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FOREWORD

This report describes the results of an In-Flight Main-
tenance Study performed under Modification 3 to NASA Contract
NAS9-8144, Microfilm Storage and Display.
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I, INTRODUCTION

This study, ~ntitled In-Flight Maintenance (IFM), was per-
formed under Contract NAS9-8144, Mod. 3 for the Information Sys-
tems Divi ion, Manned Spacecraft Center, Houston, Texas. R. D,
Newlin was NASA Technical Monitor.

The study was concerned with all actions required to obtain
maintainable electronics hardware, and subsequently to maintain
this hardware in the Space Station - Space Base era from 1975 to
1985. Primary emphasis was placed on processing electronics, as
opposed to sensors, controls, displays, actuators, etc. The Block
II Apollo Guidance and Navigation, Stabilization and Control, and
Telecommunications systems were chosen as hardware examples to
work with, making the assumption that similar functions would be
necessary in a space base or station.

The study approach and some results are summarized in Section
II of this report, with the objectives and approach covered in
more detail in Section III. The sample systems analysis, redesign,
packaging design, and test and checkout are covered in Section IV
and VI through VII respectively. Section V, entitled IFM require-
ments, is meant to be somewhat autonomous, as it contains some
rationale for methods and requirements necessary to achieve success-
ful in-flight maintenance, along with criteria that may be utilized
as requirements for future contracts. The conclusions in brief form,
and an indication of areas we feel need additional study are given in
Section IX. :

The bibliography includes a selected list of the most important
books and papers that were studied, and all of the references cited
in the text.
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II, SUMMARY

The In-Flight Maintenance (IFM) Study was initiated in May
1969 by NASA-MSC, The Martin Marietta Corporation performed the
work in the Electronics Research Department of the Denver Division.

The study might well have been named '""How to make electronic
systems last ten years in a Space Station', for fundamentally that
is what was studied. The output of the effort is more far reach-
ing however, for the aim was to develop analysis methods, techni-
ques and criteria that will be useful for many programs, not just
the space station,

In this brief summary we have described little more than the
nature of our findings, methods and conclusions; the details will
be found in the body of this report. However, it is worth noting
that while criteria, guidelines and methods for achieving maintain-
able systems were evolving, a parallel effort was in progress to
test these tools, This was the analysis and subsequent redesign for
maintainability of the Block II Apollo Guidance and Navigation
(G&N), Stabilization Control (SCS) and Telecoumunj.ations Systems.
We delved deeply into all of these systems, but we were particu-
larly fortunate in having personnel available with a comprehensive
background in the G&N and SCS, hence the study results in these
areas are especially gratifying.

While the primary product of the study was to be criteria and
considerations for obtaining maintainable electronics, some of the
methods developed during this study have been tested on other pro-
grams and have proved to be of value,

1M Requirements

In order to obtain maintainable systemc, a contracting agency
must clearly identify this intent at the time of the request for
proposal, and reiterate this intent throughout the design phase.
However, without design oriented criteria and guidelines to work
with, each contractor will develop an independent approach to
maintainability, and a contracting agency will find itself with a
proliferation of so-called maintainable designs and unable to ade-
quately measure performance. Clearly some standardization con-
straint on design is desirable, for otherwise we shall surely lose
the economies possible in packaging, structure, cooling, test and
checkout, sparing, and other factors affecting both non-recurring
and recurring cost,




In examining existing criteria relating to maintecnance, it -

was found that they tended to be oriented toward human factors, .
or were mission guidelines, Certainly these are important con-
siderations for achieving maintenance capability but truly de- 4

sign oriented criteria are needed, relating, for instance, to

analysis, packaging, malfunction detection and fault isolation,
redundancy, commonality and spares. During this study 53 such
criteria were developed. These were applied against design ex-
amples to test their validity, then re-examined for generality.

The example systems utilized in this study were the Apollo
Block II G&N, SCS and Telecommunications systems, These were re-
designed utilizing the mission constraints and considerations of
the 1975 space station, assuming that similar functional requirec-
ments would exist for that mission, In relating mission function
to equipment satisfaction, various existing techniques were ex-:
amined for usefulness, such as Failure Modes and Effects Analysis
(FMEA), Functional Flow and Fault Tree, While these are more or
less useful, a simple direct approach was sought that would be
useful to personnel at various levels of program involvement,

The technique developed utilizes Boolean notation and permits the
direct translation from mission function to specific design, and
is useful from conceptual phase to equipment acquisition, This
analvsis technique focr:ses attention on the critical functions,
or "weak links'", and ‘can be eztremely detailed, which is useful
for the designer, or can be greatly simplified to present an
easily understandable "quick look" for management, Additionally,
the impact of commonality, redundancy or changes in equipment can
be readily identified with this technique.

In satisfying the requirements of a mission, the designer
will have a certain amount of latitude. Normally many trade-offs
are made in arriving at a design, but rarely are these trade-offs
documented in such a way that they can be intelligently or effec-
tively reviewed and discussed., To circumvent this, a straight-
forward method was developed for documenting the rationale for a
decision, the IFM matrix. Examples are shown elsewhere, but
briefly it consists of a list of independent mission considerations
which are weighted as to their importance concerning the problem
at hand, The candidate problem solutions (or designs) are examined
and scored using each mission consideration in turn. The resulting
IM matrix causes the problem solver (designer) to develop a ration- 3
ale for his solution, ouviates the omission of important considera- -
tions in the trade-off, and furnishes a record and basis for review
and discussion. For most trade-off studies the same basic list of 2
considerations are useful, but of course the matrix should be tailor- «
ed to the problem at hand.
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The establishment of the program and mission groundrules,
subsequent identification of specific design oriented criteria,
systems analysis to relate mission functions to equipment satis-
faction and a technique to optimize equipment design are the basic
requirements for enhancing IMM, To be effective, these groundrules,
criteria and analytical techniques must be developed prior to solidi-
fying cquipment specifications and available for usage at preliminary
and critical design reviews, The IFM requirements and expected usage
or purpose of IFM analysis should be identified in the Request for
Proposal (RFP), Further, the RFP should direct the Contractor to
identify, in his proposal, how the IFM analysis will be conducted
and the unexpected depth of analysis,

Sample System Analysis

An analysis of the Apollo Block II Guidance and Navigation,
Stabilization and Control System and Telecommunication System was
conducted at the start of this study for the purpose of familiariza-
tion as well as providing data on the functional and hardware char-
acteristics, such as redundancy and commonality, pertinent to the
subject of in-flight maintenance on future manned space programs,

_ For the sake of maintaining a relatively straight forward ex-
- ample, the analysis was limited to critical functions of the system;
o i.e., those functions which in the event of a failure, would impact
o on the safety of the crew in any way. A most effective tool in
accomplishing both the objective of familiarization as well as
analyzing the system redundancy was to express each of the functions
in a Boolean Algebra equation where each of the terms represents

a unique piece of hardware in the system, essential to satisfaction
of the function or any redundant paths, The functions analyzed
were attitude control, thrust vector control and attitude reference
alignment for the G&C (G&N and SCS combined) and spacecraft-to-
ground raaging and spacecraft-to-rendezvous. vehicle ranging for
telecommunications.

It was concluded from the analysis that (1) the Boolean
approach was an efficient and effective means of tying hardware to
function, particularly for such means as Failure Mode Effects
Analysis; (2) there were no single failures in G&C or telecommuni-
cations that could result in loss of the crew, and (3) on apparent

- weakness in the design was use of common switches for .redundant
paths in the telecommunications system.

In the area of hardware ~haracteristics the major concern was
to determine the extent of commonality because of its impact on such
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key items as spares weight, the malfunction isolation scheme,
opportunity for cannibalization, etc, To illustrate, some SCS
system commonality figures are provided and are representative
of the other electronic systems, Of approximately 30 different
circuit types in the SCS, the following five are the only ones
presenting any significant degree of commonality:

Transistor Enable/Disable Circuit 29
AC Amplifier (400 cps) 42
DC Amplifier 12
Demodulator 26
Drive Amplifiers 16

Even greater commonality exists at the smaller piece part
level, however, for remove/replace repair, it is practically use-
less, Even the level of hardware listed above is too small, The
interconnections for remove/replace of such components would be
prohibitive, as well as the complexity of the fault isolation sys-
tem, Our trade-offs indicate that providiag R/R commonality at
such a level would be uneconomic,

Therefore, it seems logical that for the Space Station
remove/replace type of maintenance the next larger level of hard-
ware is far more practical; this could best be called hardwarc
commonality at the functional level, srzh as attitude error display
electronics or accelerometer electronics. Commonality rarely cx-
ceeds 5 of a kind at this level, nevertheless it does exist and
every attempt to maximize it should be made.

To conclude the hardware analysis, the following data is pro-
vided for comparison with the redesign characteristics later, The
system weights are 582 pounds for Guidance and Control, and 243
pounds for telecommunications while power consumptions are 1052
and 468 watts respectively, The total systems failure rate with
all systems operating continuously was on the order of 1 failure
per 18 days or 20 failures per year. A rough estimate of spares
resupply weight, with an average black box weight of 20 pounds,
was 400 pounds per year, or nearly half the weight of the total
system,

Redesign

!

This section takes the systems analyzed earlier and extrapo-
lates their design into an in-flight maintainable system for Space
Station '75, A basic assumption was that the same functions are
required on the Space Station as were required on Apollo, inten-
tionally reducing the design to more of a restructuring and
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repackaging job than a true redesign, The idea was to take Apollo
clectronics capable of doing the job and reconfiguring it in such
a way that changes or additions in function would not impact the
basic approach arrived at in the study.

The component selection for the redesign will use essentially
today's technology. The key decision to be made was whether or not
to cxtensively utilize Large Scale Integrated Circuits (LSI); the
decision was made to use micro logic and hybrid micro circuits,
Medium Scale Integrated Circuits (MSI) where they are available,
and LSI only as available now for memory and computer applications,
LSI is being applied principally where a large number of circuit
functions of the same type are needed such as computers, The pack-
aging scheme in this study was chosen 'to provide for LSI in the
future, should it become more extensively used,

Very briefly, the existing Apollo telecommunications is com-
posed of a communications link at VHF frequencies for earth orbital,
entry and IM/EVA communication plus backup ranging capability, while
a second link at S-Band frequencies provides the same functions as
well as lunar phase communications where VHF is inadequate. The
S-Band system is also essential to the data transmission function
which comprises the remainder of the telecommunications components,
For the redesign this system was left unchanged in tunction,

The G&N on Apollo provides the sole source of guidance and
the prime source o.. vehicle control commands. The SCS provides a
backup source of contrel, all the final-stage driving electronics
plus hand controls and displays. For the redesign the backup SCS
control capability has been eliminated as well as the displays and
controls redundancy. Two redundant "G&N only'" systems were provided
for the following reasons: (1) the space station RFP requires that
a single compartment must be able to be isolated in the event of
catastrophe and capability provided in the remaining compartments
to safely live and take corrective action, or return to Earth;
(2) two identical systems maximizes commonality and cannibaliza-
tion; and (3) permits complete power down of a "down' system while
complete capability of vehicle control is provided from the alter-
nate system,

The major effory in this study for in-flight main‘:enance was
focused on the electronics components rather than sensors, antennas
and such, These components will also require maintenance but will

be more a pro?lem of securing and aligning rather than packaging.

II-5
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The initial criteria for configuring or grouping the eclcc-
tronics was optimum fault isolation. This was defined as having
minimum test points and minimum fault isolation system complexity.
This approach maximized the functional hardware level commonality
mentioned carlier, After a first cut using this criteria the re-
sulting configuration was then modificed to conform with all other
pertinent constraints such as packaging design, environment,
cooling methods, interconnections scheme, etce. The final con-
figuration resulted in a total of 61 lowest replaceable units
(LRU) per G&C system or a total of 122 for the two systems on the
station., Of the 61 total per system, 46 were electronic modules
mounted in a cabinet and varying in size from the equivalent of
a 4" x 5" board to 10 boards., The resultant total of the tele-
communications system was 199 modules, the majority of which were
a 2 board size,

The test points required to isolate the 61 components of the
G&C were 228 including all means of measurcment such as MC digital
word recadout, voltage checks and caution and warning test points.,
Four new stimuli were required. The total per entire space sta-
tion then was 456 test points and 8 new stimuli, A corresponding
cstimate of telecommunications test points amounted to approxi-
matcely 500 test points and 12 additional stimuli required,

One prime candidate for commonality that became apparent in
the redesign was power supplies., If the power supplies were
standardizcd, as considerable Martin Marictta study and testing
has indicated is feasible, the function of the 25 or so different
power supplies in the redesigned systems could be performed by
just a few vifferent types of supplies, thereby permitting inter-
changeability and reducing spares requirements from a minimum of
25 to 2 or 3. These standardized supplies will satisfy a variety
of power requirements without compromising efficiency.

The combined failure rate ol the redesigned system was esti-
mated at 1 failure per 26.7 days or approximately one p2r month.
From a total weight of G&C and tclecommunications of 1231 pounds
and a per module weigh: of 4 pounds, the resultant resupply weight
was 48 pounds/year or 1/25 of the total systems weight; consider-
ably better than the 400 pounds for the original system, It was

assumed the telecommunications and one G&C system was operating
continuously, :
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Electronic Packaging

& In order to facilitate wmaintenance, the packaging should be

e modular, To minimize costs at virtually all levels from design
through installatior ind maintenance, the packaging should be
standardized.

Trade-off studies indicated that a standardized packaging
approach with somcwhat flexible module size and forced=-air
cooling would best satisfy the mission considerations for the
space station as weighted in this summary, a weighting that
of course is open to discussion, An embodiment of some of
these ideas may be seen in the engineering mockup, which re-
presents a truncated cabinet.

b A trade-off involving module size indicated that a module

N may be built having the equivalent of from one to ten printed
circuit (PC) boards without losing the advantages of standardiza-
tion, where a PC board of 4 by 5 inch size will hold up to 50
integrated circuit flat packs. The latter is the nominal size
for a module, but the flexibility was found to be important in
reducing malfunction isolation complexity.

N DR

The cabinet design formulated for housing the electronic
modules incorporates features such as casy access for R/R, modular
2 cabling, forced convection cooling, and accommodation for various
FA - module sizes, including shielded modules.

Several connectors were selected for consideration on the
basis of this study, which encompasses a literature search and a
vendor survey, It was felt advisable to choose a packaging and
connector approach which would be ecoromic if and when the environ-
mental conditions in the space station or base are no longer adverse,
But for the present, the recommendation is to utilize commercial
connectors, when available, that employ interfacial seals isolating
the contacts from each other. For rack and panel or PC board con-
nectors, the addition of an clastometric squeegie or pin seal is
recommended, All of these can utilize gilicone grease for addi-
tional protection if necessary. Several types of coannectors arc
demonstrated cn the mockup.

" Test and Checkout

The test and checkout functions are a prime consideration in
maintenance and will be found interwoven with virtually every
other aspect of the study.
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In examining test and checkout requirements and philosophy, -
trade-off studies were made, the literature was studiced, and key
personnel from recent or ongoing programs were consulted; notable v
among, these were Computerized Automatic Ground Equipment (CAGE),

On=-Board Checkout System (0CS), Multi-Paramcter Display (MPD) and
Built-In Checkout (BIC).

While a test and checkout system must perform the three pin-
cipal tasks of critical failure monitoring, failure isolation and
system checkout, the primary concern was with failure isolation,
This study performed an in-depth analysis and redesign of the
Block II Apollo G&N, SCS and Telecommunications systems, so the
trade-off studies on failure isolation systems deal primarily
with those examples,

As it is not practical to design equipment with 100% pro-
bability of no failure over a ten-year life span, some degree of
system repair will be necessary, TFor this study, system repair
was limited to remove and replace (R/R); therefore, the primary
cmphasis was on determining the optimum type of malfunction iso-
lation system for the space station,

A very versatile and complex malfunction isolation system
will result in a high confidence of isolating a failure, and will
place few constraints on the design of the systems to be tested,
but there are penalities in the size and complexity of the system,
the opcrator training requirements, and the total system relia-
bility.

A preferable approach is to force systems designs that are
testable; for instance, structuring the system and sizing the
modules to minimize the number of test points and external sti-
muli as well as carefully choo:sing these test points to provide
meaningful and understandatle data, This design for testability
has the dual advantage of simplifying the test equipment while
increaging the probability that a malfunction can be isolated;
the Space Base Study issued by NASA (1969) indicates that the
desivred probability is 95% to 98%,

System verification, both for repaired systems and replace-
ment (new) systems, must be provided, and requires some different
test procedures, test points and stimuli, Hardware sharing be- -
tween this function and malfunction isolation is indicated and
should be easily realized if the test system is built around a
general purpose computer. For new systems, verification in a »
house spacccraft is recommended before installation in the space
station,




A trade-off study wa; performed to find the optimum malfunction
isolation system complexity for a particular system, the redesigned
Guidance and Navigation System, This system was redesigned to fa-
cilitate test and checkout. Additionally, emphasis was placed on
the signal processing electronics, not on sensors, control and dis-
play devices, and actuators, For this particular example, a medium
complexity malfunction isolation system was chosen as optimum, and
the trade-off process utilizing the IMM matrix is documented in the
body of this report,

When the totality of electronic systems in the space station
is considered, a reasonably sophisticated test and checkout will
probably be indicated; however, if all systems arc designed for
testability, the peripheral cquipment complexity will be reduced
considerably,

Arecas for Additional Study

During the course of our study, it became evident that certain
facets of the electronics maintainability problem should be studied,
but could not be within this study's scope. Some of these are as

follows?
1) Secnsors - calibration, maintenance and checkout,
2) Displays and controls - in-flight maintenance.
3) IFM experiment - to test methods, concepts and hardware.
4) Checkc .. and malfunction isolation - further definition
of requirements, for the totality of the electronics sys-

tems in the space station,

5) Interprogram commonality - for instance, Space Shuttle,
Space Base electronics commonality.

I1-9
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111,  OBJECTIVES AND APPROACH

The primary objective of the In-Flight Maintenance (IFM)
Study was to develop criteria and guidelines that could be used
to cnhance in-flight maintenance as rclated to clectronics sys-
tems for Space Station ‘75, Another objective was to identify
typical equipment type and subsystems that are candidates for
commonality, and finally, to recommend techniques for controlling
those design and development areas that have a significant impact
on in-flight maintenance and extended mission life.

Technical Approach

%

P

5 The first step in meeting the objectives set forth was to

: establish mission ground rules and assumptions for the space

i station-space base complex. In this, aid was provided by NASA

= personnel, but in some cases it was found necessary to generate

new and specific ground rules for the Study.

