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FOREWORD

This is the final report of a four-month extension of the Phase A Study of Alternate
Space Shuitle Concepts (NAS 8-26362) by the Lockheed Missiles & Space Company
(LMSC) for the National Aervonautics and Space Administration, George C. Marshall
Space Flight Center (MSFC). This study extension, which began on 1 July 1971,

was to study two-and-one-half stage, stage-and-one-half, and SRM interim booster
systems for the purpose of establishing feasibility, performance, costs, and schedules

for these system concepis.

The final report consists of three volumes {6 books) as follows:

Volume I -  Executive Summary
Volume I -  Concept Analysis and Definition
bart 1 - Q40A System
Part 2 - One-and-Ona-Half Staée System

Part 3 - SRM Booster
Part 4 - Avionics

Volume II -  Cost Analysis
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Sectlion 1
SUMMARY

INTRODUCTION

The objectives of the Alternate Avionics System Study were to evaluate Avionics Systera
alternatives and conceive an overall vehicle/ground system that (1) significantly reduces
total program cost and peak annual funding and (2) reduces the technological risk. Three
alternate systems were evaluated, and a baseline Avionics System which mects the study
objectives wasg selected. The major portion of this study report is devoted to this re~
commended baseline system; the alternates, which were evaluated hut nol sclected, are

_suminarized in the appendixes.

The study scope included the avionics subsystems onboa.rd‘the 040A Orbiter; the avionics
subsystems onhoard the recoverable pressure-~fed LOX/propane hallistic booster; the
electronics ground support equipment for direct support of flight avionics; and avionics-
related ground support for maintenance, launch, and mission operations. A 40 to 50
percent cost-growth allowance over the Mark I Orbiter avionics .nonrecurring costs

was used as a constraint in defining the Mark I Orbiter Avionics System.

This study approach emphasized a requirement for a functicnal analysis to establish the
basis for a minimum, safe, flyable system. Aifernate systems were defined for the
Mark I Orbiter after an initial estimate of major cost and risk factors. An extensive
compilation of developed availgble equipment was prepared for use in mechanizing the
alternate systems. Each alternate was defined in defail, and on the hasis of tradeoffs
of overall costs, risks, and system capability, the baseline system was selected. Also,
the projected Mark II Orbiter Avionics System configuration was considered in the
choice of the Mark I Avionics System baseline in order to ginplify the transition from
Mark T to Mark I

~ Preceding page blank
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avelopment costs, lechnological risks, and schedule risks were minimized by
extensive selection of eguipment already developed and/or demonstrated. Equipment
modifications were identified and costed as were qualification tests for those equip-
ment not environmentally protected aand not previously qualified jor the operational
environment. In a few cases, required equipment are presently being developed for
other applications in the 19721276 {ime period. Some equipment, such as thrust vector
control drive electronics or Attitude Control Propulsion System (ACPS) drive elec=
tronics, must be designed and developed for the specific application but will use

proven technigues and hardware elements.
RECOMMENDED BASELINE SYSTEM

The recommended Mark I Orbiter Avionics System baseline concept is illustrated in
Figs. 1-1 and 1-2. All eguipment required for safe return is dedicated and hardwired —
including displays and controls for crew information and control. The data manage-
ment subsystom (DMS) plus the programmeable displays and integrated control panels
are overiaid on the basic "safe system" to provide access to all subsystems and to
permit crew access to all information available o the data management computer.
Onboard checkout, fault-isolation, inflight performance monitoring, and redundancy
management are but some of the onboard capabilities provided by the DMS which
reduce dependence upon ground support. Manual override of the DMS and program-
mahle di.:splays ig available to the crew in addition to hardwired dedicated equipment
controls which may operate independently of the DMS subsystem. The data maﬁage—
ment computer, interfaces, programmable displays, and integrated control panels are
S-3A aircraft program-developed equipment that are presently being demonstrated as

t

an integrated system.

-
This haseline Avionics System configuration provides flexihility for growth to an
expanded Mark IT capability without a major change of system cenfiguration. The
functions assigned to the DMS computer may be increased to include subsystem
operational com;ﬁutations with either backup or primary responsibility as desired.
Onhoard mission planning, targeting, and onbhozrd mission operations support will
increase vehicle autonomy and reduce operations cost, therchy reducing total program

cost,

1 -4
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Some of the key characteristics of the baseline Avionics System are presented in

Fig. 1-3. The Guidance, Navigation, and Control (GN&C) subsystem provides auto-
matic and manual operating modes with manual override of automatic functions, The
dedicated guidance/navigation computer is digital and is identical to one-half of the
dual computer (S-3A Univac 1832) used in the DMS. Spacecraft orientation and trans-
lation control is affected via this computer, The flight coﬁtrol system employs L~1011
aircraft-type dedicated analog computers for primary flight control and for autopilot/
autoland capability. Stability augmentation is provided, and fly~by~-wire was selected

in preference to mechanical control cables.

The Controls and Displays (C&D) subsystem is configured to reduce crew workload
through display programming by providing data specific to mission phase only,
eliminating random caution and warning (C&W) annunciators, and having less random
instrument scan. Task allocations for horizontal flight {est indicate the need for a
third crewman to monitor subsystems, aid in checkout, and provide expanded engineer-
ing flight data to the pilot and copilof. For vertical test fiights and orbital operations,

a two~man crew can perform all defined manual tasks using the integrated control and

GHDANCE, MAVIGATION, ATTITUDE COMTROL DASPLAYS & CONTROLS

DEDICATED COMPUTER DUAL FILOT/COFILOT STATHONS
MeARUAL GVERRIDE OF AUTOMATIC . SAFETY OF FLIGHT: DIDICATED, HARDWIRED
AUTO/MANUAL TV AND RCS CONTROL _PROGRAMIAED DISPLAYS , .
RCS ENTRY COMTROL TO MACH 2 REQUCED CREW WORLLOAD
PHASED AGDITION OF SENSOR SUIT INCREASED CREW CAPABILITY
E ‘ REDUCED PAMEL AREA REQUIREMENTS
FLIGHT CONTROL SYSTEM ELECTRICAL PCOMWER
DEDICATED AMALOG COMPUTERS PRIMARY POWER
FLY-BY-ViRE MINI-TECHNOL 2000 MR FUEL CELL
SYARSLITY AUGMENTATION SYSTEM DEVELOPIENT
AUTGPFILOT/AUTOLAND AC GENERATOR SYSTEM
QUAD~REDUNDANT ALROSURFACE SAFETY-OF FLIGHT HARDWIRE INSTRUM
ORIVE/COMIROL AND CONTROL
FLIGHT DATA DISPLAYS RARDWIRE SOME DM CONTEOL ACCESS
COMMUNICATIONS & TRACKING INSTRUMENTATION
APOLLO BLOCK 1 FOR SPACE FLIGHT CRITICAL HARDWIRED
5-3A TYPL FOR ATC VRUCE NOM CRIICAL DMS-CONTROLELED
ALL NAVIG AiDS OFF~THE-STRLE {MULHPLEXED)
' DEVELOPK.INT FLIGHT INSTRUMENTATION
GVERLALD

DATA MANAGEMELIT

NOMN-FLSHT-CRITICAL

ABIUAL OVERUINE

ACCLSS TO ALL SUBSYSTEMS
OM-BEQALD COFE; B AIDS
FLEXIRILITY FOR JAARK (I GROWTH
SOFTWARE TEST BLD FOK MARK §L

noaLTe
Fig, 1-3 Baseline Mark T Avionics
. Key Characteristics
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display configuration. As in horizontal flight test, the vehicle is flyable from either
seat and critical controls and displays are duplicated at pilet/copilot main instrument

panels., Bzckup minimum flight-instruction displays are not CRT dependent.

Electrical! power generation, not strictly part of "avionics" but considered within the
scope of thig study, presents the only area in which a new development is required. -
The electrical power subsystem (EDPS) configuration for the orbital mission includes
(1) three Hz—oz‘fuel cells, rated at 8 kW continuous power, which provide FO/FS 28
Vde power for distribution to users; and (2) a centralized static 3-phage inverter
system, which provides 115 Vac power. Three 200/115 Vac generators, driven by
chemical-dynamic auxiliary power units (APUs), provide peak power for ascent phase
and atmeospheric flight operation of the propulsion systems. These generators also
power transformer-rectifier (T-R) units for horizontal development flight tests.
Installation of the fuel cells and their cryogenic storage system is phased for the first
orbital develepment flight test. The fuel cell is a new low-cost development providing
a 2000-hr lifetime for Mark I that is increased to 5000 hr for Mark II. The cryogenic
tankage for AAP is used with development completion for Mark I and minimum change
for Mark II. Power is distributed over a two bus system. Itis hardwired to the crew
stations for manual control and override of automatic control of the EP8. Automatic
control is provided by sehsors, circgit breaskers, equiprment controll‘ers, and the DMS

which interfaces with the EPS through subsystem interface units (SIUs).

The Data Management Subsysltem performs the major functions of checkout, fault isola~-
tion, and redundancy management as folldws. During prelaunch activities, orbiter
avionics is automatically checked out and fault isolated to the major replaceable unit

by the data management computer. Orbiter nonavionics and all booster systems are
checked out and fault isolated ¥y automatic GSE and manual inspection. Redundancy
management is manually initiated, except for {ime~critical items and unit internal
redundancy, which are automatic. Orbiter in-flight checkout and fault isolation {or
safety of flight items is by dedicated built-in test with caution and warning annunciators
and operational digplays. Orbiter avionics checkout and fault isolation is automatic;
nonavionic checkoul and fault isolation is accomplished by a combination of eperational

digplays with semiactomatic crew instructions. The checkout Fault igolation and
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redundancy management functions of the DMS and vehicle systems are periodically
validated via MCC until programmatic confidence is established to support complete
autonomy. Redundancy management is the same as during prelaunch, For accomplish-
ing hetween flight maintenance on vehicle systems, use is made of checkout, fault -
isolation, and redundancy management prelaunch capability, suppiemented hy discrete
GSE units for periodic test and calibration plus special software routines in the data

management computer.

The recommended Mark I Ovbiter Avionics Syster Baseline equipment block diagram
(See figure at end of this section) illustrates the major functional flow among subsystems
and ecuipment and identifies the program source for each equipment. The extensive
use of developed eguipment from aireraft and spacecraft programs reduces technological

risk and reduces program costs.

Software requirements were determined from development test, for orbiter vehicle
funections, and for direct support functions. The development test software includes
prog‘rams for integrated test, equipment simulation, and test data reduction plus utility
programs, and requires 270K words. The orbiter vehicle software includes 34K words
for guidance navigation and control plus 232K words for data management. The latter
consists of 127K words for system test programs (OBCOFI) and 105K words for oper-
ational pregrams including common control and services (33K), system management
aids (27K), and subsystem operations support (45K). Direct support software includes
launch checkout, preflight data insertion, MCC system library, simulation, syétem
generation, and data reduction for a total of 254K words. ~ The baseline system soft-

ware requirement iz thus 790K words.

Since the baseline equipment coifiguration employs the 8-3A computer and data manage-
ment technigues, the software also would be based on 5-3A developed software and would
use or would modify, to the extent apprepriate, the already existing S-3A programs.

Of course, additicnal soffware development will be required.

1-8
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ALTERNATE AVIONICS 8YSTEMS

Alternate avionics systems configured and evaluated but not selected zre illustrated in
Figs. 1-4 and 1-5., System Alternate A provides separate aireraft ard spacecraft
subsystems which are dedicated and hardwired. Controls and displays for aireraft and
spacecraft functions are provided at completely separate stations. The lack of onboard
checkout and fault isolation capability means that extensive mission operations support
from ground facilities is required. System Alternate B comhines aireraft and space~
craft dedicated and hardwired subsgystems into one set, eliminating overlapping fonc-
tional equipment. Manual controls and displays are combined at pilot and copilot
stations. An onboard checkout and fault isolation system, incorporating a data hus

for equipment test access, provides status, caution, and warning information to the ‘
crew, Dependence on mission operations support from the ground is reduced. 8ystem
Alternates A and B, when compared with the recommended baseline, are lower in
cost for onboard avionics, higher in total cost (flight avionics plus ground support),
have consziderably less capability, aud do not have the flexibility for easy growth to

Mark II capability.
MARK II AVIONICS

The baseline Mark I Orbiter Avionics System configuration can be applied direcily to the
Mark II Orbiter requirements, theveby minimizing changes and associated costs, and
providing flexibility of choice to the program insofar as the time of affecting a partial
or complete transition. Increased onboard capability, improved performance, and
improved equipment characterize the Mark II. Projected avionics changes to achieve
the Mark IT system are listed in Table 1-1. Reduced turnaround time of two weeks
requires more extensive onhoard checkout and fault isclation capability. The addition
of area navigation with a realztimﬁe programmable CRT display will permit observation
of orbiter position relative to o computed track and will reduce crew workload for
repetilive types of navigational tasks. The horizon sensor aned orbital altimeter may
be deleted if the Precision Ruanging System (onboard Mark I for rendezvous)is applied

to orbital navigation.
>
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Table 1-1

MARK IT AVIONICS CHANGES

Item

Changes

Subsystems
Guidance, Navigation,
and Confrol (GN&C)

Control and Display
Communicatiens & Tracking
Instrumentation

Flectrical Power

Data Management, Checloout,
Fault Isolation & Redundancy
Management (OFICM)

Software

Improve performance and quality of
equipment; nccuracy improvements
reduce ACIS, AV propetlant use and
reduces reentry dispersions.

Add area navigation/autoland CRT
display,

Improve performance and quality of
equipment,

Tmprove performance and quality of
equipmeant, :
Provide 5000 hour life fuel cell.
Improve performance and quality of
equipment,

Increase onboard COTFIRM for nearly

complete autonomy for both avionics
and non-avionics.

Performance of functional operations

-through software instead of hardware

could significantly increase mission
flexibility and decreasc change
reaction time,

Greater reliance on software in flight

controls and COFIRM will require
advanced management techniques,

Orbiter
Mark T Equipment Deletions
Tracking Satellite

On-Reard Mavigation, Data
Management and COFIRM
Improvements

Horizon sensor and orbit altimeter.
Used to sugment navigation.

Minimize dependence on ground
contrel and remote stations,

Safet»/Reliability

Improved guality of equipment will
increase probability of mission
success and enhance salety,

More autonomous {nult izolation and
redundancy mangemant will reduce
erew workiond and decroease correg-
tive action lime,
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k)ther changes to the Mark Il avionics subsystems are primarily for improvement of
performance and quality and the ability to withatand the space environments, These
improvements will reduce propellant loading requirements by providing greater
navigational accuracies and will reduce operational costs since fewer failures requiring

removal and replacement of equipment are expected.
BOOSTER AVIONICS

The interim recoverabie pressure~fed ballistic LOX/propane booster avionics require=
menis were estimated on the basis of previous experience, gince only sketchy informa-
tion was available to describe the booster or its subsystems. Those functions that

could be performed by the orbiter without overly complicating the interface with the
booster were not mechanized in the hooster to aveld duplication of equipment and
development costs., Thus, the guidance and control computations for composite vehicle
ascent are performed in the orbiter. An eguipment hlock diagram {or the booster avionics
is presented in Fig. 1-6. For this booster, which is unmanned and is not guided or
notively controlled after staging, orbiter/hooster avionics commonality is virtually

nonexistent.
COST

'The baseline Mark I Orbiter Avionics System total cost for a phased program was
determined to he $323. 3 million with a maximum peak annual cost of $78 million. The
estimated total cost for Mark I is $202.6 million, for a total program cost of

%525, 9 million.

1-12
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CONCLUSIONS

The recommended haseline Avionics System significantly reduces total program cost
and peak annual funding, and reduces technological risk, These prineipal study
objectives were achieved by extensive application of developed, proven equipment
from aircraft and spacecraft programs, Additional study is recommended to define
in more detail all subsystems of the baseline system. In pariicular, the application
of S-3A Avionics System techniques, equipment, and software plus modifications and
redesign of other equipment for compatibility with the S-3A checkout, fault isolation,
and inflight performance monitoring should he investigated. Interfaces among sub-
systems and equipment should be more precisely defined. Safetv/reliability siudies
should be performed to verify adeguacy of selected redundancy levels. A thorouch
packaging and installation study must be performed to determine impact on the crew
statien, on the environmental control system, and on access for maintenance. The
preparation of an avionics system management plan for design‘, development, test,

and integration is of primary importance.
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Section 2
SYSTEM CHARACTERISTICS

2.1 REQUIREMENTS AND GROUNDRULES

The requirements and groundrules for design of the Model L8 200-11 stage-and-one-
half system are nearly identical to these for the system using the Mark IT O40A
Qrbiter, except for configuration-peculiar requirements. The only exceptions to

applicable requirements reported in Part 1, Subsection 2.1 (for the Mark II O40A) are:

a. OMS propellants are fo he Hz/oo rather than storables.

b. OMS tankage is not to be limited to 1600 ft/sec cépabi}.ity if the delta-body
volume and tankage arrangement allows more.

The crossrange of 1100 nm iz fo a;ﬁply with 40, 000 1b payload and no ABES
aboard. (TPS is not to be increased to handle higher wing loading with
ABES on the resupply mission; rather, a less-severe trajectory with re-
duced crossrange is to he used.)

©

d. Avionics development is to follow the same sequence as ig appropriate for
the Mark I - Mark IT progression, rather than meeting Mark II capability
initially. Retrofit of Mark I type equipment in the operational vehicles is
to he implemented as it becomes avallable. '

The reason for use of the HZ/O,?, éjrstenl for the OMS is that this approach is most .
cost-effective for stage-and-one-half. No major development is required, since the
R1L-10 engine is used, and the relatively high on-orhit weight of a stage-and-one-hali
. orbiter would cause a significant penalfy with use of less efficient propellants, Also,
the delta-body configuration allows for sufficient volume to store the less dense H, /O2

propellants.
2.2 S8YSTEM CONTIGURATION

Figure 2-1 depicts the launch configuration of the Model L8 260-31 vehicle. The system

has heen designed by modification of Model LS 200-10 reported in detail in LMSC-A980142,
The driving purpose for modification has heen cost reduction, and the net resull of
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numitar of changes has heen weight inereases as summmarized in Subsecfion 1.2.
(Sce Tzble 1-1.)

The decrease in costs 1s the net result of many fairly small reductions, no one of

whick dominates. Of the ten changes which contribute most to cost reduction, fivc

increzse system weight, four decrease it, and the tenth causes no change in weight.

The tallowing flVL, changes result in system weight increases:

AL,

NS
e

o
]

Low-cost external fank design employving weld-bonding where feasible,
rather than fusion-welding, using a single bullhead between the 09 and
Ho fanks, and replacing the titanium thrust cone with a maraging steel
desighn.

Using an all-aluminum primary structure in the orhiter rather than
titanium in some arcas.

Lliminating titenium panels in the thermal protection system by using
insulation honded to the primarvy structure throughout.

Using storable propeilants for the attitude control propulsion system and
the aaxiliary power unit rather than H,) / 09 systems.

Using acionics system designs emploving available equipment.

2.9



LMSC-A895931
Vol I, PL 4

[Er

Section 2

ANALYSIS AND DISCUSSION

2.1-1
LOCKHEED MISSILES & SPACE COMPANY



PRECEDING PAGE BLANK NOT FILMED LMSC-A095831
Vol II, Pt 4

2.1 INTRODUCTION

2.1.1 Objectives and Scope

The chjectives of this study were to evaluate avionics system alternatives and to

conceive an overall vebicle/ground system that significantly reduces total program

cost, peak annual funding, and technological risk.

The study scope was established by the primary study guidelines and the contractor

tasks as defined by the statement of work for Modification No. 10, Coniract NAS8-26362.

The scope was modified and clarified by the NASA direction given to LMSC at the

midterm review on 7 October 1971, The resultant study scope is delineated below:

G

The orbiter vehicle is the 040A, and both Mark T and Mark II orbiters are
to be congidered. Orbiter nonavionics subsystems which interface with the
avionics system are therefore as identified for the O40A.

The hooster is the interim recoverable pressure-fed ballistic LOX/propane
booster. The extent to which avionics could be defined for this vehicle was
limited by the amount of vehicle and subsystem information available during
the time span of this study. '

The avionics system for the orbiter and booster includes the following where
required: (1) data processing; (2) displays and manual controls; (3) develop-
ment, test, and onboard software for the avionics system; (4} guidance,
navigation, and flight controls including actuators; (5) electronics ground
support equipment; (6) operational and development flight instrumentation;
(7 electrical power distribution, conditioning, and control; (8) signal and
electrical power wiring and shielding; (9) communications and navigational
aids; and (L0) power generation.

The supporting ground gystem includes avionics-related checkout/launch
operations support, mission operations support, and maintenan ce/refurhish-
ment sepport. Specifically excluded are facilities, facility equipment, and
facility personnel other than those reguired for the above support.

Poteniial orbiter/space station interfaces are outside the scope of this study.
Y

As defined by NASA, the orbiter/payload interface iz to consider a very
minirnat payload health status information display capabilily in the orbiter,
minimum orbiter avionies for deplovmeant and retrieval of payload, and
clecirical power from orbiter for pavload as follows: 3-KW average, § KW peak
nominally, but 500 watts average snd 800 watts peak during orbiter peak loads.
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e The mission model and program schedule are as defined in NASA Technical
Directive 3004. The phased program expendable booster schedule is con-
sidered to apply to the interim recoverable pressure-fed ballistic hooster.

o Rendezyvous and manual docking are considered to satisly the mission on-orbit
functional requirement for Mark L. : '

¢ In defining the Mark II avionics system, a 40 to 50 percent cost growth over
the Mark I avionics costs was allowable. (It was assumed that nonrecurring
cost was the basis for comparison.)

2.1.2 Approach

The basic study approach is depicted in the simplified flow diagram of Fig. 2.1-1.

The systemn functional requirements were identified for a representative Mark [ mission
{100 nm polar) which included rendezvous and manual docking., The mission was
divided intc phases, and the functional requirements for each on-board subsystem

were identified for each mission phase. In addition, the functions writhin each mission
phase were categorized as to their criticality for crew safety and for mission success.

Subsequently, types of equipment required to perform the various individaal functions

MARK |
AVIONICS COST
]

" COST AND
| RISK ANALYSIS J

TSl MARK 1
# COMFIGURE

“ SYSTEM

/ SELECT AVIONICS SYSTEM
ALTERNATES J-ioef  ALTERNATE BASELIME i 5
\ALB,C N SYSTEMS ‘/r
=, DELTA FOR
EVALUATE WFVF-UNMANMED
> FVEF- =
s LNMARNED # -
h Sul MARK !
" PROJECTED AVIONICS
FARK S :

CAYIOMNICS
DO5901

Fig. 2.1-1 Alternate Avionics Sysiems Siudy Flow
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were identified, and those required to effect safe return of the crew were designated
versus funetions and mission phases. This analysis provided the basis for a minimum-
redundancy fail-safe configuration of on~board equipment., The same {echnique was

used for horizontal flight functions, mission phases, and equipments.

In order to select meaningful alternate system configuration candidates (in addition

to the "separate aircraft/separate spacecraft functions” configuration described in the
statement of work) which would focus attention on major differences of on~board
functional capability versus required ground support, on major risk factors and on
major cogt factors, the individual subsystem functions were examined to determine
which, in fact, might be performed off the vehicle. The result was that onl}} functions
associated with checkout and fault isolation, data managoment, and position updating
were in this category. It also was recognized that on-board displays and manual
controls plus crew station arrangements have significant impact on overall system
eﬁecﬁveness. Three alternate systems were considered adeqguate to span the study
problem and to highlight major choices available to the system designer. The tradeoff
of on-hoard capability versus the extent of ground support was estimated to encompass

the major risk and cost facters.

The first system, Alternate A, consisted of separate sets of aircraft and spacecraft
subsystems which are functionally dedicated and are hardwired. Separate aircraft and
spacécraft crew stations are provided. The vehicle system is heavily dependent on
migsion support from the ground, since no on-board checkout and fault isolation system
is provided, and no data management system processes data to assist the crew in

decision making ¢r in performing routine functions.

The second system, Alternate B, contains one set of functionally dedicated and hard-
wired subsystems. Displays aitd manual controls for airceraft and spacecraft are com-
bined at crew stations, and aircraft and spacecraft displays may be i »rmingled on
any one panel. A passive monitoring on-board checkout and fault iso. .. ion system
employing a data bus for test access to hardwired subsystems provides status, caution,
and warning indications te the crew. Safety-of-flight items are still hardwired to panel
annunciators. Dependence on ground support for launch is the same as for Alternate A,

hut dependence on mission support from ihe ground is reduced.

2.1-5
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The third system, Alternate C, retains the feature of functionally dedicated and
hardwired subsystem equipments reguired for safety of flight but significantly increases
on~board system capability by adding a data management computer with communication
links to each subsystem or major equipment and to programmable displays and integrated
control panels which are alse added in this configuration. The crew has access o
information available to the data management computer and thus can more effectively
malke on-hoard decisions and be relieved of performing routine tasks. The crew can
override the data management system, reverting to the dedicated hardwired subsystems
{(and displays) for safety~of-flight functions. Improved on-board checkont and fault
isolation reduces the dependence on mission support from ground stations. This con-
fiscuration provides flexibility for growth to eventual Mark I capability. The points in
time at which increased capabilities (such as mission planning) are incorporated on-

board are options available to the Shuttle Program.

In order to configure the alternate systems by utilizing deve'loped, proven eguipments,

a significant effort was m:ide to compile information on applicable equipment from

both aireraft and spacecraft programs. Programs researchpci included $-3A, L~-10i1,
C-5A, C~141, Jetstar, NASA/STOL, Agena, Apollo, AAP, and Gemini. The minimum
redundancy level for fail-gafe, identified in the requirements analysis, was increased
on the basis of equipment reliability data, if available; if not av;ailable for specific
equipment, a judgment was made on the basis of similarity to known equipment or on
the basis of comparable complexity. This is recognized as an area requiring better
definition based on more complete data and extensive reliability analyses. For each
alternate system, equipment effectivity was identified for first horizohtal flight, first.
vertical flight manned (and unmanned}, and for Mark Il. Excluding displays and controls,
on-hoard checkout, and data management, the equipment for the three alternate systems
“was not significantly different,

5

s
\ =

Costs were compiled for the three alternate systems and an estimate of reduced groumd
support costs for Alternate B and Alternate C (versus Alternate A) was developed. The
Mark T baseline system was then selected on the basis of cost, capability, and flexibility
for growth to the Mark i configuration. Part C of this document is a brief Cost Summary
for the Baseline System. A more complete costing analysis is given in Volume I, Cost

Analyaia,
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The delta impact of performing the first vertical flight unmanned was determined on
the basis that, mamed or unmanned, the first vertical flight vehicle would have the
same complement of Mark I avionics on board. The additional requirements migue to
‘the unmanned vehicle were identified and additional hardware, software, horizontal
flight tests, and support in the form of simulation, chase plane modification, and
training of ground controllers were estimated. Cost and programmatic impacts were

ther identified,

The Mavk IT Orbiter avionics system projection was confined within a nonrecurring
cost growth allowance of 40 to 50 percent over the Mark I nonrecurring costs. Within
each subsystem area, desired improvements in performance and quality of equipment
were identified and cost estimates were prepared. Similarly, increased software
requirements corresponding primarily to an expanded vole for the dats management
system were estimated. A determination was then made that the desired additions
and improvements were within the allowable cost growth allowance. No general
allocation of funds was made for redesign of equipment to reduce weight and size or

for redesign to space enviroaments.

The interim reccoverable pressure~fed ballistie LOX/ propane booster avionics require-
ments were estimated on the hasis of previous experience, since only sketchy informa-
tion was available to describe the booster or its subsystems. Those functions which
could be performed by the orbiter without overly complicating the orbiter interface
booster were not mechanized in the booster so that duplication of equipment and

development costs could be avoided,

Aoty
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2.2 MARK I AVIONICS SYSTEM BASELINE

The overall vehicle/ground system addressed in this study consists of orbiter avionics,
booster avionics, and avionics-related ground sﬁpport for maintenance, for launch,

and for mission operations. The avionics system for the interim recoverable pressure-
fed ballistic LOX /propane booster is not a significant factor in determining the Mark I
orbiter avionics configuration, since orbiter/booster avionics commonality is minimal.
The booster avionics system is therefore treated separately (in Par. 2.6) of this

document.

The bascline system description in the following text includes orbiter subsystems,
electronies ground support equipment, and software for development, test, and
onboard functions. Ground support for maintenance, launch, and mission operations

is treated within the above frameworlk,

The baseline system concept is illustrated in Figs. 2.2-1 and 2.2-2. Safety-of-flight
and mission essential functions are performed by dedicated, hardwired subsystems,

including displays and controls for crew participation and control.

A tremendous increase in onboard capability and a consequent reductioh in dependence
on ground support is provided by incorporating a data management subsystem (DMS)
plus programmable displays and integrated control panels. The DMS accesses all
subsystems, provides the crew with information to assist decision-making, and
assists the crew by performing many routine functions, Manual override of the DMS
and programmable displays reverts the system to hardwired, dedicated equipment.
This configuration permits an evolutionary growth of onboard capability within the
Mark I {ime frame and the flexibility for growth fo Mark I capabhility without a major
change of system confliguration. Figure 2,3-3 illustrates the planned growth in

functional capability of the baseline Data Management subsystem.

2.2-1
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DATA MANAGEMENT SUBSYSTEM
i A
SURSY STEM CON-TROL FUNCTIONS
CREW SAFETY st
I
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Fig. 2.2-1 Mark I Orbiter Avionics System Concept
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Fig. 2.2-2 Mark [ Orbiter Avionics Bascline Recommendation
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Fig. 2,2-3 Data Management Functions Effectivity

2.2.1 Mark I Orbiter Avionics Subsystems

The functional requirements analysis (App‘en_dix zf;) was basic to the definition
of eguipment types for each subs;y‘stem and the minimum load of redundancy
was reguired for crew safely. An extensive search for aircraft and spacecraft
programs was made to compile information on developed, available equipment
of the types identified in the functional analysis, Appendix D summarizes the
baseline system equipment and some of its pertinent characteristics. Figure
2.2-4 highlights some of the key characteristics of the Mark I Orbitar

avionics gsubsystems. ey
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GUIDANCE , NAVIGATION, ATHTUDE CONTROL DISPLAYS & COMIROLS

DEDICATED COMPUTER BUAL PILOT/COPILOT STATIONS

MAMUAL OVERRIDE OF AUTOMATIC SAFETY OF FLIGHT, DEDICATED, HARDWIRED

AUTO/MANUAL TVC AND RCS COMNTROL PROGRAMMED DISPLAYS

RS ENTRY CONTROL TO MALH 2 REDUCED CREW WORKLOAD
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FLY-BY-WIRE MIRI-TECHNOL 2000 HR FUEL CELL

STARILITY AUGMENTATION SYSTEM DEVELOPRENT

AUTOPILOT/AUTOLAND AL GEMERATOR SYSTEM

QUAD-RECUNDANT AERQOSURFACE SAFETY~OF ~FLIGHT HARDWIRE INSTRUM

DRIVE/CONTROL AND CONTROL

FLIGHT DATA DISPLAYS HARDWIRE SOME M3 CONTROL ACCESS
COMMUMICATIONS & TRACKING [NSTRUMENTATIONN

APGLLO BLOCK 1L FOR SPACE FLIGHT CRITICAL: HARDWIRED

5-3A TYPE FOR ATC VOICE HOMN CRITICAL DMS-CONTROLLED
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ACCESS TO ALL SUBSYSTEMS
ON-3DARD COFI; B/M AIDS
FLEXIBILITY FOR MARK Il GROWTH
SOFTWARE TEST GED FOR MARK U

DOGRTTY

Fig. 2.2-4 Baseline Mark I Avionics Key Characteristics

2.2.1.1 Mark I Orbiter Guidance, Navigation, ad Control (GN&C). The Mark I

orbiter GN&C consists of a spacecraft section for operation during phases from
launch- through-reentry and atmospheric flight to Mach 2 and in an aireraft section
for orbiter operations at velocities below Mach 2. In selecting the baseline
configuration, two previously established key program objectives were major
drivers - minimization of: (1) technology risk, and (2) program. cost and peak
funding. These Mark I requirements can be best implemented by selecting
equipment and software that are now in production or that will bhe amply

flight~proven by mid 1873, i.e., in time for use on the orbiter vehicle. Figure 2,2-5

summarizes methods for eeting these cost and risk objectives.

2,2-4
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MINTMIZE TECHNOLOGY RISK

o ALL MAJOR COMPONENTS ARE (OR WILL BE BY 1973) WELL OEMONSTRATED,
i PRODUCTION HARDWARE.

o NEW COMPONENTS {INTERFACE EQUIPMENT) WILL USE EXISTING CIRCUITS
AND EQUIPMENT FROM CURRENT PROGRAMS SUCH AS APOLLO AND AGENA

o SOFTWARE TECHNIQUES, GENERATION, AND VALIDATION WILL USE TECHNOLOGY
DEVELOPED AND FLOWN ON AGENA G&N ARD OTHER PROGRAMS

MINIMIZE COST

¢ NEW DEVELOPMENT MINIMIZED
e CHANGES TOEXISTING EQUIPMENT ONLY WHEN ABSOLUTELY MANDATORY
e SELECTION OF COMPARABLE EQUIPKMENT BASED UM DEMONSTRATED LOW COST -

& USE OF MULTIPURPOSE EQUIPMENT TO REDUCE GUARTITY, MAIRTAINING
REDUKDANCY

0 PEAK FUNDING REDUCED DY DELAYING NEW DEVELOPRAINT

DOSR4T )

Fig. 2.2-5 Meeting GN&C Objectives

Exceptions to GN&C technical requirements® evolved where conflicts appeared with
cost and technical risk requirements and where NASA specifically requested technical
deviation, Specific deviations affecting the configuration are:**

o Mark II Syvstem and Orbiter. No specific redundancy requirement,

Contractor to determine and recommend desired level.

¢ Markl? Syste'm and Orbiter. Polar orkit pavload (25K lh desired; 10K miﬁ).
- Turnaround time relaxed to one month.

¢ DBooster. Reusable LOX/RP ¥-1 booster. (This requirement subseguently

deleted at mid-texin review and changed to ballistic interim water

recoverable booster, yFrE¥

* Ref NASA MSC-04075, Rev. B, "Functional and Performance Reguirements
Specification, Space Shuttle Aviontces, Orbiter", dated 10 May 1971

## Ref. Techniczl Directive No. 20083

w3k Mid-term Review, 7 Qctober 1971, Rye Canyon, Calil
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Additionally, the automatic docking requiremenis were deleted at mid-term review,
and LMSC was notified that the reference to space stations no longer applied, Key
technical requirements for configuration definition and methods of implementation

are shown in Fig. 2, 2-6.

Under the minimum cost and technology rizk ground rule, the first horizontal test
flight vehicle (FTV-1)*¥#** will use only aircralt type GN&C equipment. Space flight
type GN&C equipment initially will be instatlcd in the first vertical ﬂ'ight test
vehicle (FTV-2); the full set of equipment will be installed in thé first operational
(Mark T) vehicle,

Figure 2. 2-7 is an overview of the program schedule for the Mark T and Mark 11
vehicles.. Additional details of required specific equipment and levels of redundancy

for test and operational vehicles are discusscd in the following sections,

sk okok ok
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Fig. 2.2-6 Orbiter Spacecraft GN&C Koy Neguirements Implementation
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2.2.1.1.1 Aircraft Flight Controls. The baseline Mark I orbiter flight control

system consists of dedicated analog sensors, computers, servo-actuators, command
displays, and includes provisions for interfacing with the data management computer. .
This computer is programmed to assess system status, provide BITE stimuli, and
colleet and process data for the integrated cockpit CRT displays. Flight control
equipment is hardwired, redundant, and operationally independent of the daia
management computer. The flight control system functions encompass provisions
for: manual aero-surface control using side arm controllers and rudder pedals;
automatic stability augmentation; automatic surface trim throughout reentry (to

aid the ACPS); manual control of speed brakes and airbreathing engine throtties;

and autopilot operationg for all atmospheric operations from Mach 2 tl1fough

automatic landing,

Primary Flight Control System (PFCS). Manual aero-surface control and

stability augmentation features have been integrated into a common hardware
computer grouping. This baseline subsystem is depicted schematically in

Fig. 2.2-8. The Primary Flight Control System (PFCS) utilizes pitch, roll,

and yaw rates; lateral and normal accelerations; side-arm controller positions;

and rudder pedal position signals obtained from sensors located in an environmentally-
protected avionics rack area and pilot and copilot manual input controllers. These
signals are used to control dual tandem servoactuators serv ing as inputs to the
surface power unit manual control valve manifold. The servoactusator inputs

are mechanically added in series with automatic trim actuator inputs to

control the surface actuators. The servo loop is closed by a mechanical

feedback arm to the manual control valve.

The PFCS is engaged in each of the three axes for operation by depressing a
control panel switch; this panel also provides logic and switching to engage the
emergency controls in the event of catastrophic multiple PFCS failures.
Disengagement of the PFCS is accomplished by either manual or automatic

means, aad indicated on the cockpit annunicator display panel.

2,2-7
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System mechanization is aimed at fail operational /Tail operational/fail-safe operation,
Tfor a combination of any two system malfunctions, the system will operate at
“original gain and authority. Subsequent malfunctions result in unsatisfactory,
degraded system performance., Malfunctions resull in the system heing

automatically configured for access by the data management computer during flight
time-noneritical portions for isolation of improperly operating channels. During
time-critical flight phases, detection of catastrophic PFCS failures automatically
places the system in emergency control on the affected axis, provided that the pilot
has armed the system on the PFCS control panel.

A single PFCS failure is indicated to the data management computer but does

not activate panel warning lights in the cockpit; system status can be addressed

by the pilot during any phase of the mission. A second parallel axis fault is

indicated by illumination of an indicator strip on the ammunciator panel in the

cockpit and is addressed to the data management computer, This light notifies

the pilot that subsequent faults in the affected axis of control will degrade performance,
allowing him to arm system logic for automatically switching te the emergency

control mode, Alternatively, the pilot may address the data management computer
and perform end-to-end tests to determine remaining system capabilities.

PFCS redundancy management logic is disseminated in the PFCS computers,

thus preventing any single fault in the logic or prime power sources from
inhibiting the redundancy management function, System checkout is accomplished
by the data management computer supplying the necessary stimuli and
determining the degree of system readiness, PICS hardware alse is amenable

to other design and operational alternatives; however, the present discussionis
only concerncd with the baseline approach. Hardware selected is basically
off-the-shelf L-1011 equipment which is modified in logic and control law

implementation for the space shuttle application.
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The hardware consists of the following major off-the-shelf components {(excluding wiring
and installation provisions): '
o P/N §72300-1-1, Rate Gyro (Pitch, Roll, Yaw), Four/Axis, Pertinent
characteristics include: '
Range - %20 deg/sec
Threshold - 0, 01 deg/sec
Natural Frequency - 20 Hz undamped
Output - Phase Reversing 400 Hz ac voltage
o P/N 872301-101, Lateral Accelerometer, (4). Pertinent characteristics
include: '
Range - =20p
Resolution - 0.0002 g
Break Frequency - Firsi Order - 20 Hz
o P/N 672302-101 Normal Accelerometer, (4}, Pertinent characteristics
are identical to latersl accelerometer
o P/N 672293-101, Computer Unit, (Six: 4 elevon, 2 rudder); Pertinent
characteristics include:
Independent computation channels ~ two /unit
Majority voting - guadruplex voting
Two or three layer printed circuit boards
Multi-layer side plane board _
Fault isolation monitor annunicators on computer front pancl
GSE test connectors on front of unit
© Isolated channel wiring within the unit
Growth provisions on each card
a8 AYN-5, Central Air Data Computer, (2). Pertinent characteristics
include: .
Altitude Accuracy - + (12,5 ft + 1 ££/1000 ft,) to 50, 000 ft
Altitude rate accuracy ~ = 4% to + 4, 000 ft/min, '
IAS - % 5 knots to 500 knots

Built-in interface with data management computer,
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o P/N 697660, PFCS Servo, (Ten: 8 elevon, 2 rudder). Pertinent

charneteristies include:

Dual Independent Servo Loops
Dual Independent Hydraulic Systems
Break Frequency - As Desired
Maximum Rate - As Desired
o P/N [.16~-81-1, Trim Actuator, (Ten: 8 elevon, 2 rudder). Pertinent

charncteristies inciude:
Linear Screw Jack Actuator
Lightweight
28 VDC Motor

The PFCS provides three-axis stability augmentation functions including rate damping
and turn coovdination. Although the "SAS Off" vehicle flying qualities at nresent are
incompletely defined and the control laws are in preliminary development stages,
enough analysla has been done on the basic (Alternate Concept) study to establish that

SAS is required in at least the lateral axis.
The PFCS pilot control loop for elevons and rudder control employ inputs from central
air data compulers to schedule gain changes and provide load limiting during the

high Mach number aerodynamic portions of flight.

Emergency }?light Controls. Emergency means of flying the vehicle after catastrophic

failures within the PFCS are provided in the orbiter aircraft flight control system. The
" econcept for the system is simple and highly reliable. It consists of powering trim
ac{;uatoré off {solated battery Busses through the standard trim switches on the side
ai*m controlicr for pitch and roll, and rudder trim pot on the P_FCS control panel.
During normaul operating conditions the trim actuator driving voltage is modulated,
according to flight conditions, to schedule trim rates. When the emergency controls
are activated by the pilot, this modulator is removed from the circuit and the pilot

"fligs trim” wilh the actuators providing maximum trim rates.

The emergeney controls can be activated on an axis-by-axis basis by pilot selection on

the PFCS control panel, Alternatively, the PFCS system can be armed hy the pilot at
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any time throughout the flight and the emergency controls will be automatically engaged
and annunciated to the pilot upon PFCS failure. Rigorous simulation/evaluation of pilot
and trim control compatibility must be conducted before system performance capability
is verified. Most jet power aircraft today are flown primarily by means of the trim

systems. The XV-4B ajrcraft also was flown in simulation primarily using the 'beep"

trim system. This is the simplest approach to em_ergency controls,

Speed Brake and Airbreathing Engine Throttle Control,

For poweréd approach and

landing the orbiter speed control system, in conjunction with the GN&C computer,

determines the characteristics of the descent trajectory required to achieve a low

approach path angle.

Speed is controlled through automatic adjustment of the engine

throttle. For unpowered flight, velocity reduction must be made before initiation of

final glide, soon after the "engine thrust not available* decision point.

For this condi~

tion, the speed control system automatically operates the speed brakes to control

rate of orbiter energy dissipation so that the correct residual energy remains for

heading alignment turn, flare, final glide and touchdown.

and the speed brakes can be operated mannally by the crew.

Both

the engine throttles

The block diagram of

the speed hrake and engine control system is shown in Fig, 2.2-9.
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Fig. 2.2-9 Orbiter Aircraft Automatic Speed Control
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cable runs from each handle to the upper pair speed brake servos and lower pair of
speed brake sefvos, respectively. Each actuator has geries electrohydraulic valves,
controlled by a simple asymmetry system patterped after an aircraft spoiler or flap
system. However, instead of shutiing down the system when asymmetry is defected,
the error signal is used to equalize panel deflections. A mechanization of this type
allows control functioning in the presence of a fault in the sygtemn, which is highly
desired for a system upon which the crew depends so heavily during reentry. The
electrohydraulic valve inputs afford easy access to speed brake control for automatic
approaches made dead-stick. The series input, therefore, is used by the speed control

computer during automatic approach and landing for automatic energy management.

