










































































. LED-440-3

 Part II, Sestion ;—3, :

:Vthe rigid body from an arbitrary 1n1t1al or1entation to an arbitrary final orientatio

: Starting values for el, e2, e3 and e4 are required in order to 1n1t1alize (0-2
‘1nstantaneous values of e, ,must also be defined Initlal ei values are not known:
directly s1nce 1t 1s assumed that the LEM vehicle orientation w1ll be given 1n termsf
of Ibler angles e q/ “and 2. Thus, the correspondence between the four paramete“

,set and the‘Euler angle set must be: ascertained Prior to defining this correspo

it is first necessary to define the LEM'Euler angles..}l

axes (¥, Yn, 7 ) to the body axes Xﬁ Y, ZB) is given by the follow1ng ordered

wheres ‘_'. L g 1i f' g 12 ; g:ldv

and where:

True Motion Ehuations b

~.¢‘ Ebler Angle Matrix Ogerator. Phys1cally, parameters

direction cosines p051tion a rotation ax1s about which the rotation angle carrle

In addition, the 1nverse problem of specifying a body axes orientation, given

LEM Buler angles are sp=01f1ed by a spe01fic sequence of ordered rotations

which differ from standard aircraft usage. The transformation from the reference

counterclockw1se rotations. :

i. Pitch (Q) about the Y‘ reference ax1s._ Clw “::k égﬁx
ii. Yew (¥ - pilot roll) about the new Z’ axis so formed ?}/ "

S / ~ ' -
iii. Roll (ﬁ - pilot yaw) about the new X“ ax1s S0 formed to give.

XB y Z directions.,v

The foreg01ng rotations are represented in matrix form as. follows.

'7’ ?cdn“n e (Dl‘o)

_ om { Bor fg"ia’a: i g23“. g




'n: True Motlon Eqnations

bl Part 1T, Sectlon 1—3
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-cos¢sing ‘ .. 7. +cosgeose

It must be mentloned that the Euler angles 6;99, o] descrlbed are nOt ‘
‘used to orient the astronauts "8 Ball" dlsplay.” The 8- ~Ball" dlsplay is

g 2nd ¢ (sheet L) These 1nd1cated
angles correspond to glmbal plckoff resolvers and reflect the LEM'body L

“ actlvated by 1ndlcated Euler angles 5

: or1entatlon with respect to the phys1cal "on board" platform. )

d;‘ Quaternlon Inltlallzatlonm-It can be shown (references 26 and

27), that for each real, three dlmen51onal orthogonal transformatlon
matrlx (c-S) uhere is an. assoclated two by two 1mag1nary matrlx that
relates the 1n1t1al vehlcle or1entatlon to the final vehlcle orlentatlon.
The complex matrlx must a) be unltary, the product of the matrlx and the
transpose of 1ts complex congugate is unlty, and b) ‘have a determlnant

-_‘fl. These condltlons 1ead to the follow1ng operator form.

(e6)

‘»Real nnmbers e are the qnaternions or”Enler Paraneters;
Proof is glven in reference 26 that the following 51m11ar1ty
_transformatlon, e S
H(P)(H) = i
. , ,. : ‘ (c-T)
z Xy |

P=\x +iy =z

satisfies all the requirements of‘a real-orthogonal transformation operatcr © - -

when X, Y, and Z are 1nterpreted as vector components. Substituting (c-6)

into (c-T) and expandlng glves- .

Bpren, 0 (o)

s v Ak SR




: True Motlon Equatlons
nvPart II, Section 1-3~.

_ E(egeh-e

2(e e +e3eu) )
o 2 i 2 SR ';:'i_' : B
gi5 = l-e2+e3-eh k2(e '+ehei%"'
‘2(e2e '¢1eu - el +e2-e3-eu

.Only three of the four quaternlons are 1ndependent

v ”mto the other three by the equatlon";_’

fhe fourth is relatedf'

"'e2+e2+e2+ei -

3 i

”Thls dependency‘forms “the basis of a- rectlflcatlon scheme whlch is’ usea to

‘maintain dlrectlon cos1ne orthonormality (reference 28).
Consider the first ordered rotatlon ] about Y (50 ¢

must be a one-to- one correspondence between matrlx operator g

_ matr;x operator g; (D MO)
'2' 2 2 o
ey ey 3+e)+

2(e3e4-ele2) =

cos O

o

JE(ele3+e2eh) =

Lol m

mft’2(e e +e3eu) -

o . 2 i-y
e - +e3-eu l
E(e -eleu) O
E(egeh-e e ) = -é;ptgrr.
2(e +ehe ) = Qw,
ot 2 2‘A ;'2 .
‘e +e 3-e)+ = cos O

' Set (c—9) is satlsfled 1f any only if:
=g, =

whereupon elements (c-9)rreduce'toft -

Comparlng elements of each matrlx glveS'

(c-8>;-.-

). tTherei
(c 5) and.

(Cféi

‘?'1(5;19 %




’I'True Mot:Lon Equatlons
Part II Sectlon 1-3

= s:LnO/2 R

D iy
{8

But 3 1t was 1ndJ.ca‘ted earller that complex matrnx id (c-6) represents a. :
AR real rotation. ‘Hence, su'bstltutlng elements (c-lO)' and {e-11) into (e-6)

givess . o e N

cos O‘/é . sin O/2

. "’_v-s1n 0/2 coccos@fe ) o 7
Repeatlng thls procedure for the second ordered rotatlon 4/’) and the -
third ordered rotatlon (8) y1eldsr 8 ' '

Hw: (cosy'/E +01sd.n¥'/2. o 2> g , 7. | »(_c-lj)‘ \

-' cos)”/2 - 1s1n(1b/

.’ ‘» cos¢/2 - 1s:.n¢/2 GO R -’

The final vehicle orientation, resnlting'from 0, ¥ and § rotatioms, is.

. specified by rotation matrices c-le,fc-13, ‘-lll»

E}@andlng the rlght hand menﬂoer of (c-lS) and con@arlng each element to
the left hand member. glves the’ des:Lred result T

e

SIN § /2 sn\r//e vsij:‘:-g /é :

SIN § /2 cos;éo/z SIN 6 /2
sn\r ¢ /2 sm%/a oS 6 /21, R
SIN /2 cos/ /2 cos eo/z" (o)

cos ¢O/2 : c.os;&o/e- cos 6/2
Cos g /2 SIN{ /2 cOS o /2
COS §_ /2 COS4 /2 SN 6 /2
cos g./2 sm/é/e SIN 6_/2

10

€20

+

(S

30
: 4o

+
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% True Motion: Equatlons
' :z.Parfc,II Section -3

Equatlons (0-21) are used once” durlng each run They spec:Lfy the qua‘bernlons

‘at problem start based on. known 1n1t1al values o:f' the LEM Euler angles’ £

' respect £6 ‘the 1nert1al M or E-frame

e. Inverse Problem.-Dlrectlon cosine matrls elements g (D-’-IO) are

known at each 1nstant of tlme. It is des1red to determlne the correspondlng

Euler angles to use as drive 1njputs for glmballed v1sual dlsplays (see i:or

7 example J -lO J- l#l and J-60). "As mentioned earlier each element of lD-IJ—O)

T must be 1dent1cal to each element of (C 5) With regard to the :f':l_rst order

’ T » rO'ta'thn, O, 1't 1s seen -tha-t.

