B the mean EarthJMoon dlstance

True Motlon Equatlons V’, .

relatlve to the Nkframe at prdblem start. Eart*‘paraI‘

B the Moon is flxed to the Celestlal Sphere based on 1ts rlght ascensi _fand:
”fdecllnatlon relatlve to the E- frame : Obv1ously,_mot10n of a pasted Moon or

Earth across the star fleld cannot be s1mulated, However, thls should have ‘?FQ' o

“no 1nfluence oh LEM-astronaut tralnlng.

g Solar Effelwmu the Sun enters the fleld of v1ew, the

R ‘cathode ray tube llght 1wtens1ty is 1ncreased ThlS has the effect of

 5{h’An€le )’e‘ is computed as follows-" Derlne the Sun’ s pos1tlon in the optlcal,ijf“f“

tvwashlng out  the ‘star field. .The control parameter of 1nterest 1s angle ;legmu. B

rX . measured from the optlcal line- of-slght to the: Sun's veetor dlrectlon

k ~axes system* » e :
AR N (3 IR T e L T T I MR T e T T :
T - .l.t_, - Sy e e R o AT, - »’ T J— O ho_r e e
‘yr}Vector rn%j denotes the un s p051tlon relatlve to the E or M-frame.

“is generated by the Enhemerls (E 30),_wherea;

Y f:jnew ( \'

pq>qu ax> mhereas, max:.mum llghtlng condltlons ex:.st wh :
f;’Sun 1s w1th1n the fleld of view 'see loglc J-33)

3. Mlss10n Effects Progector (MEP)

a. Location of LEM with Respect to Fllm Strlp Reference.« The MEP

prOV1des continual lunar or geographlc terraln dlsplays to the astronauts ~d o

at altitudes above approximately 1200 feet. Pre- selected terraln swil

are recorded on Film strlps and dlsplayed by a TV 1mage geuerator. Each
film strlp is scaled for five altltude ranges. As the altltude (hM/L
G-30) dlmlnlshes or increases beyond prescrlbed llmlts, the fllm strip

views are dissolved into the next.
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The fllm strlp is p051tloned with respect to the projection apparatus,

tased on the locatlon of the vehicle's subsatelllte p01nt relatlve to the

Cfilm strlp centerllne (Flgure 16) Tt 15 assumed that all film strlps

represent great circle swaths around the central body. -If the nominal

tralnlng mission orblts are equetorlal then the film. centerllne w1ll N

‘this case fllm strlp drive coordinates are glven by‘the vehlcle 8 selenow
graphic longltude and latitude (G-12) or geographic latitude and longitude.~_v
If, however, the nominal orbits are 1nc11ned to the equator,rthen the

'progected orblt trace w111 not correspond to the fllm strlp centerlmne.,”'

’;"Thls results because the ofblt trace on ) rotatlng central.body cannorv‘af
_ rep“esented by a-gre_ij ‘

"Vmay‘be loeated by ang sj
”flnes of the film strlp Note that'

Equator al dlrect orb;ts are speclf,;d,by'SI,

retrograde orblts (LEM) are speclfied byﬁfo
Nt )




LED-440-3
True Motion Equations
Part II, Section 1-3

The LEM radius vector in terms of selenographic (lunar mission) and
geographic (Barth mission) coordinates is required. The former is known

(A-22); the latter is computed as follows:

Xy Cos GHA Sin GHA 0 Xyr
Y, | =|-Sin GHA Cos GHA 0 YE/L (7-49)
_ZG | 0 0 1 Ze /1, |

It was recommended earlier that relative motion equations, based on two-
body CSM motion, be used to compute ;ﬁ/L during independent IMS Earth
mission modes, Consequently, nodal regression due to the Earth's oblateness
1¢ not accounted for whenever this mode is activated. Accordingly, after
a complete circuit around the Farth, the astronaut would view a geographic
scene: that corresponds to the change in the Earth's angular position only.
The: real world scene would correspond to a view from a slightly different
spaclal position due to the crbit plane regression relative to inertial
space. This "true scene" can be synthesized (first order only) by altering
the Farth's true rotation rate. For example, replace GHA in (D-60) by
(GHA - A t) where <L is given by equation (H-22).

Drive angle Qf depends on the projection of _Q/L onto the film strip

reference plane. Call this projectionfﬁi where:

A~’Ex[‘i x"\] -
P = £ rL k'f (J_5)

r Sin §

n/L f
Now:
>N
Tan Qf = Pe s (J_Ao)
5.5
olf
and:
AN
sin §_. = Pe% (7-40)

Equations (J-40) reduce to longitude and latitude whenever equatorial or-

bits are considereqd.

8/65
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b. Angular Drives For MEP Optics.= Film strip terrain information

is transmitted to a TV vidicon camera through a series of mirrors, lenses
and prisms (reference 37). The optical equipment is positioned by three
angular drive signals y/qu, d’qu and ¢qu. Physically, these angles
relate the optical axes systems to a local terrain coordinate system (XT’

YT’ ZT), as shown in Figure 16. This system was derived on the following

basis:
/\ .
i. iT is directed along the local radius vector.
ii. ﬁ& lies in the local horizon plane and is parallel to the plane
formed by the strip centerline.
T AT A
iii. kT—lTX Jipe
Let all MEP drive angles be zero. For this condition the relation
between the optical axes-@%q and the terrain axes'?& is:
X g
pq T
? 3
pq T
A a

7 = =
pg T

To obtain any arbitrary orientation between ?bq and 7, rotate first about

T
A ]
-XT through azimuth angle ¢pq* . Note that V pq* is always measured in
-~
the IEM local horizon plane. Next, rotate about the new YT axis so formed

through an elevation angle U;qf. Angles ¢,pq* and inq* position the
optical line-of-sight axis to the landmark being sighted. Last, rotate about
the optical line-of-sight through roll angle ¢qu. The correspondence

between r and r., is:
pq T

x| [cos g * sind *  Cos g% Cos @ * Sing % Cos § ¥ Cos /% Cosf* |
Pa pd el va pa pa pa pa pa
+Sin @ % Cos & * -Sin § * Sing *
¢pq ¢pq ¢pq fé].oq
y |=|-8in ¢ % sind * -Sin §_* Cos{ * Sinl * -Sin P * C J * *
pq Poi pq Pos Cosy & sinft -5 Pog CosT % Os%pq
+Cos @ * Cos (£ * -Cos @ % Sin ¥ *
¢pq Koq ¢pq y’pq
z -Cos (J ¥ sing * Sin (% Sin g/ % Cos | *
Pa pa o/pq ¥ pa qu os f pa
= - L. P T B
(5-6)
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or:

~ ; N
T = M (¢ ¥ J_* *) r j-6

The matrix elements given by (j-6) are known from previously generated data.
For example, the optical axes orientation relative to the selenographic (lunar

mission) or geographic (BEarth mission) coordinate system is specified by:

T T ~
- = 1. a ., T lunar
*pg 3, & s ( )
(3-7)
T = 1T, T (terrestrial)
Pa L1d Jk G
pq |
From (j-4), the constant relation between ?é and the film strip axes system
is:
A ) NP .
rf = M (-\1 f) lf) rQ (J—)-I-)

Finally, equations (J-40) provide the link between ?& and'?f:

] ¥ {J H V 3 il ‘ 7 r 1
XT Cos Qf,Cos 7 Cosz7/f Sin Qf Slng(f Xf
YT =1 -5in Gf Cos Qf 0 Yf
ZTd _—Sln:/f Cos Qf -Slnﬁrf Sin Qf Cos:Jf Zﬁn
(3-8)
or:
A 4 /N .
2 = M (0 A )T, (3-8)
Combining equations j-T, j-4 and j-8 gives the desired transformation:

lkiT a'jiT MihT g L th (0, » 4 4) r (7-46)

or equivalently'

Whereupon:
Ty = Ve r (748

/65
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Angles yypq%, J(pq% and ¢pq% can now be found by camparing elements of
v,: and M (¢ %, & _ %, §_ %), The solution is similar to the Celestial
mi bq

bg pq

Sphere drives and is given by equations (J-L1).

Equations (J-42) present gimbal lock logic. This logic ensures a true
view of the Earth or Moon 1limb whenever the astronaut sights along the local
horizon ( Jpq* = 7 ).

4. Landing and Ascent Image Generator (L/A).

a. Drive Coordinates. - The I&A model is referenced to the same

coordinate system as the MEP film (paragraph 3). Given a set of selenographic
coordinates (X,Y,Z)S for a particular landing éite, the parameters deAb
and Op,, can be derived via (J-40). Making this the L&A reference point,
the drive coordinates can then be derived:
Trp = K, (8 - Opp0)
Zrp = K (5{ - d1a0

where Ko is a constant to convert ¥Yrp and ZLA into feet.

