 

The LEM angle of longitude with respect to the 
IE-frame or the J' -frame updated by IMCC data. 
(rad) 

The LEM angle of longitude with respect to the 
surface of the earth or moon updated by IMCC 
data. (rad) 

Magnitudes of the projections of the LEM RCS 
total moment vector about the LEM FB-frame 
origin on the X, Y, Z axes of the LEM FB-frame. 
(lb-ft) 

Magnitudes of the projections of the LEM RCS 
total moment vector about the CSM FB-frame 
origin on the X, Y, Z axes of the CSM FB-frame. 
(lb-ft) 

LEM mass. (slugs) 

Magnitudes of the projections of the absolute 
rotational velocity vector of the CSM B-frame 
on the X, Y, Z axes of the CSM B-frame. (rad/sec) 

Magnitudes of the projections of the absolute 
rotational velocity vector of the CSM B-frame 
on the X, Y, Z axes of the LEM B-frame. (rad/sec) 

Magnitudes of the projections of the absolute 
rotational acceleration vector of the LEM B-frame 
on the X, Y, Z axes of the LEM B-frame. (rad/ sec) 

Heading angle of the LEM or CSM velocity vector. 
The angle between the X axes of the E and H 
frames. (rad) 

Magnitude of the projection of the LEM or CSM 
velocity vector on the local radius vector. (ft/sec) 

Distance from the center of mass of the earth or 
moon to the center of gravity of the LEM updated 
by IMCC data. (ft) 

Magnitudes of the projections of the LEM RCS 
total thrust vector on the X, Y, Z axes of the LEM 
FB-frame. (lb) 

Magnitudes of the projections of the LEM RCS 
total thrust vector on the X, Y, Z axes of the CSM 
FB-frame. (lb) 

Magnitude of the projection of the LEM or CSM 
velocity vector on the XY plane of the E-frame. 
(ft/ sec) · 

Magnitudes of the projections of the LEM or CSM 
velocity vector on the X, Y, Z axes of the E-frame. 
(ft/sec) 
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(X I ) (Y ' ) (Z I ) 

J CORR' J CORR' J CORR 

Magnitudes of the projections of the LEM' s total 
acceleration vector on the X, Y, Z axes of the LEM 
E-frame. (ft/sec2) 

Magnitudes of the projections of LEM or CSM 
position vector on the X, Y, Z axes of the IE or 
IM-frame. (ft) 

Magnitudes of the projections of the LEM or CSM 
velocity vector on the X, Y, Z axes of the IE or 
IM-frame. (ft/sec) 

Magnitudes of the projections of the LEM' s total 
acceleration vector on the X, Y, Z axes of the IE 
or IM-frame. (ft/sec2) 

Magnitudes of the projections of the LEM' s 
position vector,updated by IMCC, on the X, Y, Z 
axes of the IE or IM-frame. (ft) 

Magnitudes of the projections of the LEM' s position 
vector,updated by IMCC data, on the X, Y, Z axes 
of the J' -frame. (ft) 

Standard Euler angles, due to yaw, pitch, and roll 
rotations, between LEM or CSM B-frames and the 
IE or IM-frame. (rad) 
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LEM RCS THRUST AND MOMENT TRANSFORM 
(LEM ATTACHED TO CSM) 

ORIENTATION LOGIC 
en 

~~ k3 3 

u~ k23 l ~. k33 = ·I •<, ORIENTATION I 

k23 = • I •<, ORIENTATION 2 

I---- A---'1'----=- A4 = As = AIQ =__!_l_J _=_l _ _ ~

A!= As = A7 = Ag = A!4 = I 

THRUST AND MOME.NT COMPUTATION 

TXrBcsM = -A1 TXrBLEM • A2 TZrBLEM 

'° u 
oz 
i-,Q 
::Ef-, 

_ _ k21 
:l ~ 

k31 • I •<, ORIENTATION 3 

k2! = I •< , ORIENTATION 4 

'° 0 

(a) LMS TO AMS TRAJECTORY DATA FLOW 

LEM POSITION 

XJ , Y1, Z1 DIRECT LY AVAILABLE IN LMS 

LEM VELOCITY 

VH 
Ve = UH sin "1 H 

We = - t 

LEM B TO I DIRECTION COSINES 

Ue 

Ve 

we 

au, ... , a33 DIRECTLY AVAILABLE IN LMS 

icr = Ue b11 + Ve b!2 + We b13 

Y1 = ue b21 -+ Ve b22 + We b23 
i 1 

l-----'--
x1 t- TO AMS 

:i:r = ue bJ 1 + ve bJ2 + we b33 
c_ ____ ______ __, 

Z1 
TO RANGE RATE 
COMP UTATION 

IXXFBL• IYYrB,' IZZfBL 
LEM WEIGHT AND BALANCE TRANSFORM 

(LEM ATTACP.ED TO CSM) 

