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PREFACE

This document describes selected design considerations and functional and
procedural techniques necessary to give the reader a basic understanding of the
SKYLARK GN&CS major modes, routines, and extended verbs.

The overall format of the document remains the same as that of the APOLLO
Users' Guide. Some inconsistency exists in format, however, among the different
sections. Those COLOSSUS programs that did not change significantly for SKYLARK
have not been rewritten for this document. Rather, they have undergone minor
editorial changes to reflect the SKYLARK program. The format and content of
these sections, however, is basically that of the APOLLO Users' Guide. Those
portions of this document that were written specifically for the SKYLARK Users'
Guide—and, therefore, reflect design change from COLOSSUS tc SKYLARK—in-
clude

¢ paragraph 4.2.1.3, R27, VHF Range Rate Mark Processing Routine
¢ paragraph 4.2.5, P25, Contingency VHF Range Rate

¢ section 5, Prethrusting

¢ paragraph 6.2.4, P48, Rendezvous Thrust Monitor

¢ section 7, Alignment

¢ section 11, Docked DAP

These portions of the document are structured differently from the others reflecting
a new—and hopefully successful—approach to presenting the user a more integrated

and comprehensive explanation of current material.

Section 8—which would otherwise have described the entry programs-—has
not been written, or included in the Contents. Additionally, P38 has not been

included in the document, although it has been shown in the Contents.
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INTRODUCTION

The purpose of this document is to provide crewmembers and mission controllers
withahigher-level description of major modes and routines documented inthe current
Guidance System Operations Plan (GSOP). Todothis has required in some instances,
however, a review of hardware components, as, for example, the descriptions of
the IMU Gimbal Assembly and command module (CM) optics in the "Alignment"

section,

The scope, therefore, comprises APOLLO Guidance Computer (AGC) software, plus
limited discussions of system hardware when, in the judgement of the writers, such
discussions help illuminate the purpose and operation of the individual software

programs,

The Users' Guide is organized along the lines of GSOP Section 4, with sections
assignedto prelaunch, boost, coasting-flight navigation, prethrusting, powered flight,
alignment, entry, and to additional extended verbs and routines not described in the
earlier sections. In addition; the document contains a section on the docked DAP.
As a rule, each section is divided into two subsections, an introduction, and the
command module computer (CMC) programs. FEach subsection, in turn, is divided
into paragraphs describing the individual programs. In some instances, however
(e.g., MINKEY Rendezvous) an entire mission sequence is presented, when the

sequence rather than the operation of an individual program is the first interest.

In general, each paragraph gives (1) a summary of the guidance and control theory
governing the program's application, (2) a discussion of the operational context, (3)
an amplified description of crew procedures, and (4) functional flow diagrams of

the computer program and therelated routines.
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2.1 INTRODUCTION TO PRELAUNCH

A requirement of the Apollo Missionis that the orientation of the Inertial Measure-
ment Unit (IMU) be known at launch, so that PIPA acceleration during boost can be
correctly integrated into the onboard state vector, In addition, the IMU should maintain
a fixed orientation relative to the launch site. Since the earth is rotating, however,
this orientationis continually changing with respect toan inertial coordinate system.
The IMU must, therefore, undergo continual torquing before launch. The amount of
torquing isdetermined byusing a gyrocompass routine to determine North and using
the accelerometers to determine vertical; thus the program can compute an
earth-fixed coordinate system. For the CSM, x is aligned along the launch axis, z

along the vertical axis, and y completes the triad.
2.2 CMC PRELAUNCH PROGRAMS

The programs listed below constitute the prelaunch alignment capabilities of the
Command Module Computer (CMC):

P01, Initialization
7
P02, Gyrocompassing

P03, Optical Verification of Gyrocompassing
Inaddition, P00, the CMC Idling Program, and P06, the CMC Power Down Program,
are also included in this subsection for numerical convenience—although these two

programs can be used at various times throughout the mission,

2.2.1 P00, CMC Idling Program

P00 isused tomaintainthe CMC in a state of readiness for entry into other programs.
While P00 is operating, the Coasting Integration Routine maintains the CMC's CSM
and OWS state vectors extrapolated to current time, unless extrapolation is

specifically terminated,
2.2.1.1 Computational Modes
P00 operates in either of two modes: (1) state-vector extrapolation allowed; (2)

state-vector extrapolation inhibited. Ordinarily, the crew selects P00 by keying
VERB 37 ENTR 00 ENTR, and state-vector extrapolation occurs as described under



"Computation Sequence,'' paragraph 2.2.1.2, Keying VERB 96 ENTR, however,
terminates extrapolation, and P00 is maintained in an idle state awaiting further

crew action,
2.2,1.2 Computation Sequence

In the extrapolation mode, P00 computation is as follows: (1) every 10 minutes,
the need for extrapolation is tested; (2) if the current time minus the state-vector
time equals at least four time steps (At), the CSM state vector is extrapolated, by
precision integration, to approximately the present; (3) the OWS state vector is
extrapolated to synchronize with that of the CSM. This synchronizing step is
accomplished each time the need for extrapolationis tested=—whether the CSM state
vector is extrapolated or not. [The value of At is a function of the magnitude of
the conic position vector (Econ) and the gravitational constant of the primary body
(”e).-] Extrapolation is never to a time in advance of the present; therefore,
"approximately the present'" means the present minus some fraction of a maximum

time step:

O.S'rcon ‘3/2

V ke

At = minimum
max

, 4000 sec)

In the extrapolation-inhibited mode (initiated by VERB 96 ENTR), the computational
sequence is as follows (refer to Figure 2,2,1-1):

I, VERB 96 sets QUITFLAG, causing extrapolation to cease at the end of
the current time step (At).
2. P00 idles until crew reselects VERB 37 ENTR xx ENTR,

2.2,1,3 Procedures

P00 is entered manually by the crew's keying VERB 37 ENTR 00 ENTR, VERB 96
ENTR stops extrapolation, enters P00 automatically, and allows extrapolation to
resume upon the crew's reselecting VERB 37 ENTR 00 ENTR. The only displays
are 00 in the PROG lights and such other displays as presented when the crew
calls up a routine or an extended verb. P00 exits by the crew's selecting a new
program (VERB 37 ENTR xx ENTR),



V3TEOOE VI6E

Reset Set QUITFLAG
VI6ONFLAG Set VI60ONFLAG

Start P00

Is QUIT

FLAG set?

No Yes

Extrapolate state Reset QUITFLAG
vector forward to

present time every
4 time steps

Is there a request
for a new program?

V3TExxE

No Yes ROO. to

program

selected

V3TExxE

Go to
program
selected
via ROO

Figure 2.2.1-1. CMC Idling Program (CSM P00)

2-3



2.2.1.4 Program Coordination

As an idling program, P00 can be selected whenever there are no functional
requirements for the GNCS other than maintaining a current state vector for the
two vehicles. Attitude maneuvers can be performed either manually or automatically
by the RCS digital autopilots (CSM alone DAP or docked DAP). (See Section 11 of
this document.) Gimbal-lock must be avoided during manual attitude maneuvers,
however, by the crew's monitoring the FDAI ball or by keying VERB 16 NOUN 20
ENTR and monitoring the CDU angles. Gimbal angles for GNC-controlled attitude
maneuvers are calculated either by the Crew-defined Maneuver Routine (R62) or by
the Rendezvous Final-attitude Routine (R63).

2.2.1.4.1 Crew-defined Maneuver Routine (R62).—This routine can only be entered
during P00, The routine allows the crew to specify a GNC-controlled attitude
maneuver, DAP rates and deadband limits will be as specified by the crew's prior
execution of either Digital Autopilot Data Looad Routines (R03 or R04).

Routine R62 is entered by the crew's keying VERB 49 ENTR, (See Figure 2.2.1-2,)
If the current program is P00 and no other extended verb, marking display, or
priority display is active, the DSKY flashes VERB 06 NOUN 22 and displays the
final gimbal angles (to the nearest 0.01 deg) for a desired attitude maneuver. (See
Table 2.2,1-1,) If P00 is not operating or if another extended verb is active, the
DSKY OPR ERR light illuminates to inform the crew that improper conditions exist

for entering R62,

Responding to the FL. VERB 06 NOUN 22, the crew keys PRO when satisfied with
the gimbal angles displayed. To change the gimbal angles, the crew keys VERB 2x
ENTR, loads the desired outer-, inner-, and middle-gimbal angles in registers R1,

R 2, and R3, respectively, and then keys PRO,

After setting a flag specifying the three-axis inertial orientation option for the attitude
maneuver, R62 calls the Attitude Maneuver Routine (R60). (See Figure 2.2,1-3.)
Routine R60 immediately flashes a request to perform an automatic maneuver (FL
VERB 50 NOUN 18) tothedisplayed gimbal angles. To have the maneuver performed
automatically, the crew places the SC CONT switch in the CMC position, the CMC
MODE switch in AUTO, and keys PRO. The DSKY changes from a FL. VERB 50
NOUN 18 display to a non-flashing VERB 06 NOUN 18 display (see Table 2,2,1-1)
and performs an automatic maneuver to the desired orientation. The maneuver
rate will be that selected the last time Routine R03 was performed when the CSM

alone DAP is active and that selected the last time Routine R04 was performed
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TABLE 2.2.1-1
CMC IDLING PROGRAM (CSM P00) DSKY PROCEDURES (SHEET 1 OF 2)

Prog.
No. |Entry Point Display No. Purpose Register CMC Operation Crew Action Remarks
A |POO - 00 Maintain CMC in - Perform state vector| During attitude maneuvers, mon- |Termination of
(VERB 37 a state of readi- extrapolation if itor FDAI ball or key in VERB16 |extrapolation is
ENTR 00 ness for entry entered by V3TEOOE; | NOUN 20 ENTR to monitor the done by keying
ENTR or into other pro- if entered by V96E, |CDU angles to prevent gimbal V96E. Another
VERB 96 grams. no extrapolation lock. Calculation of the gimbal program cannot
ENTR takes place. angles is performed either by the |be entered during
Crew-Defined Maneuver Routine extrapolation.
(R62) or the Rendezvous Final Reinitialize
Attitude Routine (R63). Both of extrapolation by
these use the Attitude Maneuver keying V3TEOOE.
Routine (R60). (See B-1 through
B-3 and C-1 through C-4.)
CREW-DEFINED MANEUVER ROUTINE (R62) INTERFACE
B-1 |R62 FLV06N22 | 00 Request crew R1 xxx.xx deg OGA | Upon crew's PRO, PRO, or key VERB 25 ENTR to If CMC not in P00
(VERB 49 specify final gim- |R2xxx.xxdegIGA |call Attitude Maneu- |load new gimbal angles; then or another
ENTR) bal angles for a R3 xxx.xx deg MGA | ver Routine (R60). PRO. extended verb is
GNC -controlled active, the OPR
attitude maneuver. ERR light is
illuminated.
B-2 |R60 FLV50N18 | 00 Request automatic |R1 xxx.xx deg OGA | Upon crew's PRO, If displayed gimbal angles and PRO causes non-
(Called by attitude maneuver |R2xxx.xxdeg IGA |perform attitude present attitude do not agree with- | flashing V06 N18
R62) to specified final R3 xxx.xx deg MGA | maneuver. Upon in deadband limits, key PRO or display to return
gimbal angles. crew's ENTR, exit use RHC to perform maneuver. until maneuver has
R60/R62. When displayed gimbal angles and | completed; then
present attitude agree within FLV50N18 returns.
deadband limits, key ENTR. PRO again repeats
the sequence; ENTR
terminates R60/R62.
B-3 s VO6N18 | 00 Nonflashing dis R1 xxx.xx deg OGA |Perform maneuver | Monitor FDAI Ball and Attitude Maneuver rate will

play of final
gimbal angles as
maneuver is
being performed.

R2 xxx.xx deg IGA
R3 xxx.xx deg MGA

calculation and ICDU
drive to achieve
final gimbal angles.

Error Needles; if maneuver
approaches gimbal lock, use RHC
to avoid and complete maneuver
manually. Observe that the non-
flashing V06 N18 returns to

FL V50 N18 when maneuver
finishes and operation returns to
step B-2.

be as prescribed

by the DAP Data
Load Routine (R03
or R04) when last
performed. Any
RHC input termi-
nates automatic
maneuver and re-
turns to FL V50N18.
If MGA reaches =75
deg, maneuver ter-
minates and may be
completed manually.




TABLE 2.2.1-I
CMC IDLING PROGRAM (CSM P00) DSKY PROCEDURES (SHEET 2 OF 2)
RENDEZVOUS FINAL ATTITUDE ROUTINE (R63) INTERFACE

Prog.
No. |Entry Point Display No. Purpose Register CMC Operation Crew Action Remarks
C-1 |R63 FL V06 N78 | 00 Requests yaw and |R1 xxx.xx Gamma |Upon crew's PRO |Depress PRO to compute angles; use
(VERB 89 pitch angles for R2 xxx.xx Rho calculate the final | V24E to change tracking attitude
ENTR) desired attitude. |R3 Blank gimbal angles for |angles, then depress PRO.
. the desired atti-
R1 is yaw angle Fids
R2 is pitch angle °
C-2 -—- FL V06 N18 | 00 Requests response |R1 xxx.xx deg OGA |Calculates and Depress PRO to accept angles; use
to computed R2 xxx.xx deg IGA |stores attitude V32E to recycle. Use V34E to exit
gimbal angles. R3 xxx.xx deg MGA |specification for |R863.
desired tracking
attitude.
C-3 |R60 FL V50 N18 | 00 Request automatic |R1 xxx.xx deg OGA |Upon crew's PRO, |If displayed gimbal angles and pre- PRO causes non-
(Called by attitude maneuver |R2 xxx.xxdegIGA |perform attitude |sent attitude do not agree within flashing V06 N18
R63) to specified final |R3 xxx.xx deg MGA|maneuver. Upon |deadband limits, key PRO or use display to return
gimbal angles. crew's ENTR, RHC to perform maneuver. When until maneuver has
exit R60/R63. displayed gimbal angles and present | completed; then FL
attitude agree within deadband limits,| FL. V50 N18 returns.
key ENTR. PRO again repeats
the sequence, ENTR
terminates R60/R63.
C-4 -—- V06 N18| 00 Nonflashing R1 xxx.xx deg OGA |Perform Monitor FDAI Ball and Attitude Maneuver rate will

display of final
gimbal angles.

R2 xxx.xx deg IGA
R3 xxx.xx deg MGA

maneuver calcu-
lation and ICDU
drive to achieve
final gimbal
angles.

Error Needles; if maneuver approa-
ches gimbal lock, use RHC to avoid
and complete maneuver manually.
Observe that the non-flashing

V06 N18 returns to ¥L V50 N18 when
maneuver finishes and operation
returns to C-3.

be prescribed by the
DAP Data Load Rou-
tine (RO3 or R04)
when last performed.
Any RHC input termi-
nates automatic ma-
neuver and returns to
FL V50 N18. If MGA
reaches + 75 deg.,
maneuver terminates
and may be com-
pleted manually.




V49E

[ iscmcineoo? |

jYES NO
Is another extended
verb, a marking dis-
play, or a priority
display active ?

NO YES
OPR ERR
FL V06 N22 RSET
A .
?SA "SELECT P00
MGA THEN RESELECT

R62 VIA VR9E

DO

V25E I WANT
LOAD NEW 10 ENTER
GIMBAL NEW GIMBAL
ANGLES

ANGLES?

SET THREE
- AXES FLAG.

PERFORM
R6O.

RETURN TO
P00

Figure 2.2.1-2. Crew-defined Maneuver Routine (CSM R62)



FROM
SHEET 2

AUTOMATICALLY
SELECTED BY P40,
P41, R61,
R62, and R63.

|

OBTAIN DESIRED ATTITUDE
FROM CALLING PROGRAM.

I'S THREE AXES
FLAG SET?

} NO ‘ YES

CALCULATE SELECT GIMBAL ANGLES
FINAL CORRESPONDING TO
VEHICLE PREFERRED VEHICLE
ATTITUDE. ATTITUDE AND PRESENT
IMU ORIENTATION.

(®

FL V50 N18
0GA
1GA
MGA

ARE
GIMBAL
ANGLES WITH-
IN RCS DAP

DO |
WANT GNCS TO
PERFORM MANEUVER
AUTOMATICALLY?

SET
SC CONT SW
TO CMC. SET

DO |
WANT CMC
TO RECOMPUTE
DESIRED ATTITUDE
WITHOUT AUTO
MANEUVER?

SWITCH

FROM CMC
AUTO MODE

RETURN
TO CALLING
PROGRAM.

USE
RHC TO
MANEUVER
SC.

T0
SHEET 2

Figure 2.2.1-3. Attitude-maneuver Routine (CSM R60) (Sheet 1 of 2)



FROM
SHEET 1

IS THRLE AXES
FLAG “f17

NO S
CAl (L ULATE SCLECT GIASBAL ANGLES
FINAL CORRESET DING 10
VoL PROFERPED VIHICLE
ATTITIIDE, ATTITUGE AD PRESENT
13U GRIELIATION,
'
IS SC CONTROL ON
CIAC AUTO MODE?
LS NO
V06 N18
OGA
IGA
MGA
PLRIOKM TAALLUVIR
CAL CULATIUN AND
1CDU DRIVE KOUTINE,
Is this a P20 — no
MINKEY ma- @ T0
neuver ? SHEET 1
Yes
Exit

Figure 2.2.1-3. Attitude-maneuver Routine (CSM R60) (Sheet 2 of 2)
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when the docked DAP is active. To avoid gimbal lock, the crew monitors the FDAI
ball and attitude-error needles; if the middle-gimbal angle begins to exceed 70 deg,
the crew can take over manually and complete the maneuver with the rotational
hand controller (RHC), At the completion of the automatic maneuver-—or anytime
the RHC is removed from detent—the flashing VERB 50 NOUN 18 display returns:
""Please perform automatic maneuver.'" If the achieved attitude and the displayed
gimbal angles agree, within deadband limits, the crew terminates R60 by keying
ENTR; R62 also exits, and the program returns to P00. (VERB 34 ENTR also
terminates R60 and goes to P00,) If the crew is not satisfied wilh the achieved
attitude, he can either key PRO to recyclethe automatic maneuver or perform further
adjustments with the RHC.

2.2,1.,4.2 Rendezvous Final-attitude Routine (R63).—This routine providesa means

of calculating the final gimbal angles for an attitude maneuver to a desired CSM
orientation, When the gimbal angles have been calculated, the routine calls the
Attitude Maneuver Routine (R60) for a GNC-controlled attitude maneuver. Time
can be saved, therefore, by setting the SC CONT switch to CMC before R63 is called.
For automatic maneuvers, Routine R03 must be performed before R63 is called;
the CMC MODE switch must be placed in AUTO, Routine R63 can only be called
from PO0O.

Keying VERB 89 ENTR, the crew observes an immediate flashing VERB 06 NOUN

78 (Figure 2.2,1-4) unless one of the following error or alarm conditions exists:

1z If the current program is not P00 or if another extended verb, marking
display or priority display is active, the DSKY OPR ERR light illumi-
nates.

2. If the IMU is not on and aligned to an orientation known by the CMC,
the IMU Status Check Routine (R02) generates a PROG alarm,

Assuming no error or alarm condition, register R1 of the VERB 06 NOUN 78 display
will contain gamma equal to zero; register R2 will contain rho equal to zero for
the desired tracking axis; register R3 will be blank, If a different spacecraft axis
is desired, the crew must key VERB 24 ENTR and load the correct data in registers
R1 and R2. PRO then causes R63 to éxtrapolate the CSM and OWS state vectors to
the present +1 minute, calculate the appropriate CSM attitude, and compute the
required gimbal angles., The gimbal angles are then displayed by a flashing VERB
06 NOUN 18. (See Table 2.2,1-I1,) If the crew is satisfied with the angles displayed
and wishesthe GNC to control the maneuver, he keys PRO, which causes the Attitude

Maneuver Routine (R60) to be called, (Routine R60 is as described in paragraph



Key V89E

No Select PO0O.
‘> %))EFR{ = Reselect R63
via V89E.
another verb;
marking display Yes
or priority display
active ?

Perform R02

Set
Gamma = 0
Rho = 0
“ FL V06 N78
R1 Gamma
R2 Rho
R3 Blank

lee Key V24E
IL.oad new
data

PRO

é To Sheet 2

Figure 2.2.1-4. Rendezvous Final-attitude Routine
(CSM R63) (Sheet 1 of 2)



@ From Sheet 1

R —

Key V32E

Yes

Do I
wish to up? |

Y

Extrapolate OWS and CSM state vectors
to present time plus one min.

Calculate desired tracking attitude from
CSM to OWS.

\

Compute required gimbal angles and

store in Noun 18.

Store attitude specification for desired
tracking attitude for use by R60.

FIL V06 N18
R1 OGA
R2.1IGA
R3 MGA

Shall I
allow CMC
to drive

date this
display ?

spacecraft
to desired
attitude

|

I Reset Three-Axes Flag

Do R60

Figure 2.2.1-4.

( Exit R63 )

(CSM R63) (Sheet 2 of 2)

NOTE: This attitude will be com-
puted by VECPOINT to
point desired axis at the
OWS, but will not con-
strain spacecraft rotation
about the L.OS.

Rendezvous Final-attitude Routine



2.2.1.4.1,) Otherwise, the crew either can key VERB 32 ENTR to recycle R63 for
a later solution or can terminate R63 by keying VERB 34 ENTR, which returns the
program to P00, In the nominal condition, the maneuver to point the specified axis
at the OWS is completed in R60; R63 then retur.ns, only to. exit to P0O.

2.2,1,4.3 Other P00-limited Extended Verbs.,—In addition to R62 and R63, the

following extended verbs are only executed during P0O:

%
DSKY Light Test (V35)

-
b, Load FDAI Error Needles (V43)
Cie Display on DSKY the Sum of Each Bank (V91)
d, Coarse-align OCDU (V41N91),
2.2,1.4.3.1 DSKY Light Test (V35),=~This verb (Figure 2.2.1;5) pr‘ovfdés a means

of determining whether all display lights are operational., While in P00, the crew
keys VERB 35 ENTR, which causes all display-panel lights to illuminate for 5 sec.
VERB 35 then exits. If P00 is not operating, VERB 35 ENTR will cause only the
OPR ERR light to illuminate,

NOTE.—Arestart occurring during the performance of V35
can put the IMU into coarse align. After the restart, the
crew would observe illumination of the NO ATT light,
Recovery procedure is to perform P51,

2.2.1.4.3.2 Load FDAI Error Needles (V43),—This extended verb (Figure 2.2.1-6)
was designed primarily for pre-flight groundcheck of the FDAI error needles. The
crew can use VERB 43 to load some desired angles into the error needles, and
then watch the action of the needles to determine if they are functioning properly.
VERB 43 can also be called anytime P00 is operating and neither of the following

conditions exists:

T After liftoff, another extended verb, marking display or priority display
is active. (Before liftoff, VERB 43 will override any other extended
verb.,)

b. The IMU is in the coarse-align or zero ICDU mode.

* .
Although defined as a regular verb, VERB 35 is included here with the POO-restricted
extended verbs,



’ V35E

Is the present

program P00 ?

Yes

No

Set bit 1 of IMODES33 to
ensure IMUMON and
OPTMON will not turn
out any display panel

Turn on
OPR ERR
light

lights.

Turn on all display lights

Observe that all panel
lights are functioning
properly.

.
F Exit \\)
e

A\

After 5 seconds turn off all
caution and status lights

Reset Bit 1 of
IMODES33

‘ Exit )

Figure 2.2.1-5, DSKY Light Tes

t (CSM Regular Verb V35)



4 VA%

IS CMC IN P00?
YES NO

IS 1SS IN COARSE ALIGN
OR ZERO CDU MODE?

NO YES
‘ 2 1
HAS LIFTOFF Is another extended
OCCURRED? verb, a marking dis-
NO YES play, or a priority
display active ?
NO YES
b OPR ERR
RESET ERROR RSET
COUNTER ENABLE. RETURN TO
FL V21 N22 PROGRAM IN
ROLL PROCESS,
PITCH
YAW

LOAD
DESIRED ERROR

ANGLES.

SET ERROR CTR ENABLE
WAIT 20 MILLISEC.
LOAD 1SS ERROR
COUNTERS.

RETURN TO
P00

Figure 2.2.1-6. Load IMU Attitude Error Needles (CSM Extended Verb V43)



NOTE.=—To use this checkout procedure inflight, the
crew must first change the RCS DAP configuration code
to zero (no DAP) via R03, and then key in VERB 46
ENTR, which executes the switchover to the no-DAP
configuration, If VERB 43 is entered, however, while
the DAP is updating the error needles, the crew must
re-initialize the DAP via VERB 45 or 46 to overcome
the resulting bias to the needles.

If P00 is not the active program, or if either condition a or b exists, keying VERB
43 ENTR will cause an OPR ERR light, Otherwise, the DSKY displays a flashing
VERB 21 NOUN 22, with registers R1, R2, and R3 corresponding to roll, pitch, and
yaw respectively, All three registers will be blank until error angles are entered
by the crew, The maximum error angle that can be processed is +16.88 deg. If a
larger value is loaded, the routine will interpret it as 16,88 deg. Also, depending
upon the FDAI scale setting, the maximum needle indication in pitch and yaw is 15
deg (roll, 50 deg). Loading the desired error angles in register R1, R2, and R3 (to
nearest 0,01 deg), the crew observes a corresponding deflection on the error needles.
As soon as the angle data are loaded, the display blanks and VERB 43 exits. The
FDAI needles will continue to indicate the loaded angles, To load new angles (zero,
for example), the crew must again key VERB 43 ENTR and repeat the loading

procedure,

2.2.1,4.3.3 Display on DSKY the Sum of Each Bank (V91),~VERB 91 is a means of
fixed-memory checkout. The test can be performed whenever P00 is operating and
no other extended verb is active. (See Figure 2.2,1-7.)

Keying VERB 91 ENTR, the crew observes a flashing VERB 05 NOUN 01, with
register R1 displaying the sum of the bits contained in the bank whose number is
displayed inregister R2, Register R3 displays the factor ("'bugger word") required
to make R1 = R2 , If R1 = R2 , there is an error in the bank, and use of the
CMC should be terminated pending instructions from the ground., To check the
next bank, the crew keys PRO, observes the R1 = R2 , and so on, repeating the
procedure until the last bank (43) has been checked. To terminate VERB 91, the
crew keys VERB 34 ENTR.

2.2.1.4.3.4 Coarse~align OCDU (V41N91),~VERB 41 NOUN 91 (Figure 2.2.1-8) is
used to drive the optics to shaft and trunnion angles specified by the crew., The
process can be performed only when P00 is operating and no other extended verb,

marking display, or priority display is active.

2-16



l VIIE

IS CMC IN P00?

1YES NO
Is another extended
verb, a marking dis-
play, or a priority
display active ?

; NO YES
R
OPR ERR
FL V05 NOI RSET
BANK SUM
BANK NUMBER

BUGGER / RETURN T0

WORD* PROGRAM IN
PROCESS.

DESIRE
DISPLAY OF
BANK SUM
FOR NEXT
BANK?

RETURN TO
‘P00

*"BUGGER WORD" is a factor required to make
IR1l = |IR2| . If |R1IX|R2| , there is an error
in the bank.

Figure 2.2, 1-7, Display on DSKY the Sum of Each Bank (CSM Extended Verb V91)



Is
current
program
P00 ?

another
extended verb,
marking display, or
a priority dis-
lay ac-
tive ?

Is
optics
mode CMC

-

A

Yes

-=— Key in V41 NI91E

Turn on .
1 OPR ERR
light

Exit 2

Turn on .
OPR ERR *
light

\ Key in V05 NOY9E to
check alarm code

00115 Set OPTICS
MODE switch - CMC

i

Turn on OPR ERR Key RSET
light and program ! )
alarm and store

alarm code 00115

Exit

-

. ’ Are
il optics
available
?

FL, V21 N92 request load
of desired optics angles
R1 - shaft
R2 - trunnion
R3 - blank gy

e o 0 0o ¢ v 8 o o

Turn on 00117 - Optics not
program available. Frocess
alarm and cannot be done at
store alarm this time.

code 00117

Y

Exit )

Load desired angles

Key in V33E

Display Coarse Hign V4l
|

Enable CMC positioning
of optics to desired an-
gles.

Y

Figure 2.2.1-8. Coarse-align OCDU (CSM Extended Verb V41 N91)
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After keying VERB 41 NOUN 91 ENTR, the crew observesa flashing VERB 21 NOUN

92-—unless one of the following alarm conditions exists:

a. If the current programisnot P00, or if another extended verb, a marking
display or a priority display is active, the CMC illuminates the DSKY
OPR ERR light and exits,

b. If theopticsarenot available, the CMC turns on the PROG alarm, stores

*
alarm code 00117, and exits.

If the OPTICS MODE switch isnot inthe CMC position, however, the CMC illuminates
the OPR ERR light on the DSKY, turns on the PROG alarm and stores alarm code
00115, The crew can key VERB 05 NOUN 09 ENTR to have the alarm displayed,
put the OPTICS MODE switch to the CMC position, and key RSET to continue.

If none of the above conditions is present, VERB 21 NOUN 92 flashes requesting
load of the desired optics angles. All registers are blank until the crew loads the
desired shaft and trunnion angles into registers R1 and R2, respectively. If the
crew does not choose to load the optics angles, he keys VERB 33 ENTR and the
CMC uses stored angle values. In both cases, the CMC then displays the coarse
align VERB 41 for crew observation, enables positioning of the optics to the desired

angles and exits.
2.2.1.,5 Restrictions and Limitations

If VERB 96 isused tohaltintegrationduring Rendezvous Navigation (P20), CSM-OWS
state-vector synchronization may be lost, and the W-matrix may become invalid

and must be reinitialized before resuming navigation.,
2.2,1.6 Alarms

Viewing a PROG alarm light on the DSKY, the crew keys VERB 05 NOUN 09 ENTR
for a display of the alarm code—unless the code has been displayed automatically.
After taking corrective action, the crew keys RSET to extinguish the PROG light
and alarm and continues with the program. Alarms most likely encountered in P00

are listed and explained below,

>kThis alarm is not expected since V41 N91 is restricted to P0O.



NOTE.—An alarm appears in both R1 and R3 of NOUN 09
if it is the only alarm; in both R2 and R3 if it is the second
alarm; and only in R3 if it is the third alarm. R3 always
contains the latest alarm. Further, R3 is not cleared by
depression of RSET; R1 and R2 are so cleared,

a. Alarm 00115 indicates that the OPTICS MODE switch is not in the CMC
position. This alarm may occur during operation of the Coarse-Align
OCDU Extended Verb VERB 41 NOUN 91, Correction is to set the
OPTICS MODE switch in the CMC position and key RSET to continue.

b. Alarm 00117 indicates that the optics are not available at this time and,
therefore, the process of driving the optics to the desired angles cannot
be performed., Thisalarm mayoccur during operation of Extended Verb
V41N91, Since the CMC exitsthe VERB 41 NOUN 91 process upon storing
the alarm code, the crew must choose another time to coarse-align the
OCDU anglesf‘<

c. Alarm 01520 is generated if a VERB 37 request is made with the IMU

(1) in its 90-sec turn-on period, (2) being caged, and (3) being zeroed.

It will also be generated if the VERB 37 request is made for a program
other than P00 after the entry DAP has been started in P62, during P77
integration, P06, and during state-vector integration performed in P00
and in P20, options 1, 2, and 5.

Correction is to wait until the COMP ACTY light is not on continuously
—=or until IMU moding is complete——and then to reselect via VERB 37,

or, if in P06 orin P62/P67, to select P00 and then the desired program.

d. Alarm 00210 indicates IMU not operating when Routine R02 is performed
atthe beginning of the Rendezvous Final-attitude Routine (R63). Correc-
tion is to power up the IMU before selecting R63.

e. Alarm 00220 indicates IMU not aligned to CMC-known orientation (no
REFSMMAT) when R02 is performed at the beginning of the Rendezvous
Final-attitude Routine (R63). Correctionisto performthe IMU-Orienta-
tion-Determination Program (P51) before selecting R63.

f. Alarm 20430 indicates a subsurface state vector or, mathematically,
computational overflow during state-vector extrapolation. Possible

causesare: (1) bad state vector, (2) wrong ephemeris parameters, etc.

%k
This alarm is not expected since V41 N91 is restricted to P0O,
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2.2.1.7 Restarts

P00 is restart protected.

2.2.2 P01, Initialization

P01 initializes the platform and provides stable-member orientation for gyrocompas-
sing by P02,

Before starting P01, the crew ensures that the following locations are initialized,

These locations are nominally pad loaded.

AZIMUTH-—azimuth of launch vehicle

LATITUDE-=—1latitude of launch vehicle

LAUNCHAZ-—launch azimuth for IMU

PBIASX,Y,Z—PIPA bias compensation—3 compensated accelerometer
terms.

PIPASCFX,Y,Z—PIPA scale factor error compensation—3 compensated
accelerometer scale-factor terms.

NBDX,Y,Z—Gyro bias compensation—3 compensated gyro bias drift
terms,

ADIAX,Y,Z=—Gyro input axis compensation—3 compensated gyro ac-
celeration sensitive input axis drift terms.

ADSRAX,Y,Z—Gyro spin reference axis compensation—3 compensated

gyro acceleration sensitive spin reference axis drift terms.
To start P01, the crew keys
VERB 37 ENTR 01 ENTR

The IMU then coarse aligns to the desired orientation.

0 -1/2(cos(AZIMUTH)) 1/2(sin(AZIMUTH))
XSM = 0 1/2(sin(AZIMUTH)) 1/2(cos(AZIMUTH))
-1/2 0 0

When the coarse alignment is completed, CMC enters P02,



2.2.3 P02, Gyrocompassing:

The purpose of P02 is to provide the proper stable-member orientation for launch,
P02 cannot be called via VERB 37. Rather, it is entered automatically when the
IMU has been coarse aligned to the desired orientation in P01, Upon entry, P02
performs a leveling routine for 640 seconds; this routine maneuvers the x- and
y-inertial components (i.e., gyrosand accelerometers) intoa planethatis perpendi-

cular to the local vertical, Figure 2,2.3-1 is a diagram of this leveling loop.

After the leveling routine is completed, the gyrocompass routine is started and
continues to run until the lift-off discrete (set by the Saturn Instrument Unit) is
detected; P11 is then entered automatically. P02 also stops and P11 is selected
automatically if the backup lift-off discrete is set by the crew's keying VERB 75
ENTR. The gyrocompass routine provides a known azimuth alignment at liftoff,

Figure 2.2.3-2 is a diagram of the gyrocompass loop.

At any time during P02, the crew can change the launch azimuth by keying VERB
78 ENTR, observing the VERB 06 NOUN 29 display of present launch azimuth in
R1, and loading the desired launch azimuth via VERB 21, When satisfied with the
contents of NOUN 29, the crew keys PRO, Should the launch azimuth be changed
during P02, the CMC torques the IMU to the new launch azimuth, The program
then re-enters the leveling routine for 320 seconds, and the IMU gyrocompasses to

the new launch azimuth,

2.2.4 P03, Optical Verification of Gyrocompassing

P03 provides the crew with an optical check for verification of stable-member
alignment during gyrocompassing before launch, The crew verifies alignment by
using the Apollooptics to take sightings on two targets whose azimuth and elevation
are known, From these two sightings, two line-of-sight vectors are computed and

compared to the desired vectors revealing any azimuth error.

Optical verification should not be attempted, however, until the IMU has been
continuously gyrocompassing for a minimum of 30 minutesto ensureaccurate results,
In addition, before starting P03 the OPT ZERO switch must be put in the ZERO

position for fifteen seconds, and then returned to the OFF position.
2.2.4.1 P03 Crew Procedures

Ensure that the IMU has been continuously gyrocompassing for at least 30 min,
Set the OPT ZERO switch to ZERO for 15 sec, then return switch to OFF position.
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1. Key VERB 65 ENTR

Observe the major mode indicator change to 03, and the appearance of azimuth and

elevation display of the first target.

FL VERB 06 NOUN 41

R1 XXX, xx deg Azimuth
R2 XX, xxx deg Elevation
R3 00001 Target 1D

2,  VERB 24 ENTR/PRO

To correct data, key VERB 24 ENTR and load new data.

When data is satisfactory, key PRO and observe the display of azimuth

and elevation of the second target.

FLL VERB 06 NOUN 41

R1 XxX.xx deg Azimuth
R2 xx,xxx deg Elevation
R3 00002 Target ID

3. VERB 24 ENTR/PRO
To correct data, key VERB 24 ENTR and load new data,

When data is satisfactory, place OPT MODE switch in CMC position,
key PRO, and observe the display of marking request,

NOTE,—Theazimuth and elevation data for each target
is converted to a half unit line-of-sight vector in the
desired stable member coordinate system
XsM —which then becomes the desired line
SI
of 51Lg)l]15t x}%]gPor for each target, and is designated as
T, and Ty, The CMC then computes the shaft and
1= 2 ) L .

trunnion angles to automatically position the optics to
point at target 1 for marking,

FL VERB 51
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4, MARK

Place OPT MODE switch in MAN, Depress MARK pushbutton when the

target is centered and observe display requesting mark termination,

FL, VERB 50 NOUN 25

R1 00016
R2 Blank
R3 Blank

5. MARK REJECT/PRO

To reject mark, depress MARK REJECT; program recyclesto FL. VERB
51 N25 (with R1 = 00016).

To accept mark, key PRO. Position OPT MODE switch to CMC,

NOTE.—Upon crew's positioning of OPT MODE switch
to CMC, shaft and trunnion angles are computed to
automatically positionthe optics for marking on target
2

- Repeat marking procedure for target 2.

NOTE.— From mark data, CMC computes line-of-sight
vectorsTjand Ty intheactual stable-mgmber coordi-
nate system, Using T4, _’112 and T, T, the rotation
required to align the IMU "to the desired XSM is
computed and displayed as gyro-torquing angles.,

FL VERB 06 NOUN 93

R1  xx.xxx deg x
R2 xx.xxxdeg ¥y

R3 XX XXX deg z
6. PRO/VERB 34 ENTR
*
To reduce azimuth error to zero, key PRO.

To terminate optical verification, key VERB 34 ENTR,

%
This procedure was designed for testing and is not normally performed by crew.
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2.2,5 P06, CMC Power Down

The primary function of the Power Down Program (Figure 2.2.5-1) is to transfer
the CMC from the operate to the standby condition, i.e., the normal condition when
the computer is not in use. Maximum average power dissipation of the CMC during
the standby condition brings the computer down from 70 watts to 15 watts., P06
was designed to be used mainly during such periods as coasting flight and eat and
sleep periods. In practice, however, CMC Power Down is not nominally used. (An

exception is the emergency power down of the CMC during the APOLILO 13 flight,)
2.2,5.1 Procedures

Program initiation is accomplished with the input to the DSKY of a VERB 37 ENTR
06 ENTR by the astronaut, The program flashes VERB 50 NOUN 25 on the DSKY.
The purpose of the flashing verb/noun is a Checklist function, with R1 containing
the Checklist code 000628,
by keying the CMC to the standby condition using the PRO key. The crew depresses
PRO and holds it until the STBY light comes on and the DSKY goes blank, (To
transfer the CMC from standby to the operate condition, the crew depresses the
PRO pushbutton—and holds it—until the STBY light goes out.)

indicating the need for a crew response. The crew responds

Once the program has been selected, the CMC will be shut down unless a computer
restartis performed (VERB 69 ENTR) before the depression of PRO for the standby
condition, After P06 selection, the CMC will not honor a new program request
(VERB 37 ENTR xx ENTR), a terminate (VERB 34 ENTR), a VERB 33 ENTR, or an
ENTR in response to the CMC standby request.

2.2.5.2 Restrictions and Limitations

Should the CMC be allowed to go below the power level for the standby condition,
the CMC would require reinitialization of erasable memory via a VERB 36 ENTR

and updating of the inertial state vectors and GET.

The standby period can be permitted to last indefinitely, If the CMC is left in
standby more than 23,3 hours, however, the GET must be updated. Also, the power
to the ISS should not normally be permitted to fall below standby power requirements,
For example, the IMU HEATER circuit breakers must be left on except in extreme
emergency, If the IMU heaters are off for extended periods, the IMU calibration is

no longer valid,
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2.2.5.3 Restarts

During initialization, P06 has restart protection. Should a restart occur at this

time, the crew sees the RESTART light illuminate, but the program continues.

Should a restart occur after initialization, however, the crew must reselect P06.

* VITEOSE

| DO RO0 TO START P06 |

SET NODO FLAG, RESET
REFSMMAT, TRACK, DRIFT, UTTFLAG,

RENDEZVOUS, AND IMUSE FLAGS.
STORE CMC CLOCK TIME

00062° *CHECKLIST CODE FOR
CMC POWER DOWN REQUEST.

PRO UNTIL

ENTR, V34E
STBY LIGHTS

OR V3£

EXIT CMC
PROGRAMS.

Figure 2,2,5-1. CMC Power Down Program (CSM P06)
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3.1 INTRODUCTION TO BOOST

P11, discussed in this section, constitutes the boost capability of the Command
Module., This powered-flight program provides initialization data for the computer
and monitoring capabilities for the crew. The program's calculations are based on
pad-loaded coefficients representing the nominal attitude profile for boost to earth
orbit; these coefficients are then used by the Attitude Error Subroutine as discussed

in paragraph 3.1.1.2.3.
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3,1,1 P11, Earth-orbit-insertion Monitor

The primary function of P11 is to monitor the progress of the launch vehicle from
liftoff until earth orbit has been achieved. In conjunction with this function, P11

performs the following:

a, Indicates to the astronaut that the CMC hasreceived the liftoff discrete,
b. Zeros the CMC clock and updates the reference ephemeris time,
Computes the CMC state vector at liftoff and starts the AVERAGEG
cycle, using the computed state vector.
ds Computes REFSMMAT,
Monitors attitude errors, altitude, velocity, and rate of altitude change.
f. Provides the means for automatic (CMC) control of the launch vehicle

should the Saturn inertial platform fail,

P11 outputs arethe liftoff time, the reference ephemeris time of liftoff, REFSMMAT,
the DSKY NOUN 62 display, the FDAI needles display of attitude errors, and steering
signals to the Saturninstrumentation unit (IU) in case of CMC takeover of the launch

vehicle.