(7-51)

1l

b. Angular Drives for L/A Optics. - The MEP optical head is iden-

; i ' ®, O % ¥
tical to the L/A optical head. Hence, angles ¢'wq_’ wq and ¢wq serve
a dual purpose.
A single (L/A) optical head is used to present the landing site image
in either the left window (g=l) or the right window (g = r), at the in-

structor's discretion.

c. Altitude Drive for the L&A Optical Head. - An altitude signal

must be generated to drive a focusing circuit included in the- optical head.
It is intended to measure the altitude from the design eye to the lunar sur-

face. A first order correction (6 # 0°) is given by:

Xrp = Byyp, * g - °‘¢G) (9-52)

11/65
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5. Rendezvous and Docking Simulator.

a. Qeneral. - Rendezvous and docking simulation displays depend on
the distance between vehicles. Whenever the LEM-CSM range exceeds 14,000
feet, CSM motion is depicted by a blinking light whose intensity varies with
distance. Between 14,000 and 8,000 feet, the CSM is represented by an
illuminated model. During these phases, the rendezvous table carriage (see
Figure 18) remains parked at a maximum distance from the 1 scale CSM model.
From 8000 to 530 feet, the table carriage is activated. ggM rotational
motion is simulated by a two gimbal, 1 scale model. As the relative dis-
tance closes to 530 feet, a three glmg_l 1 CSM docking model is employed.
Switching occurs by the removal of a dlss_?§e mirror and reversing the
carriage motion.
Drive signals must be generated to:
i. Position the CSM in the LEM window.
ii. Define the relative orientation of the CSM as seen by the
astronauts.
iii. Provide the correct CSM solar illumination during all mission
phases.
Bach item is discussed below.

b. Reference Table Coordinates. «In order to synthesize true

vehicle motions, it is necessary to establish a rendezvous table reference
coordinate system. Let this coordinate system be defined by unit directions
/71, /02, /93 (Figure 18). Iet {o be normal.to the relative distance
table and direct /’7 parallel to the carriage motion toward the 1 CSM
scale model. Optlcal compensation ensures that/g3 is properly d?gected
when the 1 scale model becomes active. Neglecting parallax, the true
line-of-s§ght vector ,2;*'is always directed along ‘/?3. The basic problem
is to define the true vehicle motion in table-top coordinates.

c. Optical Head Drives for Left and Right Window Viewing. An

~ optical head is fixed to the movable carriage. This head represents the
LEM vehicle and is used to position the CSM in the LEM windows. The optical
head consists of a post and trunnion and has two degrees of angular freedom

relative to the non-rotating table-top axes. Fixed to the horizontal

11/65
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trunnion are two cameras positioned on either side of the post. These cam-
eras have the same orientation with respect to the post and trunnion as

the LEM window axes have with respect to the body axes. Thus, correspon-
dence between the camera axes gEd the actual IEM vehicle axes, with respect
to the relative range vector ,/?*, is achieved by a rotation about the post
( /9 l) through angle ¢IS’ followed by a rotation about the new trunnion
axis through QLS' The relation between the LEM body axes and the table

axes is therefore:

>~ — — i et e

. . as P
Y Cos QLS Sin QLS Sin ¢IS Sin QLS Cos ¢LS {1
£y
2 = ' i /) J-6
/4$B 0 Cos ¢LS , Sin ¢LS e (7-63)
\ _ . O
/%B Sin O Cos 6,4 Sin ¢IS Cos 64 Cos ¢IS 4
L . n 0 N
or:
5 = 43 Faevle (5-63)

——

Vector- KQB, given by subset eguation F-23, defines the distance mea-
sured from LEM CG to CSM CG. Optical parallax corrections may become im-
portant &s the relative distance diminishes. For this reason, vector,5 *
is redefined. Let/z;‘B be measured from the camera origin (Figure 18) to
the CSM pivot point which is assumed to correspond to a nominal CSM CG.

Hence:

-

At - _ 7] . 1 = gt -
P's = Fs Ao 5 s |75 l (7-6ha)

Drive angles ¢LS and QLS are derived from expression (J-63) as follows.
First replace /":B by /‘2B’. §Epce the line-of-sight vector ,A”B must lie

along /43, the components of 'ng! measured in table axes are /Ol = 0,
/42 = 0, /4% = //7'LS' 'Equations (J-63) can therefore be written as:

£'x
Ay
o

- ! 3
/0 L Sin 6 Cos ¢LS

/0'Ls Sin ¢Ls (3-10)

i

1
/9 s Cos Org Cos ¢IS

8/65
1763



LED-440-3
True Motion Equations
Part II, Section 1-3

Equations (j-9) are manipulgted to give:
= _ 1
Tan QLS = /9 Xﬁ
f o

o) ! (J-6]+)
7Ty

! Cos © - ! Sin ©
P a0 Crs 7 P s

il

Tan ¢LS

d. Optical Head Drives for Telescope and Overhead Window Viewing.

The Rendezvous gnd Docking simulator is designed such that the trunnion-
fixed right camera generates a CSM image whenever the telescope modes are
activated. Similarly, the trunnion-fixed left camera 1s employed to simu-
late CSM motion in the overhead window.

Consider telescope viewing. Recall that the right camera is fixed to
the optical head or equivalently, the LEM body axes. The problem, therefore,
is to define a new body axes (and associated optical head drive angles

QLS and ¢LS ) that has the same orientation with respect to the telescope
Tq Tq

axes as the original body axes has to the right window axes. This is accom-
plished by rotating about the telescope YTq axes through Q'wr, followed by

a rotation ¢!WT about the new X' axis, followed by a raster rotation %"wr

Tq
about the new Z‘Tq axis. The correspondence between the new body axes and
the telescope axes reduces t0:
A = n., T ' (T-72)
/ B'I‘q lJWI‘ Tq :

* 1 t ¥/B _ _ -
If rotations © wr’ QS_wr and L/ wr were equal to -0 W’ 25 wr and zexo

respectiyely, then frame/"qu would bear the same relation to ;Tq as ;é
has to ot Hardware constraints, however, require that the optical axes
relative to the CRT be shifted by angles O¢ g and ¢€ Tq when viewing is
switched from the right window to the telescope mode. Furthermore, during
the switch from window to telescope viewing, a raster rotation or change in
scanning is necessary in order that the vidicon cover the complete field of
view. These items are compensated for geometrically by defining the elements

of h'i. as:

JW.'E‘

-~ 8/65
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! - +
g =B+ D¢
Tq
! = - + -
o o * % (J-74)
| Tq
1 o
¢ wr Vraqu
Relative distance components measured in the new body axes must be found.

This is accomplished by eliminating ;Tq in (J~72). As shown previously:

Frg = gy P (3-70)
Tq lJTq B
Hence:
— 1 4 7
“. =h,, n. A (7-70a)
BTq ler JkTq )

: - A
The relative distance vector /OB that must lie along 4/%. Accordingly,
optical head drive angles for telggcope viewing are derived based on the

same reasoning described in Subsection 5c above. The results are:

Tan QLS' = -/4§T

Tq 20 q
z
Tq
Tan § = )2 (3-T1a)
LSpy Yoy
A Cos © - Sin ©
ZTq LSTq ’ XTq LSTq

Optical head drive angles for overhead window viewing are derived in
a similar manner as above. Exceptions are that the right window subscript
is replaced by the left window subscript and the telescope axes are replaced
by the overhead window axes.

e. Camera Switch Logic. Two cameras are used for three telescopes,

two front windows and overhead window viewing modes. Combinations of simul-
tanecus telescope, front window or overhead window CSM viewing is impossible.
No drawback results with regard to telescope viewing since, the telescope
and window view cones do not intersect. In addition, when the relative
distance is less than 530 feet, the telescopes are inoperative, consequently,
the CSM cannot overlap the telescope and front window view cones. During
docking the CSM can be seen in the overhead and front windows simultaneously.

This configuration, however, cannot be simulated.

8/65
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As the CSM enters a particular view cone, it 1is proposed to aufomatically
compute the corresponding post and truanion drive angles. To determine |
whether the CSM can be seen, approximate the field of view about each optical
axis line-of-sight by a cone angle _ﬁL*‘ . If the CSM-CG is within this
cone angle, then the appropriate post and trunnlon drives are activated.