.-(;sinO coss&) , -g13 G N O
Tand = ,'cosO;cosy( CsEyy e (c-l6)

The middle rotatiovn’)ﬂ' could 'be“de}finedvas; [y

5 : ~E-Siﬁ*ﬁ~%igl2;°~f-s%1=?l5{~—iff*%i* G thagnn "~(¢"lT)afi:*«
Or. ‘, : . ’ ISP B T BT TR el £
Ten V’ = (cos¢cos0)cosgl?-sﬁosgbslng)srno (c-18)
—;,gllf?sg‘g1351n° : ST n T e

: Slm_llarly, the outer rotatlon angle could be glven 'by:‘ R

-(—s:.n¢cos ) L }-4g32 .
Tan¢ “cosf@cos ? = =
, L 8op

ors
“Tan § = (4Cos‘¢ Sin  Cos © + Sln ¢ Sin O) Sin O
. + (Cos § Sin Sin ©'+ Sin @ Cos ©) Cos o SR R
 TSin f Sin  Cos 6 - Cos P Sin 0) Sin o '”“1;—;;:'"“ R

+ ( Sin § Sin Sin © +Cos ¢ Cos O) Cos O
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« True. Motion: Eqnatlons
i Part II Sectlon 1—3

:-_ g2l sme + géj cose

k '_Equatlons c-l6 c-l"( and c-l9 have obnous advantages. However“ as‘ % i
‘vapproaches -g s © and ;25 are undeflned ; Thls is not consmtent w::.th the
requirement of an all attitude capablllty. 7 . S |
"Gimbal lock” can ‘be artificially” c1rcumvented by’ applylng the fo'.!low-" e

ing loglc to equations c-16, c-18, and c=20, As the mlddle rotatlon

( vy approaches 5 (say Yot é) freeze © at its current value, but
"-contlnue to compute p’ . This technlque will ensure that the su.m e + ¢ S

: is correct to order 6 Reallze that 1n the: nelghborhood of’ V/ = "" f/ 2_ J
the 1nner and outer rotatlon axes are nearly c01nc1dent therefore the

-sum 8 + Qf 1s sufficient to. speclfy a true vehlcle space or1entat10n.v '

" Gimbal lock loglc is not req_ulred Whenever ;// leaves the nelghborhood o
‘\given by 7}72_4-6, since algebralc equatlons c 16 c-18, c-20 are self -

suff_icient

g 8/6.5 .
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... True: Mo‘b:Lon Equa‘blons
- Part II, Section 1-3

D, GENERAL TRANSFORMATIOI\.TS‘

1.

- Pﬁrpose

J.mportant transformation” relatlonshlps used in the IMS Math Model. The r

- The pu:@ose of Set D is to generate the . more |

transformation operators llsted below, are derlved 1n 'th.'LS subsect:.on. T

1.,
..1d

Transforms any

o Vector measured

“in 'bhe.

Inertial Tunar M-

. ‘Frame

S Iner‘tlal Earth B -

‘ Inertial Lunar M- -

Frame,

Inertlal M or E-

' Frame

Inertisl Earth E

 Frame,

Selenographic _
S - Frame., :
True II'MU
r_eference R-

: v ”"Framev.:’.i S
- True IMU

. “reference R-

: LEIV.VI,Gody‘

; ";B-;"Frame'.f : o

Rotating

Geographic,

G - Frame, -

Wimdow oY -te\e_sco‘pe ‘

lnertial

Eorth €5 or .

_optical pg- frame

ok

T V722

“Moon-M Fvame

—




LED—ll-hO-3 :
g .'I‘rue : Motlon Equat:.ons

oL Metrix Operator From Inertlal M Frame to Selenogra’phlc

' S = Frame. : Durlng lunar missions it is essential to position the 1nert1al

platform define the tragectory and provide visual cues with sufflclent

realizm relative to known lunar lendirarks, An accurate representatlon of .

“the Moon's motlon is requlred to accomplish this task

Let the selenographlc Z ax1s be defined by the Moon s rotatlon
-~

) véctor Neglecting -_phys1cal librations, axis Z makes a constant ‘angle of ‘

: 'm‘e'aﬁ'bbiiquity; €. ThlS esta'bllshes the ecllptlc system"

1° 32.1" (Haym's constant) W1th the ecliptic Noz'thpole. Based on Cassini's
laws (reference 29) the pole of the Moon's orbit P descrlbes a small
c1rc1e about the ecllptlc pole 1n a'bout 18 6 years. ‘ The great clrcle o
arc Z_P P contains the ecllptlc pole, which lies 'between Z ~and P Thus,
the 1unar equator and the lunar orbit have a common llne of -nodes with
respect to the ecliptic‘ Deflne the X ax1s to lle along the Moon -
Earth llne When the Moon is at the ascendlng node anc'l concurrently at
either apogee or perlgee (reference 29) Ordered rotatlons necessary to '
establlsh the time dependent relatlonshl'_p between this flxed selenograph:.c
frame and the baslc con@utatlonal mean equlnox ‘mean equator of date
reference system is dlscussed next ' ‘ '

‘Ref'er to Flgure 6. Rotate about the ‘mean equlnox XM through the 5

> /Lé= 4-?7‘5 : ;z ™M S (D",lé) L
l\Text esta'bllsh the Moon s mean ascendlng node by a rotatlon(.().) a'bout

the ecllptlc pole.

CRa = @mn Fe o (@A)
From Cassini's laws, the ascending node of the lunar orbit defines the
descending node of the lunar equator. A clockwise rotation (I) about
the node through Hayn's constant locates the. lunar equator relative to

the ecliptic plane: R




' the Moon s mean motion, At any instant therefore the prime merldlan

' lunar orbit node, Synbol Q represents the mean lunar longltude The

'phySlcal libration matrlx presented below (references 29 and 30):

The de51red orlentatlon of the selenographlc axis relatlve to the 1nert1al’ ?fvc

uf True Motion Equat;ons
f’Part II Sectlon 1=

Neglectlng phy51cal l1bratlons the prlme lunar merldlan whlch lles 1n:5?.¥

~the X - Z plane and faces the earth rotates at a rate equlvalent to f{’:

is at an angular distance of7'+(@—11) measured from the mean ascendlngo;e

final rotatlon operator is3 ”"{f'if”‘“ﬁwff'””"””

- Flsmean =Qgpmy 0 (D413)
Combining equations-D-13 through D-l6'giVes the*transformafion.”*‘”“Tf”;”f%f”
from the inertial M-frame (flxed at prdblem start) to a non-nutatlng,
selenographlc S- frames.

”—s MEAN = a‘kl a'{;, me 477_, -;Z-M;. L ”"(d"l)

Equation (d-l) does not reflect the complex wobbllng motion of the Moon

normally referred to as physical libration, - Phy51cal llbratlon repre- '
sents lunar oscillations whlch have total amplltude variations constrained
to *0. Oh and ass001ated short and long period motlons of 1 and 6. years

respectlvely. A first order descrlptlon of this ‘motion is ‘given by the *Ff;4;;

; Es = L’)i k s MEAN;‘-  e (D—ll,l?)

M-frame is found by substltutlng (d—l) 1nto (D-ll 12)

SV

t.8/65 ‘:n_;  v,
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3True Mbtlon Equatlon _

NgThe l1brat10n matrlx and operator (D 16) have .an 1n81gn1f1cant

i varlatlon dur1ng the course of'any tra1n1ng sesslon. It 1s therefore
fhrecommended that these matrix operators be computed at problem start

and ma1nta1ned constant durlng any partlcular run.b.

3. Matrix Operator From True IMU R-Frame To Inertial'Etor M-Frame

a. Tarth Mission. - At present ‘the des1red LEMjplatfonn'rv R

dlrectlons required for earth training exercises are.not known.» It is o
arbitrarily assumed that ‘the LEM platform will be referenced to: the Earth

launch site at launch. Let this pos1t10n e spec1f1ed by a known.Unlversal

' Tlme meastured in “hours, H (E-01) from Greemvich: Mldnlght to problem start » !
and integer days. D% (E- 01) from Greerwich Midnight Dec. 31, of the launch oo f;
year to Greenwich'Mldnlght of the launch day. These constants define the : 30
‘Greenwich Hour Angle relative to the mean equinox of date (see loops E-01 '
and E- lO) The pos1t10n of the launch s1te at launch ist - v

;7mméﬁﬂ%4ﬁﬁfjiz‘f..,'*_;sf~oen;;'

’Parameter A denotes the launch s1te longltude measured Eastward from h
Greenw1ch The assumed platform dlrectlon 1s space flxed and can now be ’

- found by the- follow1ng‘three ordered rotatlons.”'*“;”“

i;‘ vRotate about the mean sp1n ax1s ZE through RAE.

ii. Rotate about the new YE ‘axis so formed through the
B L ’ " , “launch’ s1te decllnatlon.5ﬁ (pos1t1ve North)

:iii.ki. Rotate about the new X'E ax1s so. formed through the )

'fintended launch azimuth angle ¢’E (measuredfpos1t1ve
SR ST . ... East of North), to give assumed Earth m1ss1on plat- B R T ER
| R - form directions XR, YR,'Q%.h ' .