Table 3.1.1-1 gives the DSKY displays for P11; Table 3.1.1-II lists the extended

verbs.
3.1.1,1 P11 Saturn Takeover

During P11, the crew should monitor the L./V RATE and the L/V GUID lights.
Illumination of both of these lights, or of the L./V GUID light alone, indicates that
the Saturn launch vehicle instrumentation unit has signaled failure of its inertial
platform to the spacecraft. The crew must then set the LAUNCH VEHICLE GUIDANCE
switch to the CMC position, allowing the CMC to assume automatic control of the
launch vehicle, Automatic control can be used—during Pll1——{for all boost stages
of the Saturn vehicle., During the S-I stage, automatic control provides polynomial
guidance for the launch vehicle; during the S-IVB stage, however, automatic control

provides only attitude-hold commands.

Should it become necessary, the crew can assume manual control (stick func-
tion) of the launch vehicle and issue control signals to the instrumentation
unit using the rotational hand controller (RHC). Manual control can also be
selected during all stages of Saturn, (Although selection of manual control
is most likely to occur during the S-IVB stage, the software does not



TABLE 3,1,1-1

DSKY DISPLAYS ASSOCIATED WITH CSM P11

Initiated
DSKY by Purpose Condition Register
VO6N62 P11 Display Inertial velocity (VI)| R1 xxxxx. fps
Rate of altitude R2 xxxxx. fps
change (HDOT)
Altitude (H) R3 xxxx.X n. mi.
FL V16N44 R30 Display of |Apogee Altitude R1 xxxx.x n. mi.
(V82E) orbital Perigee Altitude R2 xxxx.X n. mi.,
parameters |Time of free fall R3 xxBxx min,sec
FL V16 N32 Astronaut Display R1 ooxxx. hr
(R30) time from R2 oooxx. min
Key N32E perigee R3 oxx.xx sec
in R30
FL V16 N50 Astronaut Display Ar miss distance R1 xxxx.x n.mi.
(R30) splash Perigee R2 xxxx.x n. mi.
Key N50E error in Time of free fall R3 xxBxx min,sec
R30
TABLE 3.1,1-II
EXTENDED VERBS USED WITH CSM P11
VERB Identification Purpose Remarks
82 ENTR Do R30 Compute and display | See paragraph 3.2.1.4
relevant orbital
parameters
75 ENTR Enter P11 To manually initiate | This is the backup case and
P11 is essentially a part of P02.
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preclude its selection during the S-I stage.) To facilitate the speed of manual
takeover, register R1 of NOUN 46 should be preloaded with a DAP configuration
code of 3, via R03. This procedure is usually performed before liftoff. To begin
manual takeover, then, the crew (1) ensures that the LAUNCH VEHICLE GUIDANCE
switch is in the CMC position (2) keys VERB 46 ENTR into the DSKY to activate
the DAP, and (3) provides control signals to the launch vehicle using the RHC.

Entry of VERB 46 during the S-I stage terminates polynomial guidance and allows
the crew RHC commands to control Saturn flight, Similarly, entry of VERB 46
during the S-IVB stage terminates the Attitude Error Subroutine and leaves
only crew-initiated RHC commands for launch vehicle control.

3.1.1.2 Computational Sequence

P11 is usually automatically selected by P02 (the Gyro Compassing Program) when

the CMC receives the liftoff discrete. If P11 has not been automatically entered at
*

liftoff, the crew can key VERB 75 ENTR to start P11,

P11 consists of four major subroutines: Time, State, Attitude Error, and Display.
The Time subroutine, or beginning of P11, is selected by P02 within 0,5 sec of
receipt of the liftoff discrete. The State subroutine is executed immediately after
Time and is through within 1 sec of receipt of the liftoff discrete. The cycling of
the Attitude Error subroutine is then started, updating the attitude error display on
the FDAI needles approximately every 0.5 secuntil P11 exits, (The pitch polynomial
calculation defines pitchover of the spacecraft longitudinal axis from the pad local
vertical at liftoff.) After the completion of the pitch program until P11 exits, the
desired gimbal angles are maintained constant. As the Attitude Error subroutine
is started, the Display subroutine is being executed every 2 seconds following the
AVERAGEG computation, The Attitude Error subroutine is not synchronous with

the Display subroutine.

3.1.,1.2,1 Time Subroutine.—The Time subroutine reads the actual liftoff time, zeros

the CMC clock at liftoff, updates the reference ephemeris time, and sets up the
other subroutines, The Time subroutine of P11 is entered within 0,5 sec of the

sk
VERB 75 ENTR is a backup procedure used in case the hardware does not set the
proper bit when the umbilical cord is removed,



i

receipt of the liftoff discrete. The clock zeroing and the reference ephemeris time

are not changed for the remainder of the mission unless updated by P27,

3.1.1,2,2 State Subroutine.,—The State subroutine computes the CMC state vector
(in reference coordinates) at liftoff and starts the AVERAGEG calculations using

the computed state vector. It also computes the REFSMMAT matrix, which relates

the IMU stable member orientation to the Reference Coordinate System. The State
subroutine has no immediately visible output; it completes its computations within

%
1 second of the receipt of the liftoff discrete.

3.1.1.2.3 Attitude Error Subroutine,—The Attitude Error subroutine computes and

transmits to the FDAI needles the difference between a computed nominal Saturn
launch vehicle attitude profile and the actual attitude profile, as measured by the
CM IMU, The subroutine is cycled approximately every 0.5 second. After the
CMC pitch polynomial calculation exits, the desired gimbal angles are maintained

constant, This subroutine operates in two modes:

1. Display mode—attitude error needles only.
2. Saturntakeover mode-— dc output voltage from ICDUs sent to the Saturn
instrumentation unit to command attitude of entire vehicle during

automatic takeover,

NOTE,—In this mode, the FDAI attitude error needles
display contains a constant bias computed at takeover,

3.1.1,2,4 Display Subroutine,—Using the results of each AVERAGEG cycle, the

Display subroutine computes the Saturn launch vehicle inertial velocity (VI), the
rate of change of altitude (H-dot or HDOT), and the altitude (H) above the launch-pad
radius. The subroutine updates the display of these quantities (VERB 06 NOUN 62)
every 2 seconds following the AVERAGEG cycle,

3.1.1.3 P11 Procedures

Figure 3.1.1-1 is a flowchart of P11, Since P11 is automgtically selected by P02,

%
The output of the State subroutine is used as input for computing other things and
never appears to the crew as such,
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ENTERED
AUTOMATICALLY
FROM P02. V75E

\

SEND LIFTOFF TIME
ON DOWNLINX. ZERO
CMC CLOCK. UPDATE
TEPHEM TO TIME OF
LIFTOFF.

!

START AVERAGEG ROUTINE.
SET NODO P01 FLAG.
TERMINATE GYRO COMPASSING.

Y -

COMPUTE INITIAL STATE
VECTOR. COMPUTE
REFSMMAT. SET REFSMMAT
FLAG. STORE LIFTOFF
ATTITUDE.

/

Call Attitude Error
Subroutine

DISPLAY
V08 N62
Vi

H DOT

H

VERIFY SATURN
SHUTDOWN

V3TE XXE

GO TO RGO.

Figure 3.1.1-1. Earth-orbit-insertion Monitor Program (CSM P11)
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the crew must fir st monitor the DSKY for display of major mode 11, Therecommended
procedure for the backup mode is that the crew key VERB 75 into the DSKY during
P02, Then, after liftoff, if P11 does not begin automatically—11 is not displayed
—the crew need only key ENTR to initiate P11,

As the Attitude Error subroutine begins, the crew can monitor the FDAI attitude
error needles' indication of launch vehicle attitude error. During a nominal launch
and after separation of the launch escape tower, the crew will note the gradual
saturation of the pitch needle. The yaw and roll needles should remain close to
zero at all times. After the CMC pitch polynomial calculations exit, the desired

attitude will be held constant until a new program is selected.

The DSKY will display VERB 06 NOUN 62, updating the display every 2 seconds
after the AVERAGEG cycle, through the three boost stages until P00 is selected
following S-IVB shutdown. The crew monitors the VERB 06 NOUN 62 display by
comparing the displayed values with the L.aunch Phase Cue Card values.

P11 is exited by keying VERB 37 ENTR xx ENTR to select a new major mode,

AVERAGEG cycling will continue until a new major mode has been selected.
3.1.1.4 Auxiliary Routine

The crew can call the Orbital-parameters Display Routine (R30) during P11 by keying
in VERB 82 ENTR. (Refer toparagraph 9.2.3 for adescription of R30,) R30 computes
apogee altitude, perigee altitude, and time of free fall and displays these values via
VERB 16 NOUN 44, If perigee altitude is greater than 300,000 ft, R30 sets time of
free fall to minus 59 min 59 sec and computes time from perigee. A display of
time from perigee can be called by keying NOUN 32 ENTR, SPLERROR, an
approximate indication of landing point miss distance, can be called by keying NOUN
50 ENTR.,

The computations made during this routine are updated about every 2 seconds if
the AVERAGEG routineisonwhen R30 is called. The crew must key PRO to return
to the NOUN 62 display of P11,

3.1.1.,5 Alarms
There are no program alarms associated with P11,
3.1.1.6 Restarts

P11 is restart protected,
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4,1 INTRODUCTION TO COASTING FLIGHT NAVIGATION

Navigation during coasting flight is accomplished by onboard processing of optics
and VHF data in the Command and Service Module (CSM). The data contribute to

maintaining current estimates of the CSM and OWS state vectors.
The CSM coasting flight navigation programs are as follows:

P20 Universal Tracking and Rendezvous Navigation (paragraph 4.2,1)—Op-
tions 0 and 4

P21 Ground-track Determination (paragraph 4.2.2)

P29 Time of Longitude (paragraph 4.2.4)

4,1,1 Mission Phases

’ 4

Coasting flight navigation can beused during the rendezvous and earth orbit mission

phases.
4,1.1.1 Rendezvous Navigation

Rendezvous navigation is used to update one of the two state vectors (usually the
CSM's). Only one state vector is wupdated because limited computer
storage precludes updating both states. This, however, provides satisfactory
rendezvous navigation since accurate knowledge of the relative state (knowledge of

one state with respect to the other) is the primary concern in rendezvous,

The CSM-based sensors provide two types of tracking data: optical data, acquired
manually with the sextant and the COAS; VHF range-link data, acquired automatically,
The CSM onboard system has the complete capability of providing the crew with
the necessary data, computations, and control to perform the rendezvous without

inflight assistance from the ground,

4.1.2 Recursive Navigation

Navigationisaccomplished by a procedure knownas recursive navigation, a technique

that uses the current state-vector estimate plus measurements to compute a new,
updated estimate, then uses the new estimate and new measurements to compute

another estimate, and so on., An essential part of recursive navigation is the use



of a Kalman fil’cer’°< to procese the sensor dataincorporated in cach update, Kalman
filtering is a technique for obtaining an optimum estimate by combining measured
data with predicted data. When the difference between the measured and predicted
-values is multiplied by a weighting vector (w), a correction is obtained for updating

the state vector,

The four principal factors involved in this process are (1) extrapolation, (2)
measurement geometry, (3) statistical weighting, and (4) error correlation, Levine**
represents the interrelationship of these elements as an ellipsoid of six dimensions
(for three position components and three velocity components), The ellipsoid
geometrically defines the area of one-sigma error probabilities, The changing size
and shape of the idealized ellipsoid during navigationillustrate the dynamic behavior

of the error matrix used in the Kalman filter computations,

To make a valid comparison of measured and predicted values, the AGC extrapolates
the current state vector to the time of measurement, and a prediction is made as
to thenew estimate, (The statistical error ellipsoid associated with the state vector
is also extrapolated. Between measurements, the error model should grow and
rotate,) If the measured and predicted values agree, the extrapolated state vector
is assumed correct; if the measured and predicted values do not agree, the

extrapolated state vector is assumed to require some correction,

The role geometry plays is idealized one-dimensionally in Figure 4.1.2-1. Given
perfect knowledge of the spacecraft orbit, a unique point P in that orbit can be
inferred at time t by measuring the angle A between the fixed reference direction
(D) and the line of sight toa known point T, If the angle measurement were perfect,

the point P would be the true orbital position.

Since it would be unrealistic to believe entirely in the measurement data and not at

all inthe predicted data, a statistical weighting model must be provided todetermine

the relative credibility of the two sets, Also, since in some instances data may be
measured for only one dimension, a means must be provided for correlating the

results tothe unmeasured dimensions. The procedure for doing this can be visualized

*Battin-Levine E-note 2401, "Application of Kalman Filtering Techniques to the
APOLLQ Program'

ok
SGA Memo No, 11-68 Gerald M. Levine, "Recursive Navigation Theory Explained"
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Figure 4.1.2-1. One-dimensional Example of Geometric

Determination in Recursive Navigation
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by concidering an cllipce (Figurc 1.1,2-2a) whose semi-major and semi-minor axes,
respectively, lie along, and normal to, the line of sight to the target body; the size
and shape of the ellipse E reflect the one-sigma error probability in the estimated
position P,

Because state vector errors change with extrapolation, the size of E generally
increases with time until a measurement is taken to restore confidence. New
information causes E to shrink in the direction effected by the measurement (in
Figure 4.1,2-2a, the direction normal to the line of sight), If there were no
measurements, E would be continuously expanding. As a result of making measure-
ments in a single direction, E becomes less circular, Without correlation, each
measurement would cause E to become smaller in the direction normal to the
measurement L.OS, while E continued to grow in the direction of the LOS. The
error model, however, rotates ata different rate than does the vehicle's state vector,
After a period of extrapolation, the axes of an idealized ellipse would have rotated
off the LOS, as shown in Figure 4.1.2-2b, A new measurement along the LOS would
shrink both axes of the ellipse, thus the statistical error in the unmeasured direction
is correlated to the measured direction, The amount of correlation depends on the
amount of relative rotation between the state vector and the error model; the relative

rotation depends on the eccentricity of the vehicle orbit,

The interrelationship of the four principles of recursive navigation is presented in
Figure 4.1.2-3. In Figure 4.1.2-3a, the point P represents the best estimate of
spacecraft position at time t. The ellipse E circumscribes the one-sigma error
probability associated with P, In Figure 4.1,2-3b, P' represents the spacecraft
position extrapolated to time t'. As a result of the extrapolation, the error ellipse
(E') associated with P' has enlarged slightly and rotated, A new measurement
establishes the line of geometrical agreement (L.?). With perfect confidence in the

measurement, P2 would be assumed as the precise spacecraft location,

Statistical weighting of the difference between Pz and P', however, results in the
designation of Q asthe most probable location—ignoring the unmeasured dimension,
The measured and unmeasured dimensions are correlated by constructing L' parallel
to L2,
constant probability centered at P'is the new best estimate P2'. Figure 4.1.2-3c

through Q. The one point of L' that is tangent to the smallest ellipse of

shows the cycle completed with P,', the new best estimate, and its reoriented and

slightly smaller error ellipse E2.

The statistical data describing the error ellipsoids are stored in the AGC as a

six-dimensional matrix reflecting the covariances between the elements of the state

4-4



Normal

| y
' /
b |
/
L0S

a. Initial estimate

b. Extrapolation of estimate

Figure 4.1.2-2. Two-dimensional Example of Extrapolation
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Figure 4.1.2-3. Two-dimensional Example of Correlation

4-6



%
vector inherent in the estimates. For computational convenience, the error-
transition matrix (W-matrix) is used rather than the covariance matrix (E-matrix);

the W-matrix is essentially the square root of the E-matrix,

As the computational error ellipsoid, the W-matrix helps to provide correlation
between errorsinthedirection of sensor measurements and errorsinother directions
not specifically measured, Over a period of time with several tracking measure-
ments, the total correlation of errors in all directions will improve, as will the

ability of the filter to reduce errors in unmeasured directions.

Because of incomplete error modeling, as well as computer storage limitations
and numerical problems of extrapolation, there is a gradual and inevitable decay of
the elements of the W-matrix, Between measurements, the W-matrix tends to grow
at too slow a rate, and then decreases as the result of incorporation of new data,
Eventually, therefore, all new data would be ignored simply because they would be
given a weighting factor of zero (thus giving the false impression that knowledge of
the state vector could not be improved by new data). Consequently, the W-matrix
must be periodically reinitialized (to predetermined expected values of position and
velocity errors). The timing of reinitialization is discussed in each program where

applicable,



4.2.1 P20, Universal Tracking and Rendezvous Navigation

The CMC Universal Tracking and Rendezvous Navigation Program (P20) has two
independent functions—tracking and navigation. The tracking function applies to
any mission situation requiring the CSM to track a designated body with a specified
pointing vector or toany mission situation requiring the CSM to rotate at a constant
ratearound a specified vector. Thenavigation function applies onlytothe Rendezvous
Navigation Mode of P20,

Regardless of function, P20 can always be started by the conventional VERB 37
ENTR 20 ENTR. If the Rendezvous Navigation Mode is to be used, however, the
simplest way to start P20 is by callinganappropriate Rendezvous Targeting Program,
(See paragraph 4.2.1.2,) Depending uponthe tracking option selected, P20 continues
in the background when the crew selects any of the navigation, targeting, or alignment
programs listed (with allowable options) in Table 4.2.1-I. Only the rendezvous
targeting programs (P31-36 and P38) and the Rendezvous Final Program (P37),
however, start P20 if it is not already running. (Refer to Figure 4.2.1-1 for a flow
diagram of P20 initial conditions. The figurealso liststhe conditions of ""permanent"
P20 termination.) The nominal use for each of the P20 starting conditions is as

follows:

Initial Condition Use

A To select P20 nonrendezvous options (1, 2, or 5)

B Toreturn to P20 (nonMINKEY) from another program

C To initiate rendezvous mode of P20 (MINKEY or
Manual)

D To initiate MINKEY when P20 rendezvous mode
(Manual) is operating

E,F To continue P20 (nonMINKZEY) in background of another
program

Observe that Initial-condition A is the primary condition for initiating the P20

Nonrendezvous Mode, that Initial-condition C is primary for initiating the P20

Rendezvous Mode,

4,2,1,1 P20 Nonrendezvous Mode

The nonrendezvous mode of P20 comprises Options 1, 2, and 5. Options 1 and 5

allow the crew to specify any spacecraft vector and DAP deadband and have the



TABLE 4.2.1-1
PROGRAMS ALLOWING P20 TO RUN IN BACKGROUND

Compatible Options

Program

Number 0|11 24| 5
P21 XX XIX| X
P27 X X X
P29 X X| X|X| X
P30 XX X|X| X
P31-P38 X X
P37 X
P52 X

P54 X

“Tracking only (no navigation)

-----

.....

ooooo

Options

Point a specified spacecraft
vector at the OWS. Do not
constrain rotational attitude‘
about this pointing vector.
(Use VECPOINT.)

Point a specified spacecraft
vector at a celestial body.
Do not constrain attitude
about this vector. (Use
VECPOINT. )

Rotate at a specified rate about

a specified spacecraft vector.

Same as Option 0, but con-
straining attitude about the
pointing vector to a specified
value (OMICRON).

Same as Option 1, but con-
straining attitude about pointing
vector to a specified value
(OMICRON).



Initial-condition A. —VERB 37 ENTR 20 ENTR when P20 is either active* and in
PROG lights or not active.

Initial-condition B. —~VERB 37 ENTR 20 ENTR when P20 is active™ but not in F ROG
lights, i.e., temporarily terminated or running in the back-
ground.

Initial-condition C. —=VERB 37 ENTR xx ENTR when the rendezvous mode of P20
is inactive™ and where xx is the number of a MINKEY -com-
patible program (P31—P38).

Initial-condition D. —VERB 37 ENTR xx ENTR when the rendezyous mode of P20
is active™ and where xx is the number of a MINKEY -compa-
tible program (P31 —P38).

Initial-condition E. —VERB 37 ENTR xx ENTR when the rendezvous mode of P20
is active™ and where xx is the number of a P20-compatible
program that is incompatible with MINKEY.

Initial-condition F, —VERB 37 ENTR xx ENTR when the nonrendezvous mode of
P20 is active™ and where xx is the number of a P20-compatible

program.

“Once P20 is started, by any means, it is considered active until 'permanently’
terminated by one of the following:

VERB 96 ENTR

VERB 56 ENTR

VERB 37 ENTR 00 ENTR

VERB 37 ENTR 06 ENTR

VERB 34 ENTR in response to the following P20 displays—

FL VERB 04 NOUN 06 (R1 = 00024)
FL VERB 06 NOUN 78
FL VERB 06 NOUN 79
FL VERB 06 NOUN 34
FL VERB 01 NOUN 70
FL VERB 06 NOUN 88
FL VERB 06 NOUN 49
FL VERB 50 NOUN 18

Figure 4.2.1-1. Initializing Conditions for Starting the Universal Tracking
and Rendezvous Program (CMC P20)—(Sheet 1 of 4)
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e Load desired time (GET) for
constant-rate rotation to begin
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e PRO

Enable Coasting Integration
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Await further crew action.
Begin rotation at time specified.

e PRO
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Yes

Display STARCODE request

FL VERB 01 NOUN 70

R2 Blank
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Do I want
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to present time.

R1 ooAxx (STARCODE) (A ignored by P20)

STARCODE
2 e Load STARCODE >00 in RI.
e PRO

No
e Load STARCODE = 0.

Display request for
crew-specified unit
star vector.

FL VERB 06 NOUN 88

R1 #+.xxxxx (X)
R2 +.xxxxx (y)
R3 +.xxxxx (z)

e Load x-, y-, and z-components
of the unit vector that the pointing
vector is to track.

e PRO

Enable Coasting Integration Routine

To Sheet 4

Initializing Conditions for Starting the Universal
Tracking and Rendezvous Program (CMC P20) -

(Sheet 2 of 4)



¢I-%

Start P20

Progrém
started by
Condition

Display option code
(preloaded zero).

Clear R27TFLAG

FL VERB 04 NOUN 06

R1 00024 Checklist Code
R2 oooox Option Code
x=0,1,2, 4, 5)

R3 Blank Program
. v started by
e Load desired option in R2 Condi=ion
e PRO ?
§h
Display pointing-vector Yes
angles and the rotation
angle to be constrained To
(Options 4 and 5) about . Sheet
the line of sight. For 2

Options 0 and 4 only,
preloaded values are
R1=+00000, R2=-03500,
and R3=+00000.

FL VERB 06 NOUN 78

R1 zxxx.xx deg (¥)
R2 xxx.xx deg (p)

Program
started by
Condition

Program

Continue precision integration
(nonrendezvous options). Con-
tinue attitude tracking. Await
further crew action {no dis-
plays).

started by
Condition
€2

(No initialization displays)
Select Option 0; preload
Noun 78 with +00000 (R1),
-03500 (R2), and +00000

in Noun 79 (R1) the deadband
last entered with the DAP
Data Load Routine (R03).
Update state vectors to pre-
sent time.

(R3)—unconstrained; retain |

R3 +xxx.xx deg (OMICRON)

e Load desired pointing-vector
angles in R1 and R2.
Load desired rotation angle
about LOS in R3 (Options 4 and 5)
e PRO

Display rotation rate and
deadband for attitude man-
euver. (R2 containsvalue
last entered with R03.)

FL VERB 086 NOUN 79
R1 #x.xxxx deg/sec (rate)—Option 2

R2 +xxx.xx deg (deadband)
R3 Blank Retain Option 0; proceed

(R1) is blank for Options # 2.) with manual sequencing.

Load desired rotation rate and deadband
PRO

Clear R27FLAG

Load Noun 78 (R1

and R2) with +00000.

l

Display request to per-
form MINKEY rendez-
vous.

Do I
want to
perform
MINKEY,

e ENTR No

Yes e PRO

FL VERB 50 NOUN 25

R1 00017 Checklist Code
R2 Blank
R3 Blank

Start MINKEY sequencing. Select
Option 4. Load Noun 78 (R3) with
+00000/+18000 depending upon
HDSUPFLG set/reset.
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patible targeting program.

Initializing Conditions for Starting the Universal
Tracking and Rendezvous Program (CMC P20)—




program computeand execute an attitude maneuver for pointing the specified vector
at a crew=specified celestial body, Once the required attitude has been established,
the program continues totrack thedesignated target. Thedifference between Options
1 and 5 is that Option 1 does not constrain rotation angle about the line of sight,
and Option 5 does constrain this angle to a crew-specified value. Option 2 allows
the crew to specify a rotation rate, a DAP deadband, and an execution time and

have the program initiate a constant-rate rotation about a specified spacecraft vector,

4.2,1,1.1 Procedures (Options 1 and 5).—To specify a spacecraft pointing vector
and initiate tracking of a celestial body, proceed as follows:

1. Key VERB 37 ENTR 20 ENTR

Observe flashing display of option code (zero preloaded):

FL. VERB 04 NOUN 06

R1 00024 Checklist Code
R2 0000x Option Code (x = 0,1,2,4,5)
R3 Blank

2, Load R2 with 00001 or 00005
PRO
Observe flashing request for crew to load pointing-vector angles (not

preset for these options):

FL. VERB 06 NOUN 78

R1 +xxx.xx deg (})
R2 +xxx.xx deg ()
R3 txxx.xx deg (OMICRON)—not relevant in Option 1

where )} is positive rotation from the spacecraft +X-axis about the
spacecraft Z-axis (0 £ ¥ < 360 deg); » is positive rotation about the
Y'-axis produce inthe XY plane by the initial (¥) rotation (-90< » <90 deg);
and OMICRON is the amount of spacecraft rotation about the L.OS,



OMICRON is measured as the positive-sen‘se angle between planes A
and B: plane A is defined by the negative momentum vector (-H) and
the line of sight (LOS); plane B is defined by spacecraft +Y-axis and
the LOS.

OMICRON SLANE 2

PLANE B
(

'OMICRON is relevant only to Options 4 and 5; in these options, alignment
of the LOS with either the spacecraft Y-axis or the momentum vector
is proscribed since the necessary two-plane condition for specifying
OMICRON would not exist.
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Load NOUN 78 with the desired pointing-vector angles
PRO

Observe flashing display of deadband:

FL. VERB 06 NOUN 79

R1 Blank
R2 +xxx.xx deg (deadband)
R3 Blank

(R2 preloaded with last R03 deadband)
Load NOUN 79 with thedesired deadband=—minimum deadband (0.5 deg)
used when register contains zero :
PRO

Observe flashing display of STARCODE:

'FL. VERB 01 NOUN 70

R1 00Axx (xx = STARCODE)
R2 Blank
R3 Blank

where legal values of xx are 00K xx £ 478. A is ignored by P20,
Load R1 of NOUN 70 with the desired STARCODE

NOTE.—If no STARCODE exists for the body selected
for tracking, load R1 of NOUN 70 with 00, key PRO,
and observe flashing request for the crew to load the
desired unit star vector:
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FL VERB 06 NOUN 88
(occurs only if R1 of NOUN 70 contains 00000)

R1 #.xxxxx (X)
R2 +.xxxxx (Y)
R3 +.xxxxx (Z)

Load the desired unit star vector.

PRO
Observe flashing request to ''Please perform automatic maneuver to
tracking attitude'' (due to a pointing error greaterthan 10 deg for option

1 or a gimbal angle error greater than 10 deg for option 5):

FL, VERB 50 NOUN 18

R1 +xxx.xx deg OGA
R2 +xxx.xx deg IGA
R3 +xxx.xx deg MGA

NOTE,—Ifin Option 5, possible Alarm 00401 ("'Desired
gimbal angles produce gimbal lock'), key VERB 23
NOUN 78 ENTR; change contents of R3 (OMICRON);
then key ENTR to deny request for maneuver (reset
V50N18FL). When UPLINK ACTY light illuminates
(any gimbal-angle error>10 deg), key VERB 58 ENTR
(to set V50N18FL and reset STIKFLAG). Flashing
VERB 50 NOUN 18 returns with a request to perform
maneuver to attitude reflecting new OMICRON,

To execute maneuver, key PRO
Observe nonflashing display of final gimbal angles as automatic

maneuver is being performed:

VERB 06 NOUN 18

R1 +xxx.xx deg OGA
R2 +xxx.xx deg IGA
R3 +xxx.xx deg MGA

Monitor FDAI Ball and Attitude Error Needles; if maneuver approaches
gimbal lock, use RHC to complete the maneuver manually, then key VERB

58 ENTR to set V50N18FL and to reset STIKFLAG.

NOTE 1.,-—A middle-gimbal angle of +75 deg during
the maneuver causes the RCS DAP to terminate the
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maneuver and to maintain attitude hold (sets STIKFLAG
and zeros HOLDFLAG). Maneuver rate will be as
prescribed by R03, When maneuver has completed
or is interrupted, the flashing request to perform
automatic maneuver (VERB 50 NOUN 18) returns.
PRO recyclesthe maneuver; ENTR causes the Attitude
Maneuver Routine (R60) to exit. The Tracking-attitude
Routine (R61) continues to track the celestial body.
If tracking is interrupted (e.g., by the crew's use of
the RHC) or if the pointing vector is changed (NOUN
78) such that a pointing error (Option 1) or any
gimbal-angle error (Option 5) >10 deg results, the
UPLINK ACTY light will illuminate signaling the need
to perform an R60 maneuver. To initiate R60, key
VERB 58 ENTR and respond to flashing VERB 50
NOUN 18 as in steps 6 and 7,

NOTE 2,—In Option 1, the pointing error is measured
as the angle between the LLOS and the center of the
DAP deadband.

4,2,1,1,2 Procedures (Option 2),—To have P20 initiate and maintaina constant-rate

rotation about a specified spacecraft vector, proceed as follows:

1, Key VERB 37 ENTR 20 ENTR

Observe flashing display of option code (zero preloaded):

. FL. VERB 04 NOUN 06

R1 00024 Checklist Code
R2 0000x Option Code (x = 0,1,2,4,5)

2. Load R2 with 00002
PRO
Observe flashing request for crew to load pointing-vector angles (in

.Option 2, the vector—not preset—about which the constant-rate rotation
shall be established):

FL VERB 06 NOUN 178

R1 +xxx.xx deg (})
R2 +xxx.xx deg (0)
R3 +xxx.xx deg (OMICRON)

3. Load registers R1 and R2 with the desired angles, (OMICRON is not
relevant to Option 2.)
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PRO

Observe flashing display of rotation rate and deadband:

FL. VERB 06 NOUN 79

Rl +x.xxxx deg/sec (rate)
R2 +xxx.xx deg (deadband)
R3 Blank

(R2 preloaded with last R03 deadband.)
Load NOUN 79 with desired parameters— minimum deadband (0.5 deg)
used when register R2 contains zero
PRO

Observe flashing display of the time to begin rotation:

FL VERB 06 NOUN 34

Rl +ooxxx hr GET
R2 +oooxx min

R3 +oxx.xx sec

Load NOUN 34 with the desired time (GET) to initiate rotation
PRO

NOTE.—If the time loaded is in the past, rotation
begins immediately. Otherwise, rotation about the
vector specifiedin NOUN 78 begins at the time specified
in NOUN 34. (Option-2-compatible program active,
with no intervening ''permanent" termination of P20.
Refer to Figure 4.2.1-1.) Once rotation begins, the
program does not look at the contents of NOUNS 78
and 79 again until rotation is interrupted and restarted.
Consequently, to change the rotation axis, rate, or
deadband, the crew should effect one of the following:

a. Load new parameters into NOUN 78 and 79;
remove the RHC from detent (to stop rotation),
then return the RHC to detent and key VERB 58
ENTR to resume rotation using the new param-
eters.

b. Key VERB 37 ENTR 20 ENTR (with 20 in the
PROG lights) and reinitialize with new param-
eters.



c. Load new parameters; call a program that is
incompatible with P20 Option 2 (see Table 4.2,1-1)
—rotation stops; then recall a compatible
program-—rotation resumes with new param-
eters.

4.2.1,2 P20 Rendezvous Navigation

The rendezvous-navigation mode—Options 0 and 4 of the Universal Tracking and

Rendezvous Navigation Program (P20)—is an onboard means of updating either of
twoinertial state vectors (CSM or OWS) carried in the Command Module Computer,
If the VHF Range Rate Mark Processing Routine (R27) has been enabled by V76E
(see paragraph 4.2.1.3.1), then the range state vector is also updated with this mode.
The designated state vector is updated by incorporating measurements of line of
sight (optics) and range (VHF) from the CSM tothe OWS. Except during the thrusting
phases, P20 operates continuously throughout CSM-OWS rendezvous, in conjunction

with whichever is appropriate of the following targeting programs:

P30— External AV

P31—NCI1 Targeting

P32—NC2 Targeting

P33—NCC Targeting

P34—NSR Targeting

P35—Transfer Phase Initiation (TPI)
P36—Transfer Phase Midcourse (TPM)
P38—Plane Change (PC)

In addition, P20 performs X-axis tracking when initiated by the Rendezvous Final
Program (P37). The rendezvous GNCS functional requirements are Navigation,

Targeting, Powered-flight Control and Guidance, and IMU Alignment.

a. Navigation.—Optical and VHF ranging data are continually incorporated
toimprove the estimate of the inertial position and velocity of the updated
vehicle relative to the inertial state vector of the non updated vehicle.
VHF ranging data are also used to update or to optimize the relative
position and wvelocity along the line of sight (range and range-rate)
between the two vehicles. These functions are controlled by the
rendezvous-nagivation mode of P20, which is described in this section
(paragraph 4.2.1.2). The rendezvous-navigation mode also controls the
spacecraft orientation during the coasting phase of rendezvous.

b, Targeting.—On the basis of the command-module computer (CMC)
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estimates of inertial position and velocity, a required change in velocity
is computed for each thrusting maneuver. This function is performed
by the targeting programs described in Section 5.0.

e, Powered-flight Control and Guidance.—On the basis of targeting data

and crew inputs, the CMC controls the reaction-control-system (RCS)
and service-propulsion-system (SPS) thrusting maneuvers required for
rendezvous. The powered-flight programs are discussed in Section 6.0,

d. IMU Alignment.—In addition to its knowledge of the inertial state vectors

of the two vehicles, the CMC must know the spacecraft's orientation.
Programs for aligning and determining the orientation of the inertial

measurement unit (IMU) are described in Section 7.0.

The following discussion—through paragraph 4.2.1.2,5—applies to rendezvous
navigation in general, using manual sequencing. Paragraph 4.2.1.2.6 describes

rendezvous navigation using minimum-keystroke (MINKEY) sequencing.

Operating in the background throughout rendezvous, P20 becomes temporarily
dormant (attitude tracking continues) upon the crew's requesting a final targeting
compu’cation,>=< remains dormant (no tracking) during the powered-flight phase, and
re-awakens only upon the crew's selecting a compatible targeting program (Figure
4.2.1-2) or P20—VERB 37 ENTR 20 ENTR. Should it become necessary to call
any other program except P00 or P06 (e.g., IMU Alignment, P52), Rendezvous
Navigation will similarly cease until P20 or a compatible targeting program is
re-selected. Rendezvous Navigation, then, operates in conjunction with its
complementary targeting programs (P30, P31, P32, P33, P34, P35, P36, and P38
or with P37. Once P20 is entered, subsequent selection of a compatible targeting
program or of P37 changes the DSKY PROG number to reflect the program selected,

but allows navigation to continue.

Accordingly, the crew can, upon a flashing display during a P20-compatible program
(normally flashing VERB 16 NOUN 45), take the required optical measurements
simply by depressing the mark button. If necessary, the crew can call the Backup
Rendezvous Tracking Sighting Mark Routine (R23—VERB 54 ENTR),V take the
required optical measurements, and, by depressing the PRO key, return to the point
departed from in the major program in progress. Similarly, the crew can call for
VHF range data to be incorporated by selecting VERB 87 ENTR, which will allow

sk
R27 continues to operate during targeting computations.
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"Navigation data are not incorporated, however, during the

timethat UPDATE flag is reset. See paragraph 4.2.1.2.

Figure 4. 2.1-2. Simplified Flow Diagram Showing Relationship of P20 Rendezvous
Mode (Manual Sequencing) to Other CMC Programs




range data to be incorporated until the crew resets the VHF RANGLE flag by keying
VERB 88 ENTR or by VERB 37 ENTR. Formarks to be incorporated, the UPDATE
flag must be set. The flag is automatically reset during prethrust computations in
order to protect erasable memory. The essential concern to the crew is that, with
the following exceptions, marks can be incorporated during targeting-program
displays preceding the request for final targeting computation (PRO response to
flashing VERB 16 NOUN 45—temporarily terminates navigation): marks not
incorporated during (a) recycle displays preceding the VERB 06 NOUN 81 display
in P35, (b) alarm displays, (c) displays after the first two in P30. (See Section
5.0.) Essentially, P20 provides the targeting programs with a continually updated
state vector for one vehicle and the current state vector for the other vehicle. The

appropriate targeting program, in turn, computes the Av required to effect rendezvous.

Figure 4.2.1-3 is a simplified functional diagram of the logic for updating one of
the two CMC state vectors—designated in Figure 4.2.1-3 as '"passive vehicle orbit"

and "active vehicle orbit."

Extrapolating both state vectors to the time of measurement, P20 computes an
estimated tracking quantity (Q), whichis compared with ameasured tracking quantity
(Q) to obtain ameasurement deviation §Q. This is multiplied by a statistical weighting
vector (c_v_) comprising an onboard computation of expected state-vector uncertainties,
expected sensor performance (@ 2), and the sensor geometry vector (b). The resulting
6x is a statistically optimum linear estimate of the state deviation to be added to

the current estimate of the state vector selected to be updated.

Typically, tracking data are processed once every minute for VHF marks and
similarly for optics; the selected state vector is automatically updated by the computed
deviation §x. If the magnitude of either the position-vector change (ér) or the
velocity-vector change (6v) of the deviation xisnot less than presetvalues, however,
the crew is alerted by a special display, and the update occurs only upon crew

command, after-verifying the tracking data.

4,2.1.2.1 Crew Options.—Before selecting the rendezvous mode of P20, the crew

should resolve the following questions:

1. Which attitude option (0 or 4) do I wish to select? (Options listed in
Table 4.2.1-1.)

2. If option 4 is to be used, what kind of sequencing do I want-—manual or
MINKEY ?

3. Dolwishtoenable R27 for back-up targeting? (See paragraph 4.2.1.3.1).
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If option 0 is desired (unconstrained attitude about pointing vector), the crew has
no choice but touse manual sequencing, since MINKEY can only be performed using
option 4 (attitude constrained about pointing vector). If option 4 is desired, however,
the crew has the further option of using either manual or MINKEY sequencing.
For MINKEY sequencing, the crew would start the rendezvous mode of P20 simply
by keying in a MINKEY-compatible targeting program (P31, P32, P33, P34, P35,
P36, P37, P38). Program sequencing would then be as described in paragraph
4.2.1.2.6. For manual sequencing under option 0, the rendezvous mode of P20 is
also started by calling a compatible targeting program, as described in paragraph
4.2.1.2.2, In either instance, manual or MINKEY, the P20 rendezvous mode can be
entered by keying VERB 37 ENTR 20 ENTR and proceeding through the universal-
tracking initialization displays. This entry is mandatory, however, when manual-

sequencing option 4 is desired. The procedure for selecting this configuration is

as follows:
L Key VERB 37 ENTR 20 ENTR and observe preloaded option display:
FL, VERB 04 NOUN 06
R1 00024 Option Code
R2 00000 Preloaded zero option
R3 Blank
2. Key VERB 22 ENTR 4 ENTR.

w

When satisfied with NOUN 06 option, key PRO and observe preloaded

tracking attitude:

FL VERB 06 NOUN 78

R1 +000.00 deg
R2 -035.00 deg &
R3 +000.00 deg OMICRON

(where », p, and OMICRON are as defined in paragraph 4.2.1.1.)

4, To change NOUN 78 values, key VERB 2x and load the appropriate
register(s).

5. When satisfied with NOUN 78 values, key PRO and observe DAP dead-
band,



FL. VERB 06 NOUN 179

R1 Blank
R2 +xxx.xx deg Deadband
R3 Blank
6. To change deadband, key VERB 22 ENTR and load register R2 with the
desiredvalue—minimum deadband (0.5 deg) used when register contains
zero.
T When satisfied with NOUN 79 values, key PRO and observe R60 request

to perform automatic attitude maneuver to the displayed gimbal angles

(if required change to any gimbal angle is >10 deg).

FL VERB 50 NOUN 18

R1 +xxx.xx deg OGA
R2 +xxx.xx deg IGA
R3 +xxx.xx deg MGA

8. To perform automatic maneux}er, key PRO and observe nonflashing
display of final gimbal angles as the maneuver is being performed;
monitor FDAI Ball and Attitude Error Needles.

g, When attitude maneuver has completed and the flashing VERB 50 NOUN
18 returns, key PRO to recycle, ENTR to exit R60.

10. Take marks at crew's discretion; when ready for targeting program,
key VERB 37 ENTR 3x ENTR and observe request to perform MINKEY

Rendezvous.

FL VERB 50 NOUN 25

R1 00017 Checklist Code
R2 Blank
R3 Blank

11. To perform manual sequencing, key ENTR and observe first targeting
display (assuming no attitude change). All initialization values will be

retained.

>kA PRO response to the VERB 50 NOUN 25 display calls MINKEY. In that instance,
the contents of NOUNS 78 and 79 will be conserved. If Option 4 not previously
selected, however, that option would now be selected automatically and N78 (R3)
would be loaded as determined by HDSUPFLG. '
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NOTE.—As when P20 is entered from a targeting
program, NOUNS 78 and 79 can be called and their
contents changed whenever a changeis required. Also,
as with a targeting-program entry to P20, the crew's
changing the contents of NOUN 06 will have no effect
once he keys PRO on the initial display.

