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GLOSSARY OF TERMS USED IN THIS DOCUMENT

Althourh generally accepted in a technical sense, many of the terms used here-

in have various connotations within the serospace commnity. Thus, as a guide,

some of the basic terms are explained below.

PAYLOAD
SYSTEM

PAYLOAD

BASELINE
PAYLOAD

LOW-CCST
PAYLOAD
LAUNCH
SYSTEM

SUBSY STEM

is used to collectively describe the payload, the payload/launch
vehicle adapter, and any deployment or separation devices re-
quired to effect a sep=ration of the payload from the launch
vehicle.

is a collective word used to describe the total operating entity,
such as a satellite, that is launched into orbit by the launch
vehicle; it comprises spacecraft and experiments but excludes
launch vehicle related elements - such as adapters - that are
non-functional in orbit.

describes a representative example of a current unmanned payload
used to provide a basis for the development of iow-cost approaches
and cost comparisons; examples are: OAO-B, SRS, Synchronous
Equatorial Orbiter. The term Initial-Design is used interchange-
ably with Baseline.

refers to payload designs which were developed using low-cost
approaches and techniques that are compatible with the cost-
saving potential arising from use of the new launch vehicles.

is the system used to inject or place the payload into its spe-
cified orbit; specifically in the Payload Effects Study, three
launch vehicle types are considered - current alternate expen- .
dable, new lost cost expendable, and reusable Space Shuttle and

Space Tug.

refers to the major functional elements of a payload, covering
prime equipment categories:

Experiments

Structures & Mechanisms

Electrical Power

Stabilization & Control

Attitude Control & Propulsion

Commnications, Data Processing & Instrumentation
Environmental Control

LOCKHEED MISSILES & SPACE COMPANY
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COMPONENT

PART
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rcefers to a complete functional portion of a subsystem; a mod-
ule comprises several components and interconnect electrical
harnesses houred within a single structural box.

an assembly such as a star tracker, transmitter, or similar.
Components are assemblies of parts.

a picce of hardware, a quantity of which are assembled into a
single component; examples are: transistor, lens, shait, etec.
Parts categories considered are:

¢ High-reliability
® MIL-Spec

® Aircraft

® Commercial

LOCKHEED MISSILES & SPACE COMPANY
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Section 1
INTRODUCTION

This document, "Design Guide for Space Shuttle Low-Cost Payloads*", has been
prepared by Lockheed Missiles & Space Company, Space Systems Division, as part
of the total effort under NASA Contract NAS W-2156, covering the Payload Ef-
fects Analysis Study. A separate document, LMSC-A990556, dtd 30 June 1971,

is the Final Report which describes the study and its results.

The principal objectives of the overall study were:

® Create new low-cost *~:%;r "¢ re, - esentative f‘uturé NASA unmamned

~-

payloads

® Prepare program pl.. .7 ani cosl: f™ u.ese ~w-cost payloads, estab-
lishing the dollar savings re..*fv. ‘o o ~¢1t equivalent (baseline)
payloads

® Establish the effect of the new low-cost payloads upon the future
launch/transportation systems and ground systems

® Prepare a designers handbook which will delineate for future unmanned

payload designers the principles of low cost design developed during
the course of the study.

This document is the result of effort on the last item listed. It was prepared
with the intent to summarize the principal results of the Payload Effects Study,
with emphasis on data which is important tu the designers and engineers

The word "Payload" as used in this document, refers to a flight vehicle,

usually comprising a spacecraft and an experiment package, which is carried
to orbit in the cargo bay of the Space Shuttle, For additional definitioms,
consult the Glossary.

LOCKHEED MISSILES & SPACE COMPANY
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who will create the unmanned payloads to be flown in the Space Shuttle era,
and who will bear the principle responsibility for implemronting low-cost hard-

warc prcerams and associated development and flight programs.

Preliminary economic analyses indicate that payload design approach has a drama-
tic irfluence on the overall prograr costs for missions in the 1978 to 1990 per-
jod. UOo strong is this influence, that without the implementation of the low-
cost payload approaches, the Space Shuttle itself cannot be shewn to be cost-
effective. The importance of applying the low-cost methodology nrovided here-
in (or equivalent) cannot be over-emphasi: . if the NASA space programs of the
future are to be attained within reasonable (and austere) national budget con-

straints.
Note: The English system of units has been used in analysis and design.

Factors for conversion of English units to International units are
included as required.

LOCKHEED MISSILES & SPACE COMPANY
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Section 2
INTENDED USAGE COF GUIDE

a. Basic Objcctive

The initial objective of this document is to communicate to the future space
program managers, planners, designers, engineers, and scientists; (1) the basic
relationships between payload designs and program cost effects, and (2) some
concepts for designing low-cost payloads and implementing low-cost programs.

b. Need for Implementation of Concept at all Levels

Because much of the low-cost methodology proposed is at variance with past
practice, there must be a determined effort to apply the changed concept. This
+111 require the full support of leaders in both Government and induvstry if the
v.ry significant economic advantages hre to accrue. The cost savings potential-
1w eglizable in the design of payloads will not be attained if traditional
wathods o1 spacecraft development and production are unchanged.

c. Limitations in Scope of Payload Coverage

The total NASA/USAF Mission Model, which lists all of the Space Shuttle truffic
for the 1978-1990 period, includes many types of payloads which will be carriel
by the Space Shuttle; these include, as pripeipal categories:

¢ Unmanned Programs

® Earth Satellites

Planetary Orbiters
Space Probes
® Propulsion Btages

2-1
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® Manned Programs

Space Station Segments
Capsules for Shuttle Sortie Missions
Large Experiment Capsules

Logistic Supply Capsules for Ma: Support

The aforementioned Paylond Tffects Study was limited to develorment of low-
cost payload con s for three unmanned earth satell tes* namely, an orbit-
ing astronomical servatory (OAO), a syneq orbiter (SEO), and a small research
satellite (BRS). Although the low-cost concepts included herein are applicable
in at least a general seise to all unmanned payloads, and possibly to certain
of the manned-program payloads; specific attention is given to the earih-
satellite type.

The low-cost payloads designed during the Payload Effects Study had cn-orbit
lifetime requirements as follows:

® SRS 6 months
® OAO 1 year
® SEO 2 years

However, the low-cost design concepts implemented in their design and presen-
ted herein are equally applicable to payloads having longer on-orbit l1ifetime
requirements. Costs savings comparable to those attained in the designs of
the low-cost SRS, OAO and SEO should be realizable in the design of long-life
spacecraft, through the application of low-cost design concepts.

The life.ime of any spacecraft can be extended by refurbishment. Therefore,
detailed cost analyses should be performed to determine ‘he optimum nominal
on-orbit lifetime requirement (refurbishment cycle time) of a new syacecraft.
Buch analyses may establish that very long on-orbit lifetimes, requiring co~+-
1y equipment redundancy and backup modes, may not be cost effective.

LOCKRHEED MISSILES & SPACE COMPANY
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d. Transportation System Dats s ¥ Interfaces

This document includes brief summaries of Space Shuttle and Space Tug perform-
ancc, environmental, and interface data as they relate to the low-cost payload
concepts. For more specific data, the reader is referred to a NASA document,
"Spacc Shuttle Design Handbook".

e. Emphasis on Low-Cost Approaches

This document is not intended as a design handbook to in:truct designers in
the specifics of hardware design and analysis. Rather, it is devoted to data
which will:

(1) provide orientation to the effects of payload design upon program

ccot

(2) identify those payload design areas in which cost savings can accrue
as a result of the use of the Space Shuttle

(3) describe the special design considerations necessary in adapting a
payload for tremsportation and support by the Shuttle system.

LOCKHEED MISSILES & SPACE COMPANY
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Section 3
GENERAI, RELATTIONSHIP OF PAYLOAD DESIGN TO PROGRAM COST

3.1 TYPICAL PROGRAM COST BREAKDOWNS

It is important to identify all of the cost categories so that none asre omitted
when cost-effectiveness tradeoffs are performed in deriving design-approach de-
cisions. The principal categories are: (1) Research, Development, Test and
Evaluation (RDT&E); (2) Unit Recurring; and (3) Operations (also recurring-
type costs). A breakdown of these into sub-elements is shown on Fig. 3-1.

3.2 EFFECT OF RELATIVE RDT&E AND RECURRING COSTS

3.2.1 Discounted $§ Effects

In making cost tradeoffs to determine which of alternative designs to select,
situations occur which show that lower costs may be obtained in either RDT&E

or in recurring costs. If there is this option, it is usually better to select
the approach which accrues the higher dollar saving in RDT&E., Most funding and
expenditures are now based upon a discounting principle wherein money not spent
today allows spending of the same money later plus the interest that would ac-
crue on the money during the time interval. In other words, $1.00 not spent
today allows spending of $1.10 one year from now (using a 10 percent discount
rate). Similarly, $1.00 saved in RDT&E in 1971 allows spendin, $1.25 in 1973
on recurring costs (10 percent discount rate). Conversely, $1.00 saved on re-
curring costs in 1973 would have an absolute worth in 1971 (if used for RITSE)
of only $0.83. In summary, if options exist, savings in RDT&E should be pur-
sued more strongly than savings in recurring costs because RUT&E spending
usually precedes other expenditures by 2 to 3 years and dollar discounting
will play an important part in deriving true total savings.

3-1
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e MATERIAL

¢ PURCHASED EQUIPMENT
AND PARTS

o SUBCONTRACT EQUIP-
MENT

@ MANUFACTURING

e PRODUCT ASSURANCE

® ACCEPTANCE TESTING

® GSE & TOOLING
MA INTENANCE

. .- SUSTAINING ENGINEERING

DES IGN/ENG INEERING
DEVELOPMENT/QUAL HARDWARE
TEST EQUIPMENT

DEVELOPMENT/QUAL TEST
GROUND HANDLING EQUIPMENT
CHECKOUT EQUIPMENT

. TOOLING & STE

FACILITIES

¢ CHECKOUT

o LAUNCH OPS

o FLIGHT OPS

o FLIGHT DATA
ACQUISITION

o FLIGHT DATA
ANALYSIS

Fig. 3-1 Cost Breakdown for Visibility of Payload Effects
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3.2,2 Unit Recurrirz Cost Influence on RDI&E Costs

For itypical dovelopment and qualification test programs, even at the reduced-
level planned for low -cost payloads, up to 1.5 equivalent payloads (varies de-
pending on com:lex.ty of payload) are used as test hardware. These costs ac-
cruc to the RDT&E total for testing. This fact indicates that multiple savings
can be accomp .ishe? by reduction of payload unit recurring cost; a saving in
both unit ccst and RDT&E w!ll result. The aforementioned discounting (par.
3.2.1) provides additional benefits to the portion of cost allocatable to
RDT&E

3.3 TIMPACT O¥ PAYLOAD DESIGN UMON PROGRAM COSTS

Payload design at all levels; system, subsystem, component, or part; signifi-
cantly affects all categories of program costs. Payload designers must con-
sider the cost impact of all design decisions if program costs are to be min-
imized. This requires an awareness among designers of the cost conseguences
of their decisions; an awareness that will arise only through study of the
design-cost relalionships.

3.3.1 Potential Cost-Reduction Areas

There are a large number of potential cost-reduction areas which come into being
as a result of using the Space Shuttle. These have been reduced to a reasonably
brief list as shown on Fig. 3-2. The "X" entered in each block indicates to -
which cost categories each cost reduction approach is applicable. This basic
form, or a similar one, can be used as an initial checklist to determine if

all cost-reduction possibilities are being pursued in the design of a partic-
ular payload.

A ecimilar matrix chart may be used iuring preliminary design evaluation and
tradeoff as shown in Fig. 3-3. On this chart, the proposed hardware approach
is 1listed in the left-hand columns; designations of "high", "moderate”", or
"low" cost impact are entered in each cost category. One chart may be made for
each subsystem of the payload.

3-3
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SRS EIEREISEER:BERE
IElEsIElsRRIERIZEZIEIEIEIREE
S IMPLIFIED CONTRACT/DOCUMENT REQUIREMENTS es|x |x x| Ix x [x | x| x| x
SINPLIFIED CONFIGURATION MANAGEMENT (TRACEABILITY) s IxIxIx}| |Ix x x| x| x| x
USE OF PROVEN TECHNOLOGY -OFF SHELF ers x| |Ix | X X
USEOT LOV/-COST MATERIALS us' X {x X X x| x| x
DECREASE STRESS LEVEL ON PARTS es J X |x X [x x| x
USE LOVER-QUALITY PARTS 3 X |x |x x| | x]x [x|x|x]x]x
INCREASE STRUCTURE SAFETY MARGIN Es x Ix Ix Ix | x| | xPxx|x]x|x}]x
USE LOWER RELIABILITY GOALS (WMAINTENANCE s X Ix |x Ix x| |x [x x| x} x
INCREASE VOLUME OF PACKAGES Es X X x | x| x
INCREASE HARDVVARE WEI GHT ALLOWANCE 753 X |x X x Ix | x| x
2+ PLIFY/NO DULARI ZE HARDWARE es X {x [x |x x| |x x| x| x| x]x X
SIMPLIFY/REDUCE GROUND TESTING s Ix Ix Ix Ix [x |x X
32 GR3IT MAINTENA,CE/REFURBISHMENT AND REUSE S X X (X [X X X | X[ X|Xpx XX X]X]X|X}|X|X
EAPLOY HARD\VARE UPDATE (VS NEW HARDWARE) s D Ix Ix Ix Ix Ix | x| x{ x| x [x{x|x]x]x]x]x|x
USE PRE-DEPLOYAENT ORBIT CHECKOUT s x |x |x |x x| x| x |x x| x| x| [|x|x

% E = EXPENDABLE; S = SHUTTLE

Fig. 3-2 Potential Cost Reduction Areas
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LOW-COST PAYLOAD -COST REDUCTION

MODEL OAO-B (I YR.) SUBSYSTEM CDP &!

AFFECTED
COMPONENT(S)

|Prim. Proc. & Data Store. § poioco yith:

| Computer
Data Dist. Unit
Interface & Timing Unit
Software

SIC Syst. Cont. Unit
EDHE

SDHE

ACMU

GFE Interface

C. Roevr.
Beacon

NB Transmitter
WB Transmitter

COST CATEGORY AFFECTED

PROPOSED
DESIGN
APPROACH

Reduce Qty. from 4 to 2
Delete; Track NBT
Reduce Qty from 2 to |
Reduce Qty from 2 to |
Delete GFE Interface |

Recur. Prod. Ops.
el | |5 2
g% g 1S<l3l [=l8llEE

Sl IS =38 |E|el| oS .

SiEE2E 225 53/ 83 4 .
sl gl T 3| 2| 8| 81| 8| <| 5| 8|l 3| s|S
AR EERE S EEE M EEE
2121215(58 213|221 212( 221351512
H{H{H|- [H{H|M[- |- [ H] H] M{M| -] -{|H[H M
HIH|H|- [H|H|M HIH MW M -] -[[H[H[M
H{H[H|- [H[H[M HIH{ MM -] -[H|H|M
m{mimi- -1 -| - -1-1=1=1- -lImfmim
A0
LILf=]-|-fL]- M MMM -] -t -
HIH|H H H| H{H| H| -| -
LL|- L M mmim-[-1l-1-1-
-1-1-1-1-1- |- Mimimiml - -1 -1- |-
H{H|[H- [H|H HIH[H[H|- |- |IH|-|-

Tape Recorder Assy

H = High Cost Impact

M = Moderate Cost Impact

L = Low Cost Impact

"(-)" = Cost increase

Fig. 3-3 CDPI Subsystem Changes vs Cost Categories Affected
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3.3.2 Basic Payload Effects

The basic Payload Effects cost drivers are listed on Fig. 3-4. Their impact on
prorram costs will be discussed in detail in later sections. They are listed
herec only to provide background on the general relationship of payload design

approaches to costs.

3.3.3 Payload Designs vs Engineering Costs

Engineering costs arc directly related to the complexity of the designs to be
created. To reduce engineering costs, payload designers must strive for design
simplification, beginning in the concept design phase and contimuing through
the detail design phase. Much of the complexity of spacecraft has been due to
overspecification of functional requirements and of limitations on the size,
weight, and power consumption of equipment. When the Space Shuttle replaces
expendable launch vehicles for the transportation of space payloads, the fac-
.tors which have led to overspecification will losé much of their significance,
specifications can be less restrictive, and payload designers will have the
freedom to create simpler, less costly designs.

Simple, Low-cost design pays off in reduction of engineering costs; examples

are:
Low~Cost Design Approach Engineering Required

Fewer parts Lesser quantity of drawings and

specifications

Ruggedized, high-safety factor Reduced level and degree of analysis

structure

Decreased-density equipment Simpler detall drawings and design analyses

packaging and assembly

Relaxed dimensional tolerances Fewer interface correlations

Use of pre-qualified hardware Fewer and simpler specifications

The design engineering cost represents between 25 percent and 36 percent of
total RIT&E; it is therefore very important that a simple cost-effective payload

3-6
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PAYLOAD DEVELOPMENT AND PRODUCTION COSTS

e Trade weight/volume for design simplicity (reduce mecha nisms,
use high safety margins)

o Use low-cost materials and offfth.e -shelf components

e Establish hardware commonality - standard components, spacecraft,
interfaces, GSE -

¢ Simplify ground/flight tests

GROUND AND FLIGHT OPERATIONS

e Provide for orbit checkout, repair, refurbishment

o Reduce payload life (MTBF and redundancy)- use retrieval, refurbishmeht,
reuse '

o Extend system usefulness - use hardware update and modernization

Fig. 3-4 Payload Effects Cost Drivers
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desirn be coupled with equally simple and direct engineering drawing procedures,
engincering analytical m2thods, and engineering management. This will assure
that otherwise attailnable savings will not be dissipated in unnecessaxry docu-

mentation or in over-specificaticn.

3.3.4 Payload Design vs Development, Qualification, and Acceptance Testing Costs

In the design of payloads for launch by the Space Shuttle there are a number of
departures from past practice that will lead to the reduction of testing costs.

3.3.4,1 Uge of Shuttle Permits Lesas Testing, The firm knowledge that no pay-
lcad will be committed to its mission orbit without a successful system check-
out in the cargo bay of the orbiting Shuttle, and the knowledge that a mal-
functioning payload can be recovered for repair in orbit or for return to earth
will minimize the fear of the consequences of failure that has historically led
to the incorporation of redundant equipment and backup systems not clearly re-

quired for mission success.

3.3.4.2 Proper Application of Redundancy. The elimination of functional re-
dundancy obtained from different sets of components in favor of redundant iden-
tical components will eliminate the design engineering and the development and
qualification costs associated with one set of components. Similarly the elim-
ination of backup systems will further reduce costs.

3.3.4.3 Increased Safety Factors. The payload weight and volume capability
of the Shuttle will permit the dasign of very conservative payload structure
with factors of safety high enough t¢ Limianate requirements for structural

load testing.

3.3.4.4 Modularization of Equipment. An additional benefit to payload design
deriving from the Shﬁttle payload capability will be true modularity of equip-
ment packaging, which has been inhibited by the weight and volume constraints
of expendable launch vehicles. Well-designed equipment modules of a payload
system may be removed from the system and replaced by an equivalent module

3-8
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without perturbation of the system function or calibration. Such interchange-
ability of modules will simplify, and reduce the costs of, system level test-
ing.