The optical line-of-sight 1is 2 q The CSM position referenced to the
design eye 1s/ﬂ &B' Accordingly, the cone angle made by qu and./O‘B is

Cos A =/‘-0' ¢ /Z\
pp /B — 9 (3-75)
7 IS
osh =TT
-~ pra

Anglel& 0q is compared to allowable angle .ALPE in loop (J-73), to ascertain
which set of equations (J-Tla, or J-Tlb, or J- 64) should be used to compute
the post and trunnion drive angles.

f£. (SM Orientation.- The foregoing subsections define the CSM

position in the LEM windows. Tt is now required to determine the CSM orien-
tation. Two CSM models are used for this purpose (Figure 18). Consider the
three gimbal, 1 scale, CSM docking model. Locate the table-top reference
coordinate system at the CSM pivot p01nt (Figure 18). Let all glmbal angles
be zero. ThlS forces the CSM body axes XB/ to lie along f73 s B/C

lie along /" and ZB/C to lie a%?ng negatlve/p 1 Rotate first about the
negative outer gimbal axis ( —/0 l) through.( ¢/G-CSM’ then about the middle
gimbal axis through (GG)CSM’ and last about the inner gimbal axis through
(¢G osM to obbain an arbitrary CSM orientation relative to the reference
table axes. The table axes is related to the CSM body axes by the following

gimbal angle transformation:

8/65

1766



(11-r)

.AI' o s
WSO (D fyurg M50 (Ogyurgs
D
mw\ HSD (D 4ycop 180Dy s0p M0 (Deyuts
0
KA 4
IR 20 By
2}
oo
(o |
o
P
g S
30
ot
B 2
@]
[a R ]
o w
o) e
SR
S =+
=
1O
m S5 H
0 ©
HM

DD ygop ME0(Dgyurg-

HSO Dy 50

HSO D  ysop

WSO Oy g M50 (D) g WSO (D Ayurg

WSO (D) urg W89 (Deysop

" WSD,D
(

-

6)500 zmkovaoo|

WSO Dy sop M50 (Og)urs-

WSO Poyurg

8/65

1767



‘ Matrlx operator (J 63, a4 ) relates the LEM body'axes to. the table »
’hﬂazs The LEM'bodJ axes: relatlve to the Inertlal Reference axes is known
42(D—h0) Comblnlng glves'<

"-rnv‘“{"[gij qJ/omABLE SR (J 12)

L'"The CSM is orlented 0 the same- stable member coordlnate reference asiihe?‘

»h“LEM csM ordered rotations are spec1f1ed by ¢9 about Z follomed by 9 EE
- gbout ¥, followed by ¢ about ‘X' \(reference 38) Durlng integrated -
o v L
‘f’loperatlon the angles (yD ¢ ) or’ dlrectlon cosine- elements are- supplled L

bfsf_by'the AMS Durlng 1ndependent operatlon the 1nstructor w1ll control the
“f!CSM attltude (J-CEa) In any event- {;j."*’f"“~“*”*‘” B T

B ‘rgalmbal angles (gﬁ )CSM’ (QG)CSM and (¢ )CSM are” foundtb
_known elements of matrlx P, i3 with matrlx elements of (J ll)

The flnal
: eresult is given 1n (J- 60).

Matrlx P 5 must be' moa*fled whenever the telescope or overhead w1ndow

'f;V1ew1ng mode 1s activated.  This modlflcatlon is requlred because matrlx

' J-6 relates the ficticious bod axes or to the table
SE-t (H 3) v /OBT« /ona

hl“axes ~ For telescope v1ewung, the LEM body axes %s relntroduced as follows.f '>

Py =@ ) () Ty (J-708)
,qu lQWr Jqux . B/L'.ﬁ’k‘ e
Therefores S
Ty = (B i‘jrq) (B -a‘kw)l By :(O-TABIEC -3

T L;lﬂse%l>' {,";[ff3/65
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. Part IT, Seetion .l-3.

k(;- Following?through giyes: _f»f e

. for'theitelescope,”and:_'h

- scale model is employed. For this regime the lunarkglmbal angle (

is not computed,

L O
given by ¥ o T X

- LED-Mo-s

True Motion Equatlons

3

Py = (855) (g x1) ‘(hlmfg;)"f'(lylbmn

. L s o o 7 ﬁ[ s T R o
Py = (oo (o) (hlmwa) (n 'mnwl), (50 »(q'ét); .,
for the overhead w1ndow.A ' |

When the relatlve distance exceeds 530 feet the two glmbal -1l - CSM
R G)CSM

g. CSM Solar Illumlnatlon, The solar 1llum1natlon sub- assembly

for both CsM models cons1sts of flxed banks of llghts arranged in rlngs and
surroundlng each model (Flgures 18 and 19). CsM solar 1llum1natlon is
s1mulated by selectlve switching of the llght bank: quadrants The 11ght1ng
array is flged to the table. Each bank’ of llghts extend over an gngle range
el measured in thepdﬂ]_ /g table reference plane
(Figure 19). - The ‘problem of light.selection, therefore, reduces to

ascertaining the Sun's dlrectlon in table coordlnates :
The Sun's coordlnates measured relatlve to the Earth or Moon are com- . L
lputed in the Ephemeris subsectlon. The orlentatlon of the CSM 1s also e

“kriown relative to.the M or E- frame Consequently, the Sun s coardlnatesf'

in CSM body axes are' :»"

E%}C @th rnpe : o ‘ _kv'x o 1(J—85)

But, matrix P . (- 61) relates the CSM body frame to the table top frame.

Accordlngl;, the Sun's dlrectlon relatlve to the table is:

P g

,\@. "T o A0
{0'- ij B/C

(J—81+)

‘ Angles G° and J' are used to control the lights. Angle(r deflnes .
the’ central angle between the Sun s direction and. /° 3’ while 6 locates the

Sun's progectlon in the plane of the lamps (Figure 19) . Hence:

“cos 0°° /J} . /03 ) | (e
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iLEM‘ CSM and Sun are nearly allgned.vxThe CSM as seen‘from the LEMH'

5 _;111um1nated All lamps are turned off When the Sun lles.in

TtAll 1amps are turned on. A servo drlven by the angle " w1ll 1llum1nate the,

‘”"4§ejpartlcu1ar bank of lights required to 51mu1ate the sun s dlrectlon.;

Wﬁ:m1551on) or Earth shadow (Earth m1351on) then all lamps ar ’tu ,ed fo

When the Sun lies 1n reglon

Refer to Flgure 19.

g Or- >7"»/, ), Thw CSM as seen from the LEM 1s fullyllllumlnated.'i‘“

CSM or LEM In Shadow.-—If the GSM lles 1n the'Mbon (11 ar :_i

:’; ‘1nated (Loglc J;86)

. The. CSM is’ 'n sunnght whenever the CaM radlus vector, progected on a plane

~5_vnormal to the Sun s dlrectlon (R*ﬂ/ ,_1s greater than the central body

“'3.rad1us (R ) In equatlon fcrm thls glves-’

“ (J-87) el

“As shown in the sketch 1z R*n/@ < R but 0¢ ° . 5;_' , the CSM is illum-

B Y?if?g :  _ ;;!‘ ii’?:lf8/65 E€  




True Motion Equat:.ons :

- .Pa.rt II Sect:\.oz:{\’l-3 o

4. Shadow Gene'ratviony;» = One "of‘the recinire.d' cues is‘the“shadow.'

.'of 'bhe IEM on the lunar surface. In order ‘Fo generate ‘the IEM shadow use .
is made of the Rendezvous and Dock:\.ng System. The CSM w:L]J. be V:Lewed by :
'bhe R&D probe as if it were . the ]'_EM‘s shadow, and 1'bs signal will be used o

' _'bo blank out the approprla'be portion of the L&A scene.

- In order to correctly drlve the R&D probe » the posrt:\.on of the IEM

shadow is compu‘bed and 'bransformed into probe coordinates.

G1Ven ‘the sum az:.mu‘bh angle g;‘J ~and eleva‘t:\.on angle Qo ; 'Ehe IRA

terrain. frame (XT, YT, ZT) and the altitude of 'bhe LEM above the model

.‘ _“da’blm ( h M/L)’ 'bhe shadow posrtlon may be derived (see flgure ll)

XLAS_ h M/L

o Xiag COS )//

‘ ‘YLAS tam 69 . - : (J‘9O)
‘ @
Z X\_I—\s Si'ﬂw
LAS . ta.'n@

an.d convert‘ﬁng 1nto the: body frame.

S R L B
FYLA-_-"". »i/»g_k | Muas
1 PZin Z“-AS

The .parame'bers /OLA are 'bhen treated 1den'b1cally to any other value of

A ;
F '.B in equa'blon set J 64 to derive the post and uI‘UIll’llOl’l camera’ drives.

The CSM model drlves will be held fixed at (l/’ G)CSM = °, (QG)CSM -

(¢G)CSM = "90 .

Ery /e
l??:t: i
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or1entation. Periodic realignment lS therefore necessary. Alignment is also

True Motion Equatlonsid

' Part II, Section 2-=3 .