4.2.1.2.2 Manual Sequencing of Rendezvous Navigation.—

4,90, 1. 2:2: 1,

Functional Description, — The following routines are used by P20 in the

rendezvous-navigation mode,

RO2 —

R22 —

R61 —

The IMU Status Check Routine is called by programs requiring an
aligned IMU. RO02 checks the IMU orientation (REFSMMAT) flag and
(if not set) checks the IMU operate bit. A PROG alarm is initiated if
either is not set. The crew verifies the alarm by keying VERB 05
NOUN 09 ENTR. If IMU orientation is not known, but the inertial
subsystem (ISS) is operating, alarm code 00220 will be displayed; if
the ISS is not operating, alarm code 00210 will be displayed. For
either alarm, the crew keys RSET, and the program goes to the Final
Automatic Request Terminate Routine (R00), where the crew turns on
the ISS (if off) and calls either the primary or backup IMU Orientation

Determination Program (P51 or P53).

The Rendezvous Tracking Data Processing Routine is started by the
P20 rendezvous mode and continues to run until the P20 rendezvous
mode is terminated. R22 processes optical and VHF ranging data and
updates the state vector designated by the state-vector flag.
Incorporation of VHF data is enabled by VERB 87 ENTR and disabled
by VERB 88 ENTR. In addition R22 calls R27 for range, range rate
processing when enabled by keying V76 ENTR.

The Tracking Attitude Routine is called either by P20 or R52. R52
calls R61 on every pass during rendezvous tracking (options 0 and 4).
On every fourth pass (only), R61 extrapolates the CSM and OWS state
vectors to the present, calculates the LOS from the CSM to the OWS,
and computes the IMU gimbal angles required to keep the CSM properly
oriented for tracking the OWS. If option 0 has been selected, an
appropriate attitude is held for SXT and VHF tracking (as determined
by NOUN 78 values—for preferred tracking attitude, Register R1,
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000.00 deg; R2, -035.00 deg).>§< If option 4 has been selected, the attitude
will be further constrained by the contents of NOUN 78, Register R3,
e.g., 000.00 deg (heads-up) or 180.00 deg (heads-down). Comparing
the spacecraft pointing axis (center of DAP deadband) with the LOS
(Option 0), or comparing the required and present gimbal angles in
each axis (Option 4), R61 determines whether any error exceeds 10
deg. If not, R61 computes the LOS angular veldcity, resolves it into
RCS control axes, and generates appropriate input to the RCS DAP.
If, on the first pass through R61, with V50N18FL flag set, the error
exceeds 10 deg, R61 calls the Attitude Maneuver Routine (R60). If, on
subsequent passes through R61 (V50N18FL flag reset), the pointing
error (Option 0) or a gimbal-angle error (Option 4) exceeds 10 deg,
R61 turns on the UPLINK ACTY light but does not call R60. Should
the astronaut wish an R60 maneuver performed, he would key VERB
58 ENTR, setting the V50N18FL flag (and resetting STIKFLAG) and
instructing R61 to call R60.

After commanding the maneuver or providing the appropriate RCS DAP

input, R61 returns to the calling program.

R60 — The Attitude Maneuver Routine maneuvers the spacecraft to an attitude
specified by the calling program. The astronaut can choose to perform
the maneuver manually or'automatically. If manually, the maneuver
is performed with the rotational hand controller (RHC) while the
astronaut monitors fhe FDAI; if automatically, the maneuver is
performed by CMC-commanded RCS jet firings. Amiddle-gimbal angle
of +75 deg during an automatic maneuver causes the RCS DAP to
terminate the maneuver and to maintain attitude hold (sets STIKFLAG
and zeros HOLDFLAG).

NOTE.—STIKFLAG is also set by the crew's moving
the RHC out of detent. Toenable subsequent tracking,
key VERB 58 ENTR to reset STIKFLAG and set
V50N18FL.,

R52 — During rendezvous navigation, the Automatic Optics Positioning Routine
keeps the CSM optics pointed at the OWS (OPTICS MODE switch in

%
For COAS, or X-axis tracking, NOUN 78 values are as follows: Register RI1,
000.00 deg; R2, 000.00 deg; R3, as desired.
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CMC). Calculating the LOS to the OWS, with R61 maintaining tracking
attitude, R52 drives the optics shaft and trunnion accordingly until the
TRACKFLG is reset or the OPTICS MODE switch is set to MAN.

R21 — The Rendezvous Tracking Sighting Mark Routine is called automatically

by R22. The crew can take SXT marks anytime during R22 unless
R23 has been selected.

R23 — The Backup Rendezvous Tracking Sighting Mark Routine allows the

crew to use the crew optical alignment sight (COAS), rather than the
sextant (SXT), for rendezvous tracking. R23 is called by the crew's
keying VERB 54 ENTR and is terminated by PRO.

4.2.1.2.2.2 Manual-sequencing Procedures.— Table 4,2.1-1Iis achronological sum-

mary of G&N procedures and displays associated with a manually sequenced

rendezvous.

Table 4.2.1-II1 summarizes extended and regular verbs that may be

used during rendezvous. An amplified description of the procedures is presented

here.
I. INITIALIZATION

A. Perform preliminary set-up of controls, switches, and displays according
to mission procedures.

B. Perform DAP Data Load Routine (R03)—paragraph 9.2.1—and load
desired deadband and maneuver rate for rendezvous attitude maneuvers.
Load other DAP parameters as required by mission procedures and
spacecraft configuration.

G Set up GNCS according to Mission Procedures.

D. If an hour or more has elapsed since the W-matrix was initialized—or
if the state vector has not been updated via P27—key VERB 93 ENTR
to reinitialize W-matrix.

E. Initiate rendezvous navigation.

i1 Key VERB 37 ENTR xx ENTR (where xx is 31, 32, 33, 34, 35, 36,
317, 38). Selection of arendezvous targeting program or P37 causes
a check to be made of REFSMMAT. If the IMU is not on and
aligned to a known orientation, the program proceeds to the first
display (noalarm) in program xx. If there is a valid REFSMMAT,

however, P20 is turned on and performs the following:

a. Selects the CSM state vector as the one to be updated.

4-29



i,

Je

NOTE.—The crew can change the state
vector selected forupdate by keying VERB
80 ENTR, which designates the OWS state
vector for update. VERB 81 ENTR is
available for reselecting the CSM state
vector for update should there be a
requirement for doing so. Considerations
affecting the decision on which state vector
to update are (1) the desire to update the
state vector having the largest uncertain-
ties, (2) the desire to update the state
vector of the vehicle that is to perform
the maneuver,

Sets V50N18FL flag and resets STIKFLAG
enabling R60 and the display of required gimbal
angles for a maneuver to the desired tracking
attitude,
Sets TRACKFLG, enabling automatic attitude
maneuver, optics pointing, and state-vector
update.
Sets UPDATFLG, enabling state-vector update.
Sets RNDV ZFL G, enabling total rendezvous mode
of P20,
Resets UTFLAG, terminating nonrendezvous
modes of P20,
Extrapolates both CMC-resident state vectors
(CSM and OWS) to the present time,
Selects option 0, designating rendezvous-mode
tracking with unconstrained rotation about the
pointing vector.
NOTE,—It servesno purpose for thecrew
to change the NOUN 06 option when the
rendezvous mode is initiated by a targeting

program, See crew options, paragraph
4,2,1.2.1,

Loads NOUN 78 with }» = 000,00 deg (R1); » = -035.00 deg
(R2); and OMICRON = 000,00 deg (R3, unconstrained).

Loads NOUN 79 with deadband (R2, xxx,xx deg) last designated

by Routine R03,

NOTE.—NOUNS 78 and 79 are not
displayed when the rendezvous mode is
initiated by a targeting program., If the
crew wishes to change the contents of either
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noun, he can do so by keying (a) VERB 2x,
(b) the appropriate noun, (c) ENTR, (d) the
desired value(s), (e) ENTR, Subsequent
tracking will conform to the new inputs,

k, Flashes VERB 50 NOUN 25 (R1, 00017), "Pleasc perform
MINKEY Rendezvous.'
To perform manually sequenced rendezvous, key ENTR, (To
perform MINKEY-sequenced rendezvous, key PRO and proceed
as described in paragraph 4.2.1.2.6.) The crew's ENTR on the
flashing VERB 50 NOUN 25 display causesthe pre-selected option
and all initialized values in NOUNs 78 and 79 to be retained and
initiates the required tracking-attitude maneuver (R61/R60), If a
maneuver of 10 deg or less is required, it is accomplished by
R61, If a maneuver greater than 10 deg is required, R61 calls
R60 (V50N18FL flag set), which displays the required gimbal angles
and requests the crew to perform an automatic tracking-attitude

maneuver:

FL, VERB 50 NOUN 18

R1 +xxx.xx deg OGA (Roll)
R2 +xxx.xx deg IGA (Pitch)
R3 +xxx.xx deg MGA (Yaw)

To accept the automatic maneuver, set the SC CONT switch to
CMC, the CMC MODE switch to AUTO, and key PRO, (To perform
the maneuver manually, key VERB 62 ENTR for FDAI display of
total attitude error and use the RHC to null the needles.) While
the automatic maneuver is in progress, a nonflashing VERB 06
NOUN 18 displays required gimbal angles. The crew monitors
the maneuver on the FDAI ball and the attitude-error needles. If
the maneuver approaches gimbal lock, the crew uses the RHC to
complete the maneuver manually.

NOTE,—A middle-gimbal angle of 175 deg

causes the RCS DAP to terminate the automatic

maneuver and to maintain attitude hold. The

maneuver must be completed with the RHC,

referencing the FDAI ball to avoid gimbal lock,

After using the RHC to complete the maneuver,

the crew must key VERB 58 ENTR to reset

STIKFLAG and allow subsequent automatic
maneuvers,
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When the maneuver has completed, the flashing VERB 50 NOUN
18 returns, To trim out residual errors, the crew can recycle
the maneuver by keying PRO again, or he can use the RHC to
make final attitude adjustments (rotationabout the pointing vector,
for example). Again, use of the RHC must be followed by VERB
58 ENTR to reset STIKFLAG.

When satisfied with the tracking attitude, key ENTR. This
terminates R60, starts the Automatic Optics Positioning Routine
(R52), and calls up the first display in targeting program xx,
(See Section 5.0 for adiscussion of targeting-program procedures.)
R61 continues to compute and maintain a tracking attitude ap-

propriate for the designated option and pointing vector.

NOTE.—If on subsequent passes through R61
(V50N18FL flag reset), the difference between
the DAP deadband center and the LOS is found
to be greater than 10 deg, the program will
illuminate the UPLINK ACTY light but will not
allow R61 to call R60, If maneuver is desired,
the crew must key VERB 58 ENTR, R60 will
then be called, and the crew will be presented a
request to perform an automatic maneuver to
tracking attitude (flashing VERB 50 NOUN 18)
—as in step 2.

For automatic optics positioning, set the OPTICS ZERO switch to
OFF and the OPTICS MODE switch to CMC, The Automatic Optics
Positioning Routine (R52) will (a) extrapolate the CSM and OWS
state vectors to'the present time plus 2.4 seconds, (b) get the
CSM attitude from the ICDUs, (c) compute a vector from the CSM
to the OWS, (d) calculate the required optics shaft and trunnion
angles, and (e) drive the OCDUs to point the sextant line of sight
at the OWS,

NOTE,—Iftherequired trunnion angleis greater
than 50 deg, R52 will drive the OCDUs to the
trunnion upper limit (~50 deg).. The crew should
verify that the CSM is at the proper tracking
attitude. (The desired gimbal angles can be
observed by keying VERB 16 NOUN 22 ENTR
(or on the FDAI Error Needles—Mode II), the
desired optics angles by keying VERB 16 NOUN
92 ENTR.) Ifanattitude correctionisnecessary,
the crew can do one of the following: (a) use
the RHC to manually maneuver the spacecraft
to the desired gimbal angles; (b) verify that the
SC CONT switch is in CMC, the CMC MODE
switch is in AUTO, and that the correct attitude
parameters are loaded in NOUN 78-—then key
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VERB 58 ENTR (sets VoON18FL flag and resets
STIKFLAG) to allow R61 to call R60 to perform
the required maneuver.

RENDEZVOUS TRACKING, NAVIGATION, AND TARGETING

The initialization phase of the rendezvous-navigation mode ends when the crew
is satisfied with the tracking-attitude parameters contained in NOUNs 78 and
79, hasthetracking attitude established, and is readyto proceed with navigation
and targeting. From this point until the crew requestsa final targeting solution,
he must coordinate his navigation activities with the targeting program in
progress,  Tracking and W-matrix-reinitialization schedules are discussed

in paragraph 4.2,1,2.5., Targeting programs are described in Section 5.0,
VHF TRACKING

When the tracking attitude has been established, key VERB 87 ENTR to initiate
VHEF tracking, VHF range data will then continue to accumulate at ap-
proximately l-minute intervals until terminated by the crew's keying VERB
88 ENTR or VERB 37 ENTR xx ENTR. Incorporation of the data will cease,
automatically (UPDATFLG reset), when the crew requests a final targeting
solution (PRO on flashing VERB 16 NOUN 45), (See Restrictions and Liimitations,
paragraph 4.2,1,2.4.)

OPTICS TRACKING (SXT OR SCT)

Take optical line-of-sight measurements on the OWS according toa predeter-
mined tracking schedule, (See Tracking and W-Matrix-reinitialization

Schedules, paragraph 4,2,1,2.5,):

Set OPTICS MODE switch to MAN,

Use optics hand controller (OHC) to center OWS in SXT,

Depress MARK button,

If mark was satisfactory, wait the prescribed time (based on geometry,

B W N o~
e e s e

timeline, etc.), recenter the OWS in the SXT, and repeat the mark (if
more marks are desired), If mark was unsatisfactory, depress MARK

REJ button, within 7 sec, and repeat mark procedure.

NOTE.—Marks are processed by the Rendezvous
Tracking Data Processing Routine (R22), If any mark
resultsinan excessive update (discussed in paragraph
4,2.1,2,5.1), a priority display (flashing VERB 06
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NOUN 49) will automatically interrupt any program-
initiated display and present the magnitude of the
excessive update:

FL. VERB 06 NOUN 49

R1 +xxx.xx n., mi, AR
R2 +xxxx.x ft/sec = Av
R3 ooo00x Source Code

(1 = optics, 2 = VHF ranging)

After 2 seconds (priority display), key PRO to incorporate the data;
key VERB 32 ENTR to reject the data.

(See paragraph 4.2,1,3.4 for delays in R27 resulting from the Noun 49 display).

C. BACKUP (COAS) TRACKING

To perform sighting marks using the backup (COAS) optics, proceed as follows:

4,

Load NOUN 78 Registers R1 and R2 with +000,00 deg (X-axis tracking).
Key VERB 58 ENTR (if necessary) to set V50N18FL flag, reset STIKFLAG,
and cause R61 to call R60 to perform maneuver to X-axis tracking
attitude. (Refer to initialization procedures for initiating rendezvous
navigation.)

When satisfied with trécking attitude, key VERB 54 ENTR to call the
Backup Rendezvous Tracking Sighting Mark Routine (R23).

FL VERB 06 NOUN 94

R1 =xxx.xx deg SA (X-axis nominal = +00000)
R2 xx.xxx deg TA (X-axis nominal = +57470)

Load equivalent shaft angle (SA) and equivalent trunnion angle (TA) for
the alternate LOS in NAVBASE coordinates,

NOTE.—In-flight calibration of COAS should be
performed (asdescribed in paragraphs7.2,2 and 7.2.3)
before use with rendezvous. If the primary optics (SXT
or SCT) are optically functional but unusable in their
shaft-and-trunnion drive function, they can be used as
the backup optical device by loading NOUN 94 with the
frozen shaft and trunnion angles (from the telescope
precision angle counter==TPAC-=or NOUN 91) and by
loading the equivalent LLOS values into NOUN 78,
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When satisfied with NOUN 94 values, key PRO and observe request to

perform alternate LLOS mark:

FL VERB 53 NOUN 45

R1 +xxBxx VHF-Optics marks
R2 4xxBxx min-sec TFI
R3 -00001 or xxx.xx deg MGA

NOTE.—Registers R2 and R3 are only valid when
calculated by a targeting program. Register R1
contains number of marks processed by R22, Left
twodigits display VHF marks; right two digits display
optics marks,

When called for by tracking schedule, take COAS marks as follows:
a. Use RHC to center OWS in COAS.
b. To mark, key ENTR.

(e To reject mark (within approximately 7 seconds), key VERB 86
ENTR and repeat a and b.
d. To accept mark, wait the prescribed time (based on geometry,

time line, etc.), recenter OWS in COAS, and repeat the mark (if
more marks are desired).

e. To exit R23 and return to targeting display, key PRO.

NOTE,—Marks are processed by the Rendezvous Tracking
Data Processing Routine (R22), If any mark results in an
excessive update (discussed in paragraph 4.2,1.2.5.1), a
priority display (flashing VERB 06 NOUN 49) will automa-
tically interrupt any program-initiated display and present
the magnitude of the excessive update:

FL, VERB 06 NOUN 49

R1 +4xxx.,xx n, mi. AR
R2 +xxxx.x ft/sec Av
R3 oooo0x Source Code
(1 = optics, 2 = VHF ranging)

After 2 seconds (Priority display), key PRO to incorporate the data;
key VERB 32 ENTR to reject the data.

(See paragraph 4.2.1.3.4 for delays in R27 resulting from the NOUN 49
display.)
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D,

III.

IV,

CHANGE W-MATRIX (VA7)

ey To change the preset RMS error values, key VERB 67 ENTR and load
the desired values in registers R1 and R2 of NOUN 99:

FL, VERB 06 NOUN 99

R1 +xxxxx, ft (position error)
R2 +xxxx.x ft/sec (velocity error)
R3 +00001 Option Code (Rendezvous)

2. When desired values have been loaded (R3 must contain 00001 to change
values, if 0 new values will not be loaded), key PRO to exit Extended
VERB 67,

NOTE.——VERB 93 ENTR is required for initializing
to the new NOUN 99 values,

W-MATRIX REINITIALIZATION (V93E)

Toreinitialize W-matrix to preset RMS position and velocity errors, key VERB
93 ENTR, (W-matrix-reinitialization schedules and strategies are discussed
in paragraph 4,2,1,2.5.)

PLANE-CHANGE IMU ALIGNMENT

When a plane-change maneuver is to be performed that requires rotating the
CSM's X-axis normal to the orbital plane, the maneuver must be preceded by
anIMU realignment, The MINKEY procedure for plane-change IMU realignment
is described in paragraph 4,2.1.2.6,

RENDEZVOUS THRUSTING

During each rendezvous targeting program, navigation ends when the crew
requests a final targeting solution (PRO on the flashing VERB 16 NOUN 45),
Typically, depending upon mission procedures and the maneuver to be
performed, this request is made 10 to 12 minutes before ignition., After the
final targeting solution has been displayed and recorded, the crew calls the
appropriate powered=-flight program (P40/P41) and performs the thrusting

maneuver, (Powered-flight programs are described in Section 6.0.)
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NOTE,—If the thrusting maneuver involves rotating the
spacecraft X-axis normal to the orbital plane, an IMU
realignment must be performed before the powered-flight
program is called. See Sequence III, above.

After the thrusting maneuver has been completed, the crew calls the next
rendezvous-targeting program in the sequence and is again presented with a
request to perform MINKEY Rendezvous (flashing VERB 50 NOUN 25, R1 =
00017). If the crew wishes to continue rendezvous with manual sequencing,
he keys ENTR and proceeds as in Sequence I,E above. If he wishes to change
to MINKEY sequencing, he keys PRO and proceeds as described in paragraph
4,2.1.2.6,

FINAL, PHASE

When the final rendezvous thrusting maneuver has been performed, the crew
has the option either of calling the Rendezvous Final Program (P37) or of
manually loading +000.00 deginto Register R2 of NOUN 78 and thenreselecting
P20, If he elects to call P37, the program will display request to perform
MINKEY as in the targeting programs. To continue with manual sequencing,
the crew keys ENTR. To enable MINKEY, he keys PRQ; the program will
set TRACKFLG and UPDATFLG and will automatically load R1 and R2 of
NOUN 78 with the+X-axisvalue and then flash a request to perform a maneuver
to the X-axis tracking attitude (flashing VERB 50 NOUN 18),

When the attitude maneuver has been completed, P37 proceeds automatically
to the Rendezvous Parameter Display Routine (R31). (See MINKEY Rendezvous,
paragraph 4,2.1,2,6.)

Should the crew elect to reselect P20 to perform the maneuver to point the
CSM +X-axis at the OWS, he would first load Register R2 of NOUN 78 with
+000.00 deg (for +X-axis tracking) and then key VERB 37 ENTR 20 ENTR to
restart P20,

NOTE.—When P20 has been temporarily terminated (by
request for final targeting solution) or is operating in the
background (not in PROG lights),a VERB 37 ENTR 20 ENTR
causes P20 to restart after the initialization displays, viz.,
NOUNS 06, 78, and 79, (See Figure 4.2,1-1, Initial-condition
B.)
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The first displayin therestarted P20 program (A6 >10 deg) will be a flashing
VERB 50 NOUN 18, "Please perform automatic maneuver totracking attitude,"

When the maneuver has been completed (as in Sequence I,E, step 3), the crew
keys VERB 83 ENTR to start the Rendezvous Parameter Display Routine (R31):

FL. VERB 16 NOUN 54

R1 +xxx.xx n., mi. Range
R2 +xxxx.x ft/sec Range rate
R3 +xxx.xx deg theta

The NOUN 54 display is updated every 2 seconds. When the crew is ready to
terminate R31, he keys PRO, Typically, he would then key VERB 37 ENTR
48 ENTR to call the Rendezvous Thrust Monitor Program (P48) for monitoring

the manually controlled final docking maneuver.

4.2,1.2.3 Program Alarms,—Viewing a PROG alarm light on the DSKY, the crew
keys VERB 05 NOUN 09 ENTR for a display of the alarm code——if the code has not
already been displayed by the CMC. After taking corrective action, the crew keys

RSET toturnoff the PROG light and alarmand continues with the program, Possible

alarms encountered during rendezvous navigation are as follows:

a,

C,

g.

Alarm 00116 indicates the ‘optics were switched to OFF from ZERO

- before the 15 sec optics zeroing time had elapsed. Set the OPTICS

ZERO switch to ZERO, key RSET, wait 15 sec and continue normal
operation,

Alarm 00120 indicates optics not zeroed at the time of an optics torque
request, Set OPTICS ZERO switch to OFF, then to ZERO., Key RSET
and wait 15 sec before continuing normal operation,

Alarm 00121 indicatesa mark was made at the time of a CDU switching
transient or vehicle rotation rate too high, Key RSET, and repeat mark,
Alarm 00210 indicates IMU not operating, It should be turned on and
the stable-member orientation determined before entering P20,

Alarm 00220 indicates IMU not aligned. No REFSMMAT is stored.
Key RSET and execute P51 (or equivalent; e.g., checklist rapid IMU
realign),

Alarm 00401 indicates desired angles yield gimbal lock, Key RSET
and either select new gimbal angles or maneuver spacecraft to avoid
gimbal lock, '

Alarm 00406 indicates that R23 has been called with P20 Rendezvous
Mode not operating, Select P20 before calling the mark routine.
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TABLE 4.

2.1-11

MANUAL RENDEZVOUS PROCEDURE SUMMARY (SHEET 1 OF 4)

maneuver.

e Upon crew's ENTR, start
R52 and proceed to first
ordinary targeting display
in P3x.

For automatic optics
positioning set
OPTICS ZERO
switch to OFF, the
OPTICS MODE
switch to CMC.

Step Entry Display No l Purpose Register CMC Operation Crew Action Remarks |
[., INITIALIZATION
Perform preliminary
A,B, —— ——— ——— S - - procedures as de- -
€D scribed in paragraph
4.2.1.2.2.2.
E-1 | VERB 37 ENTR -—- P20 Initiate Rendezvous -—- *Check REFSMMAT ---
xx ENTR, where Navigation. Turn on P20
the rendezvous eSelect CM state vector for up-
mode of P20 is date.
inactive and xx *Set V50N18FL
is 31-38. +Set TRACKFLG H 16 BEFSMMAT, ihe pra-
(Initial-condi- eSet UPDATFLG EFSID proceeds 10 Hyst dis-
tion C) eSet RNDVZFLG play in Pxx without turning
e Extrapolate CSM and W § state on: P20
vectors to present time
®].0ad Option 0 into R2 of Noun
06.
eload Noun 78 with Y= 000. 00
deg (R1); p= -035.00 deg
(R2); and OMICRON =
. 000. 00 deg (R3)-
el.oad Noun 79 with the last R03
designated deadband.

E-2 -—- FL V50 N25 P3x Request permission |R1 00017 Checklist |e Upon crew's ENTR, proceed ENTR * MINKEY sequencing de-
to perform MINKEY Code with manual (conventional) scribed in paragraph
Rendezvous. R2 Blank sequencing. 4.2.1.2.B.

R3 Blank e TUpon crew's PRO, proceed
with MINKEY sequencing.™

E-3 —-— FL V50 N18** | P3x | Display required R1 xxx.xx deg OGA |elpon crew's PRO, perform PRO ** Occurs only if A6> 10 deg.
gimbal angles and |R2 xxx.xx deg IGA maneuver to tracking at- Nonflashing V06 N18 occurs
request permission |R3 xxx.xx deg MGA titude. only if crew keys PRO on
to perform auto- FL V50 N18.
matic maneuver to
tracking attitude.

E-4 V06 N18** |P3x Display final gim- [R1 xxx.xx deg OGA Perform automatic maneuver | Monitor FDAI Ball and |A middle-gimbal angle of £75
bal angles as R2 xxx. xx deg IGA to tracking attitude. Attitude Error Needles;ldeg causes the RCS DAP to
automatic maneuver|R3 xxx. xx deg MGA if maneuver approachesterminate the automatic ma-

) is being performed. gimbal lock, use RHC jneuver and to maintain attitude
to complete the maneu-|hold. Complete maneuver with
ver manually. Key the RHC, referencing the FDAI
VERB 58F to reset Ball to avoid gimbal lock. Keyv
STIKFLAG. VERB 58 ENTR.

E-5 FL V50 N18*% |P3x Same as E-3 Same as E-3 e Upon crew's PRO, recycle * ENTR Program proceeds automati-

cally to first regular targeting
display in P3x.
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TABLE 4.2.1-I1

MANUAL RENDEZVOUS PROCEDURE SUMMARY (SHEET 2 OF 4)

Step

Entry

PROG
Display No.

Purpose

Register

CMC Operation

Crew Action

Remarks

II. RENDEZVOUS TRACKING. NAVIGATION, AND TARGETING

The ini

.alizatic.. ; hase of the Rendezvous Navigation Mode ends when the crew is satisfied with the tracking-

attitude parametsrs contained in Nouns 78 and 79, has the tracking attitude estr~ lished, and is ready to pro-

ceed with navigation and targeting.
must ccordinate his navigation activities with the targeting program in progress.

-initialization schedules are discussed in paragraph 4.2.1.2.5.

From this point until the cre

w requests a fiiial targeting solution, he
Tracking and W-matrix-re-

Targeting programs are described in Sec-

tion 4. 0.
A-1 | VERB 87 ENTR P3x Initiate VHF tra('k-l_ eUpon crew's VERB 87 ENTR |e To initiate VHF traokl
ing. begin accumulating VHF ing, key VERB 87
range data at 1-minute in- EXNTR.
tervals. eTo terminate VHF
e Terminate VHF tracking upon tracking, key VERB
crew's VERB 88 ENTR, VERB 88 ENTR.
37 ENTR xx ENTR, or upon
crew's request for a final tar-
geting solution (PRO on flash-
ing VERB 16 NOUN 45).
A-2 FL V06 N49* P3x Display excessive [ Rl xxx.xx n.mi. AR [® Process marks (R22). e PRO to accept up- “Occurs only if ther= is an
update. R2 xxxx.x ft/sec Av |o Display magnitude of any ex- date. excessive update (discussed
R” oooox Source code cessive update. e VERB 32 ENTR to in paragraph 4.2.1.2.5.1).
(1 = optics, 2 = e Aftertwo seconds (priority reject update.
VIHF) display), accept crew's
PRO to incorporate data;
accept VERB 32 ENTR to
reject data.
| B-1 P3x Update state vec- e Accept and process optics eSet OPTICS MODE Tracking and W-mazrix-re-
tor by incorpo- LOS measurements. switch to MAN. initialization schedules are
rating optics L.LOS ® Display magnitude of any e Use OHC to center discussed in paragraph
measurements on excessive update. WS in SXT. 4. 25 1. 24:5:
the WS. e Depress MARK but-
ton. Mark must be rejected
eDepress MARK REJ | within ~15 sec.
to reject mark.
B-2 FL V06 N49" P3x Display excessive | Same as A-2 Same as A-2 Same as A-2 “Occurs only if there is an
update. excessive update (discussed
in paragraph 4. 2.2.2.5.1).
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TABLE 4.2.1-11

MANUAL RENDEZVOUS PROCEDURE SUMMARY (SHEET 3 OF 4)

PROG

Step Entry Display No. Purpose Register CMC Operation Crew Action Remarks

C-1 e =—n P3x Update state vector -—- e Accept crew inputs for X- e Load R1 and R2 of Suds
by incorporating axis tracking. Noun 78 with +000. 00
COAS LOS measure- e Compute required gimbal an- deg (X-axis tracking).
ments on theW &. gles. o [f UPLINK ACTY il- ]

eTurn on UPLINK ACTY if luminates, key VERB
maneuver =~ 10 deg neces- 58 ENTR to set
sary and it is not the first V50N18FIL and re-
pass through R61. set STIKFLAG.

-2 === FL, V50 N18%" P3x Display required R1 xxx.xx deg OGA Upon crew's PRO, perform PRO “Occurs only if A6 ~ 10
gimbal angles and | R2 xxx. xx deg IGA maneuver to tracking atti- deg. Nonflashing V06
request permission | R3 xxx. xx deg MGA tude. N18 occurs only if crew
to perform auto- keys PRO on FL V50
matic maneuver to N18.
tracking attitude.

C-3 - V06 N18 " P3x Display final gim- |RI1 xxx.xx deg OGA Perform automat:c maneuver| Monitor FDAI Ball and| A middle-gimbal angle of x
bal angles as auto- <. xx deg IGA to tracking attitude. Attitude Error Needles; 75 deg causes the RCSDAP to
matic maneuver is deg MGA if maneuver approach-| terminate the automatic ma-
being performed. es gimbal lock, use neuver and to maintain atti-

RHC to complete the tude hold. Complete ma-
maneuver manually. neuver with RHC, refer-
Then key VERB 58 encing the FDAI Ball to avoid
-ENTR to reset gimbal lock.Key VERB 58
k8 STIKFLAG. ENTR.
C-4 o FL. V50 N18™™" P3x Same as (-2 Same as (-2 elUpon crew's PRO, recycle e ENTR .
maneuver. s Key VERB 54 ENTR
el pon crew's ENTR, e¢xit R60, to call R23.
continue X-axis tracking.
C-5 | VERB 54 ENTR FI. V06 N94 P3x Display equivalent |R1 xxx.xx deg SA --- e V'erify cquivalent s
(R23) shaft and trunnion (Nominal = 00000) shaft and trunnion
angles for the al- R2 xx.xxx deg TA angles; load new
ternate 1.OS. (Nominal = 57470) values as deter-
mined by in-flight
calibration.
e PRO
C-6 -— FI. V53 N45 P3x Display number of |R1 xxBxx VHF—Op- | «Process marks (R22). e Use RHC to center Maximum in R2 is 59 min

marks accumu-
lated.

Display TFI com-
puted by target-
ing program op-
erating.

Display code indi-

cating final target-play in P3x.)

ing solution has
not been request-
ed.

tics Marks

R2 % xxBxx min-sec
TFI

R3 -00001 prelimi-
nary cycle

(R2 and R3 valid only

if at NOUN 45 dis-

eDisplay magnitude of any ex-
cessive update.

WS'in COAS.

e To mark, key ENTR.
e To reject mark, key
VERB 86 ENTR.

e When finished mark-
ing, wait 15 sec

after last mark and
then key PRO.

59 sec. "-" denotes before
tigs "+'" denotes after
t G*

Mark must be rejected
within about 15 sec.
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MANUAL RENDEZVOUS PROCEDURE SUMMARY (SHEET 4 OF 4)

TABLE 4.2.1-1I

PROG
Step Entry Display No. Purpose Register CMC Operation Crew Action Remarks
C-7 --- FL V06 N49™ P3x Display excessive | Rl xxx.xx n.mi. AR |eAfter two seconds (priority * PRO to accept update]. “Occurs only if there is an
update. R2 xxxx. X ft/sec Av display), accept crew's PRO|e VERB 32 ENTR to re- excessive update (discussed
R3 oooox Source Code to incorporate data; accept ject update. in paragraph 4.2.1.2.5.1).
(1 - optics, 2 = VERB 32 ENTR to reject
VHE). data.

D-1| VERB 67 ENTR Other than a P3x Change W-matrix m— sUpon crew's VERB 67 ENTR, |* VERB 67 ENTR W-matrix-reinitialization
markinrg or preset RMS values. calculate and display RSS schedules and preset values
priority dis- position and velocity errors. are discussed in paragraph
play. 4.2.3.2.5

D-2 i FI. V06 N99 P3x Display RSS posi-| R1 xxxxx. ft(pos err)|® Accept crew-loaded values. Load new values if -

tion and velocity R2 xxxx.x ft "sec¢ el'pon crew's PRO, exit VE6TE. desired (R3 must
errors. (vel err) contain 00001).
R3 00001 Option Codg * PRO
E VERB 93 ENTR —_ P3x Reinitialize \W- ——— —_— To reinitialize W- W-matrix-reinitialization
matrix to preset matrix to preset schedules and preset values
RMS values. values, key VERB are discussed in paragraph
93 ENTR. 4, 2. 1..2+9;
b ]
IV. RENDEZVOUS THRUSTING
A VERB 37 ENTR Ten to twelve minutes before ignition, the crew requests a final targeting solution (PRO on the flashing

40/41 ENTR
(P40/P41)

VERB 16 NOUN 45).

When the final solution has been displayed and recorded, the crew calls the ap-

propriate powered-flight program, :to perform the thrusting maneuver

, (R.o.fvr to Section 6. 0 for a description of powered-flight pr‘ogr-‘ar-;‘x-s. )
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REGULAR AND EXTENDED VERBS USED WITH RENDEZVOUS:

TABLE 4.2.1-III

(SHEET 1 OF 6)

SUMMARY

Astronaut Purpose DSKY CMC Operation Remarks
V16 N20E Display present R1 + xxx.xx deg Roll Noun 20 displays the existing
gimbal angles. R2 + xxx.xx deg Pitch - ICDU angles.
R3 + xxx.xx deg Yaw
V16 N22E Display CMC- Rl + xxx.xx deg OGA Noun 22 displays the R61-com-
desired gimbal R2 + xxx.xx deg IGA -—- puted desired ICDU angles—
angles. RS + xxx.xx deg MGA not necessarily the center of
the DAP deadband.
V16 N92E Display desired |R1 +xxx.xx deg (SA)
optics angles. R2 +xx.xxx deg (TA) i -—-
R3 Blank
V54 E Call Backup Ren- | FLL V06 N94 Request crew to load the | R23 can be used for backup

Load equivalent
SA and TA for
backup tracking

PRO

dezvous Tracking
Sighting Mark
Routine (R23)

Rl +xxx.xx deg (SA)
R2 + xx.xxx deg (TA)
R3 Blank

up pointing axis.
inal for COAS is SA =
000. 00 deg, and TA =
57.470 deg.)

equivalent shaft and trun-
nion angles for the back-
(Nom-

tracking with a frozen SXT/
SCT (optically operational)

by loading the existing shaft
and trunnion angles in NOUN
94, and manually tracking the
OWS with the RHC. The COAS
must be in-flight calibrated
before used for rendezvous
navigation.
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TABLE 4.2.1-III

REGULAR AND EXTENDED VERBS USED WITH RENDEZVOUS: SUMMARY
(SHEET 2 OF 6)

Astronaut

Purpose

DSKY

CMC Operation

Remarks

V54E (cont.)
ENTR to mark

V86E to reject
mark

FL V53 N45

R1 +xxBxx VHF, op-

’ tics i

R2 +xxBxx min, sec
TFI

Request crew to perform
alternate LOS sighting
mark; display mark
counters, time from ig-
nition (TFI), and middle-
gimbal angle at t leh

1 contains the number of marks
rocessed by the Rendezvous

ata Processing Routine (R22)
2 contains time from tiG —
aximum reading, 59B59 ('-"
efore tig, '+ after tyg; R3 is

data (single sen-
gor or dual sen-
sor).

both sensors (VHF and
optics). When R2 # 0,
FULTKFLG indicates that
post-TPI navigation will
be performed using data
from only one sensor

(VHF or optics).

gfljeci. gf;fifark) A e always 't for the last pass thror
to exit R23 gh P31-P36,38 with ’Fhe IMU
aligned, (For preliminary pas-
Ises through P31-P36,38,R3 con-
tains -00001; during P30 or dur—r
ing final passes through P.31-—
P36, 38 with the IMU not aligned,
R3 contains -00002.)
V56E Terminate ren- Reset RNDVZFLG, * *Resetting this flag terminates
dezvous naviga- TRACKFLG, UPDATFLG,| the entire rendezvous-navi-
tion without ter- —— UTFLAG. gation process. Also reset
minating other by V37TE 00E. Set by selection
major programs. of P20 Options 0 or 4.
|V5TE Call display of FL V04 N12 When R2 = 0, FULTKFLG|V57E is only used with auto-
- ' flag bit governing R1 - 00004 indicates that post-TPI matic W-matrix reinitializa-
post-TPI pro- = —— navigation will be per- tion during MINKEY rendezvous.
cessing of sensor R3 = Blank formed using data from ‘Its function is entirely descrip-

tional, i.e., to inform the
Data-processing Routine (R22)
whether it is receiving post-
TPI data from one or both
sensors (should be performed
before the first mark post-TPI).
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TABLE 4.2.1-111

REGULAR AND EXTENDED VERBS USED WITH RENDEZVOUS: SUMMARY
(SHEET 3 OF 6)

Astronaut

Purpose

DSKY

CMC Operation

Remarks

V58E

Allow RCS DAP to
resume automatic
attitude control
and allow R61 to
call R60. _

Reset STIKFLAG and set
V50N18FL flag.

‘through R61. Consequently,

‘maneuver.

STIKFLAG is set whenever the
RHC is removed from detent,
with the CMC CONT switch in
the CMC position. Once set,
the flag can only be reset by
the selection of a new pro-
gram or by V58E. The V50
N18FL flag is initially set by
any V37E xxE (xx # 00) and
then reset during each pass

after the initial pass, V58E
is required if the crew wish- |
es R61 to call R60 to per-
form an automatic attitude

V60E

Load present gim-
bal angles (Noun
20) into astro-
naut-specified-
gimbal angle reg-
isters (Noun 17).

Noun 17 provides reference
for Mode 3 FDAI Needles
(V63E).

V61E

Display discrep-
ancy between
existing CDU an-
gles and current
DAP command.

Start Mode-1 error dis-

play. Reset NEEDLFLG.

Display in-progress at-
titude error (difference
between Noun 20 and
current DAP command)
on the FDAI error nee-
dles.

Proper operation is when er-
ror is within DAP deadband
limits.
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TABLE 4. 2.1-III

REGULAR AND EXTENDED VERBS USED WITH RENDEZVOUS: SUMMARY
(SHEET 4 OF 6)

Astronaut Purpose DSKY CMC Operation Remarks
V62E Provide FDAI ref- Start Mode-2 error dis-
erence for manual --- play. Set NEEDLFLG
attitude maneuver. and N22ORN17 flag. Dis-
play total attitude error T
(difference of contents
N22 and contents N20)
on the FDAI error nee-
dles.
VE63E Provide FDAI ref- Start Mode-3 error dis-
erence for manual play. Set NEEDLFLG
attitude maneuver e and reset N220ORN17 flag.
to astronaut-spec- Display total attitude er-
ified attitude ror (difference of con- T
(Noun 17). tents N17 and contents
N20) on the FDAI error
needles.
V6T7E Display, and per- | FL V06 N99 Accept crew-loaded val- | To reinitialize W-matrix to
mit crew to R1 xxxxx. ft ues. preset values, the crew must
change, W-matrix. (pos e.rr) key V93E. (See Below.) W-
R2 xxxx. x ft/ matrix is maintained auto-
Cyrel ;arr) matically during MINKEY.
R3 00001 option
code (ren-
dezvous)
V8OE Select the CMC- Clear VEHUPFLG to Once set, VEHUPFLG is

resident QWS state
vector for ren-
dezvous-naviga-
tion update.

designate the OWS state
vector for update.

cleared by V8OE only.
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TABLE 4. 2.1-III

REGULAR AND EXTENDED VERBS USED WITH RENDEZVOUS: SUMMARY
(SHEET 5 OF 6)

Astronaut Purpose DSKY CMC Operation Remarks
V81E Select the CMC - --- Set VEHUPFLG to desig- |Automatically set by initial
resident CSM state nate the CSM state vector |entry to P20. If the crew
vector for ren- for update. wishes to designate OWS
dezvous-navigation state vector for update he
update. should key V80E.
V82E Call Orbit Para- Display apogee, perigee
meter Display e s h 9. 9.3 and time of free fall to
Routine (R30). paragrapi 9. 2. S. 300, 000 ft.
V83E Call Rendezvous FL V16 N54 Calculate and display Negative sign in R2 denotes
Parameter Display B s, S Hiperl (two-second updates) closing. When finished with
Routine No. 1 ° B range and range rate be- |display, key PRO. Called
(R31). - s ol ft/sec tween CSM and OWS. Cal-|automatically by P37.
‘ rang;e vrba culate and display angle
BY sx%, x5 oy (theta) between CSM +X-
‘thet-a axis and the local-hori-
zontal plane.
V85E Call Rendezvous FIL V16 N53 Calculate and display Negative sign in R2 denotes
Parameter Display R — (two-second update) range|closing. When finished with
Routine No. 2 ' ran. - e and range rate between display, key PRO.
(R34). D s 52 i /sec | CSM andOWS. Calculate
rang'e i Jy and display angle (phi)
R3 xxx. xx deg phi between optics SLOS and
the local-horizontal plane.
V86E Reject last R23

mark taken.