The speed brake controls interface with the data management computer to provide
status information on system health. The interface is also used to isolate failures to
the replaceable unit.

Each engine fuel controller is displaced by a separate rotary servo actuator actuaﬁed
electrically from an independent throlile level on the pilot and copilot throtile guadrants.,
The system is basically non-redundant; however, the fact that the MTRBF for the gystem
is substantially better than that of the engine, coupled with the fact that the loss of an
engine will not cause loss of control, provides the rationale for single-channel operation.
Similar controls are used by the AH~56 Cheyenne,

Autopilot Control Modes. The approach being taken toward the use of automatic con~

trols is to take maximum advantage of the proven L~1011 hardware to provide maximum
sysﬁem capability for a relatively small increase in total system cost. Therefore,

Mark I Orbiter incorporates an autoland ﬁinction capable of automatic approach and ‘
landing through roliout after the ianding guidance beam is captured. The L-1011 gystem
is an integrated autopilot/ﬂighisidirector gystem, so the pilot plave the role of overall
system manager and works in conjunction with the autoland fault detection/correction

logic, improving system integrity throughout the approach and landing.

The system consists of dual-dual analog computation channelg for pitch and roll
steering comroand generation and dual analog compuiation channels for speed control.

.The system interfaces with dual radsr aliimeters, dual scanning heam ILS receivers,
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dual control air data computers, the digital guidance computer in the spacecraft GN&C,
program flight director and HSI displays, communication and control panels, and the
PFCS computers as well as the data management computer, A block diagram of the

autopilot is shown in Fig. 2.2~10.

The autopilot/flight ciirecbor systein (APFDS) is fail-operative, since for any single
failure its performance is not degraded and it operates with same authority and gains.
It is fail-safe in that subseguent faults involving system integrity cause the system to be
automatically disengaged. The fault and/or disengaged status is processed by the data

management computer and displayed on hardwired anmunciators in the cockpit.

The APFDS receives checkout stimuli from the data management computer for system
integrity listing prior to deorbit. These stimuli are interchecked with dual switcheg

on the PIFCS control panel to prevent inadvertent testing during initial phases of flight.
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Fig. 2.2-10 Orbiter Aircraft Autcpilot System
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In peneral, the L-1011 hardware will be used intact and unmodified whenever possible
to eliminate interface problems; however, S-3A hardware will be used where particular
benefit is derived from the built-in data management system interface, since the
orbiter DMS is basically the $-3A system. The autoland control laws will have to be
modified to account for the steeper approach glide paths, higher speeds, and different
flare altitude. The impact of these developments is relatively minor and will not

significantly affect overall program costs nor historically demonstrated capability.

2,2.1.1.2 Spacecraft Guidance, Navigation, and Control. The orbiter spacecraft

guidance, navigation, and control system navigates, steers, maneuvers, and stabilizes
the Space Shuttie from launch through reentry down to a velocity of Mach 2. - During
launch the orbiter provides guidance to the compoaitb orbiter-booster vehicle and
subsequently to reentry below Mach 2 speeds. The spacecraft GN&C system provides
inertial navigation backup to the aircraft flight controls and terminal navigation

cperations.

A Vsingle thread" GN&C system consists of an inertial measurement unit (IMU) to
provide inertial acceleration and attitude information; a digital computer to perform the
computations required for navigation, guidance, and control; a star tracker to align

the IMU in orbit; a horizon sensor and radar altimeter (together with the star tracker)
to provide position, altitude, and velocity measurements for navigation; a precigion
ranging ‘system to provide range and range rate information for rendezvous with a
cooperative target; and attitude control propulsion system (ACPS} and thrust vector
control (TVC) electronics to provide the control laws and equation solution for steering,
maneuvering, and attitude stabilization.

The system interfaces with th_e‘ aircraft primary flight control system (PFCS), obtaining
rate data from its rate gyros; ﬂa‘ie booster, providing thrust vector control and caleulating
the booster engine burn AV required; data management subsystem, whose digital computer
acts a3 a back-up to tho GN&C computer; displays and control subsystem, which displays
orbital attitude, velocity, position, and other information for crew use; communication
and fracking subsystem, through which the ground confrol of the vehicle GN&C functions
can be achieved; and the vehicle instrumentation and electrical power subsystems (EPS).

Figure 2.2-11 is a simplified block diagram of the orbiter spacecraft GN&C system.

2,215
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Fig. 2.2-11 Orbiter Spacecralf CN&C System

GN&C Tunctional Operations. Prior fo lauvnch, the inertial navigation plaiform is

aligned using the gravity vector for platform leveling and gyro-compassing to establish
azimuth. During or belore this period, gyro drift, misalignment, scale factor biases,
and accelerometer hiases and scale {actor errors are measurcd, and stored in the
GN&C computfer for calibration purposes. Star tracker, horizon sensor, orhit altimeter
and precision ranging system biases, as measured at the equipment suppliers facilities
(if determined to be stable), are also included in the program. During this phase, any

last-minute changes to mission planning will be loaded into the computer.

During the launch and ascent phase, the orbiter GN&C system will provide the boostef
with steering commands to kee;;‘ft on course relative to ils programmed trajectory and
will provide engine "on" and "off"' discretes to keep maximum acceleration below 3 g,
The acceleration information can he obfained either from the accelerometers in the IMU
or from the longitudinsl asircerafl flight control accelerometer. Rate information used

for control damping is derived from {he aireraff flight control rate gyros.
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Accelerétion during hooster engine burn, ds detected by. the IMU acc-elerbmeters, is
infegrated in the computer and corrected with the IMU calibration data to provide
inertial velocity. The velocity information is integrated once more with corrections
included for the gravity effects, and the initial conditions added to obtain inertial
positien. When the required staging velocity is achieved, the GN&C computer sends an
engine shutdown discrete to the booster engines and the separation sequence is initiated,
After slaging, the velocity and position information stored in the computer is used to
perform the targeting for orbit injection.

The GN&C computer provides the orbiter engines with an "o discrete and subsequently
controls maximum acceleration fo +3.0g in the same manner as it did for tiie booster:
Guidance is provided during orbiter engine burn through the IMU acceleration and
attitude data and trajectory calculations. When the computations indicate that the

- degired altitude and velocity have been achieved by the orbiter, the computer sends an

engine "off" discrete.

During coast periods in orbit, the MU accelerometers will be disabled to prevent noise
or hiases from contaminating the inertial information stored in the computer. Position,

attitude, and velocity update during coast will be performed.

The star tracker, horizon sensor, orbit altimeter, and inertial nﬁeasurement unit (for
attitude angle) will provide the independent measurements required during orbit coast.
These measurements are used for the determination of the state variables through the
Kalman filter in the digital computer. This function is performed as shown in

Fig. 2.2-12.

During the orhiter engine hurmperiod, the estimate of the state vectors will be con-
tinuously updated deterministically by integrating acceleration as measured by the IMU
and adding the initial conditions to get velocity and integrating once more to get position.
Data obtained during ground calibration (gyro misalignment, gyro drifts, accelerometer
hiases, etc) will be used in the computations to increase the accuracy of the results.

The resulting information (estimated position and velocity) will be stored in the computer

to be used for initialization when the next orbital update is rveguired,

2.2~17 -



LMSC-A995931
Vol IT, Pt 4

ST T TRAman oo

MEASUREMENT

VARIANCES AMD
PROJECTION  foemtzg GOVARIANCE

GEOMLTRY VECTORS EXTRAPOLATION

T

HORIZON | LOS TO MEASURE MENT
SEMSOR EARTH 1 MAATRIY

RADIC
ALTIMETER
(OPTIONAL}

ALTITUDE

STATE VECTOR
FOR GUIDANCE

|
I
f
f
!
|
WELGHTING E AND MAVIGATION
VECTOR ’

L_INERTIALTATT!TUDE |
GYRO
TORGHIN
INTFRFIAL QUING MEASUREMENT COASTING
MEASTIRI KL NT - N s INTLGRATION

PREDICTION

UNIT ROUTINE
| GIMBAL ATTITUDE
AMGLES

DETERMINATION

STAR LOS 10
TRACKER | ct1ap
T GIMAL
COMMAND
FOSITION

EEXaEs
Fig. 2.2-12 On-Orhit and Attitude Determination

For rendezvous with the cooperative target, the precision ranging system is used to
obtain navigation information. Through the use of a transmitter/receiver/ interrogator
on. the orbiter and a compatible transponder on the target vehicle, distance to the target
and relative velocity are measured, Use of three or more transmitter/receiver
antennas on the orbiter, located some 50 feet apart, allows the determination of the

ling-of-sight (LOS) to the target through phase dif;ferences and triangulation.

The range, range rate, and LOS angle data are processed in the GN&C computer to
detormine the orbital plane aud _B‘hase change, engine burn attitude, and velocity
changes required. With the tal'géting completed, the applicable commands are given
for vehicle orientation and start of engine burn. The subsequent steering is performed
Ly the computer frbm acceleration and attitude information is obtained from the IMU

accelerometers and gimbal readouts, respectively,
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When the desired position and velocity, relative to the target, are achieved the GN&C
computer turns the orbiter engines off. The crew selects the degired attitude stabiliza-
tion mode (free inertial, horizon sensor control to local vertical, or target tracking)

and prepares for manual control of the orbiter for docking.

Manual control of the orbiter attitude and translation are achieved through the use of
a set of controllers, one for rotation and the other for translation, which actuate the
ACPS thrusters. The control mode is primarily acceleration for transtation and rate
for rotation. Controls are provided for both the pilot and co~pilot although a third
station (with appropriate controller and displays), with a view locking through the
cockpit window in generally the aft direction, may be required if docking is to be done
through the payload bay.

Débrbit and reentry- operaiions begin with an update of position, velocity, and attitude.
Targeting for desired reentry footprint and retrograde burn initiation point and orbiter
orientation are determined in the computer. The sequence is initiated manually and
apbropriata maneuvers are automaticallj' periormed to orient the vehicle in the desired
direction. The engines are ignited and attitude is controlled by the computer and the
IMU to maintain the desired trajectory. When the computed position and velocity are
achieved, the engines are turned off, with attitude control being maintained by sensing
angle-of-attach, slip and yaw angles through the IMU accelerometers (with corrections
for local gravity affects), and correcting the errors through the ACPS. The IMU gimbal

angles will also be used to indicate deviations from the reference trajectory.

When the vehicle exits the "blackout" regime (at about 150,000 feet) vehicle altitude
will be updated using the orbit altimeter and the required trajectories to a number of
alternate landing sites will betomputed. The point in the trajectory where the controls
will be handed off to the asrosurfaces will also be calculated. The crew will select the
landing site and initiate the automatic control for the terminal phase. Acceleration and
attitude data from the IMU will be used to fly the nominal trajectory with information
from TACAN, available if needed. When the hand-off poinﬁ is reached, the aircraft
flight control system takes over with some pericd of overlap hefore the ACPS gystem

‘is turned off. The aircraft flight control system is described in par. 2,2, 1.1.1,
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GN&C Equipment.  The study requirement to minimize program costs and techng-

Jogical risk immediately eliminated many system concepts and equipment from
consideration, on the hasis of early development status. Equipment such as the
dodecahedron inertial measurement unit, and concepts such as land mark trackers

for orbital navigational update, could not be considered seriously bécauso of produc~
ticn status in the {ime period 1972 through 1977 when the equipment would be required
for the Mark I vehiele. Prior to start of Mark II developinent, each of these and other
areas presently being demonstrated in the laboratory should be re-evaluated to deter -

mine if potential technical advantages warrant cost and risks involved.
Further discussion of GN&C equipment follows, in paragraphs a. through f.

a, Mnertial Measurement Unif. In the inertial meagsurement area, the Carougel IV

IMU was chosen, primarily because of its low cost ($110K compared to the Honeywell
. Inertial Senseor cost of $300K) and its demonstrated (in aircraft) capability compared
to the Carousel VB or the dodecahedron, neither of which are in production at this
time. Two factors remain o be resolved and could have a bearing on the final IMU
selection. These are: (1) the possible modification required to the Carcugel IV unit
to allow operation in the ascent and space environment, and (2) whether the attitude
(gimbal) angular readout accuracies of 0.2 deg (0 to 10 deg rangej, 0.5 deg (10 to
30 deg range} and 1.0 deg (30 to 180 deg range) are adequale for space shuttle use.
Both of these concerns would he resolved if the Honeywell Strapdown Inertial Sensor
Assembly is used, since the unil is space—qualified and the attitude readout resolution
is better than (.1 minute of arc.

Some of the key characteristics of the Carousel IV IMU and the Honeywell ISA aré
shown in Tahle 2.2-1. The Carousel VB, which is to be developed for the Titan IIC,
has performance characterisf:‘if;s similar to the Carousel IV and would cost about the

same ($110K) but would use only about one-third the power.

h. Digital Computer. The Univac 1832 general purpose computer was selected as the

GN&C computer to perform the ascent and space flight guidance and navigational func-

tions and computations., The Sperry-Rand unit was chosen for this application bhecause
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Parameter

Deleco Carousel IV

{(Used With 11448)

Honeywell ISA

Performance
Gyro

Non-G-Sensitive Drift (10} 0.1°/hr 0. Ig/hr
G-Sensitive Drift (1o} 0.12 /hr/Gz 0.2" /hr/G 5
G-Sensitive Drift (1g) 0.003%r/G 0.05°/hr /G
Accelerometer 5 -5
Bias Stability 20x 107° G 10x 107° G
Scale Factor Stability 350 PPM 100 PPM
Power
Warmup 1200 W 220 W
Operate 400 W 125 W
Waight 53 Ih. 38 1b

Developed (used on which
program) :

Boeing 747

Airforce Agena P711

When Qualified — Mid 1971
Quantity Built/Flown ~ 6/1
Cost
Modification and Requal $1.0M (LMSC Estimate) $0
Per Tnit $110K $300K

of the advantages inherent in using the same computer in both the GN&C and data

management systems (DMS). The DMS unit which has a dual processor and dual

memory stack (65K words) will operate as a2 backup to the single processor, single-

memory stack (82K words) GN&C unit.

It will operate in parallel with the GN&C

unit duving Dight, performing simultaneous computations but will be functionally off-

line until cerarnanded through the data management system to functionally replace the

GN&C computer. The use of the same compuler in GN&C and the DMS will reduce the

iotal software generafion and validation elfort because the identical program will be uged

in both units,
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Other computers investigated during the study were the Deleco Magic 362, CDC
Alpha-1, CDC 469, and GE CP-24A, IBM 47 units. All of these remain strong
candidates for future consideration because of the weight, power, and hardware cost
advantages. Table 2.2-2 gives some of the key characteristics of the compulers

considered.

¢. Orbital Initialization and Update Sensors.  For alignment of the IMU in orbit,

the star tracker was selected because of its accuracy. Other methods which could be
used with the equipment already available on the vehicle would be to align the IMU in
two axes through the establishment of the local vertical using the horizon sensor and
fixing the third axis using the precision ranging system with a eround transponder, or
the gyro compassing technique. The latter method takes advantage of the dynamic
coupling between the roll and yaw axes inherent in an earth-orbiting vehicle which is
kept loeally horizontal. The roll rate error is used to correct for cut-of-orhital plane
yvaw errors. The star tracker sele‘cted was the Bendix Apollo Telescope Mount (ATM)
unit, being developed for the Skylab program. Otner units considered were the Liften
LTN 300 unit developed for the FB-111 airplane, and the Kollsman K 199 which was
being developed for the Manned Orbiting Laboratory. The reason for the selection of
the RBendix unit is that it is being developed for, and will be qualified to operate in,
long-term space use. It_ can be used with little or no change for the shuttle application.
The Kollsman unit requires additional development and testing, and the Litton unit might

have to be repackaged to withstand the lengthy space operation,

Table 2.2-3 shows a comparison of the three candidate systems.

The method selected for orbital update was to determine inertial position by establish-
iﬁg the line-of-sight (LOS) angles between two or more stars and the local vertical
and distance from the center of earth. '

The same star tracker required for IMU alignment is used to determine the star LOS,

4 horizon sensor is used to establish the local vertical, and a radar altimeter is used

to determine altitude.

.
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Memary Time Cycle
Word Length | Add Multiply No. Of T
Candidate (Bits) {t~sec) Instructions
CDC 32 1.0 184 Land
Alpha -1 2.0 Homd
7.0 Bo
ieEs
R
IBM 32 2.5 61 DROG
41X CP 5.0
18.1
CDC 469 32 1.6 44 RA
2.4 NDE
10.4 Plat:
(Y
Cptit
GECP- 24 1,00 53 RA
24A 3.75 RDR
30.56 W
Delco 16 2.0 44 RA
Magic ' 4.0 DRC
362 12.0 Cors
Univac 32 0.75 131 RA
1832 3.00 DRC
9.00 NDEF
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Y
Support
o Software Dev/Qual
o MTBF Availability Status 1Weight| Power Remarks
sheg 16,000 hry | All Software In Production, |44 1b | 330 W
St Predicted | Support Program | Qualified to (32k)
Available, MIL-~E~5400,
Crent, Run On CDC 6400, | Class 2
REVEES 1} CDC 3300
. XDS Signal 7
fegt 5,158 hr | Software Available,{ In Production, |65 Ib 250 W | Liquid Coolant
“vient, Run on IBM 360 Qualified to (32k)
h MIL-E~B400
Class 2
R 8,000 hr | Assembler 3 Prototypes 6.5 1b 15w No Active Cooling
sement | Predicted | Simulator Produced {32k Required
Available,
FORTRAN IV
Compatible With
CDC 6600
12,000 hr | Assembler One Engineer—~ {35 1b 35 W | No Active Cooling
o Tt Predicted | Simulator (Regis- |ing Model Pro- Required
Leogic), Test and duced, Qual
Diagnostic Routine,| Test Scheduled
Utility Routines, for 2nd Quarter
Library Roulines 1872
A 5,000 hr | Assembler Basic First Proto- 25 1b 114 W | Air Cooled
eeveion | Predicted | Compiler type Scheduled {(32k)
(IBM 370) Dec, 1971
-Simulator in De-
velopment
Automatic Check-
out for Program .j
validation -
i 1% 000 hr | ULTRA Macro In Production [1261b § 600 W+ Air Cooled
Tl Assembler (32k)
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Table 2.2-3
ORBITER STAR TRACKER COMPARISON
Bendix \
Parameter Apollo Telescope ijéttgog% K;ggs’lg’; n
Mount (ATM)

Performance

Accuracy 30 sec 15 sec 15 sec

Field of View %'00 2.0 1.0

Gimbal Range +80° Quter, 60" Outer, 4559

+30" Inner +£757 Inner

Star Magnitude - - -
Reliability (MTBTF) 5,000 hr 400 hr 12,000 hr
Power 25 W 20 W 23 W -

. Tracker 39 1h .62 1b 35 1b
Weight Electronics 28 1h 28 I 35 1b
Developed for Which Program Skylabh FB 1il1 MOL
Development Status

When Qualified Nov 1871 June, 1971 Late 1870

Number Built 5] 109 1

Number Flown 0 90-95 Units 0
Cost LMSC Est. | LMSC Est.

Development 0 $1. 0M $1.0M

Per Unit (Order of 10) $250K $200K $200K

The horizon sensor selected wag the Barnes 13-166 conical scan system, which uses
a thermistor bolometer to locate the earth horizon along the sensor scan path by
differentiating between the ea:t_t.j,;_h and space infrared energy levels. This system has
heen qualified to space environments and a number of systems have flown on earth-

orbiting missions exceeding 30 days.

The 13-166 design uses the same basic concepts, the identical electronie circuits,
scan motor, and bearings as the Model 13-156, which has flown with great success on
over 100 Agena space misgsions., The 13-166 model can be used for the shuttle without

any change in basic desgign,
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Other candidate systems investigated were the Quantic Model IV and the Lockheed Low
Altitude Horizon Sensor. These two systems were eliminated from consideration he-
cause of their early development status (neither have been qualified), although the

attitude accuracy of both systems should be significantly better than the Barnes systemi,

Tahle 2.2-4 shows & comparison of some of the key features of the three sensors

investigated.

The orbit altimeter selected was the GE 7631 111 G1 system heing developed for the
Skylab program. In the few weeks of the study, no other source in industry with a

system approzching the capability of the GE unit could be found. From discussions

with General Electric, apparently all shuttle requirements can be met without modiflica-
tion. Other suppliers contacted were Westinghouse and Teledyne/Ryan. Both of these
suppliers had developed test systems for the early Saturn launches; however, considerabl

development would be required by both to upgrade these systems.

Other methods of determining altitude were investigated and two of these will be used
as hackup methods for the shuttle. These are: (1) using the horizon-fo-horizon
angle measurement taken by the horizon sensor, and (2) using the range and line-of-
sight measurements taken with the precision ranging,system on the vehicle and a
ground transponder.

The reason that the orbit altimeter was chosen over the horizon sensor is that the
accuracy of its measurement {(over ocean) is within two meters compared to the 1 to
2 miles aceuracy of the horizon sensor at an altitude of 100 miles. The reason the
altimeter was selected over the precision ranging system (PRS) was that the PRS,
capable of measuring altitudes beyond 200 miles, is still in the development stage,
although expected to be in pro’gﬁctio n within 5 to 10 vears. Also, even for earth orbits
helow 200 miles, ground transponders within reach of the on‘l;bard interrogater would
be required during measurement. If transponders are available for other usage, such
as for orbital update and landing, the PRS would be a strong candidate to replace the

orhit altimeter,

2.2-26
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Table 2.2-4

ORBITER HORIZON SENSOR COMPARISON

Barnes Quantic LMSC
Parameter 13-166 Mod IV Low Alt Horizon Sensor
Periormance
Accuracy Classified +0.05 deg £9.05 deg
Horizon Variation Effects +0.10 deg +0.06 deg +0.06 deg
Altitude Range 80—400 mn 80— 25K nm 80 —400 nm
Acquizition Ragge £ 12 deg +140 deg (400 nm) +15 deg
Control Range + 10 deg +20 deg (300 nm) +5 deg

Cutput Type

| Reliability

Power
Weight

Dimensions (in.) Tracker
(LXWXH or LXDIA) Electronics

Developed for Which Program
Development Status

When Qualified

Number Built

Number Flown
Cost

Development -
Per Unit (Order of 10}

Analog 1 volt/deg

10.942 (30 Days)

Z5W
251

5.1x 4.8 Dia (2 each)
11,1 x 8.5 x 3.2

AF Agena

Cct 1971

Prototype, Qual and
2 Flight
¢]

$100K

Digital 14-Bit Serial
Analog and 1 volt/deg

0.9999 (6 Months)
20W

18 b
8-1/2 x 5x 5 (4 each)
10 x 8 x 4

Partial Prototype

$1.4M
$200K

Digital 16-Bit Serial

0.977 (30 Days)
20W
20 1b

Tx6x5 (4each)
Not required

Partial Prototype

$1.0M
$ 80K

¥ 1d “H 10A

186566V -D5IN'T
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d. Rendezvous Sensor.

system (PRS),

For rendezvous navigation, the Cubic precision ranging

microwave radar and laser radar were considered. Table 2.2-5 gives
some of the characteristics of laser and microwave radar characteristics and Table 2. 2-6

liste characteristics of the precision ranging system.

Table 2,.2-5
RENDEZVOUS SENSOR CHARACTERISTICS

Laser (Coop)

Radar (Coop)

Search Angles
Range, Max.

Range Rate, Max,

Accur acy
Range Rate
Range Rate

T i - . | —~
103 Angles

LOS Angles Rate

O
+15

75 nm
10,000 n/sec

+0.5%
+1 m/sec

LN N9 dcg

A A

£0, 003 deg/sec

+90° x 90°
400 nm
4900 ft/sec

> 50 nm 0. 1%
<50 nm +£80 ft
+1.0 ft/sec

1, 1 deg

Shuttle 7.5 in. diax 17 in. lg. (cyl} | 28x 8x 5 in,
and electronic

Size 6x 12 x 12 in.

Weight 24 1b 75 Ib

Power

Consumption 20 watts 250 walts

Xmtr., 0.5 in. dia
Rec. 2-3 in. dia

Antenna Aperture
24 in. dia

-

Space Station

Size 4 in. dia 12x 7.5x 6 in,
Weight 2 15 14.5 b

Power

Consumption N/A 75 watts
Antenna Aperture | N/A 4 in, diz

2.2-28
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Table 2.2-6

CUBIC MODEL CR 100-4 PRECISION RANGING SYSTEM {ORBIT MODE)

LMSC-A985931
Vol II, Pt 4

Error Source lg Magnitude
Random Error
Ranging Error Due to Finite Signal-to-Noise Ratio and
Equipment Added Noise 1.0 ft
Phase Shift Over Dynamic Range of Ranging Operations 1.0 i
Phase Shift With Temperature Qver Operating Environment 1.0 ft
Phase Shift of Interrogator Due to Vibration, Shock and .
G-Loading Negligible
System Error Due to Craft Dynamics (25, 000 ft/sec) and _
1000 ft/sec? 0.2 1t
Multipath Ervor in Ground-to-Air Range Links 3.0 ft
Digitization Error | 0.3 ft
RSS Total 3.5 ft
Bias Error
Calibration (Equipment) 1.0 ft
Scale Factor :
Stahility of Crystal Oseillators 0.1 ppm
Uncertainty in Velocity of Flight . ‘ 0.5 ppm
Propagation
N Approximation 50.0 ppm
End Point Correction 10.0 ppm
Electrical Characteristics
Carrier Frequency _ _
Transmitied Power L-or S-Band
. Ca s 12 watts
Receiver Sensitivity .
Medivm Range and Rate Mode -119 dhm
Long Range and Rate Mode =125 dhm
Range Rate Only s -131 dbm
Power Consumption '
Interrogator 120 watts
Transpoander
Standby 7 watts
Transmit 80 watts
MTBF
Interrogator 2300
Transponder 7404

2.2-29.
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The laser radar was considered a strong candidate because of its accuracy, low weight,
and low power, butwas considered a limited use device compared to the multipurpose
PRS because of the potential hazard to the eyesight of unprotected crew members on the
target vehicle (conventional radar is also of limited use and was discarded for this

same reason and because of its higher power reguirements),

The system chosen (PRS} is a range and range rate measuring device using phase
comparison between the transmitted signal and the signal returned from a transpoender
for range determination and the doppler effect to determine range rate. Figure 2.2-13
ldescribes the basic technique of determining distance. Three antennas, located at
different points on the orbiter, can be used to determine direction to the target through

phase differences and {riangulation.

K7\\J\}\)\)\}' ((((((:7

] TRANSMITTER : ' " | TRANSPONDER

RECEIVER
Ic k —o
REFERENCE .
OSCILLATOR
Lt

Al 4

R~At~4¢ COMPUTER

Fig. 2.2-13 Phase Comparison Ranging
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An advanced version of the PRS can also be used for orbit update and as a navigation

aid for landing. For orbit update, position and velocity can be obtained through the

use of one interrogator on the vehicle and one transponder on the ground at a precisely
known location. Direction to the ground transponder can be obtained by using the same
three antennas used for rendezvous, The ambiguity in orientation about the direction
vector to the ground transponder can be resolved through a single star sighting or by
using the horizon sensor to control to the loeal vertical. For landing, range and range
rate can be obtained through the use of one or more transponders at the landing site

and altitude and vertical velocity can be obtained through triangulation with three or more
transponders on the ground near the landing strip, These same landing sit_e transponders
can be used for the orbital update if they fall within range of the interrogator on the
orbiter during orhit passes.

Cubic has in production for the Air Force the Model CR 100-1 (CIRIS) unit, which has

a limited range of 200 miles. This model could be used unchanged for rendezvous and
landing purposes but would not be adequate for orbital update, Since the primary use

of the PRS is for rendezvous, with it being used as backup to conventicnal 115

(horizontal test {lights) or the micrcwave scanning beam (vertical fiights) for landing,

it is proposed that the existing limited range model CR 100-1 he used on the early

Mark I vehicles and the longer range CR 100-4 model be incorporated when that system
hecomes available. Table 2.2-7 lists the expecied errors when PRS is used for approach

and landing navigation,

e. Attitude Contro! Propulsion System (ACPS) and Thrust Vector Control (TVC)

Electronies. The ACPS and TVC elecironics used on the orbiter will be similar to

those used with great success on more recent Agena and other Lockheed space programs.
- The same depth of technology developed in the electronic and packaging design, parts
application, and materials and.processes selection areas for these programs will be

applied to the orbiter electronics.

LOCHHEERED MISSILES & SPACE COMPANY



Table 2.2-7
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MODEL CR 100-4 RANGE AND RANGE RATE ERROR BUDGET

(APPROACH AND LANDING MODE)

, Pt 4

Error Source

1g Magnitude

Range

Random Error
Ranging Error Due t¢ Finite Signal-to-Noise Ratio and

Eguipment Added Noise 0.3 ft
Phase Shift Over Dynamic Range of Ranging Operations 0.5 1t
Phase Bhift of Interrogator Due to Vibration, Shock and
g-Loading Negligible
System Error Due to Craft Dynamics (2000 ft/sec) and
1000 ft/sec™? 0.2 ft
Multipath Error in Ground-to-Air Range Links 3 cos ¢ ft
Digitization Error 0.3 1t
RSS Total (3 cos $)° + (0.7)° M7
!
where ¢ = elevation angle
Bias Error
Calibration (Equipment) 1.0 ft
Phasc Bhift With Temperature 0.5 ft
Scale Factor
Stabilily of Crystal Oscillators 0.1 ppm
Uncertainty in Velocity of Light , 0.5 ppm
Propagation
N Approximation 5.0 ppm
End Point Correction 10.0 ppm
Range Rate
Velocity Independent '
Rate Error Due to Finite Signal-to-Noise Ratio and Equipment
Added Noise 9 0.0 ft/sec
System Error Due to Crafl Dynamics, a = 1000 ft/sec 0.001 ft/sec
Digitization Error 0.014 ft/sec
Multipath » 0.01  ft/sec
RSS Total 0.02 ft/sec
Velocity Dependent
Stability of Crystal Oscillator 1 ppm
Uneertainty in Velocity of Light 0.5 ppm
Propagation ‘
N Approximation 50.0 ppm
Ind Point Correction 16.0 ppm
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The ACPS electronics for the orbiter performs much the same functious as the
electronics used on the Air Force P467 program to drive the monopropellant (hydrazine)
thrusters on this large space vehicle. The main differences hetiveen the two applications
are that the P467 electronics drive 8 thrusters and the orbiter electronics must drive
a total of 32 thrusters; and that the logic involved in thruster selection for the shuttle
vehicle will be significantly more complex because of the number of thrusters and the
inferaction between translation and rotation created by the lack of pure couples.
Figure 2.2-14 shows the combinations of thrusters required for rotational and trans-

lational contrel. Figure 2.2-15 shows a typical ACPS electronics channel.

The TVC electronics for the orhiter is similar to that used for the P110 Air Force
Agena Program and will derive most of its eircuit and packaging techniques from that
unit. The same basic circuits were used previously on the Agena target vehicle for the
Gemini program. Figure 2.2-16 shows the signal phasing associated with gimballing

the four engines and Fig. 2.2-17 is a block diagram of the Orbiter TVC electronics.

THRUSTER ENGINE TRANS ROTATION

GROUP | QUANTITY [ T YT Z [ 3 1 ¢ | @
i 2 + | =+ 4+
2 3 + -,
3 Sz . -y - -
4 3 - :
5 -3 - +
6 2 P |+ -
7 3 + +
B 2 -1 - +
) 3 o -
i * M _ THRUSTER GROUP
" 3 oA sl 4 ASSIGNMENTS
17 3 0 i -

32 TOTAL
DohT22

Fig, 2.2-14 ACPS Thruster Matrix
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Fig. 2.2-15 Typical ACPS Drive Electroniecs (X Translation and Yaw Forzizion)

Pasc
EXTEMD ATTITUDE PHASING
ACTUATOR P - p o
14 - -
Y - + j
2FP + + J
Y - -
3P + - Yaie YAE;’,,
ki d + +
47 - +
Ay + - : Pre Proe
-
DOR248

Fig. 2.2-18  Orbiter TVC Phasing
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Fig. 2.2-17 Orhiter TVC Electronics

f. Equipment Summary.

is shown in Table 2.2-8, together with the part numyer, weights, presen't or planned

usage and the quantity reduired by program phase.

LOCKHEED MISSILES &

SPACE

A list of the orhifer spacecraft GN&C system equipment

COMPANY
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ORBITER SPACECRATFT GN&C EQUIPMENT

Tahle 2.2-8

_ QUANTITY/LFFCCTIVETY

EQUIPMENT PART WEIGHT PRISENT MARK |
MO, FER EACH | OR PLANNED MARK 1t
USAGE FIIF FVFM FVFUN | OPER
CARQUSEL IV 5318 747 2 2 3
PNTZRIAL REFERENCE UNIT CAROUSEL VD Seie ;\lggm ' ,
HOMNEYWELL 448 ag Lb 7
DIGITAL COMPUTER UNIVAC 1832 126 LB $-3A 1 1 ) 1
£
5TAR TRACKER BENDIX ATM 77 LB SKYLAS 2 2
BARNES 13-166 25 LB AGENA 2
FHORIZON SENSOR .8}9/\?\”](: MOD Y igls —
! 2
LMSC LAHS fO LB —
_ GE 763013161 4518 SKYLAB 2 2 3
DEBIT ALTIMETER DIRIVATIVE OF
ABOVE UNIT 40 L& GEOS 3
RENDEZ. A i . CURIC CF 1001 P "
ENDEZ. AND LANDING DME (FRS) | S00er Yooy 25 L8 — 2
MANN ENGINE GIMRAL SERVC
(TVC) ACTUATOR PKG MOOG 5618, SIVE 8 8 8 8
) ) CSIMILAR TO AGEMNA 3
™C ELECTRONICS P110 A0 LB AGENA 8 CHANNILS 3 3 3 -
TVC ELECTRONICS EACH
SIMILAR TO AF EACH HAS 3 3 3
ACPS ELECTRONICS PAG7 ACPS 018 P44&7 ACPS DEVERS FOR | o
ELECTRONICS 12 ENGINIS
SUDSYSTEM INTLRFACE UNITS 5518 MNEW 3 3 3 a
TOTAL — Y 22 30 30

Fid I I0A
186SH6YV- D8I
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2.2.1,2 Communications, Tracking, and Navigational Aids, The communications

subsystem for the Mark I orbiter (Fig. 2.2-18) comprises the equipment necessary
for data and voice up-link and down-link, erew intercom system, and recovery

heacon for all phases of shuttle operations,

For atmospheric flight operations (horizontal flight test, ferry, and approach and
landing following reentry), standard aireraft UHF voice communications is provided
through the UHTF t{ransceivers, antenna switch, and combination UHF/S-band
scimitar-noteh (SCIN) antennas. Voice utilizes the 5-3A audio panel and is switched
through the panel controls and the 8-3A communications SIU {o the UHF transceivers.
Use of the VHT beacon applies primarily to atmospheric flight test vehicle recovery

operations,

Spacecraft Communications, For exoatmospheric voice communications, the

Apollo S-band equipment (premodulation processor, unifield S-band equipment,
S-band power amplifier, and antenna switch, and the combination antennas) are
utilized, Voice again utilizes the audio panel and communieation SIU for proper

switching,

Aiveraft/Spacecraft Communications, Telemetry (PCM and FM) utilizes the

S-band equipment for hoth aircraft and spacecraft applications to transmit develop-
mental and operational instrumentation data, as well as coded data from the data
management system. Crew intercommunication equipment is contained in the audio

panel for beth applications,

Equipment Selection, All equipment is selected based on existing spacecraft and

aircraft applications when high reliability has been proven for voice data and
command communication. The S-band equipment is Apollo-proven and the UHF
audio and interface equipnient is from the 5-3A aireraft, A complete list of equip-

ment is given in Appendix D,

The Apollo unified S-band eguipment combines voice and data communication,

fraeking, ranging, and telemetry on a single (vest) freguency of 2272.5 £, 455 MHz,

2.2-37
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The VHF recovery beacon transmitter frequency is 243 MHz with 30 percent
modulation with a 1000 Hz square wave, which is keyed on two out of five seconds

on a cyclic basis.

The UHF equipment is tuncd through the communication SIU to the selected channel,
The antennas are placed on the upper and lower surfaces of the orbiter to give full
360-deg coverage. FEach is a notched scimitar type to givé excellent efficiency on
both S-band and UHF frequencies, The antenna placement is shown in Fig, 2.2-19.
The Apcllo equipment is internally redundant on a modular hasis and requires no
external duplication of equipment., The UHT equipment is not internally redundant

but is highly reliable; therefore, dual redundance is considered adequats.

Tactical Air Communication and Navigation (TACAN) System., TACAN systems

provide the pilot and co-pilot with bearing and distance indications to selected
ground TACAN stations, Audio tone identification (Morse code) of the selected
ground stations is provided to the pilot and co-pilot headphones through the orbiter
interphone system. In addition, the pilot and co-pilot may select and fly courses
about the sclected ground stations by following deviation indications on their HSIs.
The pilot 1I8I will indicate how far the orbiter is away from a preselected course as
well as indicate the position of the ground station from the aircraft, Bearing
indications up to 360 degrees is indicated on "HSIs with distance up to 300 nautical
miles being indicated on the same indicators. The orbiter is equipped with two

compléte and independent TACAN systems whose components are located as féliows:*

Two RT units, located in avionics equipment bays

Two antennas, located on the bottom fuselage

o e o

Two antennas, located on the upper fuselage

Q

Two control panels, located on the center console.

i
s,

*Each system contains three circeuit hreakers (C/Bs); a 28-Vde, a 115-Vac and a
26-Vac, all of which are located on the C/B panel.
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The control panel contains controls for pilot operation of the system. Control
functions are as follows:
¢ The knob marked VOL controls the audio volume level of the identification
' tone.

o The MODE switch allows selection of 126 channels in "X' mode and an
additional 126 channels in "Y" mode when the suriace beacons gain this
capahility.

o The TENS knob controls the first two digits and the units knob controls the
- last digit in the channel indication window,

o The indicator displays channels 1 through 126,

o TOP or BOTTOM antenna can he selected manually or automatically by
the ANT switch.

o 'The center control switch controls off-on power and reciever-transmitter
functions. Transmitter ranges of 70~200 and 300 nautical miles can be
selected.

o The TEST switch energizes BIT circuits in the RT unit that automically
checks the status of the system,

e GO/NO-GO lights indicate system status,

o Reference to the fault indicators or the RT unit locates the fault to a
particular unit, i,e., RT unit, confrol panel.

Range, bearing, course deviation, and validity, are displayed on the pilot's and
co-pilot's 18I when selected on the integrated navigation display selector, A
desired course, referenced to magnetic heading, is set-in by the COURSE SET
knob.' This course is displayed in the COURSE window and by the course arrow,
The deviation bar indicates deviation of the orbiter left or right of this desired

course, Deviation signals are switehed through the flight director computer (FDC),

The bhearing pointer, outside the compass card, indicates bearing to the selected
TACAN station, Distance to the station is displayed in the MILES window; the
window is also masked when range information is invalid., The TO-FROM indicator
points "to'" the head of the cour¥e arrow when the selected course is within 90
degrees of the bearing to the station as indicated by the beaving pointer, The
TO-FROM indicator points "from" the head of the course arrow when the selected
course is more than 90 degrees from the bearing to the station, as indicated by

the bearing pointer,
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‘The receiver~transmitter performs the major functions of transmitting and receiving
coded RF pulse pairs and single RF pulses, decoding the received pulses to recover
bearing and range infermation, and performing bearing and range computations.
Transmission and reception of signals is accomplished over & common antenna
system (nbt part of the navigational set). The antenna system consists of two
antennas that are switched at a 0. I~cps rate when the antenna selector switch is set
for automatic operation and the system is not locked in ra.ﬁge or bearing. The

signal for switching antennas is developed by the receiver-transmitter,

TACAN units were selected as navigation aids for their huilt-in compatibility with the
data management computer through the navigation data repeater and converter., This
interface conveys system status and display information, The former is processed
in the GPDC and the latter in the navigation data repeater and converter (NDRC) for
selection by the pilot/co-pilot on the navigation display selectors,

Instrument Landing System (IL8). Provisions were made in the orbiter avionics

for conventional instrument landing system (ILS) receivers as a navigation aid for
horizontal ferry flights and for use throughout the initial phases of horizontal flight

test. Several allernatives to the conventional ILS were investigated including:

o Autonomous Radar Approach Systems
® Precision Ranging Systems

o Microwave Landing Guidance Systems

The conventional ILS approach wag adopted initially for the following reasons:

© The autonomous radar approach requires a radome of significant size and
associated equipment of sufficient cost and eomplexity to rule them out on
the bhasis of the cost and weight of the equipment, the software additions,
the redundancy required, projected against reliabilities, and system
development costs. The C~54 is the only aircraft planned to implement-
this automatic mode. There are operational requirements on the C-5A
requiring it to land without ground aids. TFor this concept to hold true the

onhoard radar system must have exceptional resolution to '"see' the end of
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the runway. The C-5A system now uses corner reflectors on the runway
end for accurate radar approach calculations. For the shuttie application

this approach was considered outside the realm of off-the -shelf philosophy.

¢ The precision ranging system approach requires the terminal facility to have
at least three geometrically positioned transponder stations. These are at
present Jocated at no facilities to our knowledge. The cubic 100-4 is not _
presently in production. The positions of the airports across the CONUS, which
can expect a shuttle visit are unknown at this tin:;e, s0 pricing the ground station
costs would be indeterminate. At present the PRS is projected for spacecralt-
{ype operation, requiring an antenna on top behind the coecipit arca. Iis use as
a landing aid would require an additional antenna mounted on the bottom of the
orbiter. This reguirement, in addition {o the added cosis for redundancy and
traﬁsponder stations, makes it an unattractive aliernate. In addition, there
has been no previous development on such a landing aid and it would therefore

require extensive development (which violates the off-the-shelf principle).

e The microwave landing guidance system (MLGS) is the most atiractive alter-
native, but has the fundamental drawback of disuse throughout the National
Landing System. To be of use, numbers of ground stations would be necessary
throughout the CONUS, at all selected sites for shuttle recovery. There is
also no consensus on the FAA's part for a preferred MLGS. Studies are under
way now on this and it is presently estimated that the MLGS will be operational

within the next 10 years in the United States.

A survey of existing and planned landing guidance systems was completed at GELAC,

in conjunction with RTCA SC-117 committee activities, and if points out that several
development models for a microwave landing guidance system (MLGS) are available

for use. These include the Honeywell STATE, LFE PAALS, Bell SPN-42, AIL AILS,
ALL C-SCAN, and the AIL SHORSCAN systems. Any one of these systems is capable of
multiputh guidance: however, none have been throughly tested against the requirement

for the microwave landing guidance system {MLGS) preferred by the RTCA.
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In the absence of a-readily available alternative, ILS receivers meeting the requirements.
of ARINC Characteristic 578 were chosen for the initial horizontal flight tests. To

prove the high glideslope power-off autoland prier to FVF, inclusion of a development
model MLGS at a selected ground facility, e.g., Edwards AFE would be recommended,
based on trade study results evaluating several candidate systems against SC~117 committee
reqguirements. As soon as they become available, the production MLGS should be in-

corporated in the shuttle and at all prime and aliernate ground facilities.
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2.2.1,3 Electrical Power. The orbﬁer elecirical power subsystem (ET'S) consigts
of twﬁ elemnents: (1) power generation and (2) power distribution, including condi~
tioning and control. Power is generated {o provide vehicle average loads, peak loads,
and the total mission energy requirement, EPS design requirements and the approach
to the phased development of the Mark I orbiter are described below. The groundrules
for the ©PS design are listed in Table 2.2-9.