3.3.4.5 Use of Previously-Qualified Hardware. Payload program testing costs,

as well as design and development costs, will be reduced by incorporation of
previously qualified components.

3.3.h.6 Costs of Testing. Development and qualification test hardware repre-

sents between 30 percent and 45 percent of RDI&E costs. Once the types of
tests required have been determined and the quantities for each test prescribed,
the hardware becomes essentially a fixed cost (based upon duplicates of the
flight hardware design). The development and qualification testing represents
between 10 percent and 15 percent of RDT&E costs.

Considering these statistics, it is very important to minimize test hardware by:

(1) Specify the absolute minimum test hardware to verify the performance
(2) Utilize the same hardware for more than one test if at all possible

Of course, the optimum low-cost approach involves elimination of certain test-
ing which is either redundant with some other test or does not .dd to the ab-

solute verification of hardware capabiiity.

3.3.5 Payload Design vs Tooling and Manufacturing Costs

3.3.5.1 Tooling Relationship to Design. The costs of tooling for space pay-
loads are directly related to the tolerances specified for t%= assembly and
alignment of structures and for the installation of equipment. The larger,
heavier structures of Shuttle-launched payloads should not require as much
tooling as the lighter, more flexible structures of historical payloads.

Also, tooling costs can be reduced if, in the design of a payload structure,
a single structurally-stable plane can be established on which all equipment

3-9
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modules requiring alignment can be mounted. This concept was found to be feas-

ible in designs for both a low-cost OAO-type payload and for a low-cost SEO-
type payload.,

3.3.5.2 Manufacturing Approaches Affected by Design. Mamfacturing costs can

be reduced if payload designers avoid sandwich materials, chemical milling,
machine contouring, and other techniques flor weight control commonly used in
the design of payloadr for expendable boosters but unnecessary in the design
of payloads for the Shuttle.

Low-density packaging of equipment into modules and of modules into payload
atructures will help to reduce manufacturing costs by providing free access to

all components.

The manufacturing cc.ts of electronic equipment can be reduced by low-density
packaging because of improved access for the placement of parts and for in-
spection, which in turn results in the reduction of scrap and rework.

3.3.5.3 General Desipgn Guidelines. A design may be relatively simple from

the cngineer's viewpoint, but can also be difficrlt or expensive to produce.
Care must be exercised by the designer to follow-through and provide the pro-
curement, tcoling, manufacturing, and product assurance organizations with th.
utmost flexibility in obtaining minimum costs. The following payload design
approaches are typical of those directly »elated to lower costs and should be .

used wherever possible:

¢ Spe~-fy simple, easy-to-fabricate structure; use aluminum in lieu of
titanium, beryllium

® Eliminate special machining or metal removal processes such as chem-
milling ‘

® Provide liberal tolerances on all parts
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® Opecity use of readily-procurnd materials in comnercially available forms,

paupes (extrusions, sheet metal).

® Provide moximum possible velume in part/component pack-ging to allow

casy assembly, access for inspection.

® Specify readily-available processing methods (plating, coatings, thermal

treatment).

® Locate alipgnment-critical equipment in single area of payload to allow
simplified fixturing.

3.3.6 Poyload Design vs Ground Handling and Checkout

There are a number of often overlooked things the payloud designer can do to
rinimize the costs of GSE and the recurring operations ansociated with handling,
transportation, checkout, storage and logistics support. If such considerations
are incorporated at the outset of the program they do not sdd to the design bur-
den, eliminate the necessity to modify designs later to incorporate support pro-
visions, reduce the amount of new GSE that must be designed, and minimize the
amount of STE and tooling needed to produce the payload. Some of the factors
listed below are system criteria, some relate to structural and amechanical de-
sign, and others impact electrical and/or scfiwar: design; they are all impor-
tant in minimizing total payload cost.

3.3.6.1 Rugged Structure Effect. The design requirements for structures, sub-

assemblies, components, and piece parts for low cost payloads should include
the ground handling and transportation loasds; this is contrary to some past
practices where weight limitations dictated that ground conditions shc.:id not
place limitations upon the design. However, the cumlative effect of \a) spe-
cial handling, (b) special testing, (c) special ground suprport equipment, and
(d) all the associated procedures; velidations and documentation 1is higher
development and operating costs. These costs can be minimized under the "low-
cost”" payload ground rules. Simple design trade studies that consider the cost
of design, manufacture, test, maintenance, operation and documentation of the
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GSE will usually provide a quick indication of whether to "beef up" or other-
wise increase the capability of the payload or to require additional complex-
ity of ground operationc and GSE.

For example, maximum Shuttle-imposed loads are 3.3g, whereas typical in-plant
dollics probably do not impose loads of more than +2g vertically and #1g in
the horizontal plane., However, if shipment of the payload or components by
truck or by air is necessary, loads of 1+6g may be encountered. Rail shipment
is characterized by shock loads that may range from i6g to +30g lengthwise of
t e rail car, and hence rail transportation should be avoided. Therefore, a
component such as a solar array panel should be designed to be self-supporting
for simplicity in assembly, inspection, and testing, and to withstand #6g
ground transportz*ion loads. Shipping and storage containers will still be
necessary to protect the components from contaminants and to support them at
the desirned load bearing points, but camplex shock mitigation systems and
recording equipment, and special handling are not required. Similar treat-
ment should be given to other payload elements such as antennas, main struc-
ture, modules and large experiment structure or packages. It should be noted
that choice of materials, finishes and assembly techniques are as important

in the ground environment as the structural load factors, and the term "rugged”
avplies to the total environment.

3.3.6.2 Hard Points and Lift Provisions. Suitable mounting provisions and
load paths are designed into payloads to mate with booster adapters or speci- °
fied primary interfaces, but often the need to hoist, tilt, rotate and trans-
late in order to febricate, assemble, test, ship, store and mate is neglected.
In the past this has resulted in the design of expensive handling fixtures,
complex shipping containers and tricky mating maneuvers; the remcval of severe
payload weight and volume constraints allows the incorporation of lifting pads
or hard points, 1ifting eyes or holes, handholds, and tiedown brackets, holes,
recesses or cleats. Such provisions should be provided for the assembled space-
craft and independently for each interchangeable module and replaceable compon-
ent as appropriate to its sigze and weight. Cables, slings, spreader bars,
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blocks, ctc., are standard items and their usage may be shared; special cradles,
fixtures, grips, etc., that are payload-peculiar will be charged to the program.
Some special cquipment may be necessary, such as cantilevered booms to assist

in module installation or removal after a payload is installed in the cargo bay;

perhaps this can be the same equipment used for on-orbit maintenance.

3.3.6.3 Alignment References. It is often desirable to be able to determine

the principal axes of payloads for checkout as well as installation into Shuttle.
External optical reference marks or targets allow this to be done quickly with
canmmon optical instruments, and reverified as often as necessary. Where the
reference 1s transferred from a plug-in module a target on the module may also
be desirable. If the payload is specifically destined for use with the Shuttle,
the targets should be located so they are visible through the cargo bay doors
and/or access pcrts. Each payload module should be self-aligning to the pay-
load main structure to a specified accuracy, and for any position or attitude

of the payload.

3.3.6.4 Thermal Environment Effect. The thermal design is usually optimized
for the space environment, but the ground checkout and pre-launch environment
must not be neglected. GSE can supply dry, conditioned air or a nitrogen purge
to a general area of the payload, but it requires equipment and personnel that
must be maintained and trained, slows up operations and is usually avoidable

if consideration has been given to thermal paths and radiative surfaces. While
power-on or load cycles can be limited under ground conditions such limitations
slow up testing, increase integration complexity and are, in general, undesir-

able and within the designer's prerogative to control.

3.3.6.5 Protection of the Payload. All appendages, alignment devices, connec-
tors, fasteners, sengors, etc., should be protected against handling damage,
preferably by placement on or within primary structure, or, alternatively, by
simple fenders or guards. Protective caps or covers should be used for optics,
connectors and surfaces sensitive to dust, moisture, and other contaminants;
these should be designed for ready accessibility for removal during test cr
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launch opcrations. Wherever possible systems and materials that do not require

such protection should be selected.

3.3.6.6 Checkout of Payload. This is one of the most important considerations

in low-cost design because the function extends from the piece-part level of
procurement through the entire life cycle of the payload(s). Specific “lag
of low-cost payload design requirements are: (1) eliminating or reduc:. -st-
ing by designing for large factors of safety, ample performance margins, t. »ad
tolerances in operating parameters; (2) self-checking or built-in test provis-
jons for each "black box"; (3) separate functional verification of redundant
elements; (4) interchangeability of replaceable modules/"black boxes" without
recalibration; and (5) independent safety-monitoring instrumentation (when the
payload is to be flown in a manned Shuttle). The payload system should be con-
figured to take advantage of automatic, computer-controlled test equipment to
provide consistency of test methods/equipment and data in the factory, at the
launch tase, on orbit, and for checkout of logistics spares. Compatibility
with a standard payload test set (PIS), if the PIS concept has been adopted

and implemented, will satisfy several of the above-listed requirements and pro-
vide a standard power, command and data interface with the Shuttle.

3.3.7 Payload Design vs Launch and Flight Operations

Recurring operations, particularly on programs having long operational life,
account for an appreciable fraction of the total program cost; this is prin-
cipally evident in the manning level required. Systems designed to require
less support, simpler procedures and fewer activities or operations will cost
less. Mandatory ground rules should include use of: (1) common support equip-
ment; (2) standard RF links and data formats; (3) shared control facilities;
(4) STADAN and NASCOM services, including TDRS when available; and (5) exist-
ing government data processing capabilities.

3.3.7.1 Effect of Safety Factors. All } -essure vessels, tanks, pyrotechnics,
radiation sources, or toxic materials used in low-cost payloads must be self-

safing, inherently safe because of the safety factors used in the design, or
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capable of being rendered safe by remote command. It is desirable that pre-
flirt servicing, including loading of propellants and pressurants, be done
quiclly and without the nccennity of clenring the area of personnel or requir-
g that obther netivitlien in Lhe vieintly be munpended,  Oafe-Arm plugs or
switches should be provided to minimize hazards to launch vehicles and person-

nel uering the pre-countdown Joint flight acceptance compatibility tests.

3.3.7.2 Test Connectors. Means should be provided for conducting RF closed-

loop tests without having to obtain range clearance to radiate., Safety instru-
mentation sensor outputs should be routed directly to test connector so checks
can be made without having to activate payload power, signal corditioning and
data subsystems. Hardline controls should be provided for safing and initial-
ization. All test connectors should be designed fail-safe for disconnect.

3.3.7.3 Scoftware. The payload system software should be compatible with pay-
load test set interfaces and should be designed for ease of validation as well
as for ease of programming changes during test and operations. The need for
computer programmers in routine operations modes should be avoided. Extensive
use of independent subroutines for specific operations is desired, with inter-
nal program controls to prevent inadvertent memory dumps or initiation of haz-
ardous sequences. It is important that the software system design be estab-
lished concurrently with hardware design requirement formulation. On-board
memory capacity should be at least twice the estimated basic requirement so
that straightforward programming techniques can be used and real-time changes .
can be made without having to employ sophisticated memory conservation devices.
(These comments apply equally to the payload and to automatic payload test

equipment.)

3.3.7.4 Autonomy of the Paylcad. Maximum autonomy of payload operation is the
single most effective design feature for reducing launch and flight operations_
cost, both direct charges to the program and services supplied by other govern-
ment-supported activities. An autonomous payload should be able to maintain
its health (i.e., power, attitude, temperature, configuration and sensor pro-
tection) for long periods without ground intervention, including substitution
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of backup cquipment or functions to correct failure modes. This implies a self-
check cnpability, a large stored command repertoire, and a passive 'storage"
mode. Az a result, the ground tracking and data acquisition system and the
ground control center need not provide continucus coverage for the payload,
need handle fewer health parameters, generate fewer and simpler commands, and
have more freedom for "conflict scheduling” of network resources. The mission
planners have more flexibility in planning payload operations and in modifying
operations as a result of experiment data or changed requirements. Sustaining
engineering support of payloads can also be shared because subsystem special-
ists and computer programmer support are generally not needed for updates and
modifications to the payload on-board computer program.

3.3.7.5 Impact of TDRS. The long-range plans of the NASA Office of Tracking
and Data Acquisition provide for the implementation of a network of Tracking
and Data Relay Satellites, and the phasing out, as the TDRS become operational,
of some of the remote tracking stations that are presently part of STADAN or
MSFN. Considerable overlap of service is required during this period because
the operational period of some of the satellites will span the transition.
Changes in frequency, format and antenna pointing may be required, either by
ground-commanded configuration change or by a Shuttle revisit and module re-
placement. Cost of including this versatility in a payload design mst usual-
1y be funded by the payload, but the operational savings accrue to the T&DA.
Hence, dual capability does not provide payload cost savings, though total cost
to the govermment may be decreased. )
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Section b
PAYLOAD REPAIR/REFURBISHMENT EFFECT ON DESIGN AND COSTS

To provide for the maximum reduction in program cost of Shuttle-launched low-
cost payloads, it is necessary to employ repair and refurbishment and reuse
techniques for not only the payload but for equipment modules and components
which comprise the payload. Design of the payload to facilitate repair/re-
furbishment, in orbit and on the ground, has a direct bearing on the program
costs. This section is devoted to describing the concepts of repair and re-
furbishment, the relationships with design approaches, and the magnitude of
dollar savings which can be obtained on typical payload programs. Throughout
the section, OAO and SEO payload program reference data are used.

h.1 BASIC APPROACH TO PAYLOAD REPATR/REFURBISHMENT AND COST EFFECTS

The concept developed for repair and refurbishment includes these basic

elements:

® Repair of initial-launch payload on-orbit following pre-deployment

checkout

® Periodic refurbishment of the payload by replacement of equipment
modules

® Orbit repair of random failures which occur between refurbishments

® Refurbishment (and reuse) of equipment modules by replacement of
components therein

® Refurbishment (and reuse) of components by replucement of parts and
subassemblies therein.

o b1
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Figure h-1 lists the basic steps involved in this overall concept. Throughout

this discussion, the meaning of the two primary terms are:

"Repair" - the replacement of a failed module with a new or refurbished
module thereby returning the payload to operational status (but
not changing the overall life expectancy of the payload).

"Refurbishment” - the replacement of all hardware elements which have de-
graded over the operating time, thereby restoring the payload
(or module or component) to its initiel operating life expec-

tancy.

h.,1.1 Repair of Payloads on Orbit

Repair of payloads on orbit falls into two categories: (1) repair following
the rigorous launch/ascent, and (2) repair of random failures which may occur
between the periodic refurbishment points.

4.1.1.1 Checkout and Repair after Launch/Ascent. Investigation of payload
failure modes has revealed that a significant percentage of total failures oc-

curs in the launch/ ascent phase of payload total life or shortly thereafter.
Although further detailed analysis of this condition is required, it appears
desirable to isolate and eliminate these failures where possible. It is,
therefore, required that replacement (spare) modules be carried to orbit with
the payload. Checkout of the payload on orbit (using the Shuttle-carried pay- .
load checkout set) will reveal any failure or degraded performance of a module;
the module can then be replaced prior to payload deployment to orbit.

There are several different modules in each payload with multiple quantities

of gome of these. It is planned (at least for the early launches, until statis-
tical failure date can be accumulated) that one of each of the different mod-
ules (except the solar array unit) be carried to orbit with each payload launch.
A typical listing of modules designed for the low-cost OAO are shown on Fig.
h-2. Equivalent data for the SEO modules is given on Fig. 4-3,
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E-4

REPAIR ON ORBIT

- 10 different modules (total wt. 2093 Ib) - OAQ
Carry as spares on Initial launch 1) iferent modules (total wt. 1423 Ib) - SEO

Checkout of payload on orbit
Replace any module which has failed or degraded in launch/ascent

Return failed module for ground refurbishment

REFURBISHMENT OF PAYLOAD

e Periodically replace the orbiting payload with a refurbished payload (at nom. 1-yr. interval
for OAQ; at 2-yr. intervals for SEQ)

@ Retrieve the "used' payload from orbit with Shuttle or Tug/Shuttle and return to earth.

® Remove used/failed modules from space frame

e Install new (or refurbished) modules

e Perform system-level payload checkout

REFURBISHMENT OF MODULES

o Remove module cover and equipment components

e Install new (or refurbished) components into module

e Test module in spacecraft simulator, using standard checkout set
REFURBISHMENT OF COMPONENTS 1 1b = 0.4536 ke.

Fig. 4-1 Low-Cost Payload Repair/Refurbishment Approach
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Su bsy';tem

Module

Quantity
per

Delivered Cost
per Single Module
_{$ Million)

Unit
Vieight
(Ib)

1 Battery 1 919 448

Electrical 2 Power 1 434 196
- Solar Array 2ea. .368 175

lcopi 1 Computer 1 116 322
2 Commu nication 1 .904 104

Stabilization 1,2 | Primary Attitude 1ea. 1.011 161
& Control 3 Secondary Att. 1 1.055 150
4 Wheel 1 815 186

Attitude Control 133 Attitude Control 1 ea. .21 207
. 1 Electronic 1 165 156
Bxperiment 2 | Electro-Mech. 1 917 173
TOTALS 8.145 2268

1 1b = 0.4536 kg

Fig. 4-2 Low-Cost OAO Modules
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Module Qty. Delivered Cost Unit

Subsystem per | Per Single Module \/eignt
No. Type P/L ($1000) (I1b)
" 1 |Battery 1 187 170
. 2 | Power Control 1 402 106
Electrical | 34 | paddle Drive 1 ea 120 39
5,6 | Solar Paddle 1 ea 264 69
Commun., . .
Data Proc., | 132 |80 HERS Sl I o
1 _!nstrumen.
Stabilization 1 |Sensing & Flight Control 1 1117 98
& Control 2 |Momentum 1 504 125
Attitude l,2 | Attitude Control 1 ea 139 143
Control 3,4 |
Experiment 1 |Photographic 1 1293 419

2 |Vidicon Camera 1 381 86

Totals 5961 1423

1 1b = 0.4536 kg
"Fig. 4-3 Low-Cost SEO Modules and Costs
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4,1.1.2 Repair of Random Failures. Because of the comparatively high cost of

transportation to perform a repair revisit, it is not desirable to perform "re-
pair only" on a low earth orbit payload when a random catastrophic failure oc-
curs within the last three months of a l-year operating period. Rather, a re-
furbishment should be performed. If a failure occurs prior to the nominally-
schcduled l-year point, the refurbishment will be rescheduled. Similarly, if
satisfactory operation of the payload contlinues beyond the l-year point, the
refurbishment can be delayed. The statistical probability of failure occurrenc
(or wearout) has been assumed to average a 1 year time period for an OAO-type

payload.

On a Syneq orbit payloauw (SEO), it is not proposed to perform “"repair only,”
when n random catastrophic failure occurs. Rather, a payload replacement will
be pertormed and the failed SEO will be returned to earth for refurbishment,.
The statistical probability of occurrence of random failures on SEO-type pay-
load has been assumed to average a 2-year time period.

4.1.1.3 Spares for On-Orbit Repair. The cost of spares replacements for re;

pair of typical payloads has heen estimated. It has been assumed that a group
of 4 SEO launches will r.quire replacement of two modules or an average of one
module for each 2 SEOs. The average cost 1s assumed to be maintained in a ran-
domly distributed fashion over the program periods (detail analysis will be able
to ascertain module failures and their occurrence proba.bility).