‘The ordered rotatlons spec1fy the transformatlon‘f: )

CEmeug 0w

8/65




o LED-MLO 3
. True Mot:.on Equatlons :
- Part 11, _Sectlon 1.3,

b Lunar MJ.SS:LOII - The des:Lred platform orlentatlon, for ‘aJ_'I.

o lunar m:Lss:Lon modes 2 1s based on references 3l and 32, These references,

- state that the XR platform axis W:Lll be d_'i.rected from the Moon's center ‘
'to the: 1ntended landlng site at some nomlna.l landlng t:.me, or take-off

: s:Lte at some nomlna.l ta.ke-off time. Moreover, the ZR platform a.XJ.s sha.ll

‘ e para.'L'Lel to the CSM orb1t pla.ne in the d_'Lrectlon of motlon. . A prec:Lse

L deflnltlon followse . ... ,o P — _r _

’ Consider a hypothetical mj'.ssion. Assume CSM-LEM luna.r 1nJect10n

M—frame (or E-frame) Subsequent to separatlon, both 1EM a.nd CSM plat-.v:v“ ,:‘ L

‘ forms must be allgned to new des:Lred reference dlrectlons. These d:Lrec-»;;»;"v
tions are spec:Lf:Led by the des1red landing 51te selenographlc longltude ;;‘ : -
()\S ) and latitude ( ¢S ) as well as the desired nom:Lnal touchdown. t:Lme,
t*, measured from problem start to touchdown Time t* spec1f1es the

' 1nert:|_al pos:Lt:Lon of the Moon, . and hence the landlng 51te, at the: L

nominal tlme of". landlng. This land_-Lng 31te POSJ.t:Lon 1s f:Lxed o

i kComputlng a.head to ascertaln the Jullan date t* (B~ Ol), e ‘f:" »
and days from epoch ax (E 22) to touchdown ‘ :

[ A 'Computln,g the lunar and ‘solar orb:Lt elements based on
”future t:l_mes t* and ax (E—22) '

Us:Lng elements (E 20) to compute -the transformatlon R *

b
%N
e

matrix alJ* at tlmes t¥ a.nd d*

Transformatlon matr:Lx aL:LJ x spec1f1es the 1nertlal orlentatlon of : -
. of the Moon at the nom:Lnal touchdown time t:%. The land_lng site um.t A

: vector mea.sured in selenographlc coord_'Lna‘Ees ‘is knOW‘ '
- rs = C08 fis cosA /.S + cos ¢s SIN/\S,JS (p-33)

g + Sﬂ\TP’s ks




LT

. True Motlon Equatlons
Part II,: Section -3

Thus, the components of TS transfomed tov M-frame coordlnatesa L i
correspond exactly to the components of reference du'ectlon XR measured

1n the M—frame' B

= 011 Ly + 012 JM + 013 kM 0~ - (D 32)
. ‘ Reference dlrectlon ZR is. parallel 6 the CSM orblt pla.ne s .: , | i X /
~ (references 31, 32). This dlrectlon is formed by the dross product, of
the CSM specific angular momentum ( HM/C ) and XR' Orblt determlnatlon : g :
- -technigues- will. be employed to define the CSM orbit- pI‘lOI‘ to the sep- '

Ty
‘aration ma.neuver, consequently, HNVC 1s assumed known

T HM;lC 21 AM +p! 22 JM + b23 kM _' RN "(5-3_5)' -
: Wher.eupon Feference: d:Lrect:Lon ZR 1s.~ o e o [
) T ~ ‘
A L
g = HMZC xR
‘rﬁ?w/c x5 ’r
ZR=c3l;M+ 032 JM+ 033ka. .,_', EE (D-so)
' Orthogonallty forces YR. SRR e S (a-30)
ZRXXR
Combining the fo_reg'oing vglv‘es' the desired trensformation matrixs -

Matrlx C : is stored in the LGC computer and’ subsequently used to:»- N
allgn the- physlcal platform (see sheet Q,) '

T_he Iﬂd Platform is reallgned prlor totake-off._ ’ Once V_aga_in,v ‘
directions /}ER, ,Y\R and/Z\R are found, given the selenographic latitude
and longltude of the take- off site 'and a nomlnal take-off time t* - '
measured from problem start.  Time t¥ is given by the allowable launch.
window variation which in turn is deflned during prelaunch operat:.ons _

_(see Sheet N) BN ’

,8/65'




LED-MLO- :
True Motion Eqpations :
Part»II, Section 153‘,

_ h, Matrix Operator From. Inertial M or E Frame to LEM body B—Frame-
:';The transformation matrix di 1j (D—40) has been defined in paragraph 1-3-II1-

C- -4, This matrix is used to_deflne all required LEM body orientations and

"to position the visual displays.

Transformation mafrix dij.and the constant transformation matrix Cij

are used to relate the M or E~-frame to the LEM,body axis:

FB:gijnm‘:n e ‘ e @'40)

.5.' Matrix Operator Wrom'Inertial E - Frame to Geograohio Gv— Frame
Subset ‘equations {D- 60) relate the. Greenw1ch.meridian to the E—frame and

are used,to. _

' i, Spe01fy the line—of-s1ght commanication requirements
between the LEM Vehlcle and each FEarth tracking station.

ii.’ ‘Position the m1351on ef?ects proaector (MEP) during

: »' . vaarth training exerc1$es. T Lo %ﬁ? -

IHFThe Earth’s mean equabor 1S defined by the iﬁ,- YE refereﬁﬁe plane.,

: conseqpently, a 51ngle rotation -about the Earth's mean spin ax1s

”(ZE = Zn) is suff101enb to p051tion the Drime meridlan relative to the o
’~E—frame. _ e : _‘ e g
6, MatriX‘Operator Hrom.the LEM. Body’B-Frame to the Optlcal Window
W—ﬂrame O* Teleecope T-Frame ~

as General.— Lunar landmarks, the Earth the CSM ‘and star
3p031t10 1S are observed by the. astronauus throagh either two forward Windows,
an upper NlndOW or one of three. telescope p051uions. Window and tele-
scope ootical axes (qu) are shown schematically in Figure 7. Each optical
axis has a fixed direction relative. 40 the body axes. ' For, each viewing
mode, this directiocn extends irom‘the flight station desigh eye -to the
center of each réspective viewing device. :All visual displays are
positioned relative to this. line-of-sight direction. Field of view

constraints are automatically included in all visual displays.

8/65
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'LED-hho 3 , ot
"True Motion. Eq_uat1 ons

Part I1,. Section 1- -3

: W:Lndow and telexcope transformatlons are generallzed by use of
dummy subscrlpt pa. Subscrlpt p denotes. the viewing device; ’ elther

window (p = W) or ‘telescope (p =1). Subscrlpt q denotes the V.Lew:Lng '

" mode, either left (g = l), right (q = r) or above(q _). “The

generalized transformation metrix given below is bas_ed on ordered, rightv‘
hand rotations specified by input constants 8., (see J-01):
and ro e ions pe ed by inp ¢pq_’ pq ypq( )

= (hlJ)Pq "LB e S R (D-TO)

b. W:_Lndmr Transfomations. The left hand W:Lndow coordinate

axes are derived as follows. D:Lsplace the body arez:z. from the wvehicle
CG to the fllght statlon design eye. Rotate about X’.B through +%Wl
Rotate about the new - Y.B axlis so formed through a negatlve a.ngle -em
Th:Ls positlons the left w:Lndow axis fra.me XWl YW'J. ZWl

Tote thatybw

A suzn.lar procedure is repeated for the right WlndOW. A negat:.ve

rotation -(,ﬁw 1s Tollowed by a negative rotat:Lon -eW

Only one rotation is required to specify the above window optical axes,.

namely, a p051t1ve rotation about Y.B through GW

c. Telescope 'l’ransfonnatlons. The center or above*telesc.ope

e, about the :YB'??‘??:%'.‘; Three -

axes are given by a single rotation +8

rotations, however, are required to specify the left or .right telescope .

- axes relative to the body axes. Consider the left telescope. Axes :le"

le’ ZTl are defined by a positive rotation ¢Tl about X‘B’ followed by -

 § - !”il )
+GT about YB , followed by il about ZB'

necessary to synthesize prism rotation whenever the Alignment Optical '

The latter transformation is

v Telescope is slewed. Right telescope ordered rotations are - +9

] Tr’ ‘ T’
* ¢Tr‘ o

The optical axes can be' transfomed directly in M or E-frame coordinates

by employing known matrix operators D-TO and D-50. ,
'8/65
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where:

True Motion Eqmtlons ' » :
Part i1, Section 1-3   o

Hence:.

,{é =(lij)pq:uﬁpq _

‘ o -’”1'5-
(11 pqn = (B3 (agdp

'Addltlonal transfomatlons when reqU:Lred for partlcular subsystem

(D;80)~_'

applications, will be discussed in the'paragraphs that follow.