2.2.1.3,1 Power Reguirements, Inifial Mazk I shuttle fest flights will consist of

horizontal atmospherie flights and subsequently lead to vertical flights into orbit. The
horizontal flight avionics requirements are less than for orbifal flight; hence only
aircraft subsystems are planned for use in crder to reduce annual costs. The aircraft
EPS configuration selection depends on the spacecraft orbital requirements and the
orhital EPS configuration.

User power requirements are summarized in Fig. 2.2-20 for a 7-day orhital mission
and include a payload power reguirement provided by NASA for the LMSC Alternate
Avionics System Study. While payload powes requirements have not been well
established, a design that anticipates the payload power requirement is of interest.
This requirement is defined as 3 kW average, 6 kW peak for periods of orbiter low
power requirements and 500 W average, 800 W peak Tor periods of orbiter high power
requirements, The spikes in Fig. 2.2-20 indicate worst-on-worst additions of peak

power Tequirements.

Tahble 2.2-10 shows average power requirements of the major users for horizontal
flight and orbital misstons. Aircrafl subsystems and airbreathing engine fuel booster
pumps are major power users during atmospheric flight. Spacecraft subsystems and
pumps for circulating main rocket engine cryogenic propellants are major powelr users
during launch and ascent phases of shuttle operation. On orbit, spacecraft subsystemns
and the payload are the major powei‘ ugsers, The lower portion of Table 2,2-10 shows
total electrical energy required for three different missions. The 12-hv and 7-day

missions include pavlcad power reguirements described above.
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_ _ Tahle 2.2-9
ELECTRICAL POWER SUBSYSTEM DESIGN GROUNDRULES

o Emphasize low-cost minimum technelogy design

o First horizontal flight may omit spacecraft equipment required only
for orbital flight :

o FO/TS design not required
o Take maximum use of existing spacecraft and aireraft gquipment

o Control environment of aircraft equipment that is used in the
orbiter

o Minimize extent of required equipment design modification or
development

o Select Mark I design for ease of growth to Mark II design

o Mark I development not to be over 50 percent more in cost than
Mark I
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Fig, 2.2-20 User Blectrical Power Requirement Summary - 040A Orbiter
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Table #.2-10
ELECTRICAL POWER S/ ZEYSTEN REQUIREMENTS

ORBITAL FUGHT
HORIZGHTAL LALMCH ORBIY APPROALH
POWER USERS FLIGHT ArdD ASTENT OFERATIONS AND LANDING
AIRCRAFT SUBSYSTEMS | LA 5 KW
ABES FUEL COQSTER PUMPS B 0 Rw
ROCEET EMNGINE PROPELLANT
CIRCULATION FOLLOWING
LOADING 4.5k
SPACECRAFY SURSYSTEMS & KW 4 KW
FAYLOAD KW
FAISSION ENERGY
3 HR HORIZONTAL FLIGKT 42 KW-HR
C 12 MR ORBITAL PAYLOAD LALRNCH 102 W -HR
7 DAY LOGISTICS T4 K=t

2.2.1.3.2 Aircraft EPS. TFigure 2,2-27 shows the aircraft EPS configuration for the

first Mark I Orbiter horizontal {light. The power generation subsystem is composed of
three 200/115 Vac spray oil-cooled gencrutors, driven directly by three auxiliary power
units (APUs) which also drive hydraulic piumps for aero-control surface movements.
Generator speed is maintained within 5 j:rcent of the nominal 12,000 rpm, and they
are not operated in parallel. One generntor will support the total load requirement, and
switching to replace failed units is employed.  Two 10 amp-hour NiCd batteries are

provided for emergency EPS control powor when generators are not running.

‘The power distribution, conditioning, and ¢ontrol subsystem includes generator control
units that provide generator prétection, control, and voltage regulation. Three-phase,
four-wire ac power is supplied to the ac ye-nerator distribution unit, which distributes
power to the airbreathing engine fuel boonter pumps and three transformer-rectifier
(TR) units rated at 200 amps each. The ' units supply 28 Vde power to the main de

distributien unit which, in turn, distributes power to the power distribution units

throughout the vehicle, One TR unit ean sipport the vehicle load. Four static three-phase
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Fig. 2.2-21 Electrical Power Subsystem Schematic — Aircraft

115 Vac, inverters supply centralized conditioned ac power to the inverter ac distri-
bution unit for avionics users. The units do not operate in parallel, and one unit in
each set of two is required to support the load,

Distribution units for de, inverter ac, and generator ac power contain contactors and
cireuit hreakers that are controlled by hardwires and uzed fo connect power sources
and conditioning equipment to buses and to protect buges from distribution system and
user faults. Reverse current relays are contained in these units to protect fuel cells
-and transformer rectifiers. Sensing devices are also located in the distribution units
to automatically switch defective equipment off buses and place backup equipment on
buses.

it

R

Two redundant buses each are used for de distribution, inverter ac distribution, and
gencrator ac distribution systems. Subsystem Interface Unit (SIU) interfaces indicated

in Fig. 2.2-21 will be located in one 81U forward and one SIU 2% to handle combined
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power generation and power distribution, conditioning, and control subsystems. Since
the EPS functions are safety critical, most of the controls and instrumentation will be
hardwired to the crew stations for manual override of automatic contrcls. The data |
management subsystem will provide selected EP3 sequencing and configuration changing
functions, using EPS software inputs and the SIU interface with the EPS control com-
ponents. Operational instrumentation will be vsed by the data management subsystem

to provide redundancy management for selected ED’S components.

2.2.1.3.3 Spacecraft EPS. The spacecraft EPS is desigued to meet increased

requirements of orbital flight by the addition of equipment to the horizontal flight con-
figuration. As shown in Fig. 2.2-22 , three H2—02 fuel cells with reactant tankage are
added to the horizontal flight EPS configuration fo provide a lightweight primary power
source for the shuftle orbital mission. Three fuel cells provide 28 Vdc power to the
orhiter from prior to liftoff to the completion of the landing phase. Each fuel cell is
rated at 8 kW continuous power. A fuel cell can provide up to 100-percent overload
power for short periods and, thus, fuel cell fail opevational/fail safe cdpability is
provided. The cryogenic tankage provides supercritical storage of the Ho and O.2

reactants in a dual set of tanks that will provide fail safe capability for the 7-day shuttle

mission, e [AC GEN
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Fig. 2.2-22 Tirst Vertical th,ht EPS - Mark 1 Orbiter
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The high average power requirements shown in Fig. 2.2-20 at the begining and end

of the orbital mission were previously identified with: (1) main rocket engine

propellant circulation (four J-28 HZ—O2 engines) from propellant leading to orbiter
ignition, and (2) airbreathing engine fuel booster pump operation during orbiter

landing operation, Rather than sizing the fuel cells for these high average requirements,
the ac generators on the Auxiliary Power Units (APUs) are used to supply these loads.
The APUs are operated during the short booster phase to assure readiness for orbifer
rocket engine gimhalling., The APU operation during appreoach and landing is similar

to that for the horizontal flight test program.

Transformer ;Rectifier (TR} units used in the aireraft EPS are not used in the orbital
missions, but remain in the spacecraft EPS for ferry missions. The orbiter ferry
mission is accomplished by using the main de distribution gystem to provide power to
much of the same equipment uged in entry and landing phases of the orhital mission,

To conserve the available operating life of the fuel cells, tﬁe ac generators on the APUs
are used to supply energy to the TRs which convert ac to de and supply the main de
power distribution system. The APUs are 'running diaring the ferry mission to provide

hydraulic power and to drive the ac generator for jet engine fuel booster pump operation.
Use of inverters, power distribution units, and buses ig the same as in the aircraft
EPS. The interfaces with hardwired displays and controls and with the data manage-

ment subsystem are increased to include the fuel cells and cryogenic storage system.

2.2.1.3.4 EPS Eguipment Selections.  Alternate approaches and rationale for

selection of major EPS equipment'are summarized in Tahle 2. 2-11.,
Fuel Cell. A new design fuel cell was selected over the startup of the 1.4 kW Apollo
fuel cell module program. Af®similar cost hetween the fwo candidates, a new low cost-

minimum technology 2000-hr-life, 8-kW fuel cell module can be developed. The fuel

cell characteristics are shown in Tahle 2,2-12,
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Table 2.2-11
EPS EQUIPMENT ALTERNATE APPROACHES AND SELECTION

CANDIDATES RATIONALE
APOLLO FUEL CELLS COST OF PROGRAR TO START UP APOLLD
¥ i L
TEW DESIGH FUEL CELLS) géﬁg‘a:é.QR TO DEVELOPMENT OF LARGER MODULE
! APOLLO REACTANT TANKS COST OF INDIVIDUAL TANKS SIMILAR BUT FEWER

OF THE LARGER AAP DESIGN ARE REQUIRED

{AAP REACTANT TANKS]

| 400 Hz STATIC INVERTERS, 115 VAC 3¢ POWER DESIRED FOR LIGHTER MOTORS AND
EXISTING CRYOGEN STORAGE SYSTEMS. LARGE
[3¢ aPoLLD — 1250 VA VA RODULE DESTRED, PARTIGULARLY WITH NO

3¢ PERSHING  ~ 500 VA PARALLEL OPERATION CAPABILITY; SPACE-

e L-101) ~ 750 VA QUALIFIED FCR APOLLO :
TRANSFORMER-RECTIFIERS (28V) LOW WEIGHT {15 LB} AND BUILT YO MILITARY

LARGE NO. OF AIRCRAFT AIR-COOLED DESIGN | SPECIFICATIONS
[700-AMP - P3C_DESIGH|

OHL-COOLED BRUSHIESS AC GENERATORS 20 KVA MODULE S1ZE DESIRED
[MODIFIED 5-3A - 40 KYA |
2QN 60F - T5 KVA (5-34)
288-282-2 - 60 KVA (F-14}

Table 2.2-12
FUEL CELL SYSTEM CHARACTERISTICS

g e AT W Wi a

Seroription Data
Type - Capillary maftrix, modified Bacon cell
Desigh Life (hr) 2000 '
Continuous Power Rating (kW) 8
Voltage at 8 kW (Vde) ‘ 30
Reactants ! Oxygen and hydrogen
Numbher of Cell Szclions - 32 |
Cooling Mode ) Fuel cell liguid loop and HX in vehicle
ht liquid loop
Operating Pressure (psia) 80
Operating Temperature (OF) 160 to 200
Dimensions (in.) 15x 15 x 86 (4.7 ftg)
Voltage Regulation (2 to 14 kW) + 12 percent
Module Weight (1b) 320
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Cryvogenic Reactant Storage. Apollo Applications Program (AAP) reactant tanks were

selected over the Apollo tanks for their Jarger capacity (55 Ib I, vs 28 Ib and 456 ib O,
vs 320 1b) and the fewer required tanks to provide desired capacity, The status of
the discontinued AAP tank program and costs to provide a minimum technology design -
are still being reviewed with the vendor to support -this selection or indicate another

choice. The reactant storage system is described in Table 2.2-13.

Static Inverter. The Apollo three-phase inverter was selected for conditioned 400 Hz,

115 Vac power because of its large module power, 1250 Vac. The three-phase power

is desired to be compatible with light three-phase motors for the eryogen storage and
the fuel module systems. Separate single-phase and three-phase inverter equipment is
not desirable from a shuttle simplicity standpoint. Three-phase inverter operation in
parallel is not possible with existing equipment, so that a given inverter ac bus can only
be powered hy one inverter at a time; this results in a large module size requirement
with the present using equipment sclections. The Apollo inverter has cold plate cooling
and has been qualified for space. The inverter ac power requirement to he provided is
shown in Fig. 2.2-23.

Table 2.2-13
FUEL CELL REACTANT STORAGE DATA — TWO TANK SETS

Specific Reactant Consumption (S8RC} (b kW=-hr) 0.85
©, Bequired for ECLS (i) - ' : : 64
Fuel Cell Energy Required (7-Day Mission With Payload) &W-hr} 1181
H, Required for Power {Ib}- ’ : 112.0
0, Required for Power + ECL3 (84 Ib} (Ib) 959.6
Additional H2 Required for Fail Safe* (lb) 7.0
Additional 0, Required for Fail Safe (Ib) - . 59.4
Available Hy Required in One Tank (k) . ) 59.5
Avallable O, Required in Cne Tank (ib) 509.5
H, Available in 39 ip. ©.D. Tank (Jb) §3.5
O, Availabie in 33 in. 0.D. Tank (Ib) : 458
Allowed Pavload Oporation Time at 3 kW Average Power With

Selected Tanks ({hr) 120
Fuel Cell Energy Pryided (KW-br) : 1062
Weight of 1, Loaded, Total (Ib) 111
Welght of O, Loaded, Total ({Ib) . 936
Welght of i, Tanks (Empty) (2 each) ’ : ) 298
Weaight of Qy Tanks (Emply} {2 each) 406

w13 hr in orbit plus deorkit and landing
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Fig., 2.2~23 User Inverter AC Requirements ~ 040A Qrhiter

Transformer -Rectifiers. A large number of TR unit designs exist for air-cooled,

aireraft operation. The P3C 200-amp unit was selected because it has low weight
(18 1h), has its own fan, and is built to military specifications. The TR units can be
operated in parallel. These units require installation in an earth aimosphere environ-

ment in the orbhiter. The characteristics of this unit ai‘e shown in Table 2.2-14.

AC Generatorg. A 40 kva spray oil-cooled brushless generator was selected to provide

environment free operation at as close as possible to the desired 20 kva maodule size.
This unit has not yet been flown, hut six units have been built and tested hy the vendor.
The design is based on the 60/75 kva S-3A unit. The generator requires the APU gear

box o provide the drive-end hearing and cooling oil.

e,
3

Generator Control Unit GCU.  Several aireraft generator control units arce availabic

for use with the orbiter. The design used in the S~3A was selected for compatibility
with the selected ac generator. It is powered by the de bus. One GCU is used with cual
generator. The GCUs require installation in an earth atmosphere environment in the

orbiter.
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Manufacturer Wagner Electric Co.
Model No. 28VE204Y
Input — ac
Voltage 195 to 210 Vac
Current — Full Load 17 amp )
Frequency 380 to 420 iz
Phase 3-phase, 4-wire
Qutput ~— de
Voitage - Nominal 28 Volts
Current 206 amp
Ripple 1,5 percent RMS
Overload 250 percont for 1 minute
Efficlency 85 percent miaimum
Power Factor 95 percent
Cooling Integral fan
Bize 11 in. x 6 in. x 7 in.
Weight ‘18 1b
Traosformer, Primary Wye
Trapsformer, Secondary Delta-wye
Rectliiers ‘ Bilicon diode

Power Cabling. Aluminum cabling will be used hetween the fuel cells and the main de

power distribution unit and between the de ground power receptacle and the main de
power distribution unit. Round wire copper cabling with Kapton insulation will be used

elsewhere for power distribution.

Power Switching,  Circuit breake_i‘s and switches will be located in the cabin atmosphere

to control most of the power to individual users. Hermetically sealed contactors will he
used to switch major EPS components on and off line. Remote controlled circuit breakers
. are proposed for de and generator ac bus protection in the aft portion of the orhiter.
Environmental design problelﬁfs&“remain to be solved for counventional circuit-breakers;

solid state devices will be used where possible.

2.2.1.3.5 Electrical Power System Redundancy. The level of redundancy proposed

for the Iiark I orhiter is shown in Table 2.2-15. The fuel cells, ac gencrators, generator
control units, and transformer -rectifiers provide fzil operational/fail safe capability.

The crvogenie tanks, static inverters, and distribution huses provide fail safe capability onty.
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Table 2.2-15
ELECTRICAL POWER SBUBSYSTEM REDUNDANCY

- KO, REQ'D | WO.
e : = ITEM FAIL SAFE | SELECTED : RATIONALE

FUEL CELLS (8 KW) 2 3 LOWEST RELEABILITY UNIT IN EPS
AND HIGHEST RISK OF CURTAILED
FISSION — LIMITED DATA

02 REACTANT TANK 2 2 HIGH RELIABILITY -~ EACH TARK
HAS FAFL-SAFT RESERVE LOADLD ~

H2 REACTANT TANK 2 2 TANKS ARE EXPINSIVE

3¢ STATIC INVERTERS 4 4 FAIL-SAFE - ACCEPTABLE WITH

(CENTRAL) — 150 VA ‘ LIMITED AVAILABLE INVERTER
. MODULE SIZES
AC GENERATORS AND Z 3 JAPUSs AVAILABLE - COSTFOR
GCUs - 40 KvA FOIFS KOT SIGKIFICANT

TRANSFORMER RECTIFIERS 2 3 FOIFS SOURCE OF DC POWER

{200 AMPSHHORFZONTAL TEST POWER DESIRABLE

AND FERRY FLIGHT ONLY)

AC AND DC BUSES 2 2 TWQ BUSES PROVIDE HIGH
RELIABILITY

5T

Cryogenic Tanks.  Sufficient reserve reactants are loaded in each 02 and H, tank

to provide sufficient energy for crew safety, should one tank fail. The high reliability -
of the tank systems plus the high cost of these systems justifies the fail safe design
rather than FO/FS, '

Static Inverters. Four static three-phase inverters are used because available

module sizes are smaller than desired for the inverter ac power requirements. Since
available three-phase inverfers cannot be operated in parallel, the load is divided
hetween two sets of buses. Each set is supplied by one of two inverters. If one
inverter in a set fails the other inverter is placed in operation to provide fail safe
capability. This mode of operation wag selected over increased weight and cost of six
units for FO/FS design. ™

—y
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Power Distribution Buses. Two redundant buses each are provided for dc, inverter

ac, and generator ac distribution for fail safe operation, due to the high reliability

of the buses and the high weight of bus systems.

The location and number of the major EPS components in the Mark I orbiter are shown
in Fig. 2.2-24, The ac generators are located on the APUs. The APUs are located
aft in the orbiter to be near the hydraulic power users. The aircraft type generator
control units (GCU) are located in the forward controlled envirmmﬁent area as are the
dircraft type transformer-rectifiers. The GCUs are low-power solid-state devices
and require little ccoling. The transformer-rectifier units will require significant
air cooling in horizontal flight. The five de distribution units are located to serve
centers of significant power use. The physically separated de buses are routed to
serve each de distributidn center. '

The electrical power system weights are summarized in Table 2.2-16.

APU DRIVEN
£ AC GENERATORS (3)

INVERTER : )
AC DISTRIBUTION . »

UNIT ///
L)

GENERATOR o

COMTROL
UNITS (3)

TRAMSFOMER b
RECTIFIERS (%) >
DG POWER DISTRIBUTION UNIT (S

e
/ S HNVERTERS (4}
ra AN DS DISTRIBUTION UNIT
£ pUsL CELLS (3)

o=

\--AC DISTRIBUTION UNIT

ERTO0S

Fig, 2.2-24 Electric Power Generation and Distribution Configuration ~
C4OA Orbiter
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Table 2.2-16

MARK I ORBITER AVIONICS WEIGHTS SUMMARY

. Cperational
Subsystem FHF Wt. (1b) FVF Man Wt (1b) FVF Unman Wt (1b) wt (1b)
Guidance, Navigation 1119 2¢18 2018 2275
and Controls
£
Communication and 316 436 436 531
Navigation Alds
Electrical Power Ceneration, 2332 3696 3696 3696
Contrel and Distributicn
Displays and Controls . 751 1049 1049 717
Dats Management 555 €65 €65 665
Instrumentaticn Lg3 664 693 376
Sub-Tatal 5566 8528 8528 8260
Installation {10%) 556 853 853 826
TOTAL 6122 9381, 9381 - 9086
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2.2.1.4 Controls and Displays. The objective of the control and display (C&D)

system is to significantly reduce pilot workioads, as shown by Figs. 2.2-25 and 2,2-26,
Three alternate concepts were developed (Tahle 2.2-17}; the haseline concept
(Alternate C) is described in this paragraph. This selected baseline system offers

a Space Shuttle configuration that is flyable by a two-man erew in the operational

phase and one-man emei‘gency modes. Also, the configuration permits measurable
reduction of the total instrument panel area and eliminates the requirement for a

third crewman.

The other two alternatives (A and B) are discussed briefly in following paragraphs
and are presented in more detail in Part D, Appendixes 2 and 3, Each alternative
was evaluated against the basic data management system, flight dock volume, crew
size and complement, degree of onboard autonomy, inflight checkout, redundancy,

power, ground support requirements, operability, and developmental requirements,
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Fig. 2.2-25 Confrol and Display Functional Approach
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Tig. 2.2-26 Considerations for Pilot Workload Reduction

Table 2.2-17

CANDIDATE CONTROL AND DISPLAY AVIONIC CONCEPTS

ALTERMNATE C

ALTERHATE A

ALTERMATE O

LOT4EY

EASELINE — FROGRAMMABLE COMTROL AMD DISPLAY STATIONS

DO9QDODDO

ARCRAFT/SPACECRAFT OFF-SHELF INSTRUMENTS
ADVAMNCED AIRCRAFT ANO SPACECRAFT TYPE [NSTRUMENTS
INCREASED DATA dUS AND COMPUTER CAPABILITY

CATHODE RAY TUBE RAMDOM ACCESS DATA

AMALGARATID CONTROL AND DISPLAY CONFIGURATION
DEDICATED COMTROL AND DISPLAY MANUAL MODE BACKUP

SEPARATE AIRCRAFT AND SPACECRAFT COMTROL AMND DISPLAY STATIONS

o

<
[+
o
[+
[»]

SEPARATE STATICHS

SAME STATIOMN —~ SEPARATE PANELS

SAME STATION - SEPARATE SUSPANELS
ARCRAFT/SPACECRAFT OFF~SHELF [MSTRUMENTS
NG DATA BUS, MINIMUNM COMPUTER CAPABILITY
DEDICATED CONTROLS ARLD DISPLAYS

CONBINED AIRCRAET AND SPACEURAFT CONTROL AND DISPLAY STATIONS
G<uMIX OF ARCRAFT AND SPACECRAFT CONTROLS ARND OISPLAYS

oooe

TN STATION

AMRCRAFT/SPACECRAFT OFF-SHELF INSTRUMENTS

SOHME DATA BUS AND COMPUTER CAPABILITY
DEDICATED COMTROL/DNSPLAY MARLIAL MODE BACKL?
SOME DUAL MODE IMSTRUMENT USAGE/CAPABILITY
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2.2.1.4.1 Rejected Alternate Concepts. The Alternate A concept for separate aircraft

and spacecraft C&D gtations employs (1) off-the-shelf large aircraft and (2) Apollo
LM/CM C&D instruments (Fig. 2.2-27) ina dedicated system approach without

programmable display capabilities. This requires increased C&D instruments and
associated greater panel area and results in the highest amount of pilet worklead of

the three alternates considered.

The combined aireraft/spacecraft C&D station approach (Alternate B) is similar to

the Alternate A concept but includes a malfunction, deteection, analysis, and recording
(MADAR) onboard checkout capability, as on the C~5A aircraft, with dedicated controls
and displays (Fig. 2.2-28), All eritical components are duplicated and hzirdwired;

a mixture of off-the-ghelf aircraft and spacecraft instruments are used for the C&D
panel. This approach significantly reduces (over Alternate A) the quantity of dedicated
caution and warning indicators needed for pilotage, panel area requirements, and the
pilot workload level, but ig still less desirable than the Aliernate C approach selected

as baseline,

C AND AT AND [ SEEICATED 0 AND € ~ OFF-tHELE
AN o AN 6 I4D € SELECTED FOR BCTH FLIGHT REGH
® WG IR (57 aux o MAINTAIADLE ~ SUBMODULAR s
3 @ HARDWIRE 1O CRITICAL A/C D AND C
|
o OPLRABLE FROM £iTHER $EAT
@ ACAND I A/C AND 8 PLOT ACCEFTANCE
50 Mix $/C MIX e DBUPFLICATE O/C CAPARILITY
o HARDWIRE TO CRINCAL §/C b AND C
\ 4 . ,
; ¢ OUT-THE-WINDOW VIEWING
© :V'C AND | AT AND & IDEMNTICAL LEFT/RIGHY PARNELS
$/C Mix 8 MIX ¢ CRIAKOYBOARD FOR NONCITICAL TAST
[

0 AND C ARRANGEMENT FLIGHT SPECIFIC

@ ARG AkD || A/C aND
8/C X C mIx

) ﬁi;:i

IN-FLIGHE THIST™ CHECK
SOMAE-ONBOARD C/Cr
REDUCES CREW 1ASE LOADING
ADEQUATE £/C voLLzaE

LN

DO5s53

Pig. 2.2-27 Alternate A --Separated Control and Display Approach
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ooo 6
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- Fig, 2.2-28 Allernate B — Combined Control and Display Approach

2.2.1.4.2 Baseline {(Alternate C) Approach.  The selected baseline concept provides

programmable controls and displays (Fig. 2.2-29) and the inereased flexibility {or
instrument use. Panel area is considerably less than for the other two concepts, and
the third crew member (System Flight Test Engineer) is not required for ﬂight opera-
'ion‘s. Also, the panel area and crew-size reduction reduces the fotal dedicated volume
and number of panels within the flight-deck area. The baseline cornfiguration features,
resulting in selection over the other fwo candidates, include the following:

o Flown by a two-man crew in the operaiions phase; one-man in emergency

ke,
.

modes

o Measurably reduced total instrument panel area and reguirement for a

third crewman
e Decreased C&D instrument weight

& Permiilted onboard checkout, fault isolation, and redundancy management

{COTIRM)

2.2-680



LMSC-A5395931
Vol iI, Pt 4

. | RIS O T S THPEY v DEDICATID D/C
@ ’U? “fel (_‘}”OU'E 9 o MAINTAINESLE -Suwoeu'u\ﬂ ve b
o HAROWIRE TC CRITICAL AFC AND
2 Il = o DUPLICATED D AND €
>

br = BT S VY v e T

Dop % Ofl()gou CUERANLE FROM EITHER SEAT

a
@ 53 rj = o OUT-THE-WIMDOW VIEWING
@ PROGRAMMABLE D AND C
o MISHIDN BEGIME FLIGHT SPECIFIC B ARD &
o PUAL LBE OF IRANY D AND ©
o BIDUCED PHLOT LOADNNG
<

SHYT T W (s
Ll elLE:
P~ ) g~

i
]
vl

/ 7

J‘
( fe —— .__
S!’S!’Em ENG: ""'--l g
STATION AJSOREED

o
‘EDI;;-@

DO5948

Fig. 2,2-29 Programmable Control and Display Approach

o Simplified integration with the basic 5-3A data management system
© Achieved an FO-FS yedundancy for crew safety

© Permitted excellent ufilization of computer capability for C&D programmable

functiong
@ Utilized nearly all instruments as totally off-shelf items

o Provided extensive inflight and growth flexibility for "softly' defined

missions

o Had compatibility with data obtained in NASA-sponsoved Space Shuttle simulation

e

programs at LMEC -
The baseline concept, on the basis of using off-the-shelf S-3A aircraft data manage -

ment system hardware, is considered to have minimal risk; particularly since all

but two major C&D instruments are flight-proven. Spacecraft instruments from the

2.2-461
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Apollo LM/CM can be employed and also are flight-proven. Aircraft instruments are
readily available from the L.-1011, 8-3A, C-5A, YF-12, and other existing military

and commercial gystems.

Cathode ray tubes (CRTs), which are fully operational on the §-3A, employ alpha-
numeriec, pictorial, diagram, chart, map, procedural, real-world image, etc.

to communicate data to the pilot. The flight management CRT data are used for the
first time as a real inflight information tool. These data will be available four years
ahead of the first orbiter horizontal flight test date, Data entry keyboards (e.g.,
Apallo, C-5A, and 5-3A) provide a common inflight device with extensive software
programs and routines. Thus, with ground test, inflight test, and operation flight
experience gained in previous developments, the level of confidence and availability
of these instruments can be assured and C&D subsystem equipment requirements can

be met totally within the state-of-the-art,
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2.2,.1.4.3 Reguirements for the Control and Display Subsystemm - Mark I. The C&D

development approach necessitates generation of basic subsystem drivers and
requirements. Table 2.2-18 presents the initial Mark I Orbiter C&D subsystem
drivers; of these, only flight-crew ejection for the test/verification flights remain
"soft" because of the lack of speecifications in the test program. (Note - if intact
abort is imposed on the test/operations program, crew ejection will not be required.)

Additional Mark I requirements are listed in Table 2.2-19,

The basic Mark I C&D subsystem with subsequent growth to Mark II will be pilotable
by a two-man flight crew during all flight regimes and flyable by one crewman under
emergency conditions. TFor this subsystem, the basic underlying requirement is

the development of an approach and ultimately the hardware to permit sufficient
capability and redundancy for providing safe crew return and general mission success.

Additional requirements for Mark IT are presented in subsequent paragraphs.

Table 2.2-1§

MARK I AVIONIC CONTROIL AND DISPLAY SUBSYSTEM

DEVELOPMENT DRIVERS

FLT TEST OQOPS

1. FLYABLE FROM EITHER SEAT _ X X

2. MISSION CRITICAL C&D HARDWIRED | | X X

3. NO PILOT/COP|LOT TRANSLATION IN: | X X
ATMOSPHERE EXO-ATMOS PHERE

& TAKE-OFF ¢ FINAL COUNT-DOWN

o FINAL APPROACH o LAUNCH AND ORBIT INSERTION

o LANDING o TERMINAL RENDEZVOUS AND DOCKING
6 ROLL-OUT @ RE-ENTRY

DUPLICATE MISSION CRITICAL CED [NSTRUMENTS X
CONFIGURATION GROWTH POTENTIAL TO BLOCK 1} AYIDRICS
MODULAR DESIGN

INITIAL REQT - ATMOS -C&D: PROVISION FOR SPACE C&D
OUT-THE-WINDOW VISION REQU IRED {ATMOS); DESIRED (EXO-ATMOS)
FLIGHT CREWEJECTION (HORZ & VERTICAL TEST)

10, USE OF GFF-SHELF CED INSTRUMENTS

1. CREWMAN SYRAPPED IN SEAT; HIGH G LOADS PROHIBIT EXTENS | VE
ACCURAT ARMIHAND MOVERENT X X

h=J -~ T R N, S (N
>

HoOoX X O X
>

BOsGaY
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- Table 2.2-19
MARK I CONTROL AND DISPLAY REQUIREMENTS

Tlight Confrol

Manual override of all flight critical functions (crew safety} and modes
Automated functions to the degree required to meet safety, performance
aceuracies, energy management economy, reaction time, ete,

Selected automatic or manual control by flight crew for nominal or non-nominal
flight modes or conlingencies

Ability of shifting flight control authority from flight deck to other stations for
on-orbit cperations {e.g., docking or payload handling)

gelected manual or automatic functioning of MAINS, OMS, RCS, APU, AND ABES |
by crew .

Selected manual or automatic vehicle configuration control by crew

Selected autopilot/land flight mode and regain of manual conirol at any

time by crew

Flisght Data Presentation

Flight management information automatically programmed by mission regime
Anomalies automatically called to the crew's attention on C&W indicators and,
then, more definitive data presented selectively elsewhere ]
Duta not migsion-regime _specific not presented but capable of being requested
by the crew

Routine and recurring data not mission-critical/specific located out of the
‘eritical visual cone or provided in form for callup

All major subsystems (10 to 12) with dedicated annunciators for C&W
Misgsion-critical display d@%a presentable in sﬁmmary form on other

than dedicated displays ‘ '

Critical flight information always within the casy scan and forward-

viewing visual envelope of the pilot/copilot

2.2-64
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Table 2.2-1% {Cont'd)

Operations Control ‘ _ -

~Vehicle configuration control manual backup provided the crew

Manual control to all crew and flight safety functions provided
Noneritical repetitive tasks, resulting in crew functional constraints,

automated with consideration for keyhoard override to degree required

o Any vehicle function to the subsystem level enabled or inhibited by flight crew

Normal subsystem functions need not be continucusly controlled by the crew
Flight control during on-orbit eperations, relative to rendezvous/docking
and payload functions, may be remoted depending on vehicle configuration/layout

Critical function safety interlock provided to prevent accidental operation

Crew Caution and Warning

Malfunctions, deviations, or out-of-tolerance conditions automatically displayed
to the crew, thus eliminating erew dedicated/repetitious checkout tasks

Major subsystem status available to the crew for both inflight and ground operations
Limited but critical booster status (and vice-versa} presented to the orbiter

crew from crew boarding through launch and staging

All major subsystem malfunctions, deviations, or out-of-tolerance conditions
presented to crew (those inﬂuéncing crew safety or mission success)
Supplementary diagnostic data and control capability to isolate the problem,
ascertain its nature and impact, and effeclt appr('}priate action provided by the crew
Data provided permitiing the crelw to compare current parameters with discrete
range limits for purposes of go versus no-go decision making

Initial presentation of major subsystem malfunction(s) or out-of-tolerance
condition(s) provided for in the direct forward instrument view of the crew

Major system status provided through dedicated C&W anmunciators, located

just off-center of the main center-line of the pilot's head axis

e

a,
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9.2.1.4.4 Conirol and Display Concept Development — Mark I.

Definition of Pilot Functions and Identification of Controls and Displays (C&D). Con-

current with development of basic approaches (Concepts A, B, and C), significant
effort was allocated to delineate gross pilot functions and relevant controls and
displays. Table 2.2-20 iz an example of data developed to specify gross functions for
GN&C for space and atmospheric flight regimes. Also, C&D applicable from the
Apollo CM/LM are identified. Where instruments are unavailable from either
spacecraft/aircraft, anindication 'new” is made to identify requirements from

other inventories. Table 2.2-21 presents an example of gross spacecraft functions
and the identification of related controls and displays from Gemini and Apolio CM/LM.
This effort provides the "shopping list' for allocation of C&D made in the development

of the data sheels represented in Table 2.2-19,

The thi‘ee alternate aiﬁproaches are compared against off-shelf control and display
instruments and candidate C&D mode identification and selection performed. .
Figures 2.2-30 and 2.2-31 present both C&D modes and the candidate instruineints
considered for each, All items indicated are either off-shelf or currently under
development for viable NASA or military contracts. These lists provide the

aggregate from which the LMSC control and display instrument baseline was selected.
Additionally, the operational L-1011 autopilot/land C&D instrument panels are
incorpérated, thereby, maintaining the basic off-shelf approach. The only instruments

that can be positively identified as needing fairly major modification are the foilowing;

o Attitude director indicator — modify for atmosphere and space use

o Translation controller — modify to operate alternate engines
o Attitude controller —modify by adding disable yaw switch
o Acro-surface indicator — modify for elevon and rudder surfaces only

iy

Minor control and display modifications required are; (1) labels/legends, (2) scales,

(3) lamp colors, and (4) mounting mechanisms.

From an examination of postulated mission requirements and by identification of gross

crew functions, candidate controls and displays, and mix of instruments, the evolufion

2,2-66
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Table 2,2-20
SUBSYSTEM FUNCTIONS VS OFF-SHELF 8/C & A/C INSTRUMENTS
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Evolutionary Approach to Programmable Controls and Displays. Recognition

of the need for reduced pilot workload, lesser dedicated C&D panel area, and
reduced flight-deck volume indicate the necessity to consider programmable
controls and displays. Therefore, the approach conceived is for a C&D concept,
which logically and systematically evolves from the purely dedicated (Alternate A)
concept to the highly programmable baseline (Alternate C) concept. Figure 2.2-32
illustrates the evolutionary process. Appropriate to this process is the question of
“why the transition from hardwired {dedicated} to programmable C&D'" - which
guestion is addressed in Table 2.2-22, Consideration is given then to programmahble
C&D and to development of a logic decision thread for their application in the basic
subsystem — considering such elements as (1} crew safety and mission success, (2)
critical phases and events, (3) frequency and concurrency of use, {4) mission
regime assignment, (5) decision rules, and {6) fail conditions and redundancy.

Figure 2.2-33 illustrates this decision thread for the selected baseline in Mark I,

BASIC USER INCREASED
CAPALILITIES GRIENTATION CAFABILITIES
MARK | AVIONICS DECISION RULES - MARK [l AVIONICS
o DEDICATED C/D o WHAT TQ RETAIN OM o ESSENTIAL DEDICATED C/D
o NO DATA BUS - HARDWIRES AND WHY @ MULTI-ROLE ACFT/SPACECRAFT
o MINIMUM COMPUTER o WHAT TO FROGRAM MIX
e OFF-SHELF TERMINAL AND HOW e DATA BUS/COMPUTER
EQUIPMENT _ o ACFT/SPACECRAFT D/C e RANDOM ACCESS C/D
o ACFT/SPACECRAET ; INTEGRATIGN OFPORTUNITIES THROUGH CRT's, KEYSOARD

e CREW SAFETY f o STATE-OF-ART DEVICES
o MISSION SUCCESS o PROGRAMMABLE

{ALTERNATE A} (ALTERNATE ) -

od

o [MPROVED COMCEPTS
AND TECHNOLOGY

o GROWTH POTEMNTIAL

o ADVANCED MISSIONS

CREW PREFERENCES

DOsE14
Fig. 2.2-32 Evolution of Programmable Control/Display Conecept
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Table 2.2-22
DEDICATED VS PROGRAMMABLE CONTROLS AND DISPLAYS

Q  WHY TRANSITION FROM HARDWIRED TO PROGRAMMABLE?

DEDICATED
HIGH WEIGHT/POWER/PANEL SPACE REQUIREMENTS
INFLEXI BLENOT ADAPTABLE TO MISS ION PHASE
DATA NOT ESSENTIAL TO MISSHON PHASE-OVERLOADS CREW
CID EXTEND BEYOND PRIMARY VISUALIMANUAL ENVELOPE
3RD CREWMAN TO MANAGE SUBSYSTEMS
MAINTENANCE/REPAIR/LOGESTICS MORE COMPLEX

L= Y B Y

PROGRAMMABLE
FLEXIBLE/ESSENTIAL DISPLAYS ALWAYS IN PRIME SPACE
LESS PANEL SPACE/LOWER POWER AND WEIGHT
BETIER ALLOCATION OF WORKLOAD!REDUCTEON i CREW S12€
GREATER GROWTH POTENTIAL

= U T I v I )

DOGAAR

MISSION SLCCESS
CREVY SAFETY

|
|
!
|
!
CR FRE:
* Pnl;s[g“ no | * OF%E'{NCY tow! OTHER }
—* o 1 DECHSION —i.—o
w CRITICAL e COMNCURRIMNCY I KULES
EVENT OF UsE
— I
YES I

ALTERMATE B

. E%r;%gﬁo FROGRAMMABLE /D
d " o | BY SUBSYSTEM o
o PARAMEILRS o Ii  BY CRIT EVENT 7
DISFLAYID it [ o M BY FURPOSE
f
{ | HIGH E
| t RLDUMDAMT
| | CAPABILITY
{ -
li ! ]
S S ] :
| Yt oroicare
- Bl CABCRATT/IPACICAALT
L. CONMTROLS/DISFLAYS
e e e e i . et o et oo
- ety
u.uucw‘ucmr NG, OF PHASES
OEDICATED *
1AEE -GFF N, OF CRITICAL WHAT
L SonikoL ll_uokr JL VNS — iy PraATLC Coe
BIsiAY [ERM RENDEZ/DOCK SIQUERCFS
FUMCTIONS DECRBIT IMTERFACTS AMONG wum
: LANDING SUBS VS TEAY

Fig. 2.2-33 Dedicated Vs Programmable Control/Display Decision Thread
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and decision logic thread are traced through to a programmable concept, with sufficient
redundancy to provide the level identified for crew safety. This logic thread is illus~
trated in Fig. 2.2-34, From this effort, dedicated versus programmahle C&D decision
rules are generated as basic to the development of the control and display subsystem
(Table 2.2-23).

Control and Display Baseline Degeription. A pictorial diagram of the baseline
(Alternate C) is presented in Fig, 2.2-35. Obviously, not all C&b are discrefely
identified, although major categories are included. The key to the C&D subsystem is
the utilization.of the "off-shelf" 5-3A basic data management system and its inherently
flexible potential (para. 2.1.5). Shown in Fig. 2.2-35 is the hardwire and program~
mable interface for C&D, All flight-critical (crew safety and mission success) controls
and displays are hardwired and, as shown in Fig. 2.2-36 {main instrunment panel},
certain of these are duplicated {one set at the pilot's Station and one set at the copilot's
station) for redundancy. TFigure 2.2-37 illustrates the eyebrow/overhead panel located
in the overhead between the crew,

J

e Basic Flight Conirol and Displays ~ Crew Safely and Mission Success. Asg the

C&D subsystem definition developed, it was necessary to determine those
. instruments critical {o crew safety and mission suceess and which need to he
hardwired and duplicated., (See Table 2.2-24.)

¢ Multifunction Display Units (MDU). Key to the programmable information

presentation approach is the incorporation of three muliifunction display units
{MDUs incorporating CR'Ts: one each for the pilot and copilot and one located

_ between for common sharing. The pilot and copilot MDUs are mission-regime
sequenced so that only pertinent data for a particular mission phase are presented

unless overriden by the crew,

Representative data presented 8n the three MDUs is indicated in Table 2.2-25. Infor-
mation can be switched to any unit, Typical types of data presented are: (1) pictorial

or veal image, (2) alphanumeric, (3) graphic, {4) tabular., (5) map, (6) procedural,
(7) caution and warning, (8} schematic, and (9) symbology. Three modes for grouping
data on the MDUs are selected as illustrated in Table 2.2-26. Mission-phase and single-

purpose dispiay format examples are presented in Figs. 2.2-38 and 2,2-3%a and b,
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Fig. 2.2-34 Evolution of Programmable Controls and Displays

| Table 2.2-23
DEDICATED V8 PROGRAMMABLE CONTROL/DISPLAY DECISION RULES

DECISION RULE _ DECISION
PRIOAITY (C/D EXAMPLES IN PARENTHESES RELOW) DEDICATED | PROGRAMMED
{ 1, ULTIMATE BACKUP C/D HARDWARE {LAST REDUMDANCY) x )

FOR ESSENTIAL FUNCTIONS OF FLIGHT CONTROL
G & N, FROPULSION, EFS, COMM, (FDAI, ALT/VERT
SPEED, AIRSPEED/MACH/e , HS1)

2. ULTIMATE BACKUP C/D HARGWARE FOR MISSION X
COMPLETION (RANGE/LOIS/RANGE RATE, RADAR
ALTIMETER, EMER Oz FLOW, ETC .}

CATASTROPHIC FAILLURE, CRITICAL CONDITION, EMCRGENCY X
DISPLAYS {ABORT, MASTER WARNING, CAUVION AND
WARNIMNG ANRUNICATCRS)

1 4. ANALOG/CONTIMUOUSLY VARIABLE CONTROLS [ATTITUDE X
COMTROLLER, THROTTLE CONTROLS, RUDDER/BRAKE
PEDALS, POTENTIOMETERS, ETC.)

5. MARUAL CONTROL FUNCTIONS REGUIREMNG [MMEDIATE X
RESPOMSE TO CORRECT COMDITION OR AVERT MARDV/ARE
DAMAGE/CREW IMNJURY (ABES AMD AFU SHUTDOWN, RCS
QUAD DISABLE, EJECTION SEQ INITIATION

6, FUMNCTIONAL (OR INTEGRAL} CONTROLS FOR DEDICATED p 4
DISPLAYS (TEST, MODE SELECT, SCALE, PARAMETER ADJUST,
COMMANDG SETING, ETC.)