Similarly, the average cost of a repair module for the OAO-type payload has
been determined. This cost is also assumed to be applied randomly over a 6-
year program with one module requiring replacement each year. Costs to cover
these repairs should be included in the estimate for all program spares.

k.1.2 Refurbishment of Payloads

4.1.2,1 OAO-Type Payload Refurbishment in Orbit. It is planned to periodically
(at the end of each l-year operating period, or as varied by actual failure ex-

perience) launch a Shuttle with a set of replacement modules. The payload would
4-6

LOCKHEED MISSILES & SPACE COMPANY



LMSC -A990558

be retricved by the Shuttle in low earth orbit and all modules replaced while
the payload was tethered to the Shuttle on the extended deployment/retrieval
gear or within the Shuttle cargo bay. The new modules wculd be installed in
the payload: (1) by Shuttle crew members working in &VA or non-pressurized
IVA; (2) by telefactor robots remotely controlled from the Shut'ie crew com-
partmert; (3) by automatnd devices; or (4) by combinations of thece.

The Thuttle will return the failed or spent modules to earth for refurbishment.

h.1.2.2 SEO-Type Payload Refurbishment. It is planned to periodically \at the
end of each 2-year operating period, or as varied by actual failure experience)
launch a replacement payload with a Shuttle/Tug. The failed or sp:nt payload
would be returned to earth for refurbishment. The peyload will accommodate re-
furbishment on orbit but because the Tug must be returned to earth for propel-
lant refill in the mode assumed, the payload is also returned to earth ior the
refurbishment. For this operation, a ready-to-launch replacement payload must

be available on the ground at all times.

The first, second, and third of a set of 4 payloads must be refurbished and
ready for relaunch within 60 days (to match the average launch cycle time of
60 days between launches). Refurbishment of the _ayload will comprise replace-
ment of the equipment modules and re-checkout of each payload. Because of the
longer time span required for module-level refurbishment, two sets of modules
chould be held in standby; this allows approximately U4 months for turnaround
time for refurbishment of a set of modules.

4,1.5 Refurbishment of Components

%.1.3.1 Component Refurbishment Concept. The low:st level of refurbishment
planned is the component (two or more components are installed in each equip-
ment module. It is planned that component refurbishment will be accomplished
in field repair/refurbishment depots which are mannel by technicians skilled
in the variocus sepurate subsystems of several payloads; for example, electri-

cel components, ctabilization and control components, etc. larts for this com-
ponent refurbistment presumably would have been ordered at the time of payload
47
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initinl procurement {following a thorough logistic analysis and spares provis-
fonin-) and would be stocked in the depot in bonded stores. Also, required
quantitics of test sets would be supplied to the depot to allow complete test/
checkout of the component after refurbishment.

The actunl refurbishment of the component should be limited to replacement of
those parts and sub-assemblies which can be readily removed and installed; con-
versely, reuce without replacement is planned for as many pieces of hardware as

snible, Contractor-supplied repair and overhaul instruction mamuals would be
procurcd and used by depot personnel as guides for the refurbishment work. To
facilitate the refurbishment activity, the design of the component hardware
should be carefully done to be campatible with the basic depot disassembly-
assembly procedures.

4.1.3.2 Eefurbishment of Low-Cost OAO Components. An analysis has been made
of the refurbishability of the various compcnents in low-cost modules. Figure
L-4 lists for two subsystems of an OAO-type payload: (1) the components; (2)
the assumed replaceable hardware elements; am (3) the estimated cost of re-
placement parts, disassembly/assembly labor, QA and test labor. In some in-
ctances, the component is not refurbishable; an example is the battery in the

electrical power subsystem. In other cases, a new component is relatively :a-
expensive when compared to the replacement parts and labor needed to refurbish
it; in these cases refurbishment is not plamned -- examples are the camputer,

solar =spect sensor, transducers.

L.1.4 Refurbishment of Modules

4.1.4.1 Basic Approach. The basic approach to module refurbishment is listed
in Fig. 4-S. The modules should be designed for this type of easy disassembly
and reassembly.

4.1.4.2 Module Refurbishment. The costs of refurbishment for a typical low-
cost SEO-type payload module are tabulated in Fig. 4-6. The "replacement parts”
cost includes both the -ost of parts required to refurbish the components and

h;a
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Comp. i Cost of Component Refurbish. |
Subsystem/ Repladceable I nitial ': d : ! Comp.!
Module Component ILEilar wa;'e Recur.| Pepl.| Disassy i CA % Triat | Saving
ements Cost !l Parts| Assy Tast e |
Battery (3) All .030 - - - - -
(No. 1) Pow.Cont.Unit| PCBs 240 4 .170 | .004 0061 .180 .059
Pow.Reg.Unit | Xfmr, PCBs { .100 | .070 | .C02 .003| .075 025
St. of Chg.Un| PCBs .080 || .050 | .001 .001| .052 .023 |
Diode Box PCBs .040 | .030 | .001 .C01{ .032 C23
Grd.Pow.Rel. | Cont.Points | .080 | .001 { .001 .001| .CC3 .C05
Batt.Current | Instrument. | .013 | .007 | .00l 0011 .CC9 .C04
Shunt «
Power Volt.Reg/Conv.] PCBs .060 |.040 | .CO2 - .002| .044 .016
(No. 2) Voit.Inverter | Xfmr, PCBs | .090 | .060 | .002 .03 .03 023
Pow.Dist.Unit | Fuses, CBs | .050 { .030 | .005 .002( .037 .013
CDPI:
Computer Computer (2) | All 110 - - - - -
{(No. 1) I/F Tim.Unit(2Y PCBs 125 | .080 | .004 0051 .08%9 .036
Cold Plate None .010 - - - - .010
Comm. | Tape Recorder | PCBs,Motors| .125 | .080 | .0C06 .004| .C90 .035
(No. 2) NB Xmtr PCBs .030 | .020 | .001 .001| .022 .CC3
WB Xmtr PCBs 150 | .100 | .003 .04 .107 .043
Cmd. Rcvr(2) | PCBs .050 | .002 0021 .C34 .026

Fig. 4-4 Component Level Refurbishment Costs - OAO ($ Million)
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o DISASSEMBLY - Remove module cover, remove components

° HARDWARE REPLACEMENT - Replace components with new or refurbished items.
Replace parts in selected components. Replacement hardvare precured as spares

and delivered concurrently with payload.

° COMPONENT TEST - Test all new or refurbished components prior to instaliation |
into module using checkout set.

] INSPECTION - Inspect all hardware to be re-used in accordance with payload main-
tenance manual (includes mechanical parts, structural elements, chassis,

electrical cabling, etc.)

o — — ADJUSTMENT/ALIGNMENT - Check and adjust or calibrate as necessary in accordance
with payload maintenance manual.

o ASSEMBLY AND TEST - Reassemble module and perform complete functional checkout
using checkout set and payload simulator.

Fig. 4-5 Ground Refurbishment Approach for Modules (Field Repair Depot)
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Rep Eng. | Comp | Module | Comp. Néf%'e Total % of
Pargs. Sup. | Disassyj Disassy| GA & Test Refurb] Naw
5% Assy | Assy | Te-t Cost | Cost
(80%)
m -
Electrical - Battery No. 1 .047 | .006 | .001 | .C02 .001 | .060 117 63
~ Power Cont.No.2 | .124 | .012 { .011 | .006 .011 | .100 . 264 66
‘(ea) Paddle Dr. No.3,4 | .012 | .006 | .001 | .003 .001 | .032 .055 46
(ea) Solar Paddie No5, 6} - - - - - - - 100
CDPI -  Data Handling,
(ea) No. 1, 2 .280 | .014 | .012 | .003 .008 | .056 373 56
Commun. No.3 336 | .012 | .006 | .002 .007 | .080 .443 50
S&C -  Flight Cont.No.1 | .453 | .025 | .009 |.006 | .015|.108 | .616 | 55
Momentum No. 2 | .120 | .020 | .010 | .006 .005 | .072 . 242 48
Attitude
control (ea)No. ,2,34 .007 | .003 | .010 | .003 .005 | .032 .060 43
Exper. - Photo No. 1 124 | .080 | .016 | .016 013 | .252 .501 39
TV Camera No.2 - - | - - - - - 100

Fig. 4-6 Cost of Module/Component Refurbishment - SEO
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the coct of now replacement components (non-refurbishable). A nominal amount
of support engineering has been included for the field depot work (5 percent
of the cnginecering used by the contractor in the initial fabrication, assembly,
and test of the delivered OAO hardware). Disassembly/assembly labor and QA/
test labor costs are shown separately for the component and module-level work.
The cost of a refurbished module ranges between 22 percent and 66 percent of
the cost of a new OAO or SEO-type module. .

4,1.5 Cost Savings with Refurbishment

Total savings resulting from refurbishment on typical unmanned payload programs
are quite significant. In the following paragraphs, the module replacement cy-
cle is explained and the program dollar savings are provided for typical OAO and
SEO payloads. Similar savings can accrue on other programs wherein the refur-
bishment and reuse principle is employed.

4.1.6 Module Replacement Schedule and Costs

The module replacement scﬁedule and replacement costs are tabulated on Fig. 4-7
for a 10-year program on a typical SEO-type.payload. The SEO modules are re-
placed at 2-year intervals. The refurbished SEO costs $3.54 million (or $u.07
million at the end of the Uth and Bth years) as compared with a new SEO cost

of $9.63 million.

k.,1.7 Overall Program Costs with Refurbishment

Estimates for complete programs, including launch and operations costs, have
been made, utilizing the basic cost data derived in the bottom-up cost
estimates on the low-cost payloads. To illustrate the dramatic impact of pay-
load refurbishment (and design to accommodate) on payload program costs, data
for a 10-year SEO program, with cumilative figures for 4, 6, 8, and 10 years;
are tabulated in Fig. 4-8. The savings of $360.87 million for the 10-year
program represent a saving of about 50 percent for the Shuttle-supported re-
furbished SEO approach.
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MODULES REPLACED AND COST ($ Million)

Subsystem Endof 2nd Yr. | Endof 4th Yr. | End of 6th Yr.' End o.’ Sth Yr.
Electrical L b w1 ] 1 [
2 | .24 2 | .24 2 | .264 2 | .264
3 |.05 3 | .055 3 |.055 3 | .055
4 |.055 4 |.055 4 |.055 4 | .05
| 5 | .24 5 | .264
; 6 | .24 6 | .264
Communications, | 1 |.3m3 1 | .33 1 |33 1 .33
Data Processing, 2 313 ) 2 373 2 |.373 2 373
| nstrumentation 3 A3 | 3 .443 3 (.43 3 .443
~ |
Stabilization | 1 |.616 } 1 | .616 } 1 | .66 || .616
& Control L 2 o2 ) 2 |.a 2 |22 | 2 |.o
! I
Attitude 1 |.060 | 3 |.o060 l 1 oo | 3 |.060
Control | 2 .00 ! 4 | .060 2 | .060 4 | .060
f ! |
Experiment 1 (.50 f 1 |.500 | 1 |.500 l 1| .50
L ] 2 381 | 2 [.381 | 2 |.38 | 2 |.38
Refurbished SEO 5 352 ; 0] 3.54 j 4.07
[New SEO (Refurb.) 08D | 08D | 9.83 | 9.83

Fig. 4-7 Typical Module Replacement Schedule and Cost of Refurbishment for Low-Cost SEO (10-Yr.

Mission)
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'
- Expendable-Launched ($ Miltion) ||Shuttle-Launched (s Million)

Cost Elements Length of Program Length of Program
4Yrs. |6Yrs. |8Yrs.| 10Yr.

4Yrs. 6Yrs.
Non-Recurring Cost 97.99 97.99 1 97.99 1 97.99 85.70 85.70 | 85.70! 85.70

8Yrs. {10 Yrs.

Unit Cost of Payloads
(incl. 1 backup unit) 100.52 {145.20 |189.88 {234.56 || 49.15 | 49.15 | 49.15 49.15

launch Cost - - _1127.20 [190.80 254.40 | 318.00 || 40.80 | 61.20 | 81.60;102.C0
Operations Cost 27.12 | 40.68 | 54.24| 67.80 || 23.90 | 35.85 | 47.80 59.75

Module Replacement

(Cumulative) linc. o _ ) _
savings by refurb of 14.16 | 30.44 | 44.60 60.88

modules & components)

Totals 352.83

Savings

237.63/3¢0. 387

Fig. 4-8 Savings with Payload and Module/Component Refurbishment on 2-Year SEO
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.o DESTGN ANALYSIS REQUIRED FOR IMPLEMENTATION OF REPATR/REFURBISHMENT CONCEPT

Initinl studies have been performed to assure the technical feasibility of im-
plementing payload refurbishment and on-orbit repair. A listing of the basic
arcas investipgated is shown on Fig. 4-9. These same areas will require detail
design study and execution in actual payload hardware designs. The following
parasraphs briefly describe the background data for the items listed.

4.2.1 Deactivation and Attitude Stabilization of Payload

In rctrieval of payloads by the manned Space Shuttle or by an unmanned Space
Tug, the orbiting payload must first be made stable so that docking with Tug,

manipulator, or Shuttle can be accamplished. Secondly, any potentially hazard-
ous functions must be deactivated so that the safety of the space crew handling

the payload is assured.

4,2,2 EVA vs Remote Manipulators

In the actual replacement of equipment modules on payloads in orbit, the mod-
ules can be manipulated by automated devices or moved by space crew in EVA,
The activities involved are: {1) move modute 1rom stowage in the Shuttle to
the payload; (2) remove failed module from payload; (3) insert replacement
module; and (4) return failed moduie to stowage position.

Figure L4-10 illustrateé four basic modes of module replacement. The automated
handling device is not illustrated; however, its feasibility has been studied
in detail by NASA/GSFC. Also, a rather detailed study has been done on eval-
uation of telefactor robots under the cognizance of NASA/MSFC. The "pressur-
ized IVA" mode shown requires a rather comparatively large investment in a
pressurizable repair "hangar" in which crew members can work in shirtsleeve
conditions. The early Space Shuttle activity will probably employ EVA and ro-
bot manipulators (free flying or fixed-mounted to Shuttle). In either case,
the payload design must provide maximum capability for rapid eguipment niodule

4-15
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91-1

DEACTIVATION AND ATTITUDE STABILIZATION OF PAYLOAD
EVA VS REMC™ MANIPULATORS

SPACE TUG OPERATIONS WITH THE SHUTTLE

RECALIBRATION OF PAYLOAD AFTER MODULE REPLACEMENT
GROUND-BASE RESPONSE TIME

TURN AROUND TIME FOR GROUND REFURBISHMENT

ON-ORBIT RE-CHECKOUT AFTER MAINTENANCE/REFURBISHMENT
PAYLOAD WEAROUT/RELIABILITY VS REFURBISHMENT CYCLE

Fig. 4-9 In-Orbit Maintenance/Refurbishment Analyses
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L1-4

=

X
, o .
~ REMOTE CONTROLLED ROBOT ,_ o e

PRESSURIZED IVA

Fig. 4-10 In-Orbit Repair/Refurbishment Concepts
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replacement. Modular design to accomodate this requirement i1s discussed in

detail in Section 8.

h.2.3 Space Tug Operations with the Shuttle

The currcnt NASA plans include use of a Space Tug to transport special payloads
to and from syneq orbit and to boost planetary payloads to injection velocities.
The Tug will be carried in the Shuttle cargo bay. In most instances, the pay-
load will be pre-mounted to the Tug. Upon attaining low earth orbit position,
the Tug and payload will be deployed from the Shuttle and the Tug remotely
ignited.

The payloads will require adapter attachments to the Tug, and in the case of a
recoverable payload, will also require a docking ring and special docking-
stabilization features in the control subsystem.

L.2.4 Recalibration of Payload After Module Replacement

The payload module design must be carefully executed to allow replacement of
. equipment modules with minimum infiuence on the overall payload aligmment and
calibration. No readjustment nor recalibration should be necessary following
an in-orbit repair activity.

4.2.5 Ground Base Response Time

The elapsed time (down time) between failure of an orbiting payload and the
point at which a replacement can be put into orbit or an in-orbit repair or
refurbishment erecuted is sometimes classified as critical. There will be an
average response time and a critical response time in the Shuttle transporta-
tion system. Use of any mode other than average will probably dictate a ded-
icated and high-cost revisit of the Shuttle. Very careful consideration should
be given in the payload system planning, therefore, to allow for the maximum
down time and thereby reduce the costs of response to e random payload failure.
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4,0.6 On-Orbit Checkout, After Repair/Refurbishment,

Aftor any repair or refurbishment of the payload on orbit, a re-checkout must
be performed to assure flight readinesz. The payload desipn should be estab-
lished to require a minimum number of mandatory verifications to be accomplished
so that chrckout can be accomplished in a reasonable elapsed time using a

Shuttle-carried payload checkout set (discussed elsewhere in this document).

4.2.7 Payload Wearout/Relinbility vs Refurbishment Cycle

Refurbishment cycles of one year (for an OAO-type payload) and twr - ars (for
an SEO-type) have been established for preliminary program costing rposes.
As payload designs are initisted for future payloads, the hardware reliability
characteristics should be traded-off with repair and refurbishment cycles to
obtain a cost-effective balance for the specific design.

4,3 DPAYI,OAD MODULARIZATION FOR REPATR/REFURBISHMENT

To obtain the large cost benefits of payload in-orbit repair and refurbishment,
the payload design must incorporate provisions for easy replacement of equip-
ment by a space crewman and the capability for verifying functional ademuacy
of the repaired or refurbished payload by a reasonably simple on-orbit check-
out,

4.3.1 Groundrules for Payload Modular Design

Basic criteria have been established for the design of modules. They are
listed on Fig. 4-11. The module weight and size must be compatible with the
combined capability of the Shuttle-carried payload manipulators and the space
crew handling the modules in zero-g. The maximum cost of a single module
should not exceed about 5 to 10 percent of “he recurring cost of the payload
(as module cost increases, the cost of a single-module re;air increases).
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DIVIDE PAYLOAD SUBSYSTEMS INTC *1INIMUM QUANTITY OF MODULES CONSISTEAT
WITH:

o MAXIMUM WEIGHT/SIZE WHICH CAN BE READILY INSTALLED OR REMOVED

& MAXIMUM COST OF A SINGLE MODULE

SEGREGATE COMPONENTS WHICH HAVE HIGH PROBABILITY OF REPLACENENT FRCM
THOSE WHICH HAVE HIGHER PREDICTED LIFE.

ESTABLISH OPERATING TOLERANCES ON INDIVIDUAL MODULES SO THAT 'ODULE
REPLACEMENT WILL NOT REQUIRE PAYLOAD RECALIBRATION.

| PROVIDE SIMPLE FUNCTIONAL AND MECHANICAL INTERFACES BETV.ZEN MODULES.

PROVIDE FOR EASY ACCF - S TO AND REMOVAL/INSTALLATION OF MODULES V/ITHOUT

.- NEED FOR SPECIAL TOOLS.

Fig. 4-11 Modular Design for Payload In-Crbit Maintenance/Refurbishment
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h.3.2 Typica: Compartmentizatica for Modules

Two basic approaches can be utilized for module location and access for removal/

installation:

(1) Iarge-Diameter Payloads - On these peylceds, which are 10 ft (3.05 m)
to 15 ft (4.55 m) in diameter, the clearance between the cargo bay
bulkheads of the Shuttle and the .payload is too small for easy access.
In these cases, consideration should be given to a central access tun-

nel with modules installed peripherally and module remnoval accomplished
internally.