. Imtroduction -

This is.a description of the Inertlal Measurement Unit (IMU) Math Model |

‘subsystem for the LEM M1ss1on Simulator The LEM-IMU prov1des a ‘pseudo inertial"’ =

reference which is used to measure changes in vehicle attitude and velocity due

to non—graVity accelerations. A reference direction is maintained by fixed plat-

form gyros. Gyro errors cause’the platform to drift from the desired space‘fixed ,_ut

required whenever the MU is uncaged, or power is restored, or the desired reference
direction is altered. These modes of operation, in addition to simplified. fine e i

and coarse align platform modes, are described herein.

~ Astronaut training is the prime obgective of the real time digital LEM MlSSlon
Simulator. The real time constraint requires low sampling intervals. -Hence, '
hardvaré stable member gyro and accelercmeter high frequency characteristic cannot

be sensed. Moreover, the training requirement demands that subsystenm malfunctions

' be faithfully 1ncluded. Malfunctions can be more readily s1mulated by employing a

functional gyro and accelerometer model than by employing an exact hardware gyro

and accelerometer model. For these reasons, the explic1t hardware representation

| of the stable member gyro and accelerometer has been neglected in the IMS-IMU math

meodel. A gyro and accelerometer error model is included.

' Detailed ™MU subsystem equations are presented on "L" sheets 1 and 2 (termed CLnh
Set L). Set L contains L subsets. where- ol SO
‘1. Subset L-O1 denotes constants and initial conditions. : ”
2. Subset L-10 to L-1T7 denotes the equations required to define 1ndicated -

_ platform gimbal angles. - - :
. 3. Subset I-20 to L-26 denotes gyro drift and accelercmeter output equations.

4., Subset L-30, L-31 denotes the AOT coarse and dine ‘align modes. . . -

~ BEach item is discussed in Section IT. R *71*5‘4“'*ﬂ‘

Equations, given in Section II that are des1gnated by a capital L followed by

a nunder can be found on the L sheets These equations do not necessarily follow

- a sequential order in the text since the Tlow diagrams were generated prior to doc-

‘umentation. Section II equations designated by a small l are used either -as

856

8/65
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~True Motion Equations (Cont)
Dart l Section 2=3:

.h‘intermediaries'to derive'a*Subset equation or to present an alternate approach mot: -

‘ 1isted on the L she ts.f?ﬁhux

Il. ‘Category 2 Equations - Primary Guidance and Nav1gation (Sheet L and Q only)

A IMU Subsystem‘Equations

1. Indicated IMU Gimbal Angles

a. Normal Operation.-LEM Euler angles are sensed by gimbal axes - mounted

resolvers.u Each resolver reflects angular vehicle motions relative to the stabler
' member.“’In”order”tordefine‘the spacecraft orientation, the stable/member“;*e;flih
’ ‘directions:relative‘to a known; inertial reference direction:nnstlfirst?hel;‘
}Vascertained, »Let this knonn referenée be the;mean‘equinoﬁ, mean equatorrof date;

Mvor E e.frame,wrn (see sheet K, sheet 1). Furthermore,rat any'instant}let,the

N _ v : o , . S
LEM platform (rp) orientation relative .to the mean equinox, mean equator of date

reference system be defined by angles 95¢, @ where:
1. 6 represents a rotation about the Y, axis. -
2. ¢ represents a rotation about. the new Z, axis so formed.
3. @ represents a rotation about the new Xn axis so formed to locate the
- A .
phys1cal stable member set rp.
The foregoing rotationsvare combined'to form the transformation Nij,betweenif

Ao .
'rp and .’I\'n.

The true rotational equations of motion, are solved to generate.the time
dependency between the LEM body axes and the 1nert1a1 M or E frame~

The relationship between the actual platform and- reference platform'-‘
?_attitude is given by a
LA - N o v : f' S : '

‘\\
0
i

_-i_.JQBJ B
11/65
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'tlme dependent relatlonshlp between the LEM platform axes and the LEM body axes :

LED-440 3 -
~ .True Motion Equatlons (Cont)
e"Part I, Sectlon 2 3 v

Substltutlng equatlon (l ll) and (L-ll) 1nto (D 40) prov1des the sought forﬂfrl"‘b

CA e T A
BT lJ CkJ Qlk P ¥
-mhereupon- e DU N
le = By 'ij,Qk1 S s e (FLD)
Glmbal angle resolver readouts are generated from.matrlx d/ These anglee»

are defined by equatlons (L-lO). Glmbal lock loglc is not provided because,vin'

: Mréétiéé‘,wt’h‘e'pluatform' is caged wheneverijthe 'm"i&dle"'éngi'é éppro‘aéhéé' "éEo‘iit“'"“
P > MU. .

+ 70 degrees. Gyro or platform caglng is 51mulated by settlng the d1rect10n i

cosine matrix dij equal to the ‘unlty matrlg. Thus, QIMU y/IMU ¢IMU Ok -

b. Cage - Uncage Mode;- Aé mentioned above, When the gyros are:caged the
platform and glmbals are essentlally locked to the body. - When thelgyros are
uncaged therefore matrlx Q ust be relnltlallzed Since the body axes

orientation is always known‘relative to the M or E - frame and -since dij = (1),

“then from (L-17):

-4 T c T , C_T B W o L"14‘w S
Q5 = %5 8h Y1k T Bk Vik : (L-14)
“uncage : T ‘ .

Each tlme Qij is reinitialized the angles gdo S”'do: and @3, (L-14a) must also’
o : . k) - . : : R

be reinitialized. This requirement stems from 'the necessity to establish an -

angular reference from which gyro drift excursions are measured. Thus, during

" the cage mode,‘drift loops L-11, L-l7, L-10 and L-10a are-deactivated

c. Power- -0ff, Power-On Mode. -Durlng the power-off mode matrix d (and Q )

may be computed by 1nsert1ng arbltrary time dependent elements G(t) ¢ (t) ¢(t)
into equation L-13 at the instant the malfunction is inserted. This enables

displaying the platform change_relative to the body in the FDAI,'_The power .
malfunction should continue to be inserted until the gimbal angles have been o

rotated to prescribed angles.

 ass
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g

= At the trme of power turn on, the IMU should ex1t 1nto the cage mode which

is followed by the alignment procedure.

'd.v Alter De31red Reference Frame.; The deeired platform reference direction
“;Q} can he altered during the course of ‘a“run by re1n1t1allzing the appropriateq
conatants spec1f1ed by subset equations D- 20 or D 30. This.computation R
actually represents an LGC function and has no effect on theiplatformfginbal
angles prior to-platform'realignment when.the platform is'realigned'natrix

Qij is forced to change by coarse and fine align angle 1nputs (L 30 L 31)

2, Gyro Drift and Accelerometer Outputs

ffbla:l Platform'Drift.-‘Gyro drift rates'preclnde‘the tEMmPlaéféfm:ﬁrbn4;m
Vmaintaining a'deairedvspace fixed orientation (see Setih,sheet I_fiéure
entitled IMU Platform Axes). Matrix Q;  must reflect 'platvformk dr:ift. ‘ Gyl_‘ow :
drift velocities'(asd) act.along'the‘LEM‘platform.directions,nhence?‘platforﬁ;.

Euler angle-rates relative to-the desired platform reference frame can be described

g= (Cos ‘i’d) [de cCos ¢d LUzd Sim Qsd ]
t,&d Wzgcos gyt 0y Sim bd | o
¢d u,xd Tcwt Lpd [LU\/d COS ¢" WZd Sl‘n‘#ca ' (L ‘1‘3)

In practice, the drift rates w1ll be small (on the order of a degree per
hour) and arbitrary. For'the purpose of astronaut training, therefore, no
generality is.lost by simplifying the Euler rate computations such that equations

(L-13)'are replaced by: A
. B4 = W4

S"d Wz d
¢d Wxd

- (1-1)
Gyro drift rateﬂerrors reSult from a Varietyof sources. The most important

error contributions are . prov1ded in the following drift ‘model:

W =R,£*U5_Ai.." Q;As-r (555_ )ASA ¥ Ss,,A "'SA.s As

ST es




.ft”lnput and spln axes, respectlvely Coeff1c1ents R,‘U and S are defined aS'*:“

‘1eAcceleratlons A and A correspond to non-grav1ty acceleratlon components along the

l by neglectlng higher order terms. Expandlng and 51mpllfy1ng (L-2h) yleldS',, :

_>‘IED-th-3;. R e
- True Motion Equatlons (Cont)
_ Part II Sectlon 2-3

R - leed gyro drlft rate about the 1nput axis.,-

'fU Mass unbalance coeff1c1ents along the- spln and input axes."'"