en 

::E "' 

r 
en~ k33 
u~ 
'° u -~ oz 
,-. Q kJI -:i; ,-. 
"'u k21 ..l ~ -

'° 0 

ORIENTATION LOG IC 

k33 = • I •< , ORIENTATION I 

k23 = • I •< , ORIENTATION 2 

k31 = I •s, ORIENTATION 3 

k21 = I •< , ORIENTATION 4 

A21 = A23 - A26 • A3a = A31 = A34 = A35 = AJB = I 
A42 = A43 = A4s = A47 = A51 = Asa = A51 = A54 = I 

A2! = A23 . A27 = A29 = AJJ = A35 = AJ6 = A3a = I 
A41 = A43 = A4s = Asa = A52 • As7 = Ase = A53 = I 

A22 = A24 = A25 = A2s = A32 = A34 = A37 = A39 = I 
A4a = A44 = A45 = A45 = A54 = A55 = A52 = A55 = I 

A22 = A24 = A2s = A29 = A32 = A33 • A37 = A3J = I 
A41 = A44 = A46 = A49 = A 53 = As6 = A5a = A55 = I 

ALL A's NORMALLY = 0 

WEIGHT AND BALANCE COMPUTATION 

lyyFBcsM = A33 IXXFBL + A34 IYYFBL + AJS IZZFBL 

• A35 I mL tx 2] + A37 [ m L tz2] 

+ A3a [ 2mL IX AXbd + A39 (2mL IZ Azbd 

lzZFBcsM = A4a IXXFBL + A41 lYYFBL + A42 IZZFBL 

• A43 [ mL •x2] • A44 [ mL lz2] 

+ A4s [ 2mL IX AXbLl + A45 [ 2mL IZ AzbLI 

IxYFBcsM = -A47 IxyFBL • A4a lyzFBL • A49 IXZFBL • Asa IXZFBL 

• mL Lx [ -As l AYbL • A52 AZbLl 

- mL 1z [ AsJ AxbL • A54 Aybd 

lyzFBcsM = A55 IXYfBL • Ass IXYFBL • A57 IYZFBL - Asa IYZFBL 

lxzFBcsM = A59 IxyFBL + Asa IyzFBL t A51 lxzFBL. A52 IXZFBL 

• mL IX [ A53 AybL , A64 Azbd 

ALL A's NORMALLY • 0 

MzFBcsM 

-
IDL 

-
AyFBcsM .-

AZFBcs_M __ 

IYYFBcsM -

IZZFllc;SM . 

·~ lyzFBcSM -

JxzFBcsM 

TO 
AMS 

TO AMS 

(b) AMS TO LMS TRAJECTORY DATA FLOW 
CSM H-FRAME VELOCIT Y 

(LE M ATTACHED TO CSM) 

sin L cos L = ✓l - stn2L sin L, cos L E-FRAME 
c__ ______ _1---===-=---- TO 

ic1 

YI 

:/:1 

sin x, cos ,\ I-FRAME 
....:.C----'------.i DIRECTION 

d11, .. . , dJ3 

Ue = XI bl!+ Y1 b21 + i 1 b3 1 Ue 

ve = XJ b!2 + Y1 b22 + i 1 b32 Ve 

we= ic1 b13 + YI b23 + Z 1 b33 We 

COSINE 
COMPUTATION 

✓ 2 
UH Uc + Ve 

2 
UH 

Ve 
slnij,H = uH 

WH 

ue 
cos WH = UH 

r:::: - we 

CSM ATTITUDE RATE AND QUATERNION TRANSFORM 
(LEM ATTACHED TO CSM) 

ALL OTHER AMS TRAJECTORY DATA USED DIRECTLY AS SUCH IN LMS 

(c) LMS TO IMCC TRAJECTORY DATA FLOW 

LEM TRANSLATIONAL ACCELERATIONS 

.• Fxe 
Xe= ri," 