(2) Smaller-Diameter Payloads - On these payloads, where external access
within the Shuttle cargo bay is available, modules can be arranged to

provide external removal.

Access into the central tunnel of the larger payload can be accomplished by a
space crewman entering via a hatch in the forward bulkhead of the Shuttle cargo
bay (the paylcad must be mounted with the central tunrel opening facing forward
in the Shuttle). A typical module location arrangement for a large OAO-type
payload is shown in Fig. 4-12. An arrangement of modules in a smaller SEO-type
payload is shown on Fig. 4-13. The.spacecraft structure is provided with guides
and supports for the modules. Complete networks of module interconnecting
electrical harnesses are installed into the structure and terminate with con-
nectors at each module,

4.3.3 Typical Equipment Modules

A set of module-types comprising a low-cost ~uO-type payioad are 3ltiustrated on
Fig. 4-14. A sample listing of the equipmen: comprising the ncdules of each

subsystem of an SEO-type payload is shown on Figs. 4-15a, -1%b, 15¢. The con-
figuration of a typical module is shown in Fig. 4-16. The general configuration

of a typical compartment into whick the module is installed is shown in Fig.
4-17.

h-21

LOCKHEED MISSILES & SPACE COMPANY



ANVINOD FDVdASE ¥ SATNESIN GIFANO0T

2

Access to No. 2

Experiment
Module

F\L&/ o He2 Stabilization & Control No. 4

! Compartment Module

A-l Empty
l A-2 Electrica! Pc..2r 1o, 2
. A-3 Attitude Contirol 0. |
TR B-| Empty
B-2 Electrical Powar No. |
B-3 Emptly
C-l Empty
C-2 Empty
C-3 Attitude Control Na., 2
D-l Stabilization & Control No. |
) D=2 Experiment Mo. |
I D-3 Empty
| E- Stabilization & Control Mo. 3
; E-2 COP|*Data Distribution Unit**
! E-3 Attitude Control Mo. 3
I F- Stabilization & Control No. 2
F-2 CDPJ* No. |
F-3 Empty
G-l Empty
G-2 CDPI No. 2
G-3 Attitude Control No. 4
H-l Empty

~OSKH1

H-3 Empty :
* Communications, Data Processing, & Instrumentation

oY

. N

.*¢ Fixed unit, not replaceable in orbi

o168

Fig. 4-12 Low-Cost OAO Module Locations
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—-—ToMMmoO®>

Elec. No. 5
Empty

Elec. No. 3
Elec. No. 1
CDPI No. 1
ACS No. 1
ACS No. 2
CDPI No. 3
Exper. No.1
Exper. No.2

Ea;t Side | - West Side

Fig. 4-13 SEO Module Location & Arrangement

VNVOVOTVOZ=rx

Elec. No. 6
Empty

Elec. No. 4
CDPI No. 2
Elec. No. 2
ACS My. 3
ACS Mo. 4
S&C No. 1
S&C No. 2 -
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fic=H

Ny SOLAR PADDLE MODULE (2) - 69 Ib* each

o 8 Panels, each 17 x 30; 672 calls gar panzl
o 2x2cm solar cells, qty par paddlz - 5376
o Solar cells are phosphorous diffusad I/P

» Slipring on paddle shaft transfars array
power and instrumentation to brush

Note: Dinensions in inches 3SSY. on Spacecr aft

1 £t =0.3048m
1 1b = 0.4536 kg

Paddle Drive Mcdule (2) 39 Ib* each

Power Control Module - IC5 Ib®

e 21 1=

w, fa 14 1

E — 7 7L va
LZIII

* Including I5% contingency

Fig. 4-14 TLow-Cost SEO Electrical Subsystem

silicon; 012 thick with .020 covarglass. (in.
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G-

¢ UBSYSTEM

MODULE EQUIPVENT IN MODULE MODULE WEIGHT
Electrical Battery ® NiCd Bettery (4) - 12 Amp. Hr. Basic 154 1b
e Current Shux/zt Assy. 10% Cont. 16
® l}Module Base/Cover
. ® Internal Cables Total 170 1v
P Electrical Power Control ® Battery Charge Controller (&) Basic "2 1b
e State-of-Charge Unit 15% Cont. _ 1k
® Power Distribution Unit
® Ground Power Relay Total 108 1b
® Motor Controller - S/A Drive
® Pulse Generator - S/A Drive
® !odule Base/Cover
® Internal Cables
[~ .
Electrical Paddle Drive ® Drive Motor (2) Basic 3 1b
| Reg'd) ® Gear Box / 15% Cont. _S§
No. 3 ® Module Base/Cover
No. 4 ® Internal Cables Total 39 1b
Electrical Solar Paddle ¢ Solar Cell Panel (8) Basic 60 1b
Reg'd) ¢ Paddle Structure ( ) 15% Cont. _ 9
Ro. 5 ® Voltage Regulator (Diodes
No. 6 ® Internal Wiring Total é9 1v

1 1b = 0.4536 kg

Fig. 4-15a Low-Cost SEO Modules (1 of 2)
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K-

SUBSYSTE MODULE ERUIRENT IN ODULE MODULE WEIGHT
Cermunication, " Data Handling ® Tzpe Recorder/Encoder Basic T0 1
Data Processing, Req'd) e FCM Multiplexer/Encoder 15% Cont. 11
Instrucentation o. 1 e Comxand Pecoder
(CDPIT) IC No. 2 ® Module Base/Cover Total &1 1

® Internal Cables
Corrunications, Communications ® Transgonder (2) B;gic 75 1b
Data Processing, ® TWIA 15% Cont. _12
Instrumentation ® Modulation Selector (2) Total 87 "b
® Module Base/Cover a [
® Internal Cables
Stabilization Tansing & Flight ® Flight Control Electronics Basic 85 1b
& Control T insrol ® FHorizon Sensor (2) 15% Cont. _13
e = = - — —-}  Ziecironics ® Solar Aspect Sensor (2) Total 98 15
® Module Base/Cover ota
® Internal Cables
| stabvilization | Momentum ® Gimballed Momentunm Wheel B;jic 109 1b
&-Control - ) V ® Wheel Drive Electronics 15% Cont. _ 16
® Rate Gyro Package Total )
® Wheel Safety Shield o 125 1
® Module Base/Cover
® Internal Cables

S ———————
I Tm————, - s S— —

1 1b = 0.4536 kg

Fig. 4-15b  Low-Cost- SEO Modules (2 of 3)
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SUBSYSTEM

MOIULE

EQUIPVENT TN MODULE

MODULE W=ZIGHT

-

Attitude
Control

Attitude

Tank

Valves: Fill, Relief, Solenoid
Latching

Press. Regulator

Thrust Valve Cluster with

4 Nozzles -

Plumbing

Transducers

Internal Support

Module Base/Cover

Internal Cabling

Basic
15% Cont.

Total

125 b
_18
W3 1t

Experixent

Photographic

Camera
Processor/Dryer
Optical-Mech. Scanner (2)
Film Handling Assy.
Electronic Assy.
Nitrogen System
Film Supply

Bimat Supply
Internal Structure
Case

Internal Cabling

Basic
4 Cont.

* Total

%5 1v
1

19 1§

Experimeat

Vidicon Cerera

® >

Vidicon Camera Assy (2)
Module Base/Cover
Internal Cables

Basic
15% Cont.

Total

™ W

Codd

11b = 0.4536 kg

A J

Pig. b-15¢ Low-Cost SEO Modules

(3 of 3)
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Fig. 4-16 Typical Spacecraft Module
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LOCKING & RESTRAINT

s . /'\

624

Fig.L-17 ;l‘y'pical Spacecraft Equipment Module Compartment

MODULE GUIDE RAIL:
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Section 5
SPACE SHUTTLE SYSTEM INTERFACES AND EFFECTS ON PAYLOAD DESIGN

This section haa been deleted and will be
superseded by a separate document be%gg
1ssued by NASA: "SPACE SHUTTLE/PAYLOAD
INTERFACE DOCUMENT."
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Section 6
COST REDUCTION APPROACHES TO PAYLOAD SYSTEM ENGINEERING

©.1  MANDATORY SYSTEM PERFORMANCE AND DESIGN REQUTREMENTS

Over-specification has been a significant factor in escalating the costs of
space programs, and it begins with the System Performance and Decign Require-
ments Specification prepared by the government program office and/or the con-
tractor. Cost consciousness must be fostered among the scientists, engineers
and managers responsible for program planning, with the objective of obtaining

requirements specifications based on cost/value analysis.

6.2 SIMPLIFIED ENGINEERING DOCUMENTATION

Much of the escalation of the costs of space programs is attributable to the
documentation requirements. #rrogram planners should carefully evaluate jocu-
me - tion needs, and impose only those requirements essential to the orderly
execution of the program. In particular, they should avoid the imposition of
requirements simply because it is safer to require too much and avoid the risk
of requiring too little.

When contractual documentation requirements permit, simplification of contrac- .
tor engineering documentation can result in significant savings.

6.3 SIMPLIFIED EQUIPMENT SPECIFICATIONS

Engineering organizations also prepare design specifications that are more re-
strictive than they need to be, because it is safer (but moré costly) to err
in that direction. Program offices must c(zcourage engineers to specify lower
equipment performance and other design requirements, and effective revies pro-
cedures must be established to control over-specification of requirements for
both in-house fabricated and procured equipment.

6-1
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6.4 REDUCED TESTING REQUIREMENTS

Typicnally, spacccraft equipment and assembled spacecraft have been subjected
to very comprchensive, rigorous, and often repetitive testing programs to es-
tabl izh the level of confidence felt to be necessary for the making of launch
decisions. Such programs have been costly to execute and often costly in
wornout or damaged equipment. The fear of spacecraft failure during launch or
early in orbital flight and of the conseqﬁences of such a catastrophe has been
the principal motivator for traditional testing programs. Much of this fear
will be alleviated by the Space Shuttle which makes possible in-orbit checkout
of spacecraft before they are committed to orbit, monitoring of their early
orbital performance, and their recovery for repair in orbit or their return to
earth in the event of early malfunction. Once fears of the consequences of
failure have been alleviated it should be possible to reduce signi“icantly the
scope and cost of testing programs.

In addition, load testing of the structures and mechanisms of Shuttle-launched
spacecraft may be significantly reduced since they may be designed without
weight constraints and with high factors of safety.

6.5 SPECIAL RELIABILITY CONSIDERATIONS

6.5.1 Cost/Reliability Relationship

It is well known that the cost of raising the predicted reliability of space .
vehicle systems and subsystems above nominal values increases exponentially

as the ultimate reliability of 100 percent is approached. Part selection be-
comes more rigorous, reliability testing becomes more comprehensive, and more
and more redundant components and backup functions are required. For example,
a typical cost estimating relationship (CER) showing the relationships between
cost and reliability for a typical space payload subsystem is presented in Fig.
6-1.

The exponential increase of cost as reliability is increased beyond 0.75 (75
percent) is most significant. If the reliability required of complex subsystems

/8 6-2
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Fig. 6-1 Cost/Reliability Relationship for Typical Space Payload Subsystem
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can be limited to about 0.7, appreciable savings can be realized in the design,
development, and production of space payloads. Such limitation of reliability
requirements will be possible for Shuttle-launched payloads because of the capa-
bility of the Shuttle to checkout payloads in orbit prior to deployment, to re-

pair them in orbit, and to recover them for reuse.

6.5.2 Use of MIL-Spec or Aircraft Parts

One cost-saving change from historical approaches to payload design made pos-
sible by the lowered reliability requirements of Shuttle-launched payloads may
be the use of MIL-Spec and possibly aircraft parts instead of Hi-Rel parts.
During the LMSC Payload Effects study, investigations were made of the rela-
tive costs of various grades of parts and of the practicability of using lower
grade, and hence lower cost, parts in future space payloads. These investiga-
tions were limited in scope because of task priority agreements with NASA, and
further study is required to establish the wvalidity of using lower-grade parts
in payload decign. However, cost-saving potential exists and application of
the lower-grade parts should be considered if short operating-life or refur-
bishment cycle is desirable. The four basic gradns of parts and their relative
costs are defined in Fig. 6-2. A sample list of comparative costs for specific
parts is shown in Fig. 6-3.

The failure rate of MIL-Spec parts is about iw¢ >r three times that of Hi-Rel
parts. Also, the failure rate of aircraft varts is about ten times that of
Hi-Rel parts; but more importantly, the parametric drfft rate of aircraft parts'
is about four times the Hi-Rel part drift rate.

In general, MIL-Spec parts are comparable in weizht to Hi-Rel parts; equivalent
aircraft parts are significantly heavier as indicated by the sample listing of
Fig. 6-. The failure rates of aircraft and MIL-Spec parts are compared in
Figs. 6-lt and 6-5. '

}

6.5.2.1 Application of MIL-Spec Parts. A preliminary analysipg was made of
the application of MIL-Speo parts to an SEO-type payload. It was determined
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PRODUCED ON SPECIAL PRODUCTION LINES IN MOST CASES; MANY PARTS 100%
TESTED FOR PERFORMANCE; ALL PARTS SCREENED AND BURNED IN; LIFE OF 2-3
YEARS WITH GOOD PARAMETRIC STABILITY IS POSSIBLE; FAILURE RATES VERY

WELL DOCUMENTED

MIL-SPEC - COST = $0. 3x TO $0. 5x

SAMPLE SELECTED FROM PRODUCTION RUN FOR TEST TO SPEC. REQTS. -
SAMPLE PASSING TEST WILL ACCEPT TOTAL LOT; FAILURE RATE 2x TO 3x
HI-REL; APPROX. 70% OF H1-REL PARAMETRIC STABILITY

AIRCRAFT - COST = $0. 15x TO $0. 2x

PARTS TESTED TO PARAMETRIC NORMS; SAMPLE FROM EACH LOT SUBJECTED TO
S IMULATED STRESSES AND SHOCKS EXPECTED IN AIRCRAFT FLIGHT -

SAMPLE FAILURE REJECTS TOTAL LOT; FAILURE RATE ABOUT I0x HI-REL PARTS;
DRIFT RATE ABOUT 4x HI-REL :

COMMERCIAL - COST = $0. 05 TO $0. Ix

MANUFACTURED IN VERY LARGE QUANTITIES; SUBJECTED TO SIMPLE GO-NO-GO
TESTS, SAMPLING TECHNIQUES TO ACCEPT/REJECT LOTS; NO FAILURE RATE DATA

EXCEPT BY LOTS REJECTED

Fig. 6-2 Grades of Parts
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COST (APPROXIMATE $ PER UNIT)
PART OR COMPONENT .
Commercial Aircraft Mil-Spec Hi-Rel
g ‘| Pressure Transducer . 65 4.00 10. 00 65. 00
m —
E’ Transistor 0.25 0.75 2.50 1.50
e Resistor 0.17 0.60 2.20 490
s 9
< |Coax Cable RG 58U 0. 14/1t. 0. 35/t l. 15/ft 2. 40/ft
(] ———— . .
3 Capacitor (Ceramic cap) 0.24 0.47 .60 4.85
8 Connector (16 pii) 0. 60 .35 315 8.00
3
>
% Integrated Circuit
(and Gate - -
and Paramp) LI5 2.75 7.00 16. 60

Fig. 6-3 Comparison of Cost for Different Grades of Parts
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~ AIRCRAFT TYPE HIGH-RELIABILITY

DC-DC Converter | Westinghouse 460 | 38 25 12

Press. Reg.

System (Nz) AiResearch 240 48 16 7
Fransceiver Collins 28 18 5 8
IRU M-H - 60 28 23 18

(74D
'fape Recorder HP | 66 72 || 18

1 1b = 0.4536 kg

Fig. 6-4 Weight and Failure Rate Comparison - Aircraft and Hi-Rel Parts
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Rate C'ro

Silicon Transistor
Oper. Amplifier
Latching Relay
Solenoid Valve (Nz)
\_Ioltage Regulator
Battery NiCd

Pressure Transducer

MANUFACTURER

Kearfott

Tl 2N22A
Fairchild MA-709
James Pond Clark
Sterer

Collins

Yardney

GE

FAILURE RAIE (per 108 hirs.)

Aircraft

5
14
54
240
16
2l
30
175

High-Reliability

—— . ——— - —— ——-~ S —. ... =

Fig. 6-5 Aircraft vs High Reliability Part Failure Rate Comparison
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to be feasible to use MIL-Spec purts in lieu of Hi-Rel parts if the design
cperat.ing 1ife of the SEO (the time between refurbishments) could be limited

to nine months,

6.5.5.2 Application of Aircra®t Parts. Also, a preliminary analysis has been

made of the application of airecraft parts to an OAO-type payload, and it was
determined that the operating life of the payloaa would be reduced to four
months (from a c.ie-year design 1ife with Hi-Rel parts) because of the relative-
ly high parametric drift rates of aircraft parts. Additional analysis is ne-
cessary before firm conclusions can be reached concerning the application of
MIL-Spec or aircraft parts to space payloads; however, the pctential for cost
saving is significant and warrants further study.

6.5.3 Predicted vs Achieved Reliability

Justification for lower system reliability requirements for Shuttle-launched
payloads is afforded by analysis of the historical disparity between the pre-
dicted reliability of expendable-launched payloads and the relidb#lity they
have actually achieved in orbit. (Examples are given in Fig. 6-6%. Thts dis-
parity is evidence that the reliability requirements for expendabﬂe-launched
payloads have béen conservative. The in-orbit payload checkout capability and
the payload recovery capability of the Shuttle will permit the establishment
of less conservétive reliability requirements for Shuttle-lannchej payloads.
Lower reliabiliﬁy requirements will reduce design, development, t‘sting, and

|
|
|
|

production costd of payloads.

6.5.4 Adversity Factors

Another factor that has contributed to the conservative relidbiliﬂy require-
ments imposed on expendable-launched payloads is the Adversity/faétor, a mul-
tiplier applied to failure rates to account for the effects of environment.
Adversity factors defined by MIL-STD-217A are shown in Pig., 6-7.

6-9
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Program Predicted Reliability Achieved Reliability
LMSC Small Research < 0.80 0.90
Satellite (SRS)

HEOS-A, German 0.85 0.98
Lunar Orbiter 0.75 0.9C
Mariner 0.75 0.90

Fig. 6-6 Predicted Reliability vs Achieved Reliability
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ADVERSITY

ENVIRONMENTAL EXPOSURE FACTOR

LAUNCH OPERATIONS === ===========cocommmaamaaaaaaee 90 A A
AIRCRAFT OPERATIONS === ==============emmammecamoooo- E

ROAD TRANSPORT === ====== === -= = mmcm e 15

RAIL TRANSPORT = === == == === == mmm e e S
SHIPBOARD OPERATIONS =================smmmaaceuuoco- 3

SUBMARINE OPERATIONS ==============sccsmmmemeecauccl g~ = - = = -
SPACE OPERATIONS ===-=====---- R B s M

A\ Some Contractors/Agencies believe launch stress should be 900 - 1500; others use as

low as 4. LMSC uses 10 max. for solid-state hardware, 35 mx. for other.

A ;This factor is not time dependent.

