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APOLLD EXPERIENCE REPORT

GUIDANCE AND CONTROL SYSTEMS: MISS!ON CONTROL PROGRAMER
FOR UNMANNED MISS IONS AS-202, APOLLO 4, AND APOLLO 6

By Gene F. Holloway
Lyndon B. Johnson Space Center

SUMMARY

The unmanned Apollo misaions AS-202, Apollo 4, and Apollo & were successful
{lighta. The flight objectives, which were a prerequisite for the manned Apollo
miasions, were accemplished for each misston. The misaion control progrumer unit
was succesafully used for all three misaions without causing a Ilight anomaly or the
loss of any functional event for which the programer was reaponsible. The misslon
control programer met al] the [light andd ground test objectives without the logs or
erroneous indication of any necessary output, The mission control programer did,
however, eaperience individual eomponent fajlures during the program. These [ew
fajlures were compensated for In the redundant circuit deaigr of the mission control
programer and did not reault in the loss of or deficiency in any neceasary mission
output. Because the mission ¢control programer was designed for unmanned missions
and a crew was not present to compensate for pogstble flight anomalies by switching to
altermate backup systema or by using alternate miggion modes, the mission control
programer wilh its sometimes triply redundant paths was required to have higher inher- ;
ent reliability than other Apallo systems. The Apolle 4 mission conirol pragramer was i
reflown during the Apollo 6 mission. This unit was the first Apollo system {0 be ;
reflown on a apace-Ilight miasion.

INTRODUCTION

The structure and heat-shield design of the Apollo command and service module
{CSM) had to be vertfied under Saturn V lzunch and lunar- reentry environments before
it could be considered man-rated. The misslon control programer (MCP) was devel-
oped by the NASA and the C5M prime contractor to provide the autematic event switch-
ing interface between the input command and control systems {e.g., the guidance and
navigation {G&N) computer} and the output response systems [or the Apolle unmanned
test fiights. The MCP alsc provided the real-time pround-control interface for backup
atHiude control and sequencing. The ohjective of this report is to document the MCP
development program from the initial concepts and missicn requirements phase; through
the design and manufacturing huildup testing; during the spacecraft installaticn and




testa; and, finally, through the launch, recovery, and postilight analysis. This Apollo
experience resulted in uaelul information that should be adapted to the design of future
unmanned space-flight equipment.

The unmanned flight reguirements [or the MCP were identified by the interfacing
subsystem degipgn engineers and ground flight cantrollers. This report gives a mission
time line for the Apolio 4 mission and demonstrates how this mission wag accomplished
using & few key commands from the GBN computer and using the internal logic and
ha rdwired Hime delays of the MCP to drive or awitch the interlacing spacecralt systems.
The backup ground-control capability is listed topether with a description of each real-
time pround command. An example is given ta show how the ground commands could be
used to provide a backup thrust maneuver.

The requirement to teat each redundant path or system in the Apollo launch vehicle
just before launch was an essential factor in the mission successes of the Apolls Pro-
gram. ‘This report discusses the problems that had to be resolved to periorm these
gpacecralt reduondancy tests on the MCP.

During the MCP development, changes to the spacecraft were approved that
required design changes to the MCP. Some of the spacecraft changes are listed in this
report together with their effect on the MTP design.

As an aid to the reader, where necessary the original units of measure have been
converted to the equivalent value in the Systeme International d'Unites {S1). The SI units
are written firat, and the original unita are written parenthetically thereafter.

M1SSION CONTROL PROGRAMER DESCRIPTION

The MCP (fig. 1) consisted of three unlts: the spacecrait command controller
(SCC; fig. 2), the ground command controller (GCC; similar 1o the SCC), and the
attitude and deceleration senaor (ADS; [g. 3). These units were located in the space-
craft on a platform assemhbly mounted in place of the crew couches on the crew couth
shock mounts. The MCP welght was adjusted to approximately 163 kilograms
{360 pounds) so that it could provide the weight necessary to verify the response of the
crew couch struts to lapding impacta. As shown in figure 4, the keying commands
were supplied to the MCF by the G&N system, the Saturn IVHB (5-IV R} instrumentation
unit (IU}, the updata link, and the launch control complex. The other interfacing
systems actuated by the MCP output switching functions are also shown in [igure 4,
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The primary source of mission sequencing key commands to the MCP was the
G&N system computer. The original keylng commanda Iutnished by the GEN computer
were as follows.

1.

2.

Figure 1.~ Mission control programer.

I nput Keying Commands for Mission Sequencing

&N abort

Positive- or negative-2Z antenna awitching
Flight director attitude indicator alirement
Gimbal motors

G&N fail

0. (15g

Positive-X translation
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8. Command module (CM) and service module (SM} separation

%. GEN entry mode
10. GEN change In velocity AV mode

11. GEN attitude control mode

Mol Spuoiid N Cominand Corirmier s
growind Gomed Sotliir 420 L

i ity

Connch
1] -
10 requived

I rquieed

Flgure 2. - Spacecraft command contyeller,

The first two interface aignala, G&N ahort and positive- or negatlve-Z antenna switch-
ing, were removed from the GEN wiring on spacecraft 01T and 020 because the fallures
that could produce elther signal were considered to be single-point fallures. The
decisicn was made that, because the abort signal or relay clesure could be erronepus,
the G&N system computer should not automalically abort a mission. Because real-time
ground commands were available to switch the antennas and because the GEN system
computer controlled the spacecraft attitude during the mission mideourse [lightpath,
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the software tasik of programing the G&N system computer to switch antennas auvtomat-
ically was conasidered too costly for the results achieved. The diagram of the connector
interface between the MCP and the G&N aystem computer (fig. 5) ahows that the MCP
provided the 28-V¥ dc power supply for the GEN system relays, and the GEN system
computer provided the logic and relay clogures to complete the circuit pathe.
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Figure 3. - Attiluade and deceleration sensor.

The §-IVEB IU provided four keying commands for the MCP. The following list
represents the 5-1VB interface keying commands for misaion sequencing. Each
com ..and ‘#/as dually redundant.

1, S-IV¥B restart A

2, 5-IVDB restart B

3. Launch escape tower jettison command A

4, Launch escape tower jettison command B

5, Lift-off signal A |
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6. Llft-off eignal B

7. Launch vehicle and spacecraft separation start A

§. Launch vehicle and spacecrait separation start B
Whenever the spacecraft direct-current bus was powered, the MCP provided redundant
direct- current power to the S-IVB IU for the generation of the discrete sequencing

glgnale (fig. 6). These keying signals from the [U were uged by the MCP logic and
internal time-delay circuits to provide ihe other required mission seguences.
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Figure 4.- Block diagram of the MCP.

A diapram of the logic circuitry of the interface between the MCP and the launch
control and ground support equipment (GSE) is shown in tigure 7. This Interface pro-
vided launch-control personnel with the capabllity to disarm the pyrotechnics, switch
off the loglc buses, and operate the cnboard flight recorders while the apacecralt and
Jaunch vehicle were stacked at the launch #ite. The program reset signal of this con-

trol ‘nterface allowed launch-coptrol perscnnel to start the MCE; that 13, to reset all
latching relays and prepare the MCP logic circuit for 1it-off.
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Sequencing To Accomplish Mission Requirements

After the MCP recelved the sequence keying commands from the Input interfacing
systems, the programer proceased these commands through the internal relay-logic
and time-delay circuitry to provide the proper output switching signal to the required
spacecraft syatem {e.g., the flight qualification recorder).

W B L e el

‘The Apollo 4 mlasiom events {(summarized in mble I) are typical of the other !
mizsiona and Are used as an example. The planned times for certain misaion events,
lisied in the Apollo 4 Misalon Report, varied ag much asa 28 seconds from the times
that were predicted (table I) lesa than 3 months before the fHight. These changes in the
planned times of certain misston events demonstrate the dynamics of misalon planning

and the necessity of designing havdware with the [lexibility needed to accomplish these
mission changes,

During the Earth-intersecting coast phase of the Apollo 4 misaion, the CSM was
alined in an attitude to achieve a specific thermal gradient {cold scak) across the heat
shield. This spacecraft ocrientation was maintained for approximately 4, 5 hours before
the CSM was reoriented for the second engine firing of the service propulsion system
(SPS). The sequence of events leading up to and including the second SPS engine ignition
will be dlscussed 22 an example, The detailed sequences to be discussed ars between




time references tB and tc and heiween t4 and tﬁ liasted in table I and described in

table TI. These sequenced, which were initiated by the G&N aystem computer, are not
listed as specific times (hours, minutes, and seconds) but are given as reference
symbols (t,, tB' t,, ete.). The detailed software programs for the GEN-system

gomputer established these spacific times for the various missions.
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TABLE I, - APOLLO 4 MISSION DISCRETE EVENTS SUMMARY

Planned Hime
rom -l | Actl e
{a}
Baturn V ascent to orbit
Guidance reflerence release 00:00:16. 70 -
Lift-off 0G; 00: 00. 00 00:00: 00, 263
Saturn IC {5-1C) inboard engine 00:02:15.50 00:02: 15,52
cut-ofi
S-IC outhoard engine cut-off 00:02;32.40 00:02: 30,77
Saturn II (S5-II} engine 1gnition 00:02: 35,20 -
B-IC interstage jettison 0G:03:04, 35 --
Launch escape system jettison Q0:03: 08, 35 --
S-T1I engine cut-oft’ 00:08:39,55 | 00:08:39,76
S-IVB engine ignition” 00:08:44.05 | 00:08:40, 72
S-IVB engine cut=off® 00:11:05.40 | 00:11:05. 64
Earth parking orbit
Start Earth parking orbit 00:11:15, 60 00:11:15.6
Start second orbit revolution D1:38:20.00 -~
Second 5-IVB firing
S-IVB engine ignition” 03:11:54.50 | 03:11:26.6
S IVE engine cut-olf® 03:17:12.53 | 03:16:26.3
Coast to first service propulsion system
(SPS) firlng
Begin reorientation to cold-soak 03:17:27.71 --
attitude
End of reorientation to cold-soak 03:20:42.81 -
attitude
C5M/S-IVB separation 05:27:14,43 03:26:28.2

AThe planned times given are taken from AS-501 Spacecraft Opera-
tional Trajectory, Volume I — Trajectory Description, August 25, 1967,
b

Refera to guidance signal.




TABLE L - APOLLO 4 MISSION DISCRETE EVENTS SUMMARY - Continued

Plammed time

Sevond SPS engine ignition”

Second SPS engine ::ut—oﬂb

08:-15:10. 42

08:19:34. 40

Event from lift-off, Actual time,
hr: miln: 5ec hr:min: aec
(a)
Begin reortentation to first SPS 03:27:22.73 -
ignition attitude
End of reorientation to first SPS 03:27:51.41 -
ignition attitude
First SPS firing
SPS engine ignition® 03:28:52.73 | 03:28:06.8
SPS engine cut- 03:29:19.93 | 03:28:22.6
Earth intersecting coast
Begin recrientation to cold-80ak 03:29:24, 68 -
atthade
End of reorientation to cold-soak {03:29:53.76 -
attitude
Apogee 05:49: 04,32 -
Begin reorientation to second SPS 08:01:36.75 =y (note c)
ignition attitude
End of reorientation to second 5PS 08:02:01.05 | =tg (note ¢}
ignition attitade
Reaction control system {RCE) OB:14: 40, 42 -
thrusters on
Second SPS firing

08:10:54.8
= t-'l (note ¢)

08;15:35. 4
=1, {note c)

“The planned ﬁﬁms glven are taken from AS-501 Spacecraft Opera-
tional Trajectory, Volume I -—— Trajectory Descripton, August 25, 1967,

bRe:Earu to guldance signal.
Cranle I provides additional 1nformation,




TABLE I.- APOLLO 4 MISSJON DISCRETE EVENTY SUMMARY - Concluded

End of attitude orientation, coast
ko CM/SM separation

CM/SM separation

Start CM attitude orlentation for
entry

End of attttude orientation, coast
to entry

Atmospheric entry
0.0% inMcation
121 920-m {400 00¢ ft) altitude
Enter 5-band blackout
Enter C-band blackout
Exit C-band blackout
Exit S-band blackout
Enter S-band blackout
Exit S-band blackout
Drogue-parachute deployment
Main-parachute deployment
CM lanfing

08:20:54.0!