Erase last sighting mark
taken during the Backup
Rendezvous Tracking
Sighting Mark Routine.

Must be performed within
approximately 15 seconds
of mark.
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TABLE 4. 2. 1-III

REGULAR AND EXTENDED VERBS USED WITH RENDEZVOUS: SUMMARY
(SHEET 6 OF 6)

Astronaut Purpose DSKY CMC Operation Remarks

V8TE " Allow R22 to accept --- Set VHFRFLAG. VHFRFLAG is cleared when-

: VHF range data. ever V37 is selected. It will
remain in its current state
during MINKEY major mode
changes. VHF ranging will
continue automatically until
the crew keys V88E or V37E,

V88E Stop R22 from ac- --- Reset VHFRFLAG. See V8TE.
cepting range data. :

V89E Call Rendezvous R63 can only be called from
Final Attitude See paragraph 2. 2. 1. PO00.

Routine (R63).

VI0E Call Rendezvous Displays CSM out-of-plane
Out-of-Plane Dis- See paragraph 9. 2. 4. distance (Y) and rate (Y) and
play (R36). OWS out-of-plane rate (¥).

VI3E Reinitialize W- -—- Reset RENDWFLG. V93E reinitializes W-matrix

matrix.

to preset values. (See V6TE
W-matrix is automatically
maintained during MINKEY.




4.2.1.2.4 Restrictions and Limitations,~When the CMC accepts an optics mark,

thre.e ICDUs, two OCDUs, and the time of the mark are stored in a buffer, where

the data are automatically incorporated into the state vector. Should marks be
taken faster than about one every 20 seconds, however, there is a chance that the
data will be lost, Also, after the last mark, about 15 sec should be allowed for

processing the mark,

Anadditional restrictionisthat the W-matrix should never be re=-initialized to values
greater than 328 ft/sec and 51,647 ft, (The W-matrix is discussed in paragraph
4.2.1.2.5 and in the "Introduction to Coasting Flight Navigation," subsection 4.1.)

A limiting factor regarding VHF range data is that the input counter to the CMC is
modulo 327.68, At 327.67 n.mi., the counter begins again at zero, such that at a
range of 350 n.mi., for example, the counter will contain the Valﬁe, 22,88,
Consequently, the CMC will modulo the VHF range data when the onboard range
estimate and the VHF data differ by 300 n.mi,

Also, depending upon scaling, there is a minimum range at which P20 is effective.
Although it is difficult to establish definite limits, operation with current scaling is

not recommended for ranges less than about 3 nmi,

4.2.1.2.5 Tracking and W-Matrix-reinitialization Schedules,=The Rendezvous Mode

of P20 uses measurements of the relative state of the two vehicles to update the
inertial state of one vehicle. The extent to which the state vector updated by P20
conforms to actual position and velocity in inertial space will depend, therefore,
upon how well the inertial position and velocity of the vehicle whose state vector is
not updated are known. If there were no uncertainties in the direct measuring of
range and LOS betweén the two vehicles, determining the relative state vector would
be simply a matter of taking measurements, comparing the results with values
predicted on the basis of the current best estimate of the two state vectors, and
updating one of the estimated states such that the predicted and measured values
agree, Measuring uncertainties do exist, however, calling for a statistical weighting
matrix (W-matrix) and an a priori sensor variance for determining how much
emphasis is to be given to the measured data, in updating the state, and how much
is to be given to the current state estimate. The initial W-matrix values are based
on statistical studies to determine what the expected mean-square errors in position
and velocity will be before any measurementsare taken; asmeasurements are taken,
however, and the confidence in the relative state vector increases, the W-matrix is
itself updated such that statistical weighting becomes more and more in favor of

the current estimate and less in favor of new measurements, Due to incomplete
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fi’ter modeling and computational limitations of the computer, the weighting in favor
of the measurements becomes, in time, too small, To prevent this, the W-matrix

must be periodically reinitialized (WRI) to its padloaded or reloaded values.

Ordinarily, Mission Planning provides a schedule specifying when, what kind, and
how many measurements should be taken, as well as when the W-matrix should be
reinitialized=——and to what values, (Figure 4.2.1-4 is a typical tracking schedule
provided by Mission Planning,) Such a schedule results from analyses of digital
simulations of the actual computer operations for a particular mission. For inflight
contingencies, however, requiring the crew to improvise a tracking and reinitial-
ization strategy, an acceptable rule of thumb is to (a) reinitialize every 40 minutes,
but allowing 10-15 minutes of tracking before a final targeting solution, (b) take
several marks immediately before, immediately after, and halfway between each
reinitialization, and (c) reinitialize before taking marks after a maneuver if more

than 60 minutes have elapsed since the last initialization,

The philosophy underlying the rule of thumb is to reinitialize more often than may
benecessarybut less often than would significantly degrade performance. Inapplying

the rule, however, the crew should be aware of three other factors:

1. W-Matrix initial values are selected on the basis of anticipated state-
vector error—the larger the expected error, the larger the initialization
values., Typical reinitializing values during rendezvous are 2000 ft, 2
ft/sec,‘ corresponding to the RMS values of probable position and velocity
errors respectively. An initiation of rendezvous navigation, however,
whenrelative state-vector uncertainties are largest, typical WRI values
are 10,000 ft, and 10 ft/sec.

2. The larger the WRI values, for a given a priori sensor variance, the
more sensor data required to smooth the WRI transient. Even for the
larger initial values of WRI at the start of rendezvous navigation, however,
an accurate state vector estimate is available for the final targeting
computation if SXT marks are taken in batches of three or four marks
each—typically, one batch immediately after WRI, a second batch halfway
before a third batch immediately preceding the next WRI or the final
targeting computation.

3. The nominal sensor operation is to incorporate SXT marks prior to
TPI and SXT plus VHF marks post TPI. This procedure for W matrix
operation following transfer-phase initiation (TPI) in this case is to
reinitialize before taking any marks following a maneuver. The single

sensor post-TPI procedure is to take marks with no WRI between TPI
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and the first midcourse correction (MCC1) and after MCC1, reinitialize

before the first mark., Tracking then continues in the normal pattern.

Paragraphs 4.2.1,2,5.1-4,2.1,2.5.4 present some general recommendations for

mark-reject and accept procedures.

The procedures hereattempt to cover some off-nominal conditions, All off-nominal
conditions, however, cannot be simply generalized; each case must be considered
in the light of all information available; e.g., extremely large initial state errors
that require a long tracking period to resolve, or degraded PIPA performance as

evidenced by large state-vector updates after a burn,

4,2.1,2,5.1 State Vector Update.—The following are mission phases in which the

largest state-vector updates can be expected:

Initial period of tracking
After maneuvers

Beginning of tracking after long period with no tracking

o0 0o T oW

Bringing a new sensor on line,

Typically reasonable values for updates in phases a through d above are a §R of
6000 ft and a §v of 6 ft/sec or less. Should the update value exceed reasonableness
values, the crew should reject the first mark, ensure that the sextant is actually
tracking the OWS, check VHF range against nominal, and repeat the mark, If the
second mark yields a similar, or .slightly larger, update, accept the mark and look
for a decrease in the size of the update as marks continue. If update values do not
become smaller, either sensor is not tracking target or has failed. Then follow

'""Bad Mark' procedure (paragraph 4.2.1,2.5.2 below),

Anomalous updates during ''steady-state' conditions, i.e., not during phases of
expected large updates, are those that are larger than the preset RMAX' VMAX®
For this condition, the crew follows the same procedure described for larger-than-
reasonable updates during expected-large-update phases. One bad mark could be
the result of poor sighting technique or large random error, If anomalous updates

continue, use ''Bad Mark'' procedure (paragraph 4.2.1,2.5.2).
4.2,1.2,5.2 Accepting A Known '"Bad Mark''. Unreasonably large update is accepted;

and is knownto have beenincorrect (system malfunction discovered; bad ground uplink,

etc.) Procedure, (a) Fix malfunction;
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(b) get new ground uplink, if possible, and start again; (c) if uplink not possible,

reinitialize W-matrix,

4,2,1,2,6 MINKEY Rendezvous (See also paragraph 5,2.5). —Minimum-key-stroke
(MINKEY) rendezvous differs from conventionally sequenced rendezvous as follows:

a, Instead of selecting each program as it is required in the rendezvous
sequence, the crew simply keys in the appropriate targeting program
for a given point in the sequence; this causes an immediate display of
FLL VERB 50 NOUN 25 (R1 = 00017), "Please perform MINKEY
Rendezvous.'"" A PRO response initiates automatic sequencing of the
rendezvous programs, (An ENTR response inhibits MINKEY and allows
manual sequencing. See paragraph 4.2,1.2.2.)

b. Instead of the crew's manually establishing a wings-level attitude, an
erasable quantity will be preloaded, designating the desired attitude for
performing the rendezvous. The CMC will then compute and execute
the appropriate attitude maneuvers,

(o Inthe MINKEY sequence, the CMC reinitializes the W-matrix according
to predetermined criteria requiring no consideration by the crew.

d. Alignment procedures for plane-change maneuvers simplified.

4.2.1,2,6,.1 MINKEY Sequence Initiation,=The crew can beginthe MINKEY sequence
at any one of the seven points: (1) Pre-NC1 Maneuver, (2) Pre-NC2 Maneuver, (3)
Pre-NCC Maneuver, (4) Pre-NSR Maneuver, (5) Pre-Transfer-phase Initiation
(TPI), (6) Pre-Transfer-phase Midcourse Correction 1 (MCC1), (7) Final phase,
(8) Pre-Plane Change Maneuver, At which reset point the sequence begins is
determined by the program selected. If the crew wishes to enter the sequence
before the NC1 maneuver, he selects major mode P31; if he wishes to enter the
sequence before NC2, he selects major mode P32; etc. The MINKEY sequence,.

including reset points, is as follows:

P31 (VERB 37 ENTR 31 ENTR)

1, Start Rendezvous Navigation Program (P20)
2 Display request to perform MINKEY,

4-52



10,
11.,

12,

13.
14,
15,

16,

.
18,
19,

20,

Execute maneuver to track attitude and perform NC1 targeting program
(P31),

*
Perform Powered-flight Program (P40/P41)., Continue to step 7.

P32 (VERB 37 ENTR 32 ENTR)

Start Rendezvous Navigation Program (P 20),

Display request to perform MINKEY,

Execute maneuver to track attitude and perform NC2 targeting program
(P32),

Perform Powered-flight Program (P40/41). Continue to step 1%

P33 (VERB 37 ENTR 33 ENTR)

Start Rendezvous Navigation Program (P20),

Display request to perform MINKEY(

Execute maneuver to track attitude and perform NCC targeting program
(P33),

Perform Powered-flight Program (P40/41). Continue to step 15,

P34 (VERB 37 ENTR 34 ENTR)

Start Rendezvous Navigation Program (P20),

Display request to perform MINKEY ,

Execute maneuver to track attitude and perform NSR targeting program
(P34),

Perform Powered-flight Program (P40/41). Continue to step 19,

P35 (VERB 37 ENTR 35 ENTR)

Start Rendezvous Navigation Program (P20),

Display request to perform MINKEY,

Execute maneuver to track attitude and perform TPI targeting program
(P35),

Perform Powered-flight Program (P40/41). Continue to step 23,

>kWhenever MINKEY calls a powered-flight program, the criterion for P40/P41 is
whether the required v,>10 ft/sec (call P40) or <10 ft/sec (call P41). The one
exceptionis when PC pulsetorquingis bypassed in P38, Inthatinstance, the program
calls P41 regardless of Vg
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TRACKING SCHEDULE FOR CSM-SWS
M=5 RENDEZVOUS SEQUENCE

Ll .
= ;
o HORIZONTAL DISPLACEMENT (nmi)
@2 BEHIND 100 290
I T
= |Mcc2
o |
o0

= 04t ‘\T.';____M\(..kNSR
€ ! | XXT ONLY
—_
=
= 27T o D
<
u SXT ONLY
%
= 30T W
<C
(@)
=
[EN]
>
40+

RELATIVE MOTION - CURVILINEAR - SWS CENTERED

Figure 4.2.1-4. Typical Tracking Schedule for CSM-SWS Rendezvous
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TYPICAL &R, 6V UPDATES FOR

SKYLAB M=5 RENDEZVOUS
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Figure 4.2.1-5. Typical VHF and SXT §R, év Updates
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21,
22,
23.

24,
25,

26.

27,
28,
29.

30,
31.

4b.

P36 (VERB 37 ENTR 36 ENTR)

Start Rendezvous Navigation Program (P20),

Display request to perform MINKEY,

Execute maneuver to track attitude and perform TPM (MCC1) targeting
program (P36),

Perform Powered-flight Prograrh (P40/41),

Execute maneuver to track altitude and perform TPM (MCC?2) targeting
program (P36),

Perform Powered-flight Program (P40/P41), Continue to step 29,

P37 (VERB 37 ENTR 37 ENTR)

Start Rendezvous Navigation Program (P20),

Display request to perform MINKEY,

Execute maneuver to x-axis tracking attitude and perform rendezvous
final phase program (P37),

Perform Rendezvous Thrust Monitor Program (P48)

Upon crew's exit from P48, flash VERB 37 to request selection of new
program. END OF MINKEY SEQUENCE,

P38 (VERB 37 ENTR 38 ENTR)

Start Rendezvous Navigation Program (P20),
Display request to perform MINKEY,
Execute maneuver to track attitude and perform PC program (P38),
Sequence I-(NPG;g # O ft/ sec)
Perform modified P52 IMU alignment-PRO on FL V50 N25
(R1=00020) ,
; Perform Powered-flight Program (P40/P41) ,
Call P20 to return spacecraft to tracking attitude,
. Re-establish IMU alignment (Modified P52).
Continue to step 5,
Sequence II-(NPCVG # O ft/sec)
. Omit IMUalignment = ENTR on FL. VERB 50 NOUN 25 (R1=00020),
. Perform RCS Powered-flight Program (P41),
Continue to step 5, ' ,
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4c, Sequence III-(NPCVG = O ft/sec)
Omit PC maneuver,
D Terminate Plane Change Sequence flash VERB 37 to request selection
of new program.
END OF MINKEY PLLANE CHANGE SEQUENCE

4,2,1,2,6,2 Heads-up/Heads-down Option.,~~A heads-up rendezvous is defined as a
rendezvous with the spacecraft oriented such that its Y-axis lies approximately
along the negative of the angular momentum vector; a heads-down rendezvous is
defined as a rendezvous with the spacecraft oriented such that its Y-axis lies
approximately along the positive of the angular momentum vector. Whether the
rendezvous orientationis heads-up or heads-downis determined by the value loaded
in NOUN 78, Register R3. (+000.00 deg designates heads-up; +180,00 deg designates
heads-down,) When the rendezvous sequence is first initiated, NOUN 78 (R3) is
automatically loaded to +000.00 deg if HDSUPFLG is set; automatically loaded to
+180,00 deg if HDSUPFL.G is reset,

NOTE,—HDSUPFLG configuration can be changed by the
Channel and Erasable Modification Routine (R01), The flag
is only looked at, however, when MINKEY is first selected
~—by PRO to FL. VERB 50 NOUN 25 (R1 = 00017) and Option
4 of P20 has not been previously selected (RNDVZFLG and
AZIMFLAG set). Once the MINKEY sequence has begun,
therefore, changing the configuration of HDSUPFLG will
haveno consequence (unless P20 is ''permanently'' terminated
—see Figure 4.2,1-1-—and MINKEY re-selected),

The contents of NOUN 78 (R3) can be manually changed,
‘however, without interrupting the MINKEY sequence, by
keying VERB 23 NOUN 78 ENTR and loading the desired
OMICRON, The CMC will then compute and execute a
maneuver to the newly designated orientation,—~NOUN 78
is interrogated on every pass through the Tracking-attitude
Routine (R61), or once about every 8 seconds—unlessdelayed
by R22 mark processing,

Temporary interruption of the MINKEY sequence——by manual
selection of P40 for example——can be effected without concern
that the last-designated heads-up/heads-down option will be
affected when the MINKEY sequence is reinitiated at one of
the reset points, e.g., VERB 37 ENTR 35 ENTR.,

When the rendezvous sequence is first initiated (at any reset point), NOUN 78
Registers R1 and R2 are automatically loaded with the preset values +000.00 and
-035,00 deg respectively (preferred tracking attitude). If the crew wishes, he can
subsequently change the preset values by keying VERB 2x NOUN 78 ENTR. As

with R3, the last-loaded values will be unaffected by subsequent reset-point entries
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to the rendezvous sequence, so long as RNDVZFLG remains set. When the
Rendezvous-final Program (P37) is initiated, however, whether manually or in the
MINKEY sequence, Register R1 and R2 is changed automatically to +000,00 deg

(X-axis tracking attitude). Subsequent entry at a MINKEY reset point would then
result in X-axis tracking.

4,2,1,2,6,3 Plane Changes., —The essential points of plane-change targeting are
that the paths of two bodies in noncoplanar orbits about the same center of mass
will cross every 180 deg, that the maximum displacement between the orbits occurs
90 deg out of phase with the crossings, and that the rate of displacement change is
greatest at the crossings and is zero at the points of maximum displacement, Thus,

the rate (Y-dot) that the lateral distance (Y) between the two bodies changes is

greatest at the crossings, or nodes (Y= 0), and is least (Y-dot= 0) at the points of

maximum displacement (antinodes).

s

<e

This allows the following scheme for establishing coplanar orbits during rendezvous:

i1 At any given time, the active vehicle performs a thrusting maneuver
resulting in Y-dot = 0, thus establishing an antinode and, 90-deg later,
a node (Y = 0, Y-dot = maximum).

2 :«—90deg—->:
Y e |
]
Y,
*.90 N80 .0 V-0
0 I\\ Y
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|| = | = ”>
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)

4-58



2 A second thrusting maneuver is performed at the node in order to null

Y-dot and, thereby, establish the coplanar condition (Y = 0, Y-dot = 0).

4.2,1.2.6.4 W-Matrix Reinitializ‘ing.—A salient feature of MINKEY rendezvous
sequencing is the elimination of the crew's task of periodically reinitializing the
error-transition (W-) matrix, Crew responsibilities regarding the W-matrix during
manually sequenced rendezvous are discussed in Users' Guide subsection 4.1 and
paragraph 4.2.1.2.5. Asaresult of mission experience, the behavior of the W-matrix
during rendezvous can be predicted with sufficient confidence to incorporatea MINKEY

reinitialization scheme that totally relieves the crew of W-matrix consideration,

The reinitialization (WRI) scheme shown in Figure 4.2.1-6 is essentially a
mechanization of the ground rules provided to the crews for improvising a manually
sequenced, contingency WRI schedule. The basic considerations are (1) to avoid
premature reinitializations, which would degrade the W-matrix's error-correction
and correlation performance; (2) to avoid late reinitializations, which would allow

the W-matrix to become superannuated. Specifically, a superannuated W-matrix is

one that has either (a) shrunk to the point that incoming measurements are
downweighted excessively (loss of filter gain) or (b) disintegrated in accuracy to
the point that it is no longer reliable. Loss of filter gain is a function of the

measurement geometry and the number of marks taken since the last WRI and is

the result of incomplete error modeling; loss of reliability is a function of time
since the last WRI and is the result of incorrect error modeling due to computer
storage limitations. Since geometry is a factor in the loss of gain, determining
when the loss will occur requires a bit-by-bit analysis of simulated computer
operations for a particular mission; determining how long the W-matrix can be
extrapolated before it becomes unreliable is more difficult, since a major factor is
the accuracy of the vehicle state vector not being updated. A generalized scheme
that can be mechanized for all contingencies is possible, however, by following a
minmax concept of reinitializing more often than may be necessary but less often

than would significantly degrade performance.

Accordingly (Figure 4.2.1-6), the principal criterion for allowing a WRI after other
than a first mark following a maneuver is whether a specified minimum time
(WRDTIME) has elapsed since thelast WRI, Typically, WRDTIME is about 40 minutes
—long enough for effective correlation and smoothing, short enough to occur well
before superannuation, The second criterion is whether no more than a specified
maximum time (MINBLKTM, typically 5 minutes) has elapsed since the last mark,
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Figure 4.2.1.-6. Strategy for MINKEY - Rendezvous W-matrix Reinitialization (WRI)
(This figure is intended to illustrate the general strategy for automatic W-matrix

reinitialization.

It is not intended to rigorously define program coding. For

specific details of coding, therefore, refer to Figure 2,5,3 in GSOP Section 5. )
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If more than MINBLKTM has elapsed since the last mark (VHF or SXT),>°< WRI will
be INHIBITed @ for three marksinorder to allow W-matrix correlation to reduce
error buildup during the no-mark period. The third criterion for allowing WRI is
whether more than a specified minimum time (TBEFCOMP) remains before the
final targeting computation., For example, TBEFCOMP will have a preset value of
about 10—15 minutes, allowing a sufficient period of post-WRI tracking to provide a
correlated W-matrixand a best state-vector estimate for the targeting computation.
If the other criteria have been satisfied and more than TBEFCOMP remains before

final targeting, WRI is allowed and the mark is incorporated,

Before transfer-phase initiation (TPI), the nominal flow for a first mark following
a maneuver is to INHIBIT @ WRI until three marks have been accumulated, The
exception to this is when, as a result of the TBEFCOMP restriction preceding a
maneuver, the W-matrix ige_would exceed MAXWTIME (~1 hour) should WRI be
INHIBITed. For this contingency, WRI is specified @ to occur before the

first mark is incorporated.

The other condition when WRI occurs before the first mark is incorporated is in
the nominal-flow situation following TPI. The post-TPI geometry is such that filter
gain deteriorates more rapidly than in the pre-TPI phase, Consequently, with both
VHF and SXT operating, the nominal post-TPI procedure gives higher priority to
restoring filter gain than to correlation: WRI occurs on the first mark, and is
prohibited @ on subsequent marks,

Correlation in the unmeasured dimension becomes obligatory, however, when data
are being incorporated from only one sensor (as signaled by the crew's VERB 57
ENTR, toload R2of N12 with 00001==FULTKFLG set). The post-TPI, single-sensor
strategy, therefore, is to reinitialize the W-matrix only once between TPI and the
second midcourse correction (MCC2)., The strategy is mechanized as follows,
The first mark following TPI is incorporated without WRI; since subsequent marks
between TPIand the first midcourse correction (MCC1) will not passthe TBEFCOMP
criterion, no WRI can occur during the TPI-MCC1 phase, Following MCC1 (or any
midcourse correction), however, a WRI is specified to occur after the first
three marks have been incorporated —regardless of the single WRI, occurring
three marks after an MCC, ensures the best post-TPI trade-off between the

requirements of one-sensor correlation and filter gain,

*

Throughout the MINKEY section of the Users' Guide, reference to ''SXT'" reflects
nominal conditions, Unless specified otherwise, however, the COAS optics can be
used as back-up.
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4.2,1.2.6,5 Plane-change IMU Alignment.—Unless the change~plane component was

quite small, a plane-change maneuver would require rotating the X-axis normal to

the orbital plane.

The MINKEY procedure for avoiding plane-change gimbal lock is to perform the

following sequence, incorporating a modified P52:

1.
2.

A new REFSMMAT is computed for a Z-gyro torqued 45 deg.

Resulting gimbal angles are computed and displayed (VERB 06 NOUN
22) for a Z-gyro torqued 45 deg. Crew keys PRO.,

VERB 50 NOUN 25 (R1 = 00020) request crew to, ''Please perform
MINKEY PC pulse torquing.'

Crew keys PRO, and the Z-gyro is pulse-torqued 45 deg. (An ENTR
response bypasses pulse torquing and calls P41, then proceeds to a
Flashing V3T7).

NOTE.=—Once PRO is keyed on the VERB 50 NOUN
25 display, the plane-change sequence must not be
interrupted. Sequence must be allowed to complete
in order to reestablish original IMU alignment,

During torquing, present gimbal anglesaredisplayed by VERB 16 NOUN
20. At completion of torquing, the display blanks and P40/ P41 is called,
After regular P40/P41, the CMC calls P20 to perform automatic

maneuver to tracking attitude,

NOTE.,—Should it become necessaryto manually avoid
gimbal lock during the maneuver back to the tracking
attitude, the program will proceed to step 7, and the
crew will have no display available (NOUN 18) for
viewing thedesired gimbal angles. Unlessthe original
maneuver to burn attitude attempted to go through
gimbal lock, however, the return maneuver to tracking
attitude is not likely to require manual intervention.
Should manual maneuvering be required, the crew can
fly the spacecraft back into plane (referencing the FDAI
Ball), then respond to the pulse-torquing request, When
pulse torquing has completed, the program will proceed
to the next reset point, and, if further maneuvering is
necessary, the crew will be requested (FL. VERB 50
NOUN 18) to perform a maneuver to tracking attitude.

When tracking attitude obtains, the program returns to the P52 subroutines
and completes the first three of the above steps in order to reestablish
the original alignment,

Crew keys PRO, and the Z-gyro iAs pulse torqued to original alignment,

NOTE.—An ENTR response here produces an Alarm
00402. Crew must perform pulse torquing,

During torquing, the present gimbal angles are displayed by VERB 16
NOUN 20. At completion of torquing, the display blanks, and program
proceeds to a Flashing V37,
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4.2.1.3 R27, VHF Range Rate Mark Processing Routine

The VHEF Range Rate Mark Processing Routine (R27) maintains, during rendezvous,
an estimate of the relative position and velocity along the line of sight—the range

and range rate-——Dbetween the two spacecraft. This range state vector is independent

of the inertial statevectors carried in the CMC. 1In R27, one-dimensional recursive
%k

navigation is used to provide a least~-mean-squares fit of VHF-ranging data to a

second-order polynomial in time. This polynomial is then expanded about either

the current time or some mission time specified by the crew.

OWS

Unit Horizontal in
Forward Direction

of CSM
B o R Sy r = Position Vector of
= 6 (COAS) P48 only - CSM
Positive LLOS projection on UH l Negative LOS projection on UH
(T.OS above) 0 < E; < 90 deg. (LOS above) 90 < E_ < 180 deg.
(LOS below) 270<E; < 360 deg. (LLOS below) 180 < E; < 270 deg.

Figure 4.2,1.3-1 R27 Relative-motion Parameters:

Range, Range Rate, Elevation Angle

Depending on its calling program, R27 also updates the elevation angle from the
local-horizontal plane of the CSM to the OWS line of sight. This angle is computed
from the CSM inertial state vector and is referred to either as phi, when measured
with the SXT during prethrust targeting, or as theta, when measured with the COAS
during TPF. Figure 4.2.1.3-1 illustrates these R27 output parameters.

&
See paragraph 4.1.2,
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R27 is called automatically by P25 and by P48 and is called at the option of the
crew by P20. Asused in these three programs, R27 serves two distinct rendezvous
functions of the CMC. Tt provides to the crew (1) relative-motion parameters for
specific mission times—the so-called optimized range and range rate—to be usecd
with charts in obtaining back-up targeting solutions, and (2) continual relative-motion
parameters for use in monitoring the braking phase (TPF). Accordingly, the crew
can operate R27 in either of two modes corresponding to these functions—the fixed

mode and the current mode, respectively. A summary of R27 follows:

Calling R27 Primary
Program  Selection Function Purpose
P20 Crew option (R,R-dot, phi) Nominal
for specific GETs  back-up
targeting
P25 Automatic (R, R-dot) Contingency
for specific GETs  back-up
targeting
P48 Automatic Continual Monitor

(R, R-dot, theta) TPF

The remainder of paragraph 4.2,1,3 is both a general discussion of R27 and a
functional comparison of its differing applications to programs P20, P25, and 1’48,
Paragraph 4.2.1.3.1 is an overview of all R27 use. Paragraph 4,2,1.3.2 serves as
the principal explanation of the purpose of R27 with P20, although this material is
also relevant to P25. For an explanation of P25, see paragraph 4.2.5. For P48,
see paragraph 6.2.4.

4.2.1.3.1 Programs Using R27.—P20 calls R27 from the Rendezvous Tracking Data

Processing Routine (R22)—that is, only during the rendezvous-navigation mode of
P20. The P20 options therefore associated with R27 are 0 and 4 only. (See paragraph
4.2.1.2.) With P20, the associated displays of R27 must be called manually by the

crew.

R27 can be enabled or disabled in R22 by the crew's performing Verb 76 or Verb
77, respectively. (See Figure 4.2.1.3-2a.) Since R27 significantly increases the
cycle time of prethrust programs running in the foreground (except P36, with zero
target offsets), the crew should perform Verb 77 prior to keying PRO for a final
computation. Other reasons for disabling R27 include the possibility of continuously
bad VHF data and, as well, the fact that R27 maynot beneeded during such programs
as P30, P37, and P38.
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(Figure 4.2.5-1)

Figure 4,2,1,3-2b.
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R27 is also disabled in R22 if the crew starts P20 by Verb 37 under certain of the
initial conditions of paragraph 4.2.1. (See Figure 4.2.1-1.) Therefore, if the crew
terminates P20 by Verb 56 (or by any other means)—or if Verb 77 is performed—
then Verb 76 must be performed subsequent to re-establishing P20 in order that
R27 be enabled. The recommended procedure for Verb 76 is that it be performed

over the first tIG display of a given prethrust program.

P25 (paragraph 4.2.5) is a contingency program which provides for chart solutions
when the primary targeting programs cannot be used. It consists only of R27 and
its related displays. P48 (paragraph 6.2.4) is a rendezvous braking phase (TPF)
program in which R27 is coupled with the Average-G routine to monitor both the
relative motion of the spacecraft and any CSM thrusting. The displays of these two
programs are automatic and follow directly upon the crew's keying V37TE25E or
V37E48E.” (See Figure 4.2.1.3-2b.)

Initialization. R27 is said to be "initialized" when the two flags R27UP1 and R27UP2
have been reset. This causes the initial values of both the range state vector and
the R27 W-matrix to be recomputed and the mode-switching logic (Figure 4.2.1.3-5)
to be entered. As Figures 4.2.1.3-2 indicate, the crew can initialize R27 at any

time by keying—

1) V3TExxE,** where xx is any program,

2) V76E and PRO on the flashing display.

R27 Marks. With good VHF data, the filter processes a mark each time it is called
by its user program. This R27 mark is unrelated to the VHF marks incorporated
by R22 once per minute. With P20, calls to R27 are regularly made at intervals of
5 seconds, but if R22 must process a VHF or an optics mark, then the succeeding
call to R27 can be delayed by as much as 15 seconds. On an average, the frequency

of R27 marks is:

in P20—every 7 sec (with VHF and optics marks)

—every 5 sec (no VHF or optics marks)

%
P48 is also selected by MINKEY following P37.

>MThis also appiies to the implicit Verb 37 in a MINKEY transition between major
modes.
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in P25—every 3 sec

in P48—every 2 sec

R27 Displays. The three displays associated with R27 are as follows. Their

significance with respect to the two modes of R27 is discussed in paragraph
4.2:1.:3.3.23

FL VERB 06 NOUN 72

Flashing display of the time tD for which the range state vector is

optimized and an elevation angle computed:
R1 +00xxx., hr GET

R2 +000xx. min

R3 +0xx.XxX sec

To accept data, key PRO.

To change data, key VERB 25 ENTR, load GET (tD), and key PRO,

NOTE.—NOUN 72 loaded to zero indicates R27 is operating
in the current mode.

FL, VERB 16 NOUN 76

Flashing monitor of (R1, R2) the range state vector being carried in

R27 and (R3) the difference between the present time and the time in

NOUN 72:
R1 +XxX.XX n.mi, Range
R2 txxxx.x fps Range rate

R3 +xxBxx. min, sec Time-from-tD
NOTE.—R3 of NOUN 76 is elsewhere referred toas "TFO".

FL VERB 16 NOUN 77

Flashing monitor of (R1, R2) either the current or the partly-optimized

range state vector and (R3) either an elevation angle or the code -00001:
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R1 +XXX.XX n.mi, Range

R2 txxxx.x fps Range rate
R3 (P20) +xxx.xx deg Phi
R3 (P25) -00001 Code

R3 (P48) +xxx.xx deg Theta

NOTE.—The code -00001 also appearsin R3 atcertaintimes
during P20 and P48 if an optimization is performed. (See
paragraph 4.2.1.3.3.2.)

4.2.1.3.2 Back-up Targeting, Chart Solutions.— Beginning with NCC, the maneuvers

necessary to effect rendezvous can be targeted onboard by an alternative scheme
to the prethrust programs P33 through P36 (see Section 5.0). This back-up scheme
may be needed in the event of a failed IMU, bad inertial state vectors, or some
other contingency rendering the primary scheme unusable. To maintain this
capability, the crew performs back-up targeting concurrently with each of the
post-NC2 prethrust programs. The back-up solutions can be utilized if necessary,
but in a nominal rendezvous they are used as an independent, onboard means of
verifying the primary solutions. Finally, ground solutions provide for another

independent comparison, thus completing the "no-fail rendezvous' capability.

To obtain back-up solutions through TPI, the crew basically needs to know only the
linc-of-sight range between the two spacecraft at selected points in time. Thesc
data are automatically provided by R27. But, since raw VHF-ranging measurements
can be read "on-the-fly" in the Entry Monitoring System (EMS), even a failure of
the CMC would not in itself preveht a solution. Thus, the only "hard" requirement

for rendezvous by this means is that VHF lock-on be established.

Back-up targeting involves a relationship between the changing range state vector
and thevelocity to be gained atignition. This relationship is determined by preflight
simulations of a large number of trajectories, and it is contained onboard in the
form of charts unique to each maneuver. Output parameters from R27 become
input data to the charts, and the crew must, therefore, specify in R27 the times, in
Ground-Elapsed Time (GET), for which these dataare desired. With each prethrust
program, the crew initiates a sequence of chart data points by loading Noun 72 with
e of that
program. All succeeding data points are then scheduled automatically by R27-—each,

a GET which is some multiple of four minutes before the displayed t
four minutes from the last. (A single data point is elsewhere referred to as tD.)

A back-up solution differs in two ways from a primary solution. First, the tIG for

any maneuver, or for a succeeding maneuver, is never determined by the charts
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but is strictly an input to them, either from the corresponding prethrust program
or from the ground. In particular, P35 may recompute tIG(TPI)——or the ground
may do so—and the difference (At) between this and the nominal time of TPI then
becomes an input to the TPI charts. (See Figure 4.2.1.3-4 and paragraph 5.2.5.)
Second, the output Av components are in X and Z (LV) only, for back-up targeting
assumes the orbits of the two spacecraft to be coplanar. A fully back-up-targeted
rendezvous is accomplished by the crew's leaving any accumulated rate in Y (LV)
to be nulled manually during TPF. (See paragraph 6.2.4.) It is estimated that up
to 50 fps of Y-dot can be thus accommodated.

As Figure 4.2.1.3-3 illustrates, the NCC, NSR, and TPI charts each involve essentially
the same input/output parameters—the range states referenced to some future tIG’

a At between t and the output Av's in local-vertical coordinates. The MCC

S,
charts, howeve}ﬂ(,j1 require range states and elevation angles referenced to a tIG in
the past (TPI), and their output Av's are in line-of-sight coordinates. In the MCC
charts, the elevation angle phi is defined as the angle between the local-horizontal
plane and the sextant line of sight to the OWS. Figure 4.2.1.3-4 shows a complete
timeline for back-up targeting from TPI through MCC2. Except for the constraint
of four-minute intervals on data points, the parameters and times specified in these
figures are subject to mission plans and can be changed. Their inclusion here is
intended to represent typical chart data. The output from R27, however—when

used with P20—is always range, range rate, and phi for every data point.

4.2.1.3.3 R27 Modes.— The fixed mode of R27 is used in back-up targeting and
involves the processing of VHF rharks over a time interval of 190 seconds, at the
end of which the range state vector is said to be "optimized" for the time t,, where
tD is a GET which lies at the center of this interwval.

The -current mode, primarily used during TPF, provides a fresh estimate of the

range state with each successive mark. The time for which R and R-dot are valid,

therefore, is approximately the time at which their display is updated.

The difference between the two modes refers to the two ways in which the range
state vector is related to time. One is precise; the other, immediate., The fixed
mode attains its accuracy by focusing over the entire 190-second interval on the
range state for the time tD’ and, within this interval, the range state for no other
time is available in R27. On the other hand, the range state of the current mode is
no older than the last-accepted R27 mark. Indeed, the rate at which R27-mark
processing takes place largely determines the need in back-up targeting for the

fixed, instead of the current, mode. In TPF, this rate is about one mark every two
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seconds, but, during prethrust targeting, the time between marks can be as great
as 20 seconds. In this instance, the current mode would yield an uncertainty of at
least 10 seconds in the range state—an error unacceptable for chart solutions.
The fixed mode not only precludes such an uncertainty but refines the estimate of
R and R-dot at precisely tD to an accuracy of +.00 n.mi, in range and 0.1 fps in
range rate. Current mode accuracy is +.00 n.mi. and +0.4 fps for the time of each
R27 update. (These values are for a nominal marking schedule during post-NC2
targeting, in which the frequency of R27-mark processing averages once every 7

seconds.)

The elevation angles phi and theta are each computed to correspond to the time of
the range state of each of the two modes. The crew, therefore, will most likely

use these angles as follows:

Phi (P20) — Fixed mode: ¢ computed for a SXT sighting at tye
Theta (P48) — Current mode: 6 computed for a COAS sighting at the

current time.

But the time for which either angle is computed depends upon the R27 mode used,
That is, the crew can select the current mode with P20 (and phi would then be
continually updated to the present time), or it can select the fixed mode with P48

(and theta would be computed for tD.)

4,2.1.3.3.1 Mode Selection.—The crew controls the selection of R27 modes only
by appropriate loading of Noun 72, If, when R27 is initialized, this noun contains a
GET in the past, the current mode will be established and will continue until the
crew loads Noun 72 with a time in the future, When this is done, a sequence of
optimizations will be established in which R27 alternates from one mode to the
other automatically, with the first of these optimizations for that time loaded in
Noun 72. Tt is important to note that, once a particular tD sequence is established,
the crew should then change Noun 72 only when R27 is operating in the current
mode, i.e., between optimization intervals of that sequence, This restriction is
further amplified in paragraph 4,2.1.3.4. The remainder of this paragraph presents
in some detail the content of the above. (Refer to Figure 4,2.1,3-5.)

Selection of the current mode is made automatically whenever one of the following

is true:
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1. Noun 72 contains a GET of zero,
sk
2. Noun 72 contains a GET in the past,
3. Noun 72 contains a GET in the future by at least 95 seconds.

Condition 1 is the prime means for the crew's continuing R27 in the current mode.
This condition causes P25 and P48 tobypass the Noun 76 display—which is redundant,
but still valid, with this mode—and to go automatically to the Noun 77 display.

Condition 2 keeps R27 operating when lacking a t. in the future. For example,

D
when P20 is re-established after a thrusting maneuver and the GET in Noun 72
represents the last tD before the maneuver—then, by Condition 2, R27 will be on

and converging to the steady state while "waiting" for the crew to load the next tye

Condition 3 is true during the approach to an optimization interval, either the first

or the nth of the tD sequence.

Upon initialization, the time required for the filter to converge to its current-mode
ek

accuracy of +0.4 fps is, typically, 250 seconds with P20, (See the RMS errors of

Figure 4.2.1.3-6.)

Selection of the fixed mode is made automatically whenever Noun 72 contains a

GET in the future by not more than 95 seconds—that is, if the time of at least one
processed mark, tl\/[’ falls within the first half of an optimization interval:

(t -95)<tM'<t

D D~

Once established, the fixed mode remains operative until R27 accepts a mark such
that tM > (tD + 95). At this point, with the present optimization complete, the
erasable registers containing tD (Noun 72) are automatically incremented by four
minutes, thereby continuing the sequence. Condition 3, above, is now true, and R27
reverts to the current mode., For all R27 use, regardless of whether the filter has
had time previously to converge, the full 190 seconds is required for convergence

to the fixed-mode accuracy of 0.1 fps.

*
This doesnot refer to the second half of the optimization interval., (See "Selection
of the fixed mode. ")

ok »

This time delay is considerably less with P25 and P48 because the frequency of
their mark processing is about three times faster. (See paragraphs 4.2.5.1 and
6.2.4.1.)
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Inorder toensure that acomplete optimization is performed for tD’ the crew should
load Noun 72 no later than 95 seconds in advance of tD' To ensure only that a
particular tD sequence is established—that is, should the first optimization of the
sequence be of no importance—the crew must still load Noun 72 enough in advance

%
of tD (at least 20 seconds with P20 ) to cause the fixed mode to be entered.

4.2.1.3.3.2 Mode Displays, Procedures.—Noun 76 and Noun 77 each contain arange
and range rate associated with a particular time. With either mode, Noun 77 can
be considered primary, and Noun 76 secondary. That is, Noun 77 provides the
available R27 output parameters, and Noun 76 provides information about the time(s)
for which these parameters are valid. The remainder of this paragraph presents
the significance of these nouns as they might be used together during each of the

two modes. (Refer to Figure 4.2.1.3-6.)

Displays with the current mode.

The range and range-rate displays (R1, R2) of both Noun 76 and Noun 77 are always

identical and updated simultaneously.

R3 of Noun 76 (TFO) is static at +59B59 if Condition 1 istrue (paragraph 4.2.1.3.3.1)
and is counting if either of the other conditions is true. TFO is static in any case,
however, if NOUN 72 contains a time which is more than an hour in the past or

future.
R3 of Noun 77 (elevation angle) contains:

with P20 —the current ¢, provided a computation cycle is not at the same
B
time being performed by any of the prethrust programs ﬁ;
with P25 —the code -00001;

with P48 —the current 0.

Displays with the fixed mode.

Noun 76 always displays whatever range state is being carried in the filter. The

extrapolation of the range state from the current time to the time tD can, therefore,

sk
This allows for possible R22-mark processing.

\

ok
The current ¢ is updated only if the integration routines are not in use.
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R

be monitored in Noun 76 as R27 enters the optimization interval, Throughout the
interval, Noun 76 is continually updated with the improving estimate of the range
state for tD' Iinally, at the end of the interval, the fully-optimized range state is
seen to be extrapolated from tD up to the current time, and the process is ready to

begin again for the next data point of the sequence.