l?fiw,uf*~

S - Anlsoelastlc coeff1c1ents associated with a compliance in a given 5'”f

 @irection due to an external acceleratlon in an orthogonal dlrectron
The bias coefficients, R, could be altered durlng the course of a run to reflect a
gyro malfunctlon»or even: temperature varlatlons.f Furthermore,.spurlous-drlft;due,lqlm;_",,
‘to noise may also be included if desired. ) s -

E, Resolution of Indlcated Accelerations to Platform Axes.- Total external

- acceleratlons (F /m ) actlng at the comp051te LEM~-CG are not sensed by the platform ;;

allgned accelerometers since the IMU package 1s not located at the LEM—CG Instead,

" the sensed acceleratlon is:

A = A '
R s (L-24)
Incremental acceleratlons,zg_A:B are 1nduced by accelerometers dlsplaced a d1stance

d from the LEM rotatlon vector” (uJ) and are glven bys
AAE,:-—LU x (T x al)-uuxd

) A o ;;,
w =R L“""%?B*’rs 2y ,(C.,ll)
‘and~Wheré ii

,(142) '

where

= Qi \U 5 + @1)-1\) ?5-*- ZIWU /k _25) R , , ‘..,,(,,,

During an emergency situation, the ‘pitch rate can be as large as 20 deg/sec.
This results is an incremental centrlfugal acceleration error of approximately -
0. 5 ft/sec2. ‘Both ry & and pB however, would remain small MoreoVer,'lateral :
IMU-CG displacements ( %’ K') . as well as angular accelerations (p, q, r) are

always small. -On these bases, it is recommended that equation (1-24) be srmpllfled

A 7?@5 Eéff? - 5 \HQ i} B o . :
‘A‘f/’a = \m 3. ~X v 23 %B , (‘-3>
Azs =B T 8% |

External acceleratlons AB are measured relative to the LEM'body axes.‘ The

accelerometers, however, aré fixed to the platform and measure non-grav1ty acceleratlons,

TI8EOL g
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True Motion Equatlons (Comt)
Part II, Sectlon.2 -3

along'LEM platform dlrectlons. Transformlng from body’axes to platform axes

gives:

“an- error due to- termperature ‘above nominal. Accelerometer malfunctlons can'be

o o (L—23)
Each acc lerometer senses the applled acceleratlon (AIMU) and 1ssues an output that o

1ncludes 1nternal accelerometer errors. An error model follows.:

e, Accelerometer Outputs - The accelerometer error model is deflned by equatlons

1-22. This model includes a blas error C a linear scale factor error C.,, ‘& non= - -

l1near scale factor ‘error C21 bias sens1t1V1ty'to cross acceleratlon errors Chl and
-2 )

synthes1zed by alterlng the approprlate error model coeff1c1ents(L~22)

:Accelerometer*outputs EACC include'the sensed accelerat ons plus 1nstrumentkh"

errors. These acceélerations are deflned by equatlon (L—EO) and are used in all

LGC calculatlons Non-graV1ty accelerometer veloc1ty outputs are generated by

integrating (L—ZO) - ' ' SRR R e : :
. A o
VACCYL-: ' ‘ di‘ + AVXE o+ (vAcc) (\\/Acc )-o <L'7'!>

Ve1001ty outputs, (L El) should be re- 1n1t1allzed at the termlnatlon of each powered

- ‘maneuver.

3. Platform Allgnment Modes : 'Qm;w

a. Coarse Align.d—'Platform coarse alignments must be performed'prior to LEM-

vCSM separatlon, prior to lunar lift-off and durlng coast maneuvers if the platform

is uncaged power is restored or the desired reference frame is altered. AQT coarse

allgn equations are glven on Q sheets 1 and 2. The outputs of these equations

‘are the fhree coarse allgn Tuler angles QP N y ec, ¢e “wnlcn‘aescribe—the—sraemtatlon

of the de51red reference relatlve to the mlsallgned IEM platform reference.

On p1lot command the MU glmbals are slewed to negate the coarse allgn Euler
angles For the purpose of’ LMS simulation, glmbal motor tran51ents are neglected
Accordlngly, it is proposed to slew the glmbals sequentlally'at constant Ve10c1t1es
(EB q) ¢ ) untll the . errors reduce to some llmltlng value. The IMU coarse

allgn technlque is outllned in (L-30)
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- Part II, Sectlon 2 3 SN

Flne Allgn. : The flne allgn mode 1s normally actlvated after each coarse -

: ‘,allgnment is made.:- Thls mode is also actlvated perlodlcally, durlng coastlng fllght

: 'ﬂfor the purpose of m1n1m1z1ng platform drlft - Fine align. errors are computed 1n ;
" Q sheets 1 2 3,. On command the platform glmbals are slewed to negate f:Lne allgn
errors. with o, LP et bef

Rates (9 ‘~P 5 jb of 8T sequenced untll the flne allgn errors are reduced $0 some

".'prespeclfled level (L—31)
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B waer Servo Assembly (ASA)

~f;1; Introductlon ~"
The PSA hardware is a‘support 1tem osed rh‘ali re‘I:system operatlohs of-
‘the IMU and LGC. It cons1sts of six- ampllflers (glmbal servo and coarsevallgn
amp11f1er), relays for IMU mod1ng, power supply electronlcs for generatlng
Varlous _power ‘sources, and a Fallure Indlcatlng Module (FIM) | The functlon of;m;gr;:W’Wh
the FIM is to detect errors in the IMU servo- errors or the loss .of e1ther or

both of gyro sp1n supply and the 3 2 KC supply.

An 1ndependent model for PSA does _not. ex1st for IMS; however,lthe equlvalent

of‘PSA modeling for the LMS is implicitly included in the analytical IMU»mode,
sheets:L l‘and 2,;;1; |

‘1.2; ﬁMS Slmulatlon S

i? o a,' Power Supply Slmulatlon.f Mode11ng of theipower supply sectlon 1s'
| accomp11shed by ass1gn1ng booleans to the Varlous 1npot ahd output power sources
which are then included w1th part1cu1ar warlables in the quatlons on sheets L.
~ The varlableior var1ab1es to wh1ch the boolean is attached must of codrse be. -
‘dependent in actual system operatlon thus by the ass1gnment of ‘an "O" or "1"b
(as the case may be) to the boolean, the effect“of the power: supply operatlon :
or the IMU Varlable nay be 81mn1ated
The booieans ass1gned to power‘sources are 1lsted in the LMS Symbol
Definition Tables. The real world as51gnment of booleans to the power -sources

was made with the aid of overall PSA DWG LDW 370 21001 sheet 5 00 (see Part T

Sectlon 3 - level 3 dwgs) A s1mp11f1edxreference block dlagram_(flgure 11-2—371)

4show1ng the power supply “with as51gned booleans and power supply destlnatlons

wis: also prov1ded 1n thls sect1on. B

Toiees s
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True Mbtlon Equatlons - Prlmary Guldance and Nav1gat1on
- Part II, Sectlon 2 3 S S : R

"ff}7h;, Fallure Ind1cat1ng Module Slmulatlon - Slmulatlon of the Fa11ure -

,»'/

Ind1cat1ng Module 1s shown in block L 10a. It 1s a 1og1c "or" expre531on Whlch

shows that a descrete is generated (3330) 1f anyone or any combinat1on of the

followrng~malfunct1on$;oocur:

ey 2 5.5 vrms
ewn 2 VVS.Sénrms |
T il 202_55 e RPS S e VL
k \5vhose’of Gyro Soin Supnlyﬁ S

‘Lose of 3 .2 KC Supply (13320)

: o. Gimbal Servo and Coarse Align Ampllfler Slmulatlon - Modellng of the

Gimbal Servo and Coarse}Allgn Ampllflers are inlerent in the equations glven in

 boxes L-12 and L-13.

In aetnaifsystemhoperation the ¢oar$e;AiignvAnplifiers are nsed'in the iMU
Cage andeoarse Alignment The modeledAeoarse align amplifierS»are ginen:by the -
kl quantltles ‘/becdt Ja;ecdt, and j(becdt in block L-12. 1In the cage operatlon the
coarse allgn ampllflers are modeled by the unity matrlele o .
The G1mba1 and Coarse A11gn ampllflers in ‘the PSA are shown 'in Ref DWG
- LDW-370- 21001 Sheet 5 in Part I, Sectlon 3 (1eve1 3 dwg) The,power sources
requlred for operation of these ampllflers are shown in thié reference |
drawing and in'figure.Ii-Z-B-Z. .
In actuai syetem operation the gimbal servo amplifiers are used for
Mo f1ne a11gnment and durlng 1nert1a1 mode operatlon. The modeled servo amplifiers

in the fine a11gn mode are given by the express1ons foef /¢ef ‘[(‘2) £ in block L-12.