08:22:07, 85
0a:22:12, 85

08:22:36.03

Ng:23:35.02
08:-23:57.00
08:24:01, 00
08:25:55,00
08:26:19.00
0B: 3): 15.00
0B:31:47,00
0B:35;39.00
08:36; 27,00
08:41:25,00

Planned time
from lift-off Actual time
Event hr: min: EEI‘; hr:min: nec'
(a)
Preepity sequence
Begin reorientation to CM./SM 08:20:12,87 -
separatlon attitade

0B:18:02.8

0B:18;08,. 28

0B8:19:58, 24

-——

D8:31:18.6

*The planned times given are taken from AS-501 Spacecraft Opera-
tional Trajectery, Volume I — Trajectory Description, August 25, 1367,
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TABLE .- NOMINAL MISSION SEQUENCE OF EVENTS

FOR SECOND 3PS FIRING

Time Inttiated MCP F Orutput
reference by — | function Hor. to —
Rearlentation to second SP5 lgnition attitude
t, G&N X Monitor mode OFF and G&N attitude | 5C5°

control mode ON
tE G&N Initate pitch maneuver SCS
tE G&N Complete pitch maneuver sC5
t‘D GEN X FHght director atttude lrxdicator SCS
aline ON
tE G&N X Flight director attitude indicator SCS
aline OFF
Second 5PS thrust maneuver
tn G&EN X G&N attitunde control mode OFF and SCS
mondtor mode ON
tl G&N X Monitor mode OFF and GEN aV¥ SCS
mode ON
t2 &N X Positdve-X translation ON SC5
t:! GEN X Gimbal motors ON MCP
MCP X Entry batterles to main de buses £ps®
MCP X Flight qualification recorsier ON T/C*
MCP X Prepllot valve A ON SPS5
MCP X Data storage equipment recorder ON | T/C
MCFE X Prepllot vaive B ON SP3
t::l + 1.0 sec| MCP X Yaw 1 gimbal motor start SPS

2 ctabilization and-eontrol E‘jFEtE:III.-

b

Eiectrical power system.

l:".!i‘ransm.ttth:lg and control function,

[T S ———1 ) S —




TABLE II.- NOMINAL MISSION SEQUENCE OF EVENTS

FOR SECOND SP8S FIRING - Concluded

Time Indtiated| MCP F On ot
reference by — | functlon hion bt —
Cacand SP3 thrust maneuver - Concluded

'a;3 +1.5sec) MCP X yaw 1 glmbal moter ON SP3

MCP 4 Pitch 1 gimbal motor gtart SPS

ta +2,08e| MCP X Pitch 1 gilmbal motor UK SPS

MCP X Yaw 2 gimbal motor stor SPS

1'.3 +2.58ec | MCP X Yaw 2 gimbal motor ON SPS

MCP X Pitch 2 gimbal motor start SPS

t3 + 3.0sec| MCP X Pitch 2 gimbal motor ON Sch
t 4 GE&N SPS thrust ON {second fi ring) 2CS
t5 GEN X Positive- X translation OFF SCS
tﬁ G &N 5P S thrust OFF SCS
GEN X Gimbal moters OFF MCF

tﬁ + 3.0 sec| MCP X Gimbal motors OFF SPS
MCP X Remove entry balteries from main EPS
huses

MCP X Select third gimbal position set 5CS

MCTP X Prepilot valve A OFF 5PS

MCP X Prepilot valve B OFF SPS

t GEN X G&N AV mode OFF and monitor aCs

mode ON




The MCP was designed with the specification that the initiation times for partic-
ular keying and scquencing commands for performing va rious mission functions could
be chinged (rom mission to mission. However, the detailed integrated sequence of
events to accompiish any particular mission function would remain consistent for all
migsions, Table I11ists the functions required to reorient the spacec raft to the second
SPS engine ignition attitude and the [unctions required to initiate and complete the
second thrust maneuver, The MCP time delays are shown in the lime-reference

column, Far example, "t:l + 1.0 sec” indicates that the "yaw 1 gimbal motor start”

aignal from the MCP to the SPS gimbal actuator motor oceurred 1.0 second afler the
G&N system computer had given the "gimbal motors (ON" signal {t_.,",l to the MCP. The

time-delay units were hardwired, potted plug-in modules that were hermetically gealed
in a meial case. Several time- delay selections were available for a given module base
connection size. Because of the high- start-current requirements of the motors, the
gimbal motors were turned on at €. 5-second intervals to prevent an electrical overload,
Tabie I gives a function- by-function desc ripticn of the spacec raft system activity
required to perform an SPS thrust maneuver. A similar functional listing can be
obtained for all the required mission events, including abort sequencing.

At time 1a, the MCP turned on the {light qualification recorder and the data-

stprape-equipment recorder. The sequences of events that were considered the most
critical or of the highest priority and that were to be recorded varied significantly
{rom mission to mission. The recorders and cameras had a limited tape and film
capacity; and timed on-off sequences, which varied significantly frem mission 1o
mission, were necessary to obtain only the most important data. These chunges in
sequence times required MCP hardware changes. Usually, the Limes varied so much
that different connector interface cireults had to be selected for the keying cominands
(e.g., a command for a aecond SPS firing gimbal motors off instead of a command for
5-IVB/spacecralt separation). These MCP hardware modifications were costly in
terms of money and achedule time, requiring new engineering drawings, specification
revisions, test equipment modifications, recertification of the test equipment, and
reagceptance testing of the flight hardware. In future manned or unmanned develop-
mental flight programs, Strong gmphasis shouid be given to the developmental instro-
mentation interface with the spacecralt systems. For jaunch vehicles or spacecralt
that contain flight computers, the instrumentation used to monitor {light events during
the developmental program should be designed so that the changes of instrumentation
sequences from mission to mission can be placed in the eragable portion of the comyput-
ar memory. I this procedure were {ollowed, the seqUEnCes could be quickly and cheap-
1y modified in real tHme.

Real-Time Commands for Ground Control

The MCP, through the GCC unit, provided the switching logic circuitry, the
relays, the relay drivers, and the required spacecraft system interface and had the
capability to process 11 gmund*cummanded signals received by the spa cecraft through
the digital updata link. This technique provided a backup performance capability to the
spacecraft by using ground support personnel and their flight control consules to provide
the updata-link signal commands. A list of the titles and oumber codes of possible real-
time commands is givenin table III. The uumber codes correspond tothe appropriate flight
control console switches In the Mission Control Center for the uplinked transmissiens.,

15
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TABLE IIl.- REAL-TIME COMMARDS

Real-time
command Title
number

1] | Abort light (system A) oN®
00 Abort light {system A) OFF®
07 Abort light (system B) ON
05 Abort light (system B) OTF>
02 Fuel cell 1 purge
03 Fuel cell 2 purge
4 Fuel cell J purge
05 Reset real-time command nurabers 02 to 04
10 Lifting entry
11 Direct thrust ON
12 Direct thrust OFF
13 Reset real-time command mumbers 10 to 12
14 Positive pitch direct rotation
15 Negative pltch direct rotation
16 Pogitlve yaw direct rotation
17 Negative yaw direct rotatlon
20 Positdve roll direct rotatiom
21 Negative roil direct rotation
22 Direct ullage
23 Reset real-time commands 14 to 22
24 Propellant OFF 3M quad A
25 Propellant OFF SM quad B
26 Propellant OFF SM quad C
217 Propellant OFF SM quad D
32 Propellant ON SM quad A
33 Propellant ON SM quad B

a'Nut used.




TAEBLE HOI.~- REAL-TIME COMMANDS - Continued

Heal-time
command Tltle
namber

34 Propellant ON SM quad C

34 Propellaat ON SM quad D

4} Launch escape tower jettison

41 G&N fafl

42 G&N [ajl inhibit

43 Reset real-time command mambers 41 io 42

44 Roll rate backup

45 Pitch rate backup

46 Yaw rate backup

47 Flight director attitude indicator aline

514 Reset real-time commands 44 to 47

51 Negative- Z antenna ON (very-high-frequency (vhi)
acimitar only}

52 Positive- Z antenna ON (vhi scimitar only)

54 Roll A and C channel disable

14 Roll B and D chapnel disable

56 Pitch channel disable

<X Yaw channel disable

60 Reset real-time ¢command numbers 54 to 57

g1 CM and SM separation

63 Updata link 5-band receiver select

g3 Updata link ultrahigh-frequency receiver
gselect

64 Hydrogen tank 2 heater fan ON

63 Oxygen tank 2 heater fan ON

68 Hydrogen tank 1 heater fan ON

67 Oxygen tank 1 heater fan ON

70 Reset real-time command numbers 64 to 67
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TABLE Il.~ REAL-TIME COMMANDS - Concluded

Real=-tlme
commaryi Title
number

Tl Launch escape tower abort and MCP separation
T3 Spare
74 C-band OFF
5 C-band ON (2 pulse)
76 vhi transmitter OFF
T7 vhi transmitter ON

Real-time commands 14 to 21, 23, and 54 to 60 were to be used to control the
spacecraft attitude if the automatic attitude control provided by the G&N ayatem had not
functioned properly. If this malfunction had occurred, the automatic channels to the
reaction control system (RCS) could have been disconnected by real-time pommands
54 to 60, and the direct rotation commands, real-time commands 14 to 21, e¢ould have
been tranamitted. The direct rotation commands required that the ground controllers
tranamit the time interval necessary to achieve the desired spacecrait attitude. For
example, if the G&N system had failed, the second SPS [iring sequence could have been
accomplished by ground controllers wsing real-time commands according to the follow-

ing sequence.
1. Send real-time command 41, “G&N 1ail, "

9 Use real-time commands 14 to 21 to position the vehicle to the proper firing
attitode,

7. Send real-time command 11, "direct thrust ON, " at the desired firing time tao
automatically start the glmbal motors in sequence and to inftiate the fiving.

4. Monltor the spacecraft trajectory by using the Mission Control Center real-
time tracking data.

5. BSend real-time command 12, “direct thrust OFF, ™ at some predetermined
velpcity point or at the violation of a imit line on the trajectory plot.

5. The vehicle probably would be oriented for CM and SM separation by the
real-time commanda cited in step 2. Such a probabllity would be consistent with the
example that the G&N system had failed; therefore, additional mission objectives would
not be attempied,
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T. Serd real-time command 61, "CM and SM separation, *' to arm the master
events sequence-controller (MESC) logic circuiiry, to arm the pyrotechnic devices,
and to initiate the geparation sequence,

8. The vehicle would be oriented for entry.

The advantages of retaining a degree of real-time ground control of the spacecraft
would have been demonstrated if a spacecraft syatem failure had zctually cecurred
during one of the flights, If the GEN systern had malfunctioned, some useful heat-shield
data at the required high-entry velocities atill could have heen obtained. Several com-
binations of spacecraft sequencing and control, other than that of the G&N gyatem mal-
function, could be accomplished by real-time commands. The flight operation plans
and the launch rules for each missien furnish a description of the many possible alter-
nate mission modes., Several real-time-command numbers are intentionally omitted
Irom table III. The following real-time commands were deleted by the NASA before
the Apolle 4 and & missions.