23
.’ A

T irso
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are determined by integer N, where:

”LEDMm3 .
~ ‘True.Motion- Equatlons
L Part II, Sectlon 1-3

'r?;ﬁ, Ephe ris
"‘ 1. rpose -The purpose of Set E is to deflne the Mbon and Sun
pos1tlons in mean Earth equator of date coordlnates (E- frame), determlne
the Moon's orbital elements, and generate the Greenwich Hour Angle. Lunar'

and solar coordinates will be supplied by Jet Propu151on Laboratory (JPL)

Ephemeris Tapes (reference 33)

2. Problem Start Inltlallzatlon.'

a. Time.- The JFL tapes are referenced to a 1950.0 -epoch: and

' require Julian Date inputs at problem start. Tt is assumed that tralnlng

exerclses w1ll be 1n1t1allzed by the spe01f1catlon of Unlversal Time
measured in hours H, and days D* of the launch year.. Thus, these data.
must be transformea to.Julian Days. This may requlre countﬂng the number

of mean solar days from epoch January 1, h713 B C. to problem start.‘u

Cons1der & reference epoch of 1950.0 (mldnlght December 31, l9h9)

»vExcludlng leap years, the number of days from this epoch to problem start

is 365 (Y - 1950) + D¥ + 2%_ leap year days, durlng the time span (Y¥l950),-3’<

N'=linteger value’of 1+ I'L 1923 (E Ol)

-~ The total number of days from the reference epoch can now be found"

365 (Y-l950)+D*+§E— O T -(E-Oi)'

‘Having deflned d Jullan time measured in terms of Jullan centurles from

epoch 1950, O 1s s1mply
a

This tlme is fixed at problem start and does not vary durlng the 1ength

of any tralnlng mlssron.

;Julian days, measured from January 1, 4713 B.C. to date, are given

"~ by equation E-22. This number may be required as an input to the JPL

."program.

o gjes
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b. Greenwiéh Hour,Angle. The"right ascension of:theAmeén suﬁ,

corrected for aberration and referenced to the mean equinox of i950.0,f
was obtained from reference 16 and is given by subset equation E-10. The
Sun's meridian at problem start’is-employed to specify the timevvarying

Greenwich meridian with respect to the fixed mean equinox of date'(E:ID),.

3. Lunar-Solar Positional and Orbital Elements. The position - o

coordinates of the Moon, rE/M’ and sun, rE/@, relative to the mean equinox
of date are outputs of the JPL ephemeris program. -Therefore, subset

equations E-30 and E-31 should not be programmed.

Tunar orbital elements (a 5 ,51‘ ), and solar elements (€, ge)l'
- Were obtained from reference 34 and updated from epoch'January 0,5,71900
' to reference epoch 1950.0. These elements are given by E=«20. They are
employed to define the selenOgraphicktransfq;mation matrix gij' Also '
included is the Moon's mean longitude rate { , which is employed later
to define the linear Velocity of the IEM's subsatebllite‘po'i;;_jc. L

@
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~ Part II, Section 143, b

F. Rendezvous Radar.. ' “”

fl. Purpose.« The purpose of Set F 'is to deflne the llne—of-slght

vector measured from.the LEM to ‘the CSM in LEM body coordlnates and to

v‘prov1de requlred 1nputs to the Rendezvous Radar Subsystem Math Model

2. Relatrve Range- and Veloc1ty Vectors MEasured In LEM Body Axes.

a. Scalar Range and Range Rate. Scalar range deflnes the llnear

CG-to-CG distance between the LEM andICSM vehicles:

2 o . .
+ ' : g
/o pXM +/°m g @0
Scalar range rate dénotes .the relatlve separatlon or closlng speed between

the vehicles and is given by:‘f

R iy L2 2 . |
TRy VG +@‘ /°z /Oxf"% ’OYFY /JZ’OZ (10

Mol il

vParameter/iS is & requlred rendezvous and docklng dlsplay 1nput..

b. M or E Frave Relatlve Components.— Component dlstances and

velocities must be ascertained in order o actlvate equaulons (F—lO) These

-data are comnuted from'two?separate sources~ As ment 1oned in paragraphs ,'tfej:.‘v L ;
A and.B LEN'mOulon 1s gen eraued w1th respect to either the 1nert1al M—frame o 3
or a- non-rotatlng but. accelerated relatlve frame cenuered at the CSM o : é
CSM motion is supplled in M-frame coordlnates regardless of whether the S
mission mode is 1ncegrated or 1ndependent Accorulngly, CSM motlon relatl ?:”f"hiﬁgmy}
to the LEM, expressed in M-Frame coordinates, is: g
pM» M/C /?-‘M/L ‘ L SRR k S
i.
733y e :
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3. Rendezvous Radar Interfice Parameters.

Glmbal Angles. Presentednin Figure 8 is a sChematie repie--
sentatlon of the rendezvous rada* glmballng geometry, Consider a rendez-

vous radar axes system.(xRR, YRR» ZRR) fixed to the radar dish., Let the

‘radar axes coincide with the LEM body axes. Define XRR’ yRRand z_ . dir-

ections as the outboard, inboard and boresight axis, respectively. Position
the radar axes by a rotation ELSabout.Yé, followed by a second rotation

Ais about the new XB"ax1s so formed. 'The transformation matrik reduces to:

/zRR=M(E A )}L—' L : (f-}3).v

i
a
E A

or, in expanded form:

. N : - N . N _ . 7 .
[bos Frg o SIN B
SIN Ao STN B COS Apg  STN Ag COS ELS
B - H
C0S Ay SIN E - sm ALS aos ALS oS ELS¥

TS LS

1;.~Realize‘that ZER spe01f1es the 11ne -of- SLght dlrectlon between the vehicles.

Hence;‘cOmponent distances XRRiand yRR must be ZErc. Therefore'

0= cos E -2 SINE . S (£-b
P mE e s (24
: <) ’ : : ,
0= SINA _SINE _+/ cosA +/X SINA COSE (£-5
v /<3 LS s f oy, s g s IS . (£-5
A
Solv1nﬁ equations (f 4) and (I 5) for E__ and A gives: AN £ = ——=
S s A
and - , | - B
TN A = ../<’ - (r-21)

 ‘(9 X /oz COS E_

Gimbal angle ELS exhibits a 31ngular1ty when the CSM llne—of-s1ght

lies along the LEM.Y boay axis (/5& = / gz = 0). Geometrlcally, this

,‘B

‘condition corresponds to A = '+ 772 and E = 0. The indeterminancy; TAN E

= 0/0, is circumvented by introducing logic (F-22) that forces E . =0

LS

LS
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True Motion EquatlonsV,f

o - Part’ II, Sectlpn,ly-3.[, :

The llne of—s1ght glmbal angle rates relatlve to the body ‘axes are

‘",generated.by dl*ferentlatlng ELS and ALS with respect to tlme (see equatlons jJe

F-20, 21) Inflnlte rates ex1st when/c& an@f% approach zero. - Inflnlte

"B’

rates are amellorated by tHe addltlon of - loglc commands (F- 22) that force

S to TT( rad/sec Whenevegﬁ§ or/‘% 'oqual Zero, respectlvelyi‘
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‘altitude 1nputs for the Landing Radar Math Model and the Lunar Land Mass

 Simulator will be employed to generate surface irregularities above an assumed

designed for 10 specific landing sites, 10 spherical datum references are

True Motion Equatlons

,G;' LEM Lunar Landlng Radar .