Once these ground rules and assumptions were established,
it was possible to proceced with an analysis of some existing
hardware with the intention of redesigning this hardware to allow
in-flight maintenance. This redesign effort, in turn, was uti-
lized as a vehicle to help in the formulation of criteria, and to
test and retest these criteria as the program progressed,

- The hardware items that were chosen for analysis and re-
design were the Block I1 Apollo G&N, SCS and Telecommunications
systems, It is presumed that the bulk of the functions performed
by these systems will also be necessary on the space station,
therefore utilizing these existing systems gained the advantage
of a concrete example and historical data with which to compare
attributes of the redesigned system,

During the early part of the selected systems analysis
those operational and hardware areas were identified that have
the greatest impact on in-flight maintenance and extended mission
life, Emphasis was placed on those hardware items that promised
the greatest payoff in helping meet the study objectives; examin-
ing them for possible packaging levels, commonality candidates
and system/mission e¢7fect in the event of failure,

In the redesign effort, the intent was to identify what de-
cisions and information are necessary to control design aand de-
wvelopment in order to ensurc the desired result; i.e,, the ac-
quisition of a spacccraft electronics system that can be main-
tained in a space environment. As the various problems werc
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considered a concerted effort was made to document the thinking,
the trade-off study, and all other considerations examined in
arriving at decisions, Some of this documentation will be found
in later scctions of the report,

The redcsigned system was used as a vehicle to test the cri-
teria developed, the degree of commonality realizable, and a possi-
ble packaging scheme, It is recognized that the list of criteria
is not exhaustive, and that the criteria will undergo change with
time, just as they did during the study. The method of generating
useful criteria is more important than the list itself, and hope-

fully this will be evident from the results as presented in this
report,




IV, SAMPLE SYSTEMS ANALYSIS

An analysis of the Apollo Block II Guidance and Navigation
System, Stabilization and Control System, and Telecommunications
System was performed at the onset of this study. The objective
was two-fold, First, it provided a means of becoming familiar
with the electronic systems which later in the study were to be
redesigned for in-flight maintenance. Secondly, it provided
"guinea p.g'" flight qualified operational space hardware as close
in function to the space programs of the future as is currently
available. This sccond objective entailed analysis of the sys-
tem from a number of different aspccts with the primary purpose
of singling out the hardware and functional characteristics es-
pecially significant in designing a system that requires in-flight
maintenance,

Some of those specific characteristics that were considered
pertinent and merited inclusion in this report on in-flight main-
tenance are! reaedundancy required and available, and the use and
degree of commonality. The ardware weight, power consumption
and failurc rate data is also furnished for comparison later with
the redesign configuration,

Functional Description

This analysis is not concerncd with all functions of the
three systems. Only thnse considercd of a critical nature are
discussed in any detail as they comprise necarly all the hardware
in these thre2 systems, including all redundant paths.,

A critical function for purpose:z cf this study, as for most
Apollo studies (NR, 1968b)*, is a systems function or capability
that, if lost, may result in loss of the crew. A single failure
that can cause such loss is a Category I, or sometimes referred
to as Criticality I, failure. Conversely, a Category II failure
is one resulting in abort of the mission but not loss of the crew.
To maintain a relatively straightforward example Category II
failure effects are not discussed in this report.

The functions of the Guidance and Navigation System and
Stabilization and Control system are virtually inseparable. They
are: (1) attitude cortrol, (2) thrust vector control, and
(3) attitude refcrence’alignment. The telecommunication functions
that could be construxd as critical are (1) spacecraft to ground
cormunication, (2) spacecraft to ground ranging, and (3) space-
craft to rendezvous vehicle ranging. The criteria for determining

ol
"

NR = Abbreviation for North American Roclirell

1v-1
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which functions arc critical and which arc not was based on a
knowledge of the three systems and the Apollo Lunar missions on
which thev are used. As the mission changes so does the critical-
ity of some of the functions, For this study no attempt was made
to finitely determine a given mission, Rather, a conscrvative
approach was taken and any fuaction that could be construed as
critical across a range of different missions was included in the
analysis as being critical,

Considerable thought was given to find some way of quickly
yet thoroughly becoming familiar with the system and hardware re-
quircd to perform thc above functions, A mechod was cmployed
which appeared to serve the purpose and had the featurc of allow-
ing expression of the system function directly in terms of the
actual hardware involved, The method utilizes a single Boolean
algebra equation for each of the systems' functions, The terms
of the cquation represent unique pieces of hardware required to
satisfy the function or its redundant paths, if any, The equa-
tions for those functions identified earlier are provided in
Table IV-1, The base of knowledge for development of these equa-
tions were the following references: NR, 1969; Honeywell, 1968b;
MIT Schematicsj NR, 1969d; Collins Radio, 19663 NR, 1968c, as well
considerable background and experience in the design, development
and operational utilization of the Apollo subsystems, particularly
Guidance and Control. The explanation of the G&C function equa-
tion symbols are found in Table IV-2 and Telecommunications in
Table IV-3, The equations of Table IV-1l will be discussed in more
detail under Failure Mode Effects,

It is quite possible to employ the same approach for any
function of any system desired., It is most useful, however, for
critical functions where it quickly illustrates the required re-
dundancy, or lack of it. There is no reason why this Boolean
approach could not be utilized at various hardware levels below
that used in this example for more thorough tracking of mission
to ha- dware. ~
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TABLE IV-2 - G&C SYMBOL EXPLANATION

Ay = A/D & D/A logic with associated timing and control (C.

AG = PGNCS accelerometer and associated timing and control

AH = EMS accelerometer and associated electronics

B = Command module computer (CMC)
C1 9 = Rotation Controllers 1 and 2, respectively
]
D = Functions of Gyro Display Coupler (GDC) and Attitude Set
Control Panel (ASCP)
ECl 9. 3= Functions contained in the Electronic Control Assembly
”3
(ECA)
E0 = Optical Subsystem related electronics
GM = SPS Engine
G1 5 = SCS Gyro Assemblies 1 and 2 (GA's)
H
I1 9 = FDAI 1 and 2 and related elec¢tronics in Electronic Dis-
H

play Assembly (EDA)

JN = Nourmally used Jet Solenoids

= Redundant Jet Solenoids

K = Display and Keyboard Units 1 and 2 (DSKY's)
M = MSFN and ground computer facilities

0 = Optical Subassembly
P

= Function of Gimbal Position Display (GP/FPI) and assoc,
electronics in EDA

'; Q= RCS driver functions of the Reaction Jet and Engine On-Off
' Control Assembly (RJEC)

QB = Logic in RJEC related to PGNCS attitude control
QS = Logic in RJEC related to SCS attitude control

B,M = PGNCS and SCS mode switching, respectively

\ = Redundant functions of the Thrust Vector Servo Assembly
{TVSA) and related SPS engine actuators
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TARLE IV-3 TELECOMM SYMBOL EXPLANATION

Audio Ceater Electronic Modules
Audio Control Pancl (Vol, switch, ctc.)
S-Band Omni Antcnna

S-Band High Gain Antenna

VHF Antennas (180° apart)
Rendezvous Radar Antenna

Digital Ranging Generator
Earphones

Microphones

S-Band Power Amplifiers

Puls2: Code Modulation Equipment
Premodulation Processor

Rendezvous Radar - LM

Rendezvous Radar Transponder - CSM
Updata Link Ranging Select

S-Band Antenna Switch

VHF Antenna Switch

Signal Conditioning Equipment
S=Band Power Amplifier Switch
Ranging Select Switch

Rendezvous Radar Transponder Switch
S~Band Transponder Switch

VHF AM Trans/Rcv. Switches

VHF Ranging Switch

S-Band Triplcxcr

VHF Triplexer Bandpass Filters

S-Band Transmitter/Receiver Electronics

T. R ___= VHF Transmitter/Receiver Electronics

Unified S-Band Equipment
Very Hizh Frecuency Comm Equipment

IV-5
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IFajlure Mode Effects Analysis

In the course of this study a review of scveral Failure
Mode Effcets Analyses (FMEA) on Apollo was cornducted (NR, 1968h;
NR, 1969a, NR, 1969b; Honeywcll, 1965), No significant conclu-
sions could be drawn from them other than that there were no
basic disagreements., Therefore, a detailed part by part FMEA
is not discussed further in this report. What appcars more usc-
ful and instructive is a brief but similar a2 alysis at a func-
tional level commensurate with the Boolean e pressions in Table
IV-1. Before looking at any functions in particular it is im-
portant to rccognize that since all the cquations represent crew
safcty functions, complete redundancy must be available to
suarantee crew safety in the event of a single failure. Examin-
ing the first equation of Table IV-1l, attitudc control; it is
possible, for the purpose of determining adequacy uf redundancy,
to simplify that equation by grouping togcther all tcerms ANDED
together in an expression and assigning to it some general let-
ter designator such as a, b, or c¢. The simplified equation be-
comes .

(a +b) (c+4d), (c+f) (g+h)

RCS dis- control att, ref.
Jets plays elect, subsystems

{

It is apparent: that redundancy for this function is quite
adequate. What is not apparent from the equation is the avail-
ability, in terms of time, of the redundant paths, This requires
more detailed investigation of the operational use of the systems
involved, On Apollo where no maintenance was planned, alternate
or redundant circuits were, for all practical purposes, imme-
diately available upon failure of the path in use. Switchover
was performed manually by the crew.

The thrust vector control equation reduces to:

a (b+c) [d+e+ £ (g+h)
\ /\ ¥ 4
A\ \" o o
SPS TVC Control Elect.
Eng. Elect.

In this equation some inconsistencies are apparent, The weak
link is "a'", or in the original equation, which represents
the SPS Engine thrust chamber. This is, in fact, a single point

failure on Apollo and is recognized as such. Also of interest in
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the above cquation is the triple redundant control electronics
for the TVC loop., This appears unnccessarily redundant in light
of the single point failure in the cngine nozzle, It would be
prematurc, of ccurse, to eliminate a control path without con-
sidering first the operational aspects of so time-critical a
function as TVC, The value of the Boolean cxpression, however,
is that it points immediately to an area of possitle over-design
and consequently possible simplification,

Reducing the attitude reference alignment cquation of Table
IV-1 results in:

(att,cont,) (b + c)

\“WF—J

Att, Detcermination

The attitude control function required for attitude refercnce
alignment has already been found alcquate, therefore, the entire
function is redundant. It should bc pointed out, in looking back
to the original equation, that the SCS attitude determination ca-
pability is dependent on one term, M, which is not always availablec,
From Table IV-2 this is the Manned Space Flight Network and com-
puting facility, This path would not provide adequatc redundancy
for a program without continuous or at lcast frequent ground com-
munication,

The ground to spacecraft communication function cguation can
be simplificd sceveral times resulting ing

(11+b) L(c+d+c)/

¥ vV
VIIF S- Audio Link
Band

which appears sufficiently redundant.

The spacecraft-to-ground ranging equation is essentially the
$-Band equipment: )

a(b + c)d(e + £) (g +h)i(j + k) (1 + m)

which has three single point failures, a, d and i. All three of
these, looking at the original equation and Table IV-3, are switches.
This points out a characteristic weakness in telecommunications.
Switches were originally neglected in redundancy design on Apollo

as being non-fail devices, Later in the program the failure pos-
sibility of a switch was recognized and some redesign was performed
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to alleviate the more critical redundant circuits but a number
of weak links still exist,

The final cquation is the spacccraft-to-rendezvous-vehicle
ranging capability, which reduces very simply to (a + b)., The
two rcedundant paths are the Command Module VHF ranging and the
Lunar Module Rendezvous Radar system,

Hardwarc Analysis

Once important area in examining the hardware of the three
subsystems was the degree to which commonality existed, In de-
signing for optimum maintainability the greater the number of
common items used in a system the simpler will be the malfunction
isolation scheme, the fewer different spares required, and the
more cannibalization can be utilized.

The analysis has shown that there are certain general types
of circuits which occur repeatedly in either the PGNCS or SCS,.
Those occuring most commonly and the approximate quantities are?

scs
Transistor Enable/Misable Circuit 29
AC Amplifier (400 cps) 42
DC Amplifier 42
Demodulators 26
Drive amplifiers 16
gaN
. AC Amplifier (800 cps) 53
Transistor Gate Circuits 184
Schmitt Trigger 16
Output Drivers B 16
Buffer Amplifiers 13
Push-pull Amplifiers 9
Center-Tapped Transformers 22

These figures do not consider the computer, IMU or individual
NLR gates used in the logic. Commonality is found to occur in
quantum type steps rather than distributed in any continuous
manner, To iilustrate, note that there are 184 similar transistor
gate circuits used but the next highest level of commonality is in
the region of:40-50 AC amplifiers, then a jump to roughly 30 ca
enable/disable demodulation circuits. Beyond this point circuit
commonality drops zbruptl; and is typically a maximum of 3 for the

ey
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SCS and a maximum of 5 for the PGNCS, both of these correspond to
the number of identical or nearly identical channels in a system,
Out of a total of 30 circuit types for the SCS then, only the 5
ziven above exhibit a high degree of commonality, Similarly for
the PGNCS, only 7 of 44 circuit types exhibit a high degree of
conmonality. Also, 7 SCS circuits are unique as well as 7 of the
PGNCS circuit types used only once, Further, many of the circuits
which have been grouped together are actually associated with
unjique coupling networks not common to other circuits in the group,

The commonality in the communication system has not been dis-
cussed in detail beccause in general, commonality is exhibited to
an cven lesser degree than the other two systems, Onc obvious
recason for this is that the "black boxes'" in the system, though
contracted by Collins Radio, were each built by a different vendor
which automatically reduces commonality. In addition, the circuit
paths that are potentially common are gencrally RF circuits and
consequently tuned to specific and different frequencies,

The analysis was carried to a level of the smallest reason-
able module level, typically a 'single amplifier circuit, It is
at this level, and lower, that substantial commonality can be
found for some circuits, However, this level is considered to
be unsuitable for modularization for the following reasons:

1. This level of coﬁmonality would result in a module that
is physically too small and may be only a portion of a
chip in 1975,

2, Such a low level of modularization would result in a
proliferation of interconnections/connectors severely
degrading reliability,

3. Troubleshooting and fault isolation is impractical to
this level and would result in unnecessarily complex
checkout equipment,

4, Low level commonality constraints would impact design
efficiency and result in increased power usage, compro-
mise of operating characteristics, etc,

5, Commonality would not be achieved to a significant de-
gree; there would still remain many small, unique cir-
cuits,

6. It would be impractical to place low level commonality
constraints on multiple contractors. Exceptions would
~tend to become unmanageable.

L O
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In summary then, current Apollo hardware commonality is not
very practical for remove-replace at the level at which it is most
prevalent, Another approach to commonality is presented in Table
IV-4, This could best be described as functional commonality, or
the grouping of electronic components associated with a specific
system function where that function is repeated several times in
the system, For example, attitude display electronics, which are
identical for all three attitude axesj pitch, yaw and roll, It
is apparent from the table that there is a commonality at this
level throughout all three systems, It does not prevail to the
degree that the lower level hardware commonality does, but several
factors should be considered. The package is inherently larger,
therefore, is easier to handle and casier to remove-replace. Re-
pair at this level could easily be restricted to remove-replace
rather than the soldering techniques required for repair or re-
placement of the lower level components. Packaging for functional
commonality also minimizes the fault isolation circuitry required.
With function-oriented packages a few test points can generally
isolate all elements of a particular function, as illustrated later
in Section VI,

To conclude the summary of existing equipment, the subsystem
failure rates are submitted in Table IV-5 and weight and power data
in Table IV-6, The failure rate figures are specification values
and do not reflect actual system failure history., What little data
is available at present would indicate that these figures are con-
servative and system reliability has proved to be better than ex-
pected. No attempt was made to document probabilities of success

or crew safety (Ps) from these failure rates since it depends en-
tirely on the duty cycle, Assuming the worst case; all systems
operating continuously, which is not far from Apollo Lunar mission
conditions, the system failures can be briefly summarized for G&N
as ,901 Failure/1000 hours of 1 Failure/46 days; for SCS 1,287
Fajlures/1000 hours, or 1 Failure/32.5 days; and for telecommuni-
cations ,14 Failure/1000 hours, or 1 Failure 297 days. For all
three systems together the failure rate is 1 Failure/18 days or

20 Failures/year,

Looking to Table IV-6 and using the total weight of 865 pounds
for all three systems, dividing it by the total number of components,
44, the per component weight averages out to 20 pounds, Based on
the failure rate of 20 per year this results in a resupply weight of
400 pounds per year, This is rearly half the weight of the system,
The estimate is gross, of course, in that it assumes all components
of like reliability and no change in reliability with time. Never-
theless, it does provide a ball-park figure for the maintenance pen-
alties associated with Apollo Block II Wlectronic systems,




TABLE IV-4 - FUNCTIONAL PATH COMMONALITY _ -1

G&C
Component Functional Path Quan,
G&N
PEA Accel. Electronics
Binary Switch b
' DC Diff. Amp. & PVR 4
AC Diff. Amp. & PVR 3
’ PIPA Cal, Module 3
PSA Gimbal Scrvo Amps 3
0SS Motor Drive Elect, 4
1SS 800 Hz, 17 Pwr, Supplies 2
1SS 800 Nz, 57 Pwr. Supplics 3
Chu Quadrant Selector 5
MSA & Quad, Rcjection 5
Read Counter 5
D/A Converter. 5
Error Angle Counter & Logic 5
Coarse System 3
DSKY 2
SCS
EDA Rate Display Elect. 6
Att. Error Display Elect. 5
Att. Display Elect, 6
Gimbal Position Display Elect. 2
) RIEC RCS Driver Elect. 16
TVSA TVC Elect. 4
. ’ A Gyro Elect.
FDAIL
Rot. Cont.
TELECOMMUNICATIONS
HEADSETS Earphone 3
Microphonc 3
AUDIC CENTER
Microphone Amplifiers 3
Earphone Amplifiers 3
: Voice Operated Switch 3
: PREMOD PROCESSOR '
L Biphase Modulator 2
f Bias Amplifier 2
- VHF AM Transmitter (less osc.) 2
' Receiver (less osc.) 2

: POWER AMP Fowes Supplies 2




TABLE 1V-5

-17
v FALLURE RATE SUMMARY
Failurc Rate (');{10.6
Oper. Standby
Géde (MTT, 19673 Carpenter, 1969)

| R
IMU & PIPA Elce, Assy. 129.0 10,2
PSA 110.0 6.3
Cbhu 155.0

0SS
Chu 97.0
PSA 77.0
Optical Assy. 94.0

Misc,
DSKY 2.3
D&C 2.3

Computer 235 6C.5

Total 901.6 77.0

SCS (NR, 1968a)

RIEC 41.5
ECA 54,7
TVSA 57.0
EDA 201.0
GLC 144.0
GA 1 197.5
GA 2 197.5
FDAL 1 143.6
FDAI 2 143.6
GP/FPI1 48.8
ASCP 24,3
Rot. Cont. 1 15.0
Rot. Cont. 2 15.0
Trans. Cont. 3.5

Total 1287.0

TELECOMMUNICATIONS (Carpenter, 1969)

VHF
VHF Triplexer
VHF AM Trans/Rcv 1
Digital Ranging Gen. 1

S-Band
USBE PM Transponder 19.4
Power Amplifier 12,1
Premodulation Processor 6.6

Misc.
FM Transmitter

6.8

PCM Telemetry 1.1
Data Storage Equip. 45.0
5.1

0.7

1.0

)

T

X

v

e

b

’

A
R

9
-
G
i

Audio Center

UDL 1

CTE

SCE ' N/A

Rend. Radar Transponder __EZﬁ
Total 140.5




TABLE 1V-6

WEIGHT & POWER

ScS (NR, 1968a; Horeywell, 1968a)

Iv-13

I e

Component Weight (1bs) Max. Power (Watts)
115 VAC 28 VDC

Gh 22 1/2 35 60 (30), after

GA 2 22 1/2 35 60 (30); warmup

ane 25 6) 50

EDA 24 35 50

1OGA 16 14 14

RJI1SC 20 1/2 4 2
| TVSA 12 1/2 22 13 (pcak-60)