Number Title
30 M RCS system A propellant OFF
31 CM RCS system B propellant OFF
36 M RCS system A propellant ON
37 CM RCS system B propellant ON
b3 GEN antenna awitching

Backup 0.05q Acceleration Sensor

Several significant mission evenis were required between the entry phase and the
landing (table IV). The sensing of the point of atmoapheric entry (the point at whick
0.05¢ deceleration i3 reached, which occurred at an alHtude of approximately
88 400 meters {290 00D feet) i3 a critical migsion event for recovery ' the spacecraft.
The primary determination of the entry point (0, 05g)} was made by the G&N system,
ardl a redundant {. 05g signal was provided in case the G&N aystem [ailed to provide
this signal or in case the GLN syatem had falled earlier in the mission. This redundant
signal was produced by accelerometers in the ADS unit of the MCP. Table IV ghows
the MCP transferring the 0, 05g signal from the G&N system to the stabilization and
control system (SCS) at tn. The importance of accurately determining the point atk

which 0. 05g was reached cannot be overemphasized, because, after this point 18 passed,
the method of controlling the spacecraft with the RCS thrusters is changed. The pitch
amd yaw attitude control was inhibited by the SCS, and the spacecralt was steered by
uaing the RCS thrusiers to roll the spacecraft about an offset center of gravity, Other
important spacecraft systems (e, g., the Earth-landing system {ELS)) were also acti-
vated when the 0, 05¢ point was sensed. Thus, the MCP performed an important func-
ticn on unmanned flights as the redundant deceleration lndicator.
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TABLE IV,- NOMINAL MISSION SEQUENCE OF EVENTS FROM ENTRY TO LANDING

| e e — e
Entry phase
tq (about 20 min | G&N X 0. 05 ON =88 400 m {~ 250 000 ) MCFP
before landing)
MCP X 0. 05g signat (backed up by the MCP scs
C.05g backup funetion)
MCP X Earth landing system (ELS) activate A ELS - |
MCP X ELS activate B ELS :
| MESC 7620-m (25 000 t) barometric awiteh armed ELS
i MCP X Switch to negative- Z antenna T/C
f T620-m (25 DOO It) altitude
.i ELS T620-m {25 000 I%) baremetric switeh activated | MESC
| MESC $CS/RCS enahle OFF RCS
g MESC Apex cover Jettisoned cM
J EL3 Drogue-parachute deployment (reefed) CM
f ELS Drogue-patrachutes disrsefed CM
‘ ELS Arm 358-m (12 000 ft) barometric switch ELS
j 3658-m (12 000 11) altttude :
r I:,‘:i (maxinmam of ELS X 3658~ (12 OO0 ft) barometric switches & and B | MCP
13 min vfore
landing) 1
] MCP X Start landing backup !4-min Hmer MCP i
| t, + 20 sec MCP X [ Connect C battery to flight and postianding EpS ]
(F&PL) bua
MCP X RCS fuel demp activate A RCS
MCP X RCS tuel dump activate B RCS
MCP X Arm landing wwitch MCP
MCP X vif recovery beacon ON T/C !
MCP X vhf survival beacon ON T/C
ty + 270 sec MCP X | RCB purge activate A RCS |
MCP X RCS purge activate B RCS
1 MCP X Impact landing |
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Sequencing Postianding Recovery Aids

Ancther function of the MCP waa to sequence the postlanding recovery ajds for the
unmanned missions. The correct performance of these functlons was neceddary to
ensure the recovery of the spacecraft after landing was successfully achieved. The
aequence of events after landing {table V) was initlated by the impact of the spacecraft
on the water. The impact was sensed by triply redundant switch accelerometers in the
ADS umit of the MCP. The MCP was also required to test and certify the uprighting
gystem of the spacecraft before a manned flight. The ADS unlt contained triply redun-
dant attitude Indicators that tould sense whether the spacecraft was floating apex up
(stable I} or apex down (stable II). I a stable II signal had beén indicated by the attitude
switches (table V), logic circuits in the SCC would have relayed a gignal to the upright-

ing system te inflate the flotation bags.

TABLE V.- NOMINAL MISSION RECOVERY SEQUENCE OF EVENTS

[All events are MCP functions initiated by the MCP.]

mErI:; e Function %tft
Nomiral events
tﬂ Impact landing
Main-parachute disconnect A ELS
Main-parachute disconnect B ELS
Arrn attitode indicator MCF
Connect entry batteries to F&PL buos EPS
Connect auxillary batterles 1 and 3 EPS
tc FEPL bus
Connect awdHary batteries 2 and 3 EPS
to F&PL bus
tﬂ + 11 Bec Remove eniry batteries from main uses EPS
Deploy high-frequency (hf) recovery T/C
antenna (stable I only)
MESC logle bus A safe MESC
MESC logic bus B safe MESC
Flashing light OK T/C
hf transcelver OGN (stable I only) T/C
Circuit breaker 45 OPEN

21

B ]




—p ——R

TABLE V.- NOMINAL MISSION RECOVERY SEQUENCE OF EVENTS -~ Contluded

[All eventa are MCP functions inittated by tae MCP,]

-Dutput

Time
reference Function to —
Nominal eventa - Concluded
Auxiliary battery 1 OFF EPS
awxiliary bus A
Auxiliary battery 3 OFF EPS
awdlary buses A and B
Auxiliary hattery 2 OFF EPS
auxiliary bas B
tﬂ + 12 Bec MESC pyrotechnic bus A pafe (stable 1 MESC
only)
MESC pyrotechnic bus B safe [stable I MESC
only)}
Events for stable I landing
ty Flotation pumps OFF URs®
hf transcelver ON T /C
Deploy hf recovery antenna T/C
tI + 1.0 sec MESC pyrotechnic bus A safe MESC
MESC pyrotechnic bus B safe MESC
Events for stable II landing
t ht transceiver OFF T/C
tu + 60 sec Flotation pumps ON URS
Flotation bag 1 Ail URS
tu + 360 sec Flotation bag 1 OFF URS
Flotation bag 2 fill TRS3
t‘;t + B60 sec Flotation bag 2 OFF URS
Flotation bag 3 111l RS
t,+ 960 sec Flotation bag 3 OFF URS
Flotation pomp OFF URS

aUprlghung system.

22




1

DESIGN USING EXISTING TECHNOLOGY

The critical development achedules for the MCF required that existing electronic
technology be used. Components that had been previcusly qualified on other missile or
space programs were selected whenever practicable.

Spacecraft Command Controller

The MCP block dlagram in figure 4
ghows the Apollo sysiem interfaces
required by the MCP. The SCC unit of the
MCP provided the logic capability needed
to accomplish the interface amd event-
gequencing requirementa, The event-
sequencing and awitching functions for the
unmanrned [lights were accomplished by
the use of relays. These hermetically
asealed microminiature general-purpose
relays, which had an all-welded construc-
tion, were used extensively in the logic
and switching circuitry. The relays
gperated at 28 ¥V de and had a 2-, 3-, or
10-ampere current rating.

The redundancy requirementa of the
MOCP were classified into four categories.

1. Slmplex (aot redundant} — The
MCP cutput or real- time-command func-
tion may fail either ON or OFF because ol
a single MCP component failure

(fig. B(a)).

2. Dual serles {redundant) — The
MCP output or real-time-command func-
tHion shall not fail ON as a result of any
single MCP component failure (fig. Hb)).

3. Dual parallel (rediundant) — The
MCP output or rezl-time-command func-
tion shall oot fail OFF aa a result of any
singie MCP component failure (fig. B{c)).

4, Dusal series, triply parallel
(redundant) — The MCP output or real-
Hme- command function mast respond cor-
rectly In the event of a single MCF
component fallure (fig. 8(d)).
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(a) Simplex {not redundant}.
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(d) Dral series, triply parallel (redundant).

Figure 8.- Circultlogic and switching relays,
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The redundancy requirements for the MCP design wore eastablished by using these
four categories. A request for a definition of the requirements of the system interface
was submitied to the appropriate engineering design groups, and specific redundancy
requirements were obtained on an event-by-event basis for numercus potential mis-
glons. The design of the MCP was then established consistent with these mission
redundancy requirements.

The redundancy options that were used in the MCP are shown In figure 8. Exam-
ples of equivalent redundancy eould also be 1llustrated within the MCP, showing the use
of time delays, capacitora, diodes, et cetera. The relays are used for tllustration
because they represent the majority of the components in the MCP,

The eircuits in figure B are shown with relay contacts configured in the normally
open state. Similar redundant configarations are used with the relay contacts in a
normally closed atate. Both momentary and latching relays were used In the MCP
design. Momentary relays remazin switched into the changed-state configuration only
aa long as the switching signal is applied to the sclenoid. Latching relays remain in
the switched configuration until an additional reset switching signal 1s applied to the
reset solenold of the relay.

A triply redundant grounding network was used throughout the cable-hamess and
panel-harness assembiiea (fig. 9) to provide electrical grounds for the MCP. This
grounding acheme was important in accomplishing the bench tests and spacecraft tests
that verified the redundant components within the MCP. During t~~ts, these grounds
{GI, G,, and Ga} were alternately cycled {opened and closed) or eyeled in combinations

[GIGE’ Gzﬁﬂ, or GIG2] to isolate and verify the operation of specific redundant paths.
For example, in ligure 8{d), assume relay A operates with ground l.".il ; Telay B with
ground GE; and relay C with ground GE' The redundant patha would be verified as
follows,

1. Make contact between grouncs Gl and "”2’ and leave GE open.,

2. With the proper signal to the relay solenoids, relays A and B close their
contacts,

3. Btep 2 verifies the center path shown in figure 8{d). The top and bottom cir-

cuits remain open because relay C has no ground to complete its eircuit and does not
close.

4. Make contact between grounds Gz and GS' and teave Gl opén,
5. Relays B and C cloge their contacts, and relay A remains open.

6. BStep 5 verifies the bottom path shown on figure 8(d). The two top paths remain
open because relay A has no electrical ground to activate its solenoid cireuits and the
contacts do not close,

7. Relay A in the middle path doea not have ita contacts failed in a closed position
in step J, Decause in step 6 the middle path opened. W, in step 6, the middle row of con-
tacts had not opened, the fallure of relay A in a closed position would have been indicated.
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Figure 5, - Cable assembly wire harness,

; This method can be contimed until each redundant function is verified. This

! redundancy was an important part f the Apollo Program, because the proper lunction-
ing of each redundant circuit path had to be verified just before the spacecraft was

! launched. The procedure of checking redundant circuitry before launch was used for

the Mercury spacecraft and was continued for the Apollo spacecraft, In genera), this

' verification of redundant circuit paths was a simple task for the Apcllo spacecraft,

because most systems were deaigned to be dually redundant {system A and system D).

The power could be removed from either syatem to verify the proper functioning of the

companion aystem. However, checking the redundant circuitry in the MCP became a

difficult and tedious job because of the many complex series-parallel circuit paths.