7. VEHICLE CONFIGURATION G/D (POSITION OF AFRODYNAMIC %
COMTROL SURFACE TRIM, SPEED BRAKES, DODORS OFEN, GEAR
AMD ABE DEPLOYED, EIC.}

8. C/O PAMNELS FOR PACKAGED STATE-OF-THE-ART SUBSYSTEMS X
(MADAR, TACAN, ATC TRANSPONDER, UHF COMMUNICATIONS
ETC.)

F. SINGLE MISSION PHASE OR CRITICAL EVENT MONITORIMG X
(ROOSTER ATTITUDE RATE AND PROPULSION ABNOKMALTIES
REMDEZVOUS/DOCKING)

-

]

10, ROUTIHE MOMNITORING & RECOMFIGURATION OF SUBSYSTEM X
(ECS, CLECT PWR DIST, PROPELLANT/PRESS PARAMETERS,
CROSSEEED) x
. SIMULTARNEOUS DISPLAY OF (NFORM. REL. TO MISSION PHASE -
12, MALEUNCTION ISOUATION IN FARALLEL WITR ON-BOAED c/? ¥

105543
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Fig. 2.2-35 Control and Display Diagram
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ENGIME FIRE CONTROL PAMELS

EC/LS GAS SUPPLY OVERRIDE YALVES

ELECT, PWR GENERATION AND DIS?

CLFVOMN NSARLE

REEAE R OISADLE

SAN, PITCIL, AlS, AND TRIM EMER, CONTROLS
ARSI CONIROLS

SEMNSGR HEAT CONTROLS

PFCS MOM,, RUDDER AND ELEVON EMER, CONTROLS
RUDDER LIMITER

ENGINE START

APLEEMNGINE CONTROLS

. CABIMN LIGHTS

MISSION THMAER
EVENT TIMER
EXTERICR LIGHTS

. GROWTH

GROWTH
GROWTH
GROWTH

Fig. 2.2-37 Eyehrow/Overhead Panel

Table 2.2-24
BASIC DEDICATED FLIGHT CONTROLS AND DISPLAYS

FLIGHT ATTITUDE DIRECTOR INDICATON -
HORIZONTAL SITUATION INDICATOR
AIRSPEED (MACH) AND METER

ALTITUDE, VERTICAL SPEED METER
PROPULSION/ENGIRES METERS
THROTTLES - GUADS

ATTITUDE AND TRANSLATION CONTROLLERS
RUDDER PEDALS

COMMUNICATION PAMNEL

INSTRUMENT LA KPS

EC/LS CONTROLS -
ELECTRICAL POWER COMTROLS™
ANTISKID CONTROLS

YEHICLE COMNFIGURATHON COMNTROLS

QBGOOQUGQOQOOG

IXO8428

- L4

FIRE CONTAOL
ABCRT CONTRGL/ALAMP

MAJOR SYSTEM ANNUNCIA TORS
BOOSTER SYSTEM STATUS ANMUNCIATORS
AEROSURFACE POSITION (NDICATOR
RUSDER LIMITER

SPEED BRAKE

ELEVOM CONTROLS

ABES CONTROLS

LANDING/EMERGENCY CONTROLS
ERGIMNE START - ABES AND APU

SAS, PIYCH, AND TRIM EMELGENCY
COMNTREOLS

MESSIOM AMD EVENT TIMERS/COMTEOLS

¢ 0 0 O 00 C ©O O 9D OB
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Table 2.2-25

TYPICAL ALLOCATION OF PROGRAM DATA TO PILOTAGE CRT DISPLAYS

PILOT CRT CENTER CRT | COPILOT Cat
§RAISSION PHASE DATA 1 SURSYSTEM STATUS } AUSSKON FHASE DATA
g PREDICTED PERFORMANCE o KEY SUDSYSTEM FARAMETERS .
ENVELOPES B SUSEEYHEM 5 CRITIEAL EVEMTS
° ’”C:” HEGMES 2 SUBSYSTEM COMFIGURATION
@ COMPOSITE Gata SITUATION - HICH HATDWALE OH LINE 1 RMISIDN FLARMING DATA
o WHICH CPEAATING MDDES
el CONFLGURATION I WULTL-MODE SURSYSIEMS 4 MISEION PHASE CHECKUISTS
o REAL-TIME SECONHGUTATION
2 CRITICAL EVENTS TALK-PACK

o HORIZONTAL FLIGHT
" ¥ LANGING (SPEEDS, ALT,

§ VISTICAL FLIGHT

¥ INSERT [TRAS, PERE, 1Y5

& ABORT -

FREFLIGHT CHICKOUT FROCEDLRES

 TAKE-OFF (57EEDS, CONRG,
PERFORM) MALUNCTION 1SOLATION IN

RESFONSE 1O CEW LNDICATION
CONFIG, RATES] g FOVTFLIGHT CHECHOUT PROCERURES

S

¥ LAUNCH (1GH, LUFTOEF, W
STAGE, BURMN, DOOSD

v Ascsm{(smce. IGH, FERF,
rad, Sl
T P rn,?q e GorHor

TRAMSITHOM
¥ RENZ {TRAL, FERF, SERGORS,
MODES)

FH f3E,

¥ TERM RED [WCQ, SEREQAS
TRAJ, PAODES) ’ CRT DATA $WITCHING
v RETRD/DEQRD {G&N, CON- FOTERTIAL

FIG, THERMA

v 1M3SEL0ON PHASE

¥ SPECIFIC FAILLRE

¥ SEQUENCED

¥ GROUND/BANGE SAFETY

DOs244

Table 2.2-26

CRT DISPLAY PROGRAMMING APPROACH

THREE MODES OF GROUPING DATA FOR CRT DiSPLAYS:

1. BY SUBSYSTEM

o GROUP AND DISPLAY SiS CONFIGURATION AND OPERATING PARAMETERS

¢ "WALK THROUGH" THE SI5

o FOR S/S "MANAGEMENT, " HANDLING CONTINGENCIES, MALFUNCTION {SOLATION
AND TROUBLE SHOOTING '

2. BY MISSION PHASE AND CRITICAL EVENT

o DISPLAY "WHAT NEEDS TO BE USED" - SEVERAL DISPLAYS
0 iNTER-RELATE[;?DATA FROM VARIOUS SUBSYSTEMS STMULTANECUSLY
5 "ALWAYS USED" DISPLAYSICONTROLS ALWAYS AVAILABLE ~ HARDWIRED

7. SINGLE-PURPOSE

pgintnies

o ONE TYPE OF DISPLAY OR INSTRUMENT AT A TIME
o FLY-TOERVELOPE OF COMMAND EXECUTION
¢ CHECK L1ST ¢ BAGKUP PROCEDURES
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Multifunction display unit information is presented in consistent formats for either
ecrewman and always in subsystem groups for clarity and ease of information scan
and interpretation. Major system, subsystem, and "unique" data are available for
call-up through the pilot or copilot keyboards. Data switching among the three DMUs
must he accomplished by manual override to eliminate inadvertant data loss. Infor-
mation is called-up in transcending levels and, in general, the lower levels provide

greater detail.

Malfunction, out-of-tolerance, or anomalies can be presented on the MDUs and crew
attention effected through flashing and increased brightness techniques. To aid the
crewman, hominal values are presented in the ranges of acceptance to permit the crew
to determine the extent of the problem. The center MDU is keyed to the caution and
warning system for automatically presenting information relative to the malfunction
being indicated on the caution and warning annunciators. In instances where more
than one malfunction occurs, MDU area sharing is accomplished through the data
management system (DMS). - -

The off—s‘neif MDUs recommended for the baselire are S-3A units with the nomenclature
of "Indicator, Tactical IP-1053/ASA-82", Specific performance data characteristics

for the haseline MDU are presented in Table 2.2-27, Usable display area is 6 by 9
inches. The three MDUs are equipped with cE)nwast and hrightness controls and are
designed to operate well within the expected Space Sfauttle flight deck ambient environmen
(approximately 4000 to 5000 it candlés).

& Manual Controls. Several types of manual confrols were selected {see

Fig. 2.2-30). Standard throttle quads are recommended and allocated to the
pilot and copilot. For both pilot and copilot use, attitude controllers with yaw
disable are planned for the righthand positions and translation controllers are
planned for lefihand positions., Figure 2.2-40 presents thrust/translation and
attitude control for space and atmospheric flight regimes; the spacecraft con-
troilers illustrated are typical of previous devices employed to perform these
functions. Rudder pedals and attitude controllers appear applicable from existin
programs. However, the translation controller for main and OMS engine contro!

may require development, or at hest, major modification from the current Apoll

2.2-77
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Table 2.2-27

MULTIFUNCTION DISPLAY UNIT (MDU) PERFORMANCE CHARACTERISTICS

Parameter MDU Parameter MDU
Cathode Ray Tube:* Worst Cage¥*
Shape Rectangular Settle (within grid) 1 percent,
. +0.00 | H5°C . 6
Ugable Rectangle, in. 6.45 _0' 125 0.1 percent (cne-grid
5 e position), usec 8
9.3 ig ?(2)5 Linearity (geometry), % 1.0
Phosphor P-31 Character Size {nom}), in. 1/8 high
Spot Size, mil 9 Agpect Ratio (nom) 3/4
Brightness, ft-L 100 Character Geperation Time
(Exclusive of filter) (max), in./sec 3.2
Writing Speed (max), in./sec 565, 000
Ambient, fi-candles 5500 Video Bandwidih {TD5
Gray Tones 8 system), MHz DC to 37
Deflection Random
Positioning, bits 10 (digital}

*The CRT faceplate radius of curvature shall be greafer than 24 in.

** Deflections less than 0.5 in. shall take less than 3.5 psec,

and defleclions greater

thai 0.5 in, shall take a time proportional to distance (not to exceed 8§ usec).

CM translation controller,

Among the difficulties associated with the trans-

lation controller are problems affecting (1) control of two digsimilar thrusting

modes, (2) mode selection,

backup-linkage coupling.

o Multifunction Keyvboard.

keyboard (MFK).

(3) mixer boxes, and (4) consideration of wire

The hasic DMS interface is through the multifunction

Two such keyboards are provided; one for the pilot and the

other for the copilot. These MFKs are located ciirectiy in front of the crewmen

to permit ease of operation and for clustering of important functions within the

mhain instrument panel avea.

typical tasks:

2.

2-78
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LM THRUST/TRANSLATION CONTROLLER GEMIME/LM/CM ATTITUDE CONTROLLER

G )

uP: X Of LONGITUDINAL
AS‘ TRANSLATION FWD

DOWN: -X Ok LONGITUDIRAL
; TRANSLATION BACKWARD

RUDDER PEDALS

b
Ler L5,
LEFT: =Y & RIGHT: +Y . SUPERSONIC
REGIME TQ
g THRUST AND TRANSLATION —seme—mnrey ROLLOUT
SPACE FLIGHT REGIME ATMOSPHERIC FLIGHT REGIME SPACE
AXIS MAIN | OMS RCS ABES  JAEROCOMTROL SURFACES|  RCS AXIS
ELEVATORS N FiTCH UP

X L4 Y hd Y BODY FLAP (PiTCH TRIFA)

~X v U RCS ¢ HiGH LIFT DEVICES v PITCH DN

+Y v Z1 RrCs S}EVATORS v ROLL L
o

Y v w| RCE P ELEVONS v ROLL R
& BCS N Yoaw L

+ 4 f

Z v e RUDOER
-2 v RCS v YAVIR
e ATIITUDE CONTEOL J
DO5612
Fig. 2.2-40 Control Function Interaction By Mission Phase

Flight command entry

Guidance and navigation computation and data entry
Discrete event initiation

Initiate preflight and postflight vehicle checkout functions — automated
System and subsystem interrogation

Callup and interrogate the COFIRM program
Vehicle configuration control .

Callup subsystem information

Callup nom,i}__}al and emergency procedures

Callup predictor display

Subsystem configuration control and sequencing
Consumables management control and interrogation

Abort mission planning

Several types of keyboards have been examined and fradeoffs conducfed. Table 2.2-28

presents the basic requirements considered essential for the keyboard.
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Table 2,2-28

KEYBOARD REQUIREMENTS

DAYA MANAGEMENT CONSIDERATIONS

QPERATIONAL COMNSIDERATIONS

COMPUTER COMMUNICATION PERMITTED

OPERABLE UNDER g LOADS REPROGRAMMABLE ONIOARD

MINIMIZED ATTENTIOM FOR ACTUATION AVAHALLE SOFTWARE FROGRAMS

VERY FINE AND DISCRETE MOVEMENTS 32DUCED ADAPTAZLE TO VARIOUS FLIGHT REGIMES/MISSIONS
RAPID DATA ENTRY :

MINEMUM ADDITIONAL SUPPORT EQUIPMENT UTILI ZATION CONSIDERATIONS

MINUMUM COMPLEXITY '

MANIMUM OPERATOR ERROR ENTAY POTENTIAL VALETY OF USE FLEXIMLITY

PILOT ACCEPTANCE FANIMLIM VOLUME

INSTRUCTIONS MINIMIZED ALPHA/NUMERIC CAPABILITY

EASE OF USE IR PLAMMNED LOCATIOM

D06429

Six basic types of keyboards were evaluated against the requirements noted in

Table 2.2-28. Both the key-select matrix and page-6verlay keyboards met the require-
ments. Major consideration is being given to the use of the 8-3A "INCOS TACCO TRAY"
keyboalrd, since it is functionally integrated with the 3-3A DMS, and therefore, avail-
able software is avionic applicable to the Space Shuttle. However, vehicle functions

not specific to avionics also must be considered. Although out of the scope of this

study, these nonavionics functions will have direct bearing on the keyboard functional

and software requirements. Thus, in addition to the S-3A keyboard, a page-overlay

keyboard is being considered as an alternate for the Mark I Orbiter baseline.

Other manual controls employed are toggles, rotary switch controls, pushbuttons, and
special-purpose and shaped conirols (speedbrakes, trim controls, fire pull handles,
valves, etc.}; these are all rafffshelf items with no major modifications anticipated,
Generally, these types of controls are provided to both pilot/copilot in instances where
sharing is not practical, when rapid and error-free actuation is necessary, or when

"feedback feel” .is required.
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o General Displays. Several types of displays, in addition to the MDUs, are

incorporated. Caution and warning (C&W) annunciators are provided to alert
the crew to all emergencies, malfunctions, and out-of-tolerance conditions that
" affect crew safety or mission success. The prime C&W annunciator is located
directly above the basic instrument group (Fig. 2.2-36, Ifem 22) within the
prime cone of vision envelope. This annunciator displays via message format
the particular system that has malfunctioned, gone out-of-limits, ete. A basic
matrix of annunciators broken down to subsystem level (Fig. 2.2-36, Item 42)
illuminates further pinpointing of the problem. These annunciators are hard-
wired for crew safety purposes. In response fo the annunciator signal, the
center MDU (CRT) presents further status information regarding the problem,
At this point, the copilot will, in general, continue to interrogate the subsystem
in question using the MFK (keyboard) and MDU to isolate the problem and to
determine the most effective resolution (asswming a nonautomated changeover

to a redundant subsystem or equipment itern}.

Other displays — such as digital readouts for time, annunciators of status,
light-emitting diodes (LEDs) for quantitative readout, mechanical readouts
(commu'nication panel), lamps (abort)}, and mechanical flags (Apollo-type)
are required. Additionally, standard instruments - such zs indicated in
Tahle 2.2-24 and illustrated in the flight instrument cluster shown in

Fig. 2.2-36 — complete the display complement.

o Control and Display Test and Checkout.  Utilization of the basic S-3A data

management system and inherent BITE equipment and interface units permits
continual test of the C&D instrumentation subsystem to the LRU level. In egsence,
the test capability is built into each major equipment item, and the DMS is
constantly interrogati;}_g the equipment to determine health status. The status

is not called to the _attghtion of the crew unless a malfunction, anomaly, or
out-of-tolerance condition is sensed. As discussed previously, C&W annun-
ciators, subsystem status annunciators, and the MDU (CRT) are employed to

facilitiate checkout for awtomatic or manual interrogation. This system is
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hasic to the S-3A and has proven to he a major enhancement to both flight-
and ground-crew personnel. Furthermore, the technique lends itseclf specifically
to the VAST type of ground checkout which has the potential for a significant

reduction in GSE checkout equipment,

o Control and Display Subsystem Maintainability,  The basic flight-deck control

and display subsystem has been designed from the ouiset (1) to facilitate
maintenance, (2) permit instrument or component replacement, and (3) to
ensure that subsystem integrity has not been compromised. Maintenance con-

siderations include:
(1) Access

e Front access for 2ll control and display instruments

o Instruments all removable from the front

e Track and rail installation for removal/replacement of "heavy"
instruments

¢ Service loops to facilitate front removal/replacement

o Lamps replaceable from the front
(2) Design

Electrical disconnects at the panel

Panel-structure captive mounted instrumeﬁts

Module, control, or display device removal/replacement
Service loops in reel-roll configuration

Groundline to assure crew safety

EMI protection

o @ 6 g © 9 @

Modules are LRU configuration

v
All instrument panels are designed with respect to consoles, seats, and associated
equipment to permit adequate installation and removal/replacement volume. Instru~
ments can be panel dema,te_d and removed without decoupling the comnectors to facilitate
on-site servicing, inspection, and checkout. Also, instruments are provided with a
second connector interface (capped) for initial flight testing and subseguent ground
checkout; this precludes the reguirement to puil the unit simply to run service,

continuity, or basie checkout while on the ground.
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2.2.1.4.5 Baseline Rational — Controls and Displays —Mark I. Rationale for selection

of the baseline C&D included several major considerations, These are delineated below:

©

Incorporation of the basic S-3A data management system and system interface

units
Inclusion of 8-3A and compatible L.-10i1 and C-5A control/display instruments

Incorporation of the §-3A "BITE" to reduce inflight or ground checkout man-

hours and complexity
Inclusion of the L-1011 autopilot/land instruments and subsystems

Utilization of the off-shelf-developed basic flight displays for both atmospheric

and exoatmospheric flight modes

Use of the basic flight displays for on-line operatfional and baclup
{dedicated)

Incorporation of multifunction digplay units (MDUs) with CRTs for program-

mable data and for presenting only mission-regime specific information
Reduefion of digplays through use of the multifunction display units

Elimination of the Flight Systems Engineer through:

a. Reducing checkout and test instrumentation and displays

b. Presenting only mission-regime specific data to the pilot/copilot

¢. Reducing displays and, hence, scanning which reduces workload

d. Introducing the autopilot/land subsystem which frees considerably the
workload from ﬁlxe pilot/copilot, thus permitting monitoring of other
subsgystems with greater attention .

e. Incorporating the third MFD and allocating if primarily for subsystem
status, sequencing display, and COFIRM functions

f. Locating flight management information on the MFD in front of the
pi.lot:/copﬂ(;%‘ '

g. Dual use of several instruments, thus reducing panel area and
providing additional space for displays/ cdntrols at the pilot/
copilot station panels

h. Previding for computer-aided vehicle configuration, consumable con-

servation, abori-mission planning, and vehicle sequencing
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o Duplication of basic flight display and control instruments at both the
pilot/copilot panels to facilitate ease of takeover or flight control from

one position in emergencies

The basic S-3A DMS and associated SIUs currently incorporate programmable and
displays controls including the use of three CRTs. Thus, the LMSC baseline takes
advantage of existing and proven capability, thereby, nearly eliminating any risk
factors associated with a programmable C&D approach. Furthermore, considerable

software applicable to flight displays currently exists and can be utilized.

2.2.1.4.6 Panel Area, Crew Complement, and Control and Display Weight Factors.

Panel Area Lavout. Development of the basic main instrument panel layout is

predicated on standard crew-function allocation factors and anthropometrie consider-
ations, Primary flight C&D are provided to both the pilot and copilot (1) to facilitate
flying the vehicle from'either seaf position and (2) to provide redundancy of C&D con-
sidered critical to crew safety and mission success. The selected C&D layout grouping
groundrules are pictoriallypresented in Fig. 2.2-41, This arrangement is traditional
and presents no vielation of accepted practiées. Control -and display layout within this
grouping is achieved as per Fig, 2, 2-36, ‘

Crew Complement and Location, Pilot and copilot locations are shown in Fig. 2.2-42,

Also included are system/payload and tele~operator work stations. During the initial
horizontal and vertical test flights, it is strongly recommended that a third crewman
and work station be provided; this position will greatly off-load typical test and check-
out functions from the pilot and copilot, thus measurably reducing warkload. Upon
completion of the test flighta, this "Flight Systems Test Engineer' station is recon~
figured into the payload monitd®ing and checkout work station. Thus, no scar penalty

is recognized in growth from the test vehicle to the operational vehicle,

The tele-operator work station is provided for payload manipulation and satellite de-
ployment or capture; reniofe manipulator C&D is required at this station to facilitate
these functions. Additionally, it is strongly recommended that attitude and translation
“controls as well as ronge, range rate, ste., displays be incorporated at this station

to facilitate vehicle mancuvers associated with payioad activities. Inclusion of these
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Fig. 2.2-41 Control and Display Layout Grouping Groundrules
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additional flight C&D necessitates positive techniques for transfer of these functions
from the pilot/copilot station aft to this work station (if located on the flight deck).
Figure 2.2-43 presents a simplified concept of this arrangement. Transfer of flight

control and visibility are two potential areas for major investigation and analysis.

Control and Display Weights and Panel Areas, A comparison analysis was made of

aircraft and spacecraft parel areas and control/display weights. Figure 2.2-44 presents
these data in summary form. The th_ird crew station is recommended for the test flights
only. Thus, C&D weight for the Mark I operational vehicle is determined as 717 Ib.

It is important to note that 189 Ib of the total weight {s allocated to the CRTs. Display
generation and computers associated with the C&D subsystem are charged to the data

management subsystem.

Panel area for the operational Mark I vehicle is 13,5 sq ft, realizing that the systems
engineering station (8.3 sq ft) requirement drops out after the test program. Other
aircraft and spacecraft panel areas are included for comparative purposes. Of interest
is the display and control panel area versus weight-density plot presented in Fig. 2.2-45.
It shows that for the baseline Mark I control and display subsystem, maximum control

and display panel density (53 Ib per sq ft) is realized, thus, tending to indicate reason-

£
™~ .
37 bEG. - OUSTRUCTID
: e VIEW
v/ o
L
S

W DEG PAYLOAD

ably efficient use of panel area,

PAYLOAD MONITORING
LONSOLE

PHLOT/

COMPARTMENT
(F:f)m LoT VIEWING
_F U ENVELOPE

CONSOLES 1)

o
- N TELE-OPERATOR

) \\J C & D PANEL
M TELE-OFERATOR
” . COMNSOLE
A

g Sy rarpuey - e L, P A i a4

pr oK
Fig, 5 943 Systems/Payload Monitoring and 'l_‘c;jctcplgjégl*ator Congoles
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Fig. 2.2-45 Control and Display Panel Area Vs Weight Density (Nonnormalized)
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2.2.1.4.7 Control and Display Tradsoff Analyses. Several tradeoff studies were

conducted to support the development of the control and display configuration, definition,
and layout process. Additional supplementary analyses also are included to present
the range of C&D data and impact factors considered. Both trades and analyses are

briefly discussed in the following paragraphs.

Circuit Breaker Analysis. Circuit breaker estimates (approximately 500 or more)

are made for the vehicle. TFrom the newly developed coneept of "remote circuit
breakers,' the estimated parel area is placed at approximately 16 sq ft. Table
2.2-29 presents a circuit breaker area-panel comparison between repregentative
spacecraft and aircraft, thus further substantiating the dedicated panel area relegated

to these necessary C&D items.

Display Device Tradeoffs. A review of potentially applicable displays was

made to determine status and availability; Table 2.2-80 presgents an encapsulated

summary of thig review. Holngrams, lasers, and grid-type displays are all in the

Table 2.2-29

CIRCULIT BREAKER PANEL AREA COMPARISON

AREA

’\
TOTAL
VEHICLE AQINsa FT
c-5a 761 | 2500 33 | 2
1011 198 | 165 | 1144 : 1507 [10.25
5-3A 477 &77 | 4.7
GEMINI 192 72 | n 26 | 2.3
™ 425 | 425 850 | 6
cm 120 | 20 250 | 2.5

Dosqsy
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Table 2,.2-30
DISPLAY TRADEQTTIS
TYPE FEATURES 5/% LiSE STATUS
DISCRETE
o INCANDESCENT § HIGH BRIGHTNESS/SIMPLE | COMMERCIAL AND MILITARY JETS
o GAS DISCHARGE | MEDIUM BRIGHINESS/LIFE AVAILABLE COMMERCIAL INDICATORS
"o LIGHT-EMITTING HIGH BRFGHTNESS,/L}FE PROTOTYPE
DIODES
o ELECTROVUMIME~ § SLOW FAILURE/MULTI- L. COUNTERS/ APOLLO
SCEMT COLOR BARGRAPHS
o FUNHDC HIGH AMBIENT LSES
REFLECTIVE
o LQUID CRYSTAL FIXED MESSAGE/
REFLECTIVE /
FIXED STORAGE
o Fibm LARGE INFORMATION AIRCRAFT MAP DISPLAYS
CONTENT MAPS AND :
{NSTRUCTIONS
o HOLOGRAM LARGE INFORMATICHN
CONTENT
SERVDS UNAMBIGUOUS DISPLAY INSTRUME NTS APOLLO, COMMERCIAL AND
ADL, HS), ENG | MILITARY JETS
DOS623
TYPE FEATLIRES $/% USE STATUS
CRT
6 1-GUN BEW HIGH BRIGHTHESS/RESOLUTION | 1 1011,557 514
- T .
e 3-GUNCOLOR LOW TRIGHTNESS/COLOR COMMERCIAL TV
CONTRAST
o 1-GUNCOLOR MEDIUM BRIGHTINESS/COLOR FROTOTYPE
CONTRAST RULTI-PURPOSE
o 7-GUN WRITING SPEED L DISPLAYS PROTOTYPE
o STCRAGE TURE VARIABLE PERSISTENCE | COMMERCIAL AND
MILITARY JETS
e 4-GUN STORAGE! SIMULATED PERSISTENC E/MODE PROTOTYPE
TuBE
o LASER NG VACUUM/MULTI-COLOR J
e
GRID -
o  PLASMA MEMORY/HIGH BRAIGHTNESS
¢ THERMO- HIGH AMBIENT/COINTRAST/ MULTE-PURPOSE
CHROMIC REFLECTIVE DISFLAYS
o MAGNETO HIGH AMBIENT/CQMTRAST/
(o1 (TR REFLECTIVE

Na624
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experimental stage and are not considered sufficiently state~of-the~art devices to

consider their inclusion as candidate displays.

Keyboard Tradeoffs. Six basic keyboards were examined (Table 2.2-3]) relative

to three specific criteria areas; (1) data management, (2) utilization, and

(3) operational. Analysis results indicate that, for ihe requirements and conslraints
considered, onrly two kevboards generally meet the eriteria. The key=-select matrix
keyboard incorporates fixed function keys and four-position variable indicators, thus
providing considerable flexibility and functional capability. One POK folio can provide
between 300 and 400 discrete functions, This technique appears promising ‘anci is a

strong candidate for inclusion in the C&ID subsystem.

Hand Controllers.  Eight types of hand controllers were examined for their

_applicability to flight'control {see Fig. 2.2-46). Analysis of eriteria concerning these
candidates results . in the development of the data produced in Fig. 2.2-47. The two
controller candidates, which generally meet the criteria acceptance envelope, are the

dual~ and single-side arm conicollers (starred).

Propulsion Displays. The propulsion-engine system is composed of five

separate subsystems: (1) main engines, (2) orbital maneuvering system (OMS),

(3) reaction control system (RCS), (4) airbreathing engines '(ABES}, and (6} auxiliary
power units (APU). The display of information on 2 dedicated hardwire basis to the
crew promotes several problems in terms of panel area consumption. Analysis of
these potential problems results in the development of a discrete series of steps and
resultant information. Table 2.2-32 presents propulsion parameters by the five
subsystems with the total parameters indicated for each. The minimum number of
displays required by each subsystem (which totals 80 for the sum of the five subsystems)
is indicated in Table 2,.2-33 To determine the need by mission regime for each of the
subsystems, requirements by El‘ission phase are egtablished on a time-line basis and
are illustrated in Fig. 2.2-48. Next, the types and numbers of displays required, as
indicated by the time~line, are developed for the five subsystems (see Tig. 2.2-49).
‘Thus, two rows of meters, as seen in TFig. 2.2-50, are required; by sharing (bardwire)

diépiays, engine status can be displaved based on the time~line for all parameters
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Table 2.2-31
KEYRBOARD TRADEOFF SUMMARY
[DATA MGMNT CONSIDERATIONS | UNLIZATION CONSIDERATIONS |
& [y ~ U
o F ol L Y =
< ‘ Lo g F /=
of Bofveslsid) 3/ 82 |5 /5252
o535 [B5558 Esws) 88 ) 68 | Sy /35) 855
5505 LIRES S5 65 ) £y [ §5 /85 &58
KEYCOARD TYPLS &G8 JES [ Q& /<T¢F /j:;f// Ny //i?// 73 7/;/;}//
7 7 : /
. EXTREMELY . EXTREMELY - | A
NOMERIC ewimep | MO | NO L NO 4“5/ bwiTen () VP ) MO //YES
NOUN/VERE | & /x'z-:s 5’/ NO | NG [LIMITED // YES /YES// /YES/ WO ¢}55//
Q /ﬁ// i Wi i
o /s LI
FIXED VERY MO VERY YE;i YERY LEMITED YES /YES/'
NOMENC LATURE LIMITED NO LIMITLD é’/ f/% LiMITED o 4/// /[ .
L i I
KEY-CURSOR | § / YES % YES /] LMITED [/ vES /fmﬁ?gw SLICHTLY /4\(&5 / /YESY) LMITED
S —— e t—— L
KEY-SELECT | 2 ’V . / % SLIGHTLY [SLIGHTLY /
MATRIX S W YBLpYE 4 NO /Y“?/YES/ LIMITED | LIMITED /YES Ve 7
& Wiy, i s
P z ////// S Tl V ,/f/,y/ //////y 7 /
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Wi, »J’//// ,J///// L, T
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o o
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ST o w =~
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Table 2.2-32
PARAMETERS BY SUBSYSTEM - PROPULSION EXAMPLE

PRRAMEVER/COMINTION UkItE PR ULS IO N SURSYETEM
1TEM, DISPLAY RECHIETMERT YO BE
. MOMTOA'D | Main Al M5} RCS ARES
T s v sTem DIy e pe - P s
2P PERCEMT THRLST COMMANDED EHG. 4 - 2q- -
3} PERCENT THAUST BEING DELIVELED BY ENGINES ENG, 4 - il- -
4 | AV RIMAINING TOTAL - - 8N -
§ | EGING Giklal POSITION 1N FTCH EHG, 4 - 2 |- -
& | EHGINE GIWGAL POSIHOIN IN YAY ENG. 4 - |- -
7 | THRUST VELTGOR ALIGNMERT ERROA 14 FITCH EMNG, 4 - 2 |- -
B | THEUST VECTOR ALIGRMERNT ERRDT IN TAW NG, 4 - 7 |- -
P FUEL/OXIIIZER MIXTIAE RATIO (5% FURL) EHG, 1 - - - bl
W0} UL QUAMTITY REMAIHING OF 5 $URL BERRAIM, TARKS 1 6 . 2 |2 z
11 ] OXIDIZE2 QUANTITY REMAINING GF % OF REMAAIN,]  TARKS 1 fpon, monl 2 | 3 | (HONO-FROF)
17 | FLEL TEMPERATLRE . TANKS 1 ) ] Fi
1| OXIDIZEen TEMFERLTIRE TANKS ] - 2| -
14 b FUEL FRESSUAE TANKS t [ FE z
15 | OXIDIZER FAESSLAE TAMERS [} - 2 |3 -
16 | HELILYA FESSURE TAMNKS - ) 2|9 -
17 | HELUM CILANTITY TAMLE - [ 714 -
TR ENGIRE R4 EMNG, - 3 - | - -
19 | COMBLUSTOR DUTLET TENMPEIATLGE EMNG, bl 3 - = bl
0 PFERCENT RFM Ny LHG, - - -~ &
20§ MEECTRT Rita N LR, - - -] - o4
22 1 TURR INE BLADE ﬁMP:aAtuu ENG. - - -p- 4
23 FFUELFLOW EMG, -~ - - - 4
24 | ERGINE QIL TEMPERATLRE ENG, - - - - 4
44 | ENGINE OIL FAESSLAE G, s - -] - 4
4
26 LENGINE OIL BUANTITY NG, - - -1 - 4
27 JENGINE VIERATION - FAN STAGE ENG, - - -~ 4
73 F ENGINE Yis1ATION ~ TLRRINE STAGE ENG, - - -5 - 4
TGYAL PARAMETERS | 31 ) W E [H

TRy

i Table 2.2-33
MINIMUM DISPLAYS REQUIRED BY PROPULSION SUBSYSTEM

FROPULSIOM SUBSYSTEM FARAMETER

MIN, RO,
GF
Dissiays | AN APUY OMS RCS ABES
REGUIRED SR%éi.ES S%S}LEE)S SCALES SF%ALES SCALES
Q. REQ' REQD EQ'D RLGY
INFORMATION TYPE 1T o A
alslafr] lefataiei alalafry elalziv] lalsiz
QUANTITY (PROPELLANTS,
HELIUM, TtL) 12 2 7| 02w 6wl vi 2] | sl w
TEMPERATURE {PROPELLANTS,
HELIUM, OIL, OTHER] 10 2 vl [9lv 4y si vl | Kol |v
PRESSURE (PROPELLANTS,
HELIUM, QIL, OTHER) 12 2 vi [12lv 6 vl lv| D) Iv 6 |l7) |
RPM CR - 3l - - O
FLOW 4 - - —_ - 0.5
POSITION OF ENGINES & ERRCR 14 v - ) vl |- —
THRUST { COMMAND & ACTUAU) 8 v - 4 7| - -
av O - ! Vi -
MIXTURE RATIO O - —1 el - -
VIBRATION B — - - - 0
TOTAL iNDIVIDUAL INGICATORS | 80 |32 34 ) x W2

D56 56
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Fig. 2.2-48 Propulsion Display Requirements by Mission Phase
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Fig., 2.2-4% Types and Wumbers of Propulsion Displays Required
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Fig. 2.2-50 Propulsion Subsvstem Dedicated Displays

indicated in Table 2.2-31. Accordingly, only 29 displays of the original 80 need be
provided, based on this common share principle, while still maintaining a dedicated hard-

wire philosophy. Furthermore, the panel reduction can be considered at least 50 percent

of the oripginal requirement.

#
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2.2.1.5 Data Management and Onboard Checkout. The baseline Data Management

Subsystem (DMS) is fundamental to the accomplishment of the goals of performing

pilotage tasks with a two-man crew, meeting reduced turnaround times of 30 days for
Mark I and 2 weeks for Mark II, and achieving sufficient autonomy for an airplane

type of operation, i.e., be independent of an earth based Misgsion Control Center (MCCj.
The baseline DMS is incorporated into the orbiter to assist béth the space and ground
support crews in decision making in all aspects of the mission, and fo perform routine
tasks that are attendant to the required mission. A single-thread nonredundant concept
identical to the S3A DMS, complete with a hard-wired backup capability for all safety

of flight (SOT} functions, ‘was selected as being compatible with program needs while

minimizing development and attendant programmatic costs and schedule risks.,

The degree of DMS participation in performance of tasks is planned to progress from
a low level during early horizontal flight test to nearly complete automatic control

with crew override option as a growth capability in Mark II,

Phased acquisition of the DMS is accomplished as shown in Table 2.2-34, This
approach eliminates the parallel development of a development fight test instrumentation
(DFI) subsystem while simultaneously gaining demonstrated confidence in the operational
DMS hardware in its ultimate system environment. Operational functions (including
effectivity) accomplished within the DMS are listed in Table 2,2-35.

2.2.1.5.1 DBaeseline Approach. The baseline DMES is an integrated adaptation of

existing, developed subsystems and supporting software. Development is limited to
hardware and software modifications at the module level and integration of the sub-

svstems into a versatile system through hardwired interface units,

The developed subsystems ini_:gegrated into the 040A baseline DMS are: the SBA data
management subsystem consi?ﬁng of a UNIVAC 1832 computer, SMHz dedicated data
transmission lines, and standardized system interface units (SIU); an analeg multiplex
data gathering subsystem from the LMSC SESP program; and elements of the Apotlo

Bloek II comnuunications and data subsystem, 7The SESP multiplex subsystem and the
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Table 2.2-34
DATA MANAGEMENT SUBSYSTEM PHASED ACQUISITION

Phase DMSE Status
Development prior to Bench integration of S3A computer subsystem,
- FHF

P-50 instrumentation multiplex subsystem and

Apollo telemetry subsystems.

FHF S3A computer subsystem, P-50 instrumentation
subsystem, and Apolic TLM subsystem employed
as an infegrated DFI.

FVF S3A computer subsystem and P-50 instrumenta-
tion employed as operational crew support,
flight test engineer' support, and integrated DFI.
Added P-50 instrumentation multipiexing to
support DFI acquisition of data for test phase
only. Apollo TLM subsystem for DFI downlink
and proof of operational capability.

Mark I S3A computér subsfystem, P-50 multiplexing
subsystem (operational data only), and Apoﬂo TLM
subsystem as a.n earth cooperative support sub-
system. Automatic control limited fo the

" instrumentation and electrical power subsystem
in flight, available for all avionics S/S control
between flight testa.

Mark IT 83A computer subsystem and P-50 multiplexing
subsystem providing crew support necessary for
autonomous operation. Apollo TLM retained as
an emergeney support option.  Automatic sub-

system control capability limited by funding only.
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Table 2.2-35 .

DATA MANAGEMENT FUNCTIONS EFFECTIVITY

FUNCTION

CNBOARD CO/FI AND DATA EXTRACTICH

INSTRUMENTATION AND ELECTRICAL POWER CONTROL

ABORT AIDS

GN&C COMPUTATIONS

ONBOARD COfFI/RM

SYSTEM MANAGEMENT AIDS
AVIONICS CONFIGURATION CONTROL
CONSUMABLES MANAGEMENT
RENDEZVOUS COMPUTATION
PAYLOAD MANAGEMENT

AIC AND SIC FLIGHT CONTROL
NONAYIONICS CONFIGURATION CONTROL
MESSION PLANNING

MARIC |
VFT

S o 2 O O O
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Apollo communications and data subsystem elements are discussed in par. 2.2.16,
Instrumentation. The S3A adaptation which forms the heart of the on~board DME is
detailed in the following paragraphs. An overview block diagram of the S3A DMS

baseline is shown in Fig, 2.2-51.

The DMS is integrated around a general purpose digital compuﬁer gystem (UNIVAC 1832) -
with dual central processors used in the S3A avionics system. Each cenfral processor
has access to two banks of deposited film memory, each containing 32,768 32-bit words,
with effective cycle times of 750 yse¢. If operands and instructions are in different
banks, instruction overlap is possible, yielding add times (including access) of 1.3

usec and multiply/divide times of 12.1 ysec.

Input/Output _(I/ 0) is provided through the Input-Output Controller (I0OC) and Input
Output Interface (IOI} units (Fig. 2.2~52), The IOC units provide the control logic
which interprets and carries out I/0 operations. A self~contained command repertoire
allows direct access to and from core memory, without interruption of central process-
ing. Each of the IQOC units operates independently, and may gain acceas to sither
memory bank. Each I0C may control up to eight bi-directional serial channels and

one parallel channel, yielding a capability (with both IOCs active) of data transfer

rates of 1.3 million words per sec. The I0Cs accept and generate various types of

interrupts.

The IO units (Figs. 2.2-52 and 2.2-53) provide signal level matching, serial/parallel
conversion, line receivers and transmitters, and storage necesgary for buffered
communication with external avionics equipment through SIUs. Each I0I operates
independently and may operate with either I0OC. I0I design is modular by chamnel;

- no single failure will disable more than cone channel.

The ICI units communicate wit"err" the other subsystems through SIUs, which terminate
the 6 Mz serial shielded twisted~pair lines that are the standard communication
means of the system. Each SIU containg a receiver/transmitter pair, response
control logic, and storage for the standard 36-bit communications word (Figs. 2.2-54
and 2.2~55). The remaining portion of the SIU is tailored to the particular subsystem

interface required.
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The primary Mark I 8IUs are a.dapted from the S3A program to interface with the
avionics subsystems, i.e. communications and tracking, electrical power, guidance/
navigation and control, control/display, and instrumentation. The hardware capability
for monitoring and control exists within this basic Mark I configuration; however, only

the electrical power subsystem will be operationally commanded in Mark L.

The existing S3A capability for automatic checkout of flight readiness is employed for
the avionics subsystems through their SIU interfaces with the DMS. Those signals
required to activate internal BITE and fo initiate subsystem action attendant to checkout
for flight readiness are either originated in the SIU through compufer command or
imp},emeﬁted by personnel at the flight station through operational controls on cue from

the DMS via programmable display.

Passive monitoring for analysis of nonavionic subsystems is provided througlh the
instrumentation interface into the DMS central.computer, control being supplied by

crew action if necessary for checkout and fault isolation.

An interfoce is provided for tying the GSE automatic checkout facility and the on-hoard
DMS into a single unified checkout and fault isolation system for maintenance and

launch operations,

The [0Is also communicate more directly with the magnetic drum and digital magnetic
tape mass storage devices. The drum has capacity for 400,000 32~bit words with
average access time of 12,5 msec. Each tape has capacity for 3.5 million 32-bit

words, giving total system mass storage of 7, 400,000 32-bit words.

An integrated control panel is also gerviced through the IOI, allowing direct manual
man-machine communication, The operation of the keyboard is software-interpreted,
allowing key function to change from mission mode to mode. The programmed displays
are versatile cathode ray tube dgvices that allow the presentation of hoth graphic and
alphanumeric information to the crew. Both operations peculiar and supplemental

trouble-shooting data are accessed as required,

The IOI communicates with booster subsystems through the booster 8IU, which is

contained in the orbiter.
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Fig. 2.2~55 83A Serial Driver/Receiver — Coder/Decoder Block Diagram
Hardwired flight-critical annunciators bypass the DMS by belng wired in parallel from
the input to instrumentation and booster SIUs for Safety—of~flight on-board checkout and

abort warning functions.

2.2.1,5.2 Composite Airceraft/Spacecraft Avionics. The merging of aircraft and

spaéecraft functions in the DMS occurs primarily in the arcas of instrumentation and
in maintenance and mission logging on the digital magnetic tape. The integrated
control panel and programmatic displays perform functions in either areas, as the

-goftware directs. -

The S3A program has developed the techniques and hardware necessary to successfully
integrate avionics and electrical/electronic units into a centralized DMS through the
SIU, using a combination of standard and specialized interface circuits. The baseline

DMS employs identical methods of consolidating available BITE outputs from the 534,
2.2-1056
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L-1011, Apollo, and other manned program hardware selected for the avionics system,
For the limited units which do not inciude BITE sufficient for preflight readiness vali-
dation, the signal/logic validation techniques developed on the C5A MADAR are
implemented to achieve a self-contained checkout and fault isolation capability within

the orbiter for avionics subsystems in the Mark I phase,
An interface between the DMS computer and the GSE automatic checkout complex
permits ground crew access to all data within the DMS computer and provides a

capability for failure analysis by the flight crew during the mission.