ASCP 31/2 - -

TC 5 1/2 - -

RC 1 10 - -

RC 2 10 - -

FDAT 1 11 - -

FDAI 2 11 - -

GP/FP1 3 - -

Total 197 1lbs 205 watts 249 watts

G&N (MIT, 1967)

Component Weight (1bs) Operate Pwr-28 VDC. Stdby Pwr - 28 VDC
-

CMC 70 110 10

Cbu 36

PSA 50

IMu 42 1/2 287 43

Optics 56 123 -

Misc. (12 items) 130 25 -

Total 385 1bs 545 watts 53 watts

TELECOMMUNICATIONS (COLLINS RADIO, 1966)

Component Weight (1lbs) TTEVAG tox. Powe;s e

Audio Center 7.9 - 14.0 watts

PMP 11.3 - 8.5

VHF AM Tx/Rx 13.5 - 28.0

VHF Triplexer 1.7 - -

S-Band Fquip. 28.0 34 2.4

S-Band Pwr Amp 32,0 180 5.0

PCM 44 21 2.2

CTE 20 - 20

Up Data Link 21 - 9

SCE 33 - 35

R.R. Xponder 14 - 8&

DSE 40 35 -

Dig. Rnging Gen. 7 - 25

Total 283.4 1bs 270 Watts 233.1 Watts
o ———— S ————. fekor——
| ___TOTAL AL, 3 | 865 Ibs 1.5 KW ~




V., IMM REQUIREMENTS

Approximately fifty studies and reports related to main-
tenance, reliability and electronic design were reviewed during
the first six weeks of ithis study, It was determined that exis-
tent criteria pertaining to maintenance either tended to be human
factors oriented or merely constitute mission constraints and
considerations. Historically, equipment designers have often ig-
nored buman factors critera, In addition they generally are not
mission oriented. They need design oriented criteria. A forcing
function is required to assure that pcrformance requirements de-
veloped in cquipment specifications are initially compatiple with
mission requirements and remain compatible as equipment design
and mission definitior. are refined. The experience of our study
t=am corroborates these statements,

In order to deveclop specific design criteria for In-Flight
Maintenance (IMM) it was necessary to first develop and refine the
mission constraints and operational assumptions. General assump-
tions and constraints such as the resupply interval of 90 days
and a high humidity shirtsleeve environment were identified at
contract go-ahead. More specific items such as remove-replace
only, and no powered disconnection of modules were identified
during the first three months of the study. A complete list of the
ground rules and assumptions is provided later in this section,

- The development of mission ground rules not only permitted
the development of criteria, but also served to identify and de-
fine salient points to study. For example, establishing that

i maintenance would be limited to the remove-replace level identi-
. fied the need to concentrate on fault isolation at that level.,
It was concluded that program and mission ground rules should be
documented and continuously refined while serving as a baseline
requircments document until the cquivalent of a mission flight
plan is generated.

At the time the flight plan and resulting operational re-
quirements are identified, design oriented criteria can be de-
veloped that will assist in translating from a mission function
;f to specific equipment requirements. However, it is still impera-
= tive that the document used as a baseline for requirements,
whether called Mission Ground Rules or othex, be maintained and
reviewed to assure compatibility between the ultimate equipment
definition and the functional purpose of the equipment, namely,
mission satisfaction.
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As the design criteria was developed it became apparent that
packaging design is a key element in achieving an in-flight main-
tenance capability; another key element is the capability to fault
isolate. The significance of commonality and redundancy at remove-
replace level and at module element level was also recognized.
Criteria for each of these four areas was developed. These criteria
summarized below are documented later in this section,

Packaging - 21 items

Malfunction Detection, Isolation
and Verification - 20 items

Redundancy - 9 items

Commonality - 3 items

In establishing the ground rules and criteria discussed above
two types of analysis were found necessary to enhance in-flight
maintenance and extend mission life: 1) A systems analysis that
relates mission function to specific equipment satisfaction, and
2) A design analysis to optimize design within given constraints,
such as electrical power and resupply weight. Various techniques
for documenting a systems analysis were examined, It was found
necessary to first identify, in depth, the purpose or objectives
associated with a system analysis., Hence, criteria for analysis
were developed. A complete list and discussion follows later,

With this criteria as a guide a method for the systems
analysis identified above was developed. This technique, called
a Functional Loop and Alternate Ways (FLAW) analysis, is discussed
in il later, together with an example.

The FLAW analysis is intended to identify equipment require-
ments and establish a design priority for equipment constraints.
The individual equipment designer, however, will still have a de-
gree of latitude within system constraints and program design
criteria that will permit many alternate ways to satisfy require-
ments. The rationale for finally selecting one specific design
requires justification, For this purpose a matrix was developed
during this study to permit rapid examination of why a specific
approach was developed. It permits a sensitivity analysis to be
performed while varying the way in which each consideration is
satisfied, It readily illustrates the weighting considerations
that were used, An example of the initial matrix is given in
Figure V-1, More specific applications are given in Sections VII
and VIII of this report.
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It was found advisable to permit variation in the content
of each matrix for items such as weight, electrical power, re-
supply weight, etc, For instance, a matrix for choosing a par-
ticular design to satisfy a malfunction detection or fault iso-
lation requirement will not be traded off against the same dis-
crete elements that are involved in choosing a design to satisfy
the requirement for voice communicaticn, Permitting this latitude
also simplifies each individual matrix by eliminating considera-
tions that are not germane to the specific trade-off,

In summary; the est.blishment of the program and mission
ground rules, subsequent identification of specific design
oriented criteria, systems analysis to relate mission functions
to equipment satisfaction and a technique to optimize equipment
design are the basic requirements for enhancing IFM, To be
effective, these ground rules, criteria and analytical techni-
ques must be developed prior to solidifying equipment specifi-
cations and available for usage at preliminary and critical de-
sign review, The IFM requirements and expected usage or purpose
of IFM analysis should be identified in the Request for Proposal
(RFP), Further, the RFP should direct the Contractor to idenfify,
in his proposal, how the IFM analysis will'be accomplished.

IFM Ground Rules & Assumptions

The following ground rules and assumptions were developed
during the study, and formed the base upon which all results rest,

1, PMEA ywill be accomplished at lowest reaction level,

. Constraining envelope is the Space Station not the CSM,

. Assume shirtsleeve environment.

. ldentify EVA requirement, if it exists, for maintaining

subsystems,

5. Consider active and passive (trends and attendant
rharacteristics) checkout,

6., Classify effects, Category I, injury or mission abort;
Category II, unscheduled resupply; Category III, mis-
sion degradation.

7. Identify single malfunctions and those causing a con-
dition of one malfunction removed from Category I or
II,

8. Guidelines and criteria developed are intended for use
at PDR's and CDR's, Not the detailed level of knob
size, toggle switch throw angle, etc.

PpPOON
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9'
10,

11,

12,

13,

14,
15,

16,

17.

18.
19,

22,

23.

24,

27.

28,
29,

Assume single depth mounting.

Assume functional requirements and operational times
for Station are same as CSM,

MSC will provide expected life on existing cquipment
at R/R level,

Analysis of subsystems (sort capability) will identify
most critical effect, associated critical mission
phase, and permissible downtime for the most critical
phase,

Only dynamic failures will be considered, No hardwarc
failures,

No powered disconnection will be made,

No design margins will be identified on existing equip-
ment .,

All hardwiring exposed to cabin atmosphere is covered
and not available as test points. Switches cannot be
jumpered,

Treat a switch as a plug=-in unit with hi-humidity con-
nector,

Block permissible and expected downtimes,

Families will be identificd consistent with packaging
concepts,

Trade-off Priority: Power, Weight, Volume,

No repair will be considered: No soldering, no weld-
ing, ectc.,

Consider concept of cannibalizing "once-used" cquip-
ment as part of commonality.

Displays and Controls will be studied to the extent
necessary to determine how or if a malfunction is
detectable via one of them, Failures of the D&C's
will not be examined,

Mission phases tc be analyzed for cffects are:
rendezvous, dock, maneuver, critical experiment
activity, operating station (0S) manned, OS unmanned
and EVA activity. , Recommended redesign will recog-
nize the need to survive the ascent phase,

A P of .,999 will be uscd in establishing expected time
t3 failurc for Category II malfunctions,

Onc-away from a Class II condition or severc degrada-
tion will require a resupply.

Identify the best solution considering the system, not
just the end item,

Tolerances will identify NEED, not capability.

Assume 1972 Technology for redeSLgn.

V-5
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30,
31,
3%..
33.
34,

35,

36.

Maintcnance equiprent identification will be limited to
tools for R/R,

Skill/expericence requirements will not be identified.
Maintenance is limited to R/R,

Display and centrols (D&C) requircments will be identi-
fied as rclated to maintenance for the areas of re-
design, Any D&C criteria will be discussed under
monitoring and checkout criteria,

Accessibility requirements will be discussed under pack-
aging criteria,

Checkout interfaces will be discussed under monitoring
and checkout,

Checkout procedures will not be identified, Maintenance
is limited to R/R and fault isolatior capability is at
R/R level,

Recommended test planning, qualification and checkout
will be limited to the high humidity connector dis-
cussion,

The engineering breadboard/mockup will not be functional
but will demonstrate principle of interconnection and
vne size of module that can be expected,

Packaging Criteria

Packaging is an extremely important aspcct of the system design,
The packaging approach may or muay not affecct the realization of the

required

electronic performance specifications, but will impact sys-

tem cost, weight, volume, reliability and rcpairability. The follow-
ing criteria should be used for selecting a packaging approach:

1.

Provide direct access to R/R items, cabling, and back pancl
wiring without clectrically disconnecting other cquipment,
This may be accomplished by ng out, slide out or multi-
hinged devices,

Provide the extended ‘7olume nccessary for remove-replace
activity considering che volume occupied by the operator as
well as the volume required by the equipment and of its
moving parts such as doors and slides,

Use captive fasteners or captive locking devices for all
remove-replace items, Preferably one type of fastening
device will be used for all such items, Finger operation
is desirable, and many operational cycles must be possible
without significant degradation,




10,

11,

12,

13.
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Prcvide containment devices necessary to survive the
ascent phasc that can be removed during activation of
the orbiting vehicle, or at first failure, permitting
R/R without tools for the duration of the orbital phase,

Provide identification or coding of modules to assist in
rapid and correct removal and replacement,

Provide asymetric mounting features, keys or guides at
cach level of assembly for equipment requiring specific
installation orientation, This techniyuc must also pre-
clude the possibility of intcrchanging electrically non-
interchangeable modules,

Permit remove-replace of a failed item without interrupt-
ing a redundant functional loop or another mission-critical
function,

Permit direct access to all adjustments and controls neces-
sary for system operation, malfunction detection and iso-
lation, and checkout, If it is not feasible to mount the
control or adjustment on the front panel or wmodule con-
tainer, the access path will be protected to preclude
equipment damage when inserting an adjustment tool,

Permit plug-in module replacement without disconnecting
fluid couplings in coolant lines,

Provide storage and containment for anticipated portable
test tools, Placement of such devices will consider
operator orientation and location of usage.

The coolant system will be capable of maintaining the temp-
erature of the electronic equipment within operating rc-
quirements under all conditions between A) peak load
requirements, all redundancy being used and maximum operat-
ing equipment load, and B) minimum load requirecments, all
redundancy failed or off and minimum operating cquipment
load.

Provide redundant, or prime, and backup cooling' capability
for mission critical equipment, Recognize that the coolant
system serves the same function as support electronics:

It supports the operating electronic equipment and its fail-
ure can result in significant equipmant loss or inoperability
for the period required to cffect repair,

Provide connectors and circuitry capable of withstanding a
high humidity environment, with its attendant contamination,
and identify a satisfactory method of purging a contaminated
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14,

16.

L7.

18.

19,

20,

21.

item to permit restoration to uscful scrvice,

Consider cxpected mission life to failure when deter-

mining acceptable leakage rates for hermetically scaled .
modules, Recognize that packaging for minimum leakage

rate possible opposed to leakage rate allowable may have

significant impact on cost and weight,

Provide containers or enclosures, to be located within
pressurized compartments, that will structurally be ca-
pable of withstanding the greatest decompression rate
expected, considering normal operation as well as cmer-
gency conditions such as meteroid penetration,

Provide for a flexible maintcnance capability, recogniz-
ing that maintenance activity for long-duration missions
will be evolutionary.

Provide packaging and interconnection design, such as
modular cabling, that will permit in-flight modification

or retrofit as the technology and mission objectives change,
Technology advancement tends to obsolete electronic equip-
ment in three years, and while this does not necessarily
demand rectrofit or replacement, it is quite likely that
retrofit will be desirable after five ycars,

Provide sceparate packaging for equipment or elecctronics

that have significantly lower predicted or proven re=

liability than the other equipment in a functional loop. .
Package weak links separately and provide redundancy or

sparing as necassary,

Provide integral lighting so that all R/R activities can
be accomplished without auxiliary or portable lighting,

Module size selection will consider reliability, mal-
function detection and isolation complexity, and resupply
weight and volume,

Selection of control vs. local sparc storage or combina-
tion thercof will consider system weight and volume, in-
ventory control, system downtime, and handling techniques.,

R
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Malfunction Detcction Isolation and Verification (MDIV) Criteria

For the long life space station application, repair will bc
necessary, creating a requirement for MDIV, The [ollowing cir-
teria will be applied in selecting the MDIV system:

1. Providce MDIV to the remove-rcplace module level,

2, Provide verification that stimulus or a command has been
received by the equipment interrogated, Monitoring or
measuring only the equipment response will not provide
adequate fault isolation when test stimuli arc used for
checkout,

3. Pruevent error propagation or damage to the MDIV system
form monitored or interrogated cquipment and vice versa,

4, The MDIV system shall be capable of verifying that the

system will not damage a replacement module,

5. Provide self-check capability in the MDIV equipment,
Self-check will also be considered for opecrational cquip-
ment instead of using external test stimuli,

6, Provide verification of all paths where redundancy is used
internal to a module,

7. Be capable of monitoring all critical functions concurrcnt
with performing malfunction detection of a failed item or
when performing periodic checkout., This may result in an
indcpendent MDIV technique being used for caution, warning
and detection/isolation of those failures that can jcopar-
dizc mission or cause an abort,

8. Provide the capability to test driving clectronics up to
an output device, such as a thruster or engine, without
actuating the output device..

9, Provide for by-pass of a failed item where possible to
preclude complete loss of a mission functionj such as
power amplification in a communication transmission sys-
tem where by-pass will result in weak transmission but not
preclude transmission,

ki o ki’ Sl

10, Provide limit-testing tc isolate potential failures prior
to their occurrence,

11, Minimize the number of different stimuli used or gencrated 1
by the MDIV system,
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L2, Where possible, use loop or functional path stimuli to
permit functional checkout., MDIV equipment can provide
simple signals, such as a DC voltage, to trigger an
opcrational loop with a built-in stimuli ard a builtein
or centralized indication of satisfactory loop performance,

13. Utilize operational checks wherever pu.sible for MDIV, Con-
summables should not be used if avoidable,

14, Use opcrational signals rathc. than special stimuli for
check-out whenever possible, Signal loop gains and normal
outputs with given input signals can bce computed and tested
prior to a mission and circuit logicj comparatur devices or
procedural information can be used to check out equipment
or functional loops.

15. Consider monitoring attendant characteristics (for instance,
temperature) for qualitative measurement. This technique
can be uscd to sense trends and impending failure as well
as conditions that tend to cffect multi-signals or outputs,

16, Provide MDIV capability that is indepndent of ground parti-
cipation, Ground participation should only be considered
with regard to resupply capability at which time additional
infurmation, equipment, consummables and skilled personnel
may be made available,

: 17. Consider the use of trend analysis. Where cconomically
attractive, trend analysis can anticipate failures,

18, Crew safety, where applicable, shall be the overriding
consideration in MDIV system design.

. 19, Provide a means of recording malfunction detection data to
‘ assist in failure analysis at the convenience of the mission,

20, Establish the MDIV requirements, taking into account the
difference in purpose and rcaction time required for the
three functtions of caution and warning, malfunction iso-
lation, and system verification,

et T e
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Redundancy Criteria

plicie

i

Redundancy implies more than one independent path for satisfying
a particular function, This technique is usually applied for in-
creasing the reliability of a system during a time when repair is nut
allowable., The following criteria should be used in determining the
appropriate redundancy for a given application:?
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Use component redundancy when a particular component has
. signilicantly lower rcliability than the other components
in a functional path. Redundancy verificution at this
level is not requeired,

2. Usc functional path redundancy for critical paths such as
those involving crew safety, It will usually be requircd
to verify functional redundancy prior to undertaking a
critical mancuver, and this provisicn should bce provided.

3. VYrovide separate remove-replace modules for cach redundant
path whercver practical,

4

. Insurc permissible recaction time
by choosing manual vs, automatic
in-line redundancy.,

in the cvent of failurc

switching or standby vs,

When permissible reaction time is

‘ short, automatic switching and active redundancy are rc-

“ quirements; however, a manual mode can back up the auto-
matic redundant mode with an operational constraint to
"standby-for-manual" after the initial failure,

(O3 |

. Provide manual takeover for cmergency wode, Protect the

cmergency-mode device to preclude inadvertent operation
and do not recly on automatic cmergency-mode takeover,

Consider providing functional redundancy using different
technologiest electrical and fluids, clectrical and

; mechanical, etc,

gﬂ . 7. PYrovide analysis of the cffect of failure on support

t clectronics, such as power supplies, and on signal ampli-
ok tude or signal distortion to identify failurc ecffect on
-23’ the functional loop.

5.

¥Yrovide redundant support systems such as power and
S cooling for critical functions,

Commonality Criteria

Commonality will be employcd to reduce Qualification Tests,
cnable cannibalization of nuu-critical equipment and reduce the
quantity and inventory of spares required for ground and in-flight
maintenance, Candidates for commonality will be identificd as part
of the systems analysis, using thc following criterial

1., Use commonality when performance and environmental re-

quircments arce identical. Prime candidates are items such

as power supplies, signal conditioning and signal process-
ing (circuitry and modules) units, and displays and controis.

Ed
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2. Usce when perlormance requirements are similar and system
penalty is insignificant in critical constraint arcas
such as power, This may rcsult in non-usce of clements
of clectronics within a package for onc or more of the
applications but will not degrade functional loop reo-
liability and permit more cxtensive qualification test-
ing on thc¢ common item because of fewer items in the
systam,

3. Use the following cons‘derations when making commonality
trade-offs?

(a) Cannibalization may be used to partially satis-
Ly sparing requirements., This is particularly truc
where systems arc uscd for limited periods ol timc
or wherce critical systems can be spared by, canrpi-
balizing a non-critical systcem,
(b) Qualification costs can be greatly rcduced,
{¢) Spares inventory can te reducced,

(d) Checkout system complexily may be minimized.