1. Purpose.‘- The purpose of Set G is to determlne veloc1ty and

Simulator. In addltlon, subsidiary calculations are made to determlne the
slant‘range of each landing radar beam measured from the LEM'véhicledto the
lunar surface. Set G equatibns are not activated during Earth'mission
exercises, V

o, Dopjler Input Velocities.

a. The Moon's Shape. - The Moon's surface velocity at- the sub~-

satellite point and LEM altitude depend on the Moon s shape. The Land Mass

spherical datum reference (RLM). The datum reference will vary depending on

- Since the Land Mass Simnlator~is-v}~~~m~w e

the intended landing_sitek(ﬁLM A0
2

envisioned (RLM sl =1, 2 lO)'
?‘é

It is common practice to represent the Moon s surface QX a tr1ax1al

,elllps01a (reference 36)

| an‘ = M(l - f (cos ¢LM sin A ), ;— f* 51n ¢£M i(g;lj «f7d

Parameters f' and % denOue the Moon's equatorlal and polar rlattenlng

,

'constants whlle' M represents the Moon' s seml-magor axis, Both the semi- l

minor equatorlal axis and semi-polar axis are foreshortened by approx1mately'ff

0.2 n.m, and 0,6 n.m,, respectlvely, when compared to QMf Equatlpns (g-l)
mayrbe used to establish the spherical datum reference at problem'start
Thus, if the first intended landlng site is at the pole “then the Moon' S -
constant radius would be RTM ﬁn (1 - £x), _ -
Alt;tude errors 1ntroduced by the foregoing assumptlon are small as _
illustrated by the following example: The landlng radar is actlvated at
altitudes below 30,000 feet. Assume the maximum surface range, measured
from the subsatellite point to the landing site will-always beiless:than;
35 n.m, A 35 n,m. shift in surface location on the reference triaxial
ellipsoid causes a maximum selenographic radins'error of approximately 5.
feet compared to a spherical model, " This altitude error isinegliggbieicon@ared‘

to-the similated Land Mass surface irregularities; ‘Consequently all subsequent

~calculations are referenced to the sperical datum,

8/65
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’bi Veloc1ty of Subsatelllte P01nt - At any 1nstant, the LEM's sub-

; satelllte p01nt in terms of selenographlc latltude and longltude 1s known'*'”

Sln ¢ /L = .ZS‘{L ; s - 7f <¢S/L -<_ %—

wy o . , e LT g

S T R o (e-12)

Ten A_ . = 8/L R
B X's/v

L for LEM vehlcle '

Where V

‘Hence}'thefvectcficdﬁﬁchéhts'of“the subsatellite point, measured in seleno=

L graphlc coordinates, can be found:

| By = (CoS ¢S/L cos X s/1 B A '(5-1u5 .;
’%,‘” ’ ‘ _> SR o Cos ¢S/L Sin A / Eé “+ gin ¢S/L ) A

Accordlngly, the 1unar surface velocity 1s given by'

L R =mx :<G—16>[__,.; R
) : fIt rema_ns to determlne the Moon s total angular veloclty W ' LR :
Note that the Moon! 's nodal regression rate vector (Flgure 6) is Dara¢lel
" to the ecllntlc plane A_so, note that the mean pos1twon of the Moon 1s glven -
by'the mean longitude, Q'; which' is messured from the mean equlnox along the‘

ecllptlc to the mean ascendlng node, and then along the luriar orbit. Since

measurements are made with respect to the mean equlnox of date, whlch is
assumed fixed, Vector ﬂ, reflects the chenge of the mean Moon's pos1t10n

relative to the regressing mean ascending node. Consequently, (i 1sfd1rectedv"“'

AN A T o A L ey L

 normal to the 1unar orbit. From Cassini's Laws, however, the Moon's rate about‘_v
'the north-south axis is equal to the Moon's mean rotatlon in its orbit. Thus;
Z( is also directed along Z . Transformlng vectors L and (§ to selenographlc
'codrdinatesngives:- ;

i /o . ;"o\

{ st } = Akl A1m +
‘ WZS/’ - \_rz / AN Q/'
Matrlx onerators 8 and” a

AR

(e-2)

3
o
b
i

are given by subset equatlons D—l3 and. D-lS

1m
Equatlons (g-2) does mnot 1nclude veloc1t1es induced by physical 11bra-

‘Q?Qﬁ_ -tions. These terms are neglected ‘because, even if a conservatlve llbratlon

amplltude 011306 deg/year is assumed then the resultlng surface veloc1ty due E

:*_4’ o

1737 T s
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to llbratlon is approx1mately 2 X 10 <4 ft/sec 'which>is‘insignificant'when :

' compared to a surrace VElOClty of about 0. 06 ft/sec. for nodal regre551on and ‘

about 13 to lbr ft/sec for ( . , '
NASA has recommended (reference ho) that the surface Veloc1ty due to ‘ _

(.5L)'be neglected, Thls is reasonable since the-IL contrﬂbutlon is 20 times

smalier than the é contribution and will have no effect on astronaut training.
Iunar. surface velocity components, measured in M-frame coor@inates,

in general, are now found to be: ’ :

Ayfs L .Rs/L'_ ;- o (—10)

- c. Velocity of LEM Relative to Imnar Surface. - TEM inertial M-frame

~,fvelocityj§bmp0nents are computed from equations A-11, The LEM velocity vector

relative to the Moon's Surface is,- therefore:
- V (e-21)
r‘z.N/R | /2M/L AM/S |

This relatlve veloclty vector 1s transformed into body axes us1pg matrlx-

M'.:"""

/LB/S* lJM /LM/B - RN

An addltlonal transformatlon is reqnlred to generate doppler veroclty 31gnals
measured along landlng radar beam dlrectlons,

d. Lending Radar Beam Directions. - The Lending Radar Subsystem

computes three components of relative veloc1ty and altitude sbove the lunar

terrain., Effectively, . these stated parameters are measured by four doppler

signals that are transmitted to the surface in a fixed beam pattern\relative'

to the landing radar antenna assembly planar array (Figure 9). Moreover, the

landing radar antenna can be positioned in one of two known orientations
relative to the LEM XB‘- ZB body axes. These positions ensure that the altitude
beam (Dh) will be approximately normal to the lunar surface, as the LEM

orientatiOn is altered during the powered descent and hover-to-touchdown mission

'phases.

Consider the ordered rotations necessary to establish the matrlx operator
between body axes directions XB: B,’Zﬁ and landing radar beam directions

Dl, 2., D 3, and Dlp (see Figure 9). A single negative rotation (O(j + €k + ’%;

g = 1,2k = 1, 2, 3, L) about the YS body axis defines. the altimeter beam
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o .,; el ; " L £
‘dlrectlon 1&’ and locates the plane formed by i and 1. A pos1t1ve (.A. )

1 2

.~ or negative (.A- ) rotatlon about the ‘new Xp axis 1s sufficient to descrlbe
SN

12~Qr/;l;k A 51m11ar procedure 1s used to locate 13 Comblnlng all rotatlons
yield: ;e_".;_ _o L
. ‘le | ::‘ T
10 . R
10, 58 I
S ;Phi B -%3; . : , .
- yhere - - T I (g-1)
Vv“/:_%”,‘,‘__ - ,_‘,’ r§1>»”bl e : . ; ;
'ew.es,l{' n_:iij ,=isﬁ:?‘¥'22_1;22
;au 0 e )
‘Fixed matrix elemerts a, b and c (equations G~47, 48 and 49) are trlgnome;
‘frdc comblnatlons of the p051t1ve-valued, geometrlc pattern angles - g and -
,A.l Input a.ngles, €k = Eo Tt A)k and ..A. = j\_ + AN v,yreflec‘b Vthe»f.

ksnomlnal des1gn angles of each rédar beam relatlve +to the landlng plate, plus

',jcallbratlon erToTs.

Finally, doppler ve1001ty 1nput 51gnals to the Landlng Radar Math Model

are found from equations. (g-?) and (G- 20)

=] [ e
N T (6-k0)
S e

SRS - . - -

Doppler signals Ds 5 52, Ds3 do not include spurious ve1001ty 51gnals,
transmltted to the landlng radar angenna assembly, due to vehicle CG rotation
rates Py %y Ty These velocities are sma;l, have an average Value‘of Zero
and are therefore neglected..

Tt remains to determine the actusl altitude above the lﬁnar~terfain'as

well as the slant range of each:radar beam.

8/65
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3. Slant Range Measured Along Radar Beams

A a. General. Slant range calculatlons depend on- two geometrlc angles. -
These arej : » S , i : ;
) ' i. The angle‘//k measured between each doppler beam dlrectlon anda
the LEM local vertlcal (Flgure 10).
ii. The angle on measured between each doppler beam dlrectlon and
the local vertical formed by the intersection of each doppler
beam,w1th the lunar surface (Figure 10). : i
b. Ioecal Vertlcal‘Angle Angle,élk is formed by fék&ng the dot
product of each beam direction (g-3) with the LEM radius vector defined W1th
res)ect to the landing radar plate rather than the vehlcle CG"

N\

Cosfak‘: Ty 1‘1{. e (e-b3)
' B/Ll ; 8 ,iﬂrrb  "b”fff .
os M < T | |

I

where, the radius vector from the moonkto the landing radar antenna origin issz

. - - 5 SN
r's/n = Tt T Vg (e-k)

‘LR 'y !’IB

and wheres -

BL T By, Wnoo o eEhe)
= ot ; R R
Vectors rB/L and r B/L‘a?e 1llustrated belew. e AR