«~7 Adversity Factors for Payload Reliability Prediection
(Data from MIL-HDBK-21.TA

-
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The 1aunch environments to which payloads are oxposed by the Space Shuttle are
less severe than those experienced by expendable-launched payloads. Therefore,
the adversity factor for Shuttle launch should be lower and, as such, contri-
bute to lower payload costs. The Shuttle adversity factor can approach 18 for
launch/ascent and, with corrective acticn cf in-orbit checkout following launch/

ascent, can further approa:h the 1.5 factor used for "space operations”.

6-12
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Section 7
GUIDELINES FOR LOW-COST PAYLOAD DESIGN

This scction contains a summarized set of design approaches and recommendations
which are directed toward achievement of cost-effective payloads. Sub-section
7.1 deals with the general aspects of material and equipment selection, low-
density packaging, and modularization of equipment Sub-sections 7.2 and sub-
sequent contain data pertinent to the specific subsystems of a payload:

® Structures and Mechanisms . 7.2
® Experiment Installations 7.3
® Stabilization & Control 7.4
® Commnications, Data Processing, 7.5
& Instrumentation
Electrical Power 7.6
Attitude Control 7.7
® Envirommental Control 7.8

7.1 GENERAL GUIDELINES S —

7.1.1 Low-Cost Materials

In general, for comparable applications, materials that are inexpensive to buy
and fabricate, such as steel and aluminum, are heavy; and light materials, for
example titanium and beryllium, are erxpensive. In the past, payload weight
limitations have prevented the free use of heavy materials and simple methods
of fabrication; and the costs of spacecraft have been higher than they would
have been without weight limitationas. In designing spacecraft that will be
orbited and supported by the Space Shuttle, full advantege should be taken of
the great payload caperi‘ty of the Shuttle, and low-cost materials and fab-

-1
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7.1.2 Tre-Qualified Equipment

Moust space programs have made some attempt to use pre-qualified equipment to
obtain the obvious cost savings. However, existing qualified equipment has
off.en been considered and rejected beceuse it was not optimized functionally,

cr in size and weight, for the contemplated application.

The relaxation of weight, volume, and power constraints on spacecraft design
will permit designers to consider a much wider range of qualified equipment
for a given application, and to select equipment that historically would have
been rejected as over-designed, oversize, or overweight. Much more emphasis
must be placed on avoiding RDT&E costs in future spece programs.

7.1.3 Standardized Equipment

The development and qualification of standardized equipment for spacecraft
promises major overall savings for the Nation's space program. There has been
very little standardization of equipment in the past because the emphasis has
been on the optimization of equipment function, size, and weight for the re-
quirements of each space program. When such optimization is no longer required
because of the elimination of constraints on payload weight and volume, the de-
velopment of standardized equipment can proceed with assurance that it will be
widely- used. There should be established: (1) design requirements for common-
ly-used types of spacecraft equipment, (2) common industry sources for such .
equipment, and (3) specifications which require that where possible the s:lec-
tion of equipment for new spacecraft shall be from among the available standard

equipment .

7.1.4 Low-Density Packaging of Electronic Equipment

Electfonic equipment for space programs has evolved in the direction of rediced
size and weight, and increased packaging density. In general, this evolution
has been accompanied by cost escalation. The relaxation of weight and volume

7-2
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constraints in the Shuttle era should permit the development of simpler, lower
densily packaging techniques for electronic equipment; resulting in the reduc-

tion of RDT&E and recurring costs of such equ’pment.

Low density electronic packaging saves iabor costs in design, modification,
fabrication and assembly, repair, and inspection. Additional study is required
to determine quantitatively the magnitude.of cost savings possible through low
density packaging.

T7.1.5 Modulnrizantion of Fquipment Installa*ions

In the design of spacecraft for launch by the Space Shuttle, equipment instal-
lations should be modularized to permit in-orbit removal and replacement. The
capability to repair a spacecraft in the Shuttle cargo bay before releasing it
is a major factor in the reduction of space program costs that will be realized
through the use of the Shuttle. The following guidelines are applicable to
the design of equipment modules for Shuttle payloads:

® Divide payload subsystems into minimum quantity of modules consistent
with:

® Maximum weight/size which can be readily installed or removed by

a shuttle crewman

® Maximum cost of a single module

® Segregate components which have high probability of replacement from
those which have higher predicted 1life.

® Establish operating tolerances on individual modules so that mecdule
replacement will not require payload recalibration.

® Provide simple functional and mechanical interfaces between modules.

® Provide for easy access to and removal/installation of modules with-
out need for special tools. ‘

7-3
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Modularization of ejuipment installations also contributes to cost savings in

spacecraft pround operations prior to launch.

7.2 COTRUCTURES AND MECHANISMS SUBSYSTEM DESIGN GUIDELINES

7.2.1 Bnsic Recommended Design Approaches

Historically, “he design cf spacecraft has been severely constrained by weight
and volume liriiations resulting from the modest payload capability of launch

vehicles,

When weight and volume constraints are relaxed or eliminated, significant re-
ductions in the cost of spacecraft structures and mechanisms can be made by
using the fo'lowing guidelines in design:

(1) Select a simple spacecraft configuration that requires only a

simple structure.

(2) Providc volume for low-density equipment installations to simplify
installation design and to insure complete accessibility of equip-

ment .

(3) Use high factors of safety for sizing structural elements to
reduce design and analysis efforts and to reduce or eliminate f
static loading testing. |

(4) Increase dimensional tolerances to simplify tooling, and to reduce
fabrication, assembly and quality control efforts.

(5) Simplify stracturel elements and minimize the use of contour-
machined parts to reduce design, analysis, fabrication and assembly
efforis.

T4
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(¢) Use commercially available grades and sizes of aluminum sheet and

extrusions tor most structural clemente.
(7) Minimize the use of sandwich materials.

(8) Do not use beryllium, composite materials or other high-cost

materials.
(9) Avoid use of higher-cost parts such as forgings and castings.
(10) Eliminate deployment mechanisms whenever the launch vehicle pay-
load envelope permits fixed installation of solar panels, antennas,
sensors and other equipment.

(11) Avoid sophistication and miniaturizai.on of mechanisms.

7.2.2 Examples of Low-Cost Designs of Structures and Mechanisms

7.2.2.1 Orbiting Astronomical Observatory (0AO).

a. Initial-Design OAO-B Structures & Mechanisms. The actual OAO-B structures
and mechanisms are shown in Fig. 7-1. The basic structure is an octagonal cyl-
inder approximately 7 ft (2.1 m) wide and 10 ft (3.0 m) high. It includes a
central tube 48 in. (1.2 m) in diameter and 118 in. (3.0 m) long in which the .
experiment package is installed. The eight primary trusses are machined and
chem-milled from aluminum plate. The forward and aft bulkheads and the equip-
ment shelves form 48 equipment bays. Secondary structure is provided in each

bay for the support of one or more items of equipment. Hinged doors provide
access to the installed equipment.

b. Low-Cost Design - OAO Structures & Mechanisms. The general configuration
of the equivalent low-cost design of the OAO is shown in Fig. 7-2 and the pri-
mary structure of the equipment section in Fig. 7-3. The equipment section is
cylindrical, 13 £t (4.0 m) in diameter and 8 £t (2.4 m) long. Twenty-four
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FORWARD SKIN

AFT BULKHEAD

STAR TRACKER

ACCESS HOLE
HINGED DOORS

BORESIGHTED
STAR TRACKER

STAR TRACKERS
CENTRAL SHELL
SUN SHADE SOLAR CELL ARRAYS

BALANCE WEIGHT BOOM (2)

.Fig. 7-1 OAO-B Structures and Mechanisms
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Note: Diuensions in inches

4
]

1 ft = 0.3048 m

7-3 Low-Cost OAO Equipment Section Structure

Fig.
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equipment compartments surround an 8 ft (2.4 m) diameter by 8 ft (2.4 m) long
empty volume in which ground technielans or Space Shuttle crewmen may work,
installing or removing ~juipment modules from the equipment compartments.
Modules arc retained by mechanisms that are designed to be operated by a space-
suited Shuttle crewman.

The cquipment section structure is a riveted assembly consisting primarily of
commcrcially available aluminum sheet and.extrusions. Factors of safety of
thrce or greater are used to reduce design and analysis efforts and to reduce
or climinate static load testing. The forward bulkhead of the equipment sec-
tion is the reference plane for alignments in the low-cost OAO, and machined
surfaces are provided for the attachment of the experiment package and for in-
dexing equipment modules containing attitude reference equipment such as star

trackers and inertial reference units.

The aft bulkhead is of sheet metal construction. Access to the work space in-
side the equipment section is through a 4-ft (1.2 m) square door.

The low-cost OAO equipment section structure is simpler and includes many less
piece parts than the OAO-B equipment section structure, low-cost materials and
high factors of safety are used, and analysis and static load testing are min-
imized. For these reasons the cost of developing and manufacturing the low-
cost OAO structure was found to be significantly lower than the corresponding
costs of the initial-design OAO-B. Figure 7-4 shows a tabulation of compara-

tive costs.

7.2.2.2 Synchronous Equatorial Orbiter.

a. Initial Design - SEQ Structurcs x Mechanisms. An SEO-type payload is shown
in Fig. 7-5. The primary structure - this spacecraft consists of three decks
interconnected by truss assemblies. Like the structure of the Lunar Orbiter,
from which it was derived, it was optimized to minimize weight and was there-
fore costly to design, develop, qualify and produce.
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Initial Design-Subsystem Costs Low-Cost Subsystem Costs
Spacecraft (millions of dollars) (millions of dollars)
Average - Average
ROT&E Unit RDT&2 Unit
OAO 9.04 5.10 6.69 0.95
SEO 6.9 1.2 6.0 0.6
SRS 1.28 0.12 1.09 0.11

Pig. 7-4 Cost

Comparisons - Structure & Mechanisms Subsystem
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b. Tow-Coust UEO Structures & Mechanisms. The general confipuration of the

cquivalent low-cost design of the SEO is shown in Fig. 7-6 and the low-cnst
SFO structure in Fig. 7-7. The structure is a rectargular box divided into
compartments in which readily-removable equipment mcdules arc installed. The
modules are designed to be removed and replaced by a space-suites! Shuttle
crewman. The structvre is a riveted assembly made up primarily of aluminum
sheet and extrusions. Stainless steel angles provide tiiermal isolation of the
top and bottom panels, and stainless steel hinges thermally isolate the doors.
Factors of safety of three or greater are used to reduce design and unalysis

efforts and to reduce or eliminate static .Load testing.

The design guidelines listed in paragraph 7.2.1 were followed in the design
of the low-cost SEO structure and mechanisms subsystem and its estimaled costs
as shown in previous Fig. 7-4, particularly the average unit costs, are sig-
nificantly lower than the costs of the initial-design SE9D.

7.2.2.3 Small Research Satellite. The initial design SRS spacecraft was a

modification of the early P-11 spacecraft shown in Fig. 7-8. The major dif-
ference in configuration between the baselire SRS and the P-11 is the addi-

tion of an identical solar module frame to each of the six frames shown.

a. Initial-Design SRS Structures & Mechanisms. The Structures and Mechanisms
subsystem of the SRS included the basic structures shown in Fig. 7-9 and the
solar module frames, all of which were optimized for minimum weight and, there-
fore, relatively costly to design, develop, qualify and manufacture.

b. Low-Cost SRS Structures & Mechauisms. The general configuration of the
low-cost SRS is shown in Fig. 7-10 and the low-cost SRS structure in Fig. 7-11.

Four deep beams made up of aluminum sheet and extrusions form an "eggerate"

assembly in which subsystem equipment may be installed. This assembly is
strengthened by heavy tee extrusions connecting tne outboard mid-points of the
deep beams, and by angles connecting the outboard corners of the Leams. Shear
strength 1is provided by a heavy shear panel at the mid-plane of the structure,
and by bulkheads that close the ends of the four triangular compartments of
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Pig. 7-7 Low-Cost SBO Structure
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Fig. 7-8 Initial-Design SRS
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Note: Dimensions in inches
1 ft = 0.3048 m

Main Beam Assembly 5. Mounting Lugs
End Panel Assembly 6. Spin Nozzle Brackets

. Interior Panel Assembly 7. Wing structure (Payload Area)
Motor Mount

Fig. 7-9 Basic SRS Structure
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Fig. 7-11 Low-Cost SRS Structure
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ceverate” . Fach of the eipht plane surfaces of the octaponal primary struc-
ture assembly provides for the attachment of two solar panels or skin panels.
As confifured for the HiGlo mission the SRS has eight solar panels, threce skin
panel s incorporating view ports for scnsors, and five plain skin panels. The
+Y and -Y faces of the SRS structure arc closed by aluminum skins and multi-
1nyer insulation blankets. The structure assembly includes secondary struc-
ture for the attachment of cquipment modules, rocket motors, antennas, and
fittinrs for handling and deployment of the SRS. The SRS structure has been
desipned with generous provisions for augmentation of the baseline HiGlo mis-
sion. Volume is available for the addition of experiment and subsystem equip-
ment including a second propulsion rocket. Also, the average power available
for subsystem and experiment equipment can be increased from 50 watts to ap-
proximately 100 watts by the installation of additional solar cell panels.

The strength of the structure, based on factors of safety of three or greater,
permits the addition of equipment without extensive analysis and redesign.

Most of the equipment of the HiGlo SRS is packaged in readily removable mod-
ules to reduce development and test costs. The location of modules in the SRS
is shown in Fig. 7-12.

The design guidelines of paragraph 7.2.1 were used in the design of the low-
cost SRS structure and mechanisms subsystem, but in addition, significant pro-
visions were made for the growth of other subsystems. As a result, the cost
comparison of previous Fig. 7-4 does not show cost reductions comparable to
those made in the design of the low-cost OAO and SEO structures and mechanisms

subsystems.

7.3 EXPERIMENT INSTALLATION DESIGN GUIDELINES

7.3.1 Basic Recommended Design Approaches

Costs of Experiment Installations can be reduced by using the following ap-
proaches in design:
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Select simple experiment package configurations, taking full advan-
tapge of the preater payload capability of new launch vehicles.

Apply Structures and Mecharisms Subsystem design guidelines (para-

praph 7.2.1) to experiment-vackage structures and mechanisms.

When cxperiment thermal control requirements differ significantly
from other spacecraft subsystem requirements, isolate the experi-
ment to simplify thermal control of both the experiment and the

spacecraft.

Desipgn for in-orbit maintenance of experiment installations by
modularizetion of equipment.

Design low-density experiment installations with provisions for ad-

ditions of or changes to experiment equipment.
Avoid mechanisms that are not self-supporting in one-g.

Design low-density electronic packages to reduce design, develop-

ment and manufacturing costs.
Eliminate need for in-flight adjustments or alignments

Avoid use of high cost material such as beryllium for weight

reduction

Eliminate close-tolerance machining for weight reduction

Avoid miniaturization for weight and volume reduction

7.3.2 Examples of Low-Cost Designs of Experiment Installations

7.3.2.1 Orbiting Astronomical Observatory QOAOE. The design of a low-cost

Experiment Package for an OAO-type payload has been developed. The design
is derived from the Goddard Experiment Package (GEP) of the OAO-B shown in
Figo 7‘13 .
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a., Tritial-Deaipn OAO-B Experiment Installation. The GEP was designed to be

inst 11led within the central tube of the OAO-B spacecraft, and its thermal
control requirements constrained and added to the complexity and cost of the
thermnal control desipgn of the spacecraft. Conversely, the GEP design was com-
plicated by the thermal environment provided by the spacecraft. Weight con-
straints imposed on the design of the GEP led to the use of beryllium optical
mirrors that were more costly than mirrors of conventional optical materials.
The optical properties of the beryllium mirrors were unstable in one-g, and
optical calibration procedures were consequently more complex and costly than
they would have been if rigid but heavier mirrors “ad been used. In-orbit
focus control of the GEP was required to compensate for calibration uncertain-
ty due to thermal effects and the instability of the beryllium mirrors.

b. Low-Cost OAO Experiment Installation. The general configuration of a low-
cost Experiment Package for the OAO is shown in Fig. 7-14; additional details
arc shown in Figs. 7-15, 7-16, 7-17, and 7-18. The basic optical design of
the GEP is unchanged. However, all the optical elements are fabricated from
a conventional optical material, CerVit (g fused silica material) which has a
very low coefficient of thermal expansion; All the mir#o?éjand the grating
are made from solid CerVit blanks having 4 diameter-to-thickness ratio of ap-
proximately six to insure adequate stiffness in a gravity environment and to
facilitate fabrication and calibration. -

The low-cost Experiment Package structure is an aluminum shell stiffened by
aluminum rings and longerons. All material is commercially available alumin-
um. Factors of safety of three or greater are used in #he design of the struc-
ture (a) to insure the stiffness required to preserve the alignment of the op-
tical elements, (b) to reduce the design and analysis effort, and (c) to elim-
inate requirements for static load testing.

The primary mirror support is shown in Fig. 7-15. The support frame is a
weldment of extruded aluminum channel designed for diruct attachment to six
of the internal longeron members of the shell structure. Three tangential
mirror supports provide for mirror alignment.
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The sccondary mirror is installed at the forward end of the shell structure
as chown in Fig. 7-16. Suppor* and lateral positioning of the mirror are pro-
vided by four adjustable flexure links. Alignment of the mirror is provided

by three adjustment screws.

The detector and grating acsembly is supported as shown in Fig. 7-17. The

assembly is mounted on rails and may be removed and replaced in orbit.

The spe- «wter mirror is supported by the "tripod" beam assembly shown in
‘1. 7-18. The three beams are attached to three internal longerons of the
shell structure. No provision for lateral or longitudinal adjustment of the
mirror is necessary. However, tilt adjustment is required and is provided by

three adjustiment screws.

Additional cost savings in the design of the low-cost Experiment Package were
achieved by the elimination of the in-orbit focus provisions, which are no
longer required because of the rigidity of the structure and the virtual elim-
ination of temperature gradients attained by isolating and insulating the ex-
periment package. The design guidelines listed in paragraph 7.3.1 were fol-
lowed in the design of the low-cost Experiment Package. The cost, as shown

in Fig. 7-19, particularly the average unit costs, are significantly lower
than the corresponding costs of the Goddard Experiment Package of OAO-B.

7.3.2.2 Synchronous Equatorial Orbiter (SEO).

a. Initial Design - SEO Experiment Installation. The Lunar Orbiter weight
and volume were constrained by the limited payload capability of the launch

vehicle, and a comprehensive weight saving program was necessary in the de-
sign of the Photographic Subsystem (from which the SEO Experiment was derived).
Lightweight materials including beryllium were used, parts were optimized to
reduce weight and compact packaging was necessary to minimize volume. These
requirements resulted in relatively high RDT&E costs and affected recurring
costs. The camera installation in the Lunar Orbiter is shown in Fig. 7-20;
its schematic function is pictured in Fig. 7-21.
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Fig. 7-19 Cost Comparison -

Experiment Package
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b. T.ow-Cost SEO Fxperiment Installation. The general confipguration of the

low-co:it. Fholographic Subsystem is shown in Fig. 7-22. The design was not

constrained by weight and volume limitations; and simplification, including
simplification of components, was possible. The resultant cost savings are

mainly evident in the reduction of RDT&E costs by approximately 25 percent.

The Photographie Subsystem equipment is all installed on an "L-shaped” alum-
inum frame that is supported in the cylindrical, aluminum case by rails. The
equipment assembly may be readily withdrawn from the case for access to com-
ponents and for loading film and bimat.