During inertial operatlon the modeled servo amplifiers are glven by “the

expression below shown in block L-12.

1865 11/65
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"Dart 1T, Sectlon 2- B : . T

Durlng 1nertlal operat1on the modeled servo ampllflers are glven by the :

"expre551on below shown 1n block L-lZ

. ;gxf , ’ dt R

;W +B3zo /fddt .

Pq = do,+ 3320/¢d

In order*to prov1de Servo errors required for telemetry and for inputing

B« » 2
fangt
1

s"-‘:_“ |
"

to the Failure Indicator Module, the servo error in‘actual IMU'coordinates must.... -
" be computed. lhis computation is shown inrbloch Lfioéiuo?ﬁéQ????Ff?ffWKYflxéi,;lMW
and K, are‘sinplified servo motor transfer functions relating MU ginbal ratesh
:totservogamnlifier,output;>VServo motor legS'have‘heenvneglected . IR
d;.'Moding. - In thevsimulation ‘system (PGNCS) moding- 1s accompllshed by'
‘the termsvin the equations shoun in ‘box L-12. These-modes are‘deflned in
LSP ﬁ7652A'“ﬁaster End—Item'Speciflcation for LEM“,‘page‘99.;

C. COupling Data Units (CDU)

1. Introductlon
The CDU's transmit three ™MU g1mbal angles to the‘LGC | In addition, during d
certa1n align modes (coarse al1gn, cage), the CDU's act in a reverse fash1on |
and slew the grmbals to a new orlentatlon. For LMS purposes, the CDU role} T
of A-D conversion is not requlred since the models (IMU LGC) are in digital
form. For example, the CDU angles are in dlgltal format in Block L-10. *The
iinclésion-ofAthe CDﬁ function in the IMU analytical model during align and -

display modes is discussed next.

2. IMS Simulation
As previously discussed, the major CDU role of A-D. Gonver81on of - IMD :

g1mbal angles and subsequent transmission to LGC is not requ1red in the LMS

~ simulation. The g1mbal angles are avallable in dlgltal format 1n block L= 10

The CDU role in IMU CAGE COARSE ALIGN FINE ALIGN and "Inertlal“'modes is

con51dered next.; .

V867 o 11/es




- avallable at thls t1me._
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True Motion Equatlons - Pr1mary Gu1dance and Nav1gat10n 3

o Part II, Sect1on 2-3

;‘jal. IMU Cage - Dur1ng thlS mode the IMU stable member axes are a11gned w1th f”(~

'the body axes.f ThlS is accompllshed by forc1ng the d j matrlxl(block L-17)7~

: ;to‘a unlty valuef ‘The gimbal;angles IMU 9QIMU and.¢ j aSsume-aureading~oflffli

zero degrees. ‘Since the dif_matr1x is- held at unlty, the body can: st1ll be

in motion during cage (gij matrix Block L-l7) Therefore the Q ] matrix (block

‘L ll) must be re- 1n1t1allzed when com1ng out of the cage mode to preclude false :

Viastronaut cues -on the "8" ball ThlS is- accompllshed by blocks L- l4 and L-14a.

b." Coarse Allgn. The CDU function here is to command the MU g1mbals to™d

new orientatlon The commands are e1ther derlved from star shots (Q ser1es) or

 astronaut entered DSKY 1nput 7 Block L-30, in the IMU model,_contalns ther

equations for coarse_allgn.
c. Fine Align.- In this spacecraft mode the CDU acts to repeat gimbal

angles to the LGC. The CDU is not conditioned to operate in this spacecraft

mode. - For example, the CDU must receive conditioning signals to operate in

coarse align and IMU cage. The fine align signals are generated in thev"Q"?'

series and applled to block L-31 in the IMU model.

d., Inertial.- The CDU operates in this mode the _Same way as descrlbed underjj“hgw

Flne Align. The gimbal angles appear in block L-lO.of the IMU model. In~
addition, the CDU islutilized.to display steering errors on the error needles
of the "8"_ball. Steerlng errors. are generated in equatlon 13 of the Dlgltal
Autopilot (ﬁAP):math model. An ERROR COUNTER ENABLE conditions the CDU, under
LGd'program control to allow th1s dlsplay. LGQ»program 1nformatlon is not

-

D. Allgnmept Optlcal Telescope (AOT) - Sheet Q

1. Qzﬂﬁaﬂf'

The AOT 1s a un1ty power telescope, mounted on the nav1gatlon base ‘which

is used to. allgn the IMU dur1ng free—fall and prlor to launch from the lunar

: surface, Platform allgnment is achleved by u81ng opt1cal 51ght1ngs of at least

l866'5'vb'f j‘ng‘nms




o Part II Sectlon 2-3

: 1two stars to determ1ne the IMU or1entatlon w1th respect to an 1nert1a1 frame.f

110pt1ca1 s1ght1ngs are performed by the astronaut 0pt1ca1 readlngs are

‘or 4.

st mEoae et el L

True Motlon Equations - Prlmary Guldance and Nav1gatlon

B marked 1nto the LGC where computatlons are made to determlne mlsallgnment angles
‘between the actual and des1red platform orlentatlon. “The 51mulat10n

equations that define the misalignment between the desired and actual platform

orlentatlon based on both f1ne and coarse allgnment modes of operatlon, are

descrlbed 1n th1s sectlon.

Detalled AOT subsystem equatlons are presented in Sheets Q 1 and Q =2

‘Set. Q contalns 4 sdbsets where:

' a.: Subset Q- Ol denotes‘constants and the star catalogue.'
b. Subset Q-10 to Q-12 Plfesents:- _t,hwev_equatti,,ons,requi_re@,,,,éc?ﬁ'éfrs;tféfziiﬁﬁ a star
coordinate Frane relative to the desired platforn orfentation (sec. 2).
c. Subset Q -20 to ‘Q-25 presents’the-ffne align,mode"equationssandlthe ;
B equatlons requ1red to. deflne a.star's dlreetion basedfon AOT
‘ret1cle readings. {Sections 3 ‘4fand:6).
‘dl vSubset Q—30Atp>Q—35 presents the coarse align mode equatlons and the
aetual platform misalignment errors (Sectlon 5 7)

Equations, glven in the follOW1ng Sectlons, that are de31gnated by a

'capltal Q followed by a number can be found on sheets Q -1 and Q -2. These

equations do not. follow a sequential order in the text.since the flow diagrams
were -genetrated prior to documentation. Test equations designated by a small q

followeéd-by a number are used as intermediaries to derive a.subset,equation and,

'_-as such,.eannot-be found_on‘sheets'Q—l and 2 flow'diagrams Equatlons not

defined: by e1ther a small q or a cap1ta1 Q can be found in references 2, 3

eey /68
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in Sections 2 through 7 were based on a description of

{-5the AOT given in. reference 1 Each symbol given on sheets Ql and Q2 are def1ned

'.1n the Symbol List

2. Star Frame In Des1red Platform Coordinates

Flfty-four stars are used for naV1gation and alignment purposes. anch'star

is catalogued in the LGC and specified in terms of a rlght ascension. (RA ) m§;;~iaw'

and declination (J') relative to the mean equinox, mean equator of date’
reference-system. It isvassumed that the star‘catalogue'is’consistent withv“
ohservational.data'that'can'be obtained.fromkAOT sightings;v Accordingly, ;7ff;fﬁf,; ;
o corrections for proper motion orb1ta1 motion and aberration need not be
computed, Whenever the astronaut selects a star, the direction of.thebstarv'
inithe.mean eduinokhsystem is therefore knownr

~

.rsk. = cosk»d’Sk cos RA k '1s

. (1)
+ cos; <k ‘sin RAgy JS + s1n Jsk S

' Subscript k denotes either star 1 or 2. At least two stars are required to
'align the platform | |
In order to define platform orient;tion errors, it is necessary to computejpl
star directions in desired platform coordinates. The des1red platform
coordinates relative to the mean‘equinox system, have heen computed 1n
' reference 2 for either Earth (E) or Moon (M) mission exercises::
. ,

GﬁR = (Cij)n T, o n=EorM o (D420, 30)

11/65 "
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'*}leAccordlngly, the dlrectlon of any star can be transformed from the M ov”lf ra

' _to the des1red platform frame by substltutlng equatlon (q-l) 1nto (D 20‘ 30)

Hence,rfor starsbl and 2: |
Tp/sl. T Vx1 IR +. V 1 JR + Va1 le,h;Tl;dlm_ll,l,ll;flw;Lll;,a;,;;f.;:; .