R3 of Noun 76, during the optimization, counts down to +00B00 and up to at least

+01B35. Withthenext-accepted R27mark, occurring in 61 seconds (Figure 4,2.1.3-6),

the counter becomes negative and begins counting down to the next tD'

Noun 77 yields the results of the optimization. During the first half of the interval,

R1 and R2 are frozen with the values of range and range rate just prior to the
initial extrapolation. In other words, the last-computed "current" range state is
displayed in Noun 77 until the arrival of tD itself. By this time, the range state for
tD has converged approximately to the steady-state accuracy (Figure 4.2.1.3-6),
and, at tD + 52, it first appears in Noun 77 as a partially-optimized range state.
R1 and R2 of both nouns are now identical and being updated simultaneously. The
extrapolation from tD to the current time appears in Noun 77 at the time of the

first mark after tD + 95—that is, at t + 95 + 61.

D

Note.— The crew must record all optimization data before
the arrival of t. + 95 (TFO = +01B35), after which time
these data are replaced by current values.

If using the range-only charts (pre-TPI), the crew can consider the optimization

complete at tD + 52, since further improvements in the optimized range estimate

are generally too small for DSKY resolution.

If using the MCC chartg, the crew should wait until nearly the end of the interval in
order to obtain the most accurate value of the optimized range rate (see Figure
4.2.1.3~-6). Assuming the Digital Event Timer (DET) to be counting up from tIG(TPI),
the recommended procedure is that the crew read the fully-optimized range rate at
DET = +10:00 for MCC1, and at DET = +22:00 for MCC2, (See Figures 4.2.1.3-3
and -4.) These times each correspond to TFO (Noun 76) equal to +01:30—that is,
just before the end of the interval. This procedure also assumes that the crew
reads the optimized range and the elevation angle ¢ in Noun 77 just before keying
PRO at DET = +9:00 and at DET = +21:00 to obtain the primary MCC final solutions.

R3 of Noun 77 displays the current elevation angle—exactly as it does with the

current mode—until R27 accepts a mark within 20 seconds of tD' At this point

(t 20 + 61), the code -00001 appears, indicating (1) that any R22-mark processing

I "
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is inhibited, (2) that the CDU ''snapshot" at t,, is imminent, and (3) that the

next-displayed elevation angle will be for tD'

D

The crew should have the SXT boresighted over a period of time from one second
before tD to one second after. This ensures that the CDU angles are correct when

*
the snapshot occurs.

The elevation angle phi at tD is computed by precision integration and appears in
Noun 77 in 63 seconds after tD (Figure 4.2.1.3-6). R22 is now free to process

marks. If a prethrust computation cycle should have been entered before t phi

Dl
will be further delayed. A maximum delay would occur during a computation cycle

in P33 and would be approximately 30 seconds beyond 63.

With the first mark after tD + 95, the code -00001 once again appears. Here, the
code indicates (1) that the optimization is completed and Noun 72 has been updated,

and (2) that the next-displayed elevation angle will be for the current time.

Because of an anomaly**i(n R27, there exists a 4-percent probability that the computed
phi at tD will not be displayed-—i.e., that R3 of Noun 77 will still contain the code
-00001 after bty * 10 sec. If this should occur, the crew can use Erasable Memory
Program SL1 to recover the desired value. With this EMP, the crew loads Noun
26 with the priority and the address of the job which computes phi at tD’ then performs

Verb 30 to cause the job to be executed. The crew procedure is as follows:

1. Key:
VERB 25 NOUN 26 ENTR
27001 ENTR
02410 ENTR
60002 ENTR.

If, following the CDU snapshot, phi is not displayed within 10 seconds,

then—

2. Before tD + 85 seconds, key:
VERB 30 ENTR.

%
The window extends over the interval (-0.64 sec < tD < +0.64 sec), within which
the snapshot can occur anywhere.

**Skylark Anomaly SKY-001.



4,2.1.3.4 Restrictions and Limitations.—Once the fixed mode has been entered,

R27 automatically performs a sequence of optimizations, one every four minutes,
with 50 seconds of current-mode operation between optimizing intervals. Nominally,
the crew would not wish to change a sequence after it has begun, but, should this

become necessary, the following procedure is recommended:

To alter the tD sequence, change Noun 72 via'V25N72E, but only during intervals of

the current mode. Changing this noun during a fixed-mode interval will invalidate
the range state, and the filter will require initialization. Verb 76 can, of course,
be used tochange Noun 72 at any time, but this method has the attendant disadvantage
of the delay in accuracy of the range state because of the time required for the
filter to attain the steady state.

R27 is prevented from processing marks whenever a Noun 49 is being displayed
(indicating an excessive state vector update), or for as long as the VHF data-good
discrete is absent. The effect on R27 is the same in either case: the range state
is not updated for the duration of the delay. Such a delay can significantly affect
R27 performance only if it continues for more than 45 seconds—at which point, the
RMS errors on the fully-optimized range and range rate begin to be larger than the
nominal values (see Figure 4.2.1,3-6). The'"worst-case' delay is that which begins

before tD - 95 seconds and continues past t this will cause both a less-accurate

D
*
computation of phi at tD and the termination of the tD sequence itself, Should this

occur, the sequence can be re-established only by the crew's loading Noun 72,

4.2.1.3.5 Restarts.—R27 maintains a permanent range state vector. A restart
occurring during the processing of a mark, in effect, means that R27 will ignore
the mark., The TFO counter in Noun 76 and the CDU snapshot at tD are both

restart-protected.

An anomaly exists in the restart protection of the computation of phi after the snapshot
at tD.** A restart that occurs between tD and the time of the display of phi will
result in anew CDU-shapshot at the time of the restart. Phiwill then be recomputed
and will be in error. If the SXT were boresighted at the instant of the restart, the

error would be equivalent to the change in the LOS direction since tD‘

*

In this case, as part of the computation of phi, the CSM state vector would be
conically integrated to the time in the AGC clock (near tD) instead of precision-
integrated to tD'

sksk
*Skylark Anomaly SKY-002.
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4.2.2 P21, Ground-track Determination

P21 is used to provide the astronaut with details (latitude, longitude and altitude) of
his ground track without theneed for ground communication. The astronaut specifies
a time (GET) and vehicle (CSM or OWS). The program integrates the appropriate
vehicle state vector to that time, converts it into latitude, longitude, and altitude,

and displays the result.

An optional trajectory parameter display, NOUN 73 displays the altitude (range),
velocity, and flight-path angle of the trajectory that results from extrapolating the

current state vector of the CSM to some future time.

Table 4.2.2-1 lists the displays that occur in P21 with descriptions of the associated

program features. Figure 4.2.2-1 is the program flowchart.
4.2.2.1 Advanced Ground-track Determination

The astronaut can specify a future time to the program and have his coordinates
(latitude, longitude, altitude) for that time returned., An optional recycle on the
final latitude-longitude-altitude display will cause the program to return to the sec-
ond display where the desired time was input (VERB 06 NOUN 34) and return the
time originally specified incremented by ten minutes. The astronaut can then PRO
to obtain the T LAT LONG corresponding to the original GET plus ten minutes, or
reject it by keying VERB 25 ENTR and overwrite any desired T LAT LONG.

4.2.2.2 Limitations

To predict the future orbital position of a vehicle (OWS or CSM), P21 must obtain a
precisionintegration of its state vector over the specified time interval. The further
in advance the request is made (i.e., the larger the extrapolation interval), the less
precise is the coordinate information returned. The quality of the precision
integration—and therefore the predictions—is determined primarily by the quality

of the potential model used in the integration routine for the earth gravitation.

On the first pass through P21, the program uses precision integration to compute
the desired vehicle state vector at the specified T LAT LONG. Subsequent
computations via the VERB 32 ENTR option use the previous state vector to start
the next iteration without, however, ensuring that subsequent integrations are
precision. Useof the VERB 32 ENTR option depends on the closeness of the desired
times. If the times are reasonably close, the option should be used. If not, it is
quicker to reselect P21.
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TABLE 4. 2. 2-1

P21 (CSM) GROUND-TRACK DETERMINATION PROCEDURES

DSKY

Register

Comments

Key V37 E21E

FL V04 NO6

FL V06 N34

FL V06 N43

V06 N73E

FL V37"

DSKY P21

R1 00002
R2 00001
R3 Blank

R1 ooxxx. hr
R2 oooxx. min
R3 oxx. xx sec

R1 xxx. xx deg
R2 xxx. xx deg
R3 xxxx.x n, mi,

R1 xxxxxB n, mi,
R2 xxxxx. fps
R3 xxx. xx deg

Only requirement for P21 is a valid
state vector. ISS not required.

Vehicle code in R1=00002

R2=00001 indicates this vehicle;
R2=00002 indicates other vehicle: Key
PRO if correct; keying V22E will blank
R2, permitting vehicle code to be
changed.

Request load desired GET (T LAT LONG)
in hours, minutes, and seconds to near-
est 0.01 sec. For present time set R1,
R2 and R3 to all zeros. PRO to compute
latitude, longitude, altitude for specified
GET; V25E to change time.

Program displays vehicle latitude and
longitude in degrees to nearest 0. 01 deg
in R1 and R2 (+is North or East, re-
spectively) for specified GET. R3 con-
tains altitude in nautical miles to nearest
0. 1 n. mi. measured from launch pad
radius (earth).

V32E will increment GET (T LAT LONG)
initially specified by 10 minutes; recycle
to VO6N34 display. T LAT LONG may
then be overwritten via V25E to any de-
sired time.

Keying PRO or V34E will terminate P21,

Altitude to nearest 10 n. mi.

Inertial velocity to nearest 1 fps.

Flight path angle to nearest 0. 01 deg.
This display may be obtained in P21 any
time after integration is complete.
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4.2.3 P27, CMC Update

The CMC Update Program, P27, is used to insert update data into the CMC by
digital uplink or by DSKY entry. P27 is entered via one of four extended verbs
uplinked by the ground or keyed in by the crew; each verb designates a different

type of input:

a. VERB 70 ENTR—provides ground capability to update the liftoff time.

b. VERB 71 ENTR—provides ground capability to update from 1 to 18
consecutive erasable memory locations whose address is specified as
part of the input.

e VERB 72 ENTR-—provides ground capability to update from 1 to 9
individually specified erasable locations, which are not necessarily
consecutive.

d. VERB 73 ENTR—provides ground capability toincrement or decrement
the CMC clock only.

Any ground command sequence normally transmitted via the uplink can be done by
the crew instead via the DSKY. It is possible (though it is unlikely) for the ground
to transmit input data by voice communications and for the crew to key in the update
(manual-input option). A more likely use of the crew manual-input option is for
correction of uplinked data. Tables 4.2.3-1 and -II show the P27 DSKY displays

and extended verbs, respectively.
4.2.3.1 Extended Verbs

The four extended verbsused for entry to P27 are functionally different. The verbs

and the procedures associated with each are explained below.

4.2.3.1.1 VERB 70 ENTR.—VERB 70 allows the ground or crew to update the time
of liftoff. The crew loads the time as xxxxx ENTR xxxxx ENTR, i.e., two pieces of
data appear successively in R1 of the DSKY. After ENTR has been keyed—to give
the crew an opportunity tocorrect the data—P27 displays a flashing VERB 21 NOUN

02 with the following registers:

R1 = Blank
R2 = Blank
R3 = xxxxx, the address in memory where the identifier will be loaded if a

correction is to be made.



TABLE 4.2.3 -1

DSKY DISPLAYS ASSOCIATED WITH P27 (CSM)

DSKY Initiated by Purpose Condition Register
FL V21 NO1 P27 Request load of | R3 contains ECADR*| R1 Blank fxxxxx
index where index is to be | R2 Unchanged
loaded; R1 displays | R3 xxxxx
data as loaded
FL, V21 NO1 P2t Request load of |R3 contains address | R1 Blank (kxxxx
data where data are to be | R2 Unchanged
loaded; R1 displays |R3 xxxxx
data as it is loaded
FL V21 NO2 P27 Request load of [R3 contains address |R1 Blank
octal identifier |where identifier R2 Unchanged
is to be loaded R3 xxxxx

*ECADR is an erasable memory constant.
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TABLE 4. 2. 3-11

EXTENDED VERBS USED WITH P27 (CSM)

VERB Identification Purpose Remarks

70 ENTR Liftoff time update Select P27 for Refer to paragraph
liftoff time update |4.2.3.1.1

71 ENTR Contiguous block Select P27 to up- Refer to paragraph

update date from 1g to 22g/4.2.3.1.2

consecutive eras-
able memory lo-
cations in the same
EBANK?*,

72 ENTR Scatter update Select P27 to up~ Refer to paragraph
date from 1gto 11g(4.2.3.1.3
not necessarily
consecutive eras-
able memory lo-
cations.

73 ENTR Octal clock Select P27 to Refer to paragraph

increment .

increment or de-
crement the CMC
clock

4.2.3.1.4

* EBANK is an erasable memory bank.
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To correct some of the update data, the crew can respond to the flashing VERB 21
NOUN 02 by keyingin a 2-digit octalidentifier followed by ENTR. The octal identifier
specifies which piece of data (01 or 02) is to be changed. The DSKY then flashes
VERB 21 NOUN 01 to request the new value. If an unacceptable octal identifier is
entered, the program disregards the entry and continues to flash VERB 21 NOUN
02.

P27 verifies that the double precision octal time (i.e., the 10-digit number entered
above) can be subtracted from the CMC clock without causing overflow. If the
subtraction can be made, P27 proceeds to increment TEPHEM and decrement the
CMC clock, the CSM state vector time, and the OWS state vector ‘cime.»<

4.2.3.1.2 VERB 71 ENTR.—VERB 71 allows the ground or the crew to initiate a

contiguous erasable-memory update. VERB 71 can be used to load any contiguous

block of erasable memory; but it is usually used to perform the following updates:

CMC CSM/OWS state vector update
CMC desired REFSMMAT update
CMC REFSMMAT update

CMC External Av update

CMC retrofire External Av update
CMC entry update

S - O

The VERB 71 data are entered according to the following format:
II ENTR
AAAA ENTR

xxxxx ENTR
xxxxx ENTR

xxxxx ENTR
where:

II is a 2-digit octal number between 3‘8 and 248——the index value representing

the total octal number of numeric quantities to be loaded.

sk
TEPHEM is ephemeris time.
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AAAA is the erasable memory address of the first data word of the update

datablockto be processed. For one data load operation, all update parameters
must ultimately be stored in the same EBANK (erasable memory bank).
Therefore, the starting address and the length of the block must be chosen so
that the complete load can be contained in the same EBANK. Bits 1-8 of
AAAA indicate the relative address (0—3778) within the selected EBANK and
bits 9-11 identify the desired EBANK (0—7). The format just described is
the format of an erasable memory constant called an ECADR. The relative
address plus the index minus 3 must be less than or equal to 3778. The

example below illustrates this explanation.

If the EBANK equals 3 and the relative address equals 3068, AAAA would

have the following bit configuration:

01 111 000 110
e

I——-—*—Bits 1 - 8 give the relative address
within the EBANK,

> Bits 9 - 11 identify the desired EBANK

The crew would key in the octal value 1706.
xxxxx is octal data to be loaded.

The crew responds to the first request for data (flashing VERB 21 NOUN 01) by
keying in the 2-digit octal index and visually verifying it (as displayed in R1) before
keying ENTR. The program flashes VERB 21 NOUN 01 until a legal valueis entered
—as indicated by a change in the contents of R3. An incorrect index value perceived
before ENTR has been keyed can be altered by keying CLR and keying inthe correct
value. Once anincorrect indexvalue has beenentered, the only means of recovering

is to terminate the update (VERB 34 ENTR) and to re-initiate the update verb.

The second octal data word the crew enters must be the erasable memory address
of the first word of the update block. The crew then loads the update parameters

to be stored in sequential memory locations.

As each data word is loaded, a counter is incremented so that the last ENTR of the
update sequence causes P27 to flash VERB 21 NOUN 02 to request acceptance, or



modification, of the data. Keying in VERB 33 ENTR (data accepted) causes P27 to
transfer the data to the specified block.

4.2.3.1.3 VERB 72 ENTR.—VERB 72 allows the ground or the crew to initiate an

erasable memory update in not necessarily contiguous locations. The VERB 72

data format is as follows:

II ENTR

AAAA ENTR
xxxxx ENTR
AAAA ENTR
xxxxx ENTR

AAAA ENTR
xxxxx ENTR

where:

Il is a 2-digit octal number between 38 and 238. The index II must always be
odd since it includes the index and the address data pairs (i.e., AAAA and
xxxxx). If the index entered is even when it is checked after VERB 33 ENTR,

P27 will reject all the data and terminate.

AAAA is the erasable memory address of the location to be loaded with the

xxxxx immediately following.

xxxxX is octal data to be loaded.
Except for the format, VERB 72 is operationally similar to VERB 71.
4.2.3.1.4 VERB 73 ENTR,— The crew keys VERB 73 ENTR to initiate a double-
precision octal time increment. The loading procedure for this update is identical

to the VERB 70 update defined in paragraph 4.2.3.1.1. If the update data are

acceptable, the data are used to increment the clock. No delay is encountered if

fhe Orbital Integration Routine is in use, since the information used by that routine
cannot be changed by the CMC clock update.
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4.2.3.2 P27 Procedure

Figure 4.2.3-1 gives the logical flow of P27. Figure 4.2.3-2 gives two examples of

manual data loads.

Before entering P27, the CMC major mode must be P00, P02, or P20 (options 1, 2,
or 5) and the DSKY must be available.

P27 can be manually selected by the astronaut's keying in one of the four extended
verbs on the DSKY. The program can also be selected by the ground via uplink
transmission. If the latter is done, the crew must place the UP TLM ACCEPT/
BLOCK switch to ACCEPT. The manual update is described in the following program
procedures. Uplink update is done in the same way, except that the crew functions

are performed from the ground.

P27 is entered by keying VERB 70 ENTR, VERB 71 ENTR, VERB 72 ENTR, or
VERB 73 ENTR. If another extended verb, a marking display, or a priority display
is active when one of the four verbs is keyed in, the DSKY will not be available,
and P27 will illuminate the OPR ERR light. The crew should restart the program
when the DSKY is free.

If the program being interrupted is not P00, P02 or P20 (options 1, 2, or 5), P27
will turn the OPR ERR light on and the UPLINK ACTY light off. The crew should
place the UP TLM ACCEPT/BLOCK switch in BLOCK; CMC control will automatically

return to the interrupted program.

If VERB 71 or VERB 72 is entered, the DSKY flashes VERB 21 NOUN 01 to request
the loading of the index in the specified machine address. (R3 contains the machine
address.) The index is the total number (in octal) of numeric values to be loaded

—a minimum of 38 and a maximum of 248. The registers will appear as follows:

R1 Blank
R2 = Unchanged
R3 ECADR, the address at which the index will be loaded.

The crew has the option of terminating the update at this point by keying in VERB
34 ENTR. If the crew terminates, the UPLINK ACTY light will go out and control
will return to the program running at the time the update was initiated. Otherwise,
the crew loads the index value, which is then displayed in K1 of the DSKY. If the
index value is not within the limits (38 through 248), the flashing VERB 21 NOUN
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Figure 4.2.3 -1,

CMC Update Program (P27) (Sheet 1 of 3)
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Figure 4.2.3 -1. CMC Update Program (P27) (Sheet 2 of 3)
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CLOCK AND STATE | | TO SPECIFIED
VECTOR ADDRESS (V72),
TIMES
|

UPLINK ACTY - OFF

CHANGE DOWNLIST
TO ORIGINAL.

RETURN TO
INTERRUPTED
PROGRAM.

Figure 4.2.3 =1. CMC Update Program (P27) (Sheet 3 of 3)
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EXAMPLE 1: Load REFSMMAT (CM)

ENTRY

VERB 71 ENTR

24 ENTR
1717 ENTR
xxxxx ENTR

xxxxx ENTR
VERB 33 ENTR

-d

CMC RESPONSE

FI1, VERB 21 NOUN 01

FL VERB 21 NOUN 02

P00 or P20

EXPLANATION

Octal number of
numeric values to
be loaded (including
this one)

First erasable
location

Data

Last data point

EXAMPLE 2: Load CSM state vector in earth orbit

ENTRY

VERB 71 ENTR
21 ENTR

1501 ENTR
1 ENTR
xxxxx ENTR

xxxxx ENTR

VERB 33 ENTR

-

CMC RESPONSE

FL VERB 21 NOUN 01

FL VERB 21 NOUN 02

P00 or P20

EXPLANATION

Octal number of
numeric values to be
loaded (including
this one)

Code for state vector
load

Code for CSM state
vector in earth orbit

Data

Last data point

Figure 4.2,3-2.
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01 display will return to the DSKY, requesting the load of the index value. If the

index value is within the specified limits, the program stores the index.

P27 next increments UPBUFF for storage of the next data load. (UPBUFF contains
the address of the temporary storage location of the data word.) The DSKY flashes
VERB 21 NOUN 01 to request load of data into the UPBUFF address displayed in
R3. The crew has the option of terminating the update at this point by keying in
VERB 34 ENTR. (The UPLINK ACTY light would go off.) If the crew loads data
into UPBUFUVF, the data loaded will be displayed in R1. P27 will continue to flash
VERB 21 NOUN 01 and display loaded data in R1 until all of the data has been

loaded, i.e., until the number of items entered equals the index value.

Next the DSKY displays a flashing VERB 21 NOUN 02 to request response. The

crew has three possible responses:

*
a. To accept all the data by keying in VERB 33 ENTR
b. To terminate the update by keying in VERB 34 ENTR
(18 To correct an item by keying in the octal identifier to specify which of

the data words will be corrected.

In the last case, if an illegal octal identifier (less than zero or greater than the
index) is keyed in, the flashing VERB 21 NOUN 02 display will return. Otherwise,
the program will calculate the address of the data word to be changed and will
return to the second flashing VERB 21 NOUN 01 display.

After all the data have been corrected and VERB 33 ENTR has been keyed in, P27

makes the actual data transfer.

If P27 is entered by using extended VERB 73, the program increments the CMC
clock. Illumination of the OPR ERR light indicates that an increment would have

caused an overflow.

If P27 is entered by using the other three extended verbs, the program determines

if the state vector data are being used by the Orbital Integfation Routine. If so,

£ '
Although VERB 33 ENTR is usually the equivalent of PRO, for VERB 21-23 PRO
is not accepted even for a manual load. VERB PRO is accepted, however.



further P27 instruction executions are delayed until the integration is complete. A
DSKY display of 27 as the major mode, a ground verification that BIT3 of FLAGWRD7
(VERIFLAG) has been inverted, and the absence of an OPR ERR notification should
indicate to the crew that the completion of P27 is temporarily delayed. After P27
is reactivated, or if the Orbital Integration Routine is not in use, P27 will inhibit

other routines from using state vector data.

If entered via VERB 70, P27 increments TEPHEM and decrements the CMC clock
and statevector times. Illumination of the OPR ERR light indicates that decrement

of the CMC clock would cause overflow.

If entered via VERB 71 or VERB 72, P27 transfers the data to the specified block
(VERB 71) or address (VERB 72).

When transfer of data is complete, P27 turns the UPLINK ACTY light off, releases

the state vector data for other routines, and reinstates the interrupted program.
4.2.3.3 Alarms

No program alarms are associated with P27. The OPR ERR light is illuminated if
the crew attempts to enter P27 while another extended verb, marking display, or
pribrity display is active; if the CMC is not in P00, P02 or P20 (options 1, 2, or 5),
or if incrementing in VERB 73 (or decrementing in VERB 70) would cause the CMC
clock to overflow. The program then turns off the UPLINK ACTY light and

terminates.
4.2.3.4 Restrictions and Limitations

P27 is allowed to be entered only when the CMC is in P00, P02, or P20 (options 1,
2, or 5) and no other extended verbs, a marking display, or a priority display are

active.
The number of numeric quantities which can be loaded is restricted as follows:

a. To 228 for VERB 71, because the capacity of the temporary storage
buffer for input data is 248 words, and this must include the index count
and the starting address

b. To 118 for VERB 72, because the maximum 248 data words must include

an address for each data word and the index.
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If the Orbital Integration Routine is running when P27 is ready to transfer data to
permanent locations and if the update is other than VERB 73, P27 will be delayed
until the Orbital Integration Routine is terminated. While the transfer of data is
taking place, use of the state vector data is inhibited. This restriction was made

to avoid use of partially updated state vector information.
4.2.3.5 Ground Uplink Format

Information received by the CMC from the uplink is in the form of keyboard
characters. Each character is assigned acharacter code number (C). Bachcharacter
code transmitted to the CMC is sent as a triply redundant uplink word with a leading
1 bit. Thus, the 16-bit uplink word has the form:

1 ¢ ¢ ¢

l——- 5-bit character code

complement of 5-bit character code
5-bit character code
leading 1 bit.

where E denotes the bit-by-bit complement of the 5-bit C. To these 16 bits of
information, the ground adds a 3-bit code specifying the system aboard the spacecraft
that is to be the final recipient of the dataand a 3-bit code indicating the spacecraft
that should receive the information. The 22 total bits are further encoded bit-by-bit
(i.e., each bit is replaced with a 5-bit code for transmission). If the message is
received and successfully decoded, the on-board receiver will send back an
8-~bit-message-accepted pulse to the ground and shift the original 16 bits of the
uplink word to the CMC. The leading 1 bit causes an interrupt within the CMC
after all 16 bits have been shifted from the uplink receiver. It is good operational
procedure to end every uplink message with KEY RELEASE. (Table 4.2.3-III gives

the uplink words for all legal input characters.)
If the CMC receives an improperly coded word from the uplink receiver during the
load, it notifies the ground by setting BIT4 of FLAGWRD7 to 1 and transmitting it

via downlink. When this occurs, the ground station should correct the transmission

by sending the following uplink word:
1 00000 00000 00000

and follow this by transmitting ERROR RESET. (Keying RSET on the DSKY would
have no effect.) If CLEAR is transmitted immediately following ERROR RESET,
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TABLE 4.2.3 -III

LEGAL INPUT CHARACTERS AND ASSOCIATED UPLINK WORDS (CSM P27)

Character Uplink Word (Binary)
0 1 10000 01111 10000
1 | 00001 11110 00001
2 1 00010 11101 00010
3 1 00011 11100 00011
4 1 00100 11011 00100
5 1 00101 11010 00101
6 1 00110 11001 00110
7 1 00111 11000 00111
8 1 01000 ° 10111 01000
9 1 01001 10110 01001
VERB 1 10001 01110 10001
NOUN 1 11111 00000 11111
ENTER 1 11100 00011 11100
ERROR RESET 1 10010 01101 10010
CLEAR 1 11110 00001 11110
KEY RELEASE | 1 11001 00110 11001
+ 1 11010 00101 11010
- 1 11011 00100 11011




the ground can then begin the corrected transmission with the first digit of the 5
octal digits that were being sent when the condition occurred. CLEAR is used after
ERROR RESET to blank the data display register (R1). The ground station should
then resume the update function by retransmitting the word beginning with the first
octal character. If the ground wishes to continue loading without transmitting CLE AR,
it must determine which character was in error when failure occurred, and resume
uplink transmission from the point of failure. The determination can be made by

monitoring the display in R1.

4.2.3.6 Restart

P27 is restart protected after data are verified by ground except for (1) a small
window (place) in the clock updates (VERB 70 and VERB 73) and (2) a small window
immediately after verification. Should a restart occur during a clock update, the
crew should check the clock carefully, upon completion of P27, to see that it has
been correctly updated. Should a restart occur before data have been verified, the
crew must reselect P27, Should a restart occur immediately after ground verification,

the crew should check that the uplink data have been processed.
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4.2.4 P29, Time of Longitude- _

The Time of Longitude Program is used to compute and display the ground-elapsed
time at which the OWS or CSM will pass over a crew-specified longitude. The
crew can choose to have the CMC compute time of longitude for either the OWS or
the CSM. Program calculations are then made based on the assumption that the

chosen vehicle remains in free fall from the selected start time (base time) until

the time of crossing.

In addition to displaying the time of crossing over the specified longitude, P29
computes and displays the latitude and vehicle altitude at the point of crossing.
Significantly, the time (and related data) displayed by P29 is the time of the first
crossing of the vehicle over the crew-specified longitude after the crew-selected
base time. Generally, the crew selects present time (all zeros in the VERB 06
NOUN 34 display) as base time, but can also select any past or future time. In all
cases of P29 use, the base time should be carefully selected to allow optimum

sequencing and performance of desired tasks.
4.2.4.1 Program Use

Because the information displayed by P29 is nominally uplinked from ground, the
program is most useful in case of communication loss with ground. It can also
prove useful to the crew for sighting either scheduled or unscheduled landmarks

*
for tracking and photography, and for obtaining ground-track information.
4.2.4.2 Program Summary

Upon keying VERB 37 ENTR 29 ENTR, the crew observes flashing VERB 04 NOUN
06 with R2 containing the CMC-assumed option code, 00001, If the crew desires
the time of longitude and related P29-displayed data for the OWS, he keys VERB 22
ENTR and loads R2 with option code 00002, Otherwise, he keys PRO and observes
flashing VERB 06 NOUN 34, displaying the ground-elapsed base time in hours,

minutes, and seconds. This display is the base time from which the next crossing

" .
P29 can be used with options 0, 1, 2, 4, and 5 of P20 running in the background for
tracking only—no navigation.
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of the desired longitude is computed. The choice of base time, is, therefore, crucial
to the effective use of P29. The registers initially contain all zeros indicating
present time. To select another base time, the crew keys VERB 25 ENTR, loads
the desired time, and upon its display, keys PRO. If the present time is satisfactory,
he merely keys PRO and observes the flashing VERB 06 NOUN 43 requesting entry
of the desired longitude. To load the longitude for which GET is computed, the
crew keys VERB 22 ENTR and loads longitude. The CMC then computes GET for
the next crossing of this longitude and displays it in flashing VERB 06 NOUN 34.
To respecify the longitude using the base time originally entered, the crew keys
VERB 32 ENTR. The CMC recycles the program to the flashing VERB 06 NOUN
43 display allowing the crew to change desired longitude. If the GET displayed is
satisfactory, the crew keys PRO and observes flashing VERB 06 NOUN 43, the
latitude, longitude, and vehicle altitude at the point of crossing. If the data in NOUN
43 is satisfactory, the crew keys PRO, which terminates P29 and allows selection
of anew program via VERB 37. The crew can also respecify all the input data by
keying VERB 32 ENTR and causing the program to recycle to the flashing VERB 04
NOUN 06 display.

4.2.4.3 Procedures
1. Key VERB 37 ENTR 29 ENTR
Observe display of option code:

FL, VERB 04 NOUN 06

R1 00002 specify vehicle
R2 0000x option code
R3 Blank

NOTE.—The CMC assumes option code 00001
indicating the CSM. To specify OWS use option code
00002.

Key VERB 22 ENTR to load desired option code in R2.

PRO

2. Observe flashing display of ground-elapsed base time from whichnext crossing

of desired longitude is computed:
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FL VERB 06 NOUN 34

R1 00xxx. hr
R2 000xx. min.

R3 Oxx.XX sec

NOTE.—Initial display contains all zeros indicating
present time. Unless crew changes this display, P29
will base its calculations on the present time.

Key VERB 25 ENTR to load desired base time.
PRO

NOTE.—The CMC integrates the state vector forward
or backward to the desired base time specified by the
crew.

3. Observe flashing display of desired longitude:

FIL, VERB 06 NOUN 43

R1 Blank
R2  xxx.xx deg Long
R3 Blank

NOTE.—The desired longitude is specified positive
eastward and negative westward.

Key VERB 22 ENTR to load desired longitude.

PRO.

NOTE.—Upon a PRO the CMC computes the time of
the first crossing over the longitude specified in Step
3 after the base time specified in Step 2.
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4, Observe the flashing display of the CMC-~computed time of longitude crossing:

FL VERB 06 NOUN 34

R1 00xxx. hr
R2 000xx. min
R3 Oxx.xx sec

Key VERB 32 ENTR to respecify longitude using base time already
specified in Step 2.

PRO

NOTE.—A recycle (VERB 32 ENTR) returns the
program to Step 3.

5.  Observe flashing display of latitude, longitude, and altitude at crossing:

FL VERB 06 NOUN 43

Rl  xxx.xx deg Lat (+North)
R2  xxx.xx deg Long (+east)

R3 XXXX.X n.mi. Alt

Key VERB 32 ENTR (recycle) to respecify input data by returning to
FL V04-NO06. '

PRO
M—-—A PRO response terminates P29,
6. Observe flashing display of request for new program:
FL VERB 37

Key xx ENTR.
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4,2.5 P25, Contingency VHF Range Rate

P25 provides for rendezvous back-up targeting solutions#< under those conditions
when the primary targeting programs (P33-P36) cannot be used—either because of
a failed IMU or bad state vectors. The crew operates the VHF Range Rate Mark
Processing Routine, R27, through this program. The input to P25 is VHF-ranging
data and a crew-specified GET of optimization; the output is either the current or
the optimized L.OS range and range rate between the CSM and the OWS. Since P25
assumes neither inertial state vectors nor an IMU, no elevation angle to the OWS

is computed. (Refer to paragraph 4.2.1.3 for an explanation of R27 use.)
4,2,5.1 P25 Procedures

Figure 4.2.5-1 presents the program flowchart of P25, See also paragraph 4.2.1.3.3
for a discussion of R27 modes.

If the crew wishes to use P25 to provide a back-up chart solution, it should load
Noun 72 with a GET that is based upon some time of ignition to be loaded in Noun
33. When Noun 72 is loaded with a time in the future, a sequence of optimizations
will occur automatically at 4-minute intervals., As explained in paragraph 4.2.1.3.4,
the Noun-"72 sequence must not be altered by any means other than Verb 76 as long

as R27 is within an optimization interval.

With P25-—unlike other programs that use R27-—Noun 76 can be used exclusively
with a sequence of optimizations,‘ and Noun 77 used exclusively with the current
mode. The contents of Noun 76 and Noun 77 are as indicated in Figure 4,2,1,3-6,
where '"-00001" everywhere replaces '"phi." The R27-mark frequency in P25 is
about once every three seconds. The time required for the filter to converge to

current-mode accuracy is, typically, 150 seconds.

4,2.5.2 Limitations and Restrictions

The crew can use P25 prior to NC2 to obtain accurate range state vector estimates,.
Although back-up charts for maneuvers scheduled before NCC are not implemented
in the SKYLAB flight plan, the existing software can accommodate them should the

need for them arise. Subject to the restrictions of the following two paragraphs,

*
See paragraph 4.2.1.3.2.

-+ 4-103



FL V06 N72
GET of optimization

Dol
wish to
establish \ yo ¥aan
a tD Load
sequence Zeros
V)
Yes | PRO
Is
viaR displayed Yes
Load GET(tD)
GET(tD) satisfactory, FRO
?
Start
R27
® :
‘ s
No | Is Noun 72 |Yes
=0°?
)
FL V16 N76 FL V16 N77
R R
R-dot R-dot
TFO -00001
Note: If within a ‘ =
tp sequence, change <
Noun 72 only when
TH 4 = 119a, Do I Do I
wish to wish to
Xea alter the terminate
FL V06 N72 V32E tp sequence this pgogra
GET of optimization ’
Is
VEaE displayed
g(l;a;(t ) sa?iifTa(zz)r Is this the =2
D Sty Noun 77 display ?
Yes

( Go to R0OO )

Figure 4.2.5-1. Contingency VHF Range Rate Program(P25)
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the crew can opefate P25 in either mode of R27 within the limits imposed by the
AGC erasable scaling. These limits are:

Range—565 n.mi.*
Range-rate—+1950 fps

Range-acceleration—+6 fps2

4,2.5,2.1 Higher-order Range Derivatives,—The double-precision parameter

RTRIDOT is pad-loaded with a value for the third-order range derivative which is
valid for all nominal (post-NC2) use of the range-rate filter. RTRIDOT is actually
an approximation of all of the higher-order derivatives, and, if R27 is to be used
prior to NC2, RTRIDOT must be correspondingly changed, either by uplink or by

the crew. The crew procedure is as follows:
To load RTRIDOT (double precision), key:

VERB 24 NOUN 1 ENTR
2334 ENTR, then—
Nominal: (2.4 x 1074 ft/sec3
05017 ENTR

17677 ENTR

, pad-loaded)

Pre-NC2: (1.0 X 10”3 ft/sec®)
924753 ENTR
07361 ENTR

This value of RTRIDOT for pre-NC2 is the minimum for which the filter's range-rate
error will not diverge. On the other hand, it is the maximum value for which RMS
errors in the estimated current range state will be less than +.01 n.mi. and 1,0
fps, respectively., The RMS errors of the optimized range state are the same as in

the nominal case,

4.2.5.2,2 VHF Range Modulus.—Because of the scaling limit of the VHF-read

counter, P25 canreceive range measurements that are modulo 327.68 nautical miles,

This would be the case if the true range were greater than this value and if RO08,

*
See paragraph 4.2.5.2.2,
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the VHF Range Read Routine, could not test for range modulus by comparing its
measurement with the computed state-vector range of the Tracking Attitude Routine,
R61. P25, therefore, makes its own test for range modulus. By this means, the
R27 range-rate estimate is maintained correctly, but, under the above conditions
in R08, the range estimate remains modulo 327.68 n.mi. In ‘P25, the crew adds

multiples of this value to the displayed range according to its knowledge of the true
range, :

A range modulus can occur within an optimization interval without affecting the

results. 1In either R27 mode, the correct range value is always displayed with the
first R27 mark for which the measured range is less than 327,68 n.mi,

4,2.5.3 Restarts

All displays in P25 are restart-protected. R27 restart protection is presented in
paragraph 4.2.1.3.5.
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5.0 PRETHRUSTING

This section describes selected design considerations and functional and procedural
techniques necessary to give the reader an understanding of the SKYLARK GNCS
onboard targeting programs. The programs function as prethrusting routines that
determine the input target parameters and set the control modes needed by the

thrusting programs to execute maneuvers.

To put onboard targeting in context, the overall targeting functions of the SKYLAB
Mission have been briefly described and divided into two main categories, ground
targeting (subsection 5.1) and onboard targeting (subsection 5.2). The ground
targeting subsection essentially deals with those maneuvers for which a ground
targeted solutionis used, and describes the onboard program (P30) that transforms
ground-computed data for onboard computer use. The onboard targeting subsection

describes the rendezvous targeting programs.

A summary of the rationale used to apportion functions is that the ground targets
all the maneuvers within its capabilities. (See the categories described below.)
For rendezvous, when the onboard system has amore accurate relative state through
onboard navigation, the onboard solution is prime, and the ground performs a sys-
tems-monitoring function to appraise onboard-system performance; when the ground

has more accurate state-vector data, its targeting solution is prime.
The ground and onboard targeting capabilities include the maneuvers described below.

i Ground Targeting—includes all non-rendezvous—orbit-shaping

maneuvers and all maneuvers necessary to effect rendezvous with the
orbital workshop (OWS), except the midcourse corrections in the terminal
phase.

2. Onboard Targeting-—includes the rendezvous-maneuver sequence using

programs P31-P36 and P38, and comprises the following:*

Corrective maneuver no. 1 (P31) NC1
Corrective maneuver no. 2 (P32) NC2
Corrective combination maneuver (P33) NCC
Coelliptic maneuver (slow rate) (P34) NSR

x
The braking phase of rendezvous (TPF) is accomplished by a series of manual
braking maneuvers that do not require targeting.



Terminal-phase initiation maneuver (P35) TPI
Terminal-phase midcourse maneuver (P36) TPM
Plane-change maneuver (P38) NPC

A basic difference between the targeting performed by the ground and by the onboard
system is that the ground-targeting programs may need position and velocity
estimates of one or both vehicles as basic input—depending upon the maneuver
being targeted. The onboard targeting programs, however, always need estimates
of both vehicles. The more current and accurate these state-vector estimates are,
the more effective will be the maneuver targeted. Navigation normally precedes
onboard targeting, therefore, to improve onboard estimates of position and velocity.
By measuringthe relative state parameters betweenthe two vehicles, the CSM inertial
state is updated so that the estimated relative state closely approximates the true relative
state.

It is also evident from the description of the two categories that some overlap exists inthe
targeting capabilities of the ground and of the onboard computer inthe area of rendezvous -
maneuver targeting. Since the groundtargets all maneuvers, determination of whichtar-
geting solution—ground or onboard—is tobe nominally used for a given‘miss'ion phaseis

based on (1) the type of maneuver being performed; (2) targeting solution accuracy.

5.0.1 Orbit-shaping Maneuvers

To perform orbit-shaping maneuvers, it is necessary to have not only the required
equations to target the maneuver, but also an accurate estimate of the inertial state
of the vehicle that will perform the maneuver, Because of a NASA/MSC decision,
the onboard system does not include the capability to meet either of these
requirements. That is, it has neither targeting equations for various orbit-shaping
maneuvers, nor the capability to gather and process the necessary data to perform

%
orbit navigation and, hence, to accurately determine the vehicle's inertial state.

The ground system, however, meets both of these requirements. The necessary
targeting equations are in the ground computers, and the ground maintains accurate
inertial state-vector estimates of the vehicle by processing radar data gathered by
the MSFN network, Thus, orbit-shaping maneuvers are, by necessity, ground
targeted.

>kThe onboard inertial state is most accurate at last ground-uplink time. That is,
it is as accurate as the ground's estimate at uplink time, since errors exist in the
ground's knowledge of the state vectorz[due to incomplete modeling (drag/ venting)
and imprecise constants |,



5.0.2 Rendezvous Maneuvers

Accurate targeting of rendezvous maneuvers requires an accurate estimate of the
relative state vector between the two rendezvousing vehicles. The ground-targeting
programs use as their inputs the inertial state estimates of the two vehicles obtained
from ground-based radars. The onboard targeting programs, however, use inertial
state estimates derived by updating the inertial state vector of one vehicle relative
to the other. The onboard navigation system calculates this estimate by processing
optics and VHF ranging measurements of the relative state vector between the two
vehicles. During this rendezvous navigation process, as the inertial state error of
the updated vehicle approaches the inertial state error of the non-updated vehicle
(which has increased since the last state-vector uplink) the relative state error

between the two vehicles is being reduced.