A conceptual overview of the DMS in the operational environment is displayed in
Fig. 2.2-b6, 2.2-57, and 2,2-58, ‘
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2.2.1.6 Instrumentation. The baseline instrumentation subsystem for the Mark 1

Orbiter comprises transducing, signal conditioning, and multiplexing equipment;
telemetry formatting controls; FM rccording equipment; a flight data recorder; and

a time code generator. The instrumentation subsystem includes both operational and
developmental flight instrumentation (DFI) in its formatting and recording capabiiities
to meet the data reguirements summarized in Table 2.2-36. DFI multiplexing and

_ cabling is separated from the operational so that the DFI is easiiy_ removable with

minimupm laber and sear effect.

2.2.1.6.1 Multiplexing and Telemetry Formatting.  The multiplexing and formatti_ng

of instrumentation data is under control of the data management sub system through

the ingtrumentation SIU. Commumnication between the DMS computer and the 51U is by
36-hit words as in the standard 8-3A 6 MHz-line int.erface. SESP typs multiplexer
cards are used for the first level of multiplex; each card can switch one of 32 lines

to a cingle line under control of a 5-bit address. The acidrless is furnished fo the
specific card from the DMS computer via the instrumentation SIU. The selected Apollo
Block il PCM telemetry equipment has multiplexing capability for 365 anzlog high level
points, 264 discrete inpuis, and one 40-bit serial word. The handling of the various
classes of instrumentation data is discussed in the following paragraphs and diagrammed

in Fig. 2.2-59.

Analog Data Multiplexing.,  Approximately 200 analog points are considered to be safety-

of-flight items. These are fed directly into 200 points of the Apollo analog multiplexer.
For the noncritical points both analog and discrete, 25860 can be mulliplexed using SESP
32-point multiplexers on 80 points of the Apollo PCM multiplexer and 80 SESP multi-~

plexer cards. FEighty-five chamels are available for growth and/or faster sample rates.

Diserete Data Multiplexing., ““There are 264 discrete data lines into the digital multi-

plexer of the Apollo Block II PCM telemeter. Assuming 100 of the discrete signals
are flight critical, these are tied directly to the discrete input line. Ancther 164 fast-
sample rate high priority discrete points can be tied to the direct discrete inputs, as

well as heing digitized and transmitted through the analog channel for redundancy.

2,2-109
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Table 2.2-36

040A ORBITER INSTRUMENTATION SUMMARY

ﬁ FHF FVF Man FVFEF Unman Operational
Subaycstem Equipment Oper Dev QOper Dev Oper Dev Mark L
Communications a 1 10 - 10 - 10
Instrumentation 2 7 2 7 2 7 2
(8/C) GN&C Attitude

Control 410 64 410 64 552
(A/C) Navigafion 54 34 - - - - -
(A/C) Flight Control 254 192 254 42 280 44 254
Display and Controls 20 20 20 - 20 - 20
Nav Aids (8/C and A/C) 32 26 70 6 70 6 78
Data Management 90 46‘ 99 - 90 - 990
ECLES 72 - 72 - 48 - 166
Propulsion 32 102 308 466 308 466 308
Struct/Mechanical 86 538 143 301 143 301 97
Hydraulic Power 60 89 - 60 6 60 6 60
Elect, Pwr Distribution 1390 66 130 60 130 60 130
Elect. Pwr Generation 18 20 164 71 104 71 104

Total 859 1141 1673 1023 1675 1025 1811
2000 2696 © 2700 1811
Note: Oper = Instrumentation polints required for basic operation
Dev = Instrumentation points required for development flight test (D¥FD

F3d ‘IUI0A
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Fig. 2.2-59 Baseline Instrumentation Subsystem

Serial Data Transmission.  The 40-hif serial data word input is used for direct digital

transmission on the PCM link between the DMS computer and receiving station {e.g. ,

for time codes and crew entered data}.

FM Data Transmission. Data not suitable for digital transmission are transmitted

via the FM data input to the Apollo Block II premodulation processor of the system.
Formatting is accomplished again by the instrumentation multiplexing. Biomedical
data may be transmitted on available bandwidth voice transmission channel, under control

of the communications SiIT.

2.2.1.6.2 Integrated Vs Ovexlay DIFI. The multiplexing hardware used for instru-

mentation consists of 32-point SESP multiplexers and Apollo Block II equipment. Because
of the inherent capability of the system, it was decided to integrate the DMS bit stream
and the SESY lmtrumenmtmn system at the input to the Apollo equipment, rather than

duplicate the computer control and telemetry system, ‘he DFI first level multiplexing.
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wiring, and signal conditioning would be installed as an overlay for minimum scar
effect and minimum cost of removal.

Changes in software are limited to changing only the instrumentation tahles and the

telemetry format,

The DFI system, then, is neither fully integrated nor fully overlayed, but a combination

that fits within the instrumentation/DMS capability at minimum cost.

2.2.1.7 Baseline Orbiter Avionics Weight Summary, Available equipment has been

identified for mechanizing each subsystem. The subsystem weights are summarized
in Table 2.2-37 for each major development phase, The final operational avionics
weight is 9086 pounds, including a 10-percent assessment for equipment installation,
“The detailed listings of equipment, unit weights, and prior program application are
given in Tables 2.2-38 A through F. These lists identify the required sequence for
adding equipment, It should be noted that the maior change is from first horivontal
flight test to the vertical flight program, However, the use of FTV-1 as a passenger
earrier to accumulate operating experience on FTV-2 equipment should result in a

gradual buildup of capability; i.e., the indicated step function will not occur,

#
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Table 2.2-37

MARK T ORBITER AVIONICS WEIGHT3 SUMMARY

"

Qperaticnal
Subsystem FAF Wt. (1bs) | FVF Man Wt (ibs) | FVF Umman Wi (1bs) Wi (1bs)
Cuidance, Navigaticn 1119 2018 2018 2275
and Controls
Communication and 316 436 436 5731
Navigati?n Aids
i
Electrical Power Generation, 2332 3696 3696 3696
Control and Distribution
bisplays and Controls 751 104G 104G 717
Data Management , 555 665 665 665
Instrumentation kg3 - 66L 693 376
Sub-Total ) 5566 8528 8508 8260
Installation (10%) 556 553 853 826
TOTAL 6122 9381 9381 5086
| == S i S




Table 2.2-38A  MARK I ORBITER AVIONICS BASE INE MUTEMENT LIST

FHF TVF Man 1 FVE Unman Opar. .
{ fuidnnce, Navigation ; Unit , ‘
j and Contrel LWt Total Total | Total Total | Progran
P Euipment, ; (1bs) Quan. Wt. Quan. Wt. - Quan. Wit. Quan. Wi, Spource
| -
iE.l.l 1 |
L 1 53 2 . 1067 2 106 | 3 159 | 747
Digital Comp. (1832) | 126 Pl 26 1 126 L 126 1 S-3A
Star Tracker ‘ T7 ‘ 2 154 | Bendix ATM
Horizn. Sensor . 25 ! 2 50 Agena
Mavig. Data Repsater 55 ¢ 2 110 2 110 2 RN S-3A
i Converter oo - R
1 TVC Blectronics P30 L3 Q0 3 30 3 ‘go | Agena
ACPE Electronics 50 b3 150 13 150 | 3 150 | Agena
M. E. Cimbal Actuator 50 b8 Loo | 8 oo { 8 400 | 5 IV B !
! o on — !
Subtotal % 932 982 1239 {
5
2.1.1.2
{ Diveet Gyro 15 2 29 - | c-5a i
Compass Coupler 9 2 1T ‘ ) C-5A
Compass Controller 1 2 2 i : C-5A
Flux Valve 1 2 b C-5A
Vertical Gyro 15 2 29 C~SA
Mog Compensator 1 2 2 - C-5A
Subtetal ' B3
12.1.1.3 '
Rudder Servos [ 48 2 95 2 95 | 2 ol 2 o5 | c-sa
Elevon Serves 48 8 38k 8 38k 8 384 8 384 | C-5A
PFCS Serves ‘ 5 10 50 1O 50 190 50 10 50 5tol
Trim/Backup Servos 1 10 © 10| 1w 1¢ | 10 10§ 10 10 | ¢-1h ]
fpeed Brake Servo 10 L %0 L Lo L 1.0 L 4o | Wew ‘
Elevon Computer 23 Y 92 i 9z b 92 b G2 1 L-1011
Auader Computer 23 2 L6 o L6 2 L& 2 ke ) T-1m
Alr Dota Scnsor Assy . - Y 12
Central Alr Data Comp.| 9 2 59 @ 29 e 29 = S aS_BA

+i1d ‘11 TOA
1E6C6HV-D8I'T




Table 2.2-38A MARK I ORBITER AVIONICS BASELINE EQUIPMENT LIST

ANYLAWOD ADVLS B SATNSSIMN GAZHAHDON

, ! FHF FVE Man VEF Unman Dper
Guidance, Navigation | Unit ;
and Control Wt. i Total Total Total Total Program
Equipment (1bs) " Quan. Wt, Quan . Wi, Guan. Wi. Quan. Wt Source
-
2.1.1.3 Continged ?
g
Pitch Rate Gyros 1.8 i b 7 Ly T L 7 L T | L-1011
Roll Rate Gryvos 2 L T 4 7 4 7 L 7 | L-1011
Yaw Rate Gryos 2 i T L 7 i 7 h 7 1 L-1011
Normel Accel. 1.1 L L L 4 L L L L} D-1011
i Lateral Accel 1.1 4 4 b b I L L 4§ L-1011
Longlitudinal 1.1 z 2 2 2 2 2 2 z L-1011
Acecelerometer
Pitch AFFDS Computer 28 2 E4 2 Sh 2 56 2 56 I L-1011
Holl APFDE Computer 28 2 =6 2 56 2 56 2 56 | L-1011
Eng. Spi. Contr. Sys. 15 4 a0 L 60 L 60 L 60 | AH 55
Speed Computer 27 1 27 1 27 1 27 1 27 1 L-1011
Mnti-ckid Controlier, 30 i 30 1 30 1 30 1 30 | New
Touch Down SW., Wheel '
Spd. Sensor
Subtotal 1,036 1,036 1,036 1,036
TOTAL 1,119 2,018 2,018 2,275

#3d4 ‘I1 1A
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Table 2.2-35B

MARK T ORBITER AVIONICS BASELINE EQUIPMENT LIST

FHEF FVF Man FVF Unman Oper
Copmunications and Unit
Tracking Wt. Total Total " Total Total Prograsm
Equipment - (1bs) Quan. Wi, Quan. Wt. Guan. Wt. |Quan. Wt. Source
2.1.2
{ Pre- mod Proc. 11 1 11 1 11 1 11 1 11 | Apollo
y Unif. S-Band Eq. 38 1 38 1 38 1 38 1 38 | Apcllo
g-Fand P.A. 32 1 32 1 32 1 32 1 32 | Apollo
UHF SCVR , 33 2 66 2 66 2 66 2 66 | £-3A ;
{ Up Data Dink i+ 22 1 22 1 22 1 ee L 22 | Apollo i
{ 5-Bard Ant. Switch 3 1 3 1 3 1 3 1 3 ! apollo
{ URF Ant. Switch 2 1 2 1 2 1 2 1 2§ 8-34
| Antenna 2 2 L 2 4 2 b 2 L4 | Apollo
{ ATC Transponder 12 2 2l 2 2l 2 2l 2 2h | c-54
§ K¢ Antenna 3 2 & 2 6 2 6 2 6§ C-5A
%v&; Rec. Beacon 13 1 13 1 13 1 13 1 13 | Apolle
: VHF Rec. Beacon Ant. 1 i - 1 1 1 1 1 1 1 ¥ Apocilo
| Tacan 37 2 Th 2 Th 2 Th 2 Th} 8-3A
| 118 RCVR 10 2 20 C-5A
ATLS RCVR 15 - 2 30 2 30 2 30 § C-Scan
Rzdar Altimeter 10 2 20 2 20 2 20 9-2A
Ovbit Altimeter L5 2 90 2 a0 3 135 | Skyv Lab |
Prec. Ranging System a5 2 50 Ciris j
TOTAL 316 136 136 531 i

+3d ‘I 1A
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Table 2.2-38C  MARK I ORBITER AVIONICE BASELINE BQUIPMENT LIST

1

- FEF TVE Man ! FVF Unman Oper -
5 Unit
E Flectrical Power Wi, Total Total Total Total | Program
i BEquipment (1os) Quan - Wt. Quan. Wt Quan. Wt. |Quan. Wt. Source
2.1.3
Electric Pover
Distribution
Gen. Ctrl. Unit 8 3 2L 3 2l 3 2k 3 24 1 3-24
SFVR/Rectifier g 18 3 Sk 3 Sk 3 5k [ 3 Sk | P3V
DC Bus } 595 2 1,190 2 1,190 2 1,150 o 1,190 | New
AC Bus 290 2 580 2 580 2 580 2 580 § New
; Static Inverter 4o L 160 L 160 L 160 L 160 ) Apollo
DC Distribution Units 10 6 60 6 60 6 60 6 60 | New
AC Distribution Units 10 2 20 2 20 2 20 2 20 | Wew
gubtotal 2,088 2,088 2,088 2,088
Electric Power
Generatim
*uel Cell (2K Hr) 268 3 8ok 3 2ok 3 894 1 P&W Dev.
Crvo He Supply g7 2 194 2 194 2 194 | AAP
{Tunk only)
Cryo Oup Supply 138 2 276 2 276 2 276 | AAP
(Tank only) . '
Battery (Bmerg.) 62 2 124 2 124 2 12k 2 124 | Agena
A.C. Qenerator L0 3 120 3 120 3 120 3 120 | Mod. S-3A
Subtotal oLl 1,608 1,508 1,608
TOTAL 2,332 3;696 3:696 3:696

Fad fT110A
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Table 2.2-38D

MARK I ORBITER AVIONICS BASELINE DQUITHMENT LIST

n o R FHE IVE Man FVEF Unman Oper e
‘Unit
Displays and Controls Wt . Total Total Total Total | Program
Equipnent (1os) Quan. Wt. - | Quan. Wt. Quan . Wt. Quan . Wt. Source
Pyevrow/Overhead Panel:
Fngine Fire Control Panels: 8.0 1 8.0 8.0 1 8.0 1 8.0 1-1011
EC/LS Cas Supply Override i22-3 - - 22.3 1 22. 1 22.3 -
Yalves . i !
Flect Pwr Generation snd | 6.9 1 6.9 1 6.9 1 £.9 | 1 6.9 - ‘
Dist G : 5
Mievon Disable { 2.5 g 2.5 1 2.5 2.5 2.5 - i
zudder Disable . 2,8 1 2.8 1 2 1 2. - g
| ga5, Pitch, ATS, and Trim | 3.9 1 3. 1 3.9 3. 3.9 L-101%L |
Emer Controls !
Antiskiad Controls 2. 1 .3 1 2.3 ] 2.3 | 1 2.3 1-1011 i
Sensor Heat Controis 1.9 1 1.9 ] 1. 1 1 1 1.9 L-1011 i
FFCS Mon, Rudder and Elevon 3. 1 3.2 1 3. 1 3. 1 3.2 L-1011
mmer Controls
Engine Start 2.k 1 2.4 L 2.4 1 2.k 1 a.b L-1011 ¢
AP0 Engine Conbrols b7 1 [ A v7 |1 k.7 - ’
Cabin Tights . 2.0 1 2.0 1 2.0 1 20 | 1 2.0 -1011 |
Mission Timer % 2.5 1 2.5 1 2.5 1 25 11 2.5 M or T
Fvent Timer E 1.9 1 1.9 1 1.9 1 1.9 | 1 1.9 oM or Tt}
Exterior Lights i 2.8 1 2.8 1 2.8 1 2.8 1 2.8 L-1011 ;;
Rudder Limiter 2.1 1 2.1 1 2.1 1 2.1 11 5.1 L-1011 |7
Sub-Total g 40,90 72.20 72.20 72.20 -

TEREBEV-DSINL
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Table 2.2-38D

MARK I ORBITER AVICNICS BASELINE EQUIPMENT LISY

PHE FVE Man FVF Unman Oper . S
cUnit .
Displays and Controls LWt i Total Total Total Total | Program
Equipment (cont'd) E(lbs) Quan. it Quan. Wi. |[Quan. Wt. (Quan. Wt. Scurce
Main Instrument Panel:
Flight Attitude Indicator | 6.9k 13.88 | 2 13.88 ] =2 13.881 =2 13.887 sS-34
Horizontal Situation i 8.0 2 16.00 | 2 6.00] 2 16.00 2 16.00] sS-3A
Indicator i ‘ ’ .
Aero Surface Indicator P 2,25 2 4.50 | 2 h.501 2 L.sol 2 L.s0} L~1011
AFCS Modes | 2.75 2 3.50 | 2 3.50 | 2 3.500 2 3.50f 1-1011
AFCS Warnipg 1.88 2 3.76 | 2 3.761 2 3.760 2 3.761 L-1011
Instr Warhing 1.88 2 3.76 | 2 3.76 1 2 3.7 2 3.761 L-1011
Autopilot/Land 20.2 1 20.2 1 20.2 1 20.2 1 20.2 L-1011
Meter - Airspeed/Mach/oc | 8.2 2 6.4 2 16.4 2 16.4 2 16.4 C-5A
Meter - Altitude/Vertical @ B.2 2 16.4 2 16.k4 2 16,4 2 6.k C-5A
Speed :
Altimeter 3.0 2 6.0 2 6.0 2 6.0 2 6.0 $-3A4
True Airspeed Indicator 1.5, 2 3.0 2 3.0 2 3.C 2 3.0 S-3A
Altitude Indicator 1.5 2 3.0 2 3.0 2 3,0 2 3.0 5~3A
Multi-Purpose Keyboard 22.0 - - 2 4.0 2 4h .o 2 ATy 5-3A
Engine Gimbal Override 1.95, - - 2 3.901 2 3.90] 2 3.90] oM
ROS Control (verride 2.7 - - g 5.50 1] 2 5,501 2 5.50 -
Main/OMS Override 1.20 - - 2 2.0 2 z2.h0p 2 2,40 -
Tank Jettison Qverride 1.90 ~ - 2 3.800] 2 3.808 2 3.80 -
Abort 1,10 2 .20 | 2 2.0l 2 2.20f 2 2,20 -
Tnstr Brightress Control 0.75 2 1.50 2 1.50 2 1.50 2 1.50 -
Caution and Warning Test 1.10 2 2.20 ¢ 2 2.201 2 2.201 2 2.20 -
Panel
Booster Status Panel 2.90 - - 2 5.80| 2 5.800 2 5.80 -
Master System Caution .97 2 5,84 | 2 5.94 1 2 5.94 2 5, ol -
and Warning : ‘
Malti-Function Crt 63.0 - - 2 126.0 2 126.0 2 126.0 S-3A
(Flight Management) : :
Flight Mode Indicator 2.80 5.60 § 2 5.604 2 5.601 2 5.60 -
Multi-~Function Crt £3.0 - - 1 63.0 1 63.0 1 63.C 5-34
(Subsystems)




1-%°%

" RN
i Fii BVE Man Ry Unnean R S i
} Unit ' ! ‘
Dizplays and Controls WL Total . Total Total Tokal | Program
Zquipment (cont'd) !(lbs) Quan. Wt. Quan. Wt. |Quan. Wt.  |Quan. Wt. Source
i
Main Instrument Fanel (conttd):
g.5,6.2,
fngine/Propulsion Displays: 1.2 9,6,2 10k.1 9,6,2 104.1 9,6,2  104.1 16 99.2 -
Eogine /Propulsion Displays' 6.2 12 7h. b 12 b 12 7h b - - -
| Mode gelect (Main/OMS/ARES) L.1 2 2.2 2 Co2.2 = n.2 2 2.2 -
kMode Select (RCS/APU) o 1.1 2 2.2 2 2.2 2 2.2 2 2.2 -
} Ares Nav - Crowth (B3 - - - - - - - - I-101L
Throtile Quads, Speed t38.0 2 L 76.0 2 76.0 2 76.0 2 76.0 C-5A
. Brake & klevons Géntrol | .
{ ABES Controls Pa.l 1 1.1 1 1.1 1 1.1 1 1.1 C-SA
| &N Panel 2.6 L 2.6 1 2.6 2 2,6 1 2.6 -
" {ending Gear Controls b.2 ] L.z L h.2 1 h.2 1 4.2 (=54
j Tmer Landing Gear Txtbension L.9 1 1.5 1 1.5 1 1.5 1 1.5 C-5A
Controls : :
AT¢ Panel 2.0 1 2.¢ 1 2.0 1 2.0 L 2.0 0-SA
Communications Panel 1L,0 1. 14,0 1 14,0 1 14.0 1 14.0 S-34A
7C/18 Panel 3.9 1 3.9 L 3.9 1 3.9 L 3.0 -
Engine Start 2.9 1 2.9 L1 2.9 1 2.9 1 2.9 C-5A
fttitude Hand Contreller | 8.0 2 6.0 L2 16.0 | 2 16,01 2 6.0 1 oM |
Pranslation Controller §.2 2 6.2 16,1 2 6.} 2 6.4 -y
0L Annunicators 5.0 2 11.2 phd 11.2 z 11.2 2 11.2 - ,
L
Sub~Total 724, 5l Al 24

+ 13 ‘11 19A
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, Table 2,2-380 ,
" MARK I ORBITER AVIONICS RASELINE EQUIPMENT LIST

FHF FVF Man FVF Unman QOper
Displays and Controls | Unit Wt. Total Total Total Total '{Program
Equipment., {Ibs) Quan, Wi, | Quan. Wt. Fuan. Wi, Wt. Source
Jj’ 3

Sys Engr Panel - s.38%| 189 |s.38% | 139 [8.38%| 189 0
CRT 63 63 63 1 63 _9"_

252 252 252 0

TGTAL 751,44 1048, 74 1048.44 717.44

ANVYIINOD IDYLS 8 SINSSINW AZFHADOM

¥ 34 ‘11 1A
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Table 2.2-38E

MARK I ORBITER AVIONICS BASELINE EQUIPMENT LIST

P

I e e

N e THF FVF Man | FVF Unwman i Oper J‘ i
Unit }i
AN Vaagement Wt Total Total Total Total | Program
EGHES ISCEEN N Wt ST TN Wi, {@uan, W, Quan. Wt. ] Source ?
S ‘ - . 3 o
R i ;
1 4
Digital Computer 255 1 2595 1 255 1 255 1 255 1 5-3A
Drumn Storage 70 1 70 1 TO 1 7O 1 TO § S-34
Dig. Mag. Tape 20 2 40 o Lo 2 Lo 2 BWo | S-3A
Display Gen. Unit 80 1 80 1 80 1 80 1 Bo§ S-3A
Comn. SIU s L0 1 Lo 1 Lo 1 Lo 1 40 | 8-3A
Irietr. STU 10 - L 10 1 10 1 10 1 10 S-34
oM&C SiU 80 1 8¢ 1 8o 1 8o} S-3A
ECLS S1U 15 1 15 1 15 1 15 1 15 | 8-3A
Tl. Power STU 15 1 15 1 15 1 15 1 15 | 8-34
Booster SIU 30 1 30 1 30 1 30§ £-3
CSE/LCC 8IU 30 1 30 1 30 1 30 1 30§ S-3A .
TOTAL 555 €65 655 £65

¥ 14 ‘T 10A
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. Table 2.2-38F

MARK I ORBITER AVIONICS BASELINE EQUIPMENT LIST

FHE FVF Man FVF Unman Cper
Unit

Instruzentation Wt. Total Total Total Totul | Program

Equipment i (1bs) Quan. Wi Quan. Wt. |GQuan. Wt, 1Quan. W+, Source
1

2.1.6 :
 Transducers 0.5 290 1hs | L6O 230 | 490 2hs | 280 140

Sig. Cond. & Wire 0.2 730 ik6 § 1160 232 {1230 246 1 700 140

Flight Recorder L3 2 96 2 96 2 9% 2 96§ C-SA

ime Code Gen. g 15 1 15 1 15 1 15 C-SA
Tilm Camnera ' 7 1 7 1 7 1 T AfC
FCM TLM Bouipment i 1 L 1 TH 1 Wiy Apolilo
Fr Wide Band Lo 1 40 i Lo 1 40 11011
\ TOTAL La3 664 693 376
3
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2.2.2 Electrical Ground Support Equipment

The electrical ground support equipment for the baseline avionics system is required
to support a shuttle system that is composed of an interim, unmanned booster in
.conjunction with a 040A Mark I Orbiter that has on-board data management capability,
Avionics on-board cheékout, fault isolation, and all abort indications are controlled
and monitored from the oribter. This provides a near-autonomous shuttle operation

during prelaunch checkout and launch activities for the avionics system.

To support the baseline avionics system, it is proposed to modify and utili_ze existing
facilities and electrical ground support equipment (EGSE) located at Kennedy Space
Center. These facilities and equipment together will provide the necessary means

to refurbish, maintain, checkout and launch the shuttle avionics system,

2.2,2,1 Checkout and Maintenance, Complete avienics subsystem checkout and Tault

isolation are performed with the on-hoard checkout system; the basic philosophy of
maintenance is "on demand', i.e., replacing units only Wh‘en malfunectioning. This
concept is viable because of real time checkout on-board during all mission phases and
allows the line replaceable units {LRU} to be immediately dispatched to their respective
subsystem laboratories after landing, where detailed and positive fault isolation

takes place on automatic test equipment, Those problems external to line replaceable
units require additional on-board trouble-shooting conducted by- utilizing carry-on

cquipment such as VIVMs, oscilloscopes, ete. presently in inventory at KSC,

Electrical ground support equipment, to satisfy the peculiar bench checkout requirements
of each subsystem and LRV, will be maintained in dedicated laboratories in the MSOB,
Each dedicated suhsystem labératory is in turn connected to a common computer
controlled test equipment complex by way of a'dﬁta gwitching unit, all within the MSOB,
Each subsystem laboratory after establishing the necessary soft~ware test routines,

can conduct checkout and fault isolation to the replaceable module on any of the

laboratory line replaceable units,
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The existing GE computer complex consists of a general purpose computer, memory
unit, input/output console, mag-tape transports, teletypewriter, tape reader, and
tape punch to which will be added a data switching unit interconnected to stimulus and
measurement equipment sections {created from existing test hardware), The resultant
test tool is identical in function to the versatile avionics system test concept used

for shipboard support of the S-3A avionics,

The data switching unit is the communications element in the.totél test interface, It
enables the automatic test equipment operator to exercise supervisory or direct control
of the test program, monitor subsystem laboratory requests for support in real time
{shared}, and select the modes of operation. The computer, acting through the data
switching unit monitors, controls, and synchronizes all data and instruction transfers

bhetween common test equipment and the user subsystem laboratories.

To accommodate the on-board system certification of newly installed components,
the Launch Control Center is connected into a data link ferminal that is located in
each orhiter and hooster cell in the Vertical Assembly Building. This allows final

system certification of each vehicle prior to vertical assembly on the mobile launcher,

2.2,2,2 System Checkout and Launch, “The total shuttle system, composed of the

booster, tank, and orbiter, is assembled in the Vertical Assembly Building on the
platform of the mobile launcher, The orbiter DMS system is then connected to the
Launch Control Center (through the GSE SIU) by way of a high speed data link
transmission line: voice communications and external power are through other
electrical connectors, This puts the LCC computer and the ML computer in contact
with the on-beard data management system and prepares the vehicle and faeility for
integrated systems checkout and simulated flight tests. Checkout is initiated and
‘ monitored from the orhiter Qgﬂl{pit with the on-board data management system
calling up the necessary test routines and monitoring the test and data responses

under GSE cueing. System test is controlied from the ground test center in the LCC.

LOCKHEED MISSILES & SPACE COMPANY



IMSC-A995931
Vol I, Pt 4

When integrated checkout and simulated flight tests are complete, the mobile launcher
and shuitie are moved to the launch site and installed on the launch pad., Identical
electrical and data link connections are made and the same computer-controlied automatic

checkout of the shuttle avionics is performed,

The computer complex that supports this phase of the operation is composed of two
general purpose computers and their peripheral equipment. One computer is located

in the Launch Control Complex while the other is stationed in the base of the mobile
launcher. Both computers are RCA-110As and are connected in tandem to perform their
system support functions. Fueling is controlled independently of the avionies support
and is not considered in this study. Existing peripheral equipment includes 3 line
printer, card reader, card punch, paper tape reader, tape punch, mag tape transports,
and digital display equipment. '

2.2.2,3 Integrated Test Facility (ITF). Components of the shuttle avionics system

that are not repairable at the launch operations facility are sent to an integrated test
facility for depot-level maintenance. This facility (Fig. 2.2-60} is the existing S-3A
ITF modified for shuttle compatibility and has the capability of complete component

repair and also total system checkout with respect to any individual component, The

facility consists of three supporting elements.

® Integration Bench Setup (IBS)
o Integration Test Facility (ITT)
o} Laboratory Computer Facility (LCF)

The IBS contains the necessary equipment to repair and checkout the individual
avionies components. This includes the work benches, hand tools, simulators,

and mechanical and electrical lab cquipment associated with shuttle avionies,
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Fig, 2.2-60 Integrated Test Facility/Integrated Test System
Rye Canyon Bldg. 2298

The ITF houses the physical mockup of the avionics system. Each repaired
component is installed in the mockup and subjected to an integrated systems
test.

The LCF contains the computer system and all of its peripheral equipment to
support the integrated system run that is conducted in the adjacent ITF,

i
——
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2.2,2.4 Mission Support, During the development phase of the program, the use of
the existing Mission Control Center (MCC) modified for 55V support and an earth

based tracking network will be required for shuttle operation. It can be secn

(Fig. 2.2-61) that as the program progresses from the development phase through the
carly operational phase to the more mature operational phase, fewer active stations

will be required to support the orbiter and its operations (reference EM L4-02-05-04-Ml-1
SGLS Coverage by Ground Station - 100 nm Polar Orbit).

Each station in the network is assumed to be selected specifically to support the
shuttle operation, Emergency voice contact to MCC is asswned to be available
at any time through the Air Force tracking network,

7a | » 80 B 82 83 & 85 8 | —e I
T T
NETWORK END MK |
[METFREFS 7\ ACTIVE FOR !
F\[’F FIV-1 MARK § OPERATECNS BATRHT
i | i
[Fiv=2 wK | OPERATIONS : ‘ FTV-2 sk L
' [ [
[PV ME T Y
I i
[pv-z mK 1 T
: I
] ALL MISSION SUPPORT [Pv=-3 MK Il k%
KAENA GAP TIKE =2 2 HR I l
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Fig. 2.2-61 040A Avionics Daseline - Orbital Support
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2,2.3 Software

The principal implications of the selected avionics hardware baseline on shuttle software

definition and development may be summarized as follows:

¢ The extensive adoplion of $-3A data management subsystem features offers
a high degree of commonality between shuttle software needs and those
currently existing or under prior devélopm_ent within the Federal Government
inventory.

o Flexible (CRT/KEYSET) man interface and DMS highspeed, digital access
to all LRUs without resort to a complex data hus and offers straightforward
economical methods of addressing shuttle-unigue, combined aircraft-spacecraft

instrumentation/checkout/control problems.

o Compatible ground software development facilities necessary for support of
early confractor simulation, development, and integration of orbiter mission
software already exist so thal short-term expenditures for new development

are minimal.

In effect, the selected avionics baseline has been drawn from a maximum 8-3A applica-
tion alternative and, with respect to shuttle software in particular, the original alternate

objective remains intact.

To the extent that the above implicationg are realizahle ,l the possibility exists for the
shuttle software program to gain the most capable, proven system contemporarily
available af a cost competitive with the least-capable system tailored to a minimum,
shuttle -peculiar requirement. This possibility is the principal motivation behind the
functions, structure, and segmentation of the Mark I shuttle software baseline as

" described below.

2.2,3.1 Funclional vs Chrono?Iogical Analysis Summary.  Assuming an application

of 8-3A software concepts {o at least an aircraft-dedicated configuration for early

horizontal flight, it is of interest to show;

a, 'That all functional requirements are met

2.2-129
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b. By what sensible manner the configuration might be progres sively updated

to achieve a satisfactory Mark I/Mark II orbital capability.

¢. How this approach compares with other possible approaches.

To determine a maximum application, it is, of course, necessary to relate shuttle
functional requirements to specific capabilities of the existing S-3A avionics system.
Further, it is necessary that functions (or capabilities) be prioritized in a manner
that facilitiates proper differentiation with respect to relative importance and logieal

order of development.

2.2.3.1.1 Functional Analysis Approach. As a part of the overall alternate avionics

concept study, a detailed functional analysis resulted in the congideration of three
possible variations of functional capability for Mark I orbiter avionics based on the

following categorization:

a., SAFE. This variationis a "harebones" approach which yields a safe,

| acceptable Mark I configuration at absolute minimum cost, but with some
sacrifice in mission success probability. All functions and features assigned
a "safety of flight" (SOF) criticality (Rank 1) are included. This variation
does not support all functions and features assigned a "mission succesa"
(MS) criticality (Rank 2).

b. Mission Success.  All functions and features assigned either an SOF or

"= MS level of criticality (Rank 1 or Rank 2) are included. This variation
is predicated on achieving a high probability of Mark I mission success, but
does not include functions and features dedicated to growth and improved '

.adapability for early Mark II development testing and evaluation,

¢. TImproved Capability.  All functions and features considered technically

justifiable for a fullapability Mark I avionics gystem are included.

Software-oriented, major functional capabilities categorized in this manner by avionics
subsystem are given in Table 2.2-39. Capabilities are cumulative in going from one
variation to the next such that the "improved capability" variation includes all

functions in the table.
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Table 2.2-39
MARK I FUNCTIONAL ANALYSIS SUMMARY
CONTROL . DATA MGT
AND GMAE COMMAND ELECTHCAL  |ysraymEmTATION AND
15 PLAYS TRACKING Pawit sortwast  §123 4
COMFIGURATION | AET/HDG REF vOICE RADAR DL SOUICE Bff [HFT) ﬂii'i“fﬁg
HECELIST AR EMTERCOM E
CHECELE RADAT ALF VINTRCOM ¢ sowce $1G conp CONEROL
HARDWIRED T+ FOWNLING 1
ANNUNICIATORS CATS 4 DISTR AND TNTERFACE LOGIC Uiy
SAFE L-BAND COMIROL
HARDWIRED TACAN 3 TLIGHT REC L
SWATCH CONTROLS SAS COMMAND IRPLINK CRALH)
SEHSOR-ORVEN ALFTG - ABOHRT
FEGHT NS
NS TRUMERTS GUID COMPUTER
SIL-DRIVE A/C AND 5/C DMS/SIU C/0, DM/l £, | TIMING SUBS GEH, PRPOSE
ARNNUNCIATORT | AROPILOTS MOK, , MODE MON,, WMODE i COMPUTER
CONTRDL CONIEOL Dpaeisiu oy
$IU-PMROCESSED CONBOARD UPDATE PoTP e ?gu"r(o'{ D! OHEOARD C/0
5 _\"—-.“ ¥
MISSION [ SITCH CONTROLS | 0 ) et 5¥3 MGT
SICCESS | a0 LT - EVa CRIW TO AHALOG TAM P -
DEIVEN FLIGHT DM/ C/D, MDME VEHICLE 10 GRD ReC, AMTLNNASOPTILS
{ INSTRUMENTS HMODE CONTROL YOICE/DATA FOSITIONING -
HARDWIRE Gregds | 4%
LRT DISPLAY et
PROGRAMMAABLE DAS/51U GUID VIRDETACH DAYV PO wER GMAC
CRT DISHAY i! WDING KODULE VEOICE FARAGEMERT COMPUTATION
AND CORtROL ERDEZVOLE AND DATA
BFROVED AN DOC AUTO MISSION
CAPADIUTY 5 PAND MEFH CONTROL
DOCRING SERSGR | VOICE/DATA
CALLAP
CATALDG L
mops oy P EHFT 2= EVFT 3= LYFT 4= MKH

et

The "safe" variation, while perhaps presenting the least cost and complexily for
orbiter avionics does not present ah acceptable level of mission success probability
and is greatly dependent upon extensive onboard hard instrumentation and ground
The

capability greatly reduces data point instrumentation and ground dependency, but is

systems tie-~in for both checkout and operations. "misgion success”™ level of
relatively limited in terms of suitabilify for extended misgions and expanded payloads
capabilities, The "improved capability," while technically justifiable in the long run,

may present too great a cost and complexity.

- Comparing current S-3A software-supported avionics capabilities with those indicated
in Table 2,2-39 leads to the conclusion that a maximwm application would generally
result in an "improved capability" level in all subsystem areas, especially so in
conirols and displays and data management. If such an application proves as cost-
effective or inore cost-effective than other possihle approaches offering less capability,
then the major question would be whether or not the relative complexity of the approach
increases or lowers program risks. This question leads to a look at the echronological
aspeets of shuttle development in the light of related previous experience.
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2.2.3.1.2 Effects of Progressive Developmeni{. From the viewpoint of minimizing

program risks, a progressive approach to shuitle development might well initially

target on a set of paths (as depicted in Table 2,2-39) for a four-step, incremental
development, There are, of course, problems to he reckoned with in such an event,
namely, how to avoid: (1) costly onboard (early) instrumentation and ground systems
development that might ultimately prove wasteful or too expensive to maintain, and

{2) crippling constraints on upgrading avianics designs due to unforeseen costly retrofits,
Without proper end-point plamning, lower short-term risks gained by keeping the con-
figuration simple for earlier development phases can result in much greater risks later

in the program,.

From the viewpoint of initial hardware/software design for an early horizontal flight
test (FTV-1) configuration, requirements are necessarily influenced by ultimate
program objectives with respect to; (1) systems development test and integration,
(2) operational concepts of onboard checkout/monitoring and ground maintcnance, and

(3} operational reliability and redundancy.

The selected Mark I avionics baseline viewed in the light of these considerations suggests
. a reasonable set of end-point constraints for bounding early equipment and software

specifications, namely:

o The ultimate shuttle orbiter avionics will be a moderately integrated

system.
o All subsgystems will, to the individual LRU level, provide:

1. A BITE-based capability for onboard DMS checkoul and in-flight

performance monitoring

2. A bhuilt-in test capability consgistent with an sutomatic test equipment

ground maintenance philosophy.

o All subsystems will provide a standard interface tie-in with the DMS for
purnoses of BITE logic access and for in-flight monitoring of equipment
mode/configuration status. This standard interface will conform to the 8-3A
DMS input/output communications scheme, which employs a serial, 6 MHz,
biphase-Manchester —coded, duplex interface.
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o Where complexity of subsystem redundancy and functions warrant, the DMS
subsystem interface unit (SIU) will provide the capability for remofe, integrated
control (via DMS programmable keyset} of subsystem configuration and modes

s0 as to provide:

1. Minimum essential flexibilities for integration/verification/
. maintenance testing without reqguiring e.xf;ensi{re use of special
test equipment.

2. Automatic sequencing for DMS directed go-no/go checkout prior

to flight and during extended stationkeeping operaticns on orbit,

It is important that thig latter capability of DMS (or automatic test equipment)
programmable control of subsystem configurations and modes is well justified f&r test
purposes alone and does not necessarily imply erew-dependence upon this method of
subsystem control during flight operations. Past experience in this regard fully supports
this position in that: (1) the amount of special test equipment (and vendor involvement)
required during integration testing can be held to cost-effective levels, and (2) the
oxtensive variations in software/hardware configurations and modes necessary for
in-depth verification testing are readily programmed and implemented without resort

 to lengthy and tedious procedures or the invelvement of large numbers of support

personnel and special test equipment.

The ultimate method of assuring an adequate level of operational reli.ability must also
influence early hardware/software design. If the ability for flexible, software
(keyset-DMS) control of subsystem equipment operations is already justified for test
purposes, then this available feature of the system becomes an important consideration
in providing essential redundancy and sharing of resourses. In effect, the integrated
controls, displays, DMS computer, and SIU tie-in with the L. RUs constitute a software
path for the crew to manage an__c_} conirol the system. Subsystem-dedicated redﬁndancy
above the LRU level, then, neezf'not be duplicated to provide fail-safe operations or
triplicated to provide fail-operational. In the case of mission critical functions of
GN&C (see Fig. 2.2-62), the dedicated processor provides a crew-control path that is
completely paralleled by DMS and manual modes and need not be duplicated to provide

fail-operational capability. The same applies to other subsystems as well, such that
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Fig. 2.2-62 Computer System Multipath Control Concept for Mark I Baseline
considerable quantities of equipment, which might otherwise requirer parallel redundancy,
may be safely left outf of the system by providing the crew with the minimum software
and keyset controls to accomplish the same functions via the DMS. The diagram of
Fig. 2.2-62 can be drawn for each of the major subsystems to reflect this type of

multipath redundancy, as appropriate.

In conjunction with early hormontal and vertical flight testing, substantial development
instrumentation that will not carry over inte operational use will be required, As a
combined aircraft/spacecraft, even the operational instrumentation prohlem will be
much more severe than in previous systems. The number and variety of transducers,
cables, signal conditioners, indicators, and control switches is linely to be prohibitive
to the point where conventional, parallel hardwire approaches to data/control point
ingtrumentation cannot be tolerated. Again, the BITE/MODE monitoring and controls
availahle via the DMS/SIU/LRU route offer advantages. Temporary overiay, develop-
ment flight instrumentation can be held to a minimum and the amount of parallel,

hardwired indicator and control panels can be kept at tolerable levels.
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The programmable dlisplays and controls can be effectively utilized for selected mon~
itoring of both graphic and discrete parameters. depending on current test flight
emphasis and suspect arcas. Limit checking and formatting for down -link PCM te-
lemetry is then accommodated by the DMS software. Again, the potential perturbating
effects on component design due fo early versus end-point configuration reguirements

are significantly alleviated.

These and other considerations affecting the degree of grovnd equipment/support
dependency, flexibilities for test, redundancy, growth and interface control, and
overall program development/operational costs greatly influence the chmcc of interim
avionics configurations and associated software capabilities leading to an eIfoctwe

Mark I end-point capability.

2.2.3.1.3 Functional Bascline and Eifectivity. The selected functional baseline for

Mark I data management software is depicted in Fig. 2.2-63. TFunction effectivity
versug interim Mark I configurations is shown in Table 2.2~40 suggested by Fig. 2.2-64,
pl_*imary*mode mission critical GN&C computfations are provided for by software

residing in the subsystem -dedicated computer.