Criteria for LI'M Systems Analysis

One system analysis can serve many purposes and, just as de-
sign critera can be customized for a particular sct of mission equip-
ment, carly idertification of thosc purposcs will permit a program
oriented syctems analysis, Further, establishing the objectives of
analysis permits identification of source data required for analysis,
analytical working data, del ' verable data and the data sorts ncces-
sary to obtain visibility and enhance in-flight mainterace, The
analysis Jdocumentation technique should be capable of translating
from working paper to data sorts and to computer application, if ne-
cessary, The outputs or results of analysis should be separated
into discrete packages so that technical management, system. inte-
gration or individual design personnel can rapidly revicw analysis
germane to their specific arca., The analysis technique must be
capable of translating from a conceptual phase to equipment acqui-
sition, and relate cquipment and program changes to the cffect on
mission functions,

arge

> The IFM Systems analysis will identify mission-critical functions
: and provide the following analysis information for each function,

v 1. Identify any mission constraiats that limit or preclude
5 vsing a specific conceptual way to satisfy the mission
function,




10.

[dentify alternate ways to satisfy the function,

Analyze cach alternatc way and permit rapid trans-
lation to cquipment requirements,

Identify the cffect on the mission as a result of the
loss of each one of the equipment functional require-
ments.,  Identify the mission phasc associated with the
mission c¢ffect, permissible downtime (if any) and cato-
vorize the cffects,

Identify equipment, clements of cquipment, functional
redundancy ot other means that will preclude the loss
of the critical function caused by a single failurc,

Trade-off nonfunctional requirements (operational re-
qu;rements, availability, cost, ctc.,) and identify the
technical approach to be developed.

Re-cxamine the selected approach to assure mission
critical function satisfaction,

Perform detailed failure analysis of c¢ritical cquip-
ment clements,

At remove~replace level identify the types of cquipment
uscd to satisfy each functional loop and for cach typc
of cquipment identify the following:

a. Subsystem identification,

b. Cross reference to mission function,

c. Program identifier (i.c., part number, drawing
number, control point).

d. Quantity,.

v, Expected mission life to failure,
f. Failure/effect criticality,

g. Permissible downtime,

h. Technique for malfunction detection and fault iso-
lation, ‘

Provide the capbility for arranging the information de-
veloped in items cight axd nine into the following data
sorts,

a. Namc of module - Alpha

b, Maission function - Alpha

V=13
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¢, Mission function - numecric

d. Program identifier - Numeric

¢, LExpcected mission life to failure - Min,, Max.

f. Failurc/effect criticality - Cat, I, II, III,

g. Critical mission phasc - ascent, rendezvous, etc,

11, Compile a list of recommended candidates for functional
commonality and a list of candidates for equipment
commonality at recommended remove-replace level,

12, Compile a list of recommended candidates f[or cquipment
commonality and equipment redundancy at levels bencath
recommended packaging,

L3. Subject commonality candidates, redundancy candidates
and equipment whose failure will result in onc-away from
Cat, I or II effects to in-depth failure modc analysis,

14, Identify how all failures are detected at rcemove-replace
level,

15, Identify how the failure of redundant circuits or piecc-
parts, resulting in one-away failure from Cat, I or II
effects, is detected,

Functional Loop and Alternaia Ways Analysis (FLAW)

The systems analysis technique developed during this study was
called a Fuactional Loop and Alternate Ways Analysis tc avoid pre-
conceived ideas associated with Failure Modes and Effects Analysis,
Fault Tree Analysis, etc, It is basically a failure cffects analysis
identifyiny ways to preclude or minimize failure effcct on the mission,
modules or elements requiring detailed failure modes analysis, un-
avoidable weak links, The technique was developed because no avail-
able or known techniques satisfied the systems analysis criteria dis-

2 i above, Boolean notation was used to permit rapid translation
fr~ top mwission function to detailed hardware satisfaction, to pro-
viw Jdata sorts to satisfy specific and different purposes, and to

provide ultimately for the use of a ccmputer,

Listed below arc the steps, corresponding to the criteria dis-
cussed earlicr, to be followed in a typical analysis. An example is
provided wherever appropriate to illustrate the details of the tech~
nique, The sample functiou used for the cexamples is 2-way noise
communication between Extra Vehicular Activity (EVA), Space Station
(SS) and ground (MSFN),.

1. Identify any mission constraints that limit or preclude
using a specific conccptual way to satisfy the mission
function.

Example -

No EVA + SS umbilicals prcclude simple audio communication,
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. 2, Tdentify alternate ways to satisfy the function or any
’ critical loop,

Example -

“CEVA-SS.MSFN = EVA+*SS*MSFN+:SS.EVA + EVA'MSFN-SS+EVA

Critical Loop = EVA*SS:'MSFN

3. Analyze cach alternate way., Subdivide into sub-functions
as necessary to simplify understanding and permit rapid
translation to equipment requirements,

Example -

No true alternate exists., The two lcup permutations will
be cxamined by analyzing sub-functions,

C, = (audio+TxRx) - (Audio.TxRx).
VA58 A EVA > OO
Cova-msry = 2° Qﬁﬂﬂiﬂ;?xEX)MSFN**
C
Cys.MsFN = P°c©

: . 4, Identify the effect on the mission-critical function re-
— sulting from the loss of each one of the equipment func-

2 tional requircments, Identify the mission phase associated
with the mission effect, permissible down-time (if any)
and categorize the efifects.

Example -

a. Loss of EVA: Audio # Cpy oo Cpvs cr
b, Loss of EVA: Rx # Crva-ss

c. Loss of EVA: Tx # Cpo\ oo Cog o

d. Loss of SS: Audio # CrvAa.ss+Css MSFN
c, Loss of SS: Rx # C ¢

EVA+SS+"SS -MSFN

% Example uses Boolean notation,
. %% MSIFN capability is mandatory and can serve as backup for
EVA*SS communication in the event of spacecraft EVA Rx failure.
Separate analysis is required,
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[. Loss of S8 ¢ Tx # Cpt co Coyor

Mission Critical Phase: EVA
FEffects Terminate EVA

CAT I1, may result in carly resupply.
Permissinle DT, Time to next EVA

Identify equipment, elements of cquipment, functional
redundancy or other mecans that will preclude the loss
of the critical function caused by a single failure,

Lxample -

Audio EVA+SS = (Mike1 + M1k02)-(harphonel + Earphoncz)-
(P'S'l + P'S'Z)

TXRXEVA'SS = UHFl + UHFZ = VHFl + VHF2 = UHI‘1 + VHF1

Trade=o ff nonfunctional requirements (operational re-
quirements, availability, cost, etc.) and identify the
technical approach to be developed,

Examplc -
Only SS equipment is analyzced, EVA cquipment requires
scparate analysis,

Comm. = VHF, + VHF,_, = (Rx

EVA «SS 1 9 + sz) (Tx, + lxz)VHF

1 1

Re-examine the selected approach to assure mission
critical function satisfaction or critical clements and
mission effect,

Example -

USBE available »:uly when in contact with MSFN,

VHF is primacy mode and the VHF Tx function is required

for each loop,
VHF1+VHF2= AntloAntz-Ant SwtTriplex+(SwtA + SwtB)-

(Rxl + sz)'('.l’Xl + sz).

USBE

e ke )
ACP- 1(AC° +ACB) + ALPZ(AC1+A02)+ACP3(AC2+AC3)

1
Audio Control Panel - Dual mikes & Earphones
Audio Center Channel




Energy Sources and busces arce triplicate,

Critical Elements: Ant -Antz-Ant SwteTriplexoer

L

Loss of e

a, Ant, F Ant2 # Comm

1 EVA-S5S

May require attituda mancuver to restore,

b, Ant Swt # commEVA.SS

Terminate EVA phasc

. Triplexer . _
¢ riplexer # Duplex Comm .\ s

Compleve TYVA Task & Terminate EVA,
Perform failure analysis of critical elements,

At remove-replace level identify the type of cquipment
used to satisfy each functional loop and for cach t pe
of equipment i'entify the following:

a., Subsystem identi:ication,

b, Cross refercence to mission function,

¢. Program identificr (L,c., part number, drawing
number, control point),

d, Quantity,

¢, Expected mission life to failure,
f. Failure/cffect criticality,

g. Permissible downtime,

h  Technique for malfuncticn detection and fault
isolation,

+
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10,

13.

14,

15,

Provide the capability for arranging the information
developed jn items cipght and nine into the follow-

ing data sorts,

a,  Name of module - Alpha

L. Mission function = Alpna

¢, Mission function - Numcric

d, Program identificr - Numeric

¢, Expccted mission life to failure - Min,, Maxz,

. Tailurc/effect criticality - Cat, T, 1L, TIL

#,. Critical mission phasc - ascent, rcndezvous, ctce,
Compile a list of rcecommended candidates for functional

commonality and a list of candidates for equipment cowm-
monality at recommended rcmove/replace level,

Compile a list of recommended candidatcs for equipment
redundancy at levels bencath recommended packaging.

Subject commonality candidates, rcdundancy candidates
and cquipment whose failure will rcsult in one-way
from Cat, T or II effccts to indeptn failurc modeo
analysis,

Identify how all failures are detected at remove-re-
place level,

ldentify how the falure of redundant circuits or
piece-parts, resulting in one~away failure from Cat,
I or 1II effects, i« detected,
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SECTION VI - REDESTGN

Our vedesign utilizes the systems analyzed carlicr, cxtra-
polating their design into an in=-flight maintainablc system for
Space Station '75. A very iaportant point which should be a
guidepost for any cffort on this subject was made in D, A, Barnes'
papcr (Barnes, 1968), In-flight Maintenance Study for Space Sta-
tions and Spacecraft; "Extrapolation is more effective than pure
prediction; thercefore, we must investigate the possiblity of using
existing capabilitics and resources "as is" or modifying them he-
fore we attempt a totally new capablility," Apollo Block II sys=-
tems arce obvious candidates for such an approach,

A basic assumption for this redesipgn was that the same
functions arce requlred on the Space Station as were required on
Apollo, This intentionally rceduces the redesign to more of a
repackaging and restructuring job than a truce redesipgn, Some
reasons ared (1) it was not only difficult but inappropriatc to
provide any rcally meaningful functional redesign for the spacc
station within the scope and visibility of this contract, and,

(2) by maintaining the same functions, many of the exlsting Apollo
circuits and schematics could be utilized, thereby providing great-
er confidence in cstimates of module size, shape, quantity, fail-
ure rate, fault isolation requircments, cte,

Some minor changes, which will bhe discusscd in more detail
Iater, were made in the hardware configuration to provide compa-
tibility with the Space Station but wer. not intended to optimize
it, The ldeca was to take a cross section of Apollo clectronics
capable of performing Space Station functions and reconfiguring
it for in-flight maintainability in such a way that any changes
in function, or any new functions added to the hasic systems,
such as MG, rendezvous or balancing electronics, would not im-
pact the basic approach alopted in the study,

Component Sclection For Re=Design

In the 1975 time pericd, the hardware to be utilized will
usce cssentially today's teghnology, Concerning components, the
key decision to be made was whether or not to extensively utilizc
Large Scale Integrated Circuits (LSI), The decision reached was
to use micro-logic and hybrid micro=-circuits, Medium Scalc Inte-
grated Circuits (MSI) where they are available, and LSI only as
available now for for memory and computer applications,

2 e R SERT UREN T TN S SN
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The reason for this decision is the concern in industry toe
day that lmproper applicatior. of LST Techniques will result in
cxtremely costly sysvems, hence this technology is being princi-
pally applicd where a large number of circuit functions of the
same type are needad, i,e,, in computers, but even here a recent
survey ol cight aeruvspace computers now in developmaent showed
only two committed o LSI, and no LST uscd in 56 existing acroe
space computers (Bacchler, 1969), Adding welght to this decision
is the lack of intellectual committment to LSI on the part of sys-
tems designers (Feth and Smith, 1968),

The starteup cost to build a typical LSI circult has been
stated as $10,000 to $50,000 (Leeds, 1969); this provides the
masking and necessary tooling to produce one circuit, Beyond
this the eircuits are likely to be inexpensive, but a change of
any sort in the c¢ircuit function or detail will require another
starte-up cost,

MSI is in somewhat better shapa, wherein several commonly
used functions, e,g., shift regilsters, adders are built into a
single package and offered commercially at present, Thes: arce
principally digital functions,

In linear circuits, various types of amplificrs are packaged
as microecirruits, hut the more cowplicated or less usad functions
arce not,

While this outlook might seem peseimistic, the packaging
scheme chosen allows the incorporation of LSI should it be more
broadly utilized than anticipated, This would allow more funce
tions to be included in each replaccable module,

Where linear circuits arc involved, it is often found that
none of the above integrated circuits will satisfactorily fulfill
the needs, hence we must utilize ordinary resistors, transistors,
capacitors and the like, Capacitors in particular arc space conw
suming, and have been found to seriously compromise the advant.ges
offcred by certaln exotlc packaging schoemes, for instance the hy-
brid schome Jdescribed elsewhere in this report,

One way around the gifficvltics wreated by linear circuits
is to convert all analog functions to digital as early as possible,
Many functiont are now trcated this way at some point in the sig-
nal path, but in wost instances the digitizing can only be carriad
back to the proximity of tha sonsor or data source, hanee how much
is digital and how much {8 analog becomes largely a matter of de-
proc,  Break-through in digital scnsors will help, such as the
lLaser gyro (Minor, 19693 Schappel, 1969),
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- There arce attendant difficulties in digitizing that must be
traded ofl, not the least of thesc is the fact that some computa-
tions that have been historically handled in an analog fashion are
somewhat cumbersome to handle digitally and require cither dis-

. proportionate amount of hardware or computer power Lo solve;
closed loop scervos and IF amplificers for cxample, However, if
pressurce is brought to bear, many system functions could perhaps
he redesigned to take advantage of MSI or LSI, notably repeator
amplifiors, converters, filters, frequency synthesizers, phascde
arrvay antennas and wmicrowave transmitter cirvcuitry (Loeds, 1969).

A trade=ofl shows that we will probably wish to continue
using analog circuits for at least part of the nccessary functions
in a spacecraft, hance any standardized packaging scheme should
he able to accommodate either without compromising the cffceetive-
ness of the approach,

o Present Apollo Design

A block diagram of the Block II Guidance and Control is dc-
picted in Figurce Vil and Telecommunications in Figurce VI-2,
The components, or "black boxes", comprising these three systoms
are provided in Figurcs VI=3, IV=4 and IV-5,

. The Apelle Guidance and Control provides the clectronics for
driving the active elements of vehicle control, namely the Reac-
tion Control jets and Service Propulsion System thruat vector and
onfoff control, These electronics arce in the form of 2 8CS “black
boxas'" which accept inputs from cither the Primary Guidance and
Navigation System, the SCS "backup" control system, or direct
manual commands from the pilot. The G&N can deiormine 1its iner-
tial orientation and maintain it as a reference {or generating
control system commands derived via the G&N computer, The SCS
backup control system cannot determine its orientation without
ground informatien, but can maintain g reference for purposes of
holding vehicle attitude during RCS and SPS maneuvers, It does
not have a stecring capability nor does it have the performance
capability of the G&N, The SCS provides redundant displays
cssontial to guidance and control as well as the electronics ne=-
cossary to drive these displays.

Summariging then, the G&N provides the sole source of guide

ance and the prime source of control, The 8CS providcs a back=
. up source of control, all the final-stage driving electronics,
plns peripheral equipment sich as displays and hend controls,
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The telccommunications system in Figure VI-2 is composed of
a communicacions link using VHF f{requer.cies for earth orbital
entry communication LM/EVA communication, and a backup ranging
capaubility, Anocther system at S-Band frequencies provides the
same communication functions in addition to the lunar phase com-
munications where VHF is not adequate, The S-Band system i¢ also
essential to the data transmission function, This is a major
part of the Telecommunication System, involving most of the PCM,
Signal Conditioner, Data Storage, Updata Link and Premodulation
Processor Equipment, The remaining equipment is the audio ampli-
fiers and headsets,

Redesign

It has already been pointed out that the Space Station
functional requirements for G&C and telecommunications are
assumed to be the saie as the Apollo functions described above,
Nevertheless, sowe changes to the G&C were felt necessary to
make it at least compatible with the Space Station progzam. The
first was to plan on a requirement for two independent and iso-
lated G&C systems. The Space Station RFP (NASA-1969a) stipulates
in Paragraph 5.3.4 that any single compartment must be able to be
isolated in the event of a catastrophe within it, '"The remaining
compartments will be equippe: and provisioned so that the crew can
safely live and take correction action or return to earth.," There
undoubtedly are several ways of satisfying this requirement, how-
ever, for this etudy we assumed two identical systems, an approach
which has distinct advantages such as maximizing commonality and
cannibalization, Also, the performance of the backup system is
not degraded from the primary, and max’mum power down of a ''down"
system is permitted during repair.

It would be reasonable to assume that even with the redun-
dancy of two identical systems, each system must have some manual
means of backup control for critical or crew safety opeations,

As on Apollo, critical failures must be reacted to with virtually
no down-time, Aside from these special cases a down-time for re-
pair on the order of an hour could be tolerated and repair com-
pleted within an hour as well, In addition, the availability of
an identical system for operation while one is down would seem

to indicate that down-times of conciderably more than an hour
would not create any serious impact,

With these considerations in mind it was a relatively
straight- forward process to sort out Apollo circuitry that wouild
perform the required functions withir the envelupe of Space

VI-9




VI-10

Station '75, The SCS backup control capability was deleted,

since sufficient redundancy exists in the two independent systems,
Each of the two systems includes a complete G&N system plus the
functional equivalent of the SCS components pictured in Figure VI-6;
SCS driver electronics (RJEC, TVSA, 1/2 of the EPA), a rotation and
translation control, displays (FDAI & GP/FP1) and a gyro package

for rate sensing and display. A block diagram of the new % stem is
provided in Figure VI-7,

In Figure VI-7 an executive computer has been shown at the
bottom of the figure, This was provided becausc of the likelihood
of such a device being required on space station in som: form or
another, Its function would piimarily be to monitor the system
performance and vehicle response for the purnose of transierring
to a backup or alternate mode of operation in the event of a
failure, Its output might be no more than a switching function
such as is represented in simplified form on the figure., It is,
however, a function that could be performed by an alert and con-
tinvously on=-station crew, therecfore, for the purposes of this
simpisified redesign, the executive computer was not considered,

The Telecommunication System was considered unchanged from
Apollo tnough the eiectronics location could be split up to insure
that loss of a module does not lose all communication, A factor
which was ignoved in this redesign is that the data processing
functions on Space Station will be considerably increased. On the
other hand, they will very likely become part of a separate Data
Management System; theceforz, details on that part of the telecom-
nuaications have been minimized in the redesign.

The next step was to place the components of each of the sys-
tems in propcr perspective with respect to location, In Figures
Vi-8 and Vi-9 all those components which are finitely defined in
size and shape as well as location, such as antennas, center-of-
gravity oriented sensors, and controls arec shown on the exterior
of what is referred to as the clecticnics bay. It is the equip-
ment within this bay which is highly flexible, not only in how it
can be packaged, but in location as well, Consequently it was
the real subject of this redesign for in-flight maintainability,
This is not to imply the sensors, coatrols and antennas located
on the structure are not remove/replace maintainable, however, it
is not an electronics packaging redesign as muchk as a redesign
in the mechanical securing and aligning of the components, The
problems in this area are not few in number and in all fairness
warrant a study by itself,
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The final decision required to complcte definition of the
redesign was - Just how should the electronics in those respec-
tive electronic ._1ys be configured to optimize main’en~nce?