8/65
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Shoul.d/uk be greater than ;3?" then an 1ntersectlon between the th ‘

radar beam and the lunar surface 1is 1mpossible. In fact, the llmltlng con-xr~
dltlon is spec1f1ed by'the angle measured between the LEM local vertlcal at
¥the landlng radar antenna assembly and.a line drawn: from the IEM tangent to

the lunar surface . @all this angle/¢¢ s hence:

S Ry o R =08
O & My < IT
T2

If k > 4 éx, then the-k th beam will not intersect the:lunar surface; con-
sequently, R = 00(G- 43a) Logic given by (G-43a) must be programmed to
- prevent a swngularlty'from occurr:ng 1n loops G-k and G-h5

c. Surface Intersec tion Angle and Slant Range. -.Angle on is cdmﬁutedf
" from the law of sines whenever /ﬁ(y;- /4JNAA0"5>. : : o

<0 € 'ET

: Angle gOk 1s a 1and1ng Radar Math Model wnput that characterlzes the baCkr' ,
: scatterlng effect as each doppler beam makes contact with the lunar - surface.’f'
! ‘ - The -slant range, measured from the radar plate orlgln along each- doppler

beam to its 1ntersectlon w1th the assumed datum surface iss

By < Ty Sin (G - s | L k)
' Sin/uk o ' B

‘d.  Altitude Above Reference Datum -~ Two 1deallzed altit ude s1gnals'

‘ relat1ve to the spherical datum surface are computed for use on the 1nstructor s
_ eénsole. Altltudes hM/L and hM/LR are measured from the datum surface to the

véhicle CG and landing radar antenna assemblyJ respectlvely. ‘

hM/L - .TMVL - Ry | : S ol ;(G-BQ)

N o i TS URE N SN

o N ey Ot e
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The differences 1n altltude (hM 1, hM/LR)'méy be as large as 8*feet.'”"

Altltude rate is glven by

s = M/ VM/" M/L  {e-30)
T ]

Local surface- 1rregular1t1es are- not reflected by equatlons (G 30
; h5) Terraln elevatlon above the reference datum will e speclfled by uhe L
Landmass Slmulator to modlfy the - 1deal altlmeter range 51gnal Rh Correc— -

"'tlons wvll not be made to slant range measured along doppler veloclty beams

; ‘t,-t ' ,gt Rl R2 and B i

-h;.‘LéndmaSQ Stmistors

;’a; “General:k; A”handmass.Simulator,‘consisting of/a'film.nlate
transport and an optlcal-electrlcal system, prov1des local elevatlon in~
: formatlon for lO spe01flc ‘areas of the hilele)al ,The fllm transport represents
a planar surface tangent to the moon at one of the ten intended landing sites.
The landmass film will be: reIerenced to the External Vlsual Display
Equipment MEP £ilm coordinates, 1dent1cally to the Landlng and Ascent

~ visual system (see paragraph J-l). Therefore, the landmass coordlnates are:
YI_.M = YLA - ‘ .
[ _ R S (G-SO)
M 7 ZLA B : - |

Surface 1rregular1t1es above the reference datum are projected onto

the flat fllm transport (see sketch) and. subseqnently read by an optlcal-

electrlcal system., In essence, the optical-electrical system is positioned .

o 11/65
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-‘.‘relatlve to 'l:he ]'_EM su'bsatelll'be p01n'b whereupon an addl‘blonal s1gnal
( ‘!’I.M) is genera‘ted to loca‘be the- vector drawn from 'l:he subsatellrbe p01n'b
’ j'l:o the altlme'ber beam: 1ntersecti(sn ponrb (F:.gure ll) i
i. bThe bea.m 1n‘tersec‘b10n w1'l:h the lunar surface is’ known in selenegraphlc
coordlnates (X,Y Z)S/M (G—62) Thls point is then transfomed 1n'l:o film
coordlnates‘ 5/4, S/lL (G~ 63), and compared 'l:o the landmass film reference -

_points 5'IM’ e i

: Thuss : ( o , ‘ '
- LAY, =K, (© o)
. _ _ S : S/u B R e S
‘ A7) =Ky (55/4-5 )
7 where: - =Mo, 9952557 b lO6 lt/deg and is 'bhe small angle approx:.ma‘blonimw

' to correct AYl+ and AZLL 1nto :E‘ee'l:.

Therefore:—. 'che beam a21mu'bh can be derlved‘

' , Z, - Z
"LOCAL TERRAIN —-éa»\\

2 m
,/71M/L. - X

SUBSATELLITE — '

S POINT

A - PROJECTION "OF SUBSATEL-"
LITE  PCINT ON. LAND&V\ASS
DATWM - PLI\NL. R

— LAND MASS .
- DATUM. PLAN\:

| Mg
SPHERICAL PLANE

Given ¢]’_M’ T Py and /u 4 the Landmass Slmulator automatically ou‘bpu‘bs: o
surface elevation, e (Flgure 10), normal to the film transpor‘b Thls
;51gnal is. resolved along 'l:he all'bme'ber beam and mixed with Rh to yleld an

. ~1ndlcated altitude R" ’.

RS L _ S
R R T S (6-16)
' : o o8 904 N
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H. LEM Earth IEM}CSM Communlcatlon Requlrements

1. Purpose. The purpose of Set H is to determlne whether or. not the e

» LEM can communicate with either the CSM or Earth tracklng statlons. The

LEM~-VHF antennas are used to communicate w1th'the CSM. An SJband antenna

or two flxed, conical log antennas are used for Earth communlcatlons, whlle
in luner orbit or Earth ‘orbit, respectively.
2. LEM-CSM Communilcation Capability

a. Line-of-Sight Viewing.~ LEM—CSM'visibility_oonstraints are .

based on the orientation of the line—of-sight-vector/;r* relative to‘the‘,,g o

central body. During lunar or terrestrial operations the Moon or Earth,

respectlvely, is regarded as the central body.- Geometric:. v1s1b111ty CORmr e e

straints are generalized and apply to either mission model

As shown in Figure 12a, visibility is assured if R o 1is greater than lvarédﬁrﬁﬂt_

the central body radius. Distance Rc* is computed belows

But: Rc = rn/c Sln.Bc i ST ‘,(h-l)‘; ’ :
_Substituting (h-2) into (h-1) gives: -
) R r T N RN
By = Ty Ty SmOo o (31D

o

Angne‘ J;‘ls deflned by the scalar product of rn/c and rn/L?,or" : ,

Cos 7, = T (8-12)

n/L ? Er/c.

Tn/c

rn/L

080 &7Tr
N
Visibility'may also be possible when R is less than R (Flgure lEa)
This condition is. tested based on. a comparison between angles a’ and af

deflned in Flgure 12a. Note that:

*

Cos ‘rc* | = fﬁ_ S | p 1‘. o 7 (Hﬁll)‘
/e N L
0=%0%x<mT . o .
c > R AR »
- 8/65 :
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. Equatlons O-11 and H-12 are 1nterpreted as follows.

i."'VlSlblll‘ty always exists if R * 4 R prov:.ded f fc
11, Visibility never exists if, R * < R and ()(c* a
A Visibility always exists whenever R *2 R - _
. . VHF Antenna Orientations. - Even though the CSM and LEM are ‘

visible to' one another 5 the CSM and LEM-VHF antennas nay be mlsallgned sueh

that a high noise to slgnal strength ratio precludes communlcatlon A re-

guiremént is established, therefore, to define VHF antenna orlentatlons. '

" ‘These orientations are specified by the anglef

i. Q«L , measured between the LEM antenna and the line-of-sight.

CiiL §c1, measured between the CSM antenna and the line- of-sight. T

iii.- 510 measuredvbetw'een_ the 'LEM and CSM antennas progected
; on a plane per'pendicular to the line- of-s1ght '
Angles gLi s h"i and ; are required wnputs to the Communication Math

. Each 'vehlcle has tWo VI{E‘ antennas . At any wstant only one antenna

on either vehlcle, selected by the astronauts, will be used for communlcatlon.k

'The choice of antennas must be 1nputted to ‘the IMS Math Model. :

Cons1 der angle '§Li calculatlons The d.LI‘eCthH cosines of each LEM

: anbenna relative to the "LEM body axes is known: -

AN

N oA '
i Co= + o : -
llla the general equat ons “'"’31 \N' /{B ng VJB. V\/'31 k_B
" Derive R ! . ¥ | 3
| T T SRR E AR S { »
1T hgrp Ty Jp Tl Ry R ¢ 020

i=1,2

' _Similarly, the direction cosines of each CSM antenna relative to the CSM

- body axis is known: .