As shown in figure 2, the SCC used 19 printed wiring boards (control assemblies).
The detailed logic civcuits, relays, time-delay circuits, and other components were
plugged into these control assemblies; the components of this circuitry were standard-
ized and Interchangeable. For example, a 3-ampere latching relay could be inter-
changed with a 3-ampere momentary relay, or a 15-second time-delay device could be
interchanged with a 80-second time-delay device (figs. 10 and 11}). Great care had to
be taken by the maoufacturing personnel when removing a component that had previously
been mounted and scldered o the printed wiring board; otherwise, the metallic track
: cculd be lifted from the board or damaged. The control assemblies used for the vari-
; ous MCI? systems were also standardized and interchangeable. For example, control
asgembly 6 in MCP syatem 2 and the similar eontrol assembly in MCP system 4 could
1 be interchanged to resolve a problem with sclder closeout relays,

- - R

- f r———a—

The S3CC had 15 connectora to meet the various interface requirements and to
provide sufficient test points for ground tests, The unit had a ground-shorting connec-
tor and three GSE connectors that were instrumented for the box-level bench tests,
The internal grounds could be avtomatically applied and removed while the operation of
various coinpcnents was belng verified on the bench test console.
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Figure 10. - Printed wiring beard with components.

The importance of design flexibility must be emphasized. * description has beea
given of the increased lexibility obtained by interfacing the MCP with the G&N system
for its input keying commands rather than by using fixed preset timers. However, this
increased flexibility was limited. The Interface connectors of the G&N system, the
S-IVB IU, and the launch control and GSE (figs. 5 te 7 and 12) provided the MCP with
capabilities far 15 different flight keying and sequencing commands, which could be
modifled for each mission, and 12 pretaunch keying commands. For approximately
120 different mission events, the MCP furnished the logic cireuitry and internal time
delays for switching the output to the interfaclng systems at the correct mission times.
The ¢apabilities of the kardwired logic circuitry were not as flexible as had been desired.
As mentioned previously, changes in the mission event sequence on-oif limes of inter-
facing hardware spmetimes resulled in major MCP design changes.

The following are examples of MCP destgn changes resulting from changes in
mission plans or in interlacing system requirements, -

1. The planned trajectories for the Apollo 4 mission indicated a possibility of
spacecraft skipout during the entry phase. The MCP originally had latiching relays to
prevent the loss of the 0.05¢ signal once it was obtained. During the Apollo 4 mission,
the @, 05g signal could be obtained, lost during skipout, and then obtained again: there-
fore, the latching relay had to be replaced with a momentary relay.
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Figure 11.- Bracket showing relays and lime-display mountings.

2. A 14-minute time delay was required after a sensing function (indicating an
! equivalent barometric pressure at 2 3658-meter {12 000 foot) altitude) was added to the
MCP. Thig lunction was an ELS backup to initiate cutting of the parachute shrouds 5 to
10 minutes alter landing,

3. The gimbal motor on-off limes were changed from mission to mission to pre-
vent the actuator cluiches from cverheating.

4. A lime delay was added in the MCP to prevent damage 1o the high-frequency
antenna by not allewing the antenna to deploy before the spacecraft vas in an apex-up
attitude in the water.

5. Before the mission, the SPS engine gimbal posilions were predicled {or each
firing during the mission. These positions were preset in the MCP to prevent large
gimbal position changes and large transienis during the {iring initialization. Each space-
¢ralt had dilferent center-of-gravity requirements at the various firing times; thus,
each spacecrall regaired different gimbal position seitings that necessitated modification
of the MCP system.
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6. On-off sequences for the tape re-

letm indeT iaca
— " . corders and cameras were changed for each
COALIY ! mission.
Ground command G-l 5 L
canlrotier do gl il = 1
Goound commard  G6-2 | 1E These few examplea of the hardware changes
Coniriler i fagalve 1 el _51]1 made to the MCP indicate the flexibility
Ground comeand -3\ N T required of a developmental flight system
i m 'n
o — ‘:.‘-1_ ' Ao such as the MCP, For exaaple, before the
peigic My T e adapher | :“m'"““ deslgn of the MCP was complete, preplan-
conneciors cnlas el — wupeent ning should have determined that the gimbal
Samcacron coamant oot [% o position setiings would vary {rom mission to
conirolier & regitiv € r misaion and that the hardware should be
Spazorah onaard 62 |1 b designed so that a techniclan could charge
controller & g & the settings without opening the SCC. When-
el :-“Lc'] ever this unit was opened, a complete reac-
= ' ceptance test was required. In [future

nrograms, the chaogeable characteristiics
Flgure 12.- Automatlc checkout gquipment of unmanned developmental flight teats
interface requirements for the MCP should be recognized, and various flexible
redundancy test. software methods of programing mission
changes should be considered,

Ground Command Controller

The GCC unit of the MCP interfaced primarily with the updata link. This unit
provided the switching-logic circuitry, the relays, the relay drivers, and other com-
ponents for processing the 77 real-time ground-command slgnals originating at the [light
contrel conscles in the Mission Control Center. The GCC design did not require the
degree of flexibility required by the SCC. During the program, GCC changes were made
to correct design problems and to eliminate certain capabilities, rather than to revise
and redesign logic and interface circuitry. As previously discussed, flve real-time
commands were eliminated from the Apollo 4 and 8 missions: the GCC wiring assoclated
with these commands was cut and stowed.

The GCC used component and wiring redundancy similar to that previcualy de-
sceribedfor the SCC. The serles-redundant circuitry (fig. 8) was the most commonty
used circult logic; however, parallel-redurdnnt circuitry was used for processing the
reset real-time command, and series-pa:allel-, ;- mdant circuitry was used for proc-
eaaing the abort command.

The GCC was designed to respond to minimum current lnputs <of 18 te 24 milli-
amperes with a pulse duration of 23 to 35 milliseconds from the updata link., Also, the
andt waa designed not to respend to current levels less than or equal {o 25 milliamperes
when pulse durations were legs than or equal to 1 millisecond. Early electromagnetic
interference {emil) tests at the factory showed that the GCC relay drivers were trigger-
ing on noise voltages, and resistur-capacitor filter networks had 1o be added to each
relay driver. This design change was the most significant factor incorporated in the
GCC. The general configuration of the GCC and the SCC is the same (fig. 2),




The reset real-time commands 05, 13, 23, 43, 50, 60, and T0 were necessary
because, once the GCC relay driver received a minimum-value current pulse from the
updata Hnk, the associated latching relays were activated. The real-time command
could be remaved or canceled only by sending a reset command. Some real-time com-
mands used momentary relays (e, g., posittive-Z antenna ON). These motmentary
relays wiere on as long aa the command waa being transmitted and off at all other times,
The use of Llaiching relaya saved the electrical power that would have been required (o
hold tl:e relay solenocid in the activated state and amounted to considerable power savings
for events that would be on for long periods,

Attitude and Deceleration Sensor

The ADS unit of the MCP performed the critical spacecraft recovery requirements
during the cniry, landing, and recovery phases of the mission. The ADS deslgn (fig. 3)
was simple, ¢omaisting of the {ollowing major components,

1. Three spring-mass impact switches {accelerometers) to sense the water
impact during landing

2. Three pendulum-mass attitude indicators to sense stable I or stable II orienta-
tion of the spacecraft after landing

3. Two linear accelerometers to sense the 0. 03g level during entry

4. A pivot ghaft and pivot frame for ground test of the attitude Indicators

5. Push-to-iest awitches for ground testing the 0, 05g and landing accelerometers
6. A radio-frequency interference filter {or the input power

Components of the ADS were use< in the [ollowing order durilog a mission.

1. The 0.05g accelerometera were armed by a signal from the BCC at the time of

CM and SM separation. These accelerometers were deslgned totrigger at decelerations
of 0.1g to 0. 5g, a higher deceleration value than the 0. 05¢ value furnished by the G&N
system, In June 1966, the . 4g spread in ihe tolerance of the backup deceleration sen-
sor wea recognized as possibly causing a wide deviation between the actual and planned
spacecralt Janding points when the backup signal was used. A gpecific test waa then
added to the hox-level accepiance test to measure and record the exact deceleration
Ievel of this senscr. For spacecraft 017, this deceleration vaiue was 0. 29¢ + 0. 04g [or
initiating the backup 0. 05¢ aignal. The 0.05g signal would Lz automatically overridden
by the ADS in case of a skipout trajectory. The 0. (Mg tolerance could not be discarded
because the accelercmeters were temperature sensitive and the precise flight tempera-
"tures were not defined. The trigger point was better defined, however, at an order of
magnitude closer than the initial values,

2. The three impact switches were armed by a signal relayed from the 3CC when
it sensed an altitude of 3658 meters (12 000 feet). The impact switches were dealgned
not to trigger for impact pulses less than 4. Tg and to trigger for values of approximately
S5g and above. A push-to-test switch was provided for each impact switch for ground-
test purposes.
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3. The three attitude sensors were armed by the tmpact deceleration pulse,
These senaors indicated stable I whenever the apax of the spacecraft was approximately
+§3° from an upright position. When the apex of the spacecraft dropped below the
85 polnt, atable I! was indicated by the sensors. Additional stable I functions of the
5€nsors are given in tahle V. These attitude sensors could be tested in the apacecraft
by locaening a hexagonal nut (fig. 3) and plvoting the sensors to effect a change 1n atti-
tude signal,

TEST EQUPMENT DESIGN

To meet the critical schedule requirements for the MCP qualification Program
and dellvery, the contractor bullt three types of test equipment,

1. Mamufscturing teat sets
2. Mamual teat equipment (MTE)
3. Factory test equipment {FTE)

The mamdacturing test sets were essential in the test activity avsoclated with the pro-
duction and asaembly of the MCP control assembliea and printed wire networks. These
test seta performed satinfactarily and supported the program in a timely manner.

The manual bench test console verified the operaticnal atatus of each redundant
companent in the MCP during acceptance tests and other box-level tests. This bench
congale required that the input signal be awitched manually at the times required by the
teat specilications. Groapa of test polnts {e.g., 80 test polnta) were collectively mon-
itored and, if no anomaly occurred, that test zone of reduixlant elements within the MCP
was considered satisfactory. This MTE was gimilar to the equipment developed for the _
control programer in spacecraft 009 (AS-201 mission) and was completed on Novem- !
ber 14, 1965, in time to snpport the initial breadboard and early MCP protatype
daliveries, i

The MTE required approximately thres times as long to complete a test run as
dld the automatic FTE; however, the MTE wasa sufliciently simple that the equipment
cowld be certified and debugged in a timely manner and could be reconfigured for com-
patibility with changea in the flight hardware,

The automatic FTE was used for the postenvircnmental functional tests and the
MCP systerng tegts. This test equipment included the {iollowing,

1. A punched-tape reader to provide the input stimull with the associated power |
supplies and signal-conditioning equipment

2. A series of Interna) logle circuits to control the switching and route the sig-
nals to the correct MCP area




3. A master clock to control the timing of the Input signals and to provide a time
comparison of the MCF response

4. An output load simulator to pimulate interfacing systems loada
3. A printer to pravide a tape record of the test events

The auvtomatic FTE was primarily used to duppori qualification testing, A series
of test tapea wan prepared to support the eovironmental and postenvironmental func-
ticnal tests as follows.

1. Environmental functional tests
a. Abbreviated-time simulated miasion
b. Real-time simulated misston
¢. Slmulated abort and entry test
2. Postenvironmental functional testa
1, 5CC functional test
h. GCC tunctional test
The requirement existed to aotomate the test and sequencing of the MCP while it

wid operating in the gualification-test environment. For example, during the vacuum
test, an abbreviated-time simulated migsion wan performed while the MCP wap in the

The development and certification of the elaborate and complex FTE within the
allotted schedule period caused considerahle difficulty, A 4-month delay in the start
of qualification of the GCC and SCC waa gererally attributed to problems in certifying
the teat equipment, the test specifications, and the teat tapes. The schedule problem
concerning certification of the FTE was related to the original deatgn concept and the
planned method of test. Considering the critical development schedules and the amall
number of uamanned systems to be delivered, the test equipment concept wags much too
compiex and automation waa overly emphasized,

Some specific problem areas in certifying the FTE included the following.