There are many different approaches feasible such as packaging

for a standard module size, or minimum we! bt and volume, or
minfmum resupply weight, or maximum environmental protection as

on Apollo, With respect to in-flight maintenance, however, it

was decided a key consideration in layout of the electronics was
optimum fault isolation, therefore it served as ihe principal cri-
teria for the first cut at hardware configuration, Optimum is de-
fined as a fault isolation scheme that utilizes a minimum of fault
isolation test points and a minimum complexity in the fault iso-
lation equipment yet still isolates any failure to a remove/replace
level wii'i a high degrece of confidence, Another guideline followed
that is directly related and compatible with optimum fault isola-
tion was to maximize the functional path commonality tabulated
ecarlier in Table IV-4, Wherecver these criteria still afforded a
chuice the package was defined as that size that was most conven-
fent for single-hand remove/replace activity, This is duscussed

in more detail later in this sectlon,

Having performed this first cut at packaging based on fault
isolation the resulting configuration was then traded off and -
dified co comply with all other packaging constraints in the IFM
packaging matrix, Table VII-1, such as environment, cooling and
connections, The result of this iterative process is typified in
Figures 30 and 11, Each box represents a single electronic module,
Each module is described in more detail in the Replaceable Parts
List, Tables VI-1 and VI-2, The original Apollo G&C Circuitry in-
cluded in each reepective module is indicated in the remarks . >lumn
of lable VI-1, There are a total of 47 electronic modules i1 G C
which, together with the sensors, etc,, come to a system complemer.t
of 6l1; or 122 per space station, The corresponding total for Tele-
communications {s 199,

TR T

At this point a final attempt was made at increasing common-
ality in the system, One method is to find similar but not iden=-
tical modules in the respective component list that can be packaged
as a common item, Those parts of the circuits which are unique to
the one location and not che other are wired to the connector such
that thioy are active only when in the proper location, It seems
reasonable that th.s common packaging is practical only when the
common elements of the circuits approach something more than 507%
and ideally more than 75%. Only one commonality candidaie in the
C&C system was identified in this category. The Rate/Att, Error
Pisplay Electronics module (Component #12) of which 2 are required,
perform 2 different rfunctions yet are interchangeable,

A 54v~'-f'_.‘~!‘ n"-‘? R {.‘1&“-\» &
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Another candidate for commonality with far more potential
is the standardization of power supplics, A detailed discussion
of standardized power supplics is provided at the end of this
section, Standardization of power supplics was not reflected in
the redesipgn represented in Figures VI-10 and VI-11l, primarily to
illustrate the variance in type and quantity of power supplics
that do exist on the current Apollo hardware, A summary for G&C
is provided in Table VI=3, Another rcason for not standardizing
the power supplics in the redesign is that in standardization
some impact on circenit redesign is inevitable as pointed out on
page VI =47, Rather than try to reflcecct this impact on the elcc-
tronics design the power supplies were left "as is"; however in
the eventual design for Spacc Staticn it is recommended that
standardization of power supplies be a primary design goal,

To provide further insight as t« what was considered opti-
mum fault isolation and just how cach of the modules are isolated
refer to Figures VI-12 thru VI-23, A summary of total test point
requirements is provided in Tables VI-% and VI-5, Only a few re-
presentative examples of telecommuni.ations fault isolation cir-
cuits are provided, Figures VI-22 and VI-23,

Some definitiui of terms used in the Test Point Summary and
on Figures VI-1Z chru VI-23 is warranted at this time, '"STIMULI"
or "ADDITIONAL STIMULI" refers to stimuli required which is not
mechanized on Apollo or available through any operational means,
"PASSIVE" test points are temperatures, power supply voltages,
oscillators and a select few cvents all of which can be monitored
at any time without interferring in circuit operation, '"ACTIVE"
test points are those that are actively varying during system
operation, therefore require removal ol the system from line
operation and monitored under a given stimuli condition for
proper assessment of systems operation. '"C & W", or Caution and
Warning, test points are those test points that are routed to
some audible or visible caution and warning system. Those test
points are limited to (1) critical system paramecters, that, if
failed, are not immediatz2ly obvious to the crew in other visual
cues or because a crewmai it not at station; or (2) those sys-
tem parameters that, if failed, are not obvious to the crew in
vehicle operation until the next periodic check, y:.. may resu..t
in a degraded performance that can jeopardize mission objectives.

The total number of test points required ior both of the
identical G&C systems, including passivc, active and C&W are 456,
Other esi-iaat~s have ranged from 450 (Ligocki, 1968) to 1050
(Jorgenson 1969) for G&C on Space Platforms. The total Telecom-
munications requirements were 505 test points, (Jorgenson 1968)
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CDU ]-—-br CMC !  DSKY

IMU GIMBAL ANGLES

IMU

(V16 N20)

RESOLVER Sin & Cos

ATT. DISPLAY DR. SIG.
RES. ERROR

TEST PUINT SUMMARY

ACTIVE: (3) IMU RES. ERROR
CMC -1
ANALOG -6

PASSIVE -0

C&W -0

STIMULI -Operational

SEE NOTES ON FIG. VI-12

FIGURE VI-16 ATTITUDE DISPLAY
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COMPUTER MONITOR

SEE NOTES ON FIGURE VI-12

DSKY

OF TEMPERATURES pr——
2 .
©) ©)
IMU
PIPA & IRIG GYRO
TEMP. TEMP. & SMRD

CAUTION &
WARNING

2

TEST POINT SUMMARY

ACTIVE
CMC -0
ANALOG -0
PASSIVE -2
c&w -2
STIM. -0

FIGURE VI-19 TEMPERATURE & MISC.
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estimated 1000 Test points for a space platform Information Man-
agement System,

The optimum module size determined in Section VII proved to
be very similar to that within the existing Apollo telecommunica-
tion "boxes", Consequently, this general module configuration was
maintained for the redesign., On this basis thc telecommunication
requirements were then estimated from an average number of test
points/module arrived at in the G&C electronics test poi.t analysis,
This average was on the order of 3 per module; however, certain of
the equipment requirements in Table VI-5 were biased one way or
the other, based on knowledge of the system and circvit+ design,
in order to provide as realistic an allocation of tes. | 'nts as
possible without detailing each of the many circuits in the Tele-
communications System, It is important to note the test point
total in Table VI-5 could have been reduced by combining several
components into une larger component such as was done with the G&C
D/A-A/D converter (G&C Component #21), The reason it is not re-
commended is the difference in the type of circuits, An illustra-
tion of this is provided in Figures VI-24 and VI-25, The A/D-D/A
converter (Figure VI-24) is a 10 board (4" x 5") module with con-
siderable interrelationship between the 10 boards., Were this mo-
dule broken into 5 smaller modules the number of test points re-
quired for complete isolation is 60, as opposed to the single
larger unit which requires only 31, For typical series-connected
Telecommunication modules the reduction in test points by combining
b four 2-boawd modules together is from 8 to 5, as illustrated in
E Figure VI-25, This difference of 3 test points seems a small
» penalty to pay for the decrease in spares resupply weight and
volume., Additional motivation for keeping the A/D-D/A converters
: in large modules is the complex and nonstandard type of signals
. interconnecting the smaller modules, Considerably more training
1 and knowledge would be required to ascertain the operability of
the smaller modules as opposed to the straightforward inputs and
outputs of the larger module. For Telecommunications this signal
A complexity varies little from large to small modules,

An estimate of failure rate of the redesigned G&C is tabu-
lated in Table VI-6., The system total is one failure per 26 days.
The Telecommunication remains unchanged at 1 failure/297 days.
Neither this figure nor that of the G&C has taken into account
failure rates of the additicnal connections and wiring due to
repackaging; however, for the type of comparison to be made this
can be neglected. Taking the two failure rates together, assum-
ing one G&C and the Telecommunications on continuously and one G&C
in standby, the electronics total is 1 failure per 26.7 days or

’f’
s
.
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(b) 1 LARGE MODULE (10 bds) PER CHANNEL (TOT = 3)

ITEM (a) REQUIRES 72 TOTAL 1 ST POINTS FOR ISOLATION
ITEM (b) REQUIRES 36 TOTAL TEST POINTS FOR ISOLATION

SAVINGS 36 TEST POINTS

NOTE: NUMBER IN PARENTHESIS BESIDE TEST POINT INDICATE QUANTITY. NOC NUMBER INDICATES
QUANTITY = 1,

FIGURE VI-24 ALTERNATE PACKAGE SIZE FOR G&C A/D - D/A CONVERSION
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™ 15T L_. 1ST 2ND 2ND our
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AMP AMP
2058 ,8 MIXER AGC 38.1 MC

(a) 4 SMALL MODULES (2 4"x5" BD, EA,)

COMBINED FUNCTIONS OF

S R — | ) OUT
4 SMALL MODULES

B8

2058.8 AGC 38.1 MC
MIXER

(b) 1 LARGE MODULE

e

ITEM A REQUIRES 8 TEST POINTS FOR ISOLATION
ITEM B REQUIRES 5 TEST POINTS FOR ISOLATION

s e

SAVINGS: - 3 TEST POINTS
PENALTY: - RESUPPLY WEIGHT OF SPARE - 4 TIMES GREATER

: FIGURE VI-25 ALTERNATE PACKAGE SIZE FOR TYPICAL COMM, MODULE
(PART OF S-BAND RECEIVER)
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approximately one a month, From the Telecommunication weight of
391 pounds, the G&C weight of 822 pounds and a total number of
components of 319 (See Table VI-1l and VI-2), the average resupply
weight is “48 pounds/year, or 1/25 of the total system weight;
compared with an Apollo Block II resupply weight of 400 pounds or
1/2 of the total system weight,

The power requirements for just one of the two G&C Systems
was calculated at 750 watts while operating and 83 watts in stand-
by. This is compared with 1000 watts and 115 watts respectively,
for the original Apollo G&C (able 1V-6), Assuming one G&C opera-
ting and one in standby, the total of all three systems (Telecom-
munications remains unchanged at 503 watts), is 1,3 KW compared
with 1,5 KW on original Apollo (Table IV-6),

Maintenance of Power Supplies

Maintenance of power supplies begins at the design level,
for good design represents minimal maintenance. If the good de-
sign is standardized for many system components, a failure in a
power supply is most readily remedied by replacing the unit with
a standardized spare supply. Martin Marietta's Denver Division
Electronic Research Department has been utilizing a standardized
power supply for various equipment developed under NASA contracts;
a supply for power requirements varying from 5 watts to 30 watts,
While there are penalities paid in standardization, the advantages,

in most cases, far outweigh the shortcomings.
Some of the advantages are as follows:

Design time minimized,

A minimum nun. 2r of parts types need qualifying.
Qualification testing is reduced tnrough commonality.
Maximum experience and failure rate data can be obtained

from multiple applications,
5. Commonality of parts and spare power supplies is maxi-

mized,

SPONH=
L ] L ] ks

Some of the penalities are as follows:

1, Equipment must be designed with some standardization in

in voltages,

Efficiency var.es with load.

All voltages in 1 standard supply will not be required

in every application, hence a weight and volume penalty.

4, The power supply configuration may influence the size aad
shape of the entire electronic package.
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The following presents some design philosophy for establish-
ing a standard design, A standard design will be described and

actual performance data will be presented for scveral different
applications,

Onec of the first steps for establishing a good design is to
provide realistic and practical specifications, We have found
that very few circuits require voltage regulations better than
+3% or ripples under 50 millivolts, These specifications are
usable even with highly accurate instrumentation circuits except-
ing such applications as A/D converter reference voltages, Where
the situation requires a highly accurate and stable voltage, ad-
ditional local regulation should be used, While an exotic power
supply may be asthetically attractive, the unnecessary complexity
and constraints imposed on part selections by excessive specifi-
cations can do nothing but reduce reliability.

Another important step in good design is to select and use
all components well within their ratings, particularly true where
power switching devices and tantalum capacitors arc involved. A
figurc of margin recommended as a general goal is 507 of manu-
facturer's specifications on voltage and power ratings,

There are obviously other factors influencing a good power
supply design but the items mentioned above contribute most to
good reliability,

Figure VI-26 is a basic schematic diagram of a standard
power supply. The design of this supply employs the foregoing
design criteria, The power supply is divided into sections as
shown by the dashed liues; an input filter, a preregulator, a
dc-dc converter, and output filters, These section are installed
in separate compartments in the shielded power supply case to
minimize EMI difficulties, A brief explanation of the circuit .
is included in Figure VI-26 is presented as follows for those
readers unfamiliar with switching preregulated power supply
operation:

The input filter consists of two EMI filters, FL-LP3
and FL-LP4, and LC filter L1 and C3. These filters de-
couple incoming EMI from the power supply and also decouple
noise generated in the supply from the power bus., Diode
CR1 prevents accidental reverse voltage from damaging the

supply.
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The pre-regulator provides all of the voltage regula-
tion in the power supply and limits the peak voltage applied

tc the conve. “ . T *%. ==~ek voltage on the converter were
to equal normal power bus tiuc..o.-- ..o, @alection of fast
power transistors for converter applicativi weu.' ' 2 diffi-
cult, The pre-regulator is a low level switching regulator,
Transistors Ql and Q2 are the series switch and are initial-
ly on, allowing C8 to be charged to a fixed voltage thru the
primary inductance of Tl, The voltage of C8 is determined

by the voltage sensing feedback amplifier consisting of tran-
sistors Q3, Q4, Q5, and associated com,onents, When C8 is
charged to the proper value, Ql and Q2 are turned off, but

energy is stored in Tl and current continues flcwing thru
Ck3 and Tl into C8 and the load. As the load removes energy

from the circuit the voltage across C8 drops below the re-
ference and Ql and Q2 again turn on, repeating the cycle,
Thus the voltage across C8 remains constant, The switching
regulator is also known as a demand regulato: because power
is essentially furnished only upon request of the load.

The dc=dc converter is a conventional two transistor -
two transformer free running converter, Frequency is de-
termined by a small saturating transformer in the base drive
circuits of the transistors, Voltage and power transforma-
tion to the loads is accomplished by an unsaturated trans-
former in the transistor collector circuits, For additional
discussion of this switching action refer to Roddam, 1963
and Royer, 1955.

Output filters are provided for the full-wave rectified
outputs of the power transformer,

The output voltages suggested for the power supply are based
upon the use of both linear and digital integrated circuits in
the electronics, A 5-volt output is provided to operate digital
integrated circuits, Plus and minus 15 volts are compatible with
most linear integrated circuits. Voltages of +40 and -25 are
typical voltages for operating multiplexer circuits,

The described power supply design has been used (in some
cates with minor modifications that could have been avoided) on
the following NASA contracts:

NAS9-8146 PCM Telemetry System

NAS9-8301 PAM Decommutator System
NAS8-20960 Telemetry Programmer
NAS8-25066 Remote Multiplexer

NAS8-24682 Frequency Division Multiplexer.
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In addition there have been several other contracts where
the basic design was used along with some additional power condi-
tioning for high peak power circuits,

The foregoing list represents 15 power supplies, the major-
ity of which were temperature tested (-55°C to +75°C) and vibra-
tion tested (sinc and random typically 10G)., Performance of all
supplies was excellent, The history shows no semiconductor fail-
urecs after correct assembly and only a few capacitor failures,
rone of which occurred after the first day of operation., None
of the parts were actually screened beyond commcrcial levels
prior to installation, While these contracts still do not pre-
sent a large amount of statistical data, the multiple use of a
single design demonstrates a confidence level for a high relia-
bility and minimum maintainability that would not be achieved
from five different designs, The penalties that were paid in
some of the contract by standardization will now be examined.

When the power supply is operated at 10 watts input, which
was the original design goal, and 507 of the '2ad is at 5 volts,
the cfficicncy for a 28 volt input is approximately 73%. When
the power input is reduced to 5 watts, the efficiency at 28 volts
drops to 67%. When the power input is increased to 30 watts and
90% of the load is at 5 volts, the efficicncy is still 607,

It is obvious there is no scvere penalty in efficiency by
using a standard supply. This is further emphasized by the fact
that where the lowest efficiency occurs (at the high load) al-
most 4 watts of power is lost in the 5 volt rectifiers, This
situation would not change appreciably with a custom design for
30 watts,

Where there is a large change in load distribution as well
as a vastly changing load there is some degradation in load re-
gulation, The rectifier voltage drop, in the case illustrated
above changes about 0,1 volt, There will alsc be an increase in
the IR drops. Fortunately, digital integrated circuits will
operate satisfactorily from 4.5 velts to 5.5 volts,

A problem with the package size could not be avoided in
one contract, The standard power supply volume exceeded the
available space by 00%, This problem had ‘o be resolved by
higher density packaging of the power supply.

The foregoing represent the major disa’vantages of a stan-
dard design. It is felt that a standardization technique

PRI 1 e e b
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is still applicable to mos. systems, For example, where maximum
cfiiciency is paramount for all applications in a system, a
power supply design can be constructed with voltage and current
techniques to proportion switch drive (pre-regulator and conver-
ter) powers to the load and proportion losses to loads, This
will obviate secondary short circuit protection unless unduly
complicated circuits are added., If minimum size is paramount
high density standard packaging is possible. Design and con-
struction costs will go up and reliability may go down slightly,
Our limited experience with high density packaging does not indi-
cate a substantially reduced reliability,

In conclusion a recommendad maintainable power supply is
the basic type of circuit described herein, Efficiency, load
variations, unused voltages, and packaging density have been
considered and deemed acceptable. Short circuit protection in
the design would be retained, A reasonable standard package
size for powers from zero to 50 watts appears to be about 20
cubic inches, Typical dimensions of a plug in module shielded
and filtered for EMI are 4" x 5" x 1". See photo in Figure VI-27,

In the arca of EMI, some of the test specifications the
standard power supply discussced above is successfully complied
with are:

1) IESD, EMC-10, Interference Control Requirements Earth
Resources Survey System Specification, (NAS-MSC),

2) IESD, 19-3, _.nterference Control Requirements for
Spacecraft Equipment, (NAS-MSC).

3) MIL-I-26600.
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Figure V1-27 Standardized Power Supply
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VII, PACKAGING DESIGN

With some limitations, the methods used for packaging are
derived from the end item constraints, If, for example, weight
and volume minimization are among the mos* important constraints,
then it is reasonable tv spend the extra money required to design
and build 3D cordwood modules. It may even be necessary to have
some circuit functions built in custom designed hybrid or inte-
grated microcircuits. At the opposite end of the scale, where
cost is the major consideration and weight and volume are less
important, the system could be built using planar component arrays
or single or double sided PC boards, For this system, the compo-
nente would not be crowded on the boards making the boards easier
to design and build,

The packaging system for a space station will fall some-
where between the above extremes., The design constraints require
definition, Should the systems be individually customized or
should they be standardized? What kinds of packaging at the high
(system) and low (component and module) levels should be consider-
ed allowable?