‘ﬁ . :o’ _t,} o ; Gv o A“ Gl e . : L ] o

. rR/SZ - = VXZ,_1R+MVy2V JRA-,-|-,_.:A_vvz.2,,_kR_l.m_.?..._,v,,_A ‘,.r - W.’ — ‘-’ B b e il

‘ Equatlons (Q-12) form the ba31s to develop a star coordlnate system'

A

ré Let coordlnate ax1s Xg be arbltrarlly d1rected toward the flrst star

‘fs1ghted Then:"~3 S

S SN él ‘ - {>I'. LA

X = VY gt Vyl drt Vol kg o

‘ , . "(q_z)“

Next, construct ax1s Y normal to- the plane deflned by the lines of s1ght to~
star I and star 2 \ RS o v TR 7
AN u :_?(,;;f,,j‘m,:ifmvlgmw»" m,,,wﬂtfmmfl}m;;w?w,lml

-vsin‘/us i - L lrp‘:f - ' 1» (q-3)

: A o S . R
_Finally Z, completes the star frame triad: -
AL s A _ : .
Ly = X, XYy _
oS e B (q-4)
Angle /GE glven above, denotes the central angle between the. two measured

stars._ Ideally, th1s angle should be 90°, s1nce, as /Us approaches zero,

1

measurement errors are magnlfled Angle /ﬁs 1s glven by,f:_

"‘ .*R/sfl sy

0 —‘;/“S £

:'llf(Q411)_

1871 14’1/6/5“’_‘ ]
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,'platform orientation (S

required to define the star coordinate frame (S

True Motion Equations - Prlmary Guidance and Nav1gation

transformation'ﬁ:’

(Q-lO)- &

.The LGC compares ‘the star coordinates re1at1ve to the de31red'p1atform

orientationv(Q-10) with the same star’coordinates relative to the actual . .

lJv) The difference in orientation between the

two frames is USed to generate error signals that drive the actual
platform to the desired orientation. Astronaut measurement techniques.

lJV) in actual platform .

coordinates are described below follow1ng a brief discuss1on of the telescope;"

_optical axes and telescope reticle pattern.

3. Orientation of LEM AOT Axes (r ) Relative to LEM Body Axes (r )

The AOT has three fixed viewing positions relative to the~LEM'hody‘axesr

These positions are provided to ensure that the. sun will not be in the field

of view when star sightings are made on the lunar surface. -By means of a

‘pinion knob, the astronaut can detent the telescope in either position left = -

(1) orvabove‘(a) or right (r), (see reference.l),

Consider the left telescope position., Three independent rotations are

‘ required to define thisAtelescope orientation relative to the LEM body axis.

First rotate about body axis X through positive angle‘¢Ti Follow this by 'a -

’ . . N .
rotation eTl about the new Yg axis so formed Last, rotate about the optical
line of- 51ght Z"B through angle -yle to generate the left telescope

coordinate_axes"?.'r1 The last rotation (- ﬂﬁrl) about the. 11ne-of-31ght is

necessary to simulate prism rotation that occurs whenever the AOT is detented

in}either the left or right positions. _This reSults because the,AOTfoptics

18‘7?.' - | - 11765
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?ﬁfdo'not.have.a,derotatron‘mechanlsm.t Hence, the astronaut sees the truef
- f1e1d rotated about hlS 11ne of 51ght axis (ZTl r) | |
A nght teiescope ordered rotatlons are glVen by '¢Tr + eTr }and-+9krr.
Only a 31ngle rotatlon (+6Ta) about the YB ax1s is required to 1ocate,the.
above»or,center telescope coordinate axes.) The'foregoing.rotatiOnsfieaddto‘
‘the followfng”operator between the_body and telescope‘systems (refereneeﬁg);mé

L R A . . ,

(D 70) ;'

_where, q=1 or rora, -
Prior to any alignment,.the astronaut must enter the telescope position-

1int0'the LGC.

4;' 'AOT Retlcle Pattern, s

The AOT retlcle pattern (Flgure 11- D by 1) con51sts of two stralght 11nes
(cross halrs) and a splral Wthh are used to ‘compute the dlrectlon cosines of
any star in telescope coordinates.v For examole, let the astronaut rotate the
reticle pattern untll the Xy cross ha1r coincides w1th a predetermlned star.o

" The retlcle rotatlon 3'1s read entered into the LGC and marked Rotatlon _x‘*—
corresponds to the angle measured between the XT ax1s and the proJectlon of thei
-star s dlrectlon into the XT - i planeflt
| Once x{has been ascert?ined' the retfcle is further rotated untfl theh

' spiral coincides with thekstar. Thrs rotatlon (6 ) is also read and marked
fnto the LGC. Angles 6 and X deflne the sought for central angle 6.measured

between the ZT optlcal axis and the star d1rectlon, (see sheet Q 1) : Angle 4

computatfons follow.j

et e
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. ZERO REFERENCE

SPIRAL

—__ STAR -

_ CROSS-HAIRS

ROTATED RETICLE
PATTERN

_ TELESCOPE COORDINATE AXES

. Figure'II-D-4-l._ AOT Reticle Pattern and Star Direction Cosines
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‘:the center (PS) as.a 11near functlon of rotatlon.' In terms¢of the flxediﬂ

ftelescope rTq coordlnate system, B

| ”5’}V;T° K % e * i_;;f“”

True Motion Equatlons -'Prlmary Gu1dance and Nav1gat10n .

” As the sp1ra1 1strotated any p01nt on the sp1ra1 departs rad1a11y from?x,3 -

(q-S)

'where, 9 % (see Flgure II D 4= 2) is the angle measured from the zero XT

dlrectlon, counter c10ckw1$e to any p01nt on the splral Slnce the dlstance

- 'be tweenr»-the s designf:gye o > ' e ;' et - [ty 'V_""’ - o e "‘fr""j"“.‘;‘“""‘"’ It

" and reticle isw fixed (see skétéh)é. angle Jbeeom'e"s::"

' J‘= tan~l 5 = tan,-l' K, 8.%; Ky = Kg¥ i T , ‘
e ©(Q-20b)
It remains to determme GS |
Refer to Flgure II- D 4 2 » Ne.te ‘th"at ali re"t‘icle' xfotativoﬁ”s are eduﬁted
positive in a clockw15e d1rect10t1. ‘On this bésis’, 'angle GS* is ‘.given by the-
following 'lo_gic table.
F: . Tuew:
ZS )
- ®, -
| (Q-20a)

(BS -5))0 S ’, ' - - 6g*%

- ii/es
875
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©'10 'Rotaté Reticle
~until cross hair
~with: star.. Read X
and. mark

DR T SRR I ST 2. ﬂCbntinue to-rotate'
e S ) ' 1 e . - ‘reticle until spiral

: ,,ff“"f_—_"“-\;\\; ‘ - - (point A) coincides:

Bs — N/ © - with star. Read 8

: . ; : . ..and mark. .

‘Note. Rotations
5shown are p051tlve.

'K)>0

‘Spiral ahglé”cbuﬂﬁedw,ﬂ ;ﬁ
from origin 1i:

8% = 8 -.A—"

See 1 and 2 above, -
e-—()<o

Splral Angle counted»
from Origin is:

- 27 -(og %)

Figure II-D-4-2, Lunar Surface Alignment ' _ 7
| o PG . LED-440-3
v Y8ve - s 11/65
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Part II, Sectlon 2m3: G - :

nCoarse Allg*7Mbde

Generaldb_A coarse allgn mode is manually 1nrt1ated~whenever‘the 1EM
nlatrorm deV1ates from the des1red d1rectlon by more than one degree.;rThis‘g
occurs: LEn : . B :
| "'lf ydn‘the'lunarjsurtace prior:tollrft-off'
E. ‘burlng free-fall following gimbal'lock? or a momentary~power fallure,,

or eXcessive;platform'drift;;:

.3, Prior to LEM-CSM separatlon.

Each 1tem is. dlscussed below-

b. Coarse Allgn - Lunar Surface.- On the lunar surface, both coarse and

fine align sighting prOcedures are identical.,'First 'the astronaut selects
a telescope V1eW1ng pos1t10n and a nav1gat10n star.v These data are entered into.

the LGC. Next, the astronaut rotates the ret1c1e unt11 the cross ha1r and

'splral sequentlally c01nc1de with the star. At eaCh crossing,-the-computervisi
marked. Th1s enables the computatlon of angles 5 and 6' 1Thus,‘the'star¥s“‘”
d1rect10n relatlve to. the telescope axes is ascertalned

o ‘ \ | . . e
rTq/s = cosd‘cos b' l,Tq + t}cos 5"7"5'137‘{:qu‘+"Sln' ‘S,,—l‘erq_:,

EE v (q-6)
‘The star‘s direction.in body axes coordinates'can_he,foundAby substituting-
equatlon (q 6) into equatlon (D 70)

rB/s’: (h")Tq Tq/s‘

(q?7§

/1?3
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- True Motion Equatlons - Prlmary Guidance and Nav1gat10n ~
Part II Sectlon 2- 3 v

_; It is assumed that the IMU has been energlzed,kcensequently,kthe dtrectlon |
t‘_costne ﬁatrlx that relates the élatform orlentatlon to the body axes is khewh‘fﬁ
‘L”:at any 1nstant of time (reference 2, 3) | ; ‘ v ; gt o
A= dlR R e T (L'W)
Equatlons (L-17) and (q- 7) define the star s d1rect10n measured in elatform

coordinates:

Ws-(dAJ)( JK) T%/S :dtké;gweddvf’

' The above procedure is repeated for a second star. Accordlngly, for star 1-

”’P/s Gy Ty JP e, ’hP (¢ 3')
and for star 2: . ‘ o o :
. : A A ~ : N

#/s

Subscript ar refers to either the coarse (a~ = ¢) or fine (A = f) align mode.