For those phases of the rendezvous mission, therefore, where the onboard navigation
system can improve the onboard estimates of the state vectors based on relative
tracking (nominally at ranges of less than 300 n.mi.), the onboard maneuver solution
will be more accurate than that obtained by the ground, using its inertial state
estimates. Thus, the onboard solution is prime for maneuvers that occur in this

region, as long as the onboard, ground and chart solutions are withina certain tolerance.

If onboard rendezvous navigation cannot take place, or if it is performed where it
does not improve the onboard state estimates (for example, optics-only tracking at
ranges greater than 300 n.mi.), ground targeting solutions are considered prime

for the maneuver.

5.0,3 Maneuver Pads

For SKYLAB, as noted, the ground performs targeting for all the maneuversin a
given mission—except for P36—whether or not the ground solution is prime. For
those rendezvous maneuvers that are nominally performedusing the onboard solution,
however, the crew also uses the ground and the R27 backup chart solutions (see
paragraph 4.2.1.3) for comparison. Should it be necessary (see subsection 5.1) the
crew can overwrite the onboard-computed values with those of ground or the chart
solutions. Values from any of the three sources are interpreted correctly by the

thrusting programs.
Thus, at planned intervals throughout the mission—but always well before the

expected maneuver—the ground voice-links its targeting data to the crew. Upon

receipt, the crew records the voice-linked datainthe designated spaces on appropriate
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pads touse as anonboard check of all maneuvers, Figure 5.0,3-1 illustrates typical
SKYLAB maneuver pads for the NC1, NC2, and NPC maneuvers. As shown in the
figure, the maneuver pad provides for all the datanecessary to effect the maneuver,
For example, the NC1 pad contains the Noun-95 display of time of ignition in hours,
minutes, and seconds, and the Noun-81 display of the three components of the required
velocity change, in local-vertical coordinates. (Both these calculations are also
made by the NC1 onboard targeting program, P31l.) In addition, the pad contains
the spacecraft attitude at time of ignition in the Noun-22 display of the new ICDU
angles for roll, pitch, and yaw. The crew can check these values against the Noun-18
values displayed in the thrusting program to determine the correctness of pre-ignition
attitude. The pad also contains the magnitude of the velocity change (AVC to be
used as backup for the EMS) and the duration of the burn (BT, to be used as backup
for the crew watches or DET monitoring).

5.1 GROUND TARGETING

Basically, then, ground solutions are used for (1) those maneuvers that the CMC
has no capability to target, (2) those maneuvers for which the onboard solution may

not be as good as the ground solution, and (3) comparison with the onboard solution.

Maneuvers For Which CMC Has No Capability

The non-rendezvous—orbit-shaping maneuvers are principally of two types: out-of-
plane maneuvers to change orbit inclination, and in-plane maneuvers to change
eccentricity, apogee altitude, perigee altitude, and the period of the orbit. TFor
example, the deorbit maneuver—required to remove the CSM from parking orbit
in preparation for entry—is essentially a maneuver to change perigee altitude with

the added constraint of ensuring the proper entry angle.

The ground targets these orbit-shaping maneuvers; the onboard program P30 is
then used to transform the ground-computed data into parameters that can be used
by the onboard thrusting programs. These data are nominally uplinked into P30
registers via P27,

Maneuvers For Which Ground Solution Is Prime

Although the CMC has the capability to target all other maneuvers in the mission,
ground solutions are preferred for the rendezvous plane-change maneuver (NPC)
and for corrective maneuvers 1 and 2 (NC1 and NC2), for the reasons given in
Section 5.0.
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For these maneuvers, two methods are available for loading ground-computed

targeting data into the CMC. The method used depends upon mission planning.

1 Nominally, during rendezvous, the appropriate onboard targeting program
is called and allowed to compute afinal targeting solution (see subsection
5.2); the crew then compares this solution with the ground solution on
the maneuver pad and with the backup chart solutions. If the onboard
solution is not within a planned tolerance, the crew overwrites the onboard
solution with that of ground.

2. Otherwise, using P27, ground uplinks the solution directly into P30
registers. The crew then calls P30 to prepare for thrusting, (The
crew can also load P30 registers directly from the maneuver pad if

necessary.)

5.1.1 P30, External Av Program

P30 is the onboard prethrusting program that sets up ground-computed targeting
parameters in the CMC in preparation for P40 or P41 thrusting. In so doing, the
program performs two important internal functions not immediately visible to the

crew,

i Ensures a constant thrust attitude during execution of the ground-targeted
maneuver by setting the External Av flag.

2. Calculates the matrix to transform the ground-targeted velocity change,
expressed inlocal-vertical coordinates, into basic reference coordinates
for use by P40 or P41,

5.1.1.1 Program Summary

P30 accepts a ground-targeted maneuver time of ignition (Noun 33) and velocity
change (Noun 81)—nominally via P27 uplink—and computes the burn-related
parameters of apogee altitude, perigee altitude, and the impulsive velocity change
magnitude at tIG for display in Noun 42, In addition, like all the prethrusting programs,
P30 displays Noun 45 containing the number of VHF and optics marks taken, the
time from ignition, and the approximate value of the middle gimbal angle after the
maneuver to the thrusting attitude. The display of VHF and optics marks is meaningful,
however, only if P30 is used during the rendezvous sequence, The display of the
middle gimbal angle value informs the crew if an IMU realignment will be needed

before thrusting.
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If P27 uplink capability is not present (for example, if a ground telemetry site is
not transmitting, or if the S-band Antenna is not working), the crew can use the
time of ignition and velocity change values on the maneuver pad for input to P30.

(See paragraph 5.0.3.)
5.1.1.2 Program Use

P30is used in the SKYLAB Mission for all non-rendezvous—orbit-shaping maneuvers

and can be used for rendezvous maneuvers for which the ground solution is prime,

As discussed in the introduction to ground targeting, orbit-shaping maneuvers can
be either out-of-plane maneuvers to change the inclination of the orbit, or in-plane
maneuvers to change the eccentricity, apogee altitude, perigee altitude, or period
of the orbit. Orbit-shaping maneuvers can be performed while the CSM is alone or

while it is docked with the workshop.

Although maneuvers to change orbital inclination will not nominally beneeded during
the SKYLAB Mission they can be performed if necessary. In the docked state, only
x-translation maneuvers with the RCS jets can be used to change apogee or perigee
altitude, to circularize the orbit, or to change orbital inclination. The docked
maneuvers actually planned are those using the +x RCS jets for EREP shaping

to maintain the nominal ground track.

When docked x-translation maneuvers are necessary, they can be performed (1) by
the crew's using the translational hand controller (THC) monitored by P47 (refer
to the SKYLARK Digital Autopilot Users' Guide), or (2) by calling P30 and then P41,

5.1.1.2.1 Docked P30—P41 x-translation Maneuvers—If the P30-P41 sequence is

used to perform docked x-translation maneuvers, a special consideration arises

involving the computation of the burn central angle of transfer ¢ in P41,

Figure 5.1.1-1 diagrams the events occurring during the P30-P41 sequence and
indicates the initial calculations P41 performs and the sources of mass (Noun 46),

tg (Noun 33),and velocity-change vector (Noun 81) used by P41,

The computation of 6 isa function of the thrust, mass of the vehicle, and the in-plane
velocity to be gained. The CMC cannot store the value of the OWS mass in erasable
memory., For its calculations, the CMC uses either the CSM mass or the CSM plus
LM mass depending onthe configurationinformation enteredin R03. (See Figure 51.1-1)

Because the CMC uses a value for mass that is much sinaller than the actual CSM-OWS

mass, the central angle computed in P41 is smaller than the true angle to be traveled
by the docked vehicle, While performing the External Av computations specified by
P30 (refer to subsection 6.1), P41 then rotates the velocity-to-be-gained vector
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by one half the computed burn central angle, Since the 6 value entered into this
computation is small compared to the actual angle to be traveled, the final onboard
computations would yield erroneous values for the componentsof the velocity-to-be-

gained vector.

For this reason, ground also performs the onboard calculations, using the same
algorithms as the onboard computer. Since the ground computers contain actual
CSM-OWS mass, however, the ground calculations are correct, The ground then
compensates for the erroneous P41 rotation by uplinking a biased velocity-change
vectorinto Noun 81 of P30. The continuous lines in Figure 5.1,1-2 show the desired
External Av maneuver central-angle compensation (Ayc) occurring with the biased
input AK(AYP); the dotted lines show the erroneous compensation (A\_fr) that would
result from CMC calculationsusinga wrongvalue for mass if the input velocity-change

vector (Noun 81) were not biased (AYu) by ground,

Local
Vertical
Frame

=X

biased input inplane-velocity components of Av (LV) (Noun 81)

where A!P
in reference coordinates.

desired compensated inplane velocity-to-be-gained vector.

A
A!u - unbiased input inplane-velocity components of Av (LV) (Noun 81)
in reference coordinates,
A!r - resultant (incorrect) compensated inplane velocity-to-be-gained vector.

Figure 5.1.1-2, Inplane External Av Maneuver Central Angle Compensation



5,1,1.3 P30 Crew Procedures

Although it isunlikely that P30 will be used in conjunction with P20, the procedures

for such use are as follows:

Key VERB 37 ENTR 20 ENTR
Choose desired P20 option (as described in paragraph 4,2,1)
Go through P20 displays

Proceed to step 1.

NOTE,—If P30 is used during the rendezvous sequence,
(option 0 or 4), VHF and optics marks can be taken during
the first two flashing displays of P30 (Noun 33 and Noun
81).

1. Key VERB 37 ENTR 30 ENTR

Upon initiation, P30 setsthe TRACKFLGand UPDATFLGallowing P20 tracking

and state-vector updating by marks. Observe flashing display of stored time

of ignition (t;).

la,

NOTE.-—tI and A¥(LLV) may have been uplinked during

previous ex%cution of P27, If so, registers contain uplinked

values., If values have not been uplinked, crew can use the

g@and Av(LV) values on the maneuver pad for input to Nouns
and 81,

FL, V06 N33

R1 +00XXX, hr(GET)
R2 +000XX, min

R3 +0XX,XX sec

VERB 25 ENTR-—If not satisfied with displayed value, key VERB 25
ENTR and load new value,
PRO=—When satisfied with tjg, record, key PRO, and observe flashing

display of the stored components of the velocity-change vector Av(LV)

at tIG"’



1b, FL V06 N81

R1 XXXX.X Avyg fps

R2 XXXX X Avy

R3 XXXX.X AV, fps

fps

where Aav,, is the x-component, in local-vertical coordinates, of the impulsive change

in velocity at tIG; Avy is the y-component; and sz is the z-component,

NOTE,—P30 convertsthe Noun 81 local-vertical coordinates
to reference coordinates for use by P40 or P41, These
thrusting programs receive the reference coordinates,
convert them back to local vertical, rotate the in-plane
components (x and z), and write the rotated values into R1
and R3 of the Noun-81 registers, The x and z components
of Noun 81 are, therefore, changed by the thrusting programs
and must be re-initialized either by uplink or by DSKY entry
if P30 is called again to re-establish parameters after a
thrusting program has been entered,

VERB 25 ENTR-—To change components key VERB 25 ENTR, and load
desired values.

PRO-—When satisfied with displayed Noun 81 values, key PRO, Observe
flashing display of CMC-calculated post-thrust orbital parameters and
burn magnitude,

NOTE,=—Upon receipt of a PRO response to FL. V06 N81,
P30 sets XDELVFLG requiring the CMC thrusting program
to perform the velocity-to-be-gained computations in the
External Avmode (see SKYLARK GSOP, Section 5, subsection
5.3),and resets UPDATFLG prohibiting further state-vector
updating from marks,

le. FL V06 N42

R1 XXXX,X Ha n.mi,
R2 XXXX,X Hp n.mi,

R3 xxxx,X  Av fps

where Ha is the post-thrust apogee altitude above the launch-pad radius; Hp is the
post~thrust perigee altitude above launch-pad radius; and Av is the magnitude of
the required impulsive change in the velocity vector at tIG’



NOTE,—The display of Haand Hp is limited to 9999,9 n.mi,
(If values for either are greater, display is set equal to
9999,9,) In addition, because P30 assumes an impulsive Av
at tjg when calculating post-thrust Ha and Hp, the validity
of R1 and R2 displays decreases as burn time increases,
For long burns (approximately 50 sec and over), therefore,
R1 and R2 will be inaccurate,

Coordinate NOUN 42 Parameters With MSFN, If a ground station is

" not available to confirm Noun 42 values, either use available criteria
to judge reasonableness of Noun 42 values and then perform one of the
choices below, or wait until a ground station is availableto confirm
Noun 42 contents. Upon ground confirmation, PRO,

Reselect P30/Select P27, the P30/PRO,

Reselect P30.—If Noun 42 parameters are not satisfactory, reselect
P30 via VERB 37 ENTR 30 ENTR; obtain (via voice link) and load new
aim parametersin Nouns 33 and 81, When CMC-calculated=post-thrust
parameters satisfactory, key PRO to FL. V06 N42 and observe FL V16
N45 below,

Select P27,—If Noun 42 parameters are not satisfactory, and desire to

directly uplink new aim parameters into P30 registers, select P27 as

follows:
. Key VERB 37 ENTR 00 ENTR, When 00 appears in mode lights,
*
. Key VERB 71 ENTR, Follow P27 procedures for CMC External Delta

V Update (Noun 33 and Noun 81), When P27 trans_fers data to desired
addresses, program returns to P00,
. Key VERB 37 ENTR 30 ENTR, Continue at step 1.

PRO=—If parameters are reasonable, key PRO and observe flashing
display of (1) the number of marks processed by R22, (2) TFI, time
from t;, and (3) MGA, middle gimbal angle at tae

%
The crew does not normally call P27, although this capability exists, The ground
usually performs this function,
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1d, FL V16 N45

R1 xxBxx VHF, Optics marks
R2 xxBxx min, sec TFI

R3 XXK XX deg

where R1 contains the number of VHF ranging marks in the two most significant

digits and optics marks in two least significant digits,

NOTE,~—R1 of FL, V16 N45 ismeaningful onlyif P30 isused
during the rendezvous sequence,

NOTE,=-Optics mark counter does not distinguish between
SXT Zprimary) and COAS (backup) marks,

R2 contains time from tIG' Maximum reading is +59B59, If TFI is greater than
+59 min, 59 sec, displayreads +59B59, Minus sign indicates present time is before

Yo (i.e., the display counts down).

NOTE,—To obtain a full display of TFI in hr, min, and sec,
key NOUN 35 ENTR.,

R3 contains approximate MGA at tIG if IMU is on and orientation is known and
vehicle is aligned such that the CSM +x-axis is along the thrust direction at tIG' If

IMU not on or orientation not known, R2 contains -00002,

PRO-—Upon receipt of PROresponse, P30 exitsto ROO, Observe request

for new program,
FL, V37
Key xx ENTR where xx is desired program,

NOTE,—If R3 indicates inappropriate MGA for the burn,
use P52 to realign IMU, Otherwise, choose P40 or P41 in
accordance with mission planning,
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5.2 ONBOARD TARGETING

The rendezvous of the CSM with the target vehicle, the OWS, is accomplished by a
series of CSM maneuvers resulting in a trajectory that intercepts the OWS orbit at
atime that results in the rendezvous of the twovehicles. The function of the targeting
programs, within the rendezvous scheme, is to determine the targeting parameters
to be used by the thrusting programs for each maneuver the CSM makes during the
rendezvous sequence. Becausevehicle state vectors are continually updated—either
by onboard navigation or by ground uplink—each targeting program is called before
its corresponding maneuver to take advantage of the updates in computing the

maneuver,

5.2.1 Rendezvous-maneuver Sequence

The sequence of maneuvers leading to the rendezvous and docking of the CSM with
the OWS is listed and briefly explained below, and illustrated in Figure 5.2.1-1,
which shows the orbital geometry of rendezvous. The text following the figure then
presents the geometric considerations involved in the design of the rendezvous
sequence. The figure should be referenced while reading the maneuver-sequence

material in order to gain a clearer understanding of the rendezvous scheme.

Phasing maneuver (NC1) performed at apogee.

Plane-change maneuver (NPC).

Second phasing maneuver (NC2) performed on the opposite end of the
orbit frorh the first phasing maneuver (i.e., NC2 occurs odd multiples
of half revolutions from NC1, for example, 3/2, 5/2.

Corrective combination maneuver (NCC) performed one-half revolution
after the second phasing maneuver,

Coelliptic maneuver (NSR) performed nominally 37 minutes after the
corrective combination maneuver,

Terminal phase maneuvers (TPI/TPM/TPF).

This rendezvous sequence is designed to allow accurate onboard targeting of a maxi-
mum number of maneuvers. Accurate onboard targeting solutions are particularly
important for NCC, NSR, and the terminal-phase maneuvers because of their function
within the sequence. Using onboard rendezvous navigation allows these post-NC2
maneuvers to be computed more accurately than using CSM states based on MSFN
tracking, Possible trajectory dispersions introduced by maneuvers performed be-

fore NCC can be corrected by accurate ground or onboard targeting of NCC.
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Figure 5.2,1-1, Rendezvous-maneuver Sequence and Orbital Geometry.



To provide adequate rendezvous navigation for onboard computation of post-NC2
maneuvers, therefore, before NCC, the range approximately thirty minutes before
NCC-maneuver execution is designed to be 300 n.mi. or less. (For some SKYLAB
rendezvous sequences, depending upon phasing at CSM launch, the 300-n.mi. range
may be reached much earlier than NCC minus 30 min.)

The purpose of the first phasing maneuver (NC1) within this scheme is to ensure
that the range between the OWS and CSM 30 min before NCC is 300 n,mi, or less,
The maneuver, which is horizontal, occurs at an apogee of the CSM insertion orbit
—at least one and one-half revolutions after insertion to allow for sufficient MSFN
tracking to provide updated state vectors for a good maneuver solution. The CSM
to OWS range at maneuver calculation time is usually too large to allow onboard
rendezvous navigation, and, therefore, the ground solution is prime.

The plane-change maneuver (NPC) is performed between the first and second phasing
maneuvers when the CSM is at the intersection of the CSM and OWS planes, that is,
at a node. Again, the ground solution is prime. If the velocity change required to
align the CSM orbit with that of the OWS is small enough to be handled at the NCC

and NSR maneuver points, however, the plane-change maneuver is not performed.

The second phasing maneuver, NC2, is also horizontal and is esséntially a height-
adjustment maneuver. As shown in the figure, NC2 occurs at the opposite end of
the apsidal line from the first phasing maneuver. The ground solution continues to
be prime through NC2 since the CSM-to-OWS tracking distance may still exceed
300 n.mi,.

The corrective combination maneuver, NCC, provides final phasing as well as height
and out-of-plane corrections. For approximately 30 min before execution of NCC,
the CSM-to-OWS range is within the 300-n.mi, limit considered acceptable for updating
the onboard state vector. Optical (SXT) tracking is performed, therefore, permitting
use of onboard targeting solutions from NCC through the terminal phase. In addition,
onboard display of raw VHF range data is also available for input to crew backup
targeting charts.

The coelliptic maneuver, NSR, puts the CSM in an orbit nominally 10 n.mi. below
the OWS orbit and coelliptic to it. When the elevation angle along the line of sight
tothe OWS from the CSM local horizontal is approximately 27 deg, the TPI maneuver
is performed. The TPI velocity change is, therefore, essentially along the CSM-OWS
line of sight. The use of coelliptic orbits from NSR to TPI with an elevation angle

of approximately 27 deg allows accurate crew determination of the TPI maneuver



using the backup targeting charts. A good TPI maneuver can, therefore, be executed,
even if the primary system fails, by thrusting in the direction of the LLOS between
the CSM and the OWS.

The TPI time and the maneuver points (i.e., the apsidal crossings where NC1, NC2,
and NCC occur, and the time of NSR from NCC) are determined before CSM launch,
and based on MSFN tracking of the OWS and the phasing between the OWS and CSM
at CSM launch. The TPI time is chosen to occur near the midpoint of darkness,
several revolutions after the CSM launch, such that when the rendezvous-maneuver
sequence is computed (i.e., when NC1, NC2, and NCC are performed at specified
apsidal crossings, and NSR is performed at aspecified time from NCC), the velocity
increment at each maneuver throughTPIis large enoughtobe accomplished using the
SPS engine, to conserve RCS fuel, yet small enough sothatthe total maneuver velocity

requirement for the rendezvous sequence is withinthe CSM fuel budget for rendezvous.

The desired TPI time, the elevation angle, the maneuver points, and the desired
altitude differences between the OWS and CSM orbits at NCC and NSR are loaded
into the onboard computer so that the onboard system can then compute the maneuver
solutions using the targeting program, and based on state vectors obtained from
the onboard rendezvous navigation program., Trajectory dispersions during
maneuvers in the beginning of the sequence can be corrected by subsequent maneuvers
so that the TPI maneuver occurs near the desired TPI time and with the proper
phasing conditions. When the CSM is approximately one n.mi. from the OWS, TPF
begins and rendezvous is accomplished by a series of braking maneuvers manually
executed. Final intercept of the OWS by the CSM is designed to occur in daylight
allowing enough time for manual docking using the THC and the onboard powered-

flight navigation routine.
5.2.1.1 OWS Rendezvous Attitude

The SKYLAB 1 Saturn workshop (OWS) will be launched into a circular orbit of
approximately 235 n.mi. altitude and oriented to a solar inertial attitude. The solar
inertial attitude will be the basic orbital attitude for operational and storage modes

during, and between, all missions.

For earth-pointing experiments and rendezvous, however, the Z-local
vertical attitude (Z-LV) will be used for the workshop. This attitude, defined as
the minus-z axis of the workshop pointed toward the earth along the local vertical,
is illustrated in Figure 5.2.1-2,
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Figure 5.2.1-2, OWS Z-LV Rendezvous Attitude

Consequently, at apredetermined time, the ground sends the OWS an update consisting

of maneuver times to, and from, Z-LV and pointing offset. This ensures a good
Z-LV attitude for SXT and VHF tracking because the lights and the VHF transponder
on the OWS, which are tracked by the CSM, are highly directional. The APOLLO tele-
scope mount digital computer ATMDC) aboard the OWS, using the nested CMG-TACS,

then commands the maneuvers to and from Z-LV at the uplinked nianeuver times.

5.2.2 Onboard Computation Techniques

This paragraph presents brief explanations of some of the mathematical ap-
proximation techniques used in the onboard computer as they apply to onboard
targeting calculations and describes their functional use within the rendezvous-

targeting programs.

The conic- and precision-integration, phase-match, and iteration techniques are
described first and then discussed in paragraph 5.2.2.1, This discussionis followed

by a description of External-Av and Lambert guidance, in turn followed by a



discussion of the application of these guidance modes in targeting and executing

rendezvous maneuvers.

Conic and Precision Integration

Two methods are available in the CMC for performing state-vector updates, conic
integration and precision integration, Conic integration does not take orbital
perturbations into account and is, therefore, much faster. Precision integration—
as used in the CMC —does account for earth oblateness effects on the vehicle orbit

and is significantly more accurate than conic.
Phase-Match
Phase match involves precision integration of the CSM to tIG followed by precision

The
1G*
phase-match technique allows the onboard-targeting programs to utilize the faster

integration (and iteration) to place the OWS radially above the CSM at t

conic method of updating the CSM and OWS state vectors, in solving for the rendezvous
maneuvers, without losing significant accuracy. This is possible because, during
the actual mission, the relative motion of the twovehicles is not appreciably affected
by earth-gravity perturbations since (1) the rendezvous trajectories are ap-
proximately coplanar, and (2) the vehicles, therefore, traverse approximately the
same sectors of the earth's surface, and are thus exposed to similar gravitational
forces. Phase-match of the OWS and CSM orbits creates a trajectory configuration
in which both vehicles effectively traverse the same sector of the earth's surface

conically during the targeting calculations.
Iteration

The iterative loops used in the NC1 and NC2 targeting programs compute the
maneuver velocity change by continually modifying initial estimates of velocity
changes for NC1 and NC2 until the desired terminal conditions (i.e., TPI phasing
conditions; see Figure 5.2.3-2) and other intermediate maneuver constraints are
satisfied. Twoiterative loops are used. Anouter loop that satisfies phasing-maneuver
constraints and an inner loop that satisfies height-maneuver constraints. Partial
derivatives relating achange in TPI phasing conditions to a change in the magnitude
of NC1 or NC2 are used to modify the initial estimate of maneuver velocity change
until desired TPI conditions—and intermediate constraints—are modified to within
a tolerable error. The NCC targeting program uses an iterative loop to obtain the
desired velocity change such that the NSR aimpoint is achieved taking into account

earth oblateness effects.
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5.2.2.1 Targeting-program Application of Conic, Precision, Phase-match, and
Tteration Techniques

TheNC1 and NC2 programs use conic integration to update the CSM and OWS position
vectors between maneuver points as they cycle through the rendezvous-maneuver
sequence in an iterative search for NC1 and NC2 maneuver solutions. No perturbation
effects are, therefore, taken into account in making these updates. To take advantage
of the faster conic updates without losing significant accuracy, the CSM and OWS
state vectors are phase-matched immediately upon program entry. Phase-match
results in the CSM and OWS traversing approximately the same central angle during
the NC1 through TPI portion of the rendezvous sequence, and, therefore, undergoing
a relative motion in the targeting program similar to that which they will undergo

in true earth gravitational conditions.

After the two state vectors are phase-matched, the NC1 and NC2 programs begin
aniterative search for NC1 and NC2 maneuver solutions that satisfy both the desired

TPI phasing conditions and the constraints placed on the individual maneuvers.
The post-NC2 maneuvers do not use the phase-match technique since they use
precision-integration updates, where required, to advance the CSM and OWS state

vectors.

External-Av Guidance Mode

In the External-Av guidance mode, the direction of the maneuver is determined by
taking the impulsive velocity-change solution from the targeting programs and
roicating the in-plane components (x and z) through an angle equal to one-half the
estimated central angle that the vehicle will travel during maneuver execution,
This effectively nulls the undesired components of the velocity change, introduced
because of the finite length of the maneuver, and, therefore, closely approximates

the impulsive velocity-change solution computed by the targeting programs.

Figure 5.2.2-1 illustrates how External Av guidanceis accomplished. The impulsive
velocity change required at ignition time, as computed by the targeting programs,
is indicated as Ay (tIG). If the maneuver is performed holding the attitude fixed in
the direction of Av (tIG), anet positive radial velocity increment—which isundesired
—is also obtained, because the maneuver directionis always above the instantaneous

local-horizontal direction.
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Center of Earth

Av (tyg) = local horizontal Av at t)g

Av 8yp = Av at th put in while vehicle travels through 8 deg
during burn, to compensate for finite burn time,
i.e., on the average resulting in zero Av added
in the radial direction,

Xy = direction of local horizontal at beginning of maneuver.

>—(LHF = direction of local horizontal at end of maneuver.

Figure 5.2.2-1, External- Av Guidance

To achieve an effective net radial velocity component of zero, therefore, the impulsive
velocity-change at tIG’ Av (tIG) is rotated by one-half the central angle 6 the
active vehicle travels during the maneuver. Maneuver execution is then performed
using this rotated vector. This resultant rotated velocity-change vector Av(6/2) is
below the instantaneous local-horizontal plane for the first half of the maneuver
and above that plane for the remaining half of the maneuver., The radial component

of velocity thus effectively remains zero at the end of the maneuver,
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Lambert Aimpoint-guidance Mode

The Lambert-aimpoint guidance mode controls the spacecraft trajectory tointercept
a given target position (aimpoint) at a given time. The velocity change required to
intercept the desired aimpoint vector is periodically recomputed during the maneuver.
For SPS maneuvers of more than 6-sec duration steering commands resulting in
slight changes in vehicle attitude may be generated. SPS burns of less than 6-sec
duration are executed at a fixed attitude in the direction of the initial Lambert
velocity-change solution. Lambert guidance allows a more effective maneuver to
be performed in that the CSM misses the desired aimpoint vector by a smaller

amount than if the vehicle attitude had remained fixed during the maneuver.

5,2.2.2 Targeting-program Application of External-Av and Lambert-guidance
Modes.

Four of the maneuvers in the rendezvous sequence—NC1, NC2, NPC, and NSR—effect
their required velocity change by holding a fixed inertial attitude during maneuver
execution; thatis, theyuse External-Av guidance. Therest of the maneuvers—NCC,
TPI, and the terminal-phase midcourse corrections—are executed by using Lambert
aimpoint guidance.

The NCC, TPI, and terminal-phase midcourse corrections are computed by solving

"aimpoints"

Lambert's problem from the maneuver ignition point to approximate
sothat the desired position vector is intercepted. Since Lambert's problem conically
solves for the velocity required to intercept a given target vector from an initial
position vector in a specified time, a method for compensating for earth oblateness
effects must be used. If the desired final position vector (aimpoint) has been
determined by taking into account earth oblateness effects, the target-offset technique
must be used in conjunction with solving Lambert's problem to obtain the required
velocity to intercept that final position. Figure 5.2.2.-2 illustrates the technique.

Lambert's problem is solved first to the true aimpoint Lo yielding a conic

required-velocity change Ay The CSM state with this velocity change is then

0

precision integrated to a final position vector that misses the true target.

r
The negative of this miss -e; defines an "off?é—’to aimpoint", which, in turn, is
used in obtaining anew Lambert solution. Thisnew velocity-change solution results
in a CSM state vector at the intercept time that is closer to the desired intercept
position vector. This iterative use of precision integration and solving Lambert's
problem can be repeated until a sufficiently accurate solution has been obtained.,
This solution takes into account the effects of earth oblateness on the vehicle's

trajectory.
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Since precision integrations are time consuming, however, an alternative method
can be used in certain cases., Although it is somewhat less accurate than the above
method, it has the advantage of being much faster in computing the maneuver solution,
This method involves determining the intercept position vector to be used in the
solution of Lambert's problem by conic integration. This "conic" aimpoint is
essentially equivalent to taking one target offset in the first procedure described
above. The "conic'" aimpoint is used in solving Lambert's problem to obtain the
velocity change required.

The NCC maneuver is computed using the target-offset technique with two offsets,
while the TPI and midcourse-correction maneuver computations nominally take
advantage of the conic aimpoint technique in obtaining their solutions, The method
to be used can be specified in the TPT and TPM programs,

re—  CSMand OWS position vectors at t)
h = desired "true" position vector at intercept
A!o— delta v from 1st Lambert solution from r. to ry
Ay — resultant intercept position from precision integration
of I , Ay, to intercept time.
& — resultant miss vector of A, from desired intercept position
N Yo
(ey =rp, - r7)
21 _A\_lo )
I —  first offset-target vector = ry -e,
Avy—  delta v from 2nd Lambert solution from 1o to r,

etc... e ‘_I'Avl‘[]". Hh=n-¢ ...

Figure 5.2.2-2, Lambert Aimpoint Guidance.
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5.2.3 Rendezvous Targeting Program Functional Description

This paragraph briefly describes the rendezvous targeting programs' giving the

specific function of each within the overall rendezvous sequence, the inputs to the

programs and their sources, and the program outputs. In addition, Figure 5.2.3-1

presents a schematic illustration of the overall trajectory and the part each program

plays in effecting that trajectory.

¥
: Ah(NCC)
vy My Ah'(NSR)
W Aty ; Ah (TP1)
Av(NCC) Av (NSR) < E.
Ty(NCY) © aviNe) .
Ay - (coelliptic Ay (TP1)
(horizontal maneuver)
maneuver) r. (NCC)
S Av(NC)) r. (TP1)
r_(NC2) w
(horizontal b e (NSR) e (TPD)
maneuver)
Fe (NC1)

Atl = HALFREVS X Period of post-NC| maneuver orbit
Atz = Revs NC2/ NCC X Period of post - NC2 maneuver orbit

Aty = At (NCC/ NSR)

e * CSM position vector
Iy * OWS position vector

v, =QWs velocity vector

Figure 5.,2,.,3-1. Rendezvous-maneuver Trajectory: NC1—TPI
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The tables included in this paragraph list and describe individual program-required
input and computed output. Some of these data are not under crew control but,
rather, are internal to program operation. Other data, although not automatically
displayed to the crew, can be called by the crew's keying the appropriate verb-noun
on the DSKY.

5.2.3.1 P31, NCI1 Targeting Program

The NC1 program computes a maneuver magnitude and direction (Ay) for use by
the appropriate thrusting program in executing NC1, the first phasing maneuver of
the rendezvous sequence. The program uses a 4-maneuver sequence, from NC1 to
TPI, in an iterative search for that value of the NC1 Ay that satisfies the phasing
conditions imposed at the desired TPI time., These conditions, illustrated in Figure
5.2,3-2 (and shown in the overall trajectoryin Figure 5.2,3-1), are basically positional
and include a selected TPI time at which the LLOS between the OWS and the CSM ‘is
to be a prescribed angle EL measured from the horizontal plane at the CSM TPI

position I

r (TPI)
W
i Avtp|
orbit ol !
N — T Post-TPI
r (TP1) ~~__ CSMorbit
\\
CSM T~o
orbit é
.

Figure 5.2,3-2., Desired TPI Phasing Conditions

Execution of the NC1 maneuver then essentially adjusts the CSM orbit such that
when NC1 is followed by NC2, NCC, and NSR (with their desired maneuver constraints
Figure 5,2,3-1), the TPI phasing conditions are reached at the desired TPI time,
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Because the NC1 maneuver is defined (constrained) to be horizontal, the z-component
(radial) of the NC1-computed-velocity-change vector (Noun 81) is nominally zero.
The y-component (out-of-plane) is also nominally zero because (1) the maneuver is
constrained to be parallel to the OWS orbital plane, and (2) the local-vertical
coordinate system has been defined with respect to aunitnormal thatis perpendicular
to the OWS orbital plane.

Table 5.2.3-1 lists and describes the required inputs to program P31, Table 5.2.3-11
describes the P31-computed output.

5.2.3.2 P32, NC2 Targeting Program

The NC2 Targeting Program computes the velocity change (magnitude and direction)
required at the NC2 maneuver time. These calculations satisfy the TPI phasing
conditions (a selected TPI maneuver time and a LOS from the CSM to the OWS
defined by a prescribed elevation angle and a Ah) shown in Figure 5.2.3-2. Like
NC1, the NC2 solution is reached iteratively by varying the NC2 wvelocity change
such that when the maneuver is followed by NCC, NSR, and TPI, these selected TPI
phasing conditions are met.

Because NC2 is defined to be horizontal-—like NCl—the y- and z- components of
the velocity-change vector (displayed in Noun 81) are nominally zero,

The required inputs to program P32 are listed and described in Table 5.2.3-1II,
The P32-computed output is listed and described in Table 5.2.3-1V,

5.2.3.3 P33, NCC Targeting Program

The NCC Targeting Program computes the CSM velocity change required at the
NCC maneuver time. Computation of NCC-required velocity change (displayed in
Noun 81) is based upon previous completion of P32, which stores a desired NCC
time. Program calculations are then made by determining the Lambert solution
(using the two-offset target technique to compensate for earth-oblateness effects)
required to intercept the desired NSR position (aimpoint) vector gC(NSR) at
the desired NSR time. The aimpoint vector usedinthe Lambert solution is determined
as follows:

The CSM position vector gC(TPI) at TPI is obtained using the desired
TPI time and the desired phasing conditions at that time (Figure 5.2.3-2).
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Table 5,2,3~1 P31-Required Input

INPUT

MEANING

~ SOURCE

DSKY DISPLAY

_rCl yc

C SM state vector

Stored in erasable memory.

Updated by ground and by
onboard computer,

_r.Wr .VW

OWS state vector

Stored in erasable memory.

Normally updated from
ground. Can be updated
by onboard computer.

At NCC/ NSR

Time between NCC
and NSR.

Erasable-memory padload.

Revs NC2/ NCC

Revolutions between
NC2 and NCC.

Erasable-memory padload.

tIG(NCI) NC1 ignition time Erasable-memory pad. V06 N95
A Also final NC1 pad. '
tIG(TPI) TPI ignition time Erasable-memory padload. V06 N37
Also final NC1 pad.

HALFREVS No. of half revolu- Erasable-memory padload V06 N57
tions between NC1 (R1)
and NC2.

Ah(NCC) Altitude between OWS Erasable-memory padload. V06 N57
and CSM orbits at (R2)
tIG(NCC).

Ah(NSR) Altitude between OWS Erasable-memory padload. V06 N57
and CSM orbits at (R3)
th(NCC).

EL Elevation angle at Erasable-memory padload. Available to crew

tIG(TPI).

by keying V06
N55E.
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Table 5.2.3-11 P31-Computed Output

OUTPUT MEANING DSKY DISPLAY

Av(NC2) | Reguired impulsive velocity V06 N84
change at t, .(NC2).

IG

Ah(NC2) | Altitude between OWS and V06 N84
CSM orbits atth(NCZ).

Av(NCC) | Required impulsive velocity V06 N84
change at tIG(NCC).

Av(NC1) | Components of required velocity- V06 N81

change vector at t'G(NCI) in
local-vertical coordinates.

th(NCZ)

NC2 ignition time

Available to crew by keying
V06 N28E.

tIG(NCC)

NCC ignition time

Available to crew by keying
V06 NIIE.

tIG(NSR)

NSR ignition time

Available to crew by keying
V06 NI3E.

Av NSR

Components of required velocity-
change vector at th(NSR) in

local vertical coordinates.

Available to crew by keying
V06 N82E.
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Table 5,2, 3-III

P32-Required Input

INPUT MEANING SOURCE DSKY DISPLAY
Ieo Yo CSM state vector Stored in erasable memory.
Updated by ground and by
onboard computer.
Ly Lw OWS state vector Stored in erasable memory.
Normally updated from
ground. Can be updated
by onboard computer.
At NCC/ NSR Time between NCC Erasable memory padload.
and NSR.
Revs NC2/ NCC | Revolutions between Erasable memory padload.
NC2 and NCC.
tIG(NCZ) NC2 ignition time Computed by P31. V06 N28
Ah(NCC) Altitude between OWS and Erasable-memory padload. V06 N57
CSM orbit at tIG(NCC).
Altitude between OWS orbit )
Ah(NSR) and CSM orbit at tIG(NSR) Erasable-memory padload. V06 N57
( + for CSM below OWS).
EL Desired elevation angle Erasable-memory padload. Available by keying
at TP time. V06 N55E and
observing R2.
STalat TP1 ignition time Erasable-memory padload. V06 N37

5-29




Table 5,2.3-IV P32-Computed Output

OUTPUT MEANING DSKY DISPLAY
Av(NCC) | Required impulsive velocity V06 Ng4
change at NCC.
Ah(NCC) | Altitude between CSM and OWS V06 N84
vehicle orbits at th(NCC).
Av(NSR) | Magnitude of a velocity change V06 N84
required at tIG(NSR).
Av(NC2) | Components of required velocity V06 N8l
change vector at tIG(NCZ) in
local vertical coordinates.
tIG(NCC) NCC ignition time Available to crew by keying
V06 NI1E.
th(NSR) NSR ignition time Available to crew by keying
V06 NI3E.
Av(NSR) | Components of required velocity | Available to crew by keying

change vector at tIG(NSR) in
local vertical coordinates,

V06 NB82E.
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The CSM velocity vector at TPI is determined by making the CSM orbit
coelliptic with the OWS orbit using the position vector determined in

step 1.

This CSM state vector is then precision integrated backward to the NSR
time-—retaining coelliptic orbits—yielding the desired CSM position
vector at NSR. '

Because NCC is an aimpoint maneuver, it can compensate for trajectory dispersions
due toerrorsin NC1 and NC2 targeting and maneuver executions. Thus, if targeted
accurately, NCC can hold TPI time slips to a minimum. For all SKYLAB missions,
therefore, the rendezvous sequences are such that the NCC maneuver occurs well
within rendezvous sensor range so that effective rendezvous navigation can precede

the maneuver ensuring an accurate maneuver calculation.

The P33-required input and P33-computed output are shown in Tables 5.2, 3-V
and 5.2.3-VI, respectively.

5.2.3.4 P34, NSR Targeting Program

The NSR Targeting Program computes the velocity change required to put the CSM
into an orbit thatis coelliptic to that of the OWS., After the NSR maneuver is executed,
then, the altitude differcntial between the two vehicle orbits remains approximately

constant until the time of the TPI maneuver,

Generally, a coellipticizing maneuver would have components in the active vehicle's
orbital plane only, i.e., the out-of-plane component would be zero. In this case,
however, since the preceeding maneuver, NCC, is a Lambert maneuver to the NSR
aimpoint, and since this aimpoint is constrained to be in the OWS orbital plane,
(difference in orbital precession between the OWS orbit and CSM orbit from NSR to
TPI is very small) NSR maneuver execution provides an opportunity to reduce the
out-of-plane velocity of the CSM, relative to the OWS orbit, to zero. (The NCC
maneuver forces a node at the NSR point.) For this reason, P34 adds the negative
of the out-of-plane velocity of the CSM relative to the OWS orbit to the coelliptic
maneuver solution. Thus, the NSR maneuver has in-plane components to coellipticize
the orbits and the out-of-plane component to zero the out-of-plane CSM velocity
component relative to the OWS orbit. P34, therefore, displays values for the x-,
y-, and z-components of the required NSR velocity change in Noun 81,
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Table 5.2.3-V P33-Required Input

INPUT MEANING SOURCE DSKY DISPLAY
fer Yo CSM state vector Stored in erasable memory
and updated periodically by ey
ground or by onboard com- '
puter.
Lo Yy OWS state vector Stored in erasable memory.
Normally updated by ground.
Can be updated by onboard
computer.
th(NCC) NCC ignition time Computed by P32, V06 N11
t|G(NSR) NSR ignition time Computed by P33. V06 NI13
tIG(TPI) TP1 ignition time Erasable memory padload. V06 N37
At NCC/ NSR| Time hetween NCC | Erasable memory padload. —
and NSR maneuvers.
EL Desired elevation Erasable memory padload. Available to crew
angle at TP time. by keying V06
NS5E.
(R2)
Table 5,2,3-VI P33-Computed Output
OUTPUT MEANING DSKY DISPLAY
Av(NSR) | Components of required impulsive V06 N82
velocity-change vector at tIG(NSR)
in local-vertical coordinates.
Av(NCC) | Components of required impulsive V06 N81
velocity-change vector at th(NCC)
in local-vertical coordinates.
tIG(NSR) NSR ignition time. Available to crew by
. keying V06 N13E.
th(TPI) TPI ignition time. Available to crew hy
keying V06 N37E.