At the high level we might consider stamdard racks with plug-
in modules; or standard, sealed chassis with standard or non-stan-
dard interior packaging; o1 anon-standard, sealed chassis with stan-
dard or non-standard interior packaging,

At the low level of electronic packaging, for most components,

we can consider planar arrays versus volumetric (3-D) arrays for
components,

Packaging Trade-Offs

i o 0 il BN

On what basis are packaging design decisions made? How does
one assure himself that these decisions are optimum? A packaging
trade-off matrix, Figure VII-1 demonstrates the use of the IFM
matrix as a tool for effectively making and documenting the ra-
tionale for the decisions, The list of criteria includes important
independent factors that should be considered. Some of these cri-
teria items are discussed and clarified below:

;
§
b
f
¢
!
t

System Weight - When considering standard vs non-standard
packaging design this includes the electronics modules or
sub-assemblies, wiring, connectors, housings, all levels of
mounting structures including those to the spacecraft struc-
ture, and all items required for electronics thermal control,
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A - WEIGHT

B - PRODUCT OF WEIGHT AND WEIGHTING FUNCTION
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Functional Reliability and Module Reliability - As a sys-
tem is divided into smaller modules, the reliability of
the individual module is increased, however, the system
rcliability decreases simply because of the increased
number of connections,

R/R Accessibility (Tool Complexity) - This was considered
in terms of how easily and quickly a small part of a system
could be replaced, and how many special tools might be re-
quired for this,

Special Feature (High Humidity and Changes) - The special
feature of particular interest for this matrix is the
effectiveness of the designs for a high humidity environ-
ment., Also considered was the flexibility required to per-
mit somewhat less expensive re-supply items, if and when
the high humidity problem is relieved.

Non-recurring Cost = This includes all design costs, tool-
ing, and for some items, fabrication,

Recurring Cost - This includes fabrication, spares, and
incorporation of design changes,

System Volume - This considers the total volume required
for the electronics systems,

Interconnections - Minimizing the number of interconnections
was considered desirable., Dividing a system into smaller
modules increases the number of connections,

Training, Procedures, Tools - This includes the total of
these items at all levels, from the factory through to astro-
naut operation of the spacecraft,

Equipment Commonality - This is the level to which equipment
can be designed such that various functions in the same or
cven different systems will be performed by identical modules,

Power (Cooling) - A Comparison of Coolant Pumping Power,
Each of the above criteria was assigned a weighting function
(at the left on Figure VII-1) based on its importance,

The various aspects of packaging that were studied using the
matrix were; standard vs non-standard package design, module size,
and cooling, Each of the alternatives in a given trade-off, as
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listed at the top of the matrix, were given a desir-hility score
with respect to each criteria listed at the left, .. criteria's
weighting function was “hen multiplied by each des.: ity score
and finally, all of the scores were added to provide an indication
of the respective worth of alternatives, Some additional discus-
sion of the alternatives follow,

Stsndardization

Non-standardized, or customized, vs standardized packaging
was considered first in the Trade-Off Matrix, Figure VII-1l, Either
method can be used in a spacecraft system, but the standardized
approach has a number of advantages. Standardized packaging was
defined to mean a restricted number of configurations with some al-
lowance for flexibility, both of size and methods of packaging.

One of the features considered as a part of standardization was the
use of racks containing several systems and subsystems, roughly
equivalent to packaging in a standard 19 inch laboratory equipment
rack, The advantages of standardization include:

1) Reduced subsystem packaging design effort,

2) Reduced design and fabrication costs for mounting
structure and coolant system,

3) Reduced test tooling costs for qualification tests,

4) Reduced qualification testing due to mechanical
similarity between modules,

5) Reduced design/development for high humidity require-
ments,

6) Improved R/R accessibility,

7) Reduced training, procedures, and tools for handling R/R,

8) Vehicle cabling between cquipment cabinets is simplified,

9) Mechanical form factors are well documented, hence inter-
face problems for new systems are lessened,

Someé disadvantages of standardization are:

1) System weight may be greater,

2) Interconnections within a module are probably greater
because of the two dimensional size restrictions, affect-
ing modular and functional reliability,




Cooling

The two simplest and least expensive methods for electronic
assembly cooling are cold plate (forced liquid) and convection
(forced air), In a ron-standard package array, the cold plate is
the easier to accomplish, In a standardized array, either method
may be easily incorporated. Looking beyond the rack structure,
however, it becomes apparent that cold plate cooling reauires con-
ductive cooling for each heat producing component in each electronic
package., This requirement will significantly increase the design
and fabrication costs of each package. On the other hand, with con-
vection cooling, few of the components will need special attention,

VII-)

Most uf the components mounted on open PC boards will be sufficiently

cooled by the forced convection, The "hot spots" can be eliminated
by extended surfaces such as fins, or be mounted on thermally con-
ductive structure that contacts the air plenums, providing a heat
sinking path,

Shielded modules may be handled the same as open PC boards if
shielded openings are provided for air flow through the module, If
provision of these openings is not possible, the internal design
must provide for conductive cooling to the module mounting brackets.

Additional cooling can be obtained by placing external fins on the
module,

A high humidity requirement should have little impact on a
co>nvection cooled cabinet, because the cooling air can bc a closed
loop with air conditioning separate from that for cabin air.

The redesigned G&C Electronic OLystem, Section VI, dissipates
approximately 750 watts, With all the electronics for that system
in one cabinet, the cooling air requirements will be approximately
5.6 pounds/minute. This number is based on inlet air at 70“F and
exhaust air at 102'F, a temperature range considered adequate for
insuring component reliability, With the ambient cabin air pressure
at 10 psia, this cabinet air flow will be about 125 cfm. With the
plenums sized about 1 x 6 inches this corresponds to a gas velocity
of about 34 mph in the inlet and exhaust pienums.

If convection cooling cannot be used, conversion of & rac! to
accommodate cold plate cooling is a simple matter, The air plenums
can be re-designed to carry fluid ducts, and in effect, become cold
plates. The major impact of this change will be the additional de-
sign requirements for the modules,
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Module Size

After the standardized system packaging approach was selected,
one of the decisions to be made was how large should a module be,

This was given considerable attention in the Trade-Off Matri. Figure
VII-1,

The initial module size was thought of as a PC board contain-
ing 50 flat packs without excessive crowding. This board size was
then varied both larger and smaller to accommodate some different
sized remove-replace electronic functions identified in the Redesign
of Section VI, and studied in the Trade-Off Matrix, Then the option
was introduced for varying the board size to best suit the circuits
being packaged., The resulting module sizes and their nominal flat
pack counts were:

Maximum - 120; large - 80; small - 30; and minimum - 15,

The preference indicated by the totals on the matrix was for
the flexible approach.

Regarding modularity the primary trade-off concerned a rigidly
standardized module size as opposed to a flexible module size which
we have shown would minimize malfunction detection and checkout com-
plexity, The way in which a module is allowed to vary in size re-
quired some additional study., To vary component height on boards,
and hence the board-to-board spacing, is not a major problem. How-
ever, varying the width and perhaps the length of boards immediately
injects several variables into the cabinet design, and while this
variability can be helpful at the module design level, it impairs
riany of the advantages that can be derived from standardization, In
particular, the possibility for commonality becomes much smaller.
Therefore, the standard PC (Printed Circuit) bcard was defined
as one with a 50 flat pack equivalent size and the module as an as-
sembly consisting of one or more standard PC boards., As module size
becomes large, i.e., equivalent to the black boxes of Block II Apollo,
the resupply weight and volume penalty become severe, mounting and
cooling become inefficient, and the throw-away module becomes very
expensive, Assuming that maintenance and malfunction isolation are
to be performed at the removable module level, it was found desirable
to let the module vary from 50 to 500 micro-circuit flat pack equiva-
lent size, or one to ten standard PC boards. This range is drawn from
a consideration of detailed studies on the re-designed Guidance and
Control System, covered in Section VI of this report, with minimi-
zation of malfunction isolaticn complexity as the prime consideration
in modularizing the system. To achieve module size flexibility over
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this range, the only practical dimensional variation is the number
of boards in a module.

The trade-off of various module sizes on a total system basis
ie shown in Figure VII-2 and indicates from the totals of the alter-
natives that no one size is significantly optimum, Therefore, spe-
cific penalities and advantages must be examined, The complexity of
malfunction detection and the number of interunit connections are
definitely aifected by module size and the spread or range of the
effect is significant, The capability to use commonality at R/R
level is also significantly affected by module size and all three
of these considerations are important to enhance IFM, Therefore,
the majority of the repackaging was done at the smaller one and two
board module sizes,

Some structural schemes and guidelines were generated for the
design of modules, A candidate module design is provided in Figure
VIII-3, and Criteria for packaging is found in Chapter V,

Mod Design

In order to facilitate maintainability, we have shown that the
sackaging should be modular and standardized., Commonality will be
promoted by making functional divisions between identical channels
rather than by combining identical functions of the channels,

For many requirements, a simple PC board could be adequate
whether the design incorporates discrete components, integrated cir-
cuits, MSI, or LSI, With higher density packaging, one of the con-
siderations for functional division is connector pin limitation.
With the requirements for moisture-proofing, the board and components
would be coated and the connector designed as discussed later in this
section,

For planar arrays, the intra-connecting base might be 1 or 2
sided PC boards, or multi-layer PC boards, or even point-to-point
wiring, For volumetrically dense component packaging, many schemes
are available; flat packs as well as discrete components, and cord-
wood modules have been used with solder as weil as welded intra-
connections, In addition a number of designs have utilized a com-
bination of planar arrays with the arrays stacked so as to achieve
a high packaging density in modular sub-assemblies; this has been
used primarily for flat pack integrated circuits,

Some very good presentations of various packaging techniques
are given by J. L, Adams (1965), J. L, Easterday, et al, (1966),
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G. B, Bunn (1967), S, Drasky (1969), and by C, A, Harper (1969).
These include descriptions cf some very high density assemblies,
particularly the study by G, B, Bunn (1967).

A printed circuit board is a very flexible base for allowing
various kinds of packaging. Thre nost obvious, of course, is the
planar array of components, but components mcy also be mounted on
end to conserve real estate cn the board. In addition, volumetric
modules of many typ2s may be mounted on a PC board, This suggests
that if a PC board is selected as a standard packaging unit, there
is still considerable flexibility within this constraint. Conven-
tional PC boards are surely the easiest design to handle, A low
density double sided board is easy to design and fabricate, ari
has low cost, As a two-sided board becomes more and more crowded,
the d2sign cost climbs exponentially to the pcint that a multilayer
PC board is more economical, even though tooling costs are higher,
Shielding and heat sinking can be easily incorporated in some of
the board layers,

Many hardware programs in the past have suffered from reli-
ability problems with multilayer PC boards., Experience has oroved
that the best way to avoid these problems is to select a highly
compatent supplier for these items, While the dec’gn costs of
multilayer boards are high, if the cost is calculated on a per-
connection basis (for example, a resistor is two connections, a
transistor is three, and a l4-lead flat pack with all leads active
is 14 connections), then the per-connection design cost is lower
for a multilayer board than for a considerably less crowded two-
sided PC board,

Many of the electronic systems used will be built in very
small quantities, For this usage, high component densities (equi-
valent to those on multilayer boards) may be achieved with low de-
sign cost by using continuous point-to-point wiring, as presented
by Maxwell and Vinci (1968, 1969).

Shielding of a single PC board is easily done by installing
it in a metal case,

Cabinet Design

A first consideration was to minimize wall space by mounting
the module rack in a drawer, To service a module, the drawer would
slide out, exposing the modules at one side for R/R, and exposing
the wiring and connector pins at the other side. The cabinet would
normally be closed, so the forced air cooling would be essentially




a closed system, The drawer-to-cabinet wiring (mating with a ve-
hicle cahling connector) would require a service lc >, but its de-
sign would be relatively simple, Ihe drawer concept. . as several
disadvantages, namely the complexity of the linkages that latch the
drawer and cabinet, the requirement for two separate primary struc-
tures, and the long service loop in the cable which flexes upon
cach access,

A review of probable constraints of the system packaging sug-
gested that a severe restriction on front cabinet panel area was
unlikely. So an iteration was considered in which the front door
of the cabinet was hinged, procwviding access to the modules for R/R.
For additional testing, access to the module connectors and wiring
was provided by hinging the rack in which the modules were mounced,
Azain, some allowance had to be made for cable flexing ac the rack
swung open, and some of the primary structure had to be duplicated
in both the cabinet and the rack,

‘Another review of the system constraints suggested that since
the pressure wall of the crew compartment must be accessible for
repair of punctures, equipment should be mounted away from the wall,
A study report in Aviation Week (Himmel, 1969) als~ indicates this
as a prefurred configuratioen, So a fixed cabinet with fixed module
racks could be used, with hinged 4dnors front and rear providing
access to medules and wiring, Doubling up of primary struciv=e
would be eliminated and there would be no cable Fflexing., This ca-
binat ¢ shown in Fiqure 71I-4, Details of the cooling air flow
are illustrated in Figure VII-5, To provide insight regacding the
volume requiremernts for the cabinet and mecdule approach taken here,
the redesigned G&C and Telecommunications modules, listed in Table
VI-1 and VI-2, arc shown installed in electronics cabinets in
Figures VII-6 and VII-7,

Modularization of Connectors and Cabling

A long life space station presents some unique and challeng-
ing requirements and possibilities, enhanced by the 90-day resupply
vehicle providing replacement personnel, parts and supplies.

During the life of the ~pace station, we can expect technolo-
gies to change to the extent that we may want or need to replace
complece systems, as pointed out by Mueller (1969), and requested
in th: Space Station Statement. of Work (NASA, 1969a). Major modi-
ficacion or replacement will require replacing cabling in the rack,
and allowance for making these changes can be mide by modulerizing
the module connectors and eabling. This can be done by adding
additional cornectors to interface between components of a system
that are mounted on different shelves of a rack,
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Connectors

There arce many satisfactory connectors for use in a labora-
tory ervironment such as rack and panel, PC board and module, A
number o. these are adequate in a dynamic environment such as a
launch, provided they are engaged and sealed in some way, The
addition of & requirement for disengagement and engagement in a
high humidity, zero gravity ervironment introduces some serious
problems in operation and long life,

Considerable experience has been gained in selecting and
applying high reliability connectors in airborne and space elec-
tronic assemblies and the high humidity environment for a chassis
connector is not new, But adding the engage/disengage requirement
in the high humidity is new, The same is true for module connectors.
To find out what experience connector manufacturers have had with
satisfying this additional requirement, a number of companies were
surveyed, including .wo companies with whom undersea connectors
were discussed. The comp~nies contacted and a summary of their
comments are as follows:

Burndy - Chassis connector, Bantam connectors are ok for
salt water. They recommend changing plating on
shells and pins for engage, disengage in high humidity
environment,

Burndy

Module connectors, They have made interfacial seals
for some connectors,

AMP - Chassis connector, AMP suggested ti..e ARINC connec-
tors that are used on Boeing 747,

AMP - Marine connectors, They are now making a feasibility
study on undersea connectors,

Cinch - Chassis connector, They suggest using the MIL-C-81511
tri-service connector,

Cinch - Module connector. For a pin and socket connector,
they suggested the D-sub-miniature series for which
they make interfacial seals.

Cinch - Module connector, cdge board, For this type of con-
nector, they sugg.sted making a peripheral seal.

ITT Cannon

Electric - Chassis connector, They suggested the CV connector
with an estimated life of 10,000 hours at 400°F in
free air for SST, They suggested capping the connec-
tors when disengaged because the contaminants being
considered can affect the insulators,
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Viking lodustries - Marine bulkhead connectors, They have
not built undersca make-and-break connectors,

but as company funds prrmit they are currently
working on a design for this,

Amphenol - Chassis connectors, The 348 series connectors
have a positive pin-to-pin interfacial secal that
should provide positive insulation against water
droplets,

Amphenol - Marine bulkhead connectors. They make two series
but not for engage/disengage, For salt water en-
vironments they suggested sealing wire-to=-solder
joint -to-connector using shrinkable tubing over
the wire and solder joint, This is then coated
with GE Marine Seal. This treatment has lasted

for 5 years on marine equipment subjected to occan
waves,

Decutsch - Chassis connectors, The DBA series connectors

have a positive pin-to-pin interfacial seal that
should insulate against water drops.

The companies surveyed had several gencral comments regarding

connectors for engage/disengage use in a high humidity cnvironment,
They were:

1) Power should be off when engaging/disengaging.

2) Connectors should be blown off with a dry gas or an
absorbent material should be provided to remove moisture
droplets before engaging.

3) Platings should be selected; possibly chrome for connec-
tor shells and heavy gold for connector pints,

Testing and/or development of connectors for high humidity
engagement is an extensive rndertaking, However, there is a large
fund of experience in some aspects of the problem, In a NASA funded
IBM Study (IBM, 1965) PC board pin and socket connectors were grease
impregpated and sealed with a rubber squeegie, These have been oper-
ated and disengaged and engaged in water containing salt and urea
and then tested for electrical resistance. Rack and panel connectors
have been built that offer positive plastic seals around each indivi-
dual pin,

The above indicates that a minimum =iucunt of additional testing
and deveiopment will result in connectors tnat will perform well
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through disconnect-connect, or remove-replace in a high humidity,
zero gravity environment,

Even an edge-board connector for a PC bouard can be developed,
A possible configuration is shown in Figure VII-8 wherein a plastic
squeegie is bonded to the connector face to seal out moisture drop-
lets when the board is out of the connector., The connector fingers
on the PC board could be coated with a high wettability, water-proof
oil to provide additional protection,

Shielding

In addition to modular shielding discussed above, subsystem
and system shielding may be designed into the cabinet, consisting
of shielded cable races and panels, or shrouds, that compartmental-
ize the racks, These items combined with modular cabling would make
it possible for a vendor to supply both system modules and system
cabling and connectors, All items including electronic, cabling and
connector modules would be checked out before delivery, and can be
plugged into the rack,

Idea Model

A model was built that is a truncated mockup of the last iter-
ation for the standardized cabinet, Photos of the model are pro-
vided in Figures VII-9, -10 and -11 at the end of this section, It
incorporates the provisicn for modular cabling. A module mounting
frame member was fabricated to be a close approximation cf the detail
involved in a dual air plenum, Several types of modules and PC boards
are included in the model, using several kinds of connectors. The ma-
jor difference in this model and expected design is that the final
detail would consist of a pair of simple extrusions rather than a com-
bination of detail parts, The intent in this, as in all other parts
of the model is to stimulate ideas - possibly for totally different
concepts - in addicion to demonstrating the flexibility of this par-
ticular concept.

The conmnectors included in the model are:
Masterite Industries

005ADS5=-DR-I1-D

Printed circuit edge connector

110 contacts (55 per s:ide)

Contact rating -0,5 awp., 250 VAC
contact on ,05 inch center

Other configurations available - 120 contacts maximum

May be keyed - each key uses 4 contact positions

Also available in ,100 inch contact spacing with 3 amp,
1200 VAC rating.
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Burndy Corporation

UPC2A41P-4

UPC2A41R=4

Printed circuit pin and socket connector

41 contacts

Contact rating -3 amps, 300 VAC at 60 Hsz

Available in otuer configurations up to 92 contacts

No provisions available for keying. The PC board may
be keyed to the mother board

Cinch Manufacturing

65-608A-1
65-608A-2
Module connector
92 contacta
No, 20 contacts rated 3 amps, 1500 VAC, RMS
f Solder pot terminations
: Conniector contains jacking screw to aid insertion and
withdrawal
Shells are polarized by guide ping
May be keyed by replacing some pins with dust plugs
In the same connector shell outline, other configurations
are available with various arrangements of the No, 20
contacts, standard coaxial contacts. Plaxial coaxial
contacts, 40 and 80 amp contacts, and test jacks,

Cinch Manufacturing

: 65-721
! Printed circuit edge connector
! 114 contacts (57 per side)

Contact rating 1 amp, 500 volts
Contacts on ,05 inch centers
; May be keyed using nylon keys
i The same configuration is available with contacts on ,'00
inch centers, rated 3 amps, 500 volts
This design is a zero insertion and withdrawal force con-
{ nector, After board insertion, a pair of cams are turned
; sctuating devices that press the connector fingers against
- the board,
{ This connector shell is made of lexan which is presently
.4 considered unsuitable for spacecraft cabins, but a suitable
substitute should be available.
| This connector was made for a short board, but the design
| and tooling could be modified for a longer board,
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Deutsch

DBA series

RBC74H-19-0FN

DBA77-19-0SN

Cable connector

Push-pull quick disconnect coupling with positive ball-
lock coupling mechanism

Contacts are crimp terminated, vear insertion rear re-
moval

Available with up to 61 contacts

Triple seals clamp around each wire at rvear entrance and
a positive interfacial scal around each pin is provided
at the connector interface.