Data management software effectivity for BFT does not include functions peculiar to
orhital operations per se; however, programmable displays and controls and on-bhoard
software capabilities are in keeping with the preceding functional analysis and the

prinecipal objeetives listed below.

o Provide for flexible and extensive test and checkout capability for each

subsystem to the individual LRU level

e,
o DProvide early hardwire-independent crew monitoring and control of sub-

system operations .

o Permit alleviation of early, parallel instrumentation/ control overlay

problem

- Adeguate time spans for implementation of these objectives are readily accommodated
with low risk to the program, since most of the avionic equipment required for HFT is
compatihle with existing soitware providing these s*tme functions for 5-3A.
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Fig. 2.2-63 Shuttle DMS Scoftware Funclions — Mark I Baseline

Table 2.2-40
MARK I BASELINE SOFTWARE FUNCTIONS ETFFECTIVITY

WARKT

FUNCTIONS WY | veT oP'L
ONBOARD CO/FI AND DATA EXTRACTION 0 0 0
AIRCRAFT (NSTRUMENTATIGN AND
COMMUNICATIONS PROCESS ING AND CONTROL 0 0 0
AVIONICS SUBSYSTEMS PERFORMANCE
AND MON{TORING AND SELECTIVE CONTROL 0 0 o
GN&C COMPUTATIONS 0 0
SPACECRAFT INSTRUMENTATION AND
COMMUNICATIONS PROCESS ING AND CONTROL o 0
SYSTEM MANAGERENT Al DS 0 0
AVIONICS GCNFIGURATION CONTROL 6
CONSUMABLES MANAGEMENT 0
RENDEZVOUS COMPUTATICN 0
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Fig. 2.2-64 Mark I Baseline Software Configuration

For VFT, GN&C software is added for mission critical spacecraft control functions.
Programs residing in this dedicated, single~-CPU version of the 1832 computer provide
a DME-independent capability for all computation:s and command generation necessary
for both on-board autonomy and commaﬂd uplink contrel of flight path under crew

supervision. In addition, DMS software functions are expanded to include the following:

GNE&C backup
©  Spacecraft communications processing and control
¢  System management aids
1. Electrical power control
2. Environmenial control
3. Alternate plans
4

Degraded-mode recovery
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During late HFT and prior to Mark I operational missions, the DMS software is further
updated to include all functions called for in Fig. 2.2-64, This end-point Mark 1 soft-

ware configuration has heen sized in accordance with the following objectives:

o Tull utilization of the moderately sized DMS for assisting the crew in
managing the non-flight-eritical functions of the combined system, ineluding
a high degree of on-board autonomy for OBCOFIRM. Créw -elective uti-
lization of the available DMS OSCOTFIRM access to subsystem path for

monitoring and control of critical subsystem functions.

o Restriction to proven needs and a manageable degree of sophistication

versus time.

9 2.8 1.4 Orbiter Baseline Impact on Ground Support Software. The extensive on-

board autonomy features of the baseline configuration considerably lessens the degree
of early sophistication and crificality of direct support software needed on the ground.
This is true regardless of whether early vertical flight tests are manned or unmarned,
although the latter alternative would significantly increase the degree to which software

would be pacing overall shuttle system development.

Functional requirements, sizing, and costing of ground support software are based

on the selection of S-3A, off-the-shelf components, both in the DMS/GN&C areas and
in the subsystem interfaces with the DMS. For this reason, S-3A concepts are gener-
aliy ac_iopt.ed for early contractor development, including the automatic test equipment

approach to long-term ground maintenance of major avionics components,

Although the baseline configuration pastulates both dual and simplex versions of the
S-3A 1832 computer, other inboaxd (CP and 10C) elements for these applications
could be readily adapted from comparable, available systems. The §-3A input/output
interface and associated communication scheme is basic to the approach and would
require modification to 1/0 designs if other machine elements are ultimately selected.
In this connection, it is important to note that use of a higher -order language such as
XCMS-2 is essential where such flexibility is required. Although other higher-order

languages (such as SPL and HAL) may be as well or better suited, the baseline choice

2,2-138



IMSC-AQ95831
Volll, Pt 4

of XCMS-2 is predicated on: (1} the recent, extensive improvements and large-scale
application to the S-3A and other (AEGIS/RCA and LHA/Litton) Navy operational
command and control systems; and (2) the availability of substantial, readily-applicable

ground support and on-hoard programs currently supporting the S-3A program.

The consideration of other candidate computer systems will imply the development of

a Code Generator to the UYK-7-hosted, CMS-2 compiling system that will accommodate
chiect code generation for the selected machine. The creation and insertion of a new
"target machine', object code generator does notf represent an uncharted path, since
the CMS-2 system has been constantly expanding in this regard for more than a decade.
Should the final computer selection alsc require software development in a ground
computational facility other than the one now dedicated fo 8-3A, modifications would
also be required to the Object Loader Program to ensure compatibility with CMS-2
object output format and conventions. Although much can be written on this subject
based on current S-3A experience and approaches, the nature uand potential magnitude
of the software problem for the shuttle warrants further study based on a finite set of;
(1) possible trades with respeet to the degree of centralized versus decentralized
processing and control of subsystem functions; and (2) candidate computer systems

and programming languages, both ground and vehicle, Because of the wide range of

variahles involved, including soffware support as well as hardware, comparison of

candidate computer systems requires a most careful analysis.

For the selecied baseline and associated costing of ground support software, utilization
af existing SHSA programming langnages and compilation facilities have been assumed
in order to achieve the lowest cost and risk factors. Alternate costing is also supplied,
wherein other existing, program:%ing launguages (such as HAL) are utilized along with

- ground computational facilities other than those presently used on 5-3A.

2. 2.3.2 Selected Baseline Structure. The selected baseline structure for total sh'uttle

system software is illustrated in Fig. 2.2-64. Sizing estimates in thousands of 32-hit
words are given in the parenthesis appearing with ecach major area. Components

comprising each of these areas are brielly deseribed below.
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2.2.3.2.1 Ground Support Programs, These programs are identifiable with the

following facilities and hasic functions:

G

Software Development Facility — initially run by conftractor and turned

over to NASA for MCC direct support cperations prior to FVF. This
facility (as 8DTF and MCCO provides the means of pre—flight and post-
{light processing of orbiter vehicle tapes as required to support develop-
ment (811}, flight test, and operational activities (on-board DMS and
GN&C programs). Thig software includes: (1) compilers, assemblers,
1baders, and necessary SDF operating system utilities; (2) system gener -
ation program as required to build orbiter system tapes for various pground
and' in-flight uses; (3} post-mission data reduction program which inter-
faces with on-hoard data extraction and ground recorded telemetry to

permit mission reconstruction and analysis prior to subsequent flight.

System Integration Laboratory — initially run by confractor and turned over

toc NASA (perhaps as part of MCC) for life-cycle-sustaining development
support operations prior to firgt production vehicle flight. This facility
{as contractor-maintained SIL} provides: (1) necessary power, cooling,
cabling, special test equipments, and physical mock-ups for component-,
subsystem~, and system-level avionics test and integration; (2) develop-
ment tool, integration {est programs for cach avionics subsystem as re-
duired for initial, laberatory-peculiar hench and iniegration levels of
hardware testing; {3} an 5-3A level of on-line, avionics equipment simu-
lation capability,; (4) 2 system test and early flight test data reduction pro-
gram for use in contractor development-phase evaluations. This facility
will have a dedicated laboratory computer facilify (L.CF) and computer
interface unit (CIU) for«lirect on-line tie-in with on-board computers (DMS
and GN&C)Y for purposes of avionicsg equipment simulation and stimulation
under goftware and manual (keyboard) control. The necessary operations
system and utilities software for the LCF are also included in the total

shuttle system soltware estimates.

T.aunch Control Complex — facilities for avionics-associated pre-launch

chegks and countdown related voire/data interfaces with on-hoard
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instrumentation, communications, GN&C, and DMS subsystems. The
shuttie—peculiar software for use at this facility is developed by the con-
tractor in cooperation with and at NASA-Kennedy. All necessary develop-
ment support computer time and operating system software facilities are

presumed GFE, including languages, compilers, and utilities.

Systems Development Simulation Facilities — located at NASA, Houston and

devoted to avionies design-phase requirement definition/experimentation.
simulation software is primarily directed to GN&C functions and will com-
plete model shuttle-peculiar flight control dynamics in conjunction with the -
baseline flight computers and associated man/machine interfaces. For
purposes of sizing and costing, all computer systems, associated support
software, and operations personnel are assumed to be supplied GFM;‘
however , estimated computer -hour costs are included as required for

- contractor development of avionics-related simulation software development.

Avionics Maintenance Test Facilities; presumably to be located at or near

launch site, are assumed to employ aulomatic test equipment of the 5-3A
VAST type. This integrated maintenance concept for the majof avionics
LRU!'s will require the development of extensive test software for isolating
faults down to pluggable card level. S-3A is currently developing such
software for 65 WRAs (LRU equivalents), For baseline costing, a level
of 80 shuttie avionics LRUs are assumed to be covered by this type of
integrated ground maintenance. ‘As of this writing, these LRUs are not
individually identified and estimates are based on a 1.2 complexity factory
with respect o imilar S§-3A development. Although included for costing
purposes, this software is assumed to be provided GFM and is not treated
explicitly in the baseline software structure.

Ly
.

Direct Support Software. A more detailed description of those cbmponents of direct

support software based on existing S-3A capabilities follows. Direct support seftware

includes all preflight and pest flight software systems necessary to develop and

maintain mission software, generale mission software data bases and process the

extracted mission event data.
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Compiler - Monitor System 2 Extended (XCMS-2) —the extended compiler-

monitor system 2 provides support soffware services necessary for initial
compilation and maintenance of mission subprograms. The UYK-7 based
XCMS-2 system includes the MS-2 monitor, the CMS-2 compiler, a librarian,
UYK—?’ loaders, tape utility routines and a flow ch.arfer. The XCMS-2 cont-
piler ig a three phased language procesgsor that analyzes a users program
~and generates absolule or relocatable reentrant object cade for the 1832,

The UYK-7 and 1832 computers are instruction-repertoire compatible.

ULTRA/32 Macro Assembly System — the ULTRA/32 Macro assembly

system for the AN/UYK-7 computer is an independent, self-supporting

software system consisting of an assembler, loader, librarian and utilities .
component which operates within the AN/UYK-7 executive environment.
Each component represents an individual product which is interfaced with

a system control program and a centralized input/output program. The
assembler system products operates on the AN/UYK-7 computer and gener -
ates object code for the AN/UYK-7 which Is compatible with the 1832

computer.

The Macro assembly system provides support software services necessary
for initial generation and maintenance of operational control subprograms
(executive, initialization and recovery), input/output co-ntroller chains,
in-flight performance monitoring subprograms {{FPM and data extraction)

and system common routines.

Systems Generation (SYS GEN) — system generation is the process that

“enables the user to generate an 1832 operational software system tailored

to the specific requirements of an installation by processing a master system
library tape and a sétof ingtallation control cards through the systems gener-
ation program. The systems gencration program design accommodates a
nuraber of independent systems, i.e., operational program, system readiness
test program, in-flight training program. The end product is a digital mag-
netic tape unit {(DMTU) cartridge with the tailored software recorded on

tracks 3 and 5,
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Each systems tape (DMTU cartridge) contains one or more independent
program systems. A selection loader program provides a method for
initiating the loading of any particular system into the 1832 main memotry.
The selection loader and each particular program system loader referencos
tables built by 8YS GEN for program system location in 1832 main meniory

and system segments contained on the systems tape.

Each program system is comprised of one or more segments which contain
instructions and/or data. Each of these segments is '"built’ using outpul
from one or more ULTRA/32 assemblies and/or XCMS-2 compilations.
The contents of these segments are determined by the specifications input

via the control card deck.

Preflight Data Insertion — the preflight data insertion program operates

at both the MCC and launch facility. This program generates, formats
and records the mission-peculiar information and specific operational
parameters o DMTU track 7. Preflight data is comprised of two major

categories:

1. Historical Data

2. Modifiable Data
Historical data comprises that data recorded for suhsequent use by the
post-flight data reduction program. Hence, historical data items are not

loaded by the operational program loader. Historical data includes the

following:
1. ¥xercise Namse
2, Exercise Phase
3. Oper ation;?'(}ommander
4, Base Designation
5. Month, Day, Year i

o

Scheduled Time of Lifi-off or Take-off (ZULU)
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Modifiable data includes configuration parameter data which may vary from

migsion to mission., The following categories of modifiable data are identified:

[T S - B

GN&C Preflight Parameters

Communications Link MSFN Participating Unit List Parameters
Communication Configuration Parameters 7
Ultra High Frequency CH Frequency Assign Parameters

Abhort Parameters

Post-Mission Data Reduction — the post flight data reduction program

operates in the carrier based computer center and reduces, for mission

analysis and reconstruection, the mission event data that are extracted on

DMTU tracks 2, 4 and 6 during a2 mission by the data extraction subprogram.

Development Test Software. Development test software is associated with contractor

SIL needs during initial avionics integration, Descriptions of the 8-3A hased programs

included in the baseline configuration are given below.

O

(3]

Integration Test Programs; before insiailation of the avionics system in

the orbiter vehicle, each subsystem will be functionally checked as a single

unit, operating in a totally integrafed, laboratory environment. To provide

this capability for controlled testing at a subsystem level, a set of integra-

tion test programs are developed to enable the following functional

capahilities,

1,

[

To verify the communication of each subsystem with the DMS 1832

computer

To test the functional capabilities of each subsystem by fransmitting
commands, by checking 1/0, by requesting status words, and by

checking faqits which will he reported to the DMS as interrupts
To provide sufficient information on-line (display or printout)
to enable the test engineers to analyze hardware and/or software

faults

Avionic Equipment Simulation System (AESE) ~an on-line avionics equipment

simulation capability, employing the LCF 1230 computer system, will include
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dynamies model and device simulation modules for each major subsystem
interfacing with the on-hoard 1832 computers., These capabilitics are
provided to permit: (1) early dehugging of software in the 1832 with highly
controlled but simulated avionics hardware interface dynamics {including
fault insertion), (2) continuation of meaningful software integration in the
absence of or malfunction of peripheral avionic equipments, (3} increased
interface dynamics using canned data gencration, and (4) increased fault

isolation capability through on-the-spot soffware simulated test experviments.

An early AESS capability at the contractor SIL is considered essential to
cconomical verification testing and quality control. Also, this software
system will form the hasis for parallel development and support of the

NASA Systems Development Simulation Facilities at Houston,

¢ Development Test Data Reduction and Analysis Program — the test data

reduction and analysis program (DRAP) will consist of subsystem analysis
programs, written as the need arises. At minimum the basic DRAP will
consist of a chronological print of events, navigational data plotg, and data

which ig o be stored in a data hank for historical purposes.

e Utility Programs —a minimum SIL.-located-1832 operating system utility .

package which is peculiar to Shuttle avionics test and integration needs will

consist of the following:

Yoader
Corrector
Recorder

Debugging aids

[ BT - S L B R Sy

1/0 routines

'2.2.3.3 Orbiter Vehicle Software. Asg shown in Fig. 2,2-64, Orbiter Vehicle Sofiware

congists of those programs whig.:}'} operate in the two 1832 computers included in the
Mark I Avionics Baseline, Since GN&C dedicated functions are also included as "GN&C
hackup' under the DMS software hierarc_hy of Fig, 2.2-65, separate discussion is not

neCEessary.
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Fig. 2.2~65 Mark [ Baseline DMS Software Configurafion

Data management subsystem software is divided into System Test (OBCOFIRM) and

- 1

Operational Programs.

2.2.3.3.1 System Test Programs. As part of the on-board software, System Test

Programs are required to establish the operational readiness of the Orbiter avionics

system during preflight and to provide a capability to isolate system failures to a
LR level. To meet thege requirements, a set of System Readiness Test (8RT)
subprograms and a set of Diagnostic Test (DT) subprograms are provided. These
programs cperafe under a t:e@_}:L controller program that is independent of the normal

operational system executive. "A brief descr iption of the functional requirements for

the SRT and subprograms is given helow.

0 Systern Readiness Test Subprograms — The SRT subprograms are designed

for operation during prelaunch and will consist of tesis that enable the
go-no/go status determination of each DMS interfacing subsystem. Upon

detection of a no/go status each SRT shall exit to the System Test Controller
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to provide an operator option for the selection of appropriate dianostics to

enable isolation of an occurring fault to a LRU level.

o  Diagnostic Test Subprograms —The DT subprograms ave designed to detect

and isolate system malfunctions to the non-ambiguous LRU within each
avionies subsystem that interfaces with the DMS. In some subsystems,
isolation to the quick replaceable assembly (QRA) is provided. DT sub-
programs will consist of several test routines and, where applicable,
arranged in 2 unigue order or sequence. The DT subprogram will isolate
the malfunctions within each avionics subsystem by having the DMS test
the operational functions, initiate active BITE cireuitry, or cue the operator
via the MPD to initiate manual BITE circuitry. The DT subprograms are
capable of providing amplified, plain language information to the crew
regarding functional capabilities remaining and may be selectively utilized
during extended orbit operations to determine and implement appropriate
degraded submodes available within operatidnal sciftware and equipment

provigions.

2.2.3.3.2 Operational Programs. Orbiter Operational Programs inglude all

instructions and data executable on or used‘by the DMS 1832 in performing the Shutfle
mission. This software initially resides on the Digital Magnetic Tape Units (DMTU)
and is loaded into main memory and onto magnetic drum storage (MDS) for execution
during various phases of the mission. The three general types of subprograms com-
-prising the Operation Programs are: Common Control and Services, Subsystems
Operations Support, and System Management Aids. Brief descriptions of these pro-

grams are given below.

Commeon Control and Services., The programs, as listed in Fig. 2.2=65, consist

vail,
=~

af the following:

o EXEC. The Executive, Initialization and Recovery Subprograms consist
of those routines which direct and cooxdinate the operation of DMS task-

state programs, initialize the operating system (hardware and software)
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cpere Akrt-up, and provide for the reinitialization of the cperating system

5

g rry’ the ASW mission operation. Major executive components include

o Seidowing:

Lidl-

e

< . Beheduling Component - Schedules tasks (task mission subprogram

-

- tasks) for subsequent priority ordered execution.

Dispatcher Component ~ Selects the highest priority task awaiting

%\h

execulion, establishes its operating enviromwment, and releases

control to the selected task.

Retrieval-Allocation Components - Obtains task mission sub-

programs and data, as required, from the drum and dynamically

allocates core memory to the retrieved task.

4. Interrupt Component - Provides default or processing options for

various equipment and software conditions. Provides entrance
and control for Input/Output operations and Executive Scrvice
Requests (ESRs).

%, Executive Service Request Component - Enables subprogram tasks

to gain the attention of the executive to provide for communication
hetween tasks, initiation of input/output operation, scheduling of

other tasks, and activation of various executive service functions.

Centralized Input/Output Component - Provides queuing for device

=
w3y
“

and channel requests, reduction of monitor interrupts, wait/no-wait
and scheduling of other task options, and a framework of control

for subsystem errors.

77, Initialization and Recovery Subprogram - The initialization com-

ponent of thddnitialization and Recovery Subprogram provides for
initialization of both hardware (1832 and all interfacing subsystems)
and asscciated software upon initial system load, operator request,

or as a result of system recovery.

@ Joie
jha. seew in gymbolic forim.  All data presentations ave categorized into
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one of two general types: either data presentation in the form of alpha-
rumeric or data presentation in the form of diagrams, graphs or pictorial
video. These two categories of dafa are referred to as peripheral data
and plot data, respeecfively. Display control routines are provided for use
by other functional tasks as required, and for manual selection by the dis-
play operator. Display operator control functions are asgsigned to pro-

grammable switch matrices which are grouped into several categories.

Keyset Processing and Confrol (KEYPAC) —~ The Keyset Processing and

Control Subprogram services the Integrated Control Subsystem {INCOS)
which provides the crew with the capability of exercising control over the s
system by translating operator decisions and actions into a digital form
for inpuf to the DMS and action by the Mission Subprograms. The function
activation signals are received by the 1832 on an interrupt basis from the

INCOS whenever a switch is depressed,

In-Ilight Performance Monitoring (IFPM) ~— The IFPM program monitors

the performance of the avionics subsystems throughout the mission and,
upon malfunction detection, identifics the failed subsystem and informs the
Executive program of this identity. The IFPM program comprises

the following elements:

1. GPDC Self-Test .
2. BITE Monitoring and Maintenance System Status Tableau
3. Active BITE Initiation

Data Extraction (DEP) — The Data Extraction program is responsible for

recording, in a predefined format, data pertinent fo the Shuftle mission,
This-information is recorded on the DMTU to relieve manual recording

by the crew and to assist in mission reconstruction. Collected mission
data is processed b_y the Post-TFlight Data Reduction Subpregram. At

minimum, the progfém initiates data extraction at the following times:

1. Initial Inventories and Equipment Status (Tableaux)

2. DPeriodically fo record GN&C flight dynamics parameters
3. Upon the cccurrence of a defined event
4

Whenever an operator requests extraction of a displayed tableau,
2.2-149
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Catalog Procedures/Data Callup — This program provides for storage

and retrieval of text and symbolic data for use by the crew in performing

troubleghooting and mission planning functions.

2.2.3.3.3 SBubsystem Operations and Support Programs. These programs, as

shown in Fig. 2.2-65, consist of the following:

o}

GN&C Backup — The GN&C Backup program operating with the Inertial
Navigation System, the Flight Display System, TACAN, Central Air Data

System, Radar Altimeter and other flight sensors to perform the following

functions:

1. Maintains shuttle position in geographic and vehicle reference frames.
2.7 Maintains a stahilized GN&C backup display upon request.

3. Displays tabular GN&C parameters when invoked.

4. Permits manugal entry and modification of GN&C parameters.

5. Calculates and optionally provides steering commands to the Automatic

Flight Control System and Horixontal Situation Indicators. These
commands direct the aircerafi to selected geographical points of

reference. This program is constantly operating in real-time but
is invoked only upon failure or degradation of the GN&C computer

system, '

Communications Processing and Control (COMPAC) — The Communication

Processing and Control program provides for a computer -aided operation
of the UHT radios and intercom system. Switching logic for radio sets

and infercom is so mechanized that the operator has the option of complete
manual control or computer -assisted control of voice communications., The
Communication Man@gement functions provide the operator with assistance
in selecting the correct radio frequencies for various flight situations in
accordance with effective communication plans entered-into the program

for each mission. Operating in conjunction with the S-Band Voice/data
lirk, the Communication Processing and Control Subprogram performs the
decoding and work formatting required to permit the orbiter to communi-

cate via the Link as a picket unit or as a Data Net Control Unit (DNCW),
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Instrumentation Processing and Control (IPAC).  This program provides

for selected data point, limit check processing, and message encoding for

data transmission via the PCM down link,

Track and Plot.  These programs operate independently of the GN&C real-

time backup program to provide optional piloting aids and are drawn from

the GN&C repertoire of available routines which are non-flight-critical.

2.2.3.3.4 Bystem Management Aids. Baseline DMS software functions in this

category consist of the following:

@

Abort Caution and Response Cues hased on preflight inserted pavrameters.

Provides preplanned mechanisms for software/hardware reconfiguration

necessary for proper abort procedures

Electrical Power Managemeni in accordance with preplanned, algorithmic

formulation and sensed power consumption and source statug, May be over -
ridden by manual intervention at any time. Also presents manual response
cues at selected breakpoints for crew verification prior to executing configura-

tion changes.

Environmental Contro) System.  Cautions and alerts. Provides current

inventory data on consumables and preplanned checklist and control

procedures.

CG Determination. Based on sensed expendahles data and/or operator input.

Redundancy Management.  Aids in the form of cautions, alerts, and alternate

reconfigurations available. These aids are based on periodic examination of

the system status table (maintained by IFPM and Executive programs), trend

“analysis, and stored information on all possible data and control paths.

Operations Sequencing.  Aids are provided for limited automatic sequencing

of system operations and reconfiguration. Frequent breakpoints for manual

crew verification or override prior to further sequencing,

LOCKHEED MISSILES & SPACE COMPANY
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2.2.3.4 Development and Infegration. A systematic and controliled sequence of sofi-

ware development leading to the timely, economical satisfaction of system: requiremenis
-is an obvious crucial task of the shuttle program. No facet of systems development in
recent years has received more aitention in hindsight than this most difficult task,

For highly integrated systems such as shuttle, software integration bgcomes nearly
synonomous with systems integration and thus necessitates a corresponding emphasis

on planning and-coordination spanning a hroad spectrum of technieal detail.

This realization was registered in S-3A facilities planning accomplished during the
proposal period and in the preparation for and conduct of the second Software Design
Review. Out of thege early and extensive efforts to define the necessary facilities

and capabilities for software integration testing, a compatible set of detailed objectives,
plans and controls were formulated in pursuit of a sure-footed, step-by-step achievement
of the program milestones. An examination of the soffware integration problem

afforded by this brief study suggest a similar approach for the shuttle,

For the orbiter avionics system, an extensive parallcl flow of design and development
etfort threatens to produce a critical bottleneck at integration. Because software,
unlike hardware, must intimately incorporate a total system design at an early stage
and yet be volatile enough at later stages to adjust to discovered component and system
level idiosynerasies, its development requires a special view of the integration process.
From the viewpoint of software, integration consists of a series of controlled experi-
ments with which fo determine what really produces desired results and what does not.
The “debug" process is literally a planned "design tuning' process, hopefully under
laboratory-controlled conditions at all times. Properly considered software tegt
requirements therefore have a healthy influence on test design and, for the shuttle, must
play the major role in determining the methodology and sequence of testing.

ek
These considerations have been developed in detail by Lockheed Electronics Company
personnel working closely with MSC as is reflected in two recent reports: "Space
Systems Integration Laboratory Development Study," dated October 1971, and "Space
Shutile Simulation Program Draft Report,™ dated November 1, 1971.
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In keeping with the facilities descriptions and discussions given in preceding paragraphs,
the haseline software development and integration concepts drawn from this study may

be succinctly described by the diagrams of Figs. 2.2~66 and 2,2-67.

2.2.3.5 Conclusions, As a long-life, reusable, multipurpose, combined aircraft/
spacecraft, the shuttle vehicle imposes an unusually high degree of onboard reliability
and complexity in the areas of instrumentation and controls essential for thorough
preflight checkout and in-flight safety. The number of potentially eritical data points
and amount of annunciation necessary to cover a reasonable spectrum of "Mission
Success' and "Safe" requirements, when combined with the speed with which the

flight situation can deteriorate, will certainly exceed the human, manual envelope,
Total dependence on hardwired annunciation, manual- sequencing and parallel instru- _
mentation for data point collection and conditioning for GSE tie-in or downlink telemetry
transmission would result in an unwieldy, costly proliferation of test and status equip-

ments on the one hand, and a magsive amount of electrical wiring on the other,

The S8-3A concepts and configuration for data management, digplays and controls,
and BITE oriented onmbourd checkoul and in-flight performance monitoring are especially

well suited to the combined aircraft/spacecraft features of the shutile vehicle.

As for the disadvantages of a "data hus" in terms of the complexity introduced, it is
stressed that the S-3A DMS/SIU communications scheme is not & "bus™ in that it does
not act as a general relay medium for lateral signal communications between many
low-level components in the system and does not, therefore, present a supercritical

path from the viewpoint of flight safety or mission success veliability,

The approach generally abounds with flexibility, yet offers a number of hard and proven
points of departure. To the extent that the DMS and programmable controls/displays
features of S-3A are appliedy the approach is especially amenable to ground simula-
tion. During the approximate period of two years allowable prior fo commitment to
detailed designs for S/C avioniecs, much could be learned from such simulation in

support of trades analysis and software requirements definition/development. The
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shortening and removal of overlap of successive development spans avoids difficult
to manage and potentially wasteful periods of heavy peak activity and permits more
careful analysis, hoth for initial design choices and for later changes necessary to

resolve encountered problems,

Application of the S-3A management experience with large scale, command and control
software/hardware development and integration can also be employed to advantage.
Successfully applied, prime contractor techniques for parallel integration of this type
of multiple vendor/facility activity are worthy of repetition and manyrof the personnel,
plans, facilities and procedures can be applied in a direct and timely manner. The
S-3A Software Development Plan, for example, is readily transiatable to the shuttie
program. It is suggested that such a translation represents one of the logical next

steps in the further pursuit of this alternative.

i
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2.3 DELTA IMPACT FOR FIRST VERTICAL FLIGHT — UNMANNED

The delta impact of performing the first vertical flight (unmanned) was determined by
identifying those requirements unique to the unmanned vehicle and, then, estimating

the additional equipment, software, testing, training, and modifications plus schedule
impacts. It was agssumed that the unmanned flight would have the same basic complement
of Mark I Orbiter avionics onboard as for the manned flight in order to evaluate equip-

ment performance as well as vehicle performance.

The primary change in requirements is to automate all onboard functions or, as a
minimum, provide for remote control originating from the ground or from a chase plane.
In addition, provisions for monitoring the equipment performance during unmanned
flights will be furnished. Range safety requirements impose the need for a command-

destruct receiver onboard the vehicle.

Automatic control pf-ovisions for nonavionic functions (e.g. ABES deployment/start/
propellant control, landing ,é;ear deployment, hydraulic power control, time noncritical
redundancy management) and for expanded guidance capahility to perform aerodynamics
ﬂight-path steering were estimated to cost $3 million. In addition, another $8 million
cost for TV cameras, video recorders, lighting, and a command-~-destruct system was

estimated.

Additional software development was estimated as follows:

Qrbiter 90K Words for onboard automation
LCC 40K Words for increased checkout
MCC 160K Words for increased monitor/control/data handling

Total 290K Words

A backup "drone control” rnode, usging ground controllers and a chase plane, will incur

additional cos—ts as fotlows:

Contrclier training at two stations $16.0M-yr

Chase plane equipment modification $0.5M

Chase plane operation $0.3M
2,5-1
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Ten additional two-hour horizontal flights for verification and demonstration of system

operation are estimated to cost an additional $1 million.

The delta cost for first vertical flight (unmanned) is then:

Orbiter equipment $ 6.0M
Software : 8.7
Horizontal flight tests 1.0
Ground support/instailation 5.9
$21, 6M

No schedule impact is anticipated if the decision to fly unmanned is made at the start
of the program. The design and development of automatic onboard systems can be
performed within the available time span. Additional software development for auto-
matic capability means an earlier program commitment to what otherwise would be a
.Mark II capability. TFlying unmanned represents a decreased risk to the orbiter crew
but an increased risk to the vehicle and program, since no man is onboard to make

critical real-time decisions in cases of emergency.

L
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2.4 MARK II AVIONICS SYSTEM

Evolution from the Mark I baseline avionics system to the second generation Mark II
capabilities will involve basic improvements to subsystem performance, safety and
reliability improvements, and expanded software capabilities, Performance and
hardware/software quality improvements applicable to Mark Il are currently in progress
as advanced technology developments under various NASA, Department of Defense, and
industry-wide funded programs, These will provide improvements for the Guidance,
Navigation, and Control System {GN&C), Control and Display, Communications and
Tracking, Instrumentation, Electrical Power, and Data Management and Checkout,
Fault Isolation, and Redundancy Management (COFIRM) systems as extensions to the
Mark I baseline. Improvements will reduce the Mark I operating costs sufficiently to
more than pay for the estimated nonrecurring costs for Mark II, This is accomplished
largely by onboard orbiter navigation improvements and the full onboard autonomy of
COFTHEM which considerably reduce Mission Control Center and remote ground station

operations and associated costs,
2,4.1 Mark II Orbiter Avionics Projection

Projections of the Mark II avionic system changeé from ‘the Mark I baseline (Table 2,4-1)
have been confined to within a 40 to 534 pércent nonrecurring cost allowance over that of
Mark I, Desired gross subsystem performance and guality improvements were identified
and cost estimates prepared. Similarly, the increased software requirements corre-
sponding primarily to an expanded role for the data management system have been esti-
mated. These investigations show that the desired additions and improvements are well
within the allowable cost growth. Projected cost and schedule impact of the Mark II

avionics system development arediscussed in further detail in the subsequent Section 2. 5.

2.4,1,1 Mark Il Orbiter Guidance, Navigation, and Confrol (GN&C)., Except for the

automatic docking and rendezvous with uncooperative target requirements, the Mark I
Guidance, Navigation, and Control subsystemn meets all space shuttle avionics require-
ments (as defined in MSC 040758, including autenomous navigation and automatic

approach and landing capabilities),
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Table 2.4-1

MARK II AVIONICS CHANGES

Item

Changes

Subsystems

Guidance, Navigation,
and Control (GN&C)

Control and Display
Comrmunications & Tracking
Instrumentation

Electrical Power

Data Management, Checkout,
Fault Isciation & Redundancy
Management (COFIRM)

Software

Improve performance and gualify of
equipment; accuracy improvements

reduce ACPS, AV propeilant use and
reduces reentry dispersions,

Add area navigation/autoland CRT
display,

Improve performance and gquality of
equipment.

Improve performance and qualify of
equipmsant,

Provide 5000 hour life fuel cell.
Improve performance and guality of
eqguipment.

Increase onboard COFIRM for nearly
complete autonomy for both avionics
and non-avionies,

Performance of funectional operations
through software instead of hardware
could significantly increase mission
flexibility and decrease change
reaction time,

Greater reliance on software in flight
controls and COFIRM will require
advanced management technigues,

Orbiter
Mark I Equipment Deletions
Tracking Satellite

On-Board Navigation, Data
Management and COTFTRM
Improvements

Horizon sensor and orbit altimeter.
Used to augment navigation,

Minimize dependence on ground
control and remote stations,

Safety /Reliability

Improved quality of equipment will
inerease probability of mission
suceess and enhance safety.

More autonomous fault isolation and
redundancy mangement will reduce
erew workload and decrease correc-
tive nction time,’
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The Mark Il GN&C subsystem as proposed in this study will be changed in the following

areas:

o Equipment will be upgraded to meet space environments and to improve
performance, accuracy, and quality. Redesigning and requalifying equipment
will reduce the avionics equipment imposed requirements for pressurized
equipment bay volume and forced air cooling. ‘ '

Decreased gyro drifts and accelerometer biases will reduce software and test
requirements and could result in a reduction in propellant loading require-
ments, thus resulting in more accurate guidance and navigational capabilities,
Improved equipment quality will improve crew safety aspects and the probability
of mission success, and operational costs will be reduced. The ability to
reduce failures and increase time between preventative-types of maintenance
will reduce the need for replacement of equipment.

Equipment affected would include the horizon sensor, the inertial measurement
unit {IMU), and the digital computer. The new horizon sensor {such as the
Quantic Model IV) will have an altitude accuracy capability of at least three
times hetter than the Mark I (Barnes 13-166) unit,

An IMU candidate is the dodecahedron (six-skewed gyro) unit which theoretically
increases the reliability of the IMU system by a factor of ten over a triply
redundant three-axes system. The six-pack will also allow voting by axis for
failures heyond the first, whereas with the triply redundant IMU voting in any
given axis is not possible after the first failure in that axis,

For Mark IT vehicles, a fourth-generation computer {such as the Magic 362,
CDC 469 or the GE CP24A) would replace the Univac 1832 machine, (Alter-
natively, a smaller, lighter Univac machine could be employed.) As shown in
tabular form under Section 2, of par. 2.2,1.1.2, significant reduction in weight
and power (about a factor of five} can be achieved, Discussions with the sup-
pliers indicate that the unit cost could also be reduced by one-fifth ($100K vs
$500K). The cost of developing and validating new software, however, would
deerease the price advantage.

o Combining ajrcraft and spacecraft flight control functions in the digital GN&C
computer would eliminate a significant amount of equipment for use in the
Mark I GN&C system., The primary flight control and automatic flight control
computers {ten in all) could be replaced with simple servo-amplifiers, with
contrel law computations being digitally performed. The three ACPS and three
thrust vector control {TVC) electronics packages can be simplified to thruster
drivers (Schmitt triggers and power stage) and servo amplifiers, respectively.
All control logic and cothputations {gain scheduling, deadbands, and compensa-
tion) can be performed in the digital computer,

To offset the reduction of the analog dedicated flight control equipment, at least
one additional level of computer redundancy should be considered.

o Use of tracking satellites o navigate would reduce sensor reguirements, The
horizon sensor and orbit altimeter could be eliminated, leaving only the preci-
sion ranging system (range, range rate and line of sightj and a star tracker,
together with an inertial measurement unit (with appropriate redundancies) as

2.4-3
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the momplete complement of navigational sensors for ascent and orbital use,

T2 74N used on Mark T for approach navigation and the scanning beam ILS used
for _snding could also be deleted (or amount of redundancy reduced) through the
use i the PRS and ground transponders,

o Prowisions for automatic docking and rendezvous capability with uncooperative
tarzats could be added; however, these capabilities were not proposed in the
stucdy due to a lack of mission definition. Both capabilities could be added by
inelzding radar (either microwave or laser) that exists in various stages of
devziopment today, DBy the time equipment is required for Mark II, it is
exrented that lower weight, lower power, multipurpose radar will be available
for shuttle use,

I einch case (except for the addition of automatic docking and uncooperative
tarzst rendezvous) the changes proposed for the Mark II program are of an
evooationary nature, rather than abrupt changes in concept and capabilities,

2,4,1,2 Cermmunications and Tracking, The area of communications system develop-

ment is par=izularly in a dynatnic stage of growth onan industry-wide hasis as a result
of cooperzii~2 informationally -sponsored satellite and ground communications systems
developmert and bandwidth lHmitations facing future operations and high interest in laser
technologs. 3aseline Apollo-type system improvements can be anticipated as a result
of technolos ™ improvements, as well asg several "near-at-hand™ breékthroughs that will
offer opportamities for significant operational technique and hardware performance
capability i—morovements. The major area of anticipated new technology developments |
affecting dLz—k II operational flight communications and tracking appears to be in the
area of laser concepts and applications, potential laser communications hardware
developmert,, znd satellite networks pianned for communications applications that wiil
become operntional in time for Mark II use. Also, operational technique improvements
will enable zwven legs dependence on remote ground stations by use of direct, real-time
contact with <“he MCC via commmunications network relay, e.g., synchronous equatorial
satellites in “ine-of-sight of the space shuttle, each other, and the ground station at

all times tc =liminate remote station data readout and readin functional requirements.
Except in the: broad-base general sense, no attempt has been made to project or
extensively wvaluate the impact of these major changes to the existing Apollo-type
.communicasions and tracking capabilities other than using more conventional technology
state~of-the—zrt advances in the hardware concept as a hase of estimsation for evolution

to the Mark = from Mark I design. Technological advances in this area may provide a

2, 4-4
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tangible basis for considerable simplification, performance-improvement, and quality
increases, with accompanying cost reductions heyond those presently anticipated.

For purposes of this study, a more conservative approach has been taken in projection
of the Mark I to Mark II evolution on the basis of present technological experience.
Hence, the anticipated level of delta costs for communications system improvement has

been statistically calculated at approximately $5 million.

General improvements in current fechnology, performance, aﬂd.quality can be more
optimistically viewed as achievable by the Mark II flight data as a result of industry~
wide advancements -~ both under NASA/DoD contracts and as a result of concentrated
independent development. For example, congiderable work has been performed by
LMSC alone over the past two vears for demonstration (laboratory) of ultra-wideband
optical communications (UWOC) electronics for source modualation and receiver
detection and discrimination. High performance was demonstrated in the 1 to 2 GHz
bandwidths. Work performed in optical systems for UWOC has included development

of widebank modulators, and solid state devices for optical frequency up~conversion.

Practical communications and tracking systems (including navigation and navigation
aids) using laser technology, including work performed in conjunction with the Apolio
program, may considerably change the Mark II suhsystem development approach in

this area as these fields reach maturity and are flight~gualified in other applications.

9.4.1.2.1 Mark II Communications. The communications equipment for the M ark II
orbiter will remain essentially the same. The S~band equipment will be modified
to be compatible with S-3A BITE cqnfigurations, and all elements will be updated to

incorporate new technology where performance or reliability may be improved.

2.4.1,3 Electrical Power (Meﬁ"k ID. The Mark IT orbiter will use the basic Mark 1

electrical power system functional components and electrical inter- relationship between
these components. The location of components and their physical description will
change with the following proposed component pe rformance improvements. These are

described below.

2.4-5
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Fuel Cell, The fuel cell design life will be extended from 2000 to 5000 hours
through a development program that will add to the initial development program.
A 2000-hours demonstration program on the Mark II design will limit costs

to tess than 50 percent of the Mark [ de'sign development cost.

Cryogenic Storage System., Improvements are anticipated in insulation

efficiency and ancillary controls, but the Mark I tank selection and development

will not be repeated for Mark II.

Static Inverters. Static AC inverters will be developed o provide the

desired module size and reduced weight.

Transformer-Rectifiers and Generator Control Units, These Mark [ aireraft

designs will be modified to cold plate cooling and vacuum operation to provide

freedom of space allocation in the Mark II orbhiter.

Power Switching. The application of solid-state switch/circuit breaker units

able to handle higher curreats and provide increased civenit protection

capability will be increased.

EPS/DMS Interface, The control of the power system will be modified to

incorporate increased computer control of on-board checkout, of power system
operation, sequencing, and both normal and emergency configuration control.
EPS eqguipments will be modified to interface with this increased compufer

control capability. ‘

2,4.1.4 Mark I Control and Display Configuration. The basic S-3A data management

system and interface units are iacluded in the recommended LMSC baseline. This

provides an initial Mark ¥ control and display capability which, for the most part, is

compatible with and sufficientlty flexible for the projected Mark II configuration.

Wajor capability improvement envisioned for Mark IT is in the area of software and

the extension of certain “'automated or programmed" functions, thus further offloading

workload from the crew. Representative software capability recommended for

growth from Mark I to Mark II include the following:

o 2. 4~8
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Increased software sequencing of control functions

More automated vehicle configuration

Increased onboard mission planning through computer operation
Increased payload operations planning for complex missions

Greater consumables management computer analysis

It is expected that the control and display devices currently planned for Mark I will

be sufficiently flexible to accommodate this increased software capability. The only

equipment growth anticipated for Mark II is the addition of area navigation (RNAV)

controls and displays. The prime operational applications of area navigation permit

reduction of flight distance between two points in a route structure; preorgahized

arrival and departure flight paths in terminal areas, reducing pilot and controller

workload; and permit instrument approaches (within limitations) to airports and

runways not equipped with landing aids. Considering the number of flights per year,

normal ferry operations between deorbit landing sites and refurbishment centers,

and potential abort situations, area navigation is a capability very likely to be

incorporated in the Mark I orbiter.

The RNAV CRTs and the existing DGU can also perform ancillary functions such

as the following:

@ o 9 O ©°

i

Orbit map displays

Complex rendezvous and docking maneuver plots

Backup for the MDU subsystem display (CRT)

Ancillary source for displaying computfer calculations requesied by the crewman

Addition source for procedures display, abort, COFIRM, operations, payvlead, ete.

Tigure 2. 4~1 illustrates the gei?éral_ configuration of the control and display units (2) and

the electronic map display unit. Growth volume was provided in the Mark 7 main

instrument paneg] layout for the possible inclusion of these instruments. When the RNAV

is combined with the autopilot/autoland subsysiem, considerable 'capabﬂity exists for

inclement weather operations for atmospheric fight.

2.4-7 ..
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2.4.1,5 Mark Il Data Management and Onboard Checkout. The DMS grows in

capability through the various phases of Mark I to the operational Mark II, as shown
in Table 2.4-2. While the Mark I system ig largely passive (except in the area of
electrical power control and onhoard checkout), the operational Mark If system takes
an active part in all phases of effective migsion accomplishment. Hardware and
software additions and modifications are required for the increased capabilities.
Hardware growth requires the necessary modification to SIUs to allow conirol as
well as monitoring of non-avionic subsystems. Manual overrides are retained on
flight-critical functions. Addition of control and moniforing capability will extend
automatic checkout to the interfaced subsystems with an attendant reduction in
ground support. It is anticipated that with the additional onboard capability with the
Mark I1 DMS configuration, ground-based mission support can eventually be reduced

to one central station at Cape Kennedy.