After the NSR maneuver is performed, the resulting CSM trajectory to TPI is in
the OWS plane (or close to it since no maneuver can be targeted and executed perfectly)

and remains at an approximately constant differential altitude below the-OWS orbit.

The P34-required input and P34-computed output are shown in Tables 5.2.3-VII
and Table 5.2.3-VIII, respectively.

5.2.3.5 P35, TPI Targeting Program

The TPI Targeting Program computes the velocity required to place the CSM on an
intercept trajectory with the workshop, with interceptoccurring at a specified central
angle of travel of the workshop (130 deg) from the TPT ignition point. This central
angle yields a corresponding time of flight between t
See Figure 5.2.3-3.

(TPI) and the intercept time.

1G

OWS orbit
¥

e, AR et I, (TF)

(pre-TPI)

CSMm
orbit

NOTE: Not to Scale

o —Phase angle between OWS and CSM at t | (TP1)

TF —Intercept time; 130° of central angle from OWS TP position vector_rw,

Figure 5.2,3-3., OWS Central Angle of Travel from TPI
to Intercept.



Table 5.2, 3-VII P34-Required Input

SOURCE

INPUT MEANING DSKY DISPLAY
e Ve CSM state vector Stored in erasable memory
and updated by ground and
by onboard computer.
Coe Y OWS state vector | Stored in erasable memory.
, Normally updated by ground
Can be updated by onboard
computer,
th(NSR) NSR ignition time | Computed by P33. V06 N13
tIG(TPI) TP1 ignition time | Erasable memory padload. |Available to crew by
keying V06 N37E.
EL Elevation angle at | Erasable memory padload. |Available to crew by
TP ignition time. keying V06 N55E.,
Table 5,2,3-VIII P34-Computed Output
OUTPUT MEANING DSKY DISPLAY
Ah(NSR) Altitude between OWS and V06 N75
CSM orbits at tIG(NSR).
At (NSR/TPI) | NSR-computed tIG(TPI) V06 N75
minus input tIG(NSR).
At (TPI/TPI) NSR-computed tIG(TPI) V06 N75
minus P34-input
tIG(TPI).
Av(NSR) Components of required V06 N8l
velocity-change vector at
th(NSR) in local -vertical
coordinates.
Yoo {(C CSM out-of-plane posi- | Available to crew by
tion and velocity relative | keying V06 N9OE.
to OWS orbital plane.
\'(W OWS out-of-plane velocity | Available to crew by
relative to CSM orbital keying V06 NOOE.
plane.
tIG (TP1) TPI ignition time. Available to crew by
keying V06 N3TE.




P35 nominally determines the TPI maneuver time by an iterative search for the
desired elevation angle EL of the workshop above the CSM (although the time
option is also available to the crew; see paragraph 5.2.5). (This desired elevation
angle, alsoused inthe calculations for the previous targeting programs, is padloaded
and defines the LOS from the CSM to the OWS as measured from the horizontal
plane of the CSM TPI position, as shown in Figure 5.2.3-3.) The time calculated
by P35 for tIG(TPI) should then be close to the desired TPI time used in the NC1
and NC2 targeting programs; due to burn execution errors and small navigation

state errors, however, these values will not be exactly the same,

After the TPI time is obtained, P35 advances the CSM and OWS state vectors to
this time and computes the maneuver solution by solving Lambert's problem from
the CSM TPI position vector ;‘C(TPI) to the workshop position vector QW(TF)

at intercept. To account for the earth's oblateness effects in determining the velocity
change required at TPI, two options are available, The crew specifies the desired
option in Noun 55 of P35. The more accurate one is utilizing the OWS position
vector at intercept derived by precision integration and the target-offset technique
(with N = 2 offsets) to obtain an offset aimpoint to be used in obtaining the velocity
change required. This involves three precision integrations to intercept and three
solutions of Lambert's problem, and is, therefore, time consuming. A technique
that isnot quite as accurate, but is very fast in obtaining a solution, is to determine
the aimpoint to be used in the Lambert problem by integrating the workshop state

from t, . (TPI)tointercept conically. No precisionintegration is used and Lambert's

problellrr? is solved only once. The maneuver solution resulting from using this
technique is essentially equivalent to taking one target offset using the precision
OWS positionvector at intercept. This latter technique (with N=0 offsets) isnominally
used because it is fast and, although a small Av error is incurred (spproximately

1.0 fps), it is easily corrected during the midcourse maneuvers following TPI.

Tables 5.2.3-1X and 5.2.3-X show P35-required input and P35-computed output,

respectively.

5.2,3.6 P36, Terminal-phase Midcourse (TPM) Targeting Program

The Terminal-phaée Midcourse Targeting program is essentially the same as the TPI
program with the exception that no search occurs for the ignition time. Nominally,
two midcourses are scheduled after TPI, each occurring at a fixed time from TPI.
The ignition times for the midcourses are specifically chosen so that adequate

rendezvous navigation can take place before afinal solutionis requested. Theignition
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time of each midcourse maneuver is determined by the crew response to the Noun

45 display. Specifically, tIG is the response time plus a 3-min increment,

Because TPI cannot be computed and executed perfectly due to (1) the small navigation
errors existing at TPI, (2) incomplete modeling of gravity perturbations, and (3)

maneuver-execution errors, the midcourse solutions will not be zero.

P36 computation of the maneuver solution uses the time of flight computed in the
TPI program minus the time increment between TPI and the midcourse being
performed as the time of flight to intercept. This time of flight is then used to

obtain an updated OWS position vector at intercept.

Again, either of two techniques can be used to compute the maneuver solution, i.e.,
target offset technique (N = 1, or 2) or use of a conic aimpoint in the Lambert
solution (N = 0), The technique used is specified in R3 of Noun 55 during P35,
Since the range to the targetis about 10 n.mi. at the first midcourse and approximately
5 n.mi, at the second, using the conic aimpoint option (N = 0) provides avery accurate
maneuver solution (and a very fast one since no precision integration is involved).

This option is, therefore, normally used.

Tables 5.2.3-XI and 5.2.3-XII show P36-required input and P36-computed output,
respectively.



Table 5.2.3-IX P35-Required Input

tween CSM and OWS
LOS and CSM local
horizontal at tIG(TPI).

DSKY
INPUT MEAN ING SOURCE DISPLAY
e Ve CSM state vector Stored in erasable memory
and updated by ground and E—
by onboard computer.
Ty Y OWS state vector Stored in erasable memory.
‘ Normally updated by ground —
Can be updated by onboard
computer,
tIG(TPI) TP1 ignition time Computed by P34 program. | V06 N37
NN Number of precision | Loaded by P35 to 00000. V06 N55
offsets made in gen-
erating offset target
vector for TPI.
NOTE. —If set 00000
conic integration used
to generate target vec-
tor.
wt Central angle traveled | Fixed-memory constant.
by OWS between TP P
and intercept point.
EL Elevation angle be- Erasable-memory padload. | V06 N55
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Table 5.2.3-X P35-Computed Output

OUTPUT MEANING DSKY DISPLAY
Av(TPI) TP1 maneuver magnitude V06 N58
Av(TPF) TPF maneuver magnitude V06 N58
AY(TPI) Difference between TPI- V06 N58

computed th and P35-
input.
Av(TPI) Components of required V06 N81

velocity-change vector at
tIG(TPI) in local-vertical

coordinates.

Ay (TP1) (LOS)

Components of required
velocity-change vector at
tIG(TPI) in line-of-sight

coordinates.

Available to crew by
keying V06 N59E.

tIG(TPl) P35-computed th(TPH V06 N37
given an elevation angle.
EL P35-cor_nputed elevation V06 N55
angle givena tg.
¢ CSM central angle of Available to crew by

travel between TPI and
intercept(o +wt). See
Figure 5.2.3-3.

keying V06 N52E
(R1),




Table 5,2,3-XI P36-Required Input

INPUT MEANING SOURCE DSKY DISPLAY

IC' \_/C CSM state vector | Stored in erasable memory.
Updated by ground and by s
onboard computer.

Iy Yy OWS state vector | Stored in erasable memory.
Normally updated by ground.
Can be updated by onboard
computer.

t(TF) Intercept time Stored in erasable memory e
from P35,

NN Number of Defined in R1 of Noun 55 N

precision offsets. | of P35.

At Time increment | Fixed-memory constant of

3 min,
Table 5.2, 3-XII P36-Computed Output
OUTPUT MEANING DSKY DISPLAY

Ay (TPM) (LOS)

Components of required
velocity-change vector at
tIG(TPM) in line-of-sight

coordinates.

V06 N59

Ay(TPM) (LV)

Components of required
velocity-change vector at
tIG(TPM) in local vertical

coordinates.

Available to crew by
keying V06 N8IE.

Central angle CSM travels
between tIG(TPM) and in-

tercept time.

Available to crew by
keying V06 N52E.




Table 5.2, 3-XIII P38-Required Input

INPUT MEANING

SOURCE

DSKY DISPLAY

IC' yC CSM state vector

Stored in erasable memory.
Updated by ground and by
onboard computer.

LW, \_/W OWS state vector

Stored in erasable memory.
Normally updated by ground.
Can be updated by onboard
computer.

t Time of last man-
euver t|G(NCI)

Stored in erasable memory
from last program to com-
pute a th.

V06 N39

(PC) | PC ignition time.

Y6

V06 N33

Table 5.2, 3-XIV P38-Computed Output

OuUTPUT

MEANING

DSKY DISPLAY "

Ay (PC) (LV)

Components of required
velocity-change vector at
t| G(PC ).

NOTE. —R2 contains Y-dot
CSM. R1(x) and R3(z) are
Zero.

V06 N8l

CSM out-of-plane
position and velocity
relative to OWS orbital
plane.

Available to crew by
keying V06 N9OE.

OWS out-of plane
velocity relative to
CSM orbital plane.

Available to crew by
keying V06 N9OE.
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5.2.4 Targeting-program Operational Summary

All the targeting programs are operated in a similar way. The program displays
existing data. The crew either loads new input data and options into the program
via the DSKY, or accepts the data displayed. After the crew has responded to the
input displays, all the targeting programs display VERB 16 NOUN 45. The crew
normally performs SXT (or COAS) marking during this display and monitors
accumulation of VHF marks. A VERB 32 ENTR response to the display allows the
program torecycle the targeting computations and to obtain a preliminary solution.
A PRO response to the Noun 45 display obtains a final targeting solution and a
second Noun 45, As shown in the figure, a second PRO response to the Noun 45

then causes the targeting program to exit.

Start

Input
4
[ viens |
PROl lvaze
! Computation | ! Computation |
1 Cycle L1 Cycle ]
[ ouput | | output |
| b
| ouput | [ ouput |
—
| views |
PRO
Exit

Figure 5.2.4~1, Targeting Program Simplified Flowchart
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As shown, Noun 45 is displayed at the end of every computation cycle—whether

that cycle is preliminary or final. The contents of Noun 45 are:

R1 xxBxx Number of VHF and SXT (or COAS)
marks incorporated since the last

W-matrix reinitialization

R2 xxBxx Time from ignition
R3 -00001 Preliminary cycle (after V32E)
-00002
or Final cycle (after PRO)
XXX, XX
deg MGA

When R3 contains the approximate middle gimbal angle (MGA) at tIG (after the
maneuver to the thrusting attitude; see Section 6.0) the CSM thrust axis is aligned
along the velocity-to-be-gained direction. This enables the crew to determine if a

realignment of the IMU is required before thrusting.

The decision whether to recycle and obtain a preliminary solution or to PRO and
obtain a final solution is made in accordance with premission planning, taking into
account the amount of time left before ignition. A rule of thumb for the targeting
programs is for the crew to PRO (on Noun 45) to obtain a final solution approximately
12 min before tIG' This allows enough time for the program to compute a targeting
solution; and allows the crew to perform the final PRO on Noun 45 to exit to the
thrusting program with enough time for the maneuver to the thrusting attitudé and

premaneuver preparation.

In either case, upon receipt of a VERB 32 ENTR (recycle) or a PRO response, the
program resets UPDATFLG prohibiting further incorporation of marks into the
onboard state-vector. For the recycle response, this prohibition is temporary and
lasts only for the time the computations are being performed. Before displaying
the first preliminary computation, the program sets UPDATFLG again allowing
incorporation of marks. Presumably, the crew will wish to perform marking again
during the next Noun-45 display. For the PRO response, the prohibition is permanent
for the targeting program being performed. Marking should not be performed,
therefore, after a PRO response to Noun 45 since the marks will not be incorporated

into the state vector.



MARKING

If VHF marking has been enabled by the crew's keying VERB 87 ENTR, VHF marks
are taken automatically at the rate of about one per minute. Optics marks are
nominally performed by the crew at the same rate, During a long tracking period
(15 or 20 min) it is theoretically most desirable to take SXT marks once a minute
throughout the period. Since this isnot always possible, the recommended procedure
is to take the marks in batches during a six-min period at the beginning and a
six-to eight-min period at the end.

If the situation is such that the crew can take only a limited number of marks,
these marks should be taken as close to the maneuver time as possible.

During batch marking, if arecycle (VERB 32 ENTR response tothe Noun-45 display)
is desired and at leastfive minutes have passed since the last mark, it is recommended

that the crew take three optics marks before requesting the recycle,

NOTE,— After a W-Matrix reinitialization (the mark counter
reads zero) about ten marks are required to obtain steady

state state-vector estimates.
XDELVFLG

Another internal function of all the targeting programs is the setting or resetting
of XDELVFLG. Programs P30, P31, P32, P34 and P38 set XDELVFLG, requiring
the thrusting program executing the maneuver to perform the guidance computations
in the External Av mode; programs P33, P35 and P36 reset XDELVFLG requiring
the thrusting programs to perform these computations in the Lambert mode. (For
a detailed explanation of both modes, refer to Section 6.0; refer also to paragraph
5.2.2 for a schematic description of these modes.)

ALARMS

Should the alarms listed below occur during a targeting program, the program
displays the alarm in FL V05 NO09 and illuminates the PROG light. The alarm
appears in R1 and R3 of Noun 09 if it is the only alarm; in both R2 and R3 if it is
the second alarm; and only in R3 if it is the third alarm. R3 always contains the
latest alarm. For all the alarms described in this paragraph, the targeting programs
have been coded to allow the crew to key either VERB 32 ENTR (recycle) or PRO
to the V05 NO9 display. The effects of these responses can be different, however,
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depending upon the alarm to which the response is made.. For some alarms, the
crew can also access erasable memory and modify the ¢, and €5 convergence
criteria.

The alarms that can occur during the targeting programs, and their causes, are
listed in the following table. In addition, the text following the table gives brief
explanations of the causes for the alarms, and, where applicable, describes possible

workaround procedures.

Alarm Cause Program
00600 Failure in phase-match iteration P31, P32
00601 Failure in height-maneuver iteration P31, P32
00602 Failure in outer-loop iteration P31, P32
00603 Failure in QRDTPI iteration P31, P32, P33
00611 No tIG for a given elevation angle P34, P35

00600

The occurrence of this alarm, although very unlikely, means that the program is
unable toupdate the OWS state vector to be radially above or below the active vehicle,
The recycle response takes the program to the beginning and allows the crew to
check inputs for reasonableness. The PRO response allows the program to bypass
the Noun-84 display and to set the Noun-81 display to all zeros, indicating no solution.
The crew can then load the ground solution in Noun 81. Other workaround procedures,
however, would be for the crew to request state-vector uplink from the ground, or

to access erasable memory and modify the convergence criteria,

00601

Failure of the program toconverge in this case usually indicates unreasonable input,
For example, the Ah entered in Noun 57 is unreasonably high or the number of
half-revs between either NC1 and NC2 or NC2 and NCC is a small fraction, in
effect asking the program for avery rapid change in altitude—which is not possible
since the maneuver is constrained to be horizontal. A PRO response sets Noun 81

to zero. (The crew can then load the ground solution in Noun 81.)

The recycle response to the V05 NO9 and a rechecking of the inputs to the program

is a possible workaround procedure for this alarm.
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00602

Should there be a failure in the outer-loop iteration causing a 00602 alarm, a PRO
response to V05 NO09 allows both P31 and P32 to run to completion and to compute
a solution. The assumption is that this solution will be approximately correct,
since the inner loops have converged. In any case, the solution should be compared
with that of ground before being used. Another-—and less likely—approach is for
the crew to change the convergence tolerance € in the outer loop to a higher value.

This approach requires accessing the erasable-memory address of 61.

00603

The QRDTPI Routine searches for the OWS state vector that satisfies the Ah and
elevation-angle (EL) geometry constraints as shown in Figure 5.2.3-2. Should this
search fail, causing a 00603 alarm, a PRO response to the V05 N0O9 sets Noun 81 to
zero indicating no solution. (The crew then has the option of loading the ground
solution in Noun 81.) A VERB 32 ENTR recycles the program allowing the crew to
recheck the inputs—particularly those for Ah and EL' Accessing erasable memory

allows the crew to modify the convergence criteria.

00611

This alarm in P34 or P35 indicates that the program cannot find a time of ignition
for the given elevation angle. The workaround procedures are slightly different
for each program. In P34, the crew can key PRO, VERB 32 ENTR, or VERB 34
ENTR in response to the V05 NO9 display. Keying PRO allows the program to
proceed with the knowledge that the input TPI time will beunchanged. Keying VERB
32 ENTR—the recommended procedure—allows the program to recycle to the
beginning and allows the crew to redefine the input parameters. [The crew should
also key VERB 06 NOUN 37 ENTR to verify input value of tIG(TPI).] Keying VERB
34 ENTR terminates the program.

For P35, a PRO response to the V05 N09 alarm display recycles the program to

the beginning and allows the crew to redefine the input parameters. The crew can
then change the initial estimate of tIG(NOUN 37).
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5.2.5 Onboard Targeting-program Procedures

Minimum keystroke (MINKEY) program sequencing is normally used throughout the
SKYL.AB rendezvous, although manual sequencing can also be used. (Refer to
paragraph 4.2.1.) For this reason, the procedures described here for the onboard
targeting programs are within the broader context of MINKEY rendezvous. Those
procedures that are not strictly targeting-program functions are described only
briefly.

MINKEY provides the crew an automatic method of sequencing the various navigation,
alignment, targeting, and thrusting tasks required for rendezvous and docking. The
crew has only to select the initial targeting program and key PRO to the FL V50
N25 (with R1=00017) request for MINKEY performance; all other programs within
the sequence are then automatically selected by the MINKEY controller. The sequence
essentially involves (1) initiating option 4 of the Universal Tracking Program, P20
(2) selecting the appropriate targeting program, and (3) selecting either P40 or
P41 for thrusting. If thecrew keys ENTR to the FLL V50 N25, thus selecting manual
sequencing, he must then manually select all the programs in the sequence. (Refer
toparagraph 4.2.1.2.2,2 for adetailed description of manual-sequencing procedures,)
If REFSMFLG is reset, P20 is notturned on, nor is the request for MINKEY displayed.

The rendezvous must then be accomplished manually.

The various starting points at which MINKEY can be entered are reset points
corresponding to the targeting-program entry; they follow the order of the nominal
rendezvous-maneuver sequence (see paragraph 5.2,1) with the exception of the

pre~-NPC maneuver segment (reset point 8).

The reset points for entering the MINKEY sequence and their corresponding targeting

programs, initiated at these points, are as follows:

Reset Point Targeting Program Entered
1 Pre-NCl1 P31
2. Pre-NC2 P32
3. Pre-NCC P33
4, Pre-NSR P34
5, Pre-TPI P35
6. Pre-TPM (TPM-1, TPM-2) P36
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7.  Terminal Phase P37
Kk
8. Pre-NPC P38

MINKEY sequencing can be interrupted and would require re-initiation if any of the

following DSKY inputs occur during the sequence.

VERB 37 ENTR xx ENTR

VERB 34 ENTR to a program-generated flashing display

VERB 96 ENTR—stops integration and selects non-integrating P00
VERB 36 ENTR—causes a fresh start

VERB 56 ENTR—terminates P20 running in the background.

Gl W N

Within the MINKEY sequence, certain displays are common to all the targeting
programs, although the displays arenot generated by the targeting programs., These
are the RO7-generated FL. V50 N18 and the P20-R60-generated FIL. V50 N18 and
V06 N18. The crew observes these displays immediately upon keying VERB 37
ENTR xx ENTR where xx corresponds to the targeting-program numbers 31-38,
To avoid repeating these displays in the procedural description of each targeting

program, this common portion of MINKEY sequencing is described here,

Key VERB 37 ENTR xx ENTR.

Upon entry, each targeting program sets:

UPDATFLG to allow state-vector updating by optics and VHF marks.
TRACKFLG to allow rendezvous tracking.

Only upon initial entry into the MINKEY sequence, observe the flashing R07 request
to perform MINKEY sequencing.

B
‘P37 performs no targeting, but provides displays of range and range rate and
establishes x-axis tracking.

>°<>kPre-NPC is not part of the normal MINKEY sequence, If it is required, it must
be selected at the desired point (normally following NC1) by the crew's keying VERB
37 ENTR 38 ENTR.
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FL V50 N25

R1 00017 Request to perform MINKEY
R2 Blank
R3 Blank

NOTE.—The crew sees FL V50 N25 again only if the
MINKEY sequence is interrupted and re-entered.

PRO—to start MINKEY sequence. Observe flashing P20—R60 display
of required gimbal angles and request to perform automatic maneuver
to tracking attitude.

ENTR—to perform manual sequencing.

NOTE.—The FL. V50 N18 display occurs only if Afis greater
than 10 deg.

FL V50 N18
R1 xxx.xx deg  OGA Desired gimbal angles
R2 XxX.xx deg IGA

R3  xxx.xx deg MGA

NOTE,—To perform automatic maneuver, verify SC CONT
switch in CMC and CMC MODE switch in AUTO,

PRO—to perform automatic maneuver to tracking attitude. Observe
nonflashing display of final gimbal angles as automatic maneuver is being
performed. Monitor maneuver on FDAI. If maneuver approaches gimbal
lock, use RHC to complete maneuver manually.

FL V06 N18

R1 xxx,xx deg  OGA Final gimbal angles

R2 xxx.xx deg IGA

R3  xxx.xx deg MGA

When maneuver is completed, observe first targeting-program display.
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Nominally, after insertion and performance of a P52 realignment, the ground uplinks,
via P27, the CSM and OWS state vectors. The crew monitors the P27 uplink and
then receives and records—via voice link—preliminary NC1 pad data. Ground
voice links final NC1 pad data approximately 30 minutes before the NC1 maneuver
is to be performed. The crew then selects the NC1 targeting program and enters

MINKEY sequencing at reset point 1.

5-49



P31

s Key VERB 37 ENTR 31 ENTR. (See common procedures.) Observe flashing
display of tIG(NC1).

NOTE.—Nominally in SKYLAB, marktaking is not performed
during P31, since the OWS is not within the 300-nautical
mile tracking range considered necessary to improve the
state vector,

la. FL V06 N95

R1 00xxx. hr tIG (NC1) (GET)
R2 000xx. min

R3 0xxX.XX sec

VERB 25 ENTR—to load pad tIG (NC1) if displayed tIG is not same as
final NC1 pad. PRO.

PRO-—when satisfied with displayed t Observe flashing display of

1G*
stored half revs, Ah (NCC) and Ah (NSR).

1b, FL V06 N57
R1 xxxxx half revs
R2 xxxx.x n.mi Ah (NCC)
R3 xxxx.x n.mi Ah (NSR)
where Rl isthe number of half revolutions between NC1 and NC2; R2 is the altitude
between CSM and OWS orbits at tIG (NCC); R3 is the altitude between the CSM and

OWS orbits at tIG (NSR).

NOTE,—The sign for R2 and R3 is plus when the CSM is
below the OWS.

VERB 25 ENTR-—toload pad values if displayed valuesnot same. PRO.,

PRO—when satisfied with display. Observe flashing display of tIG (TPI).
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P31

le. FL V06 N37

R1 00xxx. hr tIG (TPI) (GET)
R2 000xx. min

R3 0xxX.XX sec

VERB 25 ENTR—to load pad tIG (TPI) if displayed values not same as
final NC1 pad. PRO.

PRO—when satisfied with tq (TPI). Observe flashing Noun-45 display

of mark counters, TFI, and code indicating not last pass.
1d. FL V16 N45

R1 xxBxx VHF -Optics mark counters
R2 xxBxx min~sec TFI (NC1)
R3 -00001 preliminary cycle

NOTE.—Upon a VERB 32 ENTR response, program resets
UPDATFLG temporarily prohibiting further updating of state
vectors. Upon PRO response, program sets FINALFLG
indicating final passthroughtargeting computations and also
resets UPDATFLG.

VERB 32 ENTR—to recycle the targeting computations to obtain a

preliminary solution. Observe flashing display of preliminary Noun-84
data.

PRO—to terminate navigation, and obtain a final targeting solution.

Observe flaghing display of final Noun-84 data.
le. FL V06 N84

R1 xxxx.Xx fps  Av(NC2)
R2  xxxx.x n.mi, Ah(NC2)
R3  =xxxx.x fps  Av(NCC)

where R1 contains the resultant velocity-to-be-gained during NC2 maneuver; R2
contains the altitude between the CSM and OWS orbits at t; (NC2); R3 contains the
required impulsive velocity-to~be-gained during the NCC maneuver,



P31

PRO—observe flashing display of either preliminary or final Noun
81~velocity-change computations depending upon response (step 1d) to
FL, V16 N45 display.

1£. FL V06 N81

R1 xxxx.x fps AVX (LV) NC1 .
R2 xxxx.x fps  Av_ (LV)
R3  xxxx.x fps  Av_(LV)

where Rl is the x-component, in local-vertical coordinates, of the impulsive

velocity-change at t; (NC1); R2 is the y-component; and R3 is the z-component.

NOTE.—The ground solution is prime for NC1; the crew,
therefore, compares the x-component of the final Noun-84
display with that of ground. If onboard value is not within
preset mission limits, the crew overwrites CMC solution
with that of ground voiced as final NC1 pad data.

PRO-—observe flashing Noun-45 display.

NOTE,— After the PRO toFL V06 N81, P31 sets XDELVFLG
requiring that P40 or P41 computations be performed inthe
External Av mode.

lg. FL V16 N45

R1 xxBxx  VHF-Optics mark counters
R2 xxBxx min-sec TFI (NC1)

R3  -00001 preliminary cycle

or XXX, XX deg MGA

or -00002 final cycle (IMU not aligned)

where Rl is thenumber of VHF and optics marks accumulated since last W-matrix
reinitialization; R2 is the time from NC1 ignition; R3 is (1) -00001 if computation
was preliminary, (VERB 32 ENTR on step 1d), (2) value of middle gimbal angle at
thrusting attitude if IMU aligned and computation was final (PRO on step 1d) or
(3)-00002 if IMU not aligned and computation was final (PRO on step 1d).

VERB 32 ENTR—torecycle for another preliminary solution. Observe
preliminary FL V06 N84,
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P31

PRO—to exit to thrusting program or to obtain final comp. Observe
either final FL. V06 N84 or PROG number on DSKY change to 40 or 41
depending upon which thrusting program is called by R07, the MINKEY

Controller.

At the completion of the targeting program, R07 computes the magnitude of the
required velocity-change vector to determine whether to select RCS or SPS thrusting
program. The rule used is if v, 2 10 fps, P40 (SPS thrusting) is chosen; if Vg is
<10 fps, P41 (RCS thrusting) is chosen. Nominally, for NC1, P40 is used. After
completion of the NC1 maneuver, the crew trims the residual of the x-component
of Yo and voices the NC1 residuals to the ground. The ground confirms the burn,
and, using MSFN tracking data, computes the CSM state vector. In addition, the
ground sends the OWS a NAV load and a Z-local vertical update. The crew then
nominally (1) calls P00 to prepare for P27 uplink of CSM and OWS state vectors;
(2) receives preliminary NC2 pad, and plane-change decision and pad; and (3)
performs a P52 (option 3) IMU realignment. If plane-change is desired, crew keys
VERB 48 ENTR and loads maneuver rate, selects P38, as shown, and begins MINKEY
sequence (reset point 8) for NPC burn, Otherwise, the crew enters MINKEY sequence

at reset point 2.

NOTE.—Should pre-NPC (reset point 8) be necessary, it
must be called manually by the crew, MINKEY will then
automatically sequence through P38 targeting, P52 plane-
change alignment, P40 or P41 thrusting, P52 in-plane
alignment, and end this segment with a FL. VERB 37 request
for a new program. Crew returns to the nominal sequence
(reset point 2) for MINKEY by keying VERB 37 ENTR 32
ENTR.
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P32

Key VERB 37 ENTR 32 ENTR. (See common procedures,) Observe flashing

display of t;, (NC2).

2a.

2b.

FL V06 N28

R1 00xxx. hrs tIG (NC2)(GET)
R2 000xx. min '

R3 0xX.XX sec

VERB 25 ENTR-—to load pad tI
pad. PRO.

if displayed tI not same as final NC2

G G

PRO-—when satisfied with displayed tI Observe flashing display of

Ah (NCC) and Ah (NSR).

G*

FIL, V06 N67

R1 Blank
R2 XXXX.X n.mi. Ah (NCC)
R3 XXXX.X n.mi, Ah (NSR)

NOTE.— The sign for R2 and R3 is plus when the CSM is
below the OWS.

where R2 is altitude between the CSM and OWS orbits at tIG (NCC); and R3 is
altitude between the CSM and OWS orbits at tIG (NSR).

2¢,

PRO—copy Noun 57 values and PRO. Observe flashing display of tIG
(TPI).

FL V06 N37
R1 00xxx. hr ta (TPI) (GET)
R2 000xx, min

R3 0xx.xxX sec

not same as

VERB 25 ENTR—to load pad t; (TPI) if displayed t
NC2 pad. PRO.

1G
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P32

PRO—when satisfied with displayed tIG' Observe flashing Noun

45-display of mark counters, TFI, and code indicating not last pass.

2d, FL V16 N45

R1 xxBxx VHF-Optics mark counters
R2 xxBxx min—sec TFI (NC2)
R3 -00001 preliminary cycle

° Perform SXT marking until sufficient marks have been accepted.

NOTE.—UponaVERB 32 ENTR, program resets UPDATFLG
temporarily prohibiting further updating of state vectors by
marks. Upon a PRO, program sets FINALFLG indicating
final pass through targeting computations and also resets
UPDATFLG.

VERB 32 ENTR—to recycle the targeting computations, take more

marks and obtain a preliminary solution. Observe flashing display of

preliminary Noun-84 data.

PRO—to terminate navigation, and obtain a final targeting solution.
Observe flashing display of final Noun-84 data.

2e. FL V06 N84

R1 xxxx.x fps  Av (NCC)
R2 xxxx.x n.mi Ah (NCC)
R3  xxxx.x fps  Av (NSR)

where Rl contains the impulsive Av required to accomplish NCC maneuver at tIG
(NCC); R2 the altitude between the CSM and OWS orbits at tIG (NCC); and R3 impulsive
Av required to accomplish NSR maneuver at tIG (NSR).

PRO—observe flashing display of either preliminary or final Noun-81

velocity-change computations depending upon response (step 2d) to FL
V16 N45 display.
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P32
2f., FL V06 N81

R1  xxxx.x fps Av_ (LV) NC2
R2  xxxx.x fps Avy (LV)
R3  xxxx.x fps AVZ (V)

where R1 is the x-component, in local-vertical coordinates, of required impulsive
Av at tg (NC2); R2 is the y-component; and R3 is the z-component,

NOTE.—The ground solution is prime for NC2, The crew,
therefore, compares the x-component of the final Noun-81
display with that of ground. If onboard value is not within
preset mission limits, the crew overwrites the CMC solution
with that of ground voiced as final NC2 pad data,

PRO—observe flashing display of Noun 45,

2g. FL V16 N45

xxBxx VHF -Optics mark counters
xxBxx  min-sec TF] (NC2)

-00001 preliminary cycle

EXX.X% deg MGA

-00002 final cycle (IMU not aligned)

klEgge

where Rl is thenumber of VHF and optics marks accumulated since last W-matrix
reinitialization; R2 is the time from NC2 ignition; R3 is (1) ~00001 if computation
was preliminary, (VERB 32 ENTR on step 2d), (2) value of middle gimbal angle at
thrusting attitude if IMU aligned and computétion was final (PRO on step 2d) or
(3)-00002 if IMU not aligned and computation was final (PRO on step 2d).

VERB 32 ENTR—torecycle for another preliminary solution. Observe
preliminary FL V06 N84,

PRO—to exit to thrusting program or to obtain final comp. Observe
either final FL V06 N84 or PROG number on DSKY change to 40/41
depending upon which thrusting program is called by R07, the MINKEY
Controller.
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P32

After completion of the NC2 maneuver, the crew trims the residual of the

x-component of Yo and voices NC2 residuals to the ground for confirmation. The
crew then calls P20 to perform SXT tracking and initiates R27 to track OWS with
VHF for chart solutions. The crew also performs preliminary NCC targeting, after
receiving and recording ground NCC and NSR solutions, and calls P33.
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P33

Key VERB 37 ENTR 33 ENTR. (See common procedures.) Observe flashing

display of ;. (NCC).

3a.

3b.

3e.

FL V06 N11

R1 00xxx. hr tIG (NCC) (GET)
R2 000xx. min

R3 0xx.Xx sec

VERB 25 ENTR—to load pad tIG (NCT) if displayed tIG is not same as
final NCC pad. PRO.

PRO—when satisfied with displayed t[ Observe flashing Noun 13

display of t; (NSR).

G

NOTE,—t,~ (NSR)is computed to be thetime loaded in Noun

11 plus the eérasable-memory At NCC/NSR.

FL V06 N13

R1 00xxx. hr tIG (NSR) (GET)
R2 000xx. min

R3 0xx.xx sec

VERB 25 ENTR—to load pad tIG (NSR) if displayed tI is not same as

G
final NCC pad. PRO.

PRO-—when satisfied with tIG (NSR). Observe flashing display of tIG

(TP1).

FL V06 N37

R1 00xxx. hr tIG (TPI) (GET)
R2 000xx. min

R3 Oxx.xXX sec

VERB 25 ENTR—to load pad tIG (TP1) if displayed tIG is not same as
final TPI pad. PRO.

PRO—when satisfied with displayed tI Observe flashing Noun-45

G
display.
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3d.

3e.

P33

FL, V16 N45

R1 xxBxx  VHF-Optics mark counters
R2 xxBxx  min-sec TFI (NCC)

R3 -00001 preliminary cycle

Perform SXT marking

Perform R27 procedures. (Refer to paragraph 4.2,1.3.)

VERB 32 ENTR-—torecycle thetargeting computations and temporarily

terminate state-vector update by marks to obtain a preliminary solution.,

Observe flashing display of preliminary Noun-82 data,

PRO—1to terminate state-vector update by marks, and obtain a final

targeting solution. Observe flashing display of final Noun-82 data,

FL V06 N82

Rl  xxxx.x fps AVX (LV) NSR
R2  xxxx.x fps Avy (LV)
R3  xxxx.x fps Av, (LV)

where R1 is x-component, in local-vertical coordinates, of the impulsive velocity
change at t[G (NSR); R2 is the y-component; and R3 is the z-component,

3f.

PRO—observe flashing display of either preliminary or final Noun-81

velocity-change computations depending upon response to Noun 45,

FL V06 N81

Rl xxxx.xfps Av_ (LV) NCC
R2  xxxx.x fps Avy (V)
R3  xxxx.xfps Av (LV)

where Rl is x-component, in local-vertical coordinates, of the impulsive velocity-

change at tIG (NCC); R2 is the y-component; and R3 is the z-component.
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P33

NOTE.—For final solution, crew compares the CMC, the
ground, and the chart solutions. If the CMC solution agrees
with either the chart or the ground solution within a planned
tolerance for the x-, y-, and z-components of the v, the
CMC solution is used. If the CMC solution does not agree
with either of the other two, the crew compares the chart
and ground solutions, If they agree within this tolerance,
the crew uses the chart solution. Should all three disagree,
the crew uses the ground solution.

VERB 25 ENTR—to load other than CMC solution.

PRO—1to continue. Observe flashing Noun-45 display.

3g. FL V16 N45

R1 xxBxx  VHF-Optics mark counters
R2 xxBxx  min—-sec TFI (NCC)

R3 -00001 preliminary cycle

XXX XX deg MGA

-00002  final cycle (IMU not aligned)

5 i

where R1 is the number of VHF and SXT marks accumulated since last W-matrix
reinitialization; R2 is time from NCC ignition; and R3 is (1) -00001 if computation
was preliminary (VERB 32 ENTR on step 3d;) (2) value of middle gimbal angle at
thrusting attitude if IMU aligned and computation was final (PRO on step 3d), or
(3)-00002 if IMU not aligned and computation was final.

VERB 32 ENTR—to recycle for preliminary solution, Observe
preliminary FL V06 N84,

PRO—to exit to thrusting program or to obtain final comp, Observe
either final FLL V06 N84 or PROG number on DSKY change to 40 or 41
depending upon which thrusting program is called by R07, the MINKEY
Controller,

After completion of the NCC maneuver, the crew trims the x-, y-, and z-components
of ¥ and voices the NCC residuals to ground for burn confirmation. The crew
then performs SXT tracking, aswell as VHF tracking for chart solutions and enters
P34.



P34

Key VERB 37 ENTR 34 ENTR. (See common procedures.) Observe flashing )

display of ta (NSR).

4a,

4b.

4c,

FL V06 N13

R1 00xxx, hr tIG (NSR) (GET)
R2 000xx., min

R3 0xx.XX sec

VERB 25 ENTR—to load pad tIG (NSR) if displayed tIG not same as
final NSR pad. PRO.

PRO~—when satisfied with displayed tIG' Observe flashing Noun 45,

FL V16 N45

R1 xxBxx VHF -Optics mark counters
R2 xxBxx  min-sec TFI (NSR)

R3 -00001 preliminary cyele

Perform SXT marking.

Perform R27 procedures. (Refer to paragraph 4.2.1.3.)

VERB 32 ENTR—torecycle for preliminary solution. Observe flashing

display of preliminary Noun-"75 data.

PRO—to terminate state-vector update by marks, and obtain a final
targeting solution. Observe flashing display of final Noun-75 data.

FL V06 N75
Rl xxxx.x n.mi. Ah (NSR)
R2  xxBxx min —sec At tia (TPI) - tig (NSR)

R3 xxBxx min—-sec At tIG (TPI) P34 - tIG (TPI) P31

PRO—observe flashing of either preliminary of final Noun-81 velocity-
change computations depending upon response to Noun 45,
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P34

4d. FL V06 N8l

Rl xxxx.x fps Av, (LV) NSR
R2 xxxx.x fps Avy (LV)
R3  xxxx.x fps sz (V)

where Rl is x-component, in local-vertical .coordinates, of the impulsive velocity

change at tIG (NSR); R2 is the y-component; and R3 is the z-component.

NOTE.—For final solution, crew compares the CMC, the
ground, and the chart solutions. If the CMC solution agrees
with either the chart or the ground solution within a planned
tolerance for the x-, y-, and z-components of the v, the
CMC solution is used. If the CMC solution does not agree
with either of the other two, the crew compares the chart
and ground solutions. If they agree within this tolerance,
the crew uses the chart solution. Should all three disagree,
the crew uses the ground solution.

VERB 25 ENTR—to load other than CMC solution.

PRO—1to continue. Observe flashing Noun-45 display.
4e. FL V16 N45

R1 xxBxx  VHF-Optics mark counter
R2 xxBxx min—sec TFI (NSR)

R3 -00001 preliminary cycle

or xxx.xx deg MGA

or  -00002 final cycle (IMU not aligned)
where Rl is number of VHF and SXT marks accumulated since last W-matrix
reinitialization; R2 is time from NSR ignition; and R3 is (1) -00001 if computation
was preliminary (VERB 32 ENTR on step 4b), (2) value of middle gimbal angle at
thrusting attitude if IMU aligned and computation was final (PRO on step 4b),
or (3)-00002 if IMU not aligned and computation was final.

VERB 32 ENTR—torecycle for another preliminary solution, Observe
FL V06 NT75.

PRO—to exit to thrusting program or to obtain final comp. Observe
either final FL. V06 N75 or PROG number on DSKY change to 40 or 41
depending upon which thrusting program is called by R07, the MINKEY
Controller.
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P34

After the maneuver, which puts the CSM in an orbit that is coelliptic with, and
nominally below, the OWS, the crew trims the NSR residuals to ensure nominal
terminal-phase conditions, and voices residuals to the ground. After ground
confirmation of the burn, the crew maneuvers headsup and enters the TPI Targeting

Program, P35.
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P35

5. Key VERB 37 ENTR 35 ENTR. (See common procedures.) Observe flashing
display of tIG(TPI).

Sa. FL V06 N37

R1 00xxx hr tIG (TPI)-(GET)
R2 000xx min

R3 Oxx.xx sec
° Change to headsup attitude. Refer to paragraph 4.2.1.

NOTE,—Keying Verb 58 sets V50N18FL, enabling P20—~R60
automatic maneuver tonew attitude loaded in Noun 78. Crew
observes FL V50 N18 and V06 N18 and the return of
tIG(TPI).

PRO. Observe flashing display of integration option and elevation angle.

5b. FL V06 N55

R1 0000n Number of target offsets
R2 000.00 deg  elevation angle
R3  Blank

where R1 indicates either conic integration (+00000) or precision integration (+00002)
with two offsets to determine the target vector at intercept time;and R2 contains
either +00000 if CMC is to calculate an elevation angle based on a tIG time or
+027.00 deg, the nominal pad-loaded value for EL.

NOTE.—If tjg option desired, verify that R2 contains pad
value for E7 . If Ef, option desired, verify R2 contains +00000.

VERB 24 ENTR—to load new values. PRO,

PRO—to continue. Observe flashing Noun-45 display.
5c. _FL V16 N45
R1 xxBxx VHF —-optics mark counter

R2  xxBxx min-sec TFI (TPI)
R3 -00001 preliminary cycle
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5d.