Deutsch

RSM series

RSM5105-12-14P

RSM07-12-148

A miniature series cable connector

Available with up to 91 contacts

Same push-pull feature as the DBA series

Crimp connections

The jam-nut-mounted panel connector in the model has a
hermetically sealed insert, Wire coraaction to this is
with a crimp.on, rear insertion, srap-in connection,

The connector in the model dues not have the stepped
interfacial seal around each pin that is in the DBS
series connector, However new seal molds have been
made, and this stepped seal is on new builds,
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VIII - TEST AND CHECKOUT

The test and checkout function, as defined later in this
section, is a prime consideration for in-flight maintenance,
and will be found interwoven with virtually cvery other aspect
of our study, In examining the test and checkout philosophy
and rcquircments, it was considered necessary to scck the counsel
of key personnel from the following programs: Computerized Auto-
matic Ground Equipment (CAGE), On-Board Checkout System (0OCS),
Multi-Parameter Display (MPD), and Built-In Checkout (BIC),

Their thoughts and experience, along with the trade-offs
in this study, a research of the literaturc, and an in-depth
enalysis and redesign of the Apollo Block 11 G&N, SCS and Telc-
communications System all shaped the final conclusions, Throughe-
out, it should be recognized that the prime concern was with mal-
function isolation, with lesser emphasis on operational checks or
data gathering,

The test and checicout system must perfcrm the three prin-
ciple tasks of critical failure monitoring, failure isolation,
and system checkout and verification, There is some interrela-
tionship between the three functions, but they are basically
three distinct tasks, The following paragraphs will discuss the
requirements of these tasks and then develop the rationale for
designing a system to meet the overall set of requirements,

Failure Monitorin

The equipment used in failure moniitora. 1{s often called
the caution and warning (CAW) system, This equ j)ment must
continuously monitor critical sub-systems, such as life support
subsystems, and issue an audio-visual alarm if abnormal opera-
tion is detected, Certain important but non-critical signals
such as powver supply voltages arc often monitored by the CAW
system as well, This monitoring function is continuous and aute-
matic and involves a comparison of measurcd parameters with pre-
determined tolerances. Any out-of=-tolerance condition results
i1 one or more alarms, Since many of the monitored parameters
are life critical, redundancy is required,

A goal would be to achieve 1U0% detection of all critical
malfuncticns, The degree to which this can be achieved is de-
termined by the ability of the designers of the systems monitored
to predict the failure modes of those systems and the methods by
which the failures can be detected, For the critical parameters,
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it is assumcd the ability to detect malfunctions will not be
compromiscd to reduce the complexity of the CAW system, For the
non=critical paramcters a trade-off will be discussed in more
detail later regarding overall test and checkout system design,

The types of signals monitored by the CAW system include
analog, bielevel and digital, In order to process these signals,
storc the tolerances, makc the ncecessary decision, and take the
required actions, some special purpose or general purposc come
puter is indicated, it is possible, but not necessarily desir-
able, to share this function with some other function such as
guldance and controly in fact, Mucller (1969) has stated the
desirability of decentralizing thc computer functions,, This
trade=off must hc wade considering the overall clectronics syse
tem requirements,

In addition to generating alarms, ccrtain types of failures
may require immediate corrective action which cannot wait for
operator intervention, An example of this might be fire detec-
tion, For thosc cases the CAW system would provide for an auto-
matic command capability to take the neccssary corrcctive action,

Many of the malfunctions which can occur on the spacecraft
nced not be monitored, and will be determined by the crew during
normal operational activity, Certain communications or vehicle
and cxperiment control operations fall in this category, Manual-
ly sclectable backup modes may be employed until the malfunction

can be corrected, This is typical of present-day aircraft oper-
ation,

Failure Isolation

It is not practical to design equipment with a 100% proba-
bility of no failures over a ten year lifc span, Thereiore,
some degree of repair capability is required, however, in order
to repair a system it is necessary to isolate the maifunction,
For this study the repair was limited to remove and replace -

a very reasonable ground rule, since repair to the component
level requires extremely sophisticated and complex test equip-
ment, and a high leval of crew knowledge and training, In addi-

tion it requires - cations such as decapsulation soldering,
encapsulation so’ .ring and welding which will be difficult and
perhaps impossible in the first space station environments, As 4

experience in space station operations increases, this ground
rule will need to be re-evaluated, but it seems likely that
economics will favor the remove and replace concept for a con-
siderable period of time,
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It is possible to achieve a high degrce of confidence «°
isolating a faflurc with a malfunction isolation system by .e-
signing very versatile and complex equipment capable of pro-
viding a wide varicty of stimuli and of measuring a multitude
of signal types, This approach places no constraints on the
desipgn of the systems to be tested, but will usually result in
a malfunction isolation system which is more complex than neces-
sary [or any particular application, The oy rator training rec-
quircments may also be large,

A preferrable approach is to force the electronics system
designerv co make their systems testable in a relatively simple
fash'on ucing a minimum of external stimuli, If the stimuli are
peculiar to that equipment, serious consideration should be given
to integral stimulus circuits requiring only a discrete or digital
command ‘0 control them, This design for testability has the dual
advantage of simplifying the test equipment and of increasing the
probability that a malfunction can be isolated, The malfunction
isolation system can be designed to fit the particular application,
It should be modular in design so that changes and additions to
the electronics systems can be accommodated easily, This ability
will be aided by the use of a standard testing philosophy which
will be used wherever possible,

The malfunction isolation system can be made to have almost
any desired degree of automatic test capability. In general, some
operator action will be required, and a trade-off must be made be-
tween operator training requirements and test equipment complexi-
ty and reliability,

The malfunction isolation system must be able to isolate a
failure to the lowest replacrable unit with a reasonable proba-
bility of success without any assistance external to the spacecraft,
The probability of success is a function of test equipment complex-
ity and operator training, t/nich requires that a trade-off be made
for each particular applicaticn, The fpace Base Study (NASA-1969b)
indicates that a 95% to 98% probability of success is desired.

System Verification

It is necessary to verify the clectronic system operation
prior to critical maneuvers and following any repair actions,
The test points for system verification are most likely a subset
of those used for malfunction isolation, but the stimuli require-
ments may he different, Certainly the test procedure will be
different for the two functions,
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The functions of malfunction isolation and system verifica-
tion will not be required simultancously, therefore an effort
should be made to share hardware between these two functions,
This sharing of hardware is casily rcalized in a test system built
around a general purpose computer,

The system verification function also performs malfunction
detection for those nonecritical parameters not monitored by the
CAW system, A related task which could also be performed is that
of trend analysis, By keeping a history of the measured paramcters,
it is often possible to predict a malfunction before it cecurs,

This is a particularly important consideration for ‘ac life critical
systems,  Trend analysis requires large data storage capability and
moderately large amounts of calculation time, however, nced not be
donc on a recal-time basis, Where trend analysis is a requirement,

a tradc-off neceds to be made between on=board and ground proccessing,
This is one arca where autonomous operation is not mandatory,

System verification in the event of replacement of a complete
system is a still different consideraticn, As technology advances,
certainly some systems will be rendered »bsolete, and replacement will
be desirable. It is recommended that such new systems be verificd in
a housc spacecraft, duplicating the structure and systems in the ore-
biting space station, Such a housc spacccraft would have the follow=-
ing uses related to this study:

1) Insure clectromagnetic compatibility,

2) Test form, fit and function for new products or product
improveuent cycles,

3) Provide simulation to determine operational limits of
systems or subsystems,

4) Verify hardware and software for malfunction isolation
and detection,

5) Verify hardware, softwarc and procedures for on=board
support equipment utilization,

System Pesign Considerations

For the initial discussion of the system design, the CAW sys-
tem will be ignored, It has specific requirements, many of which
cannot be compromised, It is of nccessity a centralized automatic
monitoring system, After consideration of the malfunction isola-
tion and system verification design tradeoffs, the CAW system will
again be considered as to how it might blend with the other two
functions,
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“.
Consider using the same cquipment for malfunction isolation
and system verification, ever though the test procedures will be

different, Tt is possible to consider something as simple as a
multimeter for measuring AC and DC voltages at various tes: points
within the system, An analysis was made of the Block 11 Apollo sys-
tems which indicated that most catastrophic failures and many out-
of=tolcrance failures could be detected and isolated with this simple
testing instrument, The operat r training requirements would be quite
large because an intimate knowledge of the systems under test is re-
quired, The confidence level for either failure detcection or isola-
tion is not adequate, In summary, this i5 not an acceptable check-
out syst:m, however it is of interest to consider a trade-off of a

centralized vs a decentralized system on this simple testing con-
cept,

Assume for now that all required stimuli are built into the
systems under test, The decentralized system would requirce an opera-
tor to move about the spacecraft activating the required stimuli and
measuring the necessary parameters, Two or more operators may be re-
quircd fcr certain tests, creating some coordination problems, There
will have to be many multimeters built into the equipment, or the
operator will carry onc instrument which he will attach to the test
points, Tho first option requires a large duplication of equipment;
the second produces a system hazard from opcrator error and possible
conn._.tocr contamination, The operator would have to carry the main-
tengnce manuals with him, and these are voluminous, Many of the
functional loops traverse a large portion of the spacecraft, and
would require extensive operator travel to check them out,

The centralized system would have all test points and stimuli
control lines available at a central location, The weight penalty
of wiring can be nearly eliminated by the use of multiplexed data
bus techniques, The operator need not move about and has all rec-
ference manuals conveniently available, There is no requirement for
uncapping connectors or probing test points so that operator error
and contaminaticn hazard are minimized, There has been some addi-
tional multiplexing hardware requived, but this is considerably less
than the additional hardware required for many built-in multimete.s,
The conclusion is that a centralized system is desirable for cven
this simple approach, The decision becomes even more obvious as the
test equipment complexity becomes greater,

It is now of interest to consider the deficiencies of the cen~
tralized multimeter system, The multimeter cannot interface directly
with digital information, particularly where the data is serial and
possibly encoded in some manner., It is, therefore, necessary to have
some digital data processing capability built into the central unit,
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Carc must be taken to control the individual system designers so that
the variety of digital signal types does not get out of hand, The
multimeter does not have the ability to measurc transient rosponses,
This type of measurement is often important and therefore should be
included, The exact implementation can be fairly simple such as a
timer and a sample-and-hold circuit, or complex such as an oscil-
loscope, The initial cunsideration was to have all stimuli built
into the systems under test, It i¢ more cfficient to have the more
common stimulus types with multiple usage in the central test cquip-
ment and multiplexed to the required points. The unique stimuli
should remain built into the systems under test,

The process of increasing the testing capability can go on
almost indefinitely, going to computers and automatic testing pro-
cedures, etc, This other extreme, a multimillion dollar computerized
checkout system, perhaps functionally typified by the ground checkout
sytems like ACE and CAGE (Titen IIIM system), is also not acceptable,

The problem then is to come to a reasonable compromise, Figure
VII1-1 is a graphic illustration of some of thec mere important con-
siderations, It is desirable to have a large confidence that fail-
ures will be detected and isolated, It is evident that the more com-
plex the checkout system becomes, the larger the contidence., It is
also clear that the confidence is never 100% and that the curve be-
comes guite flat bryvond some value of complexity, To achieve 1007
confidence, special equipment with a team cf experts may need to be
brought up from Earth on a demand basis, or even kept on the station
for some initial activation period,

Another important factor is checkout system ccliabilicy, The
larger and more complex the checkout system, the lower its relia-
bili«y and the more stringent arc its calibration requirements., The
large cffort required to keep clectronics lab tezt cquipment irn prop-
er working order and adjustment provides an insight into the problem,

A third important factor is operator training and intelligence
requirements, As previocusly statcd, the simplest checkout system rec-
quires of the operator an intimatc knowledge of the system under test,
He must be capable of making dccisions based on very subtle system
performance changes, On the other extreme tte very complex checkout
system requires the operator have an intimate knowledge of the check-

out system and its capabilities., At some intermediate point this
requirement is a minimum, J

The exact shape of the curves in Figure VIII can only be de-
termined for a specific example, The correct point on the curves
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can be sclected by applying the I™ nmatrix introduced carlier to the
checkout system trade=off as demonstrated in the exzample below,

Once the checkout system of the correct complezity has been
sclected for malfunction isolation and system verification, the CAW
system can be integrated into the system to the extent possible or
desirable, The overall checkout system wiil probably be redundant
with the possibility of having operator consoles in more than one
spacccralt compartment, The rcdundant systems shoul ' also have the
capability of checking each other,

’

Exampl.

Three malfunction isolation systems will be considered for the
redesigned G&C system, All three are cencralized systems, howcver
the sophistication of the systems is widely variant, The IFM matrix
of Figure VIII-2 formalizes the trade-off thought processes used ir
cvaluating these systems,

This cvaluation is based on orly one system, the redesigned
G&C (Scction VI), and on weighting factors which are subject to dis-
cussionj consequerntly it is intended to scrve as an cexample for illus-
trative purposes only, Refer to Figures VI-13, SPS ON/OFF circui: or
Vi-15, Ratc/Attitudce Error Display, as typical of the ciicuits con-
sidere” during this trade-off, The following defines the three sy rems,
and develops the rationale for the weighting factors and matrix cntrics,

The simplest system consists of a multimcter with manual rangce
selection, The meter can measure AC and DC voltages and currcoris,
The data points are accessed through a remote multiplexed PAM data buss,
There are stimuli provided where not alrcady inherent in the 4C sys-
ters hardware, The intermed ate system has the meacuring and stimulus
capability of the simple system, and in addition a time controlled
sample and hold measurement capability., A central step function gene-
rator is a~ addition to thc stimulus capability. A Multi-Parameter
Display (MPD) device :s used for meter display as well as instruction
and tolerance information display (Martin Marietta Corporation, 1966),
The MPD is keyboard controlled. There is automatic call-ur of display
formats for each rcquested data measurement, The most complex system
is a complete On-Board Checkout System (Martin Marietta Corporation
19€9) as developed by Martin Marictta Corporation for NASA-MSC,

trom the basic IFM Matrix, the following items were judged to
have no influence for this trade-off; expendables, number of inherent
interconnections, cannibalization, tool complexity, short term reli-
ability, system 1lffe exper . cy and commonality, Malfunction detec-

tion/checkout compirexity is .ot included since that is the trade-off
being made,
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The special feature of confidence in isolating a malfunction
was considered the pacing parameter. All other parameter weights
were selected relative to this one. The recurring cost parameter
is significant in this application, as it includes the coust factor
associated with bringing up special personnel and equipment to 1so-
late failures that the checkout system failed to isolate,

As indicatec by the totals on Figure VIII-2 the trade-off re-
sulted in the selection of a medium complexity system, It should
be remembered that is based on a Guidance and Control system that
was redesigned to facilitate test and checkout and is comprised
primsvily of signal nrocessing electronics plus a few reasonably
straightforward sensors, A similar analysis dealing with a system
of many relatively inaccessible sensors, controls and actuating
devices will undoubredly modify the conclusions, Nonetheless, the
example illustrates what is felt to be a useful technique for evalu-
ating test and checkout requirements and arriving at an optimum sys-
tem,

The optimum test and checkout system, incidentally, -hould
take advantage of technology being advanced in several systems
currently under development, including the On-Board Checkout Sys=-
tem (OCS) and the Built-In Checkout System (BIC). (The latter is
similar to a concept known as BITE; see Logicki, 1968).

We have concluded from this study that the designers should:

1) Design modules for testability.

2) Minimize externally generated stimuli,
3) Minimize test points for unique stimuli,
4) Build stimulus generators into modules.

5) Condition unique or unusual signals to normal level
within the module,

6) Utilize BLT or BIST* techniques wherever advantageous,

It may be noted that all of the above are proposed in an
effort to reduce total system complexity (system under test and
checkout system) while maintaining or increasing the level of con-
fidence of isolating a malfunction or obtaining the desired data.

% BIT - Built In Test, This concept indicates module status in
a passive way - no s-imulus required.
BIST - Built In System Test, Stimuli may be required, but are
furnished by other system elements,
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LX, CONCLUSIONS

The conclusions from this study can be grouped into three
major categories; program considerations, system considerations,
and arcas for future study., The program considerations are
those tools and techniques which are important for program manage=-
ment from the top levels down through the detailed system designer,
and arc considerations which will affect the resulting system de-
sign, The system considerations are particular areas of councern
which require continued emphasis throughout all phases of the pro-
gram, The following paragraphs will discuss the three categories.

Program Considerations

The ground rules, constraints and . treria should be identified
early in any development program, and ot current by updating them
as the program proceeds, It is necessary to ensure appropriate
consideration of these items and to enable evaluation of the deci-
sions made using them as a basis, The IFM matrix developed during
this study has proven to be an excellent means of accomplishing
the above requirement (objective)., When the ground rules, con-
straints and criteria are en*ered into the matrix with appropriate
weighting factors, it becomes a tool for trade-off decision-making
at all levels of management and through alli phases of the program,
and also serves as a quick reference method for documenting the
decisions and their supporting analyses, Another tool developed
during the study which has proven very valuable, is the Boolean
cquation approach to failure mode analysis. This approach allows
rapid identificetion of problem areas and overdesigned areas.

System Considerat:;ons

The considerations listed below were selected because of
their program importance and the lack of emphasis placed on these
items cn past programs,

1. Standard packaging must become a reality to reduce cost
and improve system reliability, The example presented
is a rack and pane. approach with a closed air cooling
system, This is not presented as the optimum solution,
but as an illustration that a standard packaging approach
is feasible and that difficult problems like cooling and
connectors car be solved,
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2, The basic system design must include checkout considera-
tions for all'long lifc missions, since complete reliance
on redundancy for long life is not feasible, therefore
repair capability is a requirement., The checkout system
complexity can be affected significantly by designing the
system to be testable, Within the ground rules, criteria
and limitations of this study, it was concluded that the
checkout system should be centralized and of intermediate
complexity with a limited amount of built-in stimuli in
the system under test,

3. The remove and replace module size should be determined by
choosing a system functional block as a module, This
simplifies checkout, provides the maximum commonality ‘or
modules of appropriate size for remove and replace, and
does not unduly complicate the standard packaging approach,

4, Usc of standard packaging and common functional modules
nceds to be accomplished on an interprogram basis,

5. The two specific areas of power supplies and displays arc
prime candidates for commonality and standard desigrs
which can be applied within a program as well as across
several programs,

Areg; for Additional Study

* The following areas have been identified as being particularly
important to in-flight maintenance, but which were not covered in
this study, Some of these could have fallen within the scope of this
cffort, but were excluded because of limitations on budget,

Sensors and Actuators - Unlike processing electronics, sensors
and actuators exhibit a diversity of package types, electro-
mechanical devices and special features, This diversity makes
generalization difficult, but a maintenance philosophy con-
cerning these items must be developed concurrently with that

of processing electronics. Many of the criteria developed in
the present study will doubtlessly be applicable, but a sizable
cross section of the sensors and actuators should be studied

in this respect, with new criteria being generated as neces-
sary.