I. The test equipment did not verify functional paths within the MCP but checked
out zones or groups of components; therefore, when a hardware changn was incorpoiated
in the MCP, a compatlhle change was difficult to incorporate in the related component
group of the test equipment, Hardware changes also caused difficulty in updating the
test specifications,
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2. The tape reader had no reliable method of performing an internal verification
or seli-check. If a part of the tape message was missed, it wae difficult to determine
whether the problem wasg Lo the reader, the test equipment, the MCP, or scme uwther

system or component.

4. A reliable method was not developed to revise only specific aections of the
test tapes to reflect hardware modifications. A reprograming effort invelving the entire
test sequence seemed to be required. The test tape could not be cut and spliced; there-
{ore, a new tape had to be generated Lo include the updated test section. As a resull,
the manpower requirements for test equipment programing were increased whenever
the flight hardware was changed.

Because of these test equipment reprograming delays, the FTE was not used to
any great extent in supporting the MCF rexcceplance tests following deslgn modifica-
tions. The MCP redundancy test performed in the spacecrait provided a sufficient
confidence leve!, and a systems-level functional acceptance test at the vendor was not
required. The FTE wasa not reprogramed and reconfigured to reflect the numercus
MCP hardware changes. The engineering time was more efflciently used in actually
performing the vendor box-level acceptance tesis on the slower MTE than in preparing
the automatic PTE to perform the MCP system-level test,

This experience could well he applied to the development of test equipment for
future programe that have small quantities of deliverable end-itemsa. For this type
program, it seems preferable to expend the necessary epgineering manpower in devel-
oping simple, flexible, mampual, general-purpose test equipment and then to make the
necessary allowances in delivery schedules. This approack appears preierable to
expending the manpower in developing automated, complex, inflexible test equlpment
that would perform the test faster.

DEVELOPMENT SCHEDILES AND TEST PROGRAM

On June 25, 1964, the Apollo prime contractor was notified to develop a programer
with the capability {o conduct the unmanned missions A 201, AS-202, AS-301, amd
AS.502. The orlginal achedule for the MCP installation into spacecraft 011 at the con-
tractor's iacility was Jamuary 13, 1966. The MCP development team had 19 months to
design, bulld, test, and deliver the first Night system. The [ollowing paragraphs
describe the most significant milestones concerning this development.
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Breadhoard and Protolype Development

The following schedule was achieved and indicates the compressed and critical

nature of delivery milestones for the MCP.
Delivery milestone Date

Deglgn conflguration freeze October 28, 1985

Breadboard system delivery November 15685

First prototype unit dellvery December 3, 1965

Second prototype unit delivery December 17, 1985

First production unit delivery Janvary 14, 1966

Although the design configuration freeze was dated October 28, the following sig-
nificant changes to the MCP deeign were approved on November 8; therefore, the
confipuration was not really frozen.

1. The on and off Hmes of the flight-qualification tape recorders were changed
and required wiring changes in the MCP.

2, The very-high-frequency antenna was switched differently for spacecraft 017
and 020, and additional wiring changes were required.

A maximum of 1 month was scheduled between delivery of the breadboard and the
firat prototype. The term "breadboard” cannot be used in the sense that the breadboard
was a device to be tested and evaluated, with the resulta of the evaluations being fed
back a8 design iImprovements. The rigorous accepiance tests and inspection-approval
criteria that normaily eonstrain development did not apply to this breadboard unit;
thereiore, the mamufacturer could produce the unit a8 a2 working device to help in the
| test equipment development and certification. The prototype unit used the same produc-

tion mamfacturing and assembly techniques as the flight units, The first prototype was
delivered io the spacecraft contractor for slmulation testing and Interface verification
teating. The combined oystems tests and simunlations, using the first prototype unit,
uncovered the problem of the MCP relay drivers triggering on nolee. These evaluation
tests were also valuable in establishing a redundancy checkout scheme for the MCE
while it was installed in the spacecraft.

The second prototype was used as a prequalification test article for certifying
both the MTE and the FTE before the official start of the qualification program, Suffl-
cient time was not available [or the breadboard- and prototype-development programs
to provide useful information for the flight system design without a significant coat and
schedule impact, [eally, 8 months ehould be scheduled between the breadboard and
first production ttem delivery dates [or hardware as complex as the MCP.

Electromagnetic-{nterference Considerations

White evalusting the first MCP prototype in the communications laboratory, the
gpacecralt contractor discovered that the GCC relay drivers were triggering on noise
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voltages. At the beglnning of the Apollo Program, one MCF unit was scheduled for
environmental qualification tests and another vunit for emi mualification tests. The eml
test and success values were difficult to establish on a black-box level becanse the
literference 18 an interrelated-systems problem. Therefore, the requirement for emi
qualification tests on the black-box level was eliminated before the MCP qualification
tests were scheduled. An overall emi test scheme was to be established on the
spacecraft-test level.

Test Equipment Certification

The following schedule was achleved concerning vertification of the FTE.

Item Date
FTE test tape development siart October 2B, 1965
MTE completlon November 14, 1865
FTE test tape completion March T, 1586
MTE recallbration March 11, 1966
FTE test tape ecertification Aprit 6, 1966
FTE ¢ riification April 8, 1968

Certilication of the FTE was lmportant in that this certification waa a constraint
ko the start of the systems test portion of the MCP qualification program. The FTE
certification, or development testing, could not begin without an MCP test article to

procesa the responaes to the test input pignals. The MCP hreadboard system, delivered

in November 1965, was used In this development, This late delivery allowed only

6 months for development and certification testing of the FTE. This length of time
was exiremely short for testing, debugging, and certifying a test equipment system of
this complexity, However, the original schedules allowed only a 2- month period from
breadboard delivery to certification completion and qualification test start. Thia
period was not sofficlent to achieve the test equipment certification; therefore, the quali-
fication start date was extended by 4 months.

The certification of the test equipment was achieved by using a production proto-
type MCP unit that was esgentially identical to the qualtfication wnit to be tested later.
First, an acceptance test using manual test methoda was performed on the prototype,
and each redundant function was verified to be operating. This unit was then uaed as a
test equipment certification unit, and the same test specificationa were used, If every
test function was processed through the certification unit and wae tecorded by ‘he FTE
with no annmalies, the tesi fonction was certified. If an ancmaly occurred, then an
analysla had to be performed to determine whether the test esraipment or the certifica~
#ion unit had malfunctioned. This atep-by- step method was demanding and time con-
suming, but the FTE was linally certified.
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Production Delivery
The following schedule was achieved for the MCP production unit deliveries and

madifications,
Production delivery Date
Unit 1 January 14, 16588
Unit 2 March 30, 1968
Unit 3 April 5, 1664
Completion of deaign modifications ‘o unit 1 after May 196&
completion of contractor tests )

Unit 4 June 11, 1568

[ Modification of unit 3 to spacecraft 017 configuration July 14, 1966

| Unit 5 Avgust 19, 1966
Unit § September 16, 1566
Moditication of unit 4 to spacecraft 017 configuration Octoher 3, 1966

Of the six production units delivered, units 1, 3, and 4 required several design
mediftcations to make them compatible with the MCP design configuration for space-
craft 017 and 020, The design changes were Incorporated in production units 5 and 6
befcre delivery. The gqualification wnit 2 did not require modification because the desfen
modifications did not require requalification testing. ‘The MCP supported the spacecraft
delivery and lest schedule dates; however, some of the design changes and rework had
to be accomplished during the ldle vehicle test periods. For example, the rework was
started afier the MCP [inished supporting the integrated aystems test at the spacecraft
contractor’s facility and was completed before the next requirement to support tesats in
the vehicle at the NASA John F. Eennedy Space Center (KSC). Ideally, the spacecralt :
connectors would not have been disturbed, and the MCF would have been delivered to |
the KSC while installed in the spacecraft, f

Quatification Tests

The following key schedule dates describe the quandication test program.

Item Date
Original qualification test start December 17, 1965
Actual qualification test start February 17, 1564
_ MTE certification March 11, 1968
Qualillcation production unit 2 delivery March 30, 1966
Cualificatios production undt 3 delivery April 5, 19886
FTE certification April B, 1986

35 |




Item Date

Qualification test completion Aprll 23, 1966
Qua lification report release May 31, 18066

The original qualification test gtart date is listed to emphasize the impartance of
allowing adequate time to certify and evaluate test equipment, This original start date
of December 17, 1885, was postponer 4 months for the GOC and SCC units becauae of
previously mentioned problems with teat equipmeant cartificatien. The actual qualifica-
tion program was able to be begun as early 25 February only because the qualification
tesling of the ADS unit was atarted before the GCC and SCC nits. The FTE was not
recquired for the postenvironmental tests of the ADS unit. The FTE was [inally certi{ied
April 8, 1986, and was available for use during the MCP syatem-tevel functional testa
for postenvironmental evaluations. These system teats of the MCP were programed on
punched tape, and the tepst squipment automatically generated, gwitched, and rputed the
gtimulua and response signalp; measured the time of responge; and evaluated the logic
gtate of the circuitry being tested.

A detailed schedule of the quatification testing sequence ig shown in figure 13.
Ttema 1 to 15 in flgure 13 represent keywords for coding the teat actlvity during any
gpecific test pericd. For example, from March 10 to March 15, during \ne qualification
test of system 2, the activity was 15 {MTE functional tests}. As the teat results are
digcussed in the following paragraphs, the teat aequence ¢an be established by referring
to figure 13,
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Figure 13.- Qualification testing Bedquence.

The ADS paclage of MCP production unit 2 was subjected to the qualifization test
environments. Because of the simple design of th.s sensor package, all the environ-
mental tests, except shock, were completed in 1 week. Because this package also had
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ko support the life test, the shock environmental test was postponed untl] the end of
qualification testing. The sensor package successfully completed the qualification tests
with no anomalies, no visible physical damage, and no operational degradation.

The MCP production unit 2 {qualification test unit ) was initlally ready to begin
qualification testing on February 26, 1366. However, the FTE eiiher had not been
completed or was not certified. Becavae of the eritical schedule reguirements, the
qualification tests were started, waing only a few manually initiated commands for each
postenvironmental verification of the MCF. No fallures were detected during the initial
vacuum, uxlidation, or humidity testing.

After the humidity test, the qualiflcation test packages were to Le given a compléete
package functional test, using the MTE. This equipment had been used earller to com-
plete the teating of qualification unit 2, but the new test specifications reguired box-level
testing of redundant ¢ircuitry. These specifications had not been checked out against
any package or with the MTE. When the postenvironmental (vacuum, otidation, and
humidity) testing waa attempted, numerous problems were encountered and too many
unknowns (such as MTE, test specifications, and MCP) were involved. As a result, the
pericd between March 2 and April 2, 1966, was used to delmg and certify the specifica-
tions and the MTE, to retest the MCP, and to check out the fupctional test tapes for the
FT=. During this period, failures were detected in the packapges; some lailures were
due to manuiacturing errors not previously tested in the redundant cireulta during seli-
off: othera were Induced by the MTE, These lailures reemphasized the critical require-
ment of entering a tualification test nrogram with a good baseline; that is, with certifled
test equipment, verified procedures, and adequate specifications.