.. Fye 
Ye = ~ 

.. Fze 
Ze = ni'"""" 

LEM ATTITUDE ACCELERATIONS 

PB, 'l B, rs DIRECTLY AVAI LABLE IN LMS 

LEM POSITION 

XI, YI, Z 1 DIRECT LY AVAILA BLE IN LMS 

LEM AT TITUDE 

l•~B +J,il-B •I DIRECTLY AVAILABLE 

SITION CORRECTION LEM PO 

'i1 = Xe b31 • Ye b32 + Ze b33 

IN LMS 

FROM { 

(X1)coRR (X y)coRR = (X1lcoRR d11 t (Y1)coRR d21 t (Z1)coRR d3 1 

(Y1)CORR 
IMCC (Y ;•)cORJl • (X1)CORR d12 • (YllcORR d22 + (Z1)coRR d32 

(Z1)cORR 

(Z J')CORR • (XI)CORR dl3 + (YJ)CORR d23 + (Z1)CORR d33 

d11, . . . , d33 f 
CSM POSITION 

X1, YI, Z[ DIRECTLY AVAILABLE IN LMS 

CSM ATTITUDE 

g • . 0 .. ' ,j, . B I D I B I DIRECTLY AVAILABLE IN LMS 

CSM ATTITUDE RATE & QUATERNION TRANSFORM 
(LEM ATTACHED TO CSM) 

ORIENTATION LOGIC 

k33 '--
- = - I '\ ORIENTATION I k33 

k23 
- 1 ' ~, ORIENTATION 2 - k23 = 

k11 
- I t (, ORIENTATION 3 k •= - 31 

k2 1 _ -
k21 = I , ; , ORIENTATION 4 

I 

I 
TO IMCC 

I 

ic 

y } z 
,____ 

LE M ATTITUDE RATES & QUATERNIONS 

ORIENTATION I 

ORIENTATION I PbL, = · PbcsM' %L = qbcSM' rbL = •rbcSM -- · ~ 

• IL = •3csM , e2 L = ·•4cSM, e3L = · • l csM , •4L = e2csM 

ORIENTATION 2 

PbL = · PbCSM, qbL = •rbcSM • r bL = - qbcSM 

_ _ ORIENTATION 2 

•IL = • 2csM • e3cSM / ✓2, e2L = • 4CSM • • lcsM / ✓2" 

•3L = • icsM + e 4cs M / ~. • 4L = -•2csM • •3csMI ~ 

ORIENTATION 3 

PbL = rbcsM , qbL = qbcSM, r b L = · PbcSM 

ORIENTATION 3 

• IL = eicsM + •3csM / ✓2, • 2L = •2csM - •4csM / ~ 

e3L = · • i csM + •JcsM I ~. • 4L = •2csM • • 4csM / Jf 

ORIENT A TION 4 

PbL = qbcSM• QbL = -rbcsM , rbL = ·PbcSM 

I 
• 1 L = 2 I • l csM • •2csM • •JcsM • • 4csM I 

.._ ~~ENTAT!(?J:I !__. 
I 

•2L = 2 [ e ICSM + e2csM • •3cSM • • 4csMl 

I 
•3L = 2 I · • i csM • • 2csM • •3csM • • 4csM I 

•4L = ½ [ -eicsM + e2csM • • JcsM • • 4csM I 

rcoRR : '(X J')~ORR + (Y J' )~ORR + (Z J')CORR 

rcoRR 

(Z ; •)coRR 
lcORR sin ( LcORR) • 

rcoRR 
'CORR 

(X J' )CORR 
-. 

✓(X ;•)eoRR + (Y J' )~ORR 
(Y J' )CORR cos ( lcORR) = 

rcORR 
(Z J')CORR 

(Y J')CORR 

sin ("coRR) = 
.J (X y )eoRR • (Y ; •)~ORR 

"coRR_ I (ARlcoRR = 'R + I "coRR • • 1 I <•R>co~ 
-7 I -

(XJ,)CORR 
AR, A 

cos (ACORR) • ✓ 2 2 
(X y )coRR. (Y ; •lcORR 

PbL --%L -rbL --
• IL -
e2L 

--
e3L 

-e4L --

-

Figure 33 Trajectory Data F low, LMS Integrated Operation 
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