The checkout and calibration of these devices also presents
a challenge that should be worked along with in-flight mainten-
ance,
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Mcchanics and Hydraulics - Presently an in-flight maintenance
study is underway which concerns propulsion systems, but if
none arc in progress on mechanics and hydraulics, they should
be initiated, The criteria developed should be, corrclated with
those developed for electronics to insure a unificd approach

to IM,

Display and Controls - While greatly different than sensors

and actuators, the displays and controls likewise exhibit a

grecat diversity and often uniqueness, A compreherisive study
of in=-flight maintainability of these items is neccded,

Checkout and Malfunction Isolation = Our checkout and mal-
function isolation philosophy was drawn from a set of require-
ments that admittedly do not cover the totality of electronics
to be found in a spacecraft. Further icquirements from such
areas as sensors, actuators, displays, controls and processing
clectronics other than those studied are necessary in order

to develop the proper configuration for a checkout and mal-
function isolation system., It is our recommendation that the
checkout system be structured tc meet requirements, not vice-
versa,

Interprogram Commonality - It seems feasible to design and
package electronic modules so that they would be interchange-
able between dissimilar vehicles, for instance the space base
and space shuttle, While wc found a disappointingly low mo-
dule commonality in the systems we studied, it is nonetheless
probable that different programs will indeed need some similar
functional electronics, and the degree of commonality might
well be high ~nouzh to warrant a coordination effort,

IFM Experiement - It is our opinion that an experiment is need-
ed to test criteria, packaging and checkout philoso>hy for in-
flight maintenance, Needless to say, the hardware and condi-
tions should approximate those expected on the space station,

Hi

il i PR



X, ABBREVIATIONS AND ACRONYMS

ACE - Automatic Checkout Equipment
A/D - Analog/Digital

AM B Amplitude Modulated

ASCP - Attitude Set Control Pancl
BIC - Built in Checkout

BIT - Built in Test

BITE - Built in Test Equipment

BIST - Built in System Test

C&W or

CAW - Cuation and Warning

CAGE - Computcerized Acrospace Ground Equipment
CDR - Commander

CDhu - Coupling Data Unit

CFM - Cubic Ft,Min,

cM - Command Module

cMC - Command Module Computer

CMG - Control Moment Gyro

CMP - Command Module Pilot

CSC - Cosecant

CSM - Command /Service Module

CTE - Central Timing Equipment
D&C - Displays and Controls

D/A - Digital /Analog

DRG - Digital Ranging Gencrator
DSKY - Display Keyboard

DSE - Data Stor ge Equipment

ECA - Electronic Control Assembly
EDA - Electronic Display Assembly

EEC - Enable Error Counter

EMI - Electromagnetic Interference

EVA - Extra Vehicular Activity

FDAI - Flight Director/Attitude Indicator
FL - Filter

FLAW - Functional Loop/Alternate Ways

M - Frequency Modulated

FMEA - Failure Mode Effects Analysis
G&C - Guidance and Control
G&N = Guidance and Navigation

GA - Gyto Assembly

GDC - Gyro Display Coupler

GP/FPI - Gimbal Position/Fuel Pressure Indicator
HG - High Gain

IF - Intermediate Frequency




ABBREVIATIONS AND ACRONYMS - continued

IM - In-Flight Maintenance

IMU - Inertial Measurement Unit
1SS - Inertial Subsystem

KW - Kilowatt

2 (Lambda) Failure Rate

LM - Lunar Module

LMP - Lunar Modulc Pilot

LRU - Lowest Replaceable Unit

LSI - Large Scale Integration

MC B Megacycle

MDA - Motor Drive Amplificr

MDIV - Malfunction Defection, Isolation and Verifi-
cation

MOD - Modulator

MPD - Multi Parameter Display

MSA - Main Summing Amplifier

MSI - Medium Scale Integration

MXR - Mixer

0CSs - On-Board Checkout System

0SS - Optical Subsystem

PAM - Pulse Amplitude Modulated

PC - Printed Circuit '
PCM - Pulse Code Modulated
PIPA - Pulse Integrated Pendulous Accelerometer

PEA - PIPA Electronics Assembly '
PGNCS - Primary Guidance, Navigation and Control System
M - Phase Modulated

PMP - Pre-Modulation Processor
PPS - Pulses per Second
PS - Power Supply

PSA - Power Servo Amp.

PSIA - Pounds /Square Inch Ambient
PIT - Push to Talk

PVR - Precision Voltage Reference
R/R - Renove /Replace

RC ~ Rotation Control

RCS - Reaction Control System
RCV - Receiver

RF - Radio Frequency

RFP - Request for Proposal

RJEC - Reaction Jet On/Off Control :
RRT - Rendezvous Radar Transponder

SCS - Stabilization and Control System




SCE
SCT
SM
SPS
SS
SXT
TC
TVC
TVSA
UDL
USBE
VAC
vco
vDC
VHF
XFRMR
XMIT

ABBREVIATIONS AND ACRONYMS - continued

Signal Conditioning Equi- ent
Scanning Telescope

Service Module

Service Propulsion System
Space Station

Sextant

Translation Control

Thrust Vector Control

Thrust Vector Servo Assembly
Up Data Link

Unified S-Band Equipment
Velts A,C,

Voltage Controlled Oscillator
Volts D,C,

Very High Frequency
Transformer

Transmitter




XI-1

XI, BIBLIOGRAPHY

AC Electronics, 1968. Command Module Primary Navigation and
S S . Dated 25 November
and revised 3 September 1968. 365 pages.

Adams, J. L., 1965. i V

. NASA SP-65, Chapters 11 and 12,
pp. 139-166.

Baechler, D. O,, 1969. A
Computer Group News, IEEE, pp. 18-23, January 1969.

Barnes, D. A,, 1968. In Flight Maintenance oif Space Stations
and Spacecraft, Delivered at 2nd National Conference
on Space Maintenance and Extra Vehicular Activities at
Las Vegas, August 6-8, 1968, pp. 1.2.1 - 1.2.25.

Blackman, W., 1966. ‘ P

Electronics Eguipment. Comm nications Systems Division,
DEP, Camden, N, J. & pages.

Bunker ’ E. R, ’

of Wirecon Utility Test Module. Volume VIIA, pp. 37-40,
JPL Space Programs Summary No. 37-40, Vol, IV.

Bunn, G. B., 1967. A Survey of High-Density Microcircuit
T . General Electric Technical Infor-

mation Series No. 66ASD21, January 13, 1967. 39 pages.

Burrows, R. W., 1967. Ihe Long Life Spacecraft Problem. AIAA
4th Annual Meeting and Tech. Display, October 1967. 9 pages.

Cannon Electric, 1966. ! 2 . ITT Cannon Electric,
August 1966. 6 pages.

Carpenter, R. B, and Staub, B. J., 1967. Summarv Report of a
Study of Mission Duration Extension Problems SD67-478-4.

Space Division, North American Rockwell Corp., 15 December
19670 ’ pp. 1-350

Carpenter, Roy B., Jr., 1969.

Study of Extended Lunar Orbital
Rendezvous Mission. Final Revort, Vol. I, North American
Rockwell Corp., Report SD 68-250-1, dated January 1969.
297 pages.

- R




XI-2

(loud, ¥., 1967. knhancing Maintainability of the AWG-10 through
[ =in=Tg¢ K . Westinghouse Elec. Corp., IEEE
Transactions on Acrospacc and Elcctronic Systems, Vol, AES-3
No. 5, September 1967, pp. 767-774,

Collins Radio, 1966. Block II Design Review of Apollo Communica-
tion and Oata System, dated April 26, 1966.

Curry, J. T., Smith , G. III, 1967. Rroblems of Maintaining Eculp-
ment vontaining Integrated Circuits, Boeing Company, Annals
of Reliability and Maintainability, Annual Reliability &
Maintainability Conference, Proceedings, pp. 311-321, July,
1967.

Dorrough, D. C., 1965. Redundancy and Svstem Reliability.
Douglas Missile and Space Systems Div., November 1965. 56 pages.

Drasky, S., 1969. Electronic Packaging, liavy Svstems Design Guide-
, NAVMAT P 3940, May 1969, Sections A2 (22 pages),
A3 (13 pages), Bl (31 pages), B2 (24 pages).

Easterday, J. L., et al., 1966. Jndustrial Survey of Electronic
, Battelle Memorial Institute, pp. 1-83, November,
1966, AD 647 137.

Feth, G. C, and M, G. Smith, 1968. Jlarsge Scale Intesgration Per-

gpectives, Computer Croup News, IEEE, pp. 24-32, November
1968.

Gruman, E, L. and Schaenman, P. S., Functional Requirements of Space-
borne Computers on Advanced Manned Missions

Harper, C. A., 1969. Handbook of Elecrronic Packaging, McCraw-iill,
Chapters 9, 12, 13, 16, pp. 9-1 through 9-83, 12-1 through
12-83, 13-1 through 13-106, 14-18 through 14-38. '

Himmel, N. S., 1969. Advanced Space Station Concepts. Aviation
Week and Space Technology, Vol. 91, No. 12, pp. 100-113.
September 22, 1969.

Honeywell, Inc., 1965.
dated August 12, 1965.
162 pages.

Honeywell, Inc., 1968a. Apollo SCS Training Manual - Block 11,
prepared by R. F, Schuster, dated August 1968. 319 pages.

Honeywell, Inc., 1968b. Stabilization and Contrel Svstem Schematic -
C13373AA01, Revision C, dated September 24, 1968. 49 pages.




X1-3

International Busin.ss Machines, Inc., 1965. AES-EPO Study Program,
Final Studv Report, Vol. 2, pp. 8-22, NASA Contract NAS9-4570,
December 31, 1965,

Jorgenson, P, E., 1969.
Advanced Space Platform. North American Rockwell internal
letter, datod 29 August 1969.

Keller, J. E., 1969. Built-in Test for AN/ARC-123 and A[-440
Adrborne HF Communications Transcievers, AVCO Corporation
Electronics Divisic , 20 pages, dated May, 1969.

Kuzmin, W. R., 1967. Relationciip of Spacecraft Svstems Perform-
P, . Institute of Navigation,
1967, pp. 199-221,

Lanzkron, Dr. R, W., 1969, In Flight Checkout. Apollo and FPost
Apollo Concepts.

Leeds, M. B., 1969. LSI: No Longer Mission Impogsible, The
Electronic Engineer, 28(2): 53-61, February 1969,

Low, H, and Goodykoontz, J. R., 1967. Eroblems in the Design Of
S . TRW Systems Group, American
Institute of Aeronautics and Astronautics, Inc., 29 pages,
April 1967.

Martin Marietta Corporation, 1966.
- . M‘l‘til‘l
CR-66-78, 55 pp., dated December 1966.

vartin Marietta Corporation, 1969.
Checkout Svstem Developmcut Unit Design. MCR-69-290, 72
pages, dated December 6, 1968 and revised June 11, 1969.

Maxwell, H. and Vinci, M., 1968. PRackaging High Density Flight
Eguipment without Printed Circuits, Part I, 31 pages,
April, 1968, Aerojet-General Corporation.

Maxwell, H., and Vinci, M., 1969.
. Part 1II, 27 pages
January 1969, Aerojet General.

Milkie, R. W., 1967. Iime-a Critical Factor of In-Flight
Maintenance. Emerson Electric, AIAA 4th Annual Meeting
& Technical Display, pp. 1-5. AIAA paper 67-950, Oct. 1967.

WSS




AT NN Tt

XI-4

Minor, J. W., 1969. Strapdown Inertial Culdance, Space/Aeronautics
52(5): 54-60, October 1969.

MIT, 1967. GNC Svstem Status Report. E-1142 (Rev. 5!), 57 pages,
dated June 1967.

MIT GNCS Schematics.

MIT, 1969. RS577 - Guidance Svstems Operations Plan (CSOP) for
Manned QM Earth Orbital or Lunar Missions Using Program

, Section 2, Data Links, (Rev. 3)
dated March 1969. 126 pages.

Huellel', G' Bo, 19690
News, IEEE, 2(11): 42-45, September 1969.

NASA, 1969a. A Statement of Work for Space Station Program
Definition (Phage ;). dated April 14, 1969. 315 pages.

NASA, 1969b. E&D In-House Study of a Space Bagse. Progress Review,
NASA-MSC, (pages unnumbered), September 3, 1969,

North American Aviation, Inc., 1964. Apollo Spacecraft Uesign Conccpl
for Mission Success and Crew Safety, AP64-161, dated March 1964.

North American Rockwell Corp., 1968a. Stabilization and Control
fication, MC901-0594E, dated May 1,
1968. 230 pages.

North American Rockwell Corp., 1968b. CSM 101 - Mission Modular
Building Blocks Functional Failure Mode Effects Analysis, SD
68-464~1 thru 23, dated July 19, 1968.

North American Rockwell Corp., 1958c. Apollo Opevations Handbook -
Spacecraft Vol, 1. Spacecraft Description. dated March
i, 1967 and revised September 28, 1968.

Yorth American Rockwell Corp., 1969a. AAP Failure Mode Effects
Apalvsis, Vol. 6, Communications, and Vol. 9, Guidance and
Control, dated January 27, 1969, SD68-926-6, 18 pages, and
SD68-926~9, 98 pages.

North American Rockwell Corp., 1969b.
Sritically I and J , SD69-275
dated 27 Janusry 1969. 112 pages.




XI-5

North American Rockwell Corp., 1969c. GCSM Logi

stics Training Document
Guidance_and n 15 - Block II, 184 pages, dated April 1,
1969.

’

North American Rockwell Corp., 1969d. Apollo CSM Irtegrated Systems
Sc tic. CSM 106 and Subs. V34 - 900101, Rev. T., dated May
16, 1969. '83 pages.

Roberts. E., 1966. r R P, Ac b "
Westinghouse Defense and Space Center, The Electronic Engineer,
September 1966.

Roddam, Thomas, 1963. Transistor Inverters and Converters. Van
Nostrand Co., Inc., Princeton, N, J., 240 pp.

Royer, G. H., 1955. A Switching Transistor DC to AC Converter
an Fr n nal to the DC I Voltage,

AIEE Transactions, pt. 1, Vol. 75, (Communications and Electronics),
p. 322-324, July, 1955.

Schappell, R. T., 1969. Laser Gyro Tecnnology, Research Report
R=-69-12, Martin Marietta Corporation, 55 p., June 1969.

Shapiro, et al., 1964. Fault Isolation by Semi-Automatic
Techniques, National Bureau of Standards, Project Fist NBS
Report 8310, 90 pages, March 9, 1964.

Suslowitz , R. J., 1966. Proceedings of the Second NMSE Sysiem
Performance Effectiveness Conference. US Naval Applied Science
Laboratory Systems, 170 pages, April 1966.

Vandervoort, C. G., Dordick, H. S., 1964. Selecting between
dundan nd Repa Manned S craft: A Des ks

Tool, 42 pages. The Rand Corporation, September 1964.

Walker, Robert M,, 1966. S Pa U
Integrated Circuits. EEE, September, 1966. pp. 79-83.




	GeneralDisclaimer.pdf
	0012A03.pdf
	0012A04.pdf
	0012A05.pdf
	0012A06.pdf
	0012A07.pdf
	0012A08.pdf
	0012A09.pdf
	0012A10.pdf
	0012A11.pdf
	0012A12.pdf
	0012B01.pdf
	0012B02.pdf
	0012B03.pdf
	0012B04.pdf
	0012B05.pdf
	0012B06.pdf
	0012B07.pdf
	0012B08.pdf
	0012B09.pdf
	0012B10.pdf
	0012B11.pdf
	0012B12.pdf
	0012C01.pdf
	0012C02.pdf
	0012C03.pdf
	0012C04.pdf
	0012C05.pdf
	0012C06.pdf
	0012C07.pdf
	0012C08.pdf
	0012C09.pdf
	0012C10.pdf
	0012C11.pdf
	0012C12.pdf
	0012D01.pdf
	0012D02.pdf
	0012D03.pdf
	0012D04.pdf
	0012D05.pdf
	0012D06.pdf
	0012D07.pdf
	0012D08.pdf
	0012D09.pdf
	0012D10.pdf
	0012D11.pdf
	0012D12.pdf
	0012E01.pdf
	0012E02.pdf
	0012E03.pdf
	0012E04.pdf
	0012E05.pdf
	0012E06.pdf
	0012E07.pdf
	0012E08.pdf
	0012E09.pdf
	0012E10.pdf
	0012E11.pdf
	0012E12.pdf
	0013A03.pdf
	0013A04.pdf
	0013A05.pdf
	0013A06.pdf
	0013A07.pdf
	0013A08.pdf
	0013A09.pdf
	0013A10.pdf
	0013A11.pdf
	0013A12.pdf
	0013B01.pdf
	0013B02.pdf
	0013B03.pdf
	0013B04.pdf
	0013B05.pdf
	0013B06.pdf
	0013B07.pdf
	0013B08.pdf
	0013B09.pdf
	0013B10.pdf
	0013B11.pdf
	0013B12.pdf
	0013C01.pdf
	0013C02.pdf
	0013C03.pdf
	0013C04.pdf
	0013C05.pdf
	0013C06.pdf
	0013C07.pdf
	0013C08.pdf
	0013C09.pdf
	0013C10.pdf
	0013C11.pdf
	0013C12.pdf
	0013D01.pdf
	0013D02.pdf
	0013D03.pdf
	0013D04.pdf
	0013D05.pdf
	0013D06.pdf
	0013D07.pdf
	0013D08.pdf
	0013D09.pdf
	0013D10.pdf
	0013D11.pdf
	0013D12.pdf
	0013E01.pdf
	0013E02.pdf
	0013E03.pdf
	0013E04.pdf
	0013E05.pdf
	0013E06.pdf
	0013E07.pdf
	0013E08.pdf
	0013E09.pdf
	0013E10.pdf
	0013E11.pdf
	0013E12.pdf
	0013F01.pdf
	0013F02.pdf
	0013F03.pdf
	0013F04.pdf
	0013F05.pdf
	0013F06.pdf
	0013F07.pdf
	0013F08.pdf
	0013F09.pdf
	0013F10.pdf
	0013F11.pdf
	0013F12.pdf
	0014A03.pdf
	0014A04.pdf
	0014A05.pdf
	0014A06.pdf
	0014A07.pdf
	0014A08.pdf
	0014A09.pdf
	0014A10.pdf
	0014A11.pdf
	0014A12.pdf
	0014B01.pdf
	0014B02.pdf
	0014B03.pdf
	0014B04.pdf
	0014B05.pdf
	0014B06.pdf
	0014B07.pdf
	0014B08.pdf
	0014B09.pdf
	0014B10.pdf
	0014B11.pdf
	0014B12.pdf
	0014C01.pdf