After gualification unit 2 finished serving as a test article for the certification of
the automatic FTE, the test equipment was successfully ueed to camplete a Tunctions”
test on qualification unit 2, The unit then entered the life test sequence on April 2, 1966,
The purpose of thia test waa to verify that the MCP could perform normal mission
functions after accymulating more than 500 hours of operating time. After the required
number of operating hours was accrued, the MCP entered the real-time simulated
..u.gsfon run on April 15, 1386. The MCP proved io be capable of periorming the func-
Hon of o real-time mission after being subjected to random vibration levels and accruing
more than 500 hours of operating time.

The MCP production unit 3 {gualification test unit 1) entered the vibration environ-
ment portion of the qualification test on April %, 1966, The vibration effects to be
investigated were the resonances of each package (resonance search) and the suscepti-
bility of the MCP to random vibration. The postvibration physical inspection of the MCP
indicated 35 instances of fractured solder joints on the pins of the SCC control agsembiy
connector boards {fig. 14}, The GCC had 10 loose or broken solder joints zround
similar pins. However, no functional test failures were attributed ta the solder frac-
tures around the pins. The corrective action for the cracked-solder-joint problem
included soldering the termlnals on both sidea of the circult strip ([tg. 1%) and adding
2 bracket to improve the wire-bundle routing. The cerrectlve action was successiul,
and the problem did not recur during future vibration tests,




Example 3.

i)

Flgure 14. - Fractured scider terminals.

(b) Example 2.
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{a) Orientation of rework area. (b} Closeup of rewark area,

Figure 15.- Repair method, soldering backside of terminal strip.

The second significant problem was detected during the humidity and posthumidity
functional test portions of the qualification program, The reverse impedance of the
MCF diode quads was below the specification limits after the 18-hour humidity test.
These impedances were within the specified value (greater than 700 kilohma=) after about
1 hour of drying. The diodes in the SCC were affected alter being exposed to
95 ¢ 5 percent relative humidity; iat, for pormal unmanned flight, humidity was not
expected to be a problem. The corrective action wa3 to provide added protection by |
applying pol (polycoat) to the control assembliea containing the dicde quads |
{{ig. 18). On April 22, 1966, after the polyurethane was applied to the contrel assem- \
Mies in qualification unit 2, the unit was retested in the humidity environment and ;
satisfactorily met the specifications. The qualification tesis were completed on |
April 23, 1968, and the teat report was released on May 31, 1966. '

Interface Verification Tests
The interface verification tests performed in the various engineering laboratories
at the spacecraft contractor's facility provided much vseful data. Some of the most
aignificant resulta were 25 follows.
1. Identification of the relay driver em} problem in the GCC
o Fatablishment of the concept of onboard redundancy tests for the MCF
3 Verification of the allowable 5P5 gimbal position mistrim parameiers

4. Verification of the new design modifications before actual installation
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5. [dentification of the system interiace incompatibilities

6. Provision of useful information for resolving spacecralt test anomalies
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Figure 16, - Typlecal diode mounting bracket.

The MCP prototype unif ] was delivered to the spacecrafl contractor on Decem-
ber 3, 1965, This unit was [irst checked to verify electrical interface and compatibilily
wilh the spacecralt electrical power system. Unit 1 was then subjected to several |
different interface tests with Individual spacecraft systems, such as the communications 5
system and the MESC., Finally, the MCP prototype was tested, along with several
other systems, in the guidance and control l'aboratory during the combined systems
dynamic verilication tests. The combined systems-test setup and the use of loggle
switches to switch the internal grounds {Gl, [}2, and 53] of the MCP supigested a method

for testing redundancy of the MCP while in the spacecralt,
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Spacecraft Tests

The MCP was Inatalled in the gpacecrait before the combined and integrated aya-
tems tests were started at the spacecraft contractor's facility. The MCP served as the
Interfacing unit between the G&N system and other input stimulus sources and the space-
craft flight systems that actually activated and performed the desired spacecraft sutput
funciions during the ground tests and alsoc during flight. The MCP had no flight or
spacecraft test measurement allocation, even though it had 10 connectars with over
500 measurement pins readily available for bench tests at the factory. The rationale
for having no MCP Night measurements nor ground test measurements was that the un-
manned vehicles woutd be instrumented and tested the same 2s the manned vehicles.
Therefore, the functional operation of the MCP waa determined by observing the func-
tional operation of the related output systems that were instrumented. This rationale
would have been adequate if the MCP processed programer signals through single func-
tional paths. However, the MCP contained numerous serles- redundant and paralle}- -
redundant paths (as previcusly described).

The Apollo Program had a requirement that each redundant path be verified an
functioning properly just before launch. This requirement was interpreted te mean that
the MCP, even though it wasa for unmanned flights, had to have its redundant paths veri-
fled in the gpacecraft just before launch, The following schedule indicates the time
required o bmplement the MCP redundancy tests.

Event Date
MASA directed the contractor to accemplish space- Marech 2%, 1965
craft redundancy tests,
HASA managetment met with the contractor to April 1985

reaolve details concernlng spacecraft redundancy
checkout requirements.

Contractor requested 78 automatic checkout equip- April 20, 1985
ment measerements for fault isolation of the MCP.

Meagsurement requirement request wae denjed. October 1, 1965

NASA review determined that oo plan was available November 1965
for inatalled MCP redundancy test.

MCP spacecraft recundancy teat plan was initiated. December 1965

Declsion was made not to verify the MCP redundancy February 3, 1066
with acceptance checkout equipment,

The contractor proceased an interns) procedure to April 21, 1966
verify MCP redundancy.
An NASA management official directive emphasized June 9, 1966

requirement to perform MCP redundancy at the
K3C Ior spacecraft 011, 017, and 020, and at the
contractor's facility for spacecraft 017, and 020,

The first MCP redundancy test waa performed at July 14, 1966
the K8C on spacecraft Cll.
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procedures for performing

riod between the original directive and the final proceasing of
this test, the contractor maintained that the MCP redundancy

teats would not be advantageous for the following reasons.

During the 1-year pe

1. A 50-man-month effort in programing cogt for acceptance checkout equipment

could be saved.

2 A saving of 120 hours of gpacecraft test time would result, compared with the

12 hours required for bench test equipment.

7. Interface equipment for the acceptance checkout equipment would have ta be

designed, [abricated, and certified.
4. The acceptance-checkuut-equlpment memory would be saturated.

Each reason had to be investigated and the problems resolved. Constant management
pressure and Insistence finally resulted in the performance of the MCP redundancy test

for spacecraft 011 on July k4, 1964,

For the spacecraft 011 MCP redundancy test at the X3C, a spec fal breakout bBox
was designed to Interface with the MCP ground-ghorting conneclor. By using jumper
wires on the breakout box, the test team could cycle the internal grounds {Gl, Gy, and

Ga',i of the MCP., Figure 12 shows the MCP/acceptance checkout equipment inte rface

for the spacecraft 017 and 020 reduidancy test; n:ceptnnce-checknut-equipment relays
were furnished and automatically senuenced to cycle the grounds. The jumper wirea
that were opened and closed manually far spacecraft 011 sorved the same purpose as the
acceptance-checkout- equipment relays but required more test time. The test actually
conaisted of three abbreviated mission-time-line teat sequences with the regquired space-
craft systems powered up; the normal prelaunch countdown was performed but was
stopped juat before 1i1- off. Ome run through the abbreviated mission sequence of events
was made with the appropriate opening and closing of internal ground G‘l' Two similar

rung were then made with internal grounds G, and IL'E3 being cycled open and closed.

These rune were to verily that the redundant paths of the MCP were operative while 1he
unit wag in the spacecraft. Theae redundancy tests were performed at the KSC for
gpacecralt 011, 017, and 020; also at the contractor's facility for spacecralt 017 and

020 just before the integrated test.

The redundancy tests revealed several maliunctions when the MCP was periorming
the function cerrectly, but a part of the redundancy capabliity was inoperative. During

the spacecraft 011 test, two of the redundant time delays were inoperatlve. When these
failures were detected, the spare MCP was inatalled and all the interfaces were reveri-

fled. [Refer to the section on time- delay Iailures for theae failure analyses.)
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HARDWARE PROBLEMS AND RESOLUTIONS

Reliability and Quality Objectives

In achieving the reliabllity established for the Apolto Program, a multitude of
interwoven tasks was required,

1. Establishing a high-quality component qualification and screening program

2. Providing a lot traceability at the supplier and user levels for these qualified,
higl- reliability componenta

3. Establishing precise, uniform mamfacturing techniques in a clean, controlled
environment

4. Testing the assembliea at numerous points and stages of production

§, (Qualifying the systems {after manufaciuring completion} to the expected
Apalle envirooments

6. Performing numerous system interface tests and simulation studies
T. Performing detalled spacecraft teats for each interface and misslon phage

B. Analyzing and documenting each failure or anomaly that occurred during the
program to determine the specific cause of the failure, to provide an acceptable correc-
tive action, and to prevent future occcurrence of the failure

Relay Failures

Each MCP system used approximately 1050 relays to establish redundant awitch-
Ing logic. These hermetically sealed, microminiature armature relays were developed
in accordance with the product specifications and end-1tems specificationg of the vendor
and had a single qualifled acurce of supply. The reliability objectlve in the relay pro-
curement was the attainment of a life-failure-rate level of 0. 08B percent in 10 000 relay
operations with a 90-percent confidence level and a maintained life-expectancy confi-
dence level of 60 percent per 100 000 operations at 303 K (85° F) under the specified
rated joads., As shown in table V1, when a proper test and screening program la
established, the majority of the relay failures cccurs before installation of the system
in the spacecraft. The last two columns of table VI are not exact because the same
MCP unit was flown on both spacecraft 017 and spacecraf{t 020 and, because the MCP
was not tested after the fitght of spacecraft 020, relay failures could not be determined
ta have existed. Some of the relay fzilures at the system- and spacecraft-test level
resulted from operator errors and were secondary-type {zilures caused by overcurrent
applications or short circults in the associated spacecraft wiring.
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TABLE VI.- RELAY FALLURE HISTORY

Re Mandacturar taste Vendor Leata Spacecral ks | Fught

laye cOPTACOT |y iy | peats
Sereen | Life | Quallfication | Prodaction [ Qualificatics tenta

Total fafled . ... - 221k [ ] i 11 2 5 2 X

Total teabed . . - + - 10 00D | 300 11 B00 D000 Jo0ou SO0 An0n

Failure, percémt . . - 2.2 1.0 1.3 18 .1 AT 07 07

Solder Contamination in MCP Relays

The orlginal end-item specification for hermetically sealed microminiature relays
required that the evacuation and gaa-filling hole in the relay ¢ase be sealed by using a
fluxless solder process, The relay had to be cleaned ultrasonically, handled in a clean
room, and inspected for contamination with 2 10-power- minimum magnification unit
during assembly and before sealing.

Two relays were found to be inoperative during the spacecraft 011 postilight analy-
sig in September 1968, The subsequent failure analysia revealed sclder- contamination
particles that caused a short circuit in the relay case. The acurce of theae solder
particles was ¢ nsidered to be the soldering process to close the evacuation hole of the
relay; actually, a steel plug was snapped into the hole, and it was sealed by scldering.
The vendor terminated procurement of these solder-clogecut relays on December 3,
1965. The new sealing process specitied that the ateel plug be anapped into the evacua-
Hon hole and a ring spotweld be used to seal the hole. Thia new process was congidered
to be contamination free. However, a total of 1843 of the relays procured before
December 3, 1985, had already been used in the various MCP flight syatems. The iden-
tification of the specific MCP gystems contalning the solder-closeout relays was obtained
from the individual relay sertal numbera and the lot traceability for high- reliability
parts, System 1 for the MCP had 851 of the golder-closeout relays; system 2, 479
aystem 3, 195; ayatem 4, 167; aystem 5, B1; and system 6, 30.