Repeated sightings on each of the two navigation stars could be made to increase.

the‘accuracy‘qf'vectors (Q-31).

' Ay An o . . : A~
Vectors 'r /3 and r /s are used to generate a star coordinate system (rs)
relative to the actual platform orientation. Following thé;procedure outlined

in Section 2, the star coordinate frame is:

§s=& "'P+L’N_JP+ C jizp (%'8)
A A ~

Y, = "pys X 2 'pg

~ ' '

" where, v ' : e R EE
COS/HSN.— ﬁ’s/p 072\ s/P K (Q 32)
Equations (q-8) establiShes.the operator 5%; .. | | |
¢s=fSLjMV?P fh ~ “fd (Q 33)

"11/65
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" True Motion Equationsj- Primary Guidance and. NaV1gation
Part II Section 2-3 - :

Coarse Align - Free Fall = It 1s aSSumed that the platform 1s energ1zed}7

' and stabilized After he naV1gat10n stars have been'selected'and,marked

._astronaut maneuvers the LEM until the de51red star 1s located at the 1ntersection
of the cross hairs ( X 5- O) When the mark buttons are pressed the d1rection,,;
cosine matrix (d' ) 1s recorded and stored Since ¥ and Jﬂare both known;

vector /7 P/S (Q 31) is also: known : Repeating ‘this procedure for a second star

_81ves f‘”P/S " Matrix S*“Ef is’ therefore def1ned

Additional techniques could be used for coarse a11gn For. example, the
astronaut could attempt to maintain a fixed LEM attitude and sight a star by
otating the cross- hair and spiral Furthermore, the free- fall fine align

technique, discusSed in ‘Section 6, could also be used for coarse allgn.

d; lCoarse:AlignuA:LEM-CSM Matedl - %Prior to separation whenithe LEM
- and CSMvare’mated, the LEM platform can be coarse aligned by star 31ght1ngs
Vor more appropriately by duplicating the alignment present in the CSM-IMU o

fThe’latter'technique'1s:preferred.r_‘

6. Fine Align Mode

a;' General. - Fine alignments are generally made prior to Hohmann 1nser-

tion, prior to powered descent and prior to ascent -On’the lunar surface, -
fine and-coarse-align procedures are identical. During free-fall only the,

retlcle pattern Cross. halrs are used to fine align (Figure I1-D-6-1)." The

bicross hairs may be at any aribtrary reference angle Y . Once a star has been
selected the telescope p031t10n fixed (l r or a) and { reference noted the
-»vehlcle is put into the f1ne attitude hold mode. As the vehicle'limit”cYcles;l et
“the astronaut marks the computer each'time the stargalternately cros$es the.
X'T and Y'T;axes (see Figure II-D-Gfl). Whenever the LGC reCeiyes‘a marh
command the IMU gimbal angles are noted and used tolcompute the directionh
cosine matrix.(d'lj)Q Any two consecutivehmarks (X'T,_Y' star cr0551ngs) ‘are!

T
fsuff1c1ent to generate the star - platform transformation matrix S*

ijf '




LED-440-3 R T
True Motlon Equatlons Prlmary and Guidance

,Eaxj 1T, Sectlon 2-§"“

R  Pilot Marks At Instant :
Star Crosses- X axis . ’ , B _ \
And Insiant Star Crosses Rotated Retlcle_Patterp;
© Y axis.
T
Star,_’Trace When LEM
Limit Cycles :
Y
- - : \E“\
S Figure II-D-6-1. Free Fall »IFi'ne Alignment
N T e :
o —— —— hho 3

(880
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3

b. Flne Allgn —'Free Fall.- As mentloned above, the retlcle cross halrs may'be

in any known arbltrary pos1tlon. For thls conflguratlon & transformatlon 1sf

e requlred to relate the rotated retlcle pos1tlon 0 the orlglnal r telescope

Tq

B axes. A rotatlon about ZT glves'f? : v,ns:“ 5"_ ff _'_ ,,_5rv

cos_ffa;sinxr 0]
1 sin J ~cos ¥ O }- o
0 0 L

where:

Equatlon (Q—El), substltuted into equatlon (Q-Bl) ylelds the operator‘between
the rotsted retlcle axes and the platform axes. For the XT mark-

S (Q-22> |
‘I‘q 13 XT Tq S Cenad R e 5 D
& For the YT mark T s T R PR e
S e o~ . S o

V:rp v (uia) TQj S S (Q )}
where: . ‘ I R A
: * T o ‘ (Q—EE)
<dlk)<hkl Tq 13 [EEPORE SRy . B

Subscrlpts XT and YT aenote the Values of the dlrectlon cosine matrlx (d T)

when the star crosses the rotated XT cross hair . (XT mark) and the YT cross halr

'(Y' mark), respectlvely. i f-f

Each time the star c01nc1des w1th a cross halr, the plane contalnlng the star s
is known Con31der the XT cros31ng. At thls 1nstant the star lies 1n the retlcle ’
x£ - ZT plane, consequently, a vector normal to the star can be constructed Eall
this vector £ . where: . . » '

_T' Ea ;} TT% B J'r% : (%’ 9)

Substltutlng (g-9) -into (Q—22) relates the dlrectlon normal to the star into platform

: coordlnates. Thus-‘

a7 u) +{u +(u ) ( -
o -(AM)XT( )(.z Ze za)x T ( 2 Aéﬂ st)
A Repeatlng this procedure for the yT crossing produces a second vector, measured
‘in platform coordinates, that is also normal to the ‘star dlrectlon'

,\X

..(,u.“)\, 441 + (/“Z‘)Y 34@+("°3')YT”éi°' | | (Q—'23>

1881 e _ $11/65
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PR AT .
" Since Tpx . and YPx are both normal to the sa.me star, 1t follows, therefore,

.k@_“_that the star d1rectlon 1s"spec1f1ed by the vector cross product, hence-

N Ty . XY
YP/s T el "a-/z»?‘*l’f’?*cfk?
Sl e St'n/u,’c
oMmgle Mpist L % A*
L s =Y
7 C.OS/u,{ ?YT PX-r . ' "
A second nav1gatlon star is selected and the ent1re process is repeated Thls e
glves the d1rectlon to the: second star~ ~ o, fk Co ’ (Q o 4')
. B AN . 7 : + c o S :
Y= g
_.p/s. 04»4 _,(J,du‘ 7 ,

' Coefficients a’ b, and c’?re employed in equatlon (-33) £ define the star coordlnate R

transformatlon matrlx S‘JF

"‘7 Platform Misalignment

A star coordinate system relatlve to a desired platform orlentatlon has been obtalned- -

The same star coordlnate system has been found relative to the actual platform orlentatlon.» ;
Fa S . .

=5 > Y‘
' S N5 T - T ' ‘
It follows from (-Q—lO) and (Q-33), therefore, that the orientation between the actual

platform end the des1red platform iss KF¥ OAN
A <. ( <. )/\ = S e
i wa Y ¢ J ¥ |
1I'he orientation error between the actual platform and the desired platform is»,g'iven'

in terms of Euler angles v ¢ ,» end ;é o where:

o a. gev represents a rotatlon about ‘the Y platform axis. s e
b. ye represents a rotatlon about the new Z ax1s 50 formed.

c. ¢ represents rotation about the new X~ axis- to glve the des1red platform Lo

' axes 'r;g A N R . ~

The alignment error angles are defined by matric (Q-3k4):

IR
RO 2 N 4
ta'r)gev“ ¥
R IRV,
X%

; ks %e\/ Suv cos ge_v STE:ISlM.eeV‘k'K R o
J o 532\/ |
‘ta*vx ¢e\/'_ T e XX
22V

11/65
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' 'Er'ror angles "(Q;35)"afe sent to the IMU. On command the platform or glmbals are

: ,slewed sequentlally and the error angles are reduced 1o some llmltlng value., L
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: (confldentlal)
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