The very limited effort applied to the design of the low-cost Photographic
Subsystem did not permit the application of low-cost design guidelines to the
redesign of the most costly component of the subsystem, namely the optical-
mechanical scanner. Reduction of the cost of that component should be pos-
sible. The costs of the low-cost Photographic Subsystem and those of the

baseline subsystem are compared in previous Fig. 7-19.

7.4 STABILIZATION & CONTROL SUBSYSTEM DESIGN GUIDELINES

7.4.1 Basic Recommended Design Approaches

Stabilization and Control subsystems are usually the most costly of spacecraft
because of the complexity of the sensors, actuators and electronic equipment
required for their mechanization. The designs of such subsystems have been
constrained by weight, volume, and power limitations, and have been complicated
by redundancy and backup modes incorporated to maximize probability of mission
success. Efforts to reduce the costs of Stabilization and Control subsystems
should seek to reduce their complexity and to eliminate the cost penalties that
derive from weight control requirements.

Costs of Stabilization and Conirol subsystems can be reduced by using the
following guidelines in design:
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(1) ©Select the simplest system that will meet specification require-
ments, to reduce design, analysis, fabrication, and testing efforts.

() Do not over-speccify performance requirements.

(3) Fstablish reliability goals based on in-orbit checkout capability
of the Space Shuttle.

(4) Limit equipment redundancies and backup operating modes to those
specifically required by reliability goals,

(5) Simplify equipment design by taking full advantage of the greater
weight and volume capability afforded by spacecraft designed for

new launch vehicles.

(6) Avoid new technology development but exploit new technology that
has been reduced to hardware.

(7) Tradeoff the use of a general purpose computer for Stabilization
and Control and Data Processing functions against alternate mechan-

izations.
(8) Design low-density electronic equipment.
(9) Minimize command and data requirements.

(10) Design for in-orbit maintenance by modularization.

7.4.2 Examples of Low-Cost Designs of Stabilization and Control Subsystems

7.4.2.1 Orbiting Astronomical Observatory (OAO).

a. Initial Design - OAO-B Stabilization & Control Subsystem. The functions
of the Stabilization and Control Subsystem of the OAO-B are as follows:

® To stabilize the spacecraft following launch vehicle separation, and
establish a preselected attitude with precision.
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e To orient the spacecraft, as required, to the reference attitudes dic-

tated by the mission objectives.

® To hold the spacecraft in a reference attitude with the required ac-

curacy over long periods of time.

To perform these functions, the OAO-B spacccraft employed gyros, solar sensors,
star trackers, and mapnctometers as sensors with inertia wheels, nitrogen.gas-

Jets, and magnetie torquers as actuators for control and momentum unloading.

With each of the sensors there was, in general, an associated electronics unit

called "signal processor,"

and with each of the actuators there was, in gener-
nl, an associated electronics unit designated a "controller." In addition,
*there was a logic unit, or "programmer," which sequenced the Stabilization and
Control subsystem through its various modes of operation. This proliferation

of electronic units added complexity and cost to the subsystem.

After injection into orbit, separation of the spacecraft from the Centaur re-
sulted in tumbling of the spacecraft. Gyros and solar sensors detectel space-
craft rate and position and produced error signals needed to actuate the gas
jets and inertia wheels for stabilization. Initial stabilization was pro-
grammed to result in one of two orientations - solar paddles normal to the

sun or spacecraft aft end normal to the sun. From either of these orienta-
tions the spacecraft was programmed such that control was transferred to
the gimballed star trackers. This was accomplished in one of two methods:

® Star search - The spacecraft orientation (three axes) was determined

from solar aspect sensor and magnetometer data, while holding on the
inertial reference unit. Guide Star positions were computed with re-
spect to this spacecraft orientation. The star trackers then were
programmed to search and lock on the stars by executing a star search
routine.
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® Roll search - The initial stabilization placed the aft end of the

spacccraft normal to the sun. A roll search around this sunline was
initiated at a given spacecraft rate. A number of guide stars were
cselected to form a pattern and the star trackers were programmed to
the calculated guide star positions. The spacecraft automatically
switched to tracker control when the trackers acquired the guide stars

similtaneously.

The spacecraft then had a stellar frame of reference to which subsequent sat-
ellite movements were related. In addition, the inertial reference unit (IRU)
could now be reset to establish its inertial three axes referer-e. Spacecraft
mancuvers required to point the experiment were performed und« “acker or IRU
control. Two-axes control of the satellite was transferred to tie experiment

for oxtremely accurate pointing of the spacecraft (fine cuntrol mode).

Each of the three major spacecraft axes had a large and a small inertia wheel.
The large (coarse-control) wheel slewed the satellite, while the smsall {fine-

control) wheel stabilized the satellite against small disturbing torques afier
the desired pointing had been attained. In the fine-control mode, the satel-

lite maintained its pointing direction with an accuracy of 0.1 sec by using an
error 8ignal derived from experiment optics.

To prevent the inertia wheels from becoming saturated, the gas jet system anc.
a magnevic torquing system (a set of orthogonal electromagnetic coils) per-
mitied momentum dumping.

In the coarse-control mode, using star trackers for error sensors, the three
axes pointing accuracy was within 1 min with a drift rate of less than 15 sec
in 50 minutes.

b. Low-Cost OAQO Stabilization & Control (S&Cz Subsystem. The low-cost OAO

S&C subsystem retains many of the features of the equ’ralent initial-desig:
OAO but differs from the baseline subsystem in: (1) Relying more upon on-
board data processing and less on ground prozessing and commnication; (2)
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eliminadi - ~-vipment dedicated to a.lternate,’backup modes, (3) reducing the
amount ¢ roric hardware by integrating ail data-processing and sequen-
cins functiors into a programmable general -purpose digital computer, and (4)

climinating primary artuator equipment whose functions can be performed ef-

ficiently 'y ccld gas jets.

Fipure 7-23 shows the functional and equipment relationships. The inertial
reference unit (IRU) and two gimballed star trackers (GST) provide attitude
data to the computer which combines them in a Kalman filter algoritim to com-
pute spacecraft attitude pre~isely. Errors from the reference attitude pro-
duce signals to drive reaction wheels and co.d gas jets to supply 3-axis sta-
bilization and control. Primary attitude control torques are obtained ty
varying th- speed of the reaction wheels, equivalent to the OAO "fine" wheels.
Inertially-secular disturbance torques can cause .he wheels to saturate (reach
maximum speed); wheel desaturation is accomplished by torquing the spacecraft
withk the low-lavel cold gas Jets.

Reorieatution fra . = attitude reference to another is accomplished by a ser-
ies of single axis slews derived by the on-board computer and using the high-
level cold gas jets. IRU-de*ected attitude errors control attitude about the

non-slew exes 2uring slewing.

Th-~ Boresighted Star Tracker and GEP error sensor perform the same roles as
Tor the baseline OAO Subsystem, namely, provide a more precise pitch and yaw ]
attitude reference than that cbtained from the gimballed star trackers (GSTs).

The principal of operation of the primary attitude determination function is

to obtain accurate long-term attitvde ‘nformation from the GSTs and a computer-
stored star catalog, while the TRU gyros provide a precise short-term reference.
The computer processes and mixes the information from both sources.

3y contimuously mairtaining a record of the ins.antaneous attitude in the
computer, the ability to acquire stars and to maneuver is considerably en-
hanced over the vaseline 0OAO, and the chances of loss of star reference are
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greatly diminished. This hipher assurance of success in finding, holding, and
reacaquiring stars should reduce the level of desipn analysis, verification and
teat ine offorts and lessen the need for backup modes and equipment on-board.

By veducineg the pround support of flipght operations to periodically transmitting
hlocks of apacecraft reference attitudes for payload orientation, not only are
ground operations minimal, but the data 1ink support is correspondingly reduced
in requisite quantity and quality, not to mention criticality of timing. By
replacing hardware with software not only are non-recurring and recurring costs
reduced but the cost impact of changes which inevitably occur during develop-
ment (due to inadequate performance or changed requirements) is considerably

'softened.

The major functional features of the low-cost OAO S&C subsystem are listed in
Fir. 7-24, together with the cost reduction features of the design. Cost re-
duction was accomplished by the elimination of all OAO-B equipment and oper-
ating modes not essential to compliance with the OAC-B system requirements spe-
cification; and by incorporating a general purpose computer, thus reducing the
number of electronic packages needed for S&C functions and substituting soft-
ware for hardware in the processing of data. The costs of the low-cost OAO
Stabilization & Control Subsystem are compared with the costs of the baseline
OAO-B S&C Subsystem in Fig. 7-25.

7.4.2.2 Synchroncus Equatorial Orbiter (SEO). The design is derived from the
Stabilization and Control Subsystem of the Lunar Orbiter.

a. Initial-Des‘gn SEO Stabilization & Control Subsystem. The SEO is carried
into synchronous orbit by a Burner II stage. During the transfer-orbit coast
to synchronous orbit the Burner II/SEO combination is slowly rolling in the
apogee burn attitude for gyro drift-averaging, and thermal control.

H i |
After synchronous orbit injection énd stage separation; the SEO must grient
{
jtself to the earth verticaluveloc*ty vector-orbit normal coordinate frame and
maintaia attitude stabil. ty on station, within specified tolerances, for two

years.
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FUNCTIONAL

RETAINS ONLY ESSENTIAL OAO OFERATING MODES/PQUIPMENT

CONTINUOUSLY COMPUTES SPACECRAFT ATTITUDE ON-BOARD

MAKES ATTTTUDE CONTROL INDEPENDENT OF LONG-TERM ATTITUDE REFERENCE

HAS HIGH DEGREE OF AUTONOMOUS CAPABILITY

USES SOFTWARE INSTEAD OF HARDWARE FOR SIGNAL PROCESSING/LOGIC/SEQUENCING
RETAINS SOME DEGRADED BACKUP MODE CAPABILITIES

o REDUCTION

ELIMINATES TWELVE PRIMARY OAO ELECTRONICS PACKAGES

ELIMINATES OAO COARSE MOMENTUM WHEELS AND MAGNETIC TORQUERS °
ELIMINATES OAO COARSE AND FINE SUN SENSORS

ELIMINATES TWO GIMBALLED STAR TRACKERS

ELIMINATES EQUIPMENT DEDICATED TO ALTERNATE MODES (RAPS)

REDUCES RDT&E COSTS ASSOCIATED WITH DESIGN/REQUIREMENT CHANGES
REDUCES RDT&E COSTS ASSOCIATED WITH DESIGN VERIFICATION AND TESTING

REDUCES FLIGHT SUPPORT OPERATIONS AND EQUIPMENT INCLUDING DATA
PROCESSING AND DATA LINK

Pig. 7-24 Features of Low Cost OAO S&C Subsystem
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Spacecraft

OAO

Baseline Subsystem Costs
(millions of dollars)

Low-Cost Subsystem Costs

(millions of dollars)

76.65

11.50

29.10

RDT&E Average Unit RDT&E Average Unit

5.9

15.9

3.3

1.9

Pig. 7-25 Cost-Comparison Stabilization & Control Subsystems
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!i
The initial-desipn SEO Stabilization a&d Control (S&C) subsystem has the fol-

lowingr functions:
H

® To control attitude ‘transientd from Burner II separation

® To acquire Earth and Yaw references

¢ To meet SEO pointing requirements.(two degrees, all axes) for

two years

® To stubilize and 2ontrol SEO attitude during east-west station-keeping

maneuvers,

® To reorient SEO to the orbit reference attitude from any attitude
following loss of reference for tumbling rates up to 3 deg/ sec.

® To point the SEO spacecraft to the sun with near-zero rates following
primary system failure.

The oprrating modes of the subsystem are as follows:

e Tnitial Earth Reference Acquisitioﬁ
¢ Initial Yaw Reference Acquisition

® Yaw Reference Hold

Earth Reference Hold

East-West Stationkeeping

Attitude Reference Reacquisition
Momentum Unload ‘

Hold on Gas (Backup)

The equipment required to mechanize the subsystem is as follows:

Flight Electronics Control Assembly
Earth Horizon Sensor
eun Sensors (2)

Rnte Gyro Package

 © o o
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® lirht Flectronics Switching Unit
® TIolaris Star Tracker

® Reaction Wheels (3)

This ~quipment. is derived from the equivalent Lunar Orbiter equipment retaining
maximun commonnlity of operating and design concepts, and within the constraints

of the weirht and volume limitations of the Lunar Orbiter program.

b. Low-Cost SEO Stabilization & Control Subsystem. In contrast to the initial-

design SEO, the low-cost SEO is activated and checked out aboard the Shuttle,
in low earth orbit, carried to its final position, and separated in its opera-
tional attitude from the Space Tug.

If the Low-Cost SEO should fail to pass all critical tests before Tug depar-
ture, it can be retrieved and returned to low orbit or to earth for repair.
Should the SEO fail during the two-year life it may be retrieved for reuse

or salvage.

The Low-Cost SEO S&C Subsystem is simpler than that of the Baseline SEO.
Fipure 7-26 compares the implementation of the two SEO spacecraft S& sub-
systems and Fig. 7-27 compares the operational modes for the two designs.

The low-cost SEO stabilization and control subsystem (Pig. 7-28) is based on
active control of a two-degree-of-freedom CMG. Attitude control torques in
pitch are obtained by varying the wheel speed while roll and yaw control
torques result from tilting the wheel spin axis. The momentum of the gim-

balled wheel supplies gyroscopic restraint of yaw attitude. A horizon sensor
i1s the source of earth-pointing error signals and scamning laser radar on the
Space Tug provides pitch, yaw and roll attitude errors for docking.

Twe wide-angle Jigital solar aspect sensors and a 3-axis rate gyro package are
included to aid in reorienfation to earth reference in the event of a rever-
sible gystem failure (e.g,, intermittent power supply outage). The same units,
in conjunction with cold gas thrusters, comprise an anti-tumbling system to
permit safe revisit after subsystem failure.
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ITEM OF EQUIPMENT

APPLICATIOCYN

BASELIVE SZ0 LCW-CC3T 320
Flight Electronics Control Assembly Yes Yes
Earth Horizon Sensor Yes Yes
Sun Sensors (2) Yes Yes
Rate Gyro Package Yes Yes
Flight Electronics Switching Unit Yes No
Polaris Star Tracker Yes No
Reaction Wheels (3) Yes No
Gimballed Momentum Wheel No Yes
Docking Reflectors No Yes
Fig. 7-26 Comparison of Baseline and Low-Cost SEO S&C Subsystem I»p. ontation
PERAT APPLICATION
0 ING MODE BASELINE SEO LOW-COST S=0
Initial Earth Reference Acquisition Yes No
Initial Yaw Reference Acquisition Yes No
Yaw Reference Hold Yes No
Earth Reference Hold Yes Yes
Bast-West Stationkeeping Yes Yes
Attitude Reference Reacquisition Yes Yes
Momentum Unload Yes Yes
Hold on Gas (Backup) Yes Tes
Docking No Yes

Fig. 7-27 Comparison of Baseline and Low-Cost SEO S&C Subsystem Modes
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The Flight Prosrammer section of the Flight Elcctronics Control Assembly pro-
vides timing, sequencing, and logical computations for all SEO subsystems.,

It accepls commands for real-time exccution and for storage from the communi-
cations (CDPI) Subsystem. The Closed Loop Electronics Section converts sensor

sirnals and command messages into control logic and actuation signals.

The double-rimballed reaction wheel control system (Fig. 7-29) is a new con-
cept now be ing applied to three-axis, long-life satellite attitude control.

The system uses a single biased angular momentum reaction wheel, mounted on

a restricted angle, two degree-of-freedom pivot arrangement for angular momen-
tum control in roll, pitch, and yaw. The low-cost stabilization system requires

no yaw sensor,

Cost reductions were accomplished in the design of the low-cost SEO S&C sub-
system by the following means: e

® Combining the redundant Flight Control Electronics Units of the base-
line SEO S&C Subsystem into a single package

® Using 1970 state-of-art off-shelf components in lieu of more expen-
sive Lunar Orbiter components

® Substituting a gimballed momentum wheel for three reaction wheels

® Eliminating 2 Polaris Star Trackers (gimballed momentum wheel elimin- .

ates requirement for yaw sensing)

¢ Eliminating the Flight Electronic Switching Unit (used on Lunar Orbiter
for pyrotechnic initiation).

® Repackaging all electronic assemblies using low-cost techniques

¢ Modularization of subgystem equipment

The estimated costs of the low-cost SEO S&C Subsystem are campared with the
costs of the initial-design SEO S&C Subsystem in previocus Fig. 7-25,
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Fig. 7-29 Dual-Gimballed Wheel S8ystem
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7.% COMAINTCATIONS. DATA PROCESSING, & INSTRUMENTATION (CDPI) & sSYOTEM
PEOTAGN GUTDET,INTS

7.5.1 BRasic Recommended Design Approaches

The CDPI Subsyrstem includes much complex eiectronics equipment; and to accom-
plish cost savinps in design, development, and procurement means must be found
to reduce the quantity of equipment required and wlso to reduce its complexity.
Difital computers can perform programming, control and data processing functions,
and the cost-saving potential of computers should be thoroughly evaluated in the
system design of a new payload., Relaxation of weight and volume constraints per-
mits the design of low-density electronic equipment that is inherently less cost-
ly to design, develop, and produce than the high-density electronics character-
istic of many historical spacecraft. Stanaardization of CDPI equipment will
reliecve space programs of the costs of design and development of many program-
peculiar elements and will result in significant savings also.

Costs of CDPI subsystems can be reduced by using the following approaches in
design:

(1) Select the simplest system, that will meet specification require-
ments, to reduce design, analysis, fabrication, and testing efforts.

(2) Do not over-specify performance requirements.

(3) Establish reliability goals based on in-orbit checkout capability
of the Space Shuttle.

(4) Limit equipment redundancies and backup operating modus to those
specifically required by reliability goals.

(5) Simplify equipment design by taking full sdvantage of the greater
weight aind volume capahility afforded by spacecraft designed for
new launch vehicles.

(6) Avoid new technology development but exploit new technology that h-s
been reduced to hardware.
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(7) Tradeof{ the use of a general purpose computer for CDPI, Stabiliza-
tion and Control, and other spacecraft functions against alternate

mechanizations.

(8) Increasc the volume of electronic equipment (x2 or more) tc reduce

packaging density, thus reducing design and masnufacturing costs.

(9) Use larger, higher-rated parts in circuit design to reduce stress
on parts, increase confidence in performance, and reduce testing

costs.

(10) Design for in-orbit maintenance by modularization to make possible
the program cost savings that derive from checkout and repair in
the Space Shuttle cargo bay.

7.5.2 Examples of Low-Cost Desipgns of Commnication, Data Processing and

Instrumentation Subsystems

7.5.2.1 Orbiting Astronomical Observatory (0AO).

a. Initial Design - OAO-B CDPFI Subsystem. The functions of the OAO CDPI

Subsystem are as follows:

® collect, store, and transmit experiment data to ground receiving

stat’ ns

® collect, store, and transmit experiment and spacecraft equipment
statns information to ground receiving stations

® provide a beacon signal for ground stations to track the spacecraft

® receive, decode, and distribute real-time and stored command in-
formation from ground stations to control operation of observatory

equipment
® provide observatory system timing and programming functions.
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Funct.ionnl reclationships of the OAO CDPI Subsystem arc shown in Fig. 7-30.