6"02-}.(} A+C )
v" i~ lJ Be 21 JBc G k-.BQ o L (H-Sl)

=1, 2

. Vectors Li and Ci are further resolved to M or E frame coordinates:

~ T a S

1; % 8 ijn lg (B-52)

A I /C\ B , :

Cni B gij'c»r koo o <~ {E55) -
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During 1ndependent operatlon, the CSM antenna direction cosmes (H—-5l)

: '-are requlred LMS 1nputs. The IMS W1ll compute the CSM n-frame vector
‘A (H—53) Durlng 1ntegrated operatlons, however, the AMS w1ll compute
. 'all CSM—VHE‘ antenna dlrectlons.v o

The desired angles measured between the llne-of 51ght dlrectlon

' f’- *, and each antenna dlrectlon (see sketch) can be found:

C(n‘_

(H-50) |

: P
o In order to deflne angle / 1 the dll‘eCthl’lS normal to  the planes
- formed by tbe IFM artennas and ,0 * and the CSM antennas and /ﬂ* muct
flrst be ascertalned These dlrectlons are'

A 5% A~

i, fo XL
i lfo Sin £ o
| Bl - g Ii (h-54)
. A~ =R A .
- Ny = A2 XKCy
77 Isin -
'/ : ' § ci
Tow, ; is: -
— i1 _
on £ - By - By o v
0e ¥« . B : (H-54)
0% ;ii 7T : T
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i

co olo

'for communlcatlon, are therefore. o

Se. 8= Band Antenna Orlentatlon - Lunar Phase MlSSlOBS Whenever

":’the v1siblllty requlrements are satisfied, a fipal test must be made to o
determlne whether or not the IEM can communlcate with the Earth.‘ Thisg" test'lk“
- demands that the S-band antenna be p01nted in a desired dlrectlon and remain

Vw1th1n allowable glmbal limits. -

Ideally, the antenna should be p01nted toward the Earth's center

(lunar m1551on) Thls dlrectlon is:
Gt Gyt R o k)

Regolving equatlons H-h3 1nto body coordinates glves ‘the dlrectlon re-

qulred for S—band p01nt1ng. o

;-TBM_”,',: i, et P -:]’;"'(_H'A?),“'

Flgure l3 presents the S-band gﬂmbal geometry 'This geometry corres-
ponds to the. rendezvous radar glmbal geometry (Flgure 8) dlscussed earller.
Thus, rendezvous radar. equatwons £- 3, .f-k and f-5 deflne the relatlonshlps :

between S- band coordlnates and boay coordlnates proylded E and ALS are .

- ;replaced by G and ¢ s respeCulvely The deslred Sfbandvglmbal_angles, ,;g

g"_ |

L ;BMGiV'-f‘ e e e e A e 1ﬁ@lniﬁ.fl.lf e Y
Tan p, Yy S e _(n )-, ,
X_BM slns + ZBM Cos oc ‘ '

k Angles G and ¢ are inputted to the Communlcatlon Math Model and- com-

L

pared to the allowable S-band gimbal angles If G and ¢ lle within

P'allowable llmlts, then communication is possible, otherw1se, the -LEM

orlentatlon must be altered before communlcatlon can commence.

¢, Conical Lag Antenna Oriemtation. - Two conical lag¢3piral¥fixed:r

antennas are used as an emergency‘backup for the S-band steerable antenna,
when in'lunar orbit and for Earth communication when in Earth orbit. . The

7 " . v
signal to noise ratio is dependent on the angle‘g i.measured,between the,-

e - wes
rfa? R
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’a

N I ) A
antenna direction ﬂ’ and the llne of- s1ght dlrectlon (see sketch)

f xL

.The body f‘xed antenna dlrectlons are known\ia the general quatlon e

~ _ ~
\“51 = Wiy 4p * Why JB V\31 Ky

i i p l JpT i3 K B oo (w51

= 1,2

: Resolv1ng these coordlnates 1nto M or E frame coordlnates glveS'5

‘ /é??q ('T?:f‘E#&EZTWQ).‘ii

Yy T B oy S (1-52)
1 n ’ . o

17 4.8
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_I; Welghts and Balancer

Purpose =~ The purpose of Set I is to compute the 1nstantaneous‘{g“‘=*'~
"LEM mass,'center of grav1ty, ‘and moments and products of 1nert1a.' Sub-

sidiary calculatlons are made to deflne reference dlstances measured - from )

the vehlcle CG to. speclflc subsystem centrOLds.p

2. ‘LEM Mass Mass. - An attempt is made to simplify the mass breakdown of
the LEM vehicle. -Mass calculations, equatlon I- lO -are characterized by
constant'and varigble mass groups. Component mass contributions to each
group follow.: : ‘. |

~a.  Constant Masses The total dry mass of the ascent (mI)‘and

’ descent'(mII stageés are invariant initial'inputs These constants masses

do not 1nclude propellant mass but do 1nclude expendables egected dur1ng

the ascent or descent phases. Durlng an actual mission, -mass is contlnually

' expended 1n the form of vented material, gas leaks,'waste management etc
It is assumed that all expendables are 1ncluded as’a ri gld part of the
«":ascent (mI), or descent mII stages

- In the event that the CsMm propulslon sySuem malfunctlons, the EEM

.propuls1on system will be requlred to 1n1t1aue the. trans-earth maneuver
kSlnce the LEM and CSM must be attached durlng th1s emergency condltlon, the
V,total system mass must reflect the CSM mass, mc;’ Mass m, represents a-
“constant input whenever the 'vehlcles are attached during independent IMS

‘,mlss10n modes Mass m. together with component d1stances L= = /;Z and

'y'c, measured from the CSM-CG to-the weights and balance reference axes

'“w1ll be - suppl1ed by the AMS durlng 1ntegrated operations.

‘b. Varishle Masses.~ Variable masses include all propellanus

only. Main engine ascent ( ) and descent (m..) fuel and ox1dlzer masses -
"3

‘are supplled by the propuls1on Math Model (I lc) RCS ‘system a and b

propellants are computed by uhe RCS Math Model and 1nserted as 1nputs to .

v 1nterface equatlons (z-11).

3. Instantaneous Center-of- Gravity. - The LEM—CG is found by summlng

the product of all component masses and their local‘reference arms measured :
from the 0, 0, O origin of the design reference system (I-20). Note that -
most reference amms are constant 1nputs that remain anarlent durlng any

run. These inciude the arms correspondlng to the dry‘masses (VI’ VII’

8/65 |
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V- X /92 d/) the RCS propellants (v ), he ascent propellants (v )
and the /QID‘ and J’ 3 components of the descent propellants. Component,
’dlstances o< D3 are computed varlables that reflect +the comblned mass
centers of the rigid propellant CG“s and the slosh propellant CG’s. The'
slosh propellant CG is deflned by the slosh model pendulum support hlnge.
| ‘Slosh forces are Zero whenever the»maln_englne is 1noperat1ve. For
‘this condition, the propellant moves o the bank'periphery:and the,moment
arm << D] goes to zéro (equatlon A-48 and Flgure h) . »

vh. Moments and Products of Tnertia. -Moments and products ‘of inertia

may be computed by a. dlrect or indirect method. Direct computatlons requlre:
' that each component mass flrst be located relatlve t0 the total vehlcle 5
oo (F=v+ Vg ) and then transferred to the 1nstantaneous LEM-CG. Com=
‘ponent relerence distances, v, ‘are tlme dependent, since ‘the vehlcle CG
varles as mass is expended Thus, ~the souares and products of each ref-
erence dlstance must be conulnually compuued.‘,These calculatiOnsfimpose
large storage requlrements on the computer. : & " v
Indlrect calculatlons are based on deflnlng moments and’ products of ‘
‘1nert1a with respect uO the 1nvar1ant de51gn reIerence orlgln and subse-
jquently transferrlng these 1nert1as 0 +he 1nstantaneous CG Indlrect
"rather than dlrect calculatvons are prelerred since reference dlstances,
v, _equlred to speclfy the_wnertlas wlth respect to the reference orlgln_'v
k(l L1, Sl), are cons tant 1nputs except for VDJ Even vhen the. transfer
terms are 1nc1uded (1- MO SO), the computations requlred to program the
indirect methoa are less than those required to program the direct’ method. = -
Ascent and descent propellants are treated as mass p01nts in all -
1nert1a computations. The reason for this assumption follows (reference 36).
- Fuel-oxidizer slosh forces are considered as a perturbation to the .
rlgid hody equations of motion. In the sbsence of viscosity, these first
order fluid pressure forces are directed'radiallyvoutward from each tank.
Hence, there can be no moment inducedlbv the fluid about the effective’tank'
centroid. With regard to the spherical ascent tank, the effective centr01d
coincides with the geometric center. Small motions ex1st between the ‘
effective, cylindrical descent tank centroid and geometric centroid (refer-f‘
ences 6 and 7). On these bases, effective propellant inertias are computed
by'assumlng that all the propellant mass 1s concentrated at the effective

tank centr01d whlch represents the support hlnge of the mechanlcal pendulmn
865
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~analog (see Section III-A-%). Experimental daia:(refereﬁcé 36) hé§e‘iﬁdi4;-f_.
cated that, "This approach of calculating rigid body ipertias should:give S