Table 2, 4-2
DMS FUNCTION PHASING

Phase Marikc |

Fark 17
Function HFET | V¥FT | OPNL

Instrumentation Control
Ouboard CO/FY
Programmued Display Controf

o a o

Maintengnee Datx Loz
Elecirical Power Control

Abort Warning Computalion

e 6 5 0 O 6-0

Avionics Bequencing and Configuration

e & 9o 2 ©

Guidance/Nav., Computation
Mission Administralion Log
Qverall CO/TI/TiN [}

Automatic Configuration Control

=]
o 2 & ¢ o 0 @ & 0 ¢

Q

Ceonsumables Management
Rendezvous Computation [
Payload Management

Nonavionics SQqucncin“g‘and Control
A/C and $/C Flight Controt

Mission Planning

OGOOGIOOODOGOOODOO

o First Usape
o Subseguent Usage

2.4-8
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2.4,1.6 Mark II Instrumentation. The instmmentation subsystem of the Mark II orbiter |
will follow the same philosophy as that of Mark I, being controlled by the DMS, with the
DFI being an overlay up through the first level of multiplexing. Because of the projected

greater integration of control avionics, it is estimated that the operational instrumentation

load will not increase.
2.4.2 Ground Support Equipment Mark I

The electrical ground support equipment utilized in the Mark I shutfle avionics system
interfaces in Mark II with a shuttle system that has (1) an increase in command capability |
over each avionics subsystem and (2) a data managefnent system that has extended its
control and checkout capabilities to all shuttle systems at each subsystem test to effect
the desired rapid two weeks furnaround schedule. Checkout and fault isolation of the

line replaceable units for maintenance and checkout will still be accomplished in the
avionics subsystem test laboratory with parallel, onboard, circuit troubleshooting as
required. The bench test equipment will be similar to that used on the Mark I program
with the significant changes centering around the medi fication/replacement required

of the test equipment to match the increased capability of the Mark I shuttle components.

"Electrical ground support equipment for integrated systems checkout and launch will
undergo a relatively small change. The Launch Control Complex (LCC) equipment
will be quite similar to the previous Mark I progr am, with significant changes heing
attributed to the software programs needed to accommodate the inclusion of the testing
' and monitoring of the nonavionic shuttle systems, The major impact is expected to he
a reduction in manual control from the cockpit resulting from expanded automatic DMS
control capability which can be exercised by the LCC through the orbiter DMS.

v

2.4-11
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2.4,.3 Mark 11 Software

Emphasis is placed on extending DMS and software functions to provide improved
capability of a level which may be readily justified as logical and reasonable growth,
As operational phases of the shuttle system approach realization, it is assumed that
plang will be laid for providing additional assistance to the crew in performing

what must eventually become routine operations. The progressive introduction of
additional mission eapabilities and payloads will inevitably increase crew training
and possible on-hoard mode/procedure proliferation to a point where extensive

computer-aided activity is a necessity,

For these reasons, Mark I vehicles should be progressively updated with respect to
DMS/software capability at planned intervals of 18 months. This span of time

has been found to be an almost forced necessity in operational command and control
software applications of snv ﬂign}‘fica_nt seale (NAVY P-3, for example) hecause of
the inevitable refineinenis that go with extensive test and usage. The capabililics
listed in Table 2.4-3 for Mark II represent an initial, planmed target for a point in
time 36 months after FMOF. The content of the first, I8-month increment directed
toward this target is best left to subsequent detailed plamming., A representative,
on-hoard software configuration showing major subprogram components is illustrated
in Table 2.4-2. Subprograms which have lesger versions available for EHFT (Ch)
AND EVFT (C2) are so identified. As with progressive hardware development, and
perhaps more so with software, it is important at the onset that possible intermediate
and ultimate DMS capability ohjectives be understood, This is essential for proper

machine selection and early control program design,
At the stage of the shuttle program being addressed, the need for in-depth training
of multiple crews is an item of major concern, The flexibilities of the proposed

DMS with regard to simulation offers an especially good approach to this problem,

On-hoard erew training aids can be as nominal or substantial as one wishes to make

2.4-12
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them but, in the instance of a general-purpose, long-life space shuttle, it is assumed
that an ultimate objective of substantial on-board training capability is well justified.

This assumption is reflected in the software configuration of Table 2.4-2,

An item of on-bhoard software shown in the hierarchy calls for MK II Development Test
Bed Driver Routines, Here it is suggested that FTV-2 and, to a lesser extent prior

to refurbishment, FTV-~1 should he enabled as advanced develop.ment test heds for
in-flight evaluation/verification of planned additional capabilities, by experimentation,
on a basis of noninterference with primary mission objectives, and/or special
experimentation flights, In the case of new protolype hardware or softwai‘ecomponents
it may be desirable to test an item under real flight environments without actually
coupling into the current operating system. BSpecial driver routines, operating under
a background level of the DMS Executive Scheduler, could provide simulated

coupnling into the operating system and record the results for post-mission analysis.
Where man/machine factors are critical, one of the crew stations could be placed

off-line in a similar fashion to allow safe trails under actual operating conditions.

The expansion of System Test and Operational programs to include (1) nenavionic
subsystems management {(including payloads) and mission operations support and

{2} automatic A/C and S/C flight path control significantly increases the total

sizing of the shuttle software system. The total number of 32-bit words of

loadable programs and data range from approximately 500K during early HFT to

- 790K for LVFT and early Mark II operations, then to approximately 1.1M at a

peint 36 months after FMOF. Thought the software growth described is represented
as first employved on Mark I vehicles, it is directed toward Mark II operational
capability, and the increase in development costs associated therewith has been

50 allocated.
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2.5 MARK I/MARK II AVIONICS PHASING

A number of basic avionics changes will be scheduled during the Mark I orbit, and will

include the foliowing:

o Addition of spacecraft-type equipment for vertical flight, to augment that
aircraft-type equipment initially installed in the test vehicle for horizontal

flights

o Addition of mission-critical equipment, such as the GN&C Star Tracker and

Horizon Sensors, for transition from test flights to operational flights
o Addition of one or more levels of redundancy

o Refurbishment of the horizontal test vehicle to the operational configuration.

These changes and additions to the avionics system can be incorperated as the need
arises. However, the recommended approach is {o provide installation well in advance
of actual need in order to prove capahility and compatibility. Cost penalties fo the
program should be insignificant, since no additional flights would be necessary; only
the timing of equipment installation would be affected. Additional hardware and instal-
lation costs should not accrue, i.e., the same hardware would be required for the next
phase anyway; only the schedule of installation is changed. Software costs are also
not significantly affected by earlier hardware installation; again only timing of software
changes is affected. However, the approach would not be capable of completely proving
out equipment since actual flight operational environments would not be encountered in
the test flight phases. For example, if equipment required for vertical flights are first
tested during horizontal flights, the equipment will not be exposed to either the space or
high reeﬁtry Mach number environments. If determined to be significant, this short-
| coming can be minimized by implementation of a phased test program that increases the
velocity and altitude in i_ncren:c;}nts until & Mach number of 10 or 12 and an altitude of
some 200,000 feet are reached. However, additional test flights would be required.

The cost of these additional flights have not been investigated for this study.

As indicated in the par. 2.4, changes proposed in the transition from Mark I to the
Mark il avionics configuration are essentially evolutionary in nature. With few excep-

tions, basic concepts and functions remain unchaged (Primary changes occur in the

2ab-1
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method of implementation, performance capability, quality of equipment and scope of
coverage of certain capabilities). The autoland/autopilot aircraft functions could be
incorporated into the digital GN&C computer. Equipment accuracies could be improved.
Other examples of proposed changes include improving the system's capability of with—
standing space environments, increasing equipment lifetime, and expanding the capa-
bility of checkout, fault isolation, and vedundancy management within avionics and other
subsystems outside of avionics (g.g., propulsion). The impact of some of these changes

is shown in Fig. 2.5-1.

An overview of key Mark I/Mark II milestones, including the change points are shown
in Fig. 2.5-2. As in the case of the Mark I program, a flight test using a Mark I
vehicle to demonstrate capability and compatibility of Mark I equipment is proposed for

accomplishment about one year before the first Mark II flight.

The impact of Mark I avionics changes on coat is shown in Fig. 2.5-3. The accumu-
lated cost for the sum of the Mark I and Mark I programs is $527.1 million. If the
Mark II missions are conducted using Mark I avionics unchanged, the total program
cost would be $475.6 million, |

If the mission ground support effort can be reduced to one center at Cape Kennedy, and
equipment is deleted that is no longer required due to use of navigational satellites,
avionics costs can be reduced as much as $66.4 million for an actual reduction in cost
of some $16 million in going from Mark I to Mark II. A breakdown of the cost increase
and deerease is shown in Table 2.5-1. However, to achieve the cost Szivings it is
necessary to increase the on-hoard checkout, fault isolation, and redundancy manage-
ment capabilities, i.e., the $53,9 million cost gavings is directly ticd to the $32

'

million COFIRM expenditure.
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Table 2.5-1
MARK Il AVIONICS COST DELTA BREAKDOWN

Cost Increase ' Delta Cost*
GN&C -

Improve performance and quality of equipment ) + § 3.5M
Control and Display , .

Add area navigation/autoland CRT display 4 2.0M
Communications and Tracking

Improve performance and gua lity of equipment + 5.0M
Instrumentation

Improve performance and qual_ity of equipment + 4.0M

Electrical Power
5000-hr tife fuci cell. Improve performance and quality of
cquipment + 4.0M
Data Management and Cofitm** s .
Inerease on-board support, scope, and coverage of cofirin (both
avionics and nonavionics) . 1+ 82.0M

Total Increase + $50.5M
Cost Decrease

Delefe horizon sensor, star iracker and orbit alternate :
(navigate with tracking satetlite) -$1. M x 5 = 3~-7.5M

Reduce MCC and remote ground station ~58. 9N
Total Decroase ~$66. 40

*#T}ifference befween using Mark IO and using Mark T unchaged
sx0ofirm — checkont, fault isolation and redundancy m anagement

2454
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2.6 BOOSTER AVIONICS

The booster aviozics is defined

9.6.1 Flight Controls (FC)

LMSC-A995931
Vol i, Pt 4

in Fig. 2.6-1, and in the following text.

The FC functions are primarily controlled by the orbiter avionicé_ GNE&C subsystem

and consist of the following:

¢ Interlocks package

c o o @

LITVC valves

Rarometric altimeter

Engine and propellant control unit
LITVC drive electronics

H4TERIM RECOVERABLE PRESSURE FED LOX/PROPANE BOOSTER
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— FECoyERY | | INTERLOCKS i SEPARATION ROCKET £BW (4 EA}
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Fig. 2.6-1

Booster Avionics Selected Point Design
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The interlocks package receives inputs {rom the orbiter GN&C subsystem, the
command destruct receiver, and the barometric altimeter. It contains an event

sequencer which exercises control during and after separation.

The engine and propellant control unit is self-contained, receiving commands from
the orbiter GN&C system. Operation is monitored at the GSE and aboard the orbiter

through the instrumentation system.

The liguid injection thrust vector confrol (LITVC) system controls the hooster attitude
during engine burn. The steering control signals are generated in the orbiter GN&C
thrust vector control (TVC) electronics. The orbiter TVC electronics geté itg attitude
error signals from the orbiter Interial Measurement Unit (IMU) through the GN&C
digital computer uand the rate and normal and lateral load alleviation acceleration signals
from the orbiter rate gyros and accelerometers. These signals are all processed in

the orbiter TV electronics, then sent to the booster electronics as combined attitude
error plus rate plus aceeleration (Klee + Kzé + KSAY + K4A N) signals to control
the booster engine gimballing., Cross-coupling computations for pitch/roll and yaw/
roll are‘performed in the bhooster TVC electronics, and servoe amplifiers drive the

liquid injection thrust control valves.

Maximum longitudinal acceleration due to "pogo" effects or due fo excessive thrust
are controlled through the orbiter GN&C IMU accelerometer and digital computer.
Engine "on'" and "off" discretes for acceleration control and at achievement of staging

velocity are sent from the GN&C computer to the booster engine controller,

Manual overrides of both thrust vector control and engine "off" operations are prcvide_d
at the orbiter pilot and copilot_stations.
The normal inflight cutoff sequence is center engine first, followed by the outhoard

engines,

In an emergency, the engine will he cut off by any of the following methods: ground
support equipment (GSE) command cutoff, prior to vmbilical disconnect; range sufety
gommand cutof{; "thrust not GIXM cutofl; emergency detection system; and outboard

cutoff system,
R.6=2
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2.6.2 Communications and Tracking

Booster communications consist of a VHF recovery beacon transmitter and a command
destruct receiver. The instrumentation telemetry data are transmitted from the

orbiter vehicle,
2.6.3 Electrical Power

The booster eleclrical power subsystem consists of:

o Primary batteries
Pyro batteries
Recovery beacon and lights batteries

Electrical and pyro power distribution

e e o

Reeovery lights

Control is exercised by the orbiter before separation and the interlocks package after

gseparation. Control and display functions are performed aboard the orbiter.

2.6.4 Data Management
Booster data management is limited in Mark I to those functions monitored through the
booster SIU. Since the booster mission is of short-duration, it is assumned that no
DMS system, as such, will be carried onboard the hoogter itself. In MarkII, growth
would again be in the areas of pre-separation propulsion and flight control.

}

2.6.5 Instrumentation
The instrumentation subgysteni*monitors funclional operations of booster systems
and provides signals for vehicle tracking during burn and return, Prior to liftoff,

measurements are telemetered by coaxizal cable to ground support equipment. During

flight, data are transmitted to ground stations cver orbiter RF links.

2:-6**3
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The subsystem consists of:

o Data acquisition and conditioning units
o Multiplexer units
¢ Remote calibration equipment

o Flight data recorders

The booster has been assumed to be as complex as the Saturn SIC vehicle, requiring a
comparable amount of instrumentation. The test vehicle requires 900 data measurements
and the operational vehicle requires 300 data measurements., All of these signals are

required for orbiter controlled operation and for telemetry to ground GSE.-
2.6.6 Booster /Orbiter Equipment Redundancy and Commonality

_ The booster equipment is selected from the baseline O40A orhiter vehicles equipment
list as much as possible. However, the limited study conducted in this area shows
little commonality between booster and orbiter equipment. Table 2.6-1 lists the
equipment and quantities required, weight commonality with orbiter equipment, and

prior program application.

Equipment is defined for minimum safe conditions. LITVC injection valves are
assumed to he four valves per engine in the configuration shown.  In the case of one
engine out, the assumption is that the basic NASA design allows for one engine
failure with one other shut down for stability control. In the case of one LITVC valve
.stuck open, the same assumption holds in that another valve could be used to exert a

counter force,

2 o 6—'.4,
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BOOSTER AVIONICS WEIGHT SUMMARY
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Total
Quantity | Weight | Orbiter | Program
Subsystem Equipment Min Safe | {Safe) Common | Application
Communication
bata Hardline to Orbiter 1 2 10 X New
VHF Recovery Beacon 1 I 13 X Apollo
CMD Destruct Hecelver 1 2 30 X Saturn
VYHTF Recovery Ant ' 1 1 1 X Apollo
CMD Desiruct Ant 1 1 1 X Satirn
Subfoial 55
Flight Controls
TVC Eleectronics 7 7 70 X Agena
Fluid Injection Valves 28 156 No
Barometrie Altimeler 1 3 30 No
Interlocks Package 1 3 45 No New
Eng and Prop Control i 3 45 No New
Subtotal 386
Elecirical Power
Primary Batteries 3 5 300 X Fagle
Recovery Beacon Baltery 1 2 20 x Apollo
Pyro Battery 1 1 15 No Apollo
Ground Power Transfer Switch i 1 4 No New
Ground Power Reccplacle 1 1 4 No Apollo
Main Power Distribufion Unit 1 2 20 No New
Pyro Distribution Unit 1 1 5 No Apollo
Recovery Lights 1 4 8 No Apollo
Electrical Harness 1 2 500 No New
Subtotal 341
Instrumentation
Trangducers 75 75 38 X C-BA
Signal Conditioners 200 200 40 X C-BA
Submultiplexers 5 5} 25 X C-5A
Sequence Control 1 1 37 X C-5A
Remote Automatic Calibration Unit 5 5 40 No Apolio
| Tlight Recorder i 1 A8 X -5
- Qubiotal 308
AVIONICS TOTAL 1090

2.6-5
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2.7 COST AND RISK FACTORS

The major factors that determine avionics system costs can be associated with total
program cost, peak annual cost, or both. The major cost driver for total program -
cost is the amount of onboard capability provided versus the amount of ground support
required to support mission planning, launch control, and mission operations. As
the use of ground support is decreased, the cost of supporting facilities and personnel
is decreased but the risk to mission success is increased unless equivalent capability
is provided omboard the vehicle. For the three system alternaies considered in this
study a comparison was made of orbiter avionics costs, ground support costs for
launch control and mission operations (KSC, MCC, and MSFN), and total costs.

Table 2.7-1 summarizes this comparison and shows that the baseline system
(Alternate C) provides a net savings in total program cost, although its onboard
avionics cost is higher than for Alternates A or B. The risk associated with the
baseline system is defined by the longer time intervals between ground station contacts

for an orbiting vehicle.

Table 2.7-1
MARK I CONFIGURATION IMPACT ($M)

Alt A . AltB Bageline

Maintenance and LCC ‘ 248.6 174.0 149.2
MCC 77.1 77.1 54.0
Remote Sites 5.4 3.5 3.5

Support Cost Totals 331.1 254.86 206.7
Vehicle Program Costs 250.3 289.2 325.2
Impact on Support Costs (A From A) 0 -76.5 -124.4
Vehicle Costs (A From X}L 0 +38.9 +74., 9
Net Savings =

B and BL Over A 0 37.6 49.5

BL Over B : Q 11.98

2,71
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Another major cost factor, generally, is the amount of existing/modified equipment
used versus the amount of improved state-of-the-art and new development equipment
incorporated. Since a common groundrule was applied to all three system alternates
(mamely, that developed, proven equipment be used), this cost factor reduces ic a
consideration of what types and what quantities of equipment were used for the three
system alternates. Also associated with the quantities is the redundancy level
associated with fail-safe 61‘ fail ~operational/fail-safe. Costs are summarized in

Volume I of this document.

The cost of performing the first vertical flight unmanned was determined and may he
compared with either a reduced risk to the potential crew or to an increas-ed risk to -
the vehicle, since no man is onboard to make decisions and to mamally override the
automatic onboard systems {see Par. 2.3). The cost delta for FVF unmanned wasg
determined but no significant difference in cost was identified among the three system

alternates.,

The principal factor affecting peak annual funding for a deéignated setl of onhoard
avionics is the planned phase-in of equipment plus the time spans allotted for DDT&E.
Avionics peak annual funding can Be reduced by supplying only that equipment needed
for each program phase raiher than supplying an "all-up" system al the time of {irst
horizontal flight. The latter approach could entail more of a schedule risk than the

phased approach.

-

¥
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2.8 CONCLUSIONS

1. A significant reduction in total program cost is achieved through extenéive
use of developed, available equipment and software, and by use of the designated
baseline Mark IOrbiter Avionics System which reduces dependence of the crew
and vehicle subsystems on ground support for mission operations and launch.

Ground support cost reductions account for major savings to the program.

2. A significant reduction in peak annual funding is achieved by extensive usc
of developed, available equipment and software and by phasing-in equipment
and functional capability as required to support program phases, i.c.,

horizontal flight test, vertical flight test, and operational phases.

3, Teqhnological risk is reduced by use of existing aircraft equipment and
and spacecraft equipment specifically identified in the study. No significant
development of equipment is required for the Mark I Avionics System.
Environmental protection of most equipment is provided and those equipments
exposed to new operating environments will be flight qualified is required.
All safety-of-flight functions will be performed using dedicated hardwired

equipment configured fail-safe as a minimum.

4, The critical path to first horizontal flight will not be impacted by avionics.
Only that equipment required for aircraft flight will be provided initially
and such equipment can be available for installation within thirty months
after authorization to proceed, allowing another eighteen months until first

horizontal flight.

5. Booster/Orbiter avionics commonalily is minimal for the case of the interim

recoverable ballistic pressure-fed LOX/Propanc booster,

6. The selected paseline™Mark [ Orhiter Avionies System configuration provides
the basis for effecling a smooth transition from Mark I to Mark II avionics

and vehicle system capability.

7. Seiective improvements in performance, equipment quality, and equipment
guantity to achieve the Mark II Orbiter Avionies System capability can be
made within the study guideline of forty to fiffy percent permisgible cost

growth, (nonrecurring) of Mark II over Mark L.

2c8-‘1
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2,9 RECOMMENDATIONS FOR FURTHER STUDY

The completed Alternate Space Shuttle Avionies study has produced 4 baseline system
concept which significantly reduces fotal program cost and peak annual funding, and
reduces technological risk. The principal study objectives have therefore been achieved.
However, the short time span allowed for the study precluded detailed study of some

aspects of the system.

Recommendations for further study that expand upon the presently defined baseline

system are presented below;

© A more detailed study of the application of S-3A avionics system te;chniques,
equipment, and software should he performed, Shuttle avionies eguipment
interfaces with the data management subsystem, specifically the design of
subsystem interface units, should be defined in detail. Redesign and modifi-
cations of existing equipment for compatibility with S~3A checkout, fault .
isolation, and inflight performance monitoring should be analyzed and costed.
The extent to which particular S-3A software programs are applicable to the
shuttle avionics should be examined; additional software development should
be defined and costed in detail. The extent to which existing Lockheed S5-3A
development facilities (for hardware and software) can be applied to the

shuttle avionics development should be determined,

o The fly-by-wire primary flight control system and automatic flight control
system (both incorporating stability augmentati.oﬁ) failure modes showld be
examined in great detail. Mechanizations incorporating separate electrical
power sources for each redundant system should be evaluated along with
mechanizations emp{gyiﬂg non-electrical backup mode capability.

¢ Additional reliabiiity déta should be compiled for baseline system equipment,
and safety/reliability studies should be performed to evaluate the adequacy
of selected equipment in the anticipétad operating environment. Computerized
optiriization studies for each subsystem should be conducted to trade off cost,
weight, volume, and component redundancy level according to weighting factors

or sensitivity coefficients agreed upon with the NASA.

2.9-1.
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s

All interfaces among avionics subsystems/equipments and between the
avionics system and non-avionics subsystems/equipments should he clearly
defined. Inecluded are mechanical, electrical, functional, and performance

interfaces.

A thorough packaging and installation study should be completed. Modularity
and acecess for maintenance should be investigated, and impact on the crew

station and impact on the environmental control system should be analyzed.

The baseline avionics system sensitivity to specific performance requirements

and to program requirements/constraints should be determined.

The orbiter/payload interface requirements should be identified for a selected

.representative group of payloads as agreed upon with the NASA.

The baseline avionics system definition should he more extensively detailed

in all subsystem: areas. In addition, redundaxicy management, automatic con-
figuration control and cequencing, operating modes, and abort with intact
vehicle recovery should be examined at the system level.

The avionics system management plan for design, development, tests, and
integration should be prepared. The plan should be keved to overall program
milestones, showd identify major avionicg tasks, and should state how these
tasks will be performed and managed. The experience of Lockheed in aircraft
development, spacecraft development, systems management, and avionics

integration weuld be incorporated into the avionics system management plan,

2.9-2
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Section 3

COST SUMMARY

Costs were estimated for three Mark [ orbiter avionics system configurations:
o Alternate A
o Alternate B

o Alternate C

On the first iteration, all three systems were costed for the Mark I program in terms
of orbiter avionics cost and ground-based mission support costs. While Alternate C
was found to have the highest on-board avionics cost, it was also found to have the
lowest overall cost when the effect of its reduced ground support was taken into account.
Alternate C was chosen as the baseline system. Costs for this system were then
estimated for Mark I and the initial iteration of this alternate was re-estimated for
Mark I. Mark I orbiter avionics costs for all three alternates are summarized in

Fig. 3~1. | ) o

The final estimates of the baseline system for Mark I are shown in Fig. 3-2, and for
Mark II in Fig. 3-3. These are $323.3 million for Mark I and $202. 6 miliion for

Mark II, for a total program cost of $525.9 million.

The annual costs for the baseline system are shown in Fig. 3-4.
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BASELINE s
CONTIGLIRATION ALTERNATE A ALTERNATE 8
S
B EECURRING #31.2 176.7 2710.3
FTLUKRING 12.8 8.8 8.0
CPERATIONS 81.3 64.8 68.8
TOTALS 35,3 - B03 - 787.9
o ez
Fig., 3-1 Mark [ Orbiter Avionics System Costs Suminary
LIRSS TEN UNITS | GROD REFURB,/ OFS
&% ELEAAENT pD&D | GHT § TEST FTH (2} DDTAE RETROFIT SPARES
2D HT SYS INTEG | 2.2 - - - 2.2 ¥ ‘ 5.8
G UIDAFCE, MAVIGA-
TIOH £ CONTROL i.a i.5 4.6 3.8 20.3 2.8 16}
path PANAGEMENT )
& CO/FI/RM 50,7 | 1.5 0.0 4.1 £5.2 6.4 20.9
DISPLAYS &
CONTPOLS 13.7 ] 1.5 1.4 1.6 is.8 0.4 5.3
COMAINICATIONS
5 HIAYAIDS - 8.0 1.5 1.8 2.2 12.0 0.4 a1
STPLMENTATION
(L FLOPIAENT & RS
CFERALIOMAL) 15.4 1.5 2.0 1.9 9.8 2.3 13.1
FLIC T POWER DISTRI- )
LuliGh & CONTROL | 2.9 | 1.9 0.6 0.5 4.t - 1.4
SCETWARE (VERICLE) | 65,8 - 1 - 65.8 - 16.0
FLIC TRIC POWER
Gir, B4 | LS 2.4 2.1 12.9 1.4 3.7
1o ALY 228.% 4.4 80,3

I

Fig. 3-2 MarkI Orhiter Avionics Costs

T s0E
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SUBSYSTEM LINETS GRD REFURES Qe
WAS ELEMENT D&k GHTY TEST ETH (2} DLT4AE TFU PROD (3} RETROFIT (2 SPARES
AVIOMIC SYS INTEG 2.2 - o - 2.2 - - 4 2.8
GUIDANCE, NAVIGA- 4.4 1.5 1.3 - 5.0 3.5 10. 5 1.0 1B.3
TION AND CONTROL
DATA MANAGEMENT 8.2 - - - 8.4 3.9 1.7 I.8 30.6
AND CO/FI/RM
DISPLAYS AND 6.3 | 1.5 ¢.7 - 7.0 0.9 2.7 0.4 12.8
CONTROLS
COMMUNICATIONS 2.V | 1.5 0.1 - 2.2 0.8 2.4 0.1 3.2
AND NAVAIDS
IS TRUMENTATION 551 1.5 1.4 - 7.0 2.6 10.5 3.7 4.5
{DEVELOPMENT AMD
OPERATIONAL)
ELECT POWER DISTRE- 1.3 - - - 1.3 Q.3 0.9 0.} 1.2
BUTION AND COMNTROL
SOFTWARE (VEHICLE} 15.0 - - - 15.0 - - - 8.0
ELECTRIC POWER 4,31 1.3 1.9 - 4.2 2.0 6.0 1.2 1.5
GEMN . ]
TOTALS 55.2 45.0 17.4 84.9
DOK30R
Fig. 3-3 Mark II Orbiter Avionics. Costs
106
MARK | ORBITERPHASED $323.3 'MILLION
- MARK || ORBITER PHASED 3202,6 MILLION
‘ TOTAL PHASED $525.9 MILLION
&
Z
0
=)
=
=
[%al
o]
)
il&llll!iﬁ.lljil
?37&75?6?778?9808!BZBSMES%B?ES 90 91
Loeany FISCAL YEAR

Fig. 3-4 Mark I and Mark II Avionics Program Anpual Costs
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Appendix A
REQUIREMENTS ANALY SIS

Attached is the compilation of working materials used for identifying subsystem

functional requirements, equipment needs, and minimum redundancy levels. The

lists are grouped into five categories:

1.
2.
3.
4,

5.

Functions vs Mission Phase for Aircraft

Functions vs Mission Phase for Spacecraft

Displays and Controls Analysis

Aireraft Avionics Equipment Required for Crew Safety ve Mission Phase

Spacecraft Avionics Equipment Requir ed for Crew Safety vs Mission Phase

Thé_ crew safety sheets were prepared individually for aireraft and spacecralt opera

t'iénal periods to reduce duplication of effort. No sheets were prepared for data

"management, instfuméntation, and displayé (prog';x"a:mmable), ‘since these subsystems

have been established as noncritical to ﬂighf: safety. The safety-of-flight displays

and controls are hard-wired and shared for spacecraft and aircraft functions.

A-1
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FUNCTIONS V8 MISSION PHASE FOR AIRCRATFT

{Pages A-3 through A-7)

L

A-2
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MISSION-PHASE

ARCRAFT AVIONICS

VEHICLE ORBITER
SUBSYSTEM  PRIMARY FLIGHT CONTROLS

FUNCTIONS

i
Heading,Control 3 11 paitilg 3 L I BLANK - NOT REQUIRED
| itud I 1 111 1. CREW/VEHICLE SAFETY
ttitude Control 3 131 RRN A R B ' i ETY
- - . : 2. MISSION SUCCESS
" Yaw Damping : SO BT R A I T I R A 3, NONCRITICAL
Piteh Augmentation ' 31 313 311 . 311 313
5 1 |
Roll Augmentation 3 11 111 1 311 31 1
- f
_ ‘ A : i
Speed Stapility . if {. ) %
|
— <
i 2=
: ;! ” %%
% 1 .5 * 3‘,_
i ii :_d__ %’
Ll !
| ©
: 2



MISSIOMN PHASE

ARCRAFT AVIONICS

VEHICLE ORBITER

FUNCTIONS

14
Pitch Trim ' sl 2l {213 5 1z le
BLANK - NOT REGQUIRED

Roll Trim 31 3131 3]3 31313 1. CREW/VEHICLE SAFETY
. _ i 2, MISSICN SUCCESS
Rudder Trim _. 310 313 1 3b3 1 31313 3. NONCRITICAL
N 3

Ay Praking ‘ 3 3 3 1

. .. 3 PP 3

Fd 11 [0A
TC6E0EY- DSW'T




o

AIRCRAFT AVIONICS

VEHICLE  ORBITER
SUBSYSTEM  AUTO PILOT

FUNCTIONS

MISSION PHASE

Automatic Attitude Control

Automatic Navigation

Lutomatlc Landing

Urnmanned /Hon -Responsive Crew

Remote Attitude Control

e

Automatic Throttle Control

Unmanned /Hon -Responsive Crew

_Automatic Throttle Control

3913
3 43
191
3 13
L 11
z

BLANK - NOT REQUIRED
1. CREW/VEHICLE SAFETY
2. MISSION SUCCESS
d. NONCRITICAL

¥ 3d "I ToA

TE6E66V-OSIT



AIRCRAFT AVIONICS

VEHICLE ORBITER
SUBSYSTEM  NAVIGATION

MISSION-PHASE

FUNCTIONS y
Compute & Displey C(:-Ux-'se 3 312
Display Range 3 312
Displey Course Error 3 312
Dispilay Alrcraft Hdg 111 : 1 1
Displey ILS Beam Deviatilon Raw 241 2 E
Display Flight Director Cmds 3] 3 313

BLANK - NOT RuQUI N

1. CREW/VEHICLE SAFET
2. MISSION SUCCESS |
3. NONCRITICAL

F3d ‘11 10A

[£6E66V- DS



MISSION PHASE

ARCRAFT AVIONICS

VEHICLE ORBITER
SUBSYSTEM COMMUNICATIONS

FUNCTIONS i

o
no
M2
no
o
(a2
i
no
N>
N

Adr Ground Volce 2

BLANK - NOT REQUIERFD
Interoommini cations -2 141 212 313 2 |2 2 12 1. CREW/VEHICLE SAFETY
2. MISSION SUCCESS

3. NONCRITICAL

TR T I0A

IE6U66V- DS
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FUNCTIONS VS MISSION PHASE FOR SPACECRAFT

(Pages A-9 through A-23)
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MISSTON PHASE

SPACECRAFT AVIONICS

VEHICLE CRBEITER

SUBSYSTEM QUIDANCE, NAVIGATION & CONTROLS

Page 1 of Lt Puges

FUNCTION
Align Platform-Ground _, 1 BLANK - NOT REQUIEEDR
+ 1. CREW/VEHICLE SAFETY
. . . MISSION SUCCESS
Align Platform-Flight c 3 2 1 2.1
- — 3, NONCRITICAL
Tiocal Vertical and Direction
5 -Points-Stars ‘ g
i
3-Points-Earth
Measure Linear Acceleration 1 1 2 2 2 1 1
Megsure Attitude . ‘ ' 1 2 1 2 1 P 1 1
Measure Angular Body Rates 1141 212 2 1 1
<
Integratc Acceleration Information 111 e {2 2 1 1 2. ;’»—75
Ao
Integrate Velocity Information 111 2 2 2 1 1 ] ::
Comoute Cravity Effects 1 141 i L
Cospute Current Tnertial Pozition 1 1L 11 2 2 2 1 L




M ON PIHASE

SPACKECRAFT AVIONICS

VEHICLE CRETTER

SURSYSTEM OGUIDANCE, NAVIGATION & CONTROLS

Page 2 of 4 Pages

FUNCTION

RLANK - NOT REQUIRID
" - T : 1. CREW/VEHICLE SAFETY
= 54 - S F P
Update State Vector J 213 o1 1 5 MISSION SUCCESS
3. NONCRITICAL

Compute Current Inertial Velocity 111 21 2 2 1 1

01-v

Compute Abort Targeting 1 (1 1111 1 1 -
Compute Orbit Injection Targeting 1
Provide Orbiter Engine on Discrete 1 .
Provide Orbiter Engine Off Discrete 1
>
Provide OMS Engine on Discrete 212 12 1 - e
=Kol
Yo
Provide OMS Engine Off Discrete 111 11 g =
- = E
Cospute Rendervous Targeting 2 1 e
Compute Docking Targeting =




MISSION PUASE

SPACECRAFTT AVIONICS

VEHICLE CRBITER

SUBSYSTEM CUIDANCE, NAVIGATION & CONTROLS

Papz 3 of L Pages

&
&
TUNCTION
Compute Undocking 'I"arge%jting . 2 BLANK - NOT REQUIRED
1 :
Compute Orbit Ephemeris Change ' 1. CREW/VEHICLE SAFETY
Tar;;tipgr 1 Behenerie FRERS 2 9. MISSION SUCCESS
S 3. NONCRITICAL
!_5: LCompute Deorbit Targeting A L
Compube Reentry Targeting 1
Compute Supersonic Glide Targeting . _ 1
Provide Inner Loop Compensation ' i1 212 2 11 1
Stabilize Body Bending Mcdes 141 ' 1
Suppress Slosgh Modes ' 111
<
o =
Provide Load Alleviation 1 1 -0
H o
T
Limit Angular Rates L j1 212 212 1 . g
: ‘ e 5
Timit Avial Acceleration 2 11 §
Siecr Ascent Trajectory 2 2




.

MISSION PHASE

SPACECRAFT AVIONICS

VEHICLE ORBITER '

SUBSYSTEM  OULDANCE, MAVIGATION & CONTROLS

Page 4 of L Pages

FUNCTION

BLANK - NOT REQUIRED

o s b1 1. CREW/VEHICLE SAFET™
2. MISSION SUCCESS
3. NONCRITICAL

Steer Orbital Maneuvers

w
Steer Orbitel Abtitude !

»  Bteer Docking Mancuvers
ot

5

Steer Reentry Proiile

Provide Vehicle Trim (CG Tracking) 2

Provide Mole Selection

e, "

13 "I [oA
1E6485V-08NT

X H E
[ e B iy e et et st



MISSION PIASE

SPACECRATFT AVIONICS

VEHICLE ORBITER

SUBSYSTEM  COMMUNICATIONS

FUNCTION

Frovide Two-way Voice Link (Hard-

Line) ORB/CHD ; 2 BLANK - NOT REAUIRED
Provide Two-way Voice Link (RF) 1. CREW/VEHICLE SAFETY
ORB/GND ‘ 2 [2 212 2 2 2 2. MISSION SUCCESS
Provide Lwo-way Duta Link (Hard- 3, NONCRITICAL

Line) ORB/GHD 2

Frovide Two-way Data Link (RF)

ORB/CKD 1 |1 2 {2 2 |1 1

Proviae Two-Way voice Link (Hard -

Line) ORB/STATION 3

Provide Two=say Voice Link (EF) ‘ ‘ - N e e

ORB/STAT. _ {2 ]

Provide Tuo-way Data Link {Hard-

Line) ORB/STAT. : o

Frovide Tvo-way Data Link {RF) - ‘

CRB/STAT - dele o | , .
Frovide Two-way Data Link (Hard- ‘

Line ) ORB/Payload 2 ' ' 2

Provide Two-way Voice Link (Hard- i
Line) ORT%/Palea-:I : 3 : 3 — 2
Provide Two-way Data Link (Hard- F‘ C:J
Line ) ORB/ESTR 2 A
Provide Two -way Volce Link (Hard - “ﬁ%
Lina) ORB Crew e 12 iz 313 313 2 E

&



MISSION PHASE

SPACECRATT AVIONICS

VENICLE ORBITER

SURSYSTEM TELECTRICAL POWER
Page 1 of > Pages

FTUNCTION

Fuel Cells
Checkout 2nd Start-Up 2 ' 2 2 BLANK - NOT REQUI FED
' 1. CREW/VEHICLE BAFETY
Heat Removal 2 1 1 1 1 1 1 1 2 2. MISSION SUCCESS
. 3. NONCRITICAL
Water Removal 2 1 1 1 1 1 ] 1 2
Control Operation 2 11 111 111 1 2
Standby 1 P
Shutdeown 2 3z
Purge 2 1 1 1 1 111 1 2
=
I
2
ma
i
e 22
‘\ o= tn
— &
S "




MISSION PHASE
SPACECRAFT AVIONICS

CI-¥

VEHICLE ORBLTER
SUBSYSTEM  FLECTRICAL POWER & -
@&
Page 2 of 5 Pages A {\c:,\
ST SN SV
BN
.;\' N _‘!\s
o
FUNCTION A
Fuel Cell Reactant Supply
Fiil Op Tanks (2) ; e : e BLANK - NOT REQUIRED
T . 1. CREW/VEHICLE SAFETY
Fill Hy Tanks (2) 2 2 2. MISSION SUCCESS
3. NONCRITICAL
Expel O -2 IR TR T N T e R N =
Fxpel Hy | e frfr b e
Condition Op > j1 {1 f 1ty f1ygoe \
Condition Hp 2 1 1 1 1 1 1 1 2
Checkout Storage Sys 2 - 2

“$1d ‘11 [OA
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SPACECRAFT AVIONICS

VEHICLE ORBITER
SUBSYSTEM ZELECTRICAL POWER

Page 3 of 5§ Pages

FUNCTION

AW ON PHASE

Eatteries

F. C. Emergency Start

Fmerpency Power for Avionics

Provide 3 Phase AC Fower

Decouple from AFU

Generator Contrnl Units

Regulate Voltage

Overload Protection

Overspped FProtection

Unbalanced FPhase Current Protectlon

BLANK - WOT REQUIRED

1. CREW/VEHICLE SAFETY
2. MISSION SUCCESS
3. NONCRITICAL

1 g ‘T 10A
16GL66Y-OSIT



MI‘S:SI ON PHASE

SPACECRAFT AVIONICS

VEHICLE ORBITER

SURSYSTEM FLECTRICAL POWER

Paze 4 of § Pages

FUNCTION

I.——I
I_.J
]
o

Unlyalanced Fhase Voltage, Protection 2 BLANK - NOT REQUIRED
N1 .

1. CREW/VEHICLE SAFETY
2. MISSION SUCCESS

LI-V

Bearing Failure Drive Decouple 2 2 12 2 2
: 3, NONCRITICAL

Transgformer Rectiflers

Convert AC Pawer to DC Power 2

Flectric Power System Control

Ciyecuit Breaker Control 2 T 1 l 1 T 1 -1 o

Configuration Contyol 2 1 1 1 1 1 1 1 2
Component Control 2 1 {1 1 1 111 1 2

C Power and PBus Control

<
F. C. Reverse Current Protection 2 I I 141 ] 141 3 2 = 5
=Ne!
. |
Tyel {ell Bus Cennection 2 1l 111 111 1 e gz
o [
Ll
o
T-RE Urit Bus Connection 2 1 1 2 v
Bue Fault Protection 2 1 1 1 1 1 1 L 2




MISE !!;\ PHASE

SPACECRATT AVIONICS

VEUICLE CRBITER
SUBSYSTEM  ELECTRICAL POWER

Page 5 of 5 Pages

FUNCTION
AC Power and Bus Control " BLANK -~ NOT REQUIFED
. . 1. CREW/VEHICLE SATETY
# ' 2., MISSION SUCCESS
- "— g ~ ?1 l‘ ¥ \ I . M -
Inverter Bus Connection 2 1 1 1 1 1 1 1 2 3. NONCRITICAL
Bus Fault Protection 2 i1 111 111 1 2
Ground Power Interface
GRD IO Power Connection 2 2
GHD AC Power Connection 2 . . 2
AC Melfunction Protectlon 2. 2
Digtribution Units
Pouse Oircult Breakers
<
Troviae Jonditinning Equipment 2=
o
¢ =a
1
Py 2 1, 1 1 1 i 1 1 2 o, "z
D

\ ' VN SR S | i
N ,



MISSIONEBHASE

SPACECRAFT AVIONICS

VEHICLE ORBITER
SUBSYSTEM DATA MANACEMENT

Page 1 of L4 Pages

FUNCTION
: ;
On-Board Checkout # 2 13431313313 1{3]°¢- BLANK - NOT REQUIRED
1. CREW/VEHICLE SAFETY.
ax 2, MISSION SUCCESS
Mode Control 2 2 & 2 2 2 2 '
ode b2 3 3 3. NONCRITICAL
o Data Bus Control ‘ 2 212 21 2 212 2 2
T e
[
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Vol I, P

AIRCRAFT AVIONICS EQUIPMENT REQUIRED FOR
CREW SATETY VS8 MISSION PHASE

{Pages A-37 through A-43)



SUBSYSTEM

PRIMARY FLIGHT CONTROLS

- Page 1 of 2 Pages

AVIONICS EQUIPMENT™REQUIRED 'OR CREW SATETY

MISSION PHASE (FHF}

L

EQUIPMENT

Rudder Servos F: X X b A

Elevon Servos | P ¥ X1 X

SAS/FEY Scrvos X X X
Tz‘imﬁ'}}ackup Servos X X X

Speed Brake Servos X1 X

PRCE Computers X X IV X

Roll Rate Gyros X X T4 ¥

Yaw_.l{ate Gyros X X X1 X

Pitch Rate Gyros X X X X

Lateral A_ccelefometers X X X‘ X
Hormal Accelerometers X X X1 X

fngine Speed Controls X | x x 1% j
Filet Static Probes X X X1 X |

Fid "I TO0A

TE6566V- O8N



avionics EQuIPMENPREQUIRED FOR CREW SATETY

MISSION PHASE (FUT)

SUBSYSTEM

PRIMARY FLICHET CONTROLS
Page 2 of 2 Pages

Lt

e TERI) A R
Rate of Turn Sensor - x |x | x x| x|x
Aptd 8kid System X 1X
Touchdown Switch ‘ X
Wheel Spoed Sensor . T 1X
o Sensor X X%

£3d 11 TOA
LEBEE6Y-DSIN'T
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AVIONICS EQUIPMENT REQUIRED FOR CREW SAFETY

MISSION PHASE (FHF)

AfC
SUBSYSTEM
NAVIGATION
EQUIPMENT
Tacan Transcelver i ¥
Tacan Control Panel %
| Tacan Audio Select Panel X‘
acan Antennae X
Directionzl Gyro X
fCompass Controller X |
Conpass Coupler K 1
Mlux Valve e l
Magnetic Compsnsator X
!
Vertical Oyro X Y

Fid ‘I 10A

1E6E6EV-D5IW'1
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avionics EQUITWENT REQUIRED FOR CREW SAT I

AfC
SUBSYSTEM
COMMUNICATIONS

 EQUIPMENT

MISSION PHASE (FHF)

UHF Transceiver X X X
$
N
UHF Antennae : X v X
UHP Antenna Selector X XX
UHF Control Panel X A1 X
Interphone Stations X X
ATC Transponder X X)X
ATC Transponder Antennae x X X
ATC Transponder Control Panel X ¥ X

T30 “TT 10A
IE6EGHY - DSIT



3 28%

AVIONICS EQUIPMENT REQUIRED FOR CREW SAFETY

MISSION PHASE (FHF)

SUBSYSTEM

BLECTIRICAL POWER GENERATION AND

DISTRIBUTI ON
EQUIPMENT
&
AC lentrators X X L1 X X1 X | X p:4
Generabtor Control Units X k X¥i X X X | X x
Transformer Rectifiers X X . x ] X XXt x X
Static Iaverters | X X 01X X1 X
Moin DC Power Digtrivution Unit X X~ x| X Ly X X 7 X
m;mex-te; AC Distritution Unis | x | x| x| x| x| % : R

o0 P.owes Distribution Units X X X1 X L] X 1 X X

AC Lanerator Distribution Unit X X X X X X x K

Inverter AC Bus b4 X b4 X X X
AC Generator Eus . ’ X X X X }i‘ X X X
DC Bus X X X X X1 X X X

Panel Circult Breaikers e X X X id X X X

Lot Com o] Ted Clrewit Bronkots

L
e
:P‘i
=
3

L hs

¥4 I 1eA

Te6566 V- DS'L
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avionics rQUIr- T REQUIRED FOR CREW SA 1-'1;'.'