Communications equipment for receiving ground command signals and transmitting
tracking sirnals, command verification signals, and spacecraft and experiment

data consisted of four radio links:

Radio command (149.52 MHz)
Radio tracking beacon (136 MHz)
Wideband telemetry (40O MHz)
Narrowband telemetry (136 Miz)

The radio command system included redundant command receivers used with two
antennas in & diversity receiving system. Four receivers and two antennas for
redundancy provided the radio link for ground control of the spacecraft sub-
systems and experiment apparatus.

The radio tracking beacon supplied a contimious signal to facilitate ground
trackine of the spacecraft. Ground command selected either of two identical

transmitters.,

The wideband telemetry link consisted of two transmitters. Ground command
transmitted analog or digital data from the experimenters' units or digital
date from the spacecraft. Ground command also selected the data to be trans-
mitted: analog data were transmitted only in real time; digital data were

transmitted from storage or in real time,

The narrowband telemetry link consisted of two identical transmitters. Ground
command selected to transmit spacecraft status data, command verification,
canmand memory dump, or stored status or experiment data.

From a functional standpoint, excluding the redundancy of transmitters and
receivers, and antenna radiators, an antemma set operated at approximately

136 MHz with the tracking beacon and narrowband telemetry transmitter and at
approximately 148 MHz with the coammand receivers. An ultrahigh frequency
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anf.crma set worked with the wideband telemetry at approximately 40O MHz, This
antenna arranpement furnished nearly omnidirectional coverage about the obser-

vatory.

The onboard data-processing subsystem included circuits and storage capabili-
ties to verify, decode, store, and distribute digital spacecraft-control and
experiment commands. It slso stored digital data and transmitted them from
storage on ground coomand. The system provided timing signals for internal
synchronization and for use by experiment and spacecraft equipments. The sys-
tem also included spacecraft and experiment data handling equipment to accept
digital data, accept and convert analog data to digital data, and to assemble
those data into a suitable format for storage or real-time transmission to the
ground. The digital and analog gate circuitry was available for the experimen-
ter to program data storage. Random programming of experiment data into sto-
roye was permissible., Real-time transmission of experiment data backed up the
datn-storage system. During real-time transmission, data sources were sampled
in a cyclic time sequence controlled by a real-time programmer included as part
of the experiment data-handling equipment.

The command system contained circuits for decoding, distributing, and storing
commands received fram the ground-command station over the radio command re-
ceiver system. The command decoder iandled the real-time commands to be ex-
ecuted immediately after verification in the spacecraft, and the stored com-
mands to be placed in storage (after onboard verification) for execution at a .
later time. In addition, all commands could be retransmitted to the ground.
Both real-time and stored commands could be transmitted over the narrowband
telemetry link, and command memory could be transmitted over the wideband
telemetry link to permit ground verification. Stored commands were program-
mable and could be executed in small time-address increments. If two or more
commands had the same execution time code, they were executed within the same

increment in the same order received.

A system clock provided the timing signals or pulses required by the observa-
tory and synchronized all data words and command words.
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Encoded analor, data and data originally generated in binary form were assembled
into a suitnole format for storage or real-time transmissioa to the ground over

the narrowband-transmitter system.

The cquipment required to mechanize the initial-design OAO-B CDPI Subsystem is

shown in the following list.

Ttem Quantity

Command Raceiver

Radio Tracking Beacon
Narrow-Band Transmitter
Wide-Band Transmitter

Diplexer

Eybrid Junctions

Antenna

Primary Processor & Data Storage
Programmer & St. Signal Controller
Experiment Data Handling Equip.
Spacecraft Data Handling Equip.
Spacecraft Systems Controller
Signal Conditioning Unit
Auxiliary Command Memory
Instrumentation (Set)

el R S R I I O VI VR O O I

The Experiment and Spacecraft Data handling equipment read, encoded, and as-
sembled digital, bi-level, and analog data signals into a format suitable for

transmission or storage.

The Primary Processor and Data Storage unit and the Programmer and Star Tracker
Signal Controller performed the following functioms:

® Verify the accuracy of ground commands
® Provide command storage
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Fxccute stored or real-time commands
Supply all basic sifnals for the spacecraft

Provide data storape

Control the sequencing of operatior:

Control t..c mode of operation of the gimballed star trackers

The functions of the other equipment are self-evident.

b. Low-Cost OAQO Communication, Data Processirg, and Instrumentation Subsystem.

Functional elemcnts between the dashed lines -f previous Fig. 7-29 camprise the
Data Processing System (DPS). Two possible approaches to the DPS design are
(1) scparate command decoders, programmers, multiplexers, A-D converters and
core storage as in the Baseline OAO-B CDPI Subsystem design, and (2) use of a
coentral computer in an integrated data processing system. The low-cost Stabil-
ization and Control subsystem requires the use of a digital computer to perform
control system computations. Since the computer contains storage elements and
provides flexibility in sequencing, formatting, decoding and multiplexing func-
tionr, it can be utilized to great advantage as the central unit in the DPS,
With this approach, inflexible hardware is eliminated by the use of computer
software programs which can be changed readily to suit evolutionary experiment
and spacecraft operational changes. Therefore this approach has been adopted
in the low-cost CDP&I Subsystem design.

The low-cost OAO CDPI Subsystem block diagram is presented in Fig. 73l.

The Data Processing System (DPS) consists of a Data Distribution Unit (DDU)},
Interface and Timing Unit (ITU), and redundant computers. The integrated DPS
performs all the data handling, timing, sequencing, command decoding, S&C Sub-
system computation, and data storage functions. The DU and ITU provide the
interfaces with all other spacecraft and experiment equipment. The DU is
essentially a junction box plus submultiplexers for instrumentation. The ITU
'provides timing, multiplexing, analog-to-digital conversion, and is the pri-
mary computer/spacecraft interface. The computer provides the computation and
starage functions.
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The {2ve recorder is operated under control f the computer via the DU and
records data at 1042 bps and plays back at 6€.7 kbps. Output of the tape re-
corder is routed via the DDU to the WBT for transmission to the ground sta-
tions. Recording capability is 43.2 :: 106 bits for a maximum recording time

of 12 hours.,

The Widcband Transmitter (WBT) accepts modulation data at either 1042 bps or
66.7 kbps from the DDU and transmits it on a carrier frequency at 4OO MHz
throurh two orthogonal, linearly polarized antennas. The transmitter power
output is equally divided by the hybrid to feed the two antennas.

The Narrowbani Transmitter (NBT) accepts modulation data at 1042 bps from the
DDU and transmits it as PCM/PM on a carrier frequency of 136-137 MHz via the
two orthogonal, linearly polarized VHF antennas. The hybrid divides the trans-
mitter power equally between the two antennas; the diplexers provide isolation
between the telemetry and command frequencies which share the same antenna.

Two AM command receivers are used to provide polarization diversity reception
which assures command reception regardless of spacecraft attitude. The re-
cciver outputs are combined for a common videc detector which demodulates the
FSX subcarriers to recover the PCM command words. The digital command words
are then presented to the computer via the TTU for verification and execution

or storage.

Interface with the Space Shuttle launch vehicle is by means of coaxial RF lines
and RF switches which enable exercise of the payload including telemetry trans-
mitters and command receivers. The Shuttle interface equipment may either pro-
vide on-board checkout and diagnostics or nerve as a relay station to the data

acquisition network.

The equipment of the baseline OAO-B CDPI Subsystem and the low-cost OAO CDPI
Subsystem are campared in Fig. 7-32.
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Low-Cost
OAO
CDPI

OAO-B

Item CDPI

Command Receciver

Radio Tracking Beacon

Narrow-Band Transmitter

Wide-Band Transmitter

Diplexer

Hybrid Junctions

Antenna

Primary Processor & Data Storage
Progrommer & St. Signal Controller
Fxperiment Data Handling Equip.
Spacecraft Data Handling Equip.
Spacecraft Systems Controller
Signal Conditioning Unit
Auxiliary Command Memory
Instrumentation (Set)

Digital Computer .
Interface & Timing Unit (ITU)
Data Distribution Unit (DDU) -
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Fig. 7-32 OAO-B and Low-Cost OAO CDPI Subsystem Equipment Comparison

The digital computer, ITU, and DDU of the low-cost OAO CDPI subsystem replace
seven major electronic units of the OAO-B CDPI subsystem, and replace numerous
electronic units of the OAO-B Stabilization & Control subsystem. The incor-
roration of the computer is the most significant cost-saving change made in
redesigning the CDPI subsystem. Two computers and two ITUs in time-share re-
dundancy are required to meet the reliability goal for the subsystem.
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The estimated costs of the low-cost OAO CDPI Subsystem are compared with the
costs of the initial-design subsystem in Fig. 7-33.

7.5.2.2 Synchroncus Equatorial Orbiter (SEO0).

a. Initial Desipn - SEO/CDFI Subsystem. The functions of the SEO CDPI sub-

gystem arec as followse

(a) Transmit photographic, vidiecon, spacecraft performance, and command
verification data from the Spacecraft to ground stationms.,

(b) Receive and decode coammands transmitted from ground stations to the
SEO and to temporarily store the received commands for verificatiun

purposes.

(c) Condition all spacecraft data other than video data prior to multi-
plexing/encoding ard to multiplex/encode all non-video data prior
to telemetering to ground stations,

(d) Sense certain conditions and parameters indicative of the Space sub-
systems' performance., |

The baseline SEO CDPI subsystca includes the following major equipment: An
S-band transponder, a tape recorder, a high-gain antenna, a traveling wave
tube amplifier, a mndulation selector, a command decoder, a low-gain antemns; °
a PCM Multiplex-Encoder, and pressure and temperature sensors.

The block diagram of the subsystem is presented in Fig. 7-3&.
Digital and analog instrumentation signals representing spacecraft equipment

status are sent to the Multiplexer/Encoder to be combined with signals from
the environmental .sensors and command verification data.
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Initial Design Subsystem Costs

(millions of dollars)

Low-Cost Subsystem Costs

(millions of dollars)

Spacecraft
RDT&E Average Unit RDT&E Average Unit
OAO 40.82 L.60 20,90 2.75
SEO 25.9 3.9 17.8 2.8
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The Multiplexer/Fncoder consists of an analog multiplexer and A-D converter

to di~itize 78 analos channels to 8-bit accuracy and interleave the resulting
diprital data with the data of the digital input channels. The output data
frame consists of 128 9-bit words including a 43-bit Legendre code for frame
synchronization. The data frame is read out serially at a 50 bps rate. The
data has a PCM/NRZ-M format and is presented to the Modulation Selector where
it ic PGK-modulated onto a subcarrier frequency at 30 KHz. The 30 KHz status
tclometry subcarrier is combined with either one of the experiment subcarriers

to form a baseband signal to phase modulate the carrier frequency.

The Photo Subsystem produces a DC to 230 KHz analog signal. This analog sig-
nal is presented to the Modulation Selector where it is vestigial-sideband
modulated onto a 310 KHz subcarrier. The video subcarrier and a subcarrier
rcference, obtained by dividing the 310 KHz subcarrier by 8, is linearly summed
with the status telemetry subcarrier during photo readout. The baseband then
phase modulates the carrier frequency for transmission.

The Vidicon Subsystem video signal is encoded to 9 bits per picture element

to provide a 1.64 Mbps serial bitstream. This data is stored in a digital tape
recorder which is required to store up to 36 frames (3.9 x 108 bits total).
Readout rate is slowed to 32 Kbps serial PCM. This data is frequency modu-
lated (FM) onto a subcarrier frequency at 150 KHz for transmission sequentially
with the photo data. As a backup mode, the analog signal may be modulated onto
the phcto data subcarrier for realtime readout.

The Modulation Selector selects and modulates data subcarriers under control
os the Flight Programmer. Four operational nodes are provided. Mode 1 pro-
vides telemetiry subcarrier only for comvination with range code data to modu-
late the carrier. Mode 2 provides telemetry plus photo data subcarriers to
modulate the carrier. Mode 3 provides telemetry only to modulate the carrier
for high power transmizsion. Mode U provides vidicon data plus telemetry su™-
carriers tc modulate the carriecr.
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The fremcponder receives a carrier frequency in the range of 2110 to 2120 MHz
which c¢an be modulated with command subcarriers and range code signals. In
Y coherent mode, the received carrier is translated up in frequency by the
ratio of 2h0/221 to provide a coherent transmitier frequency. The PRN range
code nnd command subcarriers are demodulated in the receiver portion of the
transponder. The ranpe code is combined with the telemetry subcarrier to form -
a bascband cignal which is modulated onto. the downlink carrier frequency to
provide two-way range tracking. The ccmmand subcarriers are presented to the
command decoder for command extraction. Phase modulation of the carrier is
used to control the =spectral distribution of the modulated signal. The modu-
lation irdex is selected to optimize the power distribution between the carrier
and data subcarriers. Mode 1 uses the 0.5W ocutput of the transponder to drive
the omni antenna for transmission of range and telemetry data. The other modes
usc a portion of the transponder power ocutput to drive the 1OW TWT amplifier
for transmission via the high gain antenna. The high gain antenna has a 10-
der, bearwidth and depends upon the attitude stability of the vehicle to keep

it pointed at the ground station.

e p———————

The command decoder demodulates command subcarriers received from the trans-
ponder and stores each command temporarily. After verification for validity, :
the command is routed to the Flight Programmer and is readout to the ground via 5
telemetry.

b. Low-Cost SEO CDPI Subsystem. The block diagram of the baseline SEO CDPI
Subsystem (previous Fig. 7-3%) is also applicable to the low-cost SEO CDPI
Subgystem; and the descripiion of the operation of the baseline SEO CDPI ap-
plies equally to the low-cost SFO CDPI.

Cost savings have been accomplished in the design and development of the low-
cost SEO CDPI by the application of the design guidelines in paragraph 7.5.l1.
The costs of the low-cost SEO CDPI and the baseline SEO CDPI are compared in
previous Pig. 7-33.
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7.6 FLECTRICAL POWER JUL:SYSTEM DESIGN GUIDELINES

7.6.1 Basic Recommended D~sign Approaches

Most Flectrical Power subsystems of spacecraft employ solar arrays for the con-
version of solar energy to clectrical energy and batteries for the storage of
el-octrical energy. They include equipment to control the charging of the bat-
teries, the conversic. of voltages, and the distribution of electrical power.

Changes in the desi m of spececraft batteries do not promise significant cost
savings. However, if battery sizes can be limited in number and standardized,

cost savings will accrue to the national space progranm.

The cost of equipment for regulation and cont:'ol of electrical power can be
reduced by simpler, low-density packaging and by standardization.

Relaxaticn of weight and vriume constraints will result in lower costs for
solar arrays, which can be of simpler design and can be made of low-cost struc-
tural materials and lower-rated, less costly solar cells.

Costs of Electrical Power subsystems can be reducad by using the following
guidelines in design:

(1) Select the simplest system, that will meet specification require-
ments, to reduce design, analysis, fabricatior, and testing efforts.

(2) Do not over-specify performance requirements.

(3) Establish reliability goals based on in-orbit checkout capability
of the Space Shuttle.

(4) Limit equirment recundancies and backup operating modes to those
specifically required by reliability goals.
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(v) Simplify equipment desipn by taking full advantage of the greater
weight and volume capability afforded by spacecraft designed for

new launch vehicles.

(6) Avoid new technology development but exploit new technology that

has been reduced to hardware.

(7) Design low density electronic equipment.

(8) Design for in-orbit maintenance by modularization.

7.6.2 Exomples of Low-Cost Designs of Electricel Power Subsystems

7.6.2.1 Orbiting Astronomical Observatory (0OA0).

a. Initial Design - OAO Electrical Power Subsystem. The major equipments for
the OAO-B Electrical Power Subsystem (EPS) are shown in Fig. 7-35. A silicon
solar cell array and three secondary nickel cadmium batteries supplied contin-
uous power to the system loads during ordital light and dark periods, respect-
ively. A dc-dc converter and a dc-ac inverter furnished power to each of the
spacecraft subsystem equipments requiring regulated dc¢ or ac input voltages.
The nominal unregulated bus voltage was 30 volts and varied from 24 bolts to
35 volts, depending on the particular OAO operating mode,

The Electrical Power Subsystem comprised the following major equipments:

(1) Solar Cell Array - The solar cell array converted solar energy to
electrical energy. The array consisted of four main and four aux-
iliary paddles with solar cells on one sgide only. The cells were
diffused junction N on P silicon (1 em x 2 cm) with 6 mil (0.15 mm)
coverglasses. The array contained 53,992 cells, and the operating

voltage was 0-50 VDC approximately.

g T
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(?) Voltage Repulator and Converter - The voltace regulator and converter

converted unregulated (23v to 35v) D.C. voltage to five regulated D.C.
voltage levels (+28v, -28v, +18v, +10v, -10v).

(3) Voltare Inverter - The voltage inverter converted unregulated (23v
to 3l4v) D.C., voltage to regulated AC -oltag- (115v 1§, 115v 2@, and
115v 3@).

(4) NiCd Batteries - The NiCd batteries suppiied power to the spacecraft
during dark periods and aided in supplying peak loads during light
periods. The batteries supplied power at 23 volts tc 29 volts.

(5) Power Controller Unit (PCU) - The power controller unit controlled

individual battery charging, provided solar array power to the un-
repulated bus, provided ground command capability, and provided bi-
level telemetry informetion on the Electrical Power Subsystem status.

(6) Powsr Regulator Unit (PRU) - The power regulator unit regulated bat-
tery charging voltage to the level indicated by the PCU, provided a
sicnal to the PCU statusing the main regulator, and provided an al-
ternate source of regulated voltage following main regulator failure.

(7) Diode Box - The diode box supplied power to the unregulated bus dur-
ing both light and dark periods, provided diode isolation between
batteries and transfered battery<chargg current from the charge bus
to the batteries. ’ ; '

(8) Power Distribution Panel (PDU), Regulated and Unregulated - The
power distribution panel provided the central distribution point for
all spacecraft power, and housed all power line fuses, current sen-

sors, relays, etc.

(9) State of Charge Unit (SOCU) - The state of charge unit monitored
battery charge and discharge operation using smpere-hour integrators
and adhydrodes, and telemetered data. The unit was not normally . in
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the primary battery charging loop and required two enabling opera-
tiona to provide an input to the PCU,

(10) Battery Current Shunt Assy - The battery current shunt assembly
measured battery charge/discharge currents and provided proportional
outputs to the SOCU Amp-Hr integrators.

The cnerry requirements imposed on the EPS were directly dependent on the op-
erational mode of the satellite. The energy supply capabilities of the EPS

depended on the satellite orientation with respect to the sun, because of the
fixed array configuration. The satellite energy status was monitored and the
operating modes were controlled in order to prevent stored energy falling be-
low predetermined minimum requirements. An operating mode, sunbathing, could
be initiated if the system energy state were running down. In sunbathing the
satellite was oriented to position the fixed solar array normal to the sun's

rays. The satellite was powered down and all excess electrical power went in-
to returning the batteries to full charge.

In general, the EPS operated as follows:

(1) The satellite entered the sunlight, with the batteries having sup-
plied all energy requirements during the previous dark period.

(2) Battery charging commenced in the shunt mode (direct connection of
the solar array to all batteries in parallel).

(3) When a battery limiting condition was reached, the charge mode was
changed from shunt to regulated mode, and a taper charge was then
established on that battery for the remainder of the 1light period.