; substantially more realistic results than would béiqbtainedxby;aésuming~1‘5k 
the propellant in each tank frozen and concent:éting:this frdZéngmaSS at: .

its center of gravity".
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J. Vlsual Dlspaly Drlve Equatlon

E l.; Purpose -The purpose of Set J 1s to generate drlve s1gnals for .
the External Vlsual Dlsplay Equlpment (EVDE) This equlpment prov1des reali”;v.
world v1sual cues to the astronauts durlng all lunar and Earth m1551on
" modes. Reallstlc motion mey be percelved through each of three WLndOWS or :d
"three telescope p051t10ns.) ‘_'
Optical similations are generated by four prlmary hardware subsystems.

1“/;

' Briefly, the star field is generated by =2 Celestial Sphere sub stem Stars

'can be occulted by the Moon, Earth or Sun. A Mlss10n Effects Proaector (MEP)A ‘ ‘
enables the astronauts to view the lunar or Earth terrain durlng orbital I i
operatlons. Detalled landing site v1ew1ng 1s prOV1ded by the Landing and e
i . i.?»Ascent Tmage Generator CSM visual slgntlngs are generated by a Rendezvous
and Docklng Tmage Generator. ~— — ":”T“"'““"”;W'” et
No attempt is made to deflne the mechanlcal-optlcal detalls of” each

hardware-item since these detalls are avallable in numerous Farrand 3

h An EVDE hardware sunmary report is glven 1n reference 37 Equlvalent*ﬂrlve f

“signals requlred to actlvate each hardware 1tem are derlved below.

oL Celestlal Sphere.f

'a. Glmbal Drlves.-Four Celestlal Spheres, one for each w1ndow.and

'astronauts.

Each Celestlal Sphere contalns 997 stars referen'ed"to the; i

tion is’ c1mulated by positioning the Celestlal Sphere relatlve to he ass”
tronauts, or more approprlately, ‘relative to the body-flxed optlcal axes,?ﬂx{'
(Figure 7). I Sl e

Presented in Figure lha is a schematlc of the Celestlal Sphere glmbal f
assembly. Motion about: the outer (a )* and mlddle (bP ) glmbal axes are
shown. Inner gimbal motion is mechanlzed by rotatlng the Northern and

Southern hemispheres relative to & split ring wnlch represents the ecllptic :

# As mentioned earlier,'generalized subscript P refers‘to*ﬁindow (W) or..
telescope (T) viewing, while g denotes the viewing mode, e1ther left. (l)

or right (r) or above (a).
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'plane. Arbltrary orientations of the star fleld can, therefore, be achieved

 by-ihdependent glmbal angle lnputs apq’} g an@ céq;" For example, let the
.Celestlal Sphere gimbal axes be 1n1t1ally aligned to the window axes qu
qu,,Xﬁql Rotate through angle apq about the optlcal llne ~of-sight axls
qu. Follow:thlsbhy a rotatrqn bpqvabout‘the new i‘pq axre so_formed. :
Frne;ly; follow,this.by'a rdtetion cpq,about the north ecliptic pole to
generate the general transformation between the Celestial Sphere axes and

_the optical axes (Figure 1hb):
Cos C_ Sin C_ = . S8ina_ Sin Cogs b__ . Cos c
ba bq s bq bg : pq bg

Da : o
4 +Sina  Sin b . Cosc¢c. ~Cosa . Sinb._ Cosc_ .. .
. . ba pa. pg . PO Pa

yo | | +Cosa Cosc . - +Sina_ Cosc_ . . -Cosb_ Sinec_
qu =l 7 Pd Ppqa. Pg pa pq. Pq
' -Sin'a_8inb__ Sin c_ - +Cos &,  Sin b Sin c,
" “pa, P4 pa . DY pa - PQ
‘5. | ]-sinsa ‘Cosb . iCosa Cosb_ . sinb.
Bl TP Topa T pa T TPe T pe
A} ; . i
(3-1)
ori
Pa 4Jpq SR

Effectlvely, equatlons (J l) represent the mechanlcal transformatlon B

between optlcal and’ ecllptlc axes. This transformatlon can also be generated

from computed trajectory data. Recall that equations (D-80) relate the’
‘ A
optical axes to the M or E-frame. A single rotation about the equinox Xh,
through the dbliquityvof the ecliptic, €,~is sufficient to reference the

© optical axes to the ecliptic axes. Thus:

rgpq'f '_néqpq P B A'(j ¥
Cvhere: |
| 1 0o o o
o= 0 Cos E Sin & lij"' -v(;elE?l

L -\ 0 -SinE -Cos €/ Pa

T e

X
bq

Z
bg




_But, equation (j-2) is identical to equation (j-1). Hemce: - - ‘
Solv1ng for the unknown glmbal angle drlve 1nputs apq;;pﬁd; and . cpé;iﬁg;pdiL
lb:\iterms of known elements nlJ L gives the requlred drlve 1nputs shown by

"'5equat10n (J—lO) ffb* ;pqu.; 1’-‘ : , S
Equatlon (3~ lO) exhiblts a 51ngular1ty when the mlddle glmbal angle b g

f=approaches + 7’ ( This condltlon is circumvented by the 1ntroduct10n of -
- gldbal l°°k 10&10 {a- 11) “Logic- (3-11) -vas derlved ‘based on the con51dera- o
: “tlons glven 1n paragraph“‘II~the." e L

;Lunar or‘Earth Occulters E Mechanlcal prov1s1ons are 1ncluded

'3to obstruct the star fleld Whenever ‘the. Moon or Earth appears 1n the w1ndows

;or telescopes durlng' unar or- Earth MlSSlon modes, respectlvely;A In order

'2) in IEM body coordlnates 1s known Thus,tffrféj'l

The f}elé~of view measured ‘in the plane ‘of the disc can be- approx1mated :

;'pby a c1rcle of max1mum radluaj” ﬂwm,wwwhenever_f;q is greater than thlSJ'ﬁ

o6s



g o

LED-th 3 S
‘True Motion Equatlons
,Part II,.Sectlon 1=3

el

central body re-enters the window at the correct p051tlon, the angle ngwés:;;

;—n*contlnuelly~eomputed “vThejo drlve in the EVDE reqplres only posltlve

valued angles between 0° and 150 ‘ ‘The follow1ng logic performs thls task

cag well ds’ the control for operatlons outslde tbe field of v1ew.

';gt B, - 1 when 210:2/9 S 150° | 1'15f"' (J-2k)
B, =1 when_/O 2100
Th‘en. ~,; e
t 1 S H{JT=2
Pram BB A BB Oy e

Where,f;ai 150°

The ocecu Ttlng dlSCS for the upper window and telescope viewing modes N
are driven by & mechanlca dev1ce that requlres cartes1an rather than polars’”

coordlnate 1nputs, thus: = o R

: &.

X = ¢ . Cos-® o oo
ra " pg R L] ‘ :
: RN : (5-22) .
v = f sino B

pa ./ pq- jle]

; Occﬁlting logic descrlbed above also pertalns to equatlon (J 22)

‘ " As the vehicle approaches the central body, the body s apparent dla-
meter increases. This effect is simulated by representlng the dlSC as a:
varlable w dp‘up reel contalnlng Wylar tape. The disc. dlameter and rate of
wrap-up is proportional to the central angle l&* (/%s , Flgure 10) sub-
tended - by'the LEM ‘Hencé: :

=y ﬂ N |
rn/L T o (7-21)
fE =y T
n/L ' ‘ ‘

"A configuration can exist when the LEM is behind the Earth of Mooﬁ,:

* wherein both central bodies occult the staf field. During'lunar migsion
opefations, Earth occultation will be synthesized by physically pasting a
configuration of the Earth on the Celestial Sphere. 'The Earth's position

in tﬁe star‘field will be based on the Earth's right ascension and deelination ,

7sEL . 8/6s