After the locations of all the solder-closeout relays had been determined, these
relays were removed and replaced with welded-seal relays, Iat the task was not simple,
One technique was to X-ray the relaya in an attempt to determine whether the relays
contained solder particles. However, the resulta were unsatisfactory because no con-
clusive correlation could be made between the analyses of the X-rays and the actual
opening of the relay case and the physicat inspection of the relay for contamination.
The relay X-ray technlque was officially eliminated December 15, 1968, The delay in
delivery of such a large quantity of relays woulid result in an unrealistic schedule i
each solder-closeout relay were to be replaced. On January 9, 1967, a ratlonale was
established for exchanging the relays. Cilrcuits dealing with spacecraft recovery were
top pricrity, circoita dealing with mission success were second nriority, and circults
having more than one solder-closecut relay in any recundant path were third priority.
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The vendor began replacing the relaya in accordance with this rationale io meet the
spacecraft 017 scheduled delivery date of January-21, 1967, Control assemblies and
plug-in printed circuit boa rds were exchanged among the MCP syslems to ensure that
correct relays were used in the MCP system for spacecraft 017. System 3 for the MCP
wag delivered to the KSC on January 11, 1967. The gcheduled events for spacecraft 017
at the KSC were delayed so that the allowed schedule reltef could be used to incorporate
more improvements in the MCP. On February 9, 1967, the NASA and the spacecraft
contractor reviewed the solder-closeout- relay situation, and a mlasion-event- by-event
tailure-effects analysis was used to arrive at a final determination for relay revlace-
ment. The actual replacement procesa wes difficult because the printed cireuit track
of the control assemblies could be damaged while unsoldering the reiay. The problem
wag finally corrected when all the solder-closeout relays in critical circuits had been
replaced with welded-closecut relays.

Polarized Tantalum Capacitor Failures

During the spacecralt 011 postilight test, the MESC interface test, and the normal
mission plugs-out test, a 3-second time delay in the MCP circuit [separation-abort
command) to the MESC was timing out in approximately 4.7 seconda. During the fallure
investigation, the problem was {solated to a polarized tantalum capacltor n the fiiter
circult for the 28-V dc buses A and B, This 5. microfarad capacitor was used for Iiller-
ing emi, Also, another {ilier capacitor In a different ¢ircuit was found to be failed,

The emi filters were added to the MCP during the breadboard development testing to
protect the time delays {rom bus-valtage spikes or transients of 4 microseconds or 1ess
duration. These transients could prevent the time delays from relnitializing and re-
gtarting their time cycles. The time delays normally restart their time cyclea after
power has been removed and reapplied; therefore, a negative noise Bpike greater than
98 ¥ de would momentarily cancel the 28-V de "on" signal to the time delay and would
cause a recycle to zere. The lnstant the gpike disappeared, the timer would begin
timing again. For example, if a noise spike occurred at 1.7 seconds fram t =0 and
was greater than -28 V dc, the spike would cause the 3-second time delay to restart,
with the additional normal 3-second Hmeout totaling 4,7 seconds. The fallure mode
could also occur with the transient dropping the MCP voltage {e.g., to 5 volis, after the
time delay had been on for 2.7 seconds). Because the capacitor in the resistance-
gapacitance timing cireuit does not start charging {rom the zero-voltage point, the
charging time constant would be legs, and only 2 aecomxls instead of ihe normal 3 seconds
would be required, resulting ina 4.79- gecond time delay., These examples only describe
the failure modes and do not give the exact time the transient cccurred. The corrective
action added more capacitance to the ami Tilters in the MCP and was incorporated in

the m ssion control programer used for spacecraft 017 and 020.

Time-Delay Failures

For a 14-month pericd ending in April 1967, NASA and varlous agrospace industry
representatives combined their efforts to resolve the MCP time-delay and fuse-diode
fajlures. The failure mode was readily eatablished shortly after the first tims-delay
circuit failed, Transistor @ (fig. 17 of the time-delay cireuit shorted (collector to

bace} cauging zener dlode CRI to overload, exceed the thermal rating, and fail, so¢ that
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Figure 17.- Time-delay circuit schematic.

the fuse diode on the time-delay imput was ovarloaded and fatled (open circuit). Mumer-
ous attempts were made to establish the cause of the fallure. The following list of
significant events in the investigation jndicates the amount of study on this problem.

1. In February 1986, the firat 1-second Hme-delay fallure oceurred while the
control assembly was being rhecked during manufacturing buildup and was then resolved
am an pperator error (overstress),

2. On March €, 1966, the MCP was installed in spacecraft 011,

3. On March 22, 1968, an unasaociated fallure occurred in the SCC, and the unit
was gent to the v. 'dor for repailr.

4. On March 24, 1986, the failures of two 3-second time-delay circuits in the
game SCC was diacovered during bench testing by the vendor before the repalr and
rework,

5. On April 2, 1966, the MCP repair was completed by the vendor, and the unit
wagd reinstalled in spacecraft 011 to support testing. {At that time, no redundancy test
of the MCP had been performed by the spacecrait coptractor. )

8, Om July 15, 1968, a 3-second time-delay circuit malfunctioned at the KSC
during the integrated spacecralt test. [This occaslon was the first that redundancy in
the MCP had been verified in the spacecraft, but the time-delay eircult could have
failed earller.)

7. OnJuly 18, 1966, SCC unit 1 was replaced with unit 4.




8. On August 10, 1968, during the flight readiness review, the representative
for the vendor explained that each time-delay network was checked in the MCP by the
bench teat equipment before delivery, that a transient energy ievel of 250 ¥ de for
50 microgeconds was required to break down the transistor, that the bench equipment
nad been instrumented to pearch lor transients, and that 43 ¥ dc was the highest iran-
gient determined. (The transistors are rated for 80 ¥ de.) Therefore, the representa-
'lve concluded that the transient musat be coming into the MCP from spacecralt wiring,
This assumption was reasonable because nverter {aflures an other high- voitage
spikes had previously been discusaed at the [light readinesas review. A recommendation
was approved to put four 18-V de zener diodes across the MCP input direct-current
powar buses in the spacecraft circujta external to the MCP.

g, On August 14, 1986, the zener diode network was approved lor Installation
in spacecralft 011.

10. Om September 8, 1966, the zener diode modification was installed and cpera-
ticnal in apacecradt 017,

11, In September 1966, B-, 3-, and 0. 5-second time-delay circuits were found fo
have falled in SCC unit 5, which waa supporting the spacecraft 017 tests. (These fail-
ures were found after the Zener diode modification. )

12. In October 1986, the vendor contlnued to study the lallures, attempted to
correlate the high-reliability lot traceability, and analyzed the testing procedures,
Two more time-delay failures were found in SCC unit 5.

13. On November 2, 1966, a specizl resistance check was devised to verify the
operation of 3- and 0, 2-second time-delay circuits at the KSC just before launch of
spacecraft 017.

14, In Movember 1968, the vendor's test equipment was modified to incorporate
the zener dicde {ix.

15. On December 12, 1966, a time-delay fajlure was found in SCC unit B.

18. In December 1968, dual-redundant capacitors were added to the emi {ilters
to solve the polarized tantalum capacitor-failure prohlem discussed previcusly.
(During thls investigation, the engineers diacovered the large potential charge that
these filter capaciters could store.)

17, In Jamary 1967, two more time-delay {allures were found in SCC unit g, and
a detailed extenalve lnvestigation was implemented.

18. In February 1967, the insulation-resistance megohm test used during accept-
ance testing was determined to be the cause of the failures. Alter the megohm test was
etiminated and 3z multimeter was used to check the insulation resistance, no more time-
delay fallures occurred.

19, On April 6, 1967, the problem was officially closed.
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The extensive engineering investigation to resoclve the time-delay fallures revealed
that this fallure, a8 well as several others, reaulted from the iransients caused by the
500-V de megohm portion of the unit-level test at the vendor's facility, Failure of
g diodes, 4 capacitors, 22 fuse diodes, and 14 tiroe drlaya could be atiributed directly
to these transients. The listed failures were of an induced nature. During factory test,
components were stredsed beyond their capacity by an action of the test operator, who
was not aware of the consequences. The action conatsted of shorting an internal
ground {Gl, G,, oF G:‘i} to the frame of the SCC aiter the megohm test. {Refer to

points A to B in fig. 17.} This action waa taken by the test aperator to avold electrical
shock from iter capacitors that had been charged to seve.al hundred volts when the
megohm test voltage was applied (o the frame of a control assembly in the SCC. The
control assembliea ware insulated from the frame, and this insulation was tested each
{itne by the megohm test unil. The test apecification required that 500 V dc be applied
across a tes. polnt on the control assembly to the SCC frame [or 2 mimites, then the
insulation resistancs would be read. During this 2- minute period, the filier capacitors
were charged through the multitude of relay, time-delay, and differentiator paths,

The resistance-capacitance time constant was 48 seconds {6 mepohms « B micro-
farads = 48 seconds). Therefore, the filter capacitors would charge up to aboul
350 V de in 1 minute and to greater than 400 V de in 2 minutes. Voltage from the meg-
ohm test unit could be applied in either polarity. Test personnel reported that because
no polarity requirement was stated in the specification, the test was performed withoui
regard to polarity. As a result, the filter capacitora were charged either negative or
positive with equal probability for any particular test.

Discussions with test personnel indicated that, instead of placing the megohm test
probe on the control agsembly test point, it was mere convenlent to touch a serew near
the connector of the assembly. The screw was adjacent 10 exposed terminala that were
part of the diode circuit, The probe could accidentally slip off the screw and contact
the torminals. When this happened, the time constant for charging the filter capacilora
wns brief, and the capacliors charged up to stightly leas than 500 V dc. To eliminate
the possibility of electrical shock after completion of the insulation- resistance test,
the test operator would usually short 2o internal ground terminal (GI, Gy, or Ga] o the

SCC {rame, but sometimea the operator would shart the metal plate of the control
assembly to the frare. At the instant the short was applied, certaln components in the
rommand controller would be subjected to high electrical stresses. Al times, this
ctress would exceed the breakdown atrength of one or more components and subsequertly
resulted in a large transient current when the unshaorted lilter apacltors discharged.