(4) The satellite entered the dark period, battery charging ceased, and
the batteries supplied the spacecraft load.

b. Low-Cost OAO Flectrical Power Subsystem. The block diagram of the base-
1line OAO-B Electrical Power Subsystem (previous Fig. 735 ) is also applicable
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> 1he low-cost OAO Elect rical Power Subsystem; and the descriptions of the
cquipment and operation of the laseline OAO-B EPS are, in general, applicable
to the tow-cost OAO EPS, However. significant changes have been made in the
desifn of the solar array to reduce costs. The low-cost OAO solar array,
shown in Figs. 7-3¢ and 7-37, consists of two rigid paddles in contrast to the
two articulated paddles, each consisting of four panels, of the initial design
OAO-B. '

Each of the two paddles of the low-cost OAO solar array consists of 16 8" x LO"
(0.2 x 1.02 m) ranels, four 18" x 20" (0.46 x 0.51 m) panels, and two 9" by LO"
(0.23 x 1.02 m) panels all bolted to an alumi.um structural frame. The panels
are made of aluminum sheet stiffened by aluminum angles flush-riveted to one
side of the sheet. The solar cells are cemented to the other side in appropri-
nte series-parallel grouping. Solar paddle structures constructed in this way
are heavier but considerably less costly than paddle structures of honeycomb
and other lightweight materials.

2 cm x 2 cm solar cells (rather than 1 ecm x 2 cm cells), are used in the solar
array of the low-cost OAO with consequent savings in assembly labor. 20 mil
(0.5 mm) glass covers are used and losses dve to breakage in fabrication and
installation of the covers are reduced. 2 cm x 4 cm solar cells should be

used when available to further reduce solar array assembly costs.

The most significant factor contributing to the lower cost of the low-cost
OAO solar array is the use of many more solar cells from a production lot of
cells thus reducing the cost per cell. 4 lci of solar cells is first inspec-
ted for mechanical defects and approxisst iy 25 percent are rejected. The re-.-
maining cells are then tested to deterrtne a current rating for each cell.

The current rating distribution of a typical lot of cells is presented in Fig.
7-38. It has been the practice in space programs to reject approximately one-
third of the lowest rated cells (all cells below 132 ma of the example lot)
to minimize the number of cells (and hence the weight) of a solar array with
a given power output. -
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For the low-cost OAO solar array weight is not a constraint and approximately
a7.5 percent of the functional cells of a mamufacturing lot (all cells above
110 mn of the example iot) may be used.

When 97.9 percent of the functional cells of a lot, rather than 66.7 percent,
are wied, the average cost per watt of output power is reduced 30 percent (cost
reduction) and the total number of cells in an array increases 2 percent (weight

increase),

Other cost saving techniques used in the design of the low-cost OAO Electrical

Power subsystem include simplified, low density peckaging of charge controllers,
remulators, inverters and other camponents.

The costs of the low-cost OAO EPS ure compared with thz costs of the baseline
OAO-B EPS in Fig. 7-39. 4.
i

i

7.6.2.2 Synchronous Equatorial Orbiter (SEO).

a. Initial Design - SEO Electrical Power Subsystem. The major equimments for
the baseline SEO Electrical Power Subsystem (EPS) are shown in Fig. 740, A
silicon solar cell array and four secondary nickel cadmium batteries supply
continuous-power to the system loads during orbital light and dark period=, re-
spectively. The power system provides unregulated dc power to the bus supply-
ing the spacecraft subsystems. The subsystems condition this dc power as re-
quired with the individual power supplies. The nominal unregulated bus vol-
tage is 28 volts and may vary from 23 volts to 35 volts, depending on the SEO
operating mode,

The Electrical Power Subsystem comprises the following major equipments:

(1) Solar Cell Array - The solar cell array converts solar energy to
electrical energy. The array consists of two paddles with cells
on one side. The cells are phosphorous diffused N/P silicon (2 x
2 cm), 12 mils (0.3 mm) thick with 20 mil (0.5 mm) coverglasses.
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The array contains 10,752 cells. The array operating voltage is 0-50

VDC approximately. The two array paddles are individually driven to
track the sun in one axis and a slipring power transfer assembly is
provided for each paddle.

Voltage Repulator - On-array Zener diode shunt voltage limiters op-

crate to provide an unregulated 24 to 35 vdc to the Power Distribu-
tion Unit and the Battery Charge Controllers.

NiCd Batteries - NiCd batteries supply power to the spacecraft sub-

systems during dark periods and aid in supplying peak loads during
light periods., The batteries supply power at 23 to 29 volts.

State-of-Charge Unit - The state-of-charge unit monitors battery

charge and discharge operation using ampere-hour integrators and
provides data on battery charge status to the T/M system. The vol-
tape is 23-24 VDC unregulated.

Battery Current Shunt Assembly - The battery current shunt assembly
measures battery charge and discharge currents and provides propor-
tional outputs to the State of Charge Unit for use in Amp. Hr. in-

tegrators.

Battery Charge Controllers - Battery charge controllers control bat-

tery charging to levels appropriate for the temperature and state of

battery charge.

Tracker Pulse Generator - The tracker pulse generator provides in-

put pulses to the solar array drive motor controller at the fixed
rate required for sun tracking. The timing reference used is the
SEO clock timer output.

Motor Controller - The motor. controller provides switching of un-
regulated 28 vdc to the phases of the stepper motors in proper se-
quence and for timed duration to rotate the solar array. The time
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of encrpizing phases is established by the pulses received from the

Tracker Pulse Generator.

(9) Tracker Drive Motors - The tracker drive motors step 90 deg when ac-

tivated by the Motor Controller and provide the force to rotate the

solar array, in steps, through a gear box.

(10) Power Transfer Assembly - A slipring assembly attached to each ro-

tating solar paddle shaft allows array power and instrumentation
sifnals to be picked up by a brush assembly attgched to the vehicle
structure. A power transfer assembly is used on each of the two
array paddles and contimious 360 deg tracking of the arrays is pro-
vided.

(11) Power Distribution Unit - The power distribution unit provides the
central distribution point for all spacecraft unregulated 28 wde
power, and houses line fuses, current sensors, relays, etc.

In synchronous equatorial orbi{'. the SEO experiences eclipse shading for from
zero to T2 mimutes for two periods of Ui days each during one year. The EPS

operates as follows:

(1) The satellite enters sunlight, with the batteries having supplied
all energy requirements during the preceding dark period.

(2) Battery charging commences at the maxi um rate and continmues until
the next dark period.

(3) The satellite enters the dark period, battery charging ceases, and
the batteries supply the spacecraft load.

(4) When the eclipse season is over, the batteries are contimously
trickle charged.

b. Low-Cost SEO Electrical Power Subsystem. The block diagram of the SEO
Electrical Power Subsystem (Fig. 7-40) is also applicable to the low-cost

»
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SEO Electrical Power subsystem; and the descriptions of the equipment and oper-
ation of the baseline SEO EPS are, in general, applicable to the low-cost SEO
EPS.

The smolar array of the low-cost SEO shown in Fig. 7-41 incorporates the design
concepts employed in the design of the solar array for the low-cost OAO des-
cribed in para. 7.6.2.1(b). Aluminum sheet metal is used for the paddle struc-
ture and the solar cell substrate; and 37.5 percent of the functional solar
cells from each manmufacturing lot of cells are used. Simplified, low density
packaging is used in the design of charge controllers and other EPS equipment.

The estimated costs of the low-cost SEO Electrical Power Subsystem are compared
with the costs of the baseline SEO EPS in vrevious Fig. 7-39.

7.6.2.3 Small Research Satellite (SRS). The SRS EPS is relatively simple and
is configured as shown in Fig. 7-42. The principal difference between the low-
cost SRS EPS :nd the baseline SRS EPS is in the contrasting solar array config-

urations.

The solar array of the baseline SRS consists of six erectable, articulated so-
lar paddles and some body-mounted solar cells. The solar array of the low-

cost SRS consists entirely of body mounted solar cells; the cells are cemented
into eight stiffened aluminum panels 20" x 26.9" (0.51 x 0.69 m) that are bolted
to the spacecraft structure as described in previous para. 7.2.2.3. This low-.
cost design is possible because of thé larger surface area of the low-cost SRS,
which, in turn, is made possible by the relaxation of weight and volume con-
straints on the design of the spacecraft. The estimated costs of the low-cost
SRS EPS are compared with the costs of the initial-design EPS in previous Fig.

7-39.
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7.7 ATTITUDE CONTROL SUBSYSTEM DESIGN GUIDELINES

‘1.7.1 Basic Recommended Degsipn Approaches

In thiz document, by definition, the Attitude Control subsystem is limited to
systems that produce torques by the expulsion of mass for stabilization of space-
craft. Consideration of such systems at this time is further limited to those
employing cold gas. Esscntially simple, such systems are relatively low in cost
compared to other spacecraft subsystems; however, modest cost reductions may be
accomplished in their design by simplification and by the elimination of high
cost materials. Furthermore, when weight and volume restrictions on spacecraft
desipn are relaxed, cold gas systems may be used to the exclusion of such costly

control systems ss momentum wheels and magnetic torquing systems.

7.7.2 FExample of Low-Cost Designs of Attitude Control Subsystems

A low-cost Attitude Control Subsystem for an OAO-type payload has been designed
to replnce the equivalent subsystem of the initial-design OAO-B.

a. Initial-Design OAO Attitude Control Subsystem - This subsystem comprised:

Coarse Momentum Wheels (3 wheels)
Primary Pneumatic (cold gas) System
Secondary Pneumatic (cold gas) System
Magnetic Wheel Unloading System

These systems are described in succeeding paragraphs.

(1) Coarse Momentum Wheels - The coerse momentum wheels were used to slew
the spacecraft from one pointing attitude to another. Each wheel and
its drive motor were an integral unit. _'l'he motor was built "inside-
out" with the stator inside rather than outside of the rotor. Thus,
the rotor had a larger moment of inertia than it would have if it
were a conventional design. The motor was a 40O pole, two-phase de-
vice that could not start or continue to run unless voltage was pre-
sent in both phases., The coarse wheels operated intermittently.
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Pneumatic System - The pneumatic system performed the functions of”

providing reaction mass and thrust for initial stabilization of the
OAO, for torque unloading of the OAO and for RAPS (Rate and Position
Sensor) control of the OAO. It was composed of a primary system and
a sccondary system which were interconnected such that both systems
were "filled" through a common fill fitting and could be "dumped”
through a common dump fitting. . Both the primary and secondary high
thrust jets were normally used for initial stabilization or resta-
bilization. The primary low thrust jets were used for RAPS sun-
bathing or attitude-hold modes of operation.

The primary pneumatic system (Fig. 7-43) used pressurized dry nitro-
gen propellant stored in four spherical tanks, each capable of hold-
ing 8 1bs (3.6 kg) of dry nitrogen at a pressure of 3250 psi (22 x
100 N/me).

The Secondary Pneumatic System, Fig. 7-Ul, was almost identical to the
Primary System. There were four tanks holding 8 1bs (3.6 kg) of dry
nitrogen each at 3250 psi (22 X 106 N/ma) connected to the manifold.
Normally during initial stabilization and roll search, both Primary and
Secondary systems would be operating. Either the primary or secondary
system could be shut off by ground command. This might be desired if
small corrections in vehicle rates or orientation were desired or if
the jets on one system were stuck open. The secondary high thrust jets,
only, were fired by signals from the RAPS controller.

The 18 nozzle assemblies used in both the Primary and Secondary Pneuma-
tic systems were similar. All assemblies utilized the same type of |
solenoid shutoff valve mechanism. The Jet nozzle ends differed with
some set at an angle other than 90 deg to the structural surface to
which they were secured.

In space, thrust per nozzle at nominal pressures were O.1 1lbs (0.4 N)
for the High Thrust Jets and .0021 1bs (.009 N) for the Low Thrust Jets.
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(3) Mapnetic Unloading System - The Magnetic Unloading System (MUS) was

a device on the OAO that provided continuous unloading of extraneous

torque on the spacecraft by the generation uf a mapnetic field which
interacted with Earth's magnetic field in such a manner as to pro-
duce 1 torque in the opposite sense of the disturbing torque. Al-
though the MJS was considered as a backup for the Low Thrust Jets,
where the MUS could develop sufficient torque to counteract the ex-
traneous torques, it was considered as the preferable system since
its reaction was smoother and its use obviated the need to fire the
Low Thrust Jets which resulted in a net saving in reaction mass.

It was also used to unload the contimiously-rumiing fine momentum
wheels, part of the Stabilization and Control Subsystem.

The MJS consisted of a Magnetometer, and its electronics, which
sensed the components of the Earth's magnetic field aiong each of
the vehicle axes, a Signal Processor which performed an algebraic
summation of the Magnetometer's outputs and the signals from the
¥WJC's, and three Torquer Bars with their associated electronics.
One bar was parallel to each vehicle axis. The Torquer Bars gen-
erated the magnetic fields that interacted with the Earth's field
and produced a torque on the spacecraft.

b. Low-Cost OAO Attitude Control Subsystem. The low-cost OAO Attitude Control
Subsystem is a conventional cold gas control system that replaces the Coarse
Momentum Wheels, the Pneumatic System, and the Magnetic Unloading System of

the initial-design OAO-B. It provides thrust for stabilization and slewing

of the spacecraft, for unioading the fine mcmentum wheels, and for fine-
rointing of the spacecraft if the fine momentum wheels fz2i)l. It consists of
four identical modules thet are installed 90 deg apart in the art sectior of
the OAO. Each module cortains three high level thrueters aid three low level
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thrustera, The hirh level thrusters are used for stabilization and slewing of
the vehicle. The remaining functions are performed by the low level thrusters.
The cchematic dingram of the module is presented in Fig. 7-U45,

The i storage tank is capable of holding 100 1bs {45 kg) of dry Freon 1h at

a precsure of 3000 psi (21 x 106 N/mz), providing a total impulse of 4500 1b-
scc (20,000 Ns). The tank is pressurized through a fill valve connected to the
tank. The i1l valve contains a needle valve which is opened to fill or bleed
the tank and closed to maintain pressure in the tank. A 5 micron filter is con-
nected into the outlet side of the Tee fitting leading to the solenoid latching
valv:., Also connected into line between the taank and the solenoid latching
valve is the relief valve. This valve opens and vents gas when pressure rises
above 3400 psi (28 x 106 N/mz) for any reason. The solenoid latching valve is
normally open and is closed when there is a leak in the downstream system, or
when there is an indication that either regulator is malfunctioning and causing
an abnormal pressure to be supplied to the thrusters. The next component in the
system is the high pressure regulator which reduces the tank pressure to 35 psi
(c.2h x 106 N/mz) for the three high level thrusters. Each thruster produces
0.1 1b (0.4l N) thrust.

Also downstream of the solenoid latching valve the line branches to the low
pressure regulator which reduces the tank pressure to 5 psi (3.4 x 103 N/ma)
for “he three low level thrusters. Each low-level thruster produces 0.0021
ib (0.009 N) thrust.

The low-cost OAO Attitude Control subsystem module is designed to be replaced
in orbit by a Space Shuttle crewman and hence emphasis is on safety. All com-
ponents such as valves and regulators are operatel at less than one-third of
proof pressure; and the gas storage tank 1s designed to boiler-code standards.
The tank is made of aluminum rather than titauium to reduce its cost. The re-
sulting weight penalty is acceptable to the low-cost OAO.

The costs of the low-cost OAQ Attitude Control Subsystem are compared with the
costs of the OAO-B pneumatics system in Fig. 7-U6.
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Thou ‘h appreciable savings are indicated they are not the total savings re-
sultins from the low-cost design. The cost savings resulting from the elim-
ination of the coarse momentum wheels and the magnetic unloading system are
included in the cost savings accomplished by the redesign of the OAO Stabil-
jzation and Control Subsystem (discussed previously in this section).

7-89

LOCKHEED MISSILES & SPACE COMPANY



LMSC-A990558

.

7.8 ENVIRONMENTAL CONTROL SUBSYSTEM DESIGN GUIDELINES

7.8.1 PBasic Recommended Desirn Approaches

The Environmental Control subsystem comprises primarily the on-orbtit thermal
control system. Passive thermal control techniques are used almost exclus-
jvely in unmanned spacecraft and are relatively low in cost compared to other
spacecraft subsystems. However, the design of the thermal control subsystem
for complex spacccraft such as the OAO-B-type require extensive analysis,
testing, and detail design of the installation of insulating materials. Ap-
preciable cost sevings can be made if such a thermal control system can be
extensively simplified. Such simplification has been attained in the design
of the thermal control system of the low-cost OAO discussed following.

7.8.2 Example of Low-Cost Design of a Thermal Control System

7.8.2.1 Initial-Design OAO-B Thermal Control System. The following descrip-
tion of the initial-design OAO-B Thermal Control system is quoted from NASA
SP-133, "Scientific Satellites, page 366. "The OAO structure (Fig. 7-U7) is
basically a tube, 122 centimeters in dia. and 300 centimeters long. It is sur-
rounded by U8 truncated equipment bays, arranged in an octagonal pattern. The
sequestering of OAO equipment into small bays insulated from the main satellite
structure is the key to successful passive thermal control. Superinsulation
made of aluminized Mylar covers all but one side of each bay (Fig. 7-48). The-
bulk of the heat flowing out of (or into) each bay follows the path between the
honeycomb mount and the eluminum satellite skin. Thus, the bay skins can be
painted or finished in a mamner appropriate to the enclosed equipment. The
small equipment packages in the bays are each handled separately, as if they
vere small, passively controlled satellites (LMSC empbasis).

The mejor heat input to the main OAO structure and the contained telescope is
leakage through the superinsulation of the equipment bays. By careful insula-
tion and design, heat inputs to the structure through fittings and supports
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are minimized. Heat leaves the structure throupgh radiation escaping via the
opecn tube ends and heat transfer to nonequipment bays and end skin sections.
Sinec the heat sinks are difficult to control, the heat flow into the struc-
ture is varied by changing the amount of superinsulation around the bay walls.
The desimm temperature of the cylinder and contained telescope in the OAO is
about -30° 415°C,"

The mo:.!. sipnificant statement in the above description of the OAO-B Thermal
Control system is the following: "The small equipment packages in the bays

arc each handled separately, as if they were small, passively controlled sat-
ellites.”" Such a design requires a very extensive analytical effort and pro-
liferation of detail design data. In addition, the testing required for ver-

ification of the design is extensive and complex.

7.8.2.2 Low-Cost OAO Thermal Control System. The low-cost OAO Thermal Con-
trol System consists only of passive thermal control materials as shown in

Fig. 7-49., The thermal isolation of the Experiment Package from the Equip-
ment Section, made possible by the elimination of weight and volume constraints,
results in significant simplification of the thermal control of the Low-Cost
OAO relative to that of the baseline OAO-B.

When the Experiment Package is isolated from the Equipment Section, the tem-
perature of the latter may be permitted to vary over a relatively wide range,
thermal isolation and control of individual equipment units is elimineted or
greatly reduced, and significant cost savings are realized.

The estimated costs of the low-cost OAO Thermal Control System are compared
with the costs of the OAO-B Thermal Control S8ystem in Fig. 7-50.
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Cont Baseline OAO-B Low-Cost OAO

C(”, or Thermal Control Sys. Thermal Control Sys.

rherory (millions of dollars) (millions of dollars)
b: ——

RIT&E 6.05 2.9

Average Unit 1.0 0.39

Fig. 7-50 Cost Comparison - Thermal Control Systems
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