AlC

¢

SUBSYSTEM

DISPLAYS AND CONTROLS
FPage 1 of 2 Pages

MISSION PHASE (FUF)

&
<
>

EQUIPMENT
ADT X1 X XX X X
P
HGT ! X X X X
Surface Position Indicator £ X ¥} x X3 X X
Aivspecd Ird. £ X X [x | % X X
Altimeter X X A X X X
1
Instantaneous Vertical Veloocity XX X 1X X [ X |
Engine 011 Teuperature XX | X | X T 1 X X
Engine 011 Pressure X3 X X | X FORED G s
Engine Fuel Pressure x X X 1 X X X
Engine U, Bpeed L1 X XX I |X
Propdne ¥y Spoed x it X X X X
Terl P X i LA Y noow
. ey N . KA Ny x
" _,_‘ e L e e ...:,_m &&&&& L,_..__.,._._,..,L...-..,.....L,., F

F1d " IoA
ELCBBY- DS



BV

AVIONICS EQUI

SUBSYSTEM
DISPLAYS AND CONTROLS
Page 2 of 2 Pages

bt

v,

LN

T REQUIRED FOR CREW SAT

MISSION PHASE (FHF)

EQUIPMENT
PFCS Control Panell_\, X1 X X1 X X1 X
PFCE Surface Cont;"ol Panel
Side Stick Controller X __ X Xi X X1 X
Rudder Pedals X] X X1 X X1 X

¥ id "II ToA

TE6S68V-DSIY



LMSC-A995931
Vol I, Pl 4

SPACECRATT AVIONICS EQUIPMENT REQUIRED IF'OR
CREW SAFETY VS MISSION PHASE

(Pages A-45 through A -48)

A-14



SUBSYSTEM

SPAGECRAFT GUIDANCE,
NAVIGATION AWD CONTROL

AVIORNICS EQUIPMENT 1EQUIRED FOR CREW SAFETY

MISSION PHASE (FVF-M)

EQUIPMENT
Iz
CGNC Digital Computer P
Inertial Mess. Unit X
Oxvit Altimeter
Subsystem Int. Units X X X X1 X X X

G-V

L S ar
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AVIONICS EQ’.N{ENT REQUIRED FOR CREW SAZETY
MISSHON PHASE (FVIF-M)

SUBSYSTEM

SPACECRAFT
CUIDANCE, NAVIGATION & CONTROLS

EQUIPMENT

Rate Gyros (3)

_ iF
Accelercmeters - Normal X X
CMadn Engine Cimbal Actuators X X
TV FElectronics X X

e

BCE Electreonics

[EFGR. IQUNN NI Y ———

SRS SRS S U S,

Tk T TOA
LE6YBEV-09IT
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Avionics EQUWIMENT REQUIRED FOR CREW SANTY

SUBSYSTEM MISSION PHASE (FVF-M)
COMMUNICATIONS
EQUIPMENT

Antenna F X X

tenna Switch | X X

8 Band Powzr Amplifiexr X X

Unified $-Band E(iuj.pment X X

é.re—l‘&cd Procesgsor X p4

Up-Duta Link X X o




8-V

SUBSYSTEM

ELECTRICAL PCWER CENERATION AND

 PISTRIEUTION

AVION"E‘QUIPMEN’I‘ REQUIRED FOR Cligm SAVETY

MISSION PIHASE (FVE-M)

EQUIPMENT
Ffuel Cells X X X1. X X1 X X X X X
i
Static Inverters X b4 X X X x X X
Unit
Main DC Power Distribution £ X X X X X1 X X X X
Inverter AC Distribution Urits X )4 ¥l X X X1 X x
D¢ Power Distribution Units X X X x X X1 X X X X
AC Cenerators X 1 x| 2]x X
CGenerator Control Units I s X X X X X
_ . . ., Uni . .

AC Gepnserator Distribution X X X X X X X X X X
CInverter AC Bus A X 1 X Xy ¥ X | X
AC Generator Bus X X X X X X X x b X
T Bus i X X X X X X X X X
Pl Uireult Brenkers o X X X X X X 4 X X

' Pt AR OBt ! b i ¥ n X M A X A ¢

A R R SR W

Id 11 (oA
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Appendiz =

ALTERNATE A AVIONIZZ APPROACH

The Alternate A approach p10v1ded for two sepzrzie and distinet avonics packages, one
for aireraft-type operations and one for spacec =™ operations. Figure B-1 shows three
groups of avionics for the vehicle: (1) orbiter zz=zuecraft, (2) orbiter aircraft, and

{3) the pressure~fed, recoverable booster. The ozboard booster avionics are assumed
to be minimal and independent of the shuttle coniigaration; the effect of booster inter-

face variation as compared to the total avionicz iz negligible,
B.1 EQUIPMENT

The detailed equipment block diagram for the Aiternate is given in Fig, B~2. The high
level of duplication is particularly evident in the displays and controls and utility

—~— ="

\V Y TO/EROM PAYLOAD N .
A ] M.:".:::t e
=1 1 =Tt
DPELATIONS EpwR | R | o B G T
| supeoRT ,,,{comum] l GNBC ” SRt | LI | | ommen | finsteum ] SEY R
Yd T % ¥ 5 7% yo 8 [ .J
3 ORBITER SPACECRAFT DISPLAYS & WA NUAL CONTROLS }‘Q RECORD
\\ ORBITER AIRCRAFT DISPLAYS & MANUAL CONTROL RECORD
\
. O i S S O N S U 1 -
EL Pwi L DEV FLT
Icommurzj I enac 1 [ L [ Dot ] l OTHER I ESTRUM]J@TEUEJ
LT [ L_____,__u—_mjm
s, = ORBITER
S = _ORBl
e

BGSE o I BOOSTER
| . y[ [ [ r—“ﬂéﬂ .

LIve ELPMR | LL P DEV FLT !
o} | TV NI oTHER | | IMsTRUM ST, |

Fig. B-1 Aliernate A Avionics Subsystem Diagram

B-1

LOCKHEED MISSILES & LUWPACE COMPANY



LMSC-AD95931
Vol II, Pt

functions, e.g., electrical power., (This latter class of subsystems would obviously
be combined in a final design; however, th_ey have been kept isolated for the purpeses
of this study.) The primary feature of this approach is that dedicated equipment is
provided for each functional usage. The instrumentation system, operated as a pas-
sive monitor, will provide supplementary fault flags te those equipments with built-in
test capability. Hence, the crew must perform the redundancy management functions
in response to these annunciators. The major consideration for this alternate is that
it requires the least development of flight hardware. Conversely, it reguires mawi-

mum usage of ground support eguipment for checkout and maintenance.

Characteristics for Alternate A are summarized as follows:

Dedicated equipments for each functional usage
Minimum fault isolation

Redundancy management performed by crew
Maximum need for GSE

-Re=design for incorporating improved equipments

5 6 © o © @

Minimum development of flight hardware
B.2. WEIGHT STATEMENT

The vehicle delta weight statement for this alternate is developed in Table B-1. The
equipment identified will replace units with common utilization in the baseline or will
increase quantities to provide a similar redundancy level. The total weight increment
ig 718 Ib or an increase of 7. % percent over the baseline weight. This does not appear

to be a significant driver.

7
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Table B-1
ALTERNATIVE A DELTA WEIGHTS
Baseline Reference
Additions Deletions
Total Total
Subsystem Equip Quan | Wt ({Ib) Equip Guan | Wt {(Ihy | A Wt
Guidance, Digital Computer 1 128 Navig Data 2 110
Normton naecyres | 12 |2 | GO
Accelerometers 8 8
A/C Nav Set 1 83
Signal Condr 2 160
Subtotal 398 110 +288
Communicaticns| Pre-Mod Procr 1 11
USBE 1 38
S-Band Pwr Amp 1 32
Up-Data Link 1 22
Audio Cont Panel 2 154
Subtotal 257 +257
Electrical Emer Battery 2 124
Power AC Gen 3 | 120
Gen Ctrl Unit 3 24
Static Inverter 4 160
Transformer Rect 3 54
Subtotal 482 +482
Displays and
Controls .
Subtotal | All 878 All 717 +161
Data Mgmt
A Subtotal | N/R - All 665 | -665
Instrumentation | Flight Recorder 2 96 |
Maint Recorder’ 1 40
Time Code Gen 1 15
PCM Tim Equip 1 44
Subtotal 1195 +195
Net Total +718
B-3
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Appendix C _
ALTERNATE B AVIONICS APPROACH

Alternate B for the space shuttle orbiter avionics provides substantial improvement
over the Alternate A concept. This approach permits a single hardwafe element or
subsystem to satisfy the functional requirements in both the spacecraft (exoatmospheric)
and aircraft (endoatmospheric) flight regime. The second unique feature of this con-
cept is the inclusion of a passive (monitoring only) data management subsystem to
‘assist the crew in orbital operations and to reduce between-flight turnaround. Figure

C~1 is a block diagram of the Alternate B concept.
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Fig. C-1 Orbiter Avionics Study - Alternatc B
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C.1 EQUIPMENT
C.1.1 Guidance, Navigation, and Control

The equipment employed in Alternate B is identical to Alternate A (except that the
rate gyros and aceelerometers for atmospheric flight are deleted). Only the system
utilization and interconnections differ. Alternate B takes advantage of the option
which permits dual usage (aircraft/spacecraft) of a single hardware element by pro-
viding an automatie G&N crew backup mode during atmospheric flight from the Inertial
Measurement Unit IMU) and associated sensors through the sutopilot. In Alternate A

this interconnect was provided by the crew using display indicators.
C.1.2 Electrical Powar Subgystem (EPS)

The EPS is identical in Alternate B, and in the selccted baseline (Alternate C), only

the interfaces to the data management subsystem change.
C.1.3 Communication Subsystem

The communications hardware is identical in Alternates B and the Baseline; only the

interfaces to the data management subsystem change.
C.1.4 Instrumentation Subsystem

The Alternate B instrumentation (Fig. C-2) is essentially identical to Alternate A
except for deletion of common airplane equipments, Dedicated hard-wired annunicators
and displays are used for all safety of flight information. A multiplex data-gathering
Sﬁbsystem composed of C-5A MADAR analog multiplexers for mission-critical
(operational) data, with added unifs to provide DFI data as an integrated add-on, is
used to collect all data except for those non-avionic hardline interfaces required for

ground checkout and fault isolation, including fueling cperations.

C-2
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TOTEM § =0 DATA MANAGEMENT SUBSYSTEM' !
TO GND /O L )
FLIGHT
CRITICAL ,
ANNUNICATORS SIGNAL ACQUISITION REMDTES '
k i 1 T A T P 4o A
G SIGNAL CONDITIONING
T Ii b i
QND CO/Fl ey . .
HARBUHNE J:RANSDLKERSl
— - - - o ST T
- i
! SPACECRART/AIRCRAFT SUBSYSTEMS 1

Fig. C-2 Instrumentation — Alternate Orbiter B

A total of 2700 instrumentation points are_fequired for operational and D¥FY data.

Three SAR complexes are used to meet the data acquisition requirements (3840 point
capacity) into the DMS. TFormatted data from the DMS is input to the communications
gubsystem for TLM transmission or via hardline interface to the GSE for checkout

in all between-flight phases. One-third of the SARs are for DFI and are removed after
the development phase is complete, leaving a 1960 point operational instrumentation

subsystem, exclusive of SOF and non-avionic hard-wired data points.

C.1.5 Data Management Subsystem

S

Data management for both airplane and spacecraft subsystems are provided by one

system of hardware (Fig. C-3).
Input data tc the DMS is from the instrumentation subsystem. The Data Management
System {Alternate B) is configured for on-board checkout and is based around the

MADAR system as used on the C~5A aircraft. Briefly, the system, under control of

C-3
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{
L INSTRUMENTATION SURYSTER: =
e e T T T L T e
FLIGHT -==:»———-—! SPACECRAFT/AIRCRAFT SUBSYSTEMS I
CRITICAL e - N
ANNUNICATORS e e — — e
& DISPLAYS .

Fig. C-3 Data Management — Alternative B Orbiter

"a general purpose digital computer (DCOMP), continuously scans system parameters
through its central multiplex adapter (CMA) and automatic remote gignal acguisition
units (SAR-A). The BITE outputs are sensed and signal measurements are comparod
to limits and exceptions are recorded on magnetic tape by a maintensnce data recorday
(MDR) and/or on a printer (POU). In addition, a data acquisition system under manual
control of the manual multipiexer (TuEMIjX) and manual signal acquisition units (SAR-AM}
c‘an select parameters for display on an oscilloscope or digital voltmeter, Controls

and displays are contained in the MADAR manual display/control unit (C/D groupi.

The C/D group also contains a data retrieval unit (DRU) which optically projects. on
a rear projection screen a seleeied (one of 10,000) individual frame, utilizing 16 mm
film as a source. Aside from the displayed information, each film frame includes
frame selection codes and data point selection codes to aid in presequenced trouble-

shooting data under manual control.
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The system is programmed (o test all subsystems (without interrupting operation;,
down to a line replaceable unit (LRU) level, in normal functioning modes. The manual
displays and controls allow an operator, under guidance of the projection display, to
isolate problems in subsystems to LRUs and to print and magnetically record this

information.

A new design interface unit is required to control the digital inputs from the MADAR
Digital Computers (DCOMP}, wide-band analog from SAR-manual multiplex units
which provide line analog data to the oscilloscope/voltmeter for onboard-manual
troubleshooting, and for GSE/TLM interface control.

C.1l.6 Control Display (C/D) Summary Comparison

A correlation in the C/D requirements for all alternatives is provided in Tabhle C-1.

C.2 WEIGHT STATEMENT

The Alternate B weight statement relative to the baseline is provided in Table C-2.
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PILOTAGE C&D PANEL AREA AND WEIGHT COMPARISON

( AIRCRAFT SPACECRAFT SPACE SHUTTLE \1
' 4 3 2 2 2 3 3 3 3 2
CREW 5128 MEM P OMEM | MEN | MEN | MEN | MEN | MEN | MEN | MEM | MEM
VEHICLE cosa | oton | 5o oewina| we | om [ | aas | GG |
TOTAL PANEL . .
AREA®  SCLFT 57 1 26,751 9.3 | 19.4 15 27,0 | 28,1 | 23 | 2.8 | 135
TOTAL C ANG D 7 ol 7
\_WEIGHT - tBs 70 33 A0 260 290 M4 878 | 810 |705/%8 11)
f— FILOT/COPILOT 5TA 5YS ENGPR STA CRT'S SUMMARY - N\
WEIGHT | AREA | WEIGHT | AREA O WEIGHT § WEIGHT [ AREA
(1B} (30 FT) (LB} iS5G TT) {18} {LB) (5Q FT)
ALTERNATE A 802 13.5 276 4.6 0 o a7 28,1
ALTERNATE B 602 13.5 208 10.4 1 53 810 23.9
ALTEP‘NATE CT [ 1 . ,53 705/¢ 2'! . a
(HORZ/VERT TE9T) 514/7%7 13.5 a9 8.3 } 5/988
ALTERNATE Coy I 13.5
\_ (OPERATIONS) 528 13.5 0 0 3 82 77 y.
posTel Table C-2
ALTERNATE B DELTA WEIGHTS
Raseline Reference
Additions Deletions
Total Total
Subsvstem Equip Quan | Wt () Equip Quan |Wt by | &AWt
Guidance, Digital Computer 1 126 Navig Data 2 110
Navigation, . Repeater
GNC Signal Condr 2 160
and Control C Sig Converter
Subtetal 286 110 +176
Communications ) 0
Electrical Power 0
Displays _
and Ceontrols Al - 810 All — 717 + 93
Data Mgmt MADAR 326 All - 665 -354
(MADA 1) [ vour list]
Instrumentation 0
Met Total -~ 0
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GUID]NAV/CONTROL

%) CHARACTERISTICS |
et = -
= z o = = o5
s O O o -~ - = pa
EQUIPMENT ITEM Z0 | =i 0% Q = = | == REMARKS
O It < Z & = R B B
g O O - iR =
& o} 5 Z |81z 821 =3
by i Wl gy <, b= O L O
Digital Computer M S34 1832 Univac] 2 (625 1126 32K Memory
Tnertial Meas. Unit C 747 Carcusel | Delco L1400 53 Modify for space use or use
v Carousel IV B (TIIIC System)
Star Tracker f Skylab ATM Pendixl 6 25 77
Horizon Sensor ! M Agena | 13166 (Barnas} 12 25 25
Navig. Data Repeater/
Converter M 334 OBGA Bendix 3.71 | 251 55
TVC Electronics M Agena >5 20W | 30 Same circuits and packaging
ACPS Electronics M) AF-PLET >5 300 50 techniques, New package
Mein Eng. Gimbal design.
Actuator NASA Saturn 5C
Compass Coupler C L1011 | 2591201 iSperry | 25 7.2
Compass Controller C 2504911 6 2.0
Flux Valves C 2575570 50 L.o
Magnetic Compensabor c 2591200 | - 50 1.8
Directional Gyros ¢ . esslhol Coas 29
Vertical Gyros C L1011 | 2593742 [Sperry { 2.5 29
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GUID/TAV/CONTROL o o CHARACTERISTICS
Pan Ty
2 7 o & = 5
23 O O = | 2| &5 Z
EQUIPMENT ITEM 0| £ O Q = | =] 2] REMARKS
Ol £ <7 w 2 T =1 0%
J =5 = 2 T =
o Q5 = = 7 t e O =
u o ke el 3] @
w2 o m = 3 O O
Rudder Servos M C5A 4¥91577 (ertea | 20 95,2 200 Mod.
Elevon Servos M csA | WY9L013 [Bertea 5 376 20% Mod .
PFCS Servos NASA S1CL 697660 | GELAC L 50 New
Trim/Backup Servos I M clln shi268 Air 10 10
B Researc+
Spead Brake Serveos c New New 10
Fleven PFCS Computer C 11011 | 672293 [Collinsi 0.9 02.4 50% Mod.
Budder PFLUS Computer C Li01L | 672293 ollins] 1.7 h6.2 50% Mod
Central Air Data M S34 AfN-5 Bendix 58.6-| 1026{ C.P,, Bite, VAST/GSE9 x 19 x 6
Computer
{Air Data Senscr Assy M YF-12 . Rosemount
Piteh Rate Cyros ¢ 11011 | 672300 | Colling 1.25 74 | 371
Roll Rate Gyros C 11011 | 672300 Colling 1.25 7.0 | 3761
Yaw Rate Gyros ¢ 71011 | 672300 Collins 1.25 7.6 | 37T
Hormal Acceleromelber C 11011 | 672302 Collini 25 4.1 .3
Lateral Accelercmeter C 1011 | €7230L Colliné 25 L,5 | 85.2
Longitudinal Accel C L1011 | 25
Pitch APEDS ¢ | 11011 |67esth | Colling 2 55,k
Roll AFFDS C 11011 | 672315 Colling 2.2 55.8
Engine Speed Controls M AHS6 €1033 NASH 1.25 60
Speed Control Computer C 1101% | 6722¢k Colling U 26.8
Anti-Skid Control )
Touchdown Switch) M New New 30
Wheel Speed Sensor)

¥ oad 11 ToA
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T ECTRICAL POWER T 1 _ CHARACTERISTICS
SYSTRM 2= — o = o 5
2% | _0 O 2l ezl 28 2
EQUIPMENT ITEM =0 | == 0% v S N I REMARKS
Ol 35 <Z = S e -
) L = o T =
= 05 - 9 Z . w ) ]
] O =< fre < - —
5 a < —o = = & = >
Fuel Cell (MK I) M Space New Pratt & 8.9 298 g100] C.P., GSE, Wew 15 x 15 X 36
. Snuttle Whitney
Fuel Cell (MK IT) M " Hew " 8.9 ooff | 8100{ C.P., GSE, New
0 Cryogenic Tank & CTL#} M. .1 AAP AAP,33"'Dig Bendix 200 | 120 138 Heat, GSE
H2 Cryogenic Tank & CTL | M - BAP AAP,30"Did. Bendiz 200 | 200 o7 Heat, CSE
Wi Cd Battery (Emerg) M Agena |Type XTI Eagle L5 Ge 931] GSE 19 x 7 x 7
: Picher
AC Generator C S34  14QN 490! GSE, 5% Mod. 10x 7 x T
Stztic Inverter 3¢ M | Apolle }28V5200% |Wagner | 61 Lo 396| C.P., GSE 11 x 6 x 6
400 Hz g14F53-1 |[Elect. ,
Transformer/Rectifier M P3C * 110 18 250| F.A., VAST, 5% Mod.
fenerator Control M 534 AVZ-86 Wegting-100 11.5 336\ F.A., GSE, 5% Mod.
housge
DC Bus 595
AC Bus 290
D.C. Distribution Unit
A.C. Digtribution Unit

% Ipcludes Remote Power Contro

11iers and Remote Controlled Circuit Breakers

7 ad ‘II ToA
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CHARACTERISTICS

COMMUNICATIONS AND e o
TN =t V8
TRACKING =7 - . %5 = o
— = C Q — = tE w Z
FQUIPMENT ITEM 0| =2E 0% © = | = | = > REMARKS
S| EF S5 = | T =
ol 05 i = U W ) o
o o5 o0 S =2V 5| B
ol | €% ) B2 ) 2 EL Q125
Audio Panel M S34 Instr. 790 | 77 300 | C.P., or FA, VAST/GSE
_ Systenm
S-Band Pwr Amplifier . M g3A Apolio Col11insl.9993 {160 32 729 1 C.T.
!ﬁ . Block 11
Unified S-Band Equip. M 334 Collinsl. 9979 { 37 28 [ 1260 | C.P.
Pre-Mod Processor M 924 Colling .9997| 12.5] 11.3] 300 | C.2.
Up-Data Link M Apolle |Apollo Motor- | L0956 | 10 224 | 10801 C.P
Block 1T jola
S.Band Antenna Switch Apollo 3
S-Band Antenna Apollo 5
UHF Transceiver C s34 |UK90008 |Colling) 2 | 30 | 32.0 1026 | F.A., Bite, VAST/GSE
UHF Antenna Selector C S3A Collins 1.h
UHF Antenna c 53A Collins 2.3
ATC Transponder M CsA [621A-6 |Collins 15
ATC Transpender Ant. M 5. £.65-53661Sensor 3
11L
VHF Recovery Beacon M Wpolle |Apollo RCA 13
- Block IT
VHF Recovery Antenna M jipollo Apollo 1
: Block II
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CHARACTERISTICS

COMMIMEICATIONS AND G o
TRACKING -t L
ol = — fom —— i -
=z | _O 2 gl =1 3| & -
EQUIPMENT ITEM =0 | EE O< 2 | | =1 =13 EMARKS
Yl ES 1 22 5 | 2y 2| B E |
s - 0 3 5
& & = = -WQ z Py lf O g
- [ a S g
3 £ =& T 2|21 EE
Tacan Transceiver M 3534 37
TLS Receiver C C54 ILS-70  [Collins! 1.4 10
Radar Altimeter - M S3A APN-20L (Hoffman{ 1.3 2.9 228 | Bite, VAST/GSE 10 x 6 x 3.8
ATLS Heceiver M 1C-3CAN Scanning beam
Oroit Altimeter SKYLAB 125W 1 45
Precision Ranging Sys CIRIS 1200 | 25
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DATA MANAGEMENT

CHARACTERISTICS

=U. =
= P - s
Yo = o —
2% | _0O S S lwlz |82
EQUIPMENT iTEM O | == O< A N I = REMARKS
| < < < 7 o X, " = e
ez - = o T =
y O35 -9 : Lo 2 O D
Sl e | gleElElel 3
L, Mo = H—I
A &g e = = Q = >
Gen. Porp, Dig.Computer M S3A 1832 Univac] 2 11800 | 255 [18144{C.P., or F.A, Bite, VAST/GSE
Prum Storage Unit M 534 [MUSTS/ AYS |IBM ECHO 1.2 { 300 70 | 2765 { C.P., or F.A, Bite, VAST/GSE
Dig. Mag. Tape Unit M S3A RD 348/AsYH Sciencg L.8 60 20 9331C.P., or F.A, Bite, VAST/GSE
Comminication SIU M S3A TED 750 Lo 864 | C.P., or F.A. 50% Mod.
Instrumentation SIU M 534 TBD 50 | 10 346 1¢.7., 50% Mod.
G&I STU M S3A TBD 750 | 80 864 | C.P., or F.A. 50% Mod,
B s STV M 534 TED 200 | 15 | 346 |C.P., 50% Mod.
Elect. Pwr 31U M 534 TFD 200 15 346 | C.P.
Booster SIU M S3A TFD 500 | 30 864 | C.P., Bite, VAST/GSE
GSB/LCC SIU M S34 TFD 30
Display Gen Unit M 3 AN/ASA 82 | Loral 2 1200 80 C.P.

D
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CONTROLS & DISFLAYS

FQUIPMENT ITEM

ML (fﬂ)
COM'L C)

CRAM
APPLICATION

USER:
N

DESIGNATOR

ITEMTAG

FANUFACTURER

CHARACTERISTICS

POWER (WATT)
WEIGHT iLB)

VOLUME (IN®)

REMARKS

vTU

kA

MATN INSTRUNTNT PANEL

hor1°OﬂL°1 Sluoatﬂon
‘ Indicator
Aero Surface Indicator

AFCE Modes

AFCS Warming

Tnstr Warplpg

Avtopilot/Land

Meter-Airspeed/Mach/

Meter-Altitude/Vertical
Speed

Altimeter

True Airspeed Indicator
Al%itude Indicator
Mulbi-Purpose Keyboard

Epgine Gimbal Override
RCS Coptrol Override

Fal nfO-L Qverride
Tar R Tebbison Qverride

OD-59/A
oD-59/4

672hh5
672299

672295
670297
£72309-17
250ulsh
2504463

AN/APN-
2O
AN/AYN-5

AN/ ASQ-
147

OTT -Shell
Parts

n’ L

Bendix
Bendix

Colling

LS

n

Sperry
i

Hof fman
Bendix
Bariman

¥.ALR.
LM3C

T

1

43.7
1072.5

73.
128.
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CONTROLS & DISFLAYS G o CHARACTERISTICS
TN : £
;izf A o fé E; . |
2z | _0 2 sl w2 8 & .
EQUIPMENT ITEM =0 | == O < -2 R IS B REMARKS
o < < L 7 o et -~ - = 7 :
o ~ = 1 g * =
- 0 gy e e b O =
& O &= 59 Z 3 = = 3
3 e < =Aa % = Q = =
Abort C -~ prr-Shelf | LMSC 1.10 | 32.75
Parts !
Instr Brightness Control; C - v " 0,751 6.25
Cantion and Warning Testy C -- oo ! 1.20 {22.5
Panel | ‘
Booster Status Panel e -~ o " 2,90 {45.0/
Magter Sys Caution and C -- o " 2.97 {48.6
‘ Warning :
Multi-Function CRT M S-38 RAN/ASA-82 | Loral £3.0 | 5669.5
(Flight Mgnt) ‘
Flight Mode Indicator C --  Dff-Shelf | LMSC 2.80]14k,0
. Farts
Multi-Function CRT M S-3&  AN/ASA-82 | Loral 63.0 15669.%
(Subsystems)
Engine/FPropulsion C -- 105030 ~ |Astrond 8.5, 1 120.}
Displays agutics 6.2,
) 1.2
Engine/Propulsion C -- 105028 " 6.2 112.2
Displays ,
Mode Select (Main/OMS/ C - brf-Shelf |LMSC 1.1 25.4
ABES Parts
Mode .Select (RCS/ATU) c " " ! 1.1 ] 25.4
Area Nav-Growth C L-1011 | 144000, Astron- [63)%%{1147.1)
_ 1L2000 autics
Throttle Quads, Speed M C-SA 1033, Nash, 38 5230.(
Brake, and Rudder Trim Et.AL it Al
Control

#% Not Included
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CONTROLS & DISFLAYS G ] . CHARACTERISTICS
S L
tf:m:—' s o o= I (""‘)ﬂ
2F o O = el Rl 8| Z
EQUIPMENT ITEM 30| = g Ry 2T REMARKS
} 2 < 5 & e | £ 2
& S5 =3 Z ol R B 3
e ¥ 1 - he .
2 | &% | 58 | 22|91 ¥] Y
ABES Controls M C-5A - - 1.1 | 16.0
G Panel ' c -- |0ff-Shelf| LMSC 2.6 | 64.0
Parts
Landing Gear Controls -~ - .2 {128.0
Emer Landing Gear -- - 1.5 { 76.0
Extension Conbrols
ATC Fanel Arine Collins L8.0
572
Commmnications Panel 18-601/ {Instr. 3456
AT Bystemp
EC/LS Panel Off-Shelf | LMSC 3.9 | &k.0
Parts
Engine Start -- -- 2.9 | 4.0
Attivude Hand Controller - N.AR. &8 32.5
Translation Controller -- -- 8.2 | 3.1
C & W Annunicators OFF ~Shelf | LMSC 5.6 1576
Parts
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COWTROLS & DISFLALS 5 ) CHARACTERISTICS
37 & .
- prd o & Fom o5
s Z O O e~ o > ey Z
EQUIPMENT ITEM 0| =& O Y £ S I B REMARKS
) << < L7 = s S — L
ESEJ =5 5 e o T =
AR R = 3 Z s ]9} 2
3 oz P _‘g = O L O
= o <t e = = & = <
EYERROW /OVERHEAD PANEL
Engine Fire Control L-1011 .- CAT,-LAC 8.0 |3860C.0
Panels
EC/LS Gas Supply Cverridd - Of¥-Shelf | LMSC 1710.0
Valves Parts
Tlect. Pur Generation -- " " " 6.0 (11400
and Dist '
FElevon Disable -— Off-Shelf | IMSEC 2.5 4o.4
Parts ‘
Rudder Disable -- Off-Shelf | LM3C 2.8 40,9
Parts
SAS, Pitch, ATS, and .-1011 -- CAT,-LAC 3.9 5k LG
Tyim Emer. Controls
Antiskid Conmbrols C 1,-1011 - CAT,-LAC 2.3 27.4
Senzor Heat Controls ¢ L-1011 -- CaT.-LAC 1.9 20,7
PFCS Mon., Rudder & c %,-1011 - CAL-TLAC 3.2 ST
Elevon Emer. Controls
Rudder Limiter C L-1011 CAT~TAC 2.1 hs.d
Engine Stard C 1,-1011 - CAL-LAC 2.4 sk,
AFU Engire Controls ¢ - 0ff-Shelf | IMSC L,7 216,14
Parts
Cabin Lights L.-1011 - CAL-LAC 2.0 15.
Migsion "Wimer CM or TiM - N.AR 2.5 co L
Event Timer M or LM - N.AR 1.9 138,
Exterior Lights ,-1011 - CAT-LAC 2.8 5,
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INSTRUMERTATION

CHARACTERISTICS

=9 %
2 z ox & = 5
~ = o O - = | 2 | 5| £
. = - = B s
EQUIPMENT ITEM =0 Ze O g & = ~ REMARKS
v < < <z o - ] Lt -
U b~ 0 = oz I -
| &0 e Z {1 2] 01 2
S| O% S . S - A
v = b < = O =
2 el < e = & el = >
Transducers * M
Signal Conditioners !
. £;1
FM Wideband Recorder M P3VL,LI01Y 417 LEC L 200 | 39 2660 | F.A,, Bite, MADAR/AIDS
Hlight Dats Recorder M CoA CDFPIR. ‘ LB
Time Code Generator C AfC 8521 Systrof 5 28 |15 F.A,, Bite
| Donner ‘
Film Camera M ASG 7
P.C.M. Telsmeter Equip M | Apello !'Apolla Colling .997{ 24 |44 1274 | F.A,

*See following pages:

Block II,
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] : CHARACTERISTICS
INSTRUMENTATION . ez —
LN fav e — C‘sﬂs
Z > 2 i8Sl | o] & REQD. SUPPORT
1 — -~ [ - R
EQUIPMENT ITEM = 2 f?.t 3 5& t&} = % 8 S UIPMENT
. w O o |S535 0
> o == zZ 18z < Q
a & T £ 18219 | g| 0
= a = 2L 1< = | =
TEMPERATURE -
0 to +200Deg. F F Thermo-{ 1AS9741 {Douglac 1.2 5 4 1,000
cnuple :
0 to 160 R 1866215 1.2 5 L 11,000f DC Ampl 1AB2335
I Bridge 1AB22Th
~400 to 500 1467862 2 b7 5 4 | 1,000
-400 to 1900 1A67863 2 h.T 6 5 11,500
- 60 to 320 1R34LT2 2 1.2 5 L ) 1,000
~40C to +100 1B3L4T3 1 I I 4 | 1,000
400 to ~-200 1B37875 2 h.7 5 4 1,000
0 to 2000 1BELGES i 1 b7l 6 5 {1,500
400 to 200 NASPT315] N A 1 b7 5 4 11,0000 Bridge V7750463
0 to 1200 NAS27323 e L7t 5 Lo 11,000
400 to 00 WAG27TLUTY ) 1 L 7 5 L | 1,000
~100 to +2000 6H0RGT223) Boeing | 1 1.2 & 5 11,500 DC Ampl GOBT73113
_ Tene Box EQRETSOH
~100 to +500 GOBETR240 1 L.7 & 5 {1,500
~100 to +3200 G0BETS36 5 b7 6 5 11,300
~200 to +700 6OBOTE0Y 3 Ll 6 5 1,500
~300 to +200 . 60870764 3 T 6 5 {1,500
-200 to +3200 GOBT1L4Y 1 i & 5 12,500
~300 to +500 SOBT206T 2 bt 5 bob 1,000
400 to 100 v i 60B72099 1 2 | b7)] 5| 4 |1,000
0 to 4000 D
PRESSURE , .
0 te 400}  FEIA F IStrain 1831356 | Couglad 2 h.7H4 10O 3 11,000 -
1500 to 4500 Cage :

*P .« Flight Proven

M - Modification Reguired
Development Requirad

Do
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INSTRUMENTATTON o CHARACTERISTICS
Bl Lt T
< = o |2215 OJ TR/ REQD, SUPPORT
i £ ot
FQUIPMENT ITEM r 23 £ |SElg 12wl 8 EQUIPMENT
° w =0 O LI585 519
a - i 5310 | = | O
= Eo 3 221 < ) S
PRESSURE (Continued ) L
0 te +400  PSIA F  {Strain 1B31413 | Douglad 3 L.751 10 3 #$1,000 -
: Gage '
0 to +3500 # i iBhozkz 3 4L.75§ 10 3 {1,000 -
0 to +50 ; 1BL3320 3 ]2 5 1 2 500
0 te 42000 ; HAS2T412| N A z L 10 3 11,000 -
0 to #2500 ; GOBT2075) Boeing | 1 h,751 10 3 | 1,000 DC Ampl 60BT3112
0 to +3000 | EOBT2080 2 | 4751 10 3 1,000
0 to 500 GOBT7209L 2 L.751 10 3 11,000
0 to 3500 ECRT21T8 2 L.75 | 10 3 | 1,000
0 to 5 60872199 1 2 10 3 1,000
. 0 to 2000 60BT2200[ 2 b 10 3 11,000
0 0 H0. F063252 ~10tReeidon| 4 2 8 2 {1,000
0 0 15 5063252 -15 L (= .8 2 {1,000
o to 0.5 Pizo- | P32-12162| | 5 1 10 3 700
electric *
0 to +700 Strain 703682 Boeing { 2 L.75 1 10 3
Gage -
0 4o +2 PSIG Pizo- ~ HFO(6)| Bytrex| 5 2 3 3 500{ CDS-626
- electric
_6000 4o 6000 PSID Gtrain 1472914} Douglayd 1 L.75 ¢ 10 5 |i,c000 -
} Cage .
-25 to +25 d _ ‘ 60B7207T| Boeinz | 1 2 10 {5 11,000 BC Ampl E0BT3112
B
PORCE
¢ ho +50K T.ES M {Strain WCR-36l W, C. 2 3 g 8 500 AFDS 2
nae Rogearc:
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THSTRUMENTATION

CHARACTERISTICS

5 2 ‘ —
i o | B ius|» | 5|2 REQD. SUPPORT
- U - =, - - . ‘
EQUIPMENT ITEM > 2% i 5& | ﬁ:ff = % z O UIPMENT
N ("] = o = e %§E§ = = U
a - o < 10z ]o | 8] 0O
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VIBRATION
-70 %o FO G P |Magnetic] 1A68T07] Douglag 2 8 8 L B1,000] Instl. 1E58286
: ] Pick up ‘
-5 %o 7 i . 60BT2192) Boeing | 4 5 8 L oy1,0008 —
RATES ,
-25 to 25 Deg/S 7 50712400 8T 2 L, 751 15 8 11,500 DC Ampl 50712400
0 to TK RPM Toch, Pulse| 60B73155) Boeing | 2 L.7 10 10 | 1,500 - '
Caverter
0 to 30K Tach. 5-0163] N A 1 b7 15 10 11,500 s/C VT -750453
0 o SK M |Magnetic . L10Westhurg| 2 0.1 8 9 11,000f 8/C BAC Ll
0 te 10K PPPS M |Pick up Pulse Rate|{Honey-| 4 1. 3 1. 800 -
Lo D.C. well
Conv. .
DIMENSION i
-7.5 to 7.5 Deg. F {Pot 1466248 Douglad 1 i, 7 10 10 | 1,500 — -
0 to 110 M |RVDT L1590 GELAC 1 3. 10 10 |1,000f s/c 415902
O to 360 M  {Resolvern T1184 LAS 2 .1 16 8 1,500 s/c 41590-2
Jyncro
0 to 100 % F |Position| NA527285! N A 1 L.7 10 8§ li,000f —
Fot
0 to 100 Angular | NAS27306 2 Lt 10 | 8 1,000 —
0 to 100 NA527307 2 .7 10 8 | 1,000 -
O to 100 j S5¥2633 1 b7 10 & 1,000
0 teo 100 1478153) Douglagd 5 k.7 10 8 1,000
G to 100 PositionP001612001 N A 1 L.t 10 8 1,000 -
Pot
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DIMENSION (Continued)
G to 340 INCH T |Extensiol 1A68709 Douglad 3 b7 32 20 p1,500 s/C 1B39k37
| ! meter :
G to 12 #I 1P2T7505 I LT =) 20 {1,500 W
0 to 6 M Pot, 179Pournes| £ 1.5 10 7 | 1,000, 8/C Aids 8
0 to 3 [ LVDT 41590 GELAC 2 1. b 4 {1,000 s/c 41590-1
VDC EVENT _
a/5 VDO M [cmpar e 61618WEmerson| U .2 1 1,000 -
o/5 CKT 107 Ootindzed | 2 0.1 1,000 AIDS 3
Devicesg
0/20 Compare CATS 2%9Maval L .2 1 1,000 -~
Flec Lat
0/28 | petector 1314 Hi -G 2 |25 5 | 1,009 ams 3
g Ine
0/28 F o Phero 8/8  1BLU2LIDouglas{ 3 b7 3 311,000 ~—
0/28 | iDirfer-| Vv7-750314 W A L LT 3 3 {1,000
ariator ‘
VDO - ANALOG
0 %o 7.5 VIC ¥ Ampl s0712k0d  IRM 5 .7 L 3 {1,004
50 to 60 )
oh to 32 = 60BT311Y Boeing} 3 L. 3 -~ 3 11,000
0 to 300 M Compare E10184Emerson| 5 L.t 3 3 | 1,00Cd
O to §
3t 5 CKT CATS 2( Naval L .7 3 3 | 1,000
i lec Labf -
0.1 to 0.2 CATS 39 5 1. 3 3 1,000 L
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VDG ANATOG (Continued ) .
O to £50 N CKT CDC 10|Naval 5 1. 3 3 {%1,004 -
Elec Lab }
0 to 5 i F 1A68710 |[Douglas] & 1}003 Control Unit 1A68710-5
4
VAC |
120RMS VAC M CKT ¥10L-01] Eon 2 0.1 16 80 1,000 —
Instru.
O to k »} l Difleren — Honey - 4 0.1 1 1 1,004 -
tiator well
CURRENT
o te 200 AP P Mag 1459741 [Douglas! 5 1. g 3 1,004
Cickey ;
0 to 20 Dt . 1468316 5 1. 5 1.3 1,004
0 to 5C0 CHT MELY3II0019|{ N A 5 1. 5 3 1,00¢ -
O tc 100 Network | 50212400 |[Roeing 5 1. 5 3 1,00¢
O to 3 M pKT 081 |FBlectrd] 1 1. 6 3 1,000 =
. mgtic
te 5 D _
FREQUENCY : :
380 to 420 U7, ¥ 5CZ.12399 | IBM 1 0.1 5 3 1,000 -
POVER
0 to b WATT M CKT AV LD L 1.0 1 .2 804 .
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RESISTANCE _,
OBEMS C5It Titectry
matic
FLOW
0 to 300 LB/SEC F |Mag £-0163% W A 5 L.7 10 & 1,500 s/C VT-750459
Pick up Calib V7-750-L67
& to 60 LB/H ‘M |Thermal 60fhermalj & L. L 4 {1,500 ATDS 2
! l Tnstru

0.1 to 1 ¥ FMS -33%0y Lan 2 | 1. 12 1 | 1,500 AIDS 2
0 to 10 T
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