5d.

P35
Perform SXT marking.
Set Digital Event Timer with R2 and perform R27 procedures to

calculate chart solutions, based on DET. Refer to paragraph 4,2.1.3.2.

VERB 32 ENTR—totemporarily terminate state-vector update by marks

and torecycle the targeting computations to obtain a preliminary solution.
Observe flashing display either of preliminary tIG (TPI) (NOUN 37) or
of preliminary elevation angle (NOUN 55).

PRO—to terminate state-vector update by marks, and obtain a final
targeting solution. Observe final t, . (TPI) (NOUN 37) or final elevation

angle (NOUN 55).

tIG Option

FIL V06 N37
R1 00xxx. hrs ta (TPI) (GET)
R2 000xx., min

R3 0xx.XX sec

VERB 25 ENTR—1to load different tIG(TPI). If final pass and MINKEY,

a new elevation angle is computed. PRO. Observe FL V06 N55.

PRO—observe FL V06 N58,

Elevation-angle Option

FIL V06 N55

R1 XXXXX
R2 XXX, XX Elevation angle
R3 Blank

PRO—1to continue.
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P35

5e. FL V06 N58

R1 xxxx.X fps Av (TPI)
R2 xxxx.X fps Av (TPF)
R3  xxBxx min-sec At slip in ta (TPI)

where Rl is magnitude of required velocity-change at TPI; R2 is magnitude of
requiredvelocity-change at TPF; and R3 is difference between tq (TPI) as calculated
by this program and tIG (TPI) input in Noun 37. Display is modulo one hour,

PRO
5f. FL V06 N81

Rl  xxxx.x fps Av, (LV)
R2  xxxx.x fps Avy (LV)
R3  xxxx.x fps sz (LV)

NOTE.—When the CMC computes a final solution, the crew,
having computed the backup TPI chart solution using VHF
ranging data, compares the CMC, chart, and ground TPI
solutions and proceeds as advised in premission planning,

VERB 25 ENTR—to load other than CMC solution, PRO,

PRO—to continue.

5g. _FL V16 N45

xxBxx  VHF- Optics mark counter
xxBxx  min-sec TFI (TPI)

-00001 preliminary cycle

xxx.xx deg MGA

-00002 final cycle (IMU not aligned)

sE 282

where Rl is number of VHF and SXT marks accumulated since last W-matrix
reinitialization; R2 is time from TPI ignition; and R3 is (1) -00001 if preliminary
computation (VERB 32 ENTR on step 5c¢), (2) value of middle gimbal angle at thrusting
attitude if FMU aligned and computation was final (PRO on step 5c¢), or (3) -00002 if
IMU not aligned and computation was final.
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P35

NOTE.—1If the tjg option has been chosen and crew wishes to recycle,
R27 data points will be based on original DET setting.

VERB 32 ENTR~—torecycle for another preliminary solution, Observe
either FL, V06 N37 or FL. V06 N55.

PRO—to exit to thrusting program or to obtain final comp. Observe
FL V06 N37, FL. V06 N55, or PROG number on DSKY change to 40 or
41 depending upon which thrusting program is called by R07, the MINKEY
Controller.

TPI, normally an SPS maneuver, nominally occurs just before orbital midnight.
The burn attitude is headsup and the burn is executed when the elevation angle to
the OWS is approximately 27.0 deg. Rendezvous navigation with SXT tracking is
continued and P36 is called to compute the midcourse corrections., Nominally, two
midcourse corrections will be performed to minimize propagated state errors and
reduce RCS fuel consumption during TPF braking. P36 will, therefore, be called

twice to compute these maneuvers,
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P36

Key VERB 37 ENTR 36 ENTR. (See common procedures.) Observe flashing
Noun 45 display. '

6a. _FL V16 N45

R1 xxBxx VHF-Optics mark counters
R2 xxBxx min-sec TFI ( + from T PI)
R3 -00001 preliminary cycle

NOTE.,—P36 computes tIG to be 3 minfrom time of response
to Noun-45 display.

° Perform SXT marking.
° Set DET with R2 and perform R27 procedures for backup chart solutions

based on DET.

VERB 32 ENTR—to recycle for another targeting solution. Observe

preliminary Noun 59.

PRO—to terminate state-vector update by marks and obtain a final

targeting solution. Observe final Noun 59.
6b. FL V06 N59
Rl  xxxx.x fps Av LOS (TPM)
R2 xxxx.X fps Av LOS
R3 xxxx.x fps Av LOS
where Noun 59 displays x, y, and z line-of-sight components.

NOTE.—Compare CMC solution with chart solutions.,

VERB 25 ENTR—to load other than CMC solution.

PRO—1to continue.
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6c. FL V16 N45

R1
R2
R3
or

or

xxBxx

xxBxx

-00001 ..

XXX. X

-00002

P36

VHF-Optics mark counter
min-sec TFI (TPM)
preliminary cycle

deg MGA

final cycle (IMU not aligned)

where Rl is number of VHF and SXT marks accumulated since last W-matrix re-
initialization; R2 is time from TPI ignition; and R3 is (1) -00001 if preliminary
computation (VERB 32 ENTR on step 5c), (3) value of middle gimbal angle at
thrusting attitude if IMU aligned and computation was final (PRO on step 5c), or
(3) -00002 if IMU not aligned and computation was final.

VERB 32 ENTR-—torecycle for another preliminary solution. Observe

preliminary FL V06 N59,

PRO—to exit to thrusting program or to obtain final comp. Observe
either FL. V06 N59 or PROG number of DSKY change to 40 or 41 depending
upon which program is called by R07, the MINKEY Contrcller,

The crew uses the CMC solution for TPM-1 if it appears reasonable. Otherwise,

crew uses chart solution.

If both solutions appear unreasonable, crew bypasses

TPM-1. The crew recalls P36, takes additional marks on OWS, performs TPM-2

and enters P37.
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Pad

Key VERB 37 ENTR 37 ENTR. (See common procedures.) Observe flashing

Noun b4 display.
7a. FL V16 N54

R1 XXX, XX N Range to OWS

R2  xxxx.x fps Range-rate. CSM~OWS
R3  xxx.xx deg Angle (0) between CSM + x-axis andthe local—
horizontal.

NOTE.—This display is updated about every 2 sec,
PRO—Monitor. At R=1.5 n.mi., key PRO.

NOTE.—PRO calls P48, The Rendezvous Thrust Monitor,
and obtains R and R-dotviaR27. Crew adjusts rate of closure
according to checklist specifications.
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P38

8. Key VERB 37 ENTR 38 ENTR, (See common procedures.) Observe flashing

Noun 39 display.

8a.

8b.

8c.

NOTE.—The NPC Targeting Program, P38 (shown here as
reset point 8) is normally entered between P31 and P32 if
needed.

FL V06 N39
R1 00xxx. hr tIG of last maneuver (GET)
R2 000xx., min

R3 0xx.XX sec

VERB 25 ENTR,—to change display.

PRO—to continue.
FL V06 N33

R1 00xxx, hr tIG (NPC) (GET)
R2 000xx. min

R3 0xx.xx sec

NOTE.—tI (NPC) is computed from CSM state vector to
occur 90 d(e;g after time displayed in Noun 39, i.e., at anode.

VERB 25 ENTR—to load ground t; (NPC) if value displayed not same
as final NPC pad. PRO.

PRO—to continue, Observe FL V16 N45,
FIL, V16 N45

R1 xxbxx  VHF -optics mark counter
R2 xxBxx min-sec TFI (NPC)

R3 -00001 preliminary cycle

VERB 32 ENTR—to recycle the targeting computations, take more

marks, and obtain a preliminary solution, Observe flashing preliminary
Noun-81 display.
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P38

PRO—to terminate navigation, and obtain a final targeting solution,
Observe final Noun-81 display,

8d. [FL V06 N81
R1 0000.0 fps

R2  xxxx.x fps Avy (NPC)
R3  0000.0 fps

NOTE,—1If Av_ is computed to be less than 0.1 fps, R2
displays zeros.

VERB 22 ENTR—to load ground value if final Noun-81 display does
not agree with final NPC pad value. PRO.

PRO-—When satisfied with display. Observe FL V16 N45,
8e, FL V16 N45

R1  xxBxx VHF -Optics mark counter
R2  xxBxx min-sec TFI (NPC)

R3  -00001 preliminary cycle

Oor  XXX.XX deg MGA

or -00002 final cycle (IMU not aligned)

where Rl is number of VHF and SXT marks accumulated since last W-matrix
reinitialization; R2 is time from NPC ignition; R3is (1) -00001 if Noun-81 computation
was preliminary (VERB 32 ENTR on step 8c), (2) value of middle gimbal angle at
thrusting attitude for CSM +x-axis aligned with initial thrust direction if Noun-81
computation was final (PRO on step 8c), and (3) -00002 if computation was final and
IMU not aligned.

VERB 32 ENTR—torecycle for another preliminary solution, Observe
FL V06 N81,

PRO—to obtain final comp or to exit to P52 to perform pulse torquing.
Observe either FL V06 N81 or FL V06 N22,

The computer automatically sequences through P52, and P40 or 41 (depending

upon value of vG). If P40 is performed, sequence re-enters P52 to perform
post-plane-change pulse torquing. Atcompletion of pulse torquing, computer displays
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P38

FL VERB 37 requesting new program, Crew keysin P32, and continues rendezvous
sequence at reset point 2,

If P41 is performed, computer must determine if pulse torquing was performed, If
so, sequence continues as if P40 had been performed. If not, computer displays
FL VERB 37 and crew keys in P32 and, again, continues rendezvous sequence at
reset point 2,
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SECTION 6.0

POWERED FLIGHT




6.1 INTRODUCTION TO POWERED FLIGHT

Four programs constitute the powered-flight major modes for the command and
service module (CSM). Two of the four are monitor programs; one uses input data
from the targeting programs (refer to section 5.0) to control thrust direction and
velocity-to-be-gained during automatic thrusting maneuvers; the remaining uses
input data from the targeting programs to coordinate short, manually controlled
maneuvers. All provide DSKY displays for the crew to monitor the maneuver's

progress.
The command-module computer (CMC) powered-flight programs are as follows:

P40, the Service Propulsion System (SPS) Maneuver Program-—paragraph
6.2.1

P41, the ReactionControl System (RCS) Maneuver Program-—paragraph 6.2.2

P47, the Thrust Monitor Program—paragraph 6.2.3.

P48, the Rendezvous Thrust Monitor Program—paragraph 6, 2, 4.

The calculations for steering the spacecraft are done in the cross-product steering
loop. The name ''cross-product" comes from the steering commands that are
generated by taking the cross-product of two vectors. The term '"steering loop"
indicates that the steering computations are done repetitively in a predetermined
cycle, using performance feedback and new guidance input to update output values.

Refer to Figure 6.1-1, below.

Cross-product steering loop
2 second cycles

DAP loop

~10 cycles/sec (LM)
we ~12 1/2 cycles/sec

v

Y,

(CSM/1.M)
25 cycles/sec (CSM:
only) '

Wi

3
- i

Figure 6,1-1, Steering and DAP Loops

Within the steering loopis adigital autopilot (DAP) loop for controlling the spacecraft
attitude during powered flight; the DAP cycles between 10 and 25 times each second.

Because DAP performance is different for the different vehicle configurations, the



DAP loop operation within the larger steering loop is discussed separately in the
introduction to the CSM vehicle, subsection 6.2.

All four of the powered flight programs use the AVERAGEG Routine for state vector
updating. AVERAGEG is discussed in paragraph 6.1.1. The CSM P40 and P41 use
the cross-product steering subroutine to update the velocity-to-be-gained vector
(YG); the CSM P40 also uses the subroutine to generate steering commands to the
DAP, compute time from cutoff (tgo) and issue engine-off commands. Cross-product
steering calculations are discussed in paragraph 6.1.2.

Despite dissimilarities in the powered flight programs, there is a basic pattern
common to the logic of all. Figure 6.1-2 shows this basic logic pattern. Figure

6.1-3 presents a typical time line for a CSM P40 maneuver,

6.1.1 AVERAGEG Routine

The AVERAGEG Routine maintains an estimate of the vehicle state vector during
noncoasting thrusting maneuvers. AVERAGEG computations are used whenever
forces other than gravity are acting on the vehicle (for example, thrusting forces
during boost, SPS and RCS burns; aerodynamic forces during boost and entry). In
contrast with the Coasting >‘{n’cegra’cion Routine, AVERAGEG is used when a short

computing time is required.

In a 2-second computation cycle, the AVERAGEG Routine uses input position, velocity,
and gravity acceleration vectors, as well as the velocity change measured by the
PIPAs, to compute updated position and current gravity accelerationvectors. Updated
velocity is then computedusing (1) an average of current and past sample gravitational
-acceleration and (2) applied Av. These outputs are used as inputs in the next
AVERAGEG cycle.

The velocity change measured by the PIPAs is stored in the computer, from which
it is read by the AVERAGEG routine. (See above.) But the PIPAs have an inherent
bias error. During thrusting, the bias error is small in proportion to the movement
measured by the PIPAs. When thrusting terminates, hdwever, the PIP As continue

%
The Coasting Integration Routine takes longer than AVERAGEG and uses multiple
iterations to arrive at a precision solution.
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Key V37E4 x E

RO2 Checks IMU

R60 Maneuver to right
attitude for thrust
(P40, P41)

R41 Integrate state

l vector

Start AVERAGEG
Start v ¢ Updating

\

Thrusting Monitored by
maneuver DSKY displays;
steering commands
to DAP (P40)
Y
Engine -off

Key V37E xx E
to terminate AVERAGEG

Figure 6.1-2. Powered-flight Logic
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tomeasure movement, and the uncompensated bias error becomes large in proportion
to the movement measured. Thus, to avoid disproportionate accumulations of bias
errors, AVERAGEG should be terminated as soon as possible after thrusting

terminates.

The earth-gravity-subroutine computation includes a single oblateness term. Section

5, GSOP, paragraph 5.3.2 gives details of the computation,

6.1.2 Cross-product Steering Subroutine

The cross-product steering subroutine extrapolates Y for XG-updating, updates
the CSM mass, generates steering commands tothe DAP, computes time from cutoff,
and issues engine-off commands. Cross-product steering nulls the input Yo by
controlling the thrust direction: the combination of properly oriented thrust ac-
celeration and inherent gravitational acceleration eventually nulls the guidance Ve
Thrust is terminated when the desired velocity increment has been achieved. It is

the function of guidanceto ensure thatnulling the ¥g will achieve the desired velocity.

The general objective of cross-product steering is toalign (g_T - cb) with Y where:

= v -V = required velocity - actual velocity

a R
dv
—R
b =@t "&£
ap = thrust acceleration
¢ = amixing factor empirically chosen to minimize fuel consumption and optimize

or control vehicle attitude change during the maneuver. The nominal values of ¢

are as follows for the programs listed:

P30, P31, P32, P34, and P38 (External Av) 0
P33, P35, P36, (Lambert)

Steering, then, generates the rate-command inputs to the CSM TVC DAPs. These
inputs are derived from the components of a vector W, expressed in body-axis

sk
coordinates. (The roll component is ignored; the pitch and yaw components are

*
Since body orientation about a., is not critical, roll control can be handled

independently via a separate roll dautopilot.



senttothe pitch and yaw TVC DAPSs, respectively.) The VectorgC is the cross-product
between the unit vectors along Yo and M = anq -cb, multiplied by a constant of
proportionality K, the steering gain. (See the figure below.) The equation is shown

as follows:
w =K@, X1, )
c M XG

The magnitude of @, representing the total rate commands, is proportional to the
angle A, and is in the direction such that M will rotate towards Vo W vanishes
when the desired alignment is achieved (i.e., A = 0). Controlling M is, essentially,
controlling ap because (1) -cb is small relative to gT-(for external Av burns, cb is
identically zero), and (2) ap is relatively fixed in the body-axis frame since thrust

passes through the c.g. in the steady state.

K is chosen to balance the conflicting requirements of speed of response and
closed-loop stability. Theinitial burn attitude is chosen to align Yo and M at ignition,
(aT - cb) X ¥n 0. For external Av burns, wherec = 0, initial alignment satisfies

the equation QTX e = 0. The value of a used is a pre-burn estimate based on

nominal thrust and expected c.g. offsets.

For P40 and P41, the cross-product steering subroutine is used to update the Vo
vector and to compute DSKY displays for monitoring the maneuver's progress.
For P40, the computations are used to generate steering commands and to update
the estimate of engine cut-off time. In P41, these two functions are performed by

the crew with the assistance of the displayed updated Yo

The cross-product steering functions are executed every 2 seconds, i.e., every time
an updated state vector is provided from AVERAGEG computations. No steering



commands are computed until tIG + 2 seconds or during the last 4 seconds of a
maneuver, Steering is not implemented for burns of less than 6 seconds (impulsive

burns), which are done in attitude hold.

There are two modes of cross-product steering computations— External Av and
Lambert Aimpoint. Figure 6.1.2-1 gives a general flow of the cross-product steering

logic.
6.1.2.1 External-Av Guidance Mode

The External-Av mode is characterized by a nonrotating thrusting maneuver, i.e.,
it uses a single thrust direction. The maneuver is done at a fixed attitude except
when there is an initial misalignment of thrust, Yo and c.g. (center of gravity);

c.g. motion; or DAP commands to compensate for slosh, etc.

The External-Av mode is used to control maneuvers in which a constant thrust
attitude is desired. Such maneuvers may be targeted in either P30, P31, P32, P34,
or P38. Examples of CSM External-Av maneuvers are as follows:

NC1 targeting B3l
NC2 targeting P32
NSR targeting P34
Plane-change (PC) P38

The guidance program accepts input data from the above targeting programs in the
form of an impulsive Av required in local vertical coodinates at a specified time

of ignition (t;~). Since the change of velocity cannot be made instantaneously, the

in-plane com;(:lment of the initial ¥q is rotated about the angular momentum vector
at tIG by half the predicted central angle of the burn. This rotation accounts for
real-burn gravitational forces, which were not considered in the impulsive Av
targeting calculations. After it has computed this compensated Av, the program
overwrites the contents of NOUN 81 (local vertical Av required) from the prethrust
program. Thus, should the crew call a NOUN 81 display after entering the thrusting
program, they will notice that the components of Av, as displayed in NOUN 81,

have changed.
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Figure 6.1.2-1 shows how the External-Av mode fits into the Cross-product Steering
Routine for the CSM.

6.1.2.2 Lambert-aimpoint-guidance Mode

The Lambert-aimpoint-guidance mode controls the spacecraft trajectory such as
tointercept a given target position (aimpoint) at a giventime. The thrusting maneuver
has a built-in rate of change of thrust direction, since the Lambert computations
periodically update the value of YR during finite non-impulsive burns; no central

angle rotation is required. (Refer to Figure 5.1-3.)

Such maneuvers may be targeted by P33, P35, and P36, Examples of CSM Lambert

maneuvers are as follows:

NCC targeting P33
Rendezvous intercept P35
Rendezvous midcourse maneuver P36

The typical solution time for the Lambert calculations is 2 to 4 seconds (the COMP
ACTY light will be illuminated during the calculations). Since there is often not a
new Lambert solution at the beginning of the 2-second cross-product steering cycle,
values from the last complete Lambert computation are used to determine Yo by
extrapolating current values until new data are available from a complete Lambert

computation.

In P41, and in the manual trim maneuver of P40, there is a\_rG-bounce phenomenon
that causes the displayed value of Yo to change unevenly at the end of a Lambert

cycle. This bounce is due to 1-csec time quantization in time-of-flight.

Ordinarily, the Lambert Routine seeks a Yp in the plane of the initial and final
position vectors (r and LT). (See Fig. 6.1.2-2 a.) Therx T vector (the target vector),
however, may be slightly out of the r-v plane. Consequently, the computed YR
would be slightly out of r - v plane, resulting in ¥q having a component perpendicular
tother - v plane. (See Fig. 6.1.2-2 b.) The greater the magnitude of the out-of-plane
component, the more energy would be necessary to acquire ¥y The most serious
problem occurs in the 180-deg transfer angle condition (i.e., the angle between r

and r,, is near 180 deg), since the g-_I_‘_T plane could be perpendicular to the Z=¥p

T

plane and v, could be totally out of plane.

G



Figure 6. 1. 2-2. Lambert Routine Vectors

A switch is set in the Lambert targeting programs (P33, P35 and P36) to indicate
whether L is within a specified cone angle, €, measured from the 180-deg transfer
angle condition. If within this cone angle, L is rotated into the active vehicle
orbital plane, so that excessive plane change and Av are avoided. In the intercept
targeting programs (P33, P35 and P36) the cone angle € is set at 15 deg, and active
vehicle transfer angles between 165 deg and 195 deg are normally avoided in the
targeting procedure. If a transfer angle condition falling within this 180 +15-deg
sector is either intentionally selected, during NCC targeting (P33), during the TPI
targeting (P35), or is the result of a rendezvous midcourse correction maneuver
(P36) during an intercept trajectory targeted for more than 180 deg, the Lambert
Routine increases the cone angle € to 45 deg so that the active vehicle transfer
angle will not change from inside, to outside the cone angle during the powered
maneuver. Such a condition is undesirable since the intercept trajectory would be
retargeted during the powered maneuver. Likewise, if the initial transfer angle
falls outside the 15-deg cone angle of P33, P35 and P36, € is decreased to 10 deg
to reduce the possibility of the transfer angle changing from outside to inside the

cone angle during a powered maneuver.

Figure 6.1.2-1 shows how the Lambert mode fits into the Cross-product Steering
Routine. When no new Lambert solution is available, Y is extrapolated from the
current Vg When a new Lambert solution is available, the computed value of ¥o
is corrected by adding the incremental difference between the calculated, expected
change in v and the PIPA-measured Av. A new Lambert computation is scheduled
tobegin at the end of the cross-product steering calculations. The corrected Lambert

XG is then used as input to the extrapolation of Ve



6.2 CMC POWERED-FLIGHT PROGRAMS

The Command Module Computer (CMC) hastwo thrust monitor programs-—P47 and
P48 (used with VHF during rendezvous final phase) and Propulsion System (SPS)
maneuvers and P41 for Reaction Control System (RCS) maneuvers. The cross-
product steering cycle, which generates steering commands in P40, has been

discussed in paragraph 6.1, Thedigital autopilot (DAP) implements these commands,

During powered flight, the thrust vector control (TVC) DAP controls the spacecraft
attitude in accord with steering commands from the cross-product steering
computations., Pitch and yaw control of the vehicleis achieved through the deflection
of the single gimbaled SPS engine mounted on the service module, while attitude
control about the roll axis is provided by the TVC ROLL DAP using the RCS jets.

The TVC DAP computes gimbal-servo commands in response to computed errors

between commanded and measured attitudes. The operation takes place as follows:

a, The CMC steering loop computations generate incremental attitude
commands in inertial coordinates and transform them into body
coordinates,

b. A coupling data unit (CDU) measures the gimbal angles of the inertial
measurement unit (IMU) and generates pulses representing small, fixed
increments in these angles., These pulses are transmitted to the CMC
where they are summed and held in a CDU register,

Cs The CDU register is sampled regularly by the DAP program, which
back-differences the CDU angles to obtain the incremental variations
over each sampling interval,

d. The CDU increments over each sampling interval are then transformed
into body coordinates and subtracted from the commanded increments
generated by the steering program.,

e. The resulting differences represent attitude-error increments, which
are then summed to form attitude errors in body coordinates., Small
initial attitude errors resulting from an ullage maneuver (RCS thrusting
to settle the SPS propellant) prior to SPS thrusting are neglected in the
CSM/LM DAP*, which zeros the error registers at ignition. This is

¥ Although use of a lunar module is not planned for a SKYLLAB mission, refer.'ences
to the LM have not been deleted, since the CSM-alone and TVC DAPs retain the
capability to perform maneuvers with the LM attached.



done toavoid exciting the bending modes by the effects of initial errors,
In the CSM, where bending is less of a problem, the errorsare correctly
initialized.

£s The respective attitude errorsare fed to the pitch and yaw compensation
filters, whose outputs contribute to the commands to the engine-gimbal
servos for pitch and yaw.

g. The total command signal to each engine-gimbal servo is made up of
the component from the compensation filter plus another component from
a thrust misalignment correction (TMC) loop. The latter component
serves to bias the total command so that a zero output from the
compensation filter will cause the thrust vector to pass exactly through
the center of gravity (c.g.) when there is no c.g. motion and no motion

of the thrust vector relative to the commanded angle,

The TVC ROLL DAP is designed to provide attitude and rate control about the roll
axis by theuseof the RCS jets, Its functionis strictly attitude hold. The orientation
of the CSM about the roll axis is held within a 5-deg deadband throughout the burn,
The outer-gimbal angle of the IMU, which is parallel to the vehicle roll axis, is
read and processed to yield approximate roll-attitude and roll-rate measurements.,
A switching logic in the phase plane is then used to generate jet commands to the
RCS jets. The switching logic divides the phase planeinto three regions: jet firings
for negative torque, jet firings for positive torque, and coast. The operating point
in the phase plane is computed every 0.5 sec and jet firings are commanded only if
the 5-deg deadband is exceeded. For successive torque commands of the same
sign, jets are fired from alternate quad pairs. Normal procedure, however, is for
the crew to disable one quad during a burn, which means that a jet failed on will

produce a diverging roll attitude error,

Operation of the TVC DAP during an SPS burn is completely automatic, requiring
no inputs from the crew. Before the burn, however, the crew may enter the CSM
and LM weights and the estimated engine-trim angles in the pitch and yaw planes,
(The values are displayed in R03., Refer to paragraph 9,2,1). Also, by keying in
VERB 46 ENTR, the crew canchange the CSM/ LM compensation filter during a burn,
This is a backup mode in case of a slosh instability; it will probably never be used,

The gains for the ROLL DAP and TVC DAP filters are established initially and
updated using a small AGC program called TVCMASSPROP, This program, which



is called every 10 sec by TVCEXEC, computes piecewise-linear approximations to

the curves of IX and IAVG/Tlx versus CSM propellent weight. These curves

« lava’
are given in parametric form, with LM mass as the parameter,

P40 initiates the operations of the TVC DAP after ignition. At 0.5-sec intervals,
ROLL DAP and a routine to update the FDAI needles are called. Four sec before
the end of the burn, the engine shutdown sequence is begun, After SPS engine shutdown,
there is a 2.5-sec delay while the TVC DAP continues to function as the thrust
level decays. RCS jet firings start approximately 1.5 sec later, At the end of the
burn, there is an automatic update of the engine trim estimates from the thrust

misalignment correction (TMC) loop, to be used for the next burn,

The performance of the TVC DAP is monitored via the FDAI attitude-error needles.
Needle updates are made every 0.5 sec. During changeover from RCS to TVC,
there is a short period (0.5 to 1 sec) during which the needles will be zeroed,
After this period, inthe CSM configuration, the pitch and yaw errorsarereestablished
with the values left by the CSM-alone DAP, For the CSM/LM, the needles are not
reestablished with the CSM-alone errors,

In addition to the FDAI attitude-error needles, the crew can also monitor the
Stabilization and Control System (SCS) rate needles and the engine gimbal-position-
indicator (GPI) needles. Following the completion of the burn, the residual cross-axis
velocity components are displayed on the DSKY in NOUN 85, Although when the
ROLL DAP calls for jet-firings, the logic assumes the firing of alternate pairs of
jets tominimize the effect of jet failures; operationally, only one jet pair is enabled
by the crew. This ensures that the crew will notice if a jet fails on (the roll error

will diverge), and the failed jet can then be disabled.

The CSM-alone digital autopilot (CSM-alone DAP) can be selected by the crew to
provide rotational and translational control of the vehicle before and after a
P40-guided SPS maneuver. It can also be selected to pfovide the same control
before, during, and after a P41-guided RCS maneuver., During thesetimes, a desired
vehicle state (i.e., a desired attitude and rotation rate) can be specified. By means
-of a phase-plane switching logic and a jet-firing logic, the CSM-alone DAP will
maintain the difference between actual and desired vehicle state to within a certain
tolerance (deadbands on attitude and rate), If the difference is within the tolerance,

the CSM-alone DAP will request no action., If, however, the difference exceeds the
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tolerance, the CSM-alone DAP will cause RCS jetsto be fired to bring the difference

back within tolerance,

The Docked DAP canalso be selected to provide rotational and translational control

before, during, and after a P41-guided maneuver. Refer to Section 11 for adescription

of the Docked DAP,

P40 will compute a pre-burn state and, with crew approval, the CSM-alone DAP
will use this as its desired state. Two ways of changing the desired state are use

of the rotational hand controller and execution of the attitude maneuver routine R60,



6.2.1 P40, Service Propulsion System (SPS) Maneuver -

The powered flight guidance program, P40, handles the timing of SPS maneuvers.
During burns, P40 maintains the CSM state vector, guides the thrust direction so
as to achieve the desired velocity at the end of the maneuver, and provides the
crew with a monitor of the maneuver's progress., P40—which may be used when a
change-of-orbit maneuver is required—and the SPS are used for big burns with a

manually controlled RCS trim maneuver at the end.

For a GNCS-controlled maneuver, P40 is used for a large velocity-to-be-gained;

i.e., when Yq is greater than, or equal to,

Fops -
‘ A .
m min

In the expression above, Fgpg is the thrust of the SPS engine (about 20,500 1b), m
is the mass of the total vehicle (including the LM if it is attached) and AtMIN
the minimum burn time for which the particular SPS engine being considered has

been successfully tested, Currently, AtMIN equals 0.5 sec.

A prethrust program, P3x, establishes the parameters needed for thrust control
guidance. After the appropriate P3x has been performed, the astronaut must not
select another P3x before the burn, These programsuse some of the same variable
computer storage locations and would destroy the thrusting parameters established
by the original P3x for this burn., Since mark incorporation would change the current
state vector without correspondingly changing the thrusting parameters, VHF or
Optics marks should not be accepted in P20 (Options 0 or 4) between P3x and P40,
If P20 had been previously selected, however, it may continue to run in the background.

(The mark incorporation function is turned off by P3x.)

P40 usesthe AVERAGEG routine for state vector updating, and cross-product steering
for inputs to the TVC DAP, which controls the spacecraft attitude by positioning
the engine bell during the burn.

* :

Although use of a lunar module is not planned for a SKYLAB mission, references
to the LM have not been deleted, since the CSM-alone and TVC DAPs retain the
capability to perform maneuvers with the LM attached.
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6.2,1,1 State Vector Updating (AVERAGEG)

To keep the state vector up to date, the AVERAGEG routine takes into account two

kinds of acceleration effects:

a. Gravity—by averaging the gravitational acceleration vector over 2-sec
increments of time

b. Thrusting—Dby discrete velocity increments as measured by the PIPAs,

The state vector is updated by AVERAGEG every 2 seconds, AVERAGEG is used
during burns because of its speed in updating. It should be terminated as soon as
possible after the burn, however, toavoid accumulation of PIPA bias errors. Refer
to subsection 6.1 for a more detailed discussion of AVERAGEG,

6.2.1.2 Cross-Product Steering (External Av and Lambert Aimpoint)

Cross-product steeringisused to guide the thrust direction. Thetwomodes, External
Av and Lambert aimpoint, use the cross-product steering concept to control the
thrust direction relative to the velocity-to-be-gained (\_/G) vector direction and to
terminate thrust when the desired velocity increment has been achieved. (Refer to

paragraph 6.1.2,) The two modes differ in method of computing v External Av

Gl
is characterized by a non-rotating burn and therefore uses a single initial value of
Yo in its computations. Lambert aimpoint periodically recomputes YR (required
velocity) to achieve an intercept with the specified target vector at the specified

time,

In External Av, since the change of velocity cannot be made instantaneously, the
routine uses a compensated inplane velocity to compute Yo rather than the actual

desired-velocity-change vector,

The 2-second cycles of the cross-product steering functions often do not allow enough
time to complete a Lambert computation in each éycle. Consequently, values from
the last complete Lambert computation are used to dete;‘mine Yo by extrapolating
current values until new data are available from a complete Lambert computation.
For a detailed explanation of the cross-product steering subroutine, External Av,

and Lambert aimpoint, refer to paragraphs 6.1.2, 6.1,2.1, and 6,1.2,2, respectively.
6.2,1.3 P40 Procedures

Tables 6.2,1-1 and -1I show P40 displays and extended verbs, respectively. Figure
6.2.1-1 is the program flowchart, Before entering P40, the Autopilot Data Load
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TABLE 6.2, 1-1
DISPLAYS ASSOCIATED WITH P40 (CSM) (SHEET 1 OF 2)

Initiated
DSKY By Purpose Condition Register S—
V05 NO9E |Astronaut| Verify PROG 00205 bad PIPA reading |R1 xxxxx*
alarm detected R2 xxxxx
00210 ISS not on R3 xxxxx
00220 IMU orientation
unknown
01301 arc-sine or arc-
cosine argument
too large
01407 velocity-to-be-
gained increasing
01703 time of ignition
slipped
FL V50 N18| R60 Display required OGA-roll R1 xxx.xx deg
gimbal angles IGA - pitch R2 xxx.xx deg
MGA - yaw R3 xxx.xx deg
V06 N18 "R60 Display of final OGA R1 xxx.xx deg
gimbal angles IGA R2 xxx.xx deg
MGA R3 xxx.xx deg
FL V50 N25| P40 Please perform 00204 gimbal drive test | R1 00204
SPS gimbal test option
drive option |
V06 N40 P40 Display Time from cutoff (TFC) | R1xxBxx min, sec
Velocity to-be-gained R2 xxxx. x ft/sec
Sum of acquired velocity | R3 xxxx.x ft/sec
FL V99 N40 | P40 Request SPS engine- .- .-
on enable
FL V97 N40 | R40 Low thrust --- -—-
detected -
FL, V16 N40 | P40 Burn complete Time from cutoff R1xxBxx min, sec
Remaining v~ magnitude | R2 xxxx. x ft/sec
Sum of velocity acquired | R3 xxxx.x ft/sec
FL V16 N85 | P40 Display remaining |Components of Vo R1 xxxx, x ft/sec
Yo R2 xxxx.x ft/sec
R3 xxxx.x ft/sec

"The alarm codes are displayed as follows:
R1 contains the first alarm following error reset.
R2 contains the second alarm following error reset.
R3 contains the most recent alarm.
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TABLE 6.2.1-1
DISPLAYS ASSOCIATED WITH P40 (CSM) (SHEET 2 OF 2)

e —

DSKY Initiated by Purpose Condition Register
FL V16 N44[ R30. Display orbital Apogee altitude Rl xxxx,X n.mi,
parameters (R30) Perigee altitude R2 xxxx.x n,.mi,.
Time of free fall R3xxBxx min, sec
FL V16 N54 [ R31 Display Range R1 xxx.xx n.mi,
Range rate R2 xxxx.x ft/sec
Theta R3 xxx.xx deg
TABLE 6, 2, 1-1I
EXTENDED VERBS FOR USE WITH P40 (CSM)
VERB Identification Purpose Remarks
82 ENTR Do R30 Compute and dis- DSKY displays apogee,
play relevant orbital | perigee, and time of
parameters free fall
83 ENTR | Do R31 Display rendezvous DSKY displays range,
' parameters range rate and theta,
the angle between local
horizontal and the space-
craft X-axis
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Figure 6. 2. 1-1. SPS Maneuver Program (CSM P40) (Sheet 1 of 3)
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Figure 6,2.1-1.
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SPS Maneuver Program (CSM P40) (Sheet 2 of 3)




FROM
SHEET 2

IS THIS AN

IMPULSIVE BURN? -
FROM
YES NO . R&0

TURN ON CROSS PRODUCT
STEERING ROUTINE.

IS THERE A THRUST

FAILURE?
NO i YES
EH
V06 N40
chc < PERFORM >
40
I R0
* IF CROSS PRODUCT
STEERING DETECTS
Command Engine Off when indicated by R
: 3 PROG LT--ON.
Cross Product Steering Routine, Complex :
P S . FOR DISPLAY OF
Impulsive Burn Routine, or Impulsive ALARM CODE 1407
Thrust Timer. Wait about 2.5 sec. then KEY VSNOE

turn off TVC DAP and disable TVC interface.
Set Maximum Deadband in RCS DAP. Freeze
TFC at current value. Wait ~0.6 sec. Turn
RCS DAP on. Maintain VG computations.

FL V16 N4O
- TFC
VG
AWM

PRO

SET MINIMUM DEAD-
BAND IN RCS DAP.

FL. V16 N85
VG (CSM)
PRO

GO TO ROO.

Figure 6. 2.1-1. SPS Maneuver Program (CSM P40) (Sheet 3 of 3)
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Routine (R03) and a prethrust program (P3x) must be performed. In addition, the
IMU must be powered up and aligned,

The crew selects P40 (via the DSKY) at a time, specified by crew procedures, to
allow sufficient time before ignition for prethrust activities, such as arming the
SPS and TVC, and performing R60, P40 can also be selected automatically by the
MINKEY controller. Refer to paragraph 4.2.1. The program performs the IMU
Status Check Routine (R02) and illuminates the PROG light if the ISS is off (alarm
code equals 00210) or the IMU orientation is unknown (alarm code equals 00220),

At the completion of R02, the program computes the initial Yo and thrust direction
and the preferred orientation matrix and then enters the Attitude Maneuver Routine
(R60) and flashes VERB 50 NOUN 18, The desired gimbal angles are displayed to
0.01 deg in the following registers:

R1 = OGA, roll
R2 = IGA, pitch
R3 = MGA, yaw.

If the PROG light goes on at this point and the alarm code is 01301, the desired
gimbal angles are indeterminate because the initial Yo is collinear with the stable

member Y-axis, A maneuver to the desired attitude would produce gimbal lock.

If the crew chooses to have the attitude maneuver performed by the autopilot, the
SC CONT switch must be placed in CMC, the CMC mode switch in AUTO, and then
PRO keyed in response to VERB 50 NOUN 18, signaling the CSM-alone DAP to

begin the maneuver via R60,

During the maneuver, a non-flashing VERB 06 NOUN 18 displays the final gimbal
angles, and the crew monitors the maneuver on the FDAI ball and needles. If gimbal
lock is approached, or if it is desired to perform the entire maneuver manually,
the crew uses the RHC to complete the maneuver. (Once the RHC is removed from
detent, the automatic maneuvering routine ceases and can be re-initiated by
responding with a PRO to the flashing VERB 50 NOUN 18,) A VERB 50 NOUN 18
display comes up upon completion of the R60 maneuver. The crew can then switch
to SCS control and verify manual TVC, To exit from R60, the crew keys ENTR on
VERB 50 NOUN 18,

Upon completion (or termination) of R60, the DSKY displays a flashing VERB 50
NOUN 25 with R1 containing 00204 (i.e., please perform SPS gimbal drive test
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option). The crew now arms the SPS and TVC, If the time to ignition is too short
to allow the test to be performed, the crew can key ENTR., Normally, the crew
keys PRO and monitors the test on the gimbal positionindicator (GPI), In 2-second
intervals, the SPS pitch gimbal is driven from 0 ‘deg to +2 deg, from +2 deg to -2
deg, and from -2 deg to 0 deg. The SPS yaw gimbal thenundergoes the same process,

After a 4-second delay, the program drives the engine bell to the trim position.
Thenthe DSKY displays (and repeats every second) VERB 06 NOUN 40; the registers

contain the following:

R1 = time from tIG
R2 = magnitude of velocity-to-be-gained
R3 = sum of velocity increments acquired so far,

R1 is negative until tIG' R2 initially contains the total velocity-to-be-gained and
decreases as the maneuver proceeds. R3 should remain close to zero until ullage

begins,

The program at this time enters the State Vector Integration Routine (R41), which
integrates the CSM state vector ahead to tIG-BO seconds. If R41 is not completed
before tIG -42.,5 seconds, a program alarm (code 01703) is generated and the time

of ignition is slipped until the integration is completed.

At tIG -35 seconds, the DSKY is blanked for 5 seconds, then the VERB 06 NOUN 40
display returns. This is the beginning of the AVERAGEG and Yo updating cycles,
From tIG =30 until tIG -25 seconds, the crew should watch R3 of the DSKY to be
sure it does not exceed 2,0 ft/sec—a condition that indicates excessive PIPA bias

and possible termination of the burn,

The crew should begin ullage shortly before tIG—at a time determined from tables,
depending on SPS fuel loading and the vehicle configurations, At this time, R3 will

start to increase,

At tIG-5 seconds, the DSKY display changes to flashing VERB 99 NOUN 40, requesting
the SPS engine ignition go-ahead signal, The program provides the crew with the

following three choices:

a, Avoiding the burn altogether by keying VERB 34 ENTR or by selecting
a new program (VERB 37 ENTR xx ENTR)

o] Completing the maneuver under RCS power by keying ENTR
Going ahead with the SPS burn by keying PRO,
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The program commands SPS ignition at tIG and displays a non-flashing VERB 06
NOUN 40, The SPS THRUST light goes on, and the crew will feel an acceleration
of approximately 0.2 to 1.0 g. If the crew fails to key PRO before tIG’ it may still
PRO and the engine will light instantly.

During the burn, the astronaut should avoid using extended verbs since a VERB 97
display (low thrust) could be masked (i.e., not displayed on DSKY). In the Lambert
mode, the computer may not have enough VAC area to perform both the Lambert
computations and the extended verb, R1 displays time from engine cutoff. If R2 is
increasing or if the PROG light goes on and alarm code 01407 occurs, there was

probably an error in the initial attitude maneuver.

The crew can monitor the pitch and yaw attitude errors, as determined by the TVC

autopilot, on the FDAI needles,

During the burn, if the system should detect a bad PIPA reading, the program will
store an alarm code of 00205, The astronaut should switch to SCS control. If low
thrust is detected by the computer, the program enters the Thrust Fail Routine
(R40), The DSKY displays:flashing VERB 97 NOUN 40 requesting action on thrust
failure, (R40 is discussed in detail in paragraph 6,2,1.5.1.)

At cutoff time (tCO), the program shuts off the SPS engine and the SPS THRUST
light goes out, The DSKY displays a flashing VERB 16 NOUN <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>