Laboratory tests of transistor Ql, used in the time-delay circuits (fig. 17), were

perigrmed to determine the collector-ta-base breakdown strength under pulse condi-
ticns, The test consiasted of superimposing a positive pulse on a 28-V de signal on the
collector of transistor Q1 in a time-delay cireuit. The circuit was repzatedly pulsed,

increasing aMplitudes in 10-velt increments to 228 ¥V de (maximumm pulse amplitude
plus 28 ¥ de) or until failure, whichever occurred first, Fifty-six transistors were
tested in the laboratory under these conditions, and 35 trangistors failed. Each time a
trangistor failed, zener dlode CRI was also overstressed and failed. The failed
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{ransistor and zener dlode had degraded or shorted junctlons that were essentially the
same a5 the failed parta in the SCC units of the MCP, During the laboratory test, the
lowest pulse nput to cause [atlure was at 198 ¥V de (26 V dc plus an BO- veit pulse).
Six failures occurred at input signals of lesa than 150 V de, 10 at less than 170, 20 at
leas than 198, and 35 at less than 228. Thirty of the transisters {ailed on the [irst
voltage pulse at the faflure level, five transistors failed by the [ifth pulse. The 21 tran-
alators that did not fail were witimately pulged 170 times at 228 ¥V dec.  After the cause ¥
of fallure had been determined, it remained to be proved that the components that had |
not falled were not degraded by the megohm tests, even though they seemed to function
satiafactorily. Three of the 21 transistors were selected at random and were pulsed
for a minimum of 43 000 cycles without a failure. Therefore, the misapplication of the
[ megohm teat could cause immediate fallures but would not causge the components to be
degraded and suaceptible to subsequent {ailure,

On the baals of the vendor’s successful iaclation of the cause of the [allures, its
proper corrective action to prevent future occurrenced, and its demonstration that
existing time-detay transistors in the MCP were not degraded, the problem was closed
cn April 6, 1967,

Cracking of Glass Seals Caused by
Clipping of Relay Pins :

The problem involving eracked glagss seals did not adversely affect a program or
a apacecraft, because the only two faflures occarred in qualification unit 1 during the
postilight test of spacecraft 011, The specification required that ali component leads E
that mount on printed eircult boards shall not protrude through the board more than
0. 78 millimeter {0. 030 inch). The relsys, diodes, transistors, and other electrical
components using glass-to-metal seals around their leads (or pins) were discovered to
be subject to a shock wave durlng the process of clipping the pin. Thia shock wave was
{ transferred down the pin and c¢ould possibly crack the glags seals. (The wire cutters,
diagonal-cutting pliers, or side-cutting pliera use a wedge or chisel effect to separate
the wire.) At the instant of final meial separation, rather severe forces {or shock
waves) were tranaferred alomg the wire,

The problem with the MCP relays wag a result of the vendor's fabricatlon tech-

i niques, which required the leads to be clipped. The relays, including the pin seals,
were [lrst inspected and then inserted in the circuit boards; the leads were clipped, the
cut pins were soldered, and the solder was inspected. (At this time, the relay-pin
seals could not be seen.} The clipping operaticn mechanically stressed the relay pins
and cracked some of the glass seals.

Whenever a glaas seal cracked or the relay pin became loose In the glasa seal, the
pln was Iree to rotate; merely the wrist action of the technician cllpping the pin could
rotate the pin and alter the critical relay contact alinement (fig. 18). The manufacturing
alinemeat procedures required that the contacts firat be set at a minimum
6. 129-millimeter (3. 005 inch) clearance. An overtravel adjustment was then checked
and established at 0. 0635 millimeter (0. 0025 inch) to effect the proper wiping action of
the relay contacts and then the proper electrical transfer., Alinement of the contacts
had to be within +3°. A projected vlewgraph, which magnifies the contacts many times
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thelr actual size, was used by the mamifacturer to inspect and check these adjustments.

Failure or improper action of the relays could occur for insufficient contact gaps or for

contact gaps with too great a clearance. To prevent luture problems, the vendor elimi-

nated the relay clipping during the manufacturing process. An NASA Flight Safety Infor-
mation Bulletin was published to notify all Apollc Program participants of the hazards

of clipping terminals with glass-to-metal seala.

FLIGHT PERFORMANCE

The MCP served the three final anmanned Apolle flights without a flight anomaly
caused by the aystem. The following discucsion of the three spacecrait gives more
detalla concerning the flight performance.

Mission AS-202

Apollo mission AS-202 (spacecraft 011), using &n uprated Saturn I launch vehicle,
was launched on February 26, 1966. The MCP consisted of SCC unit 4, GCC unit 1,
and ADS unit 1. The MCP system copliguration production unit numbera are given to
emphagize that SCC unit 4 waa refurhlshed to serve as i Spare for spacecraft 017 and
020. The contractor was officlaliy notiiled on October 12, 1986, to perform thls
refurbishment, The MCP was the first Apolio system to be congidered for reuse in
flight.
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The postlaunch report for mission A3-202 stated that the MCP "automated the
sequential event controls that would be normally operated by the {light crew. " The
report also atated that these sequential event controla, which included the MCP, "func-
tioned satisfactorily throughout the [light, and the related test objectives were met. "
The only problem mentioneéd was a data-aampling-rate problem. Measure ments
CEC3I21X and CE0322X [parachule discomnect at lancling) were not received by
telemetry. The MCP disconnected the parzrhutes after landing but turned off the logic
tus power 35 to 40 milliseconds after the parachutes were disconnected. Thie seguence
wasa normal but It did not allow sufficient time for the telemetry, which had a sampling
rate of 10 samples per second (100 milliseconds between samples), to receive the sig-
nal before the bus power was removed.

Apolio 4 Mission

The Apollo 4 mlssion (spacecralt 017) was launched on November 9, 1967,
Apollo 4 was the firat missios to use a Saturn ¥ launch vehicle. The Apolle 4 Mission
Report stated that "sequencing of the mission conirol programer was satisfactory
throughout the miaslon. " The mission report continved as follows: "The misaion con-
irol programer waa primarily a passive device, and no specific instrumentation was
included for ita analysis. Verilication o continuity at the proper time was the only
criterion conaldered during evaluation of thia programer. Proper performance was
indicated throughout the miasion, " The report could have included a statement that the
MCP was used for unmanped migsjions only and that the flight downdata link ¢could not
provide measurementsa far the unmanned system; therefore, other interfacing system
measurements were evaluated to determine the MCP performance,

The postflight tests of the MCP, aa stated In the misaion report, evaluated the
MCP redundancy and verified that the programer had functioned properly. A more
detailed and complete inspection of the MCP was performed by the mamufaciurer during
the process of refurbishing the MCP for use as a spare [or spacecraft 020, This refur-
bishment wis succesafully accomplished because the samme MCP {lown on spacecralt 017
was subsequently flown on spaéecraft D21,

Apollo 6 Mission

The Apollo 6 mission (Epacecraft 020} was launched on April 4, 1968. Apotlo 6
was the second mission to use a Saturn V launch vehicle and was the last unmanned
Apollo mission. The Apollo 8 Mission Report stated that "sequencing of the missian
control programer was satisfactory throughout the mission, "' A brief mention was made
concerning the stable I amd stable JF flotation attitudes, "The Apollo 6 mission was the
first mission in which the command medule assumed the stable II (inverted) Ilotation
attitude after landing. " The ADS unit of the MCP correctly sensed this attitude and
initiated ithe seguence that wprighted the spacecraft.

The mission report continued: ™The mission control programer supplied vontrol
function inputg to various systems during the flight. Mo specific instrumentation was
designed to analyze programer performance; however, verification of continuity at the
proper time showed proper programer performance throughout the mission.” This




statement is true of all the MCP flight evaluations, No measurement points were avall-
! able to determine the MCP outputs directly. The sequencing and performance of the
- interfacing syatems that were instrumented could be evaluated amd thereby allow an
indirect determination of the MCP performance.

I The Apolle 6 report also stated that “the same programer (except for the altitude
and deceleration sensors) waa used on the Apolle 4 and Apolic 6 missiens, "' This MCP
had been refurbished to serve as a spare for spacecraft 020, and a test anomaly at the

KSC resulted in the spare MCP (which was previcusly flown on Apalle 4) belng installed
in spacecraft 020. The NASA management decided to reuse this MCP after a thorough

analyeis at the flight readiness review.

CONCLUDING REMARKS AND RECOMMENDATLONS

Unmanned Flight Planning

The requirements [or unmanned flights should be established early in the miasjion
planning to prevent changes from affecting the hardware design. The design of the
anmanned sequencing units should be as Nexible as posalble with the realization that,
in dynamic programs for space flights, several mission changes are inevitable.

The ttems and sequences that are subject to change during unmanned flighta {such
as tape recorder sequencing, comera sequencing, gimbal actuator metor "off™ and
"on™" timeg, and developmental instrumentation sequencing) shoold be placed in a saft-
ware program or in some erasable memory device sc that the items could be readlly
changed withont affecting the hardware design.

Dewelopment Schedule

The development of the mission control programer was delayed by the NASA up to
2 years compared to other electrical subgystem developments; the programer was
started in 1984 while other subsystems were started in 1962. In future space-flight
programsa, the unmanned teat flight hardware should be planned and scheduled with
priorities similar to those of the operation hardware to allow enfficient time for hard-
! ware test and evalvation.

S T 1 R b

A minlmum of & months should be allowed in the development schedule between
breadboard syatem delivery and production system delivery for hardware as complex
as the mission control programer. Doing so would allow a proper evaluation of the
breadboard with the test resulés being returned to hardware design hefore the hardware
is produced. The reduired hardware changes could then be made on a Jower cost basis,

Test and Test Equipment
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The G-month certification period required for the automated factory test equip-
ment degipned for the mission control programer was not excessaive, The design for i
test equipment that is to be used for small total quantities of deliverable systems should
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be, as far as posaible, relatively aimple, flexible, and gpeneral purpose. Engineering
man-hours could have been better expended in achially testing the hardware manually
(for exch of the six programer systems delivered) rather than in preparing automated
eduipment to run the actual acceptance test in lesa time. The teat equipment {lexibitity
should be such that it can be ¢asily reconfigured and recertifled for the numerous,
expected flight-hardware moditications,

The unmanned flight hardware should be designed to conforn: to the same space-
craft test procedures that are used for the operational hardware. For example, if the
spacecrait method of verifylng operational redundancy was removal of power to sys-
tem A to verify sysiem B and vice versa, the unmanned squipment design ahould be
compatible with the planned operaticnzal test methods,

Druring the missicn control programer time-delay-fallure investigation, experience
indicated that the detalled teat procedures at all levels of aystems teat must be followed
exactly by each operator. Even slight variations from the established procedures can
cange many ansuspected problema.

Hardware Problems

The miasion control programer relay fallures can generally be atiributed to an
early method of solder sealing the evacuation and gas-filling hole. The solder sealing
proceas would sometimes result In solder particles inside the relay cage; the particles
MNoated acroas the contacts in the zero-g environment., A new sealing process was
developed in which a steel plug was snapped into the relay evacuvation hele, and a ring
spotweld gealed the plug to the case. The new welding method ended the soldar-
contamination problem. It 18 recommended that solder-sealed relaya not be used on
future space flighta.

Experience indicated the ineffectivenesas of using X-ray techniques ta identily
relays that had solder particles in the genled cases, Without opening the gealed cases,
no cerrclation cculd be achieved between cases actually not containlng solder particles
and those that the X-ray techniques indicated as not containing the particles.

The time-delay failures resulted in the most extensive failure analysia and inves-
tigation activity that occurred during the mission control programer development, One
area that was misleading during the fallure analysis was that each time delay was
verified "good" during the programer eontractor' aceeptance test just before delivery
from the factory to the spacecraft; then, after the programer was installed in the vehlecle
for the test support/interface verification activity, one to three time delays indicated
“falled"” during the first spacecraft test of programer redundancy. The failure mode
wag {inally determined to be that the time-delay transistors failed "open ¢lrcuit™ by the
sndden discharge of a 50-volt potential that had been siored in the filter capacitors
during the megohm insulation test at acceptance. Only after much investipation was it
determined that the test operator shorted the fllter capacitor to ground (not a normal
documented test procedure) just before delivery of the programer from the acceptance
test area, The discharge current followed several sneak paths and would burn out one
or more of the time-delay transistors, The corrective action was to stop the megohm
ingulation test as part of acceptance. Future programe should ensure that test operators
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be cautioned to follow the test procedures exacily and not add any unigue procedure
auch ag manually dlacharging capacitor charge boildups aa the unit is removed from the
seststand. After the 500-volt insulation check was eliminated, no transistor failures
occurred. Future electronic test designers should be especially aware that large {ilter
capacitors can store voltages of a suffictent leve] to damage low-voltage-level devicea,

Lyndon B, Johnson Space Center
National Aeronautica and Space Administration
Houstom, Texas, Japuary 22, 1375
453-96-00-00-72
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Dear Mr. Greenewald:
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